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Abstract

Meiotic clade AAA ATPases (ATPases associated with diverse cellular activities), which were initially grouped
on the basis of phylogenetic classification of their AAA ATPase cassette, include four relatively well
characterized family members, Vps4, spastin, katanin and fidgetin. These enzymes all function to
disassemble specific polymeric protein structures, with Vps4 disassembling the ESCRT-III polymers that
are central to the many membrane-remodeling activities of the ESCRT (endosomal sorting complexes
required for transport) pathway and spastin, katanin p60 and fidgetin affecting multiple aspects of cellular
dynamics by severing microtubules. They share a common domain architecture that features an N-terminal
MIT (microtubule interacting and trafficking) domain followed by a single AAA ATPase cassette. Meiotic clade
AAA ATPases function as hexamers that can cycle between the active assembly and inactive monomers/
dimers in a regulated process, and they appear to disassemble their polymeric substrates by translocating
subunits through the central pore of their hexameric ring. Recent studies with Vps4 have shown that
nucleotide-induced asymmetry is a requirement for substrate binding to the pore loops and that recruitment to
the protein lattice via MIT domains also relieves autoinhibition and primes the AAA ATPase cassettes for
substrate binding. The most striking, unifying feature of meiotic clade AAA ATPases may be their MIT domain,
which is a module that is found in a wide variety of proteins that localize to ESCRT-III polymers. Spastin also
displays an adjacent microtubule binding sequence, and the presence of both ESCRT-III and microtubule
binding elements may underlie the recent findings that the ESCRT-III disassembly function of Vps4 and the
microtubule-severing function of spastin, as well as potentially katanin and fidgetin, are highly coordinated.

© 2015 Elsevier Ltd. All rights reserved.
Introduction

AAA+ ATPases (ATPases associated with
diverse cellular activities) are mechanoenzymes
that convert chemical energy from ATP hydrolysis
into mechanical force that is used to remodel either
nucleic acid or protein substrates [1]. They are
characterized by the presence of one or more AAA
ATPase cassettes, which comprise a large N-terminal
domain that adopts an additional strand conserved E
fold and a small helical domain at the C-terminus,
the presence of which distinguishes AAA+ proteins
from other P-loop NTPases [2,3]. The large AAA
ATPase domain contains all of the determinants for
ATP binding and catalysis [4]. In addition to the
P-loop, which is also referred to as the Walker A
motif and contains residues that coordinate β- and
er Ltd. All rights reserved.
γ-phosphates of nucleotides, the large AAA ATPase
domain also contains the conserved Walker B motif
and sensor-1 residues that function in the binding
and hydrolysis of nucleotides and in the sensing of
the nucleotide state. AAA+ ATPases function as
higher-order oligomers, typically hexamers, that
bind ATP at the interface between subunits, where
a conserved arginine side chain (arginine finger)
from the adjacent protomer complements the active
site [5].
Within the AAA+ superfamily, members of the

AAA family are distinguished by a conserved
sequence motif called the second region of homol-
ogy [5], which includes the arginine “finger” that
senses changes in coordination at the ATP/ADP
binding site. Variations in the second region of
homology, specifically the position of an additional
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Fig. 1. Domain structures of meiotic AAA ATPases and their binding partners. Domains for which some structural
information is available are color coded and labeled. MIT domain, cyan; large AAA ATPase domain (AAA-L), light blue;
small AAA ATPase domain (AAA-S), dark blue; β-domain, magenta; C-terminal helix (C), green; MTBD, dark red. Spastin
isoform variants: hydrophobic domain (HD) and exon 4 (4). The Vps4 binding partner LIP5/Vta1, wheat. The katanin p60
binding partner katanin p80 and WD40-less p80, white.
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conserved arginine residue relative to the arginine
finger, allow further classification into clades. The
“meiotic clade” AAA ATPases [3] were defined as
having the additional arginine directly preceding the
arginine finger and were named based on the meiotic
functions that were known for mei-1 and mei-2 [6], the
Caenorhabditis elegans homologs of katanin p60 and
p80. In addition to katanin p60, the best-characterized
clade members are Vps4 and spastin and, to a lesser
extent, fidgetin. These enzymes function in far more
than meiosis and drive a wide range of biological
pathways through their ability to disassemble or sever
polymeric protein substrates, which are microtubules
in the case of katanin, spastin and fidgetin and are
ESCRT-III polymers in the case of Vps4. Strikingly, all
of these enzymes, with the possible exception of
fidgetin, display an N-terminal MIT (microtubule
interacting and trafficking) domain. MIT domains do
not appear to be present in other AAA+ ATPases,
although they are found in many other proteins where
they mediate recruitment to ESCRT-III polymers by
binding sequences termed MIM (MIT interacting
motifs) [7] near the C-termini of ESCRT-III subunits.
This commonality may coordinate the distinct bio-
chemical activities of Vps4 and the microtubule-se-
vering enzymes by jointly recruiting them toESCRT-III
polymers [8]. In this review, we describe the available
structural insights and the mechanistic and functional
implications for themeiotic clade AAAATPases Vps4,
spastin and katanin.
Meiotic Clade AAA ATPase Isoforms

