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Insights into a defined secondary binding region on -

adrenoceptors and putative roles in ligand binding 

and drug design 
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Villalobos-Molinac 

Abstract. Increasing evidence points to the possibility of one or more secondary binding sites 

involved in the interaction of catecholamines on their receptors. However, the importance of 

these sites has not yet been clearly established. In this review, we examine the possibility that 

catecholamines reach a defined secondary binding region on beta adrenoceptors and attempt to 

analyze the approach of this ligand to this binding site. Inferences are made as to the possible 

effects on receptor activity when a compound interacts with the orthosteric binding site, the 

secondary binding region, or both in a concerted manner. Consideration is given to prolonged 

ligand interaction with orthosteric and allosteric binding sites, biased signaling, and feasible 

cellular responses, as well as to the importance of these effects in physiological processes 

when these receptors are targets for drug design. 

 

 

 

Introduction 

The endogenous catecholamines —dopamine, noradrenaline and 

adrenaline— act on G protein-coupled receptors (GPCRs) as 

neurotransmitters or hormones in order to mediate biological 

responses. It is known that in humans their effects modulate 

functions in the cardiovascular, pulmonary and gastrointestinal 

systems, the peripheral and central nervous systems, and metabolic 

processes.1-3 

Human catecholamine receptors are divided into five dopamine 

receptors (D1, D2, D3, D4 and D5) and nine adrenoceptors (AR) 

(α1AAR, α1BAR, α1DAR, α2AAR, α2BAR, α2CAR, β1AR, β2AR, and 

β3AR), as well as some variants. These receptors were among the 

first classified according to the pharmacological profile of 

endogenous and exogenous ligands,4,5 and the adrenoceptors were 

among the first cloned proteins.1 It is thus not surprising that much 

effort has been exerted to obtain X-ray structural data about 

catecholamine receptors in the last few years.1,6,7 

Computational procedures carried out with recent structural data, 

specifically from β1ARs and β2ARs,8-10 have provided new 

information on ligand recognition and receptor activation, and are 

thus helping to predict key interactions in protein-ligand affinity. 

Through these theoretical studies a new concept is beginning to 

emerge: the importance of concerted binding by a ligand to two (or 

more) binding sites of a receptor, thus stabilizing a certain receptor 

conformation.8,11-13 

Hence, the present study focuses on the phenomena that lead to the 

stabilization of certain receptor conformations induced by the 

binding of a ligand that follows its pathway to reach the orthosteric 

binding site (the well-known site reached by endogenous ligands). 

Additionally, we discuss the phenomena involved in the ability of a 

ligand to reach this orthosteric binding site, including the relevance 

of a defined secondary binding site for physiological processes. 

Consideration is also given to the conceivable impact of this 

secondary site on the design of drugs that target these receptors.  

For these purposes, we review state of the art theoretical simulations 

and structure-based drug design using X-ray data from crystal 

structures of ligand-β-adrenoceptor complexes (only β1ARs and 

β2ARs have been crystallized), as well as some static and dynamic 

models of the three βARs. Overall, the present analysis of 

interactions between adrenoceptors and ligands aims to identify 

well-defined orthosteric and possible allosteric binding sites (the 

latter with a focus on one defined binding region), the selectivity of 

ligands for binding on these sites, and the functional selectivity 

triggered by ligand-receptor contacts. Most importantly, implications 

for physiology, medicinal chemistry and therapeutics are explored. 

About the role of allosterism in β-adrenoceptors 

Nowadays it is well accepted that conformational changes occur in 

receptors in a ligand-free condition or during ligand-binding. It is 

also accepted that biological activity is a function of the population 

of receptors stabilized in a certain conformational state. Moreover, it 

has been recently proposed that we can design molecules with a fine-

tuned control of cellular response by considering more than a simple 

integrated cellular response or a linear view of efficacy. That is, a 

ligand may cause a sophisticated conformational change in the 

receptor, leading it to express some, but not all, of its repertoire of 

activities in the cell.14 
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By limiting ourselves to the currently accepted assumptions (being 

aware that emerging topics could widen our analysis), we establish 

that ligand binding to a receptor induces a conformational state that 

results in activation, inactivation, or maintenance at basal activity.1,14 

In the case of an agonist, including partial or inverse agonists, the 

induced conformational state alters the basal kinetic activity of a 

receptor or a system coupled to this receptor. Contrarily, neutral 

antagonists (rare for adrenoceptors) block the binding of agonists but 

do not induce conformational changes relevant to cell kinetics. 

A ligand can also stabilize a conformational state by binding to an 

allosteric binding region (a region different than that included in the 

cluster of residues forming the binding pocket for endogenous 

ligands). Such a ligand, known as an allosteric modulator, 15 scarcely 

affects kinetic processes but can greatly influence receptor activity in 

several ways, including the capacity of ligands to access the 

orthosteric binding site. Insights into this aspect of receptor 

activation should certainly afford even greater capacities in drug 

design16-20 due to the promise of improved selectivity of ligands 

targeting these receptors.21-25 This is particularly relevant for the 

design of new drugs aimed at the CNS. 10,15,26 

In light of the aforementioned aspects of ligand binding, a new 

nomenclature for ligands has come about that goes beyond the 

general terms of agonists, antagonists and allosteric modulators. 

New terms have been proposed and revised recently, describing 

molecules that activate or inactivate receptors, as well as those that 

just bind to allosteric binding sites (sometimes influencing the 

active/inactive state of receptors). 15,26,27 Recent advances in 

understanding the structural biology of GPCRs could greatly 

facilitate the study of allosteric modulation.15 Hence, the concept of 

the stabilization of one or more conformational states through 

allosteric binding is expanding and increasingly attracting the 

attention  of researchers in drug design. 

Despite the growing evidence of allosteric modulation of GPCRs, 

this activity is still poorly utilized in drug design. Indeed, the only 

allosteric modulator of βARs confirmed by experimental evidence is 

zinc (acting as a positive agonist modulator), and even for this ligand 

the location of the allosteric binding site is poorly defined.28 The 

evidence in relation to other ligands is limited to a suggestion of 

allosteric modulation due to observed effects on the signaling of 

ARs.29-32 

It is worth noting that the probabilities of allosteric modulation 

increase when ARs are found in oligomeric forms.33 However, data 

on the putative potential of functional homo- and hetero-oligomers 

of βARs are scarce, and to date have only described differences in 

ligand affinity to monomers or oligomers of β2ARs. 33-36 

The existence of a well-defined secondary binding 

region on β-adrenoceptors 

Considering βAR monomers, we can state that observation of ligand 

interactions on βARs has provided experimental evidence of two 

different agonist affinity values in binding assays. This has led to the 

hypothesis of two binding sites and/or two or more conformational 

states involved in these interactions.10,37-42 Evidence exists to support 

the idea that these binding sites or conformational states can 

influence not only the intrinsic activity of a ligand or selective 

signaling in the targeted cell, but also the time-dependent effect.10 

Some experimental data support the hypothesis that ligand binding 

induces a certain conformational state of a receptor. Such evidence 

has been obtained through the use of radiolabeled ligands in binding 

assays,38,41-42 as well as fluorescent or bioluminescent resonance 

energy transfer.10,43 Moreover, some computational studies support 

the existence of distinct GPCR conformational states, which may 

correspond to the variants in signaling found experimentally.44-49 On 

the other hand, experimental ligand saturation analysis supports the 

existence of two distinct binding sites on β1ARs (and probably on 

other βARs) 38,50,51 for several ligands with agonist properties, 

including catecholamines.52-54   

Each binding site must necessarily be associated with different 

binding residues within the receptor protein.15 The recognition of 

some compounds by distinct amino acid residues has been evidenced 

by X-ray crystallographic studies as well as some docking 

simulations on β2AR structures.10 A similar condition has be found 

for cholinergic and dopamine receptors.21,55-56 We can also consider 

that different ligands can interact at the same binding crevice as 

endogenous ligands, but with a greater contact surface. 

