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Acetolatate synthase(ALS) catalvzes the first common step in the biosynthesis of valine. leucine, isoleucine in
plants and microorganisms. ALS is the target of several classes of herbicides. including the sulfonylureas, the
imidazolinones. and the triazolopyvrimidines. To elucidate the roles of arginine residues in tobacco ALS,
chemical modification and site-directed mutagenesis were performed. Recombinant tobacco ALS was
expressed in £ cofi and purified to homogeneity. The ALS was inactivated by arginine specific reagents,
phenvlglvoxal and 2,3-butanedione. The rate of inactivation was a function of the concentration of modifier,
The inactivation by butanedione was enhanced by borate. and the inactivation was reversible on removal of
excess butanedione and borate. The substrate pvruvate and competitive inhibitors fluoropyruvate and
phenvlpyruvate protected the enzyme against inactivation by both modifiers. The mutation of well-conserved
Argl98 of the ALS by Gln abolished the enzymatic activity as well as the binding affinity for cofactor FAD.
However, the mutation of R198K did not affect significantly the binding of FAD to the enzvme. Taken
together, the results imply that Argl98 is essential for the catalytic activity of the ALS and involved in the
binding of FAD. and that the positive charge of the Arg is crucial for the interaction with negatively charged
FAD.
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Introduction

Acetolactate svnthase (ALS, EC 4, 1.3.18: also referred to
as acetohvdroxy acid svnthase) 1s an enzyme catalvzing the
conunon step in the biosynthetic pathways of valine, leucine.
and 1soleucine 1n plants and microorganisms. The enzyme
catalvzes two parallel reactions, the condensation of two
molecules of pyruvate to 2-acetolactate in the first step of
biosvnthesis of valine and leucine. and the condensation of
pvruvate and 2-ketobutyrate to 2-aceto-2-hyvdroxybutyrate in
the second step of isoleucine biosvnthesis.! ALS requires
three cofactors for its catalvtic activity. thianune pyrophos-
phate (TPP), flavin adenine dinucleotide (FAD). and a
divalent metal ion. Mg-" or Mn-*. ALS has attracted a great
deal of interest because it had been known the target of
several classes of structurally diverse herbicides. including
the sulfonylureas.™ the imidazolinones.* the triazolopyri-
midines.™® and the pyrimidylbenzoates.”® Due to the
structural diversity of the ALS-inhibiting herbicides. it is
believed that other classes of ALS inhibifors can be
potentially utilized as herbicides or fungicides.

In bacteria. three ALS isozymes have been stdied
extensively in terms of their genetic regulation. structure.
kinetic properties. feedback regulation. and sensitivity to
herbicidal inhibitors.”!* However. the low abundance and
labile nature of plant ALS have severely hampered the
purification and biochemical studies of the enzyme. A
number of ALS genes from Arabidopsis thaliona.”* Brassica
napus. Gossypium hirsutum.” Nicotina tabacum.” Zea

meps ' and Xanthim sp.” have been cloned and characterized.
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ALS genes from 4. thaliana'® and tobacco'” have been

functionally expressed in E. coli. and each of the enzymes
has been punfied. Various herbicide-resistant ALS mutants
from plants and bactena have been obtained by spontaneous
or induced mutation under the field or laboratory conditions
and by site-directed mutagenesis' (summarized in ref. (1)).
Recently, site-directed mutagenesis studies of tobacco ALS
in our laboratory have revealed that Tip490.”” Cysd11.7!
His487. and Lys219- residues are essential for catalytic
activity and that Trp573." Alal2]l and Ser652.” and
Lys255° are ivolved in the binding to herbicides. More
recently, X-ray diffraction analysis of the crystal structure of
the catalytic subunit of yeast ALS™ and kinetic analysis of
the reaction of tobacco ALS™*" were reported. Since the
substrate pyruvate and cofactors FAD and TPP of ALS have
negative charges. arginine residues charged positively are
expected to be involved in the binding of the substrate and/or
the cofactors.

In this study. we carried out chemical modification and
site-directed mutagenesis of arginine residues in tobacco
ALS. and analyzed the effects of the modification and
mutations on the enzymatic properties and the structure of
the enzyme.

