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Abstract
Cannabinoid receptor 1 (CB1R), a G protein-coupled receptor, plays a fundamental 
role in synaptic plasticity. Abnormal activity and deregulation of CB1R signaling re-
sult in a broad spectrum of pathological conditions. CB1R signaling is regulated by 
receptor desensitization including phosphorylation of residues within the intracellu-
lar C terminus by G protein-coupled receptor kinases (GRKs) that may lead to en-
docytosis. Furthermore, CB1R signaling is regulated by the protein Src homology 
3-domain growth factor receptor-bound 2-like (SGIP1) that hinders receptor inter-
nalization, while enhancing CB1R association with β-arrestin. It has been postulated 
that phosphorylation of two clusters of serine/threonine residues, 425SMGDS429 and 
460TMSVSTDTS468, within the CB1R C-tail controls dynamics of the association be-
tween receptor and its interaction partners involved in desensitization. Several mo-
lecular determinants of these events are still not well understood. We hypothesized 
that the dynamics of these interactions are modulated by SGIP1. Using a panel of 
CB1Rs mutated in the aforementioned serine and threonine residues, together with 
an array of Bioluminescence energy transfer-based (BRET) sensors, we discovered 
that GRK3 forms complexes with Gβγ subunits of G proteins that largely independent 
of GRK3’s interaction with CB1R. Furthermore, CB1R interacts only with activated 
GRK3. Interestingly, phosphorylation of two specific residues on CB1R triggers GRK3 
dissociation from the desensitized receptor. SGIP1 increases the association of GRK3 
with Gβγ subunits of G proteins, and with CB1R. Altogether, our data suggest that the 
CB1R signalosome complex is dynamically controlled by sequential phosphorylation 
of the receptor C-tail and is also modified by SGIP1.
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1  |  INTRODUC TION

Cannabinoid receptors, together with their endogenous ligands, 
endocannabinoids, and the enzymes responsible for their synthe-
sis and degradation, constitute the endocannabinoid system (ECS). 
Cannabinoid receptor 1 (CB1R), a member of the G protein-coupled 
receptor (GPCR) family, is a central molecule of the ECS. In the cen-
tral nervous system (CNS), CB1R is principally located presynapti-
cally on many GABAergic, glutamatergic, cholinergic, serotonergic, 
and noradrenergic neurons. CB1R is involved in fine-tuning of syn-
aptic transmission. Activation of the CB1R suppresses neurotrans-
mitter release in these synapses (Haring, Marsicano, Lutz & Monory, 
2007; Kirilly, Hunyady & Bagdy, 2013; Marsicano & Lutz, 1999). It is 
expressed in circuits important for the processing of anxiety, fear, 
stress, motor, cognitive and social functions, including the basal 
ganglia, hippocampus, prefrontal cortex, amygdala and cerebellum 
(Herkenham et al., 1990; Katona & Freund, 2012). ECS malfunction 
is linked to numerous pathological states of the nervous system 
(Araque, Castillo, Manzoni & Tonini, 2017; Pacher & Kunos, 2013).

The regulation of CB1R by the common mechanism leads to tol-
erance development in vivo. In our previous study, we observed an 
altered development of tolerance to chronic treatment with THC 
in SGIP1 knock out mice compared with wild-type mice in selected 
tasks (cannabinoid tetrad tests: (catalepsy, anti-nociception, hypo-
thermia, and suppression of motor coordination). Moreover, with-
drawal signs were atypical the in absence of SGIP1 in the knock out 
animals (Dvorakova et al., 2021). CB1 receptor signaling is tightly 
regulated. Understanding the mechanisms leading to the devel-
opment of tolerance is central for rational pharmacological man-
agement of disease states in which the endocannabinoid system is 
involved. Upon stimulation, CB1R follows the desensitization pro-
cess common for most GPCRs that typically involve phosphoryla-
tion of serine/threonine residues within the C terminus by GRKs 
and possibly other kinases. β-arrestin is consequently recruited to 
the receptor leading to G protein uncoupling. β-arrestin undergoes 
conformational changes upon interaction with the phosphorylated 
receptor and serves as a central molecule orchestrating machinery 
leading to the endocytosis, and subsequent degradation, or recy-
cling of the receptor back to plasma membrane (Cahill, Thomsen 
& Tarrasch, 2017; Fletcher-Jones et al., 2020; Leterrier, Bonnard, 
Carrel, Rossier & Lenkei, 2004).

Intriguingly, different from other GPCRs, CB1R internalization 
is tightly controlled by interaction with the protein Src homology 
3-domain growth factor receptor-bound 2-like endophilin inter-
acting protein 1 (SGIP1) (Dvorakova et al., 2021; Hajkova et al., 
2016). SGIP1 together with FCH/F-BAR domain only protein 1 
and 2 (FCHO1/2) belong to muniscin family of proteins involved 
in GPCR internalization. Contrary to FCHO1/2 that are important 

initiators of endocytosis (Henne et al., 2007), SGIP1 hinders CB1R 
internalization (Hajkova et al., 2016). SGIP1 domain organization 
differs from FCHO1/2 within their N-termini. FCHO1/2 proteins 
have their N-terminal portion folded to form F-Bar domains that 
are important for initiation of plasma membrane invagination 
during early stages of CME pit formation (Henne et al., 2007). The 
N-terminus of SGIP1 contains membrane phospholipid-binding 
(MP) domain that has no sequence similarity to the F-Bar motives, 
but also interacts with the plasma membrane (Uezu, Horiuchi & 
Kanda, 2007). Most likely, the interaction of the MP domain with 
the plasma membrane does not impose invagination of the mem-
brane within the nascent pit formation. SGIP1 associates with the 
CB1R in presynaptic elements of neurons and by blocking endocy-
tosis of the activated CB1Rs causes, among other, consequences 
of prolonged association between the desensitized CB1R and β-
arrestin2 (Hajkova et al., 2016).

Stimulation of CB1R triggers several signaling pathways, includ-
ing GRK activation (Jin et al., 1999; Nogueras-Ortiz & Yudowski, 
2016), that mediate phosphorylation of serine/threonine residues 
of the CB1R C-termini, leading to β-arrestins recruitment (Al-
Zoubi, Morales & Reggio, 2019; Garcia, Brown, Hille & Mackie, 
1998; Moore, Milano & Benovic, 2007). GRKs are serine/threonine 
protein kinases with a common modular structure consisting of a 
catalytic domain within a Regulator of G protein signaling homol-
ogy (RH) domain that is flanked by N-terminal α-helical domain 
(αN-helix) and a variable C-terminal lipid-binding region. GRKs are 
soluble proteins that utilize distinct mechanisms to bring them to 
the close proximity of membrane-embedded GPCRs. Unlike other 
families of GRKs that localize to the membrane via palmitoylation 
(GRK1/7) or prenylation (GRK4/5/6) of C-termini, GRK2/3 use 
unique pleckstrin homology (PH) domain to bring the kinases to 
the vicinity of GPCRs (Gurevich, Tesmer, Mushegian & Gurevich, 
2012; Koch, Inglese, Stone & Lefkowitz, 1993). Upon activation of 
G proteins, GRK2/3 interact with Gβγ via PH domain, recruiting 
kinases to the membrane and proximity of the activated receptor. 
This process appears to contribute to allosteric activation of the 
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receptor-phosphorylation activity of GRK2/3, as disruption of in-
teraction of GRK2 with Gβγ results in inhibition of GRK2-driven 
receptor phosphorylation (Carman et al., 2000; Lodowski et al., 
2005; Pitcher, Inglese & Higgins, 1992).

Two regions within the CB1R C-tail contain clusters of ser-
ine and threonine residues that are phosphorytalable. One motif 
is between residues 425 and 429, namely 425SMGDS429 and an-
other is between residues 460 and 468, 460TMSVSTDTS468. Both 
motives were identified as important for β-arrestin2 recruitment 
(Bakshi, Mercier & Pavlopoulos, 2007; Blume, Patten & Eldeeb, 
2017; Daigle, Kwok & Mackie, 2008; Hsieh, Brown, Derleth & 
Mackie, 1999; Jin et al., 1999; Morgan et al., 2014; Singh, Bakshi, 
Mercier, Makriyannis & Pavlopoulos, 2011; Straiker, Wager-Miller 
& Mackie, 2012); however, the precise roles of each of these two 
regions are still not clear.

