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The inhibition of acetolactate synthase (ALS) from etiolated pea seedlings by 2-(4,6-
dimethoxypyrimidine-2-yloxy)benzoic acid (compound 2), one of the pyrimidinylsalicylic acid
(PS) compounds, was desensitized by SH inhibitors but not at the alkaline pH. PS compounds
including pyrithiobac (2-chloro-6-(4,6-dimethoxypyrimidine-2-ylthio)benzoic acid) tested in
this study inhibited ALS activity in the mixed-type manner with respect to pyruvate and in
the non-competitive with respect to thiamine pyrophosphate (TPP). These compounds inhibit-
ed both of the two molecular species of ALS which were partially purified from pea seedlings
and exhibited slow-binding properties to the crude preparation of ALS from pea seedlings in
the extended-time-course experiments. The inhibition constants of the initial inhibition by
PS compounds were 13- to 26-fold larger than those of the final steady state and the maximal
first order rate constant (0.69 min—!) for transition from the initial to the final steady state of
the inhibition of pyrithiobac was nearly identical to those reported on other widely acknowl-
edged ALS inhibitors. From these results, we conclude: PS compounds are slow-binding
inhibitors to ALS activity, categorized in the sulfonylurea type. The binding site of PS
compounds on the enzyme is considered to be located on the similar site to sulfonylureas.
This binding site is judged not to be located on the regulatory center(s) but on the allosteric
site in a wide sense near the catalytic center, which overlaps partially with the binding site of
pyruvate and does not overlap with the binding site of TPP.

pyruvate and hydroxybutylacetolactate from

INTRODUCTION

In our previous paper,” we have shown that
pyrimidinylsalicylic acid (PS) compounds re-
presented by pyrithiobac-sodium (trade name;
Staple), which form one group in the new
class of herbicides designated ‘‘Pyrimidinyl
carboxy herbicides,” inhibit potently the ac-
tivity of acetolactate synthase (ALS;
EC4.6.3.8, also referred as acetohydroxyacid
synthase; AHAS) from various plants. ALS is
the enzyme which catalyzes both the forma-
tion of acetolactate from two molecules of

* Action Mechanism of Herbicides, Pyrimidinyl-
salicylic Acids (Part III). For Part II, see Ref.
10).

pyruvate and 2-oxobutylate in the biosynthe-
tic pathway of branched-chain amino acids;
leucine, valine and isoleucine. ALS has been
shown to be the target of three structurally
distinct herbicides, namely, sulfonylurea (SU),
imidazolinone (IZ) and triazolopyrimidine sul-
fonamide (TP).** It has been demonstrated
that SU and TP herbicides inhibit the activity
of plants’ ALS in the mixed-type inhibition
with respect to pyruvate,”® while IZ her-
bicides inhibit in the uncompetitive.* In the
extended-time-course experiments, these her-
bicides have been shown to exhibit the slow-
binding properties to both ALS of plants’®
and a bacterium.®

In our preceding paper,'” we have revealed
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that pea seedling contains only a single ALS
whose molecular weight is approximately
320,000 (designated large ALS), and this
molecular species changes to a lower mo-
lecular weight species (designated small ALS)
which is insensitive to the feedback inhibition
by leucine plus valine pair during purification.

In the present paper, we show the kinetic
studies on the inhibition of ALS by PS com-
pounds using both crude enzyme preparation
and partially purified two molecular species of
ALS from etiolated pea seedlings.

MATERIALS AND METHODS

1.  Chemical Compounds

PS compounds (Fig. 1), SU and IZ her-
bicides tested in this study were synthesized at
K-I Chemical Research Institute Co., Ltd.
Purities of those chemical compounds were
over 959%,.

2. Preparation of ALS from Etiolated Pea
Seedlings

Crude ALS was prepared by the method
reported previously.”” Two molecular species
of ALS (large ALS and small ALS) were pre-
pared basically by the method described pre-
viously.!® But the hydroxyapatite column
chromatography was omitted in this study.

The specific activities of crude ALS, large
ALS and small ALS were 0.97, 14 to 20, 25 to
40 nmol acetoin produced per minute per mil-
ligram protein at 30°C, respectively.

