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The nature of the active site of Tobacco acetohydroxyacid synthase (AHAYS) in the substrate- and cofactor-
binding was studied by kinetics and fluorescence spectroscopy. The substrate saturation curve does not follow
Michaelis-Menten kinetics at different temperatures (7, 21 and 37 °C), pH (6.5, 7.5 and 8.5) and buffers (Tris-
HCI and MOPS). The concentration of one half of the maximum velocity (Sos) decreased in the following
order: pyruvate > ThDP = Mg*? > FAD. However, the catalytic efficiency (Kca/Sos) inversely decreased in the
following order; FAD > Mg*? = ThDP > pyruvate, indicating that the cofactors by in decreasing order; FAD,
Mg*, ThDP, affect the catalysis of AHAS. The dissociation constant (Kq) of the intrinsic tryptophan
fluorescence decreased with the same tendency of the concentration of one half of the maximum velocity (Sos)
decreasing order. This data provides evidence that the substrate and cofactor binding natures of the active site,
aswell asits activation characteristics, resemble those of other ThDP-dependent enzymes.
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Introduction

Acetohydroxyacid synthase (AHAS, EC 2216 aso
referred to as acetolactate synthase) catayzes the first
common step in the metabolic pathway leading to bio-
synthesis of the branched-chain amino acids in plants and
microorganisms.? AHAS catalyzes the condensation of two
molecules of pyruvate to form acetolactate in the bio-
synthesis of valine and leucine, or the condensation of
pyruvate and 2-ketobutyrate to form 2-aceto-2-hydroxy-
butyrate in the biosynthesis of isoleucine.

AHAS uses thiamine diphosphate (ThDP) as a coenzyme
in the condensation reactions and also requires a divalent
metal ion that anchors ThDP in the active site similar to
other ThDP-dependent enzymes. AHAS has an essentid
requirement for FAD, which is unexpected because the
reaction involves no oxidation or reduction. The first two
cofactors are typical for enzymes that catalyze the decarbox-
ylation of 2-ketoacids, as occurs in the first stage of the
AHAS reaction. The requirement for FAD is not unprece-
dented and has also been described for glyoxylate carboli-
gase® which is structurally related to AHAS, as well as the
unrelated enzyme, chorismate synthase.*

The crystal structure of the catalytic subunit® and AHAS
enzyme® from yeast was recently reported at 2.6 A
resolution. This structure revealed the location of several
active gite features, including the position and the confor-
mation of the cofactors ThDP, Mg?* and FAD. The structure,
in combination with molecular modeling, also suggested the
geometry and location of the binding site for the imidazoli-
none herbicide imazapyr (2-(4-isopropyl-4-methyl-5-oxo-2-
imidazolin-2-yl) nicotinic acid). Furthermore, molecular
modeling analysis reveaed the geometry and location of the

binding site for the herbicide and provides for substrate
access channel a the interface of the two monomeric
subunits. Each monomer has three domains (¢, S, 7). AHAS
has two active sites that are on opposite faces of the
molecule. We have studied the pH dependence of kinetic
parametersin order to obtain information about the chemical
mechanism in the active site."* Data was consistent with a
mechanism in which the ThDP is ionized to the reactive
ylide. The resulting carbanion attacks a pyruvate molecule
stabilized by delocalization of eectrons into the carboxyl
probably with the assistance of enzyme residues in the
vicinity of carboxyl. This yields the lactyl-ThDP intermedi-
ate via the transently formed acoholate anion. After
decarboxylation, the enamine of hydroxyethyl-ThDP under-
goes charge separation giving the a-carbanion that can now
react with a second pyruvate to give the product complex.
Finaly, the product is released and ThDP is regenerated.
Chemical modification studies, including site-directed muta
genesis studies have reveded that the Trp490 residue is
essential for the catalytic function in tobacco AHAS.®

Recently, we have determined from the quenching of
intrinsic fluorescence the binding of ThDP to enzyme.’ The
fluorescence quenching experiment was performed by
titrating ThDP into a mixture of apoenzyme in the presence
of 100 mM phosphate, pH 7.4, 2 mM Mg?, and 20 uM
FAD. The enzyme exhibits a fluorescence emission maximum
at 340-345 nm upon excitation at 295 nm. Using a continues
assay, atime lag (400 second) was observed with tobacco
AHAS enzyme at 40 mM concentration of pyruvate before a
linear, steady dtate rate was attained, and showed a
sigmoidal dependence of catalytic activity on pyruvate
concentrations at pH 8.5.%°

In this paper, we report the characterization of AHAS
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from tobacco with respect to its kinetics and fluorescence
towards the substrate (pyruvate) and activation by the three
cofactors (Mg*?, ThDP and FAD).

