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In Saccharomyces cerevisiae, integral plasma membrane proteins destined for degradation and certain vacuolar membrane
proteins are sorted into the lumen of the vacuole via the multivesicular body (MVB) sorting pathway, which depends on
the sequential action of three endosomal sorting complexes required for transport. Here, we report the characterization of
a new positive modulator of MVB sorting, Ist1. We show that endosomal recruitment of Ist1 depends on ESCRT-III.
Deletion of IST1 alone does not cause cargo-sorting defects. However, synthetic genetic analysis of double mutants of IST1
and positive modulators of MVB sorting showed that ist1� is synthetic with vta1� and vps60�, indicating that Ist1 is also
a positive component of the MVB-sorting pathway. Moreover, this approach revealed that Ist1-Did2 and Vta1-Vps60
compose two functional units. Ist1-Did2 and Vta1-Vps60 form specific physical complexes, and, like Did2 and Vta1, Ist1
binds to the AAA-ATPase Vps4. We provide evidence that the ist1� mutation exhibits a synthetic interaction with
mutations in VPS2 (DID4) that compromise the Vps2-Vps4 interaction. We propose a model in which the Ist1-Did2 and
Vta1-Vps60 complexes independently modulate late steps in the MVB-sorting pathway.

INTRODUCTION

The multivesicular body (MVB) sorting pathway directs the
down-regulation of proteins such as cell surface receptors by
sorting these membrane proteins into vesicles that bud into
the endosomal lumen. On fusion of late endosomes/MVBs
with the vacuole (the yeast equivalent of the lysosome),
these vesicles and their associated cargo proteins are deliv-
ered to the lumen of the vacuole. In yeast, this process sorts
both endocytic and biosynthetic cargo proteins to the vacu-
ole. Plasma membrane proteins can be down-regulated via
endocytosis and MVB pathway-dependent vacuolar degra-
dation. Monoubiquitination of membrane cargo proteins ap-
pears to be the major sorting signal in the MVB pathway
(reviewed in Hicke and Dunn, 2003; Katzmann et al., 2002).

MVB sorting has implications in several human disease–
related processes, including carcinogenesis and viral bud-
ding (reviewed in Saksena et al., 2007) and Katzmann et al.,
2002). Down-regulation of signaling receptors such as EGFR
requires the proper function of the MVB pathway (Katz-
mann et al., 2002; Raiborg et al., 2003), and enveloped viruses

such as HIV hijack the MVB-sorting machinery for budding
from the plasma membrane, a process that is topologically
equivalent to budding into MVBs (Demirov and Freed, 2004;
Morita and Sundquist, 2004). MVB-sorting studies, particu-
larly those aimed at the identification of new components,
often use the budding yeast S. cerevisiae as a model because
of the ease of yeast genetic manipulation. These studies are
also very applicable to human biology, as both the mecha-
nisms by which the pathway proceeds and the components
involved appear to be well conserved from yeast to humans
(reviewed in Saksena et al., 2007; Katzmann et al., 2002;
Hurley and Emr, 2006; Williams and Urbe, 2007).

Almost all of the protein components that function in the
MVB-sorting pathway were originally identified in yeast
genetic screens for mutants defective in vacuolar protein
sorting (vps mutants; Saksena et al., 2007 and Hurley and
Emr, 2006). Mutants identified in these screens that lack MVB
pathway components have subsequently been grouped to-
gether as “class E” vps mutants based on the formation of an
aberrant enlarged endosomal compartment called a class E
compartment (Raymond et al., 1992).

MVB sorting is initiated by binding of the Vps27-Hse1
complex to phosphatidylinositol 3-phosphate on endosomal
membranes and subsequently to ubiquitin on endosomal
cargo proteins (Katzmann et al., 2003). Vps27-Hse1 then
initiates the sequential endosomal recruitment of three en-
dosomal sorting complexes required for transport (ESCRT-I,
-II, and -III), which function to sort cargo into vesicles that
ultimately bud into the lumen of the MVB (reviewed in
Saksena et al., 2007; Babst, 2005; Hurley and Emr, 2006;
Slagsvold et al., 2006; Williams and Urbe, 2007). ESCRT-III is
unique among these protein complexes in that its core com-
ponents Vps20, Snf7, Vps2 (also known as Did4), and Vps24
are monomeric in the cytosol. Once recruited to the endoso-
mal membrane, they form two subcomplexes: Vps20-Snf7
and Vps2-Vps24 (Babst et al., 2002a). The Vps2-Vps24 sub-
complex recruits the AAA (ATPase associated with a variety
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of cellular activities)-ATPase Vps4 to endosomes (Babst et
al., 2002a) via a recently characterized interaction between
the MIT (microtubule interacting and trafficking) domain of
Vps4 and the MIM (MIT-interacting motif) of Vps2 (Obita et
al., 2007). Vps4 forms a multimeric (probably dodecameric)
complex by coassembly with Vta1, a regulator that also
stimulates the ATPase activity of the Vps4 complex (Scott et
al., 2005a; Azmi et al., 2006; Lottridge et al., 2006). The Vps4
complex acts late in the MVB-sorting pathway, releasing
ESCRT-III components from the endosomal membrane back
into the cytoplasm so that additional sorting cycles can occur
(Babst et al., 1998).

In yeast, the core components of the MVB-sorting machin-
ery are Vps27-Hse1, the proteins that form the three ESCRT
complexes, and Vps4. In addition, there are more peripher-
ally associated proteins that may play somewhat less essen-
tial roles in the pathway, including the positive modulators
Mvb12, Did2, Vta1, and Vps60. Although Mvb12 is an
ESCRT-I subunit that modulates interactions with ESCRT-II
(Chu et al., 2006; Curtiss et al., 2007; Oestreich et al., 2007),
Did2, Vta1, and Vps60 likely are recruited and function
much later in the MVB-sorting pathway. Did2 is a modula-
tor of ESCRT-III dissociation from endosomes by Vps4 and
is recruited by the Vps2-Vps24 subcomplex of ESCRT-III
(Nickerson et al., 2006). The Vps4-activating protein Vta1 is
thought to be recruited to endosomes by Vps4 itself and
coassembles into the Vps4 complex (Scott et al., 2005a; Azmi
et al., 2006). Vps60 is largely uncharacterized, but it could
potentially be recruited by Vps4 along with Vta1, as it has
been shown to bind to Vta1 in vivo (Bowers et al., 2004;
Shiflett et al., 2004; Azmi et al., 2006). In this study, we report
the identification and characterization of Ist1, a novel posi-
tive component of the MVB-sorting pathway that forms a
complex with Did2.

