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Summary

B-arrestins are versatile adapter proteins that form
complexes with most G-protein-coupled receptors

these kinases to agonist-occupied GPCRg3-arrestins
confer distinct signaling activities upon the receptor.3-

(GPCRs) following agonist binding and phosphorylation of
receptors by G-protein-coupled receptor kinases (GRKS).
They play a central role in the interrelated processes of
homologous desensitization and GPCR sequestration,
which lead to the termination of G protein activation. 3-
arrestin binding to GPCRs both uncouples receptors from
heterotrimeric G proteins and targets them to clathrin-
coated pits for endocytosis. Recent data suggest th@t
arrestins also function as GPCR signal transducers. They
can form complexes with several signaling proteins,
including Src family tyrosine kinases and components of
the ERK1/2 and JNK3 MAP kinase cascades. By recruiting

arrestin—Src complexes have been proposed to modulate
GPCR endocytosis, to trigger ERK1/2 activation and to
mediate neutrophil degranulation. By acting as scaffolds
for the ERK1/2 and JNK3 cascades,B-arrestins both
facilitate GPCR-stimulated MAP kinase activation and
target active MAP kinases to specific locations within the
cell. Thus, their binding to GPCRs might initiate a second
wave of signaling and represent a novel mechanism of
GPCR signal transduction.
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Introduction homologous desensitization, the specific uncoupling of

Initial attempts to study the role of G-protein-coupled receptofgonist-bound GPCRs from their cognate G proteins.
kinase (GRK) 2 in desensitization B2 adrenergic receptors ~ P-arrestins, in addition to their role in GPCR
in puriﬁed reconstituted Systems produced a paradoxicﬂ.esenSItlzatIC_)n, have e_ldd_ltlonal functions not shared with the
finding: as the purity and specific activity of the kinase forvisual arrestins. By binding to components of the cellular
agonist-occupied receptors is increased, its ability to inactivagndocytic machineryB-arrestins act as adapter proteins that
receptor-Gs coupling declines. The finding that GRK21arget GPCRs to clathrin-coated pits for endocytosis. The
mediated B2 adrenergic receptor desensitization can b@rocess of GPCR sequestration is important not only in
restored by the addition of pure retinal arrestin, a 48 kDattenuating GPCR signaling in the continued presence of
protein previously shown to mediate the rapid uncoupling ofgonist but also for receptor resensitization and
rhodopsin from the retinal heterotrimeric G protein, transducindownregulation. In additionp-arrestins might have novel
led to the hypothesis that additional arrestin-like proteindunctions as GPCR signal transducers. Recent reports suggest
existed (Benovic et al., 1987). The loss of an essential cofactftat they bind directly to several proteins involved in signal
during GRK2 purification, subsequently identifiedaarrestin ~ transduction, including Src family kinases and components of
1, accounted for the loss of GRK2-dependent desensitizatidRe ERK1/2 and JNK3 MAP kinase cascades. By recruiting
by the highly purified kinase preparations. these proteins directly to the GPCRarrestins can confer

To date, four functional members of the arrestin gene familglistinct enzymatic activities upon the receptor, which may
have been cloned (Freedman and Lefkowitz, 1996; Fergusot§ad to signals that are important for the regulation of cellular
2001) Two arrestins, visual arrestin (Shinohara et a|_, 1gggrowth or differentiation. Here, we review recent advances in
Yamaki et al., 1987) and cone arrestin (Murakami et al., 199®ur understanding of the role d-arrestins in GPCR
Craft et al., 1994), are expressed almost exclusively in th@ignaling, both as terminators of G-protein-dependent
retina, where they regulate photoreceptor function. Bhe Signaling processes and as potential transducers of novel
arrestins,p-arrestin 1 (Lohse et al., 1990) afiearrestin 2  signals emanating from GPCRs.
(Attramandal et al., 1992), are ubiquitously expressed proteins
whose highest levels of expression are in the brain and spleen. ) _ _
All members of the family can bind specifically to light- B-arrestins as signal terminators
activated or agonist-occupied heptahelical G-protein-couple@ihe waning of GPCR signaling in the continued presence of
receptors (GPCRs) that have been phosphorylated by GRKagonist is accomplished by a coordinated series of events that
Arrestin binding sterically blocks the receptor—G-proteinare typically considered as three distinct processes: receptor
interaction and thus plays a critical role in the process afiesensitization, sequestration and downregulation.
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® (1) results from the binding @arrestins 8-arr) to agonist (H)-occupied

@ Recycling / Downregulation receptors following phosphorylation of the receptor by GHatrestin
binding sterically precludes coupling between the receptor and

heterotrimeric G proteins, leading to termination of signaling by G proteins effectors (E). Receptofaorestins also act as adapter
proteins, binding to components of the clathrin endocytic machinery including cl@®vaaaptin (AP-2) and NSF. Receptor sequestration (2)
reflects the dynamin (Dyn)-dependent endocytosis of GPCRs via clathrin-coated pits. Once internalized, GPCRs exhibitt tpattdistinof
B-arrestin interaction. ‘Class A GPCRs, for examplefBedrenergic receptor, rapidly dissociate fifgsarrestin upon internalization. These
receptors are trafficked to an acidified endosomal compartment, wherein the ligand is dissociated and the receptor degldsphoryla
GPCR-specific protein phosphatase PP2A isoform, and are subsequently recycled to the plasma membrane (3). ‘Class Birregapipts, f
the angiotensin Il AT1a receptor, form stable receft@rrestin complexes. These receptors accumulate in endocytic vesicles and are either
targeted for degradation or slowly recycled to the membrane via as yet poorly defined routes.