Materialsand Methods

Chemicals. Pyruvic acid sodium salt, 4-morpholinepro-
panesulfonic acid (MOPS), tris(hydroxymethyl)amino-
methane, flavin adenine dinucleotide (FAD), thiamin di-
phosphate (ThDP), e~naphtal, crestine, glutathione, isopropyl-
[D-thiogalactoside (IPTG), NaCl, tritonX-100, glutathione
and MgCl, were al purchased from Sigma Chemica Co.
(S. Louis, USA). Epoxy-activated Sepharose 6B was
obtained from Pharmacia Biotech (Uppsala, Sweden). All
other chemicals were obtained from commercia sourcesand
were of the highest quality available.

Expression and Purification of Enzyme. Expression and
purification of the recombinant acetohydroxyacid synthase
was performed with modification as described by Chang et
al.* Briefly, E. coli DH5« cells containing the expression
vector pGEX-ALS were grown at 37 °C in Luria-Bertani
(LB) medium containing 50 gg/mL ampicilin to an ODggo Of
0.7-0.8. Cdls were induced by the addition of 1.0 mM
isopropyl-D-thiogalactoside (IPTG) and grown for an
additional 4 hours at 30 °C. Cels were harvested by
centrifugation at 6000 rpm for 15 min. The cell pellet for the
purification was resuspended in PBST buffer (150 mM Tris-
HCI, pH 7.5, 1 mM pyruvate, 10% (v/v) ethylene glycol, 10
mM MgCl;) containing protease inhibitors (2 ug/mL
Leupeptin, 4 ug/mL Aprotinin, 2 ug/mL Pepstatin A). The
cell suspension was lysed by sonication a 4 °C. The
homogenate was centrifuged at 20,000 rpm for 20 min and
the supernatant was applied to a GSH-coupled Sepharose 6B
column with PBST buffer. The GST-AHAS fusion protein
was recovered from the column with an eution buffer (50
mM Tris-HCI, pH 8.0, 20 mM GSH, 10% (v/v) ethylene
glycol). The isolated protein was identified by SDS-PAGE
analysis and the protein concentration was determined by
the method of Bradford.

Enzyme Assay. Enzyme activities of the purified AHAS
were measured according to the method of Westerfeld'? with
a modification as reported previoudy.®® The standard
reaction mixture contained 100 mM MOPS buffer (pH 7.5),
1 mM ThDPR, 10 mM MgCly, 20 uM FAD, 75 mM pyruvate,
and the enzyme. Assays were initiated by the addition of
AHAS a 37 °C for 5 min and terminated by the addition of 6
N H.SOs. The reaction product acetohydroxy acid was
allowed to decarboxylate at 60 °C for 15 min. The acetoin
formed by acidification was incubated and colorized with
0.5% creatine and 5% o~naphthol at 60 °C for 15 min. All
reactions were carried out in a 1-mL cuvette with a 1 mm-
light path-length. UV /vis absorbance spectra were recorded
on a Cary 3E UV /vis spectrophotometer. The absorbance of
the reaction mixture was monitored a 525 nm. The
concentration of reactants was corrected for the concen-
tration of the metal chelate complexes according to Dawson
et al.’* One unit (U) of activity was defined as the amount
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required forming 1 gmol of acetohydroxy acid per minute
under the assay conditions described above. Specific
activities of AHAS were expressed as units (U) per mg of
protein.

Quenching of Intrinsic Protein Fluorescence. The
substrate or the cofactors-dependent quenching of intrinsic
protein fluorescence was monitored as a function of the
substrate or the cofactors and the reduction in equilibrium
fluorescence was monitored. Duplicate reactions were
performed over the indicated concentration range in the
presence of AHAS at 25 °Cin aninitial volume of 500 gL of
100 mM MOPS, pH 7.5 and in the presence and absence of
the other cofactors. Samples were excited at 295 nm (4-nm
band pass) and were emission at 340 nm (4-nm band pass) in
an SLM-Aminco 8100. The final concentration of AHAS
used in the experiments was 4 M. The quenching data was
fitted to the following equation by using the program
Enzfitter (a non-linear curvefitting program, BIOSOFT):

(AF/Fo x 100) = [(AFma/Fox 100)[Q])/(Ka +[Q]) (D)

Where AF/F,x 100 is the percent quenching (percent
changein fluorescence relative to the initial value) following
the addition of the quencher at a concentration [Q] and Kq is
the dissociation constant.