The microtubule-severing meiotic clade AAA
ATPases are found throughout the animal kingdom
and in plants and protozoa, whereas Vps4 is also
present in yeast and in some but not all archaeal phyla.
While members of the meiotic clade of AAA ATPases
all contain an N-terminal MIT domain and a single AAA
ATPase cassette (Fig. 1), each member has unique
features, and some exist in multiple isoforms in higher
eukaryotes.
Spastin exists in four isoforms in mammalian
cells [8], with the full-length, canonical protein
comprising 616 amino acid residues and referred
to as M1 spastin. Alternative promoter use pro-
duces M87 spastin [9,10], which lacks the first 86
residues and is the most abundant isoform.
Alternative splicing of both M1 and M87 spastin
produces the other two isoforms [8]. The first 86
residues of full-length M1 spastin contain a
hydrophobic domain that may have the ability to
insert into membranes, as well as binding sites for
proteins that determine localization to centro-
somes or the endoplasmic reticulum. Thus, the
M1 and M87 variants differ in their subcellular
localization, with M87 spastin in which these motifs
are missing remaining in a cytoplasmic pool. Each
of the four spastin isoforms contains the MIT
domain [11], which can mediate recruitment to
different cellular locations, as well as nuclear
localization signals [12]. A stretch of ~60 residues
after the MIT domain and immediately N-terminal to
the AAA ATPase cassette of all isoforms is
necessary and sufficient for microtubule binding
and is referred to as the microtubule binding
domain (MTBD) [13].
Katanin is a heterodimer comprising the unrelat-

ed p60 and p80 subunits [14], with only p60
displaying the MIT domain [15] and AAA ATPase
cassette [16]. Katanin p80 does not sever microtu-
bules on its own, but it enhances the in vitro
ATPase and microtubule-severing activity of p60
by a factor of 2 [16], which suggests that it might
stabilize the active conformation of katanin p60.
Katanin p80 contains a series of WD40 domains
that appear to play a role in localization [16] but are
not required for the interaction with the p60 subunit,
which is mediated by the C-terminal half of the
protein. The katanin p80 B1-like protein displays
sequence similarity to katanin p80 but lacks the
WD40 repeats [17]. Katanin-like 1 and 2 are distinct
proteins that are closely related to katanin p60 but
as yet have not been extensively characterized
[18–20].
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Fig. 2. Substrates of meiotic clade AAA ATPases. (a) Structure of the heterodimer of GTP-bound α-tubulin (green/cyan)
and GDP-bound β-tubulin (pink/magenta). The unstructured C-terminal tails that are engaged by the pore loops of spastin
and katanin are colored red. (b) Schematic of the microtubule structure. Growing microtubules add GTP-bound tubulin
heterodimers (green/blue) to their plus-end. Following assembly, β-tubulin hydrolyses GTP to GDP (green/pink).
C-terminal tails are shown for some representative subunits. (c) Crystal structure of CHMP3 (PDB ID: 3FRT) [21] showing
the canonical four-helix bundle of the ESCRT-III fold (green). Sequences from helix 5 (red) are preferentially engaged by
Vps4 pore loops [22]. The MIM motif is part of the unstructured C-terminal tail and is shown schematically. (d) ESCRT-III
assembles into membrane-bound helical polymers. MIM motifs are exposed on the surface, where they are available to
recruit MIT-domain-containing proteins, including Vps4.
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Fidgetin is less characterized than spastin or
katanin, but it clearly has the ability to sever
microtubules [23]. The presence of an MIT domain
seems probable [17], but verification will be impor-
tant because MIT domain sequences are highly
variable and can be missed in the absence of
structure determination. Fidgetin has two known
paralogs in human, known as fidgetin-like 1 and 2
[24].
Mammalian cells possess two highly similar

isoforms of Vps4, VPS4A and VPS4B [25], whereas
a single isoform is found in yeast and archaea.
Eukaryotic Vps4 proteins, but not the archaeal
homolog or other members of the meiotic clade,
have a unique insertion to the AAA ATPase cassette
termed the β-domain, which binds the Vps4 activa-
tor, LIP5/Vta1 [26,27]. VPS4A and VPS4B can form
heteromeric complexes [25], but at least in the
context of HIV release (see below), the budding
phenotype observed upon depletion of both isoforms
can be rescued by overexpressing only VPS4B [28],
indicating that the isoforms may function indepen-
dently of each other. Because their MIT domains
differ in their binding affinity for different ESCRT-III
subunits [28,29], it seems possible that VPS4A and
VPS4B may function in different branches of the
ESCRT pathway.
Substrates and Biological Functions

The microtubule substrates of spastin, katanin and
fidgetin are cytoskeleton components that define
intracellular structure and polarity and that organize
information flow throughout the eukaryotic cell by
comprising the tracks along which a wide variety of
cargo can be transported [30–32], including protein
or RNA molecules, organelles and vesicles. Micro-
tubules are also central to major structural transitions
and motility, for example, in the separation of
anaphase chromosomes [33] and in ciliary and
flagellar motility [34,35]. They consist of polymers
of α- and β-tubulin heterodimers [36,37] (Fig. 2a),
which display highly similar structures with a two-part
β-sheet that comprises six parallel strands with
Rossmann fold topology and an additional 4-stranded
mixed β-sheet, with a total of 12 α-helices flanking
both sides of the β-sheet. Both subunits bind a GTP
molecule at the usual site for a Rossmann fold.
Heterodimers of α- and β-tubulin interact end to end
to form filaments that further assemble as hollow
tubes of 13 protofilaments with structurally distinct
ends (Fig. 2b). The minus-end, where α-tubulin is
exposed, is often bound to the γ-tubulin ring
complex, which can nucleate microtubule assembly
and anchors microtubules to the centrosome or
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other microtubule organizing centers [38], from where
microtubules typically grow toward the periphery of
the cell.
As cells change and adapt, microtubules are

