
0026-895X/87/030432-05/0$02.00/0

Copyright (c’ by The American Society for Pharmacology and Experimental Therapeutics
All rights of reproduction in any form reserved.

MOLECULAR PHARMACOLOGY, 32:432-436

The Effects of 6-Benzyl-1 ,3-benzodioxole Derivatives on the
Alkylation of Tubulin

MARY CARMEN ROACH, PHYLLIS P. TRCKA, LEONARD JURD, and RICHARD F. LUDUENA

Department of Biochemistry, University of Texas Health Science Center, San Antonio, Texas 78284-7760 (M. C. A., P. P. T., A. F. L.) and Western
Regional Research Center, Agricultural Research Service, United States Department of Agriculture, Berkeley, California 94710 (L. J.)

Received January 23, 1987; Accepted June 19, 1987

SUMMARY
Derivatives of 6-benzyl-1 ,3-benzodioxole are known to bind to
tubulin and inhibit tubulin polymerization. For a better under-
standing of the mechanism of action of the 6-benzyl-1 ,3-benzo-
dioxole derivatives, we have examined their effect on the
alkylation of tubulin sulfhydryls by iodo[14C]acetamide and N,N’-
ethylene(bis)iodoacetamide. We have found that the 6-benzyl-
1 ,3-benzodioxole derivatives with an intact dioxole ring affect
alkylation to an extent proportional to their ability to inhibit tubulin
polymerization. Those derivatives with the strongest resem-

blance to podophyllotoxin have the weakest effects. However,
derivatives with a disrupted dioxole ring show little or no ability
to inhibit polymerization, but their effect on alkylation is directly
related to the degree of resemblance they bear to the trimethoxy
ring of podophyllotoxin. It thus appears that the relatively simple
approach of using alkylating agents can generate a significant
amount of information on the mechanism by which various drugs
interact with tubulin.

Microtubules are long cylindrical organelles critically in-

volved in cell division and other processes (1). They are a target

for various anti-cancer drugs (2). Screening drugs for anti-

microtubule activities is a long process involving expensive cell

cultures and measuring the effect of the drugs on microtubule

assembly in vitro, colchicine’s binding to tubulin, and tubulin’s

intrinsic GTPase activity (3). We have previously reported that

tubulin’s sulfhydryl groups are highly specific reporters of the

interaction of tubulin with ligands (4-7). We have found that

most tubulin ligands have specific effects on the reaction of

tubulin’s sulfhydryl groups with iodo(’4C)acetamide (5, 6). In

addition, we have observed that when tubulin is reacted with

EBI, a bifunctional derivative of iodoacetamide, two covalent

cross-links, designated as � and /3�, form in the /.� subunit of

tubulin (4, 7). Formation of fl� is blocked by colchicine, podo-

phyllotoxin, and nocodazole, which bind to the same or over-

lapping sites on tubulin (5, 8-10), whereas that of fl� is blocked

by GTP, vinblastine, vincristine, and maytansine, compounds

that bind to other sites on tubulin (7, 11, 12). These assays are

simple; they not only indicate the fact that a drug may bind to

tubulin, but they also give information about the site on tubulin

where the drug binds.

Recently, a class of compounds, the derivatives of 6-benzyl-

1,3-benzodioxole, has been described which inhibits mitosis

and blocks tubulin polymerization in vitro; the 6-benzyl-1,3-
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benzodioxole derivatives block colchicine binding to tubulin,

and their binding to tubulin is said to resemble that of podo-

phyllotoxin (3). We tested 13 of the 6-benzyl-1,3-benzodioxole

compounds on our systems and found that they behave very

much like colchicine and podophyllotoxin, and that the anti-

tubulin effect of each 6-benzyl-1,3-benzodioxole derivative

could be correlated with the extent of its effect on cross-linking,

provided its dioxole ring was intact. Derivatives without an

intact dioxole ring had little or no ability to inhibit tubulin

polymerization, but their effect on cross-linking could be cor-

related with the resemblance of their C-ring (see Fig. 1) with

the E-ring of podophyllotoxin. These results suggest that the

approach which we have used could be a rapid and inexpensive

preliminary screening method for anti-mitotic drugs that inter-

act with tubulin.

