Chem. Rev. 2009, 109, 1575-1586 1575

Membrane Protein Targeting to the MVB/Lysosome

Brian A. Davies, Jacqueline R. E. Lee, Andrea J. Oestreich, and David J. Katzmann*

Department of Biochemistry and Molecular Biology, Mayo Clinic College of Medicine, Rochester, Minnesota 55905

Contents

1. Introduction: MVB Sorting Terminates Protein 1575

Function
2. Cargo Recognition 1576
2.1. Sorting Determinants within MVB Cargoes 1576
2.1.1. Ubiquitination as a Sorting Signal 1577
2.1.2. Sorting Signals Independent of Cargo 1578

Ubiquitination
2.2. Factors Regulating Cargo Ubiquitination 1579
2.3. Machinery Regulating Cargo Selection: 1580
Mvb12/ESCRT-I

3. Late-Acting ESCRT Components 1581
3.1. ESCRT-IlIl Assembly 1581
3.2. ESCRT-Ill Disassembly 1583
3.3. Modulation of Vps4 1584
3.3.1. Stimulation by Vta1/Lip5 1584
3.3.2. Positive and Negative Regulation by Ist1 1584
4. Concluding Remarks 1584
5. Acknowledgments 1584
6. References 1584

1. Introduction: MVB Sorting Terminates Protein
Function

Cells sense and respond to their environment largely
through the function of receptors, transporters, and channels
within the plasma membrane. For cells to appropriately
respond to environmental cues, they must maintain the proper
protein complement at the cell surface. This involves both
delivering proteins to the cell surface and removing them
when necessary. The multivesicular body (MVB) sorting
reaction within the endocytic pathway provides an important
cellular mechanism for terminating the function of integral
membrane proteins destined for degradation within the
lysosome (reviewed in refs 1—3). The MVB sorting ma-
chinery recognizes a subset of endocytic cargoes and
concentrates them into regions within the endosomal mem-
brane. These sections then bud as small vesicles into the
lumen of the endosome, giving the endosome a multivesicu-
lar appearance by electron microscopy. Subsequent fusion
of the MVB with the lysosome delivers these intralumenal
vesiclesto the hydrolytic environment of the lysosome, where
the lipid and protein contents of the vesicles are degraded
(reviewed in ref 4). The topology of membrane invagination
into the endosomal lumen (exvagination from the cytosol)
during MVB sorting is similar to the budding process
whereby enveloped viruses, including HIV-1 and Ebolavirus,
egress from the cell (Figure 1). Vira structura proteins, such
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as Gag from HIV-1 and VP40 from Ebola virus, utilize the
MVB sorting machinery to bud either from the plasma
membrane or into an intracellular compartment for subse-
guent release from the cell (reviewed in refs 5 and 6).
Therefore, the MV B sorting machinery isimportant both for
vira replication and for lysosomal delivery of endocytosed
proteins. In addition, anumber of recent studies have shown
a role for the MVB sorting machinery in late steps of
cytokinesis,” %3 emphasizing the importance of this machin-
ery for diverse cellular processes of similar membrane
topology.

MVB sorting is conserved throughout eukaryotes, and
studies in both yeast and mammalian systems have identified
a series of trans-acting factors that mediate this reaction
(reviewed in refs 2, 14, and 15). The endosomal sorting
complexes required for transport (ESCRTS) and associated
proteins constitute the majority of this machinery. Cargo
recognition is mediated by interactions with the V ps27/Hrs-
Hsel/STAM complex as well as with ESCRT-I (Vps23/
Tsgl01, Vps28, Vps37, and Mvb12).16-2 ESCRT-II (Vps22,
Vps25, Vps36) appears to function downstream or in parallel
to ESCRT-I and is also believed to interact with cargo based
on ubiquitin-binding domain activity within Vps36.21~2°
ESCRT-II additionally servesto facilitate the recruitment and
assembly of ESCRT-III subunits (Vps20/CHMP6, Snf7/
CHMP4, Vps2/CHMP2, Vps24/CHMP3, Did2/CHMPL1,
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Vps60/CHMPS) into a polymer.2>~28 Interactions between
ESCRT-III and the Vps4-Vtal complex then promote disas-
sembly of ESCRT-111 and may be linked to the completion
of intralumenal vesicle (ILV) formation.?®~2° The concerted
actions of these multimeric complexes serve to concentrate
and deliver MVB cargoes into ILVs of the endosome for
their eventual degradation within the lysosome. While
lysosomal degradation provides a mechanism for the long-
term attenuation of transmembrane proteins (such as cell
surface receptors, transporters, and channels), sorting into
the MVB appears to abrogate their functions prior to
degradation. Sorting activated receptors into the MVB
sequesters their cytoplasmic kinase domains into the endo-
somal lumen and away from cytoplasmic substrates, ef-
fectively terminating signaling from activated receptors. A
well-studied example illustrating the importance of this
reaction is the sorting of activated epidermal growth factor
receptor (EGFR) (reviewed in refs 36 and 37). Defects that
prevent EGFR sorting into intralumenal vesicles are onco-
genic due to receptor hyperactivity, and this oncogenic
activity is attributed to deficiencies in both receptor seques-
tration and lysosomal degradation (reviewed in refs 38 and
39). While MVB sorting can have an important impact on
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signaling, signaling can also impact MVB sorting. EGFR
delivery into the MVB pathway is accelerated in response
to EGF stimulation; moreover, EGF stimulation actually
promotes MV B biogenesis.*>4! The Hrs-STAM complex is
phosphorylated after stimulation of receptor tyrosinekinases, >~
and this phosphorylation impacts machinery levels and
receptor degradation.”® Therefore, it is important to under-
stand the mechanisms by which signaling and MV B sorting
impact each other and how flux through the MVB pathway
is regulated.

2. Cargo Recognition

2.1. Sorting Determinants within MVB Cargoes

The ddivery of proteinsinto the MVB pathway is an active
process that istightly regulated to maintain the proper cellular
protein complement. The predominant signal driving entry
into this pathway is the covalent modification of the cargo
with ubiquitin (reviewed in refs 2 and 46—48). Early studies
of endocytic cargoes demonstrated a role for ubiquitin
modification during endocytosis and lysosomal targeting in
both yeast and mammals but did not afford the resolution to
identify the stages at which this post-translational modifica-
tion was contributing to receptor downregulation.**-5! Ly-
sosomal trafficking of EGFR in mammalian cell lines had
been demonstrated to include entry into a MVB,% and
lysosomal trafficking was disrupted by dysfunction of the
ubiquitin ligase c-Chl.>® Perturbation of c-Chl function
resulted in decreased EGFR ubiquitination and enhanced
EGFR signaling;*~% however, a specific defect in EGFR
MVB sorting was not appreciated because of contributions
of ubiquitination to receptor internalization as well. Several
studies utilizing cargoes that do not transit the cell surface
(biosynthetic MV B cargoes and ubiquitin chimeras) provided
evidence that ubiquitin modification was playing an essential
rolein targeting MV B cargoesinto | LVs.*3%57 Coincidently,
anumber of ubiquitin-binding domains (UBDs) were identi-
fied within components of the MVB sorting machinery,
immediately suggesting a mechanism by which these ubig-
uitinated cargoes are recognized.!~'° These observations
were further supported by the characterization of mutant
forms of the ubiquitin ligase Rsp5 in Saccharomyces
cerevisiae that were defective for the targeting of ubiquitin-
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Figure 1. Roles for cellular machinery in MVB sorting and viral
particle formation. Ubiquitin ligases, ESCRTs, and associated
factors (such as Alix, shown, or Vps4/SKD1, not shown) have been
demonstrated to execute critical functions during MVB sorting
(below) and viral budding (above). Vesicle formation is topologi-
cally similar in both cases because deformation is away from the
cytoplasm. Viral budding can occur from the cell surface or into
an intracellular compartment, but only the former is presented for
simplicity. In both contexts, ubiquitin ligases can play a critical
role in cargo selection through covalent modification of cargoes as
well as an adaptor role independent of cargo ubiquitination. The
role of Alix/Brolin MVB sorting isless clear than in viral budding,
where it appears to play arole in cargo selection via bridging late
domains with the ESCRTSs (in which ESCRT-I and -Il may be
bypassed). El, = ESCRT-I; E-lIl, ESCRT-II; Elll, ESCRT-III;
Ligase, ubiquitin ligases involved in these sorting events, Ub,
ubiquitin. Purple ovals represent viral structural protein (e.g., Gag);
red ovals with stalks represent MV B cargo protein.

dependent MVB cargoes without gross defects in MVB
function.%® These analyses demonstrated a role for ubiquitin
in cargo sorting into the MVB pathway in yeast. Ubiquiti-
nation has subsequently been established as a critical MVB
sorting determinant for alarge number of cargoes throughout
eukaryotes.

2.1.1. Ubiquitination as a Sorting Signal

Ubiquitin is a versatile post-translational modification.
Initially, polyubiquitination was appreciated as a signal for
degradation by the proteasome (reviewed in ref 59). How-
ever, by the late 1990s, additional functions had been
attributed to ubiquitination, including transcriptional regula-
tion, kinase activation, mitochondrial inheritance, DNA
repair, and intracellular protein sorting (reviewed in refs 60
and 61). Ubiquitination is a reversible modification and has
been compared to phosphorylation in terms of its diverse
regulatory outcomes. Whereas phosphorylation is a small
molecular modification of a substrate, ubiquitin is itself a
~8.5 kDa protein that is conjugated to substrates via an
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isopeptide linkage. This distinction affords a number of
unique characteristics to ubiquitination as a post-trand ational
modification.

Whereas phosphopeptide recognizing domains distinguish
the phosphorylated residue in a particular substrate or
sequence context, most ubiquitin binding domains interact
with a surface surrounding Isoleucine 44 of ubiquitin that is
actually distal to the linkage between ubiquitin and the
substrate (ref 62 and reviewed in refs 2, 47, and 63). This
suggests that, once a substrate is modified with ubiquitin,
ubiquitin itself serves as the predominant interaction deter-
minant with effector proteins. This feature offers the potential
advantage of permitting MVB cargoes to be ubiquitinated
at a number of sites, thereby allowing a broad spectrum of
proteins to be recognized by the MVB sorting machinery
once they have received this modification. Interestingly, the
affinities of the ubiquitin binding domains for ubiquitin
appear to be fairly weak (in the micromolar range).®® This
low affinity in combination with the observation that multiple
components of the MV B machinery harbor UBDs suggests
that multiple transient interactions between ubiquitinated
cargoes and the MVB machinery facilitate entry into the
pathway.

