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Introduction

Opioid receptors, including mu (MOR for mu-opioid receptor),
delta (DOR for delta-opioid receptor) and kappa (KOR for kappa-
opioid receptor), belong to the super family of G-protein coupled
receptors (GPCRs). Those receptors, and particularly the MOR, are
involved in pain control and are the targets of numerous drugs
including morphine and its derivatives. The different opioid receptors
are widely and differentially distributed throughout the human central
nervous system and peripheral tissues [1]. Molecular studies revealed
that MOR and DOR are highly expressed in brain regions with subtle
differences; DOR are found at higher levels compared to MOR in
cerebral cortex, putamen, nucleus accumbens, caudate nucleus,
temporal lobe, and hippocampus. The cerebral distribution of DOR is
in agreement with their involvement in motor as well as in cognitive
functions. In contrast, higher levels of MOR are measured in
cerebellum, the spinal cord and dorsal root ganglia suggesting that they
may play an important role in the control of nociception. KOR are
expressed in different brain regions although at moderate amounts and
are implicated in pain perception, feeding and neuroendocrine
functions.

Its now well established that opioid receptors regulate numerous
intracellular effectors through heterotrimeric Gi/o proteins [2].
Activation of potassium channels such as GIRK (G protein-coupled
inwardly rectifying K* channels) and inhibition of voltage-dependent
Ca?*  channels result in hyperpolarization, decrease in
neurotransmitters release and would participate to the anti-nociceptive
effect of opioids. Inhibition of adenylyl cyclase, activation of
phospholipase C/Ca?* mobilization and mitogen-activated protein
(MAP) kinases would rather be involved in receptor regulation and
long-term opioid effects such as tolerance [3]. Upon sustained or
chronic administration of opioids, a decrease in anti-nociceptive
effects is generally observed and is defined as tolerance. In parallel at
the cellular level, the decrease of signal transduction from the receptor
is designed as desensitization. A lot of work has been conducted to
decipher the molecular mechanisms of tolerance and desensitization.
From the canonical model of GPCR regulation established by the
Professor Robert J. Lefkowitz [4], who received the Nobel Prize in
chemistry in 2012, receptor phosphorylation by kinases, including G-
protein receptor kinases (GRKs) was described as a critical step in
desensitization. Receptor phosphorylation would enable recruitment
of partners such as arrestins that promote G-protein uncoupling,
receptor internalization but also signalling to other pathways (i.e.
mitogen-activated protein kinases).

Opioid receptor phosphorylation

Since the first demonstration 20 years ago [5], different technical
approaches with their own limitations have been developed to study
opioid receptor phosphorylation: liquid chromatography-mass
spectrometry techniques, antibodies directed against specific phospho-
S/T, and site-directed mutagenesis. Since MOR is the main target of
drugs, most of the studies have been conducted on this receptor type
and to a lesser extent on DOR and KOR.

In vivo and in vitro proteomic studies from different laboratories
revealed two major regions of the human and rodent MOR located at
the carboxy-terminal tail whose phosphorylation state is modulated by
agonist exposure [6-9]:

o Region 1 from amino acid 349 to 365 including the cluster
354TSST357.

o Region 2 from amino acid 366 to 382 including the motif
375STANT379.

Those peptides exist in different forms: non-phosphorylated, mono-
or poly-phosphorylated. Among the 11 putative phosphorylation sites,
7 were shown to be phosphorylated. Two residues, S363 and T370, are
mono-phosphorylated in the absence of agonist and not regulated by
opioids. Upon agonist activation, increase in mono- and poly-
phosphorylated peptides from regions 1 and/or 2 was observed. For
instance, a slight increase of the phospho-S375 was observed after
morphine administration in MOR extracted from mouse brain [9].
Several studies compared to ability of different agonists to promote
MOR phosphorylation and showed rather quantitative than qualitative
differences  [6,8,9]. Upon [D-Ala?-MePhe*-Gly’-ol]enkephalin
(DAMGO) or etonitazene exposure, the level of the poly-
phosphorylated peptides, including the motif STANT, was increased to
a higher extent than in the presence of morphine. Constantly, those
studies also revealed that agonist mediated a hierarchical
phosphorylation ~ of the carboxy-terminal amino  acids:
phosphorylation of the S375 is first required to obtain a poly-
phosphorylated receptor [9]. This would suggest that MOR
phosphorylation is a multi-step process.

