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B-Arrestins are cytosolic proteins that regulate the
signaling and the internalization of G protein-coupled
receptors (GPCRs). Although termination of receptor
coupling requires B-arrestin binding to agonist-acti-
vated receptors, GPCR endocytosis involves the coordi-
nate interactions between receptor-g-arrestin com-
plexes and other endocytic proteins such as adaptor
protein 2 (AP-2) and clathrin. Clathrin interacts with a
conserved motif in the B-arrestin C-terminal tail; how-
ever, the specific molecular determinants in B-arrestin
that bind AP-2 have not been identified. Moreover, the
respective contributions of the interactions of p-arres-
tin with AP-2 and clathrin toward the targeting of
GPCRs to clathrin-coated vesicles have not been estab-
lished. Here, we identify specific arginine residues
(Arg®®* and Arg??%) in the p-arrestin 2 C terminus that
mediate B-arrestin binding to AP-2 and show, in vitro,
that these domains in B-arrestin 1 and 2 interact equally
well with AP-2 independently of clathrin binding. We
demonstrate in HEK 293 cells by fluorescence micros-
copy that B,-adrenergic receptor-p-arrestin complexes
lacking the B-arrestin-clathrin binding motif are still
targeted to clathrin-coated pits. In marked contrast, re-
ceptor-B-arrestin complexes lacking the p-arrestin/AP-2
interactions are not effectively compartmentalized in
punctated areas of the plasma membrane. These results
reveal that the binding of a receptor-B-arrestin complex
to AP-2, not to clathrin, is necessary for the initial tar-
geting of B,-adrenergic receptor to clathrin-coated pits.

B-Arrestins are cytosolic proteins that participate in the de-
sensitization of many G proteins-coupled receptors (GPCRs)*
by binding to agonist-activated phosphorylated receptors and
uncoupling them from their cognate G proteins (1-3). B-Ar-
restins not only mediate the desensitization of GPCRs but also
trigger their internalization through clathrin-coated vesicles.
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The evidence for the participation of B-arrestin in GPCR endo-
cytosis comes from observations that overexpression of -arres-
tin can rescue a B,AR sequestration-defective mutant (4). In
addition, overexpression of dominant negative forms of B-ar-
restin or other endocytic proteins related to the clathrin path-
way, such as dynamin, inhibit B,AR internalization (4-6).
Moreover, we and others have shown that upon activation of
the B,AR, B-arrestins translocate to receptors and that recep-
tor-B-arrestin complexes concentrate in punctated areas of the
plasma membrane with clathrin and the adaptor protein AP-2
(7-9). Endocytosis of receptors via clathrin-coated vesicles ap-
pears to be necessary for dephosphorylation, recycling, and
resensitization of many GPCRs (10-15).

Receptors entering the endocytic pathway through clathrin-
coated vesicles are linked to clathrin via their interactions with
specific adaptor proteins (16—18). One such adaptor is the AP-2
protein that plays a critical role in the recruitment of clathrin
and the assembly of lattices that constitute the coat of the
internalized membrane during vesiculation. AP-2 is a het-
erotetrameric complex composed of two large subunits of ~100
kDa: the a and B2, and two smaller subunits: the u2 and o2
subunits of 50 and 17 kDa, respectively. By interacting with
the cytoplasmic tail of the epidermal growth factor or trans-
ferrin receptors, AP-2 is believed to link these receptors to the
clathrin-coated vesicles and initiate their endocytosis (19, 20).
The interaction of AP-2 with these receptors appears to be
mediated via specific sorting signals. For instance the u2 has
been reported to recognize tyrosine-based internalization sig-
nals such as YXX¢ (where ¢ is a bulky hydrophobic residue)
and NPXY and dileucine motifs often found in the cytopasmic
tail of receptors (21-24). The B-subunit, which provides the link
between the receptor and clathrin lattices by binding to the
clathrin heavy chain, also appears to recognize dileucine motifs
(25). B-Arrestins, which bind to and desensitize GPCRs, have
been shown to interact with clathrin through a conserved motif
in their C-terminal domain (8, 26). The receptor-g-arrestin
complex also interacts with the B-subunit of the AP-2 (9), thus
providing a potential mechanism by which GPCRs are targeted
to clathrin-coated vesicles. However, the extent to which each
interaction participates in clathrin-mediated GPCR endocyto-
sis is unknown.

Here, we identify the specific residues in B-arrestin that
mediate its binding to AP-2 and demonstrate that, like clath-
rin, AP-2 interacts directly with B-arrestin and that these
interactions occur independently. Using B-arrestin mutants
deficient in either AP-2 or clathrin binding, we evaluated the
respective contribution of these interactions to the GPCR en-
docytic process. Although each interaction can be shown to
participate in the internalization of the B,AR, only the B-arres-
tin/AP-2 interaction seems to be required for the initial target-
ing of the receptor to clathrin-coated pits.

