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Abstract

Acetohydroxy acid synthase (AHAS) catalyzes the first common step in the biosynthesis pathway of the branch chain amino acids in
plants and microorganisms. A great deal of interest has been focused on AHAS since it was identified as the target of several classes of potent
herbicides. In an effort to produce a mutant usable in the development of an herbicide-resistant transgenic plant, two consecutive aspartic acid
residues, which are very likely positioned next to the enzyme-bound herbicide sulfonylurea as the homologous residues in AHAS from yeast,
were selected for this study. Four single-point mutants and two double mutants were constructed, and designated D374A, D374E, D375A,
D375E, D374A/D375A, and D374E/D375E. All mutants were active, but the D374A mutant exhibited substrate inhibition at high
concentrations. The D374E mutant also evidenced a profound reduction with regard to catalytic efficiency. The mutation of D375A increased
the K, value for pyruvate nearly 10-fold. In contrast, the D375E mutant reduced this value by more than 3-fold. The double mutants
exhibited synergistic reduction in catalytic efficiencies. All mutants constructed in this study proved to be strongly resistant to the herbicide
sulfonylurea Londax. The double mutants and the mutants with the D375 residue were also strongly cross-resistant to the herbicide
triazolopyrimidine TP. However, only the D374A mutant proved to be strongly resistant to imidazolinone Cadre. The data presented here
indicate that the two residues, D374 and D375, are located at a common binding site for the herbicides sulfonylurea and triazolopyrimidine.
D375E may be a valuable mutant for the development of herbicide-resistant transgenic plants.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In most organisms in which acetohydroxy acid synthase
(AHAS, EC 2.2.1.6, also known as acetolactate synthase) is
found, it plays a role in the biosynthesis pathways of the
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AHAS; wAHAS, Wild type AHAS; CD, Circular dichroism; FAD, Flavine
adenine dinucleotide; GSH, Glutathione; GST, Glutathione S-transferase;
IPTG, Isopropyl-R-D-thiogalactoside; PCR, Polymerase chain reaction;
pGEX-AHAS, Plasmid derived from pGEX-2T containing tobacco AHAS
c¢DNA; ThDP, Thiamine diphosphate; TP, Triazolopyrimidine sulfonamide
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branch-chain amino acids leucine, isoleucine, and valine.
AHAS catalyzes the first common step of this pathway. The
reactions involve the irreversible decarboxylation of pyr-
uvate and the condensation of the two-carbon fragment with
a second molecule of pyruvate, yielding 2-acetolactate, or
with a molecule of 2-ketobutyrate, yielding 2-aceto-2-
hydroxybutyrate [1,2].

AHAS requires thiamine diphosphate (ThDP) and a
divalent metal ion as obligatory cofactors to function. It also
requires FAD as a non-catalytic cofactor [1,2]. As the
reaction catalyzed by AHAS involves neither oxidation nor
reduction, there is no clear explanation as to why the
enzyme requires FAD. Recently, Tittmann and co-workers
reported that the enzyme-bound FAD in AHAS is reduced
as a side reaction in a course of catalysis [3]. Their finding



104 D.T. Le et al. / Biochimica et Biophysica Acta 1749 (2005) 103—112

OCH,
N =
CH2802NHCONH—< /N
n—{
(A) OCH,
H:Co
F | COOH
N N CH;
CH (CH3)2
HN
~o
(B)
CH;
Z SN—N
\N)\ J\SO2NH/k
H,C
(%)

Fig. 1. Structures of AHAS-inhibiting herbicides used in this study.
Sulfonylurea Londax (A), Imidazolinone Cadre (B), and Triazolopyrimi-
dine TP (C).

supports the idea of a common ancestor of AHAS and
pyruvate oxidase, a homologous ThDP- and FAD-depend-
ent enzyme which, in contrast to AHAS, catalyzes a reaction
dependent on intercofactor electron transfer.

