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VPS4 proteins are AAA� ATPases required to form multive-
sicular bodies, release viral particles, and complete cytokinesis.
They act by disassembling ESCRT-III heteropolymers during or
after their proposed function in membrane scission. Here we
show that purified human VPS4A is essentially inactive but can
be stimulated tohydrolyzeATPbyESCRT-III proteins in a reac-
tion that requires both their previously definedMIT interacting
motifs and �50 amino acids of the adjacent sequence. Impor-
tantly, C-terminal fragments of all ESCRT-III proteins tested,
including CHMP2A, CHMP1B, CHMP3, CHMP4A, CHMP6,
and CHMP5, activated VPS4A suggesting that it disassembles
ESCRT-III heteropolymers by affecting each component pro-
tein. VPS4A is thought to act as a ring-shaped cylindrical olig-
omer like other AAA� ATPases, but this has been difficult to
directly demonstrate. We found that concentrating His6-
VPS4A on liposomes containing Ni2�-nitrilotriacetic acid-
tagged lipid increased ATP hydrolysis, confirming the impor-
tance of inter-subunit interactions for activity. We also found
that mutating pore loops expected to line the center of a cylin-
drical oligomer changed the response of VPS4A to ESCRT-III
proteins. Based on these data, we propose that ESCRT-III pro-
teins facilitate assembly of functional but transient VPS4A olig-
omers and interact with sequences inside the pore of the assem-
bled enzyme. Deleting the N-terminal MIT domain and
adjacent linker fromVPS4A increased both basal and liposome-
enhanced ATPase activity, indicating that these elements play a
role in autoinhibitingVPS4Auntil it encounters ESCRT-III pro-
teins. These findings reveal new ways in which VPS4 activity is
regulated and specifically directed to ESCRT-III polymers.

Multivesicular bodies (MVBs)2 are endosomes that contain
intralumenal vesicles generated by invagination from the endo-
somal membrane. The MVB is an intermediate compartment
en route to the lysosome; surface receptors destined for degra-

dation are sorted into intralumenal vesicles and delivered to the
lysosome. Impairment in this pathway leads to many cellular
problems, including prolonged signaling of receptors normally
silenced by internalization into the MVB (reviewed in Refs.
1–5). Four ESCRT (endosomal sorting complexes required for
transport) complexes (ESCRT-0, -I, -II, and -III) are responsible
for cargo sorting and vesicle formation in the MVB pathway.
The ESCRT complexes also play essential roles in topologically
similar membrane remodeling events including enveloped
virus budding and cell abscission at the end of cytokinesis
(6–8).
ESCRT-III differs from the other ESCRT complexes in that it

is a loosely defined polymer that assembles when its subunits
are recruited to the appropriate membrane and bind to each
other (9). There are seven ESCRT-III-related proteins in yeast
and 12 in human cells. Human ESCRT-III proteins are referred
to either as orthologues of their yeast counterparts or as
CHMPs (charged multivesicular body proteins). To standard-
ize our discussion, we will primarily use the CHMP nomencla-
ture in this article. All of the ESCRT-III proteins are thought to
share a common core tertiary structure consisting of six �-hel-
ices (�1–�6) arranged around a 7-nmhelical hairpin formed by
�1 and �2 (10–12). Despite this similarity, the proteins are not
functionally redundant and operate in a defined order (13–15).
Current thinking is that ESCRT-III helps to create and ulti-

mately sever the neck that connects vesicles or other structures
budding away from the cytosol to their originating membrane.
ESCRT-III polymers are filaments with the potential to induce
or stabilizemembrane curvature needed for processes in which
the ESCRT machinery participates (16, 17). Recent reconstitu-
tion studies show that ESCRT-III alone can drive formation and
release of lumenal vesicles into giant unilamellar liposomes (14,
18). The only protein absolutely required for this reaction is
Snf7p (CHMP4 A, B, and C in humans), which in yeast is also
the most abundant ESCRT-III protein (13). Various models
inspired by electron microscopic images of ESCRT-III assem-
blies have emerged to explain how ESCRT-III polymers may
help generate vesicles but clearly much has yet to be learned
(14, 16, 19, 20).
Normal function of ESCRT-III both in vivo and in vitro

depends on the continued availability of individual ESCRT-III
proteins to incorporate into growing polymers. Enzymes that
belong to the AAA� (ATPases associated with a variety of cel-
lular activities) family of VPS4 proteins maintain a pool of free
proteins by disassembling ESCRT-III polymers (21). Removing
or inhibiting VPS4 proteins in vivo blocks ESCRT-dependent
processes (22, 23) and all of the ESCRTs accumulate in large
membrane-associated complexes (9, 21). VPS4 is highly con-
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served throughout evolution, and is encoded by one gene (vps4)
in the yeast Saccharomyces cerevisiae and two genes (VPS4A
and VPS4B) in humans. Each of these enzymes consists of an
amino-terminal MIT (microtubule interacting and transport)
domain connected by a linker to a canonical AAA� domain
with a unique � domain and C-terminal helix, all of which have
been visualized by x-ray crystallography (24–28). Cryo-EM
studies of yeast Vps4p in its ATP-bound state indicate that the
yeast enzyme forms a two-tiered hexameric ring similar to
otherAAA� proteins (28–30), although comparable structures
have not been observed using mammalian VPS4A or VPS4B.
TheMIT domains of VPS4 proteins bind to sequence elements
known as MIT interacting motifs (MIMs) at or near the C ter-
mini of ESCRT-III proteins (31–33). Interactions between
these motifs provide a link between VPS4 proteins and the
ESCRT-III machinery and are required for normal cargo sort-
ing in yeast (31, 33, 34). However, how these interactions lead to
ESCRT-III polymer disassembly is unknown. Furthermore,
how VPS4 activity is controlled and coordinated with the pres-
ence of ESCRT-III polymers remains unclear.
Taking advantage of the fact that mammalian VPS4 enzymes

have extremely low basal ATPase activity and do not readily
assemble into detectable oligomeric structures, we find that
C-terminal fragments of all ESCRT-III proteins potently stim-
ulate the ATPase activity of the enzyme whenMIMmotifs and
an additional �50 amino acids of primarily acidic sequence are
present. This stimulation relieves intrinsic autoinhibition
mediated by N-terminal regulatory elements in VPS4A, allow-
ing the enzyme to assume its active oligomeric state. These data
show that human VPS4A is regulated at least in part by expo-
sure to its ESCRT-III complex substrate.

