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When ubiquitin (Ub) is attached to membrane proteins on the plasma membrane, it directs
them through a series of sorting steps that culminate in their delivery to the lumen of the
lysosome where they undergo complete proteolysis. Ubiquitin is recognized by a series of
complexes that operate at a number of vesicle transport steps. Ubiquitin serves as a sorting
signal for internalization at the plasma membrane and is the major signal for incorporation
into intraluminal vesicles of multivesicular late endosomes. The sorting machineries that
catalyze these steps can bind Ub via a variety of Ub-binding domains. At the same time,
many of these complexes are themselves ubiquitinated, thus providing a plethora of potential
mechanisms to regulate their activity. Here we provide an overview of how membrane
proteins are selected for ubiquitination and deubiquitination within the endocytic
pathway and how that ubiquitin signal is interpreted by endocytic sorting machineries.

HOW PROTEINS ARE SELECTED FOR
UBIQUITINATION

Ubiquitin (Ub) is covalently attached to sub-
strate proteins by the concerted action of

E2-conjugating enzymes and E3 ligases (Var-
shavsky 2012). Most of the specificity and reg-
ulation of ubiquitination is at the level of the E3
ligases, which vastly outnumber the E2-conju-
gating enzymes. Ubiquitination results from the
transfer of Ub, held either by the E2 or in some
cases by the E3 as a high-energy thioester bond,
onto a substrate protein, typically on the termi-
nal amide of a substrate acceptor lysine side
chain. Owing to the intense interest in the ubiq-
uitination system, many of the simple rules and

distinctions concerning different types of ligas-
es, their specificity for forming particular poly-
Ub chains, and even the kinds of residues in
substrate proteins that can be ubiquitin modi-
fied, have been blurred with the discovery of
mixed poly-Ub chains, new enzymatic mecha-
nisms for Ub transfer, and ubiquitination of
nonlysine residues (Kulathu and Komander
2012; Wenzel and Klevit 2012; McDowell and
Philpott 2013). Nonetheless, in basic terms, Ub
ligases function as platforms that coordinate
substrate recognition with Ub transfer as well
as configuring poly-Ub chain topology by the
E2-conjugating enzyme. Substrates can be
bound directly by the E3 ligase or by adaptor
proteins that in turn bind to ligases, and selec-
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tion of substrate residues that undergo ubiqui-
tination is accomplished by the particular archi-
tecture of the substrate/ligase complex that de-
termines the orientation to the thioester-linked
Ub. The ubiquitin-peptidases (deubiquitinat-
ing enzymes [DUbs]) that remove Ub from sub-
strates also play critical roles in controlling the
level of substrate protein ubiquitination. Of the
roughly 90 DUbs in humans and 20 DUbs in
yeast, many are found associated with Ub ligases
or with the endocytic machinery that recognizes
ubiquitinated proteins, thus positioning DUbs
to regulate the ubiquitination process at a vari-
ety of junctures (Table 1) (Clague et al. 2012).

Ubiquitination of cell-surface membrane
proteins initiates their journey to lysosomes
for degradation (Fig. 1). Ub does this in part by
serving as a signal for internalization and sub-
sequent sorting into the interior of lysosomes.
In general, the selection of membrane proteins
for ubiquitination can either be due to a pro-
grammed biological response (such as ligand-
mediated receptor down-regulation) or as a way
to remove aberrantly folded or damaged pro-
teins from the cell surface as a quality-control
mechanism.

Ubiquitination of receptor tyrosine kinases
(RTKs) is one of the most studied examples for
how Ub traffics proteins through the endocytic
system. RTKs consist of .50 members in hu-
mans and have an essential role in controlling
cell proliferation and migration (Lemmon and
Schlessinger 2010). Ligand-induced activation
of RTKs leads to rapid ubiquitination of several
RTKs at the PM by one of the Cbl (for Cas-Br-M
ectopic retroviral transforming sequence) RING
(really interesting new gene)-type E3 ubiquitin
ligase family members (Levkowitz et al. 1999).
A canonical example is the epidermal growth
factor receptor (EGFR), which upon activa-
tion and autophosphorylation of pY1045, can
now bind the amino-terminal pY-binding do-
main (PTB) of Cbl. In addition, receptor ubiq-
uitination is augmented by the adaptor pro-
tein, growth factor receptor-bound protein 2
(GRB2), a constitutive partner of Cbl that binds
to other pY residues of the EGFR. This facilitates
multiple-mono- and Lys63-linked polyubiqui-
tination in a manner dependent on the Ubc4-

and Ubc5-conjugating enzymes (Haglund et al.
2003; Huang et al. 2006, 2007). Other RTKs,
such as those for hepatocyte growth factor
(HGF), vascular endothelial growth factor re-
ceptor (VEGFR-1), and platelet-derived growth
factor (PDGF) receptors, also rapidly undergo
ligand-stimulated ubiquitination by Cbl (Hag-
lund and Dikic 2012). Cbl has other targets as
well, such as integrins, which connect cells to the
extracellular matrix to control cell adhesion, mi-
gration, and proliferation. Ubiquitination of in-
tegrins promotes their lysosomal degradation,
which in turn prevents the accumulation of li-
gand-bound integrins within endosomes that
might go on to form nonproductive adhesion
sites upon exocytosis (Lobert et al. 2010). Ubiq-
uitination of the a5 subunit of the a5b1 fibro-
nectin integrin receptor is triggered by the acti-
vation of the FGFR2 (fibroblast growth factor
receptor 2) that induces the recruitment of c-
Cbl in osteoblasts (Kaabeche et al. 2005).

A group of Ub ligases with emerging impor-
tance are the membrane-associated RING-CH
(MARCH) ligases, encompassing a family of
11 RING-CH E3 Ub ligases (Nathan and Lehner
2009). MARCH ligases are orthologs of the Ka-
posi sarcoma-associated herpesvirus (KSVH)
immunoevasion ligases K3 and K5 and con-
tain two transmembrane segments and a cyto-
solic RING-CH domain (Boname and Lehner
2011). Endogenous or overexpressed MARCH
ligases play a key role in the ubiquitination-de-
pendent down-regulation and lysosomal degra-
dation of a variety of cell-surface receptors (e.g.,
MHC-I; K3, K5, MARCH-9 and -4, MHC-II;
MARCH-2 and -8, CD4, CD44, and CD98;
MARCH-4 and -8) (Nathan and Lehner 2009).
The mechanism used by these integral mem-
brane ligases to recognize other membrane
protein substrates is intriguing and appears to
involve recognition of hydrophobic transmem-
brane as well as the proximal regions juxtaposed
to these transmembrane-spanning segments.
A transmembrane hydrophobic patch in concert
with a membrane proximal Lys residue at
the exofacial interface of HLA-DR constitutes
key elements of the recognition surface for
MARCH-8, whereas the Ub-acceptor Lys resi-
due has to be located at the proximity of the

R.C. Piper et al.

2 Cite this article as Cold Spring Harb Perspect Biol 2014;6:a016808



Table 1. Established and emerging proteins involved in ubiquitin-dependent control of the endocytic system

Function and characteristics References

Ub ligases
Nedd4-2 Member of the larger family of HECT-type ligases that includes

NEDD4-1 (ITCH/AIP4), WWP1, WWP2, SMURF1,
SMURF2, NEDL1/HECW1, and NEDL2; ubiquitinates cargo
such as ENaC and voltge-gated sodium channels.

