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Abstract

Hsiao,Y. L., and Yen J. H. 2021. Enantioselective effects of imazapyr on resistant Arabidopsis
thaliana GH9. Taiwan Pestic. Sci. 11: 63-79.

The imidazolinone herbicide imazapyr is a chiral compound that targets acetolactate
synthase (ALS). Imazapyr has been widely used for weed control since the early 1980s;
however, some weed species are resistant to ALS-inhibiting herbicides. This study applied
herbicide to the resistant mutant Arabidopsis thaliana GH90 to investigate the
enantioselectivity of imazapyr. There was no observable effect on plant shoots exposed to
(R, +)-imazapyr at a concentration of 0.01 mg L' or 1 mg L™!; however, exposure to (R,+)-
imazapyr at the same concentration turned the shoot stems and leaves purple and resulted in
plants of smaller size. At a herbicide concentration of 0.1 mg L', the total chlorophyll
content was higher in samples exposed to (S,-)-imazapyr than in those exposed to rac- or
(R,+)-imazapyr and did not differ from that of the controls. At a herbicide concentration of
1 mg L', proline and malonaldehyde (MDA) content was proportional to the concentration
of rac- and (R,+)-imazapyr as follows: (R,+)-imazapyr > rac-imazapyr > (S,-)-imazapyr.
Overall, (R,+)-imazapyr was more stressful to mutant A. thaliana GH90 plants than was rac-
and (S,-)-imazapyr. The effect of the herbicides on ascorbate peroxidase activity was in the
following order: (R,*)-imazapyr > rac-imazapyr > (S,-)-imazapyr. Total superoxide
dismutase activity did not increase with an increase in the concentration of (R,+)-imazapyr,
due to damage caused to plant cells and a reduction in enzyme synthesis. The effect of (R,+)-
Imazapyr on reducing ALS activity exceeded that of rac- or (S,-)-imazapyr. The structure of
ALS reveals clues by which to elucidate the enantioselectivity of imazapyr to imazapyr-
resistant A. thaliana GH90.
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Introduction

Up to 25% of the active ingredients in
pesticides are chiral existing as mirror images
of each other, referred to as enantiomers. The
biological properties of enantiomers differ in
terms of toxicity as a result of interactions with
enzymes or other naturally occurring chiral
molecules, such that one enantiomer may have
the desired effect on a target species, while the
other enantiomer does not (!3). Moreover, one or
both enantiomers can have adverse effects on
non-target species as well. Assessing enantio-
mer selectivity for exposure and effects is a
crucial aspect of risk assessment.

Imidazolinone (IMI) herbicides have an
asymmetric carbon atom (Fig. 1) 49, typically
consisting of 2 enantiomers. They are sold as
racemates and released into the environment as
a mixture of the two 2 enantiomers at a 1:1
ratio. Due to their high selectivity, IMI
herbicides have been widely adopted for crops
pre- or post-emergence G, IMI herbicides
function inhibit branched-chain amino acid
synthesis by preventing the biosynthesis of
acetolactate synthase (ALS) G?), which halts
plant growth and eventually kills the plant.

The use of ALS-inhibiting herbicides
(e.g., sulfonylurea and IMI) has led to resistant
weed populations, which were first detected in
1987. Overall, 133 weeds species, including 50

monocot and 83 dicot species, currently present

resistance to ALS-inhibiting herbicides (!®. As
mentioned above, the herbicidal efficacy of
imazapyr differs according the specifics of the
enantiomers: (+)-imazapyr has a more severe
effect on wild-type Arabidopsis thaliana than
do (¥)-

researchers have yet to determine whether the

and (-)-imazapyr. At present,
stereo structure of chiral herbicides is involved
in the pesticide resistance of these species.
There has been relatively little research on the
relationship  between  enantiomers and
herbicide-resistant plant species.

