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Abstract

The ESCRT apparatus has multiple Ubiquitin-binding domains and participates in a wide variety
of cellular processes. Many of these ESCRT-dependent processes are keenly regulated by Ub,
which serves as a lysosomal sorting signal for membrane proteins targeted into multivesicular
bodies and which may serve as a mediator of viral budding from the cell surface. Hints that both
ESCRTSs and Ub work together in the processes such as cytokinesis, transcription, and autophagy
are beginning to emerge. Here we explore the relationship between ESCRTs and Ub in MVVB
sorting and viral budding.
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|. ESCRT-MEDIATED SORTING OF UBIQUITINATED PROTEINS INTO
MULTIVESICULAR BODIES

Pathways into the endosomes

The first recognized function of the Endosomal Sorting Complex Required for Transport
(ESCRT) apparatus was the biogenesis of multivesicular bodies/endosomes (MVBs) (1).
ESCRTSs have a clear role in forming and pinching off intralumenal vesicles (ILVs) that bud
into the endosomal lumen as well as capturing and sorting ubiquitinated membrane protein
cargo into those vesicles, leading to their lysosomal degradation (2). The ESCRT apparatus
is comprised of four distinct multimeric complexes (0-111), which interact with each other as
well as several accessory factors that support disassembly and recycling of the complexes
for future rounds of ILV biogenesis. ESCRT-0, -1, and —II all contain ubiquitin-binding
domains (UBDs), implying they serve a critical role in gathering ubiquitinated membrane
cargo at endosomes for eventual sorting into intralumenal MVB vesicles.

A wealth of data now supports the view that the covalent attachment of ubiquitin (Ub)
serves as a necessary and sufficient sorting signal for entry into the degradative MVB/
lysosomal pathway for a wide variety of proteins (3-5). These include a range of tyrosine
kinase receptors, G-coupled protein receptors, channels and transporters, which are down
regulated in response to various stimuli and misfolded cell surface proteins that are
recognized as a quality control process by ubiquitin ligases (5). Where tested, Ub-dependent
trafficking of membrane proteins into the MVB pathway relies on the ESCRT system;
supporting the consensus view that ESCRT-dependent endosomal sorting has a near
exclusive relationship with its ubiquitinated membrane protein cargo (Ub-cargo). A number
of ESCRT-independent MVB sorting pathways have been described both in vivo and in vitro
(6-9); however, the sorting signals that direct proteins into these pathways are only
beginning to be understood. Importantly, these alternate pathways are independent of Ub,
supporting the notion that the ESCRT pathway mediates the sorting of most, if not all, Ub-
cargo into MVBs.
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In contrast, the attachment of Ub to membrane proteins may not be the only signal that
mediates their sorting into the lysosomal lumen in an ESCRT-dependent manner. For
example, the ESCRT-I subunit Tsg101 is required for the lysosomal degradation of the T-
Cell co-receptor CD4 when induced by the cytosolic HIV-1 protein, Nef. Yet neither Nef
nor CD4 require lysine ubiquitination (10). Further, the loss of the cytosolic lysine resides
on the opioid receptor, DOR, slows but does not block its sorting into ILVs, despite its
dependence on Hrs (ESCRT-0) and the VVps4 ATPase, an ESCRT accessory factor that
controls activity of ESCRT-111 (11). Similarly, attenuating ubiquitination of the yeast protein
Sna3 appears to only slow its sorting into ILVs along the ESCRT-dependent MVB pathway
(12). Finally, the unliganded Transferrin Receptor-2 (TfR2) undergoes lysosomal
degradation independent of its sole cytosolic lysine in an ESCRT-dependent manner (13).
However, drawing firm conclusions from all of these experiments is difficult for several
reasons. First, the ubiquitination of residues other than lysine can occur (14, 15).
Additionally, the Ub signal maybe carried by other proteins with which these proteins
associate. Indeed, DOR associates with Dysbindin, a known target of at least one E3 ligase,
and Sna3 associates with the HECT-domain E3 ligase Rsp5, which undergoes
autoubiquitination (12, 16). On the other hand, alternate interactions between cargo and
ESCRTSs could drive this Ub-independent, ESCRT-mediated sorting. This possibility has
been nicely demonstrated by the use of cargo proteins engineered to bypass the need for
ubiquitination through direct contact with the ESCRTS via a binding site to HD-PTP, a
Brol/ALIX homolog (17). For the above example cargos, they may associate with the
ESCRT apparatus indirectly through their interactions with components that directly interact
with the ESCRTSs since Nef, Dysbindin and Rsp5 all associate with ESCRT components (16,
18, 19). Except for TfR2, all of the example proteins above do undergo ubiquitination that
may provide for efficient MVB sorting under physiological conditions, leaving the seeming
Ub-independent route as a backup mechanism. It will be important to verify these apparent
Ub-independent, ESCRT-dependent sorting mechanisms and determine their wider
physiological meaning.

