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ABSTRACT: Tritium-labeled vinblastine, specific activity 
107 Ci/mol, was prepared by acetylation of desacetylvin- 
blastine with [3H]acetic anhydride, and has been employed 
in a study of vinblastine binding to tubulin. There are two 
high affinity vinblastine-binding sites per mole of embryon- 
ic chick brain tubulin (KA = 3-5 X lo5 l./mol). Binding to 
these sites was rapid, and relatively independent of temper- 
ature between 37 and OOC. Vincristine sulfate and desa- 
cetylvinblastine sulfate, two other active vinca alkaloid de- 
rivatives, competitively inhibited the binding of vinblastine. 
The inhibition constant for vincristine was 1.7 X M ;  

T h e  antimitotic drug, vinblastine, belongs to a class of 
chemically related dimeric alkaloids known commonly as 
the vinca alkaloids. Along with vinblastine, other active 
vinca alkaloids such as vincristine and desacetylvinblastine 
inhibit mitosis by destroying the microtubules of the mitotic 
apparatus. This results in accumulation (due to blockage) 
of cells a t  the metaphase stage (reviewed in Olmsted and 
Borisy, 1973; Margulis, 1973; Wilson and Bryan, 1974). In 
addition to its antimitotic effects, vinblastine and other ac- 
tive vinca alkaloids can destroy microtubules in a wide vari- 
ety of cells and tissues, thereby disrupting the many biologi- 
cal functions which depend upon this class of subcellular or- 
ganelles (Olmsted and Borisy, 1973; Margulis, 1973; Wil- 
son and Bryan, 1974). In many cases, dissolution of mi- 
crotubules within cells and tissues by vinblastine is associ- 
ated with the formation of highly regular, birefringent crys- 
tals (Schochet et al., 1968; Bensch and Malawista, 1969; 
Nagayama and Dales, 1970; Bryan, 1971). Bryan (1971, 
1972a,b) isolated vinblastine-induced crystals from unfertil- 
ized sea urchin eggs, and found them to be composed of tu- 
bulin complexed to vinblastine, in a molar ratio of 1 mol of 
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and for desacetylvinblastine, 2 X M .  The vinblastine 
binding activity of tubulin decayed upon aging, but this 
property was not studied in detail. Vinblastine did not depo- 
lymerize stable sea urchin sperm tail outer doublet microtu- 
bules, nor did it bind to these microtubules. However, tubu- 
lin solubilized from the B subfiber of the outer doublet mi- 
crotubules possessed the two high affinity binding sites (KA 
= 1-3 X lo5  l./mol). These data suggest that vinblastine 
destroys microtubules in cells primarily by inhibition of mi- 
crotubule polymerization, and does not directly destroy pre- 
formed microtubules. 

vinblastine/mol of tubulin. The finding that vinblastine 
caused crystal formation in cells in vivo was shortly fol- 
lowed by the demonstration that high concentrations of vin- 
blastine precipitate tubulin in vitro. It has been thought 
that these two actions of vinblastine are mechanistically re- 
lated (Bensch et al., 1969; Marantz et al., 1969). However, 
the ability of high vinblastine concentrations to precipitate 
tubulin in vitro seems to be a nonspecific effect, since vin- 
blastine can precipitate a large number of other acidic pro- 
teins, including muscle actin, as well as nucleic acids (e.g., 
double-stranded DNA) (Wilson et al., 1970). These data 
suggested there might be two classes of binding sites for 
vinblastine on tubulin: a high affinity class (biologically im- 
portant) and a low affinity class (biologically unimportant). 
Owellen et al. (1972, 1974) have studied the high affinity 
binding of vinblastine to purified pig and rat brain tubulin 
utilizing a DE81 filter paper assay, and obtained a binding 
constant of 5-6 X lo6 l./mol a t  37OC, and one vinblastine 
binding site per 2 mol of tubulin. 

In this report, we have prepared tritium-labeled vinblas- 
tine, and have studied its binding to purified embryonic 
chick brain tubulin, and tubulin solubilized from sea urchin 
sperm tail outer doublet microtubules, utilizing a number of 
different assay procedures. The high affinity binding of vin- 
blastine to brain tubulin has been shown to be biologically 
specific, and the properties of the binding reaction have 
been partially characterized. We  have also investigated the 
binding of vinblastine to intact sea urchin sperm tail outer 
doublet microtubules. Our results suggest that vinca alka- 
loids disrupt microtubules in cells primarily by preventing 
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microtubule polymerization, and not by directly destroying 
performed microtubules. In subsequent reports we will de- 
scribe the characteristics of vinca alkaloid inhibition of in 
vitro microtubule assembly, and the vinblastine-binding 
characteristics of purified sea urchin egg vinblastine-tubu- 
lin crystals. 