This paper is available on line at http://www.jbc.org
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MATERIALS AND METHODS

Plasmids Constructs—Recombinant DNA procedures were carried
out following standard protocols. The GAL4 BD-B-arrestin 2 fusion
protein mutants were generated by polymerase chain reaction (PCR).
Residues 381-410 of B-arrestin 2 were substituted with quintuple ala-
nines by replacing the EcoRI-Sall fragments of pAS2-1-B-arrestin 2
with the PCR products. A similar strategy was employed to introduce a
single alanine substitution in B-arrestin 2 at position 396 (B-arrestin 2
R396A) or position 398 (B-arrestin 2 K398A). The GAL4-AD-B,-adaptin
construct is described elsewhere (9).

Glutathione S-transferase (GST) fusion proteins of arrestin C-termi-
nal domains were construct from PCR fragments derived from the C
terminus of rat B-arrestin 1 (331-418), rat B-arrestin 2 (333—410 or
377-410), B-arrestin 2 R396A (377-410), and B-arrestin 2 K398A (377—
410) and cloned into BamHI and Xhol of pGEX-5X-2. Wild type bovine
visual arrestin C terminus (322-404) and the N384R mutant were
cloned into BamHI and EcoRI of the same vector.

A green fluorescent protein conjugated to the N-terminal domain of
B-arrestin 2 (GFP-B-arrestin 2) or B-arrestin 2 mutant deficient in
clathrin-binding (GFP-B-arrestin 2 AAEA) were generated by cloning
the full-length B-arrestin 2 or B-arrestin 2 AAEA from pcDNA 3.1 Zeo
into the HindIII and Apal sites of pEGFP-C3. GFP-B-arrestin 2 R396A
and GFP-B-arrestin 2 K398A were generated by replacing the PstI-Sall
fragment from pEGFP-B-arrestin 2 with the corresponding digested
fragment from pAS2-1-B-arrestin 2 R396A or -B-arrestin 2 K398A.

B-Arrestin 2 C-terminal minigene constructs (285-410) were con-
structed from PCR fragments derived from B-arrestin 2, B-arrestin 2
AAEA, B-arrestin 2 R396A, or B-arrestin 2 AAEA/R396A and cloned
into the BamHI and Xbal sites of pcDNA 3.1 Zeo. A Ncol site was
introduced at the N terminus of the minigene constructs, creating an
initiating methionine followed by a glycine before the first conserved
residue of B-arrestin 2. All constructs were verified by DNA sequencing
(Howard Hughes Medical Institute DNA Sequencing Facility, Duke
University)

Yeast Two-hybrid Assays—Fusion genes expressing either p-arrestin
2 or B-arrestin 2 mutants and p,-adaptin were transformed into Y187 or
PJ69-4A yeast strains as described previously (9). Protein/protein in-
teractions were assayed in PJ69-4A for their adenine auxototrophy
complementation or in Y187 for B-galactosidase activity using a chemi-
luminescent B-galactosidase assay kit (CLONTECH).

Purification of Clathrin and AP-2 Complexes—Clathrin and AP-2
complexes were purified from 4—6 cow brains as described by Manfredi
and Bazari (27) with minor modifications. Briefly, brains were homog-
enized in 400 ml of isolation buffer A (100 mm MES, pH 6.5, 1 mm
EGTA, 0.5 mm MgCl,, 0.1 mM phenylmethylsulfonyl fluoride, 1 pg/ml
leupeptin, 5 pg/ml aprotinin) and spun at 8,000 rpm for 45 min in a
Sorvall GS-3 rotor. The supernatant was recovered and spun at 45,000
rpm in a Ti-45 rotor for 60 min, and the pellets were resuspended in
isolation buffer A, combined, and homogenized with a glass-on-glass
Dounce homogenizer. Homogenates were diluted with equal volume of
isolation buffer A containing 12.5% Ficoll 400, 12.5% sucrose and spun
at 19,000 rpm for 40 min in a Sorvall SS-34 rotor. Supernatants were
diluted in 400 ml of isolation buffer A and spun at 45,000 rpm in a Ti-45
rotor for 60 min. The pellets were combined and homogenized in Buffer
B (1.0 mM Tris-HCI, pH 7.0, 200 mM dithiothreitol) and left on ice for 30
min. Samples were spun at 90,000 rpm in a TL-100 ultracentrifuge. The
supernatant was saved, and the pellets were again homogenized in
Buffer B and immediately spun at 90,000 rpm. Supernatants from two
ultraspins were combined and loaded on an S-300 Sepharose 26/60
Sephacryl column (Amersham Pharmacia Biotech) equilibrated with
0.5 mm Tris-HCL, pH 7.0, 0.1 mm dithiothreitol, and 0.02% sodium
azide. Samples were collected at a rate of 0.25 ml/min, and fractions
were analyzed by SDS-polyacrylamide gel electrophoresis stained with
Coomassie Blue. Fractions containing purified clathrin or AP-2 were
pooled and concentrated using a Centriprep 10K according to the man-
ufacturer’s instructions. Purified proteins were either used immedi-
ately or stored on ice for up to 2—-3 weeks.

