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ABSTRACT: The antifungal agent benomyl [methyl-1-(butylcarbamoyl)-2-benzimidazolecarbamate] is used
throughout the world against a wide range of agricultural fungal diseases. In this paper, we investigated
the interaction of benomyl with mammalian brain tubulin and microtubules. Using the hydrophobic
fluorescent probe 1-anilinonaphthalene-8-sulfonic acid, benomyl was found to bind to brain tubulin with
a dissociation constant of 110 1.2 uM. Further, benomyl bound to at a novel site, distinct from the
well-characterized colchicine and vinblastine binding sites. Benomyl altered the far-UV circular dichroism
spectrum of tubulin and reduced the accessibility of its cysteine residues to modificatiori-bijtlidhis-
2-nitrobenzoic acid, indicating that benomyl binding to tubulin induces a conformational change in the
tubulin. Benomyl inhibited the polymerization of brain tubulin into microtubules, with 50% inhibition
occurring at a concentration of 705 uM. Furthermore, it strongly suppressed the dynamic instability
behavior of individual brain microtubules in vitro as determined by video microscopy. It reduced the
growing and shortening rates of the microtubules but did not alter the catastrophe or rescue frequencies.
The unexpected potency of benomyl against mammalian microtubule polymerization and dynamics
prompted us to investigate the effects of benomyl on Hela cell proliferation and mitosis. Benomyl inhibited
proliferation of the cells with an 1§ of 5 uM, and it blocked mitotic spindle function by perturbing
microtubule and chromosome organization. The greater than expected actions of benomyl on mammalian
microtubules and mitosis together with its relatively low toxicity suggest that it might be useful as an
adjuvant in cancer chemotherapy.

Benzimidazoles are widely used as antifungal agents in ’
agriculture and as antihelminthic agents in veterinary and N
human medicine. Benomyl [methyl-1-(butylcarbamoyl)-2- |
benzimidazolecarbamate] (Figure 1) is a systemically active NHCOLHg
benzimidazole that is selectively toxic to fungi. It is used C~NHCHCH,CH,CH,
extensively as an agricultural fungicide against a wide range 0

of fungal diseases affecting fruit trees and field crops and Ficure 1: Structure of benomyl [methyl-1-(butylcarbamoyl)-2-
has been highly useful as a research tool in fungal cell benzimidazolecarbamate].
biology (1—3). It inhibits fungal cell growth during mitosis
of the cell cycle and has been thought to act selectively on benomyl is a member of the benzimidazole class of
fungal cell tubulin and microtubuled,(4). The selectivity ~ compounds, several of which bind to the colchicine-binding
of benomyl for fungal cells is believed to be due to its high Site in tubulin, it has been suggested to bind weakly to the
affinity for fungal cell tubulin and its relatively low affinity ~ colchicine-binding site 4-7). In contrast, site-directed
for mammalian tubulin4—8). For example, carbendazim,a Mutagenesis of the yeaSaccharomyces cerisiae S-tubulin
major metabolite of benomyl, inhibited yeast tubulin po- (TuBJ) gene has indicated that the benomyl binding site may
lymerization potently (IG ~ 4 uM); however, a very high be located in the core ¢f tubulin, some distance from the
concentration of carbendazim @63\, 1.3 mM) was required colchicine Site, which is thought to be at the interface
to inhibit mammalian tubulin polymerizatiorv), Because ~ between thea and § tubulins ©—11). The affinity of
benomyl for mammalian-cell tubulin and the location of its

. ) binding site in the tubulin have not been determined
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altered thep-tubulin gene in the yeasBaccharomyces
cerevisiae f tubulin produced both super-sensitivity and
resistance phenotype&l-19). The studies show that the
198-200 amino acid region of yeagttubulin is involved

in benzimidazole binding and that point mutations in this
region lead to benzimidazole resistandd-15). Specifi-
cally, point mutations that replace Gégwith Ala, Val, or
Gly or which replace Phgywith Tyr reduce the affinity of
benzimidazole for tubulin. However, very little is known at
a mechanistic level how benomyl interacts either with
mammalian- or fungal-cell tubulin. Further, while it has been
assumed that the affinity of benomyl for mammalian tubulin
is very weak, its binding to mammalian tubulin, its effects
on mammalian microtubule polymerization and dynamics,
and its antimitotic effects in mammalian cells have not been
determined.

Microtubules are major structural components of the
cytoskeleton of the cell and play important roles in cell
motility, intracellular transport, mitosis, and many other
cellular processes2(—24). They are dynamic polymers
composed of- and f-tubulin heterodimers. Microtubules
are the targets of a variety of antimitotic drugs that inhibit
mitosis in mammalian cells by interfering with the rapid
dynamics of the spindle microtubules required for normal
mitotic progressionZ5—28). Tubulin/microtubule-targeted
antimitotic drugs are valuable for the treatment of cancer,
as herbicides, as antifungal drugs, and as antihelminthic drug
(25—29). There are two characterized drug-binding sites in
tubulin to which drugs that inhibit microtubule polymeriza-
tion are thought to bind. One is the colchicine binding site
in S tubulin, where drugs such as colchicine itself, podo-
phyllotoxin, combreastatin, and curacin A, are thought to
bind (28—31). The second is the Vinca-binding site, also
thought to be ing tubulin, where the Vinca alkaloids,
cryptophycins, and maytansinoids, among others, ba2d (
33). Most of these drugs at relatively high concentrations
act by inhibiting microtubule polymerization and, at relatively
low concentrations, act by modulating the dynamics of the
microtubules 25—29).

