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Abstract. We used high-resolution video microscopy
to visualize microtubule dynamic instability in extracts
of interphase sea urchin eggs and to analyze the
changes that occur upon addition of 0.8-2.5 uM oka-
daic acid, an inhibitor of phosphatase 1 and 2A (PPI,
PP2a) (Bialojan, D., and A. Takai. 1988. Biochem. J.
256:283-290). Microtubule plus-ends in these extracts
oscillated between the elongation and shortening
phases of dynamic instability at frequencies typical for
interphase cells. Switching from elongation to short-
ening (catastrophe) was frequent, but microtubules
persisted and grew long because of frequent switching

back to elongation (rescue). Addition of okadaic acid
to the extract induced rapid (<5 min) conversion to
short, dynamic microtubules typical of mitosis. The
frequency of catastrophe doubled and the velocities of
elongation and shortening increased slightly; however,
the major change was an elimination of rescue. Thus,
modulation of the rescue frequency by phosphorylation-
dependent mechanisms may be a major regulatory path-
way for selectively controlling microtubule dynamics
without dramatically changing velocities of microtu-
bule elongation and shortening.

of interphase into the short, dynamic microtubules

of mitosis is controlled by phosphorylation initiated
by the activation of maturation promoting factor (MPF)
(p34< kinase) (4, 22, 45) and a cascade of downstream ki-
nases, including MAP kinase (15, 16). Addition of either
p34«2 (22, 45) or MAP kinase (16) to interphase cyto-
plasm or cytoplasmic extracts of Xenopus embryos produces
conversion to short dynamic microtubules. Conversely, ad-
dition of drugs like 6-dimethylaminopurine, an inhibitor of
p34<%2 kinase, induces long microtubules when added to
mitotic cells (30).

In both interphase and mitotic animal cells, the plus ends
of microtubules exhibit dynamic instability, abruptly switch-
ing between persistent, constant velocity phases of elonga-
tion and shortening (7, 17, 34, 35). Microtubule dynamics
and lengths depend on the switching frequencies, catas-
trophe and rescue, as well as on the velocities of elongation
and shortening. Catastrophe and rescue frequencies are
difficult to measure accurately because of their stochastic na-
ture, and data must be obtained from measurements of indi-
vidual microtubules (37, 47). There is now some information
on how the parameters of microtubule dynamic instability
change between interphase and mitosis (7, 17), and upon ac-
tivation of p34<? kinase in interphase cytoplasm with cy-
clin B (4). Okadaic acid inhibits the activity of the serine,
threonine protein phosphatases 1 and 2a (PP1 and PP2a)!

T HE conversion from the long, persistent microtubules

1. Abbreviations used in this paper: PP1 and PP2a, protein phosphatases
1 and 2a.
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(5, 9, 18), and recent studies have shown that treatment with
okadaic acid promotes premature and prolonged mitosis in
sea urchin eggs (28) and shortens microtubules in interphase
tissue culture cells (44). In the experiments reported here,
we measured the changes in microtubule dynamics in inter-
phase extracts of sea urchin eggs when phosphorylation was
enhanced by inhibiting PP1 and PP2a with okadaic acid.

