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Summary

Acetohydroxyacid synthase (AHAS; EC 2.2.1.6) catalyzes the first common step in branched-chain amino
acid biosynthesis. The enzyme is inhibited by several chemical classes of compounds and this inhibition is the
basis of action of the sulfonylurea and imidazolinone herbicides. The commercial sulfonylureas contain a
pyrimidine or a triazine ring that is substituted at bothmeta positions, thus obeying the initial rules proposed
by Levitt. Here we assess the activity of 69 monosubstituted sulfonylurea analogs and related compounds as
inhibitors of pure recombinant Arabidopsis thaliana AHAS and show that disubstitution is not absolutely
essential as exemplified by our novel herbicide, monosulfuron (2-nitro-N-(4¢-methyl-pyrimidin)2¢-yl) phe-
nyl-sulfonylurea), which has a pyrimidine ring with a single meta substituent. A subset of these compounds
was tested for herbicidal activity and it was shown that their effect in vivo correlates well with their potency in
vitro as AHAS inhibitors. Three-dimensional quantitative structure–activity relationships were developed
using comparative molecular field analysis and comparative molecular similarity indices analysis. For the
latter, the best result was obtained when steric, electrostatic, hydrophobic and H-bond acceptor factors were
taken into consideration. The resulting fields were mapped on to the published crystal structure of the yeast
enzyme and it was shown that the steric and hydrophobic fields are in good agreement with sulfonylurea-
AHAS interaction geometry.

Introduction

The herbicidal activity of sulfonylureas such as N-
(p-cyanophenylaminocarbonyl) benzenesulfona-
mide (Figure 1) was recognized nearly 40 years
ago [1]. Following an extensive synthetic program
led by Levitt and colleagues [2] the first modern

sulfonylurea herbicide chlorsulfuron (Figure 1)
was developed. Since that time, a large number
of other sulfonylurea herbicides have been identi-
fied and are now used widely [1]. The general
features of most active compounds (Figure 1) are
an ortho-substituted aromatic ring attached to the
sulfur atom, and a heterocyclic ring substituted in
both meta positions and attached to the distal
nitrogen atom of the sulfonylurea bridge. This
heterocyclic ring is either a pyrimidine (X = CH)
or triazine (X = N).
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The mode of action of sulfonylureas started to
become clear when it was discovered that sulfo-
meturon methyl (Figure 1) is a potent inhibitor of
bacterial acetohydroxyacid synthase [3] (AHAS;
EC 2.2.1.6), the enzyme that catalyzes the first
common step in branched-chain amino acid bio-
synthesis. Concurrently, Ray showed that chlorsul-
furon inhibits plant AHAS [4]. Since then, other
sulfonylureas have been shown to inhibit AHAS,
and it is widely accepted that inhibition of this
enzyme is themodeof actionof sulfonylureas aswell
as several other families of herbicides (see review by
Duggleby and Pang) [5]. An important strength of
the use of such inhibitors is that there is no AHAS
counterpart in humans and other animals.

Understanding the requirement for the common
structural features of sulfonylureas (Figure 1) has
been held back by the lack of a three-dimensional
structure of AHAS. The determination of the
structure of the yeast enzyme alone [6], with
chlorimuron ethyl (Figure 1) bound [7], and more
recently with four other sulfonylurea herbicides
bound [8] has now opened the way for compre-
hending the detailed molecular interactions.

The structure of the yeast AHASÆchlorimuron
ethyl complex reveals that the two substituents on
the heterocyclic ring (Figure 1; R2 and R3) make
hydrophobic contacts with the protein. However,
the herbicide is involved in numerous other inter-
actions so the requirement for both substituents is
not apparent. Removing one of these interactions
might weaken binding but it is not obvious why a
monosubstituted sulfonylurea would not be her-
bicidal. Indeed, Li and co-workers have shown
that monosulfuron (Figure 1) has herbicidal activ-
ity [9]. However, it has not been demonstrated
previously that it acts by inhibiting AHAS and it
might be a photosynthesis inhibitor, as are the
originally described sulfonylureas [2].

Similar to the disubstituted sulfonylurea herbi-
cides,monosulfuron can beused effectively forweed
control in a range of crops including wheat, corn,
rice, millet and peanut. In particular, monosulfuron
is an excellent herbicide in millet fields, where
traditional disubstituted sulfonylurea herbicides are
non-selective and there are no other effective herbi-
cides currently available [10]. Monosulfuron is also
now used as a specific herbicide for Puccinella
tenuiflora, a weed that is commonly observed in the
alkali soil of northern China where it drastically
affects the yield of wheat crops grown in these areas.

Here we show that monosulfuron inhibits pure
recombinant Arabidopsis thaliana AHAS. Its activ-
ity as an inhibitor is characterized, together with
that of 68 other sulfonylurea analogs, and 10
commercial sulfonylurea herbicides. Three-dimen-
sional quantitative structure–activity relationships
(3D-QSAR) are developed that account well for the
potency of inhibition. The resulting fields were
mapped on to the herbicide-binding site of yeast
AHAS, and it was shown that the steric and
hydrophobic fields were in good agreement with
sulfonylurea-AHAS interaction geometry. The
models highlight the important structural require-
ments of herbicidal sulfonylureas and provide new
clues for the design of molecules with enhanced
bioactivities. The herbicidal activity of 24 mono-
substituted sulfonylureas was tested against the
growth of rape seeds (Brassica napus), which has an
AHAS that is 93% identical to that of A. thaliana
AHAS, andwhere there is 100%conservation of the
active site residues. The results show that the
inhibitory power of these sulfonylureas against A.
thalianaAHAS correlates well with their potency as
rape seed herbicides.

Experimental methods

Synthesis of sulfonylurea analogs

Most of the compounds were synthesized using
one of the two following procedures that are
detailed by Li and colleagues [9, 11, 12]. The
complete synthesis and characterization of the
other compounds will be described elsewhere.

AHAS expression and purification

The AHAS expression plasmid used here is a
modification of that described previously [12]. The
DNA sequence encoding the mature enzyme (after
removal of the chloroplast transit peptide) was
subcloned into the pET30a(+) vector to introduce
a C-terminal hexahistidine tag [13]. This plasmid
was used to transform Escherichia coli strain
BL21(DE3) cells, and the cells were grown at
37 �C in 2YT medium [14] containing 50 lg/mL
kanamycin. When the OD600 reached 0.8 to 1.0,
expression was induced with 1.0 mM IPTG and
cells were incubated for 4 to 5 h at room temper-
ature (�22 �C). Cells were harvested by centrifu-
gation and stored at )20 �C.
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Figure 1. Sulfonylurea herbicide structures. In the general structure, the atoms labeled with asterisks were used to overlay different
structures for 3D-QSAR studies. Also shown are monosulfuron and N-(p-cyanophenylaminocarbonyl)benzenesulfonamide and the
complete structures of 10 disubstituted sulfonylurea herbicides used in this study.
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All subsequent operations were performed at
4 �C, excluding light wherever possible. Thawed
cells were resuspended in buffer (500 mM NaCl,
20 mM Tris–Cl (pH 7.9), 10 lM FAD) containing
5 mM imidazole, using approximately 5 mL per g
wet weight of cells. Lysozyme (10 mg per g of cells)
was added and lysis was carried out on ice for
30 min. After sonication (5�20 s with 1 min rest
intervals), the lysate was clarified by centrifugation
and filtered through a 0.45 lm membrane.

