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Interaction of Tubulin with Drugs and Alkylating Agents. 2. Effects of 
Colchicine, Podophyllotoxin, and Vinblastine on the Alkylation of Tubulin? 
Richard F. Ludueiia* and Mary Carmen Roach 

ABSTRACT: The antimitotic drugs colchicine, podophyllotoxin, 
and vinblastine are known to be potent inhibitors of micro- 
tubule polymerization, but little is known about how they affect 
the chemical properties of the tubulin molecule. In the pre- 
ceding paper [Ludueiia, R. F., & Roach, M. C. (1981) Bio- 
chemistry (preceding paper in this issue)], we have shown that 
the alkylating agent iodo[ 14C]acetamide reacts specifically with 
the sulfhydryl groups of tubulin and that its bifunctional 
analogue, N,N'-ethylenebis(iod0acetamide) (EBI), reacts with 
native tubulin to convert @-tubulin into a form, designated @*, 
which appears to represent an intrachain cross-linked form of 
/3. In this paper, we have incubated tubulin with the drugs 
prior to alkylation and measured their effects on the alkylation 
reactions. We have found that at 100 p M  concentrations, 

Tubul in ,  the basic structural component of microtubules, 
interacts strongly with three structurally dissimilar compounds: 
colchicine, podophyllotoxin, and vinblastine. These drugs have 
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podophyllotoxin, colchicine, and vinblastine inhibited the re- 
action of tubulin with iod~['~C]acetamide by 19-32%, 33-47%, 
and 62-72%, respectively; each drug was half-maximally ef- 
fective at 3-5 pM, indicating that the suppressive effects of 
the drugs were mediated by their high-affinity binding sites. 
Similarly, @* formation induced by EBI was suppressed by 
92-94% in the presence of either colchicine or podophyllotoxin. 
In contrast, vinblastine enhanced 8* formation by 40%. Al- 
kylation with longer chain analogues of EBI revealed no ev- 
idence that the reactive sulfhydryls were being pushed apart 
by the drugs. These results indicate that each of the drugs 
has potent effects on the accessibility of the sulfhydryl groups 
of tubulin and that the effects of vinblastine are very different 
from those of either colchicine or podophyllotoxin. 

been very useful probes in studies of the tubulin molecule and 
of microtubule assembly and function (Wilson, 1975; Wilson 
et al., 1976). Although these compounds are known to be 
potent inhibitors of microtubule assembly and to bind strongly 
to the tubulin molecule, very little detailed information is 
available about the drug binding sites on the tubulin molecule 
and of the areas on the molecule whose conformation is af- 
fected by the drugs. Colchicine and podophyllotoxin are 
competitive inhibitors of each other's binding to tubulin, and 
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their binding sites are presumed to overlap, while vinblastine 
binds at two sites distinct from either of the former (Cortese 
et al., 1977; Wilson et al., 1975). Nevertheless, it is not clear 
which parts of the tubulin molecule, or even which of the two 
polypeptide chains, form the drug binding sites. 

Both colchicine and vinblastine affect the conformation of 
the tubulin molecule at regions distinct from their binding sites. 
The colchicine-binding reaction is accompanied by a confor- 
mational change in the tubulin molecule detectable by 
fluorescence (Garland, 1978). Colchicine activates the intrinsic 
guanosine 5'-triphosphate activity of tubulin (David-Pfeuty 
et al., 1979). In addition, it slows down nonspecific aggre- 
gation and stabilizes its own binding site as well as one or both 
of the vinblastine binding sites and the exchangeable GTP 
binding site (Luduefia et al., 1977; Becker et al., 1975; 
Bhattacharyya & Wolff, 1976; Weisenberg et al., 1968). 
Vinblastine enhances the fluorescence of tubulin bound to 
8-anilino- 1-naphthalenesulfonate (Ans),' indicating an effect 
of the drug on the hydrophobic region where Ans binds 
(Bhattacharyya & Wolff, 1975). Vinblastine inhibits non- 
specific aggregation but induces a specific aggregation of 
tubulin into dimers, rings, spirals, and macrotubules (Lee et 
al., 1975; Erickson, 1975; Fujiwara & Tilney, 1975). Vin- 
blastine also inhibits the intrinsic GTPase activity of tubulin 
(David-Pfeuty et al., 1979). In addition, vinblastine stabilizes 
colchicine and GTP binding and increases the rate of colchicine 
binding (Garland & Teller, 1975; Tan & Lagnado, 1975; 
Wilson, 1970). 

Recently, the sulfhydryl groups of tubulin have emerged as 
potential probes for the drug binding sites on the tubulin 
molecule and for the regions which the drugs affect. Schmitt 
& Kram (1978) have found that colchicine and vinblastine 
each inhibit the reaction of tubulin with the thiol reagent 
5,5'-dithiobis(2-nitrobenzoic acid) (DTNB),' from which they 
conclude that some sulfhydryl groups are probably located at 
the binding sites for these drugs. Schmitt & Kram, however, 
used a preparation of tubulin that contained microtubule- 
associated proteins (MAPS).' Since the DTNB reaction is 
measured in the spectrophotometer, one cannot be certain that 
the effects they see are due entirely to the sulfhydryls of tubulin 
rather than those of the MAPs. In the preceding paper 
(Luduefia & Roach, 1981), we have shown that two of the 
MAPs (HMW 1 and HMW 2) contain alkylatable groups that 
are likely to be sulfhydryls. Schmitt & Atlas (1976) have also 
shown that the covalent binding to tubulin of the alkylating 
agent bromo[3H]colchicine is inhibited by colchicine and that 
this inhibition is most marked in a; they suggest, therefore, 
that the high affinity colchicine binding site is on a. 

