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ABSTRACT: Substoichiometric binding of taxol to tubulin in microtubules potently suppresses microtubule
dynamics, which appears to be the most sensitive antiproliferative mechanism of taxol. To determine
whether the5-tubulin isotype composition of a microtubule can modulate sensitivity to taxol, we measured
the effects of substoichiometric ratios of taxol bound to tubulin in microtubules on the dynamics of
microtubules composed of purifie3;-, oS-, or afv-tubulin isotypes and compared the results with

the effects of taxol on microtubules assembled from unfractionated tubulin. Substoichiometric ratios of
bound taxol in microtubules assembled from puriffetubulin isotypes or unfractionated tubulin potently
suppressed the shortening rates and the lengths shortened per shortening event. Correlation of the
suppression of the shortening rate with the stoichiometry of bound taxol revealed that microtubules
composed of purified3,-, oS-, anda-tubulin were, respectively, 1.6-, 7.4-, and 7.2-fold less sensitive

to the effects of bound taxol than microtubules assembled from unfractionated tubulin. These results
indicate that taxol differentially modulates microtubule dynamics depending upgsttiliaulin isotype
composition. The results are consistent with recent studies correlating taxol resistance in tumor cells
with increased levels gfy - and Siv-tubulin expression and suggest that altered cellular expression of
B-tubulin isotypes can be an important mechanism by which tumor cells develop resistance to taxol.

Taxol is an important cancer chemotherapeutic agent for shortening and is believed to arise from the gain and loss of
treatment of advanced ovarian and breast carcinoma, and ita stabilizing cap of GTP or GDPP, on the terminal
shows promising activity against several other carcinomas S-tubulin subunits (Mitchison & Kirschner, 1984b; Carlier,
(Arbuck et al., 1994; Gelmon, 1994; Buzdar et al., 1995; 1989).

Chang & Garrow, 1995; McGuire et al., 1996). Itisapotent  Taxol binds reversibly to microtubules vitro with a
inhibitor of eukaryotic cell proliferation, blocking cell cycle  maximum stoichiometry of 1 mol of taxol per mol of tubulin
progression at mitosis through its stabilizing actions on in microtubules (Parness & Horwitz, 1981 daiet al., 1993)
microtubules (Fuchs & Johnson, 1978; Schiff & Horwitz, and an apparent dissociation constant in the 10 nM range
1980; Jordan et al., 1993). [see Caplow et al. (1994)]. Taxol inhibits tubulin exchange

Microtubules are long, hollow cylinders approximately 25 at microtubule ends and treadmilling at polymer mass steady-
nm in diameter composed of dimeric subunitscofand ~ state (Caplow & Zeeberg, 1982; Wilson et al., 1985). It
B-tubulin (Dustin, 1984). During microtubule assembly, the €xhibits differential effects on microtubule properties at
energy liberated by hydrolysis of tubulin-liganded guanosine different binding stoichiometries (Derry et al., 1995). Sub-
5'-triphosphate (GTP)gives rise to a nonequilibrium be-  stoichiometric binding of taxol to tubulin in microtubules
havior termed dynamic instability (Mitchison & Kirschner, —potently suppresses microtubule shortening rates but does
1984a,b). Dynamic instability is the stochastic interconver- not affect growing rates or polymer mass. However, at taxol
sion of microtubule ends between phases of growth and concentrations that are stoichiometric or near-stoichiometric

with respect to the concentration of tubulin in solution,
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National Cancer Institute (M.A.J. and L.W.), Grants GM23476 and 1995), and there is a strong stimulation of the rate and extent

CA26376 from the National Institutes of Health (R.F.L.), and Welch Of microtubule polymerizatiomn vitro (Schiff et al., 1979;
Foundation Grant AQ-0726 (R.F.L.), and was partially supported by Kumar, 1981; Howard & Timasheff, 1988; Derry et al., 1995)

the MRL Program of the National Sciences Foundation under Award TR ; ; .
DMR-9123048 (L\W. and W.B.D.), andin vivo (Schiff & Horwitz, 1980; De Brabander et al.,

* Corresponding author. Telephone: 805-983-3959. Fax: 805-893- 1981; Rowinski et al., 1988; Jordan et al., 1993).

4724. o Tubulins are encoded by small, heterogeneous multigene
;gﬁév‘fjrr?;r/}égﬁt(;?;fg?;gésHaenatlﬁth::ti):rr]ié Conter families in most organisms (Sullivan, 1988). Although
® Abstract published ildvance ACS Abstractddarch 1, 1997. neither regulatory nor structural multiplicity of tubulin genes

! Abbreviations: EGTA, [ethylenebis(oxyethylenenitrilo)jtetraacetic has been demonstrated to be essential for cell growth or
acid; GTP, guanosine'&riphosphate; MAPs, microtubule-associated  division, it is becoming clear that tubulin isotypes play critical

proteins; MES, 24{-morpholino)ethanesulfonic acid; PEM, 100 mM
PIPES, 1 mM EGTA, 1 mM MgS® pH 6.9; PIPES, 1,4-piperazinedi-

