
HAL Id: hal-00654484
https://hal.science/hal-00654484

Submitted on 22 Dec 2011

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

When simple agonism is not enough: emerging
modalities of GPCR ligands

Nicola J. Smith, Kirstie A. Bennett, Graeme Milligan

To cite this version:
Nicola J. Smith, Kirstie A. Bennett, Graeme Milligan. When simple agonism is not enough: emerg-
ing modalities of GPCR ligands. Molecular and Cellular Endocrinology, 2010, 331 (2), pp.241.
�10.1016/j.mce.2010.07.009�. �hal-00654484�

https://hal.science/hal-00654484
https://hal.archives-ouvertes.fr


Accepted Manuscript

Title: When simple agonism is not enough: emerging
modalities of GPCR ligands

Authors: Nicola J. Smith, Kirstie A. Bennett, Graeme Milligan

PII: S0303-7207(10)00370-9
DOI: doi:10.1016/j.mce.2010.07.009
Reference: MCE 7596

To appear in: Molecular and Cellular Endocrinology

Received date: 15-1-2010
Revised date: 15-6-2010
Accepted date: 13-7-2010

Please cite this article as: Smith, N.J., Bennett, K.A., Milligan, G., When simple
agonism is not enough: emerging modalities of GPCR ligands, Molecular and Cellular
Endocrinology (2010), doi:10.1016/j.mce.2010.07.009

This is a PDF file of an unedited manuscript that has been accepted for publication.
As a service to our customers we are providing this early version of the manuscript.
The manuscript will undergo copyediting, typesetting, and review of the resulting proof
before it is published in its final form. Please note that during the production process
errors may be discovered which could affect the content, and all legal disclaimers that
apply to the journal pertain.

dx.doi.org/doi:10.1016/j.mce.2010.07.009
dx.doi.org/10.1016/j.mce.2010.07.009


Page 1 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 1 

When simple agonism is not enough: emerging 

modalities of GPCR ligands 

 

Nicola J. Smith, 1 Kirstie A. Bennett & Graeme Milligan 

 

Molecular Pharmacology Group, Neuroscience and Molecular Pharmacology, 

Faculty of Biomedical and Life Sciences, University of Glasgow, Glasgow G12 

8QQ, Scotland, U.K. 

1 Correspondence to: N.J. Smith, Davidson Building University of Glasgow, 

Glasgow G12 8QQ, Scotland, U.K. Tel +44 141 330 6483, FAX +44 141 330 

5481, e-mail: nicola.smith@bio.gla.ac.uk 

 

 

*Manuscript

mailto:nicola.smith@bio.gla.ac.uk
http://ees.elsevier.com/mce/viewRCResults.aspx?pdf=1&docID=2211&rev=1&fileID=58158&msid={BD2EC117-715F-4C1C-935D-45614EB0F731}


Page 2 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 2 

Abstract 

Recent advances in G protein-coupled receptors have challenged traditional 

definitions of agonism, antagonism, affinity and efficacy. The discovery of agonist 

functional selectivity and receptor allosterism has meant researchers have an 

expanded canvas for designing and discovering novel drugs. Here we describe 

modes of agonism emerging from the discovery of functional selectivity and 

allosterism. We discuss the concept of ago-allosterism, where ligands can initiate 

signaling by themselves and influence the actions of another ligand at the same 

receptor. We introduce the concept of dualsteric ligands that consist of distinct 

elements which bind to each of the orthosteric and an allosteric domain on a 

single receptor to enhance subtype selectivity. Finally, the concept that efficacy 

should be defined by the activity of an endogenous ligand will be challenged by 

the discovery that some ligands act as ‘super-agonists’ in specific pathways or at 

certain receptor mutations.  

 

 

Keywords  

G protein-coupled receptor, Functional selectivity, Allosterism, Ago-allosterism, 
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For decades now, the seven transmembrane-spanning (7TM) family of G protein-

coupled receptors (GPCRs) has been a fruitful source of drug targets for the 

pharmaceutical industry, with blockbuster drugs acting at numerous GPCRs, 

most notably the monoaminergic (such as histamine, serotonin and the 

catecholamines) and angiotensin receptor families, constituting over 26% of all 

FDA-approved drugs (Overington et al., 2006). However, few recently approved 

GPCR-directed medicines regulate previously untapped pharmacological targets, 

in spite of concerted drug discovery programs within the pharmaceutical industry.  

 

Failure to substantially expand the number of truly ‘druggable’ GPCR targets may 

be due to a number of reasons. Until very recently, little structural information has 

existed for GPCRs, meaning that rational drug design has had to rely upon 

homology modeling using the low homology template of rhodopsin (Michino et 

al., 2009, Mobarec et al., 2009). The recent publication of three high resolution 

crystal structures of clinically important GPCRs has therefore significantly 

expanded our understanding of how a ligand may gain access to and bind within 

the receptor binding pocket (Cherezov et al., 2007, Jaakola et al., 2008, Kobilka 

and Schertler, 2008, Rasmussen et al., 2007, Rosenbaum et al., 2007, 

Rosenbaum et al., 2009).  

 

Most successful GPCR drugs on the market have been developed from the 

knowledge of and structure-activity relationships around an existing ligand 

template, such as adrenaline (Griffith, 2008). However, roughly 100 non-
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chemosensory GPCRs remain to be ‘deorphanized’, in that they are yet to be 

matched to an endogenous ligand partner (Chung et al., 2008). Of those recently 

deorphanized, many of the identified ligands have poor potency and undefined 

affinity at the receptor (for example, the free fatty acid receptor family (Stoddart 

et al., 2008), GPR35 (Wang et al., 2006a), GPR109A and GPR109B (Tunaru et 

al., 2003, Wise et al., 2003), GPR120 (Hirasawa et al., 2005) and GPR84 (Wang 

et al., 2006b)) and are therefore a challenge for rational drug design.  

 

Probably the biggest contributor to the lack of new ligand classes is the way in 

which chemical libraries have traditionally been screened (Kenakin, 2009b, 

Langmead and Christopoulos, 2006); high throughput screening of libraries has 

often been limited to a single readout, be it receptor binding, G protein activation 

or second messenger generation. In some cases, targets are even modified such 

that receptor signaling is directed towards a non-native readout, for example via 

the co-expression of chimeric or promiscuous G proteins (Milligan and Kostenis, 

2006). Such a streamlined approach to drug discovery has undoubtedly 

advanced GPCR research efforts but two key ligand actions were overlooked by 

such approaches, namely allosterism and functional selectivity. In the present 

review, we will briefly introduce the concepts of allosterism and functional 

selectivity and highlight the exciting prospects for novel agonist medicines to 

emerge from a more detailed understanding of these phenomena. An 

appreciation of the newer modalities of agonism should contribute to the 
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discovery of more potent and selective agonists at hitherto untapped drug 

targets. 

 

Functional Selectivity and Allosterism at GPCRs 

Functional Selectivity 

The notion of functional selectivity [also known as or encompassed by the terms 

biased agonism, agonist-directed trafficking of receptor stimulus, pleiotropy, or 

pluridimensional efficacy (Galandrin et al., 2007, Kenakin, 2007, Kenakin, 2008, 

Urban et al., 2007)] has arisen from the accumulation of experimental evidence 

showing that certain ligands, or certain biological systems, favor activation of one 

signaling pathway over another and is most likely a common phenomenon 

across many receptor types. As such, while an endogenous full agonist is 

theoretically capable of activating all of the possible pathways that its cognate 

receptor can couple to (provided it is in the appropriate cellular background), 

another ligand may selectively activate only a subset of endpoints, presumably 

because only a subset of receptor conformations are stabilized by the interaction. 

