
Cell, Vol. 64, 827-839. February 22, 1991, Copyright 0 1991 by Cell Press 

Severing of Stable Microtubules by a Mitotically 
Activated Protein in Xenopus Egg Extracts 

Ronald D. Vale 
Department of Pharmacology 
University of California 
San Francisco, California 94143 

Summary 

Eukaryotic cells disassemble and reorganize their 
cytoskeleton during the cell cycle and in response to 
environmental cues. Disassembly of the actin cyto- 
skeleton is aided by proteins that sever filamentous 
actin, but microtubule-severing proteins thus far have 
not been identified. Here, we describe an activity in 
extracts from Xenopus eggs that rapidly severs stable 
mlcrotubules along their length. Severing is elicited 
by a protein(s) whose activity is greatly stimulated 
during mitosis through a posttranslatlonal mechanism. 
The microtubule-severing factor may be involved in 
disassembling the interphase microtubule network 
prior to constructing the mitotic spindle. 

Introduction 

Eukaryotic cells must remodel their cytoskeleton in order 
to move, change shape, or divide. The plasticity of the 
cytoskeleton is largely a consequence of the inherent dy- 
namic properties of actin and microtubule polymers. Mi- 
crotubules, for example, undergo both prolonged periods 
of growth and shrinkage even under steady-state condi- 
tions (Mitchison and Kirschner, 1984; Kristofferson et al., 
1986), and individual microtubules can be observed un- 
dergoing abrupt transitions between growing and shrink- 
ing states (Horio and Hotani, 1986; Walker et al., 1988). 
The growth and shrinkage of microtubules has also been 
observed in living cells (Sammak and Sorisy, 1988; Schulze 
and Kirschner, 1988; Cassimeris et al., 1988) and it has 
been proposed that such “dynamic instability” of microtu- 
bules provides a means of reorganizing cytoskeletal ar- 
rays in response to internal or external cues (Kirschner 
and Mitchison, 1986). 

In addition to the intrinsic dynamic properties of actin 
filaments and microtubules, cytoskeletal-associated pro- 
teins that either increase or decrease the stability of 
cytoskeletal polymers are involved in the remodeling of 
the cytoskeleton. A plethora of proteins that modulate ac- 
tin dynamics have been characterized (reviewed in Pollard 
and Cooper, 1986; Vandekerckhove, 1990). Actin filament 
disassembly can be retarded by “capping proteins” that 
bind to either the barbed or pointed end of the filament or 
by proteins such as tropomyosin that bind along the 
length of the actin filament and stabilize the polymer 
against fragmentation. Other actin-binding proteins pro- 
mote disassembly either by binding actin monomers, 
which shifts the equilibrium toward the unpolymerized 
state, or by severing actin filaments. Together, these actin- 

binding proteins orchestrate rearrangements in the actin 
network that allow cells to migrate or to change their 
shape. 

The characterized microtubule-associated proteins 
(MAPS), on the other hand, perform a relatively limited 
repertoire of functions with respect to microtubule dy- 
namics. All known MAPS (such as tau, the high molecular 
weight MAPS, and X-MAP) promote tubulin nucleation and 
assembly and also stabilize polymerized microtubules 
against disassembly (Olmstead, 1986; Gard and Kirsch- 
ner, 1987a). Proteins that cap the ends of microtubules, 
sever microtubules, or bind tubulin monomers have not 
been described. The need for microtubule-destabilizing 
proteins is not even clear, since the high in vitro off-rates 
of monomers from the microtubule ends enable these 
polymers to disassemble very rapidly. However, in con- 
trast to the behavior of pure tubulin in a test tube, many 
microtubules depolymerize with very slow kinetics in liv- 
ing cells (Schulze and Kirschner, 1987; Kreis, 1987). Addi- 
tional factors may be needed to destabilize such micro- 
tubules, particularly when cells enter mitosis, and the 
interphase microtubule network must be disassembled 
prior to forming the mitotic spindle. 

A variety of studies have indicated that the turnover 
of microtubules is accelerated when cells enter mitosis. 
FRAP (fluorescence recovery after photobleaching) stud- 
ies of fluorescein-labeled tubulin in mammalian cultured 
cells have shown that tubulin exchanges more rapidly be- 
tween monomer and polymer pools in mitosis than in in- 
terphase (Saxton et al., 1984). Similar conclusions were 
reached through in vitro studies using Xenopus laevis egg 
extracts, which can be obtained either in a mitotic or an 
interphase state (Lohka and Mailer, 1985; Murray et al., 
1989; Murray and Kirschner, 1989). Using these extracts, 
Verde et al. (1990) found that the mean steady-state length 
of microtubules is shorter in mitotic than in interphase ex- 
tracts. A MAP termed X-MAP, which increases the associ- 
ation rate of tubulin to the microtubule plus end, appears 
to be responsible for the long microtubule lengths during 
interphase (Gard and Kirschner, 1987a). The short lengths 
of microtubules in the mitotic extract, on the other hand, 
are the result of a greater probability of microtubule ends 
undergoing transitions from a growing to a shrinking state 
than would be expected from the tubulin concentration in 
the extract (Belmont et al., 1990). The factors involved in 
controlling this transition rate between growth and shrink- 
age have not been identified. 

In this study, we have uncovered a new protein activity 
in mitotic extracts of Xenopus laevis eggs that severs 
stable microtubules and that may also bind tubulin mono- 
mers. The severing activity is low in interphase and is 
activated during mitosis through a posttranslational mech- 
anism. We suggest that microtubule severing may com- 
plement subunit exchange at the ends of microtubules in 
disassembling the interphase microtubule network at the 
onset of mitosis. 
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Figure 1. Microtubule Severing in Mitotic Extracts from CSF-Arrested 

Eggs 
Incubation of taxol-stabilized, rhodamine-labeled microtubules (MT) 
with microtubule-stabilizing buffer (A), a mitotic extract (ME) (B), or an 
interphase extract (IE) (C). The fluorescent microtubules (1 ul of a 100 
Kg/ml solution) were combined in a plastic microfuge tube with either 
9 ul of buffer or 9 ul of buffer and 1 ul of the indicated extract. After 
a 2 min incubation at 23OC, a 5 ul aliquot of the sample was gently 
pipetted onto the surface of a glass slide. The edge of an 19 x 18 mm 
coverglass was lowered to the edge of the solution with forceps and 
then the rest of coverglass was lowered slowly onto the surface of the 
slide, thereby spreading the solution; this procedure minimizes the 
shearing of long microtubules. Typical fields of view are shown. Bar, 
10 urn. 

