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Interactions of plant acetohydroxy acid isomeroreductase with reaction
intermediate analogues: correlation of the slow, competitive, inhibition
kinetics of enzyme activity and herbicidal effects
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N-Hydroxy-N-isopropyloxamate (IpOHA) is known to inhibit
extremely tightly (K, of 22 pM) the bacterial acetohydroxy acid
isomeroreductase (EC 1.1.1.86) [Aulabaugh and Schloss (1990)
Biochemistry 29, 2824-2830], the second enzyme of the branched-
chain-amino-acid-biosynthetic pathway. Yet, although the same
pathway exists in plant cells, this compound presents only very
poor herbicidal action. Towards the goal of gaining a better
understanding of this behaviour, we have studied the mechanism
of interaction of this compound with a highly purified
acetohydroxy acid isomeroreductase of plant origin, i.e. the
spinach (Spinacia oleracea) chloroplast enzyme. IPOHA behaved
as a nearly irreversible inhibitor of the enzyme. Encounter
complex formation was very slow (association rate constant
1.9x10* M~!-s7!) and involved a single bimolecular step. Since
inhibition was competitive with respect to acetohydroxy acid
substrates, the time needed to achieve substantial (909,) in-

hibition in vitro of enzyme activity in the simultaneous presence
of substrates and inhibitors was extremely long (for example of
the order of hours at 1 4M IpOHA and 100 uM acetohydroxy
acid substrates). Thus, under in vivo conditions, binding of the
inhibitor may be so slow that it may delay considerably the time
required for inhibition of the target enzyme. Similar kinetic
behaviour was observed with another reaction intermediate
analogue described by Schulz, Sponemann, Kocher and
Wengenmayer [(1988) FEBS Lett. 238, 375-378], 2-dimethyl-
phosphinoyl-2-hydroxyacetic acid (Hoe 704), which displays a
higher herbicide activity than IpPOHA. The herbicidal potency of
these two compounds appeared to be correlated with their rates
of association with the plant acetohydroxy acid isomero-
reductase, since the bimolecular rate constant for Hoe 704
(2.2x10* M*-s71) was higher than that for IpOHA.

INTRODUCTION

The biosynthetic pathways leading to isoleucine, leucine and
valine in micro-organisms and plants have three enzymes in
common: acetohydroxy acid synthase (EC 4.1.3.18), aceto-
hydroxy acid isomeroreductase (EC 1.1.1.86) and dihydroxy
acid dehydratase (EC 4.2.1.9) [1]. Acetohydroxy acid isomero-
reductase, the second common enzyme in these biosynthetic
pathways, catalyses a two-step reaction in which the substrate,
either 2-acetolactate (ultimate products valine and leucine) or 2-
aceto-2-hydroxybutyrate (ultimate product isoleucine) is con-
verted via an alkyl migration and an NADPH-dependent re-
duction into 2,3-dihydroxy-3-isovalerate or 2,3-dihydroxy-3-
methylvalerate respectively. The enzyme activity requires the
presence of the bivalent ion Mg?* [2]. Because micro-organisms
and plants can synthesize essential amino acids, but animals lack
this biosynthetic capability, this pathway has raised strong
interest for herbicide development. Experimental compounds
such as 2-dimethylphosphinoyl-2-hydroxyacetic acid (Hoe 704)
[3] and N-hydroxy-N-isopropyloxamate (IpOHA) [4] are very
potent and selective inhibitors of acetohydroxy acid isomero-
reductase purified from Escherichia coli, behaving as reaction-
intermediate analogues of the enzyme-catalysed reaction.
Surprisingly, although IpOHA binds very tightly (K, 22 pM) to
the bacterial enzyme [4], this compound shows only very poor
herbicidal action; herbicidal effects are only observed at an

application rate of 2 kg/ha. This behaviour does not result from
a failure of the inhibitor compound to reach its target site in vivo,
since Wittenbach et al. [S] showed that IpOHA translocates
within plants and penetrates plastids, where acetohydroxy acid
isomeroreductase is localized [6,7]. This contrasts with the
situation observed with acetohydroxy acid synthase, for which
several classes of structurally unrelated potent inhibitors have
been discovered. In this case, the inhibitors behave as very
efficient herbicides, acting at application rates several orders of
magnitude lower than those for acetohydroxy acid isomero-
reductase [8-11]. The reasons for this dramatic difference in
herbicidal potency are not known.

To characterize better the true herbicide target, that is, the
acetohydroxy acid isomeroreductase from a higher plant, we
have purified this enzyme from the stroma of spinach (Spinacia
oleracea) chloroplasts, isolated spinach ¢cDNA encoding this
protein, and overexpressed the enzyme in E. coli [6,7,12-14].
These studies showed that the biochemical and structural pro-
perties of the plant enzyme differ markedly from those determined
for its bacterial counterpart [15-18]. The question that arises is
whether plant acetohydroxy acid isomeroreductase is inhibited
by the same mechanism and to the same extent by IpOHA and
Hoe 704 as the E. coli enzyme. In the present paper we
examine binding of these compounds by spinach chloroplast
acetohydroxy acid isomeroreductase and its Mg?* and NADPH
complexes.

Abbreviations used: AHB, 2-aceto-2-hydroxybutyrate; AL, 2-acetolactate; Hoe 704, 2-dimethylphosphinoyl-2-hydroxyacetic acid; IpOHA, N-hydroxy-

N-isopropyloxamate.
1 To whom correspondence should be sent.



814 R. Dumas and others

EXPERIMENTAL
Plants

Solanum nigrum (black nightshade) and Ipomoea purpurea
(morning glory) were grown in glass tubes containing 20 ml of
nutrient gelose and various amounts of IpOHA or Hoe 704
(0.2-60 mg/1). Plants were also grown in the absence of these
compounds (control plants) or in the presence of sulfometuron
methyl (0.001-2 mg/l), an inhibitor of acetohydroxy acid
synthase [19].

