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Summary 

Ewkaryotic cells rapidly reorganize their microtubule 
cytoskeleton during the cell cycle, differentiation, and 
cell migration. In this study, we have purified a hetero- 
dimeric protein, katanin, that severs and disassembles 
microtubules to tubulin dimers. The disassembled tu- 
bulin can repolymerize, indicating that it is not irre- 
versibly modified or denatured in the reaction. Katanin 
is a microtubule-stimulated ATPase and requires ATP 
hydrolysis to sever microtubules. Katanin represents 
a novel type of enzyme that utilizes energy from nucle- 
otide hydrolysis to break tubulin-tubulin bonds within 
a microtubule polymer, a process that may aid in disas- 
sembling complex microtubule arrays within cells. 

Microtubules, 25 nm diameter polymers composed of a/3- 
tubulin dimers, are essential for a variety of functions in 
eukaryotic cells. During interphase, these cytoskeletal fila- 
ments are required for organizing large intracellular mem- 
brane compartments, such as the Golgi apparatus (Ho et 
al., 1990) and the endoplasmic reticulum (Terasaki et al., 
1986), as well as for transporting small membrane carrier 
vesicles in the endocytotic and secretory pathways (Vale, 
1987). During mitosis, microtubules are the primary con- 
stituents of the mitotic spindle and are needed for proper 
segregation of chromosomes and for specifying the posi- 
tion of the cleavage furrow (Rappaport, 1985). 

To carry out its activities in mitosis and interphase, the 
network of microtubule polymers must be organized ap- 
propriately within the cytoplasm. In most interphase cells, 
microtubules are nucleated from the centrosome, a micro- 
tubule-organizing center located adjacent to the nucleus, 
and extend outward toward the periphery of the cell. This 
arrangement of microtubules is not static, and the network 
can rapidly reorganize during cell or growth cone migration 
(Kupfer et al., 1982; Gundersen and Bulinski, 1988; Sabry 
et al., 1991), interaction of T killer cells with their target 
cells (Geiger et al., 1982), and epithelial (Bacallao et al., 
1989) and neuronal (Baas et al., 1989) differentiation. Per- 
haps the most dramatic alteration in the microtubule array 
takes place at the G2-M transition in the cell cycle (e.g., 
Kitanishi-Yumura and Fukui, 1987), when the interphase 
microtubule network is rapidly and completely disassem- 
bled, followed by the reassembly of microtubules into a 
new configuration, the mitotic spindle. 

What factors enable microtubule networks to reorganize 
in !such a dynamic manner? The polymerization properties 
of pure tubulin provide at least a partial explanation for 

such behavior. Microtubules show dynamic instability: 
even within a population of microtubules whose average 
length is constant, individual microtubules are either grow- 
ing or shrinking and can switch rapidly between these 
states (Horio and Hotani, 1986; Mitchison and Kirschner, 
1984; Walker et al., 1988). Dynamic instability is thought 
to result from the effect of GTP hydrolysis on the affinity 
of tubulin for its neighboring subunits. Growth occurs when 
GTP-tubulin dimers, which have a high affinity for each 
other, polymerize onto GTP-tubulin subunits at the end 
of a microtubule at a rate faster than hydrolysis of GTP 
by polymer tubulin. Conversion of a microtubule from a 
growing to a shrinking state results when GDP-tubulin 
subunits, which have a low affinity for each other, are ex- 
posed at the end of a microtubule. This occurs when the 
rate of GTP hydrolysis by polymer tubulin exceeds the 
rate of tubulin subunit addition at the end of a microtubule 
(Mitchison, 1992). 

The inherent dynamic properties of the microtubule 
polymer can be influenced by a variety of cellular factors. 
Several microtubule-associated proteins have been dis- 
covered that stabilize microtubules by suppressing poly- 
mer dynamics or enhancing growth rates (Chapin and Bul- 
inski, 1992; Drechsel et al., 1992; Gard and Kirschner, 
1987). Microtubules can also be destabilized by cellular 
proteins, as shown by the higher turnover rate of microtu- 
bules in cells or in cell extracts relative to that of microtu- 
bules composed of purified tubulin (Cassimeris et al., 
1988; Simon et al., 1992). 

Severing of microtubules represents another mecha- 
nism of destabilizing and disassembling the microtubule 
cytoskeleton. Previously, we identified an activity in mitotic 
extracts of Xenopus laevis eggs that severs stable microtu- 
bules along their lengths (Vale, 1991). This activity can 
be posttranslationally activated in interphase extracts by 
addition of either cyclin B (Vale, 1991) cyclin A (Verde et 
al., 1992), or purified cdc2 kinase (Shiina et al., 1992). 
These findings suggest that microtubule severing may 
have a role in microtubule reorganization during the cell 
cycle, the most likely being the rapid disassembly of the 
microtubule cytoskeleton that occurs at the transition from 
interphase to mitosis (Karsenti, 1993). Microtubule sev- 
ering has also been implicated in flagellar resorption in 
Chlamydomonas (Sanders and Salisbury, 1989) and in 
the rapid contraction of the microtubule-fil led stalk of the 
heliozoan Actinocoryne (Febvre-Chevalier and Febvre, 
1992). 

In this study, we report the purification and initial charac- 
terization of a microtubule-severing protein from sea ur- 
chin eggs. This heterodimeric protein (60 and 81 kd poly- 
peptides) requires ATP to sever and disassemble stable 
microtubules. We also show that this protein, which we 
named katanin (from katana, the Japanese word for samu- 
rai sword), is a microtubule-stimulated ATPase and that 
ATP hydrolysis is necessary for the disassembly reaction. 
Thus, katanin represents a novel type of microtubule- 
activated ATPase that uses the energy from ATP hydroly- 
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sis to break tubulin-tubulin bonds within the microtubule 
polymer. 

Results 

A Microtubule Severing Activity in Frog and Sea 
Urchin Egg Extracts Is ATP Dependent 
Our  previous work showed that X. laevis egg extracts and 
high speed supernatantscontain an activity that fragments 
and eventually disintegrates taxol-stabilized microtubules 
immobilized on a glass coverslip (Vale, 1991). To define 
whether nucleotides are required in this reaction, nucleo- 
tides were removed either by precipitating total extract 
protein with 15% polyethylene glycol (PEG-6000) followed 
by resuspension in nucleotide-free buffer or by passing a 
high speed supernatant through a Sephadex G-25 de- 
salting column. Both treatments resulted in a complete 
loss of activity. Microtubule severing could be restored by 
addition of 1 mM MgATP. Activity was not restored by 
addition of 1 mM MgGTP, MgADP, or MgATPyS. These 
results indicated that the microtubule severing activity re- 
quired MgATP. 

