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Abstract  
 
Endocytosis is involved in a wide variety of cellular processes, and the internalization 
step of endocytosis has been extensively studied in both lower and higher eukaryotic 
cells. Studies in mammalian cells have described several endocytic pathways, with the 
main emphasis on clathrin-dependent endocytosis. Genetic studies in yeast have 
underlined the critical role of actin and actin-binding proteins, lipid modification, and the 
ubiquitin conjugation system. The combined results of studies of endocytosis in higher 
and lower eukaryotic cells reveal an interesting interplay in the two systems, including a 
crucial role for ubiquitin-associated events. The ubiquitylation of yeast cell-surface 
proteins clearly acts as a signal triggering their internalization. Mammalian cells display 
variations on the common theme of ubiquitin-linked endocytosis, according to the cell-
surface protein considered. Many plasma membrane channels, transporters and 
receptors undergo cell-surface ubiquitylation, required for the internalization or later 
endocytic steps of some cell-surface proteins, whereas for others, internalization 
involves interaction with the ubiquitin conjugation system or with ancillary proteins, 
which are themselves ubiquitylated. Epsins and Eps15 (or Eps15 homologs), are 
commonly involved in the process of endocytosis in all eukaryotes, their critical role in 
this process stemming from their capacity to bind ubiquitin, and to undergo 
ubiquitylation. 
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INTRODUCTION 
 

Endocytosis -the uptake of membrane proteins and lipids, extracellular ligands and soluble 

molecules from the cell surface- is a hallmark  of all eukaryotic cells. Endocytosis is involved in a diverse 

array of cellular processes, including nutrient uptake, morphogenesis of the neuronal network, synaptic 

molecule recycling and regulation of the cell-surface expression of signaling receptors, transporters and 

channels. The original description of endocytosis emerged principally from morphological studies in 

animal cells. Genetic approches have since been applied to the study of this process in Drosophila 

melanogaster, Dictyostelium discoideum, Caenorhabditis elegans and Saccharomyces cerevisiae. It has 

become apparent that endocytosis is associated with multiple cellular processes, including actin 

cytoskeletal dynamics, the addition of ubiquitin and lipid modification. Studies, in yeast in particular, have 

demonstrated that ubiquitylation occurs at various steps in endocytosis. Ubiquitylation has been shown to 

be required for the first step of endocytosis: entry into primary endocytic vesicles budding from the 

plasma membrane. In animal cells, several of the ions channels and signal transduction receptors that 

undergo regulated internalization are ubiquitylated in response to extracellular signals. Ubiquitylation 

regulates the endocytosis of these molecules by a cellular machinery including the Nedd4 or Cbl ubiquitin 

ligases. Whether this triggers their internalization and/or later endocytic steps in still a matter of debate. 

Moreover, the process seems to differ according to the protein considered. In S. cerevisiae, the vast 

majority of plasma membrane proteins require ubiquitylation of the cytoplasmic domain for internalization. 

This process involves the ubiquitin ligase Rsp5p (homologous to proteins of the Nedd4 ligase family in 

higher eukaryotes). Most of the proteins ubiquitylated at the plasma membrane are then targeted for 

degradation in the lysosome/vacuole (recent reviews [1, 2]). A second step in the endocytic pathway also 

involves ubiquitin-dependent events. Sorting to internal vesicles that bud inside multivesicular bodies 

(MVBs) requires cargoes ubiquitylation, and a machinery conserved from yeast to man (class E vps 

proteins) (recent reviews [3, 4]). This process shares many similarities with ubiquitin-dependent events at 

the plasma membrane, and even some common actors, including as demonstrated in yeast the ubiquitin 

ligase Rsp5p [5-8].  
 

E1/E2/E3  
Ubiquitin is a 76-amino acid protein, highly conserved throughout evolution, which is found in all 

eukaryotic organisms and cell types. The C-terminus of ubiquitin is generally linked via an amide 

isopeptide bond to the ε-amino group of an internal lysine residue of the substrate protein. Ubiquin is 

conjugated to the protein substrate by means of a three-step cascade mechanism. First, a ubiquitin-

activating enzyme, E1, activates ubiquitin in an ATP-dependent reaction. Ubiquitin is then transferred to 

the active site cysteine of a ubiquitin-conjugating enzyme (E2). Finally, a ubiquitin protein ligase (E3) 

catalyzes the transfer of ubiquitin from E2 to the substrate. A number of families of E3s or E3 multiprotein 

complexes have been identified. RING-finger containing E3s catalyze direct transfer of the activated 

ubiquitin from E2 to the E3-bound substrate. With HECT-(homologous to E6-AP COOH terminus) domain 
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E3 enzymes, the ubiquitin is transferred from E2 to the active site of E3, generating a high-energy 

intermediate, and is then transferred to the ligase-bound substrate [9]. E3s play a key role in protein 

ubiquitylation because they serve as the specific recognition factors of the system. Proteins may be 

modified by monoubiquitylation: the conjugation of a single ubiquitin to one or several lysines. 

Monoubiquitylation is involved in histone modification, and in several trafficking events. As ubiquitin itself 

carries several conserved acceptor lysines — notably Lys29, Lys48 and Lys63 — multiubiquitin chains 

can be generated, in some cases with the assistance of E4 enzymes. K48-linked (and sometimes K29-

linked) multiubiquitin chains, at least four ubiquitin units long, are potent targeting signals leading to the 

recognition and subsequent degradation of target proteins by the 26S proteasome, a large multisubunit 

protease complex [10]. K63-linked ubiquitin chains are involved in other functions, including DNA-repair, 

the activation of translation, the activation of specific kinases, and endocytosis [11, 12]. Ubiquitylation is a 

dynamic process. Deubiquitylating enzymes (DUBs) cleave ubiquitin from proteins, and disassemble 

ubiquitin chains [13]. Several such enzymes are involved in endocytosis. 

 

E3 families specifically involved in the internalization step of endocytosis 
Ubiquitin ligases are proteins or protein complexes that binds to both E2 and the substrate. 

Interaction with the substrate may be direct or may involve other proteins. E3s are heterogeneous, but 

may be classified into two major groups — HECT domain and RING finger-containing E3s — and several 

minors groups, such as U box-containing proteins, also termed E4, involved in elongating polyubiquitin 

chains [9], or a subset of the PHD-containing proteins with divergent RING domains [14]. The E3s 

involved in endocytosis include RING finger E3s, HECT domain proteins, and PHD-containing proteins.  
Most of E3 ubiquitin ligases are RING finger-containing enzymes. These E3s serve as a scaffold 

responsible for optimal positioning of E2 and the substrate for the efficient transfer of activated ubiquitin 

from E2 to the substrate. The RING finger domain has been defined as a pattern of conserved Cys and 

His residues forming a cross-brace structure that probably binds two Zn cations. The RING finger family 

of E3 enzymes is composed of two distinct groups: single and multisubunit proteins. Monomers (or 

homodimers) contain both the RING finger domain and the substrate-binding/recognition site in the same 

molecule [9]. This is the case for c-Cbl, a RING finger ligase involved in targeting activated receptor 

tyrosine kinases [15]. A multisubunit RING E3, SCFHOS, was also described to be involved in endocytosis 

[16]. 

The HECT domain superfamily is the only  family of E3 enzymes known to catalyze substrate 

ubiquitylation directly [17, 18]. HECT domain proteins contain a 350 amino acid sequence homologous to 

the COOH-terminal domain of the prototype member of the E6-AP family (E6-associated protein). This 

domain contains a conserved Cys residue, to which the activated ubiquitin moiety is transfered from E2 

[17, 18]. The NH2-terminal domain, which varies between HECT domain proteins, is probably devoted to 

specific substrate recognition, as is the case for members of the Nedd4 family. The N-terminus of 

members of the Nedd4 family harbors a C2 domain, followed by two to four WW domains (Fig. 1) [19]. 

The C2 domain is a 120-amino acid sequence that has been shown to bind phospholipids and membrane 

proteins in a Ca++-dependent manner in several proteins, including Nedd4 [20, 21], whereas Rsp5p C2 

domain was shown to  bind phosphoinositides in a Ca++-independent manner in vitro [6]. WW domains 
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are 40-amino acid protein:protein interaction modules that bind Pro-rich ligands. Members of the Nedd4 

family have two to four WW domains, suggesting that they may interact with several proteins 

simultaneously. Based on their binding specificity, WW domains can be classified into two major and 

three minor groups [22]. Group I WW domains bind PPXY motifs, whereas Group II WW domains bind 

PPLP motifs. Two of the three minor groups, Group III and V, bind proline-rich sequences, whereas 

Group IV WW domains interact with short sequences containing phosphorylated serine and threonine 

residues followed by proline. The binding of Group IV WW domains to their ligands has been shown to be 

phosphorylation-dependent [23].  

One major function of Nedd4/Rsp5p family members is regulation of the stability of several yeast 

and animal cell-surface transmembrane proteins by ubiquitylation, which controls subsequent 

internalization. For example, Nedd4-2 targets the kidney epithelial Na+ channel [24], whereas the 

degradation of several receptors and transporters in yeast is mediated by the Rsp5p ligase, the only 

member of this family in S. cerevisiae [21]. 

The third family of E3s involved in the internalization step of endocytosis is that of PHD-

containing E3 ligases. The plant homeodomain (PHD) motif encodes a specialized form of Zn finger [25]. 

This motif consists of seven Cys and one His residue in the order 4 Cys, His, 3 Cys, and is similar in both 

sequence and structure to RING finger domains. A PHD domain is present in a membrane-bound protein 

known to be involved in ubiquitin-dependent ER degradation in yeast. This protein was demonstrated to 

have ubiquitin ligase activity in vitro [26]. PHD motifs have more recently been identified in several viral 

and human proteins playing key roles as E3s in the downregulation of cell surface proteins (reviewed in 

[14]). 

A key issue in the ubiquitin field is the way in which the system achieves its high specificity and 

selectivity, an E3-dependent property. In the case of cell-surface proteins, ubiquitylation is often 

specifically triggered in response to extracellular stimuli, such as ligand binding or nutrient modification. 

For E3s involved in the endocytic pathway, and for other E3s, ubiquitylation may require the involvement 

of other modifying enzymes and additional proteins. Many substrates are not recognized constitutively 

and are not recognized directly by E3s. In some instances, E3s must be activated or deactivated by 

posttranslational modification. In other cases, the substrate undergoes modifications rendering its 

recognition possible. Thus, in addition to E3s themselves, modifying proteins such as kinases and other 

proteins also play an important role in the recognition process. 

 
 
1- Mechanisms underlying the internalization step of endocytosis: insights from yeast and animal 
cells  
 

Endocytosis is only one branch of multiple intracellular trafficking pathways. The unicellular 

eukaryote S. cerevisiae has been widely used as a model organism for studies of the secretory pathway, 

a classical example of a process conserved from yeast to humans. The mechanisms underlying 

trafficking from the Golgi apparatus to the lysosome/vacuole also appeared to have been strongly 

conserved throughout evolution, and yeast mutants have served as key tools in identification of the genes 



 6 

involved in this pathway. Endocytosis may be divided in early events, essentially the internalization step, 

and late steps- delivery to endosomes- followed by either the recycling of internalized cargoes, or their 

targeting to the lysosome/vacuole for degradation. The late steps of endocytosis were rapidly shown to be 

conserved from yeast to humans. Interestingly, several years of research initially suggested different 

requirements for the internalization step of endocytosis in yeast and animal cells, but it now seems that 

the two processes share many similar requirements (reviewed in [27, 28]). 

 
 
1-1- Internalization in animal cells: clathrin-dependent and independent endocytosis 
 
 1-1-1-Clathrin-dependent endocytosis 

Almost forty years ago, Roth and Porter identified clathrin-coated pits as specialized plasma 

membrane domains responsible for the selective recruitment of cargo molecules [29]. Extensive work 

then provided critical insight into clathrin-dependent endocytosis, a major pathway responsible for the 

efficient uptake of various proteins from the cell surface [30]. Clathrin coats at the plasma membrane give 

rise to endosome-targeted vesicles, by means of a two-step process: membrane budding, and 

subsequent fission of the resulting vesicle. The major structural components of clathrin coats are two 

protein complexes, clathrin, and clathrin adaptor proteins. Clathrin consists of three 192-KDa heavy 

chains, each bound to one light chain of approximately 30 KDa [31]. This complex is called a triskelion 

and may polymerize in vitro to form a polygonal lattice [32]. In vivo, triskelia polymerize to form rounded 

baskets that coat invaginated pits and vesicles. The heterotetrameric adaptors (APs) are responsible both 

for recognizing signals in the cargoes, and for bridging the clathrin lattices to the membrane [33]. AP2 is 

involved in internalization at the plasma membrane. Clathrin is also involved in other trafficking steps, 

together with other APs, such as AP1, in particular, which is involved in Golgi-to-endosome trafficking. 

Like the other APs, AP2 consists of two large subunits (α2 and β2), one medium (μ2), and one small 

subunit (σ2). The μ2 and β2 subunits interact with sorting signals in the cytoplasmic domains of 

transmembrane proteins, notably Tyr-based and di-Leu-based motifs, respectively. The β2 subunit also 

interacts with clathrin heavy chains via a specific motif, the clathrin box, also found in other clathrin 

partners (e.g. epsins, amphiphysin). The α2 αnd β2 subunits both contain a 30 kDa "appendage" domain, 

which is joined to the rest of the protein via a flexible linker. Resolution of the crystal structure of the 

flexible domain of α2 subunit revealed a single binding site for its ligands, which include amphiphysin, 

Eps15, epsin, and possibly dynamin [34]. A single site for the binding of multiple ligands would facilitate 

temporal and spatial regulation in the recruitment of components of the endocytic machinery. Eps15 was 

identified as a partner of AP2, capable of binding the α2 subunit via the DPF motifs in its C-terminal 

domain [35]. The N-terminal region of this protein contains three repeated sequences, conserved 

throughout evolution, which define a family of proteins [36]. These EH (Eps15 homology) domains of 

Eps15 have been demonstrated to bind several proteins, including epsin [37]. The C-terminal domain of 

Eps15 also contains also two UIMs (ubiquitin interacting motif). Eps15 has been demonstrated to be 

crucial for clathrin-dependent endocytosis, probably in the recruitment of AP2 to clathrin-coated pits. It 

was recently suggested that epsin, a protein that interacts with Eps15 via an NPF motif and may also bind 
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AP2, plays an important role in internalization. Epsin contains a highly conserved amino-terminal region 

[38], the ENTH domain (epsin N-terminal homology). This domain binds phosphoinositol-(4, 5)-

bisphosphate and it was recently shown that such binding modifies membrane curvature in conjunction 

with clathrin polymerization [39]. Epsin also contains UIM domains. Following initial invagination of the 

membrane, the clathrin-pit recruits dynamin, a GTPase which plays a key role in constriction, and 

endophilin, which may play a direct role in the fission reaction by virtue of its lipid modifying activity [40] 

before the pinching off of vesicles from the plasma membrane [41]. Another AP2 partner, that also binds 

clathrin and dynamin, amphiphysin, was demonstrated to induce curvature of lipid bilayers in vitro, a 

feature also displayed by epsin, endophilin and dynamin, indicating that roles in invagination or fission 

may not be mutually exclusive [42]. AP2 is not the only adaptor molecule involved in clathrin-dependent 

endocytosis. For some receptors, such as the β-adrenergic receptor, the role of adaptor in clathrin-

mediated endocytosis is played by β-arrestins, which link activated receptors to both AP2 and clathrin 

[43]. 

Models ordering the successive steps and actors involved in membrane recruitment, invagination, 

constriction and fission have been raised, in which invaginating clathrin-coated pits were traditionally 

thought to be covered by AP2. Recent investigations performed in living cells expressing fluorescent-

tagged proteins have challenged old models. The use of total internal reflection fluorescence microscopy 

(TIR-FM) has enabled the tracking of individual clathrin coated pits and vesicles and the direct 

observation of events occuring within a restricted area adjacent to plasma membrane. Experiments 

revealing that AP2 is absent from disappearing clathrin spots have suggested that contrary to predictions, 

AP2 complexes may form stable plateforms from which clathrin coated pits lacking AP2 would laterally 

emerge [42]. 

New insights on clathrin-mediated endocytosis were also obtained with the use of small 

interfering RNA to knock down AP-2 subunits and clathrin heavy chain to undetectable levels. Receptor-

mediated endocytosis of several receptors including transferrin receptor (TfR), or Epidermal Growth 

Factor receptor (EGFR) was severely inhibited in clathrin depleted cells. Strikingly, however, if 

internalization of TfR was inhibited in AP2-depleted cells, internalization of EGFR was as efficient in these 

cells as in control cells. AP-2 is thus only one of several endocytic adaptors required for clathrin-

dependent the uptake of certain cargo proteins [44].  
 
 

 1-1-2- Endocytosis without clathrin coats 
Clathrin-dependent endocytosis is not the only endocytic pathway in animal cells. The use of 

specific inhibitors of clathrin-dependent endocytosis, dominant negative forms of Eps15 in particular, has 

made it possible to demonstrate the physiological importance of alternative endocytic pathways. These 

pathways include caveolae-induced endocytosis. In the electron microscope, caveolae appear as small 

invaginations with a typical "omega–like" shape. Caveolae have a striated coat, one marker of which is a 

integral membrane protein, caveolin [45]. Caveolae are directly involved in the internalization of certain 

plasma membrane components, such as GPI-anchored proteins, some toxins, and several envelope 
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viruses [46]. The detachment of caveolae from the plasma membrane, like that of clathrin-coated 

vesicles, is mediated by dynamin [47].  

Other, as yet poorly defined, endocytic pathways have been observed following the inhibition of 

clathrin-dependent endocytosis, in cells devoid of caveolae. This is the case for the endocytosis of the 

interleukin-2 receptor (IL2-R) [48]. The constitutive endocytosis of IL2-R has been shown to be coupled to 

the partitioning of IL2-R in lipid rafts (dynamic microdomains of the plasma membrane rich in cholesterol 

and sphingolipids). Lipid rafts are thought to play a key role in the endocytosis of other receptors, 

including the high-affinity IgE receptor [49].  