Substrates and inhibitors

Racemic 2-acetolactate and 2-aceto-2-hydroxybutyrate were pre-
pared by the method of Krampitz [20]. Hoe 704 was synthesized
as described by Schulz et al. [3], and IpOHA as indicated by
Aulabaugh and Schloss [4].

Enzyme

Acetohydroxy acid isomeroreductase was purified from an E.
coli strain JMI105 transformed with pKK-AHRI plasmid
encoding the mature acetohydroxy acid isomeroreductase from
spinach chloroplasts, as described previously [12]. On SDS/
PAGE this enzyme preparation exhibited a single protein band
of M 57000. The specific activity was of the order of 1.7 units/mg
and 8.5 units/mg using 2-acetolactate and 2-aceto-2-hydroxy-
butyrate as substrate respectively. Protein was determined by
absorbance measurements at 205 nm [21].

Activity measurements

Assay mixtures contained 50 mM Tris/HCl, pH 8.2, 3 mM
MgCl, and 0.25mM NADPH, in a final volume of 1 ml
Reactions were usually initiated by adding either 2-aceto-2-
hydroxybutyrate or 2-acetolactate, and the progress of the
reaction was monitored by the decrease in absorbance of
NADPH at 340 nm (Uvikon 860 spectrophotometer; Kontron).
Except where otherwise noted, all reactions were carried out at
25 °C. For all reactions carried out in the absence of inhibitors,
there was a linear dependence of enzyme activity with enzyme
concentration in the assays, testifying adherence to steady-state
conditions. All enzyme concentrations and amounts are given on
a per-enzyme-subunit basis.

Stoichiometry of inhibitor binding

IpOHA or Hoe 704 (0.0879 nmol) was incubated with various
amounts of enzyme (from 0 to 0.4 nmol) for 20 min with 25 nmol
of NADPH and 0.25 gmol of Mg®** in a volume of 10 xl.
Reactions were initiated by adding 0.6 mM of 2-aceto-2-hydroxy-
butyrate in 1 ml of S0 mM Tris/HCI buffer, pH 8.2, containing
3 mM MgCl, and 0.25 mM NADPH.

Kinetic studies of inhibition

The 1-cm-optical-pathlength cuvette contained 1 ml of 50 mM
Tris/HCl, pH 8.2, 3mM MgCl,, 0.25mM NADPH, and
61-347 nM enzyme. Reactions were initiated by adding sim-
ultaneously the acetohydroxy acid substrate and the inhibitor
[IpOHA (0-1 mM) or Hoe 704 (0-0.1 mM)] in a few microlitres
of solution on the end of a Teflon agitator. Mixing time was of
the order of 8s.

Recovery of enzyme activity from preformed enzyme—inhibitor
complexes

Enzyme (0.879 nmol) was first incubated with IpOHA
(1.055 nmol) or Hoe 704 (1.55 nmol) in a 100 xl solution con-
taining 0.25 gmol of NADPH and 2.5 gmol Mg?** at different
temperatures (4, 25 and 37 °C). After a 20 min incubation,
recovery of enzyme activity was measured upon addition of a
large excess (1 gumol) of 2-aceto-2-hydroxybutyrate. Aliquots
(10 pl) were taken at various time intervals, and transferred to a
l-cm-optical-pathlength cuvette containing 1ml of 50 mM
Tris/HCI, pH 8.2, 3 mM MgCl,, 0.25 mM NADPH and 0.6 mM
2-aceto-2-hydroxybutyrate. Enzyme activity in the various
samples was then measured as described above. For steady-state
kinetic studies, the restored enzyme was prepared as follows.
Enzyme (4.9 nmol) was first incubated for 20 min at 25 °C with
Hoe 704 (15 nmol) in a 0.1 ml solution containing 20 nmol of
NADPH and 0.3 gmol of Mg?*, then with a large excess (1 gmol)
of 2-aceto-2-hydroxybutyrate, and finally purified by gel filtration
on a 1 ml PD10 column (Pharmacia).

Fluorescence

Fluorescence measurements were carried out at 460 nm in an
SFM 25 (Kontron) fluorimeter using a 1 ml cuvette and an
excitation wavelength of 370 nm. Binding of IpOHA or Hoe 704
to the enzyme was measured in 200 xl of solution containing
50 mM Tris/HCI, pH 8.2, 60 uM NADPH and 20.4 xM enzyme,
in the absence or presence of Mg?* (3 mM).

Gel filtration

IpOHA or Hoe 704 (0.1 mM) was incubated for 20 min at 25 °C
with 3 mM Mg?*, 40 M NADPH and various concentrations of
enzyme (0-60 M), in a final volume of 100 xl. This medium was
then injected on a HiLoad 16/60 Superdex column (Pharmacia)
equilibrated in 25 mM potassium phosphate, pH 7.5. Elution
was performed at 1.5 ml/min with the same buffer.

Data analysis

Kinetic and binding data were fitted to the appropriate theoretical
equations by using the KaleidaGraph program (Abelbeck
Software) and a Macintosh IIsi computer.

