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Interaction of Estramustine with Tubulin Isotypes

Naomi Laing,** Bjorn Dahll¢f,3!' Beryl Hartley-Asp? Sulabha Ranganathdrand Kenneth D. Telv

Department of Pharmacology, Fox Chase Cancer Center, 7701 Burholeeud, Philadelphia, Pennggnia 19111, and
Oncology Immunology, Pharmacia, P.O. Box 724, S220 07 Lund, Sweden

Receied June 17, 1996; Resed Manuscript Receed October 17, 1996

ABSTRACT. The interaction of the antimitotic agent estramustine with bovine microtubule proteins and
purified tubulin was investigated. Direct photoaffinity labeling of microtubule protein wit]f
estramustine resulted in the labeling of bath and g-tubulin, and this was inhibited with unlabeled
estramustine in a dose-dependent mann&C]Estramustine was incorporated into both the soluble and
polymerized forms of tubulin. The affinity constant for estramustine binding to tubulin was determined
by equilibrium dialysis to be 23 5 mM. Estramustine did not affectH]vinblastine binding, and
vinblastine had no effect on direct labeling witG]estramustine. Both rhizoxin and paclitaxel decreased

the covalent labeling of tubulin witd4Clestramustine in a dose-dependent fashion and were noncompetitive
inhibitors of the binding of estramustine to tubulin. The binding of colchicine to tubulin was not inhibited

by estramustine as detected by fluorescence and DEAE filter assays. The estramustine binding site on
tubulin is therefore distinct from that of colchicine and vinblastine and may at least partially overlap with
the binding site for paclitaxel. In both bovine brain microtubules and cytoskeletal proteins from human
prostatic carcinoma cells, the incorporation ¥tJJestramustine into thg, isotype of tubulin was found

to occur with a reduced efficiency compared to that of the gfhibulin isotypes and.-tubulin. Since

this isotype is overexpressed in estramustine resistant human prostate carcinoma cells, these results indicate
that Sy -tubulin may play a role in the response to the effects of estramustine.

Estramustine (EM) is an effective agent in the treatment tubulin relative to other known tubulin binding drugs was
of advanced prostatic carcinoma especially when used inof interest.
combination with other antimitotic agents (Hudes et al., 1992,

L6 Setiman ctal, 1562 Arat 1, 1962). 1 CONSISS ) of EV, potofinty nelog of EM v vl
through a carbamate bond. The drug was synthesized c)Versynthesaed and reacted with microtubule proteins (Speicher

two decades ago on the basis of the theory that the estroger(Iat al,, 1994). The photoaffinity substituent of the EM analog

. . ) ) B
carrier would deliver a cytotoxic mustard species to tumor Iprgvlldfed a h|ghlydagt|vata}ble ar);]I aZ|deI group_anq 552 h
cells with the requisite steroid receptors (Fex et al., 1967). abel for improve etection. The analog mamtame. the
The stability of the carbamate bond of EM allows for its cytotoxic p_ro_pertles of EM,_and cultured tumor cells resistant
long clinical half-lifein vizo (Gunnarsson et al., 1981, 1984). to EM exhibited cross resistance to the a”a"?g- In DU145
Severaln sitro studies have demonstrated that the drug had C€llS, the analog covalently labeled both tubulin and MAP4,
pronounced cytotoxicity independent of any hormonal or and this !abehng was specifically inhibited W|th unlabeled
alkylating activities [for a review, see Tew (1984)]. In EM (Speicher et al., 1994). There are some disadvantages
human prostatic carcinoma cells, EM inhibits cell growth to the use of photoaffinity analogs for the identification and
and clonogenic survival and induces mitotic arrest (Hartley- characterization of ligand binding sites on a protein. Pho-
Asp, 1984; Tew & Hartley-Asp, 1984). Although the drug toaffinity analogs generally exhibit higher levels of nonspe-
has demonstrated antimicrotubule effects, the specific mech-cific labeling, and the analog may have a sufficiently different
anism of action has not yet been elucidated. While previous structure with respect to the parent drug that it may have a
studies utilizing radiolabeled EM and estramustine phosphatedifferent mode of binding to, or a lower affinity for, its target
have documented the affinity of the drug for microtubule- protein(s). For example, previous studies with photoaffinity
associated proteins (MAPs; Friden et al., 1991; Stearns & analogs of colchicine have shown that the subunit of the
Tew, 1988), it has also been shown that EM can inhibit the tubulin dimer labeled depends on the presence or absence

To facilitate more precise characterization of protein

polymerization of purified tubulin (Dahlfoet al., 1993).  of a spacer arm between the aryl azide group and the parent
Because EM in combination with other antimicrotubule drug and the spacer length (Williams et al., 1985; Floyd et
agents can have synergistic cytotoxicity either vitro al., 1989). Since direct photoaffinity labeling is advanta-