roles in development, differentiation, and cell function (Hoyle

ethanesulfonic acid; PMME, 86 mM PIPES, 36 mM MES, 1 mMm & Raff, 1990; Matthews et al., 1993; Ludl@n1993). The
EGTA, 1.4 mM MgSQ, pH 6.8. vertebrateS-tubulin gene family contains seven distinct
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genes, each of which encodes a structurally unfgttigoulin isotypes was estimated to be 95% fir (5% ), 86% for
isotype [reviewed by Sullivan (1988)]. Differefittubulin Pu (13% 6y + 1% B)), and 100% foiB, as determined by
isotypes have been shown to coassemble into microtubulesSDS-PAGE and quantitative immunoblot analysis. Al-
in vivo (Lewis et al., 1987; Lopata & Cleveland, 1987) and though thea-tubulin isotype composition used in this work
in vitro (Banerjee et al., 1988; Baker et al., 1990). Dimers is not known, no differences have been reported-tabulin
containing purified3-tubulin isotypes assemble into micro- isotypes bound to differemi-tubulin isotypes. Axonemal
tubules at different critical concentratioimsvitro (Banerjee fragments, used to nucleate microtubules, were prepared from
et al., 1992) and possess differential binding affinities for sea urchin spermlL{techinus pictusaccording to Toso et
the antimitotic agent colchicine (Banerjee & Ludaet992). al. (1993). Protein concentration was determined by the
Purified, unfractionated bovine brain tubulin, which is method of Bradford (1976) using bovine serum albumin as
composed of a mixture of differegk-tubulin isotypes, has  the standard.

been determined to consist of 38%, 58% -, 25% fBu-, Video Microscopy. Tubulin was mixed with axoneme
and 13%gy-tubulin (Banerjee et al., 1988). Depletion of seeds £1 x 10* seeds/mL) and polymerized in PMME
Bu-tubulin from unfractionated bovine brain tubulin results buffer containing 1 mM GTP in the presence or absence of
in increased microtubule assembly both in the absence andaxol for 30 min at 37°C. Polymer mass steady-state,
in the presence of taxol (Banerjee et al., 1990; Lu & LUudyen estimated by turbidimetry at 350 nm, occurre80 min after
1993). Microtubules composed of purifigetubulin isotypes addition of nucleating axonemes as described in Derry et al.
display differential kinetics of growing and shortening under (1995). Because purified/-tubulin isotypes have distinct
polymer mass steady-state conditions (Panda.ei894). critical subunit concentrations (Banerjee et al., 1992), dif-
Thus, regulation of th@g-tubulin isotype composition may ferent concentrations of eachf-tubulin isotype were
be one mechanism governing microtubule dynamics in cells. required to assemble microtubules with similar lengths. Thus,

Recent studies on mammalian cells selected for resistancéhe tubulin concentrations for all experiments were as
to taxol have revealed that some resistant cells overexpresdollows: unfractionated tubulin, 16M; o, 10uM; afu,
specific-tubulin isotypes (Haber et al., 1995; Jaffoes et~ 7.0uM; v, 8.0uM. The total tubulin concentration used
al., 1995; Ranganathan et al., 1996) or contain alteredto assemble microtubules from a 1:1 molar ratioog-
electrophoretic variants of botlt- and s-tubulin (Schibler ~ and ofy-tubulin was 12uM. After assembly to polymer
& Cabral, 1986; Cabral & Barlow, 1989; Ohta et al., 1994). mass steady-state, growing and shortening dynamics of
Overexpression of boiy, - andfy-tubulin has been reported  individual microtubules were recorded at 3Z by dif-
in mammalian cell lines that are resistant to taxol (Jaffte ferential interference contrast video microscopy as described
etal., 1995; Ranganathan et al., 1996). These results suggedty Derry et al. (1995). The “Video VanGogh” software
that altered expression gf-tubulin isotypes may lead to  Package (a kind gift from Dr. E. D. Salmon, University of
changes in cellular sensitivity to taxol. North Carolina, Chapel Hill) was used to measure micro-
dtubule length changes. Data points representing microtubule
lengths were collected at-b s intervals. Microtubules
assembled predominantly at the plus ends of axonemal seeds
under the conditions used, and plus ends were traced for an
average duration of 10 min or until the microtubule
underwent complete depolymerization. When microtubules
assembled at both axonemal ends, plus-end microtubules
were selected for measurement by their longer lengths and
faster growing rates as compared with minus-end micro-
tubules. Growing and shortening rates were calculated by
least-squares regression analysis of the data points for each
phase of growth or shortening. Shortening rates of control
microtubules in this study are approximately 4 times greater
EXPERIMENTAL PROCEDURES than previously reported (Derry et al., 1995). The buffer

conditions employed resulted in increased dynamics; in

Purification of Baine Brain TubulinoS-Tubulin Isotypes  addition, refinements in the analysis method resulted in
and Axonemes.Bovine brain tubulin was purified from  increased shortening rate values. A microtubule was con-
microtubule protein by phosphocellulose chromatography sidered to be in a growth phase if its length increased by
according to Fellous et al. (1977). Purifieg, -, afu-, and >0.2 um at a rate of>0.15um/min and in a shortening
ofv-tubulin was prepared by immunoaffinity chromatog- phase if its length decreased by).2 um at a rate 0f>0.3
raphy as described elsewhere (Banerjee et al., 1992; Kharum/min. Length changes equal to or less thanirRover
& Ludueta, 1996) and stored at70 °C in 100 mM MES, the duration of six data points were considered attenuation
1 mMEGTA, 0.1 mM EDTA, 0.5 mM MgCJ, 8 M glyceral, (pause) phases. Between 24 and 36 microtubules from 3 to
and 1 mM GTP, pH 6.4. Immediately prior to use, glycerol 5 separate experiments were measured for each condition.
was removed, and the isotypes were transferred to PMME At taxol concentrations between 0 and 250 nM, the number
buffer (86 mM PIPES, 36 MM MES, 1 mM EGTA, and 1.4 of growing events ranged from 30 to 117, shortening events
mM MgSQ,, pH 6.8; Panda et al., 1995) by passage through from 20 to 76, and attenuation events from 34 to 78.