RESULTS
Herbicidal effects on S. nigrum and /. purpurea

To compare the herbicidal activity of Hoe 704, IpQHA and
sulfometuron methyl, two dicotyledonous plants, S. nigrum and
E. purpurea, were grown under identical conditions on nutrient
gelose containing various concentrations of these compounds.
Significant growth inhibition of S. nigrum occurred at a con-
centration of 2 mg/l (13 xM) Hoe 704. Under these conditions,
root development was strongly impeded. Although development
of aerial organs was less severely affected, the sizes of leaves and
stems were about 30 9%, smaller than those of the control plants.
Also, leaves from the treated plants were surrounded by a yellow
border. Similar symptoms were observed with IpOHA, yet this
required a substantially higher concentration of this compound
(30 mg/1, i.e. 177 uM) than of Hoe 704. For both compounds,
addition to the culture medium of a mixture of leucine, valine
and isoleucine at a concentration of 10 mg/! each restored plant
growth. Interestingly, neither IPOHA nor Hoe 704 inhibited the
germination process, but acted only on seedling growth. With



sulfometuron methyl, similar symptoms were observed, although
at a much lower concentration of 0.02 mg/l (55nM). For I
purpurea, growth inhibition also required concentrations of
2-5mg/1 Hoe 704 and 30-60 mg/l IpOHA. These observations
essentially confirmed that (i) Hoe 704 and IpOHA can translocate
within the whole plants [3,5], (ii) although inhibition of aceto-
hydroxy acid isomeroreductase can be herbicidal, it is not as
effective as inhibition of acetohydroxy acid synthase [22], and
(iii) herbicides that inhibit acetohydroxy acid isomeroreductase
seem to kill plants in the same distinctive manner as the herbicides
that inhibit acetohydroxy acid synthase ([3]; reviewed by Hawkes
[23]).

Stoichiometry of inhibitor binding

The fact that IpOHA and Hoe 704 impeded plant growth
suggested that these compounds inhibited endogenous aceto-
hydroxy acid isomeroreductase. To substantiate this point,
various amounts of purified plant enzyme were incubated with a
constant amount of IPOHA or Hoe 704, in the presence of excess
Mg?* and NADPH. Following a 20 min incubation at 25 °C
enzyme activity was assayed from aliquots of the various samples.
In the presence of either IDOHA or Hoe 704, enzyme activity
was completely abolished at low enzyme concentration and then
resumed upon increasing further the enzyme concentration in the
assays (Figure 1). This increase in enzyme activity paralleled that
for the control reactions. These features are characteristic for
tight-binding inhibition [24-26]. The equivalence point was
obtained at 0.98 mol and 1.3 mol of inhibitor/mol of monomeric
enzyme unit for IPOOHA and Hoe 704 respectively, suggesting a
stoichiometric binding of these compounds to the plant aceto-
hydroxy acid isomeroreductase (Figure 1). Maximum inhibition
of enzyme activity at low enzyme concentration was only
observed when the first incubation was carried out in the presence
of enzyme, NADPH, Mg?* and inhibitor. Much lower inhibition
was obtained in the absence of Mg?* or NADPH (not shown).
Similar results have been reported for inhibition of the E. coli
enzyme by IpOHA [4].

Inhibition kinetics

The results described above showed that both IpPOHA and Hoe
704 were tight-binding inhibitors of plant acetohydroxy acid
isomeroreductase. However, this did not help us to understand
why these compounds should be such weak herbicides. Inhibition
by both IpOHA and Hoe 704 was time-dependent (Figure 2). We
therefore characterized the mechanism of inhibition by investi-
gating the effect of substrate and inhibitor concentration on the
time-dependence of inhibition [27-29]. When the plant enzyme
was assayed in the simultaneous presence of substrate and
inhibitor, non-linear time courses of NADPH oxidation were
observed, indicating that both IpOHA (Figure 2a) and Hoe 704
(Figure 2b) behaved as slow-binding inhibitors. There was no
variation of initial velocities as a function of [[pOHA] or [Hoe
704], contrasting with previous observations on inhibition of the
E. coli enzyme by IpOHA [4]. In the latter case, biphasic
inhibition has been observed, suggesting that the final enzyme—
inhibitor complex (K, of 22 pM) occurred via the isomerization
(0.57 min™') of an initial weaker reversible complex (K, of
160 nM) [4] (as defined in eqn. 4 below). As Figure 2 shows, at
high inhibitor concentrations the inhibition was complete,
suggesting that both compounds behaved as nearly irreversible
inhibitors of the plant enzyme, in agreement with the data in
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Figure 1 Stoichiometry of inhibitor binding with IpOHA and Hoe 704

IpOHA (a) or Hoe 704 (b) (0.0879 nmol) was preincubated with various quantities of enzyme
(0-0.4 nmol) for 20 min at 25 °C with 25 nmol of NADPH and 0.25 zmol of Mg?* in a volume
of 10 ul. Reaction was initiated by adding 0.6 mM of 2-aceto-2-hydroxybutyrate in 1 ml of
50 mM Tris/HCl, pH 8.2, containing 3 mM MgCl, and 0.25 mM NADPH. @, Reactions in the
presence of inhibitor; O, reactions in the absence of inhibitor.
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Figure 2 Time course inhibition of spinach acetohydroxy acid isomero-
reductase in the presence of IpOHA and Hoe 704

Reactions were initiated by adding simultaneously 2-aceto-2-hydroxybutyrate (0.6 mM) and
various concentrations of IpOHA (a) or Hoe 704 (b) designed in «M in the Figures in 1 ml
of 50 mM Tris/HCI, pH 8.2, containing 3 mM MgCl,, 0.25 mM NADPH and 61 nM enzyme.
In the absence of inhibitor (0) the data were analysed by linear regression. For the experiments
conducted in the presence of inhibitors, the continuous lines were obtained by non-linear least-
squares analysis of the data using eqn. (3). This yielded values of the best-fit parameter .,
the apparent rate constant for inhibition, as a function of inhibitor, acetohydroxyacid substrate,
NADPH, or Mg?* concentration (see Tables 1-3).

Figure 1. Furthermore, the time needed to reach the final
inhibition state was dependent on the inhibitor concentration
(Figure 2). Clearly, at a given inhibitor concentration the
inhibition of enzyme activity developed far more slowly (at least
10-fold) in the presence of IpOHA than in that of Hoe 704
(compare the two curves obtained at 100 xM inhibitor in Figure
2).

