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The dynamic properties of microtubules (MTs) are important for a wide variety of
cellular processes, including cell division and morphogenesis. MT assembly and
disassembly in vivo are regulated by cellular factors that influence specific
parameters of MT dynamics. Here, we describe the characterization of a previously
reported MT assembly inhibitor activity fronXenopusoocytes [Gard and
Kirschner, 19873J. Cell Biol. 105:2191-2201]. Video microscopy measurements
reveal that the inhibitor specifically decreases the plus end growth rate of MTs and
increases the critical concentration for tubulin. However, catastrophe frequency,
rescue frequency, and shrinkage rates are not affected by the activity. Chromatogra-
phy on Mono Q and hydroxyapatite columns has shown that the activity
cofractionates with a subpopulation of tubulin. This tubulin subpopulation and the
MT assembly inhibitor activity also co-migrate with a large S value (25-30S) on
sucrose gradients. The high molecular weight tubulin complex and the MT
assembly inhibitor activity are both developmentally regulated and disappear after
oocyte maturation with progesterone. Cell Motil. Cytoskeleton 45:51-57,
2000. © 2000 Wiley-Liss, Inc.
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INTRODUCTION and during this time there is also a 5,000-fold increase in

The dynamic properties of microtubules are criticaiﬂe cytoplasmic pool of tubulin [Gard et al., 1995]. Thus,

for a wide variety of cellular functions, such as establisg)-e oocyte faces unique challenges in regulating tubulin

. . . L . . polymerization during this rapid period of growth.
ing and disassembling the mitotic spindle and changing y In Vivo, MTs areghighly 8yngmic strugtures that are

cell shape during development [Brinkley et al., 1976%- : s o

) . ; ither growing by addition of tubulin dimers to MT ends
The formation anc_j disassembly of mlcrotubul_e (MT r rapidly shortening [Mitchison and Kirschner, 1984;
networks must be tightly regulated to ensure the'rcorre\ﬁalker et al., 1988]. MTs convert between these two
poglt!onlng both temporally and spatially. D_urmg Ooge_rbhases infrequently. Abrupt and stochastic transitions
esis inXenopus laevid\ITs undergo dramatic and rap'dfr_om growing to shrinking (catastrophe) or shrinking to

rearrangements [Gard et al., 1995]. Interphase 00gORidving (rescue) have been observed for MTs both in
contain a sparse radial array of MTs, but postmitotic

oocytes (stage 0) contain MTs in a cytoplasmic cap at one
end of the oocyte. Stage | oocytes exhibit a disperse E
array that then changes to a complex array with M
concentrated in the cortex. At stage lll, the MTs radiate
from a yolk-free region surrounding the germinal vesicléCorrespondence to: Ron Vale, Dept. of Cellular and Molecular
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vivo and in vitro. The rates of growth and shrinkage andATERIALS AND METHODS
frequencies of catastrophe and rescue are all importairact Preparation

parameters that can be modulated to regulate patterns of .
MT formation and disassembly [Desai and Mitchison, Xenopus !aevmocytes were _harvested and bre-
1997]. The reported rates for MT assembly/disassemti@red @s described by Gard and Kirschner [1987]. Typi-

in vitro from pure tubulin are much slower than what i€y 25-50 ml of packed oocytes were rinsed in"€a

observed in cells, suggesting that protein factors afg® MBS (Modified Barth's Saline: 88 mM NaCl, 1 mM

