Annu. Rev. Pharmacol. Toxicol. 2004. 44:559-609
doi: 10.1146/annurev.pharmtox.44.101802.121558
Copyright(© 2004 by Annual Reviews. All rights reserved
First published online as a Review in Advance on October 6, 2003

MEMBRANE TRAFFICKING OF
G PrROTEIN—CouUPLED RECEPTORS

Christopher M. Tan, Ashley E. Brady,
Hilary Highfield Nickols, Qin Wang, and Lee E. Limbird

Department of Pharmacology, Vanderbilt University Medical Center, Nashville,
Tennessee 37232; email: lee.limbird@mcmail.vanderbilt.edu

Key Words protein-protein interactions, agonist-elicited endocytosis

m Abstract G protein-coupled receptors (GPCRs) modulate diverse physiological
and behavioral signaling pathways by virtue of changes in receptor activation and inac-
tivation states. Functional changes in receptor properties include dynamic interactions
with regulatory molecules and trafficking to various cellular compartments at various
stages of the life cycle of a GPCR. This review focuses on trafficking of GPCRs to
the cell surface, stabilization there, and agonist-regulated turnover. GPCR interactions
with a variety of newly revealed partners also are reviewed with the intention of pro-
voking further analysis of the relevance of these interactions in GPCR trafficking,
signaling, or both. The disease consequences of mislocalization of GPCRs also are
described.

INTRODUCTION

Extensive investigation has revealed several mechanisms that modulate G protein-
coupled receptor (GPCR) responsiveness following agonist occupancy, includ-
ing agonist-elicited receptor desensitization, endocytosis, and resensitization (or
degradation, depending upon the individual GPCR). In fact, a particularly active
area of research at present is trying to understand the linkage between receptor en-
docytosis and receptor-evoked signaling (1). However, less attention has focused on
the molecular determinants accounting for how receptors achieve specific localiza-
tion in the agonist-n&é state. Appropriate receptor localization on the cell surface

is required to permit access to requisite ligands and signal transduction machinery.
Cell surface localization is governed by two predominant mechanisms: receptor
delivery to a particular site and retention at that site. The functional importance of
GPCR localization is emphasized by diseases that ensue from receptor mislocal-
ization, such as retinitis pigmentosa (2); X-linked nephrogenic diabetes insipidus
(NDI) (3); and hypogonadotropic hypogonadism (4), which result from intracellu-
lar accumulation of mutant rhodopsin, the V2 vasopressin receptor (V2R), or the
gonadotropin releasing hormone (GnRH) receptor, respectively (see below).
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This chapter addresses four fundamental properties of GPCR trafficng: (
appropriate delivery of nascent GPCRs to the cell surfamemgchanisms for
retention of GPCRs at the cell surface) furnover of GPCRs at the cell sur-
face, including agonist-regulated GPCR turnover, al)diceases that ensue from
disruption of cell surface localization.

DELIVERY OF NASCENT GPCR TO THE CELL SURFACE

Alpha,-Adrenergic Receptor Subtypes as a Model System

Our studies have exploited the individual-adrenergic receptor (AR) subtypes

as models for characterization of GPCR targeting and localization owing to their
unique trafficking itineraries in both polarized and nonpolarized cells. In vivo,
a-ARs are found in epithelial cells of the renal proximal tubule and proximal
colon (5-7). Functional and immunocytochemistry studies show thatt#dRs

are concentrated on the basolateral surface of these cells. Polarized Madin Darby
canine kidney (MDCK) Il cells have been employed as a cellular system to ex-
amine the mechanisms of polarized protein targeting in general (8-11); we have
exploited MDCK I cells to evaluate the trafficking propertiesfAR subtypes,

in particular, as a model system relevant to all GPCRs. MDCK Il cells, although
not derived from the proximal tubule, polarize functionally and morphologically in
culture. Because a great deal has been learned about trafficking of non-GPCR sig-
naling molecules, relying on these cells as a model system allows investigators to
compare and contrast findings. For studies oith&R subtypes, epitope-tagged
receptors were heterologously expressed in MDCK Il cells. At steady state, all
threea-AR subtypes reside on the basolateral surface in MDCK Il cells, analo-
gous to their localization in epithelial cells in vivo. However, theAR subtypes
achieve this basolateral localization via different trafficking itineraries. Whereas
theaoa-AR anda,c-AR are targeted directly to the basolateral surfacepthe

AR is randomly distributed to both the apical and basolateral surfaces and then
selectively retained at the lateral subdomain (12, 13).

Intentional mutagenesis and truncation studies have shown that the signals re-
quired for appropriateroa-AR targeting to the basolateral surface of MDCK I
cells reside within transmembrane or membrane-adjacent regions of the receptor.
Mutations that result in the elimination of the third intracellular loop, truncation
of the carboxyl terminal, or modification of the tyrosine or phenylalanine endo-
cytosis motifs do not alter direct basolateral surface delivery (12—14). Moreover,
aoa-AR basolateral trafficking occurs independently of posttranslational receptor
modificationsp,-ARs mutated to eliminate acylation and glycosylation nonethe-
less achieve proper basolateral localization. Consistent with the interpretation that
targeting information resides within membrane-embedded sequencesoghthe
AR is that anxo5-AR mutant structure that represents the hydrophobic core of the
receptor retains proper trafficking to the basolateral surface (12).
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To elucidate the regions within the transmembrane domains encoding basolat-
eral surface targeting information, truncations of¢hg-AR and chimeras with the
apically targeted Al adenosine receptor were evaluated. These studies revealed that
a2a-AR targeting to the basolateral surface relies upon multiple, noncontiguous,
membrane-embedded sequences within or near the lipid bilayer, and suggested
that a three-dimensional surface, as opposed to a single linear sequence, provides
the basis for interaction with trafficking molecules (15).

Similarly, theasc-AR is directly targeted to the basolateral surface and exhibits
a similar residency time on this membrane comparable tetheAR and o og-

AR subtypes ft, = 10-12 h (13)]. However a substantial fraction of the-AR
remains intracellularly in a large, nonrecycling pool when studied in polarized (13)
and nonpolarized cells (16—22). Interestingly, this intracellular pool is not observed
when murinex,c-ARs are expressed in rat PC12 cells. These findings suggest that
rodenta,c-AR in cells of neural crest origin may interact with proteins uniquely
expressed in these cells that are responsible for tethering the receptor to the cell
surface (17, 18, 22). Cell growth at lower temperaturesQ2&lso results im

AR redistribution to the cell surface. These findings suggest that the intracellular
pool of,c-AR may accumulate for thermodynamic reasons, such thatthAR

may assume multiple conformations during processing, only some of which are
productive for cell surface delivery. Reduced temperature may allowi &R

to assume conformations that more facilely traffic to the surface (23, 24).

In contrast to the direct delivery of thes-AR anda,c-AR subtypes to the
basolateral surface in polarized MDCK I cells, thgs-AR subtype is delivered
randomly to both the apical and basolateral surfaces but is selectively retained
on the basolateral membrane, based on studies utilizing metabr@iC{s-Met
labeling of polarized MDCK I cells followed by selective surface membrane bi-
otinylation (13). The apically targetaehg-AR displays a rapid turnover on this
surface (1, = ~minutes), whereas the basolate#ak-AR demonstrates a pro-
longed surface residencet= 8-10 h (13)], which accounts for the observation
that at steady state theg-AR is detected only on the basolateral membrane using
immunocytochemical strategies. The random delivery obtheAR to both sur-
faces has been exploited to reveal the role of spinophilin in basolateral retention
of thea,-AR subtypes. Thus, redirection of a domain of spinophilin that interacts
with a2-ARs to the apical surface extends the half-life of the randomly delivered
a25-AR on that surface and provides one line of evidence that the basolateral re-
tention ofa,-AR subtypes involves its interaction with spinophilin. Spinophilin,

a multidomain protein, normally underlies the basolateral surface as part of the
E-cadherin-induced cytoskeleton (25) and has been shown to interact@h G
GPCRs, including the,-AR subtypes.

Subtype-specific differences ip-AR subtype trafficking in the same cellular
background, e.g., MDCK Il cells, support the notion that information within the
receptor protein, rather than exclusively in the cellular background, provides the
information for appropriate delivery and retention. Moreover, these models provide
an opportunity to explore the role of the various receptor domains, as well as
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various receptor-protein interactions, potentially involved in GPCR targeting and
retention.

Motifs Implicated in GPCR Trafficking to the Cell Surface

A variety of amino acid motifs, particularly in predicted endofacial domains of
GPCRs exposed to the cell interior, have been implicated in constitutive and
agonsit-evoked endocytosis of GPCRs. These are discussed below.

TYROSINE-BASED MOTIFS These motifs [YXX or NPX(n)Y; where Y = Tyr,

N = Asn, P = Pro, X = any amino acid¢ = any bulky hydrophobic amino
acid] have been implicated in the protein trafficking of numerous single- or multi-
transmembrane-spanning proteins (26). The involvement of the ¢ Xétif in
protein endocytosis, internalization, lysosomal targeting, and Golgi network traf-
ficking has been demonstrated (27). For example, proper basolateral targeting of
the aquaporin4 water channel is dependent upon theg Xxtif, as disruption of

this motif results in defective channel localization (28). Similarly, the importance
of this motif is observed for some single-transmembrane-spanning receptors, such
as the low density lipoprotein (LDL) and the transferrin receptors, which interact
via their YXX¢ motifs with specific adaptor proteins, such as i3 subunit of

the AP1 adaptor complex, to achieve basolateral membrane localization in polar-
ized epithelial cells (29, 30).

Characterization of the NPX(n)Y motif in various single- or multitransmem-
brane-spanning proteins also reveals its diverse role in mediating internalization
and targeting (31-34). A role for the NPX(n)Y maotif in trafficking of membrane
proteins (particularly in surface targeting as well as endocytosis from the surface)
prompted our evaluation of the impact of this sequence on the delivery efthe
AR to the basolateral surface of polarized MDCK Il cells. Mutation of Tyr 426
(Y426) to Ala (A426) did not perturb direct basolateral surface delivery (12). In
many GPCRs, the NPX(n)Y motif is followed by a YTRF (where=T Thr, R =
Arg, F = Phe) motif, which is implicated in transferrin receptor endocytosis (35).
Similarly, mutation of Phe 429 (F429) to Ala (A429) in thea-AR did not per-
turb basolateral targeting. However, simultaneous mutations of the Y426 and F429
residues to create NPX(n)ATRA resulted in a receptor that accumulated intracel-
lularly, perhaps owing to receptor misfolding. Nonetheless, the lack of impact by
individual mutations suggests that neither the NPX(n)Y nor YTRF sequences are
critical for direct basolateral delivery of theA-AR subtype to the surface of polar-
ized MDCK Il cells. Like thexoa-AR, mutation of Y324 in the NPX(n)Y motif of
the gastrin-releasing peptide receptor does not alter cell surface delivery, binding,
or turnover (35a). In some cases, normal surface expression, but perturbed ligand
binding, occurs following mutation of the tyrosine residue within the NPX(n)Y
motif, as seen for the somatostatin receptor type 5 [hSSTR5-Y304A (36)] or the
CB2 cannabanoid receptor [CB2-Y229A (37)]. Alternatively, there are GPCRs for
which mutation of the tyrosine residue in the NPX(n)Y motif manifests altered
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effector coupling characteristics despite normal surface expression and retention
of ligand binding, e.g., platelet-activating factor [PAF-Y293A (38)Jz-AR [« 15-
AR-Y348A (39)], and angiotensin Il type 1 [ARR-Y302A or YO32F (40)].

A role for the NPX(n)Y motif in agonist-evoked endocytosis has been docu-
mented for the8,-AR under some experimental circumstances (41). Disruption
of the NPX(n)Y motif of thef»-AR (B2-AR-Y326A) does not appear to perturb
delivery to the cell surface, coupling to adenylyl cyclase, or rapid agonist-induced
desensitization when receptors were overexpressedlapinol/mg (41)]. How-
ever, when receptor density is reduce@00-300 fmol/mg), high-affinitg,-AR-
Y326A binding and adenylyl cyclase coupling is lost (42), probably because the
majority of these mutant receptors are retained intracellularly; these investigators
interpret their findings as a demonstration thatgheAR Y326A achieves steady
state intracellular accumulation owing to constitutive sequestration of endocytosed
receptors (41, 42). Similar observations have been documented for the Neurokinin
1 receptor (43).

The different consequences of mutating the NPX(n)Y motif in a variety of
GPCRs may be reflective of the highly conserved nature of this motif among
different GPCRs and suggest an important structural role for this sequence. It is
possible that structural perturbations create a less stable receptor structure, which
leads to differing functional outcomes (i.e., alterations in trafficking, ligand bind-
ing, effector coupling, or receptor internalization), depending on the particular
receptor structure.

DILEUCINE MOTIFS Dileucine (L-L or LXL, where L = Leu) motifs also have
been found to mediate diverse functions, including internalization and targeting
(28, 44-48), suggesting that these motifs may mediate multiple important spatial
and temporal spatial tasks. The involvement of a dileucine motif (or a dihyro-
phobic motif in general) in GPCR trafficking has been studied most extensively
with the V2R (49). The V2R contains a dileucine motif (L339, L340) immediately
preceding dicysteine palmitoylation sites. The naturally occurring mutant R337X
V2R is truncated two residues upstream of this dileucine cluster and, when ex-
pressed heterologously, is retained intracellularly (49-51). Radioligand binding
assays demonstrate, at least for the V2R, that Leu 339 and Glu 335 play domi-
nant roles (and Leu 340 to a lesser extent) in cell surface expression (52). Cells
expressing V2Rs mutated at V2R-E335G-GFP, V2R-L339T-GFP fused to green
fluorescent protein, or a double-leucine mutant (V2R-L339/340T-GFP), demon-
strate fluorescence accumulation within the endoplasmic reticulum (ER) at steady
state. These data support a role for the V2R carboxyl-terminal dileucine motif in
facilitating proper receptor maturation through the ER/Golgi complex, an obser-
vation also reported for the luteinizing hormone/chorionic gonadotropin receptor
(53). For the CXCRA4 receptor, in contrast, the dileucine motif plays an important
role in both phorbol myristyl-acetate- and agonist-promoted internalization (53a).
In contrast to findings for the V2R, mutation of tifg-AR and V1a vaso-
pressin receptor dileucine motif does not alter receptor delivery to the cell surface;
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receptors with mutant dileucine motifs display wild-type-like radioligand binding
and normal receptor-elicited effector coupling (54, 55). However, the singly mu-
tatedB,-AR-L339A andB,-AR-L340A, or the double mutanfz;-AR-L339/340A

and V1aR-L361/362A, fail to undergo agonist-stimulated endocytosis, suggesting
arole for the dileucine motif in receptor internalization (54, 55). Interestingly, this
is somewhat similar to the diversity of phenotypes observed for palmitoylation-
less GPCR mutants. The effect of the dileucine motif on GPCR trafficking may be
rate limiting at different partial reactions composing the receptor’s itinerary over
its lifetime in the cell, depending on the GPCR. A role for dileucine motifs in
receptor endocytosis and receptor recycling has been demonstrated for a variety
of structural families (56).

FxxxFxxxF MOTIFS ~ Studies in nonpolarized cells have shown that the FxxxFxxxF
motif found in the carboxyl tails of the D1R (D1R), the M2 muscarinic receptor,
and the angiotensin Il Al receptor appears necessary for cell surface expression
(57, 58). Yeast two-hybrid analysis and GST-fusion pull down assays demonstrated
that the FxxxFxxxF motif found within the carboxyl region of the D1R interacts
with a novel protein of molecular mass 78 KDa named DRIiP78, an interaction
that is critical for surface localization. Mutation of F333, F337, and F341 of the
D1R results in endoplasmic reticulum retention, loss of cell surface expression,
radioligand binding, and effector coupling. Consistent with a role of DRiP78 in
trafficking D1R to the cell surface, overexpression of a carboxyl-terminal DRiP78
peptide that competes with full-length DRiP78 for binding to the D1R reduces
cell surface receptor localization (57). Similar observations were observed with
the M2 muscarinic receptor and the angiotensin Iy Afleceptor (57, 58). Taken
together, these data suggest that DRiP78 may function as an ER export protein that
facilitates receptor maturation by recognizing the FxxxFxxxF motif found within
the carboxyl region of GPCRs.

BASIC DOMAINS Basic domains have been implicated in the cell surface expres-
sion of the chemokine receptor (59) as well as in targeting mGluR1a and mGIluR1b
splice variants of the mGIuRL1 receptor to distinct domains in polarized epithelial
cells and neurons (60, 61). Whereas the mGIluR1a variant targets to dendrites
in neurons and to the basolateral surface in polarized renal epithelial cells, the
mGIuR1b variant is found axonally in neurons and apically in polarized cells.
Alternative splicing of the mGIuR1 results in a long300 amino acid) car-
boxyl tail for the mGIluR1a and a short-20 amino acid) carboxyl tail for the
mGIuR1b receptor (62). Although both receptor carboxyl termini contain the api-
cal targeting RRK motif (amino acids 887—-879), this sequence appears to dic-
tate receptor localization only for the MGIuR1b splice variant. Receptor chimera
studies reveal that the mGIluR1a contains a dominant basolateral targeting motif
(amino acids 1012-1071) that overrides the RRK apical signal, accounting for
MGIuR1a receptor variant redirection to the dendritic/basolateral domains (60,
61).
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Masking of apical targeting signals by basolateral determinants occurs for other
GPCRs when expressed in polarized cells, including the V2R (63), the follicle-
stimulating hormone receptor (64), and the M3 muscarinic receptor (65). Inter-
estingly, despite deletion of the carboxyl-tail basolateral signaling sequence, the
M3AchR still targets basolaterally. This finding suggests that despite the strong
influence of this motif (as assessed by redirecting apically targeted proteins to the
basolateral membrane), other sequences likely also contribute to the basolateral
targeting, reminiscent of observations with the-AR (12, 14, 65).

As described above, some GPCRs reside on the apical surface of polarized cells.
Al adenosine receptors (66) and rhodopsin are targeted directly to the apical sur-
face. Inthe case of rhodopsin, fusion of its carboxyl terminus to CD7, a cell-surface
epitope defined in immune-responsive cells that normally trafficks to the basolat-
eral surface of polarized cells, redirects the basolateral targeting of CD7 to the
apical domain in polarized epithelial MDCK Il cells (67). Similarly, the carboxyl
termini of the apically targeted serotonin 5-i168) and metabotropic mGIuR7
(69) also contain apical targeting determinants that permit polarized expression of
GPCRs.

POLYPROLINE MOTIFS Polyproline motifs are known to mediate protein-protein
interactions with Src homology SH3 domains (70). This motif has been found in a
variety of GPCRs, including thé;-AR, 83-AR, a2a-AR, and D4 dopamine recep-
tor. For the D4 dopamine receptor afggtAR, proline-rich regions of sequence
have been demonstrated to interact with multiple SH3 domain-containing pro-
teins, including Nck and Grb2 for the D4 dopamine receptor (71) and endophilins
(SH3p4, p8, and p13, also known as endophilin 1, 2, and 3, respectively). Studies
on the 81-AR indicate that the endophilins play a role in defining the interplay
betweens;-AR-G4 coupling versus agonist-induced internalization, the latter of
which is enhanced by overexpression of endophilin 1 (SH3p4) (72).

As can be seen from the numerous examples discussed above, the presence of
a particular motif (or multiple motifs) in a GPCR sequence does not necessar-
ily dictate a predicted targeting regimen. Clearly, demonstrating the causal role
of a particular sequence in polarized trafficking of GPCRs requires direct test-
ing for each GPCR. The ability of one targeting sequence to override another
in determining the localization of GPCRs also may result from differential in-
teraction of GPCRs with various accessory or regulatory proteins, as discussed
below.

Interactions of GPCRs with Accessory Molecules Can Influence
Cell Surface Delivery

GPCRs have been shown to interact with numerous proteins, some of which play
already demonstrated roles in cellular trafficking, such as serving as molecular
chaperones to assist in the folding, processing, or cellular transport of GPCRs
through the secretory pathway. Additionally, oligomerization of GPCRs with
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cognate family members has emerged as an important contributing factor in re-
ceptor localization and function, with GAB#eceptors serving as a key example.

GPCR OLIGOMERS IN RECEPTOR TRAFFICKING The demonstration thatrhodopsin,
in its native state, is found in ordered, dimeric arrays substantiates the proposed
dimeric form of rhodopsin and other GPCRs suggested by extensive biochemical
and pharmacological analyses. The reader is referred to several comprehensive
reviews examining the discovery and impact of GPCR oligomerization (73-75).
Discussion about GPCR oligomerization in this review will focus on its role in
GPCR processing to the cell surface.