Experimental Section 

Methods 
Preparation of [ ~ c e t y l - ~ H ]  Vinblastine. Acetylation of 

Desacetylvinblastine. Vinblastine sulfate (specific activity 
107 Ci/mol) was prepared by acetylation of desacetylvin- 
blastine with tritium-labeled acetic anhydride by a modifi- 
cation of the method described by Greenius et al. (1968). 
Desacetylvinblastine sulfate, 10 mg, was dissolved in 10 ml 
of distilled water, and converted to the free base by adjust- 
ment of the pH to 7.8 with Na0H. I  Desacetylvinblastine 
base was extracted from the aqueous solution with approxi- 
mately 40 ml of benzene, and the benzene extract was evap- 
orated to dryness in vacuo at 4OOC. The desacetylvinblast- 
ine was then dissolved in 500 pI of pyridine, and the solution 
was transferred to a 10 mm X 90 mm tapered glass 
(Kimax) tube, and evaporated to dryness in vacuo at 40OC. 
The desacetylvinblastine was maintained in vacuo for 2 hr 
just prior to acetylation. Acetylation was carried out by 
adding a 5 molar excess of tritium-labeled acetic anhydride 
in benzene (reported specific activity of 400 Ci/mol) and 
heating at 50°C (oil bath) for 2 hr. A small reaction volume 
(Le., 50 pl) was found to be critical for maximum acetyla- 
tion. 

Purijlication of Vinblastine by Thin-Layer Chromatog- 
raphy. The reaction product was dissolved in 500 pl of pyri- 
dine, and evaporated to dryness in vacuo at 55OC. The 
product was redissolved in 500 ~1 of redistilled methanol, 
and streaked along an origin line on an Eastman thin-layer 
chromatogram sheet. The chromatogram was developed 
with acetone as described by Creswell (1972) (Rf of vin- 
blastine 0.45; Rf of desacetylvinblastine 0.25; Rf of photo- 
degradation products 0.63). The vinblastine-containing 
band of silica gel was scraped from the chromatogram sheet 
into a scintered glass funnel; and the vinblastine was col- 
lected by washing with seven 2-ml portions of methanol. 
The methanol extracts were evaporated to dryness in vacuo, 
and the [a~etyl-~HJvinblast ine was converted to  the salt 
form by addition of 4 ml of 40 m M  sodium phosphate buff- 
er (pH 3.7). In the salt form, the vinca alkaloids appear to 
be stable to light. The labeled vinblastine was further puri- 
fied by carboxymethylcellulose column chromatography as 
described by Creswell (1972). This step serves to remove 
any photodegradation product formed during the thin-layer 
chromatographic separation. 

Criteria for Purity. The final product was judged to be 
pure by a number of criteria. The labeled product comigrat- 
ed with unlabeled vinblastine by thin-layer chromatography 
as described above. The labeled product also comigrated 
with unlabeled vinblastine by column chromatography on 

carboxymethylcellulose, with the ratio of tritium to absor- 
bancy at 270 nm remaining constant throughout the vin- 
blastine peak. Two biological assays were also employed to 
verify purity. The labeled product became bound in vivo to 
[a~etyl-~H]vinblast ine induced sea urchin egg tubulin crys- 
tals with a molar ratio of vinblastine to tubulin of 0.9 mol of 
vinblastine/mol of tubulin (see Bryan, 1972). Finally, serial 
dilution of the labeled product with unlabeled vinblastine 
resulted in a linear decrease in the specific activity of the 
[a~etyl-~H]vinblastine bound to chick embryonic brain tu- 
bulin. 

Pur$ication of Chick Embryo Brain Tubulin. Purifica- 
tion of tubulin from freshly dissected brains of 13- to 18- 
day-old chick embryos was accomplished by the single-step 
procedure described previously (Bryan and Wilson, 197 I ) ,  
except that sodium pyrophosphate buffer at pH 7.0 was em- 
ployed rather than sodium phosphate buffer and DEAE- 
cellulose (Whatman DE 52) was employed rather than 
DEAE-Sephadex according to the procedure of Eipper 
(1972). The tubulin eluted a t  an NaCl concentration of 
0.27 M .  Purity was greater than 95% as determined by dis- 
continuous polyacrylamide gel electrophoresis in sodium 
dodecyl sulfate as described by Luduena and Woodward 
(1973). The purified tubulin bound 0.72 mol of colchicine/ 
mol of tubulin (uncorrected for loss of colchicine binding 
activity which occurred during purification). A mass of 
110000 daltons was utilized for all calculations of drug 
binding stoichiometry and binding constants. 

Sea Urchin Sperm Tail Outer Doublet Microtubules. 
Outer doublet microtubules from sperm tails of the west 
coast (USA) sea urchin Stronglyocentrotus purpuratus 
were purified as described previously (Wilson and Meza, 
1973). Outer doublets were stored as a suspension (approxi- 
mately 10 mg of tubulin/ml) in 10 m M  Tris-HC1 (pH 8.0) 
at O°C (ice bath). The B subfibers of the outer doublet mi- 
crotubules were solubilized by resuspending the microtub- 
ules in 20 m M  sodium phosphate buffer (pH 6.8) and 
warming at 37OC for 2 hr. Between 13 and 20% of the total 
outer doublet tubulin was solubilized under these condi- 
tions. The solubilized tubulin was approximately 85% pure, 
as judged by polyacrylamide gel electrophoresis (Wilson 
and Meza, 1973). 

