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The discovery of G protein-coupled receptors (GPCRs) and the extensive second 

messenger systems associated with their activation has ushered in an enormously 

productive period in drug discovery. The extent to which around one-third of FDA-

approved medications target GPCRs. Predictably, small molecule allosteric modulation has 

emerged in recent years as a new means to control GPCR function with numerous examples 

nearing FDA approval. This body of work begins with a substantive review of drug 

discovery efforts in the development of Class A GPCR allosteric modulators as a means to 

compile successful strategies and take note of the distinct challenges in the field as our 

group approaches allosteric modulator discovery for the serotonin 5-HT2C receptor (5-

HT2CR). From the time of its characterization, the 5-HT2CR has been marked by unique, 

untapped potential as a drug discovery target for numerous diseases and disorders of the 

central nervous system. Thus, the second chapter in this work provides a clear rationale for 

5-HT2CR allosteric modulator discovery in context of the neurobiological framework 

wherein the 5-HT2CR plays an integral role in reward-related behaviors and cortical 

executive functions. With the rationale established, the following sections report our efforts 



vi 

in the discovery of novel 5-HT2CR positive allosteric modulators (PAMs) from their design 

and chemical synthesis to the in vitro and in vivo characterization of these molecules. 

Additionally, further work describing 5-HT2CR PAM pharmacokinetic properties as 

suitable for rodent behavioral assays and the structural determinants of 5-HT2CR PAM 

binding via molecular modeling are discussed. Having discovered allosteric modulators 

with functionality across the 5-HT2R subfamily and benefiting from the wealth of available 

structural data for these targets, the final chapter delves into a theoretical mechanism 

underpinning allosteric modulation of 5-HT2Rs. The enhanced activation state (EAS) is 

thus coined for the first time herein to describe 5-HT2R PAM functionality and is treated 

with a rigorous theoretical framing comprised of the observed pharmacological, structural, 

and computational studies that shape our understanding of GPCR dynamics, specifically 

the activation dynamics of 5-HT2Rs. The resultant body of work provides the reader a 

comprehensive understanding of allosteric modulation and its pharmacological utility in 

targeting 5-HT2Rs. 
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Abstract 

 

G protein-coupled receptors (GPCRs) have been tractable drug targets for decades 

with over one-third of currently marketed drugs targeting GPCRs. Of these, the Class A 

GPCR superfamily is highly represented and continued drug discovery for this family of 

receptors may provide novel therapeutics for a vast range of diseases. GPCR allosteric 

modulation is an innovative targeting approach that broadens the available small molecule 

toolbox and is proving to be a viable drug discovery strategy, as evidenced by recent FDA 

approvals and clinical trials. Numerous Class A GPCR allosteric modulators have been 

discovered recently and emerging trends, such as the availability of GPCR crystal 

structures, diverse functional assays and structure-based computational approaches are 

improving optimization and development. This perspective provides an update on 

allosterically targeted class A GPCRs and their disease indications, the medicinal 

chemistry approaches towards novel allosteric modulators and highlights emerging trends 

and opportunities in the field.  
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1. INTRODUCTION 

G-protein coupled receptors (GPCRs) are seven-transmembrane proteins that have 

been of high pharmaceutical interest for decades due to their physiological importance and 

accessibility for small molecule targeting. GPCRs are integral for physiological responses 

to a variety of stimuli, which span photons, ions, small molecules, macromolecules, 

peptides and proteins. These diverse stimuli, environmental and endogenous, are in 

accordance with the vast functions mediated by GPCRs. Aspects of cognition, immune 

response, and cellular organization, among many others, are regulated by GPCR signaling. 

The pharmacological modulation of GPCRs provides leverage for the treatment of diseases 

of the central nervous system (CNS), cancer, viral infections, inflammatory disorders, 

metabolic disorders, and others. Additionally, the location of GPCRs in the cellular 

membrane allows unique pharmacological access to these proteins and the effectors and 

second messenger systems coupled to the receptors allow for efficient drug action. The 

location, topology, and physicochemical attributes of many GPCR binding pockets have 

resulted in the discovery of numerous small molecule drugs that have been in clinical use 

for decades.2 
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Figure 1.1 Signaling Molecule Diversity and Classification for Class A GPCRs 

 

GPCRs represent the largest family of druggable proteins in the human genome and 

unsurprisingly are targeted by more than 30% of marketed drugs in the United States.3 

Despite this large percentage, recent studies highlight that a small fraction of the possible 

druggable GPCRome has been exploited by approved drugs.4 Multiple reasons persist for 

the relatively low number of GPCRs targeted by FDA-approved drugs. Foremost, the 

biological functions of many potentially druggable GPCRs remain unclear, as seen in the 

understudied orphan GPCRs (oGPCRs), and new biological complexities remain to be 

added to established targets.5 Another reason is several disease indications with established 

GPCR targets have not progressed drugs into the clinic when targeted by traditional 

agonists or antagonists, which bind at highly conserved orthosteric sites and may produce 

off-target effects.6, 7 Undeniably, most of GPCR-targeted FDA-approved drugs bind to 

orthosteric sites; however, when therapeutic efficacy or safety hinges on distinguishing 

 

The inner blue region highlights the diverse endogenous signaling molecules that activate Class A 

GPCRs. Data retrieved from website http://www.gpcrdb.org/drugs/drugbrowser. 
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between highly homologous receptor subtypes, other modes of modulation, such as 

allosteric modulation, confer specific advantages.8  

Allosteric modulation of protein function was first described in enzymes and is now 

understood to be an integral aspect of functionality in other protein types, including 

GPCRs.9 A GPCR allosteric modulator is generally defined as a modulatory ligand that 

does not occupy the orthosteric binding site and binds to a spatially and topologically 

distinct (allosteric) site on the receptor. It is now known that endogenous allosteric 

modulators are ubiquitous among GPCRs, the most apparent being the heterotrimeric G 

proteins, and many synthetic ligands may exploit these sites.10 Other examples of allosteric 

sites seem to be unrelated to endogenous molecules yet display topologically favorable 

features due to the receptor folding and assembly. Nevertheless, allosteric site residues tend 

to be less conserved among receptor subtypes and can offer unparalleled subtype specific 

targeting. Other advantages of allosteric ligands are fundamental to their mode of action, 

including the ability to fine tune the response to an orthosteric ligand in a time and spatially 

dependent manner, a feature that holds promise for immune and CNS targets.11 

Additionally, allosteric modulators may also confer signaling bias and probe dependence, 

further contributing to the possibility for remarkably precise pharmacological 

modulation.12  

The GPCR superfamily is subdivided into divergent groups (classes) based on 

homology and function including: Class A (rhodopsin-like receptors), Class B (the secretin 

family), Class C (metabotropic glutamate receptors), Class D (fungal mating pheromone 

receptors), Class E (cyclic adenosine monophosphate (cAMP) receptors), and Class F 

(Frizzled and Smoothened receptors).13-15 Class A represents the largest class of GPCRs 

and contains further classifications for members based on the type of endogenous signaling 

molecules (Figure 1.1). This perspective will focus on recent medicinal chemistry 

advances for allosteric modulators across a selection of class A GPCRs with diverse 

signaling molecules, including small molecules, peptides, proteins and lipids. Due to the 
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size of Class A and the historical importance of many of its members, these receptors make 

up most of the current receptor drug targets.16 Likewise, industry and academic programs 

have been established to discover allosteric modulators of Class A receptors for the 

treatment of mental health disorders, viral infection, inflammation and other indications. 

Mechanistically, allosteric modulators can increase the functional response to an 

orthosteric agonist, acting as a positive allosteric modulator (PAM), or inhibit the 

functional response to an orthosteric agonist, acting as a negative allosteric modulator 

(NAM). There have been reported silent allosteric ligands (SALs), which do not modulate 

the receptor, but compete with other PAMs or NAMs at the allosteric binding site. 

Additionally, for many targets included in this perspective, allosteric ligands can be 

antagonists or agonists with, or without, PAM or NAM activity (e.g., ago-PAMs, allosteric 

antagonists, etc.). New insights have shown these allosteric alterations can be mediated by 

various components of the receptor, lipid membrane, orthosteric ligand(s) and effector 

proteins; ultimately providing a more complete, and complex, view of the potential for 

allosteric modulation.9, 17 These modes of allosteric modulation are conferred via diverse 

allosteric binding sites that include extracellular regions, the interior and lipid-facing 

exterior of the transmembrane (TM) helix bundle and intracellular regions. Elegant 

structural studies have confirmed these interesting binding poses and provide the 

framework for modulating new targets with notable precision. Figure 1.2, containing three 

GPCR-allosteric modulator co-complex crystal structures, illustrates the concept of 

allosteric modulators functioning in diverse modes and binding to Class A GPCRs in 

diverse structural regions. The structural interactions between class A GPCR residues and 

the corresponding allosteric modulators have been reviewed by Lu and Zhang, also 

included in the Allosteric Modulators special issue.18 This perspective will review key 

concepts for allosteric modulator discovery and optimization, provide a thorough overview 

of the recent medicinal chemistry efforts for class A GPCR allosteric modulation, and 

highlight diverse applications of allosteric modulators across the class A GPCR family. 
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Figure 1.2 Diverse Allosteric Binding Sites Reported across Class A GPCRs 

 

The representative Class A allosteric modulators (stick representation, magenta) are shown 

bound in the corresponding co-crystal structure at distinct and diverse sites. The M2 

mAChR- shows an extracellular (EC) site LY2119620 (left, PDB: 4MQT)19; FFA1-AP8 

co-crystal shows AP8 in the transmembrane (TM) region adjacent to the lipid membrane 

(center, PDB: 5TZY)20; β2AR-Cmpd-15 co-crystal shows an intracellular (IC) binding site 

(right, PDB: 5X7D)21. Bottom: the diverse signaling outcomes on orthosteric agonism by 

Class A GPCR allosteric modulators.   

 

2. OVERVIEW ON THE ALLOSTERIC MODULATION OF CLASS A GPCR DRUG TARGETS 

GPCRs are the most targeted protein class by modern pharmacotherapies due to 

their innate capability of transducing extracellular signals into wide-ranging cellular 

responses. In a growing number of molecular and structural studies, activated GPCRs are 

increasingly appreciated to transduce their signal through structural alterations in the TM 

domains that not only result in the association of effector heterotrimeric G proteins, but 

also lead to association of β-arrestins, scaffolding proteins and various kinases.5 Due to the 

known complexities of GPCR signaling and the added intricacy of measuring allosteric 
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modulation, targeted discovery of allosteric modulators has been enabled only in recent 

decades by technological improvements in ligand screening assays.22 The most common 

primary screening assay employed in allosteric modulator discovery is a functional assay 

in which the effects of allosteric modulators can be observed by alterations to orthosteric 

agonist or antagonist potency and/or efficacy. An orthosteric agonist or antagonist with 

known and reproducible activity, along with the potential allosteric ligand, is added to a 

system in which a functional output can be measured, as in a calcium-mobilization 

measurement. Since GPCR activity is not a simple on/off mechanism, it is important that 

the assay be able to measure the magnitude of agonist-induced functional response, as well 

as the magnitude of functional modulation from an allosteric modulator. The resultant 

concentration response curve can provide quantitative measures of orthosteric ligand 

efficacy (Emax) and potency (EC50). When fit to the operational model of allosterism, the 

unique behavior of the receptor induced by the allosteric ligand can be quantified. The 

allosteric modulation of orthosteric ligand affinity is denoted as the cooperativity factor (α) 

and the allosteric modulation of efficacy is described by the value β. These influences may 

be described by a composite metric of cooperativity denoted by logαβ. According to this 

model the intrinsic efficacy of the allosteric ligand can be described by the factor τB and 

the intrinsic efficacy of the orthosteric ligand is described by the value τA. Excellent 

reviews have been published on this model, the contributing factors and the importance of 

the quantification of allosteric modulator activities.23-25 Binding assays are also commonly 

employed to understand allosteric modulation and report kinetic inhibition constants (Ki). 

Throughout the following perspective, these terms will be used to describe the activity of 

allosteric modulators as reported in the corresponding original manuscript. Additionally, 

observations should be made regarding the importance of quantitatively characterizing 

allosteric modulators in multiple dimensions of their effect to thoroughly inform structure-

activity relationships (SARs).  
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Table 1.1 Selected Allosteric Modulators of Class A GPCRs currently in Clinical Trials 

or Approved for Clinical Use 

Data retrieved from a) Cortellis database, https://www.cortellis.com/intelligence/login.do; 

b) Ref.;4 c) http://www.gpcrdb.org/drugs/drugbrowser; d) https://www.drugbank.ca. 

 

 

Table 1.2 Allosteric Modulator and Class A GPCR Co-Crystal Structures.a 

GPCR 
allosteric 

modulator 

mechanism of 

action 

allosteric site 

distribution 
PDB code Ref. 

CCR5 maraviroc NAM extracellular side 4MBS 26 

CCR2 CCR2-RA-[R] NAM intracellular side 5T1A 27  

CCR9 vercirnon 
allosteric 

antagonist 
intracellular side 5LWE 

28  

M2 LY2119620 PAM extracellular side 4MQT 19  

FFA1 (GPR40) TAK-875 
partial allosteric 

agonist 
extracellular side 4PHU 

29  

FFA1 (GPR40) MK-8666 
partial allosteric 

agonist 
extracellular side 5TZR 

20 

FFA1 (GPR40) MK-8666, AP8 Ago-PAM intracellular side 5TZY 20  

Family Target Name Indication 
Mechanism of 

Action 
 Phase 

Acetylcholine receptors  M1 VU319 
cognitive 

impairment 
PAM  Phase I 

Free fatty acid receptors FFAR1 MK-8666 
type 2 diabetes 

mellitus 

partial allosteric 

agonists 
 Phase I 

Chemokines  receptors 
CXCR1 

CXCR2 

Ladarixin 

(DF2156A) 

onset type 1 

diabetes 
NAM  Phase II 

Free fatty acid receptors FFAR1 TAK-875 
type 2 diabetes 

mellitus 

partial allosteric 

agonists 
 Phase III 

Chemokine  receptors CCR9 Vercirnon Crohn’s disease NAM  Phase III 

Chemokines  receptors CXCR1 
Reparixin 

(DF1681Y) 

β-cell 

transplantation 
NAM  Phase III 

P2Y receptors P2Y12 Ticagrelor  anti-thrombosis  allosteric antagonist  Approved 

Chemokine  receptors CCR5 Maraviroc HIV infection NAM  Approved 

Chemokines  receptors CXCR4 Plerixafor 
bone marrow 

transplantation 
NAM  Approved 

https://www.cortellis.com/intelligence/login.do
http://www.gpcrdb.org/drugs/drugbrowser
http://www.gpcrdb.org/drugs/nhs/ticagrelor
https://en.wikipedia.org/wiki/Allosteric
https://en.wikipedia.org/wiki/HIV
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P2Y1 BPTU 
allosteric 

antagonist 
intracellular side 4XNY 

30  

β2AR Cmpd-15PA NAM intracellular side 5X7D 21  

PAR2 AZ3451 
allosteric 

antagonist 
extracellular side 5NDZ 

31  

aData as of May 31, 2018. 

Traditionally, allosteric modulators have displayed divergent physicochemical 

properties from those of class A GPCR orthosteric ligands, exemplified by higher 

lipophilicity, rigidity and typically less affinity for their binding site.32 Due to years of 

careful optimization and structurally informed design, the development of allosteric 

modulators has significantly improved in achieving drug-likeness and is now progressing 

candidates forward in preclinical development and human clinical trials as well as in the 

market for clinical use (Table 1.1). A contributing factor to the optimization of allosteric 

ligands is the recent availability of ten high resolution crystal structures displaying 

allosteric binding sites and the corresponding receptor activation states (Table 1.2). These 

structures provide information on binding sites as well as explanation towards differential 

allosteric modulation of downstream signaling pathways. The latter phenomenon has been 

termed signaling bias (also functional selectivity) and is characterized by potentiation or 

inhibition of a selected signaling cascade(s) over other signaling cascades activated by the 

GPCR.12 Class A GPCRs translate signaling through association with effector proteins, 

predominately heterotrimeric G proteins, from whom the receptor class derives its name, 

and arrestins. Signaling bias, as reported in this perspective, primarily reflects selective or 

biased modulation of either G protein-mediated signaling or β-arrestin-mediated signaling, 

although biased receptor interaction with other proteins has been shown as well.33, 34 

Selectively developing ligands that display a marked signaling bias in accordance with 

target-specific underlying biology may produce more efficacious drug candidates or may 

produce candidates with decreased adverse effects. Currently, this trend has been 

predominantly explored by research groups developing orthosteric ligands for Class A 
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GPCRs, but it is also a consideration for allosteric ligand development, as shown by 

selected allosteric modulators in this perspective.       

Interest in Class A GPCR allosteric modulators initially grew because of a 

theoretical improvement in target selectivity, especially among receptor subtypes 

displaying high degrees of homology in the orthosteric site.35 Since then, subtype 

selectivity has been shown to be one of many advantages, including the preservation of 

spacial and temporal dynamics of cell signaling. These benefits are often highlighted in 

respect to targeting GPCRs within the CNS in which for example, neurotransmitter release 

and receptor activation are region- and circuit-specific with a high degree of temporal 

regulation.11 In such a case, an allosteric modulator may preserve these important 

characteristics and avoid receptor desensitization by relying on endogenous activation 

events. Additionally, allosteric modulators have a “ceiling effect” whereby the extent of 

their activity is dictated by the concentration of orthosteric ligand, possibly decreasing 

overdose concerns. Many of these advantages have been exploited by allosteric modulators 

targeting receptors in the periphery. For example, the chemokine receptors are an integral 

component of the immune system and inflammatory response, and one receptor subtype 

may respond to numerous chemokine ligands (and vice versa) in a receptor-, agonist-, 

tissue- and time-dependent manner.36-38 Thus, allosteric modulation is an attractive strategy 

for developing precise therapeutics for both the CNS and periphery. 

3. RECENT ADVANCES IN THE DISCOVERY AND DESIGN OF CLASS A GPCR 

ALLOSTERIC MODULATORS 

3.1. Aminergic Family Receptors 

3.1.1. Serotonin 2C Receptor (5-HT2CR). The serotonin (5-HT) 5-HT2C receptor 

(5-HT2CR) is a member of the 5-Hydroxytryptamine receptors family, which can activate 

phospholipase Cβ (PLCβ) via Gαq/11 to result in production of intracellular inositol 1,4,5-

triphosphate (IP3) and diacylglycerol (DAG) to promote intracellular calcium release 
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(mobilization).39 Assays described throughout this perspective that relay information on 

calcium mobilization follow a similar signaling cascade, depending on the activated G 

protein. The 5-HT2 subfamily has been of pharmacological interest for decades and is 

implicated in neurological, psychological and circulatory processes.40 It is well known that 

non-selective antagonists of this subfamily can alleviate symptoms of schizophrenia and 

anxiety, while non-selective agonists would cause cardiac abnormalities and 

hallucinations, among other effects. However, selective stimulation of the 5-HT2CR is 

useful for treating obesity and may be useful for treating substance use disorders (SUD), 

depression, and other neuropsychological disorders.41, 42 Therefore, there remains a need 

for developing 5-HT2CR targeted ligands that display a high degree of specificity for the 5-

HT2CR over the highly homologous 5-HT2 subtypes 5-HT2AR and 5-HT2BR. As previously 

mentioned, allosteric modulation holds the potential to differentiate between receptors by 

targeting less conserved regions and thus provide therapeutic benefit at the 5-HT2CR, while 

eliminating significant CNS (5-HT2AR) and cardiovascular (5-HT2BR) adverse effects. 

Two primary groups are engaged in projects aimed at discovering PAMs of the 5-HT2CR.43, 

44 

PNU-69176E (1; Figure 1.3) was discovered by Pharmacia (later acquired by 

Pfizer) via screening of an internal chemical library and is the first reported 5-HT2CR 

selective positive allosteric modulator.45 It was reported that 1 can increase the affinity of 

5-HT to the 5-HT2CR low-affinity site with a Ki value 6.4 nM at 20 µM concentration in 

human embryonic kidney 293 (HEK293) cell line. Further, 1 displays potentiation in 

multiple cell lines and potentiates the effects of 5-HT at multiple receptor densities (6 to 

45 pmol/mg of protein). Binding selectivity experiments indicate that 1 is a selective 5-

HT2CR PAM with no appreciable binding to analogous 5-HT (5-HT2AR, 5-HT2BR, 5-HT6R 

and 5-HT7AR) and biologically relevant dopamine receptors (D2R and D3R). However, 

unlike pure PAMs, 1 alone could cause activation of GTPγS binding, IP3 release and [3H]-

IP3 accumulation, possibly indicating a stabilization effect of the receptor active state. Both 
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the long alkyl chain and polar moiety (α-D-galactopyranoside) of the chemical structure 

are reported to be integral to its function and may provide anchoring to the membrane and 

binding with the allosteric site, respectively. Significantly, its diastereomer 2 (Figure 1.3) 

did not increase 5-HT-evoked intracellular calcium mobilization in 5-HT2CR Chinese 

hamster ovary (CHO) cells nor did 2 exhibit intrinsic agonist activity.46  

Recently, our group reported CYD-1-79 (3), with a 4-alkylpiperidine-2-

carboxamide scaffold, as a selective 5-HT2CR PAM presenting a promising in vitro and in 

vivo profile for the treatment of cocaine use disorder (CUD).44 Unlike 1, 3 (Figure 1.3) 

functions as a pure PAM to potentiate 5-HT-evoked calcium mobilization in 5-HT2CR-

CHO cells expressing human 5-HT2CR, but exhibits no intrinsic activation of calcium 

mobilization 5-HT2CR-CHO cells. When investigated in preclinical pharmacokinetic (PK) 

and rodent efficacy studies, 3 displays measurable blood-brain barrier permeability and 

significantly suppresses motor impulsivity and cue reactivity assessed as lever presses for 

cocaine-associated cues in a rodent cocaine self-administration assay. Excitingly, elegant 

work in the Class A GPCR crystallography field has recently produced a high-resolution 

crystal structure of the 5-HT2CR capable of enabling molecular docking studies.47 Shown 

in Figure 1.3, these studies reveal there is a bridging effect formed by 3 between the 

extracellular loop (EL) 2 (EL2) and the transmembrane helix (TMH) VI (TMH VI) of the 

5-HT2CR via a bidentate, H-bonding interaction. This bridging effect is mediated by a 1,2-

diol moiety on 3 to the backbone carbonyl of Leu209ECL2 residue of ECL2, and another H-

bond between the ionizable N-atom of the piperidine ring and the -OH side chain of 

Ser3346.58 of TMH VI (PDB: 6BQG). Significantly, these residues are not conserved in the 

highly homologous 5-HT2AR or 5-HT2BR, possibly responsible for the selective profile of 

3.44  

Lopez-Rodriguez and colleagues highlighted 5-HT2CR PAMs as potential anti-

obesity therapeutics and recently reported the screening hit VA024 (4), featuring an indole 

scaffold, as a 5-HT2CR PAM.43 In what is only the second reported synthetic small 
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molecule screening hit for 5-HT2CR PAMs, 4 (Figure 1.3) was identified in a Vivia Biotech 

chemical library via an innovative automated flow cytometry-based screening system, the 

PharmaFlow platform (previously ExviTech platform).43, 48 A minor structural 

modification of the pyrimidin-5-amine side chain of 4 with pyridine results in VA012 (5). 

Cell studies at a PAM concentration of 10 μM produce a PAM EC50 of 16 nM and a 

potentiation of the 5-HT Emax 35% greater than 5-HT efficacy alone. Further in vitro studies 

indicate 5 does not appreciably bind to important 5-HT2 family members (5-HT2AR and 5-

HT2BR), displays low binding competition against the endogenous agonist (5-HT) and 

other orthosteric ligands (mesulergine and clozapine) and results in no significant off-target 

interactions as indicated in a CEREP cellular GPCR panel. Significantly, feeding models 

in rodents indicate 5 reduces both food intake and body weight gain without causing taste 

aversion when acutely administered at 2 mg/kg (ip), but evidences of hypolocomotion and 

anxiety-related behaviors were observed. 
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Figure 1.3 Representative 5-HT2CR PAMs 1-5 

 

As previously discussed, proteins that interact with Class A GPCRs, such as G 

proteins, are fundamentally allosteric in their mediation of the receptor structural state and 

their interference or coordination in allowing other proteins to interact. Structurally, the 

third intracellular loop and C-terminal tail of the 5-HT2CR, like most other Class A GPCRs, 

act as scaffolds, molecular levers and protein recruiters with multiple protein binding and 

phosphorylation sites for mediating receptor function.49-52 Phosphatase and tensin homolog 

(PTEN) recognizes key residues on the 5-HT2CR intracellular loop III (ICLIII) and 

mediates 5-HT2CR biological responses. Significantly, this interaction occurs at 5-HT2CR 

but not at the 5-HT2AR. A fragment of the 5-HT2CR protein, termed 3L4F (third loop, fourth 

fragment of the human 5-HT2CR), is a peptide derived from the protein interaction site and 

has been shown to disrupt the 5-HT2CR–PTEN complex and promote 5-HT2CR mediated 

 

 
Right: CYD-1-79 (stick representation, magenta, 3) binding pose from molecular docking on the 

recently solved 5-HT2CR crystal structure (PDB: 6BQG) interacting with L209ECL2 and S3346.58 
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downstream signaling, acting as a PAM of 5-HT2CR signaling.53 Subsequent studies 

revealed that 3L4F-F1 (Pro280–Arg287), a component of the first eight amino acids of the 

peptide 3L4F, maintains the efficacy of the full length 3L4F peptide within the picomolar 

range in vitro and also functions as a PAM of 5-HT2CR in rats in vivo.53 These examples 

cover two unique modes for allosterically altering signaling at the 5-HT2CR, where small 

molecules may bind to the extracellular region of the receptor and stabilize/induce an active 

state, or peptides and small molecules may bind intracellularly and disrupt protein-protein 

interactions.     

3.1.2. β2-Adrenergic Receptor (β2AR). The β2-adrenergic receptor (β2AR) is an 

aminergic Class A GPCR whose endogenous signaling molecule is adrenaline. The β2AR 

is widely expressed in bronchial smooth muscle, and plays a significant role in 

cardiovascular and pulmonary physiology.18 As one of the most highly studied and 

characterized GPCRs, numerous studies on the β2AR represent foundational knowledge on 

GPCR function, structure and physiological importance for cell signaling.54-59 

Therapeutically, β2AR agonists represent a large class of drugs used to treat pulmonary 

disorders and asthma, while β2AR antagonists are comprised of selective and non-selective 

beta-blockers (β-blockers), widely used for the treatment of hypertension, cardiac 

arrythmias and other cardiovascular indications. At present, nearly all known β-adrenergic 

ligands act orthosterically.60 Kobilka and colleagues have recently reported the first 

allosteric β-blocker, or β2AR NAM, known as Cmpd-15 (compound-15, 6) and, 

significantly, the co-crystal complex with β2AR (Figure 1.4).21, 60 This recently discovered 

β2AR NAM displays low micromolar affinity for β2AR and was identified via a DNA-

encoded small-molecule library screen comprising 190 million distinct compounds.60 SAR 

studies demonstrate that the formamide group in the para-formamido phenylalanine region 

and bromine in the meta-bromobenzyl methylbenzamide region are integral for the 

functional activity of 6 and a dramatic reduction of activity was observed when removing 

these groups.61 In vitro studies indicate the addition of 6 results in an inhibition of cAMP 
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production and β-arrestin recruitment. Furthermore, pharmacological studies and the 

β2AR-NAM co-crystal of a polyethylene glycol-carboxylic acid derivative of 6 reveal an 

intracellular binding site formed by residues from helices I, II, and VI−VIII and the ICL1 

of the β2AR (PDB code 5X7D).21 Only recently have small molecule allosteric sites been 

identified on the intracellular surface of GPCRs and this finding is significant as these 

results could extrapolate to additional members of the Class A GPCR family, opening new 

avenues for allosteric drug discovery.    

Figure 1.4 β2AR Co-Crystal Structure with Cmpd-15 (6) 

 

Top: β2AR Co-Crystal Structure with Cmpd-15 (6) and agonist carazol (PDB: 6X7D)21; 

Bottom: structure of β2AR NAM Cmpd-15 (6). 
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3.1.3. Dopamine Receptors (D1, D2, D3). Dopamine receptors represent a 

therapeutically important subset of Class A GPCRs and exist in two distinct families: 1) 

D1-like family members comprise dopamine D1 and D5 receptors, which couple to the Gαs 

and Gαolf G-proteins and stimulate cAMP production, while 2) D2-like family members are 

comprised of D2, D3 and D4 receptors, which predominantly couple to Gαi/o G-proteins and 

attenuate cAMP production. D2-like receptors are widely recognized as the predominant 

target for the treatment of schizophrenia and Parkinson’s disease.62, 63 However, as a whole, 

dopamine receptors play a substantial role in numerous neurological and psychological 

disorders, including also attention deficit hyperactivity disorder (ADHD) and drug and 

alcohol dependence or SUD.64 From a structural perspective of allostery, the evidence of 

dimerization in dopamine receptors and other GPCRs (homodimers and heterodimers) 

should not be overlooked, but there is still much to understand about the functional 

implications of GPCR dimer populations and how these populations might be 

therapeutically targeted.65-71    

Due to the therapeutic potential of D2-like receptor drugs, several allosteric 

modulators for D2 and D3 have been reported recently (Figure 1.5). The neuropeptide Pro-

Leu-Gly-NH2 (PLG, 7), initially isolated from brain tissue, is an endogenous molecule that 

has shown potential for pharmacologically treating neurological diseases such as 

Parkinson’s disease and tardive dyskinesia, but the peptide nature of 7 limits its 

development as a drug. Therefore, the rational design and modification of 7 has led to 

analogues containing lactam, bicyclic and spiro-bicyclic scaffolds in the search for agents 

with better PK properties. Subsequent studies show 7 acts as a PAM of the dopamine D2 

and D4 receptor, and the mode of action for 7 and its peptidomimetics were validated by 

photoaffinity labeling peptidomimetics.72-74  Modification of 7 in the L-proline or L-proline 

and L-leucine residues led to compounds 8-9 displaying similar PAM efficacy, measured 

by increasing [3H]NPA binding at concentrations between 10-12 and 10-9 M in human 

dopamine D2 receptors.75 Improving upon the initial neuropeptide, analogue PAOPA (10) 
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(3(R)-[(2(S)-pyrrolidinylcarbonyl)amino]-2-oxo-1-pyrrolidineacetamide), a dopamine D2 

receptor selective PAM, is 100–1000-fold more potent than 7 and significantly attenuated 

schizophrenia-like behavioral phenotypes in preclinical models.76-78 Importantly, 10 

displays an improved PK and toxicological profile.  

Interestingly, extensive studies with the spiro-bicyclic analogues of 7 have 

produced both D2 PAMs and NAMs with minor differences in the stereochemistry of the 

bridgehead carbon within the same series of peptidomimetics.79 Compounds 11 and 13 are 

D2 PAMs, while the corresponding diastereoisomeric compounds 12 and 14, with a 

difference in the 8’a chiral center, demonstrate D2 NAM activity in binding experiments 

with the D2 receptor agonist NPA and competitive binding with the D2 PAM.80 The 

molecular conformation is hypothesized to take either a type VI β-turn or polyproline II 

helix conformation that could place the carboxamide NH2 pharmacophore in the same 

topological space as that seen in the type II β-turn, which is vital for the ability to modulate 

dopamine receptors. Molecular modeling suggests there are two different conformations in 

the pucker of 14 that may result in divergent effects on the orthosteric site. The modeling 

results were experimentally tested by incorporating proper chemical substituents to convert 

the PAM to a NAM. Compounds 15-16 with dimethyl groups in the C2’ position of the 

5.6.5 bridge were designed to display NAM activity, divergent from the parent compound 

PAM activity. Indeed, when compared to a control, 15 and 16 demonstrate a NAM profile, 

which negatively affects the binding of the dopamine receptor agonist NPA to the D2 

receptor and the resultant shift in the EC50  value for [3H] NPA binding to D2 was 2.7- and 

2.8-fold at concentrations of 1 µM and 10 µM, respectively.81 
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Figure 1.5 Representative allosteric modulators of the dopamine D2 and D3 receptors 

with chemical modifications at selected positions. 

 

SB269652 (17) was found to be a negative allosteric modulator for D2 and D3 and 

the corresponding SAR shows both components of 17 possess influence to some extent on 

its allosteric activity (Figure 1.5).82, 83 The THIQ head group is crucial for maintaining 

allosteric pharmacology, while a “small” substituent in the 7-position is required, and 

replacement of the alkyl spacer with a linear 1,4-butylene or 1,6-hexylene spacer group 

conferred an increase in functional affinity. Interestingly, although the tail group is 

 

Representative allosteric modulators of the dopamine D2 and D3 receptors with chemical 

modifications at selected positions. 
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sensitive to chemical modification, an alternative 7-azaindole tail was reported and 

demonstrates a 30-fold increase in affinity, while maintaining negative cooperativity with 

dopamine. Thus, 17 is a current lead compound for developing new dopamine receptor 

allosteric drugs.84 Recently, a benzothiazole scaffold compound was reported as a D2 PAM, 

identified via a high-throughput screen (HTS) on 80,000 compounds, and provides another 

small molecule hit for the development of D2 PAMs.62 Although there are several identified 

hits coming into the arena for the allosteric modulation of D2 and D3, further development 

to provide mature clinical candidates with improved in vitro and in vivo properties, along 

with safer PK profiles is still urgent. 

3.1.4. Muscarinic Acetylcholine Receptors (M1-M5). Muscarinic acetylcholine 

(ACh) receptors contain five receptor subtypes (classified as M1–M5) and are involved in 

a wide range of biological processes and diseases, including pain, Alzheimer’s disease, 

schizophrenia, diabetes and obesity.85 According to their G-protein coupling preference, 

there are two major functional classes. The M1, M3 and M5 receptors selectively couple to 

G-proteins of the Gαq/11 family, whereas the M2 and M4 receptors preferentially activate 

Gαi/o G-proteins. From the perspective of biological distribution, the M1, M4 and M5 

receptors are predominantly expressed in the CNS, whereas the M2 and M3 receptor 

subtypes are widely distributed both in the CNS and in peripheral tissues, thus playing an 

important role in regulating various peripheral and central physiological functions.86 As a 

reference, a recent review by Mohr and colleagues has thoroughly summarized allosteric 

modulators targeting CNS muscarinic receptors.87  Herein, we focus on the recent 

development of these modulators from a medicinal chemistry perspective, which is mainly 

reflected in M1, M4 and M5 allosteric modulators. 

M1 mAChR. Benzylquinolone carboxylic acid (BQCA, 18), discovered through 

HTS efforts at Merck, is a representative scaffold for the development of highly selective 

M1 mAChR PAMs, and provides a basis for developing novel therapeutics to counteract 

the negative cognitive symptoms associated with diseases such as Alzheimer’s disease and 



 

41 

schizophrenia (Figure 1.6).88 According to current ligand classifications, 18 is a PAM 

which lacks intrinsic activity to induce calcium mobilization at concentrations up to 10 

µM, but markedly increases ACh potency 129 fold at 100 µM in human M1 mAChR 

expressing CHO cells. Additionally, 18 displays selectivity over the related neuronal M2-

M5 mAChR subtypes up to >100-fold and does not modulate signaling at other examined 

Class A GPCRs. However, 18 presents lackluster PK, resulting in high plasma protein 

binding and low solubility in its neutral form. 

Subsequent SAR-informed optimizations to address these shortcomings were 

conducted. These studies suggest fluoro-substituents are preferred optimizations for 

analogues of 18 in terms of M1 mAChR potency in vitro89, which was later proven to 

attribute to increased intrinsic efficacy of these analogues.90 Compounds 19-20 were 

produced based on this principle and displayed an improved inflection point (IP), but 

maintained high plasma protein binding and poor brain exposure.89, 91 Amide derivative 21, 

with an improved PK profile, produces higher potency binding and functional cooperativity 

with ACh, bearing cooperativity α and logαβ values of 170 and 840 in a calcium 

mobilization assay, respectively.90 Modifications on the benzyl side chain and quinolin-

4(1H)-one of 18 were examined as a means to further improve affinity, decrease plasma 

protein binding and address the BBB permeability problem aforementioned. Aryl methyl 

benzoquinazolinone 22 is a resultant compound with a greater than 50-fold increase in 

affinity for the M1 receptor in comparison to 18 (KB = 0.3 µM for 22 and 15 µM for 18), 

while retaining similar positive cooperativity and efficacy with ACh.92 Mutagenesis studies 

and molecular modeling, confirm compound 22 occupies the same allosteric binding 

pocket as 18. Insights from these studies include key hydrophobic/edge-to-face π-π 

interactions with residues Tyr-179 in ECL2 and Trp-4007.35 in TM7 are critical for the 

increased affinity and activity of 22. MK-7622, a mature example in this series, advanced 

into a Phase II clinical trial in 2013 and was terminated in 2016 for undisclosed reasons.93   
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For further optimization efforts, modifications were made to the core 

pharmacophore aryl ring systems. Opening of the aryl A ring of 22 furnishes 4-

phenylpyridin-2-one 23, a structure maintaining intramolecular hydrogen bonding between 

the carboxylic acid and ketone in 18.94 Compound 23 shows comparable binding affinity 

to 18 with a KB value of 43 µM in FlpIN CHO cells, but interestingly improved positive 

cooperativity with ACh (α = 370, αβ = 200), i.e., a significant 370-fold potentiation of ACh 

affinity, and retained high selectivity for the M1 mAChR. Further modification of pyridin-

2(1H)-one to 6-phenylpyrimidin-4-one 24 presents an α value of 1,380, a 4-fold increase 

in binding cooperativity with ACh, along with an 11-fold increase in intrinsic efficacy (τB 

= 2.51), suggesting further interaction with the allosteric pocket of the M1 mAChR through 

the introduction of an additional tertiary nitrogen as a hydrogen bond acceptor. Ring 

opening of aryl B, replacing the tricyclic benzo[h]quinazolin-4(3H)-one core with 

quinazolin-4(3H)-one gives compound 25.95 Compound 25 shows improved “drug-

likeness” with lower lipophilicity, topological polar surface area (tPSA), molecular weight 

and also reduces the toxic DNA-chelation concern for polyaromatic heterocycle scaffolds. 

The methyl group in the 8-position is critical to maintain affinity for the M1 mAChR 

compared to 22 with pKB and αβ values of 5.15 and 380 for 25 and 5.88 and 370 for 22, 

respectively, but lower intrinsic activity (τB = 1.1), in radioligand binding experiments 

using FlpIN CHO cells. Dibenzyl-2H-pyrazolo[4,3-c]quinolin-3(5H)-one (26, DBPQ) is 

another example of a tricyclic scaffold similar to 22, and was discovered as a hit from a 

2012 high-throughput screen of the NIH Molecular Libraries Small Molecule Repository 

(MLSMR).96 Compound 26 exhibits a functional EC50 of 473 nM and a depressed ACh 

maximum response Emax of 40% measured by a calcium response assay of the PAM and a 

submaximal concentration of ACh in a calcium mobilization assay. 
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Figure 1.6 M1 mAChR PAM BQCA (18) and derivatives (19-30) with corresponding 

SARs 

 

Replacement of the quinolone ring system of 18 with quinolizidinone as an 

alternate scaffold and exchanging the side benzyl chain with a basic 4-cyanophenyl 

piperazine linkage led to compound 27.97 Compound 27 shows enhanced CNS exposure 

with a 13% human free fraction and improved in vivo efficacy in a mouse contextual fear 

conditioning model of memory, while the bioavailability is relatively low, observed as 23% 

in rats. Noteworthy, this modification limits the liability for efflux by the CNS efflux 

transporter P-glycoprotein (P-gp). Compound 28 bearing a cyano group at the 4-position 
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of the piperidine displays increased functional activity (M1 mAChR IP = 135 nM) in human 

M1 mAChR expressing CHO cells determined in the presence of an EC20 concentration of 

ACh by a calcium mobilization readout on a fluorometric imaging plate reader 

(FLIPR384).98 The plasma free fraction value is an acceptable 30% and oral bioavailability 

is greatly improved to 68% in rats with a 1.7 h half-life.  Further modification by replacing 

the carboxylic acid with cyclic amide substituents to produce 29 significantly improved the 

potency in functional assays (M1 mAChR IP = 31 nM); however this led to P-gp efflux 

liability.99 A replacement of the core to methoxynaphthalene led to compound 30 with a 

M1 mAChR IP value of 17 nM.100 Although 30 addressed the P-gp substrate problem, 30 

results in high protein binding as observed at 99.9% in rat. 

VU0108370 (31), a hit discovered via a functional HTS of the NIH's Molecular 

Libraries Probe Production Centers Network (MLPCN) library, represents a second unique 

chemotype based on an indole core (Figure 1.7).101 Compound 31 shows relatively low 

potency for ACh at the M1 mAChR with an EC50 value of 9.71 µM. Structural optimization 

around 31 afforded ML169 (32) as a selective M1 mAChR PAM MLPCN probe, presenting 

a moderate yet improved potency (EC50 = 1.38 µM). Difluoro-substitution of the indole 

core and a pyrazine in the benzyl side chain results in VU0456940 (33) and further 

improves the EC50 to 310 nM.102 Azaindole (34) results from the replacement of the 

quinolone ring of 18 with an azaindole core producing an EC50 value of 1.8 µM.103-105 

Modification of the substitution on a benzyl with pyrazole furnishes PF-06764427 (35) as 

a highly selective M1 mAChR PAM and demonstrates excellent cooperativity with a 30-

fold potency improvement and favorable in vivo efficacy in an amphetamine-stimulated 

locomotor activity model in rodents.106 Difluoro-substitution on 35, resulting in 

VU6004256 (36), improves its safety profile and was reported as lacking severe adverse 

effects, such as behavioral convulsions and peripheral cholinergic adverse effects in mice, 

although no improvements to its activity were observed.107 
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Figure 1.7 Representative M1 mAChR PAMs with an indole core (red) and SAR 

(compounds 31-36) 

 

A third unique scaffold for M1 mAChR PAMs consists of an isatin core. 

VU0119498 (37) is a pan-M1,M3,M5-PAM discovered through a HTS campaign and 

subsequent SAR enabled the rational design of subtype selective PAMs.108 Chemical 

optimizations on 37 led to selective M1 mAChR PAMs ML137 (VU0366369, 38) and 

VU0448350 (39) with EC50 values of 0.83 µM and 2.4 µM, respectively.108, 109 Further 

modification on this scaffold yields VU0453595 (40), a highly selective M1 mAChR PAM 

with improved brain exposure in mice after systemic administration.110 Recent 

modification around isoindolin-1-one produces compound 41, which displays a 

significantly improved EC50 value of 47 nM, minimal intrinsic agonist activity and oral 

bioavailability of 91% in rodents and 65% in canines.111 Other work in this arena includes 

the benzodiazepine derivative 42, which was recently reported by a team at Roche as a 
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selective M1 mAChR PAM with an EC50 value of 80 nM in human M1 mAChR expressing 

cells.112 Overall, there are variable improvements in brain exposure and in vivo efficacy for 

selective M1 mAChR allosteric modulators and development continues for multiple 

scaffolds presented herein.  