A second feature unique to ubiquitin as a post-trand ational
modification isits ability to be conjugated to itself, resulting
in polyubiquitination (reviewed in ref 64). Covalent linkage
with ubiquitin occurs via primary amines, usualy a lysine
residue but sometimes the amino terminus of a protein.®
Because ubiquitin itself contains lysine residues, covalently
linked ubiquitin can itself be modified with ubiquitin to give
rise to polyubiquitin chains. Ubiquitin has 7 lysine residues,
all of which have been shown to be acceptor sites for
ubiquitination in yeast.% Substrates with polyubiquitin chains
linked at lysine 48 or lysine 63 appear to have distinct fates
invivo. Lysine 48-linked chains are predominantly associated
with proteasomal degradation, a fate typically reserved for
soluble proteins or misfolded membrane proteins recognized
by the ERAD pathway.5~ " Lysine 63-linked chains are
associated with trafficking and signaling (ref 71 and reviewed
in ref 61). Mass spectroscopy analysis has also shown that
a single ubiquitin molecule can be modified at multiple
residues, forming chains of mixed topology.”> Whether these
mixed chains have functional significance with respect to
trafficking is not yet clear. The specific linkages within these
polyubiquitin chains may have important consequences for
MVB sorting or other activities.

The most favorable ubiquitin configuration to promote
MVB sorting is still under investigation. While some MVB
cargoes are polyubiquitinated, monoubiquitination is suf-
ficient to promote yeast MVB sorting as ubiquitin-MVB
cargo chimeras enter the pathway in strains defective for the
ubiquitin ligase Rsp5, as can ubiquitin-MV B cargo chimeras
that cannot undergo polyubiquitination.>” %737 |n mammals,
EGFR has been shown to be monoubiquitinated at multiple
lysine residues (multiubiquitinated) in vivo, and multiubig-
uitinated forms of EGFR are quickly degraded in the
lysosome;”™ however, a recent report on EGFR sorting
indicates that polyubiquitination, as well as multiubiquiti-
nation, contributes to efficient entry of EGFR into the MVB
pathway.”®”” A recent analysis using CD4-based chimeras
simulating monoubiquitinated cargo, multiubiquitinated cargo,
or polyubiquitinated cargo found that multiubiquitination or
polyubiquitination through K63-linked chains promotes
robust delivery to the lysosome.” K48-linked polyubiquitin
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Figure 2. Potential roles for ubiquitin ligase function during MVB cargo selection. In this model, cargo selection is considered as both
MVB sorting and viral budding. Membrane association of ligase may be facilitated by lipid binding domains such as the C2 domain found
in Nedd4 homologues. Membrane association may also be impacted by membrane adaptors (represented by the black PPXY -containing
membrane protein), which may also impact cargo ubiquitination. Ligase recruitment to cargo may aso occur via WW-PPXY interactions,
which may additionally impact cargo or machinery ubiquitination during MVB sorting. These roles for ligases during cargo selection are
not mutually exclusive. For example, machinery ubiquitination may be required to facilitate MV B sorting regardless of cargo ubiquitination

status.

chains can also lead to lysosomal delivery, but less efficiently
than K63-linked chains.”® One possible interpretation of these
results is that the location of ubiquitination (i.e., at an
endosomal compartment wherein the ubiquitinated cargo can
be recognized) may be more critical than the specific
ubiquitin linkage. While it may be difficult to conclusively
identify the ubiquitin configuration optimal for MV B sorting
given the dynamic, reversible nature of ubiquitination, this
issue continues to be under examination.

2.1.2. Sorting Signals Independent of Cargo
Ubiquitination

While ubiquitination serves as the predominant sorting
signal, some cargoes do not require ubiquitination of
themselves to enter the MVB pathway. One such example
of cargo ubiquitination-independent sorting is the yeast
protein Sna3.%679-81 While Sna3 is subject to ubiquitination
by the ubiquitin ligase Rsp5, this modification is not required
for its MV B sorting.5679-81 GFP-Sna3 with all lysine residues
converted to argininesis defective for ubiquitination yet still
enters the MVB pathway; however, lack of Sna3 ubiquiti-
nation reduces the kinetics of this sorting.2’ These results
demonstrate that ubiquitination can potentiate, but is not
required for, Sna3 MVB sorting. Examination of the Sna3
cytoplasmic portions for alternative sorting determinants
identified a tyrosine-containing motif in the amino-terminus
and a PPXY motif in the carboxy-terminus.”®~8 While the
mechanism of tyrosine motif-dependent sorting remains
unclear, examination of the PPXY motif yielded a surprising
result. The ubiquitin ligase Rsp5 was demonstrated to interact
with Sna3 via this motif and the WW domains of Rsp5.
While Sna3 ubiquitination is not required, the Sna3-Rsp5
interaction and Rsp5 ligase activity are required for Sna3
MV B sorting.” 8 These observations suggest that Rsp5 may
bind Sna3 to link Sna3 to other components of the MVB
sorting machinery or that Rsp5 associated with Sna3 may
ubiquitinate components of the MVB sorting machinery to
promote Sna3 sorting (Figure 2); in addition, the association

between Rsp5 and Sna3 promotes ubiquitination of Sna3,
which also potentiates its sorting into the MVB pathway.
These yeast studies highlight a potential mechanism by which
a ubiquitin ligase can promote sorting of a MVB cargo
without requiring ubiquitination of the cargo itself.

Similarly, viral proteins may not need direct ubiquitination
but may still require ubiquitin ligase activity for budding.
Enveloped viruses can usurp the MV B sorting machinery in
mammalian cells to alow budding at either the plasma
membrane or into intracellular compartments for release
(reviewed in ref 5). While ubiquitination appears to promote
the budding of viral structural proteins such as HIV-1 Gag,
the roles of ubiquitination and ubiquitin ligases in viral
budding are not fully understood (reviewed in ref 6).
However, the prototypic foamy virus (PFV) provides a
compelling model for cargo ubiquitination-independent viral
budding in human cells. A PFV Gag protein modified
through mutation of the ubiquitin-acceptor lysine residues
retains the ability to form viral-like particles (VL Ps).8 PFV
Gag contains a PSAP late domain that is required for VLP
production; this late domain binds to the ESCRT-I subunit
Tsgl01, the mammalian homologue of Vps23.848 While
mutation of the PSAP motif abrogates this ubiquitination-
independent PFV Gag VLP formation, swapping the PSAP
motif with a PPXY motif recruits the Nedd4/Rsp5-family
ubiquitin ligase WW!1 to the plasma membrane and enables
VLP budding.® This suggests that recruitment of a Nedd4/
Rsp5 family ligase can permit viral budding and that
ubiquitin ligases can serve as alink to engage the mammalian
MV B machinery without direct cargo ubiquitination (Figure
2).

While the yeast cargo protein Sna3 and vira structural
proteins appear to interact with the MV B sorting machinery
via their cytoplasmic sorting determinants, a subset of
cargoes enter the MVB pathway independent of their
cytoplasmic domains. Athl is sorted into the yeast vacuole
where it degrades trehalose, a sugar produced during cellular
stress.®® Delivery of Athl to the vacuolar lumen occurs via
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MVB sorting and depends on the MVB sorting machinery.
However, in contrast to the majority of characterized MVB
cargoes, sorting of Athl does not require its cytoplasmic
domain.®” Further examination suggested that the Athl
transmembrane domain harbors a novel MVB sorting
determinant, although the mechanism driving recognition of
this motif is still unclear. These results expanded on insights
gained from analyses of other model MVB cargoes (e.g.,
CPS and Sna3) to demonstrate that both the cytoplasmic and
transmembrane domains can harbor MVB sorting determi-
nants in yeast. One possible candidate for recognition of
MV B cargo transmembrane domains is the Rsp5-interacting
protein Bsd2.%8 Alternatively, sequestration into lipid mi-
crodomains could facilitate sorting of transmembrane-
encoded MVB sorting motifs.

In mammalian cells, the determinant for Pmel17 sorting
into melanosomes resides in neither the cytoplasmic nor
transmembrane domains. Melanosomes are lysosome-like
organelles found in melanocytes in the skin as well as
pigment cells of the eyes (reviewed in ref 89), and delivery
of Pmell7 into the melanosome occurs via an MVB-like
intermediate.® Consistent with this similarity, ectopic ex-
pression of Pmel17 in nonmelanocytes leads to its delivery
into MVBs and eventually the lysosome® Pmell7 is a
transmembrane protein that is sorted into the intralumenal
vesicles (ILVs) of early endosomes and is then diverted into
melanosomes. The delivery of Pmel17 into this pathway does
not require Pmell7 ubiquitination. Instead, the lumenal
portion of Pmell7 is sufficient to confer proper targeting,
and Polycystic Kidney Disease 1-like (PKD) repeats con-
stitute the sorting determinant within the lumenal domain.®
One possibility is that the PKD repeats permit association
with another (conventional) ILV/MVB cargo. However, the
common MV B sorting machinery appears to be dispensable
for Pmel17 sorting, as disruption of MVB sorting via the
overexpression of Hrs, Tsg101, or Vps4“'7A or the depletion
of Hrs did not perturb Pmel17 distribution.®? While the
mechanism by which the sorting motif determines trafficking
remains unclear, Pmel17 illustrates that the determinant for
MVB sorting can aso reside within the lumenal domain.
Overadll, these observations indicate that there are multiple
methods for proteins to enter the MVB pathway—both
through the predominant mechanism of cargo ubiquitination
and via alternative sorting motifs that can be located in the
cytoplasmic, transmembrane, or lumena domains.

2.2. Factors Regulating Cargo Ubiquitination

To date, ubiquitination is the predominant signal for cargo
inclusion into the MVB pathway. Regulation of ubiquitina-
tion status thus constitutes a critical determinant for MVB
sorting of a cargo. Both the ubiquitin ligase complexes and
deubiquitinating complexes serve roles in maintaining the
proper cargo ubiquitination status, and recent studies have
provided insights suggesting that these activities can be
coordinated.

