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Abstract
The two major cellular sites for membrane protein degradation are the proteasome and the
lysosome. Ubiquitin attachment is a sorting signal for both degradation routes. For lysosomal
degradation, ubiquitination triggers the sorting of cargo proteins into the lumen of late endosomal
multivesicular bodies (MVBs)/endosomes. MVB formation occurs when a portion of the limiting
membrane of an endosome invaginates and buds into its own lumen. Intralumenal vesicles are
degraded when MVBs fuse to lysosomes. The proper delivery of proteins to the MVB interior
relies on specific ubiquitination of cargo, recognition and sorting of ubiquitinated cargo to
endosomal subdomains, and the formation and scission of cargo-filled intralumenal vesicles. Over
the past five years, a number of proteins that may directly participate in these aspects of MVB
function and biogenesis have been identified. However, major questions remain as to exactly what
these proteins do at the molecular level and how they may accomplish these tasks.
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INTRODUCTION
The primary responsibility of endosomes is to separate proteins that will recycle to other
cellular locales from those that will be degraded in lysosomes. In this way endosomes
regulate the composition of the cell surface and thus play a pivotal role in a vast array of
biological functions. Maturation from early to late endosomes entails the removal of both
proteins and lipids via tubulo-vesicular elements that sort components back to the trans-
Golgi network and plasma membrane. Integral membrane proteins that have not been
recycled, as well as soluble lumenal materials, are instead delivered to late endosomes and
lysosomes (Gruenberg & Maxfield 1995). Stable lysosomal membrane proteins such as
LAMP-1 remain on the limiting membrane of endosomes. However, proteins destined for
degradation are incorporated into intralumenal vesicles (ILVs) that bud from the limiting
membrane, giving multivesicular endosomes or multivesicular bodies (MVBs) their
characteristic appearance. Fusion of MVBs with lysosomes initiates the degradation of ILVs
and their contents, owing to the unique composition of ILVs, which renders them
susceptible to lysosomal hydrolases. Targeting of protein cargoes into this degradative
pathway is highly regulated and largely dependent on posttranslational modification by
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ubiquitin (Ub). Here we survey recent advances and remaining questions about this
complicated sorting reaction.

MULTIVESICULAR BODIES FOR DEGRADATION AND STORAGE
MVBs were first noted in early electron microscopy studies as unique membrane-enclosed
structures with ILVs (Palade 1955, Sotelo & Porter 1959). Without functional data,
however, these structures were simply referred to as MVBs. Subsequently, the invagination
of the limiting membrane of MVBs was observed, suggesting that these structures might
mediate some form of autophagy (Hirsch et al. 1968). Later studies following internalized
proteins defined MVBs as part of the endocytic pathway and also defined ILVs as a
degradation route for proteins such as the epidermal growth factor receptor (EGFR) (Felder
et al. 1990, Gorden et al. 1978, Haigler et al. 1979, van Deurs et al. 1993). MVBs are now
understood to perform a variety of functions within the endocytic pathway and, as such, can
have different compositions and morphologies. However, MVBs contain endocytic markers
such as Rabs, LAMPs, and endocytosed tracers, which distinguishes them from other
organelles with internal membranes, such as autophagic bodies or multilamellar lysosomes.
Protein sorting into MVBs and delivery to the lysosomal lumen are the major mechanisms
for degrading post-Golgi integral membrane proteins in all eukaryotic cells. This serves as a
mechanism for destroying damaged proteins as well as proteins that undergo downregulation
or clearing from the cell surface as a part of a regulatory process. Although the proteasome,
a large chambered protease composed of several catalytic and regulatory subunits, can
degrade integral membrane proteins in the early secretory pathway through the process of
endoplasmic reticulum–associated degradation (ERAD), the proteasome does not appear to
play a direct role in degrading proteins that travel past the Golgi, despite indications from
early studies using proteasome inhibitors. Rather, one of the effects of proteasome inhibitors
is to inhibit MVB protein sorting by an unknown mechanism (Hammond et al. 2003,
Longva et al. 2002, Rocca et al. 2001, van Kerkhof et al. 2001).

MVBs are much more dynamic and versatile than they were once recognized to be. For
instance, the ability of cells to upregulate MVB formation and degradative capacity is
exemplified by studies showing that growth factor stimulation can increase inward budding
and MVB formation (White et al. 2006). Reticulocytes also serve as a dramatic example of
upregulation of the MVB-exosome pathway. The differentiation of reticulocytes into
erythrocytes is accompanied by massive destruction of cytosolic proteins, organelles, and
integral membrane proteins and the generation of MVBs. Proteins that normally recycle, like
the transferrin receptor (TfR), are instead incorporated into MVBs for eventual secretion at
the cell surface (Pan & Johnstone 1983). Protein sorting into ILVs does not always destine
the protein for degradation, however. Proteins such as class II MHC and tetraspanins
accumulate in MVBs/late endosomes and compose a specialized class II MHC compartment
(MIIC). One fate that the ILVs of MIICs face is to be secreted from the cell upon fusion of
the MVB limiting membrane with the plasma membrane. These ILVs are precursors of
exosomes, which are produced by a wide variety of cells, including neurons, epithelial cells,
mast cells, tumor cells, melanocytes, and cells within the hematopoietic lineage (van Niel et
al. 2006a).

Class II MHC–containing ILVs back-fuse to the limiting endosomal membrane, thereby
taking the class II MHC out of storage and facilitating antigen presentation at the cell
surface (Chow & Mellman 2005). This phenomenon has been observed when immature
dendritic cells are stimulated to mature, which results in the appearance of deep tubular
endosomal structures concomitant with the loss of internal membranes. This ability to back-
fuse has been hypothesized for other processes, including the recycling route of the
tetraspanin CD63, which is typically enriched in ILVs of late endosomes (Kobayashi et al.
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2000), as well as the efflux of certain viruses and toxins (see sidebar: Viruses and
Multivesicular Bodies).

MVBs also give rise to more specialized, nondegradative endosomal compartments with
stable contents. For instance, von Willebrands Factor (vWF) is packaged into the ILVs of
both alpha granules of platelets and the Weibel-Palade bodies of endothelial cells. The
association of vWF with ILVs appears to modify the activity of vWF when it is released via
an exosomal pathway (Heijnen et al. 1999). Similarly, azurophilic granules of neutrophils
are derived from MVBs and contain ILVs enriched with the tetraspanin CD63. Secretory
granules of mast cells are also derived from the endosomal system and contain class II
MHC–enriched ILVs that are secreted upon calcium stimulation (Raposo et al. 1997).
Furthermore, melanosomes are derived from endosomes, and some of the intralumenal
scaffolding proteins (for example, Pmel17/Silver) that immobilize pigment are
proteolytically processed upon their sorting to ILVs, yet these compartments are different
from degradative MVBs (Theos et al. 2006).