To learn more about the protein responsible for microtu- 
bule severing and about the nature of the ATP requirement 
in the reaction, we attempted to purify the severing protein 
from Xenopus egg extracts, but were unsuccessful owing 
to the limited amounts of starting material that could be 
obtained. Subsequently, we found that high speed super- 
natants of sea urchin (Strongylocentrotus purpuratus) egg 
extracts also contained an activity that severed taxol- 
stabilized microtubules. This activity was similar to the 
Xenopus activity in two important respects. First, the sea 
urchin extract activity required MgATP; PEG-6000 precipi- 
tation of total extract protein followed by resuspension in 
nucleotide-free buffer resulted in a complete loss of activ- 
ity, but activity could be restored by addition of 1 mM 
MgATP. As with the Xenopus extract, activity was not sup- 
ported by addition of 1 mM MgGTP, MgADP, or MgATPyS. 
Second, the microtubule substrate specificities of the 
frog and sea urchin activities were similar to one another. 
As described previously for frog egg extracts (Vale, 1991), 
the sea urchin activity severed not only taxol-stabil- 
ized microtubules, but also stable microtubules polymer- 
ized from tubulin in the presence of the nonhydrolyz- 
able GTP analog guanylyl<a, &methylene diphosphonate 
(GMPCPP) (Hyman et al., 1992). In addition, both frog and 
sea urchin extracts failed to sever taxol-stabilized microtu- 
bules digested with subtilisin, a protease that removes a 
small peptide from the C-terminus of tubulin (Paschal et 
al., 1989) (data not shown). The ATP dependence of the 
reaction, the ability to sever taxol- or GMPCPP-stabil ized 
microtubules, and the inability to sever subtilisin-digested 
microtubules all indicated that the sea urchin and frog egg 
severing activities were very likely generated by homolo- 
gous proteins. We therefore chose to purify the microtu- 
bule-severing protein from sea urchin eggs because of 
their greater availability. 

Purification of the ATP-Dependent 
Microtubule-Severing Protein 
A purification protocol for the microtubule-severing protein 

from sea urchin egg high speed supernatants was devel- 
oped using three successive chromatography steps on 
S-Sepharose fast flow, high performance hydroxylapatite 
(HPHT), and Mono Q  columns (Figure 1). With each chro- 
matographic step, column fractions were tested for their 
ability to break and disassemble fluorescent, taxol-stabil- 
ized microtubules in the immobilized microtubule assay 
(see Experimental Procedures). The ATP-dependent ac- 
tivity eluted from the HPHT column between 130 and 150 
mM KP04, but the polypeptides responsible for severing 
could not be discerned. Subsequent chromatography of 
the ATP-dependent HPHT peak on a Mono Q  column re- 
sulted in the purification of an 81 kd and a 60 kd polypep- 
tide. Figure 2 shows that the peak of microtubule severing 
activity eluting from the Mono Q  column (as determined by 
measuring the dilution of each fraction that could support 
severing) coeluted precisely with the p81 and p60 polypep- 
tides. The yield of activity and protein shown in Table 1 
demonstrates that the specific activity of microtubule sev- 
ering increased 1 OOO-fold during the purification. All exper- 
iments in this study were performed with Mono Q-purif ied 
p81-~60, unless indicated. 

To eliminate the possibility of coincidental copurification 
of p81-p60 with the microtubule severing activity, we ex- 
amined whether p81 and p60 copurify with microtubule 
severing activity on columns that separate proteins based 
upon different properties than Mono Q. Chromatography 
of the ATP-dependent HPHT microtubule-severing peak 
on phenyl-Superose (hydrophobic interaction), Mono S 
(cation exchanger), and Superose 6 (gel filtration) all re- 
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Figure 1. Purification of pal-p60 from S. purpuratus Egg Extracts 

The protein composition from successive steps in the purification of 
p61-p60 was analyzed by SDS-PAGE, followed by staining with Coo- 
massie (brilliant) blue Ft. Samples shown are a high speed supernatant 
(HSS), KCI eluant from S-Sepharose FF (S Sepharose), pooled peak 
fractions from an HPHT column (HPHT), and the peak of activity from 
a Mono Cl column (Mono Q). Arrows mark the positions of p81 and 
~60, and dashes indicate the positions of molecular mass markers (top 
to bottom): myosin (200 kd), 8-galactosidase (116 kd), phosphorylase B 
(97 kd), bovine serum albumin (66 kd), and hen egg white ovalbumin 
(45 kd). 
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Figure 2. Copurification of ~61 and p60 with Microtubule Severing 
Activity 

Aliquots (30 ~1) of successive fractions (250 ~1) eluting between 140 
and 230 mM NaCl from a Mono Q HR 5/5 column were subjected to 
SDS-PAGE, and proteins were visualized with Coomassie (brilliant) 
blue R. Each fraction was assayed for microtubule severing activity 
u!sing the immobil ized microtubule assay (see Experimental Proce- 
dlJres); activity indicates the maximum fold dilution of that fraction that 
could still completely disassemble all of the microtubules within 5 min. 
Column fractions in lanes 3 and 4 contained the highest concentrations 
of both ~61 and p60 polypeptides and microtubule severing activity. 
Dashes indicate the positions of molecular mass markers (top to bot- 
tom): myosin (200 kd), !3-galactosidase (116 kd), phosphorylase B (97 
kd), bovine serum albumin (66 kd), and hen egg white ovalbumin 
(4.5 kd). 

sulted in the quantitative elution of severing activity with 
the p81 and p60 polypeptides (data not shown). 

In all of these chromatographic separations, the p81 and 
p60 polypeptides coeluted, indicating that they interact 
to form a protein complex. Densitometry of Coomassie 

blue-stained gels revealed a 1 :l stoichiometry of ~81 and 
~60. The p81-p60 protein complex sedimented at 5.1 S 

in a sucrose gradient and eluted in Superose 6 and 
TSK3000SW size exclusion chromatography with a 
Stoke’s radius (R,, of 51 A. This R, value did not change 
when chromatography was performed in the presence of 
MgATP. Calculation of the native molecular mass based 
upon theabovevaluessuggeststhatthep81-p60complex 

has a mass of 105,000 daltons. These data are most con- 
sistent with a model in which p81 and p60form a nonglobu- 
lar heterodimer and suggest that ~81, ~60, or both may 
have anomalous mobility in SDS-polyacrylamide gels. 

Microtubule Severing and Disassembly 
lay p81 -p60 
Video microscopy revealed that taxol-stabilized microtu- 
bules immobil ized on a coverslip fragmented after perfu- 

sion of p81-p60 in the presence of 1 mM MgATP (Figure 
3). Severing of nonfluorecent microtubules was also ob- 
served by differential interference contrast microscopy 
(data not shown). Prior to breaking, microtubules often 
developed kinks or regions of flexibility, similar to those 
seen in crude frog egg extracts (Vale, 1991). In addition 
to breaking, microtubules also appeared to shorten in a 
continuous manner from severed ends, suggesting that 
they also were undergoing endwise disassembly. From 
video microscopy observations, however, it was unclear 
whether the shrinkage was due to dissociation of tubulin 
dimers or to very short microtubules breaking off and dif- 
fusing out of the plane of focus. The disassembly reaction 
catalyzed by p81 -p60 proceeded until microtubules were 
no longer visible. In the immobilized microtubule assay, 
50 fmol of p81-p60 completely disassembled 160 fmol of 
polymerized tubulin in 5 min. p81-p60 also disassembled 
microtubules in solution but at much higher rates. In SOIU- 
tion, 5 pmol of p81-p60 disassembled 150 pmol of poly- 

merized tubulin within 5 min (data not shown). Similar 
overall findings were obtained with taxol-stabilized micro- 
tubules assembled from purified sea urchin egg tubulin, 
indicating that p81-p60 activity is not restricted to bovine 
brain tubulin (data not shown). 

