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INTRODUCTION: The microtubule cyto-
skeleton is continuously sculpted by polym-
erization, depolymerization, cross-linking, and
microtubule severing.Microtubule severing gen-
erates internal breaks inmicrotubules through
a poorly understood mechanism. It is medi-
ated by the AAA [adenosine triphosphatases
(ATPases) associated with various cellular ac-
tivities] ATPases katanin, spastin, and fidgetin.
Paradoxically, despite the destructive activity
of severing enzymes, loss of severing enzyme
activity leads to a decrease rather than an in-
crease in microtubule mass. It was hypothe-
sized that this severing enzyme–dependent
increase inmicrotubule mass results from tem-
plated nucleation from the severed ends. This
is an attractive hypothesis for a mechanism to
generate microtubule mass, especially in the
absence of centrosome-based nucleation as in
neurons or meiotic spindles. However, for this
amplification to operate, the guanosine di-
phosphate (GDP)–tubulin lattice exposed through

severing would have to be stabilized. The
GDP-microtubule lattice is the product of
guanosine triphosphate (GTP)–tubulin polym-
erization and depolymerizes spontaneously
when exposed in the absence of a stabilizing
GTP cap. We examined this paradox by exam-
ining the effects of the severing enzymes spastin
and katanin on microtubule structure and dy-
namics in vitro.

RATIONALE: Because lightmicroscopy–based
severing assays fail to capture ultrastructural
features of severing intermediates due to reso-
lution limitations, we usednegative-stain trans-
mission electronmicroscopy (TEM) to capture
and image spastin- and katanin-mediated mi-
crotubule severing in vitro. We combined these
experimentswith quantitative analyses of tubu-
lin andmicrotubule polymerdynamics byusing
total internal reflection fluorescence (TIRF)
microscopy to understand the effects of sever-
ing on microtubule networks.

RESULTS:Our electron microscopy analyses
coupled with TIRF microscopy revealed that
spastin and katanin actively extract tubulin
dimers out of the microtubule, introducing
nanoscale damage along the microtubule, and
that this action is counteracted by spontaneous,
de novo incorporation of GTP-tubulin dimers
from the soluble pool. Depending on the local
balance between the rates of active tubulin
extraction and passive repair, there are two

non–mutually exclusive
consequences: Themicro-
tubule is rejuvenated with
GTP-tubulin islands that
stabilize it against de-
polymerization, or sever-
ing proceeds to completion

and the newly severedmicrotubule ends emerge
with a high density of stabilizing GTP-tubulin.
Consistent with this, we found that spastin
and katanin activities increase rates of micro-
tubule rescue and that rescues occur preferen-
tially at sites of enzyme-dependent GTP-tubulin
incorporation. Lastly andunexpectedly,we found
that the incorporation of GTP-tubulin at sever-
ing sites ensures that the newly severed plus
ends are stable because they emerge with a
high density of GTP-tubulin that protects them
against spontaneous depolymerization and pro-
motes elongation. The synergy between the
increased rescue rates and the stabilization of
the newly severed ends leads to microtubule
amplification.

CONCLUSION: Our study identifies the
microtubule-severing enzymes spastin and
katanin as biological agents that introduce
GTP-tubulin islands within microtubules and
demonstrates that microtubule-severing en-

zymes alone can amplify mi-
crotubule number and mass
by promoting GTP-tubulin
incorporation into the micro-
tubule shaft, away from the
dynamic ends long thought
to be the sole locus of tubulin
exchange. This microtubule-
based amplification mech-
anism in the absence of a
nucleating factor helps ex-
plain why the loss of spastin
and katanin results in the
loss of microtubule mass in
systems that are dependent
on noncentrosomal micro-
tubule generation.▪
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Spastin and katanin sever and destabilize microtubules. Paradoxically, despite their
destructive activity they increase microtubule mass in vivo.We combined single-molecule
total internal reflection fluorescence microscopy and electron microscopy to show
that the elemental step in microtubule severing is the generation of nanoscale
damage throughout the microtubule by active extraction of tubulin heterodimers.
These damage sites are repaired spontaneously by guanosine triphosphate
(GTP)–tubulin incorporation, which rejuvenates and stabilizes the microtubule shaft.
Consequently, spastin and katanin increase microtubule rescue rates. Furthermore,
newly severed ends emerge with a high density of GTP-tubulin that protects them
against depolymerization. The stabilization of the newly severed plus ends and
the higher rescue frequency synergize to amplify microtubule number and mass.
Thus, severing enzymes regulate microtubule architecture and dynamics by
promoting GTP-tubulin incorporation within the microtubule shaft.

T
he plasticity of the microtubule cytoskele-
ton follows from multiple levels of regula-
tion throughmicrotubule-end polymerization
and depolymerization, cross-linking, and
microtubule severing. Microtubule sever-

ing generates internal breaks in microtubules.
It is mediated by three enzymes of the AAA
[adenosine triphosphatases (ATPases) associated
with various cellular activities] ATPase family—
katanin, spastin, and fidgetin [reviewed in (1)]—
that are widely conserved in animals and plants.
They are critical for the generation and mainte-
nance of complex noncentrosomal microtubule
arrays in neurons (2–5) and the plant cortex (6–8)
and regulate meiotic and mitotic spindle mor-
phology and length (9–12), cilial biogenesis (13, 14),
centriole duplication (14, 15), cytokinesis (16, 17),
axonal growth (18), wound healing (19), and
plant phototropism (7, 8). Both spastin and
katanin are associated with debilitating dis-
eases. Spastin is mutated in hereditary spastic
paraplegias, neurodegenerative disorders char-
acterized by lower-extremity weakness due to
axonopathy [reviewed in (1)]. Katanin mutations

cause microcephaly, seizures, and severe devel-
opmental defects (14, 15, 20). Disease mutations
impair microtubule severing (21, 22).
Paradoxically, in many of these systems, the

loss of the microtubule-severing enzyme leads
to a decrease in microtubule mass [reviewed in
(1)]. Spastin loss causes sparse disorganized mi-
crotubule arrays at Drosophila synaptic boutons
(2) and impaired axonal outgrowth and sparse
microtubule arrays in zebra fish axons (23). Sim-
ilarly, katanin loss leads to sparse cortical mi-
crotubule arrays in Arabidopsis (8, 24), whereas
in Caenorhabditis elegans meiotic spindles, it
results in the loss of microtubule mass and num-
ber (25). It was hypothesized that the observed
increase in microtubule number and mass re-
sults from templated nucleation from the severed
ends (26, 27). This is an attractive mechanism for
rapidly generating microtubule mass, especially
in the absence of centrosome-based nucleation
as in neurons or meiotic spindles. This severing-
dependent microtubule amplification has been
directly observed in plant cortical microtubule
arrays (8). However, for this amplification to
operate, the guanosine diphosphate (GDP)–
tubulin lattice exposed through severing would
have to be stabilized because GDP-microtubules
depolymerize spontaneously in the absence of
a stabilizing guanosine triphosphate (GTP) cap
(28–31). To study this paradox, we combined
time-resolved transmission electron microscopy
(TEM) and total internal reflection fluorescence
(TIRF) microscopy to directly observe the effects
of the severing enzymes spastin and katanin on
microtubule structure and dynamics in vitro.

Severing enzymes cause nanoscale
damage to microtubules
Because light microscopy–based severing assays
fail to capture ultrastructural features of severing
intermediates due to resolution limitations, we
used negative-stain TEM to capture and image
spastin-mediatedmicrotubule-severing intermed-
iates in vitro with purified, recombinant spastin.
Tominimize severing-intermediate breakage, we
performed severing reactions directly on electron
microscopy (EM) grids. These on-grid reactions re-
vealed a high density of “bites” into the protofila-
ment structure (Fig. 1) that resulted in the removal
of tubulin dimers. Severing reactions performed
in a test tube with Taxol-stabilized microtubules
that were then transferred to EM grids by pipet-
ting produced many short microtubules with
blunt ends (fig. S1A), similar to those previously
reported in vitro with katanin (32), indicating
that the fragile nanoscale-damaged severing in-
termediates are lost during pipetting. Thus, in
our on-grid severing setup, we were able to cap-
ture intermediates that were otherwise dis-
rupted by shear forces introduced by pipetting.
Upon prolonged incubation (>5 min), severing
was driven to completion on the EM grid, with
severe destruction of the microtubule structure
indicating that the intermediates observed were
on pathway (fig. S1B). The nanoscale damage sites
were observed with GDP-microtubules regardless
of whether they were nonstabilized or stabilized
with Taxol (Fig. 1, A and B). Similar observations
weremadewithmicrotubules polymerized with the
nonhydrolyzable analog guanylyl (a,b)-methylene
diphosphonate (GMPCPP) (Fig. 1C). The nano-
scale damage we observed in vitro is reminis-
cent of that observed by electron tomography
in freeze-substituted C. elegansmeiotic spindles
(25). The same extraction of tubulin dimers and
protofilament fraying were observed if reactions
were performed in solution and then microtu-
bules were deposited on an EM grid without
pipetting to avoid shear (Fig. 1D and Materials
and methods). In control reactions without the
enzyme, the integrity of the lattice was preserved
(fig. S1, C and D), whereas in the spastin-treated
samples, nanoscale damage sites were detected
every ~2.2 mm (fig. S1D). Time-course experi-
ments revealed a gradual increase in nanoscale
damage, as well as in the number of shorter
microtubules (Fig. 1E). We extended our TEM
analyses to the microtubule-severing enzyme
katanin (Fig. 1, F and G, and fig. S1, E to H). As
with spastin, TEM revealed that katanin micro-
tubule severing proceeds through progressive ex-
traction of tubulin dimers out of the microtubule.

