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Background and Purpose: The interaction of arrestins with G-protein coupled receptors (GPCRs) desensitizes agonist-dependent receptor responses and often leads to
receptor internalization. GPCRs that internalize without arrestin have been classified
as “class A” GPCRs whereas “class B” GPCRs co-internalize with arrestin into endosomes. The interaction of arrestins with GPCRs requires both agonist activation and
receptor phosphorylation. Here, we ask the question whether agonists with very
slow off-rates can cause the formation of particularly stable receptor–arrestin
complexes.
Experimental Approach: The stability of GPCR–arrestin-3 complexes at two class A
GPCRs, the β2-adrenoceptor and the μ opioid receptor, was assessed using two different techniques, fluorescence resonance energy transfer (FRET) and fluorescence
recovery after photobleaching (FRAP) employing several ligands with very different
off-rates. Arrestin trafficking was determined by confocal microscopy.
Key Results: Upon agonist washout, GPCR–arrestin-3 complexes showed markedly
different dissociation rates in single-cell FRET experiments. In FRAP experiments,
however, all full agonists led to the formation of receptor–arrestin complexes of
identical stability whereas the complex between the μ receptor and arrestin-3
induced by the partial agonist morphine was less stable. Agonists with very slow offrates could not mediate the co-internalization of arrestin-3 with class A GPCRs into
endosomes.
Conclusions and Implications: Agonist off-rates do not affect the stability of
GPCR–arrestin complexes but phosphorylation patterns do.
Our results imply that orthosteric agonists are not able to pharmacologically convert
class A into class B GPCRs.
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Abbreviations: BI-167107, 5-hydroxy-8-(1-hydroxy-2-((2-methyl-1-(o-tolyl)propan-2-yl)amino)ethyl)-2H-benzo[b][1,4]oxazin-3(4H)-one; CFP, cyan fluorescent protein; DAMGO, [D-Ala2, NMePhe4, Gly-ol]-enkephalin; FRAP, fluorescence recovery after photobleaching; GRK, G-protein-coupled receptor kinase; SR17018, 5,6-dichloro-3-[1-[(4-chlorophenyl)methyl]piperidin-4-yl]-1Hbenzimidazol-2-one; SYFP2, mVenus L68V; YFP, yellow fluorescent protein.
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I N T RO DU CT I O N
What is already known

The arrestins are a small family of four cytosolic proteins that specifically bind to activated and phosphorylated G-protein coupled recep-

• Affinity of arrestins for agonist-activated GPCRs depends

tors (GPCRs) to prevent further G-protein coupling by sterically

on the number and spacing of phosphorylation sites.

blocking the G-protein binding site. Furthermore, they also act as

• Arrestin affinities have been compared using FRET and

adaptors for the endocytic machinery and promote the internalization

FRAP.

of activated receptors (Ferguson, 2001). Based on the apparent stability of arrestin–receptor complexes, GPCRs are classified into two
groups (Oakley, Laporte, Holt, Caron, & Barak, 2000). Class A recep-

What does this study add

tors such as the β2-adrenoceptor or μ opioid receptors interact only
transiently with arrestins resulting in the dissociation of arrestin dur-

• Affinity and trafficking of arrestin is independent of ago-

ing the endocytic process. In contrast, class B receptors like the vaso-

nist off-rates.

pressin V2 receptor form very stable complexes with arrestins that

• Arrestin exchange on GPCRs occurs in the presence of

co-internalize into endosomes. Notably, agonists for class A receptors

bound agonists.

typically have fast off-rates whereas most agonists for class B receptors are peptides which dissociate slowly from the receptor under
physiological conditions. However, it has been found that a sufficient

What is the clinical significance

number of phosphate residues in the correct spatial arrangement in
• Receptor agonist occupancy times are unlikely to affect

the C-terminal tail of a receptor is required for high-affinity binding of
arrestins (Mayer et al., 2019) and therefore determines which class a

GPCR desensitization and trafficking.

receptor belongs to. While the significance of phosphorylation sites
for class A or B behaviour of a GPCR has been studied intensively
(Latorraca et al., 2020; Mayer et al., 2019; Oakley, Laporte, Holt,
Barak, & Caron, 1999; Zhou et al., 2017; Zindel et al., 2015, 2016), it
is unknown whether the stability of arrestin–receptor complexes also
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depends on agonist affinity. While it was previously shown that
arrestin binding increases agonist affinity to a receptor (Gurevich,
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Plasmids

Pals-Rylaarsdam, Benovic, Hosey, & Onorato, 1997), it is still unclear
if agonists with prolonged receptor occupancies might stabilize the

cDNAs for human β2-adrenoceptor-YFP, human GRK2 (Krasel,

binding of arrestin at the receptor more than agonists with fast off-

Bünemann, Lorenz, & Lohse, 2005), human YFP-β2-adrenoceptor

rates and whether arrestin actually dissociates from agonist-occupied

(Dorsch et al., 2009), bovine Arr3-mTurquoise and mouse μ receptor-

receptors without previous agonist dissociation. Therefore, we com-

SYFP2 (Miess et al., 2018) have been described elsewhere.

pared the stability of arrestin–receptor complexes induced by several

β2-adrenoceptor-mCherry and μ receptor-mCherry were cloned by

ligands with different off-rates by employing two different methods.

replacing the sequence encoding the fluorescent protein in β2-

Firstly, Foerster resonance energy transfer (FRET) was used to assess

adrenoceptor-YFP and μ receptor-SYFP2, respectively, with mCherry

the interaction between arrestin-3 and receptor upon agonist applica-

using PCR. Arr3-GFP was cloned from Arr3-CFP (Krasel, Bünemann,

tion and withdrawal. In addition, the steady-state apparent affinity of

Lorenz, & Lohse, 2005) using the same strategy. The μ receptor

arrestin-3 to receptors in the continuous presence of agonist was

tagged N-terminally with YFP (YFP-μ receptor) was cloned from the

observed by dual-colour fluorescence recovery after photobleaching

YFP-β2-adrenoceptor by replacing the β2-adrenoceptor receptor

(FRAP). Furthermore, we imaged the co-internalization of arrestin-3

sequence with the mouse μ receptor sequence.

with activated receptors to find out whether agonist off-rates determine the class A or class B behaviour of GPCRs.
All experiments were conducted with two typical class A GPCRs,
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Reagents

the β2-adrenoceptor and the μ receptor. For the β2-adrenoceptor, the
high-affinity ligand BI-167107 which has a dissociation half-life of

DMEM, FBS, penicillin/streptomycin, L-glutamine and trypsin–EDTA

about 30 h (Rasmussen et al., 2011) was compared with isoprenaline

were purchased from Capricorn Scientific (Ebsdorfergrund, Germany).

and adrenaline, which both have dissociation half-lives of seconds

Effectene Transfection Reagent was from Qiagen (Hilden, Germany).