Vinblastine- Tubulin Complex Formation: Incubation 
Procedures. Solutions of purified chick embryo brain tubu- 
lin in 20 m M  sodium pyrophosphate (pH 7.0)-270 m M  
NaC1-2.5 m M  MgC12 were routinely diluted with 20 m M  
sodium pyrophosphate buffer a t  pH 7.0 to reduce the NaCl 
concentration to 150 mM. Desired concentrations of la- 
beled vinblastine were added, then solutions were incubated 
in a total volume of 500 1 1 .  Usually, triplicate 100-pl ali- 
quots of each incubation mixture were assayed for vinblas- 
tine-tubulin complex formation as described below. Tubu- 
lin solubilized from sea urchin outer doublet microtubules 
in 20 m M  sodium phosphate (pH 6.8) was incubated with 
labeled vinblastine and assayed for vinblastine-tubulin 
complex formation as described below. 

Vinblastine- Tubulin Complex Formation: Assay Proce- 
dures. Assav of vinblastine-tubulin comdex formation me- 

1 The free base forms of derivatives are unstable to light 
(Greenius et ai., 1968; Cresweli. 1972) and, upon exposure. rapidly be- 

sented several significant technical problems. Equilibrium 
dialysis was not suitable for determination of the biological- 

came photodegraded. Photodegraded derivatives, which are biblogical- ly  specific binding of vinblastine to tubulin for two reasons. 
ly inactive ( i t . .  do not inhibit cell growth) can be separated from-non- 
degraded derivatives by thin-layer chromatography as described in the 
text, and have an altered ultraviolet spectrum (Creswell, 1972). Thus, 

First, more than-36 hr (usually 48 hr) were required to 
reach equilibrium, and, during this length of time, there 

and an appar- while working with the vinca alkaloids in their free base forms it was was aggregation Of the 
necessary to carry out ail procedures in the dark, ent IO-20-fold decrease in the binding constant. Secondly, 
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vinblastine became bound to the inside walls of the dialysis 
chambers and to the dialysis membrane, resulting in highly 
variable binding data. Gel filtration procedures previously 
used for the assay of colchicine to tubulin (Wilson, 1970) 
also were not suitable for vinblastine. Because of the moder- 
ately weak binding constant, much of the previously bound 
vinblastine dissociated from the complex as it filtered down 
the column. A DEAE-impregnated filter paper disc assay 
procedure previously employed by Owellen et al. for assay 
of tubulin-vinblastine complex formation could be em- 
ployed for investigating the kinetics of the binding reaction, 
for estimating the apparent binding affinity, and to study 
the influence of other chemical agents and reaction condi- 
tions on vinblastine-tubulin complex formation. The equi- 
librium Sephadex gel procedure of Hirose and Kano (1 97 I ) 
was employed to determine the binding affinity and stoichi- 
ometry of the binding reaction. Stoichiometry was also veri- 
fied by equilibrium gel filtration. 
DE81 Paper Disc Assay. This method, employed pre- 

viously for determination of colchicine binding to tubulin 
(Wilson, 1970; Borisy, 1972), takes advantage of the high 
affinity of tubulin for DEAE-cellulose impregnated filter 
paper discs. Aliquots of incubation mixture (usually 100 ~ 1 )  
containing free and tubulin-bound [a~etyl-~H]vinblastine 
were applied directly to slightly moistened 2.5-cm discs of 
Whatman DE81 Chromedia paper (placed on parafilm) 
and incubated for 10 min a t  O O C .  Paper discs were washed 
to remove free [a~etyl-~H]vinbIastine by immersion in six 
successive 100-ml changes of 10 m M  sodium phoSphate 
buffer (pH 6.8) (5 min/wash, OOC). Approximately 65% of 
the originally applied tubulin remained bound to the disc 
after the washing steps. The paper discs with adhering pro- 
tein-bound [a~etyl-~H]vinbIastine were then counted di- 
rectly in a scintillation vial containing 10 ml of Bray's solu- 
tion (Bray, 1960). In all cases, controls were run in the ab- 
sence of tubulin, and this background was subtracted from 
the quantity of vinblastine bound to the discs in the pres- 
ence of tubulin. Binding results of duplicate experiments 
agreed to within 10%. With 2.5 X A4 vinblastine, in- 
creasing the tubulin concentration between 0.5 X and 
3 X mol of tubulin/assay resulted in a linear increase 
in binding activity. Moreover, the specific activity (mol of 
vinblastine bound/mol of tubulin) remained constant 
throughout this protein concentration range (data not 
shown). All subsequent experiments were carried out within 
this tubulin concentration range. 