continually being remodeled by a dynamic process
of assembly and disassembly that is governed by
multiple regulatory processes. The GTP hydrolysis
state has a substantial effect onmicrotubule dynamics
[39–41]. Both the α- and the β-tubulin subunits are
bound with GTP during polymerization. Assembly
stimulates GTP hydrolysis in β-tubulin, which desta-
bilizes the polymer. Consequently, hydrolysis of the
GTP in β-tubulin subunits that cap the plus-end of the
microtubule can trigger rapid depolymerization.
Additional microtubule regulation is provided by a
plethora of proteins, including those that associate
specifically with the plus-end [42] or minus-end
[43], as well as the microtubule-severing enzymes
katanin, spastin and fidgetin [14,16,23,44–47].
This severing activity is possible because α-tubulin
and β-tubulin display flexible C-terminal tails of
~20 residues that project from the sides of
microtubules [37] and are accessible for spastin
and katanin to bind and translocate in order to
destabilize the tubulin polymer [14,45,48]. Micro-
tubule severing can generate seeds for new micro-
tubule growth, remove branching, induce microtubule
bundling or induce rapid depolymerization due to the
removal of stabilizing plus-end capping proteins
[17,49]. The microtubule-severing enzymes thereby
perform critical functions in many if not all of the
biological processes that depend upon microtubules,
including meiosis and mitosis, where they regulate
spindle assembly and chromatid separation, cytoki-
netic abscission, ciliogenesis, cell migration, endoso-
mal tubulation and neuronal morphogenesis
(reviewed in Refs. [17] and [49]).
The other well-characterized member of the

meiotic clade, Vps4, functions to disassemble
polymers of ESCRT-III proteins rather than microtu-
bules. Adaptor proteins of the ESCRT (endosomal
sorting complexes required for transport) pathway
recruit cargo and ESCRT-III subunits, which subse-
quently polymerize to constrict membrane necks
followed by a fission event [50–52]. Thus far, all of
the reported ESCRT-pathway-driven processes are
“reverse topology” membrane changes, in which
membranes are drawn toward the cytoplasmic face
[52]. The most ancient pathway catalyzed by the
ESCRT system appears to be the final abscission
step of cytokinesis because this pathway also
operates in some archaeal phyla [53–55]. The
ESCRT pathway drives many additional processes
that involve equivalent membrane topology changes
in eukaryotic cells, including budding of intraluminal
vesicles into the endosome to form multivesicular
bodies that are then targeted for lysosomal degra-
dation [56], exosome release [57–59], shedding of
microvesicles [60,61], plasma membrane wound
repair [62], pruning of axons and dendrites [63],
clearance of off-pathway nuclear pore complex
assembly intermediates [64] and nuclear envelope
sealing during mitotic spindle disassembly [65,66].
HIV and many other viruses exploit the ESCRT
pathway to facilitate budding from the plasma
membrane or to downregulate host proteins via the
endolysosomal pathway [67–71].
The human family of ESCRT-III proteins has 12

known members that include IST1 and charged
multivesicular body proteins (CHMPs, also known as
chromatin modifying proteins) [52] that are grouped
into subfamilies CHMP1–CHMP7, with two isoforms
A and B of CHMP1 and CHMP2, respectively, and
three isoforms A, B and C of CHMP4. ESCRT-III
proteins share a common structure composed of an
N-terminal core and a C-terminal tail (Fig. 2c) [21].
The core forms a four-helix bundle structure in which
the first two helices form a long helical hairpin and
the third and fourth helices form a short helical
hairpin. A fifth helix packs against the long hairpin
near its tip. ESCRT-III proteins exist in an inactive,
unassembled state that, upon activation, appears to
undergo a conformational change that results in
polymerization [72]. Specific pairs of ESCRT-III
subunits are thought to assemble as double helices
that can coil into spiral domed structures [52]
(Fig. 2d) that bind, distort and constrict the mem-
brane [73–75], with different types of ESCRT-III
subunits predominating in distinct pathways [70].
The C-terminal residues of ESCRT-III subunits
contain MIM sequences that are inherently flexible
and accessible on the polymer surface, and they
serve as a signaling hub by binding to a variety of
proteins that possess MIT domains, including
deubiquitylases, kinases and proteases [7]. Among
the MIT-containing proteins recruited to ESCRT-III
polymers is Vps4, which subsequently catalyzes
disassembly of the polymer to regenerate free
soluble ESCRT-III subunits that become available
to mediate subsequent rounds of membrane fission
[76]. Vps4 recruitment occurs shortly before bud-
ding, leading to the suggestion that its activity might
contribute directly to the fission reaction, for exam-
ple, by remodeling the ESCRT-III polymer to allow a
more constricted configuration [77–79]. In the
absence of Vps4 or upon expression of a dominant
negative mutant, membrane fission is inhibited and
bud necks cannot be resolved [28,80]. Several
models have been proposed to explain how ESCR-
T-III and Vps4 accomplish membrane fission [52],
and determining the actual mechanism employed in
the different ESCRT pathways is a major priority.
ESCRT-III polymers can also recruit spastin

whose MIT domain binds the CHMP1B MIM and is
thereby localized to the midbody during cell division
[81]. Disrupting this interaction will cause a delay in
cytokinetic abscission. Thus, the ESCRT-III assem-
bly that functions in the final membrane scission step