In the current study, we investigated the
mutant A. thaliana, GH90, which is resistant to
imazapyr (17, as a target organism to determine
whether imazapyr-resistance can be attributed
to enantioselectivity at target and non-target
sites. Affects were evaluated in terms of the
physiologic features of 4. thaliana, the activity
of antioxidant enzymes, and ALS enzyme

inhibition.
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Fig. 1. Stereo molecular structures in the herbicide
imazapyr. * denotes chiral center.
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Materials and methods

1. Standard materials and reagents

Analytic standard racemate imazapyr
(99.5% purity) was obtained from Merck
The

imazapyr is illustrated in Fig. 1. The other

(Germany). stereo configuration of
solvents used in this study were of analytical or

high-performance  liquid chromatography
(HPLC) grade. Solvents including n-hexane, 2-
propanol and acetonitrile were of HPLC grade
and purchased from Merck KGaA (Darmstadt,
Germany). Ultrapure water was obtained in the
laboratory using a Milli-Q water purification
system (Merck KGaA, Darmstadt, Germany).
All other chemicals and solvents were of
analytic grade from commercial sources.
Pesticide stock solution was prepared by
dissolving imazapyr in acetonitrile at a
concentration of 1000 mg L' and then was

stored at 4°C in the dark.

2. Preparation of imazapyr enantiomers

The

performed in accordance with the methods

separation of enantiomers was
outlined in a previous study with some
modifications ?9. Chiral separation was per-
formed using a Hitachi LC-7400 series HPLC
system (Hitachi, Tokyo) equipped with a
Chiralcel OJ-H column (250 x 4.6 mmlID, 5

um, Daicel Chemical Industries, Japan) and UV
detector operated at 254 nm. A mixture of n-
hexane/2-propanol was used as the mobile
phase with a flow rate of 1.5 mL min™! to enable
the injection of 20 pL for each analysis cycle.
The column temperature was 25°C. Chromato-
graphic data were acquired using an online
integral data processing system (SISC, Taiwan).
The specific rotation of imazapyr enantiomers
was processed with using polarimeter, Model
341 LC (Perkin Elmer, USA) equipped with
sodium lamp at wavelength of 589 nm as a light
source. Optical rotation was calculated as
[a]9=0/(L*C), where [a]% indicates the specific
rotation under t °C and scanning wavelength is
A nm; o is the measured optical rotation; L is
the length of the cell (dm), and C is the
concentration of the analytes (mg L'). As
previously described G7), (-)-imazapyr was
identified as an S-form and (+)-isomer as an R-
form. The purity and concentration of the
recovered enantiomers were determined via
HPLC with a C-18 column, and acetonitrile/
phosphatic buffer (70/30, pH 3) was used as the

mobile phase at a flow rate of I mL min.

3. Preparation of plant material

Seeds of mutant A. thaliana GH90 (csri-
2/esrl-2) were obtained from the Arabidopsis
Biological Resource Center (USA). The seeds

were sterilized and then germinated on
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Murashige and Skoog (MS) basal medium with
Gamborg vitamins (Sigma Aldrich GmbH,
Germany) (2, 2.2% (w/v) sucrose, and 1.0%
(w/v) agar (BD, USA). The pH was adjusted to
5.7 before autoclaving.

Sterile Petri dishes (100 * 15-mm) con-
taining 15-20 mL of MS solid medium were
filled with 25 seeds and then sealed with
parafilm M (Fisher Scientific, Inc.). After
refrigeration at 4°C overnight for priming, the
seeds were incubated in a growth chamber with
light intensity of 50 umol m s! at 25°C under
a 16-h light/8-h dark cycle. After 4 to 7 days,
the most vital seeds underwent germination.

One week after germination, seedlings
were transferred to a hydroponic system and
incubated in a growth chamber. The hydro-
ponic system contained 350 mL 1/4 MS liquid
medium as a nutrient source and 12.5 g ex-
panded clay covered with a thin layer of ver-
miculite as growth substrate. At 30 days after
seeding, plants were ready for exposure to herb-
icides. Imazapyr enantiomer solutions were
dissolved in acetone at a concentration of
0.05% (v/v) for the treatment and control
groups. After 10-day exposure to imazapyr,
cultures were prepared in triplicate to
characterize the morphologic and physiologic

features.

4. Morphology and physiology of A.
thaliana GH90

The effect of imazapyr enantiomers on the
mutant A. thaliana GH90 was evaluated in
terms of morphologic and physiologic features
after exposure to imazapyr or its enantiomers
for 10 days. The plants were compared in terms
of appearance, whereupon then the leaves were
collected, weighed, and ground under liquid
nitrogen cooling in homogenization medium
containing 5 mL sodium phosphate buffer (50
mM, pH 6.8) using a mortar and pestle to
produce leaf extract.