Equilibrium gel filtration was carried out on 1 X 18 cm 
columns of Bio-Gel P10 as described by Hummel and 
Dreyer (1962). Brain tubulin: columns were equilibrated 
with 50 ml of 150 m M  NaCI, 20 m M  sodium pyrophos- 
phate, and 1 m M  MgC12 (pH 7.0) containing 7.50 X lod5 
M labeled vinblastine. Sea urchin sperm tail outer-doublet 
tubulin: columns were equilibrated with 20 m M  sodium 
phosphate (pH 6.8) containing 7.50 X M labeled vin- 
blastine. Chick brain tubulin (1.030 mg) or solubilized 
outer-doublet tubulin (1.010 mg) in the appropriate equili- 
bration buffer was passed through the column, and 1.0-ml 
fractions were collected. Bound vinblastine (mol/mol of tu- 
bulin) in the tubulin-containing fractions (fractions 16 and 
17) was calculated after subtracting the baseline value of 
free vinblastine from the total quantity of vinblastine 
present in the tubulin-containing fractions. 

Equilibrium Sephadex Gel Procedure. This procedure, 
developed by Hirose and Kano ( 197 1 ), involves measure- 
ment of bound and free vinblastine in the supernatant vol- 

ume of a swollen Sephadex G-50 bead suspension. Beads 
are permeable to the vinblastine, but not to the tubulin. The 
concentrations of bound and free vinblastine can be calcu- 
lated after determining the distribution coefficient of vin- 
blastine in the presence and absence of tubulin. The advan- 
tage of this procedure is that it permits determination of 
vinblastine binding to tubulin under equilibrium conditions. 

Miscellaneous Procedures. Protein concentrations were 
determined by the method of Lowry et  al. (1951) with stan- 
dard solutions of purified chick embryo brain tubulin. Tri- 
tium was determined with a Packard TriCarb liquid scintil- 
lation spectrometer. Internal standards of tritiated water 
were used to determine counting efficiency. 

Materials 

Chick Eggs. Fertilized chick eggs were obtained from 
Kimber Farms, Fremont, Calif., and incubated at 38OC in a 
humidified Jamesway incubator, equipped with an egg- 
turning device which rotated the eggs every 2 hr. 

Chemicals. Vinblastine sulfate, vincristine sulfate, desa- 
cetylvinblastine sulfate, and leurosidine were all generous 
gifts from Dr. Koert Gerzon, of the Eli Lilly Co., Indianap- 
olis, Ind. Tritiated acetic anhydride (400 Ci/mol) was ob- 
tained from New England Nuclear Corporation, Boston, 
Mass. [a~etyl-~H]Colchicine (155 Ci/mol) was prepared as 
described previously (Wilson and Friedkin, 1966). Benzene 
and pyridine utilized in the preparation of tritium-labeled 
vinblastine were both of spectrophotometric grade. Car- 
boxymethylcellulose (Cellex-CM) and Bio-Gel P10 were 
obtained from the Bio-Rad Laboratories. Sephadex G-50 
was obtained from Pharmacia, Inc., Piscataway, N.J. All 
thin-layer chromatography was performed on commercially 
prepared silica gel plates (chromatogram sheets 6060, East- 
man Organic Chemicals). Squares (side = 2.5 cm) of 
Whatman DE81 Chromedia paper were cut from 46 X 57 
cm sheets obtained from the H. Reeve Angel and Co., Inc., 
Clifton, N.J. All other chemicals were of analytical grade. 

Results 

Characterization of Vinblastine-Binding Sites on Chick 
Embryo Brain Tubulin 

Dependence on Time, Temperature, and Ionic Strength. 
The binding of low concentrations of vinblastine (between 
0.1 and 10 F M )  was rapid a t  all temperatures between 0 
and 37OC. Binding increased to a plateau within 5-10 min 
both a t  0 and a t  37OC. In addition, binding was not strongly 
dependent upon temperature. At OOC, maximum binding 
values after incubation for 30-60 min were only IO-20% 
lower than those obtained a t  37OC (data not shown). Vin- 
blastine binding to chick embryo brain tubulin was not very 
dependent upon ionic strength. Vinblastine-binding activity 
was depressed slightly as the concentration of NaCl was in- 
creased between 25 and 250 mM (data not shown). Since a 
salt concentration of 150 m M  is optimal for stabilization of 
the colchicine binding activity of purified chick embryo 
brain tubulin (Wilson, 1970, and unpublished data), this 
concentration of NaCl was used in most binding experi- 
ments. 

