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The roles of barrestins in regulating G protein coupling

and receptor endocytosis following agonist stimulation

of G protein-coupled receptors are well characterised.

However, their ability to act on their own as direct mod-

ulators or activators of signalling remains poorly charac-

terised. Here, barrestin2 intrinsic signalling properties

were assessed by forcing the recruitment of this accessory

protein to vasopressin V1a or V2 receptors independently

of agonist-promoted activation of the receptors. Such in-

duction of a stable interaction with barrestin2 initiated

receptor endocytosis leading to intracellular accumulation

of the barrestin/receptor complexes. Interestingly, barres-

tin2 association to a single receptor protomer was suffi-

cient to elicit receptor dimer internalisation. In addition to

recapitulating barrestin2 classical actions on receptor traf-

ficking, the receptor activity-independent recruitment of

barrestin2 activated the extracellular signal-regulated ki-

nases. In the latter case, recruitment to the receptor itself

was not required since kinase activation could be mediated

by barrestin2 translocation to the plasma membrane in the

absence of any interacting receptor. These data demonstrate

that barrestin2 can act as a ‘bonafide’ signalling molecule

even in the absence of activated receptor.
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Introduction

Agonist-promoted desensitisation of G protein-coupled recep-

tors (GPCRs) is a well-characterised process contributing to

signal attenuation. In most cases, GPCRs are rapidly phos-

phorylated after agonist activation by G protein-coupled

receptor kinases (GRKs), leading to the high-affinity binding

of barrestin to the ligand-occupied receptors, which promotes

their uncoupling from their cognate heterotrimeric G proteins

(Krupnick and Benovic, 1998; Pierce et al, 2002). The inter-

action of barrestin with components of the endocytotic

machinery next induces the sequestration of desensitised

GPCRs from the plasma membrane into intracellular com-

partments through clathrin-coated pits. Two distinct classes

of GPCRs could be distinguished on the basis of their inter-

action with barrestin (Oakley et al, 1999, 2000). According to

this classification, class A GPCRs are defined as receptors that

release barrestin rapidly following their targeting to clathrin-

coated pits, while class B GPCRs are defined as receptors

forming stable complexes with barrestin that is redistributed

with receptors to endosomes (this classification should not

be confounded with the Frederickson family A, B and C that

catalogues GPCRs according to their structural homologies).

The stability of interaction with barrestin has been proposed

to influence the recycling efficiency of receptors. Indeed,

while investigating the endocytosis/recycling pattern of nu-

merous GPCRs, all class A GPCRs were found to rapidly

recycle back to the cell surface following their internalisation,

whereas all class B GPCRs were found to be trapped intra-

cellularly with barrestin and poorly recycled to the plasma

membrane (Oakley et al, 1999, 2000; Anborgh et al, 2000).

This hypothesis was, however, challenged by the observation

that a mutant of the class B vasopressin V2 receptor (V2R),

the V2RS363A, was efficiently recycled back to the cell sur-

face despite its stable interaction with barrestin (Innamorati

et al, 2001). This led the authors to propose that the ability

of an internalised GPCR to recycle to the plasma membrane

is determined by specific molecular determinants intrinsic to

the receptor rather than by the stability of its interaction with

barrestin. In addition, other proteins have been proposed to

determine the fate of internalised GPCRs (Cao et al, 1999;

Whistler et al, 2002). Thus, whether the interaction with

barrestin is sufficient by itself to determine the recycling

efficiency of a GPCR remains an open question.

In addition to its role in signal termination and clathrin-

mediated internalisation, barrestin has been recently proposed

to act as a scaffolding protein linking GPCRs to mitogen-

activated protein kinase (MAPK) (DeFea et al, 2000b;

McDonald et al, 2000; Luttrell et al, 2001; Hall and Lefkowitz,

2002; Perry and Lefkowitz, 2002; Tohgo et al, 2002, 2003). Such

scaffolding properties of barrestin are believed to play an

important role in controlling the localisation and specific

assembly of the MAPK signalling cascade. However, the role

of barrestin as a genuine signalling molecule that can activate

the MAPK by itself remains incompletely characterised.

In the present study, we assessed the ability of barrestin2

to determine, on its own, the signalling efficacy and traffick-

ing patterns of GPCRs and investigated the ability of this

scaffolding protein to activate the MAPK signalling cascade

independently of ligand-mediated receptor activation.

Results and discussion

The receptor activity-independent recruitment

of barrestin2 induced by AP21967 treatment

leads to receptor internalisation according

to a ‘class B’ GPCR endocytosis pattern

To determine whether barrestin2 recruitment to a GPCR is

sufficient by itself to mediate normal regulatory functions of
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barrestin2, we took advantage of a cyclophilin-based ap-

proach that permits the translocation of barrestin2 and its

stable interaction with V1aR or V2R vasopressin receptors

in the absence of receptor agonist-promoted activation.

Such strategy is based on the capacity of a synthetic bivalent

dimerising ligand, the ‘heterodimeriser’ AP21967, to act as

an adaptor to join the cyclophilin FKBP and FRB protein

domains (Muthuswamy et al, 1999; Pollock et al, 2000).