(Mareel et al., 1988; Speicher et al., 1992) or in patients geous because it covalently cross-links the natural ligand to
(Hudes et al., 1992, 1995), to define the EM binding site on ;¢ binding site, we probed the EM binding site on micro-

tubule proteins and tubulin by direct cross-linking witf]J-

" This work was supported by NCI R35 CA 53839 and a grantfrom EN - Since tubulin was prominently labeled and it has
the Helsingborg Research Foundation. . . . . . ..
* To whom reprint requests should be addressed. Phone: (215) 728-distinct binding sites for vinca alkaloids, colchicine, and the

3143. Fax: (215) 728-4333. nucleotide GTP, competitive photolabeling and direct binding
: Eﬂ’; rfngac?g Cancer Center. studies with *C]JEM and these ligands were performed. The
I Present address: Astra, 43183 Molndal, Sweden. results give some insight into the relative location of the EM

€ Abstract published irAdvance ACS Abstractsanuary 1, 1997. binding site on tubulin.

S0006-2960(96)01445-6 CCC: $14.00 © 1997 American Chemical Society



872 Biochemistry, Vol. 36, No. 4, 1997 Laing et al.

Both a- andf-tubulins are encoded by several genes each, excitation at 362 nm and emission at 435 nm (Bhattacharyya
and multiple isotypes are expressed in cells (Sullivan, 1988). & Wolff, 1974). Reaction mixtures contained 1.1 mg/mL
The individual isotypes are highly conserved across speciestubulin in colchicine binding buffer and were preincubated
and differ from each other in amino acid sequence predomi- with estramustine or podophyllotoxin for 5 min at 3.
nantly at the carboxy terminus. Severabitro studies have  Colchicine (5«M) was added, and fluorescence of the sample
shown thap-tubulin isotype composition affects microtubule was measured after incubation for 30 min at°&7
dynamics, stability, and sensitivity to antimicrotubule agents  Centrifugal Gel Filtration Assay The binding of $H]-
(Khan & Luduena, 1995; Laferriere & Brown, 1995; Ban- vinblastine, J*C]JEM, and PH]GTP to tubulin was measured
erjee & Luduena, 1992). We have demonstrated previously with 1 mL columns of Sephadex G-25 (superfine). Reaction
that EM resistant cells are not cross resistant to other mixtures [0.35 mL containing tubulin (0.11 mg/mL), 0.1 M
antimicrotubule drugs which are part of the multidrug MES (pH 7.0), 0.5 mM MgCl and 5% DMSO] were
resistant (MDR) phenotype (Speicher et al., 1991, 1994). The preincubated with or without competing drug for 5 min at
mechanism(s) by which resistance is expressed has yet t®2 °C prior to the addition of JH]vinblastine (5uM, 0.1
be determined. However, the fact that resistance is ac-uCi), [*H]GTP (5uM, 0.2 uCi), or various concentrations
companied by an increased expression offhdsotype of of [**C]EM (5—100uM, 0.004-0.090uCi). After incuba-
tubulin (Ranganathan et al., 1996) could be construed astion for 20 min at 22°C, triplicate aliquots of 0.1 mL were
causal, providing that EM avidity for this isotype is applied to prespun 1 mL DEAE-Sephadex columns. Ali-
diminished. The reduced affinity of EM for th#, isotype quots of the eluent obtained after centrifugation (5@
of tubulin from either bovine brain or DU145 human 5 min) were taken for scintillation counting and for protein

prostatic carcinoma cells is reported in this paper. determination. At least three separate experiments were
performed for eacK; determination, and the averagevalue
EXPERIMENTAL PROCEDURES + SEM is reported.

Photoaffinity Labeling of Tubulin with'{C]JEM. For the
direct labeling of microtubule proteins with*C]EM, mi-
crotubule proteins or tubulin (&M in tubulin in 0.1 M MES,

0.5 mM MgCl, and 5% DMSO at pH 7.0) was preincubated
with various concentrations of drug for 5 min before the
addition of 10uM [1“C]EM. After incubation for 20 min at
22°C, the proteins were irradiated for 10 min in a Stratagene
UV linker with a 254 nm filter and then separated on an 8%
SDS-PAGE gel. The gels were then dried and exposed to
a [PH/*C] sensitive phosphorimaging screen for248 h.

