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AHAS (acetohydroxyacid synthase) catalyses the first committed
step in the biosynthesis of branched-chain amino acids, such as
valine, leucine and isoleucine. Owing to the unique presence
of these biosynthetic pathways in plants and micro-organisms,
AHAS has been widely investigated as an attractive target of
several classes of herbicides. Recently, the crystal structure of the
catalytic subunit of yeast AHAS has been resolved at 2.8 Å
(1 Å = 0.1 nm), showing that the active site is located at the dimer
interface and is near the herbicide-binding site. In this structure,
the existence of two disordered regions, a ‘mobile loop’ and a
C-terminal ‘lid’, is worth notice. Although these regions contain
the residues that are known to be important in substrate specificity
and in herbicide resistance, they are poorly folded into any distinct
secondary structure and are not within contact distance of the
cofactors. In the present study, we have tried to demonstrate

the role of these regions of tobacco AHAS by constructing variants
with serial deletions, based on the structure of yeast AHAS.
In contrast with the wild-type AHAS, the truncated mutant which
removes the C-terminal lid, �630, and the internal deletion
mutant without the mobile loop, �567–582, impaired the binding
affinity for ThDP (thiamine diphosphate), and showed different
elution profiles representing a monomeric form in gel-filtration
chromatography. Our results suggest that these regions are
involved in the binding/stabilization of the active dimer and ThDP
binding.
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INTRODUCTION

Acetohydroxyacid is a precursor of the branched-chain amino
acids, leucine, valine and isoleucine. It is formed in a reaction
catalysed by AHAS (acetohydroxyacid synthase, EC 2.2.1.6) in
which a pyruvate is decarboxylated and condensed with either a
second pyruvate to form 2-acetolactate, or 2-ketobutyrate to form
2-aceto-2-hydroxybutyrate (reviewed in [1,2]). AHAS, in com-
mon with several other enzymes that catalyse the decarboxyl-
ation of 2-ketoacids, requires ThDP (thiamine diphosphate) as
a cofactor and a bivalent metal ion, such as Mg2+, that anchors
ThDP in the active site [3]. It also has an essential requirement
for FAD, which is unexpected, because the reaction involves no
redox reaction.

The branched-chain amino acids are not synthesized in animals,
but are made by micro-organisms and plants. This makes AHAS
an attractive target for herbicides, and several compounds that are
widely used in agriculture act as specific and potent inhibitors
of the enzyme [4–7]. These compounds bear no structural re-
semblance to the substrate and are not competitive inhibitors,
suggesting that they do not bind at the active site. An unusual
feature of plant AHAS is that it is inhibited by all three of the
branched-chain amino acids, unlike most bacterial and fungal
enzymes that are sensitive only to valine [6,8,9]. Moreover, there
is synergistic inhibition by the combination of leucine with valine.
These properties are observed for the plant enzyme extracted from
its native source as well as reconstitution in vitro using the purified
Arabidopsis thaliana subunits expressed in Escherichia coli [9].

Biochemical analysis based on bacterial AHAS isoenzymes
revealed that they have a common α2β2 tetrameric structure, con-

sisting of two large (catalytic, ∼ 60 kDa), and two small (regu-
latory, 10–17 kDa) subunits. These two small subunits play roles
in feedback regulation [10,11], activity and stability [12,13]. In
contrast with the bacterial enzyme, the structure and biochemical
properties of AHAS from eukaryotes have been poorly character-
ized. Recently, the three-dimensional structure of yeast AHAS
has been resolved [14]. This crystal structure reveals the location
of several active-site features, including the position and conform-
ation of the cofactors ThDP, Mg2+ and FAD. An interesting feature
of the crystal structure of AHAS is the exposed environment of its
active sites to solvent. Many lines of evidence indicate that a
hydrophobic environment is required for the decarboxylation step
of the reaction. The three-dimensional structure shows that the
active site is quite open, with the entire thiazolium ring, C-4′,
N-4′, C-6, C-7 and C-7′, fully accessible to solvent. In the crystal
structure of other ThDP-dependent enzymes, the coenzyme is
less accessible, with no more than C-2, S-1 and N-4′ exposed,
suggesting that the open structure in AHAS may not reflect the
situation during catalysis, where mobile regions could cover
the active site.

More recently, a second structure of yeast AHAS has been
determined with a bound herbicide [15]. Although there are no
major differences in the overall fold of both structures when the
dimeric structures are compared, there are noticeable differences
in the structure of AHAS in the presence of the inhibitors, i.e.
two important changes are observed in this complex. First, three
domains of each monomer of AHAS are brought closer together
in the complex, resulting in a reduction in the volume occupied
by the active and herbicide-binding sites. Secondly, a capping
region, which consists of the last 38 C-terminal amino acid
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residues 650–687 (C-terminal ‘lid’) and a polypeptide segment
consisting of amino acid residues 580–595 (‘mobile loop’), be-
come ordered, further restricting solvent accessibility to the active
site. This mobile cap is involved in the formation of a substrate
access channel that is missing in the uncomplexed enzyme struc-
ture. As a result of the presence of the additional capping region
in the structure of enzyme–inhibitor complex, most of ThDP is
buried with only the C-2 atom of ThDP readily accessible to
solvent. Therefore, although these regions of AHAS are not folded
into any distinct secondary structure and are not within contact
distance of the cofactors in free enzyme, they may be important
because of their possible involvement during catalysis. By super-
imposing the structure of AHAS with other ThDP-dependent
enzymes, such as BFDC (benzoylformate decarboxylase), PDC
(pyruvate decarboxylase) and POX (pyruvate oxidase), corres-
ponding regions have also been observed. In contrast with AHAS,
in BFDC and POX, these regions form a helix–loop structure
covering the active site of the enzyme, and critical residues
are located within these regions, including the amino acids cor-
responding to the interaction with Mg2+, the diphosphate group
of ThDP and the thiazole ring of ThDP [16–18]. Furthermore,
it has been documented that deletion of the last nine residues
of Zymomonas mobilis PDC resulted in the loss of activity [19].
Therefore it can be postulated that, during catalysis, these regions
of AHAS might close over the active site and form direct inter-
actions with reaction intermediates as well as with herbicide
inhibitors. This is supported by the fact that the putative mobile
loop of yeast AHAS contains residues that are known to
be important in substrate specificity (Trp586) and in herbicide
resistance (Met582, Val583, Trp586 and Phe590) [20].

