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Oryzalin, a dinitroaniline herbicide,

binds to plant tubulin

and inhibits microtubule polymerization in vitro

L.C. Morejohn'*, T.E. Bureau', J. Mol¢-Bajer2, A.S. Bajer? and D.E. Fosket'

! Department of Developmental and Cell Biology, University of California, Irvine, CA 92717, and
2 Department of Biology, University of Oregon, Eugene, OR 97403, USA

Abstract. The effects of oryzalin, a dinitroaniline
herbicide, on chromosome behavior and on cellu-
lar microtubules (MTs) were examined by light mi-
croscopy and immunogold staining, respectively,
in endosperm cells from Haemanthus katherinae
Bak. Brief treatments with 1.0-107% M oryzalin
reduced markedly the migration rate of anaphase
chromosomes and 1.0-10”7 M oryzalin stopped
migration abruptly. Oryzalin (1.0-10~7 M) depoly-
merized MTs and prevented the polymerization of
new MTs at all stages of the mitotic cycle. The
chromosome condensation cycle was unaffected by
oryzalin. Endothelial cells from the heart of Xeno-
pus leavis showed no chromosomal or microtubu-
lar rearrangements after oryzalin treatment. The
inhibition by oryzalin of the polymerization of tu-
bulin isolated from cultured cells of Rosa sp. cv.
Paul’s scarlet was examined in vitro by turbidi-
metry, electron microscopy and polymer sedimen-
tation analysis. Oryzalin inhibited the rapid phase
of taxol-induced polymerization of rose MTs at
24° C with an apparent inhibition constant (X;)
of 2.59-10° M. Shorter and fewer MTs were
formed with increasing oryzalin concentrations,
and maximum inhibition of taxol-induced poly-
merization occurred at approx. 1:1 molar ratios
of oryzalin and tubulin. Oryzalin partially depoly-
merized taxol-stabilized rose M Ts. Ligand-binding
experiments with [**Cloryzalin demonstrated the
formation of a tubulin-oryzalin complex that was
time- and pH-dependent. The tubulin-oryzalin in-
teraction (24° C, pH 7.1) had an apparent affinity
constant (K,,,) of 1.19-10° M~ 1. Oryzalin did not
inhibit taxol-induced polymerization of bovine-
brain MTs and no appreciable binding of oryzalin
to brain tubulin or other proteins was detected.

* To whom correspondence should be sent

Abbreviations: MT =microtubule; SIB=sucrose isolation

buffer; TO = tubulin-oryzalin complex

The results demonstrate pharmacological differ-
ences between plant and animal tubulins and indi-
cate that the most sensitive mode of action of the
dinitroaniline herbicides is the direct poisoning of
MT dynamics in cells of higher plants.

Key words: Dinitroaniline — Rosa — Herbicide —
Microtubule — Oryzalin — Haemanthus — Taxol —
Tubulin.

Introduction

Microtubules (MTs) are filamentous, subcellular
structures composed mainly of the heterodimeric
protein, tubulin (MW =approx. 100000), and are
organized as specific functional arrays in higher-
plant cells. Microtubules are found in the mitotic
and meiotic spindles, the preprophase band, the
cytokinetic plate region of the phragmoplast and
the cortical cytoskeleton (reviewed by Gunning
and Hardham 1982). Microtubules participate in
several motility-related processes during the mi-
totic cycle and differentiation, including chromo-
some migration, vesicle transport and the orienta-
tion of cellulose microfibril deposition in the devel-
oping cell wall. Because the activities of MT arrays
determine the polarity of cell division and mediate
cell differentiation during development, MTs have
been implicated as subcellular effectors of plant
morphogenesis (Gunning and Hardham 1982).
The functions of MTs in arrays have been inferred,
in large part, from studies that have observed the
disruption of particular subcellular processes fol-
lowing treatment of cells with drugs that cause the
disappearance of MTs. Among the various classes
of anti-MT compounds that have been used in
plant systems, members of the dinitroaniline herbi-
cide class such as oryzalin (3,5-dinitro-N* N*-
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dipropylsulfanilamide) and trifluralin (o,0,0-tri-
fluoro-2-6-dinitro-N,N,-dipropyl-p-toluidine) have
potent activities.

Dinitroanilines comprise a large class of pre-
emergence herbicide producing gross morphologi-
cal abnormalities in plants, particularly in regions
having high meristematic activity such as root tips.
Inhibition of the growth of primary and lateral
roots is followed by excessive radial expansion and
the formation of a bulbous root tip. Histological
studies of dinitroaniline-treated roots have shown
that cell division and mitosis are disrupted after
brief exposure, and that cells in the meristematic
tip become swollen subsequently. Affected cells
typically contain ““c-mitotic” chromosomes and
restitution or polyploid nuclei, and do not form
a cell plate following nuclear division (for review
see Ashton and Crafts 1981, pp. 201-223). These
gross morphological and cytological features re-
semble closely the effects of colchicine, an alkaloid
that depolymerizes MTs (for review see Morejohn
and Fosket 1986). Ultrastructural studies have
shown that concentrations of dinitroanilines in the
high nanomolar range cause the partial or com-
plete disappearance of MTs in all subcellular ar-
rays (Ashton and Crafts 1981).

Hess and Bayer (1977) were the first to report
appreciable binding of a dinitroaniline herbicide
to tubulin. They used gel-filtration chromatogra-
phy to demonstrate the binding of [**C]trifluralin
to tubulin isolated from flagella of the unicellular
alga Chlamydomonas eugametos. Strachen and
Hess (1983) also performed a series of [**Cloryza-
lin-binding experiments with Chlamydomonas tu-
bulin and reported the rapid formation of a tubu-
lin-oryzalin complex (TO) that was independent
of pH and temperature. They reported a binding
constant (K) of 2.08-10°M™!, and maximum
binding stoichiometry of unity at 25° C, and sug-
gested that TO was incapable of polymerizing into
MTs. These studies were the first to demonstrate
that tubulin from a plant, albeit an alga, was phar-
macologically different from animal tubulin.

The development of a method for isolation of
tubulin from cultured cells of higher plants (More-
john and Fosket 1982) has facilitated studies on
its pharmacological properties. Colchicine was
found to inhibit the assembly of rose (Rosa sp.
cv. Paul’s scarlet) MTs half-maximally at much
higher concentrations than that of bovine-brain
MTs (Morejohn and Fosket 1984a; Morejohn
et al. 1987). Colchicine-binding experiments dem-
onstrated that plant tubulins have lower binding
activities than brain tubulin (Morejohn et al. 1984)
and that the affinity of colchicine for rose tubulin
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Fig. 1 A—C. Structures of anti-MT compounds. A oryzalin; B
amiprophos-methyl; C colchicine

is much lower than that for brain tubulin (More-
john et al. 1987). On the other hand, the phosphor-
ic amide herbicide amiprophos-methyl was found
to be a potent anti-MT drug in the piant MT sys-
tem and to inhibit MT polymerization half-maxi-
mally at herbicide concentrations in the low micro-
molar range (Morejohn and Fosket 1984b). Ami-
prophos-methyl has no effect on animal MT poly-
merization. These results demonstrated pronounc-
ed differences in the pharmacological properties
of tubulins from higher plants and animals, and
the results closely paralleled the relative effects that
these anti-MT compounds have on MT-dependent
processes in cells of these diverse organisms (re-
viewed by Morejohn and Fosket 1986). The chemi-
cal structures of oryzalin, amiprophos-methyl and
colchicine are quite different from each other (see
Fig. 1).