Ubiquitin modification of cargo proteins occurs through
the concerted action of the ubiquitin activating enzyme (E1),
the ubiquitin conjugating enzyme (E2), and the ubiquitin
ligase (E3) (reviewed in ref 59). Of these, the E3 enzymes
are the most diverse and confer specificity to the ubiquiti-
nation reaction through combining lipid- and protein-
interaction motifs with catalytic ubiquitin ligase domains.
The predominant ubiquitin ligase domains identified contain
either HECT (homologousto E6 C-terminus) or RING (really
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interesting new gene) domains (reviewed in refs 93—95). In
yeast, five known components of the endocytic system harbor
RING domains: Vps8, Vpsll, Vpsl8, Pibl, and Tull. While
Tull appears to contribute to MVB sorting in some
contexts, 73748 g role for ubiquitination by these other
RING ligases in MVB sorting has not been demonstrated.
Instead, the Nedd4-family ligase Rsp5 represents the major
ubiquitin ligase activity within the MV B sorting system.% "
Rsp5 harbors a C2 domain and three WW domains in
addition to aHECT domain. While the C2 domain has been
implicated in endosomal localization via lipid binding,* the
role of the WW domains may be multifaceted, contributing
to ubiquitination of specific MV B cargoes or adaptor proteins
through binding PPXY motifs (Figure 2). For cargoes such
as Sna3, this appears to occur through Rsp5 binding a PPXY
motif within the cargo itself.”® % Nedd4 ubiquitination of
the human epithelial sodium channel (ENaC) also appears
to occur through recognition of a PPXY motif in the ENaC
cytoplasmic tail.%” However, other cargoes, including CPS,
do not contain a conspicuous Rsp5-binding motif. Instead,
adaptor proteins, including Bsd2, Earl, and Ssh4, appear to
bridge the interaction to facilitate cargo ubiquitination.

Earl and Ssh4 are two redundant proteins that contribute
to the sorting of a subset of MVB cargoes, including the
general amino acid permease Gapl, the uracil transporter
Fur4, the iron/siderophore transporter Sit1, and the vacuolar
polyphosphatase Phm5.% Fusion of ubiquitin to Phm5 (Ub-
Phmb) bypasses the requirement for Earl and Ssh4 in Phm5
MVB sorting, implicating these two factors in cargo ubig-
uitination. This role was supported by the observation that
loss of both Earl and Ssh4 abrogates Sitl ubiquitination
similar to the defect observed in an rsp5 mutant. The
contributions of Earl and Ssh4 to cargo ubiquitination occur
in a cargo-specific manner as Sna3, a cargo that can directly
interact with Rsp5 (discussed above), and Smf1 (discussed
below) still undergo MVB sorting in ear1lA sshlA cells.
While PPXY motifsin the cytoplasmic domains of Earl and
Ssh2 likely mediate Rsp5 association, it remains unclear how
these proteins promote ubiquitination of a particular subset
of MVB cargoes.

By contrast, the transmembrane domain of the Rsp5
adaptor Bsd2 appears to permit direct association with
another set of MVB cargoes, including CPS, to facilitate
cargo ubiquitination. Bsd2 and CPS interact via their
transmembrane portions while Bsd2 contains cytoplasmic
PPXY motifs that recruit Rsp5® (Figure 2). Bsd2 actsin a
similar manner for MVB sorting of the metal transporter
Smf1, with the additional assistance of Trel (or the closely
related Tre2).% In the case of Smf1 MV B sorting, Bsd2 and
Trel appear to associate within the membrane while Trel
and the MVB cargo Smf1 interact via cytoplasmic determi-
nants. Rsp5 in turn binds both Bsd2 and Trel with the
additional complication that WW domains (specifically WW2
and WW?3) are implicated in combinatoria binding of the
PPXY motifsin both Bsd2 and Trel. These Rp5 interactions
with Bsd2 and Trel then allow ubiquitination of Smfl and
subsequent MVB sorting.®® These examples from yeast
illustrate both the importance of adaptors in Rsp5 cargo
ubiquitination and the potential contribution of multiple WW
domains within Rsp5 to this process. The presence of
mammalian Bsd2 homologues (N4WBP5 and N4WBP5A)
suggests that adaptors facilitate ubiquitination by the Nedd4
family in mammalian systems as well.!®
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The ubiquitination of cargoes for sorting into the MVB
appears to be a dynamic process impacted by both ubiquitin
ligases and deubiquitinating enzymes (DUBs). While therole
of ubiquitin ligasesis appreciated, the contributions of DUBs
are less well understood (reviewed in ref 101). Many direct
and indirect roles have been proposed for DUBs in MVB
sorting, including recycling ubiquitin to maintain a cellular
ubiquitin pool, trimming cargo-linked ubiquitin chains to
favorable configurations, and allowing deubiquitinated cargo
to exit from the MV B sorting reaction in response to cellular
signals. Although some of these functions have yet to be
examined directly, recent studies in yeast and mammalian
cell lines indicate a complex role for DUB activity in MVB
sorting and suggest that ubiquitination and deubiquitination
activities are coordinated to a larger extent than previously
appreciated.

Yeast Doad was the first DUB to be implicated in MVB
cargo sorting. Loss of Doa4 resultsin a depletion of cellular
ubiquitin levels, pointing to a role for Doa4 in ubiquitin
recycling subsequent to cargo selection in the MV B pathway
but prior to vesicle formation.!856102-104 Consistent with this
model, Doad is associated with Brol, which also binds
ESCRT-II1, alate-acting component of MV B sorting.105-108
In addition to facilitating Doa4 recruitment, Brol stimulates
Doad catalytic activity through an interaction between a
C-terminal motif in Brol and the catalytic domain of Doa4;
defects in either protein that disrupts this activation lead to
impaired cargo deubiquitination and defectsin MV B sorting
in vivo.'® Doa4 overexpression suppressed the defects in
endosomal morphology and cargo sorting found in cells
lacking Bro1,'%” suggesting that Doa4-mediated maintenance
of the free ubiquitin pooal is the critical function mediated
by the Doad-Brol complex. However, restoring free ubiquitin
levels in a doad mutant by overexpressing ubiquitin does
not rescue MVB sorting of CPS or Gapl, two ubiquitin-
dependent MVB cargos.!'® This observation suggests that
Doa4 may contribute an additional function beyond main-
taining levels of free ubiquitin. Recently, Doad-Brol has been
found to associate with the ESCRT-I complex via Vps23,
raising the possibility of an earlier function for Doa4 than
previously appreciated.'® In addition, this study also found
that the ubiquitin ligase Rsp5 also associates with Brol.
While cargo ubiquitination has been anticipated to be a
dynamic process, the identification of a single factor (Brol)
linking these activities of cargo ubiquitination (Rsp5), cargo
deubiquitination (Doa4), and cargo recognition (ESCRT-I)
was unexpected. While the mechanisms coordinating this
dynamic process are still unclear, these studies highlight the
possibility of additional functions for Doa4 in regulating
ubiquitin-mediated cargo recognition in addition to contribut-
ing to ubiquitin recycling later during the MVB sorting
pathway.

Two additional deubiquitinating enzymes, Ubp2 and Ubp7,
have been implicated in MVB cargo selection in yeast.!'!
Ubp2 associates with Rsp5, and loss of Ubp2 results in the
accumulation of K 63-linked ubiquitin chains.**>''3 The Rsp5-
Ubp2 complex and Ubp7 associate with the MVB sorting
machinery through Hsel, a protein associated with the early-
acting cargo recognition factor Vps27.2 While cells lacking
Ubp2 exhibit impaired ubiquitin-dependent MVB sorting;
the additional loss of Ubp7 from these cells restores
sorting.**! Though linked through interaction with Hsel, this
finding surprisingly suggested that these two deubiquitinating
enzymes perform distinct, and apparently opposing, functions
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Figure 3. Model for membrane-associated ESCRT-1, ESCRT-II,
and cargo. Schematic representation of the ESCRT-| heterotetramer
partial structure highlighting the elongated “stalk” region that
separates the UEV domain of Vps23 from the “headpiece” region
(from which Vps28 contacts ESCRT-I1). ESCRT-I interactions with
the membrane (via Vps37) and Vps27/Hsel (via Vps23) have not
been highlighted for simplicity. Ubiquitinated cargo is represented
by the blue oval with the stalk and red “Ub.”

in MVB sorting. Hsel also associates with the ubiquitin
ligase Rsp5, and disrupting the Hsel-Rsp5 interaction leads
to MVB missorting in a cargo specific manner.*** Just as
with Brol, Hsel appears to link activities of ubiquitination
(Rsp5), deubiquitination (Ubp2, Ubp7), and cargo recognition
(Vps27-Hsel), with the additional complication that Ubp2
and Ubp7 have distinct impacts on MV B sorting. Together,
these observations suggest that the ability of Rsp5 and
deubiquitinating enzymes to associate with Hsel or Brol at
the endosome is important for sorting a subset of MVB
cargoes and supports the model that repeated rounds of
ubiquitination and deubiquitination regulate delivery through
the endosomal system in yeast. Dynamic ubiquitination of
the MVB sorting machinery may also modulate MVB
sorting.

