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Summary. The branched-chain amino acids are synthesized by plants,

fungi and microorganisms, but not by animals. Therefore, the enzymes of

this pathway are potential target sites for the development of antifungal

agents, antimicrobials and herbicides. Most research has focused upon the

first enzyme in this biosynthetic pathway, acetohydroxyacid synthase

(AHAS) largely because it is the target site for many commercial herbi-

cides. In this review we provide a brief overview of the important proper-

ties of each enzyme within the pathway and a detailed summary of the

most recent AHAS research, against the perspective of work that has been

carried out over the past 50 years.
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1. Introduction to branched-chain

amino acid synthesis

The branched-chain amino acids (BCAAs) are synthesized

by plants, algae, fungi, bacteria and archaea, but not by

animals. Therefore, the enzymes of the BCAA biosynthetic

pathway (Fig. 1) are potential targets for the development

of herbicides, fungicides, and antimicrobial compounds.

Indeed, some of the most popular herbicides used world-

wide over the past 20 years act by inhibiting the first

common enzyme in the BCAA biosynthetic pathway,

acetohydroxyacid synthase (AHAS, EC 2.2.1.6; formerly

known as acetolactate synthase, ALS). Other enzymes

that could potentially serve as excellent targets for the

development of inhibitory compounds are threonine de-

aminase (TD, EC 4.3.1.19), ketol-acid reductoisomerase

(KARI, EC 1.1.1.86) and dihydroxyacid dehydratase

(DHAD, EC 4.2.1.9) because they are all unique to this

pathway, are required for the synthesis of all three BCAAs

and inhibition of their action would be detrimental to the

organism.

Amongst these enzymes AHAS and KARI have at-

tracted the most attention over the past ten years. KARI

was reviewed fairly recently (Dumas et al., 2001) and here

we will summarize briefly the main advances that have

occurred since then. However, our main aim is to sum-

marize the most recent AHAS research, with special

emphasis on studies that have not been covered in detail

in other reviews of this enzyme (Chipman et al., 1998;

Duggleby and Pang, 2000; Chipman et al., 2005). To set



the scene, we shall provide an overview of the reactions

catalyzed and important properties of each enzyme in

the BCAA synthesis pathway. These reactions are tight-

ly regulated at many levels within the cell. However,

aside from the regulation of AHAS by feedback inhi-

bition, the details of the many mechanisms employed

by a variety of organisms will not be covered in this

article. For more information on this topic we refer you

to Umbarger (1996), Duggleby and Pang (2000), and

Kohlhaw (2003).

1.1 Threonine deaminase

The first enzyme in the pathway, TD is encoded by ilvA

in bacteria and is required only for the synthesis of

isoleucine. The function of TD is to provide a supply of

2-ketobutyrate (2-KB) which, unlike the precursor pyru-

vate that is required for the synthesis of valine and leu-

cine, is not a central metabolite. The enzyme utilizes the

cofactor pyridoxal-50-phosphate for the deamination of

L-threonine (Fig. 2). The crystal structure of tetrameric

Fig. 1. The branched-chain amino acid biosynthesis pathway. TD, Threonine deaminase; AHAS, acetohydroxyacid synthase; KARI, ketol-acid

reductoisomerase; DHAD, dihydroxyacid dehydratase; TA, transaminase; 2-IPMS, 2-isopropylmalate synthase; 3-IPMD, 3-isopropylmalate dehy-

dratase; 3-IPMDH, 3-isopropylmalate dehydrogenase
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Escherichia coli TD has been determined to 2.8 Å in the

absence of any effectors (Gallagher et al., 1998). The

recombinant enzyme from Arabidopsis thaliana (mouse-

ear cress) (Wessel et al., 2000), and native enzymes from

Candida maltosa (Bode et al., 1986) and Bacillus stearo-

thermophilus (Muramatsu and Nosoh 1976) have also been

studied. A. thaliana TD exists as a tetramer composed of

59.6 kDa monomers (Halgand et al., 2002) with a specific

activity and Michaelis constant for L-threonine at 25 �C of

400 mmol=min=mg (U=mg) and 7.65 mM, respectively

(Wessel et al., 2000). Isoleucine causes its dissociation into

dimers (Halgand et al., 2002) and inhibits the enzyme with

a K0.5 of 70mM (Wessel et al., 2000). The inhibition by

isoleucine can be reversed by the addition of valine which

converts the enzyme back into tetramers (Halgand et al.,

2002) and is presumed to induce a conformational change

that disfavors isoleucine binding (Wessel et al., 2000).

1.2 Acetohydroxyacid synthase

Here we will give a brief introduction to AHAS before

returning to consider it in greater detail in Section 2.

AHAS, when present as a single isoform, is encoded by

ilvBN in bacteria. It is the first common enzyme to the

BCAA biosynthetic pathway and is capable of catalyzing

the synthesis of either (2S)-acetolactate (AL) from two

molecules of pyruvate or (2S)-2-aceto-2-hydroxybutyrate

(AHB) from pyruvate and 2-KB (Fig. 3) (Umbarger and

Brown, 1958; Radhakrishnan and Snell, 1960). The reac-

tion, which is mediated by the cofactor thiamin dipho-

sphate (ThDP, formerly known as thiamin pyrophosphate,

TPP), involves the non-oxidative decarboxylation of pyr-

uvate to yield CO2 and the reactive resonating hydroxy-

ethyl-ThDP (HE-THDP)=enamine-ThDP intermediate

(Umbarger and Brown, 1958; Holzer et al., 1960; Tittmann

et al., 2003). Condensation with the second 2-ketoacid

gives rise to either of the two products. AHAS also

requires a divalent metal such as Mg2þ (Umbarger and

Brown, 1958), which serves to anchor ThDP to the en-

zyme, and a molecule of flavin adenine dinucleotide (FAD)

that does not participate in the reaction (Størmer and

Umbarger, 1964). AHASs contain two types of subunits,

one for catalysis and another that mediates regulation of

the enzyme via feedback inhibition by one or more of the

BCAAs (Eoyang and Silverman, 1984; Weinstock et al.,

1992). The catalytic subunit of Saccharomyces cerevisiae

AHAS has been crystallized (Pang et al., 2001) and the

structure solved in the absence of any inhibitors (Pang

et al., 2002) and in the presence of sulfonylurea herbicides

(Pang et al., 2003; McCourt et al., 2005). More recently,

six crystal structures of A. thaliana AHAS in complex

with five different sulfonylureas and one imidazolinone

herbicide have been reported (McCourt et al., 2006).

The active site of AHAS (Pang et al., 2002, 2003;

McCourt et al., 2005, 2006), like almost all ThDP-

dependent enzymes (Frank et al., 2004), is formed at the

interface between two monomers and therefore the mini-

mum quaternary structure for catalysis is a dimer. Although

AHASs from plants and fungi are nuclear-encoded, a sig-

nal peptide directs the plant and fungal proteins to the

chloroplast or mitochondria, respectively, where the tran-

sit peptide is then cleaved to yield the mature protein

(Duggleby and Pang, 2000). Recombinant A. thaliana

AHAS catalytic and regulatory subunits that are truncated

to remove the N-terminal transit peptide, when expressed

separately in E. coli and reconstituted, yield a tetramer of

�470 kDa with a specific activity of 14 U=mg (at 30 �C)

and a Michaelis constant of 11.7 mM for pyruvate (Pang

and Duggleby, 1999; Lee and Duggleby, 2001).

1.3 Ketol-acid reductoisomerase

KARI, encoded by ilvC in bacteria, catalyses the con-

version (Fig. 4) of either a molecule of AL to (2R)-2,3-

dihydroxy-3-isovalerate leading to valine and leucine

synthesis, or AHB to (2R,3R)-2,3-dihydroxy-3-methylval-

erate, the precursor of isoleucine (Dumas et al., 2001).

The reaction consists of two dissimilar steps involving

Fig. 2. Reaction catalysed by threonine deaminase

Fig. 3. Reactions catalysed by acetohydroxyacid synthase

AHAS and its role in the biosynthetic pathway for branched-chain amino acids 175



an alkyl migration (isomerization), which requires abso-

lutely the presence of Mg2þ, followed by divalent metal

ion dependent (Mg2þ, Mn2þ, or Co2þ) reduction of the

proposed 2-ketoacid intermediate, with NADPH as the

preferred electron donor (Dumas et al., 2001). KARI will

also catalyze the reduction of several 2-ketoacids without

the necessity of a prior isomerization (Tyagi et al., 2005b).

Most studies of KARI have been performed on the entero-

bacterial and the Spinacia oleracea (spinach) enzymes,

although purification of the enzyme from Pseudomonas

aeruginosa (Eom et al., 2002), Neurospora crassa

(Kiritani et al., 1966), Hordeum vulgare (barley) (Durner

et al., 1993), Triticum aestivum (wheat) (Donadini and

Copeland, 2000) and Oryza sativa (rice) (Lee et al., 2005)

have been reported. Like AHAS, the eukaryotic enzyme

has an N-terminal targeting peptide that directs it to the

chloroplast in plants or mitochondria in fungi. After mat-

uration of KARI by removal of this peptide, it has a sub-

unit molecular weight of approximately 37 kDa for the

fungal enzyme or 55 kDa for plant KARI. Enterobacterial

KARI is similar in size to the plant enzyme while most

other bacteria contain the smaller form.