responsible for regulating MT dynamics in vivo [Schulz&Cl: 2.4 MM NaHCG, 0.3 mM Ca(NQ), 0.41 mM
and Kirschner, 1988]. C_aCb,.O.82 mM MgSQ, 10 mM Hepes, pH 7.5) before
Protein modulators of MT dynamics can function irfigestion by 10 mg/ml collagenase (Boehringer Mann-
a number of ways [see review by Desai and MitchisoR€ImM, Inc., Indianapolis, IN). Digested oocytes were
1997]. MT-associated proteins, e.g., MAP2 or tau froifyashed into lysis buffer (80 mM KPipes, pH 6.8, 1 mM
brain, interact with the MT polymer and stabilize it byMdClz, 1 mM EGTA, 1 mM DTT, 5 mM NaF, 0.2 mM
decreasing catastrophe frequency and increasing resBMSF, and pepstatin, leupeptin, and chymostatin each at
frequency [Hirokawa, 1994]. Other proteins, such a0 Hg/ml). Extracts were prepared by dounce homogeni-
Op18/stathmin, promote catastrophes by binding to aAdtion (20 strokes, Wheaton 40 ml dounce, pestle A).
sequestering tubulin dimers [Belmont and Mitchisorf;rude extracts were separated into yolk, cytoplasm, and
1996; Jourdain et al., 1997; Howell et al., 1999]. Theg@igment granule layers by centrifuging at 100,9@6r 90
proteins are crucial during the interphase-mitosis transin in a SW55 rotor. The clear cytoplasmic layer (HSS)
tion when long, stable MTs become shorter and legg@as removed with an 18-gauge syringe needle and
stable. TheXenopussystem has also been useful in theytochalasin B was added to 10 pg/ml to prevent actin
study of MT dynamics [Parsons and Salmon, 1997polymerization. Extracts were frozen in liquid nitrogen
Xenopusegg extracts have been well characterized amaed stored at-80°C.
used for purifying a number of MAPs that regulate MT
dynamics. XMAP230, the&Xenopushomolog of MAP4,  \jicroscopy/Assays
suppresses catastrophes and decreases shortening rates_. o .
[Andersen et al., 1994]. XMAP215 regulates dynamics Differential m_terference contrast (DIC) microscope
by increasing elongation rates and decreasing res ays were carried O.Ut on a Zeiss (Thornwo_od, NY)
frequencies [Vasquez et al., 1994]. Finally, XMAP310 iﬁxmplan_ microscope with a 63x, 1.4 N.A. objective and
the first “rescue factor” identified; it increases rescudlumination from a 100 W Hg lamp. Flow cells were

frequencies and decreases shortening rates of MTs in fagde by placing a 18< 18 mm coverslip over two
mitotic spindle [Andersen and Karsenti, 1997]. Thugorlzontal pieces of double-sided tape, 1.5 cm apart. The
different MAPs fulfill distinct functions and thereby@PProximate volume of the chamber was 25-30 pl.
regulate MT dynamics in specific ways. Microtubule formation from sea urchin sperm axonemes

Xenopuseggs and oocytes are naturally arrested W@S measured as follows: Sea urchin axonemes (10
different points in the cell cycle, and have a uniquB'd/ml) were diluted 1:80 in BRB80 (80 mM K-Pipes, pH
distribution of MTs [see review by Gard et al., 1995]6-8, 1 mM EGTA, 1 mM MgCj)) and adsorbed onto the
Although their tubulin content is equivalent, it has beepurface of the coverslip for 10 min at room temperature.
shown that egg extracts support extensive MT assemt#ibound axonemes were removed by washing the cham-
while oocyte extracts inhibit MT assemb|y [Gard an@er with excess BRB80. A 25 |J.| mixture of bovine brain
Kirschner, 1987]. Even in the presence of taxol and 2gbulin (20-25 uM), 1 mM GTP, and BRB80 were flowed
UM exogenous tubulin, oocyte extracts cannot assemBl0 the chamber to begin MT polymerization from
MTs in vitro. Furthermore, it was shown that oocytes, b@xonemes. After 10 min of growth, when plus and minus
not eggs, contain a factor that inhibits growth from MENds can be distinguished by their different MT lengths
plus ends [Gard and Kirschner, 1987]. In this study, wiéllen and Borisy, 1974], extract or fractions were flowed
have further examined this factor with the goal ofto the chamber (5 pl extract or fraction, 1 mM GTP, 25
understanding its biochemical properties as well as howiM bovine brain tubulin unless stated otherwise, and
acts upon MTs. We show that the oocyte MT assembBRB80 to 25 pl). Measurements of dynamic instability
inhibitor increases the critical concentration for tubulin gaarameters were taken over a period of 30—-40 min after
the plus ends of MTs, but does not affect shrinkage ratagddition of the extract. Growth and shrinkage rates were
or transition frequencies. We have partially purified thidetermined by measuring lengths of MTs over time.
activity and show that it cofractionates with a largdransition frequencies were observed for individual MTs
tubulin complex that is found in oocytes but not eggs. over the same time period.
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Chromatography staining of polyacrylamide gels: BSA (4.4S), catalase