SGIP1 interacts with CB1R C-terminal domain and hinders its in-
ternalization. In this study, we investigated the dynamics of the asso-
ciation between GRK3 and CB1R and the role of phosphorylation of 
residues within both the 425SMGDS429 and 460TMSVSTDTS468 motifs 
using an alanine scanning approach together with complementary 
bioluminescence resonance energy transfer-based (BRET) sensors.

Characterization of interactions involved in CB1R desensitiza-
tion represents an important step in understanding all phases of 
cannabinoid signaling. Here we aimed to study if β-arrestin2 binding 
to the activated CB1R is dependent on GRK2/3 activity that phos-
phorylates the CB1R C-tail in both motifs, and if GRK3 association 
with the receptor is also controlled by the phosphorylation of these 
motifs. In the presence of SGIP1, internalization of CB1R is hindered, 
with profound functional and behavioral consequences (Dvorakova 
et al., 2021; Hajkova et al., 2016).

2  |  METHODS

The experiments in this manuscript are not pre-registered and no 
blinding procedure was performed in this manuscript. No statistical 
method is employed to predetermine the sample size of the experi-
ments. No randomization methods were used.

2.1  |  Chemicals

Reagents for cell culture and transfection were purchased from 
Thermo Fisher Scientific Inc. (USA). CB1R agonist WIN 55,212-2 
mesylate (WIN) was obtained from Tocris R&D, USA (cat. no. 1038) 
and GRK2/3 inhibitor cmpd101 was purchased from Hello Bio Ltd., 
UK (cat. no. HB2840).

2.2  |  Expression vectors and mutagenesis

Expression vectors for SGIP1-Flag, β-arrestin2-Rluc, GαI1-Rluc8, 
Gβ2-Flag, Gγ2-YFP (Gβγ in the following text), and empty vector 

pRK6 used in this study have been described previously (Brule 
et al., 2014; Charest & Bouvier, 2003; Hajkova et al., 2016). SGIP1-
mCherry was constructed in house. Fragment containing full 
coding sequence of SGIP1 obtained by PCR amplification from 
the previously characterized plasmid (Hajkova et al., 2016) was 
inserted into a prk5_mCherry using BamHI/SalI restriction sites 
creating SGIP1 fused with N-terminal mCherry tag. The CB1R 
mutant variants were produced either by PCR mutagenesis using 
QuikChange II Site-directed mutagenesis kit (Agilent, USA, cat. no. 
200524) following the manufacturer's instructions using modified 
primers (Liu & Naismith, 2008) or by replacing C-tail sequence of 
full-length human CB1R by synthetized CB1R C-tail DNA frag-
ments (GeneCust, France). Plasmid coding full-length CB1R S425A, 
S429A that served as a  template for mutagenesis was from the 
laboratory of Ken Mackie from Indiana University, Bloomington, 
Indiana, USA (Jin et al., 1999). Newly synthesized mutant CB1Rs 
variants were fused with either YFP (C-terminal) or SNAP-Tag (N-
terminal). Synthetic RLuc8 coding sequence (Addgene, France, cat. 
no. 87121) was cloned in-frame downstream of the human GRK3 
coding sequence and a triple glycine residues linker was included 
between the tag and GRK3 sequence and subcloned into pcDNA3. 
All constructs were sequenced prior their use. All plasmids were 
propagated in E. Coli DH5α (NEB, USA, cat. no. C2987H). The plas-
mids were purified using Qiagen Midiprep kits (Qiagen, Germany, 
cat. no. 12123).

2.3  |  Cell culture and transfections

Human embryonic kidney 293 (HEK293, RRID:CVCL_0063) 
cells were grown in Dulbecco's Modified Eagle Medium (DMEM) 
(Thermo Fisher Scientific, cat. no. 21969035) containing 10% fetal 
bovine serum (FBS) and maintained at 37°C, 95% humidity, and 
5% CO2. Twenty-four hours before the experiment, 150 ng DNA/
well was used to transiently transfect 5 × 104 cells/well in 96-well 
plates (Merck, Germany, cat. no. M0187-32EA) coated with poly-l-
ornithine (Merck, Germany, cat. no. P4957) using Lipofectamine™ 
2000 (Thermo Fisher Scientific, cat. no. 11668019) according to 
the manufacturer's instructions. HEK293 cell line was used up to 
30th passage. The cells used in this manuscript are not listed as 
a commonly misidentified cell line by the International Cell Line 
Authentication Committee. No authentication has been conducted 
during the experiments.

2.4  |  Imaging

Cells were seeded onto culture dishes for microscopy and trans-
fected by correspondent plasmids. Live cells were imaged at 37°C 
using inverted fluorescent microscope Leica DMI6000 with con-
focal extension Leica TCS SP5 AOBS TANDEM confocal super-
fast scanner, objective 63 × 1.4 oil (Leica Microsystems). Samples 
were excited with argon laser 514 nm and detected with a HyD 

https://scicrunch.org/resolver/RRID:CVCL_0063
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detector in the range 535–545 nm. Microscopic images were pro-
cessed in ImageJ.

2.5  |  Bioluminescence resonance energy 
transfer assays

To assess the association dynamics between studied molecules, 
bioluminescence resonance energy transfer (BRET) assay was used. 
Cells were seeded and transiently transfected as described in cell 
culture and transfections (Donthamsetti, Quejada, Javitch, Gurevich 
& Lambert, 2015). Twenty-four hours after transfection, cells 
were washed with PBS, and coelenterazine h (NanoLight, cat. no. 
CAT#301) was added to a final concentration 5 μM. The stimulation 
of the cells by agonist was performed 5 min later. BRET signal de-
tection was done using Mithras LB 940 microplate reader (Berthold 
Technologies, Germany) equipped with donor (480 ± 20 nm) and ac-
ceptor (540 ± 40 nm) filters. The BRET signal ratio was calculated 
as the emission of the energy acceptor molecules (540 ± 40 nm) di-
vided by the emission of the energy donor molecules (480 ± 20 nm). 
The data are presented as the agonist-promoted milliBRET (mBRET) 
change that was calculated by subtracting the BRET ratio obtained in 
the absence of agonist from the one obtained following agonist ap-
plication and multiplied by 1000 (Hamdan et al., 2007) (Figure S1e).

2.6  |  Inositol monophosphate accumulation

The extent of inositol monophosphate (IP1) accumulation was meas-
ured using a IPOne HTRF kit (Cisbio Bioassays, cat. no. 62IPAPEJ) 
according to the recommendations of the manufacturer. Briefly, cells 
were seeded and transiently transfected with CB1R, or the variant, 
together with chimeric G protein Gqi9 (1:1 ratio). Gqi9 allows Gi/o-
coupled GPCRs to couple to Gq to produce IP1(Brule et al., 2014). 
Twenty-four hours after the transfection, cells were incubated in the 
presence of receptor agonist for 20 min at 37°C, and then cryptate-
labeled anti-IP1 and D2-labeled IP1 antibodies were added for 1 h 
at the 21°C. Native IP1 produced by cells compete with d2-labeled 
IP1 (acceptor of energy) for binding of anti-IP1-Cryptate (donor of 
energy). The fluorescence was detected at 665 and 620 nm using 
a PHERAstar plate reader (BMG Labtechnologies, Germany). The 
HTRF signal was calculated as the ratio of 665/620  nm emission 
multiplied by 10,000. The specific measured HTRF signal (energy 
transfer) is inversely proportional to the concentration of IP1 in the 
cells. The data were normalized against the minimal and maximal 
IP1 accumulation in cells driven by specific CB1R variant.

2.7  |  Immunoblot analysis

Expression levels of CB1R-YFP mutant variants were assessed 
using western blot analysis. Briefly, HEK293 cells transfected with 

a particular CB1R-YFP variant or empty plasmid pRK6 (mock) were 
washed with ice-cold PBS and harvested in PBS complemented 
with cOmplete™ EDTA-free Protease Inhibitor Cocktail tablet 
(Merck, Germany, cat. no. 4693132001) followed by centrifugation 
13,000 g for 10 min at 4°C. Supernatants were aspirated and the 
pellets were resuspended in PBS with protease inhibitor. Afterward, 
the cells were disrupted by ultrasonication (IKA, Germany) and 
the total amount of protein in each lysate was determined using 
Bradford Reagent-based assay (Sigma-Aldrich, Czech Republic, cat. 
no. B6916-500ML) following the manufacturer's instructions. The 
samples were then treated in SDS–PAGE treatment buffer (0.25 M 
Tris–Cl, 8% SDS, 20% glycerol, 0.02% bromophenol blue, 0.04  M 
DTT, pH 6.8) for 10 min at 85°C.