Overall, this emerging evidence leads to the consideration of a more 

broadly defined binding site with different and well-defined regions. 

Accordingly, there is the region reached by endogenous 

catecholamines in the adrenoceptor pocket (the orthosteric binding 

site) as well as a second region in the same crevice (the allosteric 

binding site). We herein consider a secondary binding region that is 

near the orthosteric binding site, but located shallower in the crevice.  

This suggestion is supported by theoretical and experimental studies 

with several compounds whose structure has two phenolic rings 

linked by a pair of ethylamine moieties sharing the amine moiety in 

the center, as is the case for fenoterol derivatives. 57,58 Some X-ray 

crystal structures of β2AR-ligand complexes show that an arylethyl 

moiety is exposed to what we suggest to be the secondary binding 

region. In this respect, there are other  crystallized structures 

including a non-adrenoceptor GPCR (e.g., ZM241385 on the A2A 

adenosine receptor, JDTic on the κ-opioid receptor, and naltrindole 

on the δ-opioid receptor) that also have an analogous moiety 

exposed to a similar binding region of their respective targeted 

receptor. This may mean that this secondary binding region in the 

crevice of βARs is important for the modulation of selectivity by 

ligands acting on some other GPCRs.10 Although in-depth discussion 

of this topic is beyond the scope of the present contribution, it should 

be mentioned that there is a wide variety of residue sequences in the 

receptors of these crystallized structures (considering class A 

GPCRs),59 and that the  receptors are related more by a similarity in 

the structure of the compounds targeting them.  

In spite of the evidence that secondary binding regions may exist in 

some GPCRs, the precise coordinates of one or more secondary 

binding regions is an unresolved topic for βARs. Site-directed 

mutagenesis studies coincide in suggesting some of the residues that 

may be involved in a secondary binding region, either inside or near 

the crevice of the orthosteric binding site. According to these studies, 

the residues involved are located in the TM2 to TM7 and ECL2 

domains, as have been theoretically proposed and mapped on βAR 

structures (punctual examples for β1AR and β2AR have been 

described previously).10 Although many differences in the sequence 

of extracellular and transmembrane regions near these binding sites 

have been described, some sub-regions among βARs are conserved 

(Fig.1).60 Interestingly, some theoretical simulations indicate that the 

secondary binding region is present in the conformational state that 

shows the highest ligand-β2AR affinity values. Taking into account 

all of this information, we propose that the secondary binding region 

consists of residues in the TM2, TM3, TM6 and TM7 domains, with 

a contribution from some residues in the second extracellular loop 

(Table 1).32 
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Fig. 1. The location of the secondary binding region in ARs is marked with residues in green. The orthosteric binding site is depicted as a 

silver surface on each receptor, and some residues probably involved in ligand-induced actions in the two binding regions are represented in 

orange. See Table 1 for details of residues forming the second binding region shown as bonds in this figure.

 

Table 1. Putative amino acids included in the proposed secondary 

binding site for βARs. They are colored in green if included in the 

putative secondary binding region, in red if shared with the 

orthosteric binding site, and in orange if in a region that seems to 

modulate the connection of these two parts of the binding site. 

Residues repeatedly mentioned in the bibliographic references are in 

bold. 

Ballesteros- 

Weinstein 

position 

With side chain contacts between ligands and 

  1ARa 2ARa 3ARa 

2.64 Leu101 His93 Leu97 

3.28 Trp117 Trp109 Trp113 

3.29 Thr118 Thr110 Thr114 
3.32 Asp121 Asp113 Asp117 

ECL2.50 Cys199 Cys191 Cys196 

ECL2.51 Asp200 Asp192 Ala197 
6.55 Asn310 Asn293 Asn312 

6.58 Asn313 His296 Arg315 

7.35 Phe325 Tyr308 Phe328 
7.36 Val326 Ile309 Leu329 

7.39 Asn329 Asn312 Asn332 

7.40 Trp330 Trp313 Trp333 

7.43 Tyr333 Tyr316 Tyr336 

 

Dualsteric-anchoring on βARs and its impact on 

cellular responses 

Evidence exists that the interaction of compounds at the proposed 

secondary binding site (Fig. 2) could be responsible for modulating 

cellular responses. In the present contribution, we make inferences 

from studies employing β2AR ligands with findings that seem to 

suggest a secondary binding site, evidenced by changes in the effects 

of signaling pathways, including in time-dependent βAR-ligand 

activity, or by phenomena described in functional assays on these 

receptors. 

Recently, the interaction of ligands on GPCRs has been shown to 

modulate several pathways. Some of these ligands preferably induce 

the modulation of one of these pathways. This kind of ligand has 

been named a biased ligand and the phenomenon induced is 

denominated functional selectivity.61-67 

 

 

Circumscribing the study to βARs and their ligands, it should be 

borne in mind that these receptors trigger a biological response 

classically through Gs-protein coupling. However, it is known that 

these receptors can interact with other heterotrimeric G-proteins and 

other types of receptors, probably through mechanisms that regulate 

biological activity without involving protein interaction in the first 

transduction signaling step (e.g., calcium release and related 

phenomena).68 In spite of this, current knowledge about the βAR-

ligand interaction is centered on two pathways: G protein-dependent 

signaling and the β-arrestin pathway. The latter is closely related to 

ERK (Extracellular Signal-Regulated Kinases)-dependent signaling. 

Some ligands reportedly are able to induce biased signaling after 

interacting with these receptors. 

Regarding the biased action of ligands on GPCRs, evidence from 

theoretical and experimental studies corroborates the association of 

G-protein dependent pathways with the interaction of ligands on the 

orthosteric binding site involving the TM3, TM5, TM6 and TM7 

domains, and the relation of the β-arrestin pathway to the contact of 

ligands with TM2 and TM7. Specific contacts have been suggested 

for the β-arrestin pathway, such as that between the motif NPXXY 

and switches involving the TM2, TM3, TM6 and TM7 domains.16 

Also, recent research on -arrestin activity triggered by GPCRs 

supports the involvement of these transmembrane domains in this 

functionality, including studies that measure the conformational 

changes of the TM7 domain of β2ARs by nuclear magnetic 

resonance.8,10,69,70 

Some studies on crystal structures of βARs or using theoretical 

simulations report compounds that fit into both the orthosteric 

binding site and the proposed secondary binding site in a concerted 

manner. Such studies could yield insights into biased or unbiased 

signaling by these ligands. In the case of unbiased signaling, ligands 

can modulate biological activity by activating both these pathways in 

a concerted manner that is almost simultaneous.69 An example of 

this effect is provided by dobutamine, which through the Gs 

protein pathway induces 100% of the signaling found with 

isoproterenol, and via the β-arrestin pathway 70% of such signaling.  

Most recent reports focus on biased signaling by ligands, with the 

greatest attention paid to the β-arrestin signaling pathway (e.g., the 

ERK pathway) mediated by binding in the aforementioned 

secondary region.  
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Fig. 2. Compounds on the binding site of the 1-3ARs.  Key residues in 1AR, 2AR and 3AR (from left to right, respectively) for ligands 

contacting the putative binding site. Carvedilol on the 1AR (from the structure with PDB code: 4AMJ; BI-167107) and on the 2AR (from 

the structure with PDB code: 3P0G). Miragebron on 3AR from molecular modeling. Residues are colored in accordance with the related 

functional selectivity (see Table 1 and text for details). 