Materials and Methods

Materials. The 5-alkoxy-6-benzyl-1,3-benzodioxole derivatives
were prepared, as previously described, by acid-catalyzed condensation

of appropriately substituted benzylic alcohols with sesamol, followed

by alkylation ofthe phenolic hydroxyl group ofthe resulting 5-hydroxy-

6-benzyl-1,3-benzodioxole. The purity and structural identity of the

synthetic products were confirmed by thin layer chromatography, ele-

mental analysis, and by ‘H nuclear magnetic resonance spectral meas-

urements (13, 14). Their structures are shown in Fig. 1 and are described

in Table 1. Tubulin was purified from bovine brain cerebra by a cycle

of assembly and disassembly, followed by chromatography according

to the method of Fellous et al. (15). All other materials were obtained

as previously described (16).

ABBREVIATION: EBI, N,N’-ethylene(bis)iodoacetamide.
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Fig. 1. Structures of analogues and derivatives of 6-benzyl-1 ,3-benzo-
dioxole. The figure shows the following compounds: podophyllotoxin (a),
colchicine (b), derivatives of 6-benzyl-1 ,3-dimethoxybenzene (c), and
derivatives of 6-benzyl-1 ,3-benzodioxole (d). The R groups for the mdi-
vidual derivatives in C and d are described in Table 1 -

Alkylation reactions. Tubulin was reacted with the 6-benzyl-1,3-

benzodioxole derivatives in the presence of either iodo[’4C]acetamide
or EBI. In the former case, the tubulin solutions were precipitated with

trichloroacetic acid and filtered, and the radioactivity of the filters was

measured as previously described (6). Tubulin that was reacted with

EBI was reduced and carboxymethylated and subjected to electropho-
resis on 5.5% polyacrylamide gels in the system of Laemmli (17), as

previously described (4, 7). The yield ofthe $� cross-link was calculated

(7). Unless otherwise indicated, all experiments were carried out in the

presence of the following buffer: 100 mM 2-(N-morpholino)ethane-

sulfonic acid, pH 6.4, 1 mM ethyleneglycolbis-(/9-aminoethyl ether)-N,

N’-tetraacetic acid, 0.1 mM EDTA, 0.5 mM MgCl2, and 1 mM GTP.

Under these conditions, in the presence of EBI, only the $� cross-link

would form (7). Stock solutions ofthe 6-benzyl-1,3-benzodioxole deny-

atiyes were prepared in dimethyl sulfoxide. Unless otherwise indicated,
the final concentrations of dimethyl sulfoxide in the experiments
involving iodo[’4C]acetamide and EBI were 2% and 4%, respectively.

TABLE 1

Results

The effects of the 6-benzyl-1,3-benzodioxole compounds on

the reaction of tubulin with iodo[’4C]acetamide are shown in

Table 2. As can be seen, most of them were not as effective as

either podophyllotoxin or colchicine at suppressing the reaction

with iodoacetamide. One of them, NSC 353649, had no effect

at all, and NSC 357035, 3528 and NSC 352976 had relatively

weak effects. In contrast, the effect of NSC 350102 was indis-

tinguishable from that of colchicine or podophyllotoxin. When

the effect of a series of NSC 350102 concentrations was tested

(Fig. 2), it was found that 2-5 �zM concentrations of NSC 350102

gave half-maximal suppression of alkylation, as was previously

found for podophyllotoxin (5). In a separate experiment, the

effect on alkylation of tubulin (0.66 mg/ml) of quadruplicate

aliquots of 100 pM concentrations of each of two batches of

NSC 321567 was tested; it was found that in the presence of

the two batches, the extent of alkylation was 90 ± 3% and 85

± 6% ofthat ofan untreated control (data not shown). Because

of the lesser solubility of NSC 321567 in dimethyl sulfoxide,

this experiment was carried out in the presence of a dimethyl

sulfoxide concentration of 10%. This makes it difficult to give

a strict comparison of the effects of NSC 321567 and the other

compounds, which were tested in the presence of a dimethyl

sulfoxide concentration of 2%; nevertheless, it would appear

that NSC 321567 is moderately effective at suppressing alkyl-

ation of tubulin by iodo[’4C]acetamide.

