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Background and purpose: Arrestin or G protein bias may be desirable for novel can-
nabinoid therapeutics. Arrestin-2 and arrestin-3 translocation to CB4 receptor have
been suggested to mediate different functions that may be exploited with biased
ligands. Here, the requirement of a recently described phosphorylation motif ‘pxxp’
(where ‘p’ denotes phosphorylatable serine or threonine and ‘x’ denotes any other
amino acid) within the CB receptor C-terminus for interaction with different arrestin
subtypes was examined.

Experimental approach: Site-directed mutagenesis was conducted to generate nine
different phosphorylation-impaired CB; receptor C-terminal mutants. Biolumines-
cence resonance energy transfer (BRET) was employed to measure arrestin-2/3
translocation and G protein dissociation of a high efficacy agonist for each mutant.
Immunocytochemistry was used to quantify receptor expression.

Key results: The effects of each mutation were shared for arrestin-2 and arrestin-3
translocation to CB; receptor pxxp motifs are partially required for arrestin-2/3 trans-
location, but translocation was not completely inhibited until all phosphorylation sites
were mutated. The rate of arrestin translocation was reduced with simultaneous
mutation of S425 and S429. Desensitisation of G protein dissociation was inhibited
in different mutants proportional to the extent of their respective loss of arrestin
translocation.

Conclusions and implications: These data do not support the existence of an ‘essen-
tial’ pxxp motif for arrestin translocation to CB1 receptor. These data also identify
that arrestin-2 and arrestin-3 have equivalent phosphorylation requirements within
the CB; receptor C-terminus, suggesting arrestin subtype-selective biased ligands
may not be viable and that different regions of the C-terminus contribute differently

to arrestin translocation.
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1 | INTRODUCTION

The cannabinoid 1 (CB,) receptor is a G protein-coupled receptor
(GPCR) which is expressed widely throughout the human brain and is
involved in a range of neurological processes, such as appetite regula-
tion, movement, learning and memory (reviewed Pacher et al., 2006).
Drugs targeting CB4 receptors therefore have potential in a range of
conditions (Pacher et al., 2006), however they are limited by on-target
adverse effects, such as psychoactivity and the development of
tolerance.

GPCRs can activate a diverse range of different cell signalling
effector pathways. ‘Biased’ ligands are those that selectively activate
certain signalling effectors, some of which may possess clinical utility
by maximising therapeutic efficacy and minimising on-target adverse
events (reviewed Wootten et al., 2018). These effector subsets are
commonly divided into those mediated by either the G protein or
arrestin protein families, which can engage different effectors, leading
to development of drugs ‘biased’ towards desirable effectors
(Wootten et al., 2018).

CB, receptor activation is associated with a large range of intra-
cellular effectors (reviewed Manning et al., 2021). Biased ligands may
be valuable for the CB4 receptor, but a key limitation for assessment
of the therapeutic value of these ligands is the relatively poor charac-
terisation of G protein versus arrestin dependent effects, and the
remaining unknown requirements for arrestin interaction with CB;
receptors.

To develop ligands biased either towards or away from arrestin
proteins, an understanding of the requirements for arrestin-CBq
receptor interaction is therefore necessary, which is the purpose of
this study. It has been demonstrated that phosphorylation of a cluster
of six serine/threonine residues within the extreme ‘distal” CB; recep-
tor C-terminus by G protein coupled receptor kinases (GRKs),
reviewed (Komolov & Benovic, 2018) is important for interacting with
arrestin-3 (Daigle, Kwok, & Mackie, 2008) and that disrupting the abil-
ity of the C-terminus to be phosphorylated reduces receptor internali-
sation and enhances signalling (Daigle, Kwok, & Mackie, 2008; Hsieh
et al., 1999; Jin et al., 1999; Straiker et al., 2012). In addition to this
distal serine/threonine cluster, there are two serine residues near the
‘proximal’ end of the C-terminus (5245, S429), which have been
shown via mutagenesis to be involved in receptor desensitisation, but
(surprisingly) Kearn, &
Mackie, 2008; Jin et al., 1999). This ‘desensitisation deficient’ mutant

was also suggested to have enhanced arrestin-2 interaction resulting

not arrestin-3 translocation (Daigle,

in enhancement of pERK activation due to arrestin-2-dependent ERK
scaffolding (Daigle, Kearn, & Mackie, 2008; Delgado-Peraza
et al., 2016).

Despite a thorough mutagenesis study on the CB4 receptor C-
terminus (Daigle, Kwok, & Mackie, 2008), no specific phosphorylation
pattern necessary for arrestin interaction with CB, receptor has been
identified. A recent study on rhodopsin identified that a pxxp motif
(where ‘p’ denotes phosphorylatable serine or threonine and ‘x’
denotes any other amino acid) was essential for interaction with

arrestin proteins and this motif was suggested to be conserved for

What is already known

e GPCR C-terminal phosphorylation is important for trans-
location of arrestin subtypes.
e Arrestin translocation is important for CB receptor signal

regulation and scaffolding functions.

What does this study add

e |dentical phosphorylation sites are required for transloca-
tion of both arrestin subtypes.
e Proximal and distal phosphorylation sites are indepen-

dently important for arrestin translocation.

What is the clinical significance

e These data present important considerations for develop-

ment of arrestin subtype-biased ligands.

multiple GPCRs (Mayer et al., 2019). The ‘distal’ CB; receptor
C-terminal serine/threonine cluster can form three unique pxxp
motifs, which we hypothesised may be required for arrestin transloca-
tion and may help differentiate between the two arrestin subtypes.
Additionally, the proximal S425, S429 phosphorylation sites have a
known role in desensitisation and exist as a pxxxp motif. Given the
obvious similarity of this pattern with a pxxp motif, we hypothesised
that these sites may be similarly involved in arrestin translocation.
This study therefore investigated the importance of different pxxp
and pxxxp motifs on translocation of either arrestin-2 (p-arrestin-1) or
arrestin-3 (B-arrestin-2) to CB; receptor. Additionally, to both further
characterise the relationship between arrestin translocation and the
desensitisation of G protein activity, and to begin to establish a func-
tional basis for effector bias, the receptor mutants were also charac-

terised in G protein dissociation experiments.