Experimental Section

Materials. Bacto-tryptone. veast extract. and Bacto-agar
were purchased from Difco Laboratories (Detroit. USA).
Restriction and modifyving enzymes were from Takara Shuzo
Co. (Shiga. Japan) and Boehringer Mannheim (Mannheim.
Germany). Thrombin protease and epoxy-activated Sepharose
6B were obtained from Pharmacia Biotech (Uppsala. Sweden).
GSH. Sephadex G-25. TPP. FAD. @-naphthol. creatine.
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phenvlglyoxal, 2.3-butanedione. Fphenylpyruvate, f-fluoro-
pvruvate were purchased from Sigma Chemical Co. (St.
Louis, USA). Oligonucleotides were obtamed from Jenotech
(Tagjeon. Korea). E. colf XL1-blue cells containing expres-
sion vector pGEX-ALS were provided by Dr. Soo-Ik Chang
{Chungbuk National University. Cheongju. Korea). Londax
(a sulfonvlurea herbicide). and Cadre (an imidazolinone
herbicide) were provided by Dr. Dae-Whang Kim (Korea
Research Institute of Chemical Technology, Dagjeon.
Korea). TP. a triazolopyrimidine derivative. was obtained
from Dr. Sung-Keon Namgoong (Seoul Women's University.
Seoul, Korea).

Expression and purification of tobacco ALS, Bacterial
strains of £. colf XL1-Blue cells containing the expression
vector pGEX-ALS were grown at 37 °C in Lunia-Bertani
(LB) medium contaimung 50 gg/mL ampicillin to an ODgq
of 0.7-0.8. Expression of the pGEX-ALS gene was induced
by adding 0.3 mM isopropyl-D-thiogalactoside (IPTG).
Cells were grown for an additional 4 h at 30 °C and harvested
by centrifugation at 3000 g for 30 min. Punfication of
recombinant ALS was performed as described by Chang ef
al.'® The cell pellets were resuspended with the standard
buffer (50 mM Trs-HCI, pH 7.5, | mM pyruvate, 10%(v/v)
ethvlene glveol, 10 mM MgCl-) containing 2 tg/mL
Leupeptin. 4 tg/mL Aprotinin, and 2 tig/mL Pepstatin A.
The cell suspension was then lysed by sonication at 4 °C.
The homogenate was centrifuged at 20,000 g for 20 min and
the supernatant was re-centrifuged. The supernatant was
applied on a GSH-coupled Sepharose 6B column pre-
equilibrated with the standard buffer. After removing unbound
proteins by washing with sufficient volume of standard
buffer, the GST-ALS fusion protein was recovered from the
column with the elution buffer (50 mM Tris-HCI, pH 7.5. 15
mM GSH. 10 mM ethylene glvcol). To obtain pure ALS. the
fusion protein was digested by thrombin protease (10 U/mg
protein) overmight at 4 °C. The ALS was purified by an
additional step of GSH-affinity chromatography. The isolated
protein was identified bv SDS-PAGE analysis™ and the
protein concentration was determined by the method of
Bradford.-’

Modification of ALS with phenyiglvoxal and 2,3-
butanedione. Modification reactions with phenviglvoxal
were carried out at 25 °C m 50 mM phosphate buffer (pH
8.0) according to the method of Choi ef a/°" All other
conditions were indicated in the figure legends. Aliquots of
reaction mixture were removed at time interval and the
enzyme was separated using Micro Bio-Spin 6 column. And
then the enzyme activity was assaved. Activity 1s expressed
as the ratio of the activity of the modified enzvme. V, to that
of the control. V., multiphed by 100. Modifications with
butanedione were carried out as described in the procedure
for modification with phenvlglvoxal. To determine the
reversibility of butanedione inactivation upon removal of
excess butanedione and borate, the enzyme was first
inactivated to 13% of a control in 30 mM borate (pH 8.0).
The mactivated enzyme was then freed from butanedione
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and borate using Micro Bio-Spin 6 column equilibrated with
50 mM potassium phosphate buffer (pH 8.0). The modified
enzvme solution was periodically assaved for activity over a
period of incubation at 23 °C and compared with that of a
control.

