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Summary

Sorting of ubiquitinated endosomal membrane pro-
teins into the MVB pathway is executed by the class
E Vps protein complexes ESCRT-I, -ll, and -lll, and
the AAA-type ATPase Vps4. This study characterizes
ESCRT-II, a soluble ~155 kDa protein complex formed
by the class E Vps proteins Vps22, Vps25, and Vps36.
This protein complex transiently associates with the
endosomal membrane and thereby initiates the forma-
tion of ESCRT-IIl, a membrane-associated protein
complex that functions immediately downstream of
ESCRT-Il during sorting of MVB cargo. ESCRT-Il in
turn functions downstream of ESCRT-I, a protein com-
plex that binds to ubiquitinated endosomal cargo. We
propose that the ESCRT complexes perform a coordi-
nated cascade of events to select and sort MVB car-
goes for delivery to the lumen of the vacuole/
lysosome.

Introduction

The endosomal system of eukaryotic cells receives and
sorts cargo proteins from both endocytic and biosyn-
thetic pathways (reviewed in Lemmon and Traub, 2000).
In a further level of endosomal sorting, membrane pro-
teins destined for degradation in vacuoles/lysosomes
are recognized at the endosome and sorted into multive-
sicular bodies (MVBs), endosomal structures which form
by the invagination and budding of vesicles from the
limiting outer membrane into the lumen of the endo-
some. During this process, a subset of endosomal mem-
brane proteins is sorted into the forming vesicles. After
fusion of the MVB with the lysosome/vacuole, the lume-
nal vesicles, together with their cargo, are exposed to
lysosomal hydrolases and degraded (Felder et al., 1990).
Proteins that remain in the limiting membrane of the
MVB are either recycled to the Golgi complex or the
plasma membrane or are delivered to the lysosomal/
vacuolar limiting membrane via the fusion of the MVB
with this organelle. Therefore, the MVB sorting pathway
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plays a critical role in the sorting of multiple cargo pro-
teins within the endosomal membrane system.

In a recent study, it has been demonstrated that sort-
ing of the yeast hydrolase carboxypeptidase S (CPS)
into the MVB pathway requires monoubiquitination of
the short cytoplasmic tail of the protein (Katzmann et
al., 2001). Mutations in CPS that block this ubiquitin
modification result in mislocalization of the protein to
the limiting membrane of the vacuole. Furthermore, a
protein complex called ESCRT-I (endosomal sorting
complex required for transport) binds to ubiquitinated
CPS and thereby directs sorting of the hydrolase into
the MVB pathway (Katzmann et al., 2001). ESCRT-I is
composed of three different protein subunits (Vps23,
Vps28, and Vps37) which belong to the class E vacuolar
protein sorting (Vps) proteins, a group of 15 proteins
required for proper endosomal function, including the
formation of MVBs (Odorizzi et al., 1998). Class E vps
mutants accumulate large endosomal structures, re-
ferred to as “class E compartments,” and mislocalize
cargoes of the MVB pathway to these structures, as well
as the vacuolar membrane.

In addition to ESCRT-I, a set of class E Vps proteins
that includes four soluble coiled-coil proteins transiently
associates with an endosomal compartment and oligo-
merize into a protein complex called ESCRT-IIl (Babst
et al., 2002). After ESCRT-IIl has performed its function
in MVB sorting, the AAA-type ATPase Vps4 dissociates
the protein complex in an ATP-dependent manner and
releases the small coiled-coil proteins from the mem-
brane for further rounds of protein sorting (Babst et al.,
1997, 1998).

In this study, we describe the analysis of the class E
Vps proteins Vps22, Vps25, and Vps36, which assemble
into a soluble protein complex called ESCRT-II. We dem-
onstrate that ESCRT-II transiently associates with endo-
somes where it is involved in the formation of the protein
complex ESCRT-IIl. Furthermore, we provide evidence
that the protein complex ESCRT-I, which binds to ubi-
quitinated endosomal cargo, acts upstream of ESCRT-II.