Tubulin incorporation repairs
nanoscale damage

Our TEM analysis showed that GMPCPP-
microtubules, Taxol-stabilized microtubules, or
nonstabilizedmicrotubules do not sever evenwhen
peppered with spastin- and katanin-induced
nanoscale damage and do not catastrophically
depolymerize upon removal of the initial tubu-
lin subunits. This raised the possibility that this
damage could be repaired by incorporation of
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tubulin subunits from the soluble pool, as recently
observed with mechanically damaged or photo-
damaged microtubules in vitro (33, 34). To test
this hypothesis, we preassembled GMPCPP-
microtubules fluorescently labeled with HiLyte
647 and incubated themwith spastin (or katanin)
and adenosine triphosphate (ATP) to initiate
severing (Materials and methods). Under these
conditions, we observed rare severing events
(Fig. 2). Upon perfusion with soluble HiLyte
488–labeled tubulin and GTP, we observed
tubulin incorporation in discrete patches along
microtubules. These patches were numerous, far
exceeding the number of severing events. Mock-
treated microtubules showed no incorporation
of tubulin into microtubules (Fig. 2, A to C). The
tubulin concentration used was below the crit-
ical concentration for tubulin polymerization. Sim-

ilar results were obtained with Taxol-stabilized
microtubules (fig. S2). Because photodamage can
induce lattice defects in fluorescently labeled mi-
crotubules (34), we also performed experiments
with unlabeled microtubules visualized by dif-
ferential interference contrast (DIC) microscopy
and also observed incorporation of tubulin into
spastin-treated microtubules but not into con-
trols (Fig. 2D).
In time-course experiments, both the number

of repaired nanoscale damage sites and the mean
fluorescence along repaired microtubules in-
creased over time (figs. S3, A and B, and S4, A
and B). The size of the repair sites [full width at
half maximum (FWHM)] (figs. S3C and S4C)
was initially diffraction limited and shifted
toward larger values at longer incubation times,
indicating an expansion of the damage as de-

tected by soluble GTP-tubulin incorporation. Fre-
quent nanoscale damage events were visible
when severing events were extremely sparse: As
early as 35 s, the density of spastin-induced
nanoscale damage sites was 0.35 ± 0.01 mm−1,
compared with 0.0008 ± 0.0004 mm−1 for se-
vering events (fig. S3, A and D). Thus, most nano-
scale damage events did not lead to macroscopic
severing events. Once a sufficient number of
tubulin dimers was removed from the lattice, the
microtubule unraveled and a macroscopic sever-
ing event was visible. Consistent with this, we
observed an abrupt increase in mesoscale sever-
ing at 120 and 90 s for spastin and katanin, re-
spectively (figs. S3D and S4D).
Next, we probed the effect of soluble tubulin

on spastin microtubule severing by performing
severing assays in the presence of fluorescently
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Fig. 1. Spastin and katanin extract tubulin out of the microtubule.
(A to C) Microtubules in the absence or presence of 33 nM spastin. The
reaction proceeded on an EM grid for 1 min and was imaged by using
negative-stain TEM (Materials and methods). Boxed regions are shown
at 2× magnification in insets. Microtubules were imaged at 30,000×
magnification. Arrows indicate nanoscale damage sites. Scale bar,
50 nm. (D) Fields of GMPCPP-microtubules incubated with buffer or
25 nM spastin. Severing proceeded in solution, and reaction mixtures

were passively deposited onto EM grids, negatively stained, and
visualized by TEM (Materials and methods). Arrows indicate nanoscale
damage. Microtubules were imaged at 13,000× magnification; boxed
regions are shown at 30,000× magnification in insets. Scale bar,
50 nm. (E) Microtubule length distribution after incubation with spastin.
(F) Fields of GMPCPP-microtubules incubated with buffer or 100 nM
katanin and imaged as in (D). Scale bar, 50 nm. (G) Microtubule length
distribution after incubation with katanin.
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labeled soluble tubulin (fig. S5). This allowed us
to detect microtubule nanoscale damage and
severing simultaneously. Spastin-induced sever-
ing was not significantly affected with 100 nM
tubulin, even though we observed incorporation
of HiLyte 488–labeled tubulin into microtubules
(Fig. 3A, fig. S5, and Materials and methods).
However, severing was considerably reduced in
the presence of 2 mM soluble tubulin (Fig. 3A),
and in this case, tubulin fluorescence intensity
at repair sites was also significantly higher (Fig.
3B). Thus, the tubulin extraction activity of the
enzymewas not significantly inhibited by soluble
tubulin as proposed previously for katanin (35),
but the rate of tubulin incorporation at nanoscale
damage sites increased with tubulin concentra-
tion. This higher rate of tubulin incorporation
at damage sites delays (and can even prevent)
the completion of a severing event. Consistent
with this, the time between the incorporation
of HiLyte 488–tubulin at a nanoscale damage
site and the completion of a severing event was
longer in the presence of 2 mM tubulin than in
the presence of 100 nM tubulin (Fig. 3C). Thus,
whereas almost all nanoscale damage sites de-
tectable under our experimental conditions pro-
ceeded to complete severing within 65 s after
tubulin incorporation in the presence of 100 nM
soluble tubulin, only 47% did so at 2 mM tubulin
(Fig. 3D). We also monitored live the addition of
single fluorescently labeled tubulin dimers by

TIRF microscopy (Fig. 3E and Materials and
methods). Fluorescence intensity analyses revealed
that repair proceeded mainly through the incor-
poration of tubulin heterodimers and not through
the addition of larger tubulin polymers or aggre-
gates because the fluorescence intensity distribu-
tion of incorporated tubulin was similar to that
of single tubulin subunits immobilized to glass
(Fig. 3F).

Severing enzymes introduce
GTP-tubulin islands

To rule out repair as an artifact of working with
stabilizedmicrotubules (either Taxol or GMPCPP
stabilized), we extended our experiments to non-
stabilized GDP-microtubules. We polymerized
GDP-microtubules from axonemes and stabi-
lized their ends with a GMPCPP cap to avoid
spontaneous depolymerization (Materials and
methods). We then introduced spastin in the
absence or presence of fluorescently labeled sol-
uble GTP-tubulin. Within 50 s of introducing
5 nM spastin and 5 mM soluble tubulin [tubulin
concentrations in vivo are 5 to 20 mM (36, 37)],
we observed the incorporation of tubulin as
puncta along microtubules (Fig. 3G and movie
S1). At these enzyme and tubulin concentrations,
most tubulin incorporation sites did not progress
to a severing event, and the severing rate was
considerably lower than in the absence of soluble
tubulin (Fig. 3H). However, tubulin incorpora-

tion always preceded microtubule severing. No
repair sites were observed in the absence of
spastin. Thus, the local balance between ac-
tive tubulin removal catalyzed by the enzyme
and passive tubulin incorporation determines
whether a nanoscale damage site progresses
to a mesoscale severing event or fails to do so
because of the repair with GTP-tubulin from
the soluble pool.
We also visualized the lattice-incorporated

tubulin at a higher resolution by using TEM.
We generated recombinant human a1AbIII tubu-
lin with an engineered FLAG tag at the b-tubulin
C terminus (38). We then used this recombinant
tubulin to repair brain microtubules damaged
at the nanoscale by spastin. The presence of the
FLAG tag on the recombinant tubulin allowed
specific detection of recombinant tubulin both
in fluorescence and TEM images with the use
of fluorescent or gold-conjugated secondary anti-
bodies against FLAG antibodies (Materials and
methods). Fluorescence microscopy revealed that
the recombinant tubulin robustly incorporates
along microtubules with nanoscale damage by
spastin with ATP. No incorporationwas detected
with spastin and adenosine 5′-O-(3-thiotriphos-
phate) (ATP-g-S) (fig. S6). TEM showed the dis-
crete, productive incorporation of recombinant
a1AbIII tubulin in islands along microtubules
and the absence of tubulin aggregates at nano-
scale damage sites (fig. S7). The FLAG primary
and secondary gold-conjugated antibodies are
specific for the recombinant tubulin, as brain
microtubules showed only background antibody
decoration (fig. S7, C and D). In the absence of
recombinant soluble tubulin in the reaction, mi-
crotubules were robustly damaged at the nano-
scale under these conditions (fig. S7E). Moreover,
neither recombinant tubulin incorporation nor
association with the microtubule lattice was ob-
served by fluorescence and TEM assays with the
slow-hydrolyzing analog ATP-g-S (figs. S6 and S7,
A and C). Thus, soluble tubulin was incorporated
productively into themicrotubule lattice at nano-
scale damage sites created by spastin in an ATP
hydrolysis–dependent manner.