Recent studies have expanded the range of ESCRT-dependent cargos to include cytosolic
proteins, positioning the ESCRT-MVB pathway as a mediator of signal transduction events
and a contributor to a subset of autophagy pathways. The transcription regulatory protein
Jun is degraded by the ESCRT/MVB pathway once ubiquitinated (20). The ESCRT/MVB
pathway is also necessary to sequester GSK3 into ILVs. This sequestration serves as a way
to stimulate the Wnt pathway by effectively stabilizing B-catenin against the combined
actions of phosphorylation and Ub-dependent degradation by GSK3p and SCF-BTrCP (21).
In addition, the ESCRT/MVB pathway may mediate the autophagic sequestration of a broad
range of cytosolic proteins into ILVs in an Hsc70-dependent process (22). How these cargos
interact with the ESCRT machinery has yet to be determined, but Ub may serve as a
potential link. For instance, GSK3p stays bound to its substrates (23), which are targets of
the Ub-ligase SCF-BTrCP, potentially providing an Ub-sorting tag for recognition by the
Whnt receptor/GSK3p complex. Similarly, Hsc70 associates with the Ub-ligase CHIP that
promotes Ub-dependent lysosomal degradation of membrane proteins (22, 24, 25).
Additionally, Hsc70 itself is ubiquitinated and associates with Hrs (24). Together, these
recent data indicate ESCRTs may have a wide variety of proteins they can sort into MVBs
and it will be instructive to resolve the role that Ub plays in these functions.

ESCRTs as Receptors for Ubiquitinated membrane protein cargo

At the endosome, the ESCRT apparatus couples the sorting of Ub-cargo with the formation
of ILVs. Many biochemical and structural studies support a direct role for ESCRTS in
recognizing Ub-cargo and follow from early bioinformatic studies connecting ESCRTSs and
Ub-interacting proteins (4, 26, 27). We now know that the ESCRT apparatus is filled with
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plethora of Ub-binding domains (UBDs), with the prediction that there may yet be more.
Some of the ESCRTs have UBDs that may allow them to act as Ub-Sorting Receptors that
recognize Ub attached to a variety of cargo proteins and deliver them into ILVs. However,
not all UBDs may serve to bind and capture Ub-cargo. Further, the functions of Ub-binding
and ubiquitination events that occur during the MVB sorting process have yet to be fully
resolved.

The ESCRT-0 complex, composed of yeast Vps27 and Hsel or mammalian Hrs and
STAM1/2, has the best evidence for being an Ub-cargo receptor. The ESCRT-0 heterodimer
has no less that 5 UBDs, housed in both a-helical Ubiquitin-Interaction Motifs (UIM) and
the N-terminal VHS domains, which have weak affinities for Ub on the order of 100-500uM
typical of other UBDs. Loss of the UIM domains within yeast ESCRT-0 causes defects in
Ub-cargo sorting while leaving other ESCRT-0 functions intact, indicating that the primary
function of the Ub-UIM interaction is dedicated to the recognition of Ub-cargo (28).
Similarly, combined loss of Ub-binding by the Hsel VHS-domain and the Vps27 UIM-
domains dramatically blocks Ub-cargo sorting while still preserving other aspects of
ESCRT-0 function (29). Studies in mammalian cells also emphasize a role for the dUIM
domain of Hrs (a UIM variant that has two Ub-binding surfaces). Loss of this domain
disrupts the ability of Hrs to associate with ubiquitinated proteins, to sequester Ub-cargo on
endosomes, and to alter endosomal morphology when overexpressed (30-32). Therefore, the
multiple UBDs within ESCRT-0 have a role in recognizing the attachment of Ub on cargo
proteins.

ESCRT-O0 is also structurally well-suited for its role as an Ub-cargo receptor. Hydrodynamic
studies indicate that ESCRT-O0 is flexible allowing it to interact with a wide variety of
proteins that display Ub-sorting tags in different contexts (33). The multiple UBDs within
ESCRT-0 could provide conformational plasticity for recognizing diverse of Ub-cargos. In
addition, ESCRT-0 can associate with other UBD-containing proteins such as Eps15b,
broadening the range of Ub-cargo substrates with which it could interact (34). Finally,
higher order structures of ESCRT-0 have been observed suggesting it may be multimeric on
membranes and thus provide a strong Ub-binding platform to sequester a variety of Ub-
cargo (35, 36).