AHAS has drawn a great deal of interest recently, as it
was identified as the target of several structurally unrelated
herbicides [4], including sulfonylureas [4,5], imidazoli-
nones [6], triazolopyrimidines [7,8], and pyrimidyl oxy-
benzoate [9,10]. The structures of various AHAS-inhibiting

herbicides used in this study are shown in Fig. 1. Several of
these herbicides are slow and tight-binding inhibitors,
which exhibit complex inhibition kinetics [11-13].
Although the AHAS herbicides are potent, their mode of
action has yet to be established. It has been suggested that
its characteristic inhibition is either uncompetitive or non-
competitive [11,14]. Several mutants with resistance to
herbicides have been isolated, and, in most cases, this
resistance is due to a dominant or semi-dominant mutation
in the catalytic subunit gene of AHAS (Summarized in Ref.
[2]). Recently, we have reported several herbicide-resistant
mutants of tobacco AHAS [15]. However, those herbicide-
resistant mutants exhibit relatively low affinity for its
pyruvate substrates. As the substrate concentration inside
the plant organelles is quite low, mutants with a low affinity
for substrate may not function properly in the plant
organelles. In this work, we constructed several mutations,
with the assistance of the homology model constructed
previously, in order to identify an herbicide-resistant
mutant, which also exhibits kinetic parameters similar to
that of the wild type enzyme.

Bartlett and coworkers studied the functional amino acid
residues in structurally known enzymes and found that,
among 178 enzymes analyzed, 15% of the functional
residues were aspartic acid [16]. Analysis of the protein
sequences of 17 AHASs from plants and algae showed that
the average number of aspartic acid residues was approx-
imately 33. Among these, 9 residues are identical in 17
sequences (Fig. 2). Multiple sequence analysis revealed two
aspartic acid residues located consecutively in the 3-domain
of tobacco AHAS. The two residues are located in a highly
conserved motif (37,RFDDR34). In the recently-constructed
structure model of tobacco AHAS [17] based on yeast X-ray

18 4+

I % of total residues H

16 4

[ 1% of identical residues

N
L .
|

WV}
| -
|

_.
=]
1
|

o
]

% residues

GLY PRO ALA LEU ASP VAL GLN THR MET PHE ASN ARG HIS ILE SER GLU LYS TYR TRP CYS

Fig. 2. Distribution of amino acid types and their conservation in 17 AHAS protein sequences from plants and algae. The sequences analyzed included the
transit peptide signals. Aspartic acid is among the most functional conserved group, comprising an average of 9 conserved residues among 33 total aspartic acid

residues.
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Fig. 3. Structural model of tobacco AHAS constructed based on the yeast AHAS template (1NOH.pdb) showing the involvement of the two residues in this
study in the herbicide-binding and FAD-binding sites. CIE is a sulfonylurea chlorimuron ethyl; dotted lines represent hydrogen bonds. R376 interacts directly
with CIE. This figure was generated using Molecular Image (Molw 4.0) and Showcase software.

structure [18] the two residues are located close to the
herbicide sulfonylurea and the cofactor FAD (Fig. 3). In
addition to that, Duggleby et al. recently reported the
systematic characterization of herbicide-resistant mutations
in yeast AHAS [19]. In their report, the D379N mutant of
yeast AHAS, which is equivalent to the D375 residue in
tobacco AHAS, was strongly resistant to sulfonylureas.
However, this mutant exhibited a high degree of sensitivity
to imidazolinone [19].

In order to design herbicide-resistant mutants of this
enzyme, we performed site-directed mutagenesis on these
two aspartic acid residues. The mutants obtained were
evaluated for herbicide sensitivity against a sulfonylurea
Londax, an imidazolinone Cadre, and a triazolopyrimidine
TP. The kinetic and structural properties of these mutants
were also determined, and the data obtained will be
discussed in relation to the homology model.

