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Abstract

Plants and microorganisms synthesize valine, leucine and isoleucine via a common pathway in which the first reaction is catalysed by ace-
tohydroxyacid synthase (AHAS, EC 2.2.1.6). This enzyme is of substantial importance because it is the target of several herbicides, including all
members of the popular sulfonylurea and imidazolinone families. However, the emergence of resistant weeds due to mutations that interfere with
the inhibition of AHAS is now a worldwide problem. Here we summarize recent ideas on the way in which these herbicides inhibit the enzyme,
based on the 3D structure of Arabidopsis thaliana AHAS. This structure also reveals important clues for understanding how various mutations

can lead to herbicide resistance.
© 2007 Elsevier Masson SAS. All rights reserved.
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1. Branched-chain amino acid synthesis

Most plants synthesise all of their organic constituents from
CO,. Therefore they must contain a full complement of bio-
synthetic pathways and their component enzymes. Microor-
ganisms may use pre-existing compounds from their
environment, such as simple sugars and organic acids, as the
starting point for biosynthesis but they still must perform
a large variety of biochemical transformations. In contrast, an-
imals have complex dietary requirements due to their inability
to make various fats, amino acids, vitamins and so on. The
branched-chain amino acids are an example.

Abbreviations: AHAS, acetohydroxyacid synthase; AHB, 2-aceto-2-hy-
droxybutyrate; AL, 2-acetolactate; ALS, acetolactate synthase; CE, chlori-
muron ethyl; CoA, coenzyme A; CS, chlorsulfuron; FAD, flavin adenine
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Valine, leucine and isoleucine are essential in the diet of an-
imals while plants and microorganisms synthesise the carbon
skeletons of these amino acids from pyruvate alone (valine
synthesis), pyruvate plus acetyl-CoA (leucine) or pyruvate
plus 2-ketobutyrate (isoleucine). This metabolic pathway is il-
lustrated in Fig. 1A. The first step in this process, in which ei-
ther 2-acetolactate (AL) or 2-aceto-2-hydroxybutyrate (AHB)
is formed, is catalysed by acetohydroxyacid synthase (AHAS,
EC 2.2.1.6). In the older literature AHAS is often called ace-
tolactate synthase but this name is not preferred because it ig-
nores the role of the enzyme in AHB synthesis. The name
acetolactate synthase (ALS) should be reserved for a different
enzyme that produces AL only, such as that found in Klebsi-
ella pneumoniae [49]. Plant biochemists have been rather
slow to adopt this modern and more correct nomenclature.

AHAS activity is not present in animals but it has been de-
tected in all plants where measurements have been attempted.
In microorganisms, an open reading frame consistent with
AHAS has been identified in most of the large number of ge-
nomes that have been sequenced. The best characterised
AHASSs are the three isoenzymes found in Escherichia coli.
In this article we focus on the three-dimensional structure of
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Fig. 1. Reactions of branched-chain amino acid biosynthesis. (A) Isoleucine is
formed in four enzyme-catalysed steps, starting with 2-ketobutyrate and pyru-
vate. Valine is formed by a parallel pathway with a second molecule of pyru-
vate replacing 2-ketobutyrate. Leucine is formed by a four-step extension of
the valine pathway, with the first reaction combining 2-ketoisovalerate with
acetyl-CoA. (B) In the reactions catalysed by AHAS, enzyme-bound ThDP re-
acts with pyruvate, releasing CO, and forming an acetaldehyde moiety as en-
zyme-bound hydroxyethyl-ThDP. This resonating enamine/a-carbanion
intermediate then reacts with 2-ketobutyrate (upper panel) or pyruvate (lower
panel) to form AHB or AL, respectively.

the enzyme with particular emphasis on the recently published
structure of the catalytic subunit of AHAS from Arabidopsis
thaliana [41]. To put the importance of the structure in per-
spective, we first give a brief overview of the properties of
AHAS. The reader is referred to two recent reviews [7,38]
for more extensive accounts of the occurrence, role, properties,
structure and catalytic mechanism of AHAS.

2. Properties of AHAS
2.1. Reactions and mechanism of AHAS

As indicated in Fig. 1A, AHAS catalyses two very similar
reactions and these are shown in more detail in Fig. 1B. In the

branch of the pathway leading to isoleucine, a molecule of py-
ruvate undergoes decarboxylation to yield an enzyme-bound
acetaldehyde moiety that reacts with 2-ketobutyrate yielding
AHB. In the branch leading to valine and leucine, 2-ketobuty-
rate is replaced by pyruvate, forming AL. The first stage in
each case is reminiscent of the reactions catalysed by a large
family of enzymes where there is cleavage of a carbon—carbon
bond adjacent to a carbonyl group [10]. This family of enzymes
all require thiamine diphosphate (ThDP) as an essential cofac-
tor, and AHAS is no exception. ThDP reacts with pyruvate, re-
leasing CO, and forming enzyme-bound hydroxyethyl-ThDP
as a resonating enamine/a-carbanion intermediate. This then
reacts with the 2-ketoacid acceptor (2-ketobutyrate or pyruvate)
to form the corresponding acetohydroxyacid (AHB or AL). It
will be evident that 2-ketobutyrate and pyruvate compete for
the intermediate and it is observed for most forms of AHAS
that there is a marked preference for the former. This preference
neatly compensates for the fact that intracellular concentrations
are markedly in favour of pyruvate, resulting in similar fluxes
down the two branches of the pathway.

Like all members of this ThDP-dependent family of en-
zymes, ThDP is anchored in the active site by a divalent metal
ion cofactor such as Mg®". Unlike most other members of the
family, AHAS requires flavin adenine dinucleotide (FAD) as
a third cofactor. Until recently, the function of FAD was puz-
zling because the reaction catalysed involves no oxidation or
reduction. It is now clear that the presence of FAD in AHAS
is an evolutionary relic of the ancestry of its sub-family of
ThDP-dependent enzymes [10].

2.2. Feedback inhibition of AHAS

AHAS catalyses the first step leading to all three branched-
chain amino acids. As might be anticipated, it is regulated by
these end products. For bacterial and fungal AHAS this regu-
lation is mediated mainly, and usually solely, through valine
inhibition. The plant enzyme is inhibited by each of the
branched-chain amino acids with similar potency but leucine
acts synergistically with either valine or isoleucine. For exam-
ple, A. thaliana AHAS has inhibition constants for leucine and
valine of 336 and 231 uM, respectively, but a K; of 12.3 uM
for an equimolar mixture of the two [34].

2.3. AHAS subunits

The enzyme is composed of two types of subunit. One of
them contains ThDP, is usually active alone and is designated
the catalytic subunit. It has a molecular mass in the 59—
66 kDa range although in eukaryotes it is synthesised as
a larger precursor protein. An N-terminal peptide, which is
subsequently removed, is required to direct the protein to mi-
tochondria in fungi and to chloroplasts in plants. The second
subunit possesses no AHAS activity but greatly stimulates
the activity of the catalytic subunit. This second subunit is nec-
essary for AHAS to be inhibited by branched-chain amino
acids and is therefore designated as the regulatory subunit.
The molecular mass of this regulatory subunit varies greatly
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across species. In bacteria it is usually quite small and gener-
ally ranges between 10 and 20 kDa. In eukaryotes it is larger;
34 kDa in yeast [46] and over 50 kDa in plants [22,34]. It is
also synthesised as a larger precursor protein with an N-termi-
nal organelle-targeting peptide. The catalytic and regulatory
subunits were formerly called the large and small subunits,
respectively. This was before the discovery of the eukaryotic
versions of the regulatory subunit, which approach the size
of the catalytic subunit. This older usage should therefore be
discouraged.