ESCRT-O0 is optimally situated to arbitrate between the recycling and degradation of cargo.
It is localized to clathrin patches on endosomes that contain both recycling cargo proteins
and proteins destined for degradation (37, 38). Loss of the ESCRT-0 subunit VVps27 causes
defects in the recycling of the TGN protein VVps10 back from endosomes (39). Similarly,
recycling of some but not all proteins is perturbed in mammalian cells by the loss of
ESCRT-0 (40-42). Hrs directly interacts with machinery that promotes recycling such as
retromer components Snx1 and Vps35 (43, 44), and overexpressing mutant Hrs lacking its
Snx1-binding sites shunts more EGFR towards lysosomal degradation compared to wildtype
Hrs (43). In addition, Hrs directly interacts with SCAMP3 and a-actinin, both of which
promote recycling from endosomes (42, 45). ESCRT-O0 likely exploits distinct sets of protein
interacts to switch between ushering proteins for recycling versus promoting their
degradation. The degradative pathway is fostered by PTAP motifs within Hrs/\V/ps27 that
bind the Ub variant E2 (UEV)-domain of TSG101/Vps23 of ESCRT-I, which would help
convey cargo farther along the pathway towards MVb intralumenal vesicles (46, 47).
Interestingly, disrupting the ESCRT-I-binding motifs within Vps27 or the PTAP-binding
(ESCRT-0) site within the TSG101 UEV-domain does not have a major effect on sorting of
MVB cargo suggesting that ESCRT-0 has additional ways of networking with ESCRT-1 and
—I1 (48-50). The signals that toggle ESCRT-0 between interactions with ESCRT-I for
degradation or interactions with alternate machinery for recycling are not known.
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ESCRT-0 is thought to convey Ub-cargo to the ESCRT -I and -1 complexes. Both human
and yeast ESCRT -l and -11 can form a supercomplex bridged by the VVps28 C-terminal
domain (51, 52). These ESCRTSs also contain UBDs: ESCRT-I binds Ub via the UEV-
domain in Vps23/TSG101 and the yeast ESCRT-I subunit Mvb12 binds Ub using its C-
terminal domain, which is positioned near the Vps23 UEV-domain in the overall ESCRT-I
structure (50, 53, 54). The ESCRT-I1 Vps36/EAP45 subunit also binds Ub; EAP45 binds via
its N-terminal GLUE-domain and the yeast VVps36 binds via an NZF-domain that is inserted
into the GLUE domain (55, 56). The idea that cargo sorting may happen sequentially and
involve a “hand-off” of cargo from ESCRT-0 was supported by finding multiple UBDs
within ESCRT-I/II. Initial experiments indicated that these UBDs contribute at some level to
the function of ESCRTSs (53, 56). However, recent studies of mutant yeast strains with all
three of the UBDs within ESCRT-I/1I inactivated showed only modest defects in sorting Ub-
cargo (50). If Ub-cargo is handed off to ESCRT-I/II, then these results indicate there must
be additional, yet undiscovered, UBDs within this complex. There may also be other
proteins that associate with ESCRT-I or ESCRT-II that contain the critical UBDs, such as y2
subunit of AP2, the V-domain within Alix, or the Ub-binding UBAPL1 protein predicted to
be a novel component of ESCRT-1 (57-60) (61).

Alternatively, the UBDs within ESCRTSs I/Il may serve a purpose other than binding Ub-
cargo. Interestingly, combined loss of ESCRT-I/1I UBDs only cause a dramatic sorting
defects when combined with mutations that perturb the overall organization of the ESCRT
apparatus (50). These data imply that Ub-binding may be important not for just cargo sorting
but also for the integrity or assembly of the ESCRT apparatus. Interestingly, a similar result
was found with ESCRT-0. When some of the UBDs within the Vps27/Hsel complex were
inactivated, dramatic defects in sorting Ub-cargo were seen, but other ESCRT-0 functions
(eg maintaining endosome morphology and sorting of lumenal vacuolar hydrolases) were
intact (28, 29). However, loss of all the UBDs within ESCRT-0 caused a severe loss-of-
function, indistinguishable from complete loss of the complex (29). One possibility is that
Ub-cargo itself participates directly in the organization of the ESCRT apparatus. Thus,
rather that act as a passive substrate, Ub-cargo concentrated within endosomal subdomains
helps assemble the ESCRT apparatus around it to effect cargo sorting and vesicle formation.
Another proposed role for ESCRT UBD:s is that rather than binding Ub-cargo, they instead
bind other ubiquitinated proteins, in particular the ESCRT components that can become
ubiquitinated (62). These ubiquitination events are driven either by direct binding of
ESCRTSs with Ub-ligases, or indirectly by association of ESCRT UBDs with auto-
ubiquitinated ligases. Potentially, ubiquitination on ESCRTSs could induce intra- or
intermolecular interactions with the UBDs to promote their activity. However, blocking
ESCRT ubiquitination by mutation of lysine residues or by creating ESCRT fusion proteins
tied to the catalytic domains of deubiquitinating proteases neither stimulates nor inhibits
sorting of Ub-cargo signifying that ESCRT ubiquitination is not used as a critical
mechanism at the stage of MVB sorting (63). Thus, the exact role of the ESCRT-1/Il UBDs
in MVB sorting-- whether they interact with Ub-cargo or other ubiquitinated proteins, and
what function such interactions provide-- remain open questions. Importantly, ESCRTSs have
a number of other cellular functions, and it may instead be these processes wherein
particular UBDs have evolved well-defined and unique roles.

