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Previous two-hybrid analysis of the 17 soluble class E Vps yeast
proteins revealed that Vps46p�Did2p interacts with Vta1p and the
AAA (ATPase associated with a variety of cellular activities) ATPase
Vps4p. Here we report that the binding of Vps46p to Vps4p and
Vta1p is direct and not mediated by additional proteins, and the
binding of Vps46p to Vps4p is ATP independent. Vps46p regulates
the membrane association of Vps4p and is required for the inter-
action of Vta1p with Vps32p�Snf7p of the ESCRT-III complex. Vta1p
is a potent activator of Vps4p, stimulating the ATPase activity by
6- to 8-fold. These results reveal functional roles for the Vps46p
and Vta1p proteins in regulating the ESCRT complex assembly�
disassembly cycle in protein sorting at the yeast late endosome.

endosome � ESCRT complexes � protein sorting � Vps � class E

Endosomes function to coordinate endocytic and biosynthetic
protein trafficking to the yeast vacuole, the equivalent of the

mammalian lysosome (1, 2). Newly synthesized proteins destined
for vacuolar localization and cell surface receptor proteins
destined for vacuolar degradation are first trafficked to endo-
somes before reaching their final destination (3). The process of
protein sorting that occurs at the endosome is characterized by
the invagination of the outer membrane, which generates mul-
tivesicular bodies (MVBs) (4, 5). On reaching the MVB, proteins
are either sorted to the internal vesicle membranes or remain on
the outer, limiting membrane. Proteins on the internal vesicle
membranes are generally delivered to the lumen of the vacuole,
whereas proteins on the outer membrane can be recycled to
other compartments or delivered to the limiting membrane of
the vacuole (1, 2). MVB sorting is important for a variety of
biological processes, such as receptor down-regulation, antigen
presentation, and embryonic development (6). In addition,
enveloped RNA viruses such as the HIV type 1 (HIV-1) require
the MVB sorting machinery to bud from the cell (7–10).

The process of MVB sorting has been studied in a number of
systems including the yeast Saccharomyces cerevisiae. Genetic
and biochemical studies in yeast have identified four protein
complexes that are involved in MVB sorting, the endosomal
sorting complexes required for transport (ESCRT)-0, -I, -II, and
-III (2, 11–14). In total, these four protein complexes are
composed of 12 different class E vacuolar protein sorting (Vps)
proteins. The model for sorting at the late endosome includes
ubiquitinated protein cargo first binding ESCRT-0 and -I being
recruited to the membrane, followed by the recruitment of
ESCRT-II and -III to the endosomal membrane. The protein
cargo is deubiquitinated by the enzyme Doa4p, whereas the
AAA-type ATPase (ATPase associated with a variety of cellular
activities) Vps4p binds and disassembles the ESCRT-III com-
plex from the membrane (2, 6, 11, 15). Upon ESCRT-III
disassociation, the cargo proteins are found in the membrane
invaginations of the MVB. The mechanisms by which endosomal
membranes invaginate and the protein cargo is sorted into the
invaginating membranes remain poorly understood.

Vps4p belongs to the AAA-type ATPase protein family,
whose members are involved in numerous cellular functions such

as membrane fusion, proteolysis, and protein folding (16, 17). In
MVB sorting, ESCRT-III complex disassembly and release from
the membrane requires the ATPase activity of Vps4p (15, 18).
The ADP-bound form of Vps4p exists as a dimer and is mainly
cytosolic (18). Upon nucleotide exchange, Vps4p assembles into
an oligomeric complex that has been shown to contain 10–12
Vps4p monomers (18, 19). The ATP-bound complex of Vps4p
is localized to the endosomal membrane where it proceeds to
catalyze the release of the ESCRT-III protein complex (15, 16).

In total, there are 18 class E Vps proteins, and the loss of any
of these results in similar defects in endosomal protein sorting (2,
12). Deletion or mutation of any class E VPS gene results in the
secretion of the vacuolar protein carboxypeptidase Y (CPY) and
the formation of an enlarged endosomal compartment in which
proteins normally destined for the vacuole accumulate (20–23).
We have previously analyzed the interactions of all 17 soluble
yeast class E Vps proteins (including the 12 class E Vps proteins
that are assigned to the ESCRT complexes), using the yeast
two-hybrid system (12). Of particular interest for the present
work are interactions identified between Vta1p and Vps46p
(also known as Did2p�Fti1p), Vps4p and Vps46p, and Vta1p and
Vps32p�Snf7p (ESCRT-III).

