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Abstract. In addition to its well-known role in recogni-
tion by the proteasome, ubiquitin-conjugation is also in-
volved in downregulation of membrane receptors, trans-
porters and channels. In most cases, ubiquitination of
these plasma membrane proteins leads to their internal-
ization followed by targeting to the lysosome/vacuole for
degradation. A crucial role in ubiquitination of many
plasma membrane proteins appears to be played by ubi-
quitin-protein ligases of the Nedd4/Rsp5p family. All
family members carry an N-terminal Ca2+-dependent
lipid/protein binding (C2) domain, two to four WW do-
mains and a C-terminal catalytic Hect-domain. Nedd4 is
involved in downregulation of the epithelial Na+ chan-
nel, by binding of its WW domains to specific PY motifs
of the channel. Rsp5p, the unique family member inS.
cerevisiae,is involved in ubiquitin-dependent endocyto-
sis of a great number of yeast plasma membrane proteins.
These proteins lack apparent PY motifs, but carry acidic
sequences, and/or phosphorylated-based sequences that
might be important, directly or indirectly, for their rec-
ognition by Rsp5p. In contrast to polyubiquitination
leading to proteasomal recognition, a number of Rsp5p
targets carry few ubiquitins per protein, and moreover
with a different ubiquitin linkage. Accumulating evi-
dence suggests that, at least in yeast, ubiquitin itself may
constitute an internalization signal, recognized by a hy-
pothetical receptor. Recent data also suggest that Nedd4/
Rsp5p might play a role in the endocytic process possi-

bly involving its C2 domain, in addition to its role in
ubiquitinating endocytosed proteins.
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Introduction

Ubiquitination (or ubiquitylation) of proteins is a post-
translational modification in which a 76 amino acid poly-
peptide, ubiquitin, or a multiubiquitin chain, is attached
onto proteins and tags them for degradation (reviewed in
[22]). The process is carried out by the sequential action
of E1, E2 and E3 activities. The E1 (ubiquitin-activating)
enzyme first activates ubiquitin in an ATP-dependent
reaction by forming a thioester bond at its active-site
cysteine with the COOH-terminus of ubiquitin. Ubiqui-
tin is then transferred to the active site cysteine of a
ubiquitin-conjugating (carrying) enzyme (E2), and then
sometimes to the active site cysteine of a ubiquitin-
protein ligase (E3). In a last reaction, catalyzed either by
an E2 with the help of an E3, or directly by an E3, an
isopeptide bond is formed between the C-terminal Gly of
ubiquitin, and thee-amino group of a Lys residue on the
target protein [22]. The generation of multiubiquitin
chains is often (but not always) mediated by the repeated
attachment of ubiquitin onto Lys48 of another ubiquitin
or of a growing ubiquitin chain. The E3 enzymes there-
fore carry out the important task of target recognition.
The best known E3 classes include (i) the RING-fingerCorrespondence to:R. Haguenauer-Tsapis
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containing proteins or complexes, such as the anaphase
promoting complex (APC or cyclosomes), the SCF com-
plex, the VCB-like complex (reviewed in [173]) and c-
Cbl [180], and (ii) the Hect domain family of E3s [71].
The Hect domain E3s include the Nedd4/Rsp5p family
of ubiquitin-protein ligases (Rsp5p is also known as
Npi1p or Mdp1p), which are the main focus of this re-
view. In some cases, an E4 enzyme is involved in poly-
ubiquitination of proteins already carrying several (up to
3) ubiquitin moieties [79]. Multiubiquitination of nu-
merous cytosolic and ER proteins leads to their degra-
dation by the 26S proteasome, a large multisubunit pro-
tease complex composed of a 20S core and two 19S
regulatory subunits flanking it [43]. Degradation of a
large number of cellular proteins is carried out by the
proteasome, including numerous cell cycle proteins (in
which time-dependent regulation of the amount of pro-
tein in the cell is critical), transcription factors, signal
transduction proteins, enzymes of metabolic pathways
and MHC-I antigen complexes [58]. Furthermore, many
aberrantly expressed or misfolded proteins in the ER are
also degraded by the proteasome following their exit
from the ER into the cytosol [156]. In addition to the
E1–E4 enzymes, de-ubiquitination enzymes (UBPs and
UCHs) play an important role both in the release of
ubiquitin from lysine residues preceding protein degra-
dation, thus replenishing the cellular pool of free ubi-
quitin, and in ubiquitin biosynthesis and processing [22,
184].

In recent years, it has become apparent that in ad-
dition to cytosolic and ER proteins, numerous transmem-
brane proteins are also ubiquitinated, and that their ubi-
quitination plays a pivotal role in their endocytosis and
subsequent degradation, often in the lysosome (vacuoles
in yeast) [13, 59, 60, 166]. The nature of this ubiquiti-
nation, how it signals endocytosis of these cell surface
proteins, and how it is regulated by the Nedd4/Rsp5p
family of ubiquitin-protein ligases both in yeast and
mammalian cells, is the focus of this review.

Nedd4/Rsp5 Family of Ubiquitin-Protein Ligases

The Nedd4/Rsp5p family belongs to the Hect-domain
superfamily of E3 enzymes, the only known E3 that form
ubiquitin-thioester intermediates and directly catalyze
substrate ubiquitination. All family members are com-
prised of a variable N terminus, a C2 domain, 2 to 4 WW
domains and a C terminal Hect domain (Fig. 1) [53].

The C2 domain, first identified in Ca2+-responsive
isoforms of Protein Kinase C (PKC), is a∼120 amino
acid long domain demonstrated to bind phospholipids
and membranes in a Ca2+-dependent manner in several
proteins (e.g., synaptotagmin, cytosolic Phospholipase
A2, Phospholipase C, rasGAP) (reviewed in [111]), in-
cluding Nedd4 [126], and hence believed to play a role

in membrane targeting, intracellular localization and
trafficking of proteins. The domain is composed of 2
four-strandedb sheets [132], with conserved aspartates,
located in connecting loops, which are the main coordi-
nators of Ca2+ ions binding [132]. In addition to phos-
pholipids, several C2 domains, including that of Nedd4
(see below), have been reported to bind proteins in a
Ca2+-dependent fashion. For example, the second C2
domain of synaptotagmin I binds clathrin AP-2 [190] and
rasGAP-C2 domain binds annexin VI [24].

The WW (or WWP) domain is a small (∼40 aa)
protein:protein interaction module found in diverse sig-
naling and other proteins [4, 14, 63, 124]. It is composed
essentially of 3b strands (antiparallelb sheet) with a
hydrophobic binding surface [96, 127], which usually
binds proline-rich sequences. So far, 4 types of WW
binding motifs have been described: (i) the PY motif
(xPPxY, P4 Pro, Y4 Tyr, x 4 any amino acid) which
binds the WW domains of YAP [21], Nedd4 ([164],see
below) and other proteins, (ii) the PPLP motif which
binds several Formin Binding Proteins (FBPs) [8], FE65
and others, (iii) the PGM motif found in FBP21 [9], and
(iv) phosphorylated Ser and Thr in specific sequence
motif(s) [93, 107], (J. Noel,personal communication).
As seen in Fig. 1, the number of WW domains in the
Nedd4/Rsp5 or Nedd4-like proteins varies between 2 to
4, suggesting that they can form multiple interactions and
complexes with various proteins simultaneously.

The Hect (homologous to E6-AP carboxy terminal)
domain, located at the C terminus of all proteins that
harbor it (including Nedd4/Rsp5p), is a 350 amino acid
long ubiquitin-protein ligase domain first identified in
E6-AP which targets p53 for ubiquitination and degra-
dation in the presence of the E6 protein encoded by
oncogenic human papilloma viruses (HPVs) [71, 72].
The domain contains an invariant Cys that forms a
thioester bond with ubiquitin upon its transfer from E2
enzymes [71, 144]. The Hect domain has at least four
known properties: (i) direct binding to E2, (ii) formation
of a thioester bond via its active Cys with the ubiquitin
moiety transferred from the E2, (iii) transfer of ubiquitin
to thee amino group of Lys on the substrate protein and
(iv) transfer of additional ubiquitins onto the growing
end of the multiubiquitin chain [69]. The E2 best able to
bind to and transfer ubiquitin to the Hect domains of
Rsp5p/Nedd4 are Ubc4p/Ubc5p (S. cerevisiae), and
UbcH5 (human) [54, 115], although other E2s (e.g.,
UbcH6, UbcH7) have been reported to carry out this
function, albeit less effectively [84, 147]. The tertiary
structure of the E6-AP Hect domain in complex with
UbcH7 (the preferred E2 for E6-AP) was recently solved
[69]. The crystal structure of the domain reveals a bilo-
bal structure (N and C lobes) with a broad catalytic cleft,
which includes the invariant Cys (located at the interface
between the two lobes) necessary for transfer of ubiqui-
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tin from the E2. The E2 binds to the N lobe, and a Phe
conserved in the L1 loop of Hect-specific E2s plays a key
role in this binding, hence explaining the specificity of
these E2s towards Hect type E3s. Indeed, mutation of
the equivalent Phe to Asn in UbcH5 abolished its ability
to transfer ubiquitin to Rsp5p [114]. The specificity to-
wards different Hect-E3s (e.g., UbcH7 binds E6-AP
whereas UbcH5 binds Rsp5p) may be conferred by the
more variable L2 loop of the E2 [69]. The mechanism(s)
by which ubiquitin is transferred from the E2 active Cys
to the E3 (Hect) active Cys, located quite far apart from
each other, is not yet known, and may require extensive
conformational changes in the complex [69].