(Krasel, Bünemann, Lorenz, & Lohse, 2005). For the μ receptor, we

SR17018 was a kind gift from Stefan Schulz and Andrea Kliewer

chose the synthetic opioid peptide DAMGO, the partial agonist

(University of Jena, Germany) (Miess et al., 2018) (Gillis et al., 2020).

morphine, the novel ligand SR17018 (Schmid et al., 2017) and

BI-167107 was a gift from Boehringer Ingelheim through their

etorphine, which was previously shown to induce long-lived

opnme program (https://opnme.com/). Etorphine hydrochloride

receptor–arrestin complexes (McPherson et al., 2010).

(Captivon

98®)

was

obtained

from

Wildlife

Pharmaceuticals
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(White

River,

South

Africa)

through

Chilla

CTS

GmbH

N-terminus with SYFP2. Receptors were immobilized by crosslinking

(Georgsmarienhütte, Germany). All other reagents were purchased

them

from Merck (Darmstadt, Germany).

600-101-215, RRID:AB_218182; Rockland, Gilbertsville, PA) at a dilu-

with

a

polyclonal

anti-GFP

antibody

(Rockland

Cat#

tion of 1:100 for 30 min at 37 C. Subsequently, cells were stimulated
with agonist and imaged using a Leica TCS SP5 scanning confocal

2.3

Cell culture

|

microscope equipped with a Lambda Blue 63/1.4NA oil immersion
lens (Leica, Wetzlar, Germany). Image size was 256  256 pixels, and

HEK293T cells were cultured in Dulbecco's modified Eagle's medium
(4.5 gL

1

glucose) supplemented with 10% fetal calf serum, 2-mM

scan speed was 1000 Hz. mTurquoise was bleached with a 405-nm
diode laser and SYFP2 with the 514-nm line of an argon laser. A

) at

3  1 μm area was bleached, and the fluorescence recovery was

37 C in a humidified atmosphere with 5% CO2. Cells were transfected

observed for almost 3 min. Resulting fluorescence intensity values

using Effectene® (Qiagen, Hilden, Germany) according to the manu-

were corrected for photobleaching and normalized by setting the ini-

facturer's protocol. Twenty-four hours after transfection, cells were

tial fluorescence intensities (pre-bleach) to 100%. Cells were excluded

plated on coverslips coated with poly-L-lysine and experiments were

if they moved throughout the experiment (making the determination

performed the next day.

of fluorescence recovery impossible) or if fluorescence recovery in the

L-glutamine,

penicillin (50 mgml

1

), and streptomycin (50 mgml

1



YFP channel was >40% (suggesting that immobilization of the receptor had not worked). Normalized FRAP curves were averaged and
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|

Foerster resonance energy transfer (FRET)

plotted as mean ± SEM. For quantification, post-bleach values were
fitted using GraphPad 8.3 (GraphPad Software, San Diego, CA, USA)

FRET between fluorescently tagged arrestin and receptors was

with a mono-exponential curve to obtain recovery time constants,

measured as described previously (Krasel, Bünemann, Lorenz, &

with t = 0 s set for the beginning of the bleach. Results from fits were

Lohse, 2005). HEK293T cells were transiently transfected with YFP-

not included in the statistical analysis if curve fitting could not deter-

labelled receptors (0.7 μg), mTurquoise-labelled arrestin-3 (0.9 μg) and

mine a 95% confidence interval for the time constant and/or the

non-fluorescent GRK2 (0.4 μg). Measurements were either performed

plateau.

on an inverted eclipse Ti Nikon (Düsseldorf, Germany) microscope as
described by Zindel et al. (2015) or on an inverted Zeiss (Oberkochen,
Germany) Axiovert 100 microscope as described by Wolters, Krasel,
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Confocal microscopy

Brockmann, and Bünemann (2015). In both cases, the illumination frequency was set to 2 Hz and the illumination time to 30–60 ms,

HEK293T cells were transiently transfected with mCherry-tagged

depending on the brightness of the cells. During all measurements,

receptors (0.6 μg), GFP-tagged arrestin-3 (1.0 μg) and non-fluorescent

cells were continuously superfused with FRET buffer (137-mM NaCl,

GRK2 (0.4 μg). Cells were treated with agonists for 30 min at 37 C

5.4-mM KCl, 2-mM CaCl2, 1-mM MgCl2 and 10-mM HEPES, pH 7.3)

and immediately examined for receptor–arrestin colocalization by

or buffer containing agonist in different concentrations using a

confocal microscopy (Leica TCS SP5, Lambda Blue 63/1.4NA oil

pressure-driven fast-switching eight-channel valve-controlled pressur-

immersion lens). GFP was excited at 488 nm with an argon laser and

ized perfusion system (VC3-8xP Series; ALA Scientific Instruments,

emission was collected at 500–540 nm. mCherry was excited at

Farmingdale, NY, USA). Data were corrected for background

543 nm with a helium/neon laser, and mCherry emission was col-

fluorescence, spillover of CFP into the YFP channel and direct YFP

lected at 600–680 nm. Pearson's colocalization coefficient was calcu-

excitation. The resulting emission ratios FYFP/FCFP were normalized to

lated from individual images using ImageJ 1.47 and the Colocalization

baseline and plotted as mean ± SEM. For quantification, kinetics were

Test plugin as described previously (Zindel et al., 2015).

quantified by a monophasic exponential fit of the full (μ receptor)
washout phase or the first 200 s upon agonist withdrawal
(β2-adrenoceptor).

