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Abstract The activation and signalling activity of the
membrane p-opioid receptor (MOP-R) involve interactions
among the receptor, G-proteins, effectors and many other
membrane or cytosolic proteins. Decades of investigation
have led to identification of the main biochemical pro-
cesses, but the mechanisms governing the successive
protein—protein interactions have yet to be established. We
will need to unravel the dynamic membrane organisation of
this complex and multifaceted molecular machinery if we
are to understand these mechanisms. Here, we review and
discuss advances in our understanding of the signalling
mechanism of MOP-R resulting from biochemical or bio-
physical studies of the organisation of this receptor in the
plasma membrane.
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Introduction
Opioid receptors are the primary site of action of morphine

and the opiate alkaloids used in the treatment of pain, and it
is clear that analgesia is mediated principally by activation
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of the MOP receptor (MOP-R) [1]. This receptor has many
other effects, such as respiratory depression, inhibition of
gastrointestinal transit and feeding, euphoria, effects on
anxiety and the release of hormones [2, 3]. The MOP-R, a
class A G protein-coupled receptor (GPCR), is found
principally in the central nervous system (CNS) [4], and
CNS MOP-R genes have been cloned from more than eight
different mammals, fish and amphibians [1]. As for all
GPCRs, signalling via MOP-R is far more complicated
than the classical model in which the receptor is activated
by the binding of an agonist and then binds to a hetero-
trimeric G protein, subsequently interacting with effectors.
Further direct interactions of these protagonists with a
number of cytosolic proteins influence the membrane
organisation of the signalling complex and regulate GPCRs
pharmacology [5-7]. Several additional events must also
be taken into account for a complete description of
the mechanism associated with the initial stages of the
signalling process. Various repeated couplings between
similar or different G-proteins may occur [8], and succes-
sive couplings are also orchestrated between the activated
G-protein subunits and their effectors. These sequential
interactions suggest that the complex formed by the acti-
vated GPCR and the heterotrimeric G-proteins dissociates
after its activation to initiate the signalling process [9].
Conflicting results have been obtained for several GPCRs,
with the description of a single, stable GPCR-G-protein-
effector complex throughout the entire process of signal
transduction [5]. However, the dependence of GPCR
functional efficiency on membrane composition demon-
strates the importance of the mobility of the GPCR,
G-proteins and effectors within the membrane for deter-
mining encounters between these molecules [10]. Thus, the
overall biochemical mechanisms have been identified in
terms of individual chemical reactions, but the sequences,
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chronological order and molecular organisation of the
signalling complex and surrounding molecules required for
the effective encounters governing these successive pro-
tein—protein interactions remain to be established.

This review will first provide a recap of the basic
characteristics of the structure of MOP-R before and after
its activation by ligands. It will then focus on diverse
aspects of the relationship between MOP-R function
and the biophysical characteristics of the surrounding
membrane. We provide an overview of the abundant
publications on MOP-R, presenting and discussing the
essential results and progress towards an understanding of
the function of this receptor, its modulation by cell mem-
brane organisation and its relationship with the receptor
diffusion in the membrane.

Structural characteristics of MOP-R
before and after activation

MOP-R structure and ligand binding

In the absence of experimental structures of opioid recep-
tors, theoretical modelling, based on the structure of
rhodopsin or f-adrenergic receptor (f,AR) [11, 12],
remains an important tool for the MOP-R structure—function
analysis. MOP-R consists of an extracellular N-terminal
domain, seven transmembrane helical domains (7TM)
connected by three extracellular and three intracellular
loops and an intracellular C-terminal tail, which is predicted
to form a fourth intracellular loop after palmitoylation
[13]. In addition, two cysteine residues, in the first and
second extracellular loops, probably form an external
disulphide bridge. Usually the 7TMs are arranged in a
counter-clockwise fashion (viewed from the extracellular
side), forming a tight helical bundle. MOP-R also undergoes
post-transcriptional modifications (addition of Asn-linked
glycosyl chains) at several sites in the N-terminal domain
[1] (Fig. 1).