Fotia et al. 2004; Zhou
et al. 2007

Itch Ubiquitinates CXCR-4 and ErbB-4; also ubiquitinates
nonmembrane proteins such as endophillin and PI4-kinase
type Iia that regulate endocytosis.

Angers et al. 2004;
Bhandari et al. 2007;
Sundvall et al. 2008;
Mossinger et al. 2012

Rsp5 The sole member of the Nedd4 family in yeast; responsible for
ubiquitinating the vast majority of membrane proteins that
are degraded within vacuole/lysosome.

Belgareh-Touze et al.
2008

Cbl Major ligase that targets a broad range of receptor tyrosine
kinases.

Lipkowitz and Weissman
2011

SCF (b-TRCP) Ubiquitinates the growth hormone receptor, which has a motif
that mimics the phosphorylated recognition motif that is
found within other SCF (b-TRCP) substrates.

van Kerkhof et al. 2011;
da Silva Almeida et al.
2013

CHIP Modifies damaged conformationally defective proteins in the
plasma membrane to stimulate their lysosomal degradation
and also misfolded proteins in the ER to stimulate their
degradation in the proteasome.

Apaja et al. 2010;
Okiyoneda et al. 2010

MARCH1 Member of the family of membrane-associated RING-CH
ligases; ubiquitinates MHC-II complex.

Ishido et al. 2009

MARCH2 Can target CFTR and b2-adrenergic receptors for lysosomal
degradation.

Han et al. 2012; Cheng
and Guggino 2013

MARCH4 Targets MHC-I for degradation. Ishido et al. 2009
MARCH8 Targets TRAIL-R1, transferrin receptor, type I IL-1 receptor,

CD44, and CD96.
Eyster et al. 2011; Fujita

et al. 2013; van de
Kooij et al. 2013

IDOL Inducible degrader of the LDLR targets members of the LDL
receptor family.

Zelcer et al. 2009

MAGE-L2-
TRIM27

Targets the Wiskott-Aldrich syndrome protein member WASH
to regulate activity of retromer complex.

Hao et al. 2013

RNF167 Localized to endosomes and modifies the SNARE Vamp3, thus
altering its sorting.

Yamazaki et al. 2013

EEA1 Early endosomal tethering factor that mediates fusion and binds
to E2-conjugating enzymes, which allows it to ubiquitinate
itself and alter its function.

Ramanathan et al. 2013

HOPS Late endosomal tethering factor that mediates fusion. In vivo
targets of its ligase activity are unknown.

Yogosawa et al. 2006

Rabex-5 Exchange factor for Rab5; binds Ub and has activity as a Ub
ligase, which can be used to catalyze autoubiquitination. GEF
activity may be regulated by ubiquitination and Rabex-5 may
recognize ubiquitinated proteins to alter their trafficking.

Mattera et al. 2006;
Raiborg et al. 2006;
Mattera and
Bonifacino 2008

Ub peptidases
Doa4 Localized to yeast endosomes via direct and indirect interactions

with ESCRT-III; required for releasing Ub from cargo before
Ub is sorted and degraded in lysososome/vacuoles.

Richter et al. 2007, 2013

USP8/UBPY Similar in structure to yeast Doa4; associates with both ESCRT-0
and ESCRT-III and plays complementary roles in sorting of
ubiquitinated cargoes into MVBs.

Wright et al. 2011

Continued
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Table 1. Continued

Function and characteristics References

AMSH Specific for K63 polyubiquitin chains. AMSH also associates
with both ESCRT-0 and ESCRT-III to provide multiple
functions during MVB sorting.

Clague et al. 2012

USP20 Together with USP33, these DUbs associate with b2-adrenergic
receptors to promote their deubiquitination and recycling.

Berthouze et al. 2009

USP2 Can be alternatively spliced to generate proteins with different
functions; can inhibit down-regulation of ENaC and EGFR.

Oberfeld et al. 2011; Liu
et al. 2013

Ub-binding proteins
ESCRT-0 Comprised of Hrs and STAM in animal cells or Vps27 and Hse1

in yeast cells; contains multiple Ub-binding domains and
localizes with clathrin and PtdIns-3P on endosomes to
function as a Ub-sorting receptor.

Komada and Kitamura
2005

Bro1 Yeast homolog of HD-PTP and ALIX; contributes to the
recruitment of the DUb Doa4 to endosomes via its association
with ESCRT-III; also, may work as an alternate ESCRT-0-like
Ub-sorting receptor.

Richter et al. 2007, 2013;
Pashkova et al. 2013

HD-PTP Functions in concert with ESCRT-0 and ESCRT-I for MVB
sorting. Its Ub binding suggests it functions as a Ub-sorting
receptor.

Doyotte et al. 2008; Ali
et al. 2013; Pashkova
et al. 2013

ALIX Plays multiple roles in MVB biogenesis, viral budding,
cytokinesis, and exosome formation; recognizes ubiquitinated
viral gag proteins to promote viral budding; may use its Ub-
binding properties for alternate functions as well.

Dowlatshahi et al. 2012;
Sette et al. 2013

ESCRT-I Heterotetramer that bridges associations with ESCRT-0 and
ESCRT-II; has multiple cellular functions, many shared with
Alix. Several alternative subunits can be combined to make
specialized ESCRT-I complexes that allow it to provide specific
functions.

Morita 2012

ESCRT-II Tetrameric complex that binds PtdIns-3P and Ub via the amino
terminus of Vps36/Eap45; bridges association of ESCRT-I
with ESCRT-III during MVB biogenesis.

Gill et al. 2007; Henne
et al. 2012

GGA Shares domain organization and similar biochemical
interactions with ESCRT-0 components; binds Ub via VHS
and GAT domains; involved as a Ub-sorting receptor at
endosomes and the TGN.

Puertollano and
Bonifacino 2004;
Scott et al. 2004; Ren
and Hurley 2010

Tom1/Tollip Endosomal complex with multiple Ub-binding domains housed
in VHS, C2, and UIMs.

Brissoni et al. 2006;
Blanc et al. 2009; Zhu
et al. 2012

VPS9 Exchange factor for yeast Rab5/Vps21; binds Ub via CUE
domain, which is required for efficient endocytosis to the
vacuole.

Davies et al. 2003;
Donaldson et al. 2003

Epsin ENTH domain family protein involved in internalization from
the cell surface in animal and yeast cells; associates with
ubiquitinated cargo and may be a major Ub-sorting receptor
for clathrin-mediated endocytosis.

Sen et al. 2012

Eps15 Adaptor for internalization from the plasma membrane; may
serve as a Ub-sorting receptor for endocytosis; also undergoes
ubiquitination itself, which might regulate its function.

de Melker et al. 2004;
Stang et al. 2004;
Sigismund et al. 2005

EGFR, epidermal growth factor receptor; ER, endoplasmic reticulum: MVBs, multivesicular bodies; TGN, trans-Golgi

network.
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membrane–cytosol interface (Jahnke et al.
2012; Kajikawa et al. 2012).

