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Abstract

Lysyl-ubiquitination has long been known to target cytoplasmic proteins for proteasomal
degradation, and there is now extensive evidence that ubiquitination functions in vacuolar/
lysosomal targeting of membrane proteins from both the biosynthetic and endocytic pathways. G
protein-coupled receptors (GPCRS) represent the largest and most diverse family of membrane
proteins, whose function is of fundamental importance both physiologically and therapeutically. In
this review we discuss the role of ubiquitination in the vacuolar/lysosomal downregulation of
GPCRs through the endocytic pathway, with a primary focus on lysosomal trafficking in
mammalian cells. We will summarize evidence indicating that mammalian GPCRs are regulated
by ubiquitin-dependent mechanisms conserved in budding yeast, and then consider evidence for
additional ubiquitin -dependent and -independent regulation that may be specific to animal cells.
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Introduction

G protein-coupled receptors (GPCRs, also known as 7-transmembrane receptors or 7TMRS)
represent the largest family of signaling receptors and integral membrane proteins expressed
in animals. There are estimated to be ~700 functional GPCRs encoded by the human
genome, approximately half of which are odorant receptors. GPCRs represent the largest
class of therapeutic drug targets, with ~30% of drugs presently used in clinical medicine
binding directly to particular members of this receptor family (1, 2). GPCRs respond to a
diverse array of stimuli, ranging from photons, to small molecules and large glycoproteins,
and a considerable number of these GPCRs have unknown endogenous activators (‘ orphan’
GPCRs). GPCRs mediate many of their physiological effects by functioning as guanine
nuclectide exchange factors for heterotrimeric G proteins, thereby producing diverse effects
on downstream signaling networks. In addition, there is evidence that some GPCRs can
signal by G protein-independent mechanisms (3-6) (Fig.1A).

A general feature of GPCR-linked signaling networks is that they are extensively regulated,
particularly at the level of the receptor itself. Perhaps the most highly conserved mechanism
of GPCR regulation is by endocytosis. Traditionally, endocytosis of GPCRsis thought to
contribute to signal attenuation (or ‘ desensitization’), by physically removing receptors from
access to extracellular ligands and signaling mediators. After endocytosis, molecular sorting
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Ubiquitin

of GPCRs between divergent membrane pathways can confer very different functional
consequences, thus contributing to receptor-sel ective regulation. Recycling of GPCRs back
to the plasma membrane, for example, is typically thought to restore (or ‘resensitize')
cellular signaling responsiveness. Trafficking of internalized GPCRs to lysosomes promotes
their proteolytic destruction (or ‘downregulation’), thus producing an essentially opposite
effect on cellular responsiveness (Fig.1B). Closely related GPCRs can differ greatly in rate
and ligand-dependence of endocytosis, and subsequently in their trafficking itinerary after
endocytosis. Elucidating mechanisms that determine, and regulate, the specificity of GPCR
membrane traffic in the endocytic pathway thus represents an important goal of both basic
and pharmaceutically-oriented research.

Reversible post-trand ational modification represents a key principle by which GPCR
trafficking itineraries are specified and regulated. Phosphorylation of GPCRs has long been
known to influence receptor function and trafficking, and has been extensively reviewed
elsewhere (7-9). The evolutionarily conserved process of ubiquitination is another class of
post-translational modification that is now well established to specify or regulate membrane
trafficking in the vacuolar/lysosomal pathway. Ubiquitin forms stable adducts through

i sopeptide bond formation with the e-amino group of lysine residues, or less commonly to
the N-terminal amine. There is also evidence for ubiquitin forming thiolester linkages with
cysteine residues, and ester linkages with serine or threonine residues (10). Based on the
data available to date, however, the primary (or possibly only) linkage relevant to endocytic
trafficking of GPCRsis lysyl ubiquitination. The process by which ubiquitin is attached to
lysine residues has been well established and is discussed in a number of excellent reviews
(11-13). Briefly, acascade of three ligasesis required with the E1 and E2 ligases activating
the ubiquitin molecule, viaathiolester bond, before the E3 ligases then control the transfer
of the ubiquitin molecule from the E2 to the substrate, thereby controlling specificity.
Ubiquitin chains can be removed by various ubiquitin-specific proteases or deubiquitinating
enzymes (USPs or DUBS), which themselves have profound effects on cellular function
(14). The ubiquitin molecule itself contains 7 lysine residues, a number of which can have
further ubiquitin molecules conjugated to form polyubiquitin chains. Lys48 linked
polyubiquitin chains are generally thought to target proteins for proteosomal processing,
whereas Lys63 linked chains are involved in endocytic processes, although other
polyubiquitin chains have also been demonstrated and remain the focus of ongoing research
(15).

The last 15 years have seen an explosion of information regarding the role of ubiquitin in the
endocytic pathway. Here we outline current views regarding the function of ubiquitinin
specifying and regulating the endocytic membrane trafficking of GPCRs. We will start by
discussing core features of ubiquitin-dependent trafficking that are conserved in budding
yeast, and then focus on GPCR trafficking in mammalian cells, where there is evidence both
for the operation of core mechanisms and for the existence of additional specificity and
regulation.

