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Microtubule-severing enzymes
Antonina Roll-Mecak1 and Francis J McNally2
In 1993, an enzyme with an ATP-dependent microtubule-

severing activity was purified from sea urchin eggs and named

katanin, after the Japanese word for sword. Now we know that

katanin, spastin, and fidgetin form a family of closely related

microtubule-severing enzymes that is widely distributed in

eukaryotes ranging from Tetrahymena and Chlamydomonas to

humans. Here we review the diverse in vivo functions of these

proteins and the recent significant advances in deciphering the

biophysical mechanism of microtubule severing.
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Introduction
Microtubule severing is a reaction that generates an

internal break in a microtubule. Unlike depolymerization

from the microtubule ends, severing does not occur

spontaneously in solutions of pure tubulin. Purified prep-

arations of katanin [1–3] and spastin [4–6] from several

species catalyze ATP-dependent microtubule severing in
vitro, and fidgetin causes microtubule disassembly when

overexpressed in vivo [7�]. First we highlight new infor-

mation about the in vivo functions of these enzymes, and

then discuss recent structural work on spastin and the

mechanism of microtubule severing.

Microtubule severing in vivo
The first insight into the in vivo function of a microtubule-

severing enzyme came from studies in Caenorhabditis
elegans that identified two genes, MEI-1 and MEI-2

(the names for the C. elegans katanin catalytic and regu-

latory subunits, respectively) as essential for the assembly

of the acentriolar female meiotic spindle [8,9]. Recent

studies have brought fresh mechanistic insights into
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katanin’s role in building the C. elegans meiotic spindle

and established the importance of the microtubule-sever-

ing enzymes katanin, spastin, and fidgetin in additional

fundamental cellular processes such as mitosis, cilia bio-

genesis, deflagellation, and neurogenesis.

In C. elegans oocytes, a katanin loss of function mutation

results in failure to form a bipolar meiotic spindle [9]. EM

tomography of these mutant spindles revealed that they

have fewer microtubules and that microtubules are longer

than in wild-type embryos [10]. Long microtubules are

consistent with the long meiotic spindles and spindle

shortening defects observed in a katanin partial loss of

function mutant [3]; however, it is still unclear why long

microtubules would result in complete spindle assembly

failure. Interestingly, the EM tomographic analysis

showed a large decrease in the total microtubule mass

in the katanin mutant meiotic spindle relative to wild-

type, but only a small decrease in polymer mass was

observed by light microscopy [3,10]. Consistent with a

role in regulating microtubule density, a synergistic loss of

polymer mass was observed in a katanin g-tubulin double

mutant [3]. These results suggest that microtubule sever-

ing during C. elegans meiotic spindle assembly may

increase polymer mass by generating shorter microtu-

bules that can serve as seeds for nucleating new micro-

tubules [11,12]. By regulating the stability of the seeds

(whether they depolymerize or not), microtubule density

can be controlled. The stability of the seeds is most likely

influenced by microtubule-associated factors and this will

likely be an interesting area of future investigation.

In C. elegans, persistence of katanin beyond meiosis results

in damage to the mitotic spindle and chromosome seg-

regation failure [13], underscoring that cellular context is

critical for the phenotypic outcomes of katanin severing.

Thus, katanin levels are stringently controlled upon the

transition from meiosis to mitosis via two parallel proteo-

lytic degradation pathways, the CUL-3 and MBK-2 path-

ways [14]. This control mechanism is conserved in

mammals [15,16], however with a less dramatic outcome

than in C. elegans since katanin is still present in the

mitotic spindles of vertebrates [17], while absent from

C. elegans mitotic spindles. The significance of this differ-

ence is presently unclear.

Direct evidence for the role of severing in microtubule

nucleation was uncovered in plants. Cortical microtubules

in plants are arranged in a parallel array and are respon-

sible for controlling the direction of cellulose deposition,

and thereby cell shape. In vivo imaging of GFP-tubulin

revealed that many cortical microtubules nucleate off the
www.sciencedirect.com
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Table 1

Katanin-related microtubule-severing proteins in six representative species, Homo sapiens, Drosophila melanogaster, Caenorhabditis

elegans, Arabidopsis thaliana, Tetrahymena thermophila [25�] and Trypanosoma brucei [55]

Species H. sapiens D. melanogaster C. elegans A. thaliana T. thermophila T. brucei