The hexahistidine-tagged AHAS was purified
by immobilized nickel affinity chromatography
using Novagen HisÆBind metal chelation resin.
After applying the clarified lysate, the column was
washed with 3 volumes of 5 mM imidazole in
buffer and 3 volumes of 25 mM imidazole in
buffer. The enzyme was then eluted with 6 volumes
of 400 mM imidazole in buffer. The solvent was
changed to 10 lM FAD, 5 mM DTT and 15% (v/
v) glycerol in 50 mM potassium phosphate (pH
7.0) by gel filtration, and the purified enzyme was
stored in small aliquots at )70 �C.

AHAS assays

AHAS activity was measured using the colorimet-
ric assay as described previously [13] in 50 mM
potassium phosphate (pH 7.0) containing 50 mM
pyruvate, 1 mM thiamine diphosphate, 10 mM
MgCl2, and 10 lM FAD. After incubation for
30 min at 37 �C, acetolactate was estimated [15].

Measurement of inhibition constants

Trial experiments with a wide range of inhibitor
concentrations were used to establish a suitable
concentration window. Subsequently, AHAS
activity was measured at a series of inhibitor
concentrations within this window. Usually, a
total of 12 concentrations were used (including
no inhibitor), in duplicate. The data were analyzed
by nonlinear regression using Equation 1 to
estimate the values and standard errors for the
apparent inhibition constant (Ki

app) and the unin-
hibited rate (vo).

v ¼ vo=ð1þ ½I�=Kapp
i Þ ð1Þ

Some compounds gave less than 50% inhibi-
tion at the highest concentration tested (usually

400 lM). Where the observed inhibition was in the
range 15 to 40%, an approximate Ki

app was
estimated from Equation 1 and the highest inhib-
itor concentration tested. If the observed inhibi-
tion was less than 15%, Equation 1 was used to
place a lower limit on the value of Ki

app of nine
times the highest inhibitor concentration tested
(i.e. assuming that the inhibition is 10% or less).

In a few cases, there appeared to be a small
residual activity (v¥) at high [I] so the data were
re-analyzed using Equation 2.

v ¼ ðvo � v1Þ=ð1þ ½I�=Kapp
i Þ þ v1 ð2Þ

The resulting values for Ki
app obtained using

Equation 1 or 2 were usually similar and typically
differed by approximately 20%.

Measurement of herbicidal activity

The method was adapted from that described
elsewhere [16]. Rape seeds were obtained from a
local market in Tianjin, P.R. China. The com-
pounds to be tested were made into an emulsion to
aid dissolution. Seeds were soaked in distilled
water for 4 h before being placed on a filter paper
in a 6-cm Petri plate, to which 2 mL of inhibitor
solution had been added in advance. Usually, 15
seeds were used on each plate. The plate was
placed in a dark room and allowed to germinate
for 48 h at 28 ± 1 �C. The lengths of 10 rape
roots selected from each plate were measured and
the means were calculated. Preliminary screening
of a broad range of inhibitor concentrations was
used to identify a narrow concentration window
where inhibition of root growth occurred. Subse-
quently, a series of six to nine different concentra-
tions within this window were used in duplicate,
plus a control without inhibitor. Generally, the
ratio between successive concentrations in the
series was 2.0 or 2.5.

Calculation of IC50 values

The average length of the roots for each trial was
used to calculate a percent inhibition, relative to
the control with no added inhibitor. These values
were converted to probits using a standard statis-
tical table. Weights were calculated in proportion
to the inverse of the variance of the 10 probit
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values obtained from the replicate measurements.
The IC50 is the inhibitor concentration that gives a
probit of 5. Therefore, the data were then analyzed
by weighted nonlinear regression using Equation 3
(below) to give the best fit values and standard
errors for the slope (m) and the IC50

Probit ¼ mðlog½I� � log½IC50�Þ þ 5 ð3Þ

Molecular modeling of ligand structure,
minimization and alignment

The 3D structure of each sulfonylurea was built
and modeled in SYBYL6.9 (Tripos Associates, St.
Louis, MO) on an SGI Origin 350 server (R16000)
and workstation (R4000). All structures were
constructed based on the conformation of chlo-
rimuron ethyl in complex with yeast AHAS. The
conformations of the AHAS inhibitors were fur-
ther adjusted by molecular mechanics to refine
bond lengths and angles using the Tripos force
field and Gasteiger–Hückel charges. A nonbond
cutoff of 8 Å was utilized in the structural optimi-
zation to consider the intramolecular interactions.
The minimization terminated at an energy conver-
gence of 0.005 kcal mol)1 Å)1. All compounds
were superimposed upon chlorimuron ethyl to
match the atoms in common (labeled with aster-
isks in Figure 1).

3D-QSAR analysis

CoMFAandCoMSIA studies were performedwith
the 3D-QSAR module of SYBYL. The same align-
ment was subjected to both 3D-QSAR investiga-
tions. TheCoMFAsteric and electrostatic fields and
the CoMSIA steric, electrostatic, and hydrophobic
and H-bond donor and acceptor fields were calcu-
lated within a grid lattice with a resolution of 2 Å.
The extension was 10 Å beyond every molecular
boundary in every direction. An sp3 carbon probe
atomwith a positive charge was used to generate the
interaction energies at each lattice point. For
CoMFA, the steric and electrostatic contributions
were truncated to 30 kcal/mol; for CoMSIA, the
five similarity-index fields were calculated when the
attenuation factor was set to a value of 0.3.

3D-QSAR equations were derived by partial
least squares (PLS) analysis using the ‘‘Leave-One-
Out’’ method to perform cross-validation. Prior to

the PLS analysis, CoMFA or CoMSIA columns
with a variance smaller than 2.0 kcal/mol were
filtered to improve the signal-to-noise ratio. The
optimal number of components was selected as
providing the highest cross-validated q2 value
(Equation 4). Subsequently, non-cross-validated
analysis was carried out to calculate the conven-
tional r2, the variance ratio (F) and the standard
error values (s, Equation 5) using the optimum
number of components. Finally, the 3D-QSAR
models were produced from the non-cross-vali-
dated calculations and the results were graphically
interpreted by field contribution plots.

q2 ¼ 1� RðYobs � YpredÞ2=RðYobs � YmeanÞ2

ð4Þ

s2 ¼ RðYobs � YcalcÞ2=ðm� k� 1Þ ð5Þ

In these equations, Yobs, Ypred and Ycalc are the
observed values of pKi

app, predicted values of
pKi

app from cross-validated analysis and calculated
values of pKi

app from non-cross-validated analysis.
Ymean is the mean value of Yobs within the data set,
m is the number of compounds and k is the
number of PLS factors. ‘‘Std. dev*coeff’’ was used
to represent the graphical results in CoMFA and
CoMSIA fields. Threshold values selected were
80% for favored regions and 20% for unfavored
regions.