FKBP was thus fused at the C-terminus of both Myc-V2R

and HA-V1aR, whereas FRB was attached at the N-terminus

of barrestin2 already tagged at its C-terminus by a YFP

protein (Figure 1A). Fusion to FKBP did not significantly

impair the binding or signalling properties of V2R and

V1aR as assessed by their ability to promote AVP-stimulated

cAMP (V2R) or inositol phosphate (V1aR) accumulation

with EC50 values (Table I) similar to those previously reported

with nontagged V2R and V1aR (Terrillon et al, 2003). It

should also be emphasised that AP21967 did not lead

to agonist-independent G protein activation since no adenylyl

cyclase or phospholipase C response could be detected

following AP21967 treatment of cells coexpressing FRB-

barrestin2-YFP with either V2R-FKBP or V1aR-FKBP,

respectively (Table I).

To establish whether AP21967 can be used to induce the

regulated translocation of barrestin2 to V2R or V1aR and if

such interaction between the proteins is sufficient to promote

receptor endocytosis, confocal immunofluorescence micro-

scopy was carried out on cells coexpressing FRB-barrestin2-

YFPþMyc-V2R-FKBP or FRB-barrestin2-YFPþHA-V1aR-

FKBP. Under basal conditions, Myc-V2R-FKBP and HA-

V1aR-FKBP were observed at the plasma membrane, while

FRB-barrestin2-YFP was detected throughout the cytoplasm

(Figure 1B and C). Upon exposure to saturating concentration

of the agonist AVP for 30 min, both Myc-V2R-FKBP and

HA-V1aR-FKBP were internalised and redistributed from

the plasma membrane to endocytotic vesicles. But whereas

FRB-barrestin2-YFP extensively colocalised with Myc-V2R-

FKBP in endosomes, it was excluded from those containing

HA-V1aR-FKBP (Figure 1B and C). These results are consis-

tent with the previously reported endocytotic properties

defining V1aR and V2R as class A and class B GPCRs,

respectively (Oakley et al, 1999; Innamorati et al, 2001).

Taken with its cytoplasmic localisation under basal condi-

tions, the ability of the FRB-barrestin2-YFP construct to

form a stable complex with Myc-V2R-FKBP but not HA-

V1aR-FKBP strongly suggests that fusion to FRB did not

significantly impair the biological properties of barrestin2.

Treatment with 500 nM AP21967 led to the internalisation

of Myc-V2R-FKBP and HA-V1aR-FKBP (Figure 1B and C) but,

in contrast to AVP stimulation, both receptors extensively

colocalised with FRB-barrestin2-YFP in endocytotic vesicles.

This indicates that the addition of AP21967 is sufficient

to induce barrestin2 recruitment to V1aR or V2R and that

barrestin2 can engage the endocytotic machinery even in the

absence of agonist-promoted activation of the receptors.

This last observation is consistent with previous reports

indicating that covalent fusion of barrestin1 to the carboxyl

terminal of neurokin NK1 receptor (Martini et al, 2002) or

b1-adrenergic receptor (Shiina et al, 2000) promotes consti-

tutive internalisation. More interestingly, V1aR, which

behaves as a class A GPCR upon agonist activation, is

converted into a class B GPCR by treatment with AP21967,

reflecting the forced stable interaction between the receptor

and barrestin2.

Characteristics of V2R-FKBP and V1aR-FKBP

internalisation when promoted by the receptor

activity-independent recruitment of barrestin2

The extent and kinetics of internalisation promoted by

AP21967 were assessed by ELISA. As shown in Figure 2,

AP21967 elicited a dose-dependent internalisation of the

FKBP-tagged receptors with half-maximal internalisation

achieved at similar concentration for both receptors. In con-

trast, AP21967 did not promote internalisation of Myc-V2R or

HA-V1aR not fused to FKBP. When considering the rate of

endocytosis, treatment with AVP (100 nM) led to a rapid in-

ternalisation of V2R-FKBP and V1aR-FKBP, the rate of V2R

internalisation being somewhat slower than that of V1aR

(internalisation half-time of 11.872.0 and 4.970.2 min, re-

spectively) (Figure 3A and B). In contrast, Myc-V2R-FKBP

and HA-V1aR-FKBP had similar rates of internalisation fol-

lowing treatment with AP21967 (500 nM) (internalisation

half-time of 21.670.7 and 23.273.8 min, respectively).

Although significantly slower than that observed following

AVP stimulation, the rate of internalisation promoted by

500 nM AP21967 had reached its maximum since raising

the concentration to 25 mM did not lead to further accelera-

tion of Myc-V2R-FKBP endocytosis (data not shown). This

slower kinetics of receptor internalisation promoted by the

heterodimeriser is not the reflection of distinct endocytotic

processes since no additivity between the extent of interna-

lisation induced by AVP (100 nM) and AP21967 (25 mM) was

observed (Figure 3C), indicating that the difference in ki-

netics between AVP- and AP21967-promoted endocytosis

resulted from a lower efficacy of the heterodimeriser to

initiate the endocytosis process (see below).