To investigate this possibility, we have performed C-terminal
deletions of the enzyme, which are focused on the two mobile
regions, the mobile loop and the C-terminal lid. We observed that
enzyme activity is largely dependent on these two regions and
the reduced activity is accompanied by a decreased affinity for
ThDP. In the present study, we provide the first evidence to sup-
port the above hypothesis.

EXPERIMENTAL

Materials

Cell culture media, Bacto-tryptone and Bacto-yeast extract, were
purchased from Difco. Restriction enzymes, Pfu DNA poly-
merase, T4 DNA ligase and other modifying enzymes were
from Promega and TaKaRa SHUZO Co. (Shiga, Japan). IPTG
(isopropyl β-D-thiogalactoside), FAD, ThDP, α-naphthol, crea-
tine, sodium pyruvate and other chemicals were from Sigma
Chemical Co. Glutathione–Sepharose, benzamidine–Sepharose
and Superdex G200 HR 10/30 were obtained from Amersham
Biosciences. E. coli strains DH5α and BL21(DE3) were from
Novagen.

Construction of C-terminal truncation mutants

Wild-type tobacco AHAS (Nta2, SurB), which lacks a part of the
5′ regions encoding the N-terminal transient peptide for chloro-
plast transport, was subcloned into the bacterial overexpression
vector, pGEX-2T (Amersham Biosciences). This vector system
produces a target protein as an N-terminal GST (glutathione
S-transferase)-fusion protein for the rapid purification by a single
affinity-chromatography column. To generate the C-terminal-
truncated mutants of AHAS, we designed the oligonucleotides
corresponding to the indicated regions. Mutant genes were
obtained by PCR with specific primer sets, NKB1 for sense

primer, 5′-CCGGATTCATGTCCACTACCCAA-3′, and the indi-
cated deletion primers for antisense. The sequences of anti-
sense primer for each C-terminal deletion mutant were as
follows. AHAS �567, 5′-AAGGATCCTTAGTGTTGATTA-
TTCAGTAA-3′; AHAS �598, 5′-AAGGATCCTTAAGGA-
AAGATCTCCGCCTC-3′ and AHAS �630, 5′-AAGGATCC-
TTAAGTGTCTAACATCTTTTG-3′. All primers for the mutant
genes have a BamHI restriction enzyme site (underlined) and
a stop codon. Internal deletion mutant of AHAS (�567–582)
was produced by the ligation of two gene fragments, N-terminal
(1–566) and C-terminal (583–655). These two fragments were
prepared by PCR with the following primer sets: for the
N-terminal fragment (1–566), NKB1 for sense primer and AHAS
iF/N for antisense, 5′-GTGTTGATTATTCAGTAACAG-3′, and
for the C-terminal fragment (583–655), AHAS iF/C for sense
primer, 5′-GCACACACATACCTGGGGAAT-3′, and NKB2 for
antisense, 5′-GGGGATTCTCAAAGTCAATAGG-3′ respectively.
Primers AHAS iF/N and AHAS iF/C were modified by the
attachment of a 5′-phosphate. These two fragments produced by
PCR were purified and subjected to direct ligation. The products
(internal deletion gene of AHAS, �567–582) were separated and
isolated by the gel-elution method. Purified products were used as
a template for PCR using NKB1 and NKB2 to amplify the internal
deletion gene. All genes for AHAS mutants and the expression
vector, pGEX-2T, were digested with BamHI. The vector was
treated further with CIAP (calf intestinal alkaline phosphatase;
Promega), and then a ligation reaction was performed with the
indicated mutant genes by T4 DNA ligase. Plasmids containing
mutant genes were isolated and their identity was confirmed by
restriction enzyme mapping and by DNA sequencing.

Protein expression and purification

Plasmids harbouring mutant genes of the tobacco AHAS catalytic
subunit were introduced into the expression host cell, DH5α.
Cells were grown aerobically at 37 ◦C in LBA medium (Luria–
Bertani medium containing 50 µg/ml ampicillin) to a D600 of
0.7–0.8 and induced by addition of IPTG to a final concentration
of 1 mM at 30 ◦C. At 4 h post-induction, cells were harvested by
centrifugation at 2408 g at 4 ◦C for 10 min. Pellets (3–4 g/l of
culture) were resuspended in PBST buffer, containing 150 mM
NaCl, 16 mM Na2HPO4, 4 mM NaH2PO4, pH 7.4, 2 mM EDTA,
1 % Triton X-100 and 0.1 % 2-mercaptoethanol, and incubated
on ice for 10 min, followed by lysis via sonication. The cell
lysates were centrifuged at 16 278 g at 4 ◦C for 15 min, and the
supernatant was incubated directly with glutathione–Sepharose
6B resin (500 µl of 50 % slurry resin, which has a binding ca-
pacity of approx. 10 mg/ml for the 50 % slurry resin; Amersham
Biosciences) that was pre-equilibrated with PBST buffer. After
a 30 min incubation at 4 ◦C, target protein (GST–AHAS) bound
to the resin was collected by centrifugation (1115 g at 4 ◦C for
1 min) and the resin was vigorously washed with PBST buffer
containing 250 mM NaCl and 5 mM glutathione. Proteins were
eluted on a step gradient with 15 mM glutathione, pH 8.0, at 4 ◦C,
and dialysed against buffer containing 20 mM Tris/HCl, pH 8.0,
2 mM EDTA and 10 % (v/v) glycerol.