Lysates were separated by 10% SDS–PAGE. Subsequently, 
the proteins were transferred to nitrocellulose membrane (Pall 
Corporation, cat. no. 66485) and the membrane was blocked in 5% 
blotting-grade powdered milk (Carl Roth, Germany, cat. no. 68514-
61-4) in PBST buffer. Afterward, the membrane was cut into two 
pieces and labeled either with primary antibody mouse anti-GFP 
(1:400, Roche, CH, Cat#11814460001) followed by secondary 
antibody labeling goat anti-mouse IgG-HRP antibody (1:10,000, 
Promega, Cat#W4021) for detection of CB1R-YFP variants or with 
primary antibody rabbit anti-actin (1:500, Sigma-Aldrich, Czech 
Republic, Cat#SAB4291137) followed by secondary goat anti-
rabbit IgG-HRP antibody (1:10,000, Promega, Cat#W4018) for the 
detection of actin to check the equal loading and protein transfer.

The proteins of interest were visualized by chemiluminescence 
using the SuperSignal West PICO chemiluminescent substrate 
(Thermo Fisher Scientific, cat. no. 34579) and detected on the LAS-
300 system (Fujifilm).

2.8  |  Statistical analysis

Unless stated otherwise, data represent the mean ± SEM of at least 
three experiments of independent cell preparations performed in 
triplicates. Sample sizes used for the study were determined based 
on previous studies of a similar nature (Brule et al., 2014; Hajkova 
et al., 2016). Post hoc power analysis of sample size showed that the 
sample sizes in the experiments were sufficient for statistical va-
lidity. The analysis was performed using G*Power 3.1.9.4 software 
with following parameters: power = 0.8, alpha = 0.05, effect size 
f = 0.25. No exclusion criteria were pre-determined. The data were 
not assessed for normality and no test for outliers was conducted. 
Statistical analysis was performed using two-way ANOVA fol-
lowed by Sidak's multiple comparisons test using GraphPad Prism 7 
(GraphPad Software, Inc.).

2.9  |  Ethical statement

Ethical approval was not required for this study.
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3  |  RESULTS

3.1  |  Blocker of GRK3 catalytic activity cmpd101 
obliterates GRK3 interaction with Gβγ and CB1R

During GPCR-mediated signaling, Gβγ subunits may interact with 
GRK3 (Carman et al., 2000; Lodowski et al., 2005). In HEK293 cells 
co-expressing CB1R, GRK3-Rluc8, and Gβγ-YFP (Figure S1a), WIN-
induced activation of CB1R resulted in a rapid GRK3-Rluc8-Gβγ-YFP 
association, as shown by the increase of BRET signal (Figure 1a). In 
this experiment, the GRK2/3 inhibitor cmpd101 significantly re-
duced the interaction between GRK3-Rluc8 and Gβγ-YFP, upon WIN 
stimulation (mBRET values ± SEM in 15 min: CB1R = 161 ± 7.34; 
CB1R  +  cmpd101  =  49.1  ±  3.24). The GRK2/3 inhibitor cmpd101 
binds to the GRK2/3 active site and renders the kinase catalyti-
cally inactive (Thal, Yeow, Schoenau, Huber & Tesmer, 2011; Ikeda 

S 2007). WIN potency in the presence of cmpd101 was not signifi-
cantly changed, as observed in WIN-induced GRK3-Rluc8-Gβγ-YFP 
association (Figure 1b). Therefore, GRK3 in its active state is re-
quired for optimal association with Gβγ.

Next, we studied whether the activity of GRK3 is required for 
its recruitment to CB1R. In HEK293 cells, we transiently expressed 
CB1R-YFP and GRK3-RLuc8 to monitor their association using 
BRET signal analysis (Figure S1b). Application of the CB1R agonist 
WIN induced a rapid increase in BRET efficiency, consistent with 
the formation of CB1R-GRK3 complexes (Figure 1c). This was com-
pletely suppressed by pretreatment with the CB1R selective in-
verse agonist rimonabant (SR141716), while WIN application had 
no effect on the BRET signals in HEK293 cells transfected with the 
metabotropic glutamate receptor mGluR1a (Figure S2a). GRK2/3 
activity blocker cmpd101 almost completely suppressed the 
agonist-driven increase in BRET signal between CB1R-YFP and the 

F I G U R E  1  Consequences of GRK3 inactivation on the protein–protein interactions. HEK293 cells were transiently cotransfected with 
the following plasmid combinations: CB1R-YFP + GRK3-RLuc8 + empty plasmid pRK6 (2:1:2 ratio), CB1R-SNAP + GRK3-Rluc8 + Gβ-
flag + Gγ-YFP (2:1:1:2 ratio) or CB1R-YFP + β-arrestin2-Rluc + empty plasmid pRK6 (2:1:2 ratio). After 16 h, cells were pretreated for 30 min 
with cmpd101 (30 μM) prior to stimulation with the CB1R agonist WIN55212-2 (WIN, 1 μM) where indicated. (a) Kinetic profiles of GRK3-
RLuc8 and Gγ-YFP association dynamics in cmpd101 treated and nontreated cells. (b) Dose–response curves of GRK3-RLuc8 and Gγ-YFP 
association dynamics in cmpd101 treated and nontreated cells after CB1R stimulation with increasing concentrations of WIN. Twenty-four 
hours after transfection, 5 μM coelenterazine h was added, cells were stimulated with increasing concentrations of WIN and the increase 
in BRET signal was measured 15 min after WIN application. (c) Kinetic profiles of GRK3-RLuc8 recruitment by WIN-activated CB1R-YFP 
in HEK293 cells pretreated or not treated with cmpd101. (d) Kinetic profiles of β-arrestin2-Rluc recruitment by activated CB1R-YFP in 
cmpd101 pretreated and non-pretreated cells. Data represent the mean ± SEM of three experiments of independent cell preparations 
performed in three technical replicates. Data of graphs (a), (c), and were normalized against the maximal response of cmpd101 untreated 
cells. *p ≤ 0.05 (full statistical analysis is disclosed in Table S1)
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GRK3-RLuc8 (mBRET values ± SEM in 5 min: CB1R = 22.45 ± 1.57; 
CB1R + cmpd101 = 3.88 ± 1.73) (Figure 1c), suggesting that GRK3 
catalytic activity is required for its association with the activated 
CB1R.

3.2  |  GRK2/3 catalytic activity inhibitor 
cmpd101 prevents recruitment OF β-arrestin2 BY 
activated CB1R

Phosphorylation of GPCRs results in β-arrestin recruitment. In cells 
expressing β-arrestin2-Rluc with CB1R-YFP (Figure S1c), a BRET 
signal increase was evident upon CB1R activation by WIN. This 
increase was obliterated upon the pretreatment of the cells with 
cmpd101 (mBRET values ±  SEM in 10 min: CB1R = 29.72 ± 3.57; 
CB1R  +  cmpd101  =  5.46  ±  2.08) (Figure 1d). We verified that 
cmpd101 did not affect the expression of CB1R-YFP (Figure S3a). 
Thus, the recruitment of β-arrestin2 to agonist-stimulated CB1R is 
dependent on the catalytic activity of GRK2/3.

3.3  |  Site-directed mutagenesis within CB1R C-tail

To study the role of GRK2/3 in CB1R regulation, we mutated 
serine and threonine residues within the 425SMGDS429 and 
460TMSVSTDTS468 motifs (Figure 2a). We mutated the residues 
either into alanine residues that do not undergo phosphorylation 
or into negatively charged aspartic acids residues that partially 
mimic a phosphorylated state (Figure 2a). CB1R variants contain-
ing mutations in 425SMGDS429 motif are referred as CB1R_2X, 
mutants in 460TMSVSTDTS468 motif as CB1R_6X, and receptors 
simultaneously mutated in both motifs as CB1R_8X. Based on the 
mutation type, X is either A (in the case of alanine mutations) or 
D (in the case of aspartic acid mutations) (Figure 2a). We verified 
the levels of expression of WT and mutated CB1R forms by im-
munoblotting (Figure S2d). The multiple bands detected in western 
blot do not appear in a sample derived from the cells transfected 
with empty vector (mock), and likely represent distinct CB1R forms 
such as receptor dimers and /or post-translationally modified re-
ceptors (glycosylation etc.) (de Jesus, Salles, Meana & Callado, 
2006; Wager-Miller, Westenbroek & Mackie, 2002). Proper cellular 
localization of the proteins was analyzed by confocal fluorescent 
microscopy (Figure 2b). All mutant receptors were functional, as 
monitored using the BRET-based Gαi1-Gβγ protein activity sensors 
(Figure S1d, S2b, c). Activation of mutated CB1R by WIN55,212–2 
(WIN) (1  µM) in transiently transfected HEK293 cells induced a 
decrease of the BRET signal resulting from the dissociation/con-
formational change of Gαi1-Rluc8–Gγ-YFP complex. Prior to add-
ing the agonist, the BRET signal remained stable and then declined 
upon WIN application over 10 min (Figure S2b, c). This establishes 
that the CB1R C-tail phosphorylation mutants retain the ability to 
activate Gαi1 protein signaling pathway.