The role of receptor oligomerization in receptor trafficking initially was re-
vealed for the metabotropic receptor feraminobutyric acid (GABA). GABA,
the predominant inhibitory central nervous system neurotransmitter in mammalian
systems, mediates its effects via binding to ionotropic (GABMeceptorsto elicit
fast synaptic inhibition or via metabotropic (GABAGPCRs to elicit slow, sus-
tained inhibition. GABAs receptors are in the class Il or Family C GPCR family
and contain an extensive extracellular ligand binding domain and a large intracellu-
lar carboxyl terminus. The GAB#receptor family is subdivided into GABAR1
(consisting of two receptor splice variants, GABRLa and GABAR1b, differing
in their extreme amino terminus), and GABR2. GABAgR1a/b and GABAR?2
MRNA distribution overlaps in different neuronal cells and tissues (76, 77).

Several independent investigations have determined that heterodimerization of
GABAgR1 and GABAR?2 is necessary for cell surface expression of a functional
GABAg receptor. When the cDNA encoding GABR1a (or GABA;R1b) were
individually expressed in ganglion neurons, the proteins expressed were imma-
turely processed glycoproteins that were retained in the ER and failed to reach the
cell surface and mediate effector activation when expressed individually in het-
erologous systems (78, 79). In contrast, individual expression of the GRBA
subtype results in a protein that resides on the cell surface. Although individu-
ally expressed GABAR?2 can couple to inhibition of adenylyl cyclase (80), this
molecule does not fully recapitulate GABAeceptor pharmacology in terms of
ligand binding affinity and specificity (77, 80, 81). Biochemical and yeast two-
hybrid cloning strategies revealed that the GAB.a/b and GABAR?2 proteins
interact, which is consistent with the overlapping mRNA distribution of R1 and
R2 subunits (79, 81).

Coexpression of both R1 and R2 subunits of GAB#&ceptors reconstitutes
the specificity and effector activation profile characteristic of the pharmacologi-
cally defined GABA receptor, i.e., high-affinity radioligand binding, inhibition
of forskolin-stimulated adenylyl cyclase, agonist-dependent GIRK channel activa-
tion, and agonist-dependent stimulation ¥§]GTPy S binding (76, 77, 79-82).
Heterodimerization involves the carboxyl terminus of the individual GARAa/b
and GABAgR2 receptors (83). Further dissection of the carboxyl terminus has re-
vealed an ER retention signal in the GABR1 coiled-coil domain (84, 85), which
is masked upon heterodimerization of the GAB¥a/b and GABAR2, thus
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permitting targeting the heterodimers to exit the ER and traffic to the cell surface
(86).

Ahomology-based bioinformatics approach was employed to identify GABA
a novel GABAs-related GPCR (85). Expression of the GARBAalone, or in com-
bination with the R1 or R2 subunits, does not result in expression of a functional
GABA receptor; however, these data suggest that another related subunit or chap-
erone may be required for the surface expression of a functional GABA receptor
involving the GABAg_ protein (85).

The gustatory system provides yet another example of a role for oligomeriza-
tion in receptor trafficking and signaling. The mammalian taste system detects
five flavor qualities in taste buds: bitter, sweet, salty, sour, and umami (the taste
of glutamate). Different flavors stimulate G protein-coupled taste receptors (TRS)
expressed on cells of the tongue. The taste receptor GPCR family is defined by
the sweet/umami T1Rs (consisting of the T1R1, T1R2, T1R3 variants), and the
bitter T2Rs [corresponding te 30 members (87)]. Interestingly, TRs are distantly
related to GABAs receptors (88). Functional complementation data are consistent
with the interpretation that T1Rs heterodimerize among their subtypes to sup-
port the various taste qualities. For example, the TLR1/T1R3 heterodimer detects
umami tastes, whereas the TIR2/T1R3 heterodimer responds to sweet tastes (89).
Mice harboring the T1R3 polymorphism (T1R3 160T) are refractory to sweet tastes
(the nontaster allele). Structural modeling predicts that TLR3 I160T creates a site
for O-linked glycosylation that could perturb dimerization (90), although it has
been observed that the TLR3 I160T allele does coimmunoprecipitate with the T1IR2
(and T1R1) allele when overexpressed in heterologous cell systems (88). What re-
mains to be established rigorously is whether taste insensitivity concomitant with
expression of the T1IR3 I60T allele is due to perturbed trafficking of functional
taste receptors (monomers or oligomers) to the cell surface, loss of binding and/or
signaling capability, or a combination of molecular dysfunctions.

Bioluminescence resonance energy transfer (BRET) and coimmunoisolation
studies have revealed that oligomerization of the V1a, V2 vasopressin, and oxy-
tocin receptors occurs early in ER processing even before the receptor acquires
an Endo H-resistant glycosylation state (91). Numerous mutants identified for
the V2 vasopressin (92), opsin (93), gonadotropin (94), calcium sensing (95),
GABAg (96), CCR5 chemokine (97), and D3 dopamine (98) receptors have been
documented to negatively regulate wild-type receptor expression and/or function.
Cumulatively, these data support the concept that dimerization is constitutive (i.e.,
independent ligand binding at the cell surface), or at least a general property of a
majority of GPCRs, which may occur early in receptor synthesis and may be an
important determinant in wild-type receptor maturation and ultimately in ligand
specificity and cellular signaling.

For some GPCRs, heterodimerization appears to be important for pharmaco-
logical specificity once at the cell surface but not for cell surface expression.
For examplek- andé§-opioid receptors (KOR and DOR, respectively) individu-
ally are capable of properly targeting to the plasma membrane, binding ligand,
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and coupling to predicted effectors (99), although it is likely that the homod-
imers of these receptors are reaching the cell surface. Coimmunoprecipitation
from cells expressing the two subtypes confirms KOR and DOR heterodimeriza-
tion; however, pharmacological assessment of the heterodimer reveals properties
distinct from those seen when assessed for the individual receptors. This phe-
nomenon also has been observed for other GPCRs, including-(MOR) and
5-opioid receptors (100), dopamine and somatostatin receptors (101), D2/D3Rs
(102), and differing subtypes of muscarinic receptors (103). Thus, it is clear that
heterodimerization can modulate GPCR responsiveness independently of receptor
trafficking.

There are also examples in which heterologous coexpression of two GPCRs
leads to agonist-elicited endocytosis profiles different from that of either receptor
when expressed alone, presumably owing to heterooligomerization; these stud-
ies have been used to provide a functional marker for heterooligomerization in
heterologous cells (104-106).

THE ROLE OF CHAPERONES IN GPCR DELIVERY
TO THE CELL SURFACE

Molecular chaperones are implicated in cellular quality control owing to their
ability to recognize misfolded proteins, presumably by the exposure of usually
hidden hydrophobic domains upon protein misfolding. Chaperones also have been
implicated in protein targeting and degradation as part of the ER quality control
system. Some GPCR-interacting proteins demonstrated to behave as chaperones
during GPCR processing are described below.

NINA A The existence of chaperones that support GPCR trafficking to the cell
surface was first appreciated for GPCRs that mediate sensory responses. For ex-
ample, Nina A (eitherinactivationnor afterpotential A) was discovered to be
essential for the cell surface expression of rhodopsin 1 (Rh 1) in a screen of
Drosophila melanogastatefective in visual response to light (107, 108). Nina A

is a 237—amino acid photoreceptor-specific integral membrane glycoprotein that
shares 40% sequence identity with cyclophilin, a cyclosporin A—binding protein.
The cyclophilin protein family is composed of cytosolic proteins that possess
peptidyl-prolyl cis-transisomerase activity, which results ais-transisomeriza-

tion of the peptide bond between a proline residue and its amino terminal neighbor.
Nina amutant flies demonstrated a tenfold reduction of Rh 1 levels in the R1-R6
photoreceptor cells and a reduced level of binding activity for cyclosporin A (CsA)
(107). Immaturely glycosylated Rh 1 accumulates in the ER of photoreceptor cells
in flies lacking Nina A, indicating that Nina A is required for cell surface expres-
sion of Rh 1 (109). More recent studies have implicated the last six amino acids
of Nina A inits interaction with Rh 1 (110). Nina A interacts specifically with Rh 1
(and not otherDrosophila rhodopsins) and is stoichiometrically required for
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Rh 1 biogenesis, suggesting that the effectiveness of Nina A in facilitating rhodopsin
trafficking to its target membrane is due to its chaperone-like, rather than catalytic,
function (110).

ODR-4 The role ODR-4 plays in facilitating the surface delivery of the olfactory
receptors ODR10 to cilia i€aenorhabditis eleganshemosensory neurons pro-
vides an additional example of a chaperone protein enabling a sensory GPCR to
reach the cellular surface (111). Although the odorant receptors efficiently reach
the cellular surface in specialized olfactory neurons, these receptors are trapped
intracellularly when expressed in heterologous cell systems. Dwyer and colleagues
employed a positional mapping and transformation rescue strategy in n@tant
elegansstrains defective in a specific odorant chemotaxis pathway to isolate and
clone ODR-4, a novel 445 amino acid (111). ODR-4 is a type |l membrane protein
with an extreme carboxyl-terminal transmembrane domain. ODR-4 is similar to
syntaxin, a protein known to be involved in vesicle transport or targeting (111).

To examine odorant receptor trafficking, perinatal rat olfactory sensory neu-
rons (OSN) were conditionally immortalized by a temperature-sensitive mutant
of the oncogene large T antigen, and nambdctory-derived odorantreceptor
activatable cellsgdoracells). Under control (undifferentiated) conditioresjora
cells are phenotypically similar to the OSN progenitor, the globose basal cell. After
differentiation,odoracells more closely resemble OSNs and have been shown to
efficiently target odorant receptors to the plasma membrane (112). Usioddree
cellline as amodel system for OSN, Gimelbrant et al. (113) observed thatin undif-
ferentiated cells, odorant receptors were trapped intracellularly at the level of the
Golgi, whereas in heterologous cell systems, odorant receptors are retained within
the ER. The difference in retention sites of the receptor (i.e., Golgi versus ER) sug-
gests a two-step model for the regulation of olfactory receptor trafficking, with one
stage atthe level of the ER, with ODR-4 serving a critical role, and a second stage at
the level of the Golgi. Another olfactory GPCR, U131, is assisted in its expression
atthe surface by coexpression with ODR-4 in heterologous cells. In contrast, U131
is retained within the ER when expressed alone in Chinese hamster ovary cells,
implicating ODR-4 as a factor in exit of olfactory receptors from the ER (113).

RAMPs Receptor activity modifying proteins (RAMPS) are type | transmembrane
proteins expressed in numerous tissues and cell types (Sexton). RAMP1 initially
was identified in an effort to clone the receptor for calcitonin gene-related pep-
tide (CGRP) (114). Using an expression cloning strateg)Xémopusoocytes,
McLatchie et al. identified a single cDNA that encoded a protein that permitted
response to CGRP, leading to accumulation of cCAMP and subsequent activation
of the cAMP-activated chloride channel, CFTR. However, the predicted topo-
graphy of the protein encoded by this cDNA was not that which would be ex-
pected for a seven transmembrane—spanning receptor, but rather that of a single
transmembrane—spanning protein with a large N-terminal extracellular region and
a short intracellular domain. To date, three RAMP isoforms have been identified
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through database analysis and have been named RAMP1, RAMP2, and RAMP3.
All share a similar basic domain structure, with 56% sequence similarity but only
31% amino acid sequence identity (114). RAMP1 has been demonstrated to foster
transport of the calcitonin receptor-like receptor (CRLR) to the plasma membrane
and then remain associated with the CRLR to function as a terminally glycosylated
CGRP receptor. RAMP2/3 transport the CRLR to the cell surface and contribute
to CRLR functioning as an adrenomedullin (AM) receptor (114).

The discovery of the RAMP accessory proteins controlling the transport, gly-
cosylation state, and binding specificity of the CRLR established a new paradigm
for the determination of a GPCR phenotype; the seven transmembrane—spanning
CRLR as a malleable template that, in combination with a select RAMP molecule,
exhibits selectivity among the family of related calcitonin gene-related neuropep-
tides (114). Hilairet et al. determined that it is the nature of the protein-protein
interactions between CRLR and the various RAMPs, and not the glycosylation
state of the CRLR, that determines ligand binding specificity of the CRLR-RAMP
complexes (115). All three RAMPs promote maturation of the CRLR to a termi-
nally glycosylated state in heterologous cells (RAMP1 to a greater extent than the
other two). Construction of chimeric RAMP molecules leads to receptor specificity
data that corroborate the interpretation that the CRLR-RAMP complex determines
ligand binding; in fact, it is the extracellular domain of the RAMP proteins that
determines ligand selectivity of the CRLR. Crosslinking studies reveal gt [
CGRP and ?3]-AM are incorporated into the RAMPs, indicating that RAMPs
are in close proximity to the ligand binding pocket of the RAMP-CRLR complex.
These data suggest that the RAMPs contribute directly to the ligand binding pocket
and can modulate ligand binding.

Once the CRLR-RAMPL1 receptor has achieved plasma membrane localization,
CRLR, and not RAMPL, is subjectto phosphorylation following CGRP stimulation
(115a). In response to agonist, the CGRP receptor undergoes dynamif- and
arrestin-dependent promoted internalization and remains stably associated with
B-arrestin, similar to many GPCRs (see below).

Christopoulos et al. (116) explored whether other class Il GPCRs could in-
teract with the RAMPs. Among the class Il GPCRs investigated, the vasoac-
tive intestinal polypeptide/pituitary adenylate cyclase—activating peptide receptor
(VPACY1) interacts with all three RAMPSs. In addition, the glucagon receptor inter-
acts with RAMP2; the parathyroid hormone (PTH1) receptor binds both RAMP2
and RAMP3. The possibility that RAMPs may interact with other GPCRs in addi-
tion to the CRLR provides a new source of receptor diversity for the investigation
of GPCRs (116). In all cases, these interactions lead to both an altered cellular dis-
tribution and function of these GPCRs. For example, agonist-evoked PI hydrolysis
is significantly enhanced when the VPACL1 receptor is expressed in the presence
of RAMP2; thus, RAMP molecules not only appear to affect receptor localization
but also may enhance signaling, either by increasing the concentration of recep-
tors available at the surface or perhaps by direct modulation of receptor-effector
coupling efficiency.
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RCP Another protein, called receptor component protein (RCP), creates a ternary
complex with RAMP1 or RAMP2 and CRLR. RCP was originally identified in

an expression cloning screen to identify the cDNA encoding the CGRP receptor
(117). RCP is a 148—amino acid, peripheral membrane protein attached to the end-
ofacial membrane surface via ionic interactions. RCP appears to facilitate signal
transduction by CGRP and AM (118, 119). Similar to the RAMPs, Dickerson and
colleagues (119) speculate that the enhancement of signaling mediated by RCP
may result either from enhanced coupling between the CGRP-receptor and the sig-
nal transduction machinery or by organizing the CRLR at the plasma membrane
into a signaling microenvironment, such as into caveolae or lipid rafts. Thus, in the
case ofthe CRLR, the functional receptor responding to either CGRP or AM has ex-
panded to include not only a seven transmembrane—spanning protein (CRLR) and a
chaperone (RAMP) but also a signal transduction accessory protein (RCP) as well.

CALNEXIN Calnexin has been shownto assistin the folding ofanumber of GPCRs.
Calnexin binds to monoglucosylated N-linked carbohydrate chains and peptide de-
terminants on folding intermediates of target proteins, such as the precursor form
(i.e., Endo H-sensitive form) of the V2R. Many of the V2R alleles associated with
X-linked NDI are retained intracellularly. Morello et al. observed that the NDI
allele R337X V2R, encoding truncation of the cytosolic cytoplasmic tail of the re-
ceptor, isretained in the ER and colocalizes with the ER marker protein calreticulin.
Calnexin actually appears to interact more robustly with mutant alleles of the V2R
associated with NDI than with the precursor form of the wild-type receptor. These
findings suggest that calnexin also plays a role in proper folding and maturation
of the V2R, thereby promoting appropriate trafficking to the cell surface.

Calnexin has been implicated in a similar role for the lutropin/chorio-
gonadotropin receptor (LHR), follicle-stimulating hormone receptor (FSHR), and
thyrotropin-stimulating hormone receptor (TSHR) (120), receptors that also inter-
act with two other known ER folding/chaperone proteins, BiP and GRP94 (121). In
the case of the TSHR, calnexin and calreticulin stabilize the receptor during initial
synthesis, whereas BiP overexpression leads to increased receptor degradation.

RANBP2 A search for mammalian cyclophilins related@oosophilaNinaA by
probing a bovine retinal cDNA library with a NinaA cDNA probe led to the
cloning of two alternatively spliced cDNAs encoding proteins named cyclophilin
type | and Il (122). The predicted amino acid sequence of the cyclophilin type
Il protein was found to be identical to RanBP2, a molecule known to bind the
GTPase Ran. RanBP2 is a chaperone for vertebrate red/green opsin and contains
two key domains (the Ran-binding domain 4 and the cyclophilin domain) that act
in concert to create its chaperone function (123). The cyclophilin domain does
not bind directly to opsin, but stabilizes the interaction between red-green opsin
and the Ran-binding domain 4. Like NinaA, which specifically interacts with one
isoform of rhodopsin (Rh1), RanBP2 acts as a specific chaperone for red/green
opsin in the mammalian retina.
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HsJilb  Mammalian rhodopsin recently has been shown to also interact with the
DnaJ/Hsp40 cochaperone protein HSJ1b. Proteins in this family of cochaperones
are characterized by a highly conserved 70—amino acid J-domain that interacts with
Hsp70. HSJ1b is preferentially expressed in neurons, is geranylgeranylated, and
localizes to the cytoplasmic face of the ER. Although coexpression of HSJ1b with
rhodopsin in heterologous cells leads to accumulation of both proteins in the ER
and in aggresomes, no aggregation of these proteins into aggresomes or in the ER
is observed in vivo. These findings implicate the existence of yet another proteinin
retinal cells that enables rhodopsin to achieve surface localization without HSJ1b-
driven aggregation and ER accumulation (124).

gClg-R A yeast two-hybrid search for novel proteins that interact with the cy-
toplasmic carboxyl-terminal cytoplasmic tail @fg-AR led to the identification

of gC1g-R (receptor for globular heads of C1q) as a potentiglAR-binding
partner (125). gC1g-R is a multifunctional protein that was originally identified
as a complement regulatory factor (126, 127). Coimmunoprecipitation assays in
COS7 cells confirmed the interaction between full-length gC1g-R ang;thaR

in intact cells. Colocalization af,g-AR and gC1g-R in cells using fluorescence
confocal laser scanning microscopy corroborates these findings (128).

The C terminus of the,5-AR contains a series of sequence motifs (see above)
common to GPCRs (and described in Motifs Implicated in GPCR Trafficking to
the Cell Surface, above): an NPXXY motif thought to play a role in receptor traf-
ficking, a putative acidic/dihydrophobic motif implicated in cell surface delivery,
and an arginine-rich region. Binding analysis in the yeast two-hybrid assay system
revealed that the arginine-rich regionogk-AR (amino acids 371-378) facilitates
interaction with gC1g-R, whereas the NPXXY motif and the acidic/dihydrophobic
domain do not (125). When individually expressed in heterologous cella;the
AR exhibits a distribution pattern characteristic of a plasma-membrane associ-
ated protein, whereas gC1g-R localization is predominantly cytoplasmic (125).
Interestingly, when the two proteins are coexpressedgtheAR shifts from a
cell surface to a cytoplasmic intracellular distribution, and functiongiAR de-
clines. This redistribution is not detected foragg-AR truncation mutant lacking
the arginine-rich motif. These findings emphasize the potential importance of the
interaction between;g-AR and gC1g-R in dictating maturation and expression
of thea1g-AR as a cell surface protein.

MOLECULES THAT RETAIN GPCRS
AT THE CELL SURFACE

As stated above, efficient signal transduction requires a receptor to be in the proper
location at the precise time to interact with its endogenous ligands. As such, a num-
ber of GPCR-interacting proteins other than those involved in signaling (e.g., G

proteins, RGS proteins, effectors) have been identified that have been shown to
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delay the turnover of the receptor at the cell surface; these are discussed below.
Perhaps future studies will reveal the role of these interacting proteins in scaffold-
ing of signaling complexes, as for A-kinase anchoring proteins (128a) or proteins
with PDZ domains (128b). One such protein is arrestin. However, because ar-
restin interaction with GPCRs is fostered significantly by agonist activation and
plays an important role in agonist-accelerated GPCR endocytosis, the impact of
GPCR-arrestin interactions is addressed in Agonist-Evoked Receptor Endocytosis
(below).

The Demonstrated Role of Some GPCR-Interacting Proteins in
Stabilizing GPCRs at the Cell Surface

Many GPCR-interacting proteins have been demonstrated, by biochemical or mor-
phological strategies, to stabilize GPCR expression at the cell surface. Several of
these are described in more detail below.

