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Microtubule Treadmilling in Vitro Investigated by Fluorescence Speckle
and Confocal Microscopy
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ABSTRACT Whether polarized treadmilling is an intrinsic property of microtubules assembled from pure tubulin has been
controversial. We have tested this possibility by imaging the polymerization dynamics of individual microtubules in samples
assembled to steady-state in vitro from porcine brain tubulin, using a 2% glycerol buffer to reduce dynamic instability.
Fluorescence speckled microtubules were bound to the cover-glass surface by kinesin motors, and the assembly dynamics
of plus and minus ends were recorded with a spinning-disk confocal fluorescence microscopy system. At steady-state
assembly, 19% of the observed microtubules (n = 89) achieved treadmilling in a plus-to-minus direction, 34% in a
minus-to-plus direction, 37% grew at both ends, and 10% just shortened. For the population of measured microtubules, the
distribution of lengths remained unchanged while a 20% loss of original and 27% gain of new polymer occurred over the
20-min period of observation. The lack of polarity in the observed treadmilling indicates that stochastic differences in dynamic
instability between plus and minus ends are responsible for polymer turnover at steady-state assembly, not unidirectional
treadmilling. A Monte Carlo simulation of plus and minus end dynamics using measured dynamic instability parameters
reproduces our experimental results and the amount of steady-state polymer turnover reported by previous biochemical
assays.

INTRODUCTION

For microtubules assembled in vitro from pure tubulin, a Another way the energetics of GTP hydrolysis can influ-
dominant aspect of assembly and disassembly is dynamience microtubule assembly is by producing treadmilling.
instability at microtubule plus and minus ends consistingTreadmilling is polarized head-to-tail polymerization, with
mainly of stochastic and abrupt switches between persistemtersistent growth from one end and shrinking from the other
growing and persistent shortening phases (Fig) Mitchi- (Fig. 1B). There have been two proposals for the mecha-
son and Kirschner, 1984; Walker et al., 1988; Inh@m nism of treadmilling: the Wegner model and differential
Salmon, 1995; Desai and Mitchison, 1997). Dynamic instadynamic instability between the two ends. The Wegner
bility is produced by the hydrolysis of GTP bound to tubulin model for treadmilling was initially proposed for actin fil-
after association into a microtubule end. This hydrolysisament assembly (Wegner, 1976) and applied to microtubule
produces a core of GDP-tubulin within the microtubule assembly (Margolis and Wilson 1978, 1998; Bergen and
lattice. A growing end is proposed to be stabilized mainlyBorisy, 1980; Margolis, 1981) before the discovery of dy-
by a tubulin—GTP cap (Desai and Mitchison, 1997). Whennamic instability (Mitchison and Kirschner, 1984). It as-
this cap is lost, an end has a high probability of switchingsumes that there is only one single continuous phase of
(catastrophe) to the shortening state where tubulin~GDRssociation of tubulin-GTP and dissociation of tubulin—
dimers at the tip are able to peel outward away from theGDP taking place at an end (no shortening phase). GTP
lattice and rapidly dissociate (Tran et al., 1997). Tubulin—hydrolysis upon subunit binding to an end allows the critical
GDP dissociation persists until the end either regains aubulin concentrations for growth at opposite ends to be
stabilizing tubulin—-GTP cap and switches back (rescue) tgjifferent. If the dimer pool concentration is at an interme-
growth or shortens completely, causing the microtubule tqjjate value between the critical concentrations of the two
disappear. In animal cells during mitosis and interphasegnds, the end with the lower critical concentration will
microtubule growth occurs at plus ends, and microtubuleyersistently grow while the end with the higher critical
assembly is dominated by plus-end dynamic instability.concentration will persistently shorten (Margolis and Wil-
Minus ends do not exhibit growth and are often stabilizedggn 1998). For microtubule ends capable of dynamic insta-
by complexes such as the nucleation sites at centrosomggity (i.e., exhibiting shortening phases), differences in the
and spindle poles (Induand Salmon, 1995; Desai and contributions of the growth and shortening phases between
Mitchison, 1997). the two ends provide another way to bias one end into net
growth while the other end is biased into net shorten at
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_ " Storer and Salmon, 1997a). Treadmilling will occur if the
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Dimer tors that selectively promote growth at plus ends and block
growth and promote shortening at the minus end (Water-
man-Storer and Salmon, 1997a,b; Rodionov et al., 1999)
A controversial issue is whether microtubules assembled
from pure tubulin exhibit intrinsic polarized treadmilling.
Margolis and Wilson (1978) initially reported evidence for
microtubule treadmilling based on biochemical assays for
the gain and loss of tubulin subunits in microtubules at
steady-state assembly in vitro. Bergen and Borisy (1980)
measured nucleated microtubule growth for plus and minus
ends and predicted polarized treadmilling in a plus direction
at slow velocities, 0.05wm/min, for microtubules assem-
bled with a mixture of brain microtubule-associated proteins
Microtubule (MAPSs). In a subsequent study, Hotani and Horio (1988)
used dark field microscopy to observe individual microtu-
FIGURE 1 Comparison of two views of microtubules assembsy). ( Pbules and analyze the relationship between treadmilling and
Microtubule dynamic instability where assembly at each end is dominatedlynamic instability. They concluded that microtubules as-
by abrupt changes between persistent states of growth and short@)ing. (sembled from pure mammalian brain tubulin exhibit dy-
Rolarized treadmilling produced by hegd-to-tail polymerization with per- namic instability. Microtubules assembled with brain MAPs
sistent growth at one end and shortening at the other. L . .
were shown to exhibit no shortening phases and a slight
treadmilling at 0.015um/min with continuous growth at the
1998). Others mean any kind of assembly behavior with neplus end and shortening at the minus end near steady-state
assembly at one end and net disassembly at the other ssembly. Kristofferson et al. (1986) visualized many indi-
matter what other protein factor may be involved (Water-vidual microtubules after they were assembled to steady-
man-Storer and Salmon, 1997a; Rodionov and Borisystate using fixed-time pointimmunofluorescence assays and
1997; Rodionov et al., 1999) biotinylated tubulin as a lattice marker. On the basis of
There is evidence that treadmilling with net plus-endclassification of labeling patterns, they found no evidence
growth and minus-end shortening can occur at significanfor treadmilling for pure tubulin microtubules whose assem-
rates in living cells when microtubule minus ends are free obly was dominated by dynamic instability in standard Pipes
nucleation centers like centrosomes (reviewed in Waterassembly buffer. Addition of 30% glycerol to the buffer
man-Storer and Salmon, 1997a; Rodionov et al., 1999)made microtubules much less dynamic (when viewed over
Mitotic microtubules have been shown to have a polewar®00 min) and 30% of the microtubules could have been in
rate of lattice movement between 0.3 anqw@/min, de- a treadmilling state of unknown polarity because marker
pending on the species, with a net addition of subunits aincorporation occurred only at one end. However, the main
their plus ends near the middle of the spindle and loss opoint of their measurements was that the majority of the
subunits at their minus ends at the spindle poles (Mitchisonmicrotubules grew at both ends, thereby excluding tread-
1989; Mitchison and Salmon, 1992; Zhai et al., 1995; Desamilling as a major mechanism of microtubule dynamics for
et al., 1998). The steady poleward movement of mitoticmicrotubules assembled from pure tubulin. Fygenson et al.
microtubules has been called “flux” to differentiate it from (1994) also concluded that treadmilling is not a significant
treadmilling because it may involve other sources of energyroperty of pure tubulin microtubules. Their conclusion was
input, such as microtubule motors, beyond the energetics dfased on an analysis of the occupancy of nucleation sites for
hydrolysis of GTP bound to tubulin (Mitchison, 1989; Desai plus and minus ends over a range of tubulin concentration
et al., 1998). Treadmilling has also been observed duringnd temperature that indicated that both plus and minus
interphase for microtubules with minus ends released fronends have very similar critical concentrations.
the centrosome in melanophores and fibroblast cells with More recently, Panda et al. (1999) have re-addressed the
net growth at the plus end at the very high velocity of 12issue of intrinsic treadmilling for pure-tubulin microtubules.
mwm/min and shortening at the minus ends at similar veloc-They suppressed the shortening phases of dynamic instabil-
ities (Rodionov and Borisy, 1997; Rodionov et al., 1999).ity by adding 2% glycerol to the microtubule assembly
Waterman-Storer and Salmon (1997b) observed treadmillbuffer. Subunit incorporation and loss per microtubule were
ing of microtubules in epithelial cells where the plus endsestimated by biochemical assays of the rate of radiolabeled
exhibited dynamic instability with net growth but the minus GTP-tubulin incorporation and loss from microtubules at
ends exhibited either shortening or pauses. Because fasteady-state assembly in combination with length histo-
growth and shortening rates are typical of the dynamiggrams. They reported rates of 0.g2n/min for gain and
instability of microtubules in living cells, these studies 0.26 um/min for loss of tubulin per microtubule. After
suggested that treadmilling is facilitated by nontubulin fac-corrections for potential contributions from the suppressed