EXPERIMENTAL PROCEDURES

Materials—Homopolymers of poly-L-lysine (15–30 kDa),
poly-L-glutamic acid (20–40 kDa), poly-L-threonine (5–15
kDa), and poly-D-glutamic acid (15–50 kDa) were obtained
from Sigma, resuspended in water, and dialyzed against buffer
(20 mM Tris, pH 7.6, 100 mM NaCl) prior to use. MIM1
(ADADLEERLKNLRRD) and control (ADADLEEEAKNLRRD)
peptides were purchased from GenScript (Piscataway, NJ) and
confirmed by mass spectrometry. Peptides were resuspended
in reaction buffer before use. Dioleoyl-phosphatidylcholine
(DOPC) and nickel-1,2-dioleoyl-sn-glycero-3-([N-(5-amino-1-
carboxypentyl)iminodiacetic acid]succinyl)-nickel salt (Ni2�-
NTA-DOGS) were purchased from Avanti Polar Lipids (Ala-
baster, AL). All other chemicals were from Sigma.
Plasmids and Mutagenesis—Plasmids encoding His6-NSF

(35), His6-�SNAP (36), His6-p97 (37), full-length and truncated
FLAG-CHMP2A (38), and GST-CHMP fragments (39) have
been previously described. GFP-VPS4A was a kind gift from
Wes Sundquist (University of Utah), pGEX-Vps4p from
Markus Babst (University of Utah), and pGEX-spastin and
pGEX-� tubulin from Brett Lauring (Columbia University).

To generate His6-VPS4A we amplified DNA encoding
VPS4A and cloned it into pET28a (Novagen, Madison WI)
between BamHI and XhoI sites. Similarly, His6-VPS4B and
His6Vps4p have the encoding DNA between these sites in
pET28a. Point mutations were introduced as indicated by

QuikChange site-directed mutagenesis (Stratagene, La Jolla
CA). TruncatedVPS4A proteins were generated by PCR ampli-
fication followed again by cloning between BamHI and XhoI
sites in pET28a. His6-spastin was created by introducing DNA
encoding the short isoformof human spastin as a BamHI-EcoRI
fragment into pET28a. ESCRT-III protein fragments and point
mutants were similarly generated by PCR-mediated amplifica-
tion of the indicated coding sequence followed by subcloning
into pET28a (forHis6-tagged proteins) or pGEX4T-1 (for GST-
tagged proteins). All were amplified from plasmids encoding
full-length ESCRT-III proteins as described (38, 39).
To swap MIM1 sequences between the C-terminal frag-

ments of CHMP1B andCHMP3, DNA encodingCHMP3(115–
210) or CHMP1B(106–186) was blunt end ligated to DNA
encoding theMIM from the other protein (CHMP1B(187–199)
and CHMP3(211–222)). Chimeras were again cloned into
pET28a between BamHI and XhoI sites. Syntaxin-MIM1 and
tubulin-MIM1 fusions were prepared by introducing a SpeI
restriction site into rat syntaxin1A and murine �2-tubulin to
allow excision of fragments encoding syntaxin residues 159–
242 and tubulin residues 348–453. These were fused with
intervening residues TS to CHMP1BMIM1 residues 187–199.
DNA sequence of the coding region of all proteins andmutants
was verified by sequencing at the Nucleic Acid Chemistry Lab-
oratory (Washington University).
Protein Expression and Purification—Freshly transformed

BL21(DE3) Escherichia coli grown in 0.5–1 liter of Terrific
Broth were induced to express the indicated protein by adding
0.4 �M isopropyl 1-thio-�-D-galactopyranoside and shaking for
3 h at room temperature. To purify His6-VPS4 proteins, bacte-
rial pellets were lysed in 20 mM HEPES, pH 7.6, 100 mM NaCl,
10% glycerol, 1 mMDTT, 1 mMATP, 2 mMMgCl2, 1 mM PMSF
by incubation with 2.5 mg of lysozyme followed by sonication.
Triton X-100 was added to 0.25%, samples were incubated for
15min, and then clarified by centrifugation at 12,000� g for 20
min. Ni2�-NTA-agarose (Qiagen, Valencia, CA) was added
together with 5 mM imidazole and incubated for 1 h at 4 °C.
Unbound material was removed by washing in lysis buffer sup-
plemented with 1 M NaCl, after which resin was incubated in
lysis buffer for 20 min at room temperature to release contam-
inating bacterial ATPases. Proteins were eluted from washed
resin by sequential addition of 50, 200, and 400mM imidazole in
a buffer appropriate for the next purification step. VPS4A and
VPS4B were further purified on a MonoS column (GE Health-
care) in 50 mM PIPES, pH 6.9, 10% glycerol, 1 mM DTT, and
0.1–1 M NaCl. Yeast Vps4p protein was further purified on
MonoQ (GEHealthcare) in 20mMTris, pH8.0, 1mMDTT, 10%
glycerol, and 0.1–1 M NaCl. Pooled fractions containing puri-
fied enzyme were concentrated if necessary to create stocks of
�1 mg/ml, quantitated using Bradford reagent (Bio-Rad) with
BSA as a standard, aliquoted, and snap frozen for storage. Size
exclusion chromatography to monitor oligomer size was per-
formed on Superdex 75 or 200 10/30 columns (GE Healthcare)
in 50mMHEPES, pH7.6, 150mMKCl, 5% glycerol, 0.5mMATP,
3 mM MgCl2, and 1 mM DTT. His6-NSF and His6-p97 were
prepared essentially as previously described (37). His6-spastin
was grown and purified as above forVPS4A, except that protein
was expressed in BL21-CodonPlus(DE3)-RIL E. coli (Strat-
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agene, La Jolla, CA) and fractions containing His6-spastin after
elution from the MonoS column were further purified using a
Superdex 75 size exclusion column.
ESCRT-III proteins and fragments were prepared using the

same general protocol, with variations after elution fromNi2�-
NTA-agarose or glutathione-Sepharose (Amersham Bio-
sciences) depending on the protein or protein fragment in
question. C-terminal ESCRT-III fragments were further puri-
fied on a MonoQ column. Size exclusion chromatography for
preparative and analytic purposes used Superdex 200 10/30 or
Superdex 75 10/30 columns in 20 mM HEPES, pH 7.4, 150 mM

