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Abstract 
 

The β2AR is the prototypical G protein coupled receptor (GPCR) known to 

orchestrate different cellular responses by the stimulation of specific signaling 

pathways. The best-established signaling pathways for the β2AR are the canonical Gs 

pathway and the alternative β arrestin 2 (βarr2) pathway. Exploring each pathway 

separately remains a challenging task due to the dynamic nature of the receptor. Here, 

we fused the β2AR with its cognate transducers, Gαs and βarr2, using short linkers as a 

novel approach for restricting the conformation of the receptor and preferentially 

activating one of its two signaling pathways. We characterized the behavior of our 

fusion proteins β2AR-Gαs and β2AR-βarr2 in HEK293 cells by measuring their 

constitutive activity, transducer recruitment, and pharmacologic modulation. Our fusion 

proteins show (a) steric hindrance from the reciprocal endogenous transducers, (b) 

constitutive activity of the β2AR for the signaling pathway activated by the tethered 

transducer, and (c) pharmacologic modulation by β2AR ligands. Since both fusion 

proteins remained functional to ligand stimuli, we quantified the pharmacological 

properties of affinity, efficacy, and potency for cAMP accumulation and ERK1/2 

phosphorylation as surrogates of the Gs and βarr2 pathways, respectively, in selected 

β2AR ligands. Using these pharmacological parameters, we developed a mathematical 

method for direct ligand bias quantification based on the well-known transduction 

coefficient ratios formula (ΔΔ log(τ/KA)). Our method has the advantage of quantifying 

an ‘absolute’ value of signaling bias for any ligand that shows negative or positive 

efficacy at any signaling pathway. The term absolute is used here to highlight that a 

reference ligand is not required in our method as each ligand becomes its own 
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reference. Regarding the isolated constitutive activity observed for each fusion protein, 

we used this feature to induce a gain-of-function mechanism in the human lung non-

tumorigenic epithelial cell line, BEAS-2B cells. This immortalized human bronchial 

epithelial cell line has immunomodulatory properties through cytokine release mediated 

by β2AR stimulation. Our findings suggest that each signaling pathway of the β2AR is 

biased towards either the Th1 or Th2 inflammatory response regulating the immune 

phenotype of respiratory diseases. Our data implies our fusion proteins can be used as 

tools to isolate the function elicited by a unique signaling pathway in physiologically 

relevant cell types.  
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I. Introduction 

 

The most abundant family of proteins expressed on the plasma membrane of 

mammalian cells are G protein coupled receptors (GPCRs), also known as 7 

transmembrane domain receptors (7TMR). GPCRs are comprised of more than 800 

different types of receptors that mediate sensory (i.e., olfaction, light perception, and 

pheromone signaling) and non-sensory functions (i.e., neurotransmission, endocrine 

regulation, tissue remodeling, and immune response) (Alexander et al., 2019). Because 

of their relevance in (patho)physiological states in mammals, the activity of GPCRs has 

been pharmacologically manipulated as a therapeutic strategy to treat multiple 

diseases. In fact, one-third of the drugs currently available on the market target multiple 

GPCRs and represent about 27% of the global revenue obtained by therapeutic drugs 

(Hauser et al., 2017).  

With the advent of genetic manipulation, together with the technological 

advancements in biophysics (i.e., X-ray crystallography, bioluminescence and 

fluorescence energy transfer, double electron-electron resonance, among others), a 

new revolution in the understanding of GPCRs has emerged. Mounting evidence shows 

GPCRs as structurally dynamic scaffolds that provide the conformational basis to recruit 

multiple transducers for specific cellular responses. In other words, the myriad of 

cellular responses elicited by the stimulation of a single GPCR is determined by the 

structural conformation of the receptor. This dynamic plasticity can be manipulated by 

several factors such as ligands (Kenakin & Strachan, 2018), receptor density (Fathy et 

al., 1999), mechanical stretch (Zou et al., 2004), pH (Ghanouni et al., 2000), membrane 

composition (Strohman et al., 2019), stoichiometry/coupling efficiency (Ostrom et al., 

2001; Watson et al., 2000), among others. Thus, GPCRs behave as biological 

microprocessors that integrate all such inputs to induce a unique cellular response.  

The versatility of GPCRs in inducing multiple and distinctive cellular responses 

has been explored, primarily, by using ligands that preferentially stabilize a 

conformational state of the receptor. This unique conformation, in turn, favors a 

particular downstream signaling pathway to induce a cellular response. This 
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phenomenon, known as biased signaling, is always compared to a reference ligand, 

which, by consensus, induces a ‘balanced’ activation of the signaling pathways 

pertained to the receptor. Here, the term ‘balanced’ is used to denote the ability of the 

reference ligand to strongly activate both signaling pathways regardless of the 

magnitude of both responses. The phenomenon of biased signaling has the potential of 

increasing the benefits of drug therapy by targeting the beneficial signaling pathway of a 

receptor while reducing the side effects elicited by an alternative pathway. 

Most of the current understanding of the structure and pharmacological behavior, 

including the phenomenon of biased signaling, of the GPCR superfamily has come from 

studying the prototypical beta 2 adrenergic receptor (β2AR), a member of the rhodopsin 

subfamily (Class A). This receptor is present in all mammalian cells and is stimulated by 

the endogenous ligand epinephrine, a hormone released by the chromaffin cells of the 

adrenal gland and by adrenergic neurons in the central nervous system. At least two 

major signaling pathways have been described after β2AR stimulation; the canonical 

pathway mediated by the transducer Gs protein, and the alternative pathway mediated 

by the transducer β-arrestin 2 (βarr2), also known as arrestin 3 (Rosenbaum et al., 

2009). Each signaling pathway has proved critical for the development of multiple 

diseases such as heart failure and asthma. Moreover, current pharmacological 

treatments targeting the β2AR can have increased side effects by the concurrent 

activation of the detrimental signaling pathway. This is the case of salbutamol, a 

selective β2AR agonist for asthma treatment that activates both signaling pathways. 

Long-term treatment with either salbutamol or salmeterol has been associated with a 

reduction in life quality and increased mortality in patients with asthma (Hasford & 

Virchow, 2006; Nelson et al., 2006). Thus, the isolation of each signaling pathway for 

the β2AR can reveal the pathophysiological mechanisms involved in such diseases. 

Moreover, the development of biased ligands that preferentially stabilize an active 

conformational state of the β2AR could be used to improve the current pharmacological 

treatment of multiple diseases. However, the dynamic nature of the β2AR structure is a 

major impediment to stabilizing the active conformations of β2AR and isolating both 

signaling pathways. To tackle this problem, we created novel fusion proteins between 

the β2AR and the alpha subunit of protein Gs (Gαs) [described as β2AR-Gαs], or the 
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β2AR and βarr2 [described as β2AR-βarr2]. These chimeric proteins were then 

transfected into HEK 293 cells; a widely used cell line for the pharmacological 

characterization of GPCRs. Key features of both chimeras are their constitutive activity 

for their respective signaling pathway, and they show hindrance for the recruitment of 

other endogenous transducers. Further pharmacological characterization of the fusion 

proteins β2AR-Gαs and β2AR-βarr2 was performed to understand the conformational 

selection of clinically used, and newly developed β2AR ligands. The obtained 

pharmacologic parameters of affinity, efficacy, and potency were then adapted to fit the 

transduction coefficient quantification method for biased signaling (Kenakin et al., 2012). 

This new mathematical approach allowed us to determine the ‘absolute’ bias of the 

β2AR ligands tested without the need for a reference ligand, which potentially 

represents another source of bias. Finally, the functionality of the chimeric proteins 

β2AR-Gαs and β2AR-βarr2 to isolate both signaling pathways was tested on the 

immortalized human bronchial epithelial cell line BEAS-2B. This cell line preserves the 

immunomodulatory function that actively regulates the inflammatory response observed 

in respiratory diseases (Atsuta et al., 1997). Such modulation of the inflammatory 

response appears to be mediated by the stimulation of the β2AR. Therefore, each 

signaling pathway of the β2AR was tested using our chimeric proteins to dissect the pro- 

and anti-inflammatory responses of BEAS-2B cells.  

Under the scope of this work, a comprehensive theoretical framework is first 

presented to the reader for a better understanding of the methodology used, as well as 

the analysis and discussion of the results. Overall, the data gathered from experiments 

on the β2AR-Gαs and β2AR-βarr2 chimeras show a solid groundwork for their utility as 

tools to isolate the main signaling pathways of the β2AR. 
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II. Structure of the β2AR 

 

The β2AR was the first hormone receptor to be cloned (Dixon et al., 1986). The 

high amino acid homology between the previously sequenced bovine photoreceptor 

rhodopsin (Hargrave et al., 1983) and the β2AR suggested that both structures 

belonged to the same superfamily of receptors (Dixon et al., 1987). Since then, multiple 

crystal structures of GPCRs have been solved, including rhodopsin (Palczewski et al., 

2000) and the β2AR (Cherezov et al., 2007; Rasmussen et al., 2007), showing beyond 

doubt the close structural resemblance among all GPCRs.  

The β2AR is composed of 413 amino acids coded by the ADRB2 gene. Due to 

the lack of introns on the DNA sequence of the ADRB2, the β2AR does not have any 

isoforms. The secondary structure of the β2AR begins with an extracellular amino-

terminal (N-terminal) domain followed by 7 transmembrane α-helixes comprised of 20-

30 amino acids each. The α-helixes are connected in a continuous amino acid chain by 

3 intracellular (ICL) and 3 extracellular loops (ECL). The receptor ends on the 

intracellular side forming an amphipathic helix (helix 8) followed by a long intracellular 

carboxy-terminal (C-terminal) tail. The tertiary structure of the receptor folds to form a 

bundle between all 7 transmembrane domains (TMDs) and create a hydrophobic 

pocket. This pocket is where the endogenous ligand adrenaline binds and, thus, 

represents the orthosteric binding site of the receptor (Ring et al., 2013). Other regions 

distinct from the binding pocket of the receptor, known as allosteric binding sites, have 

also been described for the binding of allosteric molecules at the extracellular region of 

the TMDs 3 and 5 (Liu et al., 2020), the N-terminal (Virion et al., 2019), the TMDs 1, 2, 3 

and 4 (Hanson et al., 2008), and at a cytoplasmic pocket formed by the intracellular 

region of the TMDs 1, 2, 6 and 7 in combination with the ICL 1 and helix 8 (Liu et al., 

2017). Moreover, bitopic ligands, known to bind simultaneously to the orthosteric and an 

allosteric site, have also been identified for the β2AR as it is the case of the partial 

agonist salmeterol (Masureel et al., 2018). In all cases, the receptor-ligand interaction 

results in the formation of intermolecular (non-covalent) or intramolecular (covalent) 

forces that induce subtle local conformational changes. These small changes, in turn, 
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lead to larger structural rearrangements that ultimately affect the biological activity of the 

receptor.  

Insights on the Role of Motifs in Receptor Conformation.   

 

Across the TMDs of class A GPCRs, multiple highly conserved amino acid 

sequences, also known as motifs, directly impact the activation and signaling of the 

receptor, and thus, their relevance will be addressed for the β2AR. The NPxxY motif 

(N3227.49, P3237.50, and Y3267.53 [residues are labeled according to the Ballesteros-

Weinstein numbers]) present at the TMD 7 forms hydrogen bonds between Y3267.53 and 

the conserved Y2195.58 in TMD 5 through water molecules under orthosteric ligand-

receptor interaction (Venkatakrishnan et al., 2016). This chemical interaction has been 

regarded as the ‘activation or tyrosine toggle switch’ since mutations of such amino 

acids decrease the affinity and potency of agonists while maintaining the affinity of 

antagonists (Gabilondo et al., 1996; Ragnarsson et al., 2019). Moreover, mutations on 

N3227.49 abolish receptor coupling, phosphorylation, and the internalization process 

whereas P3237.50 mutations showed mild deficits in these processes (Barak et al., 

1995).  

Another highly conserved motif involved in the activation of the β2AR is DRY 

(D1303.49, R1313.50, and Y1323.51) at the TMD 3. The network interactions given by 

R1313.50 with D1303.49 and E2686.30 form an intra- and interhelical salt bridge, 

respectively, holding together the cytoplasmic ends of the TMDs 3 and 6 and preventing 

receptor activation (Valentin-Hansen et al., 2012). The interactions of the DRY motif are 

broken in the agonist-bound receptor (Rasmussen, DeVree, et al., 2011) whereas 

mutations on the DRY residues produce a constitutively active receptor (Ballesteros et 

al., 2001; Rasmussen et al., 1999). Therefore, this motif is also referred to as the ‘ionic 

lock switch’ since the interactive amino acids ‘lock’ the receptor in an inactive 

conformation preventing the receptor from adopting an active conformational state. A 

deeper analysis on the relevance of the DRY motif in the coupling of the β2AR with the 

Gs protein, and the consequent activation of this transducer to start signaling, has been 

proposed by Rovati and colleagues (Rovati et al., 2017). Following the cubic ternary 

complex model (see next section), Rovati and colleagues interpreted that the β2AR can 
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exist in 2 active states: HRG and HR*G. HRG represents the allosteric coupling 

between the hormone, the conformationally active receptor, and the transducer; 

whereas R* refers to the active state of the receptor that induces signaling through G 

protein activation. This was illustrated by data where the D130N (Ballesteros et al., 

2001; Rasmussen et al., 1999) and R131A (Valentin-Hansen et al., 2012) mutations 

independently showed increased affinity and G protein coupling to the receptor. 

However, only D130N had enhanced constitutive activity and agonist-induced signaling 

(Malik et al., 2013), suggesting that the β2AR can couple to Gs without activating 

downstream signaling. 

An important motif also involved in the conformational changes associated with 

activation of the β2AR is the CWxP (C2856.47, W2866.48, x, P2886.50) in the TMD 6. Here, 

W2866.48 interacts with F2906.52 to modulate the angle of the TMD 6 at the highly 

conserved proline kink (P2886.50) by bending and outwardly displacing the cytoplasmic 

end of the TMD 6 upon activation by catecholamines (Shi et al., 2002). This rotamer 

toggle switch mechanism, however, is not observed when the β2AR is activated by the 

partial agonist salbutamol. These findings suggest that the activation mechanism 

between partial and full agonists induces alternative active conformational states of the 

β2AR (Bhattacharya et al., 2008; Swaminath et al., 2005). In molecular dynamics 

simulations using an F290S β2AR mutant model, the receptor remains in an active 

conformation due to a rotameric flip of the W2866.48 further suggesting this residue as 

the key component on the toggle switch (Tandale et al., 2016). This was further 

corroborated by experimental studies showing changes in the conformational behavior 

of the W2866.48 when either agonists or antagonists/inverse agonists were bound to the 

receptor. On one hand, agonists induced a conformer of W2866.48 that allowed 

increased polarity and, thus, increased regional solvation. On the other hand, an 

alternative conformer of W2866.48 was observed when antagonists/inverse agonists 

were bound to the receptor decreasing the polarity of the region (Plazinska et al., 2017). 

Thus, the changes in the W2866.48 conformation can form a cleft upon receptor 

activation allowing access to water molecules and, therefore, increasing the regional 

solvation that contributes to the activation mechanism of the receptor.   
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Finally, the highly conserved residues P2115.50, I1213.40, and F2826.44 

(PIF/connector motif) together with Asn3187.45 form stable interactions keeping the 

TMDs 3, 5, 6, and 7 together as in the inactive conformational state of the receptor. 

Conversely, the interaction of agonists with the S2035.42 and S2075.46 at the binding 

pocket favors an active conformation showing an inward displacement of the TMD 5 at 

P2115.50. In turn, the interaction of P2115.50 with I1213.40 and F2826.44 is broken. 

Consequently, the repositioning of these residues leads to an outward movement of the 

cytoplasmic end of TMD 6 away from TMD 3 (Dror et al., 2011; Rasmussen, Choi, et al., 

2011). Molecular dynamic simulations are consistent with such observations as the 

I1213.40 and F2826.44 residues connecting the ligand binding and the G-protein binding 

sites adopt discrete conformations related to the active and inactive states of the 

receptor (Dror et al., 2011). Specifically, the interactions of agonists with S2035.42 and 

S2075.46 at the binding pocket elicits a reconfiguration of the PIF motif that ends on the 

inward and outward movements of the TMD 5 and 6, respectively (Rasmussen, Choi, et 

al., 2011). Therefore, the connector motif links the activation of the signal transduction 

with the coupling of agonists to the binding pocket. Direct interaction of an allosteric 

ligand with the PIF motif stabilizes the inactive conformation of the β2AR, decreasing 

and increasing the response of agonists and inverse agonists, respectively (Liu et al., 

2020).  

Of note, other non-conserved residues relevant to the interaction with multiple 

motifs have also been identified. For example, recent evidence has also shown the 

residue L1243.43 as a linker between the behavior of the PIF and NPxxY motifs that 

couple ligand binding with signal transduction (Schonegge et al., 2017). A strengthening 

mutation of this residue with methionine (L124M) had a modest increase on the 

constitutive activity of the Gs pathway while allowing the weak partial agonists' 

salbutamol and salmeterol to recruit βarr more efficiently. A weakening mutation with 

glycine or serine (L124G/S), on the contrary, maximally increased the constitutive 

activity of the Gs pathway while abrogating the βarr recruitment induced by the full 

agonist Isoproterenol (Picard et al., 2019). Thus, variations in the network of the 

L1243.43 residue with the PIF and NPxxY motifs are potentially responsible for the 

signaling bias of receptor-bound agonists.  
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III. Molecular Dynamics of β2AR 

 

The ever-changing shape of GPCRs, including the β2AR, has posed the biggest 

challenge to understanding the relationship between the structure and function of the 

receptor. Current technology of molecular dynamic simulations and other biophysical 

approaches mimicking the physical behavior of the receptor has granted an opportunity 

for a deeper understanding of the dynamics of the β2AR. So far, crystallographic studies 

have shown two well-defined conformational states of the β2AR: active and inactive 

(Cherezov et al., 2007; Rasmussen et al., 2007; Rasmussen, DeVree, et al., 2011). 

Another “partially active” conformation, alternative from the previously resolved active 

structure, has also been recently resolved (Masureel et al., 2018). These static 

conformations, however, were possible due to specific ligands and/or antibodies or 

changes in the flexible structures of the receptor to stabilize the receptor (Cherezov et 

al., 2007; Eddy et al., 2016; Rosenbaum et al., 2007). Thus, other complementary 

studies have been necessary to understand the true dynamic nature of the receptor 

revealing the localized movements between domains in the order of femtoseconds to 

milliseconds. For example, long-time-scale molecular dynamics simulations have shown 

intermediate states present in the transition between the inactive and active 

conformational states of the β2AR (Dror et al., 2011). Here, a soft coupling mechanism 

is described between the ligand binding, the G protein binding site, and the connector 

between them where each region takes multiple conformations. NMR spectroscopy 

studies are consistent with the flexibility of the link between the ligand binding and G 

protein binding sites (Nygaard et al., 2013). This study also shows that full agonists 

rather destabilize the inactive conformational state, instead of locking a unique active 

conformation. In fact, the active state of the β2AR that recruits protein Gs is a relatively 

unstable high energy state that is not completely stabilized by agonists alone (Whorton 

et al., 2007). Therefore, is more likely that the ligands bind to the β2AR when bound to 

Gs as the complex becomes more stable. This is supported by others showing that 

agonists cannot shift the conformation of the receptor to a single active state (Ghanouni 

et al., 2001; Yao et al., 2009). Furthermore, the β2AR, when crystalized, remains in an 

active conformation even with a covalent (irreversible) agonist (Rosenbaum et al., 
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2011). Therefore, the β2AR shows heterogeneous populations of structurally different 

active and inactive conformations some of which can thermodynamically favor G protein 

recruitment as lower energy is required for such coupling (Nygaard et al., 2013). Even in 

the absence of a ligand, a small population of the receptor has been detected in the 

active conformation at equilibrium with a major inactive population (Lerch et al., 2020). 

Inverse agonism suppressed the active population compatible with a conformational 

selection model of a ligand for the receptor (Lerch et al., 2020).  

To relate the structural plasticity with the functional versatility of the β2AR, an 

energy landscape has been proposed to visualize and interpret protein activation (Deupi 

& Kobilka, 2010). Low energy interactions among domains would form more stable 

conformations of the receptor and predominate in a basal state. Conversely, other 

conformations thermodynamically less stable (i.e., higher energy conformations) would 

be less populated at basal states. The equilibrium between these states would be 

associated with the conformational entropy (i.e., probability of occupancy) of the β2AR. 

Thus, the representation will show multiple ‘wells’ of energy where each minimum 

reflects a (meta)stable state of the receptor. The wells are connected by high energy 

states representing a particular conformational change between stable states. Studies 

analyzing the ligand-induced changes in conformation and stability show unique energy 

landscapes with multiple inactive and active states suggesting that each ligand 

populates the multiple conformations of the β2AR to a different degree (Isin et al., 2012; 

Manglik et al., 2015; West et al., 2011). This is further corroborated by nuclear magnetic 

resonance (NMR) studies showing various ligands selectively shifting the equilibrium to 

multiple conformational states (Eddy et al., 2016; Liu et al., 2012; Manglik et al., 2015). 

Finally, as a summary of the activation mechanism through time, β2AR agonists 

interact with the S2035.42, S2075.46, and N2936.55 at the binding pocket generating 

important polar interactions for the activation process. In contrast, there is only a polar 

interaction between S2035.42 and inverse agonists. The broad polar interaction of 

agonists results in a 2Å inward movement of TM5 modifying the molecular interactions 

of the previously mentioned motifs and thus destabilizing the inactive conformation. 

Destabilization results in a rotation of the TMD 6 inducing a 11Å outward movement of 
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the cytoplasmic end of TMD 6 and an inward movement of TM3 and TM7 (Kobilka, 

2011; Rasmussen, DeVree, et al., 2011). These conformational changes allow the 

engagement of G proteins with the cytoplasmic core of the receptor. However, the 

absence of Gs decreases the agonist binding affinity to the β2AR by 100-fold (Whorton 

et al., 2007). Thus, the fully active state requires the formation of a ternary complex 

between the ligand, the receptor, and the G protein. 
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IV. Receptor theory to understand the behavior of the β2AR 

 

Over a century ago the idea that a specialized structure within a tissue, called 

then a ‘receptive substance’, was responsible for transducing the signal was first 

conceived by John Langley (Langley, 1905). Together with the seminal observations of 

Paul Ehrlich in the immunology field whereby a toxin had to bind to a chemoreceptor to 

work (paraphrasing the Latin phrase: Corpora non agunt nisi fixata), the conceptual 

framework for the receptor theory was born (Strebhardt & Ullrich, 2008). Since then, the 

notion of modern pharmacology where a ligand binds to a receptor and changes its 

activity, displayed as changes in the cellular response, has been thoroughly researched. 

In pharmacology, the intrinsic properties of a ligand that determine the binding to a 

receptor and the consequential cellular response have been termed affinity and efficacy, 

respectively. These two properties are the pillars from which pharmacologists can study 

the ligand-receptor interactions and define the behavior of GPCRs. Therefore, a 

description of how these properties have conceptually evolved across time is important 

to understand the current analytical tools employed in our study of the β2AR.  

Affinity. 

 

In broad and simple terms, affinity refers to the ability of a ligand to bind to a 

receptor at any moment in time. Chemically, this interaction is fundamentally ruled by 

the law of mass action. Applied in a pharmacological context, the law states that, at 

equilibrium, the concentration of free ligand and receptor in a solution is equal to the 

concentration bound to a receptor. Equilibrium in this case refers to the time point at 

which the intrinsic motion of a defined concentration of particles (i.e., ligands) no longer 

alters their free or bound location in probabilistic terms. In other words, the association 

and dissociation rates of a ligand with respect to a receptor are the same. This was 

mathematically developed first by the chemist Irving Langmuir in his isotherm equation 

to quantify the adsorption of chemicals into metal surfaces while working at General 

Electric (Langmuir, 1918). His mathematical view was consistent with the previously 

established mathematical model developed by Archibald Hill to quantify the occupancy 

of hemoglobin by oxygen, also based on the law of mass action (Hill, 1913). Later 
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applied by A.J. Clark in his occupancy theory, the terms of drug and receptor were 

included to fit in his pharmacological analysis (Clark, 1926). Taken together, the now 

known Hill-Langmuir equation for equilibrium binding was the basis for the 

pharmacological adaptation of the mass action equation. Here, the rate of association 

(K1) between a determined concentration of a ligand [A] and a receptor [R] (K1[A][R]) is 

equal to the rate of dissociation (K2) between the ligand bound to the receptor [AR] 

(K2[AR]). Derivation of this equation (K1[A][R] = K2[AR]) reveals that the ratio between 

both rates (expressed as s-1M-1) results in a factor that defines the ligand’s 

concentration needed to bind to 50% of the available receptors. This factor is named the 

equilibrium association constant (K2/K1 = KA) and is directly proportional to affinity 

values. The inverse relationship, the equilibrium dissociation constant (KD=1/KA), is 

preferred in pharmacology since the numerical notation is more convenient. Thus, the 

higher the affinity of a ligand for a receptor the lower the KD value will be. The reduction 

of these mathematical terms for their adaptation to the mass action equation in 

pharmacology gives: 

[AR] = [A][RT] / [A] + [KA]        (1) 

where [RT] refers to the total receptor number as the maximal capacity of a system. 