Figure 1.8 Chemically diverse M5 mAChR PAMs with key modifications (compounds 

37-46) 

 

M5 mAChR. The M5 mAChR has historically been the least studied receptor of the 

mAChR family, primarily due to low endogenous expression levels; however there is a 

current upsurge in interest from drug discovery groups to identify selective PAMs that are 

efficacious in relevant disease models.113 Physiological studies indicate the M5 mAChR is 
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enriched in the cerebrovascular system and present a potential target for the treatment of 

numerous CNS disorders including schizophrenia, Alzheimer’s disease, ischemia and 

migraine.113 As previously highlighted, the small molecule series with an isatin core 

display PAM activity at the M5 mAChR in addition to other mAChR subtypes, and thus 

medicinal chemistry efforts have partly focused on identifying molecular switches to 

convey subtype specificity in this series. VU0119498 (43) is the first reported hit 

discovered via a HTS and displays micromolar potencies as a pan-PAM for the potentiation 

of ACh at M1, M3 and M5 mAChR subtypes in cell-based calcium mobilization assays 

(Figure 1.8).114 Subsequent optimization led to the discovery of ML129 (VU0238429, 44), 

containing a 5-trifluoromethoxy isatin scaffold, as a selective M5 mAChR PAM with an 

EC50 of approximately 1.16 μM.115 Further modifications included substitutions on the 

benzyl chain where it was shown that VU0365114 (45)  and ML172 (VU0400265, 46) 

could maintain potency, while the addition of a phenoxyethyl substituent in ML326 (47) 

achieved sub-micromolar level potency in a human M5 mAChR expressing cell line (EC50 

= 410 nM, ACh fold-shift = 20, Figure 1.9).113, 116, 117 However, the suboptimal ionization 

properties of 47 preclude its utility for in vivo assessment due to low CNS exposure.118 

ML380 (48), a promising and divergent scaffold lacking the common isatin core, was 

discovered during a HTS of the MLPCN screening deck of ~360,000 compounds against 

M1, M4 and M5 mAChR subtypes. Compound 48 displayed selective M5 mAChR PAM 

activity with submicromolar potency and markedly improved CNS penetration (EC50 = 190 

nM, ACh fold-shift = 9.3).118  

In regards to NAM discovery, ML375 (49) is the first selective M5 mAChR NAM 

with sub-micromolar potency and characterization reveals an IC50 of 300 nM at the human 

M5 mAChR and an IC50 of 790 nM for rat M5 mAChR (Figure 1.9).119 Compound 49 was 

also found to exhibit favorable CNS exposure (brain/plasma Kp = 1.8).119 However, high 

protein binding in both blood and brain tissue (rat fu = 0.029, rat brain fu = 0.003) has 

limited its utility as an in vivo tool compound to date.120 Through a combination of matrix 
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libraries and iterative parallel synthesis, optimization of 49 led to VU6000181 (50), which 

maintains potency levels but also retains an unfavorable PK profile.120 

Figure 1.9 Representative M5 mAChR PAMs (47-48) and NAMs (49-50) 

 

M4 mAChR. Interestingly, the analytical specialty chemical thiochrome was one 

of the first reported selective M4 mAChR PAMs, but was observed to exhibit low affinity 

for the receptor.121 Heightened activity in this arena occurred with the discovery of 

LY2033298 (51) as a benchmark example of selective M4 mAChR PAMs (Figure 1.10).122 

Compound 51 contains a 5-amino-thieno[2,3-c]pyridine scaffold and has a measured KB 

value of 200 nM at the allosteric site on the unoccupied human M4 mAChR.122 Chemical 

modification of 51 on the substitutions in the thieno[2,3-c]pyridazine and side chain 

resulted in the discovery of VU10010 (52).123 Compound 52 has a high potency with an 

EC50 value of 400 nM and elicits a 47-fold leftward shift of an ACh concentration response 

curve in a calcium-mobilization assay in rat M4 mAChR expressing cells. Optimization of 

52 led to ML108 (53) and VU0152099 (54), which present nearly equivalent potency while 

improving CNS exposure as evidenced by peak brain concentrations ranging from 3 to 5 
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µg/mL after 56.6 mg/kg i.p. administration in rodents.124 However, the metabolic stability 

of this scaffold is poor due to the hydroxylation of the 6-methyl group on the pyridine ring, 

resulting in less than 10% parent compound remaining after 90 min. Noteworthy, the 

replacement of the metabolically labile 6-methyl group with an ether linked substituent led 

to ML173 (55) and a significantly improved microsomal stability profile with greater than 

90% parent remaining after 90 min, in both rat and human microsomal assays.125 Although 

in vitro potency in human M4 mAChR expressing cells was measured at an EC50 of 95 nM, 

subsequent preclinical in vivo studies demonstrated limited efficacy for 55 in the reversal 

of amphetamine-induced hyperlocomotion in a rat behavioral model. This result 

necessitates highlighting an important phenomenon that can encountered during the 

preclinical phases of compound optimization: species bias. Additional data indicate that 

although high potency was observed at the human M4 mAChR, 55 displays a strong species 

bias with an EC50 of only 2.4 µM for the rat M4 mAChR, which leads to exceedingly 

difficult optimization and ultimately precludes preclinical development of this 

compound.125 In an expert review, Conn, Lindsley, Meiler and Niswender advise 

identifying and avoiding compounds with an intractable species bias from experience in 

this series and others.22   

ML293 (56) is characterized by a unique scaffold with a benzothiazole core and 

was developed through an iterative optimization effort at the Vanderbilt Center for 

Neuroscience Drug Discovery (Figure 1.10).126 Although 56 displayed low micromolar 

potency at the human M4 mAChR, the promising in vivo PK properties warrant attention 

with a lower IV clearance rate (11.5 mL/min/kg) than previous series and excellent brain 

exposure when orally administered to rats and measured as a brain to plasma ratio (10 

mg/kg at 1 h, [Brain] = 10 µM, B:P = 0.85).126 The modest potency and half-life (EC50 = 

1.3 µM, t1/2 = 57 min) necessitates further optimization of this series. Recently reported, 

modification of the previously described 3-amino-thieno[2,3-b]pyridine scaffold (as in 53) 

by replacing the pyridine with a pyridazine ring results in VU0464090 (57).127 Compound 
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57 displays a 3-fold potency improvement with an EC50 value of 150 nM in human M4 

mAChR expressing cells and a significant 9-fold improvement in free fraction values 

compared to 53 (fu rat, human = 0.022, 0.035 for 57 and 0.015, 0.004 for 53).127 This 

relatively minor chemical modification results in large electronic changes due to the high 

dielectric constant of the pyridazine ring and likely led to the observed improvement in PK 

properties. However, the p-methoxybenzyl amide in 57 proved to be metabolically labile 

via cytochrome P450 (CYP)-mediated oxidative demethylation and alternative amides 

were explored. Concentrating on sulfur-containing amide moieties, Lindsley and 

colleagues discovered VU0467154 (58) through an iterative optimization campaign.127 

Although the potency of 58 for human M4 mAChR is modest with an EC50 value of 631 

nM, 58 has proven to be an exemplary rodent M4 mAChR PAM tool compound, due to its 

reported minimal off-target interactions, excellent subtype selectivity and good PK 

profile.127, 128 The following optimizations to the 5-amino-thieno[2,3-c]pyridazine class of 

M4 mAChR PAMs were recently reported and feature an azetidine substituted side chain.129 

Out of a series of examined cyclic amines, azetidine based linkers in the side chain retained 

activity. Chemically, compound 59 in this series maintains an amide, however utilization 

of the azetidine results in a rigid amide lacking H-bonding ability (Figure 1.10). Based on 

the interesting analysis of X-ray crystal structure data, the removal of the amide N-H and 

the introduction of conformational restraint in the side chain was hypothesized to limit 

intermolecular interactions between adjacent molecules due to π-stacking and H-bonding, 

ultimately improving upon the poor solubility of previous derivatives. Indeed, 59 maintains 

high potency with a human M4 mAChR EC50 of 72 nM and markedly improved CNS 

exposure in rat (Kp = 2.6, Kp,uu = 2.1).129 In vivo, 59 was examined in an established rat 

amphetamine-induced hyperlocomotion assay to determine antipsychotic efficacy and at 

30 mg/kg (oral) 59 can attenuate hyperlocomotion by up to 32%. However, the azetidine 

amide linker in this scaffold is a metabolic weakness with high predicted clearance 

resulting from both rat and human microsomal preparations (CLhep = 64 (r), 20 (h) 
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mL/min/kg). Subsequent developments detail a replacement by a 3-aminoazetidine moiety, 

resulting in VU6000918 (60).130 Compound 60 is characterized by improved in vitro human 

M4 mAChR potency (EC50 = 30 nM), a relatively short half-life (1-2 h) and suboptimal 

oral bioavailability, as measured at 11% in canine (2 mg/kg). At present, this extended 

series of compounds has demonstrated excellent in vitro activity and preferred species 

selectivity, however achieving an optimal combination of distribution, metabolism and 

pharmacokinetic (DMPK) properties such as bioavailability, CNS exposure, P-gp efflux 

liability and metabolic stability has proven to be challenging. 

Figure 1.10 M4 mAChR PAM derivatives around the 5-amino-thieno[2,3-c]pyridine 

scaffold and corresponding SAR (51-60) 

 

M2 mAChR. The M2 mAChR is distributed in both the CNS and periphery and has 

been predominately studied for its role in regulating parasympathetic cardiac function. In 

this capacity, the M2 mAChR modulates potassium channels and its activation leads to the 

closing of calcium channels, necessary for heart rate reduction.131  Early examples of M2 

mAChR allosteric modulators, discovered by Mohr and colleagues, include alkane-

bisammonio-type ligands.132 This chemotype was subjected to subsequent rounds of 

 

M4 mAChR PAM derivatives around the 5-amino-thieno[2,3-c]pyridine scaffold and 

corresponding SAR (51-60).  
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chemical modifications, where a switch from negative to positive cooperativity was 

observed and conjugation to orthosteric ligands resulted in bitopic molecules of interest.133 

The importance of the M2 mAChR lies not in its therapeutic utility as the general consensus 

is that M2 mAChR activation leads to undesirable off-target effects for mAChR 

modulators.134 However, from a structural perspective, elegant work on the M2 mAChR 

and its PAM LY2119620 (61) has enabled major leaps in the understanding of mAChR, 

and GPCR, allosteric modulation.19, 135 Compound 61 is reported as a high-affinity PAM 

of both the M4 and M2 mAChR and it potentiates the activity of agonist iperoxo. The 

pioneering co-crystal structure of 61 bound to the M2 mAChR shows 61 occupying a site 

above the orthosteric iperoxo binding site on the extracellular side of helices II, VI and VII, 

and forming extensive contacts with ECL2 and ECL3 (PDB: 4MQT, Figure 1.11).19 These 

contacts include a charge-charge interaction between the piperidine group and residue 

Glu172 in ECL2, hydrogen bonds between both the amide oxygen and N-H with the side 

chains of Tyr802.61 and Asn419 in ECL3, and additional hydrophobic interactions with 

aromatic residues in ECL2. This structural analysis provides insight to one way a PAM can 

impact agonist binding and resultant receptor activity.  

Further contributions from the structure of the M2 mAChR include a recent 

discovery effort aimed at finding highly selective PAMs that potentiate binding of non-

selective antagonists, whereby the antagonist is essentially turned selective due to PAM 

induced cooperativity.136-137  These studies utilized extensive molecular libraries for 

ensemble docking at the M2 mAChR and realize the potential of allosteric modulators to 

improve orthosteric ligand selectivity. The resultant compound ’628 (62) features a unique 

triazolo-quinazolinone and could enhance binding of the M2 mAChR antagonist N-methyl 

scopolamine (NMS) with a cooperativity factor (α) of 5.5. Interestingly, 62 can markedly 

slow the dissociation rate of NMS from the M2 mAChR by 50-fold. The specific PAM 

effect of 62 on NMS antagonism was further validated in cell-based functional assays and 
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the observations translated to membranes from adult rat hypothalamus and to neonatal rat 

cardiomyocytes.137   

Figure 1.11 M2 mAChR-LY2119620 (stick representation, magenta, 61) co-crystal and 

other representative PAMs 

 

3.2. Lipid Family Receptors 

3.2.1. Cannabinoid Receptors (CB1 and CB2). The CB1 receptor and the CB2 

receptor are key mediators of the endocannabinoid system. The cannabinoid CB1 receptor 

is widely distributed throughout the CNS and endogenous agonists of the CB1 receptor 

include anandamide (AEA) and 2-arachidonylglycerol (2-AG), which regulate many 

physiological processes related to pain, metabolism, nociception and neurotransmission.138 

 

Top: M2 mAChR-LY2119620 (stick representation, magenta, 61) co-crystal extracellular view 

highlighting interactions with ECL residues E172ECL2 and N419ECL3 (PDB: 4MQT). Bottom: 

representative M2 mAChR PAMs (61-62). 
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To date, CB1 receptor orthosteric agonists and antagonists have not realized therapeutic 

expectations largely due to adverse effects, for example, the orthosteric anti-obesity 

antagonist rimonabant was withdrawn from the market owing to neuropsychiatric adverse 

effects.139 Alternatively, development of both NAMs and PAMs of the CB1 receptor has 

been of high interest in recent years, encompassing structurally distinct synthetic, plant-

derived and endogenous allosteric ligands. NAMs of the CB1 receptor were reported first, 

mainly comprising two scaffolds that have been extensively characterized: the 1H-indole-

2-carboxamide and the diarylurea analogues.  The CB2 receptor, another important member 

of the endocannabinoid system, is highly expressed in the periphery, especially in blood 

cells, and in blood-cell producing organs.140 Despite recent pharmacological advances in 

the characterization cannabidiol as an allosteric modulator of the CB2 receptor141, the 

therapeutic potential of PAMs and NAMs targeting the CB2 receptor requires additional 

investigation, and thus we focus on CB1 receptor ligand discovery herein. 

1H-Indole-2-carboxamide CB1 receptor NAMs. A major advance was made with 

the discovery of 1H-indole-2-carboxamide analogues as CB1 receptor NAMs. Org27569, 

Org29647 and Org27759 (63-65, Figure 1.12) displayed an interesting pharmacological 

profile by enhancing the affinity yet reducing the efficacy of CB1 receptor agonists and 

suggests the existence of an allosteric binding site at the CB1 receptor. These allosteric 

ligands have proven to be an excellent series of tool compounds and provide a basis for 

medicinal chemistry development. When examined in a binding assay, 63-65 augment 

specific binding of the CB1 receptor agonist 2-[(1R,2R,5R)-5-hydroxy-2-(3-

hydroxypropyl)cyclohexyl]-5-(2-methyloctan-2-yl)phenol [3H]-CP55,940) in membranes 

from cells expressing the CB1 receptor. However, in the reported gene assay, the guanosine 

5’-O-(3-[35S]thio)triphosphate binding assay and the mouse vas deferens assay 63-65 elicit 

a significant reduction in the Emax for CB1 receptor agonists, showing a resultant CB1 

receptor NAM profile.142 
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Figure 1.12 CB1 receptor NAMs (63-80) based on the 1H-indole-2-carboxamide scaffold 

and corresponding SAR 

 

Piscitelli et al. examined a number of 4-substitutions on the phenyl B ring and 

discovered that piperidinyl or dimethylamino groups at the 4-position of the phenyl ring 

are preferential for CB1 receptor NAM activity (Figure 1.12).143 Compounds 66, with 

hydrogen in the C3 position of the indole, and 67, with a dimethylamino substituent in the 

4-position of phenyl, show potent NAM activity with IC50 values of 90 nM and 50 nM, 

 

CB1 receptor NAMs (63-80) based on the 1H-indole-2-carboxamide scaffold and corresponding 

SAR.  



 

56 

respectively. The analyses of these compounds also provide evidence that the carboxamide 

functionality is required and when replaced by an ester, potency is greatly reduced. Lu et 

al. subsequently conducted a series of SAR studies around the 1H-indole-2-carboxamide 

scaffold by measuring two essential parameters: the equilibrium dissociation constant (KB), 

which reflects the binding affinity of the allosteric ligand, and the binding cooperativity 

factor (α), which measures the allosterically induced effects between the orthosteric and 

allosteric ligands when both are bound to the receptor. These SAR studies report the indole 

core is essential for the binding affinity (KB) but not for generating allostery (α) on the 

orthosteric site, and the C3 substituents of the indole-2-carboxamides significantly impact 

the cooperativity. Replacing the indole with benzofuran ring (68) led to a 3-fold increase 

in the KB value (2,594 nM for 68 vs 217.3 nM for 63) and masking the indole nitrogen with 

a methyl group as in 69 led to a significant 27-fold decrease. Substitution of the C3 position 

with a linear n-pentyl group, resulting in 70, displayed a noteworthy cooperativity 

enhancement (α = 17.6), while producing only a moderate binding affinity of 496.9 nM. 

Additionally, replacing the phenyl B ring piperidinyl substituent in 70 with a 

dimethylamino moiety yields 71 with improvement to the NAM binding affinity (KB = 

167.3 nM) and maintenance of the cooperativity (α = 16.55), while functional assays 

displayed a potent inhibition of GTPγS binding.144, 145 Further investigations modifying the 

C3 position with variations of the linear alkyl moieties, such as n-propyl and n-hexyl, yields 

compounds 72-73, with 72 displaying the highest allosteric ligand affinity observed (KB = 

89.1 nM) and a reduction in cooperativity (α = 5.1), while 73 was characterized by modest 

affinity (KB = 217.3 nM) and a significant enhancement of binding cooperativity (α =  

24.5).146 In addition, modification to the substitution on the A ring inform that a 5-halogen 

substituent is vital to maintain allosteric activity. Functional assays on 72 and 73 

demonstrate an interesting effect on CB1 receptor signaling pathways with a NAM 

concentration-dependent inhibition of agonist-induced GTPγS binding, yet they have a 

PAM effect in a β-arrestin mediated extracellular signal-regulated kinases 1/2 (ERK1/2) 
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phosphorylation assay. Aside from alkyl chain substituents on the C3 position, less bulky 

substituents such as methyl and hydrogen on the C3 position and a fluoro or chloro 

substitution at the C5 position yielded analogues 74-75, which possess improved CB1 

receptor NAM activity in a calcium-mobilization assay with an IC50 of 151 nM and 79 nM, 

respectively, which is approximately 5- and 10- fold more potent than the parent compound 

71.147  

Ligand-assisted protein structure (LAPS) is an approach for elucidating structure-

function correlates of ligand binding to GPCRs in functionally and physiologically relevant 

conditions, which is useful for obtaining structural information about the allosteric site 

since the structures of some receptors are obscure.148 In this approach, noncovalent, 

pharmacologically active ligands can be designed and synthesized to accommodate 

chemically reactive moieties, such as electrophilic groups (e.g., isothiocyanate, 

benzophenone, etc.) and photoactivatable groups (trifluoromethyl diazirine, 

aliphatic/aromatic azide, etc.). Thus, upon ligand binding, the reactive group forms a 

covalent bond at an actionable amino acid residue providing spatial resolution of the 

allosteric site, in this case. Modification at the 5-position of 63 with the chemically reactive 

electrophilic group isothiocyanate (NCS) generates CB1 receptor NAM covalent ligand 76 

that retains the affinity-efficacy profile of 63, but displays reduced inverse agonist 

activity.148 Functional assays show a signaling bias toward β-arrestin with an EC50 of 2 

nM, an 87-fold difference over cAMP-dependent signaling. To validate the ability of 76 to 

covalently label human CB1 receptor time-course experiments were executed, which 

showed the binding of [3H]-CP55,940 to human CB1 receptor increases in a time-dependent 

manner, reaching a maximum by 60 min preincubation time with 76. Compounds 77-80 

are another series of photoactivatable analogues developed by Lu et al. as allosteric 

modulators for the CB1 receptor.149 These compounds preserved the pharmacological 

properties of 63 negatively modulating the CB1 receptor agonist CP55,940-induced G 

protein coupling in a concentration dependent manner with a complete functional inhibition 
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at 10 µM in their assay system. These results show that the N-phenylethyl-1H-indole-2-

carboxamide scaffold is a potent representative for CB1 receptor allosteric modulation.  

 Diarylurea analogues as CB1 receptor NAMs. A second substantial body of work 

describes the discovery and interrogation of the diarylurea scaffold as a CB1 receptor 

NAM. Numerous studies have now reported chemical leads baring this scaffold, along with 

thorough SAR. 1-(4-chlorophenyl)-3-(3-(6-(pyrrolidin-1-yl)pyridine-2-yl)phenyl)urea 

PSNCBAM-1 (81, Figure 1.13), discovered via HTS, displays PAM-like positive 

cooperativity in agonist binding affinity but decreases functional response in cellular 

assays. As an excellent case for a thorough pharmacological workup, 81 enhanced 

radioligand [3H]-CP55940 binding levels, but decreased functional responses stimulated 

by orthosteric agonists in numerous assays, including intracellular calcium mobilization, 

[35S]GTP-γ-S binding, cAMP accumulation and β-arrestin recruitment.150, 151 Interestingly, 

this profile is similar to N-phenylethyl-1H-indole-2-carboxamide Org27569 (63) with the 

notable exception of intrinsic efficacy as an agonist in some assays such as ERK1/2 

phosphorylation; 81 has not displayed marked agonist activity in similar assays thus far.152-

153  

Detailed SAR studies on 81 have been reported, firstly focusing on various 

substitutions on the di-phenyl rings of the urea. Zhang et al. first reported chemical 

modifications to the 4-chlorophenyl at the A ring and the alkyl substitution at the 6-

aminopyridinyl rings of the B ring. The smaller N,N-dimethylamino analog 82 displays 

comparable potency to 81 (27.4 nM vs 32.5 nM), suggesting the pyrrolidinyl ring is not 

required for this parameter. Further investigation on the A ring uncovered that the key 

property correspondent to activity was electron density. For example, electronic 

withdrawing groups at the 4-position provided good potency, with the fluoro (83, IC50 = 

32 nM) and the cyano analogues (84, IC50 = 33 nM). Among them, the cyano analogue 

possesses much better potency in CB1 receptor calcium mobilization and radioligand [3H]-

CP55940 binding assays with an EC50 of 55.2 nM. Subsequent replacement of the pyridine 
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ring by a pyrimidine ring, resulting in 85-86 (Figure 1.13), presents comparable activity 

to 81 in binding assays. Functional studies suggest that these compounds now display 

signaling biased PAM activity, promoting the β-arrestin-1 pathway toward ERK1/2 

phosphorylation at 10 µM without the Gi-mediated signaling activity typically displayed 

by the agonist CP55940.154 Further replacing the pyridinyl group with lipophilic aromatic 

rings (87-88) or introducing a spacer (N-H group) between the pyridine ring and the core 

phenyl (89) maintained activity at the CB1 receptor, and agreed with other work showing 

the exact properties lent by the pyridinyl and the pyrrolidinyl ring were not necessary for 

CB1 receptor activity.155, 156 Among this series, RTICBM-74 (87) displayed comparable 

potency to 81 with an IC50 of 23 nM (33 nM for 81) in a calcium mobilization assay; 

however, it was not as effective in antagonizing agonist-stimulated [35S]GTP-γ-S binding 

to mouse CB1 receptor in mouse cerebellar membranes (81, IC50 = 89 nM; 87, IC50 = 153 

nM).  A significant metabolic and PK improvement was afforded by the lipophilic phenyl 

substituent in 87, as examined in rat liver microsomes showing a more than 22-fold 

improved half-life (t1/2 > 300 min.) and clearance (CL = 4.6 μL/min/mg). Possibly due to 

the improved metabolic and PK profile, 87 is more effective than 82 in vivo in attenuating 

the reinstatement of extinguished cocaine-seeking behavior in rats, producing an effect at 

10 mg/kg equal to that of 30 mg/kg of 81.  

Finally, some noteworthy additional scaffolds have been reported as CB1 NAMs 

recently. Fenofibrate (90), a PPARα agonist, and cannabidiol (91), a non-psychoactive 

phytocannabinoid with therapeutic utility in numerous disorders, have both been shown to 

act at the CB1 receptor as NAMs (Figure 1.13).157, 158 The steroid pregnenolone (92) is also 

reported acting as a NAM of CB1 receptor-mediated ERK1/2 phosphorylation, devoid of 

effects on orthosteric agonist binding affinity or cAMP-mediated signaling.159 Lastly, there 

have been increased investigations on peptide endocannabinoids (Pepcans) and their ability 

to allosterically modulate cannabinoid receptor signaling, where some have shown CB1 

receptor NAM activity.160  
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Figure 1.13 CB1 receptor NAMs based on the diarylurea scaffold (81-89) and 

corresponding SAR; additional CB1 receptor NAMs (90-92) 

 
 

CB1 receptor PAMs. With a greater understanding of CB1 receptor biology and the 

possible therapeutic benefit of agonism, the discovery and development of CB1 receptor 

PAMs is a current and evident trend. RTI-371 (93), a dopamine transport inhibitor with a 

 

CB1 receptor NAMs based on the diarylurea scaffold (81-89) and corresponding SAR; additional 

CB1 receptor NAMs (90-92). 
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3-phenyltropane backbone, was first found to be a CB1 receptor PAM via an initial 

functional assay screen. Compound 93 (Figure 1.14) at 10 mmol·L-1 demonstrates 

potentiation of the efficacy of agonist CP55940 with an Emax value of 36% in a human CB1 

receptor cell-based calcium mobilization assay.161 Next, a study found the endogenous anti-

inflammatory mediator, lipoxin A4 (94), demonstrated allosteric enhancement of CB1 

receptor signaling.162 Interestingly, this endogenous molecule could enhance the affinity of 

the assayed ligands to the CB1 receptor with 100% enhancement of [3H]-CP55940 binding 

and nearly 30% of [3H]-WIN55212-2 binding, while increasing the potency of AEA in 

decreasing forskolin (FSK)-induced cAMP levels by 386 times at a concentration of 100 

nM in HEK-CB1 cells. When studied in vivo and administered via an 

intracerebroventricular route (1 pmol/2 μL), 94 could promote neuroprotection against β-

amyloid (1-40) (400 pmol/2 μL, i.c.v.)-induced performance deficits in the Morris water 

maze assay in mice. A novel synthetic small molecule GAT211 (95), with a 2-phenyl-1H-

indole scaffold, was first reported as a CB1 receptor PAM in a patent filed by Northeastern 

University and recently Thakur et al. described the synthesis and in vitro and ex vivo 

pharmacology of 95 (racemic) and its resolved enantiomers, GAT228 (96, R) and GAT229 

(97, S).160, 163 In membranes taken from CHO cells expressing human CB1 receptor, 95 

enhances the binding of the agonist [3H]-CP55,490  at 100 nM and 1 μM and maintains 

binding enhancement from 1 nM to 10 μM in ex vivo mouse brain membranes, while 

markedly reducing the binding of the antagonist/inverse agonist [3H]SR141716A from 1 

µM to 10 μM in ex vivo mouse brain membranes. Compound 95 (1 µM) displays both PAM 

and intrinsic agonist activity in human CB1 receptor expressing HEK293A and Neuro2a 

cells and in mouse brain membranes rich in native CB1 receptor. However, 95 also exhibits 

strong PAM activity at a concentration of 1 μM in isolated mouse vas deferens 

endogenously expressing CB1 receptor without displaying instinct activity. Upon further 

investigation, the R-(+)-enantiomer (96) is the contributing factor for the Ago-PAM 

property of 95, and displays allosteric agonist activity when tested alone, whereas the S-
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(−)-enantiomer (97) contributes to the PAM activity of 95, lacking intrinsic efficacy when 

isolated and tested. This example highlights the importance of interrogating the activities 

of racemates independently of the racemic allosteric modulator hit and provides evidence 

that minor stereochemical differences contribute divergent activities. Also, excellently 

shown in this case, is that the ability to detect allosteric agonism (e.g., ago-PAMs) is 

dependent on the receptor expression levels in a given cell-type and sensitivity of detection 

may differ between in vitro and ex vivo assays. Thus, these factors should be 

accommodated for in programs screening racemic allosteric modulators in high-expressing 

cell lines that are not representative of in vivo receptor expression levels.    

Subsequently, a report on the 2-phenyl-1H-indole analogue ZCZ011 (98) revealed 

in vitro and in vivo evidence of PAM activity. In vitro, 98 (Figure 1.14) increases the CB1 

receptor agonists [3H]-CP55,940 and [3H]-WIN55212 binding affinity and results in an 

enhanced functional output of Emax value 207% and 225%, respectively (normalized to 

each agonist functional response at Emax 100%). Compound 98 (10 nM) displays enhanced 

AEA-stimulated signaling via [35S]GTPγS binding with an 40% increase over AEA alone 

in mouse brain membranes. When additional signaling pathways were investigated, 98 

displays a concentration-dependent enhancement of AEA-stimulated β-arrestin 

recruitment with an Emax value of 195% at 1 µM and shows an increase in agonist (AEA 

and CP55,940) potency by ERK1/2 phosphorylation assays in human CB1 receptor 

expressing cells. In vivo, 98 (40 mg/kg, i.p.) is brain penetrant and increases the potency 

of administered orthosteric agonists when examined in cannabimimetic activity behavioral 

assays in rodents. Therefore, due to broad PAM activity across signaling pathways and 

multiple agonists, 98 may be useful as a pharmacological tool for mechanistic studies as 

well as for exploring proof-of-concept studies and potential therapeutic applications of CB1 

receptor PAMs.164 
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Figure 1.14 Representative CB1 receptor PAMs (93-94) and 2-phenyl-1H-indole scaffold 

derivative CB1 receptor PAMs (95-98) 

 

Straiker and colleagues recently report a physiologically relevant neuronal model 

of endogenous cannabinoid signaling as an assay to test CB1 receptor allosteric modulators. 

In this model, CB1 receptor ligands are applied to cultured autaptic hippocampal neurons 

that exhibit depolarization-induced suppression of excitation (DSE), a form of synaptic 

plasticity that is mediated endogenously by the CB1 receptor and 2-arachidonoyl glycerol 

(2-AG).165-166 The aforementioned NAMs 63, 81 and Pepcan12 attenuate DSE and do not 

directly inhibit CB1 receptors. While NAMs 92 and hemopressin as well as the PAM 94 

are without effect in this model. Compounds 95 and 98 each show PAM-like responses in 

autaptic hippocampal neurons, representing the first PAMs to display efficacy via the 2-

AG-utilizing neuronal model system. In context of the above mentioned 2-phenyl-1H-

indole 95, further examination of its enantiomers 96 and 97, shows that the (S) enantiomer 

 

Representative CB1 receptor PAMs (93-94) and 2-phenyl-1H-indole scaffold derivative CB1 

receptor PAMs (95-98). 
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97 exhibits pure PAM-like behavior and the (R) enantiomer 96 appears to directly activate 

the CB1 receptor as an allosteric agonist, which is in accordance with the previous report.160    

Molecular dynamics (MD) simulations of GPCR-ligand binding can provide a 

unique view into the subtleties of receptor activation and modulation and, importantly, 

illuminate ligand interactions for complexes that have proven difficult to crystalize thus 

far. A recent MD study by Tautermann et al. proposes a mechanism of interaction for 

certain ago-PAMs with two points. First, the agonism may result from the ligand binding 

to the orthosteric binding site, and the PAM effect is the result of the ligand interacting 

with an adjunct, deeper binding site in the receptor. Second, the pockets may overlap, 

resulting in the interaction with residues in both sites simultaneously as one unified pocket 

and producing the activation and/or modulation effects. Interestingly, this mechanism may 

explain the observation that Ago-PAM 97 displays competitive binding with CP 55,940 at 

high concentrations. This interaction mechanism is experimentally validated by showing 

that multiple binding sites of 98, another ago-PAM, contribute to its activity; where 

positive modulation of the orthosteric agonist is observed until the concentration of 98 is 

increased above its PAM EC50 value and it begins to compete with CP 55,940, owing to its 

additional affinity for the agonist binding site.138 

 The past decade has seen the identification and characterization of multiple 

promising compounds as NAMs targeting the CB1 receptor; however these purported 

NAMs are beset by moderate efficacy and some CB1 receptor inverse agonist activity that 

may hinder their future development. Additionally, in vivo studies on CB1 receptor NAMs 

are thus far limited and will need to progress towards proof-of-concept studies to show 

therapeutic utility. As for CB1 receptor PAMs, the reported small molecules trend towards 

multifaceted and complicated pharmacology that is sensitive to small molecular 

modifications, as seen from PAMs of other targets. Additionally, the structural diversity 

remains relatively small and novel scaffold discovery may open opportunities for CB1 

receptor PAMs with tractable pharmacology. Thus, due to the physiological importance 
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and biological abundance of the CB1 receptor, innovative medicinal chemistry efforts are 

necessary to further discovery and development of chemical probes and drug-candidates 

with improved DMPK characteristics.    

3.2.2. Free Fatty Acid Receptors (FFA1-FFA3). Free fatty acid receptors (FFARs) 

are a recently “deorphanized” family of receptors that are activated by nonesterified, or 

free, fatty acids (FFAs), which are comprised of a carboxylic acid linked to an aliphatic 

chain of varying length. The receptors are classified based on the chain length of the 

endogenous agonist, which are termed short chain fatty acids (SCFAs), medium chain fatty 

acids (MCFAs) or long chain fatty acids (LCFAs). For example, the FFA1 receptor (also 

GPR40) and FFA4 receptor (also GPR120) are activated by MCFAs and LCFAs, while the 

FFA2 (also GPR43) and FFA3 (also GPR41) receptors are activated by SCFAs. The 

change in name designation, e.g. GPR40 to FFA1, aligns with the discovery of endogenous 

signaling ligands and deorphanization. As key sensors for dietary and other signaling 

FFAs, this family of receptors has attracted elevated interest for their role in regulating 

metabolic and inflammatory processes and has recently been implicated as targets in 

metabolic disorders and type 2 diabetes. Milligan et al. recently published an extensive 

review of this receptor family, including FFAR biological importance and druggability.167 

FFA1 Receptor (GPR40). The FFA1 receptor, which has been previously 

designated GPR40, is predominately expressed in pancreatic β cells and intestinal 

enteroendocrine cells and has been validated as a potential target for the treatment of type 

2 diabetes.168 Allosteric modulator discovery for this target has produced a rich collection 

of pharmacologically diverse ligands and elegant structural work has identified multiple 

allosteric binding sites.169, 170 In recent years, numerous full and partial allosteric agonists 

of FFA1 have been discovered and are described as binding to a select number of distinct 

allosteric sites, such as TAK 875 (99), AM 8182 (100), AM 1638 (101), AMG 837(102), 

MK8666 (103) and AP8 (104).132 Additionally, recent work in FFAR structural biology 

and biochemistry describes and validates this multiple-site postulation.18, 29-20 
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The FFA1 partial agonist TAK-875 (99) was discovered as an ago-PAM, binding 

to a distinct allosteric site and characterized as enhancing the activity of endogenous 

FFAs.171  Importantly, 99 (Figure 1.15) was progressed into Phase III clinical trials for the 

treatment of type 2 diabetes mellitus but the trial underwent early termination due to 

toxicity. The co-crystal complex of 99 with FFA1 reveals that the binding site for 99 is 

formed by helices III-V and the ECL2, and is adjacent to the exterior lipid membrane 

surface (PDB code 4PHU).29 The allosteric partial agonist MK-8666 (103) has recently 

been approved to advance into a Phase I clinical trial for the treatment of type 2 diabetes 

mellitus. Interestingly, the co-crystal complex of 103 bound to FFA1 demonstrates a 

binding site adjacent to the lipid membrane, similar to 99 (PDB code 5TZR).20 

Identification of membrane-adjacent binding sites for allosteric modulators is thus far 

uncommon; however due to the allosteric nature of GPCR interactions with membrane 

lipids and cholesterol, this site of action may be more common than currently appreciated 

or may be yet unexploited at additional receptors. A novel ago-PAM, AP8 (104), was 

subsequently discovered and displays a far higher potency for potentiating endogenous 

FFAs than 99 or 103.169 The ternary complex structure of FFA1-103-104 reveals that 104 

binds to a lipid-facing pocket formed by helices II-V and ICL2, which is outside the 

intracellular halves of the TM helical bundle, and this site is completely distinct from the 

allosteric binding site of 103 (PDB code 5TZY). 20  Further validation of the allosteric 

mechanism and signaling bias of allosteric modulators for FFA1 are still progressing.170  
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Figure 1.15 Representative FFA1 receptor PAMs (99-104) and co-crystal complex of 

FFA1-MK-8666-AP8 

 

FFA2 Receptor. FFA2 and FFA3 receptors are predominately expressed in the gut 

enteroendocrine cells, pancreatic β cells and adipose tissue and have been found expressed 

in various cancer cells, including breast, colon and liver.170 The phenylacetamide scaffold 

series of FFA2 receptor allosteric modulators remain the most studied and characterized 

allosteric ligands for this target. 4-CMTB (4-chloro-α-(1-methylethyl)-N-2-thiazolyl-

benzeneacetamide, 105) and its analogue 106 (Figure 1.16) were identified via high-

throughput screening and represent the first series of synthetic small molecules that display 

allosteric agonism and PAM-like effects at the FFA2 receptor.172, 173  Initial 

characterization shows that 105 can stimulate signaling via both Gαi/o and Gαq/11 promoted 

pathways. However, subsequent chemical modifications based on SAR around 4-CMTB 

results in limited improvements, and poor PK properties in male Sprague-Dawley rats have 

limited its further development as a preclinical candidate.174-175 As an alternative, 

 

Left: representative FFA1 receptor PAMs (99-104); Right: co-crystal complex of FFA1-MK-

8666-AP8 showing distinct allosteric sites for both PAMs (PDB: 5TZY). 
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phenylacetamide 107 was used for in vivo proof-of-concept studies to demonstrate an 

FFA2-mediated reduction in plasma non-esterified fatty acids in wild-type mice.175 

Recently, AZ1729 (108) was discovered by introducing a phenyl linkage between the 

amide and thiazole, and 108 displays an interesting Gi-biased profile as a FFA2 receptor 

allosteric agonist and can potentiate agonist signaling as a PAM.176 

Figure 1.16 Representative FFA2 receptor PAMs (105-108) 

 

FFA3 Receptor. Hexahydroquinolone-3-carboxamides and derivatives thereof are 

the predominantly reported allosteric FFA3 receptor ligands and derive from a patent by 

Arena Pharmaceuticals.177 Compound 109 (Figure 1.17) displays intrinsic efficacy as well 

as orthosteric agonist potentiation as an ago-PAM of the human FFA3 receptor with modest 

potency and is without activity at the FFA2 receptor.178 Interestingly, modification of the 

hexahydroquinolone results in molecular switches that significantly alter the activity 

profile. For example, when replaced by a 2-bromophenyl group, the modification yields 

110 demonstrating a pure PAM profile for the FFA3 receptor without intrinsic agonism, 

while modification of the phenyl to 3-phenoxyl yields 111 demonstrating a FFA3 receptor 

PAM profile with intrinsic antagonist activity.178 At present, although FFARs are 

considered to be an important target for drug discovery and two allosteric ligands have 

progressed into clinical trials, the overall body of literature remains relatively small, 

 

Representative FFA2 receptor PAMs (105-108). 
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especially for FFA2-FFA4 receptors. Pharmacological tool compounds characterized by 

high selectivity for a single FFAR and high potency are needed for further evaluation and 

validation of mechanisms, binding sites and in vivo tolerability. Thus, there remains high 

value in medicinal chemistry around these receptors and the evaluation of unique allosteric 

binding sites may provide insight for targeting FFAR family members as well as other 

GPCRs.  

Figure 1.17 Representative FFA3 receptor PAMs (109-111) 

 

3.3. Nucleotide Family Receptors 

3.3.1. Adenosine Receptors (A1R-A3R). Adenosine receptors (ARs), classified as 

A1R, A2AR, A2BR and A3R, have been involved in the treatment of diseases that span 

cardiovascular disease, CNS disorders, inflammatory and allergic disorders and cancer.179 

Historically, both agonists and antagonists have been used to indiscriminately modulate 

ARs, the most well-known being the endogenous agonist adenosine and the common 

antagonist caffeine. Recent work has begun to identify subtype selective orthosteric 

ligands; however allosteric modulation may provide multiple benefits for therapeutically 

targeting ARs.180 Allosteric modulators of ARs are increasingly pursued to avoid side 

effects caused by agonists acting through indiscriminate AR activation, and the propensity 

for orthosteric agonists to cause receptor desensitization upon prolonged exposure. ARs 

interact with multiple and divergent second messenger systems, as the A1R and A3R reduce 

 

Representative FFA3 receptor PAMs (109-111). 
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the production of cAMP by coupling to Gαi protein resulting in adenylate cyclase 

inhibition, while the A2A and A2B subtypes stimulate the production of cAMP via coupling 

to Gαs or Gαolf protein.     

 A1R. Evaluation of A1R allosteric modulators is predominately performed in two 

in vitro functional assays; the first evaluates the inhibitory activity of forskolin-stimulated 

cAMP accumulation in CHO cells stably expressing the human A1R, while the second 

measures phosphorylation of ERK1/2 in the same cell type. Additionally, groups have 

reported results on A1R binding parameters (affinity KD and density Bmax) and radioligand 

binding assays that provide association and dissociation kinetics to assess the allosteric 

modulation of the orthosteric agonist-receptor-G-protein ternary complex. Finally, some 

observations of antagonist competition binding assays are reported.  