Kinetic Data Collection. Reciproca values of the steady
state rate were plotted as a function of the reciprocal of the
substrate concentrations. Data was analyzed according to the
appropriate rate equations by using the FORTRAN pro-
grams of Cleland.”® Individual saturation curves were fitted
to Eq. (2).

v=VA/(K +A) 2

InEq. (2), A isthereactant concentration. V isthe maximum
velocity, and K is the Michadis constant for the varied
substrate.

Results

Seady-Sate Kinetic Parameter. After removal of the
cofactors, AHAS showed little or no activity upon adding
back any two of them (ThDP, Mg?*, FAD). Full activity was
restored only by the addition of a third cofactor with a
hyperbolic dependence of the rate upon the cofactor
concentration (data not shown). These data were analyzed to
determine cofactor activation constants and were fitted to the
Hill equation vo/Ey = (KeaS")/[(So5)" + ST, and the param-
eters were determined from a linear least-squares fit. The
effect of pyruvate concentration on the rate of reaction was
that the saturation curve does not follow the simple
MichaglisMenten kinetics in Figure 1. However, the
positive cooperative saturation curve was shown fitting in
Hill equation with n = 0.79. Although the departure from a
hyperbolic curve is rather subtle and might have been
disregarded in a single experiment, it was observed consist-
ently in multiple experiments.

In addition, substrate saturation curves obtained at
different temperatures (7, 21 and 37 °C), pH vaues (6.5, 7.5
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Figure 1. Saturation curve of the AHAS catalyzed reaction. The
assays were conducted as described in Materials and Methods with
the reaction mixture containing 100 mM potassium phosphate
buffer (pH 7.5), 1 mM ThDP, 10 mM MgCl,, 20 uM FAD, the
enzyme and the indicated concentration of pyruvate. The points are
experimental values and repeated at |east three times. The curveis
theoretical from afit of Vo/Eo = (keaS")/[(Sos)" + S to the data.

and 8.5) and buffers (TrissHCI, HEPES and MOPS) yielded
curves of a similar shape (data not shown). This kinetic
anomaly is not an artifact arising from possible pH changes
from the addition of high concentrations of substrate or
cofactors, asthe pH of the assay buffer was unaltered by 100
mM pyruvate. Neither does it appear to be due to a non-
specific effect of increasing ionic strength, since the
inclusion of 100 mM KCI did not affect the lag phase and
activity.

The effect of the each cofactor on AHAS was examined.
The derived steady-state kinetic parameters at pH 7.5 are
presented in Table 1. At this pH, the concentration of one
half of the maximum velocity (Sps) decreased in the
following order: pyruvate > ThDP =~ Mg?* > FAD. However,
the catalytic efficiency (Kea/Sos) increased in the same order
asthe S5 decreased.

Intrinsic Fluorescence Measurements. The intrinsic
fluorescence emission spectra for pyruvate in the AHAS
enzyme are shown in Figure 2. AHAS has a fluorescence
emission maximum at 340 nm upon excitation at 295 nm.
The data is described by eqg. (1), as shown by the lines in
Figure 3; the values of the various kinetic parameters are
summarized in Table 2. Titration of AHAS with pyruvate
resulted in an 89% reduction of the initial Trp fluorescence.
The dissociation constant (Kq) of pyruvate was 24.8 £ 2.76
mM in the absence of cofactors, however, it was 18.38 +
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Figure 2. Fluorescence emission spectra of the pyruvate saturation
in the AHAS enzyme. The fluorescence spectra were recorded at
25°C in 100 mM MOPS buffer, pH 7.5. The emission curves are
shown for the pyruvate concentration range of 0, 5, 7, 10, 12, 14,
16, 18, 20, 30, 40, 50, 60, 75, 100, 120, 150, 200 MM.

1.56 mM in the presence of 0.3 mM ThDP and 1 mM Mg,
indicating that the cofactors (ThDP and Mg*?) do not affect
pyruvate binding affinity.