The structures of the catalytic subunit from yeast [40,48,51]
and A. thaliana [41] have been determined. Discussion of
these is deferred until Section 3. The first regulatory subunit
structure to be published [26] (PDB code 2F1F) was for one
of the three isoenzymes (AHASIII) found in E. coli. The pro-
tein is a dimer (Fig. 2), with each 18.1 kDa monomer contain-
ing two PBoaPPaf ferredoxin-like domains of similar size.
Confirming an earlier prediction [42], the two 76-residue N-
terminal domains (Fig. 2, foreground) assemble to form
a structure similar to the regulatory domain of 3-phosphoglyc-
erate dehydrogenase. Based on the effect of mutations in
weakening feedback inhibition, the location of the valine-
binding sites was proposed to be in the interface between
this pair of domains (Fig. 2, arrows). Very recently the crystal
structures of two orthologues of this regulatory subunit, one
from Thermotoga maritima and the other from Nitrosomonas
europa, have been reported [53]. These two proteins both
have a very similar overall fold to that of the regulatory sub-
unit of E. coli AHASIII and all three proteins contain a bound
divalent metal ion (Mg®" or Ca*"). However, the position of
this metal ion differs in the E. coli protein and it is unclear

Fig. 2. Structure of the regulatory subunit of E. coli AHAS isoenzyme III. The
protein is a dimer of two identical 18.1 kDa monomers (shown in red and
green) with each containing two domains of similar size. The proposed loca-
tions of the valine-binding sites (arrows) are at the interface between the pair
of N-terminal domains (foreground).

whether these binding sites are of any physiological relevance.
These structures offer few clues about where the subunit inter-
faces with the catalytic subunit, how association activates the
enzyme, or how valine binding to the regulatory subunit in-
hibits AHAS activity.

All AHAS regulatory subunit amino acid sequences contain
a homologue of the N-terminal domain and most also contain
a homologue of the C-terminal domain. In addition to this
common core of approximately 140 residues, the protein
from yeast and other fungi is larger due to an insert of 38—
55 residues. This insert has been shown [35] to be responsible
for a unique property of fungal AHAS: the inhibition by valine
is reversed by MgATP [47]. The plant AHAS regulatory
subunit is larger still, because it contains two copies of the
140-residue core. Bearing in mind the synergistic inhibition
between leucine and valine/isoleucine, this structure invites
the speculation that the duplicate regions provide two separate
regulatory sites, one for leucine and one for valine/isoleucine.
Reconstitution studies of the A. thaliana AHAS catalytic
subunit with the two separate repeats of its regulatory subunit
support this proposal [34].

2.4. Herbicidal AHAS inhibitors

Major interest in AHAS developed when the sulfonylurea
herbicides were discovered [36]. At the time, their mode of ac-
tion was unknown and it was not until 1984 that it was shown
that these compounds inhibit bacterial [29] and plant [4,55]
AHAS. Simultaneously and independently, the imidazolinone
herbicides were also found to be AHAS inhibitors [59]. The
discovery that AHAS is the target also helped to explain
why these herbicides have very low toxicity in animals: the
enzyme is absent from animals so toxicity could only arise
if there were unrelated processes affected by these compounds.
Knowing that AHAS inhibitors are effective and safe
herbicides has led to the development of several other chemi-
cally-distinct compounds such as the sulfonylaminocarbonyl-
triazolinones, the triazolopyrimidines and the pyrimidyl(oxy/
thio)benzoates (see [38], for structures) that have been used
commercially. Structures of two examples of sulfonylurea
(chlorimuron ethyl (CE) and metsulfuron methyl (MM)) and
imidazolinone (imazapyr (IP) and imazaquin (IQ)) herbicides
are shown in Fig. 3.

The typical sulfonylureas have a central bridge with an or-
tho-substituted aromatic ring attached to the sulfur atom and
a heterocyclic ring, disubstituted in both meta positions, at-
tached to the distal nitrogen atom of the sulfonylurea bridge.
This heterocycle can be a pyrimidine (as in CE) or a triazine
(MM). Modifications to the sulfonylurea bridge greatly dimin-
ish herbicidal activity and the potency of AHAS inhibition
[68]. The imidazolinones all have a methyl and an isopropyl
substituent on the dihydroimidazolinone ring, generating an
asymmetric centre. The two isomers differ by about 10-fold
in their activity [63]. The other substituent is an aromatic,
and usually heterocyclic, ring with a carboxylate in the ortho
position.
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Fig. 3. Structures of typical sulfonylurea and imidazolinone herbicides. Chlorimuron ethyl and metsulfuron methyl are sulfonylureas while imazapyr and imaza-

quin are imidazolinones.

The inhibition of AHAS by both sulfonylureas and imida-
zolinones is complex. An important contributor to this com-
plexity is that the inhibition is time-dependent. There is an
initial weak inhibition over the first few minutes that becomes
progressively stronger with time. The usual assay for AHAS
activity [62] involves incubation for a set period of time in
the range 10 min to 2 h, followed by a colorimetric measure-
ment of total product formation over this period. Therefore,
the calculated activity is an average of the changing activity
over the period of the assay. As a result, many of the published
inhibition constants, including some of our own measure-
ments, must be regarded as approximations only. The descrip-
tion of the initial inhibition as “weak’ needs to be qualified;
for the A. thaliana enzyme, where the initial inhibition has
been measured accurately [6] using a continuous assay [58],
the K; is 3 uM for IQ and 11 nM for CE. As a rule of thumb,
sulfonylureas are approximately 100-times more potent as
AHAS inhibitors than the imidazolinones. Curiously, the rec-
ommended field application rates of the two classes are similar
(e.g. ~50 g/hectare for both CE and 1Q). Although herbicidal
activity depends ultimately upon inhibition of AHAS, the dif-
ferences between the in vivo and in vitro potencies of these
compounds are undoubtedly due to a combination of physical
barriers between the site of application and the intracellular
target, degradation and detoxification by the plant, and stabil-
ity in the soil.

For in vitro studies, the very low K; values for the sulfonyl-
ureas may be comparable to the enzyme concentration used in
the assay, meaning that tight-binding effects will occur. In
tight-binding inhibition, the free concentration of the inhibitor
is diminished by binding to the enzyme and this complication
is often not taken into account when calculating K; values. For-
tunately the colorimetric assay is extremely sensitive so that
very low enzyme concentrations can be employed, where
tight-binding effects will be of minor importance. For the

much less sensitive continuous assay, tight-binding inhibition
may dominate.

The reversibility of the inhibition is unclear and the results
obtained by various workers depend on the conditions used
when incubating the enzyme with the herbicide, the source
of the enzyme, the nature of the herbicide, and the method
used in attempts to regenerate activity. Our interpretation of
the variety of results obtained is that binding of the herbicide
induces progressive damage to the ThDP cofactor, particularly
when catalysis is taking place. This neatly explains why the
inhibition is time-dependent. Activity will be regenerated, at
least partially, if conditions allow replacement of the damaged
cofactor with fresh ThDP. Damage to ThDP in AHAS, even in
the absence of herbicides, has been demonstrated directly [39]
and this damage occurs more rapidly during turnover.