The interaction of barrestin2 with either V1aR or V2R is

sufficient to promote the internalisation of the V1a/V2R

heterodimer independently of ligand-mediated receptor

activation

Several studies have suggested that GPCR homo- and hetero-

dimerisation could play important roles in regulating receptor

functions (Angers et al, 2002; George et al, 2002). We have

recently reported that V1aR and V2R can be internalised as a

stable heterodimer with trafficking properties determined by

the identity of the activated protomer and its ability to stably

interact with barrestin2 (Terrillon et al, 2004). Although

strong evidence supports the idea that this cointernalisation

of both receptors is dictated by their heterodimerisation,

the possibility that it could result from signalling crosstalk

between one activated receptor and the cointernalised GPCR

could not be entirely excluded. To demonstrate directly

that the cotrafficking of V1aR and V2R truly results from

their heterodimerisation, cells were transfected with FRB-

barrestin2-YFP in the presence of the two receptors, with

only one being fused to FKBP. Following AP21967 treatment

of cells coexpressing HA-V1aR with Myc-V2R-FKBP and

FRB-barrestin2-YFP, both receptors were internalised and

extensively colocalised in barrestin2-positive endosomes

(Figure 4A). In contrast, when expressed alone with FRB-

barrestin2-YFP, HA-V1aR remained at the cell surface (see

Figure 2). Reciprocally, following coexpression with HA-V1aR-

FKBPþ FRB-barrestin2-YFP, AP21967 treatment promoted
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Figure 1 Cellular localisation of FRB-barrestin2-YFP when coexpressed with either Myc-V2R-FKBP or HA-V1aR-FKBP following AVP or
AP21967 treatment. Schematic representation of AP21967-induced translocation of FRB-barrestin2-YFP to Myc-V2R-FKBP or HA-V1aR-FKBP
(A). HEK 293T cells cotransfected with Myc-V2R-FKBPþ FRB-barrestin2-YFP (B) or HA-V1aR-FKBPþ FRB-barrestin2-YFP (C) were incubated
with rabbit polyclonal antibody A14 or mouse monoclonal antibody 12CA5, for 1 h at 41C. Next, cells were treated or not for 30 min at 371C
with the indicated ligand (100 nM AVP or 500 nM AP21967), fixed, permeabilised and labelled with goat anti-rabbit (V2R) or anti-mouse (V1aR)
antibody coupled to Texas red. The samples were analysed by confocal laser-scanning microscopy.
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Myc-V2R endocytosis in intracellular vesicles where the three

proteins colocalised (Supplementary Figure 1). Quantitative

assessment of the AP21967-promoted cointernalisation

confirmed that barrestin2 recruitment to one protomer is

sufficient to induce the internalisation of the V1aR/V2R

heterodimer in the absence of agonist-induced activation of

the receptors (Figure 4B). The selectivity of this cointernali-

sation was confirmed by the fact that AP21967-promoted

internalisation of HA-V1aR-FKBP was not accompanied

by the endocytosis of a coexpressed Myc opioid receptor

(Figure 4B). The fact that barrestin2 interaction with either

V2R or V1aR is sufficient to promote the specific inter-

nalisation of both receptors in the absence of their agonist-

promoted activation clearly demonstrates that the two

receptors are not internalised as separate entities but rather

as a stable heterodimeric complex. It also confirms our

previous observation that barrestin2 recruitment to a single

−10 −9 −8 −7 −6
log[AP21967]

−5 −4
60

70

80

%
 C

el
l s

ur
fa

ce

90

100

110

Myc-V2R-FKBP + FRB-βarrestin2-YFP

EC50 (nM)
V2R-FKBP: 248 ± 56
V1aR-FKBP: 230 ± 60

HA-V1aR-FKBP + FRB-βarrestin2-YFP
Myc-V2R + FRB-βarrestin2-YFP
HA-V1aR + FRB-βarrestin2-YFP

Figure 2 Quantitative assessment of Myc-V2R-FKBP and HA-V1aR-
FKBP internalisation following AP21967-induced recruitment of
FRB-barrestin2-YFP. HEK 293T cells coexpressing FRB-barrestin2-
YFP along with either Myc-V2R-FKBP, HA-V1aR-FKBP, Myc-V2R or
HA-V1aR were treated or not with increasing concentrations of
AP21967 for 30 min at 371C. The cell surface Myc epitope-tagged
V2R or HA epitope-tagged V1aR was detected by ELISA before and
after AP21967 treatment and expressed as % of control. All values
correspond to the mean7s.e.m. calculated from three independent
experiments.
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Figure 3 Kinetics of Myc-V2R-FKBP and HA-V1aR-FKBP endocyto-
sis. HEK 293T cells coexpressing Myc-V2R-FKBPþ FRB-barrestin2-
YFP (A) or HA-V1aR-FKBPþ FRB-barrestin2-YFP (B) were treated
or not with 100 nM AVP or 500 nM AP21967 at 371C for the indicated
periods of time. In (C), the cells were treated for 30 min at 371C with
100 nM AVP and 25mM AP21967 added separately or in combina-
tion. The cell surface Myc epitope-tagged V2R and HA epitope-
tagged V1aR were detected by ELISA. The extent of internalisation
was determined by measuring the cell surface receptor before and
after ligand treatment and expressed as the loss of cell surface
expression (% of control). All values correspond to the mean7
s.e.m. calculated from three independent experiments.