2.3. Machinery Regulating Cargo Selection:
Mvb12/ESCRT-I

Our understanding of cargo recognition during MVB
sorting has become more complete with the identification
of novel ubiquitin-binding motifs within multiple components
of the machinery and the alternate recognition mechanisms
provided by Rsp5 (as discussed above); the identification of
Mvb12 as a new member of yeast ESCRT-I has also refined
our understanding of cargo recognition.*4 118 \/ps23, Vps28,
and Vps37 wereinitially identified as the ESCRT-I subunits
in yeast, and loss of any one of these subunits blocks MV B
sorting entirely and gives rise to the altered endosomal
morphology known as the Class E compartment.'81%9 [ oss
of Mvbl12 has a different effect on MVB sorting with
missorting of some cargoes, including Ste3 and Sna3, while
the sorting of other cargoes, including Ste2 and CPS, isless
affected.14115117 These phenotypic distinctions indicate that
the Vps23, Vps28, and Vps37 complex exhibits residual
cargo recognition activity in the absence of Mvb12. Con-
sistent with this concept, the crystal structure of the ESCRT-I
core has been determined in both the presence and absence
of Mvb12,24116120 ESCRT-| (both with and without Mvb12)
exhibits an elongated rodlike structure, which accounts for
its high apparent molecular mass when measured by gel
filtration chromatography.''® ESCRT-I has a long “stalk”
region consisting of coiled coils contributed by Vps23 and
Vps37 aswell asMvb12 (Figure 3). The “head” of ESCRT-I
is mainly o-helix hairpins from Vps23, Vps28, and Vps37.
Although not crystallized with the core, the Ubiquitin E2
Variant (UEV) domain of Vps23 is presumably positioned
off the stalk, facilitating association with ubiquitinated
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cargo;*?*~124 the carboxyl-terminus of Vps28 (also absent
from the ESCRT-I core structures) is similarly presumed to
extend from the opposite end of the complex to contact
ESCRT-1124%18 (Figure 3). Mvb12 appears to play an acces-
sory or regulatory role in ESCRT-I function. Consistent with
its nonessential role, loss of Mvb12 dlightly destabilizes the
core ESCRT-I complex*>17 and alters the ESCRT-I core
length;'® loss of Mvb12 also increases the amount of
ESCRT-I that is aberrantly trapped in ILV's formed during
MVB sorting.™> These observations suggest that Mvb12 is
important for ESCRT-I recycling and/or the structural
stability and shape of ESCRT-I; however, how these func-
tions trangl ate to the cargo-specific defects observed in cells
lacking Mvb12 remains unclear. Characterization of ad-
ditional Mvb12 activities may explain its cargo-specific
involvement; however, no functional domains or motifs have
been identified within Mvb12 to give hints to its function.

The origina “hand-off” model used to describe MVB
sorting proposed that Vps27-Hsel and ESCRT-I bind and
concentrate ubiquitinated MV B cargo before transferring the
cargo to ESCRT-II. The structure of ESCRT-I raises ques-
tions about the model of cargo handoff and/or cooperation
between the ESCRTs. The rigid stalk of ESCRT-I would
presumably prevent a close interaction of ubiquitinated cargo
bound by the Vps23 UEV domain with the ubiquitin binding
domains of ESCRT-II (Figure 3). This may indicate that
networks of offset ESCRTSs are required for the efficient
sorting of MVB cargo, or that the hand-off model needs to
be refined.

Putative Mvb12 orthologs in mammals (MVB12A and B)
and in C. elegans (MVB-12) stably interact with their
respective ESCRT-| subunitsin a1:1:1:1 ratio. Although they
have homology with each other, these proteins have virtually
no sequence homology to yeast Mvb12.2%5127 These ortho-
logues are much larger in molecular mass than the yeast
Mvb12, but like yeast Mvb12, they do not contain known
functional motifs or domains except for the newly described
ESCRT-I binding boxes (EBBS) in the carboxyl-terminus of
MVB12A and B.1?5126 Both human MVB12A and B interact
with the four VPS37 isoforms,*? suggesting that there may
be eight distinct varieties of ESCRT-I in mammalian systems;
however, functional distinctions between these complexes
have yet to be addressed. Mvb12A and B splice variants
lacking the EBBs have also been identified.'?61%8 While the
truncated MVB12B splice variant does not bind ESCRT-
1,16 the physiological significance of these isoforms is
unclear. Disruption of Mvb12-dependent sorting would not
be expected to completely block MV B sorting, and depletion
of either MVB12A or B does not reduce viral budding.
However, MVB12A or B depletion reduces the percentage
of mature virions and decreases the infectivity of human
immunodeficiency virus (HIV).}% By contrast, overexpres-
sion of MVB12A, MVB12B, or Tsg101 reduced both HIV
budding and infectivity. These observations suggest that
MVB12A and B have nonredundant regulatory rolesin MVB
sorting and are consistent with the yeast data that suggest
Mvb12 has a role as a regulatory subunit rather than as a
core subunit of ESCRT-I. Analysis of the C. elegans Mvb12
orthologue, MVB-12, is also consistent with this type of role,
as MVB-12 depletion slowed the trafficking kinetics of a
model receptor (RME-2, an LDL-like receptor), but not to
the same extent observed upon TSG-101 depletion.'?

The larger Mvb12 orthologues may facilitate the interac-
tion of ESCRT-I with other cellular machinery or permit
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additional regulation of ESCRT-I. MVB12A can interact with
both CD2-associated protein (CD2AP), a scaffold that
regulates the actin cytoskeleton, and the structurally related
Chl interacting protein of 85 kDa (CINS5).}2® The E3
ubiquitin ligase Cbl ubiquitinates receptors, including EGFR,
to promote their endocytosis and degradation, and CIN85
and MVB12A may coordinate this process with MVB
sorting. In addition, the mammalian Mvb12 orthologues are
phosphorylated on serine and threonine residuest?126128 gnd
tyrosine residues upon EGF stimulation.’”® Mutation of
several of these phosphorylation sites to alanine residues in
MVB12A prevented the dominant negative effect of MVB12A
overexpression on HIV release and infectivity.'?®® These
observations suggest new methods of Mvb12 regulation and
potentially additional aspects of ESCRT-I function.

3. Late-Acting ESCRT Components
3.1. ESCRT-lIl Assembly

While the predominant view of MVB sorting involves
cargo recognition mediated by the early ESCRT complexes
(Vps27-Hsel and ESCRT-I), an alternative system bypassing
these components has also been suggested through analysis
of Gag budding determinants (reviewed in ref 129). Ubig-
uitination of Gag and the Gag PTAP motif interacting with
ESCRT-I can serve as vira budding determinants, but an
alternative pathway involving the YPxL motif, present in
both HIV Gag and the equine infectious anemiavirus (EIAV)
Gag, engaging ESCRT-III via binding to Alix/Brol (inde-
pendent of ESCRT-I or ESCRT-I1) hasal sobeenimplicated. 1013
This latter pathway suggests a role for ESCRT-I11 in MVB
sorting downstream from ESCRT-I and ESCRT-II and is
consistent with analyses in yeast also placing ESCRT-I1I
downstream from ESCRT-I and -Il in MVB sorting.?52’
Cargo engagement with ESCRT-II either viaESCRT-I and
-I1 or via alternative mechanisms, such as Alix/Brol, thus
appears to be the critical step necessary for MVB sorting.
This realization has led to further examination of the
mechanisms of ESCRT-III function in MVB sorting.

ESCRT-III differs from ESCRT-I and -1l in that ESCRT-
[l appears to assemble on the membrane in the course of
MVB sorting with its disassembly also required for the
process to complete;?62° in contrast, ESCRT-I and -1l form
stable complexes that appear to be transiently recruited during
MVB sorting.’82"11% The ESCRT-III proteins are all of
similar size (204—240 aa) and charge (generally basic amino-
terminus and acidic carboxyl-terminus) and share a conserved
five-helix core structure with a more variable carboxyl-
terminal tail, which often harbors a sixth helix!®2 (Figure 4).
In yeast, six proteins (Vps20, Snf7/Vps32, Vps2, Vps24,
Did2/Fti1, and Vps60) comprise the ESCRT-III family; in
humans, the ESCRT-I1I family has extended to 11 members
with al but one (CHMP7) clearly related to the yeast
homologues.’?”130133 These ESCRT-IIl subunits can be
further divided into the four core subunits (V ps20/CHM PG,
Snf7/CHMP4, Vps2/CHMP2, and Vps24/CHMP3), whose
functions are critical for MV B sorting, and the two accessory
subunits (Did2/CHMPL1 and Vps60/CHMPS), which are
suggested to have regulatory roles coordinating ESCRT-III
assembly and disassembly.?6:2%:32134 The core subunits have
been functionally subdivided into the Vps20-Snf7 and the
Vps2-V ps24 subcomplexes with Vps20-Snf7 implicated in
functioning upstream of Vps2-V ps24.% Membrane-associated
ESCRT-II (Vps25) interacts directly with ESCRT-II1 via
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Figure 4. Interactions between Vps4, Vtal, and ESCRT-III. Six ESCRT-III proteins are present in yeast and share a conserved 5-helix
core structure. The carboxyl-termini are more divergent and are implicated in coordinating ESCRT-I11 interactions with additional components
of the MVB sorting machinery, including the AAA+ ATPase Vps4 (orange) and the Vps4 activator Vtal (red) as well as Brol/Alix and
Istl (not shown). Vps4 contains an AAA+ domain involved in ATP hydrolysis, an insert within the AAA+ domain (8 domain), and an
amino-terminal MIT domain. Vtal contains two MIT-related domains (MIT1, 2) and a carboxyl-terminal VSL region that binds the Vps4
J domain to stimulate Vps4 ATPase activity. The MIM1 domains present in Vps2 and Did2 interact with the Vps4 MIT domain and can
stimulate Vps4 ATPase activity (MIM1*: an incomplete or divergent MIM 1 is present in Vps24 and may mediate MIT interaction in some
contexts). The MIM2 domain in Vps20 can also interact with the Vps4 MIT domain, but this interaction is distinct from the MIT-MIM1
interaction and does not stimulate Vps4 ATPase activity. Did2 aso interacts with Ist1 and Vtal, with the Vtal interaction motif apparently
overlapping with MIM1. Vps60 interacts with Vtal via the a4-a5 region, and interaction of Did2 or Vps60 with the Vtal MIT2 domain
stimulates ATPase activity of the Vtal-Vps4 complex. [Red arrows indicate interactions that stimulate Vtal-Vps4 ATPase activity.]

Vps20,%?7 |eading to its proper endosomal localization and
oligomerization with Snf7. Vps2 and Vps24 are dependent
on both Vps20 and Snf7 for their association with the
upstream MV B sorting machinery,?” and Did2 is dependent
on Vps2 and Vps24 for its recruitment.* Vps60 appears to
be the final ESCRT-III subunit recruited.?® These observa-
tions have suggested that orchestrated assembly of the
ESCRT-I1I subunitsinto an oligomeric complex is required
for MVB sorting to occur (Figure 5), although how this
assembly and subsequent disassembly trandlate into ILV
remains unclear.