 

These possibilities have been explored in recent years for βARs as 

well as for other GPCRs. For example, carvedilol and bucindolol are 

antagonists on the adenylyl cyclase (AC) pathway but agonists on 

the β-arrestin pathway, and induce desensitization and 

internalization of receptors presumably by the latter mechanism.71,72 

Indeed, recent X-ray crystal structural data from complexes of 

β1ARs suggest that these effects are caused by the binding of 

moieties of these ligands to a region shallower than the orthosteric 

binding site, leading to G protein-independent β-arrestin 

activation.10,73 

In some crystallized complexes with a β2AR, it can be observed that 

the ligand that reaches both the orthosteric and secondary binding 

sites.10,74,75 This is the case with X-ray crystal structures of a β2AR 

and BI-167107 or FAUC50. It is becoming apparent that these two 

compounds behave as long-term full agonists on the Gs-protein 

dependent pathway without any apparent activation of the β-arrestin 

pathway, which would of course imply that they are biased ligands.10 

There are no crystal structures of β3ARs, and few functional assays 

have approached the biased signaling of compounds on this 

receptor.76 However, based on analysis of theoretical studies and 

experimental evidence measuring the biological activity of some 

proposed and synthesized compounds, it is possible to see that all 

known selective ligands for this βAR share a dual-core structure, 

elongated on one of the sides of the amine group (Fig. 3). 

Furthermore, the binding of a ligand to this secondary binding site 

may not only control the intrinsic activity or signaling pathways, but 

also the time-dependent effect of ligand binding to βARs. Hence, 

this secondary binding region could act as a modulator of time-

dependent activation of βARs by ligands, which would have several 

consequences in cellular responses.10 For instance, when BI-167107 

and FAUC50 reach the secondary binding site and orthosteric 

binding site in a concerted manner,77 ligand binding could stabilize 

an active conformational state which favors prolonged activity. It is 

also possible that by means of this conformation of the receptor, 

which could be associated with the regulation of its expression on 

the cell membrane, the phosphorylation process is reduced or 

prevented. A detailed structure-activity relationship about recently 

developed ultra-long acting β2AR-ligands78-80 can be found in 

previous studies.10  

The chemical features of ligands in the secondary 

binding site and functional implications 

The detailed functionality of this secondary binding site is only 

beginning to be studied. In order to analyze the particular ligand 

moieties related to the activation or inactivation of the Gs-protein 

dependent and/or β-arrestin pathways, we should consider some 

structural features of ligands. With this aim, we turn to a 4-phenol-

ethanolamine (catecholamine-like) moiety that is often considered 

the ‘core’ in βARs-ligands (Fig. 3). This core, the shared structure of 

endogenous ligands having only a few variations, is frequently 

included in compounds proposed as innovative βAR-ligands. In the 

few cases in which a change in this core exists in the latter ligands, 

the compounds commonly behave as bioisosteres of the core 

structure.  

It is interesting to compare adrenaline and noradrenaline. Whereas 

the former has a hydrogen atom attached to the amine group, the 

latter has a methyl group attached to the same core. Since the methyl 

group is somewhat bulky compared to the hydrogen atom, adrenaline 

can less easily fit into the binding pocket. Thus slightly bulkier 

ligands induce different conformational states and behave with a 

slightly biased effect.81,82 In this sense, in experiments on β2ARs, 

noradrenaline caused signals related to conformational changes in a 

proportion close to 50% of those induced by adrenaline. 

Furthermore, noradrenaline-induced changes were slower (almost by 

one third) than those induced by adrenaline. However, noradrenaline 

was almost as efficient as a full agonist in causing activation of the 

catalytic activity of Gs and ACs, while being inefficient for 

triggering β-arrestin2 recruitment to the cell surface, its interaction 

with β2ARs, and the internalization of these receptors.54  

It has also been observed that exogenous ligands, such as 

isoproterenol, bucindolol and propranolol, share a relatively bulky 
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isopropyl moiety linked to the amine group. All three of these 

ligands have high activity at the β-arrestin pathway, even though 

they are full, partial, and inverse agonists for the AC-pathway, 

respectively. Molecules with an even bulkier moiety attached to the 

amine group, including albuterol, clenbuterol and terbutaline 

(sharing a terbutyl moiety), act as agonists for cAMP production, 

while displaying an even weaker effect on the β-arrestin-mediated 

phosphorylation pathway.82 In these cases, it seems that steric 

hindrance near the amine group blocks activation of the β-arrestin 

pathway. This apparently does not occur if the ligand has a simpler 

moiety with carbons adjacent (α or ) to the amine group.  

 

 

Fig. 3. Ligands with selectivity for the ARs. The moieties proposed 

to contact the secondary binding region of ARs are marked in 

green. The labels are in green letters for ligands considered as a full 

or partial agonist, and in red for ligands considered as an antagonist 

or inverse agonist. 

Additional studies should be carried out to identify  moieties 

adjacent to the amine group in ligands, as well as to consider the 

whole binding site reached within the context of a dynamic 

perspective (due to observations that do not exactly correspond to 

our somewhat simplistic model). For example, other compounds 

such as procaterol and cimaterol (with only an isopropyl moiety 

linked to the amine group, and inflexible moieties in the catechol-

related group) also show a weak effect on the β-arrestin pathway.82 

Recently developed compounds include a variety of other moieties 

linked to the nitrogen atom of the amine group (included in the 

core). These linked moieties fluctuate from isopropyl to ‘long-tail’ 

aryl groups.  

In order to avoid a dispersion of attention among the variety of these 

linked moieties attached to the core, we focused the present analysis 

on some of the moieties often included in the structure of recently 

developed compounds. For instance, it has been suggested that large 

non-polar groups are particularly effective in the activation of the β-

arrestin pathway.73 By trying to develop a more specific profile of 

the relationship between structural moieties in β1AR or β2AR ligands 

and activation of the signaling pathway of AC or β-arrestin 

(ERK1/2), and taking into account a previous bidimensional model, 

we proposed a Cartesian representation of the ligand profiles on 

β1ARs and β2ARs, based on the possible activation of one of these 

two signaling pathways.10 

From this model, we observed that ligands require the core (4-

phenol-ethanolamine) moiety for AC-activation (Figs. 3 and Suppl. 

Fig. 1). In order to trigger full signaling by this pathway, a 

compound must have an additional hydroxyl group (or a 

‘bioisosteric’ nucleophilic moiety) in -carbon to amine and in 

position 3 of the aromatic ring (Fig. 3). This moiety seems to 

establish more interactions with serines in the TM5 domain, 

particularly with Ser5.46, a residue involved in the contacts for full 

but not partial agonists.83 On the other hand, it can be observed that 

the hydroxyl-propylamine moiety (Fig. 3 and Suppl. Fig. 1) confers 

ligands with the ability to act as antagonists or inverse agonists 

through the AC-pathway. 

Judged from the compounds activating the β-arrestin pathway, it 

seems that this signaling mechanism is induced by a fragment group 

almost equivalent to one of the aryl-ethyl moieties activating the 

AC-pathway (Fig. 4). It is also notable that the moieties of the α-

carbon to amine84 and/or that in the ortho or para position on the 

aromatic ring of the arylethylamine are relevant for activity induced 

through the β-arrestin pathway.10 

 

Fig. 4. Plurimechanistic efficacy of 1-3AR ligands affected by the 

interactions of compounds with the orthosteric binding site (in red) 

and the secondary binding region (in green), as well as additional 

interactions on the interphase and possible consequences. 

Based on the aforementioned analysis as well as evidence and results 

from biophysics studies, one aryl-ethyl moiety appears to bind to the 

orthosteric binding site and the other to the nearby shallower region. 