Table I Functional properties of FKBP-fused receptors

Receptor Fold over basal EC50 (nM)

V2R-FKBP
+AVP 50.83715.22 0.1970.04
+AP21967 0.9670.02 ND

V1aR-FKBP
+AVP 3.0370.21 0.3670.07
+AP21967 1.0170.03 ND

HEK 293Tcells cotransfected with Myc-V2R-FKBP+FRB-barrestin2-
YFP or HA-V1aR-FKBP+FRB-barrestin2-YFP were treated or not
with increasing concentrations of AVP or 500 nM AP21967 before
measuring the accumulation of cAMP (for V2R) or inositol phos-
phates (for V1aR). Data are expressed as the maximal response
induced by AVP or AP21967 treatment (fold over basal) as well as
the AVP concentration leading to 50% of the maximal response
(EC50). All values correspond to the mean7s.e.m. calculated from
at least three independent experiments. ND: not determined.
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protomer is sufficient to support dimer internalisation

(Terrillon et al, 2004).

barrestin2 can form stable oligomeric complexes

with GPCR dimers

To determine whether the AP21967-promoted colocalisation

of barrestin2 with V1aR and V2R truly reflects the formation

of a stable oligomer between barrestin2 and the V1aR/V2R

heterodimer, bioluminescence resonance energy transfer

(BRET) studies allowing the detection of a trimeric complex

between receptor dimers and barrestin2 were performed

in living cells. For this purpose, V1aR or V2R fused at its

C-terminus to Rluc (V1aR-Rluc or V2R-Rluc) (Terrillon et al,

2003) was coexpressed with either HA-V1aR-FKBPþ FRB-

barrestin2-YFP or Myc-V2R-FKBPþ FRB-barrestin2-YFP, re-

spectively. The occurrence of stable intermolecular interac-

tions between barrestin2 and both V1aR and V2R homo- and

heterodimers was assessed by determining the transfer of

energy between Rluc fused to the protomer lacking the FKBP

moiety and YFP fused to FRB-barrestin2 (Figure 5A). To

promote barrestin2 recruitment, attached cells were first

treated with 100 nM AVP or 500 nM AP21967 for 90 min at

371C. The occurrence of BRET was then assessed following

extensive washing and resuspension of the cells. The inclu-

sion of washing steps before energy transfer measurement is

expected to allow the discrimination between class B GPCRs

that form a very stable interaction with barrestin2 and thus

would lead to strong BRET signals and class A GPCRs that

transiently interact with barrestin2 thus producing a weaker

signal. In agreement with this assumption, when the class B

V2R-Rluc was coexpressed with FRB-barrestin2-YFP, activa-

tion with AVP promoted its stable association with FRB-

barrestin2-YFP leading, to robust BRET signals (Figure 5B).

For the class A V1aR-Rluc, the significantly weaker AVP-

promoted BRET signals reflected the transient nature of its

interaction with FRB-barrestin2-YFP (Figure 5C). It should be

emphasised in the particular case of the V1aR-V2R hetero-

dimer that, whereas the nonselective activation of the two

protomers would result in a transient interaction of barrestin2

with the class A V1aR, it would lead to a stable interaction

of barrestin2 with the class B V2R. It follows that the

interaction with FRB-barrestin2-YFP will not be symmetrical

for the two heterodimer configurations (i.e. V2R-

FKBPþV1aR-Rluc and V1aR-FKBPþV2R-Rluc). Given that

the extent of BRET is dependent on the distance and the

relative orientation between the energy donor and acceptor,

one would expect the extent of BRET to be different for the

two heterodimer orientations. The strong BRET observed for
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Figure 4 Internalisation of the V2R/V1aR heterodimer following the translocation of FRB-barrestin2-YFP to a single FKBP-fused receptor. HEK
293T cells transfected with FRB-barrestin2-YFP in the presence of Myc-V2R-FKBPþHA-V1aR (A) were incubated with rabbit polyclonal anti-
Myc antibody A14 and mouse monoclonal anti-HA antibody 12CA5 for 1 h at 41C. After treatment with 500 nM AP21967 for 30 min at 371C,
cells were fixed, permeabilised and labelled with Texas red-conjugated goat anti-rabbit and Alexa 633-conjugated goat anti-mouse antibodies to
visualise V2R and V1aR, respectively. In (B), the internalisation extent of coexpressed HA epitope-tagged V1aR and Myc epitope-tagged
receptor (V2R or dOR) was determined by measuring the cell surface receptor before and after AP21967 treatment by ELISA and expressed as
the loss of cell surface expression (% of control). All values correspond to the mean7s.e.m. calculated from at least three independent
experiments.
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the V1aR-FKBPþV2R-Rluc combination most likely results

from the direct stable interaction of FRB-barrestin2-YFP with

V2R-Rluc and a weaker BRET cross-signal between V2R-Rluc

and FRB-barrestin2-YFP that transiently interacts with V1aR-

FKBP. The weaker BRET observed for the reverse combination

(V2R-FKBPþV1aR-Rluc) would result from the crossinteraction
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Figure 5 Monitoring FRB-barrestin2-YFP stable association with V1aR and V2R homo- and heterodimers by BRET. Schematic representation of
the experimental paradigm used to monitor the AP21967-promoted recruitment of barrestin2 to V1aR and V2R homo- and heterodimers using
BRET in cells coexpressing FRB-barrestin2-YFP and a combination of receptors harbouring the FKBP moiety (V1aR-FKBP or V2R-FKBP) and the
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between V1aR-Rluc and FRB-barrestin2-YFP stably associated

with V2R-FKBP and the transient direct interaction between

V1aR-Rluc and FRB-barrestin2-YFP.

When considering treatment of cells with AP21967, the

receptor activity-independent translocation of FRB-barres-

tin2-YFP to one protomer fused to FKBP within the V1aR

and V2R homo- and heterodimer led to the detection of

robust BRET signals between FRB-barrestin2-YFP and the

second protomer fused to Rluc (Figure 5B and C). In contrast,

no BRET was detected when V2R-Rluc or V1aR-Rluc was

coexpressed with either V2R or V1aR not fused to FKBP in

the presence of FRB-barrestin2-YFP (Figure 5B and C). These

data clearly show that the interaction of barrestin2 with only

one protomer within a GPCR dimer is not only sufficient to

support the internalisation of the whole dimeric assembly,

but that it also leads to the engagement of barrestin2 in the

formation of stable oligomeric complexes involving at least

two GPCR molecules.