Taking into account MOP-R mutational analysis [14]
and chimeric MOP receptor studies, computational mod-
elling [15, 16] suggested that MOP-R has a binding cavity
located in an inner inter-helical region constituted by TM
helices 3, 4, 5, 6 and 7 and partially covered by dynamic
extracellular loops, generating a hydrophobic cluster
between extracellular loop 3 and the N-terminal region,
allowing ligand selectivity (Fig. 1). Upon agonist entrance
in the binding cavity, the internal conformation of the
receptor would change, disrupting the basal hydrophobic
and hydrophilic interactions within TM helices 1-5 and
6-7, bringing together these two sets of transmembrane
segments. It is widely accepted that morphine-like agonists
interact with residues in the bottom of the hydrophobic

C-ter

Fig. 1 Schematic structure of MOP-R in the membrane and the main
changes consecutive to an agonist or an antagonist binding. The green
arrows indicate the TMs whose movements induced by an agonist
binding modify the internal receptor conformation. The relative
positioning of agonists and antagonists inside the receptor’s cavity is
illustrated

cavity, whereas antagonists, such as naloxone, interact at a
slightly deeper site in this cavity than agonists, causing
sterical hindrance between TM3 and TM7 and preventing
the receptor from adopting its active conformation. [16].
The conformational modifications following agonist bind-
ing involve relative displacements of TM helices 3, 6 and 7
within the receptor. These changes modify the cytoplasmic
interactions of the receptor, resulting in the exposure of
intracellular receptor domain loops and permitting G-pro-
tein activation. The key determinant of receptor coupling
specificity to G proteins is the I3 intracellular loop, with the
12 intracellular loop and the Ciy, tail thought more likely
to be involved in determining the efficiency of G-protein
activation [16, 17].

The thickness of the hydrophobic transmembrane part of
the receptor is also altered. Indeed, Alves et al. [18]
demonstrated, by plasmon-waveguide resonance spectros-
copy, an increase of about 10% in membrane thickness
following activation of the ¢ opioid receptor (DOP-R) and
rhodopsin [19]. Le Guyader et al. [20] recently confirmed
these specific changes to membrane thickness, using the



MOP-R functional membrane organisation

2095

fluorescence properties of a pyrene-labelled cholesterol and
agonist stimulation of DOP-R in living HEK cells over-
expressing this receptor. No direct observation of a similar
pattern of behaviour has yet been obtained for MOP-R, but,
as discussed later (paragraph 3-2), these receptors seem to
have two different pharmacological profiles, depending on
the membrane environment and corresponding to confor-
mations with different thicknesses of the hydrophobic part
of the receptor.

Release of signalling cascades: G-protein effector
activation

Agonist-activated MOP-R couples predominantly with
pertussis toxin-sensitive G,/G,, (particularly G,o1, Gyo2s
G, Gz, and, to a lesser extent, G, [21-24]), although
coupling with pertussis toxin-insensitive G proteins,
such as as G, [25] or G,q (Gy16) [26], has been reported.
In their resting state, when the o-subunit is bound to GDP,
G-proteins exist as heterotrimers of «, f3, y subunits, and a
GgGDP)BV complex can associate with MOP-R. Agonist
activation of MOP-R stimulates the catalytic GDP-GTP
exchange on G,,. This requires dissociation of the G-protein
MOP-R complex into G°™ and Gg,, leading indepen-
dently to the activation or inhibition of multiple down-
stream MOP-R effectors. Indeed, G,; inhibits adenylyl
cyclases, whereas Gg, stimulates certain isoforms of
adenylyl cyclases [27, 28]. By contrast, G,;¢ and Gg,
concomitantly activate phospholipase C [26, 29, 30].
Phospholipase A, is indirectly activated by G,, after the
stimulation of G protein-activated inwardly rectifying K™
channels (GIRKs) and voltage-gated Ca*" channels [31].
The complexity of cell signalling through MOP-R, as for
all GPCR, results not only from the possible simultaneous
(or successive) coupling of a receptor with different G-
proteins, but also from the lifetime of the G complex,
preventing the restoration of a G;GDP)M heterotrimer as
long as the GPCR is activated. In addition to the inherent
GTPase enzymatic activity leading to re-association of G,
and Gg,, regulators of G protein signalling proteins (RGS)
regulate the signal response by changing the intrinsic
GTPase activity [32] and adjusting the temporal coupling
of a GPCR and a G{°°", to satisfy cell requirements.
The description of this signalling mechanism would be
incomplete if we did not consider the role of many other
intracellular proteins serving as scaffolding proteins,
organising the partners involved in the signalling cascade
[33]. These accessory proteins, such as activators of
G-protein signalling (AGS), regulate the strength, effi-
ciency and specificity of signal transfer upon MOP-R
activation, directing the appropriate G-protein to the
receptor in response to cell regulation [34]. They activate G
proteins independently of the receptor with specificity for

G,, subunits, accelerating hydrolysis and terminating signal
transduction. All these mechanisms constitute alternative
means of regulating the G, subunit.