MATERIALS AND METHODS

Yeast Strains and Plasmid Construction
Standard techniques and media were used for yeast and bacterial manipula-
tions. Yeast strains used in this study are listed in Supplementary Table 1. The
Longtine method (Longtine et al., 1998) was used to introduce gene deletions
and epitopes into yeast by homologous recombination. Plasmids used in this
work are described in Supplementary Table 2. Cloning of each gene was
performed as described in Supplementary Table 2 by PCR from SEY6210
genomic DNA unless otherwise indicated using KOD Hot Start DNA Poly-
merase (Novagen, Madison, WI) and subsequent ligation into the designated
expression vector with T4 DNA ligase (Fermentas, Glen Burnie, MD). The
cloning vectors pRS415 (see Supplementary Table 2) and pRS416 (see below)
are described in Sikorski and Hieter (1989). Fluorescent protein fusion vectors
pBP73-C and pBP88-A2 were generous gifts from Dr. William Parrish (The
Feinstein Institute for Medical Research, Manhasset, NY). Briefly, pBP73-C is
pRS416 with the CPY1 promoter cloned at SacI-XbaI and GFP at XbaI-BamHI.
The mRFP fusion vector pBP88-A2 is pRS416 with the ADH1 promoter cloned
at SacI-XbaI and mRFP at XbaI-BamHI. The bacterial expression vector
pGEX6P-1 is from GE Healthcare (Piscataway, NJ); pET-23b and pET-23d are
from Novagen. To create the bacterial GST-Ist1 expression vector pSM7, a
PCR fragment containing IST1 lacking its intron was generated using a 5�
primer that contained the entire first exon of IST1 and annealed to the
sequence at the beginning of the second exon and a 3� primer that annealed
to the 3� end of IST1. To prevent annealing of the 5� primer to multiple sites
in IST1, pSR65 [IST1 and its promoter cloned into pRS415 at NotI(5�)-XhoI(3�)]
digested with NotI and BglII to remove the first exon was used as a template
for this PCR reaction. The coding regions of all plasmids were completely
sequenced to ensure that no mutations were introduced in the cloning pro-
cess.

Microscopy
Living cells expressing fluorescent fusion proteins were grown in minimal
media to an A600 of 0.3–0.6. Some were stained with FM4-64 as previously
described for visualization of the vacuolar membrane or class E compartment
(Vida and Emr, 1995). Microscopy was performed using a fluorescence mi-
croscope (DeltaVision RT; Applied Precision, Issaquah, WA) equipped with
fluorescein isothiocyanate and rhodamine filters. Images were captured with

a digital camera (Cool Snap HQ; Photometrics, Tucson, AZ) and deconvolved
using softWoRx 3.5.0 software (Applied Precision).

Subcellular Fractionation
Twenty A600 equivalents of yeast cells were spheroplasted and lysed in 4.3 ml
ice-cold phosphate-buffered saline (PBS) containing 0.1 mM AEBSF, 0.1 mM
chymostatin, 1 �M pepstatin A, and protease inhibitor cocktail (Complete
EDTA-free, Roche, Indianapolis, IN). Aliquots of lysates (1 ml) were pre-
cleared for 5 min at 500 � g and then centrifuged at 13,000 � g for 10 min at
4°C to generate pellet (P13) and supernatant (S13) fractions. The S13 fraction
(1 ml) was centrifuged at 100,000 � g for 1 h at 4°C in a Beckman TL-100
ultracentrifuge (Fullerton, CA), resulting in the S100 and P100 fractions.
Protein samples from each fraction were TCA-precipitated and acetone-
washed. Fractions and 5% input controls were resolved on a 12% SDS-PAGE
gel and immunoblotted using monoclonal antibodies against the control
proteins 3-phosphoglycerate kinase (PGK, mAb 22C5, Invitrogen, Carlsbad,
CA), alkaline phosphatase (ALP, mAb 1D3, Invitrogen), and Pep12 (mAb 2C3,
Invitrogen). An anti-FLAG mAb (M2, Sigma-Aldrich, St. Louis, MO) was used
for detection of tagged Ist1.

Electron Microscopy
Samples were prepared and processed exactly as described in Efe et al. (2005).

Protein Expression and Purification
BL21(DE3)pLys cells (Novagen) transformed with protein expression plas-
mids were grown at 37°C to an A600 of 0.8. Protein expression was induced by
addition of IPTG to 1 mM for all plasmids except GST-Did2 (0.3 mM) and
incubation at 25°C for 5 h. For cells expressing glutathione S-transferase (GST)
fusion proteins, cell pellets were resuspended in PBS lysis buffer containing
protease inhibitor cocktail (Complete EDTA-free, Roche) and lysed by soni-
cation. Lysates were clarified by centrifugation (45 min, 10,000 � g), and
GST-tagged proteins were purified using glutathione Sepharose 4B (GE
Healthcare). After two washes with buffer A (50 mM Tris, pH 7.5, 2 mM
dithiothreitol [DTT]) and two washes with buffer B (50 mM Tris, pH 7.5, 200
mM NaCl, 5 mM �-mercaptoethanol), GST fusion proteins were eluted with
buffer C (50 mM Tris, pH 8.5, 10 mM reduced glutathione, 2 mM �-mercap-
toethanol).

For cells expressing His6 fusion proteins, cell pellets were resuspended in
extraction buffer (50 mM Tris pH 7.5, 300 mM NaCl) with protease inhibitors
and lysed by sonication. Lysates were clarified, and proteins were purified
using Ni-NTA agarose (QIAGEN, Valencia, CA). After several washes in
buffer D (50 mM Tris, pH 7.5, 300 mM NaCl, 20 mM �-mercaptoethanol, 20
mM imidazole), bound proteins were eluted with buffer E (50 mM Tris, pH
7.5, 300 mM NaCl, 20 mM �-mercaptoethanol, 250 mM imidazole). Eluted
proteins were dialyzed into PBS and fusion protein purity was determined by
SDS-PAGE and Coomassie staining.