The Pharmacia (Gaithersburg, MD) FPLC systefft1S), thyroglobulin (19.5S).
was used for all protein purification procedures. Typi-
cally, 8—;0 ml of cIarlfled.oocyte HSS (25—30 .mg/mq?ESULTS/DISCUSSION
was subjected to ammonium sulfate fractionation. The
0—30% ammonium sulfate cut was resuspended in 1-2 ml  Gard and Kirschner [1987] previously described an
of column buffer, passed through a 2-um filter, frozen iMT assembly inhibitor from oocytes. In order to deter-
liquid nitrogen, and stored at80°C. Typically 1 ml of mine how this inhibitor functions, we measured the
ammonium sulfate cut was loaded ord 1 mIMonoQ kinetic parameters of dynamic instability (MT growth
column in BRB80. Separation was achieved by a 0-0.5Mte, shrinkage rate, and the transition frequencies be-
NaCl gradient over ten 1-ml fractions. One millilitertween these states) in the presence and absence of oocyte
of the 0-30% ammonium sulfate fraction was alsextract. This was accomplished by directly visualizing
loaded onto a 5-ml hydroxyapatite column in 10 mMsingle microtubules using video-enhanced DIC micros-
K-phosphate (pH 7.2) buffer. A two-step salt elution wasopy. Since we observed that MTs could not grow off of
performed using 0.2 M and 0.4 M K-phosphate, and 2&onemes in the presence of tubulin and oocyte extract,
1-ml fractions were collected, dialyzed into BRB80, andie first grew MTs off of sea urchin sperm axonemes
assayed for MT assembly inhibition. To test activityising bovine tubulin (25 pM) at room temperature and
fractions were dialyzed into BRB80 using a microdiathen added 5 mg/ml ofXenopusoocyte high-speed
lyzer (Pierce Chemical Co., Rockford, IL). To rapidly tessupernatant (HSS) in the presence of added (25 uM)
whether an extract or fraction had inhibitory activity, thexogenous bovine brain tubulin and 1 mM GTP. The
following assay was performed. Axonemes were agresence of exogenous bovine tubulin was required for
sorbed to coverslips as described above. A mixture tifese measurements, because the tubulin concentration in
extract/fraction, 1 mM GTP, 25 uM bovine brain tubulinthe oocyte extract was below the critical concentration
and BRB80 was added directly to the flow cell. After 1and, consequently, resulted in the rapid catastrophe of all
min at room temperature, the number of MTs formed p&Ts. Under these conditions, video microscopy revealed
axoneme was assessed. The activity was expressed ashthe MTs continued to grow in the presence of oocyte
percentage of axonemes without MTs. At least 5€upernatant. However, the factors in the supernatant
axonemes were counted per assay. substantially reduced the plus end growth rate from 1.5