P80 katanin

Canonical KATNB1 CG13956 F47G4.4 AT5G08390 TTHERM_00497660 Tb09.211.1500

AT5G23430

AT1G11160

AT1G61210

WD40less C15orf29 MEI-2

F47G4.5

P60 katanin

Canonical KATNA1 CG10229 MEI-1 AT1G80350 TTHERM_00322760 Tb11.01.0200

KATNAL1 Tb10.70.6880

LisH KATNAL2 CG10793 TTHERM_00414230 Tb11.02.1370

Orphan CG1193

Spastin SPAST CG5977 SPAS-1 AT2G45500 TTHERM_01128570 Tb927.3.1440

Fidgetin FIGN CG3326 FIGL-1 AT3G27120 TTHERM_00088010 Tb927.5.1870

FIGNL1

FIGNL2

VPS4 VPS4A CG6842 VPS-4 AT2G27600 TTHERM_00036960 Tb927.3.3280

VPS4B TTHERM_00989490

Corresponding sequences can be retrieved at http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene.
wall of pre-existing microtubules at discrete 408 angles

[18,19]. The new microtubules are released from the

branch point and then ‘move’ predominantly by tread-

milling [18], which presumably allows them to arrange

into a parallel array. In a katanin mutant (AT1G80350 in

Table 1), release of nascent microtubules from branch

points is blocked [19], explaining the lack of parallel

microtubule organization, defective cellulose deposition,

and abnormal cell shape [20��]. Branch points contain g-

tubulin [21] and interestingly, a point mutation in a g-

tubulin ring complex (g-TuRC) subunit changes the

angle at which the microtubule branches [19], strongly

indicating that its minus end is capped by a g-TuRC.

Release of microtubules from branch points by katanin

likely removes the g-TuRC from the minus end, a

requirement for treadmilling-based movement of the

freed microtubule (Figure 1b–d).

Our understanding of the cellular mechanism of katanin

is more advanced in plants than in other systems

because loss of function mutants are viable and katanin

acts on interphase microtubules that are adequately

spaced to allow direct observation of individual micro-

tubules by light microscopy. In contrast, other subcel-

lular structures where microtubule-severing enzyme

function is important, such as spindles, axons, den-

drites, and cilia, contain bundled microtubules with

less than 200 nm spacing, thus currently precluding

direct observation of individual microtubules by light

microscopy.
www.sciencedirect.com
The most complete functional analysis of microtubule-

severing enzymes has been in mitosis. In Drosophila S2

spindles, spastin, and fidgetin both localize to the centro-

some and are required for microtubule minus end depo-

lymerization, while katanin is required for plus end

depolymerization [7�]. Spastin and fidgetin in mitotic

S2 cells may uncap minus ends from g-TuRCs as in

the plant cortical cytoskeleton, but these events have

not been directly observed at spindle poles because of the

high microtubule density. It is worth noting that while

fidgetin overexpression does cause microtubule disassem-

bly in Drosophila S2 cells [7�], purified fidgetin, unlike

katanin and spastin, has not yet been shown to sever

microtubules in vitro. The C. elegans fidgetin mutant

shows defects consistent with a role during mitosis in

the germline [22] and mouse fidgetin mutants show an

array of phenotypes [23]; however, the specific cellular

function of fidgetin has not been elucidated in these

systems.

One of the most conserved roles for katanin is likely in the

assembly and disassembly of cilia and flagella. Loss of

function mutations in katanin subunit genes result in the

assembly of flagella or cilia without a central microtubule

pair in both Chlamydomonas [24] and Tetrahymena [25�],
two very distantly related organisms. Coincidentally,

Arabidopsis and C. elegans, organisms with well-character-

ized loss of function katanin mutants, do not have cilia

with a central pair at any time during their wild-type

development. It is likely that a role for katanin in
Current Opinion in Cell Biology 2010, 22:96–103
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Figure 1

(a) Schematic representation of the domain architecture of microtubule-

severing enzymes. Katanin purified from sea urchin eggs is a

heterodimer with a regulatory, non-AAA subunit, p80 katanin, and an

AAA catalytic subunit, p60 katanin. The phylogenetic relationship of

proteins related to p60 katanin is indicated on the left. On the basis of

their representation in sequenced genomes, we speculate that the LisH

family of p60 katanins diverged early in eukaryotic evolution whereas the

WD40less family of p80 katanins evolved independently in chordates

and nematodes. (b)–(d) Schematic representation of branched

nucleation and severing to generate parallel, treadmilling microtubule

arrays in plant cells. (b) g-Tubulin ring complex (gTuRC), shown in red,

binds to the wall of a pre-existing microtubule and nucleates

polymerization of a new microtubule at a 408 angle. (c) Assembly of

katanin rings, shown in blue, results in severing of these branched

structures. (d) Severing by katanin frees microtubule minus ends to allow

depolymerization of minus ends and allows branched arrays to

rearrange into parallel arrays.
ciliogenesis in Drosophila and mouse will be revealed

when appropriate mutants are isolated. Recently, katanin

has also been implicated in severing of basal bodies from

the transition zone at the ends of resorbing flagella in

Chlamydomonas, a process that appears essential for the

use of the basal bodies as mitotic spindle poles. Depletion

of katanin is lethal but dividing cells with intact flagella

accumulate in the population of dying cells [26�]. This is
Current Opinion in Cell Biology 2010, 22:96–103
definitely an area that requires further investigation since

resorption of cilia during mitosis likely occurs in most

cells of the human body, but it is not known whether

severing of the basal body is a required step in this

process.