2.7
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Statistics

The data and statistical analysis in this study complies with the recom-

2.5 | Fluorescence recovery after photobleaching
(FRAP)

mendations on experimental design and analysis in pharmacology
(Curtis et al., 2018). Results are represented as means ± SEM from at
least three independent transfections of n (at least five) individual ran-

FRAP was used to assess the stability of the receptor-arrestin interac-

domly selected cells. No statistical methods were used to pre-

tion similar to the protocol described previously (Zindel et al., 2015,

determine group size. Experiments were designed with equal group

2016). For this type of experiment, it is important that the receptor is

sizes, but sometimes, data from individual cells had to be excluded;

present in excess over the arrestin because otherwise arrestin mobil-

for example, if the data were too noisy to allow a reliable curve fit as

ity will only be partially altered. HEK293T cells were transfected with

explained above. Otherwise, all outliers were included in the data

mTurquoise-tagged arrestin3, GRK2 and receptors labelled at the

analysis and presentation. Statistical analysis was performed using

4
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GraphPad Prism 8.3. Unpaired Student's t tests were used for compar-

off-rates from the receptor as discussed by Krasel, Bünemann, Lorenz,

ison of two groups. To compare more than two groups and to test

& Lohse (2005). We have used agonist off-rates before as a measure

each condition against the mean of every other, one-way ANOVAs

of the apparent affinity of arrestin to a receptor; however, in these

followed by Tukey's post hoc tests were used when the standard

experiments, we did not compare different agonists but always used

deviations of each group were not significantly different, whereas

the same agonist (isoprenaline) and examined different receptor phos-

Brown–Forsythe tests followed by Dunnett's T3 multiple comparisons

phorylation patterns (Zindel et al., 2015).

test were used for significantly different standard deviations. Post hoc

We also measured agonist-induced interactions between β2-

tests were run only performed if F achieved P < 0.05 and there was

adrenoceptor-YFP and arrestin-2-mTurquoise in the presence of

no significant variance inhomogeneity. Differences were considered

GRK2 (Figure S1a). The FRET amplitude was notably smaller than

statistically significant for P < 0.05.

with arrestin-3-mTurquoise, consistent with a lower affinity of
arrestin-2 to class A receptors. While isoprenaline washout led to a
dissociation of the β2-adrenoceptor–arrestin-2 complex, BI-167107

2.8
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Nomenclature of targets and ligands

could not be washed out, analogous to the results with arrestin-3.
Furthermore,

we

investigated

the

agonist-induced

interaction

Key protein targets and ligands in this article are hyperlinked to

between β2-adrenoceptor-YFP and arrestin-3-mTurquoise in the

corresponding entries in http://www.guidetopharmacology.org, and

absence of GRK2 (Figure S1b). As expected, the binding of arrestin-3

are permanently archived in the Concise Guide to PHARMACOLOGY

was slower in the absence of GRK2 than in the presence of GRK2,

2021/22 (Alexander, Christopoulos et al., 2021; Alexander, Fabbro,

but the final amplitude and the dissociation rate of the complex upon

et al., 2021).

isoprenaline washout were identical to those in the presence of
GRK2. This reiterates that the rate-limiting step for the formation of
the β2-adrenoceptor–arrestin complex is β2-adrenoceptor phosphory-
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RESULTS

lation, as previously shown (Krasel, Bünemann, Lorenz, & Lohse, 2005).
There was no significant difference in complex dissociation rates upon

In this study, we compared two different methods for the assessment
of GPCR-arrestin interactions in single living cells, FRET and FRAP,
using two receptors, the β2-adrenoceptor and the μ receptor.
Interactions

between

β2-adrenoceptor-YFP

and

agonist washout (Figure S1c).
In the FRET experiments, arrestin dissociation was examined
upon agonist washout which leads to a conformational change of the

arrestin-

receptor from the active back to the inactive conformation. To exam-

3-mTurquoise in the presence of co-transfected GRK2 were mea-

ine the interaction of arrestin-3 with the β2-adrenoceptor in the active

sured by FRET in single HEK293T cells. During the measurement, cells

conformation, we also investigated the stability of arrestin–receptor

excited at 430 nm were continuously superfused with buffer or buffer

complexes in the continuous presence of agonist by measuring dual-

containing the indicated agonist while the YFP/CFP emission ratio

colour FRAP (Zindel et al., 2016). In this assay, HEK293T cells tran-

was obtained simultaneously. Stimulation of the β2-adrenoceptor with

siently transfected with N-terminally YFP-labelled β2-adrenoceptor,

saturating concentrations of isoprenaline (10 μM), adrenaline (15 μM)

arrestin-3-mTurquoise and GRK2 were preincubated with a polyclonal

or BI-167107 (1 μM) resulted in a similar recruitment of arrestin-3 to

anti-GFP antibody for 30 min at 37 C to crosslink the receptors

the receptor which was demonstrated by comparable amplitudes for

before applying the indicated agonist. After photobleaching a small

these full agonists (Figure 1a). However, the dissociation kinetics upon

spot of the plasma membrane, the fluorescence recovery of

agonist withdrawal demonstrated remarkable differences (Figure 1b)

mTurquoise-labelled arrestin-3 and YFP-labelled β2-adrenoceptor was

which were quantified by mono-exponential curve fits of the first

monitored simultaneously as a measure of the mobility of the two

200 s of the washout phase. Arrestin-3 dissociated significantly faster

fluorescent proteins. Since the receptor is crosslinked with antibody,

from the β2-adrenoceptor after washout of adrenaline compared to

fluorescence recovery in the receptor channel is low and fluorescence

isoprenaline as previously reported (Krasel, Bünemann, Lorenz, &

recovery in the arrestin channel depends mostly on the affinity of

Lohse, 2005). In contrast, the washout of BI-167107 did not lead to

arrestin binding to the agonist-activated receptor. Weak interactions

any dissociation of arrestin from the β2-adrenoceptor which can be

between arrestin and the receptor lead to a fast dissociation of photo-

explained by the long dissociation half-life of the ligand of approxi-

bleached arrestin-3 and the subsequent exchange with a fluorescent

mately 30 h (Rasmussen et al., 2011). To enable statistical comparison

arrestin molecule from the unbleached environment, resulting in a

between the exponential decays of adrenaline, isoprenaline and the

fluorescence increase in the formerly bleached area of the cell mem-

apparent non-dissociation of BI-167107, the area under the curve

brane. Strong interactions between arrestin and the receptor prevent

(AUC) of traces normalized to the maximum was calculated

the dissociation of photobleached arrestin and thus also the re-

(Figure 1c). As the AUC values for BI-167107 were markedly higher

binding of fluorescent arrestin. Therefore, the extent and speed of the

than for adrenaline or isoprenaline, the FRET measurements demon-

arrestin-3 fluorescence recovery reflects a combination of the dissoci-

strated that arrestin-3 dissociation from the β2-adrenoceptor depends

ation rate of bleached arrestin from the agonist-bound receptor and

on the specific agonist. These data suggest that the dissociation kinet-

the association rate of unbleached arrestin to this receptor; this allows

ics of arrestin in FRET assays are more suited as a proxy for agonist

an estimation of the stability of the arrestin–receptor complex.

