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ABSTRACT: Acetohydroxyacid synthase (AHAS, EC 2.2.1.6) is the target for the sulfonylurea herbicides,
which act as potent inhibitors of the enzyme. Chlorsulfuron (marketed as Glean) and sulfometuron methyl
(marketed as Oust) are two commercially important members of this family of herbicides. Here we report
crystal structures of yeast AHAS in complex with chlorsulfuron (at a resolution of 2.19 Å), sulfometuron
methyl (2.34 Å), and two other sulfonylureas, metsulfuron methyl (2.29 Å) and tribenuron methyl (2.58
Å). The structures observed suggest why these inhibitors have different potencies and provide clues about
the differential effects of mutations in the active site tunnel on various inhibitors. In all of the structures,
the thiamin diphosphate cofactor is fragmented, possibly as the result of inhibitor binding. In addition to
thiamin diphosphate, AHAS requires FAD for activity. Recently, it has been reported that reduction of
FAD can occur as a minor side reaction due to reaction with the carbanion/enamine of the hydroxyethyl-
ThDP intermediate that is formed midway through the catalytic cycle. Here we report that the isoalloxazine
ring has a bent conformation that would account for its ability to accept electrons from the hydroxyethyl
intermediate. Most sequence and mutation data suggest that yeast AHAS is a high-quality model for the
plant enzyme.

The sulfonylurea herbicides were discovered in an exten-
sive synthetic and screening program led by Levitt and
colleagues (1). The general features of most active com-
pounds (Figure 1) are an aromatic ring attached to the sulfur
atom of the sulfonylurea bridge and a heterocyclic ring
attached to the distal nitrogen atom. The aromatic ring is
ortho-substituted, while the heterocyclic ring, which is either
a pyrimidine (X) CH) or triazine (X) N), is substituted
in both metapositions.

It was not until several years after the introduction of
sulfonylureas that the molecular basis of their herbicidal
activity was established (2, 3). They inhibit acetohydroxyacid
synthase (AHAS,1 EC 2.2.1.6), the enzyme that catalyzes

the first common step in branched chain amino acid
biosynthesis [see the review by Duggleby and Pang (4)].
Nevertheless, the mechanism of inhibition of AHAS has only
been understood in the past few years by determining the
crystal structure of yeast AHAS, first without (5) and then
with chlorimuron ethyl (CE; see Figure 1) bound (6). The
active site is located at the bottom of a deep hydrophobic
tunnel; CE is inserted into the entrance of this tunnel with
the heterocyclic ring projecting toward the active site, while
the aromatic ring is bound in a pocket near the surface of
the protein. The herbicide makes multiple interactions with
amino acid side chains in the active site tunnel, and mutation
of most of these residues results in resistance to CE and other
sulfonylureas (7).
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FIGURE 1: Structures of sulfonylurea herbicides.
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The sensitivity of AHAS to the different sulfonylureas
varies substantially. For example, of the five sulfonylureas
shown in Figure 1, the inhibition constants for yeast AHAS
(7) range from 3.25 nM for CE to 127 nM for chlorsulfuron
(CS). Moreover, the effect of active site tunnel mutations
varies widely between these inhibitors. Thus, the G116S
mutation in yeast AHAS increases the inhibition constant
for CE by more than 1000-fold, while that for CS is increased
by less than 5-fold. These observations suggest that the
interactions with the protein must differ among various
sulfonylureas. For this reason, we have now determined the
structure of yeast AHAS with bound CS, sulfometuron
methyl (SM), metsulfuron methyl (MM), and tribenuron
methyl (TB).