Fig. 3. MIM–MIT interactions. (a) Superposition of the MIT domains of human VPS4A (cyan, PDB ID: 2JQH) [29],
human spastin (pale yellow, PDB ID: 3EAB) [81] and mouse katanin (rose, PDB ID: 2RPA) [82]. (b) Summary of known
MIM–MIT interactions between human ESCRT-III proteins and the MIT domains of VPS4A, VPS4B, LIP5 and spastin
[28,29,80,81,83–89]. The type of interaction is indicated by shape. The affinity is indicated by fill color. Green outlines
denote interactions that have been characterized structurally. “n.d.”, not determined. No ESCRT-III interactions have been
reported for katanin or fidgetin. (c) Structure of the human VPS4A MIT domain in complex with the CHMP1B MIM1 (left,
PDB ID: 2JQH) [86] and the CHMP6 MIM2 (right, PDB ID: 2K3W) [28]. (d) Structure of the human spastin MIT domain in
complex with the CHMP1B MIM3 (right, PDB ID: 3EAB) [81]. (e) Structure of MIM5-type binding of the C-terminus of
CHMP5 to the tandem MIT domain of LIP5 (PDB ID: 2LXM) [87].
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of cytokinesis also recruits the enzyme that performs
the penultimate step of severing the dense array of
microtubule bundles that derive from the mitotic
spindle and traverse the midbody [8,90]. Recent
studies have shown that the ESCRT machinery and
spastin also cooperate at an earlier stage of
eukaryotic cell division, during late anaphase,
when reformation of nuclear envelopes is coordinat-
ed with mitotic spindle disassembly [65], a context in
which spastin is recruited by IST1. Similarly, it has
been established recently that both spastin and the
ESCRT pathway function in endosomal tubulation
[91]. Interestingly, in all these processes, spastin
recruitment is independent of microtubule binding
and depends solely on the MIM–MIT interaction.
Recruitment to the ESCRT-III lattice has not yet
been reported for katanin or fidgetin, although the
presence of an MIT domain in katanin and probably
also in fidgetin makes this possibility an attractive
hypothesis. It will be interesting to better understand
the level of coordination between Vps4 and micro-
tubule-severing enzyme recruitment and activities in
these different pathways, with one possibility being
that MIT domains have been retained in the
microtubule-severing enzymes in order to allow
their coordinated recruitment to ESCRT-III filaments.
The mechanism of recruiting the microtubule-

severing enzymes specifically to microtubules is less
clearly defined. NMR data suggest that there is a
direct interaction between the katanin MIT domain
and tubulin [82], and the MIT domain of Drosophila
melanogaster spastin has been reported to bind
microtubules with low affinity [45]. The most
definitive experiments indicate that spastin binds
microtubules through the ~60-residue MTBD in
the linker between the MIT domain and the AAA
ATPase cassette. This region is both necessary and
sufficient for microtubule binding of the human and
C. elegans spastin homologs [13,92], although
further characterization will be important because
this sequence is poorly conserved. Thus, unraveling
the mechanisms of recruitment to microtubules and
colocalization to microtubules and ESCRT-III poly-
mers are also important questions for future studies.
MIT Domain Structure and Interactions

First identified in sorting nexin 15 [93], MIT
domains have now been found in many proteins
including meiotic clade AAA ATPases [11,15],
kinases [83,84,94–96], deubiquitylases (AMSH and
UBPY) [95,97,98] and proteases (calpain-7) [11].
Although their designation as MIT domains implies
interaction with microtubules, they are now primarily
thought of as a domain that functions to target
proteins to ESCRT-III polymers. Although, as noted
above, their MIT domains may contribute to micro-
tubule binding by the microtubule-severing AAA
ATPases, it is clearly established that the MIT
domain of spastin binds to the MIM of the ESCRT-III
proteins CHMP1B [81,85] and IST1 [65,83,91].
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Fig. 4. Structure of the AAA ATPase cassette. Crystal structures of (a) human VPS4B (PDB ID: 1XWI) [26], (b) human
spastin (PDB ID: 3VFD) [99] and (c) human fidgetin-like 1 (FIGL-1, PDB ID: 3D8B) [100]. Coloring is as in Fig. 1. The
N-terminal helix (red) in microtubule-severing enzymes lies within the sequence that has been mapped to contain the
MTBD in spastin.
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The structures of the MIT domains of VPS4A
[29], VPS4B [86,101], spastin [81] and katanin [82]
are highly similar to each other (Fig. 3a). The
~80-residue MIT domain comprises an antiparallel
three-helix bundle in which helices 2 and 3 form a
coiled coil. The first helix packs against bulky
aromatic/hydrophobic residues of the coiled coil using
a series of conserved, regularly spaced alanines.
This unusual combination of a coiled coil motif and
an alanine zipper results in asymmetry of the overall
structure, and it provides distinct binding surfaces
for the MIMs of the many different ESCRT-III
subunits.
Despite the apparent simplicity of the MIT domain