Pulldown Assays
After dialysis, recombinant proteins were incubated with 100 �l of 50%
Ni-NTA beads or 50% glutathione Sepharose beads (depending on the tag) for
2 h at 4°C in 500 �l of binding buffer (50 mM Tris, pH 7.5, 300 mM NaCl, 1 mM
DTT, 0.5% Tween 20), except for Vps4-His6, where the binding buffer was 50
mM Tris, pH 7.5, 300 mM NaCl, 1 mM DTT, and 0.1% Triton X-100. Protein-
conjugated beads were then washed three times with binding buffer, and
equal amounts of purified potential binding proteins were added. Samples
were incubated at 4°C for 12 h. Unbound proteins were collected by centrif-
ugation, TCA-precipitated, acetone-washed, and resuspended in 50 �l of
Laemmli buffer. After protein-conjugated beads were extensively washed
with binding buffer, bound proteins were eluted in 50 �l of buffer C or E (see
above). Bound and unbound proteins were resolved on 12% SDS-PAGE gels
and visualized by Coomassie staining.

RESULTS

Identification of Ist1 as a Potential Component of the
MVB Sorting Pathway
Cargo sorting–based yeast genetic screens have been used to
identify 17 of the 18 class E VPS genes known to be directly
involved in MVB sorting (Bankaitis et al., 1986; Rothman and
Stevens, 1986; Raymond et al., 1992, Kranz et al., 2001;
Bilodeau et al., 2002; Odorizzi et al., 2003; Chu et al., 2006),
and these efforts have undoubtedly uncovered most if not all
of the major players in the MVB pathway. However, one
limitation of these screens is that they could potentially fail
to identify two classes of relevant mutants: 1) mutants that
are lacking positive modulators but have little to no pheno-
type, and 2) mutants lacking negative modulators of MVB
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sorting, which would have no phenotype in screens de-
signed to identify genes that play a positive role in sorting.
Therefore, we used a bioinformatics-based approach to find
new potential components of the MVB pathway. All known
MVB pathway components (both core and peripheral proteins)
are at least partially endosome-localized. Therefore, we took
advantage of the Saccharomyces Genome Database (SGD; Hong
et al., 2007), which lists 39 characterized and uncharacterized
endosome-localized proteins, most of which were identified in
a screen that systematically analyzed the localization of �4100
GFP-tagged proteins (Huh et al., 2003). Of these, only 12 have
no well-characterized function to date. Looking at the informa-
tion on SGD, one protein, Ist1/Ynl265cp, had three character-
istics that made it attractive as a candidate regulator of MVB
sorting. First, it was recently identified as a potential binding
partner of Vps4, the AAA-ATPase responsible for catalyzing
the release of ESCRT components (Krogan et al., 2006). Sec-
ond, according to the SMART database (Schultz et al., 1998;
Letunic et al., 2006), Ist1 has a predicted coiled-coil domain
in its C terminus (aa 262-298), a domain found in many class
E Vps proteins, particularly in components of ESCRT-III and
its peripherally associated proteins. Finally, like virtually all
known proteins in the MVB pathway, the amino acid se-
quence of Ist1 is well conserved from yeast to humans (25%
identity, 44% similarity). Put together, the information avail-
able about Ist1 led us to hypothesize that it could play a role
in MVB sorting.

We used the Longtine method (Longtine et al., 1998) to
create a strain expressing a genomic Ist1-GFP fusion in our
strain background, SEY6210. The Ist1-GFP fusion protein is
functional based on complementation of synthetic double
mutant phenotypes described below (data not shown). The
endosomal localization of Ist1-GFP was tested by fluores-
cence microscopy in strains coexpressing the endosomal
marker mRFP-FYVEEEA1 or the Golgi marker Sec7-dsRed.
The Ist1-GFP fusion protein clearly colocalized with mRFP-
FYVEEEA1-positive punctae but not with Sec7-dsRed–posi-
tive punctae, indicating that Ist1 does indeed localize to
endosomes (Figure 1A). Ist1 is not exclusively endosomal,
however, as a cytoplasmic pool of Ist1-GFP was also visible.
To confirm the endosomal localization of Ist1 biochemically,
we performed subcellular fractionation using a strain in
which Ist1 is genomically tagged with FLAG (Figure 1B). As
controls, we immunoblotted these fractions for three addi-
tional proteins: the t-SNARE Pep12, which localizes to en-
dosomes and Golgi; ALP, a vacuole membrane-resident al-
kaline phosphatase; and PGK, a cytosolic kinase. As
observed with ESCRT-III components (Babst et al., 2002a),
Ist1-FLAG runs larger than its predicted size (�46 kDa
instead of �37 kDa), most likely because of its highly
charged nature. Ist1-FLAG was detected predominantly in
the P13 (late endosome/vacuole) and S100 (cytosol) frac-
tions by immunoblotting, consistent with the presence of
both endosomal and cytosolic pools of Ist1.

If Ist1 is indeed a modulator of the MVB-sorting pathway,
we would expect that its localization would be dependent
on the presence of class E Vps proteins. We therefore tested
whether the localization of Ist1-GFP is affected in mutants
lacking Vps27 and Vps4. Vps27 binds to phosphatidylinosi-
tol 3-phosphate and to ubiquitinated cargo on endosomes
and recruits the ESCRT-I complex to endosomal mem-
branes, thereby initiating the MVB-sorting pathway (Katz-
mann et al., 2003). In vps27� mutant cells, most ESCRT
proteins are mislocalized to the cytoplasm because Vps27 is
required to recruit these proteins from the cytoplasm to the
endosomal membrane (Katzmann et al., 2003; and our un-
published results). Like these ESCRT components, Ist1 has a

clear requirement for Vps27 for its endosomal localization:
Ist1-GFP was predominantly mislocalized to the cytoplasm
in vps27� mutant cells, although a few small punctae were
still visible (Figure 1C).

The AAA-ATPase Vps4 functions at a late step in the
MVB-sorting pathway to release ESCRT components from
the endosomal membrane. In cells lacking functional Vps4,
class E Vps proteins that normally cycle on and off of endo-
somes are trapped on the endosomal membrane in an en-
larged class E compartment (Babst et al., 1998). The lipophilic
endocytic tracer dye FM4-64 is routinely used to identify the
class E compartment (Vida and Emr, 1995). Ist1-GFP was
trapped in an FM4-64–positive class E compartment in
vps4� mutant cells (Figure 1C), indicating that, like all
known proteins that function in the MVB pathway, its re-
lease from endosomes is Vps4-dependent. Together, these
data indicate that Ist1 is an ESCRT-associated protein, as

Figure 1. Ist1 is an endosomal protein that requires Vps27 and
Vps4 for proper localization. (A) Endogenous Ist1 was C-terminally
tagged with GFP by genomic integration. The resultant fusion pro-
tein colocalizes with a plasmid-expressed endosomal marker mRFP-
FYVEEEA1 (see arrows) but not with the Golgi marker Sec7-dsRed.
(B) Subcellular fractionation was performed on lysates from a wild-
type strain and a strain in which endogenous Ist1 was tagged with
FLAG. Ist1 was visualized by immunoblotting with an anti-FLAG
antibody, and marker proteins Pep12, ALP, and PGK were detected
by immunoblotting with antibodies specific for these proteins. The
asterisk denotes a background band. (C) Localization of chromo-
somally expressed Ist1-GFP in wild-type, vps27�, and vps4� strains
labeled with FM4-64. Arrows indicate class E compartments.
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both its recruitment to and release from endosomes require
key players in the MVB-sorting pathway.