While tubulins are highly conserved proteins, there are
significant species differences among the tubulins. These
differences are responsible for the selectivity of drugs for
tubulins from different species34, 35). The binding of
benomyl to tubulin and its effects on microtubule polymer-
ization and dynamics at a mechanistic level in fungal cells
are poorly understood. Further, its effects on mitosis in
mammalian cells and its interaction with mammalian tubulin
and microtubules are essentially not known. In this paper
we examined the binding of benomyl to mammalian brain
tubulin and the effects of the drug on mammalian tubulin
polymerization and microtubule dynamics. We also examined
the effects of benomyl on HeLa cell proliferation and mitosis.
We find that benomyl does bind to mammalian brain tubulin
but relatively weakly, with &4 of 11.9+ 1.2 uM. It binds
to a site that appears to be distinct from that of colchicine
and vinblastine. Interestingly, while the binding to brain
tubulin itself is weak, it exerts a surprisingly strong effect
on microtubule dynamics. We also find that benomyl does
inhibit mammalian (HeLa) cell proliferation (lg= 5 uM)
and that it inhibits mitosis by~50% at a concentration of
15 uM. The results indicate that benomyl is selective for
fungal tubulin and microtubules; it does indeed interact with
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mammalian tubulin and can exert effects on mammalian
microtubule function that may be important in its toxicity
or for its possible use in the treatment of cancer.

EXPERIMENTAL PROCEDURES

Materials. GTP! pipes, colchicine, and vinblastine were
obtained from Sigma (St. Louis, MO). Benomyl was obtained
from Aldrich (Milwaukee, WI). ANS and fluorescent vin-
blastine (BODIPY FL-vinblastine) were obtained from
Molecular Probes (Eugene, OR). Phosphocellulose (P11) was
obtained from Whatman (Maidstone, England). All other
reagents were of analytical grade.

Purification of Tubulin Goat brain microtubule protein
was isolated by two cycles of polymerization and depolym-
erization in the presencd & M sodium glutamate and 10%
(v/v) dimethyl sulfoxide 86). Bovine microtubule protein
was purified as previously describe8i7j. The tubulin was
purified from the microtubule protein preparations by phos-
phocellulose chromatography and stored—&0 °C. The
tubulin concentration throughout this paper was determined
by the method of Bradford using bovine serum albumin
(BSA) as a standard8).

Spectral Measurementall fluorescence measurements
were performed using a JASCO FP-6500 spectrofluorometer
equipped with a constant-temperature water-circulating bath.
Spectra were taken by multiple scans, and buffer blank values
were subtracted from all measurements. A 0.3-cm path-length
cuvette was used for all fluorescence measurements that
minimized the inner-filter effects at high benomyl concentra-
tions. All absorbance measurements were performed in a
JASCO V-530 UV-visible spectrophotometer using a 1-cm
path-length cuvette. The far-UV (23250 nm) circular
dichroism (CD) spectra were recorded at Z5 using a
JASCO spectropolarimeter (model J-810) equipped with a
JASCO PTC 423S Peltier temperature-control system. A
quartz cuvette of 1-mm path length was used for the far-Uv
CD measurements. Spectra were collected with a scan speed
of 200 nm/min and a response time of 1 s. Each spectrum
was the average of three scans. The CD data were analyzed
using JASCO.

Inhibition of Purified Tubulin Assembly by Benonfgbat
brain tubulin (1.2 mg/mL) was mixed with different con-
centrations of benomyl at @ (0—120uM) in an assembly
buffer (25 mM pipes at pH 6.8, 3 MM MggQl mM EGTA,

1 mM GTP, ad 1 M sodium glutamate). Polymerization
was initiated by raising the temperature to°&7in the water
bath. The rate and extent of the polymerization reaction were
monitored by light scattering at 350 nn89). For the
sedimentation assay, tubulin (1.2 mg/mL) was polymerized
in an assembly buffer in the absence and presence of different
concentrations of benomyl for 45 min at 3Z. The polymers
were collected by sedimentation at 50906r 45 min at 30

°C.

Electron Microscopy Tubulin (1.2 mg/mL) was polym-
erized in the absence and presence of 50 and /A0
benomyl as described in the previous paragraph. The