As indicated above, the kinetics of AP21967-promoted

endocytosis was somewhat slower than that induced by

AVP (see Figure 3A and B). This could result in part from a

slower rate of barrestin2 translocation to the receptors fol-

lowing AP21967 treatment as compared to that induced by

AVP. To test this hypothesis, the kinetics of barrestin2 inter-

action with V1aR and V2R homo- and heterodimer was

assessed by BRET following cell treatment with AVP or

AP21967. As shown in Figure 5D, when the V2R homodimer

was considered (V2R-FKBPþV2R-Rlucþ FRB-barrestin2-

YFP), AVP stimulation promoted the formation of a stable

oligomeric complex with a half-time of 0.2570.06 min as

compared to 8.171.0 min upon AP21967 treatment (Table II).

A similar difference in barrestin2 translocation was observed

for the V2R/V1aR heterodimer (V1aR-FKBPþV2R-Rlucþ
FRB-barrestin2-YFP) since half-times of 0.2570.02 and

7.870.6 min were obtained with AVP and AP21967 treat-

ment, respectively (Figure 5E and Table II). Interestingly,

AP21967 treatment induced barrestin2 recruitment to V1aR-

Rluc engaged in the assembly of either heterodimers with

V2R-FKBP or homodimers with V1aR-FKBP with similar slow

kinetics (half-time of 8.670.6 and 8.671.5 min, respectively)

(Table II). Taken together, these results indicate that the rate

of barrestin2 recruitment to the receptor homo- and hetero-

dimers was considerably reduced when promoted by

AP21967 as compared to AVP, and may explain, in part, the

slower endocytotic process observed following AP21967

treatment. In addition, one cannot exclude the possibility

that the barrestin2–receptor complex may not reach its

optimal internalisation-prone conformation following the

artificial AP21967-induced recruitment of barrestin2.

Indeed, in the case of agonist-promoted activation, the con-

formational change of barrestin resulting from receptor phos-

phorylation by GRKs is believed to contribute to the fast

recruitment of barrestin to the receptor (Hirsch et al, 1999;

Vishnivetskiy et al, 1999), and to allow the high-affinity

binding of the endocytotic machinery components to the C-

terminal domain of barrestin2 (Goodman et al, 1997;

Krupnick et al, 1997; Laporte et al, 2000, 2002; Kim and

Benovic, 2002) and possibly to the activated receptor itself

(Fan et al, 2001; Diviani et al, 2003).

Stable interaction between receptor and barrestin2

determines the recycling pattern

The observation that the AP21967 treatment promotes a

stable interaction between V1aR and barrestin2 while AVP

stimulation only induces the formation of a transient complex

provided an excellent tool to assess directly the hypothesis

that the stability of the interaction between the receptor and

barrestin determines the receptor recycling properties. Thus,

the recycling patterns of V2R and V1aR following AVP- and

AP21967-induced endocytosis were assessed by measuring

the cell surface reappearance of Myc-V2R-FKBP and HA-

V1aR-FKBP by ELISA. As expected, after AVP-promoted inter-

nalisation, the class B Myc-V2R-FKBP was unable to effi-

ciently recycle to the cell surface even 120 min after agonist

removal (Figure 6A). Indeed, following AVP removal (time 0),

some of the activated receptors remaining at the cell surface

undergo internalisation leading to a decrease in the receptor

number at the cell surface that cannot be compensated by the

inefficient recycling during the first 40 min. The slow recy-

cling could overcome this late endocytotic process only 2 h

after AVP removal barely allowing to recover the cell surface

expression level that was reached at time 0, thus leading to a

net recycling of 0% 120 min after AVP removal. In contrast,

the efficient recycling of the class A HA-V1aR-FKBP rapidly

predominated over the late internalisation following AVP

removal, leading to an increase in the number of receptors

at the cell surface as soon as 40 min and to a net recycling of

1479 and 59718% after 40 and 120 min, respectively

(Figure 6B). When the internalisation was promoted by

AP21967 treatment, both Myc-V2R-FKBP and HA-V1aR-

FKBP were trapped intracellularly (Figure 6) and no recycling

could be observed. This observation confirmed that the

AP21967-promoted stable interaction with barrestin2 is suffi-

cient to impair the recycling properties of a class A GPCR and

clearly demonstrates that the recycling properties of a given

GPCR are directly determined by the stability of its associa-

tion with barrestin2. Consistent with this notion, when AVP

and AP21967 were added together, the AP21967-promoted

stabilisation of interaction between FRB-barrestin2-YFP and

the AVP-stimulated receptors completely inhibited the

recycling that was observed following AVP stimulation

alone. These results nonambiguously confirm the hypothesis

formulated by Oakley et al (1999, 2000) but may appear

to contradict the observation that a mutant form of V2R

(V2RS363A), which was proposed to bind stably to barrestin,

recycles efficiently to the plasma membrane (Innamorati

et al, 2001). In the latter study, the stability of the interaction

between V2RS363A and barrestin2 was inferred from their

colocalisation in endosomes following AVP stimulation.