Another major class of E3 ligases is the neu-
ral precursor-cell-expressed, developmentally
down-regulated 4 (Nedd4) family, which con-
tains a catalytic HECT (homologous E6-AP
carboxy-terminal) domain (Rotin and Kumar
2009). The Nedd4 family includes yeast Rsp5
and nine human members (e.g., WWP1/2,
Smurf1/2, Nedd4, Nedd4-2, and AIP4/Itch)
each containing an amino-terminal C2 domain,
2-4 WW domains, and a carboxy-terminal cat-
alytic HECT domain. The WW domains bind
PPXY consensus sequences found in substrate
proteins. PPXY-containing proteins that under-
go this direct recognition mechanism include
the heterotrimeric epithelial sodium channel
(ENaC), which is down-regulated by Nedd4-2
and mutations within the PPXY motifs stabilize
ENaC at the cell surface to cause hypertensive
Liddle’s syndrome (Snyder 2009). A similar reg-
ulation was recently documented for the PPXY-
containing spliced isoform of the ErbB-4 (Car-

raway 2010). Some WW-binding motifs of sub-
strate proteins are activated by phosphorylation;
for instance, phosphorylation of the CXCR-4
carboxy-terminal tail recruits the AIP4/Itch li-
gase and phosphorylation of the Ste2 GPCR in
yeast is required for Rsp5-mediated ubiquitina-
tion (Hicke et al. 1998; Marchese et al. 2003;
Vina-Vilaseca and Sorkin 2010).

Nedd4 family ligases can also use an indirect
mechanism to recognize substrates through the
use of adaptor proteins that bind substrates and
have their own PPXY motifs allowing them to
attach to the ligase WW domains. So far, the
biggest collection of adaptors identified is in
yeast, which uses an indirect recognition meth-
od for targeting Rsp5 to most of its cell-surface
membrane proteins. These adaptors include
Bsd2 and Sna3, which can mediate Rsp5-cata-
lyzed ubiquitination of manganese and methi-
onine transporters, respectively (Hettema et al.
2004; MacDonald et al. 2012b). A similar set of
integral membrane protein Nedd4-family adap-
tors is found in mammalian cells. Ndfip1/
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Figure 1. The prominent Ub-ligation complexes that work on cell-surface proteins are pictured here. Cullin-Ring
ligases, such as the SCF b-TRCP complex, can modify a subset of receptors (such as the growth hormone
receptor) at the cell surface. The Cbl family of ligases has a prominent role in binding to tyrosine phosphorylated
receptor tyrosine kinases and ubiquitinating them to induce their ligand-stimulated down-regulation. A wide
variety of cell-surface proteins are ubiquitinated by members of the Nedd4 family of ligases that possess a HECT
Ub-ligase domain. These ligases can bind directly to substrate proteins or work through an intermediary adaptor
protein. MARCH ligases are found in multiple domains of the secretory/endocytic system and can modify a
wide variety of membrane proteins. Unfolded and damaged membrane proteins can be recognized by some of
the same machinery that recognizes damaged proteins in the endoplasmic reticulum (ER). Pictured here is the
CHIP ligase, which functions in a complex with Hsp70 and Hsc70 chaperones.
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N4WBP5 and Ndfip2/N4WBP5A also contain
PPXY motifs and bind to the WW domains of
the WWP2 E3 ligase, illustrating the evolution-
ary conservation of aspects of substrate recogni-
tion. This interaction is required for ubiquitina-
tion/degradation of the PM metal transporter
DMT1/NRAMP2, which plays a critical role in
iron homeostasis (Foot et al. 2011). As integral
membrane proteins, these adaptors conceivably
recognize intermembrane domains analogous
to what is proposed for MARCH ligases, al-
though the exact mechanism for how they do
this and whether that is sensitive to transporter
activity remains to be clarified.

Adaptors also include a larger family of solu-
ble proteins that include Bul1, Bul2, and 11 so-
called ART proteins (arrestin-related traffick-
ing) in yeast (O’Donnell 2012). These soluble
adaptors, including Bul1/2, belong to the family
of a-arrestins. These are related to the better-
studied b-arrestin family that has well recog-
nized multiple roles in receptor down-regula-
tion, except that they are equipped with PPXY
motifs allowing them to interact with Nedd4-
family ligases. Mammalian a-arrestins consist
of six arrestin domain-containing adaptors
and include ARRDC1-5 and TXNIP. Each Art
Rsp5 adaptor is thought to have a repertoire of
plasma membrane protein cargo that overlaps to
various degrees with that of other Art adaptors.
For instance, Bul1/2 has a critical role in ubiq-
uitinating and sorting the Gap1 transporter to
the vacuole, whereas Art1 plays a critical role in
trafficking the Mup1 transporter (Helliwell et al.
2001; Soetens et al. 2001; Lin et al. 2008). In
mammalian cells, ARRDC3 controls ubiquiti-
nation and down-regulation of b2 and b3 ad-
renergic receptors as well as the b4 integrin
(Draheim et al. 2010; Nabhan et al. 2010; Pat-
wari et al. 2011; Shea et al. 2012). Recent studies
have shown that some a-arrestin proteins are
regulated by phosphorylation, in particular ki-
nases downstream from Tor1, thus allowing cell
global regulation of plasma membrane protein
levels in response to nutrient status (MacGurn
et al. 2011; Merhi and Andre 2012). As a conse-
quence of directly binding Nedd4 Ub ligases, all
of the a-arrestin-family proteins also undergo
ubiquitination. Interestingly, mutants of Art1 or

Art4 lacking their major ubiquitinatable lysine
target residues function poorly as adaptors for
their Can1 and Jen1 transporter substrates sug-
gesting that ubiquitination activates the a-ar-
restins to bind better to substrate proteins or
to the endocytic sorting machinery (Lin et al.
2008; Becuwe et al. 2012).

SELECTION OF DAMAGED PM PROTEINS
FOR UBIQUITINATION

Cells also use Ub-dependent endosomal sorting
to rid themselves of damaged plasma membrane
proteins. To do this, cells must use ligases that
can recognize “degrons” indicative of partially
unfolded proteins. In yeast cells, damaged mem-
brane proteins—at least those that can escape
the endoplasmic reticulum quality-control deg-
radative process (ERAD), are largely targeted by
Rsp5, the Nedd4-family ligase that is also re-
sponsible for the down-regulation of properly
folded transporters and receptors in response
to specific biological stimuli. Particular exam-
ples include mutant alleles of the Pma1 ATPase,
the GPCR Ste2, the cell wall sensor Wsc1, and
the arginine permease Can1 (Li et al. 1999; Piz-
zirusso and Chang 2004; Wang et al. 2011; Zhao
et al. 2013). Exactly how Rsp5 recognizes dam-
aged proteins is not yet known, but likely in-
volves the same broad set of adaptor proteins
that Rsp5 uses to recognize other substrates.
One interesting possibility is that properly fold-
ed proteins are induced to form a similar un-
folded “degron”-like motif as a trigger for their
ubiquitination and down-regulation in re-
sponse to particular stimuli. For instance, trans-
porter activity itself induces conformational
changes that expose arrestin/Rsp5-binding sites
and these might mimic small disordered protein
segments thought to be exposed upon damaging
(Cain and Kaiser 2011; Merhi and Andre 2012;
Keener and Babst 2013). Once ubiquitinated,
these proteins follow an endosomal sorting
complex required for transport (ESCRT)-de-
pendent trafficking route into multivesicular
bodies and onto lysosomes for degradation.