Specific Actiity Determination of Labeled TubulinFor
the paclitaxel centrifugation experiments (Figure 4), gels of
the labeled tubulin were stained with Coomassie blue and
the relative amounts of tubulin in each lane were evaluated
with the Gelscan XL program (Pharmacia). The relative
amounts of radioactivity associated with each tubulin band
were quantitated with the MacBas version 2.2 phosphorim-
ager. Specific activity was determined by dividing the
radioactivity by the relative amount of protein in each band.

Alkylation of Microtubule Proteins Samples (0.1 mL)

Materials Vinblastine, colchicine, podophyllotoxin, and
antibodies againsti-tubulin were obtained from Sigma
Chemical Co. (St. Louis, MO). Rhizoxin was obtained from
the Drug Synthesis and Chemistry Branch, National Cancer
Institute. PH]Colchicine (6.7 Ci/mmol) was purchased from
DuPont/NEN (Wilmington, DE), while®H]vinblastine (9 Ci/
mmol) and HJGTP (11 Ci/mmol) were from Moravek
Biochemicals, Inc. (Brea, CA).{C]JEM (2.5 mCi/mmol)
was obtained from Pharmacia (Lund, Sweden) and was
prepared from ¥C]phosgene (Fex, 1967). Radiochemical
purity was 99.0% and was determined with reverse phase
HPLC. Chemical purity was 95% according to silica gel
thin layer chromatography with a fluorescence indicator. The
1C label was present on C (224) of estramustine.
Monoclonal antibodies tgy-, 8-, andgy-tubulin isotypes
were obtained from Biogenex (San Ramon, CA). The
monoclonal a-tubulin antibody was obtained from ICN
(Costa Mesa, CA). Equilibrium dialysis was performed with
a 1 mL equilibrium dialysis chamber and 6000 MW cutoff

d'a'YS'S membrane from F.|_she.r (Plttspurgh, F_)A)'_ were labeled with JPC]JEM as described above and then

Microtubule Protein Purification Bovine brain microtu- diluted to 0.8 mL to bring the final concentrations: 8 M
bules were prepared acqordiﬂg to the pH- and temperature-urea, 0.12 M mercaptoethanol, 0.1% EDTA, and 0.35 M
dependent method of Tiwari and Suprenant (1993). The 1yis-Hc| (pH 8.8). Sodium iodoacetate was then added (1.2
twice-cycled microtubule protein pellet was resuspended in mM), and the samples were stored af22or 1 h (Crestfield
PEM[0.1 M PIPES (pH 6.6), 1 mM EGTA, 0.1 MM GTP, ¢ 5], 1963). Samples were diluted to 2 mL with deionized
and 1 mM MgSQ]. DEAE-Sephadex chromatography was \ater and then centrifugally concentrated with Centricon-
performed according to the method of Vallee (1982), 10 19 concentrators. The protein concentrations of the samples
separate tubulin from the MAPs. were determined by the Bradford method.

DEAE-Cellulose Filter Assay fofH]Colchicine Binding Cytoskeletal Protein Preparation and Labelin@ytosk-
The binding of fH]colchicine to tubulin was followed on  eletal proteins were isolated from DU145 cells according to
DEAE-cellulose filters (Borisy, 1972). The samples con- the method of Thrower et al. (1991). Cytoskeletal proteins
tained 0.1 mg/mL tubulin in colchicine binding buffer [1.0  (2504g) in 0.5 mL of buffer (0.1 M MES, 0.5 mM MgG]

M monosodium glutamate (pH 6.6), 0.1 mM GTP, 1 mM and 1 mM EGTA at pH 7.0) were incubated witHG]EM
MgCl,, and 5% DMSOQ], 5 mM{H]colchicine, and various (30 M) for 10 min at 37°C, irradiated for 15 min, and
concentrations of drugs. After a 20 min incubation at 37 then alkylated as described above. The sampleg(56f

°C, aliquots of 5QuL were applied to three layers of DEAE  protein) were then loaded onto a 10% SESAGE gel,
filter paper, and the filters were washed with buffer (10 mL/ separated, and then transferred to a PVDF membrane for
filter, 5 min/wash), added to scintillation fluid, and then probing with tubulin antibodies.

counted. Two-Dimensional SDSPAGE Isoelectric focusing of

Colchicine Fluorescence AssayThe fluorescence of irradiated protein samples was performed according to the
colchicine upon binding to tubulin was measured with method of O’Farrell (1975). The second dimension was
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carried out on 8% polyacrylamide gels (Laemmli, 1970) a
followed by transfer of proteins to a PVDF membrane or 1
silver staining of the gels. After exposure to an imaging _
screen for 24158 h, the blots were then probed with L 4%;:{““‘; O g W
antibodies tax-, Bi-, Bui-, or Biv-tubulin and developed after N AN el e s e
the addition of each primary antibody to localize the specific AR il 1 ia
tubulin proteins. The relative amounts of protein associated
with the spots for-, 5i-, and the othef-tubulin isotypes
were determined by scanning of the stained gels with a laser
densitometer. The specific activity of each of the isotypes >
was determined by quantitating the radioactivity and cor-
recting for the amount of protein present in each spot.