The inhibition by these herbicides is noncompetitive or un-
competitive with pyruvate [5]. Measuring the inhibition at
a single substrate only, as is usually the case, will yield an ap-
parent inhibition constant that depends on the pyruvate con-
centration and its K, Therefore, comparisons between
measurements in different laboratories may not be reliable.
Even when experimental conditions are identical, comparing
the K; for AHAS from different sources, or between wild-
type and mutants from a single species, may not be strictly
valid if the K, value of the compared enzymes differs. The
fact that the inhibition is not competitive has been interpreted
[29] to mean that these herbicides bind preferentially (though
perhaps not exclusively) to the enzyme-bound hydroxyethyl-
ThDP intermediate.

The sulfonylurea and imidazolinone herbicides were devel-
oped without realising that they were targeting AHAS, let
alone with any knowledge of the molecular architecture of
their binding site on the enzyme. From their structures alone,
it would have been impossible to predict that they would be
powerful inhibitors of AHAS. Once their target was identified,
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speculations arose as to how they inhibit the enzyme. There is
no similarity between these herbicides and the substrate or
product, so binding to the active site appeared to be unlikely.
Moreover, there are superficial similarities only between sulfo-
nylureas and imidazolinones and any shared structural ele-
ments are also found in a vast range of compounds that do
not inhibit AHAS, suggesting that they may act at independent
sites. The identification of AHAS variants that are insensitive
to one or both families (see Section 4.2) led to the idea that
they bind to different, but overlapping, sites.

Little progress was made in understanding the structure of
the herbicide-binding site(s) because crystallisation of the en-
zyme remained elusive. Various models have been constructed
based on homology with the related enzyme pyruvate oxidase
[11,23,24,45] but these models have proved to be of limited
value because the predicted location of the herbicide-binding
site and the orientation of the herbicide was highly speculative
at the time.

We decided to address this problem and in 2002 we solved
the crystal structure of yeast AHAS [48]. Later we determined
this structure with several bound sulfonylureas [40,51] allow-
ing for the first time visualisation of the precise location of the
site where these herbicides bind. More recently, we solved the
crystal structure of A. thaliana AHAS with several sul-
fonylureas and with one of the imidazolinones [41]. These
structures now allow us to see precisely the nature and differ-
ences between sulfonylurea- and imidazolinone-binding sites.
In Sections 3 and 4, these structures are described. Later we
describe how these structures have allowed us to understand
how AHAS mutations give rise to herbicide resistance.

3. X-ray structures of AHAS

The first crystal structure determined for an AHAS from
any source was that of the catalytic subunit from the yeast,
Saccharomyces cerevisiae [48]. In view of the fact that the en-
zyme is an established target for herbicides, it may seem odd
that this non-plant AHAS was chosen for crystal structure de-
termination. The explanation is that crystallization trials of the
A. thaliana protein were undertaken initially but these proved
to be unsuccessful. In these experiments the plasmid con-
structs encoded the mature protein only, which was obtained
in relatively small yields after purification. However, initial
crystallization trials of the catalytic subunit of S. cerevisiae
AHAS were undertaken using a construct that encoded the
mature protein with a hexahistidine tag at the N-terminal
end [50]. This allowed large quantities of this enzyme to be
purified quickly and facilitated crystallization. Subsequently,
a version of the plant AHAS incorporating a hexahistidine
tag (at the C-terminus) was constructed and crystallization
of this enzyme became possible [52].

The crystal structure of the catalytic subunit of yeast AHAS
(PDB code 1JSC) was determined to 2.6 A resolution [48]. It
revealed the overall fold of the enzyme and the location of the
three cofactors, ThDP, Mg2+ and FAD within the active site.
To date, this structure remains as the only AHAS from any
source that has been crystallized successfully as the

herbicide-free enzyme. This initial study was followed up by
structures of this subunit in complex with the sulfonylurea her-
bicide, CE [51] (INOH) and then by structures of this enzyme
in complex with four other sulfonylureas [40]: MM (1T9D),
chlorsulfuron (CS, 1T9B), sulfometuron methyl (SM, 1T9C)
and tribenuron methyl (TB, 1T9A). The resolution of the
diffraction data for these herbicidle—AHAS complexes varies
between 2.2 A for the CS-bound structure to 2.8 A for the
CE-bound structure. Despite numerous attempts our group,
and possibly others, has failed to obtain high resolution dif-
fraction data for any member of the imidazolinone family of
herbicides in complex with the yeast enzyme. The best data
that could be measured for any such complex was to 3.8 A res-
olution, which is not sufficient to resolve the location of this
herbicide, or even reveal whether the imidazolinone is actually
present in the crystal.

More recently, the crystal structure of the catalytic subunit
of A. thaliana AHAS was determined in complex with CE
(1YBH), CS (1YHZ), MM (1YHY), SM (1YI0), TB (1YIl)
and with IQ (1Z8N), the first structure with a member of the
imidazolinone family [41]. Diffraction data for these struc-
tures were in the 2.5—2.9 A range. Attempts to crystallize
this plant enzyme in complex with the regulatory subunit or
in the absence of an herbicide have met with no success.
Thus, for A. thaliana AHAS, comparisons between the binding
mode of the imidazolinone and sulfonylurea herbicide families
can be made (see later) but no comparative analysis of herbi-
cide-free and herbicide-bound enzyme can be conducted.

3.1. Overall structure of the catalytic subunit
of plant AHAS

A. thaliana AHAS in the presence of any of the sulfonyl-
urea herbicides or IQ crystallizes as a tetramer (Fig. 4A)
with a overall subunit arrangement similar to that observed
for other ThDP-dependent enzymes including pyruvate oxi-
dase [43], pyruvate decarboxylase [14], benzoylformate decar-
boxylase [17] and ALS [49]. Finding this tetramer is
somewhat surprising because in gel filtration studies, A. thali-
ana AHAS elutes at a molecular mass of ~ 110 kDa showing
that in solution the catalytic subunit exists as a dimer [5].
However, when the complex between the regulatory and cata-
Iytic subunits of the enzyme is formed it has an apparent mass
of ~500 kDa suggesting that there are four regulatory and
four catalytic subunits in the assembly [34]. It appears that
the AHAS catalytic subunit tetramer is favoured at the high
concentrations of the protein needed for crystallization, or as
a consequence of crystallization.

Each polypeptide of the catalytic subunit of A. thaliana
AHAS consists of three domains (Fig. 4B), a (residues 86—
280), B (residues 281—451) and y (residues 463—639) with
each having a similar overall fold of a six-stranded parallel
B-sheet surrounded by six to nine helices (Fig. 5). Note that
the numbering of the polypeptide starts at 86 because the
DNA encoding the putative 85 residue chloroplast transit pep-
tide was removed during cloning. In the o-domain, the six-
stranded (-sheet is flanked by the helices numbered 1, 2 and
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Fig. 4. Structure of the A. thaliana AHAS catalytic subunit in complex with the
herbicide CE. (A) Overall structure of the tetramer. Each subunit is coloured
differently with FAD, CE and ethyl dihydrogen phosphate (a breakdown prod-
uct of ThDP) depicted as orange, magenta and red coloured spheres, respec-
tively. (B) Structure of an individual catalytic subunit of A. thaliana AHAS.
The colour scheme is as for Fig. 4A except that the «-, B- and y-domains
are coloured lime green, bright green and grey-green respectively.