Competitive Inhibition of Vinblastine Binding to Chick 
Embryo Brain Tubulin by Other Active Vinca Alkaloids. 
The binding of vinblastine was inhibited in a competitive 
manner by other biologically active vinca alkaloids. Results 
of an experiment demonstrating the competitive inhibition 
of vinblastine binding activity by vincristine are  shown in 

5588 B I O C H E M I S T R Y ,  V O L .  1 4 ,  N O .  2 6 ,  1 9 7 5  



M E C H A N I S M  O F  A C T I O N  O F  V I N B L A S T I N E  

-5 0 5 10 15 20 25 
I 

Vinblastine (molesl l i ter)  

F I G U R E  1: Inhibition of vinblastine binding by vincristine to freshly 
purified chick embryonic brain tubulin. Aliquots containing 570 wg of 
freshly purified tubulin in 20 m M  sodium pyrophosphate-1 50 m M  
NaCl (pH 7.0) were incubated with different concentrations of labeled 
vinblastine in the absence (0)  and in the presence (0) of 1.0 X M 
vincristine sulfate for 30 min at  37'C (total volume = 500 PI). Bound 
vinblastine was determined by the paper disc assay procedure (see 
Methods). The inhibition constant (K,) for vincristine was 1.7 X 
M .  

 IO-^ 

Figure 1. The inhibition constant for vincristine in this ex- 
periment was 1.7 X M .  Another active derivative, 
desacetylvinblastine, also competitively inhibited the bind- 
ing of vinblastine, with a similar inhibition constant of 2 X 

Affinity Constant and Number of Binding Sites. The af- 
finity of vinblastine for freshly purified chick embryo brain 
tubulin was determined with the use of the equilibrium Se- 
phadex gel procedure and a Scatchard analysis (Scatchard, 
1949), as shown in Figure 2. A straight line was obtained 
indicating a single affinity class of sites, and the binding 
constant calculated from the slope of the line was 4.5 X lo5 
I./mol (4OC). Considerable variation in the apparent bind- 
ing constant occurred depending upon the age of the puri- 
fied tubulin. Storage of the tubulin frozen (in liquid nitro- 
gen) for as little as 12 hr reduced the affinity for vinblastine 
to 2.4 X lo4  l./mol (37OC). Storage under these conditions 
in the presence of 0.5 m M  G T P  or 0.72 mol of colchicine 
bound per mol of tubulin did not affect the loss of affinity 
for vinblastine. A slightly lower affinity of 1-3 X lo5 I./mol 
was obtained utilizing the DES 1 paper disc assay procedure 
(data not shown). Temperature between 0 and 37OC had 
very little effect on the binding constant. In one experiment 
utilizing the DE81 filter disc assay, identical binding con- 
stants of 1.7 X lo5  I./mol were obtained both a t  0 and a t  
37OC with freshly purified tubulin. 

There appear to be two vinblastine sites per mole of tubu- 
lin, as determined by the equilibrium Sephadex gel proce- 
dure (Figure 2). The number of vinblastine-binding sites 
per mole of tubulin was also determined independently by 
the equilibrium gel filtration procedure of Hummel and 
Dreyer (1962). The mean value for mole of vinblastine 
bound per mole of tubulin in two experiments (two peak 

M (data not shown). 

\ 
\ 
\ 
\ 
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FIGURE 2: Affinity and number of binding sites for vinblastine from 
freshly purified embryonic chick brain. Aliquots, 80 mg of Sephadex 
(3-50 beads, were placed in  13 X 100 mm tubes and swollen by the ad- 
dition of 0.5 ml of 150 m M  NaCI-5 m M  MgC12-50 mM sodium pyro- 
phosphate (pH 7.0). To each bead suspension was added 0.25 ml of the 
above buffer containing desired quantities of labeled vinblastine, and 
the suspensions were equilibrated at  4'C for up to 20 hr before use. 
Tubulin solutions in the above buffer, 0.2.5 ml, were added to each 
tube, and the suspensions were incubated with intermittent agitation 
for 2 hr at 4OC. Aliquots of the supernatant fraction, 50 pl, were re- 
moved for determination of labeled vinblastine. Tubes containing no 
tubulin were employed for determination of the control distribution 
coefficient of each vinblastine concentration. The different symbols 
represent three different tubulin preparations, purified in  identical 
fashion. One tubulin sample (0 )  contained prebound colchjcine. Data 
were plotted in the form described by Scatchard (1949). V = mol of 
vinblastine bound per mol of tubulin. [A_] = free vinblastine (mol/l.). 
The equation for the regression line is V / [ A ]  = 8.19 X IO5-4.49 X 
1 0 5 k  The coefficient of determination (r2) = 0.8 16.5, n = 16. 

protein fractions per experiment; see Figure 5) was 1.9. 
Thus, there seem to be two vinblastine sites per dimer on 
embryonic chick brain tubulin. 

The value obtained for the number of binding sites per 
mole of tubulin with the DES1 filter disc assay was 0.45 
(data not shown). This low value is similar to that obtained 
by Owellen et  al. (1972). The major disadvantage of the fil- 
ter disc assay is that the free vinblastine is separated from 
the vinblastine-tubulin complex. Since the vinblastine is not 
very tightly bound to the tubulin, a considerable quantity of 
the previously bound vinblastine dissociates from the com- 
plex during the assay, thus giving rise to the low stoichiome- 
try. The use of this procedure to obtain an apparent binding 
constant does seem to be valid, a t  least'within a factor of 2 
as compared with the equilibrium method, and depends 
upon the assumption that there is a single dissociation rate 
constant for loss of vinblastine a t  all tubulin-vinblastine 
complex concentrations. 