Materials and Methods

Preparation of Extracts

Interphase extracts from Lytechinus pictus (Marinus, Long Beach, CA) eggs
were made as previously described (Gliksman, N. R., and E. D. Salmon.
1987. J. Cell Biol. 109:30a), from unfertilized eggs, or eggs 15 min after
fertilization. Gametes were isolated by intracoelomic injection of 0.56 M
KCl. Sperm were collected dry and stored on ice for up to 5 h. Eggs were
collected into and washed 3X with artificial sea water (Instant Ocean
Aquarium Systems, Mentor, OH). Eggs were then dejellied by washing 2x
in isotonic 19:1 (28 mM NaCl, 0.53 mM KCl, 5 mM Tris base, pH 8.0).
Egg fertilization was carried out in sea water containing 3-amino-1,2,4-
triazole (1 mM) and passed through a 110-um mesh (Tetko Inc., Elmsford,
NY) to remove the fertilization envelopes (36). Unfertilized eggs or eggs
15 min after fertilization were collected in isotonic HEMG buffer (180 mM
Hepes, pH 7.35, 10 mM EGTA, 10 mM MgCl;, 0.5 M glycine, 1 mM
ATP, 1 mM GTP, 1 mM DTT, and protease inhibitors: 0.3 mM phenyl
methyl sulfonyl fluoride, 10 pg/ml p-toluene-sulfonyl-L-arginine methyl es-
ter HC], 40 ug/ml soybean trypsin inhibitor, 1 ug/ml pepstatin, 1 ug/ml
benzamidine HCI, 10 pg/ml aprotinin, and 1 pg/ml leupeptin) and packed
with a minimum volume of buffer (20-30% dilution of the cytosol) using
a hand centrifuge. The eggs were homogenized and centrifuged at 50,000
g for 45 min at 3°C. The clear middle layer was collected with a 25-gauge
needle/syringe and used fresh or frozen in liquid nitrogen and stored at
—80°C. L. pictus egg extracts contained 15-19 uM tubulin (Western blot
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assay) (37, 41) and 20-25 mg/ml total protein (Bio-Rad assay; Bio-Rad
Laboratories, Richmond, CA).

Measuring the Dynamic Instability of Microtubules

Microtubules were visualized by video-enhanced differential interference
contrast (VE-DIC) microscopy at room temperature (23°C) as previously
described (37, 47). Slide preparations were made by diluting the extract
samples 4% with HEMG buffer (without protease inhibitors or DTT) con-
taining 0.2 mM ATP, 0.1 mM GTP, 10 uM cytochalasin B, 0-2.5 uM
okadaic acid, and salt extracted sea urchin axoneme seeds (47) or sperm
centriole complexes (Sluder, G., and F. J. Miller, manuscript in prepara-
tion). A 4-ul aliquot of the sample was added to a slide cleaned with etha-
nol, covered with a biologically clean (23) coverslip (22 X 22 mm, thick-
ness #1), and sealed with valap (a 1:1:1 mixture of Vaseline/lanolin/bees
wax) to prevent flowing and drying of the chamber contents.

Perfusion chambers were made from 25 X 25-mun coverslips mounted
over two parallel pieces of double-stick tape forming a 70-um-high by
4-mm-wide channel (43). Perfusion was carried out by adding five chamber
volumes of sample to one side of the chamber, and drawing the liquid

through with filter paper on the other side. Control experiments showed that
perfusion induced no changes in the parameters of dynamic instability of
unfertilized interphase egg extract.

Microtubule assembly was videotaped and later analyzed using an IBM-
compatible PC-based system for data measurement (47). The standard devi-
ation measured for a stationary object was + 0.1 um for repetitive determi-
nations.

Three strategies were used to measure microtubule lengths over time.
Straight, nonmotile microtubules were measured by tracking the plus end
in real-time or at fixed time intervals (between 0033 and 2.0 5). Straight,
motile microtubules were measured by tracking the two ends of the microtu-
bule independently over the same time interval. The two data sets were com-
bined, and the distance between the two ends was interpolated from the
same starting time. Curved microtubules were measured at fixed time inter-
vals (between 0.033 and 2.0 s) by adding up straight lines along the curved
microtubule. With all three strategies, velocities of elongation and shorten-
ing were calculated from least squares regressions of distance versus time
using a minimum of three data points. The catastrophe and rescue frequen-
cies were calculated from the total number of catastrophe or rescue transi-
tions observed, divided by the total length of time spent in either the assem-
bly phase or the shortening phase, respectively (47).

Figure 1. Microtubule assembly in cytoplasmic extracts of Lytechinus pictus eggs. Plus-end microtubules assembled in untreated (4 and
B) or okadaic acid treated (C and D) interphase sea urchin egg extracts. Microtubules were nucleated from sperm tail axoneme seeds
(A and C) or sperm centriole complexes (large arrows in B and D). Microtubule motors on the coverslip surface pulled the minus ends
of microtubules (small arrows in B and D) from the centriole complexes and translocated microtubules across the coverslip surface away
from the nucleating centers. Note that contrast and apparent width of the microtubules and axonemes depend on orientation in VE-DIC.