Although specific activities and Michaelis constants for

the substrates have been reported, meaningful comparison

of the enzyme from different sources is difficult due to

different reaction conditions and the strong pH depen-

dence of these properties (Mrachko et al., 1992). In general,

the enzyme shows as high or higher activity with AHB

than with AL, Km values for these substrates in the range

10�5 to 10�3 M, and Km values for NADPH in the range

10�6 to 10�5 M. The Km value for Mg2þ is much higher

for E. coli KARI than it is for the S. oleracea enzyme,

which is surprising since the active site geometry is very

similar in the two proteins (see below). The enzyme is

inhibited by products and substrate analogs and, in some

bacteria, by BCAAs (Leyval et al., 2003). However,

most attention has focused on potentially herbicidal com-

pounds (Fig. 5) such as Hoe 704 (2-dimethylphosphinoyl-

2-hydroxyacetic acid) (Schulz et al., 1988) and IpOHA

(N-hydroxy-N-isopropyloxamate) (Aulabaugh and Schloss,

1990). These compounds are powerful inhibitors of the

plant and bacterial enzymes but are not effective as

herbicides. Cyclopropane-1,1-dicarboxylate and related

compounds (Fig. 5) inhibit plant KARI in vitro (Lee

et al., 2005) and in vivo (Gerwick et al., 1993) but do

not appear to have been tested as herbicides. Similarly,

the potent inhibition of plant KARI by thiadiazoles

(Halgand et al., 1998) has not led to the development of

effective herbicides.

The crystal structures of S. oleracea KARI in the pres-

ence of IpOHA (Biou et al., 1997) and with a reaction

product (Thomazeau et al., 2000), as well as P. aeruginosa

KARI (Ahn et al., 2003) and E. coli KARI (Tyagi et al.,

2005a) in the absence of any effectors, have been de-

termined. The S. oleracea enzyme is composed of an

N-terminal domain of mixed a- and b-structure that re-

sembles those found in other pyridine nucleotide depen-

dent oxidoreductases, and an a-helical C-terminal domain

with a previously unknown topology. The E. coli enzyme

has a similar structure, and shows clear evidence that

the C-terminal domain has been derived by duplication of

120–140 residues (Tyagi et al., 2005a). This agrees with

the earlier work by Taylor (2000) who showed that the

C-terminal domain of S. oleracea KARI contains a knot,

and suggested that this unusual structure evolved by

exchange of helices between the duplicated segments.

Further confirmation of this duplication came from the

Fig. 4. Reactions catalysed by ketol-acid reductoisomerase

Fig. 5. Inhibitors of ketol-acid reductoisomerase
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structure of the smaller P. aeruginosa KARI, which lacks

the duplicated segment. The N-terminal domain is sim-

ilar to that of the spinach enzyme but the C-terminal

domain overlays with only half of the spinach KARI

C-terminal domain. The other half is supplied by a second

P. aeruginosa KARI monomer. Despite these different

structural arrangements, the positions of eight active site

residues are very similar across all three enzyme structures.

Mutagenesis of these eight active site residues (Tyagi

et al., 2005b) in E. coli KARI has shown that several can

be changed with little effect on the reductase, but any

mutation that prevents the reductase also eliminates the

isomerization reaction. This has been interpreted to mean

that the isomerization is coupled to the reduction, with-

out passing through a discrete 2-ketoacid intermediate.

Measurement of the equilibrium constant for the isomer-

ase shows that it heavily favors the initial substrate. Direct

reduction of the isomerase transition state overcomes this

unfavorable equilibrium and explains why these two very

different activities must reside in a common active site.

1.4 Dihydroxyacid dehydratase

The dihydroxyacids produced by KARI are converted to

2-ketoacids (Fig. 6) by the action of DHAD, a product of

the ilvD gene in bacteria. Dehydration of the vicinal diols,

(2R)-2,3-dihydroxyisovalerate and (2R, 3R)-2,3-dihydroxy-

3-methylvalerate to 2-ketoisovalerate and (3S)-2-keto-3-

methylvalerate, respectively, occurs via an enol interme-

diate (Arfin, 1969; Hill et al., 1973) mediated by an

iron-sulfur cluster (Flint and Emptage, 1988). The enzyme

has been purified from S. oleracea (Flint and Emptage,

1988), N. crassa (Altmiller and Wagner, 1970), E. coli

(Flint et al., 1993a) and Methanococcus sp. (Xing and

Whitman, 1991). Very little is known about the exact

mechanism of DHAD which involves a [2Fe–2S]2þ clus-

ter in S. oleracea DHAD (Flint and Emptage, 1988), but a

[4Fe–4S]2þ cluster in the E. coli enzyme (Flint et al.,

1993a), rendering the E. coli enzyme oxygen sensitive

(Flint et al., 1993a, b). It has been proposed that the re-

action mechanism is similar to that of aconitase where the

3-hydroxyl group of the substrate binds one of the iron

atoms, becoming activated for elimination (Flint et al.,

1993a). DHAD from S. oleracea is a dimer of �110 kDa

with a specific activity of 486 U=mg and a Km for racemic

2,3-dihydroxy-3-methylvalerate of 1.5 mM (Flint and

Emptage, 1988). Valine and leucine, but not isoleucine,

are very weak inhibitors of Corynebacterium glutamicum

DHAD with IC50 values of 170 mM and 120 mM, respec-

tively (Leyval et al., 2003).

1.5 Transaminase

The final step for the synthesis of each of the three BCAAs

is catalyzed by a transaminase (TA). Although several

different transaminases may be capable of catalyzing the

last reaction in the pathway, transaminase B, encoded by

ilvE in bacteria (EC 2.6.1.42; also known as the branched-

chain amino acid transaminase, BCAT) probably plays the

major role in the cell. The reaction (Fig. 7) is mediated

by pyridoxal-50-phosphate and occurs in two steps. Upon

binding to BCAT, glutamate donates an amino group

via an aldimine-ketimine shift to give the pyridoxamine

50-phosphate intermediate and the 2-ketoglutarate product.

In the second step, pyridoxamine 50-phosphate transfers

its amino group to one of the two 2-ketoacid products

of DHAD, or 2-ketoisocaproate from 3-isopropylmalate

dehydrogenase (3-IPMDH), yielding the appropriate

amino acid. Transaminases are widely distributed in na-

ture and, unlike the other enzymes of BCAA biosynthesis,

are found in animals where they participate in BCAA

catabolism. Although the Methanococcus aeolicus enzyme

has been purified and characterized (Xing and Whitman,

1992), there has been very little work reported on plant

and fungal BCAT. The crystal structures of Homo sapiens

BCAT in complex with pyridoxal-50-phosphate (Yennawar

et al., 2001) and with either the isoleucine ketimine or

pyridoxamine 50-phosphate (Yennawar et al., 2002), and

E. coli BCAT in complex with pyridoxal-50-phosphate

(Okada et al., 1997) and either 4-methylvalerate or

2-methylleucine (Okada et al., 2001), glutamate or gluta-

rate (Goto et al., 2003) have been solved. Interest in

H. sapiens BCAT is largely centered upon the development

of drugs to treat neurological disorders. One such drug,

gabapentin (1-(aminomethyl)-cyclohexaneacetic acid), is

currently used for the treatment of several neurological

disorders including epilepsy (Andrews and Fischer, 1994).Fig. 6. Reactions catalysed by dihydroxyacid dehydratase

AHAS and its role in the biosynthetic pathway for branched-chain amino acids 177



The first crystal structures of the oxidized and reduced

states of cytosolic BCAT in complex with gabapentin were

reported recently (Goto et al., 2005). The E. coli enzyme is

a trimer of dimers (Goto et al., 2003) with specific activ-

ities in the presence of both 2-ketoglutarate and valine,

isoleucine or leucine of 20.3, 30.5, and 27.7 U=mg and

Michaelis constants of 3.13, 0.58, and 0.52 mM for these

three amino acids, respectively (Lee-Peng et al., 1979).

1.6 2-Isopropylmalate synthase

The first enzyme in the pathway exclusively for leu-

cine synthesis is 2-isopropylmalate synthase (2-IPMS,

EC 2.3.3.13), encoded by LeuA in bacteria, which trans-

fers an acetyl group from acetyl-CoA to 2-ketoisovalerate

via an aldol condensation reaction to give (2S)-2-isopro-

pylmalate and CoA. The reaction (Fig. 8) is almost iden-

tical to the first reaction of the citric acid cycle, catalyzed

by citrate synthase. 2-IPMS has been isolated and char-

acterized from S. oleracea (Hagelstein and Schulz, 1993),

S. cerevisiae (Kohlhaw, 1988b), C. glutamicum (Pátek

et al., 1994), and Mycobacterium tuberculosis (Koon et al.,

2004a; Koon et al., 2004b), but not from archaea. The

crystal structure of M. tuberculosis 2-IPMS in complex

with the cofactor Zn2þ and 2-ketoisovalerate has been

solved to 2.0 Å (Koon et al., 2004b). The M. tuberculosis

Fig. 7. Reactions catalysed by transaminases in the BCAA pathway
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enzyme is a dimer of �160 kDa with Michaelis constants

of 25 mM (specific activity¼ 0.80 U=mg) for 2-ketoisova-

lerate and 240 mM (specific activity¼ 2.07 U=mg) for

acetyl CoA (Chanchaem and Polittapongarnpim, 2002).