3. Assay of ALS Activity

ALS was assayed at 30°C in a 1 ml of assay
mixture containing 20 mM potassium phos-
phate buffer (pH 7.5), 0.5 mm MgCl:, 10 um
flavin adenine dinucleotide, pyruvate, thia-
mine pyrophosphate (TPP) and inhibitors in

R
@COOH oCHs
OCHj
X R
pyrithiobac S Cl
compound 1 O ci
2 O H
Fig. 1 Structures of pyrimidinylsalicylic acid
compounds.

different concentrations. TPP concentration
was kept at 0.5 mm when pyruvate concentra-
tion was varied between 2 and 10 mm, while
pyruvate concentration was kept at 40 mm
when TPP concentration was varied between
0.0125 and 0.4 mM. The inhibitors except for
branched-amino acids were dissolved in organic
solvents and added to the reaction mixture.
Branched-chain amino acids were dissolved in
water and added to the reaction mixture.
After incubation, the reaction was terminated
by the addition of 100 ul of 6 N H:SOs. The
amount of acetolactate produced by the
enzyme reaction was determined by the
method reported previously.?

4. Amalysis of Slow-Binding Inhibition by the
Nonlinear Least Squares Method
The rate equation of enzyme reaction with
a slow-binding inhibitor has been shown to be
v=0¢+ (vi—v¢)e ™ (1)
where v is the observed velocity at any time,
v; 1s the initial velocity, v; is the steady state
velocity of the reaction, and % is the first order
rate constant for transition from the initial
to the final steady state inhibition.'” The
integrated form of Eq. (1) is given as the
following equation.
P=vi—(ve—uv)/k+(vi—uv)e ™k (2)
We, therefore, determined the values for vr,
v; and k by fitting the data for product (P)
formation as a function of time (f) using the
nonlinear least squares method devised by
Yamaoka & Nakagawa.!” And then, the in-
hibition constants (K, K;s**, K, Ku**) for

E == ES —2»g,p
Km
K|s1 K'i |
f 1
El =—= ESI
Ky
3
ki || ke k' Ikz
El* =—— ESI
Ka”
Kn = [EISVES] K, = [EIVIEN K; = [ESIIIVIES!]
K= [ENSVES) K™= ENNMEY] Ki "= [ES){IVESI]
Koo = Kis(ka2/k1) = Kii (k2/k7)

(EVUSVIESIT s (EEn+(E11} Ky*= (ESIAIEST+ESI]}

Fig. 2 Reaction scheme of enzyme inhibition for
two step mixed-type slow-binding inhibitors.
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the initial and the final steady state inhibition,
and the maximal first order rate constant (ki)
for conversion from the initial to the final
steady state inhibition were found from cal-
culation using the following equations derived
for two step mixed-type inhibition of slow-
binding (Fig. 2), which we developed from
those for two step competitive type inhibition
derived by Schloss.'®
vi=VSH{Em(1+1|Ki)+SA+1/Ky)} (3)
ve=VSK{Em(1+1|K*)+S(1+1/Ku*)}

(4)

Ki#*=1[{(K)"'+(K*™) (5)

K =1[{(Ku)™+(K.*) ™"} (6)
k= (RiKmK i+ k'K S) [{KiKm(k:[k:)

LK Sk RV} (RiKmK i+ kK S)

{EmK(I+Kis)+KisS(UI+ K}

(7)
where V' is the maximal velocity of enzyme
reaction, S is the pyruvate concentration, Km
is the Michaelis constant, I is the inhibitor
concentration, K;; and K, are the substrate-
independent inhibition constant (dissociation
constant of enzyme-inhibitor complex) and
substrate-dependent inhibition constant (dis-
sociation constant of enzyme-substrate-inhib-
itor complex) in the initial inhibition, re-
spectively. K;* and K;* are the apparent
substrate-independent inhibition constant and
the apparent substrate-dependent inhibition
constant in the final steady state inhibition,
respectively. K, ** and K;;** are the true sub-
strate-independent inhibition constant and the
true substrate-dependent inhibition constant in
the final steady state inhibition, respectively.
ki and ki’ are the rate constants of enzyme-
inhibitor complex and enzyme-substrate-in-
hibitor complex for transition from the initial
to the final steady state inhibition. 4. and
ks’ are the rate constants of enzyme-inhibitor
complex and enzyme-substrate-inhibitor com-
plex for transition from the final steady state
to the initial inhibition.