NaCl, 1 mMDTT, and 5% glycerol. All proteins used in ATPase
assays were tested for ATPase activity and shown to be free of
contaminating ATPases.
ATPase Assay—ATPase assaysmeasured released phosphate

based on the formation of colored phosphomolybdate com-
plexes with the cationic dye malachite green (40). Reactions
were set up by aliquoting 25�l containing appropriately diluted
ESCRT-III protein, liposome, or amino acid homopolymer in
20 mM Tris, pH 7.6, 100 mM KOAc into wells of a 96-well plate.
VPS4A (or other enzyme as indicated) was diluted into 20 mM

Tris, pH 7.6, 100 mM KOAc, 10 mM MgCl2, and 2 mM ATP. 25
�l of this solution was added to each well to start the ATPase

reactions. Enzyme concentration in
standard reactions was 0.2 �M

except in the liposome experiments
where the final concentration was
0.1 �M. Reactions were incubated
for 5 or 10min at 37 °C, and stopped
by adding 100 �l of malachite green
color reagent (14 mM ammonium
molybdate, 1.3 M HCl, 0.1% Triton
X-100, and 1.5 mMmalachite green)
followed by 50 �l of 21% citric acid.
ATP hydrolysis in these reactions
was linear with time as long as ATP
consumption was limited to 5% or
less, a condition that was met in all
reported assays. In a few cases (indi-
cated), reactions were performed at
23.5 °C to slow ATP hydrolysis.
Within 30 min of adding the mala-
chite green reagent, absorbance at
660 nm was measured using a Syn-
ergy HT plate reader (Bio-Tek,
Winooski, VT). Sodium phosphate
standards were included on each
ATPase reaction plate to quantitate
the released phosphate. Data were
fit to the Hill equation (Y � (Ymax �
Xh)/[Km(app) � Xh])) using Prism4
(GraphPad, San Diego CA). Statisti-
cal comparisons were done using t
tests performed in Prism4.
Liposomes—Liposomeswere pre-

pared and used essentially as
described (41, 42). Briefly, Ni2�-
NTA-DOGS and DOPC in chloro-

form were mixed at the desired ratio in 1 mg of total lipid and
dried under nitrogen. Lipidswere then lyophilized and stored at
�20 °C under nitrogen. For use, lipid mixtures were resus-
pended in 1 ml of diethyl ether and then mixed with 1 ml of
buffer (20 mM Tris, pH 7.6, 100 mM KOAc). The mixture was
emulsified by sonicating (80 kHz and 80 W power in a water
bath, Laboratory Supplies Co., Hicksville, NY) and placed in a
rotary evaporator to remove ether. The resulting multilamellar
liposomes were passed through 200-nm polycarbonate mem-
branes in a mini-extruder (Avanti Polar Lipids, Alabaster, AL)
to generate small unilamellar liposomes �120 nm in diameter.
Phospholipids were quantitated as described (43). Liposome
preparations typically contained 0.8–0.9mg/ml of phospholip-
ids. Extruded liposomeswere stored at 4 °C prior to use. Surface
area calculations used to estimate the effective protein concen-
tration on the liposome surface were as described (41, 42).

RESULTS

MammalianVPS4EnzymesHave LowBasalATPaseActivity—
To study the regulation of mammalian VPS4 enzymes, we set
out to characterize purified VPS4A and VPS4B/SKD1. His6-
VPS4A had low but reproducible basal ATPase activity,
whereas His6-VPS4B had no detectable activity (Fig. 1A). Yeast

FIGURE 1. Effect of ESCRT-III proteins that contain MIM1 motifs on VPS4A activity. A, ATP hydrolysis by
human VPS4A, VPS4B, and yeast Vps4p assessed under standard reaction conditions of 0.2 �M enzyme and 1
mM ATP at 37 °C. B, effect of CHMP2A on ATP hydrolysis by VPS4A. �, wild-type VPS4A with varying concen-
tration of wild-type CHMP2A (Vmax 50 ATP/VPS4A�min); triangles, wild-type VPS4A and CHMP2A L216A/L219A;
circles, VPS4A E228Q mutant with wild-type CHMP2A; boxes, VPS4A�MIT mutant with CHMP2A. C, effect of
C-terminal CHMP fragments on ATP hydrolysis by VPS4A. Boxes, CHMP3-C (amino acids 115–222), Vmax of 118
ATP/VPS4A�min; �, CHMP2A-C (amino acids 117–222), Vmax of 72 ATP/VPS4A�min; triangles, CHMP1B-C (amino
acids 106 –199) with Vmax of 78 ATP/VPS4A�min. D, effect of chimeric CHMP-MIM proteins on ATP hydrolysis by
VPS4A. Shown is the activity of VPS4A in response to 6 �M of the indicated protein, scaled to the activity
reached with CHMP1B-C (100%). The activity promoted by CHMP1B-C differs compared with CHMP1B-3 (p �
0.046), as does the activity promoted by CHMP3-C versus CHMP1B-3 (p � 0.0067); the activity promoted by
CHMP3-C is not significantly different from that of CHMP3–1B. Error bars indicate S.D. from one experiment
conducted in duplicate or triplicate; all experiments were repeated three times.
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His6-Vps4p assayed under identical conditions hydrolyzed
ATP at a rate of 13 ATP/Vps4�min, similar to what has previ-
ously been reported (21, 44). The low hydrolytic activity of
mammalian VPS4 enzymes relative to yeast Vps4p and other
AAA� ATPases prompted us to explore how they might be
activated by interaction with other factors.
MIM1-containing ESCRT-III Proteins Activate VPS4A—A