 

 

1-2- Internalization in yeast: general requirements 
 

Receptor-mediated endocytosis in S. cerevisiae has been studied for two G protein serpentine 

receptors, the a and α-factor receptors, both of which display constitutive and ligand-induced endocytosis 

[27]. The endocytosis of cell-surface transporters has also been thoroughly studied in this organism. 

These transporters display both constitutive and accelerated endocytosis, specifically regulated by factors 

such as excess substrate, changes in nutrient availability, and stress conditions [50]. 

Although yeast cells have no caveolin, and therefore no caveolae-dependent endocytosis, there 

is still some debate concerning whether clathrin-dependent endocytosis occurs in this organism (reviewed 

in [51]). Clathrin-coated vesicles have been purified from S. cerevisiae. However, attempts to visualize 

clathrin-coated pits and clathrin-coated vesicles at the yeast plasma membrane have not been successful 

[51]. Deletions of the genes encoding the clathrin light or heavy chains, or heat-sensitive mutations in the 

first of these genes, result in only 30-50% inhibition of internalization of the α-factor and a-factor receptors 

[52]. A clear difference between yeast and animal cells in the internalization step of endocytosis is the 

lack of involvement of dynamin, endophilin and AP-type adaptors in yeast. Yeast cells contain genes 

encoding three AP complexes, known as the AP1, AP2-like and AP3 adaptors. The AP2-like adaptor 

complex is not only dispensable for endocytosis, but may even fail to associate with clathrin in yeast cells 

[53, 54].  

The other requirements for endocytosis have been investigated by studying several available 

mutants and screening to identify endocytic mutants. A number of proteins specifically required for the 

internalization step of endocytosis have been identified in this way (Table I). The correct organization of 

the actin cytoskeleton is a key requirement for endocytosis in yeast (reviewed in [27]). Many of the first 

end (for endocytosis) mutants identified were found to have mutations in the actin gene itself (END7) [55], 

in genes encoding actin-binding proteins (END6/RVS161, END5/VRP1) or in genes encoding proteins 

required for the correct organization of the actin cytoskeleton (e.g. END3, END4/SLA2, ARP2, 

END9/ARC35). The precise role of actin in yeast endocytosis is still unclear but, several years after the 

first study with yeast mutants [56], it was demonstrated using latrunculin A, a drug that sequesters actin 

monomers that correct actin polymerization is also required for endocytosis in mammals [57]. It has been 

suggested that, in yeast, actin polymerization may provide, in conjunction with the myosin isoforms 

Myo3p and Myo5p, the force required for the fission of vesicles from the plasma membrane (reviewed in 
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[27]). This suggestion was based, in part, on the lack of involvement of dynamin-like proteins in yeast 

endocytosis. The two homologs of amphiphysin, Rvs161p and Rvs167p (Fig. 1), were identified among 

the proteins required for endocytosis in yeast. Cells defective in these proteins have impaired actin 

cytoskeleton organization. As mammalian amphiphysin interacts with dynamin, Rvs167p interacts with 

actin [58]. Amphiphysin/Rvs proteins are among the actors in endocytosis in both yeast and mammals, 

with apparent adaptation in their respective roles. Anyhow, the actin cytoskeleton now clearly appears 

involved in the internalization process in mammalian cells. Several clathrin-coated pits associated 

proteins, including dynamin, seem to play a role in regulating actin polymerization, and actin accumulation 

was observed at clathrin spots while they were disappearing. Actin was thus proposed to provide a force 

during vesicle formation, possibly to push the nascent vesicle away from the plasma membrane [59, 60].  

Genetic screening, in addition to identifying mutations in genes related to actin function, also 

revealed the crucial role of lipids in endocytosis [27], and led to the identification of several clathrin-

binding proteins essential for endocytosis. These proteins include Ent1p and Ent2p -the yeast homologs 

of epsin- and Pan1p, a protein carrying two EH domains. Yeast cells carry several EH domain-containing 

proteins, including Ede1p, a protein that like Eps15 carries 3 N-terminal EH domains, but has no DPF 

motifs (Fig. 1). Ede1p has been shown to be required for efficient endocytosis [61]. Extensive genetic 

studies and two-hybrid analysis led to the proposal that a complex network of interacting proteins linked 

to the actin cytoskeleton, including End3p (one EH doman), Pan1p and its Ent1/2 partners [62], is 

involved in endocytosis in yeast [63]. Ede1p may also be part of this complex, given genetic interactions 

between EDE1, PAN1, and END3 [61]. This suggestion was based on the analogy between this complex 

of EH domain-containing proteins with associated partners and the network of EH domain proteins and 

their partners involved in endocytosis in mammalian cells, the function of which appears to be more 

clearly defined [36]. The discovery that some of the corresponding yeast (Ede1p, Ent1/Ent2p), and 

mammalian proteins (Eps15, Epsins) contain ubiquitin-binding domains (Fig. 1), and improvements in our 

understanding of the role of ubiquitylation events in yeast and mammalian endocytosis have led to the 

formulation of new hypotheses concerning the possible function of some of the proteins in these 

complexes as adaptors, as detailed below. 

 

 

2- Ubiquitin and the internalization step of endocytosis 
 

A striking difference between endocytosis in mammals and yeast, first described years ago, is the 

almost complete absence in yeast plasma membrane proteins of the classical Tyr-based, or di-Leu-based 

internalization signals known to be recognized by AP2 in mammalian cells. This finding is consistent with 

the lack of involvement of AP2-like adaptors in yeast endocytosis. It is currently thought that, for the vast 

majority of yeast plasma membrane proteins, endocytic signals result from the posttranslational 

modification of these proteins by ubiquitin (previously reviewed in [1, 2, 21]. Progress towards 

understanding the molecular mechanisms underlying ubiquitin-dependent endocytosis in yeast has been 

made in parallel with the recognition that ubiquitylation events are involved in endocytosis in mammalian 

cells. The demonstration that ubiquitin has a function in endocytosis was unexpected, given previous 
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knowledge concerning the requirement of ubiquitin for degradation by the proteasome, and the 

degradation of proteins in the lysosome/vacuole after endocytosis.  

 

2-1- Ubiquitin-dependent endocytosis in yeast : a general process  
 

2-1-1- The discovery of ubiquitin-dependent endocytosis 

The link between ubiquitin and endocytosis in yeast was discovered almost simultaneously in 

different laboratories, using three approaches: 1) analysis of the downregulation of Ste6p, the ATP-

binding cassette (ABC)-transporter for secretion of the pheromone a-factor [64], 2) demonstration that the 

endocytic signal identified in a C-terminal truncated form of Ste2p, the receptor for α-factor, was an 

ubiquitylation signal [65], and 3) cloning of a gene involved in the downregulation of amino acid 

permeases, which  was found to encode a ubiquitin protein ligase [66]. 

In a pioneering study, Kölling and coworkers observed the accumulation in plasma membrane 

fractions prepared from a mutant with impaired endocytic internalization, of ubiquitylated forms of Ste6p 

[64]. These forms were less abundant in a mutant lacking two ubiquitin-conjugating enzymes, Ubc4p and 

Ubc5p, and this mutant was protected from Ste6p degradation. This suggested that a ubiquitylation event 

might precede and be required for Ste6p internalization. Secondly, extensive work was devoted to 

determining the endocytic signals in the α-factor receptor, Ste2p, by tracing α-factor internalization by 

truncated or mutated receptors. A non-classical signal, SINNDAKSS, was found to be necessary and 

sufficient for the ligand-induced endocytosis of a C-terminally truncated Ste2p. Within this sequence, the 

Lys residue was found to be critical [67]. These observations were clarified with the understanding that 

this residue is the target for α-factor-induced ubiquitylation of the truncated receptor, which is required for 

internalization [65]. The third line of evidence for a link between ubiquitin and endocytosis in yeast was 

obtained by genetic analysis of the ammonium-induced downregulation of amino acid permeases 

(reviewed in [68]). The discovery that one gene involved in this process, NPI1, encodes a ubiquitin-

protein ligase of the HECT family, Rsp5p (Fig. 1) [66], and that a human homolog of this enzyme, Nedd4, 

is critical for downregulation of the epithelial sodium channel ENaC, provided major insights into the 

emerging field of ubiquitin-dependent endocytosis (reviewed in [2, 21, 50]). 

Rsp5p was then demonstrated to be involved in constitutive ubiquitylation of the uracil permease, 

Fur4p [69], and ammonium-induced ubiquitylation of the general amino acid, Gap1p [70]. Impairments 

affecting Rsp5p, or mutations of the two target lysines in the two permeases inhibit their ubiquitylation, 

thereby preventing internalization [69-72]. The fusion of ubiquitin in-frame at the N-terminus of a mutant 

form of uracil permease lacking the two target lysines trapped at the plasma membrane results in the 

partial restoration of permease internalization [5]. Similarly, the fusion in-frame of ubiquitin restores some 

internalization of variant forms of α-factor and a-factor receptors lacking their own ubiquitylation signals 

[73, 74]. Moreover, the fusion in-frame of ubiquitin to a stable plasma membrane protein, the [H+] 

ATPase, leads to the internalization and subsequent vacuolar degradation of this protein [73]. These 

data, together with the observation that endocytic cargoes accumulate in ubiquitylated forms in mutants 

defective for the internalization step of endocytosis, demonstrate that ubiquitylation is required for, and 
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precedes the internalization of many plasma membrane proteins, and that ubiquitin (monoubiquitin) 

constitutes an internalization signal in itself. 

It soon became clear that ubiquitylation is a prerequisite for the internalization of most known 

plasma membrane substrates of endocytosis, and that Rsp5p, the only HECT ligase of the Nedd4 family 

in yeast, is the only ubiquitin protein ligase involved in this posttranslational modification [1, 21, 50, 75]. 

The only exception reported to date in this apparent general requirement for ubiquitin in yeast 

internalization is the ligand-induced internalization of the a-factor receptor, Ste3p. Whereas constitutive 

Ste3p endocytosis displays typical ubiquitin-dependence [74, 76], Ste3p ligand-dependent internalization 

and recycling proceeds normally after conservative Lys to Arg mutations at all possible ubiquitin acceptor 

sites [77]. Ligand-dependent Ste3p endocytosis has been shown to involve a specific signal, NPFSTD, 

recognized by the protein Sla1p, linked to the actin cytoskeleton, which has been suggested to act as an 

endocytic adaptor [78]. It should be noted that a di-Leu motif is required for endocytosis of the Gap1p 

permease [79]. Point mutations in the di-Leu signal, or small deletions in this region, impair endocytosis 

but not ubiquitylation of the Gap1p permease, suggesting that this region of the protein is involved in 

endocytosis, at a stage downstream from ubiquitylation [70, 79]. No endocytic adaptor has yet been 

identified in this case. 

  

 

2-1-2 Type of ubiquitin modification in cell-surface transmembrane proteins  

The efficient recognition of proteins by the proteasome requires polyubiquitin chains at least four 

subunits long, which in most cases appear to be linked via the Lys48 of ubiquitin [9]. It was suggested 

that ubiquitylated plasma membrane proteins may escape recognition and subsequent degradation by the 

proteasome, probably depending on the type of ubiquitin chain they receive. Indeed, some yeast plasma 

membrane proteins appear to display mono-ubiquitylation, whereas others are modified by the addition of 

K63-linked di/tri-ubiquitin residues ([1, 2, 21, 50] for review). 

The list of membrane proteins which are post-translationaly modify with ubiquitin is continually 

increasing, and currently comprises thirty three proteins, including transporters, ABC-transporters, (list in 

[50]), and receptors. Data concerning the ubiquitin profiles of six of these proteins are now available. 

Ste2p is monoubiquitylated on several lysines (multi-monoubiquitin) [80], as are probably the galactose 

permease, Gal2p, and the maltose permease [81-83]. Ste3p, Gap1p, the zinc transporter, Ztr1p, and 

Fur4p have been shown to be modified by small chains of two to three ubiquitins, each attached to one, 

two or more target lysine residues [71, 74, 84, 85 , 86 ]. The ubiquitylation pattern of Fur4p and Gap1p 

has been analyzed in cells lacking the Doa4p ubiquitin isopeptidase (which have lower than normal 

intracellular free ubiquitin concentrations [87], and which are therefore impaired in ubiquitylation 

processes) and overproducing either wild-type or variant ubiquitins incompetent for the formation of K29-, 

K48- or K63-linked ubiquitin chains. Both transporters carry two target Lys residues [71, 72] that can 

accept up to two or three ubiquitin residues, linked via the Lys63 residue of ubiquitin [84, 86]. For both 

transporters, the addition of one ubiquitin to the two target lysines (multi-monoubiquitylation) appears to 

be sufficient for some endocytosis to occur, but the formation of Lys63-linked short ubiquitin chains is 

required for efficient internalization. Moreover, although the fusion of ubiquitin in-frame at the N-terminus 
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of the variant of Fur4p lacking the two target lysines restores permease internalization, the rate of uptake 

is five times higher if ubiquitin is fused in-frame to the wild-type permease also modified by adding a short 

chain of di-ubiquitin to each of its target lysines [5]. Although mono-ubiquitylation is sufficient for Ste3p 

endocytosis, there is evidence to suggest that multi-ubiquitylation also increases the rate of internalization 

[74]. Whether Fur4p and Gap1p, two of the few known ubiquitylated substrates carrying Lys63-linked 

ubiquitin residues, are representative of a larger class of Rsp5p plasma membrane substrates, remains to 

be determined. A recent proteomic study of ubiqutylated yeast proteins has shown that Lys63 chains are 

far more abundant than previously thought [88].  

 

 

2-1-3- Ubiquitylation motifs on target plasma membrane proteins 

 Target lysines for ubiquitylation have been identified in a number of cases. Investigations 

aiming to define the cis signals required for ubiquitylation have revealed that an acidic stretch in the 

linker region connecting the two halves of the ABC-transporter Ste6p [89], and an N-terminal acidic 

PEST-like sequence in Fur4p [90] and in the maltose permease Mal61p [81] are essential. 

Furthermore, many yeast transporters are phosphorylated. It is known at least for soluble proteins that 

phosphorylation, notably within PEST sequences, is frequently linked to ubiquitylation [9]. The PEST 

sequence of Fur4p displays serine phosphorylation in its PEST region, a modification required for 

permease ubiquitylation at nearby lysines [71, 90]. Phosphorylation in this sequence is partly 

dependent on the redundant Yck1p/Yck2p casein kinase I homologs [71]. Similarly, the unique target 

Lys in the Zrt1p zinc transporter is 14 amino acids away from a short acidic sequence containing 

several serines required for Zrt1p ubiquitylation [91]. Two phospho-acceptor residues in the linker 

region of Ste6p are also important for phosphorylation, efficient ubiquitylation, and internalization [92, 

93]. Finally, the acidic, Ser-rich sequence, SINNDAKSS of Ste2p is the target of both phosphorylation 

partly due to Yck1p/Yck2p, and ubiquitylation [94]. So, when documented, critical Lys residues are 

generally located within or adjacent to these acidic sequences potentially important for recognition by 

the ubiquitylation machinery. 

The Lys residue of the cis signal SINNDAKSS, is one of the major ubiquitylation sites in the 

full-length Ste2p receptor [80]. A motif similar to the SINNDAKSS sequence, DAKTI, has been 

identified in the acidic region of Ste6p required for ubiquitylation of the protein [89], although a Lys-to-

Arg mutation within this motif had only a minor effect on Ste6p turnover (suggesting the involvement of 

additional Lys residues). Two Lys residues included in similar sequences, ERKS and EYKS, have 

been shown to be essential, together with three other nearby lysines, in the ubiquitylation and turnover 

of the tryptophan permease, Tat2p [95]. One of the two adjacent lysine residues required for Fur4p 

ubiquitylation is also included in a similar sequence, EYKSS. We suggest that Lys residues included in 

D/EXKS/T motifs are probably primary targets for the ubiquitylation of plasma membrane proteins, at 

least in yeast. In a proteomics approach, attempts have recently been made to identify ubiquitylated 

proteins in cells with 6His-tagged ubiquitin as their sole ubiquitin [88]. Potentially ubiquitylated proteins 

(retained on Ni colunms), included 12 plasma membrane transporters. Precise ubiquitylation sites 

were identified in six transporters including three proteins that have already been shown to be 
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ubiquitylated. Strikingly, the target Lys identified in these transporters lie in very acidic motifs, often 

rich in Ser residues. Phosphorylation sites were also identified within nine transporters. For two of 

these transporters the ubiquitylated target Lys lie very close to the identified phosphorylated amino 

acids and lie in a D/EXKS/T motif. It remains to define whether the identified target Lys are 

ubiquitylated at the plasma membrane, as ubiquitylation is also involved in other trafficking steps. The 

very same physiological condition can trigger both Rsp5p-dependent ubiquitylation and internalization 

of a given plasma membrane transporter, and ubiquitylation at an intracellular location leading to 

diversion of neosynthesized transporter for lysosome/vacuolar degradation pathway without passing 

through the plasma membrane (reviewed in [50]). The target Lys in Gap1p identified in the above 

study differs from the two target Lys shown to be ubiquitylated at the cell surface following the addition 

of ammonium to cells cultured in nitrogen-poor medium [72], and the function of this modification 

remains to be determined. Uracil permease, Fur4p undergoes both substrate-induced plasma 

membrane internalization, and direct vacuolar routing if synthesized de novo in the presence of its 

substrate [5]. The ubiquitylation required for endosome sorting and vacuolar degradation, also Rsp5p-

dependent,  did not require prior phosphorylation of the PEST sequence of Fur4p [5], whereas plasma 

membrane ubiquitylation did [90]. The two target Lys for plasma membrane ubiquitylation [71] were 

also sites of ubiquitylation for endosome sorting, together with other Lys [5]. Thus, even for the same 

protein, the sequences required for ubiquitylation by the same enzyme are not the same at different 

intracellular locations. Obviously, the proteomic approach, performed for cells cultured in standard 

conditions, should be complemented with data obtained in defined physiological conditions 

corresponding to known trafficking of a given transporter. If this study requires complementary 

analyses, it constitutes an important step in determining whether the ubiquitylation sites in plasma 

membrane transporters display some signature. The data currently available, conforting prior studies, 

highlight the link between the phosphorylation, D/EXKS/T motifs, and ubiquitylation, possibly at 

plasma membrane, of some transporters. 