SPINOPHILIN  Both D2Rs (129) and,ARs (130) interact with spinophilin (Neura-

bin 1), a ubiquitously expressed 120-kDa multidomain protein. Spinophilin ini-
tially was identified as a protein phosphatase 1 (PP1)-binding protein localized in
dendritic spines, hence the name spinophilin (131), and an F-actin-binding protein
underlying the E-cadherin-enriched basolateral surface of polarized renal epithelial
cells (132). Spinophilin also contains three coiled-coil domains at its C terminus,
which mediate homomultimerization in vitro (132) and provide the capability of
forming multiprotein complexesin cells. The D2R “short” and “long” isoforms and
all threea,-AR subtypes interact with spinophilin via their third intracellular (3i)
loops by binding to a region of spinophilin sequence that links the F-actin binding
and PP1 regulatory domains (129, 130). Smith and colleagues (129) additionally
showed that both the D2R and PP1 could interact with GST-spinophilin at the same
time, supporting the notion that spinophilin may be a scaffolding protein that links
signaling proteins and their regulators to microdomains at the cell surface.

Three lines of evidence caused us to postulate dkaR-spinophilin inter-
actions might stabilize the,-AR on the basolateral surface of polarized cells:
(a) The w,-AR subtypes interact with spinophilin via their 3i loops (129, 130),
(b) the aoa-AR is retained at the basolateral surface of polarized epithelial cells
via its 3i loop (12, 133), andc] spinophilin is enriched beneath the basolateral
surface to which therspAR is tethered (132). We observed that redirection of
the GPCR-interacting domain of spinophilin to the apical surface of polarized
MDCK Il cells by fusion with p75 (a subunit of the nerve growth factor receptor)
leads to delay of turnover of the,g-AR subtype on that surface (25) following
its random delivery there (13). Seconths-AR transduced into mouse embryo
fibroblasts (MEFs) derived from wild-type versus spinophilin knockout (Sp
mice demonstrate a much faster agonist-induced internalization itt EFs
than in Sg’* MEFs (25). These data are consistent with the interpretation that
spinophilin stabilizes GPCRs at the cell surface.
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HOMER Homer [now designated as Homer-1a or VAsAEPEna-related gene
upregulated duringeizure and_TP)] is a 186—amino acid protein containing a
PSD95Drosphiladiscs largeZona occludenéPDZ)-like domain in its N-terminal
region. Homer-1a was originally identified in a screen to reveal molecules involved
in long-term plasticity (134). It is now known that three genes encode a Homer
protein family; all members share a conserved 120—amino acid N-terminal re-
gion homologous to the EVH1/WH1 (Ena/VASP homology 1/WASP homology
1) domain, implicated in the control of actin filament dynamics (135). Homer-1a
is an immediate early gene whose expression is upregulated in the hippocampus
following excitatory synaptic activity. Unlike Homer-1a, Homer-2 and Homer-3
are both constitutively expressed and have a carboxyl-terminal coiled-coil mo-
tif (136). Homer-1a competes via its N-terminal sequences with Homer-2/3 for
binding to mGIuR, and thus can function as a dominant-negative structure for
the signaling-associated proteins, Homer 2/3 (see below), delaying and reducing
mGluR-induced C& transients in cerebellar Purkinje cells (137).

Genetic and biochemical strategies (134) have revealed an interaction between
Homer and the C-terminal tail of the metabotropic glutamate receptor, mGIuR5.
Because the C-terminal tail of mGIuR1s 67% identical to the carboxyl terminus
of the mGIuRS5 over its last 55 amino acids, and both receptors terminate with four
PDZ-domain-binding amino acids (SSTL/SSSL respectively), it is not surprising
that mGIluR5 and mGIluRA4 bind a GST-Homer fusion protein. Deletion of the
four-amino acid PDZ-domain-binding motif from mGIuR5 reduces binding to
Homer, and deletion of the last ten amino acids of this mGIUR subtype eliminates
binding. Although mGIluR2 and mGIuR3 also share a PDZ-domain-binding motif
in their last four amino acids, these receptors diverge significantly from m@luR1
and mGIuRS5 in C-terminal sequences outside of this region. Neither mGIluR2 nor
mGIuR3 bind Homer, indicating that the C-terminal four amino acids are necessary
but not sufficient for receptor binding to Homer. The mGIluR4 shows little sequence
homology with any of the other members of this family in these sequence regions
and also does not bind Homer.

Homer proteins play a documented role in trafficking of group | mGIuRs to the
cell surface. Roche et al. (138) presented evidence that Homer-1b causes retention
of group | mGIuRs in the ER, while Homer-1a allows the mature receptor to be
inserted into the plasma membrane. However, once the m@luRihserted at
the cell surface, Homer-1a does not remain stably associated with the receptor. In
contrast, cell surface group | mGIuR appear to interact with Homer-1c. In cells
overexpressing Homer-1c, mGluifedistribute into large clusters and manifest a
longer surface half-life than in the absence of overexpressed Homer-1c; glutamate
activation of IR production also is increased when Homer-1c is coexpressed with
MGIuR L. Transient transfection of primary cultures of rat cortical neurons with
Homer-1c and mGIluRi leads to increased receptor localization in the dendrites
of these neurons (139).

Asimilar scenariois observed in cultured cerebellar granule cells (140). Recom-
binant Homer-1a alone does not affect cell surface expression, but coexpression
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with Homer-1b results in intracellular retention and clustering at synaptic sites.
Similarly, in cells transfected with both Homer-1a and -1b, excitation-induced ex-
pression of native Homer-1a reversed the intracellular retention of mGIuR5 and
allowed for receptor trafficking to the synaptic membranes.

Taken together, the data suggest an array of interactions of mGIluR with Homer
isoforms during a receptor lifetime (134-141). Nascent group | mGluRs accumu-
late in the ER associated with Homer-1b. Homer-1a protein, induced by synaptic
activity, competes forreceptor-Homer-1b interactions in the ER to facilitate mGIuR
trafficking to the cell surface. There, they can engage in stable interactions with
Homer-1c or with other mGluR-interacting proteins. Homer also may function to
negatively regulate the constitutive (ligand-independent) activity of the mGIuR.

Deletion analysis has identified a novel proline-rich Homer ligand motif
(PPSPF) in group | mGluRs (mGIuR5 and mGleR B0 amino acids upstream
from the receptor C terminus (137). The same motif exists in oth&r @abiliz-
ing receptors, such as theslReceptor (IBR) and the ryanodine receptor (RYR).
Interestingly, Homer proteins have been shown to immunoprecipitate bgigh IP
and mGIluR¥ from cerebellum homogenates (137).

Homer interacts not only with GPCRs but also with Shank family proteins,
linking Homer to GKAP, PSD-95, and NMDA receptor-containing complexes.
It has been postulated that these interactions may facilitate cross-talk between
Homer-stabilized metabotropic and ionotropic receptors at glutamatergic synapses
(142).

ACTIN BINDING PROTEIN-280/FILAMIN A Actin binding protein-280 (ABP-280),
also known as filamin A, is an abundant cytoplasmic protein that contains an
actin-binding domain at its N terminus followed by 24 tandem immune globulin-
like repeats of approximately 96 amino acids each (143), two hinge regions, a
dimerization domain at its C terminus, and an actin binding domain at its N termi-
nus. This molecule has been shown to interact with several GPCRs. For example,
ABP-280 interacts with the 3i loop of the D2 short and long isoforms of the D2R
and with the D3R, but not with the D4R orD1R3i loops. Interestingly, although
D2R exhibits similar affinities for agonists and antagonists in ABP-280-deficient
M, human myeloma cells and inJells heterologously expressing ABP-280, the
ability of the D2R to inhibit forskolin-stimulated cAMP accumulation is dramati-
cally reduced in cells lacking ABP-280.

A protein kinase C (PKC) phosphorylation site at serine 358 within the D2R
3i loop is an important regulatory site for the ABP-280 interaction with this re-
ceptor. Mutation of this serine to aspartic acid, intended to mimic the serine-
phosphorylated state, significantly reduces both ABP-280 binding to the D2R and
agonist potency in receptor-mediated inhibition of adenylyl cyclase, an observation
that is mimicked by direct activation of PKC with PMAg4phorbol-12-myristate-
13-acetate) in these cells. One interpretation of these data is that PKC phosphory-
lation of the 3i loop of the D2R disrupts ABP-280 binding and is followed by a
loss of receptor-effector coupling.
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ABP-280/filamin A also interacts with the €asensing receptor (CaR) (144).
CaR activation of MAP kinase is not observed iaiMelanoma cells lacking ABP-

280; however, this activity is restored upon exogenous expression of ABP-280 in
these cells. Thus, ABP-280 appears critical for signaling of D2R and of CaR in
human myeloma cells.

ABP-280 also fosters D2R clustering at the plasma membrane. Interestingly,
the D1R, which does not detectably interact with ABP-280, also clusters along the
plasma membrane in all cells assayed regardless of ABP-280 expression. These
data suggest that a different interacting partner (in addition to, or distinct from
ABP-280) may be responsible for microcompartmentalization of this receptor at
the cell surface.

ABP-280 also appears to modulate GPCR localization after the receptor has
reached the cell surface. Upon finding that the calcitonin receptor (CTR) undergoes
tonic internalization and that ligand stimulation leads to both increased internal-
ization and receptor recycling to the cell surface, Seck and colleagues postulated
that a cellular protein associated with the C-terminal tail of the receptor was nec-
essary for targeting the CTR to the recycling compartment (145). Screening of
an osteoclast-like cell yeast two-hybrid library with the CTR C-terminal tail as
bait revealed an interaction with the carboxyl-terminal region of ABP-280 that
contains the 19—24 immunoglobulin-like repeats and the second hinge region. The
CTR and endogenous ABP-280 were shown to interact in mammalian cells via
coimmunoprecipitation, but this interaction did not appear to be regulated by cal-
citonin stimulation. The findings for the D2R and CaR noted above suggest that
association of CTR with ABP-280 is not necessary for ligand-induced generation
of cAMP, increases in intracellular calcium, or ERK phosphorylation, as these sig-
naling events are indistinguishable in lgells (no endogenous ABP-280) versus
A7 cells (M2 stably expressing ABP-280). However, both confocal microscopy
and fluorescence-activated cell sorter (FACS) analysis suggested that there was less
surface expression of CTR in the;Mells than in A7 cells expressing ABP-280.
This difference was due to increased receptor degradation in the ABP-280-deficient
M2 cells. It appears that the presence of ABP-280 is critical for CTR recycling
from an endocytic compartment back to the cell surface (145).

PROTEIN 41N Protein 4.1N is a member of the protein 4.1 family of cytoskeletal-
associated proteins that is specifically enriched in neurons. It is presumed that it
links the spectrin-actin cytoskeleton to the cell membrane, and thus may play a
role in modulation of the stability and plasticity of the neuronal plasma membrane
(146). Protein 4.1N previously was shown to interact with the GluR1 subunit of the
ionotropic AMPA receptor and to colocalize with AMPA receptors at excitatory
synapses (147). Recently, this protein was identified as a GPCR (D2R/D3R)-
interacting protein (148).

The most C-terminal region of protein 4.1N is necessary and sufficient to me-
diate the interaction with the D2/D3R; this region of protein 4.1N also displays
the highest degree of homology among the four different protein 4.1 isoforms,
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suggesting that interaction with protein 4.1 family members may be a mechanism
for linking D2 and D3Rs to the cytoskeleton (148).

Consistent with arole for 4.1N proteins in GPCR tethering or stabilization at the
cell surface are the findings that a protein 4.1N truncation mutant, which competes
for dopamine receptor binding but does not bind to the plasma membrane or the
cytoskeleton, is unable to stabilize D2Rs or D3Rs at the cell surface, leading to
a~50% reduction in cell surface molecules. Thus, appropriate targeting or stabi-
lization of the D2/D3R at the cell surface may be dependent upon its interaction
with protein 4.1N.

Although ABP-280 (see above) interacts with the same region of the D2 dop-
amine 3i loop as protein 4.1N (149), extant data suggest that ABP-280 and pro-
tein 4.1N may bind simultaneously to the D2R. This interpretation is based on
the lack of effect of overexpression of protein 4.1N on the amount of ABP-280
coimmunoisolated with the D2R.

MUSKELIN Muskelin is a widely expressed intracellular protein containing six
dispersed C-terminal motifs that exhibit homology to the tandem repeats first
identified in theDrosophilakelch ORF1 protein (150). Muskelin was discovered
during expression cloning of thrombospondin-1 response molecules in COS cells.
The so-called kelch motifs in muskelin are thought to be involved in actin binding
(151).

Muskelin interacts with the carboxyl tail of the E##Beceptor, but not with the
carboxyl tail of the EPB or EP3/ splice variants, which differ in their C-terminal
sequences (152). The EP3 receptor binds prostaglandins and is linked to the in-
hibition of adenylyl cyclase and activation of the small GTPase Rho. Alternative
splicing leads to the expression of three isoforms of the EP3 receptax;, EP33,
and EP¥. Each isoform displays a unique carboxyl-terminal tail sequence that
may provide the basis for previously observed differences in agonist-dependent
desensitization, agonist-independenta@tivity, and membrane targeting (152).
Both EP3 receptors and muskelin are localized to the plasma membrane follow-
ing transient coexpression, although a diffuse cytoplasmic pool of muskelin also
can be detected (152). This may be the result of inhibition of agonist-stimulated
EP3xR internalization by coexpression of muskelin. The EB®&formin HEK293
cells facilitates EP3-mediated inhibition of EP2 receptay¢@upled)-stimulated
cAMP formation (152). Muskelin thus may play a role in anchoring or subcellular
targeting of the ER8receptor to the plasma membrane, hence, modulating EP3
signaling and/or receptor lifecycle.

PsD-95 PSD-95 (postsynaptic density-95) has been shown to interactgadth
ARs via a C-terminal sequence that represents a PDZ-interacting domain (153).
Interaction of theg;-AR with PSD-95 appears to stabilize the receptor on the
cell surface, as mutations in tha-AR C terminus disrupt colocalization with
PSD-95. By contrast, overexpression of PSD-95 decrgasAR internalization,
although this consequence is not paralleled by changes in agonist-efigifs
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activation of CAMP production or subsequent desensitization. Although PSD-95
interaction with the;-AR does not directly regulate its signaling, it appears that
B1-AR-PSD-95 complexes can facilitate interaction withmethyl-D-aspartate
(NMDA) receptors in target cells (153), thus providing the molecular bases for a
microcompartmentation that could mediate the kn@wAR regulation of NMDA
currents in neurons (154-156).

Other GPCR-Interacting Proteins for which a Possible Role in
Tethering to the Cell Surface Has Not Been Established

Not all GPCR-interacting proteins have established functions. Those for which
receptor tethering to the cell surface has not been documented are summarized
below.

CALMODULIN The Gycoupled mGIuR5 was the first GPCR reported to inter-
act directly in a C&"-dependent manner in vitro with calmodulin (CaM) (157).
CaM is a ubiquitous 17 kDa €abinding protein that modulates the activity of a
number of biochemical and electrical signaling pathways (158). Minakami et al.
characterized two distinct CaM binding sites on the mGIuR5, each of which can
be phosphorylated by PKC and each possessing different affinities for CaM (157).
The G/G,-coupled mGIuR7 also interacts with CaM in aCalependent manner
(159). As for mGIuR5, the CaM binding domain for mGIuR7 undergoes phos-
phorylation by PKC; phosphorylation by PKC and CaM binding are mutually
antagonistic (157). Further, CaM and G protgin subunit binding also occurs in

a mutually exclusive manner (160). Although CaM binding is not necessary for
G protein activation, it is required for £ subunit dissociation from the carboxyl
tail of mGIuRs to mediat@y -dependent glutamatergic signaling pathways (160).
Although it is apparent that CaM is involved in masking phosphorylation sites and
facilitation of G protein signaling, whether or not this results from CaM-regulated
changes in cell surface GPCR stabilization has not been established.

A sequence-based motif search uncovered yet another GPCR likely to bind
CaM, theu-opioid receptor (161). Electrophoretic mobility shifts of CaM on non-
denaturing gels revealed that the C-terminal 3i loop ofithepioid receptor (OP
and OR) binds CaM in a calcium-dependent manner. Peptides derived from the
3i loop of OR; bound strongly to CaM and suppressed interaction between solubi-
lized OR; and CaM, indicating that a direct interaction may be occurring between
CaM and ORreceptors (161). Furthermore, Wang and colleagues found that CaM
regulates basal and agonist-stimulated G protein coupling e{ T32).These au-
thors conclude that by directly competing with G proteins for binding te,OP
CaM may serve as an independent second messenger that is activated following
receptor stimulation by agonist (161, 162). Subsequent studies by this same group
investigated the functional effect of three different previously identified single nu-
cleotide polymorphisms (SNPs) that map to thepioid receptor 3i loop. Wang
and colleagues found that each of these polymorphisms significantly reduced basal
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G protein coupling and/or resulted in deficient CaM binding, suggesting that G
protein coupling and CaM binding domains partially overlap (163). A more thor-
ough understanding of the functional impact of these polymorphisms on signaling
activity and receptor regulation will be important owing to their potential ability
to affect the response to opioid analgesics of individuals harboring these different
alleles.

A CaM-binding motif (defined by several hydrophobic residues interspersed
with a number of positively charged residues, arginine and lysine) in a stretch of
14 amino acids (164) also has been identified in the 3i loop of the D2R within the
same region of the 3iloop (amino-terminal) responsible for activationofl85).

A 3iloop peptide encompassing this domain binds CaM in& @ependent man-

ner in cross-linking studies; the affinity of the 3iloop peptides for CaM is estimated
to be~ 80 nM (165). Additional studies have revealed that @@aM suppresses
activation of purified Gy, by the 3i loop peptide (165). Rhoads & Friedberg (164)
also found that D2 receptor-stimulated GA#!S binding is inhibited by the pres-
ence of C&"/CaM. Despite the apparent competition of CaM and G proteins for
interaction with GPCR in functional studies, Bofill-Cardona and colleagues ob-
served that immobilization of & on CaM-agarose resin requires the presence of
the D2R 3i loop peptide, indicating that the receptor peptide was capable of simul-
taneous interaction with both CaM and,;GThese findings would be consistent
with the existence of aternary complex between GPCR, G protein, and CaM; CaM-
mediated inhibition of D2R signaling would occur by blocking receptor-catalyzed
G-protein turnover.

It is of interest to note that the D2R, like the mGIuR7 and thepioid re-
ceptors, is coupled to G proteins of thg,&subfamily and that all three receptors
are under the regulatory control of CaM, a molecule for which they have similar
binding affinities (i.e., 60-100 nM) (159-161, 165). Nevertheless, CaM appears
capable of exerting opposing functions on these receptors; CaM enhances mGIuR7-
mediated effector function (i.e., €achannel inhibition) and suppresgespioid
and D2R-mediated signaling. Consequently, CaM represents an accessory signal-
ing molecule that can coordinate signaling and affect distinct cellular responses by
targeting and discriminating between discrete cytoplasmic domains within even
closely related GPCRs.

CaM was mostrecently identified as a 544 C-terminal tail interacting protein
by Becamel and colleagues through the use of an innovative proteomic approach to
screen for novel GPCR-interacting protein partners (166). This group used a GST-
fusion protein containing the entire 90-amino acid 5,HT-tail to specifically
isolate interacting proteins from mouse whole-brain extract. Isolated proteins were
resolved by two-dimensional gel electrophoresis and unequivocally identified by
MALDI-TOF mass spectrometry. CaM was among 15 differentinteracting proteins
identified in this particular screen, and unlike several of the other proteins identified,
it bound the 5-H%c independent of the C-terminal PDZ binding domain (166).
The functional consequence of CaM binding to the 5;kFEceptor remains to be
determined.
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CALCYON Calcyon is a 24-kDa, 217-residue protein containing a predicted sin-
gle transmembrane—spanning segment. This protein not only interacts with D1Rs
in two-hybrid screens but also is localized to similar brain regions as the DI1R,
such as the dendritic spines of D1R-expressing pyramidal cells in the prefrontal
cortex. Lezcano and colleagues (167) have named calcyon for its apparent role in
dopamine receptor signaling, where its coexpression with D1R leads to an increase
in intracellular C&" release (i.e., turning calcium on) in response to D1R agonist
owing to enhanced D1R coupling, presumably tp [@ the absence of calcyon
overexpression, the D1R is coupled predominantly ta@ stimulated cAMP
production.

14-3-3 PROTEINS The 14-3-3 proteins (168) interact with a number of signaling
proteins and have been interpreted to act as a signaling scaffold (169) or as a
molecular “buffer,” or interfering molecule (170). Theisoform of 14-3-3 was
demonstrated to interact with all threg-AR subtypes via their 3i loops (171);

in addition, two isoforms of 14-3-3; and ¢, interact with the C-terminal tail

of the GABAgR1 (172). This interaction of 14-3-3 is specific to GAERL and

does not occur with GABAR?2 either in yeast two-hybrid assays or in GST-pull
down experiments with mammalian preparations. Although GABAcolocalizes

with 14-3-3 in immunostaining in cultured hippocampal neurons and following
fractionation of rat brain, coimmunoprecipitation of these proteins from native
tissues cannot be detected (172), consistent with earlier findings fer, fig

(171). These data suggest that GPCR-14-3-3 protein interactions are of relatively
low affinity (173). The domain of GABAR involved in binding of 14-3-3 is

the C-terminal coiled-coil region of GAB#R1, i.e., the same domain implicated

in heterodimer formation with GABAR2. Binding of a radiolabeled carboxyl-
terminal GABAgR1 probe to an immobilized GST fusion protein encoding the
GABAgR2 carboxyl-terminal tail is disrupted by 14-3-3uggesting that 14-3-3

may regulate GABA receptor heterodimer formation in the context of a cell, and
by virtue of this interaction, alter delivery of functional GABAeterodimeric
receptors at the cell surface.