Equilibrium Dialysis with F4C]JEM and Tubulin. Tubulin
(0.5-1.0 mg/mL in 0.1 M MES, 0.5 mM MgG) 0.1 mM
GTP, and 3% DMSO) was combined with various concen- i
trations of [“C]JEM (5—75uM) and dialyzed at 4C against ol W e
buffer with the same'fC]JEM concentrations. Aliquots from
the buffer and tubulin chambers were removedredta for
scintillation counting and protein determination.

2 3 4 5 6

L

RESULTS

Direct Photolabeling of Tubulin with"{C]EM and Direct
Binding of *%C]EM to Tubulin. Incubation of tubulin (10 b 0.25
uM) with [1*C]EM and exposure to UV light (254 nm) for
10 min followed by SDSPAGE revealed that covalent bond
formation between tubulin ané*C]EM occurred (Figure 1a).
This labeling was inhibited with increasing concentrations
of unlabeled EM. Under the conditions employed, it was
not possible to inhibit completely the covalent incorporation
with 100u4M unlabeled EM. The residual labeling observed
in the presence of excess unlabeled EM presumably reflects
nonspecific binding. Irradiation of tubulin results in a small
amount of cross-linking of tubulin subunits (Speicher et al.,
1994) which forms a protein band equivalent to 110 kDa on
the gels. The covalent dimer of tubulin was labeled with
[*C]EM, and this was also competitively inhibited with EM.

The interaction of *C]JEM with tubulin was characterized 0.05 T T T T T
by equilibrium dialysis with several concentrations H(J]- 0 02 04 06 08 1 12 14
EM. The resulting Scatchard plot indicates the presence of bound (mol bound EM/mol tubulin)
two classes of EM binding sites on tubulin. There is a high- fgure 1: (a) Covalent labeling of tubulin withC]JEM after
affinity site (Kq = 23+ 5uM) and a low-affinity site Kg = ultraviolet irradiation. MTPs were incubated with different con-
210 & 35 uM). centrations of unlabeled estramustine for 5 min prior to the addition

: - P . of [*“C]EM (10 uM). After 20 min at 22°C, the samples were
Interact_lon Of. the EM a_nd CoI(_:hlcme Binding Sitetn irra[diat]ed ar(ld t#en)loaded on an 8% acrylamide gel. F')I'he dried gel
order to investigate the interaction between EM and the 35 then exposed to an imaging screen for 48 h. Unlabeled
colchicine binding site, several different experiments were estramustine concentrations were as follows: lane AMO lane
performed. Purified tubulin (M) was preincubated with 2, 3uM; lane 3, 10uM; lane 4, 30uM; lane 5, 100uM; and lane
podophyllotoxin, a compound with high affinity for the 6, O uM. The position of the covalently linked tubulin dimer is

- ) . marked with an arrowhead. (b) Scatchard plot of the binding of
colchicine site. After the addition of{C]EM (10 4M), the EM to tubulin determined by equilibrium dialysis. The binding was

samples were further incubated, irradiated with UV light, determined as described in Experimental Procedures in the presence
and then subjected to SB®AGE. Podophyllotoxin had  of various concentrations of EM.

very little effect on the covalent labeling of tubulin witHC]-
EM (Figure 2a). EM, they showed no competitive inhibition of tubulin
The effect of EM on the binding of colchicine to tubulin  labeling with [“C]JEM (data not shown). These data suggest
was determined with a tubulin-induced colchicine fluores- that EM does not interact with the colchicine binding site
cence assay and a DEAE filter binding assay. The binding on tubulin.
of colchicine to tubulin was not inhibited by EM concentra- EM and the Interaction of Paclitaxel with Tubulin
tions of up to 100uM in both assays (Figure 2b,c). Paclitaxelis a novel drug that binds to tubulin and enhances
Podophyllotoxin and unlabeled colchicine were used as amicrotubule polymerization. The presence of paclitaxel
positive control for competitive inhibition of colchicine caused a dose-dependent reduction in the photoincorporation
binding. Estradiol and 2-methoxyestradiol have tubulin- of [**C]EM into tubulin (Figure 3a). Paclitaxel and EM were
depolymerizing effects and have been shown to interact with similar in the extent to which they inhibited the binding of
the colchicine binding site (D’Amato et al., 1994). Although [**C]EM to tubulin (Figures la and 3a). The direct inter-
these compounds have a structure very similiar to that of pretation of these results would be that paclitaxel inhibits
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2 L \\‘ Ficure 3: Effect of paclitaxel on the interaction of tubulin with
S 40 - [*C]EM. (a) Inhibition of the photolabeling of tubulin with4C]-
T L EM by paclitaxel. The experiment was performed as described in
= 20 - —=—gstramustine Figure 1la, using paclitaxel in place of unlabeled estramustine.
L ——colchicine Paclitaxel concentrations were as follows: lane M lane 2, 3
ol— 1 ey uM; lane 3, 10uM; lane 4, 30uM; lane 5, 10QuM; and lane 6, 0
0 5 0 15 20 25 uM. b) Labeling of both the soluble and polymerized forms of
drug (M) tubulin with [*C]EM. Microtubule proteins were incubated under