Two interesting questions arise from these observations: Are these MVB-like structures
derived from a common precursor, and how do they avoid fusion with lysosomes? One
possibility is that distinct early endosomal populations, yet to be accurately defined,
contribute to these differences. Additionally, distinct ILVs may form as a consequence of
different lipid and/or protein cargo composition. For instance, the lipid
bis(monoacylglycero)phosphate/lysobisphosphatidic acid (BMP/LBPA) accumulates in
internal membranes that are distinct from those membranes mediating the degradation of
cell surface receptors. Different ILVs may be cordoned off into endosomal regions capable
of forming distinct endosomal carrier vesicles (Gu & Gruenberg 1999). Recent evidence
suggests that many of these different types of MVB and ILV populations may arise from
common pathways. For instance, ubiquitination serves as a potent signal for sorting a variety
of cell surface receptors and other proteins into the ILVs of MVBs, yet it was not known
until recently whether this degradative pathway was used for generating other compartments
like the ILVs of the MIIC. The MIIC in immature dendritic cells is characterized by a
multivesicular appearance in which class II MHC and the tetraspanin CD63 are found within
ILVs. Although the MIIC acts as a storage compartment, it does so only transiently because
class II MHC proteins are eventually degraded by lysosomal hydrolases (Villadangos et al.
2005). Interestingly, class II MHC is ubiquitinated in immature dendritic cells, and this
ubiquitination is responsible for both its sequestration from the plasma membrane (Shin et
al. 2006) and its residence within ILVs of MVBs/late endosomes (van Niel et al. 2006b),
suggesting a common sorting mechanism with the Ub-dependent degradative sorting
pathway of MVBs. Also, the fact that class II MHC is coenriched with markers of exosomes
within the MIIC of dendritic cells implies that exosomes are derived from the same common
ILV origin. Indeed, at least some of the proteins found trapped in exosomes are thought to
constitute part of the endosomal protein machinery responsible for sorting proteins along the
endocytic/degradative pathway, e.g., clathrin, Tsg101, and Alix (Thery et al. 2001,
Wubbolts et al. 2003). Furthermore, exosomes contain ubiquitinated proteins, implying their
common origin with ILVs that carry ubiquitinated protein cargo for degradation (Buschow
et al. 2005). Even ILV pathways that use an Ub-independent pathway, which generate
highly specialized MVB-like organelles like melanosomes, apparently use the same
endosomal subdomains enriched in the same machinery that controls the movement of Ub-
dependent cargo into the degradative MVB/ILV pathway. Pmel17, however, appears to
enter ILVs in a manner that does not depend on either ubiquitination or the degradative
MVB sorting machinery (Theos et al. 2006). Clearly, it would be interesting to investigate
the differences between these pathways and whether common mechanisms exist to unite
them.
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SORTING SIGNALS FOR ENTRY INTO THE MULTIVESICULAR BODY
LUMEN
Ubiquitin as a Sorting Signal

The default pathway for internalized membrane proteins, lipids, and fluid is recycling to the
cell surface (Mayor et al. 1993). In contrast, protein transport into the MVB interior requires
positive sorting signals. Inducing lysosomal delivery of recycling proteins by blocking their
retrieval from endosomal compartments without a positive signal for ILV entry results in
delivery to the limiting membrane, where only lumenal epitopes are degraded (Urbanowski
& Piper 2001). Although internalization from the cell surface may serve as the rate-limiting
step for the degradation of some proteins, for other proteins the MVB sorting step may be
the rate-limiting and most physiologically relevant step. Ubiquitination causes sorting
toward lysosomes from a number of compartments, including the Golgi (where Ub serves as
a signal to divert proteins to endosomes), the cell surface (where Ub promotes
internalization), and the MVB (where Ub mediates incorporation into ILVs). Ub works as a
mobile sorting signal via its recognition surface, which interacts with a variety of protein
sorting machines (Figures 1–3).

Ub as an MVB sorting signal was first described in yeast and was inferred from many
studies demonstrating a tight correlation between the lysosomal degradation of a variety of
membrane proteins and their ubiquitination (Hicke & Dunn 2003). Direct evidence that Ub
directed MVB sorting was provided by mutating the lysine residues of MVB cargo such as
Cps1 and Phm5, which are normally ubiquitinated. These mutations did not alter the
lysosomal targeting of these proteins but caused them to accumulate at the limiting vacuolar/
lysosomal membrane rather than within the vacuole lumen (Katzmann et al. 2001, Reggiori
& Pelham 2001). Demonstrating that Ub was a sufficient signal was accomplished by fusing
Ub in frame to proteins not normally sent to the vacuole lumen for degradation (Reggiori &
Pelham 2001, Urbanowski & Piper 2001). Many studies with proteins in both yeast and
animal cells have now confirmed the universal nature of Ub as an MVB targeting signal.

Although certain Ub-dependent functions involve the formation of long polyubiquitin
chains, MVB targeting does not; the fusion of a single Ub is sufficient to direct ILV
targeting, and there are few long polyubiquitin chains on MVB cargo proteins (Hicke &
Dunn 2003, Dupre et al. 2001). Many efficiently downregulated proteins are modified by
several Ubs, yet these either are linked directly to substrate proteins via several lysine
residues (multiple monoubiqitination) (Haglund et al. 2003) or may be present in short
oligo-Ub chains consisting of lysine 63 (K63)-linked Ubs (Hicke & Dunn 2003, Dupre et al.
2001). These extra Ubs may be important for increased MVB sorting efficiency because the
attachment of a single Ub may not be efficient in some contexts (Raiborg et al. 2002).
Alternatively, the K63-Ub linkage may provide specific sorting information; however, all
the Ub-binding domains present in proteins that participate in the MVB sorting process have
been structurally defined as mono-Ub-binding domains. Although these domains have
multiple sites for Ub binding (Figure 3) and have higher affinity for Ub chains, to date there
are no direct data showing that a specific K63 linkage is required for their association.
However, distinct linkages may signify as-yet-unappreciated subtleties in sorting outcomes.

Ub is recognized by an expanding cohort of endosomal proteins, which may act as Ub-
sorting receptors responsible for binding and directing cargo toward ILVs (Figure 2). The
identification of these Ub-binding proteins was greatly facilitated by both directed two-
hybrid screens and bioinformatics studies, which defined likely Ub interaction domains
(Hicke & Dunn 2003,Hurley et al. 2006). Ub has five β-sheets, mostly contained on the front
side, and an α-helix down the back side. All the endosomal Ub-binding proteins recognize
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the front face of Ub and, in particular, a hydrophobic patch consisting of the residues L8,
I44, and V70, suggesting that these residues may compete in a sequential hand-off reaction
during the sorting process. Figure 3 divides the known endosomal Ub-binding proteins into
two groups: the peripheral Ub-binding receptors and the ESCRT-core Ub-binding proteins.
The former include the vacuolar sorting protein (Vps) 27/Hrs-Hse1/STAM complex, which
contains Ub-interacting motif (UIM) domains; Golgi-associated, Gamma ear–containing Arf
binding (GGA) proteins [which contain a GGA and Target of myb1, or TOM1 (GAT)
domain]; and the TOM1/Tollip complex (which contains a GAT and a CUE domain). All
the peripheral components localize to endosomes and interact with clathrin. Interestingly, all
these components harbor a Vps27, Hrs, STAM (VHS) domain, whose function in this
context remains unknown. Immuno-EM analysis has shown that Hrs is concentrated in flat
clathrin subdomains on endosomes, which are implicated in the formation of MVBs (Sachse
et al. 2002). It is likely that the other peripheral components are localized similarly. The
ESCRT-core Ub-binding proteins include Vps23/Tsg101 and Vps36/EAP45, subunits of
ESCRT-I and ESCRT-II. Both Vps23 and Tsg101 bind Ub similarly, using a Ub E2 variant
(UEV) domain (Sundquist et al. 2004,Teo et al. 2004b). Mammalian Vps36/EAP45 uses a
GLUE domain to bind both phosphorylated phosphatidylinositols and Ub (Alam et al.
2006,Hirano et al. 2006,Teo et al. 2006). Several residue differences in the yeast Vps36
GLUE domain are predicted to prevent its Ub binding. However, inserted into the GLUE
domain are two new zinc finger (NZF) domains, one of which can bind Ub (Alam et al.
2004). All the Ub-binding modules discussed have low affinity for Ub, with the highest at
~10 μM for the GAT domain, which has two Ub-binding motifs (Bilodeau et al. 2004). In
vivo, Ub-binding proteins may cluster or multimerize to increase their avidity for Ub.
Alternatively, this low affinity may permit reversible binding and sequential interactions
between the Ub-binding receptors and ubiquitinated cargoes to facilitate Ub-dependent
MVB sorting.