Roles of GPCR ubiquitination in Endocytosis

Thefirst reported role for ubiquitination in endosomal trafficking of GPCRswasin
facilitating the efficient endocytosis of the Ste2p in the budding yeast Saccharomyces
cerevisiae(16). Hicke and Riezman demonstrated that Ste2p undergoes significant
ubiquitination following addition of its physiological agonist, a-mating factor, and went on
to demonstrate that ubiquitination of a single lysine residue within the C-terminal
internalization signal was required for rapid endocytosis of Ste2p and this bound ligand (16).
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It was later demonstrated that the fusion of a single ubiquitin moiety was sufficient to drive
the endocytosis of both Ste2p (17), and the related a-factor GPCR Ste3p (18). Ste3p exhibits
arelatively high rate of congtitutive (ligand-independent) endocytosis, as well as aligand-
induced component. Ubiquitination of Ste3p isrequired for constitutive endocytosis of
receptors but, remarkably, not for ligand-induced endocytosis (19).

In mammalian cells, it is generally thought that direct ubiquitination is not required for
efficient endocytosis of GPCRs via clathrin-coated pits. The details of how GPCR
endocytosisis regulated can vary substantially, with respect to yeast GPCRs and relative to
other mammalian membrane receptors (reviewed elsewhere, see (7-9, 20)). Superficially,
however, theinitiating stepsin endocytosis of yeast and mammalian GPCRs are similar. In
both systems, regulated endocytosisis stimulated by phosphorylation of the receptor
following agonist addition; thisis mediated by the casein kinase | homologue Y ck2p in
yeast (21, 22) and by avariety of kinases, most notably afamily of kinases called GRKs (for
GPCR kinases), in mammalian cells. Phosphorylation of yeast Ste2p promotes
ubiquitination of the cytoplasmic tail, which in turn promotes receptor endocytosis. It has
been proposed that the ubiquitin tag behaves as an endocytic signal by linking receptors with
UIM domain-containing endocytic adaptor proteins such as epsin (Ent1p) and Epsl5
(Edelp), which represent major structural components of clathrin coated pits (22, 23). While
there is significant evidence that Ent1p and Edelp function as classical endocytic adaptors,
ubiquitin-linked connectivity with these proteins also appears to function more generally in
physical organization or assembly of the endocytic coat ((24), Fig.2A). Ligand-induced
phosphorylation of many mammalian GPCRs, by GRK's but also by other kinases (25-27),
promotes receptor interaction with cytoplasmic proteins typically called B-arrestins (or ‘non-
visua’ arrestins, so-named to distinguish them from the founding arrestin family member
that functions in photoreceptors). B-arrestins, which are conserved throughout metazoa but
not in yeast, can act as endocytic adaptors by binding directly to the clathrin heavy chain
(28) and to the p-subunit of AP-2 (29), aswell as by interacting with Ptdins-4,5-P2 (30). B-
arrestins mediate additional effects on GPCR signaling including switching off G-protein
mediated signaling (desensitization), and switching on non-canonical receptor signaling (5).
It appears that mammalian GPCRs do not require ubiquitination for efficient endocytosis
and, in fact, prevention of receptor ubiquitination has been shown to have little if any effect
on the endocytosis of a number of GPCRs including the B,-adrenergic receptor (B2AR) (31,
32), 6-opioid neuropeptide receptor (DOR) (33), and neurokinin receptor (NK1R) (34).

The protease activated receptor, PARL, is unusual anong mammalian GPCRs in that neither
its constitutive nor ligand induced endocytosis requires -arrestin. Instead, both processes
are wholly (constitutive) or partially (ligand induced) dependent on the endocytic adaptor
protein AP-2 (35). Interestingly, PARL appears to be basally ubiquitinated in the absence of
ligand and, upon agonist activation, undergoes rapid de-ubiquitination. Preventing PAR1
ubiquitination by mutating all cytoplasmic lysine residues had little effect on agonist-
induced endocytosis; however, the rate of constitutive endocytosis was significantly
increased. This suggests that, contrary to its previously defined role in promoting
endocytosis of GPCRs in yeast, ubiquitination of the mammalian PAR1 may have an
inhibitory effect.

Although it is generally agreed that direct ubiquitination is not essential for promoting
endocytosis of mammalian GPCRs, there is evidence for significant ‘indirect’ regulation via
ubiquitination of B-arrestin. Shenoy and coworkers demonstrated that, following agoni st-
induced activation of the B2AR, p-arrestin-2 undergoes transient ubiquitination. They
further demonstrated that f-arrestin-2 interacts with the E3 ligase Mdm2 and that this
interaction is required for efficient ubiquitination of p-arrestin-2. Either RNAi-mediated
depletion of Mdm2, or over-expression of a catalytically inactive mutant version, inhibited
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endocytosis of the p2AR (31). Further, lysine mutations preventing p-arrestin-2
ubiquitination inhibited the ability of this protein to promote ligand-induced endocytosis of
both the p2AR and V2R (36) (Fig.2B).