conditions that promote polymerization in the presencet@]f
FIGURE 2: Lack of interaction between the binding sites for EM EM and DMSO and then centrifuged to pellet the microtubules.
and colchicine or the colchicine analog podophyllotoxin on tubulin. The pellet and supernatant fractions were then loaded on an 8%
(a) The effect of podophyllotoxin on the labeling of tubulin with  SDS-polyacrylamide gel: S, supernatant fraction; and P, micro-
[*“C]EM. The experiment was performed as described in Figure tubule pellet.
la, using podophyllotoxin instead of unlabeled estramustine.

Podophyllotoxin concentrations were as follows: lane LN, ; ; ;
lane 2, 3uM: lane 3, 10uM: lane 4, 30uM: and lane 5, 5QiM. (17.2 and 18.6 arbitrary units, respectively). Therefore, the

(b) The effect of EM and podophyllotoxin on tubulin-induced inhibition of tubuliin labeling with f‘C]EM observed in the .
colchicine fluorescence. Purified tubulin samples were incubated presence of paclitaxel was not simply due to a reduction in
with various concentrations of EM or podophyllotoxin for 5 min  the concentration of the soluble tubulin monomer.

prior to the addition of colchicine. The fluorescence of the sample ; kit s
Was measured after 30 min of incubation at &7 EM had no The mode of paclitaxel inhibition of the binding of EM

effect on colchicine binding, whereas podophyllotoxin effectively t0 tubulin was investigated with a centrifugal gel filtration
inhibited colchicine binding. (c) Competitive inhibition ofH]- assay. The data were analyzed according to Dixon (1979;
colchicine binding by unlabeled colchicine but not estramustine. Figure 4a) and Hanes (1932; Figure 4b). From Figure 4a,
tT_ubulir; was incugatedlwgff'ﬁlggggiglrtle art'd various{ ancegt;a- theK; for paclitaxel inhibition of EM binding to tubulin was
e s St o o™ etermined to e approimately £75 M. Since the nes

of the Hanes plot intersect at the abscissa (Figure 4b), the
the binding of EM to tubulin However, there was a inhibition was noncompetitive. Parallel lines were not
possibility that the effect observed was actually due to the observed on the Hanes plot, indicating that the inhibition
polymerization-enhancing properties of paclitaxel and not was not competitive. Therefore, the EM binding site on
due to direct inhibition of *C]EM binding. Paclitaxel may  tubulin is separate from that of paclitaxel, and the binding
have inhibited the interaction of“4C]JEM with tubulin of paclitaxel to tubulin changes the affinity of tubulin for
through a reduction in the concentration of the tubulin EM.
monomer. This would require that EM possess a higher The Vinca Alkaloid Site and EMThe vinca alkaloids are
affinity for the monomeric than for the polymeric form of a group of antimicrotubule agents known to bind to tubulin
tubulin. In order to address this issue, microtubule proteins at a site distinct from that of colchicine. The effect of EM
were incubated with'fC]JEM under conditions that promote  on the binding of JH]vinblastine to tubulin is presented in
microtubule polymerization, subjected to UV irradiation, and Figure 5a. The presence of EM at concentrations as high
then centrifuged at 37C to separate the polymerized tubulin as 50uM did not reduce the level ofH]vinblastine binding,
from the soluble monomeric tubulin. From the resulting gel whereas binding was competitively inhibited with unlabeled
(Figure 3b), it was apparent thatC]EM was incorporated  vinblastine. In addition, there was little effect of vinblastine
into the tubulin found in both the microtubule pellet and the on the covalent labeling of tubulin withfC]EM (quantitated
supernatant, when the polymerization was promoted with in Figure 5b). These results would suggest that EM and
DMSO. The specific activities of{C]EM incorporation into vinblastine have separate and noninteracting binding sites
the soluble and polymerized tubulin fractions were similar on tubulin.