Acidified Vesicle Q 0
4

’ Slow Recyling? Degradation
Degradation

B-arrestins in GPCR desensitization phosphorylation of the receptor by GRKs and subsequent
Desensitization, which begins within seconds of agonisbinding of B-arrestin (Fig. 1). There are seven known GRKSs.
exposure, is initiated by phosphorylation of the receptoiRhodopsin kinase (GRK1) and GRK7, a candidate for a cone
Second-messenger-dependent protein  kinases, includimgpsin kinase (Weiss et al., 1998), are retinal kinases involved
cyclic-AMP-dependent protein kinase (PKA) and proteinin the regulation of rhodopsin photoreceptors, whereas GRK2-
kinase C (PKC), phosphorylate serine and threonine residu€RK6 are more widely expressed. Membrane targeting of all
within the cytoplasmic loops and C-terminal tail domains ofof the GRKs is apparently critical to their function and is
many GPCRs. Phosphorylation of these sites is sufficient toonferred by a C-terminal tail domain (Stoffel et al., 1997).
impair receptor—G-protein coupling efficiency in the absenc&&RK1 and GRK7 each possess a C-terminal CAAX maotif.
of B-arrestins. For example, phosphorylation of tg2  Light-induced translocation of GRK1 from the cytosol to the
adrenergic receptor in vitro by PKA is sufficient to impair plasma membrane is facilitated by the post-translational
receptor-stimulated GTPase activity (Benovic et al., 1985), antrnesylation of this site. ThB-adrenergic receptor kinases
removal of the PKA phosphorylation sites delays the onset GRK2 and GRK3) have C-terminalf@subunit-binding and
desensitization in intact cells (Bouvier et al., 1988). Agonispleckstrin-homology domains, and they translocate to the
occupancy of the target GPCR is not required for this processjembrane as a result of interactions between these domains
thus receptors that have not bound agonist, including receptaasd free @y subunits and inositol phospholipids.
for other ligands, can be desensitized by the activation dPalmitoylation of GRK4 and GRK6 on C-terminal cysteine
second-messenger-dependent protein kinases. This lack rekidues leads to constitutive membrane localization. Targeting
requirement for receptor occupancy has led to the use of tlid GRK5 to the membrane is thought to involve the
term heterologous desensitization to describe the procesgectrostatic interaction of a highly basic 46 residue C-terminal
(Lefkowitz, 1993). domain with membrane phospholipids.

In contrast, homologous desensitization is mediated by In common with second-messenger-dependent protein



B-arrestins in GPCR signaling 457

Fig. 2. Putative domain architecture of tRerrestins. N domain S— C domain

By analogy with the known crystal structure of visu

arrestin B-arrestins are thought to be composed of S A———

major structural domains, N and C, each comprisir ~ p-arrestini R1| I

seven-strandefd sandwich. Based upon mutagenes

studies performed using bdBrarrestins and visual p-arrestin2 Iml
1

418

m

I"-—-——-l:nu— =l
————pNM— Py

arrestin, the3-arrestins are comprised of two major
functional domains, an N-terminal (A) domain | :
responsible for recognition of activated GPCRs ani =
C-terminal (B) domain responsible for secondary Sre-SH3 |

.h | 0|
—i-

41C|

Clathrin  AP2

T
o

receptor recognition. The A and B domains are
sepa_rated b_y a p_h_osphate sensor dc_)maln (P). The Sre-SH1 JNK3 NSF S412
functionally identified A and B domains corresponc Ask1 (other MAPKs?) Mdm?2

approximately to the N and C domains identified (other MAPKKKs?) '
crystallographically. N (R1)- and C (R2)-terminal

regulatory domains reside at either end of the protein. The R2 domain contains the primaf+aitesifin 1 phosphorylation, S412, as well

as the LIEF binding motif for clathrin and the RXR binding motiff@radaptin (AP2). The recognition domain for inositol phospholipids

(IP6) resides within the B domain. One or more PXXP motifs located within the A donfaiaradstin 1 mediates binding to the c-Src-SH3
domain. The MAP kinase, JNK3, and possibly other MAP kinases (MAPKS), interadi-aitlkstin 2 via a consensus MAP kinase

recognition sequence, RRSLHL, located within the B domain. Less precisely defined interactions, such as thoge dretstierl (1-185)

and Askl and Src-SH1 domaifsarrestin 1 and NSF, affflarrestin 2 and Mdm2, are also shown. Regions of the protein involved in receptor
or membrane recognition are shown in blue, those involved in contrBHamgestin interaction with the endocytic machinery are shown in red,
while proposed interactions betwdgiarrestins and signaling proteins are shown in green.