2. Materials and methods
2.1. Materials

LB Broth (Luria-Bertani) and LB Agar were purchased
from Difco Laboratories (Detroit, USA). Restriction
enzymes were purchased from Roche Co. (Mannheim,
Germany). GSH, Sephadex G-25, ThDP, FAD, a-naphthol,
and creatine were obtained from Sigma Chemical Co. (St.
Louis, USA). Thrombin protease and epoxy-activated
Sepharose 6 B were obtained from Pharmacia Biotech
(Uppsala, Sweden). E. coli XL1-Blue cells containing the
expression vector pPGEX-AHAS were provided by Dr. Soo-
Ik Chang (Chungbuk National University, Cheongju,
Korea). Oligonucleotides were obtained from Genotech
(Daejon, Korea). Londax (a sulfonylurea herbicide) and
Cadre (an imidazolinone herbicide) were provided by Dr.
Dae-Whang Kim (Korea Research Institute of Chemical

Technology, Daecjon, Korea). TP, a triazolopyrimidine
derivative, was obtained from Dr. Sung-Keon Namgoong
(Seoul Women’s University, Seoul, Korea).

2.2. Multiple sequence alignment of AHAS sequences

The multiple sequence alignment was carried out using
ClustalW [20] with the 17 AHAS sequences described
previously as a data set [21]. This sequence data set was also
used to calculate the conserved residues (as shown in Fig.
2). The sequences used for the calculation included the
transit signal peptides.

2.3. Site-directed mutagenesis

Site-directed mutagenesis of tobacco AHAS was per-
formed directly on the plasmid derived from pGEX-2T
containing tobacco AHAS cDNA, using the PCR mega-
primer method [22]. All manipulations of the DNA were
carried out using the techniques reported previously [23].
The initial PCR was performed with oligonucleotide primer
NKB2 and each mutagenic fragment as internal primers
with the low-cased bases changed as follows:

NKB2, 5-CCCGGGATCCTCAAAGTCAATA-3

D374A, 5-GGTGAGGTTTGcTGATAGAGTTAC-3'
D374E, 5'-GGTGAGGTTTGAaGATAGAGTTAC-3’
D375A, 5-GAGGTTTGATGcTAGAGTTACTGG-3'
D375E, 5'-GAGGTTTGATGAaAGAGTTACTGG-3'
D34A/D375A, 5'-GGTGAGGTTTGcTGeTAGAGTTAC-3
D374E/D375E, 5'-GGTGAGGTTTGAaGAaAGAGTTAC-3

The bold bases in the NKB2 primer represent BamHI
restriction sites. The resultant DNA was subjected to a
second PCR with the universal primer NKBI 5'-
CATCTCCGGATCCATGTCCACTACCCAA-3'. The PCR
products were double-digested with Ncol and Bglll, and
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cloned into the expression vector, which was prepared from
the Ncol/Bglll-excised pGEX-wAHAS. The resultant
pGEX-mAHAS was used to transform the E. coli strain
XL1-Blue cells, using standard CaCl, transformation pro-
tocols [23]. Each transformant was identified by the
digestion of its plasmid with BamHI, with subsequent
sequencing to ensure correct base mutations.

2.4. DNA sequence analysis

DNA sequencing was carried out via the dideoxy chain-
termination procedure [24] at Macrogen, Inc. (Seoul,
Korea).