In support of our yeast two-hybrid data, recent studies have
revealed that Vta1p directly binds Vps4p in vitro (19, 24), and the
mammalian Vta1p homologue, SBP1, associates directly with
mammalian VPS4B (SKD1) (25). A mammalian orthologue of
Vps46p, CHMP1B, interacts by yeast two-hybrid analysis with
spastin, another mammalian AAA-type ATPase that when mu-
tated is the most common cause of hereditary spastic paraplegia
(26). Recently, the microtubule interacting and transport (MIT)
domain of VPS4A, the other mammalian Vps4p orthologue, was
solved and found to bind CHMP1B in vitro (27).

Here we report that Vps46p, from yeast extracts, binds to both
Vta1p and Vps4p and that these interactions are maintained
with recombinantly expressed proteins. The Vps46p interaction
with Vps4p is ATP independent. We also report that the
membrane association of Vps4p depends on the presence of
Vps46p and that Vps46p is required for the interaction of Vta1p
with ESCRT-III (Vps32p). Finally, Vta1p is a potent activator of
the ATP hydrolysis activity of Vps4p, indicating that both Vta1p
and Vps46p are crucial components of the MVB machinery
regulating the function of the AAA-ATPase Vps4p.

Results and Discussion
Vta1p and Vps4p Interact with Vps46p. Data obtained previously
from our yeast two-hybrid analysis identified interactions be-
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tween Vps4p and Vps46p as well as between Vta1p and Vps46p
(12). We tested whether these interactions were maintained in
various class E vps deletion strains and found that these inter-
actions were in fact maintained in each deletion strain con-
structed, which included a vps27�, vps28�, vps36�, vps32�, and
vps60� (data not shown). To confirm these interactions bio-
chemically, binding experiments were performed using recom-
binantly expressed GST fusion proteins and solubilized yeast
membrane fractions. For these experiments, we used an epitope-
tagged and fully functional version of Vps46p (Vps46p–3XHA)
expressed from a low copy plasmid. After incubation of GST-
fusion proteins and solubilized membranes, glutathione agarose
was used to bind and precipitate the GST-fusion proteins and
any associated proteins.

Vps4p and Vta1p were expressed as GST-fusion proteins in
bacteria and subsequently purified. Purified proteins were used
as described for protein affinity experiments with solubilized
yeast membrane fractions. We show that GST–Vta1p, but not
GST alone, associates with Vps46p–3XHA from wild-type (WT)
solubilized membranes (Fig. 1A). To determine whether this
interaction requires the presence of closely associated class E
Vps proteins, Vps4p or Vps32p, the experiment was repeated

using solubilized yeast membranes from vps4� and vps32�
strains expressing Vps46p–3XHA. Our results show that GST–
Vta1p, but not GST alone, associates with Vps46p from solu-
bilized membranes in the absence of Vps4p and Vps32p (Fig.
1A). Although Vta1p and Vps46p associated in the absence of
Vps32p, the lower intensity of the band indicated a weaker
association (Fig. 1 A).

We also examined the interaction between Vps4p and Vps46p
in the same manner. We found that GST–Vps4p, but not GST
alone, associated with Vps46p using solubilized yeast mem-
branes from WT cells (Fig. 1B). This experiment was again
performed using solubilized yeast membranes from class E vps
deletion strains (vta1� and vps32�) expressing Vps46p–3XHA
to determine whether this interaction depends on the presence
of closely associated proteins. Our results revealed that GST–
Vps4p, but not GST alone, associated with Vps46p from solu-
bilized membranes from vta1� and vps32� yeast (Fig. 1B). Vps4
and Vps46p were able to associate in the absence of Vps32p, but
the lower intensity of the band suggested a weaker association
(Fig. 1B). Our experiments revealed that the interactions be-
tween both Vta1p and Vps46p and the interaction between
Vps4p and Vps46p were stable in the absence of other class E
Vps proteins, suggesting that both Vps4p and Vta1p interact
directly with Vps46p.

To determine whether Vps4p or Vta1p bind Vps46p directly,
protein-binding assays were performed using recombinantly
expressed and purified proteins. Purified GST–Vps4p, GST–
Vta1p (described above), and GST–Vma13p were used in con-
junction with Vps46p-6XHIS, which was also recombinantly
expressed and purified. We used GST–Vma13p, which is similar
in size to Vps4p, as a negative control to test whether the
interactions are specific. Glutathione Sepharose was incubated
with GST alone, GST–Vps4p, GST–Vta1p, or GST–Vma13p
and Vps46p–6XHIS. Vps46p–6XHIS bound to both GST–
Vps4p and GST–Vta1p but not GST alone or GST–Vma13p
(Fig. 1C), indicating that Vps46p interacts directly with both
Vps4p and Vta1p and that no additional proteins were required
for these interactions.

