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G protein-coupled receptors (GPCRs) are transmembrane proteins that play a fundamental 

role in signalling, which can be described as transducing extracellular information into 

intracellular functional responses. GPCRs are ubiquitous throughout the human body and 

the extracellular signals vary from photons, ions, and small molecules to peptides and large 

proteins. To accommodate this vast functional diversity, the superfamily of GPCRs is 

encoded by approximately 1000 genes and has been divided into classes based on sequence 

homology and structural features [1]. Since GPCRs are a key transducer to mobilize cellular 

responses, these proteins have been successful pharmacological targets for decades and are 

currently targeted by over 30% of the pharmacotherapies approved by the FDA [2].

The majority of GPCR-targeted drugs are functionally active by binding to the orthosteric 

site of the receptor, which is responsible for the binding of endogenous GCPR ligands. As 

such, drugs targeting the orthosteric site can activate the receptor (e.g., agonists, partial 

agonists), inhibit receptor activation (e.g., antagonists), or produce an inversion of the 

functional response (e.g., inverse agonists). Despite the large number of orthosteric drugs, 

there are marked difficulties in designing orthosteric ligands that are safe and effective in 

certain biological circumstances. These circumstances include inducible off-target effects 

and poor selectivity due to highly homologous receptor orthosteric sites, the inability to 

target large, diffuse orthosteric sites that are activated by peptides or proteins, and the 

abrogation of spatial and/or temporal endogenous signalling patterns that are encoded by 

physiological systems (Fig. 1). As an alternative strategy towards GPCR drug design, 

allosteric modulation is an emerging approach where ligands are designed that can modulate 

the function of the receptor but, importantly, do not engage the receptor orthosteric site [3]. 

Allosteric modulation has been adopted as an innovative tool that can provide precision 

targeting of GPCRs and increasingly utilized throughout the past decade [4].

Pure allosteric modulators, by definition, can either function as a positive allosteric 

modulator (PAM) by increasing the receptor’s functional response and/or intrinsic affinity 

for an orthosteric ligand, as a negative allosteric modulator (NAM) by fully or partially 
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suppressing the receptor’s functional response to an orthosteric ligand, or as a neutral 

allosteric ligand (NAL) by binding to a receptor allosteric site and asserting no measurable 

changes to the receptor or orthosteric ligand behavior [5]. The NAL category of allosteric 

ligands is not widely pursued and the number of characterized NALs remains small. 

However, it may be postulated that with the increasing discovery of endogenous allosteric 

ligands, significant modulatory roles could be revealed for these endogenous ligands and 

strategically blocking the allosteric site with an otherwise benign NAL may yield therapeutic 

targets in the future. The remaining Current Frontiers will predominately highlight novel and 

innovative applications for PAMs and NAMs in drug discovery targeting GPCRs.

One of the first benefits theorized for PAM and NAM applications was the ability to tune a 

receptor’s functional response to endogenous orthosteric agonists while maintaining the 

system’s signalling profile (Fig. 2A) [6]. Physiological systems that depend on accurate and 

precise signalling profiles are exemplified by neurotransmission in the central nervous 

system (CNS) and by chemokine signalling that governs cell migration in immune and 

homeostatic processes. In both of these systems, gradients or “waves” of endogenous 

orthosteric ligands determine appropriate system responses, an effect that is difficult to 

recapitulate or maintain with synthetic agonists and antagonists. For example, the serotonin 

(5-HT) 5-HT2C receptor (5-HT2CR) is predominantly expressed in the CNS and therefore 

embedded into a dynamic framework of tightly controlled neurotransmission. The 5-HT2CR 

has been implicated in multiple CNS disorders and mediates behavioral traits that are 

implicated in drug use disorders and relapse [7]. Our group has recently employed the 

strategic enhancement of 5-HT-mediated signalling by 5-HT2CR PAMs to suppress these 

addiction-related behavioral traits in rodents, while achieving subtype selectivity over the 

highly homologous 5-HT2A receptor (5-HT2AR) [8]. The importance of spatial and temporal 

characteristics in signalling extends to many other GPCR-regulated systems in addition to 

neurotransmission and chemokine signalling and is receiving increased appreciation in the 

study of nutrient-sensing GPCRs (e.g. free fatty acid receptors; FFARs) that may present 

drug discovery targets for significant diseases such as obesity and diabetes [9].