The data reported here support strongly the view that
GPCRs, G-proteins and effectors are not randomly dis-
tributed in the plasma membrane and that GPCR
signalling involves the concerted membrane displace-
ments of molecules that must be located close together.
This view underlies attempts to analyse the membrane
environment and the constraints it imposes on GPCR
signalling.

Effects of the lipid environment on MOP-R

Assuming that the thickness of the hydrophobic part of
the receptor is modified after its activation, the biophys-
ical characteristics of the membrane should have
repercussions for the efficiency of receptor function.
Certain lipids, such as cholesterol, are known to modify
lipid fluidity and membrane thickness, and may therefore
affect the activity of many transmembrane proteins [35—
39]. In this context, extrapolating from the results
obtained for DOP-R, changes in MOP-R conformation
associated with agonist activation may be considered to
generate differences between lipid and receptor hydro-
phobic membrane widths (lipid/protein hydrophobic
mismatch) (1), driving activated MOP-R towards existing
thicker zones of the membrane, such as raft nanodomains
(2) establishing new raft zones, or (3) resulting in a
loss of MOP-R activity due to a hydrophobic mismatch
between the activated conformation of the receptor and
the surrounding lipids in cases in which activated MOP-R
is not driven towards existing raft domains and no new
raft domains are created. These effects were clearly
demonstrated for rhodopsin, the most extensively studied
GPCR, after its reconstitution in model membranes, in
which the modulation of active conformation was corre-
lated with cholesterol content, fatty acid chain length and
the degree of chain saturation [40-42]. These findings
were consistent with there being an optimal thickness of
the receptor for efficient functioning that is negatively
modulated when a strong hydrophobic mismatch is gen-
erated by an inappropriate lipid composition of the
surrounding membrane. For other GPCRs, problems with
purification have resulted in most studies of the effect of
lipids being carried out on native membranes. In all
studies of galanin [43], cholecystokinin (CCK-R) [44],
serotonin; 5 [45] and oxytocin receptors [46, 47], the lipid
composition of the membrane has been shown to affect
GPCR pharmacology [48]. In this context, several groups
have attempted to determine the lipid requirements for
optimal MOP-R function.
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Modulation of MOP-R function by the nature
of the surrounding lipids

MOP-R is systematically found to be inactive after
solubilisation, and its pharmacological properties after
reconstitution in model membranes have not been investi-
gated. Farahbakhsh et al. [49] were the first to show that the
pharmacological activity of the MOP receptor was depen-
dent on cell membrane lipid composition.

It has been shown with enzymatic methods that an
increase in phosphatidylcholine (PC) levels, accompa-
nied by a decrease in cholesterol concentration, decreases
the affinity of the receptor for opiate ligands, with nor-
mal levels of affinity recovered following the restoration
of membrane composition. The phospholipid head
group has been shown to be involved in this effect, but
the greatest effect on the pharmacological properties of
MOP-R was obtained by modifying cholesterol content
[49].

Two modes of action of cholesterol on GPCRs have
been described. The first involves direct, or even specific
molecular interactions of cholesterol with a GPCR [10, 43].
The second is related to the classical effect of cholesterol
on the biophysical properties of a lipid membrane. How-
ever, it is difficult to distinguish between these two modes
of action. As cholesterol is present in considerable excess
over the receptor, the molar ratio of the remaining cho-
lesterol to receptor cannot fall below 1,000 for a large
range of the normal levels of expression of these receptors.
This holds for cholesterol depletion ratios as high as 99%,
with the classical treatment of isolated cell membranes
with MSCD removing 60% of the cholesterol present at
most [50]. Thus, the experimental conditions it is actually
possible to create are far from suitable for determining
whether an interaction between a receptor and cholesterol
is specific.

A thorough analysis of published data revealed only two
studies providing evidence of a specific interaction of
cholesterol with a GPCR, neither of which demonstrated
the molecular specificity of this interaction. The first study
reported an effect of cholesterol content on oxytocin
receptor function [51]. The second showed that the human
f>-adrenergic receptor (hf,-AR) could be crystallised in an
active form only in cholesterol-rich environments [12].
This suggests that the structural requirements for the
functioning of this GPCR required the proximity of cho-
lesterol. These two findings demonstrate that the presence
of an appropriate lipid mixture around receptors optimises
receptor function, but the question of the specificity of such
interactions remains open.

