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Acetolactate synthase (ALS) catalyzes the first common
step in the biosynthesis of valine, leucine, and isoleucine.
ALS is the target site for several classes of herbicides,
including sulfonylureas, imidazolinones, and
triazolopyrimidines. Two forms of ALS (designated ALS|
and ALSII) wereseparated from barley shoots by heparin
affinity column chromatography. The molecular masses of
native ALS | and ALS |1 were determined to be 248 kDa
and 238 kDa by nondenaturing gel eectrophoresis and
activity staining. Similar molecular masses of two forms of
ALS were confirmed by a Western blot analysis. SDS
PAGE and Western blot analyss showed that the
molecular masses of the ALS | and ALS |1 subunits were
identical - 65 kDa. The two AL S forms exhibited different
properties with respect to the values of K, pl and
optimum pH, and sendtivity to inhibition by herbicides
sulfonylurea and imidazolinone as wdl as to the feedback
regulation by the end-product amino acids Val, Leu, and
lle. These results, therefore, suggest that the two ALS
forms are not different polymeric forms of the same
enzyme, but isozymes.
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Introduction

Acetolactate synthase (ALS, EC 4.1.3.18 : d<so referred to as
acetohydroxyacid synthase) catalyzes the first common step
of a bifurcated biosynthetic pathway to the branched-chain
amino acids, valine, leucine, and isoleucine in bacteria, yeast,
and higher plants. AL S catalyzes either the condensation of 2-
acetolactate from two molecules of pyruvate in the first step of
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the vdine and leucine synthetic pathway, or the formation of
2-aceto-2-hydroxybutyrate from pyruvate and 2-ketobutyrate
as the second step of isoleucine biosynthesis. ALS is a key
contralling point for the levels of the branched-chain amino
acids in both prokaryotes and eukaryotes. In bacteria, this
contral involves the feedback inhibition of the enzyme activity
by the branched-chain amino acids or repression of enzyme
synthesis or both (Chipman et al., 1988). In plants, however,
the only known mechanism of the regulation of ALS is
through a feedback inhibition by valine, leucine, and
isoleucine (Miflin, 1971).

ALS has recelved specia attention in recent years since it
was discovered that several classes of herbicides, including
sulfonylureas (LaRossa and Schloss, 1984; Ray, 1984),
imidazolinones (Shaner et al., 1984), and triazolopyrimidines
(Kleschick et al., 1990; Namgoong et al., 1999), exhibit
herbicidal activity by inhibiting this enzyme. ALS-inhibiting
herbicides do not act as analogs of the substrates and co-
factors, suggesting that the inhibition mechanism is complex.
The most active ALS research aress are the structural studies
of the herbicide binding site, as well as herbicide resistant
mutations. Recently, site-directed mutagenesis studies in our
laboratory revealed that in tobacco ALS, Trp-563 (Chong et
al., 1999), Ala-121 and Ser-652 (Chong and Choai, 2000), and
Lys-255 (Yoon et al., 2002) residues are probably involved in
the binding of herbicides.

In bacteria, three ALS isozymes that differ in substrate
preference and feedback regulation have been purified and
characterized well (Grimminger and Umbarger, 1979: Schloss
et al., 1985). Each of the isozymes is composed of two
catalytic subunits of approximately 60 kDa as well as two
smdler, regulatory subunits (9 to 17 kDa) (Grimminger and
Umbarger, 1979; Eoyang and Silverman, 1984; Schlosset al.,
1985; Joo and Kim, 2001). In plants, the quaternary structure
of ALS appears more diverse since the molecular mass of the
nondenatured ALS enzymes varies significantly from 55 kDa
to 440 kDa in different species (Duggleby and Pang, 2000).
There has been speculation on the presence of different
isozymes in plants, based on the differential sengitivity of the
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enzyme to inhibition by the branched-chain amino acids at
different pH values (Miflin, 1971; Daviset al., 1977). Singh et
al. (1988) first reported that ALS from Black Mexican Sweset
corn cell cultures yielded two active pesks with different
enzymatic properties by MonoQ chromatography. Recently,
Shin et al. (1999) reported the separation of two ALS forms
from pess that had different native molecular masses and
exhibited different properties with respect to kinetic
parameters and senditivity to inhibition by the branched-chain
amino acids. In this report, we provide evidence that the two
ALS forms from barley are not different oligomeric forms of
the same enzyme, but isozymes.