Severing enzymes promote rescues

Because spastin and katanin catalyze GTP-
tubulin incorporation along microtubules, we
next examined their effects on microtubule dy-
namics. It has been recognized for 30 years that
tubulin incorporation into a growing microtu-
bule stimulates hydrolysis of the bound GTP.
The resulting GDP-tubulin lattice is unstable but
is protected from depolymerization by a layer of
GTP-tubulin. This GTP cap at the microtubule
end results from a lag between the GTP hydro-
lysis rate on the incorporated tubulin and the
microtubule growth speed (30, 31, 39–42). More
recently, islands of GTP-tubulin were detected
along microtubules in cells and were correlated
with rescue (34, 43)—the transition from depoly-
merization to growth, one of the parameters of
microtubule dynamic instability. As in stabilized
GMPCPP-microtubules andGMPCPP-cappedGDP-
microtubules, the newly perfusedGTP-tubulinwas
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Fig. 2. Spastin- and
katanin-catalyzed
nanoscale damage is
repaired by sponta-
neous tubulin incor-
poration. (A and
B) HiLyte 647–labeled
GMPCPP-microtubules
(MT) incubated with
buffer (A) or 10 nM
spastin (B) for 35 s and
then incubated with
1 mM HiLyte 488–
labeled GTP-tubulin
and washed to remove
excess tubulin
(Materials and
methods). Arrowheads
indicate severing
events. Scale bar,
5 mm. (C) HiLyte
647–labeled GMPCPP-
microtubules incu-
bated with 2 nM
katanin for 90 s and
then incubated with
1 mM HiLyte 488–
labeled GTP-tubulin
and washed to remove
excess tubulin
(Materials and methods). Arrowheads indicate severing events. (D) DIC-imaged unlabeled GMPCPP-
microtubules incubated with 10 nM spastin and then with 1 mM HiLyte 488–labeled GTP-tubulin
(cyan) and washed to remove excess tubulin (Materials and methods). Insets correspond to boxed
areas and show the progression to a severing event. Arrowheads indicate the severing site.
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rapidly incorporated along the GDP-microtubule
lattice of dynamic microtubules in the presence
of spastin and katanin with ATP; by contrast, in
the control without ATP, addition was visible
only at microtubule ends (Fig. 4, A to D, and
movies S2 and S3). We then characterizedmicro-
tubule dynamics in the presence of spastin or
katanin at physiological concentrations [25 nM;
spastin and katanin concentrations in HeLa cells
are 46 and 28 nM, respectively (37)]. At these
enzyme concentrations, we observed robust mi-
crotubule severing and internal GTP-tubulin in-
corporation. Spastin and katanin increased rescue
frequencies by factors of ~13- and 9, respectively
(with 0.5 ± 0.2 min−1 for the control versus 6.6 ±
1.6 min−1 and 4.5 ± 0.7 min−1 for spastin and
katanin, respectively) (Fig. 4E). Whereas only 13%

of the depolymerization events were rescued in
the control, 61% were rescued in the presence of
spastin or katanin (Fig. 4F). Consistent with their
promotion of tubulin exchange along the micro-
tubule shaft, spastin and katanin had no signif-
icant effect on rates of microtubule growth and
catastrophe (Fig. 4, G andH). This is in contrast to
other rescue-promoting factors, suchas cytoplasmic
linker-associated proteins, which promote rescue
by increasing the on rate of tubulin dimers at
microtubule ends and thus decrease catastrophe
and increase growth rates (44), or conventional
microtubule-associated proteins (MAPs) such as
MAP2, which promote rescue by stabilizing the
microtubule lattice (45).
In our dynamics assays, tubulin was continu-

ally extracted by the enzyme, while at the same

time the lattice was healed with newly incorpo-
rated GTP-tubulin that was gradually converted
into GDP-tubulin. To decouple these processes
and establish directly whether the GTP-tubulin
islands introduced by these enzymes can act as
microtubule rescue sites, we introduced non-
hydrolyzable GTP-tubulin islands into the mi-
crotubule. We induced nanoscale damage to a
GMPCPP-capped GDP-microtubule with spastin
or katanin and healed it with GMPCPP-tubulin,
removed the enzyme and GMPCPP-tubulin from
the chamber, and initiated microtubule depolym-
erization through laser ablation close to the
GMPCPP cap (Fig. 5; fig. S8, A to C; andMaterials
and methods). No GMPCPP-tubulin incorpora-
tionwas detected in the control performed in the
presence of enzyme without ATP. These micro-
tubules depolymerized all the way to the seed
upon ablation (Fig. 5B and fig. S8A). In contrast,
microtubules with GMPCPP-tubulin islands in-
corporated along their lengths through the ATP
hydrolysis–dependent activity of spastin or katanin
were stabilized against depolymerization at the
location of the island (Fig. 5C and fig. S8B), de-
spite the absence of soluble tubulin in the chamber:
75% and 76% paused when they encountered a
GMPCPP island introduced by spastin and katanin,
respectively (Fig. 5D; fig. S8, A to C; andmovie S4).
Those that depolymerized through the island
showed adecrease in the depolymerization speed
(Fig. 5E and fig. S8D). Moreover, fluorescence
intensity analysis revealed that GMPCPP islands
that paused depolymerization were statistically
significantly brighter than those that did not
(Fig. 5F and fig. S8E). Next, we wanted to estab-
lish whether these enzyme-generated GMPCPP
islands were competent to support microtubule
regrowth.We again performed the above-described
experiment, but during the last step we intro-
duced 7 mMsoluble GTP-tubulin into the chamber
(Fig. 5, A, G, and H, and movie S5). Whereas at
these tubulin concentrations rescue events were
very rare in the control, we saw a higher prob-
ability of rescue of microtubules with spastin-
incorporated GMPCPP islands (Fig. 5I). When
the GMPCPP island did not support a rescue, it
did slow down depolymerization (Fig. 5J). More-
over, fluorescence intensity analysis revealed that
GMPCPP islands that supported rescues were
significantly brighter than those that did not
(Fig. 5K). Thus, microtubule dynamics measure-
ments and experiments with GMPCPP-tubulin
islands indicate that GTP islands introduced in a
microtubule severing enzyme–dependent man-
ner promotemicrotubule rescue and that there is
a minimal local GTP-tubulin density required
to robustly support rescue at that site. Because
the microtubule is rescued when the balance
shifts from net tubulin loss to net tubulin addi-
tion, it is likely that the correlation between
the size of the GTP-tubulin island and rescue
probability will vary with the tubulin concen-
tration or the presence of MAPs. Thus, smaller
GTP-tubulin islands may still be effective as
rescue sites at higher tubulin concentrations or
in the presence ofMAPs that increase the tubulin
on rate.
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Fig. 3. Incorporation
of soluble tubulin
into spastin-induced
nanoscale damage
sites inhibits micro-
tubule severing.
(A) Severing rates in
the presence of solu-
ble tubulin (n = 31,
28, and 36 microtu-
bules from multiple
chambers for
no tubulin, 100 nM
tubulin, and 2 mM
tubulin, respectively).
Thin lines indicate
SEM. (B) Intensity
distribution of fluores-
cent tubulin puncta
incorporated at
spastin-induced nano-
scale damage sites
(n = 50 and 49 puncta
from multiple
chambers for 100 nM
and 2 mM tubulin,
respectively). Bars
indicate the means
and SD. A.U., arbitrary
units. (C) Repair at
damage sites delays severing (n = 81 and 83 severing events from multiple chambers for 100 nM and
2mM tubulin, respectively). Tsevering and Tincorporation, time required for a severing event and for initial
incorporation of tubulin, respectively. (D) Fraction of GMPCPP-microtubules severed by 20 nM
spastin within 65 s of initial tubulin incorporation in the presence of 100 nM and 2 mM HiLyte
488–labeled soluble tubulin. Error bars indicate SEM in (C) and (D). (E) Live imaging of Alexa 488–labeled
GTP-tubulin (cyan) incorporation into HiLyte 647–labeled GMPCPP-microtubules (magenta) after
spastin-induced damage. Scale bar, 1.5 mm. (F) Fluorescence intensity distribution of Alexa 488–labeled
tubulin (labeling ratio, ~1.0) immobilized on glass or incorporated into spastin-induced nanoscale damage
sites (n = 188 and 398 for glass-immobilized and microtubule-incorporated particles, respectively).
(G) Spastin-induced nanoscale damage and spontaneous tubulin repair of GDP-microtubules
(magenta) grown from axonemes and stabilized with a GMPCPP cap (bright cyan) in the presence
of spastin (5 nM) and 5 mM soluble HiLyte 488–labeled GTP-tubulin (cyan). Images were bleach
corrected.White arrowheads, tubulin incorporation sites; yellow arrowheads, severing events.
Scale bar, 5 mm. (H) Average completion time of a severing event after spastin perfusion. Brown,
GMPCPP-microtubules; gray, GMPCPP-capped GDP-microtubules in the absence or presence of soluble
tubulin (n = 36, 63, 34, and 27 microtubules from multiple chambers for GMPCPP-microtubules and
GMPCPP-capped GDP-microtubules with 0, 2 mM, and 5 mM soluble GTP-tubulin, respectively). Bars
indicate the means and SD. ****P < 0.0001, determined by a two-tailed t test, for (B), (C), (D), and (H).
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Severing enzyme–generated GTP
islands recruit EB1
The GTP state of tubulin is recognized by MAPs
belonging to the end-binding (EB) protein family.
EB1 preferentially binds to growing microtubule
ends by sensing theGTP [or GDP–inorganic phos-
phate (Pi)] state of tubulin (46, 47). Consistent
with the creation of GTP-tubulin islands, in the
presence of spastin or katanin and ATP we ob-
served EB1 not only at the growing ends as in the
control but also as distinct puncta along micro-
tubules (Fig. 6, A to D). These puncta are rem-
iniscent of the EB3 puncta observed at sites of
tubulin repair after laser-induced damage (34).
Of the newly incorporated GTP-tubulin islands,
89% colocalized with EB1 (Fig. 6, E and F). These
EB1 puncta were transient, consistent with the
dynamic removal and incorporation of new tu-
bulin into the lattice and the gradual GTP hy-
drolysis of the incorporated tubulin (Fig. 6, A and
C; fig. S9; and movie S6). Consistent with a pro-
tective effect of the GTP islands, microtubule dy-
namics assays in the presence of spastin and EB1
revealed that 74% of rescues were associated with
the presence of EB1 at the rescue site (fig. S10A).
This number is significantly higher than the pre-