7 on one face and helices 3, 4, and 6 on the opposite face
(Fig. 5). Two smaller helices, 5 and 8, are located orthogonal
to and at the C-terminal end of the major B-sheet. Two addi-
tional short anti-parallel B-strands are also observed in this
domain. One is at the N-terminus, which includes residues
97—98, and the other is towards the C-terminus of the domain,
which includes residues 262—263. This B-sheet is stabilized
by two polypeptide backbone hydrogen bonds between R97
and A263. Helix 9 (residues 273—278) is also assigned to
the a-domain but its function is to link to the f-domain rather
than being in the core of the o-domain.

a-domain

143-158

173185 4g7.001

168172 210-215

B-domain

N-terminus

p-domain ¥douinin

437451
397401

a-domain

568-579
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Fig. 5. Two-dimensional topology diagram of the A. thaliana AHAS catalytic
subunit using the coordinates of the complex with 1Q. a-Helices are shown as
circles and B-strands as triangles (light shading for the six-stranded core B-
sheet). The triangles point in the same direction for parallel B-strands and in
opposite directions for antiparallel B-strands. Helix 4 has a kink in it and is
therefore shown as two sections, 4a and 4b. Helix 22 is shown as two sections
for the same reason.
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The B-domain also has a central six-stranded parallel B-
sheet but the topology is distinctly different from that of the
a-domain [10]. Helices 10, 12 and 17 are together on one
face of the sheet and helices 14, 15 and 18 are on the opposite
face. Three short helices, 11, 13 and 16, are the only other sec-
ondary elements present in this domain.

The y-domain has the same underlying topology as the a-
domain but is slightly simpler in structure. Again, a six-
stranded sheet is central to this domain, which is flanked on
one face by helices 21, 22 and 25 and by helices 19, 20 and
26 on the other face. Helix 23, which includes 568—579, is lo-
cated parallel to the six stranded B-sheet, but as an extension to
the C-terminal end rather than in a flanking position. This he-
lix is surrounded by polypeptide that is essentially random coil
except for two short helices, 24 (residues 590—594) and 27
(residues 656—660).

3.2. Active site of AHAS

The catalytic subunit of AHAS requires three cofactors for
activity, ThDP, Mg>" and FAD. The most important for the cat-
alytic mechanism is ThDP; its C2 atom initiates catalysis and
therefore defines the centre of the active site. Each tetramer
of the catalytic subunit of A. thaliana AHAS has four active
sites (Fig. 4A). Each active site is at the interface of two mono-
mers; hence the minimal requirement for AHAS activity is a di-
mer of the catalytic subunits. The biological relevance of the
tetramers is unclear; they may make the enzyme more stable,
or enable the regulatory subunits to bind more efficiently.

In all of the crystal structures of A. thaliana AHAS deter-
mined to date the active site is completely buried, making it
unclear as to how substrate can gain direct access. No crystal
structure has been determined for a plant AHAS as the free en-
zyme or in the presence of a substrate, intermediate or product.
However, our studies on the catalytic subunit of yeast AHAS,
where we have structures in the presence and absence of her-
bicide, give clues about how substrate can enter. In comparing
these yeast AHAS structures (Fig. 6) two regions of polypep-
tide become ordered when herbicide is bound. One segment is

residues 580—595 and the other is residues 650—687, consti-
tuting the final 38 C-terminal residues of the polypeptide.
The region between 580 and 595 forms part of a wall of the
herbicide-binding site (see later) and interacts directly with
the disubstituted pyrimidine or triazine ring. In particular,
W586 forms a m-stacking arrangement with this ring. Muta-
genesis of this residue results in a 6250-fold reduction in sen-
sitivity for CE [12], and in plants the equivalent residue
(W574) is the most commonly observed resistance mutation
site (see Section 4.2). Thus, in the free enzyme, this wall is
not present, allowing the active site to be exposed to solvent
and therefore accessible to substrate. None of the 38 residues
of the C-terminal tail directly interact with the herbicide in this
yeast AHAS structure. The closest approach is for G657 which
is ~5 A from the oxygen of the sulfonyl group of CE. None-
theless the region of the polypeptide between V655 and S659
also forms part of the wall leading to the active site in the her-
bicide-bound structure (Fig. 6). We therefore hypothesize that
in the free structure and in solution these two regions are quite
flexible allowing substrate relatively easy access. Upon sub-
strate binding this region becomes ordered with the active
site shielded from solvent during catalysis. It is likely that
the regulatory subunit plays a significant role in ordering the
active site during catalysis. Unfortunately, there are currently
no structures available of the catalytic subunit in combination
with the regulatory subunit to probe the effect of this interac-
tion on the active site.

3.3. ThDP-binding site

ThDP is central to the active site. However, in all of the
structures of the catalytic subunit of A. thaliana AHAS where
a sulfonylurea is bound, much of the electron density for this
cofactor is incomplete. Typically, portions of the thiazolium
ring near to and including the sulfur atom are missing. In
more extreme cases the complete thiazolium ring and parts
of the pyrimidine ring are missing. However, the diphosphate
region is present in all of the structures. Interestingly, ThDP is
observed as the complete cofactor in the A. thaliana AHAS

Fig. 6. Comparison of the structure of the catalytic subunit of yeast AHAS before (left) and after (right) herbicide binding. Prior to herbicide binding ThDP (shown
as a stick model on the left) is exposed to the solvent. After herbicide binding, the orange region (580—595) and the grey region (650—687) become ordered
burying ThDP and residues such as Q499, H597 and K648. The solid spheres in the right image represent the sulfonylurea (CE) protruding from the top of

the tunnel created by the ordering of the residues coloured in orange and grey.
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complex with IQ, and also in the free yeast AHAS structure
but is again broken down in the yeast AHAS structures where
any of the sulfonylureas are bound. Thus, the degradation of
ThDP appears to occur or be accelerated as a consequence
of sulfonylurea binding. It is known that bonds containing sul-
fur are susceptible to damage in response to exposure by X-
rays [3] and also that ThDP is intrinsically unstable when
bound to AHAS [39] or other ThDP dependent enzymes
[1,9]. It is therefore hypothesized that upon sulfonylurea bind-
ing and closure of the active site, the carbanion of ThDP can
form leading to its subsequent degradation [40]. As mentioned
earlier, a similar process in the presence of substrate accounts
for the time-dependence of herbicide inhibition.

Where there is electron density to show the complete struc-
ture of ThDP (i.e. IQ-bound A. thaliana AHAS (Fig. 7) and
herbicide-free yeast AHAS) the pyrimidine and thiazolium
rings adopt a V conformation. The angle between the C5'
and C7’ atom of the pyrimidine ring and the N3 atom of the
thiazolium ring best defines this V shape. In the herbicide-
free yeast AHAS and IQ-bound A. thaliana AHAS structures
this angle is 112° and 113°, respectively. This conformation
is strongly influenced by a methionine side-chain which pro-
trudes out of the surface of the polypeptide to force the
bend (Fig. 7). Two values that further describe the relationship
between these two rings are @t (the dihedral angle between
C4', C5', C7" and N3) and ®p (the dihedral angle between
C5', C7', N3 and C2). In both pyruvate decarboxylase [14]
and yeast AHAS [48] the values for these angles are 96°
and —66°. However, in A. thaliana AHAS with bound IQ these
dihedral angles are 104° and —61° respectively. The variation
in these dihedral angles appears to be influenced by the region
between 568 and 583 in A. thaliana AHAS (580—595 in yeast
AHAS numbering), which is ordered and helical in A. thaliana
AHAS but disordered in yeast AHAS. Of particular note is the
side-chain of L568 in A. thaliana AHAS which would be only
2.9 A from the C6 atom of ThDP if this cofactor adopted the
same conformation as observed in the herbicide-free yeast
AHAS structure.