Since the ability of tubulin to polymerize into microtubules 
can be inhibited by oxidation of a few of its sulfhydryl groups 
as well as by binding to drugs, the nature of the possible 
interactions between these drugs and the sulfhydryl groups is 
an important area to elucidate. In the work described in this 
paper, we have examined the alkylation of the sulfhydryl 
groups in tubulin in the presence of colchicine, podophyllotoxin, 
and vinblastine, using as probes the alkylating agent iodo- 
[ 14C] acetamide and the bifunctional reagent N,N'-ethylene- 
bis(iodoacetamide) (EBI).' These methods allow us to sep- 

' Abbreviations used: MAPs, microtubule-associate proteins; EBI, 
N,N'-ethylenebis(iodoacetamide); buffer A, 100 mM 2-(N- 
morpho1ino)ethanesulfonic acid, pH 6.4, 1 mM ethylene glycol bis(0- 
aminoethyl ether)-N,N,N',N'-tetraacetic acid, 0.1 mM ethylenedi- 
aminetetraacetic acid, 0.5 mM MgCI2, and 1 mM guanosine 5'-tri- 
phosphate; Ans (ansyl), 8-anilino- I-naphthalenesulfonate; DTNB, 53'- 
dithiobis(2-nitrobenzoic acid); NaDodS04, sodium dodecyl sulfate. 
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arately examine the sulfhydryls of both a- and @tubulin and 
the microtubule-associated proteins. In the preceding paper 
(Luduefia & Roach, 1981), we have shown that iodo[14C]- 
acetamide is a useful probe for the sulfhydryl groups of tubulin 
and that EBI makes a covalent intrachain cross-link in j3-tu- 
bulin, thereby transforming f l  into a form, designated j3*, which 
migrates faster on discontinuous polyacrylamide gels con- 
taining sodium dodecyl sulfate (Laemmli, 1970). We have 
found that each of the drugs is a potent inhibitor of alkylation 
and that the inhibition affects both the a and j3 chains. We 
have also found that the effect of vinblastine on alkylation is 
quite distinct from that of either colchicine or podophyllotoxin, 
the most striking difference being that colchicine and podo- 
phyllotoxin strongly inhibit, whereas vinblastine enhances, the 
EBI-induced formation of p*. Some of this material has been 
reported in preliminary form elsewhere (Morgan et al., 1978). 

Experimental Procedures 
Materials. Colchicine was from Sigma, podophyllotoxin 

and nocodazole from Aldrich, and vinblastine sulfate was a 
kind gift from Eli Lilly. Lumicolchcine was synthesized by 
ultraviolet irradiation of a solution of colchicine in 95% ethanol 
(Wilson & Friedkin, 1966). Maytansine (NSC 153858) was 
the kind gift of Dr. John Douros of the Developmental 
Therapeutics Program, Chemotherapy, National Cancer In- 
stitute. ~V-Ethy1[2,3-'~C~]maleimide (New England Nuclear) 
was diluted with cold N-ethylmaleimide (Sigma). 

Alkylation Reactions. In most experiments, the reaction 
of tubulin with iod~['~C]acetamide was measured by sub- 
jecting the alkylated protein to polyacrylamide gel electro- 
phoresis and then staining, scanning, and slicing the gel and 
counting the slices as described in the preceding paper 
(Luduefia & Roach, 1981). In some experiments, however, 
a different method was used in which the alkylated protein 
was precipitated by dilution with an equal volume of cold 10% 
trichloroacetic acid. The precipitate was collected by filtration 
on Celotate filters. Each filter was then placed in a scintillation 
vial to which was added 0.5 mL of NCS and 10 mL of toluene 
scintillation fluid with Omnifluor (New England Nuclear); 
the vials were then counted in a Beckman LS7000 liquid 
scintillation counter. 

Other Procedures. All other materials and procedures used 
are described in the preceding paper in this issue (Luduefia 
& Roach, 1981). 

Results 
Effect of Drugs on the Alkylation of Tubulin by Zodo- 

["Cjacetarnide. When tubulin was incubated with 100 pM 
concentrations of podophyllotoxin, colchicine, or vinblastine 
prior to alkylation, the rate of reaction of tubulin with iodo- 
[I4C]acetamide was significantly decreased (Figure 1). 
Vinblastine was most effective at suppressing alkylation, and 
podophyllotoxin was least effective. Podophyllotoxin, col- 
chicine, and vinblastine suppressed the extent of alkylation of 
tubulin after 2 h of reaction with iod~['~C]acetamide by 32%, 
47%, and 62%, respectively. Colchicine and vinblastine, in 
combination, were most effective a t  suppressing alkylation; 
after 2 h of reaction, the combination suppressed the alkylation 
of tubulin by 82% (Figure 1). 