Cleavage of purification tag (GST)

GST-free AHAS was prepared by two methods according to the
experimental purpose. The conditions for the efficient removal
of the GST tag were based on manufacturer’s protocols (Sigma
Chemical Co.). GST–AHAS containing a thrombin-recognition
site was cleaved either while bound to glutathione or in solution
after elution. First, we added thrombin to the resin. Following
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this cleavage reaction, supernatants were collected and GST-free
AHAS was isolated by gel-filtration chromatography (Superdex
G75 10/30 HR; Amersham Biosciences) or by ion-exchange
chromatography (Q-Sepharose). Secondly, eluted GST–AHASs
were digested with thrombin overnight at 4 ◦C. The GST-free
AHAS was purified by the additional step of GST-affinity column
chromatography.

AHAS assay

The AHAS activity was measured according to the method of
Westerfeld [21] with the following modifications. Enzymes were
pre-incubated in the presence or absence of various concentrations
of cofactors at 37 ◦C for the indicated time period. The reaction
was initiated by the addition of enzyme to the reaction mixture
containing 100 mM phosphate buffer, pH 7.4, 1 mM ThDP,
20 µM FAD, 100 mM pyruvate and 10 mM MgCl2, unless other-
wise described. Total reaction volume was 200 µl. After incub-
ation at 37 ◦C for 1 h, the reaction was terminated by the
addition of 20 µl of 3 M H2SO4, and the reaction product, aceto-
lactate, was decarboxylated by incubation at 60 ◦C for 15 min.
The acetoin produced by acidification was incubated further
with 200 µl of 0.5 % creatine (15 min), followed by incub-
ation with 200 µl of 5 % α-naphthol (15 min) at 60 ◦C. The
absorbance of the coloured complex was measured at 525 nm
(ε = 20 000 M−1 · cm−1). Under the conditions used, product
formation has been shown to proceed linearly with time over
the period used. One unit of enzyme activity was defined as the
amount required to form 1 µmol of acetolactate per min under
the assay conditions as described above, and specific activity is
expressed as units per mg of protein.

Gel-filtration chromatography

Gel-filtration chromatography was carried out at room tempera-
ture (25 ◦C) on Superdex G200 HR 10/30 connected to an FPLC
system, Acta purifier (Amersham Biosciences). The column was
pre-equilibrated with buffer A containing 100 mM Mops, pH 7.4,
150 mM NaCl and 10 % (v/v) glycerol. Proteins were pre-
incubated in buffer A containing 20 µM FAD at 37 ◦C for 15 min.
The indicated amounts of enzyme were loaded on to the column
and eluted with buffer A at a flow rate of 0.5 ml/min. The elution
of protein was monitored by the absorbance at 280 nm.

Analysis of ThDP binding

The extent of ThDP binding was measured by monitoring the
quenching of the intrinsic fluorescence of the enzyme after ad-
dition of increasing concentrations of ThDP. The purified enzymes
were pre-incubated in buffer containing 100 mM phosphate
buffer, pH 7.4, 20 µM FAD, 2 mM MgCl2 and the indicated con-
centrations of ThDP at 37 ◦C for 15 min, and the total protein
concentration was adjusted to 0.1 mg/ml. Fluorescence spectra
were obtained in 4 ml cylindrical quartz cuvettes. The wavelength
of excitation was 300 nm and the emission was recorded in the
range 310–450 nm (bandwidth of 2 nm). Each emission value
was the mean for three independent experiments.

Analysis of the data

Steady-state kinetic data were plotted as a function of reciprocal
substrate concentration, and data were analysed according to
the appropriate rate equations using the Fortran programs of
Cleland [22] and EnzFitter (a non-linear curve fitting program;
BIOSOFT). Substrate and cofactor saturation curves were fitted

to eqn (1) to obtain values of Vmax and Km:

v = Vmax · A/(Km + A) (1)

where v and A represent initial velocity and substrate concen-
tration respectively.

The fluorescence-quenching data were analysed using eqn (2)

(1 − F1/F0) = { fa · [Q]/(Kd + [Q])} (2)

where F0 is the intrinsic fluorescence of enzyme in the absence
of quencher, F1 is the observed fluorescence at a given [Q] (con-
centration of quencher), f a is the fractional degree of fluorescence
and Kd is the dissociation constant.

RESULTS

Construction and expression of C-terminal truncated tobacco AHAS

On the basis of the structure of yeast AHAS, sequence alignment
using the ClustalX program showed two corresponding regions
of tobacco AHAS (Figure 1). The putative mobile loop region of
tobacco AHAS also contains three amino acids that are re-
sponsible for herbicide-resistance, Met569, Trp573 and Phe577 [23].
Interestingly, a unique region, residues 590–598, has been found
in tobacco AHAS. A similar region has been identified in other
plant sources, but not in yeast or bacteria. To investigate the role
of these two disordered regions of catalytic subunit of tobacco
AHAS, we constructed the serial C-terminal truncated mutants
as follows. The mutant AHAS �567 deleted the entire C-ter-
minus including the mobile loop and the C-terminal lid; �598
maintained the mobile loop and a unique region of tobacco AHAS,
590–598, but removed the remainder of the C-terminus; �630
deleted the C-terminal lid, and �567–582 deleted only the mobile
loop region.

All mutants were expressed successfully as N-terminal GST-
fusion proteins and were purified to homogeneity with similar
expression levels (Figure 2). Interestingly, the deletion mutant,
AHAS �567, showed a lower expression level, and a portion
of protein was found in the insoluble fraction after lysis (results
not shown). Since the expression host, E. coli, has three kinds
of AHASs (AHAS I, 60 kDa; AHAS II, 59 kDa; and AHAS III,
63 kDa), it might be co-purified with our enzymes due to the
heterogeneous dimerization. If hybrids occurred during over-
expression or purification, they could be detected on SDS/
PAGE in the lane containing GST–AHASs. However, as shown
in Figure 2, there is only one significant protein band with an
expected molecular mass for our GST–AHAS, suggesting that
this possibility was completely ruled out.