We tested the effects of the 6-benzyl-1,3-benzodioxole deny-

atives on the formation of the intna-chain cross-link, � by

EBI. From previous work, it is known that colchicine, podo-

phyllotoxin, and nocodazole inhibit formation ofthis cross-link

(5). As seen in Table 3, podophyllotoxin completely blocks (1�

formation. The same is true for all of the 6-benzyl-1,3,-benzo-

dioxole derivatives, except for NSC 321567. The most effective

suppression is observed with NSC 321584, NSC 350102, NSC

352692, NSC 321567, and NSC 364720, whereas NSC 369686,

NSC 352683, and NSC 357035 inhibit /� formation by a small

but significant amount. The other 6-benzyl-1,3-benzodioxole

derivatives have intermediate effects. We examined the effects

of a series of concentrations of an apparently highly effective

suppressor (NSC 364720) and of a moderately effective one

(NSC 269130) (Fig. 3). The results show that NSC 364720 and

NSC 269130 gave half-maximal suppression of f3� formation in

the concentration ranges of 1-2 �sM and 5-10 pM, respectively.

Identification of R groups in Fig. 1, c and d

Compound A, A, A3 R.� A, R
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Ligand (pM)

Discussion

Our previous work shows very clearly that the effect of drugs

on the alkylation of tubulin falls into four very sharply defined

categories: ( I ) drugs that inhibit alkylation with iodo[’4C]

acetamide and block �3* formation, namely, colchicine, podo-

phyllotoxin, and nocodazole (5); all of these drugs are known

to bind to one site or a set of overlapping sites on the tubulin

molecule (8, 9); (2) drugs that inhibit alkylation with iodo[’4C]

acetamide and block fl� formation, namely, vinblastine and

vincristine (5, 7); these drugs are known to bind to a site or

434 Roach et al

TABLE 2
Effect of 6-benzyl-1,3-benzodioxole derivatives on the alkylation of
tubulin by iodo[14C]acetamide
Aliquots (250 �l) of tubulin (0.66 mg/mI) were incubated at 37#{176}Cfor 1 hr with 1.36
mM iodo(’4C]acetamide (0.51 Ci/mol) in the presence of the indicated compounds.
Incorporation of ‘4C was measured as described in Materials and Methods. lncu-
bations were done in quadruplicate. Standard deviations are shown.

Addition
Incorporation o f ‘�C

Mo� �bel/mole �ot�n % of contr�

(i’A4

Experiment 1
None 2.09±0.05 100±3
NSC364720(100) 1.77±0.02 84±2
NSC350102(100) 1.68±0.07 80±4
NSC357035(100) 1.95±0.03 93±3
NSC 353649 (1 00) 2.08 ± 0.09 1 00 ± 5
NSC352875(100) 181 ±0.01 87±2
NSC269130(100) 1.80±0.04 86±3
Colchicine(100) 1.57±0.01 75±2
Podophyllotoxin (50) 1 .65 ± 0.06 79 ± 4

Experiment 2
None 2.64±0.08 100±3
N5C321584(100) 1.84±0.01 70±2
NSC 352692 (1 00) 1 .90 ± 0.03 72 ± 2
NSC352876(100) 2.15±0.05 81±3
NSC 352683 (100) 1 .92 ± 0.26 73 ± 10
NSC369686(100) 1.95±0.16 74±6
3528(100) 2.38±0.08 90±4
Colchicine (1 00) 1 .78 ± 0.02 67 ± 2
Podophyllotoxin (50) 1 .81 ± 0.02 69 ± 2