Very similar results were obtained when the extent of al- 
kylation was measured by precipitating the alkylated tubulin 
with trichloroacetic acid, filtering the solutions, and counting 
the filters (Table I). Here, podophyllotoxin, colchicine, and 
vinblastine suppressed alkylation with iodo[ 14C]acetamide by 
19%, 33%, and 66%, respectively, while colchicine and vin- 
blastine in combination suppressed alkylation by 78%. Table 
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FIGURE 1: Effects of colchicine, podoph Ilotoxin, and vinblastine on 
the rate of alkylation of tubulin by iodo['&]acetamide. Aliquots (205 
pL) of phosphocellulose-purified tubulin (0.7 1 mg/mL) were prein- 
cubated for 2 h at 37 "C in the absence (0) or presence of 100 pM 
concentrations of either colchicine (0), podophyllotoxin (O) ,  or 
vinblastine (A) or in the presence of 100 pM concentrations of both 
colchicine and Vinblastine (V). At the end of 2 h, 5 pL of iodo- 
["Clacetamide (5.25 Ci/mol) was added to each sample to a final 
concentration of 1.26 mM and the incubations were continued at 37 
"C for the indicated lengths of time. At the end of that time, samples 
were processed and analyzed as described in the previous paper 
(Luduefia & Roach, 1981). Each point represents a separate incu- 
bation. 

Table I: Effect of Drugs on the Incorporation of I4C into 
Tubulin and Aldolase4 

tubulin (mol aldolaseC 
of I4C/ %of  (mol of I4C/ % o f  

treatment 110 000 g) control 40 000 g) control 

control 5.03 f 0.28 100 f 6 0.61 f 0.07 100 f 11 
podophyllotoxin 4.05 f 0.18 81 f 6 0.53 I: 0.06 88 f 14 
colchicine 3.35 ?: 0.06 67 f 4 0.55 f 0.03 91 f 11 
vinblastine 1.70 f 0.14 34 i 3 0.52 f 0.01 85 f 10 
vinblastine + L10 f 0.14 22 i 3 0.72 f 0.06 118 f 16 

colchicine 

Aliquots (260 pL) of each protein were incubated for 2 h at 37 
"C in buffer A in the presence of 100 p M  concentrations of the 
indicated drug. Then 5 pL of iodo[ 14C] acetamide was added to 
each solution to a final concentration of 1.29 mM. The 
incubation was continued for 1 h at 37 "C, and then each solution 
was diluted with an equal volume of cold 10% trichloroacetic acid. 
The protein was then precipitated and collected on fdters where 
radioactivity was determined as described under Experimental Pro- 
cedures. Each figure represents the average of three separate 
incubations. The standard deviations are given. Tubulin con- 
centration 0.72 mg/mL. Specific radioactivity of the 
i~do['~C]acetamide was 1.31 Ci/mol. Aldolase concentration 
0.47 mg/mL. Specific radioactivity of the iodo[ I4C] acetamide 
was 5.25 Ci/mol. 

I also shows that the suppressive effect of the drugs on al- 
kylation was a specific one since none of the drugs had a 
significant effect on the alkylation of aldolase. 

In other experiments in which the tubulin contained MAPS, 
the drugs also suppressed alkylation. In one such experiment, 
100 pM concentrations of podophyllotoxin, colchicine, and 
vinblastine suppressed the extent of the alkylation of tubulin 
after 2 h of reaction with i~do['~C]acetamide by 25%, 47%, 
and 72%, respectively, while colchicine and vinblastine in 
combination suppressed the extent of alkylation of tubulin by 
84% (results not shown). 

The effects of the drugs on the alkylation of tubulin were 
dependent on their concentrations, as shown in Figure 2. In 
this experiment, in which the tubulin concentration was 6.5 

qT 5.0 

I 
0 2 5 10 20 30 40 50'lOa 

Drug Concentration (pM) 

FIGURE 2: Effects of drug concentrations on the alkylation of tubulin 
with iod~[~~C]acetamide. (A) Aliquots (260 pL) of phospho- 
cellulose-purified tubulin (0.72 mg/mL) were incubated for 2 h at 
37 "C in the prescence (A) or absence (0) of the indicated concen- 
trations of vinblastine. At the end of 2 h, 5 pL of iodo["C]acetamide 
(5.25 Ci/mol) was added to each sample to a final concentration of 
1.29 mM. The incubations were continued for 1 h, and then the 
samples were processed and analyzed as described in the p r d i n g  
paper (Ludueiia & Roach, 1981). Each point represents the average 
of two or three separate incubations. The standard deviations are 
shown. (B) Conditions were identical with those in (A), but the drugs 
tested were colchicine (0) and podophyllotoxin (0).  