Results 

Microtubule Severing in Mitotic Extracts 
From CSF-Arrested Eggs 
Mature frog eggs become arrested in metaphase of the 
second meiotic division by the calcium-sensitive cyto- 
static factor (CSF), which has been recently identified as 

the product of the c-mos proto-oncogene (Sagata et al., 
1989). Crude extracts prepared from such eggs in the 
presence of EGTA maintain high levels of ~34~~~’ kinase 
activity, as assayed by histone Hl phosphorylation, and 
induce nuclear envelope breakdown and chromatin con- 
densation (Lohka and Mailer, 1985; Murray et al., 1989). 
Since these features are characteristic of a mitotic state, 
we refer to this preparation from CSF-arrested eggs as a 
mitotic extract. 

Microtubules (Figure 1A) stabilized with taxol (mean 
length between 20 and 40 km in our preparations) are 
resistant to depolymerization by dilution, cold temperature 
(4%) and monomer-binding drugs such as nocodazole 
and colcemid. Unexpectedly, we found that taxol-stabi- 
lized microtubules composed of rhodamine-labeled, bo- 
vine brain tubulin were much shorter after a 2 min incuba- 
tion in a tube with the Xenopus egg mitotic extract (Figure 
1B). Many fluorescent microtubules also aggregated in 
the presence of the mitotic extract. The conspicuous num- 
bers of short (<2 pm) fluorescent microtubules and dearth 
of long (>20 pm) microtubules after incubation with the 
mitotic extract could be due to several different processes: 
selective aggregation of longer microtubules in the popu- 
lation, subunit loss from the ends of the taxol-stabilized 
microtubules, or severing of microtubules by the mitotic 
extract. 

To distinguish between these three possibilities, an as- 
say was developed to examine the length distribution of 
the rhodamine-labeled microtubules without the compli- 
cation of microtubule aggregation. In this assay, taxol- 
stabilized, fluorescent microtubules were first attached to 
the extract-coated surface of a microscope slide perfusion 
chamber, and unbound microtubules were removed by ex- 
changing the buffer. The length distribution of these 
surface-bound microtubules and the number of microtu- 
bules per video field were assessed before and after a 2.5 
min exposure to a mitotic extract. Figure 2 (upper panels) 
shows that the fluorescent microtubules attached to the 
surface did not aggregate but became significantly shorter 
after exposure to the mitotic extract. A histogram of mi- 
crotubule lengths reveals that the mean length decreased 
from 27.2 -c 0.9 pm to 1.3 f 0.05 pm and that long micro- 
tubules (>lO pm) were absent from the measured popula- 
tion after exposure to the mitotic extract (Figure 3A). Con- 
comitant with the decrease in microtubule length, the 
mean number of microtubules per video field increased 
5.2-fold (5.8 -c 0.30 to 29.9 -c 1.9 microtubules per field) 
after a 2.5 min incubation with the mitotic extract. 

Since the total number of fluorescent microtubules per 
video field dramatically increased after adding the mitotic 
extract, endwise depolymerizatRn of the taxol-stabilized 
microtubule cannot solely account for the decrease in 
microtubule length. Furthermore, since no rhodamine- 
tubulin monomer was added to the extract and since the 
microtubules’ fluorescence intensity per unit length did 
not decrease-after a 2.5 min incubation with the mitotic ex- 
tract, the increased numbers of short fluorescent microtu- 
bules cannot be explaineg by the ,de novo &lymerization 
of rhodamine-tubulin. Insfead,‘the decrease in the micro- 
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Figure 2. Microtubule Severing Assay Using 
Mitotic and Interphase Extracts 

Taxol-stabilized, fluorescent microtubules at- 
tached to the surface of a perfusion chamber 
before and after exposure to a mitotic (ME) or 
an interphase extract (IE). The same field of 
microtubules is shown before and after a 2.5 
min incubation with extract. The positions 
of microtubules and microtubule fragments 
change considerably during incubation with 
these extracts because of microtubule motor 
activity on the glass surface and thermal vibra- 
tions. The details of this experiment are de- 
scribed in the Experimental Procedures as 
the standard microtubule-severing assay. Bar, 
IO pm. 

tubule length and concomitant increase in microtubule 
number are consistent with the fragmentation of the taxol- 
stabilized microtubules by the mitotic extract. 

In the above experiment, the total length of microtubule 
polymer before and after exposing the microtubules to the 
mitotic extract (157.8 urn per video field and 38.9 pm per 
video field, respectively) was not conserved, as may be 
expected if microtubules were simply being cut along their 
length. However, short microtubules tend to dissociate 
from the glass surface and are also destabilized to 
monomers (discussed below). Both factors contribute to 
the decrease in microtubule polymer length on the glass 
surface in the presence of the mitotic extract. 

Taxol-stabilized microtubules are generally stable for 
more than 2 weeks at room temperature. Since displace- 
ment of taxol from the microtubule could conceivably 
make the polymer susceptible to breakage, we examined 
whether non-taxol-stabilized microtubules are also sev- 
ered by the mitotic extract. Short (<lo pm) microtubules 
that are stable for several days at room temperature can 
be formed by polymerizing tubulin in the presence of the 
nonhydrolyzable GTP analog GMP-CPP (Hyman et al., 
1991). After a 2.5 min exposure to the mitotic extract, the 
mean length of the GMP-CPP microtubules decreased, 
and the number of microtubules per field increased (Fig- 
ure 4), indicating that severing had occurred. Thus, the 
mitotic severing activity can act upon microtubules that 
are stabilized either by taxol or by the presence of a non- 
hydrolyzable GTP analog bound to the nucleotide site of 
tubulin. 

A time course of the severing reaction of fluorescent 
microtubules is shown in Figure 5 (upper panels). The po- 
lymerization of the endogenous tubulin in the extract was 
also assessed by video-enhanced, differential interfer- 
ence contrast (DIC) microscopy (Figure 5, lower panels). 

Several breaks in the fluorescent microtubules were evi- 
dent approximately 90 s after addition of the mitotic extract 
to the fluorescent microtubules in the perfusion chamber. 
By 2.5 min, virtually all of the fluorescent microtubules 
were severed to very short lengths. At the same time that 
severing of the exogenous, taxol-stabilized microtubules 
was taking place, DIC microscopy revealed that the en- 
dogenous Xenopus tubulin was polymerizing into microtu- 
bules. By 8 min, the majority of the original fluorescent 
microtubules were severed and destabilized to tubulin 
monomers, which subsequently incorporated along with 
the endogenous Xenopus tubulin into dynamic microtu- 
bules. By 15 min, none of the original fluorescent microtu- 
bules remained and the rhodamine-tubulin had become 
incorporated exclusively into dimly labeled fluorescent 
microtubules. Between 2.5 and 15 min, DIC microscopy 
showed that the de novo polymerized microtubules be- 
came bundled and organized into structures that resem- 
ble half-spindles (see also Sawin and Mitchison, 1991). 

The above observations indicate that severing is not 
caused by a nonspecific protease, since many of the tubu- 
lin monomers derived from severed microtubules are still 
competent to polymerize. Furthermore, the DIC observa- 
tions reveal that the endogenous egg tubulin is polymeriz- 
ing into microtubules, while the exogenous, taxol-stabi- 
lized microtubules are being severed. This latter result 
suggests that the newly polymerized microtubules must 
be protected or partially protected from severing by factors 
in the mitotic extract, a subject that will be discussed in 
a later section. 

