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Abstract

G protein-coupled receptors (GPCRs) form the largest family of membrane proteins involved in 

signal transduction. Due to their ability to regulate a wide range of cellular responses and their 

dysregulation being associated with many diseases, GPCRs remain a key therapeutic target for 

several clinical indications. In recent years, it has been demonstrated that ligands for a given 

receptor can engage distinct pathways with different relative efficacies, a concept known as biased 

signaling or functional selectivity. However, the structural determinants of this phenomenon 

remain poorly understood. Using the β2-adrenergic receptor as a model, we identified a linker 

residue (L1243.43) between the known PIF and NPxxY structural motifs, that plays a central role 

in the differential efficacy of biased ligands toward the Gs and -arrestin pathways. Given the high 

level of conservation of this linker residue, the study provides structural explanations for biased 

signaling that can be extrapolated to other GPCRs.

Keywords: G protein-coupled receptors (GPCR), Biased ligands, Bioluminescence Resonance 

Energy transfer (BRET), Biosensors, β2-adrenergic receptor (β2AR), Mutagenesis, Structural 

microswitches, Signal transduction.

Abbreviations: BRET: bioluminescence resonance-energy transfer, RET: resonance-energy 

transfer, GPCR: G protein-coupled receptors, β2AR: β2-adrenergic receptor, ISO: isoproterenol, 

SALB: salbutamol, SALM: salmeterol, WT: wild-type.
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Introduction

G protein-coupled receptors (GPCRs) constitute a family of membrane proteins that initiate 

signaling cascades in several biological processes. This family has been successfully targeted in 

several clinical indications. Recently, it has been demonstrated that ligands of a given receptor 

can preferentially engage some signaling pathways over others, a concept known as biased 

signaling(1, 2). The emergence of this concept has raised the possibility of identifying ligands 

that selectively modulate therapeutically relevant pathways while avoiding the ones leading to 

side effects(3). The ability of different ligands to differentially bias signaling of a given receptor 

toward distinct pathways is believed to result from the stabilization of distinct conformational 

ensembles(4-6) that may involve conserved residues forming microswitches(7, 8). Consistent 

with this notion, distinct dynamic receptor conformations upon binding of different ligands were 

observed using resonance-energy transfer (RET) biosensors(9-11) , solution-state nuclear 

magnetic resonance spectroscopy and molecular dynamic simulations(12, 13) . 

The 2-adrenergic receptor (β2AR) is a prototypical receptor for which ligands with different 

propensity to activate different pathways have been identified(14, 15). In particular, salbutamol 

(SALB) and salmeterol (SALM), which are partial agonists, have been show to preferentially 

activate the stimulatory G protein, Gs, over promoting the recruitment of β-arrestin(11, 16). 

Thus, these compounds can be qualified as partial biased agonists. The difference in the binding 

mode between one of these partial biased agonists, salmeterol, and the full balanced 2AR 

agonist, epinephrine, has recently been published(16), providing a first level of structural 

explanation for the different efficacies. However, how these different binding modalities are 

propagated from the binding pocket toward the structural elements involved in the engagement 

of Gs and -arrestin remains unsolved.
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Indeed, although several microswitches such as the toggle switch, PIF/connector, NPxxY and 

DRY motifs have been reported to be important for receptor activation, their specific roles in 

biased signaling remain poorly understood. The PIF/connector motif has been suggested to play 

an important role in connecting the agonist binding pocket to downstream conformational 

rearrangements required for receptor activation(17). The NPxxY motif for its part has been 

proposed as a stabilizing element of the active conformation(18). In a previous study, mutations 

of the residue L1243.43 (Ballesteros-Weinstein numbering(19) in superscript) located between the 

PIF and NPxxY motifs of the β2AR (Figure 1a) resulted in a selective loss of isoproterenol 

(ISO)-stimulated β-arrestin recruitment(20). To test the hypothesis that this residue could 

represent a linker between the two microswitches and play a role in signal propagation and bias, 

we tested the impact of substituting L124 for M, G and S on the activity of both balanced and 

biased ligands toward Gs activation and -arrestin recruitment. These substitutions were selected 

based on evolutionary trace analysis(20) where the conservation of a given amino acid in class A 

GPCRs through evolution is considered, and suggested that these three substitutions could results 

in distinct effect on receptor signaling.