MÖSSLEIN ET AL.

5

F I G U R E 1 Interaction of arrestin-3 with the β2-adrenoceptor. (a) Arrestin-3 recruitment to the β2-adrenoceptor induced by
isoprenaline, adrenaline or BI-17018 was measured by FRET as described in Section 2. (b) Dissociation kinetics upon withdrawal of
isoprenaline (Iso) or adrenaline (Adr) agonist were quantified by fitting the first 200 s of the washout phase with a monophasic exponential
decay whereas the very slow off-rate for BI-167107 did not permit an exponential curve fit. Statistical analyses were performed using an
unpaired Student's t test (*P < 0.05). (c) Additionally, dissociation kinetics were quantified using the area under the curve (AUC) of traces
for the first 200 s of the washout phase normalized to the maximum to compare linear and exponential off-rates. Statistical analyses were
performed using a one-way ANOVA followed by Tukey's multiple comparisons test (*P < 0.05). Data are shown as means ± SEM with n = 9
for isoprenaline or adrenaline and n = 8 for BI-167107. (d) The stability of β2-adrenoceptor–arrestin-3 complexes was analysed by
dual-colour FRAP as described in Section 2. Traces were normalized to pre-bleach fluorescence intensities (100%) and represent means
± SEM with n = 13 for isoprenaline and BI-167107 and n = 17 for adrenaline. Filled symbols show the fluorescence intensities of arrestin-3
(arr3) whereas open symbols show the fluorescence intensities of the β2-adrenoceptor (β2AR). (e) Time constants for the recovery of
β2-adrenoceptor and arrestin-3 were obtained by mono-exponential curve fits of the post-bleach values. Statistical analyses were performed
using a one-way ANOVA followed by using a Brown–Forsythe test followed by Dunnett's T3 multiple comparisons test (n.s. if P ≥ 0.05).
(f ) Cellular trafficking of arrestin-3 with the β2-adrenoceptor was analysed by confocal microscopy. HEK293T cells transiently expressing
β2-adrenoceptor-mCherry, Arr3-GFP and GRK2 were stimulated with the indicated agonists for 30 min at 37 C before imaging. Colocalized
β2-adrenoceptor (β2AR, magenta) and arrestin-3 (green) are observed as white in the overlay image. Scale bars represent 10 μm.
(g) Colocalization of arrestin-3 and β2-adrenoceptor was quantified by calculating Pearson's correlation coefficients. Statistical analyses were
performed using a Brown–Forsythe test followed by Dunnett's T3 multiple comparisons test (n.s. if P ≥ 0.05). Data are shown as means
± SEM (n = 25)
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Figure S2 shows representative raw data from the FRAP experiments.

the receptors (Figure 2f). Again, morphine was omitted in these

As the lateral mobility of the crosslinked receptors was restricted, the

experiments as it does not cause μ receptor internalization in

recovery of the receptor fluorescence was reduced to about 20% for

HEK293 cells (Keith et al., 1996). Quantification of the colocalization

all agonists (Figures 1 and S2, right, yellow circles). Mono-exponential

of arrestin-3 with the μ receptor using the Pearson's correlation

curve fits of the post-bleach values showed no significant differences

coefficient did not reveal any agonist-specific difference (Figure 2g)

in the kinetics of the arrestin-3 recovery regardless of the applied

as seen before for the β2-adrenoceptor. Taken together, ligands with

agonist (Figure 1e). This shows that BI-167107 did not cause the

longer binding times do not stabilize receptor–arrestin complexes

formation of more stable arrestin-3–β2-adrenoceptor complexes than

and therefore do not induce co-internalization of arrestin-3 with

the other two full agonists. Thus, the slow dissociation in the FRET

the receptor.

experiments (Figure 1b) can rather be attributed to stable agonist

The experiments with the μ receptor described so far were all

binding than to stable arrestin binding. This was further supported

conducted in the presence of co-transfected GRK2. To investigate

by confocal imaging which revealed that stimulation of the

whether the FRAP assay can detect differences in receptor phos-

β2-adrenoceptor with BI-167107 for 30 min at 37 C did not induce

phorylation, we tried to conduct FRAP assays with DAMGO and

β2-adrenoceptors

morphine in the absence of co-transfected GRK2. Whereas

co-internalization

of

arrestin-3

(green)

with

(magenta). Figure 1f illustrates that stimulation with any of the three

DAMGO causes a full phosphorylation of the μ receptor leading to

agonists resulted in membrane translocation of arrestin-3 (green),

fairly robust μ receptor–arrestin interaction, morphine causes only a

whereas the receptors (magenta) were internalized into endosomes.

phosphorylation of the μ receptor at Ser375 (Just et al., 2013) lead-

Therefore, an overlay of the single fluorescence images showed barely

ing to a very weak μ receptor–arrestin interaction (McPherson

any colocalization of arrestin-3 and β2-adrenoceptor in intracellular

et al., 2010; Zhang et al., 1998). As a negative control, we also

compartments. Quantification of the colocalization with the Pearson's

included untreated cells in the assay; no receptor–arrestin interac-

correlation coefficient resulted in values fairly close to 0, indicating lit-

tion should occur under these conditions, and therefore, a very fast

tle colocalization of the two fluorescent proteins. Furthermore, there

fluorescence recovery was expected. Even though we could not see

was no significant difference in the Pearson's correlation coefficients

any visible arrestin-3 translocation to the membrane in our confocal

between the three agonists (Figure 1g). In conclusion, these data indi-

images, the FRAP kinetics indeed showed a slight delay of fluores-

cate that the ligand off-rate does not have an impact on the stability

cence recovery in morphine-treated cells compared to untreated

of arrestin-3–receptor complexes and does not influence arrestin-3

cells (Figure 3a). It appears from the raw data that the arrestin in

trafficking.

untreated or morphine-treated cells is less efficiently bleached than

FRAP experiments with arrestin2 also did not reveal significant

in DAMGO-treated cells (Figure 3a). However, we believe that this

differences between isoprenaline and BI-167107 (Figure S3a,b). The

is caused by a very fast recovery that occurs during the bleach. Our

recovery rates were apparently faster for arrestin-2 than for

confocal microscope takes about 1.7 s from the start of the bleach

arrestin-3 (compare Figure 1e with Figure S3b), confirming the lower

to the start of the acquisition of the first post-bleach image. Since

affinity of arrestin-2 to the β2-adrenoceptor.