Table 11: Effects of 10 p M  Colchicine and 10 pM Vinblastine 
on the Relative Alkylation of a- and p-Tubulin with 
Iodo[ "C]acetamidea 

% 
mol of I4C/ suppression sp act. of p/  

treatment (1lOOOOg) by drugb sp act. of aC 

control 4.23 i 0.28 0 f 6.5 0.877 f 0.122 
10 pM colchicine 2.85 f 0.02 32.6 f 6.9 0.768 f 0.102 
10 p M  vinblastine 2.54 f 0.18 40.0 f 8.1 0.821 f 0.141 
lOpM colchicine + 1.25 f 0.18 70.4 f 9.0 0.847 r 0.172 

Aliquots (260 pL) of phosphocellulose-purified tubulin were 
incubated for 2 h at 37 "C in the presence of 10 &I concentrations 
of either colchicine or vinblastine or of both drugs together. At 
the end of 2 h, 5 rL of i~do[~~Cjacetamide (4.42 Ci/mol) was 
added to each sample to a f i i  concentration of 1.29 mM. The 
incubation at 37 "C was continued for 1 h, and the samples were 
then dialyzed against buffer A, reduced, and carboxamidomethyl- 
ated. Each figure represents the average of three separate incuba- 
tions. The standard deviations are given. The values in the fust 
column are divided by 4.23 and then subtracted from 1 and multi- 
plied by 100%. Sp act. = specific radioactivity. 

pM, podophyllotoxin, at  concentrations of 10 pM or higher, 
suppressed alkylation by 16% and was half-maximally effective 
at approximately 5 pM. Colchicine suppressed the alkylation 
of tubulin by 35% at drug concentrations above 20 pM and 
was half-maximally effective at 3-4 pM. Vinblastine had the 
most pronounced effect: 100 p M  vinblastine suppressed al- 
kylation by 62% and was half-maximally effective at ap- 
proximately 4 pM. The concentrations at which these drugs 
were half-maximally effective are all less than the tubulin 
concentrations, indicating that these effects require that the 
drugs bind at  their high-affinity binding sites. 

The suppressive effects of the drugs on alkylation were 
observed in both the LY and @ chains. Table I1 shows that the 
presence of the drug had no significant effect on the ratio of 
the specific radioactivities of the LY and @ chains, implying that 

10 p M  vinblastine 
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FIGURE 3: Effect of drugs on the reaction of tubulin with EBI. 
Aliquotr (265 pL) of phosphocellulose-purSified tubulin (0.71 mg/mL) 
in buffer A containing reduced and carboxymethylated conalbumin 
(0.19 mg/mL) were incubated for 1 h at 37 OC in the absence (0) 
or presence of 100 pM concentrations of either colchicine (O), po- 
dophyllotoxin (O), vinblastine (A), or colchicine and vinblastine 
together (v). The samples were then reacted at 30 O C  for the indicated 
times with 0.315 mM EBI. The samples were then cooled to 1 OC, 
processed, and analyzed on gels as in Figure 1. The amount of fl* 
was determined, using conalbumin as the internal standard as pre- 
viously described (Ludueiia & Roach, 1981). Each point represents 
a separate incubation. 

the two chains were affected equally by any given drug. Table 
I1 also shows that the suppressive effects of colchicine and 
vinblastine were additive. In other words, colchicine and 
vinblastine individually suppressed alkylation by 32.8 f 6.9% 
and 40.0 f 8.1%, respectively. The sum of these two numbers 
is 72.8 f 10.6%, statistically indistinguishable from the sup- 
pressive effects of the two drugs in combination, which is 70.4 
f 9,0% (Table 11). This observation is consistent with the two 
drugs binding to different high-affinity sites on the tubulin 
molecule. It is interesting that at  100 pM concentrations, 
colchicine and vinblastine no longer have additive effects, as 
seen in Figure 1. If they did, one would expect the two drugs 
in combination to completely suppress alkylation after 2 h of 
reaction, since the sum of their individual suppressive effects 
is 109%. Instead, they suppress alkylation by only 82%. 
Similarly, when the inhibition of alkylation is measured by 
the C1,CCOOH-precipitation assay (Table I), the sum of the 
colchicine inhibition (33%) and the vinblastine inhibition (66%) 
is 99%, and yet the two drugs in combination suppressed 
alkylation by only 78%. These observations probably reflect 
the presence of vinblastine binding sites of low affinity, which 
may overlap with the colchicine site (Wilson, 1975). 

Effect of Drugs on the Alkylation of Tubulin by N,N'- 
Ethylenebis(iodoacetamide). In the preceding paper in this 
issue, we have shown that the bifunctional alkylating agent, 
EBI, when reacted with nondenatured tubulin, converts @ into 
a form, @*, which migrates significantly faster on polyacryl- 
amide gels (Laemmli, 1970), presumably due to the intro- 
duction of an intrachain cross-link in 8. The effects of drugs 
on this reaction were examined. Figure 3 shows that col- 
chicine, podophyllotoxin, and vinblastine had pronounced and 
different effects on the production of @* by EBI. Preincubation 
of phosphocellulose-purified tubulin with 100 p M  concentra- 
tions of either colchicine or podophyllotoxin almost completely 
inhibited the production of @* by EBI. After 1 h of reaction 
with EBI, the yields of @* in the colchicine- and podophyllo- 
toxin-treated samples were respectively 7% and 8% that of the 
untreated control. A similar effect was observed with 100 pM 
colchicine and 100 pM vinblastine in combination. In contrast, 
however, 100 pM vinblastine increased the yield of @* by EBI; 
after 1 h of reaction with EBI, 40% of @ in the vinblastine- 