Functional selectivity is commonly determined through comparison of the 

activities of two or more ligands across multiple signaling pathways, thus 

functional selectivity is usually manifested by changes in rank order of efficacy, 

i.e. the extent of responsiveness of the system, and/or by changes in rank order 

of potency of different ligands acting at the same receptor. Changes in efficacy 

have been demonstrated, for example, at the pituitary adenylate cyclase-

activating peptide (PACAP) receptor, where the agonists PACAP1-27 and 
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PACAP1-38 stimulate PACAP-receptor mediated adenylate cyclase activation with 

equal potencies, but only PACAP1-38 could evoke an increase in inositol 

phosphate levels through activation of phospholipase Cβ (Spengler et al., 1993). 

For the Gonadotropin Releasing Hormone (GnRH) receptor, the two endogenous 

agonists, GnRH I and GnRH II, display functional selectivity as measured by 

differences in rank order of potency at more distal endpoints (Millar et al., 2008) – 

GnRH I is more potent than GnRH II at stimulating gonadotrophin release, while 

the rank order of potency is reversed for inhibition of cell growth (Maudsley et al., 

2004). Both changes in the rank order of potency and efficacy of compounds 

have been observed at the human D2L receptor expressed in CHO cells. For 

example, the compound S(+)-propylnorapomorphine (SNPA) acts as a full 

agonist with efficacy equal to quinpirole in inhibiting forskolin-stimulated cAMP 

accumulation, but acts with lower efficacy and potency than quinpirole in 

activating MAP kinase phosphorylation (Gay et al., 2004). 

 

While alterations in potency can sometimes be explained by receptor reserve, 

the general phenomenon of functional selectivity is distinct to and not an artifact 

of receptor reserve (receptor reserve is unique to each agonist in the system). 

For example, for the dopamine receptor it is known that there is a higher pre-

synaptic D2 receptor reserve than post-synaptic receptor reserve (in a situation 

where there is high receptor reserve a partial agonist may have increased 

potency and efficacy), however, the agonist dihydrexidine has greater functional 

activity at post-synaptic D2 receptors than pre-synaptic (Mailman, 2007). Instead, 
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functional selectivity is thought to derive from ligands stabilizing GPCRs in 

specific conformations that favor activation of a particular downstream effector. A 

number of elegant examples of distinct receptor conformations stabilized by 

ligands with different efficacies have been provided for the beta2-adrenoceptor; 

for example, Kobilka and colleagues (Ghanouni et al., 2001a, Ghanouni et al., 

2001b, Swaminath et al., 2004) have used an environmentally-sensitive 

fluorophore to demonstrate two distinct fluorescence lifetimes upon full agonist 

stimulation with isoproterenol, while the partial agonist dobutamine only stabilized 

one of the observed conformations. These conformations were later found to 

correspond to specific ligand-mediated outcomes (Swaminath et al., 2005). More 

recently, multiple conformations of the purified and reconstituted beta2-

adrenoceptor have been identified based upon their propensity to couple to 

purified Gαs in the absence or presence of guanine nucleotides (Yao et al., 

2009). Meanwhile, in a very recent study, Bokoch and colleagues (2010) used 

solid-state NMR to identify changes within the extracellular surface of the 

receptor in response to ligand binding. Interestingly, they found that ligands with 

different efficacies that bound within the transmembrane section of the receptor 

were able to induce conformational changes in the extracellular space (monitored 

at a salt bridge formed between extracellular loops 2 and 3) to different degrees 

(Bokoch et al., 2010). In support of the beta2-adrenoceptor studies, molecular 

modeling in combination with site-directed mutagenesis has been used for the 

GnRH receptor to support the hypothesis that GnRH I and GnRH II stabilize 

distinct conformations of the receptor by making a series of different contacts 
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within the binding pocket in addition to their shared binding interactions (Millar et 

al., 2008). 

 

Allosteric modulators 

Conventional agonists target the same binding site on a receptor as the 

endogenous ligand, termed the orthosteric site; however ligands may also bind to 

a topographically distinct site on the receptor, referred to as an allosteric site. 

Binding of an allosteric ligand to a receptor can modulate the potency/affinity 

and/or the efficacy of the orthosteric ligand by altering the global conformation of 

the receptor compared to binding of the orthosteric ligand alone. Although by 

definition the binding site of an allosteric modulator is distinct from the orthosteric 

site (Neubig et al., 2003), in general, binding sites for allosteric modulators are 

not well defined but can be located close to (Christopoulos and Kenakin, 2002) 

(e.g. the muscarinic acetylcholine receptor family (Birdsall and Lazareno, 2005); 

and the free fatty acid 2 receptor (Lee et al., 2008, Milligan et al., 2009)) or far 

from the orthosteric site (e.g. the metabolic glutamate receptors (Knoflach et al., 

2001)). Although this review is focused on ligands as allosteric modulators, the 

most common allosteric modulators of G protein-coupled receptors are the G 

proteins themselves (Milligan, 2005); the role of these and other interacting 

proteins, such as receptor activity modifying proteins, have been reviewed 

extensively elsewhere (Kenakin, 2008, Kenakin, 2009a). 
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Allosteric modulators are well-established therapeutic agents of ion channels but 

until recently have not been a traditional focus of drug discovery efforts at 

GPCRs (Conn et al., 2009). However in the last few years two allosteric 

modulators have entered the market as therapeutic targets of GPCRs: 

cinacalcet, a modulator of the calcium-sensing receptor (Harrington and Fotsch, 

2007), and maraviroc, a modulator of the chemokine receptor CCR5 (Dorr et al., 

2005), with the allosteric modulator LY2033298 acting at the muscarinic M4 

receptor showing potential as an anti-psychotic agent (Chan et al., 2008).  

 

Emerging Agonistic Modalities 

Allosteric agonists and ago-allosteric modulation 

As introduced above, allosteric modulators can act to modify an orthosteric 

ligand’s affinity for a receptor and/or modulate its efficacy, events which are both 

saturable and probe-dependent [i.e. depend upon the ligands being studied 

(Leach et al., 2007, May et al., 2007b)]. Additionally, a ligand binding at an 

allosteric site can have efficacy in its own right; this is termed an allosteric 

agonist or ago-allosteric modulator and is accounted for by the Allosteric Two-

State Model (Langmead and Christopoulos, 2006, May et al., 2007b, Schwartz 

and Holst, 2006).  

 

Ago-allosteric modulation is not a new phenomenon; it was first described in 

1990 at the adenosine A1 receptor where the allosteric modulator PD81723 was 

shown to not only activate the Gαi/o pathway on its own but also to enhance the 
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binding of the orthosteric radioligand [3H]-cyclohexyladenosine when both ligands 

were present (Bruns and Fergus, 1990). Indeed, ago-allosteric modulation has 

also been described at a wide variety of receptors including the GABAB receptor 

(Binet et al., 2004), the M1 and M2 muscarinic acetylcholine receptors (Langmead 

et al., 2006, May et al., 2007a), the free fatty acid 2 receptor (Lee et al., 2008, 

Milligan et al., 2009), and the glucagon-like peptide 1 receptor (Teng et al., 

2007). Synthetic ago-allosteric modulators were also described for the ghrelin 

receptor (Holst et al., 2005) although further studies have suggested that these 

compounds act as simple orthosteric agonists (see section below on super-

agonists).  

 

In addition to their modulatory and agonistic qualities, some ago-allosteric 

modulators have also been suggested to display functional selectivity. For 

example, Thomas et al. (2008) demonstrated differential G protein coupling 

depending upon whether the ligand was an allosteric modulator or allosteric 

agonist at the M1 mACh receptor (Thomas et al., 2008). More recently, Thomas 

et al. (2009) extended these studies to demonstrate that the ago-allosteric 

modulator, AC42, did not initiate receptor internalization and down-regulation, 

unlike traditional orthosteric ligands (Thomas et al., 2009). For the M4 mACh 

receptor, the ago-allosteric modulator LY2033298 was found to modulate 

signaling via [35S]GTPγS, extracellular signal-regulated kinases 1 and 2 or 

glycogen synthase kinase 3β to different degrees (Leach et al., 2010). In an 

elegant follow up to this study, Nawaratne et al. (2010) have used site-directed 
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mutagenesis to identify key contacts or domains within the M4 mACh receptor for 

the ago-allosteric properties of LY2033298. Intriguingly, they were able to dissect 

out individual regions responsible for each of allosteric binding, allosteric 

agonism and the communication between orthosteric and allosteric sites resulting 

in modulation of either binding or function (Nawaratne et al., 2010). Clearly, ago-

allosteric modulators may prove to be useful tools for regulating distinct receptor 

signals.  