 

2-1-4- Interactions between Rsp5p and its plasma membrane substrates 
Although much is already known about the putative ubiquitylation signals in yeast transporters 

and, to a lesser extent, the role played by Rsp5p domains in this process (see below), we still have no 

clear overall picture of the way in which Rsp5p interacts with transporters. 

Rsp5 is the only member of the Nedd4 family of HECT-E3 proteins in yeast and is currently the 

only ubiquitin ligase shown to be involved in the posttranslational modification of yeast cell-surface 

proteins [21]. The three WW domains of Rsp5p have been shown to be important for Ste2p ubiquitylation 

[96], whereas only the second and moreover the third WW are required for the efficient ubiquitylation of 

Fur4p ([97] and Marchal and Urban-Grimal, unpublished data). These data suggest that the Rsp5p WW 

domains, or a subset of these domains, are involved, directly or indirectly, in substrate recognition. 

However, Rsp5p-WW domains are Group I WW that bind PPXY motifs [98] and yeast cell-surface 

proteins include generally no obvious PPXY motifs that could accommodate the direct binding of Rsp5p-

WWs. Thus, there may be other, currently unknown motifs involved in the interaction of Rsp5p via its WW 

domains, or Rsp5p may interact with its plasma membrane substrates via a novel type of interaction, or 
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with the assistance of adaptors. The Bul proteins are possible candidate adaptor proteins. Bul1p interacts 

physically with Rsp5p via its PPXY motif, and Bul2p is a homolog [99, 100] . Both Bul proteins contain a 

PPXY motif and a mutant Bul1p protein with an altered PY-motif has been shown to be defective in 

Rsp5p binding [100]. Bul1p has been shown to interact with Rsp5p functionally, biochemically, and 

genetically [99, 100]. Bul1p has been shown to assist Rsp5p in several of its many functions  in the cell 

[72, 101-104]. Both proteins are conjugated with ubiquitin, the role of this modification being unknown 

[88]. Deletion of BUL1 and BUL2 impairs cell-surface ubiquitylation and downregulation of the cell-surface 

transporters Gap1p [72] and Fui1p (Volland, personal communication) but has no effect on Fur4p 

(Castillon and Urban-Grimal, personal communication). Thus, the Bul proteins may be involved in the 

recognition of only a subset of of Rsp5p plasma membrane substrates.  

A last possibility would be that productive Rsp5p-membrane proteins interaction at the cell 

surface could be only transient and weak as already postulated for Nedd4-Eps15 interaction [105]. No 

physical interaction has been found between Rsp5p and the cytoplasmic part of Fur4p containing the 

PEST signal for ubiquitylation (even if a PEST variant efficiently constitutively ubiquitylated in vivo after 

changing all Ser residues to Glu, which mimics phosphorylation, was used) (Castillon and Urban-Grimal, 

unpublished data). Rsp5p is peripherally associated with membranes and has been shown to function as 

part of a multimeric protein complex at the plasma membrane [96, 106]. One possiblity would be that at 

this location Rsp5p could be able to recognize any of its target lysines provided that they are uncovered 

following a change in the conformation of the substrate protein due to phosphorylation at a nearby site. 
Whatever the mode of interaction between Rsp5p and its plasma membrane substrates, little is 

known about the regulation of this interaction. Ste2p displays ligand-induced hyperphosphorylation, which 

is required for subsequent ubiquitylation, and the downregulation of many transporters is also highly 

controlled. The cell-surface ubiquitylation of Gap1p, Zrt1p, the Mg++ transporter, sugar transporters and 

Fur4p is induced and/or accelerated in the presence of ammonium, zinc, magnesium, glucose, and uracil, 

respectively. Other plasma membrane transporters have been reported to undergo controlled 

downregulation, but it is not yet defined whether this downregulation depends on ubiquitylation events 

(reviewed in [50]). It is unclear whether such regulation depends on phosphorylation, or whether these 

transporters display specific conformational changes, exposing critical lysine residues. The possibility that 

Rsp5p activity is specifically regulated also remains to be addressed, by analogy with data reported in 

mammals (see below).  

 

2-1-5- Other roles of Rsp5p in the internalization process 
 

Several observations have suggested that, in addition to its function in the ubiquitylation of 

plasma membrane cargoes, Rsp5p may have other functions in internalization. WW1 and WW3 domains 

appear to be important in fluid-phase endocytosis [96, 97]. Strikingly, mutations in the WW1 domain 

strongly inhibit fluid-phase endocytosis, but have no effect on Fur4p ubiquitylation and internalization 

([97], and Marchal and Urban-Grimal, unpublished observations). Hence, the WW1 domain of Rsp5p may 

have a substrate/partner that is essential for fluid phase endocytosis. The C2 domain of Rsp5p appears 

to be the critical element controlling the location of the protein in both the plasma membrane and 

endosomal compartments [106, 107]. Although deletion of the C2 domain has no effect on α-factor 
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internalization it has been reported to inhibit fluid phase endocytosis [96],  and to lead to a marked 

decrease in the rates of internalization of Fur4p [106] and Gap1p [108], with no apparent effect on the 

ubiquitylation of these proteins. These findings indicate that, in addition to its role in the ubiquitylation of 

these plasma membrane proteins, Rsp5p is involved in their internalization, via a process dependent on 

the C2 domain. This led to the suggestion that the Rsp5p-dependent ubiquitylation of a trans-acting 

protein might be required for the internalization step of endocytosis [109]. Support for this hypothesis was 

provided by the observation that temperature-sensitive rsp5 mutant cells are defective in the 

internalization of α-factor by a Ste2p-ubiquitin chimera, a receptor that does not require posttranslational 

ubiquitylation for internalization. Similarly, a modified version of Ste2p bearing a NPFXD linear peptide 

sequence as its only internalization signal (ubiquitin-independent) was not internalized in rsp5 cells. The 

internalization of these variant receptors and fluid-phase endocytosis were found to be dependent on the 

catalytic cysteine residue of Rsp5p [109]. 

The substrate(s) of Rsp5p critical for efficient internalization remains to be identified. Proteins 

playing an important role in organization of the actin cytoskeleton are potential candidates. Synthetic 

lethality was observed between mutations in RSP5, and mutations in several genes encoding proteins 

important for cytoskeleton organization, including Vrp1p/End5p, Pan1p and End3p [110, 111] or proteins 

colocalized with the actin cytoskeleton, such as Ede1p, the homolog of Eps15 [61]. Mutants with impaired 

actin cytoskeleton organization have been shown to display dislocalization of Rsp5p [106, 111]. 

Moreover, point mutations in the WW1 domain of Rsp5p result in resistance to latrunculin, a drug that 

sequesters actin monomers [111]. The link between Rsp5p and the actin cytoskeleton was further 

underlined by systematic genomic approaches. Large-scale analysis of protein complexes has revealed 

that Rsp5p interacts with actin, and with Las17p (Bee1p), a member of the Wiskott-Aldrich Syndrome 

protein (WASP) family of actin-assembly proteins. Affinity precipitation and two hybrid analysis, 

respectively, have shown an interaction between Rsp5p and two Las17p partners, Lsb1, and 

Lsb7p/Bzz1p required for the recruitment of actin polymerization machinery [112]. Affinity precipitation 

also evidenced an interaction between Rsp5p and the two amphiphysin homologs, Rvs161p and 

Rvs167p. Interestingly, Lsb1p and Rvs167p both display PPXY motif potentially recognized by Rsp5p 

WW domains. The interaction between Rsp5p and the amphiphysin homolog Rvs167p was indeed 

documented by two hybrid and biochemical technics [107]. Furthermore, Rvs167p was demonstrated to 

undergo Rsp5p-dependent monoubiquitylation on a target Lys (Lys481) within Rvs167p SH3 domain. 

However, mutation of this Lys to Arg did not impair fluid phase endocytosis nor α-factor internalization 

[107]. Although these data provide the first identification of an Rsp5p substrate among proteins required 

for endocytosis and actin cytoskeleton organization, the potential role of Rsp5p on the endocytic 

machinery and/or actin cytoskeleton organization remains to be defined. Whether the mammalian 

amphiphysin also undergo ubiquitylation also remains an open question.  

 

 

2-2- Ubiquitylation events and endocytosis in animal cells: a variety of situations 
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Early reports described the ubiquitylation of several cell-surface receptors in mammalian cells 

(first published example [113], other cases reviewed in [2, 114], and Table II). In parallel to the study of 

ubiquitin-dependent endocytosis in yeast, a link was also established between ubiquitin and endocytosis 

in mammalian cells, although only some plasma membrane proteins undergo cell-surface ubiquitylation. 

A variety of situations were identified, involving different ubiquitin ligases for different classes of cell-

surface proteins. The direct ubiquitylation of very few endocytic substrates seems to be required for their 

internalization. In other cases, recruitment of the ubiquitylation machinery to a receptor appears to be the 

critical step. Some receptors appear to undergo ligand-induced ubiquitylation at the cell surface, but this 

process is not required for the internalization of these receptors. Moreover, the ubiquitylation of some of 

the proteins of the endocytic machinery seems to accompany or to be required for internalization. The link 

between ubiquitylation and internalization thus appears to be more complex in mammalian cells than in 

yeast. 

 

 2-2-1- A role for ubiquitin ligases of the Nedd4/Rsp5 family in the downregulation of 

channels, transporters and receptors 
In parallel to the discovery that Rsp5p is crucial for the downregulation of several yeast plasma 

membrane proteins [66, 69], the crucial role played by one isoform of Nedd4s, namely Nedd4-2 [24] in 

downregulation of the sodium channel ENaC was demonstrated [115-117]. ENaC plays an essential role 

in renal sodium management. This channel consists of three subnits (α, β, γ), each of which contains a 

conserved PXY motif at its C-terminus. Deletion or mutation of the PXY motifs of the ß or γ subnit of 

ENaC results in Liddle’s syndrome, a hereditary form of arterial hypertension in which ENaC activity is 

abnormally high. The PXY motifs of ENaC serve as binding sites for the WW domains of Nedd4, and 

mutations in these PY motifs abolishes the binding of this enzyme. Consistent with its ability to associate 

with Nedd4, ENaC is regulated by  ubiquitylation, which takes place primarily on a cluster of lysine 

residues in the γ subnit. Mutation of these lysines leads to the impairment of channel ubiquitylation and an 

increase in channel density at the cell surface. Moreover, in a Xenopus oocyte system, it has been shown 

that the overproduction of wild-type Nedd4, but not of catalytically inactive Nedd4, leads to the inhibition 

of channel activity in a PXY-dependent manner, providing conclusive proof that Nedd4 is responsible for 

the ubiquitylation and downregulation of ENaC (reviewed in [21]). Two other channels also appear to 

display ubiquitin-dependent downregulation controlled by E3s of the Nedd4 family (Table II). The cardiac 

voltage-gated Na+ channel (rh1), which contains PXY motifs, is also negatively regulated by Nedd4 when 

produced in Xenopus oocytes [118]. The C-terminus of the chloride channel ClC5 has a PXY motif that is 

critical for its downregulation in response to interaction with an E3 of the Nedd4 family, possibly WWP2 

[119].  

A few receptors belonging to different families were also demonstrated to undergo 

downregulation mediated by ubiquitin ligases of the Nedd4 family (Table II). Insulin-like growth factor I 

receptor (IGF-IR), previously known to interact with the adapter Grb10, was demonstrated to undergo 

Nedd4-dependent ubiquitylation. Surprisingly, in this case, interaction of Nedd4 with its substrate was not 

mediated by Nedd4 WW domain, but by Grb10, acting as an adapter linked to Nedd4 C2 domain, as first 

evidenced by Nedd4/Grb10 two hybrid interaction [120]. AIP4/Itch was found to promote agonist-induced 
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ubiquitylation of the chemokine receptor CXCR4, a representative of the superfamily of G protein-coupled 

receptors (GPCRs) [121], that plays a critical role in HIV infection [122]. CXCR4 is ubiquitylated (likely 

monoubiquitylated) at the plasma membrane, as inhibition of internalisation by expression of dominant 

negative form of dynamin leads to an accumulation of ubiquitylated CXCR4 [123]. In this case, 

ubiquitylation seems to be required for late steps of receptor endocytosis rather than internalization [123].  

Ubiquitin ligases of the Nedd4 protein family are not always constitutively active on their plasma 

membrane substrates. It has long been known that ENaC activity is subject to complex regulation by a 

number of hormones, including aldosterone. This regulation seems to involve Sgk1 kinase (serum and 

glucocorticoid regulated kinase), a member of the Akt family of Ser/Thr kinases, which is induced by 

aldosterone, and stimulates ENaC. Based on the observation that Sgk1 has a PXY motif, and that Nedd4-

2 includes two consensus sites for phosphorylation by Sgk1, Staub and coworkers showed that Sgk1 

phosphorylates Nedd4-2 in a PXY-dependent manner in Xenopus oocytes, and that this phosphorylation 

reduces the interaction between Nedd4-2 and ENaC, leading to high levels of ENaC at the cell surface 

[124]. Extensive use of the Xenopus oocyte system injected with cRNA encoding active or inactive forms 

of Nedd4-2 and Sgk1 has revealed similar opposite role of these two enzymes in the downregulation of 

several transporters, the astrocyte aminoacid transporter SN1 [125], the glial glutamine transporter 

EAAT1 [126], and the intestinal phosphate transporter NaPi [127], supporting the idea that Sgk-

dependent regulation of the interaction of Nedd4-2 with its substrates might be a general process.  

A further level of complexity in the role of the ubiquitin system in the endocytic pathway was also 

illustrated in several cases with the demonstration that ubiquitylation of a given substrate sometimes 

involves several E3s. Ubiquitylation and downregulation of the epidermal growth factor receptor (EGFR) 

appear, in some cases, dependent on both the HECT ligase AIP4, and the RING finger protein Cbl3 that 

were described to interact [128]. Similarly, the receptor Notch, a protein involved in cell fate decision in 

many mammalian cell types, was described to interact with the mouse Nedd4-like Itch [129] and the 

RING cCbl [130], and to undergo ubiquitylation (polyubiquitylation ?) by both enzymes. The precise 

function of ubiquitylation in Notch signalling was recently documented, and is quite unsual. Binding of 

Notch ligands (such as Delta) was known to trigger successively a proteolytic cleavage in the extracellular 

domain of the receptor due to a protease of the ADAM family, TACE [131], followed by a cleavage in the 

transmembrane domain of the remaining protein by γ-secretase. This leads to release of the intracellular 

(ICv) domain, which then translocates to the nucleus. It was recently demonstrated that γ-secretase 

cleavage requires prior monoubiquitylation and subsequent endocytosis of Notch [132].The E3 

responsible for this precise modification of Notch remains to be identified.  

In this rapid overview of the involvement of proteins of the Nedd4 family in the endocytic pathway 

of various plasma membrane substrate, it seems that in most cases, ubiquitylation is a plasma membrane 

event leading to cargo internalization (channels, transporters, some receptors). In at least one case 

(CXCR4), ubiquitylation, although occuring at plasma membrane, appears required for later endocytic 

steps. In addition, it seems that Nedd4 might also display a dual regulation of some receptors at two 

trafficking steps, in scenarios similar to the downregulation of yeast transporters by Rsp5p-dependent 

ubiquitylation at two intracellular levels. Drosophila Nedd4 has been shown to control the Roundabout 

(Robo) receptor in axon guidance at the central nervous system (CNS) midline. It was previously defined 
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by genetic studies that the transmembrane protein Comm is a negative regulator of Robo. Myat et al. 

showed that the internalization of Comm and of Comm/Robo from the cell surface is a DNedd4-mediated, 

ubiquitin-dependent event. They demonstrated that DNedd4 binds and ubiquitylates Comm in a PPxY-

dependent way. These data suggested that DNedd4 activity is necessary for the internalization of Comm 

and that Comm acts as an adaptor-like protein that can cotarget Robo for internalization [133]. Data 

reported by Keleman et al. showed that transient production of Com prevents Robo from reaching the cell 

surface by binding to this receptor and targeting it directly to endosomes [134]. The two processes might 

also work together for optimal downregulationof Robo, by similarity to Rsp5p-dependent trafficking of 

yeast transporters [50]. 

 

2-2-2: Role of known and unknown E3s in ubiquitin-dependent downregulation of cytokine 

receptors 
The historical example of ubiquitin-dependent downregulation of GHR differs considerably from 

the ubiquitin-dependent endocytosis of ENaC, or of most other studied receptors. GHR is a member of 

the cytokine receptor superfamily. In reponse to growth hormone (GH), two receptor polypeptides 

dimerize, turning on a cascade of events leading to signal transduction and degradation of the receptor 

[135]. In 1987, it was observed that the growth hormone receptor (GHR) was ubiquitylated [135]. Nine 

years later, Strous and coworkers made the link between ubiquitin and endocytosis of the GHR: GHR 

was not degraded upon ligand binding at restrictive temperature in Chinese hamster ovary cells, which 

present a temperature-sensitive defect in ubiquitin conjugation [136]. Thus, the ubiquitin system is 

required for ligand-induced GHR endocytosis. The amino acid sequence DSWVEF337IELD was shown to 

be required for the ubiquitin-dependent internalization of GHR, and was designated the UbE motif [137]. 