Ist1 Is Recruited to Endosomes by ESCRT-III
To identify the step in the MVB-sorting pathway at which
Ist1 is recruited to endosomes, we visualized the localization
of Ist1-GFP in deletion mutants of ESCRT-I, -II, and -III
components. Although the cytoplasmic signal of Ist1-GFP
was increased relative to wild-type in the ESCRT-I mutant
vps23� and the ESCRT-II mutant vps36�, only mutants lack-
ing core components of ESCRT-III such as snf7� caused a
complete mislocalization of Ist1 to the cytoplasm (Figure
2A). Together with the results of Figure 1C, these data
suggest that Ist1 (directly or indirectly) requires ESCRT-III
for proper endosomal localization; Ist1-GFP is mislocalized
in vps27� mutant cells and in mutants lacking components
of ESCRT-I or ESCRT-II simply because of the sequential
nature of the MVB-sorting pathway. Ist1 does not appear to
be required for endosomal localization of ESCRT-III compo-
nents; however, localization of ESCRT-III components was
normal when tested by subcellular fractionation in ist1�
mutant cells (Supplementary Figure 1 and data not shown).

In vps4� mutant cells, ESCRT components that are re-
cruited to the endosomal membrane are trapped in the class
E compartment, whereas ESCRT components that are not
efficiently recruited remain cytoplasmic (Babst et al., 2002b;
Katzmann et al., 2003). The four ESCRT-III subunits form
two subcomplexes on the endosomal membrane: Snf7-Vps20
and Vps2-Vps24 (Babst et al., 2002a). To determine which of
these two subcomplexes is absolutely required for the re-
cruitment of Ist1 to endosomes, we tested the localization of
Ist1-GFP in mutants in which ESCRT-III genes were deleted
in the vps4� background. Ist1 localized to the class E endo-
somal compartment in snf7� vps4� and vps20� vps4� double
mutant cells but remained cytoplasmic in vps24� vps4� and
vps2� vps4� cells (Figure 2B). These data indicate that Ist1 is
recruited to endosomes (directly or indirectly) by the Vps2-

Vps24 subcomplex of ESCRT-III. This finding may seem
inconsistent with the previously published model of ESCRT-
III recruitment and assembly, in which the Vps20-Snf7 com-
plex is required for endosomal recruitment of Vps2-Vps24
(Babst et al., 2002a). One model would be that Snf7 and/or
Vps20 normally masks a secondary site for Ist1 binding,
such that when Snf7 or Vps20 is not present in the context of
the vps4� mutant, Ist1 still associates with endosomes via
this secondary site.

Ist1, Did2, Vta1, and Vps60 Function Together to
Positively Modulate Cargo Sorting
To address the potential protein sorting function for Ist1, we
tested whether deletion of IST1 had an effect on the sorting
of several biosynthetic and endocytic cargo proteins. Con-
sistent with the fact that IST1 has not been identified in any
of the cargo-sorting genetic screens, sorting of all six cargos
tested (GFP-CPS, Sna3-GFP, Ste2-GFP, Fur4-GFP, Can1-
GFP, and Mup1-GFP) to the vacuole in ist1� mutant cells
appeared to be indistinguishable from that in wild-type cells
(Supplementary Figure 2; refer to Figure 3 and data not
shown).

The lack of a cargo-sorting phenotype in the ist1� mutant
led us to hypothesize that Ist1 is a modulator of MVB
sorting, not a core component of the ESCRT machinery.
Overexpression of Ist1 also failed to cause a sorting pheno-
type (data not shown), suggesting that Ist1 is not a negative
regulator of the MVB pathway. To test whether Ist1 is a
positive regulator of this process, we looked for synthetic
genetic interactions between IST1 and a group of four genes
that we will refer to as “weak class E” VPS genes. Here, for
the purpose of this study, we define a weak class E pheno-
type based on sorting of a green fluorescent protein (GFP)
fusion of the vacuolar hydrolase carboxypeptidase S (GFP-
CPS) and the lipophilic dye FM4-64 in the SEY6210 strain
background. In a weak class E mutant, 1) although GFP-CPS
accumulates to some extent on the limiting membrane of the
vacuole, at least some of this cargo is sorted into the lumen
of the vacuole, and 2) there is a lack of any prominent class
E compartment by FM4-64 staining. In studies of the MVB-
sorting pathway, five yeast deletion mutants have been clas-
sified by our laboratory and others as having weak class
E phenotypes: did2�, vta1�, vps60�, mvb12�, and doa4�
(Amerik et al., 2000; Reggiori and Pelham, 2001; Shiflett et al.,
2004; Azmi et al., 2006; Chu et al., 2006; Curtiss et al., 2007;
Oestreich et al., 2007 and this study; refer to Figure 3, left
panel). With the exception of Doa4, all of the proteins en-
coded by these weak class E genes are believed to be positive
modulators of MVB sorting. Did2 is thought to modulate the
dissociation of ESCRT-III from endosomes by the AAA-
ATPase Vps4 (Nickerson et al., 2006), whereas Vta1 directly
stimulates the ATPase activity of Vps4 (Scott et al., 2005a;
Azmi et al., 2006; Lottridge et al., 2006). The function of
Vps60 is not known, but it binds to Vta1 in vivo, although
this interaction has not been shown to be direct in vitro with
purified proteins (Kranz et al., 2001; Bowers et al., 2004;
Shiflett et al., 2004; Azmi et al., 2006). Mvb12 is an ESCRT-I
subunit that regulates the assembly of the ESCRT-I/
ESCRT-II supercomplex (Chu et al., 2006).