Kinetic data as shown in Figure 2 were analysed as described
by Tian and Tsou [27] and by Liu and Tsou [28). For the
formation of an encounter complex between enzyme and
inhibitor:

ko
E+I=E-I )

ko
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Table 1 Dependence of k,,,, the apparent rate constant for inhibition of acetohydroxy acid isomeroreductase by IpOHA and Hoe 704, the concentration of

inhibitors

All assays were run at 25 °C in 50 mM Tris/HCI, pH 8.2, containing 61 nM enzyme [2-aceto-2-hydroxybutyrate (AHB) as substrate] or 347 nM enzyme [2-acetolactate (AL) as substrate], 0.6 mM
of an acetohydroxy acid substrate, 0.25 mM NADPH, 3 mM Mg?* and variable inhibitor (IDOHA or Hoe 704) in the indicated concentration range. Progress curves as shown in Figure 2 were
fitted by non-linear-regression analysis to eqn. (3), allowing the determination of &, the apparent inhibition rate constant.

Koy, versus [inhibitor] plots*

Acetohydroxy Variable Concentration Slope Origin ordinate Correlation
acid substrate inhibitor range (mM) (M- s coefficient (7)
AHB IpOHA 0-1 64.1+1.8 0.0003 +0.002 0.996

AHB Hoe 704 0-0.1 593 +26 —0.001 £ 0.001 0.996

AL IpOHA 01 57.84+2.0 0.003 £0.002 0.996

AL Hoe 704 0-0.1 663 +3.8 —0.003 £ 0.002 0.995

* Plots of , versus the concentration of variable inhibitor were analysed by linear regression.

If the inhibitor binds slowly to the enzyme, and E-1 is catalytically
inactive, then when the enzyme-catalysed reaction is monitored
in the simultaneous presence of the inhibitor and substrate,
product formation (eqn. 2) should approach an asymptote
[28,29]:

[P] = [P],, (1 —e7*oxs) )]

where [P] and [P]_, are respectively the concentrations of product
formed at time ¢ and at time approaching infinity, and k,, is the
pseudo-first-order rate constant for inhibition including the
excess concentration of inhibitor. Since product formation was
measured by monitoring the decrease in absorbance at 340 nm as
NADPH is oxidized, eqn. (2) becomes:

Al = Ao+ (A0 — Algp) €7 00! 3)

where A%,,, A3, and A5, are respectively the absorbance at
340 nm at time ¢, at time zero, and at time approaching infinity.
As Figure 2 shows, the experimental time courses could be fitted
satisfactorily by using eqn. (3) and a nonlinear least-squares
programme, allowing the determination of A3}, A3, and k.
For an irreversible inhibition occurring without prior formation
of a reversible intermediate enzyme—inhibitor complex, k,, is a
linear function of [I], the inhibitor concentration [28].

If irreversible inhibition involves the existence of an inter-
mediate reversible complex

ko K
E+ISE-1-E-I* @)

ko

eqns. (2) and (3) describing product formation still apply, but
then the representation of k. versus [I] is a hyperbola [27,28].

The results summarized in Table 1 show that plots of k.
against [I[pOHA] and [Hoe 704] were linear, suggesting that
inhibition of the plant acetohydroxy acid isomeroreductase by
these compounds involved a single step, at least in the inhibitor
concentration range investigated here (up to 1 mM for JpOHA
and 0.1 mM for Hoe 704; above these concentrations inhibition
became too fast in these manual mixing experiments to follow
the time course of the enzyme-catalysed reaction; see Figure 2).
Also, within experimental error, these plots passed through the
origin (Table 1), confirming the nearly irreversible character of
the binding process. This behaviour also indicates that the rate of
inhibitor dissociation, k_,, must be relatively slow, and therefore
contributes only slightly to observed rates, even at the lowest
concentrations of inhibitor.

The determination of k,, as a function of the substrate

concentration, [S], allows the mechanism of inhibition to be
assessed [28]. For competitive and uncompetitive inhibitors plots
of 1/k,, are linear with respect to [S] and 1/[S] respectively. For
non-competitive inhibitors &, is independent of [S]. With both
IpOHA and Hoe 704, plots of 1/k,, against acetohydroxy acid
substrate concentration were linear (Table 2). In contrast, k.
was independent of Mg?* and NADPH concentrations. We
conclude that both compounds behaved (i) as competitive
inhibitors with respect to acetohydroxy acid substrates, as
reported for E. coli acetohydroxy acid isomeroreductase [3,4],
and for inhibition of carrot (Daucus carota) [3] and Saccharo-
myces cerevisae [30] acetohydroxy acid isomeroreductases by
Hoe 704, and (ii) as non-competitive inhibitors with respect to
Mg?** and NADPH.

As for the E. coli acetohydroxy acid isomeroreductase [18], a
previous kinetic study suggested an ordered sequential mech-
anism for the plant-enzyme-catalysed reaction, in which NADPH
and Mg?* bind first to the enzyme and acetohydroxy acid
substrate binds second ([12], eqn. 5). From the data in Table 2,
the mechanism of inhibition of spinach chloroplast acetohydroxy
acid isomeroreductase by Hoe 704 and IpOHA can be depicted
as follows:

NADPH + E-12E-NADPH-I

i

I I
+ +
NADPH + E 2 E—N/}LDPH E-NADP* 2 E + NADP*
+
f P
E-NADPH-S 2ZE-P-NADP* &)

where E stands for the enzyme-Mg?* complex, S for aceto-
hydroxy acid substrate and P for 2,3-dihydroxy-3-isovalerate
(substrate 2-acetolactate) or 2,3-dihydroxy-3-methylvalerate
(substrate 2-aceto-2-hydroxybutyrate).