Modular solution for sorting subsets of Ub-cargo

Deletion of any of the ESCRT complexes in yeast results in a dramatic phenotype including
accumulation of aberrant endosomal compartments and loss of intralumenal vesicle
formation, supporting the idea that ESCRTS act collectively and concertedly. However, one
of the themes echoed in the other reviews on ESCRTSs in Traffic, is that they are far more
modular and individual complexes can play major roles in a given process while others do
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not. Similarly, it may be that instead of a single ESCRT-0 complex used for Ub-cargo
sorting, a variety of Ub-binding proteins could serve an “ESCRT-O0 like” function to collect
Ub-cargo at endosomal sub-domains and convey it into the rest of the ESCRT apparatus. A
more modular arrangement (Fig. 1) would specify that other proteins execute an “ESCRT-0"
function, by associating with Ub-cargo at clathrin and PtdIns-3P enriched endosomal
subdomains and helping position the rest of the ESCRT apparatus. These ESCRT-0 like
proteins share common molecular features in that they bind Ub, clathrin, PtdIns-3P and
share structural domains such as the N-terminal VHS domain. Several lines of evidence
support this general scheme. First, many organisms do not have a cononical Hrs/STAM but
do have other ESCRT-0 like complexes such as a Tom1 ortholog (64-66). The ESCRT-0-
like proteins also have the capacity to bind to ESCRT-I, providing the ability to interface
with the rest of the ESCRT apparatus to convey Ub-cargo to ILVs (67-69). Functional
parallels are beginning to emerge from cells that express multiple ESCRT-0 like proteins to
suggest both overlapping and unique functions. For instance, although GGA proteins are
known to transport both ubiquitinated and nonubiquitinated proteins from the trans-Golgi
Network to endosomes, they also localize to endosomes and influence transport of
ubiquitinated proteins from the cell surface into MVBs (63, 69, 70). TOM1 and TOM1L1
and their interacting partner Tollip, when overexpressed together, sequester ubiquitinated
proteins on endosomal subdomains that are largely distinct from the subdomains which
contain the endosomal marker protein EEA1, mirroring a phenotype shared by
overexpression of Hrs (71). In addition, some of these alternate ESCRT-0 proteins have a
clear role in the degradation of known MVB cargos; Tollip is required for deliver
ubiquitinated IL-1p receptors to the lysosome for degradation and Tom1L1 is required for
efficient EGFR degradation (72, 73). Just how well these alternative complexes can function
as ESCRT-0 complexes, how they might functionally couple to the rest of the ESCRT
apparatus, or whether they function just prior to Hrs/STAM ESCRT-O0 as a type of “pre-
ESCRT” remains to be elucidated.

ESCRTs and Ubiquitination machinery

ESCRTSs associate with both Ub ligases and peptidases. This association could mediate
modification of cargo or the ESCRTS, thereby controlling cargo degradation or regulating
ESCRT activity. One clear case of cargo modification is the role of yeast Doa4/Ubp4. Doa4d/
Ubp4 is a deubiquitinating enzyme that associates with the Snf7 ESCRT-I1I subunit via
Brol, a homolog of Alix (74, 75). Doa4 is required to remove Ub from cargo just prior to its
entry into ILVs; loss of Doa4 leads to accumulation and degradation of Ub in the vacuole
and a wide array of phenotypes that result from the general depletion of Ub. Interestingly,
the process of cargo deubiquitination may be regulated and, in turn, provide a mechanism to
balance Ub levels in the cell and thus cross-regulate numerous functions (76). For instance,
Doa4 and Brol associate with Rful, an inhibitor of Doa4 activity (77). When Rful is
deleted, Doa4 becomes more active and generates more unconjugated Ub to cause
promiscuous ubiquitination of cellular proteins, which inturn becomes toxic when other
aspects of the Ub system are compromised. The prominent role of Doa4 in deubiquitinating
cargo at the end of their sorting reaction poses a series of interesting puzzles. One is how
cargo is trapped during the sorting reaction so that removal of Ub would no longer allow
cargo to escape from incorporation into ILVs. A second mystery is how might Doa4 be
coupled with the process of vesicle budding allowing Doa4 enough time to efficiently
remove Ub. Recently, binding of ESCRT-I1I Snf7 by the N-terminal Brol-domain of Brol
has been shown to inhibit VVps4-ATPase mediated disassembly of ESCRT-III, potentially
providing a mechanism where a Brol-Doa4 complex might retard subsequent vesicle
formation/scission until sufficient deubiquitination is completed (78).
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It has been harder to pin down a mammalian enzyme that is functionally equivalent to Doa4
to recycle off Ub from cargo just prior to its incorporation into ILVs. Two enzymes, AMSH
and UBPY/USPS8, are good candidates. However, these enzymes do not appear to have a
simple role in modifying cargo at a single step of the sorting process. In some cases, loss of
AMSH and USP8 functions accelerate cargo degradation, suggesting they intervene early in
the trafficking of the receptor to strip away the attached Ub sorting signals (79-81). Yet in
other instances, loss of these enzymes blocks cargo degradation, (81-88) signifying a more
general role in line with the effects observed upon loss of Doa4 in budding yeast that
perturbs cargo ubiquitination. The broad defects observed in doa4A yeast mutants are also
observed upon loss of AMSH in organisms such as fission yeast and plants suggesting that
both AMSH and USP8 help maintain the pool of free ubiquitin by recycling it from MVB
cargo (89, 90). The idea that these DUbs have multiple roles within the MVB pathway is
supported by their protein interaction patterns, with both DUbs able to interact “early” in the
pathway with ESCRT-0 via the SH3 domain in STAM as well as “late” in the sorting
process by binding ESCRT-111 via MIT-MIM interactions (82, 85, 86, 91-95). In addition to
these possible roles, it has been proposed that these DUbs may control the levels of ESCRT
components, since loss of UBPY/USP8 results in lower steady state levels of ESCRT-0 (87,
96). However, in other instances ubiquitination does not alter ESCRT levels, providing the
possibility that ubiquitination of ESCRTSs may provide a mode of regulation that is
potentially mediated through ESCRT UBDs directing intra- and intermolecular interactions
with ubiquitinated ESCRT subunits (62, 82, 97-101). To resolve multiple roles for these
DUBbs, future studies will be obliged to carefully dissect the contributions of various DUb
interactions on the fate of specific Ub-cargo on a case-by-case basis.