Pioneering work by Bruns et al. in 1990 developed a novel series of PAMs 

(designated allosteric enhancers) known as the “PD” series [PD 81,723 (112), PD 71,605 

(113), PD 117,975 (114)] and were characterized by a 2-amino-3-benzoyl thiophene 

(2A3BT) scaffold, selectively enhancing the binding of N6-cyclopentyladenosine (CPA) to 

the A1R (Figure 1.18).181-183 Analogues of PD 71,605 (113) led to the discovery of T-62 

(116) and LUF 5484 (117)  with markedly improved potency over 112.181, 184 Among them, 

116 (2-amino-4,5,6,7-tetrahydrobenzo[b]thiophen-3-yl-(4-chlorophenyl)methanone) was 

developed by King Pharmaceuticals and advanced into clinical trials for the potential 

treatment of neuropathic pain associated with hyperalgesia and allodynia.183 However, the 

program was terminated after failure to meet the endpoint for efficacy in Phase IIB.185-186 

The 2-aminothiophene series of PAMs has been recognized as a representative core 

scaffold for the A1R, but subsequent observations of intrinsic antagonist activity at high 

concentrations and moderate efficacy at lower concentrations necessitated further chemical 

modifications and optimization.187  
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Figure 1.18 A1R PAM derivatives designed around the 2-amino-3-benzoyl thiophene 

scaffold (112-143) 

 

The early SAR studies around the 2-amino-3-benzoyl thiophene core generated a 

preliminary principle that the 2-amino group, 3-benzoyl and the corresponding 

hydrophobic para- and meta-substituents on the phenyl in the C3-position are critical to 

the PAM activity of these analogues.188 Large hydrophobic groups at the 4-position of the 

thiophene ring and small substituents (H and CH3) at the 5-position could improve the 

 

A1R PAM derivatives designed around the 2-amino-3-benzoyl thiophene scaffold (112-143). 
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PAM activity, while bulky substituents at the C5-position resulted in allosteric enhancer 

activity with an apparent intrinsic antagonist profile.189 The proper combination of these 

modifications remains a challenging task and requires achieving a high PAM potency with 

as minimal as possible antagonist activity. Based on this SAR, two functionally divergent 

binding pockets within the larger allosteric site are proposed, with one interacting with the 

2A3BT core and a second possible lipophilic domain to accommodate the C4-/C5-

substituents on the thiophene ring.190-191  

Subsequently, detailed SAR studies on the 4- and 5-substitution of 2-amino-3-

benzoyl thiophene was pursued. Modifying the C4-/C5-substituents with a fused 

cycloalkyl ring increased lipophilicity and led to 118, which displays allosteric enhancer 

and partial agonist characteristics with > 50% intrinsic activity and 98% of the maximum 

agonist R-PIA response at 10 µM on A1R-mediated stimulation of ERK1/2 

phosphorylation in vitro. However, increasing the ring size from a cyclopentyl moiety 

gradually to a cycloheptyl substituent in efforts to improve allosteric enhancement results 

in the loss of activity. Opening the C4/C5 ring furnishes a series of compounds with 

improved PAM potency. Among the different substitutions on C4/C5, 119 with a bromide 

in C5 displays higher potency than compound 112 in the kinetic binding assay (2-fold 

greater affinity than 112 and 3-fold less inhibition of antagonist [3H]-CPX binding).192 

Compound 120 contains a 5-phenyl substituent that increases potency (EC50) 6-fold over 

112, but when no substituent is present in the 5-position (121), allosteric enhancement 

efficacy is improved (77% vs 28%) along with greater antagonist activity compared to 

112.193 Additional modifications and SAR provided support for these results and it was 

concluded that alkyl and aryl groups at the C4-position are favored for allosteric enhancer 

activity.194 

Romeo and colleagues further modify the C4-substitution to compound 122 

(Figure 1.18), characterized by aryl piperazine moieties linked to a methylene at the 4-

position of the thiophene ring, and evaluate 122 with a cAMP functional assay in human 
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A1R expressing CHO cells. A maximal 87% attenuation of cAMP production is observed 

at 10 µM without antagonist activity, observed by negligible binding inhibition activity to 

displace the binding of selective agonists to A1R, A2AR, and A3R.  Saturation binding 

experiments show 122 produces a A1R density (Bmax) shift of [3H]-CCPA binding 7.7-fold 

to A1R in CHO cells and enhances the apparent affinity of CCPA approximately 6.3-fold 

in the A1R CHO cell membranes by titrating the radioligand [3H]-DPCPX at 10 µM 

concentration. The number and position of electron-withdrawing or electron-releasing 

groups on the phenyl attached to the piperazine moiety was determined as highly influential 

for the overall allosteric enhancement activity. Among them, 123-126 (Figure 1.18) 

possess 4-chloro, 3,4-difluoro, 3-chloro-4-fluoro and 4-trifluoromethoxy derivatives and 

each has been reported to maintain improved potency in the binding (saturation and 

competition) and functional cAMP studies.189, 195 Subsequently, an aryl substitution at the 

5-position was discovered to have a fundamental effect by contributing additively to the 

allosteric enhancer activity. Compounds 127-131 with a 5-aryl substituent have 

substantially higher activity than 112 without significantly inhibiting antagonist binding at 

the A1R, A2R or A3R. Saturation and competition experiments have also shown that this 

series of 5-aryl-substituted thiophene derivatives were more active than the corresponding 

5-unsubstituted analogues with a highest 13.3-fold decreased CCPA Ki value at 10 μM in 

competition binding experiments (compound 128).196 Encouraging results are also reported 

on 132-136, which possess a neopentyl and an aryl moiety at the 4- and 5-positions. 

Moderate to good enhancing activity of cAMP attenuation is observed (up to 64% 

inhibition at 10 µM) without significant inhibition of antagonist binding across AR 

subtypes.197 

 Further modification around this series obtained compound 137, characterized by 

a common 2-amino-3-(pchlorobenzoyl) thiophene core with neopentyl substituent at the 

C-4 position and benzyl acetylene at the C-5 position of the thiophene ring. Attenuation of 

cAMP production by 137 shows a 75% inhibition in the presence of 1 pM of orthosteric 
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agonist CCPA, which is almost 4-fold greater than the former allosteric enhancer 112 

(19%).188 Interestingly, no change was observed in the affinity (KD) of CCPA by 137; 

however a significant increase was observed for the apparent affinity (Ki) with a 10-fold 

shift and no evidence of antagonism at AR subtypes. Compound 137 also displayed a 

slowing of the dissociation rate of the radioagonist [3H]-NECA by 2.1-fold with a 

corresponding 1.9-fold increase of apparent affinity. Compound 138 with p-chlorobenzyl 

at the C4-position of thiophene and p-chlorophenyl substituent at the C5-position showed 

a 4-fold increase in cAMP production attenuation compared to 112 in a functional assay 

(84% vs 21%) and delayed the dissociation rate constant of agonist [3H]-NECA by 2.5-

fold.198 No significant binding inhibition was noted for 138 for antagonists of the A1R, A2R 

and A3R subtypes in competition binding assays. Additionally, significant anti-nociceptive 

effects were observed in mice at doses of 0.3 and 3 mg/kg of 138, compared to vehicle-

treated mice. 

Scammells et al. reported studies interrogating the stimulus bias (i.e., biased 

signaling, functional selectivity) of their AR molecules, which may provide a strategy to 

achieve selectivity of signaling at GPCRs associated with ligand directed signaling 

outcomes manifested as changes in rank orders of potency and or maximal effects relative 

to a reference (e.g., the endogenous) agonist.191 This highlights how a GPCR bound with 

both an allosteric modulator and an orthosteric agonist should be viewed as a unique 

protein state that differs from those promoted by either orthosteric or allosteric agonist 

alone. Two novel 2A3BT derivatives 139 and 140, differing by the absence or presence of 

a halogen atom in the 4-position of the benzoylthiophene ring, induce functionally biased 

states of the A1R. In comparison to the orthosteric agonist response from R-PIA, 139 alone 

is biased as an allosteric agonist toward cAMP accumulation over ERK1/2 phosphorylation 

with a 45-fold bias factor. Compound 139 also allosterically shifted the biased signaling of 

the agonist R-PIA (strongly biased toward the pERK1/2 pathway) towards activation of the 

two pathways in a nonbiased manner. Conversely, 140 shows minimal bias as an allosteric 
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agonist (with bias factor 3.5) but demonstrates a pathway-biased allosteric modulation 

when combined with R-PIA. Additionally, they also found that the well-characterized 

2A3BT, T62, as well as VCP520 (141) and VCP333 (142), exhibited stimulus bias toward 

cAMP inhibition compared to pERK1/2. Finally, SCH-202676 (N-(2,3-diphenyl-1,2,4-

thiadiazol-5-(2H)-ylidene)methanamine, 143) has also been reported as an allosteric 

modulator of ARs. 143 could not only selectively slow the agonist dissociation at A1R but 

also accelerate agonist dissociation at A3R and antagonist dissociation at adenosine A2AR 

at a concentration of 10 µM.199  

A2AR. Amiloride (144) and analogue HMA (2,5-(N,N-hexamethylene)-amiloride, 

145) are reported to bind to the sodium ion site of adenosine receptors.200-201 Compounds 

146-149 are derivatives of 144 and 145 (Figure 1.19) via employing varied 5’-substitutions 

on amiloride, showing consistent potency as A2AR allosteric antagonists by displacing 

orthosteric radioligand [3H]-ZM-241,385 from the wild-type human A2AR (59-73%) and 

displaying even greater potency in the W246A sodium ion site mutant human A2AR 

(94.6%-100%).202 Docking studies show that these analogues conform to similar binding 

poses to that of amiloride and HMA observed in previous docking studies, with hydrogen 

bonding and salt bridge interactions with Asp522.50 and Thr883.36 and occupation of the 

Trp2466.48 position.203 Noteworthy, the interactions with the Trp2466.48 are predicted to be 

π-π stacking between Trp2466.48 and the phenyl group of most analogues, which is not 

present in 145. The phenethyl moieties and the substituents attached on the phenyl groups 

are predicted to reach into a part of the orthosteric binding site surrounded by hydrophobic 

residues of Phe168EL2, Met1775.38, Leu2496.51, Asn2536.55 and Ile2747.39, suggesting that 

146-149 can intrude the orthosteric site from the allosteric site and displace orthosteric 

ligand ZM-241,385 in a direct, competitive manner. 
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Figure 1.19 Representative A2AR PAMs with centric pyrazine core (144-149) 

 

A2BR. The A2BR is the least characterized subtype in the AR family. Among ARs, 

the A2BR subtype exhibits low affinity for the endogenous agonist adenosine compared to 

the A1R, A2AR and A3R subtypes and is therefore suggested to be activated when local 

concentrations of adenosine increase to a large extent following tissue damage. 

Compounds 150-156, with small differences in the side chain of the 1-benzyl-3-ketoindole 

scaffold, are the only reported allosteric modulators for the A2BR (Figure 1.20) and have 

been characterized through binding and functional assays, including cAMP functional 

assays, dissociation kinetic assays, equilibrium binding assays and [35S]GTPγS binding 

assays in CHO cells expressing human A1R, A2AR, A2BR and A3Rs.204-205 The PAMs 150-

152 potentiate agonist efficacy but not agonist potency (similar submicromolar potencies 

at A2BR) with PAM EC50 values between 250 nM and 446 nM. PAM 151 demonstrates a 

significant reduction in the radioligand [3H]NECA dissociation constant from 0.0162 min−1 

to 0.0086 min−1, and increases the efficacy of agonist BAY 60-6583 to stimulate guanine 

nucleotide exchange with Emax values from 155.2% to 175.0% at 1 μM in [35S]GTPγS 

binding assays. Slight alterations to the side chain are discovered as chemical switches and 

yield NAMs 153-156 that reduce agonist potency and efficacy. Compound 156 

 

Representative A2AR PAMs with centric pyrazine core (144-149). 
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significantly increases the dissociation rate of [3H]NECA from A2BR with Koff  value 0.0481 

and results in a pronounced attenuation of the orthosteric ligand BAY 60-6583 mediated 

stimulation of guanine nucleotide exchange. More work will certainly be done to elucidate 

the therapeutic potential of the A2BR, especially in inflammation and injury, and there 

remains great potential for further interrogating allosteric modulators of the A2BR through 

medicinal chemistry. However, these current allosteric modulators comprise both PAMs 

and NAMs and may provide useful chemical probes to explore the biology and therapeutic 

potential of A2BR allosteric modulators. 

Figure 1.20 A2BR PAM derivatives on the 1-benzyl-3-ketoindole scaffold side chain 

(150-156) 

 

A3R. The A3R is widely expressed and displays tissue specific regulation regarding 

cellular energy consumption and energy deficits. Agonists and antagonists have recently 

been studied and antagonists have been prime candidates for rheumatoid arthritis, 

glaucoma, psoriasis and hepatocellular carcinoma, as the A3R is found to be overexpressed 

in cancer cells.206 Allosteric modulators of the A3R are a recent development and may 

provide a unique therapeutic approach towards these disorders and others. Relative to the 

other members of the AR family, modest numbers of selective allosteric compounds have 

been reported for the A3R. The core scaffolds of A3R allosteric modulators are 

predominately comprised of 1H-imidazo[4,5-c]quinolin-4-amine and 2,4-disubstituted 

 

A2BR PAM derivatives on the 1-benzyl-3-ketoindole scaffold side chain (150-156). 
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quinoline analogues. Reported characterizations of A3R allosteric ligands are mainly based 

on the results of radioligand displacement, kinetic dissociation experiments as well as 

functional (cAMP-based) assays. LUF6000 (157) with a 1H-imidazo[4,5-c]quinolin-4-

amine scaffold was discovered (Figure 1.21) and prioritized for optimization due to 

significant potentiation of agonist efficacy compared to the former discovered A3R PAMs. 

However, like A2BR PAMs, it shows no enhancing effect at 10 µM on agonist potency for 

human A3R expressed in CHO cells, observed via cAMP functional readouts.207-208 Ring 

opening around 157 to LUF6096 (158), also bearing a 2,4-disubstituted quinoline core, is 

another example of A3R PAMs and equally potentiates orthosteric agonist efficacy. 

Interestingly, 158 also displays allosteric effects on the agonist potency and could produce 

a shift in the EC50 value of the agonist Cl-IBMECA from 31 nM alone to 9 nM with 

PAM.209 

Figure 1.21 Representative A3R PAMs displaying a ring opening on the 1H-imidazo[4,5-

c]quinolin-4-amine scaffold (157-158) 

 

3.3.2. P2Y Receptors (P2Y1 and P2Y2 Receptors). Purine and pyrimidine receptors 

exist in two families: P1 receptors (adenosine receptors) activated by adenosine, discussed 

above, and P2 receptors activated by adenosine 5’-tri- or diphosphate (ATP or ADP) and/or 

uridine 5’-tri- or diphosphate (UTP or UDP). P2 receptors are further divided as P2X and 

P2Y receptors, which are ligand gated ion channels and GPCRs, respectively.210 The 

human purinergic GPCRs (P2Y) are divided into two subfamilies based on their coupling 

 

Representative A3R PAMs displaying a ring opening on the 1H-imidazo[4,5-c]quinolin-4-amine 

scaffold (157-158). 
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to specific G-proteins, Gαq/11 coupled P2Y1-like receptors and Gαi/o coupled P2Y12-like 

receptors. They are activated by ADP to trigger glutamate release, facilitating thrombus 

formation and are essential for platelet aggregation and thus considered promising new 

drug targets.211  

P2Y1 Receptor. The P2Y1 receptor is a promising therapeutic target due to its 

critical role in ADP-induced platelet aggregation and the potential for an improved safety 

profile over P2Y12 receptor inhibitors regarding bleeding liability.211 Early efforts in this 

arena essentially focused on nucleotide derivative orthosteric antagonists. However, the 

discovery of BPTU (159) by Bristol-Myers Squibb (Figure 1.22), a hydrophobic 

diarylurea derivative, as a non-nucleotide allosteric antagonist of the P2Y1 receptor has 

provided the foundation for allosteric modulators to be considered as potential therapeutic 

agents of this receptor.212 Thus, there have been recent innovative approaches to design 

non-nucleotide, diarylurea scaffold allosteric antagonists as antithrombotic agents with 

improved safety profiles.213, 214 As a relatively new target and mode of antagonism, the 

most extensive characterizations have been performed on 159, which demonstrates a 68 ± 

7% thrombus weight reduction in a rat arterial thrombosis model (10 mg/kg 159, 10 

mg/kg/h rate) with minor effects on overall bleeding in provoked rat bleeding time models. 

Important structural and pharmacological studies by Jacobson and colleagues have recently 

begun to illuminate the complex allosteric mechanisms of 159 and its effect on both 

multiple downstream signaling pathways as well as multiple agonists.30, 215 In the recent 

co-crystal complex, 159 is the first antagonist shown to bind to an allosteric site entirely 

outside of the helical bundle, not only outside of the orthosteric site. The allosteric binding 

site of 159 is situated on the outside of the TM domain bundle adjacent to the lipid 

membrane and engages 159 by mostly hydrophobic and aromatic residues located in the 

TM helices I-III as well as minor involvement of ECL1. The two nitrogen atoms of the 

urea group in 159 promote two bidentate hydrogen bonds with the backbone carbonyl of 

Leu1022.55, which result in the only polar interactions present. The pyridyl group, the 
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benzene ring of the phenoxy group tethered to pyridine and the tert-butyl substituent on 

the phenoxy group are responsible for forming the main hydrophobic interactions with the 

P2Y1 receptor.211 Insights from the co-crystal complex indicate that this interaction may 

reasonably stabilize the extracellular helical bundles and restrain the receptor in an inactive 

state. Thorough pharmacological studies of 159 P2Y1 receptor allosteric antagonism 

provide a more nuanced view of its mode of action, including a description of probe 

dependence and signaling bias.215 When provoked by structurally diverse agonists, 159 

displayed varying degrees of antagonism across multiple signaling pathways. For example, 

allosteric antagonism of the agonists 2MeSADP and MRS2365 resulted in decreased 

potency for ERK1/2 stimulation with no effect on maximal response (Emax); however, in 

[35S]GTPγS binding assays and β-arrestin2 recruitment, 159 was able to significantly 

suppress the respective Emax. Antagonism of the agonist Ap4A resulted in insurmountable 

suppression of the maximal response across all assays tested. These studies highlight the 

high level of complexity for allosteric GPCR modulation, but also call to attention the high 

degree of specificity that can be achieved if probe dependence and signaling bias are 

therapeutically desired outcomes based upon biological understanding. The FDA approval 

of ticagrelor (AZD6140), a P2Y12 receptor allosteric antagonist discovered by 

AstraZeneca, has paved the way for antithrombotic drugs in this class with safer bleeding 

profiles to emerge as therapeutics.216     

P2Y2 Receptor. The P2Y2 receptor couples primarily to Gαq/11 to activate PLC-β 

and has been implicated in diverse physiological processes, including platelet aggregation, 

immunity, lipid metabolism, gastrointestinal functions and bone homeostasis.217 Allosteric 

agonists for the P2Y2 receptor have been recently reported.210, 218 Of these, 160 is 

characterized as a partial allosteric agonist and was discovered by the modification of 5’-

methylenephosphonate, a derivative of UTP (uridine 5’-triphosphate).210 Additionally, 

compound 89 (161), with a novel 4(1H)-quinolinone scaffold, is among the first non-

nucleotide P2Y2 receptor allosteric agonists and is selective over closely related subtypes. 
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Initial characterizations displayed activity in calcium mobilization assays in the 1321N1 

human astrocytoma cell line, induction of nuclear receptor 4A (NR4A) in a gene reporter 

assay and the attenuation of isoproterenol-induced cardiac hypertrophy in neonatal rat 

cardiomyocytes (NRCMs).218 These studies relay 161 (Figure 1.22) as a validated 

chemical tool compound for utilization in further proof-of-concept studies to investigate 

the therapeutic potential of P2Y2 receptor allosteric agonists for the treatment of 

cardiovascular disorders. Interestingly, the P2Y2 receptor serves as an attractive drug target 

for Dry Eye Disease (DED) and nucleotide-derived agonists have been approved for the 

treatment of DED in Japan and Korea.219 Further development of 161 and other allosteric 

agonists may prove advantageous for DED, cardiovascular indications and others. 

Figure 1.22 P2Y1 receptor allosteric antagonist BPTU (159) and P2Y2 receptor allosteric 

agonists (160-161) 

 

3.4. Peptide and Protein Family Receptors 

3.4.1. Chemokine Receptors (CCR5, CCR9, CXCR1, CXCR2, CXCR4). 

Chemokine GPCRs contain four families as CCR, CXCR, CX3CR, and XCR based on the 

relative positioning of conserved cysteine residues in the N-terminal domain of their mature 

ligands. At present, there are roughly 50 chemokines and at least 18 chemokine GPCRs 

have been identified in humans.220-221 The development of allosteric modulators for 

chemokine receptors (Figure 1.23) represents a profound advance for allosteric modulators 

of class A GPCRs with marketed drugs (maraviroc, NAM of CCR5; plerixafor, NAM of 

 

P2Y1 receptor allosteric antagonist BPTU (159) and P2Y2 receptor allosteric agonists (160-161). 
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CXCR4), clinical candidates (reparixin, NAM of CXCR1; ladarixin, NAM of 

CXCR1/CXCR2; vercirnon, allosteric antagonist of CCR9) and structural studies of 

allosteric modulators binding to the receptors in high resolution (for CCR2, CCR5 and 

CCR9).221, 18 Besides synthetic drugs, chemokine receptor allosteric sites have been shown 

to also bind endogenous mineral cations such as sodium, calcium, zinc and magnesium. 

These studies included CCR1, CCR4, CCR5 and CCR8, and additional work has shown 

the metal ion Zn(II) or Cu(II) complex to be an allosteric enhancer of CCL3.222 Herein, we 

describe representative allosteric modulators for seven chemokine receptors and the 

structural and chemical knowledge relating to their discovery. 
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Figure 1.23 Chemical structure of maraviroc (162) with the CCR5-maraviroc co-crystal 

structure and other allosteric modulators of chemokine receptors 

 

 

Top: Chemical structure of maraviroc (162), an FDA-approved CCR5 NAM with the CCR5-

maraviroc co-crystal displaying numerous interactions with residues in the TM bundle (PDB: 

4MBS). Bottom: representative allosteric antagonists and NAMs discovered for chemokine 

receptors (164-174). 
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CCR5. The chemokine receptor CCR5 is widely implicated for its role in the 

process of human immunodeficiency virus type 1 (HIV-1) infection. Mechanistically, 

CCR5 forms a co-receptor with the viral envelope glycoprotein gp120, which is required 

for HIV-1 cell recognition and entry leading to infection.223-224 Maraviroc (162) is a 

marketed allosteric drug for anti-HIV (Figure 1.23), stabilizing CCR5 in an inactive 

conformation that blocks CCR5-gp120 interaction by allosterically binding to CCR5.225, 

226 The co-crystal complex of CCR5 and maraviroc demonstrate that maraviroc occupies 

an extracellular site of the 7TM helical bundle.26 The protonated nitrogen of the tropane 

group forms a salt bridge with Glu2837.39. The carboxamide nitrogen and the amine of the 

triazole group of the ligand form hydrogen bonds with Tyr2516.51 and Tyr371.39, and the 

phenyl, triazole and cyclohexane ring are responsible for the formation of hydrophobic 

interaction (PDB code 4MBS). Additionally, CCR5 and the highly homologous CCR2 are 

promising targets for immunologic and cardiovascular diseases due to their important 

functions in macrophages, T-lymphocytes and natural killer cells. Chemokine receptors are 

activated by more than 50 chemokine ligands at specific times and in specific tissues in 

response to various immunologic or inflammatory events. Thus, probe dependence may be 

a primary advantage for allosteric modulators of chemokine receptors. In a recent study, 

Wünsch and colleagues discovered the first probe dependent CCR5 PAM.209 Through an 

innovative bioluminescence resonance energy transfer (BRET)-cAMP assay, the 

endogenous agonists CCL4 and CCL5 were screened at CCR2 and CCR5. Chemical 

modifications and resulting SAR were performed on a 2-benzazapine scaffold showing a 

sensitive 7-positive where the addition of p-tolyl moiety led to a chemical switch towards 

CCR2 modulation without CCR5 activity. The parent compound displayed PAM activity 

at CCR5, with no activity at CCR2, and selectively modulated CCL4 versus CCL5.209 

Bipyridine and terpyridine, small molecule metal chelators, have also been shown to 

modulate CCR5 with prode dependency. Biochemical studies indicate that bipyridine and 

terpyridine are PAMs of CCL3, weakly potentiate CCL4 and compete with CCL5 binding 
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to CCR5.210 CCR5 remains an active target for PAM and NAM discovery and the 

identification of probe dependent ligands will broaden the biological knowledge of 

chemokine signaling and the therapeutic relevance.  

CXCR1. CXCR1 and CXCR2 are largely expressed on T lymphocytes and natural 

killer cells, playing a key role in acute and chronic inflammatory conditions.221 Reparixin 

(164) is a non-competitive NAM for CXCR1 (Figure 1.23) presenting a selectivity as 400-

fold higher efficacy in inhibiting CXCR1 activity versus CXCR2. Compound 164 inhibits 

the signaling triggered by chemokine CXC ligand 8 (CXCL8) and binds CXCR1 at an 

allosteric site between TM I, III and VI, and has been advanced into a phase III clinical 

trial for pancreatic islet auto-transplantation.227 Ladarixin (DF 2156A, 165) is the second 

representative example of this series as a highly potent allosteric inhibitor of 

CXCR1/CXCR2 with an IC50 value 0.1 nM and has been advanced into clinical trials for 

type 1 diabetes.221  

CXCR4. CXCR4 is expressed by hematopoietic stem cells and progeny, as well as 

by over 48 different cancers types, and is essential for hematopoietic stem cell colonization 

of fetal bone marrow during development.228 Interestingly, Plerixafor (163), a NAM of 

CXCR4 with tetraazacyclotetradecane scaffold (Figure 1.23), was initially developed as 

an anti-HIV drug but has been repurposed and is now marketed for an indication of bone 

marrow transplantation.221 

CCR9. CCR9 is another member of the CC chemokine receptor subfamily 

implicated in inflammatory bowel disease. Vercirnon (166) is a selective allosteric 

antagonist of CCR9 (Figure 1.23) that has entered Phase III clinical trials for the treatment 

of Crohn’s disease.229  The cocrystal structure of CCR9 with 166 shows that 166 binds to 

the intracellular side of the CCR9, which is similar to that of CCR2-RA-[R] bound to 

CCR2. The sulfone group, ketone group and pyridine-N-oxide group of 166 could 

contribute to forming multiple hydrogen bonds with intracellular side of the CCR9. The 

tert-butylphenyl and chlorophenyl group are responsible for the hydrophobic interactions 
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with the hydrophobic cleft (PDB code 5LWE).28 Allosteric modulation via binding 

intracellular allosteric sites is still uncommon for class A GPCRs; however this mode of 

action may have important therapeutic implications, especially for peptide and protein 

receptors such as chemokine receptors.  

CCR2. CCR2 is implicated in numerous inflammatory and neurodegenerative 

diseases.230 CCR2-RA-[R] (167) is a NAM of CCR2 (Figure 1.23) with good selectivity 

against CCR1 and CCR5, in vitro activity characterized by an IC50 of 0.17 μM and also an 

excellent DMPK profile.18 The co-crystal structure of CCR2 in a ternary complex with 167 

and orthosteric BMS-681 antagonist demonstrates that 167 occupies an intracellular 

allosteric binding site, as seen in other chemokine receptors. The pyrrolone structure is 

very important for forming hydrogen bonds between hydroxyl group and Glu3108.48 and 

Lys3118.49, and carbonyl group with the backbone amide of Phe3128.50. The existence of 

the phenyl group is vital for hydrophobic interactions with various amino residues.27  

CCR4. Chemokine receptor 4 (CCR4) is mainly expressed in T helper 2 (Th2) cells 

and contributes to the pathogenesis of allergic diseases in inflamed tissues. Endogenous 

agonists chemokine ligand 17 (CCL17) and chemokine ligand 22 (CCL22) are two 

signaling proteins that bind the orthosteric site of CCR4 and are crucial for recruiting T 

cells during the inflammatory response upon exposure to allergens.231-232 Interestingly, a 

functional interrogation of these signaling ligands shows that CCL22 activated CCR4 was 

able to couple efficiently to β-arrestin and stimulate GTPγS binding, while CCL17 

activated CCR4 did not couple to β-arrestin and only partially stimulated GTPγS 

binding.232 Thus, the physiological conditions under which some chemokines are released 

and activate their respective receptors remains an active area of research. The CCR4 has 

been a target for the discovery of small molecule therapeutics for many due to its central 

role in pathogenesis such as asthma, atopic dermatitis, cancer and mosquito-borne tropical 

diseases.231  
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Indazole sulfonamide series were recent synthesized and examined as human CCR4 

antagonists and SAR studies around the C4, C5, C6, C7 and N1, N3 positions were 

conducted to provide compounds with a better in vivo profile. Among them, 168 with a 

methoxy-group as C4 substituents, 5-chlorothiophene-2-sulfonamide at N3 and a meta-

substituted benzyl group possessing an α-amino-3-[(methylamino)acyl]-group at N1 was 

the most potent, presenting a pIC50 of 7.4 for CCR4. Compound 168 also demonstrates a 

good PK profile in three species (rat, dog and human) and was selected for further 

development.231 Subsequent studies on CCL17- and CCL22-induced responses of human 

CCR4 expressing T cells suggests there are two additional allosteric sites to which small 

molecules bind. Compound 168 and its analogues bind to one of them, the intracellular 

allosteric binding site. Lipophilic heteroarenes possessing basic amino groups have been 

shown to bind to another site. Additionally, a heteroarylpyrazole arylsulfonamide 

scaffold was also reported as a potent lead for further development.233  

CXCR3. The chemokine receptor CXCR3 is mainly activated by γ-inducible 

chemokines CXCL11, CXCL10 and CXCL9, directing activated T cells to the sites of 

inflammation and is implicated to play a role in a myriad of inflammatory diseases, such 

as rheumatoid arthritis, multiple sclerosis, cancer, atherosclerosis and allograft rejection; 

thus, CXCR3 is viewed as a promising drug target.234-236 8-azaquinazolinone derivatives 

(169-173) were characterized as promising allosteric modulators of the chemokine receptor 

CXCR3 and commonly demonstrate properties of signaling bias and probe-dependence.236 

Among them, 172 can inhibit CXC chemokine 11 (CXCL11)-dependent G protein 

activation over β-arrestin recruitment with 187-fold selectivity and it inhibits CXCL11- 

over CXCL10-mediated G protein activation with 12-fold selectivity.236  

Structure-based drug discovery (SBDD) is still in the early phases for receptors 

such as CXCR3 due to limited structural information and complicated interactions between 

receptors and chemokine signaling proteins. As an alternative, photoaffinity labeling is an 

effective biochemical tool to elucidate the binding pocket at the CXCR3 receptor. By this 
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principle, photoactivatable 174 with a nanomolar affinity is synthesized based on the 2,3-

disubstituted-8-azaquinazolinone scaffold. Notably, 174 could attenuate radioligand 

binding by 80% in [3H]-RAMX3 radioligand displacement assay and proved to be a 

promising chemical tool for further exploration of the allosteric binding site of CXCR3.235 

Aside from photoaffinity labeling, site-directed mutagenesis is another approach to reveal 

information about ligand-receptor interactions through the mutations of amino acid 

residues and detection of their influence on modulator binding, signaling and transmission 

of cooperativity. Compounds 171 and 173 are two biased NAMs and have been shown to 

exhibit probe-dependent inhibition of CXCR3 signaling. Homology modeling and docking 

provided direction for site-directed mutagenesis and functional outcomes of the mutations 

were measured by a BRET-cAMP and β-arrestin recruitment assay. These studies indicated 

that F1313.32, S3047.39 and Y3087.43 act as key residues for the compounds to modulate the 

chemokine response, and notably, mutations of D1864.60, W2686.48 and S3047.39 led to a G 

protein–active rather than β-arrestin–inactive conformation.236 

3.4.2. Opioid Receptors (δ- OR, κ-OR, μ-OR). Opioid receptors (ORs), specifically 

the μ-opioid receptor (MOR), is the therapeutic target for numerous clinically used 

medications, predominately analgesics. Although MOR activation produces profound 

analgesia, tolerance develops for opioid drugs and addiction can be severely 

problematic.237 Additionally, side effects such as respiratory depression, nausea, 

constipation and others have highlighted the urgent need for better therapeutic agents 

targeting the MOR. Allosteric modulators may be suitable in this scenario, as receptor 

desensitization is less likely and allosteric modulators have a generally safer profile.238  

Both NAMs and PAMs have been explored for opioid receptors, and while most work on 

allosteric modulation has been directed towards the MOR, a few ligands have been reported 

as hits for the δ-opioid receptors (DOR).238  

Cannabidiol and salvinorin-A are among the earliest identified NAMs for the MOR 

and DOR.239, 240  Recently, BMS-986121 (175) and BMS-986122 (176) are reported as the 
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first series of selective PAMs for the MOR (Figure 1.24), identified via a high-throughput 

screen, presenting a sevenfold leftward shift (αβ = 7) in the potency of endomorphin-I in 

the β-arrestin assay in U2OS-MOR cells.241-242  The PAM activity is further characterized 

by three functional assay as β-arrestin recruitment, inhibition of adenylyl cyclase activity, 

and G protein activation via [35S]GTPγS binding. Subsequent chemical SAR study of 176 

around the substituents on the side phenyl led to the discovery of BMS-986124 (177) as a 

silent allosteric ligand or SAL.241-242  Additionally, diterpene alkaloid ignavine (178) 

demonstrates positive modulatory activity for MOR agonists DAMGO, endomorphin-1 

and morphine in a cAMP assay with an analgesic effect in vivo.243 BMS-986187 (179), 

with a chemically novel core compared to previous BMS series, was discovered as an 

effective PAM at the DOR and at the κ-opioid receptor (KOR) rather than the MOR with 

an approximately 20- to 30-fold higher affinity in the allosteric ternary complex model.244 

E1R (180), 4,5-disubstituted derivative of piracetam, discovered by Zvejniece and 

colleagues is revealed as a PAM for the DOR with an in vitro profile as increasing agonist 

binding, enhancing the agonist PRE-084’s stimulating effect on electrically stimulated rat 

vasa deferentia and increasing BK-induced calcium mobilization. Furthermore, 180 (100 

mg/kg) alleviated scopolamine-induced cognitive impairment during the PA and Y-maze 

tests and has no effect on locomotion even dosing up to 100 mg/kg in mice.245 There has 

been significant interest in light of recent events to discover and develop better opioid 

receptor therapeutics. Allosteric modulation of ORs holds promise of delivering safer 

analgesics and other therapeutics to the clinic; however significant optimization and 

development is still needed. 
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Figure 1.24 Chemically diverse allosteric modulators for ORs (171-176) 

 

3.4.3. Other Peptide and Protein Family Receptors 

Melanin-Concentrating Hormone Receptor 1 (MCH1R). The MCH1 receptor, 

an anti-obesity target, is reported to be allosterically inhibited by the small molecule MQ1 

(181) in multiple signaling pathways for Gαi/o, Gαq/11 and β-arrestin. MQ1 has been shown 

to be a slowly dissociating reversible MCH1 receptor blocker in washout experiments as 

well as affinity selection-mass spectrometry.246 

Neuropeptide Y Receptors (Y1R-Y5R). Niclosamide (182) and structurally 

related compounds are revealed as non-selective small molecule PAM ligands for Y4R 

versus Y1R, Y2R and Y5R via HTS.247  The small molecule tert-butylphenoxycyclohexanol 

(tBPC, 183), a purely efficacy-driven selective Y4R PAM, is reported to potentiate Y4R 

activation in G-protein signaling and arrestin recruitment experiments.248 

 

Chemically diverse allosteric modulators for ORs (171-176). 
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Proteinase-Activated Receptors (PAR2). AZ3451 (184) is an allosteric 

antagonist binding to a remote allosteric site of PAR2 and the solved co-crystal structure 

represents increased success in the structural elucidation for allosteric modulators of Class 

A GPCRs.31 

Tachykinin Receptors (NK2). Compound 185 was discovered as a NAM for the 

NK2 receptor in a FRET-based binding assay and shows a bias for reducing the cAMP-

producing conformation rather potentiating the calcium triggering conformation with about 

30% decline in the presence of 10 µM of 185.249 Modification on 185 to 186 with a 

butyronitril sidechain presents significantly improved modulatory properties of agonist 

induced calcium mobilization Emax (50% to 68%).250 

Figure 1.25 NAMs and PAMs for additional peptide and protein family receptors, as 

described (181-186) 

 

4. CHALLENGES AND EMERGING CONCEPTS IN CLASS A GPCR DRUG DISCOVERY 

4.1 Complexities and Nuance Observed in Screening, Optimizing and Advancing 

Class A GPCR Allosteric Modulators.  

 

NAMs and PAMs for additional peptide and protein family receptors, as described (181-186). 
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The discovery of allosteric modulators for class A GPCRs has been advanced by 

numerous academic and industry groups over the past decade and has provided a 

framework for optimization and development of such ligands. This framework includes 

understanding the multiple facets of allosteric modulator influences on the receptor 

complex with orthosteric agonists and antagonists, as well as the influence on coupling to 

effector molecules. As previously suggested, an allosteric modulator-receptor complex can 

be described as a “new receptor” that results in new or differential biology compared to the 

native receptor.6 Thus, it is important to quantify the allosteric modulator’s effect on the 

receptor, orthosteric signaling molecule and the downstream effectors. The quantification 

metrics (cooperativity, intrinsic efficacy, etc.) used throughout hit optimization have been 

shown to sometimes improve (or decrease) in tandem; however, these measures have often 

been shown to “uncouple”, such that orthosteric agonist affinity may improve, but there 

may be no impact on other metrics such as agonist efficacy. Additionally, this trend is 

observed in which, upon chemical modification, allosteric modulators may acquire 

intrinsic efficacy as agonists or serve as antagonists. While these outcomes may be 

advantageous for a particular target, the trend likely will not translate to other orthosteric 

ligands of the receptor (probe dependence). This can be problematic when the endogenous 

signaling ligand is not amenable to screening in functional assays (peptides, proteins, etc.) 

and should be approached with caution. Importantly, GPCRs exist in an ensemble of states 

and can be stabilized by high-affinity allosteric modulators in a variety of functionally 

relevant states, such as active states, pathway-specific active states or inactive states.34 The 

induced receptor conformation may then be more likely to couple with some effectors (e.g., 

β-arrestins) than others (e.g., G proteins), leading to signaling bias. These complexities 

may yield therapeutically important results; however, the team must obtain a thorough 

characterization and SARs of the candidate molecule to effectively move through 

optimization and development.  
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Advancing allosteric modulators from in vitro to in vivo is beset with challenges as 

well. For instance, dissection of signaling bias in animal models and behavioral paradigms 

is difficult to achieve and may be highly sensitive to probe dependence, especially if the 

endogenous signaling agonist could not be used for iterative screening and SAR.22 

Additionally, allosteric sites can display a greater divergence between species (e.g., rat vs. 

human) in comparison to orthosteric sites, complicating interpretations of drug effect 

across species.125 One possible explanation for this observation is that allosteric sites are 

less homologous due to decreased evolutionary pressure, a feature exploited for subtype 

selectivity, and may be more pronounced between species. Thus, screening preclinical 

candidate allosteric modulators at both human and rat GPCRs will help to alleviate this 

unknown when advancing compounds. Also relevant to in vivo characterization, is the 

presence of “chemical switches” (slight chemical changes that significantly alter or reverse 

activity) that become apparent during chemical optimization.251 Although standard 

chemical switches are likely to be addressed at an early stage, recent work has highlighted 

the presence of metabolic chemical switches that lead to major metabolites displaying a 

different or opposite activity profile.252 Chemical switches may be identified and addressed 

through early core optimization and the use of the “fluorine walk” to determine scaffold 

positions amenable to modification, and some success has been reported in the use of 

halogens or deuterium to dissuade metabolism of some scaffolds.22 Species bias and 

metabolic switches may complicate preclinical development and should be a key, deciding 

factor for the abandonment or development of select scaffold.  

 

4.2 Emerging Strategies for Class A GPCR Small Molecule Allosteric Modulator 

Discovery and Development.  

Structure based drug design (SBDD) is emerging in the discovery and optimization 

of allosteric modulators for class A GPCRs.253 The growing number of crystal structures 
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available and the structural studies on allosteric modulator mechanisms are providing the 

material and insight to engage in SBDD for allosteric modulators.254, 255 Importantly, the 

resolution at allosteric “hot spots”, such as ECLs, has greatly improved in recent reported 

crystals and is suitable for docking studies or molecular dynamics simulations. From a 

ligand optimization perspective, these structural studies can be combined with functional 

assays and site-directed mutagenesis to provide greater clarity on the allosteric mechanism 

of action at the receptor. Compounds displaying chemical switches may be used in 

simulations and further inform the structural biology of GPCR activation and signaling 

enhancement. From a discovery perspective, exciting studies are emerging with de novo 

allosteric modulators discovered via virtual screening of large libraries. For example, 

Valant and colleagues recently published the results of an iterative molecular docking and 

screening project where two subtype selective M2 mAChR NAMs and one PAM were 

discovered from the National Cancer Institute (NCI) compound library.256 The success of 

molecular docking approaches in this example, in which validated and chemically diverse 

PAMs and NAMs were discovered, is encouraging and this arena is projected to highly 

important in the future. Considerations of receptor activation state and the ability to predict 

allosteric modulation by docking to unknown sites remain to be addressed for different 

members of class A GPCRs.       

Another emergent strategy is the utilization of covalent allosteric probes to identify 

and define the allosteric binding site. Chemically reactive groups can be adapted to 

allosteric modulators to afford covalent binding to the allosteric site and subsequent peptide 

mass spectrometry can yield surrounding residues. Followed by site-directed mutagenesis 

and informed by known structural information, this may be a powerful tool for structurally-

informed rational design. This strategy was successfully implemented by Thakur and 

colleagues to map the CB1 receptor allosteric binding site.148 Electrophilic and 

photoactivatable moieties were added to CB1 receptor NAMs, which retained their activity 

and provided useful chemical tool compounds. Of note, the authors engaged in iterative 
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rational design of numerous covalent derivatives based on previous knowledge of the NAM 

SAR and discussed modifications that abolished activity. Thus, this powerful strategy may 

not be suitable for scaffolds prone to chemical switches or shallow SAR. 

 

4.3 New Biology for Class A GPCRs and Implications for Allosteric Modulator 

Agents.  

As studies continue to shed light on the intricate biology of class A GPCRs, new 

paradigms in drug discovery will emerge. The initial concept of allosteric modulation was 

developed based on the understanding that allosteric regulation was a ubiquitous and 

essential element for functional proteins throughout biology.10 Likewise, biological studies 

will elucidate new mechanisms for GPCR regulation, expression, function and modulation. 

There are emerging studies regarding class A GPCR dimerization/oligomerization, 

subcellular location of GPCRs and temporal regulation of GPCRs that pose interesting 

paradigms for GPCR modulation. The dimerization, whether homodimers, heterodimers or 

higher order oligomers, of class A GPCRs has been a thoroughly discussed topic in relation 

to its biological relevance.257-259 A noteworthy reminder, Class C GPCRs are known to 

form obligatory dimers, thus the discussion is centered on Class A GPCRs.260 A recent 

review by Gurevich and Gurevich addresses dimerization from a signaling perspective and 

discusses the stoichiometry observed between class A GPCRs and their effectors: G 

proteins, β-arrestins and GRKs.261 The conclusions state that a single monomeric class A 

GPCR is sufficient for effector coupling and downstream signaling through multiple 

pathways, and this is supported by biochemical and functional assays. It is also known that 

Class A GPCRs do indeed interact as dimers during their “life cycle” and that these 

interactions may be important regulators for expression, localization and trafficking. 

Whether or not functional signaling dimers exist, there is evidence for receptor crosstalk 

that can be modulated, and allosteric modulators can play an important role in regulating 
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the monomer-dimer equilibrium and may impart therapeutic effects in this manner. Indeed, 

a recent report shows how the CCR5 receptor allosteric modulator maraviroc (162) can 

influence the dimer population by inducing a third inactive dimer conformation.262 

Dimerization of CCR5 is necessary for translocation to the membrane and the dimer 

induced by 162 may contribute to its efficacy in blocking HIV entry in to the cell. Much 

more information is needed on these facets of GPCR biology, but novel chemical probes 

and tool compounds can provide new ways of investigating dimers and the future may hold 

targeted therapies for such complexes.  

Additionally, as Class A GPCR dimers have been visualized in the cell, so have 

functional intracellular Class A GPCRs. Opioid receptors (ORs) were highlighted in a 

recent report that identified differential signaling patterns between endogenous peptide-

bound ORs at the cell surface and opioid drug-bound ORs in the Golgi membrane within 

the cell.263 The authors argue that this “distortion” of typical endogenous peptide activation 

may drive neuronal toxicity and adverse effects from OR-targeted therapeutics. This effect 

has been termed location bias for GPCR activation. In a review by Grundmann and 

Kostenis, the recent consensus on time-encoded GPCR signaling (“temporal bias”) is 

presented, as are other important kinetic parameters for class A GPCR signaling. As 

biology has shown signaling bias and probe dependence are emerging as possible 

therapeutic strategies, the future will likely see dimer equilibrium, location bias and 

temporal bias become topics of discussion in class A GPCR allosteric modulator drug 

discovery.                    

