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Short Communication

Reversal of Chlorsulfuron-Induced Inhibition of Mitotic Entry by
Isoleucine and Valine'

Received for publication August 30, 1984 and in revised form November 19, 1984

THOMAS L. ROST* AND THOMAS REYNOLDS
Department ofBotany, University ofCalifornia, Davis, California 95616 (T.L.R.); and Department of
Biology, University ofNorth Carolina, Charlotte, North Carolina 28223 (T.R.)

ABSTRACT

Pea (Pisum sativum L. cv Alaska) root tips were excised and cultured
aseptically in White's medium. Cultures were treated immediately or
after a 24 hour equilibration time with 28 nanomolar chlorsulfuron plus
isoleucine and valine (each 0.1 millimolar), isoleucine and valine, or
untreated. The percentage of mitotic figures in untreated control roots
sampled immediately after excision showed a transitory drop and recovery
within 24 hours (an excision effect). In chlorsulfuron-treated roots, the
percentage of mitotic figures did not recover. In roots treated with
chlorsulfuron plus isoleucine and valine, a complete recovery did occur.
If roots were treated with chlorsulfuron 24 hours after excision, the
percentage of mitotic figures was reduced to near 0 by 8 hours. In roots
treated with chlorsulfuron plus isoleucine and valine, no reduction in
mitotic figures occurred. The complete reversal of chlorsulfuron-inhibited
mitotic entry by isoleucine and valine implicates these amino acids, in
some manner, with the control of cell cycles progression.

Chlorsulfuron is a new herbicide used to control weeds in
cereal crops. This chemical is rather unique in that it is a highly
specific growth inhibitor (3) that selectively inhibits the progres-
sion of cells through the cell cycle (5). In pea root tips, chlorsul-
furon blocks cell cycle progression in both GI and G2 phases
without interfering directly with mitosis or DNA synthesis (5).
Ray (4) and Chaleff and Mauvais (1) have shown that chlor-

sulfuron inhibits the activity of acetolactate synthase, an enzyme
involved in the synthesis of the branched amino acids valine
(Val), leucine (Leu), and isoleucine (Ile). Addition of Val and Ile
together reversed chlorsulfuron growth inhibition in cultured pea
roots and whole plants.

Except for one example, there is no known or implicated role
for specific amino acids in cell cycle regulation, except for a
general requirement for continuous protein synthesis (2, 9).
When Chinese hamster cells (CHO) are grown in a complex
serum medium including several amino acids but lacking Ile
they became arrested selectively in GI (7, 8). Isoleucine is perhaps
involved in an initiation step for DNA synthesis during the GI
phase in cultured rodent cells.
The fact that chlorsulfuron inhibits the biosynthesis of Ile and

Val and that its growth inhibition response is cell cycle specific
cannot be pure coincidence. In this study, we demonstrate that
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Ile and Val totally reverse the inhibition of mitotic progression
induced by chlorsulfuron.

MATERIALS AND METHODS

Pea seeds (Pisum sativum L. cv Alaska) were surface sterilized
in commercial bleach for 5 min, poured on a sterile gauze
extended over a large beaker, and rinsed with sterile distilled
H20. Seeds were planted in sterile vermiculite and grown in the
dark for 5 d at 26TC. Seedlings were removed and the 1 cm root
tip excised and transferred into 50 ml of White's medium (10).
Cultures were placed on a rotary shaker (50 rpm) at 26°C in the
dark. In the first experiment, treatments were initiated immedi-
ately after excision, and in the second the roots were allowed to
grow for 24 h before treatment. In both instances, chlorsulfuron
at a final concentration of 28 nm, chlorsulfuron plus a 1:1
mixture of Ile and Val both at 0.1 mM, Ile and Val alone, and
White's medium alone were used. Chlorsulfuron and the amino
acids were prepared at higher concentrations and were filter
sterilized into the culture medium to achieve the final concentra-
tions.

Roots were sampled at intervals (4-5 per sample time) and
fixed in absolute ethanol:glacial acetic acid (3: 1, v/v) for at least
2 h, hydrolyzed for 20 min at room temperature in 5 N HCl, and
stained with Feulgen reagent. The 2-mm tips were squashed on
microscope slides and scored for the percentage ofmitotic figures.
All experiments were repeated twice, and at least 2000 cells from
four roots were scored for each data point in each experiment.
Standard errors of the mean were calculated for each point.
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FIG. 1. Per cent mitotic figures are shown in roots excised and cul-
tured for 24 h before treatment. Treatments are as follows: chlorsulfuron
(0), chlorsulfuron plus Ile and Val (0), Ile and Val (U), and untreated
control (0). Data expressed as means in which SE did not exceed 0.8.
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RESULTS

Root tips (1 cm) were excised and placed into White's medium
containing chlorsulfuron, chlorsulfuron plus Ile and Val, Ile and
Val, and untreated control. In the untreated control, the per-
centage of mitotic figures dropped rapidly so that between 4 to
8 h less than 1% ofthe cells were dividing. This drop was followed
by a recovery to the starting value of 4 to 6%. This was a classic
excision response as first reported by Wilson et al. ( 11) and it
may involve wound ethylene from the cut end of the root (6). In
the chlorsulfuron treatment, the percentage of mitotic figures
dropped in response to the excision effect but did not recover. If
the medium contained chlorsulfuron plus Ile and Val, the recov-
ery occurred exactly as in the untreated control (data not shown).
The Ile and Val treatment also responded as in the untreated
control. The addition of Ile and Val completely reversed the
chlorsulfuron-induced inhibition of mitotic entry.

