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The benzamide, RH-4032, was found to be a potent antimicrotubule agent in tobacco (Nicotiana tabacum) cells. It strongly
inhibited root growth and produced swollen club-shaped roots, an accumulation of cells in arrested metaphase, and loss of
microtubules. RH-4032 inhibited the in vitro assembly of bovine tubulin into microtubules, with inhibition requiring a
relatively long incubation period. Treatment of tobacco suspension-cultured cells or isolated bovine tubulin with [14C]RH-
4032, and analysis of radiolabeled protein revealed a highly specific covalent attachment to b-tubulin. Binding of [3H]RH-
4032 in tobacco suspension-cultured cells was shown to be saturable and to be influenced by pre-incubation of the cells with
various antimicrotubule agents: Binding of [3H]RH-4032 was inhibited by the benzamides, pronamide and zarilamide, the
N-phenylcarbamate, chlorpropham, and the microtubule-stabilizing drug, paclitaxel, whereas trifluralin and amiprophos-
methyl were not inhibitory. A common characteristic of agents that cause microtubule disassembly was a slight enhancement
of [3H]RH-4032 binding at low concentrations, which did not occur with the microtubule-stabilizing agent paclitaxel. For
structural analogs of RH-4032 and various N-phenylcarbamates, it was shown that the ability to inhibit binding of
[3H]RH-4032 was correlated with the ability to inhibit tobacco root elongation. The results suggest a common binding site
on b-tubulin for RH-4032, pronamide, zarilamide, and chlorpropham, which is distinct from the binding site(s) for trifluralin
and amiprophosmethyl. RH-4032 provides a unique approach to studying effects of antimicrotubule agents on plant cells by
allowing competitive tubulin binding assays to be conducted in whole cells.

Tubulin is the biochemical target of a wide variety
of drugs and pesticides that inhibit nuclear division
by disruption of microtubule function (Morejohn and
Foskett, 1986; Hamel, 1996). Agents that affect micro-
tubules in plant cells include commercial herbicides
such as the dinitroaniline class, the N-phenylcarbamate
class, the benzamide, pronamide, the phosphoric
amide, amiprophosmethyl (Morejohn and Foskett,
1986; Akashi et al., 1988), as well as the antifungal,
benzamide zarilamide (Young, 1991), and the anti-
cancer drug, paclitaxel (Morejohn and Foskett, 1986).
RH-4032 is one analog from a new class of antitubu-
lin benzamides that inhibit the growth of fungi,
plants, mammalian cells, algae, and protozoans.
RH-4032 is particularly active toward plant cells
whereas a close analog, RH-7281, demonstrates suf-
ficient selective toxicity toward Oomycete fungi as
compared with plants to be useful as an agricultural
fungicide (Egan et al., 1998). This report describes
studies on the mechanism of action of RH-4032 and
its unusual ability to bind covalently in a highly
specific manner to tubulin when applied to whole
cells. This property has enabled the development of a
unique binding assay in tobacco (Nicotiana tabacum)
cells, which can be used to study effects of antitubu-
lin compounds in a whole cell system using radiola-
beled RH-4032 as a probe.

RESULTS

Effects on Root Growth, Mitosis, and the
Microtubule Cytoskeleton

RH-4032 (Fig. 1) did not prevent the germination of
tobacco seeds, but strongly inhibited subsequent root
growth. The emergent root tips were swollen and
club-shaped (Fig. 2B), morphological effects that are
characteristic of compounds that arrest mitosis by
affecting microtubules (Vaughn and Lehnen, 1991).
As shown in Figure 3, RH-4032 was much more
potent than the structurally related benzamides,
pronamide and zarilamide, which are known to act
on microtubules (Akashi et al., 1988; Young, 1991), and
it was also more active than other antimicrotubule her-
bicides (the phosphoric amide, amiprophos-methyl, the
dinitroaniline, trifluralin, and the N-phenylcarbamate,
chlorpropham).

Further evidence for inhibition of mitosis by RH-
4032 was obtained by cytological analysis of root tip
and suspension-cultured cells. In root tip cells RH-
4032 caused an accumulation in arrested metaphase
of cells containing scattered, paired chromosomes
that failed to align at the metaphase plate (Fig. 2D). A
similar time-dependent accumulation of cells in ar-
rested metaphase was found using suspension-
cultured cells (Table I). To determine whether inhi-
bition of mitosis was accompanied by microtubule
disruption, immunofluorescent staining was used to
visualize cellular microtubules in suspension-cultured
cells. Arrays of cortical and mitotic spindle microtu-
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bules were observed in untreated control cells (Fig. 2,
E and F), but were absent in cells treated with RH-
4032 (Fig. 2G).