Estramustine Binding to Tubulin

12.5
a
. 10
=
N
= 7.5
S
o O
E L
©
£
[N
2.5
0 T T T T T
30 20 -10 0 10 20 30 40
uM paclitaxel [ 1]
b 200
<
@9, 1504
C
3|2
i
2 —, 100
el (@]
o3
3] —
x| ©
= E 504
O]
3
0 | T | — T
30 20 10 0 10 20 30 40 50
[14C] estramustine (uM)  [S]

Ficure 4: Effect of paclitaxel on the binding of{C]JEM to tubulin.
The amount of *C]JEM bound to tubulin was determined with a
centrifugal gel filtration assay as described in Experimental
Procedures. (a) Dixon plot for the inhibition of the binding ¥fJ]-

EM to tubulin by paclitaxel. The following concentrations Q]-

EM were used: @) 10 uM, (®) 20 uM, (A) 40 uM, and @) 70
uM. (b) Hanes analysis of the binding dfC]EM to tubulin in the
presence of paclitaxel. The following concentrations of paclitaxel
were used: @) 0 uM, (O) 10 uM, and (&) 20 mM.

Rhizoxin is a uniqgue compound that interacts with the
vinca alkaloid domain of tubulin. It reportedly does not act
as a competitive inhibitor ofH]vinblastine binding (Taka-
hashi et al., 1987) but was found to competitively inhibit
the binding of fH]vincristine to tubulin (Bai et al., 1990).
In the present study, rhizoxin was found to inhibit the
covalent labeling of FC]JEM with tubulin (Figure 5b).
Rhizoxin was more effective than vincristine in reducing the
incorporation of J*C]JEM into tubulin (Figure 5b). The
ability of rhizoxin to inhibit the interaction of:{C]EM with

Biochemistry, Vol. 36, No. 4, 199875

GTP—GDP Exchange and the Effects of EMhe vinca
alkaloid site is thought to be close to the exchangeable
nucleotide site on tubulin, since some compounds (including
rhizoxin) that bind to this domain inhibit the exchange of
GDP for GTP (Bai et al., 1990). The effect of EM on the
exchange of GDP forH]GTP is shown in Figure 6a. The
interaction of EM with tubulin differs from that of rhizoxin
in that there is no inhibition of GDPGTP exchange at high
EM concentrations. It is also apparent that GTP had little
effect on the labeling of tubulin with'fC]JEM at concentra-
tions of up to 500uM (Figure 6b). Therefore, the GTP-
and GDP-bound forms of tubulin exhibit the same affinity
for EM, and EM is unlike rhizoxin in that it does not inhibit
GTP—GDP exchange on tubulin.

Interaction of F“CJEM with the Different Isotypes of
B-Tubulin  The extent to which thgy, isotype was labeled
with [*4C]EM was determined and compared to that observed
with the rest of the isotypes @-tubulin found in bovine
brain microtubules. In order to enhance the separation of
Bu-tubulin from the other isotypes and framtubulin during
two-dimensional SDSPAGE, the proteins were reduced and
carboxymethylated after covalent labeling withJJEM. In
panel 1 of Figure 78),-tubulin is shown as being clearly
separated from the othef-tubulin isotypes and from
o-tubulin in a Western blot. Complete separationfaf-
tubulin from the othep-tubulin isotypes was consistently
observed in at least five different blots. The radioactive
image of the blot is presented in panel 2 of Figure 7.
Duplicate samples were run and stained with Coomassie blue
to give approximate quantitation of the amount of protein
associated with the distinct tubulin spots (panel 3 of Figure
7). The efficiency of labeling with'fC]JEM was determined
by quantitating the radioactivity associated with each spot
in at least three different samples and correcting for the
amount of protein (Table 1). When compared to the other
B-tubulin isotypesp-tubulin incorporated'fC]EM with a
3-fold-reduced specific activity, and presumably, this reflects
a lower affinity of this isotype for EM. This difference was
more apparent with cytoskeletal proteins from DU145 wild
type and EM resistant cells (Figure 8), where no detectable
labeling of B-tubulin was observed.