1 Abbreviations: pipes, 1,4-piperazinediethanesulfonic acid; MES,
2-(N-morpholino)ethanesulfonic acid; EGTA, [ethylenebis (oxyethyl-
enenitrilo)]tetraacetic acid; GTP, guanosire#iphosphate; ANS,
1-anilinonaphthalene-8-sulfonic acid; DTNB, 5¢bthiobis-2-nitroben-
zoic acid; DAPI, 4,6-diamidino-2-phenylindole.
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polymers were fixed with prewarmed 0.5% glutaraldehyde glass surface. The chambers were then washed with a buffer
for 5 min. Samples (2@L) were applied to carbon-coated containing 87 mM pipes, 36 mM MES, 1.4 mM MgClL
electron microscope grids (300 mesh) for 30 s and blotted MM EGTA, and 1 mM GTP at pH 6.8 (PMME), and a
dry. The grids were subsequently negatively stained with a sample containing 19 or 22M bovine brain tubulin in 1
1% uranyl acetate solution and air-dried. The samples weremM GTP was then flowed through the chamber by wicking
viewed in a Philips CM 200 electron microscope. Images the opposite end with small pieces of Whatman filter paper.
were taken at 13 50& and 35 000x magnifications 87). The chamber was sealed at both ends with drops of VALAP
Binding Measurement&inding of benomyl to goat brain  (vasoline/lanolin/paraffin, 1:1:1). The microtubules were then
tubulin was determined by using hydrophobic fluorescent assembled onto the axoneme seeds by placing the slide onto
probe 1-anilinonaphthalene-8-sulfonic acid (ANS). We took a prewarmed (36C) microscope stage and allowing the slide
advantage of the finding that benomyl increases the fluo- to incubate for 30 min to achieve a steady state. The
rescence of tubulin-bound ANSI@). Tubulin (1xM) was dynamic-instability behavior of the microtubules was imaged
first incubated with different concentrations{%0 #M) of by video-enhanced differential interference contrast micros-
benomyl in 25 mM pipes at pH 6.8, 3 mM Mg&@nd 1 copy using a Zeiss IM35 inverted microscope with ax63
mM EGTA at 25°C for 30 min. ANS (40uM) was then (1.4 na) oil-immersion objective. Growth of the microtubules
added to the reaction mixtures and incubated for an additionaloccurred at both the plus and minus ends of the axonemes.
15 min. The excitation and emission wavelengths were 400 The plus ends of the microtubules were distinguished from
and 470 nm respectively. Benomyl has negligible absorption the minus ends by their higher growth rates, greater excursion
at 470 nm. The extinction coefficients of benomyl at 360 |engths, and larger number of microtubules per axoneme end

and 400 nm were determined to be 2018 and 1574dvh™?, as previously reportedy, 45). Samples on the slides were
respectively. Corrections because of the inner-filter effects recorded for a maximum of 60 min, and individual micro-
were made according to the formufa= Fops antilog [(Aex tubules were recorded and analyzed between 2 and 10 min.

+ Aem)/2], whereAe, is the absorbance of benomyl at the Microtubule lengths were measured and analyzed as previ-
excitation wavelength and.n is the absorbance at the ously described (Panda et al., 2003). Growth and shortening
emission wavelengthd(). The fraction of the binding sites  events were determined by least-squares regression of the
(X) occupied by benomyl was determined using the equation jife-history plots of microtubule length versus time. The

X = (F — Fo)/Fmax WhereF, is the fluorescence intensity of  gynamic instability parameters were determined as previously
tubulin—ANS in the absence of benom#i,is the corrected  gescribed 46).

fluorescence intensity of tubukinrANS in the presence of
benomyl, and~mnax was calculated from the plot of H(—

Fo) versus 1/[benomyl] and extrapolating 1/[benomyl] to
zero. The dissociation constaridsf was determined using
the relationship, M = 1 + Kgy/L;, wherelL represents the
free benomyl concentration, ahd= C — X[Y], whereC is
total concentration of benomyl an|[is the molar concen-
tration of ligand-binding sites assuming a single binding site
per tubulin dimer 42).

Colchicine Binding to TubulinColchicine binding to goat
tubulin was determined by using the increase in the intrinsic
fluorescence of colchicine upon the binding of colchicine to
tubulin (43). The excitation and emission wavelengths were

Cell Culture and Proliferation AssayHela cells were
grown in minimal essential medium (Himedia) supplemented
with 10% (v/v) fetal bovine serum, kanamycin (0.1 mg/mL),
penicillin G (100 units/mL), and sodium bicarbonate (30 mg/
mL) at 37°C in 5% CQ. Cell proliferation was determined
in 96-well plates using the sulforhodamine B assay as
previously described(7). In brief, 1 x 10* cells were seeded
in each well. Approximately 24 h later, cells were incubated
with different concentrations of benomyl for an additional
24 h. Cells were then fixed with 10% trichloroacetic acid
and stained with 0.4% sulforhodamine B dissolved in 1%
acetic acid. Each assay condition within an experiment was
360 and 430 nm, respectively. carried out three times, and three replicate experiments were

Titration of Tubulin Sulfhydryl GroupsThe sulfhydryl-  Performed.
specific reagent 5!Hlithiobis-2-nitrobenzoic acid (DTNB) Immunofluorescence Microscopymmunofluorescence
complexes with thiol groups in tubulin, and the rate and microscopy was performed as previously described with
extent of sulfhydryl-group modification can be monitored slight modification 48). Cells were grown on coverslips at
by measuring the absorbance change at 41244 Tubulin a density of 1x 10 cells/mL in 24-well plates. Cells were
(3 uM) was incubated with 5@M benomyl at 4°C for 15 fixed in 3.7% formaldehyde for 30 min at 3T and then
min, and then 10M DTNB was added. The number of transferred to cold{20 °C) methanol for 10 min. Nonspe-
sulfhydryl groups modified after 30 min of reaction was cific antibody binding sites were blocked by incubating with
determined by using a molar extinction coefficient of 12 000 2% BSA in phosphate-buffered saline (PBS) at°&7 for
for DTNB at 412 nm. 15 min. Cells were then incubatedrf@ h at 37°C with a