Results and Discussion

It has been demonstrated that ubiquitination of mem-
brane proteins in the biosynthetic transport pathway
serves as a sorting signal for the MVB-dependent trans-
port of cargo proteins into the lumen of lysosomes/
vacuoles (Katzmann et al., 2001; Urbanowski and Piper,
2001). At an endosomal compartment, the ubiquitinated
cargo interacts with the protein complex ESCRT-I, which
in turn initiates the MVB sorting of the bound cargo by
activating the downstream class E Vps protein machin-
ery (Katzmann et al., 2001). A key component of this
machinery is ESCRT-IIl, a protein complex formed on
the cytoplasmic face of the endosome which seems to
execute the sorting and concentration of the MVB cargo
(Babst et al., 2002). The membrane association of
ESCRT-IIl is apparently stabilized by myristoyl groups
which are covalently attached to the Vps20 subunits.
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Figure 1. Vps22 Is Part of an ~155 kDa Protein Complex which
Transiently Associates with Membranes

(A) Molecular weight of the ESCRT-II subunits determined by SDS-
PAGE or gel filtration analysis. Asterisks mark predicted molecular
weights of the proteins without an HA tag.

(B) Subcellular fractionation of different yeast strains (see Table 1)
expressing Vps22-HA. Cells were spheroplasted and lysed, and the
resulting extracts were separated by centrifugation at 13,000 X
g into soluble (white bar) and membrane-bound (black bar) pellet
fractions. The samples were analyzed for the presence of Vps22-
HA by Western blotting using antibodies specific for the HA tag.
Quantification of the resulting blot was performed by the Scion
Image program (Wayne Rasband, NIH).

(C) Gel filtration analysis of cell extracts from either yeast cells (S.c.)
expressing Vps22-HA or E. coli (E.c.) expressing ESCRT-II (XI1-blue
pPMB202). Yeast strains used for the analysis are: SEY6210 pMB170
(WT), MBY30 pMB170 (vps364A), and SEY6210 pMB170, pMB175
(2. ESCRT-II). The yeast samples were analyzed by Western blot
for the presence of Vps22-HA using antibodies specific for the HA-

After performing its function in MVB sorting, ESCRT-
Il recruits the AAA-type ATPase Vps4 which catalyzes
dissociation of ESCRT-Ill and recycling of the small
coiled-coil proteins for further rounds of sorting (Babst
et al., 1998, 2002).

Using immunofluorescence microscopy, we identified
among the class E VPS gene products three proteins
which when altered by mutation dramatically affected
the endosomal accumulation of ESCRT-IIl in vps4 mu-
tant cells: VPS36, a gene that has also been isolated as
playing a role in trafficking of the plasma membrane
ATPase (Luo and Chang, 2000), VPS22, a gene allelic
to SNF8 (hereafter referred to as VPS22; Yeghiayan et
al., 1995), and a newly identified class E VPS gene,
VPS25. Deletion of each of these genes resulted in mislo-
calization of vacuolar hydrolases such as CPS and the
accumulation of cargo in the class E compartment simi-
lar to the trafficking phenotypes of previously character-
ized class E vps mutants (data not shown).