Effects on Microtubule Assembly in Vitro

Experiments with isolated bovine tubulin showed
that RH-4032 inhibited the in vitro assembly of tubu-
lin into microtubules in a dose-dependent manner
(Fig. 4A). The ability of RH-4032 to inhibit microtu-
bule assembly was characterized by the need for a
relatively long pre-incubation period with tubulin
prior to initiation of assembly (Fig. 4B).

Covalent Binding to b-Tubulin

Since RH-4032 contains a potentially reactive
a-chloroketone moiety, the possibility of covalent
binding to a cellular target protein was explored
by treating suspension-cultured tobacco cells with
[14C]RH-4032, separating the cellular proteins by
SDS-PAGE, and detecting radiolabeled protein by
autoradiography. This analysis revealed a single la-
beled protein band that was identified by immuno-
blotting as b-tubulin, and that migrated slightly
slower than a-tubulin (Fig. 5). A similar experiment
conducted with isolated bovine tubulin also showed
that RH-4032 bound selectively to the b-subunit
(Fig. 6), which in this case was the faster-running of
the two subunits. Our finding that b-tubulin from
tobacco migrated slower than a-tubulin on SDS-
PAGE, whereas for bovine tubulin the b-subunit ran
faster than the a-subunit, is consistent with data from
other workers (Hussey and Gull, 1985; Mizuno et al.,
1985).

In light of the unusual ability of RH-4032 to bind
covalently and with high specificity to tubulin in
tobacco suspension-cultured cells, as well as its high
potency, experiments were conducted to explore the
possibility of developing a cell-based competitive-
binding assay that could detect other antitubulin
compounds using [3H]RH-4032 as the radioligand
probe. Specific binding of [3H]RH-4032 to the cells,

defined as that fraction of the total binding that is
inhibited by an excess of unlabeled ligand, was found
to increase linearly for approximately 30 min (Fig. 7).
In subsequent experiments a 20-min incubation was
employed to calculate the rate of binding. Non-
specific binding was determined by measuring the
amount of [3H]RH-4032 bound during a 20-min in-
cubation following pre-incubation of the cells for 20
min in 100 mm unlabeled RH 4032, and specific bind-
ing was calculated by subtracting non-specific bind-
ing from total binding. Specific binding saturated in
a concentration dependent manner (Fig. 8A) with
one-half-maximal binding at 1.1 mm. Scatchard anal-
ysis of the specific binding data produced a linear plot,
consistent with a single set of binding sites (Fig. 8B).

Effects of Antimicrotubule Agents on Binding of
[3H]RH-4032 in Whole Cells

Binding of [3H]RH-4032 was affected in a dose-
dependent manner by pre-incubation of the cells
with unlabeled RH-4032. The dose-response curve
for the effect of unlabeled RH-4032 on binding of the
radioligand (Fig. 9A) was characterized by a slight
enhancement of binding in the 0.05 to 0.2 mm range,
and potent inhibition of binding at higher concentra-
tions ($0.5 mm). Two other benzamide antimicrotubule
agents, pronamide and zarilamide, and the N-phenyl-
carbamate, chlorpropham, also inhibited radioligand
binding and in each case slightly lower concentrations
than those required for inhibition produced a slight
increase in binding (Fig. 9, B–D). The concentration
range over which each compound influenced [3H]RH-
4032 binding correlated well with the concentration
needed to arrest mitosis as measured by an increase in
the mitotic index. Pre-incubation of cells with the dini-
troaniline, trifluralin, and the phosphoric amide, ami-
prophosmethyl, at less than 1 mm slightly enhanced
binding of [3H]RH-4032, but inhibition of binding was
not detected even at a concentration of 100 mm, which
for both compounds exceeded by approximately 10-
fold the concentration needed to produce a maximal
increase in the mitotic index (Fig. 9, F and G). Pre-
incubation of cells with paclitaxel resulted in inhibition
of [3H]RH-4032 binding (Fig. 9E) at concentrations less
than 1 mm. At a range of lower paclitaxel concentra-
tions (0.0016–1 mm), the increase in radioligand bind-
ing observed with other antimicrotubule agents was
not detected.

The utility of the [3H]RH-4032 tobacco binding as-
say for quantifying activity of antitubulin agents was
explored for a series of benzamide (Table II) and a
series of N-phenylcarbamate (Table III) analogs by
comparing potency of compounds in the binding
assay with their ability to inhibit root elongation. An
excellent correlation was found between potency in
the binding assay and biological activity for the ben-
zamide compounds (Fig. 10). Data for the N-phenyl-
carbamates also suggested a correlation between

Figure 1. Structures of the benzamides RH-4032, pronamide, and
zarilamide.
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Figure 2. Effects of RH-4032 on root growth, mitosis, and the microtubule cytoskeleton. A, Untreated control seedlings.
B, Seedlings germinated in 0.62 mM RH-4032. C, Untreated control root tip cells undergoing mitosis. D, Root tip cells in
arrested metaphase following treatment with 0.31 mM RH-4032. Immunofluorescent staining of microtubules in untreated
control suspension-cultured cells showing cortical (E) and spindle (F) microtubules. G, Absence of microtubules in cells
treated for 3 h with 1 mM RH-4032.