2.5. Expression and purification of tobacco wAHAS and
mAHAS

Bacterial strains of E. coli BL21-DE3 cells, containing
the expression vector pPGEX—AHAS, were grown at 37 °C in
Luria—Bertani (LB) broth medium containing 50 pg/ml
ampicillin, to an ODgy of 0.7-0.8. Expression of the
pGEX-AHAS gene was induced by the addition of 0.1-0.3
mM isopropyl-D-thiogalactoside (IPTG). Cells were grown
for an additional 4 h at 30 °C, then harvested by
centrifugation at 5000 g for 30 min. Purification of WAHAS
and mAHAS was performed as described previously by
Chang et al. [25]. The cell pellets were suspended in standard
buffer (50 mM Tris—HCI, pH7.5, 1 mM pyruvate, 10% (v/v)
ethylene glycol, 10 mM MgCl,) containing protease
inhibitors. The cell suspension was then lysed by sonication
at 4 °C. The homogenate was centrifuged at 20,000 xg for
20 min twice, and the supernatant was applied to the GSH-
coupled Sepharose 6 B column, at which the unbound
proteins were removed by washing with standard buffer. The
GST-AHAS fusion protein was recovered from the column
with an elution buffer (50 mM Tris—HCI, pH7.5, 15 mM
GSH, and 10% (v/v) ethylene glycol). In order to obtain the
cleaved AHAS, the purified GST-AHAS was incubated
overnight at 4 °C with thrombin (10 U/mg protein). The
AHAS was purified by an additional GSH-affinity chroma-
tography step. The isolated protein was identified via SDS-
PAGE analysis [26], and the protein concentration was
determined by the method of Bradford [27].

2.6. Enzyme assay

The enzyme activities of the purified wWAHAS and
mAHAS were measured according to the method of
Westerfeld [28], with slight modification, as reported
previously [29]. The reaction mixture contained a 50 mM
potassium phosphate buffer (pH7.5), | mM ThDP, 10 mM
MgCl,, 20 uM FAD, 100 mM pyruvate, and the enzyme, in
the absence or presence of different concentrations of
cofactors or inhibitors. The reaction starts by adding the
enzyme solution into the buffer containing substrate and
cofactors at 37 °C and ends by the addition of 6 N H,SOy,.

Unless otherwise specified, the values of V., and K, for
the substrate were determined by fitting the data into Eq.
(1), while the activation constant (K,) values were obtained
by fitting the data into Eq. (2).

V= Vinax/ (1 + K /[S]) (1)

v="o+ Vaax/(1 + K,/ [C]) (2)

In these equations, v is the reaction velocity, V., is the
maximum velocity, V is the activity due to the trace of
cofactors present in the apo-enzyme, K, is the Michaelis
Menten constant, K, is the activation constant, [S] is the
substrate concentration, and [C] is the concentration of
added cofactor. The K{PP values were determined by fitting
the data into Eq. (3).

vi=vo/(1+[1]/K") 3)

In this equation, v; and v, represent the rate in the
presence or absence of the inhibitor, respectively, and [/] is
the concentration of the inhibitor. The K" is the apparent
K;, that is, the concentration of the inhibitor resulting in
50% inhibition under standard assay conditions. This is also
known as the ICsy. All fittings and data analysis were
conducted using the Sigma Plot 8.0 program (Systat
Software Inc., California, USA).

2.7. Spectroscopic studies

Absorption spectra were recorded on a Beckman DU-
600 Spectrophotometer. The protein solution was dis-
pensed in 1 ml black-walled quartz cuvettes, and the
spectrum of each sample was scanned over a range of
250-550 nm. Fluorescence emission spectra were recorded
with a Hitachi F-3000 fluorescence spectrophotometer. The
fluorescence emission spectra of FAD bound to wAHAS
and mAHAS were scanned over a range of 450—650 nm,
via excitation at 370 nm. The bandwidth for excitation and
emission was 5 nm. The far-UV CD spectra were recorded
over a range of 190-250 nm on a Jasco J-710 Spectro-
polarimeter set at 50 mdeg sensitivity, I mm resolution, 3
units accumulation, 5 s response, and at a scanning speed
of 200 nm/min. A protein solution of 0.36 mg/ml was
assayed in a cylindrical quartz cell with a path length of 1
mm. Near-UV CD spectra were determined using a protein
solution of 0.2 mg/ml in a cylindrical quartz cell with a
20-mm path length, on the same machine. The near-UV
CD spectra were recorded in a wavelength region of 240—
340 nm.