Real-Time Observations of Microtubule Severing 
Real-time observation of fluorescent microtubules being 
severed was difficult to perform, since these microtubules 
are damaged and fragmented during prolonged light ex- 
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Figure 3. Histogram Distributions of Microtubule Lengths before and 
after Exposure to Mitotic and Interphase Extracts 

(A) Mitotic extract. (B) Interphase extract. The experiment was per- 
formed in a manner sirpilar to the one shown in Figure 2. The mean 
length and number of microtubules per video field (mean and SEM) 
are shown in the upper righthand corner of each graph. The results 
in (A) and (B) are from measurements of approximately 500 and 300 
microtubule lengths and 40 and 45 video fields, respectively. The 
difference in the initial microtubule lengths in the mitotic and inter- 
phase experiments is due to the fact that different microtubule batches 
were used in these assays. Small microtubules (<5 urn) tend to dissoci- 
ate from the glass surface in the presence of the extracts, which ac- 
counts for the apparent increase in microtubule length after addition 
of the interphase extract. In a control experiment where the surface- 
bound microtubules were perfused and incubated for 10 min with 
buffer alone, the microtubule length and the number of microtubules 
per video field did not change significantly (101% f 12% and 99% k 
14% of the initial mean microtubule length and of the initial mean num- 
ber of microtubules per field, respectively [triplicate determinations]). 

posure (Vigers et al., 1988). To circumvent these difficul- 
ties, severing of nonfluorescent, taxol-stabilized microtu- 
bules was observed in real time by video-enhanced, DIC 
microscopy (Figure 6). In these experiments, cq!cemid (5 

Length (microns) 

Figure 4. Histograms of Lengths of Stable Microtubules Composed of 
GMP-CPP Tubulin before and after a 2.5 Min Incubation with the Mi- 
totic Extract 

The experiment was performed as in Figure 2 and described in detail 
in the Experimental Procedures. The mean length and SEM of approxi- 
mately 325 microtubules and the mean number of microtubules in 50 
video fields before and after exposure to the mitotic extract are shown 
in the upper righthand corner of each graph. 

PM) was added to the mitotic extract to suppress endoge- 
nous tubulin assembly, thereby making it easier to ob- 
serve individual taxol-stabilized microtubules. This con- 
centration of colcemid had no effect on the integrity of the 
taxol-stabilized microtubules in the absence of the mitotic 
extract. Within a few seconds after addition of the mitotic 
extract, microtubules began bending owing to the actions 
of microtubule-based motor proteins bound to the glass 
surface. Approximately 90 s after addition of the extract, 
kinks in the microtubules developed, indicating a local 
disruption in the microtubule lattice. After a kink was ob- 
served, the microtubule subsequently broke at this point 
a few seconds later (Figure 6). By 3 min, every microtu- 
bule was severed at least once. The severing of a microtu- 
bule appeared to occur at random along its length; there 
was no evidence of progressive breakage of a microtubule 
from one of its ends. 

Since many actin-severing proteins cap the ends of ac- 
tin filaments (Vandekerckhove, 1990; Matsudaira and Jan- 
mey, 1988) we examined whether the newly cut ends of 
severed microtubules can nucleate tubulin assembly in 
the absence of colcemid. After tffe microtubule broke, it 
often elongated or shortened (sdmetimes completely de- 
polymerizing), but only from one of the severed ends 
(n = 25; not shown). Since little or no tubulin addition onto 
the minus end of microtubules occurs in Xenopus egg ex- 
tracts (Gard and Kirschner, 1987b; Allan and Vale, sub- 
mitted), we infer that the plus end is,the dynamic end of 
the newly severed microtubule. Tbu& newly severed mi- 
crotubule ends exhibit dyna’micbroperties similar to non- ._>’ 
severed microtubule-ends in the extract. 
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Figure 5. Time Course of Severing of Taxol-Stabilized, Fluorescent Microtubules and of the Polymerization of Endogenous Tubulin into Microtubules 
in the Mitotic Extract 

Upper panels, epifluorescence. Lower panels. DIG. Representative fields of view were recorded after adding the mitotic extract at the times (min) 
indicated in the upper lefthand corner of the upper panels. The dotted appearance of the fluorescence microtubules at time zero is an artifact of 
the reproduction process. Bar, 10 urn. 

Cell Cycle Control of Microtubule Severing 
The cell cycle state of Xenopus extracts is controlled by 
the levels of cyclin, the protein responsible for the initia- 
tion of mitosis (Murray and Kirschner, 1989). In eggs ar- 
rested in the second meiotic division, which were used in 
the previously described experiments, cyclin degradation 
is prevented by the calcium-sensitive CSF. Calcium entry 
into CSF-arrested eggs (induced by permeabilizing the 
membrane with an electric current) inactivates CSF, which 
in turn induces cyclin degradation and entry into inter- 
phase of the first cell cycle. Extracts prepared from electri- 
cally activated eggs have low ~34~~~~ kinase activity, in- 
duce chromosome decondensation, and promote nuclear 

envelope assembly (Lohka and Mailer, 1985; Murray and 
Kirschner, 1989). Based upon these characteristics, we re- 
fer to the cytoplasm preparation from electrically activated 
eggs as an interphase extract. Mitotic extracts from CSF- 
arrested eggs can also be converted to an interphase 
state in vitro by adding calcium to inactivate CSF and al- 
low cyclin degradation (Murray et al., 1989). Conversely, 
the interphase extract from electrically activated eggs can 
be converted to a mitotic state by adding exogenous cyclin 
(Murray et al., 1989). The availability of mitotic and inter- 
phase extracts from CSF-arrested and electrically acti- 
vated eggs combined with the ability to convert these ex- 
tracts to the opposite cell cycle state in vitro has allowed 
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Table 1. Cell Cycle Control of Microtubule Severing 

Histone Kinase Assay Time 
Extract (pmol ATPlminlpl) (min) MT Length (0% Initial) # MT/Field (% Initial) 

CSF 4.9 * 1.1 2.5 4.9 f 0.6 566.7 + 131.4 
6.5 3.2 f 0.6 147.7 + 60.0 

CSF + calcium 0.2 f 0.03 2.5 145.6 f 6.3 96.9 + 5.6 
6.5 63.6 f 6.7 112.0 + 25.9 

Activated 0.3 f 0.04 2.5 131.6 f 11.1 106.2 f 11.6 
6.5 96.0 f 22.5 120.6 f 3.6 

Activated + cyclin 1.9 f 0.1 2.5 11.6 f 3.6 371.6 f 16.4 
6.5 6.7 + 3.2 209.2 f 65.4 

Preparations of extracts from CSF-arrested and electrically activated eggs, and calcium and cyclinA90 treatments of the extracts, are described 
in the Experimental Procedures. Cycloheximide (100 bglml) was included in the calcium and the cyclinA90 incubations. Values are the mean and 
standard deviation of triplicate assays. 

us to address whether the microtubule-severing activity is 
regulated during the cell cycle. 