Figure 3. Inhibition of tobacco root elongation
by RH-4032 and various antimicrotubule agents.
A, Dose-response curves for RH-4032 (F),
pronamide (E), and zarilamide (3). B, Dose-
response curves for amiprophos-methyl (f),
chlorpropham (M), and trifluralin (Œ).
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potency in the binding assay and ability to inhibit root
elongation since the most active analogs in the binding
assay (compounds 1–4) displayed the highest biolog-
ical activity, whereas the inactive analogs in the bind-
ing assay (IC50 [concentration of compound required
to inhibit binding of the radioligend by 50%] $ 200
mm) did not inhibit root elongation.

DISCUSSION

The morphological effects of RH-4032 on plant
roots strongly resembled those of herbicides such as
trifluralin, amiprophos-methyl, chlorpropham, and
pronamide, which inhibit mitosis by disrupting mi-
crotubules (Vaughn and Lehnen, 1991). Inhibition of
mitosis by RH-4032 was confirmed by the observa-
tion of an accumulation of cells in arrested meta-
phase. The loss of cellular microtubules in treated
cells and the ability of RH-4032 to inhibit the in vitro
assembly of bovine microtubules showed microtu-
bule disruption to be the cause of mitotic arrest.
Although RH-4032 was found to inhibit the assembly
of isolated mammalian tubulin, the concentrations
needed for inhibition of assembly were much higher
than those needed to arrest mitosis in plant cells. This
is consistent with the relative sensitivities of plant
and mammalian cells to the compound. Cytotoxicity
tests against 59 mammalian tumor cell lines at the
National Cancer Institute have shown that RH-4032
is about two orders of magnitude less active toward
the most sensitive mammalian cells (National Cancer
Institute, unpublished results) than it is toward to-
bacco cells. Although much less active toward mam-

malian cells than against plant cells, the ability of
RH-4032 to inhibit the assembly of brain microtu-
bules in vitro and its activity against mammalian cell
lines is of interest since, with the exception of pacli-
taxel, agents with high potency toward plant micro-
tubules have not been reported to show significant
activity in mammalian systems (Morejohn and Fos-
kett, 1986).

RH-4032 was found to bind covalently to the
b-subunit of tubulin both in whole cell-labeling stud-
ies and in experiments using isolated tubulin. The
fact that RH-4032 bound only to b-tubulin and not to
other cellular proteins in whole cells indicates a
highly specific interaction. This specificity is also re-
flected in the absence of binding to a-tubulin, despite
its high degree of homology to b-tubulin. Although
other compounds have been shown to inhibit micro-
tubule assembly by covalent binding to tubulin (Lu-
duena and Roach, 1991), such compounds generally
modify multiple Cys residues in tubulin as well as
cysteines in other cellular proteins. One exception is the
antitumor sulfonamidobenzene compound, T138067,
which reacts selectively with Cys-239 of b-tubulin in
whole cells (Shan et al., 1999). 2,4-Dichlorobenzyl
thiocyanate also reacts preferentially with this Cys
residue, but does label multiple proteins when ap-
plied to intact cells (Bai et al., 1989). The inhibition of
bovine microtubule assembly in vitro by RH-4032
required a relatively long pre-incubation with tubu-
lin, suggestive of a rather slow binding reaction. It is
interesting that the need for a long pre-incubation
with tubulin has also been described for inhibition of
microtubule assembly by 2,4-dichlorobenzyl thiocy-
anate (Abraham et al., 1986). RH-4032 is the first
agent found to bind covalently with high specificity
to tubulin in plant cells. The site of covalent binding
is currently being explored.

Selective, covalent binding of RH-4032 to tubulin in
tobacco suspension-cultured cells enabled the devel-
opment of a competitive-binding assay in whole cells
since it was possible to remove unbound [3H]RH-
4032 by extensive washing without loss of the bound
ligand. The dose-response curve for the effect of un-
labeled RH-4032 on binding of [3H]RH-4032 was
characterized by a slight enhancement of binding at

Figure 4. Inhibition of microtubule assembly by
RH-4032. A, Isolated bovine tubulin (1 mg/mL) was
incubated for 4 h with RH-4032 at 0 mM (a), 3.12
mM (b), 6.25 mM (c), 12.5 mM (d), and 25 mM (e)
before initiation of microtubule assembly. B, Tubu-
lin was incubated with dimethylsulfoxide (DMSO)
for 1 h (control [a]) or RH-4032 (16 mM) for 1 h (b),
2 h (c), 4 h (d), and 6 h (e) before induction of
microtubule assembly. The extent of assembly in
the control treatment was unaffected by the length
of pre-incubation over the 1- to 6-h time period.