ESCRTSs also associate with Ub ligases including Nedd4-family HECT-type ligases such as
AIP4, Rsp5, Nedd4 and a host of Ring ligases including POSH, Tal, and Mahagouin
(99-112). Investigating the function of these interactions has lead to models similar to those
explaining the association of deubiquitinating enzymes with ESCRTs. Many of the HECT-
type ubiquitin ligases have clear roles in the modifying cargo (113). In yeast, the Rsp5 ligase
associates with ESCRT-0 to modify cargo and ensure efficient sorting into MVBs (19).
Ligase association has also been found to cause ubiquitination of the ESCRTSs themselves,
and this can correlate with both inhibitory and stimulatory effects of the ligase on MVB
sorting. In some cases, ubiquitination controls the levels of ESCRT components by inducing
their proteasomal degradation (107, 114). However, in other instances ubiquitination does
not alter ESCRT levels, providing the possibility that ubiquitination of ESCRTs may
provide a mode of regulation (82, 100, 102-106, 115, 116). The likelihood that
ubiquitination of ESCRTS is part of an essential mechanism used for MVB sorting has been
diminished by recent studies where ESCRT-dependent MVB sorting was found to operate
even when ESCRT ubiquitination was blocked by either removal of all ubiquitinated lysines
or attaching DUDb activity to multiple places within the ESCRT apparatus (63). Nevertheless,
whether ubiquitination can inhibit ESCRTSs within particular regulatory pathways or whether
it fosters functions of ESCRTSs other than MVB sorting are distinct possibilities.

What do ESCRTSs recognize as a MVB sorting signal?

Cargo that undergoes MVB sorting is typically modified by multiple Ubs and short chains of
Ub linked via K63 (117-120). At least some of the key Ub-ligases that modify cargo favor
formation of K63 chains (121) and some of the Dubs involved in MVB sorting favor
dismantling K63 chains over others (79, 122, 123). Critically, cells unable to make K63
chains, because they carry a mutant K63R Ub as their sole source of Ub, show severe MVB
sorting defects for a number of cargos (70, 124). In addition, ESCRTSs bind much better to
polyubiquitin chains over mono-Ub (125). These data support the idea that K63
polyubiquitin chain may be the requisite sorting signal for ESCRT-dependent sorting into
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MVBs. However, at the molecular level it is not clear that ESCRTS uniquely favor
recognition of K63 chains. All UBDs of the ESCRTS have been defined at the structural
level in the context of binding a single Ub (126). Moreover, for well-characterized
complexes such as ESCRT-O0, the increased affinity for K63 chains over mono-Ub is
explained by an increase in avidity by the concatermization of mono-Ub binding sites rather
than a preference for a unique topology a K63 chain of Ub would provide (29). Interestingly,
the multiple Ub-binding sites within ESCRT-0 provide little cooperativity that might be
observed if polyubiquitin chains were to lie down simultaneously across multiple UBDs.
Further, ESCRT-0 shows high affinity for diUb with either K63 or K48 linkages over mono-
Ub but no discernable difference for linkage specify (29). This is in contrast to other UBDs
that do have distinct bias for poly-Ub linkages such as Rap80 that has a strong bias for K63-
linked chains and the UBAN motif of NEMO that favors linear Ub chains (127, 128). This
emphasizes that the main function of multiple UBDs may be to foster recognition of a
variety of cargos that present Ub in different contexts. One possible exception may be the
NZF domain of yeast Vps36, which shares features of a subset of NZF domains that greatly
favor K63-linked chains (56, 129). However, how well the Vps36 NZF domain favors K63
or whether Ub-binding via this domain even contributes to cargo recognition remain unclear
as there are conflicting reports on its binding activity in vitro and no in vivo data specifically
addressing this possibility (129, 130). K63-linked chains are clearly important for aspects of
MVB sorting in vivo (131). However, they are not strictly required as a sorting signal since
fusion of mutant Ub lacking K63 onto cargo is sufficient to restore MVB sorting in yeast
strains that lack the ability to make K63 polybugiutin chains (63). In addition, deletion of
Ubp2 (a DUb that forms a complex with Rsp5 and favors dismantling K63 polyubiquitin
chains) allows Rsp5 to make extended K63-linked chains, yet this effect diminishes MVB
sorting, suggesting even an inhibitory role for K63 chains (122). With the increased binding
K63 chains have towards ESCRTS, it makes sense that K63 chain formation would foster
more efficient sorting of cargoes either by mediating more avid binding to ESCRTSs or
serving as a buffer against counteracting endosomal DUbs. Long Ub chains or “over-
ubiquitination” of cargo may confound the sorting process by diminishing the ability of
cargo to disengage from the ESCRTSs in order to conclude the sorting process.