Materials and Methods

Materials Sodium pyruvate, thiamine pyrophosphate (TPP),
flavin adenine dinucleotide (FAD), dithiothreitol (DTT), L-leucine,
L-valine, L-isoleucine, o-naphthol, creating, ethylenediamine
tetraacetic acid (EDTA), dimethyl sufoxide (DM SO), and Sephadex
G-25 were purchased from the Sigma Chemica Co. (St. Louis,
USA). DEAE-Sephace was obtained from Pharmacia Biotech
(Uppsala, Sweden). Heparin was the product of Bio-Red
Laboratories (Hercules, USA). A saries of isodectric focusing
agents were from NOVEX (St. Roselle, USA). Herbicides, Londax,
and Cadre were provided by Dr. Dae-Whang Kim (Korea Research
Ingtitute of Chemica Technology, Dagieon, Korea). The anti-ALS
antibody against recombinant tobacco ALS-GST was provided by
Dr. Chom Kyu Chong (Asan Biotech Inditute, Kyunggi Do,
Koreg). The ALS-antibody-antibody-labdled HRP (horseradish
peroxidase) was obtained from Amersham Co. (Arlington, USA).

Partial purification of acetolactate synthase from barley Barley
seeds were sown in vermiculate. The shoots were grown in a dark
room a 25°C for 7 d and then harvested. All of the other procedures
were performed a 4°C with minimum exposure to light, usudly
150 g barley shorts were homogenized in a volume of 600 ml of a
standard buffer (50 mM TrissHCl pH 7.8, 15% glyceral, 1 mM
EDTA, 1 mM DTT) that contained 50 mM FAD, 5 mM MgCl,, and
5mM L-leucine. The shoot was homogenized in ablender for 280 s
(7 x40 s). The homogenate was filtered through eight layers of
cheese cloth and centrifuged for 10min a 20,000g. Solid
ammonium sulfate was added to the supernatant (30% saturation,
1.76 g/ml) and the precipitate was removed by centrifugation for
30 min a 24,000 g. The supernatant was treated to a 45% saturation
of ammonium sulfate and centrifuged for 30 min at 24,000 g. The
precipitate was resuspended in a minimum volume of a standard
buffer and desdted on a Sephadex G-25 column. The desalted
sample was loaded onto the DEAE-Sephacel column that was
equilibrated with a standard buffer. The column was washed with
the same buffer until the absorbance of € uent at 280 nm was near 0,
and the bound proteins were eluted with a linear gradient of 0 to
350mM NaCl. The active fractions were pooled and then
concentrated by ultréfiltration using Amicon-cell with PM-30
membrane. The protein solution was loaded onto a heparin-affinity
column (2.5 x 10 cm) that was equilibrated with a25 mM TrisHCI
(pH 7.45) buffer that contained 15% glycerol, 1 mM MgCl,,

0.5mM DTT, and 0.05mM EDTA. A part of the ALS activity was
found in the unbound fractions of the sample. Elution of the
heparin-bound proteins was carried out with a Tris buffer that
contained 500 mM NaCl. The fractions that contained AL S activity
were gored in liquid nitrogen.

Enzyme assay The enzyme activity was measured according to
the method of Westerfeld (1945), as modified by Ray (1984). The
assay mixture contained 20 mM potassium phosphate buffer (pH
7.0), 0.5mM TPR, 10 um FAD, 20 mM pyruvate, 20 mM MgCl,,
plus enzyme in afina volume of 200 ul. After incubation at 37°C
for 60 min, the enzyme reaction was stopped by the addition of
20 ul of 6 N H,SO,. Acetolactate, the enzyme reaction product, was
alowed to decarboxylate at 60°C for 15 min. The acetoin that was
formed by acidification was incubated with 200 ul of 0.5% cregtine
and 200 pl of 5% o-naphthol at 60°C for 15 min. The absorbance of
the reaction mixture was measured a 525nm. The protein
concentration was determined by the method of Bradford (1976).

Gel dectrophoress SDSPAGE was peformed on 11%
acrylamide gel that contained 0.1% SDS. Nondenaturing gel
electrophoresis was carried out according to the method of
Laemmli (1970) without SDS in 5%, 6%, 7%, and 8% acrylamide
separating gels and a 4% stacking gel. Native isoelectric focusing
was carried out on a 5% acrylamide gel in which the pH gradient
was 3 to 10. The gd contained 2% ampholytes without denaturing
agents, and the focusing conditions were adapted from Robertson et
al. (1987).

Activity staining Activity staining was performed as described
by Grimminger and Umbarger (1970). After the nondenaturing gel
electrophoresis, the gel was diced into 2 mm pieces and incubated
in the assay mixture for 1 to 3 h a 37°C and stained with cregtine
and a-naphtol, as described in the enzyme assay.

Western blot analysis The samples were dectrophoresed on the
gel in the presence or absence of 0.1% SDS and transferred to a
PVDF membrane using a TE-22 mini transfer electrophoresis unit.
Hybridization was carried out with the first antibody (tobacco ALS-
GST antibody from rabbit) for a 1 h-shaking incubation. The blots
were washed out with the blocking solution. On this transferred
membrane, the second antibody-labeled HRP (horseradish
peroxidase) was hybridized. The membrane sheets were washed
with 20mM Tris (pH 7.5) and 0.5M NaCl that contained 0.05%
Tween-20 and detected by the ECL method, described in the
manufacturer’s protocol.