Moreover, we proposed that the shallower secondary binding region 

can be anchored by ligands only when an adequate conformational 
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state allows it to be exposed in the βARs, often induced by specific 

moieties in a ligand that can make the adequate arrangements 

between the TM3 and TM6 domains.10 

Alternatively, there are molecules with a double-core moiety (e.g., 

dobutamine) that behave as an unbiased ligand,85 and those with a 

long tail but without a bulky moiety attached contiguously to the 

amine group (e.g., salmeterol, formoterol and carmoterol, which 

share two core moieties in their structure) that can apparently fit into 

the orthosteric binding site and shallower secondary region in a 

concerted manner. Moreover, the synthetic agonist fenoterol and to a 

lesser extent terbutaline appear to display bias toward β-arrestin 

signaling.54  

Taking all of this information into account, we propose that a 

concerted fit into both the orthosteric binding site and the secondary 

region seems to take place in one of two ways: by a long-tailed 

molecule (with a non-bulky moiety near the amine group) in a 

synchronized step, or by two small molecules in two consecutive 

steps. If the latter is the case, the binding of the small molecules 

(such as endogenous ligands) to each of the nearby surfaces on the 

receptor may happen almost simultaneously, which is apparently the 

case for βARs.  

The putative roles of the secondary βAR binding 

region in modulating the action of endogenous 

ligands 

Most of the previously discussed data comes from studies on 

synthetic compounds acting as ligands. However, a critical issue is 

the relevance of the secondary binding region under physiological 

conditions, in which the endogenous ligands could fit into this 

binding site and either induce or not induce conformational changes 

related to the triggering of cellular signaling. The coupling of ligands 

in this region could be involved in many other processes, including 

recognition selectivity (e.g., the selectivity among endogenous 

ligands for reaching different receptors of a same group), biased 

signaling, and time-dependent effect. This idea is congruent with the 

fact that more diversity exists in the extracellular regions than in 

transmembrane domains among GPCRs.10,54 Accordingly, we 

discuss potential physiological roles of these binding sites in βARs 

based on data from X-ray crystal structures or theoretical simulations 

related to ligand-βAR  interactions. 

Regarding the phylogenetic profile of this secondary binding site, 

among βARs there are binding sites with similar dimensions and 

components in spite of the great diversity of these receptors (Suppl 

Fig. 2). Moreover, homology is high among the receptors 

incorporated in the aminergic cluster of the α-group within the 

Rhodopsin family, including the crystallized Rhodopsin receptors, 

adrenoceptors, and dopamine and histamine receptors (Suppl. Fig. 

3).86 However, these binding sites are not clearly defined in other 

GPCRs families (data not shown). Specifically, among βARs, the 

established phylogenetic proximity of the β2AR and the β3AR 

(judged from the analysis of the whole sequences) is lack if only the 

segments involved in the proposed secondary binding region are 

considered, because in these regions the highest sequence similarity 

is between β1AR and β3AR, which could be involved not only in the 

behavior of compounds with high/low affinity states reported from 

pharmacological assays (Fig. 5), but also in the physiological role of 

adrenoceptors and other GPCRs.42 Actually, judging from data of 

other crystallized GPCRs, the analogous areas to this secondary 

binding site are conserved87 and often are exposed to the 

extracellular face of the receptor (e.g., for opioids and chemokines) 

or unclearly delimited (e.g., for muscarinic, adenosine or 

sphingolipid receptors).10,86,88 

 

Fig. 5. Phylogenetic tree of human 1-3ARs by considering all the 

residues included in the transmembrane domains (on the left) or only 

those involved in the secondary binding region (on the right), as 

listed in Table 1.  Plots done with GPCRDB software.110  

In fact, considering that catecholamines reach the orthosteric binding 

site of βARs, it cannot be discarded that endogenous (or other small) 

compounds can reach the secondary binding site at a different time 

(i.e., in a step previous or subsequent to the fit into the orthosteric 

binding site). It is noteworthy that several theoretical simulations 

have shown the possible pathways for reaching the orthosteric 

binding site as well as the proposed secondary binding region. For 

instance, docking and molecular dynamics simulations have been 

done with ligands that interact with this defined secondary 

region.10,19,89 Moreover, some MD simulations have demonstrated 

that the ligand anchors itself to this alternative binding region.90 

Hence, the anchoring of a ligand to this secondary binding region is 

probably involved in determining which of two (or more) possible 

pathways a ligand follows to approach the orthosteric binding site, 

and possibly involved in whether or not there is functional selectivity 

(Fig. 4).91 As aforementioned, different approaches applied to study 

the activity of endogenous ligands suggest that biased signaling also 

exists in their respective adrenoceptors, specifically in β2ARs.54  

To infer the possible mediated effects under physiological conditions 

for the binding of endogenous ligands to this secondary binding site, 

we assumed: (a) that ligands can reach this binding site, and (b) that 

this capacity is closely related to activity in the -arrestin pathway 

(in agreement with the previous discussion) as well as to activity in 

other G-protein independent pathways.  

We suggest a diversity of ways in which a ligand can anchor itself to 

this secondary binding site, based on the versatility of pathways by 

which a ligand reaches the orthosteric binding site of βARs. It is also 

convenient to remember that -arrestins, although originally 

discovered in relation to their ability to desensitize activated GPCRs, 

are now well established mediators of receptor endocytosis, 

ubiquitination, and G protein-independent signaling.72 Among a 

multitude of possible effects, we emphasize that the reaching of this 

secondary binding site and the activation of arrestins is closely 

related to desensitization and modulation of cell signaling. And due 

to the aforementioned differences in the dynamics for reaching the 

orthosteric binding site, we infer that adrenaline has a greater effect 

than that induced by noradrenaline or dopamine. This down-

regulation system can be related to a protective mechanism in the 

cases of abundantly expressed catecholamines and their prolonged 

availability to receptors and cells. The results of some studies agree 

with this viewpoint, and classify noradrenaline as a G-biased 

agonist, and adrenaline and bulkier agonists as compounds that have 

stronger action on -arrestins and lead to desensitization.54,72 
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In order to illustrate these putative roles, we will use a specific 

example of each of the three known βARs in humans. Although 

these receptors are ubiquitous, some tissues selectively express one 

subtype. Classically, the β1AR is expressed in the heart, the β2AR in 

smooth muscle, and the β3AR in adipose cells and the genitourinary 

tract.  

In the case of β1ARs, several phenomena lend themselves to the 

inferences made herein. The contacts of ligands on this secondary 

binding site have implications for the down-regulation of β1ARs and 

the response in the myocardium.92 Indeed, studies with compounds 

that contact this binding site, specifically carvedilol and bucindolol 

(for which contacts have been demonstrated through X-ray crystal 

structures), have yielded insights into their probable role.93 Initially, 

these compounds were only proposed as β-blockers. However, their 

use in this sense led to reports on atypical phenomena and additional 

protection for individuals who employed them, prompting 

researchers to analyze the particular pharmacological profile of these 

compounds.38,94 Observations guided them to denominate these β-

blockers as atypical, because they can block cAMP production while 

triggering signaling through the β-arrestin pathway. These 

phenomena have been recently studied, and results suggest that 

atypical behavior is related to our poor comprehension of ligand-

receptor interactions, including those which occur outside of the 

orthosteric binding site.72,91,93,94 

Additional elements may also be involved in the ability of 

compounds to reach this secondary binding site. Of particular 

interest is the phenomenon described as the dual behavior of β1ARs 

due to the existence of two conformational states or binding sites 

with low or high affinity. Regarding the coordinates of this 

secondary binding site, some reports have suggested that residues in 

TM3 are involved, but additional features of this site are lacking. 

The importance of this secondary binding site has been related to 

alterations in the natural role of β1ARs in myocardium and the 

physiopathology of some types of cardiac failure, as well as to the 

action of some drugs targeting these receptors (i.e., secondary effects 

during the treatment of orthostatic hypotension and neurocardiogenic 

syncope).38,93  

Consequently, it can be suggested that when endogenous ligands 

reach this binding site, a G-protein independent signal is triggered, 

which would be related to the down-regulation of receptors and 

intimately linked to the clinical and experimental phenomena 

observed for atypical ligands on β1AR. Also, taking into account the 

slight structural differences among endogenous ligands, we suggest 

that this binding site and the associated response are triggered in a 

more efficient form by adrenaline. This could be related to the fact 

that a catecholamine response exerted in the acute phase is mediated 

mainly by adrenaline. Given that this compound is designed for a 

short-term ‘fight or flight’ response, and that a sustained stimulation 

could generate dysfunction and greater damage, it should diminish 

the prolonged effect.95 In other words, the proposed secondary 

binding site appears to be key to the molecular behavior of the 

receptors for preparing an acute modulation in the presence of some 

kinds of catecholamines (e.g., adrenaline), but to a lesser degree (or 

not at all) for other ligands even if they can activate a notable 

response in the target cell. 