Equation 1 defines a rectangular hyperbola on a linear scale. The transformation to a 

logarithmic scale yields the classic sigmoidal curves observed in dose/concentration-

response curves. In fact, this quantitative method was first used by Clark and Gaddum 

to measure the pharmacological response of multiple drugs in tissues. The conclusions 

Clark established from such experiments were that the hyperbolic curve observed in his 

drug-response studies represented the equilibrium between the excess of a ligand 

reacting with a finite number of receptors (Clark, 1926). Furthermore, he proposed that 

the occupation of the receptor based on a 1:1 stoichiometry was directly proportional to 

the observed response. Therefore, if 50% of the receptor was occupied then half of the 

maximal response would be observed. This proposition was later proven incorrect and 

was redefined by the experimental work of Ariens, and Stephenson as discussed in the 

efficacy section.  
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It is important to note that this model was envisioned for its applicability in chemical 

reactions and several assumptions were defined to fit such experimental settings. Thus, 

for this method to be valid in pharmacological settings the following assumptions must 

be true: 

• Accessibility of receptors should be equal to all ligands; 

• Binding is reversible; 

• Receptor and ligand exist in only two states: free or bound; 

• Binding does not affect the conformation of the ligand or receptor.     

These stringent assumptions become invalidated when analyzing the complex 

behavior of GPCRs in multiple physiological systems. Thus, other parameters including 

efficacy had to be introduced to develop more accurate pharmacological models for the 

ligand-receptor interaction.  

Schild regression analysis. 

 

The previous method used by Clark for affinity measurements was the first tool in 

quantitative pharmacology for the use of agonists (Clark, 1927). However, this did not 

apply to antagonists since these ligands don’t show any functional response per se 

(zero efficacy). An alternative approach was therefore used by Gaddum and later 

applied by Clark, where the proportion of the rightward shift of the dose-response 

curves of agonists was indicative of the activity of antagonists such that the EC50 in the 

presence of the antagonist / the EC50 in the absence of antagonist was labeled 

dose/concentration ratios; where EC50 is the concentration of agonist producing 50% of 

its maximal response (discussed below) (Clark & Raventos, 1937; Gaddum, 1937). This 

concept of competitive antagonism needed the agonist curves to be displaced in parallel 

(same slope) and had a determined proportion of the shift (e.g., 10-fold) to be 

independent of the activity of the agonist in a determined system (Gaddum, 1943). This 

concept was the theoretical framework used later by Heinz Schild to determine a 

statistical constant for the apparent affinity (pA2) of antagonists for a receptor 

(Arunlakshana & Schild, 1959; Schild, 1949). Here, the parameters of dose ratio 

(dr=[A’]/[A]) and the concentration of antagonist [B] are known and, thus, calculation of 
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the equilibrium dissociation constant of the antagonist (KB) is possible based on the 

following equation: 

dr = 1+[B]/KB           (2) 

Adapted to Gaddum equation for logarithmic transformation as the mathematical 

expression of dose-response curves: 

Log(dr-1) = n log[B] + log[KB]       (3) 

where n represents the slope of the linear regression. Based on this equation a plot of 

log(dr-1) against pAX values (Schild plot) with a slope of 1 (n=1) shows an estimate of 

the apparent affinity, the pA2 value. Here, pAx represents the negative logarithm of the 

antagonist concentration that shifts the agonist concentration curve by an ‘x’ proportion 

i.e., pA2= 2-fold shift. When n=1 and dr=0 (the log  of 1), then pA2 = log[B] = log[KB]. 

Therefore, we can conclude that the antagonist concentration that produces a rightward 

displacement of the agonistic curve by 2-fold (pA2) is equal to the concentration of 

antagonist needed to occupy 50% of the receptors. This method has the following 

assumptions (Colquhoun, 2007; Neubig et al., 2003):  

• The action of the agonist is based on the stimulation of a single receptor type.  

• The agonist and antagonist binding to the receptor is competitive (mutually 

exclusive) and reversible in nature, and produces parallel rightward shifts in the 

agonist response 

• The response is measured at equilibrium (law of mass action can be applied). 

• The observed response is associated with the occupancy of the receptor by the 

agonist. 

• The antagonist does not elicit other relevant actions upon interaction with the 

receptor (conformational changes). 

The violation of any of these assumptions makes the interpretation of the antagonist 

studied invalid.  Specifically, a competitive antagonist induces a parallel shift of the 

agonist concentration-response curve without affecting its maximal response thereby 

showing independence from the activity of the agonist. Multiple factors can influence the 

shape of the dose-response curve. For example, some competitive antagonists might 
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show nonparallel shifts under ‘hemi-equilibrium’ conditions, that is, the timeframe of an 

antagonist associated with the receptor is long, thus, affecting the steady-state between 

the agonist, antagonist, and receptor. In practical terms, the antagonist binding 

becomes irreversible and is observed as a flattening of the dose-response curve (Rang, 

1966). Uptake or degradation of the agonist can also affect the shape of dose-response 

curves by increasing or decreasing the availability of the agonist. Additionally, significant 

deviations from the value of unity (n≠1) in the linear regression of the Schild plot also 

reveal an alternative nature of the antagonist or experimental conditions. For example, 

slope values smaller than 1 observed as a decrease in potency at increasing 

concentrations of antagonist might be observed if the receptor is not competitive, 

additional molecules are part of the drug receptor interaction (allosterism) or equilibrium 

conditions are not present. Slope values greater than 1 can be indicative of activation of 

alternative receptors by the agonist, the metabolism or sites of loss for the antagonist, 

or the antagonist that elicit physiological antagonism. More specific considerations for 

the validity of the Schild plot for detecting competitive antagonism have been thoroughly 

reviewed by others (Colquhoun, 2007; Kenakin, 1982). 

In summary, the mathematical concept of apparent affinity for competitive 

antagonism developed by Schild has proved useful up to this day and led to the 

discovery of numerous therapeutic ligands. His contributions became the basis for drug 

classification according to their targeted receptor before the development of the 

radioligand binding technique (Paton & Rang, 1965). Under experimental settings 

carefully determined to fit the assumptions of the Schild equation, pA2 values have been 

consistent with current measurements of radioligand binding assays. Ultimately, the 

ability to detect the binding of a radioligand to the receptor has become the gold 

standard for affinity measurements and allowed for the measurement of agonist 

affinities. This straightforward and simple technique gave researchers equivalent 

interpretations in the affinity constant values. Additionally, this method is also based on 

the mass action law and will be thoroughly explained in the methods section.  
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Efficacy.  

 

The property of a ligand for changing the behavior of the receptor to induce an 

observable effect is known as efficacy. This property was already implicit in the 

previously discussed observations of Clark. However, a more direct description was first 

delineated by Ariens (Ariens, 1954). He described the biological effect of a ligand when 

bound to a receptor as intrinsic activity and defined a scale from 0 to 1 based on such 

effect; zero was assigned to no detectable agonism (antagonists) whereas one was 

assigned to full agonism (the maximal response [Emax] of a system). The ligands 

showing a response between 0 and 1 were classified as partial agonists. The main 

limitation of this definition was that the response was subjected to the ability of the 

tissue to induce a functional response. Therefore, this concept was system-dependent 

(variable among different tissues) and did not describe the effect as an intrinsic property 

of the ligand. A couple of years later, Stephenson (Stephenson, 1956) proposed that the 

affinity of a ligand was not directly proportional to the tissue response as previously 

assumed by Clark. Instead, the effect observed in tissues was due to another property 

different from receptor occupancy that he named efficacy. This observation was done 

by testing multiple agonists with similar potencies but different maximal responses 

which, to the eyes of Stephenson, represented that the proportion of occupation to 

induce a response varies per ligand. Importantly, he defined for the first time that the 

maximum effect could be observed by the occupation of a small portion of the 

receptors, giving birth to the concept of receptor reserve (spare receptors). Therefore, 

the response was not linearly related with receptor occupation as first stated by Clark. 

This concept was revolutionary at the time as it definitively separated the properties of 

affinity and efficacy of a ligand. However, this proposition remained system-dependent 

and was later refined by Furchgott (Furchgott, 1966) who introduced the term intrinsic 

efficacy to define a scale reflective of the stimulus degree per receptor. This is 

represented by the following mathematical expression: 

ε = E/RT          (4) 

where the E refers to the efficacy defined previously by Stephenson as the stimulus 

elicited after drug-receptor interaction, and RT refers to the total receptor number. This 
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subtle distinction established the concept that Stephenson’s efficacy was a response 

dependent on the number of receptors that couple to signaling components of a system 

(E=εRT). Conversely, intrinsic efficacy represented a parameter related to the ligand-

receptor complex alone whereby the effect observed is independent of the sensitivity of 

the system (the number of receptors needed to induce a cellular response). Furchgott 

further explored his theory by calculating the relative effects of a tested ligand in 

comparison to a reference ligand (relative efficacies) under the same system and 

conditions (Furchgott & Bursztyn, 1967). This approach is known as agonist potency 

ratios and ultimately makes the dimensionless measurement of efficacy truly 

independent from the system. This method became a useful tool for the classification of 

receptors and agonists back then (alternative to the drug classification based on 

competitive antagonists proposed by Schild). Importantly, the agonist potency ratios are 

system independent if only one cellular outcome is measured (commonly referred to as 

a monotonic response).  

The concept of efficacy was later extended by the findings of Costa and Hertz 

(Costa & Herz, 1989) who demonstrated that the activity of the delta opioid receptor 

could be artificially increased in ligand-free conditions. Additionally, this constitutive 

activity could be reduced by using some antagonists previously thought to have zero 

efficacy. Therefore, efficacy became a vectorial parameter as it had shown both a 

magnitude of response and a direction allowing for values of intrinsic activity below 

zero. Ligands that show negative efficacy and completely abolish the constitutive 

activity can be assigned an intrinsic activity of -1 and are known as full inverse agonists, 

whereas ligands in between -1 and 0 would be partial inverse agonists. 

As technology advanced, other assays were able to measure alternative 

signaling responses that would later reveal a reversal in the rank order of agonist 

potency ratios when compared to the canonical response (Berg et al., 1998). This 

suggested that ligands targeting the same receptor have multiple efficacies. Therefore, 

the ligand-dependent parameter of efficacy went from describing the effect of only one 

signaling response to becoming a pluridimensional parameter describing the pleiotropic 

nature of GPCRs (Clarke & Bond, 1998; Galandrin & Bouvier, 2006). Moreover, the 
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magnitude of the response elicited by the same ligand-receptor interaction could favor 

one signaling pathway over another. This phenomenon is known as biased signaling 

(discussed in another section) and has been previously identified under other names 

including ‘agonist-directed trafficking of receptor stimulus’ (Kenakin, 1995), ‘stimulus 

trafficking’ (Berg et al., 1998), ‘differential engagement’ (Manning, 2002), ‘signaling bias’ 

(Gregory et al., 2010), ‘functional dissociation’ (Whistler et al., 1999), ‘discrete activation 

of transduction’ (Gurwitz et al., 1994) or ‘functional selectivity’ (Urban et al., 2007). 

These observations of pluridimensional efficacy and biased signaling have become 

universal for GPCRs and have been clearly shown for ligands targeting the β2AR (Azzi 

et al., 2003; van der Westhuizen et al., 2014; Wisler et al., 2007).  

In summary, the abstract concept of efficacy as an intrinsic property of ligands 

has become more complex as we better understand the ability of GPCRs to interact 

with multiple intracellular transducers. Taking the concepts of affinity and efficacy 

together, several pharmacological models have been proposed across time to 

methodically study the ligand-receptor relationship and the resulting cellular response. 

These evolving concepts have been translated into mathematical expressions to fit the 

contemporary evidence and elaborate pharmacological models of receptor function. 

Such models have been useful to predict other features of GPCRs in physiological 

systems that have not been described experimentally yet. Thus, a brief overview on the 

evolution of such models will be addressed as heuristic concepts describing the 

receptor function with a minimum emphasis on the underlying mathematical 

expressions (an extended mathematical description can be found in (Kenakin, 2017b; 

Kenakin et al., 2012)).   

Pharmacological models of receptor function. 

 

The mass action equation forms the basic building block of the ligand-receptor 

interaction and is visually represented as (semi)logarithmic concentration-response 

curves. This response is dependent on the sensitivity of the system measured and is 

characterized by the potency of a ligand to induce a response; that is, the amount of 

ligand necessary to induce a given response. The most useful value of potency in 

mathematical models to describe the activity of a receptor upon ligand binding is the 
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concentration needed to induce 50% of the maximal response (EC50). Within the 

concept of potency, the properties of affinity and efficacy of a ligand, as well as the 

activity of the receptor, represented as conformational shifts, and the efficiency of the 

system to induce a response, are tightly ingrained. Thus, the simplest representation of 

the classical model was the first observations of ligand-receptor interaction in the form 

of potency that was represented as: 

L + Ri ⇋ LRa          (5) 

where the ligand L binds to the inactive receptor Ri reversibly. The onset (lower arrow) 

and offset (upper arrow) rates would determine the binding of a ligand to a receptor. 

Under equilibrium conditions, this was expressed as the dissociation constant (KD). This 

classical model shows that after ligand binding (LR), the receptor becomes active (Ra) 

and causes a response. However, this representation assumes the active receptor as a 

whole tissue and thus becomes system-dependent. Additionally, the ligand only shows 

the binding property indistinguishable from the activity of the system. Therefore, the 

model was merely descriptive of the first observations about ligand-receptor interaction.  

Two-state model.  

 

Once affinity and efficacy were conceived as separate entities, the mass action 

equation was set as a series of reactions that described the binding of the ligand to the 

receptor and a subsequent activation step. This idea was independently introduced by 

del Castillo and Katz (Del Castillo & Katz, 1957) using a model with an intermediate 

step regulating the conformational change of a receptor to become activated after ligand 

binding. Thus, the rate at which the effect was produced was not directly dependent on 

the affinity of a ligand for the receptor (KA) but also by the rate at which the inactive 

receptor changes its conformation to an active state. This was represented as: 

L + Ri ⇋ LRi ⇋ LRa          (6) 

This mechanism shows that another equilibrium constant, namely efficacy, 

determined the receptor activation (simple two-state model). This was consistent with 

the concept of intrinsic activity where antagonists would shift the equilibrium towards the 
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LRi state whereas agonists would shift the equilibrium towards LRA state. This model 

was further developed by suggesting that the ligand could independently interact with 

both states of the receptor (Katz & Thesleff, 1957). This full two-state model can be 

expressed as:  

L + Ri ⇋ LRi 

      ⇵      ⇵          (7) 

L+ Ra ⇋ LRa 

Here, the equilibrium between free and ligand-bound receptors depends on the 

KA which is multiplied by a factor α, in the case of the active state, which describes a 

differential affinity between the active and inactive states of the receptor. Thus, if there 

is a difference in affinity of a ligand for both states of the receptor α must be different 

from 1 (α≠1). In such circumstances, the ability of a ligand to preferentially bind to one 

of the states of the receptor depends on the conformation of the receptor in a process 

called conformational selection. This implies that, under equilibrium conditions, ligands 

will shift the equilibrium between the inactive and active states of the receptor based on 

their affinity preference. Thus, one conformational state of the receptor will be enriched 

over another based on the le Chȃtelier’s principle. This principle states that alterations 

of dynamic equilibrium by external conditions will be compensated by counteractive 

changes to reset the equilibrium. For example, if the ligand prefers the active 

conformation of the receptor, the occupied active receptors will no longer be part of the 

equilibrium and other receptors will shift towards the active conformation to compensate 

for this loss (α>1). If α<1, then there is a preference of the ligand for the inactive state 

and this conformation will be enriched to reach a new equilibrium. 

Ternary Complex Model. 

 

Since this model was proposed based on experiments testing ion channels, the 

active state referred to the open state whereas the inactive state was the closed state of 

the channel. Years later, with the discovery of G proteins and their function as 

interacting molecules with activated receptors for signal transduction, the simple ternary 
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complex model was proposed (De Lean et al., 1980). This was translated to the simple 

two-state model for GPCRs as: 

L + R ⇋ LR + E ⇋ LRE        (8) 

where the binding of the effector E to the receptor is responsible for the activation step 

in this model and is determined by the equilibrium association constant (KE) between LR 

and LRE. This constant is the ratio between coupling and uncoupling of the receptor 

with the effector and manifest ligand efficacy. Considering the full two sate model and 

the evidence on affinity changes for the same agonist in the presence or absence of 

guanine nucleotides (Stadel et al., 1980), the full two-state model for GPCR is 

represented as: 

      E         E 

      +         + 

L + R   ⇋ LR 

      ⇵       ⇵          (9) 

L + RE ⇋ LRE 

This model was soon expanded to accommodate for the constitutive activity 

observed in GPCRs (Costa & Herz, 1989) shown as: 

AR ⇋ AR* ⇋ AR*E 

 ⇵        ⇵        ⇵          (10) 

  R ⇋   R*  ⇋  R*E 

This is known as the extended ternary complex model (Samama et al., 1993). 

Here, the receptor can exist in an active conformational state (R*) even if the agonist is 

not bound to the receptor. Therefore, a spontaneous association of the active receptor 

with the effector will induce a modest response observed as the basal activity in a 

system. This model accommodates the concept of inverse agonists that preferentially 

bind to the inactive state shifting the equilibrium towards the inactive conformation of the 

receptor (R). This way, the reduction of the constitutive activity by a ligand can be 

explained.    
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Cubic ternary complex model and beyond. 

 

The previous model did not allow the inactive receptor to interact with an effector 

and, therefore, was thermodynamically incomplete. In other words, the existence of a 

ligand, inactive receptor, and effector allows for their collective interaction at a given 

point even if the interaction implies a high energy requirement. Thus, the cubic ternary 

model proposed that the inactive receptor can interact with the effector, shown as: 

 

 

      (11) 

 

As a result, eight different receptor species, 4 active and 4 inactive could coexist 

in a system in statistical terms, although the probability for certain species to exist will 

be minimal. The interaction between an inactive state with the effector would also allow 

for inverse agonists to sequester the function of the effector by forming inactive ternary 

complexes (Weiss et al., 1996). In fact, this has been observed in cannabinoid 

receptors where the CB1 receptor, upon binding with an inverse agonist, recruits the Gi 

protein and restricts its downstream signaling (Bouaboula et al., 1997). Because the 

constants that determine the equilibrium between the multiple receptor species cannot 

be experimentally quantified, this model is only used to explain mechanistic events in 

practice. If we also consider the pluridimensional nature of efficacy, then the concept of 

this model can be expanded proportionately to the number of efficacies detected for 

each receptor. Thus, for the simplest multi-cubic ternary complex model, the receptor 

will show 2 active states, R* and R**, that could be represented by connecting or 

stacking the cubic model of R* with the cubic model of R** using one edge of the cube 

as the common denominator (perhaps at the inactive state R).       
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Black and Leff operational model. 
 

The previous models were established under a mathematical foundation to 

describe the underlying mechanisms of receptor behavior. However, the equations 

behind these models did not fulfill the description of the allosteric nature of GPCRs in 

physiological systems. Allostery refers to the ability of a macromolecule (receptor) to 

interact with ligands (small molecules or proteins) in topographically distinct sites 

mediated by a conformational change (Christopoulos et al., 2014). Therefore, these 

models were impractical to predict the response of a ligand in different physiological 

systems that is fundamental for the development of pharmacological therapies to treat 

diseases. Additionally, the elusive nature of efficacy does not yield any objective values 

to determine the power of a ligand towards a physiological function. To address these 

issues, Black and Leff (Black & Leff, 1983) proposed an operational model considering 

the ligand-receptor complex as a substrate, the functional response as the product, and 

the whole-cell as the allosteric machinery responsible for this change. This was 

conceived under the basis that the law of mass action also applied to the occupancy-

effect relationship observed as hyperbolic curves of agonist-concentration effect, E/[A]. 

The operational model was mathematically expressed as: 

Response=[A] τ Emax / ([A] (1 + τ) + KA)       (12) 

where a factor called ‘transducer ratio’ (τ) is introduced to represent the efficacy of an 

agonist in a system. This factor is defined as [RT]/KE, where KE is the equilibrium 

dissociation constant between the concentration of agonist-receptor complexes and the 

response elements of the cell. In more simplistic terms it can be seen as the equilibrium 

constant between the substrate and the product. Therefore, τ represents the intrinsic 

potential of a ligand to induce a response as well as the efficiency of the system to 

convert the ligand-receptor binding into a cellular response. Since the model represents 

the intrinsic properties of the ligand to generate an effect, it has been used as a 

predictor of agonist response in other tissues based on functional measurements of a 

single tissue. This is because the term τ is independent of the system by incorporating 

ligand efficacy, receptor density, and system efficiency into a single value. Thus, using τ 
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ratios between two tissues can predict agonist response based on the ternary complex 

only while eliminating the influence of receptor concentration and efficiency of the 

system. The accurate predictability of the operational model has become a powerful tool 

to characterize agonist responses through GPCRs. Additionally, the model became the 

basis for quantifying receptor selectivity and signaling bias when measuring two distinct 

signaling pathways (Kenakin, 2016). 
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V. Biased Signaling at the β2AR 
 

Over the past 30 years, data has shown that GPCRs can couple to multiple 

signaling proteins that in turn activate distinct signaling pathways, thereby allowing for a 

myriad of cellular responses (Wootten et al., 2018). The use of synthetic small 

molecules targeting GPCRs has also shown that a given signaling pathway could be 

preferentially stimulated over other pathways relative to the endogenous hormone or 

reference ligand, a phenomenon known as biased signaling (Kenakin, 2019). The β2AR, 

part of the GPCR superfamily, is no exception showing at least two well-described 

signaling pathways, protein Gs and β arrestin 2, that can be preferentially activated by 

synthetic ligands. To understand the signaling mechanisms and develop the concept of 

biased signaling quantification for the β2AR, the signaling mechanisms of both pathways 

will be addressed. 

β2AR signaling. 
 

Upon activation of the β2AR, the structural changes of the receptor promote the 

association of the receptor with at least 2 different intracellular transducers: the 

stimulatory heterotrimeric guanine nucleotide-binding protein (Gs) or β-arrestin 2. The 

former induces canonical cell responses mediated by the intracellular increase of the 

second messenger cyclic adenosine monophosphate (cAMP). The latter works as a 

scaffold protein that determines the fate of the receptor either by internalization and 

later degradation by proteasomes or lysosomes, or reinsertion into the membrane. 

During internalization, an alternative signaling function through the activation of other 

multiple downstream proteins eliciting different cellular responses has also been well 

characterized (Luttrell et al., 1999; Shenoy et al., 2006). To better understand the 

molecular mechanisms of activation and signaling a brief description of both 

transducers is given below. 

Gs protein. 
 

  The Gs protein, like the other 15 G protein family members, is a heterotrimeric 

transducer composed of a Gα subunit and a Gβγ subunit dimer. The Gα and γ subunits 

are tethered to the membrane using lipid anchors formed by the palmitoylation and 
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prenylation, respectively, of amino acids at their N-terminal domain. This anchorage 

allows the Gs protein to be near GPCRs at the cell membrane (Higgins & Casey, 1994; 

Wedegaertner et al., 1993). The Gα subunit has two regions: the Ras-like GTPase 

domain which interacts with the Gβ subunit and the α-helical domain (Sprang, 1997). 

The interface of both domains forms a nucleotide-binding pocket allowing stabilization of 

the Gα subunit under the presence of a nucleotide (Chung et al., 2011; Liu et al., 2019). 

The GTPase domain hydrolyzes the nucleotide guanosine triphosphate (GTP) into 

guanosine diphosphate (GDP) while the helical domain buries the GTP at the core of 

the Gα subunit. At rest (inactive state), the Gs protein remains in its heterotrimeric Gαβγ 

conformation while bound to a GDP molecule. The stabilization of the β2AR active 

conformational state by an agonist triggers the recruitment and coupling of the Gs 

protein to the receptor. After the β2AR-Gs complex is formed, GDP is released and the 

highly concentrated GTP (200-300μM) quickly occupies the nucleotide-binding pocket 

(McKee et al., 1999). This leads to a conformational change in the Gs protein that 

dissociates the Gα from the Gβγ subunit and starts the modulation of the activity of 

multiple cellular effectors by each subunit. The catalytic activity of the GTPase domain 

at the Gα subunit then hydrolyzes the bound GTP into GDP allowing for reassociation of 

Gα-GDP and Gβγ subunits terminating the signaling cascade. This process appears to 

be mediated by the interaction of the receptor with the GTPase domain of the Gαs 

subunit only (Du et al., 2019; Rasmussen, DeVree, et al., 2011).  

The downstream signaling of the Gαs subunit, on one hand, starts with the 

activation of adenylate cyclase to catalyze the conversion of adenosine triphosphate 

(ATP) into cAMP. Increasing concentrations of the second messenger cAMP, in turn, 

classically activate the protein kinase A (PKA) that phosphorylates multiple proteins, 

including the β2AR (Benovic et al., 1985), to induce a cellular response. Other proteins 

such as exchange proteins directly activated by cAMP (Epac) and the popeye domain 

containing (POPDC) proteins have also been identified as effectors of cAMP and can be 

explored in detail elsewhere (Robichaux & Cheng, 2018). On the other hand, the 

dissociated Gβγ subunit activates G protein coupled receptor kinases (GRKs) known to 

phosphorylate the C-terminal of the GPCRs (Benovic et al., 1986). The C-terminal 

phosphorylation pattern then triggers the recruitment and coupling of β-arrestins to the 



27 | P a g e  
 

β2AR while decoupling the Gαs subunit from the receptor (Nobles et al., 2011; Violin et 

al., 2006). 

β-arrestin 2. 
 

First isolated from rat brains (Attramadal et al., 1992), β-arrestin 2 (βarr2), also 

known as arrestin 3, is one of the two non-visual arrestins. The conserved structure of 

β-arrestins is constituted by two antiparallel β sheets forming two baskets connected by 

a hinge domain and a short α-helix at the amino-terminal domain (Sutton et al., 2005; 

Vishnivetskiy et al., 2002). Other conserved elements critical in the interaction with 

GPCRs include the uppermost (finger) loop on the hinge domain (Granzin et al., 1998; 

Zheng et al., 2019) and the polar core that acts as the phosphate sensor that interacts 

with the phosphorylated C-terminus of GPCRs (Kovoor et al., 1999; Shukla et al., 2013). 