~ _ _  
Table 111: Effect of Drugs on the Production of Aggregated 
Tubulin by EBIa 

yield of aggregated 
tubulin (% of 

drug addition total tubulin) % suooression 
none 21.6 f 3.2 (5) 0 % 15.0 
vinblastine 7.1 f 5.6 (6) 67.1 f 31.6 
podophyllotoxin 10.8 % 2.5 (6) 50.0 f 20.2 
colchicine 9.0 f 5.0 (6) 58.3 % 28.8 
vinblastine t 3.6 f 4.8 (6) 83.3 % 29.7 

colchicine 

a Aliquots (265 ML) of phosphocellulose-purified tubulin (0.71 
mg/mL) in buffer A containing reduced and carboxymethylated 
conalbumin (0.19 mg/mL) were incubated for 1 h at 37 "C in the 
presence of 100 p M  concentrations of the indicated drugs. 
Samples were then reacted at 30 "C for 10-60 min with 0.315 
mM EBI. Samples were then dialyzed, reduced, carboxymethyl- 
ated, and analyzed on gels (Laemmli, 1970). The yield of high 
molecular weight aggregated tubulin was estimated in the previous 
paper (Ludueza & Roach, 1981). The table averages the yields 
of aggregated tubulin over the different time points. Only the 
samples incubated without drugs showed a significant time 
dependence of the yield of aggregate, ranging from 16% at 10 
min to 25% at 50 min. The number of samples averaged is given 
in parentheses. 

m , ,  , 
-4 

50 
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FIGURE 4: Effect of drug concentration on the reaction of tubulin 
with EBI. Aliquots (260 pL) of phosphocellulose-purified tubulin 
(0.72 mg/mL) containing reduced and carboxymethylated conalbumin 
(0.19 mg/mL) were incubated for 2 h at 37 O C  in the absence (0) 
or presence of the indicated concentrations of colchicine (O), podo- 
phyllotoxin (O), or vinblastine (A). At the end of 2 h, 5 pL of EBI 
was added to a final concentration of 0.64 mM, and the incubations 
were continued for 1 h at 30 OC. The samples were processed and 
analyzed as described in the preceding paper (Luduefia & Roach, 
1981). 

treated sampled had been converted to @*, an increase of 40% 
over the untreated control. Maytansine (100 pM), a com- 
petitive inhibitor of vinblastine for binding to tubulin (Bhat- 
tacharyya & Wolff, 1977), also increased the relative yield 
of @* (R. F. Ludueiia & M. C. Roach, unpublished results). 

In addition to generating p*, EBI also caused tubulin to 
polymerize into a high molecular weight aggregate unable to 
penetrate into a 6% gel (Luduefia & Roach, 1981). Colchicine, 
podophyllotoxin, and vinblastine each inhibited the formation 
of this aggregate (Table 111). The relative effectiveness of 
the drugs in inhibiting EBI-induced aggregate formation was 
similar to their relative effectiveness at  suppression of the 
alkylation of tubulin with iodo[ 14C] acetamide, with podo- 
phyllotoxin being the least effective inhibitor and vinblastine 
and colchicine in combination being most effective. 

The effects on the relative yield of p* were dependent on 
the drug concentrations (Figure 4). Treatment of phosphe 
cellulose-purified tubulin with podophyllotoxin at  concentra- 
tions of 20 pM or higher caused 93% inhibition of @* for- 
mation, with the drug reaching half-maximal effectiveness at 
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FIGURE 5: Effect of drugs on the formation of @* (A) and of 
cross-linked aggregate (B) by N,”-polymethylenebis(iodoacetamide) 
derivatives of different chain lengths. Aliquots (265 1L) of phos- 
phocellulose-purified tubulin (0.72 mg/mL) containing reduced and 
carboxymethylated conalbumin (0.19 mg/mL) were incubated for 
2 h at 37 ‘C in the absence (0) or presence of 98 pM concentrations 
of either colchicine (0), podophyllotoxin (a), or vinblastine (A). At 
the end of 2 h, 5 pL of one of the N,N’-polymethylenebis(iodoacet- 
amide) derivatives was added to a final concentration of 0.64 mM, 
and the incubations were continued for 1 h at 30 ‘C. At the end of 
this time, the samples were processed and analyzed as described in 
the preceding paper (LudueBa & Roach, 1981). The relative yields 
of B* (A) and cross-linked aggregate (B) are plotted as a function 
of n, the number of methylene groups in compounds of the general 
formula ICH,CONH(CH,),,”COCH,I. 

a concentration of 2-3 pM. Similarly, colchicine, at con- 
centrations of 10 pM or higher, caused 94% inhibition of @* 
formation and was half-maximally effective at about 3 pM. 
In contrast, vinblastine, at concentrations of 5 pM or higher, 
increased p* formation by 34-78% and was half-maximally 
effective at 5-10 pM. Since the tubulin concentration in this 
experiment was 6.5 pM, the drug-induced suppression or en- 
hancement of @* formation is likely to require that the drugs 
bind to high-affinity sites on the tubulin molecule. Almost 
identical results were obtained when samples of unfractionated 
microtubule protein were incubated with EBI in the presence 
of a series of concentrations of colchicine, podophyllotoxin, 
and vinblastine (not shown). 