Chlorophyll extraction was performed in
accordance with the methods outlined in a
previous study with slight modifications %),
Leaf extract (40 puL) was added to extraction
solvent of 100% ethanol (960 puL) in a 1.5-mL
microtube and stored in an incubator at 4 °C for
30 min. Samples were centrifuged at 1000 rpm
for 15 min, whereupon the optical density was
measured at 665 nm (Asss) and 649 nm (Ae49)
using a spectrophotometer. Total chlorophyll

(ng) was calculated as follows:
Total chlorophyll = (6.1 X Agss) —(20.04 X Asao)

Proline colorimetric determination with
acidic ninhydrin reagent was performed as
follows: 1 mL of leaf extract was placed in a
microtube containing 0.5 mL of 9% sulfosali-
cylic acid ®. The homogenate was centrifuged

for 20 min at 3000 rpm. Ninhydrin reagent (1
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mL each) was added to 0.5 mL of supernatant
in a 10-mL glass tube. Closed test tubes
containing the reaction mixture were held in a
boiling water bath for 1 h, whereupon the
reaction was terminated in an ice bath for 5 min.
Proline was extracted using 4 mL toluene. Optical
density was measured using a spectrophotome-
ter at 520 nm (As20). The proline concentration
was determined from a standard curve and
calculated on a fresh weight basis.

Lipid peroxidation in plant parts was
estimated in terms of malondialdehyde (MDA)
production using the thiobarbituric acid (TBA)
method 9. Leaf extract (1 mL) was placed in a
microtube containing 0.5 mL of 0.5%
trichloracetic acid. The homogenate was
centrifuged at 9,000 rpm for 20 min at 20°C.
The supernatant (1 mL) was mixed with 20%
TCA (4 mL) containing 0.5% TBA and heated
in a boiling water bath for 30 min and then
rapidly cooled in an ice bath. The supernatant
was centrifuged at 9,000 rpm for 10 min,
whereupon the resulting supernatant was used
to determine the MDA content. Optical density
was measured using a spectrophotometer at 532

nm (As32) and 600 nm (Asoo).
5. ALS assay
ALS is the active site of imazapyr;

therefore, we examined the effects of imazapyr

and its enantiomers in inhibiting ALS activity.

ALS was extracted from leaves as previously
described, with slight modifications ¢ 23 33),
Briefly, 5 g of leaf extract was ground to a
powder under liquid nitrogen cooling with 0.2
g polyvinylpyrrolidone and suspended in 5 ml
enzyme extraction buffer (100 mM potassium
phosphate, pH 7.5, containing 10 mM pyruvate,
5 mM MgClz, 5 mM EDTA, 100 mM flavin
adenine dinucleotide [FAD] and 10% (v/v)
glycerol). After centrifugation at 13,200 rpm
for 20 min at 4°C, an equal volume of a
saturated solution of ammonium sulfate was
added to the supernatant fraction. The mixture
was placed in an ice bath for 20 min and
centrifuged at 13,200 rpm for 20 min. The
resulting pellet was immediately redissolved in
2 mL dissolved buffer (50 mM potassium
phosphate buffer, pH 7.5, containing 10 mM
NaCl and 2 mM EDTA) to perform enzyme
assays. The protein concentration in extracts
was determined using the method proposed by
Bradford (1976) in which bovine

albumin is used for the standard curve ©.

serum

The enzyme assay solution contained 100
mM pyruvate, 10 mM MgClp, | mM thiamine
pyrophosphate, 10 uM FAD, 50 mM potassium
phosphate buffer (pH 7, 300 pL), and 200 pL
enzyme solution. Imazapyr and its enantiomers
were dissolved in acetone in test tubes at con-
centrations of 0, 0.04, 0.2, 1, 5, and 25 mg L.
After the acetone evaporated, the enzyme assay

mixture was added to the test tube for
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incubation at 37°C for 1 h and then stopped
using 30 uL of 6 N H2SOa. The reaction tubes
were assayed for acetolactate via decarboxyla-
tion at 60°C for 15 min followed by the
measurement of acetoin ®7, wherein 350 pL
each of 0.5% (w/v) creatine and 5% (w/v) a-
naphthol was added to 2.5 N NaOH in test tubes
and incubated at 60°C for 15 min. Absorbance

was measured at 520 nm.