structures, their ability to bind the short MIM
sequences of ESCRT-III subunits is remarkably
versatile. At least five distinct binding modes have
been identified for different pairs of MIT domains and
MIM peptide motifs involved in the ESCRT pathway
[87], three of which have been thus far observed
for the AAA ATPases (Fig. 3b). MIM–MIT interac-
tions have also been visualized between the
autophagy-related proteins Atg1 and Atg13 [96].
The MIT domains of both VPS4A and VPS4B can
bind Type 1 or Type 2 MIMs [28], with the two classes
of MIM displaying very different binding geometry
(Fig. 3b and c). MIM1 sequences are found in
CHMP1–CHMP3 [86] and IST1 [84] and have been
visualized inmultiple MIT domain complexes (Fig. 3b)
to reveal a short amphipathic helix binding in the
groove between MIT helices 2 and 3 [86,88,102,103].
In contrast, MIM2 sequences, which have been
identified in CHMP4, CHMP6 and IST1 (IST1 has
both MIM1 and MIM2 sequences), bind to Vps4 MIT
domains in an extended conformation that lines
the groove formed by helices 1 and 3 [28,55,104].
An MIM2 sequence that can bind the Vps4 MIT
domain has also been characterized in the Saccha-
romyces cerevisiae protein Vfa1 [104], although it is
not clear whether Vfa1 is a previously unrecognized
ESCRT-III subunit. Because the MIM1 and MIM2
binding sites are on opposite sides of theMIT domain,
both types of interactions can form at the same time,
and simultaneous binding has been demonstrated for
the MIM1 andMIM2 sequences of IST1 to the VPS4A
MIT domain [84]. The MIT domain of spastin interacts
with CHMP1B through a third binding mode [81].
Although the MIM3 sequence overlaps with the MIM1
residues that were previously visualized binding to the
groove between helices 2 and 3 in otherMIT domains,
theMIM3motif occupies the groovebetweenhelices 1
and 3 on the spastin MIT domain, where it binds as a
long amphipathic helix that is preceded by a short
helix that makes additional contacts with MIT helix 1.
This finding illustrates that, in addition to the MIM
sequences, determinants on the surface of MIT
domains of different proteins define the specificity of
the interaction. The MIT domain of VPS4A was able
to compete with spastin for binding to the CHMP1B
MIM3, but it is unclear through which type of binding
mode Vps4 interacts with the C-terminal CHMP1B
fragment. In addition, spastin can be recruited by
IST1 [65]. Notably, the LIP5/Vta1 activator of Vps4
(discussed below) contains a tandem MIT domain,
which has the ability to bind several ESCRT-III tails
at the same time using an MIM1-type interaction on
the first MIT domain or anMIM5 bindingmode on the
second MIT domain (Fig. 3b and c), with the MIM5
interaction being the tightest MIM–MIT interaction
reported to date (KD = 3 nM) [87,105] and involving
two helices of CHMP5 wrapping around MIT2 of
LIP5.
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Fig. 5. Hexameric models of spastin and Vps4. Models of p97-like hexamers were generated by superposition of the
subunit structures of spastin (left) or VPS4B (right) on the D1 ring of the p97 hexamer (data not shown). Hexamerization is
favored by the avidity effect of MIT domains binding to the ESCRT-III and tubulin lattices. Spastin and other
microtubule-severing enzymes bind microtubules through their MIT domains and MTBD, as indicated by red arrows. The
interaction between the LIP5 VSL domain and the VPS4B β-domain was modeled after the crystal structure of the
equivalent yeast proteins [27].
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AAA ATPase Cassette

Vps4 and the microtubule-severing enzymes have
a single AAA ATPase cassette that adopts a
canonical AAA+ fold [106,107]. Crystal structures
of human, yeast and archaeal Vps4 [26,108–111];
human and D. melanogaster spastin [99,112]; and
C. elegans fidgetin-like protein 1 (FIGL-1) [100] have
revealed details of the domain structure (Fig. 4). The
large AAA ATPase domain contains five α-helices
that are arranged on either side of a central
5-stranded parallel β-sheet. Eukaryotic Vps4
contains an additional amino-terminal strand (β′)
that packs against the β-sheet in an antiparallel
orientation. The corresponding region is disordered
in structures of archaeal Vps4, and in spastin and
FIGL-1, it forms a short helix that packs against the
edge of the central sheet and helix 3. In spastin, this
helix contains the final five residues of the MTBD, but
it is unclear if those specific residues contribute to
microtubule binding.
The small AAA ATPase domain adopts an

antiparallel four-helix bundle architecture. Unique
to eukaryotic Vps4 proteins is the presence of the
β-domain, which is inserted into the small AAA
ATPase domain following the third helix. This
β-domain serves as a binding site for the LIP5/Vta1
activator of eukaryotic Vps4 [26,27], which does not
appear to have a counterpart in archaeal Vps4 or the
microtubule-severing AAA ATPases.
Compared to other AAA+ ATPases, the meiotic
clade enzymes have an additional C-terminal helix
that is connected to the small AAA ATPase domain
through a short linker and packs closely against the
P-loop and strands of the central β-sheet of the large
AAA ATPase domain. The functional role of the
C-terminal helix remains poorly understood. Trun-
cation experiments in yeast have suggested a role in
oligomerization and consequently in ATP hydrolysis
[113] although these effects may be indirect.
Models for the Active Hexamer

