
Inhibition of Leishmanias But Not Host Macrophages 
by the Antitubdin Herbicide Trifluralin 

The dinitroaniline herbicide trifluralin (or,or,or-trifluoro-2,6-dinitro-N, N-dipropyl-p- 
toluidine), at micromolar concentrations, selectively inhibited both proliferation and 
differentiation of the parasitic protozoan Leishmania mexicana amazonensis. In vitro, 
radioactive trifluralin showed specific binding to leishmania tubulin but not to 
mammalian tubulin. Because herbicides such as trifluralin are economical and are 
considered safe for man and domesticated animals, they may serve as useful sources of 
potential antiparasitic agents. 

L EISHMANIASIS IS ONE OP THE MA- 

jor parasitic diseases in the develop- 
ing world. However, the curative 

and preventive chemotherapy for leishma- 
niasis is still unsatisfactory (1-3). Because 
tubulin is the most abundant leishmania 
protein, researchers are actively searching 
among microtubule inhibitory agents for 
chemotherapeutic drugs. On the basis of 
analyses of its DNA sequence, P tubulin of 
Leishmania mexicana amazonensis is more sim- 
ilar to the trypanosomal and plant proteins 
than animal proteins (4); therefore, our 
focus has been on drugs that disrupt plant 
microtubules. 

Trifluralin (Fig. 1) is normally applied, 
before emergence, for the control of annual 
grasses (5 ) .  Although this compound is tox- 
ic to juvenile crawfish and mosquito fish (4, 
the LDSo (median lethal dose), when given 
orally to rats, is 500 mg per kilogram of 
body weight (7). Its inhibitory effect on the 
cytoskeleton of the coelenterate Hydva has 
been noted during the uptake and transport 
of the unicellular alga Chlovella by Hydva in 
the establishment of symbiosis between the 
alga and the coelenterate (8) ,  in the regener- 
ation of the microtubule-based oral struc- 
ture of the protozoan Stentov (9),  and in the 
regeneration of the flagellum of the unicellu- 
lar alga Chlamydomonas (10). We studied the 
effect of trifluralin on the parasitic protozo- 
an L. m. amazonensis. The life cycle of this 
parasite consists of two stages: an extracellu- 
lar promastigote form with an anterior fla- 
gellum, which can be found in the gut of the 
sand fly, and an intracellular nonmotile 
amastigote form, which occurs within the 
phagolysosomes of mammalian macro- 
phages. 

Trifluralin inhibited promastigote prolif- 
eration by 80 a 10% at 2.5 pM and by 
95 a 5% at 5 pM (Fig. 2A) (error limits are 
+SD throughout the paper). This is compa- 
rable to the concentration needed to inhibit 
the regeneration of the Chlamydomonas fla- 
gellum (5 pM) (1 0). To measure the drug's 
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effect on intracellular amastigotes, we cul- 
tured murine J774 macrophages, approxi- 
mately 60% of which were infected, with 
trifluralin and determined the ratio of infect- 
ed to uninfected cells 3 days later (Fig. 2B). 
In each case, addition of 5 pM trifluralin 

NO2 

Fig. 1. Molecular structure of trifluralin. 
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reduced the frequency of infection by 50%, 
as compared to the untreated control (Fig. 
2B). The drug probably interfered with 
amastigote replication, as it had no effect on 
the viability of purified, nonreplicating 
amastigotes. In the presence of up to 50 FM 
trifluralin, these nonreplicating amastigotes 
were metabolically active (for 1 day at 33°C) 
as measured by 3-(4,5-dimethylthiaz01-2- 
y1)-2,5-diphenyltetrazolim bromide (M'IT) 
dye reduction assay (1 1). 

Trifluralin also prevented amastigote-to- 
promastigote differentiation. Arnastigotes, 
freshly isolated from J774 cells (IZ), were 
cultured in the presence or absence of triflu- 
ralin, and the ratio of promastigotes to 
amastigotes was determined in each case 
after 3 days. At 0.5 pM, trifluralin inhibited 
amastigote-to-promastigote differentiation 
by 30 to 80% (Fig. 2C). This concentration 
was lower than that needed to inhibit leish- 
manial growth. 

We also tested the effect of trifluralin on 
mammalian cells in our in vitro culture 
system. Murine J774 and P388Dl and hu- 
man HL-60 lines were cultured in the pres- 
ence of the herbicide. No significant inhibi- 
tion of proliferation (90 a 7%) was ob- 
served at 50 pM (Fig. 3), a concentration 20 
times the effective dose for the parasites. 

