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ABSTRACT

Acetochlor and propachlor from acetanilide group, glufosinate from amino acid synthesis
inhibitors group, and cycloate from thiocarbamate group have been found to act as an
inhibitors of photophosphorylation in  spinach chloroplast. ATP synthesis and
phosphorylating electron flows as well as light-activated membrane-bound Mg®* -ATPase
were inhibited by all compounds without affecting basal and uncoupled electron transports
and heat-activated Ca’ -dependent ATPase activity of isolated coupling factor protein.
Thylakoids partially siripped of coupling factor by EDTA were unable to accumulate protons
in the light, However, increasing concentrations of acetochlor, propachior, glufosinate, and
cycloate restored this ability. It is concluded that the four compounds effects result from
blocking profon transport through the CFy channel. These results suggest that the
herbicides, access inhibition sites in CFg.

INTRODUCTION

ATP synthesis from ADP and phosphate in chloroplasts is ¢atalyzed by
the H' -ATPase associated with the thylakoid membranes. Its stucture is
bipartite with a membrane embedded, proton-conducting portion, F;, and a
peripheral portion, F,, which protrudes from the membrane toward the
siroma. One of the main experimental approaches to study the mechanism
of photophosphorylation is the use of specific inhibitors that affect the light-
dependent ATP synthesis in chloroplasts by blocking electron transport
coupled to ATP synthesis or by directly inhibiting photophosphorylation
reactions. This fatter inhibition (energy transfer inhibition) may be localized
at CFy (proton channel of ATP synthase) or at CF, (chloroplast coupling
factor 1). For example, phlorizin, DIO-9, and N-ethyimaleimide, appear to
inhibit CF, (lzawa et al. 1966; McCarty et al. 1965; McCarty and Racker
1968). However, dicyclohexylcarbodiimide (DCCD), triphenyltin chioride,
and 5-0-3-D-galactopyranosyl-7-methoxy-3, 4 —dihydroxy-4-
phenylcoumarin seem to interact with CF, (McCarty ef al. 1965, Gould,
1976; Calera et al. 1995).
Moreover, in the chloroplast H" -ATPase comlex, the membrane sector is
composed of four subunits I-IV. A major constituent of CF, is a hydrophobic
protein of about 8 Kda, component i, commonly referred to as a
proteolipid, which is the binding site of DCCD (McCarty and Racker 1968).

Vol. 11(1),2006 133



J. Adv. Agric.Res. (Fac. Agric. Saba Basha)

There are many examples of herbicidal interaction with the structure
and function characteristics of plant chioroplasts (Yanase et al. 1990 ;
Trebst and Draber 1992). Nevertheless, the effects of herbicides on plant
cell appear to be complex and their mode of action is not completely
established. For this purpose, the aim of the present study was to evaluate
the effect of herbicides on several photosynthetic activities inciuding ATP
synthesis, electron flow (basal, phosphorylating, and uncoupled),
chloroplast Mg” -ATPase, chloroplast coupling factor 1 (CF,), and proton
channel of ATP synthase (CF,) in isolated spinach chloroplasts.

MATERIALS AND METHODS
Tested Herbicides

Pure (99.9%) Acetochlor and propachior (Acetanilide group), glufosinate
(Amino acid synthesis inhibitors group), and cycloate (Thiocarbamate
group) were purchased from Zeneca Agrochemicals Co., UK. For all
assays one millimolar stock solutions were made for all compounds.
Solution of glufosinate was prepared in distilled water. Solutions of
acetechlor, propachlor, and cycloate were made in pure ethanol and the
final concentration of ethanal did not exceed 1%.
Chloroplast Isolation, Chlorophyil Determination

Chioroplasts were isolated from market spinach leaves (Spinacea
oleracea L.) as previously described by Strain ef af. 1971 and suspended in
400 mM sucrose, 5 mM MgCl,, 10 mM KCI, and 0.03 M K" -tricine (pH 8.0).
The chlorophyit concentration was measured, as prevnously reported by
Achnine ef al. 1999
Measurement of ATP synthesis

ATP synthesis was measured as the pH rise between 8.0 and 8.1 as
described by Macias ef al.1999. The pH changes were registered using a
Gilson recorder. The ATP synthesis reaction medium contained 100 mM
sucrose, 5 mM Mg*Cl,.6H,0, 10 mM KCI, and 1 mM and K" -tricine (pH 8.0)
in the presence of 1 mM ADP and 3 mM KH.PO, (Milis ef a/. 1980). In the
assay media given above, 100 pM methylviologen (MV) was used as
electron acceptor.
Measurement of non-cyclic electron transport rate