a Bio-Gel P-2 (Bio-Rad) column equilibrated with PMME Calculation of Transition FrequenciesThe switching of
buffer plus 0.1 mM GTP. Complete removal of glycerol was a microtubule end from a phase of growth (or attenuation)
confirmed by addingH-labeled glycerol to the sample prior to a phase of shortening is defined as a catastrophe, whereas
to gel filtration (data not shown). The purity of tfetubulin the switching of a microtubule shortening event to a phase

In the present study, we found that microtubules compose
of differenta3-tubulin isotypes require significantly different
ratios of bound taxol to suppress their dynamics by similar
magnitudes. The dynamics of microtubules assembled from
purified a8);- or aS-tubulin were strikingly less sensitive
to suppression by substoichiometric taxol binding than
microtubules made frorm,-tubulin, unfractionated tubulin,
or an equimolar ratio ofi3- andoSy-tubulin. The results
suggest that the sensitivity of a tumor cell to taxol can be
determined by the suppressive effects of bound taxol on
microtubule dynamics, which in turn can be regulated by
the S-tubulin isotype composition of the microtubules.
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of growth or attenuation is termed a rescue (Walker et al., 1 "

1988; Toso et al., 1993). The catastrophe frequency was 12} 12

calculated as the number of shortening events divided by o ~— ‘s

the total time spent growing plus the total time spent in an o .

attenuated state. The rescue frequency was calculated as the 4 4 -

number of transition events from shortening to either growth ~_ : Al B

or attenuation divided by the total time spent shortening. The g 6 2 4 6 8 1 12 L 2 4 5 8 W w

number of rescues per micrometer was calculated by dividing =3. 1: ::

the number of transitions from shortening to either growth ; 10% wm

or attenuation by the total length shortened (Kowalski & = B% o e

Williams, 1993). Percent polymer loss was calculated as é" j j”v""“m”'h'

the length of microtubule shortened divided by the micro- ’3 2 c 2%

tubule length prior to the shortening event. The perturbation o I T T m e D12

of shortening rate, as described previously (Gildersleeve et = 14

al., 1992), was analyzed over all taxol concentrations by & ™ e

dividing the number of shortening rate changes by the total £ fM

number of shortening events. Dynamicity is defined as the E o} — SW

total tubulin exchanged at a microtubule end during all «@ ¢ 4

detectable growing and shortening events divided by the total E 2 E 2 F
0 2 4 8 8 10 12 0 2 4 [} 8 10 12

time of observation.

Determination of Microtubule Polymer Mass and Taxol et B Rt e
Binding to Tubulin in Microtubules.Microtubule polymer wm L Ty
mass and the stoichiometry of taxol bound to tubulin in (0N :Q‘—'—\w‘tﬂ\/
microtubules were determined simultaneously by incubating s LT
tubulin in PMME buffer, diluted axoneme seedsl(x 10* 2 a 1 7N
seeds/mL), and 1 mM GTP (total solution volume 15 T2« e s o2 % 2 e & 5 0 ®

for 30 min at 37°C. Unlabeled taxol was mixed with . .
[®H]taxol (a kind gift from Dr. R. Haugwitz, National Cancer Time (mlmues)
Institute, Research Triangle Park, NC) to obtain final Ficure 1: Growing and shortening at plus ends of individual
concentrations of 25, 100, or 250 nM (specific activities: Qﬁ'croﬁgj!ﬁs(g’”;?%sr%duor‘:ff;crg('jegtlg d(%%{ili%ﬁ&”é (E') 2%: ;gg J
1.5-15 Cl/mmol).. Tubqlln Concentratllons were identical to_ stalzle in the absence or presence of taxol. Shown are Iife-his%/ory
those used for video microscopy. Microtubules were sedi- {races of untreated (control) microtubules (A, C, E, G) and
mented in Beckman microfuge tubes ¥520 mm) using a microtubules in the presence of 250 nM taxol (B, D, F, H). Protein
prewarmed SW50.1 swinging-bucket rotor (150§&D min, concentrations were 10, 7.0, 8.0, and@@ for afy-, afu-, and
37 °C. Beckman L5-50). Supematants were carefully (UM A0 iAol LD, eectel, Sechvace
removed, and the concentre}uon of unpolymerized tubulin changes within single shorteniniq events.
was determined. Pelleted microtubules were gently washed
with 75 uL of PMME buffer (37°C) and then solubilized in (343 and 374 dimers’$, respectivelyt-test: p = 0.089 for
50uL of 0.2 M NaOH. Microtubule protein in the pelleted  a,- compared withu3,,-microtubulesp = 0.025 foraSy-
fractions was quantitated, and bound taxol was determinedcompared withoS,;-microtubules). In addition, the mean
by liquid scintillation counting. Taxol binding stoichiometry  shortening rate of microtubules assembled from unfraction-
was expressed as the number of taxol molecules bound pemted tubulin (684 dimers$) was significantly higher than
molecule of tubulin dimerNl; = 100 000) in microtubules.  the mean shortening rates of microtubules made from any
Microtubule lengths were measured by video microscopy as of the purifieds-tubulin isotypesy§ < 0.003 compared with
described above. all purified isotypes). There were no significant differences
in the mean growing rates of microtubules made from any
RESULTS of the tubulin isotypes (Table 1).