A) Dynamic instability
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dynamic instability, a treadmilling rate of 0/2m/min was lulose chromatography as described in Walker et al. (1988). Tubulin (stock
calculated. This rate was proposed to reflect polarized Wegconcentration of 10uM) was stored at-80°C until use. Tubulin was

ner head-to-tail treadmilling (Fig. EB) and not the results of Iab(.eled ywth X-rhodamine succinimidyl ester at a molar dye:protein ratio of
. . . o . 2.5:1 using the methods of Waterman-Storer and Salmon (1997) and stored
differences in dynamic instability between plus and minus,; 5 concentration 170M at —80°C until use.

ends (Fig. 1A). A treadmilling rate of 0.2um/min is sig- Microtubules were assembled to near steady state according to a pro-
nificant because it is much higher than predicted from thecedure similar to that described in Panda et al. (1999) except that we added
previous in vitro studies with pure tubulin (Kristofferson et f'UoreSTe”F tUb‘i"(iJ’;'t;’ pfg"’li_de('l"’gg/ci(ms”;s- To prlegalfedr)“icrowm:'e seeds
. : : . or nucleation, tubulin 6 X-rhodamine labeled) was polymer-
al., 1986; HOt‘f"”' and Horio, ].'98.8.’ Fygenson et_ al., 1994fzed in PME buffer (100 mM Pipes/1 mM Mg/1 mM EGTA with 1 mM
and because it C_OUId make S|gn|f|cant Conmbl_mons to thQBTP) containing 10% glycerol (vol/vol), 5 mM NaCl, and 1 mM GTP for
0.3 to 0.5 um/min velocity of kinetochore microtubule 30 min at 30°C. After 30 min of polymerization, seeds were sheared by
poleward flux in mammalian tissue cells (Mitchison, 1989; passage (up to 10 times) through the needle of a/58amilton syringe.

Mitchison and Salmon, 1992; Zhai and Borisy, 1995: \Wa- Tubulin mixtures containing a 2% fraction of X-rhodamine-labeled tubulin
ters et al 1996) were diluted in PME containing 1 mM GTP, 5 mM NacCl, &M ATP and

. . . . . an antifade mixture (1ug/ml catalase, ug/ml glucose oxidase, 10 mM
In this paper, we investigate whether pure tubulin mlcro'D-glucose, and 1 mM DTT). Seeds were then added in ratio 1:5 vol/vol to

tubules exhibit polarized treadmilling by using new meth-the mixture warmed to room temperature. The final concentration of

ods for imaging the assembly dynamics of the plus andubulin was 15.M and the final glycerol concentration was 2%. Note that

minus ends of individual microtubules. Microtubules wereNaCl and ATP were present in the sample buffer at low concentrations to

assembled to near steadv-state using the same al Ceﬁﬂpport slow kinesin motility in the microscope polarity assay. Microtu-
e e . y 9 9y bules were polymerized for 30 min at 30°C to achieve near steady-state

stab|I_|zat|_0n buffer descnt_)e_d by Panda et al. (1999) and 3ssembly (Panda et al., 1999).

tubulin dimer pool containing a small (2%) fraction of

X-rhodamine-labeled tubulin to produce fluorescent speck- . .

les along the microtubules (Waterman-Storer and Salmorslide-coverslip chamber preparation

1997b, 1998). Low concentrations of kinesin motors weresjide—coverslip chambers were made by placing a #1.5 coverslip on two

used to bind microtubules to the inner surface of a slide-strips of double stick tape set about 3 mm apart on a slide to make a

coverslip assembly chamber. Slow plus-end-directed trangerfusion chamber with a 7@m-thick char'mel. Kinesin protein (KRO1,

location of the microtubules by the kinesin motors identified *Y!skeleton, Denver, CO) at concentration of 209/l was perfused

. . L into the chamber and incubated for 10 min in a humidified dish. This
the polarity of microtubule ends in time-lapse records ob-

. . . . ) protein construct consists of the first 685 amino acidsDebsophila

tained with a spinning-disk confocal fluorescence microsinesin including the motor head and stalk, making the protein competent

copy system that rejected the out-of-focus fluorescencér binding microtubules to the coverslip inner surface and producing

from tubulin and microtubules in the 7,an-deep chamber. ATP-driven motor activity. Nexte-casein (10 mg/ml) was perfused in the