2 | METHODS
21 | Mutagenesis design and molecular cloning
Previously described pcDNA3 constructs containing

Rluc8-(human)-Arrestin-2- synthetic proline-rich peptide 1 (Sp1) or
Rluc8-(human)-arrestin-3-Sp1 (Ilbsen et al., 2019) were modified
for greater throughput by replacing Rluc8 (Renilla Luciferase)
with Nluc (NanoLuc® Luciferase) via restriction cloning. The
pcDNA3-RIuc8-Arrestin-2 or pcDNA3-RIuc8-Arrestin-3 vectors were
amplified by PCR with primers described in Table 1 to generate
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products without the Rluc8 and with specific Sfil sites on either end.
Nluc was amplified from a GRK2-Nluc construct described previously
(Matti et al., 2020), with terminal Sfil sites complementary to those in
the arrestin fragment. Products were treated overnight at 37°C with
Dpnl to digest parental dam-methylated DNA. Products were purified
using a NucleoSpin cleanup kit, then digested with Sfil. Products were
ligated overnight at 4°C with T4 DNA ligase using 40-fmol total DNA
and a vector: insert ratio of 1:3. Ligated products were purified then
transformed into ultracompetent Escherichia coli cells (XL10 Gold).
DNA was purified using QlAprep spin miniprep kits and sequence
validated.

The C-terminus of human CB4 receptor contains three possible
unique pxxp motifs comprised of S462 and T465 (mutant D2), S464
and T467 (D3) and T465 and S468 (D4). These are substituted for ala-
nine in the mutants denoted D2, D3 and D4 respectively (Figure 1).
Because mutation of any of these sites individually leaves other func-
tional pxxp motifs (e.g. mutating the sites in D2 leaves D3 as a func-
tional pxxp motif), a triple mutant (S462A/S464A/T465A; T) was
generated, which disrupts all pxxp motifs. To allow for comparison
with a previous study (Daigle, Kwok, & Mackie, 2008), alanine substi-
tution of the first (Q1) and last (Q2) four of the six serine/threonine
residues was conducted (Figure 1). Additionally, all six of the serine

TABLE 1

Nluc fragment

pcDNAS3/Arrestin-2

pcDNAS3/Arrestin-3
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and threonine residues in the distal C-terminus were substituted to
make a C-terminal phosphorylation-deficient mutant (CTPD). A previ-
ously studied (Daigle, Kearn, & Mackie, 2008; Jin et al., 1999) ‘desen-
sitisation deficient’ mutant containing two serine mutations in the
proximal end of the C-terminus (S425A/S429A; D1) was also made.
Finally, mutation of these proximal serine residues (D1) was per-
formed in combination with the distal sites (CTPD) to result in a ‘total
phosphorylation deficient mutant’ (TPD, Figure 1).

Human CB; receptor mutants were generated by QuikChange
mutagenesis where primers were used to incorporated single or
double base pair mutations into template DNA via PCR (Table 2).
Products were treated overnight at 37°C with Dpnl to digest parental
dam-methylated DNA, after which the products were used to trans-
form Aglient XL-10 gold ultracompetent E. coli cell, from which plas-
mid DNA was harvested and purified using a Qiagen miniprep kit,
then sequence validated.

2.2 | Cell culture

Human Embryonic Kidney 293 cells (HEK 293; RRID:CVCL_0045)
were cultured in high-glucose DMEM containing 10% (v.v=!) FBS

Cloning primers used to design the pcDNA3/Nluc-Arrestin-Sp1 constructs (forward, reverse)

AGGCCTCTGGGGCCATGGTCTTCACACTCGAAGATTTCG
AGGCCCCGGAGGCCCCCGCCAGAATGCG
AGGCCTCCGGGGCCTCCGGACTCAGATCTCGGC
AGGCCCCAGAGGCCGGTGGCCTAGCTAGCCAG
AGGCCTCCGGGGCCTCCGGACTCAGATCTCGGC
AGGCCCCAGAGGCCGGTGGCCTAGCTAGCCAG

425 426 427 428 429 430 60 461 462 463 464 465 466 467 468 69 470 47 472

WT S M G D S D — T M S v | § T D T S A E A L
D1 M G D D—— T M S8 VvV 8§ T D T S A E A L
D2 s M 6 D § D——T M vV S8 ° D T S A E A L
D3 s M 6 D §$ D——T M S V T D S A E A L
D4 s Mm 6 b §s D—T M S V S D T ° A E A L
T S M G D § D——T M Vv m D T S A E A L
Q1 S M G D S D —° M \" D T S A E A L
Q2 S M G D S D — T M S \" M D M A E A L
CTPD S M G D S D —° M ° \" M D M A E A L

FIGURE 1

C-terminal mutants generated for this study. Serine or threonine residues were substituted to alanine in pxxxp (D1) or pxxp (D2,

D3, D4) patterns. Disruption of all pxxp mutants (T) and progressive loss of the first of last four serine/threonine sites (Q1, Q2) was also
conducted. Importance of proximal and distal seine/threonine residues were explored individually (D; C-terminal phosphorylation-deficient
mutant 1, [CTPD]) or simultaneously (total phosphorylation deficient mutant [TPD]).
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TABLE 2 Cloning primers used to design pplss-3HA-hCB, receptor mutants

CB; receptor mutation

S425A/5429A WT

S464A WT

T465A WT

T467A WT

S468A WT
S462A/T465A T465A
S464A/T467A WT
T465A/T468A T465A
S462A/S464A/T465A S462A/T465A
T460A/S462A/S464A/T465A S462A/S464A/T465A
S464A/T465A/T467A/S468A T456A/S468A

T460A/S462A/S464A/T465A/T467A/S468A

and grown in an incubator at 37°C in a humidified atmosphere
containing 5% CO,. Cells were grown in vented-cap 75-cm? cell cul-
ture flasks and were sub-cultured using 0.05% trypsin-EDTA when
approximately 80% confluency was achieved.

2.3 | Bioluminescence resonance energy transfer
(BRET) assays

HEK293 cells were passaged and seeded into wells of a 6-well culture
plate at a density which resulted in 30%-40% confluence within 24-
48 h of growth. Medium was replaced and cells were transfected as
below.