The breaking and disassembly of taxol-stabilized micro- 
tubules were absolutely dependent upon MgATP. In the 
absence of this nucleotide, microtubules remained intact 
for 10 min or more in the presence of p81-p60 (Figure 3). 
Neither GTP, ADP, ATPyS, adenylyl methylene diphos- 
phonate (AMPPCP), nor 5’-adenylyl imidodiphosphate 
(AMPPNP) (l-10 mM) supported p81-p60-mediated sev- 
ering. 

Microtubule disassembly in solution could be docu- 
mented in a more quantitative manner by examining the 
relative amounts of sedimentable and nonsedimentable 
tubulin after incubation with p81-p60 and ATP. When 
taxol-stabilized microtubules were incubated with p81- 
p60 and ATP, nonsedimentable tubulin was released from 
microtubule polymer in an approximately linear manner 
(Figure 4). In the experiment shown in Figure 4, 1 pmol 
of p81-p60 molecule caused the release of 75 pmol of 
tubulin dimers from microtubules over 50 min. The linear 
time course of the reaction and the low stoichiometry of 
p81-p60 to tubulin imply that disassembly of the microtu- 
bule occurs via an enzymatic process. The rate of microtu- 
bule disassembly increased when the concentration of 
p81-p60 was raised (Figure 4); however, a 2-fold increase 
in p81-p60 concentration resulted in a greater than P-fold 

- 
T,able 1. Purification of the ATP-Dependent Microtubule Severing Activity 
- 

Activity Yield of High Speed 
Step Protein (mg) Supernatant (O/O) Purificatton (fold) 

High Speed Supernatant 7584 100 - 

S-Sepharose 288 50 13 
HPHT 9 21 171 
Mono Q 0.1 1.5 1063 

Activity was defined as the maximal dilution that would sever all the immobil ized microtubules in the microscopy assay (see Experimental Procedures) 
m#ultiplied by the volume. S-Sepharose, KCI elution from S-Sepharose FF; HPHT, pooled peak fractions from an HPHT column; Mono Q, peak 
fr#om a Mono Q HR column. Fold purification was calculated as (final activity yield) x (initial protein mass/final protein mass). 
- 
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Figure 3. Video Microscopy of a Microtubule 
Severing Reaction 

Rhodamine-labeled microtubules were immo- 
bilized on a glass coverslip and exposed to a 
solution of p81-~60 (1 us/ml) in the presence 
(upper four panels) or absence (lower two pan- 
els) of 1 mM ATP. Images of the same field of 
view were captured digitally at the indicated 
times after p81-~60 addition. Individual micro- 
tubules became fragmented and progressively 
shortened from the ends only in the presence 
of ATP. Internal breaks in microtubules are in- 
dicated by the arrows. Scale bar, 10 urn. 

increase in the rate of tubulin release. This nonlinear rela- 
tionship between p81-p60 concentration and reaction ve- 
locity may exist due to cooperativity or to instability of sur- 
face binding of p81-p60 at lower concentrations. 

The actions of p81-p60 on different microtubule sub- 
strates were examined to compare them with the activities 
documented in sea urchin and frog egg extracts. Stable 
microtubules prepared with the nonhydrolyzable GTP ana- 
log GMPCPP and immobilized onto glass were severed 
and disassembled by p81-p60 within a few minutes, as 
was described for the activity in crude extracts (Vale, 
1991). This result also indicates that the disassembly of 
microtubules by p81-p60 is not simply caused by displac- 
ing taxol from the microtubule. Taxol-stabilized microtu- 
bules digested with subtilisin, however, were not severed 
by p81-~60. Thus, the actions of p81-p60 on GMPCPP 
and subtilisin-digested microtubule substrates were the 
same as those of the severing activity in sea urchin and 
frog egg extracts. 

Tubulin Product of the Reaction 
An important question that cannot be addressed by the 
video microscopy observations is whether short microtu- 
bules, tubulin oligomers, or tubulin dimers are the end 
products of the disassembly reaction. One way in which we 
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Figure 4. Time Course of Microtubule Disassembly in Solution with 
Low Concentrations of p81-p60 
Fluorescein-labeled, taxol-stabilized microtubules (150 uglml) were 
incubated in solution with either 2 uglml (circles) or 1 kg/ml (squares) 
p81-p60 in the presence of 1 mM ATP and an ATP-regenerating sys- 
tem. At the specified times, aliquots were removed, and the disassem- 
bly reaction was stopped with IO mM ADP. Microtubules were sepa- 
rated from disassembled tubulin by centrifugation, and the relative 
amounts of fluorescent tubulin in the supematant and the pellet were 
determined as described in Experimental Procedures. The data points 
and error bars represent averages and standard deviations of values 
obtained from two different experiments. 
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Figure 5. p81-p60-Mediated Microtubule Disassembly Monitored by 
FRET 

Microtubules were assembled as copolymers composed of equimolar 
concentrationsof fluorescein-labeled and rhodamine-labeled tubulins. 
Taxol-stabilized microtubule copolymers (300 Kg/ml) were incubated 
with p81-p60 in the presence (p81-p60 plus ATP) or absence (p81- 
~60) of 1 mM ATP, and fluorescein fluorescence emission was re- 
corded from the time of p81-p60 addition. Microtubule copolymers 
were also depolymerized by incubation with 2 mM CaC12 at O°C for 
30 min to yield tubulin dimers (tubulin). (Note: Microtubule copolymers 
depolymerized with CaCI, exhibited the same fluorescence as a mix- 
ture of unpolymerized rhodamine and fluorescein tubulin; data not 
shown.) The difference in fluorescence between unassembled tubulin 
anld polymerized (p81-~60) tubulin shows that FRET occurs in the 
copolymer. The ATP-dependent and p81-p60-mediated unquenching 
of fluorescence (~81 -p60 plus ATP) is consistent with the disassembly 
of the microtubules to tubulin dimers. 

examined this issue is by monitoring p81-p60-mediated 
severing using f luorescence resonance energy transfer 
(FRET), a phenomenon that occurs when two fluoro- 
chromes with overlapping absorption and emission spec- 
tra are located <7 nm apart (Stryer, 1978). FRET is a 
powerful technique for measuring protein-protein associ- 
ations and has been used previously to measure the poly- 
mlerization of monomeric actin into a polymer (Taylor et 
al., 1981) and actin filament disassembly by severin (Ya- 
m,amoto et al., 1982). To ascertain whether FRET can be 
used to measure the assembled state of tubulin, equimolar 
pr’oportions of fluorescein-labeled and rhodamine-labeled 
tubulin were combined, and f luorescence was measured 
before and after polymerization. Quenching of f luorescein 
emission occurred upon tubulin polymerization, indicating 
that the tubulin-bound f luorochromes in a microtubule 
come in close enough proximity for energy transfer to oc- 
cur. When the rhodamine-fluorescein tubulin copolymers 
were incubated with p81-p60 and ATP, a rapid unquench- 
ing of f luorescein f luorescence was observed, which 
reached the level observed for tubulin dimers in an unas- 
sembled state (Figure 5). The complete unquenching of 
f luorescein emission by ~81 -p60 is best explained by the 
disassembly of microtubules to tubulin dimers or small 
oligomers of tubulin that are too small to allow energy 
tra.nsfer to occur. Consistent with the idea that tubulin di- 
mer is the reaction product, the tubulin product of the sev- 
ering reaction sedimented at the same position in a su- 
crose gradient (6s) as unpolymerized tubulin dimer. 