S O

RESULTS

1. Effect of pH and SH Inhibitors on the In-
hibition
The inhibition of ALS activity by L-leucine
was desensitized at the alkaline pH, while that
by compound 2, chlorsulfuron or imazapyr was
not (Fig. 3). On the other hand, the inhibi-
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Fig. 3 Effect of assay pH on the inhibition of
crude ALS of etiolated pea seedlings by compound
2, chlorsulfuron, imazapyr and L-leucine.

®: compound 2 (500 nm), O: imazapyr (40 um),
A: chlorsulfuron (12.5 nM), m: r-leucine (0.5 mm).
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Fig. 4 Effect of CuSO, on the inhibition of crude

ALS of etiolated pea seedlings by compound 2 and

L-leucine.

®: compound 2 (500 nM), B: L-leucine (0.5 mm).

tion by L-leucine was not desensitized by SH-
inhibitors such as copper ion and mercury ion,
while that by compound 2 was desensitized
(Fig. 4, the data by mercury ion were not
shown). These data indicated that the bind-
ing site of PS compounds on ALS was located
on a different site from its regulatory center(s).

2. Analysis of the Inhibition as Rapidly
Reversible Inhibitors
2.1 Analysis using crude enzyme
The inhibitions of crude ALS by PS com-
pounds, chlorsulfuron, imazapyr and branched-
chain amino acids were analyzed by double-
reciprocal plots (Lineweaver-Burk plots) in
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Fig. 5 Lineweaver-Burk plots of the inhibition of crude ALS from etiolated pea seedlings by
pyrithiobac (A) and compound 2 (B) with variable pyruvate concentration.

(A) @: control, A: 2.5nM, B: 5nM. (B) @: control, A: 25 nM, B: 50 nM, v: 100 nM.

Table 1 Kinetics of the inhibition of acetolactate synthase from etiolated pea seedlings by
pyrimidinylsalicylic acids, chlorsulfuron, imazapyr and branched-chain amino acids in the 40

min assay system.

For pyruvate® For TPPY
Compound

Type K, ) K, (nm)® Type
Pyrithiobac Mixed 4.8 17 Non-competitive
Compound 1 Mixed 5.8 18 —e
Compound 2 Mixed 124 440 Non-competitive
Chlorsulfuron Mixed 5.6 24 Non-competitive
Imazapyr Uncompetitive o0 34,000 Non-competitive
L-Leucine Partially competitive — e Non-competitive
L-Valine Partially competitive 270,000 2,300,000 —
L-Isoleucine Partially competitive 1,200,000 14,000,000 —

®

> Pyruvate concentration was varied between 2 mm and 10 mum.

b Thiamine pyrophosphate (TPP) concentration was varied between 0.0125 mm and 0.5 mai.
¢’ Substrate-dependent inhibition constant.

¥ Substrate-independent inhibition constant.

> Not tested.

®
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Fig. 6 Lineweaver-Burk plots of the inhibition of crude ALS from etiolated pea seedlings
by chlorsulfuron (A) and imazapyr (B) with variable pyruvate concentration.

(A) @: control, A: 5nM, B: 10 nMm. (B) @: control, a: 20 um, B: 40 uMm.
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Fig. 7 Lineweaver-Burk plots of the inhibition of crude ALS from etiolated pea seedlings by
pyrithiobac (A) and compound 2 (B) with variable concentration of thiamine pyrophosphate.
(A) @: control, ao: 10 nm, W: 20 nm. (B) @: control, A: 50 nm, m: 100 nm.
Table 2 Inhibitions of different forms of acetolactate synthase of etiolated pea seedlings by
pyrimidinylsalicylic acids, chlorsulfuron, imazapyr and branched-chain amino acids.
Crude ALS® Large ALS® Small ALS®
Compound
- K¢ K Iso - K, Ky Lo K Ky T
Type® (nm) (nm) (nm) Type (nmM) (nMm) (nmM) Type (nm)  (nM) (nM)
Pyrithiobac Mix 4 8 17 20 Mix 50 22 —* Mix 80 21 -
Compound 2 Mix 124 440 390 — - —_ = — — — 440
Chlorsulfuron Mix 56 24 27 Mix 4.2 18 — Mix 6 2 26 —
Imazapyr Un oo 34,000 37,000 TUn o 33,000 — — — — 40,000
Leu+Val® pCo — —  609%® — — — 40%® — — — 59