Whether the interaction of 14-3-3 proteins with RGS proteins (9) is functionally
interrelated with the interactions of 14-3-3 proteins with GPCRs (171, 172) has not
yet been clarified. Nor has it been established whether these interactions play a role
in GPCR trafficking, be it receptor delivery to a particular surface compartment or
retention in that compartment.

TURNOVER OF GPCRS ON THE CELL SURFACE

The previous sections have addressed receptor delivery to the cell surface
(Delivery of Nascent GPCRs to the Cell Surface, above) and retention at that
surface (Molecules that Retain GPCRs at the Cell Surface, above). This section
addresses GPCR turnover atthe cell surface in the agonist{haipact of Intrinsic
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Receptor Stucture on Turnover of GPCRs at the Cell Surface, below) and agonist-
evoked (agonist-Evoked Receptor Endocytosis, below) states.

Impact of Intrinsic Receptor Structure on Turnover of
GPCRs at the Cell Surface

Subtle changes in the amino acid sequence of GPCRs, which may or may not
profoundly alter receptor structure, may nonetheless alter their surface turnover.
For example, intentional mutagenesis of thg-adrenergic receptor (1745,-
adrenergic receptor (175), ap-adrenergic receptor (176) to evoke constitutive,
agonist-independent activation results in GPCRs with accelerated turnover at the
cell surface (177, 178). These rapidly turning over GPCRs also are less stable in
membranes and in detergent solution but can be stabilized by agonist or antag-
onist occupancy of the receptor (175, 177, 178). GPCR structures that manifest
agonist-independent activation are assumed to exhibit structural instability owing
to mimicry of the GPCR agonist-activation switch conformation (177, 178).

The impact of site-specific changes in amino acid sequence on agonist-
independent (constitutive) activity of GPCRs has been most extensively studied
for the a1g-adrenergic receptorfg-AR). Here, a single site was substituted by
all 23 amino acids, and a graded continuum of agonist-independent receptor ac-
tivation was observed (179). These findings imply that native receptor structures
also represent a continuum of agonist-independent activity. Sensory receptors, e.g.,
rhodopsin, are functionally silent in the absence of ligand (e.g., light in the case
of rhodopsin), a necessary prerequisite for the extraordinary signal:noise ratio re-
quired in an appropriately responding sensory system. For rhodopsin, in particular,
this absent “basal” activity of opsin may be due to the constitutive presence of a
covalently bound inverse agonist, this-retinal. In contrast, various GPCR sub-
types observed in multiple target tissues often possess different degrees of agonist-
independent activation, even when examined in native target cells, i.e., at normal
physiological receptor density. (It has often been demonstrated that receptor over-
expression is paralleled by an increase in agonist-independent receptor activation
(179, 179a). The assumption is that the variable amount of agonist-independent
GPCR activation in target cells allows basal levels of cellular second messengers
controlled by a given GPCR to be generated as appropriate for homeostasis of the
target cell function.

Serotonin receptors represent an example of GPCR where differing receptor
subtypes possess differing degrees of constitutive activity (180). Furthermore,
RNA editing of 5HT,¢ receptors (181) leads to edited isoforms with enhanced
constitutive activity. By analogy witkv1-, 81-, anda>-ARS, these constitutively
active receptor variants may possess accelerated receptor turnover, although this
has not been investigated directly, which would alter steady-state receptor density,
signal duration, and overall cellular sensitivity.

A number of alleles of GPCRs that encode constitutively active receptors lead
to disease; some of these have been demonstrated to exhibit structural instability
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and/or accelerated surface turnover (182). As an example, the R137H V2 vaso-
pressin allele encodes a V2R that constitutively binds arrestin, leading to a receptor
that is constitutively internalized and not available for AVP stimulation at the cell
surface, leading to X-linked NDI (183).

Perturbations of receptor structure other than those that enhance agonist-
independent activity also can destabilize GPCR structure, leading to both instabil-
ity in detergent solution as well as accelerated surface turnover. For example, the
mutant D79Nw,a-AR, altered at an Asp residue at a highly conserved position
embedded in TM2 of amine-binding GPCRSs, results in a destabilized receptor that
has perturbed coupling to G proteins, instability in detergent solution, accelerated
surface turnover, and significantly (80%) reduced steady-state receptor density
in vivo when compared to the wild-type receptor (184). Interestingly, an allele that
encodes a V2R responsible for X-linked NDI, the D85N V2R, is in a position anal-
ogous to that of the D79M,-AR and may possess the same instability, although
not yet investigated, which would explain diminished V2R function observed for
this mutant receptor (185).

It is likely that SNPs within GPCR coding regions will encode a number of
GPCRs with cell surface turnover that differs from the presumed wild-type struc-
ture for that receptor and that the differential turnover of these GPCRs will have
an impact on the potency of agonists in receptor-mediated signaling, to the extent
that cell surface density of a receptor is altered.

Agonist-Evoked Receptor Endocytosis

Agonist-elicited receptor sequestration and endocytosis from the surface of target
cells has been implicated in long-term desensitization to receptor signals and has
been reviewed extensively elsewhere (186, 187). This pathway of receptor traf-
ficking is only briefly addressed here. However, it should also be noted that GPCR
sequestrations and endocytosis may additionally provide a means of propagation
of GPCR signals to specific compartments within cells (188, 189).

Although receptor internalization is a common process for GPCRs, different
receptors (or different subtypes within the same receptor family) exhibit different
properties following agonist stimulation. The intrinsic receptor properties, i.e., the
ability of a GPCR to interact with other regulatory proteins such as arrestin, control
the rate and extent of agonist-elicited turnover, as well as the fate (recycling versus
degradation) after endocytosis. For example, the 3i loop o&HaeAR subtype
has a much higher affinity for arrestin than ttagy subtype (190), and conse-
quently, thea,g subtype undergoes a rapid agonist-evoked sequestration when
compared to the,a-AR subtype (16, 20, 176, 191). Similarl§;-AR has a much
lower affinity for arrestin tham,-AR and exhibits resistance to agonist-induced
sequestration (192). These two examples underpin the concept that molecules,
such as arrestin, can play a critical role in endocytosis of a number of GPCRs;
however, as discussed below, some GPCRs can undergo arrestin-independent
endocytosis.
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At least three agonist-evoked pathways for accelerated removal of GPCR from
the cell surface have been described. These pathways have been revealed in cells
expressing heterologous GPCR, often at densities that may exceed the capacity of
endocytosis machinery or mechanisms that result from interaction with limiting
concentrations of relevant regulatory proteins. However, which of these pathways
dominates in vivo in native target cells is only now being explored in genetically
engineered mice. An example of the importance of reconfirming heterologous
expression results in native cells of interest is revealed in the studies of Vogler et al.
(193), which demonstrated that a role for RhoA in inhibiting agonist-induced
sequestration of M1 and M2 muscarinic receptors implicated by studies in RhoA-
overexpressing cells was not corroborated by treatment of cells not overexpressing
the small GTPase RhoA with expression of C3 transferase, an inhibitor of RhoA
function.

Three principal pathways reported for cell surface turnover of multiple GPCR
in heterologous systems includ® &rrestin- and dynamin-dependef} &rrestin-
independent, dynamin-dependent endocytosis; ahartestin- and dynamin-
independent endocystosis (194). GPCRs can internalize via two distinct machiner-
ies, i.e., clathrin-coated pits and caveolae (195, 196). A recent report suggests that
selection among these machineries may be driven by the particular sites phospho-
rylated on a GPCR, representing substrate sites for G protein-coupled receptor
kinase (GRK) versus PKA (197), with tila-AR being the GPCR example. Thus,
both GRK- and PKA-mediated phosphorylation of AR lead to desensiti-
zation of agonist-elicited cAMP accumulation, GRK-catalyzed phosphorylation
directs theg;-AR to clathrin-coated pits, and PKA-catalyzed phosphorylation di-
rects the receptor to caveolae-mediated internalization. This is in contrast to the
B2-AR, where CAMP cannot promote its endocytosis.

ARRESTIN- AND DYNAMIN-DEPENDENT ENDOCYTOSIS The arrestin-and dynamin-
dependent agonist-elicited receptor internalization pathway is the paradigmatic
model for agonist-evoked GPCR endocytosis and has been most extensively stud-
ied for the8,-AR [reviewed by Claing et al. (194)]. There are four members of
the arrestin regulatory family of proteins. Two visual arrestins (rod and cone) are
expressed predominantly in the retina where they function in the desensitization
of rhodopsin. Two nonvisual arrestins, arresting2afrestin 1) and arrestin 3{
arrestin 2), are expressed in a wide variety of tissues. Receptor phosphorylation by
GRKs enhances binding of arrestins, which seregsquench agonist-mediated
G protein signaling, andbj to act as a scaffolding intermediate with AP2 and
clathrin, stabilizing association with clathrin-coated pits. Endocytosis of these pits
requires the GTPase dynamin, which apparently oligomerizes and leads to an ex-
tended dynamin helix that promotes extension of the neck of the budding vesicle,
leading to vesicle fission (194-96). Here, the receptor is both dephosphorylated and
recycled to the cell surface (resensitization) or degraded (downregulation) (197).
Another emerging understanding of the molecular events that attend,
and perhaps mediate, arrestin- and dynamin-dependent GPCR endocytosis is the
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ubiquitination of both receptor and arrestin (198-200). Ubiquitination of these
two proteins is rapidly accelerated by agonist stimulatiofeARs (199, 200) or
chemokine receptors (198). Extant data suggest that ubiquitination of the receptor
and arrestin have distinct roles, each of which is obligatory for trafficking and
degradation of GPCRs. Thus, arrestin ubiquitination is critical for GPCR inter-
nalization (198, 199); in fact, the ubiquitination status of arrestin determines the
stability of the GPCR-arrestin complex. However, elimination of arrestin ubig-
uitination does not significantly perturb GPCR degradation postendocytosis. In
contrast, mutation of GPCRs, e.g., tBe AR, to remove lysine residues critical

for receptor ubiquitination leads to ineffective GPCR degradation without attenu-
ating internalization.

Other proteins also are implicated in modulating the arrestin- and dynamin-
dependent GPCR endocytosis pathways, including ARF6; its guanine nucleotide
exchange factor ARNO; and a GRK-interacting protein, GIT, a GTPase activating
protein for ARF (201, 202). Arrestin interacts with both ARNO and the GDP-bound
form of ARF6 (202). Overexpression of ARNO increases endocytostsAR;
by contrast, overexpression of GIT1 or ARF6 mutants defective either in GTP
binding or in GTP-hydrolysis inhibits agonist-evokgg-AR endocytosis (201,
202). A role for Src-mediated tyrosine phosphorylation of dynamin in clathrin-
mediated internalization g8,-AR also has been shown (203) and it is probable
that arrestin plays a causal role in this Src-catalyzed tyrosine phosphorylation of
dynamin.

That a GPCR internalizes via a pathway that involves both arrestin and dynamin
would be manifest by sensitivity to tools that inhibit each of these pathways. For
example, mutant arrestin structures have been developed that block binding to AP2
(204) and/or clathrin (205) and serve as dominant-negative modulators of GPCR
internalization. Mini-gene constructs expressing the clathrin-binding domain of
arrestin 2 (amino acids 319-418) compete for, and thus act as dominant-negative
modifiers of arrestin-fostered, clathrin-coated pit-mediated desensitization (206).
Interactions betweef-arrestin and AP2 appear important in early phases of en-
docytosis because arrestin 3 R396A, which cannot interact with AP2, does not
support sequestration of agonist-activagedARs into plasma membrane puncta
(207). The role of dynamin in a given endocytosis process is revealed by disruption
of the internalization subsequent to concomitant overexpression by a GTP-binding
and GTPase-deficient dynamin, K44A or K44E (128, 208).

Because of their high degree of sequence homology and the fact that both ar-
restin 2 and arrestin 3 desensitize fheAR in vitro, it was once assumed that these
two arrestins had indistinguishable functions. However, mouse embryo fibroblasts
derived from arrestin 2 (arr2-), arrestin 3 (arr3~), or double (arr2/~/arr3-'-)
knockout mice reveal overlapping, but not identical, roles for these two molecules.
It appears that depending on the GPCR, one or the giharestin molecule
may be more efficacious in promoting receptor internalization. For example, in-
ternalization of the8,-AR is greatly reduced in arr3~ MEFs but not in arr2/~
MEFs (209). Angiotensin Il AJaR internalization is not significantly affected in
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MEFs lacking either arrestin 2 or 3 but dramatically impaired in MEFs deficient in
both arrestin isoforms, suggesting that either arrestin isoform can suppiRAT
internalization (209).

In vivo studies in arrestin-deficient mice also reveal the unique functions of
arrestin isoforms. Morphine administration to arrBice leads to enhanced du-
ration of action and analgesic potency (210) and a failure to develop tolerance to
repeated administration of morphine. This is in contrast to findings in either wild-
type or arr2’~ knockout mice. Interestingly, despite the inability of a'r3mice
to develop tolerance to morphine, these mice do develop physical dependence on
morphine, indicating that these two events are dissociable (211).

Examples of GPCR that manifest arrestin- and dynamin-dependent endocy-
tosis includepy-adrenergic (212)xr-adrenergic (213), V2 vasopressin (214),
chemokine CXCR4 (215), adenosine 2B (236)pioid (201, 217, 218), protein-
ase-activated PAR 2 (219), human complement 5a (C5a), anaphylatoxin (CD88)
(220), somatostatin (216, 221), and thyroid-releasing (222) receptors. Thus, a
large subset of receptors, of which those noted above are only examples, employ
a classical GPCR internalization profile, i.e., arrestin- and dynamin-dependent
endocytosis in response to agonist.

The nature of interactions between a GPCR and arrestin also determines the
rate of receptor recycling. Some GPCRs, such asfth@R, dissociate from
arrestin once endocytosed and move into endocytic compartments while arrestin
is recycled to the cytosol. These receptors are often rapidly recycled back to the
plasma membrane. On the other hand, some GPCRs form a stable complex with
arrestin in endocytic compartments. GPCRs more stably associated with arrestin
appear to be dephosphorylated less efficiently and are recycled more slowly (214,
223).

ARRESTIN-INDEPENDENT, DYNAMIN-DEPENDENT ENDOCYTOSIS ~ Arrestin-indepen-

dent but dynamin-dependent internalization is characterized by blockade of GPCR
internalization by dominant-negative dynamin, but not by dominant-negative ar-
restin structures. For example, the 5idTeceptor has a readily measurable consti-
tutive rate of internalization that is accelerated by agonist occupancy. Both forms of
internalization are blocked by dominant-negative dynamin, but not by dominant-
negative arrestin (224). Agonist provoked internalization of prostacyclin receptors
also appears independent of GRK-catalyzed receptor phosphorylation and arrestin
binding; in contrast, dominant-negative dynamin partially inhibits receptor inter-
nalization (225).

ARRESTIN- AND DYNAMIN-INDEPENDENT ENDOCYTOSIS Arrestin- and dynamin-
independent internalization has been reported for the angiotensin \RXR26).
However, these findings have not been corroborated by studies in mouse embryo
fibroblasts derived from arr?2- and arr3’~ mice. Angiotensin Il AT receptor
internalization is greatly impaired in these arrestin knockout mice (209). Simi-
larly, RNA interference strategies also are consistent with a role for arrestin in
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AT 14 receptor internalization (227). Different methodological strategies to assess
receptor loss from the surface or appearance intracellularly also can lead to evi-
dence supporting different apparent roles, or not, of dynamin and arrestin (209,
228, 229). Experimental differences in defining a role, or not defining a role, for
arrestin or dynamin may reflect the impact of the extent of fractional receptor
activation on selecting one versus another GPCR in a pathway for receptor in-
ternalization. Because the optimal substrate for GRKs is a comformation such as
that induced or stabilized by agonist, arrestin binding to receptors either requires
or is significantly enhanced by this GRK-catalyzed phosphorylation; it would not
be surprising if there were a direct correlation between relative fractional receptor
occupancy and the particular mechanisms selected by a GPCR to contribute to
receptor endocytosis in a target cell.

The regions of GPCR sequence involved in interacting with arrestins (e.g., car-
boxyl tail of G-coupled GPCRs, 3i loop of {&,-coupled GPCRS) are often the
same domains involved in interacting with the plethora of other proteins outlined
above. The impact of these other GPCR-interacting protein interactions on arrestin-
mediated GPCR trafficking and endocytosis represents uncharted terrain. We have
observed areciprocal interplay between spinophilin and arrestin in interacting with
thea,a- andagp-AR subtypes (173); preliminary data suggest that this apparent
competition of spinophilin for arrestin may alter the endocytosis profiles of these
receptors in native target cells with or without exposure to agonist. Our own data
reveal, in fact, that the presence of spinophilin retards internalization of the agonist-
occupiedaog-AR subtype, presumably mediated by the binding of arrestin (25).
Other GPCR-interacing proteins also may compete with arrestin and other regula-
tory molecules; these reciprocal interactions remain to be rigorously characterized.

Consequences of GPCR Interactions with Arrestins
in Addition to Endocytosis

Arrestin proteins were originally identified based on their role in GPCR desen-
sitization. However, the roles of arrestin have been expanded to include several
additional functions in GPCR signaling systems.

One such function is the ability of arrestin in some GPCR systems to serve as
an agonist-regulated scaffold for two mitogen-activated protein kinase (MAPK)
cascades by linking GPCRs to the components of the extracellular-signal regu-
lated kinase (ERK) cascade (230-232) and the c-jun N-terminal kinase type 3
cascade (JNK3) (233). Data have suggested that only arrestin 3 can scaffold the
JNK3 pathway, whereas both arrestin 2 and arrestin 3 can scaffold ERK. For both
scaffolds, it appears that the arrestins interact directly with the both MAPKKK
and the MAPK, but indirectly with MAPKK. Scaffolding by arrestins appears to
play a dual function: &) ensuring precise regulation of the MAPK pathway by
colocalizing and facilitating phosphorylation of successive members of the cas-
cade andlf) protecting or insulating the MAPK pathway by preventing crosstalk
with functionally unrelated members of other kinase signaling molecules (234).
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Recent findings indicate that arrestin interaction with fheAR provides a
mechanism to directly link the receptor with phosphodiesterase (PDE) 4 (235).
Agonist activation leads to membrane recruitment of PDE4, an effect that is lost
in mouse embryonic fibroblasts lacking arrestin 2 and 3. Coimmunoprecipitation
studies confirm that arrestins can bind PDE4 (and other isoforms). Functionally,
PDE recruitment leads to enhanced cAMP degradation and subsequent depression
in PKA activity; consistent with this, a catalytically inactive mutant (PDE4D5-
D556A) blocks agonist-stimulated PDE4 and leads to elevated PKA activity (235).
These interactions appear important in PKA-medigigdR G switching to G,
measured by assessment of ERK activation (236).

The postulate that receptor-arrestin complexes can trigger additional signal-
ing events such as MAP kinase activation has recently been extended to include
apopotosis. Th®rosophilaarrestin protein, Arr2, has been found to play a role
in regulating retinal cell apoptosis in the fly. This apoptosis requires rhodopsin
phosphorylation, Arr2 phosphorylation by calcium/calmodulin-dependent kinase
Il (CamKIll), and clathrin-mediated endocytosis. Whether this interaction plays a
similar role in mammalian retinal cell degeneration is yet to be determined.

Thereaderis referred to several excellentand comprehensive reviews discussing
the impact of signal termination (i.e., G protein signaling) and signal initiation (i.e.,
arrestin-dependent activation of non-G protein pathways) (194, 237-241).

The Role of NHERF/EBP50 in Agonist-Evoked Receptor
Endocytosis and Recycling

Arrestins are not the only protein family that has been implicated in mediating
post-GPCR activation events. The interaction of B exchange regulatory co-
factor (NHERF) with theB,-adrenergic receptor was identified in a search of
PDZ-binding proteins interacting with the C terminus of the receptor (242). These
interactions have been extended to the KOR, purinergic P2Y1 and P2Y2, and the
parathyroid hormone PTHI1R (242-244), albeit via differing PDZ domains within
NHERF.

NHERF-GPCR interactions not only have been reported to influence signaling
(244-247) but also GPCR recycling. NHERF1 (also known as EBP50) has been
demonstrated to facilitate GPCR recycling for AR, KOR, and DOR (243,

248, 249). As with the8,-AR, KOR binding to NHERF is agonist-regulated; this
interaction decreases KOR downregulation (with no changes in the affinity of
the receptor for ligand nor receptor-G protein coupling) owing to an accelerated
recycling of internalized KORs (243). Disruption g§-AR-NHERF interactions
alters postendocytic sorting, culminating in increased receptor degradation (248).
Additionally, fusion of the8,-AR-NHERF binding region to the DOR transforms
this lysosomally targeted GCPR into a recycling receptor (249).

