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Introduction
Ubiquitylation is a key posttranslational regulator of protein 

 activity, stability, and/or localization. That the addition of this 

highly conserved 76–amino acid moiety can result in such a 

range of outcomes is, in part, a result of the variety of ways ubiq-

uitin can be covalently attached to the substrate protein. Ubiqui-

tylation is the formation of an isopeptide bond between a 

substrate lysine and the COOH group of the COOH-terminal 

glycine of ubiquitin. The addition of a single ubiquitin is termed 

monoubiquitylation or, if several substrate lysines are modifi ed 

in this manner, multiubiquitylation. However, because ubiquitin 

itself has seven lysines, which can also be subjected to isopeptide 

formation, a polyubiquitin chain can form. Polyubiquitylation 

can have several forms, depending on which lysine is used. All 

lysines (K6, 11, 27, 29, 33, 48, and 63) can be subjected to chain 

formation, but the most common linkages are K48 and K63. K48 

polyubiquitylation is a very effi cient tag for marking proteins for 

degradation at the proteasome, whereas K63 chains are involved 

in nonproteasomal functions, including protein traffi cking and 

DNA repair (for review see Pickart and Eddins, 2004). Mono- 

and multiubiquitylation are major regulators of protein traffi ck-

ing in both the exocytic and endocytic pathways.

Ubiquitin can affect protein traffi cking in two ways: either 

by direct attachment to the cargo protein (cis-regulation) or modi-

fi cation of the protein-traffi cking machinery (trans-regulation; 

Hicke and Dunn, 2003). Ubiquitylation of cargo proteins at the 

plasma membrane can be suffi cient to induce endocytosis, and 

it also acts as a sorting signal at the TGN and the multivesicular 

body (MVB; Hicke and Dunn, 2003). Furthermore, ubiquitin 

may participate in vesicle targeting, as several proteins involved 

in vesicle docking and fusion bind ubiquitin (Donaldson et al., 

2003). At the plasma membrane, the ubiquitin signal is recog-

nized by epsin and Eps15, and, at the MVB, it is recognized by 

a complex containing hepatocyte growth factor–regulated tyro-

sine kinase substrate (Hrs) and signal-transducing adaptor mol-

ecule (STAM). Subsequent interactions with protein complexes 

ESCRT (endosomal sorting complex required for transport) 

I, II, and III result in the targeting of ubiquitylated cargo into 

 internal vesicles to be degraded at the vacuole/lysosome 

(Katzmann et al., 2002; Raiborg et al., 2003). Many of the 

 protein-traffi cking machinery components are themselves ubiq-

uitylated without being subject to proteasomal degradation, 

raising the possibility of the regulation of cargo-traffi cking ma-

chinery interaction by reciprocal ubiquitylation status (Oldham 

et al., 2002; Polo et al., 2002).

In addition to conjugation, substrate ubiquitylation status 

may also be regulated by ubiquitin cleavage, which is performed 

by deubiquitylating enzymes (DUBs). The human genome 

 encodes for �80 DUBs, which can be divided into fi ve classes 

on the basis of differences in the catalytic domain (Amerik and 

Hochstrasser, 2004; Nijman et al., 2005). Four classes of 

DUBs—the ubiquitin COOH-terminal hydrolases (UCHs), 

ubiquitin-specifi c proteases (USPs), Machado-Joseph disease 

protein domain proteases, and ovarian tumor proteases—are 

cysteine proteases, whereas the JAMM motif proteases are 

 metalloproteases.  Although DUB function does not neatly seg-

regate along class lines, a few generalizations can be made. The 

substrates for UCHs tend to be small peptides (20–30 amino 

 acids), and UCHs primarily function in the recycling of ubiquitin.

The USPs are the largest group, with �55 members in humans 

(Nijman et al., 2005). They contain a characteristic catalytic 

core, which is  defi ned by a small number of motifs fl anked by 

large NH2- and/or COOH-terminal extensions. Except for the 

catalytic core motifs, which only extend over �100 amino 

acids, there is no other homology between USP family members. 
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The divergent NH2- and COOH-terminal extensions are proposed 

to impart substrate specifi city. Along with the substrate-specifi c 

E3 ligases, USPs are the only classes of ubiquitin-modifying 

enzymes to have expanded signifi cantly throughout evolution 

(Semple et al., 2003). Information on the other three classes of 

DUBs is fairly sparse and relatively recent, preventing generali-

zations; however, individual members of the ovarian tumor pro-

tease and JAMM classes are involved in the regulation of protein 

traffi cking (as detailed below). Protein traffi cking is regulated 

by DUBs in several ways, such as maintaining cellular levels of 

free ubiquitin, antagonizing the degradation of  traffi cking 

proteins in the ubiquitin–proteasome system, and regulating 

nonproteasome-dependent functions of monoubiquitin or mul-

tiple monoubiquitin signals.

