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Abstract 

The acetyl-CoA carboxylase present in both wheat germ and total wheat leaf protein contains ca. 220 
kDa subunits. It is the major biotin-dependent carboxylase present in wheat chloroplasts. Active acetyl- 
CoA carboxylase purified from wheat germ is a homodimer with an apparent molecular mass of ca. 
500 kDa. The enzyme from wheat germ or from wheat chloroplasts is sensitive to the herbicide haloxyfop 
at micromolar levels. The incorporation of 14C-acetate into fatty acids in freshly cut wheat seedling leaves 
provides a convenient in vivo assay for both acetyl-CoA carboxylase and haloxyfop. 

Acetyl-CoA carboxylase (ACC) is the first en- 
zyme of the biosynthetic pathway to fatty acids. 
It belongs to a group of carboxylases that use 
biotin as cofactor and bicarbonate as a source of 
the carboxyl group. Escherichia coli ACC contains 
three functional domains on four distinct, sepa- 
rable polypeptides: biotin carboxylase (BC) is a 
dimer of 49 kDa monomers, biotin carboxyl car- 
rier protein (BCCP) is a dimer of 17 kDa mono- 
mers and transcarboxylase (TC) is a tetramer 
containing two each of 33 kDa and 35 kDa sub- 
units. The prhnary structures of all of  the E. coli 
ACC subunits and the biotin carboxylase and 
biotin carboxyl carrier proteins ofAnabaena 7120 
are known, based on the gene sequences [2, 8, 9, 
14; P.Gornicki and R.Haselkorn, unpublished]. 

Yeast, rat and chicken ACC are cytoplasmic 
enzymes consisting of 250 to 280 kDa subunits 
that contain all of the bacterial enzyme activities. 
Their primary structure has been deduced from 

cDNA sequences [1, 11, 17]. Animal ACC con- 
tent and/or activity varies with the rate of fatty 
acid synthesis or energy requirements in different 
nutritional, hormonal and developmental states. 
In the rat, ACC mRNA is transcribed using dif- 
ferent promoters in different tissues and can be 
regulated by alternative splicing. The rat enzyme 
activity is also regulated allosterically by a num- 
ber of metabolites and by reversible phosphory- 
lation [e.g. 12, 18]. The wheat enzyme, as well as 
those from other plants, is composed of ca. 
220 kDa subunits, similar to the enzyme from 
other eukaryotes [3, 4, 6, 16, 19]. Plant ACC is 
located in the stroma of plastids, the primary site 
of plant fatty acid synthesis. The gene must be 
nuclear because no corresponding sequence has 
been seen in the complete chloroplast DNA se- 
quences of tobacco, liverwort or rice. ACC, like 
the vast majority of chloroplast proteins that are 
encoded in nuclear DNA, must be synthesized in 
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the cytoplasm and then transported into the chlo- 
roplast. 

Although the basic features of plant ACC must 
be the same as those of prokaryotic and other 
eukaryotic ACCs, significant differences can also 
be expected due, for example, to differences in 
plant cell metabolism and ACC cellular localiza- 
tion. We have recently cloned fragments of wheat 
ACC cDNA [P.Gornicki and R.Haselkorn, un- 
published results]. Peptide sequences deduced 
from the cDNA sequences (ca. 1.5 kb) showed 
high identity with yeast, rat and chicken ACC, 
especially within the BC domain. In this paper, 
analysis of the wheat protein structure and the 
enzyme inhibition by haloxyfop, one of the her- 
bicides that target ACC, are reported. 

