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Herbicide-binding sites revealed in the structure
of plant acetohydroxyacid synthase
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The sulfonylureas and imidazolinones are potent commercial her-
bicide families. They are among the most popular choices for
farmers worldwide, because they are nontoxic to animals and
highly selective. These herbicides inhibit branched-chain amino
acid biosynthesis in plants by targeting acetohydroxyacid synthase
(AHAS, EC 2.2.1.6). This report describes the 3D structure of
Arabidopsis thaliana AHAS in complex with five sulfonylureas (to
2.5 A resolution) and with the imidazolinone, imazaquin (IQ; 2.8 A).
Neither class of molecule has a structure that mimics the substrates
for the enzyme, but both inhibit by blocking a channel through
which access to the active site is gained. The sulfonylureas ap-
proach within 5 A of the catalytic center, which is the C2 atom of
the cofactor thiamin diphosphate, whereas IQ is at least 7 A from
this atom. Ten of the amino acid residues that bind the sulfonyl-
ureas also bind 1Q. Six additional residues interact only with the
sulfonylureas, whereas there are two residues that bind 1Q but not
the sulfonylureas. Thus, the two classes of inhibitor occupy par-
tially overlapping sites but adopt different modes of binding. The
increasing emergence of resistant weeds due to the appearance of
mutations that interfere with the inhibition of AHAS is now a
worldwide problem. The structures described here provide a ra-
tional molecular basis for understanding these mutations, thus
allowing more sophisticated AHAS inhibitors to be developed.
There is no previously described structure for any plant protein in
complex with a commercial herbicide.
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he sulfonylurea and imidazolinone herbicides are an essen-

tial part of the multibillion-dollar weed-control market.
There are now >30 herbicides from these families registered for
worldwide use. A major advantage of these compounds is that
they are nontoxic to animals, highly selective, and very potent,
thereby allowing low application rates. These herbicides act by
inhibiting acetohydroxyacid synthase [AHAS; also known as
acetolactate synthase; EC 2.2.1.6 (1)], the first common enzyme
in the biosynthetic pathway of the branched-chain amino acids.
The reaction carried out by this enzyme is the synthesis of either
(S)-2-acetolactate from two molecules of pyruvate or (§)-2-
aceto-2-hydroxybutyrate from a molecule each of pyruvate and
2-ketobutyrate.

AHAS belongs to a superfamily of thiamin diphosphate
(ThDP)-dependent enzymes that are capable of catalyzing a
variety of reactions, including both the oxidative and nonoxida-
tive decarboxylation of 2-ketoacids. This cofactor is bound by a
divalent metal ion such as Mg?", which coordinates to the
diphosphate group of ThDP and to two highly conserved
residues (2) in these proteins. AHAS also binds a molecule of
FAD, although this cofactor does not participate in the principal
reactions. To date, most AHAS enzymes that have been char-
acterized have both a catalytic subunit (=65 kDa) and a smaller
regulatory subunit, which varies in size between 9 and 54 kDa,
depending on the species of origin. In plant AHAS, this regu-
latory subunit stimulates activity and confers sensitivity to
inhibition by the branched-chain amino acids (3).
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In 2002, we solved the crystal structure of the catalytic subunit
of Saccharomyces cerevisiae AHAS (ScAHAS) in the absence of
any inhibitor (4). Subsequently, the structure of this enzyme in
complex with five sulfonylurea herbicides was determined (5, 6).
Although ScAHAS is a reasonable model of the plant enzyme,
there are some puzzling differences. For example, the mutation
A122V in Arabidopsis thaliana AHAS (AtAHAS) causes only a
small (4-fold) decrease in the sensitivity to sulfometuron methyl
[SM (7)], whereas the equivalent mutation (A117V) in ScAHAS
(8) decreases sensitivity to this inhibitor by nearly 3,000-fold.
ScAHAS is inhibited by imidazolinones in the millimolar range
(8), whereas micromolar concentrations are sufficient to inhibit
AtAHAS (7). Thus, to advance understanding of the binding of
these herbicides to their natural target in plants, we initiated
studies on the structure of AtAHAS. Moreover, for the rational
design of herbicides, the structure of the plant enzyme in
complex with a herbicide is far more relevant. Earlier, we
reported crystallization of the enzyme in the presence of chlo-
rimuron ethyl [CE (9)]. Here we present the crystal structure of
the catalytic subunit of AfAHAS in complex with CE and four
other sulfonylurea herbicides and with 1Q, a member of the
imidazolinone family.