4'N

c2

Fig. 7. Stereodiagram of the structure of ThDP when bound to the catalytic
subunit of A. thaliana AHAS in complex with IQ. The pyrimidine and thiazo-
lium rings are bent in a V conformation such that the 4’ nitrogen atom and the
C2 carbon atom are 3.2 A apart. In this structure Mg>" is coordinated to five
ligands.

There are several other conserved features of ThDP when
bound to AHAS. With ThDP in the V-conformation, a close
approach (3.3 A in A. thaliana AHAS and 3.1 A in the yeast
AHAS) is made between the 4'N and C2 atoms (Fig. 7). Hy-
drogen bonds are always observed between a glutamate
(E144 in A. thaliana AHAS) and the N1’ atom of ThDP and
between the N4’ atom of ThDP and a backbone oxygen
atom (G511 in A. thaliana AHAS). Collectively these interac-
tions and the bending of ThDP favour the deprotonation of the
C2 atom resulting in the reactive ylide species that initiates
catalysis.

3.4. Mg’ -binding site

AHAS requires a metal ion for catalytic activity but the en-
zyme does not exhibit a high level of specificity. Salmonella
typhimurium AHASII is active in the presence of Mn*",
Mg*", Ca®", Cd*', Co*", Zn*", Cu*', AP’', Ba’' or
Ni**[67]. The activity is about 50% for Ni*" and 133% for
Mn?" as compared to Mg?". All of the other metals show ac-
tivities within this range. The only role of the metal ion is to
anchor the ThDP to the polypeptide. In all of the crystal struc-
tures of AHAS it is assumed that the metal ion observed in the
structure is Mg®" since it was added in high concentration
(>5 mM) to the crystallization buffer and to the protein during
purification.

In the A. thaliana AHAS structure with bound IQ, Mg*" is
five coordinate, with two of the ligands provided by the oxy-
gen atoms of the diphosphate of ThDP and three of the ligands
provided by polypeptide (Fig. 7). One of these ligands is the
carbonyl oxygen atom of H567 and the other ligands are the
side-chains of D538 and N565. The five ligands take positions
that equate to distorted square pyramidal geometry, with the
two diphosphate oxygens and two side-chain ligands forming
the base of the pyramid and the carbonyl oxygen at the apex.
In the structures where a sulfonylurea is bound the Mg*"-bind-
ing site is different. In these structures, the metal ion is six
coordinate, with the final ligand position filled by a water mol-
ecule. The overall geometry is best described as distorted
octahedral. Thus, the binding of the different classes of herbi-
cide appear to influence the way in which the Mg?*- jon is
held in place to the polypeptide. One explanation is that
destruction of the thiazolium ring in the sulfonylurea struc-
tures has led to the relaxation of the Mg”-binding site.

3.5. FAD-binding site

In A. thaliana AHAS, FAD is bound tightly to the polypep-
tide with a K, value of 1.5 pM [5]. The crystal structures show
that FAD adopts a fully extended conformation with the bulk
of the interactions formed through contacts to the f-domain
(Fig. 8). It is clear that the surface of the B-domain has evolved
such that it can accommodate the FAD in a highly comple-
mentary manner with respect to both shape and charge. It is
certain that FAD does not play a hidden role in catalysis,
because the acetolactate-specific enzyme (ALS) from K. pneu-
moniae possesses ThDP-Mg®" as part of its catalytic
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Fig. 8. Stereodiagram of the structure of FAD bound to the B-domain surface of the A. thaliana AHAS catalytic subunit as observed in the IQ complex. Residues
from the B-domain that form polar contacts with the FAD are labelled. The extended conformation of FAD and the curvature of the isoalloxazine ring are observed

in all of the A. thaliana AHAS and yeast AHAS structures.

machinery but is active without FAD. The crystal structure of
this enzyme has also been determined [49] and it is similar to
that of AHAS except for the groove that accommodates FAD
in AHAS, which is filled with amino acid side-chains in the K.
pheumoniae protein.

In all of the A. thaliana AHAS structures the isoalloxazine
ring exhibits a slight bend across the N5—N10 axis that is in-
distinguishable from that observed in pyruvate oxidase. In our
original structure of free yeast AHAS we had suggested that
the isoalloxazine ring was flat, but in subsequent structural
studies of that enzyme where a herbicide is bound, there is
a clear indication that the ring is also bent. We therefore sug-
gest that our original interpretation of the shape of isoalloxa-
zine ring in the free structure is not correct. It has now been
shown that the FAD can act as an electron acceptor in
a slow side-reaction catalysed by AHAS [65] and this is fav-
oured if the isoalloxazine ring does indeed tend towards the
bent structure that would be adopted after reduction to FADH,.

4. Mechanism of inhibition
4.1. Herbicide-binding site

The sulfonylurea and imidazolinone herbicides bind within
the substrate-access channel (Fig. 9) of both plant and yeast
AHAS [40,41,51]. In this way, both classes of herbicide inhibit
AHAS by blocking substrate access to the active site. The sul-
fonylureas are situated so that the substituted aromatic ring
projects out toward the surface of the protein, while the hetero-
cyclic ring points towards the active site. Likewise, the dihy-
droimidazolone ring of IQ is buried within the channel,
leaving most of the quinoline ring exposed near the surface
of the protein. The sulfonylureas are ~2 A closer to the active
site than IQ so that sulfonylureas bearing methoxy substituents
on the heterocyclic ring come in contact with the C7 methyl
group of the isoalloxazine ring of FAD. If the IQ structure is

superimposed on to any of the sulfonylurea structures, as in
Fig. 9, it is apparent that the two classes of herbicide bind
to overlapping sites, thereby substantiating reports that suggest
mutually exclusive binding of sulfonylureas and imidazoli-
nones [13,57,60].

By crystallizing herbicide complexes of both yeast and
plant AHAS, we expected to discover the location of the her-
bicide-binding site and to learn how the sulfonylureas and imi-
dazolinones inhibit the enzyme. We hoped to learn why some
inhibitors are better than others and to gain some understand-
ing of the differences between the two enzymes. In particular,

Fig. 9. Sulfonylurea and imidazolinone herbicides bind to overlapping sites in
the substrate access channel of the catalytic subunit of AHAS. The substrate
access channel (mesh contours) for CE-bound and 1Q-bound (yellow mesh)
A. thaliana AHAS have been overlaid and are contoured in pink and yellow
mesh, respectively. CE and IQ are shown as pink and yellow stick representa-
tions, respectively.
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we wanted to answer the following questions. What factors
contribute to variations in the potency of different sulfonyl-
ureas? Is the methyl group substitution of the sulfonylurea
bridge in TB responsible for it being a weaker inhibitor of
both enzymes? Why is imazethapyr (IT) a much weaker inhib-
itor of plant AHAS than IQ? What makes sulfonylureas
equally good inhibitors of both yeast and plant AHAS, while
imidazolinones are far better inhibitors of the plant enzymes?
On a similar note, why are sulfonylureas better inhibitors of
any AHAS than the imidazolinones? Due to their weak bind-
ing to yeast AHAS it has not yet been possible to crystallize
this enzyme in the presence of an imidazolinone herbicide;
however, we were successful in crystallizing both enzymes
with each of five sulfonylureas as well as the plant enzyme
in complex with 1Q.