However, the V2RS363A recycling observed could result

from a partial reduction of its affinity for barrestin2 that

Table II Half-time of FRB-barrestin2-YFP recruitment to V1aR and
V2R homo- and heterodimers upon AVP or AP21967 treatment

T1/2 (min)

Dimers AVP AP21967

V1aR-FKBP V1aR-RLuc ND 8.671.5
V1aR-FKBP V2R-Rluc 0.2570.02 7.870.6
V2R-FKBP V1aR-RLuc ND 8.670.6
V2R-FKBP V2R-Rluc 0.2570.06 8.171.0

ND: not determined.
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could allow late dissociation in the endosomes and receptor

recycling.

The receptor activity-independent recruitment of

barrestin2 leads to the activation of extracellular

signal-regulated kinases 1 and 2

Besides their roles in GPCR trafficking, mounting evidence

suggests that barrestins may also contribute to GPCR signal-

ling by acting as scaffolding proteins that bring MAPK

cascade components in close vicinity of the agonist-occupied

receptors (DeFea et al, 2000b; McDonald et al, 2000; Luttrell

et al, 2001; Hall and Lefkowitz, 2002; Perry and Lefkowitz,

2002; Tohgo et al, 2002, 2003). In several instances, this

MAPK activation has been proposed to be independent of any

G protein engagement (Azzi et al, 2003; Wei et al, 2003).

However, whether barrestin2 translocation is sufficient, on its

own, to activate extracellular signal-regulated kinases (ERKs)

in the absence of any ligand-promoted activation of the

receptor itself has never been investigated. To address this

question, we studied the effects of AVP- and AP21967-pro-

moted barrestin2 recruitment on ERK1/2 phosphorylation.

As shown in Figure 7A, when Myc-V2R-FKBP and HA-V1aR-

FKBP were separately coexpressed with FRB-barrestin2-YFP,

AVP stimulation led to a time-dependent increase in ERK1/2

activity that reached its maximum after 2 min. The AP21967-

promoted translocation of FRB-barrestin2-YFP to either

FKBP-fused vasopressin receptors also led to robust ERK1/2

activation (Figure 7B), indicating that the recruitment of

barrestin2 to the receptor in the absence of its activation by

an agonist is sufficient to activate the MAPK pathway. As was

the case for the AP21967-induced barrestin2 recruitment and

endocytosis (see Figures 4 and 5), the kinetics of ERK1/2

activation by the heterodimeriser was significantly slower

than that induced by AVP, reaching its maximum at

20–30 min. Taken with the fact that AP21967 treatment did

not promote adenylyl cyclase or phospholipase C response

(see Table I), these results clearly support the existence of a G

protein-independent signalling pathway that only requires

the translocation of the scaffolding protein barrestin2. This

conclusion is consistent with recent findings that receptor

ligands that cannot activate classical G protein-mediated

signalling are nevertheless able to activate the MAPK path-

way in a barrestin-dependent manner (Azzi et al, 2003; Wei

et al, 2003).

Plasma membrane translocation of cytosolic barrestin2

is sufficient on its own to promote signalling pathway

activation leading to ERK1/2 phosphorylation

The observation that barrestin2 translocation to the receptors

is sufficient to lead to ERK1/2 phosphorylation begs the

question whether barrestin2 interaction with receptors is

required to promote ERK1/2 activation or if barrestin2 trans-

location to the plasma membrane is sufficient. To answer this

question, FRB-barrestin2-YFP was coexpressed with a chi-

meric fusion protein (MyrFKBP2) containing an amino-term-

inal myristoylation signal (Myr) and two copies of FKBP

(FKBP2). Due to the presence of the myristoylation signal,

FKBP2 would be targeted to the cytoplasmic face of mem-

branes and AP21967 treatment should promote the specific

recruitment of barrestin2 to the cell surface in the absence of

interaction with any receptor. As expected, when FRB-barres-

tin2-YFP was coexpressed with MyrFKBP2, AP21967 treat-

ment led to the translocation of FRB-barrestin2-YFP to the

plasma membrane (Figure 8A). This conditional plasma

membrane translocation of FRB-barrestin2-YFP in response

to AP21967 led to robust time-dependent ERK1/2 activation

that reached its maximum at 15 min (Figure 8B). The selec-

tivity of this effect was demonstrated by the absence of ERK1/

2 activation following AP21967 treatment of cells expressing

either MyrFKBP2 or FRB-barrestin2-YFP separately (data not

shown). These results clearly demonstrate that barrestin2

translocation to the plasma membrane is sufficient on its

own to promote the activation of signalling pathway leading

to ERK1/2 phosphorylation. Moreover, given that, following

its artificial AP21967-induced dimerisation with MyrFKBP2,

FRB-barrestin2-YFP remains localised at the plasma mem-

brane and is not internalised into endosomal vesicles (see

Figure 8A), these results discredit the hypothesis that endo-

cytosis of barrestin2–GPCR complex is a prerequisite for

ERK1/2 activation. Recruitment to the plasma membrane
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Figure 6 Recycling efficiency of Myc-V2R-FKBP and HA-V1aR-
FKBP following AVP- or AP21967-promoted internalisation. HEK
293T cells cotransfected with Myc-V2R-FKBPþ FRB-barrestin2-YFP
(A) or HA-V1aR-FKBPþ FRB-barrestin2-YFP (B) were treated for
30 min at 371C with 100 nM AVP or 500 nM AP21967 added sepa-
rately or in combination, to promote the internalisation of the
receptors. The ligand remaining after treatment was removed by
cold PBS and acidic washes. Fresh media were then added and cells
reincubated at 371C for 40 or 120 min to allow the recycling of the
receptors. The differentially epitope-tagged receptors present at the
cell surface were assessed by ELISA at different periods of time
following the addition and the removal of the ligands and expressed
as % of the basal level. All values correspond to the mean7s.e.m.
calculated from at least three independent experiments.
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has also been demonstrated to constitute a key step for the

activation of other intracellular signalling molecules such

as Akt (Burgering and Coffer, 1995; Kohn et al, 1996;