Two models have been proposed that may explain the
contributions of ESCRT-III to vesicle formation. In thefirst,
ESCRT-I1I assembly serves to deform the membrane itself
and must be released by Vps4 to allow vesicle budding to
complete. In the second model, ESCRT-IIl serves as an
adaptor by which force generated through Vps4 ATP
hydrolysis leads to vesicle budding. Alternatively, aspects
of both of these models may function together to mediate
ILV. Consistent with the first of these models, ESCRT-I1I
oligomerization has been suggested to support membrane
deformation consistent with the topology of MV B formation.
The core ESCRT-I11 subunits Snf7-1 (CHMP4A) and Snf7-2
(CHMP4B) were overexpressed, and electron microscopy
was performed on both “unroofed” cells that were lysed
during sample preparation as well as whole cells. Self-
assembled circular arrays were found on the plasma mem-
brane and were associated with membrane protrusions, buds,
and tubules.*® These Snf7 filaments were able to interact
with an ATPase activity-deficient form of Vps4B, suggesting
these filaments are V ps4 substrates. Expression of an ATPase
defective form of Vps4B was also able to form a similar
phenotype, with large rings on the plasma membrane. The
fact that circular arrays were seen at membranes and appeared
to promote their negative distortion is the best evidence to
date for the model of ESCRT-III-driven ILV formation;
however, these experiments do not eliminate the possibility
that ESCRT-III is interfacing with effectors to execute
membrane deformation. The formation of filamentous ES-
CRT-III polymers has also recently been observed in vitro
utilizing purified Vps24 or mixtures of truncated CHMP2A/

Figure 5. ESCRT-IIIl assembly and disassembly. Yeast ESCRT-I1I
gppearsto dynamically assemble and disassemble during MV B sorting.
Functional analyses have suggested that subcomplexes exist within
ESCRT-IIl. Vps20 and Snf7 appear to be the first subcomplex
recruited, in part through ESCRT-I association with Vps20. Vps2 and
Vps24 are then recruited in a Vps20- and Snf7-dependent manner.
These four subunits comprise the core of ESCRT-I11 and can execute
basal MVB sorting. Efficient MVB sorting also requires the accessory
ESCRT-I11 subunits Did2 and Vps60. Did2 recruitment is dependent
on Vps24 and Vps2, while Vps60 appears to be the last subunit
recruited. While a layered organization is presented to illustrate this
sequentia recruitment, ESCRT-I11 appears instead to polymerize into
fibrils to facilitate membrane deformation. Electron microscopy
recongtructions of Vps24 homo-oligomers (inset left) or hetero-
oligomers of truncated CHMP2/V ps2 and CHMP3/V ps24 (inset right)
have identified two digtinct assemblies of ESCRT-III that may be
pertinent to membrane deformation. Disassembly of ESCRT-III is
mediated by the Vtal-Vps4 complex. Interaction of the Vps20 MIM2
with the Vps4 MIT domain as well as association between Vps4 and
the Did2-associated factor Istl (not shown) have been implicated in
facilitating Vtal-Vps4 recruitment. Interactions between Vps4 and
MIM1 elementsin Vps2 and Did2 as well as between Vtal and Did2
or Vpst0 then potentiate Vtal-Vps4 ATPase activity to stimulate
ESCRT-III disassembly.

Vps2 and CHMP3/V ps24;136.137 these polymers suggest two
possible modes of assembly that may have implications for
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ESCRT-III membrane deformation in vivo (Figure 5).
However, assembly of ESCRT-II1 apparently is not in itself
sufficient for ILV formation as disruption of Vps4 function
blocks MVB sorting.*

3.2. ESCRT-lIl Disassembly

Understanding the contribution of Vps4 to ESCRT-III
function thus has become a critical issue in MVB sorting,
and two general models have emerged suggesting that Vps4
could function as an ESCRT-unfolding machine or asaforce
generator. Vps4 is a member of the AAA+ ATPase family
(ref 138 and reviewed in refs 139 and 140). Other members
of thisfamily include the ERAD-chaperone p97, the SNARE-
regulator NSF, the bacterial unfoldase ClpX, the microtubule
severing protein spastin, and the microtubule motor dynein.
Single or dua hexameric rings of AAA+ domains are
characterigtic of thisfamily, and formation of the ring appears
to be required for ATP hydrolysis. While dynein heavy chain
harbors six AAA+ domains, proteins with single (type 1)
or dual (type 2) AAA+ domains per subunit are more
prevaent. Type 2 AAA+ proteins, including p97 and NSF,
assembl e into hexamers with two rings of AAA+ domains;
however, the two rings have been demonstrated to have
distinct ATP binding and hydrolysis activities, with onering
that stabilizes the oligomer while the second ring hydrolyzes
ATP to remodel substrates (refs 141, 142, and reviewed in
refs 143). Type 1 AAA+ proteins have been observed to
adopt both hexameric and dodecameric forms, and ATP
binding has been suggested to play a critical role in
promoting oligomerization. Vps4 has been suggested to form
a decamer,® dodecamer,*%> or tetradecamer,** and cryo-
electron microscopy reconstruction of Vps4F3R in the
presence of ATP supports the dual hexameric ring assembly
model.*** V ps4 has been suggested to follow acycle of ATP-
stimulated oligomerization, oligomerization-stimulated con-
certed ATP hydrolysis, and subsequent dissociation back to
the monomeric state.*®* ESCRT-III has also been suggested
to impact this ATPase cycle. In addition to its AAA+
domain, Vps4 contains an amino-terminal MIT domain that
mediates ESCRT-II1 binding (further discussed below), and
ESCRT-III binding has been suggested to promote Vps4
endosomal association and oligomerization.®14” According
to the model, subsequent concerted ATP hydrolysisby Vps4
dissociates ESCRT-I11, suggesting a mechanism by which
ESCRT-I11 assembly and disassembly could be coordinated.

Refinement of this model has been afforded by a series of
more recent studies. In particular, the Vps4 cycle necessitat-
ing dissociation of the oligomer upon ATP hydrolysis has
been called into question. First, Vtal has been demonstrated
to be a positive modulator of Vps4 in vivo, and biochemical
characterization has demonstrated that Vtal stimulates Vps4
ATPase activity 3148150 This stimulation is in part attribut-
able to Vtal promoting Vps4 oligomerization, and determi-
nation of the structure of the Vtal VSL region that mediates
stimulation suggests a possible mechanism.#815! The VSL
region forms a homodimer with two surfaces on opposite
sides that have been implicated in binding the Vps4
domains, an insert in the AAA+ domain unique to
Vps44e151sz (Figure 4); by concurrently contacting
domains extending from the upper and lower rings of the
Vps4 oligomer, Vtal may stabilize the oligomeric form. This
mechanism suggests that the Vtal-Vps4 complex may be
stable throughout multiple rounds of ATP hydrolysis. The
second series of observations contradicting V ps4 dissociation
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during the ATPase cycle are the cryo-electron microscopy
reconstructions. This study indicated that the two rings of
the Vps4 dodecamer adopt distinct conformations.*** This
asymmetry is similar to the structures observed with type 2
AAA-+ proteins, wherein one ring serves to stabilize oligo-
merization while the second ring more rapidly hydrolyzes
ATPto remodel substrates. This similarity suggeststhat ATP
hydrolysis may occur differentially across the rings of the
Vps4 oligomer and may thus stabilize the oligomeric form.
Studies of the type 1 AAA+ protein ClpX also support the
model of amore stable oligomeric form of Vps4. The active
ClpX normally comprises six monomers. However, the
subunit composition required for ClpX unfolding activity has
been addressed by expressing covalently linked subunits.'>®
Even a single active subunit within the AAA+ ring was
sufficient to exhibit ClpX ATP hydrolysis and unfolding
activities, indicating that concerted ATP hydrolysis through-
out the AAA+ ring is not required for ClpX function. This
observation suggests that concerted ATP hydrolysis may aso
not be required within other AAA+ ATPases, including
Vps4. However, these observations will need to be reconciled
with the result that an ATPase-deficient form of Vps4 acts
as a dominant negative in vivo.’3¥'>* These studies imply
that the Vtal-V ps4 oligomer does not dissociate itself during
ATP hydrolysis and ESCRT release, but this feature has not
been explicitly addressed.

The amino-terminal MIT (microtubule interacting and
transport/trafficking) domain of Vps4 plays a critical role
coordinating Vps4 interaction with ESCRT-111 and stimula-
tion of Vps4 activity. The MIT domain isfound in a number
of trafficking proteins, including proteins involved in MVB
sorting such as the deubiquitinating enzymes AMSH and
UBPY 1471557157 gtrycture determination of the Vps4 MIT
domain revealed a three-helix bundle reminiscent of an
incomplete Tetratricopeptide-like repeat (TPR).1%61% TPR
motifs are protein—protein interaction modules that contain
two antiparallel a-helices connected by a small hinge and
are often found in multiple copies.'> Several ESCRT-I1I core
and accessory subunits have been described to bind Vps4
viathe MIT domain in both yeast and mammals, including
Did2/CHMP1, Vps2/CHMP2, and V ps20/CHM Pg31:33:35:134.156
(Figure 4). For both Did2 and Vps2, a MIT-interaction motif
(MIM1) present in the carboxyl-terminus mediates interaction
with Vps4.3% However, adistinct motif (MIM2) in the loop
between the fourth and fifth a-helices mediates the Vps20-
Vps4 interaction.3* MIT-MIM interactions are required for
Vps4 function in vivo, as mutations in Vps4 that disrupt
either of these interactions disrupt Vps4 function. However,
MIM1 and MIM?2 interactions appear to contribute to Vps4
function in distinct manners. Crystal structures of MIT-MIM
complexes yielded two surprising results. First, although the
MIT domain resembles three helices of the TPR structure,
the MIM elements do not complete the TPR 4-helix bundle.
The MIM1 helix binds across the MIT rather than in a
parallel or antiparallel manner,3% while the MIM2 binds
as an extended strand rather than as a helix.3! The second
surprising finding was that the MIT interaction surfaces for
MIM1 and MIM2 are distinct. The Vps4 MIT a2-3 surface
mediates MIM1 binding for Did2 and Vps2 interactions,
while the MIT al1-3 surface binds Vps20 MIM2. These
distinct interactions correlate with the differential abilities
of Vps2, Did2, and Vps20 to regulate Vps4 ATPase activity:
Vps2 and Did2 stimulate Vps4 ATPase activity in a MIT-
dependent manner, while the Vps20-V ps4 interaction has not
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been demonstrated to enhance ATPase activity.?® This
distinction suggests that Vps4 MIT interactions with MIM 1
and MIM2 have discrete consequences with only MIM1
facilitating stimulation of Vps4 ATP hydrolysis.