Ubiquitination and Sorting after Endocytosis

GPCR ubiquitination clearly affects receptor trafficking after endocytosis. Thistoo was
originally demonstrated in yeast, where the same lysine mutation that prevented endocytosis
of Ste3p reduced vacuolar targeting of internalized receptors and increased receptor
recycling to the plasma membrane (19). Ubiquitin is thought to direct membrane cargo,
delivered from both the endocytic and biosynthetic pathways, to the intralumenal space
within late endosomes by a process of multivesicular body (MVB) formation. Mechanisms
of MVB biogenesis and sorting have been extensively studied, in both yeast and mammalian
systems, and are reviewed el sewhere (37-40). While other mechanisms may exist, at least in
mammalian cells (41, 42), a highly conserved protein machinery functioning in MVB
biogenesis has been defined both genetically and biochemically (Fig.3). A large number of
genes, identified in a subset (class E) of vacuolar protein sorting (V ps) mutants, encode
proteins that can be isolated from yeast extracts as a set of endosome-associating protein
complexes; thus, in pioneering studies carried out primarily by Emr and co-workers, these
proteins were defined collectively as the ‘ endosomal sorting complex required for transport’
(ESCRT) (43). Together with several additional gene products not identified in Vps screens,
the ESCRT is presently viewed as a group of four complexes - typically called ESCRT 0, I,
I1, and I11. These proteins are conserved in mammalian cells and are thought to function in a
coordinated manner, both in generating intralumenal vesicles (ILVs) within MVBsand in
directing ubiquitinated cargo to ILVs. It is generally agreed, as demonstrated in mammalian
cells by Stenmark and colleagues (44), that cargo selection begins by ubiquitin-dependent
binding to the ESCRT 0 complex containing HRS and STAM (Vps27 and Hsel in yeast),
each of which contains ubiquitin-binding domains. ESCRTs | - |11 are thought to link to
ESCRT 0 and some of their components also contain ubiquitin-binding domains. ESCRTs |
- lI function in physically generating ILVs, and there are presently various models for how
they do so. One model, based on in vitro reconstitution studies carried out in the Hurley lab,
proposes that ESCRTs | and |l cause membrane deformation leading to inward budding and
stabilization of the bud neck. Subsequently, ESCRT Il1 proteins act in concert to cinch the
neck closed (45), using mechanical energy supplied by the AAA-ATPase Vps4 that also
promotes complex disassembly allowing multiple packaging cycles (46, 47). While the
importance of ubiquitin in endocytic sorting was first demonstrated using a GPCR as cargo,
and yeast GPCRs require the ESCRT for efficient vacuolar sorting (see below), much of the
work on ESCRT-dependent sorting in mammalian cells has focused on the EGF receptor
tyrosine kinase; role(s) of ubiquitination and ESCRT in MV B/lysosome sorting of
mammalian GPCRs remain incompletely defined. As discussed later in thisreview, there
may also be significant additions or differencesin the regulation of mammalian GPCRs,
relative to the canonical model.

Passive recycling by ‘lack’ of sorting

The prevailing view is that ubiquitin-directed sorting of cargo from the limiting membrane
to ILVsfunctions as a‘geometrical’ sorting operation, which effectively removes membrane
cargo from the recycling pathway by sequestering them in the intralumenal space.
Accordingly, one might suppose that disrupting cargo ubiquitination would prevent this
sorting, resulting in recycling essentially by bulk membrane flux. This appears to be the case
for GPCRsin yeast, and some but not all GPCRs in mammalian cells. Mutating all
intracellular lysine residues in Ste3p to arginine (a strategy often used to prevent receptor
ubiquitination) prevented sorting of this GPCR to the vacuole, and accordingly increased
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receptor recycling to the plasma membrane (19). Similar experiments and results have been
reported for several mammalian GPCRs, including the chemokine receptor CXCR4, the
NK1R and adistinct (from PAR1) protease activated receptor called PAR2 (34, 48, 49).
Studies of the B2AR provided early clues to the existence of additional complexity in the
endocytic sorting of mammalian GPCRs. The B2AR israpidly ubiquitinated in an agonist-
stimulated manner (31, 50); however, the major endocytic trafficking itinerary of this GPCR
in many mammalian cell typesis rapid and non-destructive recycling to the plasma
membrane. Further, the 2AR can recycle efficiently irrespective of the presence or absence
of cytoplasmic lysine residues (32). These considerations raise the question of whether there
exist additional mechanism(s) contributing to the sorting of mammalian GPCRs in the early
endocytic pathway.

Thefirst direct evidence for additional sorting was the discovery that efficient recycling of
the B2AR requires a short sequence present in the receptor’s cytoplasmic tail, which does
not contain lysine residues and conforms to a consensus PDZ motif (51). Fusion of this
motif to the cytoplasmic tail of the DOR, a distinct mammalian GPCR that normally traffics
to lysosomes after endocytosis, is sufficient to re-route receptors into the recycling pathway
(52). The p2AR-derived PDZ motif can bind to afamily of PDZ proteins whose founding
member is EBP50 or NHERF1; a primary cellular function of NHERF/EBP50-family
proteinsis to mediate indirect connectivity of cognate motif-bearing integral membrane
proteinsto actin filaments (53). Engineered actin connectivity can indeed direct plasma
membrane recycling of mutant GPCRs from which the native PDZ motif has been deleted
(54), but the magjor PDZ protein essential for efficient recycling of the wild type f2AR is
sorting nexin 27 (SNX27) (55). A number of other mammalian GPCRs al so contain distinct
cytoplasmic determinants that are essential for efficient recycling and some, but not all,
correspond to PDZ moatifs. Further, it is evident that not all GPCR *recycling sequences
work by the same mechanism (56-59). Efficient recycling of the p-opioid neuropeptide
receptor (MOR), for example, requires a 12-residue cytoplasmic sequence that does not
conform to a PDZ motif (60), and recycling directed by this sequence isinsensitive to
depletion of SNX27 (55). These data suggest the existence of a potentially diverse array of
cisacting sorting sequences that can specifically promote efficient recycling even of GPCRs
that are subject to extensive ubiquitination.