Growth and Shortening at microtubule ends were measureq:amber to prevent unspecific binding of tubulin to glass. After 5 min, the
c

lative to fl i K in th icrotubule latti amber was rinsed with warm PME and microtubules, after assembly at
relative to fluorescent speckies In the microtubule lattiCe.qgoc tor 39 min, were perfused into the chamber. The sample was sealed

We found that, at steady-state assembly, both plus angith vALAP (1:1:1 vasoline:lanolin:paraffin) and quickly put on the
minus ends exhibited the growth and shortening phases aiiicroscope stage heated at 30°C.

dynamic instability, although periods of pause with no net

gro_vvth or shortenlng also occur_red. Over an average Obsefr"nage acquisition

vation time of 17 min, some microtubules achieved tread-
milling in a plus-to-minus direction, others in a minus-to- Time-lapse images were acquired by a Yokogawa spinning-disk confocal
plus direction, and other microtubules either grew orsystem. The spinning-disk system Yokogawa CS10 (Perkin-Elmer Life

. . - Sciences Wallac, Gaithersburg, MD) was mounted to the camera port of
shortened at both ends. We attributed this behavior to tr?ﬁikon TE300 inverted scope. An air-cooled Ar/Kr laser (60 mW, Melles

stochastic aspects of dynamic instability and modeled igyiot, carisbad, CA) was fiber-optically coupled to the spinning head, and
with a Monte Carlo simulation using the experimental pa-filter wheels selected illumination at 568 nm. Digital images were acquired
rameters measured for the dynamic instability at plus andly a 16-bit cooled CCD camera with extended sensitivity in the red (Orca
minus ends. The simulation results showed a populatioﬁR' Hamamatsu Photonics, Bridgewater, NJ). Focus was controlled by a

near steadv-state assemblv whose dvnamics reproduced tiﬁmote focusing accessory (Nikon) and was manually corrected for stage
y y y P ﬁt a crucial need for the visualization of microtubules, which are only 25

_experimental (_jata- This imagin_g_ assay is_a powerful. tool tQym in diameter. The acquisition system was controlled by MetaMorph
judge unambiguously treadmilling and is susceptible tosoftware (Universal Imaging Corp., West Chester, PA) in a PC computer.
introduction of factors such as MAPsS, motors, or otherFluorescence images were acquired with 1-s exposure at 30-s intervals. The

factors that could polarize microtubule assembly dynamiCSStage was maintained at 30°C by means of an air-stream incubator (Nevtek,
Burnsville, VA). Images were stored on the hard disk and archived on

CD-Rom for analysis.

MATERIALS AND METHODS
Microtubule assembly Data analysis

Tubulin was purified from porcine brain by cycles of polymerization, In the acquired images, the presence of fluorescent speckles and strongly
depolymerization, and differential centrifugation, followed by phosphocel-labeled seeds along the lattice allowed us to distinguish unambiguously
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translation from growth and shortening. All the position measurements oby imaging the coverslip-bound microtubules with a
the microtubule ends were made by using the motion analysis function Of{okogawa CSU-10 spinning-disk confocal attachment be-

thg MetaMorph software. A p|er-Fo-d|stance conversion factor was deter-,[Ween the side port of a Nikon inverted microscope and the
mined by means of 1@um stage micrometer. The distance of the plus and

minus ends from a fluorescent mark on the lattice was recorded for all thé"amamatsu Orca ER cooled CCD camera (Fig3.ahd 3).
in-focus time-lapse images, transferred to a Microsoft Excel spreadsheef, his imaging system produced 900 900 pixels images
and a time-series plotted for each end. corresponding to a field of view of 9& 96 um? using a

_ For the. analysis gf_the assembly kinetics, we considered the.mic.roFubulggx objective. This gave sufficient resolution to detect the
In a growing state if it elongated more than Q1 and shortening if it g, e gcant speckles along the microtubule lattice (Water-
shrank by more than 0.am. The periods during which length variation . L .

was smaller than 0.um were considered as a third possible state of theman'Storer and Salmon, 1998) in the dlgltal Images.
microtubule end, the pause. Images of the same microtubules were acquired for a
relatively long period of time, 15-20 min, to study the
potential treadmilling of a microtubule at a rate of 0.2
pwm/min as predicted by Panda et al. (1999). Because of
photobleaching limitations, digital images were captured
We used 20Qwg/ml of motor protein, equivalent to 3000 moleculeg/m®. every 30 s, with the drawback that the dynamic behaviors of
Considerations have been made (Howard et al., 1993) about diffusion gihdividual ends were Sampled over a relatively |ong period
protein, incubation time, and limited binding capacity to the glass thatcompared with previous studies with shorter sampling times

yielded an estimate for the surface concentration of several thousands i
motorsfxm?®. However, only a small fraction of the adsorbed motor was ?{Nalker etal., 1988, 1991; Tran et al., 1997b)' As aresul,

expected to be active. Duke et al. (1995) estimated that, at a density V€ €Xpected to bias our determination of velocities of
surface motor below 50 motogsi?, the leading edge of bound microtu- growth and shortening toward slower values. However,
bules is subject to lateral fluctuations. Under our assembly conditions, wgneasurements of the rates of switching between dynamic
did not observe any lateral fluctuations of the leading edge of translocatingnstabi”ty states of growth, shortening, or pause (see below)

microtubules, but we observed them when we reduced the motor concen-

tration by a factor 10. We concluded from this assay that the concentratio ' © biased in the same way so that the overall description

of active motors in our assembly assay was a value between 50 and 508" N = 89 micrqtubules analyzed was C0n5i$tent- For ex-
active motorgkm?. This implied that the area covered by a 25-nm-diameterample, by sampling over a shorter period of time, 10 s, we

