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Summary 

ß-arrestins (ß-arrs), two ubiquitous proteins involved in serpentine heptahelical 

receptor regulation and signaling, form constitutive homo- and hetero-oligomers 

stabilized by inositol 1,2,3,4,5,6-hexakisphosphate (IP6).  Monomeric ß-arrs are 

believed to interact with receptors following agonist activation and therefore ß-arr 

oligomers have been proposed to represent a resting biologically-inactive state. 

In contrast to this, we report here that the interaction with and subsequent titration out 

of the nucleus of the proto-oncogene Mdm2 specifically require ß-arrestin 2 (ß-arr2) 

oligomers together with the previously characterized nucleocytoplasmic shuttling of 

ß-arr2.  Mutation of the IP6 binding sites impair oligomerization, reduce interaction 

with Mdm2 and inhibit p53-dependent anti-proliferative effects of ß-arr2, whereas the 

competence for receptor regulation and signaling is maintained.  These observations 

suggest that the intracellular concentration of ß-arr2 oligomers might control cell 

survival and proliferation. 
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Introduction 

 

ß-arrestin-1 (ß-arr1 also known as arrestin 2) and ß-arr2 (or arrestin 3) are two 

ubiquitously expressed multifunctional proteins, which bind to ligand-activated 

phosphorylated G-protein coupled receptors (GPCRs). Originally identified as 

negative regulators of GPCR function, because their binding promotes GPCR 

desensitization (1), they were subsequently shown to play a role as adaptor proteins 

connecting GPCRs to the endocytic machinery (2-4). It is now increasingly apparent 

that, in addition to their regulatory functions, ß-arrs may also represent signaling 

adaptors connecting GPCRs, as well as receptors of other families, to a growing 

number of effector pathways (reviewed in (5-8)). Although most functions of ß-arrs 

depend on their interactions with molecular partners at the plasma or endosomal 

membranes, ßarrs also have biological roles within the nucleus. For example, ß-arr2 

(not ß-arr1) redistributes the pro-oncogenic ubiquitin ligase Mdm2 (9) and the JNK3 

kinase (10) from the nucleus to the cytoplasm. This property depends on the 

presence of a leucine-rich nuclear export signal in the C-terminus of ß-arr2, which 

mediates the nuclear export of ß-arr2 by leptomycin B-sensitive exportins (11). More 

recently, it has been reported that, despite the fact that ß-arr1 does not shuttle 

between the nucleus and the cytoplasm like ß-arr2, it can accumulate in the nucleus 

in response to receptor activation and interact with specific promoters. Such an 

accumulation facilitates the recruitment of a histone acetyltransferase, enhancing 

local histone acetylation and gene transcription (12). 

Early structural studies conducted on ß-arr1 and arrestin, found exclusively in 

visual tissues, reported the existence of oligomers in crystals, indicating that this 

family of proteins may have the propensity to form oligomers (13-15). However, the 

existence of constitutive oligomers in living cells at physiological concentrations was 

only recently confirmed (16). The oligomeric state of ß-arrs appears to be stabilized 

by IP6 (17). This sugar bridges two binding sites located, respectively, on the N-

terminal and the C-terminal globular domains of two different ß-arr protomers.  

Noteworthy, the IP6 binding site on the C-terminal domain and the residues 

implicated in attachment to plasma membrane phosphoinositides, upon ß-arr 

translocation to activated receptors (18), are partially overlapping. Mutation of either 

IP6-binding site of ß-arr1 impaired ß-arr1 oligomerization, whereas interactions of 

IP6-binding mutants with known binding partners, such as clathrin, AP-2, and ERK2 
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were maintained (17). Based on the above findings, it was proposed that IP6 binding 

would be a negative regulator of ß-arr interactions with plasma membrane partners 

by promoting cytosolic oligomerization, and that, consequently, ß-arrs would interact 

with GPCRs as monomers. Oligomers would thus represent an inactive pool of ßarrs 

stocked in the cytoplasm. 