Intrinsic Differences in the Dynamics of Isotypically Pure Consistent with the results of Panda et al. (1994 -
Microtubules in the Absence of TaxoControl plus-end microtubules were more dynamic thamB;- or af-
microtubules assembled to polymer mass steady-state frommicrotubules. For example,3,,-microtubules remained in
purified aS,-, o8-, or aBy-tubulin or unfractionated tubulin ~ an attenuated state only 23% of the time whegas and
(Figure 1A,C,E,G) displayed episodes of relatively slow opfy-microtubules remained in the attenuated state 44 and
growth, rapid shortening, and phases of no detectable length42% of the time, respectively (Table 1). The dynamicity of
change, termed attenuation, consistent with previous obser-o5, - andoSy-microtubules was 19 dimers’ respectively,
vations (Horio & Hotani, 1986; Walker et al., 1988; while microtubules made from purifiew)3;, -tubulin and from
Gildersleeve et al., 1992; Pryer et al., 1992; Toso et al., 1993; unfractionated tubulin had relatively higher dynamicity
Panda et al., 1994; Derry et al., 1995). Although all of the values (33 and 26 dimers’s respectively, Table 1).
microtubules exhibited qualitatively similar dynamic instabil- Modulation by Taxol of the Dynamics of Microtubules
ity behavior, as shown in Table 1, shortening rates, time in Assembled from PugéTubulin Isotypes and Unfractionated
attenuation, and dynamicity differed among the microtubule Tubulin. We determined the effects of taxol at a range of
isotypes quantitatively. The mean shortening rate/of - low concentrations (25250 nM) on the dynamics of
microtubules (253 dimers § was significantly slower than  microtubules assembled from purifiegs, -, oS-, or afB-
the mean shortening rates aof3- and a3y -microtubules tubulin or unfractionated tubulin. Examination of micro-
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Table 1: Effects of 250 nM Taxol on Dynamics of Microtubules Assembled from Puriffad, oS-, or afiv-Tubulin or Unfractionated
Tubulin

tubulin isotype

af aBu af unfractionated
parameter control taxol control taxol control taxol control taxol
mean rate (dimersd)
growing 14+ 12 17+2 16+1 17+1 17+2 16+ 2 16+ 1 16+ 2
shortening 343t 45 1474+ 37 374+ 44 132+ 21 253+ 34 1164+ 21 684+ 113 45+ 8
dynamicity 19+ 3 11+ 2 33+ 6 19+ 4 19+3 11+ 2 26+ 5 7+2
mean length per eventif)
growing 1.1+ 0.2 0.5+ 0.1 0.9+ 0.03 0.5+ 0.03 0.8+ 0.1 0.5+ 0.05 0.8+ 0.1 0.5+ 0.1
shortening 2.%+04 0.8+ 0.2 2.0+ 04 0.6+ 0.03 1.2+0.1 0.6+ 0.1 1.4+ 0.2 0.4+ 0.05
mean phase durations (s)
growing 117+ 10 57+5 103+ 7 64+5 116+ 9 83+ 11 87+ 7 66+ 8
shortening 13t 2 15+ 4 14+ 2 17+3 13+ 2 19+ 4 6+1 22+ 2
attenuation 18% 26 258+ 29 95+ 11 126+ 13 143+ 18 202+ 24 163+ 26 1524+ 23
% time
growing 52+ 6 16+ 4 70+ 16 37+ 4 54+ 6 21+ 4 47+ 6 21+ 4
shortening 4 4 6+2 7+1 10+ 2 4+1 6+ 2 3+1 9+2
attenuation 44 4 78+ 5 23+ 2 53+ 4 42+ 6 73+5 50+ 7 70+ 4
no. of microtubules 35 30 31 25 31 27 28 13

aErrors are standard error of the mean.

tubule life-history traces in the absence and presence of 250Table > Storchiometries of Taxol Bound to Tubdlin in
pM taxol |nd|cat(_eq that the dynamics of microtubules of all Microtubules Assembled frorpu-, afu-, or afy-Tubulin or
isotype compositions were suppressed by the drug (Figureyniractionated Tubuli®

1). To compare quantitatively the effects of taxol on ol of bound taxol/1000 mol
microtubules assembled from each tubulin isotype, the kinetic of tubulin in microtubules
parameters of dynamics were calculated (Table 1). Taxol
suppressed the shortening rates, dynamicity, and mean length

excursions per growing or shortening event of microtubules

tubulin isotype 25 nM taxol 100 nM taxol 250 nM taxol
b 2.0+0.3 9.2+15 21+ 3

o o : 4442 24+ 3 66+ 17
composed of purifie@-tubulin isotypes and of microtubules §§:3 12+3 51+ 10 76+ 10
made from unfractionated tubulin. These effects were unfractionated 3.&1.2 5.4+ 8 15+ 1
accompanied by longer durations of the attenuation phase, afi:afu (1:1) 2.0£3 9.3+2 nd

an increased percentage of time the microtubules spent in 2 Differences in the taxol binding stoichiometries among microtubules
attenuation, shorter growing phase durations, and a slightlyassembled from disting-tubulin isotypes are attributable to the
reduced percentage of tme spent growing. However, he (i) 1 pobier s et o2 Tesuis) oes g en o0
attenue.ltlon phase .duratlon of microtubules made from ?axol bound to tubulin dimerN: =glOO 000) in microtubulesywas
unfractionated tubulin was not affected by taxol concentra- getermined as described under Experimental Procedunes= not
tions <250 nM. Thus, taxol suppressed the dynamics of determined.
microtubules assembled from egéftubulin isotype exam-
ined by modulating similar dynamic parameters, but the crotubules assembled from a 1:1 ratio@$,- and oS-
degree to which the parameters were affected showedtubulin had stoichiometries similar to those determined for
variability among the isotypes. purified a3,-microtubules.