Regulation by DUBs of protein traffi cking 
in the exocytic pathway
Secreted and membrane proteins enter the exocytic pathway at 

the ER. The ubiquitin pathway is a major regulator of protein 

quality at this juncture, as misfolded proteins inserted into the 

ER are very rapidly recognized, ubiquitylated, and degraded by 

proteasomes in the cytoplasm (Meusser et al., 2005). Whereas 

some common characteristics of misfolded proteins may be rec-

ognized by the ubiquitylation machinery, it has recently been 

shown that one DUB, USP4, plays a very substrate-specifi c role 

at the ER (Fig. 1 A).  USP4 associates with the cytosolic COOH 

terminus of the A2a-adenosine receptor, a Gs-coupled receptor 

(Milojevic et al., 2006). This regulates the quality control of 

A2a-adenosine receptor, facilitating the passage of the receptor 

through the ER and Golgi and resulting in increased A2a-

 adenosine receptor at the plasma membrane. Several controls 

showed that this increase was caused by facilitated transport 

through the exocytic pathway and not by recycling from the en-

docytic pathway (Milojevic et al., 2006). This interaction was 

specifi c, as another DUB, USP14, could not substitute for USP4, 

and USP4 had no effect on the traffi cking of other G protein–

coupled receptors. As >50% of the A2a-adenosine receptor 

is degraded at the ER, the cis-regulatory function of USP4 has 

the potential to be a signifi cant and specifi c regulator of A2a-

 adenosine receptor function at the plasma membrane.

The regulation of traffi c between the ER and cis-Golgi is 

also affected by DUB activity, but this time it involves trans-

regulation. In yeast, the DUB Ubp3 participates in the stabiliza-

tion of two traffi cking proteins, Sec23, a COPII subunit protein, 

and β′-COP, a COPI subunit, that are required for ER to Golgi 

transport and Golgi to ER retrograde transport, respectively 

(Fig. 1 B; Cohen et al., 2003a,b). In this role, Ubp3 has an es-

sential cofactor, Bre5, and deletion mutants of either result in 

defects in the bidirectional transport between the ER and Golgi. 

Ubp3 appears to be essential for cleavage of the isopeptide bond 

between Gly76 of ubiquitin and the ubiquitylated lysine residue 

of the Sec23 and β′-COP substrates. Accumulation of monou-

biquitylated forms of Sec23 and β′-COP and an increased turn-

over of these proteins are seen in both ubp3∆ mutants and bre5∆ 

mutants. The enzyme–substrate relationship between Ubp3 and 

Sec23 was further confi rmed by demonstrating direct protein–

protein interaction and the inability of a catalytically inactive 

mutant to eliminate the monoubiquitylated form of Sec23 in 

ubp3∆ cells (Cohen et al., 2003a). Notably, the monoubiquity-

lated Sec23 did not dissociate as freely as wild type from the ER 

once bound, and it failed to interact with another component of 

the COPII complex (Cohen et al., 2003a). Thus, ubiquitylation 

leads to the down-regulation of Sec23 not only by leading to its 

degradation but also through altering its biochemical properties 

such that it can no longer perform its function in ER to Golgi 

transport. Data concerning whether such relationships have been 

conserved by mammalian cells is preliminary but promising. 

Both Ubp3 and its cofactor Bre5 have human homologues

(UBP10 and G3BP1/2 [Ras–GTPase-activating protein SH3 

domain–binding protein], respectively). The ability of G3BP to 

modulate the deubiquitylating activity of UBP10 has been dem-

onstrated in vitro on artifi cial substrates (Soncini et al., 2001), 

and a yeast two-hybrid assay has been used to demonstrate pro-

tein interaction between USP10 and bovine β′-COP, whereas 

no interaction was observed between USP10 and fi ve other 

components of the COPI complex (Cohen et al., 2003b). Thus, 

it appears likely that the functional relationship between a spe-

cifi c USP-type DUB and protein transport between the Golgi 

and ER is evolutionally conserved.