To determine the effects of these deletions on enzyme activity,
we measured the enzyme activity under the standard saturating
concentration of cofactors (1 mM ThDP, 20 µM FAD and 10 mM
Mg2+) and substrate (100 mM pyruvate) as reported previously
[24,25] (Table 1). All of the deletions greatly reduced the activity
to that of a few percent of wild-type enzyme, and deletion of
the entire C-terminus (�567), including both mobile loop and
C-terminal lid, did not show any detectable activity. This result
suggests that the C-terminus, containing these two regions, plays
an important role in enzyme activity. Considering the active site
shown in the three-dimensional structure of yeast AHAS, there
are two possible explanations for the loss of activity: (i) the
impairment of active dimer formation or (ii) failure to bind
essential cofactors. To test these possibilities, the mobile loop
deletion (�567–582) and the C-terminal lid deletion (�630) mu-
tants were chosen for further characterization.
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Figure 1 Alignment of the C-terminal region of various ThDP-dependent enzymes

The sequences of the C-terminal region of various ThDP-dependent enzymes were analysed by amino acid alignment with the ClustalX program. Represented secondary structure, α-helix (α19–α22)
and β-pleated sheet (β18–β20), was based on the X-ray crystal analysis of yeast AHAS. The indicated region (residues 549–687, yeast) is a part of the γ -domain of AHAS. The corresponding region
of tobacco AHAS shown in this Figure is residues 536–669. BFDC is from Pseudomonas putida; POX is from Lactobacillus plantarum; PDC is from Zymomonas mobilis. Conserved residues are
represented with a black shaded box, and residues with similarities are shown with a grey shaded box. An asterisk (*) represents the residues corresponding to herbicide-resistance for AHAS and the
bars beneath the sequences indicate the two invisible (disordered) regions in the three-dimensional structure of yeast AHAS, which is postulated to be involved in enzyme catalysis by covering
the active site. Also, sequences unique to plant AHASs, tobacco (590–598), Arabidopsis thaliana (591–599) and Brassica napus (576–583, Bna1) are represented by a bar above the sequences.
Each C-terminal-truncated mutant has a portion of the C-terminal region of tobacco AHAS as follows: AHAS �567, AHAS without entire C-terminus including both mobile loop and the C-terminal
lid; AHAS �567–582, internal deletion mutant AHAS without the mobile loop; AHAS �598, AHAS containing the mobile loop and unique plant sequences, but with the remainder of the C-terminus
deleted; AHAS �630, AHAS without the regions corresponding to the C-terminal lid of yeast AHAS.

Figure 2 SDS/PAGE analysis of the purified enzymes

Purified proteins were resolved by SDS/10 % PAGE. The first lane contains molecular-mass
markers (sizes indicated in kDa), while the remaining lanes include the purified proteins
designated in Figure 1 as wild-type tobacco AHAS (lane 1), AHAS �630 (lane 2), AHAS
�567–582 (lane 3), AHAS �567 (lane 4) and AHAS �598 (lane 5). These enzymes were
overexpressed as N-terminal GST-fusion proteins and purified by the affinity resin, glutathione–
Sepharose. In addition, GST-free AHASs were generated by the treatment of thrombin described
in the Experimental section and were analysed on the same SDS/PAGE gel in lane 6 (wild-type
AHAS; 66 kDa), lane 7 (AHAS �630; 62 kDa), and lane 8 (AHAS �567–582; 64 kDa).

Table 1 Comparison of activities of C-terminal deletion mutants to that of
wild-type AHAS

Enzyme activity was determined in the mixture containing 100 mM phosphate buffer, pH 7.4,
1 mM ThDP, 20 µM FAD and 10 mM MgCl2. The reaction was initiated by the addition
of substrate, 100 mM pyruvate, and incubated at 37 ◦C for 60 min. The reaction product,
acetolactate, was converted into a coloured complex with creatine and α-naphthol, and the
amount was measured at 525 nm (ε = 20 000 M−1 · cm−1). Activities were determined using
50 nM of indicated enzymes.

k cat (S−1)* Relative activity (%)†

Wild-type AHAS 2.32 100
�567 Not detectable Not detectable
�598 0.028 1.2
�630 0.104 4.5
�567–582 0.097 4.2

* k cat is equivalent to the number of substrate molecules converted into products in a given
unit of time (s) on a single enzyme under the standard conditions of cofactors (1 mM ThDP,
20 µM FAD and 10 mM Mg2+).

† Relative activity was calculated by the activity of wild-type AHAS as a reference (100 %).

c© 2004 Biochemical Society



The role of the C-terminal region of tobacco acetohydroxyacid synthase 63

The effects of deletion on quaternary structure of tobacco AHAS

To test the effect of deletions on the quaternary structure
of AHAS, which is related to active enzyme consisting of two
AHAS monomers, we investigated the oligomeric state of the
deletion mutants by gel-filtration chromatography. The enzymes
were pre-incubated in buffer A [100 mM Mops, pH 7.4, 150 mM
NaCl and 10% (v/v) glycerol] containing 20 µM FAD, and were
applied to a size-exclusion column, Superdex G200, that had been
pre-equilibrated with buffer A. As shown in Figure 3(A), the
wild-type AHAS eluted as a single peak at a molecular mass of
more than the dimer, compared with BSA (molecular mass,
66 kDa), which was used as a standard. In the elution profiles, the
last two peaks that showed a yellow colour did not contain any
protein fraction. These two peaks were also observed in samples
without enzyme or with BSA standard in the same incubation
buffer (buffer A containing 20 µM FAD), suggesting that these
fractions correspond to FAD.

In all tested concentrations of enzyme (0.1–5 µM), the elution
profiles were nearly identical. In the case of two deletion mutants
(�630 and �567–582), similar elution profiles were obtained
(Figure 3B), suggesting that these deletions do not alter the qua-
ternary structure of the enzyme. The representative peaks, indicat-
ing a dimer (or more) conformation, implied that other regions,
rather than these two regions, are critical determinants of the inter-
action between two AHAS monomers. However, as the concen-
tration of mutants was decreased (1 µM), another peak was also
observed (Figure 3C). The peak was located near the position for
the monomeric form, which roughly overlapped with the peak
of the standard molecule, BSA. These results suggest that the
binding affinities between two subunits of these mutants are much
lower than that of wild-type enzyme, and that these two regions
within the C-terminus of AHAS are involved in the stabilization
of its quaternary structure. Therefore, given that the active site is
located within the interface of two monomer subunits of AHAS,
the reduced activities of the deletion mutants might be due to the
impairment of active dimerization.