The reaction catalyzed by AHAS involves the initial
decarboxylation of pyruvate, followed by the reaction of the
enzyme-bound hydroxyethyl moiety with a 2-ketoacid to give
an acetohydroxy acid. The second substrate may be either
pyruvate or 2-ketobutyrate, yielding 2-acetolactate or 2-aceto-
2-hydroxybutyrate, respectively. These are subsequently
metabolized to yield valine and leucine from 2-acetolactate
or isoleucine from 2-aceto-2-hydroxybutyrate. Like many
enzymes that catalyze the decarboxylation of pyruvate or
other 2-ketoacids, AHAS requires thiamine diphosphate
(ThDP) as an essential cofactor. ThDP-dependent enzymes
also require Mg2+ or another divalent cation to anchor ThDP
to the protein through its diphosphate tail. A third cofactor
requirement of AHAS, first reported 40 years ago (8), is for
FAD. There is no intrinsic feature of the reaction catalyzed
that demands this requirement, as is demonstrated by the
fact that there is an FAD-independent form of the enzyme
in some bacteria (9). The proposal that FAD in AHAS is an
evolutionary remnant from an ancestral FAD-dependent
pyruvate oxidase-like protein (10, 11) was confirmed when
our first AHAS structure was determined (5). The position
and conformation of FAD are very similar to those observed
in pyruvate oxidase (12). The hypothesis that FAD plays a
purely structural role is supported by comparison of the
structures of the FAD-dependent and FAD-independent
enzymes (13).

Although there is no apparent catalytic role of FAD in
AHAS, partial loss of the absorbance of FAD during AHAS
catalysis was reported by Schloss and Aulabaugh (14). Very
recently, a re-examination of this phenomenon (15, 16) has
established that FAD can undergo reduction to FADH2 as a
side reaction of the catalytic cycle by reacting with the
carbanion/enamine of the enzyme-bound hydroxyethyl-
ThDP intermediate to form acetyl ThDP. While the proximity
of FAD to the active site might allow indirect electron
transfer, the geometry of the isoalloxazine ring would not
favor its reduction. In pyruvate oxidase, the isoalloxazine
ring is bent by 15° across the N5-N10 axis to yield a
conformation that is expected to increase its redox potential
(17). In the previous AHAS structures, the isoalloxazine ring
appears to be flat (5, 6); therefore, FADH2 formation would
not be favored. However, the resolution of these structures
(2.6 and 2.8 Å) may not have been sufficient to reveal a
slight bend. In the new structures reported here, with
resolutions to 2.19 Å, we now see that the isoalloxazine ring
is bent in a way that is indistinguishable from that in pyruvate
oxidase. Thus, these new data help in understanding how
FAD reduction can occur.

MATERIALS AND METHODS

Protein Expression, Purification, Crystallization, and
X-ray Data Collection.The catalytic subunit of yeast AHAS
(18) was expressed and purified as described previously. The
first 57 residues of yeast AHAS comprise a mitochondrial
transit peptide that is not present in the mature protein; the
DNA encoding this peptide was removed during cloning into
the expression vector. The recombinant protein consists of
a residual peptide containing a hexahistidine tag derived from
the pET-30 expression vector, followed by residues 58-687
of AHAS. Residues are numbered according to the theoretical
translation product of the yeastilV2 gene. AHAS activity
was determined using published methods (19). Protein
concentrations were estimated using the bicinchoninic acid
protein determination kit (Sigma), based on the method of
Smith et al. (20).

Crystals of yeast AHAS complexes were grown by
hanging drop vapor diffusion in the presence of 1 mM ThDP,
1 mM MgCl2, 1 mM FAD, 1 mM inhibitor, 5 mM DTT, 0.2
M potassium phosphate (pH 7.0), 0.1 M Tris-HCl (pH 7.0),
0.2 M Li2SO4, and 0.9 M sodium potassium tartrate. X-ray
data (Table 1) were collected from cryoprotected crystals
[equilibrated with 30% (v/v) ethylene glycol] at 100 K on
beamline 14BMC at the Advanced Photon Source (Argonne
National Laboratory, Argonne, IL). The data were indexed,
integrated, and scaled using DENZO and SCALEPACK (21).