characteristic of many AAA� ATPases is that their ATPase
activity increases when they engage substrate proteins (45).We
therefore examined the effects of ESCRT-III proteins on VPS4
activity, focusing our studies on the widely expressed VPS4A
isoform. We first tested CHMP2A, one of two human Vps2
homologues, because Vps2 plays an important role in enabling
VPS4 function both in vivo (13) and in vitro (14). It also contains
a well studiedMIM1motif at its C terminus (32, 33). Strikingly,
full-length CHMP2A stimulated ATP hydrolysis by 200 nM
VPS4A in a concentration-dependent manner to an apparent
Vmax of 50 ATP/VPS4A�min (Fig. 1B, �). CHMP2A did not
stimulate VPS4A when the enzyme contained an E228Qmuta-
tion in its Walker B motif (Fig. 1B, circles) or was missing its
MIT domain (Fig. 1B, squares). Moreover, VPS4A did not
respond to CHMP2A with a binding-defective L216A/L219A
mutation in its MIM1 motif (Fig. 1B, triangles). These results
show that known interacting elements, MIT and MIM1, bring
VPS4A and CHMP2A together to promote ATP hydrolysis.
We next examined the effect of other ESCRT-III proteins

that contain recognizableMIM1motifs, CHMP1B andCHMP3
(32, 33). These proteins stimulated VPS4A ATPase activity to
anywhere between 2 and �30 ATP/VPS4A�min, but we found
that the results varied from experiment to experiment andwere
not reproducible (data not shown). We therefore wondered if
variations in conformational state, i.e. how “open” or “closed” the
proteins are, might account for these differences (10, 38, 46).
CHMP3 in particular has been shown to adopt functionally dis-
tinctopenandclosedstates that coulddiffer inwhether the surface
of theMIM1motif that binds VPS4A is exposed (12, 47).
To exclude problems with conformational variability, we

turned to studying fragments of these ESCRT-III proteins lack-
ing their two most N-terminal helices (�1 and �2) and thus
unable to adopt the closed conformation that depends on inter-
actions between N- and C-terminal domains (38, 46, 48). We
purified His6-tagged C-terminal fragments of CHMP2A,
CHMP1B, andCHMP3 and confirmed that they did not assem-
ble into polymers by size exclusion chromatography on a
Superdex 75 column (data not shown).When added to VPS4A,
each fragment stimulated ATP hydrolysis in a concentration-
dependent and reproducible manner (Fig. 1C). Notably, the
CHMP3 fragment stimulated VPS4A to a higher apparentVmax
than did the CHMP2A or CHMP1B fragments. We wondered
whether theMIM1or other sequences inCHMP3were respon-
sible for its effect on VPS4A. Prior studies suggested that the
CHMP3 MIM1 has a lower affinity for the VPS4 MIT domain
than do those of CHMP2A and CHMP1B (32, 33). Swapping
MIM1 motifs between CHMP1B and CHMP3 fragments to
create CHMP3-1B and CHMP1B-3 chimeras showed that both
the MIM1 motif and sequences elsewhere in the fragments are
involved in activating VPS4A (Fig. 1D).

C-terminal Fragments of All Subclasses of ESCRT-III Proteins
Activate VPS4A—An important question for understanding
the dynamics of ESCRT-III polymers is whether VPS4 proteins
act directly on each component or instead act only on a subset
of the components to disassemble the entire polymer. This is a
particularly significant issue with regard to the major Snf7/
CHMP4 components of ESCRT-III because of the low affinity
of the interaction between the Snf7 MIM2 and the VPS4 MIT
domains (13, 31). To compare the ability of different ESCRT-III
proteins to activate VPS4A, we prepared C-terminal fragments
representing each of the six major groups of ESCRT-III pro-
teins. Surprisingly, all stimulated VPS4A ATPase activity,
whereas the unrelated protein �-SNAP did not (Fig. 2A). Given
the known role of MIM motifs in binding to VPS4 proteins,
we also explored the effects of mutating critical residues in
these motifs (31, 32). A MIM1 L216A/L219A mutation in
CHMP2A-C decreased VPS4A activation (Fig. 2B). Mutating
theMIM2 inCHMP6-Cwith a L170D,V173D replacement also
reduced stimulation of ATPase activity (Fig. 2C). Interestingly,
neither MIMmutation completely eliminated VPS4A stimula-
tion, again pointing to a role for elements outside of the MIMs
in activating VPS4A. CHMP5 does not contain a canonical
MIM motif, but as will be discussed elsewhere has an internal
sequence similar to MIM1 that may be responsible for stimu-
lating VPS4A.3 Overall, the fact that C-terminal fragments

3 S. Shim, S. A. Merrill, and P. I. Hanson, unpublished data.

FIGURE 2. All six subclasses of ESCRT-III proteins stimulate VPS4A ATPase
activity. A, maximal ATP hydrolysis by VPS4A in the presence of C-terminal
fragments of CHMP1B(106 –199), CHMP2A(117–222), CHMP3(115–222),
CHMP4A(119 –222), CHMP5(121–219), CHMP6(118 –201), or �-SNAP. Assays
were conducted as described in the legend to Fig. 1C; maximal activity for
each protein was scaled to a CHMP1B-C control present on each assay plate.
B, effect of mutating the MIM1 motif in CHMP2A-C. Squares, ATP hydrolysis by
VPS4A in the presence of wild-type CHMP2A-C. �, ATP hydrolysis by VPS4A in
the presence of MIM1 mutant CHMP2A-L216A/L219A. C, effect of mutating
the MIM2 motif in CHMP6-C. Squares, ATP hydrolysis by VPS4A in the pres-
ence of wild-type CHMP6-C. �, ATP hydrolysis by VPS4A in the presence of
MIM2 mutant CHMP6-L170D,V173D. Error bars indicate S.D. from duplicate
reactions of one experiment; all experiments were repeated three times.
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from all subfamilies of ESCRT-III proteins promote increased
ATP hydrolysis suggests that VPS4Amay act independently on
each subunit of ESCRT-III.
BothMIMs and Adjacent ESCRT-III Sequences Play a Role in

Activating VPS4A—To define the sequence(s) in ESCRT-III
proteins that stimulate VPS4A, we set out to find the minimal
activating fragment in one of these proteins. Given that MIM
motifs bind VPS4 proteins (31–33) and are needed to recruit
it to endosomes in vivo (34), we began by asking whether
these might also be sufficient to stimulate ATPase activity.
We synthesized a 15-amino acid peptide corresponding to a
canonical MIM1. Notably, adding even extremely high con-
centrations of this peptide or a mutated variant to VPS4A
had no effect on ATPase activity (Fig. 3A). To define addi-
tional required elements, we prepared CHMP1B fragments
of increasing length and tested their effect on VPS4A (Fig.
3B). A 30-amino acid fragment containing the C-terminal
MIM1 (GST-CHMP1B(169–199)) increased ATPase activity,
and this stimulation was further enhanced by progressive
inclusion of N-terminal sequences in longer fragments.
Fragments lacking a functional C-terminal MIM1 (e.g. GST-
CHMP1B(106–181), (106–136), (140–181), and (106–
199LA)) also had some effect on the ATPase activity of VPS4A.