The fact that ß-arr functions at the plasma membrane likely involve monomeric 

forms, does not exclude specific roles for ß-arr oligomers in other subcellular 

compartments.  In particular, delocalization of nuclear proteins, such as Mdm2, via 

the permanent nucleocytoplasmic shuttling of ß-arr2, may occur even in the absence 

of receptor activation (9, 11) and might thus involve ß-arr2 oligomers. This hypothesis 

was investigated here. Based on the structural information available for the ß-arr1 

dimer (17), mutations predicted to affect IP6 binding and stability of ß-arr2 oligomers 

were generated and their influence on function assessed. Impairment of ß-arr2 

oligomerization selectively inhibited ß-arr2-Mdm2 interaction as well as p53-

dependent anti-proliferative effects of wild-type ß-arr2 in tumor cells. These findings 

are consistent with a novel specific function of ß-arr2 oligomers in the 

physiopathological control of cell division. 
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 Results 

Characterization of ß-arr2 IP6-binding-mutants 

The Lys and Arg residues forming the IP6 binding site, which are located in 

either the N-terminal or the C-terminal globular domains of ß-arr1 (17), are conserved 

in the ß-arr2 sequence. Alanine substitutions of corresponding residues were 

performed in the rat ß-arr2 cDNA, resulting in either the N-terminal domain mutant 

(K158A, K161A and R162A), referred to as ß-arr2ΔIP6-N, or the C-terminal domain 

mutant (K232A, R234A, K252A, K326A, K328A), referred to as ß-arr2ΔIP6-C (Figure 

1a). Co-immunoprecipitation experiments in COS7 cells with ß-arr2ΔIP6-N and ß-

arr2ΔIP6-C showed that the mutation of the IP6 binding sites in either domain of ß-

arr2 is sufficient to inhibit oligomerization compared to wild-type ß-arr2 (Supp. Figure 

1). The impairment of ß-arr2 self association was confirmed in living HEK293 cells 

using Bioluminescence Resonance Energy Transfer (BRET) assays (16), conducted 

with wild type and mutant forms of ß-arr2 fused to either Renilla luciferase (Rluc), the 

BRET donor, or the yellow variant of EGFP (YFP), the BRET acceptor (Figure 1b). In 

BRET saturation experiments with wild type ß-arr2 fusion proteins, a hyperbolic curve 

was obtained, demonstrating the progressive saturation of the BRET donor with 

increasing concentrations of the acceptor, which is representative of oligomer 

formation. In control experiments, using free YFP as BRET acceptor, weaker BRET 

signals were observed, linearly increasing with the acceptor concentration, 

corresponding to non-specific bystander BRET. Interestingly, similar nonspecific 

signals were observed with ß-arr2ΔIP6-N and ß-arr2ΔIP6-C, confirming their lower 

propensity to self-associate in vivo. 

Assays were next conducted, to examine whether the mutation of IP6 binding 

sites would perturb important biological functions of ß-arr2. The predominantly 

cytoplasmic distribution of ß-arr2 at steady state was not affected by mutations 

(Supp. Figure 2a). Upon Angiotensin II receptor activation, ß-arr2 mutants were 

recruited normally in clathrin-coated pits, and then accumulated in endosomes (Supp. 

Figure 2b,c), the kinetic of agonist-promoted GPCR internalization being comparable 

in cells expressing wild type ß-arr2 and mutants (Supp. Figure 2d). Both IP6 binding 

mutants retained the capacity to interact with known ß-arr2 partners such as the AP2 

adaptor (4) or Filamin A (19) in co-immunoprecipitation experiments (Supp. Figure 3). 

Finally, the MAP kinase scaffolding properties of ß-arr2ΔIP6-N and ß-arr2ΔIP6-C 
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were not impaired, as shown by the preserved agonist-induced ß-arr-dependent 

phosphorylation of ERK1/2 (Supp. Figure 4), in agreement with previous results 

showing that ß-arr1 IP6 binding mutants still interact with ERK2 (17). 