However mutation of lysines in the cytoplasmic tail of a truncated version of the GHR (GHR 1-399), the 

internalization of which depends on the UbE motif and the integrity of the ubiquitin conjugation system 

[138], did not impair internalization of the truncated GHR. Thus, internalization requires recruitment of the 

ubiquitin conjugation system to the GHR UbE motif, rather than the conjugation of ubiquitin to the GHR 

[137]. These data suggest that ancillary proteins of the endocytic machinery may be ubiquitylated, or that 

factors of the ubiquitin conjugation system itself may act as adaptors for the endocytosis machinery 

(reviewed in [139]). Strikingly, the UbE motif has been demonstrated to be required for recruitment of the 

GHR to clathrin-coated pits [140]. The use of a glutathione S-transferase (GST)-pulldown assay indeed 

allowed identification of a protein binding the UbE (small glutamine-rich tetratricopeptide repeat (TPR)-

containing protein), but in an ubiquitin-independent way [141], suggesting that other UbE partners have 

yet to be indentified. Although GHR ubiquitylation does not appear to be required for endocytosis, GHR 

nonetheless undergoes ubiquitylation during endocytosis. The use of two different approaches to inhibit 

internalization, β-methyl cyclodextrin treatment, which inhibits endocytosis at the stage of coated vesicle 

formation, and overproduction of a dominant negative mutant form of dynamin, which prevents the 

detachment of clathrin-coated vesicles from plasma membrane, made it clear that GHR is ubiquitylated at 

the plasma membrane before endocytosis [142].   

The β and γ chains of the interleukin-2 receptor (IL2R) also belong to the cytokine receptor 

superfamily, whereas the IL2R � chain does not. The IL2R is internalized following the binding of 
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interleukin-2 (IL2). After endocytosis, the three subunits are sorted differently: the α chain is recycled, 

whereas, the β and γ chains are targeted to late endocytic compartments [143]. The β subunit of this 

receptor is monoubiquitylated. Neither this monoubiquitylation, nor an intact ubiquitin conjugation system, 

is required for the internalization step of endocytosis. However, ubiquitylation seems to be a signal 

involved in sorting from the early/recycling endosome to late endocytic compartments [144]. Hence, 

ubiquitylation events are associated with the endocytosis of several receptors of the cytokine receptor 

superfamily, some of which are internalized by clathrin-coated vesicles (GHR), and some of which are not 

(IL2R) [48]. It should be noted that, neither for IL2R nor for GHR has the E3 involved in ubiquitylation 

been identified.  

 The type I interferon (IFN) receptor, another cytokine receptor consisting of IFNAR1 and IFNAR2 

subunits, is still todate, to our knowledge, the unique example of a receptor ubiquitylated by a RING finger 

enzyme of the SCF (Skp1/Cullin/F-box) family of E3. In these multisubunits E3s, the substrates are 

recognized by specific F-box proteins. IFNAR1 was shown to interact with the Homolog of Slimb (HOS) F-

box protein, an interaction promoted by interferon alpha (IFNα) that triggers IFNARI phosphorylation. 

SCFHOS expression and activity is required for IFNalpha-stimulated ubiquitylation and downregulation of 

IFNAR1, probably associated with IFNAR2 [16]. In contrast to the case of IL2R, SCFHOS- dependent 

ubiquitylation of IFNAR1 appears required for receptor internalization. 

 

2-2-3- Ubiquitin-dependent downregulation of cell surface proteins by PHD ubiquitin 
ligases 

Ubiquitylation events have also been reported to play a key role in the downregulation of cell 

surface proteins during host immunity system evasion following infection with Kaposi's sarcoma-

associated herpes virus (KSHV). KHSV is a recently identified herpes virus responsible for Kaposi's 

sarcoma, a neoplasm common in individuals suffering from AIDS. After viral infection, major 

histocompatibility complex (MHC) class I molecules and other molecules (B7-2 and ICAM-1) involved in 

immune recognition are rapidly downregulated. These molecules are efficiently synthesized and targeted 

to the plasma membrane, but then rapidly undergo endocytosis followed by degradation in the 

lysosomes. The viral genome contains two genes, K3 and K5, encoding transmembrane proteins (now 

named modulator of immune recognition MIR1 and MIR2) with cytoplasmic PHD domains. MIR1 and 

MIR2 were reported to promote the PHD-dependent cell-surface ubiquitylation of MHC Class I, B7-1 and 

ICAM-1 [145, 146]. Mutation of the two lysine residues in the cytosolic tail of MHC class I molecules 

blocks both MHC class I ubiquitylation and downregulation [145, 146]. The transmembrane segment of 

MIR2 plays a critical role in target recognition, and the transmembrane and juxtamembrane regions of the 

target MHC class I molecule make a key contribution to recognition by the MIR proteins [145].  

Analysis of the sequences of other viral genomes has indicated that transmembrane PHD-

containing proteins are present in a considerable number of DNA viruses of the herpesvirus and poxvirus 

families, and it was predicted that some of these proteins could act as E3 involved in trafficking events 

[14]. Indeed, M153R, a PHD-containing protein of poxviruses, homolog to K3 and K5 downregulates the 

T-cell coreceptor CD4 and MHC-I in an ubiquitin-dependent way [147]. The discovery of transmembrane 

human proteins homolog to K3/K5, membrane-associated RING-CH (MARCH) proteins, suggested that 
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they might play similar roles, an hypothesis which was tested with known substrates of the viral K3 family. 

Two closely related proteins, MARCH-IV and MARCH-IX, reduced surface expression of MHC-I 

molecules whereas MHC-I molecules lacking lysines in their cytoplasmic tail were resistant to 

downregulation [148]. The functional similarity of the MARCH family and the K3 family suggests that the 

viral immune evasion proteins were derived from MARCH proteins, a novel family of transmembrane 

ubiquitin ligases.  

 

 2-2-3- Cbl and its role in the ubiquitylation and endocytosis of tyrosine kinase receptors 
Cbl was first identified as the cellular homolog of v-Cbl, a protein expressed by murine 

retroviruses that potently induces B-cells lymphomas [149]. In mammals, the Cbl family comprises three 

members,  c- Cbl, Cbl -b and Cbl -c (also named Cbl3), of which c- Cbl is the most studied. c- Cbl, Cbl -b 

are ubiquitous proteins which exhibit enhanced expression in hematopoïetic tissues, whereas Cbl-c is 

mostly expressed in epithelial cells. The N-terminus of Cbl proteins contains a TKB (Tyrosine Kinase 

Binding) domain consisting of a four-helical domain followed by a EF-Hand domain (which link Ca++) and 

a non classical Src homology 2 (SH2) domain. The variable C-terminal half of Cbl carries a long proline-

rich domain, several phosphorylation sites, and a UBA (ubiquitin associated) domain except for Cbl-c. A 

centrally located RING finger domain separates these two parts of the protein (Fig. 1). Extensive studies 

in the past years have highlighted the key role of Cbl family members in downregulation of several 

tyrosine-kinase receptors (RTK). 
(RTKs) are downregulated following ligand binding to surface receptors. As RTKs play a 

determinant role as regulators of cell growth, proliferation and differentiation, extensive investigations 

have been carried out by many groups with a view to elucidating the process of ligand-induced RTKs 

downregulation. One prototype RTK is the epidermal growth factor receptor, EGFR. Upon ligand binding, 

monomeric receptors rapidly dimerize and catalyse auto-phosphorylation on several C-terminal Tyr 

residues that recruit signaling molecules at the cell surface. Efficient internalization then occurs by means 

of clathrin-coated pits that invaginate to form coated vesicles. The first clue to the process underlying the 

internalization of EGFR came from studies of vulva development in worms. Genetic screening in C. 

elegans identified the SLI-1 protein as an inhibitor of the EGFR-induced differentiation of vulva precursor 

cells [150]. SLI-1 is a worm ortholog of the mammalian proto-oncogene Cbl  [151].  

Extensive mutagenesis in the genes encoding both EGFR andc-Cbl, as well as the possibility to 

reproduce EGFR ubiquitylation in vitro showed the sequence of events to be as follows. Binding of EGF 

to EGFR which stimulates the EGFR tyrosine kinase domain, results in an increase in the 

phosphorylation of the C-terminal Tyr residues, including a specific Tyr that then serves as a docking site 

for the TKB domain of Cbl. This interaction triggers the phosphorylation of c-Cbl, resulting in recruitment 

of an E2 and the activation of c-Cbl, which promotes EGFR ubiquitylation [15]. Thus, c-Cbl acts as an E3, 

and its RING finger domain is required for this activity [152]. Cbl mutants lacking a functional RING finger 

domain are unable to mediate receptor ubiquitylation and downregulation. Such mutants include 

oncogenic variants of Cbl, such as N-Cbl [153]. 

It was initially suggested that ubiquitylation of EGFR occured in endosomes [154]. However, it 

was then reported that polyubiquitylated forms of the EGFR receptor accumulated upon addition of EGF 
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to HeLa cell overproducing a mutant form of dynamin that blocks the internalization step of endocytosis. 

Thus, conjugaison with ubiquitin must occur at the plasma membrane before recruitment to clathrin-

coated pits [155, 156]. It was further shown that Cbl and EGFR associate at the plasma membrane, and 

remain associated throughout the endocytic pathway [155]. Whether cell surface EGFR ubiquitylation is 

the key element of receptor internalization, or merely required for later steps of endocytosis is still a 

matter of controversy in the literature. Overproduction of Cbl accelerates degradation of EGFR, while 

overproduction of v-Cbl, a dominant negative form of Cbl inhibiting ubiquitylation does not prevent 

internalization, but favors recycling of internalized EGFR at the cell surface [15, 154]. This led to the 

suggestion that EGFR ubiquitylation, despite its occurrence at the plasma membrane, is probably 

required for late events in the endocytic pathway, such as sorting to the internal vesicles of multivesicular 

bodies (MVB), an ubiquitin-dependent process [3]. This conclusion was further supported by experiments 

performed with a cell line carrying a thermosensitive E1 enzyme, which inhibited receptor degradation 

and not internalization [157]. Contrary to initial conclusions that growth factor receptor are 

polyubiquitylated, experiments performed with antibodies specific against mono- or polyubiquitin, and 

overproduction of mutant forms of ubiquitin unable to form polyubiquitin chains demonstrated that EGFR 

is monoubiquitylated on multiples cytoplasmic tail Lys residues (multi-monoubiquitylation) [158, 159]. 

Fusion of ubiquitin to a truncated form of EGFR lacking its cytoplasmic tail triggers the ability to internalize 

radio-labeled EGF in constitutive way, but with lower rate than that observed with wild type EGFR [158]. 

This observation was interpreted as an additional argument in favor of ubiquitylation acting as an 

internalization signal, and underlined the requirement of multiple monoubiquitins for efficient 

internalization. A possible way to reconcile the various data and models would be to consider that EGFR 

can be internalized by redundant internalization pathways [160, 161], one of these being the 

CIN85/endophilin pathway. In addition to its role in the ubiquitylation of EGFR and various other RTKs 

(Table II), c-Cbl was indeed reported to play a critical role in the internalization of RTKs by recruiting 

various components of the endocytic machinery ([162, 163]. Soubeyran and coworkers searched for 

partners of c-Cbl; they identified CIN85, an adaptor containing three Src-homology 3 (SH3) domains and 

a proline-rich region (Fig. 1). The binding of CIN85 to Cbl is increased by EGF stimulation. Furthermore, 

CIN85 constitutively associates with endophilins via its proline-rich domain and thus recruits endophilins 

to the complex with activated EGFR receptors [162]. In EGF-stimulated cells, EGFR internalization 

requires association with an intact Cbl-CIN85-endophilin complex. These data convincingly demonstrate 

the dual role of c-Cbl in the internalization step of endocytosis. In addition to its action as an E3, c-Cbl 

recruits endophilin via CIN85, possibly facilitating the invagination of membrane pits [164]. Furthermore, 

the Cbl-CIN85-endophilin complex remains associated with EGFR along the endocytic pathway. 

  

 
3- Role of ubiquitin as an internalization signal, and/or in activating or regulating the endocytic 
machinery 
 

The mechanism by which ubiquitin directs cell-surface protein internalization is still unknown. 

Receptors and transporters in yeast lacking sites for posttranslational ubiquitylation in their cytoplasmic 
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domains are  internalized by the fusion in-frame of a ubiquitin molecule lacking lysine residues 

(monoubiquitylation) [5, 73, 74], and a similar situation was reported for a EGFR-ubiquitin chimera [158]. 

Ubiquitin does not carry a functional Tyr- or di-Leu-based internalization signal. However, the single fused 

ubiquitin carries, within its three-dimensional structure, all the information necessary to promote the 

internalization of cell-surface proteins. Scanning alanine mutagenesis revealed that the signal involved 

consists of two hydrophobic patches on the surface of the folded ubiquitin protein. Two surface residues, 

Ile44 and Phe4, are absolutely required for internalization in yeast [73]. Ile44 is also important for 

ubiquitin-dependent internalization in mammalian cells, but the function of Phe4 is unknown [165]. 

Interestingly, whereas Ile44 and the surrounding hydrophobic residues are required for both proteasome 

recognition and endocytosis, a distinct surface region of ubiquitin surrounding Phe4 is required only for 

endocytosis [166].  

 

3-1. Ubiquitin binding domaisn in endocytic proteins 
The question raised by ubiquitin acting as an internalization signal immediately suggested the 

existence of ubiquitin receptors playing a key role in internalization [167]. This hypothesis appeared 

strongly conforted by the identification of a number of ubiquitin binding domains in proteins involved in 

endocytosis. Two ubiquitin-binding motifs, the ubiquitin-associated (UBA) domain and the ubiquitin-

interacting (UIM) motif have been identified in the past years, by bioinformatics approaches [168, 169]. 

The UBA domain consists of about 40 residues and was initially identified in E2s, E3s and other proteins 

associated with ubiquitylation [168]. It was subsequently demonstrated that several UBA-containing 

proteins bind proteins modified by ubiquitin, or bind ubiquitin chains (reviewed in [170]). The UIM motif is 

a stretch of about 20 amino acid residues that probably forms an α-helix. It was originally identified in the 

S5a/Rpn10 subunit of the proteasome, where it was shown to function as a receptor for ubiquitin chains 

[171]. A search for sequence similarities revealed the presence of UIMs, often in tandem, in a variety of 

proteins involved in ubiquitylation and, in trafficking [169]. Several of these UIM- or UBA-containing 

proteins, including Eps15, Ede1p and epsins, are involved in the endocytic pathway in yeast and 

mammalian cells [38, 61, 172]. The ubiquitin ligase c-Cbl also possesses a UBA domain [168], as does 

the yeast Swa2p, a protein required for clathrin assembly/disassembly in vivo [173]. Other ubiquitin 

binding domains more recently identified include the CUE, NZF and GAT domains. A number of 

publications have summarized our present knowledge of the biochemical and structural properties of all 

these domains in the presence or absence of linked ubiquitin, and the present understanding of their 

effect on intracellular trafficking (reviewed in [174]). We will focus below on some points relative to the 

role of UBA and UIM-containing proteins, a number of which are more specifically involved in the 

internalization process. But strikingly, very similar observations were made for ubiquitin-binding proteins 

involved in sorting of ubiquitylated cargoes into MVBs [3]. 

 

3-2. Ubiquitylation of ubiquitin-binding proteins 
Experiments carried out by van Delft et al. showed that, upon stimulation of cells with EGF or 

transforming growth factor alpha, Eps15 is transiently phosphorylated on tyrosine residues and is 

modified by monoubiquitylation [175]. It was recently reported that two UIM motifs at the extreme C-
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terminus of Eps15 are essential for the monoubiquitylation of this molecule [105], and for the binding of 

Eps15 to ubiquitin-containing proteins, with a preference for polyubiquitin chains. Mutations in the first 

UIM motif abolish the monoubiquitylation of Eps15 but do not affect the ability of the protein to bind to 

ubiquitin-binding proteins, whereas mutations in the distal motif did both [105, 176]. Finally, Eps15 UIM 

domains are required for ubiquitylation but are not the sites of ubiquitylation [105, 176]. Eps15 

ubiquitylation appears to be Nedd4-dependent [105]. Initial attemps at understanding the function of 

Eps15 ubiquitylation by construction of various mutant forms of Eps15 with deletions of the UIM-

containing region, or point mutations that abolish ubiquitylation have not revealed clear effects, as the 

mutant proteins were correctly targeted to clathrin-coated pits, and internalization of certain receptors was 

not inhibited [176, 177].  

Very similar results were obtained for mammalian epsins, known Eps15. Interestingly, epsin 

possesses two UIMs (Fig. 1). It was demonstrated that epsin is predominantly monoubiquitylated and that 

these UIM motifs are necessary for epsin ubiquitylation but that they are not the site of ubiquitylation 

[178]. Epsin is possibly ubiquitylated in its ENTH domain. This domain interacts with phosphoinositides. 

This interaction leads to conformational changes, suggesting that it may initiate membrane curvature 

(reviewed in [179]). Epsin ubiquitylation may thus regulate these events. The observation that mammalian 

epsin is ubiquitylated confirms earlier genetic reports on liquid facets, the Drosophila epsin. Mutations in 

liquid facets were found to increase endocytic defects associated with mutations in the gene encoding the 

de-ubiquitylating enzyme Fat facets [180]. Formal prove that Fam, the mammalian homolog of Fat facet is 

indeed the specific ubiquitin isopeptidase responsible for epsin deubiquitylation was recently obtained in 

experiments where si-RNA-mediated suppression of Fam inhibits in vivo epsin deubiquitylation triggered 

by Ca2+ influx into synaptosomes [181]. These overall data indicate that epsin deubiquitylation plays a 

key role in the endocytic process that remains to be determined. 
Isolated UIMs from both mammalian epsins and Eps15 are sufficient to promote the ubiquitylation 

of a chimeric glutathione-S transferase (GST)-UIM fusion protein, suggesting that UIMs may serve as a 

general signal for ubiquitylation [178]. Thus, the same motif in several endocytic proteins may be 

responsible for ubiquitin recognition and monoubiquitylation, a notion that extends to UIM-containing 

proteins involved in MVB sorting [3], and to a subset of proteins containing other ubiquitin binding 

domains. In the case of UIM-containing proteins, a general rule seems to emerge. Ubiquitin attachment 

occurs outside the UIM domain, is limited to monoubiquitylation, and catalyzed by HECT E3, that can also 

catalyze polyubiquitylation of different types. One possible interpretation of these observations is that the 

E3/UIM recognition is mediated by the ubiquitin present in the thiol-ester intermediate of the E3. Once 

ubiquitin is transferred to a UIM-containg protein, the E3 would dissociate, yielding a monoubiquitylated 

substrate.   