Results and discussion

Inhibition of AHAS by commercial disubstituted
sulfonylureas

Previously we [17] have characterized the inhibi-
tion of pure recombinant A. thaliana AHAS by six
commercial sulfonylureas (Table 1). The recombi-
nant enzyme used in those studies consisted of the
presumed mature protein after deletion of the first
85 residues constituting the chloroplast transit
peptide. The recombinant enzyme used here is
similar, except that it was engineered to include an
eight-residue C-terminal peptide containing a
hexahistidine tag to simplify purification. The
potency of the inhibitors is similar (Table 1),
showing that the addition of the affinity tag to
the protein has no major influence on its suscep-
tibility to sulfonylureas. These commercial sulfo-
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nylureas inhibit with apparent inhibition constants
in the range of 10 to 300 nM; the four compounds
that we have not tested previously on the
recombinant A. thaliana AHAS also have inhibi-
tion constants that fall within this range.

Inhibition of AHAS by monosubstituted
sulfonylureas

A. thaliana AHAS is inhibited (Figure 2) by
monosulfuron (Figure 1) with an apparent inhibi-
tion constant of 245 nM (compound 1, Table 2). It
is less potent than most of the commercial disub-

Table 1. Inhibition of A. thaliana AHAS by commercial sul-
fonylurea herbicidesa.

Herbicide Ki
app (nM)

This study Literature [17]

chlorimuron ethyl 8.3±0.4 10.8±1.3

ethoxysulfuron 8.9±0.4

metsulfuron methyl 10.7±0.7 36.2±1.9

chlorsulfuron 14.4±1.0 54.6±4.8

bensulfuron methyl 16.2±0.4

sulfometuron methyl 39.5±2.6 25.5±4.1

ethametsulfuron methyl 52.2±2.2

thifensulfuron methyl 60.1±2.0 72.2±4.3

pyrazosulfuron ethyl 101±3

tribenuron methyl 316±21 253±12

aStructures are illustrated in Figure 1.

Table 2. Inhibition of A. thaliana AHAS by monosubstituted
sulfonylureasa.

Compound R1 R2 Ki
app (lM)

1 NO2 CH3 0.245±0.007

2 COOC2H5 CH3 0.266±0.012

3 COOCH3 CH3 0.363±0.017

4 COOC2H5 OCH3 0.488±0.035

5 COOC2H5 Cl 0.645±0.042

6 NO2 C2H5 0.779±0.056

7 NO2 OC2H5 1.10±0.07

8 COOCH2CH2Cl CH3 1.21±0.08

9 COOCH(CH3)2 CH3 1.26±0.06

10 COOCH(CH3)2 OCH3 1.31±0.11

11 COOCH2CH2Cl OCH3 1.41±0.08

12 NO2 SCH3 1.76±0.16

13 COOC2H5 OC2H5 2.07±0.17

14 COOCH2phenyl OCH3 2.24±0.12

15 NO2 CH(CH3)2 2.99±0.58

16 COOCH3 SCH3 3.24±0.19

17 Cl OCH3 5.37±0.50

18 COOCH2phenyl CH3 8.33±0.54

19 COOC2H5 OCH(CH3)2 11.3±0.8

20 COOCH3 OC2H5 12.3±0.5

21 COOCH2C6H11
b CH3 13.0±0.5

22 COOCH3 OC3H7 13.7±1.0

23 COOCH2C6H11
b OCH3 15.1±1.0

24 COOC2H4OC2H5 CH3 15.8±1.0

25 COOC2H4OC2H5 OCH3 25.1±1.3

26 COOCH3 OCH2CH2F 30.2±1.7

27 NO2 H 32.7±5.4

28 COOCH3 H 32.9±1.8

29 Cl OC2H5 37.4±3.7

30 NHCOCF3 CH3 51.3±2.3

31 COOC2H5 SC2H5 51.5±3.3

32 NHCOCF3 OCH3 56.6±5.2

33 NO2 SC2H5 90.3±8.6

34 NHCOCF3 OC2H5 101±18

35 COOC2H4OCH3 OCH3 195±12

36 COOC2H5 NHCH3 228±12

37 COOC2H4OCH3 CH3 372±25

38 COOC2H5 N(CH3)2 375±68

39 NO2 NHCH3 �600
40 COOC2H5 OC2H4OCH3 �1600
41 COOCH3 SC3H7 >2160

42 COOC2H5 OC2H4OC2H5 �2300
43 COOCH3 SC2H5 >2880

44 COOCH3 OC2H4OCH3 >3600

45 COOCH3 OC2H4OC2H5 >3600

aStructures are as illustrated in Figure 1, with R3 = H and
X = CH.
bC6H11 represents a cyclohexyl group.
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Figure 2. Inhibition of A. thaliana AHAS by monosulfuron.
Activity was measured over a range of monosulfuron concen-
trations. Duplicate measurements are too similar to be visible
as separate points in most cases. The data were fitted using
Equation 1 and are plotted after normalizing to an uninhib-
ited rate of 100%.
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stituted sulfonylureas tested, but has a similar
apparent inhibition constant to that of tribenuron
methyl. This compound is used to kill broadleaf
weeds in cereal crops at application rates of 5 to
30 g/ha, similar to those used for other sulfonylu-
reas [18]. Thus, on the basis of its potency in vitro,
we expect that monosulfuron would be an effective
herbicide. Table 2 also lists the inhibition con-
stants of a further 44 monosubstituted sulfonylu-
reas that conform to the general structure of
Figure 1 (X = CH, R3 = H), listed in order of
potency. As described later, the potencies of these
and a further 24 related compounds (see below)
were subjected to 3D-QSAR analysis.

Sulfonylurea bridge modifications

Three of the commercial sulfonylureas listed in
Table 1 have modifications to the bridge connect-
ing the aromatic and heterocyclic rings. Bensulfu-
ron methyl has a methylene group in the bridge
(see Figure 3a; Y = CH2) while ethoxysulfuron
has an oxygen atom in this position. Finally,
tribenuron methyl has a methyl group in the Z
position. Fifteen monosubstituted analogs of these
compounds were tested (Figure 3b). All of them
proved to be very weak inhibitors with the
strongest (compound 46) being more than 250-
fold less potent than the weakest of the commer-
cial herbicides (tribenuron methyl). Clearly, the
combination of bridge modifications with a mono-
substituted heterocyclic ring is detrimental for
binding to AHAS.

Pyrazoles, pyridines and thiazoles

The herbicide pyrazosulfuron ethyl has a substi-
tuted pyrazole ring in place of the normal aromatic
ring (Figure 3c; R2 = R3 = OCH3). Four mono-
substituted analogs were tested as AHAS inhibi-
tors (Figure 3d). Two of these compounds (61 and
62) are moderately strong inhibitors with apparent
Ki values of around 25 lM, although these values
are substantially higher than that for pyrazosulfu-
ron ethyl (0.1 lM). Five other compounds, three
pyridines with a truncated bridge and two thiaz-
oles (Figure 4), were tested but none is a strong
inhibitor of AHAS. This is not surprising in view
of their substantial structural differences from
conventional sulfonylureas.

