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Abstract
Numerous mutations in E3 ubiquitin ligase parkin were shown to associate with familial
Parkinson's disease. Here we show that parkin binds arrestins, versatile regulators of cell
signaling. Arrestin-parkin interaction was demonstrated by coimmuno-precipitation of endogenous
proteins from brain tissue, and shown to be direct using purified proteins. Parkin binding enhances
arrestin interactions with another E3 ubiquitin ligase, Mdm2, apparently by shifting arrestin
conformational equilibrium to the basal state preferred by Mdm2. Although Mdm2 was reported
to ubiquitinate arrestins, parkin-dependent increase in Mdm2 binding dramatically reduces the
ubiquitination of both non-visual arrestins, basal and stimulated by receptor activation, without
affecting receptor internalization. Several disease-associated parkin mutations differentially affect
the stimulation of Mdm2 binding. All parkin mutants tested effectively suppress arrestin
ubiquitination, suggesting that bound parkin shields arrestin lysines targeted by Mdm2. Parkin
binding to arrestins along with its effects on arrestin interaction with Mdm2 and ubiquitination is a
novel function of this protein with implications for Parkinson's disease pathology.
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Identification of several genes associated with the familial form of Parkinsons's disease (PD)
provided a tremendous momentum for the studies of the mechanisms of neurodegeneration
in this disorder. Parkin is a gene associated with autosomal recessive juvenile parkinsonism
(1). Loss-of-function mutations in parkin are the most frequent cause of the autosomal
recessive familial PD and are often found in younger patients with apparently sporadic PD
(2). Compound heterozygous mutations in parkin are also common and appear to be a
susceptibility factor for the late-onset PD (2-5). Some missense parkin mutants may act as
gain-of-function or dominant-negative proteins exerting neurotoxic effect (6, 7).
Functionally, parkin is an E3 ubiquitin ligase (8). Dysfunctions in the ubiquitin-proteasome
system (UBS) appear to play a prominent role in the PD-related neurodegeneration (9).
Parkin demonstrates neuroprotective activity in vitro and in vivo (10), although the
underlying mechanisms are unclear. Several parkin substrates were tentatively identified,
but the authenticity and relevance to neurodegeneration in PD of some substrates remains
controversial (11). Recently, parkin has been shown to exert neuroprotective influence via
its interaction with signaling proteins rather than through the UBS (12, 13), although these
functions are by no means mutually exclusive. A handful of proteins have been described
that interact with parkin and modulate its activity (14-17). An interesting feature of the
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parkin-linked PD is the absence, in most cases, of Lewy bodies (4, 5), suggesting that
functional parkin is critical for Lewy body formation. The role of parkin in sporadic PD is
supported by its inactivation by stress and its accumulation in insoluble inclusions in the
brain of PD patients and rodents treated with dopaminergic neurotoxins (18-23). Improved
understanding of parkin functions and mechanisms of parkin-related neurodegeneration will
facilitate the development of novel treatments for familial and sporadic PD.

Arrestins are best known for their role in quenching G protein-mediated signaling via G
protein-coupled receptors (GPCRs) (24, 25). They also orchestrate receptor internalization
via coated pits and redirect signaling to alternative pathways (26, 27). Two non-visual
subtypes, arrestin-21 and arrestin-3, are ubiquitously expressed in the brain. Arrestins
interact with many partners, assembling multi-protein complexes and redistributing
signaling proteins within the cell, thereby directing their activity towards specific targets
(26, 28, 29). Arrestins modulate multiple signaling pathways critical for neuronal death and
survival (30-34). The expression of specific arrestin subtypes dramatically changes during
neuronal development (35, 36), in Parkinson's disease (37, 38), and in response to
psychotropic drugs and drugs of abuse (39). Non-visual arrestins were reported to recruit E3
ubiquitin ligases Mdm2 (30) and AIP4 (40), although only the latter interaction was shown
to be direct using purified proteins. Arrestin interaction with Nedd4, that ubiquitinates β2-
adrenergic receptor (b2AR), remains controversial: arrestin-3 was reported to recruit Nedd4
to the receptor in one study (41), while in the other arrestin-domain containing protein
ARRDC3, rather that arrestin-3, was shown to perform this function (42).

Here we identify parkin as arrestin interaction partner, demonstrating co-
immunoprecipitation (co-IP) of endogenous proteins from mouse brain and direct binding of
purified parkin and arrestins. We found that this interaction suppresses the ubiquitination of
both non-visual arrestins without affecting receptor internalization. Our finding that parkin
binding selectively enhances the interaction of another ubiquitin ligase, Mdm2, with
arrestins suggests that these proteins play an unexpected role in complex functional interplay
between different E3 ubiquitin ligases, which is likely involved in Parkinson's pathology.

Experimental Procedures
Antisera and reagents

Rabbit polyclonal antibodies against residues 357-418 of arrestin2 and 350-409 of arrestin3
(a generous gift of Dr. J. L. Benovic) were described previously (43, 44). Rabbit and mouse
monoclonal anti-myc, mouse anti-HA, and rabbit anti-parkin antibodies were from Cell
Signaling Technology (Beverly, MA). Rabbit and mouse anti-FLAG antibodies were from
Sigma (St.Louis, MO). Rat monoclonal high affinity anti-HA antibody was from Roche
Molecular Biochemicals, (Indianapolis, IN). Tissue culture media and reagents were from
Invitrogen (Carlsbad, CA), restriction endonucleases from New England Biolabs (Ipswich,
MA), and all other chemicals were from Sigma (St Louis, MO), unless otherwise specified.

Arrestin, parkin and receptor constructs
Expression constructs for wild type (WT) and mutant arrestins were described previously
(29, 45, 46). Plasmids encoding HA- and myc-tagged WT parkin and selected mutants were
generously provided by Drs. Ted Dawson (Johns Hopkins University, Baltimore, MD) and
Konstanze Winklhofer (Ludwig-Maximilians-University, Munich, Germany), respectively

1We use systematic names of arrestin proteins: arrestin-1 (historic names S-antigen, 48 kDa protein, visual or rod arrestin), arrestin-2
(β-arrestin or β-arrestin1), arrestin-3 (β-arrestin2 or hTHY-ARRX), and arrestin-4 (cone or X-arrestin; for unclear reasons its gene is
called “arrestin 3” in HUGO database).
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(13, 47, 48). Other mutations were introduced by PCR and confirmed by dideoxy-
sequencing. MBP-parkin E. coli expression construct (pMal-Parkin) was a generous gift of
Dr. Noriyuki Matsuda (Tokyo Metropolitan Institute of Medical Science, Japan) (49). pMal-
MBP was constructed by removing parkin coding sequence and replacing the first parkin
codon with a stop codon (between BamHI and EcoRI sites). HA-tagged β2-adrenergic
receptor and its chimera with V2 vasopressin receptor C-terminus (50) were generous gifts
of Dr. M. G. Caron (Duke University).

Cell culture, transfection, and stimulation
HEK-293A and HeLa cells were cultured in Dulbecco's modified Eagle medium
supplemented with 10% FBS and 1% penicillin-streptomycin in a humidified incubator at 37
°C and 5% CO2. Lipofectamin2000 (Invitrogen, Carlsbad, CA) (1:2.5 DNA:lipid) in Opti-
MEM was used to transfect cells. DNA amounts in each transfection were kept constant by
the addition of empty vector. All experiments were conducted 48 h post-transfection.