Taken together, these results again
suggest that elements both within
and outside of theMIMmotif affect
VPS4A activity.
To determine whether specific

sequences help activate VPS4A we
replaced groups of three residues
with alanine throughout a CHMP2A
C-terminal fragment (Fig. 3C).
Although there are a fewhighly con-
served residues, the most obvious
shared characteristic of the ESCRT-
III C-terminal fragments is an abun-
dance of acidic residues, in many
cases clustered into patches (10, 49).
We therefore focused on changing
acidic residues, especially in the
region between �4 and �5 because
this region in CHMP1B had pro-
vided the largest increase in stim-
ulation of VPS4A (Fig. 3B). Sur-
prisingly, none of these alanine
replacements reduced the stimula-
tion of CHMP2A-C byVPS4Amore
than �20% (Fig. 3C). To specifically
ask about effects of these alanine
replacements on MIM1-independ-
ent stimulation of VPS4A, we also
mutated two pairs in the context
of a CHMP2A-C MIM1 mutant
(L216A/L219A). As shown with
white bars in Fig. 3B, there appeared
to be some decrease associated with
the loss of negatively charged resi-
dues in this context, but these dif-

ferences were not found to be statistically significant. This sug-
gests that no single short determinant withinCHMP2A, at least
among those analyzed here, is responsible for activating VPS4A
and may explain how all ESCRT-III proteins engage VPS4A,
despite their low overall sequence identity.
Role for Acidic Residues in Activating VPS4A—Given the lack

of a well defined sequence in the ESCRT-III proteins responsi-
ble for stimulating VPS4A, we asked more generally about the
specificity with which proteins engage this enzyme. �-SNAP
had no effect onVPS4A (Figs. 2A and 4A) despite the fact that it
enhanced ATPase activity of NSF, its partner AAA� protein
(data not shown). To further probe requirements for VPS4A
activation, we chose two unrelated fragments similar to the
stimulatory ESCRT-III fragments in length, a fragment of syn-
taxin 1A (residues 159–242) and a C-terminal fragment of
�-tubulin (residues 348–453). Both are expected to have some
�-helical content (50, 51) similar to ESCRT-III proteins (8, 10,
12). On their own, each had a small but statistically significant
effect on VPS4A (Fig. 4A). However, with a 15-residue MIM1
motif fused to the C terminus we found that both enhanced
ATPase activity (Fig. 4A). In fact, the �-tubulin-MIM1 fusion
protein stimulated VPS4A to hydrolyze more ATP than did
ESCRT-III proteins. Both �-tubulin and the ESCRT-III C-ter-

FIGURE 3. Both MIM1 and adjacent sequences are required to activate VPS4A. A, effect of a peptide encom-
passing the CHMP2A MIM1 (residues 208 –222, ADADLEERLKNLRRD, circles), a mutant variant (ADADLEEEAKN-
LRRD, �), and the CHMP2A-C fragment (residues 117–222, boxes) on ATP hydrolysis by VPS4A. B, effect of
CHMP1B fragments on ATP hydrolysis by VPS4A. Activity in the presence of 6 �M of the indicated GST-CHMP1B
fragment is shown. The MIM1 motif is present at the extreme C terminus of CHMP1B, and is missing when
residues 182–199 are deleted. The LA mutant also contains a L188A/L192A MIM1 mutation. C, effect of point
mutations in CHMP2A-C on stimulation of VPS4A. Clusters of two or three residues (thin bars above CHMP2A
sequence) were replaced with alanine and tested for their effects on VPS4A. Mutants are named by the residues
changed and the numerical position of the first mutated residue. LA mutants (white bars) also contain a L216A/
L219A MIM1 mutation. Alignment of CHMP2A-C with CHMP3-C shows the position of �-helices observed in the
crystal structure of CHMP3 and predicted in CHMP2A (10). Error bars indicate S.D. from duplicate reactions of
one experiment; all experiments were repeated three times.
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minal fragments contain clusters of acidic residues, and a par-
ticularly long stretch of acidic residues at the extreme C termi-
nus of �-tubulin is important for its interaction with spastin, a
microtubule severing AAA� ATPase closely related to VPS4
proteins (52). Our results suggest amodel in which initialMIT-
MIM interactions deliver acidic polypeptides to the AAA�

domain of VPS4A.
Further support for the idea that acidic residues play a special

role in activating VPS4 and related enzymes came from exper-
iments with amino acid homopolymers. Poly-L-glutamic acid
greatly increased VPS4A ATPase activity, whereas other
homopolymers including poly-L-lysine and poly-L-threonine
did not (Fig. 4B). Stimulation by poly-L-glutamic acid was ste-
reospecific because poly-D-glutamic acid had no effect. Poly-L-
glutamic acid also specifically stimulated ATP hydrolysis by
spastin (Fig. 4C), but had little or no effect on two other AAA�

proteins, NSF and p97 (data not shown). Previous studies of the
effects of homopolymeric amino acids on AAA� proteins have
shown that ClpB andHsp104 are selectively stimulated by poly-
L-lysine (53, 54). The activating effect of acidic amino acids is
therefore specific to the subset of AAA� ATPases that includes
VPS4 proteins and spastin.
Activation of His6-tagged VPS4A on Ni2�-NTA Containing