To test this possibility, we performed the enzyme assay using
a high concentration of enzyme and carried out the reconstitution
assay of mutants with wild-type AHAS. Before these experiments,
we examined the specific activity in order to determine the
quaternary structure of enzyme as a function of the protein concen-
tration. Since active enzyme is composed of two identical mono-
mer subunits of AHAS, a specific activity (units/mg of enzyme)
could provide an indication of the dynamic equilibrium for
dimerization. As seen in Figure 4, the constant specific activity
was observed over 100 nM of wild-type enzyme. However, the
specific activity below 50 nM of enzyme varied. This result sug-
gested that the equilibrium dynamics favour the monomer at the
low concentration. In a theoretical calculation using EnzFitter
program, the Kd is 14.1 +− 2.3 nM. Although it was not possible
to determine the Kd values for the deletion mutants (they did not
show any detectable activity at low concentration, �50 nM), we
speculated that the deletion mutants have higher Kds than the
wild-type enzyme. For this reason, we performed the enzyme
assay using a high concentration of the deletion mutants at 5 µM,
at which the quaternary structure of each mutant showed a single
state corresponding to dimer (or more) as shown in Figure 3.
However, there were no significant changes in specific activity
(within 5%), implying that the loss of activity in each mutant
was not due to the defect in active oligomer state of enzyme.

To test this hypothesis further, reconstitution assays were
performed using the wild-type and mutant proteins. In the crystal
structure of yeast AHAS, a single active site is formed by different
polypeptides of two subunits (α-domain of monomer A, β-domain

Figure 3 Gel-filtration chromatography of tobacco AHAS

The enzymes were subjected to gel-filtration chromatography (Superdex G200 HR 10/30),
and the molecular mass of the enzymes (GST-free AHAS: wild-type, 66 kDa; �630, 62 kDa and
�567-582, 64 kDa) was estimated by comparison with the elution rate of BSA (66 kDa, grey
dotted line, which is also indicated as an arrow) as a standard molecule. Each protein was
pre-incubated in buffer A containing 20 µM FAD at 37 ◦C for 20 min, and subjected to loading
on to the column that pre-equilibrated with the same buffer without 20 µM FAD. (A) The elution
profile of wild-type AHAS. Elution rate of the major peak (1, 5 µM; 2, 3 µM; 3, 2 µM; 4,
1 µM) was much faster than that of the standard molecule (BSA). (B) The elution profiles of
deletion mutants. Deletion mutants (�630, solid line and �567–582, broken line) were injected
at a concentration of 6 µM (peak 1) or 3 µM (peak 2) and compared with the elution profile
of BSA (arrow). (C) The elution profiles of wild-type and deletion mutants at 1 µM. When
1 µM mutant enzyme was applied to the gel-filtration chromatography column, another peak
containing enzymes was observed at the position that overlapped with the peak of the standard
molecule (arrow). Solid line, wild-type AHAS; dotted line, �567–582; broken line, �630.

of monomer B and γ -domain of monomer B) [14,15], and postu-
lated to be covered with two disordered regions (a mobile loop
and C-terminal lid) during catalysis. Therefore, if the enzyme
could dissociate to release monomers of catalytic subunits and
then reassociate, some of the reconstitution enzymes in a mixture
of wild-type and mutants might be composed of heterogeneous
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Figure 4 Specific activity of wild-type AHAS as the function of protein
concentration

(A) The specific activity was determined at various enzyme concentrations. Fitted data were
from three independent experiments, and the curve was drawn using the hyperbola equation of
EnzFitter program. Enzyme was pre-incubated in buffer containing 100 mM phosphate, pH 7.4,
at 37 ◦C for 5 min, followed by addition of a cofactor mixture at saturating concentrations for an
additional 10 min. The reaction was initiated by adding 100 mM of pyruvate and incubated at
37 ◦C for 60 min. The theoretical K d is 14.1 +− 2.3 nM. (B) Schematic illustration of a dynamic
equilibrium. Catalytic subunits of AHAS associate to create the two active sites at the interface of
the dimer. Each active site is composed of different polypeptide chains from individual subunits,
and the C-terminus of each subunit is postulated to be one component of the active-site
environment. The specific activity indicates the equilibrium dynamic with a K d of 14 nM. Wt,
wild-type. A1 and A2 are active sites.

hybrids containing one ‘normal’ and one ‘defective’ active site.
Because the deletion mutants have low activity, the activity
from a reconstitution assay might be attributed to the wild-type
homodimer and the wild-type–mutant heterodimer. Once hetero-
geneous complexing has occurred, the kinetic parameters could
be changed due to the different environments of the active sites.
This prediction was tested in an experiment in which the wild-type
and the deletion mutants were pre-incubated together, in different
molar ratios, for 20 min at 37 ◦C before addition of the cofactors.
To efficiently generate a heterogeneous complex, we used 15 nM
of wild-type enzyme, the value of its theoretical Kd, and various
higher concentrations of the deletion mutants. These conditions
should favour hybrid dimer formation. As shown in gel-filtration
experiments, mutants with deletions at each disordered region are
able to associate to form intrinsic quaternary structures with
somewhat lower binding affinities. Therefore, if wild-type AHAS,
at the concentration that favours the monomer state, interacts and
associates with mutants, the activities might increase because of
heterogeneous hybrid formation.