Protein purification
WT arrestins-1, -2, and −3 and mutants with unique cysteines on cysteine-less background
were purified by sequential heparin- and Q-Sepharose chromatography, as previously
described (51). Cysteine-less arrestin-3 (C17S, C60V, C126S, C141L, C151V, C243V,
C252V, C270S, and C409S) was created by introducing the same mutations that generated
fully functional cysteine-less arrestin-2 (29, 52, 53) and replacing the only additional
cysteine (Cys409) in the flexible C-tail with serine. This base mutant bound light-activated
phosphorhodopsin as well as WT arrestin-3 (data not shown). MBP-parkin and control MBP
were purified on maltose column, following described procedure (49). Purified His-tagged
parkin was purchased from BostonBiochem (Boston, MA).

In vitro binding assays with purified proteins
MBP pull-down assay—Purified MBP-Parkin (15 μg), MBP (15 μg) or binding buffer
(20 mM Hepes, pH 7.3, 150 mM NaCl) in 50 μl were incubated with 50 μl Amylose resin
(50% slurry, BioLabs) at 4°C overnight with gentle agitation, then purified arrestin-3 (5 μg)
was added and incubated at 4°C for another 3 h. Suspensions were transferred to centrifuge
filters (Ultrafree, 5 μm, Millipore) and washed three times with the binding buffer. Bound
proteins were eluted from Amylose resin by 100 μl of buffer containing 100 mM maltose, 20
mM Hepes-Na, pH 7.3, 150 mM NaCl. The eluted samples were analyzed by SDS-PAGE
and Western blot.

Direct binding assay based on changes in fluorescence anisotropy—Arrestins
containing unique cysteines on cysteine-less background (CL-arrestin-1-F79C, CL-
arrestin-2-L33C, and CL-arrestin-3-F88C) were chemically modified with fluorescent label
monobromobimane (Toronto Research Chemicals), as described for arrestin-1 (54). Bimane
was selected because it has a relatively long lifetime of the active state (∼ 10 ns) (55), which
makes it suitable for relatively large proteins and complexes in 45-140 kDa range. Arrestins
were irradiated with polarized 380 nm light. G factor was determined and taken into account
in calculations based on the following equation r=(IVV − GIVH)/(IVV + 2GIVH) (56).
Measured G factor for arrestin-1, -2, and 3 was 0.33-0.38, 0.45-0.49, and 0.35-0.38,

respectively. Based on Perrin equation, , where η is solvent
viscosity, T is temperature, R is gas constant and V is molecular volume of the fluorescent
dye or dye conjugate (56), calculated polarization and anisotropy for a 45 kDa protein with
probe life time of 10 ns are ∼0.35 and 0.26, respectively. Average experimentally measured
anisotropy of free arrestins was ∼0.32. The anisotropy of 470 nm light emitted by bimane-
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labeled arrestins (1 μM) in buffer (20 mM Tris, 100mM NaCl, pH 7.5) with and without
MBP-Parkin (0.25-10 μM) was measured in a spectrofluorometer (Photon Technology
International) equipped with polarizers. The data were fit by the equation:

where Y is the change of anisotropy; [A] is the concentration of bimane-labeled arrestin; [B]
is the concentration of MBP-Parkin; Kd is the binding affinity between arrestin and MBP-
Parkin.

Immunoprecipitation
Rat brain—Pierce co-immunoprecipitation kit with AminoLink coupled antibody (Thermo
Fisher Scientific, Rockford, IL) was used for co-immunoprecipitation (co-IP) of native
proteins from the rat brain. Mouse monoclonal anti-parkin PRK8 antibody (Sigma, St.
Louis, MO) and control mouse IgG (Vector laboratories, Burlingame, CA) (50 μg) were
coupled to the Aminolink resin following manufacturer's instructions. The rat cortex tissue
(approximately 10 mg per reaction) was sonicated in Lysis buffer, lysed for 12 h at 4°C, and
centrifuged 30 min at 4°C to remove cell debris. The supernatant was pre-cleared with
control resin (provided with the kit) for 2 h at 4°C, and co-IP was carried out overnight at
4°C. The resin was washed 5 × 500 μl of Lysis buffer, and co-immunoprecipited proteins
were eluted with 50 μl of Elution buffer. Immunoprecipitated parkin was detected by
Western blot with rabbit antiparkin antibody (Cell Signaling, Danvers, MA), and arrestin-2
was detected with rabbit polyclonal anti-arrestin antibody described previously (43, 44).

Purified proteins—Anti-parkin (PRK8 antibody) and control antibodies (75 μg) were
covalently attached to 0.1 ml of the matrix (Pierce, Rockford, IL) following manufacturer's
instructions. Pure His-parkin (6 μg) was mixed with purified arrestin-2 or -3 (6 μg),
incubated on ice for 15 min, and then immunoprecipitated overnight (14 h). The columns
were washed and the proteins eluted according to manufacturer's instructions. Aliquots of
input, parkin co-IP, and control co-IP were run on SDS-PAGE and detected by Western blot
with rabbit anti-parkin, anti-arrestin-2, or anti-arrestin-3 antibodies, followed by HRP-
conjugated anti-rabbit secondary antibodies and ECL WestPico reagent (Pierce, Rockford,
IL).

Cultured cells—Cells were scraped off plates, collected by centrifugation in phosphate-
buffered saline and resuspended in the immunoprecipitation buffer (IPB) containing 50 mM
Tris.HCl, 2 mM EDTA, 250 mM NaCl, 10% (v/v) glycerol, 0.5% NP-40, 20 mM NaF, 1
mM sodium orthovanadate, and 10 mM N-ethylmaleimide. Benzamidine (2 mM final
concentration) and phenylmethylsulfonyl fluoride (1 mM) were added immediately before
use. Cells were lysed at 4°C for 1 h and centrifuged to remove the debris. The supernatant
was pre-cleared by incubating with 25-30 μl of Protein G Agarose for 1 h at 4°C. Target
proteins were then immunoprecipitated by incubating the supernatant overnight at 4°C with
appropriate antibodies (1-2 μg per 60 mm Petri dish) and 20-25 μl of Protein G agarose.
Beads were washed three times with IPB, and the proteins were eluted by boiling in Laemli
SDS buffer for 5 min.

Receptor trafficking—HeLa cells were transfected with the chimeric β2/V2 receptor,
either alone or in combination with arrestin-2 or -3, parkin, or both. Cells were serum-
starved overnight 48 h post-transfection, and then incubated with isoproterenol (10 μM) for
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1, 2 or 4 h in DMEM supplemented with 20 mM HEPES and 1 mM ascorbic acid to induce
receptor internalization (control cells were exposed to the medium only). Upon completion
of incubation, cells were washed 3 × 500 μl in ice-cold TBS, and incubated with 2nM
[3H]CGP-12177 on ice for 3 h to label surface receptors, washed 3 × 500 μl with ice-cold
TBS, and the amount of bound ligand was determined by scintillation counting.