A major function of Nedd4/Rsp5p family members,
detailed in this review, is to regulate the stability of sev-
eral yeast and mammalian transmembrane proteins by
ubiquitination, which controls subsequent endocytosis of
these cell surface proteins. However, other functions
have been ascribed to these proteins, and to several
Nedd4-like proteins (Fig 1); these are mentioned here
only briefly.

The large subunit of RNA polymerase II (Rpb1) in
S. cerevisiaewas found to associate with Rsp5p [70], an
interaction requiring WW2 and 3 of Rsp5p and the C

terminus of Rpb1, which contains numerous YSPTSPS
motifs [179]; it is not known, however, whether these
repeats can bind Rsp5p-WW domains directly, although
they can bind the Pin1-WW domain when phosphorylat-
ed on Ser residues (J. Noel,personal communication).
Nonetheless, the interaction (direct or indirect) leads to
ubiquitination and degradation of Rpb1 by the proteasome
and is enhanced following DNA damage [6], suggesting
a regulatory mechanism to impede transcription of dam-
aged DNA, by destroying Rpb1. Rsp5p was also dem-
onstrated to be involved in degradation of the single
stranded DNA binding protein Rfa1 in yeast [30], and,
independently, to be involved in glucose activation of
the plasma membrane H+-ATPase [26]. It also regulates
mitochondrial/cytoplasmic distribution of proteins, and
mitochondrial inheritance inS. cerevisiae[33, 192], an
effect dependent on intact Hect domain of Rsp5p. The
mechanisms for the involvement of Rsp5p and ubiquiti-
nation in mitochondrial inheritance is not known, nor are
its targets, but may involve a PY motif-containing pro-
tein, Bul1, which binds Rsp5p and stimulates its activity
[33, 186, 187]. InS. pombe,the Rsp5p homologue Pub1
has been shown to regulate stability not only of nutrient
permeases (described below), but also of the tyrosine phos-

Fig. 1. Examples of Nedd4/Rsp5 and Nedd4-like family members.
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phatase cdc25 [112], a key player in cell cycle regulation
which dephosphorylates and activates cdc2, thus initiat-
ing mitosis [140].

Several Nedd4-like proteins have been identified in
recent years [53, 124] (Fig. 1). Examples include Itch,
whose disruption in mice causes immunological disor-
ders [121],Suppressor of Deltexinvolved in regulating
Drosophila Notch signaling [23], and Smurf1, which
ubiquitinates Smad1, a PY motif-containing protein me-
diating signaling via the Bone Morphogenetic Proteins
(BMPs) pathway (TGFb-like) [191], and AIP2 (WWP2)
and AIP4, which both bind the PY motifs of the Epstein-
Barr virus latent protein 2A (LMP2A), leading to en-
hanced degradation of LMP2A and its associated tyro-
sine kinase Lyn, resulting in inhibition of B cell receptor
signaling [73].

Ubiquitin-dependent Downregulation of Yeast
Plasma Membrane Proteins: A Central Role
for Rsp5p

The yeast endocytic pathway was found to be rather
similar to the mammalian endocytic pathway, with inter-
nalization, followed by transport to the vacuole/lysosome
via early and late endosomes [131]. Studies on endocy-
tosis in yeast have been performed on two types of
plasma membrane proteins. One class includes two G
protein-coupled receptors for pheromones, comprised of
seven transmembrane-spanning segments, extracellular
N-terminus and a cytoplasmic C-terminus: thea-factor
receptor (Ste2p) and the a-factor receptor (Ste3p). Both
undergo constitutive endocytosis and ligand-induced en-
docytosis. Internalization of the pheromones bound to
their receptors initiates a signal transduction cascade that
leads to changes in the yeast cells, that are required for
mating [130]. The second class of yeast endocytic sub-
strates includes, in addition to two transporters belonging
to the ABC-transporter family (ATP Binding Cassette), a
number of transporters of the MFS (Multi Facilitators
Superfamily), i.e., proteins that have a central hydropho-
bic core of 10–12 predicted membrane-spanning seg-
ments, flanked by hydrophilic domains which presum-
ably face the cytoplasm [3, 113]. The plasma membrane
transporters ofS. cerevisiaeplay a critical role in growth
rate control. Most of them exhibit both constitutive
and accelerated endocytosis specifically regulated in
each case by factors such as excess substrate, changes in
nutrient availability, or stress conditions. The tight regu-
lation of their turnover rate is a key feature in the capac-
ity of this unicellular organism to adapt rapidly to fluc-
tuating extracellular signals and changing nutrient avail-
ability [65]. The only case reported so far of a plasma
membrane protein whose turnover does not result from
endocytosis is the copper-transport protein (Ctr1p), a

three-transmembrane spanning protein which undergoes
copper-induced proteolysis at the plasma membrane
[116].

The first hint of a link between ubiquitination and
endocytosis came from studies with Ste6p, a member of
the ABC transporter family responsible for the secretion
of the yeast-mating pheromone a-factor. It was reported
that ubiquitin-conjugated forms of this transporter accu-
mulate at the plasma membrane in endocytosis-deficient
mutants. Consistent with a role of ubiquitination in the
turnover of the protein, Ste6p was observed to be partly
stabilized in cells lacking the ubiquitin-conjugating en-
zymes Ubc4p and Ubc5p [80].

Yeast genetics then brought a key observation re-
garding ubiquitin-dependent endocytosis. Multiple ear-
lier studies had been devoted to the analysis of “catabo-
lite inactivation” of many sugar and amino acid trans-
porters, induced in the first case by the addition to the
medium of glucose, the preferred carbon source for yeast
(reviewed in [65, 85]), and in the second case by the
addition of ammonium, preferred over amino acids as a
source of nitrogen (reviewed in [48]). In the latter, mu-
tants were isolated that were deficient in this apparent
“inactivation”, hence their name,npi1 and npi2 (Nitro-
gen Permease Inactivator). Cloning of theNPI1 gene,
essential for viability, revealed that it encodes the ubi-
quitin-protein ligase Rsp5p [57]. The corresponding re-
port established that ammonium triggered internalization
and subsequent degradation of the general amino acid
permease, Gap1p, and that the internalization was pre-
vented innpi1 cells. The same cells were also deficient
in stress-induced internalization and subsequent vacuolar
degradation of another transporter, the Fur4p uracil per-
mease, a process independent of ammonium. It was
shown later on that both Gap1p and Fur4p indeed un-
dergo Rsp5p-dependent ubiquitination, a plasma mem-
brane event required for their internalization [36, 160].
In vivo ubiquitination of Gap1p requires the invariant
cysteine of the Rsp5p Hect-domain [161], that was dem-
onstrated to form thioester bond with ubiquitin [70].

Similar data arguing that ubiquitination acts as a
signal for internalization were obtained for an expanding
list of plasma membrane proteins. Deficiency in either
UBC1/4/5, RSP5,or both, also resulted in impaired ubi-
quitination and/or endocytosis of Ste2p and Ste3p, sugar
transporters Mal11p, Mal61p and Hxt6/7p, the amino
acid permease Tat2p, or the Zinc transporter Zrt1p [7, 41,
61, 82, 94, 101, 137] (Table 1). Likewise, depletion in
the intracellular ubiquitin pool resulting from either re-
pression of ubiquitin biosynthesis [137], or from a point
mutation or deletion of a single ubiquitin-isopeptidase,
Ubp4p/Doa4p, resulted in impaired ubiquitination and
internalization of several of these proteins [7, 35, 82, 94,
162, 172]. Interestingly, mutants inUBP4/DOA4were
identified years ago as “npi2” mutants, impaired in am-
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monium-induced downregulation of the Gap1p permease
[48, 49].

Most significant regarding the link between ubiqui-
tination and endocytosis, sequences were identified in a
number of these proteins, whose modification or deletion
impaired simultaneously ubiquitination and internaliza-
tion (Table 2), as detailed below. Additional evidence

for a positive role of ubiquitination in the internalization
process came from the observation that ubiquitination
signals in Ste3p and Ste6p behaved as autonomous deg-
radation signals, that could promote cell-surface ubiqui-
tination and accelerated endocytosis of the stable plasma
membrane H+-ATPase Pma1p [81, 138]. As described
in the early report on Ste6p ubiquitination, a common

Table 1. Plasma membrane proteins that undergo ubiquitin dependent endocytosis

A. Yeast (S. cerevisiae)

Proteins Ub8ni E2
involved

E3 involved Mole of Ub8ne Mode of
degradation

References

receptors Ste2p (a-factor) + UBC1–4a RSPa Mono (several K) Vacuole [61] [172], R. Dunn
& L. Hicke
(personal
communication)

Ste3p (a-factor) + UBC1–4a Mono+di+tri (3K)
(truncated receptor)

Vacuolef [25], [136], [137]

ABC transporters Ste6p (a-factor) UBC1–4a Poly Vacuole
+
proteasome?