Mutation of the conserved basic residue patches forming the IP6 contact sites of ß-

arr1 was reported to prevent the formation of oligomers and to increase its nuclear 

localization (17). This observation was interpreted as an indication that monomers 

have a more efficient nuclear import mechanism than oligomeric ß-arr1. Since ß-arr2 

permanently shuttles between the cytosol and the nucleus, due to its nuclear import 

and export signals, we examined whether mutations of the IP6 binding sites would 

perturb this property. Incubation of HeLa cells expressing either wild type or mutant 

ß-arr2 with leptomycin B (LMB), an inhibitor of the CRM1 exportin, induced 

comparable extent and kinetics of nuclear accumulation (Supp. Figure 5a,b). These 

observations indicate that, at least for ß-arr2, oligomerization does not affect nuclear 

import. The nucleocytoplasmic shuttling of ß-arr2 was reported to redistribute the 

JNK3 MAP kinase from the nucleus to the cytosol (11). ß-arr2, ß-arr2ΔIP6-N and ß-

arr2ΔIP6-C showed a comparable effect on JNK3 redistribution from the nucleus to 

the cytosol (Supp. Figure 5c,d). 

 

Impaired interaction of ß-arr2 IP6-binding-mutants with Mdm2 

The proto-oncogene Mdm2 is another interaction partner, which can be titrated out of 

the nucleus via the nucleocytoplasmic shuttling of ß-arr2 (9). We therefore 

investigated the capacity of ß-arr2-YFP to redistribute co-expressed Mdm2 (Figure 2 

a,b). In control experiments, Mdm2 appeared exclusively nuclear in more than 50% 

of HeLa cells and was never found to be exclusively cytosolic. In cells co-expressing 

ß-arr2-YFP, Mdm2 was exclusively nuclear in only ≈20% of the cells and appeared to 

be exclusively cytosolic in approximately the same proportion. In contrast, the 2 

mutants of IP6 binding sites failed to redistribute Mdm2 to the cytosol. We examined 

whether the observed phenotype could be related to the impaired capacity of ß-

arr2ΔIP6-N and ß-arr2ΔIP6-C to interact with Mdm2. In saturation BRET experiments 

conducted with Rluc-Mdm2 as donor, a specific saturable BRET signal could only be 

obtained with ß-arr2-YFP (Figure 2c). Experiments with both ß-arr2ΔIP6-N-YFP and 

ß-arr2ΔIP6-C-YFP only provided non-specific signals comparable to those obtained 

with free YFP. Importantly, specific BRET signals was obtained for concentrations of 
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exogenous wild type and mutant ß-arr2, which are comparable with that of 

endogenous ß-arr2 in primary human cells (Supp. Figure 6). The assumption that 

impaired oligomerization of ß-arr2 would affect the stability of its interaction with 

Mdm2, was corroborated by co-immunoprecipitation experiments, which showed that 

ß-arr2ΔIP6-N and ß-arr2ΔIP6-C (to a lesser extent) were less effective than wild-type 

ß-arr2 to co-immunoprecipitate Mdm2 (Figure 2d). To directly visualize the ß-arr2-

Mdm2 interaction in live cells, we used Fluorescence Lifetime Imaging Microscopy 

(FLIM), a well-adapted method to measure FRET in living cells (16). In these 

experiments, Mdm2 was fused to EGFP (the FRET donor) and wild type or mutant ß-

arr2 to the red fluorescent protein mCherry (the FRET acceptor) (20). The 

fluorescence decay of EGFP, measured at steady state in cells where EGFP-Mdm2 

was redistributed to the cytosol by ß-arr2-mCherry, was significantly reduced 

compared to cells expressing the FRET donor and control mCherry. This result is 

indicative of energy transfer and thus of the existence of Mdm2-ß-arr2 interaction 

(Figure 2e). In control cells expressing ß-arr2ΔIP6-N-mCherry or ß-arr2ΔIP6-C-

mCherry, no FRET was observed, consistent with their absence of interaction with 

Mdm2 and with their failure of redistributing EGFP-Mdm2 out of the nucleus. 