Figure 1. DUBs infl uence membrane protein traffi cking at a variety of 
traffi cking locations. Conjugation of ubiquitin (red circles) is involved in the 
traffi cking of various cargo, including receptor tyrosine kinases (green) 
and G protein–coupled receptors (black curved lines). (A) The DUB USP4 
regulates ubiquitin–proteasome-mediated degradation of misfolded forms 
of a Gs-coupled receptor at the ER. (B) The yeast DUB Ubp3 functionally 
regulates proteins that are necessary for vesicular transport from the ER to 
Golgi and also Golgi to ER retrograde transport. (C) At the plasma mem-
brane, ubiquitylation, which often occurs in response to receptors binding 
ligand (triangles), acts as an internalization signal and as a regulatory 
modifi cation on the protein-traffi cking machinery. Epsin, a component of 
the clathrin-mediated endocytosis machinery, is regulated by FAM/USP9X. 
(D) After internalization protein cargo is traffi cked through multiple endo-
somes, it is eventually recycled to the plasma membrane or degraded at 
the lysosome. Recycling to the plasma membrane occurs if the cargo is 
deubiquitylated (represented by a black dashed line) before ubiquitin sig-
nals the sorting of the cargo into internal vesicles. Sorting cargo into inter-
nal vesicles destines it for lysosomal degradation. Deubiquitylation of the 
cargo during sorting is necessary for ubiquitin recycling. Two DUB–cargo 
interactions that antagonize receptor down-regulation have been pro-
posed: AMSH and EGFR or UCH37 and type I TGF-β receptor. In contrast, 
USP8 appears to facilitate the down-regulation of EGFR. DUBs also regu-
late the endosomal traffi cking machinery indirectly. The overexpression of 
Ubp1 in yeast results in impaired lysosomal traffi cking of at least two cargo 
proteins but does not alter their ubiquitylation status.
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DUBs also infl uence the exocytic pathway in a more 

 general manner by regulating the dynamics of organelle 

 reassembly. The VCIP135 DUB is an essential cofactor 

for p97–p47-mediated Golgi and ER reassembly (Wang et al., 

2004; Kano et al., 2005), a process that is required after cell 

 division. For Golgi reassembly, although the role of VCIP135 

is dependent on its DUB activity, it acts independently of the 

proteasome. However, a ubiquitin mutant that cannot bind 

p97–p47 was found to inhibit Golgi reassembly when added to 

the system before disassembly (Wang et al., 2004). It may be 

inferred from this that a ubiquitylation-dependent interaction 

between p97–p47 and an unknown protein, which becomes 

ubiquitylated before Golgi disassembly, is required for Golgi 

reassembly. This as yet unidentifi ed protein is clearly a candi-

date for a VCIP135 substrate. Regardless of substrate identity, 

VCIP135’s involvement in Golgi and ER reassembly demon-

strates that a DUB can functionally participate in membrane 

fusion events, which are key components of membrane protein-

traffi cking events.

Regulation of protein traffi cking 
in the endocytic pathway by DUBs
The endocytic pathway begins with the internalization of plasma 

membrane proteins, which is followed by multiple sorting 

events at the early/recycling endosome and the late endosome/

MVB compartments. These ultimately either return the protein 

to the plasma membrane or deliver it to the lysosome for degra-

dation. Most, if not all, plasma membrane proteins in yeast are 

endocytosed in a ubiquitin-dependent manner, indicating that 

ubiquitylation is an ancient signal for traffi cking (Hicke and 

Dunn, 2003). In mammalian cells, the best-studied examples 

of ubiquitin-dependent endocytosis involve ligand-activated re-

ceptor tyrosine kinases. Both E3 ubiquitin ligases and DUBs 

regulate endocytic traffi c both in cis and trans.

Epsin is a traffi cking accessory molecule involved in both 

clathrin-mediated endocytosis (Ford et al., 2002) and the inter-

nalization of ubiquitylated cargo in a clathrin-independent  manner 

(Fig. 1 C; Chen and DeCamilli, 2005; Sigismund et al., 2005). 

That epsin may be regulated by a DUB was fi rst indicated 

by genetic studies in Drosophila melanogaster, where muta-

tions in the liquid facets (lqf, Drosophila epsin) gene were dom-

inant enhancers of the eye defect observed in mutants of the 

DUB fat facets (faf), a USP-type DUB (Cadavid et al., 2000). 

Two experiments support the enzyme substrate relationship 

 between faf and lqf. First, the overexpression of lqf replaced 

the requirement of faf during eye development, as would be 

 expected if faf’s role was to stabilize lqf (Cadavid et al., 2000). 

Also, the deubiquitylation of lqf by wild-type faf but not a cata-

lytically inactive mutant stabilized lqf (Chen et al., 2002). 

 Consequently, it has been concluded that in Drosophila, faf 

 opposes the ubiquitin–proteasome-mediated degradation of lqf. 

Subsequently, it was found that lqf is essential for directing the 

endocytosis and subcellular localization of Delta in Delta/Notch 

signal-sending cells such that Delta can be activated (Wang and 

Struhl, 2004). Perturbation of this function is the basis for the 

eye phenotype of faf-null and lqf-null Drosophila mutants 

(Overstreet et al., 2004).