DISCUSSION

Direct photolabeling was employed in order to investigate
the interaction of EM with tubulin. The binding site appears
to encompass bott andj-tubulin, since both subunits were
covalently labeled with’fC]JEM. This result is in contrast
to the reports on the direct photolabeling of tubulin with other
compounds that regulate the polymerization of tubulin. The
B-subunit of tubulin was preferentially labeled b§H|-
colchicine (Wolff et al., 1991) 3H]GTP (Nath et al., 1985),
and PH]paclitaxel (Rao et al., 1992). However, direct
photolabeling of tubulin withJH]vinblastine (Wolff et al.,
1991) or with a photoaffinity analog of vinblastine (Safa et
al., 1987) resulted in labeling of botlr and-tubulin, with
more of the label being associated witkhtubulin in both
cases. In the present study, the binding experiments with
[*H]vinblastine indicate that EM and vinblastine have distinct

tubulin was further characterized with a centrifugal gel pinding sites. Rhizoxin binds to at least part of the vinca
filtration assay. The Dixon plot for this analysis is presented g|kaloid domain and was found to inhibit the interaction of

in Figure 5c. TheK; for rhizoxin was determined to be 15
+ 4 uM. Hanes analysis of rhizoxin inhibition (Figure 5d)

indicates that the inhibition was noncompetitive. Therefore,

rhizoxin and EM have separate binding sites on tubulin.

EM with tubulin in a noncompetitive manner. Therefore,
the binding of rhizoxin to tubulin causes a change in a
separate EM binding site which reduces the affinity of tubulin
for EM. However, EM interacts with part of the vinca
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FIGURE 5: Interaction of EM with the vinblastine and rhizoxin binding sites on tubulin. (a) The effect of@Nrfd unlabeled vinblastine

(O) on the binding of {H]vinblastine to tubulin as detected with a gel filtration assay. (b) Quantitation of the effects of vinblaine (
vincristine ©), and rhizoxin @) on the labeling of tubulin with1fC]JEM. Experiments were performed as described in Figure la with
various concentrations of the three drugs. The radioactivity associated with the tubulin bands was quantitated as follows. The samples were
run on 8% acrylamide gels, dired, and exposed to an imaging screen for 48 h, and the radioactivity associated with the tubulin bands was
quantitated. (c) Dixon plot for the inhibition of the binding fC]EM to tubulin by rhizoxin. The following concentrations GfC]EM

were used: @) 10 uM, (®) 20 uM, (») 40 uM, and (a) 70 uM. The binding of F4C]JEM to tubulin was quantitated by centrifugal gel

filtration as described in Experimental Procedures. (d) Hanes analysis of the bindiig]&N\] to tubulin in the presence of rhizoxin. The

following concentrations of rhizoxin were usedd)(0 uM, (®) 7 uM, (») 15uM, and (a) 30 «M. Binding was quantitated by centrifugal
gel filtration as described in Experimental Procedures.

alkaloid domain since rhizoxin and, to a lesser extent, drugs produces synergistic cytotoxicity. It has been reported
vincristine reduce the photolabeling of tubulin witHQ]- that paclitaxel can induce a sustained mitotic block in the
EM. Therefore, the EM binding site appears to overlap with absence of an increase in microtubule polymer mass (Jordan
at least part of the rhizoxin binding site of the vinca alkaloid et al., 1993). At concentrations substoichiometric to those
domain on tubulin. of tubulin, the drug causes a kinetic stabilization of spindle
Paclitaxel is a novel diterpenoid with a unique mechanism microtubules and blocks mitosis. It would be of interest to
of action toward microtubules. It binds to the tubulin determine whether EM and paclitaxel are synergistic in
polymer and enhances the assembly of microtubules in theattenuating microtubule dynamics despite the fact that they
absence of GTP (Nath et al., 1985). Recent evidence hashave apparently opposing effects on microtubule polymer-
indicated thaf3-tubulin is the target for paclitaxel since itis ization.
the predominant subunit labeled directly B{H]paclitaxel The characteristics of microtubules are strongly influenced
(Rao et al., 1992). Previous studies have indicated that theby the isotypic composition of the constitugfittubulin
combination of paclitaxel and EM produces synergistic subunits. Isotypically puregy,-tubulin dimers were shown
antitumor activity in cell culture (Speicher et al., 1992) and to have more dynamicity thamg,- or oS\v-tubulin dimers
in preliminary studies in the clinic (Hudes et al., 1995). The (Panda etal., 1994). Bovine brain microtubules depleted in
present data indicate that paclitaxel and EM have distinct the gy -tubulin isotype exhibit increased MAP-induced
binding sites on tubulin. Since paclitaxel preferentially (Banerjee et al., 1990) and paclitaxel-induced assembly (Lu
interacts with theg-subunit of tubulin to promote polymer- & Luduena, 1993). These microtubules are also less
ization (Rao et al., 1992) and EM interacts with both subunits susceptible to the depolymerizing effects of colchicine (Lu
to promote depolymerization, it is difficult to propose a & Luduena, 1993). Treatment of cells with colchicine or
tubulin-based mechanism whereby a combination of the two paclitaxel results in preferential incorporationog$, dimers
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Ficure 6: Lack of interaction between the GTP and EM binding - -
sites on tubulin. (a) The effect of EM on the exchange of GDP for -
[BH]GTP on tubulin. MTPs were incubated with EM or unlabeled e
GTP, and then®H]GTP was added. The amount 8H]GTP bound -b
to tubulin was determined by gel filtration as described in C-