Leucine acts as a slow, tight-binding inhibitor of the M.

tuberculosis enzyme with an initial Ki of 17 mM and a

final Ki
� of 3.6 mM (de Carvalho et al., 2005). Although

there are currently no reports of any inhibitors that could

potentially act as drugs or herbicides, the structure of the

M. tuberculosis enzyme is expected to aid in the design of

anti-tuberculosis agents (Koon et al., 2004b).

1.7 3-Isopropylmalate dehydratase

3-Isopropylmalate dehydratase (3-IPMD) (EC 4.2.1.33; also

known as 3-isopropylmalate isomerase, 3-IPMI) catalyses

the second reaction of the leucine synthesis pathway

involving a hydroxyl transfer between adjacent carbon

atoms of (2S)-2-isopropylmalate and (3R, 3S)-3-isopro-

pylmalate (Fig. 9). The reaction is similar to that cata-

lyzed by aconitase, involving a dehydration=rehydration

via [4Fe–4S]2þ cluster chemistry (Hawkes et al., 1993).

The enzyme from Salmonella typhimurium is composed of

two different subunits (�51 kDa and �23.5 kDa) expressed

from LeuCD in bacteria (Fultz and Kemper, 1981). Owing

to its inherent instability (Gross et al., 1963; Burns et al.,

1966; Satyanarayana et al., 1968; Bigelis and Umbarger,

1976; Fultz and Kemper, 1981; Kohlhaw, 1988a), very few

studies have been performed on this enzyme, although the

crystal structure, to 1.98 Å, of the Pyrococcus horikosii

small subunit was reported recently (Yasutake et al., 2004).

The purification of plant 3-IPMD has never been reported

and most studies have been performed on the fungal en-

zyme (Gross et al., 1963; Satyanarayana et al., 1968; Gross,

1970; Bigelis and Umbarger, 1976; Kohlhaw, 1988a; Bode

and Birnbaum, 1991) which, unlike those from bacteria

(Fultz and Kemper, 1981) and archaea (Yasutake et al.,

2004) is believed to consist of one subunit only (Bigelis

and Umbarger, 1976; Kohlhaw, 1988a). The S. cerevisiae

enzyme has a molecular mass of �90 kDa, with a specific

activity of 6.18 U=mg (at 30 �C), and a Km for dimethyl-

citraconate of 216 mM (under low salt conditions)

(Kohlhaw, 1988a). Although not available commercially,

the compound 1-hydroxy-2-nitrocyclopentane-1-carboxylic

acid is an inhibitor of 3-IPMD (�K
app
i ¼ 2 nM) with her-

bicidal activity (Hawkes et al., 1993).

1.8 3-Isopropylmalate dehydrogenase

The third step in leucine biosynthesis is catalyzed by 3-

isopropylmalate dehydrogenase (3-IPMDH; EC 1.1.1.85)

and in bacteria it is encoded by LeuB. It is a bifunctional

metal-dependent, decarboxylating dehydrogenase (Singh

et al., 2005) like isocitrate dehydrogenase, the third en-

zyme of the citric acid cycle. The reaction (Fig. 10) is

dependent upon oxidized nicotinamide adenine dinucleo-

tide (NADþ) and a divalent metal such as Mn2þ or Cd2þ

(Hsu and Kohlhaw, 1980) and involves oxidative decar-

boxylation of (2R,3S)-3-isopropylmalate to (2S)-2-keto-

isocaproate, also forming reduced nicotinamide adenine

dinucleotide (NADH) and CO2. 3-IPMDH has been

purified and characterized from Pisum sativum L. (pea)

(Wittenbach et al., 1994), S. cerevisiae (Hsu and Kohlhaw,

Fig. 8. Reaction catalysed by 2-isopropylmalate synthase

Fig. 9. Reaction catalysed by 3-isopropylmalate dehydratase

Fig. 10. Reaction catalysed by 3-isopropylmalate dehydrogenase
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1980), E. coli (Wallon et al., 1997b), and Thermus ther-

mophilus (Hayashi-Iwasaki and Oshima, 2000). S. cerevi-

siae 3-IPMDH exists in equilibrium as both monomers

(�45 kDa) and dimers, has a Km for 3-isopropylmalate

of 23–42 mM, a Km for NADþ of 54–150 mM, and a spe-

cific activity of 19.3 U=mg (Hsu and Kohlhaw, 1980). The

crystal structures of 3-IPMDH from M. tuberculosis

(Singh et al., 2005), Bacillus coagulans (Tsuchiya et al.,

1997), T. thermophilus (Imada et al., 1991) S. typhimurium

and E. coli (Wallon et al., 1997a) in the absence of ef-

fectors, from T. thermophilus in the presence of NADþ

(Hurley and Dean, 1994) and of 3-IPMDH from

Thiobacillus ferrooxidans (Imada et al., 1998) in the pres-

ence of 3-isopropylmalate have been determined. The

compound O-isobutenyl oxalylhydroxamate (O-IbOHA),

an IPMDH reaction intermediate analog, has been shown

to inhibit P. sativum IPMDH with a K
app
i of 5 nM by

competing with 3-isopropylmalate for the active site

(Wittenbach et al., 1994). Application of O-IbOHA at

rates of 110, 560, 940, and >4000 g=ha for Zea mays

(maize), Setaria faberi (giant foxtail), Ipomoea purpurea

(morning glory) and Glycine max (soybean), respectively,

inhibits growth of the plants by 50% (Wittenbach et al.,

1994). However, due to the short-term reversibility of

inhibition, it is not expected that the compound would

prove to be an effective herbicide.

2. AHAS

It has been almost 50 years since the discovery of AHAS

and its role in BCAA biosynthesis (Umbarger and Brown,

1958). Since that time there has been a keen interest in

AHAS. In particular, the enzyme’s dependence upon a

flavin cofactor in the absence of redox activity and the

details of the ThDP-mediated reaction, the requirement

for a regulatory subunit, and inhibition of AHAS by the

sulfonylurea and imidazolinone herbicides have been

topics of interest over the years. Here we review the pur-

ification, properties, and structure of AHAS, discuss what

is known about the reactions catalyzed, and summarize

the numerous studies concerning the regulation of AHAS

activity by BCAAs. Finally, we take a look at the various

inhibitors of AHAS, with an emphasis on the sulfonyl-

yurea and imidazolinone herbicides.

2.1 Purification and characterization of AHAS

2.1.1 Bacterial AHAS

Bacterial AHAS has been characterized either in cellu-

lar extracts or as purified protein from both native and

recombinant sources. The enzyme has been studied in

several different organisms including P. aeruginosa (Arfin

and Koziell, 1973a; catalytic and regulatory subunits of

�60 and �15 kDa, Arfin and Koziell, 1973b), E. coli

(isozyme I, 60.3 and 11.0 kDa; isozyme II, 59.0 and

9.5 kDa; isozyme III, 62.8 and 17.9 kDa; Grimminger and

Umbarger, 1979; Barak et al., 1988; Hill et al., 1997),

S. typhimurium (isozyme II, 59.4 and 9.4 kDa; Schloss

et al., 1985), Lactococcus lactis (59.0 and 17.6 kDa; Snoep

et al., 1992), Serratia marcenscens (�62 and �35 kDa;

Yang and Kim, 1993), Leuconostoc lactis (Carroll et al.,

1995), Leuconostoc mesenteroides (�55 kDa; Phalip et al.,

1995), Streptomyces cinnamonensis (65.5 and 19.0 kDa;

Kopeck�yy et al., 1999), Mycobacterium avium (65.9 and

18.1 kDa; Zohar et al., 2003), C. glutamicum (66.7 and

18.6 kDa; Leyval et al., 2003), B. stearothermophilus

(62.3 and 18.6 kDa; Porat et al., 2004) and M. tuberculosis

(65.9 and 18.1 kDa; Choi et al., 2005). However, the en-

terobacterial isozymes have drawn the most interest.

Størmer and Umbarger (1964) were the first to isolate

AHAS from S. typhimurium. Eventually the three iso-

zymes AHASI, AHASII, and AHASIII (encoded by

ilvBN, ilvGM and ilvIH, respectively) were identified in

enterobacteria (Guardiola et al., 1974; Grimminger and

Umbarger, 1979). Grimminger and Umbarger (1979) first

reported the purification of E. coli AHASI, however, at

the time they did not realize the enzyme consists of two

different polypeptides. Subsequently, both the catalytic

and regulatory subunits of bacterial AHASI (Eoyang and

Silverman, 1984), AHASII (Schloss et al., 1985) and

AHASIII (Barak et al., 1988) were purified and character-

ized. The isozymes differ from one another in terms of

their kinetic properties, substrate specificity, sensitivity to

Table 1. Properties of E. coli AHAS isozymes

Propertya AHASI AHASII AHASIII

SA (U=mg) 40b 52.7c 30d

Km (mM) 1.5e 2.6c 11.5f

Kc ThDP (mM) 1.2b 1.1c 18f

Kc Mg2þ (mM) 60b 3.8c 3300f

Kc FAD (mM) 0.3b 0.2c 2.2f

K
app
i valine (mM) 100b NI 12.7f

Regulatory subunit (kDa) 11.1g 9.5h 17.5i

Specificity ratio (R) 1j 185j 53f

a SA, specific activity. Km, Michaelis constant for pyruvate. Kc, half-

saturating concentrations of cofactors required for activation. K
app
i , con-

centration of valine required for 50% inhibition. b Grimminger and

Umbarger (1979). c Hill and Duggleby (1998). d Weinstock et al.