In the case of β2ARs, atypical patterns have also been registered in 

relation to the pharmacological evaluation of some compounds. 

These atypical behaviors include high and low affinity states, ligand-

dependent expression, and ineffective transduction related to 

collateral efficacy.96 In this regard, differences among species have 

been clearly established, although the secondary state or binding 

region has been poorly mentioned for human β2ARs (except for the 

case of some human cells with receptor-overexpression).97 

Nevertheless, differences in cellular responses have been observed 

when using compounds that probably bind to the secondary region.  

The same mechanism for regulating receptor expression allows the 

organism to regulate the action of noradrenaline or adrenaline on the 

expressed receptors in smooth muscle cells, thus modulating the 

cellular response. This effect is differently activated for endogenous 

and synthetic agonists, the latter of which often contain a bulkier 

than methyl group linked to amine (see discussion about β2AR-

ligands). Therefore, the phenomena related to an acute G-protein 

independent signal or to desensitization of receptors are poorly 

linked to the results found by testing endogenous ligands. Since 

these phenomena are linked to interactions in one or more secondary 

binding regions, their close examination is important for the 

development of new selective ligands on this receptor subtype.  

Current experimental data for β3ARs do not indicate any 

physiological relevance of a secondary binding site. Despite this 

experimental void, if we consider the possibility of high and low 

conformations or binding sites for endogenous ligands (as is the case 

for β1ARs), as well as the suggestion that the secondary and the 

orthosteric binding sites overlap,98,99 we can infer a key role for the 

secondary binding site in modulating acute or chronic exposure to a 

high concentration of endogenous catecholamines.  

Interestingly, compounds have been developed with selectivity for 

this receptor over the other βARs, and these compounds have a 

double catecholamine-like pharmacophore. Although this feature is 

similar to that of compounds that reach β2ARs, there are some 

details that may be key in the high selectivity for this receptor, such 

as the inclusion of a carbonyl group in para-position of a ring that 

presumably fits in the secondary binding region (Fig. 4).100,101 

Indeed, the advances in this area could be key for developing 

compounds with high selectivity for either β2ARs or β3ARs. 

Consequences for drug design 

Given that concerted multiple signaling pathways lead to collateral 

efficacy in a cell, acceptance and analysis of this secondary binding 

region near the classic orthosteric binding site in the βARs may have 

important implications for drug discovery. If corroborated by future 

research, this perspective could be applied to other regions or 

fragments of GPCRs, or perhaps other receptors. 

Hence, in the design of new compounds targeting βARs, 

consideration should be given to reaching of this secondary binding 

region in order to improve the selectivity of ligands on a given 

subtype of receptors. This would selectively modulate the activity of 

cells expressing these receptors and the time-dependent effect. 

Additionally, by more broadly considering the pharmacodynamics 

and pharmacokinetic profile of new test ligands that reach the 

secondary binding region, more specific applications can be sought. 

In this sense, specific studies aimed at enriching the characteristics 

of moieties linked to the amine group in the core of ligands should 

improve selectivity on these receptors and may establish a 

quantitative structure-activity relationship.  

Moreover, other studies should be designed to further elucidate the 

physiological and probably physiopathological importance of this 

binding region near the orthosteric binding site, paying attention to 

the analysis in humans of previously designed or well-known 

compounds (due to the difference between humans and other animal 

species98). 

Furthermore, it should be mentioned that the importance of this 

secondary binding region in the modulation of signaling pathways 

has been suggested for non-adrenoceptor GPCRs, particularly for 
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those whose endogenous ligands are bioactive amines 

(catecholamine, acetylcholine, serotonin, etc.).102-107 This secondary 

region may also be implicated with peptide-related ligands (e.g., 

JDTic on the κ-opioid receptor, naltrindole on the δ-opioid receptor, 

and the neuropeptide enkephalines), which have an aryl-amine 

fragment in the first position that seems to reach a binding site in a 

region homologous to that discussed in this review. Moreover, it has 

been demonstrated that the modification of this fragment alters the 

potency and long-lasting action on opioid receptors.108,109 

In addition, it is expected that each year many new compounds are 

developed and tested in its ability to act on βARs, and increasing 

evidence is related to the use of different compounds for each case, 

triggering the personalization of prescription, yet if the available 

drugs share a mechanism of action like it is for βARs-ligands.  

Subsequently, as an additional and final commentary, we suggest an 

innovative way to present profiles for ligands targeting βARs, which 

will likely be useful for ligands of other GPCRs. We suggest that 

when looking for a βAR-ligand, either in experimental or clinical 

use, a compound should be sought based on its ability to modulate 

the cellular activity of a selected group of cells expressing the 

targeted receptor. This activity can be changed by an agonist or 

maintained without change by an antagonist. In the former case, the 

ligand sought would have high affinity, high efficacy on a selected 

measurable pathway, and/or long-lasting action (probably the best 

combination of all these attributes). Hence, there are at least two 

reference values in order to check the possible effects on the system 

where the ligand is administered: the basal activity of targeted cell 

(if the endogenous ligand of a specific receptor is absent) and the 

cellular changes induced by the available concentration of 

endogenous ligands for which the receptors are expressed. 

This perspective focusing on physiological conditions leads us to 

propose that the reference compound be an endogenous ligand (a 

chemical entity with an as yet conserved structure among species) 

with high efficacy and potency, and not a synthetic compound. The 

latter compounds would involve additional chemical moieties that 

imply conformational states different from those induced under 

physiological conditions. This is particularly relevant for βARs, 

since isoproterenol (a synthetic non-selective βAR agonist) has 

frequently been accepted as a reference, which has been severely 

criticized from the incoming of pharmacological data from assays 

with high concentrations of old compounds and is especially 

disadvantageous for using in assays testing new compounds with 

higher efficacy, those denominated superagonists.27  

Also, we recommend the consideration of a biological effect as the 

basal reference whenever this is possible. More specifically, the 

biological effect chosen as a reference should be that most relevant 

to the intended application of the test compound. For instance, for a 

potential bronchodilator, the biological effect to be measured should 

preferentially be its action on bronchial smooth muscle. We trust that 

by using such specific targets within a physiological context, the 

results can be presented in a standardized and thus comparable way 

for any tested compound. Furthermore, this would facilitate the 

identification of specific chemical moieties that induce a desired 

biological effect.  

 

Conclusions 

Increasingly abundant evidence points to the location of at least one 

secondary binding region in βARs that is shallower than the 

orthosteric binding site. Interactions of ligands with this secondary 

binding site (or sites) seem to be relevant for biased signaling and 

the time-dependent effect of receptor activation, and possibly for 

other phenomena such as high- and low-affinity conformational 

states. We discuss the possible implications of one or more 

secondary binding sites in relation to the ability of endogenous 

ligands to reach their target receptors in human physiology. Based 

on the evidence herein cited, which is based on inferences from 

results of studies focusing on the binding process of ligands, we 

propose that contacts of ligands on this secondary binding site are 

related to a modulation of the cellular response through ligand 

binding to two or more sites in a concerted manner. One cellular 

response likely to be affected is the desensitization of activated 

catecholamine receptors with long-term exposure to their ligands. 

This down-regulation system can be related to a protective 

mechanism on the prolonged availability of catecholamines for 

receptors and cells where these receptors are abundantly expressed. 