3.4  |  G protein activation and signaling by CB1R 
mutants is not altered

Next we tested, wheter the efficiency with which the receptors 
drive G protein activity is affected by C-tail mutations. We found 
that an inability to phosphorylate various residues within CB1R 
C-tail regions 425SMGDS429 and 460TMSVSTDTS468 does not af-
fect acute Gαi1 protein activation, as the extent and potency of the 
activation of Gαi1 proteins was similar in all tested CB1R mutants 
(logEC50 for Gαi1 activation; CB1R  =  −7.169; CB1R_2A  =  −7.128; 
CB1R_6A = −7.007; CB1R_8A = −7.146) (Figure 3a). The G protein 
signaling driven by mutant CB1Rs was not altered as well, seeing that 
the production of IP1 by chimeric G protein Gqi9 was not changed 
(logEC50 for Gqi9 activation; CB1R = −6.202; CB1R_2A = −6.353; 
CB1R_6A = −6.311; CB1R_8A = −6.170) (Figure 3b).

3.5  |  Formation of GRK3-Gβγ complexes is only 
partially influenced by CB1R phosphorylation state

In cells co-expressing GRK3-Rluc8 and Gβ2-Flag, Gγ2-YFP (Figure 
S1a), the application of 1  μM WIN caused a prompt increase in 
BRET signal (Figure 4a). Subsequently, we used the CB1R mutants 
to study whether GRK3 association with Gβγ subunits is affected 
by CB1R C-tail phosphorylation patterns. WIN stimulation of the 
CB1R_2A was followed by a rapid increase in BRET signal due to the 
formation of GRK3-Gβγ complexes (mBRET values ± SEM at 5 min 
CB1R = 138.3 ± 1.93; CB1R_2A = 157.5 ± 7.42) (Figure 4b).

The stimulation of the CB1R_6A produced an increase in 
BRET efficiency, although to a lower extent of the WT CB1R 
activation-induced BRET response (mBRET values  ±  SEM at 
5 min: CB1R = 138.3 ± 1.93; CB1R_6A = 91.77 ± 2.90) (Figure 4c). 
Interestingly, the same result was obtained with the CB1R_8A trans-
fected cells (mBRET values ± SEM at 5 min: CB1R = 138.3 ± 1.93; 
CB1R_8A = 83.82 ± 10.57) (Figure 4d).

These results suggest that GRK3-Gβγ interactions are only par-
tially dependent on CB1R phosphorylation and that phosphorylation 
of the CB1R C-terminal motif is not required for GRK3-Gβγ interaction.

3.6  |  GRK3-Gβγ association is strengthened and 
prolonged in the presence of SGIP1

We previously reported that SGIP1 increased interactions between 
CB1R and β arrestin2 (Hajkova et al., 2016). We now show that the 
CB1R-driven GRK3 interaction with Gβγ subunits is also increased 
and prolonged in the presence of SGIP1. Indeed, in cells co-expressing 
GRK3-Rluc8, Gγ-YFP, CB1R, WIN stimulation of CB1R was followed 
by a rapid increase in BRET signal due to the formation of GRK3-
Gβγ complexes that was significantly enhanced and prolonged in the 
presence of co-expressed SGIP1 (mBRET values ± SEM in 30 min: 
CB1R = 107.6 ± 9.73; CB1R + SGIP1 = 160.3 ± 13.91) (Figure 4a).
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F I G U R E  2  Schematic depiction of CB1R mutants within the C-tail and characterization of their cellular distribution. (a) List of CB1R 
mutants and their corresponding sequences. Two regions of CB1R: 425SMGDS429 and 460TMSVSTDTS468 contain serine/threonine residues 
that are possibly phosphorylated during desensitization of CB1R. CB1R C-tail phosphorylation mutants were created according to the 
scheme: A—mutation into alanine, D—mutation into aspartic acid. (b) CB1R and mutant CB1Rs are predominantly localized on the cellular 
membrane. HEK293 cells were transiently transfected with CB1R-YFP variant. Twenty-four hours after transfection, cells were visualized 
using fluorescent microscope. A single confocal section through the equatorial plane of the cells is shown. Legend: (A) CB1R, (B) CB1R_2A, 
(C) CB1R_6A, (D) CB1R_8A, (E) CB1R_2D, (F) CB1R_6D, (G) CB1R_8D. Scale bar represents 10 μm
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F I G U R E  3  G protein signaling is not changed in CB1R mutants. (a) C-tail mutations do not significantly change acute CB1R mediated 
Gαi protein activation. HEK293 cells were transiently cotransfected with CB1R-SNAP variant, Gαi-Rluc8, Gβ-Flag, Gγ-YFP (2:1:1:1 ratio). 
Twenty-four hours after transfection, 5 μM coelenterazine h was added, cells were stimulated with increasing concentrations of WIN and 
the decrease in BRET signal was measured 15 min after WIN application. (b) CB1R mutants retain the ability to cause IP1 release induced 
by WIN. HEK293 cells were transiently cotransfected with CB1R-SNAP variant and chimeric G protein Gqi9. Twenty-four hours after 
transfection, cells were stimulated with increasing concentrations of WIN. The extent of IP1 accumulation was measured 20 min after WIN 
application. Data represent the mean ± SEM of three experiments of independent cell preparations performed in three technical replicates. 
Data were normalized against the maximal WIN- induced response

F I G U R E  4  Formation of GRK3-Gβγ complexes is partially independent of CB1R C-tail phosphorylation. The association of GRK3-Gβγ 
complexes in the mutant receptors that interact with partner proteins is enhanced in SGIP1 presence. HEK293 were transiently co-
transfected with CB1R, GRK3-Rluc8, Gγ-YFP, Gβ, and empty vector/SGIP1-mCherry (1:1:2:1:2 ratio). Twenty-four hours after transfection, 
cells were stimulated by 1 μM WIN. (a) Kinetic profile of GRK3 recruitment to Gγ in CB1R in the presence and absence of SGIP1. (b) Kinetic 
profile of GRK3 recruitment to Gγ in CB1R, CB1R_2A, and CB1R_2A + SGIP1. (c) Kinetic profile of GRK3 recruitment to Gγ driven by CB1R 
and CB1R_6A in presence/absence of SGIP1. (d) Kinetic profile of GRK3 recruitment to Gγ driven by CB1R and CB1R_8A in presence/
absence of SGIP1. Data represent the mean ± SEM of three experiments of independent cell preparations performed in three technical 
replicates. *p ≤ 0.05 (full statistical analysis is disclosed in Table S2 and Table S3)
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We also tested whether different CB1R C-tail phosphorylation 
patterns affect the ability of SGIP1 to enhance GRK3-Gβγ asso-
ciation. Activation of CB1R_2A in the presence SGIP1 resulted in 
significantly prolonged BRET signal in comparison with BRET pro-
duced by cells without SGIP1 expression (mBRET values ± SEM in 
60  min: CB1R_2A  =  101.1  ±  5.92; CB1R_2A  +  SGIP1  =  185.3  ± 
10 .76) (Figure 4b). Interestingly, the GRK3-Gβγ association was 
significantly augmented immediately after stimulation of CB1R_6A 
when coexpressed with SGIP1 (mBRET values  ±  SEM in 5  min: 
CB1R_6A  =  99.04  ±  12.50; CB1R_6A  +  SGIP1  =  162.6  ±  10.40) 
(Figure 4c). In cells expressing CB1R_8A, the dynamics of the asso-
ciation between GRK3-Gβγ after WIN stimulation was reminiscent 
of that without SGIP1 coexpression (Figure 4d). The expression of 
Gγ-YFP or GRK3-Rluc8 was not modified when coexpressed with 
SGIP1-mCherry (Figure S4g–i).