(1992). e Eoyang and Silverman (1988). f Vyazmensky et al. (1996).
g Wek et al. (1985). h Lawther et al. (1987). i Squires et al. (1983). j Barak

et al. (1987). NI, not inhibited
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end-product inhibition, and the size of the regulatory sub-

unit. Some of the properties of the E. coli isozymes are

illustrated in Table 1.

Multiple AHAS isozymes within the enterobacteria

enable the organism to cope with variable environments.

One advantage of these multiple isoforms is that they have

differences in their substrate preferences. This can be quan-

tified using the specificity ratio (R, Eq. 1) (Barak et al.,

1987), which varies substantially between isozymes.

R ¼ ðAHB formed=½2-KB�Þ
ðAL formed=½pyruvate�Þ ð1Þ

Under normal growth conditions the cellular concentra-

tion of pyruvate is much greater than that of 2-KB so that

a high R value is required for the synthesis of all three

BCAAs. Thus AHASI, which has little preference for

either substrate (R¼ 1) (Barak et al., 1987), is the most

useful isozyme to the cell under conditions where the con-

centration of pyruvate is low (Dailey and Cronan, 1986)

because it is able to sustain valine and leucine synthesis.

For AHASII and AHASIII the R values have been esti-

mated to be 185 (Barak et al., 1987) and 53 (Vyazmensky

et al., 1996), respectively, indicating that both enzymes

play an important role in the synthesis of isoleucine.

However, AHASII is unlike the other two isozymes in

that it requires absolutely the presence of the regulatory

subunit for catalysis (Hill et al., 1997) and is completely

insensitive to feedback inhibition by any of the BCAAs

(Lawther et al., 1987). This way, in the presence of excess

valine which inhibits AHASIII but not AHASII, the latter

prevents cell death due to isoleucine starvation.

The crystal structure of bacterial AHAS has not yet

been reported, although a homology model (Ibdah et al.,

1996) for the catalytic subunit of E. coli AHASII has been

constructed from the Lactobacillus plantarum pyruvate

oxidase (POX) crystal structure (M€uuller and Schulz,

1993; M€uuller et al., 1994), an enzyme that is believed to

be closely related to AHAS (Chang and Cronan, 1988). It

would be interesting to obtain crystal structures of the

catalytic and regulatory subunits of each isozyme, so that

we could better understand why the sizes of the regulatory

subunits vary, how the two subunits interact, the mecha-

nism of feedback regulation and why AHASII is insensi-

tive to inhibition by the BCAAs.

2.1.2 Archaeal AHAS

AHAS has been purified from a methanogen (M. aeolicus,

Xing and Whitman, 1994), and an extreme halophile

(Haloferax volcanii, Vyazmensky et al., 2000). Kinetically,

the archaeal and bacterial AHAS are similar, although the

archaeal enzymes have some unique properties. For exam-

ple, M. aeolicus AHAS (�58 kDa) is oxygen sensitive and

is the only AHAS that does not require FAD absolutely

for catalysis; it can be substituted with flavin mononu-

cleotide or riboflavin plus phosphate (Xing and Whitman,

1994). H. volcanii is a native inhabitant of the Dead Sea

and therefore it is not surprising that AHAS from this

organism (�50 kDa) cannot tolerate conditions of low salt

and requires concentrations of greater than 3.5 M KCl

for maximal activity (Vyazmensky et al., 2000). The only

Kingdom for which an AHAS regulatory subunit has not

been identified is the archaea. Even though an AHAS reg-

ulatory subunit could not be detected in either M. aeolicus

and H. volcanii AHAS preparations, the enzymes are

sensitive to feedback inhibition by BCAAs (Xing and

Whitman, 1994; Vyazmensky et al., 2000). However, since

all other AHASs consist of both catalytic and regulatory

subunits, and the identification of a putative regulatory

subunit gene for M. aeolicus has been reported (Bowen

et al., 1997), it seems likely that archaeal AHAS regula-

tory subunits will be discovered.

2.1.3 Fungal AHAS

Fungal AHAS was first isolated from N. crassa and char-

acterized by Glatzer et al. in 1972. Owing to the lability of

the enzyme from the native source, subsequent character-

ization of the enzyme has been carried out on recombinant

S. cerevisiae AHAS expressed in E. coli (Poulsen and

Stougaard, 1989; Pang and Duggleby, 1999, 2001). Both the

catalytic (ilv2, 74.8 kDa) and regulatory (ilv6, 34.1 kDa)

subunits are nuclear-encoded (Polaina, 1984; Pang and

Duggleby, 1999), mitochondrial-directed (Cassady et al.,

1972) proteins that associate to form a heterotetramer

(Pang and Duggleby, 1999). Unlike bacteria, fungi are not

known to contain any isozymes and have only one copy of

the AHAS gene. Fungal AHAS is inhibited by valine, but

the enzyme can be reactivated by the addition of MgATP

(Pang and Duggleby, 1999, 2001). The catalytic subunit

of S. cerevisiae has been crystallized (Pang et al., 2001)

and the structure solved in both the presence (Pang et al.,

2003; McCourt et al., 2005) and absence (Pang et al.,

2002) of a sulfonylurea herbicide. Details of these struc-

tures will be discussed throughout Sections 2.2 and 2.5.2.

2.1.4 Plant AHAS

Plant AHAS is nuclear encoded and contains a chloroplast-

directing signal peptide at the N-terminus. The exact cleav-

age site of the transit peptide has not been determined

AHAS and its role in the biosynthetic pathway for branched-chain amino acids 181



experimentally; however, several researchers (Wiersma

et al., 1990; Rutledge et al., 1991; Chang and Duggleby,

1997) agree that the cleavage site is within a region

shortly after the first 70–85 amino acids, depending on

the plant species of interest. In the past, research on

plant AHAS has been hindered due to its instability and

low abundance in plants. Nevertheless, AHAS has been

characterized, to some extent, from cellular extracts of

Brassica napus (oilseed rape) (Bekkaoui et al., 1993)

and S. oleracea (Delfourne et al., 1994) or purified from

T. aestivum (57–58 kDa, Southan and Copeland, 1996),

H. vulgare (58 kDa, Durner and B€ooger, 1988), and Z. mays

(55 kDa, Singh et al., 1988; Mazur et al., 1987), to name a

few. E. coli expression vectors have enabled the purifica-

tion and characterization of Nicotiana tabacum (tobacco)

(65 kDa, Chang et al., 1997), A. thaliana (65.1 kDa,

Singh et al., 1991; Chang and Duggleby, 1997; Lee and

Duggleby, 2001), O. sativa (69.3 kDa, unpublished) and

Nicotiana plumbaginifolia (black-leaf tobacco) (65.1 kDa,

Hershey et al., 1999) AHAS. Earlier, a homology model

was constructed for the A. thaliana AHAS catalytic sub-

unit (Ott et al., 1996) and more recently, crystallization

of the A. thaliana AHAS catalytic subunit with a sulfo-

nylurea herbicide (Pang et al., 2004b), and its structure

(McCourt et al., 2006) in the presence of five sulfonylurea

herbicides and one imidazolinone herbicide, have been

reported. These structures will be discussed throughout

Section 2.2 and 2.5.1. The first plant regulatory subunits,

expressed as recombinant proteins, were only purified and

characterized relatively recently (N. plumbaginifolia,

50.0 kDa, Hershey et al., 1999; A. thaliana, 53.0 kDa,

Lee and Duggleby, 2001) and will be discussed at greater

length in Section 2.4.

2.1.5 AHAS from other organisms

AHAS is also found in cyanobacteria (Forlani et al.,

1991; Milano et al., 1992), green algae (Funke et al.,

1999; Landstein et al., 1990) and red algae (Reith and

Munholland, 1993) although it is poorly characterized and

its purification has never been reported. Red algal AHAS

is not nuclear-encoded like other AHASs; instead the

genes reside within plastid DNA (Reith and Munholland,

1993). Spirulina platensis (cyanobacterium) and Chlorella

emersonii (green alga) AHAS have been partially char-

acterized (Riccardi et al., 1988; Forlani et al., 1991;

Landstein et al., 1990). Two isoforms of �600 and

�550 kDa have been detected for S. platensis AHAS

(Forlani et al., 1991), whereas only one isoform was de-

tected in C. emersonii (Landstein et al., 1990). C. emersonii

AHAS, which is expressed in a heterotrophic medium, has

a Km for pyruvate of 9.1 mM, a preference for 2-KB over

pyruvate (R¼ 26) and is inhibited 50% by 0.3 mM valine

(Landstein et al., 1990). There is no confirmed report of

AHAS from any animal species. A putative human AHAS

gene (Joutel et al., 1996) was investigated by expressing

the protein (Duggleby et al., 2000) but no enzymatic

activity was detected. It now seems likely that the en-

coded protein is a 2-hydroxyphytanoyl CoA lyase (Foulon

et al., 1999).