the recovery is so fast, it was impossible to fit mono-exponential

To test this assumption on another receptor, similar experiments

kinetics to the individual morphine and untreated data, even if con-

were also performed with the μ opioid receptor. In the FRET assay,

straints were taken into account. Therefore, we quantitated the area

the observed peak amplitudes upon agonist stimulation were

under the curve within the first 10 s after bleaching and could dem-

remarkably smaller for the partial agonists morphine and SR17018

onstrate significant differences between DAMGO, morphine and

compared to DAMGO and etorphine (Figure 2a). The arrestin

untreated cells (Figure 3b). These results are to our knowledge the

recruitment also seemed to be slower for SR17018 than for

first that demonstrate ligand-dependent changes in arrestin affinity

DAMGO or etorphine, consistent with its slower phosphorylation

to a class A GPCR in cells.

kinetics (Gillis et al., 2020). Normalization of the traces to the
maximum revealed that the dissociation kinetics for DAMGO and
morphine were quite similar, whereas SR17018 and etorphine
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showed considerably slower off-kinetics (Figure 2b) which was also
confirmed by lower time constants (Figure 2c). However, the FRET

In this study, we assessed the interaction between arrestin-3 and both

experiments again did not correlate with the stability of arrestin

the β2-adrenoceptor and the μ receptor upon application of various

complexes in continuous presence of agonist in dual-colour FRAP

agonists by two different methods. Ligands with prolonged off-rates

measurements (Figure 2d). In these experiments, we initially omitted

significantly slowed the dissociation kinetics of arrestin-3 from the

treatment with morphine as this very rarely leads to visible arrestin

receptor upon agonist withdrawal in FRET measurements as expected

translocation to the plasma membrane (Zhang et al., 1998). The

from previous experiments (Krasel, Bünemann, Lorenz, & Lohse, 2005).

recovery kinetics of fluorescent arrestins into the bleached area did

However, the stability of arrestin–receptor complexes in the continu-

not show statistical differences between the applied agonists

ous presence of these agonists (as assessed by FRAP measurements)

(Figure 2e), similar to the β2-adrenoceptor. Furthermore, none of the

did not differ at all. Furthermore, the ligand off-rates at the β2-

μ receptor agonists could induce co-internalization of arrestin-3 with

adrenoceptor or μ receptor did not affect the co-trafficking of
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F I G U R E 2 Interaction of arrestin-3 with the μ opioid receptor. (a) Arrestin-3 recruitment to the μ receptor induced by DAMGO, etorphine,
SR17018 or morphine was measured by FRET as described in Section 2. (b) Traces were normalized to the maximum peak to facilitate direct
comparison of the dissociation kinetics upon agonist withdrawal. (c) Kinetics were quantified by a monophasic exponential fit. Statistical analyses
were performed using a Brown–Forsythe test followed by Dunnett's T3 multiple comparisons test (n.s. if P ≥ 0.05, *P < 0.05). Data represent
means ± SEM with n = 6 for DAMGO or SR17018, n = 9 for morphine and n = 11 for etorphine. (d) The stability of μ receptor–arrestin-3
complexes was analysed by dual-colour FRAP as described in Section 2. Traces were normalized to pre-bleach fluorescence intensities (100%)
and are shown as means ± SEM with n = 36 for DAMGO or etorphine and n = 33 for SR17018. Filled symbols show the fluorescence intensities
of arrestin-3 whereas open symbols show the fluorescence intensities of the μ receptor (MOR). (e) Time constants for the recovery of μ receptor
and arrestin-3 were obtained by mono-exponential curve fits of the post-bleach values. Statistical analyses were performed using a one-way
ANOVA followed by Tukey's multiple comparisons test (n.s. if P ≥ 0.05). (f) Cellular trafficking of arrestin-3 with the μ receptor was analysed by
confocal microscopy. HEK293T cells transiently expressing μ receptor-mCherry, Arr3-GFP and GRK2 were stimulated with the indicated agonists
for 30 min at 37 C before imaging. Colocalized μ receptor (MOR, magenta) and arrestin-3 (green) are observed as white spots in the overlay
image. Scale bars represent 10 μm. (g) Colocalization of arrestin-3 and μ receptor was quantified by calculating Pearson's correlation coefficients.
Statistical analyses were performed using a one-way ANOVA followed by Tukey's multiple comparisons test (n.s. if P ≥ 0.05). Data are shown as
means ± SEM (n = 28)
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F I G U R E 3 Stability of μ receptor (μ R)–arrestin complexes induced by morphine. (a) FRAP measurements were conducted as described in
Section 2. Traces normalized to pre-bleach fluorescence intensities (100%) are shown as means ± SEM with n = 18 for DAMGO, n = 19 for
morphine and n = 17 for untreated. Filled symbols show the fluorescence intensities of arrestin-3 whereas open symbols show the fluorescence
intensities of the μ receptor. (b) Recovery kinetics of arrestin-3 were quantified using the AUC of the first 10 s after photobleaching. Statistical
analyses were performed using Brown–Forsythe tests followed by Dunnett's T3 post hoc tests (*P < 0.05)

arrestin-3 as none of the agonists induced co-internalization of

dephosphorylation within 1 h of agonist washout (Fritzwanker, Schulz,

arrestin with these class A receptors.

& Kliewer, 2021). We are not aware of other publications correlating

In FRET measurements, the dissociation of arrestin from the
receptor is induced by the dissociation of the ligand upon agonist

the lifetime of GPCR–arrestin complexes with the kinetics of GPCR
dephosphorylation.

washout which forces the receptor back to its inactive state. Arrestin

Finally, our results demonstrate that a class A GPCR like the

senses this conformational change so that its dissociation kinetics

β2-adrenoceptor or the μ receptor cannot be converted to a class

from the receptor depends on the ligand off-rate (Krasel, Bünemann,

B receptor by using orthosteric agonists with prolonged off-rates.