In the second experiment, roots were excised and grown in
White's medium for 24 h before treatment. This was done to
insure that the excision effect period was passed and the per-
centage of mitotic figures restored to a constant level. The
untreated control was a flat line at approximately 6% (Fig. 1),
indicating that a constant number of cells were entering and
leaving mitosis. In the chlorsulfuron treatment, the percentage
of mitotic figures decreased rapidly and remained at near 0% for
the experiment duration. This inhibitory effect was totally re-
versed in the chlorsulfuron plus Ile and Val treatment. Isoleucine
and Val had no effect if used alone.

DISCUSSION

The mode of action of chlorsulfuron includes inhibition of
growth at low concentrations without significantly inhibiting
protein or RNA synthesis (3). Ray (3) also speculated that
chlorsulfuron inhibited cell division by interfering with some
molecular event preceding mitosis. Rost (5) examined the cell
cycle response of chlorsulfuron in pea root tips and determined
that the cell cycle is blocked at both GI and G2. He also reported
that although protein synthesis was not inhibited and RNA
synthesis was only slightly reduced that chlorsulfuron could act
by selectively inhibiting RNA synthesis specific to the cell cycle.
Ray (4) and Chaleff and Mauvais (1) have now reported on

the specific site of action ofchlorsulfuron and a related chemical,
sulfometuron methyl. These herbicides act by blocking the activ-
ity of acetolactate synthase. This enzyme is necessary for one of
the first steps in the biosynthesis of Val, Ile, and Leu. Ray (4)
demonstrated that chlorsulfuron inhibition of pea root elonga-
tion growth can be reversed by treatment with a mixture of Ile
and Val. Isoleucine alone and Leu alone or in combination with
Val does not reverse growth inhibition. Valine, however, partially
reversed chlorsulfuron growth inhibition.

In our study, we have demonstrated that Ile and Val com-
pletely reverse chlorsulfuron inhibition of cell entry into mitosis.
Since chlorsulfuron is a cell cycle specific herbicide (3, 5), this

observation provides evidence possibly implicating these amino
acids as being involved in cell cycle regulation. Rost (5) showed
that pea root tip cells were blocked at both GI and G2. Further
work on this point is required, however, to locate more specifi-
cally the primary control point affected by chlorsulfuron.

This is probably the first report to implicate an amino acid
deficiency exhibiting cell cycle inhibition in plant cells. It is not
the first, however, to show that Ile deficiency can affect the cell
cycle. Tobey and Ley (8) and Tobey (7) observed that when
CHO hamster cells were cultured in Ile-deficient medium, the
cell cycle became arrested in G.. No other phase of the cell cycle
was interfered with, so that cells in S completed DNA synthesis,
progressed through G2 and divided. This progression continued
through another round until all cells were arrested in GI. After
release from arrest by adding Ile, the cells resumed progression
through mitosis as a synchronous wave for one cycle (7). The
specific role of Ile deprivation was to inhibit the initiation of
DNA synthesis. It is noteworthy that, similar to chlorsulfuron-
treated pea roots, CHO cell RNA synthesis was only slightly
inhibited. Protein synthesis was also not totally inhibited al-
though some reduction in polypeptide translation rate occurred
because of the lack of Ile.
Lack of Ile and Val, due to chlorsulfuron inhibition of aceto-

lactate synthase activity, causes inhibition of root growth pre-
dominantly by stopping cell cycle progression in GI and G2. This
is a slightly different response than in CHO cells which arrests
only in GI. Nonetheless, the similarity in response cannot be
simply coincidental and will lead to further experimentation on
the possible role ofbranched amino acids on cell cycle regulation.

Acknowledgment-A sample of chlorsulfuron was supplied by Dr. E. Beyer, Jr.,
of E. 1. duPont de Nemours and Company, Wilmington, DE.

LITERATURE CITED

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.
11.

CHALEFF RS, CJ MAUVAIS 1984 Acetolactate synthase is the site of action of
two sylfonylurea herbicides in higher plants. Science 224: 1443-1445

GONZALEs-FERNANDEz A, G GIMtNEZ-MARTIN, ME FERNANDEZ-GOMEZ, C
DE LA TORRE 1974 Protein synthesis requirements at specific points in the
interphase of meristematic cells. Exp Cell Res 88: 163-170

RAY TB 1982 The mode ofaction ofchlorsulfuron: A new herbicide for cereals.
Pest Biochem Physiol 17: 10-17

RAY TB 1984 The site of action of chlorsulfuron: Inhibition of valine and
isoleucine biosynthesis in plants. Plant Physiol 75: 827-831

ROsT TL 1984 The comparative cell cycle and metabolic effects of chemical
treatments on root tip meristems. III. Chlorsulfuron. J Plant Growth Regul
3: 51-63

ROnT TL, M SAMMUT 1982 Regulation of cell division in pea root tips after
wounding: A possible role for ethylene. Protoplasma 11 1: 1-9

TOBEY RA 1973 Production andcharacterization ofmammalian cells reversibly
arrested in G1 by growth in isoleucine-deficient medium. Methods Cell
Biology 6: 67-112

TOBEY RA, KD LEY 1971 Isoleucine-mediated regulation ofgenome replication
in various mammalian cell lines. Cancer Res 31: 46-51

WEBSTER PL, J VAN'T HOF 1970 DNA synthesis and mitosis in meristems:
Requirements for RNA and protein synthesis. Am J Bot 57: 130-139

WHITE PR 1943 A Handbook of Plant Tissue Culture. Cattel, Lancaster, PA
WILSON GB, JH MORRISON, N KNOBLOCH 1959 Studies on the control of

mitotic activity in excised roots. J Biophys Biochem Cytol 5: 411-420

482 Plant Physiol. Vol. 77, 1985


