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Abstract—Colchicine and a range of anthelmintic benzimidazoles inhibited the in vitro polymerization
of tubulin purified from the parasitic nematode Ascaridia galli. In most cases, this inhibition was more
pronounced than that detected when these drugs were incubated with tubulin purified from mammalian
tissue. In particular, oxfendazole and thiabendazole had virtually no effect on mammalian tubulin
assembly whereas they were both good inhibitors of nematode tubulin polymerization. Electron micro-
scopic examinations revealed no morphological differences between microtubules from either nematode
or mammalian tissues polymerized in the presence or absence of drug, though the length and number
of microtubules was reduced in the drug-incubated samples. These results show that the benzimidazole
group of anthelmintics interacts specifically with nematode tubulin and that their selectivity, at least in

part, is a direct consequence of such interaction.

The anthelmintic benzimidazole carbamate group
of drugs has a broad spectrum of activity against
pathogenic nematodes, cestodes and trematodes.
Experiments using mammalian brain microtubule
protein have demonstrated that benzimidazole
carbamates can inhibit the in vitro assembly of
microtubules 1, 2]. Furthermore, these drugs have
been found to bind specifically to tubulin and can be
shown to compete with the classical antimicrotubule
agent colchicine for its binding site on the tubulin
molecule [1-4]. Cytological studies have shown that
the benzimidazole carbamates can cause the disap-
pearance of cytoplasmic microtubules from the cells
of treated nematodes [5, 6] whilst cytoplasmic and
spindle microtubules of the host were unaffected [5].
These observations raise the question of the apparent
selective toxicity of these drugs.

Friedman and Platzer [7] found that colchicine
binding to embryonic nematode cytosolic extracts
could be inhibited by benzimidazole carbamates.
Mebendazole and fenbendazole appeared to be com-
petitive inhibitors of colchicine binding to bovine
brain tubulin, and the inhibition constants were 250—
400 times greater than those found for the interaction
with the receptor identified in cell extracts of the
embryonic nematode. These authors therefore sug-
gested that the selective toxicity of the benzimidazole
carbamates may be related to differential binding
affinities between nematode and mammalian tubu-
lin. However, K6hler and Bachmann [8], using cell
extracts of adult nematodes in a similar series of
experiments, showed little difference in binding
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affinities between the receptor in these extracts and
brain tubulin. These workers have suggested there-
fore that differences in drug toxicity may be more
dependent upon differential pharmacokinetics
between parasite and host.

There are inherent problems in the use of crude
cell extracts for competitive binding studies, and so
we have attempted to make a more direct comparison
of the action of the benzimidazole carbamates on
tubulin from nematodes and mammals. We have
recently developed a protocol for the purification
and in vitro assembly of nematode tubulin [9]. We
now report the effect of colchicine and a range of
benzimidazoles on the in vitro polymerization of
tubulin from the parasitic nematode Ascaridia galli
and mammalian tissue.

MATERIALS AND METHODS

Materials. All chemicals were Analar or the purest
grade available. Biochemicals were purchased from
the Sigma Chemical Co. (Poole, Dorset, U.K.).
Parbendazole, fenbendazole, mebendazole and thia-
bendazole were obtained through Pfizer Ltd.
(Sandwich, U.K.) and oxfendazole was a gift from
Wellcome Research Laboratories (Beckenham,
U.K).

Preparation of tubulin. Details of the purification
of tubulin from the pathogenic nematode Ascaridia
galli have been described previously [9]. In order to
provide a comparable protein, tubulin was purified
from sheep brain in an identical manner. The nema-
todes or brain tissue were suspended in 0.1 M PIPES
buffer [piperazine-N,N'-bis(2-ethone  sulphuric
acid)], pH 6.9, 1mM EGTA [ethyleneglycol-bis-
(2-aminoethyl ether)-N, N'-tetraacetic acid], 1 mM
MgClz, 1 mM GTP and 20 ug/mi ribonuclease (Sigma
Type 1-A) and homogenized using a Polytron. The
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supernatant obtained after high speed centrifugation
of the homogenate was applied to a DEAE-Sepha-
dex AS0 column equilibrated with 0.2 M KCI. The
column was washed to remove unbourd protein, and
the salt concentration then raised to 0.5M KCl to
elute the tubulin. After subsequent concentration,
centrifugation and glycerol dialysis, the protein in
the presence of 1mM GTP and 20% (v/v) DMSO
(dimethyl sulphoxide) was warmed to 30° to assemble
microtubules.