When taxol-stabilized, rhodamine-labeled microtubules 
were incubated with the interphase extract prepared from 
electrically activated eggs for 2.5 min in a tube, some bun- 
dling of the microtubules occurred, but their lengths were 
largely unchanged (Figure 1C). Similarly, when the inter- 
phase extract was added to taxol-stabilized microtubules 
adhered to the surface of a perfusion chamber, the 
lengths of these microtubules were not appreciably al- 
tered (Figure 2, lower panel). A histogram of microtubule 
lengths before and after a 2.5 min incubation with the in- 
terphase extract shows that even the longest microtubules 
in the population remain intact after exposure to the inter- 
phase extract (Figure 38). The mean length of the micro- 
tubule population on the glass surface was somewhat 
greater after the exposure to the interphase extract (Fig- 
ure 38) since the smaller microtubules preferentially dis- 
sociated from the glass surface in the presence of the 
Xenopus extract. 

The above results indicate a striking difference in the 
microtubule-severing activity in extracts prepared from 
CSF-arrested and electrically activated eggs. To explore 
further whether this difference is related to the extract’s 
cell cycle state, we assayed severing after a CSF-arrested 
extract was converted in vitro to an interphase state by the 
addition of calcium, which results in cyclin degradation, 
and cycloheximide, which prevents de novo synthesis of 
cyclin in the extract (Murray et al., 1989). After a 45 min 
incubation with these agents, EGTA was added to chelate 
the free calcium. Table 1 shows that this treatment de- 
creased the ~34~~~ kinase activity, as measured by his- 
tone Hl phosphorylation, to the level found in interphase 
extracts prepared from electrically activated eggs. In con- 
trast to the results previously described for the CSF ex- 
tract, the calcium- and cycloheximide-treated CSF extract 
showed very little severing activity, even after a 6.5 min in- 
cubation (Table 1). Again, the mean length of microtubules 
on the glass surface was increased after an exposure to 
this extract, since long microtubules were not severed and 
small microtubules tended to dissociate from the glass 
surface. The CSF-arrested extract treated with cyclohexi- _.. . 

mide alone, on the other hand, demonstrated high levels 
of both microtubule-severing and ~34~~~~ kinase activity 
(Table 1). 

The correlation between ~34~~~~ kinase activity and 
severing was also examined by converting the cyclohex- 
imide-treated interphase extract prepared from electri- 
cally activated eggs into a mitotic state by the addition of 
a cyclinA90, a nondegradable form of sea urchin cyclin B 
(Murray et al., 1989). Treatment of the interphase extract 
with a purified cyclinA90 expressed from E. coli increased 
the Hl histone kin&e activity by over B-fold (Table 1). 
Microtubule-severing activity, which was very low in the 
original extract, increased after cyclinA90 treatment, as 
indicated by the decrease in microtubule length and con- 
comitant increase in the number of microtubules per field 
after a 2.5 min incubation (Table 1). The microtubule- 
severing and Hl histone kinase activities, however, were 
somewhat lower in this particular cyclinA90-treated ex- 
tract compared with the CSF-arrested extract. Together, 
these various experiments reveal a good correlation be- 
tween the levels of ~34~~~~ kinase activity and the sever- 
ing of microtubules in the Xenopus extract, indicating that 
the severing factor is regulated during the cell cycle. 

Pharmacology of Microtubule Severing 
To gain insight into the factor(s) responsible for severing 
microtubules, a variety of agents were assayed for their ef- 
fects on severing (as assessed by measuring microtubule 
length and counting the numbers of microtubules per field 
after 2.5 and 6.5 min incubations with the treated or un- 
treated extract), endogenous tubulin polymerization (as 
assessed by DIC microscopy as in Figure 5) and micro- 
tubule-based motor activity (as.Usessed by the move- 
ment of microtubules on the glass surface) (Table 2). Tryp- 
sin (0.25 mglml), heat (55%), or N-ethylmaleimide (2.5 
mM) treatment of the mitotic extract abolished microtu- 
bule severing, indicating that the reaction involves a pro- 
tein or proteins (Table 2). Severing was unimpaired, how- 
ever, by the addition of Triton X-100~(0.5%),l,arguing that 
intact, membrane-bound?9 organr@s ana hot essential 
for this process (Table 2). Aimgh speed supernatant 
(100,000 x g; 80 min) &the mitotic extract also severed 
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Table 2. Inhibition of Microtubule Severing 

Assay Time MT Length # MT/Field Tubulin 
Treatment (min) (% Initial) (% Initial) Polymerization MT Motor Activity 

None (mitotic extract) 2.5 6.3 f 2.0 301.6 k 38.4 + + 
6.5 2.8 + 0.6 40.2 f 10.6 + + 

Trypsin (0.25 mglml) 6.5 110.9 f 21.7 100.7 f 20.5 - 

Heat (55%) 6.5 116.7 f 19.8 83.6 f 8.5 -I+ 

NEM (2.5 mM) 6.5 61.0 f 6.9 95.5 f 5.8 t 

Triton X-100 (0.5%) 2.5 6.0 + 1.0 378.3 k 42.3 + t 

Vanadate (250 vM) 2.5 10.0 f 2.6 298.3 + 10.8 + - 

AMP-PNP (5 mM) 2.5 75.7 * 4.3 106.1 2 10.0 + - 

6.5 12.4 f 0.9 352.4 k 32.4 + 

Apyrase (100 bglml) 6.5 87.5 f 5.2 76.4 + 14.4 - 

EDTA (10 mM) 6.5 94.8 f 15 114.1 + 14.4 - 

EGTA (20 mM) 2.5 7.9 f 0.6 324.5 + 31.1 + t 

Mitotic extracts (diluted lo-fold in microtubule-stabilizing buffer) were incubated with trypsin, N-ethylmaleimide (NEM), or apyrase for 15 min at 
23%. After trypsin and NEM treatment, the extract was incubated for 15 min on ice with 2 mglml soybean trypsin inhibitor or 10 mM DTT, respec- 
tively. Identical treatments with soybean trypsin inhibitor or DTT alone did not inhibit microtubule severing (data not shown). The other agents 
in this table were added lo the diluted mitotic extract just prior to perfusion onto the fluorescent microtubules. The time at which microtubule sever- 
ing was assayed is indicated. Tubulin polymerization (as shown in Figure 5) and microtubule-based motor activity (as assessed by observations 
of directed movements of microtubules on the glass surface) were evaluated by DIC microscropy. A plus (+) or minus (-) indicates the presence 
or complete absence of these activities, respectively. Values of microtubule length and numbers of microtubules per field are the mean and stan- 
dard deviation of triplicate or duplicate assays. 

microtubules, suggesting that a soluble protein(s) is in- 
volved (not shown). 