kinases, GRKs phosphorylate GPCRs on serine and threoniagole in cardia@-adrenergic receptor desensitization (Conner
residues in their third intracellular loop and C-terminalat al., 1997). HomozygouB-arrestin-2-knockout mice are
domains. GRKs, however, preferentially phosphorylatdikewise phenotypically normal, but exhibit a dramatic
receptors that are in the agonist-occupied conformatiompotentiation and prolongation of the analgesic effect of
Furthermore, GRK phosphorylation alone has little effect oimmorphine, which is consistent with impairngapioid receptor
receptor—G-protein coupling in the absence of arrestinglesensitization in the central nervous system (Bohn et al.,
Rather, the role of GRK phosphorylation is to increase th&999). In these animals, the loss of opioid receptor
affinity of the receptor for arrestins. In vitro, tBearrestin-1-  desensitization correlates with an inability to develop tolerance
binding affinity of 32 adrenergic receptors is increased 10- tdo the antinociceptive effects of morphine, but does not prevent
30-fold following phosphorylation of the receptor by GRK2 the development of opioid dependence (Bohn et al., 2000).
(Lohse et al., 1993). It is the binding of arrestin to receptor
domains involved in G protein coupling, rather than GRK
phosphorylation, that leads to homologous desensitization farrestins in GPCR sequestration
the receptor. Internalization of GPCRs, also termed receptor sequestration
The crystal structure of visual arrestin indicates that arrestingr endocytosis, occurs more slowly than desensitization,
contain two major domains, an N domain (residues 8-180) arfitappening over a period of several minutes after agonist
a C domain (residues 188-362), each of which is composed ekposure. It is now clear that GRK-mediated GPCR
a seven strandel sandwich (Graznin et al., 1998; Hirsch et phosphorylation and binding dB-arrestin to the receptor
al., 1999) (Fig. 2). Mutagenesis studies performed on visudécilitates the agonist-promoted endocytosis of many GPCRs,
arrestin suggest that the N domain contains regions of thacluding the(32 adrenergic, angiotensin Il type la, m2-m5
molecule that are important for recognition of light-activatedmuscarinic cholinergic, endothelin A, D2 dopamine,
rhodopsin, whereas a secondary-receptor-binding regidiollitropin, monocyte chemoattractant protein-1, CCR-5 and
resides within the C domain (Gurevich et al., 1995). AdditionaCXCR1 receptors (Ferguson, 2001) (Fig. 1). The exteft of
regulatory motifs reside at the N- and C-termini of thearrestin involvement appears to vary significantly depending on
molecule. A phosphate sensor region localizes to the linkehe receptor, agonist and cell type, probably reflecting a
between the N and C domains and forms part of the polar covariation in endogeous patterns of GRK afiearrestin
of the protein. Interactions between the C-terminal tail and thexpression, the specific effects of agonist and partial agonist
phosphate sensor region that maintain arrestin in an inactiekugs on receptor conformation and the availability of
state are disrupted upon receptor binding, allowing arrestin tternative pathways for GPCR endocytosis.
bind with high affinity to the phosphorylated receptor. The physical basis for the differential effects of visual
The importance of3-arrestins in the regulation of GPCR arrestins andB-arrestins on GPCR endocytosis apparently
function in vivo is indicated by data obtained fr@arrestin-  resides within the C-terminal tail of the molecule (Fig.[®).
knockout mice. HomozygouB-arrestin-1-knockout animals arrestins contain two motifs that allow them to function as
are developmentally normal and exhibit normal resting cardiaadapter proteins that link the GPCR to components of the
parameters, such as heart rate, blood pressure and lefathrin-dependent endocytic machinefyarrestins, but not
ventricular ejection fraction. However, the administration ofvisual arrestins, bind with high affinity and stoichiometry to
[-adrenergic receptor agonists produces an exaggerateththrin in vitro (Goodman et al., 1996). This interaction
hemodynamic response, which suggestsfikatestin 1 plays involves binding of an LIEF sequence, which is located
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between residues 374 and 37 Bedrrestin 2 (Krupnick et al., is carried out by an as yet unidentified ubiquitin liggse.
1997), to a region located between amino acids 89 and 100 afrestin ubiquitination is apparently required for receptor
the N-terminal domain of the clathrin heavy chain. In additionjnternalization, whereas ubiquitination of the receptor is
[B-arrestins bind directly to th@2 adaptin subunit of the involved in degradation of the receptor but not its
heterotetrameric AP-2 adaptor complex through an RxRhternalization.
sequence, which is located between residues 394 and 396 ofWork with purified proteins in vitro and in overexpression
B-arrestin 2 (Laporte et al., 1999; Laporte et al., 2000). Theystems has revealed little in terms of functional differences
AP-2 complex links many receptors to the clathrin endocytibetween the twop-arrestins. However, recent studies of
machinery by binding to clathrin, dynamin and EPS-15, and ifibroblast lines derived from mouse embryos (MEFs) lacking
involved in the initiation of clathrin-coated pit formation either or botlf-arrestins confirm the hypothesis tRBadrrestin
(Kirchhausen, 1999). Mutation of the AP-2-binding motif of 1 andp-arrestin 2 exhibit functional specialization (Kohout
B-arrestin 2 does not prevent it from binding to agonistet al., 2001). Desensitization of bof)2 adrenergic and
occupiedB2 adrenergic receptors but does block the targetingngiotensin AT1a receptors is impaired in dtrrestin 1 and
of receptorf-arrestin complexes to clathrin-coated pitsp-arrestin 2 knockout MEFs and further reduced in the double-
(Laporte et al., 2000). Expression of a dominant inhibitoryknockout cells, which suggests that the two isoforms are
mutant of dynamin, a large GTPase necessary for the fissi@gually effective at inducing desensitization. In contr2t,
of clathrin-coated pits from the plasma membrane, impairs thadrenergic receptor sequestration is markedly reduced only in
endocytosis of32 adrenergic receptors (Zhang et al., 1996)3-arrestin-2-knockout and double-knockout MEFs, nofiin
which supports the hypothesis that clathrin-coated pits mediatarestin 1 knockouts. Reconstitutionfeérrestin expression in
the endocytosis of many GPCRs. double-knockout MEFs revealed thaarrestin 2 is 100-fold
The N-ethylmaleimide-sensitive fusion protein (NSF) alsomore potent tharB-arrestin 1 in supportin@2 adrenergic
binds tof-arrestin 1 in vitro and in vivo (McDonald et al., receptor endocytosis. AT1a receptor sequestration is minimally
1999). NSF is an ATPase involved in intracellular transportaffected inB-arrestin 1 knockouts and markedly impaired only
Overexpression of NSF enhanc@2 adrenergic receptor in the double-knockout MEFs. This suggests that eifier
endocytosis in HEK-293 cells, which suggests that tharrestin alone is sufficient for AT1a receptor sequestration.
interaction betweerB-arrestin and NSF is important for
receptor endocytosif-arrestin activity is further influenced by o . S
binding of phosphoinositides, in particular InsP6 (Gaidarov e-arrestins in GPCR downregulation and resensitization
al.,1999). The phosphoinositide-binding regioredrrestin 2  Downregulation of GPCRs, the persistent loss of cell surface
resides within residues 233-251. Mutation of basic residuegceptors that occurs over a period of hours to days, is the least
within this region producesf&arrestin that translocates to the understood of the processes controlling GPCR responsiveness.
membrane but fails to targft2 adrenergic receptors to Control of cell surface receptor density occurs at least partially
clathrin-coated pits, thereby inhibiting endocytosis of theat the transcriptional level, but the removal of agonist-occupied
receptor. receptors from the cell surface and their sorting for either
The endocytic function of-arrestin 1 is also apparently degradation or recycling to the membrane is also important, at
regulated by phosphorylation. Cytoplasnflearrestin 1 is least in the early stages of downregulation (Fig. 1). Consistent
almost stoichiometrically phosphorylated on S412 (Lin et al.with this hypothesis is the finding that downregulatior3®f
1997). Upon translocation to the membrafiggrrestin 1 is adrenergic receptors does not occup-arrestin-1-arrestin-
rapidly dephosphorylated. An S412D mutantpedrrestin 1 2 double-knockout MEFs (Kohout et al., 2001).
that mimics the phosphorylated state binds agonist-occupied Resensitization of a GPCR requires its dephosphorylation
[32 adrenergic receptors and mediates desensitization, but binaisd dissociation from its ligand. Several lines of evidence
poorly to clathrin, thereby inhibiting receptor sequestrationsupport the hypothesis that receptor internalization is required
Dephosphorylation of S412, which lies within the C-terminalfor resensitization of many GPCRs (Sibley et al., 1986;
regulatory domain, must therefore be necessary for théerguson, 2001). Preventing GPCR endocytosis either by
receptorf-arrestin  complex to engage the endocyticpharmocological means, such as treatment with concanavalin
machinery. Interestingly, the kinases responsible foA or hypertonic sucrose, or by using mutant receptors that can
phosphorylation of-arrestin 1 appear to be ERK1 and ERK2signal and become desensitized, but exhibit defective
(Lin et al., 1999). Sinc@-arrestins can form macromolecular endocytosis has demonstrated that sequestration is required for
complexes with activated ERKs (DeFea et al., 2000a; DeFeasensitization. In COS-7 cells, overexpressioig-afrestins
et al., 2000b; Luttrell et al., 2001), leading to localization of theenhances the rate @2 adrenergic receptor resensitization,
kinases to specific intracellular compartments, phosphorylatiowhich indicates tha-arrestin-dependent endocytosis plays a
of S412 may represent a mechanism of feedback regulation afle in the process (Zhang et al., 1997).
ERK function. Shortly after stimulation, phosphorylatgg? adrenergic
While B-arrestin 2 is not phosphorylated at its C-terminusyeceptors appear in an endosomal vesicle fraction that is
its endocytic function is regulated by post-translationaknriched in GPCR-specific protein phosphatase PP2A activity
modification after binding to the receptor. B@tarrestin 2 and  (Pitcher et al., 1995). Dephosphorylation of the receptor occurs
[32 adrenergic receptors have recently been shown to undergoan acidified vesicle compartment, as treatment of cells with
rapid, B-arrestin-dependent ubiquitination in response tammonium chloride, which neutralizes the acidity of
agonist binding (Shenoy et al., 2001). UbiquitinationBef endosomal vesicles, blocks association of the receptor with the
arrestin 2 is catalyzed by the E3 ubiquitin ligase Mdm2, whiclphosphatase and prevents receptor dephosphorylation (Krueger
binds directly to the-arrestin. Ubiquitination of the receptor et al., 1997).
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Fig. 3. Proposed roles @-arrestin-dependent recruitment of Src kinases in GPCR signaling. The bin@Hagrestins to agonist-occupied
GPCRs coincides with the recruitment of Src family tyrosine kinases, including c-Src, Hck and c-Fgr (Src-TK), to the Bearepsbin-