Eps15 and epsins have yeast homologs that have been shown to be involved in endocytosis [38, 

61], Deletion of the EDE1 gene, or of one of the two ENT genes, together with a heat-sensitive mutation 

in the second gene (the deletion of both ENT genes is lethal) leads to defective fluid-phase endocytosis 

and to the defective internalization of Fur4p, Ste6p, and Ste2p, respectively [38, 61, 182]. The yeast 
epsins, Ent1p and Ent2p, each display two UIMs, and Ede1p, a yeast homolog of the mammalian Eps15, 

has a C-terminal UBA domain (Fig. 1). The yeast epsins and Ede1p were shown to bind monoubiquitin in 
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vitro, in a way dependent of several conserved UIM residues [182], and the two UIMs cooperate for the 

interaction [183]. The two UIMs of epsins may display functional redundancy in endocytosis with Ede1p, 

possibly due to the ubiquitin-binding properties of the UBA domain of Ede1p [182]. Data reported by 

Aguilar and Wendland slightly modify the view of Ede1p and Ent1/2 properties. These authors showed 

that Ede1p and Ent1p bind one another, like their mammalian counterpart. The UBA Domain of Ede1p 

binds yeast membranes in a ubiquitin-dependent way, and the ENTH domain of Ent1p cooperates with 

the UIMs for membrane recruitment [183]. These data emphasize that the properties of these ubiquitin-

binding proteins are intimately linked to their interactions with lipids. Whereas these data are compatible 

with the attractive hypothesis of Ent/epsin acting as adaptors for ubiquitylated plasma membrane 

proteins, the formal proof of an interaction in situ with a precise ubiquitylated cargo is still lacking, as are 

informations relative to the affinity of UBA/UIM domains of these proteins for monoubiquitin versus 

ubiquitin chains (UbK63-based). It will also be important to determine whether Ent1/2p and Ede1p are 

ubiquitylated, like mammalian epsins and Eps15. 

 

3-3. Other ubiquitylated endocytic proteins 
In addition to ubiquitylation of UIM-containing endocytic proteins, a number of other proteins of 

the endocytic machinery were described to undergo ubiquitylation. The list of examples of substrates/E3 

pairs is extending, but clear ideas about the corresponding functions of this modification is often lacking. 

Examples include once more proteins invi-olved in the internalization step or in later endocytic steps. We 

already described the link between Rsp5p and endocytic proteins important for the organization of the 

actin cytoskeleton, and the function still undefined of Rvs167/amphiphysin ubiquitylation [107]. 

Amphiphysin displays domains (SH3, BAR domain) and properties similar to that of endophilin. A specific 

endophilin isoform, endophilin A1, was described to undergo ubiquitylation by the Nedd4-like protein Itch, 

probably at endosomes [184].  

Agonist-dependent internalization of G protein-coupled receptors via clathrin-coated pits is 

dependent on the adaptor protein β-arrestin, which interacts with elements of the endocytic machinery 

such as AP2 and clathrin. For the β2-adrenergic receptor (β2-AR) this requires ubiquitylation of β-arrestin 

by monomeric RING E3, Mdm2. Although the receptor is ubiquitylated, it is β-arrestin ubiquitylation which 

is critical for its internalization. Two distinct patterns of β-arrestin trafficking within the cell have been 

observed for different classes of GPCRs. For class A (Ex : β2AR), β-arrestin interacts transiently with the 

receptor at the cell surface, and for class B (Ex : vasopressin receptor V2R), β-arrestin displays 

simultaneous trafficking with the receptors from the cell membrane to endocytic vesicles. This differential 

behavior was shown to rely on different ubiquitylation/deubiquitylation patterns of β-arrestin during 

trafficking of these two class of receptors. β2AR stimulation leads to only transient β-arrestin 

ubiquiitylation, whereas V2R stimulation leads to stable β-arrestin ubiquitylation Expression of arrestin-

ubiquitin chimera transforms a class A receptor to class B with respect to intracellular trafficking. One 

possible interpretation could be that persistently ubiquitylated β-arrestin in complex with internalized 

receptors somehow leads to their MVB sorting, instead of recycling [185]. Mechanisms underlying 

regulation of β-arrestin deubiquitylation have still to be defined.  
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Similar features prevail in the case of EGFR internalization. In the CIN85-endophilin-Cbl complex 

required for EGFR endocytosis, CIN85 itself is massively monoubiquitylated by Cbl after EGF treatment 

[186]. Both Cbl and CIN85 are then targeted to MVBs and degraded together with EGFR. Strikingly, Cbl-

directed CIN85 monoubiquitylation is not specific of a particular Lys residue. Dominant negative forms of 

CIN85 which delay EGFR degradation display impaired monoubiquitylation, indicating that this 

modification plays a critical role in EGFR endocytic pathway, likely for both internalization, and MVB 

sorting. These data are rather similar to that reported for β2-AR and β-arrestin, since in both case there is 

a ligand stimulated ubiquitylation simultaneously for the endocytic cargoes, and for a corresponding 

adaptor. In addition,  

 

 
Conclusion and future perspectives 
 

The ubiquitylation of yeast cell-surface proteins clearly acts as a signal triggering their 

internalization. Todate, however, the adaptors recognizing ubiquitin or ubiquitin chains in endocytic 

cargoes had not been formerly identified, even if the Ent/epsins are likely candidates. In mammalian cells, 

the ubiquitylation of plasma membrane proteins appears to play a distinct role in the endocytic pathway. 

Although ubiquitylation often takes place at the plasma membrane, it may (ENaC, MHC class I, various 

transporters), or may not (GHR, IL2R, GPCRs) be required for internalization, and some cases are still 

discussed (EGFR). Thus, mammalian cells may have developed a more complex and sophisticated 

ubiquitin-dependent internalization system than that of yeast. The internalization of some receptors 

seems to require not their ubiquitylation, but interaction with the ubiquitin conjugation system (GHR), or 

with another protein. The ubiquitylation of these ancillary proteins triggers the internalization of the 

receptor. Interaction of these proteins with the receptors may be direct (ß-arrestin) or indirect (CIN85, 

which recruits Cbl). Hence, mammalian cells display variations on the common theme of ubiquitin-linked 

internalization according to the cell-surface protein considered. For both yeast and mammalian cells, 

strikingly, several of the E3s involved in endocytosis display multiple protein and lipid interacting domains, 

and appear to have a dual role both as ubiquitylating enzymes, and as adapters recruiting elements of the 

endocytic machinery. For several of these enzymes, understanding the mechanisms underlying substrate 

recognition is not yet achieved, and a major unanswered question concerns how the decision is made to 

as to whether mono- multi- or polyubiquitylate a substrate.  

Current investigations into the role of UIM and UBA domains in endocytosis in yeast and 

mammalian endocytosis emphasize the close link between ubiquitin-binding domains and endocytosis, but 

a common overview is still lacking. Informations obtained on various organisms, together with findings 

concerning the crystal structure of the ENTH domain, and its role in membrane curvature strongly 

suggested that epsins may act as endocytic adaptors: they bind clathrin, possibly endocytic ubiquitylated 

cargoes, and phospholipids likely in a way regulated by their own ubiquitylation [187]. In addition, they also 

bind other protein components of the endocytic machinery. The prevailing model could be that epsins may 

interact, via their UIMs, with ubiquitylated endocytic cargoes. This interaction may result in the attraction of 

these cargoes to regions of membrane curvature, ultimately stimulating the formation of clathrin-coated 
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vesicles in these regions. This model is especially attractive in yeast, in which endocytic adaptors are not 

yet formerly identified. In mammalian cells, epsins may also correspond to the missing adaptor for EGFR, 

linking either ubiquitylated receptor, or ubiquitylated EGFR partners. Rather than delineating two endocytic 

pathways in yeast and higher eukaryotic cells, this model highlights the possibility that very similar 

processes may be involved in some endocytic pathways in all eukaryotes, together with the crucial role 

played by ubiquitin-dependent interactions. In spite of the multiple recent progress in dissecting ubiquitin-

depedent endocytosis, the above appealing model is far from demonstrated. We already have many 

informations relative to interactions of proteins involved in endocytosis, and the role of ubiquitylation 

processes leading to possible changes in activity, location, or interactions of the various partners. But the 

assembly of the endocytic machinery is, by necessity, a cooperative process, given the low affinity of 

interactions between individual binding partners. The main challenge for the future will be to determine the 

order of assembly of the components of the endocytic machinery, and the regulation of these associations.  



 27 

References 
 

[1] J. Horak, The role of ubiquitin in down-regulation and intracellular sorting of membrane 
proteins: insights from yeast, Biochim. Biophys. Acta 1614 (2003) 139-155. 

[2] L. Hicke, R. Dunn, Regulation of membrane protein transport by ubiquitin and ubiquitin-binding 
proteins, Annu. Rev. Cell Dev. Biol. 19 (2003) 141-172. 

[3] D.J. Katzmann, G. Odorizzi, S.D. Emr, Receptor downregulation and multivesicular-body 
sorting, Nat. Rev. Mol. Cell Biol. 3 (2002) 893-905. 

[4] C. Raiborg, T.E. Rusten, H. Stenmark, Protein sorting into multivesicular endosomes, Curr. 
Opin. Cell Biol. 15 (2003) 446-455. 

[5] M.O. Blondel, J. Morvan, S. Dupre, D. Urban-Grimal, R. Haguenauer-Tsapis, C. Volland, 
Direct sorting of the yeast uracil permease to the endosomal system is controlled by uracil 
binding and Rsp5p-dependent ubiquitylation, Mol. Biol. Cell. 15 (2004) 883-895. 

[6] R. Dunn, D.A. Klos, A.S. Adler, L. Hicke, The C2 domain of the Rsp5 ubiquitin ligase binds 
membrane phosphoinositides and directs ubiquitination of endosomal cargo, J. Cell Biol. 165 
(2004) 135-144. 

[7] D.J. Katzmann, S. Sarkar, T. Chu, A. Audhya, S.D. Emr, Multivesicular body sorting: ubiquitin 
ligase Rsp5 is required for the modification and sorting of carboxypeptidase S, Mol. Biol. Cell 
15 (2004) 468-480. 

[8] J. Morvan, M. Froissard, R. Haguenauer-Tsapis, D. Urban-Grimal, The ubiquitin ligase Rsp5p 
is required for modification and sorting of membrane proteins into multivesicular bodies, Traffic 
5 (2004) 383-92. 

[9] M.H. Glickman, A. Ciechanover, The ubiquitin-proteasome proteolytic pathway: destruction for 
the sake of construction, Physiol. Rev. 82 (2002) 373-428. 

[10] J.S. Thrower, L. Hoffman, M. Rechsteiner, C.M. Pickart, Recognition of the polyubiquitin 
proteolytic signal, EMBO J. 19 (2000) 94-102. 

[11] A.M. Weissman, Themes and variations on ubiquitylation, Nat. Rev. Mol. Cell. Biol. 2 (2001) 
169-178. 

[12] L. Sun, Z. Chen, The novel function of ubiquitination in signaling, Curr. Opi. Cell Biol. 16 
(2004) 119-126. 

[13] K.D. Wilkinson, Regulation of ubiquitin-dependent processes by deubiquitinating enzymes, 
FASEB. J. 11 (1997) 1245-1256. 

[14] L. Coscoy, D. Ganem, PHD domains and E3 ubiquitin ligases: viruses make the connection, 
Trends Cell. Biol. 13 (2003) 7-12. 

[15] G. Levkowitz, H. Waterman, S.A. Ettenberg, M. Katz, A.Y. Tsygankov, I. Alroy, S. Lavi, K. 
Iwai, Y. Reiss, A. Ciechanover, S. Lipkowitz, Y. Yarden, Ubiquitin ligase activity and tyrosine 
phosphorylation underlie suppression of growth factor signaling by c-Cbl/Sli-1, Mol. Cell. 4 
(1999) 1029-1040. 

[16] K.G. Kumar, W. Tang, A.K. Ravindranath, W.A. Clark, E. Croze, S.Y. Fuchs, SCF(HOS) 
ubiquitin ligase mediates the ligand-induced down-regulation of the interferon-alpha receptor, 
EMBO J. 22 (2003) 5480-5490. 

[17] M. Scheffner, U. Nuber, J.M. Huibregtse, Protein ubiquitination involving an E1-E2-E3 enzyme 
ubiquitin thioester cascade, Nature 373 (1995) 81-93. 

[18] J.M. Huibregtse, M. Scheffner, S. Beaudenon, P.M. Howley, A family of proteins structurally 
and functionally related to the E6-AP ubiquitin-protein ligase, Proc. Natl. Acad. Sci. USA 92 
(1995) 2563-2567. 

[19] K.F. Harvey, S. Kumar, Nedd4-like proteins: an emerging family of ubiquitin-protein ligases 
implicated in diverse cellular functions, Trends Cell. Biol. 9 (1999) 166-169. 

[20] P.J. Plant, H. Yeger, O. Staub, P. Howard, D. Rotin, The C2 domain of the ubiquitin protein 
ligase Nedd4 mediates Ca2+- dependent plasma membrane localization, J. Biol. Chem. 272 
(1997) 32329-32336. 

[21] D. Rotin, O. Staub, R. Haguenauer-Tsapis, Ubiquitination and endocytosis of plasma 
membrane proteins: role of Nedd4/Rsp5p family of ubiquitin-protein ligases [In Process 
Citation], J. Membr.  Biol. 176 (2000) 1-17. 

[22] B.K. Kay, M.P. Williamson, M. Sudol, The importance of being proline: the interaction of 
proline-rich motifs in signaling proteins with their cognate domains, FASEB J. 14 (2000) 231-
241. 

[23] P.-J. Lu, X.Z. Zhou, M. Shen, K.P. Lu, Function of WW domains as phosphoserine- or 
phosphothreonine-binding modules, Science 283 (1999) 1325-1328. 



 28 

[24] E. Kamynina, C. Debonneville, M. Bens, A. Vandewalle, O. Staub, A novel mouse Nedd4 
protein suppresses the activity of the epithelial Na+ channel, FASEB J. 15 (2001) 204-214. 

[25] U. Schindler, H. Beckmann, A.R. Cashmore, HAT3.1, a novel Arabidopsis homeodomain 
protein containing a conserved cysteine-rich region, Plant J. 4 (1993) 137-150. 

[26] R. Swanson, M. Locher, M. Hochstrasser, A conserved ubiquitin ligase of the nuclear 
envelope/endoplasmic reticulum that functions in both ER-associated and Matalpha2 
repressor degradation, Genes Dev. 15 (2001) 2660-2674. 

[27] K. D'Hondt, A. Heese-Peck, H. Riezman, Protein and lipid requirements for endocytosis, 
Annu. Rev. Genet. 34 (2000) 255-295. 

[28] A.L. Munn, Molecular requirements for the internalisation step of endocytosis: insights from 
yeast, Biochim. Biophys. Acta 1535 (2001) 236-257. 

[29] T.F. Roth, and Porter, K. R;, Yolk protein uptake in the oocyte of the mosquito Aedes Aegypti, 
J.  Cell. Biol. 20 (1964) 313-332. 

[30] S. Mukherjee, R.N. Ghosh, F.R. Maxfield, Endocytosis, Physiol. Rev. 77 (1997) 759-803. 
[31] T. Kirchhausen, S.C. Harrison, Protein organization in clathrin trimers, Cell 23 (1981) 755-61. 
[32] A. Musacchio, C.J. Smith, A.M. Roseman, S.C. Harrison, T. Kirchhausen, B.M. Pearse, 

Functional organization of clathrin in coats: combining electron cryomicroscopy and X-ray 
crystallography, Mol. Cell 3 (1999) 761-770. 

[33] M. Robinson, Coats and vesicle budding, Trends Cell Biol. 7 (1997) 99-102. 
[34] D.J. Owen, Y. Vallis, M.E. Noble, J.B. Hunter, T.R. Dafforn, P.R. Evans, H.T. McMahon, A 

structural explanation for the binding of multiple ligands by the alpha-adaptin appendage 
domain, Cell 97 (1999) 805-15. 

[35] A. Benmerah, B. Begue, A. Dautry-Varsat, N. Cerf-Bensussan, The ear of alpha-adaptin 
interacts with the COOH-terminal domain of the Eps 15 protein, J. Biol. Chem. 271 (1996) 
12111-12116. 

[36] E. Santolini, A.E. Salcini, B.K. Kay, M. Yamabhai, P.P. Di Fiore, The EH network, Exp. Cell. 
Res. 253 (1999) 186-209. 

[37] H. Chen, S. Fre, V.I. Slepnev, M.R. Capua, K. Takei, M.H. Butler, P.P. Di Fiore, P. De Camilli, 
Epsin is an EH-domain-binding protein implicated in clathrin-mediated endocytosis, Nature 
394 (1998) 793-797. 

[38] B. Wendland, K.E. Steece, S.D. Emr, Yeast epsins contain an essential N-terminal ENTH 
domain, bind clathrin and are required for endocytosis, EMBO J. 18 (1999) 4383-43893. 

[39] M.G. Ford, I.G. Mills, B.J. Peter, Y. Vallis, G.J. Praefcke, P.R. Evans, H.T. McMahon, 
Curvature of clathrin-coated pits driven by epsin, Nature 419 (2002) 361-366. 

[40] W.B. Huttner, A. Schmidt, Lipids, lipid modification and lipid-protein interaction in membrane 
budding and fission--insights from the roles of endophilin A1 and synaptophysin in synaptic 
vesicle endocytosis, Curr. Opin. Neurobiol. 10 (2000) 543-551. 

[41] N. Ringstad, H. Gad, P. Low, G. Di Paolo, L. Brodin, O. Shupliakov, P. De Camilli, 
Endophilin/SH3p4 is required for the transition from early to late stages in clathrin-mediated 
synaptic vesicle endocytosis, Neuron 24 (1999) 143-154. 

[42] J. Rappoport, S. Simon, A. Benmerah, Understanding living clathrin-coated pits, Traffic 5 
(2004) 327-337. 