While the binding of oryzalin and trifluralin
to Chlamydomonas tubulin (Hess and Bayer 1977;
Strachen and Hess 1983) was suggestive evidence
that the dinitroanilines inhibit directly the func-
tions of MTs in cells, these herbicides are known
to affect cellular activities in higher plants that ap-
parently are unrelated to their anti-MT properties.
For example, Moreland et al. (1972a, b) reported
inhibition of photosynthesis and respiration by
several dinitroanilines, and Ashton et al. (1977)
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tound that trifluralin inhibited photosynthesis and
synthesis of protein, RNA and lipid. Dinitroani-
lines were reported to inhibit the uptake of calcium
in vitro by plant mitochondria (Hertel et al. 1980;
Hertel and Marmé’ 1983). These later workers pro-
posed that the effects of dinitroanilines on MTs
in cells were indirect and that calcium from mito-
chondria caused MTs to depolymerize (reviewed
by Robinson and Quader 1982). Thus, the role
of dinitroanilines in the inhibition of MT-depen-
dent processes has remained controversial.

To define more clearly the anti-MT activities
of dinitroanilines we have used oryzalin to deter-
mine threshold parameters of herbicide-treatment
time and herbicide concentration that inhibit mito-
sis and depolymerize MTs in endosperm cells from
Haemanthus katherinae Bak. Direct microscopic
observations of chromosome movements were cor-
related with the organization of immunogold-
stained MTs in a large number of cells. The effects
in vitro of oryzalin on the polymerization of tubu-
lin from cultured cells of rose and the binding of
[**Cloryzalin to rose tubulin were examined. The
data provide strong evidence that oryzalin inhibits
directly the dynamics of MT assembly and disas-
sembly, and further implicate MTs as the most
sensitive target of dinitroaniline action in higher
plants.

Material and methods

Chemicals. Piperazine-N,N’-bis(2-ethane-sulfonic acid) dipotas-
sium salt (Pipes), ethyleneglycol-bis-(f-aminoethyl ether)-
N,N,N’ N’-tetraacetic acid (EGTA), dithiothreitol (DTT), su-
crose, leupeptin hemisulfate, pepstatin A, diethyldithiocar-
bamic acid, glucose, sodium citrate, sodium azide, bovine g-
lactoglobulin, bovine serum albumin (fraction V), and chicken-
egg lysozyme were obtained from Sigma Chemical Co., St
Louis, Mo., USA. Guanosine triphosphate trilithium salt
(GTP) was from Calbiochem, La Jolla, Cal., USA. Taxol was
provided by Dr. Matthew Suffness, Natural Products Branch,
Division of Cancer Treatment, National Cancer Institute,
Bethesda, Md., USA.

Light microscopy and immunogold staining of MTs. Endosperm
cells were gently extruded from ovules of Haemanthus kather-
inae Bak. and mounted in a gel on slides as described previously
(Molé-Bajer and Bajer 1968 ; Bajer and Mole-Bajer 1986). Pri-
mary cultures of heart endothelial cells from Xenopus leavis
were prepared as described by Rieder and Bajer (1978) for lung
cells of newt. Analytical grade (98.3%) oryzalin was dissolved
in a medium containing 3.5% glucose and 0.05 M sodium ci-
trate, pH 5.2, for treatment of Haemanthus cells and in culture
medium for Xenopus cells. Both solutions contained 1% etha-
nol. No effects of ethanol on mitosis in endosperm cells were
observed at concentrations of < 5%. Mitosis in living cells was
followed in the light microscope using differential interference
phase optics and recorded with a video camera and recorder
as described in detail in Molé-Bajer and Bajer (1968) and Bajer
and Molé-Bajer (1986). At appropriate times after perfusion
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of cells with oryzalin, preparations were fixed and processed
for immunogold staining as described by De Mey et al. (1982).
Primary antibodies used in these studies were rabbit anti-rose
f-tubulin immunoglobulin G (Morejohn et al. 1984) or affinity-
purified rabbit anti-tubulin (dog brain) (De Mey et al. 1982).
Immunogold-stained cells were photographed with Kodak Ko-
dachrome slide film and color enlargements were made from
slides.

Tubulin isolations. Tubulins from cultured cells of Rosa sp.,
cv. Paul’s scarlet, and from bovine cerebrum were isolated by
anion-exchange chromatography as described by Morejohn and
Fosket (1982), Lee etal. (1973) and Morejohn et al. (1984).
Ammonium-sulfate precipitates of rose tubulin were dialyzed
against an isolation buffer (IB) consisting of 50 mM Pipes-
KOH, pH 7.1, 1 mM EGTA, 0.5 mM MgCl,, 0.1 mM GTP,
1 mM DTT and supplemented with 1 M sucrose, 1 pM leupep-
tin hemisulfate, 1 pM pepstatin A and 0.02% sodium azide
(SIB). Ammonium-sulfate precipitates of brain tubulin were
dialyzed against SIB without leupeptin and pepstatin. Dialy-
sates were clarified by centrifugation and stored at ~80°C
as described in Morejohn et al. (1984). All other methods of
protein analysis, including gel electrophoresis, densitometry,
immunoblotting and protein determinations, were performed
exactly as described previously by Morejohn et al. (1984, 1985,
1987). Concentrations of rose tubulin and brain tubulin were
11.4 mg/ml and 14.6 mg/ml, respectively.

Turbidimetry, sedimentation analysis and electron microscopy.
Polymerization of tubulin at 24° C was measured by turbidi-
metry (Gaskin et al. 1974) at A, as described by Morejohn
and Fosket (1984a) and Morejohn et al. (1987). Tubulin in
SIB was thawed in an ice bath and mixed with SIB (24° C)
containing assembly-saturating concentrations of taxol and ap-
propriate concentrations of oryzalin. All reactions contained
0.5% dimethyl sulfoxide (DMSO) and 2% ethanol. Materials
and methods of sedimentation analysis (Johnson and Borisy
1975) and electron microscopy of polymers have also been de-
scribed previously by Morgjohn and Fosket (1984a) and More-
john et al. (1987).

Oryzalin-binding measurements. Analytical grade (98.3%) ory-
zalin  (3,5-dinitro-N*N*-dipropylsulfanilamide) and [ring-
Y4Cloryzalin (1.23-10° Bq-mmol™ ') were obtained from Eli
Lilly & Co., Indianapolis, Ind., USA. Stock solutions of unla-
beled 1.0 mM oryzalin and 0.3 mM [**Cloryzalin were prepared
in 100% and 50% ecthanol, respectively, and aliquots were
stored at —20° C. Radiochemical purity of [**Cloryzalin was
verified by thin-layer chromatography (TLC) using two differ-
ent chromatographic supports, a 6060 Silica-gel sheet (Eastman
Kodak Co., Rochester, N.Y., USA) and a Polygram Gel
300 PEI  (polyethyleneimine-impregnated cellulose) sheet
(Brinkmann Instruments Co., Westbury, N.Y., USA). Samples
(10-30 ul) containing 10 nmol of stock solutions were spotted
on chromatogram sheets, dried under N,, and developed in
a solvent composed of 95% toluene and 5% cthanol. Sheets
were exposed to X-ray film (Kodak X-Omat RP) for 48 h. On
both TLC supports a single fluorescent spot of yellow-orange
color was resolved in both unlabeled oryzalin and [*#Cloryzalin
samples. Autoradiographs showed a single radioactive species
that comigrated with the pigmented material on both chromato-
grams, indicating >98% radiochromatographically pure
[**Cloryzalin.