To look for synthetic genetic interactions between IST1
and the four weak class E genes, we analyzed the sorting of
GFP-CPS in a panel of double mutants (data summarized in
Table 1; refer to Figure 3 and data not shown). The ist1�
vta1� and ist1� vps60� double mutants had severe, synthetic
cargo-sorting defects, whereas ist1� did2� and ist1� mvb12�
did not. The results of this synthetic genetic analysis suggest
that Ist1 has a function that parallels that of Vta1 and Vps60.

Figure 2. Endosomal recruitment of Ist1 depends on ESCRT-III.
(A) Localization of Ist1-GFP in mutants lacking components of
ESCRT-I (vps23�), -II (vps36�), and -III (snf7�). (B) The localization
of plasmid-expressed Ist1-GFP was analyzed in double deletion
mutants of vps4� and genes encoding ESCRT-III components.

S. M. Rue et al.

Molecular Biology of the Cell478



As Vta1 and (likely) Vps60 play positive roles in MVB sort-
ing, these data also indicate that Ist1 is a positive component
of this pathway (data in Figure 3 that implicate Ist1 as a
positive factor are boxed).

Synthetic Genetic Interactions among IST1, DID2, VTA1,
and VPS60
In separate studies, we had found that (like Ist1) Did2 and
Vta1 specifically require the core ESCRT-III components
Vps2 and Vps24 for endosomal recruitment (Table 2; our
data are consistent with reports that Did2 requires the Vps2-
Vps24 subcomplex for recruitment; Nickerson et al., 2006).
We were unable to draw conclusions about the localization
of fluorescent fusions of Vps60 in these mutants, as these
fusions appeared to complement to different extents in var-

ious assays (not shown). In contrast, recruitment of the
ESCRT-I subunit Mvb12 to endosomes did not require the
presence of ESCRT-III components (Table 2). Together with
the observation that IST1 and MVB12 did not display syn-
thetic genetic interactions (refer to Table 1), these endosomal
recruitment data indicate that Ist1, Did2, Vta1, and (likely)
Vps60 represent a unique group of ESCRT-III-recruited pro-
teins. Furthermore, the fact that, although Ist1 and Did2
have identical requirements for endosomal recruitment and
both positively modulate MVB sorting, IST1 displayed syn-
thetic genetic interactions with VTA1 and VPS60 but not
DID2 suggests that Ist1 and Did2 may actually form a unit
that functions separate from another unit composed of Vta1
and Vps60.

To test the idea that there are two functional units com-
posed of Ist1-Did2 and Vta1-Vps60 that act at a late step in
cargo sorting, we created a network of double mutants to
expand our initial synthetic genetic analysis (Figure 3; see
Table 3 for a summary of the results). The GFP-CPS sorting
phenotypes of the ist1�, did2�, vta1�, and vps60� single
mutants were all much weaker than typical class E mutants
which are missing core MVB pathway components such as
vps4� (Figure 3, left panel). These four weak mutants con-
sistently displayed different levels of severity in terms of
their GFP-CPS–sorting phenotypes, with ist1� having the
weakest (no phenotype), vps60� having the strongest, and

Figure 3. Sorting of a GFP fusion of the vac-
uolar hydrolase CPS (GFP-CPS) and of the
lipophilic dye FM4-64 was visualized in single
and double deletion mutants of IST1 and three
weak class E genes, DID2, VTA1, and VPS60,
in order to identify synthetic genetic effects on
cargo sorting. The limiting membrane of the
vacuole is indicated in vps4� cells because it is
difficult to see by GFP-CPS sorting or FM4-64
staining in this mutant. v, vacuole. Arrows
indicate class E compartments. Panels that in-
dicate that Ist1 is a positive modulator of MVB
sorting are boxed in red.

Table 1. Synthetic interactions between IST1 and weak class E genes

Genotype Synthetic GFP-CPS phenotype?

ist1� vta1� Yes
ist1� vps60� Yes
ist1� did2� No
ist1� mvb12� No

Table 2. ESCRT-III requirements for localization of Ist1 and weak class E proteins

Ist1-GFP GFP-Did2 GFP-Vta1 Mvb12-GFP

WT Perivacuolar punctae and
cytoplasm

Perivacuolar punctae Perivacuolar punctae and
cytoplasm

Perivacuolar punctae and
cytoplasm

vps4� E dot E dot E dot and cytoplasm E dot
vps4� vps2� Cytoplasm Cytoplasm Cytoplasm E dot
vps4� vps24� Cytoplasm Cytoplasm Cytoplasm E dot
vps4� snf7� E dot E dot and cytoplasm E dot and cytoplasm E dot
vps4� vps20� E dot E dot and cytoplasm E dot and cytoplasm E dot
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did2� and vta1� having phenotypes intermediate in severity
to those of ist1� and vps60�. Interestingly, a number of
synthetic interactions among these four genes became evi-
dent in the double mutants (Figure 3, right panel). As in our
initial analysis, ist1� had a synthetic interaction with both
vta1� and vps60� but not did2�, indicating that Ist1 has a
function that is separate from that of Vta1 and Vps60. Sim-
ilarly, did2� had synthetic interactions with both vta1� and
vps60�, indicating that, like Ist1, Did2 functions separate
from Vta1 and Vps60. Finally, vta1� and vps60�, like ist1�
and did2�, did not display a synthetic interaction in cargo
sorting. From these synthetic genetic analyses, we conclude
that there are two candidate complexes with similar degrees
of functional importance required for proper cargo sorting at
this late step in the MVB pathway: one composed of Ist1 and
Did2 and one composed of Vta1 and Vps60. Simultaneous
deletion of one member from each candidate complex causes
a dramatic class E phenotype because the function of both
complexes is abrogated, whereas deletion of both members
of the same complex only causes a weak phenotype because
the function of the remaining candidate complex is still
intact.