[I. UBIQUITIN AND ESCRT-DEPENDENT VIRAL BUDDING
Contribution of Ub to ESCRT-dependent Viral Release

ESCRTSs also mediate the release of wide variety of retroviruses in a process focused on the
detachment of viral particles from the cell surface (132). Budding is mediated by the viral
Gag protein, composed of domains that mediate membrane association, self-assembly with
other Gag proteins, and the so-called Late domain required for the final scission steps that
occur. Late domains amongst viruses are remarkably interchangeable and work when placed
in a variety of postions within the Gag protein. ESCRTSs bind motifs within the late domain
and disruption of this interaction causes virus particles to accumulate at the cell surface,
unable to undergo the final stages of membrane fission. Ub is heavily implicated in this
process; however, a clear and unified role for Ub and its recognition by the ESCRTS has yet
to fully become apparent. A direct role for ESCRTS to foster scission of viral particles and
release from the cell surface is through their recognition of “late-domains” housed within
viral Gag proteins. A core feature of this process is the ultimate recruitment of ESCRT-III to
the site of viral budding (133, 134) reflected by the universal requirement for the Vps4
AAA-ATPase, a key regulator of ESCRT-111. The late domains themselves can interact with
a variety of ESCRTSs that in turn are thought to initiate a cascade of protein:protein
interactions that eventually recruit ESCRT-11I. Viruses have the remarkable ability to use a
variety of interaction sites within the ESCRT apparatus to effect their budding. For instance,
viral late domains contain peptide motifs such as PTAP, which allow binding to the TSG101
UEV-domain within ESCRT-I, or YPXL/LxXLY motifs that bind the VV-domain of ALIX
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(135-138). Often viruses contain multiple ESCRT binding motifs presumably to provide
redundant pathways for successful ESCRT-III recruitment. Viral late domains show
remarkable flexibility and interchangeability in their ability to catalyze budding (139). This
presents a formidable problem when interpreting the results from experiments that use
chimeric viral Gag proteins since these experiments readily reveal what is sufficient for viral
budding rather than what may be truly required for the budding of a specific natural virus.

Multiple observations imply an intimate role for Ub in ESCRT-dependent viral budding. Ub
is a constituent of virus-like particles (VLP) formed by a variety of viral Gag proteins (140,
141). Treatment of infected host cells with proteasome inhibitors, which might deplete pools
of available Ub, can block viral egress and fusion of Ub to Gag overcomes this inhibition
(142). Decreased viral budding is also seen when mutant forms of Ub, which lack the ability
to form K63-linked chains or residues important for binding a host of Ub-binding domains,
are overexpressed (143). In addition, PPxY motifs, which interact with the WW domains
within variety of Nedd4-family HECT-domain Ub ligases, can also provide both necessary
and sufficient late domain function for viruses such as murine leukemia virus (MLV) and
Rous sarcoma virus (RSV) (144-146). Overexpression of HECT-domain ligases stimulates
release of such viruses, but only if the HECT-domain is enzymaticaly active (147, 148).
Similarly, over-expression of proteins that can compete for occupancy of the ligase WW-
domains inhibits virus release (108). Gag proteins carrying PPxY motifs also undergo
ubiquitination (149). In addition, HIV-1 and feline immune deficiency virus (FIV), which do
not use PPxY motifs that directly bind HECT-domain ligases, are also stimulated by over-
expression of Ub-ligases, especially when their direct connection with ESCRT-I is severed
(116, 150-152). Like the PPxY motif, the HIV-1 late domain motifs can also mediate
ubiquitination of Gag proteins in some circumstances (150). Similarly, the residual budding
of MLV lacking its PPxY motif can be enhance with overexpression of the Itch HECT-
domain Ub ligase, which also correlates with increased levels of ubiquitinated Gag (153).
Finally, support for a functional relationship between Nedd4 and Gag ubiquitination can be
found in how interferon-induced expression of ISG15 interferes with viral budding. Part of
this inhibition is manifested in both inhibition of Gag ubiquitintion and Nedd4 ligase
activity, although certainly other 1ISG15-dependent processes surely contribute to virus
suppression (154-156). The universal effect of Ub-ligases on different Gag budding systems
stress the importance of a undefined target being ubiquitinated rather than mere direct
physical connection with a ligase. Clearly ESCRT-dependent viral budding process involves
Ub somehow, leaving the larger goal of finding the physiological mechanism(s) for how Ub
contributes to this process.