The transfection protocol for arrestin translocation to unmodi-
fied receptors (Donthamsetti et al., 2015) employed here is based
on a previously described 100 mm culture dish protocol for CBq
receptor using 4 pg total DNA (Finlay et al., 2019; Ibsen
et al, 2019), with all transfection reagents scaled down by surface
area (~1/5.79) for use in six-well cell culture plates. A mixture of
690 ng total DNA consisting of plasmids encoding the membrane-
tethered BRET acceptor citrine (pcDNA3/mem-linker-citrine-Src
Homology domain of Saccharomyces cerevisiae Shol [SH3], 345 ng),

Template CB, receptor (pEF4a)

T460A/S462A/S464A/T465A

Primer sequence (forward, reverse)
CCTCTGGATAACGCCATGGGGGACGCGGACTGCCTGC
GCAGGCAGTCCGCGTCCCCCATGGCGTTATCCAGAGG
GGTAACCATGTCTGTGGCCACAGACACGTCTGC
GCAGACGTGTCTGTGGCCACAGACATGGTTACC
CATGTCTGTGTCCGCAGACACGTCTGCC
GGCAGACGTGTCTGCGGACACAGACATG
GTGTCCACAGACGCGTCTGCCGAGGCTC
GAGCCTCGGCAGACGCGTCTGTGGACAC
GTCCACAGACACGGCTGCCGAGGCTC
GAGCCTCGGCAGCCGTGTCTGTGGAC
GCCAAGGTAACCATGGCTGTGTCCGCAGACA
TGTCTGCGGACACAGCCATGGTTACCTTGGC
ACCATGTCTGTGGCCACAGACGCGTCTGCCGAGG
CCTCGGCAGACGCGTCTGTGGCCACAGACATGGT
GTCCGCAGACACGGCTGCCGAGGCTC
GAGCCTCGGCAGCCGTGTCTGCGGAC
GTAACCATGGCTGTGGCCGCAGACACGTCTG
CAGACGTGTCTGCGGCCACAGCCATGGTTAC
TCAAGATTGCCAAGGTAGCCATGGCTGTGGCC
GGCCACAGCCATGGCTACCTTGGCAATCTTGA
CCATGTCTGTGGCCGCAGACGCGGCTGCCGAG
CTCGGCAGCCGCGTCTGCGGCCACAGACATGG
GTCAAGATTGCCAAGGTAGCCATGGCTGTGGCCGCA
TGCGGCCACAGCCATGGCTACCTTGGCAATCTTGAC

the Nluc-conjugated arrestin-2/3 BRET donor (pcDNAS3, 9 ng, molar
ratio of 1:40 donor: acceptor), triply-haemagglutinated receptor
expressed at high levels via the pre-prolactin signal sequence
(pEF4a/pplss-3HA-hCB; receptor; Wild type or mutant variants,
276 ng) and empty pcDNAS3.1+ (60 ng) was incubated for 20 min at
room temperature with 6 pg PEl Max (1:9 DNA:PEI) in a total vol-
ume of 200 pl OptiMEM.

For G protein dissociation BRET transfection, a single pIRES vec-
tor containing genes encoding Nluc-Gaiz and Gp1ys-cpVenus was
used, as described previously (Matti et al., 2020; Patel et al., 2022).
This vector (777 ng) was mixed with pplss-S3HA-hCB; receptor con-
structs (pEF4a, 276 ng) and 60 ng empty vector (pcDNA3) in 200-pl
OptiMEM with 10 pg PElI Max (1:9 DNA:PEI) and incubated for
20 min at room temperature.

Transfection mixtures were gently added dropwise to wells and
cultured overnight. Transfected cells were lifted with typsin and
seeded into poly-d-lysine-coated (0.05 mg-ml~Y, 30 min) white
96-well CulturPlates at a density of 4 x 10* cells per well and were
grown overnight. In parallel, cells were seeded into clear plastic
96-well plates for immunocytochemical analysis (below).

Cells were serum starved in ‘assay medium’, composed of
phenol-red free high glucose DMEM and 25 mM HEPES,



MANNING ET AL.

supplemented with 1 mg-ml~ BSA for 30 min, after which they
were treated with 5 pM coelenterazine-h. Donor and acceptor
wavelengths of 475 and 535 nm were simultaneously detected
every 25-37 s at 37°C in a LumiSTAR (BMG Labtech, Ortenberg,
BW, Germany) following coelenterazine addition for 5 min to estab-
lish a baseline. Serial dilutions of MDMB-Fubinaca were subse-
quently added such that final well volume was 100 pl, and

responses were measured for 25 min.

24 | Immunocytochemistry

Transfected cells from the BRET assays were plated into clear plas-
tic 96-well plates at a density of 4 x 10* cells per well (as above)
and grown overnight. Growth medium was removed and live cells
were incubated with mouse monoclonal anti-HA.11 1gG (clone
16B12, RRID:AB_2565005) diluted 1/500 in assay medium for
30 min at room temperature to label cell surface receptors only. Pri-
mary antibody was aspirated and cells were twice washed with
phosphate buffered saline (PBS), then fixed in 4% (w-v~1) parafor-
maldehyde in 0.1-M PBS for 15 min at room temperature. Parafor-
maldehyde was aspirated and cells were washed with PBS. To label
total receptor, cells were first fixed, then labelled with 1/1000
mouse monoclonal anti-HA.11 IgG either at room temperature (rock-
ing) for 3 h, or overnight at 4°C. Primary antibody was labelled with
secondary antibody, Alexa Fluor® 594 goat anti-mouse I1gG (RRID:
AB_2534091) diluted in immunobuffer (PBS supplemented with 1%
goat serum, 0.2% Triton X-100 and 0.4-mg-ml~! merthiolate) at a
dilution of 1/500 at either room temperature on a plate shaker for
3 h, or 4°C overnight. Antibody was removed and cells were twice
washed with PBS, then nuclei were stained by incubation with
8 ng-ml~! Hoechst 33258 in MilliQ H,O for 15 min at room temper-
ature. Finally, Hoechst was removed and cells were twice washed
with PBS-T then stored in PBS-T containing 0.4 mgml~!
merthiolate.

Plates were imaged on an Opera Phenix® Plus microscope
(PerkinElmer). Acquisitions used 20X objective magnification, and
excitation/emission settings were 375/430-480 nm (~20 ms, for
Hoechst detection), and 561/570-630 nm (~1000 ms, for Alexa-
Fluor® 594). Images were analysed in Columbus (version 2.9.1). Raw
images were analysed for total grey area per cell, by adapting analysis
journals previously described for another high content system into
Columbus software (Finlay et al., 2016; Grimsey et al., 2008). In brief,
cells were located and counted using the ‘Find Nuclei’ tool. A recep-
tor staining mask (Alexa 594 fluorescence) was then applied to define
a region for analysis in the 561 nm channel (‘Image Region’). This
region was then quantified for absolute threshold intensity (above a
user-defined ‘background’), and this value was divided by the number
of nuclei counted in the 375 nm channel. Results from 25 imaged
sites/well were then averaged; these means were used for each well.
The Immuno-related procedures used comply with the recommenda-
tions made by the British Journal of Pharmacology (Alexander
etal, 2018).
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2.5 | Kinetic analyses

Raw BRET ratios were baseline-corrected by subtracting the time
course of the vehicle-treated condition of each stimulation (ABRET
ratio). These data were modelled by previously described kinetic
equations (Hoare et al., 2020, 2022). Arrestin translocation data
were modelled by the ‘rise to steady state’ equation, which quan-
tifies translocation steady state, translocation half-time, and approxi-
mates the initial rate of signal generation. Baseline was constrained
as zero, as the data had been corrected to matched vehicle
conditions.