3D-QSAR analyses

Previously published 3D-QSAR analyses of sul-
fonylurea herbicides [19–26] suffer from several
shortcomings. Firstly, the assumed bioactive con-
formation was based on either the structures of
sulfonylureas crystallized as free molecules
[20–23, 25] or their low energy conformers
calculated theoretically [19, 24, 26]. However, it
is now known that none of these conformations
match that observed when a sulfonylurea is
bound to its target enzyme [7,8]. Secondly, most
activity data employed in previous QSAR inves-
tigations were obtained using in vivo experiments
[19–26]. Herbicidal activity depends ultimately
upon inhibition of AHAS, but there are differ-
ences between in vivo and in vitro effects of these
compounds due to barriers between the site of
application and the intracellular target, degrada-
tion and detoxification by the plant, and so on.
Thirdly, the structure of the herbicide-binding site
was not known at the time, so it was not clear
what specific interactions were being made to
inhibit AHAS. Finally, although some QSAR
models demonstrate graphically the putative
binding mode [19], biophore [24] or stereoelec-
tronic properties [26] of this family of herbicides,
these models lack the ability to predict the
biological activity of new compounds. We are
now in a position to correct these deficiencies.

The publication of the crystal structure of yeast
AHAS with bound chlorimuron ethyl [7], and with
four other members of the sulfonylurea family [8]
has allowed the elucidation of the herbicide-bind-
ing site of AHAS. This has also defined the
bioactive conformation and provided insights into
the exact molecular interactions of this category of
herbicides. Further, as described above we have
measured the apparent inhibition constants against
a pure plant AHAS of 69 sulfonylureas with a
single meta substituent, as well as the inhibition by
10 commercial disubstituted sulfonylurea herbi-
cides. The apparent inhibition constants of the
sulfonylureas tested span the range from 10–9 M to
10)3 M. These data provide for the first time an
extensive and accurate data set that is not influ-
enced by in vivo effects unrelated to the primary
enzyme-inhibitor interaction. These experimental
advances now allow us to establish new correla-
tions between the functions and structural charac-
teristics, and to develop new 3D-QSAR models to
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elucidate necessary molecular features for this
family of herbicides.

We have used comparative molecular field
analysis (CoMFA [27]) and comparative molecu-
lar similarity indices analysis (CoMSIA [28]) for
constructing 3D-QSAR models. Both methods are
based on the assumption [29] that changes in
binding affinities of ligands are related to changes
in the molecular field properties. CoMFA samples

the steric and electrostatic fields surrounding a
training set of ligands and constructs a 3D-QSAR
model by correlating these fields with the observed
activities. CoMSIA considers five different fields:
steric, electrostatic, hydrophobic, H-bond donor
and H-bond acceptor. CoMFA uses Lennard–
Jones and Coulombic potential to calculate the
fields while CoMSIA utilizes a Gaussian function
for these calculations.

Compound R1 R2 Y Z Ki
app, µM 

46 CO OCH3 CH3 H 84.8 ± 3.0 
47 CO OCH3 NHCH3 CH2 H 94.3 ± 3.3 
48 CO OCH3 OCH2CH3 CH2 H 143 ± 4 
49 CO OCH3 CH3 O H 132 ± 9 
50 CO OCH3 C2H5 O H 191 ± 23 
51 OCH 3 CH 3 O H 187 ± 25 
52 NO 2  - C4H9 270 ± 47 
53 NO 2  - (C2H5)CHCH3 373 ± 60 
54 NO 2  - CH3 ~600 
55 CO OC2H5 CH3 - CH3 ~900 
56 CO OCH3 CH3 - CH3    >3600 
57 CO OCH3 CH3

 CH3

 CH3

 CH3

 - C4H9    >3600 
58 CO OCH3 CH3 - (C2H5)CHCH3    >3600 
59 CO OC2H5 CH3 - C3H7    >3600 
60 CO OC2H5 CH3 - C5H11    >3600 

Compound R2 R3 Ki
app, µM 

61 CH 3 H 22.5 ± 2.7
62 OCH 2CH3 H 31.5 ± 2.1
63 SCH 3 H 184 ± 11
64 NH CH3 H   >3600
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Figure 3. Inhibition of A. thaliana AHAS by atypical monosubstituted sulfonylureas. Panel (a) shows general structure of the
monosubstituted sulfonylureas with modifications in the bridge while the inhibition constants of those compounds that were tested
are shown in panel (b). Panel (c) shows general structure of a pyrazole sulfonylurea while the inhibition constants of those com-
pounds that were tested are shown in panel (d).
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Determination of bioactive conformations

To perform 3D-QSAR analysis it is important to
identify the biologically active conformer of a
ligand [29]. The binding mode and conformation
of chlorimuron ethyl interacting with yeast AHAS
(PDB code 1N0H) was used as a template to
construct all molecules under investigation. It
should be noted that the inhibition data were
obtained using A. thaliana AHAS while the

structure of yeast AHAS is utilized to interpret
the results. However, the A. thaliana AHAS-
chlorimuron ethyl complex has been successfully
crystallized [30] and refinement of that structure
(unpublished data) indicates that the sulfonylurea
has a similar binding geometry. Consistent with
this observation, the potency of inhibition by
sulfonylureas is similar between yeast AHAS [31]
and A. thaliana AHAS [17]. Furthermore, the
amino acids that line the sulfonylurea-binding site

65   Ki
app = 200 + 40 µMS

O

O

NH C

O
C

O O CH3

N

66   Ki
app ~ 600 µMS

O

O

NH C

O
C

O O C2H5

N

67   Ki
app > 3600 µMCH2 NH C

O
C

O O CH3

N

68   Ki
app = 319 + 21 µMS

O

O

NH C

O
C

O O C2H4

N

S

O CH3

NH

CH3

69   Ki
app ~ 1200 µMS

O

O
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O
C

O O

N

S

NH

CH3

CH2

Figure 4. Inhibition of A. thaliana AHAS by pyridines and thiazoles. The structures of the compounds are shown in the left col-
umn, while their inhibition constants are shown in the right column.
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of the two enzymes are highly conserved. Thus, the
structure of yeast AHAS represents a high-quality
model of the plant enzyme.

Data set and alignment rule

A panel of 68 sulfonylureas selected from those
described earlier was used to examine the rela-
tionship between the inhibition data and the
molecular physicochemical descriptors. These
compounds included the 10 commercial sulfonylu-
reas shown in Table 1, and all of the 69 com-
pounds shown in Table 2, Figure 3, and Figure 4,
apart from 11 (41, 43, 44, 45, 56, 57, 58, 59, 60, 64
and 67) for which an accurate Ki

app value was too
high to be determined. The biological activity used
here was expressed as pKi

app (i.e. )log10 Ki
app). In

this report the data have been subjected to three
different analyses: For Group 1, a set of 15
molecules chosen at random (2, 6, 10, 16, 20, 27,
35, 49, 51, 53, 54, 69, chlorsulfuron, sulfometuron
methyl and pyrazosulfuron ethyl) made up a test
set, while the remaining 53 sulfonylureas were
treated as the training set. The test set was used to
validate the predictive ability of the model derived
from the training set. The robustness of the
predictive power was therefore assessed. For
Group 2, the commercial sulfonylureas were omit-
ted to leave 58 monosubstituted sulfonylureas.
These formed a training set to produce 3D-QSAR
models for the design of more potent monosub-
stituted sulfonylureas. For Group 3, the whole set
of 68 molecules was used to derive the most
comprehensive 3D-QSAR analysis to date.