The C-terminal tail of the8,-AR also represents the sequence region that in-
teracts with NEM-sensitive factor (NSF), a membrane fusion regulatory protein
critical for vesicular trafficking in eukaryotic cells (250, 251). However, NSF is
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presumed to interact with th&-AR by a mechanism distinct from PDZ domain
interactions, as NSF lacks a canonical PDZ domain and mutations in the C termi-
nus that perturb NSF binding to tifg-AR do not perturb PDZ-domain-mediated
binding of NHERF to this receptor. The quantitative role of NHERF/EBP versus
NSF in GPCR recycling may vary in different cell types or under differing regu-
latory conditions because a mut@itAR that does not bind NSFB-AR-412A)

but binds NHERF is defective in receptor recycling, whereas a mgtaAR that
cannot bind NHERF but can bind NSB£AR-410A) recycles normally (252).

MISLOCALIZATION OF GPCRS LEADS TO DISEASE

As stated above, appropriate receptor localization is required to permit efficient
signaling. The functional importance of GPCR localization is emphasized by dis-
eases that ensue from receptor mislocalization and is discussed below.

X-Linked Nephrogenic Diabetes Insipidus

NDI is characterized by the excretion of large quantities of hypotonic urine in the
presence of normal circulating levels of the antidiuretic hormone, arginine vaso-
pressin (AVP). In kidney renal epithelia, AVP binds its cognate GPCR, the V2R.
AVP binding and coupling via the stimulatory@rotein elicits cAMP-dependent
PKA-mediated fusion of preexisting aquaporin 2—bearing vesicles with the apical
membrane. Apical insertion of these water channels affords water reabsorption
and the subsequent concentration of urine in renal proximal tubule cells. Patients
affected with NDI are unresponsive to AVP and thus experience polyuria and
subsequent polydipsia.

The majority of patientsX90%) identified with NDI are males with the X-
linked form of NDI, and harbor mutations within the V2R open reading frame.
Of the >150 X-linked mutant human alleles encoding V2R, approximately 70%
appear to encode intracellularly retained V2Rs when examined in heterologous
cell expression systems (253). Several mutants demonstrate prolonged association
with endoplasmic reticulum resident chaperones, such as calnexin (254). More-
over, of the clinically relevant V2R mutants that correctly traffic to the cell surface
of renal tubule cells, many display either low-affinity binding for AVP or reduced
coupling to activation of adenylyl cyclase. To investigate the impact of V2R mu-
tations in vivo, the clinically identified X-linked NDI nonsense mutation G242X
introduced via targeted mutagenesis in mouse embryonic stem cells results in a
phenotype indicative of human X-linked NDI (255). V2R hemizygous male pups
were unable to concentrate their urine, displayed an enlarged pelvic area, failed to
thrive, and died within seven days of birth owing to water loss. In contrast, female
mice heterozygous for the G242X V2R (V28242 displayed normal growth
characteristics while exhibiting polyuria and polydipsia. Indeed, saturation bind-
ing studies performed on V2242 kidney preparations demonstrated that the
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number of detectablEflJAVP V2R binding sites was decreased0% without

any change in receptor affinity; as expected, V2R-mediated increases in CAMP ac-
cumulation were depressed in inner medullary collecting duct preparations from
heterozygous V2R¢2*2Xmice. This mouse represents the first animal model for
this disease and may prove useful for assessing therapeutic strategies for the treat-
ment of X-linked NDI, as well as determining the functional consequence of the
loss of V2R-dependent events in vivo.

In vitro studies demonstrate that wild-type V2Rs are retained intracellularly
when coexpressed with synthetic V2R truncation mutants. Studies performed by
Wess and colleagues revealed that coexpression of a wild-type V2R polypeptide
encoding half of the 3i loop, TM6, TM7, and the C terminus can functionally
rescue a variety of V2Rs mutated in the 3i loop or the last two transmembrane
regions, but not a V2R mutant (Y128S) located upstream of the V2(tail) region
of complementation (92). The V2(tail) polypeptide coexpressed with individual
V2R mutant alleles increased the number of detectable V2R binding sites, as
well as increased receptor-stimulated adenylyl cyclase activity. These data support
the concept that dimerization with mutant alleles can disrupt wild-type receptor
localization, but one might exploit this property to design polypeptides to modify
the mutant allele response.

Itis also of significant therapeutic interest that several mutant V2Rs can be spa-
tially and functionally rescued in vitro by membrane-permeant antagonist treat-
ment. Incubation of cells heterologously expressing individual V2R mutants with
the membrane-permeant V2R antagonist SR121463B facilitates cell surface recep-
tor localization, as assessed via ligand binding, immunofluorescence studies, and
receptor-dependent effector coupling (256). Based upon the hypothesis that GPCR
ligands stabilize a particular receptor structure, pharmacological chaperones may
support a three-dimensional conformation of the V2R that the intracellular folding
machinery would otherwise not recognize in the mutant receptor protein.

Selected V2R mutants are also rescued to the cell surface by maintenance at
permissive (28C) temperatures (257), analogous to studies performed with the
AF508-CFTR (258). Although the mechanisms accounting for pharmacological,
chemical, and temperature rescue largely remain unclear, these strategies have beer
employed to restore proper localization of diverse proteins in addition to mutant
V2Rs, including the mutant Z-variantefL.-antitrypsin (259), mutant HERG (260),
and AF508-CFTR molecules (258). Collectively, these observations strengthen
the concept that misfolded structures and protein mislocalization can lead to the
disease state.

Retinitis Pigmentosa

Phototransduction couples photon energy to a visual image with rhodopsin as the
initial receptor for light. Infrared-laser atomic-force microscopy reveals that, in

its native state, rhodopsin exists in ordered, paracrystalline dimeric arrays (261,
262). The rhodopsin signal transduction cascade is initiated by multiple electronic
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isomerizations of 1Lisretinal covalently attached via a Schiff base to its seven
transmembrane—spanning GPCR, opsin (263). Subsequent rhodopsin-dependent
coupling via the heterotrimeric G protein transducin)(ads to activation of a
cGMP-activated phosphodiesterase enzyme. Depression of cGMP levels results in
closure of cGMP-gated channels, retinal rod hyperpolarization, signal transmis-
sion, and ultimate integration of visual information.

Retinitis pigmentosa (RP) is a hereditary, genetically heterogeneous retinal dis-
ease characterized by progressive photoreceptor degeneration and eventual retinal
dysfunction. RP is a complex, multifactorial disease with mutations in numerous
gene products¥36 known or predicted RP genes) encoding nearly all of the com-
ponents of the visual signaling pathway, including rhodopsin, transducia ghd
B subunits of cGMP phosphodiesterase, dhgubunit rod cGMP-gated channel,
photoreceptor structural genes, and transcription factors, among other downstream
signaling molecules [reviewed in (264)].

One form of RP is comprised of individuals harboring mutations within the
gene encoding rhodopsin. Mutations in rhodopsin constitute a substantial fraction
of autosomal dominant RP (ADRP); currently, the vast majority of these mutant
alleles (categorized as Class Il or Class Il) harbor mutations within the transmem-
brane helices and/or extracellular domains resulting in a mutated receptor molecule
that is retained intracellularly with no or negligible tis-retinal binding (265). In
contrast, Class | mutants carry mutations within the first transmembrane domain
and/or extreme carboxyl tail and interfere with normal receptor targeting to the
rod outer segment despite retaining didretinal binding (265-267).

The majority of the~150 opsin gene mutations represent rare occurrences,
except for the P23H Class Il mutation; this substitution mutant constitut€86
of all ADRP cases and represents a founder mutation within the North American
population (268). Intracellularly retained P23H opsin molecules form aggregates
that include complexes with endoplasmic reticulum chaperones (269); P23H opsin
can serve as a negative regulator of wild-type function by recruiting the normal
opsin to aggresomes, suggesting a mechanism for disease dominance (93).

Pharmacological rescue of the P23H opsin allele has been demonstrated with
the 11eis-retinal analog, 1Lis-7-ring-retinal. In heterologous cells, Tis-7-ring
retinal restored proper P23H folding, fostered acquisition of a mature glycosylated
receptor state, and rescued expression to the cell surface (270). In contrast to the
covalent attachment of 1disretinal to the wild-type opsin structure, however, the
retinoid analog is liberated over time from the P23H mutant opsin. Nonetheless,
these findings are consistent with the concept that pharmacological chaperoning
may foster or stabilize a three-dimensional structure that maintains a wild-type-like
conformation conducive for proper folding, allowing the mutant protein to escape
the degradation pathway and attain cell surface expression. Furthermore, these
data emphasize that disease states resulting from GPCR misfolding and aberrant
trafficking itineraries may be amenable to therapeutic intervention.

Findings in streptozotocin-induced diabetic rats are of potential therapeutic in-
terest for mutations in rhodopsin, in particular, and for misfolded protein diseases
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in general. Streptozotocin-treated rats represent an animal model displaying mor-
phological and functional alterations in the retinal vasculature similar to human
diabetic retinopathy, a retinal disorder akin to RP. Treatment of these animals with
the drug bimoclomol or its analogs improves indices of retinal function, an effect
attributed to the cytoprotective properties of bimoclomol. Of notable interest is
that bimoclomol stimulates heat shock protein-70 (HSP70) expression; because
induction of HSP70 previously has been shown to regce®08-CFTR to the cell
surface (271), these findings collectively imply that bimoclomol or its analogs may
represent potential therapeutic compound candidates for the treatment of certain
forms of ADRP.

Hypogonadotropic Hypogonadism

GnRH secreted from the hypothalamus induces hormonal gonadotropin [folli-
cle stimulating hormone (FSH), luteinizing hormone (LH)] synthesis and release
from pituitary gland gonadotropes. In response to FSH and LH, the sexual organs
(ovaries and testes) release additional hormones ultimately responsible for sexual
development. Any disruption in this pathway results in sexual dysfunction and im-
pairs sexual maturation. Hypogonadotropic hypogonadism (HH) is characterized
by absent or decreased gonadal function and manifests as delayed sexual devel-
opment in affected individuals. One form of HH ensues from mutations within
the GnRH receptor (GnRHR) gene. Receptor mutations widely dispersed within
the GNRHR coding region have been identified from affected individuals demon-
strating a wide range of clinical phenotypes (272); heterologous expression of
these GnRHR alleles reveals that the majority encode misfolded receptors with
an increased propensity for targeted degradation or intracellular retention. Like
many GPCRs, the GhnRHR homodimerizes, based on fluorescence resonance en-
ergy transfer (FRET) studies (273). The isolation and identification of a GhnRHR
truncated splice variant lacking TM6 and TM7 from human pituitary specifically
inhibiting wild-type GnRHR-mediated signaling in vitro underscores the possibil-
ity for a mechanism of disease dominance (94), i.e., mutations (point mutations or
truncations) functioning as negative regulators of wild-type function.

In contrast to cloned nonmammalian GhnRHR members (and indeed all other
GPCRs), the mammalian (rat) wild-type GnRHR lacks a predicted intracellu-
lar carboxyl tail (274). Synthetic mutations of the extreme carboxyl region of
the mammalian GnRHR reveal residues important in ligand binding and effec-
tor coupling in the absence of alterations in receptor density. Conn and col-
leagues exploited the disparity between mammalian and nonmammalian GnRHRs
by generating a chimeric receptor containing the noncarboxyl tail-containing rat
GnRHR fused to the catfish GhRHR carboxyl tail. Addition of the carboxyl tail
to the wild-type rat GnRHR increased the number of detectable rat GhRHR bind-
ing sites without any change in receptor binding affinity. Moreover, the carboxyl
tail increased receptor-mediated inositol phosphate production, yiwli@reas
receptor-mediated increases in cyclic AMP, viag@mained unchanged (274).
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Since most clinically identified GhnRHR mutant alleles code for receptors with
attenuated expression, it would be of interest to determine if sequences with the
catfish GnRHR carboxyl tail could be exploited to enhance mutant GnRHR surface
expression, particularly for mutant GnRHR alleles that retain ligand binding and
coupling to G proteins. However, because the native mammalian GnRHR com-
pletely lacks a carboxyl tail, complementation would require additional upstream
sequences by analogy with functional rescue of mutant alleles of the V2R by
receptor fragment coexpression (see above).

In addition to functional complementation, studies have demonstrated that mu-
tant receptors (synthetic and clinically identified GnRHR alleles) are amenable
to pharmacological rescue (275-277). Incubation of cells heterologously express-
ing individual GnRHR mutants with the membrane-permeant GnRHR antagonist
IN3 [(29-2-[5-[2-(2-azabicyclo[2.2.2]oct-2-yl)-1,1-dimethyl-2-ox0-ethyl]-2-(3,
5-dimethylphenyl)-H-indol-3-yl]-N-(2-pyridin-4-ylethyl)propan-1-amine] faci-
litates mutant receptor expression, as assessed¥aluserelin ligand bind-
ing and mutant receptor-dependent effector coupling (275, 276). Further studies
have revealed additional membrane-permeant, chemically distinct, GnRHR pep-
tidomimetic agents that rescue naturally occurring and synthetically designed
GnRHR mutants (277). Collectively, the data strongly support the importance
of receptor misfolding as a contributor to the HH disease and emphasize the gen-
eralizable principle of small-molecule pharmacological chaperones.

SUMMARY

As stated in the beginning, for GPCRs to appropriately mediate responses to hor-
mones, neurotransmitters, local mediators, and other endogenous agents, these
receptors must achieve their proper localization as nascent cell surface molecules;
remain at the appropriate location to respond to regulatory agents, such as endo-
genous or pharmaceutical agonists; and then engage in regulated turnover. It is
likely that a number of GPCR interactions with other proteins make possible
and modulate these processes. In fact, common motifs or domains of GPCRs
may be critical for interacting with ER and Golgi chaperones in achieving cell
surface localization, for tethering at the cell surface, and for eliciting agonist
responses and ultimately agonist-modulated cell surface turnover. The connec-
tions between all of these processes have not yet been made for all GPCRs, but
many of the partial reactions are becoming understood. The plethora of GPCR
interacting proteins, some known and others likely to be revealed, argues for
transition from studies of cells heterologously expressing an overabundance of
GPCRs and/or interacting proteins relative to native cell receptor expression to
cells engineered to mimic more natural receptor and interacting protein density.
In this way, the stoichiometric interplay of a variety of proteins that interact with
GPCRs to modulate or participate in GPCR trafficking and signaling can be dis-
covered. We hope this review serves as a useful progress report in understanding
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the important role GPCR trafficking events play as a background for GPCR
signaling.

ACKNOWLEDGMENTS

We thank Drs. Robert Lefkowitz and Seungkirl Ahn (Duke University), Brian Ko-
bilka (Stanford University), and Michel Bouvier (University of Montreal) for their
critical reading of this manuscript. The authors are grateful to Eric A. Woodiwiss
for outstanding participation in the preparation of the manuscript. Work in this
laboratory is funded by grants from the National Institutes of Health DK 43,879

and HL 43,671.

The Annual Review of Pharmacology and Toxicolody online at
http://pharmtox.annualreviews.org

LITERATURE CITED

der and basolateral membranes from rat
kidney cortical tubuleslpn. J. Pharma-
col. 45:284-87

1. Pierce KL, Maudsley S, Daaka Y, Lut- 7. McPherson GA, Summers RJ. 1982.
trell LM, Lefkowitz RJ. 2000. Role Localisation of [3H]clonidine binding
of endocytosis in the activation of the to membranes from guinea pig renal
extracellular signal-regulated kinase cas- tubules.Biochem. Pharmacol31:583—
cade by sequestering and nonsequester- 87
ing G protein-coupled receptorBroc. 8. Simons K, Fuller SD. 1985. Cell surface
Natl. Acad. Sci.USAQ7:1489-94 polarity in epitheliaAnnu. Rev. Cell Biol.

. Humphries P, Kenna P, Farrar GJ. 1992. 1:243-88
On the molecular genetics of retinitis 9. Handler JS, Perkins FM, Johnson JP.
pigmentosaScience256:804—-8 1980. Studies of renal cell function us-
. Oksche A, Rosenthal W. 1998. The ing cell culture technique&m. J. Phys-
molecular basis of nephrogenic diabetes iol. Renal Physiol238:F1-9
insipidus.J. Mol. Med.76:326-37 10. Drubin DG, Nelson WJ. 1996. Origins
. Layman LC, Cohen DP, Jin M, Xie J, of cell polarity.Cell 84:335-44
Li Z, et al. 1998. Mutations in gona- 11. Matter ML, Ginsberg MH, Ramos JW.
dotropin-releasing hormone receptor 2001. Identification of cell signaling
gene cause hypogonadotropic hypogo- molecules by expression clonin&ci-
nadism.Nat. Genet18:14-15 ence STKER001:L9
. McPherson GA, Summers RJ. 1983. Ev- 12. Keefer JR, Kennedy ME, Limbird LE.
idence from binding studies for alpha 1994. Unique structural features impor-
2-adrenoceptors directly associated with tant for stabilization versus polariza-
glomeruli from rat kidneyEur. J. Phar- tion of the alpha 2A-adrenergic receptor
macol.90:333-41 on the basolateral membrane of Madin-
. Matsushima Y, Akabane S, Kawamura Darby canine kidney cells. Biol. Chem.
M, Ito K. 1987. Distribution of alpha 1- 269:16425-32
and alpha 2-adrenoceptors in brush bor- 13. Wozniak M, Limbird LE. 1996. The

three alpha 2-adrenergic receptor sub-
types achieve basolateral localization in
Madin-Darby canine kidney Il cells via



594

TAN ET AL.

14.

15.

16.

17.

18.

19.

20.

21.

different targeting mechanismd. Biol.
Chem.271:5017-24

Keefer JR, Limbird LE. 1993. The al-
pha 2A-adrenergic receptor is targeted
directly to the basolateral membrane
domain of Madin-Darby canine kidney
cellsindependent of coupling to pertussis
toxin-sensitive GTP-binding proteind.
Biol. Chem268:11340-47

Saunders C, Keefer JR, Bonner CA, Lim-
bird LE. 1998. Targeting of G protein-
coupled receptors to the basolateral
surface of polarized renal epithelial cells
involves multiple, non-contiguous struc-
tural signalsJ. Biol. Chem273:24196—
206

von Zastrow M, Link R, Daunt D, Barsh
G, Kobilka B. 1993. Subtype-specific
differences in the intracellular sorting
of G protein-coupled receptorg. Biol.
Chem.268:763-66

Taraviras S, Olli-Lahdesmaki T, Lymper-
opoulos A, Charitonidou D, Mavroidis
M, etal. 2002. Subtype-specific neuronal
differentiation of PC12 cells transfected
with alpha2-adrenergic receptoEur. J.
Cell Biol. 81:363-74

Olli-Lahdesmaki T, Kallio J, Scheinin
M. 1999. Receptor subtype-induced tar-
geting and subtype-specific internaliza-
tion of human alpha(2)-adrenoceptors in
PC12 cellsJ. Neuroscil9:9281-88
Richman JG, Regan JW. 1998. Alpha 2-
adrenergic receptors increase cell migra-
tion and decrease F-actin labeling in rat
aortic smooth muscle cellém. J. Phys-
iol. Cell Physiol.274:C654—-62

Daunt DA, Hurt C, Hein L, Kallio J,
Feng F, Kobilka BK. 1997. Subtype-
specific intracellular trafficking of
alpha2-adrenergic  receptors. Mol.
Pharmacol 51:711-20

Rosen MI, McMahon TJ, Hameedi
FA, Pearsall HR, Woods SW, et al.
1996. Effect of clonidine pretreatment
on naloxone-precipitated opiate with-
drawal.J. Pharmacol. Exp. TheR76:
1128-35

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

. Hurt CM, Feng FY, Kobilka B. 2000.
Cell-type specific targeting of the al-
pha 2c-adrenoceptor. Evidence for the
organization of receptor microdomains
during neuronal differentiation of PC12
cells.J. Biol. Chem275:35424-31
Morrison DK. 2001. KSR: a MAPK scaf-
fold of the Ras pathway3. Cell Sci.
114:1609-12

Chotani MA, Flavahan S, Mitra S,
Daunt D, Flavahan NA. 2000. Silent
alpha(2C)-adrenergic receptors enable
cold-induced vasoconstriction in cuta-
neous arteriesAm. J. Physiol. Heart
Circ. Physiol.278:H1075-83

Brady AE, Wang Q, Colbran RJ, Allen
PB, Greengard P, Limbird LE. 2003.
Spinophilin stabilizes cell surface ex-
pression of alpha 2B-adrenergic recep-
tors.J. Biol. Chem278:32405-12
Bonifacino JS, Dell’Angelica EC. 1999.
Molecular bases for the recognition of
tyrosine-based sorting signald. Cell
Biol. 145:923-26

Stephens DJ, Banting G. 1999. Direct
interaction of the trans-Golgi network
membrane protein, TGN38, with the F-
actin binding protein, neurabid. Biol.
Chem.274:30080-86

Madrid R, Le Maout S, Barrault MB,
Janvier K, Benichou S, Merot J. 2001.
Polarized trafficking and surface expres-
sion of the AQP4 water channel are
coordinated by serial and regulated in-
teractions with different clathrin-adaptor
complexesEMBO J.20:7008-21

Ohno H, Tomemori T, Nakatsu F,
Okazaki Y, Aguilar RC, et al. 1999.
MulB, a novel adaptor medium chain
expressed in polarized epithelial cells.
FEBS Lett449:215-20

Folsch H, Ohno H, Bonifacino JS, Mell-
man I. 1999. A novel clathrin adaptor
complex mediates basolateral targeting
in polarized epithelial cell$Cell 99:189—
98

Chen WJ, Goldstein JL, Brown MS.
1990. NPXY, a sequence often found in



GPCR TRAFFICKING 595

32.