Bars, 5 pm.
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Figure 2. Length histories of microtubules assembled in clarified
sea urchin extracts. Different symbols represent different microtu-
bules. (4) Microtubule assembly in the interphase extracts was
dynamic with rapid elongation, rapid shortening, frequent catas-
trophes, frequent rescues, and infrequent pauses (P). (B) Microtu-
bules assembled in okadaic acid-treated extracts displayed rapid
elongation, rapid shortening, frequent catastrophes, but no rescues
and pauses. (C) Perfusion of long microtubules grown in interphase
extracts with okadaic acid-pretreated extract rapidly eliminated
rescues and pauses. Note the scale changes between A, B, and C.

Measuring the Microtubule Length Distribution

Microtubule length distributions were measured from the same video
recordings used to measure microtubule dynamics using the programs de-
scribed above. Microtubule lengths were measured at each new field of view
at time periods between 5 and 6 min after warming the sample. Bundled
microtubules and microtubules off of the glass surface were not measured.
Since microtubule lengths were limited by the screen dimensions (3040
um depending upon the magnification), the lengths of microtubules extend-
ing beyond the screen borders were doubled (48). At least 50 microtubules
were measured for each histogram.

The Simulation Program

Microtubule dynamic instability was simulated using a Monte Carlo com-
puter program (see ref. 2, and Gliksman, N. R., E. D. Salmon, and R. A.
Walker. 1987. J. Cell Biol. 111:298a). The program was written in Turbo
Pascal V. 5 (Borland International, Scotts Valley, CA) and run on IBM PC
compatible computers. The program simulated a population of plus-end
microtubules undergoing dynamic instability. The dynamic instability
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parameters were applied to each plus end in a Monte Carlo fashion at one-
second time intervals for a period equivalent to 5 min. All histograms repre-
sent the average of 500 ends. All variables were made independent of tubu-
lin concentration, and pauses were ignored for these simulations.

Results and Discussion

We viewed the dynamic instability of individual microtu-
bules in cytoplasmic extracts using high-resolution, VE-DIC
light microscopy (7, 37, 47). Concentrated interphase cyto-
plasmic extracts were made from unfertilized Lytechinus
pictus eggs or eggs 15 min after fertilization. At pH 7.3, the
natural pH of fertilized eggs, little spontaneous self-assembly
occurred in the extracts. However, sperm tail axonemal frag-
ments (Fig. 1 A) and sperm centriole complexes (Fig. 1 B)
nucleated plus end (but not minus end) microtubule assembly
as previously observed (12, 37, 38, 39). We used low concen-
trations of nucleation sites (1 or 2 per 35-um video field) so
that microtubule assembly did not significantly deplete the
concentration of unpolymerized tubulin in our preparations.
Long, persistent microtubules typical of interphase cyto-
plasm (7, 34, 35) grew in the egg extracts at 23°C (Figs. 1,
a and b, and 2, a and ¢). The rate of plus-end microtubule
elongation was 9.1 + 2.9 pm/min, while the rate of shorten-
ing was 12.3 1 4.4 pm/min (Table I). Elongating ends grew
for a mean duration of 53 s and a mean length of 80 um be-
fore catastrophe and switching to shortening. Shortening oc-
curred for only 28 s and 5.7 um on average before rescue
back to elongation. Nearly all shortening events were res-
cued, so that the interphase microtubules did not achieve
steady-state lengths. Instead, microtubules persisted and
continued to grow longer at a net rate of ~1.7 pm/min.

{net growth rate = [(elongation rate X elongation duration)
— {(shortening rate X shortening duration)}/(elongation
duration + shortening duration)].