Western blotting—The proteins were analyzed by reducing SDS-PAGE and Western
blotting onto Immobilon-P (Millipore, Bedford, MA, USA) membrane. The membrane was
blocked and then incubated in TBS supplemented with 0.1% Triton X-100 and 1% BSA and
appropriate primary antibody. Blots were incubated with secondary antibodies coupled with
horseradish peroxidase (Jackson Immunoresearch Laboratories, West Grove, PA, USA) and
visualized by SuperSignal enhanced chemiluminescence reagent (Pierce, Rockford, IL,
USA). The bands on the film were quantified using Versadoc 4 (Bio-Rad, Hercules, CA).

Statistical analysis—StatView (SAS Institute) software was used for statistical analysis
of quantitative data. The data were analyzed by analysis of variance (ANOVA) to determine
the effects of nominal independent variables (factors), or by analysis of co-variance
(ANCOVA) (when continuous independent variables, or regressors, were involved such as
parkin or arrestin-2 concentration) (57). In all cases, p<0.05 was considered significant.

Results
Parkin directly interacts with arrestins

Parkin is an E3 ubiquitin protein ligase (58) shown to interact with multiple partners (11).
Arrestins participate in numerous signaling pathways and were reported to bind several E3
ubiquitin ligases (30, 40, 59). Both non-visual arrestins (35, 36) and parkin (11) are
expressed at high levels in neurons. Therefore, we tested whether arrestins bind parkin in
HEK-293A cells expressing HA-tagged WT parkin and myc-tagged arrestins and found that
both non-visual arrestins co-IP with parkin (Fig. 1A). Next, we tested whether endogenous
arrestins interact with parkin by co-IP from brain tissue. We found that anti-parkin antibody
readily immunoprecipitates endogenous parkin, and that arrestin-2, the prevalent isoform
that outnumbers arrestin-3 by ∼10-20-fold in the brain (36), is detectable in the
immunoprecipitate (Fig. 1B). Recent demonstration that signaling proteins, including E3
ubiquitin ligase Mdm2, that were believed to bind exclusively non-visual arrestins, also
interact with visual subtypes (29, 46, 52, 60, 61), prompted us to test arrestin-1 and -4
(formerly known as rod and cone arrestins, respectively). Parkin demonstrates comparable
binding to visual and both non-visual subtypes and arrestin-2/3 chimeras (Fig.1C),
suggesting that parkin likely interacts with all arrestins, including visual isoforms expressed
at very high levels in photoreceptor cells (62-65).

However, co-IP shows that the proteins are in the same macromolecular complex, but cannot
prove that they interact directly, rather than via unidentified intermediaries. This is
particularly true for non-visual arrestins shown to co-IP with more than a hundred different
proteins (66). Obviously, any of these partners could potentially “bridge” arrestin and
parkin, localizing them to the same complex without the two actually touching each other.
To test whether parkin binds arrestins directly, we used fully functional purified wild type
(WT) arrestins (29, 67, 68) and two forms of parkin, with N-terminal His- and MBP-tag,
both of which were shown to be catalytically active (49, 69). Purified arrestin-2 and −3 in
the presence of purified His-parkin were retained by columns with covalently attached anti-
parkin, but not control antibody (Fig. 2A). In addition, pure arrestin-3 was mixed with equal
amounts of MBP-tagged parkin or purified MBP (control) and upon brief incubation on ice
loaded onto amylose column. Non-specifically bound proteins were removed by three
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washes with isotonic binding buffer, and specifically bound proteins were then eluted with
100 mM maltose. Arrestin-3 was retained by the column via MBP-parkin, but not via
control MBP (Fig. 2B). Thus, parkin interaction with arrestins is direct and does not require
any additional proteins (Fig. 2), and this interaction is observed between endogenous
proteins expressed at physiologically relevant levels (Fig. 1B).

Finally, we used yet another interaction assay with pure fluorescently labeled arrestins and
MBP-parkin (Fig. 2C). This assay is based on the fact that upon excitation of fluorescent
label with polarized light the polarization of the emitted light depends on the tumbling rate
of the labeled molecule. Thus, larger complexes that tumble slower show greater anisotropy
of emitted light. We labeled fully functional cysteine-less arrestin-1, -2, and -3 base mutants
(29, 52, 61, 68, 70-72) with unique cysteines in selected positions with bimane. Bimane has
relatively long lifetime of the activated state (∼10 ns) (55), which makes it a suitable
reporter for larger proteins and complexes. Labeled arrestins were excited by polarized light
and showed anisotropy of emitted light approximating that predicted for ∼45 kDa molecule
(56). Anisotropy progressively increased with the addition of increasing concentrations of
purified MBP-parkin (∼95 kDa (49)), reflecting the formation of much larger (∼140 kDa)
arrestin-MBP-parkin complexes with slower tumbling rate (Fig 2C). In addition to
confirming direct interaction by a third independent method, this approach allows one to
determine the affinity of MBP-parkin for these arrestin subtypes. The data show that
arrestin-3 has significantly higher affinity for parkin than arrestin-1 and -2, with apparent
KD of 3.36±1.86 μM, 15.54±10.12 μM, and 20.07±5.60 μM, respectively (means ± SD of
three independent experiments) (Fig. 2C). This difference in affinity and consequent rapid
dissociation explains why we were unable to trap arrestin-1 and −2 in complex with MBP-
parkin on amylose column that retained arrestin-3 (Fig. 2B).

Parkin engages both domains of arrestin proteins
Structurally, arrestins are elongated two-domain molecules (73-77), in which N- and C-
domains are independent folding units that can be expressed (60) separately and retain
certain functions (29, 60, 78-81). Many non-receptor interaction partners, including Mdm2
(46), tubulin (29), calmodulin (52), and MAP kinases ASK1, MKK4, JNK3, c-Raf1, MEK1,
and ERK2 (81) engage both arrestin domains. Therefore, to determine the localization of
parkin-binding arrestin elements, we tested its interactions with individually expressed N-
and C-domains of arrestin-2 and -3. Both domains of arrestin-2 and -3 efficiently co-IP with
parkin (Fig. 1C). Thus, similar to many other binding partners, parkin apparently engages
both arrestin domains. Since the movement of the two domains relative to each other is a
part of the conformational change in arrestin upon its binding to receptors (29, 82) and
microtubules (29, 61), interaction with both domains is likely to make parkin binding
sensitive to arrestin conformation. To test this idea, we used two types of previously
characterized mutants: conformationally loose arrestin-3A mimicking receptor-bound state
(45, 83-86), where the C-tail is detached by triple alanine substitution of residues anchoring
it to the N-domain, and receptor binding-deficient Δ7 mutants frozen in the basal state,
where the domain movement is blocked by the 7-residue deletion in the inter-domain hinge,
preventing its transition into the active state and receptor binding (29, 82). The effect of
these mutations was subtype-dependent: 3A somewhat decreased, while Δ7 mutation
significantly increased parkin binding to arrestin-2, but neither had a dramatic effect on its
interaction with arrestin-3 (Fig. 1C).