2.2 Structure of AHAS

The first X-ray crystal structure of AHAS, reported by

Pang et al. in 2002, was of the S. cerevisiae catalytic sub-

unit in complex with ThDP, Mg2þ, and FAD. Since that

time, crystallization of the A. thaliana and S. cerevisiae

AHAS catalytic subunits in the presence of all three

cofactors and each of five sulfonylurea herbicides, as well

as one imidazolinone herbicide for the A. thaliana en-

zyme, has been achieved and the structures have been

determined (Pang et al., 2003; McCourt et al., 2005,

2006). Of these twelve structures, the imidazolinone-

bound A. thaliana catalytic subunit (PDB code 1Z8N) is

believed to be the most representative structure of catalyt-

ically active AHAS because: (a) the active site is not

open to solvent; and (b) the ThDP cofactor is intact. These

Table 2. Equivalent residues in AHAS from A. thaliana, E. coli (isozyme

II), and S. cerevisiae

A. thaliana E. coli (Isozyme II) S. cerevisiae

Gly121 Gly25 Gly116

Ala122 Ala26 Ala117

Glu144 Glu47 Glu139

Val196 Val99 Val191

Pro197 Ser100 Pro192

Arg199 Pro102 Thr193

Met200 Phe103 Ala195

Ala205 Ala107 Ala200

Phe206 Phe109 Phe201

Gln207 Gln110 Gln202

Lys256 Lys159 Lys251

Met351 Met250 Met354

Asp376 Asp275 Asp379

Arg377 Arg276 Arg380

Met570 Met460 Met582

Val571 Val461 Val583

Trp574 Trp464 Trp586

Ser653 Pro536 Gly657

Gly654 Gly658 Gly537

The active site and herbicide binding sites are made up of residues from

two AHAS monomers. A. thaliana AHAS residues 121–256 are from one

monomer and 351–654 are from the other

182 J. A. McCourt and R. G. Duggleby



structural features will be discussed shortly. Therefore,

unless otherwise noted, A. thaliana AHAS numbering will

be used throughout the remainder of this review. As a

reference, important equivalent residues in AHAS from

two other organisms are provided in Table 2. Structural

details of the herbicide binding site will be reserved for

discussion throughout Section 2.5.2.

The DNA encoding the putative N-terminal transit

sequence was removed for each of the recombinant en-

zymes used for crystallization (Pang et al., 2001, 2003,

2004b). This sequence was partly replaced with one

encoding a 47 amino acid N-terminal histidine-tag to

aid in purification of the yeast enzyme; however there is

no electron density observed for the tag. For all of the

structures solved, observable electron density commences

after approximately the first 84 amino acids of the pre-

cursor protein. In addition, there is little or no electron

density in the free yeast AHAS structure (PDB code

1JSC) for 19 amino acids linking two domains, for the

stretch of amino acids from 568 to 583, and for the last 40

residues.

S. cerevisiae AHAS crystallizes as a dimer (Pang et al.,

2002, 2003; McCourt et al., 2005), whereas the A. thaliana

enzyme crystallizes as a tetramer (Fig. 11) (McCourt et al.,

2006). The overall structure of AHAS resembles that

of other ThDP-dependent enzymes (M€uuller and Schulz,

1993; Hasson et al., 1998; Caines et al., 2004; Pang

et al., 2004a) in that the active site is formed at the inter-

face between two monomers, each (Fig. 12) of which is

composed of three domains; a (85–269), b (281–458),

and g (463–639). There is also a structured C-terminal

tail (646–668) observed in each of the herbicide com-

plexes which is not present in related ThDP-dependent

enzymes. Two identical substrate access tunnels, which

are located on opposite faces and composed of amino

acids from both monomers, lead to the two active sites

of a dimer. In the absence of an inhibitor this tunnel is not

very well defined because residues 568 to 583, which have

been termed the ‘‘mobile loop’’ (Pang et al., 2003), are in

a position that leaves much of the active site exposed to

solvent. Hence we refer to the conformation of the free

yeast AHAS structure and herbicide-bound AHAS struc-

tures as ‘‘open’’ and ‘‘closed’’, respectively. It is believed

that the closed conformation represents the catalytically

active form of the enzyme (Pang et al., 2003).

FAD is bound tightly to the enzyme, in an elongated

conformation, by seven hydrogen bonds to five amino acid

residues and with 42 other close contacts (�3.9 Å) to

16 other amino acid residues. Nine of these residues are

completely conserved and seven are highly conserved

across AHASs from 21 different species (McCourt et al.,

2005; see also the alignment of AHAS catalytic subunits

sequences in Duggleby and Pang, 2000). The FAD bind-

ing site is contained within a groove in the b domain of

one monomer with the end of the adenine ring exposed to

solvent and the isoalloxazine ring buried near the active

site (Fig. 13). In comparison to the open form of AHAS,

the isoalloxazine ring of the closed form is angled slightly

more towards the active site, bringing the dimethylben-

zene ring in closer proximity to the catalytic centre (C2 of

ThDP; see Fig. 14a and Section 2.3.2). The isoalloxazine

ring of FAD was originally modeled into the first two

AHAS structures in a flat conformation (Pang et al.,

2002, 2003). However, once higher resolution (2.19 Å)

data was available, it became clear that there is actually

a slight bend across the central N5–N10 axis, the same as

that which is observed for the isoalloxazine ring of the

closely related, redox-active L. plantarum POX (M€uuller

et al., 1994; McCourt et al., 2005). The implications of

this conformation of FAD with reference to an electron

transfer side-reaction will be discussed in Section 2.3.6.

The electron density for ThDP is complete for the open

conformation of S. cerevisiae AHAS (Pang et al., 2002),

for one of two molecules in the asymmetric unit of the

closed, chlorimuron ethyl-bound, S. cerevisiae AHAS

structure (Pang et al., 2003), and for the closed conforma-

tion of A. thaliana AHAS in the presence of an imidazo-

linone. However, for all other sulfonylurea-AHAS com-

plexes, the electron density for ThDP is fragmented.

Possible reasons for destruction of this cofactor will be

discussed in Section 2.5.1.

As in other ThDP-dependent enzymes, ThDP is bound

to AHAS in a V-conformation, imposed in part by

Met513, which protrudes between the pyrimidine and

thiazolium rings. Residues from both monomers contrib-

ute to binding ThDP, therefore the prime symbol (0) will

be used to differentiate residues of one monomer from

residues of the other. The pyrimidine ring is held in place

by ten hydrophobic contacts to Tyr1180, Pro1700 and

Met513 and three hydrogen bonds. Two of these hydrogen

bonds are between the 40-amino group of ThDP and the

side-chains of Glu1440 and Gln2070, while the other is

between N10 and the nitrogen atom of Gly1200; their

importance and role in catalysis will be discussed in

Section 2.3. The thiazolium ring and the C6 and C7

methylene groups are held in place through 14 hydro-

phobic contacts to Gly1200, Met513, Leu568, Met570,

and Val571. The diphosphate moiety of ThDP is hydrogen

bonded to one of the side-chain oxygen atoms of Asp538,

the backbone atoms of Gln487, His488, Gly539, Ser540,
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His567, and Gly569 and is coordinated to Mg2þ via two

of the diphosphate oxygen atoms. Mg2þ is also coordi-

nated to the side-chains of Asp538 and Asn565, the back-

bone oxygen atom of His567 and to one water molecule in

the herbicide bound structures. In the free yeast AHAS

structure, an additional water molecule is ligated to Mg2þ

Fig. 12. Stereo representation of an A. thaliana AHAS monomer. The a, b, and g domains are shown in pink, blue, and yellow, respectively. The C-

terminal tail is highlighted in violet. ThDP and FAD are shown as sticks; carbon is green, nitrogen blue, oxygen red, sulfur yellow, and phosphorus

magenta. The grey sphere is Mg2þ

Fig. 11. Overall structure of A. thaliana AHAS. Each monomer has been coloured separately. The two functional dimers are shown in red=blue and

green=purple
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(Pang et al., 2002), replacing His567, which is at the

border of the mobile loop.

These recent crystal structures of AHAS have provided

us with powerful information about the location and orga-

nization of the active site, and have also revealed the

location of the binding sites for two different classes of

herbicides. With this knowledge it will be possible to ra-

tionally design novel herbicides, create improved homol-

ogy models for AHAS from other organisms such as that

for N. tabacum AHAS (Le et al., 2004), and aid in the

discovery of new antifungal and antimicrobial agents.