Using the methodology of Strachen and Hess (1982), the
solubility of [**Cloryzalin in SIB was examined prior to ligand-
binding experiments. It was determined that concentrations of
[**CJoryzalin <12.5 uM remained constant when SIB was sup-
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plemented with 2% ethanol. Thus, in all experiments involving
oryzalin and protein-containing solutions, a final concentration
of 2% was used, including the turbidimetric measurements of
MT polymerization described above.

Several methods of ligand-binding were examined for suit-
ability in this study, including equilibrium dialysis, gel filtration,
equilibrium gel filtration and diethylaminoethy! (DEAE)-celtu-
lose filtration. In every case the [**Cloryzalin bound non-specif-
ically to filtration media, even in the presence of 2% ethanol,
making quantitation of binding difficult. However, it was deter-
mined that binding could be quantitated with the DEAE-cellu-
lose filter-disc method (Borisy 1972) if tubulin-oryzalin samples
were allowed to bind to the discs slowly (2.0-2.5 min) and sub-
sequent washing of the discs was carefully controlled by moni-
toring the filtration-chamber vacuum with a gauge. Protein de-
terminations on filtrates showed no loss of protein from washed
filters when three discs were used in each port. For each concen-
tration of [*Cloryzalin assayed, samples containing ligand, but
no tubulin were applied to filters and washed in the same way.
These filters (blanks) were used for correction of non-specific
binding of [*“Cloryzalin to filters.

For all ['*Cloryzalin-binding experiments, the following
protocol was used. Protein (in SIB) was thawed in an ice bath
and was diluted to a concentration of 3.5 uM in SIB containing
2% ethanol and an appropriate concentration of [1“Cloryzalin
and incubated in a water bath at 24° C. At desired times, 100 pl
aliquots (0.35 nmol) were applied to DEAE-cellulose filter discs
(2.5 cm diameter; Whatman, Hillsboro, Ore., USA) that had
been previously moistened with 2 ml of IB in a Millipore filtra-
tion apparatus (12 ports). Samples were slowly adsorbed and
washed with 10 ml of cold IB five times. Discs were air-dried,
placed in 10 ml of Hydrofluor scintillation mixture (National
Diagnostics, Somerville, N.J., USA), and each sample was
counted for 50 min (< 2% counting error) in a Beckman LS-230
liquid scintillation spectrophotometer.

Results

Inhibition of chromosome migration by oryzalin.
The effects of oryzalin on chromosome migration
and arrangement were examined in living endo-
sperm cells of Haemanthus katherinae (Molé-Bajer
and Bajer 1968). This system of single, wall-less cells
was used in order to minimize the potentially com-
plicating effects of non-uniform herbicide uptake
and translocation, and non-specific adsorption to
cell wall that have been observed in intact organs
(Bayer et al. 1967). Cell preparations were perfused
with oryzalin-containing buffer (1% ethanol) and
chromosomes were observed by differential inter-
ference phase microscopy. There was no apparent
effect of 0.01-1.0 uM oryzalin treatment on the
chromosome cycle. Cells treated with 0.01 pM ory-
zalin in interphase, prophase and metaphase pro-
ceeded to the next mitotic stage. Condensation of
prophase chromatin proceeded normally and the
nuclear envelope disappeared. Cells treated with
0.1 uM oryzalin in prophase or metaphase exhib-
ited chromosomal arrangements typical of the clas-
sical c-mitotic figure. Analysis of 50 cells in ana-
phase showed that after treatment with 0.01 uM

255

oryzalin, poleward migration of chromosomes was
slowed to a rate of 0.4-0.8 um-min~?! from the
mean rate of 1.2 pm-min~' observed in control
cells treated with 1% ethanol alone. This effect
was nearly immediate. Perfusion with 0.1 uM ory-
zalin halted migration of anaphase chromosomes
immediately (<30 s). These cells produced groups
of chromosomes in nuclear membranes that some-
times appeared to fuse. Long-term observations
(=2 h) showed that numerous cells had c-mitotic
arrangements of chromosomes and that cells hav-
ing restitution nuclei produced no cell plate.

The inhibition of anaphase chromosome mi-
gration was not readily reversible. After a short
treatment (5 min) with 0.1 pM oryzalin, followed
by washing (up to 1 h) with oryzalin-free buffer,
chromosomes did not resume poleward move-
ments. Exposure of endothelial cells (primary cul-
tures) from heart of Xemnopus leavis to oryzalin
(10 pM) for periods up to 10 h had no effect on
chromosome movements and condensation.

Disruption of MTs in cells by oryzalin. The effects
of 0.01-0.1 uM oryzalin on MTs in Haemanthus
cells in different mitotic stages were examined with
immunogold staining and correlated with the ef-
fects observed in vivo. Cells treated with 0.01 pM
oryzalin at interphase and prophase contained the
full complements of MTs that have been described
previously (De Mey et al. 1982). After <2 min in
0.1 uM oryzalin, virtually aill MTs in these cells
were depolymerized. Only a few short MTs re-
mained associated with the nucleus (Fig. 2A, B).
Oryzalin (0.1 uM) completely inhibited the appear-
ance of kinetochore MTs on chromosomes of cells
treated prior to metaphase, a result consistent with
the c-mitoses observed above. Metaphase and ana-
phase cells treated with 0.01 uM oryzalin showed
no change in the number or arrangement of MTs,
but at 0.1 uM oryzalin (<2 min) non-kinetochore
MTs were completely disassembled and kineto-
chore MTs depolymerized partially (Fig. 2C, D).
Microtubule “branches” of kinetochore com-
plexes were the most labile, while the centrally lo-
cated MTs of complexes remained associated to
form short bundles that are presumably stabilized
by MT-associated proteins (Fig. 2D). Cells af-
fected in these stages ultimately produced restitu-
tion nuclei. Cytoplasmic MTs in telophase cells
(phragmoplasts) were depolymerized by oryzalin
(0.1 uM), but many MTs in the region of the devel-
oping cell plate were not completely depolymerized
(Fig. 2E, F). The ends of MTs nearest the plate
were resistant to treatment even after 2 h at 1.0 uyM
oryzalin. Among 3153 mitotic cells treated with
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Fig. 3. Turbidity measurements of oryzalin inhibition of rose
MT polymerization. Rose tubulin was polymerized with taxol
in the absence (Control) or presence of oryzalin (1, 5 or 7 uM)
and monitored turbidimetrically (4400) for 1 h at 24° C

0.1 pM oryzalin only 50 (1.6%) apparently were
unaffected and most of these cells were in late telo-
phase.

Immunogold staining of cells treated with ory-
zalin and then washed showed that MTs did not
repolymerize. This result correlated with the lack
of resumption of anaphase chromosome migration
observed in vivo. As expected, oryzalin-treated
(10 pM, 10 h) Xenopus cells contained a normal
distribution of cytoplasmic and mitotic MTs.