Liposomes—Based on the fact that AAA� ATPases almost
always function as oligomers (55, 56) and on earlier studies
showing that yeast Vps4p is a dodecamer when ATP hydrolysis

is blocked (26, 28), we wondered whether ESCRT-III proteins
activate VPS4A by promoting oligomer assembly. Assembled
ESCRT-III could provide a scaffold that concentrates VPS4A
and thereby promotes oligomerization. However, the C-termi-
nal ESCRT-III fragments studied above do not polymerize and
we were unable to detect VPS4A oligomers by gel filtration in
either the absence or presence of the fragments (supplemental
Fig. S1). To determinewhetherVPS4A is nonetheless turned on
by enhancing inter-subunit interactions, we turned to a tech-
nique used previously to greatly increase enzyme concentration
and study inter-subunit activation of the epidermal growth fac-
tor receptor kinase in which His6-tagged enzyme is bound to
the surface of liposomes containing Ni2�-NTA-DOGS (41).
Adding His6-VPS4A to liposomes containing 5% Ni2�-NTA-
DOGS increased ATPase activity to levels similar to those seen
upon interaction with ESCRT-III proteins (Fig. 5A). This stim-
ulation required the His6 tag on VPS4A and Ni2�-NTA-DOGS
in the liposomes, and adding Ni2�-NTA-Sepharose or Ni2�

alone to VPS4A did not enhance ATPase activity (Fig. 5A).
Maximum stimulation occurred when the ratio of surface-ex-
posed Ni2�-NTA moieties and added His6-VPS4A molecules
was �1:1 (Fig. 5B). Importantly, maximal activity was strongly
affected by the density of Ni2�-NTA-DOGS in the liposomes
over a range of 2–15 mol %, with increased density of tagged
lipid yielding increased VPS4A activity (Fig. 5C). Note that the
mol % of Ni2�-NTA-DOGS was varied by adding a constant
amount of this lipid to increasing amounts of DOPC during
preparation of the liposomes. Based on surface area, we esti-
mate that the effective concentration of VPS4A on these lipo-
somes ranged from 2 to 18 mM (see “Experimental Proce-
dures”). Ni2�-NTA-DOGS liposomes also activated the AAA�

ATPase spastin, which is known to transiently oligomerize, but
had no effect on the stably oligomerized AAA� ATPase NSF
(Fig. 5D). The fact that VPS4A is activated by binding to these
liposomes indicates that intersubunit interactions promote
ATP hydrolysis. The fact thatmaximal activation required a 1:1
ratio of His6-VPS4A to Ni2�-NTA-DOGS suggesting that the
two-layered ring structure seen in studies of yeast Vps4p (26,
28) may not be required for VPS4A ATPase activity.
Effect of Pore Loop Mutations on VPS4 Activity Supports

Function as Ring-shaped Oligomer—If VPS4A functions as a
transient cylindrical oligomer, we would expect loops exposed
in the central pore (pore loop 1 and pore loop 2) to interact with
substrates to promote unfolding as has been found for other
AAA� proteins (24, 52, 57–62). Both loops have previously
been implicated in normal VPS4 function based on the obser-
vation that mutations in either one create proteins with inhib-
itory effects on HIV budding (24, 26). To ask directly about the
role of pore loops in engaging ESCRT-III proteins, we mutated
residues in them and tested the response of the mutant
enzymes to added ESCRT-III proteins. None of the pore loop
mutations affected basal activity (data not shown). However, a
pore loop 1 mutant in which the central leucine was replaced
with alanine (L202A) hydrolyzed more ATP in response to
addedCHMP2A than didwild-type enzyme, whereas pore loop
2 R254A mutant was less stimulated by CHMP2A than wild-
type VPS4A (Fig. 6). Other pore loop 2 mutations had little or
no effect on ESCRT-III-stimulated ATPase activity. These

FIGURE 4. Role for acidic residues in VPS4A activation. A, effect of heterol-
ogous proteins on ATP hydrolysis by VPS4A. Fragments tested include
syntaxin1A (residues 159 –242, Syn) and �2 tubulin (residues 348 – 453, Tub)
alone or fused to the MIM1 of CHMP1B (residues 186 –199, Syn-MIM and Tub-
MIM). Maximal rate of ATP hydrolysis by VPS4A was determined as described
in the legend to Fig. 1C and is shown scaled to that of CHMP1B-C included on
each plate for standardization. Syntaxin and �2 tubulin fragments on their
own stimulate VPS4A activity (p � 0.0032 and 0.007, respectively) to levels
similar to that of CHMP1B missing its MIM1 motif (Fig. 3). Adding the MIM1
motif greatly increases the effect of these fragments on VPS4A, again similar
to what is seen for CHMP1B. B, effect of amino acid homopolymers including
poly-L-glutamic acid (20 – 40 kDa), poly-D-glutamic acid (20 – 40 kDa), poly-L-
threonine (8 kDa), and poly-L-lysine (15–30 kDa) on ATP hydrolysis by VPS4A.
C, effect of amino acid homopolymers on ATP hydrolysis by spastin. Error bars
indicate S.D. from duplicate reactions of one experiment; all experiments
were repeated three times.
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data reveal a connection between
ESCRT-III proteins and central
pore loop residues in VPS4A, and
are consistent with a role for
these pore loops in ESCRT-III
disassembly.
RegulatingVPS4AActivity:Mech-

anisms Responsible for Controlling
Autoinhibition—There is a large
difference between the concentra-
tion of VPS4A activated in solution
by ESCRT-III protein fragments
(200 nM, Figs. 1–3) and the concen-
tration of VPS4A needed to pro-
mote activation on the Ni2�-NTA
liposome surface (low mM, Fig. 5).
This suggests that ESCRT-III pro-
teins change something in VPS4A
to activate it. Because the only
clearly defined binding sites for
ESCRT-III proteins in VPS4 are in
the N-terminal MIT domain (31–
33), we asked whether this domain
or the linker that connects it to
the core AAA� domain might be
involved in regulating VPS4A activ-
ity. A previous report of nucleotide-
dependent changes in the protease
sensitivity of the linker (25) led us to
suspect that it in particular might
play a role in regulating VPS4A
activity. We therefore deleted the
MIT domain together with increas-
ing segments of the linker to create
three truncated enzymes (Fig. 7A).
Basal activity was substantially
increased in enzyme lacking the
entire MIT and linker region (Fig.