Damaged plasma membrane proteins in an-
imal cells also are trafficked to lysosomes for
degradation, but how they are recognized for
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ubiquitination is somewhat different. Here,
many of the components that recognize unfold-
ed membrane proteins at the endoplasmic
reticulum also operate at the cell surface. A pro-
teomic analysis isolated components of the
ubiquitination machinery in association with
the temperature-sensitive form of CD4-l as a
reporter protein. When the reporter was trig-
gered to unfold, it recruited heat shock protein
70 (Hsc70), Hsp90, and CHIP (carboxy-termi-
nal Hsp70 interacting protein) (Apaja et al.
2010). CHIP is an E3 ligase that functions in
ER and cytosolic protein quality control (Cyr
et al. 2002). CHIP consists of an amino-terminal
tetratricopeptide (TPR) domain that binds to
Hsc70, Hsp70, and Hsp90 molecular chaper-
ones, a central helical domain mediating CHIP
dimerization and a carboxy-terminal U-box
domain responsible for binding E2-Ub-conjugat-
ing enzyme (Zhang et al. 2005). A similar mecha-
nism appears to be involved in the ubiquitin-
dependent degradation of the unfolded mutant
(DF508) CFTR with exposed misfolded cyto-
solic domains. Both Hsc70 and Hsp90, together
with a subset of cochaperones (DNAJA1 [Hdj2],
DNAJB2 [HSJ1], Aha1, and HOP) contribute to
efficient CHIP recruitment, ubiquitination, and
ESCRT-dependent lysosomal targeting of the mu-
tant CFTR (Okiyoneda et al. 2010). Besides CHIP,
other Ub ligases can recognize non-native poly-
peptides via chaperone interactions. These in-
clude Ubr1/2, UBE3A, and Cul5; however, their
contribution to plasma membrane quality con-
trol has not been addressed (Okiyoneda et al.
2011). There are also precedents for chaper-
one-independent recognition of non-native cli-
ent protein as exemplified by CHIP, Hrd1, and
San1 activity in the cytoplasm, ER, and nucleus,
respectively (Rosser et al. 2007; Kanehara et al.
2010; Rosenbaum et al. 2011). Substrate recog-
nition by San1 is catalyzed by intrinsically dis-
ordered amino- and carboxy-terminal domains
with embedded conserved recognition motifs
(Rosenbaum et al. 2011). It is conceivable that
multiple ligases are involved in plasma mem-
brane quality control, each with an overlapping
set of possible substrates. This possibility is sup-
ported by the finding that loss of CHIP partial-
ly inhibits lysosomal trafficking of unfolded

CFTR, DRD4, and V2R, whereas depletion of
other Ub ligases (e.g., Hrd1 and Gp78) attenuate
the DF508-CFTR removal from the cell surface
(Apaja et al. 2010; Okiyoneda et al. 2010).

BASICS OF Ub-BINDING DOMAINS

Distinct Ub signals are recognized and decoded
by Ub-binding domains (UBDs) present in a
wide variety of cellular proteins (Ub receptors)
that are able to link these signals to specific cel-
lular responses (e.g., endocytosis, degradation,
or translocation of the modified protein). Ub
operates in the endocytic pathway in two main
ways: as a sorting signal on cargo being recog-
nized by UBD-containing sorting receptors, or
by modifying the endocytic machinery. To date,
around 20 families of UBDs present in around
300 proteins have been described, although the
repertoire of proteins with Ub-binding activity
is still expanding (Rahighi et al. 2009; Husnjak
and Dikic 2012). Most of these UBDs bind to an
exposed hydrophobic patch of the Ub molecule
surrounding I44 with fairly weak micromolar
affinity (Fig. 2). In addition, Ub exists in differ-
ent conformations that become apparent when
comparing the structures of various UBD:Ub
complexes (Lange et al. 2008). Thus Ub can
dynamically adopt several conformations that
can subsequently be captured by UBDs by a
variable combination of conformational selec-
tion and induced fit (Wlodarski and Zagrovic
2009; Long and Bruschweiler 2011; Peters and
de Groot 2012). The weak binding of isolated
UBDs forces the cell to apply a number of sup-
portive mechanisms that increase the strength of
binding and ensure specific signaling. These in-
clude increasing avidity by forming oligomeric
complexes that contain multiple UBDs, forming
chains of poly-Ub exposing several UBD-bind-
ing surfaces, and crowding together binding
partners where movement is restricted. Impor-
tantly, recognition of Ub in the endocytic path-
way mostly occurs on membranes where pro-
teins diffuse in only two dimensions rather
than in three. Moreover, Ub receptors can have
additional motifs for weakly binding their ubiq-
uitinated partner proteins, which not only in-
creases avidity but also adds to the specificity of
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target selection. This mechanism can also pro-
vide the capacity for “coincidence” detection
whereby these binding motifs are only active
when Ub binding is instigated.

There are a wide variety of Ub modifications
(mono-, multi-, polyubiquitination of various
linkage types), and an important aspect of Ub
signaling concerns how the cell distinguishes
different topologies. These distinctions are not
only relevant for the function of UBD-contain-
ing endocytic proteins but also particular DUbs
that hydrolyze specific chain types. In isolation
and in solution, most known UBDs interact
with mono-Ub and do not show a significant
preference for a certain chain type (Husnjak and
Dikic 2012). Although this preference may be
owing to the bias that most of the currently
known UBDs were identified and characterized
by their ability to bind mono-Ub. A subset of
UBDs is able to specifically recognize a partic-
ular poly-Ub topology and this is typically

achieved by simultaneously binding to two
neighboring Ub within the chain that shows a
linkage-specific conformation. For example, the
UBAN domain of NEMO and the NZF domain
of HOIL-1L specifically recognize linear (Met1-
linked) Ub chains by making contacts to a sur-
face on one Ub moiety and the canonical hy-
drophobic surface on the other Ub (Rahighi
et al. 2009; Sato et al. 2011). The NZF domains
of TAB2 and TAB3 also simultaneously interact
with two neighboring Ub moieties, but can do
so only when linked via a K63 linkage (Kulathu
et al. 2009). Likewise, the K63-specific DUb
AMSH, which operates on ubiquitinated endo-
somal cargo, simultaneously binds two linked
Ub moieties to properly position the isopeptide
bond for cleavage on its active site (Sato et al.
2008). These examples aside, many UBDs still
show some chain preference with many dis-
favoring binding to K48-linked poly-Ub even
though they bind a single molecule of Ub (Ra-

Topology and recognition of ubiquitin
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Figure 2. Ub presents a hydrophobic interaction surface, pictured in green, which is responsible for binding to
the vast majority of Ub-binding proteins. (A) Scheme of the types of Ub topologies that can be added to
substrate proteins. Mono-Ub is a single Ub attached directly to the substrate. Multiple attached Ubs in a chain
can be linked via K63 or by the amino terminus to form a linear chain. These chains have an “open” config-
uration in which the hydrophobic interface of each Ub moiety is highly exposed. Poly-Ub chains linked through
K48 adopt a more closed conformation that makes the hydrophobic interface less accessible. Other linkages
position this interaction interface in more varied orientations making it more suitable for binding particular
subsets of UBD-containing proteins. (B) Structure of Ub (PDBID:1UBQ) with the hydrophobic interaction
surface highlighted in green. (C) Examples of three Ub-interaction modules in a complex with Ub. VHS
domain: PDBID:3LDZ; UIM:PDBID:1Q0W; GAT:PDBID:1WR6.
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highi et al. 2009). Structural studies reveal that
K48-linked chains adopt a compact conforma-
tion that occludes the I44 hydrophobic region.
In contrast, K63-linked chains are more extend-
ed and the hydrophobic patch is fully exposed.
Poly-Ub chains also show a high level of “qua-
ternary” dynamics allowing a variety of dramat-
ically different conformations in solution. Con-
straining these conformations can directly alter
the ability of particular UBDs and DUbs to rec-
ognize these chains thus providing additional
physical parameters that might regulate Ub rec-
ognition in vivo (Ye et al. 2012).