Andjelkovic et al, 1997). Two general mechanisms could be

considered to explain how the simple recruitment of barres-

tin2 at the plasma membrane can lead to the MAPK activa-

tion. First, since a fraction of barrestin was suggested to exist

as a preformed complex with the nonreceptor tyrosine kinase

c-Src (Luttrell et al, 1999; Barlic et al, 2000; DeFea et al,

2000a; Miller et al, 2000), one could propose that barrestin

translocation brings c-Src to the plasma membrane where it

could induce the Ras-dependent activation of the ERK path-

way (Luttrell et al, 1996). Second, as a scaffolding unit for

some of the ERK kinase components (DeFea et al, 2000b;

Luttrell et al, 2001; Tohgo et al, 2002, 2003), barrestin could

bring a preassembled complex to the plasma membrane

where the ERK signalling cascade could be completed by a

partner(s) that is confined to this compartment by its binding

to cytoskeletal elements such as filamin (Marti et al, 1997). In

any case, it would appear that in the context of barrestin-

dependent MAPK activation, GPCR may primarily serve as a

means to bring barrestin to the plasma membrane and may

not be required as an integral part of the signalling module.

Although barrestin recruitment to the plasma membrane

appears to be sufficient to scaffold the required signalling

elements leading to ERK1/2 activation, the association with

specific receptors could determine the efficiency of barres-

tin2-mediated activation of ERK1/2 and regulates its spatio-

temporal pattern. For example, class B GPCRs have been

proposed to activate a barrestin-bound pool of ERK1/2 more

efficiently than class A GPCRs, thus leading to a cytosolic

retention of active ERK1/2 and a diminished transcriptional

response (Tohgo et al, 2003). Such a cytosolic retention of

barrestin-dependent activated ERK1/2 also leads to a more

sustained signalling, whereas nuclear translocation of acti-

vated ERK1/2 results in a transient response (Ahn et al,

2004a). When considering the present study, the ERK1/2

activity is persistent following AP21967-mediated barrestin2

recruitment to V1aR or V2R (see Figure 7B) but more

transient following the receptor-independent localisation of

barrestin2 to the plasma membrane using MyrFKBP2 (see

Figure 8B). One could thus assume that the AP21967-

mediated receptor–barrestin2 interaction would lead to a

cytosolic retention of the complex containing activated

ERK1/2, whereas, in the absence of receptor interaction,

barrestin2 may not achieve its optimal conformation for

persistent scaffolding of phospho-ERK1/2, resulting in their

rapid translocation to the nucleus and subsequent dephos-

phorylation. Alternatively, it is possible that the activated

ERK1/2 remained associated with barrestin2 translocated to

MyrFKBP2 at the plasma membrane but that the conforma-

tion reached by barrestin2 would not allow it to shield

the phosphorylated ERKs from cytosolic phosphatases.

Additional studies will be required to determine the precise
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subcellular localisation of activated ERK1/2 following barres-

tin2 recruitment to the receptor and translocation to the

plasma membrane.

Whether our observation can be generalised to barrestin1

remains to be investigated. Given that barrestin1 has also

been proposed to act as a scaffolding protein for c-Src

(Luttrell et al, 1999; Barlic et al, 2000; DeFea et al, 2000a;

Miller et al, 2000) and components of the ERK pathway

(DeFea et al, 2000b; Tohgo et al, 2002), one could predict

that barrestin1 translocation to the plasma membrane could

also be sufficient to induce the ERK1/2 activation. However,

the recent finding that, at physiological levels, barrestin1 but

not barrestin2 acts as a negative regulator of the angiotensin

AT1A receptor-mediated ERK1/2 phosphorylation (Ahn et al,

2004b) raises the possibility of distinct regulatory influences

for the two molecules.

Our results clearly show that the interaction between

receptors and barrestin2 is sufficient on its own to mediate

the normal regulatory function of this scaffolding adaptor

protein, independently of the classical conformational

changes associated with agonist-promoted receptor activa-

tion. This represents a proof of principle that allosteric

regulation of the barrestin–GPCR interaction constitutes a

mean to control specific aspects of GPCR signalling indepen-

dently of receptor ligand binding. The observation that

translocation of barrestin2 to the plasma membrane in the

absence of direct interaction with the receptor is sufficient to

activate MAPK further demonstrates that barrestins are gen-

uine signalling molecules that have the potential to act

independently of GPCR. Whether barrestin/receptor interac-

tion or barrestin translocation to the plasma membrane could

be amenable to allosteric pharmacological manipulation in

native environment where fusion proteins cannot be

used remains an open question that will deserve further

investigation.