microtubule contained between 1.2 and 12 mofars/Because there are  occasionally observed (30% of the cases) that we underes-
_1625 di_mers4m in a microtubule, only 1 dimer out of 1000 or 100 was timated the Shortening velocity, but this was Compensated
|nteract|ng with a motor. b . . . . . .
y an overestimation of the period in shortening. We did not
see any new growth and shortening phases not detected by
RESULTS the 30 s interval data.
To identify plus and minus ends accurately, we added 10
uM ATP and 5 mM NaCl to support slow kinesin motility
in addition to the 1 mM GTP needed to support microtubule
Microtubules were assembled in vitro in a test tube at 30°Gssembly. The fluorescent speckled microtubules moved
from pure porcine tubulin essentially as described by Pandacross the coverslip surface in a minus-end direction as
etal. (1999) and transferred to a slide—coverslip chamber bgiagrammed in Fig. 2 and shown in Fig. 3. In this way, the
perfusion. To put fluorescent marks within the microtubulemotor activity defined the polarity of the microtubules but
lattice, the seeds used to nucleate microtubule assemblfe translation was slow enough to allow time-lapse imag-
were made with a 10% fraction of X-rhodamine-labeleding of both ends of a microtubule for typically 15-20 min
tubulin, whereas the assembly of microtubules nucleatetbefore the microtubule left the field of view. In presence of
from the fluorescent seeds was made witB% fraction of 10 uM ATP in the assembly buffer, microtubule transloca-
X-rhodamine-labeled tubulin. Some of the microtubules intion occurred with average velocity 09 0.4 wm/min.
the 70um-thick chamber were held to the coverslip surface
by a low density of kinesin motors bound to the surface a
diagrammed in Fig. 2 and shown in Fig. 2C andD. The
2% fraction of X-rhodamine-labeled tubulin produced a
fluorescent speckle distribution all along the lengths of
microtubules (Fig. Z), which we could use as position The microtubule population analyzed was near steady-state
marks along the microtubule lattice as described by Waterassembly in the slide—coverslip chamber as shown by the
man-Storer and Salmon (1998). These fluorescent speckkmilarity of the histograms (Fig. 4) of microtubule lengths
microtubules were invisible by standard wide-field epi- measured at the beginning and the end of analysis (the
fluorescence microscopy because of the high level of outaverage time interval was 17 min, the average length was 25
of-focus fluorescence generated by the fluorescent tubulippm). The total length of the polymer measured increased
and microtubules within the 7@m-thick assembly cham- during the acquisition period by only 5%. We were able to
ber (Fig. 2D). This out-of-focus fluorescence was removedmeasure 89 microtubules from 9 chamber preparations

Estimation of the active kinesin motor surface
concentration in the coverslip-slide chambers

Imaging the assembly dynamics of plus and
minus microtubule ends at steady-state assembly

SAnalysis of plus- and minus-end assembly
dynamics for individual microtubules at
steady-state assembly
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A) "}.3 Dimer pool B) Microscope
Sample
Microtubule .I:!E:)'r.e.r:is:mc Objective

Plus-end directed
kinesin motors ?

spinning disks

FIGURE 2 Slide—coverslip chamber assay for the assembly dynamics at plus and minus ends of individual microtubules using spinning-disk confocal
and fluorescence speckle microscop) Microtubule polarity assay: the inner surface of the coverslip of the perfusion chamber is coated with kinesin
motors to translocate bound microtubules toward their minus ends at slow velo@)i&xerimental setup: images of fluorescent speckled microtubules

are recorded using a 63X/1.4NA objective and a sensitive cooled CCD camera coupled to a Yokogawa spinning-disk confocal scanner (CSU10) mounte
to the camera port of a Nikon TE300 inverted microscope (see text for deté@ljsJypical confocal image of fluorescent speckled microtubules in the
assay. Scale bar 5 um. (D) A wide-field fluorescence image of a similar microtubule preparation for comparison. Scate bam.

whose entire length remained in the 696 um? field of  ics at both ends was dominated by dynamic instability,
view during the analysis period. though suppressed by the presence of the 2% glycerol
Measurements of the assembly at either plus or minupecause no microtubules shortened to complete disappear-
ends were made relative to fluorescent speckle marks on trence. We never observed one microtubule end continuously
microtubule lattice or one edge of the bright fluorescentgrowing while the other end was continuously shortening as
nucleation seed in the middle of the microtubuder@wsin  predicted by the polarized head-to-tail treadmilling hypoth-
Fig. 3). Figure 5 shows representative plots of plus- andesis (Fig. 1B).
minus-end assembly behavior for individual microtubules. Another possibility was that treadmilling could be pro-
Our accuracy of repetitive measurements w#s3 um for  duced if the dynamic instability of one end was biased
each point in the graphs. Therefore, the switches betweetoward net growth while the other end was biased toward
growth, shortening, or pause phases seen in the plots areet shortening. We therefore classified microtubule end
mostly real and not an artifact of measurement inaccuracie®©ehavior according to the net growth or shortening that
Positive and negative slopes represent growth and shortepecurred between the beginning and the end of the time
ing phases in the graphs of Fig. 5, respectively. There werseries, ignoring the intermediate position fluctuations. Indi-
also periods where an end did not appear to be persisting widual examples are shown in Fig. 5, whereas FigA 6
either growth or shortening for more than On. As  summarizes the net changes in length at plus and minus
defined by Walker et al., 1988, we term these periods pausesnds for the 89 microtubules analyzed. We found that 53%
(see P region on lower right graph in Fig. 5). of the population exhibited treadmilling within the obser-
As shown in Fig. 5, there was great variability in dynamic vation period, but this treadmilling was not unidirectional:
behavior for both plus or minus ends. The assembly dynam19% of the microtubules showed net growth at the plus end
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FIGURE 4 Histograms of the length distributions of analyzed microtu-
bules i = 89) at the beginning and at the end of their time series. The
average time of observation wasl7 min. Microtubules that did not
remain completely in the 98 96 um? field of view during the observation
period were not analyzed.

and shortening at the minus end and 34% of the them
showed exactly the opposite. The other 47% of the popula-
tion of microtubules analyzed exhibited either net growth
(37%) or net shortening (10%) at both ends. The length
variation averaged over all the microtubules was slightly
positive at both microtubule ends, 0.680.04 um/min at

the plus end and 0.034 0.02um/min at the minus end. For
the microtubules that exhibited net treadmilling in either
direction, the average velocity of net growth at one end (the
thin linear regression lines through the plots in Fig. 5) were
rarely equal for plus and minus ends and varied from 0.1 to
0.5 wm/min. The heterogeneity in growth and shortening
velocities seen in the plots in Fig. 5 is typical of microtu-
bules assembled in vitro from pure brain tubulin, but the
origins of this heterogeneity are poorly understood (Gilder-
sleeve et al., 1992).

Estimation of gain of new polymer and loss of
original polymer

Key data used by Panda et al. (1999) in support of micro-
tubule treadmilling was the finding from biochemical assays
that, near steady-state assembly, there was a linear loss of
original polymer and a linear gain of new polymer at similar
rates, a result expected from polarized head-to-tail tread-
milling (Fig. 1 B). In our studies, we have information about
plus and minus end-length changes for individual microtu-
bules, which, when considered altogether, provide a reliable

FIGURE 3 Time-lapse images of fluorescent speckled microtubules inyay to measure the rate of loss of original and gain of new

the slide—coverslip assembly chamber near steady-state assembly. In e
frame, the white arrows point to the dynamic ends of microtubule, and th
black arrow points to the lattice mark (a 10% X-rhodamine-labeled seed in

jﬁBIymer.