No specific interaction between cholesterol and
MOP-R has ever been demonstrated. Lagane et al. [52]
replaced ergosterol, the sterol naturally present in yeast

Saccharomyces cerevisiae (SC) membranes, with choles-
terol and found that this substitution restored the binding
properties of MOP-R expressed in SC. This suggests that
the interaction between the receptor and cholesterol is
specific, because these two sterols have opposite effects on
ligand binding by MOP-R. Ergosterol constrains the
receptor in an inactive state in yeast plasma membranes
and cannot replace cholesterol in agonist activation. In a
more recent study, these authors demonstrated recovery of
the basal pharmacological profile of hMOP-R in choles-
terol-depleted CHO cell membranes treated with a
cholesterol, but not in such cells treated with ergosterol
[53]. Given the large proportion of cholesterol retained in
the membranes after depletion, as discussed above, these
findings do not conclusively prove that a specific interac-
tion occurs between cholesterol and MOP-R. However,
these findings do raise questions about the changes in
membrane microviscosity induced by these two sterols. For
MOP-R, Emmerson et al. [54] suggested that membrane
microviscosity modulated the “agonist-sensitive confor-
mational change” of hMOP-R. It increased the agonist
affinity constant after membrane rigidification by cho-
lesteryl hemisuccinate (CHS) and decreased it after
subsequent membrane fluidification by cis-vaccenic acid
treatment [55]. However, the binding of antagonists or
partial agonists, such as nalbuphine, is unaffected by CHS
addition [54]. Gaibelet et al. [52, 53], using fluorescence
polarisation measurements, showed that cholesterol
depletion in CHO cell membranes effectively fluidified
membranes and that this effect was reversed by comple-
mentation with either cholesterol or ergosterol. As different
pharmacological profiles of MOP-R were observed in the
complemented membranes, “global viscosity” does not
appear to be a relevant membrane parameter for correlat-
ing membrane characteristics and MOP-R activity. We
hypothesise that lateral pressure profiles through the
bilayer would be different for the two sterols [56, 57] and
induce distinct constraints to the changes of the receptor
conformation consecutive to the agonist binding.

Gaibelet et al. [53] also observed that whereas choles-
terol depletion alone did not affect the binding of
antagonists, the additional inhibition of G-protein coupling
markedly decreased high-affinity agonist binding to
receptors by 30%. This effect was abolished by the resto-
ration of cholesterol content. These results are consistent
with previous findings for S. cerevisiae membranes [52]
and suggest that cholesterol alone, independently of
G-proteins, can maintain MOP-R in a high-affinity agonist-
binding state for a given population of hMOP-R. There
may therefore be different conformational states of MOP-R
affected differently in terms of agonist binding and
G-protein coupling by variations of membrane cholesterol
content. It is possible that the conformational state of the
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receptor is correlated with its location in a particular
domain of the membrane.

Changes in the membrane surroundings of MOP-R
during signalling

It has been suggested that “rafts”—microdomains in the
outer layer of cell membranes highly enriched in choles-
terol and sphingolipids [58]—may act as signalling
platforms, optimising receptor activation and signalling
regulation [59]. Two types of lipid microdomains rich in
cholesterol have been distinguished: “planar lipid rafts”
and caveolae, which correspond to flask-shaped invagin-
ations enriched in caveolins [60]. Caveolae are relatively
stable, because their structure is organised and stabilised by
caveolins. Planar rafts are considered to be unstable, with a
short lifetime; they are small and continually exchange
their component molecules with their immediate environ-
ment. As shown in Table 1, two experimental approaches
can be used to isolate these raft lipid microdomains as the
lighter membrane fraction floating in an isopycnic gradient.
The first method is based on the solubilisation of cell
membrane fractions with mild non-ionic detergents and
generates DRM (detergent-resistant membrane) fractions
associated with pre-existing “planar lipid rafts” and con-
taining various amounts of caveolin [61]. In the second
approach, sodium carbonate (Na,COs) is used for the
specific separation of caveolae as membrane domains
enriched in caveolin and cholesterol [62].

No clear consensus concerning the distribution of MOP-
R in the membrane emerges from studies based on these
invasive approaches (Table 1). Zhao et al. [63] found that,
in the basal state and after agonist activation, MOP-R was
mostly present in the lipid rafts/caveolae of HEK293 cells.
This distribution was disrupted by MSCD membrane
treatment and restored by cholesterol complementation.
Huang et al. [64] found that rMOP-R was mostly found in
low-density fractions of total membranes of CHO cells or
rat brain tissues treated with sodium carbonate, with neu-
rons having no caveolae. In addition, after cholesterol
depletion by MBCD treatment, which was assumed to
disrupt rafts, rIMOP-R was shifted to higher density frac-
tions in both CHO and brain tissue membranes. Head et al.
[65] tested the hypothesis that the GPCR involved in reg-
ulating adenylyl cyclase was located in caveolae, by
analysing the distribution of rMOP-R in membrane frac-
tions of cardiac myocytes treated with 1% Triton X-100 or
Na,COj buffer. It was found that rMOP-R was equally
partitioned between buoyant and heavier fractions, without
taking into account the pellet. Conversely, Mouledous et al.
[66] compared the membrane raft localisation of MOP-R in
SH-SYS5Y neuroblastoma cells by the two procedures and
found that the receptor was undetectable in rafts after