Results

Separation of two of the ALS Acetolactate synthase was
partidly purified from the etiolated barley shoots by
ammonium sulfate fractionation and DEAE-sephacel
chromatography. Heparin-affinity chromatography resolved
the partidly-purified ALS into two peaks of activity (Fig. 1).
The minor peak of activity (designated ALS 1) did not bind to
heparin. On the other hand, the mgor activity pesk



458 Jong-Mo Yoon et al.

184 ALSHI 1

<tgmz-

064

Fraction Number

Fig. 1. Chromatography of acetolactate synthase on a heparin
affinity column. Elution was carried out with the 0.5 M NaCl.
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Fig. 2. Molecular mass determination of the active forms of
ALSl (A) and ALSII (B) by nondenaturing gel electrophoresis
and activity assay. Graph of —dope of 100xlog (R:x 100)
versus gel concentration (%) as a function of the molecular
mass. The dopes were obtained for the five proteins, which were
a, BSA; b, ddolase; ¢, catalase; d, ferritin; and e, thyroglobulin.

(designated ALS I1) was bound to heparin and eluted with 0.5
M NaCl. Thetwo ALS forms were significantly different with
respect to enzymatic properties and sengtivity to feedback
inhibition by the end products, Val, Leu, Ile, and inhibition by
herbicides, Londax and Cadre (see below for details).
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Fig. 3. Western blot analysis using anti-ALS antibody. After
native PAGE, the proteins were tranferred onto a PVDF
membrane and detected by ECL.
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Fig. 4. Western blot analysis using anti-ALS antibody. After
SDSPAGE, the proteins were transferred onto a PVDF
membrane and detected by ECL. Lane 1, homogenate extracts,
lane 2, anmonium sulfate fractionation desalted with Sephadex
G-25; lane 3, DEAE-Sephacd; lanes 4-5, ALSI; lanes 6-7,
ALSII.

Molecular and subunit masses of ALS| and ALSIl  The
molecular masses of the native forms of ALS | and ALS II
were determined by nondenaturing gel electrophoresis and
activity staining, according to the method of Grimminger and
Umbarger (1979). The native molecular masses of ALS | and
ALS Il were estimated to be approximately 248 kDa and 238
kDa, respectively (Fig. 2). A Western blot analysis of the
native PAGE of ALS | and ALS Il using a polyclond anti-
AL S antibody, showed that the molecular masses of the native
forms of both ALS | and ALS Il are approximately 230-250
kDa (Fig. 3), which confirms the result that was obtained by
the native PAGE and activity staining. The subunit mass for
ALS | and ALS Il was determined to be identical - 65 kDa -
by SDS-PAGE, followed by a Western blot (Fig. 4). These
results imply that the native forms of both ALS | and ALS I
are likely tetrameric oligomers.

The enzymatic properties of ALS | and ALS Il The
physical and kinetic properties of ALS T and ALS 11 are
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Table 1. Summary of the physical and kinetic properties of ALS
| and ALS 11

Forms of ALS ALS | ALS I
Native molecular weight (kDa) 248 238
Subunit molecular weight (kDa) 65 65

K., for pyruvate (mM) 10 11
pH optima 75 7.0
pl 4.6 53
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Fig. 5. The pH optimum of ALSI (A) and ALSII (B). The pH

of the assay solution varied by using the indicated buffers. (M,
Citrate; @, Phosphate; A, Tris).

summarized in Table 1. The substrate saturation curves for
both ALS T and ALS 1I showed a hyperbolic pattern, as
reported previoudy (Shin et al. 1999, data not shown).
Lineweaver-Burk plots of the data for ALS T and ALS 11
showed no dgnificant deviation from the straight lines and
gave the K, values of 10 mM and 11 mM, respectively (data
not shown). Both ALST and ALS 1T were assayed over a pH
range from 5.0 to 9.0 using three different buffer systems
(citrate, phosphate, and Tris buffers). The activity-pH profiles
for ALST and ALSTI showed a pH optima of 7.5 and 7.0 for
ALST and ALSTI, respectively (Fig. 5). The pl valuesof ALS
I and ALSII were determined to be 4.6 and 5.3, respectively,
by isoelectric focusing and activity staining (Fig. 6). This
indicates that ALST is somewhat more acidic than ALSII. To
determine the feedback inhibition of ALS by the end products,
the two ALS forms were assayed in the presence of various
concentrations of leucine, valine, isoleucine, and leucine plus
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Fig. 6. Activity staining profiles of ALSI| and ALSII &fter IEF-
gd dectrophoresis. ALSI (O), ALSII (@).

vdine (Fig. 7). The results showed that ALS T was less
inhibited than ALS I by these amino acids. Leucine was most
effective in the inhibition of ALS II. The mixture of leucine
and valine was more effective in the inhibition of both forms
of ALS than any other single amino acid. The inhibition of
ALST and ALS 1I by imidazolinone Cadre and sulfonylurea
Londax was aso examined. ALS II was significantly more
senditive to both herbicides than ALST (Fig. 8).