The overall structure remains in a basal state as a result of the weak hydrogen bond 

networks at the polar core. These hydrogen bonds are quickly disrupted upon 

interaction with the active conformation of a GPCR changing the conformational state of 

β-arrestins (Gurevich & Gurevich, 2004; Kim et al., 2013). Multiple studies have shown 

different conformations of the βarr2 associated with a change in function indicating a 

structural basis for the function of this scaffolding protein (Lee et al., 2016; Shukla et al., 

2008). Research on the interactions between the activated β2AR and βarr2 has also 

shown that phosphorylation of the C-terminal domain of the receptor is not necessary 

for βarr2 coupling (Eichel et al., 2018; Violin et al., 2006).  

The first discovered function of non-visual arrestins was to reduce the G protein-

mediated response of GPCRs stimulated for a second time, a phenomenon known as 

homologous desensitization (Benovic et al., 1986). Therefore, the ad-hoc name at that 

moment was based on the function of “arresting” the receptor which stopped the binding 

to the G protein and decreased the signal transduction upon ligand binding (Attramadal 

et al., 1992; Benovic et al., 1987; Strasser et al., 1986). Later, other functions such as 

internalization via clathrin coated pits, trafficking, and signaling were observed using the 

prototypical GPCR, the β2AR (Azzi et al., 2003; Goodman et al., 1996; Luttrell et al., 

1999; Shenoy et al., 2009). Moreover, the strength of the interaction between β-

arrestins and GPCRs revealed two major classes of receptors. The class A GPCRs 
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show transient binding to β-arrestins with increased affinity for βarr2 as is the case for 

the β2AR. The class B GPCRs show stable binding and similar affinity for both β-arrestin 

subtypes (Kohout et al., 2001; Oakley et al., 2001; Oakley et al., 2000). The strength of 

these interactions determines, at least in part, the specific trafficking and signaling 

patterns of a receptor. This implies that the transient interaction of the β2AR with βarr2 

allows for rapid recycling to the membrane after desensitization and later interaction 

with other transducers. Importantly, the active conformation of βarr2 persists after 

dissociation from the active β2AR presumably allowing for the activation of alternative 

signaling cascades (Nuber et al., 2016).  

Among the multiple signaling cascades downstream from βarr2, the ERK1/2 

signaling pathway has been involved as one of the main effectors of the alternative 

cellular responses elicited after β2AR stimulation (Shenoy et al., 2006). The extracellular 

signal-regulated kinase 1 and 2 (ERK1/2) is one of the three main families of mitogen-

activated protein kinases (MAPK). For ERK1/2 to become phosphorylated and therefore 

active, a sequential phosphorylation cascade needs to occur. The phosphorylation 

cascade starts with the activation of the MAPKKK, Raf, followed by MEK, and finally 

ERK1/2. On one hand, the Raf-MEK-ERK1/2 cascade can be rapidly and transiently 

triggered (5 to 10 mins) by Gαs activation through PKA activity. On the other hand, a 

slower and long-lasting (>30mins) βarr2-dependent ERK1/2 phosphorylation after β2AR 

stimulation has also been observed implying alternative physiological functions (Carr et 

al., 2016; Shenoy et al., 2006). This is supported by the individual and collective 

interactions between β-arrestins and the three MAP kinases that allow for localized 

activation and regulation of the signaling cascade (Bourquard et al., 2015; Coffa et al., 

2011; Luttrell et al., 2001; Song et al., 2009). These interactions occur once the βarr2 

adopts an active conformational state after coupling with the activated receptor (Lee et 

al., 2016). Importantly, the phosphorylation of the C-terminal domain of the β2AR 

appears to be unnecessary for βarr2 coupling and ERK1/2 signaling (Shenoy et al., 

2006).  

Overall, the βarr2-dependent ERK1/2 signaling is fundamental for cell survival, 

migration, growth, and proliferation (Pierce et al., 2001). Other specific functions of 
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βarr2-dependent ERK1/2 signaling, such as immune regulation and contractility, are 

dependent on the nature of the tissue observed (Bond et al., 2019). Finally, the 

regulation of the ERK1/2 signaling is modulated by the ubiquitination status of the βarr2 

catalyzed by the ubiquitin E3 ligase Mdm2 (Shenoy et al., 2001). Ubiquitination of βarr2 

can also be induced upon interaction with the β2AR by the ubiquitin E3 ligase, Nedd4 

(Nabhan et al., 2010). Ubiquitination then promotes downregulation of the β2AR by 

proteosomal degradation (Shenoy et al., 2008). Conversely, deubiquitination of βarr2 by 

the deubiquitinase, ubiquitin-specific protease 33 (USP33), elicits signal termination and 

receptor recycling (Shenoy et al., 2009). Taken altogether, βarr2 is a fundamental 

protein in GPCR-mediated signaling that orchestrates the function and trafficking of the 

β2AR. Based on its conformational signature and interactions with other regulatory 

proteins, βarr2 integrates the conformational changes of the β2AR by an external 

stimulus to determine the multiple outcomes of the receptor.  
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VI. Biased signaling detection and quantification 
 

Classically, the methods to quantify the properties of affinity and efficacy that are 

unique to the ligand for receptor binding and activation assumed the receptor had a 

monotonic response. That is, the receptor had only one active state and therefore could 

only elicit a single response after activation. In this way, the method of potency ratios 

was effective at measuring the relative activity of a ligand in a system to predict its 

activity in a different system. If there are multiple responses after receptor stimulation 

then the relative activity of a ligand becomes dependent on the effect measured in the 

system, hence, becoming system dependent. 

 Currently, measurements on the unique chemical properties of a ligand that can 

predict its biological activity across systems remain the fundamental goal in drug 

discovery. This is important because the chemical structures of ligands can be 

manipulated to induce the desired response whereas biological systems are stochastic 

in nature. This makes the manipulation of biological systems more unpredictable for the 

desired biological outcome. However, the intrinsic power of a molecule to induce a 

biological response has no direct measurements. In other words, there are no reliable 

physical or chemical methods to interrogate the biological activity of a ligand without 

using a biological system. Thus, we rely on the observable phenomenon of efficacy and 

affinity to determine the intrinsic properties of ligands to produce a determined biological 

response. It is now understood that efficacy has a ‘polytonic’ response and a magnitude 

that can be measured and exploited to our advantage. The pleiotropic nature of GPCRs 

(the ability to couple to multiple signaling pathways) has caused pharmacologists to 

reconsider new quantification methods to detect ligands that preferentially activate the 

desired signaling pathway (Kenakin, 2011, 2017a; Kenakin & Christopoulos, 2013b). 

For this to be possible we have used a drug discovery system that relies on in vitro and 

in vivo experiments that can potentially be translated into clinical settings. However, the 

translation of the biological activity of a ligand in in vitro and in vivo studies into 

beneficial outcomes in human trials has often proven unsatisfactory (Hauser et al., 

2017). This is in part due to the constraints of variability in the experimental conditions 

as well as in the very complex and dynamic molecular interactions of the human body 
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(Michel et al., 2014). While these variables can’t be manipulated, these factors help the 

development of mathematical considerations for ligand bias quantification. Therefore, 

these biases will be first identified to separate such phenomena from the more useful 

variable of ligand bias that can be effectively manipulated for drug discovery.  

Observational bias. 
 

The measurements of the classical semilogarithmic concentration-response 

curves depend on the bioassay employed to detect the response. The sensitivity to 

detect the signal is variable among assays and can give the false impression of 

changing the potency of a ligand. Therefore, the response observed for the same ligand 

using two different assays to measure alternative signaling pathways would be different. 

For example, the potency of the full agonist isoproterenol for cAMP is increased by 

approximately 500-fold when compared to ERK phosphorylation (Galandrin & Bouvier, 

2006).  This difference does not represent the intrinsic power of isoproterenol to activate 

a signaling pathway. Instead, this difference reflects the distinct experimental 

conditions, such as buffers, temperature, pH, the kinetics of the ligand, among others, 

that are used to observe such response. Thus, the observational bias is not a useful 

parameter to manipulate the intrinsic properties of ligands to achieve the desired 

response.   

System bias. 
 

The biological component that determines the efficiency of response observed 

once a ligand activates the receptor varies within and among different systems (i.e., 

tissues). These differences can be enclosed into two main factors, protein availability 

and coupling efficiency. Each tissue serves multiple functional purposes to maintain the 

homeostasis of the whole organism and, in doing so, expresses a specific set of 

proteins that enable the necessary physiological function. Furthermore, the activity of 

such proteins is conditional on the interaction with other molecules (i.e., second 

messengers, proteins, RNA, etc) that are instrumental for the genesis of the biological 

response. Therefore, pharmacological measurements of a specific biological activity 

after ligand stimulation will include the protein availability and coupling efficiency for the 
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activated pathway. Differences in these parameters will translate into changes in 

potency. Perhaps an extreme example is the manipulation of the components 

necessary for the generation of cAMP after β2AR stimulation (Cerione et al., 1983). 

Here, the progressive addition of, adenylate cyclase, the Gs protein, and the β2AR 

induce the observable activity of isoproterenol. This observation can be extended to 

physiological settings where the cAMP levels to induce contraction (inotropy) in rat atria 

are higher compared to cardiac relaxation (lusitropy) (Kenakin & Boselli, 1991). Thus, 

the ligand is again dependent on external variables pertaining to the system and does 

not reflect the potential of the ligand’s molecular structure to induce a response. 

 There has been a great expansion in new genetic manipulation techniques 

including in the field of pharmacology. Mutations or differential splicing of receptors 

have also been used to understand how ligand stimulation and transducer recruitment 

are affected. This has been termed receptor bias as the change in specific amino acids 

of the receptor can alter or shift the response to an alternative pathway in this artificial 

system (Smith et al., 2018). This is of great benefit in understanding the structural 

mechanisms that make signal transduction possible. However, this remains part of the 

system bias as it falls into the efficiency of coupling to induce a response and thus is not 

currently useful for drug development.  

Dynamic bias. 
 

Another source of bias related to the forces of the system that constantly change 

its properties across time upon interaction with external factors is known as dynamic 

bias (Michel et al., 2014). Compared to the system bias that refers to the efficiency of 

the system to produce a response in a rather static environment, dynamic bias refers to 

the essential variable of time that rules the constant changes in the system. This bias 

can be readily observed in pathologic states or chronic drug treatments where the 

efficacy of a ligand changes depending on the stage of the disease or the length of the 

treatment, respectively. Indeed, one of the most common examples of dynamic bias in 

disease is heart failure. Acute treatment of heart failure with the beta-blocker carvedilol 

worsens cardiac function (Bozkurt et al., 2012; Hall et al., 1995) whereas the long-term 

effects of carvedilol have beneficial effects on heart function and survival (Packer et al., 
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1996; Waagstein, 1993). This paradoxical response is also observed in a rodent model 

of asthma when treated with the beta-blocker nadolol (Callaerts-Vegh et al., 2004). 

Extrapolation of these findings to humans shows a similar improvement in airway 

compliance in asthma patients after long-term treatment with nadolol (Hanania et al., 

2008).   

The example of heart failure can also be used to illustrate the dynamic bias of the 

endogenous ligand epinephrine in heart failure. The molecular mechanisms involved in 

the development of this disease include sympathetic system overactivation, β2AR 

desensitization, and β1AR downregulation, and other genetic adaptations affecting the 

downstream signaling of adrenergic receptors (Bristow et al., 1986; Brodde, 2007). 

These molecular changes take place over a long period and modify the otherwise 

compensatory response of contractility and heart rate under epinephrine exposure. 

Accordingly, in acute pathologic conditions such as angina, epinephrine increases the 

contractility and heart rate by activating the Gs signaling pathway to maintain cardiac 

performance as a compensatory mechanism (Bristow et al., 1989; Swedberg et al., 

1984). However, this compensatory mechanism becomes maladaptive in heart failure 

as the βARs are desensitized and the expression of other signaling molecules, like the 

GPCR kinase GRK2, favor cardiotoxicity and cell death (de Lucia et al., 2018; Ferrara et 

al., 2014; Mann & Young, 1994). Thus, the once cardiotonic and beneficial β2AR ligand 

epinephrine becomes cardiotoxic and detrimental for heart function by the dynamic 

evolution of the disease. 

Taken together, the dynamic bias is also independent of the ligand’s intrinsic 

properties. However, exploration of these effects might prove useful in the development 

of drugs as it directly targets the health problem at hand. This can only be accounted for 

if new methodologies are developed in the pipeline of drug discovery. That is, 

establishing disease animal models that resemble the human pathologic states through 

time to develop parameters relating the ligand bias with the dynamic bias. This 

approach might show superiority and complement drug discovery using the current, 

often minimalistic, high throughput screening, and in vitro testing for extrapolation into 

the treatment of human disease states. 
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Ligand bias. 
 

The power of manipulating the activity of the receptor to elicit a predominant 

biological response by a ligand is held within its chemical structure. This is based on our 

current understanding of the existence of multiple receptor conformations, each with 

specific activation energy (Isin et al., 2012; Manglik et al., 2015; West et al., 2011). 

Based on their chemical structure, ligands can preferentially bind to an array of receptor 

conformational subpopulations inducing the cognate response associated with the 

receptor conformation. Thus, even among ligands of the same class, slight changes in 

the binding arrays for the receptor subpopulations will confer unique degrees of efficacy 

and magnitude of such effects to each ligand. For example, beta-blockers are 

classically known to bind to the β2AR and impede the binding of the endogenous ligand 

epinephrine, therefore, inhibiting the canonical response of cAMP accumulation through 

Gs activation. Exploration of alternative signaling pathways has shown that among this 

class of ligands, carvedilol shows a preference for the activation of the βarr2 signaling 

pathway increasing the phosphorylation of ERK1/2 (Wisler et al., 2007). This has also 

been observed for the beta-blockers nevibolol and propranolol which preferentially 

activate the βarr2 signaling pathway (Azzi et al., 2003; Erickson et al., 2013). 

Furthermore, a reclassification of β2AR ligands based on the multiple efficacies for 

alternative pathways has been proposed (van der Westhuizen et al., 2014). Therefore, 

the structural composition of these ligands can confer the selectivity for a unique 

signaling pathway. This is known as ligand bias.  

For the accurate measurement of ligand bias, it is necessary to correct for the 

observational and system bias by using a reference ligand that shows a robust 

response for the pathways measured. This response becomes the definition of full 

agonism for both pathways, and therefore is referred to as “balanced” or “unbiased’ 

signaling. The current standard in pharmacology arbitrarily defines the endogenous 

ligand with such characteristics. Nevertheless, it is important to note that the 

endogenous ligand is not truly unbiased per se because the dynamic bias is constantly 

affecting its biological response. Yet, endogenous ligands serve the function of 
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comparison with other ligands to give a relative activity ratio and correct for the 

observational and system bias. Then, the relative activity ratio can be used across 

assays detecting different signaling pathways to reveal the true ligand bias between 

signaling pathways. Therefore, when expressing ligand bias the reference ligand must 

be mentioned (e.g., ligand x is biased towards the Gs pathway when compared to 

ligand z). With this concept in mind, at least 4 main bias quantification methods have 

been developed. Ideally, the best practice to measure the response in any of these 

methods is to establish a scale that is independent of the activation elicited by the 

ligand-receptor interaction. In this way, the quantification of the maximal response will 

be independent of the maximal response elicited by the reference ligand. Each method 

will be briefly addressed to understand the reason for the adaptation of the 

mathematical approach proposed in this work. 

Relative potency ratios (ΔΔ pEC50). 

 

This method quantifies the differences in the negative logarithm of the ligand 

concentration that elicits a half-maximal response (Δ pEC50). This method of 

quantification can only be used if the ligands analyzed are full agonists for both 

signaling pathways. The difference between relative potency ratios among signaling 

pathways (ΔΔ pEC50) can then reveal the ligand bias for two signaling pathways. While 

the strength of this method lies in its simplicity of use from concentration-response 

curves, its main limitation is that ligands that do not produce a maximal response (i.e., 

partial agonists) cannot be compared. This is because the maximal response of partial 

agonists is dependent on the receptor expression, therefore, affecting the sensitivity of 

the system. For example, reductions in receptor density will reduce the maximal 

response of partial agonists without affecting the pEC50 values. Conversely, the pEC50 

of full agonists will shift to the right (higher EC50) without changing their maximal 

response. Therefore, full versus partial agonists comparison is incompatible using this 

method as it becomes system biased.  

Relative activity ratios (ΔΔ log(RA)). 
 

This method of quantification proposed by Ehlert (Ehlert, 2005) considers the 

concept that an allosteric element (i.e., signaling molecule) influences the maximal 
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response (Emax) of an agonist. Therefore, the maximal response is taken into 

consideration for the calculation of an individual value for each ligand to establish a 

single index of agonism. This is mathematically expressed as RA = log(Emax/ pEC50), 

where the relative activity (RA) normalizes the agonist activity in systems with multiple 

sensitivities. Once more, a reference ligand is needed to cancel the observational and 

system bias (Δ log(Emax/ pEC50) and create a scale of agonism for a given system. 

This allows for comparison between different signaling pathways if the same reference 

ligand is used to measure the relative activity of test ligands. This comparison across 

systems (ΔΔ log(Emax/pEC50) yields values that are independent of cross-system 

effects (e.g. assay sensitivity). Therefore, the numerical value unique to each ligand 

represents the power to elicit a response compared to another. This is a simple yet 

powerful method to characterize biased agonism and can be expanded to other 

applications such as receptor selectivity, cell-based agonist selectivity. For this method 

to be valid two main requirements should be met; (1) the slope of the concentration-

response curves should not be statistically different from unity, and (2) agonists should 

have a maximal response greater than 35% of the total response (>35%). If these 

criteria are not met the indices of agonism given by RA ratios become misleading on 

detecting biased agonism (Kenakin, 2017a). 

Relative transducer coefficient ratios (ΔΔ log(τ/KA)). 
 

The theoretical framework that gave birth to this method comes from the Black 

and Leff operational model (Black & Leff, 1983) to assess agonism. As described in the 

operational model section, this model integrates the agonist efficacy, receptor density, 

and the coupling of the ligand-receptor complex with the responsive elements of the 

system in a single coefficient, τ. This coefficient can be obtained from functional curves 

using Eq. 12 which mathematically describes the operational model. By incorporating 

the functional affinity of a ligand for the multiple conformations of the receptor into the 

equation, the values of agonism can be represented as transducer coefficients 

(log(τ/KA)). The functional affinity (KA) in this method describes the binding of a ligand to 

a receptor pre-coupled with a transducer (i.e., conditional affinity). The receptor-

transducer coupling implies that the conformation of the receptor has changed from the 
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inactive conformation and therefore affects the binding properties of the ligand. Since 

different active receptor conformations represent an α value different from one (i.e., the 

factor that numerically represents the differences in affinity between active 

conformational states) then the possible active conformations adopted by the receptor 

become infinite. In the case of bias signaling analysis for two pathways, the α values are 

constrained to the two active conformations of the receptors that are under analysis. 

This yields two distinct KA values, one for each signaling pathway. Therefore, 

radioligand experiments directly measuring the affinity of ligands are not useful in this 

analysis since they represent an average of the multiple conformations of the receptor 

that exist in a system. Only if the receptor was held in the active conformation that binds 

to the signaling molecule involved in the studied pathway could the affinity be measured 

using the radioligand technique. This way, the numerical representation of the 

transducer coefficient will enclose the infinite possibilities of affinity and efficacy values 

of an agonist into a single value (Jakubik et al., 2019). 

Experimental studies have shown that transducer coefficients remain constant 

across a wide range of receptor densities (Kenakin et al., 2012) underlining the system-

independent feature of this method. Like the previous methods, using a reference ligand 

to determine activity ratios cancels the observational bias. The transducer coefficient 

ratios for each signaling pathway (Δ log(τ/KA)) can then be subtracted (ΔΔ log(τ/KA)) to 

determine a unique value representing the agonist bias. Finally, to express the bias 

factor (i.e., the numerical value of selectivity for a signaling pathway compared to 

another) the ΔΔ log(τ/KA) is converted to a linear scale by using an antilogarithmic 

function (10ΔΔ log(τ/KA)). Of note, an adapted version of the operational model (Black et al., 

1985) can also be used to calculate ligand bias from functional curves that do not have 

a slope of unity. Thus, this method has proven as the most robust for bias quantification 

and has been used for the study of multiple GPCRs (Gomes et al., 2020; Reyes-Alcaraz 

et al., 2018; van der Westhuizen et al., 2014). 
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VII. Clinical relevance in detecting biased signaling for the β2AR 
 

After the discovery of alternative signaling pathways mediated by GPCRs 

(Attramadal et al., 1992; Shenoy et al., 2006), our understanding of them has gone from 

on/off switches to signaling hubs that orchestrate multiple functional responses in 

tissues. Each signaling pathway contributes to the homeostasis of the system by 

activating a specific cellular response. Under pathologic states (i.e., when the 

homeostasis is broken) one signaling pathway might predominate over another and 

cause the pernicious effects that favor the progression of the disease. Therefore, 

identifying and targeting specific signaling pathways that predominate in disease can 

help in the development of pharmacologic treatments that improve the therapeutic 

outcome of patients. The main challenge lies in the identification and characterization of 

biased ligands that are ultimately useful for the treatment of pathologic conditions.  

For the β2AR, the main signaling pathways, protein Gs and βarr2 can have either 

beneficial or detrimental effects based on the disease studied. For example, the 

activation of the βarr2 signaling pathway in heart failure and asthma show beneficial 

and adverse effects, respectively. Furthermore, pharmacologic manipulation of the 

β2AR with different beta-blockers for the treatment of such illnesses is not consistent 

with a single mechanism of action (Casella et al., 2011; Thanawala et al., 2014; Wisler 

et al., 2007). The best explanation for this apparent discrepancy is the biased signaling 

profile each member of this class of drugs has that modifies the disease in distinct 

ways. Therefore, the next sections will review the existing evidence on how the biased 

signaling and biased ligands affect the outcome of both pathologies reciprocally. In this 

regard, the importance of exploring both signaling pathways is highlighted as each one 

can become beneficial or detrimental based on the pathology. Characterization of each 

signaling pathway in multiple diseases can then be the basis for the development and 

detection of ligands biased towards enhancing or blocking the beneficial and detrimental 

pathways, respectively.  
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β2AR biased signaling in heart failure. 
 

Heart failure (HF) is characterized by a decrease in contractility that leads to the 

inadequate perfusion of tissues. Insults to the heart such as coronary artery disease, 

myocardial infarction, and valvulopathies, among others, activate compensatory 

mechanisms largely mediated by the sympathetic system. The sympathetic 

overactivation is mediated by the release of the catecholamines epinephrine and 

norepinephrine that activate β-adrenoceptors to increase cardiac contractility and heart 

rate thereby increasing blood ejection fraction (Swedberg et al., 1984). However, in the 

long-term, this compensatory mechanism becomes maladaptive as it increases cardiac 

remodeling leading to impaired β-adrenoceptor signaling and left ventricle (LV) 

dysfunction as the pathognomonic event of HF (Bristow, 2000). Indeed, plasma 

catecholamine content is directly correlated with mortality in HF (Cohn et al., 1984). 

At a cellular level, cardiomyocytes undergo selective downregulation of the β1AR 

while keeping the β2AR expression constant because of the chronic exposure to high 

concentrations of catecholamines in HF (Bristow et al., 1986; Bristow et al., 1989). 

Changes in the stoichiometry of these receptors appear to favor the β2AR signaling in 

this pathologic state. Cardiac-specific overexpression of the β2AR in a mouse model of 

heart failure shows increased left ventricular hypertrophy which was translated into 

cardiac dysfunction (Du et al., 2000). This detrimental outcome has been associated 

with the quantity of β2AR expression as well as the temporal length of signaling; mice 

with high overexpression show cardiac dysfunction earlier than mice with moderate 

overexpression of the β2AR whereas low overexpression is associated with LV function 

improvement (Liggett et al., 2000). Since cardiac contractility is the most affected 

function in HF, other mouse models with genetic cardiomyopathy affecting the 

sarcomeric muscle LIM protein (MLP) have also been used as models of HF. Here, 

overexpression of the β2AR does not change the cardiac phenotype of the genetically 

modified mice (Rockman et al., 1998) whereas β2AR deletion recovers the contractile 

function in these mice (Fajardo et al., 2013). Moreover, GRK overexpression, known to 

phosphorylate the receptor, therefore, favoring β arrestin recruitment, also rescues the 
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cardiac function on these mice (Rockman et al., 1998). Altogether, this data implies that 

the β2AR is a regulator of cardiac contractility in the pathologic state of heart failure.  

At a molecular level, the canonical Gs-adenylate cyclase-cAMP-PKA signaling 

cascade of the β2AR has been associated with the cardiotoxic effects that perpetuate 

the disease. For example, the β2AR-mediated response of the agonist isoproterenol 

induces cell death in human induced pluripotent stem cell-derived cardiomyocytes 

(hiPSC-CMs) (Jung et al., 2016). This cytotoxic response induced by adrenergic 

overstimulation is linked to the activation of the Calcium calmodulin-dependent kinase II 

(CaMKII) by direct or indirect PKA-dependent mechanisms (El-Armouche et al., 2008; 

Ferrero et al., 2007; Grimm & Brown, 2010). Moreover, the coordination of cardiac 

contractility at the LV by electrical stimulation is also impaired in HF and this impairment 

is associated with the activation of the Gs signaling pathway of the β2AR. This has been 

evidenced by treating cardiomyocytes from guinea pigs with HF with the β2AR selective 

agonists' salbutamol or fenoterol. Here, these agonists induced a reduction of the 

delayed rectifier potassium current (IKr), known to repolarize cardiomyocytes for the 

next contractile cycle. This was prevented by the blockade of the β2AR or cAMP, or by 

using PKA inhibitors indicating that the β2AR-Gs pathway is also involved in the 

arrhythmogenic events observed in HF (Wang et al., 2012; Wang et al., 2015). 