Tubulin dimers released from the microtubule by pal- 
p60 were analyzed by SDS-polyacrylamide gel electro- 

Table 2. Repolymerization of Tubulin from p81/p60 
Disassembled Microtubules 

Tubulin (%) 

Treatment of Microtubules Pellet Supernatant 

(A) None 91 9 
(B) ~81-60 10 90 
(C) p81-p60+ATP depletion 55 45 
(D) p81-p60+ATP depletion plus tubulin 83 17 

Fluorescein-labeled microtubules (200 Kg/ml) in BRBBO, 1 mM 
MgATP, 1 mM MgGTP, 20 PM taxol were (A) incubated at 25OC for 
40 min with no added agents; (B) incubated with p81-p60 (100 pg/ 
ml) for 10 min at 25%; (C) treated as in (B) followed by incubation 
with 100 pg/ml hexokinase and 10 mM glucose at 37OC for 30 min; 
or (D) treated as in (C) except that 1 mglml unlabeled tubulin was 
included in the incubation with hexokinase and glucose. The fraction 
of fluorescein fluorescence in the pellets (microtubules) and superna- 
tants (tubulin) is shown. As a control, microtubules were disassembled 
by incubation with 2 mM CaC12 at 0% yielding 6% of the fluorescence 
in the pellet. Addition of 10 mM EGTA to calcium-depolymerized tu- 
bulin followed by incubation at 37°C yielded 86% of the tubulin in 
the pellet. To control for temperature, p81-p60 was incubated with 
microtubules at 37°C for 10 min, yielding 5% of the tubulin in the 
pellet. 

phoresis (SDS-PAGE) to determine whether proteolysis 
accompanies the reaction. Silver staining of the gels re- 
vealed neither lower molecular weight products, sugges- 
tive of proteolysis, nor a molecular weight shift of the tu- 
bulin band, which might suggest a covalent modification 
(data not shown). 

The pal-p60-disassembled tubulin was also tested for 
its ability to repolymerize into microtubules (Table 2). Addi- 
tion of ~81 -p60 (100 pglml) to fluorescein-labeled microtu- 
bules (200 pglml) in the presence of 1 mM ATP, 1 mM GTP, 
and 20 PM taxol converted the vast majority of tubulin to 
a nonsedimentable form. Hexokinase and glucose were 
then added to convert ATP to ADP and thereby stop the 
pal-p60-mediated disassembly reaction. The mixture 
was then incubated at 37%, with or without additional 
unlabeled tubulin, and centrifuged to sediment any repoly- 
merized microtubules. Without additional tubulin, 55% of 
the fluorescein-labeled tubulin sedimented after ATP 
depletion, compared with only 10% before ATP depletion 
(Table 2). Fluorescent microtubules were observed by mi- 
croscopy after ATP depletion, indicating that the tubulin 
did not sediment as a consequence of aggregation. With 
addition of unlabeled tubulin to help drive polymerization, 
virtually all (83%) of the disassembled tubulin sedimented 
after ATP depletion. Since tubulin dimers, and not oligo- 
merit rings, are thought to be the form of tubulin that self- 
assembles into microtubules (Bordas et al., 1983), these 
results support the idea that ~81 -p60 disassembles micro- 
tubules into tubulin dimers. Furthermore, this experiment 
also indicates that the tubulin dimers generated by the 
p81-p60 disassembly reaction are not denatured and are 
competent to reassemble into microtubules. 

~61 -p60 Is a Microtubule-Stimulated ATPase 
The requirement for MgATP in the severing reaction sug- 
gested that p81-p60 might be an ATPase. When [Y-~‘P] 
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Figure 6. Activation of p81-p60 ATPase by Microtubules and Sub- 
tilisin-Digested Microtubules 

p81-p60 (60 Kg/ml) was incubated with [yJ*P]ATP (100 wM) and 0.5 
mglml of either taxol-stabilized microtubules (squares) or subtilisin- 
digested microtubules (circles). Aliquots were removed at the indicated 
time intervals after the reaction was initiated, and released [3zP]POa 
was measured as described in Experimental Procedures. Data points 
and error bars indicate averages and standard deviations from two 
separate experiments. In the absence of microtubules, PO, release 
was not significantly above background (IO nmol of POq per mill igram) 
even after 5 min (data not shown). 

ATP (100 PM) was incubated with pal-p60 and microtu- 
bules, a t ime-dependent release of 32P-labeled phosphate 
was observed (Figure 6). When the nucleotide products 
of the reaction with [a-32P]ATP were separated by thin 
layer chromatography, it was found that p81-p60 con- 
verted ATP to ADP (data not shown). To be certain that 
the ATPase activity in the p81-p60 preparation was not 
due to acontaminating protein, ATP hydrolysis wasquanti- 
tated in fractions eluting from a Mono Q  column during 
p81 -p60 purification. Figure 7 shows that ATPase activity 
coeluted quantitatively with microtubule severing activity 
and the p81-p60 polypeptides. 

The ATPase activity of p81-p60 was stimulated by mi- 
crotubules (see Figure 6). With 100 PM ATP, in the ab- 
sence of microtubules, p81-p60 ATPase activity was not 
distinguishable from the background levels of phosphate 
in the radiolabeled ATP used in this assay. In the presence 
of taxol-stabilized microtubules and 100 PM ATP, p81- 
p60 catalyzed the release of 600 nmol PO4 per milligram 
of protein in the first minute of the reaction, corresponding 
to a turnover rate of one ATP per molecule of p81-p60 
per second. The ATPase velocities, however, were not 
perfectly linear and progressively declined with time, par- 
ticularly after 1 min into the reaction; product inhibition 
by ADP (see below) is one possible explanation for the 
nonlinearity in the reaction rate. Surprisingly, subtilisin- 
digested microtubules, which are not severed or disas- 
sembled, also stimulated the ATPase activity of p81-p60 
to a similar extent as nondigested microtubules (see Fig- 
ure 6). F-act@ however, did not stimulate the ATPase 
activity of p81-p60 (data not shown). 

To test further the relationship of ATP hydrolysis and 
microtubule severing, several ATP analogs were tested 
for their ability to inhibit p81-p60-mediated ATPase 
and microtubule severing reactions. ADP inhibited both 
ATPase and severing activities (Table 3). Inhibition of mi- 

ATPase 0 2 21 95 17 9 0 
(pm01 min‘l ml-‘) 

SEVERING 
(fold dilution) 

Figure 7. Copurification of p81-p60 with ATPase and Microtubule 
Severing Activities 

Successive fractions eluting from a Mono Cl column were analyzed 
for protein composition (by SDS-PAGE and Coomassie blue staining), 
ATPase activity (in the presence of 1 PM ATP and 200 pglml microtu- 
bules), and severing of immobilized, taxol-stabilized microtubules 
(maximum dilution that could completely disassemble microtubules 
in 5 min). The ATPase and microtubule severing activities coelute with 
p81-~60. 

crotubule severing and ATPase by ADP was consistent 
with the observation that microtubule severing continued 
for much longer periods of time (e.g., 50 min in Figure 4) 
in the presence of creatine phosphate and creatine kinase, 
which regenerates ATP from ADP. ATPyS also inhibited 
both microtubule-stimulated ATPase and severing activi- 
ties. Two other nonhydrolyzable ATP analogs, AMPPNP 
and AMPPCP, had little or no effect on severing or ATPase 
activity, suggesting that they bind poorly to p81-~60. The 
similar degree of inhibition of ATP turnover and microtu- 
bule severing by several ATP analogs suggests that the 
two processes are related. The finding that ATPyS inhibits 
rather than supports p81-p60-induced severing also sug- 
gests that nucleotide hydrolysis is required in the microtu- 
bule disassembly process. 