2.8. Analysis of structural models
The structure of the homology model [17] was analyzed

by Deep View [30,31] and Molw 4.0. Structural illustra-
tions were created from coordinate files with Deep View
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Table 1
Kinetic parameters of the wild type and mutant AHASs
Enzymes Vimax Ky Vinax! Km Affinity for FAD Affinity for ThDP
—1
(Umg™) (pyruvate, mM) Vo Kpap” (WM) Activation Vo Krnpp” Activation
efficiency” (M) efficiency

wAHAS 1.55+0.05 11.7+1.9 1325%10°  0.96 209+3.5 28.5x10° 086 282+3.8 23.6%x 107
D374A° 0.91+0.15 57424 159.7x 102 0.51 345+43 11.6x10% 023 25403 266.7% 107
D374E 0.77+0.10  557.6+141.1 14%x10° 003 168.6+15.8 44%x10° 000 774242445 0.97 %1073
D375A 0.65+0.07  109.3+37.2 59x10°%  0.07 9.1+0.3 644x10° 002  1348+578 47x%107
D375E 1.53+0.06 3.6+0.8 4250%x10° 12 3.1+0.5 103.1x10°  1.35 6.6+0.6 273%x1073
D374A/D375A  0.09 + 0.00 55.8+5.9 1.6x10°%  0.02 59405 11.9%x10° 0.0 93.1+16.6 0.86 %107
D374E/D375E 0.64+0.05  266.7+42.4 24x10°  0.03 46.5+7.8 13.2x10%  0.00 76.2+4.7 8.4x107

? Activation efficiency was calculated using following equation: (Vax — Vo)/ K.
® The D374A mutant was inhibited by high substrate concentrations; its ¥ ax, Km and K; (substrate inhibition constant) were determined by fitting of data to
empirical equation, v="V . [Pyr]/(K,,+[Pyr](1 +[Pyr]/Kj;)), given the K;/K,, ratio of 34.6.

and Molw PDB Viewer 4.0 with Showcase (http:/www.
molimage.com).

3. Results
3.1. Asp374 mutants

In order to reveal the roles of this residue in the proposed
herbicide-binding site (Fig. 3), two different mutations were
individually performed on this residue, resulting in two
active mutants (D374A and D374E). While the two mutants
exhibited insignificant changes in their V., values, their
affinities for pyruvate proved to be distinct. As shown in
Table 1, the K,,, value of the D374A mutant was half that of
the wild type. However, this value in the D374E mutant was
almost 48-fold higher than the corresponding wild-type
value. The activation efficiencies by FAD of the D374A and

D374E mutants were 11.6 X 10 2 and 4.4 x 10 >, respec-
tively. The corresponding value for wAHAS was
28.5x 10 °. The activation efficiency of the D374A mutant
by ThDP was 11-fold higher than that of the wild type.
However, this value in the D374E mutant was 24-fold lower
than that of the wild type (Table 1). Surprisingly, while the
phenomenon of substrate inhibition was not observed with
wAHAS, the D374A mutant was strongly inhibited at high
substrate concentrations, given a K;/K, ratio of 34.6 (Fig.
4). The D374A mutant was strongly cross-resistant to
Londax and Cadre, while the D374E mutant was strongly
resistant to Londax, but not Cadre (Table 2 and Fig. 8). The
absorption and fluorescence spectra of FAD bound to the
two mutant enzymes were determined. Fig. 5 shows that,
while the D374A mutant harbors a significant amount of
bound FAD, only a small amount of enzyme-bound FAD
was detected in the D374E mutant, using the same
technique. The far-UV CD spectra of these two mutant
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Fig. 4. The pyruvate-dependent activity of WAHAS and D374A mutant, substrate inhibition was observed with D374A mutant. The values of V' .x, Kin» K; of
the D374A mutant were obtained by fitting data into the empirical equation v="V,.[Pyr]/ (K, + [Pyr](1+[Pyr]/K;)). The ratio of K;/K, (34.6) of this mutant
indicates that the inhibition by substrate is quite robust. The values at the upper part of the X-axis indicate the pH values of the assay solutions at corresponding

pyruvate concentrations.
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KPP values for three classes of herbicides of the wild type and mutant

these two mutants was easily visualized by its fluorescence
emission after specific excitation. Furthermore, the fluo-