Accordingly, sympathetic overdrive as well as treatment with epinephrine in patients 

with heart diseases has historically shown an increased risk for ventricular arrhythmias 

(Kaye et al., 1995; Tovar & Jones, 1997). Finally, manipulation of the expression or 

activity of other members of the Gs pathway is also consistent with molecular events 

that induce cardiac dysfunction (Antos et al., 2001; Iwase et al., 1997; Mougenot et al., 

2019). Altogether, this data suggests that the β2AR negatively impacts cardiac function 

in HF when the canonical Gs signaling pathway is constantly activated.   

In contrast, the βarr2 pathway of the β2AR appears to be beneficial for cardiac 

function. Perhaps the first inadvertent evidence of these beneficial effects is the use of 

the beta-blocker carvedilol which has become the gold standard for treatment of HF as 

it improves heart function and increases overall survival (Bristow, 2011; Packer et al., 

1996; Poole-Wilson et al., 2003). This ligand was later proven to increase ERK1/2 
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phosphorylation through the βarr2 pathway while decreasing cAMP accumulation 

through inhibition of the Gs pathway (Wisler et al., 2007). Therefore, this is the first 

known β2AR biased agonist that is available in the market for the treatment of common 

pathology. Of note, other beta-blockers have not been as effective as carvedilol to treat 

HF most likely because they don’t have the same biased signaling profile as carvedilol 

(Bristow, 2011; Poole-Wilson et al., 2003; van der Westhuizen et al., 2014; Wisler et al., 

2007). Accordingly, an allosteric agonist biased towards βarr2, ICL1-9, can also induce 

contractility in vitro and improve cardiac function and decrease cardiomyocyte death 

after an ischemic insult in vivo (Carr et al., 2016; Grisanti et al., 2018). These effects are 

inhibited by βarr2 or β2AR deletion corroborating that the observed cardioprotective 

responses are mediated by the β2AR-βarr2 signaling pathway (Carr et al., 2016; 

Grisanti et al., 2018). Consistent with these findings, the deletion of the βarr2 in 

senescent mice shows decreased contractility and cardiac dysfunction (Capote et al., 

2021). Taken the previous data together, the β2AR-βarr2 signaling pathway becomes 

beneficial during aging and in heart disease, and therefore targeting this pathway using 

biased ligands can prove therapeutic.  

β2AR biased signaling in asthma. 
 

A convenient example of the antithetical behavior in the biological outcomes 

produced by the β2AR signaling pathways when compared to heart failure is the 

respiratory disease of asthma. This heterogeneous condition is characterized by chronic 

airway inflammation, remodeling, and bronchial hyperreactivity (Lambrecht & Hammad, 

2015; Pascual & Peters, 2005). Although the triggering factors are still not well 

understood, the immune response is central to the pathophysiology of asthma and, 

therefore, much of the efforts to understand and treat the disease have focused on this 

field (Barnes, 2008; Murphy & O'Byrne, 2010). Based on this, the current standard of 

treatment in asthma is glucocorticoids to reduce airway inflammation. Additionally, β2AR 

agonists have been widely used historically as an acute and chronic treatment of 

asthma because of their bronchodilation properties to increase airway compliance 

(Giembycz & Newton, 2006; Tattersfield, 2006). However, long-term treatment with 

β2AR agonists increases exacerbation events and mortality in asthmatic patients 
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(Nelson et al., 2006; Salpeter et al., 2006). Therefore, the current paradigm of asthma 

treatment has been challenged (as was the case for HF in the past) to use some beta-

blockers as the chronic treatment for asthma patients (Bond, 2001). This paradigm shift 

also lies at the core of the β2AR activity and its distinct signaling pathways. 

So far, the most striking evidence on the relationship between asthma 

development and β2AR activity is that the deletion of this receptor completely 

suppresses the asthma phenotype in a rodent model of asthma (Nguyen et al., 2017; 

Nguyen et al., 2009). As a reciprocal approach, mice devoid from the endogenous β2AR 

agonist epinephrine by deletion of the phenylethanolamine N-methyltransferase (PNMT-

/-) enzyme do not develop asthma either (Forkuo et al., 2016; Thanawala et al., 2013). 

This enzyme converts norepinephrine into epinephrine and is predominantly expressed 

in the adrenal glands, the main supplier of epinephrine to the peripheral circulatory 

system (de Diego et al., 2008). Chronic treatment with the selective β2AR inverse 

agonists nadolol or ICI 118,551 attenuated the asthma phenotype in a mice model of 

asthma whereas the β2AR agonists' formoterol, salmeterol, and epinephrine restored 

the asthma phenotype in PNMT-/- mice (Callaerts-Vegh et al., 2004; Forkuo et al., 2016; 

Nguyen et al., 2008; Thanawala et al., 2013). Accordingly, a pilot study in humans with 

mild asthma shows symptomatic improvement and increased airway compliance after 

chronic treatment with nadolol (Hanania et al., 2010; Hanania et al., 2008). Therefore, 

activation of the β2AR is essential for the development of asthma phenotype.  

The use of other beta-blockers has yielded no clinical benefit or even opposite 

results in in vivo studies suggesting that distinct β2AR signaling pathways might mediate 

opposite effects in asthma. For example, another small pilot study showed no benefit 

and even a small worsening of the physiological respiratory parameters in mild asthma 

patients under chronic treatment of propranolol, a ligand that activates βarr signaling 

(Azzi et al., 2003; Short et al., 2013). Additionally, treatment with the neutral antagonist 

alprenolol did not attenuate the asthma phenotype in a mice model of asthma while 

carvedilol restored the asthma phenotype in PNMT-/- mice (Callaerts-Vegh et al., 2004; 

Nguyen et al., 2009; Thanawala et al., 2015). The discrepancy about the opposite 

responses among the class of beta-blockers has been explained by the signaling profile 
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of each ligand. Propranolol and carvedilol are inverse agonists for the activation of the 

canonical Gs pathway but partial agonists for ERK1/2 activation (Azzi et al., 2003; 

Wisler et al., 2007). Moreover, the ERK1/2 activation elicited by carvedilol is mediated 

by βarr2 signaling. Comparatively, nadolol and ICI 118,551 are inverse agonists for both 

signaling pathways (Wisler et al., 2007). Therefore, the β2AR signaling that favors 

activation of ERK1/2 through βarr2 is detrimental in asthma therapy. Accordingly, βarr2 

knockout mice show an attenuated asthma phenotype (Nguyen et al., 2017; Walker et 

al., 2003) which is also consistent with the alleviation of the pathologic features of 

asthma in conditional βarr2 knockout mice (Chen et al., 2015). Taking all together, 

these data show that the β2AR-βarr2 signaling pathway is involved in the pathogenesis 

and perpetuation of the disease and its activation by β2AR ligands is detrimental for the 

treatment of asthma. Reductions in the constitutive activity of this pathway further 

become beneficial for the treatment of asthma. 

 On the other hand, the experimental evidence on the activation of the β2AR-Gs-

cAMP pathway is scarce as currently there are no Gs biased β2AR ligands available in 

the market. The only developed β2AR ligand that has promoted Gs mediated signaling 

without recruiting βarr2 is the pepducin ICL 3-9 and has not been tested yet in asthma 

models (Carr et al., 2014; Ippolito & Benovic, 2021). Nevertheless, indirect evidence on 

the stimulation of the Gs pathway has shown beneficial effects in the treatment of 

asthma by using phosphodiesterase (PDE) inhibitors. As their name indicates, these 

drugs inhibit the enzyme responsible for degrading cAMP thereby inducing 

accumulation of this second messenger. Using PMNT-/- mice, Forkuo and colleagues 

(Forkuo et al., 2016) showed that the asthma phenotype rescued by β2AR agonists was 

attenuated by cotreatment with the PDE-4 inhibitors, roflumilast or rolipram. A recent 

systematic review and meta-analysis of 14 studies spanning from 1946 to 2016 

concluded that oral PDE4 inhibitors are an alternative treatment to regular 

bronchodilators in mild asthmatic patients (Luo et al., 2018). However, none is currently 

approved by the FDA due to their heterogeneous side effects (Matera et al., 2021). 

Finally, in vitro evidence also showed Gαs and β2AR upregulation under chronic nadolol 

treatment suggesting that nadolol can functionally favors the Gs pathway in the long 



44 | P a g e  
 

term (Peng et al., 2011). Altogether, these data support the β2AR-Gs-cAMP pathway as 

beneficial for the treatment of asthma. 

In summary, the β2AR-dependent signaling of either Gs or βarr2 is not fixed to a 

unique clinical outcome among tissues. Instead, the clinical consequence of activating a 

single β2AR signaling pathway, either beneficial or detrimental, varies depending on the 

tissue. Therefore, exploring both signaling pathways of the β2AR is important to identify 

the molecular mechanisms underlying the pathophysiology of a given disease in each 

organ. Furthermore, the development of biased ligands targeting the beneficial pathway 

might show superiority at improving the clinical outcomes of multiple diseases when 

compared to unbiased ligands, or at least, at reducing side effects from the activation of 

the detrimental signaling pathway.  
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VIII. Rationale 
 

The β2AR is a seven-transmembrane domain receptor that induces a cellular response 

by activating a unique signaling pathway dependent on the conformational state of the 

receptor. At least two signaling pathways have been characterized for the β2AR: the 

canonical Gs pathway and the βarr2 pathway. So far, the determination of the signaling 

preference of multiple β2AR ligands (biased signaling) is compared to the reference 

β2AR endogenous ligand, epinephrine (EPI), which by convention is defined as 

unbiased. However, the absolute biased signaling of β2AR ligands on the basis for the 

distinct active conformational states of the β2AR is unknown. Thus, we used novel 

fusion proteins made of the β2AR receptor fused to Gαs or to βarr2 to stabilize the β2AR 

conformation, isolate each signaling pathway, and characterize the pharmacological 

properties (affinity, efficacy, and potency) of the β2AR ligands. Our fusion proteins were 

designed using short linkers between the β2AR and the signaling molecules Gαs, or 

βarr2. This approach increases the proximity between the β2AR and the fused signaling 

molecule to favor their interaction while excluding the interaction of other endogenous 

signaling molecules with the fused receptor. 
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IX. Hypothesis 
 

Fusion proteins exist in a single conformational state of the receptor that will 

dissect each signaling pathway and its absolute preference for each β2AR ligands to 

classify them according to their preferred signaling pathway.  
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X. Specific Aims 
 

• AIM 1: Elucidate the pharmacological properties of β2AR ligands in HEK293 cells 

that express β2AR fused with either Gs or β-arr2. 

• AIM 2: Establish the inflammatory profile elicited by the immunomodulatory 

BEAS-2B cell line transfected with the fusion protein β2AR-Gs or β2AR-βarr2. 
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XI. Materials and Methods 
 

Materials. 
 

  All β2AR ligands were purchased from Sigma-Aldrich (St. Louis, MO). Dulbecco’s 

Modified Eagles Medium (DMEM), Trypsin/EDTA 0.25%, Dulbecco’s phosphate buffer 

saline (DPBS), Penicillin, G-streptomycin-amphotericin B, and fetal bovine serum (FBS) 

were purchased from GenDepot (Katy, TX. USA). Dihydroalprenolol Hydrochloride, 

Levo-[Ring, Propyl-3H(N)]- ([3H] DHA) and FlashPlate® were purchased from 

PerkinElmer (Waltham, MA. USA). 384-well small volume white plates were purchased 

from Greiner Bio-one (Monroe, NC. USA). 

Constructs. 
 

The β2AR, Gαs, and βarr2 constructs were obtained from human cDNA. The 

β2AR construct was ligated in-frame to the Gαs coding region by substitution of the stop 

codon at the β2AR 3’ end using an XhoI site followed by the 5’ starting codon 

methionine of Gαs coding region. For the β2AR-βarr2 fusion construct, the stop codon 

for the β2AR was replaced by the sequence: 5’ 

CTCGAGGGGGGGCCCGGTACCGAGCTCGGATCCACC 3’ (The underlined 

nucleotides represent a BamHI site for in-frame ligation to the βarr2 construct) and 

immediately followed by the 5’ starting codon encoding for methionine of the βarr2 

coding region. The β2AR, β2AR-Gαs, and β2AR-βarr2 constructs were subcloned into 

the expression vector pcDNA3.1(+) (Invitrogen) for cell transfection. All procedures were 

done by Norclone Biotech labs, Inc (London, Ontario, Canada). 

Cell Culture and Transfection. 
 

Human Embryonic Kidney 293 (HEK 293) cells, a gift from Dr. Kehe Ruan, were 

tested for cell line authentication using a short tandem repeat (STR) profile analysis 

offered by ATCC (ATCC® 135XV™). This profile showed a 93% similarity to the HEK 

293 cell line offered by ATCC (ATCC® CRL1573™). HEK 293 cells were plated in 

60mm or 100mm cell culture plates, depending on the number of cells needed in each 

experiment, and maintained in DMEM supplemented with 10% FBS and 1% penicillin-
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streptomycin-Amphotericin B. BEAS-2B cells were purchased from ATCC (ATCC® 

CRL-9601) plated in 100mm cell culture plates and maintained with BEGMTM bronchial 

epithelial growth medium bulletkitTM (Lonza Inc). Both cell lines were kept at 37oC with 

5% CO2. Cells were stably transfected using a pCDNA3.1 vector encoding for the β2AR 

alone or fused to the protein Gαs or βarr2. Lipofectamine 3000 transfection reagent 

(ThermoFisher Scientific) was used for transfection (where t = transfected) following the 

manufacturer’s instructions. 48 hours after transfection, cells stably expressing the 

receptor (t β2AR) or the fusion proteins (t β2AR-Gαs or t β2AR- βarr2) were selected 

using Geneticin (G-418) 1mg/ml for 12-14 days, and the resultant cell colony was later 

maintained using 800ug/ml. Non-transfected and transfected groups were subcultured 

as necessary using trypsin/EDTA 0.25% solution for detachment of cells from the 

culture plate. 

RNA Extraction and Reverse Transcriptase-Polymerase Chain Reaction. 
 

Total RNA was extracted from all groups using the PureLink™ RNA mini kit 

(Invitrogen) following the manufacturer’s instructions. In brief, cells were detached with 

Trypsin/EDTA 0.25% and centrifuged at 300 g for 5 mins at 4oC. The supernatant was 

removed, and the pellet was resuspended in ice-cold lysis buffer containing 1% 2-

mercaptoethanol. Mechanical lysis was performed by pipetting up and down until the 

solution was clear. The homogenized solution was then centrifuged at 10 000 g for 3 

mins. The supernatant was transferred to a new tube and a similar volume of 70% 

ethanol was added and mixed thoroughly. The mix was transferred to a column 

containing a membrane with a high affinity for RNA and a collection tube and 

centrifuged at 16 000 g for 1 min at 4oC. After discarding the flow-through, the spin 

cartridge was washed twice with washing buffers and dried by centrifugation. Finally, 

RNAase-Free water was added to the cartridge and centrifuged at max speed for 1 min 

to detach the RNA from the membrane and collect the elution. The total RNA was 

quantified using NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, 

USA). One-step RT-PCR was then performed using the SuperScript III One-Step RT-

PCR System with Platinum Taq DNA Polymerase (Life Technologies) and 200–400 ng 

RNA template according to the manufacturer’s instructions. PCR products were 
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analyzed via agarose gel electrophoresis. PCR samples were resolved on a 1% 

agarose gel containing ethidium bromide and visualized under u.v. light using the 

ChemiDoc MP Imaging System (Bio-Rad, USA). Primer sequences are listed in Figure 

1C. 

Detection of βarr2 and Gαs Recruitment. 
 

Using a structural complementation reporter system (NanoBiT®; Promega, 

Madison, WI) to monitor protein interaction across time, the recruitment of the protein 

Gαs or βarr2 to the β2AR alone or fused to the protein Gαs or βarr2 was measured 

according to manufacturer instructions. In brief, HEK293 cells were seeded in white 96-

well plates at a density of 2.5 × 104 cells per well. The next day the cells were 

transfected using a mixture containing 50ng of βarr2 or Gαs construct containing the 

LgBit or SmBit and 50ng of the β2AR or fused with either βarr2 or Gαs containing with 

one of the two domains of Nano Luciferase (Nluc), and 0.2μl Lipofectamine 3000 

(Invitrogen) was prepared and added to each well. We tested four Receptor/fusion-

βarr2/Gαs plasmid combinations to find the highest fold increase in luminescence after 

ligand stimulation. The plasmid combination that showed the highest luminescent signal 

(Receptor/fusion protein-LgBiT:SmBiT-βarr2/Gαs) was chosen for further experiments. 

The medium was aspirated 24 h after transfection and replaced with 100μl Opti-MEM at 

room temperature. After a 10 mins incubation, 25μl substrate (furimazine) was added 

and the luminescence was monitored for 10 min in the absence of ligand to obtain the 

baseline values. After ligand addition, luminescence was immediately recorded. In the 

case of Gαs recruitment luminescent signal was measured every 20 seconds for 45 

mins, whereas for βarr2 recruitment the signal was monitored every 30 seconds for 1h. 

The luminescence values were recorded using a Synergy 2 Multi-Mode Microplate 

Reader (BioTek). 

Membrane Preparation for Radioligand Binding Experiments. 
 

Non-transfected and transfected cells were grown in a 100mm culture plate until 

total confluency before harvesting cells. After medium aspiration, 3ml of cold DPBS per 

plate was added and cells were detached from the plate surface using a cell scraper, 
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placed in 15ml tubes, and centrifuged at 300 g for 5 mins at 4oC. The supernatant was 

discarded, and the pellet was resuspended and homogenized on cold lysis buffer (Tris-

HCl 50mM; pH 7.4). The homogenate was then centrifuged at 22 000 g for 30mins at 

4oC to obtain a pellet of the membrane fraction. The pellet was resuspended in lysis 

buffer, homogenized, and stored at -80oC until needed. Before the saturating or 

competitive binding experiments, protein quantification from the thawed homogenates 

was performed using the bicinchoninic acid (BCA) protein assay following the 

manufacturer’s instructions.   

Saturation Binding Assays. 
 

Cell membranes obtained in the previous step were diluted in Binding buffer 

(Tris-HCl 50mM, EDTA 2mM, MgCl 12.5mM; pH 7.4), placed on ice, and further 

homogenized using a polytron homogenizer for 2 periods of 30 seconds at maximum 

speed. The resultant homogenate was added to 96 well FlashPlate® in a volume of 

200μl per well and centrifuged for 10 mins at 1000 g for 10mins at 4oC. Optimal 

concentrations of cell membrane per well were previously determined for the 

transfected groups (t β2A-Gαs=30μg/well; t β2AR- βarr2=20μg/well; t β2AR=3μg/well) to 

detect the final saturation curve. After centrifugation, the supernatant was discarded and 

100μl of Binding Buffer was added to each well. Increasing concentrations of [3H] DHA 

(from 0.125nM to 8nM) were then added to separate wells of the FlashPlate® in a 

volume of 100μl to detect total binding (TB) at a constant volume of 200μl per well. The 

wells of FlashPlate® are coated with scintillation fluid and, thus, no filtration or washing 

steps were needed.  The FlashPlate® were incubated for 2 hours at room temperature 

to reach equilibrium and radioactivity was measured using a MicroBeta2® microplate 

counter (PerkinElmer Life and analytical sciences). The non-specific binding (NSB) was 

determined by adding 30μM propranolol in 100μl of binding buffer before adding the 

radioligand. The final curves are reported as specific binding (SB) where SB = TB - 

NSB. The dissociation constant (Kd) and the receptor density (Bmax) were determined 

using one site-specific binding regression curve (Graphpad Prism 9; San Diego, CA). 

The values of Kd and Bmax were converted from counts per minute to fmoles/mg of 

protein. This set of experiments was done in triplicate using membranes extracted at 3 
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different cell passages per group to account for variability in protein expression through 

time.   

Competition Binding Assays. 
 

Like the saturation binding assays, cell membranes were homogenized in binding 

buffer, added to a 96 well FlashPlate®, centrifuged, and the supernatant discarded. 

Increasing log unit concentrations of multiple ligands were first tested to identify the 

binding curve for each β2AR ligand. Once identified, indicated concentrations of all β2AR 

ligands were added to separate wells in a volume of 100μl. Based on the Kd values of 

the transfected groups, 1nM of [3H] DHA in 100μl per well (final volume = 200μl) was 

used in all groups to detect the affinity of β2AR ligands for the receptor alone or the 

fusion proteins. The affinity was expressed as Ki. This set of experiments was run in 

duplicate with an n≥3.  

Cyclic Adenosine 3’,5’-Monophosphate (cAMP) Measurements. 
 

To measure the cAMP accumulation as a direct response of the Gs pathway of 

the β2AR, the cAMP-Gs dynamic kit (Cisbio) was used according to the manufacturer’s 

instructions with a few modifications. In brief, cells from all groups were detached using 

trypsin/EDTA 0.25%, counted by the automatic Countess II Automated Cell Counter 

(Invitrogen) to obtain the proper cell density per well, centrifuged at 300 g for 5 mins, 

and resuspended in DMEM. A 45 min preincubation period with 100nM of the selective 

β1AR antagonist, CGP 20712A, in a 37oC chamber with 5%CO2 was done in all 

experiments to isolate the β2AR response. When indicated, the selective β2AR 

antagonist/inverse agonist, ICI 118,551, was preincubated together with CGP 20712A. 

Before cells were dispensed in a volume of 5μl/well to 384-well small volume white 

plates, the phosphodiesterase inhibitor, 3-isobutyl-1-methylxanthine (IBMX), was added 

to the cell suspension for a final concentration of 10μM/well. The indicated 

concentrations of the β2AR ligands were freshly prepared from 10mM stock solutions in 

DMEM (pH 5.1) and added to individual wells to obtain the concentration-response 

curves. The change of the DMEM pH was necessary to stabilize the pH ~7.4 at the well 

and observe a response since the pH of DMEM at room temperature (~8.1) induces 
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oxidation of ISO and completely blunts the response of all β2AR ligands. The stimulation 

buffer included in the kit was not used as it did not give any detectable signal under the 

previously mentioned settings (data not shown). The β2AR agonists or antagonists were 

incubated for 10 mins or 20 mins, respectively, at room temperature. These time frames 

showed the biggest response window to detect agonism and inverse agonism, 

respectively. Immediately after incubation, 5μl of the cAMP-tagged d2 fluorophore 

followed by 5μl of the Anti-cAMP-Cryptate antibodies were added to each well. The 

plate was incubated for 1 hour at room temperature and the fluorescent signal was read 

using Synergy H1 (BioTek). Since the response measured was inversely proportional to 

the Homogeneous Time-Resolved Fluorescence (HTRF) signal-ratio, all generated data 

was transformed so the lowest values of the HTRF ratio for each group, equivalent to 

the highest levels of cAMP in that system, become 100% of the response, and the 

lowest HTRF ratio for each group, equivalent to the lowest levels of cAMP in the 

system, become the basal line (0%). The in-between values were fitted in this scale. All 

experiments were performed in triplicate on at least 3 separate occasions (n≥3).  

Total ERK1/2 and PhosphoERK1/2 Measurements. 
 

This set of experiments was performed to test the alternative pathway, βarr2, of 

the β2AR. The total-ERK1/2 and the advanced phosphoERK1/2 (THR202/TYR204) kits 

(Cisbio) were used to measure total and phosphorylated ERK1/2, respectively, following 

the manufacturer’s instructions with some modifications. In brief, 1.5 x 105 or 2.2 x 105 

cells per well -for agonism and inverse agonism experiments, respectively- were seeded 

in a 96 well cell culture plate and incubated with supplemented DMEM at 37oC and 5% 

CO2 for 22-24hours. Then, supplemented DMEM was removed, and cells were starved 

in DMEM supplemented with 1% FBS (starvation media) for 20-22 hours. The media 

was aspirated and 100nM of the selective β1AR antagonist, CGP 20712A, was added in 

40μl of starvation media for a 45 min preincubation period in a 37oC chamber with 5% 

CO2. ICI 118,551 was preincubated together with CGP 20712A when indicated. 

Ascending half log unit concentrations of β2AR ligands were freshly prepared in DMEM 

and added into separate wells for a final volume of 80μl/well. For β2AR agonists, 

ERK1/2 phosphorylation was detected at a 5-minute incubation whereas, for β2AR 
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antagonists, 90 mins were necessary to achieve equilibrium with antagonists/inverse 

agonists. After the incubation period with β2AR ligands, the media was carefully 

removed and 60μl of the supplemented lysis buffer was added to each well. The 96 well 

plates were thoroughly shaken at 1000rpm for 35 mins. Then, 16μl of the lysed solution 

was added to 384-well small volume white plates followed by 4μl of the premixed 

antibody solution (Phospho-ERK1/2 -d2 and -cryptate antibodies). The plate was sealed 

and incubated for 4 hours at room temperature before the HTRF signal was detected 

with Synergy H1 (BioTek). Total ERK was measured by adding a 4μl premixed solution 

of antibodies (Total-ERK1/2 -d2 and -cryptate antibodies) to the 16μl of lysed solution. 

The data were expressed as relative ERK1/2 = phosphoERK/Total ERK. All 

phosphoERK1/2 measurements were performed in duplicate whereas one total ERK 

measurement per concentration was done as a control. The average value of 8 to 9 

total ERK measurements per curve was used to express relative ERK1/2 values. All 

experiments were done on at least 3 separate occasions (n≥3).   

Cytokine Profile Measurements. 
 

Non-transfected and transfected BEAS-2B cells were cultured in 12-well plates 

and grown to ~80% confluency. Then, cells were starved using BEBMTM Bronchial 

Epithelial Cell Growth Basal Medium (Lonza Inc.) and the medium was collected 24 

hours later. Samples were centrifuged at 800 g for 5 mins at 4oC and stored at -80oC 

until needed. The concentration of human TNFα, IL-1β, IL-4, IL-5, IL-6, IL-8, IL-10, IL-

13, CCL2, GM-CSF, and IFNγ were measured using a commercially available human 

multiplex cytokine assay (Eve Technologies; Calgary, AB, Canada). 