Vps46p Interacts with Vps4p Independent of Bound ATP. To further
examine the interaction between Vps4p and Vps46p and the role
of Vps4p ATP hydrolysis, we recombinantly expressed and
purified the ATP hydrolysis mutant form of Vps4p, GST–
Vps4pE233Q. Protein affinity assays were performed using
GST–Vps4p and GST–Vps4pE233Q with solubilized mem-
branes from WT cells expressing Vps46p–3XHA. GST–
Vps4pE233Q and GST–Vps4p, but not GST alone, bound
Vps46p (Fig. 2A). The ATP hydrolysis mutant form of Vps4p has
been shown to assemble into a large, oligomeric protein complex
that is membrane associated (16, 18, 19). We analyzed the
interaction of Vps46p with Vps4pE233Q in both vps32� and
vta1� strain backgrounds to determine whether the absence of
these proteins has an effect on the interaction of Vps46p with the
ATP hydrolysis mutant form of Vps4p. We found that GST–
Vps4pE233Q and GST–Vps4p, but not GST alone, associated
with Vps46p from membranes prepared from vps32� or vta1�
yeast cells (Fig. 2 A), indicating that the loss of these two proteins
does not have an effect on Vps46p association with
Vps4pE233Q.

To determine whether Vps46p is able to directly interact with
the ATP hydrolysis mutant form of Vps4p, as it does with Vps4p,
we used recombinantly expressed and purified GST–Vps4p,
GST–Vps4pE233Q, and Vps46p–6XHIS (each described above)
in binding assays. Glutathione beads were incubated with GST–
Vps4p (positive control), GST–Vps4pE233Q, or GST alone and
purified Vps46p– 6XHIS. The results show that GST–
Vps4pE233Q and GST–Vps4p, but not GST alone, bound
Vps46p–6XHIS (Fig. 2B). This assay was performed in the

Fig. 1. Vps46p interacts with Vta1p and Vps4p. (A and B) Protein extracts
were prepared from WT, vps4�, vps32�, and vta1� (KEBY88, KEBY92,
KEBY112, and JLY03) yeast expressing Vps46p–HA (pJL11). GST pull-downs
were performed as described in Materials and Methods. Approximately 10%
of input (solubilized P15 fraction) and samples from the GST pull-downs were
run on the gel. GST alone was used as a negative control. Blots were probed
with anti-HA mAb. GST pull-downs were performed by using GST–Vta1p (A)
and GST–Vps4p (B). (C) Vps46p was cloned into a bacterial expression vector to
contain a C-terminal 6XHIS tag. Vps46p–6XHIS was recombinantly expressed,
purified, and used for in vitro binding analysis. Vps46p–6XHIS was incubated
with glutathione Sepharose and GST alone (negative control), GST–Vta1p,
GST–Vps4p, or GST–Vma13p (negative control). Unbound protein was recov-
ered from the supernatant and saved. The beads were washed, and bound
proteins were eluted by heating in sample buffer. Blots were probed with an
anti-6XHIS mAb.
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absence of added ATP and revealed that the in vitro binding of
Vps46p and Vps4p did not require ATP. In addition, the in vitro
binding of Vps46p to Vps4pE233Q illustrates that ATP hydro-
lysis is not required for the interaction. The binding of Vps46p
to Vps4pE233Q was actually enhanced in comparison with WT
Vps4p (Fig. 2B). Vps46p and Vta1p interact with Vps4p in vitro,
the addition of ATP is not required for either interaction, and
they exhibit enhanced binding to the ATP hydrolysis mutant
form of Vps4p (this work and ref. 24).