For the most part, mono-Ub and K63-linked
chains predominate in the endocytic pathway as
sorting signals when attached to cargo proteins,
although other linkages such as K11, K29, and
K48 may be operational as well (Shields and
Piper 2011). In experimental settings, namely,
where Ub is permanently attached cargo, a single
Ub is sufficient for delivery to lysosomes (Shih
et al. 2000; Raiborg et al. 2002; Stringer and Pi-
per 2011). However, as an internalization signal,
a single Ub is exceptionally weak and Ub is likely
operational only in chains (Barriere et al. 2006;
Hawryluk et al. 2006; Bertelsen et al. 2011). For
multivesicular body (MVB) sorting, multiple
Ubs are the favored signal over mono-Ub
(Huang et al. 2006, 2013). In addition, chain
formation and disassembly by DUbs are contin-
uously occurring during transport of Ub cargo
along the endocytic pathway. Making chains
might play a dual role of not only offering better
binding to UBD-containing sorting receptors,
but serving as a buffer against DUbs encoun-
tered along the way that might erode Ub signals
before they can engage endosomal sorting ma-
chinery (Clague et al. 2012). Similarly, the endo-
cytic machinery, particularly that which con-
tains UBDs, can be ubiquitinated and are
predominantly modified by mono-Ub or short
K63-linked chains. Mono-Ub is sufficient to in-
duce conformational changes within UBD-con-
taining proteins rendering them unable to rec-
ognize and sort ubiquitinated cargo (Hoeller
et al. 2006).

In addition to Ub, some UBDs also bind
Nedd8, which is 57% identical to Ub; this offers
the possibility that this Ub-like protein might

partially substitute for Ub in the endocytic
pathway (den Besten et al. 2012). Indeed, there
is increasing evidence that Nedd8 plays a role in
the endocytosis of EGF and TGF-b receptors
(Oved et al. 2006; Zuo et al. 2013). In both cases,
neddylation is mediated by the Ub E3-ligase c-
Cbl. Neddylation of the EGFR seems to serve the
same purpose as its ubiquitination: lysosomal
sorting and degradation of EGFR. In contrast,
neddylation of TbRII inhibits ubiquitination
and degradation by promoting its internaliza-
tion via EEA1-positive early endosomes rather
than the caveolar pathway. It still needs to be
clarified to which extent neddylation of trans-
membrane receptors takes place under endoge-
nous conditions; however, these observations
hint at a larger cross talk between Ub and other
Ub-like systems.

HOW UBIQUITIN MEDIATES
INTERNALIZATION FROM THE PLASMA
MEMBRANE

Ub can serve as an internalization signal from
the plasma membrane. For most proteins, Ub
serves as a sorting signal into clathrin-depen-
dent internalization pathways. When compared
with other internalization signals, such as YxxL
or DxxxLL motifs that bind the AP-2 clathrin
adaptor complex, a single Ub molecule is a pal-
try internalization signal. Engineered Ub-fu-
sion reporter proteins show that multiple Ubs
are required to act as an efficient internalization
signal on their own (Barriere et al. 2006, 2007;
Hawryluk et al. 2006; Bertelsen et al. 2011).
Multiple monoubiqitinations was well as poly-
ubiquitin chains are likely to constitute an effi-
cient internalization signal. The major poly-Ub
chain that operates at the internalization step
appears to be K63 linked, although other link-
ages have been implicated as well (Boname and
Lehner 2011; Zhang et al. 2013). Ub can also
function in the context of other weaker inter-
nalization signals such that the aggregate effect
of multiple Ub and non-Ub signals become suf-
ficient for incorporation into clathrin-coated
vesicles (Kumar et al. 2007). Still for other pro-
teins that undergo ubiquitination and internal-
ization from the plasma membrane, Ub itself
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may not be the operative internalization signal,
but instead plays a role later in the endocytic
pathway for other trafficking steps (Shenoy
et al. 2001; Huang et al. 2006, 2007).

The two best candidates for endocytic adap-
tor proteins that can link Ub cargoes to the cla-
thrin-mediated endocytic machinery are Epsin
and Eps15, which interact with each other and
contain UIM domains (Table 1). Epsin favors
binding to K63-polyubiquitin, which correlates
well with the requirement of multiple Ubs as an
internalization signal (Hawryluk et al. 2006;
Sato et al. 2009). Other UBDs are present at sites
of CME including ones in CIN85 and Hrs, and
others are likely to be uncovered (Soubeyran
et al. 2002; Stamenova et al. 2007; Mayers et al.
2013). Because relatively few proteins have been
assessed for Ub-dependent internalization, it is
possible that these additional UBD-containing
proteins operate as adaptors for different sub-
sets of ubiquitinated proteins. Depletion of Ep-
sin or Eps15 inhibits internalization of Ub-fu-
sion chimeric reporters showing their overall
importance in the process of Ub-dependent in-
ternalization (Hawryluk et al. 2006; Sato et al.
2009). Altering Epsin levels can perturb the dy-
namics of clathrin-coated vesicle assembly and
this activity is curtailed when Epsin lacks its
UIM domains (Barriere et al. 2006). The bio-
chemical properties of Epsin and its spatiotem-
poral characteristics during clathrin-coated ves-
icle assembly qualify it as the main Ub-receptor
candidate for CME internalization. Yet, much of
the analysis specifically focused on the Ub-
binding property of Epsin has been in the con-
text of overexpression experiments that find a
loss in the ability of Epsin lacking its UIMs to
affect aspects of CME (Sugiyama et al. 2005). A
more complicated picture emerges from exper-
iments in yeast, in which several endocytic adap-
tors can be substituted with versions lacking
their UBDs. Here, internalization of ubiquiti-
nated proteins is blocked as well as internaliza-
tion of proteins bearing alternate internaliza-
tion signals suggesting the ability to bind Ub
serves purposes beyond capturing ubiquiti-
nated cargo (Dores et al. 2010). Interestingly,
experiments in Caenorhabditis elegans have
shown the Epsin UIMs to be important for

Ub-independent endocytosis of LDLR (Kang
et al. 2013). One possibility is that Ub cargoes
are not simply passive passengers but that their
Ub moiety helps properly assemble and orches-
trate the clathrin-coated vesicle formation
through interaction with UBDs of the associat-
ed machinery. This possibility is supported by
experiments showing that the presence of Ub on
cargo affects the dynamics of clathrin-coated
vesicle (CCV) assembly (Henry et al. 2012).
This view is also consistent with experiments
on the endocytic Ub-sorting ESCRT apparatus
that relies on the presence of ubiquitinated car-
go to productively assemble on the surface of
endosomes (MacDonald et al. 2012a). Yet an-
other view is that ubiquitination of the internal-
ization machinery might drive a powerful regu-
latory mechanism that involves formation of
multiple intra- and intermolecular Ub-UBD in-
teractions. The outcome would be that their
ubiquitination inhibits their capacity to bind
to and control the functions of other ubiquiti-
nated targets. Both Epsin and Eps15 undergo
ubiquitination in cells via mechanisms that
rely on their ability to bind to Ub-associated
with Ub-ligation machinery (Polo et al. 2002;
Woelk et al. 2006). Experimental demonstration
that ubiquitination could have consequences on
the function of clathrin vesicle machinery has
been obtained via overexpression experiments
and chimeric Ub-fusion proteins (Fallon et al.
2006; Hoeller et al. 2006). These experiments
provide an important conceptual possibility,
yet the precise and likely intricate mechanisms
that may regulate the physiological functions of
clathrin vesicle machinery via its ubiquitination
remain unresolved.