Discussion

Three different ALS isozymes, which were similar in
sructure but differed in enzymatic properties with respect to
substrate specificity, kinetics, and feedback regulation, have
been purified in bacteria (Grimminger and Umbarger, 1979;
Schloss et al., 1985). Each of these isozymes is composed of
two catalytic subunits of about 60kDa and two smaler,
regulatory subunits (Grimminger and Umbarger, 1979;
Eoyang and Silverman, 1984; Schloss et al., 1985). The
primary sequences of the ~60kDa subunits of the three
isozymes show considerable homology with about a 40%
amino acid identity between any pair. All of the ALS catalytic
polypeptides from a variety of organisms were homologous,
a least to these extents. The expresson of the three ALS
isozymes was regulated in different ways and had
complementary roles (Barak et al., 1990).

The low abundance and labile nature of plant ALS have
severely hampered the purification and characterization of the
enzyme. Thus, the quaternary structure of plant ALS is far
less clear than that of bacteriad enzymes. Although the
presence of the ALS isozymes in plants has long been
speculated, thisis gtill unclear. In this report, we present some
biochemical evidence for the existence of two ALS formsin
the etiolated barley shoots. The two ALS forms (ALS | and
ALS Il) were separated well by heparin-affinity
chromatography (Fig. 1). The two forms were similar in their
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native molecular mass, but showed significant differences in
pl and pH optima, as well as feedback regulation by the end
products (Val, Leu, and Ile), and sengtivity to two classes of

herbicides, (sulfonylurea and imidazilone). The molecular
masses of native ALS | and ALS Il were determined to be 248
kDa and 238 kDa by nondenaturing gel electrophoresis and
activity staining, respectively. The smilar molecular mass of
the two forms, 230-250 kDa, was confirmed by a Western blot
analysis using an anti-AL S-antibody. Denaturing SDS-PAGE
and a Western blot showed that the molecular masses of the
ALS | and ALS Il subunits were identical - 65 kDa. ALS I
was more sensitive to feedback regulation by Leu, Va, lle,
and Leu plus Va than ALS I. Leu was the mogt effective
amino acid inhibitor of both ALS forms. ALS Il was more
grongly inhibited by both sulfonylurea Londax and
imidazolinone Cadre than ALS |. At this stage, our data are
insufficient to define the origin of the two enzyme forms.
Severa possihilities for origin can be considered. One of the
possibilitiesis that the two AL S types are different oligomeric
forms of the same enzyme. However, this possibility could be
excluded in the present case since molecular masses of native
ALS| and ALS Il appeared to be amost identical. Both ALS
types are mogt likely tetramers of the 65 kDa subunit. Another
possibility isthat, if thereisasmall regulatory subunit in plant
ALS, then the two ALS forms may be due to the different
compoasitions of the catalytic and regulatory subunits. In the
present study, however, the small subunit was undetected by
SDSPAGE and following the Western blot. No direct
evidence for the presence of a small regulatory subunit of
plant ALS has been found. Thus, understanding the feedback
inhibition of plant ALS is ill unclear. Therefore, the results
of this study suggest that the two ALS forms are likely two
distinct isozymes.
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The isolation of the two ALS forms from Black Mexican
Sweet corn cdlls was first reported by Singh et al. (1988). In
this paper, the native molecular masses of the two AL S types
were reported to be different, and it was suggested that they
may be different oligomeric forms. Recently, Bekkaoui et al.
(1991) reported the separation and characterization of two
ALS forms from Brassica napus, which had an equa native
molecular mass, but exhibited different properties with respect
to the subunit structure, sengtivity to inhibition by
chlorosulfuron, and feedback inhibition by branched-chain
amino acids. Recently, Shin et al. (1999) aso reported two
ALS forms from peas, which showed significant differences
in their native molecular mass and enzymatic properties.

Many microorganisms regulate the carbon flow in branched
pathways by having multiple isozymes of a regulatory
enzyme. Typically, each isozyme is feedback-regulated by the
end product from a different pathway, diverging from a
metabolic branch point. However, the two ALS forms in the
present case do not fit this model, since both ALS | and ALS
Il are regulated in a Similar pattern by the end products of the
two pathways. The present data suggest that barley expresses
two ALS forms, which exhibit different enzymatic properties.
However, roles of the two ALS forms are still unclear, and a
definitive interpretation for the two ALS forms will require
further experiments to determine the peptide sequences of the
two polypeptide subunits.
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