Relationship between Vinblastine Binding Sites, and 
Colchicine and Guanine Nucleotide Binding Sites. Incuba- 
tion of freshly purified tubulin with 2 mM G T P  did not in- 
fluence the binding of vinblastine. Similarly, vinblastine 
binding to a tubulin colchicine complex (0.7 mol of colchi- 
cine bound/mol of tubulin) was identical with that of tubu- 
lin without bound colchicine. The inclusion of 1 mM CaC12 
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F I G U R E  3: Stabilization of colchicine binding activity of purified em- 
bryonic chick brain tubulin by vinca alkaloids. Tubes containing fresh- 
ly purified embryonic chick brain tubulin (271 pg)  in 20 m M  sodium 
pyrophosphate-140 m M  NaCl (pH 7.0) were incubated for 3 hr a t  37' 
with increasing concentrations of vinblastine, vincristine, or desacetyl- 
vinblastine in  a total volume of 525 PI. The colchicine binding activity 
in each tube was determined after an additional incubation with [ace- 
ty/-3H]colchicine for 1 hr at 37°C. A control aging experiment was 
performed without any vinca alkaloid to determine the initial colchi- 
cine binding activity and the decay rate was described previously 
(Bamburg et al., 1973). The percent of binding activity remaining after 
3-hr incubation in the presence of the vinca alkaloids was compared 
with the unstabilized control, and the initial binding activity of the tu- 
bulin. The half-time for loss of colchicine binding activity of the unsta- 
bilized tubulin was 114 min. Bound colchicine was assayed by the Bio- 
Gel PI0 gel filtration assay procedure (Bamburg et al., 1973). (0) 
Desacetylvinblastine; (0)  vinblastine; (A) vincristine. 

also had no effect on the binding of vinblastine to chick em- 
bryo brain tubulin. Thus, the vinblastine binding sites, the 
colchicine binding site, and the two guanine nucleotide 
binding sites are all different, as well as any calcium bind- 
ing sites that may be on the tubulin. 

I 
8.5 1- I - i  

8.0, i 

0 5 10 15 20 25 30 
Fraction Number 

FIGURE 5: Equilibrium gel filtration. Binding of [ace~yl-~H]vinblas- 
tine to tubulin from sea urchin sperm tail outer doublet microtubules. 
Equilibrium gel filtration was carried out as described under Methods. 
Solubilized outer doublet tubulin, 1.010 mg, was applied, and the col- 
umn run  a t  a vinblastine concentration of 7.5 X M .  The arrow de- 
notes application of the tubulin. (.) Labeled vinblastine; (0) tubulin. 
Fractions 16 and 17 contained 1.9 and 2.0 mol of vinblastine bound/ 
mol of tubulin. A small correction of binding values to saturating vin- 
blastine concentration (utilizing a binding constant of I .O X I O 5  ]./mol; 
Figure 4) yielded values of 2.2 and 2.3 mol of vinblastine bound per 
mol of tubulin, for fractions 16 and 17, respectively. 

Relationship between Vinca Alkaloid Binding Affinities 
for  Tubulin, and Abilities to Stabilize Colchicine Binding 
Actiuity. The colchicine binding activity of tubulin is unsta- 
ble, and decays according to first-order kinetics with half- 
times that vary considerably depending upon conditions in 
solution (e.g., pH,  ionic strength, temperature) and the con- 
centration of "active" (colchicine-binding) tubulin 
(Weisenberg et al., 1968; Wilson, 1970; Bamburg et al., 
1973). Addition of vinblastine or vincristine to solutions of 
tubulin prevent this decay (Wilson, 1970; Wilson and 
Meza, 1973). The three active vinca alkaloids, vinblastine, 
vincristine, and desacetylvinblastine, aH bind to tubulin 
with very similar affinities. If this interaction of vinca alka- 
loids is responsible for the stabilizing effect, then the three 
derivatives should have approximately the same ability to 
stabilize the colchicine binding activity of chick embryo 
brain tubulin. This appears to be the case as shown in Fig- 
ure 3. Vinblastine, desacetylvinblastine, and vincristine sta- 
bilize the colchicine binding activity of purified chick em- 
bryo brain tubulin in a concentration-dependent manner. 
The concentrations of the three derivatives that stabilize by 
50% are 1.1 X M ;  2.5 X M ;  and 3.3 X M ;  
for vincristine, vinblastine, and desacetylvinblastine, respec- 
tively. These values agree approximately with the apparent 
affinities of these derivatives for tubulin. Another vinca al- 
kaloid, leurosidine, which is 100-fold less potent than vin- 
blastine in its ability to inhibit mitosis in cultured EHB cells 
(Creswell, 1972) is 100-fold weaker than vinblastine in sta- 
bilizing the colchicine binding activity of tubulin, and 
catharanthine, a still less active vinca alkaloid derivative, is 
tenfold weaker than leurosidine (data not shown). 