Effects of Benomyl on Microtubule Dynamibkicrotubule mouse monoclonal antitubulin antibody (1:150 dilution in
dynamics were measured by video microscopy by the 2% BSA/PBS). Cells were then washed with 2% BSA/PBS
procedure of Panda et a9 as modified by C. Newton  for 10 min at room temperature before incubating with a
(University of California, Santa Barbara, to be published). 1:100 dilution of an Alexa-568-labeled anti-mouse 1gG
Flow-cell chambers of approximately 140 of volume were antibody (Molecular Probes) at 3T for 1 h. Coverslips
constructed using two pieces of double-stick tape, a glasswere then rinsed with 2% BSA/PBS for 10 min and incubated
slide, and a coverslip. Sea urchit{ongylocentrotus pur-  with DAPI (1 ug/mL) for 30 s at room temperature. The
puratug axonemes used to seed microtubule polymerization coverslips were mounted in 50% glycerol in PBS containing
were flowed through the chamber, and the chamber was1l mg/mL ascorbic acid. The microtubules (red) and chro-
incubated at 30C to allow the axonemes to stick to the mosomes (blue) were observed with a Nikon Eclipse TE-
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Ficure 3: Determination of binding parameters of benomyl to
tubulin by the tubulinrANS complex fluorescence. The figure
shows the titration of 1.@M tubulin, preincubated with different
concentrations (350 uM) of benomyl at 25°C for 30 min, with

40 uM of ANS. Spectra were taken after an incubation for 15 min
at 25°C. The excitation and emission wavelengths were 400 and
470 nm, respectively. The inset shows a double reciprocal plot of
the binding of benomyl to tubulin. Data are an average of 9
B independent experiments. Error bars are the standard error of the
mean.

% Inhibition of polymerization

with different concentrations of benomyl for an additional
24 h. Both attached and unattached cells were harvested by
trypsinization, washed with PBS, and then treated with 0.5%
KCI for 10 min at room temperature. After centrifugation,

C the cells were fixed with a methanol/acetic acid solution (3:
1, v/v). Finally, the cell suspensions were spread onto cold
L] slides, air-dried, and stained with a 10% Giemsa solution.
At least 200 cells were counted at each benomyl concentra-
tion. The mitotic index was determined as described previ-
ously @9).
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T RESULTS

S Inhibition of Tubulin Polymerization by Benomye
- determined the effects of benomyl on the polymerization of
purified goat brain tubulin into microtubules by two comple-
0 : : : : mentary techniques, light scattering and sedimentation.
0 25 50 75 100 125 Purified goat brain tubulin (12M) was polymerized in the
Benomyl [uM] absence or presence of different concentrations of benomyl.
FicURe 2: Inhibition of microtubule assembly by benomyl. (A) AS shownin Figure 2A, benomyl produced a concentration-
Polymerization of tubulin (12:M) in the assembly buffer was  dependent inhibition of the rate and extent of microtubule
measured in the absena®)(and presence of 19, 30 (»), 60 polymerization. A concentration of 3@M benomyl de-
(a), 75 @), 90 @), or 120uM (v) benomyl. Microtubule assembly  creased the extent of polymerization at 30 min-bg0%,

was monitored by measuring the increase in the absorbance values, .. Cop o 0
at 350 nm with time. (B) Inhibition of tubulin polymerization at While 1204M benomy! inhibited polymerization by-75%

30 min is plotted as a function of the benomyl concentration. (C) at the same time. Half-maximal inhibition (#} of polym-
Effects of benomyl on the microtubule polymer mass. Tubulin (12 erization was calculated to be 8910uM (Figure 2B). The
uM) was polymerized in an assembly buffer at 37 for 45 min ability of benomyl to inhibit microtubule polymerization was

in the absence or presence of different benomyl concentrations. 5150 determined by a sedimentation assay. Benomyl also

The microtubule polymer mass was determined as described in the, . . PP . . .
Experimental Procedures. Data are the average of fourindependentnhlblted polymgrlzatllon in this "’.lssay ina ?O”C‘?”t.ra.“.on'
experiments. dependent fashion (Figure 2C) with half-maximal inhibition

of polymerization occurring at 75 5.5 uM benomyl.
Electron microscopic analysis showed that microtubules in
2000U microscope. The images were analyzed using Image-the absence and presence of 50 and 480benomyl had

Pro. similar morphology (data not shown).
Mitotic Indices. Mitotic indices were determined by Affinity of Benomyl Binding to TubulinThe tryptophan
staining HeLa cells with Wright Giemsa 49). Briefly, cells residues in tubulin are intrinsically fluorescent, and modula-

were plated at a density of 1:0 10* cells in 24-well plates  tion of tryptophan fluorescence by ligands as determined by
24 h prior to the addition of benomyl. They were treated fluorescence spectroscopy has been used extensively to
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Ficure 4: Inhibition of colchicine binding to tubulin by benomyl. (A) Tubulin (501) was first incubated with different concentrations