All of the sulfonylureas crystallized with yeast and plant
AHAS adopt the same overall conformation, as illustrated
by CE in Fig. 10A, although the position of the aromatic
ring with respect to the sulfonylurea bridge varies somewhat.
For example, in comparison to that of CE bound to plant
AHAS, the ortho-chlorobenzene ring of CS is shifted ~ 1 A
closer to the groove that normally binds the larger ethyl car-
boxyester ortho substituents. All of the sulfonylureas are
very strong inhibitors of plant AHAS [6,68] and this potency
can be attributed largely to all of the sulfonylureas making
many of the same contacts with neighbouring amino acid res-
idues. For example, V196, P197, M200, A205, and D376 are
all involved in anchoring the aromatic ring through hydropho-
bic interactions, whereas the guanidinium group of R377 is
hydrogen-bonded to at least one of the sulfonyl oxygen atoms,
a nitrogen atom within the heterocyclic ring, and the methoxy
substituent on the heterocyclic ring (Fig. 10A). Probably the
single most important residue for binding any of the sulfonyl-
urea herbicides is W574, for which the indole ring stacks on to
the heterocyclic ring with an average distance of 3.5 A
(Fig. 10A). Of the 16 amino acid residues involved in sulfonyl-
urea binding to plant AHAS, only four of these (R199, M200,
K256, S653) adopt different conformations depending on
which sulfonylurea is bound (Fig. 11A). R199 and M200 do
not contact any of the sulfonylureas directly, and are presum-
ably in different conformations within each structure simply
because both residues are at the surface of the pocket and
have some degree of flexibility. The terminal amino group
of K256 adopts one conformation when hydrogen-bonded to
either a sulfonyl oxygen atom of CE or to the adjacent NH
group of SM or MM, and another conformation when a hydro-
gen bond is not made, as is the case for CS and TB. Due to the
orientation of the aromatic ring of CS, and the presence of the
methyl substituent on the sulfonylurea bridge of TB, K256
cannot hydrogen bond with either herbicide because the sulfo-
nylurea oxygen and adjacent nitrogen atoms are slightly fur-
ther away from K256 than for other sulfonylureas. Likewise,
S653 adopts one of two conformations, depending on the num-
ber of hydrogen bonds made with the herbicide. For example,
the B-hydroxyl group of S653 is hydrogen-bonded to oxygen
atoms of both the sulfonyl and carbonyl groups in the sulfonyl-
urea bridge of CE and SM, but only to the carbonyl oxygen

A K256

A122

S653

K256

A122
W574

Q207

R377

F206

Fig. 10. Partial view of AHAS residues involved in herbicide binding. (A) The
herbicide CE is shown as a ball-and-stick model with grey carbon atoms.
Amino acid residues that interact with CE are shown as sticks models with
green carbon atoms. Sulfur is yellow, oxygen red, nitrogen blue and chlorine
orange. Hydrogen bonds are illustrated in blue as broken lines. Residues F206,
Q207 and the hydrogen bond between S653 and CE are not shown. (B) The
herbicide 1Q is shown as a ball-and-stick model with grey carbon atoms.
Amino acid residues that interact with 1Q are represented as sticks with green
carbon atoms. The colour scheme for other atoms is shown in (A). Residues
R199, M200, M351, D376, S653, G654, and the hydrogen bond/salt bridge be-
tween R377 and the carboxylate moiety of IQ, are not shown.

atom of TB, MM, and CS, although there is no obvious struc-
tural reason for adopting one conformation over the other.
Examination of the crystal structures and the extensive
characterization of 79 sulfonylurea inhibitors [68] suggest
that some structural features are preferred over others. The
best inhibitors of plant AHAS are sulfonylureas bearing larger
ortho substituents on the aromatic ring (such as carboxy
methyl or ethyl esters), in combination with either a classical
sulfonylurea bridge, or one that is slightly longer (e.g. bensul-
furon methyl or ethoxysulfuron), together with a heterocyclic
ring bearing a small substituent on at least one (but preferably
both) meta positions. This combination of features results in
a snug fit within the active site tunnel (Fig. 12) and strong
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K256

M200

R199

$653

Fig. 11. Structural adjustments that accommodate different herbicides. (A) The
orientation of three amino acid residues change depending on the type of sul-
fonylurea bound to AHAS. The herbicides are shown as ball-and-stick models.
Carbon is coloured grey for CS or green for SM and the corresponding resi-
dues surrounding each herbicide, respectively. The colour scheme for other
atoms is the same as Fig. 10A. (B) Conformational adjustments of three amino
acid residues involved in binding IQ and sulfonylureas. Both herbicides are
represented as ball-and-stick models; the residues surrounding IQ are shown
as partially transparent. Carbon is coloured grey for 1Q and green for CE
and the residues surrounding each herbicide, respectively. The colour scheme
for other atoms is the same as Fig. 10A.

interactions with nearby amino acids. Not only do sulfonyl-
ureas make numerous (>50) hydrophobic contacts with sur-
rounding residues, but several key amino acids, such as
K256, R377, and S653 are involved in making up to five hy-
drogen bonds with any of the five classical sulfonylureas crys-
tallized. The most critical of these are probably the hydrogen
bonds between R377, a residue that is crucial for catalysis
[15,38], and atoms of the sulfonylurea bridge (Fig. 10A).
The herbicidally-active (R) enantiomer of IQ is bound to
plant AHAS [41] through extensive interactions with 12 amino
acid residues, most of which are hydrophobic. All but two of
these residues, G654 and R199, are also involved in binding
sulfonylureas. The carboxylate group that is present on all
commercial imidazolinones makes a key ionic interaction
with the side-chain of R377 (Fig. 10B). The methyl and iso-
propyl substituents of the dihydroimidazolone ring, which
are required for herbicidal activity [37,63], are anchored to

Fig. 12. The overall conformation of CE complements the shape of the herbi-
cide-binding site. CE is represented by a ball-and-stick model and the molec-
ular surface is shown. The herbicide-binding pocket is outlined in blue mesh.
Select amino acid residues of the herbicide-binding site are represented by
sticks. Carbon is coloured green; the colour scheme for other atoms is shown
in Fig. 10A.

the enzyme through contacts with A122, F206, Q207, K256
and W574; the dihydroimidazolone ring itself contacts K256
and W574 (Fig. 10B). The rest of the molecule is packed
rather loosely into the substrate access tunnel so that the large
quinoline ring, a unique feature of 1Q, actually protrudes
through the mouth of the opening (Fig. 9). Nevertheless, it is
easy to see that this functional group can make contacts
with AHAS that would be absent for IP (which has the smaller
pyridine ring), or reduced for IT (which has an ethyl-
substituted the pyridine ring). This provides an explanation
as to why IQ is a better inhibitor than other imidazolinones [6].

In general, the herbicide-binding sites in yeast and plant
AHAS are similar; however two important differences could
together account for the much weaker binding of imidazoli-
nones to yeast AHAS. First of all, in plant AHAS the loop con-
taining S653 is 3 A closer to the herbicides than the
corresponding residue G657 in yeast AHAS. Not only does
the mutation G657S in yeast AHAS increase sensitivity to imi-
dazolinones [12], but mutation of S653 in plants AHAS has
been shown to give rise to imidazolinone resistance in the
plant enzyme and in many plant species carrying this variant
[19,56]. The second difference is that R199 in plant AHAS,
which is believed to be functional in guiding imidazolinones
into the binding site [24], is replaced by S194 in AHAS
from yeast and several other species [11]. Our laboratory has
demonstrated that, contrary to expectations, the yeast AHAS
S194R mutant does not exhibit increased sensitivity to the imi-
dazolinones. One reason for this may be that the residues on
either side of R199 (R198 and M200) are needed to maintain
the correct orientation of the arginine for imidazolinone bind-
ing; in yeast AHAS, the residues flanking S194 are T193 and
A195.