The binding sites of microtubules (29, 61) and calmodulin (52) are localized on the concave
side of the two arrestin domains, overlapping with the receptor-binding site (53, 68, 87-90),
which makes the interaction of these proteins and GPCRs with arrestins mutually exclusive
(52, 91). In contrast, the majority of other binding partners interact with both free and
receptor-bound arrestins, apparently engaging the non-receptor-binding side of the arrestin
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molecule (reviewed in (27, 92)). Therefore, we tested whether arrestin binding to the
receptor affects its interaction with parkin. Both arrestin-2 and parkin co-
immunoprecipitated with the inactive HA-tagged chimeric β2-adrenergic receptor with the
C-terminus of vasopressin V2 receptor (b2V2), which was shown to form stable high-
affinity complexes with arrestins (50) (Fig. 3A). Comparable amounts of arrestin were co-
immunoprecipitated with the receptor in the presence and absence of parkin. In the reverse
IP of arrestin-2, both the receptor and parkin were co-immunoprecipitated (Fig. 3A). Co-
expression of parkin did not significantly affect the amount of receptor immunoprecipitated
via arrestin (Fig. 3A). These data suggest that arrestin binding to the receptor or parkin does
not appreciably affect the interaction with the other partner. Thus, parkin likely engages
arrestin elements that are not shielded by bound receptor.

Interestingly, while the amount of receptor-bound arrestin is greatly increased upon receptor
stimulation, the amount of associated parkin does not appreciably change (Fig. 3B).
Moreover, parkin co-immunoprecipitates with the inactive and activated receptor even in the
absence of overexpressed arrestin (Fig. 3A,B). Although one cannot exclude the role of
endogenous arrestins in the latter case, these data suggest that parkin may interact with
receptor in arrestin-independent fashion, either directly or via an alternative scaffold. The
fact that the amount of receptor-associated parkin does not change with a several-fold
increase of bound arrestin in the presence of agonist (Fig. 3B) also indicates that parkin may
preferentially bind arrestins in their basal conformation, similar to Mdm2 (46, 60).

Parkin suppresses arrestin ubiquitination induced by receptor binding without affecting
receptor internalization

Parkin is an E3 ubiquitin ligase, and both arrestin-2 and -3 were shown to undergo transient
ubiquitination upon receptor binding (59). Therefore, we tested the effect of arrestin-parkin
interaction on this process. Using HA-ubiquitin, we readily detected basal ubiquitination of
both arrestin-2 and -3. Unexpectedly, we found that arrestin ubiquitination was dramatically
suppressed by parkin co-expression (Fig. 4A,B,C). Using the b2V2 receptor, we confirmed
previous report (59) that arrestin ubiquitination is enhanced by its binding to the agonist-
activated receptor (Fig. 4A,B). Parkin co-expression reduced basal and receptor activation-
dependent ubiquitination of arrestin-2 to about the same extent, by 70-75% (Fig. 4A,C). In
contrast, parkin reduced basal ubiquitination of arrestin-3 by only ∼35%, whereas its
receptor-dependent ubiquitination was suppressed more than 10-fold (Fig. 4B,C).

Arrestin ubiquitination was proposed to increase its affinity for the receptor, stabilizing the
complex and facilitating receptor internalization (59). Therefore, we tested whether a
dramatic suppression of receptor activation-induced arrestin ubiquitination by parkin affects
receptor trafficking. To achieve maximum sensitivity of the assay, we expressed the b2V2
receptor at the level where co-expression of exogenous arrestin-2 or -3 significantly
promoted internalization (Fig. 4D). We found that co-expression of parkin, which
dramatically suppressed arrestin ubiquitination (Fig. 4A-C), had no appreciable effect on the
b2V2 endocytosis mediated by arrestin-2 or −3 (Fig. 4D). These results suggest that arrestin
ubiquitination does not play a significant role in the internalization of b2V2 receptor.

Two mechanisms are consistent with parkin-dependent reduction of arrestin ubiquitination:
parkin could either compete with Mdm2, the ubiquitin ligase reported to target arrestins
(59), or bound parkin could simply shield arrestin lysines to which Mdm2 attaches the
ubiquitin moieties (93). In the first scenario, parkin would reduce Mdm2 association with
arrestins, whereas in the second arrestin-Mdm2 interaction would not be affected.
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Parkin promotes Mdm2 binding to arrestins
To test whether parkin alters the Mdm2 binding to arrestins, we used cells expressing HA-
Mdm2, FLAG-arrestin-2 or -3, and varying concentrations of myc-parkin (Fig. 5).
Unexpectedly, we found that parkin enhances arrestin-Mdm2 interaction. Parkin effect was
dramatic in case of arrestin-2, but only modest in case of arrestin-3 (Fig. 5A,D). The amount
of Mdm2 co-immunoprecipitated with arrestin-2 was increased by parkin up to 3–fold (Fig.
5D). Interestingly, parkin co-expression noticeably increases the level of Mdm2 in cells
(Fig. 5A,D). This effect is observed with both non-visual arrestins, and its magnitude
appears to correlate with the affinity of arrestin-parkin interaction: in the presence of
arrestin-2 and -3 the amount of Mdm2 in cells increases ∼2- and ∼4-fold, respectively
(compare Fig. 2C and Fig. 5A,D). Stabilization of cellular Mdm2 suggests that parkin likely
promotes its binding to both non-visual arrestins, even though its effect on arrestin-2 was
more consistent and therefore easier to detect (Fig. 5D). Since parkin interacts with both
arrestin domains (Fig. 1), we tested whether observed differences in parkin effects on Mdm2
binding to arrestin-2 and −3 are mediated by parkin interaction with one particular domain.
To this end, we constructed two chimeras with the N-domain of arrestin-2 and C-domain of
arrestin-3 (arrestin-2N-3C), and vice versa (arrestin-3N-2C). We found that Mdm2 binding
to arrestin-2N-3C was significantly enhanced with increasing parkin expression, whereas its
binding to arrestin-3N-2C showed less consistent increase similar to that observed with
arrestin-3 (Fig.5A-C,F). Mdm2 binding to separated arrestin-2 N-domain was also enhanced
by parkin, although not as stringly as to the full-length arrestin-2, whereas no consistent
effect was observed with separate arrestin-2 C-domain (Fig. 5E,F). Because arrestin-2N-3C
chimera behaved similarly to the arrestin-2 N-domain, whereas arrestin-3N-2C resembled
arrestin-3, we conclude that the origin of the N-domain largely determined the extent of the
observed increase in Mdm2 binding.

Parkin expression significantly increased the level of Mdm2 in cell lysates, even though the
same amount of Mdm2-encoding plasmid was used (Fig. 5A-D). Therefore, increased
Mdm2 co-immunoprecipitation with arrestins could be explained either by parkin-dependent
increase in its expression, or by stabilization of Mdm2 (which is known to have high
turnover rate) by arrestin binding, which is greatly facilitated by parkin. In the first scenario,
increasing expression of parkin would be expected to elevate Mdm2 levels, whereas in the
second only co-expression of parkin with arrestins would show this effect. To distinguish
between these possibilities, we used COS7 cells that express low levels of parkin and both
non-visual arrestins, and expressed increasing amounts of parkin in the presence or absence
of arrestin, as well as increasing amounts of arrestins with and without parkin, and
determined the level of endogenous Mdm2 (Fig. 6). We found that neither arrestin in the
absence of parkin, nor parkin in the absence of arrestin appreciably affected Mdm2 level. In
contrast, increasing parkin expression in the presense of arrestin, as well as increasing
arrestin expression in the presense of parkin progressively increased the level of endogenous
Mdm2 in the cytoplasm of COS7 cells (Fig. 6). The simplest interpretation of these data is
that arrestin, parkin, and Mdm2 form a ternary complex, in which Mdm2 is protected from
normal rapid degradation.