detergent treatment and massively concentrated in rafts in
the detergent-free approach. Finally, Gaibelet et al. [53]
using the detergent approach with CHO cell membrane
fractions enriched in plasma membrane, found that less
than 2% of hMOP-R was present in the basal state in DRM
fractions, with most of the receptors (>90%) present in
heavier, soluble non-DRM fractions. Antagonist treatments
did not change the distribution of MOP-R, but an increase
in the proportion of hMOP-R in DRM (~ 12.5%), inhibited
by cholesterol depletion or the addition of Gpp(NH)p, was
observed after agonist treatment. As 50% of hMOP-R have
a high affinity for agonists, the DRM fraction represents
25% of all h(MOP-R with a high affinity for agonist. This
agonist-activated MOP-R population corresponds to a
receptor conformation requiring a particular lipid envi-
ronment, with a high cholesterol level and, probably,
G-protein coupling. An analysis of the lipids present in the
various fractions further confirmed that membrane thick-
ness was greater in DRM fractions. However, it was
not possible to determine whether these two conformations
were related to different patterns of pharmacological
behaviour.

The lack of a unifying view of the distribution of
receptors in membrane domains undoubtedly stems from
the drawbacks of these biochemical approaches. Firstly,
different methods are used to prepare membrane extracts or
fractions, resulting in diversity in the level of enrichment
[67]. Furthermore, as suggested in many reports [68], the
rate of solubilisation of membrane fractions depends on the
nature of the detergent [69] and its concentration [70].
Discussions of the data obtained often fail to take into
account the fraction of receptors remaining in the pellet of
the gradient tube, even though this fraction may correspond
to a large proportion of the receptors.

Finally, cholesterol has been shown to be required for
stabilisation of the MOP-R conformation with the highest
affinity for agonist [53]. This should be seen in the light of
the recent suggestion that cholesterol may regulate inter-
actions between f5,-AR [12] and G proteins, by generating
a multitude of different receptor conformations responsible
for consecutive coupling to different G proteins [12]. All
these hypotheses require experimental verification.

Modulations of MOP-R signalling by protein
interactions

Although the mechanism by which G protein-coupled
receptors (GPCRs) translate extracellular signals in cells
was initially thought to follow a simple linear model, a
plethora of interactions with scaffolding and accessory
or chaperone proteins has recently been proposed, even
including the homo- or heterodimerisation of GPCRs.
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Thus, there may be different processes responsible for
specific molecular collisions and accounting for differences
in the signalling pathways and cellular trafficking of
GPCRs as a function of the ligand. MOP-R is phosphory-
lated and internalised via clathrin-coated pits, much like
other GPCRs, but MOP-R has a number of unusual features
and only a few proteins interacting with this receptor
have been identified to date. Many GPCRs (such as the
fr-adrenergic receptor) have a sequence of four amino
acids, the DSLL motif, that interacts with EBP50 (Ezrin-
Radixin-Moesin binding phosphoprotein 50), a protein
mediating recycling [71]. The last 17 amino acids of MOP-
R are sufficient and necessary for its specific recycling
mechanism, which is not dependent on the actin cyto-
skeleton and does not involve EBP50. Thus, for MOP-R,
recycling seems to depend on other as yet unidentified
factors or signals [72]. We have restricted our discussion
(Table 2) to proteins for which interactions with MOP-R
have been clearly established.

Basal interactions

The interaction of calmodulin (CaM) with MOP-R abol-
ishes basal G-protein coupling and attenuates agonist-
stimulated G-protein coupling of the receptor through
direct interaction with the third intracellular (I3) loop of the
receptor. As a result, CaM inhibits the constitutive activity
of the receptor [73]. Following stimulation of the MOP-R
with morphine, CaM is rapidly translocated to the nucleus,
and an influx of Ca®" into the cells is observed in MOP-R-
transfected HEK-293 cells and in SH-SY5Y human neu-
roblastoma cells [74]. These results suggest that MOP-R
uses a Ca’t/CaM signalling pathway to regulate tran-
scriptional activity.