Vps46p Regulates the Membrane Association of Vps4p. Vps4p exists
as a dimer in the cytosol and, upon binding ATP, assembles into
an oligomeric complex that associates with endosomes (16, 18,
19). Upon ATP hydrolysis, the Vps4 oligomer is disassembled
and dissociates from the endosomal membrane (18, 19). Vps4p
localization is mainly cytosolic in a WT background because of
the continuous cycling of Vps4p between its two forms, which
results in its limited endosomal membrane association. The
distribution of the ATP hydrolysis defective form of Vps4p,
Vps4pE233Q, shifts from being mainly cytosolic to being more
membrane associated (18). To confirm the membrane associa-
tion of Vps4p, we first constructed an integrated version of
vps4E233Q, determined to be correct by the dominant-negative
CPY secretion phenotype (data not shown). By using a Vps4p-
specific antiserum, we were able to analyze the subcellular
fractionation of Vps4p (Fig. 3). Consistent with published lo-
calization results for Vps4p and Vps4pE233Q (16), we found that
the majority of WT Vps4p localized to the cytosol (S15 fraction)
whereas Vps4pE233Q was more membrane associated (P15
fraction) (Fig. 3A). In our analysis we used monoclonal anti-
bodies (mAbs) for Vph1p (a 100-kDa transmembrane protein)
and 3-phosphoglycerate kinase (PGK; a cytosolic enzyme) as
controls for the fractionation.

To further examine Vps4p and the role closely associated

proteins might be playing, we analyzed Vps4p localization in the
absence of Vta1p and Vps46p. Because WT Vps4p cycles rapidly
off the membrane, we used the integrated vps4E233Q strain to
determine whether Vta1p and�or Vps46p affected the mem-
brane association of Vps4p. Double mutants were constructed
(vta1� vps4E233Q and vps46� vps4E233Q), and the strains were
analyzed by subcellular fractionation. The localization of
Vps4pE233Q was not affected by the absence of Vta1p (Fig. 3A);
however, Vps4pE233Q shifted from an equal distribution be-
tween the P15 and S15 fractions to a predominantly S15 local-
ization in the absence of Vps46p (Fig. 3A). This result suggests
that Vps46p is regulating the association of Vps4p with the
endosomal membrane, possibly by stabilizing the association of
Vps4p with the membrane and�or ESCRT-III.

Vps46p Is Required for Vta1p to Interact with ESCRT-III. Vps4p has
been shown to interact with both Vta1p and the ESCRT-III
protein Vps20p by in vivo and in vitro analysis (19, 24). ESCRT-
III is composed of two subcomplexes, the Vps2p–Vps24p sub-
complex and the Vps20p–Vps32p subcomplex (15). Data ob-
tained from our yeast two-hybrid analysis of the class E Vps
proteins identified an interaction between Vta1p and Vps32p
(ESCRT-III). To test whether Vta1p interacts with ESCRT-III,
binding assays were performed from solubilized cell membrane
fractions by using GST–Vta1p and GST alone. GST–Vta1p, but
not GST alone, associated with Vps32p using solubilized mem-
branes from WT cells (Fig. 3B). This interaction was analyzed in
vps4� and vps46� yeast strain backgrounds to determine
whether the Vta1p–Vps32p interaction requires the presence of
either protein. We found that the interaction between Vta1p and
Vps32p required the presence of Vps46p but not Vps4p (Fig.
3B). Because Vps46p interacts with Vta1p in vitro, this interac-
tion is likely necessary for the association of Vta1p with ESCRT-
III (Vps32p).

Vta1p Is a Potent Activator of Vps4p ATPase Activity. Vps4p oli-
gomers have been shown to directly bind Vta1p (19, 24). Vta1p
is a class E Vps protein, which, when mutated, causes cells to
accumulate MVB cargo proteins in the endosome (24, 28). To

Fig. 2. Vps46p interaction with Vps4pE233Q is enhanced and ATP indepen-
dent. (A) Protein extracts were prepared from WT, vps4�, vps32�, and vta1�
(KEBY88, KEBY92, KEBY112, and JLY03) yeast expressing Vps46p–HA (pJL11).
GST pull-downs were performed as described in Fig. 1 A and B except using
GST–Vps4p (positive control) and GST–Vps4pE233Q. (B) In vitro binding anal-
ysis was performed as in Fig. 1C except Vps46p–6XHIS was incubated with
glutathione Sepharose and GST alone (negative control), GST–Vps4p (positive
control), or GST–Vps4pE233Q.