Photosynthetic non-cyclic electron flow from water to methylviologen was
determined with a yeliow Spring Instrument Modei 5300 oxygen monitor
and a Clark-type electrode. The basal electron transport reaction medium
was the same as in the ATP synthesis assay, except for the tricine
concentration (15 mM) and the absence of ADP and KH,P0,. For the
uncoupled electron transport measurement, 6 mM NH,C! was added to the
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basal electron transport medium. For the phosphorylating electron transport
medium, 1 mM ADF and 3 mM KH PO, were added to the basal electron
transport medium. The mixture reactions were illuminated for 1 min. as
reported by Macias et al. 1999,
Mg?* - and Ca®* -ATPase and EDTA-treated Chioroplast Assays

Mg* -ATPase activity bound to thylakoid membranes was measured
according to the technique reported by Mills et al. 1980 .To obtain CF-
depleted chioroplasts and solubilized CF;, an aliquot of fresh chloroplasts
was diluted with 0.75 mM ethylenediaminetetraacetic acid (EDTA) pH 7.6
and incubated for 10 min at 20 °C. CF, —depleted membranes were then
removed by centrifugation. Of this EDTA extract {(containing CF, complex),
0.5 ml were added to 0.5 ml of 20 mM tricine (pH 8.0), 0.2 mM EDTA, 10
mM dithiothreitol (DTT), and 40 mM ATP, and heated at 60 °C for 4 min. Of
this activated mixture, 0.1 ml was incubated for 20 min at 37 °C with 0.9 ml
of a medium containing 50 mM Tris, pH 8.4, 5 mM Ca Cl,, and 5§ mM ATP
according to Achnine ef al 1999). Reaction was stopped with 2%
trichloroacetic acid (TCA) and inorganic phosphate was determined as
previously described by Taussky and Shorr 1953. Protein was detemined
by the method of Lowry et al. 1951, using bovine serum albumin (BSA) as a
standard.
The Washing Procedure of EDTA-Treated Thylakoids

The washing procedure of CF,-depleted chloroplasts was repeated four
times as described by Gould 1876. A small aliquot (200 pg chiorophyll) was
assayed for proton uptake measured as the pH rise between 8.0 and 8.1
according to Dilley 1972. The reaction medium contained 100 mM sucrose,
2.5 mM NaCl, 2 mM MgCi,, 100 uM methylviologen, and 0.5 mM Hepes-
KOH (pH 7.5). The reaction was measured as the restoration of H" -uptake
in the presence of the herbicides. All biochemicals were purchased from
Sigma Chemical Co. St. Louis, Missouri. The results are presented as
mean values (+SD) of measurements made with chloroplast preparations
from four independent isolates.

RESULTS AND DISCUSSION
Effects of acetochlor, propachlor, glufosinate, and cycloate on
ATP synthesis and electron transport

Photosynthetic photophosphorylation coupled to etectron transfer from
water to methylviologen in freshly lysed spinach chloroplasts was inhibited
by the herbicides acetochlor, propachlor, giufosinate, and cycloate (92, 86,
82, and 84%, respectively, at 200 uM) (Table 1).
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Table 1: ATP synthesis as a function of concentrations of acetochilor,
propachtlor, glufosinate, and cycloate.

Activity (%)

Compound Conc. (M)

Tested Compounds 0 - 50 100 150 200
Acetochlor 10012 6412 2843 812 8+2
Propachlor 10043 - 7243 3842 1442 1442
Glufosinate 10013 7812 4014 1843 1812
Cycloate 10012 6842 3643 1612 1612

Details of the experiments are given in Materials and Methods. The control rate
value for ATP synthesis was 950 pmol. ™'. mg Chl.”". Each point represents the
mean of four determination, +SE.

The light-dependent formation of ATP can be inhibited by either blockage
of the electron transport, direct inhibition of the H' -ATPase complex, or
uncoupling of ATP synthesis process from the electron transport (Good et
al. 1981). To know the effect of acetochlor, propachlor, glufosinate, and
cycloate on ATP synthesis, its mechanism of action on various electron
transport activities. was determined. The results show that phosphorylating
electron flow was inhibited by all compounds (Table 2). However, basal and
uncoupled electron flows (5 mM ammonium chloride) from water to
methylviologen were unaffected by these compounds (Tables 3, and 4).

Table 2: Effects of acetochlor, propachior, glufosinate, and cycloate
on phosphorylating electron transport from water to
methylviologen in freshly lysed spinach chioroplasts.

Activity {%)

Compound Conc. (UM) :

Tested Compounds 0 50 100 150 200
Acetochlor 1003 6614 4213 2742 2743
Propachlor 10043 6812 45+4 3212 3245
Glufosinate 100+£2 7414 605 38+2 38+3
Cycloate 100+2 75+3 6044 4414 4442

Details of the experiments are given in Materials and Methods. Control value was
500 pequiv. & .h *' . mg of Chl. ™. Each point represents the mean of four
determination, £SE.
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Table 3: Effects of acetochlor, propachlor, glufosinate, and cycloate
on basal electron transport from water to methylviologen in
freshly lysed spinach chioroplasts.

Activity (%)

Compound Conce. (UM}

Tested 0 50 100 160 200
Compounds .