33.

34.

35.

35a.

36.

37.

38.

cytoplasmic tails, is required for coated
pit-mediated internalization of the low
density lipoprotein receptor]. Biol.
Chem.265:3116-23

Hsu D, Knudson PE, Zapf A, Rolband
GC, Olefsky JM. 1994. NPXY motif in
the insulin-like growth factor-I receptor
is required for efficient ligand-mediated
receptor internalization and biologi-
cal signaling.Endocrinology134:744—
50

Zeng WZ, Babich V, Ortega B, Quigley
R, White SJ, et al. 2002. Evidence for
endocytosis of ROMK potassium chan-
nel via clathrin-coated vesicleam. J.
Physiol. Renal Physio283:F630-39
Matter K, Hunziker W, Mellman |. 1992.
Basolateral sorting of LDL receptor in
MDCK cells: the cytoplasmic domain
contains two tyrosine-dependent target-
ing determinantsCell 71:741-53
Collawn JF, Stangel M, Kuhn LA, Es-
ekogwu V, Jing SQ, et al. 1990. Trans-
ferrin receptor internalization sequence
YXRFimplicates atight turn as the struc-
tural recognition motif for endocytosis.
Cell 63:1061-72

Slice LW, Wong HC, Sternini C, Grady
EF, Bunnett NW, Walsh JH. 1994. The
conserved NPXnY motif present in the
gastrin-releasing peptide receptor is not
ageneral sequestration sequedcBiol.
Chem.269(34):21755-61

Hukovic N, Panetta R, Kumar U,
Rocheville M, Patel YC. 1998. The cy-
toplasmic tail of the human somatostatin
receptor type 5 is crucial for interac-
tion with adenylyl cyclase and in medi-
ating desensitization and internalization.
J. Biol. Chem?273:21416-22

Feng W, Song ZH. 2001. Func-
tional roles of the tyrosine within the
NP(X)(n)Y motif and the cysteines in
the C-terminal juxtamembrane region of
the CB2 cannabinoid receptoEEBS
Lett.501:166-70

Chen Z, Dupre DJ, Le Gouill C,
Rola-Pleszczynski M, Stankova J. 2002.

39.

40.

41.

42.

43.

44,

45.

Agonist-induced internalization of the
platelet-activating factor receptor is de-
pendent on arrestins but independent of
G-protein activation. Role of the C termi-
nus and the (D/N)PXXY motifJ. Biol.
Chem277:7356—62

Wang J, Zheng J, Anderson JL, Toews
ML. 1997. A mutation in the hamster
alphalB-adrenergic receptor that differ-
entiates two steps in the pathway of re-
ceptor internalizationMol. Pharmacol.
52:306-13

Laporte SA, Servant G, Richard DE,
Escher E, Guillemette G, Leduc R. 1996.
The tyrosine within the NPXnY motif of
the human angiotensin Il type 1 receptor
is involved in mediating signal transduc-
tion but is not essential for internaliza-
tion. Mol. Pharmacol 49:89-95

Barak LS, Tiberi M, Freedman NJ, Kwa-
tra MM, Lefkowitz RJ, Caron MG. 1994.
A highly conserved tyrosine residue in
G protein-coupled receptors is required
for agonist-mediated beta 2-adrenergic
receptor sequestratiod. Biol. Chem.
269:2790-95

Gabilondo AM, Krasel C, Lohse MJ.
1996. Mutations of Tyr326 in the beta
2-adrenoceptor disrupt multiple receptor
functions.Eur. J. Pharmacol307:243—
50

Bohm SK, Khitin LM, Smeekens SP,
Grady EF, Payan DG, Bunnett NW.
1997. Identification of potential tyrosine-
containing endocytic motifs in the
carboxyl-tail and seventh transmem-
brane domain of the neurokinin 1 recep-
tor. J. Biol. Chem272:2363-72

Haft CR, Klausner RD, Taylor Sl.
1994. Involvement of dileucine motifs
in the internalization and degradation
of the insulin receptorJ. Biol. Chem.
269:26286-94

Verhey KJ, Yeh JI, Birnbaum MJ. 1995.
Distinct signals in the GLUT4 glucose
transporter for internalization and for tar-
geting to an insulin-responsive compart-
ment.J. Cell Biol. 130:1071-79



596

TAN ET AL.

46

a7

48.

49.

50.

51.

52.

53.

Leu sequence is essential for COOH-
terminal targeting signal of GLUT4
glucose transporter in fibroblastgl.
Biol.Chem 269:2353-56

Miranda KC, Khromykh T, Christy P, Le
TL, Gottardi CJ, et al. 2001. A dileucine
motif targets E-cadherin to the baso-
lateral cell surface in Madin-Darby ca-
nine kidney LLC-PK1 epithelial cellsl.
Biol.Chem276:22565-72

Hunziker W, Fumey C. 1994. A di-
leucine motif mediates endocytosis and
basolateral sorting of macrophage 19gG
Fc receptors in MDCK cellsEEMBO J.
13:2963-67

Schulein R, Hermosilla R, Oksche A,
Dehe M, Wiesner B, et al. 1998. A
dileucine sequence an upstream gluta-
mate residue in the intracellular carboxyl
terminus of the vasopressin V2 recep-
tor are essential for cell surface trans-
port in COS.M6 cellsMol. Pharmacol.
54:525-35

Sadeghi H, Robertson GL, Bichet DG,
Innamorati G, Birnbaumer M. 1997. Bio-
chemical basis of partial nephrogenic
diabetes insipidus phenotypedol.
Endocrinol.11:1806-13

Oksche A, Dehe M, Schulein R, Wiesner
B, Rosenthal W. 1998. Folding and cell
surface expression of the vasopressin V2
receptor: requirement of the intracellular
C-terminusFEBS Lett424:57-62
Schulein R, Lorenz D, Oksche A, Wies-
ner B, Hermosilla R, et al. 1998. Po-
larized cell surface expression of the
green fluorescent protein-tagged vaso-
pressin V2 receptor in Madin Darby ca-
nine kidney cellsFEBS Lett.441:170—
76

Rodriguez MC, Xie YB, Wang H, Col-
lison K, Segaloff DL. 1992. Effects of
truncations of the cytoplasmic tail of
the luteinizing hormone/chorionic gona-
dotropin receptor on receptor-mediated
hormone internalization.Mol. Endo-
crinol. 6:327-36

54.

55.

56.

57.

58.

59.

60.

. Verhey KJ, Birnbaum MJ. 1994. A Leu- 53a. Orsini MJ, Parent J-L, Nundell SJ,

Marchese A, Benovic JL. 1999. Traffick-
ing of the HIV coreceptor CXCR4: role
of arrestins and identification of residues
in the C-terminal tail that mediate inter-
nalization.J. Biol. Chem275:25876
Gabilondo AM, Hegler J, Krasel C,
Boivin-JahnsV, Hein L, Lohse MJ. 1997.
A dileucine motif in the C terminus of
the beta2-adrenergic receptor is involved
in receptor internalizationProc. Natl.
Acad. Sci.USM4:12285-90

Preisser L, Ancellin N, Michaelis L,
Creminon C, Morel A, Corman B.
1999. Role of the carboxyl-terminal
region, di-leucine motif and cysteine
residues in signalling and internalization
of vasopressin V1a recept®iEBS Lett.
460:303-8

Bonifacino JS, Traub LM. 2003. Signals
for sorting of transmembrane proteins to
endosomes and lysosomesnu. Rev.
Biochem72:395-447

Bermak JC, Li M, Bullock C, Zhou
QY. 2001. Regulation of transport of
the dopamine D1 receptor by a new
membrane-associated ER proteiat.
Cell Biol. 3:492-98

Leclerc PC, Auger-Messier M, Lanctot
PM, Escher E, Leduc R, Guillemette G.
2002. A polyaromatic caveolin-binding-
like motif in the cytoplasmic tail of the
type 1 receptor for angiotensin Il plays
an important role in receptor trafficking
and signalingendocrinologyl43:4702—
10

Venkatesan S, Petrovic A, Locati M, Kim
YO, Weissman D, Murphy PM. 2001.
A membrane-proximal basic domain and
cysteine cluster in the C-terminal tail of
CCRS5 constitute a bipartite motif criti-
cal for cell surface expressiod. Biol.
Chem.276:40133-45

Chan WY, Soloviev MM, Ciruela F,
Mcllhinney RA. 2001. Molecular deter-
minants of metabotropic glutamate re-
ceptor 1B trafficking.Mol. Cell Neu-
rosci.17:577-88



GPCR TRAFFICKING 597

61.

62.

63.

64.

65.

66.

67.

68.

69.

Francesconi A, Duvoisin RM. 2002. Al-
ternative splicing unmasks dendritic and
axonal targeting signals in metabotropic
glutamate receptor 1J. Neurosci.22:
2196-205

Tanabe Y, Masu M, Ishii T, Shige-
moto R, Nakanishi S. 1992. A family of
metabotropic glutamate receptoieu-
ron 8:169-79

Hermosilla R, Schulein R. 2001. Sorting
functions of the individual cytoplasmic
domains of the G protein-coupled vaso-
pressin V(2) receptor in Madin Darby
canine kidney epithelial cellsol. Phar-
macol.60:1031-39

Beau |, Groyer-Picard MT, Le Bivic
A, Vannier B, Loosfelt H, et al. 1998.
The basolateral localization signal of the
follicle-stimulating hormone receptar.
Biol. Chem273:18610-16

Nadler LS, Kumar G, Nathanson NM.
2001. Identification of a basolateral sort-
ing signal for the M3 muscarinic acetyl-
choline receptor in Madin-Darby canine
kidney cellsJ. Biol. Chem276:10539—
47

Saunders C, Keefer JR, Kennedy AP,
Wells JN, Limbird LE. 1996. Receptors
coupled to pertussis toxin-sensitive G-
proteins traffic to opposite surfaces in
Madin-Darby canine kidney cells. Al

adenosine receptors achieve apical and
alpha 2A adrenergic receptors achieve 76.

basolateral localization]. Biol. Chem.
271:995-1002

Chuang JZ, Sung CH. 1998. The cyto-
plasmic tail of rhodopsin acts as a novel
apical sorting signal in polarized MDCK
cells.J. Cell Biol. 142:1245-56

Jolimay N, Franck L, Langlois X, Ha-
mon M, Darmon M. 2000. Dominant
role of the cytosolic C-terminal domain
of the rat 5-HT1B receptor in axonal-
apical targetingJ. Neurosci.20:9111—
18

Stowell JN, Craig AM. 1999. Axon/
dendrite targeting of metabotropic glu-
tamate receptors by their cytoplas-

70.

74.

75.

77.

78.

mic carboxy-terminal domaindNeuron
22:525-36

Sparks AB, Hoffman NG, McConnell
SJ, Fowlkes DM, Kay BK. 1996. Cloning
of ligand targets: systematic isolation of
SH3 domain-containing proteind\at.
Biotechnol.14:741-44

. Oldenhof J, Vickery R, Anafi M, Oak J,

Ray A, etal. 1998. SH3 binding domains
in the dopamine D4 receptdBiochem-
istry 37:15726-36

. Tang Y, Hu LA, Miller WE, Ringstad

N, Hall RA, et al. 1999. Identification

of the endophilins (SH3p4/p8/p13) as
novel binding partners for the betal-
adrenergic receptdProc. Natl. Acad. Sci

USA96:12559-64

. Bouvier M. 2001. Oligomerization of

G-protein-coupled transmitter receptors.
Nat. Rev. NeuroscR:274-86

George SR, O’'Dowd BF, Lee SP. 2002.
G-protein-coupled receptor oligomer-
ization and its potential for drug dis-
covery.Nat. Rev. Drug Discov1:808—
20

Jordan BA, Trapaidze N, Gomes |,
Nivarthi R, Devi LA. 2001. Oligomer-
ization of opioid receptors with beta
2-adrenergic receptors: a role in traffick-
ing and mitogen-activated protein kinase
activation. Proc. Natl. Acad. Sci USA
98:343-48

Jones KA, Borowsky B, Tamm JA, Craig
DA, Durkin MM, et al. 1998. GABA(B)
receptors function as a heteromeric
assembly of the subunits GABA-
(B)R1 GABA(B)R2. Nature 396:674—
79

Kaupmann K, Malitschek B, Schuler V,
Heid J, Froestl W, etal. 1998. GABA(B)-
receptor subtypes assemble into func-
tional heteromeric complexedNature
396:683-87

Couve A, Filippov AK, Connolly CN,
Bettler B, Brown DA, Moss SJ. 1998.
Intracellular retention of recombinant
GABA(B) receptorsJ. Biol. Chem273:
26361-67



598

TAN ET AL.

79

80.

81.

82.

83.

84.

85.

86.

87.

88.

. White JH, Wise A, Main MJ, Green
A, Fraser NJ, et al. 1998. Heterodimer-
ization is required for the formation of
a functional GABA(B) receptoNature
396:679-82

Molecular identification of the human
GABABRZ2: cell surface expression and
coupling to adenylyl cyclase in the ab-
sence of GABABR1Mol. Cell Neurosci.
13:180-91

Kuner R, Kohr G, Grunewald S, Eisen-
hardt G, Bach A, Kornau HC. 1999. Role
of heteromer formation in GABAB re-
ceptor functionScience283:74-77
Belley M, Sullivan R, Reeves A, Evans
J, O'Neill G, Ng GY. 1999. Synthesis of
the nanomolar photoaffinity GABA(B)
receptor ligand CGP 71872 reveals di-
versity in the tissue distribution of
GABA(B) receptor formsBioorg. Med.
Chem.7:2697-704

Lupas A. 1996. Coiled coils: new struc-
tures new functionsTrends Biochem.
Sci.21:375-82

Margeta-Mitrovic M, Jan YN, Jan LY.
2000. A trafficking checkpoint controls
GABA(B) receptor heterodimerization.
Neuron27:97-106

Calver AR, Robbins MJ, Cosio C, Rice
SQ, Babbs AJ, et al. 2001. The C-
terminal domains of the GABAB recep-
tor subunits mediate intracellular traf-
ficking but are not required for receptor
signaling.J. Neurosci21:1203-10
Margeta-Mitrovic M, Jan YN, Jan LY.
2001. Ligand-induced signal transduc-
tion within heterodimeric GABA(B)
receptor. Proc. Natl. Acad. Sci. USA
98:14643-48

Adler E, Hoon MA, Mueller KL, Chan-

drashekar J, Ryba NJ, Zuker CS. 2000.

A novel family of mammalian taste re-
ceptorsCell 100:693—-702

Nelson G, Chandrashekar J, Hoon MA,
Feng L, Zhao G, et al. 2002. An amino-
acid taste receptorNature 416:199—
202

Martin SC, Russek SJ, Farb DH. 1999.

89

90.

91.

92.

93.

94.

95.

96.

97.

. Nelson G, Hoon MA, Chandrashekar J,
Zhang Y, Ryba NJ, Zuker CS. 2001.
Mammalian sweet taste recepto€ell
106:381-90

Max M, Shanker YG, Huang L, Rong
M, Liu Z, etal. 2001. Tas1r3, encoding a
new candidate taste receptor, is allelic to
the sweet responsiveness locus $éa.
Genet.28:58-63

Terrillon S, Durroux T, Mouillac B,
Breit A, Ayoub MA, et al. 2003.
Oxytocin vasopressin Vl1a and V2 re-
ceptors form constitutive homo- and
heterodimers during biosynthesidol.
Endocrinol.17:677-91

Zhu X, Wess J. 1998. Truncated V2 vaso-
pressin receptors as negative regulators
of wild-type V2 receptor functionBio-
chemistry37:15773-84

Saliba RS, Munro PM, Luthert PJ,
Cheetham ME. 2002. The cellular fate of
mutant rhodopsin: quality control, degra-
dation and aggresome formatiah.Cell
Sci.115:2907-18

Grosse R, Schoneberg T, Schultz G,
Gudermann T. 1997. Inhibition of
gonadotropin-releasing hormone recep-
tor signaling by expression of a splice
variant of the human receptdviol. En-
docrinol. 11:1305-18

Pearce SH, Bai M, Quinn SJ, Kifor
O, Brown EM, Thakker RV. 1996.
Functional characterization of calcium-
sensing receptor mutations expressed in
human embryonic kidney cells. Clin.
Invest.98:1860-66

Schwarz DA, Barry G, Eliasof SD,
Petroski RE, Conlon PJ, Maki RA.
2000. Characterization of gamma-
aminobutyric acid receptor GABAB(1e),
a GABAB(1) splice variant encoding
a truncated receptord. Biol. Chem.
275:32174-81

Benkirane M, Jin DY, Chun RF,
Koup RA, Jeang KT. 1997. Mecha-
nism of transdominant inhibition of
CCR5-mediated HIV-1 infection by
ccr5delta32). Biol. Chem272:30603-6



GPCR TRAFFICKING 599

98

99.

100.

101.

102.

103.

104.

105.

106.

107.

. Karpa KD, Lin R, Kabbani N, Leven-
son R. 2000. The dopamine D3 receptor
interacts with itself and the truncated D3
splice variant d3nf: D3-D3nf interaction
causes mislocalization of D3 receptors.
Mol. Pharmacol58:677—-83

Jordan BA, Devi LA. 1999. G-protein-
coupled receptor heterodimerization
modulates receptor functionNature
399:697-700

Gomes |, Jordan BA, Gupta A, Trapaidze
N, Nagy V, DeviLA. 2000. Heterodimer-
ization of mu and delta opioid recep-
tors: arole in opiate synergy. Neurosci.
20:RC110

Patel SC, Patel RC, Patel YC. 2000.
Receptors for dopamine and somato-
statin: formation of hetero-oligomers
with enhanced functional activitySci-
ence288:154-57

Scarselli M, Novi F, Schallmach E,
Lin R, Baragli A, et al. 2001. D2/D3
dopamine receptor heterodimers exhibit
unique functional properties]. Biol.
Chem.276:30308-14

Chiacchio S, Scarselli M, Armogida M,
Maggio R. 2000. Pharmacological ev-
idence of muscarinic receptor het-
erodimerizationPharm. Acta Helv74:
315-26

Pfeiffer M, Koch T, Schroder H, Laugsch
M, HolltV, Schulz S. 2002. Heterodimer-
ization of somatostatin and opioid recep-
tors cross-modulates phosphorylation,
internalization, and desensitizatiod.
Biol. Chem277:19762-72

Xu J, He J, Castleberry AM, Balasubra-
manian S, Lau AG, Hall RA. 2003. Het-
erodimerization of alpha 2A- and beta
1-adrenergic receptord. Biol. Chem.
278:10770-77

Gines S, Hillion J, Torvinen M, Le Crom
S, Casado V, et al. 2000. Dopamine D1
adenosine Al receptors form function-
ally interacting heteromeric complexes.

108.

109.

Rocheville M, Lange DC, Kumar U, 110.

111.

112.

113.

114.

115.

Harris GL, Zuker CS. 1989. Thai-
naA gene required for visual transduc-
tion in Drosophilaencodes a homologue
of cyclosporin A-binding proteirNature
338:67-70

Schneuwly S, Shortridge RD, Larrivee
DC, Ono T, Ozaki M, Pak WL. 1989.
Drosophila ninaA gene encodes an
eye-specific cyclophilin (cyclosporine A
binding protein).Proc. Natl. Acad. Sci.
USAB86:5390-94

Colley NJ, Baker EK, Stamnes MA,
Zuker CS. 1991. The cyclophilin ho-
molog ninaA is required in the secretory
pathway.Cell 67:255-63

Baker EK, Colley NJ, Zuker CS. 1994.
The cyclophilin homolog NinaA func-
tions as a chaperone, forming a stable
complex in vivo with its protein target
rhodopsinEMBO J.13:4886-95

Dwyer ND, Troemel ER, Sengupta P,
Bargmann CIl. 1998. Odorant receptor
localization to olfactory cilia is medi-
ated by ODR-4, a novel membrane-
associated proteitCell 93:455-66
Murrell JR, Hunter DD. 1999. An olfac-
tory sensory neuron line, odora, properly
targets olfactory proteins and responds to
odorantsJ. Neurosci19:8260-70
Gimelbrant AA, Haley SL, McClintock
TS. 2001. Olfactory receptor trafficking
involves conserved regulatory stegs.
Biol. Chem276:7285-90

McLatchie LM, Fraser NJ, Main MJ,
Wise A, Brown J, et al. 1998. RAMPs
regulate the transport ligand specificity
of the calcitonin-receptor-like receptor.
Nature393:333-39

Hilairet S, Foord SM, Marshall FH, Bou-
vier M. 2001. Protein-protein interac-
tion and not glycosylation determines the
binding selectivity of heterodimers be-
tween the calcitonin receptor-like recep-
tor and the receptor activity-modifying
proteins. J. Biol. Chem.276:29575—
81

Proc. Natl. Acad. Sci. USB7:8606—-11 115a. Hilairet S, Belanger C, Bertrand J,

Shieh BH, Stamnes MA, Seavello S,

Laperriere A, Foord SM, Bouvier M.



