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Inhibition of Acetyl-Coenzyme A Carboxylase by Two Classes of 
Grass-Selective Herbicides 
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The  selective grass herbicides diclofop, haloxyfop, and trifop ([ (aryloxy)phenoxy]propionic acids) and 
alloxydim, sethoxydim, and clethodim (cyclohexanediones) are potent, reversible inhibitors of acetyl- 
coenzyme A carboxylase (ACC) partially purified from barley, corn, and wheat. Although inhibition 
of the wheat enzyme by clethodim and diclofop is noncompetitive versus each of the substrates ade- 
nosine triphosphate (ATP), HCOs-, and acetyl-coenzyme A (acetyl-coA), diclofop and clethodim are 
nearly competitive versus acetyl-coA since the level of inhibition is most sensitive to the concentra- 
tion of acetyl-coA (Ki, < KiJ. To  conclusively show whether the herbicides interact a t  the biotin 
carboxylation site or the carboxyl transfer site, the inhibition of isotope exchange and partial reac- 
tions catalyzed at each site was studied with the wheat enzyme. Only the [14C]acetyl-CoA-malonyl- 
CoA exchange and decarboxylation of [ 14C]malonyl-CoA reactions are strongly inhibited by clethodim 
and diclofop, suggesting that the herbicides interfere with the carboxyl transfer site rather than the 
biotin carboxylation site of the enzyme. Double-inhibition studies with diclofop and clethodim sug- 
gest that  the [ (aryloxy)phenoxy]propionic acid and cyclohexanedione herbicides may bind to the same 
region of the enzyme. 

There are two major chemical classes of postemer- 
gence herbicides that are used for the control of annual 
and perennial grasses (monocots) in a large variety of 
broad-leaved crop plants (dicots): substituted 1,3-cyclo- 
hexanediones (alloxydim, sethoxydim, clethodim) (for 
reviews see Iwataki and Hirono (1979) and Ishikawa et  
al. (1985)) and various derivatized phenoxypropionic acids 
(diclofop, haloxyfop, trifop) (for a review see Nestler 
(1982)). The  structures and common names for repre- 
sentatives of each class are shown in Table I. 
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Studies on the uptake, translocation, and metabolic fate 
of both classes of herbicides in tolerant and susceptible 
plants have shown that the susceptibility of monocoty- 
ledenous species is probably not due to differential metab- 
olism of the compounds to nonherbicidal forms or to dif- 
ferential uptake or transport (Swisher and Corbin, 1982; 
Veerasekaran and Catchpole, 1982; Buhler et  al., 1985). 
A number of recent studies have shown that representa- 
tives of both classes of herbicides inhibited de novo fatty 
acid biosynthesis in isolated chloroplasts, cell cultures, 
or leaves of susceptible grasses such as corn, wheat, and 
wild oats but not in tolerant broad-leaved plants such as 
soybean, spinach, and sugar beet (Burgstahler and Lich- 
tenthaler, 1984; Hoppe, 1985; Hoppe and Zacher, 1985; 
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ing compounds such as clethodim and haloxyfop have 
lower 15,, values and use rates than alloxydim and sethox- 
ydim. Diclofop, which is used commercially to control 
grasses in wheat without damaging the wheat itself, has 
an extremely high affinity for the wheat enzyme (Is0 = 
70 nM). This apparent inconsistency is explained by stud- 
ies of the metabolism of diclofop in wheat (Gorecka et  
al., 1981). Gorecka showed that wheat can detoxify this 
compound more rapidly than susceptible species (by 
hydroxylation of the substituted phenoxy ring and sub- 
sequent conjugation to sugars). The relatively high use 
rate for diclofop (700-1100 g/ha), despite its relatively 
tight binding to the enzyme, may be explained by the 
poor translocation of this compound in both wheat and 
wild oats (Brezeanu et  al., 1979). 

Previous reports also showed that the herbicide bind- 
ing pocket of the enzyme from grassy species appears to  
be very specific for the [ (aryloxy)phenoxy]propionic acid 
and cyclohexanedione structures (Rendina and Felts, 1988; 
Rendina et  al., 1988). Studies with corn, barley, or wheat 
ACC showed that the inhibition by trifop, haloxyfop, and 
fluazifop was stereoselective for the R-(+) enantiomers 
of the propionic acid moieties of these herbicides (Ren- 
dina et al., 1988; Secor and Cseke, 1988; Walker e t  al., 
1988b). These results were consistent with the observed 
stereoselectivity for (R)-(+)-diclofop-methyl and other 
[(aryloxy)phenoxy]propionic acid herbicides in whole- 
plant studies (Nestler and Bieringer, 1980). 