For those competitive inhibitors that bind in a single step to
the enzyme (eqn. 1), the apparent rate constant k, is related by
eqn. (6) to the second-order rate constant k, for association of
inhibitor with enzyme, k_, the dissociation rate constant, the
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Table 2 Determination of the type of irreversible inhibition of acetohydroxy acid isomeroreductase by IpOHA and Hoe 704

All assays were run at 25 °C in 50 mM Tris/HCI, pH 8.2, containing 61 nM enzyme (2-aceto-2-hydroxybutyrate as substrate) or 347 nM enzyme (2-acetolactate as substrate), 0.3 mM IpOHA
or 40 «M Hoe 704, fixed substrates and metal cofactor as indicated and variable substrates or metal cofactor in the indicated concentration range. Progress curves as shown in Figure 2 were

fitted by non-linear-regression analysis to eqn. (3), allowing the determination of &, the apparent inhibition rate constant.

Variable substrate Concentration Fixed substrate Slope of 1/, plots* Type of

Inhibitor or metal cofactor range (mM) and metal cofactor ( ,uM" -s) Inhibition|] ||
IpOHA AHB 0-1.8 NADPHY + Mg?*t 0.104+0.0019 C
IpOHA AL 0-2.1 NADPHT + Mg?*t 0.077 +0.007** C
IpOHA NADPH 0.05-1.5 AHB§ + Mg®*1 01t NC
IpOHA NADPH 0.05-1.5 AL| +Mg%*1 0tt NC
IpOHA Mg?* 3-15 AHB§ + NADPHt 0tt NC
IpOHA Mg?* 3-15 ALl +NADPH? 0t NC

Hoe 704 AHB 0-2.5 NADPHT + Mg?*t 0.086 +0.0091 } C

Hoe 704 AL 0-2.5 NADPH?T + Mg?*t 0.059 £ 0.0008§§ C

Hoe 704 NADPH 0.05-1.2 AHB§ + Mg?*1 0tt NC

Hoe 704 NADPH 0.05-1.2 AL| 4+ Mg**} 0tt NC
Hoe 704 Mg?* 312 AHB§ + NADPH} 0tt NC
Hoe 704 Mg?* 3-12 AL|| 4 NADPHt 0tt NC

* Plots of 1/, versus the concentration of variable substrate or metal cofactor were analysed by linear regression.

t 0.25 mM NADPH.

1 3 mM Mg*.

§ 0.6 mM 2-aceto-2-hydroxybutyrate (AHB).

|| 0.6 mM 2-acetolactate (AL).

9 §§ Origin ordinates: § 24+1s;** 10+£10s; 1 —0.3+2.7s; 8 1.7+1.2s.
++ Within standard deviation.

|l C, competitive; NC, non-competitive.

Table 3 Rate constant for binding of IpOHA and Hoe 704 to the
acetohydroxy acid isomeroreductase—NADPH—-Mg?* complex

All assays were run at 25 °C in 50 mM Tris/HCI, pH 8.2, containing 61-347 nM enzyme,
0.3mM IpOHA or 40 uM Hoe 704, 3mM Mg?*, 2-acetolactate (AL; varied in the
concentration range 0—2.5 mM) or 2-aceto-2-hydroxybutyrate (AHB ; varied in the concentration
range 0—1.8 mM). Progress curves as shown in Figure 2 were fitted by non-linear-regression
analysis to eqn. (3), allowing the determination of . the apparent inhibition rate constant.
Plots of 1/k, against the concentration of variable acetohydroxy acid substrate were linear,
indicating that contribution of _g to A (eqn. 6) was minor across the range of conditions
investigated. The value of the rate constant, k,, for association of IpOHA or Hoe 704 with the
enzyme-NADPH-Mg?* complex was calculated from the slopes of these plots (Table 2), and
a K, value of enzyme for acetohydroxy acid substrate of 20 M (racemic substrates) [12].
Correlation coefficients: 20.999, 0.978; ©0.998; 0.996.

IpOHA Hoe 704 AHB AL k (M'-s7h
+ - + - 1940
+ - - + 1820°
- + + - 22600°
- + - + 21300°

inhibitor concentration, the substrate concentration, and the
apparent K of enzyme for substrate [28]

= ﬂ +k_, ©)

k
obs. [S]
(1+2)

m,

Use of eqn. (6) showed that, at saturating levels of Mg?* and
NADPH, the value of k, for Hoe 704 was nearly the same by
employing either of the two acetohydroxy acid substrates (Table
3). Similar results were obtained for IDOHA (Table 3). However,
the value of k, for Hoe 704 (2.2x10* M™'-s7!) was 11-fold
higher than that for IpOHA (1.9 x 10 M~1-s71). It is noteworthy

that the rate constant for binding of IpOHA to the plant
enzyme was 30-fold smaller than that for the E. coli enzyme
(k, = 5.9 x 10* M~-571;[4]), extending our previous observations
that the plant and the bacterial acetohydroxy acid isomero-
reductases exhibit variant biochemical properties [7,12]. From
eqns. (2) and (6) and the rate constant values listed in Table 3,
one can calculate the time needed to reach 909, inhibition of
enzyme activity at given substrate and inhibitor concentrations.
For example, at 1 xM IpOHA, this time varies from 0.7 to 28 h
over the acetohydroxy acid substrate concentration range
10 xM-1 mM. These calculations suggest that, unless a very high
inhibitor concentration is used (i.e. in accord with the observation
that herbicidal effects are obtained at a high application rate for
IpOHA and Hoe 704), a substantial proportion of the aceto-
hydroxy acid isomeroreductase activity would escape in vivo to
inhibition by IpPOHA and Hoe 704.