AHASs rescence intensity of the spectrum of the D375E mutant was
Enzymes Londax (nM) Cadre (LM) TP (kM) almost twice of that of the wild type (Fig. 5, inset). While
WAHAS 13.0£0.8 41£05 293129 the activation efficiency of the wild type by FAD was
Bg;jg 10886.2i }_130'5 1158; i 1597 74;; i ;2 28.5x10 3, the_s36 values in the D37§g‘; and D37§E mutants
D375A N.D (>1 uM) 08402 198.5+30.4 were 64.4x 10~ and 103.1 <10 -, respectively. The
D375E N.D (>1 pM) 389424 N.D (>1mM) activation efficiency of the D375A mutant by ThDP was
D374A/D375A N.D (>1 pM) 133+4.4 309.2+27.6 5-fold less than that exhibited by the wild type enzyme. This
D374E/D375E N.D (>5 uM) 296431 790.2+89.2 value in the D375E mutant was similar to that of wAHAS

The K{*P values were obtained by fitting of the observed data into the
equation v;=vy/(1+[1]/K{"?) using Sigma Plot program (Systat Software
Inc., California, USA,), N.D., not detectable experimentally, the values in
parentheses are the predicted values by further extrapolation of the
experimental data.

enzymes were similar to that of wAHAS. That notwith-
standing, both mutants exhibited near-UV CD spectra which
were significantly different from that of the wild type
enzyme. The peaks of the near-UV CD spectra of both
mutants were shifted to longer wavelengths, suggesting a
possible change occurring in the overall structural con-
formation of the two mutants (Fig. 6).

3.2. Asp375 mutants

In order to determine the functions of this residue, we
carried out two single-point substitutions and obtained two
active mutants, designated D375A and D375E. The V.«
values of the two mutants were 0.65 and 1.53, respectively.
While the K, value of the D375A mutant was 10-fold
higher than that of the wild type enzyme, this value in the
D375E mutant was 3-fold lower (Table 1). FAD bound to

(Table 1). The two mutants were also evaluated for their
sensitivity to the herbicides Londax, Cadre, and TP. The two
mutants were strongly cross-resistant to Londax and TP, but
not to Cadre. Interestingly, the D375A mutant was 5-fold
more sensitive to Cadre as compared to the wild type (Table
2 and Fig. 8). In order to determine whether the mutations
induced any structural alterations in the enzyme, the CD
spectra of the wild type and mutants were recorded in the
far-and near-UV regions. According to our data, however,
the far- and near-UV CD spectra of the mutants were similar
to that of the wild type enzyme (Fig. 6 and data not shown).

3.3. Double mutants of Asp374 and Asp375

As the two residues are located consecutively, effects due
to the removal of the side chain of either of the two residues
may be counterbalanced by the side chain of the other. In
order to characterize the functions of these two presumably
negatively charged residues in more detail, we carried out
two double mutations, resulting in two active mutants,
D374A/D375A and D374E/D375E (Table 1). The Vi
values of these two mutants were 0.09 and 0.64, respec-
tively. The catalytic efficiencies of the two mutants also
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Fig. 5. Absorbance and fluorescence (inset) spectra of both wild type and mutant enzymes. Data indicated that the D375E mutant contains a higher level of
bound-FAD, and that the two double mutants and D374E mutants did not contain a significant amount of bound-FAD.
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substantially decreased (Table 1). The FAD bound to the
two mutants could only barely be detected by observations
of the absorbance and fluorescence spectra (Fig. 5), and the
activation efficiencies of the two mutants by FAD were also
found to be attenuated to less than half of the value of the
wild type enzyme (Table 1). The activation efficiency of the
D374A/D375A mutant by ThDP was 27-fold lower than
that of the wild type enzyme, while this value in the D374E/
D375E mutant was just 2.8-fold lower (Table 1). This
suggests that there was a synergistic reduction in the V.
value and the binding affinity to FAD of the D374A/D375A
mutant, as the V.. values of each of the single-point
mutations D374A and D375A were roughly 10-fold higher
than that of the double mutants, and the FAD bound to each
of the single-point mutations D374A and D375A was also
detectable by fluorescence spectra. Nevertheless, the FAD
bound to the double mutant was only barely detectable by
the same technique. The far-UV CD spectra of the double