We suggest that future research aimed at exploring the existence or 

absence of a secondary binding site focus on specific physiological 

models and use endogenous ligands as a reference. This should 

certainly facilitate the comparison of results from distinct studies and 

lead to new and useful knowledge for drug development targeting 

βARs, whether or not the proposal of a secondary binding site is 

validated or proven to be irrelevant. 

 

Acknowledgements 

We are grateful for the scholarships and financial support that 

Consejo Nacional de Ciencia y Tecnología-México (CB-168116, 

CB-235785) and Secretaría de Investigación y Posgrado del Instituto 

Politécnico Nacional (SIP-1650) provided to the authors. 

 

Conflict of interest  

There are no conflicts of interest to declare. 

 

 

Notes and references 
a Posgraduate and Research Section, Escuela Superior de Medicina, 

Instituto Politécnico Nacional, Mexico City, 11340, Mexico. 
b Departamento de Fisiología, Biofísica y Neurociencias. Centro de 

Investigación y de Estudios Avanzados del IPN, Av. Instituto Politécnico 

Nacional 2508, Col. San Pedro Zacatenco, Mexico City, 07360, Mexico. 
c Unidad de Investigación en Biomedicina. Facultad de Estudios 

Superiores Iztacala. Universidad Nacional Autónoma de México, 

Avenida de los Barrios 1, Col. Los Reyes Iztacala, Tlalnepantla, 54090, 

Mexico. 

 

Electronic Supplementary Information (ESI) available: [details of any 

supplementary information available should be included here]. See 

DOI: 10.1039/b000000x/ 

 

1. B.K. Kobilka, Trends Pharmacol. Sci. 2011, 32, 213-218. 

2. M. Congreve and F. Marshall, Br. J. Pharmacol. 2010, 159, 986-

996. 

3. M. Ciccarelli, G. Santulli, V. Pascale, B. Trimarco and G. 

Iaccarino, Front. Physiol., 2013, 4, 265. 

4. L.E. Limbird, Curr. Top. Membr., 2011, 67, 1-17. 

5. S.B. Wachter and E.M. Gilbert, Cardiology, 2012, 122(2), 104-

112. 

6. M. Congreve, J.M. Dias and F.H. Marshall, Prog. Med. Chem., 

2014, 53,1-63. 

Page 8 of 10Medicinal Chemistry Communications

M
ed

ic
in

al
C

he
m

is
tr

y
C

om
m

un
ic

at
io

ns
A

cc
ep

te
d

M
an

us
cr

ip
t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2015 MedChemComm., 2015, 00, 1-10 | 9 

7. V. Katritch, V. Cherezov and R.C. Stevens. Annu. Rev. 

Pharmacol. Toxicol., 2013, 53,531-556. 

8. N. Vaidehi, S. Bhattacharya and  A.B. Larsen, Adv. Exp. Med. 

Biol., 2014, 796, 37-54.  

9. S. Costanzi S, Trends Pharmacol. Sci., 2014, 35(6), 277-283. 

10. M.A. Soriano-Ursúa MA, J.G. Trujillo-Ferrara, J. Correa-Basurto, 

S. Vilar, J. Med. Chem., 2013, 56(21), 8207-8223. 

11. J.K. Bray, R. Abrol, W.A. 3rd Goddard, B. Trzaskowski and C.E. 

Scott, Proc. Natl. Acad. Sci. U S A., 2014, 111(1), E72-E78. 

12. N. Bertheleme, P.S. Chae, S. Singh, D. Mossakowska, M.M. 

Hann, K.J. Smith, J.A. Hubbard, S.J. Dowell and B. Byrne, 

Biochim. Biophys. Acta., 2013, 1828(11), 2583-2591.  

13. K.A. Jacobson, S. Costanzi and S. Paoletta, Trends Pharmacol. 

Sci., 2014, 35(12), 658-663. 

14. T. Kenakin, Trends Pharmacol. Sci., 2014, 35(9), 434-441. 

15. A. Christopoulos, J.P. Changeux, W.A. Catterall, D. Fabbro, T.P. 

Burris, J.A. Cidlowski, R.W. Olsen, J.A. Peters, R.R. Neubig, J.P. 

Pin, P.M. Sexton, T.P. Kenakin, F.J. Ehlert, M. Spedding and C.J. 

Langmead, Pharmacol. Rev., 2014, 66(4), 918-947. 

16. R. Nygaard, T.M. Frimurer, B. Holst, M.M. Rosenkilde and T.W. 

Schwartz, Trends Pharmacol. Sci., 2009, 30, 249-259. 

17. M. Canals, P.M. Sexton and A. Christopoulos, Allostery in 

GPCRs: 'MWC' revisited, Trends Biochem. Sci., 2011, 36, 663-

672. 

18. M. De Amici, C. Dallanoce, U. Holzgrabe, C. Tränkle, K. Mohr, 

Med. Res. Rev. 2010, 30, 463-549. 

19. D. Wootten, E.E. Savage, C. Valant, L.T. May, K.W. Sloop, J. 

Ficorilli, A.D. Showalter, F.S. Willard, A. Christopoulos and P.M. 

Sexton, Mol. Pharmacol., 2012, 82, 281-290. 

20. P.R. O'Neill, L. Giri, W.K. Karunarathne,  A.K. Patel, K.V. 

Venkatesh, N. Gautam, Interdiscip. Rev. Syst. Biol. Med., 2014, 

6(1), 115-123. 

21. A. Christopoulos, Mol. Pharmacol. 2014, 86(5), 463-478. 

22. N.T. Burford, J. Watson, R. Bertekap and A. Alt, Biochem. 

Pharmacol., 2011, 81, 691-702. 

23. S. Urwyler, Pharmacol. Rev. 2011, 63, 59-126. 

24. C. de Graaf, C. Rein, D. Piwnica, F. Giordanetto and D. Rognan, 

Chem. Med. Chem., 2011, 6, 2159-2169. 

25. M.J. Niesen, S. Bhattacharya and N. Vaidehi, J. Am. Chem. Soc. 

2011, 133, 13197-13204.  

26. P.J. Conn, C.W. Lindsley, J. Meiler and C.M. Niswender, Nat. 

Rev. Drug Discov., 2014, 13(9), 692-708.  

27. N.J. Smith, K.A. Bennett and G. Milligan, Mol. Cell. Endocrinol. 

2011, 331, 241-247. 

28. G. Swaminath, J. Steenhuis, B. Kobilka and T.W. Le, Mol. 

Pharmacol. 2002, 61, 65-72. 

29. M.A. Soriano-Ursúa, J.G. Trujillo-Ferrara and J. Correa-Basurto,  

J. Med. Chem. 2010, 53, 923-932. 

30. M.A. Soriano-Ursúa, D.  McNaught-Flores, J. Correa-Basurto, 

J.A. Arias-Montaño and J.G. Trujillo-Ferrara,  Biochem.  Physiol., 

2013, 2(3), 1-7. 

31. M.A. Soriano-Ursúa, D.A. McNaught-Flores, G. Nieto-Alamilla, 

A. Segura-Cabrera, J. Correa-Basurto, J.A. Arias-Montaño and 

J.G. Trujillo-Ferrara, Bioorg. Med. Chem., 2012, 20(2), 933-941.  

32. R.C. Mehta, M.M. Salazar-Bookaman, R.H. Fertel, J. De Los 

Angeles, V.I. Nikulin, P.F. Fraundorfer, D.D. Miller, D.R. Feller, 

Biochem. Pharmacol., 2000, 59(5), 517-529. 

33. S. Ferré, V. Casadó, L.A. Devi, M. Filizola, R. Jockers, M.J. 

Lohse, G. Milligan, J.P. Pin and X. Guitart, Pharmacol. Rev., 

2014, 66(2), 413-434. 

