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Rapid Communication

Molecular Modeling Indicates that Two Chemically Distinct
Classes of Anti-Mitotic Herbicide Bind to the Same
Receptor Site(s)
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Dinitroaniline and phosphorothioamidate herbicides disrupt mi-
crotubule assembly from tubulin protein dimers and thereby halt
microtubule-based processes such as mitosis in plant cells. Despite
the contrasting chemical properties of dinitroaniline and phospho-
rothioamidate herbicides, a three-dimensional molecular analysis
revealed remarkable electrostatic similarity between these two
classes of herbicide. From these data it is proposed that dinitroan-
iline and phosphorothioamidate herbicides share common binding
site(s) in the plant cell.

Microtubules play key roles in plant cell morphogenesis,
in processes such as cell division, cell expansion, determina-
tion of cell shape and intracellular transport. The principal
components of microtubules are a-tubulin and g-tubulin
polypeptides, which naturally combine to form heterodimeric
proteins (Bryan and Wilson, 1971; Borisy et al., 1984). The
intracellular activities of microtubules are dependent on a
sensitive and dynamic equilibrium between tubulin subunits
and their assembly into functional microtubules (Bershadsky
and Vasiliev, 1988; Lloyd, 1991). Colchicine, an alkaloid
produced by the meadow saffron lily (Colchicum autumnale),
interferes with tubulin polymerization and has been used to
explore the function of microtubules in cellular activities such
as mitosis and cytokinesis in animal tissues (Wilson, 1975;
Cabral and Barlow, 1989). Colchicine has negligible effect on
plant microtubules, and thus analogous studies have utilized
herbicides that act as potent mitotic-spindle poisons, in par-
ticular, substituted 2,6-dinitroanilines (e.g. oryzalin) and
phosphorothioamidates (e.g. amiprophos-methyl) (Bajer and
Molé-Bajer, 1986; Upadhyaya and Nooden, 1987; Hess,
1989; Morejohn, 1991; Morejohn and Fosket, 1991; Vaughn
and Lehnen, 1991).

Approximately 20 dinitroaniline and 2 phosphorothioam-
idate herbicides have been developed for the selective control
of weeds in arable crops. The herbicides from these two
different chemical classes cause similar injury symptoms and
have a similar mode of action: meristem development in the
roots and shoots is disrupted as a result of net depolymeri-
zation of cellular microtubules (Sumida and Ueda, 1976;
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Kiermayer and Fedtke, 1977; Parka and Soper, 1977; Appleby
and Valverde, 1989). Herbicides of both chemical classes
have been shown to bind to isolated plant tubulin (but not
to animal tubulin) and to inhibit plant microtubule assembly
in vitro (Hess and Bayer, 1977; Morejohn and Fosket, 1984;
Morejohn et al., 1987; Hugdahl and Morejohn, 1993). How-
ever, it remains to be proved that tubulin is the unique target
for these herbicides in vivo.

An undesirable side effect of herbicidal use in crops is the
inadvertent selection of resistant weed populations. Biotypes
of goosegrass (Eleusine indica) have evolved resistance to
trifluralin following repeated exposure to this dinitroaniline
herbicide in cotton fields (Mudge et al., 1984). Dose-response
studies in the laboratory have demonstrated that the triflur-
alin-resistant biotype exhibited cross-resistance to other di-
nitroaniline herbicides, e.g. oryzalin and pendimethalin
(Vaughn et al., 1987; Waldin et al., 1992), and to the phos-
phorothioamidate herbicides amiprophos-methyl (Vaughn et
al.,, 1987) and butamifos (T. Waldin, personal communica-
tion). The resistant goosegrass biotype was shown to be
sensitive to the microtubule-depolymerizing drug colchicine
and supersensitive to other classes of microtubule disrupters,
e.g. griseofulvin (Vaughn et al., 1987), and to the microtu-
bule-stabilizing drug Taxol (Vaughn and Vaughn, 1990).
These data show similarities to the observations made on the
phenotypes of three tubulin mutants in Chlamydomonas rein-
hardtii isolated on the basis of resistance to colchicine (Bolduc
etal.,, 1988; Lee and Huang, 1990; Schibler and Huang, 1991)
or to the phosphorothioamidate herbicide amiprophos-
methyl (James et al., 1993). The two colchicine-resistant
mutants (col*4 and col*15), each resulting from a single amino
acid substitution in the 82 tubulin (Lee and Huang, 1990),
show cross-resistance to dinitroanilines and the phosphoro-
thioamidate herbicide amiprophos-methyl and supersensitiv-
ity to several microtubule depolymerizing drugs and to the
microtubule stabilizing drug Taxol (Schibler and Huang,
1991). The amiprophos-methyl mutant (upA12), resulting
from a single amino acid substitution in the a1 tubulin,
exhibits cross-resistance to oryzalin, is supersensitive to
Taxol, and is sensitive to colchicine (James et al., 1993). It
has been concluded from these results that the mechanism
of resistance in the three Chlamydomonas mutants, and most
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likely in the resistant goosegrass biotype, is the result of an
increased stability of microtubules in the cells compared to
wild type rather than an alteration in a specific drug-binding
site, detoxification of the drugs, or defective drug uptake
(Vaughn and Vaughn, 1990; Schibler and Huang, 1991;
James et al.,, 1993).