GST Fusion Protein Expression and Pull-down Experiments—Plas-
mid DNAs were transformed in Escherichia coli BL21 cells. Overnight
cultures were grown in LB medium supplemented with ampicillin (100
pg/ml), diluted to an Ay, of 0.2 in the same medium and grown for
another 1 h at 37 °C. Cultured cells were then induced with 0.1 mm
isopropyl-1-thio-pB-D-galactopyranoside for 2 h at room temperature.
Cells were then pelleted, washed once with phosphate-buffered saline
(PBS) and resuspended in PBS containing 1 mM phenylmethylsulfonyl
fluoride, 2 mg/ml lysozyme and incubated for 15 min on ice. Cells were
lysed by adding Triton X-100 (1% v/v) immediately followed by two

23121

freeze-thaw cycles. Solubilized cells were incubated with DNase (300
units) for 15 min on ice and centrifuged at 13,000 rpm for 10 min.
Glutathione-Sepharose beads were added to the supernatant and
gently agitated at 4 °C for 2 h. Beads were washed three times with cold
PBS containing 1% Triton X-100 followed by three washes with cold
PBS without any detergent. Protein concentration was determined
using a DC protein assay kit (Bio-Rad), and the integrity of the fusion
proteins was analyzed by SDS-polyacrylamide gel electrophoresis and
Coomassie staining.

GST fusion proteins (1-2.5 pg) on beads were incubated in 0.5 ml of
binding buffer (10 mm Tris-HCI, pH 7.4, 5 mm EDTA 0.2% Triton X-100)
for 2 h at 4 °C with purified clathrin (10 ug) or AP-2 (5 ug). The beads
were spun and washed three times with binding buffer followed by
three washes with binding buffer without any detergent. Beads were
resuspended in SDS sample buffer (8% SDS, 25 mm Tris-HCl, pH 6.5,
10% glycerol, 5% 2-mercaptoethanol, 0.003% bromphenol blue), and
proteins were resolved by electrophoresis on a 4-20% gel, transferred
onto nitrocellulose, and analyzed by Western blot using mouse mono-
clonal anti-B,-adaptin or clathrin antibodies (Transduction Laborato-
ries) or stained with Coomassie Blue for GST protein detection.

Receptor Endocytosis—HEK 293 were transiently transfected with
¢DNA using a modified calcium-phosphate method (28). Transfected
cells expressing hemagglutinin-tagged B,AR alone or co-expressing he-
magglutinin-tagged B,AR with B-arrestin 2 C-terminal minigene con-
structs were exposed to 10 uM isoproterenol for 30 min at 37 °C, and
sequestration was assessed by flow cytometry as described previously
(29). The expression of B-arrestin 2 minigenes was assessed by Western
blot using a rabbit polyclonal antibody (30). Statistical significance was
determined by a paired two-tailed ¢ test.

GFP-B-Arrestin 2 Translocation in Live Cells and AP-2 Colocaliza-
tion in Fixed Cells—GFP-B-arrestin 2 translocation was visualized in
real time on a 37 °C heated stage Zeiss laser scanning microscope
(LSM-510) as described previously (15). Cells expressing B,AR with
GFP-B-arrestin 2, B-arrestin 2 AAEA, and B-arrestin 2 R396A were
stimulated with 10 uM isoproterenol in serum-free medium buffered
with 20 mm HEPES, and images were collected sequentially every 30 s
for a period of 5 min using a single line excitation filter of 488 nm and
emission filters at 505-550 nm. For AP-2 staining, cells were fixed in
3.7% paraformaldehyde in PBS for 30 min following a 2-min agonist
stimulation. Cells were washed in PBS, permeabilized with 0.1% Triton
X-100 in PBS for 10 min, and incubated with crude extract of the
anti-a-adaptin antibody AP.6 (1:1; American Type Culture Collection)
for 1 h at room temperature. Cells were washed and incubated with
goat anti-mouse IgG conjugated with Texas Red (1:250; Molecular
Probes) for 1 h at room temperature. Samples were visualized using
single sequential line excitation filters at 488 and 568 nm and emission
filter sets at 505-550 nm for GFP detection and 585 nm for Texas Red
detection.

RESULTS

We previously identified a region of 32 amino acids in the
B-arrestin 2 C terminus (amino acids 378—410) that binds to
the B2 subunit of the AP-2 adaptor complex (9). To identify the
specific residues within this region that mediate the B-arrestin/
AP-2 interaction, B-arrestin 2 mutants were assessed for their
ability to interact with B,-adaptin in a yeast two-hybrid assay.
Alanine scanning substitutions of B-arrestin 2 residues 381—
410 were generated. As shown in Fig. la, successive quintuple
alanine substitution of residues 391-400 in the full-length
B-arrestin 2 greatly impaired the ability of B-arrestin 2 to
interact with B,-adaptin. This region of B-arrestin 2 is highly
conserved among the arrestin family with the exception of the
two charged residues arginine 396 and lysine 398 and the
residues leucine 395 and glycine 399 (Fig. 16). Because ar-
restins can participate in ionic interactions (31, 32), we focused
our attention on the two conserved positively charged residues.
We replaced arginine 396 and lysine 398 with alanine and
compared both B-arrestin 2 mutants (R396A and K398A) with
the wild type B-arrestin 2 for their interaction with By,-adaptin
(Fig. 1c¢). The interaction between B-arrestin 2 or B-arrestin 2
K398A with B,-adaptin resulted in 25- and 15-fold increases in
B-galactosidase activity, respectively, whereas no significant
increase over basal activity was detected when the B-arrestin 2
R396A mutant was expressed with B,-adaptin in yeast (Fig.