Immunofluorescence. 
 

Cells were cultured in 35mm ibidi dishes. Once 70% confluency was reached, 

the media was extracted and 200μl of ice-cold 4% paraformaldehyde (PFA) was 

incubated for 10 mins. Cells were washed 3 times with cold PBST and blocked using 

1% BSA for 30 mins. Primary antibodies directed against β2AR (Abcam; ab182136), 

Gαs (Novus; NBP1-49874), or βarr2 (Mybiosource; MB52522670) at a dilution of 1:300 

for one hour at room temperature. Cells were washed 3 times with PBST and incubated 
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with the secondary antibodies anti-rabbit Alexa 488 (Abcam; ab150077), anti-goat Alexa 

568 (Abcam; ab175474) at a concentration of 1:1000, or with anti-rabbit Alexa 594 

(Jackson Immunoresearch; 111-585-003) at a 1:200 dilution. Because two secondary 

antibodies had reactivity to the same species, the primary and secondary antibody 

incubation for each targeted protein was done separately with an extra blocking step in 

between to avoid cross-reactivity of the secondary antibodies. The secondary 

antibodies were incubated for one hour at room temperature in a humidified chamber 

and washed 3 times with PBST. Finally, cells were mounted using fluoro-gel II with 

DAPI (electron microscopy services) and imaged using a DMi8 confocal laser scanning 

microscope (Leica). 

Development of the model for absolute bias quantification. 
 

Based on the concept of the operational model that calculates the affinity and 

efficacy of an agonist when measuring only its functional response in a specific system, 

we calculated these parameters directly from our experimental data. The affinity 

measurements used were the ligand’s equilibrium dissociation constant (Kd) from the 

competition binding curves using the one site-Fit Ki algorithm of GraphPad 9 (San 

Diego, CA) (takes the Cheng and Prusoff equation into account to calculate Ka 

represented by them as Ki). Accordingly, the values of the Kd for each transfected 

group (HotKdNM) and the concentration of radioligand (RadioligandNM = 1nM) used for 

all experiments were constrained to fit the following model: 

logEC50=log(10logKi*(1+RadioligandNM/HotKdNM)). The assessment of ligand selectivity as a first 

step to observe the functional affinity of ligands for the β2AR-Gαs group was done using 

a simple ratio = Kiβ2AR-Gαs/Kiβ2AR-βarr2. Note that the inverse of this ratio (Kiβ2AR-βarr2 /Kiβ2AR-

Gαs) also shows the selectivity of ligands for the β2AR-βarr2 group.  

Under normal experimental conditions (i.e., when the affinity of a ligand is for the 

receptor only) the Ka values are invalid for the operational model as they do not reflect 

the selective nature of a ligand for an active conformational state of the receptor (when 

the receptor is bound to a signaling molecule). However, our experimental settings favor 

the receptor to be in two different active conformational states, when the β2AR is fused 

to Gαs and when it is fused to βarr2. Thus, we obtained two different Ka values per 
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ligand that reflect the selective nature of ligands for the active conformations of the 

receptor. For efficacy measurements, two important parameters define this property. 

One is the effective/inhibitory concentration 50 (EC/IC50) of a ligand when tested in a 

functional system. The other parameter, dependent on the previous one, is the 

concentration of ligand-receptor complexes that causes the EC/IC50 in a functional 

system. This parameter is also known as Ke and is composed of the variable effect of 

the functional system and the stable effect of the structural component of the ligand that 

reflects its intrinsic efficacy. For bias quantification, the intrinsic efficacy is the most 

valuable parameter of a ligand since it is independent of the variability given by receptor 

expression in multiple functional systems (different tissues). Thus, the Ke needs to be 

“normalized” with the total receptor density [Rt] to obtain a value that represents the 

intrinsic efficacy of the ligand, namely tau (τ), which creates a constant scale of 

agonism/inverse agonism. The mathematical expression used to obtain tau is as 

follows: 

τ=[Rt]/Ke          (13) 

Here, [Rt] was directly calculated for all transfected groups with saturation binding 

assays whereas Ke was calculated with a new approach. First, the logEC/IC50 values of 

multiple ligands were calculated separately using a non-linear regression curve that 

fitted the experimental data with a transducer slope equal to unity. The transducer slope 

value of unity is a required assumption for the operational model as the functional 

response observed must be at equilibrium and will keep the coupling efficiency constant 

among systems. For each pathway, two logEC/IC50 values per ligand were obtained, 

one with the system expressing the β2AR-Gαs fusion protein and another with the 

system expressing the β2AR-βarr2 fusion protein. Therefore, four values of logEC/IC50 

were obtained (two for the Gαs pathway by means of cAMP accumulation and two for 

the βarr2 pathway by means of ERK phosphorylation) per ligand. These values where 

later used as a guide to finding a specific point in the affinity curves. To isolate a unique 

Ke for each pathway, the logEC/IC50 values obtained from cAMP measurements were 

extrapolated only to the affinity curves obtained when the receptor was fused to Gαs. 

The opposite is also true, logEC/IC50 values obtained from ERK phosphorylation were 
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extrapolated only to the affinity curves of the receptor when fused to βarr2. To perform 

the extrapolation of the logEC/IC50 values to the affinity curves, the affinity data were fit 

to the model of GraphPad for finding EC anything in the concentration-response curve 

with a variable slope as shown below: 

logEC50 = logECF - (1/HillSlope) * log(F/(100 - F))    (14) 

where F represents the inverse value of the percentage of receptors occupied by a 

ligand for a given response, and ECF represents the ligand concentration at which a 

selected percentage of the response is observed in functional studies. In all 

calculations, the Hill slope was not significantly different from unity as assessed by a 

95% confidence interval. The value of F was then manipulated to match the values of 

logEC/IC50. The GraphPad program would then show the value of logECF which would 

be the same as the logEC/IC50 from the functional experiments. Once the F values that 

matched the logEC/IC50 were found, a simple calculation of the receptor occupancy was 

performed:  

%Receptor occupancy=100%-F       (15) 

where 100% represents total receptor expression, and the value of F represents the rest 

of receptors not bound to the ligand since the competition curves are inverted (in the 

binding experiments 100% represents the radioligand attached to all receptors whereas 

0% represents the tested ligand attached to all receptors). When the functional 

response was >98% or <2% of receptor occupancy (i.e., at the asymptotes of the curve) 

the receptor occupancy was taken as 99.9 or 0.1% respectively. Similarly, when ligands 

behaved as neutral antagonists for a pathway (i.e., no detectable EC/IC50) the receptor 

occupancy was taken as 99.9%. The percentage of receptor occupancy was then 

converted to concentration to match the measurement units of [Rt] (fmol/mg) to 

calculate τ. By the end of this process, we obtained two Ke values for each ligand per 

pathway. Therefore, two τ values were also calculated per pathway: 

τ1ligand=[Rt]β2AR-Gs/KecAMP/Gs   and,    τ2ligand=[Rt]β2AR-Gs/KecAMP/βarr2  (16) 
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where cAMP/Gs stands for the measurements of cAMP under the system expressing 

the β2AR-Gs fusion protein and cAMP/βarr2 stands for the measurements of cAMP 

under the system expressing the β2AR-βarr2 fusion protein using the same ligand and, 

τ3ligand=[Rt]β2AR-βarr2/KepERK/Gs   and,   τ4ligand=[Rt]β2AR-βarr2/KepERK/βarr2  (17) 

where pERK/Gs stands for the measurements of phosphoERK under the system 

expressing the β2AR-Gs fusion protein, and pERK/βarr2 stands for the measurements 

of phosphoERK under the system expressing the β2AR-βarr2 fusion protein using the 

same ligand. 

Since the τ values represent the ligand’s intrinsic efficacy for the Gαs and βarr2 

pathways when the receptor is coupled to Gαs or βarr2 and the Ka (expressed as Ki) in 

our system is also based on the affinity a ligand has for the receptor when coupled to a 

signaling molecule, we obtained 2 values from the transduction coefficient (expressed 

as log[τ/Ka]) for each ligand per signaling pathway: Log[τ1/Kaβ2AR-Gs], and 

Log[τ2/Kaβ2AR-Gs] for the Gs signaling pathway, and Log[τ3/Kaβ2AR-βarr2], and 

Log[τ4/Kaβ2AR-βarr2] for the βarr2 pathway. 

The Ka values of the β2AR alone were also used as controls since, theoretically, 

these values represent the affinity of a ligand for the receptor when the receptor 

displays all its conformational states. The subtraction of the transduction coefficients (Δ 

log[τ/Ka]) of a single pathway and for the same ligand reveals the true efficiency to 

stimulate such pathway calculated as follows:  

Δ log[τ/ka]ligand/Gs = Log[τ1/kaβ2AR-Gs] - Log[τ2/kaβ2AR-Gs] and,   (18) 

Δ log[τ/ka]ligand/βarr2 = Log[τ4/kaβ2AR-βarr2] - Log[τ3/kaβ2AR-βarr2]   (19) 

where ligand/Gs refers to the Gs pathway using the same ligand as its own reference and 

ligand/βarr2 refers to the βarr2 pathway using the same ligand as its own reference. 

Finally, to calculate the absolute bias (without the need of a reference ligand that 

can itself introduce another source of bias in the analysis of biased signaling) we 

subtracted the Δ log[τ/ka] of the Gs pathway from the Δ log[τ/ka] of the βarr2 pathway 

for the same ligand: 
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ΔΔ log[τ/ka]Gs = Δ log[τ/ka]ligand/Gs – Δ log[τ/ka]ligand/βarr2 or,   (20) 

ΔΔ log[τ/ka]βarr2 = Δ log[τ/ka]ligand/βarr2 – Δ log[τ/ka]ligand/Gs   (21) 

Both values are reciprocal and reflect the selectivity a ligand can have for the Gs 

or the βarr2 pathway. To reveal this selectivity numerically we used the following: 

Gs selectivity = 10ΔΔlog[τ/ka]Gs   or,       (22) 

βarr2 selectivity = 10ΔΔlog[τ/ka]βarr2       (23) 

This approach was also followed to determine the selectivity between the 

receptor alone versus the fusion proteins. The resultant numerical expression served as 

quantification of the absolute bias for all β2AR ligands tested.   

Statistical Analysis. 
 

Except for ERK experiments, which were done in duplicate, all experiments were 

performed in triplicate on at least 3 separate occasions (n≥3). Measurements were 

analyzed using one- or two-way ANOVA according to the nature of the experiment. For 

pEC/IC50 comparisons, extra sum-of-squares F test analysis was used. Receptor 

selectivity analysis was done with 95% confidence intervals. Tukey test was used as the 

post hoc analysis for multiple comparisons. For cytokine experiments, the 

concentrations were transformed to log2 values and analyzed as mentioned previously. 

P values lower than 0.05 (*p≤0.05) were taken as statistically significant.  
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XII. Results 
 

Fusion Protein Design, Expression, and Quantification. 
 

To independently explore the two of the most studied signaling pathways of the 

β2AR, separate DNA constructs containing either the β2AR fused with Gαs protein 

(β2AR-Gαs) or β2AR fused with βarr2 (β2AR-βarr2), were designed by Dr. Ruan 

(collaborator) and manufactured by Norclone laboratories. Both constructs were 

designed to ideally allow structural flexibility between the receptor and the fused protein 

while also restricting other signaling proteins to be recruited to the receptor (Fig. 1A). 

For the β2AR-Gαs fusion protein, a two amino acid linker (Leu-Glu) between the C-

terminal tail of the β2AR and the N-terminal of the Gαs protein was added. A 12 amino 

acid linker (Leu-Glu-Gly-Gly-Pro-Gly-Thr-Glu-Leu-Gly-Ser-Thr) was added between the 

C-terminal tail of the β2AR and the N-terminal of the βarr2 (Fig. 1B). After stable 

transfection of either: the β2AR alone (t β2AR), the β2AR-Gαs, or the β2AR-βarr2 fusion 

proteins in HEK 293 cells, RT-PCR was employed to detect the mRNA expression of 

our constructs. A forward primer targeting the β2AR and a reverse primer targeting 

either the β2AR, Gαs, or βarr2 was used to detect the receptor alone and the fusion 

proteins (Fig. 1C). As expected, the nucleotide base pairs of the non-transfected (HEK 

293) group and the group transfected with the t β2AR alone were 1.23kb, whereas the 

molecular weights were 2.5Kb and 2.4Kb for the groups transfected (t) with either the 

β2AR-Gαs (t β2AR-Gαs) or β2AR-βarr2 (t β2AR-βarr2) fusion proteins, respectively (Fig. 

1D). To further quantify the protein expression of all transfected groups we performed 

saturation binding assays using [3H] DHA. The expression of the t β2AR group was at 

least 10 times higher (1.238 ± 0.106 pM/mg) than the fusion protein groups (t β2AR-Gαs 

= 22.08 ± 1.3 fmol/mg; t β2AR-βarr2 = 121.3 ± 6 fmol/mg) (Fig. 1E). Although the 

functional response of the β2AR in the wild-type (WT) HEK 293 group was quantifiable 

(see Fig. 4A, B), there was no adequate signal in radioligand binding assays (low 

signal-to-noise ratio) to allow quantification of the receptor expression.  
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Figure 1. Design and expression of the fusion proteins β2AR-Gαs and β2AR-βarr2 
in HEK 293 cells. 

(A) Schematic representation of the β2AR (green) at the membrane tethered by its C-

terminal to the N-terminal of the signaling proteins Gαs (purple) or βarr2 (blue). (B) 

Amino acids (red) are used for protein linkage between the C-terminal of the β2AR and 

the N-terminal of the signaling molecules Gαs and βarr2. (C) Forward and reverse 

primers were used to detect the genetic expression of β2AR alone or when fused to 

either Gαs or βarr2. (D) Reverse transcriptase-PCR shows the gene expression of 

either β2AR alone (t β2AR) and when fused to Gαs (t β2AR-Gαs) or βarr2 (t β2AR-βarr2). 

The first and last columns show the molecular weight ladder for base-pair quantification. 

(E) Saturation binding assays using increasing concentrations of [3H] dihydroalprenolol 

(DHA) in all transfected groups. The transfected group with the β2AR alone (black) 

showed a Kd=147.6 ± 28nM. The β2AR-Gαs (blue) and β2AR-βarr2 (red) showed a 

Kd=213± 49nM and 232.7 ± 22nM, respectively. Data shown are the means ± S.E.M. 

from 3 independent experiments. Molecular weight; MW. 
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Some β2AR ligands show a differential affinity for the β2AR when fused to 

either Gαs or βarr2. 
 

Competitive binding assays were used to determine if the fusion of the β2AR with either 

Gαs or βarr2 modified the affinity of selected β2AR ligands for the receptor moiety. All data was 

fit into a one-site (monophasic) model to obtain the binding affinities (Ki) for comparison 

between groups. As seen in table 1, the pKi values of the tested β2AR ligands on the t β2AR 

control group are similar to previously reported values (Baker, 2005; Hoffmann et al., 2004; 

Louis et al., 1999). All the β2AR agonists had higher affinity for the t β2AR-Gαs group compared 

to the t β2AR-βarr2 group as shown by higher pKi values on the t β2AR-Gαs group whereas 

isoproterenol and epinephrine were the only agonists to show an increased affinity for the t 

β2AR-Gαs group compared to the t β2AR group (Table 1). Additionally, AgGs showed an 

increased affinity for the t β2AR group compared to the t β2AR-βarr2 group. Regarding the β2AR 

ligands known as beta-blockers, propranolol was the only beta-blocker with a higher affinity for 

the t β2AR-βarr2 group compared to the t β2AR-Gαs group. Nadolol showed a higher affinity for 

the t β2AR group versus both fusion proteins. Carvedilol and propranolol had higher affinity for 

the receptor alone when compared to the t β2AR-Gαs group. Comparatively, alprenolol had 

increased affinity only for the t β2AR group when compared to the t β2AR-βarr2 group. ICI 

118,551 and metoprolol did not significantly change their affinity for the receptor alone or when 

fused to the signaling molecules. All competition binding curves are shown in Fig. 2. Further 

analysis on the selectivity of ligands for the t β2AR-Gαs group showed that the preference of all 

β2AR agonists, apart from SALB, is at least doubled. On the other hand, propranolol is twice 

more selective for the t β2AR-βarr2 group. This data suggests that the fusion proteins can detect 

small changes in affinity between the two main active conformational states of the receptor 

which facilitates the identification of affinity bias for currently used and new β2AR ligands. 
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Table 1. Functional Affinity 

Radioligand binding experiments to calculate the differential affinity of multiple β2AR 
ligands in HEK293 cells transfected with β2AR-Gαs, β2AR-βarr2, or WT β2AR. 
Measurements are expressed as -pKi values. Data are the mean ± S.E.M. of 3 
independent experiments with repeats in duplicate. 

Ligands t β2AR-Gαs t β2AR-βarr2 t β2AR β2AR-Gαs selectivity 
(ratio) 

Isoproterenol 7.09±0.09*@ 6.44±0.07 6.67±0.04 4.47 

Epinephrine 6.54±0.11*@ 5.93±0.08 6.16±0.05 4.07 

Indacaterol 7.58±0.10* 7.17±0.06 7.41±0.04 2.57 

Salbutamol 5.98±0.09* 5.73±0.09 5.84±0.06 1.78 

AgGs 5.88±0.09* 5.42±0.09 5.77±0.07* 2.88 

Nadolol 8.30±0.07 8.09±0.08 8.55±0.05*& 1.62 

Carvedilol 9.31±0.09 9.52±0.08 9.56±0.08& 0.62 

ICI 118,551 8.89±0.09 8.94±0.06 8.94±0.07 0.89 

Propranolol 8.72±0.08 9.00±0.04& 9.14±0.05& 0.52 

Metoprolol 5.90±0.08 5.97±0.10 6.12±0.06 0.85 

Alprenolol 8.96±0.05 8.86±0.08 9.16±0.08* 1.26 

*P<0.05 vs t β2AR-βarr2, @P<0.05 vs t β2AR and &P<0.05 vs t β2AR-Gαs. Two-
way AVNOVA. Tukey post-hoc test. 
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Figure 2. Competition binding curves of multiple β2AR ligands in all transfected 
groups. 

Increasing concentrations of β2AR ligands were added to HEK 293 membrane 

preparations after 2-hour incubation with 1nM of radioligand Dihydroalprenolol 

Hydrochloride, Levo-[Ring, Propyl-3H(N)]- ([3H] DHA). This concentration was 

previously determined by saturation binding studies. Full receptor occupancy by [3H] 

DHA was observed as 100% whereas complete displacement of [3H] DHA from the 

receptor was measured as 0%. The agonists' isoproterenol (ISO; green), epinephrine 

(EPI; red), indacaterol (INDA; black), salbutamol (SALB; blue), and a novel biased 

agonist for Gs (AgGs; orange) are shown in the upper graphs. The antagonists/inverse 

agonists’ nadolol (NAD; green), carvedilol (CARV; red), ICI 118,551 (ICI; black), 

propranolol (PROP; blue), metoprolol (METO; orange), and alprenolol (ALPR; purple) 

are shown in the lower graphs. (A) HEK 293 cells transfected with the β2AR-Gαs fusion 

protein. All agonists show a leftward displacement of the binding curves compared to 

the t β2AR-βarr2 group. (B) HEK 293 cells transfected with the β2AR-βarr2 fusion 

protein. PROP was the only curve significantly shifting to the left when compared to the 

t β2AR-Gαs group. (C) HEK 293 cells transfected with the wild type β2AR. NAD, CARV, 

and PROP curves showed a leftward shift compared to the t β2AR-Gαs group whereas 

NAD and ALPR curves were displaced to the left when compared to the t β2AR-βarr2 
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group. All data points are shown as the mean ± S.E.M. The competitive curves were 

performed in duplicate on 3 separate occasions (n=3). 
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The fusion proteins show constitutive activity for a single pathway and 

sterically hinder the reciprocal protein from coupling to the receptor. 
 

Since the fusion of a signaling protein with the receptor forces both proteins to be 

in close proximity, we tested the constitutive activity of the fusion proteins in the 

absence of ligand on the Gαs signaling pathway, through cAMP accumulation, and on 

the βarr2 signaling pathway, through ERK1/2 phosphorylation. For the Gαs pathway, all 

transfected groups showed increased constitutive activity compared to the HEK 293 

group (Fig. 3A). By adding 10μM ICI 118,551 (a selective β2AR antagonist/inverse 

agonist) the constitutive activity of the t β2AR-βarr2 was completely inhibited, whereas 

the t β2AR-Gαs activity remained highly increased and the t β2AR was reduced by half 

(Fig. 3A). For ERK phosphorylation, the only group with a significant increase in 

constitutive activity compared to the HEK 293 control group was the t β2AR-βarr2 (Fig. 

3B). Because recent studies showed the formation of a GPCR–G-protein–βarrestin 

super-complex with sustained activation and signaling of Gαs proteins (Nguyen & 

Lefkowitz, 2021; Thomsen et al., 2016), we assessed for the potential protein-protein 

interactions of the β2AR-Gαs or β2AR-βarr2 fusion proteins with the reciprocal signaling 

proteins, βarr2 and Gαs, using a nano luciferase structural complementation reporter 

system (NanoBiT; described in the Methods Section). The control group (t β2AR) 

showed the well-established transient interaction between the receptor and the two 

signaling proteins, Gαs and βarr2, after stimulation with 10μM isoproterenol (ISO), 

eliciting a 20-fold and 10-fold change in the luminescence intensity for Gαs and βarr2 

recruitment, respectively (Fig. 4A, B). The recruitment of Gαs and βarr2 after ISO 

stimulation was blunted when the receptor was fused to the alternative/reciprocal Gαs 

or βarr2 proving that the fusion proteins exhibit steric hindrance to Gαs or βarr2 when 

stimulated by a ligand (Fig. 4A, B). Thus, our fusion proteins can be used to isolate a 

single signaling pathway by producing a gain-of-function allowing for the exploration of 

the physiological role of each pathway in different cell systems.  
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A.       B. 

 

 

 

 

 

 

Figure 3. Constitutive activity for Gαs and βarr2 signaling pathways in HEK 293 
cells transfected with the fusion proteins.  

(A) cAMP measurements represent the Gαs pathway using a scale based on the 

adenylate cyclase activator, Forskolin (10μM). Forskolin was used to define 100% of the 

response whereas the basal response of the untransfected HEK 293 cells was used to 

define 0% of the response in all groups. Under 10μM of ICI 118,551, the t β2AR-Gαs 

group (red) proved to be the most constitutively active regardless of the low protein 

expression levels. The highly expressed t β2AR group (blue) also shows increased 

constitutive activity when compared to the basal activity of untransfected HEK 293 cells. 

Conversely, the t β2AR-βarr2 group (green) had a similar basal activity when compared 

with the untransfected HEK 293 cells. (B) ERK1/2 phosphorylation (pERK) is relative to 

total ERK1/2 (tERK) representing the βarr2 pathway. Here, only the t β2AR-βarr2 group 

(green) showed a significant increase in constitutive activity compared to the control 

untransfected HEK 293 cell group. Data are the means ± S.E.M. from at least 3 

independent experiments. *P<0.0001 was considered significant by one-way ANOVA 

and Tukey was used as the post hoc test. 
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 A.       B. 

 

 

 

 

 

 

Figure 4. Recruitment of the signaling molecules Gαs and βarr2 is hindered by 
the fusion moiety tethered to the β2AR. 

Fusion proteins and signaling molecules were labeled with LgBiT and the 

complementary SmBiT, respectively, using NanoBiT technology to detect protein-

protein interactions by changes in luminescence. (A) The overexpressed β2AR (blue) 

recruits Gαs after 10μM Isoproterenol (ISO) stimulation. This recruitment is drastically 

blunted when the receptor is fused to either Gαs (red) or βarr2 (green). (B) Similarly, the 

recruitment of βarr2 is triggered by stimulation with 10μM ISO, and such recruitment is 

diminished when the receptor is fused to either Gαs or βarr2. All experiments are 

expressed as the mean ± S.E.M from 3 independent experiments (n=3). 
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The fusion proteins remain functionally responsive to ligand stimuli. 
 

To test if the fusion between the β2AR with either Gαs or βarr2 affected the 

capacity of the receptor to elicit a functional response after ligand delivery, we 

performed concentration-response curves for both signaling pathways using the β2AR 

agonist ISO followed by competitive antagonist displacement curves using ICI 118,551. 

For measurement of cAMP accumulation, we first established the response window for 

each group by using 10μM Forskolin, an adenylate cyclase activator, to elicit the 

maximal response on cAMP (labeled as 100%) independent from the stimulation of any 

β2AR ligand (Fig 5). To define the basal cAMP levels (labeled as 0%) of each group 

separately, 300nM ICI was used to inhibit the constitutive activity of the non- and 

transfected groups. This set of experiments revealed a unique window for each group 

for cAMP accumulation that was used to quantify the response of all β2AR ligands and 

determine their biased signaling, if any, in a scale independent from a reference ligand. 

Alternatively, a scale independent from ligand stimulation was established by using 

measurements on ERK1/2 phosphorylation (pERK) relative to the value of total ERK1/2 

(tERK) in each group to evaluate the βarr2 signaling response. 

For the cAMP measurements representing the Gαs pathway, all groups showed 

classic sigmoidal curves under increasing concentrations of ISO and, as anticipated, 

increasing concentrations of ICI 118,551 proportionately displaced the ISO 

concentration-response curve to the right (Fig. 6). The maximal response (Emax) of ISO 

was decreased ~25% and ~21% in the HEK 293 and the t β2AR-βarr2 groups, 

respectively, even at the lowest concentration used of ICI 118,551 (10nM). Alternatively, 

the Emax of ISO under any ICI 118,551 concentration remained the same for the t 

β2AR-Gαs and t β2AR groups. Importantly, the potency of ISO was increased by more 

than one logarithmic unit (10-fold increase) in the t β2AR-Gαs and t β2AR groups 

compared to the HEK and t β2AR-βarr2 groups (Table 2). Further analysis on the 

rightward shift of the ISO concentration response curves by ICI 118,551 suggested a 

higher apparent affinity (pA2) of ICI 118,551 for the fusion proteins β2AR-Gαs and β2AR-

βarr2 (pA2=10.16 and 10.38, respectively) compared to both control groups (HEK 293 

pA2=9.21; t β2AR pA2=9.42) (Table 3). However, the Schild plot slope is greater than 
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unity for the control groups which might invalidate this analysis (Kenakin 1997). 