The relationship between the homologues of lqf (epsin1) 

and faf (FAM/USP9X) is conserved in higher vertebrates but 

is likely to have functional differences. Epsin1 does not appear 

to be polyubiquitylated and degraded by the proteasome but 

is instead monoubiquitylated (Oldham et al., 2002). The levels 

of monoubiquitylated epsin1 decrease simultaneously with a 

global decrease in ubiquitylated proteins upon calcium-induced 

depolarization in rat synaptosomes or stimulation of calcium 

signaling in nonneuronal cell types (Chen et al., 2003). Loss 

of monoubiquitylated epsin1 was specifi cally prevented by 

siRNA-mediated FAM/USP9X knockdown. It was proposed 

that the ubiquitylation of epsin may prevent its interaction with 

several binding partners, including lipids, AP-2, and clathrin; 

therefore, FAM-mediated deubiquitylation activates epsin 

(Chen et al., 2003).

Curiously, epsin is not the only link between the FAM/

USP9X DUB and membrane protein traffi cking. FAM colocal-

izes with markers for several protein-traffi cking compartments, 

including the TGN and late endosomes, and there is strong 

 circumstantial evidence linking FAM/USP9X to traffi cking of 

the E-cadherin–β-catenin complex in epithelia (Murray et al., 

2004). Additionally, doublecortin, an essential neural protein 

that associates with microtubules and clathrin adaptor proteins 

AP-1 and AP-2 (Friocourt et al., 2001), is a binding partner but 

not a substrate of FAM (Friocourt et al., 2005).

Other DUBs may regulate the endocytic traffi c of specifi c 

cargo at the plasma membrane. In mammalian cells, activated 

G protein–coupled receptors associate with β-arrestin, and both 

proteins are ubiquitylated before internalization of the complex. 

In this instance, ubiquitylation of the β-arrestin adaptor protein 

rather than the receptor itself is required for receptor internal-

ization (Shenoy et al., 2001). Different G protein–coupled re-

ceptors show different recycling kinetics that correlated with 

the ubiquitylation status of the associated β-arrestin. Further-

more, overexpression of a β-arrestin–ubiquitin fusion, such that 

β-arrestin could not be deubiquitylated, slowed the recycling 

kinetics of fast recycling receptors and also led to enhanced re-

ceptor internalization and degradation (Shenoy and Lefkowitz, 

2003). This study strongly suggests that fast recycling receptors 

recruit DUBs to act on β-arrestin. In yeast, the soluble form of 

Ubp1 may also function at the plasma membrane or sorting en-

dosome to deubiquitylate an as yet unidentifi ed component of 

the protein-traffi cking machinery and recycle ubiquitylated 

 proteins. This was based on the observation that the overexpres-

sion of soluble Ubp1 disrupted the lysosomal traffi cking of the 

ATP-binding cassette transporter protein Ste6 as well as the 

α-factor receptor Ste2 even though Ubp1 did not alter the ubiq-

uitylation status of either cargo (Schmitz et al., 2005). However, 

Ubp1 deubiquitylating activity was required as a catalytically 

inactive form and had no effect on either plasma membrane 

 protein (Schmitz et al., 2005).

A subsequent critical junction for protein sorting in the 

endocytic pathway occurs at the endosomes. Precisely how 

 protein sorting at the endosomes is regulated is far from 

clear,  except to say that it involves the interdependent inter-

actions  between individual components of large multiprotein 

complexes. Ubiquitin infl uences endosomal sorting at three 
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levels: (1) if cargos remain ubiquitylated, they are ultimately 

fated for degradation in the lysosome; (2) many of the accessory 

proteins are ubiquitylated; and (3) they may also contain motifs 

that bind ubiquitin or ubiquitin-like domains on cargo or other 

accessory proteins. Delineating a precise role for DUBs is diffi -

cult, as for any protein in these processes, but several recent 

studies have made signifi cant progress in understanding the role 

of two: USP8 (UBPY) and AMSH (associated molecule with 

the SH3 domain of STAM), a JAMM-class DUB.