diction given by the random superposition of
EB1 puncta and rescue events (74% versus 14%;
P < 0.0001 by Fisher’s exact test) (Materials and
methods). Similarly, 63% of rescues in the pres-
ence of katanin occurred at the site of an EB1 spot
(fig. S10B), compared with 0% when the distri-
bution was randomized (P < 0.00001 by Fisher’s
exact test) (Materials and methods). Laser abla-
tion of microtubules peppered with EB1 puncta
also revealed a marked increase in rescue fre-
quency.Whereasmicrotubuleswere rescued from
100% of ablation-induced depolymerization events
within 4 s, they were rescued from only 15% of
events in the presence of spastin and ATP-g-S
(Fig. 6, G and H). Similar results were obtained
with katanin (Fig. 6I andmovie S7). Thus, the ATP-
dependent action of the enzyme that promotes
tubulin exchange within the lattice is required
for the observed increase in rescue frequency.

Severing amplifies microtubule mass
and number

The GDP-tubulin lattice is unstable and, when
exposed by laser ablation, is rapidly depolym-
erized at the plus ends, even in the presence of
soluble tubulin (Fig. 7A), a result consistent

with those of classic experiments performedwith
laser-ablated or mechanically cut microtubules
(28, 29, 48–51). Surprisingly, at 12 mM tubulin,
themajority of newplus ends generated by spastin
or katanin were stable and rapidly reinitiated
growth (Fig. 7, B and C). By contrast, in the ab-
sence of either enzyme or in the presence of
spastin or katanin and ATP-g-S, new plus ends
generated through laser ablation rapidly de-
polymerized (Figs. 6, H and I, and 7A). This
indicates that it is not the passive binding of the
protein that stabilizes the new plus ends against
spontaneous depolymerization but the ATP-
dependent incorporation of GTP-tubulin at sever-
ing sites. The minus ends were stable regardless
of whether they were generated through enzyme
action or laser ablation, consistent with results of
earlier experiments using laser ablation (28, 29).
Thus, when local tubulin extraction by spastin or
katanin outpaces the rate of tubulin incorporation,
a severing event occurs and the newly severed
microtubule ends emerge with a high density of
GTP-tubulin that is protective (Fig. 7, B and C).
Moreover, the plus ends that depolymerize im-
mediately after severing resume growth after a
lower net loss of polymer mass (fig. S8, F and G).
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Fig. 4. Spastin and katanin promote GTP-tubulin island formation
and increase rescues. (A and B) Time course of a dynamic 10% HiLyte
647–labeled microtubule at 12 mM tubulin in the presence of 25 nM
spastin without (A) or with (B) ATP showing HiLyte 488–labeled tubulin
incorporation at the microtubule tip (A) or incorporation (arrowheads)
along the microtubule in addition to the tip (B). The first micrograph for
each condition was recorded just before the perfusion of the chamber
with 12 mM 10% HiLyte 488–labeled tubulin. Scale bar, 2 mm. (C and
D) Time course of a dynamic 10% HiLyte 647–labeled microtubule at
12 mM tubulin in the presence of 25 nM katanin without (C) or with
(D) ATP showing HiLyte 488–labeled tubulin incorporation at the
microtubule tip (C) or incorporation (arrowheads) along the microtubule
in addition to the tip (D). The first micrograph for each condition was
recorded just before the perfusion of the chamber with 12 mM 10% HiLyte

488–labeled tubulin. (E) Rescue frequency at 10 mM tubulin in the
absence or presence of 25 nM spastin and 25 nM katanin with ATP
(n = 47, 45, and 61 microtubules from multiple chambers for the
control without enzyme, spastin, and katanin, respectively). ****P <
0.0001, determined by the Mann-Whitney test. (F) Probability of
rescue of a depolymerizing microtubule in the absence or presence
of spastin and katanin with ATP (n = 68, 57, and 78 depolymerization
events for the control, spastin, and katanin, respectively). ****P <
0.0001, determined by a two-tailed t test. (G and H) Growth rates (G)
and catastrophe frequency (H) in the absence or presence of spastin
and katanin with ATP [n = 56, 37, and 34 growth events for the control,
spastin, and katanin, respectively, in (G) and n = 62, 70, and 71 microtubules
for the control, spastin, and katanin, respectively, in (H)]. Plus signs in (G)
indicate the means. ns, not significant. Error bars indicate SEM throughout.
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Thus, the increase in microtubule number with
each severing event (Fig. 7, D and E) synergizes
with the higher rescue frequency to produce a
rapid amplification of total microtubule number
and mass (Fig. 7, F to J).

Discussion

The classical view of microtubule dynamics has
been that tubulin dimer exchange occurs exclu-
sively at microtubule ends through polymeriza-
tion and depolymerization (30, 52). By visualizing
a severing reaction at the ultrastructural level,
we have shown that spastin and katanin extract
tubulin subunits from the microtubule (Fig. 1)
and that this ATP hydrolysis–dependent tubulin
removal is counteracted by spontaneous lattice
incorporation of soluble GTP-tubulin (Figs. 2 to 4
and figs. S5 to S7). The nanoscale-damagedmicro-
tubules do not immediately unravel but are long-
lived enough to have a chance to heal through
the productive incorporation of tubulin into the
lattice. Because longitudinal lattice contacts are
stronger than lateral ones (42), we speculate that
tubulin dimer loss from themicrotubule wall has
a slight longitudinal bias that proceeds along the
protofilament. This would give themicrotubule a
chance to heal before it is severed across and

generate GTP-tubulin islands that consist of sev-
eral tubulin dimers in the longitudinal direction.
The geometry of the nanoscale damage sites and
themechanism of tubulin incorporation and con-
formational changes at these sites will be excit-
ing and fundamental areas for future exploration.
This mechanism of lattice repair can explain

the earlier observation of the inhibition of katanin
severing by soluble tubulin (35, 53). The ragged,
Swiss cheese nature of the nanoscale-damaged
microtubules is conducive to healing, as the in-
coming tubulin dimers canmake stabilizing lateral
interactions. Thus, depending on the local rates
of the severing enzyme–catalyzed tubulin removal
and the spontaneous incorporation of new GTP-
tubulin into the lattice, the action of amicrotubule-
severing enzyme results in a severing event where
the newly emerging ends have a high density of
GTP-tubulin or a microtubule that preserves in-
tegrity but acquires a GTP island at the site of
enzyme action. The higher GTP density at the
newly severed ends can also act to quickly recruit
molecular motors and MAPs that can modulate
the fate of the newly generated end.
Although in vitro microtubule repair after the

introduction of defects through laser-induced
photodamage (34) or mechanical stress (33, 54)