Therefore, we reanalyzed the data excluding the lowest concentration of ICI and under 

a linear slope with a value of one using the log (concentration ratio - 1). This analysis 

showed decreased pA2 values that did not differ amongst groups (Table 3) and was 

closer to the values obtained from binding affinity experiments.  

Regarding the βarr2 signaling, the same pattern of sigmoidal curves under 

increasing concentrations of ISO and a rightward shift by ICI 118,551 was observed in 

all groups when relative ERK1/2 (pERK/tERK) was measured. The right-shift 

displacement of the ISO curve in the t β2AR was only apparent when 30nM of ICI 

118,551 was used (Fig. 7). The intrinsic activity of ISO was unaffected in the t β2AR-

βarr2 and t β2AR groups and significantly reduced by ~40% for the HEK 293 and t 

β2AR-Gαs groups under pretreatment with ICI 118,551. ISO displayed similar potency 

among all groups (Table 2). The pA2 values of ICI 118,551 were also similar among all 

groups (Table 3). Together with the cAMP measurements, this data shows that the 

fusion proteins are functionally responsive to ligand stimuli and that the maximal 

response of ISO for each pathway is affected by ICI 118,551 when the alternative 

signaling molecule is fused to the receptor.   
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Table 2. Competitive antagonism 

The potency of ISO and rightward displacement by the competitive agonists ICI 118,551. 
Measurements are expressed as -pEC50 values obtained from semilogarithmic concentration-response curves of 
the control HEK 293 and t β2AR groups, and the fusion protein groups t β2AR-Gαs and t β2AR-βarr2. The 
displacement curves were generated using increasing concentrations of ICI 118,551 (10nM to 300nM). The two 
main signaling pathways of the β2AR, Gαs, and βarr2, are explored by measurements of cAMP accumulation and 
ERK phosphorylation (pERK), respectively. Data are the mean ± S.E.M. of at least 3 independent experiments with 
repeats in triplicate for cAMP and duplicate for ERK. 

 cAMP pERK 
ICI No ICI 10nM 30nM 100nM 300nM No ICI 10nM 30nM 
HEK 293 8.43±0.09 7.15±0.16 6.73±0.16 6.26±0.19 5.72±0.23 6.93±0.21 6.61±0.3 6.39±0.44 
t β2AR-Gαs 10.12±0.3 9.02±0.07 8.55±0.07 8.07±0.05 7.57±0.06 7.01±0.16 6.98±0.17 6.66±0.17 
t β2AR-βarr2 8.99±0.12 7.58±0.1 7.12±0.08 6.74±0.09 6.21±0.1 7.37±0.17 6.98±0.22 6.42±0.22 
t β2AR 10.28±0.65 9.84±0.28 9.04±0.09 8.43±0.07 7.91±0.05 6.97±0.19 6.95±0.29 6.79±0.23 
 

Table 3. Schild regression analysis 

Schild regression analysis for the competitive antagonism of ICI 118,551. 
The apparent affinity (pA2) of the competitive antagonist ICI 118,551 was calculated in non-transfected HEK 293 
cells and transfected with the wild type β2AR, or the fusion proteins β2AR-Gs or β2AR-βarr2 using the Schild 
analysis. The adapted analysis for pA2 calculation was necessary as the slopes were different from unity. Data are 
the mean ± S.E.M. of at least 3 independent experiments 

 cAMP pERK 
 pA2 Schild-plot 

Slope 
pA2 (adapted 
analysis) 

pA2 Schild-plot 
Slope 

HEK 293 9.43±0.16 1.191±0.08 9.19 8.96±0.58 0.95±0.44 
t β2AR-Gαs 10.16±0.11* 1.049±0.03 9.05 8.75±0.30 1.11±0.31 

t β2AR-βarr2 10.38±0.16* 1.031±0.05 9.3 8.4±0.17 1.08±0.23 

t β2AR 9.21±0.25 2.015±0.06 8.8 8.04±0.41 0.77±0.58 

*P<0.05. Two-way AVNOVA. Tukey post-hoc test. 
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Figure 5. Homogeneous Time-Resolving Fluorescence (HTRF) technology to 
measure cAMP levels. 

To define the maximal response for cAMP measurements in all groups, a saturating 

concentration of the adenylate cyclase stimulator, Forskolin (10μM), was used. The 

HTRF ratio represents the signal between the cAMP-tagged d2 fluorophore and the 

anti-cAMP-Cryptate antibodies. The signal recorded as the HTRF ratio is inversely 

proportional to the cAMP levels in the system. (A) The t β2AR (blue) shows the highest 

cAMP levels whereas the HEK 293 group (yellow) shows the lowest cAMP levels after 

Forskolin stimulation. (B) The BEAS-2B group (yellow) and the t β2AR-Gαs group (red) 

have the lowest and highest cAMP levels, respectively. All experiments were performed 

in triplicate on three separate occasions (n=3).  
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Figure 6. Schild regression analysis for the Gαs signaling pathway using the 
competitive antagonist ICI 118, 551. 

Semi logarithmic concentration-response curves of increasing concentrations of 

isoproterenol (ISO) at the Gαs pathway of the β2AR. Accumulation of cAMP levels 

represents the Gαs pathway using a scale based on the adenylate cyclase activator, 

Forskolin (10μM). Forskolin was used to define 100% of the response whereas the 

basal response was determined under 300nM of ICI 118,551 (ICI) to define 0% in each 

group. Thus, the response window was unique to each group. Pre incubation with 

increasing semilogarithmic concentrations of ICI (10nM to 300nM) elicited the 

progressive rightward shift of ISO curves. The pEC50 values were used to calculate the 

pA2 of ICI in all groups. Circles = No ICI; squares = ICI 10nM; triangles = ICI 30Nm; 

inverted triangles = ICI 100nM; diamonds = ICI 300nM (A) Non-transfected HEK 293 

cells. Preincubation with ICI decreases the maximal response of ISO. (B) HEK 293 cells 

transfected with the β2AR-Gαs fusion protein (t β2AR- Gαs). (C) HEK 293 cells 

transfected with the wild type β2AR (t β2AR). (D) HEK 293 cells transfected with the 

β2AR-βarr2 fusion protein (t β2AR-βarr2). Like the non-transfected HEK 293 cells, 
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preincubation with ICI decreases the maximal response of ISO in this group. All data 

points are shown as the mean ± S.E.M. The competitive curves were performed in 

triplicate on at least 3 separate occasions (n≥3). 
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Figure 7. Schild regression analysis for the βarr2 signaling pathway using the 
competitive antagonist ICI 118, 551. 

Semi logarithmic concentration-response curves of increasing concentrations of 

isoproterenol (ISO) at the βarr2 pathway of the β2AR. ERK1/2 phosphorylation (pERK) 

is relative to total ERK1/2 (tERK) representing the βarr2 pathway in all groups. 

Preincubation with increasing semilogarithmic concentrations of ICI (10nM to 30nM) 

elicited the progressive rightward shift of ISO curves. The pEC50 values were used to 

calculate the pA2 of ICI in all groups. Circles = No ICI; Squares = ICI 10nM; triangles = 

ICI 30nM. (A) Non-transfected HEK 293 cells. Preincubation with ICI decreases the 

maximal response of ISO. (B) HEK 293 cells transfected with the β2AR-Gαs fusion 

protein (t β2AR- Gαs). Like the non-transfected HEK 293 cells, preincubation with ICI 

decreases the maximal response of ISO in this group. (C) HEK 293 cells transfected 

with the wild type β2AR (t β2AR). (D) HEK 293 cells transfected with the β2AR-βarr2 

fusion protein (t β2AR-βarr2). All data points are shown as the mean ± S.E.M. The 

competitive curves were performed in duplicate on at least 3 separate occasions (n≥3). 



76 | P a g e  
 

The fusion proteins serve as tools to discriminate ligand bias. 
  

Because of the nature of the fusion proteins (spontaneous receptor-signaling 

protein interaction) and restricting the active conformational state of the receptor to a 

single pathway, we hypothesized that the fusion proteins could discriminate the β2AR 

ligands that preferentially bind to one conformational state of the receptor and modify 

their potency. To maximize the signaling window of each assay, for agonism 

experiments on the Gαs pathway, the constitutive activity of all transfected groups was 

decreased by ICI 118,551 to obtain the largest response window (as observed in Fig. 

3). For measurement of antagonism/inverse agonism, no ICI 118,551 was used but cell 

number was decreased to 2,000 cells/well to increase the responsive window of the 

receptor to β2AR ligands in all groups when possible (i.e., the HEK 293 control group 

was not responsive under these settings). On the measurements of the βarr2 pathway, 

agonism was tested as previously described, whereas an increase in cell number (i.e., 

220,000 cells/well) was necessary to raise the constitutive activity of our test system 

and maximize inverse agonism after receptor stimulation. 

The potency of β2AR agonists on cAMP accumulation is enhanced when the β2AR 

is overexpressed or fused with protein Gαs. 
 

Besides the previously tested isoproterenol (ISO), we also tested the β2AR 

endogenous ligand Epinephrine (EPI) and the commonly used β2AR ligands for 

respiratory diseases indacaterol (INDA) and salbutamol (SALB). Additionally, we also 

included a novel β2AR ligand that has shown biased agonism for the Gαs pathway 

(AgGs) and could potentially be used for the treatment of respiratory diseases. All 

agonists had a decreased intrinsic activity in the HEK 293 group of more than 30% 

compared to the t β2AR group (Table 4). Additionally, the concentration response 

curves for all ligands showed a leftward shift in the t β2AR group compared to the HEK 

293 group (Fig 8A and C). Because there is a difference of at least 3 orders of 

magnitude in the receptor density between these groups (Fig. 1E), this data consistently 

shows that the potency of β2AR agonists on the Gαs pathway is directly proportional to 

the receptor density. When the fusion proteins were tested, the t β2AR-Gαs group 

behaved similarly to the t β2AR in displacing the concentration-response curves of all 
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ligands to the left (Fig. 8B and C). However, all ligands, except for ISO, decreased their 

intrinsic activity to a similar extent as in the HEK 293 group (Table 4). The 

concentration-response curves of the β2AR agonists in the t β2AR-βarr2 group were to 

the right compared to the t β2AR-Gαs and t β2AR group (Fig 8B and D). Additionally, all 

agonists in the t β2AR-βarr2 group showed the lowest intrinsic activity of all groups, 

consistent with the inability of the β2AR-βarr2 fusion protein to recruit Gαs and signal 

through this pathway (Table 4). Finally, the order of potency was the same between 

fusion protein groups (ISO≈EPI>INDA>SALB≈AgGs) whereas the order of potency for 

the HEK 293 and t β2AR group was ISO>INDA≈EPI>SALB>AgGs and 

ISO>EPI>INDA>SALB>AgGs, respectively (Table 4).  
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Table 4. Potency quantification of β2AR agonists for the Gs pathway 

Quantification of the potency and maximal response of β2AR agonists for the Gαs signaling pathway. 
The cAMP accumulation was measured as a surrogate of the Gαs signaling pathway to obtain the potency and 
maximal response of β2AR agonists. Potency is expressed as the -pEC50 whereas the maximal response (Emax) is 
expressed as the percentage of response relative to Forskolin. Data are the mean ± S.E.M. of at least 3 independent 
experiments with repeats in triplicate 
Ligands HEK 293 t β2AR-Gαs t β2AR-βarr2 t β2AR 

-pEC50 Emax (%) -pEC50 Emax (%) -pEC50 Emax (%) -pEC50 Emax (%) 

ISO 6.73±0.16 56.52±4.26 8.55±0.07* 100.3±2.43 7.12±0.09 67.39±3.08 9.04±0.09 95.77±3.69 

EPI 6.12±0.28 40.33±4.34 8.32±0.18* 35.40±3.07 7.16±0.52 18.87±4.75 8.19±0.11 80.71±2.90 

INDA 6.33±0.33 52.85±7.32 7.07±0.38 58.02±11.84 6.81±0.78 33.99±17.75 7.85±0.06 95.07±2.13 

SALB 5.77±0.14 41.05±2.69 6.39±0.16 45.52±3.32 5.75±0.65 23.01±9.75 7.34±0.15 78.34±4.45 

AgGs 5.46±0.38 29.62±6.58 6.31±0.5 39.46±9.65 5.71±0.61 24.34±10.51 6.61±0.12 88.96±4.46 

*P<0.05 vs t β2AR-βarr2. least square fit 
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Figure 8. Concentration response curves of multiple β2AR agonists for the Gαs 
signaling pathway. 

Semi logarithmic concentration-response curves of increasing concentrations of 

indacaterol (INDA; black), a novel biased agonist towards the Gs signaling pathway 

(AgGs; orange), salbutamol (SALB; blue), epinephrine (EPI; red), and isoproterenol 

(ISO; grey) at the Gαs signaling pathway. Accumulation of cAMP levels represents the 

Gαs pathway using a scale based on the adenylate cyclase activator, Forskolin (10μM). 

Forskolin was used to define 100% of the response whereas the basal response was 

determined under 30nM of ICI 118,551 (ICI) to define 0% in each group. Thus, the 

response window was unique to each group. All experiments were preincubated with ICI 

118,551 30nM to maximize the response window. The pEC50 values obtained from 

these curves were used as part of the mathematical approach to calculate signaling 

bias. (A) Non-transfected HEK 293 cells. (B) HEK 293 cells transfected with the β2AR-

Gαs fusion protein (t β2AR- Gαs). (C) HEK 293 cells transfected with the wild type β2AR 

(t β2AR). The β2AR ligands tested become full agonists when the β2AR is 

overexpressed. (D) HEK 293 cells transfected with the β2AR-βarr2 fusion protein (t 
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β2AR-βarr2). All data points are shown as the mean ± S.E.M. The concentration-

response curves were performed in triplicate on at least 3 separate occasions (n≥3). 
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Inverse agonism on cAMP production can be readily detected when the β2AR is 

overexpressed or fused to βarr2. 
 

The clinically relevant β2AR blockers nadolol (NAD), carvedilol (CARV), 

propranolol (PROP), alprenolol (ALPR), and metoprolol (METO), as well as the 

selective β2AR antagonist/inverse agonist, ICI 118,551 (ICI), were tested for distinctive 

responses elicited by the receptor alone and, by the fusion proteins. The set of 

experiments testing for antagonism/inverse agonism on the control group HEK 293 did 

not change the basal level of cAMP production (Table 5). Moreover, the increasing 

concentrations of all β2AR blockers did not elicit any detectable response in this group 

(Fig. 9A). Thus, the herein tested β2AR blockers behave as neutral antagonists in a 

cellular system with scarce receptors, showing low constitutive cAMP production which 

cannot be further decreased pharmacologically. Conversely, the elevated constitutive 

activity of the t β2AR group, given by the receptor overexpression, allowed for the 

detection of inverse agonism elicited by all β2AR blockers (Fig. 9C). Similarly, the 

increased constitutive cAMP levels observed in the t β2AR-βarr2 group were reduced 

after increasing concentrations of any β2AR blocker (Fig. 9D). All β2AR blockers showed 

a similar IC50 between the t β2AR-βarr2 and the t β2AR group. Thus, apart from 

increasing the expression of the receptor, the detection of inverse agonism can also 

occur when the β2AR is fused to βarr2. This suggests that these β2AR blockers 

preferentially bind to the inactive conformation and/or the conformation of the receptor 

that favors βarr2 coupling. Accordingly, all β2AR blockers except for NAD, which 

showed inverse agonism at high concentrations (pIC50= 5.85 ± 0.4), behaved as neutral 

antagonists in the t β2AR-Gαs group even though the constitutive cAMP levels of this 

group were similar to the t β2AR-βarr2 group (Fig. 9B). This is also suggestive of the 

preference of β2AR blockers for a receptor conformation different from the one that 

couples to Gαs. The potency order of t β2AR blockers for the t β2AR-βarr2 group was 

ALPR>PROP≈ICI>NAD>CARV>>METO, whereas the potency order for the t β2AR 

group was   ALPR>ICI≈PROP>CARV>NAD>>METO. 
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Table 5. Potency quantification of β2AR antagonists for the Gs pathway 

Quantification of the potency and maximal response of β2AR antagonists/inverse agonists for the Gαs signaling pathway. 
The cAMP accumulation was measured as a surrogate of the Gαs signaling pathway to obtain the potency and the inverse 
maximal response of β2AR antagonists/ inverse agonists. Potency is expressed as the -pEC50 whereas the inverse 
maximal response (Emax) is expressed as the percentage of response relative to Forskolin. Data are the mean ± S.E.M. of 
at least 3 independent experiments with repeats in triplicate 
Ligands HEK 293 t β2AR-Gαs t β2AR-βarr2 t β2AR 

-pIC50 Emax (%) -pIC50 Emax (%) -pIC50 Emax (%) -pIC50 Emax (%) 

NAD N.D. N.D. 5.85±0.4 9.36±3.07 7.10±0.57* 9.14±1.57 6.59±0.67 10.79±2.02 

CARV N.D. N.D. N.D.  N.D. 6.74±0.31 15.17±1.76 7.16±0.57 15.85±2.5 

ALPR N.D. N.D. N.D. N.D. 8.68±1.15 9.96±2.67 8.04±0.62 13.37±2.24 

PROP N.D. N.D. N.D. N.D. 8.30±0.35 11.08±1.37 7.39±1.57 17.09±3.82 

METO N.D. N.D. N.D. N.D. 5.28±0.3 15.52±2.15 5.48±0.26 13.15±4.71 

ICI N.D. N.D. N.D. N.D. 8.22±0.74 10.46±2.91 7.51±0.37 17.32±2.17 

N.D.= non detectable. *P≤0.05 vs β2AR-Gαs. Least square fit. 
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Figure 9. Concentration response curves of multiple β2AR antagonists/inverse 
agonists for the Gαs signaling pathway. 

Semi logarithmic concentration-response curves of increasing concentrations of nadolol 

(NAD; circle black), carvedilol (CARV; orange), alprenolol (ALPR; red), propranolol 

(PROP; green), metoprolol (METO; yellow), and ICI 118,551 (ICI; star black) at the Gαs 

signaling pathway. Accumulation of cAMP levels represents the Gαs pathway using a 

scale based on the adenylate cyclase activator, Forskolin (10μM). Forskolin was used to 

define 100% of the response whereas the basal response was determined under 30nM 

of ICI 118,551 (ICI) to define 0% in each group. Thus, the response window was unique 

to each group. Note that all transfected groups show high constitutive activity that was 

not blocked with ICI when increasing concentrations of the β2AR ligands were tested. 

The pIC50 values obtained from these curves were used as part of the mathematical 

approach to calculate signaling bias. (A) Non-transfected HEK 293 cells. All ligands 

behaved as antagonists in this group as shown by the lack of intrinsic activity. (B) HEK 

293 cells transfected with the β2AR-Gαs fusion protein (t β2AR-Gαs). Only NAD 

behaved as an inverse agonist by significantly decreasing the constitutive activity of this 
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group at high concentrations. (C) HEK 293 cells transfected with the wild type β2AR (t 

β2AR). The β2AR blockers became inverse agonists when the β2AR is overexpressed. 

(D) HEK 293 cells transfected with the β2AR-βarr2 fusion protein (t β2AR-βarr2). Like 

the t β2AR, all β2AR blockers became inverse agonists when the β2AR is fused to βarr2. 

All data points are shown as the mean ± S.E.M. The concentration-response curves 

were performed in triplicate on at least 3 separate occasions (n≥3). 
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The potency of β2AR agonists on ERK1/2 phosphorylation is enhanced when the 

β2AR is fused with protein βarr2. 
 

In this set of experiments, we tested the alternative signaling pathway of the 

β2AR, βarr2, by measuring ERK1/2 phosphorylation using the previously tested β2AR 

agonists. The intrinsic activity of all ligands was decreased in the t β2AR group 

compared to the HEK 293 group (Table 6) suggesting that the increase in receptor 

density does not favor the coupling efficiency between the β2AR and βarr2. Accordingly, 

the subsequent group with high receptor density, t β2AR-βarr2, also blunted the 

maximal response of all agonists compared to the HEK 293 group, whereas only INDA, 

SALB, and AgGs were affected in the overexpressed t β2AR-Gαs group (Table 6). 

 Despite the decreased maximal response, the t β2AR-βarr2 group evoked a 

leftward shift in concentration response curves of all ligands compared to the HEK 293 

group (Fig 10D). For the t β2AR group, only INDA, SALB, and AgGs showed a leftward 

displacement compared to the HEK 293 group (Fig 10A and C). EPI and AgGs curves 

showed a rightward and leftward displacement, respectively, by the fusion of the β2AR 

with Gαs when compared to the endogenously expressed β2AR group HEK 293, 

whereas ISO, INDA, and SALB were unchanged (Fig 10A and B). Further analysis of 

the best-fit pEC50 values of all agonists using an extra sum-of-squares F test, showed 

EPI pEC50 values as significantly different between groups expressing the fusion 

proteins and between the t β2AR-Gαs and HEK 293 group (Table 6). The pEC50 values 

of ISO and AgGs were also statistically different between the t β2AR-βarr2 group and 

the HEK 293 group. Finally, the order of potency for all groups is as follows:  

• HEK 293:        INDA>SALB>ISO>EPI>AgGs 

• t β2AR-Gαs:    INDA>SALB>ISO≈AgGs>EPI 

• t β2AR-βarr2:  INDA>SALB>ISO>AgGs≈EPI 

• t β2AR:            INDA>SALB>AgGs>ISO>EPI 

Altogether, this data shows that, except EPI, the potency of all β2AR agonists is not 

affected by the signaling molecule fused to the receptor. An increase of potency for ISO 

and AgGs is only detected by the β2AR-βarr2 fusion protein when compared to the 
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untransfected group and the potency of EPI is decreased when the receptor is fused to 

Gαs.  
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Table 6. Potency quantification of β2AR agonists for the βarr2 pathway 

Quantification of the potency and maximal response of β2AR agonists for the βarr2 signaling pathway. 
ERK1/2 phosphorylation relative to total ERK1/2 (pERK/tERK) was measured as a surrogate of the βarr2 
signaling pathway to obtain the potency and the maximal response of β2AR agonists. Potency is expressed as the 
-pEC50 whereas the maximal response (Emax) is expressed as the percentage of response relative to tERK. 
Data are the mean ± S.E.M. of at least 3 independent experiments with repeats in duplicate. 

Ligands HEK 293 t β2AR-Gαs t β2AR-βarr2 t β2AR 

pEC50 Emax (%) pEC50 Emax (%) pEC50 Emax (%) pEC50 Emax (%) 

ISO 6.92±0.2 53.33±5.57 7.01±0.16 50.22±4.16 7.37±0.17# 40.31±3.49 6.97±0.19 27.8±2.82# 

EPI 6.76±0.09* 117.3±5.9 6.37±0.14 92.72±6.86 7.01±0.16* 73.81±6.54# 6.72±0.19 29.5±2.95# 

INDA 8.04±0.18 66.67±6.51 8.18±0.22 31.88±3.68# 8.37±0.12 43.19±2.87# 8.93±0.40 12.85±3.03# 

SALB 7.51±0.15 58.50±4.46 7.60±0.18 26.87±2.53# 7.98±0.22 34.91±3.89# 8.14±0.29 16.74±2.41# 

AgGs 6.35±0.18 53.62±5.47 6.93±0.29 22.06±3.36# 7.07±0.2# 43.55±4.52 7.48±0.39 16.84±3.39# 

*P≤0.05 vs β2AR-Gαs. #P≤0.05 vs HEK 293. Least square fit. 
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Figure 10. Concentration response curves of multiple β2AR agonists for the βarr2 
signaling pathway. 

Semilogarithmic concentration-response curves of increasing concentrations of 

indacaterol (INDA; black), a novel biased agonist towards the Gs signaling pathway 

(AgGs; orange), salbutamol (SALB; blue), epinephrine (EPI; red), and isoproterenol 

(ISO; grey) at the βarr2 signaling pathway. ERK1/2 phosphorylation (pERK) is relative 

to total ERK1/2 (tERK) representing the βarr2 signaling pathway in all groups. The 

pEC50 values obtained from these curves were used as part of the mathematical 

approach to calculate signaling bias. (A) Non-transfected HEK 293 cells. The intrinsic 

activity of all agonists was the highest in this group. (B) HEK 293 cells transfected with 

the β2AR-Gαs fusion protein (t β2AR- Gαs). (C) HEK 293 cells transfected with the wild 

type β2AR (t β2AR). (D) HEK 293 cells transfected with the β2AR-βarr2 fusion protein (t 

β2AR-βarr2). The intrinsic activity of all agonists is significantly reduced in this group. All 

data points are shown as the mean ± S.E.M. The concentration-response curves were 

performed in triplicate on at least 3 separate occasions (n≥3). 



89 | P a g e  
 

Inverse agonism for ERK1/2 phosphorylation can be detected by increasing the 

constitutive activity which allows for direct quantification of potency. 
 