Force generated by soluble motor proteins could be in- 
volved in severing a microtubule. However, two agents 
that blocked microtubule-based motor activity in the ex- 
tract, either the nonhydrolyzable ATP analog AMP-PNP (5 
mM) or the phosphate analog vanadate (250 PM), did not 
abolish microtubule severing (Table 2). The rate of sever- 
ing, however, was somewhat slower in the presence of 

AMP-PNP AMP-PNP forms a strong, rigor-like attachment 
between kinesin and microtubules (Vale et al., 19&j), 
which causes microtubules to become firmly attached to 
the glass surface. The images of severed microtubules in 
the presence of AMP-PNP were particularly striking, since 
the pieces of the fragmented microtubules remained 
bound to the glass in approximately their original posi- 
tions (Figure 7; upper panels). In the presence of the inter- 
phase extract and AMP-PNP, on the other hand, the 

Figure 7. Taxol-Stabilized, Fluorescent Micro- 
tubules Attached to the Surface of a Perfusion 
Chamber before and after a 6 Min Incubation 
with Mitotic and Interphase Extracts in the 
Presence of 5 mM MgAMP-PNP 

MT, microtubules. ME, mitotic extract. IE, inter- 
phase extract. The same field of view is shown 
before and after the incubation. Bar, IO pm. 
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Table 3. inhibition of Microtubule Severing by Monomeric Tubuiin Table 4. MAP Protection of Microtubule Severing 

Treatment 
Assay Time MT Length # MT/Field 
(min) (% Initial) (% Initial) Treatment 

MT Length # MT/Field 
(% Initial) (% Initial) 

None 2.5 6.3 f 1.4 401.7 * 113.0 
6.5 2.4 f 0.6 26.2 + 16.0 

Adsorbed tubulin 2.5 75.0 f 4.7 101.7 + 23.2 
6.5 50.4 + 11.7 95.7 + 1.9 

Bovine brain tubulin (100 frglml) was adsorbed onto the surface of a 
perfusion chamber for 2 min and then washed out prior to addition of 
the fluorescent microtubules. The values represent the mean and stan- 
dard deviation of triplicate assays. 

BSA 5.4 f 0.6 400.6 f 72.2 
Tau 64.5 f 6.3 121.3 f 11.0 
Tau MT binding domain 63.5 k 12.3 111.4 * 22.2 
MAP-2 34.5 f 2.5 152.6 f 30.4 

Microtubules coated with MAPS are protected against severing. 
Fluorescent microtubules adsorbed onto the surface of the perfusion 
chamber were incubated for 4 min with the indicated protein solution 
(50 uglml). Unbound protein was then removed by perfusing the cham- 
ber with 40 ul of microtubule-stabilizing buffer. The mitotic extract was 
then added to the chamber, and microtubule severing was assayed 
3 min later. Values are the mean and standard deviation of triplicate 
or duplicate assays. 

microtubules remained intact (Figure 7; lower panel). 
These results with AMP-PNP and vanadate indicate that 
motor-induced bending of the microtubule is not neces- 
sary for the severing reaction. 

Magnesium chelation by EDTA (5 mM) blocked microtu- 
bule severing. EGTA (20 mM), however, had no inhibitory 
effect (Table 2) indicating that the microtubule-severing 
protein, in contrast to the larger actin-severing proteins 
such as gelsolin (Yin et al., 1980; Vandekerckhove, 1990), 
does not require calcium for its activity. Nucleotide deple- 
tion of the extract with apyrase also impaired the severing 
reaction. These results cannot be simply interpreted to in- 
dicate that the severing protein requires magnesium and 
nucleotide for its enzymatic activity, since removal of ei- 
ther magnesium or nucleotide prevented the polymeriza- 
tion of endogenous tubulin (Table 2). As shown below, 
high concentrations of monomeric tubulin can inhibit 
microtubule severing. 

Protection against Severing by Monomeric 
Tubulin, MAPs, and Microtubule Bundling 
Many actin-severing proteins bind monomeric actin (Mat- 
sudaira and Janmey, 1988; Vandekerckhove, 1990) and 
the severing protein-actin monomer complex cannot 
sever filaments (Janmey et al., 1985; Giffard et al., 1984). 
To test whether the microtubule-severing protein may also 
bind tubulin monomers, the effect of monomeric brain 
tubulin on microtubule severing was examined (Table 3). 
To avoid polymerization of tubulin subunits, which occurs 
when they are added to the frog extract, bovine brain tubu- 
lin was adsorbed onto the surface of the glass perfusion 
chamber at 23% (a temperature that does not permit 
spontaneous polymerization of mammalian tubulin) prior 
to addition of the fluorescent microtubules and the mitotic 
extract. The nonadsorbed tubulin was then removed by 
perfusion with buffer. When the mitotic extract was subse- 
quently added to the chamber containing microtubules 
and surface-adsorbed tubulin, severing was dramatically 
inhibited (Table 3). Surface adsorption of other proteins 
with pls similar to tubulin, such as bovine serum albumin, 
ovalbumin, and actin, had no effect on severing (not 
shown). These results imply that the severing protein(s) 
binds to monomeric tubulin and that this binding inter- 
feres, probably in a competitive fashion, with its ability to 
sever microtubule polymers. 

MAPS also protected microtubules against severing. 
_.. . 

Microtubules coated with saturating amounts of neuronal 
MAPS, either MAP-2, tau, or the microtubule-binding re- 
peat domain of tau (Lee et al., 1988), obtained by ex- 
pressing this portion of the tau gene in E. coli, were more 
resistant to severing than untreated microtubules or mi- 
crotubules incubated with bovine serum albumin (Table 
4). To produce this inhibitory effect, MAPS must be bound 
to microtubules and not simply adsorbed to the glass, as 
in the previously described case for tubulin. MAPS may re- 
duce severing by competing for the same tubulin binding 
site as that used by the severing protein(s) or by sterically 
preventing access of such protein(s) to the microtubule 
surface. 

Bundling of microtubules by cross-bridging proteins in 
the mitotic extract is another factor that interferes with 
severing. As discussed earlier, adsorbing fluorescent 
microtubules to an extract-coated surface minimizes their 
bundling when they are exposed to the mitotic extract. 
However, when fluorescent microtubules were added di- 
rectly to the mitotic extract in solution, many microtubules 
became bundled, and the nonbundled microtubules were 
severed to short lengths (mean length 1.2 -c 0.08 pm) 
(Figure 8A). When 250 mM KCI was added to disperse 
the bundled microtubules, many long microtubules were 
released (Figure 88). Since no individual microtubules 
greater than 15 pm in length were observed prior to KCI 
disruption, these long microtubules must have been con- 
tained within the bundled arrays of microtubules (Figures 
8C and 8D). Thus, microtubules bundled by factors in 
the mitotic extract are partially protected from becoming 
severed. 