In the presence of SGIP1, the interaction between GRK3 and 
Gβγ that occurs during CB1R desensitization is enhanced, or pro-
longed, or both.

3.7  |  The two C-terminal motifs differentially 
control GRK3–CB1R interaction

We next studied the relationship between the phosphorylation pat-
tern of CB1R and the recruitment of GRK3 (Figure S1a). In cells co-
expressing GRK3-Rluc8 and CB1R-YFP, the application of 1 μM WIN 
resulted in a rapid increase of BRET signal (Figure 5a).

We observed that preventing phosphorylation of the short 
motif 425SMGDS429 increased and prolonged the interaction with 
GRK3 as the agonist stimulation of CB1R_2A-YFP resulted in a 
greater BRET signal between the receptor and GRK3-Rluc8 com-
pared with the CB1R-YFP/GRK3-Rluc8 pair (mBRET values ± SEM in 
5 min: CB1R = 23.62 ± 3.54; CB1R_2A = 63.56 ± 6.28) (Figure 5b). 
GRK3 recruitment profile by activated CB1R_2D-YFP was sim-
ilar to that obtained with the CB1R-YFP (CB1R  =  23.62  ±  3.54; 
CB1R_2D  =  31.69  ±  3.75) (Figure 7b). The alanine mutation of 
serine residues in 425SMGDS429 (CB1R_2A) increased the BRET 
signal between GRK3 and CB1R, while the aspartic acid mutations 

F I G U R E  5  C-tail multisite phosphorylation is crucial for GRK3 recruitment and dissociation. The association of CB1R-GRK3 in 
CB1R mutants that interact with GRK3 is increased by SGIP1. HEK293 cells were transiently co-transfected with the plasmids coding 
CB1R-YFP variant + GRK3-RLuc8 + empty plasmid pRK6/SGIP1-mCherry (2:1:2 ratio). Cells were stimulated by WIN55212-2 (WIN, 
1 μM). (a) Kinetic profile of GRK3 recruitment to CB1R in the presence and absence of SGIP1. (b) Kinetic profile of GRK3 recruitment 
to CB1R, CB1R_2A, and CB1R_2A + SGIP1. (c) Kinetic profile of GRK3 recruitment to CB1R and CB1R_6A in the presence or absence 
of SGIP1. (d) Kinetic profile of GRK3 recruitment to CB1R, CB1R_8A, and CB1R_8A + SGIP1. Data represent the mean ± SEM of three 
experiments of independent cell preparations performed in three technical replicates. *p ≤ 0.05 (full statistical analysis is disclosed in 
Tables S4 and S5)
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(CB1R_2D) had no effect relative to WT. Such data are consistent 
with the possible phosphorylation of these sites decreasing the in-
teraction between GRK3 and CB1R, by either limiting the associa-
tion, or accelerating dissociation.

Interestingly, a much lower BRET signal was observed in cells ex-
pressing CB1R_6A-YFP (mutation of the serine/threonine residues 
of the motif 460TMSVSTDTS468) (mBRET values  ±  SEM in 5  min: 
CB1R = 23.62 ± 3.54; CB1R_6A = 9.88 ± 1.709) (Figure 5c). The 
response was abolished in the presence of CB1R-8A (Figure 5d). 
This means that the phosphorylatable amino acids of the long motif 
of 460TMSVSTDTS468 are required for GRK3–CB1R interaction. 
Replacing the same residues by aspartate lead to BRET responses 
similar to that obtained with the WT CB1R (mBRET values ± SEM 
in 5  min: CB1R  =  35.54  ±  2.26; CB1R_6D  =  27.50  ±  2.68; 
CB1R_8D = 18.62 ± 2.16) (Figure 7b).

Expression of the mutated receptors was similar to that of wild-
type CB1R and the expression of GRK3-Rluc8 was not modified 
by coexpression with any of the mutated receptors (Figure S3b, c).

3.8  |  CB1R-GRK3 association is augmented in the 
presence of SGIP1

Interestingly, SGIP1, known to increase increased CB1R-β-arrestin2 
interaction (Hajkova et al., 2016), also favored CB1R–GRK3 interac-
tion. In HEK293 cells coexpressing CB1R-YFP variants, GRK3-Rluc8 
and either SGIP1-mCherry or an empty vector pRK6, activation of 
CB1R in the presence of SGIP1 resulted in a significantly stronger 
and prolonged GRK3 recruitment (mBRET values ± SEM in 5 min: 
CB1R = 23.62 ± 3.54; CB1R + SGIP1 = 40.16 ± 2.01) (Figure 5a). 
SGIP1 further increases interaction of CB1R_2A with GRK3-
RLuc8 (mBRET values ± SEM in 10 min: CB1R_2A = 63.56 ± 6.28; 
CB1R_2A + SGIP1 = 87.26 ± 3.92) (Figure 5b), but could not rescue 
the interaction between either CB1R_6A or CB1R_8A and GRK3 
(Figure 5c, d). The expression of the receptor mutants or GRK3-
Rluc8 was not affected when coexpressed with SGIP1-mCherry 
(Figure S4a–c). These results suggest that GRK3 recruitment to 
CB1R is strengthened and prolonged in the presence of SGIP1.

3.9  |  Phosphorylation of the CB1R C-tail regulates 
β-arrestin2 interaction

When the second motif cannot be phosphorylated, not only is GRK3 
recruitment to CB1R lost, but the recruitment of β-arrestin2 is also 
prevented. Upon WIN stimulation, both CB1R_2A-YFP and CB1R_2D-
YFP mutants were able to recruit β-arrestin2-Rluc; however, to a signif-
icantly decreased extent in comparison with wildtype CB1R (mBRET 
values ± SEM in 5 min: CB1R = 29.33 ± 1.93; CB1R_2A = 15.53 ± 3.28; 
CB1R_2D = 18.48 ± 2.96) (Figures 6b and 7c).

On the other hand, activation of CB1R_6A and CB1R_8A mutants re-
sulted in severely impaired β-arrestin2 recruitment (mBRET values ± SEM in 
5 min: CB1R = 29.33 ± 1.93; CB1R_6A = 3.49 ± 2.77; CB1R_8A = 4.28 ± 2.24) 

(Figure 6c, d). The expression of β-arrestin2-Rluc was not modified by the co-
expression of the mutated receptors (Figure S4d, e).

While the 425SMGDS429  motif's participation in βarrestin2 re-
cruitment is clear from the reduced recruitment efficiency of the 
CB1R_2A mutant, data for the CB1R_6A mutant show that phos-
phorylatable sites in the 460TMSVSTDTS468 motif are a necessary 
minimum that the 425SMGDS429 phosphorylation sites cannot com-
pensate for, as the alanine mutation of the 460TMSVSTDTS468 com-
pletely abrogated βarrestin2 recruitment.

3.10  |  SGIP1 strengthens the formation of  
CB1R-β–arrestin2 complexes in β-arrestin2-
interacting receptors

As observed for GRK3–CB1R interaction, SGIP1 could increase the 
interaction between β-arrestin2 and CB1R (mBRET values ± SEM in 
10 min: CB1R = 26.59 ± 7.08; CB1R + SGIP1 = 60.39 ± 3.53) (Figure 6a) 
even if the short 425SMGDS429 motif serine/threonine residues are 
mutated (mBRET values ± SEM in 10 min: CB1R_2A = 12.6 ± 3.60; 
CB1R_2A + SGIP1 = 30.30 ± 1.651) (Figure 6b). In contrast, SGIP1 did 
not recover β-arrestin2 recruitment to CB1R_6A and CB1R_8A that 
contains the non-phosphorylatable long motif, 460TMSVSTDTS468 
(Figure 6c, d). As a control to the above experiments, we verified 
the equivalent expression levels of receptors, β-arrestin2-Rluc and 
SGIP1-mCherry (Figure S4d–f).

While SGIP1 strengthens and prolongs β-arrestin2 recruitment 
to the mutated receptors that interact with β-arrestin2 (CB1R, 
CB1R_2A), SGIP1 alone is insufficient to rescue this interaction as 
seen in the case of CB1R_6A and CB1R_8A mutants, which were 
unable to recruit β-arrestin2 regardless of SGIP1 presence.