34. K. Fuxe, D.O. Borroto-Escuela, D. Marcellino, W. Romero-

Fernandez, M. Frankowska, D. Guidolin, M. Filip, L. Ferraro, 

A.S. Woods, A. Tarakanov, F. Ciruela, L.F. Agnati and S. 

Tanganelli, Curr. Med. Chem., 2012, 19, 356-363. 

35. A.S. Woods and S.N. Jackson, Neuroscience, 2013, 238, 335-

344.  

36. F. Fanelli, M. Seeber, A. Felline, D. Casciari, F. Raimondi, Prog. 

Mol. Biol. Transl. Sci., 2013, 117, 105-142. 

37. N.A. Kratochwil, S. Gatti-McArthur, M.C. Hoener, L. 

Lindemann, A.D. Christ, L.G. Green, W. Guba, R.E. Martin, P. 

Malherbe, R.H. Porter, J.P. Slack, M. Winnig, H. Dehmlow, U. 

Grether, C. Hertel, R. Narquizian, C.G. Panousis, S. Kolczewski 

and L. Steward, Curr. Top. Med. Chem., 2011, 11, 1902-1924. 

38. A.J. Kaumann and P. Molenaar, Pharmacol. Ther., 2008, 118, 

303-336.  

39. M. Isogaya, Y. Sugimoto, R. Tanimura, R. Tanaka, H. Kikkawa, 

T. Nagao and H. Kurose, Mol. Pharmacol., 1999, 56, 875-885. 

40. S.A. Green, D.A. Rathz, A.J. Schuster and S.B. Liggett, Eur. J. 

Pharmacol. 2001, 421, 141-147. 

41. J.G. Baker, J. Pharmacol. Exp. Ther., 2005, 313(3), 1163-1171. 

42. J.G. Baker, Br. J. Pharmacol., 2010, 160(5), 1048-1061. 

43. S. Mary, M. Damian, M. Louet, N. Floquet, J.A. Fehrentz, J.  

Marie, J. Martinez and J.L. Banères, Proc. Natl. Acad. Sci. U. S. 

A., 2012, 109, 8304-8309. 

44. M.A. Soriano-Ursúa, J. Correa-Basurto, J.G. Trujillo-Ferrara and 

A.J. Kaumann, J. Mol. Model. 2011, 17, 2525-2538. 

45. S. Bockenhauer, A. Fürstenberg, X.J. Yao, B.K. Kobilka, W.E. 

Moerner, J. Phys. Chem. B., 2011, 115, 13328-13338. 

46. R. Moukhametzianov, T. Warne, P.C. Edwards, M.J. Serrano-

Vega, A.G. Leslie, C.G. Tate, G.F. Schertler, Proc. Natl. Acad. 

Sci. U. S. A., 2011, 108, 8228-8232. 

47. R.O. Dror, D.H. Arlow, P. Maragakis, T.J. Mildorf, A.C. Pan, H. 

Xu, D.W. Borhani, D.E. Shaw, Proc. Natl. Acad. Sci. U. S. A., 

2011, 108, 18684-18689. 

48. B. Trzaskowski, D. Latek, S. Yuan, U. Ghoshdastider, A. 

Debinski and S. Filipek Curr. Med. Chem., 2012, 19, 1090-1109. 

49. F. Fanelli F and P.G. De Benedetti PG, Chem. Rev., 2011, 111, 

PR438-535. 

50. J.R. Arch, Br. J. Pharmacol., 2004, 143, 517-518. 

51. P. Molenaar, L. Chen, A.B. Semmler, W.A. Parsonage, A.J. 

Kaumann, Clin. Exp. Pharmacol. Physiol., 2007, 34, 1020-1028. 

52. J.F. Heubach, U. Ravens and A.J. Kaumann, Mol. Pharmacol., 

2004, 65(5), 1313-1322. 

53. A. Maïga, M. Dupont, G. Blanchet, E. Marcon, B. Gilquin, D. 

Servent and N. Gilles, FEBS Lett., 2014, 588(24), 4613-4619.  

54. S. Reiner, M. Ambrosio, C. Hoffmann and M.J. Lohse, J. Biol. 

Chem., 2010, 285(46), 36188-36198.  

55. P. Keov, L. López, S.M. Devine, C. Valant, J.R. Lane, P.J. 

Scammells, P.M. Sexton and A. Christopoulos, J. Biol. Chem., 

2014, 289(34), 23817-23837. 

56. R.O. Dror, H.F. Green, C. Valant, D.W. Borhani, J.R. Valcourt, 

A.C. Pan, D.H. Arlow, M. Canals, J.R. Lane, R. Rahmani, J.B. 

Baell, P.M. Sexton, A. Christopoulos and D.E. Shaw, Nature. 

2013, 503(7475), 295-299.  

57. A. González, T. Perez-Acle, L. Pardo and X. Deupi, Plos One. 

2011, 6, e23815. 

58. K. Jozwiak, A.Y. Woo, M.J. Tanga, L. Toll, L. Jimenez, J.A. 

Kozocas, A. Plazinska, R.P. Xiao, I.W. Wainer, Bioorg. Med. 

Chem., 2010, 18, 728-736. 

59. H. Lin, M.F. Sassano, B.L. Roth and B.K. Shoichet , Nat 

Methods. 2013, 10(2), 140-146.  

60. L. Shi and J.A. Javitch, Annu. Rev. Pharmacol. Toxicol., 2002, 42, 

437-467. 

61. A. Bock, E. Kostenis, C. Tränkle, M.J. Lohse and K. Mohr, 

Trends Pharmacol. Sci. 2014, 35(12), 630-638.  

Page 9 of 10 Medicinal Chemistry Communications

M
ed

ic
in

al
C

he
m

is
tr

y
C

om
m

un
ic

at
io

ns
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

10 | MedChemComm., 2015, 00, 1-10 This journal is © The Royal Society of Chemistry 2015 

62. S.R. Sprang and J.C. Elk, Science, 2012, 335, 1055-1056. 

63. K.N. Nobles, K. Xiao, S. Ahn, A.K. Shukla, C.M. Lam, S. 

Rajagopal, R.T. Strachan, T.Y. Huang, E.A. Bressler, M.R. Hara, 

S.K. Shenoy, S.P. Gygi and R.J. Lefkowitz, Sci. Signal., 2011, 4, 

ra51. 

64. I. Casella, C. Ambrosio, M.C. Grò, P. Molinari and T. Costa, 

Biochem. J., 2011, 438, 191-202. 

65. T. Huber and T.P. Sakmar, Chem, Biol., 2014, 21(9), 1224-1237.  

66. W. Zhu, X. Zeng, M. Zheng and R.P. Xiao, Circ. Res., 2005, 

97,507-509. 

67. S.K. Shenoy, M.T. Drake, C.D Nelson, D.A. Houtz, K. Xiao, S. 

Madabushi, E. Reiter, R.T. Premont, O. Lichtarge, R.J. Lefkowitz, 

J. Biol. Chem., 2006, 281, 1261-1273. 

68. M.D. Bootman and H.L. Roderick, Methods Mol. Biol., 2011, 

746, 277-296.  

69. A. Pope, M. Eilers, P.J. Reeves and S.O. Smith, Biochim. 

Biophys. Acta, 2014, 1837(5), 683-693. 

70. X. Ding, X. Zhao and A. Watts, Biochem. J., 2013, 450(3), 443-

457. 

71. R.J. Lefkowitz, Prog. Mol. Biol. Transl. Sci. 2013,118, 3-18. 

72. E. Reiter, S. Ahn, A.K. Shukla and R.J. Lefkowitz, Annu. Rev. 

Pharmacol. Toxicol., 2012, 52, 179-197. 

73. S.R. Sprang and J.C. Elk, Science, 2012, 335, 1055-1056. 

74. D.M. Rosenbaum, C. Zhang, J.A. Lyons, R. Holl, D. Aragao, 
D.H. Arlow, S.G. Rasmussen, H.J. Choi, B.T. Devree, R.K. 

Sunahara, P.S. Chae, S.H. Gellman, R.O. Dror, D.E. Shaw, W.I. 