AAA ATPases typically function as oligomers,
usually hexamers [106], and only hydrolyze ATP in
the assembled state. Consistent with this, at
micromolar concentrations, both spastin and katanin
assemble into oligomers that are likely hexameric in
the presence of ATP [13,16,112,114]. Recent
biochemical studies have shown that Vps4 also
forms a hexamer [110], overturning earlier models
that suggest a double-ring architecture with six or
seven subunits in each ring [109,115,116]. Much of
the earlier confusion was due to the analysis of a
hydrolysis-deficient mutant Vps4 protein that dis-
plays aberrant assembly behavior [110]. Interesting-
ly, in spastin and katanin p60, the equivalent Walker
B mutation stabilizes the hexamer. The hexamer
model for Vps4 is further supported by the finding

image of Fig.�5


1904 Review: Meitic Clade AAA ATPases
that the assembled Vps4 ATPase cassette binds a
substrate peptide in its central pore with 6:1
Vps4:peptide stoichiometry [22]. Determination of a
high-resolution structure of an assembled meiotic
clade AAA ATPases has been a high priority for
many years, although no such structures have been
reported to date.
In the absence of an experimentally determined,

high-resolution structure of the active hexamer, the
leading model is that the meiotic clade enzymes
resemble crystal structures of other AAA ATPases.
In particular, very similar models of the Vps4 and
spastin ATPase hexamers (Fig. 5) have been
proposed based on the known structures of the
p97 D1 ring and the NSF D2 ring, respectively
[26,112], both of which were crystallized as sym-
metric hexamers [117–121]. Supporting this p97-like
model, mutation of residues in the predicted Vps4
interfaces disrupted higher-order oligomerization
and abolished ATPase activity in vitro, and caused
failure of Vps4-associated function in cell culture
[108,110]. Small-angle X-ray scattering data for
spastin are consistent with the p97-like model
[112], as are the dimensions of rings seen in electron
micrographs of negatively stained katanin [16].
The model positions the large AAA ATPase

domain of each subunit at the center of the ring
(Fig. 5). Small AAA ATPase domains are located
further from the center of the hexamer and pack
against the large subunit of the neighboring proto-
mer. This arrangement positions the arginine finger
in the vicinity of the nucleotide binding pocket at the
interface between protomers, consistent with its role
in complementing the active site [4,5]. This arrange-
ment is ideal to transmit conformational changes in
response to nucleotide binding and hydrolysis.
Importantly, unless all subunits are in the same
nucleotide state, the hydrolysis cycle will likely
induce conformational changes resulting in asym-
metry of the overall structure, which is not accounted
for in the current structural model.
The p97 model also places two loops at the central

pore of the hexamer. The sequences of both pore
loops are highly conserved among AAA+ ATPases
that process protein substrates [26,112]. Pore loop 1
contains an aromatic-hydrophobic-glycine tripeptide
motif, whereas pore loop 2 displays a number of
charged residues. The importance of conserved
residues in each of the pore loops has been
demonstrated by the finding that their substitution
disrupts substrate binding in vitro [13,22,48,92].
Spastin and katanin in which pore loop residues
have been mutated still bind to but no longer sever
microtubules [48,92], and Vps4 pore loop mutants
no longer support the ESCRT-dependent sorting of
model cargo proteins or HIV budding [26,108]. An
important caveat for some of these studies is that
mutation of some pore loop residues can diminish
hexamerization, indicating that subsequent loss of
activity might be an indirect consequence of altered
assembly. However, a recent study of Vps4 has
identified pore loop mutants that altered substrate
binding to the pore but did not destabilize the
hexamer [22]. Similarly, some pore loop mutants of
spastin and katanin retain their ability to hydrolyze
ATP and bind to microtubules but no longer function
in severing [48,92].
Regulation of Hexamerization

Hexamerization of meiotic clade AAA ATPases is
weak and requires high micromolar concentrations in
vitro, with an inactive monomeric or dimeric form
predominating at lower concentrations. Recruitment
to the polymeric substrate presumably increases the
local concentration, thereby promoting assembly at
precisely the site where activity is needed (Fig. 5).
Consistent with this idea, the ATPase activity of Vps4
is stimulated when the protein is concentrated on a
surface using an affinity tag [122], and both katanin
and spastin have higher ATPase activity in the
presenceofmicrotubules [14,16,46]. The combination
of inherently weak hexamerization coupled with avid
recruitment to a polymer may thereby provide a
mechanism to restrict the ATPase-remodeling activity
to authentic substrates.
The Vps4 cofactor LIP5/Vta1 stimulates ATP

hydrolysis in vitro at least in part by stabilizing the
active, hexameric state [123,124]. As discussed
above, its N-terminal tandem MIT domain binds the
MIM motifs of several ESCRT-III proteins and may
thereby further promote association with the ESCR-
T-III lattice (Fig. 5). The tandem MIT domain is
followed by an ~100-residue linker that appears to
be inherently flexible, followed by a C-terminal VSL
domain that is dimeric and binds to the Vps4
β-domain at the periphery of the hexameric ring.
LIP5/Vta1 might stabilize the Vps4 hexamer through
interactions that bridge adjacent subunits. This idea
is supported by the identification of a Vps4 stimula-
tory element N-terminal to the VSL domain in yeast
Vta1 [125] that directly contacts the small AAA
ATPase domain [126], although such an arrange-
ment has yet to be visualized. A crystal structure of a
VSL complex with the Vps4 small AAA ATPase and
β-domain suggests that Vta1 may function to
stabilize interhexameric association [27], although
this model is not obviously consistent with the finding
that Vta1–Vps4 complexes appear to be stable
hexamers [110].
The microtubule-severing enzymes lack β-domains

and do not appear to possess activators equivalent to
LIP5/Vta1, although the noncatalytic p80 subunit of
katanin has the ability to stimulate bothATPhydrolysis
and microtubule severing by katanin p60 [16]. The
mechanism of this stimulation has not yet been
determined, but one attractive possibility is that p80
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may stabilize the katanin hexamer. Electron micro-
graphs of the katanin p60/p80 complex [16] are
consistent with this hypothesis, although higher-
resolution structural information or biochemical data
will be necessary to test and advance this model.
Substrate Engagement and Translocation