VPS36 encodes an ~65 kDa protein (566 amino acids)
with a cysteine-rich motif (four times Cys-X-X-Cys) in the
N-terminal region, which may represent a metal binding
domain. Vps22 is a small ~30 kDa protein (233 amino
acids) containing two predicted coiled-coil domains.
Vps25 is ~25 kDa (202 amino acids) in size and has no
obvious structural motifs. For immunological detection
of these proteins, we fused a hemagglutinin (HA) tag to
the 3’ end of each gene. The resulting fusion proteins
complemented all vacuolar protein sorting defects of
the corresponding deletion mutants, indicating that the
fusions were functional at normal expression levels (data
not shown). To localize these proteins, cells expressing
the HA-tagged fusion proteins were lysed and the re-
sulting cell extracts were separated by centrifugation
into soluble and membrane-bound pelletable fractions.
Western blot analysis of these fractions indicated that all
three proteins were predominantly soluble (Vps22-HA,
Figure 1B; Vps25 and Vps36, data not shown). To deter-
mine the native molecular weight of the soluble pool of
Vps22-HA, Vps25-HA, and Vps36-HA, we performed gel
filtration analysis and found that each of these proteins
eluted from the column in the size range of approxi-
mately 155 kDa, which suggested that these proteins
exist in a complex (Figures 1A and 1C). To test this,
strains deleted for either VPS22 or VPS36 were analyzed
by gel filtration. Mutations in VPS36 resulted in a shift
of Vps25 and Vps22 to a smaller molecular weight. Simi-
larly, gel filtration analysis of a vps22A strain showed
a reduced molecular weight of Vps36 (Figure 1A). In
addition, deletion of any of the three genes resulted
in destabilization of the other gene products, further
suggesting that these proteins form a complex (Figure

tag. The E. coli samples were analyzed using anti-Vps36 antibodies.
The asterisk indicates a crossreacting protein present in the first
lane of the E. coli gel filtration analysis.

(D) Western blot analysis of Vps22-HA expressed either from a single
copy (CEN) plasmid or together with the other ESCRT-II subunits,
Vps25 and Vps36, from a high copy (2p) plasmid. Equivalent OD
amounts were loaded in each lane.

(E) Subcellular fractionation of different yeast mutants was per-
formed as described in (B). The fractions were analyzed by Western
blot for the presence of Snf7.
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1C). In the case of Vps25, the protein was dramatically
destabilized such that we were not able to detect it in
vps22A cells. To test whether Vps22, Vps25, and Vps36
were sufficient to form the 155 kDa complex, all three
genes were cloned into a single 2. high copy plasmid.
Gel filtration analysis of cell lysates from cells trans-
formed with this high copy plasmid contained a >10-fold
higher concentration of the 155 kDa complex (Figures 1C
and 1D). These data suggested that complex formation
is not limited under these conditions, and that these
proteins are sufficient to form the 155 kDa complex.
This result is further supported by the observation that
when expressed in Escherichia coli, Vps22, Vps25, and
Vps36 were able to form an ~155 kDa protein complex,
whereas expression of Vps36 alone in E. coli did not
result in the formation of the protein complex (Figures
1A and 1C). In addition, mutations in ESCRT-l or ESCRT-
Il do not affect ESCRT-Il formation, indicating that
ESCRT-Il is formed independently of the other class E
Vps protein complexes (data not shown). Together, the
data indicated that three class E Vps proteins, Vps22,
Vps25, and Vps36, form a soluble ~155 kDa protein
complex which we named ESCRT-Il (endosomal sorting
complex required for transport Il). Consistent with this,
a recent study described a protein complex isolated
from rat liver which consisted of the mammalian homo-
logs of Vps22, Vps25, and Vps36, suggesting that
ESCRT-Il and its functions are conserved among eu-
karyotic cells (Kamura et al., 2001).

ESCRT-Il Regulates ESCRT-IIl Formation

Subcellular fractionation of cells deleted for VPS4
showed that the ESCRT-IIl subunit Snf7 accumulates in
these mutant cells in the pelletable membrane fraction
(Babst et al., 1998; Figure 1E). These membranes corre-
spond to aberrant endosomal structures, as shown by
colocalization with the endosomal cargo GFP-CPS (Fig-
ure 2A). Deletion of ESCRT-II genes such as VPS25 or
VPS36 in vps4A cells resulted in redistribution of approx-
imately half of Snf7 to the soluble cytoplasmic frac-
tion (Figure 1E). Furthermore, in these mutant strains,
membrane-associated Snf7 was mislocalized to small,
non-class E compartments (vps4Avps36A, Figure 2A;
vps4Avps25A, data not shown) and did not colocalize
with other ESCRT-IIl subunits, such as Vps20 (Figure
2B), indicating that proper ESCRT-Ill formation is im-
paired.