Consistent with the role of microtubule-severing

enzymes in the formation of complex, dense microtubule

arrays such as those found in spindles or cilia, both spastin

and katanin have functions in axonal elongation as well as

branch formation in neurons. Spastin was originally ident-

ified as one of the most commonly mutated genes in

hereditary spastic paraplegia [27], a human neurodegen-

erative disease characterized by lower extremity weak-

ness due to axonopathy. Disease mutations in humans

either inactivate or downregulate spastin-severing

activity [4]. In neurons, spastin localizes to the centro-

some, synaptic boutons, points of new branch formation

and its overexpression induces excessive branching

[28,29]. Loss of spastin function leads to sparse and

disorganized microtubule arrays at the synaptic terminals

of the neuromuscular junction in Drosophila [28,30], as

well as defects in dendritic arbor outgrowth and branching

of a subclass of neurons characterized by their elaborate

dendritic arbors [31�]. In zebra fish, spastin loss leads to a

disorganized and sparse axonal microtubule array and

impaired axonal outgrowth [32]. Earlier work in hippo-

campal neurons also established a role for katanin in

axonal elongation, presumably through the release of

microtubules from the centrosome [33].

Recently, a katanin-like protein (CG1193 in Table 1) has

been implicated in dendritic pruning in the Drosophila
nervous system [34]. Specific sensory neurons initially

have numerous dendrites that are eliminated during the

transition from larvae to adult, reflecting a type of neural

plasticity. In wild-type larvae, discontinuities or ‘breaks’

in GFP-tubulin fluorescence within these dendrites

precede visible breaks in a membrane marker, indicating

that localized microtubule disassembly precedes severing

of these dendrites. Both tissue-specific RNAi and inser-

tion mutations in a p60-katanin-like protein cause a

pronounced delay in the appearance of breaks in the

tubulin fluorescence and a delay in dendrite severing

[34]. These results show a requirement for a katanin-like

protein in localized microtubule disassembly during den-

dritic pruning; however, dendrites contain dense micro-

tubule bundles [35] making it very challenging to directly

observe microtubule severing during dendritic pruning in

wild-type neurons.

Phylogeny and architecture: one ring to rule
them all
Katanin, spastin, and fidgetin form together with VPS4 a

subgroup (Figure 1a) of the large family of AAA ATPases.

Members of this family participate in every major bio-

chemical pathway in the human body and act on a
www.sciencedirect.com



Microtubule-severing enzymes Roll-Mecak and McNally 99

Figure 2

(a) and (b) Molecular surface of the spastin hexamer (after [39��]). The N-

terminal and C-terminal helices that surround the entry and exit of the

pore are shown in yellow and blue, respectively. Residues that line the

entrance and the interior of the pore and are important for microtubule

severing are shown in red. (c) Proposed mechanism for microtubule

severing by spastin. The spastin AAA core is shown in cyan with pore

loops 1–3 highlighted in red. The MIT domains are shown as gold ovals.

The valency of the interaction of the MIT domains with the microtubule is

unknown. Tubulin is shown in green, while the C-terminal tubulin tails are

shown in red. Spastin uses its pore loops to exert ‘tugs’ on the C-

terminal tails and dislodge tubulin out of the microtubule lattice.
dizzying array of substrates [36]. Despite their diversity of

function, AAA ATPases have one common feature: they

use the energy of ATP hydrolysis to take apart or remodel

large molecular assemblies in the cell.

Katanin and spastin are microtubule-stimulated ATPases,

and ATP hydrolysis is required for them to sever and

disassemble stable microtubules [4–6,37]. VPS4 does not

sever microtubules but instead disassembles protein com-

plexes involved in membrane trafficking [38]. The ATP is

hydrolyzed in their C-terminal AAA ATPase domains that

are highly conserved between these enzymes. X-ray

crystallographic analysis of spastin revealed that the

AAA ATPase domain contains a canonical a/b nucleotide

binding domain embraced by two helices, and a smaller

four-helix bundle domain. This AAA motor module is

connected via a poorly conserved linker to an N-terminal

domain that binds microtubules with low affinity

[39��,40]. Recent structural studies have shown that the

N-terminal domain in spastin and katanin contains a

Microtubule Interacting and Trafficking (MIT) domain

consisting of a three-helix bundle (Figure 1 [41,42]; PDB

ID 2rpa). The MIT and AAA domains are sufficient for

ATP-dependent microtubule severing for both katanin

and spastin [5,39��,40].