Results and Discussion

AtAHAS Structure. AtAHAS was crystallized in complex with each
of six herbicides, five sulfonylureas and one imidazolinone. The
AtAHAS tetramer (Fig. 14) consists of four identical subunits
with an overall fold (Fig. 1B) that resembles that of other
ThDP-dependent enzymes such as pyruvate oxidase (10), ben-
zoylformate decarboxylase (11), and ScCAHAS (5). AtAHAS and
ScAHAS have a rms deviation of 1.00 A when 525 Ca atoms are
superimposed. Each subunit consists of three domains, « (res-
idues 86-280), B (281-451), and vy (463-639), plus a C-terminal
tail (646—668) that loops over the active site (Fig. 1B). With the
exception of an additional small two-stranded antiparallel
sheet in the o domain, each domain consists of a six-stranded
parallel B sheet surrounded by six to nine « helices. The fold of
the C-terminal tail closely resembles that of ScAHAS when in
complex with the sulfonylureas (5, 6). It is anticipated that this
region of AtAHAS is disordered in the absence of herbicide, as
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Fig.1. The overall fold of AtAHAS. (A) The tetrameric structure with each monomer colored separately. (B) Asingle subunit. The individual domains « (86-280),
B (281-451), and vy (463-639) are colored gold, red, and blue, respectively. The C-terminal tail (646-668) is colored green. ThDP, Mg2™, FAD, and IQ are shown
as ball-and-stick models and are colored red, dark blue, cyan, and yellow, respectively.

it is for the free structure of SCAHAS (4). However, we have not
been able to crystallize this form of AtAHAS. A prolyl cis
peptide bond is observed between L648 and P649, which also
exists in the ScCAHAS herbicide complexes but not in the free
structure of ScAHAS. This proline is completely conserved
across AHAS from 21 species (1), suggesting a critical function
for this residue, perhaps as a pivot point where the C-terminal
tail changes from a disordered region in the free structure to one
that is ordered during the catalytic cycle. Associated with each
subunit is FAD, Mg-ThDP, 2-(N-cyclohexylamino)ethanesul-
fonic acid (CHES) from the crystallization buffer, >200 water
molecules, and either one molecule of the appropriate sulfonyl-
urea (Fig. 24 and B) or two of IQ (Fig. 2 C and D). The electron
density is complete for most of the polypeptide, all of the
sulfonylureas, one of the IQ molecules, and all of the cofactors,
except for the thiazolium and/or pyrimidine rings of ThDP in the
sulfonylurea complexes, suggesting that this class of herbicide
can directly perturb the stability of ThDP when both are bound
to AHAS.

The reason for the presence of FAD in AHAS has been
controversial, but it is thought to be an evolutionary remnant from

Fig. 2.  Structures of sulfonylureas and 1Q and electron densities for CE and
1Q. (A) The chemical structure for the sulfonylureas. Ry is CO-OC;Hs for CE, Cl
for CS, and CO-OCH3 for SM, MM, and TB. R; is OCH3 for CE, MM, CS, and
TB or CH3 for SM. R3 is CH3 for MM, SM, TB, and CS or Cl for CE. X is N for CS,
MM, TB, or CH for SM and CE. Y is H for CE, CS, SM, and MM or CHs for TB.
(B) 2F, — Fc electron density for CE. (C) The chemical structure of (R)-1Q. (D)
2F, — Fcelectron density for (R)-1Q bound within the active site access channel.
Carbon is green; nitrogen, blue; sulfur, yellow; oxygen, red; and chlorine is
orange.
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a common ancestor of AHAS and pyruvate oxidase (12). The
position and conformation of FAD are similar in the two enzymes
(6), and the isoalloxazine ring has a bend across the N5-N10 axis
that is indistinguishable from that in pyruvate oxidase. Moreover,
it has been shown that the FAD can act as an electron acceptor in
a slow side reaction catalyzed by AHAS (13).