8102 ‘8T AInc uo 19nb Aq /6.10°9q " mamwwy//:dny wioly papeojumoq


http://www.jbc.org/

23122 Role of B-Arrestin/AP-2 Interaction in GPCR Endocytosis
Growth
a (-Adenine) b
380 39|0 4(:0 41I0 25
Barr2 LIEFDTI!JYATDDDIVFEDFARLRLKGMKDDDCDDQFC + =
381-385 wmm—( A AA A " § 204
386-390 memm— A A— + 25 151
R ST
391-395 AAAAA - 2 S
x _ £ 101
396-400 (A AAA A — S
401-405 (RAAA ++ S sl
==}
406-410 AAAAA| +++ 0
Barr2 Barr2  Barr2
R396A K398A
400 410
1 1
GMKDDDCDDQFC
GMKDDKDEEDDGTGSPHLNNR
GMADDKDDDC
GNDSEBQPSPSANLPPSLL
DAGEYKEEKTDQEAAMDE

Fic. 1. Identification of residues in the C terminus of B-arrestin 2 involved in B,-adaptin binding. a, residues 391-400 in B-arrestin
2 are involved in B,-adaptin binding. Plasmids encoding the fusion protein GAL4 BD-B-arrestin 2 wild type or quintuple alanine mutants were
co-transformed with the GAL4 AD-B,-adaptin fusion protein in PJ69-4A. Protein/protein interactions were assessed for adenine auxotroph
complementation. Growth on adenine-deficient plates is indicated by +, and absence of growth, resulting from the lack of protein interactions, is
indicated by —. b, sequence homology among arrestin C-terminal domains from rat B-arrestin 2 (accession number P29067), rat B-arrestin 1
(P29066), rainbow trout (P51466 or P51468), Drosophila melanogaster (P19107), Caenorhabditis elegans (P51485), and bovine visual arrestin
(retinal S-antigen; P08168) C terminus. The boxed letters represent highly conserved residues. The putative clathrin binding site in B-arrestin 1,
B-arrestin 2, trout arrestin, and C. elegans arrestin is highlighted in bold letters. Residues in B-arrestin 2 are numbered from amino acids 380 to
410. ¢, arginine 396 in B-arrestin is necessary for B,-adaptin binding. Protein interactions were assessed in Y187 yeast strain for B-galactosidase
activity using a liquid assay as described under “Materials and Methods.” Results for the B-galactosidase activity, expressed in relative light units
(RLU), are the means = S.D. of triplicate determinations and are representative of at least three independent experiments.
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Fic. 2. Binding of arrestin C termini to purified clathrin and AP-2 adaptor proteins. a, GST fusion proteins were immobilized on
Sepharose beads and incubated with purified clathrin or AP-2 adaptor proteins. b, Coomassie staining of purified clathrin and adaptor proteins
(AP). Depicted are the clathrin heavy (HC) and light chains (LC), the « and B subunits of AP-2, and the y subunit of AP-1. Note that the AP
preparation also contains clathrin heavy and light chains. ¢, arrestin interactions with clathrin and AP-2. Purified adaptor (upper panels) or
clathrin (middle panels) preparations were incubated with GST fusion proteins of B-arrestin 1, B-arrestin 2, or visual arrestin C termini (lower
panel) and affinity purified as described under “Materials and Methods.” Affinity purified proteins were transferred onto membranes and
immunodetected with both B,-adaptin and clathrin heavy chain (HC) antibodies or Coomassie stained to examine the expression of the GST fusion
proteins. Results show that both B-arrestin 1 and 2 (lanes 2 and 3) can interact with AP-2 adaptor complex and clathrin, whereas visual arrestin
only interacts marginally with AP-2 (lane 4). Input represents 5 or 10% of the total amount of starting material used in each assay (right panels).
Results are representative of at least four independent experiments.

1c). Under the same conditions, B-arrestin mutants showed no
differences in their interaction with clathrin when compared
with wild type B-arrestin 2 (data not shown). These results
reveal that arginine 396 in B-arrestin 2 is important for B,-
adaptin binding.

We next examined whether arrestins could bind B,-adaptin
in its heterotetrameric form (AP-2). GST fusion proteins of the
C terminus (CT) of arrestins immobilized on Sepharose beads
were incubated with purified clathrin and/or AP-2 adaptor
proteins (Fig. 2, @ and b). Recovered proteins were analyzed by
SDS-polyacrylamide gel electrophoresis to detect immunoreac-
tive clathrin heavy chain and AP-2 using specific antibodies