Microtubule assembly assays. Immediately before
use, twice-cycled (HP2) tubulin was resuspended in
cold assembly buffer, 0.1 M PIPES, pH 6.9, 1 mM
MgCl, 0.1 mM GTP and depolymerized at 0° for
45 min followed by centrifugation at 130,000 g for
30 min at 4°. The A. galli tubulin was polymerized
into microtubules by the addition of GTP and DMSO
[final concentrations 1mM and 20% (v/v),
respectively] to  30-50ul  aliquots  (protein
concentration, 2 mg/ml), and the mixture warmed to
30°. Mammalian tubulin at the same protein concen-
tration was polymerized in the presence of 1 mM
GTP at 30°. DMSO was included in some experi-
ments to provide a strict comparison with the A. galli
tubulin, which requires DMSO for polymerization
(see Results). Water-insoluble drugs were first dis-
solved in DMF (dimethyl formamide) and then dil-
uted into assembly buffer containing the tubulin at 0°
to the desired final concentration and a final solvent
concentration of 2% (v/v). This concentration of
DMF does not inhibit microtubule assembly in vitro.
After 40 min incubation, the resulting microtubules
were pelletted by centrifugation at 100,000 g at 26°
in a Beckman Airfuge air-driven ultracentrifuge for
5min. Aliquots of the supernatant were diluted to
determine the protein concentration using a sensitive
dye-binding assay [10].

The presence of microtubules and the extent of
microtubule assembly were also monitored by
transmission electron microscopy. Aliquots (3-5 ul)
of the sample were removed and placed on carbon-
coated Formvar grids, left for a few sec, then washed
with 3 drops of aqueous saturated uranyl acetate and
examined in an AEI 801A electron microscope.

RESULTS

The antimitotic drug colchicine and the anthelmin-
tic benzimidazoles oxfendazole, thiabendazole,
fenbendazole, parbendazole and mebendazole (Fig.
1) were evaluated for their ability to inhibit the in
vitro polymerization of tubulin purified from the
nematode Ascaridia galli and a mammalian tissue.

Purification of mammalian tubulin is relatively
straightforward and the protein can be obtained in
large amounts. However, as with most lower
organisms, tubulin is not an abundant protein in
nematodes. It is difficult to purify and is only
obtainable in very small amounts. Therefore, the
yield of purified nematode tubulin makes turbidi-
metric analysis of polymerization studies impossible.
Consequently, we developed a sensitive assay involv-
ing the rapid high speed centrifugation of very small
amounts (30-50 ul) of sample, followed by the deter-
mination of the protein concentration of the
supernatant. Microtubules are pelletted by this pro-
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Fig. 1. Chemical structures of the antimicrotubule inhibi-
tors used. (a) Benzimidazole group, (b) colchicine.

tocol: consequently, drug inhibition of tubulin
polymerization will be detected by an increase in the
soluble protein after centrifugation. We also used
electron microscopy to confirm the identity of the
polymerized material as microtubules.

Using this methodology, our first priority was to
determine the kinetics of tubulin polymerization such
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Fig. 2. Rate of polymerization of tubulin (2 mg/ml) as a
function of time at 30°. (A ) Mammalian brain tubulin, (O)
mammalian brain tubulin in the presence of 209% DMSO.,
(®) Ascaridia galli tubulin in the presence of 20% DMSO.
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Fig. 3. Inhibition of benzimidazole carbamates and colchi-

cine on the polymerization of tubulin from mammalian

brain tissue. Fb, Fenbendazole; Pb, parbendazole; Mb,

mebendazole, Ox, oxfendazole; Th, thiabendazole; Col,
colchicine.

that all determinations involving drug inhibition
could be made when tubulin polymerization had
reached equilibrium. Furthermore, as previously
described [9], A. galli tubulin requires DMSO for in
vitro polymerization. Therefore it was necessary to
determine the effects of DMSO on the kinetics of
tubulin polymerization in order to make comparisons
of drug inhibition of nematode and mammalian tubu-
lin. Samples of A. galli tubulin were incubated at 30°
for 5, 20 and 35 min followed by centrifugation and
subsequent determinations of the protein concentra-
tion of the resulting supernatants. Microtubules were
already present at 5min, and polymerization had
reached equilibrium by 35 min (Fig. 2). When this
experiment was repeated using mammalian tubulin
minus DMSO, it was found that microtubules were
slow to form, there being few at 5 min. However, by
35 min they were numerous and again polymeriza-
tion appeared to have reached a plateau (Fig. 2).
Mammalian tubulin was also polymerized in the pres-
ence of DMSO. In this case polymerization kinetics
were essentially identical to A. galli tubulin.
Microtubules observed by electron microscopy
revealed no morphological differences between the
nematode and mammalian systems.