Biotin-containing (streptavidin-binding) pro- 
teins in extracts prepared from leaves of two- 
week old seedlings of wheat and pea, both total 
protein and protein from intact chloroplasts (pre- 
pared by centrifugation on Percoll gradients as 
described previously [5]), and from wheat germ 
(Sephadex G-100 fraction prepared as described 
below) were analyzed by western blotting with 
35S-Streptavidin (Fig. 1). Proteins were separated 
by SDS-PAGE using a 7.5 ~o separating gel (13), 
and then were transferred onto a PVDF mem- 
brane (Immobilon-P, Millipore) in 10 mM 3-(cy- 
clohexylamino)-l-propanesulfonic acid buffer 
(pH 11), 10~o methanol, at 4 °C, 40 V, overnight. 
The blots were blocked with 3 ~o B SA solution in 
10 mM Tris-HC1 pH 7.5 and 0.9~o NaCI and then 
incubated for 3-16h with 35S-Streptavidin 
(Amersham). The blots were washed at room 
temperature with 0.5~ Nonidet-P40 in 10 mM 
Tris-HC1 pH 7.5 and 0.9~o NaCI. 

In wheat, the 220 kDa protein was present in 
both total and chloroplast protein. It was the 
major biotinylated polypeptide in the chloroplast 
protein (traces of smaller biotinylated polypep- 
tides, most likely degradation products of the large 
one, could also be detected). ACC consisting of 
220 kDa subunits is the most abundant biotin- 
dependent carboxylase present in wheat chloro- 
plasts. In pea chloroplasts the biotinylated pep- 
tides are much smaller, probably due to greater 
degradation of the 220 kDa peptide, which could 

Fig. 1. Western analysis ofbiotinylated peptides in wheat and 
pea leaves (to, total leaf protein; ch, protein from gradient- 
purified intact chloroplasts), and in wheat germ (1, wheat germ 
extract purified through gel filtration on Sephadex G-100 as 
described in this paper; 2, wheat germ extract purchased from 
Amersham). 14C-Streptavidin was used to reveal biotinylated 
peptides. Location of molecular weight markers is shown on 
the right. 

be detected only in trace amounts in some chlo- 
roplast preparations (not shown). The amount of 
all biotinylated peptides, estimated from band in- 
tensities on western blots (amount of protein 
loaded was normalized for chlorophyll content), 
is much higher in pea than in wheat chloroplasts 
(Fig. 1). 

Purification of wheat germ ACC was carried 
out at 4 °C or on ice. 200 g of wheat germ (Sigma) 
were homogenized (10 pulses, 10 s each) in a 
Waring blender with 300 ml of 100 mM Tris-HCl 
pH 7.5, 7 mM 2-mercaptoethanol. Two 0.3 ml 
aliquots of fresh 0.2 M solution of phenylmethyl- 
sulfonyl fluoride (Sigma) in 100~ ethanol were 
added immediately before and after homogeniza- 
tion. Soluble protein was recovered by centrifuga- 
tion for 30 min at 12000rpm. 1/33 volume of 
10~o poly(ethyleneimine) solution (pH 7.5) was 
added slowly and the mixture was stirred for 
30 rain [4], followed by centrifugation for 30 min 



at 12 000 rpm to remove the precipitate. ACC in 
the supernatant was precipitated by adding solid 
ammonium sulfate to 50~o saturation. The pre- 
cipitate was collected by centrifugation for 30 min 
at 12000 rpm, dissolved in 200 ml of 100 mM 
KC1, 20mM Tris-HC1 pH 7.5, 20~o glycerol, 
7 mM 2-mercaptoethanol, mixed with 0.2 ml of 
phenylmethylsulfonyl fluoride solution (as above) 
and loaded on a 5 cm x 50 cm Sephadex G-100 
column equilibrated and eluted with the same 
buffer. Fractions containing ACC activity (as- 
sayed as described below using up to 20 #1 ali- 
quots of column fractions) were pooled and 
loaded immediately on a 2.5 cm x 40 cm DEAE- 
cellulose column also equilibrated with the same 
buffer. The column was washed with 500, 250 and 
250 ml of the same buffer containing 150, 200 and 
250 mM KCI, respectively. Most of the ACC ac- 
tivity was eluted in the last wash. Protein present 
in this fraction was precipitated with ammonium 
sulfate (50 ~o saturation), dissolved in a small vol- 
ume of 100 mM KC1, 20 mM Tris-HC1 pH 7.5, 
5 °/o glycerol, 7 mM 2-mercaptoethanol, and sep- 
arated in several portions on two Superose col- 
umns connected in-line (Superose6 and 12, 
Pharmacia). 1 ml fractions were collected at 
0.4 ml/min flow rate. Molecular mass standards 
were thyroglobulin, 669 kDa; ferritin, 440 kDa; 
aldolase, 158 kDa; albumin, 67 kDa (Pharmacia). 
ACC-containing fractions were concentrated 
using Centricon-100 concentrators (Amicon) and 
the proteins were separated by SDS-PAGE as 
described above. 