The drug nocodazole, a competitive inhibitor of colchicine 
binding to tubulin (Hoebeke et al., 1976), also inhibited the 
formation of @* by EBI, but a 30 pM concentration of the drug 
was required for half-maximal inhibition (not shown). Lum- 
icolchicine (20 pM) had no effect on the production of p* by 
EBI. 

In order to see if the inhibition of @* formation induced by 
colchicine and podophyllotoxin was due to a drug-induced 
conformational change which moved sulfhydryls apart so that 
they become unable to cross-link with each other, the effects 
of the drugs on the reaction of tubulin with longer cross-linkers 
were examined (Figure 5). Samples of tubulin were incubated 
in the presence or absence of 98 pM concentrations of the 
drugs and then reacted with a series of N,N’-polymethylene- 
bis(iodoacetamide) derivatives of increasing chain length. In 
the absence of drugs, EBI generated a 50% yield of @*, and 
N,”-tetramethylenebis(iodoacetamide) generated a 14% yield. 
The other cross-linkers generated p* in yields ranging from 
5% to 9%. For most of these derivatives, colchicine and po- 
dophyllotoxin suppressed @* formation; in no case was the yield 
of p* in the presence of these drugs higher than 8%. In 
contrast, 100 pM vinblastine enhanced p* formation by each 
of the cross-linkers except for N,N’-decamethylenebis(iodo- 
acetamide). The extent of this enhancement ranged from 9% 
to 81%, averaging 45 f 26% (Figure 5A). When the yield 
of cross-linked aggregate was measured, it was found that each 
of the drugs inhibited aggregate formation by most of the 

cross-linkers (Figure 5B). When the suppressive effects of the 
drugs were averaged for each drug, it appeared that their 
relative effects on aggregate formation were similar to their 
relative effects on alkylation of tubulin with iodo[I4C]acet- 
amide. In other words, podophyllotoxin inhibited aggregate 
formation by 52 f 34%, colchicine by 72 f 38%, and vin- 
blastine by 83 f 38%. 

Effect of Drugs on the Reaction of Microtubule Protein 
with N-Ethy1[2,3-14C2]maleimide. In a preliminary experi- 
ment, samples of microtubule protein (1 .O mg/mL) were in- 
cubated for 2 h at  37 O C  in the presence of 100 pM concen- 
trations of either colchicine, podophyllotoxin, or vinblastine 
and then reacted for 30 min at 37 ‘C with 3.0 mM N- 
ethyl [ 2,3-14C2] maleimide (6.83 Ci/mol). After the reaction, 
the samples were processed and analyzed as described above. 
The results showed that colchicine suppressed the alkylation 
of tubulin by 55% relative to a control sample that had not 
been treated with drugs; podophyllotoxin and vinblastine each 
suppressed the alkylation of tubulin by 64%. It was observed 
that the a- and &tubulin bands from samples that had been 
alkylated with N-ethylmaleimide were poorly resolved in gels. 
Therefore, the studies with N-ethylmaleimide were not pursued 
further. 

Discussion 
Effect of Drugs on the Alkylation of Tubulin. Colchicine, 

podophyllotoxin, and vinblastine each affected the interaction 
of tubulin with alkylating agents. Each of these drugs inhibited 
the incorporation of either i~do[’~C]acetamide or N-ethyl- 
[2,3J4C2]maleimide into tubulin and the formation of a high 
molecular weight tubulin aggregate by EBI. In addition, 
vinblastine enhanced the formation of 0* from 0-tubulin by 
EBI. These effects were observed to approach half-maximal 
levels at drug concentrations lower than the tubulin concen- 
tration, suggesting that the effects required that the drugs bind 
to tubulin at high-affinity sites or, in other words, that these 
are specific effects rather than a nonspecific inhibition of 
alkylation by these drugs. This conclusion is corroborated by 
the fact that colchicine and vinblastine do not affect the al- 
kylation of aldolase by iodo[14C]acetamide. In short, these 
drugs affected the interaction of alkylating agents with the 
sulfhydryl groups of tubulin. These findings are consistent 
with those reported by Schmitt & Kram (1978), who observed 
that incubation of tubulin with ether colchicine or vinblastine 
causes a decrease in the rate at which tubulin reacts with 
DTNB. 

On the basis of the results reported here, it appears that 
these drugs may be classified according to their effects on the 
alkylation of tubulin, one class consisting of colchicine and 
podophyllotoxin and the other of vinblastine. In every ex- 
periment reported here, both colchicine and podophyllotoxin 
inhibited the alkylation of both a- and @-tubulin with iodo- 
[I4C]acetamide and were very effective at inhibiting the for- 
mation of @* by EBI. All of these effects were independent 
of the presence of MAPS. There was one major difference 
observed between the effects of colchicine and podophyllotoxin. 
Colchicine was more effective than podophyllotoxin at inhib- 
iting alkylation. It is not clear whether this was due to pod- 
phyllotoxin affecting fewer sulfhydryl groups than colchicine 
or whether the fact that podophyllotoxin’s binding to tubulin, 
unlike colchicine’s, is reversible (Wilson, 1975) may make 
alkylation easier. 