Figure 3 shows the effects of varjous anthelmintic
drugs and colchicine on the in vitro assembly of
mammalian tubulin without the addition of DMSO.
Fenbendazole was the most active benzimidazole,
causing 60% inhibition of microtubule assembly at a
concentration of 5 uM. Parbendazole and mebenda-
zole both gave significant inhibition of assembly at
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5 uM (40 and 22%, respectively). However, oxfenda-
zole and thiabendazole showed only very little
inhibition of assembly. Colchicine produced a 20%
inhibition of assembly at 5 #M and complete inhibi-
tion was seen at around 20 uM. In all experiments
electron microscopy of the drug-treated microtubu-
les revealed no morphological differences in their
substructure compared with the controls, although
the number and length of microtubules were reduced
in the drug-treated samples (Fig. 4). These effects of
colchicine and the benzimidazoles were essentially
unaffected by polymerizing the mammalian tubulin
in the presence of DMSO (Fig. 5). Fenbendazole
was again the most potent inhibitor of assembly
whilst parbendazole, mebendazole and colchicine all
produced significant levels of inhibition at concentra-
tions of 5 uM. However, again thiabendazole and
oxfendazole showed little inhibition of mammalian
tubulin assembly.

Inhibition of assembly of A. galli tubulin polymeri-
zation by these drugs is seen in Fig. 6. All drugs
tested showed a significant inhibition of assembly.
Colchicine was the most inhibitory compound.
However, all the benzimidazoles gave inhibitions
of assembly. Fenbendazole and mebendazole both
produced around 50% inhibitions of microtubule
assembly at 5 uM. Parbendazole and oxfendazole
produced 45% inhibitions at a concentration of 5 uM,
and at this concentration thiabendazole inhibited
microtubule polymerization by 35% as compared
with controls. Electron microscopy of the A. galli
microtubules polymerized under these various drug
treatments revealed no differences in substructure
but there was, of course, a difference in the number
of microtubules and their lengths (Fig. 4).
Consequently, the major difference detected
between the mammalian tubulin and that of A. galli
was the latter’s susceptibility to inhibition of poly-
merization by the benzimidazole anthelmintics.

Drug concentrations causing 50% inhibition in
mammalian and nematode tubulin assemblies are
summarized in Table 1.

DISCUSSION

Many mammalian tissues contain relatively abun-
dant amounts of the microtubule subunit protein
tubulin. Although helminths do not contain such

Table 1. Relative effectiveness of anthelmintic benzimida-
zoles and colchicine on assembly of mammalian and nema-
tode microtubules in vitro (1Csy)

ICs0™

Mammal A. galli
Drug Mammal + DMSO + DMSO
Fenbendazole 4 3.5 4.5
Parbendazole 6 6.5 6
Mebendazole 8 7 5
Oxfendazole 200+ 200+ 6
Thiabendazole 950+ 950t 8
Colchicine 10 9 4

* Concentration of drug (x 106 M~!) causing 50% inhibi-
tion of microtubule assembly.
+ Limit of solubility.
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Fig. 4. Electron micrographs of control and drug-treated microtubules. (a) Control, mammalian brain
microtubules: (b) mammalian brain microtubules assembled in the presence of 5 uM oxfendazole: (c)
mammalian brain microtubules assembled in the presence of 5 uM colchicine: (d) control. mammalian
brain microtubules assembled in the presence of 20% DMSO: (e) as for (d). with the addition of 5 uM
oxfendazole before assembly; (f) as for (d). with the addition of 5 UM colchicine before assembly: (g)
control. Ascaridia galli microtubules: (h) Ascaridia galli microtubules assembled in the presence of 5 uM
oxfendazole: (i) Ascaridia galli microtubules assembled in the prescnce of 5 uM colchicine.
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Fig. 5. Inhibition of benzimidazole carbamates and colchi-

cine on the polymerization of tubulin from mammalian

brain tissue incubated with 20% DMSO. Abbreviations as
for Fig. 3.

large amounts of this protein, we have been able to
purify enough for use in a direct assay of the relative
potency of the benzimidazole group of drugs as
inhibitors of microtubule polymerization. The small
quantities of helminth tubulin made turbidimetric
assays of microtubule polymerization undesirable.
Consequently, we used an air-driven centrifuge to
provide a fast ultracentrifugation of microtubules
and coupled this to a direct assay of the amount of
protein that remained unassembled in the supernat-
ant. We tested this protocol with mammalian brain
tubulin and found that it gave a reliable estimate
of microtubule assembly. Furthermore, our results
using this protocol on the effectiveness of various
inhibitors of in vitro polymerization of mammalian
tubulin were in very reasonable accord to previously
published work using turbidimetric methods of assay-
ing polymerization [1, 2].