SORTING OF UBIQUITINATED MEMBRANE
PROTEINS INTO MULTIVESICULAR
ENDOSOMES

Once Ub cargo is delivered to early endosomes
it can undergo sorting into intraluminal vesicles
(ILVs) or remain on the limiting membrane of
endosomes to later be recycled to the plasma
membrane or trans-Golgi network (TGN)
(Huotari and Helenius 2011). For most pro-
teins, incorporation into intraluminal vesicles
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seals their degradative fate because this sorting
step is generally irreversible. ILV formation con-
tinues until the late endosome stage, whereup-
on fusion to lysosomes allows the ILVs and their
protein cargo to be delivered to the proteolytic
lumen of the lysosome thus affording complete
degradation of integral membrane protein car-
go (Fig. 3). The intraluminal vesicles that pop-
ulate late endosomes make them synonymous
with multivesicular endosomes or multivesicu-
lar bodies (MVBs); however, not all ILVs con-
tain proteins that are sorted from endosomal
membranes and destined for lysosomal degra-
dation. For instance, at least some of these intra-
luminal membranes serve as storage compart-
ments as exosomes, lamellar bodies, or MHC-II
complexes (Babst 2011; Raposo and Stoorvogel
2013). How Ub might be used to target proteins
to this alternative ILV compartments is not yet

clear and may be independent of Ub as has been
shown for the sorting of MHC-II in activated
antigen-presenting cells. In addition, the main
sorting apparatus for sorting Ub cargo, the
ESCRT apparatus, is not critically required for
exosome formation or the generation of other
classes of ILVs. The machinery responsible for
the generation of these alternate ILVs will be
interesting to elucidate, especially given the re-
cent recognition of their profound regulatory
activity given their capacity to deliver proteins
and miRNA to distant cells. Such alternative
Ub-independent MVB pathways appear absent
from yeast, and the combination of structure/
function studies in both yeast and animal cells
provide a solid yet still evolving biochemical
understanding of the conserved MVB sorting
pathway responsible for lysosomal degradation
of ubiquitinated membrane proteins.
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Figure 3. Cohort of proteins involved in recognition and processing of ubiquitinated membrane proteins at the
cell surface and at endosomes. At the cell surface, proteins such as Epsin and Eps15 recognize ubiquitinated
proteins and recruit them into clathrin-coated vesicles. Other Ub-binding proteins such as CIN85 and Hrs may
have a similar role in helping usher ubiquitinated cargo into vesicles. Once ubiquitinated cargo reaches the
endosomes, it is recognized by the ESCRTapparatus, composed of ESCRT-0, -I, -II, and -III. The Hrs subunit of
ESCRT-0 has multiple Ub-binding domains making it a critical Ub-sorting receptor, which might pass Ub cargo
to other ESCRTs that also bear Ub-binding domains. Other endosomal proteins may serve as alternative ESCRT-
0-like receptors that deliver ubiquitinated cargo into the larger ESCRTapparatus. These “Alt 0” proteins include
GGAs, TOM1, and the Bro1-family of proteins that includes Bro1, Alix, and HD-PTP.
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Many of the proteins required for the bio-
genesis of ILVs and Ub-dependent sorting were
first identified in yeast genetic screens (Coonrod
and Stevens 2010). Loss of these proteins, often
referred to as class E Vps proteins, cause defects
in MVB formation, sorting of Ub cargo into the
lysosome (vacuole) lumen, and cause a cohort
of other phenotypes including enlarged late
endosomes that accumulated recycling Golgi
proteins and vacuolar membrane proteins. Col-
lectively, these proteins define the ESCRTappa-
ratus (endosomal sorting complex required for
transport) comprised of discrete complexes
(ESCRTs -0, -I, -II, and -III) as well as accessory
factors that regulate ESCRT function. The
ESCRT apparatus couples cargo recognition
and sorting with the formation and scission of
ILVs (Hurley and Hanson 2010). ILV formation
is distinct from other vesicle formation events
such as those formed by COP-I or clathrin be-
cause vesicle formation proceeds by pushing
membranes out of the cytosol rather than pull-
ing vesicle buds into it. In addition, ESCRT pro-
teins are not stoichiometric components of
the finished vesicle and have a robust mecha-
nism(s) to ensure that they are not consumed
in the vesicle-making process, although how
this is achieved remains unclear currently. Final-
ly, ILVs must have lipid composition that is
functionally distinct from that of the limiting
membrane, which allows the lysosomal hydro-
lases to selectively destroy ILV but not the
limiting membrane. Awealth of structural stud-
ies, combined with liposome-based reconstitu-
tion of key events in vitro has suggested a con-
certed mechanism whereby lipids undergo
sorting and phase separation into a microdo-
main constrained by an interconnected ESCRT
apparatus clustered at the neck of forming
ILVs (Hurley and Hanson 2010). A spiral poly-
mer of ESCRT-III subunits forms at the bud
neck to allow ILVs to pinch off into the lumen.
This same membrane constriction activity of
ESCRT-III that is harnessed for ILV formation
on endosomes is also used for budding of retro-
viruses from the plasma membrane and mem-
brane scission during cytokinesis in animal cells
and some Archea (Hanson et al. 2008; Lata et al.
2008; Lindas et al. 2008; Samson et al. 2008;

Wollert et al. 2009; Henne et al. 2012, 2013).
Before ILV scission, Ub can be removed from
cargo to help replenish the cytosolic pool of
Ub. This process has been best observed in yeast,
whereby the Doa4 deubiquitinating enzyme is
recruited to ESCRT-III via the accessory factor
Bro1 (Luhtala and Odorizzi 2004). Loss of Doa4
causes Ub to accumulate in the vacuole lumen
and be depleted from the cytosol, which in turn
impacts a number of Ub-dependent processes
(Amerik et al. 2000). Interestingly, the activity
of Doa4 appears to be regulated in response to
Ub levels indicating that disposal of Ub via the
MVB pathway may be used as a regulatory de-
vice to alter the activity of the entire ubiquitin/
proteasome system (Kimura et al. 2009). The
best candidate mammalian Doa4 ortholog is
Usp8/UBPY, which can also bind ESCRT-III;
however, its role in rescuing Ub from lysosomal
degradation has not been specifically deter-
mined (Wright et al. 2011). Indeed, USP8/
UBPY as well as a similarly positioned DUb,
AMSH, can bind both ESCRT-0 and ESCRT-
III and a host of experiments looking at different
cargoes suggest they can play a role in deubiqui-
tinating cargo before MVB sorting to promote
cargo recycling (McCullough et al. 2004; Mi-
zuno et al. 2005; Bowers et al. 2006; Berlin
et al. 2010; Zhou et al. 2013), cargo deubiquiti-
nation after sorting as away to release them from
the ESCRT apparatus and promote sorting into
MVBs (Alwan and van Leeuwen 2007; Balut
et al. 2011), or as a way of deubiquitinating
ESCRT components to rescue them from deg-
radation or inactive conformations (Row et al.
2007; Sierra et al. 2010). One of the interesting
aspects of cargo deubiquitination in the final
stages of sorting is that it predicts that cargo is
sorted into a domain capable of trapping Ub
cargo such that it cannot escape upon deubiqui-
tination. It is unknown what constitutes such a
cargo trap; however, a tight meshwork of poly-
merized ESCRT-III in the initial stages of vesicle
constriction has been proposed (Henne et al.
2012).