Fig. 3. Vps46p plays a regulatory role in MVB sorting. (A) Differential
sedimentation was performed to determine whether Vta1p or Vps46p affects
the membrane association of Vps4p. WT, vps4E233Q, vta1� vps4E233Q, and
vps46� vps4E233Q (KEBY88, JVY21, JLY06, and JLY05) yeast were analyzed for
the subcellular fractionation of Vps4p. Equivalent amounts of total lysate,
membranes from a 15,000 � g spin (P15), or the supernatant from a 15,000 �
g spin (S15) were loaded on the gel. Blots were probed for Vps4p using an
affinity-purified polyclonal Ab, Vph1p (a 100-kDa vacuolar membrane protein
and subunit of the Vo subcomplex), or 3-phosphoglycerate kinase (PGK, a
cytosolic enzyme). (B) Protein extracts were prepared from WT, vps4�, and
vps46� (KEBY88, KEBY92, and JLY01) yeast expressing Vps32p–HA (pKEB192).
GST pull-downs were performed as described in Fig. 1 A and B using GST–
Vta1p or GST alone.
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ascertain whether the binding of Vta1p to Vps4p modulates the
ATPase activity of Vps4p, Vps4p and Vta1p were recombinantly
expressed and purified from E. coli. ATP hydrolysis assays were
conducted by using purified Vps4p in the presence and absence
of Vta1p. In the absence of Vta1p, the enzyme kinetics of Vps4p
can be described by the Michaelis–Menton equation with a
maximal activity of 29 ATP�min per Vps4p and a Km of 0.25 mM
(Fig. 4C). As expected, the Vps4pE233Q form of the enzyme
purified by the same procedure exhibited no ATPase activity,
and neither did purified Vta1p alone (data not shown). To
determine the effect of Vta1p upon Vps4p activity, Vta1p (after
cleavage of the GST portion) was titrated into the reaction at
increments from 0 to 8 �M. The presence of Vta1p in the
reaction assay resulted in a significant increase of ATP hydrolysis
when compared with Vps4p alone and reached a Vmax of 194
ATP�min per Vps4p at 5 �M Vta1p (Fig. 4C). At 2 mM ATP,
Vta1p provided a maximal stimulation of 6- to 8-fold (31–186
ATP�min per Vps4p) (Fig. 4B). Scott et al. (19) reported that
Vps4p and Vta1p may form a complex at a 1:1 ratio; however,
because of the complex equilibria involved, it is not possible to
address the issue of stoichiometry from our kinetic data.

We repeated this experiment using recombinantly expressed
and purified Vps46p to determine whether the binding of
Vps46p also modulates the activity of Vps4p. We observed that
Vps46p had no effect on the ATPase activity of Vps4p, and the
ATPase activity observed was consistent with the activity of
Vps4p alone (data not shown). We also found that the addition
of recombinantly expressed and purified Vps46p had no effect,
positive or negative, on the activity of the Vps4p–Vta1p complex
(data not shown).

Our results demonstrate that whereas the AAA-ATPase
Vps4p possesses a significant endogenous ATPase activity, its
activity is stimulated 6- to 8-fold by another class E Vps protein,
Vta1p. The importance of Vta1p’s stimulation of Vps4p is

reflected in the accumulation of MVB cargo proteins at the
endosome in cells lacking Vta1p (24, 28). Because Vps4p
exhibits ATPase activity in the absence of Vta1p, the phenotypes
associated with the loss of Vta1p are not as severe as for the loss
of Vps4p (24, 28).

Model for Vta1p and Vps46p Function in MVB Sorting. Based on our
results, we are able to attribute functionally important regulatory
roles for Vta1p and Vps46p, two non-ESCRT class E Vps
proteins. Vps46p is regulating the membrane association of
Vps4p and is required for the interaction of Vta1p with ESCRT-
III. Vta1p has been determined to be a potent stimulator of the
ATPase activity of Vps4p. Vta1p might be effecting this stim-
ulation either by stabilizing the oligomeric form of Vps4p or by
changing the conformation of the Vps4p active site, resulting in
a more efficient enzyme.

An abbreviated model of protein sorting at the late endosome
is depicted in Fig. 5. Protein cargo, which in this case is
monoubiquitinated, is associated with ESCRT-III and is subse-
quently sorted into invaginating membranes by an as yet poorly
understood mechanism. ESCRT-III is released from the mem-
brane upon hydrolysis of ATP by the AAA-ATPase, Vps4p (Fig.
5B) (15). We propose that Vps46p is functioning to recruit
Vps4p dimers to the endosomal membrane where they assemble
into an active oligomeric complex (Fig. 5). At this point, Vta1p
binds to the Vps4p oligomer increasing the rate of ATP hydro-
lysis by stabilizing the active form of Vps4p (Fig. 5B). The idea
that Vta1p is stabilizing the oligomeric form of Vps4p is an
attractive one, because this stabilization by Vta1p would result
in multiple rounds of ESCRT-III disassembly without Vps4p
oligomer disassembly, thus increasing the overall rate of MVB
formation.