Following recruitment by the N-terminal MIT
domain and/or linker residues, flexible sequences
in the substrates engage with residues of the central
pore loops of the ATPase hexamer. This model is
supported by mutation of Vps4 pore loop residues
and the observation that ESCRT-III-derived peptides
bind to Vps4 lacking the MIT domain with 1:6 subunit
stoichiometry, which is consistent with one peptide
binding to the central pore of the hexamer [22]. A
direct interaction between pore loops and tubulin
tails has also been reported for spastin [13,92] and
katanin [48]. It is important to note that the sequence
stretches that are preferentially engaged by the pore
loops are distinct from the MIM and MTBD
sequences that mediate recruitment to the ESCR-
T-III or tubulin lattice. In the case of Vps4, it has been
shown that the AAA ATPase cassette can engage
ESCRT-III proteins in the absence of an MIM–MIT
interaction and that this interaction will stimulate
ATPase activity, presumably through further stabili-
zation of the active hexamer conformation
[22,105,122]. Vps4 and microtubule-severing en-
zymes all preferentially engage acidic sequence
motifs in the C-terminal regions of their respective
substrate. When the acidic C-terminal tails of tubulin
have been removed, spastin and katanin are still
able to bind to microtubules via the MTBD, but their
severing activity is blocked [14,48,127]. Vps4 pore
loops also bind acidic motifs within their ESCRT-III
substrates, and it has therefore been proposed that
charge–charge interactions between acidic regions
in the substrate and basic pore loop residues define
the interaction [48,112,122]. Although acidic motifs
are preferentially engaged, it seems likely that the
pore loops have the ability to translocate a wide
variety of amino acid sequences. Mapping of a
minimal binding motif in the C-terminal tail of
ESCRT-III subunits showed preferred binding to
the ATPase cassette of a segment corresponding to
helix 5 [22,122]. This motif is conserved in all
ESCRT-III proteins and is distinct from MIM se-
quences, which are located C-terminal to helix 5. It is
attractive to speculate that polymerization to form
ESCRT-III filaments triggers the release of helix 5
from its binding site at the tip of the ESCRT-III core
because it has been observed that removing
C-terminal segments that include helix 5 promotes
assembly [21,72,128,129]. This model is appealing
because it would provide a mechanism to further
restrict Vps4 activity to relevant substrates, although
direct evidence for that model is currently lacking.
The stoichiometry of a single substrate peptide per

hexamer indicates that the bound ATPase confor-
mation is asymmetric [22]. The importance of
asymmetry is also emphasized by the finding that
peptide binding to Vps4 is supported by ADP∙AlFx
and ADP∙BeFx, which are able to mimic multiple
nucleotide-bound states, but not by ATP, ADP or
nonhydrolyzable ATP analogs [22]. This is an
appealing model that is consistent with studies on
related or analogous nucleic acid translocases
[130,131], protein translocases [132–135] and the
F1-ATPase [136], which have been inferred to
function as asymmetric hexamers in which ATP
hydrolysis proceeds progressively through succes-
sive positions around the ring as substrate is
translocated. In AAA+ ATPases, the nucleotide
binding site is located in the cleft between the large
and the small AAA ATPase domain, which are
connected by a flexible hinge. The nucleotide state is
thought to affect the angle between the two domains
[108,111] and may also be sensed by the C-terminal
helix, which is in close proximity to the P-loop and
may also contact the adjacent subunit. Subtle
changes due to nucleotide hydrolysis may therefore
result in an asymmetric, nonplanar overall confor-
mation such as a split washer, which has been seen
in structures of AAA+ proteins including the E1
helicase [130], the 26S proteasome [132,133], the
bacterial enhancer binding protein NtrC1 [134] and
the membrane fusion protein NSF [135]. A common
feature shared by these structures is the arrange-
ment of the pore loops in a spiraling staircase
conformation, which implies an attractive mecha-
nism for the conversion of chemical energy from ATP
binding and hydrolysis into mechanical force that
translocates the substrate into the central pore.
The extent to which substrates are translocated

through the central pore is a fundamental question for
AAA+ ATPases. Unfolding and translocation of the
entire substrate through the pore has been demon-
strated for AAA+ proteins that target their substrate for
degradation [137], includingClpAandClpX,whichboth
work with the ClpP protease, and the AAA+ compo-
nents of the 26S proteasome. Other AAA+ ATPases
remodel protein complexes by inducing a conforma-
tional change in their substrate that does not involve
complete translocation or global unfolding. A recent
structural study investigating the mechanism of
SNARE disassembly by NSF proposed that ATP
hydrolysis results in a shearing or twisting force that
causes the three subunits of the postfusion SNARE
complex to unwind and dissociate [135]. A second
example of aAAA+ATPase that does not trigger global
unfolding isRuBisCOactivase,which translocates only
a short segment of RuBisCO in order to induce a
conformational change that releases inhibitory sugar
phosphates and allows the enzyme to return to its