The data above also support the hypothesis that ß-arr2 oligomers are able to interact 

with Mdm2 in the nucleus. The existence of ß-arr2-Mdm2 complexes within the 

nucleus could indeed be visualized by FLIM (Figure 3a). Moreover, nuclear ß-arr2 

oligomers were directly visualized by the same approach using EGFP-ß-arr2 as 

FRET donor (Figure 3b). In the presence of LMB, ß-arr2 oligomers progressively 

accumulated in the nuclear area, and no significant difference of fluorescence decay 

could be measured between the nucleus and the cytosol, demonstrating similar 

levels of oligomerization in the 2 compartments (Figure 3c). 

 

A major biological function of Mdm2 is to control the stability of the p53 protein 

and, consequently to counteract p53 effects on cell survival and proliferation (21). 

Since it was reported that binding of ß-arr2 reduces Mdm2-mediated p53 degradation 

and thus enhances p53 activity (22), we investigated whether these effects would be 

lost because of the impaired interaction of both ß-arr2∆IP6 mutants with Mdm2. 

Transcriptional effects of p53 involve interaction with specific binding motifs in the 

promoter of p53-regulated genes (23). The p53 negative H1299 human-lung 

carcinoma cells were co-transfected with various ßarr2 constructs and a plasmid 
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coding for luciferase under the control of a p53-regulated promoter, in the presence 

or absence of exogenous p53 and/or Mdm2 (Figure 4a). In this system, the 

expression of exogenous p53 alone markedly enhanced the luciferase signal. The 

co-expression of ß-arr2 induced a specific additional increase of the signal. The 

functional link between this effect and the Mdm2-dependent regulation of p53 was 

confirmed by the fact that the ß-arr2-promoted enhancement was inhibited in case of 

exogenous Mdm2 overexpression. Interestingly, neither IP6 binding mutants or the 

NES-deleted mutant (ß-arr2 ΔNES, Figure 1a), which cannot redistribute Mdm2 to 

the cytosol, because of its inhibited nucleocytoplasmic shuttling (9), could 

significantly increase p53-dependent luciferase activity. One of the first 

consequences of p53 expression, in nearly all mammalian cell types, is a block in the 

cell-division cycle either at the G1-to-S or at the G2-to-mitosis transition (24). The 

reintroduction of p53 in H1299 cells increased the number of cells arrested in the 

G2/M phase (Figure 4b). Co-transfection of ß-arr2 significantly enhanced the G2 

block, whereas co-expression of ß-arr2ΔIP6-N, ß-arr2ΔIP6-C or ß-arr2 ΔNES was 

ineffective.  

The experiments above were conducted in cells overexpressing exogenous ß-

arr2 in addition to the endogenous ß-arr2 found in H1299. To make sure that the 

functional effects on p53 function were not biased by overexpression, we took 

advantage of mouse embryonic fibroblasts obtained from ß-arr2 knockout embryos 

(MEF ß-arr2KO) (25). MEF ß-arr2KO cells were reconstituted with “physiological” 

concentrations of wild type or mutant ß-arr2 and the functional effects of 

reconstitution on p53 transcriptional activity analyzed (Figure 4c,d). The results 

obtained reproduced those obtained with H1299 cells indicating that effects on p53 

activity can indeed be regulated by endogenous levels of ß-arr2.  

Taken together, these results indicate that ß-arr2 promotes p53 function and 

that, in addition to the interaction with Mdm2, this biological function requires both 

preserved nucleocytoplasmic shuttling, and self-assembly of ß-arr2.  
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Discussion 

 Although the existence of homo- and hetero-oligomers of ß-arrs has been 

documented with multiple experimental approaches, this is the first time that an 

important biological function has been attributed to ß-arr2 oligomers. Indeed, we 

have shown that the ß-arr2-dependent titration of the oncoprotein Mdm2 out of the 

nucleus and the subsequent enhancement of p53 activity, were inhibited when self-

assembly of ß-arr2 was prevented by mutation of the binding sites for IP6, a sugar 

reported to stabilize the association between the N-terminal and C-terminal globular 

domains of two ß-arr2 protomers. These mutations did not affect the overall capacity 

of ß-arr2 to shuttle between the cytosol and the nucleus and their effect was specific 

for Mdm2 since JNK3, another nuclear protein interacting with ß-arr2, was normally 

redistributed into the cytosol in the presence of ß-arr2 IP6-binding mutants.   