The ESCRT-III protein complex which accumulates in
vps4A cells can be efficiently purified by native immuno-
precipitation (Babst et al., 2002). This is demonstrated
in Figure 3A, where Western blot analysis of a sample
obtained by immunoprecipitation with antibodies spe-
cific for the ESCRT-Ill subunit Vps20-HA revealed the
presence of the subunits Vps24 and Snf7. However, in
cells which are deleted for both VPS4 and an ESCRT-II
subunit (e.g., vps4Avps364), the amount of Vps24 and
Snf7 which coimmunoprecipitated with Vps20-HA was
dramatically reduced (Figure 3A, compare lanes 1 and
2). This result is consistent with the data obtained by
immunofluorescence microscopy and suggests that
ESCRT-Il is required for proper membrane recruitment
and assembly of ESCRT-III.
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Figure 2. Colocalization of Snf7 with GFP-CPS, Vps20-HA, and
Vps36-GFP in Different Yeast Mutants Determined by Immunofiuo-
rescence Microscopy

(A) The yeast mutants MBY3 (vps4A), MBY16 (vps4Avps364), and
MBYB6 (vps4Avps28A) expressing GFP-CPS from the plasmid pGO45
were fixed and stained with antibodies specific for Snf7.

(B) The mutant strain MBY16 (vps4Avps36A) expressing Vps20-HA
was fixed and stained with antibodies specific for Snf7 and the
HA tag.

(C) Colocalization of Snf7 with Vps36-GFP by immunofluorescence
microscopy of vps4A cells carrying chromosomally integrated
VPS36-GFP (MBY56).

ESCRT-Il Associates with Endosomes

Subcellular fractionation revealed that in wild-type cells,
the majority of ESCRT-Il is found in the soluble pool.
However, in cells deleted for VPS4, the ESCRT-II protein
complex accumulated in the membrane-bound pellet
fraction (Figure 1B). This indicated that ESCRT-II tran-
siently associates with membranous compartments and
that the dissociation of the protein complex from this
compartment is impaired in vps4A cells. To identify the
target compartment of ESCRT-II, a functional VPS36-
GFP fusion was constructed and integrated into the
VPS36 locus of a number of yeast strains. Consistent
with the fractionation data, fluorescence microscopy of
these strains revealed that in wild-type cells, Vps36-
GFP was localized mainly in the cytoplasm, whereas in
vps4A cells, Vps36-GFP accumulated at large perivac-
uolar structures, most likely class E compartments (Fig-
ure 4A). To support the endosomal localization, vps4A
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Figure 3. ESCRT-Il Physically Interacts with ESCRT-IIl Subunit
Vps20 to Promote ESCRT-IIl Formation

(A) Detergent-solubilized membranes of wild-type and mutant yeast
cells expressing either VPS20-HA or VPS22-HA were subjected to
immunoprecipitation experiments under native conditions using an-
tibodies specific for the HA tag (IP: aVps20-HA; IP: aVps22-HA). The
resulting samples were analyzed by Western blot for the presence of
ESCRT-IIl subunits.

(B) Detergent-solubilized membranes of vps4A cells expressing
VPS2-HA, Vps20-HA, or Vps22-HA were used for native immunopre-
cipitation experiments with antibodies specific for Vps24 (IP:
aVps24) and analyzed by Western blot for the presence of the
HA-tagged proteins and Vps24.

cells expressing VPS36-GFP were subjected to immu-
nofluorescence microcopy using antibodies specific for
Snf7, an ESCRT-IIl subunit which has been shown to
associate with endosomes (Babst et al., 1998). The re-
sults showed that Vps36-GFP localized to the Snf7-
associated compartments (Figure 2C). However, not all
structures labeled with Vps36-GFP also stained with
anti-Snf7 antibodies, suggesting that membrane associ-
ation of ESCRT-Il does not require the presence of
ESCRT-IIl. Together, the microscopy data indicated that
cytoplasmically localized ESCRT-II transiently associ-
ates with endosomal compartments and its release from
the membrane is dependent on the Vps4 ATPase.