Electron Microscopy Analysis of Double Deletion Mutants
The ist1�, did2�, vta1�, and vps60� deletion mutants all
caused relatively weak phenotypes as determined by sorting
of GFP-CPS and FM4-64 labeling, whereas simultaneous
deletion of one component from each of the two candidate
complexes (Ist1-Did2 and Vta1-Vps60) caused what ap-
peared to be a typical strong class E sorting phenotype
characterized by the accumulation of a large, aberrant en-
dosomal structure adjacent to the vacuole (Figure 3). To

confirm the presence or absence of class E compartments as
determined by fluorescence microscopy, we performed elec-
tron microscopy (EM) on several single and double mutants.
In all EM samples, MVBs were not easy to identify or to
classify as normal or abnormal. Therefore, we will limit our
analysis of the EM results to the presence or absence of a
class E compartment. Consistent with the fluorescence mi-
croscopy data, no classical multilamellar class E compart-
ments were visible in photomicrographs of the ist1�, did2�,
vta1�, and vps60� single mutants (data not shown). In sup-
port of our observation that the ist1� did2� double mutant
did not have a strong class E phenotype by fluorescence
microscopy, no aberrant structures were observed in these
cells by EM (Figure 4A). In both ist1� vta1� (Figure 4, B and
D) and did2� vta1� (Figure 4, C and E) mutant cells, how-
ever, enlarged multilamellar endosomal structures similar to
those seen in previously characterized strong class E mu-
tants were visible (Reider et al., 1996). These results not only
validate our fluorescence microscopy data but also indicate
that simultaneous deletion of one component from each of
the two candidate complexes composed of Ist1-Did2 and
Vta1-Vps60 causes a true class E sorting phenotype. To-
gether, our data thus far suggest that these two units func-
tion in parallel to positively modulate a requisite late event
of the MVB-sorting pathway.

Did2 Recruits Ist1 to Endosomes
Given that Ist1-Did2 and Vta1-Vps60 compose two separate
candidate complexes, we predicted that each protein would
interact with its partner, an idea supported by the fact that
Vta1 and Vps60 have previously been shown to interact in
vivo (Bowers et al., 2004; Shiflett et al., 2004; Azmi et al.,
2006). To test this, we analyzed the localization of functional
GFP fusions of Ist1, Did2, and Vta1 in deletion mutants of
the other three genes. As mentioned above, we could not test
the localization of Vps60 in deletion mutants because none
of the fluorescent fusions tested were completely functional
in all assays (not shown). Although Ist1-GFP was properly
localized to endosomes in vta1� and vps60� cells, it was
entirely cytoplasmic in did2� cells (Figure 5A; results sum-
marized in Table 4). The same pattern was seen for the
localization of Ist1-GFP in the double mutants vta1� vps4�,
vps60� vps4�, and did2� vps4�, indicating that Did2 is re-
quired for the endosomal recruitment of Ist1 (Figure 5B and
not shown). The reverse was not true, however; a GFP-Did2
fusion was properly localized in the ist1�, vta1�, and vps60�

Table 3. Synthetic genetic interactions among IST1, DID2, VTA1,
and VPS60 in cargo sorting

Genotype GFP-CPS phenotype

ist1� did2� Weak
ist1� vta1� Strong
ist1� vps60� Strong
did2� vta1� Strong
did2� vps60� Strong
vta1� vps60� Weak

Figure 4. Thin-section EM analysis of double
mutant strains. Photomicrographs of (A) ist1�
did2�, (B) ist1� vta1�, and (C) did2� vta1�
mutant cells. (D and E) Enlargements of the
class E compartments that are visible in ist1�
vta1� and did2� vta1� cells, respectively. n,
nucleus; v, vacuole.
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deletion mutants (Table 4). These findings point to a model
in which Ist1 is recruited to endosomes (directly or indi-
rectly) by Did2 but not vice versa.

We next tested whether Vta1 requires Ist1, Did2, or Vps60
for endosomal localization. Like Did2, Vta1 did not appear
to require the presence of any of the other three proteins for
its endosomal localization (Table 4). Although Vta1 clearly
does not require its candidate complex partner Vps60 for
endosomal recruitment, we cannot rule out the possibility
that Vta1 is required for Vps60 recruitment based on these
experiments. Together, these endosomal recruitment data
suggest that Ist1 specifically requires the presence of Did2
for proper endosomal localization, indicating that Ist1-Did2
could be not only a functional unit but also a specific protein
complex at the endosome.

Ist1-Did2, Vta1-Vps60, and Ist1-Vps4 Interact In Vitro
We analyzed whether Ist1-Did2 and Vta1-Vps60 physically
interact by performing pulldown experiments with purified
bacterially expressed proteins. Using this approach, we
found that the interaction between Ist1 and Did2 is indeed
direct and specific: Ist1-His6-conjugated beads pulled down
GST-Did2 but not GST-Vps60 or GST alone (Figure 6A).
Additionally, we found that GST-Vps60 pulled down what
appeared to be stoichiometric amounts of Vta1-His6 but GST
alone, GST-Ist1, and GST-Did2 did not pull down Vta1-His6,
which indicates that the interaction between Vta1 and Vps60
is specific and direct as well (Figure 6B). The fact that Did2
and Vta1 do not bind in our assays contrasts with one report
that showed that Did2 and Vta1 interact in vitro (Lottridge et
al., 2006). Although we cannot completely exclude the pos-
sibility that Vta1 and Did2 can interact, it is very likely that
Vps60 (which we have shown to bind stoichiometrically to
Vta1), not Did2, is the major binding partner of Vta1: the
Vta1-Did2 interaction reported by Lottridge and colleagues
appeared to be rather weak and was detected by Western
blot. Altogether, our pulldown experiments using purified
proteins indicate that the two functional units Ist1-Did2 and
Vta1-Vps60 are specific physical complexes as well.

Ist1 was recently identified as a potential Vps4-interacting
protein in a tandem affinity purification/mass spectroscopy
study designed to map protein–protein interactions in yeast

(Krogan et al., 2006). We therefore tested whether bacterially
expressed, purified Vps4 binds Ist1 in vitro. Indeed, Vps4
does interact directly with Ist1: Vps4-His6 pulled down GST-
Ist1 but not GST alone (Figure 6C).

IST1 Interacts Genetically with Mutations That
Compromise Vps2-Vps4 Interaction
In collaboration with others, we recently determined a 2-Å
resolution crystal structure of the C terminus of the ESCRT-
III subunit Vps2 in complex with the Vps4 MIT domain
(Obita et al., 2007). In that study, we identified a conserved
motif in the C terminus of both Vps2 and Did2 that is
responsible for MIT domain binding, which we called the
MIM (Obita et al., 2007). Amino acid substitutions in resi-
dues within the MIMs of Vps2 and Did2 that make key
contacts with the Vps4 MIT domain result in cargo-sorting
defects, which indicates the functional importance of Vps2-
Vps4 and Did2-Vps4 interactions (Obita et al., 2007). As the
MIT domain of Vps4 has been shown to be involved in both
Vps4 recruitment to endosomes (Babst et al., 1998) and in
Vps4-ESCRT-III interactions that probably function to re-
lease ESCRT-III from endosomes (reviewed in Shim et al.,
2007; Williams and Urbe, 2007), these results suggest that the
MIMs of Vps2 and Did2 participate in one or both of these
important processes, thereby modulating the activity of the
Vps4 complex.