 

Allosterism across a hetero-dimer 

Given the evidence that GPCRs can form dimers, or higher oligomer structures, it 

is not inconceivable that allosteric modulation may occur across the dimer 

interface (Milligan and Smith, 2007). Indeed, evidence to support allosteric 

modulation in receptor dimers has been supplied by studies into allosteric 

regulation of the aminobutyric acid (GABA)B receptor. The GABAB receptor is 

an obligatory hetero-dimeric receptor composed of two subunits; GABAB1 and 

GABAB2 (Jones et al., 1998, Kaupmann et al., 1998, White et al., 1998). 

Interestingly, Binet and colleagues demonstrated that the positive allosteric 

modulator CGP7930 activated a mutant receptor that consisted solely of the 

GABAB2 subunit. As the endogenous ligand GABA binds solely to the GABAB1 

subunit, this data suggests CGP7930 could be imparting its allosteric effect 

across the dimer (Binet et al., 2004). 
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The emergence of ago-allosterism has a number of implications for drug 

discovery. Firstly, allosteric binding sites are considered to have been under less 

evolutionary pressure for their maintenance than the orthosteric binding site of a 

GPCR and, therefore, are likely to display heterogeneity across a receptor family. 

Thus, ago-allosterism provides an opportunity for more selective agonism. 

Furthermore, allosteric modulators have been heralded as a safer alternative to 

orthosteric ligands as they exhibit a maximal ‘ceiling effect’, that is, their effect on 

affinity or efficacy of an orthosteric ligand is saturable. However, a number of 

ago-allosteric modulators appear to be intrinsic full agonists with efficacy 

equivalent to that of the endogenous ligand, despite binding to a distinct site – 

this would appear to negate the clear benefit of positive allosteric ligands in 

overdose, and also makes determination of experimental parameters of 

allosterism difficult. In light of increased appreciation of functional selectivity, it is 

becoming more important to measure many functional endpoints. This becomes 

an onerous task once the additional complication of probe-dependence of 

allosterism is considered – which ligands should be used as orthosteric probes to 

assess the allosteric effects of an ago-allosteric modulator? To extend the 

problem further, which animal models would be suitable to measure physiological 

and pathological endpoints of a pre-clinical ago-allosteric modulator? There are 

many examples in which orthosteric ligands identified initially at a human GPCR 

expressed in a heterologous cell line display significantly different potency and/or 

efficacy at species orthologues of the GPCR. This poses major challenges for 

translation of basic pharmacological information into animal models, and if 
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allosteric sites are indeed less well conserved throughout mammalian species 

than orthosteric binding sites, these issues of translation will undoubtedly 

generate even more substantial challenges.  

 

Efficacy and super agonism 

The term efficacy was coined by Stephenson (Stephenson, 1956) and refers to 

the ability of a ligand, once bound to a receptor, to elicit a physiological or 

pharmacological response. The parameter most frequently used to assess 

efficacy is the maximal agonist effect (Emax), which is the maximal asymptote of a 

concentration-response curve fitted to experimental data (Strange, 2008). 

Efficacy is a relative phenomenon and so is usually assessed by comparing the 

Emax of the test ligand to that of another ligand, most commonly the endogenous 

agonist (although this is clearly not practical for an orphan receptor). This allows 

ligands to be characterized either as full agonists (ligands that produce the 

‘maximal’ response i.e. the maximum possible response produced by a ligand in 

the particular cell/tissue of study), partial agonists (ligands that produce a sub-

maximal response) or antagonists (ligands that bind to receptor but do not 

possess efficacy). The relative nature of efficacy, however, means that each time 

a new ligand is identified as having the maximal response in a system, ligands 

that were previously considered to be full agonists are subsequently re-classified 

as partial agonists. Whilst pharmacologically correct, such an approach can be 

cumbersome and draw focus away from the endogenous agonist. This has led to 

some commentators to coin the term ‘super agonism’ to describe situations 
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where synthetic orthosteric ligands that share an overlapping binding site with the 

endogenous ligand(s) have been demonstrated to activate the receptor with 

higher efficacy than the endogenous agonist (Niemczyk et al., 2010, Tan et al., 

2002).  

 

Super agonists may prove to be useful therapeutic ligands. The non-peptide 

growth hormone secretagogue MK-677 is currently undergoing clinical trials as 

its growth hormone-releasing properties may be clinically useful for the treatment 

of idiopathic short stature or ageing (in which there is a natural decline in GH 

release). In one short (2 year) clinical trial healthy older adults who received MK-

677 showed sustained increases in amplitude of pulsatile growth hormone 

secretion to levels observed in young adults (Nass et al., 2008). Interestingly, 

MK-677, (along with two other synthetic agonists, growth hormone releasing 

peptide-6 and L-692,585) has been described as a super agonist of the ghrelin 

receptor in the Gαo1 pathway (Bennett et al., 2009). In a separate study, MK-677 

was also described as a super agonist of the ghrelin receptor in β-arrestin 

mobilization studies and in serum-responsive element mediated transcription 

assays (Holst et al., 2006). Although the benefits of MK-677 in the treatment of 

growth hormone disorders has not been linked to its enhanced efficacy per se, 

MK-677 has been shown to act as a super agonist and may well become a 

clinically useful drug. 

The study into activation of the ghrelin receptor by Holst et al. (2005) also 

demonstrates an important point - that efficacy varies depending on the assay 
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used to measure it, with MK-677 shown to act with efficacy equal to that of the 

endogenous ligand, ghrelin, in calcium mobilization and inositol phosphate 

accumulation assays (Holst et al., 2005). It has long been known that efficacy of 

a ligand may vary depending on the assay used. Thus, measuring efficacy in 

downstream assays where a degree of response amplification occurs can result 

in a masking of differences in ligand efficacies. Measurement of efficacy in 

downstream systems also means that feedback, cross regulation and even 

convergence of different effector systems may also be integrated into the 

measured signal, complicating experimental results (Wess, 1998). Thus it is best 

to measure maximum efficacy in response systems close to the receptor where 

few compounds will reach the maximal system response (Strange, 2008). Such 

an approach may reveal hitherto unrecognized super agonists and may highlight 

functional selectivity. It could be argued that super agonism is purely an artifact 

of, for example, alterations in receptor desensitization/recycling rates or 

alterations in ligand affinity. However, a study by Engel et al. (2006) 

demonstrated, for the thyrotropin-releasing hormone 1 receptor, that the 

thyrotropin-releasing hormone (TRH) analogue R-desaza TRH ((1R)-(3-

oxocyclopentyl-His-ProNH2)) exhibited a lower potency but a higher efficacy than 

TRH at similar occupancy of the receptor. By using ligands that affect receptor 

recycling or inhibit specific protein kinases, such as the selective protein kinase C 

inhibitor, Ro-31-8425, Engel et al. suggested that R-desaza TRH still acted as a 

super agonist with respect to TRH signaling (Engel et al., 2006). Although the 

effects of various G protein-coupled receptor kinases (GRKs) or regulators of G 
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protein signaling (RGS) proteins should be investigated before firm conclusions 

are drawn, it is possible that super agonism may not be an artifact of altered 

receptor number at the cell surface but is indeed a result of altered receptor-G 

protein interactions. 