C
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Fig. 2. Effects of a series of concentrations of NSC 3501 02 on the
alkylation of tubulin by iodo[’4Cjacetamide. Aliquots (250 �zl) of tubulin
(0.66 mg/mI) were incubated for 1 hr at 37#{176}Cin the presence of the
indicated concentrations of NSC 3501 02 and in the presence of 1.36
mM iodo[14C]acetamide (0.51 Ci/mol). At the end of the incubation,
samples were precipitated by the addition of tnchloroacetic acid, and
incorporation of 14C was determined. All incubations were done in
quadruplicate. Standard deviations are shown.

TABLE 3

Effect of 6-benzyl-1,3-benzodioxole derivatives on the formation by
EBI of the �9* cross-link in �9-tubulin
Aliquots (250 ,�l) of tubulin (0.66 mg/mI) in buffer lacking MgCI2 were incubated for
1 hr at 30#{176}Cin the presence of 0.91 m�.i EBI. as well as the indicated drugs. At
the end of 1 hr. the samples were dialyzed against buffer, reduced, and carboxy-

methylated and analyzed on 5.5% gels, as previously described (5). The yield of
the �‘ cross-link was calculated as described (5). Note: We have previously shown
(16) that, of the tubulin isotypes present in the two bands (� and $2) generated
when reduced and carboxymethylated mammalian brain )�-tubulin is subjected to
electrophoresis in the system of Laemmli (1 7), only the isotypes in the f3� band can
form the � cross-link. The $2 isotype does not form this cross-link. Hence, the
yield of the 13cross-link is expressed as a percentage of the total �f, in the sample.

Addition Yield of �
(%oftotaii3,)

(MM)

None 30.0, 32.5
Podophyllotoxin (50) 0
NSC 321584 (100) 3.2
NSC 269130 (100) 7.0
NSC 350102 (100) 3.1
NSC 321567 (100) 2.5
NSC 352692 (100) 4.4
NSC 364720 (1 00) 1.7
NSC 352875 (100) 6.4
NSC 357035 (100) 10.8
NSC 352876 (100) 7.9
NSC 353649 (100) 8.6
NSC 352683 (100) 22.3
NSC 369686 (100) 16.0
3528(100) 6.7

a Because of poor solubility, NSC 321 567 was tested in the presence of a
dimethyl sulfoxide concentration of 1 0%, as opposed to the 4% concentration in
which the other derivatives were tested. The yield of ff, obtained in a control
sample containing 0.91 mM EBI and 10% dimethyl sulfoxide, was 49 ± 7%.

Fig. 3. Effect of a series of concentrations of NSC 364720 and NSC
269130 on the formation of the fl� cross-link in �1-tubulin by EBI. Aliquots
(250 �zl) of tubulin (0.66 mg/mI) were incubated for 1 hr at 30#{176}Cin the
absence (0) or presence of the indicated concentrations of either NSC
364720 (0) or NSC 269130 (#{149}),as well as 0.91 m�.i EBI. At the end of
the incubation, samples were dialyzed, reduced, and carboxymethylated
and analyzed on polyacrylamide gels. The yield of the � cross-link was
determined.

sites on tubulin which are distinct from the colchicine-binding

site (18); (3) drugs that do not affect alkylation with iodo[’4C]

acetamide, but block fl� formation, namely, maytansine (6, 7);

and (4) drugs that have no effect on alkylation and have no

effect on cross-link formation, namely, bis (8-anilinonaphthal-

ene-1-sulfonate), which binds to a site on the tubulin molecule

distinct from that of any other drug (19, 20). It is clear from

the data presented in this paper that some of the 6-benzyl-1,3-

benzodioxole derivatives belong in the first class, in that they

inhibit alkylation by iodo[’4C]acetamide and inhibit � forma-
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tion. This is not surprising, in that they are known to block

colchicine binding to tubulin, and their structures resemble

that of podophyllotoxin (3). The maximal extents of the effects

on these drugs on alkylation and fl* formation are slightly

smaller than those of podophyllotoxin and considerably smaller

than those of colchicine. We have previously proposed that the

reason why podophyllotoxin’s effects are smaller than colchi-

cine’s is that podophyllotoxin’s binding is reversible and that

of colchicine is not (5). It is reasonable to speculate that the 6-

benzyl-1,3-benzodioxole derivatives bind reversibly to tubulin,

and that this in part accounts for the smaller effects. Another

possible reason for the lesser magnitude of their effects is that

they are considerably smaller than podophyllotoxin, and they

may cover a smaller area on the tubulin molecule.