To address whether phosphorylation might be required 
in addition to ATP hydrolysis, p81-p60 was incubated with 
microtubules and 1 PM [yJ*P]ATP, and the three poly- 
peptides (~81, ~60, and tubulin) were separated by 
SDS-PAGE and analyzed for covalently bound 32P by liq- 
uid scintillation counting. During a 30 min incubation, the 
stoichiometry of phosphate incorporation into ~81, ~60, 
and tubulin was 0.005, 0.005, and 0.0005, respectively. 
These results indicated that protein phosphorylation does 
not accompany microtubule severing by p81-~60. 

Binding of p81-p60 to Microtubules 
The microtubule binding properties of p81-p60 were ana- 
lyzed under various conditions to gain some insight into 
the mechanism of microtubule severing. As shown in Fig- 
ure 8A, p81-p60 cosedimented with microtubules in the 
absence of ATP in a relatively low ionic strength buffer 
(buffer 3; see Experimental Procedures). Binding of p81- 
p60 to microtubules saturated at a nearly 1 :l molar ratio 
of p81-p60 dimer to tubulin dimer (data not shown). The 
presence of added tubulin dimer (up to equimolar with 
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Table 3. Inhibition of ATPase and Severing Activities by 
ATP Analogs 

IInhibitor 
ATPase Activity 
(nmol PO, minlmg) Severing Activity 

None 160 f 24 +++ 
1 mM AMPPNP 108 * 19 ++ 
1 mM AMPPCP 104 f IO +++ 
1 mM ADP 8+2 
1 mM ATPyS 23 k 1 

ATPase assays were carried out as described in Experimental 
Methods with 100 PM ATP, 50 vg/ml p81-~60 and 2 mM MgCI,. 
Microtubule severing was assayed by the immobil ized microtubule 
assay(see Experimental Methods)with 2 vg/ml p81-~60. Microtubules 
were 2-6 urn at the start of the severing reactions. Triple plus: all 
microtubules were reduced to<0.75 pm in 1 min. Double plus: microtu- 
bules were 0.75-6 pm in 1 min and <0.75 wrn in 2 min. Plus: microtu- 
bules were 2-6 wrn in 2 min and <0.75 pm in 10 min. Minus: 
microtubules were 2-6 Brn after 10 min. 
Note: Assuming 10% contamination of ADP in the ATPyS preparation, 
inhibition by ATPyS could not be due to contaminating ADP, since 
microtubule severing with 1 mM ATP was inhibited by 2 mM ATPyS 
but was not inhibited by 1 mM ADP (data not shown). 

tubulin polymer) did not change the amount of p81-p60 
that cosedimented with microtubules, indicating that p81- 
p60 has a higher binding affinity for polymerized than for 
unpolymerized tubulin. 

Since the affinities of many nucleotidases for their pro- 
tein-binding partners change during the NTPase cycle, we 
examined whether nucleotides influence the binding of 
p;Bl-p60 to microtubules (Figure 88). When the MgCI, 
concentration was increased to 12 mM, the microtubule 
bilnding affinity of p81-p60 decreased, and only about 
50% cosedimented with microtubules. Addition of 10 mM 
ATP+ (a non- or slowly hydrolyzable ATP analog that 
did not induce severing) did not substantially change the 
amount of p81-p60 that partitioned between the microtu- 
bule-bound and soluble fractions. ADP (10 mM), on the 
other hand, caused all of the p81-p60 to cosediment with 
microtubules, suggesting that ADP bound to p81-p60 in- 
creases its affinity for microtubules. 

Binding of p81-p60 to subtilisin-digested microtubules 
w,as also examined (Figure 8A). In the presence of ATP, 
the majority of the subtilisin-digested tubulin and p81-p60 
cosedimented, indicating that p81-p60 bound to but did 
not sever these modified microtubules. Under similar con- 
ditions, p81-p60 converted virtually all of the nondigested 
polymer tubulin to a nonsedimentable form (Figure 8A). 

Discussion 

Identification of a Novel 
Microtubule-Severing Protein 
We have purified a heterodimeric ATP-dependent micro- 
tulbule-severing protein composed of 81 kd and 60 kd 
subunits from sea urchin eggs. p81-p60 quantitatively co- 
purifies with the ATP-dependent microtubule severingldis- 
assembling activity through chromatographic separations 
based on ion exchange, hydrophobic interaction, and size. 
The specific activity of the preparation (ratio of activity to 
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Figure 8. Binding of p61-~60 to Microtubules 

p81-~60 (40 Kg/ml) was incubated for 10 min at 25% with 200 Kg/ml 
taxol-stabilized microtubules (MT) or subtilisin-digested microtubules 
(S-MT) in 20 mM HEPES (pH 7.5), 2 mM MgCl*, 25 mM K-glutamate, 
0.02% Triton X-100, and 250 Kg/ml SBTI (A) or in the same buffer 
supplemented with 10 mM MgClz to decrease the affinity of p81-~60 
for microtubules (B). In some cases, unpolymerized tubulin (200 pg/ 
ml), ATP (1 mM), ATPyS (10 mM), or ADP (10 mM) was added to the 
incubation. Microtubule-bound p81-~60 was separated from unbound 
p81-~60 by centrifugation, and the pellets (P) and supernatants (S) 
were analyzed by SDS-PAGE and Coomassie blue staining. NO MT 
indicates a control experiment in which microtubules were not included 
to show that p81 -p60 does not sediment on its own. SBTI was included 
to prevent nonspecific binding. 

protein mass) increased lOOO-fold during the purification. 
Further evidence connecting the microtubule severing ac- 
tivity with p81-p60 comes from the finding that ADP both 
acts as a potent inhibitor of the severing activity and has 
amarkedeffect on theaffinityof p81-p60for microtubules. 
Taken together, these data demonstrate that p81-p60 is 
the protein responsible for the microtubule severing activ- 
ity. Because of the dramatic nature of the microtubule 
severing reaction, we propose that p81-p60 be named 
katanin, from the Japanese word katana, meaning samu- 
rai sword. 

Several properties of purified katanin suggest that it is 
responsible for the microtubule severing activity observed 
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in egg extracts from sea urchin and Xenopus. First, both 
purified katanin and the microtubule severing activity in 
extracts require MgATP. Nonhydrolyzable analogs of ATP 
do not substitute in either case. Second, both purified ka- 
tanin and the sea urchin and frog extract activities will 
sever taxol-stabilized and GMPCPP-stabil ized microtu- 
bules at similar rates but will not sever microtubules di- 
gested with subtilisin. Third, microtubule disassembly by 
either p81-p60 or the Xenopus severing activity (Vale, 
1991) yields tubulin that is competent to repolymerize. 
These similarities strongly suggest that katanin or katanin- 
like proteins are responsible for the microtubule severing 
activity observed in sea urchin and Xenopus egg extracts. 