The interface between ß-arr2 and Mdm2 was mapped by co-

immunoprecipitation experiments (22) and two-hybrid studies (our unpublished 

results) to the N-terminal domain of ßarr2, between positions 154 and 180.  Thus, it is 

possible that mutations of the IP6 binding sites not only destabilize the ß-arr2 

oligomer, but might also directly inhibit the interaction with Mdm2, consistent with the 

complete inhibition of the co-immunoprecipitation of the ß-arr2ΔIP6-N. A similar direct 

effect on Mdm2 binding, however, cannot be attributed to mutations of the C-terminal 

IP6 binding site (K232A, R234A, K252A, K326A, K328A), which still caused 

comparable effects in terms of Mdm2 redistribution as mutations of the N-terminal 

domain. Mdm2 is a RING domain E3 ubiquitin ligase, which was reported to dimerize 

in vitro (26). The solution structure of the RING domain of the human homolog of 

Mdm2 revealed a symmetrical dimer (27), and it was proposed that Mdm2 

homodimers rather than monomers display the E3 ubiquitin-ligase activity (28). Thus 

the availability of multiple binding sites within a ß-arr2 oligomer might increase the 

affinity for Mdm2 dimers and stabilize the complex.   

 Ubiquitination of ß-arr2, catalyzed by the E3 ubiquitin ligase activity of Mdm2, 

was reported to be essential for mediating GPCR endocytosis (29, 30), whereas in 

our experiments endocytosis of the TRH receptor was not affected by mutations 

inhibiting the stable interaction of ß-arr2 with Mdm2 and which might thus prevent its 

ubiquitination. We verified that GPCR-stimulated ubiquitination of ß-arr2∆IP6-N and 

ß-arr2∆IP6-C was maintained (data not shown), indicating that the stable association 

with Mdm2 is not obligatory for ß-arr2 ubiquitination. It was reported recently that 
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Mdm2 and the receptor kinase GRK2 interact in resting cells and that their 

association is enhanced by GPCR activation and ß-arr overexpression (31), 

suggesting that stimulated receptors may promote the formation of complexes 

comprising ß-arr, Mdm2 and GRK2. In line with these findings, GRK2-Mdm2 

complexes and ß-arr2 IP6-binding mutants might be independently translocated to 

activated receptors. Once in close proximity, ß-arr2∆IP6-N, ß-arr2∆IP6-C might 

become substrate of Mdm2, in the absence of any previous stable interaction, and 

thus remain competent for mediating normal receptor endocytosis. Alternatively, 

another E3 ligase might be able to substitute for Mdm2 in our experimental 

conditions. 

Using FLIM we could directly visualize the presence of ß-arr2 oligomers in the 

nucleus, at the same concentration as in the cytosol, after inhibiting CRM1-

dependent nuclear export with LMB. Oligomers accumulated in the nucleus with the 

same kinetics as total ß-arr2. Since the redistribution of Mdm2 to the cytosol by ß-

arr2 also requires an intact NES, these findings support a model where the 

interaction between Mdm2 and ß-arr2 oligomers occurs in the nucleus, the complex 

being subsequently exported to the cytosol via the interaction with the CRM1 

exportin. Consistent with this hypothesis, is the direct visualization of ßarr-2-Mdm2 

interaction in the nucleus by FLIM. 

 By regulating the subcellular localization of Mdm2, ß-arr-2 oligomers indirectly 

modulate the function of p53. This protein is a transcription factor, which has been 

implicated as a major mediator of cell cycle arrest and/or apoptosis in the response of 

mammalian cells to stress stimuli (32). In addition, loss or mutation of p53 is strongly 

associated with an increased susceptibility to cancer. Inhibiting oligomerization or 

nuclear export reduced the enhancing effect of ß-arr2 on the p53 transcriptional 

effect in vitro, and on the p53-dependent cell-cycle arrest in G2/M. This is not the first 

example of cell growth modulation via ß-arr2. Indeed, it was reported recently that ß-

arr2 stimulates the transcriptional activation of retinoid RAR receptors, and that the 

inhibition of PC12 cell growth in response to nerve growth factor involves the ß-arr2- 

and ERK2-dependent transcriptional activation of the RAR-beta2 receptor (33). 