Results and discussion

The impacts of L124M/G/S mutations were first assessed on Gs activation using a 

bioluminescence RET (BRET)-based sensor(21). As shown in Figure1b-c and Table S1, 

L124G/S substitutions greatly increase the ligand-independent (constitutive) activity of the 

receptor toward Gs while abolishing the ability of the agonists ISO and SALB to further activate 

Gs. This loss in agonist responsiveness does not result from reduced binding, since L124S 

substitution results in a 100-fold increased affinity for ISO(20). The L124M substitution for its 

part results in a modest increase of the constitutive activation of the receptor toward Gs (40 ± 5 
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% for WT to 68 ± 5 % for L124M; Table S1) while maintaining an agonist-promoted response 

that reaches similar maximal level as the wild-type (WT) receptor (99 ± 8 % for WT and 102 ± 

6% for L124M upon ISO stimulation and 90±  6% for WT and 104 ± 8 % for L124M upon 

SALB stimulation; Figure 1c and Table S1).

Figure 1. Functional impacts of L124 mutations on the β2AR. a) Position of the mutated residue 
(orange) relative to the position of the PIF and NPxxY motifs (light and dark blue) on the β2AR 
(pdb:2Rh1). b) Cell surface expression of the receptors detected by ELISA. c-d) Concentration-
response curves for the WT and mutant forms of β2AR (L124M/G/S) upon ISO and SALB 
stimulation for Gs activation (c) and β-arrestin recruitment (d) detected using BRET-based 
sensors. Data are shown as the mean ± SEM of 3-4 independent experiments.

A different outcome is observed for β-arrestin recruitment monitored by BRET(22). No 

constitutive activity to either WT or any of the mutant forms of the receptor was observed. In 

contrast, the mutations have residue- and ligand-specific impacts on the agonist promoted 

recruitment. L124G/S abrogate the ISO-promoted -arrestin recruitment (Figure 1d) whereas 
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L124M resulted in an increased potency for the full and balanced agonists ISO and epinephrine 

(EPI) (Figure 1d, 2a and Table S2). For the partial and biased agonists, SALB and SALM that 

only poorly promote -arrestin recruitment to the WT receptor (Figure 1d and 2a), L124M but 

not L124G/S led to a gain of function resulting in an increase in β-arrestin recruitment (Figure 1d 

and 2a). However, the mutation does not confer -arrestin recruitment to antagonists (alprenolol, 

labetalol, propranolol and xamoterol) or inverse agonists (metoprolol and timolol) (Figure 2c-b). 

These results suggest that the L124M mutation enhances the ability of the receptor to transduce 

agonists signal towards -arrestin engagement.

Figure 2. Functional impacts of L124M mutation on -arrestin recruitment for different ligands. 
a-c) Concentration-response curves for the WT (left) and L124M (right)-promoted -arrestin 
recruitment upon stimulation with agonists (ISO, EPI, NE, SALB, SALM) (a), antagonists (ALP, 
LAB, PRO, XAM) (b) and inverse agonists (MET, TIM) (c). Data are shown as the mean ± SEM 
of 3-4 independent experiments.
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To further explore the hypothesis that the effects of the L124 mutations result from a change in 

signal transduction affecting the equilibrium between conformational ensembles, the impact of 

the mutations on a previously described sensor (NY-β2AR) able to detect conformational 

rearrangements of the receptor by monitoring the BRET between probes located in the 3rd 

cytoplasmic loop and the carboxyl terminal of the receptor(11) was assessed. As shown in 

Figure. 3a, mutations L124G/S result in a significant decrease in basal NY-β2AR BRET signal, 

reflecting a switch in the conformational ensemble that favors open conformations associated 

with active states. This is consistent with the increased constitutive activity of the receptor for Gs 

(Figure 1c). Furthermore, these mutations abolish the ISO-promoted conformational changes 

observed for the WT receptor (Figure 3b-c), consistent with the loss of agonist responsiveness 

for Gs activation (Figure 1c) and -arrestin recruitment (Figure 1d) thus suggesting that these 

mutations disrupt the link between the binding pocket and the conformational changes leading to 

signal transduction. The uncoupling between the binding pocket and signaling is also supported 

by the lack of effect of the inverse agonist, ICI 118,551 on the constitutive cAMP production 

promoted by L124G/S mutants (Figure S1). Disruption between the binding pocket and signaling 

has previously been reported for the adenosine A2a receptor(23). The increase constitutive 

activity and absence of responsiveness to ligands also indicates a shift of equilibrium of the 

unbound receptor towards the active states consistent with the increased affinity for ISO 

observed for the mutant L124S(20).  The modest decrease in basal NY-β2AR BRET for the 