Structure Determination.The structures of the yeast AHAS
complexes with CS, TB, and SM were determined by
difference Fourier methods using the protein coordinates for
the yeast AHAS-CE complex [Protein Data Bank (PDB)
entry 1N0H]. The yeast AHAS-MM complex crystallized
in a space group different from that of the other structures
(I422 vsP422; Table 1); thus, molecular replacement was
required for phasing. AMoRe (22) was used to determine
the location of the two yeast AHAS dimers in the asymmetric
unit. Refinement of all four structures was carried out using
CNS (23) with model building and structure interpretation
implemented by using O (24). The initial difference Fourier
maps showed complete electron density for FAD and for
the various herbicides. Broken density was observed for
ThDP in all of the structures. The assignment of the structures
of the fragmented pieces of ThDP is discussed in the Results
and Discussion. The cofactors and inhibitors were subse-
quently built into the residual electron density. Refinement
of the structures was completed by the inclusion of ordered
water molecules, the assignment of individualB-factors for
all atoms, and the inclusion of multiple conformations for
some side chains. An overall anisotropicB-factor correction
was applied using the standard protocol in CNS. TheRfactor

and Rfree for all of the final structures and the model
geometries are presented in Table 1. The coordinates and
structure factors for the four complexes have been deposited
with the Protein Data Bank as entries 1T9B, 1T9D, 1T9C,
and 1T9A for the CS, MM, SM, and TB complexes,
respectively. Figures were generated with SETOR (25),
MOLSCRIPT (26), RASTER 3D (27), WebLab ViewerPro
(MSI, San Diego, CA), and Chemsketch (ACD Labs,
Toronto, ON).

RESULTS AND DISCUSSION

OVerall Structures.Three of the complexes (with CS, SM,
and TB) crystallized in space groupP422 with a dimer as
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the asymmetric unit (Table 1), while the MM complex is in
space groupI422 and crystallizes as a tetramer in the
asymmetric unit. Thus there are a total of 10 subunit
structures, all of which are very similar. For example, the
root-mean-square deviations after superimposing all observ-
able CR atoms between the two subunits in the yeast CE
complex and subunits in the CS, MM, TB, and SM
complexes range from 0.23 to 0.36 Å. Initially, we will focus
our discussion on the CS complex, which has the highest
resolution of 2.19 Å. Each subunit consists of three domains
(Figure 2A) of approximately equal size, designatedR
[Asp84 (N-terminus)-Thr277],â (Ser278-Glu464), andγ
[Glu465-His687 (C-terminus)]. There are two segments in
each subunit where the peptide chain could not be traced.
These correspond to the N-terminal hexahistidine tag derived
from the expression vector plus the first 26 residues of the
mature protein and to a surface polypeptide segment at the
boundary of theR- and â-domains (Thr264-Glu283 in
subunit A and Ser270-Thr277 in subunit B). Several
surface-exposed residues (10 in subunit A and 5 in subunit
B) have no observable electron density beyond theâ-carbon
and were modeled as alanines. Alternative conformations
were identified for four side chains in subunit A and nine in
subunit B. The three other structures are similar to the CS
complex. In all cases, there is a gap in the connection
between theR- andâ-domains, which ranges in size from 7
to 29 residues; the side chain density is absent for some

residues, and alternative conformations were modeled for
others. The relative orientations of ThDP, FAD, and CS are
shown in Figure 2B.

ThDP Fragmentation.ThDP is not intact in any of the
structures; the electron density for the methylaminopyrimi-
dine ring is not connected to that for the diphosphate group,
and the thiazolium ring is incomplete. Moreover, it appears
that the ThDP fragmentation pattern was not constant through
the crystal so that the observed electron density represents
an average of different overlapping fragments. For the SM
and MM complexes, only the methylaminopyrimidine and
diphosphate fragments could be modeled with certainty. For
the two other complexes, a reasonable fit between the
electron density and a pair of ThDP fragments could be
achieved. This is illustrated for the CS complex (subunit B)
in Figure 3A. In this example, it appears that the C5-C6
bond is broken, leaving the diphosphate group as its ethyl
ester. In addition, the N3-C2 and C2-S1 bonds are broken,
releasing C2 and leaving a propane-1-thiol fragment attached
to N3. The fragmentation pattern seems to be quite variable,
even between subunits within a complex. For example, the
two subunits in the CS complex and the two in the TB
complex were each best modeled with a different set of
fragments.