Sulfonylurea and Imidazolinone Binding to AtAHAS. We have shown
how sulfonylureas bind to and inhibit SCAHAS (5-7). In binding
to plant AHAS, they adopt a similar structure, with a bend at the
sulfonyl group that positions the two rings almost orthogonal to
each other. The sulfonyl group and the adjacent aromatic ring
are situated at the entrance to a channel leading to the active site
with the rest of the molecule inserting into the channel (Fig. 34).
A significant difference between sulfonylurea-bound AtAHAS
and ScAHAS structures is that residues 652-660 are 3 A closer
to the herbicide in the plant enzyme, giving rise to the additional
herbicide contact, S653.

The structure of SCAHAS with a bound imidazolinone her-
bicide has not been determined. Moreover, the inhibition con-
stant for the yeast enzyme is several-hundred-fold higher than
that of plant AHAS. This difference may be due to the posi-
tioning of S653 mentioned above, because it is known that
mutation of this residue in plant AHAS decreases imidazolinone
sensitivity substantially (7). This emphasizes the importance of
the structure of the AtAHAS-IQ complex reported here, and
that there are significant differences in the active sites of the
enzyme in these two species. In this complex, there are two
herbicide molecules bound to each subunit. One of these is
within the channgl leading to the active site, whereas a second
is located ~20 A from the active site, in a pocket that also
contains the CHES molecule. The presence of this second 1Q
molecule is attributed to the high concentration of herbicide
used for crystallization. IQ both activates and inhibits imidazo-
linone-resistant mutants of ScCAHAS, thus implying the exis-
tence of two binding sites (8). The IQ molecule in the channel
leading to the active site is situated so that the dihydroimida-
zolone ring is directed toward the C2 center of ThDP, whereas
the quinoline ring protrudes out toward the surface of the
protein (Fig. 3B). IQ forms extensive noncovalent interactions
across 12 amino acids, including a salt bridge between the side
chain of R377 and the carboxylate group of IQ. The numerous
contacts between AtAHAS and the isopropyl and methyl groups
are important for anchoring the herbicide to the protein and help
to explain why these substituents are required for good herbi-
cidal activity (14, 15). Racemic IQ was used for crystallization,
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Fig.3. Connolly surface and herbicide blocking of the active site channel of AtAHAS. (A) CE. (B) IQ. Both herbicides are shown as stick models. The color scheme
forthe herbicide atomsis as described in Fig. 2. The residues that line the channel are depicted as a gray surface. ' indicates residues from the neighboring subunit.

but it is the (R) enantiomer, a 10-fold more effective herbicide
than the (§) isomer (14, 15), which is bound to AtAHAS (Fig. 2
C and D). If the (§) isomer is positioned in the active-site
channel, three unfavorable contacts form between the isopropyl
substituent of 1Q and R377, W574, and G121. Thus, to accom-
modate (S)-1Q, each of these residues would have to move,
although binding is feasible.

The Kigapp) for IQ with AZAHAS is 3.0 uM, whereas the Kicpp)
values for the sulfonylureas with AtAHAS range from 10.8 nM
(CE) to 253 nM [tribenuron methyl (TB)] (7). This difference in
affinity is reflected in the structure in two ways. First, there are
28 van der Waals contacts and only one hydrogen bond between
1Q and the enzyme, whereas for the sulfonylureas, there are at
least 50 van der Waals contacts and six hydrogen bonds. Second,

the sulfonylureas are buried deeper into the active site ~2 A

closer to the C2 center of ThDP than I1Q. The overall orientation

A D376 R377

M200'
c W574

R199'

B D376
—— h %Rm

W574
R199'

and differing chemical structures of the herbicides put IQ ~6 A
closer to the surface of the protein than any of the sulfonylureas.

We had expected that the binding sites for the sulfonylureas and
1Q would overlap and had anticipated that either the dihydroimi-
dazolone or the quinoline ring would superimpose on either the
aromatic or heterocyclic ring of the sulfonylureas. Although it is
observed that the two sites overlap with the dihydroimidazolone
ring and part of the quinoline ring of IQ sharing part of the
sulfonylurea binding site, no pair of rings coincide. Furthermore,
despite these differing orientations, of the 12 residues involved in
securing 1Q to the enzyme, G654 and R199 are the only two
residues that do not make contact with the sulfonylureas. There-
fore, it is impossible that both herbicides could bind to AtAHAS
simultaneously in their preferred orientations.