2.3 AHAS reactions and mechanism

2.3.1 Substrates

AHAS naturally catalyses the carboligation of an hydroxy-

ethyl group, obtained by decarboxylation of pyruvate,

with either another molecule of pyruvate to give AL, or

with 2-KB to give AHB. However, the active site is quite

indiscriminate and is capable of accepting a range of un-

natural substrates including substrate homologs. In gen-

eral, it seems that the first substrate binding site is rather

specific for pyruvate. For example, it is possible for en-

terobacterial AHASI (Gollop et al., 1989) and AHASII

(Schloss and Van Dyk, 1988) to combine two molecules

of 2-KB to yield 2-ethyl-2-hydroxy-3-oxopentanoate

although the rate of product formation is only 3% that

of AHB. E. coli AHASIII is incapable of condensing

two molecules of 2-KB and is also inhibited in the pres-

ence of glyoxylate, where the methyl group of pyruvate

is replaced with hydrogen (Gollop et al., 1989). In this

case it seems probable that glyoxylate undergoes decar-

boxylation but the resulting hydroxymethyl group is

unable to be transferred to an acceptor, or released. The

binding site for the second substrate is much less stringent

than that for the first and can accept larger substrates than

2-KB. For example, E. coli AHASIII can combine pyru-

vate with 2-ketovalerate, a homolog of 2-KB consisting of

a propyl rather than an ethyl substituent, to yield 2-aceto-

2-hydroxyvalerate (Gollop et al., 1989).

Recently, it was realized that AHAS acts a proficient

catalyst for the production of (R)-phenylacetylcarbinol

(PAC), a precursor used in the pharmaceutical industry

for the production of a- and b-adrenergic drugs (Engel

et al., 2003) and other chiral hydroxyketones (Engel et al.,

2004a). Although each of the three E. coli AHAS iso-

zymes is able to catalyze the synthesis of PAC from pyru-

vate and benzaldehyde with a large enantiomeric excess

of the (R) isomer, the specific activity of the reaction for

E. coli AHASIII is much lower (0.21 U=mg) than that of

AHASI and AHASII (3.3 U=mg) (Engel et al., 2003).

Monosubstituted benzaldehydes with OH, CH3, OCH3,

CN, or Cl in either the meta or para positions are also

good substrates for AHAS and give rise to products with a

high enantiomeric excess (Engel et al., 2004a). Interest-

ingly, AHAS can also condense pyruvate with naphthal-

dehydes and pyridine carboxaldehydes with excellent

conversion rates, as well as with furan, thiophene, and

pyrrole carboxaldehydes, phenylacetaldehyde and cyclo-

hexane carboxaldehyde, although the conversion rates

using these substrates is poor. This gives rise to an enor-

mous range of possibilities for the synthesis of chiral

pharmaceutical precursors (Engel et al., 2004a). The use

of E. coli AHASI for the production of PAC on an indus-

trial scale has been proven to be efficient and a promising

alternative to the current methods employed (Engel et al.,

2005).

Fig. 13. Stereo representation of the active site residues within the A. thaliana-IQ complex. Residues that are believed to be essential for AHAS

catalysis as well as nearby residues involved in hydrogen bonding (<3.2 Å; blue dashed lines) or Mg2þ coordination (pink dashed lines) are shown.

Hydrogen bonds are indicated for water molecules (blue spheres) and side-chains only. The active site is formed at the dimer interface and the prime

symbol (0) is used to distinguish residues from the two monomers. Carbon is green, nitrogen blue, oxygen red, sulfur yellow, phosphorus magenta, and

Mg2þ is a pink sphere
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Fig. 14. a Structure of ThDP with the atoms numbered. b Catalytic cycle of AHAS. The box in the lower right hand corner indicates the geometry of

the enamine that is required to give products of the (S) configuration
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2.3.2 Catalytic mechanism

The catalytic mechanism of ThDP-dependent enzymes was

first proposed by Breslow in 1958 and focused principally

on the role of C2 (Fig. 14a). Since that time, a tremendous

amount of effort has been expended to gain an under-

standing of the fine details underlying the mechanisms

of individual enzymes. Although many of the acid and

base groups involved in catalysis remain elusive, the

powerful NMR technique developed by Tittmann et al.

(2003) has enabled the identification and quantification

of several different stable, covalent reaction intermediates

of pyruvate decarboxylase (PDC), POX, transketolase

(TK) and AHAS. With the knowledge of kcat, this method

can be utilized to calculate the net forward rate constants

for the formation of these intermediates and has the poten-

tial to be applied to all ThDP-dependent enzymes under

steady state conditions.

The catalytic cycle of AHAS is depicted in Fig. 14b.

AHAS is believed to be activated in the same way as other

ThDP-dependent enzymes (Bar-Ilan et al., 2001) in which

Glu144, which is highly conserved among AHASs and

other ThDP-dependent enzymes, protonates the N10 atom

of the pyrimidine ring (Kern et al., 1997) and induces for-

mation of the 10,40-iminotautomer (Jordan et al., 2002,

2003; Nemeria et al., 2004). This highly basic 40-imino

group is in close proximity (�3.3 Å for the A. thaliana

AHAS-IQ complex) to the C2 catalytic centre of ThDP as

a result of the cofactor’s V-conformation (Dyda et al.,

1993; McCourt et al., 2006). Abstraction of the C2 proton

by the 10,40-iminotautomer generates the highly reactive

ylide required for catalysis (Jordan and Mariam, 1978;

Kern et al., 1997; Lie et al., 2005). The E. coli AHASII

Glu144Gln (Glu47 in E. coli AHAS II) mutant shows a

40-fold lower C2 proton exchange rate over the wildtype

(8 s�1 versus 332 s�1 at 37 �C) (Bar-Ilan et al., 2001), as

expected from this scheme.

The activation of ThDP by this family of enzymes has

drawn a large amount of interest over the years because

the enzyme environment accelerates both the rates of for-

mation of the ylide (by a factor of 1.2� 105 for Z. mobilis

PDC at pH 6.0) (Kern et al., 1997) and the decarboxyla-

tion of pyruvate by several orders of magnitude over

ThDP alone in solution (by a factor of 3� 1012 at pH

6.2 for Saccharomyces carlsbergensis PDC) (Alvarez

et al., 1991). How this is accomplished, in the face of a

pKa for C2H dissociation that has been calculated to be as

high as 17–19 for the free cofactor in water (Washabaugh

and Jencks, 1988), is still controversial. It has been sug-

gested that ThDP-dependent enzymes achieve these accel-

erated rates by stabilization of the reactive zwitterionic

intermediates via the combined effect of an apolar active

site with a low dielectric constant and formation of the

10,40-iminotautomer that decreases the pKa for deprotona-

tion (Jordan et al., 1999; Zhang et al., 2005). However, at

least for formation of the ylide, Tittmann et al. (2005a)

argue that the process is under kinetic control wherein

deprotonation=reprotonation of C2 is simply due to fast

proton shuttling as a consequence of the V-conformation

of ThDP.

In the second step of the catalytic cycle of AHAS, the

nucleophilic ylide attacks a molecule of pyruvate to give

lactyl-ThDP (L-ThDP). The net forward rate constants

(kx
0) that have been calculated (Tittmann et al., 2003) for

each of the covalent intermediates from E. coli AHASII

indicate that the formation of L-ThDP is the principal

rate-limiting step (k2
0 ¼ 24 s�1 in the presence of pyruvate

or 21 s�1 in the presence of pyruvate and 2-KB) for the

overall reaction (kcat¼ 20 s�1 for either AL or AHB for-

mation) (Tittmann et al., 2003). This is an interesting

property of AHAS because it is not observed in other

ThDP-dependent enzymes where later steps are rate limit-

ing (Chipman et al., 2005). In the third step, L-ThDP

is decarboxylated (k3
0 ¼ 530 s�1 in the presence of pyru-

vate or 399 s�1 with both pyruvate and 2-KB) to give the

resonating HE-ThDP=enamine intermediate. Since 2-KB

does not participate in the reaction until a later stage, a

rate constant that is lower in the presence of both sub-

strates than with pyruvate alone is unexpected (McCourt

and Duggleby, 2005). One possible explanation for this,

advanced by Duggleby et al. (2004) on entirely separate

grounds, is that the second substrate is bound in the active

site at an early stage of the catalytic cycle and is held in a

‘‘waiting room’’ until HE-ThDP is formed. In this way the

enzyme would avoid opening of the active site to admit

the second substrate midway through the catalytic cycle.

Otherwise, doing so would expose HE-ThDP to solvent

and possibly result in conversion to acetaldehyde and

ThDP. Herbicidal inhibitors of AHAS (see Section 2.5),

benzaldehyde or other aromatic aldehydes, when present,

can also occupy the waiting room.

While these first three steps are common among other

ThDP-dependent pyruvate utilizing enzymes PDC, POX,

the E1 component of pyruvate dehydrogenase, and pyru-

vate:ferridoxin oxidoreductases, the fate of the HE-ThDP

intermediate for AHAS is quite different. Rather than the

protonation or oxidation of this intermediate, HE-ThDP

reacts with a second ketoacid (k4
0 ¼ 1060 s�1 for pyru-

vate or >2000 s�1 for 2-KB) after which the product is

released. The reaction catalyzed by AHAS is enantiospe-
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cific so that both products are of the (S) isomer (Crout

et al., 1990). This implies that the HE-ThDP=enamine

intermediate must attack the second ketoacid from the

si face of the molecule (Fig. 14b). We have also indi-

cated the stereochemistry of the acetolactyl- or acetohy-

droxybutyryl-ThDP adduct in Fig. 14b although the sec-

ond chiral centre proximal to C2 is yet to be confirmed.