Also, the conditions for the activity assay (100 mM pyruvate,
20 µM FAD, 1 mM ThDP and 10 mM MgCl2) were chosen so
that mutants showed little activity. As shown in Figure 5(A), the
hybrid dimers yielded higher activity than the sum of the activities

of the wild-type and each deletion mutant. The highest activ-
ity of the hybrid dimers was obtained when the molar ratio was
1:10 (wild-type/mutant). It was saturable at around 2-fold. In
addition, reconstitution assay under the condition that favour
hybrid formation showed similar Kms for pyruvate (Figure 5B).
Wild-type enzyme showed a Km for pyruvate of 10–15 mM, which
is in line with previous reports for tobacco AHAS [24,26]. The
hybrid dimers yielded Kms of 14 mM for �630 and 15 mM for
�567–582 respectively. This result suggests that the activity was
from just one ‘normal’ active site consisting of the C-terminal
portion from the wild-type and another portions from the deletion
mutants. The apparent 2-fold increase of the activity results from
the higher total subunit concentration in the presence of the
deletion mutant, which causes the dimerization of wild-type en-
zyme in the monomer state, so that there are higher numbers of
active sites.

In contrast with the deletion mutants, the reconstitution assay
with a wild-type and the W573F (Trp573→Phe) mutant showed
different results. The point mutation of Trp573 to phenylalanine
was reported to reduce activity (approx. 1/4 of the specific activity)
and to have a high substrate Km value of 400 mM [26]. When
mutant W573F was mixed with the wild-type, the hybrid dimer
showed higher activity than the sum of activities of both enzymes
and the increase was more than 2-fold. Also, the hybrid en-
zyme Km for substrate was increased (115.9 +− 16.5 mM), imply-
ing the existence of an altered active site within the hybrid
enzymes. These results were explained by the illustration in
Figure 5(C).

The effects of deletions on cofactor activation

We have examined the effects of the deletion mutant on cofactor
activation. Removal of the cofactors FAD and ThDP abolished
the activity, and activity was restored by the addition of each co-
factor (results not shown). The dependence of activities on each
cofactor was determined and is summarized in Table 2. When the
enzyme assay was performed in a mixture containing cofactors at
higher concentrations (20 mM ThDP or 1 mM FAD) than in the
standard conditions (1 mM ThDP and 20 µM FAD), there was no
significant increase of enzyme activity in the wild-type enzyme.
However, the deletion mutants led to a significant change in ThDP-
dependent activity, more than 6-fold, whereas there were minimal
changes in the activities of mutants with higher concentrations of
FAD. To address the effects of these two regions on ThDP in the
enzyme reaction, we determined the kinetic parameters of enzyme
with this cofactor. The dependence of activity on the concentration
of cofactor can be used to calculate a cofactor activation constant
(Kc) that is an approximate measure of the affinity of the enzyme
for the cofactor. For the wild-type AHAS, Kc for ThDP was
0.39 +− 0.03 mM at saturating concentrations of other cofactors,
whereas the Kc of each mutant was increased, more than 40-fold,
17.20 +− 2.28 mM for �567–582 and 16.10 +− 1.73 mM for �630.
These results suggest that these two regions are involved in
binding and/or stabilization of ThDP in the active site of the
enzyme.

To confirm the binding of ThDP to enzyme, Kds were deter-
mined from the quenching of intrinsic fluorescence. The fluor-
escence-quenching experiment was performed by titrating ThDP
into a mixture of apoenzyme in the presence of 100 mM phos-
phate, pH 7.4, 2 mM Mg2+ and 20 µM FAD. The enzyme exhibits
a fluorescence emission maximum at 340–345 nm upon excitation
at 300 nm (Figure 6A), which might correspond to a buried trypto-
phan in AHAS. The quenching of apo-AHAS fluorescence by
ThDP was concentration-dependent and saturable, following a
typical hyperbolic binding curve. However, the deletion mutants
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Figure 5 Reconstitution assay of wild-type AHAS with mutant enzymes

(A) Relative activity of wild-type and mutant hybrid enzymes. A concentration of 15 nM
of wild-type (the value of its theoretical K d) and varying concentrations of mutants were
pre-incubated in buffer (100 mM phosphate, pH 7.4) for 20 min at 37 ◦C, followed by addition
of the cofactor mixtures containing 1 mM ThDP, 20 µM FAD and 10 mM MgCl2 for an
additional 5 min. The reaction was initiated by adding 100 mM pyruvate. Relative activity was
determined with the activity of wild-type AHAS as a control. Representative data was from four
independent experiments (�, reconstitution with �630; �, reconstitution with �567–582;
and �, reconstitution with W573F). (B) Substrate saturation curves of hybrid enzymes. A
concentration of 15 nM of wild type AHAS was pre-incubated in the absence (�) or presence of
60 nM of W573F (�), or 150 nM of each C-terminal deletion mutant (�567–582, �; �630,
�) in 100 mM phosphate buffer, pH 7.4, at 37 ◦C for 15 min. The line represents a curve fitted
to the data using the Michaelis–Menten equation, and K ms for pyruvate were 14.31 +− 3.3 mM
(wild-type alone), 14.29 +− 1.02 mM (hybrid with �630), 14.90 +− 1.00 mM (hybrid with
�567–582) and 115.9 +− 16.5 mM (hybrid with W573F) respectively. (C) Illustration of possible
complementation in the reconstitution assay. Exchange of catalytic subunits between wild-type
(Wt) and mutant (Mut.) AHASs at the C-terminus yields the hybrid dimer which have one normal
active site (A1) and one defective active site (A2) because a single active site is formed by
different polypeptides of two subunits (α-domain of monomer A, β-domain of monomer B
and γ -domain of monomer B) and it is postulated to be covered by the two mobile regions of
monomer B (mobile loop and C-terminal lid), the regions of which are deleted in �567–582 and
�630 respectively. Therefore, in the case of reconstitution with deletion mutants, the hybrids
have only one ‘normal’ active site consisting of a C-terminus from wild-type and others from the
indicated mutant. However, in the reconstitution with W573F, the hybrid has one ‘normal’ and
one ‘altered’ active site consisting of C-terminus including point mutation in Trp573, which is

Table 2 The effects of deletions on cofactor activation

Enzyme assay was performed in 100 mM phosphate buffer, pH 7.4, and 100 mM pyruvate, with
various cofactor mixtures, including the saturating concentration of cofactor mixture (1 mM
ThDP, 20 µM FAD and 10 mM MgCl2) as a standard. Indicated conditions represent varied
cofactor concentrations with saturating concentration of others. Enzymes were pre-incubated
in the buffer at 37 ◦C for 15 min, and the reaction was initiated by the addition of substrate,
100 mM pyruvate.