i pm/min to 0.25 pum/minR < 0.02) (Fig. 1). In contrast,

SDS PAGE/Immunoblotting the minus end growth rate was unaffected by the presence

Gel samples were prepared in Laemmli samplaf oocyte extract® > 0.5) (Fig. 1).
buffer (Laemmli, 1970) and loaded onto 5-15% polyacryl- ~ The inhibitory factor could affect growth rate by
amide gradient gels. Gels were either Coomassie stairatring the critical concentration for tubulin assembly at
and destained or transferred by semi-dry blotting ontbe plus ends of MTs. To determine whether this was the
nitrocellulose. Nitrocellulose was stained with Ponceazase, we measured the plus end growth rates in the
S, rinsed in water, blocked with 5% dry milk, andoresence and absence of oocyte HSS at various concentra-
incubated with primary antibody against alpha tubulitions of added bovine tubulin (Fig. 2). In both cases,
(DM1a-ICN) (1:200 dilution). HRP-conjugated mousegrowth rate increased linearly as a function of tubulin
secondary antibody (Amersham, Arlington Heights, ILgoncentration, and a linear regression fit revealed the
was then incubated at 1:200 dilution for 1 h, and theritical concentration for assembly. The presence of
signal was detected using a chemiluminescence kit (EChecyte HSS dramatically increased the critical concentra-
Amersham). Blots were scanned and quantitated usingi@n for tubulin assembly from 10 to 45 uM at the plus
UMAX scanner and NIH Image software. ends of MTs. The slope revealed that the second order
rate constant for tubulin assembly declined from 0.04
pum~Imin=—1to 0.009 um'min-tin the presence of oocyte

Sucrose gradients (5-ml) were prepared by layeritdSS.
equal volume steps of 40, 31.25, 22.5, 13.75, and 5% To examine the shrinkage rate of MTs in the
sucrose dissolved in BRB80. Extracts (300 ul) weneresence of oocyte extract, the tubulin concentration was
layered on top and spunrf@ h at 55K rpm in a SW 55 abruptly lowered below the critical concentration by
rotor. Equal volume fractions were collected and prgerfusing the flow cell with either buffer or oocyte extract
cessed either for SDS-PAGE followed by immunoblotwithout added tubulin and then following the decrease in
ting tubulin, or assayed for MT assembly inhibition byMT length as a function of time. The shrinkage rates of
video microscopy. The following standards were als®T plus ends in the presence and absence of oocyte
layered on a parallel gradient and detected by Coomassigract were comparable (5.9 and 6.9 um/min)} 0.5).

Gradients
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Fig. 2. Plus end MT growth rate at varying bovine tubulin concentra-
I tions in the presence or absenceX@&nopusoocyte HSS (5 mg/ml).
T Growth rates were determined by measuring MT lengths over time as
0 described in Materials and Methods. For each tubulin concentration,

. >25 microtubule growth rates were measured. The mean growth rates

Plus end Minus end are shown. The standard error of the mean (S.E.M.) was within the
-HSS +HSS -HSS +HSS symbols. Open circlesand squaresrepresent growth rates in the
absence and presence of oocyte extract, respectively.

Fig. 1. MT growth rates (plus and minus end) in the presence and
absence oKenopusocyte high speed supernatant (HSS) at 5 mg/ml.
Measurements were carried out in the presence of bovine brain tubyli : :
at 25 pM and 1 mM GTP at room F;emperalture, as describedulénﬂown)' We th?n attempte_d chromatpgraphlc sepa_ra_ltlon
Materials and Methods. Mean growth rates were determined BY€thods to purify the protein responsible for the activity.
measuring lengths over time for30 microtubules. Standard devia-Since the MT assembly inhibitor greatly increases the
tions are shown. critical concentration for tubulin assembly, we could
rapidly assay for the presence of the inhibitor by scoring
MTs assembled off of axonemes at a tubulin concentra-
We also analyzed the transitions between MT growth atidn of 20 uM. At this tubulin concentration, microtubules
shrinkage (catastrophe and rescue) in the presenceraskly assemble off of axonemes in the presence of oocyte
Xenopusoocyte HSS and 25 uM bovine tubulin. NeitheHSS (Fig. 2). Activity in column fractions was measured
the catastrophe nor rescue frequencies differed signlfiy scoring the percentage of axonemes that had no MTs
cantly in the presence or absence of oocyte HSS (batowing from them after 15 min at room temperature in
were=0.1 mir?t). the presence of 20 uM tubulin. Typically, addition of the