[ a ~ e t y l - ~ H ]  Vinblastine Binding Actiuity of Tubulin Sol- 
ubilized f rom Stable Outer-Doublet Microtubules. Addi- 
tion of vinblastine to tubulin solubilized from purified sea 
urchin sperm tail outer-doublet microtubules stabilized the 
colchicine binding activity of the tubulin (Wilson and 
Meza, 1973) suggesting that high affinity vinblastine-bind- 
ing sites were present. That vinblastine can bind to this tu- 
bulin with an affinity similar to that for embryonic chick 
brain tubulin is shown in a Scatchard analysis (Figure 4). A 
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linear plot was obtained with an association constant of 1 .O 
X IO5 I./mol at 37’C. Vinblastine-tubulin stoichiometry 
was determined by equilibrium gel filtration (Figure 5). 
The molar ratio in the two tubulin peak fractions, 16 and 
17, was 2.2 and 2.3 mol of vinblastine/mol of tubulin. Thus, 
similar to embryonic chick brain tubulin, there seem to be 
two vinblastine binding sites/mol of tubulin. Similar to the 
results with the binding of vinblastine to chick embryo 
brain tubulin, the binding of 2.9 X M vinblastine to 
outer doublet tubulin was rapid, reaching a plateau within 
10 min; and was not significantly dependent upon tempera- 
ture, between 0 and 37OC. 

Lack of Vinblastine Binding to Intact Outer-Doublet 
Microtubules. Similar to results with colchicine (Wilson 
and Meza, 1973), vinblastine does not depolymerize outer 
doublet microtubules. For example, outer-doublet microtu- 
bules suspended in 20 mM sodium phosphate (pH 6.8) were 
partially solubilized by warming a t  37’C for 2.5 hr in the 
presence and absence of 8.9 X M vinblastine. Before 
dissolution, the quantity of tubulin contained in the mi- 
crotubules was 463 ( f 2 8 )  pg of protein/ml. After dissolu- 
tion, control microtubules (no vinblastine) had 370 ( f 2 3 )  
pg of protein/ml remaining, while microtubules depolymer- 
ized in the presence of vinblastine contained a similar quan- 
tity of tubulin (360 f 22 pg of protein/ml). Thus, vinblas- 
tine did not increase the rate of dissolution of the microtub- 
ules. 

Once it was established that tubulin solubilized from 
outer doublet microtubules possessed vinblastine binding 
sites, it became meaningful to determine whether the sites 
were accessible to vinblastine in assembled microtubules. 
Six identical 500-pl aliquots containing suspended purified 
outer-doublet microtubules were incubated with 1.03 X 

A4 [a~etyl-~H]vinblast ine for 30 min a t  21OC. The 
microtubules were then pelleted by centrifugation at 8OOOg 
for 10 min, and the amount of vinblastine bound to them 
was determined by measuring the amount of radioactivity 
remaining in the supernatant fraction. The protein concen- 
tration in the experiment was 1.14 X mol/l., therefore, 
there was an approximately equal concentration of vinblas- 
tine and tubulin. No detectable vinblastine was removed 
from the supernatant fraction (pelleted along with the outer 
doublet microtubules). Therefore there was not detectable 
binding of vinblastine to the microtubules. Identical results 
were obtained in a second similar experiment. This argues 
that either the vinblastine binding sites are not on the sur- 
face of the microtubules, or that if they are on the surface, 
the affinity for vinblastine is greatly decreased when the tu- 
bulin is assembled. If the affinity has been decreased, the 
highest possible binding constant can be estimated by sub- 
stituting the pipetting error value for the quantity of vin- 
blastine that could have been bound in this experiment. The 
value comes out to be 5 X lo2  l./mol. Therefore, if the bind- 
ing site is on the surface of the microtubule, its affinity 
must be reduced at least by a factor of 1000. 

Discussion 
High Affinity Vinblastine-Binding Sites. There are two 

biologically specific vinblastine binding sites/tubulin mole- 
cule, with apparent binding affinities with freshly prepared 
embryonic chick brain tubulin of 3-5 X lo5 l./mol. These 
sites are on different areas of the tubulin molecule than the 
two guanine nucleotide sites, and the colchicine binding 
site. The characteristics of the vinblastine-binding reaction 
to tubulin differ significantly from those described for the 

colchicine binding reaction to tubulin (Borisy and Taylor, 
1967a,b; Wilson and Friedkin, 1967; Wilson, 1970; Bryan, 
1972b). In contrast with the binding of colchicine, the bind- 
ing of vinblastine to embryonic chick brain tubulin is very 
rapid, and relatively independent of temperature between 0 
and 37OC. Vincristine and desacetylvinblastine, vinca alka- 
loid derivatives which possess the ability to disrupt microtu- 
bules in cells, compete with vinblastine for these sites. 