complex. Several signaling events have been reported to irf«alurestin-dependent Src recruitment. These include the regulation of clathrin-
dependenB2-adrenergic receptor endocytosis by tyrosine phosphorylation of dynamin (1), Ras-dependent activation of the ERK1/2 MAP
kinase cascade and stimulation of cell proliferatioff®yadrenergic and neurokinin NK1 receptors (2), and stimulation of chemokine CXCR1
receptor-mediated neutrophil degranulation (3).

Our understanding of the role pfarrestins in determining The structural features of the receptor that dictate the stability
the ultimate fate of internalized GPCRs has been advanced by the receptorB-arrestin complex reside within specific
the use of GFP-tagge@-arrestin chimeras that permit clusters of serine and threonine residues in the C-terminal tail
visualization off3-arrestin and receptor trafficking in live cells of the receptor (Oakley et al., 2001). The C-terminug-of
(Barak et al., 1997). Using this approach, Oakley et al. havarestin also determines the stability of the interaction, since a
recently shown that GPCRs exhibit different patterns off-arrestin mutant truncated at residue 383 binds tofthe
agonist-induced B-arrestin  interaction, which allow the adrenergic receptor (a class A GPCR) with high affinity and
receptors to be grouped into two distinct classes (Oakley et alraffics with it into endosomes.