To illustrate its mode of action, we dem- 
onstrated the specific binding of radioactive 
trifluralin to leishmania tubulin. Using pub- 
lished methods of tubulin isolation for try- 
panosomatids and other protozoa (13, 14), 
we partially purified subpellicular tubulin 
from L. m. amazonensis promastigotes, and 
we isolated mammalian tubulin from rat 

Fig. 2. The effect of trifluralin on L, m,  amaronen- 
sis. (A) Promastigotes were cultured at 27"C, in 
LIT (liver infusion tryptose) medium (23), with 
the indicated concentrations of trifluralin added. 
After 5 to 6 days, the parasites were counted by 
hema~~tometer; A d  th; inhibition was calculated. 
Inhibition = 100 - [(number. of ~arasites in 

\ 

experimental)/(number of parasites in untreat- 
ed)] x 100. (B) Trifluralin treatment, at 5 yM, 
reduced infection by over 50%. Murine J774 
macrophages, which had been infected with pro- 
mastigotes for 3 days, were cultured at 33°C in 
complete RPMI 1640 plus fetal bovine serum 
(12), with or without trifluralin. efter another 3 
days, the macrophages were harvested and stained 
with Giemsa stain, and the number of infected 
macrophages was determined. Infective index 
= (percent of infected macrophages in experi- 
mental)/(percent of infected macrophages in un- 
treated). The infection in the untreated culture 
was 60%. (C) At 0.5 yM, trifluralin inhibited 
differentiation of amastigotes to promastigotes. 
Amastigotes, freshly isolated from infected J774 
cells, were cultured in LIT medium with the 
indicated concentrations of trifluralin. After 3 
days at 27"C, the ratio of promastigotes to amasti- 
gotes in the cultures was determined. [Each line 
plotted (each type of symbol) represents a com- 
pletely independent experiment.] 
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Fig. 3. Trifluralin at 50 p M  did not inhibit 
d a n  cell growth. Murine J774 and 
P388D1 macrophage lines and human HG60 
cells were cultured at 3% in complete RPMI 
and fetal bovine serum, with the indicated con- 
centrations of tduralin added. After 5 to 6 days, 
the number of cells was counted and the percent 
of survival was calculated. Survival = [(number of 
cells in experimental)/(number of cells in untreat- 
ed)] x 100. Standard deviations were calculated 
for three experiments. 

brain (15, 16). Leishmania and rat tubulins 
were quantitated by Coomassie blue G-250 
dye biding assay, and the purity was veri- 
fied by gel electrophoresis (Fig. 4A). Tubu- 
lin (30 or 40 pg) was added to 3 pg of 14G 

labeled trifluralin (3 mcilmmol), and the 
protein was collected by two precipitations 
with 25% polyethylene glyco1-6000 (17). 
The ['4C]trifluralin bound to leishmania 

, tubulin quantitatively (258 + 27 dpm with 
30 pg of tubulin and 566 + 93 dpm with 
40 pg) (Fig. 4B). The binding was specific: 
rat tubulin showed a radioactivity of 
71 + 17 dpm at 30 pg and 51 + 14 dpm at 
40 pg, values similar to those of the control 
with no protein added (52 2 19 d m). This i' result was comparable to that of [I Cltriflur- 
alin biding to the flagellar tubulin of 
Chlamydomonas (942 dpm for 1% pg of 
protein with 1.03 mCi of ["~ltrifluralin per 