One approach to exploit the information contained in the

this case) used to distinguish translocation from end assembly dynamicédividual microtubule time series consists of showing the

Scale bar= 10 um.

entire loss of original and gain of new polymer that occurred
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FIGURE 5 Examples of the dynamic assembly behavior at plus and minus ends of four different microtubules illustrating the four different behaviors
observed in the microtubule populatio®) (@rowth at the plus end and shortening at the minus end producing treadmilling toward the plus direction (19%);
(B) growth at the minus end and shortening at the plus end producing treadmilling toward the minus end @34fewth at both ends (37%); an®)
shortening at both ends (10%). The thin lines are linear regression of the data.

for each microtubule analyzed in the population indepen- In another approach, we calculated original polymer loss
dent of the different durations analyzed for each microtu-and new polymer gain at each end as a function of time.
bule (range 10-30 min). Original polymer is showrtlsi®  Original polymer loss was obtained by the difference be-
lineswhereas new polymer is shown tsck linesin Fig.  tween initial position and the position of maximal shorten-
6 A. In this plot, the initial position of the plus ends is set ating that occurred from the beginning of the analysis. New
+12.5 um, whereas the initial positions of the minus endspolymer gain was measured by the difference between the
is set at—=12.5um independent of the original lengths of the current position of the end and the position of maximum
microtubules in the population. The total gain (summedpolymer loss (not simply the initial position). The loss of
over all the microtubules) in new polymer was 5,  original and gain of new polymer per microtubule was
which represented a gain of 23.6% when divided by the totabbtained by summing the measured values for both ends.
initial length, 2187um, of the polymer population. In an Because of the random nature of the gain and loss events
analogous way, the total loss of original polymer was 388(Figs. 5 and 63), the total trend is meaningful only if the
um, which represented a percentage loss of 18%. Thaumber of microtubules in the population analyzed is suf-
average rates of gain of new and loss of old polymer werdiciently high. Figure 7A shows that, during the first 12 min
0.37 £ 0.06 um/min and 0.26+ 0.04 (SEM) calculated as of analysis, both loss of original and gain of new polymer
length/(number microtubules average observation time). followed linear kinetics at about 0.3Zm/min; beyond 12
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20 |

| A)Expe

-~ the rate of shortening at either end in comparison to the
T 20-30um/min shortening velocities typical of pure tubulin
microtubules in assembly buffer without glycerol (Walker

b | EEE R

S o

} were seen to shorten without rescue during our period of
Minus | analysis. The growth and shortening velocities were mea-
ol ] sured as the average of the growth and shortening slopes,
1l | respectively, in the time series, weighted by the fraction of
“m ] } | total time spent with each slope (Table 1). The uncertainty

in velocity is the standard error mean.
] At steady-state assembly, we also observed significant

Minus periods of pause where an end did not persist in either

o 0 %% growth or shortening for more than 0/m. With few

exceptions (Toso et al., 1993), occasional periods of pause

FIGURE 6 Comparisons of the net changes in length, net loss of origina@ve been observed for pure tubulin microtubules when

polymer, and net gain of new polymer, at plus and minus ends for the 8@ssembled in buffers without glycerol (Walker et al., 1988),
microtubules analyzedAj in our experiments andBj by Monte Carlo  or not observed at all (Fygenson et al., 1994; Gildersleeve et
computer simulation using the measured dynamic instability parameterah 1992: Vasquez et al., 1997)_ As a result, pauses have

(Table 1) for a 17-min period. In this analysis, the initial microtubule b . | lected b deli b f thei
lengths are ignored, and, for each microtubule, the initial positions of the €en previously neglecte y modeling because o er

plus ends are set t&12.5um and the initial positions of the minus ends infre_quenCY- |_n the_Z% glycerol ass_em_b_ly buffer U_SEd in our
are set to-12.5um (dotted horizontal lines The ends of the vertical lines ~ studies, pausing did occur for a significant fraction of the

represent the positions of the plus and minus ends at the end) oh¢  observed time: 16% for the plus end and 27% for the minus
analysis or B) simulation. Plus ends grew in the plus direction and minus

ends grew in a minus direction. The thick regions of the vertical lines P;iuses represented a state of microtubule assemblv too
correspond to gain of new polymer, and the distance between the bases of p y

the thick regions and the initial end positiomfted horizontal linesshow  frequent to be neglected. Therefore, we have characterized
loss of original polymer. microtubule dynamic instability by treating pause as a third
state of the end. In our model, an end switches among three
persistent states or phases: growth (G), shortening (S), and
min, the plots became irregular because of a decreasingause (P) (Fig. 8). Our measured transition frequencies
number of microtubules in the population analyzed foramong these three states are reported in Table 1 for plus and
longer durations. Nevertheless, note that linear kinetics fominus ends and defined &s ; equals the number of event
the loss of original and gain of new polymer is exhibited by switches from state i to state j divided by the total time spent
the initial population of microtubules, although they did notin the i state. For examplé,_ is the parameter tradition-
exhibit polarized head-to-tail treadmilling, but either grew ally called catastrophe frequency. Errors were calculated
or shortened randomly among the plus and minus endassuming a Poissonian distribution of the switching events.
(Figs. 5 and &). For the cases where data were available, we measured the
transition ratesc, 4 andk;_¢ as functions of the state the
microtubule end was exhibiting before entering the pause
state. The statistic available was limited (an average of 10
events per situation) and showed valueskof, andk,_
The parameters of dynamic instability traditionally consistthat were similar for ends that were growing or shortening
of the velocities of growth and shortening and frequenciedefore switching to pause. The contribution of all the ob-
of catastrophe (a switch from growth to shortening phaseyerved pause states was summed to obtain the vilugs
and rescue (a switch from shortening to growth) (lnand  andk,_g reported in Table 1.
Salmon 1995, Desai and Mitchison, 1997). In the 2% glyc-

erol assembly buffer, the plus end was the faster growin . . .
L . X . onte Carlo simulation of microtubule assembly
end, which is typical of microtubule assembly in general
at steady state from measured parameters of

(Inoueand Salmon, 1995; Desai and Mitchison, 1997). The g -
- . dynamic instability
average velocities for growth at the plus and minus ends
were 0.7+ 0.07 um/min and 0.47+ 0.08 um/min, and the  Monte Carlo simulations were accomplished using MatLab
time spent in the growing phase was 53% and 45%, respesoftware (version 6.0, MathWorks Inc., Natick, MA). Plus
tively (Table 1). The average shortening velocities at theand minus ends were assumed to persist in one of the three
plus and minus ends were 1#00.2 and 0.6+ 0.1 um/min,  dynamic instability states, growth (G), shortening (S), or
and the time spent in shortening was 31% and 28%, respepause (P), until abruptly switching to another state (Fig. 8),

tively (Table 1). The 2% glycerol substantially decreasedas described above for the experimental population of mi-
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FIGURE 7 Loss of original polymers@uare$ and gain of new polymertifangles as a function of time at steady-state assembly &y the
experimentally measured 89 microtubules aBjl the Monte Carlo simulation of the assembly dynamics of 89 microtubules using the velocities and
transition frequencies of dynamics instability measured for the experimental microtubules (Table 1). In each case, the loss and gains at gadbrtime po

plus and minus ends were calculated and summed together as described in the text. The thin lines are linear regression of the data, providigy a gain (los
rate of 0.37 (0.37)um/min for the experiment and 0.29 (0.3@jn/min for the simulation.