6. Extraction and determination of
antioxidant enzymes

Leaf tissue was homogenized in 0.1 M
sodium phosphate buffer (pH 6.8) under
liquid nitrogen cooling. After centrifugation
at 12,000 g for 20 min, the supernatant was
used to characterize enzyme activity and
protein content. Ascorbate peroxidase (APX)
determined as previously
One unit of catalase (CAT)

the

activity was
described @®).
enzymatic activity was defined as
quantity of enzyme that degraded 1 pmol
H202 per minute @?). Glutathione reductase
(GR) activity was determined as previously
described (D,
dismutase (SOD) was defined as the quantity
of enzyme that inhibits by 50% the rate of

nitro blue tetrazolium (NBT)

One unit of superoxide

reduction
observed in a blank sample. Total SOD
determined as

activity was previously

described (14,

7. Protein structure determination

The structure of mutant A. thaliana
GH90-ALS complexes after treatment with
imazapyr and its enantiomers was characterized
in terms of modifications to protein coordinates
in ALS-imazaquin complex [Protein Data
Bank (PDB) entry 1Z8N] @9, Figures were
generated using the PyMOL Molecular
Graphics System 1.6 GD and WebLab Viewer
(MSI, San Diego, CA).

8. Statistical analysis

Data analysis was performed using
Microsoft Excel 2010. Results were analyzed
the

significant differences test (LSD). p<0.05 was

using one-way ANOVA and least

considered statistically significant.

Results and discussion

1. Enantioselective effects of imazapyr
on the appearance of mutant A.
thaliana GH90

The enantioselective effects of imazapyr
on mutant A. thaliana GH90 were estimated
using several indices (Fig. 2). shows the
appearance of A. thaliana GH90 after exposure
to imazapyr or its enantiomers at various
10 days. The lowest

concentrations for
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herbicide concentration (0.01 mg L") had no
observable effect on shoots; however, the
shoots were smaller than those in the control
group. Treatment with 0.1 mg L-! rac- and (S.-)-
imazapyr had no effect on appearance;
however, treatment with 0.1 mg L' (R, +)-
imazapyr caused the leaves to curl. After
treatment with 1 mg L' rac- and (S,-)-

imazapyr, old leaves turned reddish purple

(data not shown). After treatment with 1 mg L-!
(R,+)-imazapyr, the stems and leaves became
purple and the plants were smaller than those in
the control and other treatment groups. Taken
together, these results indicate that (R,+)-
imazapyr can indeed damage imazapyr-
resistant 4. thaliana GH90. These results also

revealed the enantioselectivity of imazapyr-

resistant 4. thaliana.

Fig. 2. Mutant Arabidopsis thaliana GH90 (30 days old) treated with 0.1 mg L' imazapyr or its enantiomers
for 10 days. (a) Control mutant A. thaliana GH90; (b) rac-imazapyr; (c) (S,-)-imazapyr; (d) (R,+)-

imazapyr.
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2. Effect of imazapyr and its enantio- @ ° —
mers on physiology of A. thaliana 2 - ’a’i ; i %Iﬁ’,mmmp{”y
GH90 %‘ N Y o .

At an herbicide concentration of 0.01 mg :é: “

L, the total chlorophyll content was lower in g .

samples exposed to (R,+)-imazapyr than in , ‘ ‘

those exposed to rac-, (S,-)-imazapyr and the o w"mﬂHerbicid‘:o;ncem,at; (ma L) 1

controls (Fig. 3a). At a herbicide concentration ' o 2

of 0.1 mg L', the total chlorophyll content was % :: % g))mmama:a:%y ;7

higher in samples exposed to (S,-)-imazapyr gmf s

than in those exposed to rac- and (R,+)- % 015 ] "

imazapyr treatment and no differ than in the ‘g 010 { - )

controls. At a herbicide concentration of 1 mg £ oo ﬂ ”““E

L-!, the total chlorophyll content was lower than ° comel 001 o1 |

in the control group, regardless of the treatment. © = Hebicde concentraten (m L)

The biosynthesis of proline (a well-known = ] % E;}EE’:’Z:ZZL

osmo-protectant) is triggered in many plant H &S (Rtimazapye

species by drought and other forms of stress. g 1 ®

Thus, proline concentration can be considered g 1001

an index of stress in plants 7). Sanada et al. é w0 s

(1995) reported that proline concentration H Hﬂﬂ%é

should be carefully regulated in accordance contel o ! !