Lorenz, & Lohse, 2005). During FRAP experiments, the agonist is con-

In contrast, it has been shown for the CCR7 which is a class B

tinuously present and therefore the receptor remains in an active con-

GPCR that upon stimulation with an agonist that leads to reduced

formation. This enabled the assessment of the apparent affinity of

receptor phosphorylation, arrestin-3 can no longer co-internalize

arrestin to activated GPCRs without the interference of ligand dissoci-

with the CCR7 (Zidar, Violin, Whalen, & Lefkowitz, 2009). Numer-

ation kinetics. Therefore, we conclude that our dual-colour FRAP

ous studies have shown that a sufficient number of phosphate res-

assay is more suitable for this analysis than the FRET assay. On the

idues in an appropriate pattern in the C-terminal tail is required for

other hand, FRET but not FRAP assays should be able to sense a tran-

a receptor to bind arrestin with higher affinity (Dwivedi-Agnihotri

sition from the “core” to the “tail” conformation of a GPCR–arrestin

et al., 2020; Latorraca et al., 2020; Mayer et al., 2019; Zhou

complex (Shukla et al., 2014). Surprisingly, we could use the FRAP

et al., 2017; Zindel et al., 2015, 2016). Assuming that a full agonist

assay to assess the relative apparent affinity of morphine for the μ

causes maximal phosphorylation of a GPCR, we cannot envisage

receptor even though morphine causes very little visible membrane

how orthosteric agonists could increase the number of phosphory-

recruitment of arrestins (Zhang et al., 1998). These results again dem-

lated residues. Allosteric compounds, in contrast, may generate

onstrate that agonist off-rate is irrelevant for arrestin affinity as

entirely novel receptor conformations that bind arrestins with

DAMGO and morphine display roughly the same off-rate in the

higher affinity. We did not observe differences in the stability of

arrestin FRET assay (Figure 2b) but clearly the morphine–arrestin

receptor–arrestin complexes when GRK2 was overexpressed, prob-

complex is less stable (Figure 3); this is probably also reflected by the

ably because this “blurs” the phosphorylation pattern; this has

lower amplitude that can be achieved in the FRET assay (Figure 2c).

been demonstrated at least for the μ receptor. When we did not

An open question that is not clarified by our experiments is the role of

overexpress GRK2, we could observe differences at the μ receptor

agonist efficacy for the stability of the receptor–arrestin complex. In

between morphine and DAMGO which cause different phosphory-

other words, is the lower stability of the morphine–arrestin complex

lation patterns in the absence of overexpressed GRKs (Just

only caused by altered phosphorylation (Just et al., 2013), or is it also

et al., 2013).
In our study, we used the novel μ receptor ligand SR17018

caused by lower agonist efficacy?
For some agonist–receptor pairs, the kinetics of receptor dephos-

(Schmid et al., 2017) that has been reported to be G-protein-biased. In

phorylation upon agonist washout has been investigated (Doll

our hands, this compound is able to recruit arrestin to the μ receptor

et al., 2012; Fritzwanker, Schulz, & Kliewer, 2021; Krasel, Bünemann,

under conditions of GRK overexpression (see also Gillis et al., 2020)

Lorenz, & Lohse, 2005). For all these pairs, arrestin dissociation is

and shows apparent arrestin affinity comparable to the full agonists

faster than receptor dephosphorylation. This is particularly apparent

DAMGO and etorphine. Compared to other agonists at the μ recep-

μ

tor, recruitment is delayed which suggests a slowed phosphorylation

for

the

SR17018-stimulated

receptor

which

shows

little
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kinetics of the μ receptor as described recently (Gillis et al., 2020). We

as recommended by funding agencies, publishers and other organiza-

also used etorphine which we have previously described as causing

tions engaged with supporting research.

quasi-irreversible arrestin binding (McPherson et al., 2010). However,
in the experiments described here, we could observe arrestin dissocia-
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tion from the μ receptor upon etorphine washout. The main differ-

The data that support the findings of this study are available from the

ence to our previous experiments is that we used a tenfold lower

corresponding author upon reasonable request.

concentration of etorphine in the present study. It is possible that
the lack of dissociation in our previous experiments was caused by
a residual low concentration of etorphine that was not washed
away by the perfusion system. The dissociation kinetics of the μ

OR CID
Moritz Bünemann
Cornelius Krasel

https://orcid.org/0000-0002-2259-4378
https://orcid.org/0000-0001-8309-8696

receptor–arrestin complex triggered by washout of DAMGO and
morphine are in the same range as those determined with a μ receptor
biosensor in vitro (Livingston, Mahoney, Manglik, Sunahara, &
Traynor, 2018) (they report 23 s for DAMGO and 21 s for morphine
whereas we find dissociation half-lives of about 37 s) whereas our dissociation kinetics for the μ receptor–arrestin complex formed by
etorphine are approximately 10-fold slower (27 s reported by Livingston, Mahoney, Manglik, Sunahara, & Traynor, 2018, compared to
approximately 300 s here).
The physiological, let alone clinical, significance of class A versus
class B GPCR behaviour has not been investigated. If there is a relevant difference, our study shows that class A behaviour of a GPCR
cannot simply be converted into class B behaviour by increasing the
residency time of an orthosteric agonist.
Taken together, our study reveals that the ligand off-rate does
not influence arrestin–receptor interactions or the co-trafficking of
arrestin-3 with GPCRs and points to the importance of receptor phosphorylation for both of these processes. In addition, we demonstrate
that dual-colour FRAP measurements are more suitable than FRET
experiments to assess arrestin–receptor interactions induced by different ligands.
ACKNOWLEDGEMEN TS
We thank internship students Homa Samani and Nuwar Harb for help
with some of the experiments, Andrea Kliewer and Stefan Schulz for
the gift of SR17018 and Prof. Oliver Hantschel and Prof. Marco Rust
for access to the confocal microscope. Open access funding enabled
and organized by Projekt DEAL.
AUTHOR CONTRIBUTIONS
NM and CK designed the experiments. NM, LMGP, AF and CK performed the experiments. NM and CK wrote the manuscript. MB and CK
supervised the project. All authors read and edited the final manuscript.
CONF LICT OF IN TE RE ST
The authors declare no conflict of interest.
DECLARATION OF TRAN SPARENCY AND S CIENTI FIC
RI GOUR
This Declaration acknowledges that this paper adheres to the principles for transparent reporting and scientific rigour of preclinical
research as stated in the BJP guidelines for Design and Analysis, and