The N-terminus of VPS4 also contains an MIT domain

that is responsible for binding multiple chromatin mod-

ifying proteins (CHMPs) that are part of ESCRTIII

complexes and recent structural studies have revealed

different modes of binding to these various partners [43–
45]. The MIT domain of spastin is also known to interact

with the ESCRTIII protein CHM1B and this interaction

is important for targeting spastin to the midbody [41,46].

Although spastin depletion does not affect endosomal

degradation of model substrates, it does result in longer

times to complete cytokinesis and an inability to disrupt

the microtubule intercellular bridge during the final

abscission process after membrane invagination has

occurred, suggesting that spastin might be responsible

for severing the stable microtubule bundles in the mid-

body [46]. It is not yet clear whether binding to the

microtubule and CHMP1B is mutually exclusive, but

the convergence of interacting partners from the micro-

tubule cytoskeleton and membrane compartments is an

intriguing area of future exploration, as has been recently

highlighted by the double lives of dynamin as a mem-

brane and microtubule dynamics regulator or the role of

Golgi residing proteins as microtubule nucleation factors

[47,48].

Members of the AAA family tend to assemble into ring-

shaped oligomers, and only in this oligomeric state can

they bind their substrate with high affinity. Unlike most

AAA ATPases, katanin, and spastin are monomeric when

bound to ADP, and form hexamers only in the presence of

ATP [39��,40]. This ATP-dependent hexamerization is
www.sciencedirect.com
also accompanied by a marked increase in binding affinity

for microtubules (more than 20-fold) [40]. The hexamer is

a labile structure, as both spastin and katanin exist mostly

as monomers at submicromolar concentrations, even in

the presence of ATP [39��]. On the basis of the obser-

vation that the critical concentration for oligomerization

of katanin can be lowered by the presence of microtu-

bules, Vale and colleague have advanced the model that

katanin hexamers are assembled in a templated fashion

on the microtubule lattice by multivalent interaction with

the tubulin dimer [40]. This is a very attractive model that

also suggests potential models of katanin regulation at the

assembly step. The closely related subfamily member

Vps4 also displays ATP-dependent oligomerization; how-

ever, unlike katanin and spastin, Vps4 assembles into a

dodecameric double ringed structure [49]. No evidence

for higher order assemblies was found for either spastin or
Current Opinion in Cell Biology 2010, 22:96–103
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katanin [39��,40,50�] and the reasons for this difference in

stoichiometry of assembly are presently unclear.

Recent structural work using a combination of X-ray

crystallography and solution light and X-ray scattering

coupled with atomic docking revealed that the active

spastin hexamer displays the ring structure common to

AAA ATPases, with a prominent conserved central pore

and six radiating arms that may be used by the enzyme to

dock onto the microtubule [39��]. Both sides of the pore

are lined by a corona of helices conserved in spastin and

katanin (Figure 2a,b). Mutagenesis has shown these

helices to be important for ATPase and microtubule-

severing activity [39��].

Microtubule-severing mechanism: grab that
tail?
Severing is a demanding molecular task, as the enzyme

needs to break both longitudinal and lateral contacts in

the microtubule lattice. At first glance, severing would

require huge energy expenditure, since the microtubule

is a very stiff polymer with a persistence length of milli-

meters and a lateral rigidity comparable to that of Plex-

iglas [51]. How then do severing enzymes perform the

remarkable feat of severing the armor of the microtubule?

Several AAA proteins (e.g. ClpX, ClpA, and ClpB) remo-

del their protein substrates by threading the end of their

polypeptide chains through a central pore in their AAA

ATPase rings [52]. The microtubule-severing activities of

spastin and katanin depend on the disordered and nega-

tively charged C-terminal tails of tubulin [5,37] and
Figure 3

Schematic representation of the proposed mechanisms of microtubule seve

peptide chain, leading to gradual loss of the lattice contact points (blue dots)

apart the tubulin subunits in the microtubule lattice. The green rectangles re
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genetic data show that mutations in this region of tubulin

suppress the lethality of ectopic katanin activity in C.
elegans [53] and phenocopy a katanin loss of function