What is Getting Ubiquitinated?

There is strong evidence that the target of ubiquitination can be the viral Gag protein itself.
This supports previous models that postulated that ubiquitination of Gag could work co-
operatively with other late domain binding proteins. Indeed, the UEV domain of TSG101,
which is required for budding of many viruses, has increased affinity for PTAP-containing
peptides that also contain an Ub moiety (137). Also, the PTAP binding motif and Ub can
work synergistically when present on certain Gag proteins (60). There are many studies
showing a positive correlation between Gag ubiquitination and the capacity to support
budding (140, 149, 151, 153, 157, 158). More directly, loss of lysines within Gag proteins
diminishes budding, although these lysines need not be confined to the late domain itself
(159, 160). Importantly, for RSV Gag protein, the requirement for lysines is independent of
their position, strongly indicating that they function to accept Ub rather than serve a
structural role for the Gag protein itself. Similarly, budding of HTLV can be enhanced by
the addition of non-native lysine residues (159). As proof of principle, it has been shown
that fusion of Ub directly to HTLV Gag can largely suppress the need for its native
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TSG101- and Ub-ligase- binding late domain altogether (57). Also, an engineered Gag
derived from Prototypic Foamy virus can form virus-like particles when fused to Ub, and
does so more efficiently than when fused to PTAP (Tsg101-binding) or PPxY (HECT-ligase
binding) motifs (60).

While it has been demonstrated that ubiquitination of Gag can contribute to viral budding in
some cases, other data confound the interpretation that this represents a universal and
necessary aspect of ESCRT-dependent budding. The amount of ubiquitinated Gag protein is
low, which might indicate that its does not play a stoichiometric role (140). Ubiquitination
of Gag proteins can actually increase (albeit modestly) when their ESCRT binding motifs
are compromised and their budding is blocked (161, 162). Targeting Ub-ligases to Gags
results in their ubiquitination but does not always stimulate budding (158). When the major
ubiquitination site of HTLV Gag is lost, budding is only slightly diminished, while
intriguingly increasing the requirement for the Nedd4-family Ub ligases (163). Finally, an
engineered Gag derived from Prototypic Foamy virus unable to undergo N-terminal or lysyl-
ubiquitination supports formation of viral like particles either through a PTAP or a PPxY
pathway. In addition, both of these pathways were stimulated by the overexpression of
Nedd4-family ubiquitin ligase (60, 164). Interpreting these experiments to mean that Gag
ubiquitination is not important comes with many caveats, however. While the level of Gag
ubiquitination is only a few percent of the total Gag protein (140), it is quite comparable to
the level achieved by Ub-cargo that undergoes MVB sorting and may simply reflect multiple
rounds of ubiquitination/deubiquitination are occurring. Also, the place, timing and topology
of ubiquitination may play a central role in this process and these qualities may not be
resolved by examining steady-state levels of ubiquitinated Gag. Indeed, different ligases,
which induce comparable steady state Ub-Gag levels but which produce different poly-
ubiquitin chain topologies, show dramatic differences in their ability to promote HIV-1
budding (158). The fusion of Ub directly to Gag may allow it to bypass the spatio-temporal
regulation that cell mediated ubiquitination is subject to, allowing it to robustly substitute as
a late domain. Finally, the specter of non-amino linked ubiquitination through C, S, and T
residues endures. Still, taken together, these results suggest that while Gag ubiquitination
can contribute to budding, it may not be the only protein that can accept the Ub. Certainly
other proteins at the site of budding can undergo ubiquitination. These include the ESCRT
proteins themselves such as ESCRT-1 and Alix (116, 165). Also, the Nedd4-family of Ub-
ligases catalyze their own ubiquitination (60). These or other proteins might serve as cryptic
Ub acceptors that become functional when preferred substrates such as the Gag proteins
themselves, are not available for ubiquitination. This may explain why HTLV-1 lacking its
Gag ubiquitination site needs elevated Ub-ligase activity to restore efficient budding, since
this might promote ubiquitination of less preferred cryptic sites (163). This stochastic but
not precise mode of ubiquitination, as previously proposed, nicely accounts for the potential
role(s) of Ub in viral budding (60, 164). Alternatively, ubiquitination of Gag proteins could
be a red herring, with the role of Ub playing a more precise role in the modification of
discrete ESCRT components to trigger their ability to effect viral budding (116) .

What is Recognizes the Ubiquitin in Viral Budding?