[43] K.L. Pierce, R.J. Lefkowitz, Classical and new roles of beta-arrestins in the regulation of G-
protein-coupled receptors., Nat. Rev. Neurosci. (2001) 727-733. 

[44] A. Motley, N.A. Bright, M.N. Seaman, M.S. Robinson, Clathrin-mediated endocytosis in AP-2-
depleted cells, J. Cell. Biol. 162 (2003) 909-918. 

[45] R.G. Anderson, The caveolae membrane system, Annu. Rev. Biochem. 67 (1998) 199-225. 
[46] L. Pelkmans, A. Helenius, Endocytosis via caveolae, Traffic 3 (2002) 311-320. 
[47] J.R. Henley, E.W. Krueger, B.J. Oswald, M.A. McNiven, Dynamin-mediated internalization of 

caveolae, J. Cell. Biol. 141 (1998) 85-99. 
[48] C. Lamaze, A. Dujeancourt, T. Baba, C.G. Lo, A. Benmerah, A. Dautry-Varsat, Interleukin 2 

receptors and detergent-resistant membrane domains define a clathrin-independent endocytic 
pathway, Mol. Cell 7 (2001) 661-671. 

[49] F. Lafont, K. Simons, Raft-partitioning of the ubiquitin ligase Cbl and Nedd4 upon IgE-
triggered cell signaling, Proc. Natl. Acad. Sci. USA 98 (2001) 3180-3184. 

[50] R. Haguenauer-Tsapis, B. André Membrane trafficking of yeast transporters: mechanisms and 
physiological control of downregulation. In: Molecular Mechanisms Controlling 
Transmembrane Transport (2004) (ed. by E. Boles & R. Krämer), Vol. 8, pp. 273-322. 
Springer Verlag. 

[51] J.J. Baggett, B. Wendland, Clathrin function in yeast endocytosis, Traffic 2 (2001) 297-302. 



 29 

[52] P.K. Tan, N.G. Davis, G.F. Sprague, G.S. Payne, Clathrin facilitates the internalization of 
seven transmembrane segment receptors for mating pheromones in yeast, J. Cell. Biol. 123 
(1993) 1707-1716. 

[53] K.M. Huang, K. D'Hondt, H. Riezman, S.K. Lemmon, Clathrin functions in the absence of 
heterotetrameric adaptors and AP180-related proteins in yeast, EMBO. J. 18 (1999) 3897-
3908. 

[54] B.G. Yeung, H.L. Phan, G.S. Payne, Adaptator complex-independant clathrin function in 
yeast, Mol. Biol. Cell 10 (1999) 3643-3659. 

[55] A.L. Munn, B.J. Stevenson, M.I. Geli, H. Riezman, end5, end6, end7: mutations that cause 
actin delocalization and block the internalization step of endocytosis in Saccharomyces 
cerevisiae, Mol. Biol. Cell 6 (1995) 1721-1742. 

[56] E. Kübler, H. Riezman, Actin and fimbrin are required for the internalization step of 
endocytosis in yeast, EMBO. J. 12 (1993) 2855-2862. 

[57] C. Lamaze, L.M. Fujimoto, H.L. Yin, S.L. Schmid, The actin cytoskeleton is required for 
receptor-mediated endocytosis in mammalian cells, J. Biol. Chem. 272 (1997) 20332-20335. 

[58] D.C. Amberg, E. Basart, D. Botstein, Defining protein interactions with yeast actin in vivo, Nat. 
Struct. Biol. 2 (1995) 28-35. 

[59] B. Qualmann, M.M. Kessels, R.B. Kelly, Molecular links between endocytosis and the actin 
cytoskeleton, J. Cell Biol. 150 (2000) F111-116. 

[60] A.E. Engqvist-Goldstein, D.G. Drubin, Actin assembly and endocytosis: from yeast to 
mammals, Annu. Rev. Cell Dev. Biol. 19 (2003) 287-332. 

[61] B. Gagny, A. Wiederkehr, P. Dumoulin, B. Winsor, H. Riezman, R. Haguenauer-Tsapis, A 
novel EH domain protein of Saccharomyces cerevisiae involved in endocytosis, J. Cell Sci. 
113 (2000) 3309-3319. 

[62] J.D. Shaw, K.B. Cummings, G. Huyer, S. Michaelis, B. Wendland, Yeast as a model system 
for studying endocytosis, Exp. Cell Res. 271 (2001) 1-9. 

[63] B. Wendland, S.D. Emr, H. Riezman, Protein traffic in the yeast endocytic and vacuolar 
protein sorting pathways, Curr. Opi. Cell Biol. 10 (1998) 513-522. 

[64] R. Kölling, C.P. Hollenberg, The ABC-transporter Ste6 accumulates in the plasma membrane 
in a ubiquitinated form in endocytosis mutants, EMBO. J. 13 (1994) 3261-3271. 

[65] L. Hicke, H. Riezman, Ubiquitination of a yeast plasma membrane receptor signals its ligand-
stimulated endocytosis, Cell 84 (1996) 277-287. 

[66] C. Hein, J.Y. Springael, C. Volland, R. Haguenauer-Tsapis, B. André, NPI1, an essential yeast 
gene involved in induced degradation of Gap1 and Fur4 permeases, encodes the Rsp5 
ubiquitin-protein ligase, Mol. Microbiol. 18 (1995) 77-87. 

[67] J. Rohrer, H. Bénédetti, B. Zanolari, H. Riezman, Identification of a novel sequence mediating 
regulated endocytosis of the G protein-coupled a-pheromone in yeast, Mol. Biol. Cell. 4 (1993) 
511-521. 

[68] M. Grenson Amino acid transporters in yeast: structure, function and regulation. In: Molecular 
Aspects of Transport Proteins (1992) (ed. by D. Pont), pp. 219-245. Elsevier Science 
Publishers B. V, Amsterdam. 

[69] J.M. Galan, V. Moreau, B. André, C. Volland, R. Haguenauer-Tsapis, Ubiquitination mediated 
by the Npi1p/Rsp5p ubiquitin-protein ligase is required for endocytosis of the yeast uracil 
permease, J. Biol. Chem. 271 (1996) 10946-10952. 

[70] J.Y. Springael, B. Andre, Nitrogen-regulated ubiquitination of the Gap1 permease of 
Saccharomyces cerevisiae, Mol. Biol. Cell 9 (1998) 1253-1263. 

[71] C. Marchal, R. Haguenauer-Tsapis, D. Urban-Grimal, Casein kinase I-dependent 
phosphorylation within a PEST sequence and ubiquitination at nearby lysines, signal 
endocytosis of yeast uracil permease, J. Biol. Chem 275 (2000) 23608-23614. 

[72] O. Soetens, J.O. De Craene, B. Andre, Ubiquitin is required for sorting to the vacuole of the 
yeast general amino acid permease, Gap1, J. Biol. Chem. 276 (2001) 43949-43957. 

[73] S.C. Shih, K.E. Sloper-Mould, L. Hicke, Monoubiquitin carries a novel internalization signal 
that is appended to activated receptors, EMBO J. 19 (2000) 187-198. 

[74] A.F. Roth, N.G. Davis, Ubiquitination of the PEST-like endocytosis signal of the yeast a- factor 
receptor, J. Biol. Chem. 275 (2000) 8143-8153. 

[75] L. Hicke, Gettin' down with ubiquitin : turning off cell-surface receptors transporters and 
channels, Trends Cell. Biol. 9 (1999) 107-112. 

[76] A.F. Roth, D.M. Sullivan, N.G. Davis, A large PEST-sequence directs the ubiquitination, 
endocytosis, and vacuolar degradation of the yeast a-factor receptor, J. Cell. Biol. 142 (1998) 
949-961. 



 30 

[77] L. Chen, N.G. Davis, Ubiquitin-independent entry into the yeast recycling pathway, Traffic 3 
(2002) 110-123. 

[78] J.P. Howard, J.L. Hutton, J.M. Olson, G.S. Payne, Sla1p serves as the targeting signal 
recognition factor for NPFX(1,2)D- mediated endocytosis, J. Cell Biol. 157 (2002) 315-326. 

[79] C. Hein, B. André, A C-terminal di-leucine motif and nearby sequences are required for NH4
+-

induced inactivation and degradation of the general amino acid permease, Gap1p, of 
Saccharomyces cerevisiae, Mol. Microbiol. 24 (1997) 607-616. 

[80] J. Terrell, S. Shih, R. Dunn, L. Hicke, A function for monoubiquitination in the internalization of 
a G protein-coupled receptor, Mol. Cell 1 (1998) 193-202. 

[81] I. Medintz, X. Wang, T. Hradek, C.A. Michels, A PEST-like sequence in the N-terminal 
cytoplasmic domain of Saccharomyces maltose permease is required for glucose-induced 
proteolysis and rapid inactivation of transport activity., Biochemistry 182 (2000) 4518-4526. 

[82] P. Lucero, E. Penalver, L. Vela, R. Lagunas, Monoubiquitination is sufficient to signal 
internalization of the maltose transporter in Saccharomyces cerevisiae, J. Bacteriol. 182 
(2000) 241-243. 

[83] J. Horak, D.H. Wolf, Glucose-induced monoubiquitination of the Saccharomyces cerevisiae 
galactose transporter is sufficient to signal its internalization, J. Bacteriol. 183 (2001) 3083-
3088. 

[84] J.-Y. Springael, J.-M. Galan, R. Haguenauer-Tsapis, B. André, NH4+-induced down-regulation 
of the Saccharomyces cerevisiae Gap1p permease involves its ubiquitination with lysine-63-
linked chains, J. Cell. Sci. 112 (1999) 1375-1383. 

[85] R.S. Gitan, D.J. Eide, Zinc-regulated Ubiquitin Conjugation Signals Endocytosis of the yeast 
ZRT1 Zinc Transporter, Biochem. J. 346 (2000) 329-336. 

[86] J.-M. Galan, R. Haguenauer-Tsapis, Ubiquitin Lys63 is involved in ubiquitination of a yeast 
plasma membrane protein, EMBO J 16 (1997) 5847-5854. 

[87] S. Swaminathan, A.Y. Amerik, M. Hochstrasser, The Doa4 deubiquitinating enzyme is 
required for ubiquitin homeostasis in yeast, Mol. Biol. Cell. 10 (1999) 2583-2594. 

[88] J. Peng, D. Schwartz, J.E. Elias, C.C. Thoreen, D. Cheng, G. Marsischky, J. Roelofs, D. 
Finley, S.P. Gygi, A proteomics approach to understanding protein ubiquitination, Nat. 
Biotechnol. 21 (2003) 921-6. 

[89] R. Kölling, S. Losko, The linker region of the ABC-transporter Ste6 mediates ubiquitination 
and fast turnover of the protein, EMBO J. 16 (1997) 2251-2261. 

[90] C. Marchal, R. Haguenauer-Tsapis, D. Urban-Grimal, A PEST-like sequence mediates 
phosphorylation and efficient ubiquitination of the yeast uracil permease, Mol. Cell. Biol. 18 
(1998) 314-321. 

[91] R.S. Gitan, M. Shababi, M. Kramer, D.J. Eide, A cytosolic domain of the yeast Zrt1 zinc 
transporter is required for its post-translational inactivation in response to zinc and cadmium, J 
Biol Chem (2003). 

[92] R. Kolling, Mutations affecting phosphorylation, ubiquitination and turnover of the ABC-
transporter Ste6, FEBS Lett 531 (2002) 548-552. 

[93] K. Kelm, G. Huyer, J. Huang, S. Michaelis, The internalization of yeast Ste6p follows an 
ordered series of events involving phosphorylation, ubiquitination, recognition and 
endocytosis, Traffic 5 (2004) 165-180. 

[94] L. Hicke, B. Zanolari, H. Riezman, Cytoplasmic tail phosphorylation of the alpha-factor 
receptor is required for its ubiquitination and internalization, J. Cell. Biol. 141 (1998) 349-358. 

[95] T. Beck, A. Schmidt, M.N. Hall, Starvation induces vacuolar targeting and degradation of the 
tryptophan permease in yeast, J.  Cell Biol. 146 (1999) 1227-1238. 

[96] R. Dunn, L. Hicke, Domains of the rsp5 ubiquitin-protein ligase required for receptor- mediated 
and fluid-phase endocytosis, Mol. Biol. Cell 12 (2001) 421-435. 

[97] B. Gajewska, J. Kaminska, A. Jesionowska, N.C. Martin, A.K. Hopper, T. Zoladek, WW 
domains of Rsp5p define different functions: determination of roles in fluid phase and uracil 
permease endocytosis in Saccharomyces cerevisiae, Genetics 157 (2001) 91-101. 

[98] A. Chang, S. Cheang, X. Espanel, M. Sudol, Rsp5 WW domains interact directly with the 
carboxyl-terminal domain of RNA polymerase II, J. Biol. Chem. 275 (2000) 20562-20571. 

[99] H. Yashiroda, T. Oguchi, Y. Yasuda, A. Toh-e, Y. Kikuchi, Bul1, a new protein that bind to the 
Rsp5 Ubiquitin ligase, Mol. Cell. Biol. 16 (1996) 3255-3263. 

[100] H. Yashiroda, D. Kaida, A. Toh-e, Y. Kikuchi, The PY-motif of Bul1 protein is essential for 
growth of Saccharomyces cerevisiae under various stress conditions, Gene 225 (1998) 39-46. 

[101] T. Andoh, Y. Hirata, A. Kikuchi, Yeast glycogen synthase kinase 3 is involved in protein 
degradation in cooperation with Bul1, Bul2, and Rsp5, Mol. Cell Biol. 20 (2000) 6712-6720. 



 31 

[102] H. Forsberg, M. Hammar, C. Andreasson, A. Moliner, P.O. Ljungdahl, Suppressors of ssy1 
and ptr3 null mutations define novel amino acid sensor-independent genes in Saccharomyces 
cerevisiae, Genetics 158 (2001) 973-988. 

[103] H.A. Fisk, M.P. Yaffe, A role for ubiquitination in mitochondrial inheritance in S. cerevisiae, J. 
Cell. Biol. 145 (1999) 1199-1208. 

[104] S.B. Helliwell, S. Losko, C.A. Kaiser, Components of a ubiquitin ligase complex specify 
polyubiquitination and intracellular trafficking of the general amino acid permease, J. Cell. Biol. 
153 (2001) 649-662. 

[105] S. Polo, S. Sigismund, M. Faretta, M. Guidi, M.R. Capua, G. Bossi, H. Chen, P. De Camilli, 
P.P. Di Fiore, A single motif responsible for ubiquitin recognition and monoubiquitination in 
endocytic proteins, Nature 416 (2002) 451-455. 

[106] G. Wang, J.M. McCaffery, B. Wendland, S. Dupre, R. Haguenauer-Tsapis, J.M. Huibregtse, 
Localization of the Rsp5p ubiquitin-protein ligase at multiple sites within the endocytic 
pathway, Mol. Cell Biol. 21 (2001) 3564-3575. 

[107] S.D. Stamenova, R. Dunn, A.S. Adler, L. Hicke, The Rsp5 ubiquitin ligase binds to and 
ubiquitinates members of the yeast CIN85-endophilin complex, Sla1-Rvs167, J. Biol. Chem. 
279 (2004) 16017-16025. 

[108] J.-Y. Springael, J.-O. De Craene, B. André, The yeast Npi1/Rsp5 ubiquitin-ligase lacking its N-
terminal C2 domain is competent for ubiquitination but not for subsequent endocytosis of the 
Gap1 permease, Biochem. Biophys. Res. Comm. 257 (1999) 561-566. 

[109] R. Dunn, L. Hicke, Multiple roles for Rsp5p-dependent ubiquitination at the internalization step 
of endocytosis, J. Biol. Chem. 276 (2001) 25974-25981. 

[110] T. Zoladek, A. Tobiasz, G. Vaduva, M. Boguta, N.C. Martin, A.K. Hopper, MDP1, a 
Saccharomyces cerevisiae gene involved in mitochondrial/cytoplasmic protein distribution, is 
identical to the Ubiquitin-protein ligase gene RSP5, Genetics 145 (1997) 595-603. 

[111] J. Kaminska, B. Gajewska, A.K. Hopper, T. Zoladek, Rsp5p, a new link between the actin 
cytoskeleton and endocytosis in the yeast Saccharomyces cerevisiae, Mol. Cell. Biol. 22 
(2002) 6946-6948. 

[112] A. Soulard, T. Lechler, V. Spiridonov, A. Shevchenko, R. Li, B. Winsor, Saccharomyces 
cerevisiae Bzz1p is implicated with type I myosins in actin patch polarization and is able to 
recruit actin-polymerizing machinery in vitro, Mol. Cell Biol. 22 (2002) 7889-78906. 

[113] Y. Yarden, J.A. Escobedo, W.J. Kuang, T.L. Yang-Feng, T.O. Daniel, P.M. Tremble, E.Y. 
Chen, M.E. Ando, R.N. Harkins, U. Francke, et al., Structure of the receptor for platelet-
derived growth factor helps define a family of closely related growth factor receptors, Nature 
323 (1986) 226-232. 

[114] G.J. Strous, R. Govers, The ubiquitin-proteasome system and endocytosis, J. Cell. Sci. 112 
(1999) 1417-1423. 

[115] L. Schild, C.M. Canessa, R.A. Shimkets, I. Gautschi, R.P. Lifton, B.C. Rossier, A mutation in 
the epithelial sodium channel causing Liddle disease increases channel activity in the 
Xenopus laevis oocyte expression system, Proc. Natl. Acad. Sci. U S A 92 (1995) 5699-
56703. 

[116] L. Schild, Y. Lu, I. Gautschi, E. Schneeberger, R.P. Lifton, B.C. Rossier, Identification of a PY 
motif in the epithelial Na channel subunits as a target sequence for mutations causing channel 
activation found in Liddle syndrome, EMBO. J. 15 (1996) 2381-2387. 

[117] O. Staub, S. Dho, P.C. Henry, J. Correa, T. Ishikawa, J. McGlade, D. Rotin, WW domains of 
Nedd4 bind to the proline-rich PY motifs in the epithelial Na+ channel deleted in Liddle's 
syndrome, EMBO. J. 15 (1996) 2371-2380. 