5. CONCLUSIONS AND FUTURE DIRECTIONS 

Class A GPCRs hold significant clinical importance and are targeted by a high 

percentage of currently marketed drugs. Utilizing allosteric modulation to precisely alter 

the function of these receptors may enable the targeting of GPCRs without marketed drugs 

and may provide safer drugs for receptors with marketed drugs. The ability to modulate 
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signaling in a spacial and temporal dependent manner, as well as the potential to 

therapeutically exploit probe dependence, moves beyond achieving subtype selectivity and 

towards a remarkably precise therapeutic paradigm. However, the complexities that confer 

these advantages also must be addressed during allosteric modulator discovery, 

optimization, development and advancement into preclinical/clinical assessments. 

Multiple signaling pathways downstream of effectors, such as G proteins and β-arrestins, 

should be examined to provide informed SAR of the molecule series. Additionally, the 

endogenous agonist should be assayed, when appropriate, to ensure the translation of the 

allosteric modulation in vivo and avoid unforeseen probe dependence. There are cases, 

especially in the chemokine receptor family, where probe dependence will be a desirable 

outcome and should be addressed early in scaffold optimization. Other in vivo 

considerations arise from species bias, which has been observed in mAChR PAMs and 

NAMs, where activity does not translate from in vitro assays employing human mAChRs 

to rat in vivo assays. Thus, early examination of rat and human Class A GPCRs in vitro 

may help avoid this situation. The discovery and development of Class A GPCR allosteric 

modulators has progressed tremendously in recent years and has provided a framework for 

overcoming challenges and maturing clinical candidates.  

The chemical diversity of Class A GPCR allosteric modulators has grown along 

with diversity of allosteric binding sites. Allosteric binding sites have been shown to exist 

in extracellular regions, transmembrane regions and intracellular regions of receptors, all 

contributing unique mechanisms for modulation. Most ligand interactions with these sites 

are classified as hydrophobic interactions, while aromatic π-π interactions are also 

common. Core scaffolds for Class A GPCR allosteric ligands commonly contain a nitrogen 

amenable to H-bond polar interactions. Drug likeness has improved and is attainable in 

situations where there are large amounts of SAR to dictate sites available for modification. 

Chemically successive, iterative ligand design and synthesis should be performed to enable 

informed SAR and can be aided by strategies such as the “fluorine walk”. Importantly, 
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emergent structural information may provide information towards chemical modifications 

that lead to high affinity allosteric ligands and should be utilized where available.  

Finally, new biology may direct allosteric modulator discovery towards modes of 

action other than simple potentiation of activation. As seen in CCR5 dimerization, 

maraviroc may alter dimer populations to provide antiviral efficacy. Dimer 

stabilization/destabilization, location bias and temporal bias may become considerations 

for allosteric mechanism of action. Probe dependence can hinder development; however, 

it may also be used to selectively potentiate (or diminish) marketed orthosteric drugs. In 

this way, a promiscuous orthosteric drug can have improved selectivity at its site of action 

or be altered for a higher affinity at an additional site. Thus, allosteric modulators may 

improve marketed drugs to provide greater selectivity or if polypharmacology is desired, 

as in difficult psychiatric conditions, allosteric modulators could enhance activity at other 

receptors for a given marketed drug that displays moderate affinity for these targets. 

Allosteric modulation is a fundamental mechanism in biology and exploitation of this 

paradigm has delivered FDA-approved therapies, multiple drug-candidates in the pipeline 

and promises to provide more precise and safer small molecule therapeutics in the future.   
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Abstract 

 

The serotonin (5-HT) 5-HT2C receptor (5-HT2CR) is recognized as a critical 

mediator of disease-related pathways and behaviors based upon actions in the central 

nervous system (CNS). Since the 5-HT2CR is a class A G protein-coupled receptor (GPCR), 

drug discovery efforts have traditionally pursued activation of the receptor through 

synthetic ligands with agonists proposed for treatment of obesity, substance use disorders 

and impulse control disorders while antagonists may add value in the treatment of anxiety, 

depression and schizophrenia. The most significant agonist discovery to date is the FDA-

approved anti-obesity medication lorcaserin. In recent years, efforts towards developing 

other mechanisms to enhance receptor function have resulted in the discovery of positive 

allosteric modulators (PAMs) for the 5-HT2CR, with several molecule series now reported. 

The biological significance and context for signaling and function of the 5-HT2CR, and the 

current status of 5-HT2CR agonists and PAMs are discussed in this review. 
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1. INTRODUCTION TO THE 5-HT2CR PROTEIN STRUCTURE AND FUNCTION 

The G protein-coupled receptor (GPCR) super family, a vast group of proteins 

imbedded in cellular membranes, represents nearly one-third of all therapeutic targets 265. 

Out of the approximately 800 different GPCRs identified in mammals, only 25% have been 

exploited for therapeutic development and the function of ~200 have yet to be elucidated 

266. The family of serotonin (5-HT) receptors (5-HTXRs) are believed to be, from an 

evolutionary standpoint, among the oldest GPCRs 267. There are seven classes of 5-HTXRs: 

5-HT1R, 5-HT2R, 5-HT3R (a ligand-gated ion channel), 5-HT4R, 5-HT5R, 5-HT6R, and 5-

HT7R, which are classified based on sequence homology and functional aspects. The 5-

HT2C receptor (5-HT2CR), a receptor subtype in the 5-HT2R family (5-HT2AR, 5-HT2BR, 

5-HT2CR) has been increasingly investigated as a therapeutic target in recent years. Like 

all other GPCRs, the 5-HT2CR is characterized by seven transmembrane spanning helices 

(TM I - VII), three extracellular (ECL 1-3) and three intracellular loops (ICL 1-3), an 

intracellular carboxy-terminus, and an extracellular amino-terminus (Fig. 2.1) 268, 269. 

Importantly, the X-ray crystal structure of the 5-HT2CR was recently solved with non-

selective 5-HT agonist ergotamine (“active-like” state) or the 5-HT2R antagonist/inverse 

agonist ritanserin (inactive state), further allowing a critical review of the receptor’s 

structural features and conformations for structure-based drug design (PDB: 6BQG) 269. 

Reviewing the 5-HT2CR sequence, there is approximately 80% sequence homology in the 

TM region between members of the 5-HT2R family, the region that forms the orthosteric 

binding site for 5-HT, while the ECL and ICL sequences are known to vary across receptor 

subtypes 270. In addition to the sequence similarity of the orthosteric sites across the 5-

HT2R family that makes the selective chemotype targeting of 5-HT2Rs difficult, there is 

the ubiquitous issue that 5-HT binding to all 5-HT2R, including the 5-HT2CR, results in 

activation of complex webs of intracellular signaling processes, several of which are 

inadequately appreciated at present. 
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Figure 2.1 The recently solved X-ray crystal structure of the “active-like” state of the 5-

HT2CR bound to ergotamine (PDB code: 6BQG) and 5-HT2CR model 

bound to 5-HT is depicted 

 

The canonical G protein-dependent signaling through the 5-HT2CR is engendered 

by 5-HT-stimulated coupling to Gq/11 to activate the enzyme phospholipase C (PLC) 

mediated hydrolysis of phosphatidylinositol 4,5-biphosphate (PIP2) to generate the 

intracellular second messenger inositol-1,4,5-trisphosphate (IP3), accumulation of the 

downstream IP3 metabolite inositol monophosphate (IP1), and diacylglycerol (DAG) (Fig. 

2.2). Intracellular calcium (Cai
2+) mobilization, frequently measured with calcium-binding 

fluorescent dyes, and IP1 levels, assessed with [3H]-inositol, are well-characterized to be 

elevated following activation of the 5-HT2CR (for reviews) 271, 272. In fact, the release of 

Cai
2+ and/or IP1 are often utilized as a readout in functional cellular assays to measure the 

extent to which the 5-HT2CR is activated 273.  

 

The recently solved X-ray crystal structure of the “active-like” state of the 5-HT2CR bound to 

ergotamine (PDB code: 6BQG) and 5-HT2CR model bound to 5-HT is depicted. (A) The side view 

of the ergotamine-bound 5-HT2CR crystal structure with the N- and C-termini, extracellular and 

intracellular loops, and the transmembrane helices labeled; ECL = extracellular loop, ICL = 

intracellular loop, TM = transmembrane domain helix, 5-HT (pink space fill representation) at the 

orthosteric site. (B) Top/extracellular-view of the ergotamine binding site. (C) The side view of a 

5-HT2CR structure model based on the crystal structure with 5-HT docked to the orthosteric site. 

The 5-HT-bound 5-HT2CR was generated via induced fit docking protocols on 6BQG using the 

Schrödinger Drug Discovery Suite.    
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The 5-HT2CR has also been shown to regulate ion channels and transport processes 

as well activate other downstream effectors, including phospholipase A2 (PLA2), 

phospholipase D (PLD), cyclic nucleotides, and extracellular signal-regulated kinases 

(ERK1/2) 
268, 274. For instance, stimulation of the 5-HT2CR is thought to activate cytosolic 

PLA2 which hydrolyzes arachidonic acid-containing phospholipids to produce free 

arachidonic acid and a host of its metabolites that are functionally relevant in this signaling 

web (for review) 275. Agonist signaling bias can result in the activation of PLCβ over PLA2, 

and vice versa, depending on the ligand that binds to the receptor 276. Stimulation of the 5-

HT2CR leads to activation of protein kinase C (PKC) and downstream stimulation of the 

mitogen-activated protein kinase cascade resulting in phosphorylation of ERK1/2 
277, 278. In 

fact, 5-HT2CR was shown to couple ERK1/2 via a PLD- and PKC-dependent pathway 

possibly through Gα12/13 proteins 278. The PLD and PKC involvement in ERK1/2 

phosphorylation evoked by 5-HT2CR stimulation was recently validated in a mouse 

hypothalamic cell line 279.  

The signaling web for the 5-HT2CR is influenced by the fact that this receptor is the 

only known GPCR that undergoes RNA editing 280. Five closely spaced adenosines within 

the second intracellular loop of the 5-HT2CR are subject to deamination by Adenosine 

Deaminases that Act on RNA (ADAR), resulting in an adenosine to inosine substitution 

which alters the coupling efficiency between the receptor and its G protein and restricts its 

ability to activate intracellular cascades 281-285.  Editing allows the 5-HT2CR to exist in 32 

mRNA variants that encode up to 24 predicted proteoforms 286, 287. Thus, mRNA editing is 

fundamentally important to normal 5-HT2CR biological function 288. In addition to the 

increased diversity of signaling afforded by RNA editing of the 5-HT2CR, evidence is 

accumulating that signaling via the 5-HT2CR is further diversified by the formation of 

oligomers, in fact the 5-HT2CR appears to function as a homodimer 289. Heterodimers are 

reported to form between the different isoforms of the 5-HT2CR generated by RNA editing 

290. Likewise, the 5-HT2CR has been reported to heterodimerize with the ghrelin growth 
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hormone secretagogue receptor 1, the melatonin MT2 receptor, and the N-methyl-D-

aspartate-gated ion channel subunit GluN2A, and most recently with the 5-HT2AR and 5-

HT2BR 291-296. Intriguingly, the 5-HT2AR:5-HT2CR complex did not modify the Gq/11 

coupling of the receptor subunits, but rather the 5-HT2CR exerted dominance when in 

complex with the 5-HT2AR, such that only the 5-HT2CR coupled with the G protein to 

generate intracellular signaling; the 5-HT2AR signaling is ‘masked’ 295. Thus, the 5-

HT2AR:5-HT2CR protein complex appears to be a distinct molecular species that 

contributes to cellular signaling, generating unique properties when co-expressed in vitro 

295.  

The 5-HT2CR, as for other GPCRs, act via the “receptorsome,” the composition of 

membrane, cytosolic and accessory proteins through which protein-protein interactions 

interface GPCR coupling to downstream intracellular signaling cascades to tailor cellular 

responsivity. For example, the 5-HT2CR interacts with PSD-95/disk large/zonula occludens 

domain-containing proteins, calmodulin, β-arrestins, and phosphatase and tensin homolog, 

all of which have been shown to modulate receptor kinetics by varying mechanisms 53, 268, 

274. Of relevance, β-arrestins are known to play a key role in desensitization and 

resensitization processes that regulate the functional activity of 5-HT2CR, and edited 5-

HT2CR isoforms have been shown to modify the kinetics of these processes due to 

divergent magnitudes of association with β-arrestin 297. Agonist-dependent desensitization 

is associated with 5-HT2CR phosphorylation involving G protein receptor kinase2 (GRK2), 

binding of β-arrestin and uncoupling of the receptor from the G protein to result in receptor 

internalization into endosomes; resensitization and recycling to the plasma membrane 

occurs with dephosphorylation 281, 287. Thus, there is a rich opportunity to regulate the 

biological function of the 5-HT2CR. 
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Figure 2.2 A cross-section of the 5-HT2CR signaling webs initiated by 5-HT binding to 

the orthosteric site is presented 

 

The localization of the family of 5-HT receptors is region- and cell-specific 

throughout the body, and this is true for the 5-HT2CR, whose expression and function in 

the central nervous system (CNS) drives its primary, known biology. Serotonergic cell 

bodies project from the dorsal raphe nuclei in the midbrain to key brain regions associated 

with the reward pathway (e.g., ventral tegmental area, VTA; nucleus accumbens, NAc) and 

higher executive function (e.g., prefrontal cortex, PFC) 298, 299. Postsynaptic expression of 

the 5-HT2CR is reported in various neuronal cell types including those that employ 

acetylcholine, dopamine, and -aminobutyric acid (GABA) as neurotransmitters, with a 

major outcome of 5-HT2CR stimulation defined as modulation of dopamine neuronal 

function (for review) 298. For example, stimulation of the 5-HT2CR in the VTA increases 

 

Activation of Gαq/11 promotes phospholipase Cβ (PLCβ) mediated hydrolysis of 

phosphatidylinositol 4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol-1,4,5-

triphosphate (IP3). IP3 promotes release of intracellular calcium (Cai
2+) while DAG binds to 

downstream effector protein kinase C (PKC).  
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the firing rate of GABA interneurons, enhances basal GABA release in the VTA in a brain 

slice preparation, and decreases firing rates of dopaminergic neurons 300-302. Interestingly, 

while 5-HT2CR antagonists have been reported to increase dopaminergic 

neurotransmission and dopamine levels in the NAc, local activation of the NAc 5-HT2CR 

in vivo suppressed potassium-stimulated GABA release 303-305. Intriguingly, the 5-HT2CR 

has also been shown to be expressed on VTA dopamine neurons, including those that 

project to the NAc 306, 307. The 5-HT2CR localized to VTA dopamine receptors was recently 

demonstrated as a key regulator of their physiology as well as binge-like eating behavior 

in mice 308. Thus, the 5-HT2CR controls dopamine neurotransmission within the VTA as 

well as its target regions in the limbic-corticostriatal circuit, including the NAc and medial 

prefrontal cortex (mPFC) (Fig. 2.3) 309, 310. These data are but a fraction of research findings 

that illustrate the nature and complexity of cell- and region-specific roles of this receptor 

plays in neurobiology. 

The interaction between the 5-HT2CR and 5-HT2AR was demonstrated in mPFC and 

the resulting signaling control in vivo is an underappreciated area of research that has 

recently provided clues to suggest therapeutic modalities for neuropsychiatric disorders 298, 

299, 311. A review of early work on this topic indicated a likely oppositional relationship 

between the 5-HT2AR and 5-HT2CR in the control of certain behaviors 312. However, the 

relationship is now proving to be more interactive and synergistic in studies that show a 

combination of a selective 5-HT2AR antagonist and selective 5-HT2CR agonist can work in 

concert to suppress behaviors associated with substance use disorders (SUDs) in rodents, 

at doses far below the effective doses needed when administered independently 313. This 

result also suggests a delicate balance of 5-HT2R signaling in healthy individuals that 

necessitates reliable, selective 5-HT2CR tool compounds for use in probing the mechanisms 

that underlie chronic psychiatric conditions. The clinical significance of selective 5-HT2CR 

modulation alone has been recently validated by the approval of the 5-HT2CR agonist 

lorcaserin (14, Fig. 2.5) for the treatment of obesity 314, 315. Given the notion that 5-HT2CR 
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can exert inhibitory control over dopaminergic tone in brain regions that drive reward-

related behaviors and cortical areas of the brain responsible for higher order executive 

functions related to acting impulsively and reacting to external cues, the development of 5-

HT2CR ligands is a promising approach to treating obesity, SUDs, and other 

neuropsychiatric conditions 316-318. Additionally, improved and functionally diverse 5-

HT2CR agonists may enable beneficial combination therapies with 5-HT2AR-acting 

medications. However, the development of selective small molecule 5-HT2CR agonists 

remains a challenge and the chemical diversity of known synthetic 5-HT2CR agonists is 

minimal. 

Figure 2.3 A schematic of the proposed 5-HT2CR modulation of limbic-

corticoaccumbens circuit is represented 

 

2. THE 5-HT2CR AS A THERAPEUTIC TARGET 

 

Serotonin (5-HT) neurons originating from the dorsal raphe nuclei innervate GABA interneurons 

in the medial prefrontal cortex (mPFC), nucleus accumbens (NAc), and the ventral tegmental area 

(VTA). Inhibitory GABAergic neurons facilitate decreased dopaminergic neuronal firing in the 

VTA both directly and indirectly. The 5-HT2CR localizes to neurons within each of the nodes in 

this circuitry. 
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The 5-HT2CR has been targeted for the development of therapeutics for several 

chronic pathological disorders. Agonists have been suggested for the treatment of obesity, 

SUDs and impulse control disorders while antagonists may add value in the treatment of 

anxiety, depression and schizophrenia. In particular, a strong case for the use of a selective 

5-HT2CR agonist was made for obesity. The constitutive 5-HT2CR knockout mouse 

exhibited hypophagia and increased body mass in the context of both insulin resistance and 

late-onset obesity, while weight gain as well as a greater relative risk of metabolic 

dysfunction and diabetes develops with the chronic treatment of atypical antipsychotics 

with 5-HT2CR antagonist properties (e.g., olanzapine) in humans and animals 319-322. 

Selective 5-HT2CR agonists have been consistently demonstrated to suppress food intake 

319, 323-325, in fact, the selective 5-HT2CR agonist WAY163909 dose-dependently decreased 

food intake in normal Sprague–Dawley rats, obese Zuker rats and mice with diet-induced 

obesity 326. Investigations of 5-HT involvement in the mechanisms underlying satiety have 

focused predominantly on neural loci in the hypothalamus and midbrain/hindbrain circuits 

which synchronize energy balance and glucose homeostasis in concert with peripheral 

systems (for reviews) 327, 328. Based upon these findings, lorcaserin (Belviq) was approved 

by the U.S. Federal Drug Administration (FDA) as the first-in-class 5-HT2CR agonist 

marketed for weight reduction in patients with a body-to-mass (BMI) index of >30 or with 

a BMI >27 comorbid with type-2 diabetes, hypertension or dyslipidemia 314, 329.  

Extensive preclinical studies have also demonstrated the role of the 5-HT2CR in the 

rewarding and incentive-salience value of cocaine, other psychostimulants, ethanol and, 

most recently, opioids as well as factors involved in relapse vulnerability during recovery 

from SUDs 237, 298, 311, 330, 331. For example, employing the self-administration assay, the 

preclinical model with the best validity for human drug-taking, systemic administration of 

a selective 5-HT2CR agonist suppressed cocaine intake and the resurgence of drug-seeking 

evoked by pretreatment with cocaine or exposure to cocaine-associated cues [i.e., drug-

taking environment, and the discrete cues associated with previous cocaine delivery (e.g., 
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lights, tones)] 332-334. These effects of the 5-HT2CR agonist were reversed by a selective 5-

HT2CR antagonist. Conversely, pretreatment with a selective 5-HT2CR antagonist enhanced 

self-administration of low doses of cocaine and cocaine-evoked reinstatement of drug-

seeking, while the selective 5-HT2CR antagonist SB242084 is self-administered in primates 

335-338. In humans, lorcaserin improved smoking cessation rates and significantly decreased 

corticolimbic activation elicited by palatable food cue exposure, further supporting the role 

of the 5-HT2CR in as a common mediator of reward and cue-associated events across 

abused drugs and palatable food 339, 340. The added value of lorcaserin to suppress the 

rewarding effects of cocaine and other abused drugs imputes a further dimension of likely 

therapeutic utility 299, 311, 313, and lorcaserin is currently in clinical trials for cocaine use 

disorder (CUD) and other SUDs (clinicaltrials.gov; accessed May 6, 2019).  

Serotonin is one of the primary regulators of behavioral inhibition, a fundamental 

aspect of impulse control. Impulsivity, a predisposition toward rapid unplanned reactions 

to stimuli without regard to the negative consequences contributes to initial drug use and 

is perpetrated by continued use of the abused drug (for reviews) 341, 342. Intriguingly, 

individuals with poor impulse control may be more vulnerable to drug-associated stimuli, 

and less capable of engaging processes that override heightened attentional bias for cues 

343, 344. The role of the 5-HT2CR in these interlocked behavioral phenotypes has been 

demonstrated in that selective 5-HT2CR agonists consistently reduced and the 5-HT2CR 

antagonist SB242084 enhanced motor impulsivity, while mice with a constitutive loss of 

the 5-HT2CR exhibit elevated motor impulsivity 53, 333, 345-347. The status of 5-HT2CR 

function in the mPFC appears to be a contributor to the vulnerability of impulsive rats to 

cocaine reward and sensitivity to cue-associated relapse vulnerability, which is interwoven 

with vulnerability to endogenous factors (e.g., craving, stress, withdrawal), all of which 

can serve as immediate antecedents to relapse 311, 348. Relapse is a major hurdle for the 

successful treatment of chronic SUD and a pharmacotherapy that can improve inhibitory 

control would represent a first-in-class drug for those sufferers 349, 350. Thus, the 5-HT2CR 
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is a potential therapeutic target at the intersection of disinhibited behaviors that contribute 

to obesity and SUD. Given that obesity is at epidemic levels in the U.S. while drug 

overdoses and SUDs continue to drive unprecedented mortality and morbidity rates, 

targeting the 5-HT2CR is an attractive and urgent approach towards the development of a 

neuropharmacotherapy to treat these intractable public health concerns. 

Selective targeting of the 5-HT2CR remains a challenge for medicinal chemists 

primarily due to the fourteen 5-HT receptor subtypes distributed throughout the body in 

various cell types and tissues and that each receptor accommodates 5-HT at a conserved 

orthosteric binding site. It is well established that, when only comparing the 5-HT2R 

subtypes (5-HT2AR, 5-HT2BR, and 5-HT2CR), receptor subtype selectivity is a major 

determining factor with regard to the scale of potential therapeutic utility (Fig. 2.4). With 

the understanding that 5-HT2AR or 5-HT2BR agonists are expected to evoke hallucinations 

or cardiac valvulopathy, respectively, the need for 5-HT2CR orthosteric agonists that lack 

demonstrable efficacy at 5-HT2AR and 5-HT2BR sharpened 351, 352. For example, the potent 

5-HT releaser fenfluramine was approved and marketed in the U.S. as an appetite 

suppressant in combination with the norepinephrine releaser phentermine (Fen-Phen) in 

1983. A proportion of patients treated with fenfluramine developed pulmonary 

hypertension and valvular heart disease, resulting in its withdrawal from the market in 1997 

and subsequent legal damages exceeding $10 billion U.S. 353. Activation of the 5-HT2BR 

on heart values by the fenfluramine metabolite norfenfluramine is the primary pathogenic 

mechanism 352. An additional example of this scale in clinical utility stems from concern 

over lorcaserin which has a low potential for abuse but could lead to positive subjective 

effects at supratherapeutic doses, based upon its action as a partial agonist at the 5-HT2AR 

which is responsible for hallucinogenic actions 354. The FDA deliberations let to a Schedule 

IV classification for lorcaserin under the Controlled Substances Act. Thus, the therapeutic 

utility of lorcaserin (14; Fig. 2.5) in the general population is limited by concern of side 

effects 354, 355. 
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Figure 2.4 Proposed outcomes mediated by activation of specific members of the 5-

HT2R family are depicted. 

 

3. THE CURRENT STATE OF 5-HT2CR AGONISTS 

Targeting the 5-HT2CR for therapeutic purposes has led to the discovery of many 

ligands that vary in activity and selectivity yet, in a general sense, come from very similar 

chemotypes. A brief structural survey of the most selective 5-HT2CR agonists highlights 

the lack of chemical diversity, which in turn leads to a limited selection of tool compounds 

(Fig. 2.5). Coupled with the reality that the 5-HT2R subtype orthosteric sites share high 

homology, agonists that lack diverse scaffolds are historically unlikely to overcome the 

subtype selectivity challenge. Virtually all compounds shown (Fig. 2.5) rely on the 

 

 

(A) The 5-HT receptor family is comprised of 13 GPCRs and one ligand-gated ion channel 

(divided into seven subtype categories). Each receptor is activated by endogenous 5-HT. 

Therefore, the orthosteric site is highly conserved across receptor subtypes. (B) Agonist-mediated 

activation of 5-HT2AR accounts for the hallucinogenic actions of such abused drugs as d-lysergic 

acid diethylamide. Agonist-mediated activation of 5-HT2BR can lead to pulmonary hypertension 

and valvular heart disease. Agonist-mediated activation of 5-HT2CR represents an attractive 

therapeutic approach to treat obesity, substance use disorders and impulse control disorders. 

However, the high sequence homology at the orthosteric sites of these receptors present challenges 

to selectively target the 5-HT2CR. 
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phenethylamine moiety or a derivative thereof. More accurately, each of the indicated 

agonists require a general scaffold that incorporates an aromatic ring attached to an 

ionizable nitrogen via a two-three atom linker, usually carbon (Fig. 2.5). While many 

examples of 5-HT2CR agonists from the aforementioned chemotypes are known, most do 

not demonstrate an acceptable functional selectivity for the 5-HT2CR over the 5-HT2AR and 

5-HT2BR (Table 2.1). Though several compounds show promise, even the most selective 

compounds are similar to 14, while the most selective compound listed herein, CP-809101 

(10), has been shown to produce genotoxic effects 356. As observed in early work on 5-

HT2CR agonist discovery, novel scaffolds that deviate from the traditional chemotype and 

can selectively target the 5-HT2CR are difficult to discover and further exploration of 

chemical space may yield therapeutically important scaffolds.  
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Figure 2.5 Current synthetic 5-HT2CR agonists share similarities in their pharmacophore 

 
 

 

(A) The general chemical scheme describing structural requirements for 5-HT2CR agonists is 

presented. (B) Selected 5-HT2CR agonists are organized based on chemotype. Blue indicates the 

common aromatic fragment, green indicates the requisite ionizable amine, and magenta 

highlights the linker. 
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Table 2.1 Functional profiling of numerous 5-HT2CR agonists and respective profiles at 

the 5-HT2AR and 5-HT2BR to show subtype selectivity among 5-HT2Rs.  

 

Compound 

5-HT2CR 5-HT2AR 5-HT2BR 
  

Ref. 
EC50 

(nM) 

Emax 

(%) 

EC50 

(nM) 

Emax 

(%) 

EC50 

(nM) 

Emax 

(%) 

2A/2C 

ratio 

2B/2

C 

ratio 

5-HT (1) 3.48 100 14.04 100 20 ± 2.8 100 4.03 5.75 357 

RO 60-0175 (2) 52 ± 3 88 ± 20 400 ± 20 91 ± 5 2.4 ± 1 130 ± 30 7.69 0.05 358 

YM-348 (3) 1.0 ± 0.2 76 ± 1 93 ± 10 97 ± 2 3.2 ± 3 110 ± 10 93.0 3.2 359 

d-fenfluramine (4) 300 ± 29 90 ± 9 720 ± 77 80 ± 4 23 ± 4 100 ± 10 2.4 0.08 360 

5 4.2 87 374 56 NE NE 89.0 - 361 

6 8.7 97 ± 1 491 21 ± 0 1745 35 ± 7 57.1 200.6 362 

7 7.65 71 6.57 79 7.05 54 0.86 0.92 363 

8 7.63 92 NE NE 6.86 63 - 0.90 326 

mCPP (9) 120 ± 10 63 ± 3 150 ± 20 18 ± 2 93 ± 50 21 ± 9 1.25 0.78 359 

CP-809101 (10) 0.11 93 153 67 65.3 57 1391 593.6 364 

11 1.1 ± 0.4 90 127 ± 82 100 94 ± 68 50 115.5 85.5 365 

12 3.3 ± 1.8 90 128 ± 44 100 414 ± 468 130 38.8 125.5 365 

13 36 100 707 100 >10000 - 19.6 >277.8 366 

lorcaserin (14) 9 ± 0.5 100 168 ± 11 75 943 ± 90 100 18.7 104.8 314 

vabicaserin (15)  8 100 1650 -
a

 >10,000 80 206.3 0.19 367 

WAY-163909 (16) 8 ± 3 90 ± 6 NE NE 185 ± 105 40 ± 3 - 23.1 326 

PF-04781340 (17) 9 99 - - 1484 69 - 164 368 

PF-4522654 (18) 16 58 NE NE >10000 <10 - >625 369 

19 95 76 2634 21 503 31 27.7 5.3 370 

20 5 ± 3  - 
635 ± 
862 

- 48 ± 41  - 127 9.6 371 

aFunctional output indicated antagonist activity; Values with error represent the mean ± 

SD; For 5-HT2AR and 5-HT2BR, large reported errors indicate inconsistent results from 

compounds showing no effect and intermittent positive effects;  No effect (NE); Not 

applicable or not tested (-).  

 

Within the past few years, there has been renewed attention on the 5-HT2CR and 

innovative drug discovery strategies have been employed to probe the chemical space for 
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5-HT2CR agents and also to uncover unique functional characteristics of the 5-HT2CR. 

Towards novel chemotype discovery, Wacker and co-workers at Bristol-Myers Squibb 

reported a series of analogues lacking a basic amine interaction at the active site Asp 134 

residue, which is a requisite interaction for traditional 5-HT2CR synthetic agonists and 5-

HT 371. Noteworthy contributions from this work included the screening of ligands in cells 

expressing the edited (VNV) isoform of the 5-HT2CR containing a residue mutation, 

replacing the active site Asp 134 residue with Ala (D134A). This mutant allowed the 

subsequent screening of agonist hits, found via traditional compound library screening 

techniques, to selectively identify and optimize atypical agonists. Compound 20 was 

obtained after rounds of optimization to a non-basic heterocyclic amide agonist hit and was 

administered orally to rats, displaying a reduction in food intake that could be reversed via 

a 5-HT2CR antagonist (Fig. 2.6). Additionally, Wacker and co-workers reported that the 

initial hit compounds were discovered during a search for 5-HT2CR positive allosteric 

modulators, further demonstrating the increased interest in diverse approaches for 

potentiating 5-HT2CR signaling. 

Figure 2.6 A novel pharmacophore for 5-HT2CR agonists is described 

 

A phenomenon in GPCR signaling known as signaling bias or functional selectivity 

is evident under conditions in which an agonist displays divergent levels of activation 

through the multiple signaling pathways linked to receptor activation. Functional 

 

Compound 20 is the result of an intentional screening and optimization study which sought to 

discover non-traditional 5-HT2CR ligands, as defined by an aromatic ring joined to an amine 

fragment by a short aliphatic linker.   
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selectivity is well-characterized for the 5-HT2CR 287, 363. For example, compounds 7 and 8 

reported by Kozikowski and colleagues display preferential activation through the Gαq-

mediated signaling pathway (Fig. 2.5) 363. Significantly, incorporation of the N-benzyl 

moiety that differentiates 8 from 7 leads to a complete loss of function at the 5-HT2BR, 

while retaining efficacy for the 5-HT2CR. This compound (8) suppressed amphetamine-

induced hyperactivity in rodents, consistent with the efficacy of other 5-HT2CR agonists 

363. Additionally, a recent manuscript by Booth and coworkers provides a further 

investigation into 5-HT2CR desensitization after agonist activation, which is understood to 

be mediated to some extent by the β-arrestin signaling pathway 372. Multiple agonists were 

tested in a PLC-activation desensitization assay, including 5-HT (1), 14 and m-

chlorophenylpiperazine (mCPP) (9) (Fig. 2.5). The magnitude of 5-HT2CR-mediated PLC 

activation correlated with desensitization in their assay. Furthermore, the selection of 

agonists was assessed in a β-arrestin recruitment assay, where a correlation between 

desensitization and β-arrestin recruitment was observed. Expanded chemical space, 

functional selectivity, and 5-HT2CR desensitization are concepts that, when incorporated 

into ligand discovery, will greatly aid in the development of novel 5-HT2CR agonists with 

improved selectivity and functional profiles. However, there continues to be a lack of 

subtype selective, novel chemotypes that display significant clinical potential, which is 

evidenced by a recent surge of interest in targeting spatially distinct, allosteric binding sites.      

4. BACKGROUND AND RATIONALE FOR 5-HT2CR ALLOSTERIC MODULATORS 

Agonists and antagonists targeted to GPCRs that are traditionally designed to bind 

to a receptor orthosteric site, which has co-evolved with an endogenous ligand for a given 

receptor. However, in many cases, endogenous signaling ligands activate multiple 

receptors that are classified in a family. To accommodate the same signaling ligand, the 

orthosteric site is highly conserved among GPCR family members, which may modulate 

diverse physiological functions in distinct tissues. Exemplary GPCR families include the 
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metabotropic glutamate receptors (mGluRs) and 5-HTXRs which are comprised of eight 

and 14 receptor subtypes respectively 330, 373. Thus, targeting the orthosteric site of the 5-

HT2CR among closely related subtypes, 5-HT2AR and 5-HT2BR, has remained a challenge 

for medicinal chemists.  

One strategy that has emerged over the past decade for the selective modulation of 

GPCRs is the identification and targeting of allosteric sites, which are defined as ligand 

binding sites that are spatially distinct from an orthosteric site 374. In many cases, allosteric 

sites have proven to be less conserved than the respective receptor orthosteric sites, leading 

to improved ligand selectivity across subtypes 85, 375-377. Thus, allosteric modulation 

provides an opportunity to specifically target receptors that belong to a subfamily of similar 

GPCRs, potentially minimizing off-target effects, a significant advantage over typical 

agonists that at the endogenous ligand binding pocket. Additionally, most GPCR-targeted 

neurotherapeutic regimens result in chronic exposure of the receptor to orthosteric ligands, 

differing from the temporal control of endogenous ligands, which has been shown to alter 

5-HT2CR trafficking kinetics due to internalization and desensitization and resensitization 

processes 372, 378. An allosteric modulator may minimize the aforementioned detrimental 

effects of synthetic agonists by maintaining the natural spatial and temporal signaling 

characteristics that are key features of neuronal circuitry 11. Additionally, the fine-tuning 

of GPCR may be afforded by allosteric ligand structural modifications that result in 

separate control of orthosteric ligand affinity or efficacy 379. 
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Figure 2.7 A schematic of potential allosteric modulation of GPCR signal transduction is 

depicted 

 

Theoretically, small molecule allosteric modulators of the 5-HT2CR can promote a 

conformational change in the receptor or stabilize certain conformational populations of 

the receptor that produce several possible outcomes when coupled with agonist (e.g., 5-

HT) binding: (i) positive allosteric modulators (PAMs) increase the binding affinity and/or 

efficacy of orthosteric ligands, (ii) negative allosteric modulators (NAMs) decrease 

binding affinity and/or efficacy of the orthosteric ligand, and (iii) neutral allosteric ligands 

(NALs) bind to the allosteric site without actuating a change in orthosteric ligand binding 

or efficacy 380-382. Another important, yet understudied aspect of 5-HT2CR allosteric 

modulation is the potential leveraging of biased signaling (i.e., promotion of one signaling 

pathway over another at the same receptor) or probe dependence (differing signaling 

 

The allosteric ligand binds to a site (orange circle) that is distinctly different than the orthosteric 

site (blue circle) which accommodates the orthosteric ligand. Actual binding site locations are 

generally dictated by the specific GPCR family member. Allosteric modulators can modulate 

binding affinity (α) and/or efficacy (β) of orthosteric ligands in a positive (PAM) or negative 

manner (NAM), or may simply occupy the site as a neutral allosteric ligand (NAL). The nature 

of the modulation is determined by several features of signaling including the orthosteric ligand 

employed (i.e., probe dependence) as well as the ligand-dependent selectivity for certain 

downstream transduction mechanisms within a given cell (i.e., biased signaling). 
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outcomes based on the identity of the orthosteric ligand) on 5-HT2CR function, which may 

be exploited as a novel modality toward the treatment of complex neuropsychiatric 

disorders (Fig. 2.7) 383. Importantly, from a structural biology perspective, rapid progress 

is being made in the analysis of structural determinants for allosteric modulator function at 

well-studied GPCRs and a X-ray crystal structure of the 5-HT2CR is now available that is 

amenable to allosteric modulator docking and modelling 269, 384. From the pharmacology 

and medicinal chemistry perspectives, key concepts with regard to GPCR allosteric 

modulator discovery and development have been extensively analyzed and reported, with 

a major focus on mGluR and muscarinic receptor allosteric modulators 385, 386. These 

insights on how to approach the development of GPCR allosteric modulators lay the 

groundwork for the exploration of allosteric modulation at other GPCRs, including efforts 

to develop allosteric modulators for the 5-HT2CR 387
. 

Certain distinctive challenges exist in the development of GPCR allosteric 

modulators, which are applicable to the 5-HT2CR (see reviews) 85, 377, 388. For instance, less-

conserved allosteric sites across a subfamily of receptors (e.g., 5-HT2Rs) that are a result 

of decreased evolutionary pressure at these sites might lead to residue or structural 

differences in the allosteric site of the 5-HT2CR between species. Additionally, most drug 

discovery initiatives in this arena ascribe pharmacological profiles to discovered 

compounds based upon screening in cells expressing the human unedited (INI) 5-HT2CR, 

however, this is not the most abundant isoform localized in brain and the importance of the 

diversity of signaling afforded by RNA editing of the 5-HT2CR is left out of the equation 

of developing new ligands in this chemical space. The potential of probe dependence of 

novel 5-HT2CR allosteric modulators necessitates careful selection of orthosteric ligands 

for assays in which the endogenous ligand 5-HT is a preferred choice. However, efforts to 

selectively potentiate the FDA-approved anti-obesity medication and 5-HT2CR agonist 14 

at the 5-HT2CR over other 5-HT2Rs should preferentially employ 14 in cell-based screening 

assays. Further, allosteric modulator design may suffer from a featureless or “flat” 
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structure-activity relationship (SAR) if only binding affinity or efficacy are considered 

without appreciation of other parameters such as the cooperativity between the affinity and 

efficacy of the allosteric and orthosteric ligands. Elegant work has been accomplished to 

aid in the quantification of allosteric effects through the development of the “operational 

model of allostery”, which may be employed to aid analysis of SAR and appropriately 

define allosteric modulator mechanism 375. Given that 5-HT2CR agonists interact at the 

conserved orthosteric site of the receptor and, in general, 5-HT2CR agonists are of similar 

chemotypes, PAMs targeting a topologically distinct site may be ideal for the discovery of 

selective small molecules with expanded clinical utility. 

5. THE CURRENT STATE OF 5-HT2CR POSITIVE ALLOSTERIC MODULATORS  

The design of allosteric modulators for GPCRs is a relatively recent endeavor and 

interest in designing allosteric modulators for numerous, diverse GPCRs is increasing (see 

reviews) 1, 85, 374. Very few examples of allosteric modulators of 5-HTXRs are known. 

Provided with consistent evidence that activation of the 5-HT2CR will afford therapeutic 

benefits, it is presumed that 5-HT2CR PAMs will engender therapeutic benefits alongside 

the intrinsic advantages of allosteric modulation.  

The discovery of PNU-69176E (21) as the first known subtype-selective 5-HT2CR 

PAM was the result of an early, undescribed screening of a chemical library by Pharmacia 

(now Pfizer) in 1999 (Fig. 2.8) 45. Structurally, 21 is an analogue of the natural product 

antibiotic lincomycin (23) and a derivative of the clinically available clindamycin (24) 

(Fig. 2.8) 389. As such, 21 was likely the product of an antibiotic medicinal chemistry 

campaign. The compound consists of three readily identifiable fragments. At the core is a 

piperidinyl carboxamide displaying a 2,4-cis geometry. A distinct polar head (PH) moiety 

comprised of an α-D-galactopyranoside and an undecyl lipophilic tail (LT) contribute to 

the stereochemistry- and sp3-rich (tetrahedral) framework, a significant departure from 

known 5-HT2CR activators and small molecule therapeutics in general 46. The natural 
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product-like framework can allow for a more robust exploration of the chemical space in 

three-dimensions versus the typical sp2-rich (planar) carbon frameworks commonly 

employed in medicinal chemistry as a result of the current state of metal-mediated coupling 

chemistry. However, the calculated physicochemical parameters of 21 are less than ideal 

according to Lipinski’s Rule of Five [e.g., total polar surface area (TPSA) = 111.04, ClogP 

= 4.90, molecular weight (MW) = 537.21, hydrogen bond donors (HBD) = 5]. 

Figure 2.8 Early reported 5-HT2CR PAMs and the chemical family from which PNU-

69176E was derived 

 

Our team validated 5-HT2CR PAM activity for compound 21 via in-house synthesis 

and pharmacological characterization in a cell-based assay used to measure Cai
2+ release 

as a result of 5-HT2CR activation 46. Compound 21 potentiated Cai
2+ release evoked by 5-

HT [0.3 nM, a concentration that induced ~20% of maximal Cai
2+ release (EC20)] in cells 

stably expressing physiological levels of the unedited (INI), human isoform of the 5-

HT2CR. Subsequently, 21 or its diastereomer were added to provide titration curves used 

to elucidate the extent to which 21 potentiated Cai
2+ release in the presence of 5-HT 46. We 

 

(A) The earliest reported small molecules with allosteric modulatory activity at the 5-HT2CR are 

PNU-69176E (21) and oleamide (22). (B) PNU-69176E is an analogue of the natural product 

antibiotic lincomycin (23) and a derivative of the clinically available antibiotic clindamycin (24). 
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found that 21 enhanced 5-HT-induced Cai
2+ release over a range of concentrations. On the 

other hand, the diastereomer did not potentiate 5-HT2CR-mediated signaling under the 

same conditions, indicating a stereochemical requirement for the PAM activity. Consistent 

with PAM activity, 21 did not display intrinsic activity as a 5-HT2CR agonist. Furthermore, 

the 21 did not alter Cai
2+ release in cells stably expressing the highly homologous human 

5-HT2AR, underscoring that this scaffold-type can allow for subtype selective targeting of 

5-HT2Rs.  

An additional compound that was characterized in earlier work as an allosteric 

modulator of the 5-HT2CR was oleamide (22), the primary amide of oleic acid (Fig. 2.9). 