[80], [91]

Pdr5p (multidrug
transporter)

+ Poly Vacuole [28], [29]

MFS transporters Gap1p (general
amino acid

permease)

+ RSP5a Mono+di+tri
(2K)(K63 linked)

Vacuole [57], [159], [160],
[162]

Put4p (proline
permease)

RSP5c [48]

Dal5p (allantoate
permease)

RSP5c [48]

Gnp1p (glutamine
permease)

RSP5c [48]

Tat2p (tryptophan
permease)

+ RSP5a Poly Vacuolef [7]

Hxt6p/Hxt7p (glucose
transporters)

RSP5b Vacuole [82]

Gal2p (galactose
transporter)

+ Poly Vacuole [66]

Mal11p (maltose
permease)

RSP5b Vacuole [94], [129]

Mal61p (maltose
permease)

+ UBC1–4b RSP5a Mono Vacuole [100], [101]

Fur4p (uracil
permease)

+ RSP5a Mono+di+tri
(2K)(K63 linked)

Vacuole [35], [36], [57], [177]

Fui1p (uridine
permease)

+ RSP5a M. Blondel &
C. Volland
(personal
communication)

Zrt1p (zinc
transporter)

+ RSP5a Mono+di (1K) Vacuolef [41], [42]

Itr1p (inositol
permease)

UBC1–4bd Vacuolef [86], [133]

Can1p (arginine
permease ofC.
albicans
expressed inS.
cerevisiae)

RSP5b [99]
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feature of most of these receptors and transporters is their
accumulation in ubiquitinated forms at a restrictive tem-
perature in various internalization-defective mutants, in-
dicating that the ubiquitination event precedes the inter-
nalization step of endocytosis.

Given the common degradation of ubiquitinated pro-
teins by the proteasome, it was crucial to determine the
proteolytic system involved in the degradation of all
these plasma membrane proteins. This was investigated
for many of them with similar experimental approaches.
Thea-factor receptor, the ABC transporter Pdr5p, or the
MFS tranporters Gal2p, Fur4p, or Mal11p display nor-
mal constitutive and induced degradation in mutants af-
fected in catalytic or regulatory proteasome subunits (re-
spectivelypre1pre2,andyta5 or cim3cim5) [29, 36, 61,
66, 82, 129]1, but strongly reduced degradation in mu-
tants defective in vacuolar proteases activities (pep4,
pep4prb, or pra1pra2) [7, 25, 29, 36, 61, 66, 80, 82, 129,
143, 160, 177]. In these vacuolar mutants, a subset of
these proteins, which undergo constitutive internaliza-
tion, were also detected in the vacuole/lysosome using
immunostaining. For example, the Fur4p transporter ac-
cumulates in the vacuoles ofpep4cells as an entire pro-

tein [36]. This indicates that uracil permease does not
undergo proteolytic processing on its way from the
plasma membrane to the vacuole, suggesting that the
proteasome is not involved even in partial proteolysis of
the protein.

Thus, it clearly appears that many yeast plasma
membrane proteins undergo regulated cell-surface ubi-
quitination which triggers their entry into the endocytic
pathway, followed by their targeting for vacuolar degra-
dation (reviewed in [13, 59, 60]). The key player in this
post-translational modification appears to be the ubiqui-
tin-protein ligase Rsp5p, which has been shown to be
involved in constitutive and regulated ubiquitination of a
growing list of proteins (seeTable 1). It is noteworthy
that the arginine permease ofC. albicansis also inter-
nalized in anRSP5-dependent manner when expressed in
S. cerevisiae[99]. This general role of the proteins of
the Nedd4/Rsp5p family in ubiquitin-dependent endocy-
tosis extends to yeast species other thanS. cerevisiae.
It was recently demonstrated that Pub1, one of the two
Rsp5p homologues identified in fission yeast [53], is
essential for ammonium-induced downregulation of
amino acid permeases [78]. The pleiotropic effect of a
pub1-1 mutation suggested that Pub1 might control the
turnover rate of multiple transporters [141].

Despite the fact that Rsp5p is clearly required for the
in vivo ubiquitination of a growing list of yeast plasma
membrane proteins, a direct interaction between any of

1 Contradictory results have been reported for Ste6p, with the descrip-
tion that in addition to vacuolar degradation, Ste6p could [91], or not
[81], also undergo proteasomal degradation.

Table 1 (continued). Plasma membrane proteins that undergo ubiquitin dependent endocytosis

B Mammaliamg

Proteins Ub8
n

E2
involved

E3
involved

Mode of Ub8n Mode of
degradation

References

ENac + UbcH5
(?)

Nedd4
(Hect)

Poly (state of ub8n at
the cell surface not
known)

Lysosome
+
Proteasome?

[164], [165]

PDGFRb

EGFR
CSF-1R

+
(h)

Ubc4
(?)

c-Cbl
(ring finger)

Poly Lysosome
+
Proteasome

[38], [89], [103, 104],
[180]

c-Met +
(h)

Poly Proteasome [76]

GHR +
(h)

Poly Lysosome
+
Proteasome

[166;167] [174]

TCR +
(h)

Poly+mono Lysosome [19]

a Effect on ubiquitination and endocytosis/degradation reported.
b Only effect on endocytosis/degradation reported.
c Only effect on ammonium-induced catabolite inactivation reported.
d Restricted to the case of endocytosis in exponentional growth.
e Indicates in each case the probable number of ubiquitin moieties per target lysine “poly” describes the observation of high MW ubiquitin-
conjugates.
f Absence of proteasomal degradation not yet reported.
g Partial list only.
h Ligand induced.
i Ubiquitination reported.

6 D. Rotin et al.: Ubiquitin-dependent Endocytosis



these cell surface proteins and Rsp5p has not yet been
demonstrated, and data on in vitro ubiquitination have
not been reported for any of these substrates.

In agreement with an involvement of Rsp5p in the
ubiquitination of plasma membrane proteins, ubiquitina-
tion and/or endocytosis of a subset of these Rsp5p targets
have been shown to be partly or strongly impaired in
strains deleted for one or two of the Ubcp belonging to
the UBC1/4/5 family (Table 1), which display in vitro
interactions with Rsp5p [147]. These three genes are dif-
ferentially regulated during growth. Two of the corre-
sponding genes are dispensable for viability, as long as
the third one is present, but cells disrupted for both
UBC4 and UBC5 exhibit extremely slow growth prop-
erties and stress sensitivity [150, 151] At least in one
case, that of Fur4p, neither ubiquitination nor endocyto-
sis of the protein was found to be impaired in
ubc4Dubc5D or ubc1D cells [35], suggesting that if
UBC1/4/5 family is involved in ubiquitination, expres-
sion of only one member is sufficient.

Role of Nedd4 in Regulating Ubiquitination,
Endocytosis and Degradation of Mammalian Cell
Surface Proteins

Perhaps the best characterized example of a plasma
membrane protein regulated by Nedd4 is the epithelial
Na+ channel (ENaC). ENaC is responsible for salt and

fluid reabsorption in the distal nephron, distal colon and
lung epithelia, and abnormal elevation of its activity is
associated with hypertension. The channel is composed
of 3 partially homologous subunits (abg) [16, 17], each
containing a proline-rich region at its C terminus [139],
which includes a PY motif (xPPxY) [146, 164]. Dele-
tion or mutation of the PY motifs ofb or g ENaC cause
Liddle’s syndrome, a hereditary form of arterial hyper-
tension [50, 51, 74, 154, 169] characterized by an abnor-
mal increase in ENaC activity which is caused by in-
creased retention and opening of the channel at the cell
surface [32, 145, 146, 155]. These PY motifs serve as
binding sites for the WW domains of Nedd4, and muta-
tions that cause Liddle’s syndrome also abrogate binding
to this E3 enzyme [164]. In accord with its ability to
associate with Nedd4, ENaC was found to be regulated
by ubiquitination, which takes place primarily on a clus-
ter of Lys residues at the N terminus of theg (but also on
the a) subunit; replacing these lysines with arginines
leads to impaired channel ubiquitination and increase in
channel numbers (channel retention) at the cell surface
[165]. The final proof that Nedd4 is indeed a suppressor
of ENaC came recently, when it was demonstrated that
overexpression of this E3 leads to an inhibition of chan-
nel activity by reducing the number of channels at the
cell surface, an effect not seen upon overexpression of a
catalytically inactive Nedd4 (bearing C-S mutation in the
Hect domain) or just the Nedd4-WW domains alone.
Importantly, the inhibition by Nedd4 is impaired in chan-
nels lacking one or all of their PY motifs [2, 44, 53],
demonstrating that Nedd4 is an inhibitor of ENaC which
exerts its (Hect domain-dependent) effect by binding of
its WW domains to the PY motifs of the channel, and
that its ability to suppress the channel is impaired in
Liddle’s syndrome.