against the clathrin and the B,-adaptin (Fig. 2¢). Both GST-g-
arrestin 1-CT and B-arrestin 2-CT were equally effective in
coprecipitating AP-2 (Fig. 2c, upper panel, lanes 2 and 3, re-
spectively). In contrast, visual arrestin-CT, which does not
contain the arginine 396 residue found in B-arrestin 2 or the
clathrin binding motif, only weakly bound AP-2 (Fig. 2¢, line 4).
GST-B-arrestin 2-CT also co-precipitated clathrin (Fig. 2¢, up-
per panel, lane 3), which is consistent with the presence of low
levels of clathrin in the AP-2 preparation (Fig. 2b, right panel).
Under these conditions, no immunoreactive clathrin heavy
chain was detected with GST-B-arrestin 1-CT or visual arres-
tin-CT, in agreement with the reported lower affinity of B-ar-
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FiG. 3. The interaction of B-arrestin with AP-2 involves argi-
nine residues in the p-arrestin 2 C terminus and is independent
of clathrin binding. @, B-arrestin interaction with AP-2 does not
require clathrin interaction. Results show that the GST-B-arrestin 2
C-terminal fusion protein lacking the clathrin binding domain (Barr2
(AClath CT)-CT) was still able to affinity purify AP-2 but not clathrin.
Mutation of the arginine 396 (R396A) but not the lysine 398 (K398A)
impaired the ability of B-arrestin 2 to bind AP-2. Shown in the lower
panel is the amount of GST fusion proteins used in each assay as
revealed by Coomassie Blue staining. b, arginine 394 in B-arrestin 2 is
involved in AP-2 binding. GST-B-arrestin 2 C-terminal fusion proteins
were incubated with purified adaptor proteins (AP), affinity purified,
and analyzed as described previously under “Materials and Methods.”
Results show that substitution of arginine 394 for an alanine residue
impaired the ability of B-arrestin 2 to bind AP-2 without affecting its
association with clathrin (lane 2 versus lane 3). Substitution of aspar-
agine 384 in visual arrestin for an arginine enhanced the ability of
visual arrestin to interact with AP-2. Results are representative of at
least three independent experiments.

restin 1 for clathrin (8). Incubation of purified clathrin with
similar amounts of GST-B-arrestin 1-CT, B-arrestin 2-CT or
visual arrestin-CT resulted in the association of clathrin with
B-arrestin 1 and 2 but not visual arrestin (Fig. 2¢, middle
panel, lanes 2-4, respectively). Again, B-arrestin 2 exhibited
stronger interaction with clathrin than did B-arrestin 1.

To test whether B-arrestin binding to AP-2 was independent
of the association of B-arrestin with clathrin, a GST-B-arrestin
2-CT fusion protein lacking the putative clathrin-binding site
(AClath; see Fig. 2a) was incubated with the adaptor protein
preparation containing both AP-2 and clathrin. Results showed
that GST-B-arrestin 2 (A Clath)-CT interacted with AP-2 even
in the absence of its clathrin-binding site (Fig. 3a, lane 2).
Substitution of the arginine 396 to alanine (R396A) in GST-3-
arrestin 2 (A Clath)-CT abolished AP-2 binding, whereas the
lysine 398 to alanine substitution (K398A) had no significant
effect on AP-2 interaction (Fig. 3a, lanes 3 and 4, respectively).
This is consistent with the yeast two-hybrid results.

Visual arrestin lacks both the putative clathrin-binding site
and the conserved arginine 396 found in B-arrestin 2 (Fig. 1b).
It is therefore not surprising to detect no interaction between
visual arrestin and clathrin. However, the modest interaction
detected between the visual arrestin and AP-2 suggests the
participation of other residues. Indeed, alanine replacement of
residues 391-395 greatly impaired the ability of B-arrestin to
interact with By-adaptin (Fig. la). Another charged residue,
arginine 394 in B-arrestin 2, is conserved throughout the ar-
restin family. This residue was substituted with an alanine
residue (R394A), and its ability to interact with AP-2 was
assessed (Fig. 3b). GST B-arrestin 2-CT R394A was found to
bind to clathrin but failed to precipitate any detectable AP-2,
whereas GST B-arrestin 2-CT interacted with both clathrin and
AP-2 (Fig. 3b, lanes 2 and 3). These results suggest that both
arginine residues 394 and 396 are involved in AP-2 binding. To
further substantiate the involvement of these two residues,
AP-2 binding was also investigated using visual arrestin in a

23123

KDa 1 2 3 4 5

20.54

w
o
i

e B AT v,

N
(=]
L

Agonist-mediated B2AR sequestration

z
=]
=3
]
[
[<F]
et
)
) _
"E 30
|
7]
o 20 1
=
5]
?
E‘ 104
R 0l
1 2 it 3
] Ll 1 ] 1
N A N ;
& £ oSer s ,C’zy-
& s LS00 & o
¥ Py PO e

Fic. 4. Effect of p-arrestin 2 minigenes on agonist-induced
B>AR sequestration in HEK-293 cells. The sequestration of B,AR
was assessed in the presence of endogenous B-arrestin 2 (Mock), or
overexpressed minigene constructs containing the wild type B-arrestin
2 C terminus (Barr2-CT) or deficient in clathrin or AP-2 binding sites
(Barr2-CT AAEA and Barr2-CT R396A, respectively), or the B-arrestin
2 C terminus deficient in both clathrin and AP-2 binding sites
(Barr2-CT AAEA R396A). Results show that a maximal inhibitory effect
on B,AR sequestration was achieved when both sites were present in
the B-arrestin 2 minigene (second bar). Removal of either the clathrin or
the AP-2 binding site in B-arrestin 2 minigenes partially inhibited B,AR
internalization compared with the minigene constructs containing both
sites (bars 3 and 4 versus bar 2). The minigene construct lacking both
the clathrin and AP-2 binding site had no effect on B,AR internalization
(bar 5 versus bar 1). The level of B-arrestin 2 minigene expression was
assessed by Western blot using a rabbit polyclonal antibody directed
against the C-terminal domain of B-arrestin 2 (inset) (30). The data
represent the means = S.D. of five to eight independent experiments.