Knockdown of USP8 levels using siRNA signifi cantly in-

hibits the down-regulation of ligand-activated growth receptors 

such as EGF receptor (EGFR) and Met (McCullough et al., 

2004; Bowers et al., 2006; Row et al., 2006). Conversely, AMSH 

negatively regulates EGFR down-regulation and is proposed to 

recycle the EGFR at the sorting endosome (McCullough et al., 

2004; Row et al., 2006). The molecular mechanism underlying 

these opposing effects is hinted at by the observation that USP8 

and AMSH bind a central SH3 domain of STAM proteins in a 

mutually exclusive manner (Kato et al., 2000). STAM and its 

constitutive binding partner Hrs participate in recognizing ubiq-

uitylated cargo on early endosomes (Bilodeau et al., 2003), 

leading to the sorting of such cargo into internal vesicles at the 

MVB (Fig. 1 D). Overexpression of a STAM2A mutant lacking 

its SH3 domain interfered with the lysosomal degradation of 

PDGF and its receptor (Takata et al., 2000; McCullough et al., 

2004). A proportion of USP8 and AMSH colocalize with STAM 

at endosomes (McCulluogh et al., 2004; Row et al., 2006). The 

functional relevance of the interaction between USP8, AMSH, 

and STAM in the endocytic traffi cking of activated growth fac-

tors is supported by other observations, including that catalyti-

cally inactive AMSH, a potential “substrate trap” mutant, 

resulted in the accumulation of ubiquitin on endosomes, an in-

creased association with STAM, and the generation of a minor 

product consistent with ubiquitylated STAM (McCullough 

et al., 2004). Further interactions between AMSH and other 

traffi cking accessory proteins such as clathrin heavy chain and 

a component of ESCRT III indicate that AMSH is “deeply inte-

grated as a hub protein within the MVB-sorting protein interac-

tion network” (McCullough et al., 2006). It was also observed 

that the associations between AMSH and traffi cking machinery 

was reinforced by the simultaneous binding of STAM, with the 

subsequent activation of AMSH coupled to its association with 

the MVB-sorting machinery (McCullough et al., 2006).

The role of USP8 in facilitating the passage of EGFR and 

Met to the lysosome has been supported by the observation that 

USP8 can deubiquitylate monoubiquitylated growth factor re-

ceptors as well as act on both K48- and K63-linked ubiquitin 

chains in vitro (Row et al., 2006). USP8 is recruited to endo-

somes upon EGF stimulation but shows no association with 

 endosomes in starved cells in contrast to AMSH (Row et al., 

2006). Interestingly, when USP8 is depleted, STAM becomes 

destabilized, which is a process dependent on the proteasome 

(Row et al., 2006). Therefore, part of USP8’s function may be 

to maintain STAM levels. However, it is proposed that USP8 

might regulate multiple components in the endocytic pathway, 

such as the growth factor receptors themselves. Precisely where 

in the endocytic pathway a DUB might deubiquitylate a recep-

tor is critical, as it could result in opposite effects. If USP8 

 deubiquitylates EGFR at the MVB, this facilitates EGFR’s 

 progression toward degradation in the lysosome and, thus, aids 

receptor down-regulation (Bowers et al., 2006; Row et al., 

2006). However, it has also been suggested that USP8 might be 

active at the sorting endosome, in which case the deubiquity-

lated receptor is recycled to the plasma membrane and is ready 

for another round of signaling (Mizuno et al., 2005). It is not clear 

why the data of Mizuno et al. (2005) showed an opposite effect 

on EGFR by USP8, but it is supported by their observations that 

upon EGF stimulation, USP8 directly binds EGFR. Another 

DUB UCH37 has been suggested to deubiquitylate activated 

type I TGF-β receptor, thereby preventing its down-regulation, 

but it was not shown whether this occurs at the plasma mem-

brane or at the sorting endosome (Fig. 1 D; Wick et al., 2005).

In the ubiquitin–proteasomal system, coupling of DUBs 

to the proteasome is necessary for ubiquitin recycling (Amerik 

and Hochstrasser, 2004), and one yeast DUB has been shown to 

play an analogous role at a late stage of the ubiquitin–lysosome 

system. Doa4 (UBP4) was one of the fi rst identifi ed yeast DUBs, 

and it was noted that in doa4∆ mutant cells, many substrates of 

the ubiquitin–proteasome system were stabilized as a result of 

a depletion of ubiquitin (Papa et al., 1999; Swaminathan et al., 

1999). Interestingly, a screen for genetic suppressors of the 

doa4 phenotype identifi ed members of the vacuolar protein-

sorting pathway and not components of the proteasomal system 

(Amerik et al., 2000). Further examination of these mutants led 

to the conclusion that Doa4 acts at the late endosome/prevacuo-

lar compartment to recover ubiquitin from membrane proteins 

before their sorting into internal vesicles and subsequent lyso-

somal degradation (Fig. 1 D; Amerik et al., 2000; Dupre and 

Haguenauer-Tsapis, 2001). A vertebrate homologue of Doa4 

has not been identifi ed, although deubiquitylation of the spe-

cifi c cargo protein EGFR has been shown to occur before its ly-

sosomal degradation (Alwan et al., 2003). This deubiquitylation 

event was inhibited by the proteasomal inhibitor lactacystin, 

which delayed but did not prevent the lysosomal degradation of 

EGFR, leading to the intriguing possibility that in vertebrates, 

the deubiquitylating activity of the proteasome might fulfi ll the 

role played by Doa4 in yeast.

Conclusions/future directions
The study of ubiquitylation and membrane protein traffi cking 

is an exciting and relatively recent fi eld. Although the study 

of DUBs has lagged behind that of ubiquitin ligases, it is 

already apparent that DUBs play key and varied roles in protein 

 traffi cking. Through participation in membrane protein- traffi cking 

events, DUBs regulate protein localization and stability, 

 membrane fusion, signaling pathways, and developmental 

events. The current defi ciencies in our knowledge are many and 

mostly self-evident, but two major obstacles need to be over-

come for signifi cant progress to be made. The fi rst concerns the 

observation that many DUBs having multiple subcellular loca-

tions and substrates/binding partners. The second challenge 

comes from the observation that many DUBs and E3 ligases are 

complexed together and often regulate both the activity and sta-

bility of themselves and each other as well as common substrates 
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(Nijman et al., 2005). The possible permutations and combinations 

inherent in these interactions make drawing simple linear models 

from over- or underexpression studies nearly impossible.