In addition to the WW domains responsible for sub-
strate specificity of Nedd4, the intracellular localization
of this protein likely plays a role in the choice of its
substrates as well. Recent studies have demonstrated
that the C2 domain of Nedd4, which binds membrane
and phospholipids in a Ca2+-dependent fashion, is re-
sponsible for localizing Nedd4 to the plasma membrane
in response to elevation of intracellular Ca2+ levels [126].
In polarized MDCK cells, this localization is primarily
apical [126], which is the location of ENaC. Indeed
ENaC activity is inhibited upon increasing intracellular
Ca2+ concentrations [75, 118]. Interestingly, the capac-
ity of Nedd4 to “choose” the apical membrane in these
cells is conferred by the ability of its C2 domain to
associate in a Ca2+-dependent manner with annexin
XIIIb, a protein enriched in apical rafts [125].

The regulation of ENaC by Nedd4 may represent a
more general mechanism for the control of cell surface
proteins which possess PY motifs. In support of this
notion, the cardiac voltage-gated Na+ channel (rH1),

Table 2. Ubiquitination motifs of plasma membrane proteins

Protein Sequence References

Yeast
Ste2p
(truncated)

SINNDAKSS (C-t)
Includes a critical lysine

[62]

Ste3p Large PEST-like (58 AA)
(C-t) (including target
lysines)

[136;138)

Ste6p Large acidic A-box (52AA)
including a DAKTI signal
(internal linker region)

[81]

Fur4p PEST-like (20 AA) (N-t)
Preceded by two target lysines

[97–98]

Tat2p 31AA (N-t)
including critical lysines

[7]

Zrt1p A critical lysine (AA 195)
in an internal loop

[41]

Mammalian
abgENaC xPPxY (PY motif)

(Nedd4-WW domain
binding sites)

[164]

GHR SWVEFIELD (UbE motif) [45]
PDGFR
EGFR
CSF-1R

C terminal Tyr-
phosphorylation sites
c-Cbl-SH2 domain
binding sites?)

[77; 103, 104]
[90;180]
[88]
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which contains a PY-motif at its cytoplasmic C-terminus,
is negatively regulated by Nedd4 when expressed in
Xenopusoocytes [1]. Other potential candidates include
various PY motifs-containing plasma membrane pro-
teins, or those that interact with an adapter protein that in
turn binds Nedd4. An example of the former may be
Integral membrane protein Deleted in Digeorges syn-
drome (IDD) [178], which was found to interact with one
of Nedd4-WW domains in an expression library screen
(N. Pham & D. Rotin,unpublished results). An example
of the latter is the Insulin-like Growth Factor Receptor
(IGF-1R), which binds Grb10 [106], which in turn binds
Nedd4 [105]. Indeed, IGF-IR (but not Grb10) was
shown to be ubiquitinated [105, 148], raising the possi-
bility that the association with Grb10 may allow Nedd4
to access the IGF1 receptor.

Signals for Ubiquitination/Endocytosis of Plasma
Membrane Proteins Downregulated by the
Nedd4/Rsp5p E3s

While the mode of interaction between Rsp5p and its
plasma membrane substrates is still unclear, as indicated
above, the presence of PY motifs in ENaC allows regu-
lation of channel stability at the cell surface by direct
binding of Nedd4-WW domains, presumably leading to
ubiquitination of the channel by this E3 enzyme. Thus,
the PY motifs can be viewed as internalization signals.
Indeed, these motifs have been proposed to serve as in-
ternalization motifs which target the channel for clathrin-
mediated endocytosis [153, 155], with subsequent chan-
nel degradation primarily in the lysosome [165]. This
provides further support for the notion that ubiquitination
and endocytosis of ENaC are linked, as seen for the yeast
permeases and receptors.

The classical endocytic signals identified in mam-
malian plasma membrane proteins (e.g., YxxF [F 4
bulky hydrophobic amino acid such as Leu], NPxY, di-
Leu) are known to bind specific subunits of the AP2
adapter complex (e.g., YxxF) [134]. Rare cases of simi-
lar signals have been identified in yeast. One is a linear
sequence with aromatic residues, NPFTD, that is re-
quired for ligand-dependent, clathrin-dependent, endocy-
tosis of the a-factor receptor [170]. A second case is a
di-Leu motif required for endocytosis of the Gap1p per-
mease [56]. In neither case are the potential interacting
molecules identified. All other cases reported so far in-
volve ubiquitination signals, as detailed hereafter. Early
extensive work was devoted to determining the endo-
cytic signals in thea-factor receptor, by tracinga-factor
internalization of truncated or mutated receptors. Sur-
prisingly, a nonclassical signal, SINNDAK337SS, was
found to be necessary and sufficient for endocytosis of
a C-terminally truncated Ste2p [135]. Within this se-
quence, the K337 residue was found to be necessary.

Many additional data on the fate of this truncated recep-
tor now lead to a better understanding of these early
observations. Ste2p undergoes basal constitutive phos-
phorylation. a-factor binding induces a conformational
change, leading to rapid (within 5 min) hyperphosphory-
lation on Ser and Thr residues [128]. Serines of the
SINNDAKSS sequence are required for constitutive re-
ceptor phosphorylation, which is a prerequisite for li-
gand-stimulated hyper-phosphorylation, at or near the
SINNDAKSS sequence. This phosphorylation event re-
quires the activity of the casein kinases I homologues,
Yck1p and Yck2p, suggesting that these kinases play a
direct or indirect role in phosphorylating the receptor.
Ligand-induced hyperphosphorylation of Ste2p precedes
and regulates ubiquitination which occurs on K337 in the
context of the truncated receptor [61, 62, 172], and is one
of the major ubiquitination sites in the full length recep-
tor [172].

A similar motif to the SINNDAKSS sequence,
DAKTI, was identified in Ste6p. This motif is within a
117-amino acid long linker region connecting the two
homologous halves of this ABC transporter, that was
found to be important for the fast constitutive turnover of
this protein, hence its name, “D (destabilizing) box.” The
D-box contains an acidic region, 52 amino acids long
(including the DAKTI motif), which is required for ubi-
quitination of the receptor. Even though the DAKTI mo-
tif seems to be an important part of this signal, a Lys to
Arg mutation within it had minor effect on Ste6p turn-
over, suggesting the involvement of additional amino
acids. Accordingly, when used as a transferable signal,
the entire D-box is required for triggering ubiquitination
and destabilization of the plasma membrane H+-ATPase
[81].

The importance of acidic regions, and more pre-
cisely PEST-like sequences, as ubiquitination signals,
was further illustrated by studies on Ste3p [138]. PEST
sequences, i.e., sequences enriched in Pro, Glu, Ser and
Thr, and bordered by positively charged residues, have
been identified by statistical means as signals for protein
instability, and some of them have indeed been demon-
strated to be involved in the ubiquitination of regulatory
short-lived proteins [58]. The C-terminal tail of Ste3p
contains two regions that are responsible for constitutive
and pheromone-induced endocytosis, respectively. The
NPFTD signal described above, required for a-factor-
dependent internalization was proposed to act as an en-
docytic signal independently of ubiquitination [170], al-
though it was also established that a-factor induced Ste3p
ubiquitination [137]. A 58-residue region is important
for constitutive endocytosis, including a 36-residue long
PEST-like sequence which is necessary and sufficient for
ubiquitination and fast turnover of the receptor [138].
Extensive mutagenesis within this sequence has shown
that the signal for ubiquitination is large and complex,
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potentially composed of redundant functional elements.
A truncated form of the receptor, lacking a region in-
cluding the a-factor dependent endocytic signal, under-
goes phosphorylation in the PEST-like region, that de-
pends on Yck1p/Yck2p. This modification is required
for subsequent ubiquitination of the receptor [31] which
occurs on three lysines within the PEST sequence that
function redundantly, with one of them playing a pre-
dominant role [136].

Another example of the critical role of a PEST-like
sequence for ubiquitination of a plasma membrane pro-
tein has been observed in the case of Fur4p. This protein
undergoes constitutive turnover in growing cells, and ac-
celerated turnover in the presence of excess substrate
[149], or under stress conditions [36, 177]. Fur4p carries
in its N-terminus a 20-residue long PEST-like sequence
(KSSGSNITTEVYEASSFEEK) that plays a critical role
in its constitutive and accelerated turnover2. Replacing
the 5 serines in this sequence by alanines progressively
impairs phosphorylation and ubiquitination, and stabi-
lizes Fur4p at the plasma membrane, whereas the pro-
gressive replacement of the 5 alanines by glutamic acid
residues, which mimic phosphorylation, promotes the re-
verse effect. These data suggest that Ser residues within
this PEST sequence are phosphoacceptors, and that phos-
phorylation within this sequence is a prerequisite for
Fur4p ubiquitination [98]. At least two serines in this
PEST region are potential phosphorylation sites for ca-
sein kinase I, and phosphorylation and ubiquitination of
Fur4p is indeed partly dependent on Yck1p/Yck2p [97].
It was demonstrated that Fur4p is ubiquitinated on only
two target lysines [35], both closely preceding the PEST
sequence [97]. This situation is reminiscent of that de-
scribed for the soluble IkBa, where ubiquitination takes
place on two adjacent lysines located only 10–14 resi-
dues away from the two Ser residues which are part of a
short phosphorylation-dependent recognition element for
the IkB-ubiquitin ligase [185].