Table I. Effect of RH-4032 (10 mM) on the mitotic index in suspen-
sion-cultured tobacco cells as a function of treatment time

Treatment Time Mitotic Index

h

Control 0 1.1
RH-4032 1 2.7
RH-4032 3 6.6
RH-4032 6 9.3
RH-4032 9 10.9
Control 9 0.6
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concentrations that produced a submaximal increase
in the mitotic index and strong inhibition of binding
at higher concentrations. The inhibition of binding at
higher concentrations presumably reflects competi-
tive inhibition of radioligand binding. The enhance-
ment of radioligand binding observed at lower RH-
4032 concentrations was also found for the other
agents that cause disassembly of microtubules
(pronamide, zarilamide, trifluralin, amiprophos-
methyl, and chlorpropham). That for each compound
the enhanced binding occurred at concentrations
comparable with those needed to inhibit mitosis sug-
gests that it is a consequence of cellular microtubule
disruption. A possible explanation for the ability of
lower concentrations of RH-4032 and the other
agents to enhance radioligand binding is that subs-

toichiometric amounts of ligand may be sufficient to
promote disassembly of cellular microtubules and
produce a higher concentration of disassembled tu-
bulin in the cell that is available for radioligand
binding. Such an effect might be expected if RH-4032
and the other agents act by a “tip-poisoning” mech-
anism similar to that proposed for colchicine (Mar-
golis and Wilson, 1977); it is believed that colchicine
binds to disassembled tubulin and inhibits microtu-
bule assembly at substoichiometric concentrations by
the ability of the colchicine-tubulin complex to bind
to the growing end of the microtubule and prevent
elongation. Although the hypothesis that RH-4032
and the other agents cause microtubule disassembly
by this mechanism is speculative, the fact that the
microtubule-stabilizing drug paclitaxel, which also
inhibited binding of [3H]RH-4032, did not enhance
binding at lower concentrations is consistent with
this explanation.

It is known that paclitaxel binds to the b-tubulin
subunit (Rao et al., 1995; Nogales et al., 1998). The
inhibition of [3H]RH-4032 binding by paclitaxel
could reflect a common binding site, or an allosteric
effect on binding of the radioligand. However, an
alternative and perhaps more plausible explanation,
which is consistent with the hypothesis that RH-4032
binds to the disassembled form of tubulin, is that
paclitaxel reduces the cellular concentration of disas-
sembled tubulin available for binding of the radioli-
gand by its ability to promote microtubule assembly.

The ability of the other benzamide antimicrotubule
agents, pronamide and zarilamide, to inhibit binding
of [3H]RH-4032 and their structural similarity (Fig. 1)
suggest a common binding site on b-tubulin. The
precise mechanism by which N-phenylcarbamate
herbicides disrupt microtubule function has been the
subject of debate. Although it has been proposed that
these compounds act on microtubule organizing cen-

Figure 5. Analysis of radiolabeled protein by SDS-PAGE and auto-
radiography following treatment of tobacco suspension-cultured
cells with [14C]RH-4032. The separated proteins were analyzed by
autoradiography (solid line) and by immunoblotting using antibodies
to a- (dotted line) and b-tubulin (dashed line).

Figure 6. Analysis of radiolabeled protein by SDS-PAGE and auto-
radiography following treatment of isolated bovine tubulin with
[14C]RH-4032. After SDS-PAGE, the separated proteins were ana-
lyzed by autoradiography (solid line) and by immunoblotting using
antibodies to a- and b-tubulin. A duplicate gel was stained for
protein (dotted line).

Figure 7. Time course for binding of [3H]RH-4032 in tobacco
suspension-cultured cells. Cells were treated with [3H]RH-4032
(0.25 mM, 604 mCi/mmol) for different times, and analyzed for bound
radioactivity as described in “Materials and Methods.” Total binding,
E; non-specific binding, X; and specific binding, F.
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ters rather than by binding to tubulin (Coss et al.,
1975), the use of immobilized ethyl N-phenylcarbamate
to purify plant tubulin suggests that the compounds
do in fact bind tubulin (Mizuno et al., 1981). In the
present study N-phenylcarbamates inhibited binding of
[3H]RH-4032, and the ability of different analogs to
inhibit binding appeared to correlate with their bio-
logical activity. The most likely explanation for these
results is that N-phenylcarbamates bind to tubulin at
the benzamide site.