Recently, Shiina et al. (1992) purified a Xenopus egg 
protein (~56) that severs taxol-stabilized microtubules. 
This protein, a homooligomer of 56 kd polypeptides with an 
estimated mass of 350 kd, is distinct from katanin, which 
raises the question of which protein is responsible for the 
severing activity observed in egg extracts. In contrast with 
egg extract and katanin-mediated severing, p56 does not 
require ATP for the microtubule severing reaction. Shiina 
et al. (1992) explained the disparity between the ATP re- 
quirement of microtubule severing by extracts and the nu- 
cleotide-independent activity of purified ~56 as being due 
to inhibitory effects of extract proteins that bundle microtu- 
bules in the absence of ATP. Such an explanation, how- 
ever, seems unlikely, since ATP is required for the sev- 
ering of glass-immobilized microtubules (which do not 
bundle) by Xenopus and sea urchin egg extracts. The ki- 
netics and the nature of the tubulin product of p56- 
mediated severing are also distinct from those properties 
of severing in a Xenopus extract. At equimolar concentra- 
tions to tubulin, ~56 induces a relatively slow disassembly 
of microtubules over 5-30 min, which results in the forma- 
tion of large tubulin aggregates (Shiina et al., 1992). In 
contrast, Xenopus egg extracts rapidly (<2 min) disassem- 
ble microtubules by a reaction that gives rise to polymer- 
izable tubulin (Vale, 1991). Because the microtubule sev- 
ering properties of ~56 differ from those of egg extracts, 
p56 may not constitute the predominant microtubule sev- 
ering activity in egg extracts. 

An important question that remains unresolved is 
whether the activity of katanin, like the microtubule sev- 
ering activity in Xenopus egg extracts (Vale, 1991), is post- 
translationally regulated during the cell cycle. The Xeno- 
pus extract activity, which is absent from interphase 
extracts, is posttranslationally activated upon conversion 
of an interphase extract to a mitotic state by addition of 
cyclin 6 (Vale, 1991) cyclin A (Verde et al., 1992) or cdc2 
kinase (Shiina et al., 1992). Comparable experiments are 
more difficult to perform with sea urchin egg extracts, 
since they cannot be easily converted between interphase 
and mitotic states. The microtubule severing activity of 
purified katanin is not activated by purified cdc2 kinase 
(unpublished data); however, proteins other than cdc2 ki- 
nase may be involved in the regulation of microtubule sev- 
ering activity in extracts and in vivo. 

Mechanism of Microtubule Severing 
and Disassembly 
The end products of katanin-mediated disassembly are 
most likely tubulin dimers. This conclusion is based on the 
FRET experiments, which show that katanin completely 
relieved the f luorescence quench of f luorescein tubulin 
that had been copolymerized with rhodamine tubulin. The 
ability of tubulin released by katanin-mediated disassem- 
bly to repolymerize is another indication that tubulin dimer 
is the reaction product, since tubulin dimers are thought 
to be the species that associates with the ends of growing 
microtubules (Bordas et al., 1983). 

Since tubulin dimers are released in the severing reac- 
tion and breaks are formed along the length of a microtu- 
bule, it appears as though katanin can remove tubulin 
dimers from the wall of a microtubule. The removal of one 
or a few tubulin dimers from the lattice may be responsible 
for the observed bending and kinking of microtubules that 
often precedes severing. Dye et al. (1992) observed a simi- 
lar bending and breaking phenomenon when tubulin sub- 
units occasionally dissociate from the walls of end-stabi- 
lized microtubules. 

The ability of a single katanin molecule to release 75 
tubulin dimers from a microtubule (Figure 4) suggests ei- 
ther that katanin-mediated dissociation of one tubulin di- 
mer from a microtubule leads to spontaneous dissociation 
of many neighboring subunits or that katanin can act enzy- 
matically, each molecule sequentially dissociating several 
tubulin dimers. In either case, the results presented in 
Table 2 demonstrate that katanin can disassemble micro- 
tubules under conditions that favor spontaneous assembly 
of tubulin into microtubules. This result indicates that ei- 
ther katanin inhibits polymerization of tubulin dimers in an 
ATP-dependent manner or that katanin can completely 
disassemble microtubules in competition with microtubule 
assembly. In the latter case, katanin might actively induce 
the dissociation of tubulin dimers from a microtubule faster 
than the rate of tubulin assembly. 

The katanin-mediated removal of tubulin dimers from 
the microtubule wall appears to require ATP hydrolysis. 
Katanin is a microtubule-stimulated ATPase and requires 
ATP to disassemble microtubules. ATPyS (a slowly hy- 
drolyzed ATP analog) does not support katanin-mediated 
microtubule disassembly even though it binds katanin, as 
indicated by its inhibition of katanin ATPase activity. This 
result suggests that ATP hydrolysis, and not just ATP bind- 
ing, is required for the disassembly process. 

The free energy derived from ATP hydrolysis may be 
required to disrupt noncovalent tubulin-tubulin bonds 
within the microtubule polymer. Since katanin binds to but 
does not sever microtubules in the absence of ATP or 
in the presence of ATPyS, disruption of tubulin-tubulin 
contacts probably occurs either during hydrolysis of ATP 
or during release of ADP or PO4 from the active site. ATP 
hydrolysis may also modulate the affinity of katanin for its 
microtubuleltubulin substrates, thereby allowing katanin 
to recycle. This type of cycle is well established for other 
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nucleotidases, such as motor proteins (Eisenberg and Hill, 
1985), G  proteins (Bourne et al., 1991), and heat shock 
proteins (Flynn et al., 1989), which bind and release their 
respective protein targets at distinct points in their nucleo- 
tide hydrolysis cycles. In the cases of myosin (Greene and 
EIisenberg, 1980) and the heat shock protein hsp70 (Pall- 
eros et al., 1991), ADP in the active site creates a tight 
binding interaction between the ATPasesand their respec- 
tive protein substrates. A similar situation may exist for 
katanin, since ADP increases the affinity of katanin for 
microtubules. Elucidation of further details of the enzy- 
matic cycle will require measuring the affinity of katanin 
for microtubules and for tubulin with different nucleotide 
analogs. 

Whereas ATP hydrolysis by katanin is required for mi- 
crotubule disassembly, it need not be tightly coupled to 
disassembly. Binding of katanin to subtilisin-digested mi- 
crotubules results in activation of the ATPase of katanin 
without any consequent microtubule disassembly. Thus, 
the small C-terminal fragment of tubulin that is removed 
bysubtilisin digestion (Paschal et al., 1989) is not required 
for binding or activating the ATPase of katanin, but it is 
required for other events leading to dissociation of tubulin 
subunits from the microtubule. 

Biological Function of Katanin 
The presence of microtubule severing activity in egg ex- 
tracts made from Spisula solidisima (unpublished data), 
S. purpuratus, and X. laevis indicates an important role 
for microtubule-severing proteins in cells. The activation 
of microtubule severing in mitotic Xenopus egg extracts 
suggests that this activity may be involved in changing the 
microtubule array between interphase and mitosis (Vale, 
1991; Karsenti, 1993). Specific roles might include break- 
irng down stable interphase microtubules at the onset of 
mitosis, dissociating microtubules from the centrosome 
(Kitanishi-Yumura and Fukui, 1987; Belmont et al., 1990), 
and disassembling the minus ends of spindle microtubules 
during the poleward flux of tubulin in the mitotic spindle 
(fvlitchison, 1989). The availability of purified katanin 
should allow the development of antibodies that can be 
used to examine the biological roles of the protein in a 
definitive manner. 