Virtually all the endosomal Ub-binding proteins discussed above undergo some level of
ubiquitination in mammalian cells. This phenomenon is strictly correlated to the ability of
these proteins to bind monoubiquitin and has been referred to as coupled monoubiqitination
(Woelk et al. 2006). This modification is thought to lead to inactivation of these proteins
because of an intramolecular interaction between the attached Ub and the Ub-binding
domain. Indeed, ubiquitinated forms of epsin and GGA3 are no longer able to interact with
some of their binding partners (Chen et al. 2003, Yogosawa et al. 2006), and when Ub is
fused in frame to Hrs, Hrs-Ub is incapable of exerting dominant-negative effects upon
overexpression (Hoeller et al. 2006). The mechanism responsible for monoubiquitination of
these proteins relies on the ability of the Ub-binding proteins to associate with other
ubiquitinated proteins undergoing ubiquitination (Woelk et al. 2006). It is not yet clear
whether coupled ubiquitination signifies a precise form of regulation that switches off
protein function, stimulates the formation of large complexes of other Ub-binding proteins,
or simply represents the concomitant hazard these proteins face by engaging Ub-cargo.

The majority of Ub is removed from cargo just prior to the delivery of cargo into ILVs. In
yeast the Doa4/Ubp4 deubiquitinating enzyme (DUb) performs this function. Loss of Doa4
drastically reduces Ub levels in the cell and thus inhibits a variety of Ub-dependent
processes (Amerik et al. 2000). However, cargo proteins with in-frame fusions of Ub are
normally sorted to the vacuole interior in the presence and absence of Doa4 (Reggiori &
Pelham 2001). These data highlight two key points: (a) There is tremendous flux of Ub
through MVBs, and (b) the removal of Ub from cargo is not required for the delivery of Ub-
cargo into ILVs because Ub is degraded with cargoes when Doa4 function is lost.
Interestingly, histological analysis has shown that Ub accumulates within lysosomes of
aging neurons in the brain, suggesting that the removal of Ub from lysosomal cargo may
falter later in life (Mayer et al. 1992). This may lead indirectly to a variety of pathogenic
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consequences owing to depletion of the pool of available Ub, similar to what has been
proposed for other neurodegenerative pathologies (Almeida et al. 2006).

A Doa4-like DUb dedicated to recycling Ub from MVB cargo proteins has yet to be
identified in animal cells. Two candidate enzymes are UBPY/USP8, a Ubp family member
similar in domain organization to Doa4, and AMSH, a Jab/MPN1 domain metalloenzyme
(JAMM) domain peptidase. Loss of UBPY also leads to severe changes in endosomal
morphology, a block in degradation of the MVB substrate proteins EGFR and EGF, and the
accumulation of ubiquitinated proteins on endosomes without a concomitant decrease in free
Ub levels (Bowers et al. 2006, Mizuno et al. 2006, Row et al. 2006). These effects mimic the
effects of the loss of function of many class E Vps proteins responsible for MVB sorting and
suggest that UBPY may provide critical functions other than deubiquitinating cargo (for
example, deubiquitinating the Ub-recognition machinery) (Mizuno et al. 2006, Row et al.
2006). AMSH can interact with late-acting MVB sorting machinery, similar to Doa4
(Amerik et al. 2000, Luhtala & Odorizzi 2004, Tsang et al. 2006), and under some
conditions, loss of AMSH can slow degradation of EGFR (Ma et al. 2007). However,
AMSH may also function at an early step in the MVB sorting pathway via additional
interactions with STAM and clathrin; AMSH may provide an editing function to precisely
regulate the disposition of cargo when AMSH is recognized by the MVB sorting machinery
(Bowers et al. 2006, McCullough et al. 2004). Similarly, in yeast the STAM homolog Hse1
associates with both the HECT Ub ligase Rsp5 and DUbs to regulate the efficiency of cargo
sorting (Ren et al. 2007). This earlier role for DUb enzymes suggests that ubiquitination is a
dynamic process wherein MVB cargoes likely undergo multiple rounds of ubiquitination/
deubiquitination while they travel toward the MVB interior. Typically, only a small fraction
of receptors that undergo efficient Ub-dependent lysosomal degradation are ubiquitinated at
any one time, likely owing to the balance of both DUbs and ligases they encounter along the
way. This underscores the dynamic nature of protein ubiquitination and regulatory
opportunities the cell has to specify protein ubiquitination and thus MVB sorting. In animal
cells, efficient downregulation of the EGFR requires its continued association with the really
interesting new gene (RING) Ub-ligase Cbl during its journey to endosomes (Longva et al.
2002). Other ligases associate with Ub-sorting machinery; these include atrophin-1-
interacting protein 4 (AIP4), a HECT-type ligase that associates with Hrs (Marchese et al.
2003) and the murine double minute 2 (MDM2); Tsg101-associated ligase (Tal); Nedd4.1;
and Mahogunin ligases that associate with ESCRT-I (Amit et al. 2004, Blot et al. 2004, Li et
al. 2001, Yoon Kim et al. 2007). It will be important to establish whether the purpose of
these ligases is to modify cargo or cargo sorting machinery.

Non-Ubiquitin Sorting Signals
Although many Ub-dependent MVB cargoes have been described, much less is known about
non-Ub signals that sort proteins to ILVs. One protein in yeast that uses both pathways is
Sna3, a small protein with two transmembrane domains and cytosolically disposed N and C
termini. Although Sna3 is ubiquitinated, nonubiquitinatable forms of Sna3 still sort to the
vacuole interior, although they utilize the same endosomal sorting machinery as Ub-cargo.
The sorting signals for Sna3 include an N-terminal tyrosine (Y)-containing sequence and a
PPAY motif, which interacts with the HECT-type Ub-ligase Rsp5 (McNatt et al. 2007,
Oestreich et al. 2007a). The Rsp5-Sna3 interaction is required for MVB sorting even in the
absence of Sna3 ubiquitination. Rsp5 ubiquitinates a number of MVB cargoes but also
partially localizes to endosomes and interacts with some of the Ub-cargo sorting machinery
(Figures 4–6). Thus, binding Rsp5 may work as a sorting signal by bridging Sna3 with MVB
protein sorting machinery. However, the enzymatic activity of Rsp5 is required for the
sorting of forms of Sna3 that are resistant to ubiquitination, suggesting an additional level of
regulation by this ligase.
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Viral gag proteins represent another cargo that displays a variety of sorting signals directing
incorporation into ILV-like particles. Although the ubiquitination of gag correlates with its
sorting into virus-like particles, mutant gag proteins that are not ubiquitinated are still
capable of budding. This suggests Ub is not required in targeting gag to ILVs. Different viral
gag proteins can interact with a variety of machinery that is normally used for sorting Ub-
cargo into MVBs, including Nedd4, a homolog of the Rsp5 E3 ligase (Morita & Sundquist
2004). This raises an interesting parallel between gag-Nedd4 ILV targeting in animal cells
and Sna3-Rsp5 MVB sorting in yeast and suggests that other ubiquitination-independent
ILV targeting processes employed by viruses may also be used by endogenous MVB
cargoes.

TfRs enter MVBs for later release as exosomes from reticulocytes as they mature to
erythrocytes; however, the TfR does not appear to be ubiquitinated. Instead, its MVB sorting
is mediated by a Y-based motif that is usually recognized by the AP-2 adaptor complex to
mediate internalization. However, during differentiation, the AP-2 adaptor is degraded. This
allows the binding of TfR to the protein Alix, which in turn can interact with other MVB
sorting machinery and may mediate the incorporation of TfR into ILVs (Geminard et al.
2004).

The melanosomal protein Pmel17/Silver enters ILVs in a Ub-independent manner and
ultimately forms the protein scaffold that holds melanin pigments (Berson et al. 2003). At
least one sorting signal for Pmel17 incorporation into ILVs is located on its lumenal domain
and may work by helping the protein aggregate into an arrangement conducive to ILV
incorporation. Interestingly, MVB sorting of Pmel17 is not altered when the sorting of Ub-
cargo is compromised by perturbation of the Ub-dependent MVB sorting pathway (e.g., by
altering Hrs, Tsg101, or Vps4 function). Pmel17 does, however, concentrate at the same
clathrin-enriched subdomains that participate in sorting of Ub-cargo and is also a constituent
of exosomes, implying some level of commonality with the pathway for sorting Ub-cargo
(Theos et al. 2006).