Pauses in microtubule assembly, noted previously both in
vivo (34) and in vitro (37, 47), represented only a minute frac-
tion (6-7%) of the observed microtubule lifetimes.
Addition of 0.8-2.5 uM okadaic acid (the predicted con-
centration of PP1 and PP2a in the sea urchin egg) (9, 28) to
the interphase extracts reduced microtubule lengths and life-
times to the short steady-state values typical of mitosis (1,
33, 45) (Fig. 1 C). This conversion in microtubule length
and dynamics was not produced by major changes in either
the velocities of elongation or shortening; there was little
change in the velocity of elongation, and the velocity of
shortening increased by <30% (Table I; Fig. 3). Microtu-
bules were much shorter and more labile due to a twofold
increase in catastrophe frequency, an elimination of pauses,
and a complete inhibition of rescue (Table I; Fig. 3). Rescue
was the parameter of dynamic instability most sensitive to
okadaic acid. Rescue was undetectable within 5 min of oka-
daic acid addition and after a catastrophe, microtubules
shortened all the way back to the nucleation center. Methyl
okadaate and I-nor okadaone are analogs of okadaic acid
which are not phosphatase inhibitors (27). Neither analog
inhibited microtubule rescue in our interphase extracts.
Perfusion chambers were also used to determine how
quickly rescue was eliminated after okadaic acid treatment
for microtubules initially grown to long lengths in untreated
extract. We first grew long microtubules in interphase ex-
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Table I. Parameters of Microtubule Dynamic Instability

OA Elongation Shortening Catastrophe Rescue
Extract conc. rate + SD rate + SD rate* rate*

(um) (um/min) (N) (wm/min) (N) (Total time) (S7/) (Total time) (S}
1 0 8.7 + 1.7 @41) 103 + 4.7 (32) 0.029 (831 s) 0.073 (372 s)
i 1.25 10.1 + 3.1 (15) 14.6 + 2.9 (14) 0.051 (215 5) 0.0128 (244 s)
2 0 75+1609) - 0.020 (256 s) -
2 1.0 9.9 + 25014 115+ 4.1 (07 0.057 (192 s) 0.00 344 )
3 0 10.8 + 2.6 (41) 13.8 + 3.5 40) 0.017 (1152 s) 0.023 (986 s)
3 2.5 11.3 + 3.3 (22) 184 + 4.3 (24) 0.026 (352 s) 0.00 (284 5)
4 0 7.8 + 3.0 (49) 12.7 £ 4227 0.016 (1698 s) 0.034 (790 s)
4 2.5 72 + 1333 15.9 + 4.5 (38) 0.034 (841 s) 0.00 (798 s)
Meant 0 9.1 +£2.9(142) 123 + 4.4 (99) 0.019 (3937 s) 0.036 (2148 s)
Meant 1.0-2.5 9.2 +3.0(84) 153 £ 4903 0.038 (1600 s) <0.002% (1670 s)

The parameters of microtubule dynamic instability in sea urchin extracts. Extracts and length measurements were made as described in Figs. 1 and 2, and numbers
were recorded from the first 20-25 min after warming the sample to 23°C. No differences in microtubule dynamics were noted between microtubules assembling
on the glass surface (attached via microtubule motors) or assembling above the glass surface in solution. No differences in microtubule dynamics were noted between
microtubules assembling off of axoneme seeds, or sperm centriole complexes, or between microtubules in simple slide coverslip preparations and in the perfusion
chambers. Total time the duration of either elongation or shortening measured for each extract; N is the number of periods of either elongation or shortening mea-

sured for each extract,

* The catastrophe and rescue rates were calculated from the number of transitions observed divided by the total time observed in elongation or shortening.

# Combined data from all four extracts.

§ Of the few rescue events seen, all occurred within the first 2 minutes of observation.

tracts from axonemes stuck to the inner coverslip surface of
a perfusion chamber (Fig. 2 C). After 20 min, the microtu-
bules tethered to the axonemes were perfused with extract
which had been preincubated with 2.5 uM okadaic acid for
10 min at room temperature. Within 5 min of perfusion, all
microtubule plus ends had switched to shortening. They
shortened all the way back to the nucleation center without
pause or rescue (Fig. 2 C).