Fig. 6. Model of ATPase assembly and protein lattice disassembly. Meiotic clade AAA ATPases are monomeric or
dimeric in the cytoplasm. The microtubule or ESCRT-III protein polymer (green) is depicted schematically. Recruitment of
the ATPase by MIM–MIT interactions or microtubule interactions promotes formation of the active hexamer through
increased local concentration. Substrate binding to the central pore loops requires an asymmetric conformation of the
hexamer, which is induced by ATP hydrolysis. MIM–MIT interaction releases autoinhibition of substrate engagement at the
Vps4 pore loops. Pore loops initially bind acidic motifs in the C-terminal tails of either ESCRT-III or tubulin, and
translocation through the central pore results in subunit unfolding and consequent disassembly of the ESCRT-III lattice or
severing of microtubules.
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catalytically active conformation [138]. A recent study
indicates that ESCRT-III substrates are globally
unfolded as they are processed by Vps4 [139]. In
contrast, it seems unlikely that tubulin subunits are fully
unfolded during microtubule severing because tubulin
subunits extracted by microtubule-severing enzymes
in vitro become available for subsequent rounds of
polymerization [14], even when in the absence of the
type II chaperonin that is required for their initial folding
[140,141].
Regulatory Role of MIT Domains

Recently, a regulatory function for the MIT domain
of Vps4 has been described [22]. A construct lacking
the MIT domain bound substrate peptides at the pore
loops more tightly than the full-length protein.
Moreover, the autoinhibitory effect of MIT domains
for binding at the pore loops was eliminated when
the MIT domain was engaged with either MIM1 or
MIM2 sequences. These observations prompt the
model that the MIT domains inhibit substrate
engagement and processing until Vps4 is recruited
to the site of action by binding of the MIT domain to
MIMs on the ESCRT-III lattice, and is an attractive
mechanism to prevent premature substrate process-
ing. This is analogous to the finding that activity of
the MIT-containing protease calpain-7 is repressed
prior to binding of the MIT domain with ESCRT-III
[142]. In the case of Vps4, autoinhibition does not
appear to affect oligomerization, suggesting that MIT
domains might regulate substrate binding by a
mechanism such as obstructing access to the pore
or by preventing the formation of the asymmetric
binding site that is competent for substrate binding. It
is remarkable that both MIM1 and MIM2 sequences
can alleviate autoinhibition because they bind to
different sites on the MIT domain, and it will be of
considerable interest to understand how this is
achieved. Another important goal for future studies
is to understand how many of the six MIT domains in
one Vps4 hexamer need to be engaged by the
ESCRT-III lattice in order to activate substrate binding
and translocation at the pore loops. Regardless of the
mechanistic details, these observations indicate the
presence of a powerful autoregulatory mechanism to
ensure that Vps4 unfoldase activity, which may be
sufficiently permissive to translocate all of the
sequence motifs found in an entire ESCRT-III subunit
[139] and therefore may have the inherent capacity to
translocate many if not most protein sequences, is
restricted to assembled ESCRT-III lattices. It will be of
interest to determine if an analogous mechanism
exists for the microtubule-severing enzymes and, if
so, if it is mediated by engagement of MIT domains
with an ESCRT-III polymer and/or by engagement of
the MTBD with microtubules.
Models and Open Questions

The mechanisms by which Vps4, katanin p60,
spastin and fidgetin remodel their distinct ESCRT-III or
microtubule lattice substrates appear to be similar
(Fig. 6). The leadingmodel is that they exist as inactive

image of Fig.�6
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monomeric or dimeric proteins in the cytoplasm, and
they assemble into active hexamers upon recruitment
and local concentration through binding to their
polymeric ESCRT-III or microtubule substrates. The
hexamers are competent to engage substrates via
loops lining the central pore and to translocate their
respective ESCRT-III or microtubule substrates
through the central pore in an ATP-driven cycle. In
the case of Vps4, MIT binding to MIM sequences
promotes ESCRT-III substrate engagement, and a
currently unknown mechanism presumably exists to
ensure that katanin, spastin and fidgetin faithfully
engage their microtubule substrate.
Similarities extend to the types of sequences that

are initially engaged for substrate processing. Vps4
and microtubule-severing enzymes bind acidic
sequences near the C-terminus of their substrate,
suggesting that, in both cases, the direction of
translocation is toward the structured N-terminus.
Continued translocation will lead to conformational
destabilization and consequent disassembly of the
protein lattice.
Many important mechanistic questions remain to

be resolved. One of the most fundamental is
determination of high-resolution structures of active,
asymmetric hexamers and determination of how
they engage and translocate substrate through the
central pore. Building on this, it will be important to
understand the mechanism by which LIP5/Vta1
stabilizes and activates Vps4 and the role of
additional cofactors, such as katanin 80, for the
microtubule-severing enzymes. Mechanisms of
recruitment should be clarified for the microtubule-
severing enzymes, including the interplay between
MIT and MTBD-mediated recruitment to ESCRT-III
and microtubules, and in all cases, the mechanisms
of activation upon recruitment remain to be deter-
mined. There is much more to be performed to
understand how these fascinating enzymes drive a
wide array of essential biological processes.
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