Malonyl-CoA, the product of acetyl-coA carboxylase, 
is a key metabolic intermediate used in the de novo bio- 
synthesis of fatty acids and flavonoids, as well as a num- 
ber of other metabolic pathways that  are important to  
plants such as the biosynthesis of cuticular waxes, stil- 
benoids, anthroquinones, napthoquinones, (N-malony- 
1amino)cyclopropane-l-carboxylic acid, and malonic acid 
(Stumpf, 1987). Therefore, in the absence of any other 
means of synthesizing malonyl-CoA, inhibition of ACC 
would deprive the plant of an essential intermediate and 
lead to phytotoxic effects. I t  is not clear whether block- 
age of one or more of these pathways is the primary cause 
of the phytotoxicity. 

Acetyl-coA carboxylases from all species contain 
covalently bound d-biotin, which serves as a carboxyl car- 
rier between a biotin carboxylation site, which catalyzes 
the ATP and divalent metal ion dependent carboxyla- 
tion of biotin (eq l ) ,  and a carboxyl transfer site where 
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a Common names are from the American National Standards Insti- 
tute. Clethodim (SELECT, Chevron) is the proposed common name 
for 2-[1-[~(3-chloro-2-propenyl)oxy]imino]propyl]-5-[2-(ethylthio- 
)propyl]-3-hydroxy-2-cyclohexen-l-one, alloxydim (CLOUT, Nip- 
pon Soda and Schering) is the common name for 2-[ l-(ally1oxy)ami- 
no] butylidene]-5,5-dimethyl-4-(methoxycarbonyl)-3-hydroxy-2- 
cyclohexen-l-one, and sethoxydim (POAST, BASF) is the common 
name for 24 1-(ethoxyimino)butyl]-5-[2-(ethylthio)propyl]-3-hydroxy- 
2-cyclohexen-l-one. Diclofop, Haloxyfop, and trifop are common 
names for (R,S)-2-[4-(2,4-dichlorophenoxy)phenoxy]propionic acid 
(the methyl ester of diclofop is HOELON, Hoechst), (R,S)-2-[4-[[3- 
chloro-5-(trifluoromethyl)-2-pyridinyl]oxy]phenoxy]propionic acid 
(haloxyfop-methyl is VERDICT, Dow), and (R,S)-2-[4-[4-(trifluo- 
romethyl)phenoxy]phenoxy]propionic acid (Hoechst), respec- 
tively. The free acids diclofop and haloxyfop are the active com- 
ponents of Hoechst's HOELON and Dow's VERDICT, respec- 
tively. * The concentration of acetyl-coA was 50 pM for determining 
the concentration of inhibitor producing 50% inhibition (Z, value) 
from Dixon plots. Data were from Rendina and Felts (1988) and 
Rendina et al. (1988). Data for alloxydim, sethoxydim, and diclo- 
fop-methyl were from Worthing (1987), for trifop-methyl from Nes- 
tler (1982), and for clethodim and haloxyfop-methyl from Hopkins 
(1989). 

Cho et  al., 1986; Burton et  al., 1987; Focke and Licht- 
enthaler, 1987; Lichtenthaler e t  al., 1987; Rendina and 
Felts, 1988; Kobek et al., 1988a,b; Walker e t  al., 1988a). 
These results suggest that  tolerance of broad-leaved crops 
and weeds is due to the insensitivity of the target site to 
these compounds. 

More recently, a key enzyme in the fatty acid biosyn- 
thetic pathway, acetyl-coA carboxylase (E.C. 6.4.1.2), was 
shown to be the target for the cyclohexanedione (Burton 
et al., 1987; Focke and Lichtenthaler, 1987; Rendina and 
Felts, 1988; Secor and Cseke, 1988) and [(aryloxy)phe- 
noxylpropionic acid (Burton et  al., 1987; Secor and Cseke, 
1988; Rendina et  al., 1988; Kobek et  al., 1988a; Walker 
e t  al., 1988b) herbicides. These studies showed that par- 
tially purified ACC from susceptible species such as wheat, 
corn, and barley was strongly inhibited by sethoxydim, 
clethodim, diclofop, and haloxyfop (slope inhibition con- 
stants or Ki, values varied from lo+ to 10-8 M), while 
the enzyme from tolerant species such as mung bean and 
spinach was much less inhibited (Ki, values varied from 

to 10-5 M). The relative insensitivity of ACC from 
broad-leaved plants (inhibition constants were from 300 
to 60 000 times higher than the Ki. values of the enzymes 
from grasses depending on the species and herbicide) could 
easily account for the differential selectivity of these her- 
bicides. 