Similarly, G protein dissociation data were modelled by the ‘fall-
rise to baseline’ equation, also described previously (Hoare
et al., 2020). Baseline was constrained to zero, and k2 (desensitisation
rate constant) was constrained to >0.0001 (desensitisation half-time
of less than 6931 s).

Area under curve (AUC) was also determined in Graphpad Prism
(version 9.4.0., GraphPad Software LLC, San Diego, CA, USA) to
report net changes in BRET over the entire time course.

2.6 | Data and statistical analysis

Where possible, all mutant receptors were tested together with a wild
type control in each experiment, with n = 5 for each mutant in order
to allow for statistical analysis according to the British Journal of Phar-
macology guidelines (Curtis et al., 2022). In these experiments,
mutants were compared to wild type using a randomised block
ANOVA followed by Dunnett's multiple comparisons test conducted
in GraphPad Prism. In some instances, due to scale, it was not feasible
to include all mutants in the same experiment. To ensure n =5 for
each mutant, more data for the matched wild type receptor had to be
generated, resulting in a greater n for wild type. These datasets were
analysed using a mixed-effects randomised block analysis followed by
Dunnett's multiple comparisons test. In all cases, statistical analysis
was performed on non-normalised data, which in some instances was
then reported as a mean normalised to each matched wild type
response. As all assays were performed in 96-well plates, blinding was
unfeasible for all experimental and data analysis procedures. A signifi-
cance level of 0.05 was used throughout this study, and post hoc tests
were only conducted if the F statistic in ANOVA achieved this level of
significance. In some cases, parameters were unable to be defined due
to the absence of a response. In these cases, the effect size is denoted

as not determined (n/d).

2.7 | Materials

2.7.1 | Molecular biology materials

Primers were purchased from Integrated DNA Technologies
(Coralville, lowa, USA). All restriction enzymes were purchased from
New England Biolabs (Ipswich MA, USA). Nucleospin PCR cleanup kits
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were purchased from Macherey-Nagel (Diren, NRW, Germany). T4
DNA Ligase was purchased from Promega (Madison, WI, USA). Ultra-
competent XL-10 Gold E. coli were purchased from Agilent technolo-
gies (Santa Clara, CA, USA). QIAprep spin miniprep kits were
purchased from Qiagen (Hilden, NRW, Germany).

272 |
materials

Cell culture, transfection, and BRET

High-glucose DMEM (+ phenol-red), trypsin-EDTA, and OptiMEM,
were purchased from Thermo Fisher Scientific (Waltham, MA, USA).
PEI Max was sourced from Polysciences (Warrington, MA, U.S.A.).
NZ-origin FBS was purchased from Moregate Biotech (Brisbane,
Australia). BSA was sourced from MP Biomedicals (Auckland, New
Zealand). Vented-cap 75 cm? culture flasks were from Corning
(Corning, NY, USA), and 6-well plates; were from Greiner Bio-One
GmbH (Kremsmuinster, Austria). Poly-D-Lysine was purchased from
Sigma-Aldrich (St. Louis, MO, USA). White 96-well CulturPlates were
from PerkinElmer (Waltham, MA, USA). Coelenterazine-h was
sourced from Nanolight Technology (Pinetop, AZ, USA).

2.7.3 | Immunocytochemical materials

Mouse monoclonal anti-HA.11 IgG was purchased by BiolLegend
(Cat# 901503; San Diego, CA, USA). Alexa Fluor® 594 goat anti-
mouse IgG; Thermo Fisher Scientific (Cat# A11032). Clear-plastic 96-
plates X-100,
Hoechst33258, and Merthiolate were purchased from Sigma-Aldrich.

well from Corning. Triton paraformaldehyde,
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Goat serum was from Thermo Fisher Scientific. MDMB-Fubinaca was
purchased from Cayman Chemical Co (Ann Arbor, MI, USA).

2.8 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in the IUPHAR/BPS Guide to PHARMACOLOGY
http://www.guidetopharmacology.org and are permanently archived
in the Concise Guide to PHARMACOLOGY 2021/22 (Alexander
etal, 2021).

3 | RESULTS
3.1 | Translocation of arrestin-2 to CB4 receptor
mutants

MDMB-Fubinaca is a highly efficacious synthetic cannabinoid recep-
tor agonist, which activates CB4 receptor with high potency (Banister
et al, 2016; Gamage et al., 2018) and has been demonstrated via
cryo-electron microscopy to stabilise an active receptor state (Krishna
Kumar et al., 2019). It is an L-tert-leucinate analogue of the L-valinate
indazole-3-carboxamide AMB-Fubinaca, sharing the high efficacy
attributes of this ligand, including in the arrestin translocation path-
way previously characterised, making it an effective candidate ligand
for probing loss of arrestin translocation (Finlay et al., 2019; Sachdev
etal., 2019).

Translocation of arrestin-2 to wild type CB; receptor occurred
following stimulation with MDMB-Fubinaca (100 nM). The kinetic
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FIGURE 2 Ability of different CB4 receptor C-terminal receptor mutants to facilitate arrestin-2 translocation. HEK293 cells transiently
expressing pplss-3HA-tagged CB, receptor (WT or mutants) and arrestin-2 translocation BRET assay components were stimulated with MDMB-
Fubinaca (100 nM) for 25 min. Time series BRET data of the kinetic response for each mutant are depicted in (a) and (b), where lines represent
mean ABRET ratio and shading represents SEM of five experimental repeats (each conducted in triplicate). AUC was calculated to determine net
translocation for concentration-responses depicted in (c) and (d), where each data point is the mean and associated SD, fit with a three-parameter
sigmoidal curve for a single representative experiment conducted in technical triplicate and repeated five times.
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profile of arrestin-2 translocation showed an initial rapid recruitment
following stimulation, followed by a steady state that was maintained
for the remaining recording period. This time course was modelled
with a ‘rise to steady state’ equation to measure initial translocation
rate, translocation half time and steady state of translocation for satu-
rating concentration of ligand, as recommended (Hoare et al., 2020).
Importantly, each of these parameters represents efficacy in distinct
ways: increasing efficacy corresponds to more rapid rates and smaller
half times of translocation, which may or may not also manifest in an
increased steady state of translocation (described below). This study
has also investigated translocation efficacy using net translocation
over the recording period (AUC) in order to obtain the classical phar-
macological parameters Epax and pCso.