The alignment rule [29] used to superimpose the
inhibitors under study is an important factor in the
quality of 3D-QSAR. Atom-by-atom fit and field
fit are the two basic methods used to superimpose
diverse molecules. When the structure of the
binding site is known, molecular docking is
another way to guide the alignment. We have
tried docking all of the sulfonylureas into the
binding site of yeast AHAS. All molecules were
initially docked successfully but their predicted
conformations were not consistent with the known
location of chlorimuron ethyl in yeast AHAS [7].
Therefore, the corresponding alignment could not
be used for the subsequent 3D-QSAR analysis.
Instead, all 68 compounds were superimposed on
chlorimuronethyl as rigid bodies. Most of the
sulfonylureas with classic structures (Figure 1)

were fitted based upon the core set of atoms (those
labeled with asterisks). For those with a length-
ened or shortened sulfonylurea bridge, or with
atypical ring structures, the maximum common
structure was fitted to the template. Thus, for
46–51, the benzyl ring was not superimposed while
for 65–67 the pyrimidine ring was not included in
the superimposition. It should be noted that a
single substituent on the heterocycle may be placed
in either the R2 or R3 positions (Figure 1).
Preliminary analysis of the monosulfuron–A. tha-
liana AHAS complex crystal structure (unpub-
lished data) has revealed that the substituent is
located in the same position as the chlorine atom
in chlorimuron ethyl. Accordingly, all monosub-
stituted sulfonylureas were aligned in this manner.
Where the disubstituted sulfonylureas differed in
the substituent at R2 and R3, the choice of which
substitutent occupied these positions was based on
the conformer that had the lowest energy in the
SYBYL calculations. For chlorimuron ethyl, trib-
enuron methyl, chlorsulfuron and metsulfuron
methyl, these calculations gave the same confor-
mation as observed in the crystal structures of the
yeast AHAS complexes [8]. The superposition of
all sulfonylureas is shown in Figure 5.

CoMFA and CoMSIA studies

Starting from the structural alignment of Figure 5,
comprehensive CoMFA and CoMSIA analyses
were performed and their respective models were
developed. Comparison of experimental and pre-
dicted activities by CoMFA and CoMSIA for all of
the compounds in this study is presented in
Table 3. The cross-validated results were assessed
by their q2 value (see Experimental Methods),
where a value above 0.3 indicates that the proba-
bility of chance correlation is less than 5% and a
value over 0.5 is highly significant. The results of
these computations are summarized in Tables 4
and 5. For Group 1, CoMFA analysis exhibited a
cross-validated q2 of 0.459 and non-cross-validated
r2 of 0.966. This high degree of agreement between
the calculated and experimental inhibition con-
stants is illustrated in Figure 6a. The predictive
ability of this model was demonstrated by the r2pred
of 0.687 for the external test set of 15 molecules
(Figure 6b). The model is relatively good, espe-
cially given that the structures of the molecules in
the database are quite diverse. No compounds

y p y p
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from the list had to be omitted though three were
poorly predicted by this cross validation method
and considered as outliers. Nonetheless, inclusion
of these in the calculations still gave a satisfactory
q2 value. The results indicate that the conformer
selection and alignment rule described previously
are reasonable. Because most of the sulfonylureas
have only one substituent on the heterocyclic ring,
the Group 2 3D-QSAR study focused on this
monosubstituted series of sulfonylureas. A cross-
validated q2 of 0.611 with 8 partial least squares
(PLS) components was reached, while the conven-
tional r2 has a high value of 0.959 (Figure 6c). The
full data set of Group 3 resulted in a best q2 of
0.673, for 8 PLS components and a non-cross
validated r2 of 0.974 (Figure 6d). For both groups
when the number of PLS components was less than
8, the cross-validated q2 value decreased signifi-
cantly. For all CoMFA, steric effects contributed
slightly more than electrostatic fields (Table 4).

Although CoMFA is sometimes superior to
CoMSIA analysis it has the disadvantage (in our
version of the Sybyl software) that it does not assess
hydrophobic interactions and H-bonds, key fea-
tures of inhibitor-enzyme interactions. To over-
come this CoMSIA analysis was also conducted on
Group 2 andGroup 3. Various arrangements of the
five possible fields resulted in 31 combinations
(Table 5). For Group 2, the cross-validated q2

varied over the range 0.273 to 0.458, a result that

is on the borderline of acceptability. Among the 31
combinations for Group 3, 20 analyses yielded q2

values above 0.5. A best q2 of 0.644 was observed at
8 PLS components when steric, electrostatic, hydro-
phobic and H-bond acceptor fields were included in
the combination. In order to explain the hydropho-
bic andH-bond fields, this case was used to generate
CoMSIA models for the sulfonylureas. A non-
cross-validated r2 of 0.931 indicated that the final
CoMSIA model was highly self-consistent. For the
CoMSIA analysis, the contributions from the
various fields were 21.5% steric, 32.4% electro-
static, 33.8% hydrophobic and 12.3% H-bond
acceptor (Table 4). The steric component of the
CoMFA model partitions between steric and
hydrophobic in the CoMSIA model, while the
electrostatic component of CoMFA is split into
the CoMSIA electrostatic and H-bond acceptor
components. The calculated versus observed activ-
ity for this CoMSIA model of the sulfonylureas is
shown in Figure 6e.

Structure-based interpretation of 3D-QSAR models

Although structure-based design approaches are
focused towards a detailed understanding of pro-
tein–ligand interactions, they do not always provide
the ability to predict the activity of a novel analogue.
On the other hand, complementary statistical 3D-
QSAR methods cannot be interpreted in protein

( ), g p y Q

Figure 5. Superimposition of 68 sulfonylureas for 3D-QSAR studies from the rigid fit alignment rule. The conformation of chlo-
rimuron ethyl in complex with yeast AHAS was used as a template.
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Table 3. Experimental and predicted biological activities of 3D-QSAR (using cross-validation).

Compounda Experimental pKi
app Group 1 CoMFA Group 2 CoMFA Group 3 CoMFA Group 3 CoMSIA

pKi
app Residual pKi

app Residual pKi
app Residual pKi

app Residual

1 6.61 6.26 0.35 6.05 0.56 6.02 0.59 5.62 0.99

2 6.57 TSb TSb 5.40 1.17 5.33 1.24 5.61 0.96

3 6.44 4.77 1.67 5.34 1.10 5.61 0.83 5.42 1.02

4 6.31 5.91 0.40 6.08 0.23 5.81 0.50 5.10 1.21

5 6.19 5.67 0.52 5.59 0.60 5.61 0.58 5.99 0.20

6 6.11 TSb TSb 6.15 )0.04 6.06 0.05 5.45 0.66

7 5.96 5.96 0.00 5.66 0.30 5.73 0.23 5.26 0.70

8 5.92 5.70 0.22 5.91 0.01 5.95 )0.03 6.11 -0.19

9 5.90 5.82 0.08 6.18 )0.28 6.10 )0.20 6.34 )0.44
10 5.89 TSb TSb 6.07 )0.18 5.96 )0.07 5.76 0.13

11 5.85 5.40 0.45 5.43 0.42 5.57 0.28 5.97 )0.12
12 5.75 5.73 0.03 5.52 0.23 5.38 0.38 5.48 0.27