With the exception of diclofop, the binding data for 
the herbicides can be correlated to  the efficacy rates for 
these compounds in the field (Table I). The tighter bind- 

the carboxyl group is transferred to acetyl-coA (eq 2) 
(Moss and Lane, 1971; Stumpf, 1980). The kinetic mech- 
anism for biotin-dependent carboxylases (Wood and Bar- 
den, 1977), including ACC from rat liver (Hashimoto and 
Numa, 1971), castor oil seeds (Finlayson and Dennis, 1983), 
and wheat leaves (A. R. Rendina, unpublished observa- 
tions), has been shown to be two-site ping pong (where 
the products of the first site may be released before or 
after the addition of the substrates a t  the second site). 
The two catalytic sites are located on separate catalyti- 
cally active subunits in the Escherichia coli enzyme, which 
interact with a third subunit that  contains the covalently 
bound biotin (Moss and Lane, 1971). In contrast, the 
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enzyme from mammals and higher plants consists of a 
single polypeptide chain (molecular weight of 200 000- 
300 000) containing all three functions (Wood and Bar- 
den, 1977; Stumpf, 1987). The catalytic sites can be dis- 
tinguished by studying isotope exchange reactions and 
other partial reactions that are functions of the separate 
half-reactions (Moss and Lane, 1971). Although mam- 
malian acetyl-coA carboxylases have two types of regu- 
lation, by polymerization from the inactive protomer to  
the active oligomeric form and by a phosphorylation- 
dephosphorylation cycle, there is no evidence that plant 
enzymes are under similar regulation (Stumpf, 1987). 

In this paper we investigate the kinetic interaction of 
representatives of each herbicidal class with the normal 
substrates for wheat ACC. The inhibition of partial reac- 
tions catalyzed by the enzyme was studied to  determine 
which catalytic site was affected by the herbicides. A 
multiple-inhibition study was also conducted to  learn 
whether the two distinct chemical classes of inhibitors 
shared a common binding site. 

MATERIALS AND METHODS 
Chemicals. [14C]NaHC03 (58 Ci/mol) and [32P]phosphate 

(Pi, 1000 Ci/mol) was obtained from ICN Radiochemicals, and 
[1-Wlacetyl-CoA (50.6 Ci/mol; 99.9% radiochemical purity) 
and [ 1,3-W]malonyl-CoA were from NEN-Du Pont. 
[WIMalonyl-CoA was further purified to 20.1 Ci/mol and 99% 
radiochemical purity by anion-exchange chromatography on dieth- 
ylaminoethyl (DEAE)-Sephadex A25 (Pharmacia) by the method 
described in Gregolin et al. (1968). The commercial herbicides 
and other reagents were prepared or obtained as described else- 
where (Rendina and Felts, 1988; Rendina et al., 1988). 

Sources of plant materials, radiochemical and spectrophoto- 
metric assays for acetyl-coA carboxylase, and partial purifica- 
tions of the enzymes from barley (Hordeum uulgare), corn 
(Zea mays), wheat (Triticum aestiuum), spinach (Spinacia 
oleracea), and mung bean (Phaseolus aureus) have been described 
previously (Rendina and Felts, 1988; Rendina et al., 1988). 