Together with our data, these observations suggest a possible previously 

unappreciated role of ß-arrs in the control of cell division with multiple points of 

impact.  Future studies will be necessary to determine whether tissue concentration 
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of ß-arr oligomers may regulate mitogenic responses in normal and cancer tissues 

and how this effect might be regulated by external stimuli. 
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Methods 

 

Reagents and cells 

Unless otherwise specified, all products were from Sigma (St Louis, MO, USA). Wild 

type and ß-arr2KO MEF as well as the anti ß-arr polyclonal A1CT antibody were a 

kind gift of Dr. Robert Lefkowitz (Duke University, USA). Complete protease inhibitor 

cocktail and the 9E10 anti-Myc were from Roche (Mannheim, Germany). The anti-

Mdm2 antibody was home-made (R.F. laboratory), anti-Rluc antibody was from 

Chemicon (Billerica, MA, USA), anti-AP2 antibody (M300) and A/G sepharose were 

from Santa Cruz (Santa Cruz, CA, USA) and Horseradish peroxidase–conjugated 

polyclonal donkey anti-rabbit IgG or anti-mouse IgG and secondary antibodies for 

fluorescence microscopy were from Jackson ImmunoResearch (West Grove, PA, 

USA). 

GeneJuice transfection reagent was from Novagen (Darmstadt, Germany), 

Lipofectamine2000 was from Invitrogen (Carlsbad, CA, USA). The cDNA of human 

Mdm2 was kindly provided by Dr. N. Varin-Blank (Institut Cochin, Paris, France) and 

the p53 plasmid was described previously (34). Various tagged forms of ß-arr2 have 

been described previously (16). 

Hela, COS7, HEK-293T and H1299 cell lines were from the American Type Culture 

Collection (Manassas, VA, USA). Culture media were from Invitrogen. The p53-

deficient H1299 cells were maintained in RPMI 1640 medium supplemented with 

10% fetal calf serum (FCS), 100IU/ml penicillin and 100µg/ml streptomycin, at 37°C 

in a humidified 5% CO2 atmosphere. For the other cells Dulbecco’s modified Eagle 

medium was used instead of the RPMI.  

Site-directed mutagenesis 

Plasmids coding for ß-arr2 ∆IP6-N and ß-arr2 ∆IP6- were prepared using the Quick 

Change Site-directed mutagenesis kit (Stratagene, LaJolla, CA, USA) following the 

instructions of the manufacturer.  

Immunoprecipitation and immunoblotting 

About 3x10
6
 cells growing in 100mm dishes were transfected with 1µg of each 

plasmid as indicated in figure legends.  48 h post-transfection cells were lysed in cold 

glycerol lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 2 mM EDTA, 1% Triton, 

100µM Na3VO4, 1mM NaF) in the presence of protease inhibitors. 

H
A

L author m
anuscript    inserm

-00174967, version 1
H

A
L author m

anuscript    inserm
-00174967, version 1



13 

Immunoprecipitations were performed on 500µg of cell lysates using the monoclonal 

M2 anti-FLAG-affinity agarose or 9E10 anti-Myc antibody coupled to protein A/G 

sepharose. Following incubation, co-immunoprecipitated proteins and inputs were 

analyzed by Western blot.  

Immunofluorescence 

Cells, transfected with 0.2µg pCDNA-Mdm2 and 1µg of a ßarr2-EGFP construct, 

were fixed and processed for fluorescence microscopy as described (35). Samples 

were examined under an epifluorescence DMIRB inverted microscope (Leica, St. 

Gallen, Switzerland) attached to a cooled CCD camera (MicroMAX-

1300Y/HS, Princeton Instruments, Trenton, NJ, USA). 