[118] H. Abriel, E. Kamynina, J.-D. Horisberger, O. Staub, Regulation of the cardiac voltage-gated 
Na+ channel (rH1) by the ubiquitin-protein ligase Nedd4, FEBS Lett. 466 (2000) 377-380. 

[119] M. Schwake, T. Friedrich, T.J. Jentsch, An internalization signal in ClC-5, an endosomal Cl-
channel mutated in dent's disease., J. Biol. Chem. 276 (2001) 12049-12054. 

[120] A. Vecchione, A. Marchese, P. Henry, D. Rotin, A. Morrione, The Grb10/Nedd4 complex 
regulates ligand-induced ubiquitination and stability of the insulin-like growth factor I receptor., 
Mol Cell Biol 23 (2003) 3363-3372. 

[121] A. Marchese, C. Raiborg, F. Santini, J.H. Keen, H. Stenmark, J.L. Benovic, The E3 ubiquitin 
ligase AIP4 mediates ubiquitination and sorting of the G protein-coupled receptor CXCR4, 
Dev. Cell 5 (2003) 709-722. 

[122] Y.T. Wang, D.J. Linden, Expression of cerebellar long-term depression requires postsynaptic 
clathrin-mediated endocytosis, Neuron 25 (2000) 635-647. 



 32 

[123] A. Marchese, J.L. Benovic, Agonist-promoted ubiquitination of the G protein-coupled receptor 
CXCR4 mediates lysosomal sorting, J. Biol. Chem. 276 (2001) 45509-45512. 

[124] C. Debonneville, S.Y. Flores, E. Kamynina, P.J. Plant, C. Tauxe, M.A. Thomas, C. Munster, A. 
Chraibi, J.H. Pratt, J.D. Horisberger, D. Pearce, J. Loffing, O. Staub, Phosphorylation of 
Nedd4-2 by Sgk1 regulates epithelial Na(+) channel cell surface expression, EMBO J. 20 
(2001) 7052-7059. 

[125] C. Boehmer, F. Okur, I. Setiawan, S. Broer, F. Lang, Properties and regulation of glutamine 
transporter SN1 by protein kinases SGK and PKB, Biochem. Biophys. Res. Commun. 306 
(2003) 156-162. 

[126] C. Boehmer, G. Henke, R. Schniepp, M. Palmada, J.D. Rothstein, S. Broer, F. Lang, 
Regulation of the glutamate transporter EAAT1 by the ubiquitin ligase Nedd4-2 and the serum 
and glucocorticoid-inducible kinase isoforms SGK1/3 and protein kinase B, J. Neurochem. 86 
(2003) 1181-1188. 

[127] M. Palmada, M. Dieter, A. Speil, H. Embark, C. Bohmer, A.F. Mack, H.J. Wagner, K. Klingel, 
R. Kandolf, H. Murer, J. Biber, E.I. Closs, F. Lang, REGULATION OF THE INTESTINAL 
PHOSPHATE TRANSPORTER NaPi IIb BY THE UBIQUITIN LIGASE NEDD4-2 AND THE 
SERUM AND GLUCOCORTICOID DEPENDENT KINASE SGK1, Am. J. Physiol. 
Gastrointest. Liver Physiol. (2004). 

[128] J.R. Courbard, F. Fiore, J. Adelaide, J.P. Borg, D. Birnbaum, V. Ollendorff, Interaction 
between Two Ubiquitin-Protein Isopeptide Ligases of Different Classes, CBLC and AIP4/ITCH, 
J. Biol. Chem. 277 (2002) 45267-45275. 

[129] L. Qiu, C. Joazeiro, N. Fang, H.Y. Wang, C. Elly, Y. Altman, D. Fang, T. Hunter, Y.C. Liu, 
Recognition and ubiquitination of Notch by Itch, a hect-type E3 ubiquitin ligase, J. Biol. Chem. 
275 (2000) 35734-35737. 

[130] M. Birgit, B.M. Jehn, I. Dittert, S. Beyer, K. von der Mark, W. Bielke, c-Cbl Binding and 
Ubiquitin-dependent Lysosomal Degradation of Membrane-associated Notch1, J. Biol. Chem. 
277 (2002) 8033-8040. 

[131] C. Brou, F. Logeat, N. Gupta, C. Bessia, O. LeBail, J. Doedens, A. Cumano, P. Roux, R. 
Black, A. Israel, A novel proteolytic cleavage involved in Notch signaling: the role of the 
disintegrin-metalloprotease TACE, Mol. Cell Biol. 5 (2000) 207-216. 

[132] N. Gupta-Rossi, E. Six, O. LeBail, F. Logeat, P. Chastagner, A. Oltry, A. Israerl, C. Brou, 
Monoubiquitination and endocytosis direct g-secretase cleavage of activated Notch receptor, 
J. Cell. Biol. in press (2004). 

[133] A. Myat, P. Henry, V. McCabe, L. Flintoft, D. Rotin, G. Tear, Drosophila Nedd4, a ubiquitin 
ligase, is recruited by Commissureless to control cell surface levels of the roundabout 
receptor, Neuron 35 (2002) 447-459. 

[134] K. Keleman, S. Rajagopalan, D. Cleppien, D. Teis, K. Paiha, L.A. Huber, G.M. Technau, B.J. 
Dickson, Comm sorts robo to control axon guidance at the Drosophila midline, Cell 110 (2002) 
415-427. 

[135] D.W. Leung, S.A. Spencer, G. Cachianes, R.G. Hammonds, C. Collins, W.J. Henzel, R. 
Barnard, M.J. Waters, W.I. Wood, Growth hormone receptor and serum binding protein: 
purification, cloning and expression, Nature 330 (1987) 537-543. 

[136] G.J. Strous, P. van Kerkhof, R. Govers, A. Ciechanover, A.L. Schwarz, The ubiquitin 
conjugation system is required for ligand-induced endocytosis and degradation of the growth 
hormone receptor, EMBO J. 15 (1996) 3806-3812. 

[137] R. Govers, T. ten Broeke, P. van Kerkhof, A.L. Schwartz, G.J. Strous, Identification of a novel 
ubiquitin conjugation motif, required for ligand-induced internalization of the growth hormone 
receptor, EMBO J. 18 (1999) 28-36. 

[138] R. Govers, P. van Kerkhof, A.L. Schwartz, G.J. Strous, Di-leucine-mediated internalization of 
ligand by a truncated growth hormone receptor is independent of the ubiquitin conjugation 
system, J. Biol. Chem. 273 (1998) 16426-16433. 

[139] G.J. Strous, J. Gent, Dimerization, ubiqutylation and endocytosis go together in growth 
hormone receptor function, FEBS Lett. 529 (2002) 102-109. 

[140] M. Sachse, P. van Kerkhof, G.J. Strous, J. Klumperman, The ubiquitin-dependent endocytosis 
motif is required for efficient incorporation of growth hormone receptor in clathrin-coated pits, 
but not clathrin-coated lattices, J. Cell Sci. 114 (2001) 3943-3952. 

[141] J.A. Schantl, M. Roza, A.P. De Jong, G.J. Strous, Small glutamine-rich tetratricopeptide 
repeat-containing protein (SGT) interacts with the ubiquitin-dependent endocytosis (UbE) 
motif of the growth hormone receptor, Biochem. J. 373 (2003) 855-863. 



 33 

[142] P. van Kerkhof, M. Sachse, J. Klumperman, G.J. Strous, Growth hormone receptor 
ubiquitination coincides with recruitment to clathrin-coated membrane domains, J. Biol. Chem. 
276 (2001) 3778-3784. 

[143] A. Hemar, A. Subtil, M. Lieb, E. Morelon, R. Hellio, A. Dautry-Varsat, Endocytosis of 
interleukin 2 receptors in human T lymphocytes: distinct intracellular localization and fate of 
the receptor alpha, beta, and gamma chains, J. Cell Biol. 129 (1995) 55-64. 

[144] A. Rocca, C. Lamaze, A. Subtil, A. Dautry-Varsat, Involvement of the ubiquitin/proteasome 
system in sorting of the interleukin 2 receptor beta chain to late endocytic compartments, Mol. 
Biol. Cell 12 (2001) 1293-1301. 

[145] L. Coscoy, D.J. Sanchez, D. Ganem, A novel class of herpesvirus-encoded membrane-bound 
E3 ubiquitin ligases regulates endocytosis of proteins involved in immune recognition, J. Cell. 
Biol. 155 (2001) 1265-1273. 

[146] E.W. Hewitt, L. Duncan, D. Mufti, J. Baker, P.G. Stevenson, P.J. Lehner, Ubiquitylation of 
MHC class I by the K3 viral protein signals internalization and TSG101-dependent 
degradation, EMBO J. 21 (2002) 2418-2429. 

[147] M. Mansouri, E. Bartee, K. Gouveia, B.T. Hovey Nerenberg, J. Barrett, L. Thomas, G. 
Thomas, G. McFadden, K. Fruh, The PHD/LAP-domain protein M153R of myxomavirus is a 
ubiquitin ligase that induces the rapid internalization and lysosomal destruction of CD4, J. 
Virol. 77 (2003) 1427-1440. 

[148] E. Bartee, M. Mansouri, B.T. Hovey Nerenberg, K. Gouveia, K. Fruh, Downregulation of major 
histocompatibility complex class I by human ubiquitin ligases related to viral immune evasion 
proteins, J. Virol. 78 (2004) 1109-1120. 

[149] W.Y. Langdon, J.W. Hartley, S.P. Klinken, S.K. Ruscetti, H.C.d. Morse, v-cbl, an oncogene 
from a dual-recombinant murine retrovirus that induces early B-lineage lymphomas, Proc. 
Natl. Acad. Sci. U S A 86 (1989) 1168-1172. 

[150] G.D. Jongeward, T.R. Clandinin, P.W. Sternberg, sli-1, a negative regulator of let-23-mediated 
signaling in C. elegans, Genetics 139 (1995) 1553-66. 

[151] C.H. Yoon, J. Lee, G.D. Jongeward, P.W. Sternberg, Similarity of sli-1, a regulator of vulval 
development in C. elegans, to the mammalian proto-oncogene c-cbl, Science 269 (1995) 
1102-1105. 

[152] C.A. Joazeiro, S.S. Wing, H. Huang, J.D. Leverson, T. Hunter, Y.C. Liu, The tyrosine kinase 
negative regulator c-Cbl as a RING-type, E2- dependent ubiquitin-protein ligase, Science 286 
(1999) 309-312. 

[153] C.E. Andoniou, C.B. Thien, W.Y. Langdon, Tumor induction by activated abl involves tyrosine 
phosphorylation of the product of the cbl oncogen, EMBO. J. 13 (1994) 4515-4523. 

[154] G. Levkowitz, H. Waterman, E. Zamir, Z. Kam, S. Oved, W.A. Langdon, L. Beguinot, B. 
Geiger, Y. Yarden, c-Cbl/Sli-1 regulates endocytic sorting and ubiquitination of the epidermal 
growth factor receptor, Genes  Dev. 12 (1998) 3663-3674. 

[155] A.A. de Melker, G. van der Horst, J. Calafat, H. Jansen, J. Borst, c-Cbl ubiquitinates the EGF 
receptor at the plasma membrane and remains receptor associated throughout the endocytic 
route, J. Cell Sci. 114 (2001) 2167-2178. 

[156] E. Stang, L.E. Johannessen, S.L. Knardal, I.H. Madshus, Polyubiquitination of the epidermal 
growth factor receptor occurs at the plasma membrane upon ligand-induced activation, J. Biol. 
Chem. 275 (2000) 13940-1397. 

[157] L. Duan, Y. Miura, M. Dimri, B. Majumder, I.L. Dodge, A.L. Reddi, A. Ghosh, N. Fernandes, P. 
Zhou, K. Mullane-Robinson, N. Rao, S. Donoghue, R.A. Rogers, D. Bowtell, M. Naramura, H. 
Gu, V. Band, H. Band, Cbl-mediated ubiquitinylation is required for lysosomal sorting of 
epidermal growth factor receptor but is dispensable for endocytosis, J. Biol. Chem. 278 (2003) 
28950-28960. 

[158] K. Haglund, S. Sigismund, S. Polo, I. Szymkiewicz, P.P. Di Fiore, I. Dikic, Multiple 
monoubiquitination of RTKs is sufficient for their endocytosis and degradation, Nat. Cell Biol. 5 
(2003) 461-466. 

[159] Y. Mosesson, K. Shtiegman, M. Katz, Y. Zwang, G. Vereb, J. Szollosi, Y. Yarden, Endocytosis 
of receptor tyrosine kinases is driven by monoubiquitylation, not polyubiquitylation, J. Biol. 
Chem. 278 (2003) 21323-21326. 

[160] K. Haglund, P.P. Di Fiore, I. Dikic, Distinct monoubiquitin signals in receptor endocytosis, 
Trends Biochem. Sci. 28 (2003) 598-603. 

[161] X. Jiang, A. Sorkin, Epidermal growth factor receptor internalization through clathrin-coated 
pits requires Cbl RING finger and proline-rich domains but not receptor polyubiquitylation, 
Traffic 4 (2003) 529-543. 



 34 

[162] P. Soubeyran, K. Kowanetz, I. Szymkiewicz, W.Y. Langdon, I. Dikic, Cbl-CIN85-endophilin 
complex mediates ligand-induced downregulation of EGF receptors, Nature 416 (2002) 183-
187. 

[163] A. Petrelli, G.F. Gilestro, S. Lanzardo, P.M. Comoglio, N. Migone, S. Giordano, The 
endophilin-CIN85-Cbl complex mediates ligand-dependent downregulation of c-Met, Nature 
416 (2002) 187-190. 

[164] S. Oved, Y. Yarden, Signal transduction: molecular ticket to enter cells, Nature 416 (2002) 
133-136. 

[165] F. Nakatsu, M. Sakuma, Y. Matsuo, H. Arase, S. Yamasaki, N. Nakamura, T. Saito, H. Ohno, 
A Di-leucine signal in the ubiquitin moiety. Possible involvement in ubiquitination-mediated 
endocytosis, J. Biol. Chem. 275 (2000) 26213-26219. 

[166] K.E. Sloper-Mould, J.C. Jemc, C.M. Pickart, L. Hicke, Distinct functional surface regions on 
ubiquitin, J. Biol. Chem. 276 (2001) 30483-3949. 

[167] L. Hicke, A new ticket for entry into budding vesicles-ubiquitin, Cell 106 (2001) 527-30. 
[168] K. Hofmann, P. Bucher, The UBA domain: a sequence motif present in multiple enzyme 

classes of the ubiquitination pathway, Trends Biochem. Sci. 21 (1996) 172-173. 
[169] K. Hofmann, L. Falquet, A ubiquitin-interacting motif conserved in components of the 

proteasomal and lysosomal protein degradation systems, Trends Biochem. Sci. 26 (2001) 
347-350. 

[170] A. Buchberger, From UBA to UBX: new words in the ubiquitin vocabulary, Trends Cell. Biol. 
12 (2002) 216-221. 

[171] P. Young, Q. Deveraux, R.E. Beal, C.M. Pickart, M. Rechsteiner, Characterization of two 
polyubiquitin binding sites in the 26 S protease subunit 5a, J Biol Chem 273 (1998) 5461-7. 

[172] R.C. Piper, A.A. Cooper, H. Yang, T.H. Stevens, VPS27 controls vacuolar and endocytic 
traffic through a prevacuolar compartment in Saccharomyces cerevisiae, J. Cell. Biol. 131 
(1995) 603-617. 

[173] N. Chim, W.E. Gall, J. Xiao, M.P. Harris, T.R. Graham, A.M. Krezel, Solution structure of the 
ubiquitin-binding domain in Swa2p from Saccharomyces cerevisiae, Proteins 54 (2004) 784-
793. 

[174] J.D. Schnell, L. Hicke, Non-traditional functions of ubiquitin and ubiquitin-binding proteins, J. 
Biol. Chem. 278 (2003) 35857-35860. 

[175] S. van Delft, R. Govers, G.J. Strous, A.J. Verkleij, P.M. van Bergen en Henegouwen, 
Epidermal growth factor induces ubiquitination of Eps15, J. Biol. Chem. 272 (1997) 14013-
14016. 

[176] E. Klapisz, I. Sorokina, S. Lemeer, M. Pijnenburg, A.J. Verkleij, P.M. Van Bergen En 
Henegouwen, A Ubiquitin-Interacting Motif (UIM) is essential for Eps15 and Eps15R 
ubiquitination, J. Biol. Chem. 277 (2002) 30746-30753. 

[177] A. Benmerah, V. Poupon, N. Cerf-Bensussan, A. Dautry-Varsat, Mapping of Eps15 domains 
involved in its targeting to clathrin-coated pits, J. Biol. Chem. 275 (2000) 3288-3295. 

[178] C.E. Oldham, R.P. Mohney, S.L. Miller, R.N. Hanes, J.P. O'Bryan, The ubiquitin-interacting 
motifs target the endocytic adaptor protein epsin for ubiquitination, Curr. Biol. 12 (2002) 1112-
1116. 

[179] J.H. Hurley, B. Wendland, Endocytosis: driving membranes around the bend, Cell 111 (2002) 
143-146. 

[180] A.L.M. Cadavid, A. Ginzel, J.A. Fischer, The function of the Drosophila Fat facets 
deubiquitinationg enzyme in limiting photoreceptor cell number is intimately associated with 
endocytosis, Development 127 (2000) 1727-1736. 

[181] H. Chen, S. Polo, P.P. Di Fiore, P.V. De Camilli, Rapid Ca2+-dependent decrease of protein 
ubiquitination at synapses, Proc. Natl. Acad. Sci. U S A 100 (2003) 14908-14913. 

[182] S.C. Shih, D.J. Katzmann, J.D. Schnell, M. Sutanto, S.D. Emr, L. Hicke, Epsins and 
Vps27p/Hrs contain ubiquitin-binding domains that function in receptor endocytosis, Nat. Cell. 
Biol. 4 (2002) 389-393. 