Ub cargo at endosomes is first recognized by
ESCRT-0, composed of Vps27 and Hse1 in yeast
and of Hrs and STAM1/2 in humans. ESCRT-0
has a number of biochemical features that allow
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it to function as the initial receptor for Ub cargo
(Shields and Piper 2011). First, it has several
UBDs: one within each of its two amino-termi-
nal VHS domains, three UIMs found in the
middle of both proteins, and an additional
UBD within the SH3 domain of STAM2 (Lange
et al. 2012a). The UBDs within ESCRT-0 are
required for its association with Ub cargo and
its ability to sort that cargo into MVB ILVs. Hrs
also binds an isoform of Eps15, another UBD-
containing protein, which localizes to endo-
somes and may help convey a subset of internal-
ized proteins to the ESCRT-0 complex. ESCRT-0
also binds PtdIns3-P via an FYVE domain and
clathrin with its carboxyl terminus, allowing it
to localize to specialized subregions within early
endosomes where proteins are segregated for
recycling versus degradation.

ESCRT-0 also binds directly to ESCRT-I and
can initiate recruitment of ESCRT-I to mem-
branes. ESCRT-I binds to and recruits ESCRT-
II, which then directs the assembly and activity
of the ESCRT-III vesicle scission machinery.
ESCRT-I and -II also have UBDs. ESCRT-I is a
heterotetramer. Only four subunit exist for
composing yeast ESCRT-1, whereas humans
have additional isoforms that may help special-
ize ESCRT-I for a variety of cellular functions.
ESCRT-I binds Ub via a UEV domain within
TSG101 and a triplet of UBA domains within
UBAP1, two subunits that are functionally or-
thologous to yeast Vps23 and Mvb12, respec-
tively, which also bind Ub. UBAP1 is one of
three alternative Mvb12 orthologs that can be
incorporated into the mammalian ESCRT-I
heterotetramer, but is the one with the highest
Ub-binding activity and appears to be the one
most suited for sorting Ub cargo into MVBs
(Stefani et al. 2011; Agromayor et al. 2012). Mu-
tations that inactivate Ub binding by yeast
Vps23 and Mvb12 or by mammalian UBAP1
block sorting of Ub cargo suggesting that
ESCRT-I also functions as a Ub-sorting receptor
(Shields et al. 2009; Stefani et al. 2011). ESCRT-
II binds Ub via its Vps36/Eap45 subunit, which
also binds endosomal PtdIns-3P. The yeast and
mammalian Vps36 bind Ub via different mech-
anisms with an NZF domain mediating Ub
binding by yeast Vps36 and mammalian

Vps36/Eap45 binding via a pleckstrin homolo-
gy domain variant termed a GLUE domain
(Shields and Piper 2011). It is not yet clear
whether Ub binding by ESCRT-II is critical for
sorting Ub cargo. Depletion of mammalian
ESCRT-II does not cause dramatic sorting de-
fects comparable to ESCRT-I depletion and the
contribution of its Ub-binding activity in the
sorting process has not been determined
(Bowers et al. 2006). Yeast ESCRT-II is essential
for MVB sorting; however, loss of its Ub-bind-
ing activity produces only minor to moderate
sorting defects.

Sequential Orchestration of ESCRT Function

The fact that the many UBDs within the ESCRT
apparatus bind to similar overlapping surfaces
on Ub and that cargo can be sorted into ILVs
when it is modified only by a single Ub or short
polyubiquitin chain supports the idea that indi-
vidual ESCRTs work in sequence to bind Ub
cargo and pass it onto successive acting ESCRTs.
This sequential sorting process is orchestrated
by the ability of ESCRTs to directly interact with
ESCRT-0 binding, activating, and transferring
cargo to ESCRT-I, and similarly ESCRT-I to
ESCRT-II. The ability of ESCRT-I and -II to
form a supercomplex and the lack of a clear
necessary role for Ub binding by ESCRT-II sug-
gests ESCRT-I and -II function together rather
than individually in sequence, as a secondary
Ub-sorting receptor that receives cargo from
ESCRT-0 (Amerik et al. 2006; Shields et al.
2009; Boura et al. 2012). The idea that these
work in sequence is supported by immunoloc-
alization experiments showing a differential dis-
tribution of ESCRT-0 and ESCRT-I, live cell im-
aging that shows sequential assembly of ESCRTs
at the sites of viral budding and cytokinesis, and
biochemical studies in yeast mutants where as-
sembly intermediates can be accumulated
(Babst et al. 2002; Bache et al. 2003; Elia et al.
2011; Guizetti et al. 2011; Jouvenet et al. 2011).
In addition, several other proteins that are struc-
turally related to ESCRT-0 have been proposed
to work in parallel to ESCRT-0 as alternative
early Ub-cargo receptors. These include Tom1,
Tom1L1, and GGA3, which bind clathrin, Ub,
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and ESCRT-I supporting the idea that several
ESCRT-0-like complexes gather Ub cargo and
pass it to a central ESCRT-I/-II supercomplex
(Shields and Piper 2011; Haglund and Dikic
2012). Recently, other contenders for Ub-sort-
ing receptors have been identified including
Bro1, Alix, and HD-PTP, which bind Ub, and
interact with ESCRT-I and ESCRT-III (Ali et al.
2013; Pashkova et al. 2013). These proteins
could potentially offer an additional sorting
pathway for Ub cargo in parallel with ESCRT-0.

Exactly how ESCRTs are spatially coordinat-
ed to move Ub cargo has yet to be determined.
This aspect has not been reconstituted in vitro
and our understanding remains largely specu-
lative. Any model must account for two fea-
tures: getting Ub cargo into the forming ILV
and getting the sorting receptors off of it. Cur-
rent models favor a variation of a concentric
model for ILV formation, guided by the circular
structures generated by the ESCRT-III polymer
that is ultimately responsible for vesicle scission
(Nickerson et al. 2007; Henne et al. 2012; Ro-
zycki et al. 2012). Here, ESCRT-I and -II are
either on the outside of a forming vesicle
neck, pushing cargo into the center, or are al-
ready in the center being surrounded by a po-
lymerizing ESCRT-III.