ATP-[32P]Phosphate Isotope Exchange Assay. ATP- 
[32P]Pi exchange rates, a measure of the biotin carboxylation 
site of ACC (eq l), were determined by a modification of the 
procedure of Gregolin et al. (1968). Each assay contained in a 
total volume of 0.25 mL 0.1 M tris(hydroxymethy1)ami- 
nomethane (Tris) (pH 8.0), 0.4 mM potassium [32P]phosphate 
(9 pCi), 2.4 mM NaHC03, 2.4 mM adenosine diphosphate (ADP), 
0.48 mM ATP, 10 mM MgSO4, and varying amounts of inhib- 
itors. Assays were initiated by the addition of 0.01 unit (spec- 
trophotometric assay value; 1 unit = 1 pmol of product formed 
per min at 25 "C) of wheat ACC. After a 60-min incubation 
period at 25 "C the reactions were quenched by converting all 
of the ATP to ADP and glucose 6-phosphate by adding 5 units 
of hexokinase (Sigma Chemical Co.) and 4 mM glucose in 10 
pL. After an additional 10-min incubation period, 0.715 mL of 
2% perchloric acid, 1 mL of 1 M sulfuric acid, and 1 mL of 5% 
ammonium molybdate followed by 2 mL of water-saturated 2-bu- 
tan01 were added. The residual inorganic phosphate was extracted 
into the organic phase as the phosphomolybdic acid complex. 
Five additional extractions were made with 2-mL portions of 
water-saturated 2-butanol, and the organic phases discarded. 
The incorporation of 32P into ATP was determined by 
counting a 2-mL aliquot of the aqueous phase in 15 mL of DIMIS- 
CINT (National Diagnostics) with use of a Beckman liquid scin- 
tillation spectrometer. Control experiments that included 15 
pM avidin (Sigma) were carried out at  each inhibitor concen- 
tration. The control rates were subtracted from each sample 
to correct for ATP-[32P]Pi exchange catalyzed by contaminat- 
ing nonbiotin-containing enzymes in the partially purified ACC 
preparation. 

Biotin Carboxylation Assay. The reaction mixture for the 
carboxylation of free d-biotin (eq 3, catalyzed by the biotin car- 
boxylation site of ACC) was essentially that described by Guch- 
hait et al. (1974) with the following changes. Each assay con- 
tained in 0.2-mL total volume 0.1 M N-tris[(hydroxymethyl)- 

Rendina et al. 

methyl]-3-aminopropanesulfonic acid (Taps) (pH 8.5), 0.3 M 
glycerol, 50 mM d-biotin (Sigma), 0.006 unit of wheat ACC, 6.5 
mM MgS04, 0.3 mM ATP, 8 mM potassium [14C]bicarbonate 
(8 pCi), and varying amounts of inhibitors. Control experi- 
ments were conducted in the absence of enzyme, and these activ- 
ities were subtracted from each sample. Reactions were initi- 
ated by the addition of enzyme (controls by addition of biotin), 
incubated for 30 min at 25 OC, and carboxylation was termi- 
nated by the addition of 0.8 mL of ice-cold 10 mM ethylenedi- 
aminetetraacetic acid at  pH 7.0. The solutions were placed on 
ice, 20 pL of 1-octanol was added to reduce foaming, and unla- 
beled CO2 was bubbled through the solution for 1 h to remove 
excess [W]HC03- (using metal needles covered with Tygon 
tubing). Alternately, octanol and then 0.1 mg of carbonic anhy- 
drase (Sigma) were added and the ice-cold solutions were sparged 
for 20 min with unlabeled CO2. After gassing, a 0.9-mL aliquot 
was transferred to a counting vial containing 0.1 mL of 0.1 M 
KOH, 15 mL of scintillation cocktail (ATOMLIGHT, NEN-Du 
Pont) was added, and the 14C activity of the residual carboxy- 
biotin was determined on a liquid scintillation spectrometer. 
Malonyl-CoA-[14C]Acetyl-CoA Isotope Exchange 

Assay. The partial reaction catalyzed by the carboxyl trans- 
fer site of ACC (eq 2) was monitored by following the isotope 
exchange between [Wlacetyl-CoA and malonyl-CoA essen- 
tially as described by Gregolin et al. (1968). Each assay con- 
tained in a total volume of 0.2 mL 0.2 M Taps (pH 8.5), 200 
pM malonyl-CoA, 100 pM [14C]acetyl-CoA (0.2 pCi), 0.0026 unit 
of wheat ACC, and varying amounts of inhibitors. Reactions 
were initiated by the addition of enzyme and were linear for 10 
min at 25 OC. The reactions were terminated by deacylation 
of acetyl-coA upon addition of 50 pL of 0.2 M sodium arsenate 
(pH 8.5) and 9 pL of phosphotransacetylase (2 units, Sigma). 
After an additional 30-min incubation at 25 "C, the deacyla- 
tion was stopped by addition of 50 pL of 6 N HC1. The precip- 
itated protein was removed by centrifugation for 10 min, and a 
200-pL aliquot was placed in a scintillation vial and dried for 
1.5 h in a vacuum oven at  50 OC. Residual acetic acid was removed 
by addition of 16 pL of water and 200 pL of cyclohexane fol- 
lowed by drying for 45 min at 50 "C. A 1-mL portion of water 
and 15 mL of scintillation cocktail were added to the dried sam- 
ples, and the radioactivity of the remaining malonyl-CoA and 
malonate was determined by scintillation counting. 