Wild type CB; receptor stimulated with MDMB-Fubinaca
(100 nM) elicited arrestin-2 translocation with a half-time of 185 s,
reaching a steady state of 0.036 ABRET ratio units (Figure 2 and
Table 3). The three different pxxp mutants in the distal C-terminus
(D2, D3, and D4) exhibited partially reduced translocation steady
states, but no significant change in half time (Figure 2 and Table 3), as
did a mutant lacking any pxxp motifs (T). In comparison, mutants with
>4 mutations to the C-terminus (Q1, Q2, CTPD and TPD) did not elicit
measurable translocation of arrestin-2 (Figure 2 and Table 3). Compar-
atively, the ‘desensitisation deficient’ pxxxp mutant (D1, S425A/
S429A) did not exhibit a reduced translocation steady state, but did
exhibit reduced translocation half time, taking longer to reach ‘maxi-
mum’ translocation steady state (Figure 2 and Table 3). The initial rate
of translocation has been suggested as a useful efficacy metric as it
approximates signalling efficacy at t = O, prior to any negative feed-
back (Hoare et al., 2020). Indeed, despite different kinetic profiles
reported above, the initial rate of arrestin-2 translocation to CBq
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receptor was reduced in all mutants, capturing changes in both half
time and steady state (Table 3).

Net arrestin-2 translocation over 25 min occurred with a
potency of 6 nM for the wild type receptor, with no changes in any
of the mutants (Figure 2 and Table 4). Net efficacy of each mutant
was reduced compared to wild type in line with the reported reduc-
tions to steady state, except for the D1 mutant of CB; receptor,
which had reduced net arrestin-2 translocation (despite equivalent
steady state) as a result of the slower association kinetics (Figure 2
and Table 4).

3.2 |
mutants

Translocation of arrestin-3 to CB4 receptor

All C-terminal phosphorylation mutants were also examined for their
ability to elicit arrestin-3 translocation to determine whether different
phosphorylation motifs are implicated for translocation of the two
arrestin subtypes. As previously reported (Ilbsen et al, 2019),
arrestin-3 translocation was of greater magnitude than arrestin-2,
with wild type CB4 receptor reaching a mean translocation steady
state of 0.125 ABRET units (Figure 3 and Table 3) in response to
MDMB-Fubinaca (100 nM). Additionally, arrestin-3 translocation to
wild type CB; receptor occurred more rapidly than arrestin-2, with a
mean translocation half time of 85.6 s (Figure 3 and Table 3).

The consequences of CB4 receptor C-terminal mutation on trans-
location of arrestin-3 were similar to those for arrestin-2. The pxxxp
mutant D1 reached the same steady state as wild type CB4 receptor
with a significantly slower translocation half time and the D2 pxxp

mutant had a slightly faster half time (Figure 3 and Table 3). Two of

TABLE 3 Kinetic parameters of arrestin-2 and arrestin-3 translocation of MDMB-Fubinaca (100 nM)

Arrestin-2 Arrestin-3
Initial rate Initial rate (1 x 10°

Steady state Translocation (1 x 10° ABRET Steady state Translocation ABRET ratio per

(ABRET ratio) half time (s) ratio per second) (ABRET ratio) half time (s) second)

Mean SEM Mean SEM Mean SEM n  Mean SEM Mean SEM Mean SEM n
WT 0.036 0.002 185.0 8.3 136.1 5.5 5 0125 0.005 85.6 2.8 1027.0 49.5 15
D1 0.036 0.004  569.2° 1814  58.1° 11.4 5 0.115 0.004 163.5° 5.8 491.4° 328 5
D2 0.012*  0.001 285.8 82.6 37.7° 8.2 5 0.063* 0.005 60.3? 57 742.9° 84.3 5
D3 0.014*  0.002 354.0 103.1  30.6° 3.4 5 0.069* 0.004 989 4.3 486.3° 22.1 5
D4 0.022*  0.002 2105 16.3 73.1° 6.6 5 0.106 0.015 96.5 10.1 768.1° 87.3 5
T 0.014*  0.003 353.6 732 33.2° 11.0 5 0.056*  0.005 88.7 8.1 437.6% 19.4 5
Q1 n/d - n/d - n/d - 5 0.044% 0.004 95.8 9.3 345.0° 65.5 5
Q2 n/d = n/d - n/d = 5 0.038"  0.002 83.7 6.1 315.5° 254 5
CTPD n/d - n/d - n/d - 5 0.027* 0.003 76.7 9.3 264.0° 49.5 5
TPD n/d - n/d - n/d - 5 0.011* 0.003 n/d - n/d = 5

Abbreviations: BRET, Bioluminescence resonance energy transfer; CTPD, C-terminal phosphorylation-deficient mutant; TPD, total phosphorylation

deficient mutant.

Statistically significant difference compared to experimentally matched WT CB; receptor using randomised block two-way ANOVA followed by Dunnett's

post hoc multiple comparisons test.
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TABLE 4 Concentration-response parameters of net arrestin-2/3 translocation of CB, receptor WT and each mutant in response to MDMB-
Fubinaca stimulation for 25 min. Epmax Values are normalised to the experimentally-matched hCB; receptor WT response

Arrestin-2

Emax (%WT) pCso (—log M)

Mean SEM Mean SEM
WT 100.0 0.0 8.19 0.10
D1 72.3° 6.3 8.06 0.06
D2 32.3° 3.8 7.73 0.10
D3 32.9° 2.6 8.20 0.26
D4 61.6 6.6 8.02 0.08
T 25.6° 34 8.14 0.25
Q1 14.1° 3.0 8.23 0.31
Q2 20.9° 2.0 8.22 0.40
CTPD n/d n/d n/d n/d
TPD n/d n/d n/d n/d

=1

(S, I, B ®, B O, B O, B, B B © BN © B ) ]

Arrestin-3

Emax (%WT) pCso (—log M)
Mean SEM Mean SEM
100.0 0.0 8.42 0.03
77.4° 1.0 8.03 0.07
47.7° 32 8.52 0.04
57.6 5.3 8.34 0.06
86.5 12.2 8.26 0.03
44.4° 4.8 8.38 0.05
39.0° 6.7 8.33 0.05
33.3° 2.6 8.47 0.07
25.9° 2.2 8.39 0.13
9.6° 0.9 8.63 0.41