I _ 

Discussion 
.i 

Identification of a Microtubule-Severing Activity 
in Mitotic Extracts 
Microtubules treated with taxol or composed of GMP- 
CPP tubulin are stable for several weeks at room tempera- 
ture, yet are bioken into smaller fragments within minutes 
of being exposed to a mitotic Xenopus extract. The in- 
crease in microtubule number and cr%rcom~!ant decrease 
in microtubule length argu&tha&‘shorter microtubules 
are indeed generated by’s severing reaction rather than 
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by depolymerization from the microtubule ends. Further- 
more, real-time observations show microtubules being 
broken at apparently random points along their length. 

Fragmentation of microtubules due to light-induced 
damage has been described (Vigers et al., 1988), but this 
phenomenon cannot explain our results, since severing is 
assayed without continuous light exposure and since 
microtubules composed of nonfluorescent tubulin are sev- 
ered. Microtubules also are not simply broken by forces ex- 
erted by microtubule-based motor proteins in the extract, 
since inhibition of motor-induced force generation by 
vanadate or AMP-PNP does not abolish microtubule 
severing. Furthermore, microtubules are rarely, if ever, 
broken by kinesin and dynein motors in reconstituted mo- 
tility assays (Vale and Toyoshima, 1989). Nonspecific pro- 
teolysis is an unlikely cause of severing as well, since pro- 
tease inhibitors are added to the extract and since tubulin 
monomers derived from severed microtubules are still po- 
lymerization competent. Instead, severing appears to be 
caused by a protein(s) that destabilizes tubulin-tubulin 
bonds in the microtubule lattice. 

hibitory to microtubule-binding proteins, as it does not re- 
press the activity of kinesin (Howard et al., 1989), a motor 
protein that binds strongly to microtubules but not to tubu- 
lin monomers. 

The calcium-sensitive actin-severing proteins, which in- 
clude gelsolin, villin, fragmin, and severin, also cap the 
barbed ends of a severed filament and repress subunit 
lossor addition at that end (Yamamoto et al., 1982; Sugino 
and Hatano, 1982; Janmey et al., 1985). The small, cal- 
cium-insensitive actin-severing proteins, on the other 
hand, do not demonstrate such capping activity (Pollard 
and Cooper, 1986). There is no indication that the micro- 
tubule-severing protein caps ends, since tubulin subunits 
can be added to or disassembled from newly severed 
microtubule plus ends. Furthermore, it is unlikely that the 
severing protein is responsible for the capping of microtu- 
bule minus ends observed in Xenopus oocyte (Gard and 
Kirschner, 1987b) and egg (Allan and Vale, submitted) ex- 
tracts, since minus end capping is observed in interphase 
and mitotic extracts, whereas severing is restricted to the 
mitotic phase. 

Many proteins that sever actin filaments have already How a protein could sever a microtubule is an intriguing 
been described. In addition to fragmenting filaments, all question when one considers the structure of the polymer. 
a&n-severing proteins described thus far form a 1 to 1 Cellular microtubules are hollow cylinders composed of 
complex with monomeric actin (e.g., Giffard et al., 1984; 13 concentric protofilaments of tubulin monomers (each a 
Mabuchi, 1983; Giuliano et al., 1988; Cooper et al., 1986; heterodimer of a and p subunits), bonded presumably 
Nishida et al., 1984). The finding that surface-adsorbed through longitudinal as well as lateral contacts (Besse et 
monomeric tubulin (but not a variety of other proteins) po- al., 1987). To sever this structure, a minimum of 13 longitu- 
tently inhibits the microtubule-severing reaction implies dinal contacts must be broken. This task is far more formi- 
that the microtubule-severing protein, like its actin-based dable than the severing of an actin filament, which re- 
counterparts, may bind to monomers as well as polymers. quires disrupting as few as two monomer-monomer 
Tubulin adsorbed onto a glass surface is not generally in- contacts. The severing protein may bind to the exposed 
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C-terminus of tubulin, since MAP-2, tau, and the relatively 
small (20 kd) microtubule-binding region of tau, which 
bind to this domain on tubulin (Serrano et al., 1984; Lit- 
tauer et al., 1986), all inhibit the severing reaction. Nev- 
ertheless, like many of the actin-severing proteins that 
contain two or more actin-binding sites (Vandekerckhove, 
1990) it is possible that the microtubule-severing protein 
contains a second tubulin-binding site that can intercalate 
into the microtubule and disrupt tubulin-tubulin contacts. 
Real-time observations, however, indicate that microtu- 
bules do not dissolve, but rather develop discrete kinks, 
indicating a highly localized disruption in the microtubule 
wall. The disruption of a tubulin bond in the microtubule 
wall may be the rate-limiting step in the severing reaction, 
which then allows other severing proteins to disrupt more 
easily adjacent tubulin-tubulin contacts. Whatever the 
precise mechanism, the nucleotide state of the tubulin 
does not appear to greatly influence the reaction, since 
microtubules composed of GDP or GMP-CPP tubulin are 
severed with similar kinetics. 

Regulation of Microtubule Severing 
Microtubule-severing activity is regulated by the cell cycle. 
Two extracts with high ~34~~~~ kinase activity (CSF-ar- 
rested meiotic extracts or interphase extracts converted to 
a mitotic state by cyclinA90) have high microtubule-sever- 
ing activity. Conversely, extracts with low ~34~~~~ kinase 
activity (interphase extracts prepared from electrically ac- 
tivated eggs or calcium-treated CSF-arrested extracts) 
contain low microtubule-severing activity. These experi- 
ments suggest that microtubule severing is activated dur- 
ing mitosis and turned off during interphase. 

Since microtubule severing is elevated by adding cy- 
clinA90 to an interphase extract in the presence of cyclo- 
heximide, the severing protein must be activated through 
a posttranslational process. By analogy to many other cell 
cycle-controlled processes, it is likely that this posttrans- 
lational event involves a change in the phosphorylation 
state of some protein, possibly the severing protein itself. 
Many mitotic events are directly linked to protein phos- 
phorylations mediated by ~34~~~~ kinase (Moreno and 
Nurse, 1990) although it remains to be determined whether 
the microtubule-severing protein itself is a substrate for 
p34@ phosphorylation or whether it is modulated by 
some downstream action of this kinase. 

Possible Biological Functions of 
Microtubule Severing 
The mitotically activated microtubule-severing protein 
may participate in the reorganization of the microtubule 
network that occurs during the cell cycle. At the transition 
from interphase to mitosis, the interphase network of 
microtubules is completely disassembled prior to creating 
the mitotic spindle. Except under abnormal conditions or 
in certain mutant cells (Hagan et al., 1988), interphase 
and mitotic networks of microtubules do not coexist within 
the same cell. It has been postulated that the dynamic in- 
stability of microtubules that leads to their catastrophic 
endwise depolymerization, combined with mechanisms 
of selectively stabilizing newly polymerized microtubules 

in mitosis, is the driving force for this rearrangement of the 
microtubule pattern (Kirschner and Mitchison, 1986). 