BRET saturation assays 

HEK293T cells were transfected with 0,1 µg/well of the DNA construct coding for 

BRET donor and increasing (0,1–1 µg/well) amounts of the BRET acceptor plasmid 

(or control YFP). 24h after transfection, the luciferase substrate, coelenterazine h 

(Molecular Probes Europe, Leiden, The Netherlands), was added at a final 

concentration of 5 µM to 1x105 cells.  Luminescence and fluorescence were 

measured simultaneously using the MithrasTM fluorescence-luminescence detector 

(Berthold, Bad Wildbad, Germany). Cells expressing BRET donors alone were used 

to determine background. Filter sets were 485±10 nm for luciferase emission and 

530±12.5 nm for YFP emission. BRET ratios were calculated as described (16). 

p53 promoter Luciferase assay 

H1299 cells were co-transfected with pRLTK (Promega, Madison, WI, USA), 

plasmids expressing the indicated forms of ß-arr2, and the p53-cis reporter-Luc 

(Stratagene). Total transfected DNA was maintained constant using appropriate 

amounts of pcDNA3 (Invitrogen). After 48 h, cells were lysed, and luciferase activity 

was measured using the Dual Luciferase Assay Kit (Promega) in a luminometer 

(Berthold Instruments) according to manufacturer’s protocol. 

Flow cytometry 

48 h post transfection, H1299 cells were harvested and fixed with ice-cold 70% 

ethanol. After 30 min incubation with RNase at 37°C cells were stained with 

propidium iodide (50 µg/ml) and analyzed with a LSR flow cytometer (Becton-

Dickinson, San Jose, CA, USA).  
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Fluorescence Lifetime Imaging Microscopy 

FLIM experiments were performed as described (16), with the technical modifications 

reported in (20). The detailed procedure can be found in Supporting Methods. 

Statistical analysis.  

Data are expressed as a mean value ± SD or SEM. All results were confirmed in at 

least three separate experiments. Data were analyzed using Student’s t test and p < 

0.05 (at least) was considered statistically significant. 
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Figure Legends 

Fig 1: β−arr2 IP6-binding site mutants show impaired oligomerization 

a) ß-arr2 constructs used in the study. Boxes indicate N-terminal and C-terminal 

globular domains of ß-arr2 (N-Ter arrestin and C-Ter arrestin, respectively). Positions 

of alanine substitutions, to generate the mutants of the N-terminal and C-terminal IP6 

binding sites (ΔIP6-N and ΔIP6-C, respectively) and of the NES of ß-arr2 (ΔNES), are 

shown. b) BRET saturation curves obtained by measuring BRET ratios in HEK293T 

cells expressing fixed quantities of BRET donor (ß-arr2-Rluc) and increasing 

amounts of BRET acceptors (YFP-tagged ß-arr2 constructs and control YFP). 

Relative amounts of BRET acceptor are expressed as the ratio between the 

fluorescence of the acceptor over the luciferase activity of the donor. YFP° 

corresponds to background fluorescence in cells expressing the BRET donor alone. 

Error bars indicate S.D. of mean specific BRET-ratio values from 21 to 42 individual 

transfections grouped as a function of the amount of BRET acceptor.  

 

Fig 2: Inhibition of β−arr2 oligomerization impairs cytosolic delocalization of 

Mdm2  

a) HeLa cells expressing ß-arr2-YFP, ß-arr2ΔIP6-N-YFP or ß-arr2ΔIP6-C-YFP 

constructs and Mdm2. Anti-Mdm2 monoclonal antibody was revealed using a 

secondary Cy3-labeled donkey anti-mouse IgG antibody. Similar results were 

obtained in H1299, COS and HEK293T cells (not shown). b) Determination of 

predominant nuclear, cytosolic or diffuse Mdm2 localization in the indicated number 

of cells used in immunofluorescence experiments. Bars indicate the percentage of 

cells in each category. Similar results were obtained in H1299 cells (data not shown). 

c) BRET saturation experiments (as described in Fig 1b) in HEK293T cells 

expressing Rluc-Mdm2 as BRET donor and the indicated acceptors (number of 

individual transfections: 33 to 66). d) Interaction between Mdm2 and ß-arr2 assessed 

by co-immunoprecipitation experiments. COS7 cells were co-transfected with (1µg) 

of either ß-arr2, ß-arr2ΔIP6-N or ß-arr2ΔIP6-C Flag-tagged constructs or control 

empty vector and Rluc-Mdm2 cDNA. After immunoprecipitation with anti-Flag 

antibodies, immunoblots were probed with anti-RLuc antibodies; 10% of input is 

shown. e) Steady-state FLIM in HEK293 live cells expressing EGFP-Mdm2 (the 

FRET donor), alone or in association with the indicated FRET acceptors: mCherry 
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(Ch); ß-arr2-mCherry (ß-arr2-Ch); ß-arr2�IP6-N-mCherry (�IP6-N-Ch); ß-arr2�IP6-