13 5.68 4.97 0.69 4.94 0.75 4.96 0.73 4.96 0.72

14 5.65 4.96 0.69 5.17 0.48 5.05 0.60 4.54 1.11

15 5.52 5.33 0.19 5.68 )0.16 5.39 0.13 5.30 0.22

16 5.49 TSb TSb 5.37 0.12 5.46 0.03 5.41 0.08

17 5.27 5.53 )0.26 5.20 0.07 5.78 )0.51 5.18 0.09

18 5.08 5.30 )0.22 5.25 )0.17 4.86 0.22 5.17 )0.09
19 4.95 4.71 0.24 4.84 0.11 4.89 0.05 4.80 0.15

20 4.91 TSb TSb 5.15 )0.24 5.20 )0.29 5.35 )0.44
21 4.89 5.49 )0.60 5.79 )0.90 5.72 )0.83 5.68 )0.80
22 4.86 4.92 )0.06 4.66 0.20 4.70 0.16 5.10 )0.24
23 4.82 5.18 )0.36 5.09 )0.27 4.93 )0.11 4.73 0.09

24 4.80 3.53 1.27 3.83 0.97 3.74 1.06 3.41 1.39

25 4.60 5.43 )0.83 5.97 )1.37 5.13 )0.53 5.85 )1.25
26 4.52 4.53 )0.01 5.09 )0.57 4.62 )0.10 5.90 )1.38
27 4.49 TSb TSb 5.43 0.94 5.38 )0.89 5.70 )1.21
28 4.48 6.05 )1.57 5.11 )0.63 5.45 )0.97 5.28 )0.80
29 4.43 4.71 )0.28 4.84 )0.41 5.01 )0.58 5.05 )0.62
30 4.29 4.21 0.08 5.39 )1.10 5.21 )0.92 5.06 )0.77
31 4.29 5.24 -0.95 4.57 -0.28 4.43 )0.14 4.62 )0.33
32 4.25 4.56 -0.31 4.39 -0.14 4.48 )0.23 4.12 0.13

33 4.04 4.33 -0.29 4.10 )0.06 4.09 )0.05 5.40 )1.35
34 4.00 3.46 0.54 3.68 0.32 3.48 0.51 3.90 0.10

35 3.71 TSb TSb 2.91 0.80 2.85 0.86 3.77 )0.06
36 3.64 4.45 )0.81 3.97 )0.33 4.24 )0.60 4.25 )0.61
37 3.43 5.23 )1.80 5.14 )1.71 4.83 )1.40 4.43 )1.00
38 3.43 3.29 0.14 3.39 0.04 3.43 0.00 5.03 )1.60
39 3.22 4.97 )1.75 4.10 )0.88 4.52 )1.30 5.66 )1.44
40 2.80 3.64 )0.84 3.43 )0.63 3.33 )0.53 2.88 )0.08
42 2.64 2.34 0.30 2.34 0.30 2.30 0.34 2.09 0.55

46 4.07 4.67 )0.60 4.75 )0.69 4.78 )0.71 4.78 )0.71
47 4.03 3.35 0.68 3.37 0.66 3.48 0.55 2.78 1.25

48 3.84 4.28 )0.44 4.01 )0.17 3.99 )0.15 3.96 )0.12
49 3.88 TSb TSb 4.21 )0.33 4.15 )0.27 4.12 )0.25
50 3.72 6.25 )2.53 3.35 0.37 3.63 0.09 3.84 )0.12
51 3.73 TSb TSb 4.54 )0.81 4.93 )1.21 5.06 )1.33
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structural terms, as the derived models are not
always based on the bioactive conformation of a
particular scaffold. Here, we plotted the various
fields of CoMFA or CoMSIA based models on the
sulfonylurea binding site of yeastAHAS to interpret
the results. These superimpositions are shown in
Figures 7 and 8.

For the CoMFA models, the cross-validated q2

values of Group 2 and Group 3 were much higher
than that for Group 1. Therefore, the Group 2 and
Group 3 analyses were investigated further for
their distributions of steric and electrostatic fields
in space for residues within 5.5 Å of the center of
the ligand. 3D contour maps from both training
sets exhibited strong similarities except for the
steric field (Figures 7a and 7c) near the heterocycle
position. This is not surprising because Group 3
included 10 commercial sulfonylureas with substit-
uents at both meta positions of the heterocycle
while Group 2 only dealt with the monosubstituted

series. For the steric fields, green shows positions
where introducing a bulky group in a sulfonylurea
would be favorable for greater inhibition of
AHAS. In contrast, yellow indicates positions
where decreasing the bulk of the sulfonylurea is
favored. The steric fields indicate that the green
regions are located in the cavities formed by: (a)
Val583, Trp586 and Met582; (b) Ala117, Val191
and Lys251; (c) Ala200, Phe201 and Asp379; and
(d) a fairly vacant space near the methoxy group of
chlorimuron ethyl. The yellow regions are situated
in spaces where bulky conflicts occur (near Val583,
Trp586 and Asp379) and weaken the binding. For
the electrostatic fields (Figure 7b and d), blue
regions indicate areas where positive charges are
favored for increased binding to the enzyme and
red regions indicate spaces where negative charges
are advantageous for the activity of sulfonylureas.
As shown by these electrostatic fields, sulfonylure-
as need contributions from positively charged

Table 3. Continued.

Compounda Experimental pKi
app Group 1 CoMFA Group 2 CoMFA Group 3 CoMFA Group 3 CoMSIA

pKi
app Residual pKi

app Residual pKi
app Residual pKi

app Residual

52 3.57 4.62 )1.05 4.10 )0.53 4.32 )0.75 2.98 0.59

53 3.43 TSb TSb 3.38 0.05 3.48 )0.05 5.67 )2.24
54 3.22 TSb TSb 4.06 )0.84 4.19 )0.97 3.25 )0.03
55 3.05 4.68 )1.63 2.91 0.14 3.70 )0.66 3.59 )0.54
61 4.65 4.99 )0.34 4.94 )0.29 4.87 )0.22 4.45 0.20

62 4.50 3.97 0.53 3.74 0.76 4.03 0.47 3.72 0.78

63 3.74 4.40 )0.66 4.46 )0.72 4.04 )0.30 4.55 )0.81
65 3.70 2.63 1.07 3.13 0.57 2.47 1.23 2.90 0.80

66 3.22 4.67 )1.45 3.83 )0.61 4.17 )0.95 3.98 )0.76
68 3.53 3.45 0.08 1.75 1.78 2.00 1.53 1.57 1.96

69 2.92 TSb TSb 4.00 )1.08 4.62 )1.70 4.81 )1.89
71 7.79 7.77 0.02 7.69 0.10 7.01 0.78

72 8.08 4.19 3.89 5.52 2.56 6.58 1.49

73 7.84 TSb TSb 6.74 1.10 7.12 0.72

74 7.28 6.96 0.32 7.89 )0.61 6.84 0.44

75 8.05 6.93 1.12 6.95 1.10 6.64 1.41

76 7.97 7.03 0.94 7.90 0.07 8.43 )0.46
77 7.00 TSb TSb 6.18 0.82 6.75 0.25

78 7.40 TSb TSb 7.01 0.39 6.32 1.08

79 7.22 5.28 1.94 5.11 2.11 6.98 0.24

80 6.50 5.17 1.33 4.76 1.73 6.08 0.42

aCompounds 71–80 represent bensulfuron methyl, chlorimuron ethyl, chlorsulfuron, ethametsulfuron methyl, ethoxysulfuron, met-
sulfuron methyl, pyrazosufuron ethyl, sulfometuron methyl, thifensulfuron methyl and tribenuron methyl respectively.
bTS = test set compounds. An accurate pKi

app could not be determined for compounds 41, 43, 44, 45, 56, 57, 58, 59, 60, 64 and 67 (see
text). The predicted sum of squares values (R(Yobs – Ypred)