In summary, the oocyte HSS specifically alters theocyte HSS with 20 uM bovine tubulin resulted in 95% of
plus end growth rate and the critical concentration f@axonemes without MTs, whereas% of axonemes had
tubulin assembly at the plus end. From these results, we MTs growing from them in the presence of 20 uM
speculate that the protein factor may act by loosetybulin alone.
capping and blocking subunit addition at the plus end. If  After ammonium sulfate fractionation of the oocyte
the factor were simply sequestering tubulin and decred$SS,>75% of the activity was recovered in the 0—-30%
ing the monomer pool, one would expect to find afraction. This step concentrated the starting material for
increase in critical concentration at the minus as well &srther column fractionation. When subjected to Mono Q
the plus end and an increase in catastrophe frequency. d¥ehydroxyapatite (HA) chromatography, the activity
also suspect that this capping factor behaves dynamica#iiuted in a single peak (Fig. 3A,B). The activity was
since we have shown that plus ends are not blocked in gherified 100-fold after the ammonium sulfate cut fol-
presence of this activity. MT plus end-capping proteinswed by either of these chromatographic steps. How-
have not been well characterized, although an unidengiver, we were unable to retain significant activity after
fied minus end capping activity has been described fromore than two chromatographic steps in series and hence
sea urchin eggs [Spittle and Cassimeris, 1996]. could not purify the factor to homogeneity.

We next determined whether the oocyte MT assem-  Since our earlier results suggested that the inhibi-
bly inhibitor activity was due to a protein. The activitytory factor could interact with monomeric tubulin (Fig.
was completely inactivated by trypsin but not RNas®), we immunoblotted the column fractions for tubulin.
indicating that it is indeed a protein and not an RNA (nckubulin eluted as two peaks, suggesting a heterogeneity
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Fig. 3. Chromatography of the MT assembly inhibitor and tubulirto bottom) are 205, 112, 87, 69, and 57 kB Hydroxyapatite

A: Mono Q Chromatography. Here, 0.5 ml of the 0-30% ammoniurchromatography. Here, 0.5 ml of the 0-30% ammonium sulfate cut of
sulfate cut of 4 ml of oocyte HSS (25 mg/ml) was loadedocatl ml 8 ml of oocyte HSS (25 mg/ml) was loaded ot 5 ml HAcolumn. A
Mono Q column. A 0-0.5 M NaCl gradient was run and fractionswo-step salt elution was carried out (0.2 and 0.4M KPi) as described in
collected and assayed for MT inhibition activitgircles) as described Materials and Methods and fractions were collected and assayed for
in Materials and Methods. The peak activity eluted at 0.4 M NaCMT inhibitor activity (open circle¥. The activity eluted at 0.4M KPi. In
Specific activity was increased by 100-fold from the HSS to the peadarallel, fractions were also processed for SDS-PAGE and immunoblot-
Mono Q fraction. In parallel, fractions were processed for SDS-PAGEed as in Figure 3a. Quantitation of the immunoblot shows the
and immunoblotted with anti-alpha tubulin antibody. Blots werdlistribution of tubulin across the colummgen squarés The peak
scanned and quantitated to show the tubulin distribution across tiaction (nsef) is shown after Coomassie staining. Molecular weight
column gquare$. Inset: 15 pl of the peak activity/tubulin fraction run markers are (top to bottom) 205, 112, 87, 69, and 57 kDa.

on SDS-PAGE and Coomassie stained. Molecular weight markers (top

of tubulin or an association of tubulin with other proteingory activity. The tubulin sequestering/MT destabilizing
In both the Mono Q and HA columns, the MT inhibitoryprotein CKAP1 [Tokito et al., 1997] also did not cofrac-
activity cofractionated with one of the two tubulintionate with the inhibitory factor.