600

TAN ET AL.

116.

117.

118.

119.

120.

121.

122.

123.

124.

2001. Agonist-promoted internalization
of a ternary complex between calcitonin
receptor-like receptor, receptor activity-
modifying protein 1 (CRAMP 1), and
beta-arrestinl. Biol. Chem?276:42182—
90

Christopoulos A, Christopoulos G, Mor-
fis M, Udawela M, Laburthe M, et al.
2003. Novel receptor partners function
of receptor activity-modifying proteins.
J. Biol. Chem278:3293-97

Uezono Y, Bradley J, Min C, McCarty
NA, Quick M, et al. 1993. Receptors
that couple to 2 classes of G proteins in-
crease CAMP activate CFTR expressed
in Xenopus oocytesRecept. Channels
1:233-41

Evans BN, Rosenblatt MI, Mnayer LO, 127.

Oliver KR, Dickerson IM. 2000. CGRP-
RCP, a novel protein required for signal
transduction at calcitonin gene-related
peptide and adrenomedullin receptaks.
Biol. Chem275:31438-43

Prado MA, Evans-Bain B, Oliver KR, 128.

Dickerson IM. 2001. The role of
the CGRP-receptor component protein
(RCP) in adrenomedullin receptor signal
transductionPeptides22:1773-81

chaperone environment at the cytoplas-
mic face of the endoplasmic reticu-
lum can modulate rhodopsin processing
and inclusion formationJ. Biol. Chem.
278:19087-94

. Xu Z, Hirasawa A, Shinoura H,

Tsujimoto G. 1999. Interaction of
the alpha(1B)-adrenergic receptor with
gC1lg-R, a multifunctional proteinJ.
Biol. Chem274:21149-54

. Lim BL, Reid KB, Ghebrehiwet B,

Peerschke El, Leigh LA, Preissner KT.
1996. The binding protein for globu-
lar heads of complement C1q, gC1qR.
Functional expression and characteriza-
tion as a novel vitronectin binding factor.
J. Biol. Chem271:26739-44

Herwald H, Dedio J, Kellner R, Loos
M, Muller-Esterl W. 1996. Isolation
and characterization of the kininogen-
binding protein p33 from endothelial
cells. Identity with the gC1q receptat.
Biol. Chem271:13040-47

Altschuler Y, Barbas SM, Terlecky LJ,
Tang K, Hardy S, et al. 1998. Redun-
dant distinct functions for dynamin-1
and dynamin-2 isoforms]. Cell Biol.
143:1871-81

Siffroi-Fernandez S, Giraud A, Lanet J,128a. Michel JJ, Scott JD. 2002. AKAP me-

Franc JL. 2002. Association of the thy-
rotropin receptor with calnexin, calretic-

diated signal transductiorAnnu. Rev.
Pharmacol. Toxicol42:235-57

ulin and BiP. Effects on the maturation of 128b. Hung AY, Sheng M. 2002. PDZ domains:

the receptorEur. J. Biochem269:4930—
37
Rozell TG, Davis DP, Chai Y, Segaloff

DL. 1998. Association of gonadotropin 129.

receptor precursors with the protein fold-
ing chaperone calnexirEndocrinology
139:1588-93

Ferreira PA, Hom JT, Pak WL. 1995.
Retina-specifically expressed novel sub-
types of bovine cyclophilin.J. Biol.
Chem.270:23179-88

Ferreira PA, Nakayama TA, Pak WL,
Travis GH. 1996. Cyclophilin-related
protein RanBP2 acts as chaperone for
red/green opsirNature383:637-40
Chapple JP, Cheetham ME. 2003. The

structural modules for protein complex
assemblyJ. Biol. Chem.277(8):5699—
702

Smith FD, Oxford GS, Milgram SL.
1999. Association of the D2 dopamine
receptor third cytoplasmic loop with
spinophilin, a protein phosphatase-1-
interacting proteinJ. Biol. Chem274:
19894-900

. Richman JG, Brady AE, Wang Q,

Hensel JL, Colbran RJ, Limbird LE.
2001. Agonist-regulated interaction be-
tween alpha2-adrenergic receptors and
spinophilin.J. Biol. Chem276:15003-8

. Allen PB, Ouimet CC, Greengard P.

1997. Spinophilin, a novel protein



GPCR TRAFFICKING 601

132.

133.

134.

135.

136.

137.

138.

139.

140.

phosphatase 1 binding protein localized
to dendritic spinesRroc. Natl. Acad. Sci.
USA94:9956-61

Satoh A, Nakanishi H, Obaishi H, Wada 141.

M, Takahashi K, et al. 1998. Neurabin-
Il/spinophilin. An actin filament-binding
protein with one pdz domain localized at
cadherin-based cell-cell adhesion sites.
J. Biol. Chem273:3470-75

Edwards SW, Limbird LE. 1999. Role 142.

for the third intracellular loop in cell
surface stabilization of the alpha2A-
adrenergic receptorJ. Biol. Chem.
274:16331-36

Brakeman PR, Lanahan AA, O'Brien
R, Roche K, Barnes CA, et al. 1997.
Homer: a protein that selectively binds
metabotropic glutamate receptoisa-
ture 386:284-88

Gertler FB, Niebuhr K, Reinhard M,
Wehland J, Soriano P. 1996. Mena, a rel-
ative of VASP and Drosophila Enabled,
is implicated in the control of microfila-
ment dynamicsCell 87:227-39

Xiao B, Tu JC, Petralia RS, Yuan JP,
Doan A, etal. 1998. Homer regulates the
association of group 1 metabotropic glu-
tamate receptors with multivalent com-
plexes of homer-related, synaptic pro-
teins.Neuron21:707-16

Tu JC, Xiao B, Yuan JP, Lanahan AA,
Leoffert K, et al. 1998. Homer binds a
novel proline-rich motif links group 1
metabotropic glutamate receptors with
IP3 receptorsNeuron21:717-26

Roche KW, Tu JC, Petralia RS, Xiao B,
Wenthold RJ, Worley PF. 1999. Homer
1b regulates the trafficking of group
| metabotropic glutamate receptors.
Biol. Chem274:25953-57

Ciruela F, Soloviev MM, Chan WY,
Mcllhinney RA. 2000. Homer-1c/Vesl-
1L modulates the cell surface targeting
of metabotropic glutamate receptor type

lalpha: evidence for an anchoring func- 149.

tion. Mol. Cell Neurosci15:36-50
AngoF, Prezeau L, Muller T, TuJC, Xiao
B, etal. 2001. Agonist-independent acti-

143.

144.

145.

146.

147.

148.

vation of metabotropic glutamate recep-
tors by the intracellular protein Homer.
Nature411:962—-65

Ciruela F, Soloviev MM, Mcllhinney
RA. 1999. Co-expression of meta-
botropic glutamate receptor type 1lal-
pha with homer-1a/Vesl|-1S increases the
cell surface expression of the receptor.
Biochem. J341:795-803

Tu JC, Xiao B, Naisbitt S, Yuan JP,
Petralia RS, et al. 1999. Coupling of
mMGIluR/Homer PSD-95 complexes by
the Shank family of postsynaptic density
proteins.Neuron23:583—-92

Gorlin JB, Yamin R, Egan S, Stewart
M, Stossel TP, et al. 1990. Human en-
dothelial actin-binding protein (ABP-
280, nonmuscle filamin): a molecular
leaf spring.J. Cell Biol. 111:1089—
105

Awata H, Huang C, Handlogten ME,
Miller RT. 2001. Interaction of the
calcium-sensing receptor and filamin,
a potential scaffolding proteinl. Biol.
Chem.276:34871-79

Seck T, Baron R, Horne WC. 2003. Bind-
ing of filamin to the C-terminal tail of the
calcitonin receptor controls recycling.
Biol. Chem278:10408-416

Walensky LD, Blackshaw S, Liao D,
Watkins CC, Weier HU, et al. 1999. A
novel neuron-enriched homolog of the
erythrocyte membrane cytoskeletal pro-
tein 4.1.J. Neuroscil9:6457—-67

Shen L, Liang F, Walensky LD, Huganir
RL. 2000. Regulation of AMPA receptor
GIluR1 subunit surface expression by a 4.
1N-linked actin cytoskeletal association.
J. Neurosci20:7932-40

Binda AV, Kabbani N, Lin R, Levenson
R. 2002. D2 and D3 dopamine receptor
cell surface localization mediated by in-
teraction with protein 4.1NMol. Phar-
macol.62:507-13

Lin R, Karpa K, Kabbani N, Goldman-
Rakic P, Levenson R. 2001. Dopamine
D2 and D3 receptors are linked to the
actin cytoskeleton via interaction with



602

TAN ET AL.

150.

151.

152.

153.

154.

155.

156.

157.

158.

filamin A. Proc. Natl. Acad. Sci. USA 159. Nakajima Y, Yamamoto T, Nakayama

98:5258-63

Xue F, Cooley L. 1993. kelch encodes
a component of intercellular bridges in
Drosophila egg chamber€ell 72:681—
693

Adams JC, Seed B, Lawler J. 1998. 160.

Muskelin, a novel intracellular media-
tor of cell adhesive and cytoskeletal re-
sponses to thrombospondinBEMBO J.
17:4964-74

Hasegawa H, Katoh H, Fujita H, Mori 161.

K, Negishi M. 2000. Receptor isoform-
specific interaction of prostaglandin EP3
receptor with muskelinBiochem. Bio-
phys. Res. Commu76:350-54

Hu LA, Tang Y, Miller WE, Cong M,
Lau AG, et al. 2000. Beta 1-adrenergic
receptor association with PSD-95. In-
hibition of receptor internalization fa-
cilitiation of beta 1-adrenergic receptor
interaction with N-methylD-aspartate
receptorsJ. Biol. Chem275:38659—-66
Gean PW, Huang CC, Lin JH, Tsai JJ.
1992. Sustained enhancement of NMDA
receptor-mediated synaptic potential by
isoproterenol in rat amygdalar slices.
Brain Res594:331-34

Huang CC, Tsai JJ, Gean PW. 1993. En-
hancement of NMDA receptor-mediated

synaptic potential by isoproterenol is 165.

blocked by Rp-adenosine’,8-cyclic
monophosphothioate . Neurosci. Lett.
161:207-10

Raman IM, Tong G, Jahr CE. 1996. Beta-
adrenergic regulation of synaptic NMDA
receptors by cAMP-dependent protein
kinaseNeuron16:415-21

Minakami R, Jinnai N, Sugiyama H.
1997. Phosphorylation and calmodulin
binding of the metabotropic glutamate
receptor subtype 5 (mMGIuR5) are antago-
nistic in vitro.J. Biol. Chem272:20291—
98

Means AR, VanBerkum MF, Bagchi |,
Lu KP, Rasmussen CD. 1991. Regula-
tory functions of calmodulinPharma-
col.Ther.50:255-70

162.

163.

164.

166.

167.

T, Nakanishi S. 1999. A relationship
between protein kinase C phosphory-
lation and calmodulin binding to the
metabotropic glutamate receptor subtype
7.J. Biol. Chem274:27573-77
O’Connor V, El Far O, Bofill-Cardona
E, Nanoff C, Freissmuth M, et al. 1999.
Calmodulin dependence of presynaptic
metabotropic glutamate receptor signal-
ing. Science286:1180-84

Wang D, Sadee W, Quillan JM. 1999.
Calmodulin  binding to G protein-
coupling domain of opioid receptord.
Biol. Chem274:22081-88

Wang D, Surratt CK, Sadee W. 2000.
Calmodulin regulation of basal and
agonist-stimulated G protein coupling
by the mu-opioid receptor (OP(3)) in
morphine-pretreated cell. Neurochem.
75:763-71

Wang D, Quillan JM, Winans K, Lucas
JL, Sadee W. 2001. Single nucleotide
polymorphisms in the human mu opioid
receptor gene alter basal G protein cou-
pling and calmodulin bindingd. Biol.
Chem.276:34624-30

Rhoads AR, Friedberg F. 1997. Se-
quence motifs for calmodulin recogni-
tion. FASEB J11:331-40

Bofill-Cardona E, Kudlacek O, Yang
Q, Ahorn H, Freissmuth M, Nanoff
C. 2000. Binding of calmodulin to the
D2-dopamine receptor reduces receptor
signaling by arresting the G protein acti-
vation switchJ. Biol. Chem275:32672—
80

Becamel C, Alonso G, Galeotti N, De-
mey E, Jouin P, et al. 2002. Synaptic
multiprotein complexes associated with
5-HT(2C) receptors: a proteomic ap-
proachEMBO J.21:2332-42

Lezcano N, Mrzljak L, Eubanks S,
Levenson R, Goldman-Rakic P, Berg-
son C. 2000. Dual signaling regulated
by calcyon, a D1 dopamine receptor
interacting protein.Science287:1660—
64



GPCR TRAFFICKING 603

168

169.

170.

171.

172.

173.

174.

175.

176.

. Fu H, Subramanian RR, Masters 177.

SC. 2000. 14-3-3 proteins: structure,
function, and regulation Annu. Rev.
Pharmacol. Toxicol40:617-47

Xiao B, Smerdon SJ, Jones DH, Dodson
GG, Soneji Y, et al. 1995. Structure of

a 14-3-3 protein implications for coordi- 178.

nation of multiple signalling pathways.
Nature376:188-91

Muslin AJ, Xing H. 2000. 14-3-3 pro-
teins: regulation of subcellular local-
ization by molecular interferenc€ell
Signal.12:703-9

Limbird LE. 1999. The zeta isoform of
14-3-3 proteins interacts with the third
intracellular loop of different alpha2-
adrenergic receptor subtyped. Biol.
Chem.274:13462—-69

Couve A, Kittler JT, Uren JM, Calver
AR, Pangalos MN, et al. 2001. Associa-
tion of GABA(B) receptors members of

the 14-3-3 family of signaling proteins. 180.

Mol. Cell Neuroscil7:317-28

Wang Q, Limbird LE. 2002. Regulated
interactions of the alpha 2A adrenergic
receptor with spinophilin, 14-3-3zeta,
and arrestin 3. Biol. Chem277:50589—

96 181.

Scheer A, Costa T, Fanelli F, De
Benedetti PG, Mhaouty-Kodja S, et al.
2000. Mutational analysis of the highly
conserved arginine within the Glu/
Asp-Arg-Tyr motif of the alpha(lb)-

adrenergic receptor: effects on receptor182.

isomerization activationMol. Pharma-
col.57:219-31
Ghanouni P, Steenhuis JJ, Farrens DL,

Kobilka BK. 2001. Agonist-induced 183.

conformational changes in the G-
protein-coupling domain of the beta 2
adrenergic receptoProc. Natl. Acad.
Sci.USA98:5997-6002

Kurose H, Lefkowitz RJ. 1994. Differ-

ential desensitization and phosphoryla- 184.

tion of three cloned and transfected alpha
2-adrenergic receptor subtypeks.Biol.
Chem.269:10093-99

Prezeau L, Richman JG, Edwards SW,179.

179a.

Alewijnse AE, Timmerman H, Jacobs
EH, Smit MJ, Roovers E, et al. 2000.
The effect of mutations in the DRY motif
on the constitutive activity structural in-
stability of the histamine H(2) receptor.
Mol. Pharmacol 57:890-98

Wilson MH, Highfield HA, Limbird
LE. 2001. The role of a conserved
inter-transmembrane domain interface in
regulating alpha(2a)-adrenergic recep-
tor conformational stability and cell-
surface turnoverMol. Pharmacol.59:
929-38

Samama P, Cotecchia S, Costa T,
Lefkowitz RJ. 1993. A mutation-induced
activated state of the beta 2-adrenergic
receptor. Extending the ternary complex
model.J. Biol. Chem268:4625—-36
Chidiac P, Hebert TE, Viquette M, Den-
nis M, Bouvier M. 1994. Inverse agonist
activity of beta-adrenergic antagonists.
Mol. Pharmacol 45:490-99

Grotewiel MS, Sanders-Bush E. 1999.
Differences in agonist-independent ac-
tivity of 5-Ht2A and 5-HT2c receptors
revealed by heterologous expression.
Naunyn Schmiedebergs Arch. Pharma-
col. 359:21-27

Berg KA, Cropper JD, Niswender CM,
Sanders-Bush E, Emeson RB, Clarke
WP. 2001. RNA-editing of the 5-HT(2C)
receptor alters agonist-receptor-effector
coupling specificity.Br. J. Pharmacol.
134:386-92

Clapham DE, Neer EJ. 1993. New
roles for G-protein beta gamma-dimers
in transmembrane signallingNature
365:403-6

Barak LS, Oakley RH, Laporte SA,
Caron MG. 2001. Constitutive arrestin-
mediated desensitization of a human
vasopressin receptor mutant associated
with nephrogenic diabetes insipidus.
Proc. Natl. Acad. Sci. US88:93-98
Wilson MH, Limbird LE. 2000. Mech-
anisms regulating the cell surface resi-
dence time of the alpha 2A-adrenergic
receptorBiochemistry39:693—700



604

TAN ET AL.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Pasel K, Schulz A, Timmermann K,
Linnemann K, Hoeltzenbein M, et al.
2000. Functional characterization of the
molecular defects causing nephrogenic
diabetes insipidus in eight families.
Clin. Endocrinol. Metab85:1703-10
Ferguson SS. 2001. Evolving concepts

in G protein-coupled receptor endocyto- 196.

sis: the role in receptor desensitization
signaling.Pharmacol. Re\63:1-24

von Zastrow M. 2001. Endocytosis
downregulation of G protein-coupled

receptors.Parkinsonism Relat. Disord. 197.

7:265-71

Lefkowitz RJ. 1998. G protein-coupled
receptors. lll. New roles for receptor ki-
nases beta-arrestins in receptor signal-
ing and desensitizatiord. Biol. Chem.
273:18677-80

Daaka Y, Luttrell LM, Ahn S, Della 198.

RG, Ferguson SS, et al. 1998. Essential
role for G protein-coupled receptor en-
docytosis in the activation of mitogen-
activated protein kinasd. Biol. Chem.
273:685-88

DeGraff JL, Gurevich VV, Benovic JL.
2002. The third intracellular loop of al-
pha 2-adrenergic receptors determines
subtype specificity of arrestin interac-
tion. J. Biol. Chem277:43247-52
Schramm NL, Limbird LE. 1999. Stim-
ulation of mitogen-activated protein ki-
nase by G protein-coupled alpha(2)-
adrenergic receptors does not require
agonist-elicited endocytosisJ. Biol.
Chem.274:24935-40

Shiina T, Nagao T, Kurose H. 2001. Low
affinity of betal-adrenergic receptor for
beta-arrestins explains the resistance to
agonist-induced internalizatiohife Sci.
68:2251-57

Vogler O, Krummenerl P, Schmidt M,
Jakobs KH, Van Koppen CJ. 1999.
RhoA-sensitive trafficking of muscarinic
acetylcholine receptorsl. Pharmacol.
Exp. Ther288:36-42

Claing A, Laporte SA, Caron MG,
Lefkowitz RJ. 2002. Endocytosis of

195.

199.

200.

201.

202.

203.