Hence, most of the prevailing “endocytic” signals
identified in yeast plasma membrane proteins correspond
to signals required for ubiquitination of these proteins.
So far, the only exceptions are possibly the NPFTD sig-
nal in Ste3p [170], the C-terminal di-Leu motif and
nearby sequences in the Gap1p permease. Point muta-
tions of the di-Leu signal, or small deletions in this re-
gion impair endocytosis but not ubiquitination of the

Gap1p permease, suggesting an involvement of this re-
gion of the protein in the endocytic process at a step
subsequent to ubiquitination [56, 160]. The identified
ubiquitination signals are acidic sequences, rather long,
most of them carrying redundant information. A few ex-
amples are already available, either with target Lys resi-
dues included or closely linked to the possible recogni-
tion signals. Obviously, these sequences do not include
any PY motifs which could accommodate direct binding
of Rsp5p-WW domains. A common theme of the above
ubiquitination signals, at least for Ste2p, Fur4p and
Ste3p, is that their acidity is potentially modulated by
phosphorylation events [62, 98], and [31]. A serine criti-
cal for glucose-induced Mal61p downregulation has also
been identified, although its role in ubiquitination
is not known [15], and most if not all yeast receptors
and transporters are indeed phosphorylated [27, 83, 100,
117, 123, 128, 137, 163, 176]. A phosphorylation-based
recognition signal is an appealing hypothesis, since ubi-
quitination and/or endocytosis of so many receptors/
transporters is most often regulated by ligands, substrates,
and/or changes in external nutrients [7, 42, 52, 62, 82, 129,
137, 149, 160]3. Moreover, in the specific case of Ste2p,
it was clearly demonstrated that the ligand induces hy-
perphosphorylation of the receptor, which in turn triggers
its ubiquitination. How to reconcile these observations
with the probable general involvement of Rsp5p in the
ubiquitination process? Might all these proteins interact
via their phosphorylated serines with one or more of the
WW domains of Rsp5p, in accord with a recent report
suggesting that Nedd4-WW domains can bind a phos-
phoserine-containing peptide [93]? Although appealing,
a caution must be exercised, because recent work has
demonstrated that high affinity interactions between spe-
cific phosphorylated serines in RNA polymerase II and
the Pin1-WW domain involves an Arg in Pin1-WW that
is absent from all the Rsp5p-WW domains (J. Noel,per-
sonal communication). However, lower affinity interac-
tions with Rsp5p-WW3 domain, which contains an Asn
instead of this Arg, may be possible (J. Noel,personal
communication). Alternatively, there may be other mo-
tifs, yet unknown, interacting with WW domains. It is
also possible that these plasma membrane proteins indi-
rectly interact with Rsp5p, through adapter proteins. Re-
gardless of the mechanism, it is striking that mutations in
conserved residues within the Rsp5p-WW2 or -WW3
domains, proposed to be involved in binding to PY mo-
tifs [20, 96], result in a slight or very strong inhibition of
Fur4p internalization, respectively (B. Gajewska and T.
Zoladek,personal communication). Irrespective of the
mode of interaction (direct via the Rsp5p-WW domains,

2 A point mutation in a sequence similar to the destruction box of
mitotique cyclines, located in a central loop of the protein, was first
found to partly impair stress-induced permease turnover [37], but the
effect of this mutation was found to depend on genetic background.
Moreover, further elucidation of the role of this region appears difficult
because more extensive modifications within it leads to misfolding of
the protein, and its failure to reach the plasma membrane background
(J.M. Galan,personal communication).

3 It is striking that ammonium regulates in an opposite way the turnover
of the two amino acid permeases Gap1p and Tat2p [7, 160].
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or indirect), it remains to be shown whether the Hect
domain that has to interact with the ubiquitination sites is
also involved in substrate recognition. The C2 domain is
likely not involved in substrate recognition, but rather in
trafficking and endocytosis of Rsp5p/Nedd4 (see below).

Type of Ubiquitin Modification in Plasma
Membrane Proteins

Understanding why most ubiquitinated plasma mem-
brane proteins escape recognition and subsequent degra-
dation by the proteasome was one of the first questions
arising from the observation of ubiquitin-dependent en-
docytosis. The occurrence of another type of ubiquitin
modification was an appealing hypothesis. Recognition
of ubiquitinated proteins by the proteasome subunit 5a
requires formation of a polyubiquitin chain at least four
subunits long, with linkages involving ubiquitin Lys48
[122]. But alternative type of ubiquitin chains were re-
ported, both in vitro, and in vivo in yeast, involving, in
the latter case, ubiquitination on Lys29 and 63 [5, 158].

Mammalian cell surface proteins display different
types of ubiquitin modification. Thez subunit of the
T-cell receptor, or the FceRI, are modified with very few
ubiquitin moieties [18, 119], whereas some receptors like
Growth Hormone Receptor (GHR), Epidermal Growth
Factor Receptor (EGFR), or Platelet Derived Growth
Factor Receptor (PDGFR), appear to be modified with
multiple ubiquitins [103, 167]. Likewise, ENaC is
polyubiquitinated [165], although its status of ubiquiti-
nation at the cell surface is not yet known. Similar to
mammalian cell surface proteins, the state and nature
of ubiquitination of yeast plasma membrane proteins
vary (Table 1). The Ste6p, Gal2p and Tat2p transporters
all display high molecular weight ubiquitin-conjugates
[7, 66, 80, 91]. Whether these modifications correspond
to the formation of ubiquitin chains, or the addition of
single ubiquitins on multiple lysines, remains unknown.
On the other hand, for Ste2p, pulse-chase experiments
following the addition of a-factor to endocytosis-
defective mutants had revealed the transient formation of
mono to tri-ubiquitinated forms of the receptor [61]. A
truncated receptor carrying a unique target Lys residue
was observed to undergo mono-ubiquitination, sufficient
to signal receptor internalization. Data obtained on nu-
merous variant receptors suggested that full length re-
ceptor could undergo mono-ubiquitination on several ly-
sines, two of them serving as strong acceptor sites [172].
Physical mapping of the ubiquitin attachment sites in
Ste3p was investigated by site-directed mutagenesis and
CNBr cleavage. This work demonstrated that Ste3p un-
dergoes ubiquitination on three target lysines modified
both with single ubiquitin, as well as with short di- or tri-
ubiquitin chains [136]. Analysis of the mode of ubiqui-
tination of several transporters (Fur4p, Gap1p, Zrt1p)

[35, 41, 162] revealed a similar scenario, whereby a
small number of target lysines (one to three) accept one
to three ubiquitin moieties (Table 1), i.e., the number of
ubiquitins conjugated is too small to permit proteasomal
recognition.

Characterization of the type of ubiquitin linkage has
been carried out more precisely with the Fur4p and
Gap1p transporters, using cells deficient for theDOA4/
NPI2 encoded ubiquitin isopeptidase. These mutant
cells have greatly reduced amounts of intracellular free
ubiquitin [162, 168], and are therefore impaired in ubi-
quitination and subsequent endocytosis of numerous
cell-surface proteins. Both ubiquitination and internal-
ization can be rescued by overproduction of ubiquitin
[35, 162, 172]. The ubiquitination pattern of the Fur4p
and Gap1p was analyzed indoa4/npi2cells overexpress-
ing either wild-type or variant ubiquitins incompetent for
the formation of K29, K48 or K63-linked ubiquitin
chains. It was observed that both transporters carry two
target Lys residues, that can accept up to two (or three for
Gap1p) ubiquitin residues, linked through ubiquitin
Lys63 [35, 162]. For both transporters, the addition of
one ubiquitin on the two target lysines (mono-
ubiquitination) appears sufficient for some basal endo-
cytosis, but the formation of Lys63-linked short ubiquitin
chains is required for efficient internalization4. In
Gap1p, the specific shift from mono- to “poly”-
ubiquitination is rapid and is observed within 5 min after
the addition of ammonium to the medium [162], which
suggests an ammonium-induced modification of monou-
biquitinated Gap1p, eliciting its polyubiquitination.