The group of Stefan Schulz elegantly developed antibodies against
specific phospho-S and T and confirmed the constitutive
phosphorylation at S363 of the MOR but revealed marked differences
in the ability of various opioid agonists to promote phosphorylation at
T370, S375, T376 and T379 [10,11]. For instance, morphine increases
phosphorylation at S375 but not at T370 in contrast to DAMGO.
Phosphorylation occurs rapidly after agonist exposure: after 20 sec,
DAMGO increases phospho-S375 followed by phospho-T370. The
phosphorylation at T379 is detected after 1 min exposure while longer
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times are required to observe phospho-T376 [11]. This latter study also
evidenced that agonist concentration influences the phosphorylation at
those positions: low concentrations promote phosphorylation at S375
and T379 while high concentrations are required to observe phospho-
T370 and -T376.

MOR phosphorylation at S375 involves different GRK members
with contradictory data probably resulting from different experimental
conditions (agonist concentration, agonist exposure) and models (cell
lines). Both GRK2 and GRK3 were shown to phosphorylate S375 upon
activation by DAMGO [12] while these data were not confirmed by
others [7]. Regarding morphine, both in vitro and in vivo data indicate
that GRK5 but also GRK3 mediate phosphorylation at S375 [12,13].
Other kinases such as PKC would also be involved in basal and
heterologous MOR phosphorylation but at different amino acids (S363
and T370) [14].

Regarding KOR and DOR phosphorylation, data are scarcer. In a
recent paper, using both phosphoproteomic and phospho-S and T
antibodies, the group of Liu-Chen showed that U50488 increases
mono- and poly-phosphorylation at different amino acids located at
the carboxy-terminal tail of the KOR [15]. As demonstrated for the
MOR, KOR undergoes a hierarchical phosphorylation with $369 and
T363 as the primary sites followed by S356 and T357. Quantitative
difference in the phosphorylation level both at the primary and
secondary site of KOR were evidenced upon different agonistss
exposure.

When considering DOR, S363 was described as the primary
phosphorylation site using site-directed mutagenesis [16]. This residue
is phosphorylated by the GRK2 [17] and different levels of phospho-
S§363 are observed upon different agonists exposure [18].

Role of phosphorylation in receptor regulation

Data presented above indicate that opioid receptors can undergo a
rapid and hierarchical phosphorylation upon agonist activation. From
the model of GPCR regulation proposed by Lefkowitz, it is tempting to
speculate that phosphorylation would be responsible for
desensitization and opioid tolerance by promoting G-protein
uncoupling and receptor internalization. To respond to this
assumption, different experimental models with mutations of the
phosphorylation sites were used.

The S375A MOR mutant displays no more desensitization both on
the cAMP and the ERK1/2 pathways upon morphine exposure
compared to wild type receptor indicating the critical role of this
residue in receptor regulation [19]. However, when using the S375A
MOR knock-in mouse the role of this amino acid in acute and chronic
morphine tolerance was not confirmed [20]. The study of MOR
phosphorylation and desensitization on the cAMP pathway or on the
G-protein—activated inwardly rectifying potassium channel (GIRK)
conductance also revealed that the two processes are not correlated
[21,22]. In this latter paper, the authors showed a total inhibition of
Met-enkephalin- but not morphine-induced MOR desensitization only
when all the 11 putative phosphorylation sites of the carboxy-terminal
tail of the MOR were mutated into A. A total blockade of
desensitization is observed for morphine only upon PKC inhibition
and when using the MOR mutant for the 11 S/T phosphorylation sites.
This may suggest that morphine promotes phosphorylation in
intracellular loops in a PKC-dependent manner which would further
enable phosphorylation of the carboxy-terminal residues; this receptor
poly-phosphorylation would be required for a complete desensitization

upon morphine exposure. A similar conclusion was proposed for the
KOR upon U50488 exposure [15]: both a strong (above a given
threshold) and a poly-phosphorylation are required to obtain receptor
internalization.