3.11  |  Protein interactions driven by 
phosphomimetic CB1R mutants

Next, we examined the protein–protein interactions induced by 
phosphomimetic CB1R variants containing aspartic acid substitu-
tions for serines/threonines in 425SMGDS429 and 460TMSVSTDTS468 
motifs.

First, we tested these mutants for the capability to induce GRK3 
recruitment to Gβγ subunits. While the stimulation of CB1R_2D 
formed GRK3-Gβγ kinetic pattern similar to the one of CB1R, GRK3 
association with Gβγ induced by CB1R_6D and CB1R_8D pro-
duced a slightly decreased BRET efficiency (mBRET values ± SEM 
in 5  min: CB1R  =  128.49  ±  12.59; CB1R_2D  =  138.81  ±  5.96; 
CB1R_6D = 98.91 ± 5.60; CB1R_8D = 100.727 ± 2.76) (Figure 7a). 
However, neither of GRK3-Gβγ kinetics profiles produced by aspar-
tic acid mutants were significantly different from the wild-type re-
ceptor (Table S8a).

Next, we studied GRK3 interaction with aspartic acid CB1R 
mutants. We observed that the GRK3 interaction with CB1R_2D 
and CB1R_6D mutants was akin to the interaction of GRK3 with 
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the wild-type receptor. Contrary, the BRET signal of CB1R_8D was 
significantly decreased in comparison with the CB1R (mBRET val-
ues ± SEM in 5 min: CB1R = 35.54 ± 2.26; CB1R_2D = 31.69 ± 3.79; 
CB1R_6D  =  27.5  ±  2.68; CB1R_8D  =  18.61  ±  2.16) (Figure 7b) 
(Table S8B).

Lastly, we investigated the recruitment of β-arrestin2 to aspar-
tic acid CB1R variants. Interestingly, all the aspartic acid CB1R mu-
tants showed impaired ability to recruit β-arrestin2, as observed by 
the lower BRET efficiencies in comparison with CB1R (mBRET val-
ues ± SEM in 5 min: CB1R = 29.93 ± 1.51; CB1R_2D = 18.48 ± 2.96; 
CB1R_6D = 5.7 ± 1.97; CB1R_8D = 7.17 ± 1.95) (Figure 7c) (Table 
S8C).

3.12  |  GRK3 and β-arrestin2 interaction with CB1R 
is regulated by different phosphorylation patterns of 
its C-tail

We created additional CB1R-YFP mutants within both the short and 
the long motifs in order to more precisely identify the residues in-
volved for GRK3 and arrestin recruitment to CB1R (Figure 8a). The 

mutant CB1R_425SMGDS429_460AMSVSADAS468 (with all threonines 
mutated into alanine residues) interacted with GRK3 with a similar 
profile as the wildtype receptor up to the peak at 5 min, but at later 
time points the BRET signal for this mutant was prolonged compared 
with wildtype CB1R (Figure 8b). Thus, CB1R_425SMGDS429_460AM
SVSADAS468 produced longer, or a spatially different association 
with GRK3 than wildtype CB1R (mBRET values ±  SEM in 30 min: 
CB1R = 8.82 ± 4.03; CB1R_425SMGDS429_460AMSVSADAS468 = 27 .
11 ± 3.71). This effect was further increased by mutation of the ser-
ines of the short motif (as observed above) (Figure 8b).

In the next set of experiments, we used CB1R with mutated ser-
ine residues within the 425SMGDS429 and, at the same time, all the 
threonine residues in the distal C-terminus were mutated into alanine 
residues, yielding CB1R_425AMGDA429_460AMSVSADAS468. This 
mutant receptor had an even more robust and profoundly extended 
association with GRK3 compared with wildtype receptor (mBRET 
values ± SEM in 30 min: CB1R = 8.82 ± 4.03; CB1R_425AMGDA42

9_460AMSVSADAS468 = 48.58 ± 2.34) (Figure 8b). This further con-
firms that serine residues phosphorylation within the 425SMGDS429 
is important for the dissociation of GRK3 from CB1R likely in addition 
to the role of the threonine residues in the long motif.

F I G U R E  6  β-arrestin2 binding is affected by the phosphorylation pattern of the CB1R C-tail. SGIP1 enhances the association of 
CB1R-β-arrestin2 in cases the mutant receptors interact with β-arrestin2. HEK293 cells were transiently co-transfected with the CB1R-
YFP variants, β-arrestin2-Rluc, and empty vector/SGIP1-mCherry (2:1:2 ratio). Cells were stimulated by 1 μM WIN. (a) Kinetic profile of 
β-arrestin2 recruitment to CB1R in the presence/absence of SGIP1. (b) Kinetic profile of β-arrestin2 recruitment to CB1R, CB1R_2A, and 
CB1R_2A + SGIP1. (c) Kinetic profile of β-arrestin2 recruitment to CB1R and CB1R_6A in the presence/absence of SGIP1. (d) Kinetic 
profile of β-arrestin2 recruitment to CB1R, CB1R_8A, and CB1R_8A + SGIP1. Data represent the mean ± SEM from three experiments of 
independent cell preparations performed in triplicate. *Represents p ≤ 0.05 (full statistical analysis is disclosed in Tables S6 and S7)
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In contrast, as expected according to the loss of GRK recruitment by 
CB1R-6A or 8A, the CB1R_425SMGDS429_460TMAVATDTA468 mutant 
had a reduced ability to recruit GRK3 compared with CB1R (mBRET val-
ues ± SEM in 5 min: CB1R = 51.69 ± 2.04; CB1R_425SMGDS429_460TMAV

ATDTA468 = 28.95 ± 2.18). Interestingly, parallel mutations of the serine 
residues in the case of CB1R_ 425AMGDA429_460TMAVATDTA468 mu-
tant further reduced GRK3 association (mBRET values ± SEM in 5 min: 
CB1R = 51.69 ± 2.04; CB1R_425AMGDA429_460TMAVATDTA468 = 13
.81 ± 2.03) (Figure 8b). The expression of the mutant receptors was 
similar to that of the CB1R (Figure S3f). This confirms that the serine 
residues of 460TMSVSTDTS468 motif are crucial for GRK3 recruitment 
or for its strong interaction with CB1R.

We detected only a marginal interaction of these four CB1R mu-
tants with β-arrestin2 (Figure 8c). Therefore, precise and extensive 
phosphorylation of both motifs is required for optimal interaction of 
CB1R with β-arrestin2. Phosphorylation of most residues within the 
second motif is required, as their mutation completely suppressed 
the receptor–β-arrestin2 interaction.

4  |  DISCUSSION

This study describes previously unknown molecular mechanisms 
and interactions of molecules following activation of the CB1R as 
it undergoes desensitization. GRK3 interaction with G protein Gβγ 
subunits, as well as with the receptor, leads to the phosphorylation 
of several residues within CB1R C-terminal tail. The kinase activity 
therefore leads to subsequent events resulting in the recruitment of 
β-arrestin2 to the CB1R.

We aimed at dissecting the specificity of the phosphorylation 
patterns to drive selected interactions within the signalosome that 
results in desensitization of CB1R. We also show that SGIP1, a re-
cently detected CB1R interacting partner, has profound effects on 
the extent and kinetics of the signalosome. The interaction between 
CB1R and GRK3 is enhanced, and dynamics of this interaction is ex-
tended, and also interactions GRK3 with G protein βγ dimer is en-
hanced in the presence of SGIP1.

4.1  |  GRK2/3 activation is a key step in CB1R 
desensitization

GRK2/3 execute a significant step in the desensitization of numer-
ous GPCRs (Appleyard et al., 1999; Bawa, Altememi, Eikenburg & 
Standifer, 2003; Celver, Lowe, Kovoor, Gurevich & Chavkin, 2001; 
Dautzenberg & Hauger, 2001; Dautzenberg, Wille, Braun & Hauger, 
2002; Ishii et al., 1994; Luo, Busillo, Stumm & Benovic, 2017). 
Activation of G proteins recruits GRK2/3 via interaction with G 
protein Gβγ dimer and fosters association between GRK2/3 and 
the receptor, which is consequently phosphorylated within its intra-
cellular C terminus by the kinase (Homan & Tesmer, 2015; Nogues 
et al., 2017). Desensitization of CB1R expressed in Xenopus oocytes 
was shown to be dependent on the presence of both GRK3 and β-
arrestin2 (Daigle, Kearn & Mackie, 2008; Daigle, Kwok, et al., 2008; 
Gyombolai, Boros, Hunyady & Turu, 2013). Our data are in accord 
with these findings: the kinase activity of GRK2/3 is essential for 
efficient β-arrestin2 recruitment to CB1R.