As it appears that the formation of short K63-linked
ubiquitin chains cannot target for proteasome recogni-
tion, several questions remain outstanding: What are the
molecular determinants of poly-ubiquitination? Is this
modification Rsp5p-dependent, as is the fixation of the
first ubiquitin? Alternatively, is there a specific E4, as
recently reported for the formation of K29-linked ubi-
quitin chains [79]? It is tempting to speculate that this
specific ubiquitin-modification is a property of Rsp5p.
In favor of this hypothesis is the observation that mito-
chondrial inheritance defect inrsp5 mutants could be
rescued by overexpression of wild-type ubiquitin, but not
K63R mutant of ubiquitin [33], implicating K63 ubiqui-
tin chains in this other Rsp5p-dependent process. On the
other hand, it is puzzling that Rsp5p is also required for
UV-induced Rbp1p ubiquitination, leading to prote-
asomal degradation of this enzyme [179], a process ex-
pected to involve the addition of Lys48-linked ubiquitin

4 There is indirect evidence that it might be the same for cadmium
transporter, and arginine permease, sincedoa4D cells exhibit hyper-
sensitivity to Cd and canavanine (transported by the latter), that can be
relieved by overproduction of wild-type ubiquitin, but not of the variant
K63R [168].
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chains. Similarly, Smurf1-dependent ubiquitination of
Smad1 leads to its degradation by the proteasome [191],
as does Pub1 in the case of cdc25 [112]. It is thus pos-
sible that enzymatic properties of proteins of Rsp5p/
Nedd4 family would be modulated by various adapters,
or be dependent on the target proteins.

Ubiquitin as an Internalization Signal

It had been suggested that ubiquitin could facilitate in-
ternalization by promoting dimerization or aggregation
of receptors [67], or by inducing movement of a protein
into membrane subdomains of active endocytosis [60].
No data have yet been provided in support of either
hypothesis. Alternative models proposed for under-
standing the role of ubiquitin as an internalization signal
were either that ubiquitination might induce structural
changes in the modified proteins, unmasking internaliza-
tion signals [60], or that ubiquitin itself may constitute an
internalization signal binding to some component of the
internalization machinery [13, 60, 61]. The latter hy-
pothesis appears by far the most likely, at least in yeast,
given the sparse examples of identified functional inter-
nalization motifs in yeast plasma membrane proteins in
addition to the ubiquitination motifs. Recent data ob-
tained on Ste2p and Ste3p clearly support this hypoth-
esis. The fusion of ubiquitin in frame with truncated
Ste2p that lack C-terminal ubiquitination sites restores
the ability of these receptors to promotea-factor medi-
ated internalization [152]. Similarly, a variant Ste3p
lacking the PEST-like region fused in frame with ubi-
quitin undergoes rapid endocytosis and vacuolar turn-
over [136]. An in-frame expressed ubiquitin lacking its
own lysines was as efficient as wild-type ubiquitin in
mediating endocytosis of Ste2p, as judged by the rate of
a-factor internalization, indicating that further ubiquiti-
nation of the hybrid protein was not required. Ste2p-
ubiquitin chimera can promotea-factor internalization in
the absence of almost the entire receptor tail. This sug-
gests that ubiquitin does not unmask cryptic endocytic
signals in the receptor tail, but instead constitutes itself
a signal for endocytosis of the protein. This was further
supported by the observation that fusion of ubiquitin in-
frame to the stable [H+]-ATPase Pma1p stimulates its
endocytosis [152]. The turnover time of this chimera
decreased from 11 to 3 hours. It should be noted, how-
ever, that Pma1p fused to the D box of Ste6p, or the
PEST-sequence of Ste3p displayed more rapid turnover
(t1/2 ∼30 min) [81, 138]. This might indicate that effi-
cient endocytosis of Pma1p requires more extensive
ubiquitination, as is the case for Fur4p and Gap1p. In
agreement with these observations, various Ste3-ubiquitin
variants, including a fusion protein that retains the potential
for ubiquitination of the PEST-like sequence, internalize
faster than wild type Ste3p, suggesting that multiple ubi-

quitin moieties either as a chain, or as mono-ubiquitin
added onto separate lysines, may serve to augment the rate
of uptake [136].

Extensive Ala scanning has demonstrated that the
three-dimensional structure of ubiquitin is important to
promote endocytosis of Ste2p, with a specific role played
by two hydrophobic surface patches [152]. These over-
all data suggest that a specific receptor that recognizes
ubiquitin might play a role in the internalization process.
The affinity of such a putative receptor for ubiquitinated
proteins could be correlated to the number of ubiquitin
moieties, K63-linked ubiquitin residues giving possibly
an optimal signal for internalization of larger proteins.
Such a putative receptor should be sequestered away
from free ubiquitin, and from ubiquitin chains of K63
type, that were recently recognized to be involved in
processes distinct from endocytosis [33, 64, 157].

The existence of a ubiquitin receptor in internaliza-
tion of mammalian plasma membrane proteins has not
yet been demonstrated or proposed. In the case of GHR,
it has been shown that ubiquitination of the receptor
itself is not required for ubiquitin-dependent internaliza-
tion (see below), suggesting that in this specific case,
ubiquitination might not simply serve as an internaliza-
tion signal. Hence, it is possible that ubiquitination of
yeast plasma membrane proteins, and ubiquitination of at
least some mammalian plasma membrane proteins might
play distinct roles. Further illustration of these distinct
features of both classes of proteins is evident by the
massive accumulation of ubiquitin-conjugates of some
yeast plasma membrane proteins in mutants impaired for
the internalization step of endocytosis, whereas ubiqui-
tination of GHR or EGFR is abolished under conditions
leading to inhibition of their internalization [38, 47].

Ubiquitination/Endocytosis in Mammalian
Receptors Downregulated by Non-Hect E3s

In addition to the regulation of ubiquitin-mediated endo-
cytosis of transporters, receptors and channels by Nedd4/
Rsp5p described above, the internalization and degrada-
tion of several cell surface proteins, mostly described in
multicellular organisms, are also regulated by ubiquiti-
nation, likely not involving Nedd4. Prominent examples
include the GHR, the T cell receptor (TCR) and several
growth factor receptor tyrosine kinases (RTKs), such as
the EGFR, PDGFR and Colony Stimulating Factor –1
Receptor (CSF1-R) (seeTables 1 and 2 for partial lists).
The E3s involved are not always known, but recent ex-
citing work has suggested that RING finger domains
serve as E3s and are likely involved in the ubiquitination
of several RTKs. The best example of such a RING
finger-containing regulator of RTK ubiquitination is c-
Cbl.

c-Cbl is a 120 kDa protein which contains a variant
SH2 domain, a RING finger, a Pro rich region and a Leu
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zipper. It was originally identified as a cellular homo-
logue of the oncogene v-Cbl, which lacks the C terminus
region, i.e., the RING finger, Pro-rich tracts and Leu
zipper [12, 87]. c-Cbl is a negative regulator of several
RTKs, including the EGF, PDGF and CSF-1 receptors
[77, 88, 90, 180] and itsC. eleganshomologue, Sli-1 is
a suppressor of Let23, the worm EGFR homologue
[189]. c-Cbl exerts its inhibitory effect by binding via its
variant SH2 domain to tyrosine-phosphorylated RTKs,
inducing receptor ubiquitination and endocytosis [39, 88,
90, 95], thus leading to the removal of the receptor from
the cell surface and termination of ligand-induced sig-
naling. This effect is dependent on the presence of intact
RING finger domain of c-Cbl, as it is prevented in v-Cbl,
in c-Cbl bearing a small deletion (70Z/3 cbl) within the
RING finger, or a point mutation (C381A) in one of the
conserved cysteins of the domain [90, 180, 189]; the 70Z
deletion appears to abolish interactions with UbcH7, sug-
gesting that this deleted region is needed for interaction
with the E2 [188]. Moreover, the RING finger on its
own is sufficient to self-ubiquitinate in vitro (in the pres-
ence of E1 and E2-Ubc4) and to mediate ubiquitination
of the PDGFR when attached to the SH2 domain [77],
suggesting that the RING finger of c-Cbl possesses E3
activity (likely by promoting transfer of ubiquitin from
an E2 to the substrate), as recently demonstrated for
RING fingers of other proteins [92, 108]. The SH2 do-
main is necessary for binding to the tyrosine-phos-
phorylated (ligand-activated) receptor, in accord with an
earlier report demonstrating impaired ubiquitination and
endocytosis of PDGFR bearing mutations in some of its
tyrosine-phosphorylation sites [104]. Interestingly, a
recent report [89] has demonstrated that tyrosine phos-
phorylation of c-Cbl itself is necessary for its ability to
ubiquitinate the EGFR. Ligand binding to the EGFR
resulting in autophosphorylation on Tyr 1045 leads to
recruitment of c-Cbl via its SH2 domain, phosphoryla-
tion of Tyr 371 on c-Cbl by the EGFR leading to acti-
vation of the adjacent RING finger, and EGFR ubiqui-
tination and degradation. Thus, c-Cbl contains both the
substrate recognition domain (SH2) and the E3 domain
(RING finger) within the same protein, conceptually re-
sembling Nedd4 which also possesses adjacent substrate
recognition (WW) and E3 (Hect) domains. It should be
emphasised that the role of c-Cbl in endocytosis is con-
troversial, as the same report has suggested that it may
act in sorting EGFR for recycling or transport to the
lysosome [89], while other investigators proposed that
c-Cbl-dependent CSF-1R multiubiquitination occurs
prior to internalization [88].