7B) although this was not because of assembly into a stable
oligomer (supplemental Fig. S1). This supports the hypothesis
that elements within the linker help maintain the low basal
activity of VPS4A, likely acting to autoinhibit the VPS4A. Fur-
ther support for this hypothesis came from examining the
effects of Ni2�-NTA containing liposomes on these mutants.
All but the shortest deletionmutant had substantially increased
maximal activitywhen concentrated on the liposomes (Fig. 7C).
We suspect that the constraints imposed by tethering the short-
estmutant to the liposome prevented it from reaching themax-
imal activity seen with the longer mutants.
To gain insight into how inhibitory effects of the linkermight

be regulated we asked how the truncated enzymes respond to
stimulatory factors as above. (We omitted analysis of CHMP
fragments as these had no effect at attainable concentrations
when VPS4A is missing its MIT domain (Fig. 1B and not
shown).) All of themutants were not as well stimulated by poly-
L-glutamic acid aswas full-lengthVPS4A (Fig. 7D), despite their
increased basal and liposome-stimulated activity (above). The
complete lack of response of VPS4A�1–86 to poly-L-glutamic

FIGURE 5. Activation of His6-VPS4A by liposomes containing Ni2�-NTA-DOGS. A, effect of the indicated
reagent or manipulation on ATP hydrolysis by 0.2 �M VPS4A: from left to right, liposomes containing 5%
Ni2�-NTA-conjugated to DOGS (with molar excess of Ni2�-NTA compared with His6 tag on VPS4A), liposomes
containing DOPC only, Ni2�-NTA-Sepharose, 0.5 �M NiSO4, VPS4A with its His6 tag removed together with Ni2�-NTA
containing liposomes, and VPS4A alone. B, specific activity of ATP hydrolysis by VPS4A when increasing amounts of
enzyme are added to a fixed amount of liposomes containing 5% Ni2�-NTA-conjugated DOGS. C, effect of changing
the density of Ni2�-NTA-DOGS present in liposomes (from 2 to 15 mol %, adjusted with varying amounts of DOPC)
on VPS4A activity. D, effects of liposomes containing 5% Ni2�-NTA-DOGS on AAA� ATPases including VPS4A,
VPS4B, spastin, and NSF. Basal activity of each enzyme is shown with black bars and activity in the presence of
Ni2�-NTA containing liposomes with gray bars. Error bars indicate S.D. from one experiment conducted in duplicate
or triplicate; all experiments were repeated three times unless otherwise noted.

FIGURE 6. Pore loops regulate response to ESCRT-III proteins in vitro.
A, sequence alignment of human VPS4A and VPS4B indicating the position of
two pore loops (thin lines (24, 26)). Numbers correspond to VPS4A sequence
and residues mutated are indicated by black bars. B, effect of the indicated
VPS4A mutations on His6-CHMP2A stimulated ATPase activity, scaled to the
maximal response of wild-type VPS4A to His6-CHMP2A. For all experiments,
error bars indicate S.D. from duplicate reactions, n � 3.
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acid suggests that partial deletion of the linkermay eliminate or
bury sequences that normally respond to acidic amino acids.
These results suggest that interactions between acidic ESCRT-
III residues and sequences in VPS4A, in particular in the linker
connecting the MIT and AAA� domains, are involved in regu-
lating the intrinsic autoinhibition of the enzyme. The relatively
low conservation in these sequences between human and yeast
proteins may account for differences in the degree to which
VPS4 enzymes from different species are autoinhibited.

DISCUSSION

VPS4-like proteins control the assembly of the ESCRT
machinery and its association with the endosomal membrane,
and as the only energy consuming enzymes directly implicated
in the ESCRTpathway have for a long time been thought to play
a key role in creating vesicleswithin theMVB (21, 63). Although
human VPS4A is essentially inactive in solution, we find that it
can be stimulated at physiologically relevant concentrations to
hydrolyze ATP following interaction with ESCRT-III proteins.
Our data suggests that this activation is the result of two effects

of ESCRT-III proteins on VPS4A:
enabling functional enzyme assem-
bly and engaging the core catalytic
machinery of the enzyme. Full-
length CHMP2A was the most
potent activator of VPS4A as might
have been expected based on the
privileged role of Vps2p in recruit-
ing Vps4p in vivo and in vitro (13,
14, 64). Importantly, however,
C-terminal fragments of all ESCRT-
III proteins stimulated VPS4A sug-
gesting that in the end the enzyme is
likely to act on each subunit of an
ESCRT-III polymer. Activation of
VPS4A by ESCRT-III fragments
required more than their previously
defined MIM motifs (Fig. 3) point-
ing to roles for additional contacts
between the ESCRT-III proteins
and VPS4A. The sequences re-
quired for activation include a
region that we previously identified
as a candidate secondary interaction
site for VPS4A in CHMP2A and
CHMP1B (39). We propose that
MIT-MIM engagement allows VPS4A
to associate with and act upon addi-
tional sequences in the C-terminal
halves of ESCRT-III proteins, ulti-
mately driving ESCRT-III disassem-
bly accompanied by subunit release
and recycling.
Given that replacing blocks

of three residues with alanines
throughout a C-terminal ESCRT-III
fragment did not significantly affect
VPS4A activation (Fig. 3), it seems

likely that once initiated, ESCRT-III processing by VPS4A does
not require uniquely defined sequences. This may explain how
VPS4A acts on all 12 ESCRT-III proteins in human cells despite
their rather divergent sequences. In fact, AAA� proteins that
unfold proteins for proteolysis operate by recognizing short
targeting motifs and then processing any attached polypeptide
(58). A well characterized example is the 11-residue ssrA tag
that is appended to proteins stalled on ribosomes in bacteria
and then recognized by AAA� protein ClpX for unfolding and
delivery to the protease ClpP (65). Despite the lack of unique
sequence requirements, we found that acidic residues play a
special role in stimulating VPS4A activity. In addition to acidic
ESCRT-III fragments, both poly-L-glutamic acid and the acidic
C terminus of �-tubulin fused to a MIM1 motif were effective
activators of VPS4A (Fig. 4). Common to these proteins is the
presence of clustered acidic residues, which could activate
VPS4A by any of several mechanisms including relieving linker-
dependent autoinhibition (Fig. 7) and engaging residue(s)
within the central pore of the enzyme (Fig. 6). Interestingly, the
AAA� protein most closely related to VPS4 is spastin, an