Charlton et al. [75] recently demonstrated that spino-
philin, a ubiquitous protein, co-immunoprecipitates from
mouse striatum with MOP-R in basal conditions. This
interaction is greatly enhanced by agonist activation of the
MOP-R with morphine or fentanyl. Spinophilin is known
to bind to several elements of the GPCR signalling net-
work, including protein phosphatase 1 and RGS protein.
Together with MOP-R, it may form a multi-protein com-
plex with a putative role in functional regulation.

Protein interactions after MOP-R activation

Interactions with G-proteins (Table 2), the first and main
signalling partner of MOP-R, will not be discussed further
here because they have already been described in detail
elsewhere [76, 77]. Instead, we prefer to highlight various
processes altering the functional coupling of a receptor to
its G-proteins and of the G-protein subunits to their second
messengers. Recent evidences indicate that f-arrestins 1

and 2 are common multifunctional adaptor and transducer
molecules that regulate GPCR intracellular signalling
pathways [78]. They are also implicated in the MOP-R
signalling efficiency and in its endocytosis [79]. Endocy-
tosis involves MOP-R phosphorylation by G protein-
coupled receptor kinases (GRKs), such as GRK2 in
particular [80, 81], followed by the uncoupling of G-pro-
teins after a recruitment of cytosolic f-arrestin [14, 82-84].
This process is rapid, occurring within 1 min of MOP-R
activation, and is abolished in cells lacking filamin A [85].
This suggests that actin may play a role in the MOP-R
trafficking mediated by filamin A, which has been shown to
bind the carboxyl tail of the human MOP-R via its carboxy-
terminal region [85].

Phosphorylated receptors are generally internalised
through endocytosis via clathrin-coated pits. For MOP-R,
G-protein coupling is not required, as prior treatment of
cells with pertussis toxin does not abolish the endocytosis
of the receptor [86], and a recycling process brings the
receptors back to the plasma membrane. This process is
activated by endogenous peptide ligands or several opioid
drugs promoting a massive and rapid receptor endocytosis
via clathrin-coated pits [87]. In contrast, morphine, which
causes weak GRK phosphorylation and little S-arrestin
recruitment, has a limited efficacy to induce internalisation
[88]. MOP-R down-regulation was revealed to be mediated
by two G-protein independent distinct cellular signal
transduction pathways [89, 90]. One is GRK-dependent
and proceeds through phosphorylation of residues in the
C-terminal region of MOP-R, whereas the other is tyrosine
kinase-dependent and involves phosphorylation of residues
in the second intracellular loop of MOP-R. Thus, the
amount of MOP-R at the plasma membrane is controlled
by many factors, including phosphorylation, dephospho-
rylation, endocytosis, recycling, degradation and de novo
synthesis.

Many other cellular protein factors are thought to
interact with the agonist-MOP-R complex. The role of the
Map kinases ERK 1 and ERK2 (extracellular signal-regu-
lated kinases), which are proline-directed protein kinase,
has been investigated [84]. Generally, two partners—G
proteins and f-arrestins—induce the activation of ERKs,
through different effects: the nuclear translocation of ERK
and its cytosolic retention, respectively. For MOP-R,
Zheng et al. [84] observed deviations from this established
ERK-mediated cellular pathway as a function of the ago-
nist ligand. While morphine and methadone activate ERKs
via a PKC- but not f-arrestin- dependent pathway, etor-
phine and fentanyl activate ERKs in a ff-arrestin-dependent
manner [84].

A direct GPCR-RGS interaction has clearly been
demonstrated for RGS proteins. In membranes from peri-
aqueductal grey matter (PAG), both RGSZ2 and the related
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protein RGSZ1 co-precipitate with MOP-R. However, only
Goz subunits co-precipitate with RGSZ2. The RGSZ1 and
RGSZ2 proteins influence MOP-R signalling by seques-
tering Go subunits, thereby playing the role of effector
antagonists [91].

Homo- and hetero-oligomerisation of MOP-R
with other GPCR

The oligomerisation of GPCRs is believed to modulate the
response to agonist binding, with hetero-oligomerisation
regulating the cross-talk between different pathways.
It is difficult to determine whether a GPCR exists as an
oligomer. This is particularly true for homo-oligomers.
However, analyses of the pharmacology of pairs of co-
expressed MOP-R bearing different inactive mutations [92]
and measurements of bioluminescence resonance energy
transfer (BRET) combined with quantitative radioligand
binding assays [93] have provided convincing demonstra-
tions of MOP-R homo-dimerisation.