Herbicide concentration (mg L")

with environmental conditions 9. In the current
Fig. 3. Physiological analysis of 4. thaliana GH 90

study, proline content in most of the treatment after 10 days’ exposure to 0.01, 0.1,0or 1 mg L"!
imazapyr or its enantiomers. (a) Total chloro-
. . . phyll content; (b) proline concentration; (c)
with the exception of (S,-)-imazapyr at malonaldehyde (MDA) concentration. Data
concentrations of 0.01 and 0.1 mg L' (Fig. 3b). are mean £ SD. (n = 3). "p < 0.05 compared
with the control. (> ¢) Letters represent sig-
nificant difference at p < 0.05 between 2
rac- and (R,+)-imazapyr respectively increased treatment groups at a given concentration.
proline content to 0.074 and 0.116 mg L', both (Diagonal line bars, rac-imazapyr; horizontal

line bars, (S,-)-imazapyr; vertical line bars,
of which were higher than the (S,-)-imazapyr (R,+)-imazapyr; and solid bar, control).

groups was higher than in the control group,

At a herbicide concentration of 0.01 mg L,
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treatment group and the control group. At a
herbicide concentration of 0.1 mg L1, proline
content was more than threefold higher in the
rac- and (R,+)-imazapyr treatment group than
in the (S,-)-imazapyr treatment group. At a
herbicide concentration of 1 mg L', proline
content increased in the following order: (R,+)-
imazapyr > rac-imazapyr > (S,-)-imazapyr
treatment. Note however that the values in the
treatment groups were not significantly higher
than in the control group.

MDA is widely used as a marker of
oxidative lipid injury, with the concentration
varying as a function of biotic and abiotic stress
©), Thus, MDA content is commonly used as an
index indicating the level of stress in plants. At
a herbicide concentration of 0.01 mg L', we
observed no difference in MDA production
between any of the treatment groups and the
control group (Fig. 3c). Under a higher
herbicide concentration (0.1 mg L-'), MDA
production in the (R,+)-imazapyr treatment
group was threefold higher than in the rac- and
(S,-)-imazapyr treatment group. At a herbicide
concentration of 1 mg L', MDA production in
the (R,+)-imazapyr treatment group was higher
than in the rac- and (S,-)-imazapyr treatment
groups (200.47 vs 64.65 and 58.78 nmol g,
respectively). Despite the fact that 4. thaliana
GHO90 is resistant to imazapyr and the effects of
imazapyr on GH90 were less pronounced than

those on the wild type @9, we observed the

herbicidal effects of (R,+)-imazapyr against the
mutant 4. thaliana GH90.

3. Effect of imazapyr and the corre-
sponding enantiomers on antioxi-
dant enzymes in mutant A. thaliana
GH90

Plants induce antioxidant enzyme activity
against oxidative stress. First, SOD catalyzes
the dismutation of 2 molecules of superoxide
into Oz and H20>. APX reduces H20» level in
the ascorbate—glutathione cycle (V. Finally, CATs
transform H>O2 into H2O and O 3. We
measured the activity of APX, CAT and total
SOD induced by imazapyr and its enantiomers
in 4. thaliana GH90 leaves (Table 1).

CAT activity did not show differ among
all treatments except 0.1 and 1 mg L' (R,+)-
imazapyr treatment. At a herbicide concentration
0f 0.01 mg L', we did not observed any changes
in APX activity; however, at a herbicide
concentration of 0.1 mg L1, APX activity in the
rac- and (R,+)-imazapyr treatment group was
roughly two-fold higher than in the control
group and APX activity in the (S,-)-imazapyr
group was roughly threefold higher. At a
herbicide concentration of 1 mg L', we observed
a significant increase in APX activity in the
treatment groups, as follows: (R,+)-imazapyr >
rac-imazapyr > (8S,-)-imazapyr. Total SOD activity

increased proportionally with the concentration
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Table 1. Effects of 10-day exposure to imazapyr or its enantiomers on activity of superoxide
dismutase (SOD), catalase (CAT), and ascorbate peroxidase (APX) in mutant