The complex which forms between chick embryo brain 
tubulin and vinblastine is not very stable. In contrast to col- 
chicine-tubulin complexes, passage of a vinblastine-tubulin 
complex through a short gel-filtration column (1 X 18 cm, 
Bio-Gel PlO), or assay by the DE81 paper disc assay proce- 
dure results in loss of more than half of the originally bound 
vinblastine. The binding affinity obtained with chick brain 
tubulin is lower than that reported by Owellen et al. (1972) 
with porcine brain tubulin. These investigators obtained a 
binding constant of 6 X lo6 l./mol at 37’. However, the 
vinblastine-porcine brain-tubulin complex is stable during 
passage through a gel filtration column (Owellen -et al., 
1974). Thus, the affinities of vinblastine for tubulins from 
diverse sources might be different. Both with chick embryo 
brain tubulin and porcine brain tubulin (Owellen et al., 
1972), the vinblastine binding activity decays upon aging. 
With chick embryo brain tubulin, the decay is accompanied 
by a decrease in the binding affinity. Thus, differences in 
decay rates could also be responsible for the differences in 
binding affinities between our results and those of Owellen 
and his coworkers. In all cases in this work, vinblastine 
binding characteristics were determined utilizing freshly 
purified tubulin which was no more than 4 hr old after tis- 
sue disruption. The loss of binding affinity for vinblastine 
upon storage of the tubulin has not yet been characterized 
further. 

There is a large difference between the concentrations of 
the active vinca alkaloids which half-maximally saturate 
the tubulin sites (-3 X M )  and the concentrations 
which cause disruption of microtubules in mammalian cells 
(-7-8 X M ) .  This phenomenon is due to a striking 
“poisoning effect” of the vinca alkaloids on microtubule po- 
lymerization (Wilson et al., 1974) which will be described 
in detail in a subsequent report (K. Anderson, K. Creswell, 
and L. Wilson, manuscript in preparation). 

Binding of Vinblastine to Sea Urchin Sperm Tail Outer 
Doublet Tubulin: Location of Vinblastine-Binding Sites on 
Intact Microtubules. Sea urchin sperm tail outer doublet 
microtubules are stable, and are completely resistant to dis- 
solution by colchicine and vinblastine. Yet with colchicine, 
the tubulin, once solubilized, has been shown to possess a 
colchicine binding site. These findings permitted us to de- 
termine whether the colchicine binding site was free (avail- 
able to bind colchicine) in intact microtubules. Since no col- 
chicine binding activity could be detected in the intact mi- 
crotubules, we argued that the tubulin was oriented in the 
microtubule with the colchicine binding site not exposed on 
the surface of the microtubule (Wilson and Meza, 1973). 
An alternative possibility is that the site is on the surface of 
the microtubule, but when the microtubule is assembled, a 
conformational change had taken place resulting in a 500- 
1000-fold decrease in the affinity for colchicine. In either 
case, it is unlikely that colchicine can directly disrupt pre- 
formed microtubules by binding to the microtubules. An 
identical approach was taken with the high affinity vinblas- 
tine-binding sites utilizing solubilized outer-doublet mi- 
crotubules in this study. Our results have shown that the 
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outer doublet tubulin, once solubilized, possess two vinblas- 
tine binding sites with apparent affinities close to those 
found for embryonic chick brain tubulin (Figures 4 and 5). 
Incubation of intact outer doublet microtubules with vin- 
blastine, similar to the situation with colchicine, resulted in 
no detectable binding of vinblastine. The same interpreta- 
tions with the vinblastine binding sites apply as in the case 
of the colchicine binding site. Namely, either a conforma- 
tional change occurred during assembly of the tubulin re- 
sulting in a 1000-fold decrease in affinity, or the vinblastine 
binding sites are  not distributed along the surface of the mi- 
crotubule. In either case, the results imply that vinblastine 
does not have a high affinity for assembled microtubules, 
and probably does not directly destroy the assembled struc- 
tures. Thus, vinblastine, like colchicine, must disrupt mi- 
crotubules in cells primarily by blocking the polymerization 
reaction. This would result in the ultimate depolymerization 
of labile microtubules, which appear to be in equilibrium 
with subunit pools (Inoue and Sato, 1967; Olmsted and Bo- 
risy, 1973). More stable microtubules such as outer doublet 
microtubules of cilia and flagella would not be destroyed by 
this class of drugs. 

The method employed in this study is not sensitive 
enough to detect the possible binding of vinblastine to the 
ends of these microtubules. Thus, another possible mecha- 
nism which cannot be eliminated would involve the binding 
of vinblastine to an end tubulin molecule. While this mech- 
anism may be very important in inhibition of microtubule 
assembly, in order for vinblastine to cause that tubulin mol- 
ecule to dissociate more rapidly than normal from the end 
of a microtubule, the binding of vinblastine to that tubulin 
molecule would have to cause a conformational change re- 
sulting in a decreased affinity for the remaining polymer. 
We feel this is unlikely, since in vitro polymerized microtu- 
bules in embryonic chick brain extracts are  not depolymer- 
ized by the addition of 5 X M vinblastine over a 60- 
min period (K. Anderson, K. Creswell, and L. Wilson, to be 
published). 
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