crotubules. The unit of time in the simulation was 1 s. Atcurred, if not, then growth occurred for a length given by the
each second interval, a random number was obtained tmeasured velocity of growth in 1 s. If a change of state
determine if a switch of state occurred. The probability ofresulted, then another random number was called to deter-
switching from the current state to a new state was calcumine which of the two possible states occurred. Upon leav-
lated from the transition rates. For example, if an end was iring growth, for example, an end could go to either shorten-
growth, the probability that it would stay in growth was ing or pause. The probability of shortening, for example,
given by 1— (ky_s + ky_p). If the random number between was calculated from the ratio of the transition rate constants:
0 and 1 was less than this probability, then a switch ock,_J(k;_s + Ky_p). If the random number between 0 and 1
was less than this ratio, then a switch to shortening oc-
curred, and the microtubule end lost length given by the
velocity of shortening for one second. Otherwise the end
entered the pause state and no change in length occurred.

TABLE 1 Measured parameters of microtubule dynamic
instability and polymer turnover near steady-state assembly

Plus end Minus end A similar scheme was used for all three states of dynamic
Velocities wm/min) instability to model changes in length at plus and minus
Growth 0.70+ 0.07 0.47= 0.08 ends for 89 microtubules during a simulation period of 17
Shortening 1.0-0.2 06+0.1 min, the mean duration of the experimental analysis. The
Fraction of time (%)
Growth 9) 53 45
Shortening ) 31 28
Pause ff) 16 27
Transition rate constant (mir)
Ky-s 0.17+ 0.02 0.16%+ 0.02
Ky—p 0.06+ 0.01 0.11* 0.02
Ks g 0.28+ 0.04 0.23+ 0.03
Ksp 0.04* 0.01 0.07+ 0.02
Ko_g 0.14+ 0.03 0.09+ 0.01
Ko s 0.08* 0.02 0.06* 0.01
Original polymer loss gm/min) 0.26* 0.04
Gain of new polymer gm/min) 0.37% 0.06
Dynamic instability parameters based on the three-state model described in
Figure 8. Velocities of growth and shortening SEM) are measured from

the respective positive and negative slopes in the time series. The fraction

of time spent in the three states, growth (G), shrinkage (S), and pause (PFIGURE 8 A three-state model that describes the dynamic instability of
is given as percentage with respect to the total measurement time. Thaicrotubule ends in the 2% glycerol assembly buffer. Each end was found
transition frequencies between three end states are described by the ratepersist in either a growing state (G), a shortening state (S), or a pause
ki; = number of switches between state i and state j divided by the totaktate (P). The six transition rate constakis; are the frequencies of
time spent in i. transition from states i to j.
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TABLE 2 Comparison of simulation and experimental results microtubules assembled to near steady state from pure tu-
Simulation  Experiment  bulin using 2% glycerol to stabilize dynamic instability. For

(%) (%) the 89 pure microtubules analyzed in our study, treadmill-
Total polymer length variation 292 5 ing, where the net assembly at one end equaled the net
Fraction of population with: disassembly at the other, was a rare event. In contrast, an
,f’,:-us end gro""th rr]‘”"l“‘s eng 5:"”8”_'”9 ig ;iig end appeared equally likely to achieve net growth or net
Inus en grovvt plus ena s ortenlng + . . . i
Growth at both ends 28 5 37+ 6 shortening of variable length among the population of mi
Shortening at both ends 247 10+ 3 crotubules analyzed, although the total polymer remained
Original polymer loss in 17 min 232 18+ 3 nearly constant (Figs. 4, 5, andA§ Table 1). We did
Gain of new polymer in 17 min 285 24+5 observe some treadmilling, but not unidirectionally: 34% of

Comparison of microtubule assembly parameters obtained by the Montthe microtubules achieved net growth at the minus end and
Carlo simulation to those measured for the experimental microtubulenet shortening at the plus end; and 19% of the population
population. Polymerization dynamics were simulated based on the paramy. . . .

eters of dynamic instability and pause measured from the experimen?zyld the C?ppOSItE. The remammg ones achieved n_et gl’OWth or
polymerization (see Table 1) for the plus and minus ends of 89 microtu-Shortening at both of their ends. These results indicate that
bules for a period of 1000 s, the average duration of the experimentathe assembly behavior of individual microtubules depends
analysis. The final net growth or shortening of the plus and minus micro—maimy on stochastic differences in dynamic instability be-
tubule ends and the polymer turnover according to the simulation ar%’\leen the two ends (Fig.A). This conclusion is verified by

compared with the results obtained in the assay. . . .
the nearly identical assembly behavior produced by Monte

simulation was begun with ends randomly chosen to be in &arlo simulations of microtubule assembly using our mea-
state of growth, shortening, or pause. Kinetic plots of indi-Sured parameters of dynamic instability for plus and minus
vidual ends as a function of simulation time were similar in€nds (Fig. 8 and Table 2). In our assay, we used kinesin
variation to those shown for the experimental data in Fig. notor proteins to bind microtubules to the coverslip surface
(data not shown). The summary for the gain of new polyme&nd slowly translocate them in a minus direction to accu-
and loss of old polymer at the plus and minus ends of eachately identify polarity. It is unlikely that these motors had
microtubule simulated is shown in Fig.B The random much influence on microtubule assembly because of the
pattern is very similar to that of the experimental microtu-absence of polarity in the treadmilling behavior of the
bules shown in Fig. &. In addition, the simulation pro- microtubules and because of the low motor density (less
duced linear kinetics for the gain of new polymer and lossthan 1-12 motors bound per 1625 dimers along a microtu-
of original polymer at plus and minus ends for the popula-bule, as determined in the Materials and Methods).
tion of microtubules (Fig. B) much as occurs for the  There is another important aspect of both our measure-
experimental microtubule population near steady state (Figments from individual microtubules and from the simula-
7 A). When microtubules dynamics was simulated for a longjons based on their measured parameters of dynamic insta-
time, such as 160 min, the gain and loss rate progressivelyjjity They both predict the initial rates of original polymer
slowed down: in the first 12 min the rate was @B/min, 555 and new polymer gain near steady-state assembly as
whereas, after 50 min, the gain rate reduced to QE8MIn_ 051t by Panda et al. (1999) from their biochemical
and the Ipss rate to even smaller valug, 0.0/ min. The pulse-chase assays. Our measured rate of f&7min
values given in Table 2 fqr the _S|mulat|on are averages ¢ . |ics of original and gain of new polymer is very
SEM for 10 runs of the. 5|mu!at!on. The SEM. reflects .t.hesimilar to the values measured by their biochemical as-
effects of the stochastic variation in dynamic instability . . )
exhibited by different simulation runs. The simulations ex->2ys: an average gain per microtubule of 0:820'94
mm/min and an average loss of 0.26 0.1 um/min