2000) (Fig. 1). Class A receptors include ¢ andalB The stability of the receptoB-arrestin interaction might
adrenergic, 1 opioid, endothelin A and dopamine D1A dictate the fate of the internalized receptor. BReadrenergic
receptors. These receptors bind@rrestin 2 with higher receptor is rapidly dephosphorylated and recycled to the plasma
affinity thanp-arrestin 1 and do not bind to visual arrestin. Inmembrane, whereas the vasopressin V2 receptor, a class B
addition, their interaction witR-arrestin is transienf-arrestin  receptor, recycles slowly. Switching the C-terminal tails of these
is recruited to the receptor at the plasma membrane amdo receptors, which converts tR2 adrenergic receptor into
translocates with it to clathrin-coated pits; however, theclass B receptor and the V2 receptor into class A receptor,
receptorf-arrestin complex dissociates upon internalization otompletely reverses the pattern of dephosphorylation and
the receptor, such that, as the receptor proceeds into eecycling (Oakley et al., 1999). Thus, the formation of a
endosomal pool, theB-arrestin recycles to the plasma transient receptof-arrestin - complex favors rapid
membrane (Zhang et al., 1999). Class B receptors, representbhosphoryation and return to the plasma membrane, whereas
by the angiotensin ATla, neurotensin 1, vasopressin 2he formation of a stable receptfrarrestin complex retards
thyrotropin-releasing hormone and neurokinin NK-1 receptorsiesensitization and may favor targeting of the receptor for
bind toB-arrestin 1 an@-arrestin 2 with equal affinity and also degradation. This role of3-arrestin may have important
interact with visual arrestin. These receptors form stableonsequences. A naturally occurring loss-of-function mutation
complexes withB-arrestin, such that the recept®rarrestin  of the V2 receptor, R137H, which is associated with familial
complex internalizes as a unit that is targeted to endosome®ephrogenic diabetes insipidus, is constitutively phosphorylated
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and localizes td3-arrestin-associated endosomal vesicles irarrestin selectively inhibitf2-adrenergic-receptor-stimulated
the absence of agonist. Mutating the R137H receptor ttyrosine phosphorylation of dynamin and receptor
eliminate high-affinityB-arrestin binding re-establishes plasmainternalization (Miller et al., 2000). These data suggest that one
membrane localization of the receptor and allows it respond twle of the (-arrestin-Src complex is to modulate GPCR
agonist (Barak et al., 2001). endocytosis.
The Ras-dependent activation of the ERK1/2 MAP kinase
) _ pathway by many GPCRs requires Src kinase activity (Luttrell
B-arrestins as signal transducers et al., 1996). In some cases, the interaction betBesmestin
Recent data from yeast two-hybrid screens ufiagrestins and Src appears to be important for GPCR-mediated ERK1/2
and from biochemical characterization of receddearrestin  activation. In HEK-293 cells, overexpression [Barrestin 1
complexes have contributed to the hypothesis ffratrestins  mutants that exhibit either impaired Src binding or are unable
play roles in cellular signaling beyond their dampening effect$o target receptors to clathrin-coated pits blogRsadrenergic
on receptor—G-protein coupling. The finding tifaarrestins  receptor-mediated activation of ERK1/2 (Luttrell et al., 1999).
interact directly with Src family tyrosine kinases andIn KNRK cells, activation of NK1 receptor by substance P
components of the ERK1/2 and JNK3 MAP kinase moduleteads to assembly of a scaffolding complex containing the
suggests thatB-arrestins may function more broadly asinternalized receptof3-arrestin, Src and ERK1/2. Expression
adapters to recruit signaling proteins to agonist-occupiedf either a dominant-negatifearrestin 1 mutant or a truncated
GPCRs. NK1 receptor that fails to bind tB-arrestin blocks complex
formation and inhibits both  substance-P-stimulated
endocytosis of the receptor and activation of ERK1/2 (DeFea
B-arrestin-dependent recruitment of Src family kinases et al., 2000).
to GPCRs In granulocytes, activation of the chemokine receptor
The initial evidence suggesting th@tarrestins function as CXCR1 by IL-8 stimulates the rapid formation of complexes
tranducers of GPCR signals came from the observatiofsthat containing endogenoyssarrestin and Hck or Fgr (Barlic et al.,
arrestins can bind directly to Src family kinases and recrui2000). The formation ofi-arrestin—Hck complexes leads to
them to an agonist-occupied GPCR. In HEK-293 cellsHck activation and trafficking of the complexes to granule-rich
stimulation of (2 adrenergic receptors triggers theregions. Granulocytes expressing a dominant-negédtive
colocalization of the receptor with both endogerf®asrestins  arrestin mutant that exhibits impaired Src binding fail to
and Src kinases in clathrin-coated pits (Luttrell et al., 1999)ctivate tyrosine kinases. In these cells, chemoattractant-
This colocalization reflects the assembly of a protein complegtimulated granule release after IL-8 stimulation is inhibited,
containing activated Sr@-arrestin and the receptor (Fig. 3). which suggests th-arrestin—-Hck complexes play a key role
Similar results have been obtained in KNRK cells, in wifich in the trafficking of exocytic vesicles.
arrestins are involved in recruiting Src to the neurokinin-1
receptor (DeFea et al., 2000b), and in neutrophils, in which ] .
arrestins recruit the Src family kinases Hck and Fgr to th8-arrestins as MAP kinase scaffolds
CXCR-1 receptor (Barlic et al., 2000). The MAP kinases are a family of evolutionarily conserved
The binding of Src t@-arrestin 1 is mediated in part by an serine/threonine kinases that are involved in the transduction
interaction between the Src homology (SH) 3 domain of thef externally derived signals regulating cell growth, division,
kinase and proline-rich PXXP motifs located at residues 88-9differentiation and apoptosis. Mammalian cells contain at least
and 121-124 in thB-arrestin 1 N domain. A second major site three major classes of MAP kinase: ERKs, JNKs (also known
of interaction involves the N-terminal portion of the catalyticas Stress-activated protein kinase, SAPK) and p38/HOG1
(SH1) domain of Src and additional epitopes located within th&#1AP kinases. The ERK pathway is important for control of
N-terminal 185 residues @-arrestin 1 (Miller et al., 2000). the GO0-G1 cell cycle transition and the passage of cells through
Binding to Src evidently does not preclugarrestin binding  mitosis or meiosis. In contrast, the INK/SAPK and p38/HOG1
to the receptor, as all three proteins can be isolated asMAP kinases are involved in regulation of growth arrest,
complex following activation of2 adrenergic or neurokinin apoptosis and activation of immune and reticuloendothelial
NK1 receptors (Luttrell et al., 1999; DeFea et al., 2000b). cells in response to a variety of environmental and hormonal
B-arrestin-mediated Src recruitment has been implicated istresses (Kryiakis and Avruch, 1996; Pearson et al., 2001).
several GPCR-mediated signaling events, including tyrosine MAP kinase activity in cells is regulated by a series of
phosphorylation of dynamin (Miller et al., 2000), activation ofparallel kinase cascades comprising three kinases that
the ERK MAP kinase cascade (Luttrell et al., 1999; DeFea auccessively phosphorylate and activate the downstream
al., 2000b) and stimulation of neutrophil degranulation (Barlicomponent. In the ERK1/2 cascade, for example, the proximal
et al., 2000) (Fig. 3). Stimulation @2 adrenergic receptors kinases, Raf-1 and B-Raf (MAP kinase kinase kinases),
results in the rapid Src-dependent tyrosine phosphorylation ghosphorylate and activate MEK1 and MEK2 (MAP kinase
dynamin (Ahn et al., 1999). Deletion of two Src- kinases). MEK1 and MEK2 are dual function threonine/
phosphorylation sites in dynamin | creates a dominantyrosine kinases that, in turn, carry out the phosphorylation and
inhibitory form of the protein that impair2 receptor activation of ERK1/2. Although all of the intermediates are not
endocytosis, which suggests that tyrosine phosphorylatiofully characterized, the regulation of the JNK/SAPK and
represents a mechanism for modulating dynamin activityp38/HOG1 MAP kinase modules also involves a MAP kinase
Expression of a mutant Src protein that contains only &inase kinase, MAP kinase kinase and MAP kinase
catalytically inactive SH1 domain but still binds avidly@e  phosphorylation cascade. Once activated, MAP kinases
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Fig. 4. Proposed role dd-arrestins in the activation and targeting of MAP kinases. The bindigguostins to agonist-occupied GPCRs