Further evidence for additional sorting specificity comes from studies identifying a discrete
role of ESCRT 0 in the recycling of mammalian GPCRs. Hanyal oglu and co-workers
demonstrated that depletion of cellular HRS, or disruption of ESCRT 0 by HRS
overexpression, inhibits recycling of both the 2AR and the MOR (32). Similar results have
been shown for two other mammalian GPCRs, the PAR2 and calcitonin receptor-like
receptor (CLR) (61). One interesting aspect of this mechanism is that neither the
ubiquitination status of the receptor, nor the UIM domain of HRS, isimportant for HRS-
dependent recycling. Another interesting aspect is that Tsg101 (an essential component of
ESCRT]I) is not required for efficient recycling of these GPCRs, suggesting that the
recycling function of HRS is independent of its canonical role in the ubiquitin-directed
sorting by the ESCRT. These observations provide additional evidence for distinct features
in the endocytic sorting of mammalian GPCRs and, in particular, suggest an elaboration of
sorting machinery that operates at an early stage in the pathway and likely interfaces with
ESCRT 0.

Sorting of Mammalian GPCRs by the ubiquitin-ESCRT pathway

The current model of ubiquitin-directed vacuolar/lysosomal downregulation of GPCRs via
the ESCRT/MV B pathway is predicated on three principle experimental criteria: 1) that
lysosomal/vacuolar proteolysis requires direct receptor ubiquitination; 2) that this
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dowregulation requires the ESCRT; and 3) that both ubiquitination and the ESCRT are
required for localization of internalized receptorsto ILVs. As discussed briefly herein, and
reviewed extensively elsewhere (62-64), all three criteria have been convincingly
established for GPCRs in yeast. For mammalian GPCRS, in contrast, most of the available
evidenceislimited to thefirst criterion. Ubiquitination of mammalian GPCRs was initially
established for rhodopsin and opioid receptors, where it was implicated in degradation of
misfolded receptors from the biosynthetic pathway and in agonist-induced downregulation
by proteasomes (65-67). The Lefkowitz laboratory used lysyl mutation to demonstrate
ubiquitination-dependence in agonist-induced downregulation of the 2AR by an undefined
pathway (31). Marchese and Benovic, in studies of the CXCR4 chemokine receptor,
established that ubiquitination of a mammalian GPCR promotes its agonist-induced down-
regulation specifically by endocytic trafficking to lysosomes (48). This was established both
by lysyl mutation of the receptor’s cytoplasmic tail and the demonstration that A1P4, a
HECT-domain ubiquitin ligase related to yeast Rsp5, promotes lysosomal downregulation of
the wild type CXCR4 (68). Similar effects of lysyl mutations have since been found for the
V2R (69), PAR2 (49), NK1R (34) and x-opioid receptor (KOR) (70). Conversely, the B1-
adrenergic receptor has been shown to elude downregulation by not being ubiquitinated
(50). Specific ubiquitin ligase requirements were identified for some but not al of these
examples (Table). To what degree the conserved ESCRT machinery, or a subset thereof, is
required for downregulation has been investigated only for afew mammalian GPCRs.
Downregulation of the CXCR4 requires the ESCRT components HRS and Vps4, and
internalized CXCR4s localize to HRS-associated endosome membrane microdomains (68).
Lysosomal downregulation of the DOR was shown to require HRS and V ps4 (71), and
downregulation of the PAR2 and CLR was shown to require HRS (61). With regard to the
third criterion, several mammalian GPCRs have been shown to localize to ILV s (including
the M4 acetylcholine receptor (72), CXCR4 (73) amongst others), and elegant studies from
the Marsh laboratory have established ILV localization and trafficking of virally-encoded
chemokine receptors (74). We are not aware, however, of any evidence directly addressing
the ubiquitination-dependence for ILV localization of GPCRs in mammalian cells.