hibited a 2% variation of the total polymer length between :
the beginning and the end of the simulation, as compared tgPanda et al., 1_999)' .Pa.nc.ia et al.. did not measure the
5% increment measured experimentally. The microtubulé’lssembly behavior of individual microtubules at steady-

population was classified into four groups, according to the>tate assembly as we did in our study, but instead inferred
net plus- and minus-end growth or shortening at the end opolarized treadmilling from their biochemical data and
the simulation or experiment. The fractions of the popula-th€ suppression of dynamic instability produced by 2%
tion falling into the four different classes according to thedlycerol in the assembly buffer. Our results show that
simulation were in agreement with the experimental result$olarized treadmilling is not required to explain the bio-
(Table 2). chemical data; it can be produced by the stochastic vari-

ations in dynamic instability among the plus and minus

ends of microtubules near steady-state assembly (Fig. 7,
DISCUSSION A and B). Because Panda et al. (1999) only report dy-
The main conclusion we draw from our data is that, innamic instability parameters for plus, but not minus ends,
general, polarized treadmilling (Fig.B) is not exhibited by ~ we were not able to use our computer simulations to test
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predictions for loss of original and gain of new polymer and
based on their assays of individual microtubules.

Our data also excludes treadmilling produced by the dL7/dt=f9k§ (S— ) — k%, =9 VI~ -V,
Wegner mechanism as proposed by Panda et al. (1999). 4
This is best seen by the equations used by Panda et al. in

9 s . . .
their treadmilling analysis, which describe assembly at pIuéNheref andf "are the fractions of time spent in growth and

and minus ends for the growth phase in the absence of hggetng]gl. pzases’. Z?Sp?c?xe@’hl T VS 'S :]he ra;;‘gf
shortening phase, -tubulin dissociation in the shortening phase,

the velocity of growth, which equalkd(S — ). Note in

dL*/dt = k¥ (S— S¢*) = k§"S— k%% (1)  Eas. 3 and 4 that the velocity of growth depends on tubulin
concentration, but the velocity of the shortening phase is

and independent of tubulin concentration (Walker et al., 1988).
There are several parameters of dynamic instability, which,

dL-/dt = k3 (S—S¢) = k3" S— k%, (2) by their differences between plus and minus ends, could

produce polarized treadmilling at steady-state assembly.
th d-ord iati i 816 the stead However, our measured dynamic instability parameters
€ second-order association rate constams, the steady- predict no polarized treadmilling consistent with our direct

state tUbUI.m dlmgr concentration, e}r& Is the .cr|t|c§1I. measurements. The time-averaged growth rate for plus ends
concentration, which is equal to the first-order dissociation, .o to+\o+ — (37 um/min and for minus ends was

of subunits from an end divided by the association ratgg—\o- _ 21 umimin. The time-averaged shortening rate
constant § = k2 ,/k3). Association depends on a second-at plus ends waE* V5" = 0.31um/min and for minus ends
order rate constant, but dissociation is independent of tubyz - s—\s- _ 17 um/min. Note that the fractions of time

lin concgntraﬂqn as seen on the right side of Egs. _1 and 2used in these calculations are the experimental values of
Treadmilling will occur near steady-state assembly in a plu§ime spent in growth normalized to the total time of obser-

?mta.Ct'oanhtirSt'S mamdtame_td E)et>wge£ thf chjltlgaI ‘iﬁncen'vation (see Table 1). As a consequence, the predicted net
rations for the two ends wit; < . Under these assembly rate at the plus ends from Eq. 3 is 0:06.06

conditions, the plus ends will grow and the minus ends will m/min, whereas the predicted net assembly rate at the

shorten in a balanced fashion at a rate given by Egs. 1 and #ﬂinus ends is 0.04= 0.05 wm/min. Our measured length
For treadmilling to be produced by the Wegner mECha'variation averaged over all the microtubules in our experi-

nism, the end with the higher critical concentration formental population was 0.08 0.04 um/min for plus ends
growth must persist in disassembly while the other end wit nd 0.034+ 0.02 um/min for miﬁus ends. These values are
the lower critical concentration for growth persists in as—very (;,Iose_to.the numbers predicted b)I/ the measured dy-
sembly. In ourdexperilmegt's, V(‘;,e found 'g;a.t Beltrf:er tge pIu§1amic instability parameters. This analysis indicates that
nor minus end persisted in disassembly; both ends wer, ere is little difference in the net assembly rate of plus and

capable of growth. In their paper, Panda et al. (1999) di inus ends near steady-state assembly and that the steady-

state that minus ends, like th? measured plus end;, .eXth't.eS ate concentration is higher than the critical concentration
both the growth and shortening phases of dynamic instabil

v A it in both the Panda et al iment é’)f both ends, whatever their values.
Iy. As & Tesult, In Do € manda €t al. eXperiments and A, ey approach to quantify the treadmilling effect, as
ours, the tubulin concentration near steady-state assemb

th b ter than the critical trati ¢ oposed by Rodionov et al. (1999), expresses the fraction
must have been greater " an the critical concentrations 1qk growing ends as a function of tubulin concentration. Such
growth at either end> S andS> S.). Thus, treadmill-

; S X . fraction, or its equivalent, the probability that one end is in
ing by the Wegner mechanism is not occurring for micro- q b y

; . the growth phase, predicts net growth when larger than 0.5
tubules assembled from pure brain tubulin near s’[eady—stat‘,;{en0| net disassembly when smaller than 0.5. In a system
assembly. o

L . .. where treadmilling takes place, such as in the centrosome-
As initially described by Walker et al. (1988), treadm|II.- free fibroblast cells described by Rodionov and co-workers

ing can potentially result from differences in the dynamlc(1997 1999), the concentration of tubulin is such that the
instability at opposite microtubule ends. For microwbu'eprobability of, growth of the plus end is close to 1 and

ends exhibiting dynamic instability and exhibiting rescueq probability of growth of the minus end is close to O.