ESCRT-II Physically Interacts with ESCRT-III

The immunofluorescence microscopy demonstrated
partial colocalization of ESCRT-IIl and ESCRT-II, sug-
gesting that these two protein complexes, when associ-
ated with endosomal membranes, might physically
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Figure 4. ESCRT-Il Accumulates in Class E vps Mutants on Endoso-
mal Structures and Functions Downstream of ESCRT-I

(A) Localization of Vps36 by fluorescence microscopy of wild-type
and class E vps mutant cells containing a chromosomally integrated
VPS36-GFP fusion (WT: MBY55; vps4A: MBY56; vps4Avps28A:
MBY63).

(B) MVB sorting of GFP-CPS, analyzed by fluorescence microscopy,
in vps23A cells, either without (EEY6-2 pGO45) or with the overex-
pression of ESCRT-II (2. ESCRT-II: EEY6-2 pGO45, pMB175).

(C) MVB sorting of Ste2-GFP, analyzed by fluorescence microscopy,
in vps23A cells, either without (EEY6-2 pCS24) or with the overex-
pression of ESCRT-II (2. ESCRT-II: EEY6-2 pCS24, pMB175).

(D) Order of action of the ESCRT machinery during MVB sorting.
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Table 1. Strains and Plasmids Used in this Study

Strain or
plasmid

Descriptive name

Genotype or description

Reference or source

S. cerevisiae

SEY6210 WT MAT« leu2-3,112 ura3-52 his3-A200 trp1-A901 lys2-801 (Robinson et al., 1988)
suc2-A9
SEY6210.1 WT SEY6210, MATa (Babst et al., 1997)
MBY28 vps2A SEY6210; vps2A1 (VPS2::HIS3) (Babst et al., 2002)
MBY3 vps4A SEY6210; vps4A1 (VPS4::TRP1) (Babst et al., 1997)
EEY6-2 vps23A SEY6210; vps23A1 (VPS23::HIS3) (Babst et al., 2000)
BWY102 vps24A SEY6210; vps24A1 (VPS24::HIS3) (Babst et al., 1998)
MBY30 vps36A SEY6210; vps36A1 (VPS36::HIS3) This study
MBY37 vps4Avps20A SEY6210; vps4A1 (VPS4::TRP1), vps20A1 (VPS20::HIS3) (Babst et al., 2002)
MBY6 vps4Avps28A SEY6210; vps4A1 (VPS4::TRP1), vps28A1 (VPS28::URA3) This study
MBY16 vps4Avps36A SEY6210.1; vps4A1 (VPS4::TRP1), vps36A1 (VPS36::HIS3) This study
EEY12 vps4Asnf7A SEY6210; vps4A1 (VPS4::TRP1), snf7A1 (SNF7::HIS3) (Babst et al., 2002)
MBY56 VPS36-GFP SEY6210; VPS36-GFP, HIS5 (S. pombe) This study
MBY56 vps4AVPS36-GFP SEY6210; vps4A1 (VPS4::TRP1), VPS36-GFP, HIS5 This study
(S. pombe)
MBY63 vps4Avps28A SEY6210; vps4A1 (VPS4::TRP1), vps28A1 This study
VPS36-GFP (VPS28::URA3), VPS36-GFP, HIS5 (S. pombe)
Plasmids
pRS425 LEU2 ApF 2. (Christianson et al., 1992)
pCS24 Ste2-GFP URAS3 Ap® (pRS426) STE2-GFP (Odorizzi et al., 1998)
pGO45 GFP-CPS URAS3 Ap® (pRS426) GFP-CPS1 (Odorizzi et al., 1998)
pMB167 VPS2-HA URA3 Ap® (pRS416) VPS2-HA (Babst et al., 2002)
pMB168 VPS20-HA URAS3 Ap® (pRS416) VPS20-HA (Babst et al., 2002)
pMB170 VPS22-HA URAS3 Ap® (pRS416) VPS22-HA This study
pMB175 2 ESCRT-II LEU2 Ap* (pRS425) VPS22-HA, VPS25, VPS36 This study
pMB202 ESCRT-II Ap*f (pET28a+) VPS22, VPS25, VPS36 This study