C-mCherry (�IP6-C-Ch). Average values (+SEM, n=10) of fluorescence lifetime (τ), 

shown in the figure with a pseudo-color scale (from 1,5 to 3ns) were, 2.386+0.004, 

2,259+0.014, 2.386+0.005 and 2.405+0.012 respectively. Only ß-arr2-mCherry 

significantly decreased the fluorescence lifetime of GFP-Mdm2 (p<0.05). 

 

Fig 3: Visualization of ß-arr2-Mdm2 interaction and of ß-arr2 oligomers in the 

nucleus.  

a) Nuclear and cytosolic FRET between EGFP-Mdm2 (FRET donor) and mCherry-

tagged ß-arr2 constructs (FRET acceptors) expressed in live HEK293 cells. 

Fluorescence lifetime (τ) of FRET donor in both nuclear (τnucl) and cytosolic (τcyto) 

areas of cells displaying diffuse distribution of both Mdm2 and wt ßarr2 (gray columns 

in figure 2b) is indicated. Values measured in the nuclear area in the presence of 

mCherry, ß-arr2�IP6-N-mCherry and ß-arr2�IP6-C-mCherry were, respectively, 

2.386+0.106, 2.378+0.182 and 2.406+0.138 (mean+SD); they were significantly 

higher (p<0.001) than that measured with ß-arr2-mCherry. b) Steady-state FLIM in 

cells expressing EGFP-ß-arr2 (FRET donor), alone or in association with ß-arr2-

mCherry (FRET acceptor) under basal condition or in the presence of 20nM LMB. 

Fluorescence lifetime is shown using a pseudo-color scale. c) Comparison of 

fluorescence lifetime values after LMB treatment in cells expressing the FRET donor 

alone or both FRET donor and acceptor. ** significant difference between τ values 

were observed in both nucleus and cytosol (p < 0.001).  

 

Fig 4: ß-arr2-dependent enhancement of p53 activity requires oligomerization 

and nuclear shuttling of βarr2 

a) H1299 cells growing in 6-well plates were co-transfected with the p53-cis reporter-

Luc (200 ng, Stratagene) and/or cDNA coding for p53 with or without Mdm2 cDNA 

(0,5 µg each) and the indicated ß-arr2 YFP-tagged constructs (0,5 µg). Total 

transfected DNA was kept constant using an empty vector. p53 promoter-dependent 

transcription (the luciferase signal) and ß-arr-associated fluorescence (for 

normalization) were measured; (**p<0.001, ß-arr2 vs vector in cells expressing p53 

alone). b) H1299 cells were transfected with equivalent amounts of cDNAs coding for 

p53, the indicated ß-arr2 YFP-tagged constructs or empty vector. 48h post 
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transfection, nuclei were stained with propidium iodide (50 µg/ml) and cell cycle 

phase were analyzed by FACS. Data indicate the fold increase of cells expressing 

YFP constructs in G2-M phase, comparatively to cells transfected with vector DNA; 

*p<0.05 wt ß-arr2 vs vector. Cell distribution in the various phases of cell cycle is 

shown in Supp. Table 1. c) MEF ß-arr2KO were transfected with p53-Luc reporter 

and reconstituted with the indicated ß-arr2 YFP-tagged constructs (1µg per 35mm 

dish). p53 promoter-dependent transcription and ß-arr-associated fluorescence were 

measured as in (a); (**p<0,001). d) Immunoblot analysis of wt and mutant ßarr2 in 

reconstituted MEF ß-arr2KO, comparatively to wt MEF and human peripheral blood 

mononuclear cells (PBMC), as described in Supp. figure 6. 
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