Malonyl-CoA Decarboxylation Assay. The rate of malo- 
nyl-CoA decarboxylation (eq 4, catalyzed by the carboxyl trans- 
fer site of ACC) was determined with a standard reaction mix- 

o ~ p ~  H , C K S . c ~ ~  + H - C O ~  (41 

ture (final volume 0.2 mL, pH 8.5) consisting of 0.1 M Taps, 
0.3 M glycerol, 6.6 pM [1,3-W]malonyl-CoA (0.03 pCi), 0.03 
unit of wheat ACC, and varying amounts of inhibitors. The 
reaction was allowed to proceed for 15 min at 25 "C and was 
terminated by placing the reaction vials on ice, loading the sam- 
ples onto a 1-mL bed volume of DEAE-Sephadex A25 (Phar- 
macia) in an 8 X 70 mm disposable polystyrene column previ- 
ously equilibrated with 50 mM Taps (pH 8.0), and immedi- 
ately washing with 1 mL of buffer containing 0.04 M NaCl. All 
of the [Wlbicarbonate formed in the decarboxylation reaction 
was collected in three 5-mL fractions of the 0.04 M NaCl washes. 
Under these conditions only the monoanions were eluted. A 
1-mL aliquot of each fraction was added to 15 mL of scintilla- 
tion cocktail, and the activity of the [Wlbicarbonate was deter- 
mined by liquid scintillation counting. A control experiment 
containing all components except enzyme was carried out and 
the rate determined in this experiment was subtracted from 
each sample rate. 

Data Analysis. The determination of ZSO values and kinetic 
constants for inhibitors and Michaelis constants for substrates 
was described previously (Rendina et al., 1988). Equations 5 
and 6 

(5) 

0 0  0 

u = V/(I  + [II/K, + [JI/Kj + [[II[JI/BI/KIKJ 
u = V / ( l +  [I]/KI + [Jl/Kj) (6) 
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CoA (Ki, < Kii) and nearly insensitive to the level of either 
ATP or bicarbonate (Ki, = Kii). The  Ki, value is nearly 
10 times lower when acetyl-coA is varied compared to  
the apparent Ki, obtained at 150 pM acetyl-coA and vari- 
able concentrations of ATP and bicarbonate. Although 
the inhibition data fit best to the equation for noncom- 
petitive inhibition for all three substrates, diclofop and 
clethodim are nearly competitive versus acetyl-coA and 
nearly uncompetitive versus bicarbonate. 

When malonyl-CoA is used as a product inhibitor of 
wheat ACC, very similar patterns of linear, noncompet- 
itive inhibition are observed versus each of the sub- 
strates (data not shown). Like the herbicides, malonyl- 
CoA is also nearly competitive versus acetyl-coA. Non- 
competitive inhibition by malonyl-CoA was also observed 
for ACC from castor oil seeds (Finlayson and Dennis, 
1983) and from rat liver (Hashimoto and Numa, 1971). 
However, the two-site ping-pong kinetic mechanism of 
biotin-dependent carboxylases predicts that  the prod- 
uct, malonyl-CoA, should be a competitive inhibitor ver- 
sus acetyl-coA. This apparent contradiction may be 
explained if the central complexes of the kinetic mecha- 
nism (where the chemical steps take place) are partially 
rate-determining (Cleland, 1973; Rendina e t  al., 1988). 
By analogy to malonyl-CoA, the kinetic data suggest that  
both classes of herbicides interfere with the carboxyla- 
tion of acetyl-coA at the carboxyl transfer site and do 
not affect the biotin carboxylation site. 