Recovery of enzyme activity

The above results suggested that both IDOHA and Hoe 704
behaved as irreversible inhibitors of the plant acetohydroxy acid
isomeroreductase. It is possible, however, that binding of the
inhibitors to the enzyme is reversible to some extent, but that the
dissociation rate constants are too low to be accurately de-
termined from the data shown in Figure 2. Since the results in
Figure 2 and Table 2 demonstrated that both inhibitors act as
competitive inhibitors with respect to acetohydroxy acid sub-
strates, to investigate this point we submitted preformed
enzyme-Mg?*~-NADPH-inhibitor complexes to a substrate
challenge, as described in the Experimental section.

Under these conditions, no enzyme activity was recovered
after inhibition by IpOHA, even after 7 days of incubation in the
presence of excess acetohydroxy acid substrate. A control carried
out in the absence of inhibitor showed only a 5 %, loss of enzyme
activity. In contrast, for Hoe 704 about 559, of the initial
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Figure 3 Restoration of enzyme activity by an excess of 2-aceto-2-
hydroxybutyrate after inhibition by Hoe 704

Enzyme (0.879 nmol) was first incubated with Hoe 704 (1.55 nmol) in a volume of 100 ul
containing 250 nmol of NADPH and 2.5 zmol of Mg?*. After 20 min incubation at 25 °C, a
1000-fold excess of 2-aceto-2-hydroxybutyrate (1 #mol) over inhibitor was added. Aliquots of
10 xl were withdrawn at various time intervals, and recovery of enzyme activity was assayed
in 1 ml of 50 mM Tris/HCl, pH 8.2, containing 3 mM MgCl,, 0.25 mM NADPH and 0.6 mM
2-aceto-2-hydroxybutyrate. The continuous line was obtained by non-linear least-squares
regression analysis of the data using the equation:

Recovery of enzyme activity (%) = V& (1 —g=A0)

where V',f;}f’“’ is the maximal value of enzyme activity recovered, and & is the re-activation
rate constant, for the following values of the best-fit parameters: V',,;‘j;“’*" =54.6+1.2%;
k_o = 0.082 4-0.006 min~".

enzyme activity was readily recovered upon acetohydroxy acid
substrate addition (Figure 3). The re-activation process followed
first-order kinetics. Moreover, prolonged incubations, up to 7
days, did not increase the level of recovery of enzyme activity.
Also, varying the temperature of the incubation assays (between
4°C and 37°C) did not affect the percentage of enzyme re-
activation, but influenced the velocity of the reactivation process.
For example, at 25 °C, the half-time of the re-activation process
was of the order of 7 min (Figure 3). At 4 °C and 37 °C this time
was of the order of 25 min and 3 min respectively (results not
shown). Strictly, the off rate determined at 25 °C for Hoe 704
from the data in Figure 3 (k_, = 1.6 x 1073 s7!) should be sub-
tracted from k. in eqn. (6). However, the effect of the correction
will be minor across most of the range of conditions described in
Table 3. For the off rate and on rate previously determined for
Hoe 704, one can calculate a K, of 70 nM. A similar value (X, of
300 nM) has been reported for inhibition of the S. cerevisiae
enzyme by Hoe 704 [30].

Steady-state kinetic studies with the restored enzyme yielded
apparent K, values for acetohydroxy acid substrates, NADPH
and Mg?* that were identical with those previously determined
for the native enzyme [12] (results not shown). We conclude that,
at least for Hoe 704, a dissociation of the enzyme-inhibitor
complex had occurred.

Since only part of the initial enzyme activity can be recovered,
the results for Hoe 704 indicate a permanent inactivation of the
enzyme after incubation with this compound and its subsequent
removal. A similar phenomenon has been observed during
inhibition of maize (Zea mays) acetohydroxy acid synthase by

140 T T T T 140
(a)
_ 120% 120
2
g 1004 1 100
e
8 80 N . 80
£
s 60f 1 60
]
zLL§ 40 g 40
20 B 20 i
1 1 1 1 1 1 1 1
0 6 12 18 24 30 0 6 12 18 24 30
[IPOHA] (uM) [Hoe 704] (uM)

Figure 4 Fluorimetric titration of binding of IpOHA and Hoe 704 to
acetohydroxy acid isomeroreductase

Titrations were effected in 200 I of 50 mM Tris/HCI, pH 8.2, containing 65 xM NADPH,
3 mM Mg?* and 20.4 uM enzyme (@). Controls were performed without enzyme (<>) or
without Mg?* (Q). The excitation wavelength was 370 nm and the emission wavelength was
460 nm. After stepwise addition of IpOHA (a) or Hoe 704 (b) (0.2 ul additions of 1 mM
inhibitor solution), the emitted fluorescence, Figy, was recorded. In the case of the inhibitor-
containing assays, and since saturation occurred at low [IpOHA] and [Hoe 704], the binding
data were analysed on the basis of a tight-binding hypothesis. Then F" is given by:

Co+ ig+ Ky— v/ [(Co + g+ Ky )2 — 4 cyi]
26

where ¢, and /, are the total concentrations of enzyme—NADPH-Mg?* complex and ligand
(InOHA or Hoe 704) respectively, K; is the equilibrium dissociation constant of the encounter
complex (eqn. 7), £, is the initial fluorescence and AFjg is the maximum change of
fluorescence achieved at saturation. For the experiments conducted in the presence of inhibitors,
the continuous lines were obtained by non-linear least-squares analysis of the data to the above
equation for the following values of the best-fit parameters. For IPOHA, A; = 0.078 +0.06 xM;
Cu=205404 uM; AFEy =59.3+1.9%; £ =96.8+1% For Hoe 704, K, =
0.011£0.05 uM; ¢y = 19.6 0.1 uM; AFE = 53.5+0.3%; £, =99.94+0.1%.