Arrestins assume several distinct conformations. The main conformational change in
arrestins is believed to be the movement of the two domains relative to each other (94).
Thus, within arrestin-parkin-Mdm2 ternary complex, one can envision two models of
parkin-dependent increase in Mdm2 binding: 1) each of the proteins may directly interact
with the other two, so that arrestin-parkin complex provides an additional binding site for
Mdm2, via parkin; 2) parkin can shift the conformational equilibrium of arrestin towards the
state favorable for Mdm2 binding. Since Mdm2 (60) and parkin (Fig. 1) engage both arrestin
domains, in the first scenario parkin-dependent increase of Mdm2 binding to individual
arrestin domains should be comparable to that observed with the full-length arrestin. In
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contrast, if the effect of parkin on Mdm2 binding is mediated solely by the change of
arrestin conformational equilibrium, parkin is unlikely to affect Mdm2 interaction with
separated arrestin domains. To distinguish between these two possibilities, we tested the
effect of increasing parkin concentration on Mdm2 binding to separately expressed N- and
C-domains of arrestin-2. The effect of parkin on the Mdm2 recruitment to the N-domain was
significant and comparable to that for the 2N-3C arrestin chimera, but smaller than in case
of full-length arrestin-2 (Fig. 5E,F). The effect was minimal in case of the C-domain (Fig.
5E,F). Detectable effect on Mdm2 binding to the N-domain of arrestin-2 (Fig. 5E,F)
suggests that Mdm2 interaction with arrestin-associated parkin contributes to the effect.
However, parkin effects on Mdm2 binding to chimeras and separate N-domain were less
robust than on full-length arrestin-2 (Fig. 5). Therefore, we conclude that parkin primarily
acts by shifting arrestin conformation to that favorable for Mdm2 binding, and the
interaction with the N-domain of arrestin-2 plays key role in parkin-induced increase of
Mdm2 binding.

The binding of Mdm2 (46, 60) and parkin (Fig. 1C) is highly sensitive to arrestin
conformation: both E3 ubiquitin ligases preferentially interact with arrestin mutants frozen
in the basal state. Therefore we tested the effect of arrestin conformation, using two types of
conformationally biased arrestins mutants: Δ7 with greatly reduced ability to assume active
receptor-binding state (29, 82), and 3A with enhanced conformational flexibility (85) and
consequent enhanced binding to different functional forms of their cognate receptors (67,
83, 84, 86, 95). We found that increased Mdm2 binding to the Δ7 mutants of both non-visual
arrestins was no longer enhanced by parkin (Fig. 7A,B). In contrast, parkin-dependent
increase of Mdm2 binding to arrestin2-3A mutant was at least as robust as with WT
arrestin-2 (Fig. 7C). These data are consistent with the idea that parkin increased Mdm2
binding primarily by shifting the conformational equilibrium of arrestins towards the basal
state, mimicking the effect of Δ7 mutation. Importantly, in the presense of Δ7 mutants that
bind Mdm2 better than parental WT arrestins, parkin did not further increase Mdm2 level in
the cell, whereas in the presense of 3A mutants it increased as robustly as with WT arrestins
(Fig. 7). Thus, it appears that tight arrestin binding stabilizes Mdm2, whereas parkin
predominantly acts by enhancing arrestin-Mdm2 interaction.

Disease-associated parkin mutants bind arrestins and promote arrestin-Mdm2 interaction
Multiple missense mutations in different functional domains of the parkin protein have been
identified (96). Mutations in parkin were linked to ∼50% of familial early-onset recessive
Parkinson's disease cases (2). Although functional manifestations of individual mutations
vary, many parkin mutants displayed altered intracellular distribution and solubility,
whereas others showed attenuated enzymatic activity (49, 97, 98). Since arrestin binding is a
novel parkin function, we investigated the ability of several disease-associated parkin
mutants to interact with arrestins. For these studies we selected representative parkin
variants with mutations in different elements of the molecule: R42P (ubiquitin-like domain),
R275W (RING finger 1), G430D (RING finger 2), and T415N (connector between the two
RING fingers) (Fig. 8A). Two of these mutants, R42P and R275W were shown to retain
ubiquitin ligase activity, whereas T415N and G430D were catalytically inactive (49). We
found that none of these mutations significantly affected parkin binding to arrestin-2 (Fig.
8B).

Next, we tested whether parkin mutants retain the ability to promote arrestin-Mdm2
interaction and found that three mutants (R42P, R275W, and T415N) increased Mdm2
binding to arrestin-2. R42P and R275W demonstrated a robust effect at the same expression
levels as WT parkin, whereas T415N and particularly G430D appeared less potent in this
regard (Fig. 9A).
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Since parkin also suppressed arrestin ubiquitination (Fig. 4), we compared the effect of
disease-associated mutants and WT parkin on this process. WT parkin and all tested mutants
decreased arrestin-3 ubiquitination to a similar extent (Fig. 9B). Apparently, parkin exerts
this effect by shielding arrestin lysines targeted by Mdm2. This is consistent with
simultaneous increase in Mdm2 binding and decrease in arrestin modification by this
ubiquitin ligase.

Discussion
Recent identification of several genes associated with relatively rare (5-10% of all cases)
familial forms of Parkinson's disease (99) was widely expected to reveal the mechanisms
involved and pave the way to finding a cure. Unfortunately, the functions of proteins
encoded by many PD-associated genes are currently either unclear, incomplete, and/or
controversial (reviewed in (11, 99)). Comprehensive elucidation of the biological roles of
these proteins and functional consequences of mutations linked to the pathology is necessary
to translate identification of PD-associated genes into progress in understanding the
mechanisms of neurodegeration and devising new therapies.

Parkin is a fairly well-studied PD-associated protein. It is a functional E3 ubiquitin ligase
with several identified substrates linked to the death of dopaminergic neurons (58, 98, 100).
The effects of several disease-associated mutations on its solubility, subcellular localization,
self-ubiquitination and substrate binding have been characterized (49, 97, 98). Parkin
interactions with several chaperones and regulatory proteins, as well as its post-translational
modifications, were shown to affect its activity (15-17, 20, 21, 101-103). Parkin interactions
with arrestins described here reveal previously unappreciated aspect of parkin function.
Virtually every cell in vertebrates expresses one or more arrestin subtype, with intracellular
concentrations ranging from low nanomolar in some cells and ∼200 nM in neurons (36) to
high micromolar and millimolar in cone and rod photoreceptors, respectively (62-65).
Arrestins bind an amazing variety of proteins, serving as versatile regulators of cell
signaling (26, 94, 104). Although arrestins were first discovered as key players in the
homologous desensitization of GPCRs (reviewed in (25, 104)), the emerging common theme
in arrestin function is to serve as scaffolds or adaptors, organizing multi-protein signaling
complexes and localizing them to specific compartments in the cell, such as coated pits
(105), receptor-rich membranes (106, 107), or cytoskeleton (29). Reported parkin
localization in post-synaptic densities (101) may well be assisted by its interaction with
endogenous arrestins abundant in this receptor-rich compartment (37).