Materials and Methods
Supporting Information. Further details of the plasmids used in
this study can be found in Table 2, which is published as
supporting information on the PNAS web site.

Yeast Strains. Yeast strains used in this study are shown in Table
1. Strains were constructed by standard genetic techniques and
grown in rich medium [yeast extract�peptone�dextrose (YEPD)
(12)] or synthetic dextrose minimal medium with appropriate
amino acid supplements [SD (12)]. Amino acid dropout mixtures
were from Formedium Ltd. (Norwich, U.K.). vps46�::Kanr

(JLY01), and vta1�::Kanr (JLY03) yeast strains were generated
by transformation of PCR-amplified DNA into KEBY88. The
knockout plasmid constructs described above were used as PCR
templates, with primers 500 bp up and downstream of the ORF
of each gene. Transformants were selected on YEPD with 0.2
mg�ml geneticin sulfate (G418) and screened for CPY secretion
using a colony overlay assay (29) and then for complementation
of the CPY secretion phenotype after transformation of a
plasmid containing the WT gene. The vps46�::Kanr (JLY01) and
vta1�::Kanr (JLY03) strains were checked by PCR from genomic
DNA. The CPY mAb used for colony overlay assays was
obtained from Molecular Probes.

An integrated vps4E233Q (JVY21) strain was generated after
transformation of KEBY88 with BglII digested pJL18. After
selection of transformants on SD-ura, colonies were plated onto
5-fluoroorotic acid-containing minimal medium to select for
Ura� loop outs. vps4E233Q dominant-negative mutant strains
were verified by assaying for CPY secretion. PCR-amplified
DNA was transformed into vps4E233Q (JVY21) to generate
vps4E233Q vps46�::Kanr (JLY05) and vps4E233Q vta1�::Kanr

(JLY06). Transformants were selected on YEPD with 0.2 mg�ml
geneticin sulfate (G418) and the strains were checked by PCR
from genomic DNA because of the dominant-negative CPY
secretion phenotype of the vps4E233Q strain.

Fig. 4. Vta1p is a potent activator of Vps4p. (A) The rate of ATP hydrolysis by
1 �M Vps4p with increasing amounts of Vta1p (0–8 �M) in the presence of 2
mM ATP. (B) Graph depicting the rate of ATP hydrolysis by 1 �M Vps4p with
0, 1, or 5 �M Vta1p in the presence of 2 mM ATP. (C) The Michaelis–Menton
constants, Km and Vmax, of 1 �M Vps4p calculated in the presence of 0, 1, or 5
�M Vta1p by titrating in 0.1–3 mM ATP.
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Plasmid Construction. The plasmids used in this study are listed in
Table 2. Enzymes used in DNA manipulations were purchased
from New England Biolabs, and Pfu turbo DNA polymerase was
obtained from Stratagene Europe. Oligonucleotides were syn-
thesized by Integrated DNA Technologies (Coralville, IA) or
Qiagen (Valencia, CA). VPS4, VPS46, and VTA1 were amplified
by PCR from yeast genomic DNA including 500 bp up and
downstream of the ORF, with appropriate restriction sites in the
oligonucleotides. The PCR products were subcloned into
pRS316 (30) to generate pKEB83, pKEB125, and pJL19. The
VPS plasmid-borne gene fully complements the CPY secretion
phenotype of the appropriate deletion strain. An in-frame BglII
site was added just before the stop codon of VPS46 in pKEB125
by QuikChange (Stratagene) mutagenesis and a 123-bp DNA
fragment containing three copies of the hemagglutinin (HA)
epitope tag sequence with BglII ends was subcloned into the
BglII site, creating pJL11. QuikChange mutagenesis was used to
change the amino acid codon at position 233 in pKEB83 from
glutamic acid (GAA) to glutamine (CAA) to create vps4E233Q

(pJL14). BamHI and XhoI digested pJL14 was used to subclone
vps4E233Q from pRS316 into pRS306 to create pJL18.