interact. To test this possibility, the soluble and mem-
brane-bound fractions of yeast strains expressing
VPS22-HA were subjected to native immunoprecipita-
tion using antibodies specific for the HA tag. The re-
sulting ESCRT-II-enriched fractions were then tested by
Western blot for the presence of the ESCRT-IIl subunits
Vps24 and Snf7. The data indicated that the membrane-
bound pool of ESCRT-Il physically interacts with
ESCRT-III (Figure 3A, lane 3). However, no interaction
was observed between soluble ESCRT-II and Vps24 or
Snf7 (data not shown). As expected, deletion of the
dissociating ATPase VPS4 dramatically increased the
amount of ESCRT-IIl that could be coimmunoprecipi-
tated with Vps22-HA from membranes (Figure 3A, lane
4). This change in ESCRT-II/ESCRT-IIl ratio suggests
that deletion of VPS4 results in an increased number of
ESCRT-Ill complexes interacting with ESCRT-Il and/or
in an increased size of ESCRT-IIl which is associated
with ESCRT-II.

ESCRT-Ill contains two subcomplexes that are
formed by the two homologous pairs of class E Vps
proteins Vps2-Vps24 and Vps20-Snf7. The Vps20-Snf7
subcomplex is required for membrane association of
ESCRT-Ill, whereas Vps2-Vps24 has been shown to re-
cruit Vps4 which is necessary for disassembly of
ESCRT-Ill (Babst et al., 2002). To test which subcomplex
of ESCRT-IIl interacts with ESCRT-II, several different
ESCRT-Ill mutant strains were subjected to immunopre-
cipitation experiments. Deletion of VPS2, which has
been shown to cause accumulation of the Vps20-Snf7
subcomplex on endosomes (Babst et al., 2002), resulted
in an increased amount of Snf7 coimmunoprecipitated
with ESCRT-II (Figure 3A, lane 5). This result suggested
that the interaction between ESCRT-IIl and ESCRT-II

does not require the Vps2-Vps24 subcomplex. In con-
trast, deletion of SNF7 in avps4A strain resulted in partial
loss of ESCRT-II/ESCRT-IIl interaction, whereas dele-
tion of VPS20 in vps4A cells completely abolished the
interaction between the two protein complexes (Figure
3A, lanes 6 and 7). Therefore, on the endosomal mem-
brane, ESCRT-Il seems to bind to ESCRT-III via Vps20.
However, based on the presented data it is not clear
whether the Vps20-ESCRT-Il interaction is direct or indi-
rect via another unknown protein.

For further characterization of the ESCRT-II/ESCRT-
Il complex, vps4A cells expressing HA-tagged ESCRT-
lll subunits (Vps2-HA and Vps20-HA) or the ESCRT-II
subunit (Vps22-HA) were subjected to native immuno-
precipitation experiments using antibodies specific for
Vps24 (Figure 3B). Anti-HA Western blot analysis dem-
onstrated that the resulting samples contained similar
amounts of Vps2-HA and Vps20-HA (ESCRT-III), which
is consistent with the finding that ESCRT-IIl contains
approximately the same number of each subunit (Babst
et al., 2002). In contrast, Vps22-HA was at least 10-fold
less abundant than the ESCRT-IIl subunits (Figure 3B,
compare lane 3 to lanes 1 and 2). However, immunopre-
cipitation experiments using antibodies specific for
ESCRT-Il or ESCRT-III have resulted in similar amounts
of the ESCRT-IIl subunits Vps24 and Snf7 (Figure 3A),
indicating that the interaction between these two ESCRT
complexes is stable. Therefore, the data shown in Figure
3B suggests that for each ESCRT-Il within the ESCRT-
II/ESCRT-IIl complex there are numerous ESCRT-III
subunits present. This ESCRT-II/ESCRT-IIl stoichiome-
try is also reflected in the expression levels of the corre-
sponding subunits. The total cellular levels of ESCRT-
Il were found to be at least 10-fold lower than those of
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the ESCRT-IIl subunits (data not shown), which explains
the weak Vps22-HA bands in the control lanes of the
immunoprecipitation experiments (data not shown).