The positions of several key residues move to accommodate
either CE or IQ (Fig. 4). R199, at the entrance to the active-site

D376 R377
M200'
W574
R199'
D376
M200' s
W574
R199'

Fig.4. Stereoview of the conformational adjustments in the AtAHAS herbicide-binding sites. (A) IQ. (B) CE. Herbicide carbon atoms are colored green. AtAHAS
carbon atoms are colored gray, whereas the color scheme for noncarbon atoms is as described in Fig. 2. " indicates that these residues are from the neighboring

subunit.
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Table 1. Data collection and refinement statistics for the AtAHAS herbicide complexes

CE

MM

cs

SM

TB

1Q

Crystal parameters
Unit cell length, A, a=b, ¢
Space group
Crystal dimensions, mm
Diffraction data*
Temperature, K
Resolution range, A
Observations [/>0(/)]
Unique reflections [/>0(/)]

178.52, 184.78
P6422
0.35 X 0.35 X 0.3

100
50-2.5
492,411 (25,429)
59,390 (5,770)

178.23, 185.25
P6422
0.3 X0.3X0.2

100
50-2.7
170,699 (18,987)
45,178 (4,506)

178.52, 185.68
P6422
0.3X0.3X0.3

100
50-2.7
320,581 (31,026)
48,379 (4,700)

178.44, 185.24
P6422
0.3X0.3X0.2

100
50-2.7
284,055 (27,517)
45,961 (4,484)

179.06, 186.15
P6422
0.3 X0.3X0.2

100
50-2.9
168,939 (11,584)
35,505 (3,276)

179.08, 186.08
P6422
0.3 X0.2X0.2

100
50-2.8
227,297 (7,150)
40,076 (2,424)

Completeness, % 98.9 (97.2) 93.8 (95.5) 99.5 (98.3) 95.4 (94.9) 90.7 (85.5) 90.8 (56.0)
Rsym® 0.056 (0.297) 0.099 (0.239) 0.076 (0.207) 0.099 (0.254) 0.095 (0.237) 0.060 (0.286)
I/l 24.3 (4.1) 7.3(3.1) 12.0 (5.7) 7.2 (3.0) 8.4 (3.2) 23.0 (3.3)
Refinement statistic
Resolution limits, A 50.0-2.5 50.0-2.7 50.0-2.7 50.0-2.7 50.0-2.9 50.0-2.8
Riactor 0.1920 0.1928 0.1766 0.1767 0.1868 0.1987
Rfree 0.2226 0.2235 0.2011 0.2032 0.2250 0.2157
rmsd bond lengths, A 0.0060 0.0063 0.0059 0.0061 0.0064 0.0065
rmsd bond angles, ° 1.255 1.251 1.250 1.249 1.279 1.187
Ramachandran plot, %
Most favored 90.4 90.2 89.6 88.4 86.9 86.9
Additionally allowed 9.2 9.4 10.0 11.0 124 12.7
Generously allowed 0.4 0.4 0.4 0.6 0.6 0.4
Disallowed 0 0 0 0 0 0

rmsd, rms deviation.

*Values in parentheses are for the outer-resolution shells: 2.5-2.6 A for CE; 2.7-2.8 A for MM, CS, and SM; 2.9-3.0 A for TB; and 2.8-2.9 A for 1Q.
TReym = S|I—(D|/=(I), where I is the intensity of an individual measurement of each reflection, and / is the mean intensity of that reflection.

channel, has a different conformation, and the side chains of
M200 and W574 are also in different orientations, so that both
are closer to IQ. Although the same conformation of M200
would allow for either CE or IQ binding, the orientation of W574
must change. In addition, due to repulsive forces between the
carboxylate group of IQ and the side chain of D376, this residue
is forced into a different conformation, so that the salt bridge
with R377, which exists for the sulfonylurea complexes, cannot
be made. In an accompanying change, R377 rotates back and
away from D376 to establish an ionic interaction with IQ.