These complex, reciprocal regulatory networks are remi-

niscent of other cell signaling pathways, and so an appreciation 

of what has been learned from phosphorylation signaling path-

ways will be useful in answering the “where to from here?” 

question. The regulation of kinases and phosphatases in time and 

space determine cell signaling dynamics (Kholodenko, 2006), so 

for the study of DUBs in protein traffi cking, it will be critical to 

include techniques such as fl uorescence resonance energy trans-

fer to determine exactly which subcellular pools of DUBs and 

substrates are interacting. It will also be important to molecu-

larly dissect the DUBs to identify individual localization signals 

and/or specifi c substrate-binding sites so that more precise ques-

tions can be addressed. The interaction between DUBs and E3 

ligases echoes a universal motif found in cellular networks in 

which kinases, phosphatases, guanine nucleotide exchange fac-

tor, and GTPase-activating proteins are in complexes regulating 

the same substrate (Kholodenko, 2006). Far from representing a 

futile cycle, such arrangements can provide ultrasensitivity to 

signaling pathways and are modulated by controlling the local-

ization and recruitment of the different enzymes to the complex 

(Kholodenko, 2006). Clearly, defi ning DUB–E3 ligase pairs and the 

signals that recruit them to specifi c points of protein traffi cking 

will represent a major step forward along the pathway, for al-

though ubiquitylation may mark the beginning of a protein’s 

journey, it is not over until DUBs signal the fi nal destination.

The authors wish to acknowledge funding from the Channel 7 Children’s 
 Research Foundation and the National Health and Medical Research Council.

Submitted: 14 February 2006
Accepted: 13 April 2006

References
Alwan, H.A., E.J. van Zoelen, and J.E. van Leeuwen. 2003. Ligand-induced 

lysosomal epidermal growth factor receptor (EGFR) degradation is pre-
ceded by proteasome-dependent EGFR de-ubiquitination. J. Biol. Chem. 
278:35781–35790.

Amerik, A.Y., and M. Hochstrasser. 2004. Mechanism and function of deubiqui-
tinating enzymes. Biochim. Biophys. Acta. 1695:189–207.

 Amerik, A.Y., J. Nowak, S. Swaminathan, and M. Hochstrasser. 2000. The Doa4 
deubiquitinating enzyme is functionally linked to the vacuolar protein-
sorting and endocytic pathways. Mol. Biol. Cell. 11:3365–3380.

Bilodeau, P.S., S.C. Winistorfer, W.R. Kearney, A.D. Robertson, and R.C. Piper. 
2003. Vps27-Hse1 and ESCRT-I complexes cooperate to increase effi -
ciency of sorting ubiquitinated proteins at the endosome. J. Cell. Biol. 
163: 237–243. 

Bowers, K., S.C. Piper, M.A. Edeling, S.R. Gray, D.J. Owen, P.J. Lehner, and J.P. 
Luzio. 2006. Degradation of endocytosed epidermal growth factor and 
virally ubiquitinated major histocompatibility complex class I is indepen-
dent of mammalian ESCRTII. J. Biol. Chem. 281:5094–5105.

Cadavid, A.L., A. Ginzel, and J.A. Fischer. 2000. The function of the Drosophila 
fat facets deubiquitinating enzyme in limiting photoreceptor cell number 
is intimately associated with endocytosis. Development. 127:1727–1736.

Chen, H., and P. De Camilli. 2005. The association of epsin with ubiquitinated 
cargo along the endocytic pathway is negatively regulated by its interaction 
with clathrin. Proc. Natl. Acad. Sci. USA. 102:2766–2771.

Chen, H., S. Polo, P.P. Di Fiore, and P.V. De Camilli. 2003. Rapid Ca2+-dependent 
decrease of protein ubiquitination at synapses. Proc. Natl. Acad. Sci. USA. 
100:14908–14913.

Chen, X., B. Zhang, and J.A. Fischer. 2002. A specifi c protein substrate for a 
deubiquitinating enzyme: Liquid facets is the substrate of Fat facets. 
Genes Dev. 16:289–294.

Cohen, M., F. Stutz, N. Belgareh, R. Haguenauer-Tsapis, and C. Dargemont. 
2003a. Ubp3 requires a cofactor, Bre5, to specifi cally de-ubiquitinate the 
COPII protein, Sec23. Nat. Cell Biol. 5:661–667.