Fig. 4. Isolation of leishmania and rat tubulins 
and their bmdmg to ["C]tduralin. (A) SDS- 
polyaqlarnide gel electrophoresis of tubulin 
samples. Lanes 1 and 2, rat tub*, lanes 3,4, 
and 6, kishmani;l t u b ,  lane 5, bovine serum 
albumin (500 @ml). (A 20% gel was run in the 
PhastSystem of Pharmacia. Diffkent samples 
were independent preparations.) For leishmania 
tubulin, phosphate-buffkred, saline-washed pro- 
mastigotes were homogenized in a phosphate- 
glutamate (PG) buffer containing leupeptin and 
Triton X-100 (0.596, Pierce). The detergent-in- 
soluble material was washed in PG buffer, and 
tubulin was r e l e d  from the ~ytoskeleton by 
CaCh (0.5 mM) incubation according to the 
method of Dolan et al. (14). For rat tubulin, ficsh 
brains were homogenized in a MES-EGTA- 
guanosine 5'-mphasphate buffk according to the 
method of Shelanski ct al. (14, and the microtu- 
bules were isolated by the reversible assanbly 
pwification method as described by Vallee (16). 
Tubulin from two cydes of microtubule assem- 
bly-disassembly was dissolved in PG buffer for 
drug-binding studies. (B) Binding of [14C]niffur- 
alin to leishmania and rat tubulins. At the indicat- 
ed concentrations, tub& was added to 0.5 mI of 
PG buffer containing ["C]tduralin (3 pg dis- 
solved in 5 4 of dirnethyl &xide) and incubat- 
ed for 30 min at 37°C. We precipitated the 
protein by ad- polyethylene glycol4000 to a 
final concentration of 25%. After another 30 min 
at 4T, the precipitate was spun in a microfuge at 
4°C. The pellet was redissolved in 0.5 rnl of PG 
b e ,  transferred to a new microfuge tube, and 
reprecipitated with polyethylene glycoldooo. Af- 
ter centrifugation, the bottom of the microfbgc tube 
pellet dissolved in Beckman Ready Protein Liqui 
radioactivity. 
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millimole) (18). Thus, the selective inhibi- 
tion of leishmania growth may be due to the 
specific binding of triflucalin to leishmania 
tubulin but not to mammalian tubulin. 

On the basis of ultrastructural morpholo- 
gy and sequence comparison of small sub- 
unit ribosomal RNAs, it has been proposed 
that trypanosomatids (including Leishmania 
and Trypanosoma) and euglenoids (including 
Euglena) are phylogeneticdy related (19). In 
our earlier study we showed that leishmania 
tubulin is more similar to aypanosome tu- 
bulin than to animal tubulin (4). The amino 
acid sequence of Leishmania p tubulin has 
80% similarity to that of human tubulin and 

93% similarity to that of aypanosomes. 
Trypanosoma p tubulin has 95% similarity to 
Euglena tubulin, which, in nun, is 95% 
similar to Chlamydomonas tubulin and 93% 
similar to soybean tubulin (20). The dini- 
troaniline herbicides are known to bind to 
Chlamydomom and rosc tubulins (18, 21). 

Although the exact binding site for triflu- 
ralin on leishmanial tubulin is unknown, we 
have shown that trifluralin selectively binds 
to leishmania tubulin and interferes with 
leishmania growth and infection in vim. 
Thus, trifluralin may be important for cyto- 
skeleton-targeted chemotherapy against 
leishmaniasis, and possibly aypanosorniasis. 
For example, it may be possible to generate 
a trill&-derived drug for topical aeat- 
rnent of cutaneous leishmaniasis. Antimicro- 
tubule drugs, such as thiabendazole, are 
commercially available as safe, broad spec- 
trum anthelmintics (22). There may be other 
potentially useful antiparasitic agents among 
the commercially available herbicides. 
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Cell Alignment Required in Differentiation of 
Myxococcus xanthus 

During fruiting body morphogenesis of Myxococcus xanthus, cell movement is required 
for transmission of C-factor, a short range intercellular signaling protein necessary for 
sporulation and developmental gene expression. Nonmotile cells fail to sporulate and 
to express C-factordependent genes, but both defects were rescued by a simple 
manipulation of cell position that oriented the cells in aligned, parallel groups. A 
similar pattern of aligned cells normally results from coordinated recruitment of wild- 
type cells into multicellular aggregates, which later form mature fruiting bodies. It is 
proposed that directed cell movement establishes critical contacts between adjacent 
cells, which are required for efEcient intercellular C-factor transmission. 

C ELL INTERACTIONS ESTABLISH CELL 
fate during morphogenesis of multi- 
cellular organisms (1-3). Many cell 

interactions require correct spatial pattern- 
ing of cells for proper signaling (4-6). A 
protein called C-factor, which has properties 
of a morphogenetic paracrine signal, is re- 
quired for cellular aggregation, spore differ- 
entiation, and gene expression induced by 
starvation of the rod-shaped Gram-negative 
bacterium, Myxococcus xanthus (7, 8). C- 
factor has been purified and identified as the 
membrane-associated protein product of the 

.(c 
al) gene (7, 8). Cell motility is 

required or proper intercellular transmis- 
sion of C-factor (9). Nonmotile cells re- 
spond to purified C-factor and produce it at 
wild-type concentrations, yet they arrest de- 
velopment at a stage similar to csgA mutants, 
which do not produce C-factor. Increased 
cell density pamally restores nonmotile cell 
sporulation (1 0). These observations sug- 
gest that movement might allow cells to 
establish a spatial pattern that is crucial for 
subsequent C-factor-dependent sporulation 
and gene expression. We report here that 
ordered parallel alignment of nonmotile 
cells restored both sporulation and develop- 
mental gene expression. 