In the previously determined structure of the CE complex,
we reported ThDP fragmentation resulting in the loss of S1
and C2, which we suggested had been caused by synchrotron

Table 1: Data Collection, Refinement, and Structure Statistics for the Yeast AHAS-Herbicide Complexes

CS MM SM TB

crystal parameters
unit cell lengths (Å)a ) b, c 154.6, 178.8 218.3, 361.5 154.5, 178.8 154.6, 178.8
space group P422 I422 P422 P422
crystal dimensions (mm) 0.5× 0.2× 0.2 0.5× 0.2× 0.2 0.4× 0.2× 0.2 0.3× 0.2× 0.2

diffraction dataa

temperature (K) 100 100 100 100
resolution range (Å) 50-2.19 50-2.29 50-2.34 50-2.58
no. of observations [I > 0σ(I)] 531345 (14583) 1407518 (83495) 816734 (50178) 517558 (20865)
no. of unique reflections [I > 0σ(I)] 102885 (5842) 160659 (12195) 90495 (7810) 67083 (5303)
completeness (%) 92.9 (53.4) 83.6 (64.0) 98.6 (86.6) 97.8 (78.6)
Rsym

b 0.058 (0.219) 0.056 (0.254) 0.072 (0.262) 0.072 (0.253)
〈I〉/〈σ(I)〉 17.0 (4.1) 18.5 (5.7) 15.6 (8.5) 14.6 (6.0)

refinement
resolution limits (Å) 50-2.19 50-2.29 50-2.34 50-2.58
Rfactor 0.162 0.164 0.162 0.156
Rfree 0.195 0.195 0.191 0.192
rmsdc for bond lengths (Å) 0.0053 0.0051 0.0126 0.0051
rmsd for bond angles (deg) 1.188 1.147 1.681 1.157

Ramachandran plot (%)
most favored (disallowed) 92.3 (0.0) 92.2 (0.0) 92.4 (0.0) 92.0 (0.0)

asymmetric unit (no.)
protein chains 2 4 2 2
herbicide molecules 2 4 2 2
Mg2+ 2 4 2 2
K+ 2 4 2 2
ThDP fragmentsd NSP, YF3, P25, P22 YF1, P25, P22 P23, P22 YF3, YF4, P23
water molecules 1359 2175 1175 912

main chain density
A 85-263, 284-687 85-269, 277-687 85-270, 278-687 85-269, 277-687
B 85-269, 278-687 86-263, 284-687 85-269, 281-687 85-269, 281-687
C 89-265, 290-687
D 85-270, 278-687

a Values in parentheses are for the outer resolution shells: 2.19-2.28 Å for CS, 2.29-2.38 Å for MM, 2.34-2.42 Å for SM, and 2.58-2.68 Å
for TB. b Rsym ) ∑|I - 〈I〉|/∑〈I〉, whereI is the intensity of an individual measurement of each reflection and〈I〉 is the mean intensity of that
reflection.c rmsd is the root-mean-square deviation.d For SM, only the ethyl and propyl diphosphate fragments could be fitted with certainty,
although there was broken density in regions where the pyrimidine and thiazole rings normally sit. For MM, there was broken density in the region
where the thiazole ring is normally located, but only the pyrimidine ring and pentyl/ethyl diphosphates could be fitted with certainty.
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radiation damage during data collection (6). However, we
now believe that ThDP is intrinsically unstable when bound
to AHAS and some other ThDP-dependent enzymes. Abell
and Schloss (28) described an oxygenase activity which
results from the reactive carbanion intermediate formed
midway through the AHAS catalytic cycle. This side reaction
generates reactive oxygen species that cause AHAS inactiva-
tion. Since the first step of catalysis by ThDP-dependent
enzymes involves conversion of the cofactor to its carbanion,
it is plausible to propose that ThDP destruction might occur
slowly even in the absence of catalysis. These events might
only be readily evident after the weeks of incubation needed
for protein crystallization. In this context, it may be relevant
that ThDP is missing C2 in the crystal structure ofZymomo-
nas mobilis pyruvate decarboxylase (29). Our previous
studies on the structure of AHAS without (5) and with (6)
bound CE have demonstrated closure of the active site when
CE is bound. We propose that it is only in this closed state
that ThDP can be activated to the carbanion. Herbicide
binding triggers active site closure, carbanion formation, and
subsequent ThDP degradation.