triggers the assembly of a MAP kinase activation complex (&engestin as a scaffold, with subsequent activationfeéerestin-bound pool

of ERK1/2. The receptoB-arrestin~-ERK complexes are localized to endosomal vesicles, and their formation does not result in nuclear
translocation of activated ERK1/2 or stimulation of cell proliferation. The functi@raofestin-bound ERK1/2 is presently unknown.

Activation of ERK1/2 by-arrestin scaffolds may favor the phosphorylation of plasma membrane, cytosolic, or cytoskeletal ERK1/2 substrates,
or it may lead to transcriptional activation through the ERK-dependent activation of other kinases. The modgtaiepsatia scaffolding of

the ERK1/2 MAP kinase cascade, based upon data obtained with the protease-activated PAR2 and angiotensin AT 1a recégtors. A simi
mechanism has been proposed for regulation of the JINK3 MAP kinase cascade by AT1a receptors.

phosphorylate a variety of membrane, cytoplasmic, nucleasf Ste5p to the plasma membrane in response to the release of
and cytoskeletal substrates. Upon activation, these kinas&gy subunits leads to activation of the Fus3/Kssl cascade.
translocate to the nucleus, where they phosphorylate amdthough no structural homologues of Ste5p have thus far been
activate nuclear transcription factors involved in DNAisolated from mammalian cells, several mammalian proteins
synthesis and cell division (Pearson et al., 2001). that can bind to two or more components of a MAP kinase
In many cases, activation of MAP kinase cascades isiodule, and might perform analogous scaffolding functions,
controlled by binding of the component kinases to é&have been identified. For example, the JIP family of proteins
scaffolding protein (Burack and Shaw, 2000; Pearson et alact as scaffolds for regulation of the JNK/SAPK pathway
2001). These scaffolds serve at least three functions in cells: f@/hitmarsh et al., 1998; Yasuda et al., 1999).
increase the efficiency of signaling between successive kinasesRecent data suggest tiflaairrestins can function as scaffolds
in the phosphorylation cascade; to ensure signaling fidelity bfpor some MAP kinase modules (Fig. 4). Stimulation of
dampening cross talk between parallel MAP kinase cascadgmpteinase-activated receptor 2 (PAR2) receptor in KNRK cells
and to target MAP kinases to specific subcellular locations. Thaduces the assembly of multiprotein complexes containing the
prototypic MAP kinase scaffold is the Saccharomycesnternalized receptof-arrestin 1, Raf-1 and activated ERK1/2
cervisiae protein Ste5p (Elion, 2001). In the yeast pheromon®eFea et al., 2000b). Complex assembly is apparently required
mating pathway, Ste5p binds to Stellp (a MAP kinase kinader activation of ERK by the wild-type PAR2 receptor, since it
kinase), Ste7p (a MAP kinase kinase) and to either Fus3p @ blocked by expression of a truncated fornf3@frrestin that
Ksslp (MAP kinases) (Choi et al., 1994). Binding of yeasinhibits receptor endocytosis. The complexes also appear to
mating factor to the pheromone receptor, a GPCR, triggeffsinction in the targeting of ERK, as thgarrestin—-ERK
heterotrimeric G protein activation. Subsequent translocatiooomplexes are retained in the cytosol. Qualitatively similar
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results have been obtained for the angiotensin Il type 1la (AT1lahosphorylation sites, which cannot bingtarrestin, can still
receptor expressed in HEK293 and COS-7 cells (Luttrell et alactivate ERK1/2 but does so through a mechanistically distinct
2001). ATla receptor activation results in the formation ofCe&* and Ras-dependent pathway. This receptor mutant,
complexes containing ATlaR;arrestin 2 and the component unlike the wild-type receptor, induces nuclear translocation of
kinases of the ERK cascade: cRaf-1, MEK1 and ERK2. Upo&RK and stimulates cell proliferation (DeFea et al., 2000b).
receptor internalization, activated ERK2 appears in the sanihus, the nature of the GPCRarrestin interaction appears to
endosomal vesicles that also contain AT1@Rrestin  dictate both the predominant mechanism of ERK activation
complexes. The NK1 neurokinin receptor provides a thirdand, thereby, the consequences of ERK activation.

example. Activation of NK1 receptors by substance P causesLittle is currently known about the functional role of
the formation of complexes comprising internalized receftor, [-arrestin-ERK complexes. In addition to directly
arrestin, Src and ERK1/2 (DeFea et al., 2000a). These daphosphorylating nuclear transcription factors, ERK1/2
suggest thaB-arrestins function as scaffolds for the ERK1/2 phosphorylates numerous plasma membrane, cytoplasmic and
MAP kinase cascade. If so, they are unique among theytoskeletal substrates (Pearson et al., 2001). These include
mammalian MAP kinase scaffolds described thus far, in that, iseveral proteins involved in heptahelical receptor signaling,
common with Ste5p, their function is directly under the controbuch ag3-arrestin 1 (Lin et al., 1999), GRK2 (Pitcher et al.,

of a cell surface receptor. 1999; Elorza et al., 2000) and GAIP (Ogier-Denis et al., 2000).