Structurally, oleamide contains a primary amide and a long hydrophobic tail that contains 

17 carbons and a cis-double bond at the 9-position. Compound 22 was discovered to exist 

in the cerebrospinal fluid of sleep-deprived cats and has been shown to modulate sleep in 

rats 387. Evidence of its de novo synthesis from rat brain microsomes has been reported 390-

392. This naturally occurring compound has been reported to exhibit a complex 

pharmacological profile interacting with systems including cannabinoid receptors and 

various 5-HTXRs 393, 394. Initial investigations illustrated that 22 positively modulated 5-

HT-induced 5-HT2AR- and 5-HT2CR-mediated chloride currents in Xenopus oocytes 395. A 

follow-up study demonstrated that 22 may act as an allosteric modulator at the 5-HT2AR 

by increasing 5-HT-induced potentiation of phosphoinositide hydrolysis in vitro while no 

effect was observed in the absence of 5-HT. Additionally, in the same study, 22 acted as a 

NAM at the 5-HT7R, leading to a decreased production of cyclic adenosine monophosphate 

(cAMP) in the presence of 5-HT. However, in the absence of 5-HT, 22 displayed partial 

agonist activity and promoted cAMP production via an allosteric site 396. An analysis of 22 

and related compounds was conducted to establish ligand subtype selectivity with respect 

to the 5-HT2AR versus the 5-HT1AR. Compound 22 displayed no selectivity and potentiated 

signaling through both receptor subtypes in the presence of 5-HT 394. In addition to 

functional modulation of the 5-HT7R, 22 induced a robust increase in 5-HT binding affinity 
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to the 5-HT7R orthosteric site  397. Behavioral pharmacological studies in rodents agree 

with the in vitro observations 392, 393, 398. Given the complex pharmacology of 22, further 

investigation into the optimization of this compound as a potential therapeutic is warranted.  

Figure 2.9 A new generation of 5-HT2CR PAMs has emerged 

 

Recently, three groups have embarked on drug discovery campaigns to identify 5-

HT2CR PAMs and as a result there are three new synthetic 5-HT2CR lead PAMs that display 

interesting scaffold diversity (Fig. 2.9). In a trend seen among other GPCR allosteric 

modulators, these compounds are characterized as generally lipophilic, with each 

displaying a CLogP greater than 4, as calculated by the BioByte algorithm via ChemDraw 

Professional. While lipophilic small molecules are understood to engender an enhanced 

ability to pass through the hydrophobic cell phospholipid bilayer and passively diffuse into 

the CNS, additional pharmacodynamic obstacles are faced when compounds are highly 

lipophilic 399. Thus, these 5-HT2CR PAMs represent the beginning stages of drug discovery 

in this space. 

López-Rodríguez and colleagues reported the first of the recent synthetic 5-HT2CR 

PAMs, VA012 (25), in a manuscript published in 2017 (Fig. 2.9) 43. The team from Vivia 

Biotech implemented a proprietary high-throughput screening method based on whole-cell 

 

The lead compounds from recent 5-HT2CR PAM discovery projects include VA012 (25), 26, and 

CYD-1-79 (27) respectively. The CLogPs are reported to demonstrate that elevated lipophilicity 

is common among these newly discovered 5-HT2CR PAMs. 
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flow cytometry, termed ExviTech, in which ~1,600 small molecules from an in-house 

library were screened against the 5-HT2CR at 10 µM concentration in HeLa cells stably 

expressing physiological levels of the human 5-HT2CR. In the same manner, hits from the 

5-HT2CR-based assay were counter-screened at the 5-HT2AR and 5-HT2BR. Hit compound 

activity was validated via a functional cell-based assay designed to measure IP1 levels, a 

well-known component of the Gαq signaling cascade. The reported compounds are 

characterized by a common 1-benzyl-1H-indole scaffold with various cyclic and 

heterocyclic moieties substituted at the 3 position. The necessity of an aromatic moiety at 

the indole 1 position was probed by substituting a cyclopropane ring in this position, which 

resulted in loss of PAM activity. The project yielded 25, which was subsequently evaluated 

for off-target effects showing no effects in a GPCR panel and brain penetration showing a 

brain-plasma ratio of 3.8 after 120 min at 10 mg/kg in rodents. In an in vitro IP1-based 

functional assay, 25 potentiated a 5-HT-induced functional response in a concentration-

dependent manner at the 5-HT2CR and did not display significant 5-HT binding inhibition 

at 10 µM, as tested in an in vitro competition binding assay. In vivo, 25 reduced food intake 

and body weight gain in a rodent feeding model without producing CNS-related malaise 

or resulting in taste aversion to 25. These results support the assertion that 5-HT2CR PAMs 

may hold therapeutic potential for obesity.  

Our group reported a different strategy towards identifying novel 5-HT2CR PAMs 

in 2019 381. Following on our work characterizing 21, we sought to deconstruct this hit into 

a simplified pharmacophore in which a piperidine core was flanked by an undecyl carbon 

chain at the 4 position and a simplified alcohol connected by an amide linker at the 2 

position 46. Our primary goal was to improve the drug-likeness of 21, which was already 

shown to be subtype selective, by replacing the complex α-D-galactopyranoside with a 

simplified fragment that retained activity to investigate the therapeutic potential of 5-

HT2CR PAMs in vivo. The resulting lead compound, CYD-1-79 (27), was discovered by 

substituting a propanediol moiety in place of the α-D-galactopyranoside, which engendered 
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a more drug-like profile and improved synthetic scale-up feasibility. Compound 27 was 

confirmed to be an in vivo rodent model candidate following in vitro pharmacological 

evaluation, off-target panel screening, and pharmacokinetic/pharmacodynamic profiling 

(Fig. 2.9).  

Specifically, 27 enhanced in vitro 5-HT2CR functional response to 5-HT in a 

concentration-dependent manner and was inactive in a similar assay at the 5-HT2AR. A 

radioligand competition binding assay was used to profile off-target interactions and 

resulted in no significant binding inhibition at any 5-HTXR family member. Compound 27 

was assessed in a battery of rat behavioral assays following an in vivo rat pharmacokinetic 

evaluation that showed reasonable oral bioavailability (F% = 39.1) and half-life (T1/2 = 

5.82 ± 0.37 h). We found that 27 suppressed motor activity in the presence of exogenous 

5-HT2CR stimulation with the selective 5-HT2CR agonist 16. In rats trained to discriminate 

the 5-HT2CR agonist 16 from saline, compound 27 partially substituted for 16 and 

synergized with a low dose of 16 to substitute fully for the stimulus effects of 16. Given 

that the drug discrimination assay has face validity for modeling the subjective effects of 

drugs that penetrate the blood-brain barrier and has been employed to establish allosteric 

modulator effects on the interoceptive effects of receptor-selective agonists, these data 

support the contention that 27 is a 5-HT2CR PAM 400-402. Lastly, in a cocaine self-

administration model in rats, 27 suppressed cocaine-seeking provoked by exposure to the 

cocaine-taking environment and cocaine-associated cues. The sensitivity to cocaine-

associated cues increases the risk of craving and relapse during abstinence, thus, these 

findings suggest that 27 may provide value as a therapeutic strategy to extend recovery in 

CUD. 

The latest 5-HT2CR PAM in this trio is 26 which was reported by Yadav and 

colleagues in 2019 (Fig. 2.9) 403. This work identifies a phenyl cyclopropyl-linked N-

heterocycle pharmacophore as producing multiple derivatives with PAM activity at the 5-

HT2CR and one compound (26) with additional NAM activity at the 5-HT2BR. Robust SAR 
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studies were reported for their scaffold of interest, however the origin of this 

pharmacophore and the rationale for designing N-heterocycle compounds as potential 5-

HT2CR PAMs was not fully disclosed. Interestingly, using an in vitro luciferase-based 

assay, 27 was shown to enhance 5-HT-mediated functional response at the 5-HT2CR up to 

139% Emax, while additionally reducing 5-HT potency at the 5-HT2BR with no effect on 5-

HT Emax at the 5-HT2BR. In agreement with its in vitro characterization as a 5-HT2CR PAM, 

26 decreased food intake with approximately equivalent efficacy as lorcaserin in Sprague 

Dawley rats. Thus, this report provides additional in vivo evidence that 5-HT2CR PAMs 

may prove to be therapeutically important molecules for obesity and additional 

optimization should proceed.  

6. CONCLUSION AND FUTURE DIRECTIONS  

The 5-HT2CR is an important clinical target for obesity and several chronic 

pathological disorders 382, and will certainly continue to be actively pursued for therapeutic 

development as well as further study of the complex neurobiology that is coordinated 

through the 5-HT2CR. One such aspect that requires further study is the signaling and 

trafficking mechanisms of class A GPCRs in their oligomeric forms. Specifically for the 

5-HT2CR, it is important to understand the functional implications of homodimerization 

(two 5-HT2CR proteins) or heterodimerization (one 5-HT2CR protein interacting with, for 

example, one 5-HT2AR protein), which is only beginning to be unraveled by a few research 

groups 292, 293, 404. As new biological information is available, medicinal chemists will be 

enabled to strategically design new compounds to modulate oligomerization or biased 

signaling, which may lead to future breakthrough therapies. The 5-HT2CR PAMs reported 

to date share an interesting characteristic in that significant increases in 5-HT efficacy 

(Emax), but not potency, at the 5-HT2CR are observed in vitro. Observations such as this 

will direct structural biology studies in the future to investigate conformational shifts 

responsible for efficacy increases and solving the structure of a PAM-agonist-5-HT2CR co-
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complex will provide valuable information towards this goal. It is conceivable that a 

structure such as this will be available in the coming years due to recent successes in 

solving 5-HT2CR active and inactive state crystal structures 269. Additionally, the discovery 

of 5-HT2CR PAMs that enhance 5-HT potency will enable the investigation of similar or 

contrasting in vivo effects compared to 5-HT2CR PAMs that enhance 5-HT efficacy alone. 

In light of the complex modulatory role for the 5-HT2CR in neurobiological processes, a 

diverse array of ligand modulation modalities should improve our understanding of the 

specific ligand profiles needed to pursue clinical endpoints.   

As an important therapeutic target for diverse neurological and psychiatric 

disorders, medicinal chemists should pursue diverse mechanisms of receptor engagement 

at the 5-HT2CR and groups have begun to rise to this challenging task. For agonist 

discovery, expansion of available pharmacophores is critically important and significant 

work towards this goal was recently reported by Wacker and co-workers at Bristol-Myers 

Squibb utilizing an orthosteric-site mutant version of the 5-HT2CR. Additionally, further 

investigation into the complexity of 5-HT2CR signaling and oligomerization, as studied 

recently by Cunningham and colleagues 372 will help guide future compound design. In 

conclusion, there has been considerable recent progress in targeting the 5-HT2CR, as shown 

by the FDA-approved agonist 14, yet significant gaps in understanding 5-HT2CR biology 

remain as do pharmacophore challenges for medicinal chemists in moving towards safer, 

more efficacious clinical therapies targeting the 5-HT2CR.  
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Abstract 

 

Targeting the serotonin (5-HT) 5-HT2C receptor (5-HT2CR) allosteric site to 

potentiate endogenous 5-HT tone may provide novel therapeutics to alleviate the impact of 

costly, chronic diseases such as obesity and substance use disorders. Expanding upon our 

recently described 5-HT2CR positive allosteric modulators (PAMs) based on the 4-

alkylpiperidine-2-carboxamide scaffold, we optimized the undecyl moiety at the 4-position 

with variations of cyclohexyl- or phenyl-containing fragments to reduce rotatable bonds 

and lipophilicity. Compound 12 (CTW0415) was discovered as a 5-HT2CR PAM with 

improved pharmacokinetics and reduced off-target interactions relative to our previous 

series of molecules. The in vivo efficacy of compound 12 to potentiate the effects of a 

selective 5-HT2CR agonist was established in a drug discrimination assay. Thus, 12 is 

reported as a 5-HT2CR PAM with characteristics suitable for in vivo pharmacological 

studies to further probe the biological and behavioral mechanisms of allosteric modulation 

of a receptor important in several chronic diseases.  
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1. INTRODUCTION 

Neuropsychiatric and metabolic disorders currently encompass exceedingly costly 

and intractable diseases both in the U.S. and worldwide. Indeed, obesity and substance use 

disorders (SUDs) can manifest as chronic conditions that dramatically reduce life 

expectancy. The serotonin (5-HT) 5-HT2C receptor (5-HT2CR) is a central nervous system 

(CNS) G protein-coupled receptor (GPCR) that modulates key disease-related neurological 

pathways and behaviors.406 For example, 5-HT2CR agonists suppress food intake and 

increase satiety in humans and animals,319, 324-326, 407 and preclinical studies indicate a major 

role for the 5-HT2CR in modulating the rewarding and incentive-salience value of 

psychostimulants (e.g., cocaine), ethanol, and opioids as well as behavioral factors 

predictive of relapse during recovery from SUDs.237, 298, 311, 330, 331 In human studies, the 5-

HT2CR agonist lorcaserin improved tobacco smoking cessation rates, while also decreasing 

corticolimbic activation evoked by presentation of palatable food cues, thus implicating 

the 5-HT2CR as a potential drug target to treat disorders characterized by reward and cue-

associated events.339, 340 Therefore, the 5-HT2CR is a promising therapeutic target at the 

intersection of disinhibited behaviors that contribute to obesity and SUDs, and a 

pharmacotherapy that could aid in the successful treatment of SUDs would represent a 

first-in-class drug.349, 350 

Selective targeting of the 5-HT2CR remains challenging since each of the 13 5-HT 

GPCR subtypes accommodates 5-HT at a conserved orthosteric binding site. Among the 

5-HT2R subtypes (5-HT2AR, 5-HT2BR, and 5-HT2CR), 5-HT2CR selectivity is necessary to 

avoid the potential for  hallucinations or cardiac valvulopathy that may occur from 5-

HT2AR or 5-HT2BR stimulation, respectively.351, 352 One possible strategy to achieve 

selective 5-HT2CR modulation is the rational design of positive allosteric modulators 

(PAMs).266 By targeting a binding site that is spatially distinct from the conserved 5-HT 

orthosteric site, divergent residues or topological surfaces may be exploited to achieve 5-
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HT2CR selectivity while enhancing the functional response to 5-HT.383 This strategy has 

been employed for numerous class A GPCRs1 and specifically for the discovery of 5-

HT2CR PAMs by our group and others (Figure 3.1).43, 45, 46, 381, 403 

Figure 3.1 Highlighted compounds resulting from the search for synthetic small 

molecule 5-HT2CR PAMs 

 

Our previously described 5-HT2CR PAMs were obtained by an iterative exploration 

and optimization process beginning with the initial 5-HT2CR PAM small molecule PNU-

69176E (1). The first priority in this process was the simplification of the α-D-

galactopyranoside fragment, termed the polar head (PH), to provide a more drug-like 

compound for in vitro and in vivo proof of concept studies (Figure 3.2). From this effort, 

CYD-1-79 (3) was obtained and characterized as a selective 5-HT2CR PAM (Figure 

3.1).381 The PH moiety of 3 was modified to retain 5-HT2CR PAM activity while 

engendering decreased molecular weight and complexity. Next, changes to the undecyl 

substituent at the 4-position of the piperidine, which is termed the lipophilic tail (LT), were 

 1 

 2 

Highlighted compounds resulting from the search for synthetic small molecule 5-HT2CR PAMs. 3 
Highlighted here are lead compounds from the published 5-HT2CR PAM drug discovery 4 

campaigns. The ClogP, calculated in ChemDraw 18.0, for each compound displays a trend in high 5 
lipophilicity. 6 
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probed as an option for further improvements. In the current study, we chemically modified 

the LT position with shorter, compact fragments to reduce lipophilicity while maintaining 

5-HT2CR PAM activity (Figure 3.2). Additionally, we rationalized that the compact LT 

substituents would reduce the number of rotatable bonds and improve the drug-likeness of 

the 4-alkylpiperidine-2-carboxamide scaffold, which was further demonstrated by the 

calculated physicochemical properties for the synthesized test compounds herein. 

Importantly, modifying the undecyl LT position with compact, cyclic moieties – providing 

increased structural rigidity – yielded small molecules that are advantageous for 

computational molecular modeling and docking studies to ultimately illuminate features of 

the 5-HT2CR PAM binding site. 

Figure 3.2 Medicinal chemistry strategy to achieve optimized 5-HT2CR from PNU-

69176E (1) 

 

2. RESULTS AND DISCUSSION 

 1 

Medicinal chemistry strategy to achieve optimized 5-HT2CR PAMs from PNU-69176E (1). A 2 

lincomycin derivative, PNU-69176E (1), was the first synthetic small molecule reported to 3 

allosterically modulate the 5-HT2CR. Subsequent work has focused on chemical modifications of 4 

the polar head (PH) and the lipophilic tail (LT) to engender drug-like properties. 5 
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Chemistry. Allosteric modulation of the 5-HT2CR is a new endeavor with a small 

number of probe compounds identified in recent years.43, 381, 403 Our chemical approach is 

focused on the optimization of our previously reported compound 3. Elevation of 

intracellular calcium (Cai
2+) release is a key downstream impact of 5-HT2CR activation 

which is oft utilized as a readout in functional cellular assays.273 Compound 3 was shown 

to enhance Cai
2+ release ~23% above the maximal effect of 5-HT alone in Chinese hamster 

ovary (CHO) cells stably transfected with human (h)5-HT2CR. In the absence of 5-HT, 3 

had no effect on Cai
2+ release, indicating the PAM nature of this compound. Compound 3 

also exhibited in vivo efficacy to decrease locomotor activity and suppress cocaine-seeking 

during abstinence from cocaine self-administration in rats; 3 potentiated the substitution of 

low doses of the 5-HT2CR agonist WAY163909 in a drug discrimination assay.381 

Therefore, the 1,2-diol moiety in the PH position of 3 was considered a privileged fragment 

and was retained. Additional PH fragments were employed in the following chemical series 

based upon their previously observed activity or inactivity as a basis of comparison. 

Figure 3.3 The volume, not length, of the undecyl moiety on PNU-69176E (1) and CYD-

1-79 (3) may contribute to 5-HT2CR PAM activity 

 

Initial structure-activity relationship (SAR) studies of compound 1 showed that 

shorter alkyl chains (methyl to n-methyl groups) as LTs failed to exert positive allosteric 

 1 
The volume, not length, of the undecyl moiety on PNU-69176E (1) and CYD-1-79 (3) may 2 
contribute to 5-HT2CR PAM activity. Compounds 1 and 3 favor similar minimized conformations 3 

which leads to overlapping hydroxyl moieties in the PH and to a folded substructure for the undecyl 4 
LT. The preferred, contracted substructure for the undecyl LT suggests that hydrophobic volume 5 
is important. 6 
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modulatory actions at the 5-HT2CR45, however we reasoned that the volume of the LT, not 

the length, may play a role in compound activity. This hypothesis was based partially upon 

in silico ligand minimization and electrostatic complementarity experiments comparing 

compound 1 with compound 3 (Figure 3.3). First, the modeling shows how the 

replacement of the α-D-galactopyranoside PH fragment with the simplified 1,2-diol 

fragment found in 3 retains key hydroxyl group orientations and thus potentially conserve 

H-bond partners and interaction distances. Second, the minimized alignment of the undecyl 

LT fragments are shown in a conformation that suggests an exploitation of a hydrophobic 

binding pocket due to lipophilic volume. Thus, we designed new small molecules to 

incorporate shorter LTs with aromatic and aliphatic rings able to provide a comparable 

volume to the longer alkyl chain counterparts. Crucially, these new analogues reduce the 

overall number of rotatable bonds and engender enhanced drug-like properties and 

development potential. 

Scheme 3.1 Synthesis of CYD-1-79 analogues with compact phenyl or cyclohexyl LTs 

 

Similar to our previously established synthetic route, a six-step protocol from 5 

affords the target compounds.46, 381 The iodinated ester of picolinic acid (5) underwent 

Suzuki (Scheme 3.1) or Sonogashira coupling (Scheme 3.2) to provide incorporation of 

various LTs that included aromatic rings (e.g., phenyl, phenethyl, 4’-methylphenethyl, and 

 1 

Reagents and conditions: a) phenylboronic acid, Pd(PPh3)4, Na2CO3, EtOH/H2O/PhMe = 2:1:1, reflux. b) 2 
H2, PtO2, HCl/MeOH/H2O, rt, 16 h. c) (Boc)2O, Et3N, MeOH, rt, 16 h. d) LiOH, THF/H2O (v/v = 2:1), rt, 3 
48 h. e) amino alcohols, HBTU,  DIPEA, DMF, rt, 16 h. f) TFA, CH2Cl2, rt. 4 
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4’-t-butylphenethyl fragments). Metal-catalyzed hydrogenation, Boc-protection, and 

hydrolysis readily provided the (cis-2,4)-piperidyl carboxylic acids 9-10 and 25-28. As a 

result of the metal-catalyzed reduction conditions, the pyridine ring was consistently 

reduced, whereas the aromatic LTs either did not undergo hydrogenation or were fully 

reduced into separable products. Therefore, isolable aliphatic versions of the aromatic LTs 

were obtained, and upon HBTU-mediated coupling to suitable amines and N-Boc 

deprotection, target compounds 11-17 and 29-39 were obtained. All isomers with the 2-

amino-1-phenyl-1,3-propanediol PH were separable, consistent with our previous 

report.381 All other compounds were an inseparable mixture of isomers and were tested as 

such (Schemes 3.1 & 3.2). 

Scheme 3.2 Synthesis of CYD-1-79 analogues with phenethyl, ethylcyclohexyl, or 

substituted phenethyl LTs 

 

Compound Screening In Vitro. A highly characterized intracellular pathway of 

the 5-HT2CR is the activation of phospholipase Cβ via Gαq/11 proteins leading to the 

production of inositol-1,4,5-trisphosphate and diacylglycerol, resulting in increased Cai
2+ 

release from intracellular stores.264 Therefore, the functional characterization of these 

synthetic compounds was determined using a fluorescence-based, in vitro Cai
2+ release 

 1 

Reagents and conditions: a) Phenylacetylenes, CuI, Pd(PPh3)2Cl2, Et3N, rt, 12 h. b) H2, PtO2, 2 
HCl/MeOH/H2O, rt, 16 h. c) (Boc)2O, Et3N, MeOH, rt, 16 h. d) LiOH, THF/H2O (v/v = 2:1), rt, 48 h. e) 3 
amino alcohols, HBTU,  DIPEA, DMF, rt, 16 h. f) TFA, CH2Cl2, rt. 4 
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assay to measure activation of the 5-HT2CR signaling pathway. The Cai
2+ release assay was 

conducted in Chinese hamster ovary (CHO) cells stably transfected with the human 5-

HT2CR (unedited INI isoform; h5-HT2CR-CHO cells). The maximum 5-HT-induced Cai
2+ 

release (Emax) was measured and normalized to 100% response. All test compounds were 

assessed in 4-6 biological replicates, each conducted in technical triplicates and results are 

shown relative to the Emax of 5-HT alone. Compound 1 increased 5-HT-evoked release in 

titration studies and evoked a leftward shift of the 5-HT-evoked Cai
2+ response curve.46 

Therefore, the initial compound screen was conducted at 1 nM to determine the extent to 

which compounds enhanced Cai
2+ release elicited by increasing concentrations of 5-HT in 

h5-HT2CR-CHO cells. The h5-HT2CR-CHO cells were pretreated for 15 min with each test 

compound to determine intrinsic agonist activity in each assay. None of the compounds 

tested exhibited intrinsic activity to induce Cai
2+ release in h5-HT2CR-CHO cells in the 

absence of 5-HT. The assessment of compounds tested in the Cai
2+ release assay in h5-

HT2CR-CHO cells is summarized in Table 3.1 and Table 3.2, and all concentration 

response curve shift plots are in this manuscript’s supplemental figures. 

Of the 22 compounds tested, several displayed 5-HT2CR PAM activity comparable 

to the previously reported 3 which displayed an approximate 23% increase in the Emax for 

5-HT-induced Cai
2+ release in h5-HT2CR-CHO cells.381 Compounds (2S,4R)-11 and 

(2R,4S)-11 included a phenyl ring as the LT and incorporated a (1S,2S)-2-amino-1-phenyl-

1,3-propanediol PH (Table 3.1). In our previous report, when combined with an undecyl 

LT, the (1S,2S)-2-amino-1-phenyl-1,3-propanediol PH displayed negative allosteric 

modulatory (NAM) activity in (2S,4R) conformation.381 However, (2S,4R)-11 showed no 

activity while (2R,4S)-11 displayed modest allosteric activity in the Cai
2+ assay. 

Intriguingly, both 12 and 13, which incorporate an isomer [(S)-1,2-diol] of the same 1,2-

diol moiety PH as compound 3, displayed 5-HT-evoked Emax values of 127.4 ± 8.79% 

(p<0.05; Figure 3.4A) and 117.9 ± 4.71% (p<0.05), respectively, close to the activity seen 

for 3 (123.2 ± 4.1%, p<0.05).381 This outcome was observed even though the new 



 

135 

analogues possess a phenyl ring and a cyclohexyl ring as the LT (12 and 13, respectively), 

which is an extreme departure from the eleven-carbon tail in our previously reported 

compounds. These findings provide additional confirmation that the 1,2-diol moiety is a 

privileged fragment. The 1,3-propandiol as a PH did promote PAM activity when coupled 

with a phenyl LT (14, 118.8 ± 2.92%, p<0.05; Figure 3.4B). The same PH with a 

cyclohexyl LT (15) and the retention of the phenyl or cyclohexyl LT with incorporation of 

a morpholino with a two-carbon spacer (16 and 17, respectively) did not result in positive 

allosteric effects. 

Table 3.1 Effects of 4-alkylpiperidine-2-carboxamide derivatives (1 nM) on 5-HT-

induced Cai
2+ release in h5-HT2CR-CHO cells 

Compound 

Number 
LT PH 

Emax RFU 

(% 5-HT)a 

(2S,4R)-11 
 

 

102.9 ± 7.67 

(2R,4S)-11 
 

 

118.2 ± 2.39* 

12 
  

127.4 ± 8.79* 

13 
  

117.9 ± 4.71* 

14 
  

118.8 ± 2.92* 

15 
  

119.1 ± 10.20 

16 
  

113.6 ± 7.72 

17 
  

121.4 ± 12.16 
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Figure 3.4 Effects of select compounds with shortened lipophilic tail (LT) moieties 

provide evidence that hydrophobic volume contributes to target 

engagement. 

 

Utilization of the PHs while incorporating either phenethyl or ethylcyclohexyl LTs 

resulted in a series of molecules with a range of activity (~94% - ~117%) dependent upon 

the type of PH incorporated (Table 3.2). Positive allosteric effects were not seen with the 

1,2-diol and 1,3-diol PHs with either aforementioned LT (compounds 30 – 33). For both 

the ethylcyclohexyl and phenethyl LT, the two-carbon spaced morpholino as the PH did 

not produce PAM effects (34, 36). However, the addition of the morpholino with a three-

carbon spacer did produce PAM effects, suggesting there is a length requirement for 

morpholino fragment compounds (35, 118.2 ± 3.61%, p<0.05; Figure 3.4C; 37, 117.9 ± 

5.90%, p<0.05; Figure 3.4D). An increase in the length and volume of the LT via the 

inclusion of a t-butyl or methyl in the 4-position of the phenethyl LT did not lead to active 

compounds (38 – 39), an interesting finding given previous suggestions that LT length is 

 1 

Effects of select compounds with shortened lipophilic tail (LT) moieties provide evidence that 2 

hydrophobic volume contributes to target engagement. Data are plotted for compounds 12 (A), 14 3 

(B), 35 (C), and 37 (D). The effects of these compounds on 5-HT-induced Cai
2+ release in h5-4 

HT2CR-CHO cells are shown in the absence (black) and presence of the test compound (red) 5 

against the concentration-response curve for 5-HT. The assessment of vehicle (HBSS, blue circle), 6 

or vehicle with test compound (green triangle) is also illustrated. 7 



 

137 

a critical component of PAM activity for this chemotype.45 These data reinforce the notion 

that a diol moiety PH, specifically an (S)-1,2-diol fragment, is an important structural 

element in 5-HT2CR PAMs (compounds 3 and 12) and that the 5-HT2CR PAM 

pharmacophore is accepting of compact, cyclic LTs. 

Table 3.2 Effects of 4-alkylpiperidine-2-carboxamide derivatives (1 nM) on 5-HT-

induced Cai
2+ release in h5-HT2CR-CHO cells 

Compound 

Number 
LT PH 

Emax RFU 

(%5-HT)a 

(2S,4R)-29 
 

 

109.8 ± 2.29* 

(2R,4S)-29 
 

 

108.7 ± 7.91 

30 
  

108.5 ± 7.41 

31 
  

109.7 ± 8.42 

32 
  

101.0 ± 5.26 

33 
  

106.4 ± 6.75 

34 
  

110.2 ± 6.68 

35 
  

118.2 ± 3.61* 

36 
  

94.2 ± 2.48 

37 
  

117.9 ± 5.90* 

(2S,4R)-38 
  

114.7 ± 10.10 

(2R,4S)-38 
  

106.7 ± 10.25 

(2R,4S)-39 
 

  

98.9 ± 4.15 
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(2S,4R)-39 
 

 

99.3 ± 2.15 

 

Compared to 3, in vitro characterization of 12 displayed a similar increase in the 

Emax of 5-HT-induced Cai
2+ release in the absence of a leftward shift in the EC50, indicating 

that 12 improved the efficacy of 5-HT without a change in potency for 5-HT at the 5-

HT2CR. Compound 12 was counter-screened in h5-HT2AR-CHO cells and no alteration in 

the Emax or EC50 of 5-HT-induced Cai
2+ release was observed (Table 3.3). Likewise, the 

additional compounds [(2R,4S)-11, 13, 14, 29, 35, 37] that were validated in vitro as 5-

HT2CR PAMs did not significantly alter the Emax or EC50 of 5-HT-induced Cai
2+ release in 

h5-HT2AR-CHO cells. Thus, the herein identified 5-HT2CR PAMs exhibit selectivity 

against 5-HT2AR in vitro. 

Table 3.3 Effects of active 5-HT2CR PAMs (1 nM) on 5-HT-induced Cai
2+ release in h5-

HT2AR-CHO cells 

Compound 

Number 
LT PH 

Emax RFU 

(%5-HT)a 

(2R,4S)-11 
 

 

102.6 ± 2.81 

12 
  

103.4 ± 5.79 

13 
  

97.8 ± 2.44 

14 
  

99.3 ± 1.58 

29 
 

 

103.9 ± 2.22 

35 
  

97.2 ± 4.64 

37 
  

97.9 ± 1.99 
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Molecular Modeling and Docking of 5-HT2CR PAMs. The narrow range of the 

elevated Emax values resulting from our 5-HT2CR PAMs suggests a conserved positive 

allosteric modulatory mechanism, likely originating from binding to a shared allosteric 

binding site. To probe possible binding sites the Schrödinger Drug Discovery Suite was 

used for modeling the 5-HT2CR and for docking the 5-HT2CR PAM molecules. This effort 

utilized the recently reported 5-HT2CR X-ray crystal structure in complex with the 

orthosteric agonist ergotamine (PDB: 6BQG).269 Ergotamine is larger than the 5-HT2CR 

endogenous agonist 5-HT and ergotamine interacts with numerous 5-HT2CR residues 

throughout the transmembrane domains (TM) and extracellular loop 2 (ECL2). In this 

context, PAM docking protocols are improved due to the stabilization and resultant 

enhanced atomic resolution in the outer regions of the TM as well as the ECL2. However, 

to obtain a docking model that is representative of the 5-HT2CR conformation encountered 

by 5-HT2CR PAMs in vitro and in vivo, the Schrodinger Induced Fit Docking (IFD) utility 

was used to replace ergotamine with 5-HT and allow ligand-induced conformational 

flexibility. Briefly, the X-ray crystal structure of ergotamine-5-HT2CR (PDB: 6BQG) was 

preprocessed and optimized with the Schrödinger Protein Preparation Wizard using default 

settings and each ligand (5-HT and 5-HT2CR PAMs) was prepared with the LigPrep tool 

to generate 3D conformations for docking. Serotonin was docked to the 5-HT2CR 

orthosteric site via IFD with a Glide grid centered on the ergotamine indole N atom and 

default values for sidechain and residue flexibility. The resultant 5-HT-5-HT2CR complex 

model (Figure 3.5) was checked against published site-directed mutagenesis studies to 

assess 5-HT orientation accuracy and was subsequently used for the remaining ligand 

docking.408  
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Figure 3.5 Molecular docking illustrates the considerable overlap in ligand poses of six 

5-HT2CR PAMs 

 

Selected compounds that displayed in vitro 5-HT2CR PAM functional activity were 

docked to the 5-HT-5-HT2CR complex model using Glide XP precision and IFD without 

designated exclusion parameters, as the model contained a 5-HT molecule to block the 

interaction of PAMs with the orthosteric binding site. Scoring functions (GScore) and 

biological and chemical rationales were used for ligand pose clustering and selection. The 

result upon docking six PAMs [12, 13, 14, (2S,4R)-29, 35, 37] to the 5-HT-5-HT2CR model 

is a striking display of conformational agreement at a spatially distinct allosteric site 

(Figure 3.5). The distance between the 5-HT indole N-atom and the piperidine ring N-

atom from the core of 12 is 13.5 Å. Surface mapping using electrostatics and polarity was 

used for further docking site characterization with 12, which shows that the allosteric site 

is positioned near extracellular-facing regions of the 5-HT2CR (Figure 3.6A). Additionally, 

the PAM orientation reaches across the transmembrane bundle from a lipophilic pocket 

between TM2 and TM3 towards polar residues located in TM6 and TM7 (Figure 3.6B). 

Interestingly, the lipophilic and polar surfaces of the docking site correspond to the LT and 

 1 

Molecular docking illustrates the considerable overlap in ligand poses of six 5-HT2CR PAMs. Six 2 

small molecules with a 5-HT2CR PAM profile are represented in different colors along with the 3 

endogenous agonist 5-HT. A representative pose for each 5-HT2CR PAM was selected rationally 4 

from a top-scoring, enriched cluster docked to the 5-HT2CR X-ray crystal structure (PDB: 6BQG). 5 

A measurement from the 5-HT (magenta) indole N atom to the piperidine core N atom of 6 

compound 12 was found to be 13.5 Å (illustrated by the dashed line). 7 
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PH moieties that have been featured in all active 5-HT2CR PAMs throughout our discovery 

and optimization efforts. 

Figure 3.6 Docking site surface mapping illustrates the distinct location of the proposed 

allosteric site in relation to 5-HT bound to the 5-HT2CR. 

 

The depth of the lipophilic pocket between TM2 and TM3 drew our attention and 

likely provides a volume for anchoring the PAM LT. A comparison of docking poses of 

the 4-phenyl substituted 12 and the 4-cyclohexyl substituted 13 (Figure 3.7A) reveals an 

aromatic, π-π stacking interaction between 12 and TRP130 located in TM3 (Figure 3.7B), 

which is not present with the non-aromatic 13 and may prove to be an important feature of 

the lipophilic pocket. Of note, when viewing compounds 35 and 37 (Figure 3.5), which 

contain a less polar morpholine PH and differ by an ethylcyclohexyl or phenethyl 

respectively, the presence of an aromatic interaction between TRP130 and 37 may result 

in the phenethyl preferentially occupying the lipophilic pocket. Contrarily, 35 is unable to 

form an aromatic interaction with TRP130 in the lipophilic pocket and results in a flipped 

pose in which the morpholine occupies the lipophilic pocket. Consistent with our previous 

docking results for 3,381 compound 12 forms contacts with SER334 in TM6 and a residue 

 1 

Docking site surface mapping illustrates the distinct location of the proposed allosteric site in 2 

relation to 5-HT bound to the 5-HT2CR. (A) The side profile view of 5-HT2CR with the protein 3 

surface illustrated around the allosteric docking site in the transmembrane helical bundle. 5-HT 4 

(magenta) can be seen below the surface illustration. (B) Docking pose of 12 (green) is shown 5 

bridging the helical bundle at a site distinct from 5-HT. (5-HT2CR PDB: 6BQG) 6 
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in the ECL2 (Figure 3.7B). Reducing the length and rotatable bond number in the LT of 

12 may have allowed for an optimized binding orientation with the number of molecular 

contacts increasing accordingly compared to 3. Figure 3.7B shows the interaction diagram 

for 12 and includes an aromatic interaction with TRP130 (TM3), an H-bond interaction 

between the ionizable N atom of the piperidine ring and CYS207 (ECL2), H-bond 

interactions between the amide NH, 1,2-diol hydroxy group and ASN351 (TM7), and an 

H-bond interaction between the remaining 1,2-diol hydroxy group and SER334 (TM6). 

The 4-cyclohexyl substituted 13 (Figure 3.7C) lacks the π-π stacking ability of 12 while 

retaining activity; thus, suggesting the aromatic interaction is not a major contributor to 

functional activity. Additionally, the piperidine core configuration of 12 (2R,4S) as docked 

is notably different than that of 13 (2S,4R), and, among 5-HT2CR PAMs that returned 

rational poses, there was no consensus for the preferred conformation. Thus, these findings 

suggest that the piperidine core may not be critical for binding or functional activity once 

the PH and LT are in favorable positions.  

Figure 3.7 Docking demonstrates aromatic or aliphatic compact LTs orient towards the 

hydrophobic pocket between TM2 and TM3 of the 5-HT2CR. 

 

Following the prediction of a conserved allosteric docking site via the Schrodinger 

Drug Discovery Suite, an additional in silico methodology was employed to predict 

 1 

Docking demonstrates aromatic or aliphatic compact LTs orient towards the hydrophobic pocket 2 

between TM2 and TM3 of the 5-HT2CR. (A) This view features a cutaway of the surface 3 

illustration to show how the phenyl and cyclohexyl LTs of 12 (green) and 13 (blue) occupy a 4 

hydrophobic pocket within the transmembrane helical bundle. (B) Predicted interactions formed 5 

by docking 12 including a possible aromatic interaction with TRP130 in the hydrophobic pocket. 6 

(C) Predicted interactions formed by docking 13. (5-HT2CR PDB: 6BQG) 7 
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possible allosteric binding sites on the 5-HT2CR without a priori PAM structural 

information. AlloSitePro is a computational tool featuring a support vector machine (SVM) 

decision engine based on topological and physicochemical properties of the binding 

pocket.409 Thus, this methodology provides a ligand-independent allosteric site prediction, 

whereas by definition, docking provides a ligand-dependent allosteric site prediction. The 

web-based AlloSitePro was initiated using the ergotamine-5-HT2CR complex X-ray crystal 

structure (PDB: 6BQG). The coordinates for predicted allosteric binding site volumes were 

translated into magenta-colored sphere representation and superimposed on the molecular 

docking model (Figure 3.8A-B). When viewed simultaneously, the allosteric docking site 

surface map and the allosteric site prediction coordinates are highly convergent, providing 

further support for the described, putative 5-HT2CR allosteric site (Figure 3.8A). 

Figure 3.8 Comparison of the allosteric binding site surface map and an independent 

allosteric binding site prediction program for the 5-HT2CR model. 

 

 1 

Comparison of the allosteric binding site surface map and an independent allosteric binding site 2 

prediction program for the 5-HT2CR model. (A) Composite model displaying docking site protein 3 

surface and predicted allosteric site volume (magenta balls) seen via cutaway to visualize the 4 

overlap between the models. (B) The volume (magenta) determined to be a probable binding 5 

pocket capable of accommodating an allosteric modulator. (C) From the same angle as panel B, 6 

the docking site protein surface is displayed. (5-HT2CR PDB: 6BQG) 7 
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In Vitro Assessment of Off-target Effects of Compound 12. To evaluate off-

target interactions for a panel of biologically relevant GPCRs and monoamine transporters, 

12 was submitted to the National Institute of Mental Health (NIMH) Psychoactive Drug 

Screening Program (PDSP). At the assessed PAM concentration of 10 μM, none of the 

receptor targets returned inhibition greater than 50%, a level considered above assay noise 

and indicative of test ligand interaction (Table 3.4). This result improves upon our 

previously reported compound 3, (10 μM) which exhibited marked inhibition of 

radioligand binding interactions at the dopamine transporter (DAT; 66.3%), dopamine D3 

receptor (71.7%), and α2A and α2B receptors (85.1% and 80.7%, respectively).381 

Interestingly, 12 maintains the same 1,2-propanediol moiety in the PH position as 3, 

differing only the LT position by replacing the undecyl moiety with a phenyl substituent. 

The undecyl to phenyl change results in a more compact, aromatic ligand, which could be 

expected to increase promiscuity among monoamine GPCRs. However, it is likely that the 

removal of the undecyl moiety reduces nonspecific lipophilic interactions, while the 

replacement with a phenyl group allows further site-specific interactions to occur, as 

suggested by molecular modeling. Thus, the selectivity profile of 12 against numerous 

GPCR orthosteric sites and the comparative analysis vs. 3 provides evidence that the 

functional allosteric site occupied by 12 is not an evolutionarily residual binding pocket 

from another orthosteric site. From a development perspective the selectivity profile 

strongly supports the advancement of 12 towards in vitro pharmacokinetic (PK) evaluation 

and in vivo rodent behavioral characterization. 
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Table 3.4 Displacement of radioligand binding by compound 12 (μM) in a broad panel of 

receptors and transporters 

 

 

Receptor / transporter 

 

Radioligand 

% inhibition 

(10 μM)a 

 

Ki (μM)b 

5-HT1A [3H]-8-OH-DPAT 28.4 NT 

5-HT1B
 [3H]-GR125743 12.3 NT 

5-HT1D
 [3H]-GR125743 15.3 NT 

5-HT1E [3H]-5-HT 6.3 NT 

5-HT2A [3H]-Ketanserin -4.3 NT 

5-HT2B [3H]-LSD -7.2 NT 

5-HT2C [3H]-Mesulergine 26.9 NT 

5-HT3 [3H]-LY278584 22.3 NT 

5-HT5A [3H]-LSD -4.3 NT 

5-HT6 [3H]-LSD 2.5 NT 

5-HT7 [3H]-LSD 2.2 NT 

D1 [3H]-SCH23390 9.7 NT 

D2 [3H]-N-Methylspiperone 7.5 NT 

D3 [3H]-N-Methylspiperone 19.4 NT 

D4 [3H]-N-Methylspiperone -9.3 NT 

D5 [3H]-SCH23390 9.4 NT 

DAT [3H]-WIN35428 40.8 NT 

SERT [3H]-Citalopram 47.5 NT 

NET [3H]-Nisoxetine 74.4 2.5 

α 1A [3H]-Prazosin -16.2 NT 

α 1B [3H]-Prazosin -11.0 NT 

α 1D [3H]-Prazosin -4.8 NT 

α 2A [3H]-Rauwolscine -7.6 NT 

α 2B [3H]-Rauwolscine 14.5 NT 

α 2C [3H]-Rauwolscine -1.8 NT 

β 1 [125I]-Pindolol -7.7 NT 

β 2 [3H]-CGP12177 -15.9 NT 

β 3 [3H]-CGP12177 -11.2 NT 

CB1 - - NT 

CB2 [3H]-CP55940 30.6 NT 

δOR [3H]-DADLE -6.1 NT 

κOR [3H]-U69593 13.4 NT 

μOR [3H]-DAMGO 23.3 NT 

GABAA [3H]-Muscimol 7.0 NT 
a The percent (%) inhibition at multiple targets was tested at 10 μM of compound 12. Inhibition 1 

results > 50% are considered to be a reliable indication that the test compound displaced the 2 

radioligand at the target binding site. b For inhibition results > 50%, a Ki value was obtained via a 3 

non-linear regression analysis of radioligand competition isotherms. Ki values were calculated 4 

from best fit IC50 values using the Cheng-Prusoff equation. NT =  not tested, The average Ki 5 

from repeated experiments was determined for NET. 6 
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In Vitro and In Vivo Pharmacokinetic (PK) Profiling and In Silico 

Toxicological Profiling. The PK profile of 12 was assessed to determine whether this 

compound maintained favorable drug-like properties for utility as an in vivo probe. 