In the above examples, tyrosine phosphorylation
sites on growth factor receptors may be viewed as signals
not only for the initiation of signal transduction cascades,
but also for ubiquitination and endocytosis, which usu-
ally leads to termination of signaling. Another example

in which tyrosine phosphorylation (although indirect) is
involved in receptor endocytosis is the T cell receptor
(TCR). The TCR is ubiquitinated on cytosolic Lys resi-
dues of its multiple subunits [18]. This ubiquitination is
dependent on receptor-mediated activation of tyrosine
kinases (e.g., lck) [19], and the ubiquitinated receptor is
internalized and degraded by the lysosomes and not by
the proteasome [13].

A well-studied plasma membrane protein in which
ubiquitination and endocytosis are linked is the growth
hormone receptor (GHR), a cytokine receptor lacking
intrinsic kinase activity which recruits the JAK2 tyrosine
kinase to mediate its signaling. Ligand binding induces
receptor ubiquitination and endocytosis, which are
blocked in E1-deficient cells [167], indicating the two
events are tied. The receptor C terminal tail contains two
motifs involved in endocytosis: a ubiquitin-dependent
endocytic motif (UbE) (DSWVEFIELD) functional in
the intact receptor [45], and a ubiquitination-independent
di-Leu motif (DTDRLL) which directs endocytosis of a
partially truncated receptor, but has no role in internal-
ization of the full length receptor [46]. Interestingly, re-
moval of all Lys residues from the C terminal tail of the
receptor, which abolishes direct receptor ubiquitination,
does not impede receptor internalization, while mutating
the UbE motif inhibits both ubiquitination and endocy-
tosis, suggesting that the UbE motif recruits the ubiqui-
tination system rather than directs ubiquitination of the
receptor [45]. It is possible, therefore, that an activated
E2/E3 (not yet identified) binds to the UbE motif, or that
an adapter protein or complex which interacts with the
UbE motif may itself become the target of ubiquitination
and hence mediate internalization of the GHR. The cy-
tosolic C terminus of GHR may be partially clipped and
degraded by the proteasome before receptor internaliza-
tion, while the rest of the receptor becomes susceptible to
lysosomal degradation following endocytosis [175]. In-
terestingly, the UbE motif has been detected in several
other proteins, including receptors known to be ubiqui-
tinated (e.g., EGFR, PDGFR, prolactin receptor, neu).

Machinery Involved in Internalization of
Ubiquitinated Proteins: A Role for Rsp5p?

Much remains to be learned about the mechanisms that
govern internalization of ubiquitinated proteins. Whether
the same machinery is involved in endocytosis of ubi-
quitinated and nonubiquitinated proteins in mammals is
still mostly unknown. In addition to identification of a
hypothetical ubiquitin adapter/receptor, the molecular
details of internalization in yeast remain generally sur-
prisingly obscure, in spite of the wealth of genetic data
that have revealed fundamental aspects previously unno-
ticed in mammals; the requirement for actin and some
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actin-associated proteins, and the involvement of certain
lipids [40, 109, 181]. Unlike mammalian cells in which
extensive knowledge has been accumulated on clathrin-
dependent endocytosis, as well as on nonclathrin path-
ways [102], the role of clathrin appears more obscure in
yeast. Deletion of the gene encoding the clathrin heavy
chain (CHC1), or thermosensitive mutation in this gene
(chc1-ts) cause only 50% inhibition in the internalization
of Ste2p and Ste3p [40], or the maltose transporter [120].
Moreover, endocytosis of the Fur4p transporter is unaf-
fected in the thermosensitivechc1-tscells (A. Gratias
and R. Haguenauer-Tsapis,unpublished results). Dele-
tion of the genes encoding proteins similar to the mam-
malian adapter AP2 subunits does not cause endocytic
defects, and there is no evidence indicating complex for-
mation, nor plasma membrane localization, of these pro-
teins [68]. This correlates well with the lack of Tyr-
based endocytic signals in yeast.

Although some similar players involved in endocy-
tosis have been identified in both yeast and mammals,
they do not necessarily perform the same functions. The
mammalian Eps15 is involved in endocytosis through its
association with thea subunit of AP2 [11] and is local-
ized to the neck of clathrin-coated buds and vesicles.
Eps15 undergoes multiple post-translational modifica-
tions, including EGF-induced monoubiquitination [174].
The yeast Pan1p displays some homology with Eps15
(EH domains, coiled-coil domain, and C-terminal pro-
line-rich region) but lacks an AP2 binding site, and co-
localizes with cortical actin patches [171]. It is not
known whether Pan1p also undergoes ubiquitination.
pan1-tsmutants are strongly defective in endocytosis.
They display impaired organization of the actin cytoskel-
eton, and deeper plasma membrane invaginations than
the control wild type cells [182]. Pan1p interacts with
several proteins that are necessary for endocytosis:
End3p in yeast [10], and yAP180 (the yeast homologue
of the clathrin assembly polypeptide AP180), the epsin
homologues Ent1p and Ent2p and the synaptojanin ho-
mologue, Slj1p in both yeast and mammals [142, 181,
183] and therefore has been proposed to function as a
multivalent adapter required for endocytosis [181]. The
observation of a genetic interaction betweenPAN1and
RSP5[192] was the first indication of a possible role of
Rsp5p in endocytosis beyond its role in ubiquitination of
endocytosed proteins. Pan1p indeed carries several pu-
tative PY motifs which may allow biochemical interac-
tions with the Rsp5p WW domains. A possible involve-
ment of Rsp5p in endocytosisper se is supported by
several other observations.RSP5also displays genetic
interaction with END5/MDP2/VRP1(verprolin) [192],
another gene required for proper actin cytoskeleton or-
ganization and endocytosis [110], and with Ede1p, the
yeast protein that displays the closest similarity to Eps15,
which also lacks AP2 binding sites, and is required for

efficient endocytosis [34].mdp1/rsp5ts mutants are im-
paired in fluid phase endocytosis [192], a phenotype also
observed inrsp5 mutants carrying point mutations in
conserved residues within the WW3 domain which are
known to interact with PY motifs (B. Gajewska and T.
Zoladek,personal communication). It was observed that
Rsp5p is required for endocytosis of the Ste2p-ubiquitin
chimera lacking ubiquitination signals, suggesting that
Rsp5p-dependent ubiquitination of unknown targets
could be required for proper endocytosis (R. Dunn and L.
Hicke,personal communication). Furthermore, cells ex-
pressing Rsp5p lacking its C2 domain have normally
ubiquitinated Gap1p, but subsequent internalization of
this permease is impaired, suggesting that the C2 domain
is directly involved in the internalization process, or me-
diates interaction with components required for this
event [161]. Indeed, a GFP-tagged Rsp5p was recently
detected both near the plasma membrane and in intracel-
lular structures, but deletion of the C2 domain promoted
delocalization (G. Wang and J. Huibregtse,personal
communication). Moreover, electron microscopy analy-
sis of Nedd4 endogenously expressed in MDCK cells
revealed it is found not only in apical rafts and at the
apical membrane, but also in endosomes [125]. Whether
Nedd4 presence in endosomes reflect its co-inter-
nalization with its substrate(s), or whether it actually
stimulates substrate internalization not only by ubiquiti-
nation but also by other means, for example involving its
C2 domain, remains to be shown. Interestingly, a recent
report has demonstrated that binding of the second C2
domain of synaptotagmin to AP-2 in clathrin-coated pits
[190] is enhanced in the presence of a YxxF, a classic
endocytic signal [55]. The PY motif of each ENaC chain
is adjacent to a highly conserved YxxL motif (xP-
PxYxxL). Although it is not known whether the Nedd4-
C2 domain can bind AP-2, it is tempting to speculate that
if it does, the interaction may be enhanced by the YxxL
motifs of ENaC.

Further insights into this hypothetical function of
Rsp5p/Nedd4 in the internalization step of endocytosis
will require identification of its partners, knowledge of
the domains involved in the various interactions, and
precise localization data.