25
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Fig. 6. Far- and near-UV CD spectra of the wild type and single-substitution
mutant enzymes. Samples for far-UV CD assays contain 0.36 mg/ml
protein, while samples for near-UV CD measurement contain 0.2 mg/ml
protein.
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Fig. 7. CD spectra of the wild type and double mutant enzymes in the far-
and near-UV regions. Samples for far-UV CD assays contain 0.36 mg/ml
protein, while the samples for near-UV CD measurement contain 0.2 mg/ml
protein.

mutants were similar to that of the wild type, however, only
the near-UV CD spectrum of the D374A/D375A mutant
remained similar to that of the wild type enzyme (Fig. 7).

4. Discussion

In an attempt to determine the distribution frequency of
each amino acid involved in the catalysis, Bartlett and
coworkers previously performed a comprehensive study of
functional amino acid residues in enzymes with known
structures [16]. Their study revealed that, among the catalytic
residues of the 178 enzymes analyzed, 15% were aspartic
acid, comprising the second most abundant residue [16]. In
order to ascertain this distribution in AHAS, we analyzed the
protein sequences of 17 AHASs from plants and algae. Our
data revealed that, in 17 AHAS sequences, the average
number of aspartic acid residues is about 33. Among these
residues, 9 are identical (Fig. 2). Taking into consideration
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the multiple sequence alignment of the 17 AHASs from
plants and algae, we identified 2 highly conserved and
consecutively-located aspartic acid residues. With regard to
the homology model, these two residues are likely located
within a highly conserved motif (37, RFDDR37¢), and were
positioned very proximally to the FAD cofactor (Fig. 3). The
model also suggests that sulfonylurea herbicide binds to the
enzyme at this site. In fact, the herbicide chlorimuron ethyl
interacts directly with the R376 residue, and the R376
residue is supported by two hydrogen bonds from the D375
residue. Furthermore, the equivalent residue of tobacco
AHAS R376 in E. coli AHAS was implicated in condensa-
tion with the second keto acid [32]. Thus, we assumed that
the positively charged group of residue R376 might be
important for the catalytic function. Hence, instead of
mutating this residue, we prefer to alter the nearby environ-
ment, namely residues D374 and D375. We predicted that
these two residues might also prove important, with regard
to both catalytic activity and herbicide sensitivity. To study
the function of the selected residues, we first mutated to
alanine to reveal the importance of the negatively charged
groups, and then we increased the size of the negatively
charged group, by mutating it to glutamic acid, to see how
the bigger negatively charged group function at this
particular position.