2) for group 1 by CoMFA is 57.42, for group 2 by CoMFA is 25.60, for
group 3 by CoMFA is 45.28 and for group 3 by CoMSIA is 51.93.
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groups to achieve enhanced inhibition in most
areas of the electrostatic field, and only small
portions prefer negative charges. In the binding site
of yeast AHAS, Asp379 has a negative charge, the
side-chains of Lys251 and Arg380 are positive, and
all other amino acids bear no charge. There is no
obvious relationship between the electrostatic fields
and herbicide-binding site for the CoMFA results
shown here. If the structure of Arabidopsis thaliana
AHAS had been available and partial charges were

used for the active site (as suggested by a reviewer)
then a correlation may have been obtained. How-
ever, the two electrostatic maps from Group 2 and
Group 3 share significant similarity and the models
are still useful for novel sulfonylurea design and
interpretation of the 3D-QSAR models.

To understand the enzymatic activities of
sulfonylureas in relation to their hydrophobic
and H-bonding properties, the 3D-QSAR models
from the CoMSIA analysis mentioned above were

Table 4. PLS statistics of 3D-QSAR models for inhibitory activities for sulfonylureas.

PLS statistics CoMFA CoMSIA

Group 1 Group 2 Group 3 Group 3

q2 0.459 0.611 0.673 0.644

Components 7 8 8 8

r2 0.966 0.959 0.974 0.931

S 0.283 0.233 0.248 0.409

F 181.34 145.012 281.559 99.106

Contribution

Steric 0.533 0.600 0.550 0.215

Electrostatics 0.467 0.400 0.450 0.324

Hydrophobic 0.338

H-bond acceptor 0.123

Table 5. Obtained q2 values for the 31 possible combinations of the property fields considered in CoMSIA for group 2 and group 3.

Combination Group 2 Group 3 Combination Group 2 Group 3

q2 n q2 n q2 n q2 n

r 0.458 8 0.586 7 r, q, d 0.384 2 0.585 6

q 0.398 5 0.522 6 r, q, a 0.366 4 0.582 6

l 0.273 5 0.488 6 r, l, d 0.415 3 0.545 5

d 0.275 3 0.093 2 r, l, a 0.322 9 0.595 10

a 0.340 4 0.375 6 r, d, a 0.352 3 0.578 6

r, q 0.417 9 0.614 6 q, l, d 0.415 3 0.460 5

r, l 0.371 9 0.574 5 q, l, a 0.325 7 0.559 6

r, d 0.360 9 0.600 8 q, d, a 0.352 3 0.458 5

r, a 0.346 4 0.545 4 l, d, a 0.429 3 0.417 5

q, l 0.328 7 0.591 7 r, q, l, d 0.405 3 0.563 5

q, d 0.366 2 0.464 6 r, q, l, a 0.348 5 0.644 8

q, a 0.307 6 0.505 4 r, q d, a 0.368 3 0.558 4

l, d 0.414 3 0.297 5 r, l, d, a 0.412 3 0.566 5

l, a 0.322 7 0.440 7 q, l, d, a 0.371 3 0.491 5

d, a 0.306 4 0.334 4 r, q, l, d, a 0.374 4 0.573 5

r, q, l 0.367 9 0.612 8

r, q, l, d, and a represent the steric, electrostatic, hydrophobic, and hydrogen-bond donor and acceptor property fields respectively.
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Figure 6. Predicted versus experimental activities of sulfonylureas. The training sets were: Panel (a), CoMFA analysis for Group 1;
Panel (c), CoMFA analysis for Group 2; Panel (d), CoMFA analysis for Group 3; Panel (e), CoMSIA analysis for Group 3. The
test set of CoMFA analysis for Group 1 is shown in Panel (b). The squared correlation coefficients (r2) for the CoMFA training
sets are 0.966 (Group 1), 0.959 (Group 2), 0.974 (Group 3), while that for the CoMSIA analysis of Group 3 is 0.931. The squared
correlation coefficient for the test set is 0.687 (Panel b), showing the predictive ability of the 3D-QSAR model.
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plotted to represent the contribution by steric,
electrostatic, hydrophobic and H-bond acceptor
fields. Because CoMSIA analysis does not have a
requirement for an energy cutoff to calculate the
fields, the steric and electrostatic fields displayed
using CoMSIA are clearer than the corresponding
CoMFA maps for Group 3. For the steric map
(Figure 8a), the green region segregates into three
parts to fit the cavities formed by: (a) Val583,
Trp586 and Met582; (b) Ala117, Val191 and
Lys251; and (c) the space around the methoxy
group of the heterocycle. The yellow contours are
in regions where steric clashes with Val583, Gly116
and Ala117 might decrease the binding affinity.
The results are in good accordance with those
observed in CoMFA. For the electrostatic field of
CoMSIA (Figure 8b), a better relationship
between the binding site and the electrostatic field
distribution could be observed. Near the nega-
tively charged Asp379, a positively charged group

in a sulfonylurea will increase the inhibition and a
negatively charged substituent near Arg380 is
favorable for tighter binding. The hydrophobic
interactions (Figure 8c) could be explained based
on the hydrophobic force fields for CoMSIA
models. In regions where yellow contours
appeared, introduction of more hydrophobic
groups leads to more potent inhibition of AHAS.
These occurred in spaces near: (a) Trp586, Met582
and Gly116; or (b) near Val191 and Pro192. These
residues have been shown previously [17] to make
hydrophobic contacts with sulfonylureas. The gray
region shows where a less hydrophobic substituent
could give better inhibition, and is in a large
vacant space where no interactions occur. Judging
from the correlation of the hydrophobic field
distribution and the schematic diagram of the
binding site of chlorimuron ethyl–AHAS complex,
the current CoMSIA model seems quite successful
because hydrophobic interactions play a major
role in ligand-enzyme binding. For the H-bond
acceptor field (Figure 8d), the CoMSIA model was
not in unambiguous agreement with the binding
mode of a sulfonylurea to yeast AHAS [7], where
Lys251 and Arg380 are involved as intermolecular
H-bond donors. In the H-bond acceptor fields, the
binding affinity will be increased if an H-bond
acceptor group on the ligand (or an H-bond donor
group on the receptor) is introduced in the
magenta region; however, the inhibition will be
weaker if such a new group is placed in the red
area. The plot of H-bond acceptor field did not
match the binding site well.

From the 3D-QSAR analyses, steric and
hydrophobic fields show significant correlation
with the binding site of yeast AHAS. All the
models highlighted the importance of these factors
for improved potency of sulfonylureas. Electro-
static and H-bond acceptor contributions also play
important roles as structural features of herbicidal
sulfonylureas, despite the fact that these fields did
not fit perfectly with the yeast AHAS binding site.