has been reported previously, our study iden-
tifies a family of enzymes as biological agents
that promote the ATP-dependent incorporation
of GTP-tubulin islands into microtubules. Micro-
tubule repair has a high incidence in vivo at
microtubule crossovers or bundles (34), where
microtubule-severing enzymes have been shown
to act (7, 8, 17, 55). Our findings thus suggest that
the high incidence of repair at these sites is due
not exclusively to mechanical damage (34) but
also to the action of microtubule-severing en-
zymes. As spastin and katanin preferentially target
glutamylatedmicrotubules (13, 56, 57), theymay
also selectively rejuvenate aging microtubules
with accumulated glutamylation marks through
GTP-tubulin incorporation. GTP-tubulin islands
have been identified along axonal microtubules
(58), a neuronal compartment where severing en-
zymes act. This finding raises the possibility that
severing enzymes are also used as quality control
and maintenance factors in hyperstable micro-
tubule arrays, such as those in axons, centrioles,
and cilia, where spastin and katanin are impor-
tant for biogenesis and maintenance (2, 5, 13, 14)
and where spastin and katanin may serve to re-
move and replace old, possibly damaged tubulin
subunits without affecting overall microtubule
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Fig. 5. Enzyme-generated GMPCPP islands protect against
depolymerization and act as rescue sites. (A) Experiment schematic.
GDP-microtubules (solid magenta) were polymerized from seeds and
capped with GMPCPP-tubulin (magenta outline). Spastin, ATP, and
GMPCPP-tubulin (green) were added and washed out of the chamber.
Microtubules were laser ablated in the absence (B to F) or presence
(G to K) of GTP-tubulin (Materials and methods). (B) Kymograph of a
depolymerizing laser-ablated microtubule (magenta) preincubated
with spastin and no ATP. Horizontal scale bar, 5 mm; vertical bar, 10 s.
(C) Kymographs of depolymerizing laser-ablated microtubules pausing
at GMPCPP-tubulin islands (green) introduced by spastin with 1 mM
ATP. Arrowheads, pauses. (D) Pie chart showing the proportion of
depolymerization events that paused at GMPCPP islands (white) or did
not (gray) (n = 44 events). (E) Depolymerization rates of microtubules
without GMPCPP islands preincubated with spastin and no ATP or
of microtubules depolymerized through GMPCPP islands introduced
by spastin with 1 mM ATP (n = 17 and 7 microtubules for no ATP and ATP,

respectively). (F) Fluorescence intensity of GMPCPP islands through
which microtubules depolymerized or paused (n = 9 and 14 islands,
respectively). (G and H) Kymographs of laser-ablated microtubules in the
presence of 7 mM soluble GTP-tubulin after preincubation with spastin
and no ATP showing complete depolymerization (G) or rescue (arrow-
heads) at a GMPCPP island introduced by spastin with ATP (H). Horizontal
scale bar, 5 mm; vertical bar, 20 s. (I) Rescue frequency for laser-ablated
microtubules incubated with spastin with or without ATP (n = 23 and
24 microtubules with and without ATP, respectively). (J) Depolymerization
rates in the presence of 7 mM GTP-tubulin for microtubules preincubated
with spastin and no ATP or for microtubules that depolymerized through
GMPCPP islands introduced by spastin with ATP (n = 9 and 6microtubules
without and with ATP, respectively). (K) Fluorescence intensity of
GMPCPP islands that did not stop depolymerization (n = 6) or at which
microtubules were rescued in the presence of spastin and ATP (n = 9).
**P < 0.01, ***P < 0.001, determined by the Mann-Whitney test. Plus signs in
(E), (F), (J), and (K) indicate means. Error bars indicate SEM throughout.
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organization. Future work should establish how
impaired lattice repair contributes to the disease
phenotypes seen in patients with spastin and
katanin mutations.
Our study shows that the severing enzyme–

catalyzed incorporation of GTP-tubulin along
microtubules has two physiological consequences:
It increases the frequency at which microtubules
are rescued (Figs. 4 to 6), and it stabilizes new-
ly severed plus ends that emerge against de-

polymerization with a high density of GTP-tubulin
(Fig. 7). Thus, microtubule dynamics can be
modulated not only by factors that affect tubulin
incorporation at microtubule ends but also by
severing enzymes that promote the exchange of
tubulin subunits within the microtubule shaft.
The synergy between the increased rescue rates
and the stabilization of the newly severed ends
leads to microtubule amplification in the absence
of a nucleating factor, explaining why, paradox-

ically, the loss of spastin and katanin results in
the loss of microtubule mass in many systems
(2, 23, 25, 27). Such a mechanism of polymer
amplification has parallels to the actin cyto-
skeleton, where severed filaments are used for
templated actin polymerization [(26, 59); re-
viewed in (60)]. When severing enzymes are ex-
pressed at high levels or are positively regulated,
tubulin extraction outpaces repair and the micro-
tubule array disassembles. Cells likely modulate
severing activity and the rate of tubulin lattice
incorporation through the action ofMAPs to elicit
these two different outcomes. This regulation will
be a notable area of future exploration.

Materials and methods
Protein expression and purification

Drosophila melanogaster full-length spastin was
purified by affinity chromatography and ion ex-
change as previously described (61).Caenorhabditis
elegansMBP-tagged katanin Mei1/Mei2 (12) was
purified on amylose resin. The affinity tag was
removed by tobacco etch virus protease, and the
protein was further purified on an ion exchange
MonoS column (GE Healthcare) as previously
described (62). Peak fractionswere concentrated,
bufferwas exchanged into 20mMHEPES (pH 7.0),
300 mM KCl, 10 mM MgCl2, and 1 mM TCEP,
and fractions were flash frozen in small aliquots
in liquid nitrogen.Homo sapiens EB1–green fluo-
rescent protein (GFP) was expressed and pu-
rified as previously described (63). Human
a1AbIII tubulin with an engineered FLAG tag
at the b-tubulin C terminus was expressed by
using baculovirus and purified as described pre-
viously (38).

Transmission electron microscopy of
microtubule-severing reactions

Taxol-stabilizedGDP-microtubuleswere prepared
by polymerizing 10 ml of 100 mM glycerol-free
porcine tubulin (Cytoskeleton, Denver, CO) in
80 mM K-PIPES (pH 6.8), 1 mM MgCl2, 1 mM
EGTA, 10%DMSO, and 1 mMGTP for 1 hour in a
37°C water bath. Taxol was added to 20 mM final
concentration, and the reaction was incubated
on the bench top for 1 to 2 hours. Microtubules
were loaded onto a 60% glycerol cushion [BRB80,
60% (v/v) glycerol, and 20 mMTaxol] at 37°C by
using a pipette tip with the tip cut off. Non-
polymerized tubulin was removed by centrifuga-
tion in a TLA100 rotor at 35,000 rpm for 15 min
at 37°C. The pellet was gently resuspended to
2.5 mM tubulin in BRB80 supplemented with
20 mM Taxol and 1 mM GTP at 37°C by using a
pipette tip with the tip cut off.
For GDP-microtubules, all polymerization and

severing reactionswere performed at 37°C. Twenty
microliters of 100 mMglycerol-free porcine tubulin
(Cytoskeleton) was polymerized in 10% DMSO,
1 mMGTP, and 10 mMMgCl2 for 1 hour at 37°C
in a water bath. The microtubules were passed
through a 60% glycerol cushion [BRB80, 60% (v/v)
glycerol, and 1mMGTP] by using a TLA100 rotor
at 53,000 × g for 15 min to remove nonpolymer-
ized tubulin. The pellet was washed twice using
50 ml of buffer (BRB80, 10% DMSO, 1 mM GTP)
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Fig. 6. Spastin- and katanin-generated GTP-tubulin islands recruit EB1. (A) Time course of
EB1-GFP on a dynamic microtubule in the presence of 25 nM spastin without or with ATP. Scale
bar, 2 mm. Line scans on the right show EB1-GFP intensity profiles along the microtubule at
the indicated times. Intensity profiles start on the microtubule lattice and end at the microtubule
tip. Arrowheads show lattice EB1 puncta. (B) Density of EB1-GFP puncta on microtubules incubated
without spastin or with spastin without and with ATP. Error bars indicate SEM. ****P < 0.0001.
(C) Time course of EB1-GFP on a dynamic microtubule in the presence of 25 nM katanin without and
with ATP. Intensity profiles are as in (A). Arrowheads show lattice EB1 puncta. (D) Density of EB1-GFP
puncta on microtubules incubated without katanin or with katanin without or with ATP. Error bars
indicate SEM. ****P < 0.0001. (E) Colocalization of newly incorporated GTP-tubulin (top) and EB1-GFP
(middle) in the presence of spastin and ATP. (Bottom) Overlay. Images were acquired immediately after
the perfusion of the chamber with enzyme and EB1-GFP. Scale bar, 2 mm. (F) Fluorescence intensity
of incorporated tubulin (magenta) and EB1-GFP (green) along the microtubule lattice in (E) showing their
colocalization. Eighty-nine percent of tubulin islands colocalize with EB1-GFP (n = 38 puncta from
22 microtubules from multiple chambers measured immediately after perfusion with 10% HyLite
647–tubulin). (G) Time course of laser-ablated dynamic microtubules (magenta) incubated with
25 nM spastin with ATP-g-S or spastin with ATP in the presence of 50 nM EB1-GFP (green)
(Materials and methods).The dotted line marks the ablated region and the start of depolymerization.
Scale bar, 2 mm. (H and I) Pie charts show the fates of plus ends generated through laser ablation of
microtubules incubated with spastin (H) or katanin (I) with ATP-g-S or ATP.The percentage of plus
ends that depolymerized (gray) or were rescued (white) within 4 s after ablation is shown (n = 13
and 13 microtubules from multiple chambers for spastin with ATP-g-S and ATP, respectively; n = 54
and 9 microtubules from multiple chambers for katanin with ATP-g-S and ATP, respectively).
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and gently resuspended to 30 mM in the same
buffer by using a pipette tip with the tip cut off.
GMPCPP-microtubules were prepared by po-