Inhibit ion of Isotope Exchange Reactions and Par- 
tial Reactions. Since the kinetic data do not conclu- 
sively show that the herbicides are strictly competitive 
with the substrates of the carboxyl transfer site of the 
enzyme, the inhibition of the partial reactions that are 
independently catalyzed at  the two separate catalytic sites 
was studied. For enzymes with ping-pong mechanisms 
it is possible to demonstrate isotope exchange reactions 
between the substrates and products of either half-reac- 
tion in the absence of any of the substrates or products 
of the other half-reaction. At the biotin carboxylation 
site wheat ACC catalyzes the exchange of label between 
ATP and [32P]phosphate in the presence of ADP, Mg2+, 
and bicarbonate, the other substrates of this half-reac- 
tion (eq l), and in the absence of either acetyl-coA or 
malonyl-CoA. This reaction depends on the integrity of 
the bound biotin cofactor since carboxybiotin is required 
to form the putative carboxyphosphate intermediate (Tip- 
ton and Cleland, 1988a,b; Ogita and Knowles, 1988). Avi- 
din, which binds free biotin very tightly (KD = 10-15 M; 
Moss and Lane, 1971), blocks this isotope exchange reac- 
tion and allows this biotin-dependent exchange to be dis- 
tinguished from identical reactions catalyzed by contam- 
inating kinases or ATPases. The biotin carboxylation 
site can also be distinguished by studying the inhibition 
of the carboxylation of free d-biotin in the presence of 
Mg-ATP and bicarbonate (eq 3). 

At the carboxyl transfer site the enzyme catalyzes the 
biotin-dependent isotope exchange between [14C]acetyl- 
CoA and malonyl-CoA (eq 2). We also studied the inhi- 
bition of the decarboxylation of [ 1,3-14C]malonyl-CoA, a 
reaction that is catalyzed at the carboxyl transfer site of 
the enzyme (eq 4). Each of the isotope exchange reac- 
tions and partial reactions that were studied with the 
wheat enzyme have been demonstrated previously for other 
biotin-dependent carboxylases (Moss and Lane, 1971; 
Wood and Barden, 1977). 

The results of the inhibition of the exchange reactions 
and partial reactions are summarized in Table 11. The 
150 values for inhibition of the reactions catalyzed at  the 
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Figure 1. Inhibition of wheat ACC by clethodim (left) and 
diclofop (right) with acetyl-coA as the variable substrate at 5 
mM MgS04, 3 mM ATP, and 15 mM bicarbonate. All data 
were fitted to equations for linear competitive, noncompeti- 
tive, and uncompetitive inhibition as previously described (Ren- 
dina et al., 1988). The best fit was determined by the lowest u 
and the smallest standard errors in the kinetic constants. u is 
equal to sum of squares of residuals/degrees of freedom, where 
degrees of freedom are defined as number of points minus num- 
ber of parameters. The lines in the figure are the theoretical 
best fit of the data to noncompetitive inhibition. 
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Figure 2. Inhibition of wheat ACC by clethodim (left) and 
diclofop (right) with ATP as the variable substrate at 150 rM 
acetyl-coA, 5 mM MgS04, and 15 mM bicarbonate. Data anal- 
ysis was as described in Figure 1. 
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Figure 3. Inhibition of wheat ACC by clethodim (left) and 
diclofop (right) with bicarbonate as the variable substrate a t  
150 pM acetyl-coA, 5 mM MgS04, and 3 mM ATP. Assays 
were conducted in stoppered cuvettes and the solutions sparged 
with argon prior to use. Data analysis was as described in Fig- 
ure 1. 

where u is the initial velocity, Vis  the maximal velocity, [I] and 
[J] are the two inhibitor concentrations, KI  and KJ are their 
apparent inhibition constants, and 0 is the interaction coeffi- 
cient (Northrup and Cleland, 1974). 

RESULTS AND DISCUSSION 
Kinetic Charac te r iza t ion  of t h e  Inhibit ion.  Fig- 

ures 1-3 show that both classes of grass herbicides are 
linear, noncompetitive inhibitors versus each of the sub- 
strates of wheat ACC. Previous work showed that these 
compounds are reversible inhibitors of the enzymes from 
grasses (Rendina and Felts, 1988; Rendina e t  al., 1988). 
The inhibition is most sensitive to the level of acetyl- 
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Table 11. Inhibition of Partial Reactions of Wheat Acetyl-coA Carboxylase 

Rendina et al. 

biotin carboxylation site carboxyl transfer site 
complete reactn ATP-Pi carboxylation of acetyl-coA- malonyl-CoA 

inhibitor Iw, fiM exchg IW, pM free biotin Im, pM malonyl-CoA exchg 150, pM decarboxyln lm,  fiM 
clethodim 0.26 f 0.02 420 f 170 13500 f 1400 4.10 f 0.4 0.38 f 0.04 
diclofop 0.07 f 0.01 460 f 80 7400 f 1300 1.30 f 0.05 0.14 f 0.02 