 Similar to the previous experiments on β2AR agonists, we quantified ERK1/2 

phosphorylation, this time under increased constitutive activity. All beta-blockers 

showed an inverse agonist response regardless of the group tested, suggesting that the 

influence of receptor density is secondary to the constitutive activity of the βarr2 

pathway. The maximal response of CARV and ALPR was higher on the t β2AR group 

compared to the HEK 293 group whereas the opposite was true for NAD (Table 7). The 

maximal response of PROP, METO, and ICI was similar among control groups. The 

maximal response of all beta-blockers did not differ between groups expressing the 

fusion proteins β2AR-Gαs or β2AR-βarr2. All concentration response curves shifted to 

the left in the t β2AR-βarr2 group when compared to the t β2AR-Gαs group except for 

ALPR that showed a non-significant rightward shift (Fig. 10B and D). NAD, CARV, 

METO, and ICI curves showed a significant rightward shift in the t β2AR-Gαs group 

when compared to both control groups whereas ALPR exhibited a leftward shift 

compared to the control groups. PROP remained with a similar potency across all 

groups. Together with the β2AR agonists, these data can be organized according to an 

increase in potency at the βarr2 pathway where ALPR is favored by β2AR-Gαs fusion 

protein whereas NAD, CARV, METO, ICI, and EPI are favored by β2AR-βarr2 fusion 

protein with the rest of ligands (i.e., PROP, ISO, INDA, SALB, and AgGs) showing no 

preference between fusion proteins.  
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Table 7. Potency quantification of β2AR antagonists for the βarr2 pathway 

Quantification of the potency and maximal response of β2AR antagonists/inverse agonists for the βarr2 signaling pathway. 
ERK1/2 phosphorylation relative to total ERK1/2 (pERK/tERK) was measured as a surrogate of the βarr2 signaling pathway 
to obtain the potency and the inverse maximal response of β2AR agonists. Potency is expressed as the -pEC50 whereas 
the maximal response (Emax) is expressed as the percentage of response relative to tERK. Data are the mean ± S.E.M. of 
at least 3 independent experiments with repeats in duplicate. 
Ligands HEK 293 t β2AR-Gαs t β2AR-βarr2 t β2AR 

-pIC50 Emax % -pIC50 Emax % -pIC50 Emax % -pIC50 Emax % 

NAD 8.69±0.22* 11.33±1.4 6.95±0.3 9.12±1.42 8.97±0.23* 8.4±1.03 8.88±0.53* 5.45±1.64 # 

CARV 8.96±0.34* 6.08±1.07 7.85±0.16 11.35±0.91 9.82±0.24* 9.70±1.2 9.06±0.21* 11.67±1.36# 

ALPR 7.69±0.26* 6.57±0.9 9.11±0.24 10.93±1.43 8.56±0.41 8.78±1.6 8.25±0.18* 13.12±1.22# 

PROP 7.2±0.32 9.15±1.5 6.30±0.41 8.92±2.05 7.46±0.41* 7.76±1.72 6.82±0.24 9.9±1.28 

METO 8.32±0.4* 6.13±1.34 6.03±0.25 9.12±1.31 9.35±0.33*# 10.32±1.83 6.56±0.36* 6.9±1.27 

ICI 9.69±0.29* 7.34±1.08 7.42±0.35 8.58±1.59 9.1±0.31* 9.93±1.57 8.86±0.21* 9.37±1.24 

*P≤0.05 vs β2AR-Gαs. #P≤0.05 vs HEK 293. Least square fit. 
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Figure 11. Concentration response curves of multiple β2AR agonists for the βarr2 
signaling pathway. 

Semilogarithmic concentration-response curves of increasing concentrations of nadolol 

(NAD; blue), propranolol (PROP; purple), carvedilol (CARV; orange), alprenolol (ALPR; 

black), ICI 118,551 (ICI; green), and metoprolol (METO; empty squares) at the βarr2 

signaling pathway. ERK1/2 phosphorylation (pERK) is relative to total ERK1/2 (tERK) 

representing the βarr2 signaling pathway in all groups. The constitutive activity was 

elevated in all groups to detect inverse agonism by increasing the number of cells (2.2 x 

10-5 cells). The pIC50 values obtained from these curves were used as part of the 

mathematical approach to calculate signaling bias. (A) Non-transfected HEK 293 cells. 

NAD, CARV, METO, and ICI curves show sinistral displacement when compared to the 

t β2AR-Gαs group. (B) HEK 293 cells transfected with the β2AR-Gαs fusion protein (t 

β2AR-Gαs). Except for ALPR showing a leftward shift, all inverse agonist curves were 

displaced to the right when compared to the t β2AR-βarr2 group. (C) HEK 293 cells 

transfected with the wild type β2AR (t β2AR). (D) HEK 293 cells transfected with the 
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β2AR-βarr2 fusion protein (t β2AR-βarr2). All data points are shown as the mean ± 

S.E.M. The concentration-response curves were performed in triplicate on at least 3 

separate occasions (n≥3). 
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Assessment of signaling bias reveals the absolute bias of β2AR ligands 

between the Gs and βarr2 pathways. 
 

Because the pharmacodynamic properties of affinity, potency, and efficacy for 

each ligand are always conditional to observational and system bias, the translation of 

the effect of β2AR ligands observed in our in vitro studies into in vivo systems for 

therapeutic use is inappropriate. Therefore, the use of the operational model (Black & 

Leff, 1983) was necessary to determine the transduction coefficients as a measure of 

the intrinsic efficacy of a ligand which is independent of the system (i.e., coupling 

efficiency, receptor density). Since the pharmacological properties of the receptor were 

measured under the allosteric interaction of both signaling molecules separately (i.e., 

restricted conformational state with no competition with other signaling molecules), and 

the functional responses were measured on a scale-independent from the response of a 

reference ligand, two transduction coefficients per ligand where calculated. Importantly, 

the two transduction coefficients allowed for the analysis of efficiency and selectivity of 

ligands for either pathway independent from a reference ligand, another source of bias 

when analyzing functional selectivity. The difference in transduction coefficients, namely 

Δ log(τ/Ka), shows the independent efficiency each ligand has for the stimulation of the 

Gs or the βarr2 pathway. As seen in table 8, the ability of ISO and EPI to activate the 

Gs pathway was the highest as observed by the Δ log(τ/Ka) values 1.89 and 1.32, 

respectively. The partial agonists SALB and AgGs show a moderate efficiency for Gs 

activation with values of 0.41 and 0.27. The partial agonist INDA showed the lowest 

efficiency for Gs activation with a Δ log(τ/Ka) value of -0.12. Comparatively, INDA, 

SALB, and AgGs showed a negligible activation profile for the βarr2 pathway [Δ 

log(τ/Ka) values of 0.02, 0.02, and 0.04 respectively]. ISO had a moderate efficiency 

whereas EPI showed high efficiency for ERK phosphorylation [Δ log(τ/Ka) values of 

0.34 and 0.93, respectively].  

Since, for the most part, all beta blockers behaved as inverse agonists in our 

experimental settings, the efficacy to modify the response of a signaling pathway was 

uncovered and, thus, calculations for transduction coefficient values were possible. The 

exception was observed at cAMP accumulation for the t β2AR-Gαs group showing 

neutral antagonism when CARV, PROP, ICI, METO, or ALPR was used. In these 
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cases, the receptor occupancy was assumed to be 99.9% (described in methods) to 

allow for the calculation of bias. ALPR showed the lowest efficiency (-0.70) followed by 

METO, PROP, ICI, and NAD [Δ log(τ/Ka) values of -0.31, -0.31, -0.30, and -0.21, 

respectively] for reducing the cAMP accumulation of constitutively active receptors. 

CARV showed a neutral efficiency of 0.01 indicating that the deactivation of the Gαs 

pathway is the same in either conformational state of the β2AR. For the deactivation of 

the βarr2 pathway, CARV showed the highest efficiency (2.98) followed by METO, NAD, 

and ICI [Δlog(τ/Ka) values of 1.99,1.36 and 0.86, respectively]. PROP was neutral for 

both conformational states of the receptor (0.04) and ALPR had the lowest efficiency at 

deactivating ERK phosphorylation (-0.80) (Table 8). 

  Further quantification of the absolute biased signaling of all ligands, expressed 

as ΔΔ log(τ/Ka) (Kenakin et al., 2012), revealed the absolute bias each ligand has for 

either the Gs or the βarr2 pathway. Remarkably, ISO is 35 times more selective for the 

Gs pathway whereas NAD, CARV, ICI, and METO showed 37, 938, 14, and 199 times, 

respectively, more selectivity for the βarr2 pathway. EPI, INDA, SALB, AgGs, PROP, 

and ALPR did not show any significant bias for either pathway (Table 8).  
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Table 8. Biased Signaling quantification 

Biased signaling quantification using transduction coefficient ratios [ΔΔ log(τ/Ka)]. 
HEK 293 cells transfected with the fusion proteins β2AR-Gαs or β2AR-βarr2 were stimulated with increasing 
concentrations of several β2AR ligands and the response was measured for the two different signaling pathways Gαs and 
βarr2. Ke values were obtained using Eq 14 and 15 and later applied to Eq 13 to obtain τ. Δ log(τ/Ka) values indicate the 
ligand selectivity for a fusion protein under the same signaling pathway. ΔΔ log(τ/Ka) values indicate the absolute 
signaling preference (independent from a reference ligand) of β2AR ligands for one of the two pathways measured. Note: 
the selective bias of β2AR ligands was expressed as integer numbers with decimals for clarity 

 cAMP ERK1/2   

 log(τ/Ka) Δ log(τ/Ka) 

Gs/βarr2 

log(τ/Ka) Δ log(τ/Ka) 

βarr2/Gs 

ΔΔ log(τ/Ka) 

Gs/βarr2 

Selective Bias 

Ligands β2AR-

Gαs 

β2AR-

βarr2 

 β2AR-

Gαs 

β2AR-

βarr2 

  Gs βarr2 

ISO 2.15 0.26 1.89 0.09 0.43 0.34 1.55 35.37 -- 

EPI 2.18 0.87 1.32 -0.18 0.75 0.93 0.38 2.42 -- 

INDA -0.35 -0.24 -0.12 2.12 2.14 0.02 -0.14 -- 1.39 

SALB 0.47 0.05 0.41 2.22 2.24 0.02 0.39 2.48 -- 

AgGs 0.51 0.24 0.27 2.23 2.27 0.04 0.24 1.73 -- 

NAD -0.91 -0.70 -0.21 -0.82 0.55 1.36 -1.57 -- 37.43 

CARV -0.97 -0.98 0.01 -0.96 2.02 2.98 -2.97 -- 938.20 

ICI -0.95 -0.65 -0.30 -0.89 -0.03 0.86 -1.16 -- 14.58 

PROP -0.94 -0.63 -0.31 -0.94 -0.90 0.04 -0.35 -- 2.22 

METO -0.77 -0.47 -0.31 0.23 2.22 1.99 -2.30 -- 199.53 

ALPR -0.95 -0.25 -0.70 0.45 -0.36 -0.80 0.10 1.27 -- 
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BEAS-2B also shows selective constitutive activity and different patterns of 

protein expression when transfected with the fusion proteins. 
  

First, using a similar approach to that used for HEK 293 cells, BEAS-2B cells 

were successfully transfected with the receptor alone or with the fusion proteins as 

observed by RT-PCR (Fig. 10A). The protein expression was observed using 

immunofluorescence. For colocalization of the β2AR together with Gαs, cells transfected 

with β2AR-Gαs showed protein co-expression at the cell membrane only (Fig. 12B). 

Conversely, the t β2AR-βarr2 group showed abundant co-expression at the cell’s 

cytoplasm but no fluorescence was detected at the cellular membrane (Fig. 12B). The t 

β2AR group showed a mixed pattern of co-expression at the membrane as well as at the 

cytoplasm whereas fluorescence was not detected in the control BEAS-2B group (Fig. 

10B). When colocalization of the β2AR with βarr2 was tested, only the t β2AR-βarr2 and 

t β2AR groups had a detectable fluorescent signal (Fig. 12C). Like the previous 

experiments, the t β2AR-βarr2 group showed co-expression of β2AR with βarr2 at the 

cytoplasm only, predominantly at the perinuclear region whereas a mixed pattern of co-

expression at the cytoplasm and the cell membrane was observed in the t β2AR group 

(Fig. 12C).  

Second, the measurements of cAMP levels and ERK1/2 phosphorylation in 

BEAS-2B cells were conducted using the same methods as with HEK 293 cells. 

Transfection of BEAS-2B cells with the β2AR-Gαs fusion protein produced a significant 

increase in basal cAMP levels when compared to the non-transfected BEAS-2B cells 

(Fig. 13A). The other transfected groups, t β2AR-βarr2, and t β2AR had similar cAMP 

levels when compared to the control BEAS-2B group. Regarding the βarr2 pathway, 

non-transfected BEAS-2B cells showed overall increased constitutive activity observed 

as a high relative ERK1/2 phosphorylation that was comparable to the t β2AR-βarr2 

group (Fig. 13B). Compared to the control BEAS-2B group, the t β2AR-Gαs, and t β2AR 

groups had a significant reduction in the basal ERK1/2 phosphorylation. After treatment 

with the inverse agonist ICI, the ERK1/2 phosphorylation of the non-transfected BEAS-

2B cells and the t β2AR-βarr2 group was significantly reduced whereas the t β2AR-Gαs 

and t β2AR groups remained at a similar basal activity (Fig. 14). These findings suggest 

that the low constitutive activity observed in the t β2AR-Gαs and t β2AR groups is not 
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related to β2AR signaling. Therefore, there is an increased constitutive activity for the 

respective pathway in BEAS-2B cells transfected with either the β2AR-Gαs or β2AR-

βarr2 fusion proteins, thus corroborating the findings observed in HEK 293 cells.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



98 | P a g e  
 

 

A.                 

 

 

 

 

 

B.            β2AR       Gαs         Merge 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



99 | P a g e  
 

 

  C.                           β2AR         βarr2            Merge  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Expression of the fusion proteins β2AR-Gαs and β2AR-βarr2 in BEAS-
2B cells. 

(A) Reverse transcriptase-PCR shows the gene expression of the β2AR alone (lane-2 

and lane-5) and when fused to either Gαs or βarr2 (lane-3 and lane-4, respectively). 

The first lane shows the molecular weight (MW) ladder for base-pair quantification. (B) 
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Representative images of protein expression of either β2AR (green) or Gαs (orange). 

Both proteins are observed together in the merged image (yellow) showing 

colocalization for β2AR and Gαs at the cellular membrane for t β2AR-Gαs whereas a 

cytoplasmic colocalization is observed for t β2AR-βarr2. The expression of t β2AR 

showed a mixed pattern of colocalization at the membrane, and cytoplasm whereas no 

pattern was observed for the non-transfected BEAS-2B group (low signal). (C) 

Representative images of the protein expression of either β2AR (green) or βarr2 (red). 

Both proteins are observed together in the merged image (yellow) showing 

colocalization for β2AR and βarr2 at the cytoplasm of the t β2AR-βarr2, a mixed 

expression pattern for the t β2AR, and no expression pattern for either non-transfected 

BEAS-2B or t β2AR-Gαs (low IF signal). Proteins were detected by immunofluorescence 

at a lens magnification of 20x using confocal microscopy. Scale bars represent 100μm. 
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A.               B. 

 

 

 

 

 

 

Figure 13. Constitutive activity for Gαs and βarr2 signaling pathways in BEAS-2B 
cells transfected with the fusion proteins. 

(A) cAMP measurements represent the Gαs pathway using a scale based on the 

adenylate cyclase activator, Forskolin (10μM). Forskolin was used to define 100% of the 

response whereas the basal response of the untransfected BEAS-2B cells was used to 

define 0% of the response in all groups. The constitutive activity of the t β2AR-Gαs 

group (red) was significantly increased compared to the untransfected BEAS-2B cells. 

Conversely, the t β2AR-βarr2 group (green) and t β2AR group (blue) had similar basal 

activity when compared with the untransfected BEAS-2B cells. (B) ERK1/2 

phosphorylation (pERK) relative to total ERK1/2 (tERK) as the surrogate measurement 

of the βarr2 pathway. Constitutively high pERK was observed for the untransfected 

BEAS-2B (yellow) similar to the basal activity of the t β2AR-βarr2 group. The t β2AR-

Gαs and t β2AR had a lower constitutive activity when compared to the control BEAS-2B 

group. Data are the means ± S.E.M. from at least 3 independent experiments. *P<0.05 

was considered significant by one-way ANOVA and Tukey was used as the post hoc 

test. 
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Figure 14. The high ERK phosphorylation observed in BEAS-2B cells is elicited 
by the constitutive activity of the βarr2 pathway. 

ERK1/2 phosphorylation (pERK) relative to total ERK1/2 (tERK) as the surrogate 

measurement of the βarr2 pathway. The constitutive activity of the BEAS-2B (yellow) 

and the t β2AR-βarr2 (green) groups were comparable to the basal activity of the t 

β2AR-Gαs (red) and t β2AR (blue) groups after 90 mins of treatment with the selective 

β2AR inverse agonist ICI 118,551 (10μM). Data are the means ± S.E.M. of at least 3 

independent experiments. *P<0.05 was considered significant by one-way ANOVA and 

Tukey was used as the post hoc test. 

 

 

 

 

 

 

 

BEAS-2B

t β2A
R-Gαs

t β2A
R-βarr2

t β2A
R

0.0

0.2

0.4

0.6

0.8

1.0

R
e
la

ti
v
e
 E

R
K

 (
p

E
R

K
/t

E
R

K
)



103 | P a g e  
 

The cytokine profile and cell size change depending on the fusion protein 

expressed in BEAS-2B cells. 
 

After stable transfection, we noted the cytokine secretion profile changed 

depending on the fusion protein expressed by the transfected BEAS-2B cells. From the 

15 cytokines analyzed (see methods), five were not detected in the supernatant of any 

group (IL-2, IL-4, IL-5, IL-10 and, IL-12p70) and, thus, were not included in the present 

analysis. For the remaining cytokines, a heatmap was used as a visual representation 

of normalized percentile changes in cytokine secretion by each group (Fig. 15A). 

Specifically, the non-transfected BEAS-2B group showed a high secretion pattern for 7 

out of 10 cytokines measured. The secretion of cytokines modulating a Th1 (IL-12p40, 

IFN-γ) or Th2 (IL-13, IL-6) cellular response was reduced in all transfected groups when 

compared to the control BEAS-2B group (Fig. 15B). Conversely, TNFα secretion was 

increased in the t β2AR group only, while IL-1β and IL-1Ra were increased in the t 

β2AR-βarr2 group only (Fig. 15C; upper panel). For the fusion proteins, the cytokine 

profile of the t β2AR-Gαs group showed a constitutively decreased secretion of GM-CSF 

and IL-8, and a similar high secretion of CCL2 when compared to the control BEAS-2B 

group. Conversely, the t β2AR-βarr2 group had constitutively reduced CCL2 secretion 

and a similar high GM-CSF and IL-8 secretion when compared to the control BEAS-2B 

group (Fig. 15C; lower panel). When comparing the cytokine profile between fusion 

proteins, there was a reciprocal regulation of the chemoattractants CCL2, GM-CSF and 

IL-8. The former was highly secreted in the t β2AR-Gαs group when compared to the t 

β2AR-βarr2 group, whereas GM-CSF and IL-8 were increased in the t β2AR-βarr2 group 

when compared to the t β2AR-Gαs group (Fig. 15C; lower panel). These results indicate 

that there is differential regulation of cytokine/chemokine secretion by each signaling 

pathway of the β2AR. 

Finally, morphological evidence of differential regulation between fusion proteins 

was observed in the average diameter of detached cells. The t β2AR-βarr2 group 

showed a larger diameter than the control groups as well as the t β2AR-Gαs group (Fig. 

16). Additionally, the attached cells from the t β2AR group further displayed a change in 

their morphology compared to the other transfected groups at 100x confocal 

magnification. Particularly, lamellipodia were observed only in the t β2AR group where 
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high expression of β2AR and its cognate transducers, Gαs and βarr2, was also 

observed (Fig. 17). The mechanisms for the change in cell structure and morphology 

elicited by the βarr2 signaling pathway and β2AR overexpression, respectively, were not 

investigated. 
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A.        B.     C. 

 

 

 

 

 

 

 

 

 

 

Figure 15. Cytokine profile changes for BEAS-2B cells transfected with the WT 
β2AR or the fusion proteins. 

Changes in the secretion of multiple cytokines were measured as [pg/ml] and 

transformed to log2 units for clear visualization. (A) Heatmap of the inflammatory 

cytokine profile representing the magnitude of secretion relative to each group 

(percentile change). The cytokine profile of the control BEAS-2B group (high cytokine 

secretion) was in stark opposition with the profile of the t β2AR group (low cytokine 

secretion). Similarly, the fusion proteins showed distinctive profiles favoring a type-1 

(e.g., t β2AR- Gαs group) or type-2 (e.g., t β2AR-βarr2 group) immune response. (B) 

Cytokines are known to polarize the differentiation of naïve T cells into type-1 (Th1) 

(upper panel) or type-2 (Th2) (lower panel) helper T cells. Non-transfected BEAS-2B 

cells show the highest levels for both immune responses. All transfected groups show 

lower secretion of Th1 (IL-12, IFN-γ) or Th2 (IL-6, IL-13) polarizing cytokines compared 

to BEAS-2B cells. (C) The pro-inflammatory cytokines IL-1β and TNFα are elevated for 

the t β2AR-βarr2 and t β2AR group, respectively, when compared to the rest of the 

groups (upper panel). The lower panel shows a reciprocal activation of 
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chemoattractants by each fusion protein. The t β2AR-Gαs group has constitutively high 

CCL2 along with low GM-CSF and IL-8 secretion whereas constitutively low CCL2, and 

high GM-CSF and IL-8 secretion were observed for the t β2AR-βarr2. The control 

untransfected BEAS-2B cells were not different from the transfected group with the 

highest secretion. Data are expressed as the mean ± S.E.M from 3 independent 

experiments (n=3). *P-value ≤ 0.01 was considered significant by two-way ANOVA and 

Tukey was used as the post hoc test. 
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Figure 16. The constitutive activity of the βarr2 pathway modifies the cell size of 
BEAS-2B cells. 

Cell diameter was measured in live detached cells using trypan blue as a die to identify 

living from dead cells. The wild-type BEAS-2B cells (black) or the cells transfected with 

the β2AR alone (blue) or the fusion proteins β2AR-Gαs (red) show a shorter cell 

diameter when compared to BEAS-2B cells transfected with the β2AR-βarr2 fusion 

(green). Experiments were performed in duplicate at least 3 separate times (n≥3). 

*P≤0.05 was considered significant by one-way ANOVA and Tukey was used as the 

post hoc test. 
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Figure 17. The morphology of BEAS-2B cells changes when the β2AR is 
overexpressed. 

Representative images of the BEAS-2B group (left) with a typical shape characteristic of 

epithelial cells. Overexpression of the β2AR (right) altered the morphology of BEAS-2B 

cells displaying filamentous extensions resembling cilia. The yellow label represents the 

merged signal between the expression of the β2AR (green) and Gαs (orange). Signal 

was detected by immunofluorescence at a lens magnification of 100x using confocal 

microscopy. Scale bars represent 20μm. 
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XIII. Discussion 
 

Here, we transfected the β2AR-Gαs and β2AR-βarr2 fusions into two different cell 

lines: HEK 293 and BEAS-2B cells. The expressed fusion proteins in HEK 293 cells 

allowed us to independently characterize the constitutive activity of two of the most 

known signaling pathways of the β2AR: Gαs and βarr2. We also determined that, after 

receptor activation, the signaling molecule moiety of the fusion protein dampens the 

recruitment of the endogenous signaling molecules Gαs and βarr2, indicative of steric 

hindrance. Additionally, the use of the full agonist isoproterenol and the 

antagonist/inverse agonist ICI 118,551 on our fusion proteins showed that the fusion 

proteins remain sensitive to pharmacological manipulation. These findings suggest that 

our novel chimeric proteins of β2AR fused to either Gαs or βarr2, have a conformational 

restriction. Therefore, our fusion proteins might predominantly exist as two separate 

active conformations of the receptor (i.e., R* as the active conformation that favors Gαs 

signaling and R** as the active conformation that favors βarr2 signaling). Indeed, our 

findings exploring the pharmacological properties of affinity, potency, and efficacy of 

selected β2AR ligands in our fusion proteins are in accordance with the isolation of two 

different active conformational states of the β2AR. Based on the previous 

pharmacological parameters, we quantified the biased signaling of these β2AR ligands 

using a modified version of the transducer coefficient ratio under an absolute scale. This 

approach has the advantage of being independent of a reference ligand and therefore, 

can represent more closely an absolute measure of the intrinsic power of a ligand to 

activate a certain pathway. Finally, the experiments with BEAS-2B cells supported the 

pattern of constitutive signaling by a single pathway that was observed in HEK 293 

cells. This unique constitutive activity was related to a different physiological response 

on cytokine release, as well as an observed change in the average size and shape of 

cells. 

Selective affinity. 
 

The competition binding studies to determine affinity showed that all β2AR 

agonists, classically known to stimulate the Gs pathway, had higher affinity for the 
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active conformation that couples to Gαs (R*) versus the active conformation that 

couples to βarr2 (R**). Isoproterenol and epinephrine showed the highest degree of 

preference for a conformational state as they were 4 times more selective for R* over 

R**. Conversely, none of the beta-blockers showed a binding preference for the R* and 

only propranolol showed a higher affinity for R** versus R*. Therefore, changes in the 

binding affinity of ligands for the receptor can reveal a predominant conformational state 

of the receptor. Additionally, nadolol showed the highest affinity for the receptor alone 

(not fused with any signaling molecule) suggesting that another conformation of the 

receptor (likely the inactive conformation expressed as R) is present simultaneously 

with R* and R** in physiological conditions. Therefore, this data supports a preexisting 

array of, at least, 3 different conformational states of the receptor that presumably 

determines the responsiveness of a β2AR ligand in any system (i.e., different tissues). 