Both arrestin-2 and -3 were reported to interact with many non-receptor binding partners
(26, 104). However, most of these interactions were inferred from co-IP, where each non-
visual arrestin was shown to bring down more than a hundred different proteins (66). Thus,
this method cannot prove direct interaction, as any protein can be recruited to the complex
via one or more of arrestin binding partners, rather than via arrestin itself. Even co-IP of
endogenous proteins expressed at biologically relevant levels from native tissues or cells
(shown in Fig. 1B for parkin and in (59) for Mdm2) has the same caveat. Direct binding can
only be proved by the demonstration that purified arrestin interacts with a purified partner,
which was done in very few cases. For example, the binding of Mdm2 to arrestin-3, reported
in 2001 (59), was never confirmed with two pure proteins in the absence of cell lysate,
which obviously contains hundreds of other proteins that could serve as adaptors bridging
the two. In fact, among E3 ubiquitin ligases reported to bind arrestins, the proof of direct
interaction was only presented for AIP4 (40). Therefore, we used three independent methods
with two differentially tagged forms of parkin to reproduce with purified proteins its
interaction with three arrestin subtypes to prove that in all cases the binding is direct (Fig.
2).
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So far, the affinity of arrestin interactions with only three non-receptor partners was
measured: the binding of free arrestin-2 and -3 to clathrin (105), arrestin-2 binding to
microtubules (29) and to Ca-liganded calmodulin (52). The assay based on the change of
anisotropy of pure fluorescently labeled arrestin-1, -2, and -3 in the presence of increasing
concentrations of purified MBP-parkin (Fig. 2C) allows to estimate the affinity of these
interactions. The data yielded KDs ranging from 3 to 19 μM. This makes parkin only the
fourth non-receptor binding partner and the first ubiquitin ligase with known affinity for
arrestins. As reported intracellular concentrations of non-visual arrestins are sub-micromolar
(36), at first glance parkin affinity appears fairly low. This affinity means that the interaction
is very dynamic and that at any given moment a small fraction of cellular arrestin exists in
complex with parkin. Considering that more than a hundred different cellular proteins were
reported to bind arrestins (66), and that arrestin molecule is too small to accommodate many
partners simultaneously (104), this is exactly what should be expected. The affinity may be
modulated by post-translational modifications of arrestins and/or parkin, as well as by the
binding of additional partners. For example, our finding that parkin dramatically increases
arrestin-2 affinity for Mdm2 (Figs. 5,6) suggests (according to the laws of thermodynamics)
that Mdm2 also increases the affinity of arrestin-2 for parkin. As a result, this apparently
transient interaction is sufficient to stabilize expressed and endogenous Mdm2 in the
cytoplasm (Figs. 5,6) and dramatically reduce the ubiquitination of arrestin-2 and -3 in cells
(Figs. 4,9).

Parkin increases the level of co-expressed (Fig. 5) and endogenous (Fig. 6) Mdm2 in the
cell. Although higher level of Mdm2 could be the reason for its increased binding to
arrestins in the presense of parkin (Figs. 5,6), several lines of evidence are incompatible with
this explanation. First, parkin effect on endogenous Mdm2 depends on co-expression of
arrestin (Fig. 6), ruling out direct arrestin-independent mechanisms. Second, the increase in
Mdm2 by parkin depends on the nature of arrestin: it is robust in the presence of WT and
conformationally loose 3A form (Figs. 5-7), but absent in the presence of Δ7 mutants (Fig.
7). Third, parkin suppresses arrestin ubiquitination (Figs. 4, 9), which would be expected to
increase if parkin simply elevated Mdm2 level in the cytoplasm bypassing arrestins. The
only model compatible with all these observations is that parkin directly binds arrestins (Fig.
2) and increases their affinity for Mdm2, which is stabilized in this ternary complex.
Importantly, parkin does not increase the binding to Δ7 mutants with enhanced affinity for
Mdm2 (46, 60). Considering that parkin interacts with both arrestin domains, the hypothesis
that parkin binding shifts arrestin equilibrium towards the basal conformation similar to that
fixed by Δ7 mutation is the simplest model that accounts for these findings. Since Mdm2
was reported to ubiquitinate arrestins (59), simultaneous increased recruitment of Mdm2 to
its substrate (Figs. 5,7) and suppression of its modification by parkin (Figs. 4,9) requires an
explanation. One possibility is suggested by the fact that arrestin ubiqutination is facilitated
by receptor binding (Fig. 4 and (59)), which suggests that Mdm2 prefers active receptor-
bound arrestin as a substrate. In this model, parkin-dependent stabilization of the basal
arrestin conformation would make arrestin a less suitable substrate for Mdm2, but at the
same time a better binding partner. However, parkin does not appreciably reduce arrestin
association with the receptor (Fig. 3). Collectively, these data suggest that bound parkin
simply shields surface lysines on arrestin that otherwise would be modified by Mdm2.
Interestingly, parkin binding was recently found to inhibit ubiquitination of PINK1 (108),
another protein implicated in familial Parkinson's disease.

Although ubiquitination was reported to enhance arrestin affinity for receptors (59), we did
not detect any effect of parkin expressed at concentrations that dramatically suppress
receptor-induced increase in the ubiquitination of arrestin-2 and -3 (Fig. 4A,B,D) on arrestin
interaction with the active receptor (Fig. 3B) or on arrestin-dependent facilitation of receptor
internalization (Fig. 4C). These data appear to contradict recent report that reduced
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ubiqitination (by overexpression of the deubiquitinating enzyme USP33) precluded
arrestin-3 endosomal recruitment in response to stimulation of the vasopressin V2 receptor
(109). One possible reason for this discrepancy is the diffenece in experimental techniques,
confocal microscopy versus receptor binding. We measured receptor internalization directly,
using the disappearence of the binding sites from the plasma membrane as readout, but did
not follow subsequent localization of arrestins. Our data suggest that non-ubiqitinated
arrestins support internalization of at least some receptors to the same extent as ubiquitinated
arrestins.