MACHINERY
Lipid Sorting

Differential lipid sorting and the formation of lipid subdomains play important roles in the
biogenesis of MVBs. One important requirement is to render ILVs susceptible to
degradation while leaving the limiting membrane resistant to hydrolases. Additionally, the
organization of the protein sorting machinery and perhaps the budding and scission of the
ILV may be controlled by lipid composition and localized lipid remodeling. Three
interesting lipids that appear to play a role in MVB biogenesis are phosphatidylinositol 3-
phosphate [PI(3)P], cholesterol, and BMP/LBPA. Each may play a role in subdomain
organization, vesicle formation, and ILV degradation.

PI(3)P is enriched on the cytosolic face of early endosomes, where it recruits a variety of
proteins to specialized endosomal subdomains. Several key proteins that compose the MVB
sorting machinery bind PI(3)P; the presence of both this lipid and the PI(3)P-binding
domains of the sorting machinery is critical for MVB formation (Futter et al. 2001, Odorizzi
et al. 1998, Piper et al. 1995, Teo et al. 2006) (Figure 5). Most of the endosomal PI(3)P in
yeast and animal cells is actually found within the endosomal lumen associated with ILVs,
consistent with the observation that PI(3)P is elevated in yeast mutants in which vacuolar
hydrolases are inactivated (Gillooly et al. 2000, Wurmser & Emr 1998). The density of
PI(3)P in ILVs is highest within early endosomes and is significantly lower in late
endosomes, suggesting that the PI(3)P-containing ILVs are quickly degraded or susceptible
to phosphatase activity. PI(3)P is also the precursor for phosphatidylinositol 3,5-
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bisphosphate [PI(3,5)P2], the product of the Fab1/PIKfyve kinase. Loss of PI(3,5)P2 results
in enlarged vacuolar structures in both yeast and animal cells and causes defects in the
delivery of Cps1 to the vacuole lumen (Odorizzi et al. 1998). Loss of PI(3,5)P2, however,
does not affect the proper MVB sorting of many other Ub-dependent and Ub-independent
cargos, indicating that PI(3,5)P2 does not play a critical role in the processes of cargo
recognition and ILV formation (Odorizzi et al. 1998, Urbanowski & Piper 2001).

Cholesterol is also implicated in MVB biogenesis owing to its significant enrichment in
MVBs (Hornick et al. 1985). Analysis of exosomes reveals that much of the endosomal
cholesterol resides in ILVs (Mobius et al. 2003, Wubbolts et al. 2003), although the levels of
cholesterol within intralumenal membranes vary among cell types (Subra et al. 2006).
Blocking MVB formation with dominant-negative Vps4 results in the accumulation of large,
cholesterol-rich endosomes (Bishop & Woodman 2000, Yang et al. 2004). Enrichment of
cholesterol and sphingolipids in ILVs may render them susceptible to breakdown because
cholesterol is largely depleted by the late endosomal stage. Targeting ILVs for degradation
involves proteins such as saposins, which bind to and accelerate sphingolipid degradation
(Kolter & Sandhoff 2005), and possibly the endosomal cholesterol efflux pathway, which
relies on proteins such as the Niemann-Pick type C (NPC) 1 transporter and NPC2 lipid
transfer protein. Cholesterol concentration may also facilitate the budding process either by
promoting proper membrane curvature (Wang et al. 2007) or by organizing discrete
sudomains enriched in proteins such as tetraspanins (Charrin et al. 2003, Silvie et al. 2006),
which are incorporated into ILVs (Escola et al. 1998). Interestingly, inducing accumulation
of cholesterol within endosomes with the drug U18666A dramatically stimulates inward
budding of endosomes and the formation of MVBs in Dictyostelium (Marchetti et al. 2004).
Also, two members of the oxysterol-binding-protein family, Osh6 and Osh7, associate with
Vps4, an AAA-ATPase that controls the assembly of the MVB protein sorting machinery
(Wang et al. 2005).

BMP/LBPA is enriched in late endosomes and lysosomes and is not detected in earlier
endosomal compartments where ILV formation is highly active. Moreover, intralumenal
membranes containing BMP/LBPA are distinct from those containing PI(3)P (Gillooly et al.
2000, Kobayashi et al. 2002) and appear to be devoid of activated EGFR destined for
lysosomes and devoid of class II MHC within MIIC (Mobius et al. 2003, White et al 2006).
LBPA has not been reported to be present in yeast MVBs or vacuoles, which otherwise can
accumulate PI(3)P-enriched ILVs. Furthermore, BMP/LBPA ILVs can form in the absence
of PI(3)P generation, suggesting that this process is independent of at least some of the
protein machinery that controls PI(3)P/cholesterol ILVs used for protein degradation
(Matsuo et al. 2004, White et al. 2006). LBPA may help form multivesicular-like structures
because BMP/LBPA-containing liposomes spontaneously form inward-budding profiles in a
pH-inducible manner (Matsuo et al. 2004). One protein that may control the formation of
BMP/LBPA ILVs is Alix. Alix binds to BMP/LBPA, and Alix depletion reduces the
accumulation of BMP/LBPA inside late endosomes (Matsuo et al. 2004). In vitro, BMP/
LBPA is a very dynamic lipid that promotes fusion and may have interesting functions in
vivo by facilitating back-fusion of ILVs with the limiting membrane of late endosomes
(Kobayashi et al. 2002). Back-fusion appears important for the entry of both endocytosed
anthrax toxin and endocytosed VSV into the cytosol (Abrami et al. 2004, Le Blanc et al.
2005). Both anthrax toxin and the VSV capsid are delivered to the interior of ILVs within
early endosomes. Their release from ILVs requires delivery to BMP/LBPA-enriched late
endosomes; antibodies to LBPA or down-regulation of Alix retard the efflux of anthrax
toxin and VSV capsid from endosomes (Le Blanc et al. 2005). Such a BMP/LBPA-
dependent exit strategy may also be required to keep recycling proteins like the cation-
independent mannose-6-phosphate receptor out of lumenal membranes (Kobayashi et al.
1998). BMP/LBPA may promote back-fusion directly by modifying the ILV in which
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anthrax toxin and VSV are first delivered or later intercalating into ILVs and altering their
fusion potential. Perturbing BMP/LBPA may also have direct effects by altering the
dynamics of the endosomal lumen because antibodies to BMP/LBPA mimic the action of
U18666A and loss of NPC1 in that they cause the accumulation of cholesterol in late
endosomes.

Lipids impact the MVB sorting reaction at a variety of levels: the recruitment of effector
proteins, the formation of ILVs, and even the relative sensitivity of the ILVs to lysosomal
hydrolases as compared with the limiting membrane. Furthermore, MVB sorting impacts the
metabolism of PI(3)P, cholesterol, and other lipids, highlighting the importance of this
pathway beyond the context of protein turnover.