Stoichiometries of Taxol Bound to Tubulin in Microtubules  Effects of Taxol on Microtubule Shorteningdhts To
The stoichiometries of taxol bound to tubulin in microtubules more clearly understand the differential effects of taxol on
assembled from purified3,-, afu-, or ofw-tubulin or the dynamics of microtubules made from distifietubulin
unfractionated tubulin (Table 2) were determined as de- isotypes, the stoichiometry of taxol bound to tubulin in
scribed under Experimental Procedures. Greater than 90%microtubules was related to the magnitude by which the
of the total taxol added was bound to microtubules at each shortening rates were suppressed (Figure 2A). Microtubules
drug concentration. The steady-state polymer mass levelscomposed of purified,Sy - or o8v-tubulin required higher
of microtubules made froms-, o8-, or aB-tubulin or ratios of bound taxol to suppress shortening rates (Figure
unfractionated tubulin varied greatly in the absence of taxol 2A) and the mean lengths shortened (Figure 2B) than
(4.1, 3.6, 1.5, and 14M, respectively). Therefore, differ-  microtubules assembled from purifiegs,-tubulin or un-
ences in taxol binding stoichiometries among microtubules fractionated tubulin. For example, the mean shortening rate
assembled from distinets-tubulin isotypes were attributable  of a8-microtubules was suppressed by 57% with 21 taxol
to the different polymer mass levels for each isotype. molecules bound for every 1000 dimers of tubulin in the

Microtubules made from purified,-tubulin or unfraction- microtubules (Tables 1 and 2). In contrast, 76 taxol
ated tubulin had lower ratios of bound taxol thafi- or molecules bound per 1000 tubulin dimers were required to
ofv-microtubules. For example, at 25 nM taxol, micro- similarly suppress the mean shortening rate,8f,-micro-
tubules assembled from purified3-tubulin or unfraction- tubules (by 54%). Thus, 3.6 times more bound taxol was
ated tubulin had 2 or 3 taxol molecules bound for every 1000 necessary to suppress the mean shortening raweSef
tubulin dimers, respectively, whereas3;- and of\- microtubules to the same extent @§,-microtubules.

microtubules had 4.4 and 12 taxol molecules bound for every  Perturbation of Shortening by TaxolSingle shortening
1000 dimers of tubulin in microtubules, respectively. Mi- events often displayed one or more rate changes as a



3558 Biochemistry, Vol. 36, No. 12, 1997 Derry et al.

90

-
S
o

L

0

40}

c
2
A 5 !

2 Lol i
120} g 70

g 1 : )
100} < 60 *

£ 50 i/ -_.-"ﬁ/
80} ©

§ 401 ! PR // i
6o} = 3

wf £

3 L]

e

Q

o

20 %

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
| Bound Taxol (moles/mole tubulin in microtubules)

20 10

Ficure 3: Relationship between percentage of time microtubules
spent in an attenuated state of dynamic activity and the stoichi-

Percent of Control Shortening Rate

3.5 B ometry of taxol bound to tubulin in microtubules assembled from
o of- (@, solid line), o5, - (W, long dashed line), and,-tubulin
ez sor (O, dotted line), and unfractionated tubuli®,(short dashed line).
E = 25k Data points are the meah SEM. Lines are linear regressions.
€
:C='> £ 2.0} the taxol concentration range examined (Table 3). Rescue
» L; frequency relative to microtubule length shortened increased
%,E 1-er in a taxol concentration-dependent manner (Figure 4), but
§ 2 1o} rescue frequency relative to time spent shortening decreased
-8 . b (Table 3). This apparent discrepancy is resolved when one
g 051 considers the fact that as microtubules spend longer durations
= 0 P TR ST S WO T of time in the shortening phase at low taxol concentrations
0 0.010.02 0.03 0.04 0.05 0.06 0.07 their time-dependent rescue frequencies decrease (Table 1
Bound Taxol (moles/mole tubulin in microtubules) and see below). Rescue frequency based on length shortened

FiGURE 2: Effects of taxol bound to tubulin in microtubules on  (Figure 4) increased because microtubules underwent shorter
percent suppression of mean shortening rates relative to untreatedength excursions per shortening event in the presence of
controls (A), and mean length shortened during shortening eventsigxo|.

(B) for microtubules assembled from purifieg) - (@, solid line), .
fu- (W, long dashed line), oay-tubulin @, dotted line), and Effects of Bound Taxol on Polymer Mass and Microtubule

unfractionated tubulin@, short dashed line). Data points are the Lengths. The polymer mass and mean lengths of micro-
mean+ SEM. Lines are linear regressions. Data points in the tubules assembled from purifiegs-tubulin isotypes (Figure

absence of taxol have been offset slightly in panel A. 5) increased substantially at lower taxol binding stoichiom-

) ) o ~etries than were required to detectably suppress shortening
microtubule disassembled (arrows in Figure 1), a behavior rates and lengths shortened per shortening event (Figure 2).
described previously with microtubules made from unfrac- gor exampleq3,-microtubules showed a 2-fold increase in
tionated bovine brain tubulin (O’Brien et al., 1990; Gilder- p0|ymer mass and an increase in mean microtubule |ength
sleeve et al., 1992). Microtubules assembled from purified from 5 to 12um at very low stoichiometries of taxol bound
ofu-, afu-, andaSv-tubulin changed shortening rates with - to tubulin in the microtubules (9.2 taxol molecules bound
a frequency of 0.060.08 times per shortening event, ner 100003, -tubulin subunits in microtubules, Figure 5A).
whereas the frequency of changes in shortening rate was 0.13{owever, the mean length and polymer mass of microtubules
times per shortening event for microtubules made from made from unfractionated tubulin remained unchanged at
unfractionated tubulin. The frequency of shortening rate taxo| concentrations which potently suppressed shortening
changes increased in a taxol concentration-dependent manneftes and lengths shortened (Figure 5D), consistent with our
for aBy-, afBu-, andaﬁ.v—microtubules to frequencies of 0.52, previous observations (Derry et al., 1995).