Not tested.
2 mwu L-leucine plus 2 mm r-valine.
Inhibition percentage.

40-min-fixed-time assay. Pyrithiobac, com-
pound 1 and compound 2 showed the mixed-
type inhibitions with respect to pyruvate
(Fig. 5A, B, Table 1). This inhibition type
was same as chlorsulfuron (Fig. 6A), but
different from imazapyr (Fig. 6B) and branch-
ed-chain amino acids which showed an un-
competitive inhibition and partially competi-
tive inhibitions, respectively (Table 1). On
the other hand, pyrithiobac and compound 2
gave non-competitive inhibition as same as
chlorsulfuron, imazapyr and L-leucine with
respect to TPP (Fig. 7A, B, Table 1). The
values of inhibition constant of pyrithiobac
and compound 1 were nearly identical to that

The fraction precipitz;ted with ammonium sulfate (25—55}7%-,).
The higher molecular weight species of ALS separated by Cellulofine GCL-2000 sf column chromatography.
The lower molecular weight species of ALS separated by Cellulofine GCI.-2000 sf column chromatography.

Inhibition type: mixed (Mix), uncompetitive (Un), partially competitive (pCo).

of chlorsulfuron. The K;; value of pyrithiobac
and compound 1 were 3 to 3.5 times larger
than the K;, value. The K, value of partially
competitive inhibitions by L-valine and L-
isoleucine were approximately 10 times larger
than the K;, value (Table 1).
2.2 Analysis wusing partially purified
molecular species

The inhibitions of the activities of large
ALS and small ALS by PS compounds, chlor-
sulfuron, imazapyr and branched-chain amino
acids were analyzed by double reciprocal plots.
Pyrithiobac and chlorsulfuron gave mixed-type
inhibition to both large ALS and small ALS
as in the case of crude ALS, while imazapyr

two
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showed an uncompetitive to large ALS as in
the case of crude ALS. The inhibition con-
stants of pyrithiobac and chlorsulfuron for
large ALS and small ALS were nearly identical
to those for crude ALS, and also that of im-
azapyr for large ALS was similar to that of
crude ALS. Compound 2 and imazapyr in-
hibited the activity of small ALS as potently
as crude ALS. Leucine plus valine pair in-
hibited the activities of both crude ALS and
large ALS, but not small ALS (Table 2).

3. Analysis of the Inhibition as Slowly Reversi-
ble Inhibitors (Slow-Binding Inhibitors)
3.1 Slow-binding
Slow-binding properties of the inhibition to
ALS activity by pyrithiobac and compound 2
were analyzed using crude ALS. Pyrithiobac
and compound 2 acted as biphasic slow-bind-
ing inhibitors under the condition where the
ALS activity of the sample without inhibitors
was linear up to 3.3 hr in the presence of 160
mM pyruvate which showed no substrate in-
hibition (Fig. 8A, the data of compound 2 were
not shown). On the other hand, leucine plus
valine pair acted as typical reversible inhibi-
tors (Fig. 8B).
3.2 Inactivation of ALS during the reaction
The activity of crude ALS of the sample in

the presence of 2mM pyruvate declined
dramatically (Fig. 9A). This drastical reduc-
tion of the velocity could not be ascribed to
the decrease of pyruvate concentration, for the
loss of pyruvate during the reaction was ap-
proximately 109, of the initial concentration.
Thus, from the plots in Fig. 9A, the velocities
at appropriate time points were found through
calculation and fitted to the below equation of
the enzyme inactivation reaction.