Since the dinitroaniline herbicide, trifluralin, and
the phosphoric amide herbicide, amiprophos-methyl,
did not inhibit binding of [3H]RH-4032, even at con-
centrations considerably in excess of those needed to
increase the mitotic index, these agents must bind to
a different site from RH-4032. It is believed that
trifluralin and amiprophosmethyl bind to a-tubulin
and do not share the same binding site as pronamide
since tubulin mutations that confer resistance to these
herbicides were found to occur on the a-subunit and
did not affect sensitivity to pronamide (Anthony and
Hussey, 1999). Such a model is consistent with the
observed lack of inhibition of [3H]RH-4032 binding by
trifluralin and amiprophosmethyl in the present
study.

The present results show that RH-4032 can be used
as a tubulin-binding probe in a cell-based competitive-
binding assay to study effects of antimicrotubule
agents. This offers a new approach to studying cel-
lular microtubules and the effects of antimicrotubule
agents. The vast majority of studies of antimicrotu-
bule agents have employed mammalian brain tubu-
lin due to the difficulty in isolating sufficient tubulin
from other sources. Mammalian brain tubulin is not a
satisfactory model for tubulin from other sources
since the ability of many drugs and agrochemicals to
interact with tubulin is known to be highly depen-
dent on the source of tubulin (Morejohn and Foskett,
1986). Although tubulin has been isolated from
plants (Mizuno et al., 1981, 1985; Morejohn and Fos-
kett, 1986) the amounts obtained have not been suf-
ficient for studies such as the screening of compound
libraries for antimicrotubule effects. Thus a major
advantage of the [3H]RH-4032 cell-based binding as-
say is that antimicrotubule effects can be studied in a

plant cell without the need for isolated tubulin. The
assay also provides a system that accounts for effects
of cellular uptake and metabolism of a compound on
its antimicrotubule activity.

In addition to plants, benzamides of the RH-4032
class are highly active toward other organisms, in-
cluding fungi, algae, protozoan, and mammalian
cells, although structure-activity relationships within
this series of compounds differ somewhat depending
on the organism. A similar binding assay to the to-
bacco assay described here has been developed in the
Oomycete fungus, Phytophthora capsici, using the an-
alog RH-7281 as the radioligand (D.H. Young and
R.A. Slawecki, manuscript in preparation), and stud-
ies are in progress to develop cell-based binding
assays for other cell types using appropriate analogs.

MATERIALS AND METHODS

Chemicals

RH-4032 [3, 5-dichloro-N-(3-chloro-1-ethyl-1-methyl-2-
oxopropyl)-benzamide], zarilamide (4-chloro-N-[cyano-
(ethoxy)-methyl]benzamide), amiprophosmethyl, and the
N-phenylcarbamate compounds, A through G were syn-
thesized at Rohm and Haas Company. Trifluralin, chlor-
propham, chlorbufam, barban, and pron-amide were ob-
tained from Riedel de Haen (Hannover, Germany).
Paclitaxel was obtained from Calbiochem (San Diego).

Inhibition of Tobacco (Nicotiana tabacum)
Root Elongation

Aliquots (20 mL) of test compounds dissolved in DMSO
were added to 20 mL of nutrient medium consisting of
Murashige and Skoog salts (Murashige and Skoog, 1962),
2% (w/v) Suc, and 1% (w/v) agar at 50°C. The molten agar
was poured immediately into 9-cm diameter Petri plates.
After the agar had solidified, surface-disinfested tobacco cv
Samsun seeds, were planted on the agar (20 seeds per
treatment). Plates were incubated in a vertical position at
27°C for 7 d with a 12-h photoperiod, then the lengths of
the seedling roots were measured and EC50 values (con-
centration of compound required to inhibit root elongation
by 50%) were determined from dose-response curves.

Figure 8. Saturable binding of [3H]RH-4032 in
tobacco suspension-cultured cells. Cells were
treated with [3H]RH-4032 (151 mCi/mmol) at
various concentrations for 20 min, and analyzed
for bound radioactivity. A, Total binding, E;
nonspecific binding, X; and specific binding, F.
B, Scatchard analysis of the specific binding
data shown in A.
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Chromosome Staining

Effects on mitosis in tobacco root tips were studied by
treating young hydroponically grown tobacco plants with
RH-4032 for 18 h. Root tip squashes were prepared by
fixation in Carnoy’s fluid (6:3:1 of 95% [w/v] ethanol:
chloroform:glacial acetic acid) followed by hydrolysis in 1
n HCl at 60°C for 15 min. The cells were then stained in
Feulgen stain for 1 h and mounted in 1% (w/v) acetocar-
mine. Effects on mitosis in suspension-cultured tobacco
cells were studied using cells cv Xanthi, grown at 27°C on

a gyrotary shaker at 200 rpm in a modified Linsmaier and
Skoog medium (Nagata et al., 1981). Cells were pelleted by
centrifugation at 1,000g, resuspended in fresh medium us-
ing 19 mL of medium per milliliter of pelleted cells, and
allowed to grow for 40 h to ensure a population of rapidly
dividing cells. Cells were recentrifuged, resuspended in
fresh medium at 9 mL of medium per milliliter of pelleted
cells, and dispensed as 2-mL aliquots in 25-mL glass vials.
Test compounds were added to the vials as 5-mL aliquots of
solutions in DMSO. Untreated controls received 5 mL of