Experimental Procedures 

Preparation of Microtubules 
Bovine brain tubulin was prepared and modified with tetramethyl- 
rhodamine or fluorescein N-hydroxysuccinimide ester (Molecular 
Probes Incorporated, Eugene, Oregon), as described by Hyman et al. 
(1’991). Taxol-stabilized microtubules were prepared by polymerizing 
tubulin (2-10 mglml) at 37°C for 45 min in BRBIO (80 mM PIPES [pH 
6.#8]. 1 mM MgC&, 1 mM EGTA) containing 1 mM GTP and 10% di- 
methyl sulfoxide. Tax01 (a gift from the National Cancer Institute) was 
thlen added to these microtubules to a concentration of 20 PM. 
GMPCPP-stabil ized microtubules were prepared by incubating tubulin 
in the above buffer, substituting 0.5 mM GMPCPP (a gift from T. Mitchi- 
son, University of California, San Francisco) for GTP. GMPCPP micro- 
tulbules were stored at room temperature without taxol and were used 
within 1 day after preparation. Subtilisin-digested microtubules were 

prepared by incubating taxol microtubules (5 mg/ml) with subtilisin 
(100 p@ml) for 2 hr at 37%. Sea urchin tubulin (a gift from E. Salmon, 
University of North Carolina) was polymerized in BRB80 with 1 mM 
GTP at room temperature and stabilized with taxol (20 PM). 

Purification of pgl-p60 from Sea Urchin Egg Extracts 
Sea urchins (S. purpuratus) were obtained from North Coast Inverte- 
brate Collectors (Bodega Bay, California). Egg extracts and high speed 
supernatants were made as described by Buster and Scholey (1991). 

For purification, 200 ml of high speed supernatant (25 mg/ml protein) 
was diluted into 2 vol of buffer 1 (50 mM K-EPPS [pH 8.0],1 mM MgCI,. 
50 mM KCI). S-Sepharose fast flow (15 ml) (Pharmacia, Piscataway, 
New Jersey) preequilibrated in the same buffer was added to the di- 
luted supernatant with gentle stirring. The resin was allowed to settle, 
the supernatant was discarded, and the resin was then washed with 
1 I of buffer 1. The resin was then pelleted in a clinical centrifuge, and 
proteins were eluted with 30 ml of buffer 1 with 400 mM KCI. The 
eluant was centrifuged at 267,000 x g in a TLA 100.4 rotor (Beckman, 
Palo Alto, California) after addition of CaCI, to 1 mM. (CaC& was re- 
quired to protect the subsequent HPHT column from residual EGTA.) 
The supernatant was then loaded on an experimental HPHT column 
obtained from Dr. K. Lam (Bio-Rad Laboratories, Hercules, California). 
The HPHT column was preequilibrated with 15 mM KPO, (pH 6.8) and 
was washed with this buffer after loading. Bound proteins were eluted 
withalineargradientfrom 1OOmM to3OOmM KPOa, usingapharmacia 
fast protein liquid chromatography system. Fractions (0.5 ml) were 
assayed at various dilutions (20. to 1000-fold) using the immobil ized 
microtubule severing assay described below. Quantitation of activity 
in column fractions was accomplished by determining the maximum 
dilution that would allow complete disassembly of microtubules in a 
perfusion chamber in 10 min. 

Two peaks of severing activity were generally detected eluting from 
the HPHT column. The first peak, eluting from 130 lo 150 mM KPO,. 
corresponded lo the ATP-dependent activity that is characterized in 
this paper. A second broader peak of ATP-independent severing activ- 
ity eluted between 220 mM and 260 mM KPO+ The ATP-independent 
peak was further purified by successive chromatography on Mono S 
and Mono Q and was found to coelute with three isoforms (distin- 
guished by elution positions on Mono S) of an 80 kd polypeptide. 
These 80 kd proteins severed glass-immobilized, taxol-stabilized, or 
subtilisindigested microtubules but would not fragment taxol-stabi- 
lized microtubules in solution. These results indicated that the 80 kd 
ATP-independent severing proteins had different properties from the 
severing activity observed in frog and sea urchin extracts. Antibodies 
(polyclonal rabbit serum and a mouse monoclonal antibody obtained 
from J. Scholey) against a previously characterized 80 kd sea urchin 
egg microtubule-associated protein (Scholey et al., 1984) reacted 
strongly with these 80 kd polypeptides in Western blots but not with 
p81 of the ATP-dependent severing protein. The 80 kd proteins were 
therefore not further characterized. 

Pooled HPHT column fractions containing the peak of ATPdepen- 
dent severing activity were diluted lo-fold in buffer Q (20 mM Tris-HCI 
[pH 8.01, 10% glycerol, 10 mM NaCI, 0.01% Triton X-100) and loaded 
on a Mono 0 high resolution (HR) 5/5 column (Pharmacia) preequili- 
brated in the same buffer. Proteins were eluted with a linear gradient 
of lo-500 mM NaCl in buffer 0. p81-p60 was the first ApBO peak to 
elute from the Mono Q column. The Mono Q-purified material could 
not be further chromatographed without a nearly complete loss of both 
activity and protein, very likely because the protein has a propensity 
to stick to surfaces nonspecifically. Mono Q p81-p60 was aliquoted 
and stored in liquid nitrogen. Concentrations of p81-p60 were deter- 
mined by comparing the intensities of Coomassie blue staining of sam- 
ples with those of known quantities of bovine serum albumin after 
SDS-PAGE. 

Microtubule Severing Assays 
Glass immobil ized Assay 
The most reliable and rapid assay for microtubule severing activity 
involved observing breaks in fluorescently labeled microtubules ad- 
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sorbed onto the glass coverslip of a flow cell by light microscopy (see 
Vale, 1991). To immobilize the microtubules, the flow cell was first 
coated with either N-ethylmaleimide (NEM)-treated Xenopus egg ex- 
tract (6 mglml protein treated with 10 mM NEM for 10 min followed by 
addition of 100 mM dithiothreitol, a treatment that inactivates severing 
activity) or Escherichia coli-expressed KAR3 protein (which binds mi- 
crotubules in a nucleotide-independent manner; protein provided by 
L. Satterwhite and M. Rose, Princeton University). After washing out 
unbound protein, rhodamine-labeled, taxol-stabilized microtubules 
(100 pglml in BRBBO, 20 PM taxol) were perfused into the flow cell 
and allowed to bind to the coverslip surface. After washing out unbound 
microtubules, samples to be tested were perfused into the flow cell. 
Column fractions (usually containing high salt concentrations) were 
diluted severalfold into IO mM HEPES (pH 7.5), 1 mM MgC12, 1 mM 
ATP, and 20 uM taxol. Afler perfusion with column fractions and incu- 
bation for varying times, the microtubules were fixed with 1% glutaral- 
dehyde and observed by fluorescence microscopy with a silicon- 
intensified target camera, as described previously (Vale, 1991). 
Severing activity was manifested by the appearance of a dotted line 
of microtubule fragments (Figure 3) followed by the complete disas- 
sembly of microtubules in the perfusion chamber. Rhodamine-labeled 
microtubules stabilized with taxol or GMPCPP were stable for several 
hours when incubated with buffer alone or with p81-~60 without ATP. 