Herbicide Resistance. Only a few years after the introduction of
sulfonylureas and imidazolinones to the herbicide market, re-
sistant weeds began to emerge. Since that time, there has been
an explosion in the appearance of resistant plants, most com-
monly due to single point mutations resulting in amino acid
substitutions for A122, P197, W574, or S653 [using the A.
thaliana numbering favored by Tranel and Wright (16)]. The 3D
structure of AtAHAS allows us to explain how these amino acid
substitutions result in resistance to one or both classes of
herbicide. The most comprehensively characterized mutations
are those of W574, which result in tolerance to both classes of
herbicide in several plants (1, 16, 17). Not only is this residue
important for defining the shape of the active-site channel, but
it also serves to anchor both classes of herbicide to the enzyme.
Consequently, the commonly observed mutation of this residue
to leucine changes the shape of the herbicide binding site and
results in the loss of several interactions.

Eight different amino acid substitutions for P197 are known to
confer herbicide resistance (1, 16). Whereas only one of these,
P197L, has been implicated in strong resistance to imidazolinones
(18), all known mutations of this residue impart resistance to
sulfonylureas. P197 is observed at one end of an a-helix at the
entrance to the active-site access channel. Although this residue
always contacts the aromatic ring of the sulfonylureas, it does not
interact directly with 1Q, which lies more toward the middle of the

572 | www.pnas.org/cgi/doi/10.1073/pnas.0508701103

opening. For this reason, it is likely that only bulky amino acid
substitutions for P197 will impede the entry of imidazolinones,
whereas almost any substitution will prevent sulfonylurea access.

Both S653N (19, 20) and A122T (17) confer strong resistance
to the imidazolinones but not to the sulfonylureas. A122 makes
important hydrophobic contacts to the isopropyl, and methyl
substituents of the dihydroimidazolone ring and mutation to a
larger polar residue, such as threonine, would tend to dislodge
the herbicide from its site. Because A122 interacts only with the
large ethyl ester substituent of CE, but not other sulfonylureas,
it is plausible that the slightly larger threonine could be accom-
modated without seriously compromising sulfonylurea binding.
Substitution of S653 with asparagine would not displace the
sulfonylureas, provided the side chain is oriented correctly. In
contrast, replacement of S653 with almost any other larger
residue would impair imidazolinone binding, because it would
obstruct the space where the aromatic ring is situated.

It has been suggested (21) that the herbicide-binding site in
AHAS may have originated from the binding site for the quinone
substrate of pyruvate oxidase. This idea is consistent with the
finding that the residues equivalent to R377 and W574 in
Escherichia coli AHAS interact with the carboxylate and alkyl
side chains, respectively, of the second substrate of AHAS (22).
Further, almost all of the residues at herbicide-resistance mu-
tation sites are highly conserved across species, suggesting they
may play a role in the normal function of the enzyme. Conflicting
with this proposal is the finding that the activity of most
herbicide-resistant mutants is similar to that of the wild type (7,
8). However, it should be understood that the selection condi-
tions under which these mutations arise make it probable that
mutants with low or no activity will not be isolated. Thus R377
mutations have never been found in herbicide-resistant organ-
isms, because such mutants have little or no activity (22, 23).

Conclusion

To date, most crystal structures of herbicides in complex with
their protein target are of microbial origin. The only crystal

McCourt et al.



Lo L

P

1\

BN AS PN AN D

structures of herbicides in complex with their plant protein
target are of experimental herbicides that are not used com-
mercially; DAS 869 and DAS 645 (Dow AgroSciences; PDB ID
codes 1TFZ and 1TGS5) bound to 4-hydroxyphenylpyruvate
dioxygenase from A. thaliana (24), and IpOHA (PDB ID code
1YVE) bound to Spinacia oleracea ketol acid reductoisomerase
(25). This study reports structural data at atomic resolution for
two common classes of commercial herbicides in complex with
their actual target protein. Both the sulfonylureas and imidazo-
linones, which have partially overlapping binding sites, inhibit
the enzyme by binding within and obstructing the channel
leading to the active site. These structures now enable us to offer
explanations as to how mutant weeds/plants have developed
herbicide resistance and will aid in the design of future
herbicides.

Materials and Methods

Crystal Structure Determination. The catalytic subunit of recom-
binant AtAHAS was expressed, purified, and crystallized in the
presence of herbicides, as described (9). X-ray data (Table 1)
were collected from cryoprotected crystals (30% vol/vol eth-
ylene glycol) at 100 K on Beam-Line 14BMD at the Advanced
Photon Source, Argonne National Laboratory, Chicago. The
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