Conclusion

The accumulating evidence suggests that Rsp5p plays a
critical role in regulating ubiquitin-mediated endocytosis
of numerous yeast plasma membrane proteins, and recent
evidence implicate Nedd4 in a similar function for some
mammalian cell surface proteins. It remains to be clari-
fied whether different subcellular localization and/or dif-
ferent partners may explain why and how Nedd4-related
E3s are involved in the latter function, or in ubiquitina-
tion of cytoplasmic proteins leading to their degradation
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by the proteasome. Concerning the endocytic function,
it is clear that key questions need to be answered in order
to understand the mechanism(s) by which ubiquitin sig-
nals endocytosis and by which Rsp5p/Nedd4 is involved
in this process. First, if ubiquitin itself contains suffi-
cient determinants to dictate endocytosis (e.g., hydropho-
bic patches), what do they interact with (e.g., compo-
nents of the endocytic machinery or adapter proteins) to
facilitate endocytosis in yeast, and does a similar sce-
nario also exists in mammalian cells? Second, how is
free ubiquitin, abundant in cells, not interfering with this
ubiquitin-mediated endocytosis? Is the type of ubiquitin
linkage (e.g., K63) critical for this selectivity, and if so,
is it also prevalent in mammalian cells? Third, does
Rsp5p directly bind and directly ubiquitinate yeast
plasma membrane proteins which lack PY motifs? How
are the interactions triggered in the case of regulated
ubiquitination? Do the relevant target proteins all un-
dergo ligand-induced phosphorylation, or conforma-
tional changes potentiating their interaction with Nedd4/
Rsp5p? Fourth, in mammalian cells, other ubiquitina-
tion systems in addition to the Hect-containing Nedd4
(e.g., RING finger E3s) have been proposed to control
ubiquitin-mediated endocytosis. How are these different
ubiquitination systems operating to achieve a similar goal?
Answering at least some of these questions will facilitate
our understanding of ubiquitin-mediated endocytosis.
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4. André, B., Springael, J.Y. 1994.Bioch. Biophys. Res. Commun.
205:1201–1205

5. Arnason, T., Ellison, M.J. 1994.Mol. Cell. Biol. 14:7876–7883

6. Beaudenon, S.L., Huacani, M.R., Wang, G., McDonnell, D.P.,
Huibregtse, J.M. 1999.Mol. Cell Biol. 19:6972–6979

7. Beck, T., Schmidt, A., Hall, M.N. 1999.J. Cell Biol. 146:1227–
1238

8. Bedford, M.T., Chan, D.C., Leder, P. 1997.EMBO J.16:2376–
2383

9. Bedford, M.T., Reed, R., Leder, P. 1998.Proc. Natl. Acad. Sci.
USA95:10602–10607

10. Bénédetti, H., Raths, S., Crausaz, F., Riezman, H. 1994.Mol.
Biol. Cell. 5:1023–1037

11. Benmerah, A., Lamaze, C., Be`gue, B., Schmidt, S.L., Dautry-
Varsat, A., Cerf-Bensussan, N. 1998.J. Cell Biol.140:1055–1062

12. Blake, T.J., Shapiro, M., Morse, H.C.d., Langdon, W.Y. 1991.
Oncogene6:653–657

13. Bonifacino, J.S., Weissman, A. 1998.Ann. Rev. Cell. Dev. Biol.
14:19–57

14. Bork, P., Sudol, M. 1994.Trends Biol. Sci.19:531–533
15. Brondijk, T.H., van der Rest, M.E., Pluim, D., de Vries, Y.,

Stingl, K., Poolman, B., Konings, W.N. 1998.J. Biol. Chem.
273:15352–15357

16. Canessa, C.M., Horisberger, J.D., Rossier, B.C. 1993.Nature
361:467–470

17. Canessa, C.M., Schild, L., Buell, G., Thorens, B., Gautschi, I.,
Horisberger, J.D., Rossier, B.C. 1994.Nature367:463–467

18. Cenciarelli, C., Hou, D., Hsu, K.-C., Rellahan, B.L., Wiest, D.L.,
Smith, H.T., Fried, V.A., Weissman, A. 1992.Science257:795–
797

19. Cenciarelli, C., Wilhelm, K.G., Jr., Guo, A., Weissman, A.M.
1996.J. Biol. Chem.271:8709–8713

20. Chen, H.I., Einbond, A., Kwak, S.J., Linn, H., Koepf, E., Peter-
son, S., Kelly, J.W., Sudol, M. 1997.J. Biol. Chem.272:17070–
17077

21. Chen, H.I., Sudol, M. 1995.Proc. Natl. Acad. Sci. USA92:7819–
7823

22. Ciechanover, A. 1998.EMBO J.17:7151–7160
23. Cornell, M., Evans, D.A., Mann, R., Fostier, M., Flasza, M.,

Monthatong, M., Artavanis-Tsakonas, S., Baron, M. 1999.Ge-
netics152:567–576

24. Davis, A.J., Butt, J.T., Walker, J.H., Moss, S.E., Gawler, D.J.
1996.J. Biol. Chem.271:24333–24336

25. Davis, N.G., Horecka, J.L., Sprague, J.G.F. 1993.J. Cell. Biol.
122:53–65

26. de la Fuente, N., Maldonado, A.M., Portillo, F. 1997.FEBS Lett.
411:308–312

27. Decottignies, A., Owsianik, G., Ghislain, M. 1999.J. Biol. Chem.
274:37139–37146

28. Egner, R., Kuchler, K. 1996.FEBS Lett.378:177–181
29. Egner, R., Mahe´, Y., Pandjaitan, R., Kuchler, K. 1995.Mol. Cell.

Biol. 15:5879–5887
30. Erdeniz, N., Rothstein, R. 2000.Mol. Cell. Biol. 20:224–232
31. Feng, Y., Davis, N. 2000.Mol. Cell. Biol. (in press)
32. Firsov, D., Schild, L., Gautschi, I., Merillat, A.M., Schneeberger,

E., Rossier, B.C. 1996.Proc. Natl. Acad. Sci. USA93:15370–
15375

33. Fisk, H.A., Yaffe, M.P. 1999.J. Cell. Biol.145:1199–1208
34. Gagny, B., Wiederkehr, A., Dumoulin, P., Winsor, B., Riezman,

H., Haguenauer-Tsapis, R. 2000.J. Cell. Sci.(in press)
35. Galan, J.-M., Haguenauer-Tsapis, R. 1997.EMBO J. 16:5847–

5854
36. Galan, J.M., Moreau, V., Andre´, B., Volland, C., Haguenauer-

Tsapis, R. 1996.J. Biol. Chem.271:10946–10952
37. Galan, J.M., Volland, C., Urban-Grimal, D., Haguenauer-Tsapis,

R. 1994.Biochem. Biophys. Res. Commun.201:769–775
38. Galcheva-Gargova, Z., Theroux, S.J., Davis, R.J. 1995.Oncogene

11:2649–2655
39. Galisteo, M.L., Dikic, I., Batzer, A.G, Langdon, W.Y., Schles-

singer, J. 1995.J. Biol. Chem.270:20242–20245
40. Geli, I., Riezman, H. 1998.J. Cell. Sci.111:1031–1037
41. Gitan, R.S., Eide, D.J. 2000.Biochem. J.346:329–336
42. Gitan, R.S., Huo, H., Rodgers, J., Broderius, M., Eide, D. 1998.

J. Biol. Chem.273:28617–28624
43. Goldberg, A.L. 1995.Science268:522–523
44. Goulet, C.C., Volk, K.A., Adams, C.M., Prince, L.S., Stokes,

J.B., Snyder, P.M. 1998.J. Biol. Chem.273:30012–30017
45. Govers, R., ten Broeke, T., van Kerkhof, P., Schwartz, A.L.,

Strous, G.J. 1999.EMBO J.18:28–36

14 D. Rotin et al.: Ubiquitin-dependent Endocytosis



46. Govers, R., van Kerkhof, P., Schwartz, A.L., Strous. G.J. 1998.J.
Biol. Chem.273:16426–16433

47. Govers, R., Van Kerkhof, P., Schwartz, A.L., Strous. G.J. 1997.
EMBO J.16:4851–4858

48. Grenson, M. 1992. Molecular Aspects of Transport Proteins. D.
Pont, editor, p. 219–245. Elsevier Science Publishers B. V, Am-
sterdam

49. Grenson, M., Acheroy, B. 1982.Mol. Gen. Genet.188:261–265
50. Hansson, J.H., Nelson-Williams, C., Suzuki, H., Schild, L.,

Shimkets, R., Lu, Y., Canessa, C., Iwasaki, T., Rossier, B., Lifton,
R.P. 1995.Nat. Genet.11:76–82

51. Hansson, J.H., Schild, L., Lu, Y., Wilson, T.A., Gautschi, I.,
Shimkets, R., Nelson-Williams, C., Rossier, B.C., Lifton, R.P.
1995.Proc. Natl. Acad. Sci. USA92:11495–11499

52. Harma, T., Brondijk, C., van der Rest, M.E., Pluim, D., de Vries,
Y., Stingl, K., Poolman, B., Konings, W.N. 1998.J. Biol. Chem.
273:15352–15357

53. Harvey, K.F., Kumar, S. 1999.Trends Cell. Biol.9:166–169
54. Hatakeyama, S., Jensen, J.P., Weissman, A.M. 1997.J. Biol.

Chem.272:15085–15092
55. Haucke, V., De Camilli, P. 1999.Science285:1268–1271
56. Hein, C., Andre´, B. 1997.Mol. Microbiol. 24:607–616
57. Hein, C., Springael, J.Y., Volland, C., Haguenauer-Tsapis, R.,
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Note Added in Proof

Since submission of this manuscript, it was published
that monoubiquitination is sufficient to signal internal-
ization of the maltose transporter (Lucero et al., 2000.J.
Bacteriol.182:241–253).
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