Studies indicating the existence of heterodimers are
more numerous. Table 3 lists the various heterodimers, the
method by which they were identified and the changes to
MOP-R pharmacology they triggered. An opioid receptor,
the x opioid receptor (KOP-R), was shown in a single
BRET-based study to form oligomers with MOP-R [93],
whereas a number of studies with a large panel of
approaches suggested that MOP-R may oligomerise with
the ¢ opioid receptor (DOP-R) [33, 93-99]. These studies
revealed that the binding of both agonists and antagonists
to DOP-R had a synergic effect on MOP-R, increasing the
number of MOP-Rs in a high-affinity state. About one
tenth of all known GPCRs have been shown to form het-
ero-oligomers with MOP-R (Table 3), with different
effects, depending on the pharmacology of MOP-R. The
activation of a2 A adrenergic receptors increases G-protein
signalling [100], whereas the activation of nociceptin
[101], CCR5 chemokine [102, 103], CXCR4 chemokine
[104], 5, adrenergic [105], NPFF [106] and somatostatine
ssty, [107] receptors decreases the efficiency of MOP-R
efficacy.

These findings raise questions about the role of direct
receptor-receptor interactions in modulation of the
response of MOP-R by another GPCR. As discussed in the
next section, evidence supporting this hypothesis has been
obtained from analyses of the membrane diffusion of
MOP-R [106].

MOP-R membrane confinement and dynamics

A survey of the data obtained with static approaches shows
that: (1) the pharmacological function of MOP-R is

modulated by the surrounding membrane environment; (2)
several active conformations of MOP-R with different
membrane thicknesses co-exist during signalling; (3) a
single receptor can induce different cascades of molecular
events; (4) a multitude of accessory proteins, including
GPCRs, intervene at different stages of receptor function.
These observations raise many questions that can only be
answered by dynamics studies. What type of membrane
organisation can meet such constraints? Are receptors and
other molecules confined to the membrane? What changes
accompany signalling? Is the modulation of pharmaco-
logical response by lipid membrane composition associated
with changes in the membrane organisation of MOP-R?

Two complementary methods have been used to assess
the lateral mobility of MOP-R. Fluorescence recovery after
photobleaching (FRAP) provides average measurements
over all tagged molecules and single particle tracking
(SPT) analyses single receptors. For a critical comparison
of these two methods, readers should refer to a recent
review [108]. Both methods have already provided relevant
information about the relationship between the dynamic
organisation and function of MOP-R.

hMOP-R and vrFRAP analysis

The acquisition of fluorescence recovery at variable spot
radii (viFRAP) can be used to identify and characterise
microdomains in a membrane, making it possible to
determine whether membrane confinements are connected
or isolated and to evaluate their permeability [109]. MOP-
R diffusion has been extensively analysed by vrFRAP at
the surface of SHSY-5Y cells (Table 4) [106, 110]. In the
basal state, the diffusion of MOP-R is confined to con-
nected semi-permeable domains [106, 110] not related to
DRM domains [111]. The addition of an antagonist had no
effect, whereas agonists did affect this diffusion. The
dynamic changes observed differ between agonists. After
DAMGO binding, the receptor population displays slow
diffusion restricted to isolated smaller domains corre-
sponding to receptors undergoing internalisation. By
contrast, after morphine binding, all receptors display
slower diffusion in smaller, connected, semi-permeable
domains than in the basal state, probably due to the inter-
action of MOP-R with G proteins. Finally, these results
demonstrate the existence of two different patterns of
membrane compartmentalisation for MOP-R, each corre-
lated with one of the major events occurring at the plasma
membrane after receptor activation [111]. Direct physical
interaction has been shown to be involved in the cross-talk
between MOP-R and NPFF2 receptors [106]. Indeed, the
addition of an agonist of NPFF2 receptors induces a major
modification of MOP-R, which undergoes long-range
free diffusion [106]. These results suggest that receptor
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Table 4 Diffusion behaviour of MOP-R in living cell membranes

References

Behaviour origin

Confinement size [I(um)]

Diffusion type

Conditions

Techniques

Type of MOP-R and tag Cell type

[111]
[111]

0.7 £ 0.1

Confined
Confined

vrFRAP 20 or 37°C  Free
vrFRAP (14°C)

SH-SY5Y
SH-SY5Y

hMOP-R (eGFP)*

Actin interaction

1.0 £ 04
0.6 £0.3
0.6 £0.2

Free DAMGO

morphine

hMOP-R (eGFP)*

G-protein interaction

Confined + Free
Confined
Confined
80% free

[106]

Change in basal interaction
Activation of NPFF2

0.02-0.07 pm?*/s

Free

viFRAP
viFRAP

SH-SY5Y

hMOP-R (YEP)*

1.03 £ 0.26 pm

0.2 pm*/s

+1DMe**

receptors modifies

20% confined

hMOP-R diffusion

Very small confinements

0.2

[114]
[112]