Protein Machinery
The search for protein machinery that controls MVB biogenesis has focused primarily on
two approaches. One is proteomic analysis of exosomes and viruses, which can be
constituents of MVBs. These studies reveal that polytopic tetraspanin proteins are major
components of ILVs (Escola et al. 1998, Hegmans et al. 2004, Thery et al. 2001, Wubbolts
et al. 2003). Other components include Rab GTPases, membrane-binding annexins, and
constituents of the actin cytoskeleton. Genetic screens in yeast have identified a number of
nonessential proteins defined as class E Vps proteins, originally characterized by a common
phenotype (Raymond et al. 1992). Class E vps mutants have a number of defects in the
endocytic pathway (Figure 5b): defects in structure in that endosomes are greatly enlarged
and form cisternal stacks, defects in the trafficking of late Golgi proteins and vacuolar
proteins from endosomes, defects in sorting proteins to the endosomal lumen, and defects in
generating ILVs (Odorizzi et al. 1998, Raymond et al. 1992, Rieder et al. 1996). Many of
these components have clear homologs in animal cells, which are important for regulating
receptor signaling and downregulation. A wealth of structure/function analyses have defined
these components as members of so-called ESCRT complexes (Figures 6 and 7). Earlier
studies, mostly in yeast, supported the model pictured in Figure 7. Four ESCRT complexes
(0, I, II, III) act sequentially to sort cargo and to form a coated subdomain on endosomes
that forms the ILV. The Vps27/Hrs-Hse1/STAM complex (ESCRT-0) is first recruited to
endosomes by binding PI(3)P and ubiquitinated cargo; in animal cells this leads to
colocalization within clathrin-rich subdomains. ESCRT-0 then recruits ESCRT-I to the
membrane, followed by recruitment of ESCRT-II. Finally, ESCRT-II recruits ESCRT-III
subunits, which can form a large polymer on the surface of endosomes (Katzmann et al.
2002, Raiborg et al. 2003). The AAA ATPase Vps4 works to break apart ESCRT-III and the
other ESCRT complexes, resulting in their dissociation from the membrane to complete the
cycle. Ubiquitinated cargo is passed sequentially through the ESCRT complexes, first bound
by ESCRT-0 via UIM domains, then to the UEV domain of Vps23/Tsg101, and then to
Vps36 of the ESCRT-II complex, which somehow conveys Ub-cargo to the forming ILV
with the aid of ESCRT-III and associated factors.

Both new and old data, however, challenge this model. That ESCRT complexes are
sequentially recruited is supported by the findings that loss of ESCRT-0 diminishes the
association of ESCRT-I with endosomes and that both Vps27 and Hrs directly bind to the
UEV domain of Vps23/Tsg101 via Pro-Ser-Ala-Pro and Pro-Ser-Asp-Pro motifs,
respectively (Bache et al. 2003, Bilodeau et al. 2003, Katzmann et al. 2003). Also, ESCRT-I
can bind ESCRT-II directly, and this interface is important for the function of ESCRT-I
(Gill et al. 2007). ESCRT-II can also bind ESCRT-III (Teo et al. 2006). Overexpression of
ESCRT-II suppresses loss of ESCRT-I, consistent with a function of ESCRT-II downstream
of ESCRT-I. Lastly, ESCRT-I and -II are required for appropriate assembly of ESCRT-III
(Babst et al. 2002b), and ESCRT-III is required for the recruitment of Vps4 to endosomes
(Babst et al. 2002a). However, loss of ESCRT-I does not prevent ESCRT-II association with

Piper and Katzmann Page 9

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2010 July 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



endosomes, although it does hamper ESCRT-III recruitment (Babst et al. 2002b). Loss of
ESCRT-0 does not block the association of ESCRT-III with endosomes (Curtiss et al. 2007),
and loss of ESCRT-I inhibits the recruitment of clathrin to Hrs-positive endosomes (Doyotte
et al. 2005). Although the presence of Vps27 (ESCRT-0) is required for the association of
ESCRT-I with membranes, mutating the motifs in Vps27 that bind Vps23 (ESCRT-I) does
not alter MVB formation and only partially affects the sorting efficiency of particular cargo
(Bilodeau et al. 2003). These data emphasize that, although these recruitment assays are
helpful in identifying some of the overall requirements for endosome association and protein
interactions, they are performed in mutant cells lacking proper MVB function and thus
represent a number of direct and indirect effects. Such observed effects on component
localization do not mean they must occur in a transient and sequential mode in normal cells.

The idea that Ub-cargo is transferred from one complex to the next is attractive because
ESCRT-0, I, and II each have Ub-binding domains that must compete for binding to the
surface of Ub. Evidence that the Ub-binding domains of the Vps27-Hse1 complex bind and
sort Ub-cargo is supported by mutations in the three UIM domains of this complex that
block intralumenal sorting of Ub-cargo but do not block delivery of Ub-independent cargo
or cause defects in other Vps27-dependent functions (Bilodeau et al. 2002). These data
suggest that the Ub-binding function of Vps27-Hse1 is dedicated to sorting Ub-cargo and
not to some other general function. Such specificity has not been demonstrated for Vps36;
loss of its Ub-binding NZF domain results in a general loss of function (Alam et al. 2004).
The function of Vps23 and Tsg101 binding to Ub is also unclear. Mutations of the Vps23
UEV domain that fail to bind Ub also largely phenocopy a null mutant (Katzmann et al.
2001); however, the mutation analyzed (M85, Figure 3) is not part of the Ub-binding
interface, which suggests a more general defect in the resulting mutant.

Another key idea in the model shown in Figure 7 is that many of the class E Vps proteins are
essential in the processes of MVB protein sorting and ILV formation because loss of any
component causes a class E vps phenotype. Studies in animal cells have yielded surprises,
however, because depletion of individual class E Vps proteins causes varying phenotypes.
One possible explanation is that the functional integrity of many class E proteins in yeast is
exquisitely sensitive to their interactions with other components such that the loss of one
component disrupts the function of the entire class E machine. In animal cells, however,
these same proteins have more intermolecular connections that may compensate for the loss
of a single component (Bowers et al. 2004,von Schwedler et al. 2003). Many studies in
animal cells support some role of the class E proteins in the endocytic pathway. Interpreting
many of the initial studies can be complicated because some utilize overexpression
experiments that may indirectly perturb the entire network of class E proteins or RNAi-
mediated depletion that may leave residual levels of protein behind. Also, many experiments
follow the lysosomal degradation of proteins such as the EGFR as a measure of MVB
sorting. This is typically done by following the loss of lumenal EGFR epitopes that report on
the arrival of EGFR at late endosomal/lysosomal compartments. These methods, however,
do not differentiate delivery to the late endosomal limiting membrane from delivery to ILVs,
nor do they differentiate the process of sorting ubiquitinated cargo from upstream defects in
proper ubiquitination of cargo. Despite these caveats, many of these data conflict with the
canonical view gleaned from the yeast data.

Perhaps the closest phenotype to a yeast class E mutant in animal cells comes from loss of
ESCRT-I. Depletion of Tsg101 in cell lines blocks degradation of EGFR, promotes
recycling of EGF, and prolongs activation of the EGF signaling pathway (Babst et al. 2000,
Bowers et al. 2006, Doyotte et al. 2005, Langelier et al. 2006, Razi & Futter 2006).
Internalized EGFR is mislocalized to intricate tubular arrays and multicisternal endosomes
(Doyotte et al. 2005, Razi & Futter 2006). However, Drosophila photoreceptor cells

Piper and Katzmann Page 10

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2010 July 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



depleted of Vps28 form MVBs normally, and resting A431 cells depleted of Tsg101 have
near-wild-type levels of normal MVBs (Razi & Futter 2006, Sevrioukov et al. 2005).

Loss of ESCRT-II slows degradation of EGFR, although not to the same extent as does loss
of Tsg101 (Langelier et al. 2006). However, degradation of EGF and ubiquitinated class I
MHC is not affected, nor is the gross morphology of endosomes altered upon ESCRT-II loss
(Bowers et al. 2006). Loss of Hrs leads to a number of developmental defects (Lloyd et al.
2002). However, degradation of EGFR and its ligand is only modestly affected (Bache et al.
2003, Kanazawa et al. 2003, Lu et al. 2003, Razi & Futter 2006). Loss of Hrs decreases the
number of normal MVBs, and in their place are swollen early endosomes (Bache et al. 2003,
Komada & Soriano 1999, Lloyd et al. 2002, Razi & Futter 2006). Although the level of
ILVs within swollen endosomes is lower, the latter can receive EGFR (Razi & Futter 2006).

Inhibiting Vps4 results in swollen endosomes, the accumulation of tubular extensions,
extensive accumulation of ESCRT components and recycling proteins on endosomal
membranes, and a block in EGFR degradation (Bishop & Woodman 2001, Bowers et al.
2006, Langelier et al. 2006, Yoshimori et al. 2000). Yet expression of dominant-negative,
ATPase-defective Vps4 inhibits ILV formation by only ~30% (Sachse et al. 2004,
Yoshimori et al. 2000). The relevant target of Vps4 is likely to be the ESCRT-III polymer;
loss of the mammalian ESCRT-III subunits Vps24 and Vps20/CHMP6 also leads to the
accumulation of EGFR in endosomes (Bache et al. 2006, Langelier et al. 2006). However,
EM analysis shows that these endosomes contain significant levels of ILVs and that much of
the EGFR is sorted into them (Bache et al. 2006).