Sulfonylurea- and imidazolinone-binding sites in plant
AHAS are overlapping, and share ten amino acid residues.
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A comparison of the residues involved in binding CE and 1Q
show that five of these adopt different conformations to ac-
commodate the two classes of herbicide [41]. As mentioned
previously, two of these residues (R199 and M200) have
some rotational freedom that is evident even when different
sulfonylureas are bound. The most striking differences in con-
formation are exhibited by D376, R377 and W574, which
clearly adapt to bind one herbicide class over the other
(Fig. 11B) [41]. For example, in the sulfonylurea structures
D376 and R377 can easily form a salt bridge. However, in
the IQ structure the quinoline ring wedges between these
two amino acids forcing them apart with R377 rotating back
and away from D376 to establish an ionic interaction with
the carboxylate moiety of IQ. The same conformation of
W574 observed in the IQ structure would impair binding of
CE because it would protrude into the space occupied by the
heterocyclic ring.

Although the field application rates of imidazolinone and
sulfonylurea herbicides are similar, the sulfonylureas are
much better inhibitors of AHAS than the imidazolinones. In
general, inhibition constants for the imidazolinones are in
the pM range, while those for the sulfonylureas are in the
nM range [6,11]. This is probably because the overall shape
and size of the sulfonylureas allow for a better fit, deeper
into the tunnel, resulting in many more contacts than the imi-
dazolinones. In addition, the sulfonylureas are anchored by at
least five hydrogen bonds to three residues while IQ makes
only one hydrogen bond, with R377.

4.2. Herbicide-resistant mutants

An astonishing number of weeds around the world today
are resistant to AHAS inhibitors [66] and this resistance is usu-
ally caused by the sustained application of herbicides from
a single class over several (4—7) consecutive growing seasons
[28]. AHAS inhibitor resistance is either a consequence of en-
hanced metabolism of the herbicide by the plant or it is due to
mutation of the AHAS gene, which in turn results in the
change of a single amino acid residue in the herbicide-binding
site [66]. At least 17 amino acid residues have been identified
in bacteria, fungi, or plants where mutation results in herbicide
resistance (Table 1). Herbicide-resistant AHAS mutants that
have been catalogued include both natural isolates from resis-
tant organisms and those that have been introduced intention-
ally in the laboratory. In both whole plants, and at the
molecular level, mutations can lead to cross-tolerance among
AHAS inhibitors. Cross-tolerance generally exists between
sulfonylureas and triazolopyrimidines, or between imidazoli-
nones and pyrimidyl(oxy/thio)benzoates; however some muta-
tions result in broad cross-resistance to all four classes of
herbicide [66].

AHAS inhibitors have been revolutionary to the herbicide
market because they are potent, effective, and environmentally
safe. In the face of an increasing number of weeds developing
resistance, which might eventually destroy the usefulness of
these herbicides, it is important to gain an understanding of
AHAS resistance at the molecular level. This will facilitate

the rational design of new herbicides and aid in the selection
or engineering of herbicide-tolerant crops for the future
[64,68]. The crystal structures of plant AHAS in complex
with herbicides now enables us to make reasonable predictions
on how a given mutation might impact on herbicide binding.

Almost all of the residues that surround and contribute to
the binding of the five classical sulfonylureas crystallized in
complex with plant AHAS have been implicated in herbicide
resistance. Examination of these crystal structures has helped
to explain the impact that various mutations have on sulfonyl-
urea binding, and we have discussed some of these in the past
[41]. However, some caution is needed in making such predic-
tions. It is clear from the comparison between free and sulfo-
nylurea-bound yeast AHAS (Fig. 6) that substantial structural
changes take place when herbicides bind. Moreover, the
changes that occur depend on the herbicide class, as revealed
by comparing A. thaliana AHAS with bound IQ or sulfonyl-
ureas (Fig. 11B). Even different sulfonylureas cause small
but significant structural perturbations (Fig. 11A). This flexi-
bility of the protein implies that the effects of mutations on
herbicide binding may not be revealed accurately by simply
modelling the altered side-chain into the wild-type structure.
Therefore, understanding how various AHAS mutations result
in herbicide resistance is necessarily somewhat speculative.

Mutations of W574 that give rise to strong resistance to all
four classes of herbicide are well documented (see Table 1).
There are extensive interactions between W574 and the het-
erocyclic ring of sulfonylureas and so mutation of this residue
to any other would necessarily result in the loss of many con-
tacts. In addition, mutation of W574 would alter the contour of
the herbicide-binding site, resulting in a less complementary
fit for sulfonylurea herbicides. Similarly, mutation of any
one of G121, M124, M570, or V571 which are clustered
around the heterocyclic ring, or A122, P197, A205, or D376
which either anchor the aromatic ring or are located near its
ortho substituent, would also effect sulfonylurea binding and
result in resistance to this class of herbicide. Certainly, muta-
tions of A122 [16], P197 [27], A205 [16], and W574 [2, 66]
have been described in sulfonylurea-resistant organisms, al-
though mutations of A122 are more commonly associated
with imidazolinone resistance [11,66].

Other mutations (Table 1) that give rise to sulfonylurea re-
sistance are not so easily explained. For example, H352 and
D375 do not make contact with any of the five sulfonylureas
crystallized with either plant AHAS or yeast AHAS, and
F578 is not even within close proximity of any sulfonylurea!
Presumably, the impact of these mutations is due to the effect
on other nearby residues that are involved directly in herbicide
binding. Unexpectedly, mutation of S653, which is usually in-
volved in hydrogen bonding with sulfonylureas, is associated
with resistance to imidazolinones rather than to sulfonylureas
[11,66]. While it can be expected that conservative mutations
such as S653T do not result in sulfonylurea resistance [2], it is
not so clear why S653N mutants also remain sensitive to sul-
fonylureas [19,21]. The more radical S653F mutation does im-
pact on sulfonylurea inhibition, although not as strongly as on
that of imidazolinones [33].
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Table 1
Herbicide-resistant mutations of AHAS
Residue in A. thaliana Organism Mutation Resistance to herbicide class Reference
G121 Yeast G116[NS] SU [16]
Yeast G116S SU/IM [12]
A122 Yeast A117[DEFHIKLMNPQRSTVWY] Su [16]
Yeast A117V SUR/IMS [12]
A. thaliana A122V SUSIMR [6]
E. coli A26V SU [23]
Tobacco A121T SURIM®/TPS [8]
Cocklebur A100T SUS/IMR 2]
M124 A. thaliana MI124E SU/IM [45]
V196 E. coli VI9M NIV [23]
P197 A. thaliana P197S N§j [20]
Yeast P192[AELQRSVWY] SU [16]
Redroot pigweed P197L SU/IM/TP/PSB [61]
R199 A. thaliana R199E SUS/IMR [45]
A205 Yeast A200[CDERTVWY] Su [16]
Yeast A200V SU/IM [12]
E. coli A108V SUR/IMS [23]
Sunflower A205V M [271
K256 Yeast K251[DENPT] Su [16]
Yeast K251T SU/IM [12]
Tobacco K255[FQ] SU/IM/TP [69]
M351 Yeast M354[CKV] SU [16]
Yeast M354V SUR/IMS [12]
Tobacco M350C SU/IM/TP [30]
H352 Tobacco H351Q SU/IM/TP [44]
D375 Tobacco D374A SU/IM [32]
D376 Tobacco D375[AE] SU/TP [32]
Yeast D379N SuR/amS [12]
Yeast D379[EGNPSVW] SU [16]
M570 E. coli M460N SU [24]
Tobacco M569C SU/IM/TP [30]
V571 Yeast V583[ACNY] SuU [16]
Yeast V583A SUR/IMS [12]
Tobacco V570Q SU/TP [25]
w574 Yeast W586[ACEGHIKLNSV] SU [16]
Yeast W586L SU/IM [12]
E. coli W464[AFLQY] N§ [24]
A. thaliana W574[LS] SU/IM [6]
Oilseed rape W557L SU/IM/TP [18]
Cocklebur W552L SU/IM/TP/POB 2]
Cotton W563[CS] SU/IM [54]
F578 Yeast F590[CGLNR] SU [16]
Yeast F590L SU/IM [12]
Tobacco F577[DE] SU/IM/TP [25]
$653 A. thaliana S653N M [56]
A. thaliana S653T SUSIMR [33]
A. thaliana S653F SU/IM [33]
A. thaliana S653N SUSIMR [6]
Tobacco $652T SUSIM®/ TPS [8]