Table 4 shows a comparison between the anti-tubulin effects

of the 6-benzyl-1,3-benzodioxole derivatives and their effects

on alkylation of tubulin by iodo[’4C]acetamide and on f3� for-

mation. It is clear that there is close correlation of these effects

among those derivatives that have an intact dioxole ring and a

single methoxy group on the C-ring. The correlation is partic-

ularly impressive between anti-tubulin effect and the effect on

/3* formation. The one with the strongest anti-tubulin effect,

NSC 364720, whose ID50 is 5 �sM, inhibits �3* formation by 95%.

NSC 321584, NSC 321567, and NSC 350102, whose ID� levels

are in the 5-10 �tM range, inhibit fl* formation by 90%. NSC

352875 and NSC 352692, whose ID50 levels are in the 10-20 pM

TABLE 4
Comparison of anti-tubulin activity of the 6-benzyl-1,3-benzodioxole
derivatives with their eftects on alkylation

Effect on Suppression of

Deny ft � 14� �corporation � f��(% ofa ye ,,,#{149},,, #{149}� (% Of �Oiohiofl�’S podophyllotoxin’s

pJv,y za effect) effectr

MM

Disrupted dioxole ring,
1 methoxy on C-ring

NSC369686 50-100 80 49

Disrupted dioxole ring,
3 methoxys on

C-ring
3528 Inactive 30 79

Intact dioxole ring,
1 methoxy on C-ring

N5C269130 20-25 56 78
NSC321584 5-10 93 90
NSC350102 5-10 79 90
NSC321567 5-10 NDC 95
NSC 364720 5 62 95
NSC352692 15-20 86 86
NSC 352875 10-15 54 80

Intact dioxole ring,
2 methoxys on

C-ring
NSC 353649 >100 2 72

Intact dioxole ring,
3 methoxys on

C-ring
NSC352683 >100 84 29
NSC 352876 >1 00 57 75

Intact dioxole ring,
1 propoxy ring

NSC 357035 ND 27 35

1From Ref.3.
a Podophyllotoxin completely inhibited EBI-induced formation of the � cross-

link; hence, podophyllotoxin is assumed to be 100% effective.
C ND = not determined.

range, inhibit 13* formation by 80-86%, and NSC 269130, with

an ID� of 20-25 pM, inhibits �* formation by 78%. The

correlation between anti-tubulin effect and the effect on alkyl-

ation by iodo[’4C]acetamide is not so striking, but in this

particular group of derivatives, there is a loose correlation

between these two effects. It is likely that the correlations in

this group reflect the binding affinities of these derivatives for

tubulin. The correlations are somewhat less apparent in those

derivatives that have an intact dioxole ring, but have more

than one methoxy group on the C-ring. The anti-tubulin activ-

ities of these derivatives, NSC 353649, NSC 352683, and NSC

352876, are very low, but they inhibit (3� formation by 29-75%,

a lesser extent than any of the derivatives that have an intact

dioxole ring and a single methoxy group on the C-ring. In

contrast, their effects on alkylation by iodo[’4Cjacetamide are

very variable, ranging from no effect with NSC 353649 to an

effect 84% as great as colchicine’s with NSC 352683.

The effect of the derivatives with a disrupted dioxole ring

are surprising. NSC 369686 and 3528 have little or no anti-

tubulin activity, but they inhibit alkylation by iodo[’4C]aceta-

mide and j3* formation. 3528, which has three methoxy groups

on the C-ring, inhibits �3* formation by 79%, as great as the

effect of NSC 269130, which has strong anti-tubulin activity.