lymerizing 20 ml of 100 mM glycerol-free porcine
tubulin (Cytoskeleton) in 1mMGMPCPP in BRB80
[80mMPIPES-KOH (pH 6.8), 1mMMgCl2, 1mM
EGTA, 1mMDTT] on ice for 5 min and then in a
water bath at 37°C for 1 hour. Nonpolymerized
tubulinwas removed by centrifugation in aTLA100
rotor at 126,000 × g for 5 min at 37°C. The pellet
was washed twice with 50 ml of BRB80 at 37°C
and resuspended in 50 ml of ice-cold BRB80. The
reactionmixture was kept on ice for 30min and
periodically mixed up and down to fully de-
polymerizemicrotubules. GMPCPPwas added to
1 mM, and the polymerization reaction mixture
was kept on ice for 10 min and then transferred
to 37°C for 2 to 4 hours or overnight. Non-
polymerized tubulin was removed by centrifu-

gation and washed as described above. The mi-
crotubule pellet was gently resuspended to 2.5 mM
tubulin in BRB80 by using a pipette tip with the
tip cut off.
We found that performing severing reactions

in the tube followed by pipetting onto EM grids
resulted in microtubule breakage. We therefore
first carried out severing reactions on the EMgrid.
Briefly, 2 ml of microtubule solution (at 1 to 3 mM)
in BRB80 [80 mM PIPES (pH 6.8), 1 mMMgCl2,
1 mM EGTA] was applied to a glow-discharged
Cu grid, followed by pipetting of 2 ml of ATP so-
lution (10 mM ATP in BRB80 supplemented
with 20 mM Taxol for Taxol-stabilized micro-
tubules) and 2 ml of spastin (at 100 nM). The re-
action was allowed to proceed on the grid for
1 min or as specified, after which the liquid was
wicked off with calcium-free filter paper and the
gridwas stainedwith 0.75% (w/v) uranyl formate

and air-dried. Images were collected on a FEI
Morgagni 286 electron microscope operated at
80 kV and equipped with an AMT lens-coupled
1k × 1k CCD camera. For the solution severing
reaction time courses, 20 ml of GMPCPP or Taxol-
stabilized microtubules in BRB80 buffer at 2.5 and
1.0 mM was applied to parafilm, followed by the
addition of 20 ml of 50 nM spastin or 200 nM
katanin in 20 mM HEPES (pH 7.5), 300 mM
KCl, 10 mMMgCl2, 1mMTCEP, and 1mMATP to
a final concentration of 25 nM spastin and 100 nM
katanin. For the solution severing reaction time
courses of nonstabilized GDP-microtubules, 20 ml
of 30 mM GDP-microtubules in the presence of
10% DMSO was incubated with 2 ml of 20 nM
katanin. Buffer without severing enzymes was
added to microtubules as a negative control. The
severing reactionmixtures were incubated for 30 s
or 2 or 5min, and carbon-coated grids (carbon film
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Fig. 7. Severing
enzyme–based
microtubule number
and mass
amplification.
(A) Plus ends gener-
ated through laser
ablation depolymerize.
The pie chart shows
the percentages of
plus ends that are
stable (white) or
depolymerize (gray)
(n = 32 microtubules
from multiple
chambers). Scale bar,
5 mm. The dashed line
marks the ablated
region and the start
of depolymerization.
(B and C) Spastin
(B)- or katanin
(C)-severed ends
emerge with newly
incorporated GTP-
tubulin and are stable.
The pie charts show
the percentages of
plus ends that
are stable (white) or
depolymerize (gray)
(n = 96 and 94 micro-
tubules from multiple
chambers for spastin
and katanin, respec-
tively). White and
yellow arrowheads
indicate tubulin incor-
poration and a severing
event, respectively.
Scale bars, 2 mm. (D and E) Time-lapse images showing consecutive spastin
(D)- or katanin (E)-induced severing events on amicrotubule. Lines andnumbers
indicate individual microtubules after severing. + and −mark microtubule
ends. Magenta, microtubule; green, incorporated tubulin. Scale bars, 2 mm.
(F) Time-lapse images showing microtubule dynamics at 12 mM tubulin in the
absence of a severing enzyme.Green, newly incorporated tubulin at the growing

ends. The last two frames are bleach corrected. Scale bar, 5 mm. (G and
H) Time-lapse images showingmicrotubule number andmass amplification
through spastin (G) and katanin (H) severing. Green, newly incorporated HiLyte
488–tubulin perfused into the chambers together with the severing enzymes.
(I and J) Microtubule mass as a function of time (n = 4, 5, and 4 chambers
for the control, spastin, and katanin, respectively). Error bars indicate SEM.
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only on 400mesh; TedPella)were dipped into the
reaction mixtures. Excess liquid was blotted with
filter paper. Grids were washed three times with
40 ml BRB80, stained with 0.75% (w/v) uranyl
formate, and air-dried. Images were collected on
aT12Technai electronmicroscope (FEI) equipped
with a 2k × 2k Gatan US1000 CCD camera.
Images were collected at nominalmagnifications
of 550×, 13,000×, or 30,000×, corresponding to
pixel sizes of 84 Å/pix, 3.55 Å/pix, or 1.54 Å/pix,
respectively.

TIRF-based assays of tubulin
incorporation into stabilized
microtubules damaged by spastin
and katanin

Double-cycled, GMPCPP-stabilized microtubules
(64) were polymerized from 2-mg/ml porcine
brain tubulin (Cytoskeleton). The first polym-
erization was 1 hour, and the second polymer-
ization step was at least 4 hours to obtain long
microtubules. Thenmicrotubuleswere centrifuged,
resuspended in warm BRB80 [80 mM K-PIPES
(pH 6.8), 1 mMMgCl2, 1 mMEGTA], and stored
at 37°C or room temperature (RT) before use.
The same results were obtained regardless of
whether the storage temperature was 37°C or RT.
Taxol-stabilized microtubules (61) were polymer-
ized from 5-mg/ml porcine brain tubulin contain-
ing 1% biotinylated and 20% HiLyte 647–labeled
tubulin (Cytoskeleton) in BRB80with 10%DMSO,
0.5 mM GTP, and 10 mMMgCl2. After 1 hour of
incubation at 37°C, 20 mMTaxol was added and
the mixture was further incubated overnight.
Microtubules were then centrifuged through a
60% glycerol cushion for 12min at 109,000 × g at
35°C. The microtubule pellet was washed with
warm BRB80 supplemented with 14.3 mM 2-
mercaptoethanol and 20 mM Taxol and was
resuspended gently in the same buffer.
Chambers for TIRF microscopy were assem-

bled as previously described (61). Double-cycled
GMPCPP-microtubules containing 1%biotinylated
tubulin and 20% HiLyte 647–labeled tubulin
(or unlabeled tubulin for the DIC assays) assem-
bled as described above were immobilized in the
chamber with 2-mg/ml NeutrAvidin (Thermo
Fisher Scientific) and imaged by TIRF or DIC
microscopy in severing buffer [BRB80 buffer with
2-mg/ml casein, 14.3 mM 2-mercaptoethanol,
2.5% glycerol, 50 mM KCl, 2.5 mM MgCl2, 1 mM
ATP, 1% Pluronic F127 (Life Technologies), and
oxygen scavengers]. To introduce anddetect nano-
scale damage in microtubules (Fig. 2), immo-
bilized microtubules were then incubated with
10 nM spastin or 2 nM katanin in severing buffer
for 35 or 90 s, respectively. Microtubules in control
experiments were incubated without severing
enzyme. The enzymemixture was then replaced
with 1 mM HiLyte 488–labeled tubulin (Cyto-
skeleton), 1 mM ADP, 0.5 mM GTP, 1% Pluronic
F127, and 2.5-mg/ml casein in BRB80 and left
to incubate for 5 min. The tubulin-containing
solutionwas thenwashed outwith 45 ml of BRB80
supplemented with oxygen scavengers, 1.5-mg/ml
casein, 10mM2-mercaptoethanol, and 1%Pluronic
F127. Microtubules and HiLyte 488–labeled

tubulin were imaged by TIRF. Multiple fields of
viewwere imaged. The same assaywas performed
for Taxol-stabilizedmicrotubules, but in this case
the repair stepwas performedwith 0.1 mMsoluble
tubulin to prevent microtubule nucleation in the
presence of Taxol. For time-course experiments,
the same protocol was used except that micro-
tubuleswere incubatedwith 2 nM spastin (fig. S3)
or 2 nM katanin (fig. S4) for 35 to 120 s. Control
microtubules were incubated without severing
enzyme for 120 s. HiLyte 488–labeled tubulin
(1 mM) was used for the repair step. For repair
with 1 mM recombinant human tubulin (fig. S6),
nanoscale-damagedmicrotubules were incubated
for 5 min with recombinant tubulin. Unincor-
porated tubulin was washed away, and tubulin
incorporated into microtubules was detected by
anti-FLAGM2 antibodies (Sigma-Aldrich; diluted
1:500) and goat anti-mouse antibodies conjugated
with Alexa Fluor 488 (Invitrogen; diluted 1:1000).
All assays were performed at RT. Details regard-
ing image acquisition and analysis are described
in the subsection below.