For protein expression in E. coli, the ORF sequences of VTA1,
VPS46, and vps4E233Q were amplified by PCR from pJL19,
pKEB125, and pJL14 with appropriate restriction enzyme sites
in the primers. The PCR products were subcloned into pGEX-
5X-3 and pGEX-4T-1 (GE Healthcare) to generate in-frame
fusions to GST creating pJL12, pJL21, and pJL15. The ORF
sequences of VPS46 and VTA1 were amplified by genomic PCR

from pJL19 and pKEB125, respectively, with a 5� NcoI site and
a 3� XhoI site in the primers. The PCR products were subcloned
into pET28a (EMD Biosciences, San Diego) to generate in-
frame fusions to the 6XHIS tag sequence creating pJL13 and
pJL17, respectively.

Purification of GST-Fusion and HIS-Fusion Proteins from Bacteria.
pKEB244, pJL12, , pJL13, pJL15, pJL17, pJL21, and GST–
Vma13p were transformed into E. coli strain Rosettatm (DE3)
pLysS (Novagen) and expressed in the following manner. A
single colony was grown in LB medium containing 25 �g�ml
chloramphenicol and either 100 �g�ml ampicillin for cells
containing plasmids pKEB244, pJL12, pJL15, pJL21, or GST–
Vma13p or 50 �g�ml kanamycin for plasmids pJL13 or pJL17 to
an A600 � 0.5 at 37°C. Once A600 � 0.5, protein expression was
induced with the addition of 2 mM IPTG. After cultures were
incubated at 25°C for 3 h, the cells were harvested. For cells
expressing GST fusion proteins, the cell pellets were resus-
pended in PBS lysis buffer (140 mM NaCl�2.7 mM KCL�10 mM
Na2HPO4�1.8 mM KH2PO4, pH 7.3) and lysed using a French
press. The lysates were clarified by centrifugation at 100,000 �
g for 45 min, and the soluble proteins were purified by gluta-
thione Sepharose chromatography (GE Healthcare). Fractions
containing the eluted proteins were analyzed by SDS�PAGE and
pooled. Proteins destined for GST pulldown experiments were
dialyzed into Vps protein buffer (250 mM NaCl�1 mM DTT�10
mM Hepes, pH 7.6) and concentrated to �1–1.5 mg�ml. Proteins
destined for ATPase assays were dialyzed into thrombin cleavage

Fig. 5. A model for Vps4p–Vta1p regulation by Vps46p. (A) Monoubiquitination of specific protein cargo can act as a signal for sorting to the endosome and
inclusion into invaginating vesicles. Doa4p, a ubiquitin hydrolase, removes the ubiquitin on the cargo protein before its inclusion. ESCRT-III is assembled on the
membrane and is required for the sorting of cargo proteins into the invaginating vesicles. Vps46p is localized to the membrane and is functioning to recruit Vps4p,
which in turn is assembled into a Vps4p–Vta1p complex. (B) The Vps4p–Vta1p complex directly interacts with Vps46p, and this interaction is required for
association with ESCRT-III. Vta1p stimulates the ATPase activity of Vps4p, and this activity catalyzes the release of ESCRT-III proteins from the membrane to be
recycled for future rounds of sorting.

Table 1. Yeast strains used in this work

Strain Genotype Source

KEBY88 MAT� ura3-52 leu2-3,112 his3-�200 trp1-901 lys2-801 suc2-�9 pep4-3 Ref. 12
KEBY92 MAT� ura3-52 leu2-3,112 his3-�200 trp1-901 lys2-801 suc2-�9 pep4-3 vps4�::Kanr Ref. 12
KEBY112 MAT� ura3-52 leu2-3,112 his3-�200 trp1-901 lys2-801 suc2-�9 pep4-3 vps32�::Kanr This work
JLY01 MAT� ura3-52 leu2-3,112 his3-�200 trp1-901 lys2-801 suc2-�9 pep4-3 pep4-3 vps46�::Kanr This work
JLY03 MAT� ura3-52 leu2-3,112 his3-�200 trp1-901 lys2-801 suc2-�9 pep4-3 pep4-3 vta1�::Kanr This work
JVY21 MAT� ura3-52 leu2-3,112 his3-�200 trp1-901 lys2-801 suc2-�9 pep4-3 vps4E233Q This work
JLY05 MAT� ura3-52 leu2-3,112 his3-�200 trp1-901 lys2-801 suc2-�9 pep4-3 vps4E233Q vps46�::Kanr This work
JLY06 MAT� ura3-52 leu2-3,112 his3-�200 trp1-901 lys2-801 suc2-�9 pep4-3 vps4E233Q vta1�::Kanr This work

6206 � www.pnas.org�cgi�doi�10.1073�pnas.0601712103 Lottridge et al.
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buffer (10 mM CaCl2�50 mM Tris�HCl, pH 8.0) and concen-
trated to 1.5 mg�ml. The GST moieties were cleaved from the
purified proteins by using the thrombin CleanCleave kit (Sigma).
The cleaved proteins were dialyzed into PBS lysis buffer, and
GST was removed by passing the protein solution over a
glutathione column. The flowthrough was dialyzed into Vps
protein buffer and concentrated to 1.5 mg�ml.