Specificity and regulation

A very important issue in mammalian cells, particularly considering the diversity of GPCR
family members that are often co-expressed, is how specificity is conferred on the endocytic
trafficking of particular GPCRs. A related and equally important issue is how precise
regulation is achieved because, for proper physiological homeostasis, downregulation of
signaling receptors is often controlled by the activation state of that particular receptor or by
a specifically linked signaling pathway. In budding yeast, essentially all ubiquitin-dependent
functionsin endocytic trafficking depend on Rsp5. In mammalian cells there are clearly
multiple ubiquitin ligases involved, and individual GPCRs exhibit ligase-specificity in their
endocytic trafficking. The HECT domain ligase AlP4 was shown to promote
downregulation of the CXCR4, and this was specific because the related HECT ligase
Nedd4 did not affect this process (68). Nedd4, on the other hand, was reported in another
study to promote downregulation of the B2AR (75). Downregulation of the PAR2 is
dependent on c-Chl (49), a RING domain ligase shown previously to function in
downregulation of the EGF receptor tyrosine kinase (76). c-Chl also functionsin
downregulation of the platel et-activating factor GPCR (77), however. Thus, while thereis
evidence for considerable specificity in the ligase ‘code’ determining downregulation of
particular mammalian GPCRE, this specificity is not absolute.

While the molecular basis of ligase recognition of mammalian GPCRs remains poorly
understood, the data presently available suggest at least two levels of control. The primary
level is, of course, that of direct interaction with the GPCR substrate. Some ligases that
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ubiquitinate mammalian GPCRs bind specifically and directly to the cytoplasmic tail of the
receptor, which is one of the most highly divergent domains among GPCRs. HECT domain
ligases related to Nedd4, like Rsp5 in yeast, possess multiple WW domains that typically
interact with PPXY motifs (and, to alesser extent, PY motifs) in target proteins (12). No
such motifs exist in the C-terminal tail of the CXCR4. Instead it is thought that the WW
domainsin AlP4 bind to a serine doublet in the receptor’s C-terminal tail, whichis
phosphorylated upon agonist activation; this strategy confers both specificity and agonist-
dependent regulation on CXCR4 ubiquitination (78).

A second level of specificity is by recruitment of ubiquitin ligases to receptors via
intermediate adaptor proteins. B-arrestins, which play a central role in desensitization and
endocytosis of mammalian GPCRs, can also bind various E3 ubiquitin ligases. Shenoy and
coworkers reported that downregulation and lysosomal targeting of B2AR isregulated by
agonist-stimulated ubiquitination of receptors by Nedd4, and this function is dependent on a
direct interaction between Nedd4 and B-arrestin-2 (75). Agonist activation increases the
interaction of both p-arrestin-2 with Nedd4 and also with B2AR, illustrating how this
adaptor strategy can also confer regulation of GPCR ubiquitination. Somewhat surprisingly,
asimilar adaptor strategy has been reported to recruit AIP4 to the CXCR4, in this case via
B-arrestin-1 (79). Interestingly, however, the ubiquitination status of the receptor was
unaffected by depleting p-arrestin-1. In fact, it has recently been shown that p-arrestin-1 also
interacts with the ESCRT 0 component STAM1, and thisinteraction plays an important role
in regulating CX CR4 trafficking, potentially by controlling the amount of AlP4-mediated
ubiquitination of HRS (68, 80). The degree to which the trafficking of mammalian GPCRs
depends on ubiquitination of other trafficking proteins remains to be determined, but this
may represent another level of specificity and control.

Y east can deploy a similar strategy of adaptor-mediated recruitment through a group of
proteins (called arrestin-like proteins or ARTS) that are distantly related to mammalian -
arrestins, and share similar ‘arrestin domains' that mediate interaction with other proteins.
Arrestin-related proteinsin yeast have been implicated in promoting downregulation of a
distinct group of polytopic membrane proteins (plasma membrane nutrient transporters) but
not, so far, GPCRs. These arrestin-related proteins, unlike mammalian B-arrestins, contain a
canonical PPXY motif that interacts with WW domainsin Rsp5, explaining how these
proteins function as adaptors for Rsp5-mediated ubiquitination (81-83). Arrestin-related
proteins are also found in mammal's (where they are typically called arrestin domain-
containing proteins or ARRDCS). It was reported recently that downregulation of the B2AR
by Nedd4 is facilitated by ARRDC3, and that this occurs viainteraction of ARRDC3 with
both the ligase and GPCR (84). Moreover, arrestin-like proteins have been shown to control
a seven-transmembrane protein (Rim21) implicated in pH signaling in the distinct fungal
species Aspergilius nidulans, by a mechanism involving direct interaction with ESCRT |
(85). Thusit appears that discrete arrestin-related proteins contribute additional specificity
and regulation on the ubiquitin-directed trafficking and function of GPCRs, and other
membrane proteins, in diverse organisms and possibly by multiple mechanisms.

Additional mechanisms controlling lysosomal trafficking of GPCRs in
mammalian cells

While ubiquitin plays a central role in promoting downregul ation of many mammalian
GPCRs, there is also evidence for the existence of distinct or additional regulation. Here we
will first discuss evidence that ubiquitin affects GPCR sorting and function indirectly, via
ubiquitination of arrestins. Secondly, we will discuss evidence for lysosomal
downregulation of mammalian GPCRs by a mechanism independent of both ubiquitination
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and the ESCRT. Thirdly, we will discuss evidence for the existence of additional control in
ESCRT-mediated downregulation of mammalian GPCRs.