Inhibition of plant MT polymerization in vitro. The
effects of oryzalin on taxol-induced MT polymeri-
zation in vitro were assessed by turbidimetric mea-
surements (Gaskin et al. 1974}, electron microsco-
py and sedimentation analysis (Johnson and Bor-
isy 1975) as previously described by Morejohn and
Fosket (1984a, b) and Morejohn et al. (1987).
Rose tubulin (10 pM) was mixed with SIB contain-
ing taxol (40 uM) and an appropriate concentra-
tion of oryzalin (1, 5 or 7 uM) and reactions were
monitored at 24° C by turbidimetry. The inclusion
of low-micromolar concentrations of oryzalin in
rose MT polymerization reactions produced in-
creased lag-times and decreased rates and extents
of turbidity development (Fig. 3). Nearly 1:1 mo-
lar ratios of oryzalin and tubulin produced maxi-
mum inhibition of turbidity. When bovine brain
tubulin (10 pM) was polymerized in taxol (27 uM)
at 24° C in the presence of 7 uM oryzalin, no chan-
ge in the pattern of turbidity development from
the control (without oryzalin) was observed. Inclu-

-
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sion of 10 pM colchicine with the brain-tubulin
reaction completely inhibited turbidity develop-
ment (Morejohn and Fosket 1984a). An inhibition
constant (K;) for the rapid phase of rose MT poly-
merization was calculated from the steepest por-
tion of each turbidity measurement in the absence
or presence of oryzalin (Wilson et al. 1976) as de-
scribed for colchicine previously (Morgjohn et al.
1987). This analysis gave K;=2.59 uM (correlation
coefficient=1.0). Thus, 2.59 uM oryzalin would
inhibit half-maximally the rapid phase of taxol-
induced rose MT polymerization.

To determine whether oryzalin depolymerizes
preformed MTs, 10 uM rose tubulin was polymer-
ized with 40 uM taxol for 1 h (steady state) and
oryzalin was mixed with the reaction using a wide-
bore pipet (to prevent shearing) to give a final ory-
zalin concentration of 12.5 pM. The turbidity level
immediately decreased from the steady-state value
(A400=0.033), and a new steady state (A, g50=
0.023) was achieved within 3 min. This decrease
resulted from a reduction in the mass of MTs (Gas-
kin et al. 1974) and not from the minor effect of
dilution (Karr and Purich 1979).

The morphology of rose tubulin polymers
formed in the presence of oryzalin after 1 h was
examined by electron microscopy. Samples (2 pl)
were taken from each reaction described above
(Fig. 3 legend) and negatively stained. Numerous
rose MTs were polymerized by taxol in the absence
of oryzalin (Fig. 4 A). Fewer and shorter MTs and
more amorphous materials were seen at increasing
oryzalin concentrations, and at 7 pM oryzalin only
amorphous structures are observed (Fig. 4B).
Brain MTs polymerized in the presence of 7 uM
oryzalin were indistinguishable in number and
morphology from those of control reactions with-
out oryzalin.

The effect of oryzalin on the yield (mass) of
taxol-induced polymer was quantitated by sedi-
mentation analysis. Samples polymerized in the
presence or absence of oryzalin for 1 h were centri-
fuged and pellets were assayed for protein. The
data in Table 1 show that oryzalin decreased sub-
stantially the yield of rose MTs; approx. 50% inhi-
bition occurred at 5 uM oryzalin. At an oryzalin
concentration (7 uM) that inhibited by 94% the
yield of rose polymer, the yield of brain MTs was
inhibited by only 2% (Table 1). Colchicine

Fig. 2A-F. Effects of oryzalin on MTs in endosperm cells of Haemanthus katherinae Bak. {bar=10 um; x 1000). Control cells
(untreated) and cells treated with 0.1 uM oryzalin for 5 min are shown on the left and the right, respectively, Microtubules
detected by immunogold staining appear red and chromosomes are stained with toluidine blue. A, B prophase; C, D mid-anaphase;

E, F telophase (phragmoplasts)



258

Fig. 4A, B. Electron micrographs of negatively stained poly-
merization products of rose tubulin (bar=0.5 pm; x 35000).
Samples are A MTs polymerized with taxol alone, and B amor-
phous aggregates formed in the presence of 7 pM oryzalin

(10 pM) reduced the yield of brain MTs to 10%
of the control reaction that contained no colchicine
(Morejohn and Fosket 1984a). The sample in
which 12.5 pM oryzalin was added to steady-state
MTs contained 61% of the polymer mass of the
the control reaction when polymer was assayed
15 min after the addition of oryzalin. These data
demonstrate that oryzalin inhibits the taxol-in-
duced polymerization of plant tubulin in a concen-
tration-dependent fashion and also partially de-
polymerizes MTs previously assembled and stabi-
lized with taxol.

Binding of oryzalin to plant tubulin. Technical prob-
lems associated with the quantitative use of dini-
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troanilines have been enumerated by Hess and
Bayer (1977), Hess (1979) and Strachen and Hess
(1982). These difficulties include the non-specific
adsorption of dinitroanilines to container surfaces,
presumably resulting from their low solubility in
aqueous solutions, and the unavailability of dini-
troanilines radiolabeled to high specific activity.
In the present study, preliminary experiments
showed that inclusion of 2% ethanol in the buffer
(SIB) to be used for binding served to maintain
the solubility of [1*Cloryzalin up to 12.5 pM. How-
ever, pilot experiments also demonstrated that al-
though [**Cloryzalin bound to rose tubulin, the
reaction could not be detected reliably at <5 pM
oryzalin because of the low-specific-activity ligand.
These problems restricted the use of [**CJoryzalin
to a narrow concentration range (5.0-12.5 uM).
Details on these experiments and the DEAE-filter
disc method of binding are described in Materials
and methods.

The dependence of the formation of rose tubu-
lin-oryzalin complex (TO) upon conditions of time
and pH were examined at 24° C. Tubulin (3.5 pM)
was incubated with 10 uM ['*CJoryzalin and ali-
quots were assayed for binding at 10-min, 1-, 2-
and 4-h time points. A plot of the mean molar
binding ratio (r) of oryzalin and tubulin versus
time (Fig. 5) shows that TO formation is slow, tak-
ing approx. 2 h to reach equilibrium. To determine
whether TO formation is influenced by pH, tubulin
(3.5 uM) was incubated at 24° C for 2 h with 5 uM
[**Cloryzalin in SIB previously adjusted to pH
values in the range 6.3-7.7 and assayed for bind-
ing. A plot of rversus pH (Fig. 5, inset) shows
that pH 7.1 is optimum for TO formation.

The dependence of TO formation on the con-
centration of oryzalin was tested by incubating tu-
bulin (3.5 pM) at 24° C for 2 h with different con-
centrations of [**Cloryzalin (5.0, 7.5, 10.0 and
12.5 uM). A plot of #/[Opee] versus r (Scatchard

Table 1. Sedimentation analysis of oryzalin inhibition of polymer yield. Samples used in turbidimetric measurements (Fig. 3)
were sedimented in a Beckman airfuge (Beckman Instruments, Palo Alto, Cal., USA) at 48000-g (23° C for 1 h) and polymer
pellets were assayed for protein. Data are expressed as percent of control (100% =amount of polymer sedimented in the absence
of oryzalin) after correction for aliquots used in electron microscopy

Source of tubulin Oryzalin concn. (uM)

Amount of sedimented polymer (ug)

% of control

Rose cells

Bovine brain?