In(v) =In{VS/(S+Km)}—kt (8)
where In is the natural logarithm, v is the
velocity, V' is the maximal velocity, S is the
substrate concentration, Km is the Michaelis
constant, £ is the first order rate constant of
the enzyme inactivation and £ is time.

As a result, the linear plots were yielded on
the natural logarithm values of velocities as a
function of time (Fig. 9B), indicating that the
decline of linearity of the progressive curve
was due to the inactivation of enzyme under
the low pyruvate concentration. Moreover,
the slope gave the % value, from which the
half-time of the inactivation was found
through calculation to be 77 min.

3.3 Determination of the inhibition type of the
wnatial inhibition

Because of instability of ALS under the low
pyruvate concentration described above, only

187 2.0
(A) . (B) .
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8 . * 1.2
0
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0O 40 80 120 160 200 O 40 80 120 160 200

Incubation time (min)

Fig. 8 Assay time-course of crude ALS of etiolated pea seedlings in the presence of pyrithiobac
(A) and leucine plus valine pair (B) under 160 mm of pyruvate concentration.

(A) @: control, A: 2nm, B: 10nM, ¢: 20nMm. (B) @: control, @: 1 mm each.
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Fig. 9 Assay time-course of crude ALS of etiolated pea seedlings under 2 mm of pyruvate con-
centration (A) and the plots of the natural logarithm values of velocities at appropriate time

points in (A) as a function of time (B).
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Fig. 10 Hanes-Woolf plots of the initial inhibi-
tion of crude ALS of etiolated pea seedling by py-
rithiobac with variable pyruvate concentration.

o
-

@ control, m: 10nwM.

the initial velocities (v;) could be determined
from fitting the data for product formation as

a function of time to the Eq. (2), when low
pyruvate concentrations were employed. With
pyrithiobac using crude ALS, three pyruvate
concentrations (2, 6, 10 mM) were tested to
find three initial velocities. And the resultant
velocities were fitted to S/v vs. S plots (Hanes-
Woolf plots) to know the inhibition type of
the initial inhibition. Consequently, a mixed-
type inhibition was obtained (Fig. 10), which
was identical to that obtained by the foregoing
40-min-fixed-time assay.
3.4 Determination of the inhibition constants
and the ki value

Since the initial inhibition type of pyri-
thiobac was proved to be a mixed-type, we
determined the inhibition constants of the
initial inhibition and the final steady state in-
hibition from fitting the velocities with 160 mm

Table 3 Inhibition constants of the initial and the final steady state inhibition, and maximal
first order rate constant for transition from the initial to the final steady state inhibition, of the
slow-binding inhibition of acetolactate synthase of etiolated pea seedlings by pyrimidinylsalicylic

acids.
Initial®’ Final® .. .
Compound Imﬁ;a;li/o P;inal (Ijﬁfle_i))
K, (nm) K;; (nm) K (nm) K;; (nm)
Pyrithiobac 28 82 1.1 3.1 26 0.069
Compound 2 280 810 22 63 13 —e

2> Initial inhibition.
® Final steady state inhibition.

¢’ Ratio of the initial inhibition constant to the final steady state inhibition constant.
4> Maximal first-order rate constant for transition from the initial to the final steady state inhibition.

¢ Not tested.
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pyruvate and inhibitors to the Eqgs. (3)-(6)
which are derived for two step mixed-type in-
hibition. Moreover, three rate constants (k)
for transition from the initial to the final
steady state inhibition were determined with
pyrithiobac by employing three different con-
centrations of pyrithiobac, and the maximal
first order rate constant for transition from
the initial to the final inhibition (ki) was
evaluated from the double-reciprocal plots of
the reciprocal of pyrithiobac concentrations
(1/I) vs. the reciprocal of the rate constants
(1/k) under the assumptions of ki=#k: and
ki ki in the Eq. (7). As results, the initial
inhibition constants of pyrithiobac and com-
pound 2 were 26- and 13-times larger, re-
spectively, than those of the final steady state
inhibition. The k: value of pyrithiobac was
evaluated to be 0.069 min™* (Table 3). From
these values, the association and dissociation
half-time of the final enzyme-inhibitor complex
were found to be 10 min and 260 min, re-
spectively.