 

Dualsteric ligand design 

The concept of a ligand binding simultaneously to more than one site on a GPCR 

and resulting in enhanced binding, efficacy or duration of signal is not new; for 

example, the beta2-adrenoceptor agonist, salmeterol, is thought to be long-acting 

because the extended aliphatic chain is tethered to a site on the beta2-

adrenoceptor that is distinct from the orthosteric site (although there is no 

suggestion that this interaction is allosteric;(Griffith, 2008)). However, the rational 

design of orthosteric agonists that possess enhanced receptor subtype selectivity 

due to additional binding at an allosteric site is a new and exciting approach to 

drug discovery. For the purpose of this review, we will define such chemicals as 

dualsteric ligands (rather than the terms bitopic or hybrid ligands, that are also in 

current usage) to reflect the presence of both orthosteric and allosteric moieties 

and to distinguish them from heterobivalent ligands spanning across a homo- or 

hetero-dimer (e.g. KDN-21, which spans delta and kappa opioid receptors, 

(Bhushan et al., 2004)) or binding to two separate GPCRs (e.g. a peptide co-

agonist at glucagon and glucagon-like peptide 1 receptors, (Day et al., 2009)).  
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It is no coincidence that the majority of studies to date examining dualsteric 

ligands have focused on the muscarinic family of acetylcholine receptors 

(mAChRs). Consisting of five subtypes, M1-M5, the highly conserved nature of 

the orthosteric binding pocket has meant that few selective agonists have 

progressed to clinical trials, despite a high degree of confidence that these would 

be appropriate therapeutic targets (Hulme et al., 1990). In the case of M1 

agonists for the treatment of the early stages of Alzheimer’s disease, at least five 

compounds have failed to progress from early trials to the clinic owing to poor 

selectivity resulting in cardiovascular side effects via M2 and M3 mAChRs 

(Langmead et al., 2008). While the orthosteric binding pockets of the mAChRs 

are poorly conserved, considerable divergence is found in the allosteric sites of 

this family of GPCRs (Christopoulos and Kenakin, 2002). Thus, the combination 

of potent orthosteric moieties with near-neutral allosteric compounds into a single 

hybrid ligand would provide an ideal mechanism for conferring increased subtype 

selectivity. Indeed, close examination of one existing subtype-selective ligand, 

McN-A-343, has revealed its mode of binding to the M2 mACh receptor to be 

bitopic (Valant et al., 2008, Valant et al., 2009) and it is conceivable that other 

ligands with clear selectivity interact with their preferred GPCR in the same 

manner. Holzgrabe and colleagues (Disingrini et al., 2006) employed a rational 

approach to the design of bitopic ligands and synthesized a panel of hybrids 

incorporating the potent yet non-selective agonists, oxotremorine, oxotremorine-

M and analogues, and the M2 mAChR-selective negative allosteric modulators 

W84 or naphmethonium. Although an agonist backbone was used to target the 
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orthosteric binding site, the dualsteric ligands generally displayed antagonism in 

a range of organ preparations and intrinsic efficacy was only revealed in a [35S]-

GTPγS measure of G protein activation in membranes from a heterologous cell 

culture system. Little subtype selectivity was observed. In contrast, reasonable 

subtype selectivity for the M2 mAChR was obtained by Steinfeld et al. (2007), 

who generated a high affinity antagonist, THRX-160209, comprising a benzhydryl 

group linked to a 4-aminopiperidine motif by a C7 polymethylene chain (Steinfeld 

et al., 2007).  

 

A very recent example of the promise of dualsteric ligands comes from Mohr and 

colleagues (2009), who extended the approach of Disingrini et al. above (2006) 

by again using high affinity M2 mAChR-selective allosteric fragments but this time 

fused to the potent orthosteric muscarinic agonist, iperoxo (Antony et al., 2009). 

The authors successfully created dualsteric ligands that were able to act as full 

agonists with good selectivity for the M2 mAChR both in vitro and in whole tissue 

pharmacology experiments. Unlike THRX-160209, which displayed markedly 

enhanced affinity for the receptor compared to its individual components 

(Steinfeld et al., 2007), neither hybrid 1 nor hybrid 2 displayed affinity or potency 

greater than iperoxo, the orthosteric building block (Antony et al., 2009). Thus, 

despite the expectation that fusing two separate binding partners into a single 

molecule would be energetically favorable and confer enhanced affinity upon the 

resultant dualsteric compound, it is clear that the nature of the ligand fragment 

influences the measured receptor binding or function (May et al., 2007b).  
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Not only can subtype selectivity be enhanced by incorporating allosteric and 

orthosteric moieties into a dualsteric compound, but functional selectivity can be 

achieved, highlighting the promise for this approach in disease states where 

activation of only a subset of pathways from a receptor is desirable (e.g., beta-

arrestin2-mediated inotropy and lusitropy (Rajagopal et al., 2006) without G 

protein-mediated cardiac hypertrophy for angiotensin receptors [reviewed in 

(Smith and Luttrell, 2006)] or β-arrestin-dependent cardioprotection (Noma et al., 

2007) without cardiac hypertrophy or progression to heart failure (Patel et al., 

2009)). When investigating the nature of agonism to result from the dualsteric 

ligands hybrid 1 and hybrid 2, whole cell biophysical experiments in the presence 

of the Gαi/o inhibitor, pertussis toxin, demonstrated that while the endogenous 

agonist, acetylcholine, and the original orthosteric template, iperoxo, were still 

able to cause a cellular response, the dualsteric agonists were rendered inactive 

(Antony et al., 2009, Kebig et al., 2009). Thus, the dualsteric ligands were 

functionally selective for the Gαi/o pathway. 

 

So what distinguishes dualsteric ligands from ago-allosteric modulators? Ago-

allosteric ligands both bind and activate the receptor by interacting with the 

allosteric binding site, meaning that an orthosteric ligand is able to co-bind to the 

receptor and that any observed agonism would be the resulting combination of 

orthosteric agonism, allosteric-site agonism and any co-operativity that occurred 

between the two sites. In contrast, dualsteric agonists bind simultaneously to the 
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orthosteric and allosteric sites and activate the receptor via the orthosteric site: 

this was demonstrated by competition experiments in [35S]GTPγS assays, where 

the interaction between the allosteric modulator and M2 mAChR hybrid 1 ligand 

was found to be competitive (indicating that the dualsteric ligand bound at the 

allosteric site of the receptor) as was, at lower concentrations of antagonist, the 

interaction between hybrid 1 and the orthosteric antagonist atropine (Antony et 

al., 2009). Interestingly, at higher concentrations of atropine, hybrid 1 was no 

longer able to competitively overcome atropine binding and the rightward shift 

appeared to be saturating (negative allosteric modulation) – the authors 

concluded that this reflected the displacement of the agonistic fragment of hybrid 

1 from the orthosteric binding site by atropine (hence the reduction in signal) but 

the retention of allosteric fragment binding at the allosteric site (Antony et al., 

2009). Thus, although dualsteric ligands appear to exert their agonistic effects via 

the orthosteric site, their pharmacology has the potential to be equally if not more 

complicated than an ago-allosteric modulator because the ligand can act as an 

agonist at the orthosteric site, an allosteric modulator if the orthosteric site is 

bound by another ligand and an antagonist for either allosteric or orthosteric 

ligands. The capacity for the allosteric moiety of a dualsteric ligand to bind to the 

receptor without the agonistic fragment occupying the receptor means that if the 

rationale for designing a dualsteric ligand was to obtain receptor subtype 

selectivity, the allosteric fragment should ideally have little to no co-operativity. 

Otherwise, orthosteric agonist efficacy may be affected (May et al., 2007b). 
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Concluding remarks 

Understanding of the mode of action of synthetic ligands that target members of 

the G protein-coupled family of receptors has recently been extended greatly by 

detailed analysis, often in parallel, of multiple elements of their ability to bind 

and/or activate receptors. Some of the emerging modalities offer distinctly novel 

avenues to drug discovery that are likely to revitalize programs of work on 

receptors that had appeared intractable or where receptor subtype side effects 

appeared to eliminate the use of conventional ligands.  