mutation in Tetrahymena [25�]. Moreover, C-terminal

tubulin peptides as well as antibodies against these C-

terminal tails inhibit spastin activity [39��,50�]. Structural

analysis also revealed that the entry on one side of the

central pore of the spastin AAA ATPase ring is positively

charged and the lumen of the channel is lined with three

highly conserved loops that are essential for microtubule

severing (Figure 2, [39��]). These results suggest that

spastin and katanin are using their pore loops to tug on the

C-terminal tail of tubulin, generating a mechanical force

that may partially unfold tubulin or locally destabilize

tubulin–tubulin interactions within the microtubule lat-

tice, leading to catastrophic breakdown of the microtu-

bule (Figure 2c [39��,50�]). It is possible that spastin and

katanin may not need to completely translocate the

tubulin polypeptide substrate, but just exert multiple

tugs on it to pull it from the lattice. Consistent with this

idea, tubulin released from the microtubule via severing

by katanin is competent to repolymerize [37].

Spastin and katanin seem to exploit the fact that the

microtubule, despite being a very long and stiff cellular

structure, is a polymer built from individual polypeptide

chains (the tubulins) that can unfold or be unraveled

mechanically. By pulling on the C-terminal tails of tubu-

lin, the enzymes achieve stepwise destabilization of local

microtubule lattice contacts, ultimately leading to break-

down of the cylindrical polymer (Figure 3). The acti-

vation energy required for this mechanism of severing is
ring for spastin and katanin (a) by sequential unfolding of the tubulin

and complete removal of a tubulin subunit (green rectangle); (b) by prying

present the tubulin subunits within a small region of a microtubule.

www.sciencedirect.com
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considerably less than that required to simultaneously

break the lateral and longitudinal contacts in the lattice of

the cylindrical polymer. This is because disruption of

lateral and longitudinal lattice contacts would need to be

simultaneous, as the low-affinity, highly cooperative

nature of the microtubule lattice would otherwise easily

drive it to reanneal.

Future directions
The cylindrical structure of the microtubule and the

highly cooperative nature of its lattice raise the interest-

ing question of how many tubulin dimers need to be

removed to break the microtubule? Do multiple hexam-

ers cooperate at a severing site? Is the severing activity of

spastin and katanin affected by microtubule curvature?

Waterman and Salmon observed that in newt lung cells

microtubule breakage occurred on buckled microtubules

with similar curvatures [54]. Microtubules in vitro can

bend 1808 without breaking, however can microtubule-

severing enzymes bind preferentially or sever more effi-

ciently bent microtubules with a stressed lattice?

Although we now have an attractive model for microtu-

bule severing, there are many salient questions that

remain unanswered. What is the nature of the confor-

mational changes driven by ATP hydrolysis? How do

spastin and katanin recognize the microtubule polymer

and the tubulin tails? Are the MIT domains involved in

recognizing the tubulin tails? The C-terminal tails of

tubulin are subject to complex post-translational modifi-

cations such as polyglutamylation and polyglycylation.

Both spastin and katanin localize to subcellular structures

that are rich in these modifications. Do post-translational

modifications on the tubulin tails regulate spastin and

katanin function? Interestingly, spastin in vitro severing

activity is inhibited by antibodies that recognize the

tubulin tails of Glu-tubulin, but not Tyr-tubulin [39��]
and in Tetrahymena, katanin severs preferentially the

axonemal B-tubule [25�] that has higher levels of poly-

glutamylation than the A-tubule or the central microtu-

bule pair.

In vivo, one of the most interesting questions is the fate of

the two ends generated by a microtubule-severing event.

In spindles, axons, dendrites, and cilia, the density of

microtubules makes light microscopic observation of the

ends generated by severing very challenging. Katanin-

dependent breaks have been observed in C. elegans meio-

tic spindles [10], but the fate of these ends could not be

followed. The rapid advance in high-resolution light

microscopy might finally allow us to ‘glimpse’ the sever-

ing action of these enzymes in the dense microtubule

structures where they function and provide us with some

answers. Future work may also reveal how other proteins

determine whether microtubule plus and minus ends

generated by a severing protein will polymerize, depoly-

merize or remain stable. Almost two decades after the
www.sciencedirect.com
discovery of the first microtubule-severing enzyme, we

are finally starting to get a glimpse into the biophysical

mechanism and multifaceted in vivo functions of these

proteins.
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Blackstone C, Hurley JH: Structural basis for midbody targeting
of spastin by the ESCRT-III protein CHMP1B. Nat Struct Mol
Biol 2008, 15:1278-1286.

42. Rigden DJ, Liu H, Hayes SD, Urbé S, Clague MJ: Ab initio protein
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