The results of the gel filtration step are shown 
in Fig. 2. Active ACC has an apparent molecular 
mass of ca. 500 kDa and the individual polypep- 
tides have a molecular mass of 220 kDa. The 
220 kDa polypeptide was the major component 
of this preparation (fraction 21 and 22 of Fig. 2) 
as revealed by Coomassie staining of proteins 
separated by SDS-PAGE (not shown). This 
preparation also contained several smaller biotin- 
containing peptides as revealed by western blot- 
ting with 3SS-Streptavidin (not shown), most 
likely degradation products of the ca. 220 kDa 
peptide, which retained their ability to form the 
ca. 500 kDa complex and therefore co-purified 
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Fig. 2. Purification of wheat germ ACC by gel filtration on 
Superose. 

with intact ACC. The ACC preparations were 
active only when they contained intact 220 kDa 
biotinylated polypeptide. It is not possible to es- 
timate the recovery of the active ACC, due to 
continuous degradation of the 220 kDa peptide 
during purification and to increased recovery of 
ACC activity in more purified preparations, prob- 
ably due to separation of the enzyme from inhibi- 
tors in the cruder extracts. 

The 220 kDA wheat peptide isolated as a dimer 
according to the above protocol was finally puri- 
fied by SDS-PAGE and transferred to Immo- 
bilon-P for sequencing (as described above). The 
N-terminus of the peptide appeared to be blocked. 
A mixture of amino acids was detected only after 
the protein was cleaved chemically with CNBr. 
The 220 kDa protein was therefore purified on an 
SDS gel, cleaved with CNBr, and the resulting 
peptides were fractionated by gel electrophoresis 
basically as described [7], with the following 
modifications. A slice of gel containing about 
20 ~g of the 220 kDa polypeptide was dried under 
vacuum to about half of its original volume and 
then incubated overnight in 0.5 ml of 70 °/o formic 
acid containing 25 mg of CNBr. The gel slice was 
dried again under vacuum to about half of its 
original volume and was equilibrated in 1 ml of 
1 M Tris-HCl (pH 8.0). The CNBr peptides were 
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separated by inserting the gel piece directly into 
a well of a tricine gel (as described in [7] but 
without a spacer gel). Gels used to separate pep- 
tides for sequencing were pre-run for 30 min with 
0.1 mM thioglycolic acid in the cathode buffer. 
Peptides were transferred to Immobilon-P for se- 
quencing by the Edman degradation method as 
described above. 

Several bands of peptides, ranging in size from 
4 to 16 kDa, with a well-resolved single band at 
about 14 kDa, were obtained. Attempts to se- 
quence the smaller peptides failed, but the 14 kDa 
peptide yielded a clean result for residues 3-13. 
A very similar sequence motif, which includes the 
presumptive methionine cleaved by CNBr, was 
found near the C-terminus of published sequences 
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Fig. 3. Effect of haloxyfop on wheat ACC activity, a. Incorporation of bicarbonate into malonate by wheat germ ACC (triangles, 
wheat germ extract partially purified throughout gel filtration on Sephadex G-100 as described in this paper; squares, wheat germ 
extract purchased from Amersham) at different concentrations of haloxyfop, b. Incorporation of bicarbonate into malonate by ACC 
in protein from purified, intact wheat (triangles) and pea (squares) chloroplasts at different concentrations of haloxyfop, c. Incor- 
poration of acetate into fatty acids in wheat leaves at 10 #M haloxyfop, d. Incorporation of acetate into fatty acids in wheat leaves 
(average values of two independent measurements) at different concentrations of haloxyfop. 
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of ACC from rat, chicken and yeast [ 1, 11, 17] (X 
represents residue not determined, B = D or N): 