1. Ubiquitin dependent regulation of B-arrestins

There is accumulating evidence that the ubiquitination state of B-arrestin, in addition to
influencing the ability of this protein to promote GPCR endocytosis, can affect the
trafficking of mammalian GPCRs after endocytosis. In many cases p-arrestins dissociate
from GPCRs during or immediately after endocytosis but, in other cases, p-arrestins appear
to remain associated (86). This differencein p-arrestin behavior can be determined by the
phosphorylation state of the GPCR cytoplasmic tail (87), but also by ubiquitination of the p-
arrestin. p-arrestin-2 (31) can be ubiquitinated by Mdm2 (see above) and deubiquitinated by
the DUB enzyme USP33 (88). Interestingly, the time course of ubiquitination and
deubiquitination of B-arrestin-2 correlates with whether or not p-arrestins remain associated
with GPCR-containing endosomes (89). Additionally, B-arrestin-2 is persistently
ubiquitinated following activation of the angiotensin-activated GPCR AT1AR, which
remains in endosomes for a prolonged period after endocytosis (90). Further, a B-arrestin-2-
ubiquitin fusion has been shown to stably interact with the B2AR and increase
downregulation of this GPCR (89), and also the M1 and M2 acetylcholine GPCRs (91). Itis
also increasingly evident that some mammalian GPCRs can signal through distinct G
protein-linked and arrestin-linked pathways. One such non-canonical pathway involves 8-
arrestin-mediated activation of the MAP kinase ERK 1/2. Mdm2-mediated ubiquitination of
B-arrestin enhances ERK signaling of the B2AR viathis pathway, and USP33 mediated
deubiquitination decreases ERK signaling (88). An additional role for arrestin-dependent
control of trafficking has been demonstrated for the NK1R and CLR. Here, arrestin-receptor
stability appears to be regulated by the action of an endosomal enzyme, endothelin
converting enzyme (ECE) (92, 93). Bunnett and coworkers demonstrated that active ECE
degrades the receptor agonist; this promotes dissociation of arrestin from the receptor, thus
terminating ERK signaling. Depletion of ECE prevents this dissociation, enhances ERK
signaling, and appearsto effectively trap these GPCRs in the early endosome membrane.
Together these results suggest that the association/dissociation kinetics of arrestins with
mammalian GPCRs are regulated by multiple mechanisms, including ubiquitination of
arrestins, with potentially myriad trafficking and signaling consequences.

2. Ubiquitination and ESCRT-independent trafficking of GPCRs to lysosomes

Unlike the PAR2 that exhibits ubiquitination-dependent downregulation, the closely related
protease activated GPCR, PARL, is rapidly deubiquitinated following agonist activation (as
discussed above). Further, mutation of all cytoplasmic lysine residues in this mammalian
GPCR does not inhibit downregulation of PARL (35). Nevertheless, PARL is efficiently
downregulated via lysosomal proteolysis, but this GPCR appears to utilize a compl etely
different mechanism to do so. Trejo and coworkers showed that downregulation of PARL is
unaffected by depletion of the ESCRT components HRS or Tsgl101 (94) and instead,
requires sorting nexin 1 (SNX1). SNX1 localizes to endosomes via PX domain-dependent
binding to Ptdins3P, and concentrates viaits BAR domain to highly curved or tubular
regions. The PAR1 co-immunoprecipitates with SNX 1 following receptor activation, and
depletion of cellular SNX1 inhibits lysosomal downregulation of this GPCR. The
mechanism by which SNX1 promotes PAR1 down-regulation remains unclear but appears
to be independent of the ESCRT, and al so does not require the ‘retromer’ endosome-to-trans
Golgi recycling complex in which SNX1 was shown previously to function (95).

3. Additional role(s) of ubiquitination on controlling ESCRT -dependent downregulation

Downregulation of the DOR isimportant for physiological regulation of opioid
responsiveness (96) and, as discussed above, this process is mediated primarily by endocytic
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trafficking of receptors to lysosomes. Remarkably the DOR, unlike a number of other
mammalian GPCRs aready discussed, was found to downregulate with nearly wild type
kinetics when its ubiquitination was prevented by lysyl mutation (33). Nevertheless,
downregulation of both wild-type and ubiquitination-defective (lysyl mutant) DORsis
ESCRT-dependent (71). Another mammalian GPCR, the CLR complexed with its accessory
protein RAMPL, is not detectably ubiquitinated in itswild type form yet also traffics to the
lysosome after endocytosis, and downregulation of both proteins requires functional ESCRT
machinery (61, 97). Interestingly, even though ubiquitin-defective DORS can traffic
efficiently to lysosomes after regulated endocytosis, the wild type DOR is extensively
ubiquitinated in intact cells and its ubiquitination is increased following agonist activation.
AlP4, the same ubiquitin ligase promoting downregulation of CXCR4, was identified as a
major E3 ligase contributing to ubiquitination of the DOR in intact cells. In contrast to the
canonical sorting model, however, AlP4-mediated ubiquitination of the DOR was found to
specifically promote later proteolytic events. This function of AlP4-dependent
ubiquitination occurs effectively downstream of GPCR delivery to lysosomes, and the
occurrence of extensive proteolytic fragmentation that likely renders the receptor
nonfunctional (98). This suggests that ubiquitination of some mammalian GPCRS s not
necessary to sort receptors into the ESCRT-dependent downregulation pathway, or to
effectively destroy them, but can mediate a discrete regulatory function at alater stage of
proteolytic processing.