Conformation of FAD.In the structures of yeast AHAS
and its CE complex described previously (5, 6), FAD was

modeled with a flat isoalloxazine ring. With the higher-
resolution structures that we have now obtained, a bend
across the N5-N10 axis is clearly seen. The left half of
Figure 4A shows the flat conformation fits poorly into the
experimental electron density. On the right of Figure 4A,
the isoalloxazine is modeled as the bent conformation
observed in pyruvate oxidase [PDB entry 1POX (12)]. These
data leave little doubt that the isoalloxazine ring is bent, and
provide an explanation for the recent observations (15, 16)
that FAD can undergo reduction as a side reaction of the
catalytic cycle by reacting with the enzyme-bound carbanion/
enamine of the hydroxyethyl-ThDP intermediate. The bend
across the N5-N10 axis of the ring would increase its redox
potential and favor its reduction (17).

The extent of bending of the isoalloxazine ring can be
quantified by measuring the out-of-plane distances for atoms
at the extremities of the molecule. Here we define the plane
as consisting of four central atoms in the isoalloxazine ring,
namely, C4A, N5, C10, and N10. In subunit A of the yeast
AHAS-CS complex, the C7M atom is out of the plane by
a distance of 0.66 Å, while for the C8M atom, this distance
is 0.85 Å. For O2, this distance is 0.33 Å, and for O4, it is
0.30 Å. Thus, the bend is more pronounced on the dimeth-

FIGURE 2: (A) Structure of AHAS. Schematic representation of the structure of yeast AHAS in complex with CS. The two subunits are
shown in different colors, in three different shades representing theR-domain (light),â-domain (medium), andγ-domain (dark). (B)
Magnification of the active site of AHAS. The relative orientations of CS (ball-and-stick model), ThDP (sticks only), Mg2+ (brown sphere),
and FAD (sticks only) are highlighted.
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ylbenzene side of the isoalloxazine ring. These distances and
distortion biases are typical for all of the complexes observed
in this study. Interactions (Figure 4B) can be divided into
two types: those that attract atoms of the isoalloxazine ring
toward them and those that repel. These interactions, which
are very similar across the subunits and the complexes, are
listed in Table 2. A comparison of the sequences of 21 AHAS
catalytic subunit protein sequences from selected plant,
fungal, algal, and bacterial species (4) shows that the residues
contributing to the bending of the isoalloxazine ring are
highly conserved across these species and are usually found
in characteristic sequence motifs.

Three of the sulfonylureas make contacts with the isoal-
loxazine ring, principally through interactions between the
methoxy carbon atom at R2 (Figure 1) of the sulfonylurea
and the C7M atom of the isoalloxazine ring. The exception
is SM where there are no contacts with the isoalloxazine
ring. The reason for this is that SM has only a methyl group
at R2 instead of a methoxy substituent (Figure 1) and
therefore is shorter by one atom. It should be emphasized,
however, that the interaction between CE, CS, MM, TB, and
the isoalloxazine ring of FAD does not contribute to the
bending of the ring. Thus, some of the sulfonylureas interact
with the isoalloxazine ring, but these contacts are not required
for bending.