Site-directed mutagenesis. Site-directed mutagenesis of
tobacco ALS was performed directly on the plasmid denved
from pGEX-2T contaming tobacco ALS ¢DNA using the
PCR megaprimer method.>’ All manipulations of the DNA
were carried out using the technique reported previously.>
The PCR was also performed as described previously.® The
first PCR was carried out with oligonucleotide primer NKB2
and each mutagenic fragment as imternal primers. with the
underlined bases changed -

NKB2. 5-CCCGGGGATCCTCAAAGTCAATA-3'
R198Q. #-GTGCCACGTCAGATGATGATCGG-3'
R198K. #-GTGCCACGTAAAATGAT GATCGG-3'
R198A. #-GTGCCACGTGCTATGATGATCGG-3'

NKBI. 5-CATCTCCGGATCCATGTCCACTACCCAA-3'

The bold bases are BemHI restriction site. Each reaction
mixture contained 50 ng of template DNA, 25 pmol of
mutagenic primer and universal primer NKB2, 200 uM
dNTPs m 30 mM KCI. 10 mM Tns (pH 7.5). and 1.5 mM
MgCl>n 100 uL. Each reaction was performed for 30 cycles
of the following programs; 94 °C. 1 mun; 60 °C. 1 min; 72
°C, 2 mun. The resulting DNA was subjected to a second
PCR with the umiversal primer NKBL. The PCR products
were double digested with Necel and Bg/Il and cloned mto
the expression vector. which was prepared from the Ncol/
Bgfll-excised pGEX-wALS. The resulting pGEX-mALS
was used to transform the E cofi XL1-Blue cells using
standard CaCl» transformation instruction.>> Each mutant
ALS gene was sequenced by the dideoxy chamm termination
procedure ™

Enzyme assay. Enzyme activity was measured according
to the method of Westerfeld® with a modification as
reported previously.™ The reaction mixture contained 350
mM potassium phosphate buffer (pH 7.5). 1 mM TPE. 10
mM MgCl.. 20 uM FAD, 100 mM pyruvate. and the enzyme
mm the absence or presence of various concentrations of
mhibitors. The enzyme reaction was terminated by adding 6
N H-SQ, solution, then the reaction product acetolactate was
allowed to decarboxylate at 60 °C for 15 min. The acetoin
formed by acidification was colorized with 0.5% creatine
and 5% naphthol. The absorbance of the reaction mixture
was measured at 525 nmn.

Spectroscopic measurements. Absorption spectra were
recorded on a Beckman DU-600 UV/VIS spectrophotometer.
The enzyme solution was dispended mn | mL black-walled
quartz cuvette, and each sample was scanned in the range of
250 to 5350 nm. Fluorescence emission spectra were recorded
with a Perkin-Elmer Lununescence Spectrophotometer LS30B.
The fluorescence spectra of FAD bound to wALS and
mALS were obtammed in the range of 430 to 630 nm by
exciting at 450 nm.



Active Site Arginine in Acetolactate Synthase
Results and Discussion

Expression and Purification of Tobacco ALS. Wild-tvpe
tobacco ALS and the mutant ALSs (R198Q. RI98K, and
RI98A) were expressed in E. cofi as the GST-ALS fusion
proteins. The wALS and two mutants, R1980Q and R198K.
were successfully expressed as a soluble form. as judged by
SDS-PAGE. However. the mutant R198A was expressed as
only inclusion body under various conditions (data not
shown). The resulting GST-ALS in a soluble form was
purified to homogeneity in a single step bv GSH-Sepharose
6B affinity chromatography. Lane 2 in Figure | 1s a sample
of purified GST-wALS. The purified GST-ALS protein was
subjected to digestion with thrombin protease. The cleaved
ALS enzyme was purified to homogeneity by an additional
GSH-Sepharose chromatographic step. A single band of
wALS, R198Q. and R198K at 66 kDa appeared on the SDS-
PAGE (Fig. 1). The molecular mass of 66 kDa for the
subunit of recombinant tobacco ALS 1s in good agreement

kDa M 1 2 3 4 5
974 ) | -
662D wp  w — e aw
e
31.0p | - -
S
14.4p -

Figure 1. SDS-PAGE of wild-type ALS and mutant ALSs. Each
sample was electrophoresed on 11% polvacrylamide gel containing
SDS, then the gel was stained with Coomassie Blue. M, molecular
marker, 974, 66.2, 450, 31.0, 21.5, 144 KDa; lane 1, GST-wALS
fusion protem; lane 2, wALS and GST from thrombin digestion of
GST-wALS: lane 3, wALS: lane 4, R197Q; lane 5, R198K.
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Figure 2. Inactivation of tobacco ALS bv phenylglyoxal. The