Additionally, in silico toxicological prediction scoring was used as a cautionary guide 

before in vivo rat behavioral assessments were made. Initially, 12 was subject to a battery 

of in vitro PK assessments, which returned an excellent profile (Table 3.5). In rat liver 

microsomal fractions spiked with NADPH, clearance (CLint) was < 9.6 µL/min mg and the 

half-life (t1/2) was > 240 min. Rat plasma protein binding studies displayed a free (unbound) 

fraction of 66% for 12. Compound 12 was highly soluble in physiologically relevant 

conditions and did not display meaningful inhibition of any cytochrome P450 enzyme 

tested. In an efflux substrate assay utilizing a semi-permeable membrane of Madin-Darby 

Canine Kidney (MDCK) cells expressing the P-glycoprotein (P-gp) efflux protein and the 

multidrug resistance mutation 1 (MDR1) gene (MDCK-MDR1), compound 12 exhibited a 

tolerable efflux ratio of 30.9. In silico toxicity profiling was performed using the ProTox-

II web-based prediction tool and 12 was predicted to belong to a low toxicity class with a 

high degree of safety predicted for the doses utilized for in vivo assessments (below).410 

We also calculated the CNS multiparameter optimization (MPO) value for compound 12 

to be 4.7. CNS MPO values range from 0 to 6 with the higher MPO scores predicted to be 

more desirable for CNS-penetrant medication candidates.411 Lastly, the in vivo PK profile 

of 12 was obtained in male Sprague-Dawley rats (Table 3.6) and was observed as overall 

favorable and in line with our in vitro observations (Table 3.5). Specifically, 10 mg/kg of 

12 administered iv (t1/2 = 1.25 ± 0.02 h) or 20 mg/kg administered po (t1/2=4.4 ± 0.5 h) 

resulted in appropriate blood plasma concentrations (Table 3.6). The brain concentrations 

of 12 administered at 10 mg/kg iv were 96.4 ± 7.2 ng/g at 15 min and 94.0 ± 1.3 ng/g) at 1 

hr. The brain-to-plasma ratios at 10 mg/kg iv were 0.07 ± 0.0012 (15 min) and 0.11 ± 

0.0056 (1 hr). Brain-to-plasma concentration ratios >0.04 are consistent with CNS 



 

147 

penetration.412 These cumulative findings suggested that compound 12 would have 

adequate target exposure for in vivo rat behavioral assessments. 

Table 3.5 In Vitro Pharmacokinetic Profile and In Silico Toxicity Prediction for 

Compound 12a 

 

 

 

 

 

 

 

 

Compound 12 

In Vitro Pharmacokinetics In Silico Toxicity (ProTox-II) 

Rat Liver Microsomal 

Clearance (NADPH) 

CLint = <9.6 µL/min mg 

t1/2 = >240 min 
Predicted LD50 3990 mg/kg 

Rat Plasma Protein 

Binding 
Fuplasma = 66% 

Toxicity Class 1-6 (1 = high, 6 = 

low) 
5 

CYP3A4 Inhibition  0.0% (10 µM) Prediction Accuracy  69.26% 

CYP2C9 Inhibition  0.0% (10 µM) Organ Toxicity (probability) Inactive (0.83) 

CYP2D6 Inhibition 1.9% (10 µM) Carcinogenicity (probability) Inactive (0.71) 

CYP2C19 Inhibition 0.0% (10 µM) Immunotoxicity (probability) Inactive (0.99) 

CYP1A2 Inhibition 11.8% (10 µM) Mutagenicity (probability) Inactive (0.66) 

Kinetic Solubility 

(PBS; pH 7.4) 
>100 µM (2 hr) Cytotoxicity (probability) Inactive (0.76) 

MDCK-MDR1 

Permeability 

Papp
A→B = 0.04 • 10-6 cm/s 

Aryl hydrocarbon Receptor 

(probability) 
Inactive (0.96) 

Papp
B→A = 1.3 • 10-6 cm/s 

Estrogen Receptor Alpha 

(probability) 
Inactive (0.90) 

Efflux ratio = 30.9 Androgen Receptor (probability) Inactive (0.95) 

aIn vitro PK included assessment of 10 µM of compound 12 in liver microsomal clearance 1 

performed under NADPH-dependent conditions and cytochrome P450 enzymatic inhibition 2 

assays performed and represented as percent inhibition. The P-gp efflux substrate experiment 3 

employed Madin-Darby Canine Kidney (MDCK) cells expressing multidrug resistance mutation 4 

1 (MDR1) gene. In silico toxicity prediction profile shown along with statistical probabilities 5 

(more information at http://tox.charite.de/protox_II/). 6 
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Table 3.6 In Vivo Pharmacokinetic Profile and Brain Penetrability of Compound 12a 

 

 
 

Effects of Compound 12 in a WAY163909 vs. Saline Drug Discrimination 

Assay. The drug discrimination assay is a powerful in vivo tool with face validity for 

determining the interoceptive (subjective) effects of novel compounds as well as for 

establishing their mechanisms of action in humans and animals.381, 413-422 This assay has 

been employed to reliably characterize the neuropharmacological profile of 5-HT2CR 

agonists (e.g., m-chlorophenylpiperazine, Ro 60-0175, WAY163909) as well as GPCR 

allosteric modulators.381, 414, 417-421 In the present series of studies, we trained rats (n=13) to 

discriminate the selective 5-HT2CR agonist WAY163909 [0.75 mg/kg, intraperitoneal (ip); 

15 min pretreatment] from an equivalent volume (1 ml/kg) of saline (0.9% NaCl) in a two-

lever drug discrimination protocol under a fixed ratio 20 (FR 20) schedule of water 

reinforcement.381 Two pharmacological manipulations were performed during test 

sessions. In substitution tests, animals were tested for lever selection after the 

administration of various doses of the training drug WAY163909 or compound 12. In 

combination tests, animals were administered 12 (0.5-2 mg/kg) with a dose of 

 1 

Pharmacokinetic profile of 12 

Dose 

(mg/kg) 
T1/2 (h) Tmax (h) 

CL  

(L h−1 kg−1 ) 
Vss (L/kg) Cmax (ng/mL) 

AUC0−inf 

(ng·h·mL−1 ) 
F (%) 

10, iv 1.25 ± 0.02 b 3.28 ± 0.2 5.4 ± 0.3 2408.6 ± 216.8 3065.6 ± 184.7 b 

20, po 4.4 ± 0.5 1.3 ± 0.34 10.89 ± 3.5 70.6 ± 23.7 411.3± 105.7 2244.7 ± 667.8 36.3 ± 11 

Brain penetration analysis of 12 

Dose 

(mg/kg) 
Time (h) 

Brain conc. 

(ng/g) 

Plasma conc. 

(ng/mL)  
Brain:Plasma 

Ratio 

  

10, iv 0.25 96.4 ± 7.2 1486.5 ± 89.6 0.07 ± 0.0012   

10, iv 1.0 94.0 ± 1.3 892.1 ± 39.1 0.11 ± 0.0056   

aValues are the average of results (± SEM) from male Sprague-Dawley rats (n = 3/treatment 

group). Vehicle, 10% DMSO:90% 2-hydroxypropyl-β-cyclodextrin (HP-β-CD). T1/2, half-life; 

Tmax, time of maximum concentration; CL, plasma clearance; Vss, volume of distribution; Cmax, 

maximum concentration; AUC0−inf, area under the plasma concentration−time curve; F, oral 

bioavailability; Time, hours after dose for brain collection; Brain conc., averaged concentration 

of 12 in tissue sample. bNot determined. 



 

149 

WAY163909 (0.5 mg/kg) that produced ~50% WAY163909­appropriate responding when 

given alone. We also assessed the ability of the selective 5-HT2CR antagonist SB242084 to 

block the substitution of compound 12 plus a low dose of WAY163909.423 

All rats acquired the WAY163909 vs. saline discrimination to criterion. The mean 

number of sessions required to meet the acquisition criterion (defined as 10 consecutive 

sessions with ≥ 80% of stimulus-appropriate responding) for the WAY163909 vs. saline 

discrimination was 57 training sessions (range: 39-68). Substitution of a test drug for the 

training stimulus is typically a quantal rather than continuous function of stimulus 

similarity in the two-choice drug discrimination assay.381, 413-421 Thus, intermediate doses 

of WAY163909 evoke responding confined to one lever. Full substitution was defined as 

≥ 80% of rats selecting the WAY163909-appropriate lever. Partial substitution was defined 

as ≥ 40% and < 80% drug-appropriate responding. As can be seen in Figure 3.9A, 0% of 

rats (0/13 rats) chose the WAY163909-associated lever when administered saline or 0.125 

mg/kg, while 92% (12/13 rats) and 100% (13/13) of rats chose the WAY163909-associated 

lever at the training dose (0.75 mg/kg) and 1.0 mg/kg of WAY163909, respectively (vs. 

saline, p < 0.05). Intermediate doses of WAY163909 (0.25-0.625 mg/kg) resulted in a 

graded, quantal increase in the number of rats selecting the WAY163909-associated lever. 

The response rate (responses/min) observed following saline administration was 

significantly higher than following injection of 0.75 mg/kg (t12 = 2.22, p < 0.05) and 1.0 

mg/kg of WAY163909 (t12 = 3.74, p <0.05). The response rates analyzed for remaining 

doses of WAY163909 tested (0.125, 0.25, 0.50, 0.625, 1.0 mg/kg, ip) did not differ relative 

to 0.75 mg/kg of WAY163909 (n.s.). Here, 0.5 and 0.625 mg/kg doses of WAY163909 

resulted in 46% and 54% of rats selecting the WAY163909-appropriate lever. Log-probit 

analyses indicate that the dose of WAY163909 predicted to result in 50% drug-associated 

responses (ED50) is 0.51 mg/kg, in agreement with our previous study (0.53 mg/kg).381  

Compound 12 did not exhibit intrinsic activity as a 5-HT2CR agonist in vitro 

(Figure 3.4A). This result shaped the hypothesis that 12 would fail to substitute in the 
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WAY163909 vs. saline discrimination. As expected from in vitro analyses, 12 (0.5 - 5 

mg/kg), administered ip 30 min prior to testing, evoked saline-lever responding with no 

change in response rates. The observed lack of substitution supports the premise that 12 

and the full 5-HT2CR agonist WAY163909 have dissociable discriminative stimulus 

effects.  

We next tested the hypothesis that 12 would enhance the discriminative stimulus 

effects of a subthreshold dose of WAY163909 (0.5 mg/kg). To test this hypothesis, rats 

were pretreated with 12 (0, 0.5, 1 or 2 mg/kg) 15 min before WAY163909 (0.5 mg/kg), 

followed 15 min later by placement in the chambers. Figure 3.9B demonstrates that ~53% 

of rats (7/13 rats) selected the drug-associated lever following WAY163909 (0.5 mg/kg). 

Pretreatment with 1 or 2 mg/kg of 12 plus WAY163909 (0.5 mg/kg) evoked ~77% (10/13 

rats) and ~92% (12/13 rats) of rats selecting the WAY163909 lever, respectively, 

suggesting a synergistic substitution for the training drug (Figure 3.9B). The selective 5-

HT2CR antagonist SB242084 completely reversed the substitution of 12 (2 mg/kg) plus 

WAY163909 (0.5 mg/kg) in 13/13 rats. In summary, 12 did not evoke intrinsic 5-HT2CR 

agonist actions, but potentiated a behavioral marker associated with 5-HT2CR agonist-

mediated signaling in vivo. 
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Figure 3.9 Compound 12 dose-dependently augments the stimulus effects of the selective 

5-HT2CR agonist WAY163909 

 

3. CONCLUSIONS 

 A series of structurally optimized analogues was rationally designed and 

synthesized based on the scaffold of our previously reported 5-HT2CR PAM CYD-1-79 (3), 

bearing privileged diol PH moieties. Specifically, the reported investigation focused on the 

replacement of the undecyl LT moiety with hydrocarbon fragments (cyclic in nature) with 

a decreased length while approximately maintaining a similar molecular volume to 

maintain activity and improve drug-likeness. Compound 12 (CTW0415) displayed 

significant PAM activity at the 5-HT2CR using a fluorescence-based, 5-HT-evoked Cai
2+ 

release assay and was shown to be inactive as an agonist or allosteric modulator at the 5-

HT2AR. An additional six compounds were characterized as 5-HT2CR PAMs, enriching our 

 1 

Compound 12 dose-dependently augments the stimulus effects of the selective 5-HT2CR agonist 2 
WAY163909. (A) The dose-response relationship for WAY163909 is shown (n = 13 rats). Filled 3 
magenta circles denote the rats that chose either the saline- or WAY163909-associated lever for 4 
each condition/dose. Closed black circles denote the mean percentage of rats selecting the 5 
WAY163909-associated lever (Y-axis) [*p<0.05 vs. saline (SAL)]. (B) Compound (Cmpd) 12 (0-6 
2 mg/kg) or WAY163909 (0.5 mg/kg) was administered alone or combination as illustrated, with 7 
or without pretreatment with SB242084 (0.5 mg/kg). Open bars illustrate the mean percentage of 8 

rats selecting the WAY163909-associated lever during combination tests (Y-axis) [*p < 0.05 vs. 9 
WAY163909 (0.5 mg/kg) alone; ^p < 0.05 vs. combination of compound 12 plus WAY163909 10 
following pretreatment with SB242084 (0.5 mg/kg). The details of the statistical analyses are 11 
found in the Methods section. 12 
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computational molecular modelling studies by providing an interesting array of chemical 

diversity. The molecular modelling and docking studies provide compelling support for a 

unique, spatially distinct 5-HT2CR allosteric binding site that bridges a hydrophobic pocket 

between the TM2 and TM3 helices to polar contacts on the TM6 and TM7 helices. One 

aspect to consider regarding the location of the suggested allosteric site is the evidence of 

metastable binding sites within transmembrane helical bundles that can briefly 

accommodate orthosteric ligands.424-426 The transient nature of these binding pockets may 

provide a site or a portion of a binding site for specific allosteric modulators to exert 

negative or positive effects. Future computational and pharmacological experiments are 

needed to address these ideas.  

Compound 12 was ultimately chosen for progression towards in vivo behavioral 

studies due to superior physicochemical properties, an appropriate MPO value, highly 

selective off-target profile, and promising pharmacokinetics. Moreover, the structure of 12 

lends itself to additional medicinal chemistry efforts as the compound is well within the 

boundaries of Lipinski’s Rule of Five. Compound 12 dose-dependently potentiated the 

stimulus effects of the 5-HT2CR agonist WAY163909. Importantly, this effect was 

completely blocked by the 5-HT2CR antagonist SB242084, supporting the critical 

involvement in the synergism between 12 and a selective 5-HT2CR agonist in vivo. Taken 

together, 12 is an ideal compound for further optimization as a 5-HT2CR PAM and the 

continued development of this class of molecules may be aided by the structural 

presentation of a putative 5-HT2CR allosteric binding site. 

4. EXPERIMENTAL SECTION 

4.1 Chemistry  

General. All commercially available starting materials and solvents were reagent 

grade and used without further purification. Reactions were performed under a nitrogen 

atmosphere in dry glassware with magnetic stirring. Preparative column chromatography 
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was performed using silica gel 60, particle size 0.063-0.200 mm (70-230 mesh, flash). 

Analytical TLC was carried out employing silica gel 60 F254 plates (Merck, Darmstadt). 

Visualization of the developed chromatograms was performed with detection by UV (254 

nm). NMR spectra were recorded on a Bruker-600 (1H, 600 MHz; 13C, 150 MHz) 

spectrometer or Bruker-300 (1H, 300 MHz; 13C, 75 MHz). 1H and 13C NMR spectra were 

recorded with TMS as an internal reference. Chemical shifts were expressed in ppm, and J 

values were given in Hz. High-resolution mass spectra (HRMS) were obtained from 

Thermo Fisher LTQ Orbitrap Elite mass spectrometer. Parameters include the following: 

Nano ESI spray voltage was 1.8 kV; Capillary temperature was 275 ˚C and the resolution 

was 60,000; Ionization was achieved by positive mode. Melting points were measured on 

a Thermo Scientific Electrothermal Digital Melting Point Apparatus and uncorrected. The 

purity of final compounds was determined by analytical HPLC using a Shimadzu HPLC 

system (model: CBM-20A LC-20AD SPD-20A UV/VIS). HPLC analysis conditions: 

Waters Bondapak C18 (300 × 3.9 mm); flow rate 0.5 mL/min; UV detection at 270 and 

254 nm; linear gradient from 10% acetonitrile in water to 100% acetonitrile in water in 20 

min followed by 30 min of the last-named solvent (0.1% TFA was added into both 

acetonitrile and water). All biologically evaluated compounds have been characterized with 

1H NMR, 13C NMR, HRMS, and HPLC analyses to ensure a purity of > 95%. 

General procedure for the synthesis of 11-17. To a solution of 9 or 10 (0.18 

mmol) and amino alcohols (0.18 mmol) in 4 mL of DMF was added HBTU (0.23 mmol) 

and DIPEA (0.45 mmol). The resulting mixture was stirred at room temperature for 16 h. 

The DMF was removed under vacuum to give a brown oily residue, which was partitioned 

between CH2Cl2 (50 mL) and 10% citric aqueous solution (10 mL). The organic layer was 

separated and washed with saturated aqueous NaHCO3 (10 mL). After drying over 

anhydrous Na2SO4, the solvent was removed under vacuum to give an oily residue. This 

residue was purified with a silica gel column (5% MeOH in CH2Cl2) and afforded the 

corresponding Boc-protected amide. The amide (0.13 mmol) was dissolved in CH2Cl2 (1 
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mL), followed by the addition of TFA (250 μL). The resulting mixture was stirred at room 

temperature. After 2 h, TLC showed that the starting material had disappeared. The solvent 

was removed under vacuum to give an oily residue. The residue was partitioned between 

CH2Cl2 (30 mL) and saturated NaHCO3 aqueous solution (10 mL). The organic layer was 

dried over anhydrous Na2SO4, filtered, and concentrated to give an oily residue. This 

residue was purified with a silica gel column (eluting with 10% MeOH in CH2Cl2), 

affording compound 11-17. 

(2S,4S)-N-((1S,2S)-1,3-Dihydroxy-1-phenylpropan-2-yl)-4-phenylpiperidine-

2-carboxamide ((2S,4S)-11) and (2S,4R)-N-((1S,2S)-1,3-dihydroxy-1-phenylpropan-

2-yl)-4- phenylpiperidine-2-carboxamide ((2S,4R)-11): Compounds (2R,4S)-11 (36 mg, 

40%) and (2S,4R)-11 (38 mg, 43%) were prepared from 9 (2 steps), respectively. These 

two isomers could be separated by preparative TLC as colorless amorphous gel. Compound 

(2R,4S)-11: 1H NMR (600 MHz, CDCl3) δ 7.42 (m, 2H), 7.30 (m, 4H), 7.22 (m, 2H), 7.12 

(d, 2H, J = 7.2 Hz), 5.06 (d, 1H, J = 4.2 Hz), 4.12 (m, 1H), 3.80 (m, 1H), 3.72 (m, 1H), 

3.25 (dd, 1H, J = 3.0 Hz, 12.0 Hz), 3.10 (d, 1H, J = 12.0 Hz), 2.65 (m, 1H), 2.55 (m, 1H), 

1.95 (d, 1H, J = 12.6 Hz), 1.75 (d, 1H, J = 12.6 Hz), 1.75 (m, 1H), 1.28 (q, 1H, J = 12.6 

Hz). 13C NMR (150 MHz, CDCl3): δ 174.5, 145.2, 141.4, 128.4, 128.3 (2C), 127.7, 126.7 

(2C), 126.4, 126.1 (2C), 125.9, 73.1, 62.9, 61.0, 56.5, 45.7, 42.0, 37.1, 32.9. HRMS Calcd 

for C21H26N2O3: [M + H]+ 355.2016; found 355.2022. Compound (2S,4R)-11: 1H NMR 

(600 MHz, CDCl3) δ 7.56 (d, 1H, J = 7.8 Hz), 7.26 (m, 4H), 7.17 (m, 3H), 7.09 (t, 1H, J = 

7.2 Hz), 7.04 (d, 1H, J = 7.8 Hz), 4.96 (d, 1H, J = 1.8 Hz), 4.63 ( br s, 3H), 4.12 (m, 1H), 

3.77 (m, 1H), 3.69 (m, 1H), 3.38 (d, 1H, J = 12.0 Hz), 3.06 (d, 1H, J = 10.8 Hz), 2.59 (m, 

1H), 2.54 (m, 1H), 1.87 (d, 1H, J = 10.8 Hz), 1.70 (d, 1H, J = 10.8 Hz), 1.44 (m, 1H), 1.27 

(q, 1H, J = 13.2 Hz). 13C NMR (150 MHz, CDCl3): δ 173.2, 144.6, 141.5, 128.5 (2C), 128.2 

(2C), 127.5, 126.6 (3C), 125.8 (2C), 72.8, 62.8, 59.8, 56.5, 44.9, 41.3, 36.7, 32.1. HRMS 

Calcd for C21H26N2O3: [M + H]+ 355.2016; found 355.2019. 
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(2,4-cis)-N-((S)-2,3-Dihydroxypropyl)-4-phenylpiperidine-2-carboxamide 

(12): Compound 12 (20 mg, 91%), a diastereomeric mixture, was prepared from 9 (2 steps) 

as mixture whitish wax. 1H-NMR (300 MHz, CDCl3 : CD3OD) δ 7.43 – 7.23 (m, 2H), 7.22 

– 7.12 (m, 3H), 3.77 – 3.61 (m, 1H), 3.57 – 3.40 (m, 2H), 3.40 – 3.07 (m, 8H), 2.92 – 2.58 

(m, 2H), 2.28 – 2.06 (m, 1H), 1.92 – 1.75 (m, 1H), 1.68 – 1.40 (m, 2H) . 13C NMR (75 

MHz, CDCl3 : CD3OD) δ 175.0, 174.9, 145.2, 128.5, 126.6, 126.4, 70.6, 70.5, 63.6, 63.5, 

60.5, 45.8, 45.7, 42.19, 42.15, 41.8, 41.7, 37.5, 37.4, 33.07, 33.05. HRMS (ESI) calcd for 

C15H22N2O3 [M + H]+ 279.1703; found 279.1696.  

((2,4-cis)-4-Cyclohexyl-N-((S)-2,3-dihydroxypropyl)piperidine-2-

carboxamide (13): Compound 13 (20 mg, 80%), a diastereomeric mixture, was prepared 

from 10 (2 steps) as a whitish wax. 1H-NMR (300 MHz, CDCl3 : CH3OD) δ 3.80 – 3.48 

(m, 5H), 3.42 (d, J = 5.3 Hz, 2H), 3.38 – 3.22 (m, 1H), 3.16 (dd, J = 13.7, 6.7 Hz, 1H), 

3.07 (d, J = 11.3 Hz, 1H), 2.53 (t, J = 11.3 Hz, 1H), 1.90 (d, J = 12.0 Hz, 1H), 1.81 – 1.49 

(m, 6H), 1.42 – 0.72 (m, 10H). 13C NMR (75 MHz, CDCl3 : CD3OD) δ 175.55, 70.48, 

63.47, 60.56, 45.71, 42.81, 41.70, 41.40, 33.79, 29.80, 29.30, 26.54, 26.44. HRMS (ESI) 

calcd for C15H28N2O2 [M + H]+ 285.2173; found 258.2169. 

(2,4-cis)-N-(1,3-Dihydroxypropan-2-yl)-4-phenylpiperidine-2-carboxamide 

(14): Compound 14 (20 mg, 55.6%), a diastereomeric mixture, was prepared from 9 (2 

steps) as mixture whitish wax. 1H-NMR (300 MHz, CDCl3 : CH3OD) δ 7.31 – 7.24 (m, 

2H), 7.23 – 7.13 (m, 3H), 3.91 – 3.79 (m, 1H), 3.76 – 3.57 (m, 4H), 3.52 – 3.29 (m, 5H), 

3.25 (d, J = 12.7 Hz, 2H), 2.74 (m, 2H), 2.15 (d, J = 12.8 Hz, 1H), 1.84 (d, J = 12.8 Hz, 

1H), 1.71 – 1.43 (m, 2H). 13C NMR (75 MHz, CDCl3 : CD3OD) δ 173.89, 145.17, 128.53, 

126.65, 126.48, 61.80, 61.74, 60.48, 52.32, 45.63, 42.06, 37.25, 32.86. HRMS (ESI) calcd 

for C15H22N2O3 [M + H]+ 279.1703; found 279.1700.  

(2,4-cis)-4-Cyclohexyl-N-(1,3-dihydroxypropan-2-yl)piperidine-2-

carboxamide (15): Compound 15 (5 mg, 36%), a diastereomeric mixture, was prepared 

from 10 (2 steps) as a whitish wax. 1H-NMR (300 MHz, CDCl3 : CH3OD) δ 3.88 – 3.78 
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(m, 1H), 3.70 – 3.60 (m, 4H), 3.41 – 3.29 (m, 1H), 3.21 (d, J = 12.5 Hz, 1H), 2.69 (t, J = 

12.2 Hz, 1H), 2.02 (d, J = 13.0 Hz, 1H), 1.76 – 1.64 (m, 4H), 1.62 (d, J = 12.1 Hz, 1H), 

1.36 – 1.25 (m, 1H), 1.25 – 1.13 (m, 5H), 1.13 – 1.03 (m, 2H), 0.98 – 0.86 (m, 2H). 13C 

NMR (75 MHz, CDCl3 : CD3OD) δ 172.82, 61.79, 60.02, 52.59, 45.12, 42.57, 40.71, 32.69, 

29.76, 28.01, 26.50, 26.42. HRMS (ESI) calcd for C15H28N2O3 [M + H]+ 285.2173; found 

285.2169.  

(2,4-cis)-N-(2-Morpholinoethyl)-4-phenylpiperidine-2-carboxamide (16): 

Compound 16 (29 mg, 76%), a diastereomeric mixture, was prepared from 9 (2 steps) as 

mixture whitish wax. 1H-NMR (300 MHz, CDCl3 : CD3OD) δ 7.39 – 6.87 (m, 5H), 4.01 – 

3.72 (m, 7H), 3.75 – 3.44 (m, 5H), 3.29 (d, J = 10.9 Hz, 1H), 2.99 – 2.53 (m, 2H), 2.15 (d, 

J = 11.9 Hz, 1H), 1.86 (d, J = 11.7 Hz, 1H), 1.64 (dt, J = 24.8, 12.5 Hz, 2H).13C NMR (75 

MHz, CDCl3) δ 172.46, 144.44, 128.56, 126.64, 126.55, 61.36, 59.73, 52.63, 41.40, 36.42, 

31.62. HRMS (ESI) calcd for C18H27N3O2 [M + H]+ 318.2176; found 318.2190.  

(2,4-cis)-4-Cyclohexyl-N-(2-morpholinoethyl)piperidine-2-carboxamide (17): 

Compound 17 (13 mg, 81%), a diastereomeric mixture, was prepared from 10 (2 steps) as 

a whitish wax. 1H-NMR (300 MHz, CDCl3) δ 6.94 (s, 1H), 3.75 – 3.68 (m, 4H), 3.37 (q, J 

= 6.0 Hz, 2H), 3.16 (dd, J = 11.4, 2.7 Hz, 2H), 2.65 (td, J = 12.0, 2.6 Hz, 1H), 2.48 (dd, J 

= 11.8, 5.6 Hz, 6H), 2.08 (dd, J = 12.6, 2.0 Hz, 1H), 1.92 (s, 1H), 1.81 – 1.54 (m, 6H), 1.31 

– 0.78 (m, 9H). 13C NMR (75 MHz, CDCl3) δ 174.49, 166.62, 66.96, 61.24, 57.29, 53.43, 

46.26, 42.96, 41.62, 35.42, 34.27, 30.05, 29.87, 29.60, 26.70, 26.61.HRMS (ESI) calcd for 

C18H33N3O2 [M + H]+ 324.2646; found 324.2642.  

(2S,4R)-N-((1R,2R)-1,3-Dihydroxy-1-phenylpropan-2-yl)-4-

phenethylpiperidine-2-carboxamide ((2S,4R)-29) and (2R,4S)-N-((1R,2R)-1,3-

dihydroxy-1-phenylpropan-2-yl)-4-phenethylpiperidine-2-carboxamide ((2R,4S)-29): 

Compounds (2S,4R)-29 (45 mg, 35%) and (2R,4S)-29 (50 mg, 39%) were prepared from 

25 (2 steps), respectively, by a procedure similar to that used to prepare compound 11. 

These two isomers could be separated by preparative TLC as colorless amorphous gels. 
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Compound (2S,4R)-29: 1H NMR (600 MHz, CDCl3) δ 7.54 (br s, 1H), 7.39 (d, 2H, J = 7.2 

Hz), 7.32 (m, 2H), 7.26 (m, 3H), 7.17 (m, 3H), 4.91 (d, 1H), 4.12 (dd, 1H, J = 5.4 Hz), 

3.64 (dd, 1H, J = 5.4 Hz), 3.51 (dd, 1H, J = 5.4 Hz), 3.48 (m, 1H), 3.25 (m, 1H), 2.76 (m, 

1H), 2.63 (t, 2H, J = 7.8 Hz), 2.08 (d, 1H, J = 12.6 Hz), 1.85 (d, 1H, J = 13.8 Hz), 1.26 (m, 

1H), 1.16 (q, 1H, J = 12.6 Hz). 13C NMR (150 MHz, CDCl3): δ 171.6, 141.8, 141.5, 128.2, 

128.1 (3C), 127.5, 126.1 (2C), 125.7, 72.1, 61.4, 58.9, 57.0, 48.0, 44.1, 38.0, 34.7, 34.2, 

32.4, 29.6. HRMS Calcd for C23H30N2O3: [M + H]+ 383.2329; found 383.2332. Compound 

(2R,4S)-29: 1H NMR (600 MHz, CDCl3) δ 7.74 (br s, 1H), 7.32 (d, 2H, J = 7.8 Hz), 7.24 

(m, 4H), 7.14 (m, 4H), 5.04 (br s, 2H), 4.97 (s, 1H), 4.12 (s, 1H), 3.77 (m, 1H), 3.70 (m, 

1H), 3.38 (s, 2H), 3.34 (m, 1H), 3.02 (d, 1H, J = 9.6 Hz), 2.50 (m, 3H), 1.72 (d, 1H, J = 

10.2 Hz), 1.61 (d, 1H, J = 10.2 Hz), 1.39 (m, 2H), 1.01 (m, 1H), 0.81 (m, 1H). 13C NMR 

(150 MHz, CDCl3): δ 172.2, 142.0, 141.6, 128.4 (2C), 128.2 (2C), 127.4, 125.9 (3C), 72.6, 

62.7, 59.1, 56.6, 50.4, 44.2, 38.2, 35.1, 34.3, 32.5, 30.2. HRMS Calcd for C23H30N2O3: [M 

+ H]+ 383.2329; found 383.2334.  

(2,4-cis)-N-((S)-2,3-Dihydroxypropyl)-4-phenethylpiperidine-2-carboxamide 

(30): Compound 30 (20.0 mg, 55.4%), a diastereomeric mixture, was prepared from 25 (2 

steps) by a procedure similar to that used to prepare compound 11, as a white solid. mp 

103.2-104.3 oC; 1H-NMR (300 MHz, CDCl3 : CD3OD) δ 7.41 – 7.31 (m, 1H), 7.31 – 7.23 

(m, 2H), 7.22 – 7.10 (m, 3H), 3.80 – 3.71 (m, 1H), 3.62 – 3.46 (m, 2H), 3.45 – 3.27 (m, 

3H), 3.22 (dd, 2H, J = 11.6, 2.7 Hz), 3.18 – 3.09 (m, 1H), 2.62 (t, 3H, J = 8.0 Hz), 2.10 (d, 

1H, J = 13.2 Hz), 1.73 (d, 1H, J = 13.3 Hz), 1.56 (q, 2H, J = 7.6, 7.2 Hz), 1.50 – 1.39 (m, 

1H), 1.26 (s, 1H), 1.17 – 0.96 (m, 2H)  13C NMR (75 MHz, CDCl3) δ 175.5, 166.6, 142.3, 

128.4, 128.3, 125.8, 70.9, 63.8, 63.7, 60.5, 45.6, 42.0, 38.7, 36.7, 35.5, 35.4, 32.7, 32.4.  

HRMS (ESI) calcd for C17H26N2O3 [M + H]+ 307.2016; found 307.2009 

(2,4-cis)-4-(2-Cyclohexylethyl)-N-((S)-2,3-dihydroxypropyl)piperidine-2-

carboxamide (31): Compound 31 (44 mg, 94%), a diastereomeric mixture, was prepared 

from 26 (2 steps) by a procedure similar to that used to prepare compound 11, as a whitish 
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wax. 1H-NMR (300 MHz, CDCl3) δ 7.44 (s, 1H), 3.90 – 3.66 (m, 4H), 3.62 – 3.42 (m, 2H), 

3.44 – 3.30 (m, 2H), 3.30 – 3.17 (m, 1H), 3.13 (d, 1H, J = 12.0 Hz), 2.63 (t, 1H, J = 12.1 

Hz), 2.02 (d, 1H, J = 12.5 Hz), 1.68 (d, 6H, J = 11.4 Hz), 1.37 (bs, 1H), 1.30 – 1.08 (m, 

8H), 1.00 (t, 2H, J = 12.3 Hz), 0.94 – 0.77 (m, 2H). 13C NMR (75 MHz, CDCl3) δ 175.3, 

70.9, 70.8, 63.8, 63.7, 60.5, 45.6, 42.0, 37.8, 36.8, 36.2, 36.1, 34.2, 33.4, 32.5, 26.7, 26.4. 

HRMS (ESI) calcd for C17H32N2O3 [M + H]+ 313.2486; found 313.2486.  

(2,4-cis)-N-(1,3-Dihydroxypropan-2-yl)-4-phenethylpiperidine-2-

carboxamide (32): Compound 32 (27 mg, 99%), a diastereomeric mixture, was prepared 

from 25 (2 steps) by a procedure similar to that used to prepare compound 11, as a white 

wax-like material. 1H-NMR (300 MHz, CDCl3 : CD3OD) δ 7.24 – 7.15 (m, 2H), 7.13 – 

7.04 (m, 3H), 3.99 (s, 7H), 3.88 – 3.76 (m, 1H), 3.37 (d, 1H, J = 10.5 Hz), 3.18 (d, 1H, J = 

11.7 Hz), 2.82 – 2.61 (m, 1H), 2.60 – 2.50 (m, 2H), 2.04 (d, 1H, J = 12.6 Hz), 1.75 (d, 1H, 

J = 12.6 Hz), 1.66 – 1.37 (m, 3H), 1.33 – 0.97 (m, 3H). 13C NMR (75 MHz, CDCl3 : 

CD3OD) δ. 172.1, 141.9, 128.3, 128.1, 125.7, 61.2, 59.3, 52.7, 44.5, 38.2, 35.0, 34.5, 32.4, 

30.3. HRMS (ESI) calcd for C17H26N2O3 [M + H]+ 307.2016; found 307.2012.  

(2,4-cis)-4-(2-Cyclohexylethyl)-N-(1,3-dihydroxypropan-2-yl)piperidine-2-

carboxamide (33): Compound 33 (20.7 mg, 76.6%), a diastereomeric mixture, was 

prepared from 26 (2 steps) by a procedure similar to that used to prepare compound 11, as 

a whitish solid. mp 145.2-150.0 oC.  1H-NMR (300 MHz, CDCl3 : CD3OD) δ. 3.86 (t, 1H, 

J = 4.8 Hz), 3.80 – 3.57 (m, 4H), 3.48 – 3.33 (m, 1H), 3.23 – 3.06 (m, 2H), 2.70 – 2.54 (m, 

1H), 2.00 (d, 1H, J = 13.1), 1.75 – 1.60 (m, 6H), 1.38 (bs, 2OH), 1.33 – 1.06 (m, 9H), 1.09 

– 0.96 (m, 2H), 0.95 – 0.75 (m, 3H). 13C NMR (75 MHz, CDCl3 : CD3OD) δ 174.4, 61.8, 

61.7, 60.4, 52.2, 45.5, 37.7, 36.5, 36.0, 34.1, 34.0, 33.3, 32.3, 26.6, 26.3. HRMS (ESI) 

calcd for C17H32N2O3 [M + H]+ 313.2486; found 313.2487. 

(2,4-cis)-4-(2-Cyclohexylethyl)-N-(2-morpholinoethyl)piperidine-2-

carboxamide (34): Compound 34 (43 mg, 93%), a diastereomeric mixture, was prepared 

from 26 (2 steps) by a procedure similar to that used to prepare compound 11, as a 
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yellowish solid. mp 45.0-47.1 oC; 1H-NMR (300 MHz, CDCl3) δ 6.93 (t, 1H, J = 5.5 Hz), 

3.80 – 3.59 (m, 4H), 3.35 (dtd, 2H, J = 6.7, 5.6, 5.0, 1.2 Hz), 3.14 (tt, 2H, J = 11.9, 2.4 Hz), 

2.77 – 2.56 (m, 1H), 2.56 – 2.37 (m, 6H), 2.18 – 2.03 (m, 1H), 1.95 (d, 1H, J = 9.0 Hz), 

1.82 – 1.58 (m, 6H), 1.40 – 1.30 (m, 1H), 1.34 – 1.08 (m, 8H), 1.08 – 0.96 (m, 1H), 0.96 – 

0.74 (m, 3H). 13C NMR (75 MHz, CDCl3 : CD3OD) δ 174.3, 67.0, 57.3, 53.4, 46.0, 37.8, 

37.2, 36.3, 35.4, 34.2, 33.4, 32.8, 26.7, 26.4. HRMS (ESI) calcd for C20H37N3O2 [M + H]+ 

352.2959; found 352.2952. 

(2,4-cis)-4-(2-Cyclohexylethyl)-N-(3-morpholinopropyl)piperidine-2-

carboxamide (35): Compound 35 (33 mg, 99%), a diastereomeric mixture, was prepared 

from 26 (2 steps) by a procedure similar to that used to prepare compound 11, as a white 

wax-like solid. 1H-NMR (300 MHz, CDCl3) δ 7.51 (t, 1H, J = 5.5 Hz), 3.74 (td, 4H, J = 

4.4, 1.5 Hz), 3.33 (m, 2H), 3.13 (m, 2H), 2.66 (td, 1H, J = 12.1, 2.7 Hz), 2.43 (m, 6H), 2.09 

(dq, 1H, J = 12.8, 2.7 Hz), 1.81 (s, 1H), 1.67 (m, 8H), 1.35 (m, 1H), 1.19 (m, 8H), 1.03 (m, 

1H), 0.86 (m, 3H). 13C NMR (75 MHz, CDCl3) δ. HRMS (ESI) calcd for C21H39N3O2 [M 

+ H]+ 366.3115; found 366.3112.  

(2,4-cis)-N-(2-morpholinoethyl)-4-phenethylpiperidine-2-carboxamide (36): 

Compound 36 (45 mg, 96%), a diastereomeric mixture, was prepared from 25 (2 steps) by 

a procedure similar to that used to prepare compound 11, as a yellowish solid. mp 156.6-

157.9 oC; 1H-NMR (300 MHz, CDCl3) δ 7.31 – 7.24 (m, 2H), 7.12 – 7.13 (m, 3H), 6.94 (t, 

1H, J = 5.6 Hz), 3.71 (t, 4H, J = 3.0 Hz), 3.36 (q, 2H, J = 6.0 Hz), 3.23 – 3.08 (m, 2H), 

2.72 – 2.59 (m, 3H), 2.53 – 2.39 (m, 6H), 2.17 (dq, 1H, J = 12.7, 2.8 Hz), 1.73 (dt, 1H, J = 

12.8, 2.8 Hz), 1.64 – 1.52 (m, 2H), 1.51 – 1.39 (m, 1H), 1.25 (bs, 1H), 1.18 – 1.04 (m, 1H), 

1.03 – 0.91 (m, 1H). 13C NMR (75 MHz, CDCl3) δ 174.2, 166.7, 142.5, 128.3, 128.3, 125.7, 

67.0, 60.8, 57.3, 53.4, 45.9, 38.9, 35.6, 35.4, 32.8, 32.6. HRMS (ESI) calcd for C20H31N3O2 

[M + H]+ 346.2489; found 346.2482. 

(2,4-cis)-N-(3-morpholinopropyl)-4-phenethylpiperidine-2-carboxamide (37): 

Compound 37 (25 mg, 99%), a diastereomeric mixture, was prepared from 25 (2 steps) by 
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a procedure similar to that used to prepare compound 11, as a white solid. mp 59.8-61.5 

oC;. 1H-NMR (300 MHz, CDCl3) δ 7.53 (t, 1H, J = 5.2 Hz), 7.27 (m, 2H), 7.17 (m, 3H), 

3.74 (dt, 4H, J = 4.4, 1.5 Hz), 3.34 (m, 2H), 3.14 (m, 2H), 2.64 (m, 3H), 2.43 (m, 6H), 2.18 

(dq, 1H, J = 12.6, 2.8 Hz), 1.69 (m, 4H), 1.56 (m, 2H), 1.46 (m, 1H), 1.09 (ddd, 1H, J = 15, 

12, 3 Hz), 0.96 (q, 1H, J = 12 Hz). 13C NMR (75 MHz, CDCl3) δ 174.2, 142.4, 128.3, 

128.2, 125.7, 66.9, 61.0, 57.7, 53.8, 45.9, 38.9, 38.6, 37.1, 35.7, 32.8, 32.6, 25.4. HRMS 

(ESI) calcd for C21H33N3O2 [M + H]+ 360.2646; found 360.2638.  

(2S,4R)-4-(4-(tert-Butyl)phenethyl)-N-((1R,2R)-1,3-dihydroxy-1-

phenylpropan-2-yl)piperidine-2-carboxamide ((2S,4R)-38) and (2R,4S)-4-(4-(tert-

butyl)phenethyl)-N-((1R,2R)-1,3-dihydroxy-1-phenylpropan-2-yl)piperidine-2-

carboxamide ((2R,4S)-38): Compounds (2S,4R)-38 (40 mg, 28%) and (2R,4S)-38 (50 mg, 

36%) were prepared from 27 (2 steps), respectively, by a procedure similar to that used to 

prepare compound 11. These two isomers could be separated by preparative TLC as 

colorless amorphous gels. Compound (2S,4R)-38: 1H NMR (600 MHz, CDCl3 + CD3OD) 

δ 7.46 (br s, 1H), 7.39 (d, 2H, J = 7.2 Hz), 7.31 (m, 4H), 7.24 (t, 1H, J = 7.2 Hz), 7.10 (d, 

1H, J = 8.4 Hz), 4.96 (d, 1H, J = 4.8 Hz), 4.09 (q, 1H, J = 5.4 Hz), 3.68 (m, 1H), 3.57 (m, 

1H), 3.21 (dd, 1H, J = 3.0 Hz, 12.0 Hz), 3.12 (m, 1H), 2.63 (m, 1H), 2.57 (t, 2H, J = 7.8 

Hz), 1.91 (d, 1H, J = 13.2 Hz), 1.76 (d, 1H, J = 12.6 Hz), 1.54 (m, 2H), 1.46 (m, 1H), 1.30 

(s, 9H), 1.12 (qd, 1H, J = 3.6 Hz, 12.0 Hz), 0.91 (q, 1H, J = 12.6 Hz). 13C NMR (150 MHz, 

CDCl3 + CD3OD): δ 174.0, 148.5, 141.6, 139.0, 128.1 (2C), 127.8 (2C), 127.4, 126.0, 

125.9, 125.1 (2C), 72.0, 61.8, 59.9, 56.6, 44.9, 38.5, 35.8, 34.9, 34.2, 31.9, 31.3, 31.1 (3C). 