0.18, and 0.27, respectively, at 250 nM taxol, but was not * \joqylation of the Dynamics of Microtubules Assembled
affected in microtubules assembled from unfractionated fom a 1:1 Mixture ofoBy- and aBy -Tubulin. To compare

tubulin (data not shown). the effects of taxol on the modulation of the dynamics of
Effects of Taxol on the Percent Time in an Attenuated Statemjcrotubules made from two differefittubulin isotypes, a
and on the Transition FrequenciesTaxol increased the  1:1 mixture ofo,- ando-tubulin (final tubulin concen-
percentage of time that microtubules of @ltubulin isotype  tration 12uM) was assembled to polymer mass steady-state,
compositions spent in an attenuated state (Figure 3). Similarand the dynamic parameters of the resulting microtubules
to the suppressive effect of taxol on shortening, a higher ratio were analyzed (Table 4). In the absence of taxol, these
of bound taxol was required to increase the percentage ofisotypically-mixed microtubules underwent shorter length
time in an attenuated state witlf - or a3iy-microtubules  excursions and were more attenuated than microtubules
than microtubules assembled from purifiedli-tubulin or  composed of either purified isotype alone; however, their
unfractionated tubulin. mean shortening rate was not significantly different from
Unlike the potent effects of taxol on microtubule shorten- those of microtubules assembled from either purified isotype
ing rates and lengths shortened during a shortening eventalone (Table 1). Interestingly, the dynamicity of the iso-
the frequency of catastrophe (transitions to shortening from typically-mixed microtubules was 26 dimers'swhich is
phases of growth or attenuation) was largely unaffected overexactly the mean of dynamicity values calculated dg¥;-
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Table 3: Effects of Taxol on Transition Events per Unit Time of Microtubules Assembled to Polymer Mass Steady-State from Purified
B-Tubulin Isotypes or Unfractionated Tubulin

catastrophe frequency (miH rescue frequency (mid)
tubulin isotype control 25nMtaxol 100 nM taxol 250 nM taxol control 25nMtaxol 100 nM taxol 250 nM taxol
afy 0.18+0.03 0.22+0.04 0.20+£0.04 0.15£0.03 3.2+05 3.1+ 0.6 2.7+ 06 2.4+ 0.4
aBu 0.274+0.04 0.24+0.04  0.24+0.04 0.31+0.06 4.0+07  4.4+08 4.7+0.9 3.0+ 06
ofiv 0.18+0.03 0.114+0.02 0.22+ 0.04 0.18+ 0.03 4.3+ 0.8 3.0+ 05 25+ 04 2.7+ 05
unfractionated 0.2 0.04  0.214+-0.04  0.26+ 0.04 0.24£0.06 7.7+1.4  35+06 3.2+ 05 2.3+ 0.6
3.0 microtubules rather than to the total concentration of drug
added because purified3-tubulin isotypes assemble into
e 2 microtubules with different critical concentrations (Banerjee
/
3 20 [ et al.,, 1992). The suppression of shortening rates as a
g . $ function of bound taxol is shown in Figure 2A. The slopes
@ 1.5 PR | of the linear regression lines represent the efficacy of bound
) _ / Lt taxol in suppress?n_g shortening rates (Table 5), a parameter
§ 1.0 L %] we call “suppressivity” or the coefficient of suppressi@m(
« From the equation of a straight line:
0 L L L 1 L L L L y - (SDX + b (l)
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Bound Taxol (moles/mole tubulin in microtubules) wherey = the shortening rate&Sp= suppressivityx = the
FiGURe 4: Effects of bound taxol on the rescue frequency per stoichiometry of bound taxol, and = the shortening rate
micrometer of length shortened for purifiegs,- (@, solid line), in the absence of taxol, the suppressiBy= |(y — b)/x|.

oy - (W, long dashed line), andfv-tubulin @, dotted line), and  450] suppressivities of the mean shortening rate for mi-

unfractionated tubulin@, short dashed line). Rescue frequencies tubul bled f tubulin isot ked
were calculated by dividing the total number of rescues by the total Crotubules assembled from eaafi-tubulin isotype ranke

shortening lengths for all microtubules. Data points are the mean in order of decreasing sensitivity to bound taxol were as
+ SEM. Lines are linear regressions. follows: unfractionated> ofy- > ofu- = af-tubulin

, i . (Table 5). Suppressivity may be applied to any kinetic
andafy-microtubules (19 and 33 dimers'srespectively;  narameter of microtubule dynamics that is altered by the
Tables 1 and 4). , binding of a modulating molecules(g, drugs, MAPS).