~NO NN wnm O

100
108
52
6

100
98

¢ Tubulin (10 pM) was polymerized with 27 pM taxol at 24° C for 1 h
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Fig. 6. Concentration-dependent binding of oryzalin to rose tu-
bulin. The mean molar binding ratio (r) and the concentration
of free oryzalin [Oy,..] were calculated from binding assays.
Linear regression analysis of a plot of 7/[O,..] versus r yields
a line with slope = —1.19-10° M ™! (correlation coefficient =
0.965) and an extrapolated x-intercept (r)=0.14. Each point
represents the mean of triplicate 100-ul assays

1949) gave a line corresponding to a single class
of binding sites (Fig. 6). The apparent binding con-
stant (K,,,) for TO formation is 1.19-10° M~ ! and
extrapolation to infinite concentrations of oryzalin
(x-intercept) gave an estimated maximum binding
stoichiometry of 0.14. To determine if the relatively
low value of r may have resulted from an intrinsic
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Table 2. Specificity of oryzalin binding to plant tubulin.
[**C]Oryzalin binding is expressed as the molar binding ratio
(r) and is also shown as percent of the value obtained for rose
tubulin (control)

Protein r(1072%) % of control
Rose tubulin (control) 8.00 100
Bovine brain tubulin 0.45 6
Bovine f-lactoglobulin 0.75 9
Bovine serum albumin 0.31 4
Chicken-egg lysozyme 0.00 0

rate of decay of the binding site on tubulin, 3.5 pM
tubulin was incubated in SIB at 24° C and aliquots
were taken at 2-h time points up to 10 h and exam-
ined for binding. No decrease in the extent of TO
formation was found. However, the concentration
range of these measurements does not satisfy cer-
tain requisite features of stoichiometry analysis
outlined by Klotz (1982), a matter that is discussed
below.

The specificity of [**CJoryzalin binding to rose
tubulin was surveyed by incubating various puri-
fied proteins (that bind to DEAE-cellulose) with
10 uM  [**Cloryzalin for 2h at 24°C in SIB
(pH 7.1) and assaying binding by the filter-disc
method. The binding of [**CJoryzalin to rose tubu-
lin was approx. 17-fold greater than for bovine
brain tubulin (Table 2). That the binding to brain
tubulin may be non-specific was indicated by the
observation that 3% more oryzalin bound to bo-
vine f-lactoglobulin than to bovine brain tubulin.
Bovine serum albumin and chicken-egg lysozyme
had still lower binding of oryzalin. These results
indicate that oryzalin binds selectively to plant tu-
bulin. Because the critical concentration for taxol-
induced rose-tubulin assembly (approx. 2.3 uM)
(Morecjohn and Fosket 1984a; Morejohn et al.
1987) is slightly lower than the concentration of
tubulin (3.5 uM) applied to filter discs, the binding
of [**CJoryzalin to preformed taxol-MTs could not
be determined sensitively with this method.

Discussion

Despite the generally accepted idea that dinitroani-
line herbicides have anti-MT activities, it has been
difficult to establish a direct temporal correspon-
dence between the inhibition of MT-dependent
processes and the depolymerization of MTs in in-
tact plant tissues (Ashton and Crafts 1981). For
example, ultrastructural studies have demonstrated
that the dinitroaniline herbicides arrest mitosis and
cause the disappearance of MTs in cells of roots
(Bartels and Hilton 1973; Hess and Bayer 1974),
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but Bayer et al. (1967) found evidence for non-
uniform uptake and translocation in trifluralin-
treated roots of several plants, making difficult the
analysis of primary versus secondary effects of the
herbicide on mitosis. Jackson and Stetler (1973)
studied with light and electron microscopy the ef-
fects of trifluralin on mitosis in individual endo-
sperm cells isolated from Haemanthus katherinae
and found it to be inhibitory at very low concentra-
tions (>3-10"'% M). This plant tissue is quite ap-
propriate for such a study, not only because it ob-
viates considerations of differential herbicide
translocation, but also because these cells possess
no cellulosic wall that may non-specifically adsorb
herbicide. Moreover, the mitotic apparatus of Hae-
manthus is enormous (70-100 um) and contains
large chromosomes whose condensation and
movements can be viewed directly at low magnifi-
cation on the light microscope (Moleé-Bajer and
Bajer 1968). However, Jackson and Stetler (1973)
did not address fully the issue of threshold values
of herbicide-treatment time, and in-vivo observa-
tions of the inhibition of chromosome movements
were not closely correlated with the organization
of MTs in a large number of cells because electron-
microscope studies have the inherent limitation of
small sample size. Because trifluralin binds to glass
and is very insoluble in aqueous solutions (Stra-
chen and Hess 1982), oryzalin was used as a model
dinitroaniline in the current study on Haemanthus
mitosis and MTs. Our observations demonstrate
that the complete inhibition of chromosome migra-
tion by >0.1 uM oryzalin is correlated with the
immediate (<2 min) depolymerization of ana-
phase spindle MTs.This result indicates the direct
binding of oryzalin to MT protein, a possibility
that we have confirmed.

The value of K,,, (1.19-10° M™1) for the ory-
zalin-rose tubulin interaction is remarkably similar
to that (2.08-10° M™!) reported for the binding
of oryzalin to Chlamydomonas flagellar tubulin
(Strachen and Hess 1983). However, the different
values of r for rose (0.14) and Chlamydomonas (1.0)
tubulins, indicate some decay of the site on rose
tubulin as is known to occur for the colchicine-
binding site on animal tubulin (Wilson et al. 1976).
While no decay of oryzalin binding to rose tubulin
was detected after preincubation of tubulin in su-
crose isolation buffer (SIB) for periods up to 10 h
(24° C), some decay may have occurred during the
isolation procedure prior to dialysis of tubulin into
SIB. This possibility is indicated by the observa-
tions that Chlamydomonas TO formation is vir-
tually instantaneous (Strachen and Hess 1983), but
maximum rose TO formation is slow (2 h). In this
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regard, it is important to consider the limitations
of the ligand-binding experiments reported by
Strachen and Hess (1983) and herein. Because the
oryzalin-tubulin binding reactions were observed
by necessity within a narrow concentration range
of ligand, it was not possible to determine reliably
whether half the available oryzalin-binding sites
were saturated (Klotz 1982). Furthermore, the low
specific activity of [**Cloryzalin has precluded an
examination of the rate of TO dissociation (into
dimer and free oryzalin) by dilution with excess
unlabeled oryzalin. If TOs dissociated during mea-
surement by “kinetic” methods (DEAE-cellulose
filtration), the extent of TO formation will have
been underestimated. Indeed, the complete inhibi-
tion of rose-tubulin polymerization by a stoichio-
metric concentration of oryzalin indicates that
many, if not most, of the assembly-competent
dimers do possess an active oryzalin-binding site.
Thus, the values of K,,, and r for rose tubulin
must be regarded as approximations and are likely
to represent minimum values for these binding pa-
rameters. Notwithstanding these qualifications, the
similar binding constants derived for rose and
Chlamydomonas tubulins when using kinetic meth-
ods indicate that the oryzalin-binding site has been
conserved during evolution of the plant kingdom.