Herbicides.The channel in which the herbicides are bound
leads to the active site and is lined with amino acid side
chains that are highly conserved (Table 3). Mutation of most
of these residues leads to reduced sensitivity to inhibition

by sulfonylureas (7, 30). An Fo - Fc omit map showing the
high-quality electron density for CS is presented in Figure
3B. These well-defined features are present for all of the
sulfonylureas in this study. The location of CS is illustrated
in Figure 5A, and its contacts to the protein are shown in
Figure 5B. The vast majority of these contacts are apolar.
However, the guanidinium group of Arg380 is hydrogen
bonded to the carbonyl oxygen within the sulfonylurea
bridge, one of the nitrogen atoms of the heterocyclic ring,
and the methoxy oxygen of the R2 substituent (Figure 1).

The conformation of all of the bound sulfonylureas is very
similar (Figure 6), although there are subtle differences,
particularly in the location of the aromatic ring and the
adjoining sulfonyl oxygen atoms, which lead to some
variation in the contacts that each herbicide makes with the
protein and nearby water molecules (Figures 5B and 7).

Each of the herbicides makes extensive hydrophobic
contacts with the protein (Figures 5B and 7) as well as at
least three (one to a nitrogen atom of the heterocyclic ring
and two to the carbonyl oxygen of the sulfonylurea bridge)
hydrogen bonds to the two terminal side chain nitrogen atoms
of Arg380 (Figures 5B and 7). In addition, within at least
one subunit of each structure, the oxygen atom of the
methoxy substituent on CE, MM, TB, and CS is hydrogen
bonded to one of the terminal nitrogens of Arg380, a residue
which was recently reported to be crucially important for
catalysis (31). It is pertinent to note that, with the exception
of subunits B and C of the MM-bound structure, only CE is
hydrogen bonded to Lys251. This additional contact helps
to explain the lowKi value of CE versus other sulfonylureas.

The minimal structure of most active sulfonylureas
requires that one ring is anortho-substituted aromatic ring
and that the other is a heterocyclic ring. Whether the latter
is a pyrimidine ring or a triazine ring seems to be unimpor-
tant. Indeed, only one nitrogen atom of this ring (in all of
the CE-, CS-, MM-, TB-, and SM-bound AHAS structures)
is involved in hydrogen bonding to the protein. In fact, the
pyrimidine ring appears to promote tighter binding to the
protein through hydrophobic contacts that cannot be made
by herbicides bearing a triazine ring (Figures 5B and 7).

The most extensive interactions of all the herbicides are
with the indolyl group of Trp586 stacking onto the hetero-
cyclic ring at an average distance of 3.5 Å (Figures 5B and
7). Mutation of Trp586 to leucine will disrupt many of these
interactions and has been shown to cause resistance by factors
of approximately 104 to CS, MM, SM, and TB (7). Pro192
and Val583 make similar contacts to all four herbicides, and
mutation of these residues affects each herbicide to a similar
degree (7). Mutation of Gly116 results in several hundred-
fold resistance to MM, SM, and TB, while resistance to CS,
the only herbicide without direct contacts with this residue,
is minimal (5-fold). Despite these correlations between the
structures and activities, there are several unexplained
anomalies. For example, Ala200 makes almost identical
contacts to all four herbicides, but mutation to valine affects
inhibition by CS, MM, SM, and TB by factors of 18, 56,
236, and 539, respectively. While these differences are

FIGURE 3: (A) ThDP fragments in AHAS. TheFo - Fc omit
electron density contoured at 2.0σ is shown for the ThDP fragments
in the complex of CS with yeast AHAS (subunit B). Modeled into
this structure are the fragments (see Table 1) 2-{[(6-amino-2-
methyl-4,5-dihydropyrimidin-5-yl)methyl]amino}propane-1-thiol (left)
and ethyl diphosphate (right). The colors represent carbon (green),
nitrogen (blue), oxygen (red), phosphorus (pink), and sulfur
(yellow). The misfit between the electron density and an intact
thiazolium ring is clearly evident; colors are as above, except that
carbon is gray. The turquoise sphere is Mg2+. (B) Chlorsulfuron
in AHAS. TheFo - Fc omit electron density contoured at 2.0σ is
shown for chlorsulfuron in yeast AHAS (subunit A). Colors are as
in panel A, with chlorine in orange.
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striking, they represent at most a change in the relative
binding energy of 8.6 kJ/mol, which could be explained by
a difference of a single van der Waals contact. Interpreting
data from a mutated protein using a wild-type structure is
not straightforward, as illustrated by Ala117 and Phe590.
Neither residue makes any contacts with these sulfonylureas,
but mutation of each results in resistance. Presumably, these