Our data showing that Ist1 forms a functional and phys-
ical complex with Did2 (which has an MIM; Obita et al.,
2007; Figures 3 and 6) and binds Vps4 directly (Figure 6)
strongly indicate that Ist1 is a positive modulator of late
steps in the MVB-sorting pathway. To further characterize
the involvement of Ist1 late in the pathway, we looked for
synthetic effects in cargo sorting between ist1� (Ist1 does not
have an MIM, so the deletion mutant was used) and two
mutants with substitutions in residues in the Vps2 MIM:
VPS2-L225D and VPS2-L228D. Although Vps2-L225 and
-L228 are present in the MIM and clearly required for nor-
mal Vps2-Vps4 interaction, based on the crystal structure
they are not as essential as Vps2-R224, the anchor for Vps2
MIM-Vps4 MIT domain interaction (Obita et al., 2007). As
expected in light of the crystal structure (Obita et al., 2007),
the VPS2-L225D and VPS2-L228D single Vps2 substitution
mutants did not exhibit a GFP-CPS–sorting defect (Figure 7).
We tested for synthetic genetic interactions between these
substitution mutants and ist1� by analyzing GFP-CPS sort-
ing in VPS2-L225D ist1� and VPS2-L228D ist1� double mu-
tants. Intriguingly, combining the “silent” (no phenotype)
VPS2-L225D substitution with the equally “silent” ist1� mu-
tant resulted in a very strong synthetic class E phenotype
(Figure 7). The VPS2-L228D ist1� double mutant also dis-
played a synthetic GFP-CPS–sorting phenotype (Figure 7),
although the phenotype of this double mutant was weaker
than that of the VPS2-L225D ist1� double mutant: only
accumulation of GFP-CPS on the rim of the vacuole was

Figure 5. Ist1 requires Did2 for endosomal
recruitment. (A) Fluorescence microscopy
analysis of wild-type and weak class E mutant
strains expressing a genomic Ist1-GFP fusion.
(B) Localization of plasmid-expressed Ist1-
GFP in vps4� and did2� vps4� cells.

Table 4. Requirements for localization of Ist1, Did2, and Vta1

Ist1-GFP GFP-Did2 Vta1-GFP

WT Perivacuolar punctae
and cytoplasm

Perivacuolar
punctae

Perivacuolar punctae
and cytoplasm

ist1� — WT WT
did2� Cytoplasm — WT
vps60� WT WT WT
vta1� WT WT —
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observed. One possible explanation for the difference in
severity between the phenotypes of these double mutants is
that Vps2-L225 is immediately adjacent to the anchor resi-
due for Vps2-Vps4 interaction (Vps2-R224; Obita et al., 2007),
so it may play a more important structural role in stabilizing
Vps2-Vps4 interaction than Vps2-L228. These data suggest
that Ist1, like Vps2, Did2, Vta1, and (likely) Vps60, is in-
volved in requisite events late in MVB sorting.

DISCUSSION

In this report, we have provided evidence that Ist1 is a new
positive component of the MVB-sorting pathway. Using
three different approaches, we have shown that Ist1-Did2
and Vta1-Vps60 form two complexes that are recruited and

function at key steps late in the MVB-sorting pathway. First,
our synthetic genetic analysis demonstrates that Ist1-Did2
and Vta1-Vps60 form separate functional units: simulta-
neous deletion of one member of each functional complex
causes a severe synthetic cargo-sorting phenotype (Figure 3
and Table 3) and the formation of a class E compartment
visible by EM (Figure 4). Second, using fluorescence micros-
copy analysis of the localization of GFP fusions of Ist1, Did2,
and Vta1 in mutants lacking each of the other three members
of this group of proteins, we demonstrate that Did2 specif-
ically recruits it functional partner Ist1 to endosomes (Figure
5 and Table 4). Third, the results of pulldown assays using
purified bacterially expressed proteins indicate that Ist1-
Did2 and Vta1-Vps60 form two distinct protein complexes
(Figure 6).

Our preliminary gel filtration data indicate that Did2 and
Vps60 are predominantly monomeric in the cytosolic frac-
tion (data not shown); therefore, the Ist1-Did2 and Vta-
Vps60 complexes do not appear to form in the cytosol.
Rather, like the ESCRT-III subcomplexes Snf7-Vps20 and
Vps2-Vps24, the Ist1-Did2 and Vta1-Vps60 complexes prob-
ably assemble on the endosomal membrane. Although the
interaction between Vta1 and Vps60 has been detected in
cells (Bowers et al., 2004; Shiflett et al., 2004; Azmi et al.,
2006), we have not been able to detect an interaction be-
tween Ist1 and Did2 in cell lysates. It is possible that the
Ist1-Did2 interaction is difficult to detect in vivo because this
protein complex is very unstable and transient in cells, ow-
ing to the fact that Ist1 and Did2 are constantly cycling on
and off of endosomes. However, our fluorescence micros-
copy data indicating that Did2 recruits Ist1 to endosomes
(Figure 5), coupled with the fact that Ist1 directly binds Did2
in vitro (Figure 6), strongly indicate that the Ist1-Did2 com-
plex does form within yeast cells.

The results of this and other recent studies have provided
considerable insight into the order of recruitment and pro-
tein–protein interactions of factors involved in Vps4 modu-
lation late in MVB sorting (summarized in Figure 8). Vps27-
Hse1 is recruited to the endosomal membrane, after which
the ESCRT-I, ESCRT-II, and ESCRT-III complexes assemble
sequentially. The Vps2-Vps24 subcomplex of ESCRT-III re-
cruits the Ist1-Did2 complex (Figure 2 and Table 2 of this
study and Nickerson et al., 2006), probably via the direct
interaction between Vps24 and Did2 (Nickerson et al., 2006).
The recruitment of the Ist1-Did2 complex by ESCRT-III pre-
cedes the recruitment of Vps4, as GFP fusions of both Ist1
and Did2 localize to the class E compartment in vps4� cells
(Figure 1 and Table 2 of this study and Nickerson et al.,
2006).