L124M (Figure 3a) is also consistent with the small increase in the receptor constitutive activity 

for Gs (Figure 1c). However, in contrast with the effects of L124G/S, the L124M mutation does 

not affect the ISO-promoted conformational changes of the receptor (Figure 3b). In contrast to 
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the full and balanced agonist ISO, the biased and partial agonist SALB did not promote any 

detectable conformational rearrangement of NY-β2AR. Mutations L124G/S do not confer any 

detectable conformational changes upon SALB stimulation. However, the mutation L124M 

results in a gain of SALB-induced NY-β2AR BRET change (Figure 3c), reflecting the 

occurrence of conformational changes upon activation. Such activation is consistent with the 

gain of SALB-promoted -arrestin recruitment (Figure 1d). 

Figure 3. Conformational impacts of L124 mutations on the β2AR. a) Effect of L124 mutations 
on the basal BRET level of the NY-β2AR conformational sensor. Statistical analysis was 
performed using ANOVA (* p-value < 0.05). b-c) Effects of the L124 mutations on ISO- (b) and 
SALB- (c)-promoted conformational changes of the NY-β2AR sensor. Data are shown as the 
mean ± SEM of 4 independent experiments.

In order to gain structural insight on the role of L124, impacts of the mutations were assessed 

using in silico modeling. For L124G/S, a complete loss of interactions between residue 124 and 

the PIF motif is observed in the inactive conformation derived from the crystal structures, PDB 

2RH1 representing the carazolol bound β2AR (Figure 4). These changes should lead to a 

reduction of the structural constraints, allowing more flexibility, thus increasing the probability 

of the receptor to adopt an active conformation, leading to increased constitutive activation of 

Gs. Furthermore, this loss of interaction between the residue 124 and the PIF motif in the 
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inactive conformation would decrease the stability of the inactive form shifting the equilibrium 

towards the active states, as suggested by the decrease in BRET level for the NY-β2AR sensor in 

absence of ligand (Figure 3a). The weakening of the interaction between the PIF and NPxxY 

microswitches can also explain the loss of response to ligand stimulation observed for L124G/S. 

The PIF motif has been described to play a crucial role for signal transduction from the binding 

pocket(24) and the NPxxY for active conformation stabilisation(25). Therefore, disconnecting 

the two motifs by mutating the newly identified linker residue L124 most likely uncouples ligand 

binding from signal transduction. In addition to this reduction of structural constraints in the 

inactive conformation, the mutant L124S could form a hydrogen bond with Y326 of the NPxxY 

motif in the active conformation derived from the crystal structure, PDB 4LDE, representing the 

BI167107 bound β2AR. This additional hydrogen bound could stabilize the active state thus 

partially explaining the constitutive activity of this mutant for Gs activation. However, the 

mutant L124G has the same functional effects as L124S, therefore, the main structural 

explanation for constitutive activity is more likely to be due to a loss of interaction between 

residue 124 and the PIF motif.
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Figure 4. Modeling of the impacts of L124 mutant forms compared to the WT receptor using the 
crystal structure for the carazolol-bound inactive β2AR state (PDB: 2RH1) and the BI-167107-
β2AR-NB80 active complex (PDB: 4LDE). The PIF motif(P211-I121-F282) is shown in orange 
and NPxxY (P323-N322-Y326) motif is shown light blue, while the mutated residue is shown in 
purple. Black lines represent predicted stabilizing interactions.

In contrast with L124G/S, L124M mutation places the sulfur atom of the methionine in a 

position to interact with the -electrons of the aromatic ring of F282 in the inactive and active 

conformations, and with the  electrons of the Y326 in the active conformation (Figure 4) 

providing a more general stabilization of the receptor with a greater increase being seen in the 

active one. These gains of interactions most likely stabilize active conformation ensembles, as 

such interactions have been demonstrated to display stabilizing effects on different protein 

structures(26), thus increasing the efficiency of signal transduction and resulting in a gain of β-

arrestin recruitment. This is supported by the gain of SALB-promoted NY-β2AR opening by the 

L124M mutation. It is noteworthy that ligands biased against -arrestin, such as SALB and 

SALM, cannot on their own promote a detectable conformational change of WT NY-2AR(11). 