The Kq of ThDP was 0.52 £ 0.17 mM in the absence of
cofactors, however, 0.22 £ 0.03 mM in the presence of 2
mM Mg, and 0.40 £ 0.08 mM in the presence of 10 mM
pyruvate and 2 mM Mg. The affinity (0.52 mM) for ThDPin
the absence of any cofactor was similar (0.40 mM) to the
presence of 10 mM pyruvate and 2 mM Mg*2.

The K4 of Mg*? was 0.074 + 0.008 mM in the absence of
cofactors and 0.126 + 0.04 mM in the presence of 0.3 mM
ThDP. The K4 of Mg*? was not changed in the presence or
absence of ThDP, suggesting that Mg*? binding to the active
site was not affected by ThDP. Magnesium ion hold the
ThDP in place by coordinating to two of the phosphate
oxygen atoms and two amino acid side chains (vide infra).
The Kq of FAD was 21+0.3 xM in the absence of
cofactors, however, and 2.8 £ 0.3 4M in the presence of 0.3
mM ThDP and 1 mM Mg, indicating that ThDP and Mg*?
do not effect the binding of FAD to the enzyme.

Discussion

AHAS hastwo active sites, which are on opposite faces of
the molecule. Each active site is bordered by amino acid
residues from both monomers. AHAS, in common with
severa other enzymes that catalyze the decarboxylation of
2-ketoacids, uses thiamine diphosphate (ThDP) as a cofactor

Table 1. The Steady State Kinetic Parameters of AHAS at pH 7.5 (100 mM MOPS, 25 °C)

Pyruvate ThDP Mg?* FAD
Kea (S7) 16.10 + 0.83 12.35+0.92 10.90 + 1.02 9.72+0.45
Sos (MM) 6.53+0.8 0.78+0.26 056+ 0.20 1.30+ 0.30°
Kea/Sos (MM 2s2) 2.47+0.86 158+ 4.0 19.46 + 5.10 7.48+ 1.50°

Aydues scaleis uM. Pvalue scaleisM s
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Figure 3. Subsirate and cofactor saturation plots for pyruvate (A), ThDP (B), FAD (C), and Mg?* (D) with cofactor (substrate) concentration
shown on amolar scale. Experiments were carried out in 100 mM MOPS buffer, pH 7.5. The curves shown represent the fit of the datato the

Hill equation.

Table 2. Parameters of quenching the intrinsic fluorescence of
AHAS upon addition of cofactor?

apparent Kd maximal quenching
(mM) (%)

pyruvate 24.80+ 2.76* 89+4.32 111
18.38+ 1.56° 74+1.25 0.78
ThDP 0.52+0.172 71+4.12 0.95
0.22+0.03° 69+22 144
0.40+ 0.08° 6821 1.03
Mg** 0.074 + 0.008° 8.02+£0.91 255
0.126 + 0.04° 574+ 054 167
FAD 0.0021 + 0.0003? 38281221 1.28
0.0028 + 0.00031 33.13+£0.14 1.19

aVaues obtained without any cofactors. Values obtained with 0.3 mM
ThDP and 1 mM Mg. Values obtained with 2 mM Mg. %Values obtained
with 10 mM pyruvate and 2 mM Mg. *Values obtained with 0.3 mM
ThDP. Values obtained with 0.3 mM ThDP and 1 mM Mg. 9All assays
were performed at 25 °C in 100 mM MOPS buffer, pH 7.5. Errors are the
S.D. of at least three independent experiments

and requires adivalent metal ion (usually Mg*?) that anchors
ThDP in the active sitee. AHAS aso has an essentid
requirement for FAD. Although AHAS requires the three
cofactors for the catalytic reaction, little is known about the

catalytic nature. It was necessary to elucidate the catalytic
characteristic in the active site of the enzyme in more detail.