Specific activity
Conditions (units/mg of protein) K c for ThDP*

Wild-type AHAS Standard 1.73 0.39 +− 0.03 mM
20 mM ThDP 2.11
1 mM FAD 1.70
20 mM ThDP + 1 mM FAD 2.17

�630 Standard 0.068 16.10 +− 1.73 mM
20 mM ThDP 0.58
1 mM FAD 0.058
20 mM ThDP + 1 mM FAD 0.57

�567–582 Standard 0.063 17.2 +− 2.28 mM
20 mM ThDP 0.45
1 mM FAD 0.063
20 mM ThDP + 1 mM FAD 0.44

* The activation constant (K c) of ThDP was determined as a function of ThDP concen-
tration. The data were collected and processed using the Hill equation. All fitted data were from
the mean for three independent experiments.

showed a different binding pattern (Figure 6B). Although the
fluorescence quenching of the deletion mutants by ThDP is con-
centration-dependent, their binding curves are not saturated at the
tested concentrations (Figure 6C). In the theoretical calculations
from extrapolative curve fitting, the Kd of each mutant was
0.58 mM for �630 and 0.69 mM for �567–582, whereas that
of wild-type was 0.18 mM. This result supported that these two
regions play important roles in ThDP binding to enzyme.

DISCUSSION

Efforts to identify the regions or residues corresponding to co-
factor binding and herbicide sensitivity have been concentrated
on AHAS studies [1,7,11,20,25,27,28]. Among these, the
requirement of ThDP as a central reaction centre provides deep
insight into the understanding of the reaction mechanism, residues
related to catalysis [29] and the structure of AHAS, in comparison
with other well-known ThDP-dependent enzymes, such as BFDC
[16], POX [17] and PDC [18]. On the basis of this information,
biochemical approaches have identified the chemical mechanism
and the role of ThDP in AHAS-catalysed reactions [1,27]. Further-
more, the recent reports of the three-dimensional structure of yeast
AHAS showed the location of several active-site features, includ-
ing the position and conformation of the cofactors ThDP, Mg2+

and FAD, and proposed a model for a substrate-access channel
at the interface of the two subunits [14,15]. In this structure,
the existence of two invisible (disordered) regions in free en-
zyme (these regions showed different conformations in the
enzyme–inhibitor complex) is quite noticeable because of pos-
sible involvement in the enzyme reaction. The first of these
flexible regions are residues 580–595 (mobile loop) and another
disordered region includes the last 40 residues of yeast AHAS
(C-terminal lid). An alignment of the C-terminal regions for

located within the mobile loop, and others from wild-type. This prediction might be supported
by the facts that the activity of the hybrid was increased with a higher fold, and that the K m

(116 mM) for substrate of hybrid was totally different from those of wild-type (10–15 mM) and
W573F mutant (400 mM) respectively.
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Figure 6 Effects of ThDP on the fluorescence emission spectrum of wild-
type AHAS and deletion mutant (�630)

Each enzyme [0.1 mg/ml of wild-type AHAS, (A); the same concentration of �630, (B)] was
pre-incubated with a buffer containing 100 mM Mops, pH 7.5, and 20 µM FAD in the presence
of 2 mM MgCl2, and then the following concentrations of ThDP were added: 0 (1), 0.05 (2), 0.1
(3), 0.15 (4), 0.3 (5), 0.45 (6) and 0.6 (7) mM. The wavelength of excitation was 300 nm and
the emission spectra were recorded in the range 310–450 nm. Emission maximum was around
340 nm. The emission spectrum of the internal deletion mutant (�567–582) was similar to
that of �630 (results not shown). (C) Fluorescence-quenching plot of wild-type and deletion
mutants. Plots show the dependence of the fluorescence decrease, 1-(F 1/F 0), where F 0 is the
fluorescence intensity in the absence of ThDP and F 1 is the fluorescence intensity in the presence
of the indicated concentration of ThDP (�, wild-type; �, �630; �, �567–582).

ThDP-dependent enzymes is shown in Figure 1. There is a high
degree of sequence identity in the overall sequences, with two
regions indicated by bars beneath the sequences in Figure 1, which
are putatively, highly flexible regions in this enzyme family.

In the present study, we investigated the role of these two
disordered regions using two deletion mutants, �630 (without the
C-terminal lid) and �567–582 (without the mobile loop). As sug-
gested by the structure from crystal analysis, these mutants
showed greatly reduced activities. From our results, we provide
the following explanations.

The first effect of deletion mutants is a stabilization of the
quaternary structure of active enzyme which consists of two sub-
units. Our results show that native tobacco AHAS favours more
than a dimer, which was represented as a fast, single elution
profile in gel-filtration experiments. This is in line with previous
studies of AHAS from several sources [1,8,30]. The constant
specific activity at varying concentrations of enzyme supports
this result further. In addition, our results also show that there is
a dynamic equilibrium for the formation of active enzyme. The
theoretical Kd, from the measurement of specific activity at low
concentration of enzyme, was approx. 15 nM. In the concen-
tration range 1–5 µM, a single peak containing wild-type AHAS
was obtained at a position corresponding to more than a dimer
form in gel-filtration experiments. However, the elution profiles
for deletion mutants were different from that of wild-type enzyme.
At a concentration of 1 µM, another peak (beside a major peak)
containing mutant enzyme was observed at a position which over-
lapped with the BSA peak. These peaks gradually decreased as the
enzyme concentration was increased, while the peaks representing
the dimer form (or more) were increased. This result implies
that these regions have a role in the stabilization of active dimer
(or more) formation, rather than in the critical determination of
subunit interaction. This result is supported by the structural data
of yeast AHAS [14,15]. In its structure, residues 653–666 of
the C-terminal lid reach across from the γ -domain and attach
to the β-domain, suggesting possible involvement in the native
structure of the enzyme. This is a unique feature of AHAS. The
C-terminal lid does not have an equivalent in the closely related
ThDP-dependent enzymes, POX, PDC and BFDC. All sequences
have an α-helix near the C-terminus, but none of them has the
extended loop reaching across to interact with the β-domain
[16–18]. However, residues Leu636 (corresponding to yeast
Leu641), Pro648 (yeast Pro653), Gly653 (yeast Gly658) and Asp658

(yeast Glu663) of tobacco AHAS are well-conserved amino acids
in a wide spectrum of AHASs [1].