    

Acknowledgments 

NJS is a National Health and Medical Research Council/National Heart 

Foundation of Australia C.J. Martin Overseas Research Fellow. KAB was 

supported by a CASE studentship from the Biotechnology and Biological 

Sciences Research Council (BBSRC). 



Page 22 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 22 

References 

ANTONY, J., KELLERSHOHN, K., MOHR-ANDRA, M., KEBIG, A., PRILLA, S., 
MUTH, M., HELLER, E., DISINGRINI, T., DALLANOCE, C., BERTONI, S., 
SCHROBANG, J., TRANKLE, C., KOSTENIS, E., CHRISTOPOULOS, A., 
HOLTJE, H. D., BAROCELLI, E., DE AMICI, M., HOLZGRABE, U. & 
MOHR, K. 2009. Dualsteric GPCR targeting: a novel route to binding and 
signaling pathway selectivity. FASEB J, 23, 442-50. 

BENNETT, K. A., LANGMEAD, C. J., WISE, A. & MILLIGAN, G. 2009. Growth 
hormone secretagogues and growth hormone releasing peptides act as 
orthosteric super-agonists but not allosteric regulators for activation of the 
G protein Galpha(o1) by the Ghrelin receptor. Mol Pharmacol, 76, 802-11. 

BHUSHAN, R. G., SHARMA, S. K., XIE, Z., DANIELS, D. J. & PORTOGHESE, 
P. S. 2004. A bivalent ligand (KDN-21) reveals spinal delta and kappa 
opioid receptors are organized as heterodimers that give rise to delta(1) 
and kappa(2) phenotypes. Selective targeting of delta-kappa 
heterodimers. J Med Chem, 47, 2969-72. 

BINET, V., BRAJON, C., LE CORRE, L., ACHER, F., PIN, J. P. & PREZEAU, L. 
2004. The heptahelical domain of GABA(B2) is activated directly by 
CGP7930, a positive allosteric modulator of the GABA(B) receptor. J Biol 
Chem, 279, 29085-91. 

BIRDSALL, N. J. & LAZARENO, S. 2005. Allosterism at muscarinic receptors: 
ligands and mechanisms. Mini Rev Med Chem, 5, 523-43. 

BOKOCH, M. P., ZOU, Y., RASMUSSEN, S. G., LIU, C. W., NYGAARD, R., 
ROSENBAUM, D. M., FUNG, J. J., CHOI, H. J., THIAN, F. S., KOBILKA, 
T. S., PUGLISI, J. D., WEIS, W. I., PARDO, L., PROSSER, R. S., 
MUELLER, L. & KOBILKA, B. K. 2010. Ligand-specific regulation of the 
extracellular surface of a G-protein-coupled receptor. Nature, 463, 108-12. 

BRUNS, R. F. & FERGUS, J. H. 1990. Allosteric enhancement of adenosine A1 
receptor binding and function by 2-amino-3-benzoylthiophenes. Mol 
Pharmacol, 38, 939-49. 

CHAN, W. Y., MCKINZIE, D. L., BOSE, S., MITCHELL, S. N., WITKIN, J. M., 
THOMPSON, R. C., CHRISTOPOULOS, A., LAZARENO, S., BIRDSALL, 
N. J., BYMASTER, F. P. & FELDER, C. C. 2008. Allosteric modulation of 
the muscarinic M4 receptor as an approach to treating schizophrenia. 
Proc Natl Acad Sci U S A, 105, 10978-83. 

CHEREZOV, V., ROSENBAUM, D. M., HANSON, M. A., RASMUSSEN, S. G., 
THIAN, F. S., KOBILKA, T. S., CHOI, H. J., KUHN, P., WEIS, W. I., 
KOBILKA, B. K. & STEVENS, R. C. 2007. High-resolution crystal structure 
of an engineered human beta2-adrenergic G protein-coupled receptor. 
Science, 318, 1258-65. 

CHRISTOPOULOS, A. & KENAKIN, T. 2002. G protein-coupled receptor 
allosterism and complexing. Pharmacol Rev, 54, 323-74. 

CHUNG, S., FUNAKOSHI, T. & CIVELLI, O. 2008. Orphan GPCR research. Br J 
Pharmacol, 153 Suppl 1, S339-46. 



Page 23 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 23 

CONN, P. J., CHRISTOPOULOS, A. & LINDSLEY, C. W. 2009. Allosteric 
modulators of GPCRs: a novel approach for the treatment of CNS 
disorders. Nat Rev Drug Discov, 8, 41-54. 

DAY, J. W., OTTAWAY, N., PATTERSON, J. T., GELFANOV, V., SMILEY, D., 
GIDDA, J., FINDEISEN, H., BRUEMMER, D., DRUCKER, D. J., 
CHAUDHARY, N., HOLLAND, J., HEMBREE, J., ABPLANALP, W., 
GRANT, E., RUEHL, J., WILSON, H., KIRCHNER, H., LOCKIE, S. H., 
HOFMANN, S., WOODS, S. C., NOGUEIRAS, R., PFLUGER, P. T., 
PEREZ-TILVE, D., DIMARCHI, R. & TSCHOP, M. H. 2009. A new 
glucagon and GLP-1 co-agonist eliminates obesity in rodents. Nat Chem 
Biol, 5, 749-57. 

DISINGRINI, T., MUTH, M., DALLANOCE, C., BAROCELLI, E., BERTONI, S., 
KELLERSHOHN, K., MOHR, K., DE AMICI, M. & HOLZGRABE, U. 2006. 
Design, synthesis, and action of oxotremorine-related hybrid-type 
allosteric modulators of muscarinic acetylcholine receptors. J Med Chem, 
49, 366-72. 

DORR, P., WESTBY, M., DOBBS, S., GRIFFIN, P., IRVINE, B., MACARTNEY, 
M., MORI, J., RICKETT, G., SMITH-BURCHNELL, C., NAPIER, C., 
WEBSTER, R., ARMOUR, D., PRICE, D., STAMMEN, B., WOOD, A. & 
PERROS, M. 2005. Maraviroc (UK-427,857), a potent, orally bioavailable, 
and selective small-molecule inhibitor of chemokine receptor CCR5 with 
broad-spectrum anti-human immunodeficiency virus type 1 activity. 
Antimicrob Agents Chemother, 49, 4721-32. 

ENGEL, S., NEUMANN, S., KAUR, N., MONGA, V., JAIN, R., NORTHUP, J. & 
GERSHENGORN, M. C. 2006. Low affinity analogs of thyrotropin-
releasing hormone are super-agonists. J Biol Chem, 281, 13103-9. 

GALANDRIN, S., OLIGNY-LONGPRE, G. & BOUVIER, M. 2007. The evasive 
nature of drug efficacy: implications for drug discovery. Trends Pharmacol 
Sci, 28, 423-30. 

GAY, E. A., URBAN, J. D., NICHOLS, D. E., OXFORD, G. S. & MAILMAN, R. B. 
2004. Functional selectivity of D2 receptor ligands in a Chinese hamster 
ovary hD2L cell line: evidence for induction of ligand-specific receptor 
states. Mol Pharmacol, 66, 97-105. 

GHANOUNI, P., GRYCZYNSKI, Z., STEENHUIS, J. J., LEE, T. W., FARRENS, 
D. L., LAKOWICZ, J. R. & KOBILKA, B. K. 2001a. Functionally different 
agonists induce distinct conformations in the G protein coupling domain of 
the beta 2 adrenergic receptor. J Biol Chem, 276, 24433-6. 

GHANOUNI, P., STEENHUIS, J. J., FARRENS, D. L. & KOBILKA, B. K. 2001b. 
Agonist-induced conformational changes in the G-protein-coupling domain 
of the beta 2 adrenergic receptor. Proc Natl Acad Sci U S A, 98, 5997-
6002. 