NSC 369686, the other derivative with a disrupted dioxole ring

and a single methoxy on the C-ring, inhibits f3� formation by

49%.

The results presented in this paper are consistent with the

following models. In the derivatives of 6-benzyl-1,3-benzodiox-

ole with an intact dioxole ring, the strongest interaction with

tubulin is achieved with a single methoxy group on the C-ring.

Addition of more methoxy groups to this ring weakens the

binding of the compound to tubulin, as shown by a loss of anti-

tubulin activity and a decrease in the ability to inhibit �3*

formation and alkylation by iodo[’4Cjacetamide. This is true

even though the addition of more methoxy groups increases the

resemblance to podophyllotoxin, which as three methoxy

groups on this ring. It may be that the presence of the D-ning

on the podophyllotoxin molecule could affect the angle at which

its tnimethoxy ring interacts with tubulin in such a way that

the presence of the three methoxy groups makes for better

binding. If the D-ning is lacking, as is the case with the 6-

benzyl-1,3-dioxole derivatives, the angle at which the C-ring

interacts with tubulin is such that the presence of more than

one methoxy group on this ring hinders its binding to tubulin.

Alternatively, perhaps tubulin can adopt two different confor-

mations, depending on the absence or presence of the D-ning

on the podophyllotoxin molecule. In the former case, the pres-

ence of three methoxy groups on the C-ring makes for worse

binding; in the latter case it makes for better binding.

A different situation ensues when the dioxole ring is not

intact. Here, the binding of the molecule to tubulin is strongly

inhibited, as shown by the loss of anti-tubulin activity. Our

results suggest that although the binding of the molecule as a

whole is weakened, the binding of the C-ring to tubulin is

facilitated, in that it is no longer as constrained as it is when

the dioxole ring is intact. In this case, the binding of the C-ring

to tubulin is increased when there are three methoxy groups

on it, as opposed to just one. The presence of three methoxy

groups on this ring makes it resemble the tnimethoxy ring of

either colchicine or podophyllotoxin. We have previously shown

that 3,4,5-tnimethoxybenzaldehyde, an analogue of this ring,
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will bind weakly to tubulin and inhibit /�* formation, and we

have suggested that one of the 13* sulfhydryls is located at the

region of the tubulin molecule where this ring binds (10).

One contrast between the effects of 3,4,5-trimethoxybenzal-

dehyde and the 6-benzyl-1,3-benzodioxole derivatives is that

the former increases alkylation by iodo[’4C]acetamide and the

latter inhibits it. In our previous work, we presented evidence

that colchicine’s inhibition of alkylation by iodo[’4C]acetamide

was, in part, a conformational effect that required that both

the A- and the C-ring of colchicine be bound (10). The reason

that the 6-benzyl-1,3-benzodioxole derivatives inhibit alkyla-

tion may be that both the dioxole ring and the C-ring bind to

tubulin. It is possible that even the disrupted dioxole ring can

still bind weakly to tubulin and, together with the C-ring,

inhibit alkylation.

The assays we have used to test the 6-benzyl-1,3-benzodiox-

ole derivatives are rapid and require very little protein. They

appear to have some predictive value in determining the pos-

sible anti-tubulin activity of these derivatives. It is clear that

they can generate false positives, in that compounds that have

little or no anti-tubulin activity, and presumably, therefore, no

anti-mitotic activity, can inhibit alkylation. Nevertheless, no

false negatives were generated; derivatives that had a very small

effect on alkylation had little or no anti-tubulin activity. Hence,

the methods described here may be useful as a preliminary

screening of compounds such as these. In addition, our results

suggest that the detailed mechanism of the binding of these

derivatives to tubulin and their effects on the tubulin molecule

may be complex, and suggest that further experimentation may

yield substantial information about the mechanism of tubulin-

ligand interactions.
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