of benomyl at 37°C for 30 min, and then 1@M colchicine was added to each of the mixtures. Fluorescence was measured after an
incubation for 60 min at 37C. The excitation and emission wavelengths were 360 and 430 nm, respectively. Data are the average of four
independent experiments. (B) Kinetics of colchicine binding to tubulin. The binding of colchicine to tubulif@8ds determined in the
absence @) and presence®) of 100 uM benomyl by exciting the samples at 360 nm. (C) Effects of benomyl on the tubANS

complex fluorescence in the absen€y &nd presence®) of colchicine. The tubulir-colchicine complex was prepared as described in A

by using 3.QuM tubulin and 20QuM colchicine, and a fixed concentration (&®) of ANS was added. Different concentrations of benomyl
(0—100 uM) were then added, and fluorescence was determined after an incubation for 30 miriGit Plse excitation and emission
wavelengths were 400 and 470 nm, respectively. (D) Competition between benomyl and vinblastine. Tubulf) (843 first incubated

with the vehicle, DMSO+), 200uM vinblastine (), and 25 @), 50 (»), and 100uM (4) benomyl at 37°C for 45 min, and then ZM

BODIPY FL-vinblastine was added to all of the mixtures. Fluorescence was measured after an incubation for 20 fitih @h2%xcitation
wavelength was 490 nm. The bound fluorescence spectra of the ttB@BIPY FL-vinblastine complex were obtained by subtracting

the fluorescence spectra of unliganded BODIPY FL-vinblastine in the absence of tubulin (blank spectra) from the spectra of BODIPY
FL-vinblastine in the presence of tubulin.

investigate the binding of ligands to tubulin. However, like benomyl per tubulin dimer, yielded a dissociation constant
tubulin, benomyl absorbs at 295 nm and fluoresces at 335(Kg) of 11.94+ 1.2 uM.

nm, and we could not detect a quantifiable change of tubulin  Location of the Benomyl-Binding Site in Tubul@olchi-
fluorescence intensity at 335 nm upon binding of benomyl cine and vinblastine are well-characterized drugs that bind
using this approach (data not shown). Hydrophobic fluores- to tubulin, inhibit microtubule polymerization, and suppress
cent probes are also routinely used to monitor ligand binding microtubule dynamic instability 26—28). Despite their

to tubulin. We found that we could use fluorescent probe similar actions, the colchicine- and vinblastine-binding sites
ANS to investigate the binding of benomyl to tubulid0f. in tubulin are different. Considerable evidence indicates that
The effects of different concentrations of benomyl on the several benzimidazoles share their binding site on tubulin
fluorescence of tubulirRANS complexes are shown in Figure  with colchicine 6—7). However, recently, Downing and co-
3. Benomyl increased the fluorescence of the complex in aworkers have suggested that benomyl binds to tubulin at a
concentration-dependent manner. The inset in Figure 3 showssite that is different from the colchicine site {21).

a double reciprocal plot of the binding data. The linear Therefore, we wanted to determine whether benomyl could
regression of the data, assuming a single binding site for compete with colchicine for binding to tubulin. Colchicine
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is weakly fluorescent in an aqueous solution but becomes
strongly fluorescent when it binds to tubuli#3). Thus, we

used the fact that the tubutircolchicine complex fluoresces

to determine whether benomyl could compete with colchicine
binding to tubulin. First, we found that preincubation of
tubulin with benomyl (16-100 M) did not affect the
binding of colchicine to tubulin as determined by colchicine
fluorescence (Figure 4A). These data indeed suggest tha
benomyl does not bind to the colchicine site. In addition,
we found that, when benomyl (3100uxM) was incubated
with the preformed tubulifrcolchicine complex for 30 min,

it did not decrease the fluorescence of the complex. Specif-
ically, incubation of the preformed tubutircolchicine
complex with 50 or 10&M benomyl did not decrease, and
actually slightly increased, the fluorescence signal of the
preformed tubulin-colchicine complex (by 8 and 12%, 0 ! ! !
respectively). We also measured the kinetics of colchicine 0
binding to tubulin in the absence and presence of benomyl. Time (min)

Preincubation of 10Q:M benomyl with tubulin did not FiIGURe 5: Reduction of sulfhydryl group accessibility by benomyl.

reduce the rate of colchicine binding to tubulin (Figure 4B), The rate and extent of sulfhydryl group modification were
which further supports the conclusion that benomyl does not monitored by measuring the absorbance at 412 nm. Tubulivij3
bind to the colchicine site. was incubated in the absenc®) or presence®) of 50 uM benomyl
. . . at 4 °C for 15 min, and then 10@M DTNB was added. After
In further analysis of this question, we used ANS jncypation for 30 min at 37C, the number of sulfhydryl groups
fluorescence as a probe to determine whether benomy! bindsmodified in the absence and presence of:80 benomyl were

at the colchicine-binding site. ANS binds to tubulin at a site determined from 12 independent measurements as described in the
that is distinct from the colchicine-binding site, and it is ExPerimental Procedures.

known that colchicine binding to tubulin does not interfere i L o o
with ANS binding to tubulin 40). First, the tubulir- reaction kinetics for cysteine titration in tubulin with DTNB

colchicine complex was formed by incubating tubulin«@) at 37°C in the absence and presence of80benomyl are

with 20 M colchicine at 37°C for 60 min. Then, ANS (50 shown in Figure 5. Benomyl significantly reduced the
«M) was added to the tubulircolchicine complex. Figure number of cysteine residues accessible to DTNB; there were