B-arrestins might also be involved in scaffolding other MAPOne potential role d-arrestin~ERK complex formation could
kinase pathways. In whole brain lysates and yeast two-hybride to specifically target ERK1/2 to non-nuclear substrates
assaysp-arrestin 2 binds to the neuronal INK/SAPK isoform,involved in the regulation of GPCR signaling or intracellular
JNK3 (McDonald et al., 2000). When coexpressed in COS-#afficking. Alternatively, B-arrestin-bound ERK1/2 might
cells, B-arrestin 2 forms complexes with the MAP kinasephosphorylate other cytosolic proteins involved in
kinase kinase Askl, the MAP kinse kinase MKK4 and JNK3ranscriptional regulation, such as p90RSK, which in turn relay
but not JNK1 or JNK2. Askl binds to thearrestin 2 N- signals to the nucleus. In such a model, transcriptional events
terminus, whereas JNK3 binding is conferred by an RRSLHImediated directly by the nuclear pool of ERK1/2 would be
motif in the C-terminal half of8-arrestin 2 (MacDonald et al., attenuated, whereas alternative pathways of ERK-dependent
2001; Miller et al., 2001). This motif, which is not present intranscription would persist, resulting in an altered pattern of
[B-arrestin 1, corresponds to a consensus MAP kinase binditiganscription following activation of the GPCR.
motif that has been identified in several other MAP-kinase-
binding proteins. Overexpression @farrestin 2 dramatically o ]
increases Askl-dependent phosphorylation of JNK3Arrestins in growth, development and disease
Moreover,3-arrestin 2 expression causes cytosolic retention dflice lacking the genes for eith@rarrestin 1 of3-arrestin 2,
JNK3 and, following stimulation of AT1a receptors, bth  despite demonstrated perturbations of GPCR desensitization,
arrestin 2 and JNK3 colocalize to intracellular vesicles. Thusgxhibit normal embryological development (Conner et al.,
[-arrestin 2 can also behave as a scaffold for the JNK3 MAP997; Bohn et al., 1999). Whether this indicatesfFatrestins
kinase cascade, bringing the activity and spatial distribution cdre not required for normal development or that the presence
this MAPK module under the control of a GPCR. of oneB-arrestin isoform is sufficient to compensate for the

The ability of B-arrestins to control both the activity and lack of the other is unclear. However, a homozygous knockout
spatial distribution of MAP kinases might have importantof both murineg3-arrestins results in early embryonic lethality,
functional implications. Many GPCRs simultaneously employa finding that suggests a requirement for arrestins in
multiple distinct mechanisms to activate MAP kinasesdevelopment. Better evidence comes from the knockout of the
(Gutkind, 1998; Pierce et al., 2001). The angiotensin ATla®rosophila kurtz gene, which encodes a novel nonvisual
receptor, for example, can activate ERK1/2 not onlysa arrestin (Roman et al., 2000). Kurtz is expressed ubiquitously
arrestin-dependent pathways but also through G-proteirduring early embryonic development and later localizes
dependent signals and crosstalk with classical receptor tyrosipeimarily to the central nervous system and fat bodies.
kinases (Eguchi et al., 1998; Heeneman, 2000; Gschwindjutations inkurtzthat severely reduce its function produce a
2001). The crosstalk between GPCRs and EGF receptobsoad lethal phase extending from late embryogenesis to the
accounts for the proliferative response to GPCR stimulation ithird larval instar that is characterized by the formation of
a number of systems (Murasawa et al., 1998; Castagliuolo ptelanotic tumors within the fat bodies. Expression oktivéz
al., 2000). In contrasf3-arrestin-dependent ERK activation gene within the CNS rescues the lethality. While it remains
does not lead to proliferative signaling. Wild-type PAR2unclear whether thekurtz mutant phenotype reflects a
receptors, which mediafg-arrestin-dependent activation of a requirement for arrestins for the termination of G-protein-
predominantly cytosolic pool of ERK1/2 in KNRK cells, do mediated signals or for the transduction of arrestin-dependent
not stimulate 3H-thymidine incorporation or cell replicationsignals, the data clearly support a critical role for arrestins in
(DeFea et al., 2000b). developmental regulation.

B-arrestin—-ERK complexes appear to be relatively stable Alterations in visual arrestin function are associated with
entities in that they can be isolated by both gel filtration andetinal disease in flies, mice and humans. Certain forms of
by immunoprecipitation (DeFea et al., 2000a; DeFea et alhereditary stationary night blindness, such as Oguchi disease,
2000b; Luttrell et al., 2001). Sindgarrestins are cytosolic are attributable to mutations in rhodopsin kinase or visual
proteins, the formation of stable complexes betwikarrestin  arrestin, that result in impaired photoreceptor desensitization
and activated ERK probably leads to cytosolic retention ofNakazawa et al., 1998; Yamada et al., 1999; Dryja, 2000).
ERKZ1/2. Significantly, a mutant PAR2 receptor lacking GRKMany of these patients progress to the development of retinitis
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pigmentosa with the death of photoreceptor cells. ArrestiBarak, L. S., Ferguson, S. S., Zhang, J. and Caron, M. G1997). A beta-
knockout mice maintained in continuous or cyclic light, but not arrestin/green fluorescent protein biosensor for detecting G protein-coupled

; ; ; ceptor activation]. Biol. Chem272, 27497-27500.
in continuous darkness, experience photoreceptor loss at a rgg%k’ LS. Oakley, R. H.. Laporte, S. A. and Caron, M. G(2001).