populations. We also immunoblotted fractions for Op18, We also determined the sedimentation properties of
gamma tubulin, and the chaperonin Hsp90, and did nibie inhibitory factor by sucrose gradient fractionation. We
find any of these proteins cofractionating with the inhibifound that the activity sedimented a20S on a 5-40%
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Fig. 4. Sucrose density gradient fractionation of tubulin and M’ Top Fraction Number Bottom

inhibitory activity in oocyte HSS. Extracts (300 ul) were layered on top

of a 5-40% sucrose gradient and centrifuged as described in Materfaig. 5. Sucrose density gradient fractionation of tubulin in egg and

and Methods. Equal volume fractions were collected and analyzed facyte extracts. Equivalent amountsXgnopusegg extract or oocyte

tubulin content by immunoblottingsuare$ or microtubule plus end extract (200 pl) were layered on a 5-40% sucrose gradient and

growth inhibition by video microscopcircles). centrifuged as described in Materials and Methods. Equal volume
fractions were collected and processed for SDS-PAGE, then immunob-
lotted with anti-alpha tubulin antibody. Blots were scanned and

. . . .. uantitated to indicate the distribution of tubulin throughout the
sucrose gradient (Fig. 4), suggesting that the aC“V'ty'mébédient.Open squaresTubulin distribution of the egg extraddpen
reside in a large protein complex. Since the activityrcles: Tubulin distribution of the oocyte extract.

copurified with a subpopulation of tubulin by Mono Q
and HA chromatography, we immunoblotted the gradient
fractions for tubulin as well. Surprisingly, tubulin in o , )
oocyte extracts migrated both at 6S, the size expected %'),n of tubglln in three 'separa'\te fractionation procedurgs.
the alpha-beta heterodimer, but also as a large complekS tubulin subspecies exists as a large complex in
(Fig. 4). In several gradients, the position of this largétoCcytes. Interestingly, the MT assembly inhibitor activity
tubulin complex was not well-defined, although it consi2nd the high molecular weight tubulin complex are both
tently sedimented at20S and generally comigrated with®0CYyte specific and disappear after maturation. These
the inhibitory activity. We also comparedenopusegg cor_relatlons raise the possibility that the hlgh molecular
and oocyte extracts on parallel sucrose density gradief&ight tubulin complex may be responsible for the
As mentioned earlier, egg extracts do not contain the Mthblltory. activity. However, purlﬂce_mon of the.act|V|ty is
assembly inhibitor activity. As shown in Figure 5, egdgeduired in order to substantiate this speculation.
extracts only contained the expected 6S form of tubulin ~ The physiological role of the inhibitory activity
and no higher molecular weight form. Oocytes matured fScribed in these and other [Gard and Kirschner, 1987]
vitro with progesterone also contained only 6S tubuliftudies is not clear. However, the regulation of this
and did not exhibit any MT assembly inhibitor activityaCt'V'ty suggests that it serves an important role for_ the
(not shown). These results suggest that the higher mole€g¢yte. Given the fact that oocyte MTs are rapidly
lar weight form of tubulin is not an artefact of homogenifassembled after cold-induced depolymerization [Gard
zation or buffer conditions, but represents a form &tal., 1995] it does not appear that thls_factor completely
tubulin unigue to oocytes. prevents MT assembly invivo. Rather, it may function as
To ascertain the nature of the large tubulin comple® 100s€ capping protein that modulates MT dynamics
oocyte HSS was treated with 10 pg/ml nocodazole prigprm.g oocyt(_e development. Further b|ochem|cal.studles
to sucrose gradient centrifugation. Nocodazole treatmétit this protein complex are required to determine the
did not alter the S value or amount of the high molecul&p€chanism and physiological role of this activity.
weight tubulin (data not shown). Thus, the high molecular
weight tubulin is unlikely to be polymerized MTs. In
addition, we found that exogenously added rhOdaminﬁbKNOWLEDGMENTS
labeled bovine brain tubulin could be incorporated into
this large tubulin complex (not shown). This result We thank members of the Vale laboratory for
suggests that the-20S tubulin complex is capable ofhelpful discussions. We thank the Holzbaur lab for
incorporating added tubulin dimers. It is interesting thanmunoblotting of CKAP1. B.G. was supported by a
the MT assembly inhibitor cofractionated with a subfradamon Runyon Walter Winchell fellowship DRG 1425.