$ CNBr 
Wheat ACC MXXKGVIKKVVDBE 
Rat ACC MQEKGVINDILDWK22o8 
Chicken ACC MQEKGAITDILDWK21s6 
Yeast ACC MVAKGVISKELEWT2~20 

The wheat ACC cDNA cloned so far [P. Gor- 
nicki and R. Haselkorn, unpublished results] does 
not include sequence coding for this peptide motif, 
but the amino acid sequence will be helpful in 
identifying additional cDNA clones encoding the 
220 kDa polypeptide. 

Several years ago it was shown that aryloxy- 
phenoxypropionates and cyclohexanediones, 
powerful herbicides effective against monocot 
weeds, inhibit fatty acid biosynthesis in sensitive 
plants. Recently it has been determined that ACC 
is the target enzyme. Dicotyledonous plants are 
resistant to these compounds, as are other eu- 
karyotes and prokaryotes. The mechanism of 
inhibition/resistance of the enzyme is not known 
(see [ 10] for review). The inhibitory effect of some 
of these herbicides on the wheat germ enzyme has 
been reported previously [ 15]. 

We have tested the effect of haloxyfop, one of 
the aryloxyphenoxypropionate herbicides, on the 
activity of ACC from wheat germ and from wheat 
seedling leaves (Fig. 3). For the in vitro assay of 
ACC activity, 1-8 #1 aliquots of ACC prepara- 
tions were incubated for 45 min at 37 °C with 
20 #1 of 100-200 mM KC1, 200 mM Tris-HC1 
pH 8.0, 10 mM MgC12, 2 mM ATP, 2 mM DTT, 
2mM 14C-NaHCO3, and where indicated 1 mM 

J 

Ac-CoA, in a final volume of 40 #1. The reaction 
was stopped by adding 4/~1 of concentrated HCI 
30-40/A aliquots of the reaction mixture were 
spotted on filter paper and dried, and acid-stable 
radioactivity was measured using scintillation 
cocktail. Haloxyfop was added as the Tris salt of 
the acid, generously supplied by J. Secor of Dow- 
Elanco. 

For the in vivo assay of ACC activity, 2-week 
old seedlings of wheat (Triticum aestivum cv. Era) 
were cut about 1 cm below the first leaf and trans- 
ferred to a 1.5 ml micro tube containing ~4C- 

sodium acetate and haloxyfop (Tris salt) for 
4-6 h. The leaves were then cut into small pieces 
and treated with 0.5 ml of 40~o KOH for 1 h at 
70 °C, and then with 0.3 ml of H2SO4 and 20/~1 
of 30~o TCA on ice. Fatty acids were extracted 
with three 0.5 ml aliquots of petroleum ether. The 
organic phase was washed with 1 ml of water. 
Incorporation of ~4C-acetate into fatty acids is 
expressed as the percentage of the total radioac- 
tivity taken up by the seedlings, present in the 
organic phase. 

As expected, the enzyme from wheat germ or 
from wheat chloroplasts was sensitive to the her- 
bicide at very low levels (Fig. 3). 500/o inhibition 
occurs at about 5 and 2 #M haloxyfop, respec- 
tively. For comparison, the enzyme from pea 
chloroplasts is relatively resistant (50~o inhibition 
occurs at > 50/~M haloxyfop). Finally, the in vivo 
incorporation of 14C-acetate into fatty acids in 
freshly cut wheat seedling leaves is even more 
sensitive to the herbicide (50 ~, inhibition occurs 
at < 1/~M haloxyfop) and this seems to provide 
a convenient assay for both ACC and haloxyfop. 
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