Although microtubules in untreated interphase extracts
had a pet growth of 1.7 um/min, after 5 min in okadaic acid
there was no net growth of microtubules because of the ab-
sence of rescue. Instead, an average steady-state length was
achieved (Fig. 4). As shown in Fig. 4, the length distribu-
tions of microtubules measured in the untreated and okadaic
acid-treated extracts were similar to the microtubule length
distributions predicted by a Monte Carlo computer simula-
tion of microtubule assembly dynamics, using the mean
values for the dynamic instability parameters listed in Table
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Figure 3. Okadaic acid-induced changes in the parameters of mi-
crotubule dynamic instability. The catastrophe frequency doubled,
the shortening rate increased slightly, and the rescue frequency de-
creased substantially when okadaic acid was added to the sea urchin
egg extracts. The data was taken from the mean values in Table I.

The Journal of Cell Biology, Volume 119, 1992

1. In the absence of rescue, the microtubule steady-state
length distribution was determined only by the growth veloc-
ity and catastrophe frequency. We have neglected the role of
microtubule severing activity in this analysis since the sever-
ing reported in mitotic Xenopus extracts (43) was not seen
in our extracts before or after okadaic acid treatment.

Nucleation in the cytoplasmic extracts depended both on
the type of nucleation center and the treatment history. When
axonemes and sperm centriole complexes were added
directly to okadaic acid-treated extracts, nucleation from ax-
onemes was infrequent in comparison with the frequency in
untreated extracts, but nucleation from the sperm centriole
complexes remained robust (Fig. 1, B and D). This was not
surprising since previous studies have shown that axonemal
but not centrosomal nucleation is inhibited in meiotic or mi-
totic cytoplasm in vivo (20). A surprise in the perfusion ex-
periments with okadaic acid-treated extract was the finding
that microtubule renucleation occurred almost immediately
and was not lost after perfusion (Fig. 2 B). Since microtu-
bules were pregrown from the plus ends of axonemes in our
perfusion studies, this result suggests that nucleation mate-
rial in the cytoplasm is recruited to assembled microtubules
and transported along the microtubules to the nucleation
center (46).

Okadaic acid treatment increased the phosphorylation of
a number of extract proteins (seen via SDS-PAGE and auto-
radiography), and doubled the TCA-precipitable *2P counts,
but no phosphorylation of tubulin was detected (data not
shown). Comparing the changes in microtubule dynamic in-
stability induced by okadaic acid (Table I and Fig. 3) to those
reported to occur upon cyclin B activation of p34< kinase
in interphase Xenopus extracts (4), we note that neither study
found a decrease in elongation or shortening velocities in
treated cytoplasm, a result consistent with available in vivo
data (7, 17). Our interpretation of the okadaic acid results,
along with the microtubule assembly data from Xenopus egg
extracts treated with cyclin B activated p34« (4) or MAP
kinase (14), is that there is a catastrophe factor which is acti-
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Figure 4. The microtubule length distributions after 5 min of as-
sembly. The distributions show microtubule lengths measured in
the extracts as well as microtubule lengths predicted by computer
simulation from mean values of the microtubule dynamic instabil-
ity parameters in Table I. The average microtubule lengths mea-
sured in the extracts were 18.2 + 10 um (N = 97) and 4.1 + 2.9
um (N = 58) for the untreated and okadaic acid-treated samples,
respectively. The computer simulations demonstrated that the
measured parameters model the assembly of long interphase micro-
tubules typical of untreated extracts, and the short, dynamic,
mitotic-like microtubules after okadaic acid treatment. Both sets of
simulated microtubules represent S min of assembly from O length.
The parameters for the untreated and okadaic acid-treated extract
predicted average microtubule lengths of 18.9 and 4.1 um after S
min of simulated assembly. By 15 min, microtubule lengths could
not be measured in the interphase extracts because of the video field
length (30-40 um); nevertheless, computer simulations predicted
an average microtubule length of 28 um. After 15 min the microtu-
bules of the okadaic acid-treated extracts remained at a steady-state
average length of 4.1 um.

vated by phosphorylation and a rescue factor which is inacti-
vated by phosphorylation. There is some evidence that these
are different molecular complexes (37), but their identities
are not yet known.