P = h= AP

chlorsulfuron or imazaquin [11]. As Hawkes [23] has pointed out,
this peculiar behaviour might be important to account for the
potency of acetohydroxy acid synthase to behave as an efficient
target for herbicides, because once dissociated from the enzyme,
the inhibitor will release the enzyme in an inactive state and will
be reused to inactivate new enzyme molecules. As for aceto-
hydroxy acid synthase, the results of Figure 3 therefore suggest
the existence of transitions between metastable conformational
states of acetohydroxy acid isomeroreductase. Slow conforma-
tional transitions of enzymes in response to changes in concentra-
tions of substrates or modifiers have been well documented
[31-35}.

Fluorescence analysis

Binding of IpOHA and Hoe 704 to the enzyme molecules was
directly assessed by conducting fluorescence measurements.
Consistent with previous results [12], there was a marked
enhancement of NADPH fluorescence in the presence of enzyme
(Figure 4), previously assigned to the formation of a binary
complex between enzyme and nucleotide [12]. Moreover, the
fluorescence level of this complex was slightly lower in the
presence of Mg?* than in its absence (Figure 4), suggestive of the
formation of a ternary enzyme-NADPH-Mg?* complex. Under
these conditions, there was a considerable decrease of the emitted
fluorescence upon adding increasing amounts of IDOHA or Hoe
704 (Figure 4). A saturation behaviour was observed, suggesting
the formation of an enzyme-NADPH-Mg?*—inhibitor complex.
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Figure 5 Gel filtration of preformed enzyme—NADPH-Mg®* complexes in
the absence or presence of IpOHA or Hoe 704

Various amounts of enzyme were incubated for 20 min at 25 °C with 300 nmol of Mg?*, 4 nmol
of NADPH, and 10 nmol of IpOHA (O) or Hoe 704 (@) in a total volume of 100 ul.
Incubations were also effected under the same conditions in the absence of either inhibitor (I,
control). These mixtures were then injected on a HiLoad 16/60 Superdex column equilibrated
in 25 mM potassium phosphate, pH 7.5. Elution disclosed two peaks of absorbance. One
corresponded to an elution volume of 78 ml and contained the free enzyme and the
enzyme—NADPH—Mg?*—inhibitor complex. The other was eluted much later (107 ml) and
contained free Mg?*, inhibitor and NADPH, Of these low-M, molecules, only NADPH contributed
significantly to the absorbance at 280 nm. After column elution, free NADPH was calculated
from the area of the peak corresponding to an elution volume of 107 mi and plotted as a function
of the initial amount of enzyme.

Remarkably, at saturating [[pOHA] or [Hoe 704] the fluorescence
level decreased to that measured for NADPH free in solution.
Experiments conducted in the absence of Mg?* showed only a
weak decrease of fluorescence after addition of these compounds
suggesting that IpPOHA and Hoe 704 bind primarily to the
enzyme-NADPH-Mg?* complex. Also, controls effected without
enzyme did not reveal any interaction between NADPH, Mg?*
and either of the two inhibitors (Figure 4).

To quantify the binding process, non-linear-regression analyses
of the data in Figure 4 were performed, assuming that encounter
complex formation occurred as defined in eqn. (1), in which,
here, E corresponds to the enzyme-NADPH-Mg?* complex.
Formation of the encounter complex is governed by the equi-
librium constant K,:

k., (cg=x)({y—x)

¢k, x M
where ¢, and i, are the total concentrations of enzyme-
NADPH-Mg?* complex and ligand (IpOHA or Hoe 704) re-
spectively, and x is the concentration of bound ligand. Figure 4
shows that, owing to the very tight binding of IpPOHA and Hoe
704, the value of K, was poorly defined, consistent with the
finding that these two compounds behaved as nearly irreversible
inhibitors of the plant acetohydroxyacid isomeroreductase. Also,
the maximum variation of fluorescence was reached for a
concentration of inhibitor that was not significantly different
from the total concentration of monomeric enzyme unit,
indicating a stoichiometric binding of both IpPOHA and Hoe 704
to the plant enzyme, a finding that is also consistent with the data
of Figure 1.

Gel-filtration analysis

One possibility to account for the above fluorescence data is that
binding of IpOHA or Hoe 704 to the enzyme-NADPH-Mg?*
complex induced a considerable modification of the accessibility
of the bound NADPH to solvent molecules. Another possibility
is that binding of IpOHA or Hoe 704 was accompanied by the
release of NADPH from the enzyme. To distinguish between
these two alternatives, a gel-filtration analysis was carried out.
Different amounts of enzyme (0-60 xuM) were incubated for
20 min at 25 °C with IpOHA (0.1 mM) or Hoe 704 (0.1 mM) or
without inhibitor, in the presence of 3 mM Mg?** and 40 uM
NADPH. Then each of these reaction mixtures was injected on
a HiLoad 16/60 Superdex column. In the absence of IpOHA or
Hoe 704, the elution profile obtained with the preformed
enzyme-Mg?*-NADPH complex disclosed two peaks of
absorbance at 280 nm: the enzyme was eluted as the high-M,
(115000), as reported previously [12], and NADPH was eluted
much later, at the same V,/V, as for NADPH run alone as a
control. The peak area on the profiles corresponding to free
NADPH was calculated, and plotted as a function of enzyme
concentration in the incubation mixtures (Figure 5). This area
was independent of enzyme concentration (Figure 5, control),
indicating that the enzyme-Mg**-NADPH complex readily
dissociated upon gel filtration, in agreement with our previous
results showing that NADPH binds reversibly to the enzyme and
enzyme-Mg?** complex (K, of the order of 2 uM; [12]). In
contrast, when the preincubation mixtures contained IpOHA or
Hoe 704, an increase of the enzyme concentration was associated
with a decrease of the area corresponding to free NADPH
(Figure 5), suggesting that in the presence of Mg?* and inhibitor,
NADPH remained tightly bound to the enzyme. We conclude
that the slow increase in inhibition observed with IpPOHA and
Hoe 704 did not result from displacement of NADPH from the
enzyme by these compounds.