[183] R.C. Aguilar, H.A. Watson, B. Wendland, The yeast Epsin Ent1 is recruited to membranes 
through multiple independent interactions, J. Biol. Chem. 278 (2003) 10737-10743. 

[184] A. Angers, A.R. Ramjaun, P.S. McPherson, The HECT domain ligase itch ubiquitinates 
endophilin and localizes to the trans-Golgi network and endosomal system, J. Biol. Chem. 279 
(2004) 11471-11479. 

[185] S.K. Shenoy, R.J. Lefkowitz, Trafficking patterns of beta-arrestin and G protein-coupled 
receptors determined by the kinetics of beta-arrestin deubiquitination, J. Biol. Chem. 278 
(2003) 14498-14506. 



 35 

[186] K. Haglund, N. Shimokawa, I. Szymkiewicz, I. Dikic, Cbl-directed monoubiquitination of CIN85 
is involved in regulation of ligand-induced degradation of EGF receptors, Proc. Natl. Acad. Sci. 
U S A 99 (2002) 12191-12196. 

[187] B. Wendland, Opinion: Epsins: adaptors in endocytosis?, Nat. Rev. Mol. Cell. Biol. 3 (2002) 
971-977. 

[188] V. Moreau, J.-M. Galan, G. Devilliers, R. Haguenauer-Tsapis, B. Winsor, The yeast actin-
related protein Arp2p is required for the internalization step of endocytosis, Mol. Biol. Cell 8 
(1997) 1361-1375. 

[189] A.L. Munn, H. Riezman, Endocytosis is required for the growth of vacuolar H+-ATPase-
defective yeast: identification of six new END genes, J. Cell. Biol. 127 (1994) 373-386. 

[190] C. Schaerer-Brodbeck, H. Riezman, Saccharomyces cerevisiae Arc35p works through two 
genetically separable calmodulin functions to regulate the actin and tubulin cytoskeletons, J. 
Cell. Sci. 113 (2000) 521-532. 

[191] E. Kübler, F. Schimmoller, H. Riezman, Calcium-independent calmodulin requirement for 
endocytosis in yeast, EMBO J. 13 (1994) 5539-5546. 

[192] M.I. Geli, H. Riezman, Role of type I myosins in receptor-mediated endocytosis in yeast, 
Science 272 (1996) 533-535. 

[193] S. Raths, J. Rohrer, F. Crausaz, H. Riezman, end3 and end4: two mutants defective in 
receptor-mediated and fluid phase endocytosis in Saccharomyces cerevisiae, J. Cell Biol. 120 
(1993) 55-65. 

[194] H. Benedetti, S. Raths, F. Crausaz, H. Riezman, The END3 gene encodes a protein that is 
required for the internalization step of endocytosis and for actin cytoskeleton organization in 
yeast, Mol. Biol. Cell 5 (1994) 1023-1037. 

[195] B. Wendland, J.M. McCaffery, Q. Xiao, S. Emr, A novel fluorescence-activated cell sorter-
based screen for yeast enocytosis mutants identifies a yeast homologue of mammalian eps15, 
J. Cell. Biol. 135 (1996) 1485-1500. 

[196] H.-Y. Tang, A. Munn, M. Cai, EH domain proteins Pan1p and End3p are components of a 
complex that plays a dual role in organization of the cortical actin cytoskeleton and 
endocytosis in Saccharomyces cerevisiae, Mol. Cell. Biol. 17 (1997) 4294-4304. 

[197] A. Wesp, L. Hicke, J. Palecek, R. Lombardi, T. Aust, A.L. Munn, H. Riezman, End4p/Sla2p 
interacts with actin-associated proteins for endocytosis in Saccharomyces cerevisiae, Mol. 
Biol. Cell 8 (1997) 2291-2306. 

[198] B. Singer-Kruger, Y. Nemoto, L. Daniell, S. Ferro-Novick, P. De Camilli, Synaptojanin family 
members are implicated in endocytic membrane traffic in yeast, J. Cell Sci. 111 (1998) 3347-
3356. 

[199] S.N. Naqvi, R. Zahn, D.A. Mitchell, B.J. Stevenson, A.L. Munn, The WASp homologue Las17p 
functions with the WIP homologue End5p/verprolin and is essential for endocytosis in yeast, 
Curr. Biol. 8 (1998) 959-962. 

[200] A. Madania, P. Dumoulin, S. Grava, H. Kitamoto, C. Scharer-Brodbeck, A. Soulard, V. 
Moreau, B. Winsor, The Saccharomyces cerevisiae homologue of human Wiskott-Aldrich 
syndrome protein Las17p interacts with the Arp2/3 complex, Mol. Biol. Cell 10 (1999) 3521-
3538. 

[201] S.A. Givan, G.J. Sprague, The ankyrin repeat-containing protein Akr1p is required for the 
endocytosis of yeast pheromone receptors, Mol. Biol. Cell 8 (1997) 1317-1327. 

[202] Y. Feng, N.G. Davis, Akr1p and the type I casein kinases act prior to the ubiquitination step of 
yeast endocytosis: Akr1p is required for kinase localization to the plasma membrane, Mol. Cell 
Biol. 20 (2000) 5350-5359. 

[203] H.A. Watson, M.J. Cope, A.C. Groen, D.G. Drubin, B. Wendland, In vivo role for actin-
regulating kinases in endocytosis and yeast epsin phosphorylation, Mol. Biol. Cell 12 (2001) 
3668-3679. 

[204] A.K. deHart, J.D. Schnell, D.A. Allen, L. Hicke, The conserved Pkh-Ypk kinase cascade is 
required for endocytosis in yeast, J. Cell Biol. 156 (2002) 241-248. 

[205] G.S. Payne, D. Baker, E. van Tuinen, R. Schekman, Protein transport to the vacuole and 
receptor-mediated endocytosis by clathrin heavy chain-deficient yeast, J. Cell Biol. 106 (1988) 
1453-1461. 

[206] D.S. Chu, B. Pishvaee, G.S. Payne, The light chain subunit is required for clathrin function in 
Saccharomyces cerevisiae, J. Biol. Chem. 271 (1996) 33123-33130. 

[207] O. Staub, I. Gautschi, T. Ishikawa, K. Breitschop, A. Ciechanover, L. Schild, D. Rotin, 
Regulation of stability and function of the epithelial Na+ channel (ENaC) by ubiquitination, 
EMBO. J. 16 (1997) 6325-6336. 



 36 

[208] C. Buttner, S. Sadtler, A. Leyendecker, B. Laube, N. Griffon, H. Betz, G. Schmalzing, 
Ubiquitination precedes internalization and proteolytic cleavage of plasma membrane-bound 
glycine receptors, J. Biol. Chem. 276 (2001). 

[209] M. Burbea, L. Dreier, J.S. Dittman, M.E. Grunwald, J.M. Kaplan, Ubiquitin and AP180 regulate 
the abundance of GLR-1 glutamate receptors at postsynaptic elements in C. elegans, Neuron 
35 (2002) 107-120. 

[210] M. Jeffers, G.A. Taylor, K.M. Weidner, S. Omura, G.F. Vande Woude, Degradation of the Met 
tyrosine kinase receptor by the ubiquitin-proteasome pathway, Mol. Cell. Biol. 17 (1997) 799-
808. 

[211] S. Mori, C.-H. Heldin, L. Claesson-Welsh, Ligand induced polyubiquitination of the platelet-
derived growth factor b-receptor, J. Biol. Chem. 267 (1992) 6429-6434. 

[212] S. Mori, K. Tanaka, S. Omura, Y. Saito, Degradation process of ligand-stimulated platelet-
derived growth factor beta-receptor involves ubiquitin-proteasome proteolytic pathway, J. Biol. 
Chem. 270 (1995) 29447-29452. 

[213] K.E. Longva, F.D. Blystad, E. Stang, A.M. Larsen, L.E. Johannessen, I.H. Madshus, 
Ubiquitination and proteasomal activity is required for transport of the EGF receptor to inner 
membranes of multivesicular bodies, J Cell Biol 156 (2002) 843-54. 

[214] P.S. Lee, Y. Wang, M.G. Dominguez, Y.G. Yeung, M.A. Murphy, D.D. Bowtell, E.R. Stanley, 
The Cbl protooncoprotein stimulates CSF-1 receptor multiubiquitination and endocytosis, and 
attenuates macrophage proliferation, EMBO J. 18 (1999) 3616-3628. 

[215] Y. Wang, Y.G. Yeung, E.R. Stanley, CSF-1 stimulated multiubiquitination of the CSF-1 
receptor and of Cbl follows their tyrosine phosphorylation and association with other signaling 
proteins, J Cell Biochem 72 (1999) 119-134. 

[216] B.M. Jehn, I. Dittert, S. Beyer, K. von der Mark, W. Bielke, c-Cbl binding and ubiquitin-
dependent lysosomal degradation of membrane- associated Notch1, J. Biol. Chem. 277 
(2002) 8033-8040. 

[217] K. Miyazawa, K. Toyama, A. Gotoh, P.C. Hendrie, C. Mantel, H.E. Broxmeyer, Ligand-
dependent polyubiquitination of c-kit gene product: a possible mechanism of receptor down 
modulation in M07e cells, Blood 83 (1994) 137-145. 

[218] P. Kavsak, R.K. Rasmussen, C.G. Causing, S. Bonni, H. Zhu, G.H. Thomsen, J.L. Wrana, 
Smad7 binds to Smurf2 to form an E3 ubiquitin ligase that targets the TGF beta receptor for 
degradation, Mol. Cell 6 (2000) 1365-1375. 

[219] C. Cahoreau, L. Garnier, J. Djiane, G. Devauchelle, M. Cerutti, Evidence for N-glycosylation 
and ubiquitination of the prolactin receptor expressed in a baculovirus-insect cell system, 
FEBS Lett 350 (1994) 230-234. 

[220] M.S. Obin, J. Jahngen-Hodge, T. Nowell, A. Taylor, Ubiquitinylation and ubiquitin-dependent 
proteolysis in vertebrate photoreceptors (rod outer segments). Evidence for ubiquitinylation of 
Gt and rhodopsin, J. Biol. Chem. 271 (1996) 14473-14484. 

[221] N.P. Martin, R.J. Lefkowitz, S.K. Shenoy, Regulation of V2 vasopressin receptor degradation 
by agonist-promoted ubiquitination, J. Biol. Chem. 278 (2003) 45954-45959. 

[222] S.K. Shenoy, P.H. Mc Donald, Trudy A. K., L.R. J., Regulation of Receptor Fate By 
ubiquitination of Activated ß2-Adrenergic Receptor and ß-Arrestin, Science 294 (2001) 1308-
1313. 

[223] Y. Fujita, G. Krause, M. Scheffner, D. Zechner, H.E. Leddy, J. Behrens, T. Sommer, W. 
Birchmeier, Hakai, a c-Cbl-like protein, ubiquitinates and induces endocytosis of the E-
cadherin complex, Nat. Cell Biol. 4 (2002) 222-231. 

[224] D. Hou, C. Cenciarelli, J.P. Jensen, H.B. Nguyen, A.M. Weissman, Activation-dependent 
ubiquitination of a T cell antigen receptor subunit on multiple intracellular lysines, J. Biol. 
Chem. 269 (1994) 14244-14247. 

[225] M. Naramura, I.K. Jang, H. Kole, F. Huang, D. Haines, H. Gu, c-Cbl and Cbl-b regulate T cell 
responsiveness by promoting ligand-induced TCR down-modulation, Nat. Immunol. 3 (2002) 
1192-1199. 

[226] H.Y. Wang, Y. Altman, D. Fang, C. Elly, Y. Dai, Y. Shao, Y.C. Liu, Cbl promotes ubiquitination 
of the T cell receptor zeta through an adaptor function of Zap-70, J. Biol. Chem. 276 (2001) 
26004-26011. 

[227] J.W. Booth, M.K. Kim, A. Jankowski, A.D. Schreiber, S. Grinstein, Contrasting requirements 
for ubiquitylation during Fc receptor-mediated endocytosis and phagocytosis, EMBO J. 21 
(2002) 251-258. 

[228] R. Paolini, J.-P. Kinet, Cell surface control of the multiubiquitination and deubiquitination of 
high-affinity immunoglobulin E receptors, EMBO. J. 12 (1993) 779-786. 



 37 

 



 38 

Legends of Figure and Tables 
 
Fig. 1: Schematic representation of proteins involved in endocytic internalization and ubiquitylation 
processes drawn to scale with their main domains and motifs. 
BAR: domain with unknown function. CB: clathrin-binding domain. TKB: Tyrosine Kinase Binding domain. 
4H: four helix. EF: EF-hand domain. SH2: Src homology 2 domain. DPF/DPW: Asp-Pro-Phe/Asp-Pro-Trp 
sequences that bind AP2. EH: Eps15 homology domain, pair of EF hand motifs that recognise proteins 
containing Asn-Pro-Fhe (NPF) sequences. ENTH: Epsin N-terminal homology domain. RING: RING-
finger domain that exhibits binding activity towards E2 enzyme. SH3: Src homology 3 domain, sequence 
that binds Pro-rich sequences containing a PXXP core-conserved binding motif. UIM: ubiquitin interaction 
motif. UBA: ubiquitin-associated domain. Black vertical line: Asn-Pro-Phe (NPF) sequences. Asterisk : the 
protein is ubiquitylated. For the various domains of Rsp5p/Nedd4 and c-Cbl: see text. Dm: 
D. melanogaster, Hs: H. sapiens; Rn: Rattus novegicus Sc: S. cerevisiae. Domains indicated are those 
designated by Pfam (available on the WWW at  pfam.cgb.ki.se) or SMART (available on the WWW at 
smart.embl-heidelberg.de).  
 
 
Table I: Yeast proteins required for the endocytic internalization of receptors and transporters. (I) Proteins 
in connection with the cortical actin cytoskeleton; (II) Proteins involved in lipid biosynthesis; (III) Proteins 
involved in ubiquitylation; (IV) Proteins with no obvious connection with actin cytoskeleton, or lipid 
biosynthesis, or ubiquitylation. 
 
Table II: Ubiquitylated plasma membrane proteins in higher eukaryotic cells. 
RTKs: Tyr-kinase receptors; R-S/TKs: Ser-Thr kinase receptors; RK-associated: receptors associated 
with kinases; GPCRs: G-protein-coupled receptors. *E3s of the Nedd4 family, °RING finger E3s, 
"PHD-containing E3s. 
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 Yeast proteins Mammalian homologs comments References 

I Act1p/End7p actin - [55, 56] 
 Arp2 Arp2 actin-related protein [188] 
 Arp3  Arp3 actin-related protein Marchal and Urban-Grimal, 

unpublished 
 Arc35p/End9p Arc35 Arp2/Arp3 coomplex  [189, 190] 
 Cmd1p calmodulin - [191] 
 Myo3p and Myo5p Type I myosin - [192] 
 Sac6p Fimbrin - [56] 
 End3p - EH domain [193, 194] 
 Pan1p/Dim2p - EH domain [195, 196] 
 Ede1p Eps15  EH and UBA domains for Ede1 

UIM domain for Eps15 
[61] 

 Ent1p and Ent2p Epsin1 and 2 ENTH and UIMs domains [37, 38] 
 Sla1 CIN85 - [107] 
 Sla2p/End4p/Mop2p HIP1, HIPR - [193, 197] 
 Rvs161p/End6p amphiphysin BAR domain [55] 
 Rvs167p amphiphysin BAR domain [55, 107] 
 Sjl1p, Sjl2p, Sjl3p  synaptojanin - [198] 
 Las17p/Bee1p WASP - [199, 200] 
 Vrp1p/End5p WIP/verprolin - [55] 
 Akr1p and  Akr2p ankyrin Ankyrin repeat [201] 
 Ark1p - kinase [202] 
 Prk1p - kinase [203] 
 Ypk1p and Ypk2p SGK1 kinase [204] 
II Lcb1p/End8p - ceramide biosynthesis [189] 
 Erg2p/End11p - ergosterol biosynthesis [189] 
III Rsp5p Nedd4 family E3 HECT enzyme [66] 
 Ubc1p, Ubc4p, Ubc5p Ubch… E2 enzyme [21] 
 Yck1p and Yck2p - kinase [71, 94, 202] 
 Bul1p and Bul2p - PxY motif [72] 
IV Chc1p Clathrin heavy chain - [52, 205] 
 Clc1p Clathrin light chain - [206] 
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Proteins         E3 References 
Channels   
ENaC Nedd4-2* [24, 117, 207] 
rH1 Nedd4* [118] 
ClC5 Nedd4* [119] 
Ligand-gated ion 
channel 

  

GlyR 
GluR 

 [208] 
[209] 

Transporters   
SN1 Nedd4* [125] 
EAAT1 Nedd4* [126] 
NaPi Nedd4* [127] 
Tyr-kinase receptors   
c-Met Cbl° [163, 210] 
PDGFRß Cbl° [211, 212] 
EGFR Cbl°/ Cbl-c° + 

AIP4/Itch* 
[15, 128, 154, 213] 

CSF-1R Cbl° [214, 215] 
Notch Cbl° + Itch* [129, 132, 216] 
c-kit     [217] 
Ser/Thr-kinase 
receptors 

  

TGFß Smurf2* 
(+Smad7) 

[218] 

Cytokine receptors    
GHR  [135-137, 142] 
IFNAR1 / IFNAR2 SCFHOS [16] 
IL-2R  [144] 
Prolactine R  [219] 
GPCRs   
Rhodopsin  [220] 
V2  [221] 
CXCR4 AIP4* [121, 123] 
ß2-AR Mdm2° [222] 
Other proteins   
Comm DNedd4* [133] 
E-cadherin Hakaï° [223] 
Immune recognition   
MHC Class I KK3/MIR1" / 

KK5/MIR2" 
MARCH-
IV"/MARCH-IX" 
M153R" 

[145, 146] 
[148] 
[147] 

B7.2 MIR1/MIR2" [145] 
ICAM-1 MIR1/MIR2" [145] 
T-cell coreceptor CD4 M153R" [147] 
TCR Cbl° [224, 225] 
TCR ζchain  [226] 
FcεRI  [227, 228] 
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