enzyme (1.3 uM)was incubated with2 ( @ ), 34 (-2 ), 8 ( a ), and 10

( - ymM phenylglvoxal in 30 mM potassium phosphate butfer (pH

80)at25°C.
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with the value reported previously by Chang ez .
Inactivation of Tobacco ALS by Phenylglyoxal and 2,3-
Butanedione, Recombinant tobacco ALS was mactivated
with arginine specific reagent phenylglvoxal m potassium
phosphate buffer, pH 8.0. The rate of the ALS activation
was a function of the reagent concentration (Fig. 2). The
mactivation reaction followed roughly pseudo-first order
kinetics during reaction period of fast phase. usually for 30
to 40 min. The second order rate constant for the inactivation
during the period was approximately 4.6 M~ min™ and that
the constant was comparable with that of the inactivation of
pyridoxamine 5'-phosphate oxidase with phenylglyoxal.®
Another argmine reagent 2.3-butanedione also mactivated
the ALS in borate buffer, and the inactivation was dependent
on butanedione concentration (Fig. 3). The second order rate
constant for the inactivation by butanedione in 30 mM borate

Activity, V/Vc x 100

Time (min)

Figure 3. Inactivation of tobacco ALS by 2,3-butanedione. The
enzvme (1.5 uM) was incubatied with 5 (@), 10 (:7:), 15 (a ),
and 20 ( - ymM 2,3-dwtandione i 30 mM borate buffer (pH 8.0) at
25°C.
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Figure 4. Reversibility of enzyvme activity on the inactivation of
tobacco ALS by 2.3-butanedione. The enzvme (1.3 uM) was
incubated with 20 mM 2 3-butanedione in the presence 3 mM
borate bufter, pH 8.0 ( @ ). The enzyme inactivated in borate butter
was separated from excess 2,3-butanedione and borate on a Micro
Bio-Spin 6 column and peniodically assaved for activity during
ncubation in 30 mM potassiun phosphate buffer (pH 8.0) at 23 °C
()
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buffer was about 2.9 M~ min™" in fast phase. However. the
inactivation by butanedione in phosphate buffer was much
slower than that in borate buffer. After incubation of the ALS
with 10 mM butanedione for 30 min at 25 °C. the residual
activity of the ALS was 62% and 38% of a control in 30 mM
phosphate and 30 mM borate buffer, respectively. The
inactivation by butanedione was reversible upon removal of
excess butanedione and borate (Fig. 4). The ALS. which had
lost about 85% of its original activity by incubation with
butanedione-borate, was restored to about 70% of the
control witlhun 80 min of ncubation at 23 °C following
removal of excess butanedione and borate (Fig. 4). The
charactenstics of butanedione modification of this kind have
been observed for many arginyl enzymes.>>>** The substrate
pyvruvate and competitive nhibitors fluoropyvruvate and
phenylpyruvate effectively protected the enzyme against the
mactivation by phenvlglvoxal and 2.3-butanedione (Fig. 5A
and B). Phenvlglvoxal has been shown to be highly selective
for the modification of arginyl residues in proteins.****

Activity, V/Vc x 100

Time (min)

Activity, ViVc x 100

1 (B)

0 T T T T T T T T T T
0 10 20 30 40 50

Time (min)