3.3. Modulation of Vps4
3.3.1. Stimulation by Vtai/Lip5

The Vps4 activator Vtal/Lip5 aso harbors 2 MIT-like
domains (MIT1 and 2) in its amino-terminus that contribute
to stimulation of Vps4.215! Vtal and Lip5 bind to the
ESCRT-III subunits CHMP5/V ps60 and CHMP1/Did2, while
Lip5 has been observed to bind CHMP2/V ps2 and CHM P3/
Vps24 as wel|293234.106.148,160.161 (Eigure 4). Did2 and Vps2
harbor MIM1 elements in their carboxyl-termini, and the
Vtal-Did2 and Lip5-CHMP1 interactions have been mapped
to this region.?®>** While Vps4 and Vtal/Lip5 can compete
for Did2 binding,3 additional analyses suggest that these
binding elements may be discrete.® Consistent with thisidea,
Vps4d MIT domain surface residues implicated in MIM1
binding are not conserved within the Vtal/Lip5 MIT2
binding surface®® This Vtal MIT2 doman has been
implicated in binding to both the Did2 carboxyl-terminus
and the Vps60 a4-a5 region, and these interactions enhance
Vtal activation of Vps4 ATPase activity.?>*®! The stoichi-
ometry of Vtal-Vps4 binding appears to be 1:2,* suggesting
that the Vtal-Vps4 oligomer contains 12 Vps4 MIT domains
and an additional 12 MIT-like domains contributed by 6 Vtal
molecules. ESCRT-III binding to these MIT domains can
enhance Vtal-Vps4 ATPase activity either directly or via
Vtal.®

3.3.2. Positive and Negative Regulation by Ist1

Did2 can stimulate Vps4 ATPase activity through binding
both Vtal and Vps4 MIT domains, but Did2 may also
modulate V ps4 activity through the recruitment of |st1.162163
Istl has been implicated as a regulator of MVB sorting,
although the mechanisms are unclear. While Istl is not
required for MVB sorting, loss of Istl in conjunction with
loss of Vtal or Vps60 disrupts the process. 62163 In addition,
overexpression of Istl can compromise MVB sorting.62
These observations suggested that Istl can function as a
negative regulator of MVB sorting, and biochemical char-
acterization supports this model. Ist1 can bind to Vps4, and
this interaction inhibits Vps4 oligomerization and ATPase
activity.'®2 This activity contrasts with the ability of Vtal to
stimulate Vps4 through promoting oligomerization, and
coincubation of 1st1, Vtal, and Vps4 resultsin Ist1 inhibition
of both Vtal-Vps4 interaction and Vtal-stimulated Vps4
ATPase activity.'®? However, Ist1 also appears to contribute
to Vps4 endosomal |ocalization.'®? These observations sug-
gest that Istl may provide both positive and negative
regulatory roles toward Vps4 in the MVB sorting pathway.
One explanation for the striking complexity of these interac-
tions is to alow for fine-tuning of Vps4 function through
protein localization as well as stimulation of ATPase activity.
Vps20 and the Did2-1st1 complex may promote recruitment
of Vps4 without stimulating Vps4 ATPase activity.2931162
Vps4 alone has alow level of ATPase activity,'*® but Vps4
can interact with both Vps2 and Did2, which stimulate its
activity directly.?® Vtal association with Vps4 aso stimul ates
VpsA activity, and the Did2-Vtal interaction can enhance
this stimulation.?*32%8 Finally, Vps60, which requires Vtal
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for endosomal localization, can also stimulate Vps4 activity
through Vtal.?® These interactions could thus regulate the
disassembly of the ESCRT-III subunits from the membrane
to permit completion of ILV formation and MVB sorting.

4. Concluding Remarks

The MVB sorting process plays a critical rolein facilitating
the degradation of membrane proteins within the hydrolytic
lumen of the lysosome/vacuole. In the past 10 years, the basic
framework by which this process occurs has been elucidated.
However, there are still many questions that remain unre-
solved concerning the mechanisms mediating efficient cargo
recognition and ILV formation. Recent studies have helped
to expand and refine our understanding of MVB sorting,
including the following:

(1) While the major signal for cargo inclusion into the
MVB pathway is ubiquitination (recognized by ubiquitin-
binding domains within the MVB sorting machinery),
additional sorting signals have been uncovered that can reside
in the cytoplasmic, transmembrane, or lumena domains of
MVB cargoes.

(2) While the predominant roles of ubiquitin ligases are
ubiquitination of MV B cargoes, ubiquitin ligases may also
contribute to MVB sorting by physicaly linking cargo to
components of the MVB sorting machinery.

(3) The physical associations of ubiquitin ligases with
deubiquitinating enzymes suggest both that these opposing
activities are coordinated and that cargo ubiquitination may
be more dynamic than previously appreciated.

(4) The identification of an additional, accessory subunit
of ESCRT-I (Mvb12) suggests that cargo recognition may
be regulated to alter flux into the MVB system.

(5) The assembly of ESCRT-II1 into polymers appears to
be linked to membrane deformations consistent with MVB
sorting; however, Vps4 ATPase activity is required to
complete this process. The stimulation of Vps4 activity is
regulated by ESCRT-III and the ESCRT-IlI-interacting
factors Vtal and Ist1, suggesting that ESCRT-I11 assembly
and disassembly are coordinated to complete ILV formation
and MVB sorting.

5. Acknowledgments

We would like to apologize to those researchers whose
related work we were not able to cite in this review. We
would also like to thank the members of the Horazdovsky
and Katzmann laboratories for stimulating conversations,
Ishara Azmi, Bruce Horazdovsky, Zhaohui Xu, and Markus
Babst for discussions of Vps4 function, and Andrew Norgan
for helpful comments regarding this manuscript. This work
was supported by RO1 GM73024 to D.JK.

6. References

(1) Tanaka, N.; Kyuuma, M.; Sugamura, K. i. 2008, 99, 1293.

(2) Piper, R. C.; Katzmann, D. J. & 2007, 23,
519.

(3) Slagsvold, T.; Pattni, K.; Malerod, L.; Stenmark, H. jiisioSaai.
2006, 16, 317.

(4) Gruenberg, J; Maxfield, F. R. | . 1995. 7, 552.

(5) Calistri, A.; Salata, C.; Parolin, C.; Palu, G. inemidesingl. 2008,
19, 31.

(6) Martin-Serrano, J. Iraffic 2007, 8, 1297.

(7) Spitzer, C.; Schellmann, S.; Sabovljevic, A.; Shahriari, M.; Ke-
shavaiah, C.; Bechtold, N.; Herzog, M.; Muller, S.; Hanisch, F. G,;
Hulskamp, M. Iesskaaiaeel 2006, 133, 4679.

(8) Carlton, J. G.; Martin-Serrano, J. Sgignce 2007, 316, 1908.



Membrane Protein Targeting to the MVB/Lysosome

(9) Morita, E.; Sandrin, V.; Chung, H. Y.; Morham, S. G.; Gygi, S. P,;
Rodesch, C. K.; Sundquist, W. |. EMBQ.]. 2007, 26, 4215.
(10) Dukes, J. D.; Richardson, J. D.; Simmons, R.; Whitley, P. Biochem.
J. 2007.
(11) Yanagida-lshizaki, Y.; Takei, T.; Ishizeki, R.; Imakagura, H.;
Takahashi, S.; Shin, H. W.; Katoh, Y.; Nakayama, K. (akeaias
. 2008, 33, 91.
(12) Carlton J. G.; Agromayor, M.; Martin-Serrano, J. it
2008 105, 10541.
(13) Lee, H. H.; Elia, N.; Ghirlando, R.; Lippincott-Schwartz, J.; Hurley,
J. H. w 2008, 322, 576.
(14) williams, R. L.; Urbe, S. | I 2007, 8, 355.
(15) Nickerson, D. P.; Russell, M. R.; Odorizzi, G. GhiRaamas. 2007, 8,

644.
(16) Bilodeau, P. S.; Urbanowski, J. L.; Winistorfer, S. C.; Piper, R. C.
4@ 2002, 4, 534.
(17) Bilodeau, P. S.; Winistorfer, S. C.; Kearney, W. R.; Robertson, A. D.;
Piper, R. C. s 2003, 163, 237.

(18) Katzmann, D. J,; Babst, M.; Emr, S. D. Cell 2001, 106, 145.

(19) shih, S. C.; Katzmann, D. J;; Schnell, J. D.; Sutanto, M.; Emr, S. D;
Hicke, L. nifininibmiagl. 2002, 4, 389.

(20) Katzmann, D. J.; Stefan, C. J.; Babst, M.; Emr, S. D. gkl
2003, 162, 413.

(21) Alam, S. L.; Langelier, C.; Whitby, F. G.; Koirala, S.; Robinson,
H.; Hill, C. P.; Sundquist, W. I. . 2006, 13,
1029.

(22) Hierro, A.; Sun, J.; Rusnak, A. S.; Kim, J,; Prag, G.; Enmr, S. D;
Hurley, J. H. Nature 2004, 431, 221.

(23) Im, Y. J; Hurley, J. H. Raumiaall 2008, 14, 902.

(24) Teo, H.; Gill, D. J;; Sun, J; Perisic, O.; Veprintsev, D. B.; Vallis,
Y.; Emr, S. D.; Williams, R. L. Cell 2006, 125, 99.

(25) Teo, H.; Perisic, O.; Gonzalez, B.; Williams, R. L. Rgumiagll 2004,
7, 559.

(26) Babst, M.; Katzmann, D. J.; Estepa-Sabal, E. J.; Meerloo, T.; Emr,
S. D. Rasmaall 2002, 3, 271.

(27) Babst, M.; Katzmann, D. J.; Snyder, W. B.; Wendland, B.; Emr,
S. D. Rasmaall 2002, 3, 283.

(28) Yorikawa, C.; Shibata, H.; Waguri, S.; Hatta, K.; Horii, M.; Katoh,
K.; Kobayashi, T.; Uchiyama, Y.; Maki, M. Rigaagete- 2005, 387,
17.