4C shows that incubation of the ANSubulin or ANS— 11.5+ 0.2 sulfhydryl residues accessible per tubulin dimer
tubulin—colchicine complex with benomyl increased the [N the absence of benomyl and %20.4 residues per tubulin

fluorescence both of the ANSubulin and ANS-tubulin— dimer in the presence 50M benomyl. The difference in
colchicine complex in a benomyl-concentration-dependent the number of modified cysteine residues in the absence and

manner. The increase in bound ANS fluorescence with an Presence of 5aM benomyl was 2.3R < 0.01, Student's
increasing benomy! concentration was found to be similar tWO-tailedt test). These data indicate that the binding of
both for tubulin and the tubuliacolchicine complex sug- ~ P€nomyl to tubulin induces a conformational change in the
gesting that benomyl and colchicine can bind to tubulin tubulin. Changes in the CD spectra indicated that binding
simultaneously. When taken together, the experiments strongly®f P&nomyl to tubulin can also affect the secondary structure
support the conclusion that benomyl and colchicine bind to ©f tubulin. As shown in Figure 6, both 25 and 501
different sites on tubulin. We also measured the possible P&nomyl altered the amplitude of the far-UV  tubulin
competition between benomyl and vinblastine for the vin- spectrum, indicative of a change in the secondary structure
blastine-binding site in tubulin by using a fluorescent ©f tubulin.
analogue of vinblastine (BODIPY FL-vinblastine). Addition Effects of Benomyl on the Dynamics of idual Micro-
of benomyl increased the fluorescence of the BODIPY FL- tubules in Vitro We then analyzed the effects of benomyl
vinblastine (Figure 4D) indicating that benomyl also does on the dynamic instability at the plus ends of individual
not bind to the vinblastine site in tubulin. The increase in bovine brain microtubules at steady-state in vitro video
fluorescence of the tubukinBODIPY FL-vinblastine com- microscopy. The quantitative effects of benomyl on the
plex in the presence of a high concentration of benomyl was individual dynamic parameters are shown in Table 1.
likely due to a stabilization of the vinblastine-binding site  Benomyl reduced the growing rate, shortening rate, and
of tubulin by benomyl. Ligand-induced stabilization of the dynamicity, in a concentration-dependent manner. Specifi-
vinblastine, colchicine, and GTP sites has been known for cally, 30u«M benomyl reduced the growing rate, shortening
years 82, 50). rate, and dynamicity of the microtubules by 49, 49, and 65%,
Evidence that the Binding of Benomyl to Tubulin Induces "espectively. Benomyl did not affect the catastrophe or rescue
a Conformational Change in the Tubulifhe sulfhydryl ~ frequencies.
groups of tubulin are sensitive markers for studying tubulin  Inhibition of Mammalian Cell Proliferation and Mitosis
conformation and for its interaction with ligands1-53). by BenomylBenomyl inhibits cell proliferation and mitosis
We used the sulfhydryl-specific reagent DTNB to determine by an action on microtubules in sensitive fungal cells, but
the accessibility of the cysteine residues of tubulin toward little is known about the antiproliferative and antimitotic
modification in association with benomyl binding. The activities of benomyl in mammalian cells. It is considered

Absorbance (412 nm)

10 20 30
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10 DISCUSSION

Benomyl is a widely used antimitotic antifungal compound
both in agriculture and as a research tool in the biology of
fungal-cell systemsl(3). It is selectively toxic to fungal-
cell tubulin and appears to have relatively low toxicity in
mammalian systemsl(4—8). It has been thought, though
little data exist, that it has low toxicity in humans because it
has very low affinity for mammalian tubulird( 7). In this
paper, we investigated the interaction of benomyl with
mammalian brain tubulin and microtubules and found that
the compound binds to mammalian tubulin witK@of 11.9
+ 1.2uM, somewhat stronger than what had been thought.
On the basis of the fact that benomyl is a benzimidazole, it
was also thought that benomyl might bind to the colchicine-
binding site ing tubulin. However, evidence involving site-
directed mutagenesis in yeast cell83—(@9) and direct
biochemical data described here strongly suggest that the
20 L L L L L L benomyl-binding site is distinct from the colchicine site.

215 220 225 230 235 240 245 250 We found that benomyl inhibits the polymerization of
brain tubulin, with 50% inhibition (IG) of polymerization
. 6 Ef ‘b | on the CD £ wbulin. Th occurring at a benomyl concentration of-705 uM. Thus,
glr(;l;?]Esh.ows ?rfé (f)ar-LeJ(]/oggs%gétrZ oﬁB’ISFuebCLEIril:lni]n(ihéuags!ghcee its ab_i lity to_inhibit microtubule polymerization is not
(—) and presence of 28 and 504M (®) benomyl in a 10 mM  eSpecially robust. However, we found that benomyl sup-
phosphate buffer (pH 6.8). Tubulin (@V) was incubated in the ~ presses the dynamic instability behavior of the microtubules
absence and presence of benomyl at’@5for 30 min, and the  fairly strongly. On the basis of the stronger than expected
far-UV spectra were collected using a quartz cuvette of 1-mm path offects of benomyl on tubulin and microtubules in vitro, we

length as described in the Experimental Procedures. Each spectru . . )
was the average of three scans. One of the four similar experimentr‘;,%‘ISO examined the effects of benomyl on HeLa cell prolifera

is shown in the figure. tion and mitosis and found, surprisingly, that benomyl
inhibits proliferation of the cells with an g of 5 M and

to have little if any effect on mammalian cells. Thus, it was that it blocks the mitotic spindle function by perturbing the
surprising that benomy! suppressed the dynamics of bovine Microtubule and chromosome organization. These actions on
brain microtubules so effectively. To determine the extent mammalian-cell tubulin and microtubules suggest that the
to which benomyl inhibits mitosis in mammalian cells, we toxicity of benomyl in humans may be due in part to the
investigated the ability of benomyl to inhibit proliferation ~Perturbation of microtubule function.