3 S

[y
w

(S, N, B C, B C N B B I C BN )]

Abbreviations: CTPD, C-terminal phosphorylation-deficient mutant; TPD, total phosphorylation deficient mutant.
2Statistically significant difference compared to experimentally-matched non-normalised WT CB; response using repeated measures two-way ANOVA

followed by Dunnett's post hoc multiple comparisons test.
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FIGURE 3 Arrestin-3 translocation to different CB4 receptor C-terminal receptor mutants. HEK293 cells transiently expressing pplss-3HA-
hCB4 receptor WT or mutants and arrestin translocation BRET assay components were stimulated for 25 min with 100 nM MDMB-Fubinaca.
Kinetic time series data are shown for each mutant in (a) and (b), where lines represent mean ABRET ratio and shading represents the associated
SEM (n = 15, WT; n = 5, each mutant). (c,d) AUC-derived concentration-response data of each mutant, showing mean ABRET.sec and associated
SD of a representative experiment conducted in triplicate and repeated five times for each mutant.

the three pxxp mutants D2 and D3 exhibited partially reduced translo-
cation steady state with the same half time as wild type CB4 receptor
following stimulation with 100-nM MDMB-Fubinaca (Figure 3 and
Table 3). The mutant in which all pxxp motifs were disrupted (T) also
demonstrated partial reduction of arrestin-3 translocation by MDMB-
Fubinaca (100 nM), similar to the D2 and D3 mutants (Figure 3 and
Table 3). Mutation to the first (Q1) or last (Q2) four serine threonine
sites in the distal C-terminus further reduced translocation steady
state, as did mutation of all phosphorylation sites in the distal C-
terminus (CTPD; Figure 3 and Table 3). However, simultaneous muta-

tion of the pxxxp motif within the proximal C-terminus and all of the

phosphorylation sites within the distal C-terminus (TPD) completely
attenuated the ability of CB4 receptor to interact with arrestin-3 fol-
lowing activation with MDMB-Fubinaca (100 nM; Figure 3 and
Table 3). Consistent with reductions to either translocation half time
or steady states, all mutants had significantly reduced initial transloca-
tion rates, including the D1 mutant, which had a reduced activation
half time.

Analogous to arrestin-2, changes in net arrestin-3 translocation
were comparable to changes in steady state for most mutants, except
for D1 where the reduction in rate was associated with reduced net

translocation (Figure 3 and Table 4). No changes in the potency of
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MDMB-Fubinaca-mediated arrestin-3 translocation were observed

for any of the mutants (where measurable; Figure 3 and Table 4).

3.3 | Changes in G protein dissociation of CB4
receptor C-terminal mutants

The effects of reduced arrestin interaction on the ability of CB4 recep-
tor to cause G protein dissociation and desensitisation were directly

measured by BRET using a reporter described previously (Matti
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et al., 2020; Patel et al., 2022) and modelled using a ‘baseline followed
by fall-rise to baseline’ equation (Hoare et al., 2020). Wild type CB,
receptor caused rapid (half time 16.7 sec; Table 5) dissociation of Go;s
from Gqy2 in response to stimulation with MDMB-Fubinaca
(100 nM), which reached a mean peak dissociation of 0.100 ABRET
units (Figure 4, Table 5). Following peak dissociation levels, the
response slowly desensitised, with an estimated mean half time of
1,217 seconds (~20 min; Figure 4 and Table 5).

All of the C-terminal mutants displayed dramatically altered pro-

files of G protein dissociation in response to MDMB-Fubinaca

TABLE 5 Kinetic parameters of G protein dissociation following stimulation of CB, receptor mutants with 100 nM MDMB-Fubinaca

Peak (ABRET ratio) Activation half time (s) Desensitisation half time (s) Initial rate (1 x 10~2 ABRET ratio per second)

Mean SEM Mean SEM Mean SEM Mean SEM n
WT —0.100 0.008 16.9 1.9 1,219 226.3 4.99 0.74 9
D1 -0.184° 0.010 18.3 3.6 1711 210.7 8.99° 2.28 5
D2 -0.155° 0.002 28.57 4.5 3348° 548.2 4.39 0.76 5
D3 -0.153° 0.010 229 27 4170° 812.3 5.00 0.56 5
D4 -0.163° 0.006 23.0 2.6 2648? 414.1 5.44 0.70 5
T -0.164° 0.006 21.1 1.1 5910% 540.4 5.59 0.37 5
Q1 -0.158° 0.011 34.5° 4.7 >6931 - 3.59 0.68 5
Q2 —0.169° 0.011 20.5 1.5 >6931 = 5.96 0.64 5
CTPD -0.163° 0.010 31.6% 4.6 >6931 - 4.04 0.68 5
TPD —-0.169° 0.012 28.9° 3.6 >6931 = 4.55 0.82 5

Abbreviations: BRET, bioluminescence resonance energy transfer; CTPD, C-terminal phosphorylation-deficient mutant; TPD, total phosphorylation

deficient mutant.

2Statistically significant difference compared to experimentally-matched WT CB; receptor response using randomised block two-way ANOVA followed by

Dunnett's post hoc multiple comparisons test.
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(100 nM) compared to the wild type receptor. The proximal pxxxp
mutant (D1) elicited a considerably enhanced peak dissociation (84%
greater than wild type; Table 5) and a modestly (but not significantly)
slower desensitisation half time. The three individual pxxp mutants,
and the triple mutant with no pxxp motifs, all of which displayed par-
tially reduced arrestin-2 and arrestin-3 translocation, exhibited an
approximate 50% increase in peak G protein dissociation, with desen-
sitisation half times slowed between two- (D4) and five-fold (T). The
larger-scale reductions to arrestin-2 and arrestin-3 translocation in
the Q1, Q2, CTPD and TPD mutants were associated with

TABLE 6 Concentration-response parameters of G protein
dissociation of CB4 receptor C-terminal mutants by MDMB-Fubinaca

pC50 (—log M) Dissociation Epax (ABRET.sec)

Mean SEM Mean SEM n
WT 9.66 0.04 —99.7 12.9 9
D1 9.42% 0.07 —218.0° 15.0 5
D2 9.45% 0.02 -196.97 4.8 5
D3 9.39% 0.04 -197.2° 15.2 5
D4 9.452 0.04 —201.6° 9.6 5
T 9.34% 0.04 —225.6° 8.9 5
Q1 9.36% 0.02 -218.67 16.7 5
Q2 9.28% 0.02 —236.8° 12.9 5
CTPD 9.37% 0.05 —226.7° 15.3 5
TPD 9.30° 0.03 —249.97 12.1 5

Abbreviations: BRET, bioluminescence resonance energy transfer; CTPD,
C-terminal phosphorylation-deficient mutant; TPD, total phosphorylation
deficient mutant.