At least two out of four parkin mutants associated with familial PD, R42P in ubiquitin-like
domain and R275W in the RING1 domain, bind arrestin like WT parkin and robustly
enhance the recruitment of Mdm2 (Figs. 8,9). These data are in agreement with previous
reports that missense mutations mostly preserve the parkin's ability to interact with its
partners (97). However, certain parkin mutations have been shown to disrupt interactions
with specific partners: R42P precludes parkin interaction with chaperone 14-3-3b, which
suppresses parkin activity (17). C-terminal mutations, including T415N, strongly reduce
parkin interaction with E2 enzymes UbcH7 and UbcH8 (58). Since these mutants are
deficient in certain other functions (98), by interacting normally with arrestin they can
displace WT parkin, explaining apparent dominant-negative effects reported for some
mutant forms (6, 7). Interestingly, the mutations in both RING fingers almost completely
abolish parkin interactions with one of its bona fide substrates, p38 subunit of aminoacyl-
tRNA synthetase (98), even though only intact second RING domain is necessary for its
ubiquitin ligase activity (49). Further analysis of different mutant forms of parkin with intact
and impaired arrestin binding is necessary to narrow down the interaction site and elucidate
possible role of arrestin-parkin interaction in Parkinson's pathology. These studies will
enable targeted manipulation of this interaction with a view of constructing arrestin variants
that alleviate cytotoxic effects of parkin mutants.
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Fig. 1. Parkin interacts with endogenous and expressed arrestins
A. HEK293 cells were transfected with myc-tagged arrestin-2 (ARR2), HA-tagged parkin or
both arrestin-2 and parkin. The proteins were immunoprecipitated with anti-HA or anti-myc
antibodies as described in methods. Left panel: Western blot for myc detecting arrestin2 in
cell lysates and IP products. Right panel: Western blot for HA detecting parkin in cell
lysates and IP products. B. Endogenous arrestin-2 (prevalent isoform in the brain)
immunoprecipitates with endogenous parkin from rat brain. Parkin (upper blot) and
arrestin-2 (lower blot) detected in aliquots of rat cortical lysates and sample
immunoprecipitated with anti-parkin antibody (IP PK), but not control IgG (Co IgG). C.
Parkin interacts with multiple arrestin isoforms and mutants. Left panel:
immunoprecipitation (IP) with anti-FLAG antibodies from HEK293 cells expressing myc-
tagged parkin alone (control) or with FLAG-tagged WT and indicated mutant forms of
arrestin-2. Right panel: IP with anti-FLAG antibodies from HEK293 cells expressing myc-
tagged parkin alone (control) or with FLAG-tagged WT and mutant arrestin-3 (ARR3), and
arrestin-2/3 chimeras containing arrestin-2 N-domain and arrestin-3 C-domain
(ARR2N-3C), or vise versa (ARR3N-2C), arrestin-1 (ARR1), also known as rod arrestin,
and arrestin-4 (ARR4) also known as cone arrestin. Even in the presence of protease
inhibitor cocktail some WT and mutant arrestins appear to undergo partial proteolysis during
IP generating faster running bands that are not observed in lysates.
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Fig. 2. Parkin binds arrestins directly with micromolar affinity
A. Purified His-parkin (6 μg) was mixed with 6 μg of purified arrestin-2 (left) or -3 (right)
and immunoprecipitated overnight (14 h) with anti-parkin (IP parkin) and control (IP control
IgG) antibodies (50 μg) covalently attached to 50 μl of the matrix. Aliquots of input and
retained proteins were subjected to SDS-PAGE and detected by Western blot with rabbit
anti-parkin (IB parkin), anti-arrestin-2 (IB arrestin2), or anti-arrestin-3 (IB arrestin3)
antibodies. B. Purified MBP-Parkin (15 μg) (MBP-PK), MBP (15 μg) (MBP), or binding
buffer (20 mM Hepes, pH 7.3, 150 mM NaCl)(CO) in 50 μl were loaded onto 50 μl
Amylose resin and incubated with purified arrestin-3 (5 μg) at 4°C for 3 h. After three
washes bound proteins were eluted with 100 μl of buffer containing 100 mM maltose. The
eluted samples were analyzed by SDS-PAGE. Top panel shows Coomassie-stained gel with
indicated eluted proteins, middle and bottom panels show Western blots of eluted arrestin-3
(ARR3) and aliquots of the input. C. Indicated purified arrestins (1 μM) labeled with bimane
at unique cysteines, as described in methods, were irradiated with polarized 380 nm light.
Anisotropy of emitted 470 nm light in the absence and presence of indicated concentrations
of purified MBP-parkin is shown (means ± SD from ten measurements in representative
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experiments). The results of three independent experiments yield apparent KD of MBP-
parkin binding to arrestin-1, -2, and -3 of 15.54±10.12 μM, 20.07±5.60 μM, and 3.36±1.86
μM, respectively.
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Fig. 3. Receptor and parkin do not compete for arrestin binding
A. HEK293 cells were transfected with indicated combinations of HA-tagged chimeric β2-
adrenergic with the C-terminus of V2 vasopressin receptor, FLAG-tagged arrestin-2, and
myc-tagged parkin. Receptor or arrestin was immunoprecipitated with anti-HA (IP receptor)
or anti-FLAG (IP arrestin) antibodies, respectively. Parkin (upper blot), receptor (middle
blot) and arrestin (lower blot) in aliquots of lysates and immunoprecipitated samples were
visualized with appropriate antibodies. B. In the same experimental design, before lysis the
cells were incubated for 15 min at 37°C in control medium or with 10 μM of β2-adrenergic
agonist isoproterenol (ISO). Receptor was immunoprecipitated with anti-HA antibody, and
indicated proteins that co-IP with the receptor were visualized with appropriate antibodies.
Whereas the amount of arrestin-2 co-immunoprecipitated with the receptor significantly
increases upon receptor stimulation, the amount of parkin does not. The positions of
molecular weight markers are indicated on the left. The results of a representative
experiments out 2-3 performed are shown.