Figure 9. Effects of antimicrotubule agents on
binding of [3H]RH-4032 (F) and the mitotic index
(E) in tobacco suspension-cultured cells. Values
for binding are the means of three replicates, and
error bars represent SD. A, RH-4032; B, zarilamide;
C, pronamide; D, chlorpropham; E, paclitaxel; F,
trifluralin; and G, amiprophosmethyl.
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DMSO alone. Vials were incubated with shaking at 27°C
for 9 h, then fixed in formic acid (Bayliss and Gould, 1974).
After mounting in 1% (w/v) acetocarmine, the mitotic
index was determined as the percentage of cells in meta-
phase based on examination of 2,000 cells per treatment.

Immunofluorescence Microscopy of
Microtubules in Tobacco

Suspension-cultured cells were treated with RH-4032 as
above before processing for immunofluorescence micros-
copy as described previously (Young, 1991) using the pri-
mary antibody YL 1/2 (Kilmartin et al., 1982) and a goat
anti-rat IgG fluorescein isothiocyanate conjugate as the
secondary antibody.

Microtubule Assembly Assay

Tubulin was isolated from bovine brain by two cycles of
assembly/disassembly (Tiwari and Suprenant, 1993). As-
say mixtures contained 1.0 mg/mL of tubulin in 1 m Na
Glu, pH 6.6, 1 mm MgCl2, and either RH-4032, added as a
solution in DMSO, or DMSO alone (control). The final
DMSO concentration in the assay was 2% (v/v). Assay
mixtures were incubated at 37°C for the appropriate time,
then chilled on ice for 5 min. Polymerization of tubulin was
initiated by addition of GTP (0.1 mm), and incubation of
the sample at 37°C. Assembly was followed by monitoring
the increase in A350 for 20 min using a temperature-
controlled cell in a UV-2401PC spectrophotometer (Shi-
madzu, Columbia, MD).

Labeling of Protein in Tobacco Cells with [14C]RH-4032

Suspension-cultured cells were treated with 10 mm
[14C]RH-4032 (specific activity 21.4 mCi/g) for 1 h, then

collected by filtration. The cells were frozen in liquid ni-
trogen and ground to a fine powder. Proteins were ex-
tracted and prepared for SDS-PAGE by heating for 5 min at
100°C in SDS-PAGE sample buffer (62 mm Tris [tris-
(hydroxymethyl)aminomethane]-HCl buffer, pH 6.8, con-
taining 3% [w/v] SDS [L-5750, Sigma, St. Louis], 5% [w/v]
mercaptoethanol, and 10% [w/v] glycerol). The extracted
proteins were subjected to SDS-PAGE (Laemmli, 1970) on a
7.5% (w/v) polyacrylamide gel, then the separated pro-
teins were transferred electrophoretically to a nitrocellu-
lose membrane. The membrane was sprayed with
EN3HANCE spray (DuPont NEN Research Products, Bos-
ton) and the location of radiolabeled protein was deter-
mined by autoradiography using film (X-Omat AR, Kodak,
Rochester, NY) with a 3-week exposure. The a- and
b-tubulin subunits were detected using the monoclonal an-
tibodies, YL 1/2 and N357 (Amersham, Buckinghamshire,
UK), respectively, and a gold-labeled secondary antibody.

Labeling of Isolated Bovine
Tubulin with [14C]RH-54032

Tubulin (10 mm) in 1.0 m sodium Glu, pH 6.6, containing
1 mm MgCl2 was incubated with 25 mm [14C]RH-4032 for
4 h at 37°C. After cooling on ice, tubulin was precipitated
by an addition of 20% (w/v) trichloroacetic acid and incu-
bated on ice for a further 20 min. After centrifugation at
12,000g for 5 min the tubulin pellet was washed once with
80% (w/v) ice-cold acetone, dissolved in SDS-PAGE sam-
ple buffer at room temperature, heated for 2 min at 100°C,
then subjected to SDS-PAGE on duplicate 7.5% (w/v) poly-
acrylamide gels. One gel was stained for protein with
Coomassie Brilliant Blue R250, and proteins from the sec-
ond gel were transferred to nitrocellulose and analyzed by

Table II. Inhibition of [3H]RH-4032 binding in tobacco suspension-cultured cells and inhibition of
tobacco root elongation by various benzamides

Compound 3 5 R1 R2
Root Inhibition Binding Assay

EC50 IC50

mM

1 Cl Cl CH3 C2H5 0.014 0.73
2 Br CH3 CH3 C2H5 0.026 2.7
3 Cl Cl CH3 CH3 0.019 4.5
4 Cl CH3 CH3 C2H5 0.037 7.4
5 F CF3 CH3 C2H5 0.055 14.3
6 Cl H CH3 CH3 0.088 33.7
7 Cl H CH3 C2H5 0.089 64.0
8 Cl CH2OCH3 CH3 C2H5 0.16 99.6
9 Cl Cl C2H5 C2H5 0.453 141.6
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autoradiography and immunoblotting as described above.
The a- and b-tubulin subunits were detected using the
monoclonal antibodies, N356 and N357 (Amersham),
respectively.