HRMS Calcd for C27H38N2O3: [M + H]+ 439.2950; found 439.2957. Compound (2R,4S)-

38: 1H NMR (600 MHz, CDCl3 + CD3OD) δ 7.68 (br s, 1H), 7.38 (d, 2H, J = 7.8 Hz), 7.31 

(m, 4H), 7.22 (t, 1H, J = 7.2 Hz), 7.11 (d, 2H, J = 8.4 Hz), 4.99 (d, 1H, J = 4.2 Hz), 4.11 

(m, 1H), 3.75 (m, 1H), 3.66 (m, 1H), 3.47 (dd, 1H, J = 2.4 Hz, 12.6 Hz), 3.20 (d, 1H, J = 

11.4 Hz), 2.72 (m, 1H), 2.56 (m, 2H), 1.87 (d, 1H, J = 13.2 Hz), 1.78 (d, 1H, J = 13.8 Hz), 

1.52 (m, 3H), 1.31 (s, 9H), 1.18 (m, 1H), 0.96 (q, 1H, J = 12.0 Hz). 13C NMR (150 MHz, 
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CDCl3+CD3OD): δ 171.7, 148.7, 141.5, 138.8, 128.1 (2C), 127.8 (2C), 127.4, 125.9 (2C), 

125.2 (2C), 72.4, 62.3, 59.0, 56.6, 44.2, 38.2, 34.8, 34.2, 31.9, 31.3 (4C), 30.1. HRMS 

Calcd for C27H38N2O3: [M + H]+ 439.2950; found 439.2955.  

(2R,4S)-N-((1S,2S)-1,3-Dihydroxy-1-phenylpropan-2-yl)-4-(4-

methylphenethyl)piperidine-2-carboxamide ((2R,4S)-39) and (2S,4R)-N-((1S,2S)-1,3-

dihydroxy-1-phenylpropan-2-yl)-4-(4-methylphenethyl)piperidine-2-carboxamide 

((2S,4R)-39): Compounds (2R,4S)-39 (50 mg, 34%) and (2S,4R)-39 (53 mg, 37%) were 

prepared from 28 (2 steps), respectively, by a procedure similar to that used to prepare 

compound 11. These two isomers could be separated by preparative TLC as colorless 

amorphous gels. Compound (2R,4S)-39: 1H NMR (600 MHz, CDCl3 + CD3OD) δ 7.46 (br 

s, 1H), 7.39 (d, 2H, J = 7.8 Hz), 7.31 (t, 2H, J = 7.8 Hz), 7.25 (t, 1H, J = 7.2 Hz), 7.09 (d, 

2H, J = 8.4 Hz), 7.05 (d, 2H, J = 7.8 Hz), 4.97 (d, 1H, J = 4.2 Hz), 4.08 (d, 1H, J = 4.8 Hz), 

3.69 (m, 1H), 3.58 (m, 1H), 3.15 (dd, 1H, J = 3.0 Hz, 12.0 Hz), 3.11 (m, 1H), 2.60 (m, 1H), 

2.55 (t, 2H, J = 7.8 Hz), 2.31 (s, 3H), 1.86 (d, 1H, J = 13.2 Hz), 1.73 (d, 1H, J = 13.2 Hz), 

1.50 (m, 2H), 1.42 (m, 1H), 1.09 (dq, 1H, J = 4.2 Hz, 12.6 Hz), 0.86 (q, 1H, J = 12.0 Hz). 

13C NMR (150 MHz, CDCl3 + CD3OD): δ 174.3, 141.6, 139.1, 135.1, 128.9 (2C), 128.1 

(2C), 128.0 (2C), 127.4, 126.0 (2C), 72.0, 61.9, 60.0, 56.5, 45.0, 38.6, 36.0, 35.0, 32.0, 

31.5, 20.6. HRMS Calcd for C24H32N2O3: [M + H]+ 397.2486; found 397.2490. Compound 

(2S,4R)-39: 1H NMR (600 MHz, CDCl3) δ 7.45 (d, 1H, J = 8.4 Hz), 7.35 (d, 2H, J = 7.2 

Hz), 7.25 (m, 2H), 7.18 (t, 1H, J = 7.2 Hz), 7.08 (d, 1H, J = 7.8 Hz), 7.02 (d, 1H, J = 8.4 

Hz), 5.02 (d, 1H, J = 3.0 Hz), 4.65 (br s, 3H), 4.10 (m, 1H), 3.78 (m, 1H), 3.71 (m, 1H), 

3.13 (d, 1H, J = 13.8 Hz), 2.94 (d, 1H, J = 12.0 Hz), 2.48 (t, 2H, J = 7.8 Hz), 2.41 (m, 1H), 

2.31 (s, 3H), 1.74 (d, 1H, J = 12.0 Hz), 1.59 (d, 1H, J = 12.0 Hz), 1.39 (m, 2H), 1.31 (m, 

1H), 0.90 (m, 1H), 0.78 (q, 1H, J = 12.6 Hz). 13C NMR (150 MHz, CDCl3): δ 173.5, 141.8, 

139.1, 135.2, 129.1 (3C), 128.1 (3C), 127.4, 125.9 (2C), 72.7, 62.9, 59.8, 56.4, 44.7, 38.7, 

36.1, 34.8, 32.1, 31.5, 21.0. HRMS Calcd for C24H32N2O3: [M + H]+ 397.2486; found 

397.2487. 
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4.2 In silico Molecular Docking 

Molecular modeling and ligand docking were performed in the Maestro (11.9) 

workspace using modules (LigPrep, Protein Preparation Wizard, Induced Fit Docking, and 

Glide) in the Small Molecule Drug Discovery Suite (2019-1, Schrödinger, LLC, New 

York, NY, 2017). The crystal structure of ergotamine-5-HT2CR (PDB Code: 6BQG) was 

fetched from RCSB PDB bank and was preprocessed and optimized with Schrödinger 

Protein Preparation Wizard using default settings. All ligands (5-HT and 5-HT2CR PAMs) 

were created with Maestro 2D-sketcher and prepared with LigPrep to generate suitable 3D 

conformations for docking. Induced Fit Docking was used to dock 5-HT and replace 

ergotamine. For this initial model generation, a grid was applied via Glide on the 

ergotamine-5-HT2CR structure centering on the indole N atom of ergotamine, as a 

representation of the orthosteric binding site. A new 5-HT-bound 5-HT2CR model was 

generated in this manner, allowing default flexibility and movement of amino acid residues 

surrounding the orthosteric site, now accommodating 5-HT. The 5-HT-bound 5-HT2CR 

model was exported as a single protein structure (both 5-HT and protein), and subsequently 

used for docking of the 5-HT2CR PAMs. No exclusion volumes were necessary to apply 

due to the presence of 5-HT in the orthosteric site. Compound 12 was pharmacologically 

validated as a 5-HT2CR PAM, thus 12 was docked to the model using the Induced Fit 

Docking protocol, allowing default residue flexibility. A rationally selected docking pose 

for 12 was used as a center for a new grid. This grid was applied for the standard docking 

of remaining ligands, conducted with Glide XP mode. All docked results were viewed in 

Maestro for visualization and clustering. Scoring functions (GScore) and biological and 

chemical rationale were used for ligand pose selection. For all ligands that were 

pharmacologically tested as a mixture of two isomers, both isomers were docked and 

analyzed. Visualization aids such as the protein surface predictions around the docking site 

were performed in the Maestro workspace.  
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4.3 In Vitro Pharmacology 

Intracellular Calcium (Cai
2+) Release Assay in h5-HT2R-CHO Cells. Chinese 

hamster ovary (CHO) cells stably transfected with the human unedited (INI) h5-HT2CR 

(h5-HT2CR-CHO cells) or the human h5-HT2AR (h5-HT2AR-CHO cells) were the generous 

gift from Drs. Kelly A. Berg and William P. Clarke (University of Texas Health Science 

Center, San Antonio). 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% confluency. The Cai
2+ release 

assay was performed according to our recent publications.381 Briefly, cells (150 µL; 

passages 6-16 (FlexStation 3; Molecular Devices) or 30,000 cells/well (FLIPRTETRA; 

Molecular Devices) in black-wall 96-well culture plates with optically clear flat bottoms. 

To ensure even plating of cells, the source reservoir was frequently agitated or triturated, 

and plates were maintained on a rotary shaker at low speed for 20 min after plating and 

returned to the incubator overnight. Approximately 24 h after plating, the medium was 

replaced with serum-free (SF) GlutaMax-MEM medium supplemented with 20 nM to 100 

µM putrescine (Sigma-Aldrich, St. Louis, MO), 20 nM to 100 µM progesterone (Sigma-

Aldrich), and 1:100 ITS (1000 mg/L human recombinant insulin, 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 of Hank’s 

balanced saline solution (HBSS; without CaCl2 or MgCl2, pH 7.4) plus 40 µL of Calcium 

4 dye solution (FLIPR No-wash kit, Molecular Devices, Sunnyvale CA, catalog no R8142) 

supplemented with 2.5 mM of water-soluble probenecid (Sigma-Aldrich) to inhibit 

extracellular transport of the dye. Plates were incubated with dye solution for 60 min at 

37°C, 15 min at room temperature in the dark. Drug dilutions were prepared at 5x final 

concentration in 1x HBSS; delivery of compound (20 µL/well) was followed 15 min later 
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by 5-HT (10 pM to 10 µM; 25 µL/well). A baseline was established for each well before 

addition of the test compound and again before addition of 5-HT. The fluorescence read 

following the addition of 5-HT was used to assess allosteric modulation of 5-HT-evoked 

Cai
2+ release. Fluorescence was measured using a FlexStation 3 (Molecular Devices) or 

FLIPRTETRA (130 gain, 60% intensity, 0.3 s exposure). For the FlexStation 3, a 17 s baseline 

was established before addition of compounds following which fluorescence was recorded 

every 1.7 s for a total 240 s. Maximum peak height was determined by the SoftMax 

software (Pro 5.4.5) for each well. For the FLIPRTETRA, a 10 s baseline was established 

before addition of compounds following which fluorescence was recorded every 1 s for 

120 s following compound or for 360 s following 5-HT. Maximum peak height was 

determined by ScreenWorks 4.0 software for each well. After the final readings, cells were 

fixed in 2% paraformaldehyde (Sigma) overnight. The maximum 5-HT-induced Cai 
2+ 

release (Emax) in the presence of test compound was determined using 4-parameter 

nonlinear regression analysis (GraphPad Prism 7.04) and calculated from 4-6 biological 

replicates, each conducted in technical triplicates. The Emax for the test compound plus 5-

HT was normalized to the Emax for 5-HT alone. Subsequent post hoc comparisons between 

means for Emax were made using Welch’s unpaired t test (GraphPad Prism). All statistical 

analyses were conducted with an experiment-wise error rate of α = 0.05. All treatment 

assignments were blinded to investigators who performed in vitro assays and endpoint 

statistical analyses. 

4.4 In Vivo Pharmacokinetics and Brain Penetration Analyses 

Male Sprague–Dawley rats (n = 3/treatment group; Charles River Laboratories) 

weighing 200−250 g at the beginning of the experiment were housed three per cage in a 

pathogen-free, temperature (20−26°C) and humidity-controlled (40−70%) environment 

with a 12 h light-dark cycle and ad libitum access to food and filtered water. Rats were 

randomly assigned to treatment groups. Vehicle [10% DMSO:90% HP-β-CD] or 
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compound 12 dissolved in vehicle was administered to rats intravenously (iv) at 10 mg/kg 

or per os (po) at 20 mg/kg. Blood samples (0.3 mL) were collected from the retro-orbital 

sinus vein before dosing and at 0.08, 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, and 24 h postdosing for 

iv administration and 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, and 24 h postdosing for po administration. 

Blood samples were placed in heparinized tubes and centrifuged at 12,000g for 5 min at 

4°C. Brain samples were collected at 0.25 and 1 h postdosing. All samples were stored at 

−20°C. The concentration of 12 in each sample was analyzed by Sundia MediTech Co., 

Ltd. The study and the related standard operating procedures (SOPs) were reviewed and 

approved by Sundia Institutional Animal Care and Use Committee. The Sundia animal 

facility is approved with yearly inspection by the Shanghai Laboratory Animal 

Management Committee. 

The pharmacokinetic parameters of compound 12 were calculated according to a 

noncompartmental model using WinNonlin 8.1 (Pharsight Corporation, ver 5.3, Mountain 

View, CA, USA). The peak concentration (Cmax) and time of peak concentration (Tmax) 

were directly obtained from the plasma concentration–time plot. The elimination rate 

constant (λ) was obtained by the least-squares fitted terminal log–linear portion of the slope 

of the plasma concentration–time profile. The elimination half-life (t1/2) was evaluated 

according to 0.693/λ. The area under the plasma concentration–time curve from 0 to time 

t (AUC0–t) was evaluated using the linear trapezoidal rule and further extrapolated to 

infinity (AUC0–inf) according to the following equation: AUC0–inf = AUC0–t + Clast/λ. The 

pharmacokinetic parameters and brain concentrations are presented as mean ± S.E.M. in 

Table 6. All treatment assignments were blinded to investigators who performed 

pharmacokinetic assays and endpoint statistical analyses. 

Effects of Compound 12 in a WAY163909 vs. Saline Drug Discrimination 

Assay. Drugs: WAY163909 [(7b-R,10a-R)-1,2,3,4,8,9,10,10a-octahydro-7bH-

cyclopenta[b][1,4] diazepino[6,7,1hi]indole] was a gift from Pfizer, Inc. (New York, NY) 

and was dissolved in 0.9% NaCl (vehicle employed for comparison to WAY163909). 
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SB242084 [6-chloro-5-methyl-1-[[2-(2-methylpyrid-3-yloxy)pyrid-5-

yl]carbamoyl]indoline dihydrochloride; Sigma Chemical Co., St. Louis, MO, USA] was 

dissolved in saline containing 10 mmol/L citric acid (Sigma Chemical Co.) and 8% 2-

hydroxypropyl-β-cyclodextrin (Trappsol Hydroxpropyl Beta Cyclodextrin, 

pharmaceutical grade, Cyclodextrin Technologies Development Inc., High Springs, FL, 

USA) with the final pH of the solution adjusted to 5.6. SB242084, WAY163909, and 

compound 12 were injected intraperitoneally (ip) at a volume of 1 mL/kg. 

Animals: Male Sprague−Dawley rats (n = 13; Envigo) weighing 300−325 g (~ 60 

days of age) at the beginning of the experiment were housed two per cage in a temperature 

(21−23°C) and humidity-controlled (45−50%) environment; lighting was maintained 

under a 12h 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), 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 (2011) and with the approval 

of the Institutional Animal Care and Use Committee at University of Texas Medical 

Branch.  

Drug Discrimination Procedures: Full experimental details of the procedures and 

analyses have been previously described.381, 413, 420, 427 Briefly, standard two-lever, water-

reinforced drug discrimination procedures were used (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 28V house light; ventilation and masking noise were provided 

by a ventilation fan. A computer with Med-PC IV software was used to run programs and 

record all experimental events. 
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Rats were trained to discriminate an injection of WAY163909 (0.75 mg/kg; 1.0 

mL/kg, ip) from saline (1.0 mL/kg, ip) administered 15 min before start of training 

sessions. Daily sessions lasted 15 min and were conducted Monday through Friday. During 

the phase of errorless training, only the stimulus-appropriate (drug or saline) lever was 

present. Training began under a fixed ratio 1 (FR1) schedule of water reinforcement, and 

the FR requirement was incremented until all animals were responding reliably under an 

FR20 schedule for each experimental condition. Left and right levers were counterbalanced 

across rats for WAY163909/saline assignments. During this phase of training, 

WAY163909 and saline were administered randomly with the restriction that neither 

condition prevailed for more than three consecutive sessions. After responding stabilized, 

both levers were introduced 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 sessions were initiated and conducted once or twice per week; with training 

sessions completed on intervening days. Rats were required to maintain accuracies >80% 

correct for saline and WAY163909 maintenance sessions, which immediately preceded all 

tests. During test sessions, animals were placed in the chambers and, upon completion of 

20 responses on either lever, a single water reinforcer was delivered, and the house lights 

were turned off. The rat was removed from the chamber and returned to the colony. The 

test sessions were terminated after 15 min if the rats did not complete 20 responses on 

either lever; only data from rats that completed the test were included in data analysis. In 

substitution tests, rats were administered compound 12 (0.5, 1.0, 2.0, 5.0 mg/kg, ip) 30 min 

before the start of the test. WAY163909 (0.125, 0.25, 0.5, 0.625, 0.75, or 1.0 mg/kg, ip), 

or saline was administered 15 min prior to the start of the test. In combination tests, rats 
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were tested for lever selection following administration of compound 12 (0, 0.5, 1.0, or 2.0 

mg/kg, ip) or vehicle 30 min and WAY163909 (0.5 mg/kg ip) or saline 15 min before start 

of the test. In combination tests, SB242084 (0.5 mg/kg) was administered 15 min before 

administration of WAY163909. The dose of WAY163909 (0.5 mg/kg, ip) employed 

evoked ~50% drug-appropriate responding. Full substitution was defined as ≥80% of rats 

selecting the WAY163909-appropriate lever. Partial substitution was defined as ≥40% and 

<80% drug-appropriate responding.  

Statistical Analyses: All treatment assignments were blinded to investigators who 

performed in vivo assays and endpoint statistical analyses. Rat performance in training and 

test sessions was expressed as the average percentage of rats selecting the WAY163909-

associated lever because responding is typically a quantal rather than continuous function 

of stimulus similarity in the two-choice drug discrimination assay.381, 413-421 Thus, 

intermediate doses of the training drug or substitution test responses are typically confined 

to one lever. During test sessions, the lever selection is defined by the initial FR20 schedule 

completion at which point the test terminates and the animal is removed from the chamber 

without delivery of a reinforcer. Logistic regression analyses were used to determine the 

effects of increasing doses of WAY163909, compound 12, or combination treatments on 

the probability that rats responded on the WAY163909-associated lever (binary response 

variable). 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. Response rates were analyzed using one-way ANOVA 

with Dunnett’s correction for comparisons to vehicle or control groups. Log-probit 

analyses were used to estimate the dose of WAY163909 predicted to elicit 50% 

WAY163909-associated lever responses (ED50). All statistical significance was set at an 

experimenter-wise error rate of α = 0.05.  
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Chapter 4. Exploration of sp2-Rich Scaffolds as Serotonin 5-HT2C 

Receptor PAMs to Probe Binding Pocket Features and Reduce Chiral 

Centers 

E.A. Wold 

Abstract 

A common feature shared by previously designed 5-HT2CR PAMs that originated 

from the hit compound PNU-69176E is the piperidinecarboxamide core of the scaffold. 

The analogues that followed have retained the piperidinecarboxamide core and thus have 

retained the saturated ring geometry, commonly referred to as three-dimensional compared 

to planar ring systems. The goal of this work is three-fold. First, the core will be replaced 

by an unsaturated, planar pyridine ring to probe binding pocket accommodations of sp2-

rich analogues. Second, increased rigidity will be introduced to the lipophilic tail moiety 

to explore binding pocket depth and volume constraints, as the moiety can no longer 

collapse into a minimal volume. Third, increased synthesis efficiency is prioritized, 

considering large-quantity scale-up will be required as the drug discovery campaign 

matures. Thus, we aimed to synthesize a collection of non-chiral-core, sp2-rich compounds 

that feature a pyridinecarboxamide core and are designed around activity data and 

structural modeling generated by earlier discovery efforts, namely lead molecules CYD-1-

79 and CTW0415. To this end we achieved substituted pyridine-2-carboxamide 5-HT2R 

PAMs that increased synthetic feasibility and potentiated 5-HT signaling at 5-HT2Rs in 

calcium-based functional assays. Future derivatives building on this work will need to 

overcome sub-optimal DMPK properties, as well as the apparent pan-5-HT2R promiscuity 

introduced by aromatic ring systems, as described herein. 
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1. INTRODUCTION 

As highlighted in previous chapters, the 5-HT2CR is an important drug target for 

multiple human conditions including substance use disorders (SUDs) and obesity.264 Our 

previous work towards discovering novel 5-HT2CR PAMs has achieved the lead 

compounds 1 and 2 (Fig. 4.1).381, 405 These molecules are designed around a 

piperidinecarboxamide core, flanked by lipophilic tail (LT) and polar head (PH) moieties. 

This design endows these compounds with interesting, three-dimensional (3D) geometry 

originating from the chiral carbon atoms in the piperidine ring. However, it is unknown if 

this feature is preferable or required for 5-HT2CR PAM activity, and the resultant design 

can lead to difficulties in isomer separation. Additionally, the LT moieties seen in our 

previous discovery efforts are typically flexible and discerning structure-activity 

relationship (SAR) from flexible moieties characterized by non-specific protein 

interactions can prove difficult. The study conducted herein sought to introduce new 

geometry to the molecules and rigidly extend the LT to gain insights into the 5-HT2CR 

PAM binding pocket. An important aspect of this endeavor was to retain the PH moieties 

previously found to be present in active 5-HT2CR PAMs, as this fragment provides specific 

interactions with key residues in the PAM binding site.  

Figure 4.1 Rationale and Strategy 
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An additional goal of this study was to eliminate the chiral carbon atoms in the 

piperidinecarboxamide core of our current 5-HT2CR PAMs, replacing it with a 

pyridinecarboxamide core, and thereby simultaneously reducing the number of steps in 

compound synthesis. The current lead compounds 1 and 2 shown in Figure 4.1 clearly 

display the aliphatic piperidine ring. To achieve this structural moiety a metal-catalyzed 

hydrogenation reaction is required, which is followed by protection of the secondary amine 

of the piperidine ring. Derivatives can then be achieved by conjugating various amino 

moieties to the core. This procedure necessarily produces two substituted chiral carbon 

atoms in the piperidine ring and results in enantiomeric products. Separation of the 

enantiomers is often prohibitive at such an early stage in a drug discovery campaign, but 

when successful the pharmacological characterization can produce valuable structure-

activity relationship data. 

Described herein is a series of pyridinecarboxamide core compounds that were 

assessed for activity at the 5-HT2CR and followed by select screening at the 5-HT2AR and 

5-HT2BR to determine subtype selectivity. We performed a calculation to predict central 

nervous system (CNS) exposure that returns a value known as the CNS-MPO score.411 This 

score weights different physicochemical properties of a small molecule and produces a 

value between zero and six, where the closer a score is to six the higher probability it will 

obtain CNS exposure. This was followed by an off-target assessment at nearly 50 

biologically relevant receptors and transporters to determine selectivity across many targets 

specifically in the CNS.428 Finally, we subjected the most promising 5-HT2CR PAM to in 

vivo pharmacokinetic (PK) analysis to determine suitability for in vivo rodent behavioral 

assays.   

2. RESULTS AND DISCUSSION 

Chemistry. Reviewing our previously established synthetic protocol, the synthetic 

route was modified to achieve final products after a three-step synthesis, compared to the 
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previous six-step protocol.46, 381, 405 The starting material was the iodinated ester of picolinic 

acid, which underwent Sonogashira (Schemes 4.1 and 4.3) or Suzuki (Scheme 4.2) 

coupling to lipophilic tail (LT) moieties (e.g., undec-1-yn-1-yl, phenyl, and phenylethynyl 

fragments). Hydrolysis of the ester provided the pyridinyl carboxylic acids 6, 17, and 23. 

The application of N,N,N′,N′-tetramethyl-O-(1H-benzotriazol-1-yl)uronium 

hexafluorophosphate (HBTU)-mediated coupling to selected amines achieved the target 

compounds 7-14, 18-20, and 24-26. Due to the intrinsic characteristics of the 

pyridinecarboxamide scaffold, we avoided the challenge of inseparable isomer mixtures as 

seen in previous 5-HT2CR PAM syntheses.381, 405 

 

Scheme 4.1 CYD-1-79 analogues 
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Scheme 4.2 and 4.3 CTW0415 analogues 

 

 

Compound screening in vitro. Following receptor activation, the 5-HT2Rs initiate 

an intracellular signaling cascade beginning with the coupling, nucleotide exchange and 

dissociation of the Gαβγ heterotrimer. Gαq proceeds to stimulate phospholipase Cβ (PLCβ), 

which results in the production of inositol-1,4,5-triphosphate (IP3), diacylglycerol (DAG) 

and the eventual efflux of Cai
2+ from intracellular stores. This cascade of events is generally 

referred to as the canonical signaling pathway for GPCRs and has been characterized 

extensively. Thus, employing a calcium-sensitive fluorescent sensor to a cell-based 

functional screening system enables the measurement of 5-HT2R activation by correlating 

receptor activity to fluorescent response in a tightly controlled environment. This principle 

was used to measure the in vitro Cai
2+ release upon 5-HT2R activation, providing a 
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functional characterization of the newly synthesized compounds. The compounds were 

screened for activity at the 5-HT2CR, and selected compounds were screened at the 5-

HT2AR and 5-HT2BR. The maximum efficacy (Emax) of 5-HT-induced Cai
2+ release was 

measured, and compound screening activity data is reported as a percent of the normalized 

5-HT response (100%). Each compound was screened in a minimum of four biological 

replicates conducted in technical triplicate. The Emax of each test compound was determined 

via a concentration-response curve of increasing concentrations of 5-HT in the presence of 

1 nM test compound. Intrinsic agonist activity was monitored via a 15 min. pre-incubation 

of the test compounds, and none are reported to possess agonist activities at 1 nM test 

concentrations. The results of compound screening in 5-HT2CR, 5-HT2AR and 5-HT2BR 

expressing cells are shown in Table 4.1.  

Several compounds are reported as PAMs at the 5-HT2CR, however the resultant 

structure-activity relationship (SAR) analysis is notably divergent from other series of 5-

HT2CR PAMs we have synthesized. Compound 9 displayed no activity at the 5-HT2CR 

compared the piperidinecarboxamide 1 (~23% Emax increase) on which the aromatic design 

was based, indicating an incompatible pose was induced by the saturated design. While 

surprisingly, 8 was found to potentiate 5-HT-induced Cai
2+ release at the 5-HT2CR with an 

Emax of 119.4 ± 7.4% (p < 0.05). Additionally, the piperidinecarboxamide analogue of 10 

was previously found to show activity, while 10 is inactive. The morpholine-containing 

compound 11 displayed 5-HT2CR activity with an Emax of 128.0 ± 9.9% (p < 0.05). For the 

remaining undec-1-yn-1-yl LT derivates, only 13 displayed 5-HT2CR activity with an Emax 

of 121.8 ± 8.0% (p < 0.05), and interestingly showed activity at the 5-HT2AR (Emax = 117.9 

± 4.3%; p < 0.05), being the only compound from this design to show activity at both the 

5-HT2CR and 5-HT2AR. Thus, 13 is reported herein as a dual 5-HT2CR and 5-HT2AR PAM; 

however, results for the 5-HT2BR were not determined. These results prove difficult to 

interpret in comparison to the SAR generated by the undecyl derivates from which 1 was 

derived.381 
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Table 4.1 Functional activity assessments in 5-HT2CR, 5-HT2AR and 5-HT2BR 

Functional Screening  5-HT2CR 5-HT2AR 5-HT2BR  

Cmpd Compound Structure 
5-HT Emax  
% (SEM) 

5-HT+Cmpd 
LogEC50 
(SEM) 

5-HT Emax  
% (SEM) 

5-HT Emax  
% (SEM) 

CNS-
MPO 

6 

 

111.2 (8.1) 
P=0.224 

-8.34 (0.09) 
p=0.295 

n.d. n.d. n.d. 

7 

 

120.6 (14.9) 
p=0.218 

-8.16 (0.159) 
p=0.658 

n.d. n.d. n.d. 

8 

 

119.4 (7.4)* 
p=0.046 

-8.37 (0.15) 
p=0.882 

103.2 (4.9) 
p=0.5403 

n.d. 3.9 

9 

 

100.5 (9.5) 
p=0.962 

-8.58 (0.137) 
p=0.695 

n.d. n.d. n.d. 

10 

 

116.9 (11.4) 
p=0.213 

-8.19 (0.172) 
p= 0.982 

n.d. n.d. n.d. 

11 

 

128.0 (9.9)* 
p=0.025 

-8.45 (0.13) 
p=0.870 

104.9 (2.9) 
p=0.2394 

n.d. 3.9 

12 

 

105.6 (5.7) 
p=0.400 

-8.25 (0.090) 
p=0.356 

n.d. n.d. n.d. 

13 

 

121.8 (8.0)* 
p=0.042 

-8.34 (0.154) 
p=0.755 

117.9 (4.3)* 
p=0.0251 

n.d. 3.4 

14 

 

121.0 (11.6) 
p=0.1440 

-8.41 (0.14) 
p=0.677 

n.d. n.d. n.d. 

18 

 

120.3 (5.9)* 
p=0.014 

-8.35 (0.07) 
p=0.514 

105.8 (6.9) 
p=0.4579 

115 (9.7) 
p=0.1832 5.2 

19 

 

123.0 (5.0)* 
p=0.003 

-8.39 (0.11) 
p=0.443 

n.d. 
117.7 (4.6)* 
p=0.0312 5.2 

20 

 

118.0 (7.0)* 
p=0.042 

-8.24 (0.12) 
p=0.230 

95.85 (4.4) 
p=0.4181 

126.2 (8.3)* 
p=0.0341 5.0 
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24 

 

113.4 (9.3) 
p=0.244 

-8.44 (0.04) 
p=0.611 

n.d. n.d. n.d. 

25 

 

114.0 (8.0) 
p=0.155 

-8.45 (0.11) 
p=0.935 

n.d. n.d. n.d. 

26 

 

97.6 (2.3) 
p=0.358 

-8.19 (0.07) 
p=0.013 

n.d. n.d. n.d. 

 

To further probe 5-HT2CR accommodation of the pyridinecarboxamide core, three 

compounds were synthesized based on 5-HT2CR lead PAM 2. It was established that the 

1,3-propanediol PH acted as a privileged fragment and thus 18 was produced.405 

Compound 18 displayed 5-HT2CR PAM activity with an Emax of 120.3 ± 5.9% (p < 0.05), 

consistent with our findings for 2 (Emax of 127.4 ± 8.8%). Lengthening of the LT by 

incorporating a phenylethynyl LT abolished 5-HT2CR activity. This effect was 

reproducible for compounds 19 and 20, where the phenylethynyl derivatives, 25 and 26 

respectively, consequently abolished 5-HT2CR activity. Of note, the smaller phenyl LT-

based 5-HT2CR PAMs gained the apparent ability to also interact with the 5-HT2BR. 

Functional potentiation at the 5-HT2BR was observed for 19 (Emax = 117.7 ± 4.6%; p < 

0.05) and 20 (Emax = 126.2 ± 8.3%; p < 0.05), while radioligand binding studies (Table 

4.2) show significant binding inhibition of the radioligand at the 5-HT2BR for compound 

18, potential inhibition at the 5-HT2BR for 19, and potential inhibition at the 5-HT2CR and 

5-HT2BR for 20. These cross-5-HT2R interactions were particularly interesting since the 

productive functional activity and binding inhibition were correlated and both assays 

showed no interactions at the 5-HT2AR for 18, 19 and 20. Thus, 19 and 20 are reported 

herein as dual 5-HT2CR and 5-HT2BR PAMs at 1 nM concentrations and the 

pyridinecarboxamide core appears to provide selectivity against the 5-HT2AR. Referencing 

our previously reported radioligand binding data for compound 2, which showed no 

displacement at any 5-HTRs, these data suggest that the aromatic core introduction 
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broadens activity to the 5-HT2BR (and potentially the 5-HT1AR and 5-HT1BR), while 

remaining selective against the 5-HT2AR.  

The previously discussed undec-1-yn-1-yl LT 5-HT2CR PAMs 8, 11 and 13 

displayed notable radioligand displacement across the panel of screened receptors and 

transporters (Table 4.2). Compound 11 significantly inhibited radioligand binding at the 

5-HT2cR, 5-HT2AR and 5-HT2BR, and had appreciable effects at six other targets. This data, 

along with poor CNS-MPO scores (Table 4.1), and poor DMPK attributes for 13, 

ultimately precludes these compounds from being useful in vivo tool compounds in their 

present configuration. However, the phenyl LT derivative 18 appeared to be the most 

selective 5-HT2CR PAM (showing no activity at the 5-HT2AR or 5-HT2BR) and having 

calculated a promising CNS-MPO score, we proceeded to assess the in vitro and in vivo 

DMPK parameters for 18.  
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Table 4.2 In vitro radioligand binding off-target assessment for compounds 8, 11, 13, 18, 

19, and 20 
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In vivo PK profiling of compound 18. Briefly, the in vivo PK profile of 18 was 

assessed both intravenously (IV, 10 mg/kg) and orally (PO, 20 mg/kg) in male Sprague 

Dawley rats (Table 4.3). Although the free fraction (F) of 48.79 ± 11.96% after oral dosing 

was promising, the half-life (T1/2) was sub-optimal for both IV and PO. Additionally, the 

clearance and associated parameters were poor for 18. This result may be expected for 

small molecular weight, aromatic compounds, however if the half-life is taken into 

consideration 18 may be suitable for in vivo rodent behavioral assays given its clean off-

target profile and good CNS-MPO score.   

 

Table 4.3 In vivo pharmacokinetic profiling of compound 18 

 

In vivo pharmacokinetic profile of 18 

Dose 
(mg/kg) 

T1/2 (h) Tmax (h) CL (L h-1 kg -1) Vss (L/kg) Cmax (ng/mL) 
AUC0-inf 

(ng*h/mL) 
F (%) 

10 IV 
0.66 ± 
0.05 

n.a. 2.02 ± 0.13 
1.92 ± 
0.26 

10267.9 ± 
1143.2 

4971.6 ± 
316.6 

n.a. 

20 PO 
0.97 ± 
0.29 

0.50 ± 
0.00 

4.31 ± 1.20 
6.34 ± 
3.75 

3967.8 ± 
957.1 

4857.2 ± 
1187.0 

48.79 ± 
11.96 

 

3. CONCLUSIONS 

A series of rationally designed and synthesized analogues containing a 

pyridinecarboxamide core were obtained and pharmacologically characterized. The initial 

goal of probing the 5-HT2CR binding pocket with analogues characterized by increased 

rigidity and planar geometry was achieved. However, an additional and important 

observation was made regarding the importance of a saturated piperidinecarboxamide core 

for 5-HT2R subtype selectivity. The analogues herein displayed interesting activities across 

5-HT2Rs, including the dual 5-HT2CR and 5-HT2AR PAM 13 and the dual 5-HT2CR and 5-

HT2BR PAMs 19 and 20. Further structural work can be performed based on these 

observations to provide more information about 5-HT2R subtype selectivity. Finally, 
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compound 18 was discovered as a 5-HT2CR selective PAM with an excellent off-target 

profile and an adequate in vivo PK profile for use as an in vivo tool compound.   

4. EXPERIMENTAL SECTION 

4.1 Chemistry 

General. All commercially available starting materials and solvents were reagent 

grade and used without further purification. Reactions were performed under a nitrogen 

atmosphere in dry glassware with magnetic stirring. Preparative column chromatography 

was performed using silica gel 60, particle size 0.063-0.200 mm (70-230 mesh, flash). 

Analytical TLC was carried out employing silica gel 60 F254 plates (Merck, Darmstadt). 

Visualization of the developed chromatograms was performed with detection by UV (254 

nm). NMR spectra were recorded on a Bruker-600 (1H, 600 MHz; 13C, 150 MHz) 

spectrometer or Bruker-300 (1H, 300 MHz; 13C, 75 MHz). 1H and 13C NMR spectra were 

recorded with TMS as an internal reference. Chemical shifts were expressed in ppm, and J 

values were given in Hz. High-resolution mass spectra (HRMS) were obtained from 

Thermo Fisher LTQ Orbitrap Elite mass spectrometer. Parameters include the following: 

Nano ESI spray voltage was 1.8 kV; Capillary temperature was 275 ˚C and the resolution 

was 60,000; Ionization was achieved by positive mode. Melting points were measured on 

a Thermo Scientific Electrothermal Digital Melting Point Apparatus and uncorrected. The 

purity of final compounds was determined by analytical HPLC using a Shimadzu HPLC 

system (model: CBM-20A LC-20AD SPD-20A UV/VIS). HPLC analysis conditions: 

Waters Bondapak C18 (300 × 3.9 mm); flow rate 0.5 mL/min; UV detection at 270 and 

254 nm; linear gradient from 10% acetonitrile in water to 100% acetonitrile in water in 20 

min followed by 30 min of the last-named solvent (0.1% TFA was added into both 

acetonitrile and water). All biologically evaluated compounds have been characterized with 

1H NMR, 13C NMR, HRMS, and HPLC analyses to ensure a purity of > 95%. 
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General procedure for the synthesis of 6-14. To a solution of 6, 17, or 23 (0.18 

mmol) and amino alcohols (0.18 mmol) in 4 mL of DMF was added HBTU (0.23 mmol) 

and DIPEA (0.45 mmol). The resulting mixture was stirred at room temperature for 16 h. 

The DMF was removed under vacuum to give a brown oily residue, which was partitioned 

between CH2Cl2 (50 mL) and 10% citric aqueous solution (10 mL). The organic layer was 

separated and washed with saturated aqueous NaHCO3 (10 mL). After drying over 

anhydrous Na2SO4, the solvent was removed under vacuum to give an oily residue. This 

residue was purified with a silica gel column (eluting with 10% MeOH in CH2Cl2), 

affording compounds 7-14, 18-20, and 24-26. 

4-(Undec-1-yn-1-yl)picolinic acid (6). 1H-NMR (300 MHz, CDCl3) δ 8.24 (s, 1H), 

7.88 (s, 1H), 7.12 – 6.84 (m, 1H), 2.32 (t, J = 7.1 Hz, 2H), 1.54 (t, J = 7.3 Hz, 2H), 1.27 (q, 

J = 4.5 Hz, 12H), 0.97 – 0.77 (m, 3H). 13C-NMR (75 MHz, CDCl3) δ 171.07, 152.94, 

147.79, 133.43, 127.01, 126.65, 96.24, 78.38, 31.88, 29.50, 29.33, 29.18, 29.02, 28.47, 

22.68, 19.50, 14.10. 

N-(2-Hydroxyethyl)-4-(undec-1-yn-1-yl)picolinamide (7). 1H-NMR (300 MHz, 

CDCl3) δ 8.50 – 8.42 (m, 1H), 8.11 – 8.04 (m, 1H), 7.36 (dt, J = 4.8, 1.4 Hz, 1H), 3.75 (dd, 

J = 7.2, 3.6 Hz, 2H), 3.58 (td, J = 5.6, 2.9 Hz, 2H), 2.42 (td, J = 7.0, 2.6 Hz, 2H), 1.59 (tt, 

J = 6.9, 3.4 Hz, 2H), 1.42 (t, J = 7.3 Hz, 2H), 1.36 – 1.16 (m, 10H), 0.85 (td, J = 6.7, 2.8 

Hz, 3H). 13C-NMR (75 MHz, CDCl3) δ 164.99, 149.45, 148.00, 134.17, 128.19, 124.46, 

97.66, 77.94, 61.19, 41.95, 31.78, 29.37, 29.19, 29.03, 28.83, 28.22, 22.57, 19.40, 13.96. 

N-(3-Hydroxypropyl)-4-(undec-1-yn-1-yl)picolinamide (8). 1H-NMR (300 

MHz, CDCl3) δ 8.49 (dd, J = 5.0, 0.9 Hz, 1H), 8.29 (s, 1H), 8.19 (dd, J = 1.6, 0.9 Hz, 1H), 

7.41 (dd, J = 5.0, 1.6 Hz, 1H), 3.70 (dt, J = 12.3, 6.1 Hz, 4H), 2.48 (t, J = 7.0 Hz, 2H), 1.85 

(p, J = 5.9 Hz, 2H), 1.66 (p, J = 6.9 Hz, 2H), 1.49 (t, J = 7.4 Hz, 2H), 1.43 – 1.26 (m, 10H), 

1.02 – 0.87 (m, 3H). 13C-NMR (75 MHz, CDCl3) δ 165.25, 149.45, 147.95, 134.18, 128.11, 

124.66, 97.61, 78.09, 59.00, 35.82, 32.55, 31.85, 29.45, 29.27, 29.11, 28.90, 28.31, 22.65, 

19.50, 14.08. 



 

182 

(S)-N-(2,3-Dihydroxypropyl)-4-(undec-1-yn-1-yl)picolinamide (9). 1H-NMR 

(300 MHz, CDCl3) δ 8.46 (dd, J = 5.1, 0.9 Hz, 1H), 8.09 (dd, J = 1.7, 0.8 Hz, 1H), 7.39 

(dd, J = 5.0, 1.6 Hz, 1H), 3.85 (p, J = 5.2 Hz, 1H), 3.70 – 3.46 (m, 4H), 2.44 (t, J = 7.0 Hz, 

2H), 1.71 – 1.54 (m, 2H), 1.44 (t, J = 7.4 Hz, 2H), 1.39 – 1.20 (m, 10H), 0.94 – 0.82 (m, 

3H). 13C-NMR (75 MHz, CDCl3) δ 165.48, 149.19, 148.09, 134.22, 128.31, 124.57, 97.77, 

70.79, 63.55, 41.93, 31.80, 29.40, 29.22, 29.17, 29.05, 28.86, 28.24, 22.60, 19.44, 14.01   

N-(1,3-Dihydroxypropan-2-yl)-4-(undec-1-yn-1-yl)picolinamide (10). 1H-NMR 

(300 MHz, CDCl3) δ 8.42 (dd, J = 5.0, 1.5 Hz, 1H), 8.02 (q, J = 1.3 Hz, 1H), 7.38 – 7.28 

(m, 1H), 4.04 (p, J = 5.2 Hz, 1H), 3.89 – 3.71 (m, 4H), 2.39 (td, J = 7.1, 1.5 Hz, 2H), 1.64 

– 1.50 (m, 2H), 1.47 – 1.33 (m, 2H), 1.24 (d, J = 6.4 Hz, 10H), 0.82 (dt, J = 7.0, 3.3 Hz, 

3H). 13C-NMR (75 MHz, CDCl3) δ 164.67, 149.33, 148.04, 134.16, 128.25, 124.41, 97.67, 

77.87, 61.31, 52.49, 31.74, 29.33, 29.15, 28.99, 28.79, 28.17, 22.53, 19.35, 13.90. 

N-(2-Morpholinoethyl)-4-(undec-1-yn-1-yl)picolinamide (11). 1H-NMR (300 

MHz, CDCl3) δ 8.51 (dd, J = 5.0, 0.9 Hz, 1H), 8.33 (s, 1H), 8.18 (dd, J = 1.7, 0.8 Hz, 1H), 

7.39 (dd, J = 5.0, 1.6 Hz, 1H), 3.84 – 3.71 (m, 4H), 3.63 (q, J = 6.1 Hz, 2H), 2.65 (t, J = 

6.3 Hz, 2H), 2.56 (dd, J = 5.6, 3.7 Hz, 4H), 2.47 (d, J = 7.1 Hz, 2H), 1.71 – 1.58 (m, 2H), 

1.48 (t, J = 7.4 Hz, 2H), 1.33 (dq, J = 7.2, 3.9 Hz, 10H), 1.01 – 0.85 (m, 3H). 13C-NMR 

(75 MHz, CDCl3) δ 164.06, 150.01, 147.98, 133.96, 127.87, 124.51, 97.31, 78.18, 66.98, 

57.32, 53.48, 36.01, 31.85, 29.45, 29.26, 29.11, 28.90, 28.32, 22.65, 19.50, 14.08. 