Purified nematode tubulin appears to have slightly
different requirements for in vitro polymerization
than mammalian tubulin. We have previously
attempted the assembly of the nematode tubulin
under a very wide range of conditions and have so
far only been able to induce assembly by the inclusion
of DMSO in the assembly buffers. The method of
production of the nematode tubulin makes it likely
that microtubule-associated proteins will not be
co-purified. Consequently, we were careful to com-
pare the in vitro polymerization of nematode tubulin
with mammalian tubulin purified by exactly the same
protocol [9] and assembled under identical
conditions.
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Fig. 6. Inhibition of benzimidazole carbamates and colchi-
cine on the polymerization of tubulin from Ascaridia galli.
Abbreviations as for Fig. 3.

Our results show that the nematode tubulin poly-
merization is generally more susceptible to inhibition
by a range of inhibitors than is mammalian tubulin.
Differences in susceptibility to colchicine have been
shown previously for yeast [11] and Physarum [12]
tubulins. However, both of these cases involve
tubulins which are much less susceptible to the effects
of colchicine than is mammalian tubulin. Ascaridia
galli tubulin appears to be slightly more susceptible
to colchicine inhibition of polymerization than
mammalian tubulin. The previous reports of binding
of benzimidazole drugs to nematode tubulins have
relied on competition studies using radiolabelled col-
chicine and crude cell extracts [7, 8]. This approach
has yielded two rather conflicting views. Friedman
and Platzer [7] have indicated that there is increased
binding of some benzimidazoles to nematode
tubulin, whilst Kéhler and Bachmann [8] have
reported that nematode tubulin bound the benzimid-
azole with kinetics similar to mammalian tubulin.
There are differences in the source of material used
in these studies. However, such studies are difficult
to assess in that the binding was being assessed
indirectly, and the tubulin was contained in crude
extracts. We have sought to look at the direct effects
of the benzimidazoles on microtubule assembly in
vitro using highly purified tubulin from mammalian
tissue and the nematode Ascaridia galli. Our results
clearly show that very low concentrations of the
benzimidazole anthelmintic compounds are very
effective  inhibitors of nematode tubulin
polymerization. In fact, all the inhibitors we used
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inhibited A. galli tubulin polymerization whilst
mammalian tubulin was relatively unaffected by
oxfendazole and thiabendazole. It has previously
been reported that thiabendazole and methyl benzi-
midazole carbamate were bound more effectively by
the tubulin of mycelial fungi than by mammalian
tubulin [13, 14]. Two other benzimidazoles, parben-
dazole and mebendazole, again showed a general
tendency to inhibit nematode tubulin assembly more
effectively than the polymerization of mammalian

tubulin.
Data published previously [2] showed no absolute

correlation between anthelmintic efficacy and anti-
microtubule activity using mammalian tubulin. This
has also been ascertained from our experiments with
nematode tubulin. Comparisons with data for in
vivo drug effects show good correlation between
antimicrotubule activity against nematode tubulin
and anthelmintic efficacy for parbendazole, fenbend-
azole and oxfendazole but not for mebendazole and
thiabendazole which may be due in part to pharmaco-
dynamic behaviour or alternatively metabolic effects
imposed on the drug. The slightly reduced in vitro
sensitivity of nematode tubulin towards fenbenda-
zole compared to mammalian tubulin may suggest
that the in vivo situation greatly influences drug-
tubulin interactions and the ability to inhibit nema-
tode and microtubule assembly. However, at present
there is insufficient data to explain the result or
support this view.

Our results provide evidence that the benzimid-
azole group of anthelmintic drugs do interact, at low
concentrations, with tubulin purified from a nema-
tode and cause an inhibition of its polymerization.
Furthermore, there is a general tendency for the
nematode tubulin to be more susceptible to inhibi-
tion of polymerization than mammalian tubulin.
These results should provide a basis for understand-
ing the nature of the resistance to benzimidazoles
recently developed by some nematodes in terms of
possible alterations in microtubule protein.
Furthermore, the interaction of these drugs with
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nematode tubulin in vivo may be expected to pro-
duce a variety of cytopathic effects. We are presently
studying the consequences of treatment with
benzimidazoles on the microtubule-based functions
of nematodes.
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