FIGURE 7. The linker connecting MIT and AAA� domains autoinhibit VPS4A activity. A, schematic diagram
of VPS4A showing the residues that connect the MIT and the AAA� domain (24, 70). Position of deletion
mutants are indicated by black bars. B, basal ATPase activity of VPS4A N-terminal mutants assayed under
standard conditions using 0.2 �M enzyme. C, effect of Ni2�-NTA liposomes on ATPase activity of indicated
mutants. D, effect of 50 �M poly-L-glutamate on ATPase activity of the indicated mutants. For all experiments
error bars indicate S.D. from duplicate reactions, n � 3.
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enzyme that severs microtubules in a reaction dependent on
the acidic C termini of tubulin subunits (52, 66). Like VPS4A, it
is robustly activated by acidic homopolymers (Fig. 4) extending
the substantial structural and functional parallels between
these enzymes.
A complicating factor in studying howVPS4A activity is reg-

ulated is the superposition of transient oligomer assembly and
substrate engagement. Previous studies have shown that yeast
enzyme can be trapped as a dodecamer when ATP hydrolysis is
blocked by mutation of the essential Walker B glutamic acid
residue (21, 26, 44). Although we were able to reproduce these
results using yeast proteins (data not shown), wewere unable to
detect equivalent oligomers using human enzymes (supple-
mental Fig. S1 and data not shown). Two pieces of evidence
suggest that nonetheless human VPS4A functions as an olig-
omer similar to other AAA� proteins (45). First, we found that
VPS4A could be activated independently of interacting pro-
teins by increasing its concentration to high levels on liposomes
using a combination of Ni2�-NTA-conjugated lipids and
His6-VPS4A (Fig. 5). The concentration-dependent activation
reached a maximal level that correlated with the density of
tagged lipid in the liposomes, supporting a role for intersubunit
interactions in hydrolysis. Second, mutating key residues in
pore loops known to function at the center of hexameric rings
formed by other AAA� ATPases (62, 67) perturbs VPS4 func-
tion in cells (24, 26)4 and in the experiments reported here
altered the response of the enzyme to ESCRT-III proteins in
vitro (Fig. 6). The observed differences in ATP hydrolysis
(increased hydrolysis by a pore loop 1 mutant (L202A) and
decreased hydrolysis by a pore loop 2 mutant (R254A) after
adding CHMP2A) parallel effects of similar mutations in other
enzymes including ClpX, and may arise from changes in
engagement between the pore loops and substrate (59). Taken
together, our data support the idea that VPS4A functions as an
oligomer similar in its transient nature to yeast Vps4p (68) and
also spastin and katanin (52, 69).
The large difference in the concentration of VPS4A needed

to stimulate its ATPase activity on the surface of Ni2�-NTA
containing liposomes (� millimolar) compared with solution-
based activation by ESCRT-III fragments (� micromolar) sug-
gests that the ESCRT-III fragments must induce a fundamental
change in VPS4A to promote assembly of active enzyme. Our
deletion studies (Fig. 7) indicated that individual VPS4Amono-
mers are significantly autoinhibited by elements present within
the linker between their MIT and AAA� domain as well as by
interactions within the AAA� domain that involve communi-
cation with the pore loops of the enzyme. Relief of these and
other possible autoinhibitory interactions is likely to underlie
the robust activation of VPS4A upon interaction with its
ESCRT-III substrates. The details of the activating changes,
which may include not only exposure of the interfaces respon-
sible for subunit-subunit interactions but also changes in the
relative positioning of the AAA� large �/� and small �-helical
subdomains (which are known to vary based on comparisons
between currently available subunit crystal structures (28)) will
require future structural analysis.

A summary of our working model for VPS4A activation and
ESCRT-III disassembly is provided in Fig. 8. Autoinhibited
VPS4A subunits interact with ESCRT-III proteins when they
are present in their open or assembled conformation on the
endosomal membrane. These interactions relieve the autoinhi-
bition of VPS4A and thereby allow assembly of the functional
VPS4A oligomer, modeled here as a hexameric ring. Interac-
tions between VPS4A and ESCRT-III involve both the MIM
and acidic sequences near the C termini of ESCRT-III proteins
and several regions of VPS4A including its N-terminal MIT
domains (light gray), a linker (black), and the central pore (gray)
of the main AAA� domain. Once brought into proximity by
these interactions, acidic sequences within ESCRT-III proteins
enter the central pore of the enzyme where they engage pore
loops as shown. By analogy to other AAA� ATPases, ATP-
triggeredmovement of these loops is likely to provide a physical
force that ultimately disengages the ESCRT-III subunit from
the polymer, releasing it from the membrane into the cyto-
plasm. Whether a VPS4A ring persists between processing dif-
ferent ESCRT-III subunits remains an open question. In future
studies it will be important to couple ourmeasurements of ATP4 S. Shim, unpublished data.

MIM1 CHMPs

MIM2 CHMPs

CHMP5

+++

---
+++

---

ADP ATP

VPS4

ESCRT-III polymer

Endosome membrane

FIGURE 8. Model showing proposed activation of VPS4A followed by
ESCRT-III polymer disassembly. VPS4A is either a monomer or a transient
oligomer in solution (top left), but likely functions as a hexameric or dodecam-
eric oligomer (21, 44, 55, 71). Interactions with membrane-associated ESCRT-
III polymers containing open ESCRT-III proteins activate VPS4 at least in part
by relieving intrinsic autoinhibition to shift its equilibrium to favor the oligo-
meric and active species (top right). Through conformational changes
induced by ATP hydrolysis, ESCRT-III proteins then enter the central pore of
VPS4A where pore loops mediate a chaperone-like activity, which ultimately
returns the ESCRT-III proteins to their closed conformations in the cytoplasm
(bottom right) (56, 72). This activity applies to all subgroups of ESCRT-III pro-
teins, represented schematically here based on the identity of their MIM motif
(bottom left).
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hydrolysis to a quantitative assay of polymer disassembly, and
establish whether ESCRT-III proteins are completely unfolded
and translocated through a VPS4A pore or instead are released
following a less global conformational change. All together, our
studies provide new insight into how this unique AAA�

ATPase responds to its substrates in an appropriately regulated
fashion, and will guide future development of reagents to
manipulate VPS4A activity and thereby modulate the ESCRT
pathway.
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