Weis, M. Caffrey, P. Gmeiner, B.K. Kobilka, Nature, 2011, 
469(7329), 236-240. 

75. S.G. Rasmussen, H.J. Choi, J.J. Fung, E. Pardon, P. Casarosa, P.S. 

Chae, B.T. Devree, D.M. Rosenbaum, F.S. Thian, T.S. Kobilka, 
A. Schnapp, I. Konetzki, R.K. Sunahara, S.H. Gellman, A. 

Pautsch, J. Steyaert, W.I. Weis, B.K. Kobilka, Nature, 2011, 

469(7329), 175-180. 

76. C.E. Erickson, R. Gul, C.P. Blessing, J. Nguyen, T. Liu, L. 

Pulakat, M. Bastepe, E.K. Jackson and B.T. Andresen, PLoS One, 

2013, 8(8), e71980.  

77. V. Katritch and R. Abagyan, Trends Pharmacol. Sci., 2011, 32, 

637-643. 

78. M. Cazzola, A. Segreti and M.G. Matera. Drug Des. Devel. Ther., 

2013, 7, 1201-1208. 

79. P.A. Procopiou, V.J. Barrett, N.J. Bevan, K. Biggadike, P.C. Box, 

P.R. Butchers, D.M. Coe, R. Conroy, A. Emmons, A.J. Ford, D.S. 

Holmes, H. Horsley, F. Kerr, A.M. Li-Kwai-Cheung, B.E. 

Looker, I.S. Mann, I.M. McLay, V.S. Morrison, P.J. Mutch, C.E. 

Smith and P. Tomlin, J. Med. Chem., 2010, 53, 4522-4530. 

80. L. Alcaraz, A. Bailey, E. Cadogan, S. Connolly, R. Jewell, S. 

Jordan, N. Kindon, A. Lister, M. Lawson, A. Mullen, I. Dainty, D. 

Nicholls, S. Paine, G. Pairaudeau, M.J. Stocks, P. Thorne and A. 

Young Bioorg. Med. Chem. Lett. 2012, 22,689-695. 

81. S. Galandrin, G. Oligny-Longpré, H. Bonin, K. Ogawa, C. Galés 

and M. Bouvier, Mol. Pharmacol., 2008, 74,162-172. 

82.  A.I. Kaya, H.O. Onaran, G. Özcan, C. Ambrosio, T. Costa, S. 

Balli and Ö. Ugur, J. Biol. Chem., 2012, 287, 6362-6374.  

83. T. Warne, R. Moukhametzianov, J.G. Baker, R. Nehmé, P.C. 

Edwards, A.G. Leslie, G.F. Schertler and C.G. Tate, Nature, 2011, 

469, 241-244.  

84. M.T. Drake, J.D. Violin, E.J. Whalen, J.W. Wisler, S.K. Shenoy  

and R.J. Lefkowitz, J. Biol. Chem., 2008, 283(9), 5669-5676. 

85. I. Casella, C. Ambrosio, M.C. Grò, P. Molinari and T. Costa, 

Biochem. J., 2011, 438, 191-202. 

86. S.P. Andrews, G.A. Brown, J.A. Christopher, Chem. Med. Chem., 

2014, 9(2), 256-275. 

87. A.K. Shukla, G. Singh and E. Ghosh,  Trends Biochem Sci., 2014, 

39(12), 594-602. 

88. R.C. Kling, H. Lanig, T. Clark and P. Gmeiner, PLoS One, 2013, 

8(6), e67244. 

89. A. Straßer and H.J. Wittmann,  J. Mol. Model., 2013, 19(10), 

4443-4457. 

90. A. González, T. Perez-Acle, L. Pardo and X. Deupi, Plos One, 

2011, 6, e23815. 

91. Tikhonova IG, Selvam B, Ivetac A, Wereszczynski J, McCammon 

JA. Biochemistry. 2013, 52 (33), 5593–5603. 

92. F.A. Kamal, J.G. Travers, B.C. Blaxall, Circ. Res., 2014, 114(5), 

742-745. 

93. T. Warne, P.C. Edwards, A.G. Leslie and C.G. Tate, Structure, 

2012, 20(5), 841-849. 

94. C.E. Erickson, R. Gul, C.P. Blessing, J. Nguyen, T. Liu, L. 

Pulakat, M. Bastepe, E.K. Jackson and B.T. Andresen, PLoS One, 

2013, 8(8), e71980. 

95. G. Parati, M. Esler, Eur. Heart J., 2012, 33(9),1058-66. 

96. T. Kenakin, Trends Pharmacol. Sci., 2007, 28(8), 407-415. 

97. J. Ramos-Jiménez, L.E. Soria-Jasso, A. López-Colombo, J.A. 

Reyes-Esparza, J. Camacho and J.A. Arias-Montaño, Biochem. 

Pharmacol., 2007, 73(6), 814-823. 

98. Baker JG, PLoS One, 2010, 5(11), e15487. 

99. Baker JG, Mol. Pharmacol., 2005, 68(6),1645-55. 

100. C.R. Moyes, R. Berger, S.D. Goble, B. Harper, D.M. Shen, L. 

Wang, A. Bansal, P.N. Brown, A.S. Chen, K.H. Dingley, J. Di 

Salvo, A. Fitzmaurice, L.N. Gichuru, A.L. Hurley, N. Jochnowitz, 

R.R. Miller, S. Mistry, H. Nagabukuro, G.M. Salituro, A. Sanfiz, 

A.S. Stevenson, K. Villa, B. Zamlynny, M. Struthers, A.E. Weber, 

S.D. Edmondson, J. Med. Chem., 2014, 57(4), 1437-1453. 

101. K.K. Roy and A.K. Saxena, J. Chem. Inf. Model., 2011, 51, 1405-

1422. 

102. D. Rodríguez, J. Brea, M.I. Loza and J. Carlsson, Structure, 2014, 

22(8), 1140-1151. 

103. P. Keov, L. López, S.M. Devine, C. Valant, J.R. Lane, P.J. 

Scammells, P.M. Sexton and A. Christopoulos,  J. Biol. Chem., 

2014, 289(34),  23817-23837. 

104. B. Selvam, J. Wereszczynski and I.G. Tikhonova, Chem. Biol. 

Drug Des., 2012, 80, 215-226. 

105. J.R. Lane, P.M. Sexton and A. Christopoulos, Trends Pharmacol. 

Sci., 2013, 34, 59-66. 

106. A.J. Venkatakrishnan, X. Deupi, G. Lebon, C.G. Tate, G.F. 

Schertler and M.M. Babu, Nature, 2013, 494, 185-194. 

107. J. Shonberg, R.C. Cling, P. Gmeiner and S. Löber, Bioorg. Med. 

Chem., 2015, Doi:10.1016/j.bmc.2014.12.034. 

108. J. Fichna, R. Perlikowska, A. Wyrębska, K. Gach, J. Piekielna, 

J.C. do-Rego, G. Toth, A. Kluczyk, T. Janecki and A. Janecka, 

Bioorg. Med. Chem., 2011, 19, 6977-6981. 

109. G. Weltrowska, C. Lemieux, N.N. Chung and P.W.Schiller, J. 

Pept. Res., 2005, 65, 36-41. 

110. V. Isberg, B. Vroling, R. van der Kant, K. Li, G. Vriend and D.E. 

Gloriam, 2014, Nucleic Acids Res., 2014, 42 (D1), D422-D425. 

 

Page 10 of 10Medicinal Chemistry Communications

M
ed

ic
in

al
C

he
m

is
tr

y
C

om
m

un
ic

at
io

ns
A

cc
ep

te
d

M
an

us
cr

ip
t

http://dx.doi.org/10.1016/j.bmc.2014.12.034