Recently, using similar mutants of the carboxy-terminal tail of the
MOR, Birdsong and colleagues suggested that phosphorylation of S
and T residues would have distinct functions: phosphorylation of both
TSST and STANT motifs (i.e., poly-phosphorylation) are necessary to
promote desensitization on the outward potassium currents while
phosphorylation of the TSST region would act as a allosteric
modulator for ligand binding [23]. MOR desensitization partially
requires GRK2 and 3 but maybe a non-dependent phosphorylation
mechanism as inhibition of various kinases has no effect. Furthermore,
reduction of S375 phosphorylation totally disrupts interaction between
receptor and arrestins, severely impairs receptor internalization but
partially reduced desensitization of the outward potassium currents
[24]. This would suggest that desensitization and internalization would
share common but also different regions of the carboxy-terminal tail of
the MOR and the relationship between those processes are highly
complex.

Conclusion

In the absence of agonist, opioid receptors exist as non-
phosphorylated (N-phosphorylated) and constitutively phosphorylated
(C-phosphorylated) at residues phosphorylated notably by PKC but
not by agonists (Figure 1). Actually, several questions remain
concerning the proportion of those constitutively phosphorylated
receptor, their cellular localization (at cell surface or in intracellular
compartments) and their roles. But given the involvement of PKC in
morphine-mediated MOR desensitization [25], one can speculate that
those constitutively phosphorylated amino acids could modulate
further receptor phosphorylation and could participate to mechanisms
implicated in tolerance.

Several lines of evidence support the notion that opioid receptors
undergo a GRK-mediated hierarchical phosphorylation; it means that
kinases proceed by a multistep sequences to generate poly-
phosphorylated receptors (P-phosphorylated). This suggests that either
the carboxy-terminal tail of the receptor contains an inhibitory motif
preventing poly-phosphorylation or internalization as hypothesized by
Whistler et al. [26] or due to steric hindrance, only the primary
phosphorylation site could be phosphorylated. This first receptor
phosphorylation is a very rapid process (less than 1 min) that would
enable further phosphorylation. Several factors were identified to
influence phosphorylation: the type of agonist (partial/total/biased
agonism) and its concentration, the time of exposure, the expression
level of kinases and phosphatases. So, it's not surprising to note some
discrepancies form literature data concerning this point.

There is now accumulating evidence which indicates that
phosphorylation is not mandatory to promote desensitization and
internalization but would increase such processes [27,28]. However, to
obtain a profound and rapid desensitization and internalization, a
poly-phosphorylation of receptor is required. As binding of a given
agonist to receptors promotes selective conformations which enable
phosphorylation at specific residues, a specific phosphorylation
signature is observed for each opioid agonist. This is like a barcode
which favours further interactions with selective partners and
determines their conformations (i.e., arrestins) resulting in specific
responses [29].
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Figure 1: Different roles of phosphorylation in the regulation of
opioid receptors. C-phosphorylated: constitutively phosphorylated
receptor; N-phosphorylated: non-phosphorylated receptor; M-
phosphorylated: mono-phosphorylated receptor; P-phosphorylated:
poly-phosphorylated receptor; S1: signalling pathway 1; S2:
signalling pathway 2; the importance of mechanism is related to the
thickness of the arrows.

The minor role of phosphorylation in desensitization could explain
the lack of a direct correlation between desensitization and
internalization that were extensively studied. Whereas the role of
receptor phosphorylation in tolerance is highly complex (see for review
[30]), it is now clear that antinociceptive tolerance is associated with
the activation of abnormal compensatory signalling pathways from
opioid receptors (i.e., adenylyl cyclase superactivation, N-methyl-D-
aspartate receptors). For instance, it is possible to reverse morphine-
induced tolerance when associating methadone with chronic
morphine exposure to block such compensatory signalling pathways
[31].

In conclusion, a lot of work has been conducted on the role of
opioid phosphorylation and desensitization/tolerance but obviously,
their relationships are not as simple as initially expected from the
model of GPCR regulation. Most of studies focused on the carboxy-
terminal tail of opioid receptors but other intracellular regions could
also participate in those regulations. Despite the recent determination
of crystal structure of opioid receptors, we have no idea about
conformational changes of the carboxy-terminal tail upon agonist
binding. Furthermore, this highly flexible region could undergo
various modifications (phosphorylation, palmitoylation,
ubiquitination) which modulate further interactions between opioid
receptors and partners. Future challenges will consist in determining
the signatures of the receptor that are responsible for the activation of
the signalling pathways associated with tolerance. Thus, we could
expect to obtain more potent analgesic drugs.
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