Upadhyaya and Noodén (1980) followed the
kinetics of ['*Cloryzalin uptake and accumulation
in maize root apices. They found the rates of both
processes to be consistent with the binding of ory-
zalin to a single site; half-maximal values of oryza-
lin uptake (K, =2.1-10"> M) and accumulation
(K,=3.7-10"°> M) were similar. These rates indi-
cate a moderate affinity binding of oryzalin to an
intracellular site, but they are somewhat lower than
the value of half-maximum binding derived from
the reciprocal of K, for rose TO formation. This
disparity may result from the partitioning of ligand
in root-tip cells between the aqueous cytoplasm
and the lipid phase of membranes, inasmuch as
oryzalin is very lipophilic and was used at concen-
trations near its aqueous solubility limit (Ashton
and Crafts 1981; Fedtke 1982, pp. 123-141). Given
the technical problems that we have found asso-
ciated with measurements of ['*Cloryzalin binding
to isolated plant tubulin, it is not surprising that
Upadhyaya and Noodén (1980) did not detect
['*CJoryzalin binding to tubulin in extracts of
maize roots. The detection of tubulin diluted in
protein supernatants of root extracts seems impos-
sible with the combined limitations of a low-specif-
ic-activity ligand and a binding constant of moder-
ate strength.

Previous studies of the in-vitro effects of oryza-
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Table 3. Comparison of properties of anti-MT compounds. Values of K; (taxol-induced polymerization) and K,,, were derived
from in-vitro studies on Rosa tubulin, while minimum effective concentrations for inhibition of mitosis were obtained from

in-vivo studies on endosperm cells from Haemanthus

Drug K (uM) Koy (M7 Effective concn. (UM)
Oryzalin 2.59 1.19-10° 0.01-0.10
Amiprophos-methyl 1.572 not determined 0.01-0.10°
Colchicine 140.00° 9.7-10%¢ 125¢

* Calculated from the data in Morejohn and Fosket (1984 b)
® Bajer and Molé-Bajer (1986)

¢ Morejohn et al. 1987

4 Molé-Bajer (1958)

lin and trifluralin on mammalian MTs (porcine
brain) have yielded contradictory results. Bartels
and Hilton (1973) found no effect on polymeriza-
tion, Hertel and Marmé (1983) reported a partial
inhibition of polymerization rates, and Robinson
and Herzog (1977) observed complete inhibition
of polymerization and nearly total depolymeriza-
tion of previously assembled MTs. The meaning
of these results is complicated further by the results
of studies of dinitroaniline binding to mammalian
tubulin. Bartels and Hilton (1973) found low levels
of [**C]trifluralin binding to MT proteins from
porcine brain. No binding of [**Cloryzalin to rat
brain extract and no inhibition by oryzalin of
[*H]colchicine binding to rat tubulin was observed
by Upadhyaya and Noodén (1980). Regardless of
the interpretation of the preceeding experiments,
the results are necessarily equivocal because of the
presupposition that tubulins from plants and ani-
mals are pharmacologically similar. In these stu-
dies, protein from mammalian brain was utilized
because this organ is a rich source of MT proteins
and because a method for the isolation of cytoplas-
mic tubulin from higher plants had not been devel-
oped.

The inhibition by oryzalin of mitosis in Hae-
manthus cells and of rose MT polymerization in
vitro is similar to that caused by the phosphoric
amide herbicide amiprophos-methyl, but much
more dramatic than that caused by colchicine
(Moleé-Bajer 1958; Morejohn and Fosket 19844,
b; Bajer and Molé-Bajer 1986; Morejohn et al.
1987). A summary of the inhibition constants (X))
for polymerization, apparent affinity constants
(K,pp)> and effective concentrations in cells for ory-
zalin, amiprophos-methyl and colchicine is given
in Table 3. The sensitivity of MTs in vitro to these
drugs is reduced from that seen in vivo because
of the polymer-stabilizing effects of taxol. Never-
theless, these data demonstrate anti-MT activities
of herbicides at concentrations that are considera-

bly lower than those affecting either calcium up-

‘take by mitochondria or other physiological pro-

cesses (Ashton and Crafts 1981). The concentra-
tion of oryzalin (0.1 uM) that completely depoly-
merizes Haemanthus MTs within 2 min is 300-fold
lower than that (30 pM) causing half-maximum in-
hibition of calcium uptake by plant mitochondria
after 15 min (Hertel and Marmé 1983). Thus, an
indirect depolymerization of MTs in cells by calci-
um (Hertel et al. 1980; Hertel and Marmé 1983)
seems untenable given this disparity in effective
concentrations of oryzalin.

We do not know the molecular mechanism by
which oryzalin (or amiprophos-methyl) inhibits the
polymerization of plant MTs. Interestingly, the ef-
fects of these herbicides on MTs in plant cells and
on taxol-induced plant MT polymerization parallel
closely the effects of colchicine and podophyllo-
toxin on animal MTs. Both colchicine and podo-
phyllotoxin inhibit mitosis and depolymerize MTs
in cultured animal cells at 0.1-1.0 uyM (Dustin
1984). Both compounds inhibit the rate and extent
of taxol-induced polymerization of brain tubulin
at high nanomolar to low micromolar concentra-
tions, and partially depolymerize previously assem-
bled taxol-MTs. Maximum inhibition of taxol-in-
duced polymerization of brain MTs is obtained
at approx. 1:1 molar ratios of colchicine or podo-
phyllotoxin and tubulin (Schiff and Horwitz 1981 ;
Kumar 1981). Colchicine and podophyllotoxin are
mutually competitive in binding to a single over-
lapping site on the animal-tubulin dimer, yet these
drugs depolymerize MTs in cells and inhibit GTP-
induced polymerization of brain MTs (without
taxol) at concentrations substoichiometric to the tu-
bulin-dimer concentration (Olmsted and Borisy
1973; Wilson et al. 1976). That is, only a small
fraction of the total tubulin need be complexed
with the drug for maximum anti-MT effects to oc-
cur. This poisoning mechanism involves the forma-
tion of tubulin-drug complexes that bind to MT
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ends and prevent further assembly of unliganded
tubulin (Margolis and Wilson 1977; Sternlicht and
Ringel 1979). Because plant tubulin devoid of MT-
associated proteins does not polymerize readily
(Morejohn and Fosket 1982), we have relied upon
the strong polymerization-promoting activity of
taxol for these studies, and we have not been able
to determine whether anti-MT herbicides act
through a substoichiometric mechanism. The simi-
lar effects of taxol on the polymerization of plant
and animal tubulins in vivo (Schiff and Horwitz
1980; Bajer et al. 1982) and in vitro (Schiff and
Horwitz 1981 ; Kumar 1981; Morejohn and Fosket
1984 a) indicate that under more physiological con-
ditions of polymerization, oryzalin and amipro-
phos-methyl would inhibit plant MT assembly at
much lower concentrations. Although we have
demonstrated the binding of oryzalin to tubulin
to form TOs, the effect of TO on plant MT assem-
bly or disassembly could not be examined because
of technical problems. The stability of TOs to dis-
sociation following the separation of free oryzalin
from liganded tubulin must be determined as well,
and this problem awaits the development of more
sensitive methods of measurement of herbicide
binding to MT protein.