gain-of-function paradigm. The asparagine 384 in visual arres-
tin, corresponding to position 396 in B-arrestin 2, was replaced
by an arginine residue, and the mutant GST-arrestin-CT fu-
sion protein was incubated with the AP-2 adaptor proteins (Fig.
3b). Although GST-arrestin-CT showed only a modest interac-
tion with AP-2, GST-arrestin-CT N384R showed a robust as-
sociation with AP-2 without any change in its interaction with
clathrin as compared with the wild type arrestin-CT fusion
protein (Fig. 3b, lanes 4 and 5). These results reveal that highly
conserved arginine residues in B-arrestin 2 C terminus (argi-
nine 394 and 396 in B-arrestin 2) are involved in AP-2 binding
and suggest that the clathrin and AP-2 binding sites in B-ar-
restin 2 are distinct.

Our results provide biochemical evidence to support the pre-
mise that B-arrestin plays a role as an endocytic scaffold pro-
tein for both AP-2 and clathrin. To evaluate the function of
these interactions in cells, we used minigene constructs con-
taining p-arrestin 2 C-terminal domains. A similar construct
containing the wild type B-arrestin 1 C-terminal domain has
been shown previously to inhibit GPCR endocytosis (6, 33—-35).
Endocytosis of B,AR was assessed in HEK 293 cells expressing
different C-terminal constructs of B-arrestin 2 lacking the
clathrin-binding site, the AP-2-binding site, or both the clath-
rin- and AP-2-binding sites (Fig. 4). Results show that in cells
expressing each individual construct at a similar level (Fig. 4,
inset), the wild type B-arrestin C-terminal minigene had the
most significant effect on the B,AR, inhibiting its internaliza-
tion by more than 50% compared with cells expressing the
receptor alone (mock). Expression of minigene constructs lack-
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GFP-Barr2

GFP-Barr2

GFP-Barr2R396A

Fic. 5. Translocation of GFP-B-arrestin 2 to agonist-activated
B>AR in HEK-293 cells. Wild type p-arrestin 2 or B-arrestin 2 deficient
in clathrin or AP-2 binding were assessed for their translocation to
B,AR using N-terminal GFP conjugates of B-arrestins. a, in unstimu-
lated cells expressing both the B,AR and GFP-B-arrestin 2, the fluores-
cence is distributed uniformly throughout the cytoplasm as visualized
both in Z sections of the middle (left panel) or bottom of the cell (right
panel). A similar distribution of fluorescence was observed for the
GFP-B-arrestin 2 clathrin-deficient or AP-2-deficient binding mutants
(GFP-BarrAAEA and GFP-BarrR396A, respectively) in the absence of
agonist (data not shown). b, in the presence of 10 uM of isoproterenol,
GFP-B-arrestin 2 translocates to B,AR and displayed a punctated dis-
tribution at the plasma membrane (top panels). Activation of B,AR in
cells expressing GFP-B-arrestin 2 AAEA showed a similar punctated
distribution at the plasma membrane, although the puncta appeared
smaller in size (middle panels). GFP-B-arrestin 2 R396A translocated to
agonist-activated receptor (bottom panels) but exhibited a more diffuse
pattern at the plasma membrane with few puncta (right panels). The
images represent 0.5-um Z sections of the middle of cells (left panels) or
Z sections of the bottom of the cell (right panels). All scale bars are 5 um.

ing either the clathrin or the AP-2 binding sites resulted in 27
and 32% inhibitions on B,AR internalization, respectively. Re-
moval of both sites abrogated the ability of the B-arrestin
C-terminal minigene to inhibit B,AR internalization. These
results suggest that B-arrestin interactions with both clathrin
and AP-2 are important for S,AR endocytosis.

The endocytosis of GPCRs involves the interaction of multi-
ple proteins. The impairment of B,AR endocytosis resulting
from the inhibition of AP-2 and/or clathrin binding to B-arres-
tin, however, does not discriminate at which step in the endo-
cytic pathway these interactions occur. To study the dynamic
regulation of these interactions in the initial steps of B,AR
endocytosis (i.e. targeting of receptor to clathrin-coated pits),
we fused GFP to the N terminus of B-arrestin and assessed in
real time the cellular distribution of agonist-activated B,AR/pB-
arrestin complexes (Fig. 5). Shown are confocal images of sec-
tions running through the middle of the cell (left panels) or
images that focus on AP-2 clusters on the plasma membrane at
the bottom of the same cell (right panels). In the absence of
agonist, GFP-B-arrestin 2 and GFP-B-arrestin 2 mutants were
present in a predominantly diffuse, cytoplasmic distribution
(Fig. 5a and data not shown). Upon agonist treatment, GFP-g-
arrestin 2 translocated from the cytoplasm to the receptor at

Role of B-Arrestin/AP-2 Interaction in GPCR Endocytosis

the plasma membrane and clustered in puncta (Fig. 5b, top
panels). Similarly, a GFP-B-arrestin 2 mutant deficient in
clathrin binding (B-arrestin 2 AAEA) localized in punctated
regions of the plasma membrane that appear smaller in size
from that observed with the wild type GFP-B-arrestin 2 (Fig.
5b, middle panels). The GFP-B-arrestin 2 mutant deficient in
AP-2 binding (B-arrestin 2 R396A) translocated to the receptor
but failed to coalesce into puncta at the plasma membrane (Fig.
5b, bottom panels). A similar diffuse pattern of fluorescence at
the plasma membrane was observed with GFP-B-arrestin 2
that lacked both the clathrin and the AP-2 binding sites (data
not shown).