Figure 3. Protective effect of substrate pvruvate and competitive
inhibitors fluoropyruvate and phenvlpyruvate on the inactivation of
tobacce ALS by phenvlglvoxal and 2.3-butanedione. Enzvine
activity was assaved after removal of the reagent and substrate/
inhibitor using Micro Bio-Spin 6 column. A: The enzvme (1.5 (M)
was incubated with 10 mM phenvlglvoxal in the absence ( .- ) and
the presence of 40 mM pyruvate ( A ). 0.1 mM fluoropyruvate
(@), and 0. 3mM phenyvlpyruvate (-2:). B: The enzyme (1.3 pM)
was incubated with 20 mM 2 3-butanedione in the absence ( )
and the presence of 40 mM pyruvate ( a ), 0.1 mM fluoropvruvate
( ® ), and 0.5 mM phenylpyruvate (7).
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2.3-Butanedione is even more selective for the modification
of arginine residues in proteins.”***" The butanedione
modification has shown that the reaction 1s enhanced by
borate buffer. which stabilizes the c¢is-amino-carbinol adduct
formed between guanidine group and butanedione. and
further reversible by removal of excess butanedione and
borate. **! In this study with tobacco ALS, the inactivation
by butanedione is augmented by borate and reversible on
removal of borate in consistent with the mechanism
proposed by Riordan.*® Thus, the inactivation of the ALS by
treatment with phenylglyoxal and butanedione is most likely
due to modification of arginine residue(s) in the enzvme.
When the loss of enzyme activity i1s observed on the
modification of amino acid residues of the enzyme, there are
several possibilities for the inactivation of the enzvme. The
modification of essential amino acid residue(s) may be
responsible for the mactivation of the enzvme. One could
presume that the conformational change, aggregation, or
dissociation to subunts mduced by modification of amino
acid residues may cause inactivation of the enzvme.
However, in this case the modification of essential arginine
residue(s) 1s most likely responsible for the inactivation of
the ALS, since the substrate and competitive mhibitors
effectively protected the enzyme against the inactivation. In
a number of enzymes, arginine residues have been shown to
be essential to serve as positively charged recognition site
for negatively charged substrate and amomic cofactor,
particularly phosphate and carboxvlate group™ (references
therein).

Site-directed Mutagenesis of an Arginine Residue of
Tobacco ALS. Since the chemucal modification studies
suggested that arginine residues are important for catalytic
activity of tobacco ALS, site-directed mutagenesis of well-
conserved Argl98 was performed to identify the essential
argimne residue. Three mutants (R198Q. R198K, and R198A)
of tobacco ALS gene were cloned into the bactenal
expression plasmid pGEX-2T. Each of the ALS mutants was
expressed in £ coff as a GST-ALS fusion protein. Two
mutants, R198Q and R198K. were successfully expressed as
a soluble form. But the mutant R198A was expressed only as
mclusion body under various conditions.

Although the R198Q mutant was expressed and purified
normally like wild-type ALS (Fig. 1), it has not shown any
detectable enzymatic activity under various assay conditions.
To understand the inactivation mechamisim, the spectroscopic
properties of R198Q mutant were compared with those of
wALS. The absorption spectrum of the cofactor FAD bound
to wALS showed peaks around 370 and 430 nm (Fig. 6),
similar to that reported previously.”” In contrast, the spectrum
of R198Q showed no comparable peaks in the region of 350
to 500 nm. supenmposed on the background that rises
progressively to the lower wavelength region (Fig. 6). The
fluorescence emission spectrum of R198Q showed no peak
around 330 nm by exciting at 450 nm. which 1s the emission
peak of FAD bound to wALS (Fig. 6. inset).” Both the
absorption and fluorescence spectra of R198Q imdicate that
the mutant R198Q does not bind the cofactor FAD. Taken
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Figure 6. Absorption spectra of wWALS and R197Q. The
concentration of each enzvme was 16 gM in 30 mM Tis-HC1 buffer
(pH 7.3). wALS, solid line; RI98Q, dashed line. Insert is
Fluorescence spectra of wALS and R197Q.

together. the results strongly suggest that Argl198 1s essential
for the catalvtic activity and probably involved in the binding
of FAD.

To understand the role of positive charge of arginine side
chain. R198 was replaced by a lysine which has also positive
charge at the side chain. The mutant R198K was active and
showed a character similar to wALS with respect to the
knetic properties, including K,,. K; for FAD and TPP, and
K *® of three herbicides, NC-311, Cadre. and TP (Table. 1).
The values of Viya Kn. and K. for each cofactor were
deternuned by fitting the data to Eq. (1) bv the non-linear
least -square Simplex method for error minimization.*!

V= Vmax/(l + K"{I—X]) (1)

In this equation, v 1s the reaction velocity, Vg 1S maximum
velocity. and K 15 K, or K. depending on the varied
component concentrations [X] of a substrate or cofactor. The
Vmae of RI198K was smaller more than 10-fold than that of
wALS. However, other parameters, K, and K. were not
affected significantly by the mutation.