Arabidopsis thaliana GH90 leaves

. Concentration SOD CAT APX
Herbicides 4 -
(mg L) U mg protein’!
Control 13.38 £2.22 0.136 £0.006 0.546 +£0.063
0.01 17.96 +4.02* 0.145 £0.005 0.737 £0.116
()-imazapyr 0.1 18.31 £5.75% 0.204 £0.094 1.182 +£0.160*
1 19.19 £2.12%* 0.206 +0.108 2.244 £0.264%***
0.01 12.10 £1.95 0.136 +£0.037 0.600 +£0.118
(-)-imazapyr 0.1 14.28 £2.43 0.141 £0.041 0.910 +0.146
1 20.27 £1.20** 0.151 £0.006 1.757 £0.149%***
. 0.01 23.15 £1.33%** 0.154 +£0.025 0.924 +£0.092
(+)-imazapyr
0.1 16.18 +1.44 0.329 £0.069*** 1.992 +£0.636***
1 12.64 £1.54 0.796 £0.038*** 3.940 £0.993%**

Data are mean £ SD. (n = 3).

*p<0.1, ** p<0.05, *** p <0.01 compared with the control.

of rac- and (S,-)-imazapyr, but not (R,+)-
imazapyr. Similar results have been observed in
rice, wherein SOD activity decreased
proportionally with salinity stress resulting in
increased MDA activity in leaves. Thus, it
appears that the stress-induced damage to plant
cells was of sufficient severity to prevent
enzyme synthesis ®).

leaf

membrane was determined by measuring the

The extent of damage to the

amount of MDA produced when polyunsaturated
fatty acids in the membrane underwent
peroxidation. Under (R,+)-imazapyr treatment
at concentrations of 0.1 or 1 mg L', MDA
production increased significantly (Fig. 3c).

Thus, it appears that the oxidative stress

induced by (R,+)-imazapyr on imazapyr-
resistant A. thaliana exceeded that of the
racemate or (S,-)-imazapyr. Note that oxidative
stress led to increased MDA production and
decreased SOD activity.

Abiotic stress, due to drought G4, salt (10,
extreme temperature %, UV @D, heavy metal
contamination ¥, reduced ozone levels @, and
exposure to polycyclic aromatic hydrocarbons
(PAHs) can lead to the accumulation of reactive
oxygen species in plants ©), Few studies have
discussed changes in antioxidant enzymes after
resistant plants are exposed to herbicides. In a
previous study, we revealed the enantioselectivity
of imazapyr to wild-type 4. thaliana. We also
determined that the herbicidal effects of (R,+)-
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imazapyr exceeded those of the racemate and
S-isomer. In the current study, we confirmed
that mutant A. thaliana GH90 is resistant to
imazapyr 9. Note however that the various
stereo structures of imazapyr vary in their
effects on mutant 4. thaliana, wherein (R,+)-

imazapyr appears to cause more damage.

4. Ability of imazapyr and its enantio-
mers to inhibit ALS in mutant A.
thaliana

The mechanism underlying the inhibition
of ALS by herbicides, such as sulfonylureas
and IMIs, has previously been studied - 25 27),
In the current study, ALS was extracted from
mature leaves of mutant A. thaliana GH90
(mALS) and mALS activity was measured in
vitro (Fig. 4). mALS activity remained at > 90%
of the control level under incubation with (S,-)-
imazapyr at concentrations of 0 to 100 mg L-!.
Incubation rac-imazapyr at 0 to 5 mg L' did not
inhibit mALS activity. When the concentration
of rac-imazapyr was increased from 5 to 100
mg L', we observed a decrease in mALS
activity in a dose dependent manner. Incubation
with rac-imazapyr at 100 mg L' reduced mALS
activity to 91% of the control level. Incubation
with (R,+)-Imazapyr at 100 mg L-! produced
led to a pronounced reduction in mALS activity
to 73.1% of the control level.

In a previous study 9, we investigated the

ability of imazapyr and its enantiomers to
inhibit ALS in wild-type 4. thaliana. The ALS
inhibition ability of (R,+)-Imazapyr exceeded
that of the racemate and (S,-)-imazapyr, even in
imazapyr-resistant species. Note that mALS
inhibition corresponded to our physiologic and
antioxidant enzymatic analysis of mutant A.

thaliana GH90.