G protein-coupled receptors: roles of
G protein-coupled receptor kinases and
beta-arrestin protein®rog. Neurobiol.
66:61-79

Anderson RG. 1998. The caveolae mem-
brane systemAnnu. Rev. Biochen7:
199-225

Brodsky FM, Chen CY, Knuehl C,
Towler MC, Wakeham DE. 2001. Bio-
logical basket weaving: formation and
function of clathrin-coated vesicles.
Annu. Rev. Cell Dev. Biol7:517-68
Rapacciuolo A, Suvarna S, Barki-
Harrington L, Luttrell LM, Cong M,
et al. 2003. PKA GRK phosphoryla-
tion mediate beta -1 adrenergic receptor
endocytosis through different pathways.
J. Biol. Chem.See http://www.jbc.org/
cgi/reprint/M305675200v1

Marchese A, Benovic JL. 2001. Agonist-
promoted ubiquitination of the G
protein-coupled receptor CXCR4 medi-
ates lysosomal sortingl. Biol. Chem.
276:45509-12

Shenoy SK, McDonald PH, Kohout TA,
Lefkowitz RJ. 2001. Regulation of re-
ceptor fate by ubiquitination of acti-
vated beta 2-adrenergic receptor and
beta-arrestinScience294:1307-13
Shenoy SK, Lefkowitz RJ. 2003. Traf-
ficking patterns of beta-arrestin and G
protein-coupled receptors determined by
the kinetics of beta-arrestin deubiquiti-
nation.J. Biol. Chem278:14498-506
Claing A, Perry SJ, Achiriloaie M,
Walker JK, Albanesi JP, et al. 2000. Mul-
tiple endocytic pathways of G protein-
coupled receptors delineated by GIT1
sensitivity. Proc. Natl. Acad. Sci. USA
97:1119-24

Claing A, Chen W, Miller WE, Vitale
N, Moss J, et al. 2001. Beta-arrestin-
mediated ADP-ribosylation factor 6 ac-
tivation beta 2-adrenergic receptor endo-
cytosis.J. Biol. Chem276:42509-13
Ahn S, Maudsley S, Luttrell LM,
Lefkowitz RJ, Daaka Y. 1999. Src-
mediated tyrosine phosphorylation of



GPCR TRAFFICKING 605

204.

205.

206.

207.

208.

209.

210.

211.

dynaminis required for beta2-adrenergic
receptor internalization and mitogen-
activated protein kinase signaling.
Biol. Chem274:1185-88

Oakley RH, Laporte SA, Holt JA, Caron
MG, Barak LS. 2000. Differential affini-
ties of visual arrestin, beta arrestinl, and
beta arrestin2 for G protein-coupled re-

ceptors delineate two major classes of re-213.

ceptorsJ. Biol. Chem275:17201-10

Krupnick JG, Goodman OB Jr, Keen
JH, Benovic JL. 1997. Arrestin/clathrin
interaction. Localization of the clathrin

binding domain of nonvisual arrestins 214.

to the carboxy terminusl. Biol. Chem.
272:15011-16

Krupnick JG, Santini F, Gagnon AW,
Keen JH, Benovic JL. 1997. Modu-
lation of the arrestin-clathrin interac-
tion in cells. Characterization of beta-
arrestin dominant-negative mutants.
Biol. Chem272:32507-12

Laporte SA, Oakley RH, Holt JA, Barak
LS, Caron MG. 2000. The interaction
of beta-arrestin with the AP-2 adaptor
is required for the clustering of beta 2-
adrenergic receptor into clathrin-coated
pits.J. Biol. Chem275:23120-26

Chu P, Murray S, Lissin D, von Zas-
trow M. 1997. Delta and kappa opioid
receptors are differentially regulated by
dynamin-dependent endocytosis when

activated by the same alkaloid agonist. 217.

J. Biol. Chem272:27124-30

Kohout TA, Lin FS, Perry SJ, Conner
DA, Lefkowitz RJ. 2001. Beta-arrestin 1
and 2 differentially regulate heptahelical
receptor signaling and traffickingroc.
Natl. Acad. Sci. USA8:1601-6

Bohn LM, Lefkowitz RJ, Gainetdinov

RR, Peppel K, Caron MG, Lin FT. 218.

1999. Enhanced morphine analgesia in
mice lacking beta-arrestin 2Science
286:2495-98

Bohn LM, Gainetdinov RR, Lin FT,
Lefkowitz RJ, Caron MG. 2000. Mu-

opioid receptor desensitization by beta- 219.

arrestin-2 determines morphine tol-

212.

215.

216.

erance but not dependenc&ature
408:720-23

Ferguson SS, Downey WE III, Colapi-
etro AM, Barak LS, Menard L, Caron
MG. 1996. Role of beta-arrestin in
mediating agonist-promoted G protein-
coupled receptor internalizatioBcience
271:363-66

DeGraff JL, Gagnon AW, Benovic JL,
Orsini MJ. 1999. Role of arrestins in
endocytosis and signaling of alpha2-
adrenergic receptor subtype3. Biol.
Chem.274:11253-59

Oakley RH, Laporte SA, Holt JA, Barak
LS, Caron MG. 1999. Association of
beta-arrestin with G protein-coupled re-
ceptors during clathrin-mediated endo-
cytosis dictates the profile of receptor
resensitization.J. Biol. Chem. 274:
32248-57

Orsini MJ, Parent JL, Mundell SJ, Ben-
ovic JL, Marchese A. 1999. Trafficking
of the HIV coreceptor CXCR4. Role of
arrestins and identification of residues
in the C-terminal tail that mediate re-
ceptor internalizationJ. Biol. Chem.
274:31076-86

Mundell SJ, Matharu AL, Kelly E, Ben-
ovic JL. 2000. Arrestin isoforms dic-
tate differential kinetics of A2B adeno-
sine receptor traffickingBiochemistry
39:12828-36

LiJG, Luo LY, Krupnick JG, Benovic JL,
Liu -Chen LY. 1999. U50,488H-induced
internalization of the human kappa opi-
oid receptor involves a beta-arrestin- and
dynamin-dependent mechanism. Kappa
receptor internalization is not required
for mitogen-activated protein kinase ac-
tivation.J. Biol. Chem274:12087-94
Zhang J, Ferguson SS, Barak LS, Bod-
duluri SR, Laporte SA, et al. 1998.
Role for G protein-coupled receptor ki-
nase in agonist-specific regulation of mu-
opioid receptor responsivenesBroc.
Natl. Acad. Sci. USA5:7157—-62

Dery O, Thoma MS, Wong H, Grady
EF, Bunnett NW. 1999. Trafficking of



606

TAN ET AL.

220.

221.

222.

223.

224.

225.

226.

proteinase-activated receptor-2 and beta-
arrestin-1 tagged with green fluorescent
protein. Beta-arrestin-dependent endo-
cytosis of a proteinase receptdr.Biol.
Chem.274:18524-35

Braun L, Christophe T, Boulay F. 2003.
Phosphorylation of key serine residues
is required for internalization of the
complement 5a (C5a) anaphylatoxin re-

ceptor via a beta-arrestin, dynamin, 228.

and clathrin-dependent pathwdyBiol.
Chem.278:4277-85

Kreuzer OJ, Krisch B, Dery O, Bun-
nett NW, Meyerhof W. 2001. Agonist-

mediated endocytosis of rat somatostatin229.

receptor subtype 3 involves beta-arrestin
and clathrin coated vesicles.Neuroen-
docrinol. 13:279-87

Vrecl M, Anderson L, Hanyaloglu A,
McGregor AM, Groarke AD, et al. 1998.

Agonist-induced endocytosis recycling 230.

of the gonadotropin-releasing hormone
receptor: effect of beta-arrestin on in-
ternalization kineticsMol. Endocrinol.
12:1818-29

Oakley RH, Laporte SA, Holt JA, Barak

LS, Caron MG. 2001. Molecular de- 231.

terminants underlying the formation of
stable intracellular G protein-coupled
receptor-beta-arrestin complexes after
receptor endocytosis]. Biol. Chem.
276:19452-60

Bhatnagar A, Willins DL, Gray JA,
Woods J,
2001. The dynamin-dependent, arrestin-
independent internalization of 5-
hydroxytryptamine  2A  (5-HT2A)
serotonin receptors reveals differential
sorting of arrestins and 5-HT2A recep-
tors during endocytosisl. Biol. Chem.
276:8269-77

Smyth EM, Austin SC, Reilly MP,
FitzGerald GA. 2000. Internalization
and sequestration of the human prostacy-
clin receptorJ. Biol. Chem?275:32037—
45

ZhangJ, Ferguson SS, Barak LS, Menard
L, Caron MG. 1996. Dynamin and beta-

227.

Benovic JL, Roth BL. 232.

233.

234.

arrestin reveal distinct mechanisms for G
protein-coupled receptor internalization.
J. Biol. Chem271:18302-5

Ahn S, Nelson CD, Garrison TR, Miller
WE, Lefkowitz RJ. 2003. Desensitiza-
tion, internalization, and signaling func-
tions of beta-arrestins demonstrated by
RNA interference.Proc. Natl. Acad.
Sci.USA100:1740-44

Gaborik Z, Szaszak M, Szidonya L, Balla
B, Paku S, et al. 2001. Beta-arrestin-
dynamin-dependent endocytosis of the
AT(1) angiotensin receptoMol. Phar-
macol.59:239-47

Werbonat VY, Kleutges N, Jakobs KH,
Van Koppen CJ. 2000. Essential role
of dynamin in internalization of M2
muscarinic acetylcholine and angio-
tensin AT1A receptorsd. Biol. Chem.
275:21969-74

Luttrell LM, Roudabush FL, Choy EW,
Miller WE, Field ME, et al. 2001. Ac-
tivation targeting of extracellular signal-
regulated kinases by beta-arrestin scaf-
folds. Proc. Natl. Acad. Sci. USA8:
2449-54

Tohgo A, Pierce KL, Choy EW,
Lefkowitz RJ, Luttrell LM. 2002. Beta-
arrestin scaffolding of the ERK cascade
enhances cytosolic ERK activity but in-
hibits ERK-mediated transcription fol-
lowing angiotensin AT 1a receptor stim-
ulation.J. Biol. Chem277:9429-36
DeFea KA, Zalevsky J, Thoma MS,
Dery O, Mullins RD, Bunnett NW. 2000.
Beta-arrestin-dependent endocytosis of
proteinase-activated receptor 2 is re-
quired for intracellular targeting of acti-
vated ERK1/2J. Cell Biol.148:1267-81
McDonald PH, Chow CW, Miller WE,
Laporte SA, Field ME, et al. 2000. Beta-
arrestin 2: a receptor-regulated MAPK
scaffold for the activation of INKSci-
ence290:1574-77

McDonald PH, Lefkowitz RJ. 2001.
Beta-arrestins: new roles in regulating
heptahelical receptors’ functionEell
Signal.13:683-89



GPCR TRAFFICKING 607

235.

236.

237.

238.

239.

240.

241.

242.

243.

Perry SJ, Balille GS, Kohout TA,
McPhee |, Magiera MM, et al. 2002. Tar-

geting of cyclic AMP degradation to beta 244.

2-adrenergic receptors by beta-arrestins.
Science298:834—-36

Baillie GS, Sood A, McPhee |, Gall

I, Perry SJ, et al. 2003. Beta-arrestin-

mediated PDE4 cAMP phosphodi- 245.

esterase recruitment regulates beta-
adrenoceptor switching from Gs to Gi.
Proc. Natl. Acad. Sci. USA00:940-45
Hall RA, Lefkowitz RJ. 2002. Regula-
tion of G protein-coupled receptor sig-
naling by scaffold proteinsCirc. Res.
91:672-80

Luttrell LM, Lefkowitz RJ. 2002. The
role of beta-arrestins in the termination
and transduction of G-protein-coupled
receptor signalsl. Cell Sci.115:455-65
Perry SJ, Lefkowitz RJ. 2002. Arrest-
ing developments in heptahelical recep-
tor signaling and regulatiofrends Cell
Biol. 12:130-38

Pierce KL, Luttrell LM, Lefkowitz RJ.
2001. New mechanisms in heptaheli-
cal receptor signaling to mitogen acti-
vated protein kinase cascadé@sicogene
20:1532-39

Krupnick JG, Benovic JL. 1998. The
role of receptor kinases and arrestins in
G protein-coupled receptor regulation.
Annu. Rev. Pharmacol. Toxic@8:289—
319

Hall RA, Ostedgaard LS, Premont RT, 249.

Blitzer JT, Rahman N, et al. 1998. A
C-terminal motif found in the beta2-
adrenergic receptor, P2Y1 receptor cys-
tic fibrosis transmembrane conductance

regulator determines binding to the 250.

Na+/H+ exchanger regulatory factor
family of PDZ proteins. Proc. Natl.
Acad. Sci. USA5:8496-501

Li JG, Chen C, Liu-Chen LY. 2002.
Ezrin-radixin-moesin-binding phospho-
protein-50/Na-/H+ exchanger regula-

tory factor (EBP50/NHERF) blocks 252.

U50,488H-induced down-regulation of
the human kappa opioid receptor by en-

246.

247.

248.

251.

hancing its recycling ratel. Biol.Chem.
277:27545-52

Mahon MJ, Donowitz M, Yun CC,
Segre GV. 2002. N&{)/H(+) exchanger
regulatory factor 2 directs parathyroid
hormone 1 receptor signallingNature
417:858-61

Hall RA, Premont RT, Chow CW, Blitzer
JT, Pitcher JA, et al. 1998. The beta2-
adrenergic receptor interacts with the
Na+/H+-exchanger regulatory factor
to control Na-/H+ exchange Nature
392:626-30

Naren AP, Cobb B, Li C, Roy K, Nel-
son D, et al. 2003. A macromolecu-
lar complex of beta 2 adrenergic recep-
tor, CFTR, ezrin/radixin/moesin-binding
phosphoprotein 50 is regulated by PKA.
Proc. Natl. Acad. Sci. USA00:342—-46
Kurashima K, Yu FH, Cabado AG, Sz-
abo EZ, Grinstein S, Orlowski J. 1997.
Identification of sites required for down-
regulation of Na-/H+ exchanger NHE3
activity by cAMP-dependent protein
kinase. phosphorylation-dependent and
-independent mechanismsJ. Biol.
Chem.272:28672-79

Cao TT, Deacon HW, Reczek D,
Bretscher A, von Zastrow M. 1999.
A kinase-regulated PDZ-domain inter-
action controls endocytic sorting of
the beta2-adrenergic receptddature
401:286-90

Gage RM, Kim KA, Cao TT, von Za-
strow M. 2001. A transplantable sort-
ing signal that is sufficient to mediate
rapid recycling of G protein-coupled re-
ceptors.JJ. Biol. Chem276:44712-20

Lin RC, Scheller RH. 2000. Mechanisms
of synaptic vesicle exocytosisAnnu.
Rev. Cell Dev. Biol16:19-49

Brunger AT. 2000. Structural insights
into the molecular mechanism of
Ca(2+)-dependent exocytosis.Curr.
Opin. Neurobiol 10:293-302

Cong M, Perry SJ, Hu LA, Hanson PlI,
Claing A, Lefkowitz RJ. 2001. Bind-
ing of the beta2 adrenergic receptor to



608

TAN ET AL.

253.

254.

255.

256.

257.

258.

259.

260.

N-ethylmaleimide-sensitive factor regu-
lates receptor recyclingl. Biol. Chem.
276:45145-52

Morello JP, Bichet DG. 2001. Nephro-
genic diabetes insipidusAnnu. Rev.
Physiol.63:607-30

Morello JP, Salahpour A, Petaja-Repo
UE, Laperriere A, Lonergan M, et al.
2001. Association of calnexin with wild

type mutant AVPR2 that cause nephro- 262.

genic diabetes insipidudBiochemistry
40:6766-75

Yun J, Schoneberg T, Liu J, Schulz A,
Ecelbarger CA, et al. 2000. Generation

phenotype of mice harboring a nonsense263.

mutation in the V2 vasopressin receptor
geneld. Clin. Invest106:1361-71
Morello JP, Salahpour A, Laperriere

A, Bernier V, Arthus MF, et al. 2000. 264.

Pharmacological chaperonesrescue cell-
surface expression function of misfolded
V2 vasopressin receptor mutanisClin.
Invest.105:887-95

Tan CM, Nickols HH, Limbird LE.
2003. Appropriate polarization follow-
ing pharmacological rescue of V2 vaso-
pressin receptors encoded by X-linked

nephrogenic diabetes insipidus alleles 266.

involves a conformation of the recep-
tor that also attains mature glycosyla-
tion. J. Biol. ChemSee http://www.jbc.
org/cgi/reprint/M301888200v1

Denning GM, Anderson MP, Amara
JF, Marshall J, Smith AE, Welsh MJ.

1992. Processing of mutant cystic fi- 267.

brosis transmembrane conductance reg-
ulator is temperature-sensitivélature
358:761-64

Burrows JA, Willis LK, Perlmutter DH.
2000. Chemical chaperones mediate in-

creased secretion of mutant alpha 1-268.

antitrypsin (alpha 1-AT) Z: a potential
pharmacological strategy for prevention
of liver injury and emphysema in alpha
1-AT deficiency.Proc. Natl. Acad. Sci
USA97:1796-801

Zhou Z, Gong Q, January CT. 1999. Cor-
rection of defective protein trafficking of

261.

265.

a mutant HERG potassium channel in
human long QT syndrome. Pharmaco-
logical and temperature effect. Biol.
Chem274:31123-26

Liang Y, Fotiadis D, Filipek S, Saperstein
DA, Palczewski K, Engel A. 2003. Orga-
nization of the G protein-coupled recep-
tors rhodopsin and opsin in native mem-
branesJ. Biol. Chem278:216555-62
Fotiadis D, Liang Y, Filipek S, Saper-
stein DA, Engel A, Palczewski K. 2003.
Atomic-force microscopy: rhodopsin
dimers in native disc membrandgature
421:127-28

Meng EC, Bourne HR. 2001. Recep-
tor activation: what does the rhodopsin
structure tell usTrends Pharmacol. Sci.
22:587-93

Dejneka NS, Bennett J. 2001. Gene
therapy and retinitis pigmentosa: ad-
vances and future challeng@&oEssays
23:662-68

Sung CH, Davenport CM, Hennessey JC,
Maumenee IH, Jacobson SG, et al. 1991.
Rhodopsin mutations in autosomal dom-
inant retinitis pigmentosaProc. Natl.
Acad. Sci. US/88:6481-85

Sung CH, Makino C, Baylor D, Nathans
J. 1994. A rhodopsin gene mutation re-
sponsible for autosomal dominant retini-
tis pigmentosa results in a protein that
is defective in localization to the pho-
toreceptor outer segmeni. Neurosci.
14:5818-33

Tam BM, Moritz OL, Hurd LB, Pa-
permaster DS. 2000. ldentification of
an outer segment targeting signal in
the COOH terminus of rhodopsin using
transgenicXenopus laevis]. Cell Biol.
151:1369-80

Garriga P, Liu X, Khorana HG. 1996.
Structure and function in rhodopsin: cor-
rect folding and misfolding in point mu-
tants at and in proximity to the site of
the retinitis pigmentosa mutation Leu-
125 — Arg in the transmembrane helix
C. Proc. Natl. Acad. Sci. US83:4560—
64



GPCR TRAFFICKING 609

269. Anukanth A, Khorana HG. 1994. Struc- 274. Lin X, Janovick JA, Brothers S, Blomen-

270.

271.

272.

273.

ture and function in rhodopsin. Re-
quirements of a specific structure for
the intradiscal domainJ. Biol. Chem.

269:19738-44

Noorwez SM, Kuksa V, Imanishi Y,
Zhu L, Filipek S, et al. 2003. Phar-

macological chaperone-mediated in vivo 275.

folding stabilization of the P23H-opsin
mutant associated with autosomal domi-
nant retinitis pigmentosd. Biol. Chem.
278:14442-50

Choo-Kang LR, Zeitlin PL. 2001. In-
duction of HSP70 promotes DeltaF508

CFTR trafficking.Am. J. Physiol Lung 276.

Cell Mol. Physiol.281:L.58-68
Maya-Nunez G, Janovick JA, Ulloa-
Aguirre A, Soderlund D, Conn PM,
Mendez JP. 2002. Molecular basis of hy-
pogonadotropic hypogonadism: restora-
tion of mutant (E(90)K) GnRH receptor
function by a deletion at a distant site.
J. Clin. Endocrinol. Metab87:2144—
49

Cornea A, Janovick JA, Maya-Nunez
G, Conn PM. 2001. Gonadotropin-
releasing hormone receptor microaggre-
gation. Rate monitored by fluorescence
resonance energy transférBiol. Chem.
276:2153-58

rohr M, Bogerd J, Conn PM. 1998. Ad-
dition of catfish gonadotropin-releasing
hormone (GnRH) receptor intracellular
carboxyl-terminal tail to rat GnRH re-
ceptor alters receptor expression and reg-
ulation.Mol. Endocrinol.12:161-71
Leanos-Miranda A, Janovick JA, Conn
PM. 2002. Receptor-misrouting: an un-
expectedly prevalent and rescuable etiol-
ogy in gonadotropin-releasing hormone
receptor-mediated  hypogonadotropic
hypogonadism. J. Clin. Endocrinol.
Metab.87:4825-28

Janovick JA, Maya-Nunez G, Conn
PM. 2002. Rescue of hypogonadotropic
hypogonadism-causing and manufac-
tured GnRH receptor mutants by a spe-
cific protein-folding template: misrouted
proteins as a novel disease etiology and
therapeutic target). Clin. Endocrinol.
Metab.87:3255-62

. Janovick JA, Goulet M, Bush E, Greer

J, Wettlaufer DG, Conn PM. 2003.
Structure-activity relations of success-
ful pharmacologic chaperones for rescue
of naturally occurring and manufactured
mutants of the gonadotropin-releasing
hormone receptor]. Pharmacol. Exp.
Ther.305:608-14