Besides revealing a specific, later consequence of GPCR ubiquitination in the down-
regulation pathway, studies of DOR (and CLR) beg the question of how any GPCR can
engage the ESCRT pathway absent ubiquitination. This has motivated the search for
additional proteins that interact with mammalian GPCRs and influence their endocytic
sorting. Thefirst evidence for the existence of such proteins, collectively named GPCR-
associating sorting proteins (GASPs or GPRASPs), came from studies of the DOR. GASP1
was identified in ayeast 2-hybrid screen searching for interacting partners with the C-
terminal tail of the DOR. GASP1 is a cytoplasmic protein that is broadly expressed in
mammalian tissues, and highly in brain, but it is not conserved in yeast. Studiesin cultured
cellslinked GASPL1 specifically to downregulation of the DOR, and found no effect of this
protein on ubiquitin-directed downregulation of the EGFR (99). GASPL1 represents a family
of broadly expressed cytoplasmic proteins (100) that share extensive homology in regions
mediating binding to the C-terminal tails of a number of GPCRs (101). Further, to afirst
approximation, GASPs bind preferentially to GPCRs that have a higher propensity to
downregulate rather than recycle (102). Besides the DOR, GASP1 has now been implicated
in downregulation of the D2R, CB1R, B1R and the US28 viral chemokine receptor
(103-106). GASP1 knockout mice have been generated, and these animals have been shown
to have reduced tolerance to cannabinoid agonists and also reduced sensitization to cocaine;
these are behavioral phenotypes consistent with defective downregulation of the CB1 and
D2 GPCRs, respectively (107-109). How GA SPs influence receptor trafficking to the
lysosome is currently unknown. One possibility is via binding to dysbindin, which isan
essential component of the BLOC-1 complex functioning in the biogenesis of specialized
lysosome-related organelles (LROs) such as melanosomes (110). Dysbindin is not conserved
in yeast but is expressed ubiquitously in mammalian tissues, including in cell types not
known to produce LROs. Depletion of cellular dyshindin was found to inhibit
downregulation of both the DOR and dopamine D2R (111), and neurons cultured from
homozygous dysbindin mutant (Sara)) mice exhibit increased surface levels of D2Rs
attributed to enhanced recycling (112). Interestingly, dyshindin was found to co-
immunoprecipitate from cell extracts with both HRS and GASP (111). This has motivated a
current hypothesis that GA SPs function as part of an aternate connectivity network linking
particular GPCRs to the ESCRT, thereby providing an additional means for conferring
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diversity and specificity on the endocytic regulation of GPCRs in mammalian (and likely
other metazoan) cells.

Closing Thoughts and Future Directions

It is clear that the ubiquitination of GPCRs, and subsequent interaction with the ESCRT,
plays afundamental role in the endocytic trafficking in both yeast and mammalian cdlls.
Mammalian cells express alarger diversity of GPCRs, for which selective regulation is
essential to normal development and tissue physiology. It is therefore important to define
precisely how specificity is encoded by GPCR ubiquitination. While a single ubiquitin
fusion is sufficient to drive endocytosis and vacuolar targeting of yeast GPCRs, there
appears to be considerably more specificity encoded by ubiquitination of GPCRsin
mammalian cells. Such complexity is not restricted to GPCRSs, asillustrated in elegant recent
studies showing distinct effects of ubiquitin branching patterns on trafficking of the MHC
class 1 receptor complex (15). The large number of ligases and DUBs expressed in
mammalian cells points to considerable potential for specificity and regulation at multiple
stages of the endocytic pathway. Accordingly, one important future direction isto better
define the various trafficking functions of GPCR ubiquitination in mammalian cells and,
related to this, to determine how discrete functions are differentiated biochemically or

spatialy.

Another important future direction is to determine how DUBs control GPCR endocytic
trafficking. Mutation of the yeast DUB, Doa4, inhibits receptor downregulation of Ste2p but
this phenotype can be rescued by over-expression of ubiquitin, suggesting that the main
function of this DUB isto prevent cellular depletion of free ubiquitin (113, 114). DUBs
clearly have additiona functionsin the regulated endocytic membrane trafficking of
signaling receptorsin mammalian cells. This was first demonstrated for the EGF receptor,
where two endosome associated DUBSs have been implicated. The use of RNAI to deplete
levels of one of these enzymes, UBPY, inhibited EGFR downregulation, reminiscent of the
Doa4 phenotype in yeast. Depletion of another endosome-associated DUB, AMSH, in
contrast, increased EGFR downregulation (115-117). Both UBPY and AMSH are required
for efficient downregulation of the DOR and PAR2 mammalian GPCRs but these functions
are not redundant, as might be expected if their roles were simply to prevent depletion of
free ubiquitin (98, 118). Conversely, depletion of both USP33 and USP20 was shown to
increase downregulation of the B2AR, suggesting a specific role of these DUBs in regulating
recycling of this GPCR, in amanner similar to that described for AMSH on the EGFR
(119).