MT Assembly Inhibitor From Xenopus 57

REFERENCES Howell B, Larrson N, Gullberg M, Cassimeris L. 1999. Dissociation of
the tubulin-sequestering and microtubule catastrophe-promot-

Allen C, Borisy G. 1974. Structural polarity and directional growth of ing activities of oncoprotein 18/stathmin. Mol Biol Cell 10:105—

Chlamydomona#agella. J Mol Biol 90:381-402. 118
Andersen SS, Karsenti E. 1997. XMAP310Xanopugescue promot- S . . . .
ing factor localized to the mitotic spindle. J Cell Biol 139:975—‘]ourdaln L, Cu_rml P, SobeIA, Pantalo_nl D, C_arller MF. 1997. Stathmin:
a tubulin sequestering protein which forms a ternary T2S

983. - ) _ )
Andersen SS, Buendia B, Dominguez JE, Sawyer A, Karsenti E. 1994. complex with two tubulin molecules. Biochemistry 36:10817—
Effect on microtubule dynamics of XMAP230, a microtubule- 19821- ) .
associated protein presentX¥enopus laevigggs and dividing Laemmli UK. 1970. Cleavage of structural proteins during the
cells. J Cell Biol 127:1289-1299. assembly of the head of bacteriophage T4. Nature 227:680—685.

Belmont LD, Mitchison TJ. 1996. Identification of a protein thatMitchison TJ, Kirschner MW. 1984. Dynamic instability of microtu-
interacts with tubulin dimers and increases the catastrophe rate  bule growth. Nature 312:232-237.
of microtubules. Cell 84:623-631. Parsons SF, Salmon ED. 1997. Microtubule assembly in clarified
Brinkley B, Fuller G, Highland D. 1976. Tubulin antibodies as probes Xenopusgg extracts. Cell Motil Cytoskeleton 36:1-11.
for microtubules in dividing and non-dividing mammalian cells Schulze E, Kirschner MW. 1988. New features of microtubule behavior

In: Goldman R, Pollard T, Rosenbaum J, editors. Cell motility. observed in vivo. Nature 334:356—3509.

Cold Spring Harbor, NY: Cold Spring Harbor Laboratory. pgpittle CS, Cassimeris L. 1996. Mechanisms blocking microtubule

,435_,456; . o ) minus end assembly: evidence for a tubulin dimer-binding
Desai A, Mitchison TJ. 1997. Microtubule polymerization dynamics. protein. Cell Motil Cytoskeleton 34:324-335.

Annu Rev Cell Dev Biol 13:83-117. . : o .
Gard DL, Kirschner MW. 1987. Microtubule assembly in cytoplasmi(-:ro'(Ito M, G_nes GE, Ca_35|mer|s .L’ quzbaur E. 19.97' CKAPl.'.S a
tubulin sequestering protein which preferentially destabilizes

g;t(;icts ofXenopusoocytes and eggs. J Cell Biol 105:2191~ MAP-bound microtubules. Mol Biol Cell 8:164a.

Gard DL, Cha BJ, Schroeder MM. 1995. Confocal immunofiuores/2Sduez RJ, Gard DL, Cassimeris L. 1994. XMAP fréenopusggs
cence microscopy of microtubules, microtubule-associated pro- ~ Promotes rapid plus end assembly of microtubules and rapid
teins, and microtubule-organizing centers during amphibian  Microtubule turnover. J Cell Biol 127:985-993. .
oogenesis and early development. Curr Topics Dev Biol 31:383¥alker RA, O'Brien ET, Pryer NK, Soboeiro MF, Voter WA, Erickson

431. HP, Salmon ED. 1988. Dynamic instability of individual,
Hirokawa N. 1994. Microtubule organization and dynamics dependent ~ MAP-free microtubules analyzed by video light microscopy:
on microtubule associated proteins. Curr Opin Cell Biol 6: rate constants and transition frequencies. J Cell Biol 107:1437—

74-81. 1448.



	INTRODUCTION 
	MATERIALS AND METHODS 
	RESULTS/DISCUSSION 
	Fig. 1. 
	Fig. 2. 
	Fig. 3. 
	Fig. 4. 
	Fig. 5. 

	ACKNOWLEDGMENTS 
	REFERENCES  