2Statistical significance compared to WT using repeated measures one-
way ANOVA followed by Dunnett's multiple comparisons test.

TABLE 7
normalised to each experimentally-matched wild type receptor.

Surface expression

significantly enhanced peak dissociation (~60% greater than wild
type; Table 5). In addition to enhanced peak dissociation, there was a
complete abrogation of desensitisation; for these four mutants,
desensitisation half-life was unable to be estimated, as they were sig-
nificantly greater than the constraint of 6931 s (k2; Table 5). This loss
of desensitisation was (qualitatively) preserved at all concentrations of
agonist, as shown for the TPD mutant of CB, receptor compared to
the wild type (Figure 4).

All of the C-terminal mutants studied exhibited significantly
enhanced G protein dissociation Epnax Vvalues, consistent with the
observed changes in kinetics (Figure 4 and Table 6). Additionally, all
mutants displayed reduced G protein dissociation potency, albeit with
mean differences of less than 0.31 nM (Figure 4 and Table 6).

3.4 | Receptor expression of mutants in different
BRET assays

To rule out the possibility of altered pharmacological responses for
each mutant being attributed to changed receptor expression in the
above BRET assays, cells from each assay were immunolabelled to
evaluate whether the mutants exhibited differing expression levels.
Some variation between mutants was detected (~ +35%), though not
reaching significance for the cell surface expression (live immunolabel-
ling) of receptor in the G protein dissociation experiments (Table 7).
The only significant differences for the arrestin-2 assays were higher
surface expression (live immunolabelling) of D1 and D4 (Table 7),
which may mean losses of arrestin-2 translocation for these mutants
are understated. Comparatively, total (post-fixation) receptor expres-
sion of CTPD and TPD were significantly reduced in the arrestin-3
assays. Whilst cell-surface receptor expression was measured only for

n = 2 replicates for all mutants except for D1 and TPD in the

Receptor expression of each CB; receptor C-terminal mutant in each assay employed in this study. Data are total grey level per cell

Total expression

G protein dissociation Arrestin-2 translocation

Arrestin-3 translocation Arrestin-3 translocation

Mean SEM n Mean SEM
WT 100.0 0.0 9 100 0.0
D1 183.3 40.2 5 159.8° 9.3
D2 99.9 6.2 5 126.0 9.2
D3 95.0 54 5 142.2 34
D4 152.9 328 5 181.72 25.9
T 104.2 6.0 5 119.2 6.0
Q1 81.9 4.5 5 96.8 10.7
Q2 101.3 6.1 5 125.1 16.0
CTPD 91.0 4.6 5 94.9 7.6
TPD 104.3 5.0 5 78.1 7.7

=1

(S, RN C, B C, B, B, B, BEC B BN C B

Mean SEM n Mean SEM n

100.0 0.0 10 100.0 0.0 15
84.1 324 5 117.8 12.8 5
74.5 16.8 2 89.2 12.7 5
89.7 40.6 2 110.5 17.0 5

148.8 69.1 2 144.3 327 5
93.2 49.5 2 92.8 19.1 5
66.1 242 2 84.5 154 5
68.7 227 2 69.4 8.3 5
574 29.8 2 57.72 12.6 5
88.2 1.3 5 84.2° 3.7 5

Abbreviations: CTPD, C-terminal phosphorylation-deficient mutant; TPD, total phosphorylation deficient mutant.
Statistical significance compared to WT using repeated measures one-way ANOVA followed by Dunnett's multiple comparisons test.
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arrestin-3 experiments (which were not significantly different to wild
type), these appear to be accurately reflected by total expression mea-
surements, and an absence of large differences in expression may
therefore be inferred (Table 7).

4 | DISCUSSIONS AND CONCLUSIONS
4.1 | pxxp motifs are not essential and are not
arrestin subtype-specific

This study identifies several important elements of the translocation
of arrestin-2 and arrestin-3 to human CB; receptor and the conse-
guences of arrestin recruitment on G protein dissociation. A core aim
of this study was to investigate whether any of the three possible
pxxp motifs within the C-terminus of CB; receptor were necessary
for interaction with either arrestin-2 or arrestin-3. This aim was
based on the observation in a previous study that a pxxp motif was
essential for interaction between the two arrestins and the rhodopsin
receptor, and the suggestion that such a motif is important for many
family A (rhodopsin-like family) GPCRs (Mayer et al., 2019). The data
presented in this study do not support this hypothesis for CB4 recep-
tors; no single pxxp motif was ‘essential’ to translocation of either
arrestin-2 or arrestin-3 to CB; receptor, although perturbation of any
of the three motifs conferred ~50% loss in arrestin translocation.
This may suggest that individual pxxp mutation leaves other adjacent
pxxp motifs that can still bind arrestin-2 or arrestin-3. However, a
mutant that disturbed all pxxp sites (but still maintained some phos-
phorylatable sites in the region) also exhibited approximately 50%
loss, suggesting that the motifs themselves are not critical. This
observation is congruent with earlier studies on the phosphorylation
sites within the rat CB4 receptor C-terminus. Previous alanine substi-
tution of adjacent pairs of serine/threonine residues (rCB; receptor
notation: T461/S463, S465/T466, T468/5469, equivalent to human
notation: T460/5462, S464/T465, T467/5468) resulted in no signifi-
cant change to arrestin-3 translocation Kwok, &
Mackie, 2008).

Importantly, this study identifies that arrestin-2 and arrestin-3

(Daigle,

translocation to CB; receptor in response to MDMB-Fubinaca are
similarly perturbed in response to each alanine substitution, suggest-
ing that these two arrestin subtypes require interaction with the
same phosphorylated sites. Taken together with previously-reported
data showing that several cannabinoid ligands facilitate arrestin-2/3
translocation to CB; receptor in a relatively unbiased manner
(i.e. arrestin-2 efficacy is proportional to arrestin-3 efficacy; Finlay
et al, 2019; Patel et al.,, 2020), it therefore seems that the extent
of receptor phosphorylation is efficacy-dependent and drives trans-
location of both arrestin subtypes. This observation suggests that
selective interaction with individual arrestin subtype is not possible
based on phosphorylation pattern alone, as arrestin-2 and arrestin-3
translocation appear to be inextricable. Therefore, developing
arrestin subtype-biased ligands on the basis of different phosphory-
lation patterns may not be possible. Lower efficacy ligands such as
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A°-THC or anandamide however, may display different sensitivity
to each mutant based on this possible efficacy-dependence of

phosphorylation.

