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Introduction

Acetohydroxyacid synthase (AHAS; EC 4. 1.3.18, also 
referred to as acetolactate synthase) catalyzes the first reac­
tion in the metabolic pathway leading to the biosynthesis of 
the branched-chain amino acids.1,2 AHAS catalyzes the 
condensation of two molecules of pyruvate to form aceto­
lactate in the biosynthesis of valine and leucine, or the 
condensation of pyruvate and 2-ketobutyrate to form 2- 
aceto-2-hydroxybutyrate in the biosynthesis of isoleucine 
(Scheme 1).

Considerable interest in this enzyme has resulted from the 
discovery that it is the site of action by several different 
commercial herbicides.3 A common pathway in micro­
organisms and plants synthesize valine, leucine and iso­
leucine. The common precursor for these amino acids is the 
central metabolite pyruvate, hence these form a subset of the 
pyruvate-derived amino acids. In addition, isoleucine also 
requires a second precursor, 2-ketobutyrate. AHAS cata­
lyzes the first of the parallel steps and is at a critical branch 
point in the pathway because its reaction will determine the 
extent of carbon flow through to the branched-chain amino 
acids. The reaction involves the irreversible decarboxylation 
of pyruvate and the condensation of the acetaldehyde moiety
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with a second molecule of pyruvate to give 2-acetolactate, or 
with a molecule of 2-ketobutyrate to yield 2-aceto-2- 
hydroxybutyrate.

AHAS has been studied in steady state kinetic experiments 
in which the rates of acetolactate (AL) and acetohydroxy­
butyrate (AHB) have been determined simutaneously.2,4 The 
ratio between the rates of production of the two alternative 
products and the concentrations of the substrates pyruvate 
and 2-ketobutyrate leads to them, R, Vahb/Val=R ([2-keto- 
butyrate]/[pyruvate]). Among the three enterobacterial 
enzymes, only AHAS I has a relatively low R factor of 2. 
However, AHAS II and III have high R-values of 65 and 40, 
respectively, which mean that they have the presence of at 
least one AHAS activity with high specificity for aceto­
hydroxybutyrate formation. This is consistent with the fact 
that the intracellular concentration of the major metabolic 
intermediate pyruvate is higher than that of 2-ketobutyrate, 
indicating that the mechanism involves an irreversible and 
rate-determining reaction of pyruvate. In spite of the exten­
sive studies done with AHAS, little kinetic investigation has 
been reported to date.2,5,6 In this paper, we describe the 
steady-state kinetic studies of tobacco AHAS. The kinetic 
parameters for catalysis were compared with other source 
AHAS.

Materials and Methods

Chemic이s. Pyruvic acid sodium salt, tris(hydroxymethyl)- 
aminomethane, flavin adenine dinucleotide (FAD), thiamin 
pyrophosphate (TPP), a-naphtol, creatine, glutathione, iso- 
propy-月-D-thiogalactoside (IPTG), NaCl, TritonX-100, and 
MgCl2 were all purchased from Sigma Chemical Co. (St. 
Louis, USA). 2-Ketobutyric acid sodium salts and 3-bromo- 
pyruvic acid were purchased from TCI Co. (Tokyo, Japan). 
Bacto-tryptone, yeast extract, and bacto-agar were obtained 
from Difco Laboratories (Detroit, MI). Epoxy-activated 
sepharose 6B was purchased from Pharmacia Biotech. 
(Uppsala, Sweden). All other chemicals were of pure or 
extra pure grade and commercially available.

Expression and purification of the recombinant tobacco 
AHAS. Expression and purification of GST-AHAS were 
performed as described by Chang et al.1 Cells, E. coli 
DH5a, were incubated at 37 oC, 150 rpm until OD600 = 0.8­
0.9 and induced with 0.5 mM IPTG for 5 hours and 
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harvested by centrifugation at 4000 rpm. The cell pellets 
were resuspended with PBST (150 mM NaCl, 20 mM 
Sodium phosphate buffer (pH 7.4), 1% Triton X-100, 2 mM 
EDTA, 0.1% QMercaptoethanol) buffer and lysis by 
sonication at 4 oC. The homogeneity was centrifuged at 
14,000 rpm for 20 min. The supernatant applied on a GSH- 
coupled Sepharose 6B resin and washed unbounded proteins 
by a sufficient volume of the PBST buffer. The GST-AHAS 
fusion protein was then eluted by elution buffer (20 mM 
GSH, 50 mM Tris-HCl (pH 8.0). The isolated proteins were 
identified by SDS-PAGE analysis and the protein 
concentration was determined by the Bradford method.