GRIFFITH, R. K. 2008. Adrenergic receptors and drugs affecting adrenergic 
neurotransmission. In: LEMKE, T. L. & WILLIAMS, D. A. (eds.) Foye's 
principles of medicinal chemistry. Philadelphia: Wolters Kluwer/Lippincott 
Williams & Wilkins 

 



Page 24 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 24 

HARRINGTON, P. E. & FOTSCH, C. 2007. Calcium sensing receptor activators: 
calcimimetics. Curr Med Chem, 14, 3027-34. 

HIRASAWA, A., TSUMAYA, K., AWAJI, T., KATSUMA, S., ADACHI, T., 
YAMADA, M., SUGIMOTO, Y., MIYAZAKI, S. & TSUJIMOTO, G. 2005. 
Free fatty acids regulate gut incretin glucagon-like peptide-1 secretion 
through GPR120. Nat Med, 11, 90-4. 

HOLST, B., BRANDT, E., BACH, A., HEDING, A. & SCHWARTZ, T. W. 2005. 
Nonpeptide and peptide growth hormone secretagogues act both as 
ghrelin receptor agonist and as positive or negative allosteric modulators 
of ghrelin signaling. Mol Endocrinol, 19, 2400-11. 

HOLST, B., LANG, M., BRANDT, E., BACH, A., HOWARD, A., FRIMURER, T. 
M., BECK-SICKINGER, A. & SCHWARTZ, T. W. 2006. Ghrelin receptor 
inverse agonists: identification of an active peptide core and its interaction 
epitopes on the receptor. Mol Pharmacol, 70, 936-46. 

HULME, E. C., BIRDSALL, N. J. & BUCKLEY, N. J. 1990. Muscarinic receptor 
subtypes. Annu Rev Pharmacol Toxicol, 30, 633-73. 

JAAKOLA, V. P., GRIFFITH, M. T., HANSON, M. A., CHEREZOV, V., CHIEN, E. 
Y., LANE, J. R., IJZERMAN, A. P. & STEVENS, R. C. 2008. The 2.6 
angstrom crystal structure of a human A2A adenosine receptor bound to 
an antagonist. Science, 322, 1211-7. 

JONES, K. A., BOROWSKY, B., TAMM, J. A., CRAIG, D. A., DURKIN, M. M., 
DAI, M., YAO, W. J., JOHNSON, M., GUNWALDSEN, C., HUANG, L. Y., 
TANG, C., SHEN, Q., SALON, J. A., MORSE, K., LAZ, T., SMITH, K. E., 
NAGARATHNAM, D., NOBLE, S. A., BRANCHEK, T. A. & GERALD, C. 
1998. GABA(B) receptors function as a heteromeric assembly of the 
subunits GABA(B)R1 and GABA(B)R2. Nature, 396, 674-9. 

KAUPMANN, K., MALITSCHEK, B., SCHULER, V., HEID, J., FROESTL, W., 
BECK, P., MOSBACHER, J., BISCHOFF, S., KULIK, A., SHIGEMOTO, 
R., KARSCHIN, A. & BETTLER, B. 1998. GABA(B)-receptor subtypes 
assemble into functional heteromeric complexes. Nature, 396, 683-7. 

KEBIG, A., KOSTENIS, E., MOHR, K. & MOHR-ANDRA, M. 2009. An optical 
dynamic mass redistribution assay reveals biased signaling of dualsteric 
GPCR activators. J Recept Signal Transduct Res, 29, 140-5. 

KENAKIN, T. 2007. Functional selectivity through protean and biased agonism: 
who steers the ship? Mol Pharmacol, 72, 1393-401. 

KENAKIN, T. 2008. What systems can and can't do. Br J Pharmacol, 153, 841-3. 
KENAKIN, T. P. 2009a. '7TM receptor allostery: putting numbers to shapeshifting 

proteins. Trends Pharmacol Sci, 30, 460-9. 
KENAKIN, T. P. 2009b. Cellular assays as portals to seven-transmembrane 

receptor-based drug discovery. Nat Rev Drug Discov, 8, 617-26. 
KNOFLACH, F., MUTEL, V., JOLIDON, S., KEW, J. N., MALHERBE, P., VIEIRA, 

E., WICHMANN, J. & KEMP, J. A. 2001. Positive allosteric modulators of 
metabotropic glutamate 1 receptor: characterization, mechanism of action, 
and binding site. Proc Natl Acad Sci U S A, 98, 13402-7. 



Page 25 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 25 

KOBILKA, B. & SCHERTLER, G. F. 2008. New G-protein-coupled receptor 
crystal structures: insights and limitations. Trends Pharmacol Sci, 29, 79-
83. 

LANGMEAD, C. J. & CHRISTOPOULOS, A. 2006. Allosteric agonists of 7TM 
receptors: expanding the pharmacological toolbox. Trends Pharmacol Sci, 
27, 475-81. 

LANGMEAD, C. J., FRY, V. A., FORBES, I. T., BRANCH, C. L., 
CHRISTOPOULOS, A., WOOD, M. D. & HERDON, H. J. 2006. Probing 
the molecular mechanism of interaction between 4-n-butyl-1-[4-(2-
methylphenyl)-4-oxo-1-butyl]-piperidine (AC-42) and the muscarinic M(1) 
receptor: direct pharmacological evidence that AC-42 is an allosteric 
agonist. Mol Pharmacol, 69, 236-46. 

LANGMEAD, C. J., WATSON, J. & REAVILL, C. 2008. Muscarinic acetylcholine 
receptors as CNS drug targets. Pharmacol Ther, 117, 232-43. 

LEACH, K., LOIACONO, R. E., FELDER, C. C., MCKINZIE, D. L., MOGG, A., 
SHAW, D. B., SEXTON, P. M. & CHRISTOPOULOS, A. 2010. Molecular 
mechanisms of action and in vivo validation of an M4 muscarinic 
acetylcholine receptor allosteric modulator with potential antipsychotic 
properties. Neuropsychopharmacology, 35, 855-69. 

LEACH, K., SEXTON, P. M. & CHRISTOPOULOS, A. 2007. Allosteric GPCR 
modulators: taking advantage of permissive receptor pharmacology. 
Trends Pharmacol Sci, 28, 382-9. 

LEE, T., SCHWANDNER, R., SWAMINATH, G., WEISZMANN, J., CARDOZO, 
M., GREENBERG, J., JAECKEL, P., GE, H., WANG, Y., JIAO, X., LIU, J., 
KAYSER, F., TIAN, H. & LI, Y. 2008. Identification and functional 
characterization of allosteric agonists for the G protein-coupled receptor 
FFA2. Mol Pharmacol, 74, 1599-609. 

MAILMAN, R. B. 2007. GPCR functional selectivity has therapeutic impact. 
Trends Pharmacol Sci, 28, 390-6. 

MAUDSLEY, S., DAVIDSON, L., PAWSON, A. J., CHAN, R., LOPEZ DE 
MATURANA, R. & MILLAR, R. P. 2004. Gonadotropin-releasing hormone 
(GnRH) antagonists promote proapoptotic signaling in peripheral 
reproductive tumor cells by activating a Galphai-coupling state of the type 
I GnRH receptor. Cancer Res, 64, 7533-44. 

MAY, L. T., AVLANI, V. A., LANGMEAD, C. J., HERDON, H. J., WOOD, M. D., 
SEXTON, P. M. & CHRISTOPOULOS, A. 2007a. Structure-function 
studies of allosteric agonism at M2 muscarinic acetylcholine receptors. 
Mol Pharmacol, 72, 463-76. 

MAY, L. T., LEACH, K., SEXTON, P. M. & CHRISTOPOULOS, A. 2007b. 
Allosteric modulation of G protein-coupled receptors. Annu Rev 
Pharmacol Toxicol, 47, 1-51. 