Herbicide resistance associated with a change in stability
of microtubules cannot distinguish between identical and
nonidentical binding sites for different classes of herbicide
affecting microtubule function. In this paper we provide
evidence from molecular modeling that would indicate that
the dinitroanilines and the phosphorothioamidates, two
chemically distinct classes of anti-mitotic herbicide, share the
same binding site(s).

MATERIALS AND METHODS

Electrostatic isopotential surfaces of herbicide molecules
were contoured at +15 kcal/mol (red) and —15 kcal/mol
(blue). Low-energy geometries of trifluralin, butamifos, and
nitralin were identified by exhaustive conformational search-
ing, followed by molecular mechanics energy minimization,
using the SEARCH and MAXIMIN options of SYBYL (SYBYL
User’s Manual, 1991) and the molecular mechanics program
AESOP (B.B. Masek, personal communication). In the molec-
ular mechanics calculations, all electrostatic interactions were
computed assuming a dielectric constant of one. X-ray ge-
ometries of related compounds retrieved from the Cambridge
Structural Database (Allen et al., 1983) were also inspected
to ensure that they were consistent with the theoretical
results. The compounds used with their respective Cambridge
Structural Database reference codes (shown in bold) were as
follows: O,0-dipropyl-(E)-2-(1-methyl-2-oxopropylidene)-
phosphorohydrazidothioate-(E)-oxime, BOBVIX; ethyl 2-
nitro-4-methylphenyl-N-isopropyl-phosphoramidothionate,
BORNIF; dibromo-tetrakis(diethoxyhydrazido-thio-phos-
phorus)-nickel(ii), BTXHPN; ethyl O-(2-nitro-6-chloro-
phenyl)-N-isopropyl-phosphoramidothioate, CISFAL; 2,6-
dichloro-4-nitro,N,N-dimethylaniline, DCNDMA; N,N-2,6-
tetramethyl-4-nitroaniline, FOCVOL; hexakis (dimethyla-
mino)benzene, GENFAG; N,N-di-n-propyl-2,6-dinitro-4-
chloroaniline, PNTCAN; 1-amino-N-(2-(dimethylamino)-
3,5-dinitrophenyl)cyclopentanecarboxamide, TACWID; di-
chloro-(u(2,4,6-trimethylphenylnitrilobis(ethane-2,1-diyl)))-
di-mercury(ii), VAZKOW.

Several favorable conformations were found for each herbi-
cide molecule, but the conformations calculated to be lowest in
energy were used for the molecular comparisons (see Fig. 2).
Atomic partial charges were calculated using the MNDO
HamiltonianinMOPAC .Electrostaticpotentialswerecomputed
from the partial charges, using the Coulomb formula with a
dielectric constant of one. The potentials were contoured and
displayedinSYBYL(Stewart,1990).

RESULTS AND DISCUSSION

An analysis of the three-dimensional geometry of dini-
troaniline and phosphorothioamidate molecules provides
novel evidence that these two chemically distinct classes of
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herbicide not only have a common intracellular target (see
Appleby and Valverde, 1989), but share the same binding
site(s). All anti-mitotic dinitroaniline herbicides have a 2,6-
dinitroaniline skeleton (Fig. 1, A-F). The N substitution is
invariably a branched alkyl group (C, to Cs in total), although
in a few analogs a single chlorine or oxygen atorn occurs in
one or both alkyl branches (Swanson, 1972). The aniline para
position is substituted with a diversity of groups, e.g. —CFs,
—S0O,NH,, or =C;H;. In addition, a meta position is occasion-
ally substituted with —CHj; or =NH,. A study of the predicted
electrostatic surface of all these dinitroanilines revealed a
consistent pattern (shown for trifluralin in Fig. 2A and nitralin
in Fig. 2C). The dinitro groups provide two dominant electro-
negative domains spaced about 10 A apart (distance between
approximate centroids of —15 kcal/mol isopotential con-
tours), separated by the neutral N-alkyl groups. In contrast,
the para substitution is highly variable in size and electrostatic
properties. Thus, we predict that herbicidal activity of dini-
troanilines is associated with the spatially conserved electro-
negative domains.

The phosphorothioamidate herbicides are classified as or-
ganophosphorus compounds with a different chernistry from
the dinitroanilines (Yang et al., 1986). The two herbicides
within this class differ from each other only in the number
and position of methyl groups (Fig. 1, G and H). Despite the
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Figure 1. Molecular structures of six dinitroaniline (A-F) and two
phosphorothioamidate (G, H) herbicides to exemplify variation in
side groups between analogs. A, Trifluralin; B, pendimethalin; C,
oryzalin; D, ethalfluralin; E, dinitramine; F, nitralin; G, amiprophos-
methyl; H, butamifos.
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