Enzyme assay. The enzyme activities of the purified 
AHAS were measured according to the method of Wester- 
ford.8 The reaction mixture (200 p,L) contained 50 mM 
potassium phosphate buffer (pH 7.5), 1 mM TPP, 20 pM 
FAD, 10 mM MgCl2 and various concentrations of pyruvate 
and 2-ketobutyrate in either the presence or absence of 2- 
ketobutyrate. Assays were initiated by adding the AHAS 
(0.15 pM) and terminated by adding 20 pL of 6 N H2SO4 

after incubating at 37 oC for 1 hr. The acetolatate was 
allowed to decarboxylate at 67 oC for 15 min. The converted 
acetoin was incubated with 200 pL of 0.5% creatine at 67 oC 
for 15 min and colorized with 200 pL of 5% a-naphtol at 67 
oC for 15 min. The absorbance of the reaction mixture was 
determined at 525 nm (e = 6,500 M-1cm-1). The activity was 
calculated by the different absorbance of the reaction 
mixture between 2-ketobutyrate absence (ODi) and presence 
(ODf). One unit (U) of activity was defined as the amount 
required to form 1 pmol of acetohydroxybutyrate per minute 
under the assay conditions described above.

Initi지 v에ocity study. The conditions of initial velocity 
pattern in the reaction at pH 7.5 were the same as in the 
standard enzyme assay conditions, and the initial velocity 
pattern was obtained by varying the concentrations of 2- 
ketobutyrate at different fixed levels of pyruvate. The vari­
ous concentrations of substrates around Km were corrected 
for the complexation with divalent metal. All the chemicals 
were corrected for the metal-chelating effect.9

Dead-end inhibition study. Dead-end inhibition patterns 
were obtained by varying the concentrations of substrate 
with the second fixed at Km and at three different levels of 
concentrations of the inhibitor (0, 1K, and 2K). The dead­
end inhibitor was 3-bromopyruvate as a substrate analog 
of pyruvate. Velocity was measured as a function of 
enzyme concentration around the Km value of reactants and 
around the K value of inhibitor. In all cases, the plots were 
linear.

Data processing. Reciprocal initial velocities were plotted 
as a function of reciprocal substrate concentrations. Data 
were fitted using the appropriate rate equations and Fortran 
programs of Cleland.17 Data conforming to a ping-pong 
mechanism were fitted using equation (1). Data for competi­
tive, uncompetitive, and noncompetitive inhibition were 
fitted using equations (2)-(4). In equations (1)-(4), v and V 
represent initial and maximum velocities; Ka and 瓦 are Km 

values of substrate A and B, respectively.

KaB + KA + AB

Ka (1+ IK) + A

VA
Ka+A(1+J/Kjj) (3)

Ka (1+ IKis) + A( 1+ I/K,)

Kis and K are slope and intercept inhibition constants, while 
A, B, and I represent reactants and inhibitor concentrations, 
respectively.

Results and Discussion

The kinetic studies of most authors have confined them­
selves to study the effect of pyruvate alone.2 The most 
detailed kinetics study is that described by Gollop et al 
(1989) who examined the effect of simultaneous variation of 
the concentration of pyruvate and 2-ketobutyrate using E. 
coli AHAS III.4 In the absence of 2-ketobutyrate, it might be 
expected that the substrate saturation curve would be 
sigmoidal due to CO2 release intervening between the 
binding of the first and second pyruvate. Likewise, most 
plant enzymes, recombinant tobacco and recombinant A. 
thaliana AHAS have confirmed that the enzyme does not 
follow Michaelis-Menten kinetics in the absence of 2- 
ketobutyrate.10,11 The negative cooperativity for these plant 
enzymes was ascribed to interactions between the active 
sites of the dimer. In the presence of 2-ketobutyrate, the 
substrate saturation curve of the AHAS reaction was shown 
to be hyperbolic (data not shown). Such behavior implies 
that there is an effectively irreversible step between the 
addition of the first and second pyruvate to the enzyme.

Evaluation of the kinetic mechanism and the kinetic 
parameters of an enzyme-catalyzed reaction can often be 
best approached through initial velocity studies. Double 
reciprocal plots of the initial velocity data allow the differ­
entiation of the kinetic mechanism; Ping pong mechanisms 
result in one or more parallel lines in double reciprocal plots, 
whereas sequential mechanisms exhibit non-parallel lines. 
The results of an experiment, in which the pyruvate concent­
ration was varied at different fixed concentrations of 2- 
ketobutyrate, are presented in double reciprocal form in 
Figure 1. The lines are parallel. This behavior is character­
istic of the Ping Pong mechanism in which one or two 
products are released before the introduction of a final 
substrate. When the initial velocity data of Figure 1. were 
plotted with 2-ketobutyrate as the variable substrate, the 
results again yielded families of parallel lines, suggesting 
that the pyruvate-2-ketobutyrate interaction in the AHAS 
catalyzed reaction might be a Ping Pong mechanism. The 
data fitted well to the initial velocity equation and the true 
values for the kinetic constants were obtained as followed: 
Vmax, 0.0016 士 0.0002 卩mole/min; Kpyruvate, 3.66 士 0.78 mM; 
K2-ketobutyrate, 1.37 士 0.29 mM； V/Kpyruvate, 4.37 X 10-4 min-1；
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Figure 1. Initial velocity pattern for the acetohydroxyacid synthase 
at pH 7.5. The assays were carried out under standard conditions. 
The results fitted plots for 0.5 mM ( ■ ), for 2 mM ( • ), for 7 mM 
(▲ ), for 40 mM ( ▼ ) of 2-ketobutyrate, respectively. Points are 
experimental and the solid lines are from a fit using equation (1).