MICHINO, M., ABOLA, E., BROOKS, C. L., 3RD, DIXON, J. S., MOULT, J. & 
STEVENS, R. C. 2009. Community-wide assessment of GPCR structure 
modelling and ligand docking: GPCR Dock 2008. Nat Rev Drug Discov, 8, 
455-63. 



Page 26 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 26 

MILLAR, R. P., PAWSON, A. J., MORGAN, K., RISSMAN, E. F. & LU, Z. L. 
2008. Diversity of actions of GnRHs mediated by ligand-induced selective 
signaling. Front Neuroendocrinol, 29, 17-35. 

MILLIGAN, G. 2005. The impact of G-proteins on constitutive GPCR activity. In: 
R., S. & WIELAND, T. (eds.) GPCRs as drug targets-analysis of activation 
and constitutive activity. Weinheim: Wiley-Vch Verlag. 

MILLIGAN, G. & KOSTENIS, E. 2006. Heterotrimeric G-proteins: a short history. 
Br J Pharmacol, 147 Suppl 1, S46-55. 

MILLIGAN, G. & SMITH, N. J. 2007. Allosteric modulation of heterodimeric G-
protein-coupled receptors. Trends Pharmacol Sci, 28, 615-20. 

MILLIGAN, G., STODDART, L. A. & SMITH, N. J. 2009. Agonism and 
allosterism: the pharmacology of the free fatty acid receptors FFA2 and 
FFA3. Br J Pharmacol, 158, 146-53. 

MOBAREC, J. C., SANCHEZ, R. & FILIZOLA, M. 2009. Modern Homology 
Modeling of G-Protein Coupled Receptors: Which Structural Template to 
Use? J Med Chem. 

NASS, R., PEZZOLI, S. S., OLIVERI, M. C., PATRIE, J. T., HARRELL, F. E., 
JR., CLASEY, J. L., HEYMSFIELD, S. B., BACH, M. A., VANCE, M. L. & 
THORNER, M. O. 2008. Effects of an oral ghrelin mimetic on body 
composition and clinical outcomes in healthy older adults: a randomized 
trial. Ann Intern Med, 149, 601-11. 

NAWARATNE, V., LEACH, K., FELDER, C. C., SEXTON, P. M. & 
CHRISTOPOULOS, A. 2010. Structural determinants of allosteric agonism 
and modulation at the M4 muscarinic acetylcholine receptor: identification 
of ligand-specific and global activation mechanisms. J Biol Chem. 

NEUBIG, R. R., SPEDDING, M., KENAKIN, T. & CHRISTOPOULOS, A. 2003. 
International Union of Pharmacology Committee on Receptor 
Nomenclature and Drug Classification. XXXVIII. Update on terms and 
symbols in quantitative pharmacology. Pharmacol Rev, 55, 597-606. 

NIEMCZYK, S., SIKORSKA, H., WIECEK, A., ZUKOWSKA-SZCZECHOWSKA, 
E., ZALECKA, K., GORCZYNSKA, J., KUBIK, M., CZERWIENSKA, B., 
GOSEK, K., VELDHUIS, J. D., WAGNER, D. A., GAUDREAU, P., 
HAKONEN, T., KAY, S. W., JOUHIKAINEN, T. & SCHAEFER, F. 2010. A 
super-agonist of growth hormone-releasing hormone causes rapid 
improvement of nutritional status in patients with chronic kidney disease. 
Kidney Int, 77, 450-8. 

NOMA, T., LEMAIRE, A., NAGA PRASAD, S. V., BARKI-HARRINGTON, L., 
TILLEY, D. G., CHEN, J., LE CORVOISIER, P., VIOLIN, J. D., WEI, H., 
LEFKOWITZ, R. J. & ROCKMAN, H. A. 2007. Beta-arrestin-mediated 
beta1-adrenergic receptor transactivation of the EGFR confers 
cardioprotection. J Clin Invest, 117, 2445-58. 

OVERINGTON, J. P., AL-LAZIKANI, B. & HOPKINS, A. L. 2006. How many drug 
targets are there? Nat Rev Drug Discov, 5, 993-6. 

PATEL, P. A., TILLEY, D. G. & ROCKMAN, H. A. 2009. Physiologic and cardiac 
roles of beta-arrestins. J Mol Cell Cardiol, 46, 300-8. 



Page 27 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 27 

RAJAGOPAL, K., WHALEN, E. J., VIOLIN, J. D., STIBER, J. A., ROSENBERG, 
P. B., PREMONT, R. T., COFFMAN, T. M., ROCKMAN, H. A. & 
LEFKOWITZ, R. J. 2006. Beta-arrestin2-mediated inotropic effects of the 
angiotensin II type 1A receptor in isolated cardiac myocytes. Proc Natl 
Acad Sci U S A, 103, 16284-9. 

RASMUSSEN, S. G., CHOI, H. J., ROSENBAUM, D. M., KOBILKA, T. S., 
THIAN, F. S., EDWARDS, P. C., BURGHAMMER, M., RATNALA, V. R., 
SANISHVILI, R., FISCHETTI, R. F., SCHERTLER, G. F., WEIS, W. I. & 
KOBILKA, B. K. 2007. Crystal structure of the human beta2 adrenergic G-
protein-coupled receptor. Nature, 450, 383-7. 

ROSENBAUM, D. M., CHEREZOV, V., HANSON, M. A., RASMUSSEN, S. G., 
THIAN, F. S., KOBILKA, T. S., CHOI, H. J., YAO, X. J., WEIS, W. I., 
STEVENS, R. C. & KOBILKA, B. K. 2007. GPCR engineering yields high-
resolution structural insights into beta2-adrenergic receptor function. 
Science, 318, 1266-73. 

ROSENBAUM, D. M., RASMUSSEN, S. G. & KOBILKA, B. K. 2009. The 
structure and function of G-protein-coupled receptors. Nature, 459, 356-
63. 

SCHWARTZ, T. W. & HOLST, B. 2006. Ago-allosteric modulation and other 
types of allostery in dimeric 7TM receptors. J Recept Signal Transduct 
Res, 26, 107-28. 

SMITH, N. J. & LUTTRELL, L. M. 2006. Signal switching, crosstalk, and arrestin 
scaffolds: novel G protein-coupled receptor signaling in cardiovascular 
disease. Hypertension, 48, 173-9. 

SPENGLER, D., WAEBER, C., PANTALONI, C., HOLSBOER, F., BOCKAERT, 
J., SEEBURG, P. H. & JOURNOT, L. 1993. Differential signal transduction 
by five splice variants of the PACAP receptor. Nature, 365, 170-5. 

STEINFELD, T., MAMMEN, M., SMITH, J. A., WILSON, R. D. & JASPER, J. R. 
2007. A novel multivalent ligand that bridges the allosteric and orthosteric 
binding sites of the M2 muscarinic receptor. Mol Pharmacol, 72, 291-302. 

STEPHENSON, R. P. 1956. A modification of receptor theory. Br J Pharmacol 
Chemother, 11, 379-93. 

STODDART, L. A., SMITH, N. J. & MILLIGAN, G. 2008. International Union of 
Pharmacology. LXXI. Free fatty acid receptors FFA1, -2, and -3: 
pharmacology and pathophysiological functions. Pharmacol Rev, 60, 405-
17. 

STRANGE, P. G. 2008. Agonist binding, agonist affinity and agonist efficacy at G 
protein-coupled receptors. Br J Pharmacol, 153, 1353-63. 

SWAMINATH, G., DEUPI, X., LEE, T. W., ZHU, W., THIAN, F. S., KOBILKA, T. 
S. & KOBILKA, B. 2005. Probing the beta2 adrenoceptor binding site with 
catechol reveals differences in binding and activation by agonists and 
partial agonists. J Biol Chem, 280, 22165-71. 

SWAMINATH, G., XIANG, Y., LEE, T. W., STEENHUIS, J., PARNOT, C. & 
KOBILKA, B. K. 2004. Sequential binding of agonists to the beta2 
adrenoceptor. Kinetic evidence for intermediate conformational states. J 
Biol Chem, 279, 686-91. 