The concentration of one haf of the maximum velocity
(Sos) a pH 7.5 decreased in the following order: pyruvate >
ThDP = Mg? > FAD. However, the cataytic efficiency
(Kea/Sos5) increased in the same order as the Sy5 decreased.
These results suggested that the cofactors affect substrate
(pyruvate) binding affinity, for example, FAD binding
induced the cataytic efficiency (Kea/Sos) 3000-fold. This
behavior is consistent with the model that we have proposed
previously,” whereby FAD bound to a crevice of the first
monomer contacts the second monomer, suggesting the FAD
molecule plays acrucia rolein the stabilization of the dimer
interface. Monomeric FAD displays little activity. Both of
ThDP and Mg* binding induced the cataytic efficiency
approximately 8-fold. ThDP islocated centrally in the active
site spanning the two monomers. The diphosphate portion of
ThDP interacts with Mg?* and with amino acid residues
from the jydomain. As in al other ThDP-dependent
enzymes, the role of the metal ion is the same; it acts as an
anchor to hold the ThDP in place by coordinating with two
of the phosphate oxygen atoms and two amino acid side
chains.? Therefore, it makes sense that the addition of Mg
to AHAS showed increased catalytic efficiency (8-fold) the
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ThDP addition of to AHAS.

We have shown previously that the substrate saturation
curve did not follow Michaelis-Menten kinetics,'° a general
feature of plant AHASs was observed.’®'® Using the
continuous assay, alarge lag phase before full activity of the
enzyme was attained.’® This lag phase could not be
eliminated by the preincubation of the enzyme under assay
conditions in the absence of substrate. The data exhibited
positive co-operativity, which we have interpreted as arising
from interactions between the subunits of this homodimeric
enzyme. Using the discontinuous assay, a large lag phase
was observed before full activity of the enzyme was
attained. The cofactor saturation curves showed negatively
co-operative kinetics (data not shown). The differencein the
results of co-operativity may be attributed by the assay
method between a continous assay and a discontinous assay,
indicating that an artifact effect by a discontinous assay and/
or conformational changes may possibly account for the
transient kinetics. It has also been reported that for barley,*®
Arabidopis thaliana® and Serratia marcescens’ AHAS,
reactivation by cofactors was time-dependent. We have aso
observed lags of a few minutes before attainment of full
activity after the addition of the cofactor.

The quenching of tryptophan fluorescence provides a
direct tool for the determination of the dissociation constant
of aprotein-ligand complex. However, the sensitivity of the
method depends on the number and location of the fluoro-
phores. Tobacco AHAS exhibited intrinsic fluorescence
characteristics in the presence of tryptophan residues, very
likely buried in the protein as revealed by alow fluorescence
emission maximum (340-345 nm) upon excitation at 295
nm.°

The Ky of AHAS exhibited similar behavior (24.8 mM
and 18.4 mM) when titrated with pyruvate in the presence
and absence of the cofactors (ThDP and Mg*?). However,
the K, of pyruvate was 6.53 mM. The off-rate (k_1) is
approximately 20-fold higher than the on-rate (ky), indi-
cating that pyruvateis not sticky on the enzyme. The termini
of the mobile loop in the C-termina region of AHAS are
near the active site and it may be repositioned during
catalysis. The mobile loop is confined by packing forces
when ThDP and Mg*? are combined in the active site.® No
matter what circumstance the mobile loop may be confined
asthe pyruvate close to the active site.

The &ffinity for ThDP wasincreased 2-fold (0.4 mM to 0.2
mM) in the presence of only Mg*?, suggesting that ThDP
with Mg* induces a conformational change leading to an
increasing binding. These results agree with that Mg®* is
required for optimum binding and for catalysis of ThDP in
the active site (vide ante).5° i.e. ThDP islocated centraly in
the active site spanning the two monomers and the
diphosphate portion of ThDP interacts with Mg*? and with
amino acid residues from the y~domain.

FAD is bound in an extended conformation and is |ocated
in a crevice bounded by all three domain.® The high affinity
(uM range rather than mM range of Kg) of FAD is due to
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numerous hydrogen bonds and van der Waals interactions
between FAD and the enzyme based on crystallographic
analysis. Pang et al.,® have proposed that the FAD molecule
does not appear to play a direct role in stabilization of the
dimer interface since there is the only one hydrophobic
contact (C8 methyl group of the flavin ring and Phe201’
from the second monomer in yeast) to the second monomer.
However, they have proposed that FAD could participate
directly in catalysis. Our results have revealed that there is
no affinity difference whether the other cofactors (ThDP and
Mg*?) are present or not, indicating that FAD binding does
not play any active role in catalysis. It has been proposed
that FAD is a vestigia remnant reflecting the evolution of
AHAS from a POX-like ancestor.'® It appears that FAD in
AHAS is required solely for structural reasons, maintaining
the enzyme active site in the required geometry for catalysis
to occur.
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