V/Kz-ketobutyrate, 1»17 X 10 min '.
In addition to the initial velocity data, we examined dead­

end inhibition studies in order to conform the most likely 
pathway of substrate addition to the enzyme. The most 
commonly used method involves holding one substrate at 
non-saturating concentration while varying the second sub­
strate and inhibitor concentrations. The initial velocity data 
are then plotted in a double reciprocal form, and the 
inhibition patterns can be used to limit the possible kinetic 
pathways. 3-bromopyruvate is a dead-end analog of pyruvate. 
Through varying the concentration of pyruvate at several 
fixed concentration of 3-bromopyruvate, the dead-end inhi­
bition patterns showed an intersection on the ordinate, 
indicating that 3 -bromopyruvate is competitive vs. pyruvate 
(data not shown). The diagnosis of the Ping Pong mechanism 
by dead-end inhibition is that the analog of substrate A is 
uncompetitive vs. varied substrate B. Through varying the 
concentration of 2-ketobutyrate at several fixed concent­
rations of 3-bromopyruvate, the dead-end inhibition patterns 
showed a parallel lines in Figure 2, indicating that 3- 
bromopyruvate is uncompetitive vs. 2-ketobutyrate.

Taken along with the result from the initial velocity 
experiments, these inhibition patterns indicate that substrate 
A (the first substrate to bind) is pyruvate and substrate B is 
2-ketobutyrate. Therefore, a Uni Uni Ping Pong mechanism 
is the most reasonable kinetic pathway taken by the aceto­
hydroxy acid synthase reaction. The 2-bromopyruvate for 
the inhibition constants has a K value of 6.47 士 1.1 mM.

The dependence of 2-acetolactate formation in the absence 
of 2-ketobutyrate for AHAS III from E. coli does not obeys 
Michaelis-Menten kinetics having the Km of 6 mM.4,12 The 
Km of pyruvate for AHAS I and AHAS II was 1.5 mM and 
11 mM, respectively.13,14 The Km of pyruvate for AHAS 
from yeast was in the range 8.2 to 18.1 mM.2 The Km of 
pyruvate for the plant was in the range 1 to 11 mM.2 For
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Figure 2. Dead-end inhibition pattern for the acetohydroxyacid 
synthase at pH 7.5. The assays were carried out under standard 
conditions. The 3-bromopyruvate concentrations were 0 mM (■丄 
2 mM (• ) and 4 mM ( ▲ ) as a dead-end inhibitor of pyruvate. 
Points are experimental and the solid lines are from a fit using 
equation (3).

purified AHAS from tobacco, the Km of pyruvate was 6.5 to 
9.6 mM. However, for recombinant AHAS from tobacco, 
the Km of pyruvate was 12.1 to 20.8 mM.7,15,16 The Km values 
of recombinant AHAS are about 2 fold higher than that of 
native. Initial velocity experiments to obtain the above 
mentioned values in which the concentration of pyruvate 
(one substrate reaction) was varied without any conside­
ration of metal-substarte and metal-cofactor chelate (so- 
called, apparent Km) was carried out. In this case, initial 
velocity patterns were obtained for the overall reaction in 
which the concentration of pyruvate was varied in the 
presence of different levels of 2-ketobutyrate (two substrates 
reaction) (so-called, true Km). In this paper, the true Km for 
pyruvate was obtained. The value of 3.66 mM and this value 
is 3 to 5 fold lower than other results (vide ante). Conclu­
sively, this result may imply that there is a difference of the 
experiment condition and/or the reflection of recombinant 
one.

The results from initial velocity and dead end inhibition 
patterns described above support the Uni Uni Ping Pong Bi 
Bi system for the acetohydroxyacid synthase reaction. As a 
consequence, we propose that recombinant tobacco AHAS 
catalyzes the reaction in the manner of a Uni Uni Ping Pong 
Bi Bi mechanism as follows:

A P B Q

E (EA-FP) F (FB-EQ) E

Where A. B, P, Q, E and F represent pyruvate, 2-keto­
butyrate, CO2, 2-aceto-2hydroxybutyrate, AHAS and central 
complex, respectively.
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