On a solid surface. starving; M. xanthus 

build a small, steep-sided mound of about 
10' cells ( I  I). The external simplicity of the 
mound conceals what scanning elecrron mi- 
croscopic studies (12) have revealed: cells are 
patterned inside a mound in organized, co- 
herent arrays. This patterning of cells also 
can be detected by lower resolution light 
microscopy (Fig. 1). Coordinated cell 
movement is apparent early in aggregation, 
when ridge-lie accumulations of gliding 
cells move with regular periodicity like rip- 
ples on a water surface (13). Within a circu- 

s 

cells glide to aggregation centers where they Fig. I. Internal organization of a nascent M. 
xanthus fruiting body. Wid-type M. xanthus strain 

Departments of Biochemistry and Developmental Biolo- DK1622 was&o& and fihting body develop- 
gy, Stanford University School of Medicine, stanford, ment on solid starvation agar ( 1 1 ,  20). 
CA 94305. Aggregated cells were photographed with a Lei= 

inverted light microscope at 4 0 ~  magnification. 
*To whom comspondence should be addressed. Scale bar, 50 pm. 

lar mound, some cells lyse, while other cells 
differentiate to ovoid, iefractile spores that 
are resistant to heat and desiccation (14). 
These spores later fill the mature fruiting 
body. There are similarities in development 
of myxobacteria and cellular slime molds 
(15). 

Control of the development of M .  xanthus 
fruiting bodies by cell-cell interactions is 
implied by four classes of nonautonomous 
mutants that can sporulate only upon mix- 
ture with wild-type cells (16). One class of 
such developmental mutants is the ccg mu- 
tants (16, 17), which result from mutation of 
the crgA gene (18) and fail to complete 
aggregation, ripple, lyse, or sporulate (13). 
csgA mutants show an altered pattern of 
developmental gene expression as moni- 
tored by transcriptional h i o n s  of lacZ to 
developmentally regulated genes (1%21). In 
csgA mutants, expression of lacZ fusions is 
normal for the fikt 6 hours of develo~ment 
(C-factor-independent expression), but P- 
galactosidase expression is reduced or abol- 
ished after 6 hours (C-factor-dependent) 
(21). All of the developmental defects result- 
ing from mutation of csgA are overcome by 
codevelopment of mutant cells with wild- 
type cells or by addition of 1 nM purified C- 
factor (7, 8). Biochemical characterization 
suggests that C-factor is membrane-associat- 
ed. 

Evidence that the transmission of C-factor 
between cells requires cell movement comes 
from studies of M .  xanthus cells that are 
nonmotile because of mutations in the mglA 
gene (22). Nonmotile cells, like csgA mu- 
tants, fail to aggregate, ripple, sporulate, or 
express C-factor-dependent genes (1 0). C- 
factor (1 nM) purified from wild-type cells 
restores mglA sporulation and gene expres- 
sion to wild-type amounts, but admixture of 
intact wild-type cells does not. Wild-type 
concentrations of C-factor can be purified 
from mglA cells, yet intact mglA cell; do not 
rescue csgA cells (9). These observations 
support the hypothesis that cells must move 
for efficient in vivo csgA signaling. Proper 
intercellular C-factor transmission may re- 
quire a critical spatial orientation achieved 
only after cells move into the dense aligned 
cellular organization of a nascent frGting 
body. 

To test this hypothesis, we simulated the 
cellular organization found within a fruiting 
body by artificially aligning nonmotile cells. 
Nonmotile cells were placed at standard 
density (5 x lo9 per milliliter) on a solid 
developmental surface that had been scored 
in one dimension with 5- to 10-pm alumi- 
num oxide abrasive paper to create micro- 
scopic grooves. ~ o m & k i  optics revealed 
that cells that settled in these grooves were 
oriented with their long axes parallel to the 

SCIENCE, VOL. 249 