To test whether the B,AR/B-arrestin 2 complexes were tar-
geted to punctated regions of the plasma membrane represent-
ing clathrin-coated pits, agonist-stimulated cells expressing
the B,AR with GFP-B-arrestin 2 or GFP-arrestin 2 R396A were
fixed and immunostained for AP-2 (Fig. 6). Results show that
GFP-B-arrestin 2 translocated to activated B,AR in punctated
regions of the plasma membrane that coincided with AP-2
staining (Fig. 6a, upper panels and inset). These clusters were
apparent in Z sections showing GFP-B-arrestin 2 fluorescence
or AP-2 staining of cross-sections of the middle or the bottom of
the cell (upper and lower panels, respectively). Similar distri-
bution and colocalization was observed in stimulated cells ex-
pressing both the B,AR and GFP-B-arrestin 2 and immuno-
stained for clathrin (data not shown). Stimulation of the B,AR
in cells expressing the GFP-B-arrestin 2-AP-2-deficient mutant
(GFP-B-arrestin R396A) showed B-arrestin translocation to the
plasma membrane but in a uniformly distributed pattern with
little colocalization with AP-2 (Fig. 6b, upper panels and inset).
The presence of coated pits, comparable with cells expressing
the wild type GFP-B-arrestin, were still detectable as visual-
ized by the cross-section of the bottom of the cell stained for
AP-2 (compare Fig. 6b, bottom left panel with same panel in
Fig. 6a). However, in the same cross-section, clustering of g-ar-
restin 2 R396A in clathrin-coated pits was only sporadically
detected (Fig. 6b, bottom right panel and inset). These results
show that AP-2 binding to B-arrestin is required for agonist-
mediated targeting of GPCR to coated pits and suggest that the
interaction of clathrin with B-arrestin may not be involved in
the initial event of endocytosis and must regulate downstream
events of this process.

DISCUSSION

B-Arrestins play an important role in the endocytosis of
many GPCRs. However, the molecular events involved between
the activation of GPCRs and their concentration in clathrin-
coated pits have not been determined. Here we show, using
purified preparations of AP-2 and clathrin, that B-arrestin can
bind independently to both proteins. The independent nature of
these interactions is confirmed by the identification of two
arginine residues essential for AP-2 binding in the B-arrestin C
terminus downstream of the clathrin-binding site. Using B-ar-
restin mutants lacking either the AP-2 or the clathrin binding
sites, we provide evidence that the interaction of B-arrestin
with AP-2, rather than clathrin, is the necessary step for the
clustering of B,AR into clathrin-coated pits. These results im-
ply that the initial recruitment of AP-2 to diverse classes of
membrane bound receptors may be a common step for
endocytosis.

Evidence suggests that AP-2 sorts cargo (i.e, receptors) into
coated vesicles by interacting with specific recognition se-
quences such as tyrosine-based or dileucine motifs (36). The
B,-adaptin interaction with B-arrestin, which requires arginine
residues, may yet represent another means by which AP-2
links cargo to coated pits. Similar interactions involving mul-
tiple arginine residues have also been described for the specific
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Fic. 6. GFP-B-arrestin 2 colocalization with AP-2 in coated pits of agonist-treated HEK 293 cells expressing the B,AR. Confocal
images of Z sections representing regions of the middle (upper panels) or the bottom (lower panels) of the same cell expressing the S, AR with
GFP-B-arrestin 2 wild type (a) or GFP-B-arrestin 2 (b) deficient in AP-2 binding (R396A) and stained for AP-2 (left panels). Insets show the enlarged
overlay images of B-arrestin fluorescence and AP-2 staining of the same boxed region of the cell. In presence of 10 um of isoproterenol,
GFP-B-arrestin 2 translocates to B,AR in punctated regions of the plasma membrane and colocalizes with AP-2. Under the same conditions,
GFP-B-arrestin 2 R396A is recruited to the receptor but remains in a more diffuse pattern at the plasma membrane and is found only rarely in
coated pits as seen by the low frequency of colocalization with AP-2. All scale bars are 5 um.

Fic. 7. A model for the role of B-ar-
restin in GPCR targeting to clathrin-
coated vesicles. Upon activation of the
B>AR, the receptor becomes phosphoryl-
ated in a G protein-coupled receptor ki-
nase fashion (step 1), and pB-arrestins
translocate to the receptor (step 2). The
receptor-B-arrestin complex may be tar-
geted to pre-existing clathrin-coated ves-
icles (step 3a). Alternatively, the receptor-
B-arrestin complex may recruit the AP-2
adaptor protein (step 3b), and this com-
plex may initiate the assembly of clathrin
and the formation of the clathrin-coated
vesicle. The networks of contacts between
B-arrestin, AP-2, and clathrin can cooper-
atively stabilize receptors in clathrin-
coated pits. B-Arrestins can bind both to
AP-2 and clathrin through their C-termi-
nal domain, whereas AP-2 can also bind
clathrin via its B-subunit. CCV, clathrin-
coated vesicle.