In summary, our data suggest that the interaction be-
tween ESCRT-Il and Vps20 (ESCRT-III subunit) plays an
important role in the formation of ESCRT-III. Interest-
ingly, one of the ESCRT-Il subunits, Vps22, is an ~30
kDa protein with two predicted coiled-coil domains and
therefore resembles the structure of Snf7. Thus, it is
tempting to speculate that Vps20 binds to ESCRT-II via
coiled-coil interactions with Vps22 in a fashion similar to
the Vps20-Snf7 interaction. Together, the data supporta
model in which ESCRT-II functions as a nucleation site
for the oligomerization of Vps20 and Snf7 on the endoso-
mal membrane and thereby regulates the localization
and formation of ESCRT-IIl. Consistent with this model,
whereas proper ESCRT-III localization requires ESCRT-II
function, we found that membrane association of
ESCRT-Il is independent of ESCRT-IIl (vps4Avps20A
and vps4Asnf7A, Figure 1B), further supporting the up-
stream regulatory role of ESCRT-II. The only class E vps
mutants found to affect membrane association of Vps22
were strains carrying mutations in other ESCRT-II sub-
units (vps4Avps36A, Figure 1B).

ESCRT-I Functions Upstream of ESCRT-II

ESCRT-I, a protein complex composed of three class E
Vps proteins (Vps23, Vps28, and Vps37), functions in
the recognition and binding of ubiquitinated endosomal
cargo which ultimately results in sorting of the bound
cargo proteins into the MVB pathway (Katzmann et al.,
2001). Similar to other class E vps mutants, loss of
ESCRT-I function impairs formation of MVBs. As a con-
sequence, ESCRT-lI mutants accumulate endosomal
cargo such as GFP-CPS in aberrant endosomal struc-
tures, the class E compartments, and mislocalize cargo
destined for the vacuolar lumen to the vacuolar limiting
membrane. Interestingly, we found that overexpression
of all three subunits of ESCRT-II resulted in partial sup-
pression of the ESCRT-I deletion phenotype. In vps23A
cells overexpressing ESCRT-Il, GFP-CPS did not accu-
mulate in large perivacuolar structures and was partially
transported to the vacuolar lumen (Figure 4B). We also
tested whether the delivery of endocytic cargo into MVB
vesicles could be suppressed in vps23A cells by overex-
pression of ESCRT-Il. Downregulation of the « factor
receptor Ste2 is known to occur via entry into the MVB
pathway (Odorizzi et al., 1998). It can be seen that failure
to deliver Ste2-GFP to the lumen of the vacuole in a
vps23A mutant is largely suppressed by overexpression
of ESCRT-II (Figure 4C). In contrast, overexpression of
ESCRT-I did not suppress the trafficking defect of an
ESCRT-Il mutant strain (data not shown). Together,
these suppression data suggest that ESCRT-I functions
upstream of ESCRT-II.