DISCUSSION

In agreement with the findings of Wittenbach et al. [S], we
observed that, although inhibitors of acetohydroxy acid isomero-
reductase, such as IpOHA and Hoe 704, translocate within
plants, their herbicidal activity is very low compared with that of
inhibitors of acetohydroxy acid synthase. To explain this para-
dox, we have investigated the mechanism of interaction of
purified spinach chloroplast acetohydroxy acid isomeroreductase
with these compounds. Fluorescence measurements indicated
that both inhibitors bind avidly to the enzyme in the presence of
Mg?* and NADPH, inducing marked conformational changes
close to the nucleotide-binding site. By monitoring the time
course of enzyme inhibition in the simultaneous presence of
substrate and inhibitors, we observed that, as for the cor-
responding enzyme purified from E. coli [3,4], IPOHA and Hoe
704 act as slow tight-binding inhibitors for the plant enzyme. An
analysis of these kinetic data [27,28] disclosed, however, that
binding of Hoe 704 occurs 11 times faster than that of IpOHA.
Since the amount of IpPOHA needed to give a herbicidal effect
was about 15-fold higher than that of Hoe 704, this comparison
suggests that the herbicidal potency of these compounds is
correlated with their rates of association with the plant enzyme.
Strikingly, IpPOHA binds considerably faster to E. coli aceto-
hydroxy acid isomeroreductase (k, = 5.9 x 10* M~*-s7; [1]) than
to the plant enzyme (Table 3). This would help to explain the
observation that, in contrast with plants, the growth of E. coli
cells is extremely sensitive to inhibition by this compound [1].
Clearly, the herbicidal potency was not correlated with the
ease of recovery of enzyme activity from the inhibited enzyme
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complexes, since for inhibition by IpOHA it has not been
possible to recover any enzyme activity, even after several days
of incubation with an excess of substrate, whereas for Hoe 704
about 559 of the initial enzyme activity was recovered in a few
minutes.

On the basis of activity (Figure 1) and fluorescence (Figure 4)
measurements, we observed that both IpPOHA and Hoe 704 bind
in a stoichiometric manner to the plant acetohydroxy acid
isomeroreductase. Furthermore, for both compounds the prog-
ress curves for NADPH oxidation in the presence of substrate
and inhibitor can be well fitted with a simple exponential function
(Figure 2). Since Hoe 704 is a racemic compound, these results
suggest that both enantiomers bind to, and inhibit, the plant
enzyme. These results are in accordance with the fact that the
E. coli enzyme is able to reduce both enantiomers of 2,3-di-
hydroxy-3-methylbutyrate, a putative a-keto acid intermediate
[4], indicating that stereospecificity of the acetohydroxy acid
isomeroreductase could be lost after the isomerization of the
(S) enantiomer of the a-keto acid substrates.

Besides the very slow inhibition kinetics, it is emphasized that
both IpOHA and Hoe 704 behaved as competitive inhibitors
with respect to acetohydroxy acid substrates, particularly because
in plants [3,5,36] and bacteria [2] inhibition in vivo of aceto-
hydroxy acid isomeroreductase by these compounds leads to a
massive accumulation of acetohydroxy acid substrates. Fur-
thermore, we must consider that the inhibitor compounds are
presented in vivo to the target enzyme simultaneously with the
enzyme substrates. Thus because their binding rate constants are
so low, what seems important is not so much the fact that these
compounds display an exceptional affinity for the enzyme, but
that the time needed for the system to attain full inhibition may
become excessively long, that is, much longer than the time
necessary for de novo synthesis of new enzyme molecules. (From
the M, of the spinach enzyme subunit, this time is expected to be
of the order of a few minutes [37].) Under such conditions, the
degree of enzyme inhibition that can be obtained at a given
inhibitor concentration is not dependent on the concentration of
the target enzyme, but instead is a function of enzyme substrate
concentration. We suggest that this would account for the
observation that herbicidal activity is only obtained at inhibitor
concentrations in the micromolar range for Hoe 704 and IpOHA.
Although the potent herbicide sulfometuron methyl is also a
slow-binding inhibitor of acetohydroxy acid synthase [38], it
must be stressed that this compound acts as an ‘extraneous’ site
inhibitor (i.e. the herbicide-binding site is outside the active site
of the enzyme) [5]. Then, in contrast with the reaction-
intermediate analogues of acetohydroxy acid isomeroreductase,
the rate of inhibitor binding to acetohydroxy acid synthase is
independent of substrate concentration, and the degree of enzyme
inhibition is not negated by substrate concentration and/or
accumulation, but depends principally on the enzyme concen-
tration.

As Schloss [38] has pointed out, from the standpoint of
inhibitor design for agricultural or pharmaceutical applications,
a low rate of dissociation is desirable, as it may be expected to
enhance the effectiveness of an inhibitor, while a low rate of
association is not, as it delays the time required for inhibition at
a given concentration in vivo. The latter feature may be of
particular importance for acetohydroxy acid isomeroreductase
and the slow-binding competitive inhibitor compounds such as
IpOHA and Hoe 704 because the apparent K, of the plant
enzyme for its acetohydroxy acid substrates is the micromolar
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range [12]. Presumably, if the rate constants for association of
compounds such as IpPOHA and Hoe 704 with plant acetohydroxy
acid isomeroreductase were near those expected for a diffusion-
controlled encounter of enzyme and inhibitor (108-10° M~*-s7;
[39,40]), then these compounds would exhibit much better herbi-
cidal activity than experimentally observed.

This study has been conducted under the BIOAVENIR programme financed by
Rhdne-Poulenc with the contribution of the Ministere de la Recherche et de I'Espace
and the Ministere de I'lndustrie et du Commerce Extérieur.
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