Taken together, these studies show that the class E proteins play an important role in protein
sorting to MVBs but that not all class E proteins work to execute the same step.
Furthermore, whereas class E proteins may regulate aspects of ILV formation, endosome
maturation, and fusion, they may not work directly to form ILVs. This is consistent with
proteomic analysis of ILVs that shows that most of the class E proteins are not incorporated
into ILVs (Reggiori & Pelham 2001, Thery et al. 2001, Wubbolts et al. 2003). Finally,
ESCRT subunits play a variety of roles in many other processes such as transcription,
cytoskeletal organization, cell cycle control, pH sensing, and mRNA localization (Irion & St
Johnston 2007, Kullas et al. 2004, Slagsvold et al. 2006, Xu et al. 2004), leaving us to
wonder whether the proteins perform diverse tasks or whether the same molecular task is
used by different processes.

What functions can we ascribe to the various protein machinery? Figure 7 presents a model
that reconciles many of these data. However, we emphasize that this represents only one of
many models that can be extrapolated.

The first step is the initial gathering of Ub-cargo by peripheral Ub-sorting receptors such as
the Hrs/STAM complex. The Hrs/STAM complex is not part of the core ESCRT
constituency because its localization is distinct from ESCRT-I (Bache et al. 2003) and its
depletion causes different defects than ESCRT-I depletion (Razi & Futter 2006).
Furthermore, Hrs interacts with a variety of proteins that participate in a host of other
endosomal processes (Chin et al. 2001, Rayala et al. 2006, Sun et al. 2003, Yan et al. 2005).
Finally, the Hrs/STAM complex is not encoded in plant and Dictyostelium genomes,
although those organisms do have ESCRT-I, II, and III homologs (Marchetti et al. 2004,
Winter & Hauser 2006). The Hrs-STAM complex works in parallel with GGA proteins as
well as the Tom1-Tollip complex to bind, retain, and concentrate Ub-cargo on endosomal
subdomains (Raiborg et al. 2002). Both GGA3 and the Tom1-Tollip complex localize to
endosomes, and loss of GGA3 or Tollip (Brissoni et al. 2006, Puertollano & Bonifacino
2004) results in sorting defects of particular Ub-cargoes. Interestingly, plants and

Piper and Katzmann Page 11

Annu Rev Cell Dev Biol. Author manuscript; available in PMC 2010 July 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Dictyostelium do have Tom1 homologs. The presence of several Ub-sorting receptors
implies that different Ub-cargoes may be carried by different receptors.

These peripheral Ub-sorting receptors concentrate in clathrin-rich subdomains on the
endosomal surface. The formation or stability of these domains may be promoted by the
ability of these proteins to bind clathrin (Katoh et al. 2006, Raiborg et al. 2002, Raiborg et
al. 2006). Clathrin likely plays a role in organizing the protein sorting machinery or in
retaining Ub-sorting receptors at the limiting membrane so they do not follow MVB cargo
into ILVs. Interestingly, in contrast to animal cells, clathrin does not accumulate on
endosomes in class E vps yeast mutants, and deletion of the clathrin-binding site on Vps27 is
without effect (Katzmann et al. 2003). However, loss of clathrin binding by Vps27 results in
several synthetic effects with mutations in other class E machinery components and in some
instances results in the transport of Vps27 into the vacuole lumen (R. Piper, unpublished
data).

All these peripheral Ub-receptors interact with Vps23/Tsg101 of ESCRT-I (Bilodeau et al.
2003, Katzmann et al. 2003, Lu et al. 2003, Puertollano 2005, Puertollano & Bonifacino
2004). The revised model suggests both ESCRT-I and ESCRT-II work in the same step as
part of a large supercomplex, a speculation supported by the tight connection between yeast
Vps28 and ESCRT-II Vps36 (Gill et al. 2007). If such a supercomplex exists in vivo, it
likely forms on membranes because biochemical analysis of soluble fractions finds ESCRT-
I and ESCRT-II as discrete complexes (Babst et al. 2002b, Katzmann et al. 2001). One of
the key observations supporting the view that ESCRT-II acts sequentially downstream of
ESCRT-I is that defects in cargo sorting from loss of ESCRT-I subunits are suppressed upon
overexpression of ESCRT-II (Babst et al. 2002b, Curtiss et al. 2007). However, these data
are also consistent with the view that ESCRT-I and ESCRT-II proteins work together at the
same step, and may explain the mild phenotype of ESCRT-II depletion in animal cells
(Bowers et al. 2006). The model shown in Figure 7b depicts the ESCRT-I/II complex as a
Ub-cargo-binding protein because the complex possesses multiple Ub-binding sites (Alam et
al. 2004, Katzmann et al. 2001). The residues on the surface of Ub critical for Vps23/
TSG101 binding, but not other Ub-binding modules, are required to confer MVB sorting on
cargo (Bilodeau et al. 2003). Multiple Ub-binding domains may be required to bind a variety
of cargos that present Ub in different contexts. Interestingly, the GLUE domain of
mammalian Vps36 extends below the flexible C terminus of Ub, where it may be influenced
by the context of the isopeptide bond, which may cause a bias for binding particular Ub-
cargo (Figure 3). Also, deletion of the ESCRT-I subunit Mvb12 causes a selective sorting
defect of some Ub-cargoes but not others (Curtiss et al. 2007, Oestreich et al. 2007b). The
function of the ESCRT-I/II supercomplex may be both to promote the release of Ub-cargo
from peripheral Ub receptors and to help position Ub-cargo for eventual incorporation into
MVBs. The exact roles of the Ub-binding domains of ESCRT-I and II are still unclear; these
Ub-binding domains may not interact with cargo but instead arbitrate some other regulatory
event mediated by coupled monoubiquitination.

At some point, Ub-cargo must be moved to and immobilized in an environment that will
allow its eventual incorporation into ILVs, yet still allow the removal of the Ub.
Tomographic EM studies reveal that the endosomal subdomains from which ILVs are
formed are distinct from the clathrin-enriched subdomains containing the Ub-sorting
receptors such as Hrs (Murk et al. 2003). The incarceration of cargo may be mediated in part
by ESCRT-III subunits, which polymerize and depolymerize on and off the surface of
endosomes. Interestingly, when the ESCRT-III polymer is locked onto endosomes, the Ub-
cargo Cps1 appears to enter a microenvironment that makes it less susceptible to lumenal
proteolysis (Babst et al. 2002a). EM data indicate that a clathrin-negative protein coat is
present at the surface of endosomes where ILVs appear to form and that MVB cargo such as
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the EGFR moves into these regions after concentrating first in adjacent clathrin-positive
bilayered coats (Myromslien et al. 2006, Sachse et al. 2004). Thus, it will be informative to
determine whether these regions are selectively enriched in ESCRT-III subunits.
Alternatively, the ESCRT-III polymer may work to position the protein sorting machinery
because it binds directly to the ESCRT-I component Vps28 (Bowers et al. 2004) and the
ESCRT-II components Vps25/Eap20 (Teo et al. 2004a). The yeast ESCRT-III lattice also
positions the DUb Doa4 (Odorizzi 2006). If the ESCRT-III polymer could indeed trap cargo
prior to incorporation into ILVs, this arrangement of DUb activity would be optimal for
recycling Ub without compromising the forward progression of cargo into the ILV. Binding
and structural studies on the human ESCRT-III subunit, CHMP3, show that it is composed
of a four-helix bundle, with a fifth short α-helix that may regulate dimerization through one
of its interfaces (Muziol et al. 2006). Movement of the C-terminal tail may expose these
interfaces and trigger a series of homo- and hetero-oligomerizing events with other ESCRT-
III subunits owing to conservation of the residues that line the interface. Interestingly, the
crystal structure of the CHMP3 dimer reveals a relatively flat complex with an extensive
basically charged surface that may promote association with planar membranes (Muziol et
al. 2006).