Cohen, M., F. Stutz, and C. Dargemont. 2003b. Deubiquitination, a new player 
in Golgi to endoplasmic reticulum retrograde transport. J. Biol. Chem. 
278:51989–51992.

 Donaldson, K.M., H. Yin, N. Gekakis, F. Supek, and C.A. Joazeiro. 2003. 
Ubiquitin signals protein traffi cking via interaction with a novel ubiqui-
tin binding domain in the membrane fusion regulator, Vps9p. Curr. Biol. 
13:258–262.

Dupre, S., and R. Haguenauer-Tsapis. 2001. Deubiquitination step in the endo-
cytic pathway of yeast plasma membrane proteins: crucial role of Doa4p 
ubiquitin isopeptidase. Mol. Cell. Biol. 21: 4482–4494. 

Ford, M.G., I.G. Mills, B.J. Peter, Y. Vallis, G.J. Praefcke, P.R. Evans, and H.T. 
McMahon. 2002. Curvature of clathrin-coated pits driven by epsin. 
Nature. 419:361–366.

Friocourt, G., P. Chafey, P. Billuart, A. Koulakoff, M.C. Vinet, B.T. Schaar, S.K. 
McConnell, F. Francis, and J. Chelly. 2001. Doublecortin interacts with μ 
subunits of clathrin adaptor complexes in the developing nervous system. 
Mol. Cell. Neurosci. 18:307–319.

Friocourt, G., C. Kappeler, Y. Saillour, F. Fauchereau, M.S. Rodriguez, N. Bahi, 
M.C. Vinet, P. Chafey, K. Poirier, and S. Taya, et al. 2005. Doublecortin 
interacts with the ubiquitin protease DFFRX, which associates with 
 microtubules in neuronal processes. Mol. Cell. Neurosci. 28:153–164.

Hicke, L., and R. Dunn. 2003. Regulation of membrane protein transport 
by ubiquitin and ubiquitin-binding proteins. Annu. Rev. Cell Dev. Biol. 
19:141–172.

Kano, F., H. Kondo, A. Yamamoto, Y. Kaneko, K. Uchiyama, N. Hosokawa, K. 
Nagata, and M.Murata. 2005. NSF/SNAPs and p97/p47/VCIP135 are 
sequentially required for cell cycle-dependent reformation of the ER 
 network. Genes Cells. 10:989–999.

Kato, M., K. Miyazawa, and N. Kitamura. 2000. A deubiquitinating enzyme 
UBPY interacts with the Src homology 3 domain of Hrs-binding pro-
tein via a novel binding motif PX(V/I)(D/N)RXXKP. J. Biol. Chem. 
275:37481–37487.

Katzmann, D.J., G. Odorizzi, and S.D. Emr. 2002. Receptor downregulation and 
multivesicular-body sorting. Nat. Rev. Mol. Cell Biol. 3:893–905.

Kholodenko, B.N. 2006. Cell-signalling dynamics in time and space. Nat. Rev. 
Mol. Cell Biol. 7:165–176.

McCullough, J., M.J. Clague, and S. Urbe. 2004. AMSH is an endosome-
 associated ubiquitin isopeptidase. J. Cell Biol. 166:487–492.

McCullough, J., P.E. Row, O. Lorenzo, M. Doherty, R. Beynon, M.J. Clague, and 
S. Urbe. 2006. Activation of the endosome-associated ubiquitin isopepti-
dase AMSH by STAM, a component of the multivesicular body-sorting 
machinery. Curr. Biol. 16:160–165.

Meusser, B., C. Hirsch, E. Jarosch, and T. Sommer. 2005. ERAD: the long road 
to destruction. Nat. Cell Biol. 7:766–772.

Milojevic, T., V. Reiterer, E. Stefan, V.M. Korkhov, M.M. Dorostkar, E. Ducza, 
E. Ogris, S. Boehm, M. Freissmuth, and C. Nanoff. 2006. The ubiquitin-
specifi c protease usp4 regulates the cell surface level of the a2a receptor. 
Mol. Pharmacol. 69:1083–1094. 

Mizuno, E., T. Iura, A. Mukai, T. Yoshimori, N. Kitamura, and M. Komada. 
2005. Regulation of epidermal growth factor receptor down-regulation 
by UBPY-mediated deubiquitination at endosomes. Mol. Biol. Cell. 
16:5163–5174.

Murray, R.Z., L.A. Jolly, and S.A. Wood. 2004. The FAM deubiquitylating 
enzyme localizes to multiple points of protein traffi cking in epithelia, 
where it associates with E-cadherin and beta-catenin. Mol. Biol. Cell. 
15:1591–1599.

Nijman, S.M., M.P. Luna-Vargas, A. Velds, T.R. Brummelkamp, A.M. Dirac, 
T.K. Sixma, and R. Bernards. 2005. A genomic and functional inventory 
of deubiquitinating enzymes. Cell. 123:773–786.