This could indicate that balanced and biased ligands stabilize distinct conformations (Figure 5a) 

as previously suggested by a single molecule FRET study(9) and by the recently obtained crystal 

structure of the SALM-β2AR complex(16). Another possibility is that the differences in 

equilibrium are caused by the difference in overall stability of active conformations, where 

balanced ligands would stabilize them for a longer time as compared with biased ligands (Figure 

5b). The strengthening of the link between the PIF and NPxxY motifs by the L124M mutation 

would increase the time spent in active conformations for all agonists, through methionine-

aromatic interaction, leading to increased -arrestin recruitment. Such differences in 

conformational equilibrium would not affect Gs activation since G protein engagement is faster 
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than -arrestin recruitment(22, 27). The observation that Gs on its own can promote 

conformational changes(11) associated with activation and several studies indicating the 

existence of a pre-coupling between receptors and G proteins(28, 29) would be compatible with 

the faster activation rate of Gs compared with β-arrestin. For L124G/S mutants, the main effect 

would be a reduced stabilisation of the inactive states, thus increasing Gs activation at the basal 

level, while the absence of additional stabilisation by the ligands would prevent β-arrestin 

recruitment. The difference in the active conformations’ haft-life that would be required to 

engage Gs versus β-arrestin agrees with studies showing that the residency time of the ligand in 

the binding pocket of the receptor is important for β-arrestin recruitment but does not affect G 

protein activation(30).

Figure 5. Schematic representation of proposed models. a) Different active conformations are 
stabilized by balanced and full agonists (green) and partial and biased agonists (orange). b) 
Balanced and biased ligands stabilize similar conformations but for different time lengths as 
represented by the equilibrium arrow and color intensity.

In conclusion, L1243.43 plays a major role in receptor activation by interacting with the PIF and 

NPxxY motifs. Whether the mutations at this position modify the receptor conformation or the 
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equilibrium between active and inactive states remains to be further investigated, but it is clear 

that this region plays a crucial role in dictating the selective engagement of G protein vs β-

arrestin and linking ligand binding to effectors engagement. Given the conservation (73%) of this 

linker residue among class A GPCRs (GPCRdb.org), we can propose that it represents a key 

element in signal propagation and biased signalling. This opens the possibility of rationally 

designing allosteric ligands that would target this region to generate biased ligands. 
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Methods

Reagents. (-)-Isoproterenol hydrochloride (ISO), (-)-Epinephrine (EPI), (-)-Norepinephrine 

(NE), Alprenolol hydrochloride (ALP), Labetalol hydrochloride (LAB), (±)-Propranolol 

hydrochloride (PRO), Metoprolol tartrate (MET), Timolol maleate (TIM) were purchased from 

Sigma Aldrich. Salbutamol hemisulfate (SALB) and Xamoterol hemifumarate (XAM) were 

purchased from Tocris Bioscience. Salmeterol xinofolate was purchased from Selleckchem. 

Coelenterazine 400a (Coel400a) was purchased from NanoLight Technology.

Plasmids. The β-arrestin-RlucII(22), HA-2AR WT and mutant forms(20), Gs-117-RlucII(21), 

G1(31), Gγ1-GFP10(31), β2AR-GFP10(32) and NY-β2AR(11) have been previously 

described. Point mutations in the NY-β2AR and β2AR-GFP10 were introduced by PCR using 

QuickChange Site-directed Mutagenesis Kit (Agilent Technologies) following the 

manufacturer’s instructions. All variants were verified by sequencing. 

Cell culture and transfection. HEK293T cells were grown in Dulbecco’s modified Eagle’s 

medium (DMEM) supplemented with 10% newborn calf serum (NCS) at 37°C with 5% CO2. 