Assay for Binding of [3H]RH-4032 in Tobacco Cells

Suspension-cultured cells from a 6-d-old culture were
pelleted by centrifugation at 1,000g, and resuspended in
fresh medium using 9 mL of medium/mL of pelleted cells.
Aliquots (2 mL) of cell suspension were added to 25-mL-
capacity glass vials. [3H]RH-4032 was added as 5 mL of
solutions in DMSO to give the desired concentrations. Vials
were incubated with shaking at 27°C for 20 min, then
binding of the radioligand was stopped by adding 5 mL of
unlabeled 40 mm RH-4032. The samples were incubated
with shaking at 27°C for a further 20 min, then transferred
to 15-mL-capacity polypropylene centrifuge tubes in an ice
bath. Each vial was rinsed with 2 mL of ice-cold medium,
which was pooled with the rest of the sample. Following
centrifugation at 4°C for 3 min at 2,500 rpm the supernatant
was discarded and the pelleted cells were resuspended in
4 mL of ice-cold 10% (w/v) trichloroacetic acid. Samples
were kept for 1 h on ice, centrifuged again, and the cells
resuspended in 4 mL of ice-cold ethanol. After incubation
for an additional 1 h on ice, the cells were collected by
filtration on glass fiber filters using a multi-probe cell
harvester (Brandel, Gaithersburg, MD) and washed twice
with 10 mL of ice-cold ethanol. The filters with washed
cells were transferred to scintillation vials, 10 mL of Hy-
drofluor scintillation fluid was added to each, and the
samples were counted in a scintillation counter to deter-
mine the amount of bound radioactivity. Non-specific

binding was determined by pre-incubation of the cells for
20 min with 100 mm unlabeled RH-4032 prior to addition of
the radioligand.

In experiments designed to test the effect of antimicro-
tubule agents on binding of the radioligand, vials contain-
ing 2 mL of cells received 5 mL of DMSO (control) or 5 mL
of the antimicrotubule agent dissolved in DMSO. The vials
were then incubated with shaking at 27°C for 2 h prior to
the addition of [3H]RH-4032 (0.25 mm, 604 mCi/mmol) and
processed as described above.

Figure 10. Correlation between ability to inhibit binding of [3H]RH-
4032 in tobacco suspension-cultured cells and ability to inhibit root
elongation in tobacco seedlings for a series of benzamide analogs.
Logarithmic plot of IC50 values for inhibition of binding versus EC50
values for inhibition of root elongation for the compounds listed in
Table II. The R2 value for the correlation was 0.89.

Table III. Inhibition of [3H]RH-4032 binding in tobacco suspension-cultured cells and inhibition of tobacco root elongation by various
N-phenylcarbamates

Compound 2 3 4 5 R
Root Inhibition Binding Assay

EC50 IC50

mM

Chlorbufam H Cl H H -CH(CH3)CCH 1.18 18.6
Chlorpropham H Cl H H -isopropyl 0.75 29.8
A H Cl H H -CH2CCCH2CH3 0.99 39.2
Barban H Cl H H -CH2CCCH2Cl 1.04 47.9
B H Cl H Cl -isopropyl 14.4 81.8
C H Cl Cl H -isopropyl 117.1 116
D H Cl H Cl -CH3 34.5 199
E Cl Cl H H -isopropyl .200 .200
F Cl H Cl Cl -isopropyl .200 .200
G H Cl CH3 H -ispropyl .200 .200

Covalent Binding of RH-4032 to Tubulin

Plant Physiol. Vol. 124, 2000 123



ACKNOWLEDGMENTS

We thank Drs. Ashok Sharma and Tom Meteyer for
providing radiolabeled materials. Also, we are grateful to
Drs. Enrique Michelotti, Ashok Sharma, and Ted Fujimoto
for helpful discussions and supplying compounds for this
study.

Received February 25, 2000; accepted May 17, 2000.