DISCUSSION

It has been shown that SU herbicides such
as chlorsulfuron® and bensulfuron-methyl,**
and one of the TP herbicides® inhibit ALS
activity of plants in the mixed-type manner
with respect to pyruvate, while one of the 1Z
herbicides, imazapyr, inhibits it in the un-
competitive.®”> We showed the same in-
hibition types with PS compounds as those of
SU and TP herbicides. These inhibition
types are different from those by feedback
inhibitors; leucine!® and valine,'® whose in-
hibition types are partially competitive (Table
1). These results indicate that the binding
sites of PS and SU herbicides on the enzyme
are different from those of feedback inhibitors,
though there is a report which has shown that
the binding sites of SU, 1Z, TP herbicides and
feedback inhibitors are identical.’® This idea
could be supported by the results that the
sensitivity of the ALS inhibitions by PS, SU
and IZ to the assay pH and the SH inhibitors
differed from that by L-leucine (Figs. 3 and 4),
and that the small ALS which lost their sen-
sitivities to the feedback inhibition was po-
tently inhibited by those ALS-inhibiting her-
bicides (Table 2). It would seem that the

reports by LaRossa & Schloss” and Singh et
al.'™ also advocate this idea, which have shown
that isozyme II of ALS from Salmonella
typhimurium having no sensitivity to the
feedback inhibition a priori, and the molecular
species of ALS insensitive to feedback inhibi-
tion, are both inhibited by ALS-inhibiting
herbicides. Nakata,'® Singh e/ al'® and
Subramanian ef al.** have reported that the
inhibition types of SU, IZ and TP herbicides
are not competitive with respect to TPP. We
showed that PS compounds, SU and IZ
herbicides were non-competitive inhibitors for
TPP, whereas PS and SU are mixed type ones
and IZ was an uncompetitive one for pyruvate
(Table 1). Schloss et al.?¥’ have demonstrated
that imazapyr competes to the binding of
sulfometsuron methyl (one of SU herbicides)
to the enzyme. After taking these results and
information into consideration, it is suggested
that the binding sites of PS compounds, and
also SU and TP herbicides on the enzyme
might be located on the allosteric site in a
wide sense near the site where pyruvate binds,
and IZ herbicides bind to the site which differs
from but overlaps with that of these three
type herbicides. This site is considered not to
the regulatory site which is called the allo-
steric site in a narrow sense, but to be the
ubiquinone binding site on the enzyme, which
lost its role in the enzymatic reaction during
the evolutionary process.?

On the other hand, it has been shown that
SU and IZ herbicides are slow-binding in-
hibitors™® which inactivate ALS irreversibly
after the gaining of the final steady inhibi-
tions.® And the irreversible inactivation of
the enzyme has been found only when
pyruvate exists in the reaction mixture.*? We,
therefore, examined slow-binding properties of
PS compounds. In consequence, pyrithiobac
was proved to be a slow-binding inhibitor
which showed a mixed-type inhibition in the
initial inhibition. This inhibition type was in
contrast with that reported on one of the
pyrimidinylpicolinic acid compounds,?® which
is an analog of PS compounds. Moreover, the
maximal first order rate constant for transi-
tion from the initial to the final steadyv state
inhibition (k1) of pyrithiobac was nearly
identical to those of other ALS-inhibiting
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herbicides.®” This result might support the
hypothesis of Hawkes® that the apparent slow
phase of ALS inhibition by ALS-inhibiting
herbicides is due to slow irreversible inactiva-
tion of the enzyme rather than isomerization
of the enzyme-inhibitor complex to a more
tightly bound form as proposed originally.”
For it seems more reasonable to consider that
ALS is inactivated by different kinds of ALS
inhibitors with the same % value from its
labile nature, rather than to consider that
different kinds of ALS inhibitors have the
same k: value. The binding assay between
ALS inhibitors and ALS at different time
points of incubation shall give an important
clue for further understanding of this point.
A different reaction scheme from Fig. 2 might
be required depending on the result of further
studies. In every event, these slow-binding
properties are assumed to be one of the major
factors for the extremely high herbicidal
abilities of PS compounds as well as other
generally acknowledged ALS inhibitors.
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