Other methods that detect small subpopulations of the unliganded receptor (Lerch et al., 

2020; Nygaard et al., 2013), as well as the detection of the active and inactive 

conformations of the β2AR by X-ray crystallography (Cherezov et al., 2007; Rasmussen, 

Choi, et al., 2011; Rasmussen et al., 2007), support a preexisting equilibrium between 

the inactive and multiple active conformations of the β2AR. Different affinity patterns 

were also observed for alprenolol (R over R**), carvedilol (R over R*), and ICI 118,551 

and metoprolol (no preference) evidencing an “individual” preference among beta-

blockers for receptor subpopulations that could be translated into multiple functional 

responses beyond only “blocking” the receptor. Altogether, these findings fit what is 

proposed in the current receptor theory where the signaling proteins behave as 

allosteric components that stabilize the ever-changing structure of the receptor. Hence, 

a functional affinity is observed between a ligand and the multiple allosterically modified 

receptor conformations (Kenakin & Christopoulos, 2013a). 

Constitutive activity. 
 

The functional data measuring cAMP accumulation as a surrogate of the Gαs 

pathway, and ERK1/2 phosphorylation as a surrogate of the βarr2 pathway revealed 

that each fusion protein was constitutively active for their respective pathways. The 

increased constitutive activity for the canonical pathway, Gαs, was also observed when 
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the receptor was overexpressed regardless of the moiety tethered to the receptor. For 

cells expressing the β2AR-βarr2 fusion protein, there was a small increase in basal 

cAMP activity. This might be explained by the remnant expression of the endogenous 

β2AR in HEK 293 cells that likely couples to the endogenous protein Gs (Kim et al., 

2014; Periole et al., 2007), whereas the rest of the transfected receptors remain coupled 

to βarr2. Further supporting the weakness of this remnant endogenous β2AR signal is 

that low concentrations of ICI 118,551 decreased the cAMP in cells predominantly 

expressing the β2AR-βarr2 fusion. In contrast, only a small reduction in the cAMP 

constitutive activity of the β2AR-Gαs fusion protein is observed even at high ICI 118,551 

concentrations (Fig. 3A). This can be also explained based on the mechanistic models 

of receptor theory. In this case, the crowded conditions elicited by the increased 

receptor density at the membrane (Kim et al., 2014; Periole et al., 2007), might force the 

receptor to adopt the thermodynamically favored R* conformation whereas the rest of 

the transfected receptors keep an R** conformation. Thus, low concentrations of ICI can 

easily overcome the small R* subpopulation and shift the equilibrium from R* to R which 

does not start signaling. Comparatively, a small reduction in the constitutive activity of 

the highly expressed β2AR-Gαs fusion protein, even at high ICI concentrations, cannot 

shift the equilibrium back to the inactive state because of the overpopulated R* 

conformation of the receptor. Beyond receptor theory, another contributing factor for the 

increased strength of the β2AR-Gαs fusion protein on cAMP production is the length of 

the linker between the β2AR and Gαs. Previous reports on the β2AR-Gαs fusion proteins 

have shown a variable degree of constitutive activity presumably by the change in the 

linker length (Bertin et al., 1994; Molinari et al., 2003; Small et al., 2000). This variability 

was particularly addressed by exploring multiple lengths between the tethered proteins, 

demonstrating that the length of the linker is inversely proportional to the basal activity 

elicited by the fusion protein (Malik et al., 2017; Wenzel-Seifert et al., 1998). Therefore, 

the small size of the linker in the β2AR-Gαs fusion is constraining the receptor to couple 

to the Gαs pathway. This approach has also been used to stabilize the conformation of 

GPCRs for crystallization (Chun et al., 2012; Zou et al., 2012) supporting the idea of 

conformational restriction in our fusion proteins. In conformity with this hypothesis is the 

lack of constitutive activity of the β2AR-Gαs fusion for the βarr2 pathway (Fig. 3B) 
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suggesting the receptor is being tightly held in the conformation coupling to Gαs. For the 

βarr2 pathway, the constitutive activity was observed only when the β2AR-βarr2 fusion 

was expressed. This finding corroborates one of the well-established signaling 

mechanisms of βarr2 (Shenoy et al., 2006). Moreover, the increased basal ERK1/2 

phosphorylation elicited by the β2AR-βarr2 fusion protein was not observed in the β2AR-

Gαs fusion protein. Because these measurements required a starvation step of 24 

hours, the constitutive activity observed was in chronic conditions. Therefore, this 

confirms previous studies showing the lack of chronic ERK1/2 activation by the Gαs 

pathway (Gesty-Palmer et al., 2006; Goldsmith & Dhanasekaran, 2007). To the best of 

our knowledge, this is the first study showing increased constitutive activity of the β2AR-

βarr2-dependent ERK1/2 phosphorylation. Therefore, the chimeric β2AR-βarr2 fusion 

can be used as a tool for the exploration of the mechanisms involved in the downstream 

signaling of this pathway. 

Steric Hindrance. 
 

The recruitment of the reciprocal signaling molecules Gαs and βarr2 after ISO 

stimulation is inhibited by the fusion proteins whereas the receptor alone kept the 

recruitment feature for both signaling proteins. This indicates that each fusion protein 

excludes the coupling of the alternative signaling pathway, likely by steric hindrance. In 

contrast with our findings, other studies have shown the formation of a 7TMR-Gαs-βarr2 

megacomplex (Nguyen & Lefkowitz, 2021; Thomsen et al., 2016). The discrepancy can 

be reconciled based on the conformational interaction βarr has with GPCRs. Based on 

the strength of the interaction between β-arrestins and 7TMR, receptors have been 

classified in class A (transient interactions) or class B (stable interactions) (Oakley et al., 

2001; Oakley et al., 2000). Such interactions are dependent on the conformation of βarr 

whereby the tail conformation (predominantly observed across class B GPCRs) would 

allow βarr to remain attached to the C-terminal of the receptor while the intracellular 

core of the receptor is still accessible to the G protein for canonical signaling. 

Conversely, the core-engaged βarr (observed in class A GPCRs such as the β2AR) 

would not allow G protein interaction with the receptor (Shukla et al., 2014; Thomsen et 
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al., 2016). Therefore, the core conformation of βarr is most likely present in the β2AR-

βarr2 fusion. 

Fusion proteins remain functional. 
 

In addition, both fusion proteins can be functionally manipulated using β2AR 

ligands by either increasing or decreasing their constitutive activity. However, the 

overexpression of the receptor alone increased cAMP to the maximal levels of the 

system masking the stimulatory effect of isoproterenol. This has been previously 

observed both in vitro and in vivo. For example, in mice overexpressing the β2AR in 

cardiomyocytes, one of the physiological outcomes was a maximal increase of heart 

rate with no change after isoproterenol administration (Milano et al., 1994). ICI 118,551, 

however, markedly reduced heart rate in these transgenic mice (Milano et al., 1994). 

Accordingly, our data is consistent with the reduction of the maximal cAMP levels in the 

overexpressed receptor group using ICI 118,551 which allowed for the observation of 

the stimulatory effect of isoproterenol. Additionally, both fusion proteins generated 

classical sigmoidal response curves for both signaling pathways. isoproterenol was 

initially tested showing curves that could be displaced to the right by increasing 

concentrations of ICI 118,551 showing that both fusion proteins can be selectively 

modulated by agonists and antagonists/inverse agonists. For the Gs pathway, a Schild 

regression analysis on the displacement of isoproterenol curves by ICI 118,551 

demonstrated higher pA2 values for both fusion proteins compared to the controls. 

Further reassessment using a Schild plot due to the Schild slope being different from 

unity decreased the pA2 values of ICI 118,551 in all groups. These values were largely 

similar among all groups and closely resembled the observed values in the affinity 

binding experiments. The deviations from unity in the slope of our Schild regression 

analysis might reflect a system that is at semi-equilibrium (Kenakin, 1982). Since for 

cAMP measurements, the best response window for agonists was 10 minutes, this time 

frame might not have been enough for the re-equilibration between the preincubated ICI 

118,551 and the newly added isoproterenol with all receptors. Thus, a decrease in the 

maximal activity of isoproterenol was observed in the group with low endogenous 

expression of the β2AR (HEK 293 group), and the group expressing the β2AR-βarr2 
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fusion protein (Fig 6A and D). However, this was not the case for the other groups; no 

reduction in the maximal activity of isoproterenol curves pretreated with ICI 118,551 was 

observed in the cell expressing either the wild type β2AR or when fused to Gαs (Fig 6B 

and C). This disparity might be explained in terms of receptor occupancy and the 

efficiency of the system to produce a response. That is, the sensitivity of a system, 

reflected as the maximal response measurements, depends on the receptor density and 

the receptor coupling with other members of the signaling pathway measured (Kenakin, 

2019; Seifert et al., 2001; Seifert et al., 1999). Therefore, reducing the number of 

receptors or decoupling them from the signaling pathway that is being measured can 

change the maximal response of the system. Accordingly, the already low receptor 

expression in the untransfected HEK 293 cells is further reduced since some of the 

receptors occupied by ICI 118,551 would not form part of the observed semi-

equilibrium. Likewise, the decoupling of cAMP production by the steric hindrance for the 

recruitment of Gαs when the β2AR is fused to βarr2 together with the endogenous 

receptors functionally reduced by ICI 118,551 also decrease the maximal response of 

isoproterenol to a similar degree. In both cases, the new equilibrium formed after 10 

minutes of isoproterenol administration represents a smaller receptor density that still 

allows for the parallel rightward shift induced by ICI 118,551 without changes in the new 

maximal response. For the ERK1/2 phosphorylation measurements, the collapse of the 

maximal response of isoproterenol under increasing concentrations of ICI was observed 

for all groups except the t β2AR-βarr2 group. This is suggestive of a decreased 

availability of the receptor subpopulation that can preferentially couple to βarr2. 

Accordingly, the increased availability of the receptor subpopulation that couples to 

βarr2 by the overexpression of the β2AR-βarr2 fusion protein show parallel rightward 

displacements with similar maximal activities of the ISO curves under increasing 

concentrations of ICI. Thus, the receptor subpopulation that preferentially couples to 

βarr2 and signals through ERK1/2 phosphorylation is not the predominant species in 

basal conditions. Taken together, the high degree of responsiveness of our fusion 

proteins to isoproterenol and ICI 118,551 further allows for the quantification of signaling 

preference of other β2AR ligands for the Gαs or the βarr2 pathway. 
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Potency of β2AR agonists for the Gs and βarr2 pathways. 
 

The potency measurements of selected β2AR ligands for two distinct signaling 

pathways (i.e., cAMP accumulation for Gs pathway, and ERK1/2 phosphorylation for the 

βarr2 pathway) was analyzed in two separate systems expressing either the β2AR-Gαs 

or β2AR-βarr2 fusion proteins. The potency of all β2AR agonists on cAMP accumulation 

was increased by at least a half logarithmic unit when the receptor was overexpressed 

or fused to Gαs. Conversely, lower receptor expression or fusion of the β2AR to βarr2 

yielded lower potency values. These results are consistent with changes in potency 

based on the receptor density (Gazi et al., 1999; Hermans et al., 1999) or coupling 

efficiency (Morfis et al., 2008; Ostrom et al., 2001). For the βarr2 pathway, the data was 

less homogenous showing only a trend of increased potency in some β2AR agonists on 

ERK1/2 phosphorylation when the β2AR is overexpressed or fused to βarr2. Thus, we 

cannot conclude with certainty that the receptor behavior observed for the Gs pathway 

remains consistent at the βarr2 pathway. Nevertheless, the fact that all agonists showed 

an increased affinity for the β2AR-Gs fusion protein and had increased potency (either 

significantly or as a trend) when the receptor is overexpressed or fused to the cognate 

transducer upstream the measured pathway, strongly argues in favor of the currently 

described GPCR behavior in receptor theory (Kenakin, 2017b).  

Regarding the intrinsic activity of the β2AR ligands, we observed the expected 

increase in the maximal response when the receptor was overexpressed for the Gs 

pathway. Paradoxically, the maximal response was significantly reduced when the 

receptor was overexpressed in the βarr2 pathway. This behavior is counterintuitive and 

goes against the current receptor theory based on experimental evidence that 

increasing the receptor number would increase the probabilities of coupling to its 

cognate transducers (Kenakin, 2016, 2017b). However, rigorous evidence about the 

receptor density-intrinsic activity relationship only comes from studies analyzing the 

canonical pathway (Hermans et al., 1999; Koener et al., 2012). Therefore, no 

pharmacological explanation can currently fit with our experimental observations. 

However, as an alternative to explaining this phenomenon pharmacologically, we 

propose that the decreased coupling efficiency observed with high receptor density in 
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the βarr2 pathway answers to the physical property of protein crowding (Harada et al., 

2012; Stachowiak et al., 2010). We speculate that the crowded environment by the 

overexpression of the β2AR (which is at least 100-fold higher compared to the 

endogenously expressed β2AR in our settings) induces steric pressure that constrains 

the receptor conformation ultimately leading to an increase in the energetic barrier for 

β2AR-βarr2 coupling. In turn, only a limited receptor population can exist in a 

conformational state that couples to βarr2 and induce ERK1/2 phosphorylation.   

Potency of beta-blockers for the Gs and βarr2 pathways. 
 

We also tested selected beta-blockers for their potential to decrease the 

previously observed constitutive activity of the β2AR in our transfected groups. By 

increasing the cell number and therefore the receptor concentration, all the beta-

blockers behaved as inverse agonists for the βarr2 pathway regardless of the receptor 

quantity or chimeric nature. Similarly, all beta-blockers decreased cAMP accumulation 

when the receptor was overexpressed (increased density) or fused to βarr2 whereas 

nadolol was the only one with such effect when the β2AR was fused to Gαs.  This was 

also observed for the βarr2 pathway whereas nadolol was the only beta-blocker that 

behave as an inverse agonist when the receptor was fused to Gαs. As expected, the 

low expression of the β2AR in the untransfected HEK 293 cells did not show constitutive 

activity even when we increased the receptor concentration, and therefore no inverse 

agonism was detected. Our data is consistent with the extensive body of evidence 

showing that increasing the constitutive activity of a system by increasing the number of 

receptors uncovers the negative efficacy of multiple antagonists, e.g., beta-blockers 

(Bond et al., 1995; Costa & Herz, 1989; Wisler et al., 2007). Moreover, the potency of all 

beta-blockers for ERK1/2 dephosphorylation was decreased when the receptor was 

fused to Gαs, except for alprenolol which showed increased potency in this group. 

Similarly, nadolol also show decreased potency for decreasing cAMP accumulation 

when tested in the transfected β2AR-Gαs group whereas no potency was detected for 

the rest of the beta-blockers. Altogether, the detection of differences in potencies by our 

fusion proteins, in both signaling pathways opens the opportunity to mathematically 

determine the biased signaling profile of beta-blockers. 
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Finally, we recognized that for the untransfected control HEK 293 group, the 

increase in constitutive activity by augmenting the receptor concentration was only 

observed in the βarr2 pathway and could be decreased by beta-blockers. These results 

indicate amplification of the β2AR-βarr2 signaling pathway and suggest that the β2AR-

βarr2 signaling is necessary for the basal functions of starving HEK 293 cells. 

Conversely, the lack of amplification in the β2AR-Gαs signaling suggests that this 

pathway is not fundamental in the basic needs of HEK 293 cells. Indeed, the stimulation 

of GPCRs in cells lacking both β arrestin isoforms induces apoptosis, whereas GPCR-

dependent βarr2 signaling activation also shows antiapoptotic effects (DeFea et al., 

2000; Revankar et al., 2004). In an in vivo context, there is also evidence of early birth 

lethality in mice lacking βarr1/2 (Zhang et al., 2011). Altogether, our data is consistent 

with a fundamental role of the β2AR-βarr2 signaling pathway in cell survival for the 

untransfected HEK 293 cells. 

Absolute bias for β2AR ligands. 
 

Currently, the most used method to quantify biased agonism is the transduction 

coefficient ratios based on the operational model (Black et al., 1985; Kenakin et al., 

2012). This method allows for the detection of the preference of a ligand to stimulate a 

signaling pathway by using simple functional concentration-response curves for the 

signaling pathways that are under analysis. However, Eq 12 shows that the parameters 

τ, KA, and Emax are interdependent when obtained from functional curves only (Jakubik 

et al., 2019). This means that certain conditions must be met for the accurate prediction 

of bias in experimental settings. Particularly, the fit of at least two concentration-

response curves with shared parameters is needed to fit the operational model (Frigyesi 

& Hossjer, 2006). Variability on the Emax by using a scale determined on the response 

of a full agonist might not represent the maximal response of the system and would 

yield erroneous values for the calculation of τ and KA of other agonists. The other 

important issue is the assumption of an ‘operational’ affinity which means that the 

parameter KA for a given receptor has the same value for both active states. If the KA is 

different between active states of the receptor, as we have observed in our results, the 

method becomes invalid. In other words, the operational model skips the dissociation 
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constants for individual active or inactive states, thus, ignoring the true equilibrium 

between an agonist and each active state. Furthermore, this model does not include the 

measure of bias signaling in inverse agonists due to its mathematical nature (Kenakin, 

2016) and needs a reference ligand which could be another source of bias in itself.  

For these reasons, we decided to take a direct approach and experimentally 

calculated τ, Ka, and Emax. This way, the interdependence of these parameters is 

canceled and more accurate measurements reflecting the true nature of affinity and 

efficacy for each ligand were included in the transduction coefficient ratios. Importantly, 

we directly calculated efficacy by extrapolating the IC/EC50 values to the functional 

affinity (KA) values. Therefore, we determined the concentration of ligand-active 

receptor complex needed to produce the half-maximal response on functional 

experiments; this concept is represented by the parameter Ke (described in methods) 

which is necessary for the calculation of τ. Because our calculations yielded two KA and 

two IC/EC50 values per pathway for each ligand, the reference ligand was not 

necessary. Thus, each ligand became its own reference for the quantification of bias. 

This method corroborated the dogmatic assumption that the endogenous ligand is 

unbiased in equilibrium conditions, which might not be the case in clinical settings 

(dynamic bias) (Kenakin & Christopoulos, 2013b; Michel et al., 2014). Additionally, 

isoproterenol showed an absolute bias towards the Gαs pathway. Conversely, carvedilol 

had a marked absolute bias towards the βarr2 pathway followed by the selective β1AR 

antagonist metoprolol. This specific degree of absolute ligand bias can be interpreted as 

the intrinsic power of the chemical structure of a ligand to elicit a biological response. 

Therefore, the use of our method to detect absolute ligand bias might be of clinical 

relevance when modulation of a specific signaling pathway is required. Accordingly, a 

well-stablished mechanism to induce heart injury and dysfunction is the chronic 

administration of isoproterenol (Brooks & Conrad, 2009; Teerlink et al., 1994). On the 

contrary, metoprolol and carvedilol are widely used in the treatment of heart failure due 

to their clinical benefits of increased contractility and long-term survival (Packer et al., 

1996; Ramahi et al., 2001). When compared to metoprolol, carvedilol has shown 

superiority in the long-term survival of heart failure patients (Poole-Wilson et al., 2003). 

Furthermore, the bias of carvedilol for the βarr2 pathway has been well documented 
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(van der Westhuizen et al., 2014; Wisler et al., 2007) corroborating that our method is 

highly sensitive for detection of bias. Therefore, our absolute bias measurements 

concur with the (pre)clinical outcomes observed under chronic treatment of biased β2AR 

ligands.   

Extrapolation of constitutive activity to a physiological system. 
 

For the BEAS-2B cells, the preserved constitutive activity together with the 

distinctive cytokine profile elicited by each fusion protein demonstrates a gain-of-

function mechanism in a physiologically relevant cell line. While activation of the Gs 

pathway follows the well-described β2AR behavior in BEAS-2B cells (Williams et al., 

2000), there is some controversy on the basal activity of BEAS-2B cells elicited by the 

β2AR-βarr2 pathway. A recent study analyzing multiple cell lines of human bronchial 

epithelial cells, including the BEAS-2B, showed constitutively high ERK1/2 

phosphorylation (Hamed et al., 2021). Yet, no clear evidence on the βarr2-dependent 

ERK1/2 phosphorylation was observed since the βarr2-biased partial agonist, carvedilol, 

failed to further increase ERK1/2 phosphorylation (Hamed et al., 2021; Peitzman et al., 

2015). In the present study, we observed similar high ERK1/2 phosphorylation between 

non-transfected BEAS-2B cells and transfected with the β2AR-βarr2 fusion protein. 

Treatment with the selective β2AR inverse agonist, ICI 118,551, decreased ERK1/2 

phosphorylation in both groups to the basal levels observed in the t β2AR-Gαs group. 

Therefore, our data suggest that the high ERK1/2 phosphorylation observed in BEAS-

2B cells is mediated by the constitutive activity of the β2AR-βarr2 pathway. 

Independent gain-of-function was observed as alternative cytokine profiles 

and altered morphology. 
 

Under pathologic states, the epithelium secretes selective cytokines inducing a 

local inflammatory response that activates and recruits a myriad of immune cells 

(Weitnauer et al., 2016). The inflammatory response can be divided into 2 types (Th1 

and Th2) based on the cytokine-induced polarization of naïve T lymphocytes. Here, we 

show that the human BEAS-2B cell line has a constitutively high secretion of most 

cytokines measured, except for the proinflammatory cytokines IL-1 and TNFα. This 

suggests that under basal conditions, there exists an equilibrium at the epithelial 
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microenvironment between the two main immune responses, Th1 and Th2 (Del Prete et 

al., 1991; Mosmann & Coffman, 1989). Additionally, the chemokine profile observed for 

non-transfected BEAS-2B cells does not suggest a preference of chemoattraction 

between immune cell types. Overexpression of the β2AR altered the cytokine profile of 

BEAS-2B cells showing TNFα as the only elevated cytokine. Together with the change 

to a ciliated-shaped morphology (Fig 17), our findings suggest that BEAS-2B cells 

overexpressing the β2AR became differentiated. Previous observations defining the lack 

of differentiation of BEAS-2B under similar environmental conditions (Stewart et al., 

2012) challenge our observations. Further structural and genetic characterization of 

BEAS-2B cells overexpressing the β2AR and comparison with subpopulations of 

epithelial cells (Vieira Braga et al., 2019) is needed.  

Regarding the fusion proteins, the cytokine profile of BEAS-2B cells shifts based 

on the activated downstream signaling of the β2AR. When the constitutive activity is 

high for the Gαs signaling, the cytokine profile shifts to the secretion of the monocyte 

chemoattractant CCL2 (MCP-1) only. Conversely, the chemokines GM-CSF and IL-8 

(CXCL8), known for eosinophil and neutrophil recruitment, respectively, are decreased 

under the β2AR-Gαs signaling pathway. Accordingly, manipulation of the Gs pathway 

with the adenylate cyclase activator, forskolin, or a cAMP analog, 8-Br-cAMP, 

decreases GM-CSF, IL-6, and IL-8 secretion (Kainuma et al., 2017; Wyatt et al., 2014). 

A reciprocal shift in the cytokine profile of BEAS-2B cells is observed for the t β2AR-

βarr2 group where the constitutive activity for the β2AR-βarr2 signaling pathway 

decreases CCL2 secretion while GM-CSF and IL-8 remain at high concentrations. 

Furthermore, the proinflammatory cytokine IL-1β, instrumental in the activation and 

recruitment of eosinophils, mast cells, neutrophils, and dendritic cells (Willart et al., 

2012), is increased only in the t β2AR-βarr2 group. Together with the increase in IL-8 

secretion, this cytokine profile suggests that the β2AR-βarr2 signaling axis mediates the 

Th2 immune response. This profile is consistent with the immune phenotype of asthma 

reported in human and animal studies (Baines et al., 2010; Broide et al., 1992; Nguyen 

et al., 2017). Moreover, β2AR signaling, predominantly through the βarr2 pathway, is 

necessary for the development of an asthma phenotype (Al-Sawalha et al., 2015; 

Nguyen et al., 2017; Nguyen et al., 2009). Thus, our results suggest that the β2AR-βarr2 
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signaling pathway in human bronchial epithelial cells favors the development of an 

asthma-like phenotype by generating a biased response towards the Th2 pro-

inflammatory profile. 

XIV. Summary and Conclusion 
 

Here we show that our fusion proteins can elicit a robust and independent 

activation of each signaling pathway in multiple cellular systems.  We transfected our 

β2AR-Gαs and β2AR-βarr2 fusion constructs separately into HEK 293 cells; cells that 

are commonly used to characterize the β2AR behavior and pharmacology. As predicted, 

the β2AR-Gαs and β2AR-βarr2 fusion proteins showed steric hindrance from other non-

tethered signaling molecules and selectively increased the constitutive activity of the 

receptor via the signaling molecule fused to the receptor. The differential affinity of 

ligands for our fusion proteins also favored the argument that each fusion protein has a 

distinct active conformation. We also demonstrated that the signaling activity of the 

receptor for both pathways can still be manipulated by ligands, suggesting that the 

structure of the receptor fused to any signaling molecule is not locked in its 

conformational state. This allowed us to measure the potency of all β2AR ligands and 

create an integral scale based on the properties of affinity and efficacy of each ligand to 

quantify their absolute biased signaling independent from a reference ligand. This 

method might reveal the true intrinsic power of the chemical structure of a ligand. 

Therefore, our fusion proteins can also facilitate the study and development of biased 

ligands by the implementation of the absolute ligand bias scale proposed here that 

could ultimately increase the therapeutic efficacy and/or decrease adverse effects. 

Finally, by using the immortalized human bronchial epithelial cell line, BEAS-2B cells, 

we further demonstrated that the selective constitutive activity of our fusion proteins 

observed in HEK 293 cells is preserved in a more physiologically relevant cell type. 

Measurements of β2AR-mediated cytokine release in BEAS-2B cells revealed that the 

constitutive signaling via each pathway is translated into a unique cellular response that 

differs between the two pathways. Moreover, the β2AR-βarr2 signaling pathway induces 

a strong type 2 immune response not observed for the β2AR-Gαs signaling pathway. 

Thus, the fusion proteins can be used to study the pathway-specific pharmacology of 
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β2AR ligands and the physiological consequences of inducing a gain-of-function. This 

mechanism can also be used as a tool to dissect the most well-known signaling 

pathways of the β2AR and study other physiological systems.  
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