N-((1S,2S)-1,3-Dihydroxy-1-phenylpropan-2-yl)-4-(undec-1-yn-1-

yl)picolinamide (12). 1H-NMR (300 MHz, CDCl3) δ 8.70 (d, J = 8.4 Hz, 1H), 8.46 (dd, J 

= 5.0, 0.9 Hz, 1H), 8.14 – 8.02 (m, 1H), 7.49 – 7.42 (m, 2H), 7.40 – 7.25 (m, 3H), 5.20 (t, 

J = 3.5 Hz, 1H), 4.34 (dq, J = 8.9, 4.6 Hz, 1H), 4.09 (s, 1H), 4.03 – 3.83 (m, 2H), 3.59 (s, 

1H), 2.49 (t, J = 7.1 Hz, 2H), 1.75 – 1.61 (m, 2H), 1.58 – 1.45 (m, 32H), 1.42 – 1.27 (m, 

10H), 1.01 – 0.90 (m, 3H). 13C-NMR (75 MHz, CDCl3) δ 164.82, 149.36, 148.03, 141.19, 

134.04, 128.42, 128.12, 127.79, 126.13, 124.62, 97.55, 78.08, 73.93, 63.49, 56.92, 31.87, 

29.47, 29.29, 29.13, 28.93, 28.32, 22.68, 19.52, 14.12. 
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N-(4-Hydroxybenzyl)-4-(undec-1-yn-1-yl)picolinamide (13). 1H-NMR (300 

MHz, CDCl3) δ 8.47 (dd, J = 5.0, 0.9 Hz, 1H), 8.36 (t, J = 6.1 Hz, 1H), 8.22 (dd, J = 1.6, 

0.9 Hz, 1H), 7.40 (dd, J = 5.0, 1.6 Hz, 1H), 7.26 – 7.16 (m, 2H), 6.89 – 6.78 (m, 2H), 4.61 

(d, J = 6.0 Hz, 2H), 2.48 (t, J = 7.0 Hz, 2H), 1.66 (p, J = 6.9 Hz, 2H), 1.49 (t, J = 7.4 Hz, 

2H), 1.43 – 1.24 (m, 10H), 0.98 – 0.86 (m, 3H). 13C-NMR (75 MHz, CDCl3) δ 164.03, 

155.64, 149.66, 147.91, 134.24, 129.56, 129.24, 128.14, 124.73, 115.66, 97.68, 78.11, 

43.16, 31.86, 29.45, 29.27, 29.11, 28.91, 28.31, 22.66, 19.52, 14.09. 

N-(3,4-Dihydroxybenzyl)-4-(undec-1-yn-1-yl)picolinamide (14). 1H-NMR (300 

MHz, CDCl3) δ 8.49 – 8.40 (m, 1H), 8.16 (dd, J = 1.6, 0.8 Hz, 1H), 7.39 (dd, J = 5.0, 1.6 

Hz, 1H), 6.89 (d, J = 2.0 Hz, 1H), 6.84 (d, J = 8.1 Hz, 1H), 6.75 (dd, J = 8.1, 1.9 Hz, 1H), 

4.54 (d, J = 6.1 Hz, 2H), 2.48 (t, J = 7.1 Hz, 2H), 1.67 (p, J = 7.0 Hz, 2H), 1.48 (t, J = 7.4 

Hz, 2H), 1.33 (q, J = 5.0 Hz, 10H), 1.01 – 0.85 (m, 3H). 13C-NMR (75 MHz, CDCl3) δ 

164.31, 149.29, 147.98, 144.27, 143.87, 134.28, 129.93, 128.28, 124.68, 119.97, 115.26, 

114.85, 97.83, 78.04, 43.35, 31.85, 29.44, 29.27, 29.10, 28.93, 28.30, 22.65, 19.53, 14.08. 

(S)-N-(2,3-Dihydroxypropyl)-4-phenylpicolinamide (18). 13C-NMR (75 MHz, 

CDCl3) δ 166.13, 150.01, 149.77, 148.77, 137.17, 129.58, 129.23, 127.07, 124.10, 120.27, 

71.33, 63.76, 42.24. 1H-NMR (300 MHz, CDCl3) δ 8.56 (d, J = 5.1 Hz, 1H), 8.40 (t, J = 

1.6 Hz, 1H), 7.71 – 7.60 (m, 3H), 7.55 – 7.42 (m, 3H), 3.96 (m, 1H), 3.76 – 3.57 (m, 4H). 

N-(1,3-Dihydroxypropan-2-yl)-4-phenylpicolinamide (19). 1H NMR (300 MHz, 

CDCl3) δ 8.64 (d, J = 7.8 Hz, 1H), 8.54 (d, J = 5.1 Hz, 1H), 8.37 (s, 1H), 7.70 – 7.61 (m, 

2H), 7.60 – 7.56 (m, 1H), 7.53 – 7.43 (m, 2H), 4.21 (dq, J = 9.2, 4.6 Hz, 1H), 4.04 – 3.88 

(m, 4H). 13C-NMR (75 MHz, CDCl3) δ 165.21, 150.06, 149.92, 148.71, 137.18, 129.53, 

129.20, 127.05, 123.96, 120.18, 63.17, 52.93. 

N-((1S,2S)-1,3-Dihydroxy-1-phenylpropan-2-yl)-4-phenylpicolinamide (20). 

1H-NMR (300 MHz, CDCl3) δ 8.76 (d, J = 8.3 Hz, 1H), 8.53 (ddt, J = 5.1, 1.9, 0.8 Hz, 1H), 

8.32 (s, 1H), 7.68 – 7.53 (m, 3H), 7.51 – 7.41 (m, 5H), 7.34 – 7.22 (m, 2H), 5.18 (d, J = 

4.3 Hz, 1H), 4.34 (dq, J = 8.9, 4.6 Hz, 1H), 4.04 – 3.83 (m, 2H). 13C-NMR (75 MHz, 
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CDCl3) δ 165.27, 150.00, 149.83, 148.71, 141.23, 137.25, 129.49, 129.19, 128.46, 127.83, 

127.06, 126.17, 123.89, 120.21, 74.12, 63.62, 57.08. 

(S)-N-(2,3-Dihydroxypropyl)-4-(phenylethynyl)picolinamide (24). 1H-NMR 

(300 MHz, CDCl3) δ 8.60 (dd, J = 5.0, 0.9 Hz, 1H), 8.49 (s, 1H), 8.34 (dd, J = 1.6, 0.9 Hz, 

1H), 7.68 – 7.60 (m, 2H), 7.58 (dd, J = 5.0, 1.6 Hz, 1H), 7.53 – 7.43 (m, 3H), 3.98 (p, J = 

5.0 Hz, 1H), 3.84 – 3.59 (m, 4H). 13C-NMR (75 MHz, CDCl3) δ 165.69, 149.33, 148.26, 

133.36, 132.01, 129.49, 128.55, 128.01, 124.48, 121.79, 95.45, 86.15, 71.35, 63.67, 42.22. 

N-(1,3-Dihydroxypropan-2-yl)-4-(phenylethynyl)picolinamide (25). 1H-NMR 

(300 MHz, CDCl3) δ 8.54 (ddd, J = 5.0, 1.7, 0.8 Hz, 1H), 8.22 (ddd, J = 2.4, 1.5, 0.8 Hz, 

1H), 7.63 – 7.48 (m, 3H), 7.40 (qt, J = 4.8, 2.3 Hz, 3H), 4.22 – 3.99 (m, 1H), 3.88 (ddd, J 

= 11.3, 4.5, 2.3 Hz, 2H), 3.79 (ddd, J = 11.4, 5.4, 2.3 Hz, 2H), 3.27 (s, 2H). 13C-NMR (75 

MHz, CDCl3) δ 164.53, 149.62, 148.23, 133.26, 131.92, 129.44, 128.48, 127.92, 124.25, 

121.69, 95.31, 86.06, 61.59, 52.59. 

N-((1S,2S)-1,3-Dihydroxy-1-phenylpropan-2-yl)-4-

(phenylethynyl)picolinamide (26). 1H-NMR (300 MHz, CDCl3) δ 8.55 (dd, J = 5.0, 0.8 

Hz, 1H), 8.12 (dd, J = 1.6, 0.9 Hz, 1H), 7.61 – 7.53 (m, 2H), 7.50 (dd, J = 5.0, 1.7 Hz, 1H), 

7.47 – 7.36 (m, 5H), 7.36 – 7.19 (m, 3H), 5.15 (d, J = 3.6 Hz, 1H), 4.32 – 4.21 (m, 1H), 

3.83 (qd, J = 11.2, 5.4 Hz, 2H). 13C-NMR (75 MHz, CDCl3) δ 164.56, 149.51, 148.26, 

141.47, 133.13, 131.91, 129.40, 128.47, 128.23, 127.82, 127.50, 125.97, 124.19, 121.73, 

95.18, 86.10, 72.46, 62.50, 56.70. 

4.2 In Vitro Pharmacology 

Intracellular Calcium (Cai
2+) Release Assay in h5-HT2R-CHO Cells. Chinese 

hamster ovary (CHO) cells stably transfected with the human unedited (INI) h5-HT2CR 

(h5-HT2CR-CHO cells) or the human h5-HT2AR (h5-HT2AR-CHO cells) were the generous 

gift from Drs. Kelly A. Berg and William P. Clarke (University of Texas Health Science 

Center, San Antonio). Cells were grown at 37°C, 5% CO2, and 85% relative humidity 
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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% confluency. The Cai
2+ release 

assay was performed according to our recent publications.381 Briefly, cells (150 µL; 

passages 6-16 (FlexStation 3; Molecular Devices) or 30,000 cells/well (FLIPRTETRA; 

Molecular Devices) in black-wall 96-well culture plates with optically clear flat bottoms. 

To ensure even plating of cells, the source reservoir was frequently agitated or triturated, 

and plates were maintained on a rotary shaker at low speed for 20 min after plating and 

returned to the incubator overnight. Approximately 24 h after plating, the medium was 

replaced with serum-free (SF) GlutaMax-MEM medium supplemented with 20 nM to 100 

µM putrescine (Sigma-Aldrich, St. Louis, MO), 20 nM to 100 µM progesterone (Sigma-

Aldrich), and 1:100 ITS (1000 mg/L human recombinant insulin, 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 of Hank’s 

balanced saline solution (HBSS; without CaCl2 or MgCl2, pH 7.4) plus 40 µL of Calcium 

4 dye solution (FLIPR No-wash kit, Molecular Devices, Sunnyvale CA, catalog no R8142) 

supplemented with 2.5 mM of water-soluble probenecid (Sigma-Aldrich) to inhibit 

extracellular transport of the dye. Plates were incubated with dye solution for 60 min at 

37°C, 15 min at room temperature in the dark. Drug dilutions were prepared at 5x final 

concentration in 1x HBSS; delivery of compound (20 µL/well) was followed 15 min later 

by 5-HT (10 pM to 10 µM; 25 µL/well). A baseline was established for each well before 

addition of the test compound and again before addition of 5-HT. The fluorescence read 

following the addition of 5-HT was used to assess allosteric modulation of 5-HT-evoked 

Cai
2+ release. Fluorescence was measured using a FlexStation 3 (Molecular Devices) or 

FLIPRTETRA (130 gain, 60% intensity, 0.3 s exposure). For the FlexStation 3, a 17 s baseline 

was established before addition of compounds following which fluorescence was recorded 

every 1.7 s for a total 240 s. Maximum peak height was determined by the SoftMax 
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software (Pro 5.4.5) for each well. For the FLIPRTETRA, a 10 s baseline was established 

before addition of compounds following which fluorescence was recorded every 1 s for 

120 s following compound or for 360 s following 5-HT. Maximum peak height was 

determined by ScreenWorks 4.0 software for each well. After the final readings, cells were 

fixed in 2% paraformaldehyde (Sigma) overnight. The maximum 5-HT-induced Cai 
2+ 

release (Emax) in the presence of test compound was determined using 4-parameter 

nonlinear regression analysis (GraphPad Prism 7.04) and calculated from 4-6 biological 

replicates, each conducted in technical triplicates. The Emax for the test compound plus 5-

HT was normalized to the Emax for 5-HT alone. Subsequent post hoc comparisons between 

means for Emax were made using Welch’s unpaired t test (GraphPad Prism). All statistical 

analyses were conducted with an experiment-wise error rate of α = 0.05. All treatment 

assignments were blinded to investigators who performed in vitro assays and endpoint 

statistical analyses. Similar procedures were followed for in vitro pharmacological 

screening in 5-HT2AR and 5-HT2BR expressing cells.  

4.3 In Vivo Pharmacokinetics 

Male Sprague–Dawley rats (n = 3/treatment group; Charles River Laboratories) 

weighing 200−250 g at the beginning of the experiment were housed three per cage in a 

pathogen-free, temperature (20−26°C) and humidity-controlled (40−70%) environment 

with a 12 h light-dark cycle and ad libitum access to food and filtered water. Rats were 

randomly assigned to treatment groups. Vehicle [10% DMSO:90% HP-β-CD] or 

compound 18 dissolved in vehicle was administered to rats intravenously (iv) at 10 mg/kg 

or per os (po) at 20 mg/kg. Blood samples (0.3 mL) were collected from the retro-orbital 

sinus vein before dosing and at 0.08, 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, and 24 h postdosing for 

iv administration and 0.25, 0.5, 1.0, 2.0, 4.0, 8.0, and 24 h postdosing for po administration. 

Blood samples were placed in heparinized tubes and centrifuged at 12,000g for 5 min at 

4°C. All samples were stored at −20°C. The concentration of 18 in each sample was 
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analyzed by Sundia MediTech Co., Ltd. The study and the related standard operating 

procedures (SOPs) were reviewed and approved by Sundia Institutional Animal Care and 

Use Committee. The Sundia animal facility is approved with yearly inspection by the 

Shanghai Laboratory Animal Management Committee. 

The pharmacokinetic parameters of compound 18 were calculated according to a 

noncompartmental model using WinNonlin 8.1 (Pharsight Corporation, ver 5.3, Mountain 

View, CA, USA). The peak concentration (Cmax) and time of peak concentration (Tmax) 

were directly obtained from the plasma concentration–time plot. The elimination rate 

constant (λ) was obtained by the least-squares fitted terminal log–linear portion of the slope 

of the plasma concentration–time profile. The elimination half-life (t1/2) was evaluated 

according to 0.693/λ. The area under the plasma concentration–time curve from 0 to time 

t (AUC0–t) was evaluated using the linear trapezoidal rule and further extrapolated to 

infinity (AUC0–inf) according to the following equation: AUC0–inf = AUC0–t + Clast/λ. The 

pharmacokinetic parameters are presented as mean ± S.E.M. in Table 6. All treatment 

assignments were blinded to investigators who performed pharmacokinetic assays and 

endpoint statistical analyses. 
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A DISCUSSION ON MECHANISM AND THEORY IN 5-HT2R SUBFAMILY 

ALLOSTERIC MODULATION 

Chapter 5. A Discussion on 5-HT2R PAM Mechanics and Mode of 

Action: The Enhanced Activation State 

E.A. Wold 

Abstract 

As described at length in the proceeding chapters, small molecule allosteric 

modulators of G protein-coupled receptors (GPCRs) provide a unique approach to 

therapeutically engage a protein class that is the target for one-third of all FDA-approached 

medications. The intrinsic benefit of allosteric modulation, described as fine-tuning 

receptor response, also introduces layers of complexity that can be magnified by the 

biological system of interest and unexpected allosteric networks within the targeted GPCR. 

The following discussion will draw heavily from recent discoveries in GPCR activation 

dynamics and apply these insights towards understanding allosteric modulation of the 5-

HT2AR and 5-HT2CR. Molecular modeling and pharmacological characterizations 

performed by our team are used to construct a rationale for the basis of 5-HT2AR and 5-

HT2CR positive allosteric modulator (PAM) design and function. Specifically, the 

enhanced activation state (EAS) is proposed as a potential mechanism for the observation 

that 5-HT2AR and 5-HT2CR PAMs significantly increase 5-HT-induced G protein 

activation efficacy, while significant 5-HT potency shifts are not observed. This framework 

can provide compelling rationale for the application of 5-HT2AR and 5-HT2CR PAMs in 

psychiatric and neurological disease, where 5-HT concentrations are dynamic and 

responsive to a variety of cognitive processes.  
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1. INTRODUCTION 

G protein-coupled receptors (GPCRs) present excellent drug targets due to their 

typical membrane localization and second messenger systems that enable expansive 

modulation of cellular systems. As such, nearly one-third of marketed drugs act on GPCRs 

and this popularity has remained steady in new drug discovery campaigns.265 Functionally, 

GPCRs are primarily responsible for signal transduction across the cellular membrane and 

are ubiquitously expressed throughout the body. Signals recognized by GPCRs include 

photons, ions, small molecules, peptides and proteins. The recognition step implies a 

conformational change in the GPCR protein structure that promotes the activation of 

intracellular second messenger system proteins. This section will primarily focus on how 

the recognition step translates into G protein activation, and specifically how allosteric 

modulators of 5-HT2Rs could enhance this process. 

2. RECEPTOR ACTIVATION STATE MODELS 

Early work on GPCR activation dynamics envisioned a two-state model where a 

receptor exists in an inactive state (R) and an activated state (R*).429 The R to R* transition 

was understood to be mediated by the binding of an agonist and associated allosteric effects 

that enabled coupling of the G protein heterotrimer complex. Further work expanded on 

this concept to provide the cubic ternary complex model, which defines additional states 

including the pre-coupling of the G protein complex to the receptor prior to ligand 

binding.430, 431 The application of X-ray crystallography and cryoelectron microscopy 

(cryo-EM) to elucidate GPCR structures has enabled the visualization of these 

conformational states, including agonist, antagonist and G protein complexed receptors 

within the 5-HT2R subfamily, most structures having been solved within only the past few 

years.269, 432-436 Importantly, it was becoming clear that receptor functional states are 

comprised of populations of conformers within an energy landscape that is dependent on 

the precise ligand examined in complex. This feature was examined by the Roth group in 
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the 5-HT2BR, where they compared the structures of ergotamine and lysergic acid 

diethylamide (LSD), both considered agonists, but adopting different conformations of the 

active state.433, 436 Additionally, much work has been accomplished on the functional 

consequences of active state conformers and their capacity to bias signaling outputs, 

typically focusing on the canonical G protein or non-canonical β-arrestin pathways.437-439 

Biased signaling can be viewed as shifting the efficiency of coupling and activation 

between various downstream signaling partners and the receptor, as a consequence of 

conformational alterations. However, the addition of allosteric modulators increases this 

complexity even further by introducing an allosteric ligand that can influence any number 

of steps in the aforementioned process. The addition of allosteric modulators to the ternary 

complex model sought to provide a means to quantify the influence of allosteric modulators 

on the orthosteric ligand’s affinity, the receptor’s coupling efficacy, or both.440-442 By 

combining structural and pharmacological evidence with concepts of receptor state models 

this chapter seeks to explain the allosteric mechanism of action for our newly discovered 

5-HT2CR and 5-HT2AR PAMs. 
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Illustration 5.1 Names given to various GPCR binding pockets 

 

3. DEFINING THE PATHWAY FOR LIGAND BINDING 

Before further discussion, some definitions are necessary to establish. The 5-HT2R 

heptahelical bundle contains the orthosteric site (OS) wherein the endogenous agonist 5-

HT binds to activate the receptor (Ill. 5.1). The metastable binding site (MBS), as relevant 

to this work, has been described as a transient, low-affinity ligand-recognition site that is 

located further towards extracellular space from the OS.424, 425 An earlier term for this site 

was the “extracellular vestibule” coined by Dror, et. al in a seminal MD simulation paper 

on the β2-adrenergic receptor in 2011.426 Additionally, many researchers in the field have 

discussed an extended binding pocket (EBP) when describing the binding pose of a notably 

larger ligand compared to the endogenous or reference agonist.269 Typically, a described 

EBP is nearer to the OS than is a MBS, but it is unclear if there is a boundary; MBS and 

EBP are not mutually exclusive and there is reason to suggest they are describing the same 

region of the receptor. The allosteric binding site (ABS) as it relates to GPCRs is a ligand 

 

 

Illustration of the names given to various binding pockets within the transmembrane bundle (TM) of a 

GPCR. The pathway taken to reach the orthosteric site (OS) by a typical endogenous ligand is denoted by 

the dashed line with arrow. The most extracellular pocket is the metastable binding site (MBS) and is also 

known as an allosteric binding site (ABS). The region between, and often occupied by large ligands is the 

extended binding pocket (EBP). Extracellular loop 2 (ECL2), TM1, TM5 and TM7 are noted.  
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binding site that is spatially distinct from the OS and precludes overlap.383 Thus, the ABS 

can exist in the MBS or rather anywhere else on the receptor other than the OS, as has 

previously been discussed at length for class A GPCR allosteric modulators.1 Finally, of 

importance is properly describing the difference in information provided by functional 

assays in comparison to conformational observations, such as NMR, MD simulations and 

X-ray crystal structures. In essence these studies are complementary and support one 

another, but typical functional assays (e.g., cell-based, 5-HT2CR-Gq-mediated calcium 

efflux fluorescence assay) provide as an output a summation of the system comprised of 

numerous functional units and conformational observations focus on a single functional 

unit (e.g., 5-HT2CR ergotamine-bound active state X-ray crystal structure) or smaller 

groups of units (Ill. 5.2). This clarification is supremely important when discussing the 

relative abundance of different conformational states in a given condition and how states 

may become over-represented if conditions change (e.g., the addition of a PAM).  
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Illustration 5.2 Models for discussion 

 

4. 5-HT2AR AND 5-HT2CR PAMS MAY STABILIZE AN ENHANCED ACTIVATION STATE 

(EAS) 

The theoretical assertion of this work is that 5-HT2AR and 5-HT2CR PAMs can 

stabilize an enhanced activation state (EAS) of the 5-HT-bound active state (Ill. 5.2A). The 

need to propose this theory lies in the observation that thus far 5-HT2AR and 5-HT2CR 

PAMs increase signaling efficacy for the canonical Gq pathway, while the potency of 5-

HT-mediated Gq activation is unchanged (Ill. 5.2B). Most GPCR PAMs have an 

appreciable effect on the agonist potency. To describe this phenomenon, two lines of 

GPCR-specific work will be evaluated. First, numerous studies have applied inherently 

 

Illustrated models for discussion. (A) The states that may exist during 5-HT2R activation and PAM 

potentiation. Some states with a receptor population are certainly omitted here. (B) An illustrated example 

of a concentration response curve with possible curve shifts in the presence of a PAM. 
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dynamic observations of GPCRs to elucidate the conformational ensembles responsible for 

the static, representative states resolved by X-ray crystallography and cryo-EM, such as 

isotopic labeling for one- and two-dimensional nuclear magnetic resonance (NMR) 

spectroscopy of GPCRs in micelles and membrane systems, computational molecular 

dynamics (MD) simulations, single-molecule fluorescence spectroscopy and electron 

paramagnetic resonance spectroscopy. The focus here is that there are apparent high-

probability conformers and low-probability conformers situated along an energy gradient, 

which can be altered by allosteric networks within the receptor upon ligand binding and/or 

second messenger coupling. Central to the EAS theory of 5-HT2AR and 5-HT2CR PAM 

activity is the evidence for multiple active state conformers, which differ in signaling 

efficacy and energetic favorability, and have been recently described in remarkable detail 

for the adenosine A2A receptor (A2AR) GPCR.443 The second line of work presented herein 

is the mounting evidence that the GPCR metastable binding site (MBS) and extracellular 

loop 2 (ECL2) plays an important role in contributing to the overall functional state of this 

class of receptors. Studies with the 5-HT2Rs, mu and kappa opioid receptors (MOR and 

KOR), A2AR, β2-adrenergic receptor, ghrelin receptor and others have shown diverse 

mechanisms by which small molecule and peptide ligands can interact with the MBS and 

ECL2 an impart conformational changes of functional significance.424-426, 432, 434, 436, 443-445 

The relevance of these studies for our 5-HT2AR and 5-HT2CR PAMs can be seen from our 

molecular modeling and ligand docking work (Fig. 5.1).  
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Figure 5.1 Molecular docking studies with the 5-HT2AR 

 

5. DYNAMIC OBSERVATIONS OF RECEPTOR ACTIVATION STATES PROVIDE RATIONALE 

FOR AN EAS 

G protein-coupled receptor function is inherently mediated by allosteric networks 

that have evolved with the protein structure and its surroundings. Embedded in a lipid 

membrane, GPCRs are sensitive to the molecular composition of the membrane, 

cholesterol concentrations, metal ions, protein-protein interactions (e.g., Gq coupling), and 

other factors that ultimately produce a functional response to a ligand. Thus, GPCRs are 

highly dynamic proteins that adopt a staggering array of poses within an ensemble and 

elucidating the functionally or therapeutically relevant conformation is a considerable 

challenge. Huang, et. al approached this challenge with an elegant application of fluorine 

isotopic labeling of the A2AR observed by NMR spectroscopy.443 They reported notable 

conformational shifts when the receptor was coupled to the heterotrimeric G protein 

 

 

Docking images of the 5-HT2AR (PDB: 6WGT) in the presence of PAMs (CTW0404, CTW0419), 5-HT, 

and LSD. (A) The ECL2 residue CYS227 can be seen forming an H-bond with CTW0404 in this view. (B) 

A docking image showing the various spaces that ligands can occupy. Of note is the overlap between PAMs 

and LSD in the extended binding pocket (EBP).  
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(GSαβγ) and additional shifts in the observed conformational ensemble after GDP release. 

This clear G protein allosteric influence was present in conditions of apo-receptor and 

inverse agonist, partial agonist or full agonist binding. The resultant landscape for A2AR 

activation provided evidence for unique sub-populations of conformers for each ligand 

tested, finding at least three predominant active state conformers that varied depending on 

ligand. Thus, various ligands and second messenger coupling alter the receptor 

conformational equilibria and nucleotide exchange kinetics (i.e., efficacy).  Peters, et. al 

recently published a computational study on the 5-HT2BR activation pathway with the 

agonist LSD and antagonist lisuride.446 Employing enhanced sampling MD simulations 

they were able to calculate the free energy landscape and predict the conformer distribution 

in agonist- or antagonist-bound forms, while comparing to the theoretical free energy 

minimum conformations. Of importance to this chapter, they found that LSD promoted 

two distinct conformer populations in the active ensemble and that these populations were 

distant from the free energy minimum, indicating that there is feasibility for numerous 

active-like conformers and that some may have improved energetics and stability.  

If one considers a system wherein 5-HT and a 5-HT2AR or 5-HT2CR PAM are able 

to occupy and stabilize a unique conformation, first there is the assumption that 5-HT could 

alone occupy a similar conformation, but it would be in low abundance due to less 

favorable energetics. For EC50 concentrations of 5-HT and non-saturating concentrations 

of a PAM, the probability of stabilizing a distinctly low-abundance conformation would be 

minimal. Thus, the apparent potency of the system could remain similar for 5-HT and 5-

HT+PAM conditions until 5-HT neared saturation (i.e., curve plateau). Additionally, at the 

level of a single functional unit (i.e., receptor), if 5-HT and the PAM are considered a single 

ligand for this example, the high-efficacy, low-probability 5-HT+PAM receptor 

conformation would have a measurable Kd, which can be calculated as the Koff/Kon. Due to 

this ratio, there can be alterations of a similar magnitude in the rates for Kon and Koff for 5-

HT+PAM that will achieve a Kd value similar to that of 5-HT alone. For example, a Kd 
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value of 100 nM can be derived from a Kon of 105 M-1 S-1 and Koff of 10-2 S-1 and also from 

a Kon of 102 M-1 S-1 and Koff of 10-5 S-1, a dramatic kinetic difference. It is certainly unlikely 

that the kinetics alone lend the apparent PAM effect seen in our assays (Fig. 5.2); however, 

in addition to receptor conformation energetics, and thus probabilities, there seems to be a 

reasonable argument to be made.  

Figure 5.2 Lead PAM CTW0415 in vitro functional activity at 5-HT2CR  

 

6. EVIDENCE FOR THE 5-HT2AR AND 5-HT2CR PAM BINDING SITE AND THE 

FUNCTIONAL RELEVANCE OF THE EXTRACELLULAR LOOP 2  

In recent years, high-quality cryo-EM and X-ray crystal structures of the 5-HT2AR 

and 5-HT2CR have been solved in complex with numerous agonists and antagonists.269, 432, 

435, 436 Importantly, the agonists have ranged in size from 25CN-NBOH (MW = 312.4 

g/mol) and LSD (MW = 323.4 g/mol) to ergotamine (MW = 581.7 g/mol), allowing 

occupancy and stabilization of the OS and EBP. We first employed the ergotamine-5-

HT2CR complex structure (PDB: 6BQG) to model a 5-HT-bound 5-HT2CR active 

 

 

Experimental functional data from Wold, et al., J. Med. Chem. 2020, 63, 14, 7529-7544. This plotted data 

shows the efficacy increase (Emax) from 1 nM of the 5-HT2CR PAM CTW0415 (Chapter 3, compound 12). 

Additionally, the lack of intrinsic agonist activity is displayed (Veh + 1 nM 12).  
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conformation and run PAM docking experiments.269, 381, 405 We found a notable 

convergence of 5-HT2CR PAM docking poses interacting with ECL2, TM6 and TM7 in the 

putative ABS (Fig. 5.3A).405 The existence of a ligand binding site in this area has 

precedent if one recalls the Dror, et. al paper where the authors describe the “extracellular 

vestibule” as being a hydrophobic surface-rich location enclosed by ECL2, ECL3, TM5, 

TM6 and TM7.426 Additionally, the authors describe this site as a transient pocket for 

agonist recognition along the path towards the high-affinity OS. The lipophilic 

characteristics of our 5-HT2CR PAMs brought even more attention to the “extracellular 

vestibule” (i.e., MBS) concept and thus a computational experiment was performed with 

an apo-5-HT2CR model for time-sensitive, dynamic docking of 5-HT and the 5-HT2CR 

agonist lorcaserin. We found evidence of a similar path towards the high-affinity OS, where 

5-HT interacts with residues on the ECL2, TM7 and TM2 in its extracellular-most pose, 

and lorcaserin followed suit with a similar set of poses (Fig. 5.3B). Thus, the putative ABS 

may have evolved as a low-affinity MBS for 5-HT recognition and receptor entry. 

Metastable binding sites have recently been targeted in drug discovery campaigns to 

improve receptor subtype selectivity and increase receptor functionality.424, 425  
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Figure 5.3 Molecular modeling of the allosteric binding site 

 

Functionally, the ECL2 in many GPCRs plays an important role in ligand binding, 

constitutive activity and functional selectivity.436, 444, 445 The recent Huang, et al. paper on 

the A2AR provided an illuminating study on one possible mechanism for ECL2 

influence.443 As previously mentioned, the authors noted substantial conformational shifts 

when the receptor was allowed to pre-couple with the heterotrimeric G protein. To 

understand this effect further, a computational study was performed using rigidity-

transmission allostery algorithms to identify potential allosteric networks within the protein 

system. An allosteric network was revealed across the ternary complex, passing from the 

Gα protein coupling interface through the A2AR TM3, TM7 and ECL2. In the Wacker, et 

al. manuscript reporting the first LSD-bound serotonin receptor the authors performed 

insightful mutagenesis studies on the 5-HT2AR (L229A) and 5-HT2BR (L209A), focusing 

on a leucine residue in the ECL2.436 Their data indicate the 5-HT2R ECL2 plays an 

important role for ligand binding kinetics and agonist potency (Table 1). Comparing the 

wild-type 5-HT2AR to the mutant L229A 5-HT2AR, potency was observed to diminish for 

 

 

(A) Docking poses of 5-HT2CR PAMs and the illustrated regions of importance. (B) Agonists 5-HT and 

lorcaserin occupy a metastable binding site and interact with the same or similar residues that are engaged 

by 5-HT2CR PAM docking. 
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5-HT and lysergamide (LSA) in a Gq-dependent Ca2+ efflux assay, whereas potency was 

reduced for 5-HT, LSD, LSA and ergotamine in a Gq-independent, β-arrestin recruitment 

assay, indicating some divergent influence on signaling pathways. Additionally, across 

agonists the effects on signaling pathways were variable when the ECL2 contained a 

mutated residue, providing evidence that ECL2 alterations impact signaling in a ligand-

dependent manner. Thus, recalling the EAS theory for 5-HT2R PAM mechanism, a 5-

HT2AR or 5-HT2CR PAM that interacts with TM3, TM7 and ECL2, influences the efficacy 

of the receptor signaling complex via an allosteric network, and selectively modulates 5-

HT-mediated signaling should elevate the signaling profile of 5-HT, specifically increasing 

the efficacy of the Gq-dependent signaling pathway. 

 

Table 5.1 Mutations in the ECL2 alter functional response to 5-HT2AR agonists 

 

7. LIMITATIONS AND IMPLICATIONS OF THE 5-HT2R PAM EAS MECHANISM 

Importantly, although the proposed EAS mechanism described herein is supported 

by various findings across the GPCR pharmacology field, it remains speculative and 

theoretical. From this initial proposition, much future work can be accomplished to directly 

 

 

Experimental data from Wacker, et al., Cell 2017, 168, 3, 377-389 (Supplemental Information). The wild-

type 5-HT2AR functionality is compared to the L229A mutant 5-HT2AR in the presence of 5-HT, lysergic 

acid diethylamide (LSD), lysergamide (LSA) and ergotamine (ERG). Statistics were performed between 

WT and L229A conditions using a Welch’s unpaired t test, n=3, via GraphPad: Red+Bold = statistically 

significant difference between the WT value and L229A value for the same compound/assay. 

pEC50 ± SEM Emax ± SEM pEC50 + SEM Emax ± SEM

5-HT 9.25 ± .11 100 6.89 ± .07 100

LSD 8.45 ± .09 86 ± 4 9.35 ± .11 60 ± 4

LSA 7.79 ± .12 82 ± 3 7.29 ± .12 47 ± 4

ERG 8.32 ± .15 84 ± 3 8.60 ± .19 75 ± 4

Ca2+ β-Arrestin2

WT 5-HT2AR

pEC50 ± SEM Emax ± SEM pEC50 ± SEM Emax ± SEM

5-HT 7.85 ± .19 100 8.84 ± .03 100

LSD 8.37 ± .07 75 ± 5 8.00 ± .10 42 ± 9

LSA 7.18 ± .11 62 ± 6 6.37 ± .16 50 ± 8

ERG 7.99 ± .12 83 ± 3 7.84 ± .11 93 ± 7

Ca2+ β-Arrestin2

L229A 5-HT2AR
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support or invalidate this theory and is as follows. Mathematical modeling of the 5-HT2R 

PAM mechanism can be accomplished by applying operational models of allosteric 

modulation to quantitatively derive PAM influence on 5-HT affinity and 5-HT2R 

efficacy.440, 442 A particular weakness in this theory is that it relies on the assumption that 

the 5-HT+PAM-5-HT2R complex conformation must have an increased signaling efficacy 

and that this conformation is a low-abundance conformer below 5-HT saturation 

concentrations due to probabilistic reasoning. Isotopic labeling NMR-based studies similar 

to those described in Huang, et al. could determine if the introduction of the PAM shifts 

the active-state peaks to show a new stabilized conformation.443 Alternatively, a possibility 

that the typical 5-HT active-state conformer is simply more abundant due to PAM 

stabilization was theoretically ruled out due to the influence this mechanism would have 

on lower concentrations of 5-HT (potency shift). By employing a GTP exchange assay, 

whereby the receptor activation is measured by the amount of radiolabeled, non-

hydrolysable GTP bound to the activated G protein, one could gain a better resolution of 

the efficiency of the coupling and nucleotide exchange functionality presented by the EAS 

receptor conformer. This assay may be one method to compare 5-HT+PAM and 5-HT 

alone conditions in their capacity to facilitate receptor signaling. Based on the EAS 

mechanism proposed herein, the expectation would be an observable increase in 

radiolabeled GTP sequestration by the activated G proteins in the 5-HT+PAM condition, 

indicating enhanced efficiency in G protein coupling to 5-HT2Rs and its subsequent 

functionality. Computational simulations may also be of use to understand free energy 

states of the PAM+5-HT 5-HT2R complex, but simulation time would necessarily be very 

high due to the kinetics of GPCR activation and the presence of two ligands. Functionally, 

cell-based assays to measure multiple signaling pathways would be informative and could 

provide support for the role of ECL2 in 5-HT2Rs. Additionally, site-directed mutagenesis 

studies on the ECL2 and other residues within the ABS could be employed to potentially 

validate the PAM binding site. Difficulties with this approach arise in the interpretation of 
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the data, since modeling suggests 5-HT utilizes several of the ABS residues as a MBS upon 

receptor entry. An ECL2 mutation alone was shown to alter 5-HT potency at the 5-HT2AR 

(L229A) and 5-HT2BR (L209A) by Wacker et al., thus caution should be used in scanning 

mutagenesis studies with a PAM.436 Lastly, the 5-HT2R PAMs may stabilize other agonist-

induced conformations. Ergotamine and LSD should be unable to occupy the receptor 

along with any of our currently designed PAMs due to molecular modeling information. 

However, lorcaserin or WAY163909 are small enough and are situated in a similar position 

as 5-HT, leaving open the possibility that PAM potentiation of these agonists is possible. 

Indeed, in vivo behavioral evidence shows that 5-HT2CR PAMs can potentiate a 

WAY163909 dose in rats.381, 405 Further experiments with diverse agonists, in vitro and in 

vivo, could provide valuable information on probe dependence, functional selectivity, and 

the putative ABS. These studies and many others are certainly worth the pursuit to fully 

appreciate the 5-HT2R PAM mechanism and there are likely much better solutions to these 

limitations that will be suggested. 
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CONCLUDING REMARKS 

While this body of work provides the reader a comprehensive understanding of 

allosteric modulation and its pharmacological utility in targeting serotonin 5-HT2 receptors 

(5-HT2Rs), there are necessary omissions present due to the topical focus of this 

dissertation as well as the date of publication of the first four chapters, as they are written 

herein as they appear in print. These omissions I would like to briefly discuss and follow 

with general concluding remarks.  

Allosteric modulation of G protein-coupled receptors (GPCRs) can be viewed as a 

rich subfield of pharmacology and medicinal chemistry and is consequently accompanied 

by a wealth of both experimental and theoretical literature. Topics such as mathematical 

models for receptor activation and the observed and theoretical benefits of allosteric 

modulation beyond receptor selectivity are briefly discussion in the proceeding chapters, 

and I have published on this topic elsewhere.383 However, in light of new research on 5-

HT2Rs it is appropriate to highlight certain topics that may prove instrumental for future 

therapeutics. Lysergic acid diethylamide (LSD) once played a pivotal role in the 

description and characterization of the 5-HT2AR, and now LSD and other psychedelic 

compounds are rejuvenating drug discovery efforts aimed at depression, post-traumatic 

stress disorder, anxiety, pain, inflammation, neurodegeneration, and other conditions.432, 

447-449 As these molecules are agonists of the 5-HT2AR, it is necessary to mention the 

potential applicability of 5-HT2AR positive allosteric modulators (PAMs) in these 

conditions. The characteristic spatial and temporal modulatory facet of PAMs, for example 

only modulating the signaling of the 5-HT2AR when and where 5-HT is released or present, 

could be a defining benefit in a drug’s therapeutic profile by potentially reducing receptor 

desensitization and working within endogenous homeostatic mechanisms. This same 

benefit applies in the allosteric modulation of the 5-HT2CR, whereby maintaining important 

neuronal signaling patterns PAMs can be employed in ways that traditional agonists 
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cannot. Additionally, as researchers begin to understand functional selectivity (i.e., biased 

signaling) more fully, it is conceivable that allosteric modulators can be employed to bias 

the signaling of endogenous ligands. For example, inflammation and the repair of tissues 

typically coincide, however if the characteristic inflammatory effects of asthma can be 

isolated to a particular signaling pathway then 5-HT activation can be biased away from 

the pathological response. Indeed, such suggestions have been made for biased 5-HT2AR 

agonists for treating inflammation.450 The case can be made for non-hallucinogenic 

enhancement of 5-HT2AR function in the same manner, but more work needs to be done 

on this front. Thus, the benefit of spatial and temporal control of receptor function, in 

addition to modulating functional selectivity, will be of great importance for future 5-

HT2R-targeted therapeutics.  

Another important update to provide to the proceeding sections, especially chapter 

2, is the market status of the 5-HT2CR agonist lorcaserin, tradename Belviq. Although 

patient numbers were limited due to strict prescribing conditions around diabetes and 

obesity, lorcaserin was referred to as a hallmark of the 5-HT2CRs therapeutic potential.42, 

264, 314-316, 339, 354 Recently the FDA reviewed phase IV clinical trial data and concluded that 

there was an increased risk of cancer in the treatment arm of the trial and recommended 

the suspension of lorcaserin prescribing.355, 451 This was subsequently followed by a request 

for withdrawal from the market, leaving the clinical space entirely void of a 5-HT2CR 

agonist or PAM therapeutic.452 With this occurrence and other considerations, it is the 

author’s perspective that novel 5-HT2CR and 5-HT2AR agonist development will be fraught 

with numerous regulatory and off-target effect hurdles on the path towards reaching FDA-

approval. The development of PAMs for the 5-HT2CR and 5-HT2AR could circumvent 

some of these issues by achieving unparalleled receptor selectivity and reducing adverse 

effect incidences.  

Currently, the field is in the early stages of discovering and developing allosteric 

modulators for GPCRs and in the coming years these ligands will become more attractive 
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in applications where fine-tuning receptor function is paramount. A primary conclusion 

from this work is that GPCRs are characterized by sensitive allosteric networks throughout 

their domains and that these networks can be leveraged by small molecules to shift the 

potency and/or efficacy of orthosteric ligands. Additionally, a small molecule allosteric 

modulator must access an amenable binding pocket that contains residues able to transmit 

allosteric effects. These binding sites have been found in structurally and topologically 

diverse regions of GPCRs, highlighting the vast potential for modes of modulation, 

chemical diversity and ultimately ligand discovery. Our team has discovered novel 

allosteric modulators with activity at the 5-HT2CR, 5-HT2AR, and 5-HT2BR indicating a 

similar allosteric binding pocket is present among the 5-HT2Rs. With structure-activity 

relationship data and molecular modeling it is hypothesized that the 5-HT2CR allosteric 

binding pocket lies within the transmembrane helix bundle near the extracellular portions 

of the receptor. This proposed site is supported by other studies that have shown an 

appropriate binding pocket space and modulation potential in the domains and residues 

surrounding the allosteric binding site. Finally, a theoretical mechanism for the observed 

positive allosteric modulation displayed by our 5-HT2R PAMs is discussed in chapter five 

and termed the enhanced activation state (EAS). Taken together this dissertation is a 

thorough examination of the concepts in and application of 5-HT2R allosteric modulation 

by small molecules. 
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