Herbicidal activity

Over the past decade, we have tested compounds 1
to 69 and many others for herbicidal activity.
However, these experiments have varied in the
protocols, conditions, plant species and so on,
making it more complex to compare the results
directly. Nevertheless, these in vivo tests have

Table 6. Herbicidal activity of monosubstituted sulfonylureas.

Compounda IC50 (M)

SMb 2.81±0.16�10)8

1 4.89±0.50�10)7

2* 5.22±0.29�10)7

3 3.15±0.77�10)7

4* 6.00±1.04�10)7

5* 2.43±0.23�10)5

6 1.33±0.15�10)6

7 2.26±0.35�10)5

8 2.35±0.23�10)6

9 3.12±0.63�10)6

10 4.41±0.85�10)6

11 3.44±0.35�10)6

12 1.04±0.13�10)5

13* 5.54±1.00�10)6

14 1.93±0.23�10)4

15 1.69±0.17�10)5

16 5.68±0.81�10)6

17 1.22±0.30�10)4

18 1.47±0.38�10)4

19* 1.23±0.15�10)4

31* 4.05±0.30�10)5

36* 7.18±0.61�10)4

38* 9.15±4.70�10)4

40* 3.94±0.07�10)4

42* 3.34±0.42�10)4

aCompounds marked with an asterisk belong to the R1 = CO–
OC2H5 series.
bSM = sulfometuron methyl.
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shown that monosulfuron (1) is an effective
herbicide and it is of interest that this compound
is the most potent of the monosubstituted sulfo-
nylureas as an AHAS inhibitor. Based on this
result, we tested under uniform conditions a
selected subset of compounds as herbicides to
determine whether in vitro inhibition of AHAS is a
good predictor of in vivo herbicidal activity. For
these experiments we chose two groups of com-
pounds: those that are the most potent, with an
apparent Ki value of less than 10 lM (Table 2,
compounds 1–18); and the series where R1 is
CO–OC2H5 while R2 is varied (Table 2, com-
pounds 2, 4, 5, 13, 19, 31, 36, 38, 40 and 42). This
latter group covers a very wide range of apparent
Ki values, from less than 0.3 lM (compound 2) to
over 2 mM (compound 42). For comparison, one
of the commercial sulfonylureas (sulfometuron

methyl, Ki
app = 40 nM) was also included in the

former experiment. Representative herbicidal
activity data (compound 13, which is a member
of both series tested) are shown in Figure 9a
yielding an IC50 value of 5.54 lM. While this is
higher than the apparent Ki (2.07 lM), the agree-
ment is quite good bearing in mind the enormous
difference between an experiment on a pure
enzyme and one using growing seedlings.

IC50 values for all compounds tested are shown in
Table 6. There is a strong correlation between the
inhibition of AHAS in vitro and the in vivo herbicidal
activity, as illustrated in Figure 9b (low apparent Ki

series) and Figure 9c (R1 = CO–OC2H5 series).
This correlation demonstrates that herbicidal activ-
ity of these compounds is mainly or solely due to
inhibition of AHAS and that theKi value measured
in vitro is a useful predictor of their effect in vivo.

Figure 7. Contour plots from the final CoMFA analyses mapped on to the binding site of yeast AHAS [7]. Panels (a) and (b):
Group 2 (monosubstituted sulfonylureas) with monosulfuron shown as a reference. Panels (c) and (d): Group 3 (all sulfonylureas)
with chlorimuron ethyl shown as a reference. For the steric field contour maps (Panels a and c), yellow contours (20%) indicate re-
gions where steric bulk decreases biological activity and green contours (80%) indicate regions where steric bulk increases activity.
For the electrostatic field contour maps (Panels b and d), blue (80%) and red (20%) regions indicate where biological activity is
enhanced by positive and negative charge, respectively.
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Conclusions

The development of AHAS inhibitors as practical
herbicides has never proceeded on a rational basis.
Sulfonylureas and another major family of AHAS-
inhibiting herbicides, the imidazolinones [32], were
both shown to be effective in vivo well before their
enzymatic target was identified. Similarly, the
molecular variations that result in useful herbicides
(e.g. Table 1) were discovered by extensive pro-
grams of chemical synthesis rather than from
knowledge of the structure of the herbicide-binding
site. The structural rules developed by Levitt and
coworkers [33] for the sulfonylureas have been
valuable, but they are not immutable laws. This is
clearly exemplified by monosulfuron, which does
not conform to the rule that the heterocyclic ring
must be substituted in bothmeta positions. Despite
this structural variation, monosulfuron is an effec-

tive herbicide (Table 6) and a strong inhibitor of
plant AHAS (Figure 2). Furthermore, monosulfu-
ron has been shown to be an effective herbicide for
weed control in millet in Northern China, while
other disubstituted sulfonylureas are non-selective
herbicides for this crop (unpublished data).

Here we show that monosulfuron is not unique
in this respect and that a variety of other mono-
substituted sulfonylureas will inhibit AHAS
(Table 2). For high potency AHAS inhibition,
the sole heterocyclic substituent should be small
and hydrophobic while the ortho substituent on
the aromatic ring should be small and polar
(Table 2). Compounds with more radical depar-
tures in structure from those of conventional
sulfonylureas are generally ineffective inhibitors
(Figrues 3 and 4). There is a strong correlation
between potency of AHAS inhibition and herbi-
cidal activity (Figure 9).

Figure 8. Contour plots from the final CoMSIA analysis for group 3 mapped on to the binding site of yeast AHAS [7], with chlo-
rimuron ethyl shown as a reference. Panel (a), steric contour map; green contours (80%) indicate regions where steric bulk is fa-
vored for biological activity and yellow contours (20%) indicate regions where steric bulk is disfavored for activity. Panel (b),
electrostatic contour map; positive charge is required in blue (80%) regions and negative charge is required in red (20%) regions to
improve activity. Panel (c), hydrophobic contour map; hydrophobic groups (yellow, 80%) and hydrophilic groups (gray, 20%) will
increase activity. Panel (d), H-bond acceptor contour map; magenta (80%) and red (20%) contours show regions where hydrogen
bond donor groups in the binding site increase and decrease inhibitory activity, respectively.
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3D-QSAR techniques have demonstrated their
abilities to explain the different affinities of 68
herbicidal sulfonylureas for A. thaliana AHAS.
Excellent cross-validated q2 and non-cross-vali-
dated r2 were obtained for both CoMFA and
CoMSIA analyses. The activity of a test set with
15 molecules was estimated fairly accurately from
the analysis (with r2pred of 0.687), indicating that
the alignment of the molecules was valid. For
different training sets, CoMFA and CoMSIA gave
similar correlations of inhibitory data and steric
and electrostatic fields and CoMSIA suggested
steric, electrostatic, hydrophobic and H-bond
acceptor requirements for increased potency of
this class of inhibitors. When superimposing the
resulting 3D contour maps on to the herbicide-
binding site of yeast AHAS, a very good correla-
tion was observed between the surrounding
residues and the shapes of steric and hydrophobic
fields, which again proved the validity of the
models. The final 3D-QSAR plots enhance the
understanding of ligand binding and the necessary
structural features of sulfonylurea herbicides. The
resulting models allow the prediction of inhibition
constants of novel sulfonylureas and provide a
new opportunity for guiding optimization of the
structures to accelerate the discovery of com-
pounds with high biological activity.
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