However, the results of mutagenesis studies by Chipman

and coworkers repeatedly suggest the configuration

shown (Engel et al., 2004b and D. M. Chipman, personal

communication).

2.3.3 Substrate preference

As mentioned previously, depending on the organism of

origin, AHAS favors one 2-ketoacid over the other. For

example, E. coli AHASII is much more likely to combine

the HE-ThDP intermediate with 2-KB than with pyruvate

(R¼ 56; Tittmann et al., 2005b). Interestingly, mutation of

Trp574 (Trp464 in E. coli AHASII) to leucine virtually

abolishes this substrate preference (R¼ 1.3; Ibdah et al.,

1996). Thus, although it was shown that Trp574 plays an

integral role in selecting the second substrate, the way in

which the enzyme accomplishes this task was unclear. In

their recent paper, based on the kinetic analysis of a series

of E. coli AHASII mutants, Tittmann et al. (2005b) have

shown that the formation of AHB is more highly com-

mitted (k5
0 ¼>2000 s�1) than AL (k5

0 ¼ 176 s�1) and have

suggested that the preference for 2-KB can be attributed

to this property. That is, if a second molecule of pyruvate

binds to HE-ThDP it is more likely to be released than

2-KB, which would then give 2-KB another chance to

react and form AHB.

2.3.4 Residues involved in catalysis

Although the crystal structure of AHAS in complex with

reaction intermediates, substrates or products has not yet

been reported, mutagenesis studies on E. coli AHASII by

Chipman and coworkers (Ibdah et al., 1996; Bar-Ilan et al.,

2001; Engel et al., 2003, 2004b; Tittmann et al., 2005b)

and N. tabacum AHAS by the Choi=Yoon group (Chong

et al., 1999; Shin et al., 2000; Oh et al., 2001; Yoon et al.,

2002; Le et al., 2005) have provided evidence for the

involvement of several residues in catalysis. A representa-

tion of the proposed active site of E. coli AHASII with

HE-ThDP and 2-KB has been offered by Engel et al.

(2004b). The studies by Chipman and coworkers indicate

that in addition to Phe206 and Met351, Arg377 is critical

for the recognition of both pyruvate and 2-KB, but not for

benzaldehyde. Therefore, they reason that the cationic

side-chain of Arg377 interacts with the carboxylate group

of the ketoacid while Phe206 and Met351, which are

flanking Arg377 in space, are probably important for

maintaining the correct orientation for ionic interaction.

The importance of Arg377 in catalysis has also been

demonstrated for N. tabacum AHAS (Le et al., 2005).

Chipman’s group also suggest additional roles for

Gln207, which they believe may be involved in proton

transfer to the carbonyl oxygen of the second substrate,

and the positive dipole on the nitrogen atom of Gly121

which might be responsible for stabilizing the negative

charge on the carbonyl oxygen (Engel et al., 2004b). As

discussed previously, Trp574 is involved in recognition of

the second substrate and Met570, which is close to

Trp574 in space, might also aid in binding the second

substrate (Engel et al., 2004b).

2.3.5 Unconventional ThDP intermediates

Some bacteria contain an FAD-independent form of the

enzyme, now referred to as ALS, which catalyses the

same reaction as AHAS although it displays a very high

preference for pyruvate as the second substrate. It also has

a much higher specific activity than any AHAS. Determi-

nation of the crystal structure of ALS (Pang et al., 2004a)

has revealed some unusual features of the ThDP cofactor

that may be related to its high activity. The thiazolium

ring in ThDP is shown conventionally with N3 carrying a

positive charge and connected to C2 by a double bond

(Fig. 15, Ia), which would make N3 planar. However, in

ALS the N3 to C70 bond is clearly not in the same plane as

the thiazolium ring, with N3 being pyramidal. This im-

plies that there is no double bond to C2; this could occur

if the positive charge migrates to C2 (Fig. 15, Ib) or S1

(Fig. 15, Ic). There is a good precedent for charge migra-

tion in the crystal structure of free ThDP (Pletcher and

Sax, 1972) where the thiazolium ring is comprised of a

mixture of five resonance forms, with a 25% contribution

from form Ic (Fig. 15). It would only require a small dis-

torting force applied by the protein to make this the pre-

dominant form.

In the same paper by Pang et al. (2004a), the crystal

structure of ALS is solved with a bound hydroxyethyl

group, obtained by incubation with pyruvate. This inter-

mediate is also unconventional, with a tricyclic structure

(Fig. 15, IIIb) formed by reaction of the 40-NH2 with C2.

This structure is similar to dihydrothiachrome diphosphate

except for the extra substituent on C2. There is strong

evidence for the formation of the tricyclic dihydrothia-
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chrome from thiamin under mild conditions (Washabaugh

et al., 1993), and its oxidation yields thiochrome (Barger

et al., 1935), the fluorescent compound that is used fre-

quently for estimating thiamin and its derivatives.

Pang et al. (2004a) propose that after proton dissocia-

tion from the resonating Ib and Ic, the highly reactive

tricyclic II is formed and reacts with the first pyruvate.

This then decarboxylates to give the relatively non-

reactive enamine shown earlier (Fig. 14b). Because this is

stable, the enzyme can pause midway through the catalytic

cycle and allow the active site to release CO2 and admit

the second molecule of pyruvate. The tricyclic �-carb-

anion (IIIa) then forms, ready to react with the second

pyruvate. It is IIIa that is the true reaction intermedi-

ate but during the prolonged incubation that occurs in

a crystallization experiment, the added pyruvate is

completely depleted and the accumulated IIIa is con-

verted to IIIb.

2.3.6 Side-reactions catalyzed by AHAS

Not surprisingly, the highly reactive HE-ThDP AHAS

intermediate is susceptible to combining with other elec-

trophiles that can access the active site. In 1991 Abell and

Schloss discovered a side-reaction catalyzed by S. typhi-

murium AHASII in which molecular oxygen reacts with

HE-ThDP to form hydroperoxide-HE-ThDP. Over time,

the hydroperoxide intermediate decomposes to peracetic

acid and ThDP and the peracetic acid eventually decays to

acetate and oxygen (Fig. 16). In the presence of pyruvate

this reaction proceeds at 0.26 U=mg, which is approxi-

mately 1% the rate of AL production. Similarly, when

2-KB serves as the substrate, oxygenase activity drops to

0.02 U=mg, which is approximately 1% the rate of pro-

duction of 2-propio-2-hydroxybutyrate. Oxygenase activ-

ity has also been reported for H. vulgare AHAS; the spe-

cific activity is 0.075 U=mg (Durner et al., 1994).

FAD was first recognized as a cofactor for S. typhimur-

ium AHAS by Størmer and Umbarger (1964). Subsequent

studies confirmed that FAD was a cofactor for P. aerugi-

nosa, E. coli and Z. mays AHAS (Arfin and Koziell, 1973;

Grimminger and Umbarger, 1979; Muhitch et al., 1987).

To date, with the exception of M. aeolicus AHAS which

can substitute flavin mononucleotide or riboflavin plus

phosphate in place of FAD (Xing and Whitman, 1994),

all reports of characterized AHASs confirm that FAD is

required absolutely for catalysis. This requirement for

FAD is unusual because, as demonstrated using a variety

of experiments, the catalytic mechanism of AHAS does

not involve electron transfer. First of all, reconstitution of

AHAS with flavin analogs, including 5-deaza-5-carba FAD

or 8-demethyl-8-chloro-FAD, has little effect on AHAS

activity (Schloss, 1991); second, replacement of FAD

with photoreduced FAD (FADH2) gives 110% the activity

of the native enzyme (Schloss, 1991); and third, ALS is

capable of AL synthesis from two molecules of pyruvate in

the absence of FAD. Mandelonitrile lyase (EC 4.1.2.10) is

another example of an enzyme that requires FAD but does

not catalyze a redox reaction (Hu and Poulton, 1999). In

an interesting parallel to AHAS, tartronate-semialdehyde

synthase (EC 4.1.1.47, also known as glyoxylate carboli-

gase) requires FAD for the condensation of two molecules

of glyoxylate (the lower homolog of pyruvate) (Cromartie

and Walsh, 1976) and oxalyl-coenzyme A decarboxylase

(EC 4.1.1.8), a homologous ThDP-dependent enzyme,

Fig. 15. Forms of ThDP in the catalytic cycle of acetolactate synthase.

The conventional representation of the thiazolium ring (Ia) has the

positive charge on N3 but this charge may migrate to C2 (Ib) or S1

(Ic). After proton dissociation, the tricyclic II is formed and reacts with

pyruvate to give the enamine shown previously in Fig 14b. Reaction with

the second molecule of pyruvate requires the tricyclic a-carbanion (IIIa)

but this may be diverted into the side product IIIb by an intramolecular

proton transfer
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binds ADP in a similar region to FAD in AHAS (Berthold

et al., 2005).

In 1988, Schloss and Aulabaugh reported that during

the course of AHAS catalysis, there is a loss of FAD

absorbance at 450 nm. In the light of mounting evidence

against an FAD-mediated redox reaction in AHAS, at this

time they suggested that the phenomenon was due to

the catalytically non-productive nucleophilic attack of

HE-ThDP on FAD. Recently, a more in-depth analysis of

this observation led by Tittmann and coworkers uncovered

an FAD-mediated side reaction catalyzed by the E. coli

AHAS isozymes (Tittmann et al., 2004).