The disassembly of microtubules by subunit loss from 
their plus ends, however, may be insufficient to disassem- 
ble a subset of microtubules in interphase cells that turn 
over very slowly. Although the majority of interphase 
microtubules turn over with rapid kinetics (tl,* = 5-10 
min) (Saxton et al., 1984; Soltys and Borisy, 1985; Schulze 
and Kirschner, 1986) certain microtubules turn over much 
more slowly (t,,z > 1 hr) and are resistant to depolymer- 
ization by nocodazole, a drug that binds to and sequesters 
tubulin monomers (Schulze and Kirschner, 1987; Kreis, 
1987). Neither the function of these nondynamic microtu- 
bules nor the mechanism of their stabilization is under- 
stood. Upon entering mitosis, stable microtubules must 
become dismantled. While it is possible that the factors 
responsible for stabilizing these microtubules become 
inactivated in mitosis, we favor the notion that a micro- 
tubule-severing activity, as described in these in vitro 
experiments, catalyzes the disassembly of these stable 
microtubules. 

Another possible function of the severing protein may 
be to break the connection between microtubules and the 
centrosome, a phenomenon that has been observed at 
the onset of mitosis in living cells (Kitanishi-Yumura and 
Fukui, 1987) and in mitotic Xenopus egg extracts (Belmont 
et al., 1990). Finally, a microtubule-severing protein may 
be needed in dividing cells that contain very long inter- 
phase microtubules. For example, the rates of tubulin dis- 
assembly (12-17 pmlmin in Xenopus egg extracts [Bel- 
mont et al., 19901) may be too slow to disassemble the 
long (>300 urn) interphase microtubules of Xenopus oo- 
cytes when they enter meiosis (Gard, 1991). Severing of 
microtubules would increase the number of ends par- 
ticipating in subunit dissociation. 

If cells activate a microtubule-severing activity to disas- 
semble interphase microtubules at the onset of mitosis, 
how then do microtubules form a stable mitotic spindle 
amidst such a destructive activity in the cytoplasm? Our 
experiments show that new microtubules polymerize and 
then bundle into spindle-like structures while the exoge- 
nous, stable microtubules are being severed. Such obser- 
vations imply the existence of a factor that protects newly 
polymerized microtubules against severing. Since brain 
MAPS bound to the microtubule wall inhibit severing of the 
polymer, it is possible that similar proteins in mitotic ex- 
tracts stabilize the newly polymerized microtubules. Con- 
sistent with this view, endogenous Xenopus MAPS in mi- 
totic extracts very rapidly bundle both exogenous and 
newly polymerizing microtubules; this action appears to 
make these polymers more resistant to fragmentation. 
Similarly, actin filaments with bound tropomyosin are in- 
efficiently severed by actin-depolymerizing factor and gel- 
solin in vitro (Bernstein and Bamburg, 1982; lshikara et 
al., 1989) and it has been postulated that this interaction 
may be used to confer stability upon actin filaments in 
vivo. 

Posttranslational modifications of,tubulin may be an- 
other means of protecting n%crotubuies against severing. 
The a-tubulin subunit carrbe posttranslationally detyrosi- 
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nated or tyrosinated at its C-terminus (Gunderson et al., 
1987) or acetylated at lysine40 (Piperno et al., 1987), and 
S-tubulin can be phosphorylated (Gard and Kirschner, 
1985). Such modified forms of tubulin are present in the 
preparations of bovine brain tubulin used in these experi- 
ments. In vivo, all of these modifications occur primarily 
on stable microtubules (see above references), although 
exceptions have been noted (Schulze et al., 1987; 
Khawaja et al., 1988). The prevalence of modified tubulin 
in stable microtubules is explained by the fact that the 
tubulin tyrosine carboxypeptidase (Kumar and Flavin, 
1981; Gundersen et al., 1987), the acetylase (Maruta et al., 
1988), and probably the kinase (Gard and Kirschner, 1985) 
operate preferentially on polymeric tubulin, and hence 
stable microtubules are exposed for longer times to these 
modifying enzymes. The detyrosinated and acetylated 
tubulin in stable microtubules could target the severing 
protein to destroy these polymers when cells enter mito- 
sis. Deacetylation and C-terminal tyrosine ligation, on the 
other hand, are catalyzed by enzymes that act primarily 
on monomers. If tyrosinated, unphosphorylated, and un- 
acetylated tubulin monomers do not interact with the 
severing protein, then the resistance of the newly poly- 
merized microtubules in the mitotic extract could be ex- 
plained. It is also possible that tubulin monomers are 
phosphorylated at a unique site during mitosis and that 
microtubules composed of such subunits are not severed. 
We are currently in the process of testing these various hy- 
potheses. 

Clearly, many questions concerning the mechanism 
and function of the microtubule-severing factor remain un- 
answered. The next step toward resolving these issues is 
to purify and characterize the protein(s) that is responsible 
for this activity. The assay described in this study and the 
ability to obtain sufficient quantities of CSF-arrested Xeno- 
pus eggs should make this endeavor possible. 

Experimental Procedures 

Materials 
AMP-PNP and 5-(and 6)-carboxytetramethylrhodamine succinimidyl 
ester were obtained from Boehringer Mannheim and Molecular 
Probes, respectively. GMP-CPP was a gift from T. Mitchison and T. Hy- 
man. David Dreschel kindly provided bovine brain purified tau and the 
purified, E. coli-expressed microtubule-binding site of tau. CyclinA90 
was provided by M. Glotzer. Taxol was generously supplied from the 
National Cancer Institute. All other reagents were obtained from the 
Sigma Chemical Company. 

Preparation of Xenopus Oocyte Extracts 
The preparation of extracts from CSF-arrested (Murray et al., 1989) and 
electrically activated eggs (Murray and Kirschner, 1969) was per- 
formed as previously described, with the exception that cycloheximide 
(100 Kg/ml) was present in the buffer used to prepare the extract from 
the activated eggs and was also added in the same concentration to 
the final extract. Histone l-l1 kinase activity was assayed as described 
in Murray and Kirschner (1989). In our hands, extracts prepared from 
CSF-arrested and electrically activated eggs typically display Hl his- 
tone kinase activities of 2-4 pmol ATP/min/@ and 0.1-0.4 vmol 
ATP/min/pl, respectively. Extracts were frozen and stored as small ali- 
quots in liquid nitrogen. The CSF extract was converted to an inter- 
phase state by adding 1120th vol of 9 mM CaC12, 100 mM KCI, 1 mM 
MgClp, and 100 Kg/ml cycloheximide and incubating for 45 min at 
23%. The calcium was then chelated with EGTA (1/2Oth vol of a 9 mM 
solution), and the extract was kept on ice. The control received an iden- 

tical treatment but lacked calcium in the incubation. The electrically ac- 
tivated, cycloheximide-arrested interphase extract was converted to a 
mitotic state by incubating for 45 min at 23°C with an E. coli-expressed, 
nondegradable cyclin (cyclinA90; Glotzer et al., 1991) (1 VM final con- 
centration). 