Materials and methods

Heterodimeriser-induced barrestin2 recruitment
to receptor/plasma membrane
Heterodimerisation of FRB-barrestin2 and receptor-FKBP constructs
was induced by cell treatment with the heterodimeriser AP21967,
a chemically modified derivative of rapamycin (see Figure 1A).
Such chemical inducer of dimerisation is a cell-permeant organic
molecule with two separate motifs, binding with high affinity FKBP
and FRB respectively (http://www.ariad.com/regulationkits). bar-
restin2 translocation to plasma membrane in a receptor-indepen-
dent manner was induced by the AP21967-promoted
heterodimerisation of barrestin2 with a chimeric fusion protein
containing an amino-terminal myristoylation signal followed by
two copies of FKBP (MyrFKBP2).

Immunofluorescence microscopy
At 48 h after transfection, HEK 293T cells were incubated with
rabbit polyclonal antibody A14 and/or mouse monoclonal antibody
12CA5 for 1 h at 41C. Following washes at 41C, cells were treated for
30 min at 371C in the presence or absence of the appropriate ligand
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(100 nM AVP or 500 nM AP21967). Cells were then washed, fixed
and permeabilised before the incubation with a secondary goat anti-
rabbit antibody coupled to Texas red (for the Myc-V2R-FKBP) or
goat anti-mouse antibody coupled to Texas red (for the HA-V1aR-
FKBP) for 30 min at room temperature (RT). For experiments where
both FKBP-fused and nonfused receptors were coexpressed, a
secondary goat anti-rabbit antibody coupled to Texas red (for the
Myc-V2R) and a goat anti-mouse antibody coupled to Alexa 633 (for
the HA-V1aR) were used in combination. The samples were
analysed by confocal laser-scanning microscopy utilising a Leica
TCS SP1 confocal microscope, and colocalisation was performed by
overlay of the images using the Leica Confocal Software LCS
(Heidelberg, Germany). Excitation and emission filters for the
different labelled dyes were as follows: YFP (green): lex¼ 488 nm,
lem¼ 540/25 nm; Texas red (red): lex¼ 568 nm, lem¼ 610/30 nm;
Alexa 633 (blue): lex¼ 633 nm, lem¼ 705/45 nm.

ELISA
At 48 h post-transfection, cells were treated or not with the
appropriate ligand (AVP or AP21967) for 30 min at 371C. After
two washes, cells were fixed and incubated in blocking solution
(PBS/0.2% BSA) for 15 min at RT. Cells were kept at RT for all
subsequent steps. Cells were then incubated with anti-Myc (9E10)
or anti-HA (12CA5) antibodies for 30 min. After three PBS/0.2%
BSA washes, cells were incubated with anti-mouse/horseradish
peroxidase (HRP) conjugate (Amersham Pharmacia Biotech, Little
Chalfont, UK). After extensive washing, the HRP substrate o-
phenylenediamine dihydrochloride (Sigma, St Louis, MO) was
added and optical density (OD) was measured at 492 nm. For each
experiment, mock conditions corresponding to cells transfected
with empty vector were included. The percentage of internalisation
is defined as 100� ((ODBasal�ODMock)�(ODStimulated�ODMock))/
(ODBasal�ODMock), where ODStimulated and ODBasal correspond to
the OD obtained with ligand-treated and nontreated cells, respec-
tively. For kinetic analysis of receptor recycling, the ligand
treatment was followed by two washes with PBS, two washes with
acidic buffer (150 mM NaCl/5 mM acetic acid) and again three
washes with PBS at 41C to remove all bound ligand. Cells were then
transferred back to 371C in DMEM for different times of recycling
(40 or 120 min). The percentage of receptors at the cell surface is
defined as 100� (ODStimulated�ODMock)/(ODBasal�ODMock). Tripli-
cates were performed for each condition within an experiment.

BRET assays
At 48 h post-transfection, cells were treated or not with either
100 nM AVP or 500 nM AP21967 at 371C for the indicated period of
times before being washed with PBS, detached in PBS/glucose (1 g/
l) and distributed in a 96-well microplate. Coelenterazine H was

added to a final concentration of 5 mM and readings were collected
using a multidetector plate reader FUSIONTM (Packard Instrument
Company, Meriden, CT), allowing the sequential integration of the
signals detected in the 440–500 and 510–590 nm windows. The
BRET values were determined by calculating the ratio of the
fluorescence signal emitted by FRB-barrestin2-YFP (emission at
510–590) over the luminescence signal emitted by the Rluc-fused
V1aR or V2R (emission at 440–500). These values were corrected by
subtracting the background signal detected when the V1aR-Rluc or
V2R-Rluc construct was expressed alone.

Detection of phosphorylated ERK1/2 (p42/p44 ERK)
HEK 293T cells were serum-starved for 24 h and treated for the
indicated times with 100 nM AVP or 500 nM AP21967 at 371C. The
reaction was stopped in sample buffer (60 mM Tris–HCl pH 7.4/2%
SDS/15% glycerol/50 mM dithiothreitol) and the samples were
resolved by SDS/PAGE. The mouse monoclonal anti-P-ERK1/2 (E4)
1/2000 was used to detect the phosphorylated ERK1/2, and the
immunoreactivity was revealed using HRP-coupled anti-mouse
antibody 1/5000. The blots were then stripped and reblotted with
the rabbit polyclonal anti-ERK1/2 (K23) 1/20 000 and the HRP-
coupled anti-rabbit antibody 1/10 000, to control for the total
amount of kinases loaded. Data from separate experiments were
analysed using Quantity One (Bio-Rad) software and ERK1/2
phosphorylation was normalised according to the loading of
proteins by expressing the data as a ratio of P-ERK1/2 to total
ERK1/2.

For all other materials and methods, see Supplementary data.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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