Protein-protein interaction

Walking confined diffusion

Free

SPT
SPT

NRK
NRK

hMOP-R (T7)*

Actin filament

0.21-07
0.32

Free cytoskeleton drug  Hop diffusion

MOP-R (T7)*

* Labelled molecule, + cells expressing wild-type NPFF2 receptors in addition to tagged MOP receptors, ** 1DMe, D-Tyr-Leu-(NMe)Phe-Gln-Pro-Gln-Arg-Phe-NH,

compartmentalisation may be a prerequisite for subsequent
efficient signalling.

hMOP-R and SPT analysis

The conclusions drawn from FRAP analysis are corrobo-
rated by two independent studies of hMOP-R diffusion at
the surface of NRK cells by SPT providing direct evi-
dences for receptor confinement [112—114]. However, the
origin of the observed confinements remains unclear.

In both SPT studies, two different types of complex
movements could be clearly distinguished among the hMOP-
R trajectories. A minor population of hMOP-R displayed a
“directed diffusion”, i.e., a slow diffusion combined to an
oriented displacement (Fig. 2). This population having a
weight of the order of the membrane receptor recycling rate
and increasing from 10 to 50% for agonist-bound receptors, it
was attributed to receptors entering the internalisation path-
way [114]. The large majority of MOP-R (90%) exhibited a
combination of a short-term confined diffusion with a long-
term random walk, which were interpreted differently in the
two studies. Daumas et al. [114, 115] showed, by a thorough
statistical analysis of their data, that the physical picture
underlying this behaviour is a so-called “walking confined
diffusion”, i.e., a diffusion of hMOP-R confined to a domain

Directed Walking Hop
diffusion confined diffusion
diffusion

Fig. 2 Different membrane dynamic organisations of hMOP-R as
inferred from trajectories obtained by single particle tracking
experiments with 40-nm gold colloids (scale bar 100 nm). Link to
actin filaments (entrance of the receptors in the internalisation
pathway) is associated to a “directed diffusion” [114]. Involvement in
protein-protein attractive interactions leads to the confined diffusion
of the receptor into a domain that itself diffuses randomly. “Walking
confined diffusion” (the continuous black line shows the displace-
ment of the domain) [114]. Restriction of the receptor’s diffusion by
the membrane skeleton filaments and anchored proteins gives rise
to a diffusion proceeding by successive jumps across barriers “hop
diffusion” [112]
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that itself diffuses (Fig. 2). They furthermore argued that
attractive interprotein interactions are at the origin of the
confinement and proposed a simple theoretical model
explaining the observed quadratic increase of the domain size
(found to vary between 30 and 550 nm) with the short-term
diffusion coefficient [114]. Suzuki et al. [112] interpreted
instead that the receptors undergo rapid “hop diffusion” overa
network with two pore sizes (about 200 and 700 nm),
according to the “membrane skeleton picket and fence
model” [116] (Fig. 2).

In the presence of an agonist, receptors not entering into
the internalisation pathway remain in the “walking con-
fined diffusion” mode, but display a marked slowing down
in strengthened domains [117]. This observation provides
strong support for the involvement of inter-protein inter-
actions in receptor confinement, which would be enhanced
by changes in receptor conformation or the multitude of
accessory proteins coming into play after agonist binding.
The possible localisation of the receptors into rafts, already
ruled out on the basis of biochemical analyses, is also not
consistent with the dynamic behaviour observed, which is
clearly different from associated transitory confinements,
as demonstrated by Jacobson et al. [118].

Perspectives

Whereas many studies of MOP-R pharmacology have been
carried out, driven by considerable interest in this receptor
as a therapeutic molecule target, very few studies have
analysed the diffusion of this receptor within the mem-
brane. However, these studies have demonstrated the
informative potential of such analyses for a detailed
understanding of the molecular mechanisms of GPCR
signal transduction. Two major modes of diffusion have
been demonstrated for MOP-R: directed diffusion, proba-
bly involved in the redistribution of receptors to specific
sites, and confined diffusion, presumably favouring inter-
actions with signal transduction partners. Data for the
partners of this receptor—G proteins, effectors and acces-
sory proteins—are even more sparse, making it difficult to
develop a picture of the dynamic organisation of this
complex system. There is a need for simultaneous analyses
of the diffusion of different signalling partners, based on
emerging multicolour detection techniques with high levels
of spatial and temporal resolution, to take up this challenge.
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