Ahmed et al. Page 22

Biochemistry. Author manuscript; available in PMC 2012 May 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 4. Parkin dramatically reduces basal and receptor-stimulated ubiquitination of arrestins,
but does not affect receptor internalization
A, B. HEK293 cells expressing untagged chimeric β2-adrenergic receptor with the C-
terminus of vasopressin V2 receptor were co-transfected HA-tagged ubiquitin and FLAG-
tagged arrestin-2 (A) or arrestin-3 (B) with or without myc-tagged parkin, as indicated. The
cells were treated for indicated time with or without 10 μM of β2-adrenergic agonist
isoproterenol (ISO). In immunoprecipitated arrestin samples the amount of arrestin (middle
blots) and its ubiquitination (upper blot) was determined by Western blot with appropriate
antibody. The amounts of expressed parkin in cell lysates are shown in the lower blots. Note
that because multiple forms of arrestin with different numbers of ubiquitin moieties are
generated, the main band of non-ubiquitinated protein is by far the most prominent in
arrestin blots. C. Quantification of parkin-dependent suppression of arrestin ubiquitination
(panels A and B). The ratios of the amount of ubiquitinated arrestin determined with and
without receptor activation in the presence or absence of parkin, expressed as % of control
(no parkin) are shown. Representative results of one experiment (out of four performed) are
shown in panels A and B. Statistical analysis of the data was performed by two-way
repeated measure ANOVA with PARKIN as within group factor and ISO stimulation as a
between group factor. The effect of PARKIN on the arrestin-2 ubiquitination was significant
(F(1,6)=135.2, p<0.0001) as was the effect of ISO (F(1,6)=7.9, p=0.031), whereas the
interaction was not significant, indicating that the degree of parkin-induced inhibition of
arrestin-2 ubiquitination was independent of receptor stimulation. The effects of PARKIN
and ISO on the arrestin-3 ubiquitination were also significant (F(1,6)=57.8, p=0.0003, and
6.67, p=0.042), as was PARKIN × ISO interaction (F(1,6)=18.8, p=0.0049), indicating that
PARKIN inhibits activation-induced arrestin-3 ubiquitination significantly stronger. D.
Parkin effect on the arrestin-dependent receptor trafficking. HeLa cells were transfected
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with the chimeric β2V2 receptor, alone or in combination with arrestin-2, arrestin-3, parkin,
or both, as indicated. Serum-starved cells were incubated with 10 μM isoproterenol for
indicated time. Control cells were incubated without agonist. Cells were then washed 3 ×
500 μl in ice-cold TBS, and cell surface receptor was determined by measuring specific
binding of cell-impermeable antagonist [3H]CGP-12177 (2nM). The graph shows means
±S.E.M. of 6 (for 1 and 2 h) or 2 (for 4 h) independent experiments. Note that parkin co-
expression does not affect receptor internalization at any time point. The data for each time
point were statistically analyzed by two-way ANOVA with ARRESTIN and PARKIN as
main factors. The effects of ARRESTIN were significant (F(1,30)=9.89, p=0.0005; 13.47,
p<0.0001; and F(1,6)=9.41, p=0.014, for 1, 2, and 4 h, respectively) for all time points,
whereas no significant effect of PARKIN or PARKIN × ARRESTIN interaction was
detected. There was no significant difference between arrestin-2 and arrestin-3.
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Fig. 5. Parkin promotes the arrestin interaction with Mdm2
A, B, C, E. Indicated FLAG-tagged arrestins were immunoprecipitated from HEK293 cells
co-expressing HA-tagged Mdm2 and varying amounts of WT myc-tagged parkin (the
amounts of parkin DNA used for transfection of 60 mm dishes are shown in μg). Upper
panels show Western blots for Mdm2; middle panels, parkin; lower panels, arrestins (ARR2,
arrestin-2; ARR3, arrestin-3; arrestin-2N-3C, chimera with the N-domain of arrestin-2 and
C-domain of arrestin-3; arrestin-3N-2C, reverse chimera; arrestin-2 N- and C-domains
included residues 1–180 and 179–418, respectively). Lanes represent equal aliquots of cell
lysates or immunoprecipitated samples, as indicated. In panel E, parkin appears to reduce
somewhat the expression of the C-domain, but this effect was not studied further. D.
Quantification of the effect of parkin concentration on the amount of Mdm2 in cell lysates
containing equal amounts of total protein and expressed arrestins, and on the amount of
Mdm2 co-immunoprecipitated with equal amount of arrestin-2 or arrestin-3. The data were
normalized to the Mdm2 levels in cells or IP samples without parkin. Note that parkin co-
expression significantly increases the level of Mdm2 in cells and, to a greater extent, its co-
IP with arrestin-2. F. Quantification of parkin effect on the amount of Mdm2 co-
immunoprecipitated with equal amount of indicated arrestins. The results of a representative
experiments out 2-3 performed are shown. The data were normalized to the Mdm2 level in
the IP samples without parkin. The data for each WT and mutant arrestin were analyzed by
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ANCOVA with Parkin concentration as main factor. The F and p values for each protein are
shown on the graphs.
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Fig. 6. Endogenous Mdm2 in the cell is stabilized only by simultaneous presense of arrestin and
parkin
A. Cos7 cells were either co-transfected with a fixed amount of FLAG-arrestin2 and
increasing amount of myc-parkin or with increasing amount of myc-parkin alone.
Representative Western blots show increasing expression of endogenous Mdm2 (upper
panel) in cells co-expressing arrestin-2 (middle panel) and parkin (lower panel) but not in
cell expressing parkin alone. The data were normalized to the Mdm2 concentration in cells
expressing either no parkin (left two sets of panels) or no arrestin-2 (right two sets of
panels). Cytosolic p53 served as loading control. B. A reverse experiment to the one shown
in A. Cos7 cells were either co-transfected with a fixed amount of myc-parkin and
increasing amount of arrestin-2 or with increasing amount of arrestin-2 alone.
Representative Western blots show increasing expression of endogenous Mdm2 in cells co-
expressing arrestin-2 and parkin but not in cell expressing parkin alone. C. Quantification of
the Western blot data demonstrating increased expression of endogenous Mdm2 in cell co-
expressing arrestin-2 and parkin. The data are presented as ratios to the values obtained
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without expressed parkin (experiment shown in A; left side of the graph) or without
arrestin-2 (experiment shown in B; right side of the graph). The data were analyzed by
ANCOVA with Arrestin or Parkin as a factor and Parkin or Arrestin concentration as a co-
variate. The results of 3 independent experiments are shown.
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Fig. 7. Enhanced Mdm2 recruitment by arrestin mutants frozen in the basal state is not
increased by parkin
A, B, C. HEK293 cells were co-transfected with HA-Mdm2, indicated FLAG-arrestins, and
varying amounts of myc-parkin. Arrestins were immunoprecipitated with anti-FLAg
antibodies. Upper blots show Mdm2; middle blots, parkin, lower blots, arrestin. Lanes
represent equal aliquots of cell lysates or immunoprecipitated samples, as indicated.
Arrestin-2 Δ7 and arrestin-3 Δ7, mutants with seven-residue deletions in the inter-domain
hinge, which freezes the protein in the basal conformation and greatly impedes receptor
binding; arrestin2-3A, conformationally loose mutant mimicking the active state, that shows
enhanced receptor binding. Note that Δ7 mutants of both arrestins bind more Mdm2 than
corresponding WT forms, and parkin does not further increase Mdm2 recruitment to these
mutants. In contrast, arrestin2-3A mutant shows even more evident enhancement of Mdm2
recruitment by parkin than WT arrestin-2. The results of a representative experiments out
2-3 performed are shown.
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Fig. 8. Parkin mutants implicated in the familial Parkinson's disease bind both non-visual
arrestins
A. Domain structure of parkin showing the positions of mutations tested. B. Myc-tagged
WT parkin and indicated mutants were expressed in HEK293 cells alone (-ARR2 and –
ARR3 controls) or together with FLAG-tagged WT arrestin-2 (+ARR2) or arrestin-3
(+ARR3). Indicated arrestins were immunoprecipitated with anti-FLAG antibody, and IP
samples were analyzed by Western blot for parkin (upper blots) and arrestin (middle blots).
Lower blots show parkin expression in cell lysates. The results of representative experiments
out 2-3 performed with each parkin-arrestin combination are shown.
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Fig. 9. Parkin mutants reduce receptor-stimulated ubiquitination of arrestins and differentially
promote Mdm2 recruitment
A. HEK293 cells were co-transfected with HA-Mdm2, FLAG-arrestin-2, and varying
amounts of myc-tagged WT parkin or indicated mutants. Arrestin was immunoprecipitated
with anti-FLAG antibody, and IP samples were analyzed by Western blot for the presence of
Mdm2 (upper blot), parkin (middle blot), and arrestin (lower blot). B. HEK293 cells
expressing β2V2 receptor chimera, HA-tagged ubiquitin, myc-tagged parkin mutants alone
(control) or with FLAG-tagged WT arrestin-3. Arrestin was immunoprecipitated with anti-
FLAG antibody, and IP samples were analyzed by Western blot for the presence of ubiquitin
(upper blot) and arrestin (middle blot). The expression of WT parkin and indicated mutants
in cell lysates is shown in the lower blot. The results of a representative experiments out 2-3
performed with each arrestin-parkin combination are shown.
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