Experimental Procedures. (b) The effect of GTP on the labeling of
tubulin with [*4C]JEM. The experiment was performed as described
in Figure 1a with the following GTP concentrations: lane 1, 0 mM,;
lane 2, 0.1 mM; lane 3, 0.2 mM; lane 4, 0.4 mM; and lane 5, 0
mM.
Ficure 7: Two-dimensional SDSPAGE of alkylated bovine
i ; microtubule proteins irradiated in the presence #HCIEM.
(1J909rga'rr]1t§ttﬁgc{asl)lg?a)r?nmglcl)lt dl;mlzrs r(é'afigtl.e ;el & ?L(()a\:verll‘bre Individual protein spots are identified as (@)tubulin, (b) G-
)i ular microtubules, respectively. » tubulin, and (c)B-tubulin depleted in the8,, isotype. (Panel 1)
treatment of cells with certain antimicrotubule agents alters western blot developed sequentially with antibodiestitubulin
the sorting of tubulin isotypes. and tubulin isotypes #1V. The Western blot was developed after

; each primary antibody to ensure the position of each protein. Several
R_ecent studies from_ our group have shown_ th_"’?‘ EM blots were probed and developed with the antibodies in different
resistant human prostatic carcinoma cells have significantly orgers. The tubulin isotype andfw had overlapping positions

higher levels of thg8, isotype compared to the EM sensitive  on the blot. (Panel 2) Radioactivity covalently associated with the
cells (Ranganathan et al., 1996). In order to test the microtubule proteins on the blot. (Panel 3) Silver-stained gel.

hypothesis that a possible defense mechanism against EM
is an increased expression @fi-tubulin, we photolabeled  Table 1: Specific Activity of {*C]EM-Labeled Tubulin Isotypes

bovine brain microtubules with'jC]JEM and separated the _ specific activity [mol of [“C]EM/
Bu-tubulin isotype fromo-tubulin and the rest of the protein (molof tubulin)] of bovine brain MTPs
B-tubulin isotypes. Separation of thk, isotype by two- a-tubulin 0.055+ 0.014
dimensional SDSPAGE is based upon the change in g;‘ff‘tzll’)'l'ﬂ?n 0t 00

mobility after complete alkylation of cysteine residues ——— - — .
- . Bovine brain MTPs were photoaffinity labeled with*C]EM,
(Crestfield et al., 1963). In these experimentSCIEM alkylated, and then subjected to two-dimensional SPAGE.® Co-

labeling was carried out prior to the alkylation. Since valent labeling was quantitated by exposing dried gels and blots to an
covalent labeling of tubulin with}fC]EM did not alter the imaging screen fo7 d and evaluating the level of radioactivity

two-dimensional separation profile of the tubulin isotypes, associated with the tubulin isotypes. The relative amounts of protein
it can be concluded that cysteine residues were not involved the tubulin isotypes were determined by scanning stained gels on a

. . . . . laser densitometer. Specific activity was determined by dividing the
in the covalent bond formation with EM upon irradiation. units of radioactivity by the protein in relative units. The data were

The different isotypes g#-tubulin exhibit almost complete  the average of three separate experimentstandard deviatiorf. 5-
homology within mammalian species (Sullivan, 1988). Our Tubulin depleted of thg isotype.
results indicate that the EM binding characteristics of the
bovine tubulin isotypes are similar to those of the human differences represent conserved changes (Sullivan, 1988). It

isotypes. The bovingy-tubulin isotype incorporated“C]- is therefore unlikely that the 3-fold difference in the
EM with a specific activity that wa¥; of that of the other incorporation of f*C]EM into fy-tubulin versus that of the
tubulin isotypes, while significant labeling of humdi,- other isotypes is due to a significant difference in reactivity

tubulin was undetectable. This would suggest thathe of the protein. The number of photoactivatedJJEM
isotype binds EM with a much lower affinity or it has fewer molecules in close proximity to the different proteins would
binding sites per subunit than the othtubulin isotypes then determine the relative amounts of labeling observed.
present. The amino acid sequence divergence between théccording to these results, cells expressing an increased
differentS-tubulin isotypes is 416%, and about half of the  proportion of 3y -tubulin should be less susceptible to the
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Ficure 8: One-dimensional SDSPAGE of cytoskeletal proteins
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