We constructed four single-point mutations (D374A,
D374E, D375A and D375E) and two double mutations
(D374A/D375A and D374E/D375E). All the single-point
mutations had only insignificant effects on the V.« of the
enzyme (Table 1). The two mutants D374A and D375E
exhibit lower K, values than that of the wild type.
Furthermore, the D374 A mutant is inhibited at high substrate
concentrations. This pyruvate substrate-induced inhibition is
quite robust, with a K;/K,, ratio of 34.6 (Fig. 4). This
indicates that the mutation to alanine at residue D374 may
have altered the herbicide-binding site in such a way that it
allows an additional pyruvate substrate to bind, and then
function as an inhibitor. As the D374 residue contributes
several hydrogen bonds to other residues within the RFDDR
motif (Fig. 3), the alanine substitution may also affect the
conformation of the motif which causes the formation of the
new binding site for pyruvate. Although substrate inhibition
was not observed in wild type tobacco AHAS, it does present
in bacterial AHAS [33]. Porat and coworkers recently cloned
a thermostable AHAS from B. stearothermophilus and
expressed it in E. coli. They determined that this enzyme
exhibited substrate inhibition activity [33].

Among our four single-point mutants, the D374 mutants
exhibited the least affinity for FAD (Table 1). However, the
activation efficiencies of the D375 mutants by FAD are
higher than that of the wild type. As the activation efficiency
of the D375E mutant by ThDP is similar to that of wAHAS,
it would appear that this mutation has no effect on binding
and activation by ThDP. On the other hand, this mutant has
a K, value for pyruvate which is 3-fold lower than that of
the wild type enzyme. The activation efficiency of the

D374A mutant by ThDP is 11-fold higher than that of the
wild type enzyme, indicating that the mutation may favor
binding and activation by ThDP.
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Fig. 8. Remaining activity of the wild type and mutant enzymes as a
function of herbicide concentration. A, sulfonylurea Londax; B, imidazo-
linone Cadre; C, triazolopyrimidine TP.
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All mutants in this study proved to be strongly resistant
to Londax. The double mutants and mutants of D375 were
also strongly cross-resistant to TP. Among all the con-
structed mutants, only the D374A mutant exhibited robust
cross-tolerance to Cadre (Table 2 and Fig. 8). In recent
report by Duggleby’s group, the D379N mutant of yeast
AHAS, which is equivalent to the D375 residue in tobacco
AHAS, was resistant only to sulfonylureas. Furthermore,
this mutant exhibited a high degree of sensitivity to
imidazolinone [19]. Our work with plant AHAS was
somewhat consistent with their report, as we discovered
that the D375A mutant was 5-fold more sensitive to
imidazolinone Cadre than the wild type. Additionally, both
D375A and D375E mutants proved strongly resistant to
sulfonylurea Londax (Table 2 and Fig. 8). We also showed
here that both mutants exhibited moderate-to-high levels of
resistance to triazolopyrimidine TP (Table 2 and Fig. 8).
With regard to kinetic parameters and herbicide insensitiv-
ity, the D375E mutation provides a valuable mutant
construct for the development of herbicide resistant trans-
genic plants.

In order to gain further understanding of the function of
these two negatively charged residues in terms of their
interaction with herbicides, we conducted an alanine
replacement in both residues, which resulted in the
D374A/D375A mutant. This mutant is active, we observed
a synergistic reduction in its V., value, as compared to the
values associated with the single-point mutants and wAHAS.
Our data, therefore, indicate that the presence of these
negatively charged groups at this particular position is
important, but not absolutely required, for the activity of the
enzyme. It should be noted that the substrate inhibition
phenomenon in the D374A mutant was not observed in the
double mutant D374A/D375A. It is now clearer that the
formation of a new binding site for pyruvate is not solely due
to the removal of the negatively charged group at residue
D374, but also to the new conformation of the RFDDR motif
resulting from the mutation. An additional mutation of
D375A in the D374A mutant (formed D374A/D375A
mutant) resulted in the elimination of the new binding site,
and hence, substrate inhibition did not occur. Affinity for
FAD and ThDP was also reduced in the D374A/D375A
mutant.

In conclusion, the two residues, D374 and D375, are
located at a common binding site for the sulfonylurea and
triazolopyrimidine herbicides, and this may overlap to some
degree with the regions in which the cofactor binding sites
for FAD and ThDP are located. The D375E mutant appears
to be a good candidate for the development of herbicide-
resistant transgenic plants.
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