RE FE RE NCE S
Alexander, S. P., Christopoulos, A., Davenport, A. P., Kelly, E.,
Mathie, A., Peters, J. A., Veale, E. L., Armstrong, J. F., Faccenda, E.,
Harding, S. D., Pawson, A. J., Southan, C., Davies, J. A.,
Abbracchio, M. P., CGTP Collaborators Alexander, W, Al-hosaini, K.,
Bäck, M., Barnes, N. M., Bathgate, R., … Ye, R. D. (2021). The Concise
Guide to PHARMACOLOGY 2021/22: G protein-coupled receptors.
British Journal of Pharmacology, 178(S1), S27–S156. https://doi.
org/10.1111/bph.15538
Alexander, S. P., Fabbro, D., Kelly, E., Mathie, A., Peters, J. A., Veale, E. L.,
Armstrong, J. F., Faccenda, E., Harding, S. D., Pawson, A. J.,
Southan, C., Davies, J. A., Boison, D., Burns, K. E., Dessauer, C.,
Gertsch, J., Helsby, N. A., Izzo, A. A., Koesling, D., … Wong, S. S.
(2021). The Concise Guide to PHARMACOLOGY 2021/22: Enzymes.
British Journal of Pharmacology, 178(S1), S313–S411. https://doi.
org/10.1111/bph.15542
Curtis, M. J., Alexander, S., Cirino, G., Docherty, J. R., George, C. H.,
Giembycz, M. A., Hoyer, D., Insel, P. A., Izzo, A. A., Ji, Y.,
MacEwan, D. J., Sobey, C. G., Stanford, S. C., Teixeira, M. M.,
Wonnacott, S., & Ahluwalia, A. (2018). Experimental design and analysis and their reporting II: Updated and simplified guidance for authors
and peer reviewers. British Journal of Pharmacology, 175(7), 987–993.
https://doi.org/10.1111/bph.14153
Doll, C., Pöll, F., Peuker, K., Loktev, A., Glück, L., & Schulz, S. (2012). Deciphering μ-opioid receptor phosphorylation and dephosphorylation in
HEK293 cells. British Journal of Pharmacology, 167(6), 1259–1270.
https://doi.org/10.1111/j.1476-5381.2012.02080.x
Dorsch, S., Klotz, K.-N., Engelhardt, S., Lohse, M. J., &
Bünemann, M. (2009). Analysis of receptor oligomerization by FRAP
microscopy.
Nature
Methods,
6(3),
225–230.
https://doi.
org/10.1038/nmeth.1304
Dwivedi-Agnihotri, H., Chaturvedi, M., Baidya, M., Stepniewski, T. M.,
Pandey, S., Maharana, J., Srivastava, A., Caengprasath, N.,
Hanyaloglu, A. C., Selent, J., & Shukla, A. K. (2020). Distinct phosphorylation sites in a prototypical GPCR differently orchestrate β-arrestin
interaction, trafficking, and signaling. Science Advances, 6(37),
eabb8368. https://doi.org/10.1126/sciadv.abb8368
Ferguson, S. S. G. (2001). Evolving concepts in G protein-coupled receptor
endocytosis: The role in receptor desensitization and signaling. Pharmacological Reviews, 53(1), 1–24.
Fritzwanker, S., Schulz, S., & Kliewer, A. (2021). SR-17018 stimulates atypical μ-opioid receptor phosphorylation and dephosphorylation. Molecules, 26(15), 4509. https://doi.org/10.3390/molecules26154509
Gillis, A., Gondin, A. B., Kliewer, A., Sanchez, J., Lim, H. D., Alamein, C.,
Manandhar, P., Santiago, M., Fritzwanker, S., Schmiedel, F.,
Katte, T. A., Reekie, T., Grimsey, N. L., Kassiou, M., Kellam, B.,
Krasel, C., Halls, M. L., Connor, M., Lane, J. R., … Canals, M. (2020).
Low intrinsic efficacy for G protein activation can explain the
improved side effect profiles of new opioid agonists. Science Signaling,
13(625), eaaz3140. https://doi.org/10.1126/scisignal.aaz3140

10

Gurevich, V. V., Pals-Rylaarsdam, R., Benovic, J. L., Hosey, M. M., &
Onorato, J. J. (1997). Agonist-receptor-arrestin, an alternative ternary
complex with high agonist affinity. The Journal of Biological Chemistry,
272(46), 28849–28852. https://doi.org/10.1074/jbc.272.46.28849
Just, S., Illing, S., Trester-Zedlitz, M., Lau, E. K., Kotowski, S. J., Miess, E.,
Mann, A., Doll, C., Trinidad, J. C., Burlingame, A. L., von Zastrow, M., &
Schulz, S. (2013). Differentiation of opioid drug effects by hierarchical
multi-site phosphorylation. Molecular Pharmacology, 83(3), 633–639.
https://doi.org/10.1124/mol.112.082875
Keith, D. E., Murray, S. R., Zaki, P. A., Chu, P. C., Lissin, D. V., Kang, L.,
Evans, C. J., & von Zastrow, M. (1996). Morphine activates opioid
receptors without causing their rapid internalization. The Journal of
Biological
Chemistry,
271(32),
19021–19024.
https://doi.
org/10.1074/jbc.271.32.19021
Krasel, C., Bünemann, M., Lorenz, K., & Lohse, M. J. (2005). β-Arrestin
binding to the β2-adrenergic receptor receptor requires both receptor
phosphorylation and receptor activation. The Journal of Biological
Chemistry,
280(10),
9528–9535.
https://doi.org/10.1074/jbc.
M413078200
Latorraca, N. R., Masureel, M., Hollingsworth, S. A., Heydenreich, F. M.,
Suomivuori, C.-M., Brinton, C., Townshend, R. J. L., Bouvier, M.,
Kobilka, B. K., & Dror, R. O. (2020). How GPCR phosphorylation patterns orchestrate arrestin-mediated signaling. Cell, 183(7), 1813–1825.
https://doi.org/10.1016/j.cell.2020.11.014
Livingston, K. E., Mahoney, J. P., Manglik, A., Sunahara, R. K., &
Traynor, J. R. (2018). Measuring ligand efficacy at the mu-opioid
receptor using a conformational biosensor. eLife, 7, e32499. https:
//doi.org/10.7554/eLife.32499
Mayer, D., Damberger, F. F., Samarasimhareddy, M., Feldmueller, M.,
Vuckovic, Z., Flock, T., Bauer, B., Mutt, E., Zosel, F., Allain, F. H. T.,
Standfuss, J., Schertler, G. F. X., Deupi, X., Sommer, M. E.,
Hurevich, M., Friedler, A., & Veprintsev, D. B. (2019). Distinct G
protein-coupled receptor phosphorylation motifs modulate arrestin
affinity and activation and global conformation. Nature Communications, 10(1), 1261. https://doi.org/10.1038/s41467-019-09204-y
McPherson, J., Rivero, G., Baptist, M., Llorente, J., al-Sabah, S., Krasel, C.,
Dewey, W. L., Bailey, C. P., Rosethorne, E. M., Charlton, S. J.,
Henderson, G., & Kelly, E. (2010). μ-Opioid receptors: Correlation of
agonist efficacy for signalling with ability to activate internalization.
Molecular
Pharmacology,
78(4),
756–766.
https://doi.
org/10.1124/mol.110.066613
Miess, E., Gondin, A. B., Yousuf, A., Steinborn, R., Mösslein, N.,
Yang, Y., Göldner, M., Ruland, J. G., Bünemann, M., Krasel, C.,
Christie, M. D. J., Halls, M. L., Schulz, S., & Canals, M. (2018).
Multisite phosphorylation is required for sustained interaction with
GRKs and arrestins during rapid μ-opioid receptor desensitization.
Science
Signaling,
11(539),
eaas9609.
https://doi.
org/10.1126/scisignal.aas9609
Oakley, R. H., Laporte, S. A., Holt, J. A., Barak, L. S., & Caron, M. G. (1999).
Association of β-arrestin with G protein-coupled receptors during
clathrin-mediated endocytosis dictates the profile of receptor resensitization. The Journal of Biological Chemistry, 274(45), 32248–
32257. https://doi.org/10.1074/jbc.274.45.32248
Oakley, R. H., Laporte, S. A., Holt, J. A., Caron, M. G., & Barak, L. S. (2000).
Differential affinities of visual arrestin, βarrestin1, and βarrestin2 for G
protein-coupled receptors delineate two major classes of receptors.
The Journal of Biological Chemistry, 275(22), 17201–17210. https:
//doi.org/10.1074/jbc.M910348199
Rasmussen, S. G. F., Choi, H.-J., Fung, J. J., Pardon, E., Casarosa, P.,
Chae, P. S., DeVree, B. T., Rosenbaum, D. M., Thian, F. S.,
Kobilka, T. S., Schnapp, A., Konetzki, I., Sunahara, R. K., Gellman, S. H.,
Pautsch, A., Steyaert, J., Weis, W. I., & Kobilka, B. K. (2011). Structure
of a nanobody-stabilized active state of the β2 adrenoceptor. Nature,
469(7329), 175–180. https://doi.org/10.1038/nature09648