The dynamics of microtubules assembled from a 1:1  The relative magnitude of taxol suppressivity for micro-
mixture ofaS,- andoBi-tubulin were more sensitive to the  ¢,pules composed of each purifieg3-tubulin isotype is
suppressive effects of taxol than microtubules composed Ofexpressed by the rat®pd/Spy, whereSpcis the suppres-
either purified isotype alone. For example, at 100 nM taxol gjyity value for microtubules made from unfractionated
(i-e, bound taxol:tubulin stoichiometry of 9.3:1000, Table ypylin andSp, is the suppressivity value for microtubules
2), the mean shortening rate of the isotypically-mixed 454 particular,-tubulin isotype composition. ThueS-
microtubules was suppressed by 47%, and the mean lengthy 48, -microtubules were, respectively, 7.4 and 7.2 times
shortened per shortening event was suppressed by 56%egs sensitive than unfractionated microtubules to the sup-
(Table 4). .However, at 100 nM taxol, th_e_ mean shortening pression of shortening rates by taxol binding, wheregs
rates of microtubules composed of purifieg- or af- microtubules were only 1.6 times less sensitive than unfrac-
tubulin were suppressed by only 13% or 7%, respectively, tisnated microtubules (Table 5). Using this same approach
at taxol_:tubulm_ stoichiometries of_ 9.2:1000 and 24:1000, 4, distinguish degrees of microtubule stability based on the
respectively (Figure 2A). Taxol did not remarkably affect percentage of time spent in the attenuated state, a parallel
growing events of microtubules assembled from a 1:1 rgjationship among microtubule isotype classes emerged
mixture of afBy- and afy-tubulin except that the mean (Table 5).
growing rate and the length grown per growing event = The pinding affinities of taxol for isotypically purified
decreased slightly at 100 nM taxol. microtubules were not determined since almost all of the
taxol was bound to the microtubules over the range of drug

DISCUSSION X : .
concentrations examined. Cellular taxol concentrations are
Microtubules composed of purified3),- andoSy-tubulin often far above the appareht value for microtubules
were strikingly less sensitive to the suppressive effects of (Jordan et al., 1993, 1996; Caplow et al., 1994); thus,
bound taxol than microtubules assembled fr@fi-tubulin, differences in binding affinities may not be as important for

an equal ratio ofxSy- and afy-tubulin, or unfractionated  the regulation of microtubule dynamics by taxol as the
tubulin. As with microtubules assembled from unfraction- conformational changes induced in a particular isotype by
ated tubulin (Derry et al., 1995), the most potent effect of bound taxol. In summary, the data indicate that the sensitiv-
taxol on the dynamics of isotypically-purified microtubules ity of microtubule dynamics to bound taxol can be regulated
was the selective suppression of shortening rates and lengthdy the S-tubulin isotype composition, and suggest that
shortened (Figure 2). incorporation of appreciable quantities @f;- and oy -
Correlation of Suppresse Effects of Taxol with Binding  tubulin into microtubules might significantly reduce the
Stoichiometries: “Suppresdty”. The effects of taxol on  efficacy of taxol.
the dynamic instability parameters of microtubules were  Mechanistic Implications.Microtubules assembled from
related to the stoichiometry of taxol bound to tubulin in the mixtures ofa-tubulin isotypes displayed dynamic properties
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Ficure 5: Effects of bound taxol on polymer mass)(relative to controls determined by sedimentation (Experimental Procedures) and
mean lengths of microtubule®) assembled fronwsy- (A), afi- (B), and af-tubulin (C) and unfractionated tubulin (D). Protein
concentrations were the same as noted in Figure 1. Data points are thetn&zk.

Table 4: Effects of Taxol on Dynamics of Microtubules Assembled from a 1:1 MixtureSaf and a5y -Tubulin

taxol concn (nM)

parameter 0 25 100

mean rate (dimers )

growing 20.6£ 2.1 23.0+£2.3 16.6+ 1.2

shortening 423.9-63.4 318.5+ 48.0 223.8+ 48.8

dynamicity 26.0 30.4 14.5
mean length per eventifn)

grown 0.72+ 0.05 0.8%+ 0.05 0.57+0.02

shortened 1.29-0.14 1.01+0.12 0.57+ 0.04
% time

growing 16.7 45.8 22.5

shortening 5.3 6.2 4.8

attenuation 78.0 48.0 72.7
transition events

catastrophe frequency (mit) 0.23 0.30 0.28

rescue frequency (mid) 4.1 45 5.6
polymer loss per shortening event (%) 25:8.1 13.1+1.8 6.2+ 0.5
microtubule lengthgm) 6.52+ 0.30 9.78+ 0.52 9.47+ 0.34
no. of microtubules obsd 37 25 23

aErrors are standard error of the mean.

that were not always predictable from their behaviors as influence the kinetics of assembly and disassembly. In other
purified polymers. For example, the mean shortening rate words, a microtubule composed of several differegt

of microtubules composed of unfractionated tubulin was 684 tubulin isotypes might sample through more kinetic pathways
dimers s, while -, o8-, and oS-microtubules dis-  as it grows or shortens than microtubules made from a single
assembled at mean rates of 343, 374, and 253 dimérs s tubulin isotype. Such heterogeneity might also underlie the
respectively (Table 1). The significantly higher mean higher frequency of shortening rate changes observed with
shortening rate of microtubules assembled from unfraction- control microtubules assembled from unfractionated tubulin
ated tubulin indicates that the mechanism of microtubule compared with those made of purifigitubulin isotypes.
disassembly may be determined in a complex manner by Microtubules assembled from purifiex3, -tubulin were

the tubulin isotype composition. The heterogeneity of more sensitive to suppression of shortening and changes in
unfractionated tubulin may create a heterogeneous micro-polymer mass by taxol binding than microtubules composed
tubule structure with differences in the physical contaiats ( of purified o8- or afy-tubulin. For example, maximal
attractive forces) between tubulin subunits, which could incorporation of tubulin into microtubules made from purified
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Table 5: Taxol Suppressivity aril Values for Microtubules Composed of3-Tubulin Isotypes or Unfractionated Tubulin

shortening rate Sr attenuation S
tubulin isotype suppressivity rd (shortening rate) suppressivity r (attenuation)
oS 3626 0.884 16 2281 0.863 0.8
oS 765 0.785 7.4 377 0.899 4.7
oS 784 0.980 7.2 433 0.789 41
unfractionated 5639 0.931 1.0 1789 0.699 1.0

a Suppressivity valuesSp based on shortening rates are the absolute values of slopes correlating percent suppression of shortening rates with
stoichiometry of taxol bound (Figure 2A) Suppressivity valuesS() based on attenuation were determined from the slopes of lines correlating the
percentage of time in attenuation with stoichiometry of taxol bound (FigureS)was calculated by dividing th8pvalue for microtubules made
from unfractionated tubulin by th8pvalue for microtubules composed of the indicated puritigetubulin isotype (see Discussiorf)r = correlation
coefficient of linear regression used to determine suppressivity.