proportional t_O the amount O_f I'ght €Xposure, consistent with Constitutive arrestin-mediated desensitization of a human vasopressin
the hypothesis that constitutive signal flow in the absence of receptor mutant associated with nephrogenic diabetes insifities.Natl.
arrestin leads to photoreceptor degeneration (Chen et al.Acad. Sci. USA8, 93-98. ' )

1999). A different mechanism, possibly involving arrestin-Barlic, J., Andrews, J. D., Kelvin, A. A., Bosinger, S. E., Devries, M. E.,

. . . . u, L., Dobransky, T., Feldman, R. D., Ferguson, S. S. G. and Kelvin,
dependent S|gnaI|ng, has been demonstrated in several dlﬁerer@ J. (2000). Regulation of tyrosine kinase activation and granule release

retinal degeneration mutants rosophila (Alloway et al., throughp-arrestin by CXCRINat. Immunol1, 227-233.
2000). In these models, the formation of stableBenovic, J. L., Pike, L. J., Cerione, R. A., Staniszewski, C., Yoshimasa, T.,
arrestin—rhodopsin complexes leads to apoptotic death ofCodina, J., Caron, M. G. and Lefkowitz, R. J.(1985). Phosphorylation

photoreceptor cells, and deletion of either rhodopsin or arrestin®f e mammalian beta-adrenergic receptor by cyclic AMP-dependent
! rotein kinase. Regulation of the rate of receptor phosphorylation and

rescues the degeneration phenotype. The retinal degenera-tioBephosphorylation by agonist occupancy and effects on coupling of the
requires the endocytic machinery, suggesting that the receptor to the stimulatory guanine nucleotide regulatory praleiBiol.

endocytosis of rhodopsin-arrestin  complexes might be a Chem.260 7094-7101. _
molecular mechanism for triggering the apoptotic pathway. I$enovic, J. L., Kuhn, H., Weyand, I, Codina, J., Caron, M. G. and

light of the data indicati th tin 2 Lefkowitz, R. J. (1987). Functional desensitization of the isolated beta-
ignt o e data indicating tha-arrestin can serve as a adrenergic receptor by the beta-adrenergic receptor kinase. Potential role of

scaffold for the JNK3 pathway (McDonald et al., 2000), these an analog of the retinal protein arrestin (48-kDa prot&irjc. Natl. Acad.
results suggest that arrestin scaffolds may be involved in thisSci. USA84, 8879-8882.
form of retinal degeneration. Bohn, L. M., Lefkowitz, R. J., Gainetdinov, R. R., Peppel, K., Caron, M.
G. and Lin, F-T. (1999). Enhanced morphine analgesia in mice lacking
beta-arrestin 2Science286, 2495-2498.
. . Bohn, L. M., Gainetdinov, R. R., Lin, F.-T., Lefkowitz, R. J and Caron,
Conclusions and perspectives M. G. (2000). Mu-opioid receptor desensitization by beta-arrestin-2

The B-arrestins play a well established role in the termination determines morphine tolerance but not dependevatire408 720-723.

of receptor-G-protein couplina. GRK phosphorylation 8ad Bouvier, M., Hausdorff, W. P., De Blasi, A., O'Dowd, B. F., Kobilka, B. K.,
fi pb' di P tp | tg th P P yf h ﬁ? Caron, M. G. and Lefkowitz, R. J.(1988). Removal of phosphorylation
arrestin bpinaing are central 10 the processes or NomMologoOUSgjies from the beta 2-adrenergic receptor delays onset of agonist-promoted

desenstization, sequestration, recycling and downregulationdesensitizationNature.333 370-373.
of most mammalian GPCRs. Moreove-arrestins are Burack, W. R. and Shaw, A. S(2000). Signal transduction: Hanging on a
increasingly appreciated as potential GPCR signal transducersscaffold.Curr. Opin. Cell Biol.12, 211-216.

: : tagliuolo, 1., Valenick, L., Liu, J. and Pothoulakis, C. (2000).
Recent data suggest that, by acting as adapter proteins a pidermal growth factor receptor transactivation mediates substance P-

scaffolds,B-arrest.ins confer novel signaling properties UpoN induced mitogenic responses in U-373 MG cells.Biol. Chem 275,
GPCRs. B-arrestin-dependent recruitment of Src family 26545-26550.

tyrosine kinases might modulate GPCR endocytosis, triggéhen, J., Simon, M. I, Matthes, M. T., Yasumura, D. and LaVail, M. M.

ot ; ; (1999). Increased susceptibility to light damage in an arrestin knockout
ERK1/2 activation and requlate exocytosis. By acting as mouse model of Oguchi disease (stationary night blindndasgst.

sca}f_folds for the E_RK1/2 and JNKS_ cascaqgarrgstins may Ophthalmol. Vis. ScH0, 2978-2982.
facilitate GPCR-stimulated MAP kinase activation and targethoi, K. Y., Satterberg, B., Lyons, D. M. and Elion, E. A(1994). Ste5
MAP kinases to specific locations within the cell. At present, tethers multiple protein kinases in the MAP kinase cascade required for

little is known about the physiological significance of these Mating in S. cerevisia€ell. 78, 499-512. .
onner, D. A., Mathier, M. A., Mortensen, R. M., Christe, M., Vatner, S.

novel B-a.rrestln-depeqdent Slgnahng meChamsmS' But give F., Seidman, C. E. and Seidman, J. G1997). Beta-arrestin 1 knockout

our growing appreciation of the role of GPC_R_S In the_ con_trol mice appear normal but demonstrate altered cardiac responses to beta-
of cell differentiation, growth and oncogenesis in physiological adrenergic stimulatiorCirc. Res 81, 1021-1026. _

and pathophysio|ogica| states (Dhanasekaran et al., 1995),C1I[aft, C. M., Whitmore, D. H. and Weichmann, A. F.(1994). Cone arrestin

; ; ; ; ; identified by targeting expression of a functional fandilyBiol. Chem269,
appears likely that these novel signaling mechanisms will be 4613-4619.
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