mutations affect the positions of other residues (e.g., Gly116
and Trp586) and impart herbicide resistance indirectly.

When Connolly surfaces (results not shown) are calculated
for the herbicide-binding site in all five structures, it is
obvious why these herbicides are excellent inhibitors of
AHAS. The aromatic ring might be capable of slight side-
to-side movement, but the sulfonylurea bridge fits snugly
into the surrounding pocket. There is room only for theortho
substituent of the aromatic ring (which lies parallel to the
sulfonylurea bridge) and surrounding water molecules.

FIGURE 4: (A) Conformation of FAD in AHAS. The 2Fo - Fc electron density (contoured at>1.2σ) before modeling FAD is shown (blue)
together with a planar (left) and bent (right) isoalloxazine structure. Green density is contoured at>2.6σ and red density at less than-2.6σ.
The atom colors represent carbon (green), nitrogen (blue), and oxygen (red). (B) Residues involved in bending the isoalloxazine ring of
FAD. The isoalloxazine ring of FAD and the nearby amino acid residues are shown in stereo as ball-and-stick models. Carbon is colored
gray in the amino acids and green in the isoalloxazine ring, nitrogen blue, oxygen red, and sulfur orange. Hydrogen bonds and hydrophobic
contacts are shown as blue and black dashed lines, respectively.

Table 2: Interactions with AHAS that Favor the Bent Conformation
of the FAD Isoalloxazine Ring

residue
FAD
atom typea conservedb sequencec

Phe201 C8/C8M vdW- 21 AspAlaPheGlnGlu
Leu335 O2 H-bond 20 [Ser/Thr]LeuMetGly
His355 O4 H-bond 21 MetLeuGlyMetHisGly
Val381 O2 vdW- 17 ArgPheAspAspArgValThrGly
Val497 C8M vdW+ 21 ValGlyGln HisGlnMetTrp
Met582 C7M vdW+ 20 GlyMetValXxxGlnTrp [Glu/Gln ]

a Interactions are either hydrogen bonds or van der Waals (vdW)
interactions, and the latter can favor the bent conformation by either
attracting (+) or repelling (-) atoms of the isoalloxazine ring.b The
number of sequences in which the residue is conserved in the 21 AHAS
sequences listed in ref4. Of the three other sequences reported in ref
4, one is known to be an FAD-independent form of the enzyme, while
the other two sequences are suspected to be the FAD-independent
enzyme. This FAD-independent enzyme exhibits little sequence similar-
ity in these key contact residues.c Characteristic sequence motifs
containing the contact residues (underlined) are listed. Each residue
that is shown is found in at least 18 of the 21 sequences except for
those residues shown in italics, which occur 16 or 17 times. Residues
shown in bold are conserved in all 21 sequences.

Table 3: Herbicide Contact Residues of AHAS

residue conserveda closest contactb

Gly116 21 CR 3.27 N1′
Val191 21 Cγ1 3.53 C6
Pro192 10 Cγ 3.71 O7B
Ala195 3 Câ 4.42 C5
Ala200 21 Câ 3.58 C5
Phe201 21 O 3.47 C6
Lys251 21 Cγ 3.70 O7B
Met354 21 Sδ 3.71 O4′
Asp379 21 Oδ 3.30 C5
Arg380 21 NH1 2.98 O9
Met582 20 O 3.61 C7′
Val583 21 CR 3.78 C7′
Trp586 20 Cú2 3.33 N3′
a The number of sequences in which the residue is conserved in the