af-tubulin occurred when 1 taxol molecule was bound for of the S-tubulin molecule contribute to the regulation of
every 109 molecules of tubulin in microtubules, whereas microtubule dynamics.

microtubules composed of purifieg3y -tubulin required 1 Regulation of Taxol Sensitty in Cells by the Tubulin
taxol for every 41 molecules of tubulin in microtubules. |sotype Composition.Drug resistance presents one of the
Howard and Timasheff (1988) have suggested that taxol most difficult obstacles in the chemotherapeutic treatment
lowers the linkage free energy of microtubule polymerization of cancer. Many taxol-resistant mammalian cell lines have
by strengthening lateral interactions between tubulin subunits. heen isolated that have a variety of genetic lesions such as
Low-resolution X-ray scattering studies confirmed that taxol overexpression of the 170 kDa multidrug resistance protein
induces changes in the lateral contact angle between proto{Gupta, 1983; Roy & Horwitz, 1985; Bhalla et al., 1994),
filaments in microtubules (Andreu et al., 1992). We suggest electrophoretic alterations in- and-tubulin (Cabral et al.,
that taxol binding lowers the free energy linking the 1981; Schibler & Cabral, 1986; Ohta et al., 1994), and
incorporation ofayy-tubulin into microtubules more ef-  decreased levels of polymerized tubulin (Minotti et al., 1991).
fectively than with microtubules assembled from purified Recent studies have suggested {hatibulin isotype levels
aBu- or afv-tubulin or from unfractionated tubulin. This  may play an important role in resistance to antimitotic drugs.
is consistent with the results of Lu and Ludagf1993), who  Jaffrezou et al. (1995) isolated a taxol-resistant human
found that taxol more effectively promotes the assembly of erythroleukemic cell line which overexpressgs-tubulin

microtubules from unfractionated tubulin depletecbg - by 200% and displays no multidrug resistance phenotype.
tubulin. Similarily, Lobert et al. (1995) found a difference Ranganathan et al. (1996) found tifat- and Sy -tubulin

in the abilities of unfractionated and purifiey-tubulin isotypes are overexpressed in a human prostate carcinoma
to associate into taxol-stabilized microtubules. cell line resistant to estramustine and taxol.

The polymer mass levels of microtubules assembled from  thg correlation of8u- andBy-tubulin overexpression with
unfractionated tubulin were not affected at taxol binding (esistance to taxol agrees well with our results thj -
stoichiometries that potently suppressed their shortening microtubules andugy-microtubules are less sensitive to
rates. This relationship results from the taxol-induced inetic suppression of microtubule dynamics than micro-
increase in shortening phase duration and in percentage ofypyles assembled from purifieg,-tubulin, unfractionated
time in shortening combined with the decrease in shortening t,pulin. or a 1:1 mixture ofoBy- and aBy-tubulin. In
rate (Table 1). These microtubules underwent catastrophes;ontrast, Haber et al. (1995) found that taxol-resistant murine
as often controls, but the presence of taxol molecules alongce||s overexpresgy-tubulin 21-fold. However, these cells
their surfaces suppressed the off rate. Mechanistically, oneg|sq overexpress the multidrug resistance P-glycoprotein.
could consider this as a battle between the energetics Oftayen together, these studies indicate that cells can modulate
stabilization by taxol binding and the energetics of dis- thejr sensitivity to taxol by altering levels g-tubulin
assembly intrinsic to the mlgrotubulg lattice. There was isotypes. Changes in tumor sensitivity by alteration of
enough free energy in the lattice of microtubules made from g_t,pyin isotype expression may alter the efficacy of taxol
unfractionated tubulin to drive disassembly through a region 5qministered clinically at levels which are often near the

with taxol bound at low stoichiometry, albeit at a much mayimal tolerated dose of a narrow therapeutic concentration
slower rate. The suppressive effects of substoichiometric yindow.

Slr?cdc;rl]gle(z)é ;raCJXrﬁlitcsmef:‘ngtrstgrt\)mgl Sr:g:t?nnallgg events were Suppression of microtubule dynamics in cells by diverse
P poly o - antimitotic drugs such as vinblastine and taxol (Dhamodharan

The free energy change associated with taxol binding to etal. 1995 A-M. Yvon. P. Wadsworth. L. Wilson. and M.
tubulin might not be directly proportional to stabilization of A. Jordan, unpublished results) has been shown to result in

the polymer, since one of th_g kgy regio_ns likely to regqlate inhibition of cell proliferation and apoptotic cell death (Jordan
polymer dynamics and stability is the divergent C-terminus et al., 1991, 1993, 1996). Thus, the effects of antimitotic

of A-tubulin (Panda et al., 1994), which has not been shown g4ents on the dynamics of microtubules of distinct tubulin

to Idlreclztly mteractf with t|a>r<]ol. I)WO P(;'tat'.\;_e dsﬁes OI] isotype compositions may predict drug efficacy in tumors
molecular contact for taxol have been identified near the \iu"c o ciic levels of tubulin isotypes.

N-terminal 31 amino acids and between amino acids 217
and 231 of-tubulin (Rao et al., 1994, 1995). These regions ACKNOWLEDGMENT
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