In some GPCR-mediated systems, single GPCRs can be responsible for numerous and 

diverse roles by accommodating multiple endogenous orthosteric ligands. For example, 

chemokine receptors can be differentially activated by multiple circulating chemokines that 

are implicated to various degrees in pathological states [10]. The application of a probe-

dependent NAM to dampen pathological chemokine signalling, while retaining full 

signalling potentials for non-pathological chemokines or other receptor activities, could 

deliver novel therapeutics that limit adverse effects. An example of this phenomenon can be 

seen in work by Kenakin and colleagues, where the C-C chemokine receptor type 5 (CCR5) 

NAM 873140 blocked the binding of the endogenous orthosteric ligand CCL3 (also known 

as MIP-1α) but did not inhibit binding of the endogenous orthosteric ligand CCL5 (also 

known as RANTES) [11]. Signalling responses for CCL3 and CCL5 were both antagonized. 

However, ligand binding to a GPCR elicits numerous activities besides signalling that can be 

beneficially modulated, including receptor internalization and phosphorylation. Therefore, a 

NAM that blocks signalling of multiple ligands can probe-dependently regulate receptor 

phosphorylation or internalization via differentially allowing ligand binding. This allosteric 
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modulation approach, which utilizes probe-dependence as a therapeutic advantage, should 

be considered for drug discovery campaigns targeting multi-agonist GPCRs.

Certain classes of GPCRs (e.g. class C GPCRs) are known to form obligate dimers to 

achieve functional response; however, less is known about the roles of dimer populations in 

other classes of GPCRs (e.g. class A GPCRs) that are highly relevant to drug discovery [12]. 

It is gravely important to elucidate the functional relevance to health and disease of GPCR 

dimerization throughout all GPCR classes and strategically designed allosteric modulators 

can provide illumination into this question with novel chemical probes and innovative 

pharmacotherapies (Fig. 2A). A key example of utilizing an allosteric modulator to direct 

dimer populations can be seen in the FDA-approved CCR5 NAM maraviroc [13]. Maraviroc 

was discovered as an anti-HIV agent that inhibits viral cell entry and functions by targeting 

the HIV-1 co-receptor CCR5, subsequently disallowing the co-receptor formation that is 

requisite for viral-host cell membrane fusion [14]. Interestingly, it was discovered later that 

maraviroc’s mechanism of action is attributable to its ability to modulate CCR5 dimer 

populations and subsequent subcellular trafficking and localization to the cell membrane 

[13]. In the study by Jin, et al., two CCR5 dimer conformations that are imperative to 

membrane localization were present in the absence of maraviroc; however, after the addition 

of maraviroc, an additional CCR5 dimer conformation was discovered and all homodimer 

conformations were further stabilized. This finding is consistent with the observation that 

CCR5 dimers and oligomers inhibit HIV host-cell entry, likely by preventing the HIV-1 co-

receptor formation. It is conceivable that dimer stabilization (via ligand chaperone activity) 

or dimer prevention with rationally designed allosteric modulators could be an attractive 

drug discovery strategy in certain circumstances.

GPCRs regulate cellular responses to extracellular stimuli by mobilizing multiple GPCR-

activated signalling cascades. The binding of an endogenous or synthetic orthosteric agonist 

famously activates a heterotrimeric guanine nucleotide-binding protein (G protein) from 

which the receptor super-family derives its name. In recent years it has been increasingly 

recognized that additional GPCR-interacting proteins (e.g. β-arrestins) induce signalling 

cascades that can direct specific subsets of cellular responses that are independent of G 

protein activation [15]. Significantly, studies are now providing evidence that activation of 

specific signalling cascade pathways (e.g. G protein or β-arrestin) are responsible for either 

therapeutic or adverse effects and that pathway-selective modulation may hold potential for 

designing novel, precise pharmacotherapies. Brust and colleagues have demonstrated this 

phenomenon by designing G protein-biased agonists for the kappa opioid receptor (KOR), 

which maintain the desirable antinociceptive and antipruritic effects and eliminate the 

sedative and dissociative effects in rodent models [16]. The concept of a stimulated GPCR 

selectively activating certain pathways is known as biased signalling, and akin to all GPCR 

activation events, it is mechanistically a controlled conformational change. Although the 

majority of “biased ligands” being pursued for drug discovery purposes are synthetic 

agonists, PAMs and NAMs have the potential to further fine tune this response and yield 

therapeutics with a strikingly precise mechanism of action (Fig. 2B). Allosteric modulators 

can induce diverse conformational changes in GPCR structures and thus could be rationally 

designed to produce a pronounced biased signalling response from a GPCR activated by an 

otherwise non-biased orthosteric ligand. Recent advances in GPCR structural biology have 
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provided insight into residues and domains that function as molecular switches for divergent 

pathway activation and further work in this area will enable the realization of rationally 

designed PAMs and NAMs that accomplish therapeutically beneficial biased signalling [17, 

18].