of a human tumor (HelLa) cell and determined its effects on ~ Benomyl Binds to Mammalian Brain Tubulin with Moder-
mitosis and mitotic spindle organization. We found that ate Affinity at a Site Distinct from the Colchicine-Binding
benomyl caused a concentration-dependent inhibition of Site. We used fluorescent probe ANS to determine the

Wavelength (nm)

HeLa cell proliferation with 1Gy of 5 + 1 uM (Figure 7A). binding affinity of benomyl for mammalian brain tubulin.
We also found that it inhibited the cell-cycle progression Using ANS, we obtained Kq of 11.94+ 1.2uM. Thus, the
during mitosis, with a reasonably similar 4of ~15 uM affinity of benomyl for brain tubulin is not robust, butk
(Figure 7B). in the 10 uM range indicates that benomyl binds to

Cells were also treated with benomyl or with the vehicle mammalian brain tubulin with moderate affinity rather than
alone (DMSO) for 24 h and processed to immunofluores- weak affinity. Colchicine binds to tubulin with high affinity
cence microscopy to analyze the effects of the compound (Ka ~ 0.1-0.5uM) (28, 30).
on the organization of the spindle microtubules and chro-  Previously, it was shown that a number of benzimidazole
mosomes in the blocked cells. Untreated cells at metaphaseanalogues inhibit the binding of colchicine both competitively
of mitosis displayed normal spindle microtubule morphology, and noncompetitively4—6). On the basis of the structural
and the mitotic chromosomes were well-aligned at the similarities between benomyl and other benzimidazoles, it
metaphase plate (parts A and B of Figure 8). The spindle was thought that all benzimidazole analogues would bind
microtubules in the cells treated with BM benomyl near or at the colchicine site. However, to our knowledge,
appeared nearly normal, but some of the chromosomes wereno direct analyses have been done to determine whether
unable to congress to the metaphase plate (parts C and D obenomyl in fact binds to, at, or near the colchicine-binding
Figure 8). Cells treated with four times thesi€oncentration site. Recently, using site-directed mutagenesis of yeast
for inhibition of proliferation (parts E and F of Figure 8) tubulin coupled with structural analysis, Downing et ak-(9
had clear abnormalities typical to those observed with 11) proposed that the benomyl site is located in a central
relatively high concentrations of drugs such as vinblastine region of 5 tubulin at a site distinct from the colchicine site
(48, 54). Also typical of the more potent antimitotic drugs, because the colchicine site is considered to be located at the
benomyl did not appear to significantly disrupt the organiza- interface between andg tubulin. In the present paper, we
tion or depolymerize the microtubules in interphase cells at found that benomyl does not interfere with colchicine binding
concentrations at which it caused inhibition of mitosis (Figure to tubulin and that benomyl and colchicine can bind
9). simultaneously to tubulin. Thus, our data are consistent with
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Table 1: Comparison of Steady-State in Vitro Microtubule Dynamics at the Plus Ends in the Presence of Benomyl

parameter control M 15uM 30uM

Mean Rates(um/min)

growth 1.00+£ 0.78 0.78+ 0.39 0.87+ 0.61 0.51+ 0.39

shortening 18.3% 13.23 18.05+ 12.18 10.88+ 9.57 8.96+ 7.6Z
Mean Duration (min)

growth 1.69+ 1.62 2.044+1.42 1.614+ 1.00 2.75+ 1.36¢

shortening 0.35-0.27 0.33+0.17 0.51+0.21 0.40+ 0.24

attenuation 1.2%1.39 1.66+ 1.74 1.75+1.12 2.62+ 2.1¢

% Time Spent

growth 63.2 63.4 64.5 51.6

shortening 13.8 10.9 10.4 9.7

attenuation 23.0 25.8 25.1 38.7
Frequency of (mint)

catastrophe 0.43 0.06 0.37+ 0.06 0.26+ 0.06 0.30+ 0.07

rescue 1.42-0.26 1.75+ 0.37 1.98+0.44 2.08+ 0.54

dynamicity gzm/min) 3.17 2.46 1.69 1.13

minutes 158 115 97 75

a Standard deviation values are shoWtatistically significant, at the 95% level, to the corresponding control val8tatistically significant,
at the 99% level, to the corresponding control value.