The moderate affinity binding of an anti-MT
ligand to tubulin, as we have found for oryzalin
and rose tubulin, is not necessarily inconsistent
with very low effective concentrations of ligand
in vivo. For example, the colchicine analogue 2-
methyl-5-(2",3",4’-trimethoxyphenyDtropone binds
to animal tubulin with moderate strength (K=3.5-
10° M~ 1) (Bane et al. 1984), inhibits mitosis maxi-
mally in Hela cells at 0.1 pM (Fitzgerald 1976),
and inhibits substoichiometrically the polymeriza-
tion of brain MTs in vitro (Ray et al. 1981). Be-
cause this analogue is a competitive inhibitor of
colchicine binding (K;=1.6-10"°M) (Ray et al.
1981), its anti-mitotic activity probably results
from a substoichiometric mechanism as does that
of colchicine (Wilson et al. 1976). Thus, the moder-
ate value of K,,, for TO formation and the very
low effective concentrations of oryzalin (0.1 uM)
in vivo indicate an analogous (substoichiometric)
mechanism in plant cells.

Our findings that oryzalin binds to plant tubu-
lin and inhibits the polymerization of MTs strongly
indicate that the dinitroanilines directly disrupt
MTs in cells. Further corroboration of the direct
interaction of dinitroanilines with plant MTs has
come from recent studies on a dinitroaniline-resis-
tant biotype of goosegrass (FEleusine indica).
Mudge et al. (1984) reported that the resistant bio-
type arose spontaneously in cotton fields where
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trifluralin had been used for weed control. Vaughn
(19864a) and Vaughn et al. (1987) have shown that
MTs in the resistant biotype of Eleusine are cross-
resistant not only to several members of the dini-
troaniline class, but also to amiprophos-methyl.
The resistant and sensitive biotypes are equally re-
sistant to colchicine-treatment; MTs are depoly-
merized at 0.1-1 mM colchicine concentrations.
Preliminary results (Vaughn 1986b) indicate that
the f-subunit of the tubulin of the resistant biotype
is modified. The results of our studies and those
of Vaughn and co-workers are consistent with the
notions that the dinitroaniline and phosphoric
amide herbicides are more potent inhibitors of
plant MT function than is colchicine, and that
MTs are the most sensitive target of dinitroaniline
action in higher plants.

We thank Lee Tocchi for excellent technical assistance in tubu-
lin isolations and Peter Hewitt for performing the immunogold
staining of Xenopus cells. We are pleased to thank Dr. Dan
Hess, Zoecon Research Institute, Palo Alto, Cal., USA and
Dr. Kevin C. Vaughn, U.S. Department of Agriculture, Agri-
cultural Research Service, Southern Weed Science Laboratory,
Stoneville, Miss., USA for their encouragement and sharing
of resuits before publication. We also appreciate the interest
in these studies shown by Dr. Joe Schwer and his colleagues,
Eli Lilly and Co., Indianapolis, Ind., USA. Thanks are extended
to Ms. Kris Kohn for help with illustrations, Dr. Brooke S.
Kirby for comments on the manuscript and Ms. Gail Gurney
for excellent preparation of the typescript. This work was sup-
ported by grants from Monsanto Co., St. Louis, Mo., USA
and the National Science Foundation (PCM 8216035) to
D.E.F. and (PCM 8310016) to A.S.B.

References

Ashton, F.M., Crafts, A.S. (1981) Mode of action of herbicides.
Wiley Interscience, New York

Ashton, F.M., de Villiers, O.T., Glenn, R.K., Duke, W.B.
(1977) Localization of metabolic sites of action of herbi-
cides. Pestic. Biochem. Physiol. 7, 122-141

Bajer, A.S., Cypher, C., Molé-Bajer, J., Howard, H.M. (1982)
Taxol-induced anaphase reversal: Evidence that elongating
microtubules can exert a pushing force in living cells. Proc.
Natl. Acad. Sci. USA 79, 65696573

Bajer, A.S., Molé-Bajer, J. (1986) Drugs with colchicine-like
effects that specifically disassemble plant but not animal
microtubules. N.Y. Acad. Sci. 466, 767-784

Bane, S., Puett, D., Macdonald, T.L., Williams, R.C., Ir. (1984)
Binding to tubulin of the colchicine analog 2-methoxy-5-(27,
37,4’ -trimethoxyphenyl)tropone. J. Biol. Chem. 259, 7391—
7398

Bartels, P.G., Hilton, J.L. (1973) Comparison of trifluralin,
oryzalin, pronamide, propham, and colchicine treatments
on microtubules. Pestic. Biochem. Physiol. 3, 462-472

Bayer, D.E., Foy, C.L., Mallory, T.E., Cutter, E.G. (1967)
Morphological and histological effects of trifluralin on root
development. Am. J. Bot. 54, 945-952 )

Borisy, G.G. (1972) A rapid method for quantitative determina-
tion of microtubule protein using DEAE-cellulose filters.
Anal. Biochem. 50, 373-385



L.C. Morejohn et al.: Anti-microtubule action of oryzalin

De Mey, J., Lambert, A.M., Bajer, A.S., Moeremans, M., De-
Brabander, M. (1982) Visualization of microtubules in inter-
phase and mitotic plant cells of Haemanshus endosperm with
the immuno-gold staining method. Proc. Natl. Acad. Sci.
USA 79, 1898-1902

Dustin, P. (1984) Microtubules. Springer Verlag, Berlin

Fedtke, C. (1982) Biochemistry and physiology of herbicide
action. Springer Verlag, Berlin

Fitzgerald, T.J. (1976) Molecular features of colchicine asso-
ciated with antimitotic activity and inhibition of tubulin
polymerization. Biochem. Pharmacol. 25, 1383-1387

Gaskin, F., Cantor, C.R., Shelanski, M.L. (1974) Turbidomet-
ric studies of the in vitro assembly and disassembly of por-
cine neurotubules. J. Mol. Biol. 80, 737-758

Gunning, B.E.S., Hardham, A.R. (1982) Microtubules. Annu.
Rev. Plant Physiol. 33, 651698

Hertel, C., Marmé, D. (1983) Herbicides and fungicides inhibit
Ca”?" uptake by plant mitochondria: a possible mechanism
of action. Pestic. Biochem. Physiol. 19, 282-290

Hertel, C., Quader, H., Robinson, D.G., Marmé, D. (1980)
Anti-microtubular herbicides and fungicides affect Ca®*
transport in plant mitochondria. Planta 149, 336-340

Hess, F.D. (1979) The influence of the herbicide trifluralin on
flagellar regeneration in Chlamydomonas. Exp. Cell Res.
119, 99-109

Hess, F.D., Bayer, D.E. (1974) The effect of trifluralin on the
ultrastructure of dividing cells of the root meristem of cot-
ton {Gossypium hirsutum L. *Acala 4-427). J. Cell Sci. 15,
429-441

Hess, F.D., Bayer, D.E. (1977) Binding of the herbicide triflura-
lin to Chlamydomonas flagellar tubulin. J. Cell Sci. 24,
351-360

Jackson, W.T., Stetler, D.A. (1973) Regulation of mitosis. IV.
An in vitro and ultrastructural study of effects of trifluralin.
Can. J. Bot. 51, 1513-1518

Johnson, K.A., Borisy, G.G. (1975) The equilibrium assembly
of microtubules in vitro. In: Molecules and cell movement,
pp. 119-141, Inoue, S., Stephens, R.E., eds., Raven Press,
New York