Image acquisition and analysis of
tubulin incorporation in GMPCPP- and
Taxol-stabilized microtubules by
TIRF microscopy

Images were acquired by using a Nikon Ti-E
microscope equipped with a 100× 1.49 NA oil
objective and a TI-TIRF adapter (Nikon). The
488 excitation laser (Coherent) was set at 20 mW,
and the 647 nm laser (Coherent) was set to 2mW
before being coupled into theTi-TIRF optical fiber
(Nikon). Two-color simultaneous imaging was
performed by using a TuCAM (Andor) device that
splits the emission onto two separate EMCCD
cameras (Andor iXon 897). The excitation and
emission were split by a quad band dichroic
(Semrock), and the emission was further split by
an FF640 filter (Semrock) and further filtered
with an FF01-550/88 (Semrock) for the 488 chan-
nel and an FF01-642/LP (Semrock) for the 640
channel. The TuCAM imaging system introduces
an extra 2×magnification, yielding a final pixel
size of 77 nm. The images from the two cameras
were aligned by first imaging a grid of spots
(Nanogrid MiralomaTech) on each camera and
using the GridAligner plug-in for ImageJ.
DIC illuminationwas provided by a SOLA-SE-II

(Lumencor) coupled to themicroscope by a liquid
light guide. A standard set of polarizer and ana-
lyzer (Nikon 100 X-II High NA/Oil) prisms was
used, and the image was captured on a CoolSNAP
(Photometrics) camera. The final pixel size for
DIC images was 65 nm. Raw DIC images were
processed using an FFT band-pass filter. DIC
images were scaled and transformed to overlay
with fluorescent images by imaging fluorescent
microtubules in both channels for image regis-
tration. The entire imaging setup was controlled
by Micro-Manager (65).
For data shown in figs. S3 and S4, imageswere

analyzed using scripts in ImageJ and MATLAB.
First, the offset between 640 and 488 channels
was correctedwith theGridAligner plug-in. Then
microtubules were selected with 7 px-wide line

selection, and line scans were generated. These
line scans were imported into a MATLAB script
that identified the peaks in the 488 channel and
recorded the number, intensity, and FWHM of the
repair sites. The FWHM for a diffraction-limited
spot was obtained by using 100-nm TetraSpeck
beads (Thermo Fischer Scientific). Data were ex-
ported to Prism software for graphing.

Transmission electron microscopy
of microtubules repaired with
recombinant tubulin

GMPCPP-microtubules at 1 mM concentration in
1× BRB80were applied to parafilm in a humidity
chamber and incubated with 20 nM spastin in
enzyme buffer [20mMHEPES (pH 7.5), 300mM
KCl, 10mMMgCl2, 1mMTCEP, and 0.5mMATP].
Buffer containing 0.5 mM ATP-g-S instead of
ATP was used as a control. Severing was allowed
to proceed for 30 s, followed by the addition of
0.6 mMsoluble FLAG-tagged single-isoform recom-
binant neuronal human a1AbIII tubulin to repair
the microtubule lattice in the presence of 1 mM
GTP and 5 mM ADP to inactivate the enzyme.
The repair reaction was carried out for 5 min.
Microtubules were then stabilized by the ad-
dition of 5 volumes of 0.2% glutaraldehyde in
1× BRB80 (80 mM PIPES, 1 mM MgCl2, 1 mM
EGTA). After 3 min, cross-linking was quenched
by the addition of Tris-HCl (pH 7.5) to a 20 mM
final concentration and cross-linkedmicrotubules
were transferred into a 10-ml centrifuge tube
(Beckman Coulter). The microtubule severing
and healing procedure was repeated three more
times, reactionmixtureswere pooled into the same
centrifuge tube, and microtubules were then
spun down in an MLA-80 rotor at 100,000 × g
for 15 min at 30°C. The microtubule pellet was
gently washed with 200 ml of 1× BRB80 at 37°C
twice and resuspended in 50 ml of warm 1×BRB80.
Five microliters of 6.7 mM monoclonal mouse-
raised anti-FLAGM2 antibody (Sigma-Aldrich)
and 5 ml of 11.45 mM goat anti-mouse antibody
conjugated to 4-nm spherical gold nanoparticles,
C11-4-TGAMG-50 (Nanopartz), were added to
microtubules to label repaired sites. Antibody
labeling was allowed to proceed for 5 min, and
the reaction was mixed with 10 volumes of 30%
glycerol in 1× BRB80. Microtubules in 30%
glycerol were loaded onto a 1× BRB80 cushion
containing 40%glycerol and spundownonto glow-
discharged carbon-coated grids (carbon film only
on 400mesh; Ted Pella) at 4200 × g for 20min at
30°C. Excess liquid was blotted with filter paper.
Gridswerewashed three timeswith 30ml of BRB80,
stainedwith 0.75% (w/v) uranyl formate, and air-
dried. Images were collected on a T12 Technai
electron microscope (FEI) equipped with a 2k ×
2k Gatan US1000 CCD camera. Images were col-
lected at nominal magnifications of 6800× and
18,500×, corresponding to pixel sizes of 6.8 Å/pix
and 2.5 Å/pix, respectively. Images in fig. S7Fwere
collected on a TF20 electron microscope (FEI)
equipped with a K2 camera (Gatan). Images were
collected at 50,000× and 9600× magnifications,
corresponding to pixel sizes of 0.73 Å/pix and
3.65 Å/pix, respectively.
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Live imaging of severing and tubulin
incorporation into nanoscale-damaged
GMPCPP-microtubules and
GMPCPP-capped GDP-microtubules
To observe microtubule severing and tubulin
incorporation at damage sites simultaneously
(Fig. 3 and fig. S5, A to C), GMPCPP-stabilized
double-cycled microtubules labeled with 1% bio-
tin and 20% HiLyte 647–tubulin were immobi-
lized in imaging chambers. Image acquisition
was started by using 100-ms continuous expo-
sure in the 647 and 488 channels simultaneously,
and the chamber was perfused with severing buf-
fer containing 0.5mMGTP, 20 nM spastin, and 0,
0.1, or 2 mMHiLyte 488–labeled tubulin. Severing
rates were calculated by manual counting of se-
vering events (microtubule breaks) as a function
of time. Tubulin incorporation sites were readily
visible in the 488 channel. To observe the live in-
corporation of single tubulin dimers intomicro-
tubules damaged by spastin (Fig. 3, F and G),
double-cycled GMPCPP-microtubules composed
of 20% HiLyte 647–labeled and 1% biotinylated
tubulin were immobilized in imaging chambers
as described above. The chamber was then per-
fused with severing buffer, and images of micro-
tubules were acquired. Microtubules were then
incubated for 30 s with 20 nM spastin in sever-
ing buffer. Image acquisition was started during
the spastin incubation step, and a solution con-
taining fluorescently labeled tubulin [50nMAlexa
488–labeled tubulin (PurSolutions) in BRB80with
2-mg/ml casein, 14.3 mM 2-mercaptoethanol,
50 mM KCl, 2.5 mM MgCl2, 1 mM ADP, 0.5 mM
GTP, 1% Pluronic F127, and oxygen scavengers]
was flushed in. Images were acquired for 5 min
at 10 Hz in the 488-nm channel. After tubulin
perfusion, the 640 laser was turned off to pre-
vent photobleaching and microtubule photo-
damage. Images of fluorescent tubulinmolecules
landing on the microtubule were analyzed by
using a 7 × 7 pixel box, and the intensity of tubulin
molecules incorporated into the microtubule was
calibrated against the intensity of single tubulin
dimers obtained by immobilizing 0.5 nM Alexa
488–tubulin on glass with an anti–b-tubulin anti-
body (SAP.4G5; Sigma-Aldrich) and imaging
under the same conditions.
For imagingof nonstabilizedGDP-microtubules

with a GMPCPP cap, sea urchin axonemes puri-
fied as described previously (66) were nonspecifi-
cally adhered to the coverslip, and 15 mM tubulin
containing 20% HiLyte 647–tubulin and 1 mM
GTP were added to start microtubule growth
from the axonemes. After the desired microtu-
bule length (10 to 20 mm) was achieved, the solu-
tion was exchanged quickly to introduce HiLyte
488–tubulin (20%) and 0.5 mMGMPCPP. After
the growth of the GMPCPP cap, tubulin and nu-
cleotide were washed out and spastin (5 nM)was
introduced into the chamber with 1 mMATP in
the absence or presence of soluble tubulin at
2 mM (500 nM HiLyte 488–tubulin + 1.5 mM
unlabeled tubulin) or 5 mM (500 nM HiLyte
488–tubulin + 4.5 mM unlabeled tubulin) and
0.5 mM GTP. Polymerization and imaging were
performed at 30°C.