After recruitment of Ist1-Did2, the Vps2-Vps24 subcom-
plex of ESCRT-III recruits Vps4, likely via interaction be-

Figure 6. Protein–protein interactions of Ist1, Did2, Vta1, and
Vps60. All proteins were visualized by Coomassie staining. Panels
showing positive interactions are boxed in red. B, bound; UN,
unbound. (A) Direct interaction between bacterially expressed Ist1
and Did2 was tested by pulling down GST alone, GST-Vps60, or
GST-Did2 with Ist1-His6–conjugated Ni2�-NTA beads. (B) Purified
Vta1-His6 protein was pulled down with GST-, GST-Ist1–, GST-
Did2–, or GST-Vps60–conjugated glutathione Sepharose beads. As-
terisks denote background bands. (C) Binding of Ist1 to Vps4 was
tested by pulling down GST or GST-Ist1 with Vps4-His6–conjugated
Ni2�-NTA beads.

Figure 7. Synthetic sorting defects between ist1� and mutants
with substitutions in the MIT-interacting motif (MIM) of Vps2.
GFP-CPS sorting was visualized in mutants with substitutions in
noncritical residues in the MIM of Vps2 alone and in combination
with the ist1� deletion mutant. Cells were stained with FM4-64.
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tween Vps2 and the MIT domain of Vps4 (whether Vps24
binds Vps4 directly is unclear; Babst et al., 2002a; Obita et al.,
2007). Both members of the Ist1-Did2 functional complex
bind to Vps4 (Lottridge et al., 2006; Nickerson et al., 2006;
Obita et al., 2007; and Figure 6). Vps4 may directly recruit the
Vta1-Vps60 complex, as GFP fusions of Vta1 are partially
mislocalized to the cytoplasm in vps4� cells (Table 2 and
Azmi et al., 2006). Vta1 binds Vps4 directly (whether Vps60
binds Vps4 remains to be tested) and coassembles with it to
form the Vps4 complex (Yeo et al., 2003; Scott et al., 2005a;
Azmi et al., 2006; Lottridge et al., 2006). Vps60 may coas-
semble with Vps4 and Vta1 or could bind to domains of Vta1
that are exposed on the outside of the Vps4 complex.

The Ist1-Did2 and Vta1-Vps60 complexes clearly function
late in MVB sorting, and given that at least three of these
four components bind to Vps4 (Vps60-Vps4 binding remains
to be tested), it is very probable that these two complexes
modulate Vps4 in conjunction with the Vps2-Vps24 subcom-
plex of ESCRT-III. In fact, both Vta1 and Did2 (which ac-
cording to this study are in separate functional complexes)
have been shown to be required for optimal release of
ESCRT-III (Azmi et al., 2006; Nickerson et al., 2006). How-
ever, there are several pieces of evidence that Did2 and Vta1
(which we have shown to be members of two separate
functional and physical complexes) interact with Vps4 in
very different ways. First, Did2 and Vta1 bind to different
domains of Vps4. Did2 and its human ortholog CHMP1B
bind the MIT domain of Vps4, which is required for recruit-
ment of Vps4 to endosomes and for its interaction with
ESCRT-III components, and Did2/CHMP1B binding to Vps4
is ATP-independent (Babst et al., 1998; Scott et al., 2005b;
Lottridge et al., 2006; Nickerson et al., 2006; Obita et al., 2007).
Vta1 and its ortholog LIP5, on the other hand, bind to the �
domain of Vps4, which modulates its ATPase activity, and
these interactions are ATP-dependent (Scott et al., 2005a;
Azmi et al., 2006; Vajjhala et al., 2006). Second, Did2 and Vta1
appear to have different functions with regard to Vps4: Vta1
directly activates the assembly and ATPase activity of the
multimeric Vps4 complex, whereas Did2 does not (Scott et
al., 2005a; Azmi et al., 2006; Lottridge et al., 2006). These
differences, coupled with the fact that Did2 is recruited
before Vps4, whereas Vta1 is recruited by Vps4, indicate that
the Ist1-Did2 complex and the Vta1-Vps60 complex likely
play very different roles in Vps4 modulation.

Given the clear differences in how Did2 and Vta1 bind
Vps4, together with the previously proposed roles for Did2
and Vta1, the simplest model to explain the observation that
simultaneous deletion of one member of each of the Ist1-
Did2 and Vta1-Vps60 complexes causes a synthetic class E
vps phenotype is that Vps4 is regulated at several different

steps in its cycle. There are three potential steps at which
Vps4 requires regulation: 1) its recruitment to endosomes, 2)
activation of its ATPase activity, and 3) its interaction with
ESCRT-III components to release them from the endosomal
membrane. The endosomal recruitment of Vps4 is carried
out (at least in part) by the Vps2-Vps24 subcomplex of
ESCRT-III (Babst et al., 2002a). Activation of Vps4 ATPase
activity is performed by the Vta1-Vps60 complex, as Vta1
coassembles with and directly activates Vps4 (Scott et al.,
2005a; Azmi et al., 2006; Lottridge et al., 2006; another group
has proposed that Vps60 may be required for full activation
of Vps4 by Vta1, as N-terminal truncations of Vta1 that
cannot bind to Vps60 in vivo but are still capable of activat-
ing Vps4 in vitro do not complement the vta1� phenotype;
Azmi et al., 2006). Although further experimentation is re-
quired to determine the exact step modulated by the Ist1-
Did2 complex, we favor a model in which this complex
regulates an aspect of the interaction between Vps4 and
ESCRT-III components to favor Vps4-mediated ESCRT-III
release, either by directly promoting Vps4-ESCRT-III inter-
action or by stabilizing ESCRT-III components in a confor-
mation that is favorable for their interaction with Vps4. This
model is in keeping with the proposed role of Did2 in
modulating ESCRT-III release by Vps4 (Nickerson et al.,
2006) and is supported by the fact that Did2 binds both the
ESCRT-III component Vps24 and the MIT domain of Vps4,
which is responsible for Vps4-ESCRT-III interaction (Nick-
erson et al., 2006; Obita et al., 2007). Although additional
experimentation is necessary to determine the specific func-
tion of Ist1 in the Ist1-Did2 complex, one simple model is
that it facilitates Did2-Vps4 interaction, as either a chaperone
or a scaffold. Coordinate regulation of Vps4 by Vps2-Vps24,
Vta1-Vps60, and Ist1-Did2 likely functions to ensure that the
critical ESCRT-III release step in MVB sorting occurs in a
timely, well-ordered manner. Further studies will be needed
to resolve the precise details of this well-ordered and essen-
tial step in ESCRT protein function and recycling.
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