21 AHAS sequences listed in ref4. b Closest distances are shown as
amino acid atom, distance in angstroms, and CS atom.
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Herbicides bearing either an ethyl ester (CE) or a smaller
methyl ester (MM, SM, or TB) substituent on the aromatic

ring complement the protein nicely, whereas the much
smaller chlorine in CS does not fit tightly into the surround-
ing space. Thus, the difference inKi values for these
inhibitors can at least be partly attributed to the size of this
group; CE and MM inhibit yeast AHAS withKi values of
3.25 and 9.40 nM, respectively, while that for CS is 127
nM (7). The heterocyclic ring binding region has room on
one side for a relatively small methyl group (MM, SM, TB,
and CS) or a chlorine atom (CE), whereas the othermeta
position protrudes into the space surrounding the isoallox-
azine ring of FAD and can accommodate the somewhat
larger methoxy substituent on CE, CS, TB, and MM.

ConserVation of the Herbicide Binding Site.Eleven of the
13 residues that make contact with the sulfonylureas (Figures
5B and 7) are conserved to an astonishing degree across
plant, fungal, and bacterial AHAS sequences (Table 3);
Met582 and Trp586 are replaced in theEscherichia coli
AHAS I sequence only. This high degree of conservation
points to important roles for these amino acids in the AHAS
reaction, and in some cases, there is supporting experimental

FIGURE 5: CS in the herbicide binding site of AHAS. (A) The herbicide and nearby amino acids are shown as ball-and-stick models. The
atom colors represent carbon (green, amino acids; gray, CS), nitrogen (blue), oxygen (red), sulfur (orange), and chlorine (yellow). The
isoalloxazine ring of FAD is shown as a stick model. Hydrogen bonds are drawn as dashed lines, and water molecules are identified by
solid spheres with a red W. (B) Distances in angstroms from CS are indicated with broken lines for hydrophobic contacts (black) and
hydrogen bonds (blue). Distance cutoffs of 3.2 and 3.9 Å were employed for hydrogen bond and van der Waals interactions, respectively.

FIGURE 6: Overlay of sulfonylurea structures. The five yeast AHAS
polypeptides (taken from complexes) were superimposed to reveal
the relative orientations of the sulfonylurea herbicides. The structure
of CE is from previously published data (6), while those of the
remaining sulfonylureas are reported here. To assist in orienting
the structures, all non-carbon atoms (nitrogen, oxygen, sulfur, and
chlorine) are shown as spheres.
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evidence. Mutations of the equivalent residues to Arg380
and Phe201 inE. coli AHAS II cause decreases in activity
(31), but in other cases, their effects on activity may be more
subtle. Thus, mutations at Trp586 in yeast AHAS (7),
Arabidopsis thalianaAHAS (32), or E. coli AHAS II (31),
yield an enzyme with high activity but (in the case ofE.
coli AHAS II) with a greatly decreased preference for
2-ketobutryate as the second substrate. Thus, this tryptophan
plays a role in substrate recognition, and it is relevant that
E. coli AHAS I shows sequence variation at Trp586 observed
in no other AHAS (Table 3), and has a low preference for
2-ketobutryate.

CONCLUSIONS

In summary, the isoalloxazine ring of FAD adopts a bent
conformation in AHAS which is indistinguishable from that
of POX. Thus, this structural study supports the recent

finding that AHAS is capable of reducing FAD as a minor
side reaction (15, 16). The five herbicides, CE, CS, MM,
TB, and SM, all inhibit yeast AHAS by a similar mechanism,
principally by forming strong interactions between amino
acid side chains dispersed along the length of the protein.
The structures highlight the high degree of complementarity
between the binding sites and the molecular envelope
provided by these inhibitors. The common contacts contribute
to the overall lowKi values of these sulfonylurea herbicides.
It is now possible to rationalize some of the more subtle
structural variations in terms of theKi data.
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