Vinblastine’s effects on alkylation were markedly different 
from those of the other two drugs. Vinblastine suppressed 
alkylation of tubulin with i~do[’~C]acetamide more strongly 
than did either colchicine or podophyllotoxin. It also inhibited 
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is a synergistic process in which oxidation leads to denaturation 
which exposes more sulfhydryls for oxidation, and so forth. 
By the “passive allosteric’’ model, the presence of drugs bound 
to the tubulin molecule could stabilize it against denaturation 
induced by alkylating agents, and the result would be an ap- 
parent decrease in the rate of alkylation of tubulin. 

On the basis of the data presented in this paper, it is not 
possible to determine which of these three mechanisms is 
involved in the interactions of any given drug and any given 
sulfhydryl group. One should note, however, that when tubulin 
is treated with both 10 pM colchicine and 10 pM vinblastine 
prior to alkylation with iodo[ 14C]acetamide, the inhibitory 
effect of the two drugs in combination is equal to the sum of 
the effects of the two drugs separately (Table 11). This implies 
that the sulfhydryls affected by colchicine and those affected 
by vinblastine represent two nonoverlapping sets of sulfhydryls. 
Since colchicine and vinblastine are known to bind to different 
high-affinity sites on the tubulin molecule, it is tempting to 
speculate that at least one sulfhydryl in each set is located at 
one of the drug binding sites. If this were the case, then one 
could imagine that the strongest drug-induced suppression of 
alkylation would be observed with sulfhydryls located at the 
drug binding sites rather than sulfhydryls affected by drug- 
induced conformational changes. The fact that the strongest 
effect reported in this paper is the inhibition by colchicine and 
podophyllotoxin of p* formation with EBI suggests that one 
or both of the sulfhydryls involved in /3* formation may be 
located at the colchicine/podophyllotoxin binding site. This 
speculation is consistent with the observation that vinblas- 
tine-induced tubulin spirals, in which alkylation in general is 
greatly inhibited, react very well with [3H]c~lchicine and 
generate a high yield of p* upon treatment with EBI. This 
implies that the EBI and colchicine binding sites, if not 
identical, are at least close together on the tubulin molecule 
(Luduefia et al., 1980; P. Palanivelu and R. F. Luduefia, 
unpublished results). 

Another possibility is that colchicine and podophyllotoxin 
act to separate those sulfhydryls involved in /3* formation so 
that they can no longer make an intrachain cross-link. Such 
ligand-induced changes in intramolecular cross-linking patterns 
have recently been observed in other proteins, such as (Na+, 
K+)-ATPase (Askari et al., 1980) and myosin (Burke & 
Reisler, 1977). Figure 5, however, indicates that the sup- 
pressive effects of colchicine and podophyllotoxin on @* for- 
mation are not affected b changing the length of the cross- 

effects of colchicine and podophyllotoxin on these sulfhydryls 
are due to inhibiting the reactivity or accessibility of one or 
more of these sulfhydryls rather than merely separating them. 

Implication of These Results. The experiments described 
in this paper indicate that colchicine, podophyllotoxin, and 
vinblastine have significant effects on the alkylation of the 
sulfhydryl groups of tubulin. Each of these drugs is also a 
powerful inhibitor of microtubule assembly in vivo and in vitro 
(Wilson et al., 1974, 1976). It is interesting that microtubule 
assembly also may be inhibited by oxidation of tubulin sulf- 
hydryl groups (Kuriyama, 1976; Mellon & Rebhun, 1976). 
It is conceivable that these two kinds of inhibition are related. 
Since the ability of tubulin to polymerize may be abolished 
by oxidation of only 1-3 sulfhydryls/Mr 55000 whereas 
complete inhibition of colchicine binding requires that all the 
available sulfhydryls be oxidized (Mellon & Rebhun, 1976; 

linker from 11.7 to 21.7 1 .2 It appears, therefore, that the 

EBI-induced formation of a cross-linked aggregate more ef- 
fectively than did the other two drugs. Another difference 
between vinblastine and the other two drugs was that vin- 
blastine enhanced, rather than inhibited, the formation of /3* 
by EBI. Since vinblastine is known to induce tubulin aggre- 
gation under certain conditions (Lee et al., 1975; Erickson, 
1975; Fujiwara & Tilney, 1975) and since microtubules react 
very poorly with alkylating agents, one might argue that the 
unique effects of vinblastine on the alkylation of tubulin are 
not due directly to its binding to tubulin, but rather to the 
induction of a tubulin aggregate in which many otherwise 
accessible sulfhydryls are blocked. This alternative explan- 
tation is unlikely, however, since no aggregation was observed 
in tubulin samples at vinblastine concentrations lower than 
100 pM. 