Okadaic acid, by blocking PP1 and PP2a activity, can en-
hance the phosphorylation of these presumptive catastrophe
and rescue factors in two ways: by directly blocking dephos-
phorylation of the factors in the presence of a basal level of
kinase activity and by activating the kinases which phos-
phorylate the factors (13, 14, 19, 25, 30, 32, 42). There are
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a number of kinases which may be responsible for phosphor-
ylation of the catastrophe and rescue factors. Staurosporine
(100 M), an inhibitor of protein kinase C, cAMP kinase,
c¢GMP kinase, pp60=+<, and myosin light chain kinase (24,
40), did not prevent the okadaic acid-induced loss of rescue
(data not shown). Although p34<< kinase is activated in
some cell types by okadaic acid (13, 30, 32), in the sea urchin
egg extracts p34=*2 kinase was stimulated only slightly (data
not shown). This result is not surprising, since unfertilized
eggs and eggs shortly after fertilization contain little of the
cyclin A or B needed to activate p34< kinase (11). Okadaic
acid has been shown to activate MAP kinase in some cell
types (14, 19, 25, 42). In addition, Gotoh et al. (15, 16) have
reported that MAP kinase is activated downstream of p34«d?
kinase, producing short mitotic-like microtubules without
activating the p34<*2 kinase. Based on this information, we
tested whether okadaic acid would induce MAP kinase ac-
tivation in our sea urchin extracts by measuring the phosphor-
ylation of exogenous MAP2 and MBP, both known substrates
for MAP kinase (8, 14, 15, 19, 25, 31, 42). We found that
a MAP2 and MBP kinase activity increased two- to threefold
in the presence of okadaic acid (data not shown), similar to
the increase in this activity at mitosis reported for sea ur-
chins embryos (29). Our data support a role of MAP kinase
in the regulation of catastrophe and rescue frequency, but do
not preclude the contributions of other unknown kinases.

Cyclin B activated p34° kinase (4) and okadaic acid in-
hibition of PP1 and PP2a activity both activate MAP Kkinase
and produce similar redistributions of microtubule lengths.
For example, compare the microtubule length distributions
of Fig. 4 with Fig. 2 of reference 45, Fig. 5 of reference 21,
Fig. 3 of reference 16, Fig. 7 a of reference 1 and Fig. 6 of
reference 6. As a result, we expected them to change the
catastrophe and rescue frequencies in the same way. Belmont
et al. (4) reported that the short dynamic microtubules in cy-
clin B-activated extracts were produced by a six- to eightfold
increase in catastrophe frequency, with little decrease in res-
cue frequency. In contrast, we found that okadaic acid treat-
ment produces only a twofold activation of catastrophe, but
a total elimination of rescue. Belmont et al. (4) were uncer-
tain of their rescue measurements in the activated extracts
because of the high density of short microtubules near the
centrosomes. It is possible that the rescues they scored in
their activated extracts were not true rescues of a single end,
but rather elongating ends passing by adjacent shortening
ends. Similar technical considerations can not be used to ex-
plain the different changes in catastrophe frequency pro-
duced by cyclin B activation of p34¢< activity and okadaic
acid; these differences remain an interesting and important
puzzle.

It now seems apparent that catastrophe and rescue fre-
quencies are key phosphorylation-dependent regulators of
cytoplasmic microtubule lengths and lifetimes, not the ve-
locity of elongation or shortening of individual microtu-
bules. The results of Belmont et al. (4) demonstrated that in-
creases in catastrophe frequency can cause conversion of
long, persistent, interphase microtubules into short, labile,
mitotic-like microtubules. Our experiments have shown that
elimination of rescue produces the same result. Changes in
phosphorylation make substantial changes in the frequencies
of catastrophe and rescue without major changes in the ve-
locities of elongation and shortening. These findings do not
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fit some of the current models of microtubule dynamic insta-
bility of pure tubulin which tightly couple catastrophe and
rescue frequencies to the rates of growth and shortening (see
for example reference 2). These results also mean that the
microtubule-associated proteins and tubulin binding factors
which regulate catastrophe and rescue frequency are proba-
bly functionally distinct from those which regulate elonga-
tion and shortening velocities. Furthermore, one can specu-
late that regulation of catastrophe and rescue frequencies by
phosphorylation controls microtubule assembly dynamics
not only as a function of the cell cycle, but also during other
cell motility and morphogenic processes.
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