The Vps4 AAA ATPase may work to contain the ESCRT-III polymer, trimming its edges so
as not to interfere with the organization of other endosomal subdomains. Indeed, inhibiting
Vps4 causes a massive accumulation of protein coats on endosomes (Sachse et al. 2004).

Vps4 is thought to form a double-ring structure of 10–12 subunits, similar to other AAA
ATPases such as p97/VCP/Cdc48 (Babst et al. 1998, Scott et al. 2005a). The same C-
terminal fifth α-helix region of ESCRT-III subunits that is thought to regulate dimerization
also serves as the interaction site for the microtubule interacting and trafficking (MIT)
domain of Vps4 (Scott et al. 2005b), implying that Vps4 may transition ESCRT-III subunits
from an open conformation ensconced in a polymer to closed monomeric forms (Lin et al.
2005). Exactly how Vps4 activity is regulated is unclear; however, a newly discovered
factor, Vta1, binds Vps4 at a 1:1 ratio and stimulates its ATPase activity (Azmi et al. 2006,
Lottridge et al. 2006). Vta1 in turn interacts with Did2/Vps46/Fti1 (Lottridge et al. 2006)
and Vps60/Mos10 (Azmi et al. 2006, Shiflett et al. 2004). Did2 and Vps60 are likely part of
an extended ESCRT-III complex polymer, yet their loss in yeast yields a milder class E
phenotype than does loss of ESCRT-III core subunits (Babst et al. 2002a). The ability of
Did2 and Vps60 to bridge Vta1 with ESCRT-III subunits may provide a way to regulate
Vps4 activity on the basis of the composition or conformational state of the extended
ESCRT-III polymer (Lottridge et al. 2006).

After cargo is incarcerated, it must be incorporated into ILVs. How ILVs are actually
formed is entirely unclear. At some level lipid sorting must occur and may form the basis of
membrane curvature through the uneven distribution of cone-shaped and inverted-cone-
shaped lipids in the bilayer. ESCRT-III may play a role in ILV formation, perhaps by
holding asymmetric lipid bilayers and membrane-deforming proteins in a planar bilayer
owing to the flat shape of ESCRT-III dimers. Rapid membrane deformation and internal
budding may then be triggered by the removal of ESCRT-III polymer from this subregion
by Vps4. That ILVs are still observed when Vps4-ESCRT-III function is compromised
suggests that other factors are also involved. An excellent set of candidates that may affect
either the incarceration of cargo or perhaps ILV formation are the tetraspanins, which are
greatly enriched in ILVs (Escola et al. 1998). Tetraspanins can interact with a wide range of
membrane proteins, many of which are sorted to the MVB interior. Tetraspanins can homo-
and hetero-oligomerize into complex webs or tetraspanin-enriched microdomains (TEMs),
which also appear to connect with the actin cytoskeletal machinery and gather cholesterol
(Charrin et al. 2003, Delaguillaumie et al. 2004, Hemler 2003, Silvie et al. 2006). At the cell
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surface TEMs can also cluster HIV-1 gag proteins, which in turn recruit ESCRT-I, Vps4,
and Alix to these subdomains and may serve as virus budding sites (Booth et al. 2006,
Nydegger et al. 2006). If such TEMs formed on endosomes, they would make excellent
candidates for subdomains that support ILV formation. Proteomic analysis of ILVs has
found equivalents to tetraspanins in yeast (Reggiori & Pelham 2001). One of these proteins
is Sna3, which sorts to ILVs in a Ub-independent fashion. Sna3 has two transmembrane
domains, is a major component of yeast ILVs, and appears to oligomerize in vivo (D.
Katzmann, unpublished results). Although loss of Sna3 does not cause a sorting defect, other
Sna3-like candidates exist among other polytopic membrane proteins that localize to the
vacuolar lumen and exhibit no known function (Huh et al. 2003). Tetraspanins may also
form the machinery that makes the ILVs, because of the ability of tetraspanins to aggregate
into higher-order structures; aggregation may be a mechanism for inward budding (Vidal et
al. 1997). Not only do tetraspanins form microdomains, but at least some tetraspanin-related
proteins deform membranes dramatically, consistent with a role in ILV formation (Wrigley
et al. 2000).

VIRUSES AND MULTIVESICULAR BODIES

The production of various enveloped viruses such as HIV and Ebola depends on some of
the same protein machinery that controls MVB formation. Topologically, the budding of
viruses out of the cytosol (either from the cell surface or from endosomes) is similar to
the budding of endosomes from the limiting membrane to form ILVs. Viral budding is
promoted by the gag proteins, which contain a late domain required for the later stages of
virus production. The gag protein, in the absence of other viral components, can bud and
produce virus-like particles. Late domains can interact with various components of the
MVB sorting machinery, including Tsg101, Alix, and the Nedd4 Ub ligase. Each of these
components has extensive interactions with other components required for MVB
formation and thus provides a way to recruit gags to the budding machinery. Loss of the
MVB biogenesis machinery leads to a block in the scission or detachment of viruses from
the limiting membrane. Thus, viral budding has been a powerful mechanistic link in the
understanding of MVB biogenesis.

STAGES OF PROTEIN SORTING AND INTRALUMENAL VESICLE
FORMATION

The process of sorting ubiquitinated cargo into ILVs can be broken down into various
steps:

1. Ub-cargo binding and concentration by Ub-sorting receptors in subdomains that
segregate it from recycling proteins.

2. Detachment of Ub-sorting receptors from cargo.

3. Incarceration of cargo so that it is immobilized at or near sites of ILV formation.
Deubiquitination may occur here without allowing cargo to escape its
degradative fate.

4. Lipid sorting or segregation into the nascent ILV budding site to effect
membrane curvature and/or to ensure that the ILV membrane is vulnerable to
degradation by lysosomal hydrolases.

5. Membrane deformation and inward protrusion, followed by ILV fission.

6. Degradation of ILV membranes and encased proteins upon the delivery of
contents to lysosomes.
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The present challenge is to assign the known candidate machinery accurately to these
various tasks and identify new machinery that executes the remaining tasks.

SUMMARY POINTS

1. Multivesicular bodies (MVBs) are formed from early endosomes by the inward
budding of the limiting membrane into the lumen. The resulting intralumenal
vesicles (ILVs) can house proteins in temporary storage compartments or serve
as a device to deliver the entire protein to the lysosome for degradation.

2. The major signal for sorting proteins into MVBs for degradation is ubiquitin
(Ub), which is covalently attached to membrane protein cargo. Ub is then
recognized by a host of protein sorting complexes that ultimately deliver cargo
to the MVB lumen.

3. Candidate protein machinery that controls MVB formation has been identified
by analysis of ILVs and through genetic screens in yeast. Some of this
machinery is organized in discrete endosomal subdomains that serve as sites for
the concentration of ubiquitinated cargo. Other subregions serve as sites for ILV
budding. Exactly what machinery is used for protein sorting versus membrane
deformation and vesicle formation is unclear. The functions of many of these
candidate proteins have yet to be explored. Also, a comprehensive genetic
approach to identifying all potential proteins involved in MVB biogenesis has
yet to be undertaken.
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Glossary

ILVs intralumenal vesicles of multivesicular bodies

MVB multivesicular body

Epidermal growth factor
receptor (EGFR)

a receptor tyrosine kinase that undergoes ligand-stimulated
activation, ubiquitination, internalization, and lysosomal
degradation

MIIC endosomal compartments enriched in class II MHC protein
complexes

Tsg101 a protein encoded by tumor susceptibility gene found by
screening for loss-of-function mutations that caused cells to
transform

ESCRTs (endosomal
sorting complexes
required for transport)

first described in yeast, they contain several of the class E
Vps proteins involved in MVB formation