F I G U R E  7  Protein–protein interactions driven by phosphomimetic 
CB1R mutants. HEK293 were transiently co-transfected with either 
CB1R-YFP variant, GRK3-Rluc8 and empty plasmid pRK6 or CB1R_
YFP variant, β-arrestin2-Rluc, and empty plasmid pRK6 or CB1R-
SNAP, GRK3-Rluc8, Gγ-YFP, Gβ, and empty vector pRK6 (1:1:2:1:2 
ratio). Twenty-four hours after the transfection, cells were stimulated 
by 1 μM WIN. (a) Kinetics of GRK3 recruitment to Gγ driven by CB1R, 
CB1R_2D, CB1R_6D, CB1R_8D. (b) Kinetics of GRK3 recruitment 
to CB1R, CB1R_2D, CB1R_6D, CB1R_8D. (c) Kinetics of β-arrestin2 
recruitment to CB1R, CB1R_2D, CB1R_6D, CB1R_8D. Data 
represent the mean ± SEM from three experiments of independent 
cell preparations performed in triplicate. (full statistical analysis is 
disclosed in Table S8)
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4.2  |  GRK3–Gβγ interaction

Cmpd101 binds deep in the active site (site responsible for kinase 
activity) of GRK2/3, but also partially binds to ATP site, thus pre-
venting these kinases to achieve catalytically active state (Ikeda 
S, 2007; Thal et al., 2011). Following receptor activation, GRK2/3 
interacts with the membrane-associated Gβγ dimers (Boughton 
et al., 2011; Daaka et al., 1997; Touhara, Inglese, Pitcher, Shaw & 
Lefkowitz, 1994). In our experiments, cmpd101 inhibited the in-
teraction of GRK3 with G protein βγ dimer, albeit not completely 
(Figure 1a). The WIN potency in the presence of cmpd101 was not 
changed (Figure 1b), thus, such a large decrease in BRET is best in-
terpreted as smaller amounts of GRK3–Gβγ complexes formed in 
the cells. However, one cannot firmly exclude that the lower BRET 
results from a larger distance, or a different relative orientation be-
tween Rluc and YFP, although this is not supported by the structural 
data (Thal et al., 2011).

Interestingly, to a large extent, GRK3 was able to form complexes 
with Gβγ independently of CB1R C-tail phosphorylation patterns, al-
beit the interaction was slightly modified. As the C-tail mutation of 
CB1R did not alter G protein activation (Figure 3a, b), the quantity 
of released Gβγ available for GRK3 recruitment was not modified. 
These observations suggest that GRK3 interaction with Gβγ partially 
depends on the receptor as both receptor and G proteins are always 
part of the same "receptosome.”

4.3  |  GRK3–CB1R association

In the presence of cmpd101, recruitment of GRK3 to CB1R is blocked 
(Figure 1c), demonstrating that GRK3 has to be in an active conforma-
tion to interact with the activated CB1R. The residues on the CB1R C-
tail that may undergo GRK2/3 driven phosphorylation are distributed 
in two clusters, 425SMGDS429 and 460TMSVSTDTS468. GRK3/CB1R re-
cruitment assays with serine/threonine residues mutated within these 
regions to alanine or aspartate residues identified two major findings. 
Firstly, stimulation of CB1R_2A (S425A, S429A mutations) resulted in 
significantly enhanced and prolonged GRK3 association, compared 
with the wild-type CB1R. Mutagenesis within the 460TMSVSTDTS468 
motif in CB1R_6A resulted only in partial attenuation of GRK3 re-
cruitment to the receptor. Mutation of all serine/threonine residues 
to alanine within both regions, 425SMGDS429 and 460TMSVSTDTS468 
(CB1R_8A), abrogated GRK3 recruitment to the activated recep-
tor (Figure 5d). Secondly, GRK3 recruitment profile of the CB1R_2D 
mutant, in which aspartate residues mimic the phosphorylated state 
(S423D, S429D), resembled that of CB1R WT (Figure 7b). CB1R WT 
with phosphorylatable S423 and S429 have comparable dynamics of 
interaction between GRK3 and CB1R_2D (with mutations S423D and 
S429D). This partial recovery of the dynamics might be due to the fact 
that phosphoserine modification contains double negative charges, 
while aspartic acid has only a single charge, and perhaps this is insuf-
ficient for proper GRK3 binding. Also, phosphorylation of the residues 

F I G U R E  8  GRK3 and β-arrestin2 interactions with CB1R depend on unique phosphorylation patterns. (a) Schematic depiction 
of additional constructed CB1R mutants and their cellular localization. A—mutation into alanine. HEK293 cells were transiently 
transfected with CB1R-YFP variant. Twenty-four hours after transfection, cells were visualized using fluorescent microscope. (A) 
CB1R_425SMGDS429_460TMAVATDTA468, (B) CB1R_425AMGDA429_460TMAVATDTA468, (C) CB1R_425SMGDS429_460AMSVSADAS468, (D) 
CB1R_425AMGDA429_460AMSVSADAS468. Scale bar represents 10 μm. (b) Kinetic profile of GRK3 recruitment to CB1R and CB1R mutants. 
(c) Kinetic profile of β-arrestin2 recruitment to CB1R and CB1R mutants. Data represent the mean ± SEM from three independent cell 
preparations experiments performed in triplicate
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is a dynamic process, and this is not reflected by the use of the con-
stitutively charged aspartic acid in the corresponding CB1R mutants. 
Our interpretation is that indeed, phosphorylation of these residues 
(or one of them) is involved in the regulation of this interaction.

Based on these observations, we propose a hypothesis that phos-
phorylation of residues within the 425SMGDS429 region by GRK3 
regulates the dynamics of GRK3–CB1R association. Following their 
interaction, phosphorylation of residues within 460TMSVSTDTS468 
region favors the association, but subsequent phosphorylation of 
residues from 425SMGDS429, in turn, expedites the dissociation of 
GRK3 from the receptor. This may avert spatial hindrance and allows 
β-arrestin2 association with the receptor.

SGIP1  modifies CB1R association with GRK3, with enhanced 
impact on their transient interaction in later phases of the desen-
sitization (Figure 5a). This finding further underlines the role of the 
CB1R-SGIP1 interaction on the dynamics of the interactions within 
the signalosome during CB1R desensitization.

4.4  |  CB1R–β-arrestin2 interaction

Upon treatment with cmpd101, recruitment of β-arrestin2 to the ac-
tivated CB1R was significantly constrained (Figure 1c). We attribute 
this inhibition of β-arrestin2 recruitment to the inhibition of GRK2/3 
activation impairing CB1R phosphorylation. Previously, using quan-
titative analysis of fluorescent confocal images, mutant CB1R_2A 
(mutations of serine residues within the 425SMGDS429 motif named 
CB1R S425A/S429A in the preceding study) recruited β-arrestin-2 
to the plasma membrane (Daigle, Kearn, et al., 2008). We revealed 
an impaired association of β-arrestin-2 with this mutant (Figure 6b). 
Therefore, for both CB1R and the mutated CB1R_2A mobilize β-
arrestin2 from the cytoplasm to the plasmalemma, however, our data 
show that levels of protein–protein association of β-arrestin2 are de-
creased in the case of CB1R_2A. The aforementioned study used 
quantitative analysis of fluorescent confocal images that reveal re-
cruitment from the cytoplasm toward the membrane, while BRET 
technology allows a more specific depiction of protein–protein 
interactions. Moreover, our study may have a different receptor 
number than the system used previously. A possibility exists that 
CB1R_2A–β-arrestin2 complex acquires a different conformational 
state than with the wildtype receptor, decreasing BRET signal ef-
ficiency (Cahill et al., 2017; Nuber et al., 2016). Phosphorylation of 
residues within the 425SMGDS429 and 460TMSVSTDTS468 regions in 
CB1R_8A impaired CB1R-mediated translocation of β-arrestin2 to 
the membrane, and their mutation to alanine residues prevented in-
ternalization (Daigle, Kwok, et al., 2008; Jin et al., 1999) (Figure 6d). 
Here, our data are in agreement with the previous report, in which 
mutation of all eight phosphorylation sites results in loss of the abil-
ity to recruit β-arrestin2 from the cytoplasm.