before complgte depolymenzat!on,_ Egs. 1 and 2 can beSuch probability has been calculated for our experimental
expanded to include the contributions of the shortenin ata as

phase produced by the loss of the GTP-tubulin stabilizing
cap and the rapid dissociation of GDP-tubulin subunits P9 = fOVI/(FOVY + fV5), (5)
(Walker et al., 1988),

where d/dt is the rate of change in length at an ekgljs

From the measured values in Table 1, Eq. 5 yid¥$§ =
dL*/dt = f97kI"(S— S¢*) — sk, = f9rv9t — fstyst  0.54 for the plus end anB®™ = 0.55 for the minus end,
(83) showing, once again, slight net assembly at both ends and
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nearly the same value for both ends. From this and th®esai, A., and T. J. Mitchison. 1997. Microtubule polymerization dynam-
above analysis, we conclude that microtubules assembled!cs-Amn- Rev. Cell Dev. Bioll3:83-117.
from pure brain tubulin in standard in vitro reassemblyDuke, T., T. E. Holy, and S. Leibler. 1995. “Gliding assays” for motor

buff taini 204 gl | at 30°C exhibit intrinsi proteins: a theoretical analysiBhys. Rev. Let{r4:330-333.
utier containing o glycerol a exnibit no Intrinsic Endow, S., J. Kang Sang, L. L. Satterwhite, M. D. Rose, V. P. Skeen, and

polarized treadmilling on average. E. D. Salmon. 1994. Yeast Kar3 is a minus-end microtubule motor
Previously, Hotani and Horio (1988) directly visualized protein that destabilizes microtubules preferentially at the minus ends.

treadmilling of MAP-rich microtubules with addition at plus EMBO J.13:2708-2713. _ _
and loss at minus ends at a slow rate of 0.QX&/min, as Fygenson, D. K., E. Braun, and A. Libchaber. 1994. Phase diagram of

. . . microtubules. Pays. Rev. E 50:1579-1588.
predICted by Bergen and Borlsy (1980)' This result WaSGiIdersIeeve, R. F., A. R. Cross, K. E. Cullen, A. P. Fagen, and R. C.

based on measurements of microtubules assembled withwilliams. 1992. Microtubules grow and shorten at intrinsically variable
brain MAPs to suppress the shortening phases of dynamic rates.J. Biol. Chem267:7995-8006.

instability and assumed that the plus ends were the fastdotani, H., and T. Horio. 1988. Dynamics of microtubules visualized by
. . . . darkfield microscopy: treadmilling and dynamic instabili§ell Motil.
growing ends. These studies provide good evidence that ;4 Cytoskelet10:229-236.

MAPs, t?y suppressing rapid s_hortenlng phases at bOth_endﬁoward, J., A.J. Hunt, and S. Baek. 1993. Assay of microtubule movement
allow microtubules to treadmill by a Wegner mechanism. driven by single kinesin moleculeslethods Cell Biol 39:138—-147.

However, the steady-state concentration is very low and th&lowell, B., N. Larsson, M. Gullberg, and L. Cassimeris. 1999. Dissocia-
treadmilling is very slow. This rate of treadmilling is far too  tion of the tubulin-sequestering and microtubule catastrophe-promoting

slow to explain the 0.3 to E}Lm/min oleward flux of activities of oncoprotein 18/StathmiMol. Biol. Cell. 10:105-118.
P ) P Inoug S., and E. D. Salmon. 1995. Force generation by microtubule

m?C_rOtmeeS in the mitOFiC spindle or the 1&n/min tread- assembly/disassembly in mitosis and related movemevits. Biol.
milling observed by Rodionov and co-workers (1997, 1999) Cell. 6:1619-1640.

for interphase cytoplasmic microtubules within cytoplastsKristofferson, D., T. Michison, and M. Kirschner. 1986. Direct observation
of mammalian tissue cells that have unusua”y high concen- of steady-state microtubule dynamids.Cell Biol. 102:1007-1019.

; ; ; BTH Margolis, R. L. 1981. Role of GTP hydrolysis in microtubule treadmilling
trations of free tubulin. To obtain the fast treadmilling rates and assemblyProc. Natl. Acad. Sci. U.S /48115861590,

observ_ed_ln V'Vf)_’ the requ"emem IS not supp_ressmn (_)f Eilk/largolis, R. L., and L. Wilson. 1978. Opposite end assembly and disas-
dynamic instability, but a selective suppression of minus semply of microtubules at steady state in vit@ell. 13:1—8.

end growth and plus end shortening phases at the higfargolis, R. L., and L. Wilson. 1998. Microtubule treadmilling: what goes
tubulin concentrations needed for fast plus-end growth ve- around come aroundioessays20:830-836.
locity. Mitchison, T. J. 1989. Polewards microtubule flux in the mitotic spindle:

This conclusion strengthens the hypothesis that polarized evidence from photoactivation of fluorescenck.Cell Biol. 109:

- - I . . 637-652.
treadmllllng or flux of microtubules in ||Vlng cells is facil- Michison, T., and M. Kirschner. 1984. Dynamic instability of microtubule

itated by non-tubulin factors that bias plus ends in growth growth. Nature.312:237-242.

and bias the minus ends in shortening (Mitchison, 1989mitchison, T. J., and E. D. Salmon. 1992. Poleward kinetochore fiber
Waterman-Storer and Salmon, 1997a,b; Rodionov et al., movement occurs during both metaphase and anaphase A in newt lung
1999). The imaging assay we have developed can easill;/CeII mitotis. J. Cell Biol. 119:569-582.

di iminate bet tochastic t dmilli d bi danda, D., H. P. Miller, and L. Wilson. 1999. Rapid treadmilling of brain
Iscriminate between stochastc treadmilling and a biased icrowubules free of microtubule-associated proteins in vitro and its

behavior. Possible molecular candidates for biasing plus- suppression by tatRroc. Natl. Acad. Sci. U.S./R6:12459-12464.
and minus-end dynamic instability include the catastrophehelps, K. K., and R. A. Walker. 2000. NEM tubulin inhibits microtubule
factors OP18/Stathmin (HoweII et al., 1999)’ the cata- Minus end assembly by a reversible capping mecharisochemistry.

. . . . . ope 39:3877-3885.
strophic kinesin Kinl (Desai et al., 1998), NEM-modified
X ( ) odionov, V. |, and G. G. Borisy. 1997. Microtubule treadmilling in vivo.

tubulins (Phelps and Walker, 2000), the minus-directed ggjence275:215-218.
kinesin, Kar3 (Endow et al., 1994), and perhaps the activityzogionov, V., E. Nadezhdina, and G. Borisy. 1999. Centrosomal control of
of other microtubule motor proteins. microtubule dynamicsProc. Natl. Acad. Sci. U.S.A6:115-120.
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