Preparation of Purified Proteins and Microtubules 
Tubulin was purified by cycles of polymerization and depolymerization 
followed by phosphocellulose chromatography and was subsequently 
modified with tetramethylrhodamine succinimidyl ester as described 
by Hyman et al. (1991). The stoichiometry of fluorescent labeling was 
0.4 mol of rhodamine per mol of tubulin. MAP2 and tau were purified 
from bovine brain by the method of Herzog and Weber (1978). The four 
microtubule-binding repeat units of tau were obtained by expression 
in E. coli, the details of which are described elsewhere (Steiner et al., 
19901. 

Tubulin or rhodamine-labeled tubulin (in microtubule stabilizing 
buffer: 80 mM PIPES [pH 6.81, 1 mM MgCI*, 1 mM EGTA) was poly- 
merized into microtubules by adding GTP (1 mM), MgClp (3 mM), and 
DMSO (10%) and incubating for 45 min at 3PC. The microtubule solu- 
tion was then diluted lo-fold in microtubule-stabilizing buffer contain- 
ing 20 pM taxol and kept at room temperature. In some experiments, 
microtubules were polymerized with 1 mM GMP-CPP and diluted lo- 
fold into microtubule-stabilizing buffer without taxol at 37°C. To mini- 
mize shearing of microtubules, all pipetting of microtubules was per- 
formed with pipette tips whose distal ends were cut off with a razor 
blade. 

Microscopy and Photography 
DIC microscopy was performed using a Zeiss Axioplan microscope il- 
luminated with a 100 W mercury arc lamp and equipped with a 1.4 N.A. 
condenser and a 63x, 1.4 N.A. Planapochromatic objective. The im- 
age was projected onto the target of a Hamamatsu Newvicon camera 
with a 4x lens, and contrast was enhanced with an Imaging Technol- 
ogy 151 image processor. Fluorescence microscopy for obtaining sin- 
gle images was performed on the Zeiss Axioplan using a 100 W mer- 
cury arc lamp for epi-illumination, a 40x, 0.9 N.A. Plan-neofluor 
multi-immersion objective, and a 4x lens to project the image to a cam- 
era. The majority of the fluorescence microscopy for quantitating the 
severing reaction was performed on an inverted Zeiss IM-35 micro- 
scope equipped with a 100 W mercury arc lamp, either a 40x, 1.0 N.A. 
or a 63x, 1.4 N.A. Planapochromatic objective, and a 10x eyepiece 
for projecting the image onto the camera. In both microscopes, the im- 
aging camera was a Hamamatsu silicon-intensified target camera 
(C-2400). DIC and fluorescent images were recorded in real time using 
either a 3/4 inch U-matic Sony VO-5800H or a l/2 inch Panasonic NV- 
8950 tape recorder. The single-frame images shown in this paper were 
prepared by averaging and capturing a frame with the 151 image 
processor and then storing the image digitally onto an AT-based com- 
puter. The digital images were later transferred to a Macintosh II com- 
puter and were further processed with a sharpening convolution 
function, mounted side-by-side, and labeled using IMAGE software 
(version 1.28). a public domain program. The final images were made 
into photographic negatives using the IMAGEQ software and the 
Macintosh montage FRl film recorder. 

Assays For Microtubule Severing 
Unless indicated, microtubule severing was assayed in the following 
manner. A perfusion chamber (5-7 ul volume) was prepared by first 
placing two parallel strips of Scotch tape on the long axis of a glass 
slide (Clay Adams, #3011) and two parallel lines of Apiezon M grease 
(applied using a syringe) just interior to the tape and then placing an 
18 x 18 mm coverglass (Corning, #l) on top. The surface of the glass 
chamber was then coated for 2 min with proteins from a Xenopus ex- 
tract diluted 20-fold in microtubule-stabilizing buffer (the mitotic [CSF] 
and the interphase [electrically activated] extracts both gave identical 
results). Unbound protein was removed by perfusion with 20 ~1 of 
microtubule-stabilizing buffer, and a solution of rhodamine-labeled 
microtubules (diluted to 15 pglml in the same buffer containing IO PM 
taxol) was introduced into the chamber. The fluorescent microtubules 
were then allowed to adsorb onto the chamber for 2 min, and unbound 
microtubules were removed by perfusion (20 pl of microtubule- 
stabilizing buffer without taxol; the taxol already bound to the microtu- 
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bule suffices to prevent subunit loss). Between 20 and 40 video fields 
of microtubules were then recorded using the silicon-intensified target 
camera and a 112 inch video tape recorder for measurements of 
microtubule lengths and numbers. The Xenopus extract was then intro- 
duced into the chamber and between 2 and 3 min (average of 2.5 min) 
later, 20-30 video fields were recorded. In some experiments, a similar 
number of video fields were recorded 6-7 min (average of 6.5 min) later 
as well. The extracts were standardly diluted IO-fold in microtubule- 
stabilizing buffer just prior to addition to the perfusion chamber; at this 
dilution, reproducible measurements of microtubule severing could be 
made after a 2-3 min exposure to the mitotic extract. 

To analyze the data, a 14 x 16 cm rectangle (corresponding to 
dimensions of 36 x 50 wrn and 25 x 32 urn for recordings made with 
the 40x or 63x objective lens, respectively) drawn on a transparency 
was taped onto the 30 x 39 cm screen of a lkegami black and white 
monitor (PM-205A). We define the dimensions of this rectangle as a 
video field. Only those microtubules that were either partially or 
wholely within the confines of the rectangle were measured. Microtu- 
bule lengths were measured using an interactive AT computer-based 
program (Sheetz et al., 1966) and the number of microtubules was 
counted manually. The resolution limit of the fluorescence microscope 
and measuring system was approximately 0.5 urn, so microtubules at 
or below the diffraction limit were all scored as being this length. Un- 
less indicated, 50-100 microtubule lengths and microtubule numbers 
in 15-20 video fields were measured per assay of microtubule sever- 
ing. Generally, triplicate or duplicate determinations were made for 
each test condition. 

Light-induced fragmentation of rhodamine microtubules (Vigers et 
al., 1968) was not a problem in these experiments, since each field was 
exposed only for a few seconds before moving to the next field. How- 
ever, even a brief light exposure with a 100 W mercury arc impaired 
the subsequent severing of these microtubules by the mitotic extract, 
perhaps due to cross-linking of monomers in the microtubule lattice. 
Therefore, in the experiments shown in Figures 2 and 7 where the 
same video field was recorded before and after adding extract, an oxy- 
gen scavenger system (Kishino and Yanagida, 1966) was included in 
the buffer when the microtubules were visualized prior to adding the 
extract. 
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