MÖSSLEIN ET AL.

Schmid, C. L., Kennedy, N. M., Ross, N. C., Lovell, K. M., Yue, Z.,
Morgenweck, J., Cameron, M. D., Bannister, T. D., & Bohn, L. M.
(2017). Bias factor and therapeutic window correlate to predict safer
opioid analgesics. Cell, 171(5), 1165–1175. https://doi.org/10.1016/j.
cell.2017.10.035
Shukla, A. K., Westfield, G. H., Xiao, K., Reis, R. I., Huang, L.-Y., TripathiShukla, P., Qian, J., Li, S., Blanc, A., Oleskie, A. N., Dosey, A. M., Su, M.,
Liang, C. R., Gu, L. L., Shan, J. M., Chen, X., Hanna, R., Choi, M.,
Yao, X. J., … Lefkowitz, R. J. (2014). Visualization of arrestin recruitment by a G-protein-coupled receptor. Nature, 512(7513), 218–222.
https://doi.org/10.1038/nature13430
Wolters, V., Krasel, C., Brockmann, J., & Bünemann, M. (2015). Influence
of Gαq on the dynamics of M3-acetylcholine receptor-G proteincoupled receptor kinase 2 interaction. Molecular Pharmacology, 87(1),
9–17. https://doi.org/10.1124/mol.114.094722
Zhang, J., Ferguson, S. S. G., Barak, L. S., Bodduluri, S. R., Laporte, S. A.,
Law, P. Y., & Caron, M. G. (1998). Role for G protein-coupled receptor
kinase in agonist-specific regulation of μ-opioid receptor responsiveness. Proceedings of the National Academy of Sciences of the
United States of America, 95(12), 7157–7162. https://doi.
org/10.1073/pnas.95.12.7157
Zhou, X. E., He, Y., de Waal, P. W., Gao, X., Kang, Y., van Eps, N., Yin, Y.,
Pal, K., Goswami, D., White, T. A., Barty, A., Latorraca, N. R.,
Chapman, H. N., Hubbell, W. L., Dror, R. O., Stevens, R. C.,
Cherezov, V., Gurevich, V. V., Griffin, P. R., … Xu, H. E. (2017). Identification of phosphorylation codes for arrestin recruitment by G proteincoupled receptors. Cell, 170(3), 457–469.e13. https://doi.
org/10.1016/j.cell.2017.07.002
Zidar, D. A., Violin, J. D., Whalen, E. J., & Lefkowitz, R. J. (2009). Selective
engagement of G protein coupled receptor kinases (GRKs) encodes
distinct functions of biased ligands. Proceedings of the National Academy of Sciences of the United States of America, 106(24), 9649–9654.
https://doi.org/10.1073/pnas.0904361106
Zindel, D., Butcher, A. J., al-Sabah, S., Lanzerstorfer, P., Weghuber, J.,
Tobin, A. B., Bünemann, M., & Krasel, C. (2015). Engineered hyperphosphorylation of the β2-adrenoceptor prolongs arrestin-3 binding
and induces arrestin internalization. Molecular Pharmacology, 87(2),
349–362. https://doi.org/10.1124/mol.114.095422
Zindel, D., Engel, S., Bottrill, A. R., Pin, J. P., Prézeau, L., Tobin, A. B.,
Bünemann, M., Krasel, C., & Butcher, A. J. (2016). Identification of key
phosphorylation sites in PTH1R that determine arrestin3 binding and
fine-tune receptor signaling. The Biochemical Journal, 473(22),
4173–4192. https://doi.org/10.1042/BCJ20160740

SUPPORTING INF ORMATION
Additional supporting information may be found in the online version
of the article at the publisher's website.

How to cite this article: Mösslein, N., Pohle, L.-M.G., Fuss, A.,
Bünemann, M., & Krasel, C. (2022). Residency time of agonists
does not affect the stability of GPCR–arrestin complexes.
British Journal of Pharmacology, 1–10. https://doi.
org/10.1111/bph.15846