Herbicide “resistance” is only reported for mutant enzymes with >10-fold increases in the inhibition constant (Ki*P, ICs() relative to the wild-type enzyme. Re-
sistant® and sensitive® types are indicated in cases where one or more class of herbicide was tested but resistance was only evident for one class. Herbicide classes

are abbreviated: SU, sulfonylurea; IM, imidazolinone; TP, triazolopyrimidine; POB, pyrimidyloxybenzoate; PSB, pyrimidylthiobenzoate.

Most imidazolinones that are currently on the market are
similar in structure (Fig. 3), consisting of a carboxylated aro-
matic ring (typically pyridine) linked to a dihydroimidazolone
ring with geminal methyl and isopropyl substituents. Often the
aromatic ring is substituted in the para position relative to the
dihydroimidazolone ring; IQ is unusual because its aromatic
ring is a quinoline. Mutations to amino acid residues that are
involved in anchoring the disubstituted dihydroimidazolone

ring (A122, F206, Q207, K256, W574, and S653), or the car-
boxylated aromatic ring (M200, M351, D376, or G654),
would be expected to weaken the binding of this class of her-
bicide to AHAS. However, only five (A122, K256, M351,
W574, and S653; see Table 1) of the 12 residues that bind
IQ have been implicated in resistance to this class of herbicide.
Interestingly, there have not yet been reports of herbicide-re-
sistant mutants for several residues that appear to be important
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for imidazolinone binding (V196, M200, F206, and Q207). In
contrast, some imidazolinone-resistant mutations have been
identified for residues which appear to have no direct function
in binding IQ whatsoever (M124, A205, H352, D375, M570,
V571; see Table 1).

It is well documented that mutations of A122, W574,
and S653 impart strong resistance to imidazolinones
[6,8,19,33,56,66]. Both A122 and W574 make important hydro-
phobic contacts with IQ and mutation of A122 to a larger, or po-
lar, residue would almost certainly result in repositioning of the
herbicide. Similarly, if W574 were mutated to almost any other
residue, important hydrophobic contacts with IQ would be lost.
In addition, as mentioned previously for sulfonylurea herbicides,
W574 is a key residue for defining the shape of the substrate ac-
cess tunnel so that its mutation to another residue is expected to
weaken imidazolinone binding drastically. The side-chain of
S653 flanks the dihydroimidazolone ring of IQ and is adjacent
to W574. Due to steric constraints, substitution of S653 to any-
thing larger than serine, such as asparagine or threonine (see
Table 1), is also likely to interfere with IQ binding.

Although G121 and P197 do not contact 1Q directly, muta-
tion of these residues [12,61] can also result in imidazolinone
resistance. Due to its close proximity to the isopropyl moiety,
mutation of G121 to any other residue is unlikely to be toler-
ated because the side-chain would protrude into the imidazo-
linone-binding site. Similarly, although mutation of the
adjacent residue in space (S168) has never been linked to imi-
dazolinone resistance, residues larger than serine are also
expected to impair imidazolinone binding. Depending on the
substitution, mutation of P197 gives rise to broad cross-toler-
ance among imidazolinones, sulfonylureas, triazolopyrimi-
dines, and pyrimidyl(oxy/thio)benzoates (see Table 1).
Although P197 is not involved in binding IQ, substitution to
a bulky amino acid would obstruct its entry into the tunnel.

It is interesting that resistance has developed so rapidly
among plants exposed to AHAS-inhibiting herbicides and
moreover, the number of mutations that give rise to herbicide
resistance is astounding. In the next section, we discuss the
conservation of the herbicide-binding site throughout evolu-
tion and explain how plants are able to survive despite these
mutations in an enzyme which is critical for the synthesis of
branched-chain amino acids.

5. Conservation and function of the herbicide-binding site

When bound to A. thaliana AHAS, CE makes contact with
16 amino acids. Of these, 14 are completely conserved in yeast
AHAS and there is only one further difference in E. coli AHA-
SII. This cannot be due purely to chance because the overall
amino acid sequence identity across the three proteins is less
than 30%; on probability alone, approximately five conserved
residues only would be expected. Clearly the residues com-
prising the herbicide-binding site have been maintained
through the two billion years since eukaryotes and bacteria
shared a common ancestor.

For some of these amino acids, conservation is necessary to
maintain catalytic activity. The best example of this is R377.

This residue is suggested to bind to the carboxylate of one
or both substrates, and mutation of the corresponding residue
to phenylalanine in tobacco AHAS [31] abolishes activity.
Moreover, mutation of the equivalent residue in E. coli AHA-
SII [15] points to a critical role for this arginine in the stabili-
zation of the hydroxyethyl-ThDP and/or the breaking of the
product—ThDP bond. R377 is in contact with F206 and muta-
tion of the equivalent phenylalanine in E. coli AHASII [15]
drastically reduces activity.

The conservation of other residues can be explained by
more subtle effects. For example, mutation of W574 has rela-
tively minor effects on the activity and kinetic properties of
A. thaliana AHAS [6]. However, this residue is important in
maintaining the preference for 2-ketobutyrate as the second
substrate [24] so mutation would be selected against because
of the potential for a resultant isoleucine starvation. Neverthe-
less, this defect is clearly not fatal for plants because changes
to W574 are amongst the most commonly observed herbicide-
resistant mutations in the field. If an AHAS mutation is ob-
served in a viable organism then clearly this variant enzyme
must remain functional. Indeed, of the 13 totally conserved
contact residues mentioned above, only three (F206, Q207
and R377) are not found in herbicide-resistant organisms
(Table 1). As mentioned above, F206 and R377 are essential
for activity so their conservation is to be expected. As far as
we are aware, no Q207 mutants have been constructed or iso-
lated from natural sources, although several papers have noted
its proximity to the active site [7,23,24,49]. We predict that
mutating this residue would result in a major reduction of
AHAS activity. The remaining ten residues appear to have
been conserved for the sole function of binding herbicides!
Clearly this is an absurd proposition and highlights a major
gap in our knowledge. What are the natural functions of the
residues involved in herbicide binding? We have no clear an-
swer to this question but encourage others to develop testable
theories.
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