(29) Azmi, I. F,; Davies, B. A.; Xiao, J.; Babst, M.; Xu, Z.; Katzmann,
D. J Raumiagll 2008, 14, 50.

(30) Babst, M.; Wendland, B.; Estepa, E. J; Emr, S. D. EMBQ.J. 1998,
17, 2982.

(31) Kieffer, C.; Skalicky, J. J;; Morita, E.; De Domenico, |.; Ward, D. M.;
Kaplan, J.; Sundquist, W. |. Raumall 2008, 15, 62.

(32) Lottridge, J. M.; Flannery, A. R.; Vincelli, J. L.; Stevens, T. H. Proc,

. 2006, 103, 6202.

(33) Obita, T.; Saksena, S.; Ghazi-Tabatabai, S.; Gill, D. J.; Perisic, O,;
Emr, S. D.; Williams, R. L. Nature 2007, 449, 735.

(34) Shim, S,; Merrill, S. A.; Hanson, P. |. idieimikaimiagl 2008, 19, 2661.

(35) Stuchell-Brereton, M. D.; Skalicky, J. J.; Kieffer, C.; Karren, M. A;
Ghaffarian, S.; Sundquist, W. |. Nafure 2007, 449, 740.

(36) Sorkin, A.; Von Zastrow, M. . 2002, 3, 600.

(37) Bache, K. G.; Slagsvold, T.; Stenmark, H. EMBQ.J. 2004, 23, 2707.

(38) Ceresa, B. P.; Schmid, S. L. | . 2000, 12, 204.

(39) Di Fiore, P. P.; Gill, G. N. I 1999, 11, 483.

(40) White, I. J.; Bailey, L. M.; Aghakhani, M. R.; Moss, S. E.; Futter,
C. E. EMBQ.J. 2006, 25, 1.

(41) Razi, M.; Futter, C. E. iiitaah 2006, 17, 3469.

(42) Komada, M.; Kitamura, N. ittty 1995 15, 6213.

(43) Bache, K. G.; Raiborg, C.; Mehlum, A.; Madshus, I. H.; Stenmark,
H. m 2002, 269, 3881.

(44) Row, P. E.; Clague, M. J,; Urbe, S. Rigalaae. 2005, 389, 629.

(45) Stern, K. A.; Visser Smit, G. D.; Place, T. L.; Winistorfer, S.; Piper,
R. C,; Lill, N. L. . 2007, 27, 888.

(46) Hicke, L.; Dunn, R. . 2003, 19, 141.

(47) Hicke, L.; Schubert, H. L.; Hill, C. P. | N 2005.
6, 610.

(48) Russel, M. R.; Nickerson, D. P.; Odorizzi, G. il l R
2006, 18, 422.

(49) Hicke, L.; Riezman, H. Cell 1996, 84, 277.

(50) Roth, A. F.; Davis, N. G. ginkeRig. 1996, 134, 661.

(51) Strous, G. J.; van Kerkhof, P.; Govers, R.; Ciechanover, A.; Schwartz,
A. L. EMBQ.]. 1996, 15, 3806.

(52) Futter, C. E.; Pearse, A.; Hewlett, L. J;; Hopkins, C. R. gainikRkal-
1996, 132, 1011.

(53) Levkowitz, G.; Waterman, H.; Zamir, E.; Kam, Z.; Oved, S,
Langdon, W. Y.; Beguinot, L.; Geiger, B.; Yarden, Y. Gagaslagy-
1998, 12, 3663.

(54) Jongeward, G. D.; Clandinin, T. R.; Sternberg, P. W. Gggetics 1995,
139, 1553.

Chemical Reviews, 2009, Vol. 109, No. 4 1585

(55) Yoon, C. H.; Lee, J; Jongeward, G. D.; Sternberg, P. W. Jience
1995, 269, 1102.

(56) Reggiori, F.; Pelham, H. R. EMBQ.J. 2001, 20, 5176.

(57) Urbanowski, J. L.; Piper, R. C. MZOOL 2, 622.

(58) Katzmann, D. J; Sarkar S.; Chu, T.; Audhya, A.; Emr, S. D. Mal,

2004, 15, 468.

(59) Weissman, A. M. . 2001, 2, 169.

(60) Hicke, L. . 2001, 2, 195.

(61) Pickart, C. M.; Fushman, D. . 2004, 8, 610.

(62) Sloper-Mould, K. E.; Jemc, J. C.; Pickart, C. M.; Hicke, L. LBigl,

. 2001, 276, 30483.

(63) Hurley, J. H.; Lee, S; Prag, G. Rigchgited. 2006, 399, 361.

(64) Li, W.; Ye, Y. . 2008, 65, 2397.

(65) Bloom, J.; Amador, V.; Bartolini, F.; DeMartino, G.; Pagano, M.
Cell 2003, 115, 71.

(66) Peng, J;; Schwartz, D.; Elias, J. E.; Thoreen, C. C.; Cheng, D.;
Marsschky G, Roelofs J.; Finley, D Gygi, S. P. m.
2003, 21, 921.

(67) Finley, D.; Sadis, S.; Monia, B. P.; Boucher, P.; Ecker, D. J.; Crooke,
S. T.; Chau, V. - 1994, 14, 5501.

(68) Biederer, T.; Volkwein, C.; Sommer, T. EMBQ.]. 1996, 15, 2069.

(69) Jarosch, E.; Taxis, C.; Volkwein, C.; Bordalo, J.; Finley, D.; Wolf,
D. H.; Sommer, T. . 2002, 4, 134.

(70) Ward, C. L.; Omura, S;; Kopito, R. R. Cell 1995, 83, 121.

(71) Galan, J. M.; Haguenauer-Tsapis, R. EMBQ.]. 1997, 16, 5847.

(72) Kim,H. T, K|m K. P; Lledias, F.; Kisselev, A. F.; Scaglione, K. M.;
Skowyra, D Gygl S. P Goldberg, A. L. m 2007, 282
17375.

(73) Reggiori, F.; Pelham, H. R. hifimingkaitil 2002, 4, 117.

(74) Morvan, J.; Froissard, M.; Haguenauer-Tsapis, R.; Urban-Grimal,
D. Iraffic 2004, 5, 383.

(75) Mosesson, Y.; Shtiegman, K.; Katz, M.; Zwang, Y.; Vereb, G,;
Szollosi, J.; Yarden, Y. " 2003 278, 21323,

(76) Umebayashl K.; Stenmark, H.; Yoshlmorl T. MiSeEiaaaal 2008,

19, 3454.

(77) Huang, F.; Kirkpatrick, D.; Jiang, X.; Gygi, S.; Sorkin, A. MalCall
2006, 21, 737.

(78) Barriere, H.; Nemes, C.; Du, K.; Lukacs, G. L. jsiaiiitimingl 2007,
18, 3952.

(79) McNatt, M. W.; McKittrick, I.; West, M.; Odorizzi, G. Mala3igh
Cell 2007, 18, 697.

(80) Oestreich, A. J; Aboian, M.; Lee, J; Azmi, I.; Payne, J,; Issaka, R.;
Davies, B. A.; Katzmann, D.J. M 2007, 18 707.

(81) Watson, H.; Bon|fac|n0 J. S. Miskeitishmingd 2007, 18, 1781.

(82 StaNiecka—Mirota, M.; Pokrzywa, W.; Morvan, J.; Zoladek, T,
Haguenauer-Tsapis, R.; Urban-Grimal, D.; Morsomme, P. Iraffic
2007, 8, 1280.

(83) Zhadina, M.; McClure, M. O.; Johnson, M. C.; Bieniasz, P. D. Proc.

. 2007, 104, 20031.

(84) Bache, K. G.; Brech, A.; Mehlum, A.; Stenmark, H. delaglaligl.
2003, 162, 435.

(85) Pornillos, O.; Higginson, D. S,; Stray, K. M.; Fisher, R. D.; Garrus,
J. E.; Payne, M.; He, G. P.; Wang, H. E.; Morham, S. G.; Sundquist,
W. I. M 2003, 162 425,

(86) Elbein, A. D.; Pan, Y. T.; Pastuszak, |.; Carroll, D. alaaiiakag
2003, 13, 17R.

(87) Huang, J.; Reggiori, F.; Klionsky, D. J. iiStkiagd 2007, 18,
2511.

(88) Hettema, E. H.; Valdez-Taubas, J.; Pelham, H. R. EMBQ . 2004,
23, 1279.

(89) Raposo, G.; Marks, M. S. . 2007, 8, 786.

(90) Raposo, G.; Tenza, D.; Murphy, D. M.; Berson, J. F.; Marks, M. S.

. 2001, 152, 809.
(91) Berson, J. F Harper, D. C.; Tenza, D.; Raposo, G.; Marks, M. S.
2001, 12, 3451,

(92) Theos, A. C.; Truschel, S. T.; Tenza, D.; Hurbain, |.; Harper, D. C,;
Berson, J. F.; Thomas, P. C.; Raposo, G.; Marks, M. S. RezaCgll
2006, 10, 343.

(93) Bernassola, F.; Karin, M.; Ciechanover, A.; Melino, G. aaaasinil
2008, 14, 10.

(94) Fang, S,; Lorick, K. L.; Jensen, J. P.; Weissman, A. M. gaiiitainaiaask
Bial. 2003, 13, 5.

(95) Marmor, M. D.; Yarden, Y. 2004, 23, 2057.

(96) Dunn, R,; Klos, D. A.; Adler, A. S.; Hicke, L. dalagliaRigl. 2004,
165, 135.

(97) Lu, C,; Pribanic, S.; Debonneville, A.; Jiang, C.; Rotin, D. Jraffic
2007, 8, 1246.

(98) Leon, S.; Erpapazoglou, Z.; Haguenauer-Tsapis, R. ifgiaitiamingll
2008, 19, 2379.

(99) Sullivan, J. A.; Lewis, M. J.; Nikko, E.; Pelham, H. R. Mgl _Bigh
Cell 2007, 18, 2429.

(100) Harvey, K. F.; Shearwin-Whyaitt, L. M.; Fotia, A.; Parton, R. G,;
Kumar, S. deliiabelbgs. 2002, 277, 9307.