A third direction, which is presently almost completely unexplored, is determining the
significance of specific GPCR ubiquitination reactions to integrative mammalian
physiology. The functional importance of both GPCR ubiquitination and endocytic
trafficking iswell established in cell culture models, but little is known about physiological
consequences at the whole-animal level. There is aready compelling evidence that GPCR
endocytosis has significant in vivo effects, based on study of afew mouse models (107, 109,
120-122). However, to our knowledge, the physiological consequences of particular GPCR
ubiquitination / de-ubiquitination reactions influencing receptor traffic remain essentially
undefined in intact animals. Thisis clearly an important avenue for future study, and
represents an exciting frontier for both physiological and membrane trafficking research.
Further, considering the high level of diversity and specificity that is already evident from
cell-based studies of ubiquitin-dependent regulation of mammalian GPCRS, we speculate
that particular GPCR ubiquitination / de-ubiquitination reactions could represent promising
new targets for therapeutic drug devel opment.
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B1AR
B2AR
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CLR
CXCR4
D2R
DOR
Dub
ECE
ESCRT
EGFR
ERK
GASP
GPCR
GRK
ILV
KOR
MAPK
MOR
MVB
NK1R
PAR
Snx27
usP
V2R

Acetylcholine Receptor

Atrophin Interacting Protein 4
Arrestin Domain Containing Protein
beta 1 adrenergic receptor

beta 2 adrenergic receptor
Bradykinin 1 receptor

Cannabinoid Receptor 1

Calcitonin receptor-like Receptor
CXC chemokine receptor 4
dopamine 2 Receptor

5-opioid receptor

Deubiquitinating Enzyme
Endothelin converting Enzyme
Endosomal Sorting Complex Required for Transport
Epidermal Growth Factor Receptor
Extracellular Regulated-Signal Kinase
GPCR Associated Sorting Protein
G-protein coupled receptor
G-protein receptor kinase
Intralumena Vesicle

x-opioid receptor

Mitogen Activated Protein Kinase
jL-opioid receptor

Multivesicular Body

neurokinin 1 receptor
proteolytically activated receptor
Sorting Nexin 27

Ubiquitin Specific Protease
vasopressin 2 receptor
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Figure 1. Major GPCR signaling responses and regulation by endocytosis

A. Simplified schematic depicting the range of signaling responses mediated by GPCRs in
mammals. B. Magjor trafficking itineraries of GPCRs that have been linked to functional
regulation of cellular signaling. Endocytosis of receptors can produce functional
desensitization of cellular responsiveness by physically removing receptors from access to
extracellular ligands, and preventing access to plasma membrane-delimited signaling
mediators. Recycling of internalized receptors can function, conversely, to resensitize
cellular responsiveness. Trafficking of internalized receptors viathe MV B/lysosome
pathway causes a prolonged attenuation of cellular responsiveness by promoting proteolytic
downregulation of receptors.
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Figure 2. Comparison of regulated endocytosis of GPCRsin budding yeast and mammalian cells
A. Ligand-induced endocytosis of Ste2p in budding yeast isinitiated by receptor
phosphorylation by Y ck2p, a casein kinase | -like enzyme, which promotes lysyl-
ubiquitination of the cytoplasmic tail by Rsp5Sp. Ubiquitination is thought to promote
endocytosis by linking receptors to the epsins Ent1p and 2p, and interaction with the Eps15
homologue Edelp, all of which contain ubiquitin-binding domains. As discussed in the text,
ubiquitination of Ste3p isrequired for constitutive receptor endocytosis but not for the
ligand-induced component. B. Regulated endocytosis of many mammalian GPCRs s
initiated by ligand-induced phosphorylation of receptors by afamily of GPCR kinases
(GRKs), which promote receptor interaction with the endocytic adaptor proteins p-arrestin-1
and -2 (arrestin 2 and 3). This mechanism does not require ubiquitination of the GPCR
although, as discussed in the text, it can be influenced by ubiquitination of arrestin.

Traffic. Author manuscript; available in PMC 2013 April 15.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hislop and von Zastrow Page 21

early endosome

Figure 3. Mechanismsimplicated in sorting mammalian GPCRs between recycling and
lysosomal itineraries

Mechanism (1) depicts the canonical ubiquitin and ESCRT-dependent mechanism, similar to
that described in yeast and for the EGF receptor tyrosine kinase in mammalian cells. This
mechanism is proposed to mediate ubiquitination-dependent lysosomal sorting of a number
of mammalian GPCRs, as discussed in the text. Mechanism (2) depicts proposed roles of
additional machinery effectively upstream of the ESCRT, as demonstrated for severa
mammalian GPCRs including the delta opioid receptor. Receptor interactions with GASP,
and possibly also with arrestins, inhibits receptor recycling and promotes traffic to the late
endocytic pathway. Efficient recycling of receptors requires an active sorting process
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mediated by receptor interaction with distinct cellular proteins such as sorting nexin 27
(SNX27). None of these sorting steps requires receptor ubiquitination but, for receptors
directed to the late endocytic pathway by GASPs, later steps in the proteolytic pathway are
ESCRT-dependent and regulated by receptor ubiquitination. Mechanism (3) illustrates an
alternate mechanism of GPCR trafficking to lysosomes, proposed for PAR1, which does not
require receptor ubiquitination or the ESCRT and instead requires sorting nexin 1 (SNX1).
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