In conclusion, it seems that there is a correlation between 
the location of the drug binding sites on the tubulin molecule 
and the nature of the effects of the drugs on alkylation. 
Colchicine and podophyllotoxin, which bind to overlapping sites 
on the tubulin molecule, inhibit the formation of p*. The 
simplest explanation for this is that the presence of the drugs 
at their binding sites somehow affects the area on which is 
involved with the formation of the intrachain cross-link. This 
model is corroborated by the observation that nocodazole, 
which apparently binds to the colchicine site (Hoebeke et al., 
1976), also inhibited /3* formation by EBI. Vinblastine binds 
to tubulin at sites distinct from the colchicine/podophyllotoxin 
site (Wilson, 1975), and its effect is to enhance the formation 
of p* by EBI. One possibility is that the presence of the drug 
at its binding site may somehow enhance the alkylation of those 
sulfhydryls on p which are involved in the formation of /3*. 
Another possibility is that vinblastine, although it suppresses 
the alkylation of the other sulfhydryls, leaves these particular 
sulfhydryls unaffected, thereby permitting them to react with 
EBI more readily. By this model, the enhancement of p* 
formation caused by vinblastine could be an indirect result of 
vinblastine’s inhibiting other alkylation reactions by EBI which 
could compete with @* formation. The fact that maytansine, 
which binds at the vinblastine site (Bhattacharyya & Wolff, 
1977), also increases /3* formation is consistent with either of 
these models. 

There are, in principle, three possible mechanisms by which 
the alkylation of a sulfhydryl group on tubulin could be af- 
fected by the binding of a drug to the tubulin molecule. In 
one mechanism, which we shall call “steric”, the sulfhydryl 
group is located at the binding site of the drug, and its al- 
kylation is inhibited because the presence of the drug molecule 
makes the sulfhydryl group inaccessible to alkylating agents. 
By the next mechanism, which we shall designate as “active 
allosteric”, the affected sulfhydryl group is not located at the 
drug binding site, but the binding of the drug to its binding 
site causes the tubulin molecule to undergo a conformational 
change which alters the configuration around the sulfhydryl 
group in such a way as to make it either more or less accessible. 
The third mechanism, which we shall call “passive allosteric”, 
is similar to the “active allosteric” model. The only difference 
is that the binding of the drug to the molecule does not alter 
the configuration around the affected sulfhydryl but simply 
makes it more or less rigid, or, in other words, stabilizes or 
destabilizes it with respect to denaturation. Oxidation of 
tubulin sulfhydryls is known to alter the tubulin molecule to 
inhibit microtubule assembly and colchicine and GTP binding 
(Kuriyama, 1976; Nishida & Kobayashi, 1977; Mellon & 
Rebhun, 1976; Kuriyama & Sakai, 1974; Solomon et al., 
1973). It is conceivable that oxidation of tubulin sulfhydryls 

* Estimates of cross-linker lengths were calculated from data on bond 
lengths and angles given by Weast & Astle (1980). 
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Ikeda & Steiner, 1978), it is likely that the sulfhydryl groups 
critical for polymerization are not located at the colchicine 
binding site. In view of these possibilities, it is conceivable 
that there is a sulfhydryl-containing site or sites on the tubulin 
molecule which must be in a certain conformation in order 
for polymerization to occur. This conformation then could 
be altered, with concomitant loss of the ability to polymerize, 
either by oxidation of the sulfhydryl group at this site or by 
an allosteric effect produced by a drug molecule binding 
elsewhere on the molecule. Since these drugs alter the ac- 
cessibility of the sulfhydryl groups of tubulin, it is possible that 
one way the drugs, or any endogenous analogue they may have, 
function in vivo is to modulate the susceptibility of tubulin 
sulfhydryls to interact with endogenous thiols, such as gluta- 
thione. 

The results reported here also are relevant to the search to 
locate the colchicine binding site on the tubulin molecule. It 
has been reported by Schmitt & Atlas (1 976) that the binding 
site for colchicine may be located on a-tubulin. In light of 
these results, this conclusion may need to be reevaluated. 
Schmitt & Atlas (1976) used as their alkylating agent bro- 
m~[~H]colchicine, which they observed could react both 
specifically and nonspecifically with tubulin. They also found 
that pretreatment of tubulin with colchicine inhibits the re- 
action with bromo[3H]colchicine and that the effect of col- 
chicine is significantly greater on a-tubulin than on &tubulin; 
hence, they concluded that the binding site probably is located 
on a. However, as we have seen, colchicine suppresses the 
reactivity of both a- and 0-tubulin with a variety of alkylating 
agents, and bromocolchicine is in essence an alkylating agent; 
thus, it is not surprising that colchicine should inhibit the 
reactivity of tubulin with bromocolchicine. The fact that it 
may inhibit the reactivity of a somewhat more strongly than 
that of 0 does not necessarily mean that colchicine binds to 
a but also could imply that its effect on a as measured by this 
assay is more pronounced than its effect on 0. Hence, the 
precise location of the binding site of colchicine or any other 
drug on the tubulin molecule must still be considered unknown. 

Nevertheless, the fact that the antimitotic drugs have strong 
and distinct effects on the alkylation of tubulin, as we have 
shown, implies that our methods could be used to identify 
precisely those areas on the tubulin molecule whose confor- 
mation is affected by the drugs and perhaps also to locate the 
drug binding sites. In addition, the interactions of drugs with 
the sulfhydryl groups of tubulin reported here may ultimately 
increase our understanding of the roles of both in regulating 
microtubule assembly. 
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