Roles of Multiple UBDs

The ESCRT apparatus has multiple UBDs that
could potentially provide a number of func-
tions. One would be to recognize a wide variety
of Ub cargoes, each presenting Ub in a variety of
contexts (Mayers et al. 2011). Multiple UBDs
would also boost the avidity of the ESCRTs for
Ub cargo. Indeed, the affinity of individual
ESCRT UBDs for mono-Ub is quite low and
crowding them together would help increase
their ability to gather Ub cargo; likewise, disas-
sembly of the ESCRTapparatus would provide a
mechanism to disengage from Ub cargo (Hag-
lund and Dikic 2012). Another possibility is
that multiple UBDs may specify recognition of
polyubiquitin chains. Endocytic cargoes are
typically marked with short K63 polyubiquitin
chains, and yeast mutants incapable of making
K63 chains have major defects in MVB sorting

(Lauwers et al. 2010). Specificity for K63-linked
chains, as opposed to multiple-mono-Ub, has
been suggested by the cooperative binding K63
poly-Ub shows for the multiple UBDs within
ESCRT-0 or a single UBD within yeast Vps36
(Kulathu et al. 2009; Lange et al. 2012b). How-
ever, these effects are moderate and a single Ub
on cargo is sufficient to confer sorting into ILVs,
indicating that the role of K63 chains may be to
simply increase the number of mono-Ub sort-
ing signals attached to cargo (Ren and Hurley
2010; Stringer and Piper 2011).

The other possibility is that multiple UBDs
may serve as a means to regulate ESCRTactivity.
Indeed, elimination of multiple UBDs within
ESCRT-0 or the ESCRT-I/II supercomplex
cause defects beyond merely loss of Ub-cargo
sorting. Recent studies indicate that multiple
UBDs may provide a coincidence mechanism
for the ESCRT apparatus to properly assemble
wherein the availability of proper lipids, mem-
brane-associated ESCRTs, and Ub cargo are si-
multaneously required before sorting and ILV
formation can ensue (MacDonald et al. 2012a).
Other functions for UBDs within the ESCRT
apparatus have been proposed based on the ob-
servation that many ESCRT components be-
come ubiquitinated themselves (Erpapazoglou
et al. 2012). Often, UBDs confer ubiquitination
owing to the fact that proteins with UBDs can
bind Ub chains that bring them into the prox-
imity of Ub ligases forming those chains. A po-
tential role for ubiquitination of the machinery
is that it could mediate interaction with UBDs
in either intra- or intermolecular interactions
(Haglund and Dikic 2012). Artificial ubiquiti-
nation of ESCRTs can inactivate them. More-
over, ESCRTs-0 and -I associate with a variety of
Ub ligases and DUbs and their depletion and
overexpression hint at a variety of regulatory
roles apart from merely modifying Ub cargo
(Wright et al. 2011). Nevertheless, preventing
ubiquitination of ESCRT-0 and ESCRT-I does
not block their ability to execute MVB sorting
indicating that the role of ESCRTubiquitination
may be for an ancillary function (such as con-
trolling their levels via targeting to the protea-
some) or providing an additional layer of regu-
lation (Shields and Piper 2011).
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CONCLUDING REMARKS AND FUTURE
DIRECTIONS

The last decade has established a compelling
paradigm for how Ub mediates trafficking events
within the endocytic pathway by acting as a sort-
ing signal. This paradigm is replete with cellular
machinery that recognizes Ub cargo and sorts
into a variety of transport intermediates. In
broad terms, this process works by aggregation
of multiple low-affinity UBDs within a particu-
lar sorting apparatus, which generally recognizes
Ub cargo modified by several Ub moieties, often
presented as short K63-linked polyubiquitin
chains. This basic framework is helpful; howev-
er, many aspects are significantly underdeter-
mined and more work is required for us to tran-
sition from a basic and generic process we can
describe now to a more accurate, sophisticated,
and nuanced understanding that accounts for
the complexity of the endocytic system. Such an
understanding is becoming more approachable
both experimentally and conceptually with the
development of new tools to manipulate and
measure ubiquitination and with an increasing
appreciation for the expanding effects ubiquiti-
nation can exert and the specialized functions
different polyubiquitin chains can fulfill.

In terms of understanding Ub as a lysosomal
sorting signal, the vast majority of studies have
focused on well-folded and well-behaved cell-
surface proteins that undergo “down-regula-
tion” and delivery to the lysosome in response
to a particular trigger. Far less is known about
how damaged proteins are selected and sorted
toward lysosomes and whether different ma-
chinery is required to process these proteins.
In addition, if Ub works as a sorting signal for
internalization from the cell surface, as a sorting
signal from the TGN, or possibly at other locales
distinct from the MVB, it makes sense that a Ub-
sorting signal might be used only transiently,
as a stepwise sorting signal to discrete locales
within the endocytic system without commit-
ting cargo entirely to lysosomal degradation.
Yet, few experimental strategies are configured
to test for this possibility.

The endocytic machinery that recognizes
Ub cargo is largely coming into focus. Our

most complete understanding is of the ESCRT
apparatus, which functions on endosomes to
mediate sorting into ILVs of multivesicular
late endosomes. We have far less understanding
of how Ub cargoes are recognized and sorted at
the plasma membrane, TGN, and elsewhere
within the endocytic system. Despite our de-
tailed structural understanding of the ESCRT
apparatus, a better understanding remains to
be ascertained in terms of knowing all the pro-
teins that interact with Ub cargo, whether some
are specialized for different types of cargo, what
they do to move that cargo into ILVs, and how
their activity can be stimulated or inhibited.
Moreover, several players within the Ub/endo-
somal system have multiple functions within the
cell (such as the ESCRTs that function in MVB
sorting, cytokinesis, and transcription) or mul-
tiple roles in the same process (such as the
AMSH, USP8, and Bro1 during MVB sorting)
making it difficult for overexpression or under-
expression experiments to deconvolute their
contributions. Exploiting the emerging struc-
tural details for how these components interact
to make specific mutants defective in particular
functional aspects should help parse these roles
more precisely.

Another challenge is posed by the nature of
how Ub is recognized, which is typically accom-
plished via an expanding variety of domains
that often bind with poor affinity sometimes
in the millimolar range. Indeed the plethora of
low-affinity UBDs that are emerging not only
presents the daunting prospect that Ub may
control a large swath of biology we have yet to
fathom but also poses the experimental obliga-
tion to show that such UBDs indeed contribute
to a Ub-dependent biological process. The low
affinity of UBDs typically obliges them to work
in a larger context, in concert with other UBDs
or perhaps within protein complexes that un-
dergo a conformational change in response to
its own ubiquitination. A seductive observation
is that most UBDs make the proteins they reside
in susceptible to ubiquitination, affording them
a vast potential for different modes of regula-
tion. For instance, the GTP exchange factor for
Rab5, Rabex5, has proposed roles as a Ub ligase
against itself and other targets in the endocytic
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pathway and as a Ub-binding protein that en-
gages Ub cargo as well as a ubiquitinated form of
itself—all of which may impinge on the ability
of Rabex-5 to activate Rab5 (Mattera et al. 2006;
Mattera and Bonifacino 2008; Xu et al. 2010; Yan
et al. 2010; Aikawa et al. 2012). Such discoveries
promise a rich and interesting future. Nonethe-
less, they pose a significant challenge because
the physiological relevance of these models
can be difficult to dissect clearly.
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