The larger question looms as to the function Ub actually provides to the process of viral
budding. So will understanding what ultimately recognizes the attached Ub. A variety of
ESCRTSs contain UBDs, but only a handful of ESCRTS are strictly required for viral
budding. Fusion of ESCRT-0 and ESCRT-II subunits to Gag fosters VLP budding (47, 1686,
167). However, depletion of ESCRT-0 or ESCRT-II does not hamper budding of virus
particles (60, 168, 169) making it unlikely that they play a critical direct role. Three
components that are required for viral budding are ESCRT-I, Alix, and Nedd4-family
ligases as their depletion severely hampers budding of viruses whose late domains interact
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with these factors (135, 170-173). All three of these components also bind Ub non-
covalently, potentially providing the key UBD that recognizes either Ub-Gag or other
ubiquitinated protein at the site of budding (53, 174, 175). The first steps to decipher which
components actually play a role in Ub-dependent virus budding have used experimental
contexts that heavily rely on some aspect of ubiquitination. These include the Nedd4-
stimulated budding of HIV-1 lacking its TSG101-binding PTAP motif (116, 165), budding
of Gag fused to Ub (57, 60), and budding of PPxY containing Gags that rely heavily on
interacting with Nedd4-family ligases (60, 173). In these systems, depletion of ESCRT-I
TSG101 and/or Alix significantly diminishes viral release, with additive effects when co-
depletion of Alix and TSG101 were employed. Since Alix and ESCRT-I could each define
interaction pathways that lead to Ub-independent recruitment of later acting ESCRT-III, the
key experiment is to determine whether their UBDs play roles in these budding reactions.
Budding of a Ub-fused EIAV Gag lacking its normal Alix binding site was found to be
dependent on the Ub-binding activity of the TSG101 UEV domain, indicating this UBD
may play a role in Ub-dependent viral budding. However, TSG101 with the same
inactivating mutations within its UBD is capable of supporting Nedd4-stimulated budding of
mutant HIV-1 (116). In addition, Gag-Ub fusions carrying Q62/E64 mutations within the Ub
moiety that block binding to the TSG101 UEV domain only modestly diminish budding
activity, in contrast to fusions with mutations of 144 or L8 that target the hydrophobic
surface on Ub that is required for a number of UBD interactions (60, 174). These data imply
that other UBDs play a role in Ub-dependent viral budding; indeed, there is no shortage of
candidate UBDs either within the ESCRTS or their associated partners. Alix stands as a
particularly attractive candidate, although the structural basis of its Ub-binding activity has
not been revealed yet. Moreover, ESCRTSs such as ESCRT-0 or ESCRT-1I might even
perform an auxiliary role in Ub recognition that may only be revealed when other ESCRT
UBD:s are inactivated. Interestingly, overexpression of Ub mutated at F4 diminishes VLP
production of HIV-1 Gag (143). In addition, Gag-UDb fusions containing the F4A mutation
show less budding that those fused to WT Ub, and show level of inhibition comparable to
fusion with Ub lacking its TSG101 interface (60). To date, an UBD that relies on F4 of Ub
has not been defined and it could be that this factor in combination with TSG101 constitutes
what is authentically required for Ub-dependent viral budding.
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Figure 1.

Modular arrangement of ESCRTSs for sorting Ubiquitinated cargo into Intralumenal
endocytic vesicles. The ESCRT apparatus contains several Ub-binding domains (Red).
These are distributed amongst ESCRT-0 and a wider set of proteins that might serve a
similar parallel function as ESCRT-0. Together, these proteins recognize ubiquitinated
membrane cargo and deliver it to the ESCRT-1/Il supercomplex which coordinates cargo
sorting and incorporation into intralumenal vesicles with the ESCRT-II1 apparatus used for
completing intralumenal vesicle biogenesis. The individual components of the ESCRT-I and
Il are listed along with their mammalian counterparts. For simplicity, the various isoforms of
particular mammalian ESCRT subunits are not designated. Once cargo is sorted and vesicles
are formed, a polymer of ESCRT-111 subunits forms and facilitates scission of intralumenal
vesicles. The Doa4 deubiquitinating enzyme is recruited to the ESCRT-I1I complex by
interacting with Brol. In mammalian cells, AMSH and USP8 can also interact with ESCRT-
I11, although that interaction is not dependent on being bridged by the Brol homolog, Alix.
The Vps4 AAA ATPase complex is required for de-polymerizing the ESCRT-I11 complex.
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Figure 2.

Viral Gag proteins contain late domains that interact with different cellular host proteins to
promote viral egress. The schematic depicts a Gag protein with an N-terminal membrane
association domain and a late domain containing various interaction sites. PTAP-motifs
recruit ESCRT-I through interactions with the UEV-domain within Tsg101, LYPL/LxXXLY -
motifs recruit ALIX through interactions with its V-domain, and PPxY-motifs recruit
Nedd4-family of Ub ligases. Gag proteins are ubiquitinated, which may promote association
with ESCRTSs; however, other cellular proteins may be functional targets of ubiquitination as
well. Ubiquitin may be involved as a recruitment pathway by allowing TSG101, ALIX, or
another ESCRT to bind Gag proteins. Alternatively, Ub may regulate aspects of ESCRT
function. Intriguingly, the function of late domains along with the ESCRT pathway can be
circumvented with a Gag containing a domain that allows for higher order oligomerization
(176-178). These data indicate that the ESCRT dependent process may provide a similar
function. Pictured at the tope left is a stochastic model whereby several alternate
ubiquitinated proteins could interact with any number of Ub-binding ESCRTSs or ESCRT-
associated proteins to allow for viral budding.
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