The second role of these regions is related to the affinity of the
enzyme for its essential cofactor, ThDP. The loss of activity is
in part due to the impairment of ThDP binding to the enzyme.
The data for the Kc for ThDP and fluorescence quenching clearly
showed the effect of deletions on ThDP binding to the enzymes.
Given that the Kc is related to the affinity of the enzyme for a
cofactor, the higher Kc (approx. 40-fold) of each deletion mutant
demonstrates large decreases in affinity for ThDP. Also, the
fluorescence-quenching experiment supported this result. It has
been extensively documented that binding of ThDP to enzyme,
such as PDC and PDH [3,31,32], quenches the tryptophan fluor-
escence, suggesting that there is a tryptophan(s) in the ThDP-
binding site (active site). However, there is little documentation
on the fluorescence quenching of AHAS upon ThDP binding.
Based on the X-ray crystal co-ordinate (Protein Data Bank code
1N0H) of yeast AHAS, we analysed the environment of the
active site centred at ThDP (Figure 7). In this structural model,
two possible tryptophan residues (Trp503′

and Trp586′
) are observed

within 5 Å (1 Å = 0.1 nm) of ThDP. Given that Trp586′
is not visible

in the crystallography of free enzyme without the inhibitor, Trp503′

(corresponding to tobacco AHAS Trp490) can be postulated to
be involved in fluorescence quenching with ThDP. The W573F
mutant of tobacco AHAS (Trp586 of yeast AHAS) also showed
intrinsic fluorescence quenching with ThDP (results not shown).
The emission maximum of tryptophan in water is highly de-
pendent upon polarity, which causes the shift-emission ranging
from 310 to 350 nm [31,33]. The fluorescence emission maximum
of the deletion mutants (�630 and �567–582) is slightly red-
shifted (approx. 3–5 nm) compared with that of wild-type AHAS
upon excitation at 300 nm, implying that subtle conformational
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Figure 7 Structural representation of the ThDP-binding site

The active site centred at ThDP was modelled by a SwissProt database program using the X-ray
co-ordinates of yeast AHAS (Protein Data Bank code 1N0H). The three-dimensional structure
represented here was constructed with the inhibitor, chlorimuron ethyl. Trp586′ was shown only
when inhibitor was added to the crystal formation. Trp503′ and Trp586′ correspond to residues
Trp490 and Trp573 of tobacco AHAS respectively. Protein side chains close to ThDP or within 5 Å
to the likely position of active sites are shown, with residues from the domain of one subunit
designated as a number and those from the other subunit as a primed number.

changes bring the tryptophan residue(s) into a less non-polar
(more solvent-accessible) environment. Assuming that these two
regions (mobile loop and C-terminal lid) are involved in ThDP
binding (or stabilization) to enzyme, these missing interactions
might be the main reason why ThDP binding on the deletion
mutants (�630 and �567–582) is more exposed to solvent as
compared with wild-type AHAS. Although it remains to be
characterized which amino acid is involved in ThDP binding,
our results suggest strongly that the regions of these two deletion
mutants participate in ThDP binding to the enzyme.

Finally, the deletions result in drastic decreases in kcat with little
effect on Km for substrate. Furthermore, the substantial differences
between the Kc for ThDP (17.20 +− 2.28 mM for �567–582 and
16.10 +− 1.73 mM for �630) and the direct Kd (0.69 mM for
�567–582 and 0.58 mM for �630) support the hypothesis of
closure of the active site containing ThDP by these two deleted
regions. Many lines of evidence have suggested that the active site
of ThDP-dependent enzymes is inaccessible to solvent-derived
protons during catalysis [34–36], which is in line with reports that
a hydrophobic environment is required for the decarboxylation
step in the reaction [37–39]. Modelling and kinetic studies agree
with the proposal of a cyclic opening and closing of the active site
during catalysis [40,41]. In addition, in the structure of the yeast
AHAS–inhibitor complex, there is an important observation that
the regions consisting of the 38 C-terminal amino acid residues
650–687 (corresponding to residues 645–669 of tobacco, C-ter-
minal lid) and the polypeptide segment consisting of amino acid
580–595 (residues 567–582 of tobacco, mobile loop) become
ordered, further restricting solvent accessibility to the active site
[14].

The functional domain study should be carefully examined.
There is a possibility that the deletion mutagenesis causes pro-

found structural changes and denaturation of the overall structure
of the proteins. They could interfere with and complicate the inter-
pretation of our observations. However, it is reasonable to assume
that the constructed variants folded into similar conformation
in the absence of indicated regions, consistent with the finding
that mutants are able to bind the cofactors, and exhibit varying
levels of activity. Also, the observation of the same elution pro-
files in gel filtration compared with native enzyme could not be
explained by an overall structural change or denaturation of the
protein. Furthermore, three-dimensional modelling showed that
the three domains (α, β and γ -domain) of AHAS were folded
independently [14,15], and that the deleted regions are disordered
and flexible. Although the crystal structure of yeast AHAS sug-
gested that access to the active site is impeded by these two
regions, it is possible that the structure of the enzyme in solution
is slightly different from that in the crystal structure, and that the
structure of our investigated model, tobacco, is not related to that
of yeast.

We are now attempting to obtain more evidence for movement
of these regions of AHAS during catalysis.
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