Microtubule dynamics measurements
and EB1 recognition of lattice-
incorporated GTP-tubulin
TIRF microscopy chambers were prepared as
described above. HiLyte 647 (10%)–labeled mi-
crotubules were polymerized at 30°C at 10 mM
tubulin. The chamber was perfused with 25 nM
spastin or katanin and 10 mM porcine brain tu-
bulin containing 10%HyLite 647–labeled tubulin
in severing assay buffer (50mMKCl, 1% Pluronic
F127, 0.2-mg/ml casein, 6.2mM2-mercaptoethanol,
1.5% glycerol, 0.1% methylcellulose 4000cP, and
oxygen scavengers in 1× BRB80) with 1 mMGTP
and 1 mM ATP together with 50 nM EB1-GFP.
Images were acquired in the 647 and 488 channels
simultaneously at 2 Hz. Microtubule rescues are
defined as the transition of microtubules from
shrinkage to growth. Rescue frequency was cal-
culated as the number of rescues divided by the
time spent depolymerizing. Catastrophes are de-
fined as the transition ofmicrotubules fromgrowth
to shrinkage. Catastrophe frequency was calcu-
lated as the number of catastrophes divided by
the time spent in the polymerization state. The
EB1 puncta and themicrotubule rescue site were
considered colocalizedwhen the distance between
the EB1 spot and the end of the depolymerizing
microtubule was less than two pixels. The cutoff
for an EB1 punctum was defined as having a
mean intensity in a 5 × 5 pixel box that is at least
3 standard deviations above themean background
EB1 lattice intensity. Background EB1 lattice in-
tensity was determined from control chambers
without severing enzymes. Background EB1 lattice
intensity was the same in the absence of severing
enzymes or the presence of severing enzymes but
in the absence of ATP. For statistical significance
calculation, rescue site analysis was also performed
by using synthetic data generated by shifting the
position of the EB1 spots by 7 pixels on the mi-
crotubule (alternatively, both toward the plus
and the minus ends).
For the GTP-tubulin and EB1-GFP colocaliza-

tion experiments shown in Fig. 6E, microtubule
extensions were grown in the absence of fluores-
cent tubulin for 8 min at 30°C at 12 mM porcine
brain tubulin (Cytoskeleton) in severing assay
buffer. The chamber was perfused with 20 nM
spastin, 50 nMEB1-GFP, and 12 mMporcine brain
tubulin containing 10% HyLite 647–labeled tubu-
lin in severing assay buffer. Image acquisition
was started during perfusion in the 640 and 488
channels simultaneously at 5 Hz. The offset be-
tween the 640 and 488 channels was corrected
by using a nanogrid (NanogridMiraloma Tech)
and the GridAligner plug-in in ImageJ.

Laser ablation of microtubules
with spastin- or katanin-generated
GMPCPP islands

GMPCPP-stabilized unmodified microtubule seeds
were immobilized on glass. To pregrow micro-
tubules, 16 mM tubulin containing 12.5% HiLyte
647–labeled tubulin with 1 mM GTP was per-
fused into the chamber and incubated for 10min
at 30°C. Microtubules were then capped using
6 mM tubulin with 10% HiLyte 647 and 0.5 mM

GMPCPP. The chamber was washed after 2 min
with severing assay buffer without GTP and then
incubated with 4 nM spastin and 6 mM tubulin
containing 25% HiLyte 488–labeled tubulin in
the presence of 200 mMGMPCPP in severing assay
buffer (50 mM KCl, 1% Pluronic F127, 0.2-mg/ml
casein, 6.2 mM 2-mercaptoethanol, 2.5% glycerol,
0.1% methylcellulose 4000cP, and oxygen scav-
engers in 1× BRB80) with or without 1 mMATP
for 3 min. The chamber was washed with buffer
containing severing assay buffer. Microtubules
were ablated with a 405-nm laser at 40% power
using the iLas laser illuminator (BioVision). Images
in the 488 and 647 channels were acquired se-
quentially with 100-ms exposure. For the rescue
frequencymeasurements, 15%HiLyte 647–labeled
tubulin at 7 mM in severing assay buffer contain-
ing 1 mM GTP was perfused into the chamber.
For the katanin experiments, the chamber was
washed after microtubule capping with severing
assay buffer without GTP and then incubated
with 20 nM katanin and 8 mM tubulin contain-
ing 25% HiLyte 488–labeled tubulin in the pre-
sence of 200 mMGMPCPP in severing assay buffer
with or without ATP for 45 s. Microtubule de-
polymerization rates through the GMPCPP islands
were determined by dividing the length of the island
by the time it takes to depolymerize through it.

Laser ablation of dynamic microtubules
with enzyme-generated GTP islands

TIRF microscopy chambers were prepared as
described above. HiLyte 647–labeled microtubule
extensions were polymerized for 8 min at 30°C
at 12 mM porcine brain tubulin (Cytoskeleton)
containing 20% HiLyte 647–labeled tubulin in
severing assay buffer. The chamber was perfused
with 25 nM spastin or katanin, 50 nM EB1-GFP,
and 12 mMporcine brain tubulin containing 20%
HyLite 647–labeled tubulin in severing assay buffer
with ATP or ATP-g-S. Microtubules were ablated
by using a DeltaVision OMX with the 405-nm
laser at 100%power for 1 s or with a 405-nm laser
at 40% power using an iLas laser illuminator
(BioVision). Images were acquired in the 647 and
488 channels at 5 Hz on the DeltaVision OMX
and 2.9 Hz on the iLas system.

Live imaging of tubulin incorporation
and severing into dynamic microtubules

Chambers for TIRFmicroscopywere prepared as
described above. GMPCPP-stabilized, unmodified
microtubules containing 2% biotinylated tubulin
were immobilized with 0.1-mg/ml NeutrAvidin
(Thermo Fisher Scientific). Microtubule exten-
sions were polymerized for 12 min at 30°C at
10 or 12 mMporcine brain tubulin (Cytoskeleton)
containing 10%HiLyte 647–tubulin in severing
assay buffer (50mMKCl, 1% Pluronic F127, 1 mM
ATP, 1 mM GTP, 0.2-mg/ml casein, 6.2 mM 2-
mercaptoethanol, 1.5% glycerol, 0.1% methyl-
cellulose 4000cP, and oxygen scavengers in 1×
BRB80). Then, 25 nM katanin or spastin with
12 mM porcine brain tubulin containing 10%
HyLite 488–labeled tubulin was perfused into the
chamber in severing assay buffer. Images were
acquiredwith 488 and 640 lasers simultaneously
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at 2 Hz at 100-ms exposure. The incorporation of
the HiLyte 488–tubulin was immediately visible
upon perfusion only at microtubule tips in the
control and along the microtubules and the dy-
namic tips in the enzyme and ATP conditions.
Total polymer mass was obtained by measuring
the background-corrected total integrated fluo-
rescence in both the 488 and 640 channels. The
laser ablation controls were performed at the same
enzyme and tubulin concentrations but with
1 mMATP-g-S. Microtubules were ablated with a
405-nm laser at 40% power using an iLas laser
illuminator (BioVision) for the katanin experi-
ments and the DeltaVision OMX for spastin.

Quantification and data analysis

n numbers and statistical tests are reported for
all experiments in the figure legends. All experi-
ments were performed multiple times, and only
representative images are shown. ImageJ was
used for image analysis. Prism (GraphPad) was
used for graphing and statistical analysis.
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Severing enzymes amplify microtubule arrays through lattice GTP-tubulin
incorporation
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Severing to build microtubules
Microtubules are essential intracellular polymers, built from tubulin subunits, that establish cell shape, move organelles,
and segregate chromosomes during cell division. Vemu et al. show that microtubule-severing enzymes extract
tubulin subunits along the microtubule shaft. This nanoscale damage is repaired by the incorporation of free tubulin,
which stabilizes the microtubule against depolymerization. When extraction outpaces repair, microtubules are
severed, emerging with stabilized ends composed of fresh tubulin. The severed microtubules act as templates for new
microtubule growth, leading to amplification of microtubule number and mass. Thus, seemingly paradoxically, severing
enzymes can increase microtubule mass in processes such as neurogenesis and mitotic spindle assembly.
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