Immunofluorescence microscopy showed that dele-
tion of the ESCRT-I subunit VPS28 in a vps4A strain
partially impaired accumulation of Snf7 (ESCRT-IIl) on
endosomal structures (marked by GFP-CPS), indicating
that ESCRT-IIl formation was inefficient but not blocked
in this mutant background (Figure 2A). In addition, ac-
cumulation of ESCRT-Il on endosomal structures in
vps4Avps28A cells was not affected, suggesting that

ESCRT-I does not regulate ESCRT-Il membrane recruit-
ment (Figure 4A). Furthermore, coimmunoprecipitation
experiments did not reveal a physical interaction be-
tween ESCRT-Il and ESCRT-I. Together, the data sug-
gest a model in which ESCRT-I bound to ubiquitinated
cargo activates endosome-associated ESCRT-Il in
some way and that this regulation is mediated by tran-
sient or indirect interactions. In turn, activated ESCRT-II
initiates the recruitment and assembly of ESCRT-III
through binding to the ESCRT-III subunit Vps20, which
ultimately results in the sorting of the cargo molecules
into the forming vesicles of the MVB (Figure 4D; see
model in Babst et al., 2002).

Experimental Procedures

Materials

Monoclonal antibodies specific for the HA (hemagglutinin) epitope
were purchased from Boehringer Mannheim. Polyclonal antiserum
against Snf7 and Vps24 has been characterized previously (Babst
et al., 1998).

Strains and Media

S. cerevisiae strains used in this work are listed in Table 1. Yeast
strains were grown in standard yeast extract-peptone-dextrose
(YPD) or synthetic medium supplemented with essential amino acids
as required for maintenance of plasmids (YNB; Sherman et al., 1979).
The mutant strains MBY23 and MBY30 were constructed by trans-
forming the SEY6210 wild-type strain with a DNA fragment con-
taining the HIS3 gene flanked by 50 bp specific for the upstream
and downstream region of the corresponding gene. The double
mutants MBY6 and MBY16 were constructed by transforming the
single HIS3 marked knockouts with a DNA fragment containing the
TRP1 gene flanked by ~200 bp of VPS4 upstream and downstream
DNA (vps4A1). The strains MBY55 and MBY56 were constructed by
integrating a VPS36-GFP fusion into the chromosome of SEY6210
or MBY3, respectively, using the method described by Longtine et
al. (1998). Yeast cells were selected for the presence of the TRP1
or HIS3 gene and the deletions and gene fusions were confirmed
by PCR analysis of the chromosomal DNA.

DNA Manipulations

Recombinant DNA work was performed using standard protocols
(Sambrook et al., 1989). Transformation of S. cerevisiae was done
by the lithium acetate method as described (lto et al., 1983). The
plasmids used in this study are listed in Table 1. The VPS22-HA
fusion was constructed by chromosomal integration of the HA tag
into the VPS22 locus using the method described (Longtine et al.,
1998). The chromosomal DNA of the resulting strain was used as a
template for PCR amplification of the VPS22-HA-containing DNA
region. This DNA fragment was integrated into the Sall/Spel-
digested pRS416 vector resulting in pMB170. A 1.1 kb Ndel fragment
from the library plasmid containing VPS25 was blunted and cloned
into the Smal-cut pRS425. The resulting plasmid was digested with
Pstl/Xhol and ligated with a Pstl/Xhol-cut PCR fragment containing
VPS36. This plasmid was cut with Notl, blunted, and cut with Spel
and ligated with a VPS22-HA-containing fragment which was ob-
tained by digesting pMB170 with Sall, blunting, and cutting with
Spel. The resulting plasmid containing all three ESCRT-Il genes is
called pMB175.

Biochemical Assays and Microscopy

For gel filtration analysis, yeast cells were spheroplasted and lysed
in PBS (8 g/l NaCl, 0.2 g/l KCl, 1.44 g/l Na,HPO,, 0.24 g/I KH,PO,
[pH 7.2]) containing 0.1 mM AEBSF (Calbiochem-Novabiochem) and
protease inhibitor cocktail (Complete; Roche Molecular Biochemi-
cals). The lysate was centrifuged at 100,000 X g and the resulting
supernatant (~2 mg protein) was loaded on a Sephacryl S200 col-
umn (16/60; Amersham Life Sciences) and separated in the presence
of PBS. Native immunoprecipitation and immunofluorescence ex-
periments were performed as described (Babst et al., 1998, 2002).
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