The sensitivity of R198K to the inlubition by ALS-target
herbicides. NC-311 (a sulfonylurea). Cadre (an umdazolinone),
TP (a triazolopyrimidine) was determined. The K,*? values
were obtained by fitting the data to Equation (2).

vi=vo /(1 + [I[[/K,) (2

Table 1. Kinetic parameters and Kiapp values of wALS and mALSs
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In this equation. v, and v, represent the reaction rate in the
presence and absence of the nhibitor. respectively. and [I] 1s
the concentration of mhibitor. The K *¥ 1s the apparent K.,
that 1s the concentration of the mhibitor giving 50%
mhibition under a standard assay condition. and which 1s
also known as [Cs,. Three classes of herbicides, NC-311,
Cadre. and TP are very potent mhibitors of wALS with K**
values of 61.5 nM, 1.8 uM, and 16.0 uM. respectively (Table
1). The mhibition of RI98K by each of the herbicides 1s
similar to that of wALS (Table 1). indicating that the
mutation affects little the binding of the herbicides. Thus. it
mplies that Argl98 1s not directly involved in the binding of
the herbicides.

It was noticed by a homology search for ALS genes of
bactenia. veast, and plants that Argl98 of tobacco ALS 1s
well conserved.! A molecular model for the active site of
Arabidopsis thaliana ALS was generated based on the X-ray
structure of TPP-dependent pyruvate oxidase. sequence
homology of the two proteins. and the results of mutation of
the ALS." Biochemical. genetic, and structural similarity of
ALS and pyruvate oxidase suggested a common ancestral
origin for these enzymes.® Moreover. a low level of ALS
activity was demonstrated by pyvruvate oxidase itself. and
also by a chimeric protein consisting of the N-terminal half
of pyruvate oxidase and C-terminal half of ALS.** According
to the model, Argl99 of Arabidopsis ALS (corresponding to
Argl98 of tobacco ALS) 1s located near the entrance of the
active site pocket and in close proximity of the overlapping
region for the binding of cofactor FAD and a herbicide
imidazolinone.”® The result from the mutation of R198Q,
which caused to lose both the enzymatic activity and binding
affinity for FAD, suggests that Argl198 1s located at the active
site of the ALS and possibly mnvolved in the binding of FAD.
And this result 1s in good agreement with the proposed
model.’”® In chemical modification study, the substrate and
competitive inhibitors protected the enzyme against mactiva-
tion by the arginine reagents. It could be suggested that the
binding of substrate or mhibitor prevents the access of the
modifier to the essential Argl98.

The replacement of Argl98 by Lys contaming positively
charged side chain like Arg affected marginally the kinetic
properties, the binding affimities for cofactors FAD and TPP,
and the mlibition sensitivity by the herbicides NC-311,
Cadre. and TP. Thus, it indicates that the positive charge of
Argl98 has an essential role i the mteraction with
negatively charged cofactor FAD.

Ky Vinax K K7 Value for inhibitors
Pyruvate, mM U-mg™ FAD, uM TPF, mM NC-311, nM Cadre, uM TP'. nM
wALS 133 339 1.69 0.04 61.5 1.8 16.0
RI198K 468 0.36 1.89 02 284 1.3 8.1
RI198Q No enzymatic activity
RI98A Inclusion body

For each enzyme. the values shown are the best fitting estimation of the parameter abtained from regression analysis. 'TP a newly synthesized derivative

of triazolopyrimidine sultonamide.
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Conclusion

Tobacco ALS was inactivated by arginine specific reagents
phenvlglvoxal and 2.3-butanedione. and the substrate and
the competitive inhibitors protected the enzvme against the
mnactivation. This result suggests that the inactivation is
likely due to the modification of an essential arginine residue
at the active site of the enzvme. Site-directed mutation of
well-conserved Argl98 by Gln resulted m losing the
enzymatic activity as well as binding affinity for cofactor
FAD. This indicates that Argl98 is essential for the catalytic
activity and possibly involved in the binding of FAD. Since
the replacement of Argl98 by Lys affects hittle the enzvmatic
properties. the positive charge of the Arg seems to be crucial
in the interaction with negatively charged FAD.
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