For transfection, cells were detached with trypsin, diluted at a density of 500,000 cells/mL and 

transfected with 2.5 μg of total DNA per 106 cells using linear polyethylenimine (PEI, 

Polysciences) as transfecting agent with a PEI:DNA ratio of 3:1. Directly after transfection, cells 

were plated in white 96-wells culture plates (Greiner) coated with Poly-L-Ornithine (Sigma-

Aldrich) at a density of 50,000 cells per well and incubated for 48 h before experiments. Cells 

were regularly tested for mycoplasma contamination (PCR Mycoplasma Detection kit, abm).

BRET measurements. 48 h after transfection, cells were washed with PBS and stimulation 

buffer (Hank’s balanced salt solution, HBSS) was added. 10X concentrated ligand was added 5 
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min (Gs) or 15 min (NY-β2AR and β-arrestin assays) before BRET measurement while 

Coel400a was added to a final concentration of 2.5 μM, 5 min before reading. BRET was 

monitored with a TriStar2 LB942 microplate reader (Berthold) equipped with a donor filter of 

410/80 nm and an acceptor filter of 515/40 nm (Gs and β-arrestin assays) or a donor filter of 

485/20 nm and an acceptor filter of 530/25 nm (NY-β2AR assay). BRET ratios were calculated 

by dividing the acceptor emission by the donor emission.

Conformational sensor.  HEK293T cells were transfected with the conformational biosensor 

(NY-β2AR)(11). BRET was then monitored as described above. The NY-β2AR consists of a 

β2AR construct where Nluc was fused to the ICL3 between positions 251 and 252 and YFP at 

position 369 of a truncated receptor. These positions allow the detection of conformational 

changes resulting from the TM5 rotation and TM6 outward movement upon receptor activation.

-arrestin recruitment. HEK293T cells were co-transfected with the BRET-based biosensors 

β2AR-GFP10 (WT or mutants) and arr2-RlucII, as described above. BRET was then monitored 

as described above. After recruitment of -arrestin to the receptor, the increase proximity 

between the two proteins leads to an increase in BRET ratio.

Gs activation. HEK293T cells were co-transfected with the 2AR receptor (WT or mutants) 

along with Gs-117-RlucII, G1, Gγ1-GFP10 (G protein activation BRET biosensor(21)) and 

BRET monitored as described above. The dissociation of the Gα and G/Gγ subunits upon G 

protein activation leads to a decrease in BRET ratio.

Cell surface ELISA. HEK293T cells transfected with the different receptor constructs were 

washed with PBS, then fixed with 3% PFA diluted in PBS. Fixed cells were washed with WashB 

solution (0.5% BSA in PBS). The monoclonal anti-HA-HRP (3f10, Roche Diagnostics) was 
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added at a dilution of 1/2,000 and cells were incubated at RT for 1 h. After incubation, cells were 

washed with WashB solution. HBSS was added in the wells, and 2 min before the reading, ECL 

(Perkin Elmer) was added. Total luminescence was monitored with a Mithras LB 940 microplate 

reader (Berthold). 

BRET signal analysis. Concentration-response curves were analysed using GraphPad Prism 6 

software (version 6, GraphPad Software). The data were normalized to WT curves. The maximal 

response upon ISO stimulation was used as 100% and the values of unstimulated mock 

conditions were used as 0%. This normalization allows the detection of changes in constitutive 

activity, which correspond to the lower asymptotes of the concentration-response curves. Cell 

surface ELISA was performed as described above to control receptors expression.

Structure prediction and analysis. Protein structure prediction was performed as previously 

described(20). Briefly, MOE structure-based design package was used. Automated structure 

preparation protocol Protonate3D was run on both inactive and active receptor templates (2RH1 

and 4LDE, respectively), then the mutations were inserted using the Residue Scanning in the 

Protein Design panel. The conformation of the side chain was determined by a selection from a 

rotamer library followed by a force field energy minimization-based protocol, using 

AMBER12EHT force field. Structure predictions were visualized and analysed using chimera 

visualization system. Interactions between mutated residues and the microswitches have been 

determined by a distance inferior to 0.4 Å between the van der Waals radii of the different atoms.
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The figure provided above show the main effect of the mutations made in the paper. The 
mutation of the residue L124 for a glycine or serine bias the signaling toward Gs activation while 
the mutation of the same residue for a methionine lead to Gs signaling and restore β-arrestin 
reccruitment upon biased ligands stimulation.
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