1586 Chemical Reviews, 2009, Vol. 109, No. 4

(101) Komada, M. . 2008, 5, 78.
(102) Amerik, A.Y.; Nowak, J.; Swaminathan, S.; Hochstrasser, M. Mol,
2000 11, 3365.
(103) Dupre, S.; Haguenauer-Tsapis, R. . 2001, 21, 4482.
(104) Losko, S.; Kopp, F.; Kranz, A.; Kalling, R. m 2001,
12, 1047.
(105) Odorizzi, G.; Katzmann, D. J,; Babst, M.; Audhya, A.; Emr, S. D.
a. 2003, 116, 1893.
(106) Bowers, K.; Lottridge, J.; Helliwell, S. B.; Goldthwaite, L. M.; Luzio,
J. P.; Stevens, T. H. Iraffic 2004, 5, 194.
(107) Luhtala, N.; Odorizzi, G. duingkeRigh 2004, 166, 717.
(108) Nikko, E.; Andre, B. i 2007, 6, 1266.
(109) Richter, C.; West, M.; Odorizzi, G. EMBQ.]. 2007, 26, 2454.
(110) Nikko, E.; Andre, B. Iraffic 2007, 8, 566.
(111) Ren,J; Kee, Y.; Huibregtse, J. M.; Piper, R. C. iigiititinagh 2007,
18, 324.
(112) Kee, Y.; Lyon, N.; Huibregtse, J. M. EMBQ.J 2005, 24, 2414.

(113) Kee, Y.; Munoz, W Lyon, N.; Huibregtse, J. M. jitifinisiae.
2006, 281 36724.

(114) Chu, T.; Sun, J; Saksena, S.; Emr, S. D. ingkmiial. 2006, 175,
815.

(115) Curtiss, M.; Jones, C.; Babst, M. 2007, 18, 636.

(116) Kostelansky, M. S.; Schiuter, C.; Tam, Y. Y.; Lee, S.; Ghirlando,
R.; Beach, B.; Conibear, E.; Hurley, J. H. Cell 2007, 129, 485.

(117) Oestrewh A. J Davies, B. A.; Payne, J. A, Katzmann, D. J. Mol,

2007, 18, 646.

(118) Gill, D. J; Teo, H.; Sun, J; Perisic, O.; Veprintsev, D. B.; Enr,
S. D WiIIiams, R L. . 2007, 26, 600.

(119) Babst, M.; Odorizzi, G.; Estepa, E. J.; Emr, S. D. Jraffic 2000, 1,
248.

(120) Kostelansky, M. S.; Sun, J.; Lee, S.; Kim, J.; Ghirlando, R.; Hierro,
A.; Emr, S. D, Hurley JH. Cell 2006 125 113.

(1212) POI’n|||OS,O Alam SL,; Rlch R.L.; Myszka, D. G.; Davis, D. R;;
Sundquist, W. I. ﬂm 2002, 21, 2397,

(122) Teo, H.; Veprintsev, D. B.; Williams, R. L. jiifiisia 2004,

279, 28689.

(123) PaIenma,A Martinez, J. C.; Mateo, P. L.; Luque, |.; Camara-Artigas,

2006, 62, 458,

(124) Sundqwst W. |.; Schubert, H. L.; Kelly, B. N.; Hill, G. C.; Halton,
J. M.; Hill, C. P. 2004, 13, 783.

(125) Audhya, A.; McLeod, I. X.; Yates, J. R.; Oegema, K. Blas-aas
2007, 2, €956.

(126) Morita, E.; Sandrin, V.; Alam, S. L.; Eckert, D. M.; Gygi, S. P;
Sundquist, W. 1. ] 2007, 2, 41.

(127) Leung, K. F.; Dacks, J. B.; Field, M. C. Iraffic 2008, 9, 1698.

(128) Konishi, H.; Tashlro K. Murata, Y.; Nabeshi, H.; Yamauchi,
Taniguchi, H M 2006, 281 28919.

(129) Fuijii, K; Hurley, J. H.; Freed, E. O. RN 2007, 5,
912.

(130) von Schwedler, U. K.; Stuchell, M.; Muller, B.; Ward, D. M.; Chung,
H.Y.; Morita, E.; Wang, H. E.; Davis, T.; He, G. P.; Cimbora, D. M.;
Scott, A.; Krausslich, H. G.; Kaplan, J,; Morham, S. G.; Sundquist,
W. 1. CeII 2003, 114, 701.

(1312) Fisher, R. D.; Chung, H. Y; Zhai, Q.; Robinson, H.; Sundquist, W. I.;
Hill, C. P. CeII 2007, 128, 841.

(132) Muziadl, T,; ‘Pineda-Molina, E.; Ravelli, R. B.; Zamborlini, A.; Usami,
Y.; Gottlinger, H.; Weissenhorn, W. 2006, 10, 821.

(133) Horii, M.; Shibata, H.; Kobayashi, R.; Katoh, K.; Yorikawa, C.;
Yasuda, J.; Maki, M . 2006, 400, 23.

(134) Nickerson, D. P.; West, M.; Odorizzi, G. gaimikmem. 2006, 175,
715.

(135) Hanson, P. I.; Roth, R.; Lin, Y.; Heuser, J. E. gulagileigl. 2008,
180, 389.

Davies et al.

(136) Ghazi-Tabatabai, S.; Saksena, S.; Short, J. M.; Pobbati, A. V.;
Veprintsev, D. B.; Crowther, R. A.; Emr, S. D.; Egelman, E. H.;
Williams, R. L. Sughire 2008, 16, 1345.

(137) Lata, S; Schoehn, G.; Jain, A.; Pires, R.; Piehler, J.; Gottlinger, H. G,;
Weissenhorn, W. giegce 2008, 321, 1354.

(138) Babst, M.; Sato, T. K.; Banta, L. M.; Emr, S. D. EMBQ.J. 1997, 16,
1820.

(139) Hanson, P. I.; Whiteheart, S. W. | NN 2005. 6,
519.

(140) White, S. R; Lauring, B. Jraffic 2007, 8, 1657.

(141) Briggs, L. C.; Badwin, G. S.; Miyata, N.; Kondo, H.; Zhang, X.;
Freemont, P. S. daitisiainiigs 2008, 283, 13745.

(142) Rouiller, 1.; DeLaBarre, B.; May, A. P.; Weis, W. |.; Brunger, A. T.;
Milligan, R. A.; Wilson-Kubalek, E. M. giiausimgl. 2002, 9,
950.

(143) Pye, V. E.; Dreveny, |.; Briggs, L. C.; Sands, C.; Beuron, F.; Zhang,
X.; Freemont, P. S. i@ 2006, 156, 12.

(144) Yu, Z.; Gonciarz, M. D.; Sundquist, W. 1.; Hill, C. P.; Jensen, G. J.

il 2008, 377, 364.

(145) Gonciarz, M. D.; Whitby, F. G.; Eckert, D. M.; Kieffer, C.; Heroux,
A.; Sundquist, W. I.; Hill, C. P. J. Mol. Biol. 2008.

(146) Hartmann, C.; Chami, M.; Zachariae, U.; de Groot, B. L.; Engel,
A.; Grutter, M. G. gabdglaiRigl. 2008, 377, 352.

(147) Ciccardlli, F. D.; Proukakis, C.; Patel, H.; Cross, H.; Azam, S.; Patton,
M. A.; Bork, P.; Crosby, A. H. Ggagaises 2003, 81, 437.

(148) Azmi, |.; Davies, B.; Dimaano, C.; Payne, J.; Eckert, D.; Babst, M.;

Katzmann, D. J. . 2006, 172, 705.
(149) Vajjhala, P. R.; Wong, J. S;; To, H. Y.; Munn, A. L. EEBS.]. 2006,
273, 2357.

(150) Haas, T. J; Sliwinski, M. K.; Martinez, D. E.; Preuss, M.; Ebine,
K.; Ueda, T.; Nielsen, E.; Odorizzi, G.; Otegui, M. S. RlagiCall
2007, 19, 1295.

(151) Xiao, J; Xia, H.; Zhou, J.; Azmi, |. F.; Davies, B. A.; Katzmann,
D. J; Xu, Z. 2008, 14, 37.

(152) Scott, A.; Chung, H. Y.; Gonciarz-Swiatek, M.; Hill, G. C.; Whitby,
F. G.; Gaspar, J.; Holton, J. M.; Viswanathan, R.; Ghaffarian, S;;
Hill, C. P.; Sundquist, W. I. EMBQ.J. 2005, 24, 3658.

(153) Martin, A.; Baker, T. A.; Sauer, R. T. Nafure 2005, 437, 1115.

(154) Bishop, N.; Woodman, P. i 2000, 11, 227.

(155) Row, P. E.; Liu, H.; Hayes, S.; Welchman, R.; Charalabous, P.;
Hofmann, K.; Clague, M. J.; Sanderson, C. M.; Urbe, S. J_Bigl

. 2007, 282, 30929.

(156) Scott, A.; Gaspar, J.; Stuchell-Brereton, M. D.; Alam, S. L.; Skalicky,
J.J; Sundquist, W. I. . 2005, 102, 13813.

(157) Tsang, H. T.; Connell, J. W.; Brown, S. E.; Thompson, A.; Reid, E.;
Sanderson, C. M. Ggagmics 2006, 88, 333.

(158) Takasu, H.; Jee, J. G.; Ohno, A.; Goda, N.; Fujiwara, K.; Tochio,
1 Sk . Firos, H. IR

2005 334, 460.
(159) Blatch, G. L.; Lassle, M. Bigessays 1999, 21, 932.
(160) Shiflett, S. L.; Ward, D. M.; Huynh, D.; Vaughn, M. B.; Simmons,
J. C.; Kaplan, J. gitiiimiags. 2004, 279, 10982.
(161) Ward, D. M.; Vaughn, M. B.; Shiflett, S. L.; White, P. L.; Pollock,
A. L.; Hill, J; Schnegelberger, R.; Sundquist, W. |.; Kaplan, J. L Bigl,
. 2005, 280, 10548.
(162) Dimaano, C.; Jones, C. B.; Hanono, A.; Curtiss, M.; Babst, M. Mol
2008 19, 465.
(163) Rue, S. M.; Maittei, S.; Saksena, S.; Emr, S. D. pigkaitiSingd 2008,
19, 475.

CR800473S