Page 28 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 28 

TAN, C. M., WILSON, M. H., MACMILLAN, L. B., KOBILKA, B. K. & LIMBIRD, L. 
E. 2002. Heterozygous alpha 2A-adrenergic receptor mice unveil unique 
therapeutic benefits of partial agonists. Proc Natl Acad Sci U S A, 99, 
12471-6. 

TENG, M., JOHNSON, M. D., THOMAS, C., KIEL, D., LAKIS, J. N., KERCHER, 
T., AYTES, S., KOSTROWICKI, J., BHUMRALKAR, D., TRUESDALE, L., 
MAY, J., SIDELMAN, U., KODRA, J. T., JORGENSEN, A. S., OLESEN, P. 
H., DE JONG, J. C., MADSEN, P., BEHRENS, C., PETTERSSON, I., 
KNUDSEN, L. B., HOLST, J. J. & LAU, J. 2007. Small molecule ago-
allosteric modulators of the human glucagon-like peptide-1 (hGLP-1) 
receptor. Bioorg Med Chem Lett, 17, 5472-8. 

THOMAS, R. L., LANGMEAD, C. J., WOOD, M. D. & CHALLISS, R. A. 2009. 
Contrasting effects of allosteric and orthosteric agonists on m1 muscarinic 
acetylcholine receptor internalization and down-regulation. J Pharmacol 
Exp Ther, 331, 1086-95. 

THOMAS, R. L., MISTRY, R., LANGMEAD, C. J., WOOD, M. D. & CHALLISS, R. 
A. 2008. G protein coupling and signaling pathway activation by m1 
muscarinic acetylcholine receptor orthosteric and allosteric agonists. J 
Pharmacol Exp Ther, 327, 365-74. 

TUNARU, S., KERO, J., SCHAUB, A., WUFKA, C., BLAUKAT, A., PFEFFER, K. 
& OFFERMANNS, S. 2003. PUMA-G and HM74 are receptors for nicotinic 
acid and mediate its anti-lipolytic effect. Nat Med, 9, 352-5. 

URBAN, J. D., CLARKE, W. P., VON ZASTROW, M., NICHOLS, D. E., 
KOBILKA, B., WEINSTEIN, H., JAVITCH, J. A., ROTH, B. L., 
CHRISTOPOULOS, A., SEXTON, P. M., MILLER, K. J., SPEDDING, M. & 
MAILMAN, R. B. 2007. Functional selectivity and classical concepts of 
quantitative pharmacology. J Pharmacol Exp Ther, 320, 1-13. 

VALANT, C., GREGORY, K. J., HALL, N. E., SCAMMELLS, P. J., LEW, M. J., 
SEXTON, P. M. & CHRISTOPOULOS, A. 2008. A novel mechanism of G 
protein-coupled receptor functional selectivity. Muscarinic partial agonist 
McN-A-343 as a bitopic orthosteric/allosteric ligand. J Biol Chem, 283, 
29312-21. 

VALANT, C., SEXTON, P. M. & CHRISTOPOULOS, A. 2009. 
Orthosteric/allosteric bitopic ligands: going hybrid at GPCRs. Mol Interv, 9, 
125-35. 

WANG, J., SIMONAVICIUS, N., WU, X., SWAMINATH, G., REAGAN, J., TIAN, 
H. & LING, L. 2006a. Kynurenic acid as a ligand for orphan G protein-
coupled receptor GPR35. J Biol Chem, 281, 22021-8. 

WANG, J., WU, X., SIMONAVICIUS, N., TIAN, H. & LING, L. 2006b. Medium-
chain fatty acids as ligands for orphan G protein-coupled receptor GPR84. 
J Biol Chem, 281, 34457-64. 

WESS, J. 1998. Molecular basis of receptor/G-protein-coupling selectivity. 
Pharmacol Ther, 80, 231-64. 

WHITE, J. H., WISE, A., MAIN, M. J., GREEN, A., FRASER, N. J., DISNEY, G. 
H., BARNES, A. A., EMSON, P., FOORD, S. M. & MARSHALL, F. H. 



Page 29 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 29 

1998. Heterodimerization is required for the formation of a functional 
GABA(B) receptor. Nature, 396, 679-82. 

WISE, A., FOORD, S. M., FRASER, N. J., BARNES, A. A., ELSHOURBAGY, N., 
EILERT, M., IGNAR, D. M., MURDOCK, P. R., STEPLEWSKI, K., 
GREEN, A., BROWN, A. J., DOWELL, S. J., SZEKERES, P. G., 
HASSALL, D. G., MARSHALL, F. H., WILSON, S. & PIKE, N. B. 2003. 
Molecular identification of high and low affinity receptors for nicotinic acid. 
J Biol Chem, 278, 9869-74. 

YAO, X. J., VELEZ RUIZ, G., WHORTON, M. R., RASMUSSEN, S. G., 
DEVREE, B. T., DEUPI, X., SUNAHARA, R. K. & KOBILKA, B. 2009. The 
effect of ligand efficacy on the formation and stability of a GPCR-G protein 
complex. Proc Natl Acad Sci U S A, 106, 9501-6. 

 



Page 30 of 32

Acc
ep

te
d 

M
an

us
cr

ip
t

 30 

Figure Legend 

 

Box 1: The expanding modes of agonism at G protein-coupled receptors 

For decades, the traditional model of receptor activation involves the interaction 

of a ligand at the orthosteric binding site of a receptor somewhat like a key fitting 

into a lock (illustrated diagrammatically in A). In the case of agonism, binding of 

an orthosteric agonist induces conformational changes in the receptor that result 

in a functional response; thus the ligand possesses efficacy. As such, an inverse 

agonist at the orthosteric site will act to reduce any existing function of the 

receptor while a neutral antagonist will occupy the binding site but will not 

possess efficacy. More recently, it has become apparent that compounds are 

able to bind and interact at a site distinct from the orthosteric site – this is 

referred to as the allosteric site and is represented by the rectangular ligand in 

diagrams (B-E). An allosteric modulator can bind to a G protein-coupled receptor 
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in the absence of agonist (B) without effect. However, in the presence of an 

orthosteric ligand (for the purposes of this review, an orthosteric agonist), an 

allosteric modulator can positively or negatively affect either the affinity (C), 

efficacy (D) or both the affinity and efficacy (E) of the orthosteric ligand. 

 

Another possible interaction predicted by the Allosteric Two-State Model (May et 

al., 2007) of receptor function is allosteric agonism (F), in which case a ligand 

binds to an allosteric site on the receptor and causes a functional response. The 

allosteric agonist may also allosterically modulate the affinity and/or efficacy (as 

per C-E) of a ligand at the orthosteric site, in which case it is referred to as an 

ago-allosteric modulator (G). Less frequently, an agonist may possess efficacy 

above that of the endogenous ligand (so-called super-agonism; although 

represented here at the orthosteric site there is no reason why super-agonism 

could not occur via allosteric agonism or ago-allosterism). Finally, subtype 

selectivity can be enhanced by the design of dualsteric ligands in which a potent 

but non-selective orthosteric ligand is fused to a more selective moiety that 

interacts at the allosteric binding site (I). However, there is also the possibility 

that the dualsteric ligand will bind only at the allosteric site, allowing access for 

another ligand to bind orthosterically – the affinity and/or efficacy of the 

orthosteric interaction may be modulated by the allosteric moiety of the dualsteric 

ligand, depending upon its allosteric properties. Ideally, if the purpose of 

designing a dualsteric ligand is to generate an agonist with enhanced subtype 

specificity, then the allosteric moiety should have near-neutral co-operativity. 
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Although not depicted here, it is important to remember that each of the 

examples of efficacy above may represent full, partial or inverse agonism or even 

activation of subsets of the full complement of signaling pathways (functional 

selectivity). 

 

 
 
 