For cells expressing proteins fused to a histidine tag, the cell
pellets were resuspended in extraction buffer (300 mM NaCl�5
mM imidazole�50 mM Na2HPO4, pH 7.0) and lysed by using a
French press. Lysates were clarified by centrifugation at
100,000 � g and purified by Talon metal affinity chromatography
(Clontech). Purified proteins were dialyzed into Vps protein
buffer and concentrated to 1–1.5 mg�ml.

Preparation of Antiserum to Vps4p. Polyclonal Abs were raised
against recombinantly expressed and purified GST–Vps4p
(pKEB244). Rabbits were injected with purified protein as
described in ref. 31. Purified GST–Vps4p (pKEB244) protein
also was used for affinity purification of the anti-Vps4p Abs.

GST Pull-Down Experiments. GST pull-down experiments were
performed as described in ref. 12, with the following exceptions.
Spheroplasts (from 150 ODs) were resuspended in 4 ml of
ice-cold PBS with protease inhibitor mixture (1 mM PMSF�2
�g/ml pepstatin�2 �g/ml leupeptin) and incubated for 30 min on
ice to lyse the cells. Lysates were centrifuged to generate P15 and
S15 fractions. The lysate pellet fractions (P15) were solublized
in 800 �l of PBS with 1% Triton X-100 and incubated on ice for
15 min. An additional 3.2 ml of PBS was added, and insoluble
material was spun out at 15000 � g for 5 min. One milliliter of
solubilized membranes (P15 fraction) was used per pull-down,
with �50 �g of GST-fusion protein and 70 �l of a 50%
glutathione Sepharose slurry. After 3 h at 4°C with constant
mixing, the glutathione Sepharose and bound proteins were
washed three times with PBS plus 0.2% Triton X-100 before
eluting in sample buffer (188 mM Tris, pH 6.8�6% SDS�30%
glycerol�0.03% bromophenol blue) with 5% 2-mercaptoethanol

(BME). The samples were boiled for 5 min at 100°C and loaded
onto a SDS�PAGE gel.

In Vitro Binding Experiments. Purified Vps46–6XHIS in Vps pro-
tein buffer (250 mM NaCl�1 mM DTT/10 mM Hepes, pH 7.6)
with protease inhibitors was used for each binding assay at a final
concentration of 2 �M. GST, GST–Vma13p GST–Vta1p, or
GST–Vps4p was added to each assay at a final concentration of
1.5 �M with 100 �l of a 50% glutathione Sepharose slurry. The
total volume was brought to 1 ml with Vps protein buffer (made
fresh) containing protease inhibitors and 0.1% Triton X-100.
The samples were incubated at 4°C for 12 h and processed as for
GST pull-down experiments. Vps46p–6XHIS was detected by
using 6XHIS mAb (Boehringer Mannheim).

Differential Sedimentation Experiments. P15 and S15 fractions were
prepared as for GST pull-down experiments (12), with a fraction
of the total lysate reserved. Equal volumes of each fraction were
loaded on a gel, and immunoblotting was carried out as described
above. mAbs 22C5D8 against 3-phosphoglycerate kinase and
10D7A against Vph1p were obtained from Molecular Probes.

ATPase Assays. Rates of ATP hydrolysis at 30°C were determined
by the coupled enzyme assay of Lotscher et al. (32). Briefly, 1 �M
Vps4p and 0–8 �M Vta1p or 0–8 �M Vps46p were incubated
in 200 �l of reaction buffer (25 mM Mes�Mops, pH 7.6�30
units/ml lactate dehydrogenase�30 units/ml pyruvate kinase�0.6
mM NaDH�2 mM phosphoenolpyruvate�0–3 mM ATP). The
reactions were initiated with the addition of MgCl2 to a final
concentration of 5 mM. The A340 was monitored in a Versamax
tunable plate reader (Molecular Devices). Kinetic data were
analyzed with the software application SOFTMAXPRO (Molecular
Devices) and Michaelis–Menton variables were fitted with
KALEIDAGRAPH (Synergy Software, Reading, PA).
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