Acetochlor 10012 100+4 100£2 100£3 10042
Propachlor 1004 10013 99+2 1004 9912
Glufosinate 10013 9813 9914 9842 9744
Cycloate 10022 9912 95+3 9712 9942

Details of the experiments are given in Materials and Methods. Control value was
400 pequiv. e .h - mg of Chl. ' Each point represents the mean of four
determination, +SE.

Table 4: Effects of ace’tochior, propachlor, glufosinate, and cycloate
on uncoupled electron transport from water to methylviologen
in freshly lysed spinach chloroplasts.

Activity (%)

Compound Conc. (UM}

Tested Compounds 0 50 100 150 200
Acetochlor 10013 100+2 99+2 10014 9943
Propachlor 9912 10012 9743 100+2 9842
Glufosinate 98+2 99+4 99+2 9943 10043
Cycloate 992 9943 9912 99+3 99+3

Details of the experiments are given in Materials and Methods. Control value was
812 pequiv. € .h 7' . mg of Chl. ~*. Each point represents the mean of four
determination, £SE.

The light-dependent membrane bound Mg®* -ATPase was also inhibited
in a concentration-dependent manner with acetochlor, propachior,
glufosinate, and cycloate (94, 92, 86, and 88%, respectively, at 200 pM)
(Table 5). Therefore, these compounds act as an energy transfer inhibitors.
This behavior is similar to that found for energy transfer inhibitors like
DCCD (McCarty and Racker 1968); DIO-9 (McCarty et al. 1965), Philorizin
(Izawa et al. 1966) ; and triphenyltin {Gould 1976).
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Table 5: Effects at different concentrations of acetochlor, propachlor,
glufosinate, and cycloate on the light-activated membrane-
bound Mg” -ATPase and the heat-activated Ca* -ATPase

activity of purified coupling factor 1 of chloroplasts

Compounds Mg™" -ATPase (%) Ca“' -ATPase (%)
Acetochior {JaM} '
None 10042 100+4
50 2442 98+3
100 1010.12 9742
150 8+0.12 9512
200 6+0.11 9643
Propachior (UM}

None 10043 1005
50 32+2 9612
100 18+0.14 9714
150 9+0.12 9843
200 8+0.14 9642
Glufosinate (uM)

None 10044 10024
50 3644 9943
100 2442 9712
150 1440.11 9844
200 1440.12 9942
Cycloate (M)

None 10015 10016
50 332 10014
100 2242 98+2
150 12+0.14 g7+2
200 1240.11 96+3

Details of the experiments are given in Materials and Methods. Control values for
Mg®* - and Ca®* -dependent ATPases were 125 umoles Pi released/mg Chl. h. and
186 pmoles Pifmg protein., respectively. Each point represents the mean of four
determination, +SE.

To localize the action site of the four compounds on the H® -ATPase
complex, its effect on CF, isolated from EDTA-treated thylakoids were
assayed. Table 5 shows that increasing concentrations of these
compounds did not affect the Ca?* -ATPase activity. These results indicate
that the four compounds do not interfere with CF, when acting as an energy
transfer inhibitors.
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To localize further the target of these compounds on H* -ATPase complex,’
. its effect on the EDTA-treated thylakoids was studied. It is known that the
_removal of CF, from thylakoid membranes results in an
- enhancement of proton permeability (Neumann and Jagendrof 1964).
- Moreover, certain energy transfer inhibitors such as DCCD and triphenyltin
- interact with CF, and decrease the rate constant of proton efflux (McCarty
and Racker 1967; Gould 1976). The proton uptake of thylakoids partially
stripped of CF, can be restored by adding CF, (Klein-Hitpass and Berzborn
1984) or by adding DCCD (Gould 1976). Table 6 illustrates that increased
concentrations of the four compounds restore the light dependent pH-rise
to a suspension of EDTA-washed chioroplasts, as does triphenyltin, and
DCCD. Therefore, acetochior, propachlor, glufosinate, and cycloate inhibit
photophosphorylation by biocking the CF, channel.

Table 6: Restoration of light-driven proton uptake in EDTA-washed
chloroplasts at different concentrations of acetochlor,
propachlor, glufosinate, and cycloate.

% of Restoration '
Compound Conc. {pM) :
Tested Compounds 0O 50 100 150 200

Acetochlor 100+3 138+4 16743 17516 17615
Propachior 10042 13416 16446 1738 17418
Glufosinate 100+2 12815 1605 17046 17048
Cycloate 1002 12248 16014 168+7 16816

Details of the experiments are given in Materials and Methods. Control value for
proton uptake was 1.20 pequiv. H'/ mg of Chl. Each point represents the mean of
four determination, £SE.

Therefore, it can be concluded from the present study that herbicides can
act on the CF; target in plat chloroplasts. This interaction may constitute an
essential mechanism of theirmode of action in plant.
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