Our observations support the hypothesis that the 
460TMSVSTDTS468 motif serves as an initiation docking site for β-
arrestin2 (Blume et al., 2017; Jin et al., 1999; Morgan et al., 2014). 
We hypothesize that the decreased β-arrestin2 interaction with 

CB1R_2A is a consequence of protracted GRK3-CB1R_2A inter-
action. Due to higher affinity between GRK3 and CB1R_2A and 
GRK3, this kinase sterically hinders β-arrestin2 interaction with the 
CB1R_2A. This is further supported by the β-arrestin2 interaction 
with CB1R_2D mutant, which has the S425 and S429 mutated into 
aspartate (Figure 7c), albeit these mutations only partially mimic 
the phosphorylated state of the corresponding residues. Mutations 
of the serine/threonine residues within 460TMSVSTDTS468 region 
into aspartate residues resulted in decrease of the BRET signal 
(Figure 7c). This suggests, that these residues are phosphorylated 
selectively, and that a certain pattern, or a “bar code” mode for 
proper CB1R- β-arrestin-2 association. This possibility was tested 
in more detail.

4.5  |  GRK3 AND β-arrestin2 interactions with 
CB1R depend on unique phosphorylation patterns

To further explore the phosphorylation patterns needed for the in-
teraction between CB1R and GRK3, or β-arrestin2, we constructed 
additional CB1R mutants with several combinations of alanine re-
placements within 460TMSVSTDTS468 region. The substitution of 
only serine residues with alanine residues decreased the receptor's 
ability to recruit GRK3. In contrast, mutation of all threonine into 
alanine residues within the same region resulted in a mutant with 
extended CB1R-GRK3 association. This was even more significant if 
S425A and S429A mutations were also included (Figure 8b). These 
results further illustrate that phosphorylation of 425SMGDS429 may 
cause dissociation of GRK3 from the receptor. In contrast, phospho-
rylation of serine residues within the 460TMSVSTDTS468 region is 
crucial for the formation of CB1R–GRK3 complexes. Conversely, the 
substitution of the threonine by alanine residues within this region 
did not prevent the CB1R–GRK3 association, suggesting that phos-
phorylation of threonine residues is not indispensable for the GRK3 
association with CB1R.

All the CB1R variants with different triple alanine mutations 
in the extreme C-tail exhibited similarly decreased, but not com-
pletely diminished, recruitment of β-arrestin2 (Figure 8c). Hence, 
serine and threonine residues within 460TMSVSTDTS468 motif, 
all contribute to β-arrestin2 recruitment. This contrasts with the 
phosphorylation pattern needed for the GRK3–CB1R interaction. 
Of importance, depending on certain phosphorylation patterns, β-
arrestins can acquire a wide range of conformation states. These 
different conformations, imposed by distinct phosphorylation pat-
terns of the C termini, may also lead to differential BRET efficien-
cies (Latorraca et al., 2020; Lee et al., 2016; Nobles, Xiao & Ahn, 
2011; Nuber et al., 2016). Our results may also point to sequential 
and/or cumulative phosphorylation of serine/threonine residues in 
460TMSVSTDTS468 of CB1R, as those dynamics may play a role in 
β-arrestin2 recruitment.

The μ-opioid receptor also has a clustering of serine/thre-
onine residues within two regions. Miess and colleagues described 
that phosphorylation of two serine/threonine clusters within the 
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C-terminal region of the μ-opioid receptor controls the dynamics of 
GRK2 and β-arrestin2 recruitment (Miess, Gondin & Yousuf, 2018). 
The extreme C-tail serine/threonine cluster was involved in GRK2 
and β-arrestin2 recruitment, while the proximal serine/threonine 
region was involved in the stability of these interactions. Our data 
harmonize with these findings. GRK3 and β-arrestin2 interactions 
with CB1R are regulated by different phosphorylation patterns of 
the receptor C-tail. A recent study performed by Møller and col-
leagues disclosed that in the case of the μ-opioid receptor, GRK2 and 
GRK3 have distinct impacts on β-arrestin2 association (Moller et al., 
2020), pointing to the complexity of the process, and likely to unique 
particulars of the desensitization process among different receptors.

4.6  |  SGIP1 augments GRK3-Gβγ, GRK3-
CB1R, and β-arrestin2–CB1R interactions

Previously, we described that G protein activation by CB1R is not af-
fected by SGIP1 (Hajkova et al., 2016). Subsequent events dependent 
on CB1R C-tail phosphorylation that would result in clathrin-mediated 
endocytosis (CME) are profoundly influenced by SGIP1. SGIP1 stalls 
CME, and the phosphorylated receptor remains on the cell surface. 
We proposed a hypothesis that aims at depicting how the relationship 

between SGIP1 and CB1R affects events that follow CB1R desensitiza-
tion; during CB1R desensitization, β-arrestins interact with the phos-
phorylated CB1R. The temporary association between phosphorylated 
CB1R and β-arrestin terminates as the receptor is internalized. SGIP1 
stalls CB1R internalization. Therefore, the β-arrestin interaction with 
desensitized CB1R persists longer in the presence of SGIP1. The conse-
quence of stabilizing CB1R at the cell surface by SGIP1 is that dissocia-
tion of β-arrestin2 from CB1R that follows internalization occurs more 
slowly, as described in our earlier study (Hajkova et al., 2016).

The interaction of GRK3 with Gβγ subunits following activation 
of the CB1R was also modified by SGIP1 in this study (Figure 4). 
Interestingly, the most evident effect of SGIP1 on the dynamics of 
this protein–protein association is at the early phase, but it persists 
through the observed period. Also, we show that the presence of 
SGIP1 results in enhancement of GRK3 association with both CB1R 
and CB1R_2A, but not with CB1R_6A, and CB1R_8A mutants that 
lose the ability to associate with GRK3 and β-arrestin2 (Figures 5c, 
d, 6c, d). These prolonged interactions are likely the result of stalled 
CB1R internalization produced by SGIP1.

SGIP1 modifies most of the interactions within the CB1R de-
sensitization interactome (Figure 9). The most likely explanation is 
that this is due to the interference with internalization. We show the 
rate of CB1R internalization in the presence of SGIP1 as detected 

F I G U R E  9  Graphic depiction of events relevant to CB1R desensitization. (a) Kinetics of events during desensitization of CB1R in the 
absence (left panel) and the presence (right panel) of SGIP1 upon CB1R stimulation with 1 µM WIN in HEK293 cells. Internalization data 
were taken from the previous study (Hajkova et al., 2016). All the experiments were performed in the same experimental system under 
similar conditions. (b) The difference in interactions implemented by SGIP1. Values were calculated by subtracting the kinetics values of 
CB1R + SGIP1 with the values of CB1R. Figure (b) was constructed using calculated data from the experiments shown in (a)
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in our previous study. Furthermore, our results indicate that the C-
tail phosphorylation patterns of CB1R do not affect SGIP1 associa-
tion with CB1R. This is in agreement with our previous observations 
using yeast two hybrid screen with mutated C terminus of CB1R 
mimicking phosphorylated state of the residues. Using such mutants 
did not have any effect on the association between CB1R and SGIP1 
(Figure 1a in (Hajkova et al., 2016)). Therefore, CB1R association 
with SGIP1 is independent of the modification. Future studies may 
discern, whether the effect of SGIP1 has an impact on the phosphor-
ylation patterns of CB1R during desensitization.

5  |  CONCLUSION

GRK3 has to reach an active conformation in order to fully interact 
with Gβγ dimer and CB1R to phosphorylate the CB1R C-tail. The in-
teraction of GRK3 and Gβγ is allosterically modulated by the CB1R–
GRK3 complex and by SGIP1. Phosphorylation of serine residues 
within the 425SMGDS429 region by GRK3 causes relaxation of the 
GRK3–CB1R association. The phosphorylation arrangement, called 
a “bar code” of serine/threonine residues within 460TMSVSTDTS468 
region, required for the receptor to interact with GRK3 and β-
arrestin2, has distinct implications on the receptor association with 
GRK3 and Gβγ. Alike in the case of CB1R interaction with β-arrestin, 
SGIP1 enhances the association of GRK3 with both Gβγ subunits of 
G proteins and CB1R. Therefore, SGIP1 regulates levels of interac-
tions between molecules that are part of the temporal CB1R signalo-
some that establishes during its desensitization.
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