GLUE (GRAM-like Ub
binding on Eap45)

a divergent pleckstrin homology domain that binds Ub and
phosphorylated phosphatidylinositols
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Hrs (hepatocyte growth
factor receptor tyrosine
kinase substrate)

homolog of yeast Vps27; both binds ubiquitin and localizes
to endosomes

STAM (signal-
transducing adaptor
molecule)

a binding partner for Hrs that may serve to recognize
ubiquitinated cargo

EAP (RNA polymerase II
elongation factor (ELL)-
associated proteins)

part of the ESCRT-II complex of mammalian cells

UEV (ubiquitin E2–like
variant domain)

has some homology to known ubiquitin E2 conjugating
enzymes

UIM ubiquitin-interacting motif

Doa4 found in a yeast genetic screen for defects in degradation of
MAT alpha1; a deubiquitination enzyme required for the
removal of ubiquitin from endocytic cargo proteins

DUb deubiquitinating enzyme or ubiquitin peptidase that cleaves
ubiquitin from substrates attached to the C terminus of
ubiquitin

AMSH an endosomal deubiquitination enzyme found as an
associated molecule with the SH3 domain of STAM

CHMPs (charged
multivesicular body
proteins)

originally identified as chromatin-modifying protein; form
the extended ESCRT-III group of proteins
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Figure 1.
Ubiquitination and endosomal ubiquitin-sorting receptors. The transfer of ubiquitin (Ub) to
substrate proteins involves the sequential action of three classes of enzymes: an activating
enzyme (E1), a conjugation enzyme (E2), and a ligase (E3) (Hershko & Ciechanover 1998).
Most eukaryotic cells have a single E1 enzyme, which uses ATP to form a high-energy
thiol-ester bond with the C-terminal glycine (G76) of Ub E1 and then transfers Ub to one of
a handful of E2 enzymes, which also forms a thiol-ester bond with Ub G76. E2s can bind
RING-finger-type E3 ligases that bridge the substrate protein with E2, thus facilitating the
transfer of Ub from E2 to the substrate. E2 can also transfer Ub to HECT-type E3 ligases,
which also form a thiol-ester bond and directly transfer Ub onto substrate proteins. Ub is
typically attached to lysine side chains (K) of substrate proteins and forms an isopeptide
bond. E3s can sometimes interact directly with their substrate or use other adaptor proteins
(Ap) to target their substrates. Ub is removed from proteins by Ub-specific proteases or
deubiquitinating enzymes (DUbs). The major DUb families are grouped on the basis of the
similarities of their active site (Ubp, Ub peptidase; Uch, Ub C-terminal hydrolase; OTU,
otubain; JAMM, Jab1/MPN domain metalloenzyme; JD, Josephin domain).
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Figure 2.
Ub-binding proteins involved in protein trafficking throughout the post-Golgi/endocytic
system. Proteins such as Eps15, Epsin, Tom1, Tollip, GGA, Hrs, STAM, TSG101, and
Vps36/Eap45 (see text) may work as receptors for Ub-cargo and catalyze a number of
distinct transport steps that convey cargo toward the lysosome for degradation. These
transport steps include internalization from the plasma membrane (PM), vesicle formation at
the trans-Golgi network (TGN), and lumenal vesicle formation at the endosome.
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Figure 3.
Recognition of ubiquitin. (a) Ub is depicted as a cartoon in two orientations. The flexible C
terminus containing G75 and G76 is oriented at the bottom and colored blue. Some, but not
all, of the lysines of Ub are labeled in red, and the hydrophobic patch on the surface of Ub
composed of L8, I44, and V70 is shown in yellow. (b) The corresponding orientations of Ub
interfaced with the indicated Ub-binding domains. On the left are the domains found in the
endosomal sorting complexes required for transport (ESCRT)-I/II supercomplex; on the
right are Ub-binding motifs found in peripheral Ub receptors. The GAT domain contains
two separable Ub-binding sites (S1 and S2), which are shown in the side orientation. For the
face-on view of the GAT domain and the GRAM-like Ub binding on Eap45 (GLUE)
domain, part of the domain is removed to highlight the interface with Ub. All Ub-binding
motifs interact to some degree with the I44 hydrophobic patch, and none interact with the
alpha-helix region on the back of Ub. The red, highlighted residue in the Ub-E2-like variant
domain (UEV) structure corresponds to M85.
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Figure 4.
MVB anatomy. Schematic of the endocytic pathway indicating the progression from early
endosomes to multivesicular late endosomes and finally to multilamellar lysosomes. Internal
vesicle formation occurs during endosome maturation. Pictured are two types of internal
membranes: phosphatidylinositol 3-phosphate [PI(3)P] positive (red ) and LBPA positive
( yellow).
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Figure 5.
Electron and fluorescence micrographs of MVBs and late endosomes. (a) An early
endosome with a tubular extension, which serves as a carrier for recycling proteins such as a
transferrin receptor. An electron-dense protein coat can be seen on the surface of
endosomes. This subdomain is highlighted by arrowheads and is labeled with colloidal gold
for clathrin [from M. Sacshe and J. Klumpermann (Sachse et al. 2002), with permission].
The electron micrographs in the lower panels show late endosomes from BHK cells labeled
for phosphatidylinositol 3-phosphate [PI(3)P] singly (left) or double labeled (right) for
PI(3)P (red arrows) and for LBPA ( yellow arrows). Provided by Rob Parton, University of
Brisbane. (b) Fluorescence micrographs of wild-type and class E vps mutant cells expressing
GFP-tagged MVB cargo and labeled with the lipophilic dye FM4-64 (red ), which marks the
limiting membrane (provided by A. Oestreich, Mayo Clinic). MVB cargo is localized within
the limiting membrane of the vacuole in wild-type cells. The mutant class E vps cells
mislocalize the MVB cargo to the limiting membrane of the vacuole and the aberrant class E
compartment.
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Figure 6.
Map of key MVB biogenesis machinery. Schematic representation of protein-protein
interactions among components involved in MVB sorting. ESCRT-I, -II, and -III are
highlighted in blue, green, and orange, respectively. The Vps27-Hse1 complex is shown in
pink. No distinction between yeast and mammalian proteins is shown in an attempt to
highlight some of the conserved interactions.
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Figure 7.
MVB core machinery. (a) Schematic for how class E Vps proteins may control MVB
sorting. Pictured is the sequential recruitment of ESCRT complexes that are nucleated by the
association of ESCRT-0 (STAM/Hrs) with endosomal membranes by binding
phosphatidylinositol 3-phosphate [PI(3)P]. Vps27/Hrs recruits clathrin to form an
endosomal subdomain and also binds and activates ESCRT-I, which in turn binds and
recruits the ESCRT-II complex to endosomes. ESCRT-II then recruits ESCRT-III, which
forms a polymer. This network is then disassembled at the last step of ILV formation. Ub-
cargo is sorted in a sequential manner as well: It is first recognized by ESCRT-0 and then
passed first to ESCRT-I and then to ESCRT-II before being incorporated into ILVs. At some
point, Ub-cargo is deubiquitinated so that Ub is recycled. (b) An alternative model, wherein
the Hrs complex is one of many peripheral Ub-sorting receptors that gather Ub-cargoes on
endosomes and concentrate them in clathrin-rich subdomains. These receptors then transfer
cargo to the ESCRT-I/II supercomplex, which has a variety of Ub-binding sites that can
recognize a host Ub-cargo. ESCRT-I/II sits enmeshed in a specialized subdomain enriched
in tetraspanins, sphingolipids, and other components that will be incorporated into ILVs.
This meshwork is organized by ESCRT-III, which forms a polymer (represented as a flat
checkerboard lattice) that can incarcerate cargo and hold ESCRT-I/II. This coated
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subdomain houses DUbs like Doa4, which can remove Ub without allowing cargo to escape.
The ESCRT-III polymer is contained within endosomal subdomains by the Vps4 ATPase.
ILV formation is catalyzed by the aggregation of cargo and tetraspanins that form large
oligomeric structures. ILV formation is also facilitated by sorting of lipids conducive to
membrane curvature.
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