LITERATURE CITED

Abraham I, Dion RL, Duanmu C, Gottesman MM, Hamel
E (1986) 2,4-Dichlorobenzyl thiocyanate, an antimitotic
agent that alters microtubule morphology. Proc Natl
Acad Sci USA 83: 6839–6843

Akashi T, Izumi K, Nagano E, Enomoto M, Mizuno K,
Shibaoka H (1988) Effects of propyzamide on tobacco
cell microtubules in vivo and in vitro. Plant Cell Physiol
29: 1053–1062

Anthony RG, Hussey PJ (1999) Double mutation in Eleus-
ine indica a-tubulin increases the resistance of transgenic
maize calli to dinitroaniline and phosphorothioamidate
herbicides. Plant J 18: 669–674

Bai R, Lin CM, Nguyen NY, Liu T, Hamel E (1989) Mech-
anism of action of the antimitotic drug 2,4-dichlorobenzyl
thiocyanate: alkylation of sulfhydryl group(s) of b-tubulin.
Biochemistry 28: 5606–5612

Bayliss MW, Gould AR (1974) Studies on the growth in
culture of plant cells XVIII: nuclear cytology of Acer
Pseudoplatanus suspension cultures. J Exp Bot 25: 772–783

Coss RA, Bloodgood RA, Brower DL, Pickett-Heaps JD,
McIntosh R (1975) Mechanism of action of isopropyl
N-phenylcarbamate. Exp Cell Res 92: 394–398

Egan AR, Michelotti EL, Young DH, Wilson WJ, Mattioda
H (1998) RH-7281: a novel fungicide for control of downy
mildew and late blight. In Proceedings of the Brighton
Crop Protection Conference on Pests and Diseases, Vol 2.
BCPC Publications, Croydon, UK, pp 335–342

Hamel E (1996) Antimitotic natural products and their
interactions with tubulin. Med Res Rev 16: 207–231

Hussey PJ, Gull K (1985) Multiple isotypes of a- and
b-tubulin in the plant Phaseolus vulgaris. FEBS Lett 181:
113–118

Kilmartin JV, Wright B, Milstein C (1982) Rat monoclonal
antitubulin antibodies derived by using a new nonsecret-
ing rat cell line. J Cell Biol 93: 576–582

Laemmli UK (1970) Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature
227: 680–685

Luduena RF, Roach MC (1991) Tubulin sulfhydryl groups
as probes and targets for antimitotic and antimicrotubule
agents. Pharmacol Ther 49: 133–152

Margolis RL, Wilson L (1977) Addition of colchicine-
tubulin complex to microtubule ends: the mechanism of
substoichiometric colchicine poisoning. Proc Natl Acad
Sci USA 74: 3466–3470

Mizuno K, Koyama M, Shibaoka H (1981) Isolation of
plant tubulin from azuki bean hypocotyls by ethyl
N-phenylcarbamate-sepharose affinity chromatography.
J Biochem 89: 329–332

Mizuno K, Perkins J, Sek F, Gunning B (1985) Some
biochemical properties of higher plant tubulins. Cell Biol
Int Rep 9: 5–12

Morejohn LC, Foskett DE (1986) Tubulins from plants,
fungi, and protists. In JW Shay, ed, Cell and Molecular
Biology of the Cytoskeleton. Plenum Press, New York,
pp 257–329

Murashige T, Skoog F (1962) Revised medium for rapid
growth and bioassays with tobacco tissue cultures.
Physiol Plant 15: 473–497

Nagata T, Okada K, Takebe I, Matsui C (1981) Delivery of
tobacco mosaic virus RNA into plant protoplasts medi-
ated by reverse-phase evaporation vesicles (liposomes).
Mol Gen Genet 184: 161–165

Nogales E, Wolf SG, Downing KH (1998) Structure of the
ab tubulin dimer by electron crystallography. Nature
391: 199–203

Rao S, Orr GA, Chaudhary AG, Kingston DGI, Horwitz
SB (1995) Characterization of the taxol binding site on
the microtubule: 2-(m-Azidobenzoyl) taxol photolabels a
peptide (amino acids 217–231) of b-tubulin. J Biol Chem
270: 20235–20238

Shan B, Medina JC, Santha E, Frankmoelle WP, Chou TC,
Learned RM, Narbut MR, Stott D, Wu P, Jaen JC, Rosen
T, Timmermans PBMWM, Beckmann H (1999) Selec-
tive, covalent modification of b-tubulin residue Cys-239
by T138067, an antitumor agent with in vivo efficacy
against multidrug-resistant tumors. Proc Natl Acad Sci
USA 96: 5686–5691

Tiwari SC, Suprenant KA (1993) A pH- and temperature-
dependent cycling method that doubles the yield of mi-
crotubule protein. Anal Biochem 215: 96–103

Vaughn KC, Lehnen LP (1991) Mitotic disrupter herbi-
cides. Weed Sci 39: 450–457

Young DH (1991) Effects of zarilamide on microtubules
and nuclear division in Phytophthora capsici and tobacco
suspension-cultured cells. Pestic Biochem Physiol 40:
149–161

Young and Lewandowski

124 Plant Physiol. Vol. 124, 2000