Barrestin

binding of amphiphysin-2 with the SH3 domain of dynamin,
two proteins involved in clathrin-mediated endocytosis (37).
Visual arrestin lacks the paired arginine residues and inter-
acts weakly with AP-2 as compared with B-arrestin 1 and 2.
Reconstitution of the doublet of arginines in visual arrestin
establishes the high efficacy interaction with AP-2.

A model for the interaction of B-arrestin 2 and the B-subunit
of the AP-3 adaptor protein with clathrin has recently been
proposed by ter Haar et al. (38). This model is based on the
crystal structure of the N-terminal domain of clathrin and
short peptides containing clathrin-binding motifs derived from
the sequences of either B-arrestin 2 or the B-subunit of adaptor
proteins. The structural data predict that these two peptides
can interact with the same groove on the B-propeller surface of
clathrin. Based on these observations, the authors proposed

Pre-existing clathrin-coated pits

%

Barrestin

Barrestin

that B-arrestin and AP-2 could either compete for the same
binding site or more likely bind to adjacent clathrin heads in
clathrin cages or cooperate in stabilizing complexes into coated
pits (38). Our findings that the sites of interactions for clathrin
and AP-2 reside within a 25-amino acid stretch in the C termi-
nus of B-arrestin are interesting with respect to this model. The
demonstration that in vitro B-arrestin can co-precipitate with
both purified clathrin and AP-2 based on their individual in-
teractions with B-arrestins might be consistent with the coop-
eration of these proteins in establishing networks of contacts in
coated pits.

The visualization of the translocation of GFP-B-arrestin to
activated receptors and their colocalization with AP-2 in coated
pits provides a means to assess the relative contribution of
these proteins to the endocytic process in live cells. B-Arrestin
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mutants deficient in clathrin binding are still able to translo-
cate to the B,AR and colocalize in pits, whereas B-arrestin
mutants lacking the AP-2 binding site translocate to receptors,
but the receptor-B-arrestin complexes are essentially excluded
from pits. These results establish that the interaction of p-ar-
restin with AP-2 is a required step for the concentration of
B2AR into coated pits and suggest that this interaction facili-
tate the recruitment and/or the assembly of clathrin coats. In
this respect, B-arrestin may play the same role as AP-180, a
monomeric clathrin adaptor protein that has been shown to
have cooperative effects on clathrin assembly when interacting
with AP-2 (39). Although the association of B-arrestin with
clathrin may not be necessary for the initial targeting of B,AR
to coated pits, this interaction is nonetheless of functional
importance for receptor endocytosis. Expression of a dominant
negative mutant of B-arrestin 2 containing both the clathrin
and AP-2 binding sites is found to have additive inhibitory
effect on the agonist-induced internalization of B,AR compared
with B-arrestin mutants containing either one alone. Perhaps
the interaction of B-arrestins with clathrin helps to stabilize
receptor-B-arrestin-AP-2 complexes into individual coated pits.
This interpretation is consistent with the cooperative model
describe above and is substantiated by our observation that the
intensity of puncta as visualized by the translocation of a
GFP-B-arrestin 2 mutant lacking the clathrin-binding site was
lower than the intensity observed with the GFP-B-arrestin 2.
This may reflect a decrease in the number of receptors con-
tained in pits or a decrease in the clustering of individual pits
together. The clustering of multiple pits might be necessary for
the effective endocytosis of the GPCRs. Indeed, such clusters of
clathrin-coated pits have recently been observed upon agonist
treatment of cells (40).

A pivotal unresolved question in the cell biology of receptor
endocytosis is whether the cargo can initiate the nucleation of
coated pits or whether the cargo is simply recruited to existing
pits through its interaction with endocytic adaptor proteins.
According to our data and as presented in the model in Fig. 7,
B-arrestin translocation and its binding to agonist-activated
receptors initiate the recruitment of the AP-2 adaptor protein.
The receptor-B-arrestin-AP-2 complex could then initiate the
assembly of clathrin lattices and the formation of cages (step
3b). Alternatively, the B,AR-B-arrestin complex could encoun-
ter the AP-2 adaptor in a pre-existing pit, and this interaction
could be stabilized by the subsequent interaction of the com-
plex with clathrin (step 3a). Although our data do not discrim-
inate which pathway predominates, AP-2 interaction with
B-arrestin most likely represents the required common step in
both models. Whereas the interaction of B-arrestin with AP-2 is
important in clustering the B,AR into coated pits, we cannot
exclude the existence of other protein/protein interactions that
may play a role in this process. Nonetheless, our results indi-
cate that AP-2, rather than clathrin, is the proximal adaptor for
B-arrestin-mediated targeting of B,AR into clathrin-coated pits
and suggest that B-arrestin/clathrin interaction serves an ul-
terior role in the endocytosis of the B,AR.
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