5. Imazapyr binding site of ALS

ALS is the target site of imazapyr;
therefore, the inhibition of ALS by imazapyr is
highly representative of enantioselective herbi-
cidal activity. The structure of IMI molecules

does not mimic the enzyme substrate, but rather

60 -

40 4

—@— rac-imazapyr
—v— (S,-)-imazapyr
20 4 —&— (R,+)-imazapyr

Uninhibited ALS activity (% of control)

T T T T
0.001 0.01 0.1 1 10 100

Herbicide concentration (mg L'1)

Fig. 4. Acetolactate synthase (ALS) activity in A.
thaliana GH90 in response to imazapyr or its
enantiomers (concentration on logarithmic x-
axis). Data are mean +SD of at least 3
independent determinations. ALS activity is
presented as percentage activity in the absence
of herbicide. Circle symbol: rac-imazapyr;
inverted triangle symbol: (S,-)-imazapyr;
square symbol: (R,+)-imazapyr.
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inhibits ALS by blocking the channel through
which access to the active site is gained @9, In
the current study, we modified the structure of
A. thaliana ALS in complex with imazapyr as
described by McCourt et al. (2006) (Fig. 5a) 20
The imazapyr molecule fit the active sites of the
channel and the isopropyl and methyl groups
anchor the herbicide to the protein. The amino
acid substitution for S653 of mALS involves a
5b). If the

substitution of asparagine for S653 narrowed

single point mutation (Fig.

the channel and impaired IMI binding, this
would explain the resistance of A. thaliana
GH90 to imazapyr; however, we found that
(R,+)-imazapyr inhibited mALS. In a previous

study @9, two herbicide molecules were shown

(a)

to bind to each subunit of ALS. In addition to
the molecule within the channel leading to the
active site, there is a second site located roughly
20A from the active site. Figure 6 illustrates one
possible binding of (R,+)-imazapyr to the second
site (Fig. 6). If the (S,-)-isomer were positioned
at this site, then unfavorable contacts could
form between the isopropyl substituent of
imazapyr and D397, S398 and A399. These
residues would obstruct the space for isopropyl
substituents and could expain why (R,+)-
imazapyr inhibited ALS in 4. thaliana GH90 in
our experiments. Duggleby et al. (2003)
observed that imidazolinones both activate and
inhibit imidazolinone-resistant mutants of

Saccharomyces cerevisiae.

(b)

Fig. 5. Connolly surface and (R,+)-imazapyr blocking of the channel to active site associated with ALS. (a).
ALS of wild-type A. thaliana; (b). ALS of mutant A. thaliana GH90. Imazapyr is presented as a stick
model. Carbon is yellow; nitrogen, blue; and oxygen, red. The residue lining the channel is depicted as
a gray surface. ‘ indicates residue from the neighboring subunit.
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Fig. 6. Stereo conformation of (R,+)-imazapyr bound

to the second site of ALS. Imazapyr is shown
as a stick model. Carbon is green; nitrogen,
blue; oxygen, red.

ALS (10 however, the imidazolinone-induced
inhibition of ALS

Nonetheless, the sensitivity of microbial ALS

in yeast was weak.
to imidazolinones is lower than to plant
enzymes. Taken together, these observations
suggest that the sensitivity of imazapyr-

resistant ALS is enantioselective.

Conclusions

We determined that imazapyr-resistant A.
thaliana GH90 can survive exposure to
imazapyr; however, the damage caused by
(R,+)-imazapyr to plants (in terms of
appearance and physiology) exceeded that of
the racemate or (S,-)-imazapyr. The effect of

imazapyr and its enantiomers on antioxidant

enzyme activity is an indication that some of
the stereo structures of imazapyr adversely
affect the functioning of plants at various
levels. We also observed the imazapyr-induced
inhibition of mALS. The

inhibition of mALS was more pronounced

enantioselective

under exposure to (R,+)-imazapyr than to rac-
or (S,-)-imazapyr. Accordingly, (R,+)-imazapyr
had a more profound effect on mutant A.
thaliana GH90 than did the (S,-)-isomer or
racemate, including the resistant species. The
enantioselectivity of chiral herbicides to target
organisms is an important consideration in

dealing with herbicide resistant weeds.
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