Oldham, C.E., R.P. Mohney, S.L. Miller, R.N. Hanes, and J.P. O’Bryan. 2002. 
The ubiquitin-interacting motifs target the endocytic adaptor protein 
 epsin for ubiquitination. Curr. Biol. 12:1112–1116.

Overstreet, E., E. Fitch, and J.A. Fischer. 2004. Fat facets and Liquid facets 
promote Delta endocytosis and Delta signaling in the signaling cells. 
Development. 131:5355–5366.

Papa, F.R., A.Y. Amerik, and M. Hochstrasser. 1999. Interaction of the Doa4 
deubiquitinating enzyme with the yeast 26S proteasome. Mol. Biol. Cell. 
10:741–756.

Pickart, C.M, and M.J. Eddins, 2004. Ubiquitin: structures, functions, mechanisms. 
Biochim. Biophys. Acta. 1695:55–72. 

Polo, S., S. Sigismund, M. Faretta, M. Guidi, M.R. Capua, G. Bossi, H. Chen, P. 
De Camilli, and P.P. Di Fiore. 2002. A single motif responsible for ubiq-
uitin recognition and monoubiquitination in endocytic proteins. Nature. 
416:451–455.

 on N
ovem

ber 30, 2008 
jcb.rupress.org

D
ow

nloaded from
 

 Published May 15, 2006

http://jcb.rupress.org


JCB • VOLUME 173 • NUMBER 4 • 2006 468

Raiborg, C., T.E. Rusten, and H. Stenmark. 2003. Protein sorting into multi-
vesicular endosomes. Curr. Opin. Cell Biol. 15:446–455.

Row, P.E., I.A. Prior, J. McCullough, M.J. Clague, and S. Urbe. 2006. The ubiq-
uitin isopeptidase UBPY regulates endosomal ubiquitin dynamics and is 
essential for receptor down-regulation. J. Biol. Chem. doi:10.1074/jbc.
M512615200.

Schmitz, C., A. Kinner, and R. Kolling. 2005. The deubiquitinating enzyme 
Ubp1 affects sorting of the ABC-transporter Ste6 in the endocytic 
pathway. Mol. Biol. Cell. 16:1319–1329. 

Semple, C.A., RIKEN GER Group, and GSL Members. 2003. The comparative 
proteomics of ubiquitination in mouse. Genome Res. 13:1389–1394.

Shenoy, S.K., and R.J. Lefkowitz. 2003. Traffi cking patterns of beta-arrestin and 
G protein-coupled receptors determined by the kinetics of beta-arrestin 
deubiquitination. J. Biol. Chem. 278:14498–14506.

Shenoy, S.K., P.H. McDonald, T.A. Kohout, and R.J. Lefkowitz. 2001. Regulation 
of receptor fate by ubiquitination of activated beta 2-adrenergic receptor 
and beta-arrestin. Science. 294:1307–1313.

Sigismund, S., T. Woelk, C. Puri, E. Maspero, C. Tacchetti, P. Transidico, P.P. 
Di Fiore, and S. Polo. 2005. Clathrin-independent endocytosis of ubiqui-
tinated cargos. Proc. Natl. Acad. Sci. USA. 102:2760–2765.

Soncini, C., I. Berdo, and G. Draetta. 2001. Ras-GAP SH3 domain binding pro-
tein (G3BP) is a modulator of USP10, a novel human ubiquitin specifi c 
protease. Oncogene. 20:3869–3879.

Swaminathan, S., A.Y. Amerik, and M. Hochstrasser, 1999. The Doa4 deubiqui-
tinating enzyme is required for ubiquitin homeostasis in yeast. Mol. Biol. 
Cell. 10:2583–2594.

Takata, H., M. Kato, K. Denda, and N. Kitamura. 2000. A hrs binding protein 
having a Src homology 3 domain is involved in intracellular degradation 
of growth factors and their receptors. Genes Cells. 5:57–69.

Wang, W., and G. Struhl. 2004. Drosophila Epsin mediates a select endocytic 
pathway that DSL ligands must enter to activate Notch. Development. 
131:5367–5380.

Wang, Y., A. Satoh, G. Warren, and H.H. Meyer. 2004. VCIP135 acts as a deu-
biquitinating enzyme during p97-p47-mediated reassembly of mitotic 
Golgi fragments. J. Cell Biol. 164:973–978.

Wicks, S.J., K. Haros, M. Maillard, L. Song, R.E. Cohen, P.T. Dijke, and A. 
Chantry. 2005. The deubiquitinating enzyme UCH37 interacts with 
Smads and regulates TGF-beta signalling. Oncogene. 24:8080–8084.

 on N
ovem

ber 30, 2008 
jcb.rupress.org

D
ow

nloaded from
 

 Published May 15, 2006

http://jcb.rupress.org