gene in the yeasB. cereisiag that the benomyl site is
00+ A located in the core gf tubulin and the colchicine-binding
i site is located in the interface betweerand tubulin as
proposed.
75k Effects of Benomyl on the Conformation of Tubulihe
binding of benomyl to brain tubulin increased the fluores-
cence of tubulin-bound ANS and affected the accessibility
50 i of the sulfhydryl groups of tubulin to DTNB, indicating that
benomyl binding to the tubulin induced a conformational
change in the tubulin. The binding of benomyl to brain
|/ tubulin also induced changes in the far-UV CD spectrum of
-/ the tubulin, indicating that benomyl induces conformational
change in its secondary structure. When taken together, the
results indicate that the binding of benomyl to brain tubulin
modifies the conformation of the tubulin in some way.
0 5 10 15 2 Mechanism of Inhibition of Microtubule Polymerization
and Dynamics by BenomwVhile benomyl is believed to
have minimal toxic effects in vertebrate}),(previous studies
(5, 55) and the results reported here show that benomyl can
weakly inhibit mammalian microtubule polymerization.
Specifically, we found that benomyl inhibited the polymer-
ization of goat brain tubulin into microtubules with ansC
of ~70 uM (Figure 2). We also found that benomyl
suppressed the dynamic instability behavior of bovine brain
microtubules with greater than expected potency. Its main
effects were to reduce the growing and shortening rates of
the microtubules, which resulted in a reduced overall
dynamicity (Table 1). Interestingly, benomyl did not alter
the switching frequencies, i.e., the catastrophe and rescue
frequencies, which are thought to be related to the loss and
gain of the stabilizing “GTP cap” at the microtubule ends.
Therefore, it may be that benomyl does not act or bind at
the microtubule ends such as colchicine or vinblastine, both
0 3 10 15 20 of which do affect the transition frequenciezs(-28).
Benomyl [uM] Interestingly, high concentrations of benomyl were re-
FiGURE 7: Effect of benomyl on HeLa cell proliferation (A) and  quired to inhibit microtubule polymerization (4~ 70 uM),
th_e mito_tic index (B). The _inhibition of cell prolif_eration and the \whereas its affinity i) for tubulin was 11.9+ 1.2 uM.
mitotic index was determined by sulforhodamine B assay and gne can calculate that, at the benomyl concentration that
Wright—Giemsa staining, respectively, as described in the Experi- . S .
mental Procedures. caused half-maximal inhibition of polymerization, most
(nearly 85%) of the soluble tubulin should be complexed
the conclusions of Richards et al1j and Downing 9, 10), with benomyl. Therefore, benomyl probably does not inhibit
on the basis of site-directed mutagenesis of fkeibulin microtubule polymerization through a simple end-poisoning

% Inhibition of Proliferation

25

Benomyl [uM]

80

60

40

% Mitotic cells
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A

Control

Control

20 UM

Ficure 9: Effects of 5 and 20uM benomyl on interphase
microtubules in HelLa cells exposed for 24 h.

B
D
F

FiGUre 8: Effects of benomyl on spindle microtubule and chromo- mechanism, which occurs with colchicine and vinblastine
some organizations of the Hela cells. HeLa cells were grown in (56—59). More likely, benomyl as a benomytubulin
the absence and presence of 5 and.20 benomyl for 24 h.  complex copolymerizes along with free tubulin into micro-

Microtubules are shown in A (control), C {8V benomyl), and E ; :
(20 uM benomyl), and chromosome organizations of the corre- tubules. If so, the incorporation of large numbers of the

sponding cells are shown in B, D, and F. A control mitotic HeLa ©@nomyk-tubulin complexes in the polymer only weakly
cell with a well-defined compact metaphase plate of chromosomesinhibits polymerization. In further support of the hypothesis
is shown in the upper parts of A and B. The lower parts of A and that benomyl copolymerized with tubulin into the microtu-

B showed a normal Hela cell in anaphase. Mitotic cells treated | |es benomyl especially suppressed the shortening rate.

with 5 uM benomyl (C and D) showed abnormal bipolar spindle . - :
with one uncongressed chromosome at one spindle pole (arrow).Thus’ benomyl must be present in the microtubule itself to

Another cell had tripolar spindle organization (bottom parts of C* b€ able to inhibit the rate of shortening if it is not acting
and D). directly at the microtubule ends.
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Benomyl induced conformational changes in tubulin animals. These findings may also be of value in the design
(Figures 5 and 6), and it is possible that the deformation of adjuvant therapy in the treatment of cancer. The rationale
induced by benomyl in the tubulin structure, while permitting is that when used in combination therapy with more potent
the tubulin to incorporate into the microtubule, prevented drugs that act through different mechanisms, weak suppres-
proper addition of the tubulin such that the growing rate was sion of spindle microtubule dynamics in tumor cells by low
reduced. Similarly, the presence of benomyl in the polymer doses of benomyl could contribute to the antitumor activity
could stabilize the lattice, thereby reducing the shortening of the drug combination in the absence of benomyl-induced
rate. The colchicinetubulin complex also copolymerizes toxicity.
with free tubulin into microtubules, but the degree of
copolymerization with colchicine is clearly low as compared ACKNOWLEDGMENT
with the degree of copolymerization that appears to occur
with benomyl @45, 56—58). It is tempting to suggest that
the ability of the benomyttubulin complexes to copolymer-
ize efficiently with tubulin into mammalian microtubules,
which produces relatively small effects on the polymer mass, REEERENCES
contributes to its low toxicity against mammalian cells.

Inhibition of HelLa Cell Proliferation and MitosisA
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