Karr, T.L., Purich, D.L. (1979) A microtubule assembly/disas-
sembly model based on drug effects and depolymerization
kinetics after rapid dilution. J. Biol. Chem. 254,
10885-10888

Klotz, 1.M. (1982) Number of receptor sites from Scatchard
graphs: facts and fantacies. Science 217, 1247-1249

Kumar, N. (1981) Taxol-induced polymerization of purified
tubulin. J. Biol. Chem. 256, 4156—4160

Lee, J.C., Frigon, R.P., Timasheff, S.N. (1973) The chemical
characterization of calf brain microtubule protein subunits.
J. Biol. Chem. 248, 7253-7262

Margolis, R.L., Wilson, L. (1977) Addition of colchicine-tubu-
lin complex to microtubule ends: The mechanism of substoi-
chiometric colchicine poisoning. Proc. Natl. Acad. Sci. USA
74, 3466-3470

Mole-Bajer, J. (1958) Cine-micrographic analysis of c-mitosis
in endosperm. Chromosoma 9, 332-358

Mole-Bajer, J., Bajer, A. (1968) Studies of selected endosperm
cells with the light and electron microscope. Cellule 67,
257-265

Morejohn, L.C., Burecau, T.E., Fosket, D.E. (1985) Inhibition
of plant cell proteolytic activities that degrade tubulin. Cell
Biol. Int. Rep. 9, 849-857

Morejohn, L.C., Bureau, T.E., Tocchi, L.P., Fosket, D.E.
(1984) Tubulins from different higher plant species are im-
munologically nonidentical and bind colchicine differen-
tially. Proc. Natl. Acad. Sci. USA 81, 1440-1444

Morejohn, L.C., Burcau, T.E., Tocchi, L.P., Fosket, D.E.

263

(1987) Resistance of Rosa microtubule polymerization to
colchicine results from a low-affinity interaction of colchi-
cine and tubulin. Planta 170, 230-241

Morejohn, L.C., Fosket, D.E. (1982) Higher plant tubulin iden-
tified by self-assembly into microtubules in vitro. Nature
297, 426-428

Morejohn, L.C., Fosket, D.E. (1984a) Taxol-induced rose mi-
crotubule polymerization in vitro and its inhibition by col-
chicine. J. Cell Biol. 99, 141-147

Morejohn, L.C., Fosket, D.E. (1984b) Inhibition of plant mi-
crotubule polymerization in vitro by the phosphoric amide
herbicide amiprophos-methyl. Science 224, 874-876

Morejohn, L.C., Fosket, D.E. (1986) Tubulins from plants,
fungi and protists: a review. In: Cell and molecular biology
of the cytoskeleton, pp. 257-329, Shay, J.W., ed. Plenum
Publishing Corp., New York

Moreland, D.E., Farmer, F.S., Hussey, G.G. (1972a) Inhibition
of photosynthesis and respiration by substituted 2,6-dini-
troaniline herbicides. 1. Effects on chloroplast and mito-
chondrial activities. Pestic. Biochem. Physiol. 2, 342-353

Moreland, D.E., Farmer, F.S., Hussey, G.G. (1972b) Inhibition
of photosynthesis and respiration by substituted 2,6-dini-
troaniline herbicides. II. Effects on responses in excised
plant tissues and treated seedlings. Pestic. Biochem. Physiol.
2, 354-363

Mudge, L.C., Gossett, B.J., Murphy, T.R. (1984) Resistance
of goosegrass (Eleusine indica) to dinitroaniline herbicides.
Weed Sci. 32, 591-594

Olmsted, J.B., Borisy, G.G. (1973) Characterization of microtu-
bule assembly in porcine brain extracts by viscometry. Bio-
chemistry 12, 4282-4289

Ray, K., Bhattacharyya, B., Biswas, B.B. (1981) Role of B-ring
of colchicine in its binding to tubulin. I. Biol. Chem. 256,
6241-6244

Rieder, C.L., Bajer, A.S. (1978) Effect of elevated temperatures
on spindle microtubules and chromosome movements in
cultured newt lung cells. Cytobios 18, 201-234

Robinson, D.G., Herzog, W. (1977) Structure, synthesis and
orientation of microfibrils. III. A survey of the action of
microtubule inhibitors on microtubules and microfibril ori-
entation in Oocystis solitaria. Cytobiologie 15, 463-474

Robinson, D.G., Quader, H. {1982) The microtubule-microfi-
bril syndrome. In: The cytoskeleton in plant growth and
development, pp. 109-126, Lloyd, C., ed. Academic Press,
London

Scatchard, G. (1949) The interactions of proteins for small mol-
ecules and ions. Ann. N.Y. Acad. Sci. 51, 660672

Schiff, P.B., Horwitz, S.B. (1980) Taxol stabilizes microtubules
in mouse fibroblast cells. Proc. Natl. Acad. Sci. USA 77,
1561-1565

Schiff, P.B., Horwitz, S.B. (1981) Taxol assembles tubulin in
the absence of exogenous guanosine 5'-triphosphate or mi-
crotubule associated proteins. Biochemistry 20, 3247-3252

Shelanski, M.L., Gaskin, F., Cantor, C.A. (1973) Microtubule
assembly in the absence of added nucleotides. Proc. Natl.
Acad. Sci. USA 70, 765-768

Sternlicht, H., Ringel, I. (1979) Colchicine inhibition of micro-
tubule assembly via copolymer formation. J. Biol. Chem.
254, 10540-10550

Strachen, S.D., Hess, F.D. (1982) Dinitroaniline herbicides ad-
sorb to glass. J. Agric. Food Chem. 30, 389-391

Strachen, S.D., Hess, F.D. (1983) The biochemical mechanism
of action of the dinitroaniline herbicide oryzalin. Pestic. Bio-
chem. Physiol. 20, 141-150

Upadhyaya, M.K., Noodén, L.D. (1980) Mode of dinitroani-
line action. II. Characterization of [**Cloryzalin uptake and
binding. Plant Physiol. 66, 1048-1052



264 L.C. Morgjohn et al.: Anti-microtubule action of oryzalin

Vaughn, K.C. (1986a) Cytological studies of dinitroaniline-re- poisoning of microtubule polymerization: A model for the
sistant Eleusine. Pestic. Biochem. Physiol. 26, 66-74 mechansim of action of the vinca alkaloids, podophyllo-
Vaughn, K.C. (1986b) Dinitroaniline resistance in goosegrass toxin and colchicine. In: Cold Spring Harbor Conf. on Cell
(Eleusine indica (1..) Gaertner.) is due to an altered tubulin. Proliferation (Book C), pp. 1051-1064, Goldman, R., Pol-
(Abstr.) Weed Sci. Soc. Am. 26, a77 lard, T., Rosenbaum, J., eds. Cold Spring Harbor Laborato-
Vaughn, K.C., Marks, M.D., Wecks, D.P. (1987) A dinitroani- ry, Cold Spring Harbor, N.Y., USA

line-resistant mutant of Eleusine indica exhibits cross-resis-
tance and super-sensitivity to antimicrotubule herbicides
and drugs. Plant Physiol. 83, 956-964
Wilson, L., Anderson, K., Chin, D. (1976) Nonstoichiometric Received 9 March; accepted 14 May 1987