For real-time observation of severing of glass-immobilized microtu- 
bules, an oxygen-depleting system consisting of glucose oxidase (30 
uglml), catalase (100 mglml), glucose (10 mM), and dithiothreitol (10 
mM) (Kishino and Yanigida, 1988) was included to prevent oxygen 
radical-mediated photodamage to the microtubules and p81-~60. 
Even so, the microtubule severing by p81-~60 was sensitive to light, 
necessitating the use of a 50 W  instead of a 100 W  mercury arc lamp 
for continuous video recording. Addition of an ATP-regenerating sys- 
tem (5 mM creatine phosphate, 0.5 mg/ml creatine kinase), although 
not required, increased the duration of microtubule disassembly. Im- 
ages in Figure 3 were stored digitally using a Series 151 Image Proces- 
sor (Imaging Technology), labeled with Macintosh-based NIH Image 
and Canvas 3.0 software, and printed using a Tektronix Phaser llsd 
color printer. 
Soluilon Assay 
Microtubule severing in solution was carried out by incubating Mono 
Q-purified p81-p80 with fluorescent microtubules (lo-30 kg/ml tu- 
bulin) in 20 mM HEPES (pH 7.5), 10% glycerol, 0.02% Triton X-100, 
2 mM MgC&, 25 mM K-glutamate, 20 pM taxol, and 250 bg/ml soybean 
trypsin inhibitor (SBTI) (buffer 3), supplemented with 5 mM creatine 
phosphate, 0.5 mg/ml creatine kinase, and 1 mM ATP. After incubation 
for times between 1 and 10 min, 2 pl aliquots were removed, fixed 
with an equal volume of 1% glutaraldehyde, placed between an 18 
x 18 glass coverslip and slide, and observed by fluorescence micros- 
copy. The lengths and numbers of microtubules with and without p81- 
~60 were compared. 
Sedimentation Assay 
Fluorescent microtubules (100-300 pg/ml tubulin) were incubated with 
and without pal-~60 in buffer 3 (20 mM HEPES [pH 7.5],2 mM MgCII. 
25 mM K-glutamate, 0.02% Triton X-100,250 Kg/ml SBTI, and 20 PM 
taxol); at various times, aliquots of 100 ~1 were brought to 10 mM ADP 
(to stop the severing reaction) and sedimented in a Beckman TLA 
120.1 rotor at 228,000 x g for IO min. Supernatants were removed, 
and pellets were resuspended in 100 PI of buffer 3. Pellets and super- 
natants were brought to 300 pl with BRB80, and the relative fluores- 
cence signals in the supernatant and pellet were quantitated using a 
Perkin Elmer LSBB Luminescence Spectrometer. 
FRET 
Microtubules were polymerized from a mixture of equal concentrations 
of fluorescein and rhodamine tubulin and diluted to 600 pglml tubulin 
in BRBBO containing 20 PM taxol and the oxygen-depleting system 
described earlier. Aliquots (150 PI) of these microtubules were rapidly 
mixed with 150 ~1 samples of Mono Q-purified pal-~60 (diluted into 
the above buffer), and fluorescence from the fluorescein (excitation, 
492 nm; emission, 518 nm) was recorded continuously for 5 min. The 
disassembly of the microtubule by p81-~60 produced a relief of the 
rhodamine-induced quench of fluorescein emission. To control for pho- 
tobleaching or spontaneous disassembly, the fluorescence signal of 
unassembled fluorescein and rhodamine tubulin as well as of microtu- 
bule copolymers without p81-~60 were also measured. The efficiency 

of FRET in polymerized microtubules was calculated as described 
(Stryer. 1978) and found to be 37%. 

ATPase Assay 
ATP hydrolysis was measured by incubation of Mono Q p81-p60 in 
buffer 3 with 20 PM taxol, 1 pM [y-32P]ATP (>3000 Cilmmol, New En- 
gland Nuclear-DuPont), and unlabeled ATP (100 pM or 1 mM). Taxol- 
stabilized or subtilisin-digested microtubules were added at a concen- 
tration of 0.5 mglml. Aliquots (1 ~1) were removed at specified time 
intervals and the reaction quenched with 2 PI of 8 M  urea, 100 mM 
EDTA. Samples (1 PI) were spotted on dry polyethyleneimine-cellu- 
lose TLC plates (Alltech or Baker) and developed with 0.75 M  KPO, 
(pH 3.4) to separate ATP, ADP. and POs. Plates were dried and quanti- 
tated with a Molecular Dynamics Phosphorimager. The ratio of POJ 
(PO4 + ATP) was multiplied by the known concentration of ATP to 
determine the amount of PO, released. Background phosphate re- 
lease was determined using ATP alone or microtubules with ATP, 
and this background was subtracted from experimental values. The 
background made it difficult to measure the ATPase rate of pal-p60 at 
>I0 KM ATP in the absence of microtubules. In microtubule-stimulated 
ATPase experiments, the concentration of p81 -pa0 and reaction times 
were adjusted so that no more than 15% of the ATP was hydrolyzed. 
The rate of phosphate release decreased continually with time, possi- 
bly owing to product inhibition by ADP or the severing of the microtu- 
bules. 

Microtubule Binding Assay 
Microtubule binding experiments were carried out by incubating micro- 
tubules and Mono Q p81-~60 in buffer 3 with 20 FM taxol and 250 
bglml SBTI; SBTI was essential in preventing binding of p81-~60 to 
the walls of the polycarbonate centrifuge tubes. After incubation for 
10 min at 25OC, samples were centrifuged at 228,000 x g for 10 min 
in a Beckman TLA 120.1 rotor at 25“C. Supernatants and pellets were 
analyzed by SDS-PAGE and staining with Coomassie blue. 

Determination of Native Molecular Weight 
The R, of p81-~60 was determined from size exclusion chromatog- 
raphy (200 ~1 sample injection) on Superose 6 (Pharmacia) and 
TSKdOOOSW (Toyo Soda) using the following standards: thyroglobulin 
(86 A), apoferritin (61 A), alcohol dehydrogenase (46 A), bovine serum 
albumin (35 A), and carbonic anhydrase (20 A). Chromatography was 
carried out using HPHT-purif ied p81-~60 in 20 mM HEPES (pH 7.5), 
50 mM KCI, 1 mM DTT, 1 mM MgCI,, 0.01% Nonidet P-40,5% glycerol. 
Column fractions were assayed by SDS-PAGE and silver staining as 
well as for severing activity. Mono Q-purified pal-~60 (0.5 ml) was 
centrifuged (15 hr at 160,000 x g) through a 4.5 ml linear 5%-15% 
sucrose gradient in 20 mM HEPES (pH 7.5), 2 mM MgCI,, 25 mM 
K-glutamate, and 100 pglml SBTI in a Beckman SW50.1 rotor. Bovine 
serum albumin (4.3 S) and alcohol dehydrogenase (7.4 S) were used 
as standards. The native molecular weight of the p81-~60 complex 
was calculated as described by Siegel and Monty (1966). 
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