[Clethodlm] (pM) 

2o 7 

.:.os 0.00 0 .05  0 .10  

[Diclofop] (gM) 

Figure 4. Double-inhibition or Yonetani-Theorell plot of diclo- 
fop versus clethodim at 50 pM acetyl-coA, 5 mM MgS04, 3 
mM ATP, and 15 mM bicarbonate. The best f i t  of the data 
was to eq 6, and the lines shown in the figure are to the theo- 
retical fit. 

biotin carboxylation site of wheat ACC by clethodim and 
diclofop were from 200 to 100 000 times larger than the 
150 values for inhibition of the complete reaction by these 
compounds. In contrast, clethodim and diclofop were 
much more potent inhibitors of the reactions catalyzed 
a t  the carboxyl transfer site (150 values were only 2-20 
times larger than the values for the complete reaction). 
Taken together, the kinetic inhibition patterns and the 
inhibition of the isotope exchange and partial reactions 
strongly suggest that  the herbicides interfere with the 
carboxyl transfer site and not the biotin carboxylation 
site. It will be interesting to learn whether the herbi- 
cides interfere with the movement of biotin between the 
two catalytic sites, whether the herbicides overlap with 
both the CoA and biotin binding sites of the carboxyl 
transfer site, and whether the negatively charged herbi- 
cides are acting as mimics of the carbanion intermediate 
proposed for this half-reaction (O'Keefe and Knowles, 
1986), the carboxybiotin anion, or the carboxylate of the 
product malonyl-CoA. 

Double-Inhibition Studies. The extremely similar 
kinetic behavior of representatives of both classes of her- 
bicidal inhibitors of ACC described above suggested that 
the two classes might share a common binding site. To  
determine whether the binding of the two classes of inhib- 
itors was mutually exclusive, the Yonetani-Theorell double- 
inhibition method (Yonetani and Theorell (1964) as mod- 
ified by Northrup and Cleland (1974)) was employed. This 
method, in which two inhibitors are varied in the pres- 
ence of fixed, subsaturating levels of substrates, yields 
the factor 8 (eq 5), which defines the degree of interac- 
tion between the inhibitors at the enzyme active site. If 
the inhibitors can exclude each other from a common 
binding site, p becomes infinitely large and the pattern 
becomes a family of parallel lines described by eq 6. The 
data shown in Figure 4 were fitted to both equations, 
and the best fit was to eq 6 for a family of parallel lines. 
These results for clethodim and diclofop demonstrate a 
high degree of interference in binding between the cyc- 
lohexanedione herbicides and the [ (aryloxy)phenoxy]pro- 
pionic acid herbicides. We are currently trying to define 
those structural features that are important to the over- 
lap. 

CONCLUSIONS 

The cyclohexanedione and [ (ary1oxy)phenoxyl propi- 
onic acid grass herbicides clethodim and diclofop are 
potent, reversible, and linear noncompetitive inhibitors 
versus acetyl-coA, ATP, and bicarbonate. Since the appar- 
ent level of inhibition is most sensitive to the concentra- 
tion of acetyl-coA, these herbicides are probably inter- 
fering with the carboxyl transfer site and are not affect- 
ing the ATP-dependent biotin carboxylation site. This 
hypothesis was confirmed by studies of the inhibition of 
the isotope exchange and partial reactions of the sepa- 
rate catalytic sites. Only the reactions catalyzed a t  the 
carboxyl transfer site were significantly inhibited by rep- 
resentatives of each class of herbicide. Finally, double- 
inhibition experiments with clethodim and diclofop showed 
that the two classes of herbicides are mutually exclu- 
sive: that is, the binding sites for these compounds are 
a t  least partially overlapping. 
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ABBREVIATIONS USED 

ACC, acetyl-coenzyme A carboxylase; ADP, adenosine 
diphosphate; ATP, adenosine triphosphate; CoA, coen- 
zyme A; DEAE, (diethy1amino)ethyl; Pi, inorganic phos- 
phate; Taps, N-[tris(hydroxymethyl)methyl]-3-amino- 
propanesulfonic acid; Tris, tris(hydroxymethy1)ami- 
nomethane. 
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