It has been mentioned that GPCRs are activated by highly diverse stimuli that span photons 

and small molecules to peptides and proteins. Thus, across the GPCR superfamily 

orthosteric sites are highly divergent in both sequence and structure depending on the 

associated orthosteric ligand. GPCR-targeted peptides and proteins are responsible for 

binding to an orthosteric site and inducing subsequent conformational changes that lead to 

receptor activation. In simplest terms, these complexes are formed by protein-protein 

interactions (PPIs) and, broadly, PPIs are difficult to target with small molecules due to the 

intrinsically low-affinity interactions between the proteins that are diffused over a relatively 

large topological surface area [19]. In such cases, allosteric sites that are amenable to small 

molecule binding can be exploited to provide modulation of receptor function (Fig. 2C). 

This has been shown in the case of the neuropeptide galanin type 2 receptor (GalR2), which 

is considered as a promising target for seizures and epilepsy [20]. In this case, Lu and 

colleagues identify the small molecule PAM CYM2503 that potentiated the endogenous 

peptide agonism and resulted in seizure suppression in a rodent model. Numerous 

advantages may be realized through this approach, such as achieving the pharmacokinetics 

and pharmacodynamics of typical small molecules in comparison to peptide and antibody-

based therapeutics.

Finally, in light of the prescription of opioid abuse crisis seen in the United States and to 

varying degrees worldwide, allosteric modulator pharmacotherapies of the mu opioid 

receptor (MOR) may provide a mechanistic barrier to drug overdose and the reduction of 

adverse effects or abuse potential [21]. By definition, the obligate occupation of the receptor 

orthosteric site must be satisfied for an allosteric modulator to modulate a receptor’s 

functional response to said orthosteric site-occupying ligand. Thus, there exists a “ceiling 

effect” or saturation of PAM/NAM effect that is dependent on orthosteric ligand function. 

This ceiling of allosteric modulator effect could be a feature for GPCR-targeted 

pharmacotherapies that traditionally carry dangerous overdose liabilities, such as opioids for 

analgesia.

GPCRs are a highly valuable class of proteins for drug discovery and have been actively 

targeted for multiple decades. Due to the functional role of GPCRs in vast physiological 

systems, they remain efficient targets for discovering disease interventions and the available 

targeting approaches must increase to meet the need of drug discovery campaigns. Allosteric 

modulation is an attractive approach that can provide innovative mechanisms of action at 

GPCRs, broaden the chemical space for a given target, and increase the tools available to 

medicinal chemists and chemical biologists. In GPCR-mediated physiological systems of 

interest that are highly nuanced, applying allosteric modulators is projected to be a viable 

and novel approach for future pharmacotherapy discovery.
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LIST OF ABBREVIATIONS

GPCRs G protein-coupled Receptors

PAM Positive Allosteric Modulator

NAM Negative Allosteric Modulator

NAL Neutral Allosteric Ligand

CNS Central Nervous System

5-HT Serotonin

5-HT2CR 5-HT2C Receptor

5-HT2AR 5-HT2A Receptor

FFARs Free Fatty Acid Receptors

CCR5 C-C Chemokine Receptor Type 5

KOR Kappa Opioid Receptor

PPIs Protein-protein Interactions

GalR2 Galanin Type 2 Receptor

MOR Mu Opioid Receptor
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Fig. 1. 
GPCR-targeted orthosteric small molecules may exhibit disadvantages such as difficulty 

binding diffuse orthosteric sites with high affinity, unintended kinetic or physiological 

effects from exclusively occupying the orthosteric site, and off-target effects through poor 

selectivity between highly homologous receptor subtypes.
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Fig. 2. 
Applications of GPCR allosteric modulators and theoretical functional outcomes. A. Spatial 

and temporal signalling control is exemplified by neuronal neurotransmitter release. 

Allosteric modulation of functional response is only achieved for receptors bound to the 

neurotransmitter. Additionally, allosteric modulators may be used to alter GPCR dimer 

populations and consequential signalling patterns. B. GPCR structural conformations are 

critical drivers for biased signalling. Allosteric modulators may stabilize, disrupt, or induce 

structural conformations that preferentially (biased) signal via one or multiple pathways, at 

magnitudes unlike the endogenous ligand. C. Many GPCRs are targeted by large 

endogenous ligands, such as peptides and proteins. Small molecules may not sufficiently 

interact with the orthosteric site to induce signalling. Allosteric sites may offer promising, 

novel druggable surfaces.
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