42 | Reduced arrestin translocation produces
potentiated signalling

Whilst this study, along with those previous, does not identify an
essential motif for arrestin-2/3 translocation, the importance of the
distal cluster of serine/threonine residues in translocation and subse-
quent receptor activity are validated. This ‘distal cluster’ has previ-
ously been reported to be involved in both arrestin translocation
(Daigle, Kwok, & Mackie, 2008) and internalisation (Daigle, Kwok, &
Mackie, 2008; Hsieh et al., 1999; Jin et al., 1999). Additionally, muta-
tion or truncation of this distal cluster has been observed to signifi-
cantly potentiate CB; receptor pERK signalling (Daigle, Kearn, &
Mackie, 2008), postsynaptic current inhibition (Straiker et al., 2012),
but not GIRK (K;) channel activation (Jin et al., 1999). This study
identifies that peak G protein activity is very sensitive to loss of
arrestin translocation, as most mutants conferred a doubling of G
protein activity. Additionally, reduced arrestin translocation was asso-
ciated with reduced desensitisation of G protein dissociation, mean-
ing that loss of arrestin-2/3 translocation potentiates G protein
signalling by abolishing arrestin-mediated negative feedback. This
appears incongruent with CB, receptor-arrestin co-localisation data
reported in a previous study, where three double mutants had
unchanged arrestin interaction but potentiated pERK signalling
(Daigle, Kwok, & Mackie, 2008). Given that in HEK293 cells, the
pERK signal is predominantly G protein mediated (Finlay et al., 2017),
it is likely that these mutants had greater pERK signalling due to par-
tial loss of arrestin translocation that the immunocytochemical
method previously may not have been sufficiently sensitive to detect.
The former study also investigated the rat isoforms of the Q1 and
CTPD mutants employed in this study, reporting that neither could
cause arrestin translocation or CB4 receptor internalisation, in close
agreement with the results reported here (Daigle, Kwok, &
Mackie, 2008).

4.3 | Slowed arrestin translocation produces
potentiated signalling

This study also contributes to the understanding of the role of
arrestin translocation kinetics on G protein activity, which is shown
to be as important as the extent of arrestin translocation. The pxxxp
motif (D1; S425A/S5429A) has been extensively studied in vitro and
in vivo. The original study describing this mutant suggested that the
S425/5429 sites were important for desensitisation, but not interna-
lisation of the receptor, designating this mutant ‘desensitisation defi-
cient’ (Jin et al., 1999). A subsequent study on this mutant identified
via immunocytochemistry that it could interact with arrestin-3 with a

time course similar to wild type CB4 receptor and had a slightly
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reduced internalisation capacity (Daigle, Kearn, & Mackie, 2008). The
real-time arrestin-BRET data in this study identified changes in kinet-
ics that were not observed in the original study, which may be due
to differences in the assays employed by different studies to quantify
arrestin-CB; receptor interaction (Daigle, Kearn, & Mackie, 2008). In
fact, this mutant had equivalent arrestin-2/3 translocation steady
state as the wild type receptor, but a slowed translocation rate,
which manifested as potentiated peak G protein dissociation, but
was still desensitisation-competent. This mutant has been demon-
strated in vivo to confer cannabinoid hypersensitivity and delayed/
reduced development of tolerance in mice, consistent with the
reduced signal regulation described here (Morgan et al, 2014;
Nealon et al., 2019). This is also congruent with the in vivo cannabi-
noid pharmacology of arrestin-3 knockout mice (Breivogel
et al., 2008, 2013).

We did not observe enhanced arrestin-2 interaction with the
S245A/S429A CB; receptor mutant, which has previously been
reported (Delgado-Peraza et al., 2016). The former study (Delgado-
Peraza et al., 2016) observes potentiated pERK signalling for S425A/
S429A, which is congruent with another (Daigle, Kearn, &
Mackie, 2008), however the two studies attribute this increased sig-
nalling to either enhanced arrestin-2 interaction or reduced desensiti-
sation, respectively. The data presented here support the hypothesis
that the potentiated pERK signalling of the S425A/S429A mutant is
likely a result of enhanced G protein activity, due to slowed interac-
tion with both arrestin subtypes, supporting the original suggestion
(Daigle, Kearn, & Mackie, 2008).

44 | Proximal and distal sites are independently
important for arrestin translocation

The observation that mutation of proximal, but not distal C-terminal
phosphorylation sites reduces the rate of translocation suggests that
these two proximal sites (5425, S429) may act as initial contact
points between CB1 receptor and arrestin, stabilising arrestin to fully
engage with the distal C-terminus of CB4 receptor. Previous studies
have suggested that arrestin-GPCR binding may occur in two differ-
ent modes, ‘hanging’ or ‘full engagement’ characterised by strength
of the binding, with the hanging conformation possibly an intermedi-
ate binding state (Asher et al., 2022; Park et al., 2016; Shukla
et al., 2014). These two conformations have been suggested to be
functionally distinct and each may be stabilised by different ligands
(Kawakami et al., 2022). The observation that two distinct parts of
the C-terminus of CB; receptor may be involved in different parts
of arrestin binding hints towards a molecular basis for different
arrestin binding conformations. Analogous observations have been
made for the p-opioid receptor, where proximal and distal serine/
threonine clusters in the C-terminus have been demonstrated to be
independently important for arrestin translocation (Lau et al., 2011;
Miess et al., 2018; Yousuf et al, 2015). Whilst the methods
employed in this study cannot distinguish between hanging or full

engagement arrestin conformations for CB; receptor the role of

S425/S429 in these different arrestin-binding modes should be
investigated in future.

This study has identified how different serine/threonine phos-
phorylation sites within the CB; receptor C-terminus affect
arrestin-2 and arrestin-3 translocation in response to a high-efficacy
ligand. Arrestin translocation to CB; receptor does not entirely
depend on pxxp motifs and progressive total phosphorylation of the
C-terminus appears proportional to efficacy of arrestin transloca-
tion, rather than a particular pattern. Both arrestin subtypes require
the same phosphorylation patterns to interact with CB; receptor,
which is an important consideration for arrestin subtype bias. Two
different phosphorylation clusters in the CB; receptor C-terminus
are independently important for translocation and may be responsi-
ble for different arrestin binding conformations. Together, these
data have considerable implications for the premise and develop-
ment of drugs which attempt to drive subtype-selective interactions
between arrestins and CB; receptor via unique phosphorylation
patterns.
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