Fig. 16. Oxygenase side-reaction of bacterial AHAS. ‘‘Pyr’’ denotes the pyrimidine ring of ThDP. Following formation of the HE-ThDP=enamine in-

termediate, normal AHAS catalysis proceeds by route I. In an aerobic environment the enzyme will also catalyse an oxygenase side-reaction, route II
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The E. coli AHASII side-reaction was investigated

under both anaerobic and aerobic conditions. Each of the

reductive and oxidative half reactions were characterized

independently using pre-steady state and steady state

kinetics by means of time-resolved spectroscopy. The re-

ductive half reaction in the presence of pyruvate consists

mainly of three phases over a period of 500 seconds. The

pre-steady state phase (<20 s) in which there is a burst of

FAD reduction (k0obs ¼ 0.45 s�1) represents all of the cat-

alytic steps that lead up to, and including, the formation

of HE-ThDP is then followed by the steady state phase

(<100 s) where the rates of FAD reduction (k0red ¼ 0.2 s�1)

and oxidation (k0ox ¼ 0.25 s�1) are approximately equal.

Eventually, as dissolved oxygen is consumed, the equili-

brium shifts toward FAD reduction and all the FAD is

reduced over approximately the last 400 seconds. As

expected, under anaerobic conditions, the rate of reduc-

tion is slightly faster (k0 ¼ 1 s�1) and is completed after

100 s. Although the precise mechanism of the electron

transfer reaction is not known, it has been confirmed that

HE-ThDP serves as the electron donor and is oxidized to

acetyl-ThDP (Ac-ThDP) (Tittmann et al., 2004).

The AHAS side-reaction is reminiscent of the reaction

catalyzed by the membrane-associated POX in which the

HE-ThDP intermediate transfers two electrons to FAD to

give Ac-ThDP. For E. coli POX, Ac-ThDP is hydrolyzed

to give acetate and uses ubiquinone-8 as a final electron

acceptor in vivo (Tittmann et al., 2000). Based on the

many similarities between AHAS and POX including

their common cofactors (FAD, ThDP, Mg2þ), substrate

(pyruvate), product (CO2), the capacity of AHAS to bind

ubiquinones (Schloss et al., 1988) and the ability of POX

to synthesize AL (Chang and Cronan, 1988), it has been

proposed that POX and AHAS share a common ancestor

(Grabau and Cronan, 1986; Chang and Cronan, 1988;

Schloss et al., 1988). In addition, the arrangement of

cofactors within L. plantarum POX and AHAS are almost

identical. It is most interesting to note that in both struc-

tures the isoalloxazine ring is bent 15� across the N5–N10

axis, a conformation that is expected to favor reduced

FAD (M€uuller et al., 1994; McCourt et al., 2005). Since

the AHAS side-reaction is not productive, FAD is prob-

ably a remnant of the POX-like ancestor that has been

retained to avoid solvent-mediated protonation of the

reactive intermediate and to maintain the correct con-

formation of the enzyme. The existence of the FAD-

independent ALS shows that these functions of FAD

can be carried out by the protein alone. Indeed, ALS

is significantly more efficient than any FAD-dependent

AHAS.

2.4 Regulation of AHAS activity by feedback inhibition

Depending on the organism, several mechanisms have

evolved for the intracellular regulation of BCAA synth-

esis. However, one way in which all organisms control

this biochemical pathway is by feedback inhibition of

AHAS by one or more of valine, leucine or isoleucine.

Although it was known that valine is an inhibitor of

E. coli AHAS as early as 1958, when AHAS was first

characterized (Umbarger and Brown, 1958), the molecu-

lar mechanism of this inhibition was not clear. An im-

portant step towards its elucidation came when the first

DNA sequence of an AHAS operon was determined

(ilvIH encoding E. coli AHASIII; Squires et al., 1983),

which showed that AHAS is actually composed of two

different polypeptides. Shortly thereafter, the genes en-

coding AHASI (ilvBN; Wek et al., 1985) and AHASII

(ilvGM; Lawther et al., 1981) from E. coli were also se-

quenced and shown to encode a small polypeptide down-

stream from the gene encoding AHAS. The first success-

ful purification that demonstrated the presence of two

AHAS subunits was reported by Eoyang and Silverman

in 1984 for E. coli AHASI, and they later established that,

in addition to activating the large subunit, the small sub-

unit confers sensitivity to valine (Eoyang and Silverman,

1986). Separate purification and reconstitution of the large

and small subunits of E. coli AHASIII finally confirmed

that the large subunit alone is weakly active, but cannot

bind valine, whereas the small subunit by itself is inactive

and binds valine with a dissociation constant of 0.2 mM

(Vyazmensky et al., 1996). To date, the only exception

known is for enterobacterial AHASII, which requires

absolutely both subunits for catalytic activity but is not

feedback inhibited by any BCAAs (Blatt et al., 1972;

Hill et al., 1997). Hence the larger subunit is now referred

to as the ‘‘catalytic subunit’’ (CSU) while the smaller

subunit is best described as the ‘‘regulatory subunit’’

(RSU). This terminology is particularly fitting for the

plant regulatory subunits, which are almost as large as

the catalytic subunits.

As mentioned previously, with the exception of entero-

bacterial AHASII, it has been shown that AHASs from

enterobacteria (Umbarger and Brown, 1958; Bauerle et al.,

1964; Grimminger and Umbarger, 1979), other Gram

negative bacteria (Arfin and Koziell, 1973a; Yang and

Kim, 1993), Gram positive bacteria (Eggeling et al., 1987,

Leyval et al., 2003), archaea (Xing and Whitman, 1994;

Vyazmensky et al., 2000), fungi (Magee and deRobichon-

Szulmajster, 1968; Pang and Duggleby, 1999), unicellular

green alga (Landstein et al., 1990) and plants (Singh et al.,
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1988; Lee and Duggleby, 2001) are all feedback regulated

by one or more of valine, leucine or isoleucine. However,

prior to the discovery of putative plant and algal genes,

which were shown to have significant homology to genes

encoding bacterial RSUs (Duggleby, 1997), there was

confusion as to whether or not eukaryotic RSUs exist.

This is because the purification of both AHAS subunits

from a eukaryotic source has never been successful

(Durner and B€ooger, 1988; Singh et al., 1988; Southan

and Copeland, 1996). Evidence in favor of the existence

of eukaryotic RSUs (Singh and Shaner, 1995; Duggleby,

1997) included observations that crude extracts (Magee

and deRobichon-Szulmajster, 1968; Southan and Copeland,

1996), but not homogeneous preparations (Poulsen and

Stougaard, 1989; Southan and Copeland, 1996; Chang

et al., 1997), of eukaryotic AHAS are inhibited by one

or more BCAAs. In addition, in some cases there have

been subtle differences in the properties of the purified

enzyme, such as the Km for pyruvate, pH optimum, and

specific activity compared to those of the cellular extract

(Magee and deRobichon-Szulmajster, 1968; Poulsen and

Stougaard, 1989; Singh et al., 1992). One interpretation of

these changed properties is that eukaryotic RSUs are lost

during the purification process. Finally, in 1999 the first

two eukaryotic RSUs were cloned, expressed in E. coli,

and purified to homogeneity (S. cerevisiae RSU, Pang

and Duggleby, 1999; N. plumbaginifolia RSU, Hershey

et al., 1999). Reconstitution of the yeast CSU with its

RSU resulted in stimulation of its activity (7–10 fold)

and conferred sensitivity to BCAAs (Pang and Duggleby,

1999). In contrast, for reasons still unknown, although

the plant RSU was capable of enhancing the activity of

the catalytic subunit, it failed to confer sensitivity to the

BCAAs (Hershey et al., 1999). However, later work

with the subunits of A. thaliana AHAS demonstrated

reconstitution of a fully functional enzyme that is sensi-

tive to inhibition by all three BCAAs (Lee and Duggleby,

2001).

It is now widely believed that all organisms express an

AHAS RSU (Duggleby and Pang, 2000) and the genes

from at least 30 species among four Kingdoms have been

identified (Lee and Duggleby, 2002). In several cases the

protein has been purified either alone or in combination

with the catalytic subunit and characterized (Table 3). If

the CSU is expressed separately from the RSU the two

subunits can later be reconstituted as the holoenzyme,

usually by mixing the two subunits together and incubat-

ing for a short period of time. However, the expression of

soluble eukaryotic AHAS subunits usually requires that at

least part of the N-terminal transit sequence be removed.

Thus, 54 amino acids were removed from the CSU and 40

amino acids from the RSU of S. cerevisiae AHAS (Pang

and Duggleby, 1999). Similarly, 86 amino acids were

removed from the CSU (Chang and Duggleby, 1997),

and 70 amino acids from the RSU of A. thaliana AHAS

(Lee and Duggleby, 2001). Nevertheless, both prokaryotic

and N-terminal truncated eukaryotic CSUs are generally

much more soluble (10–40 mg=ml), than the RSUs

(Vyazmensky et al., 1996; Hill et al., 1997; Pang and

Duggleby, 1999; Lee and Duggleby, 2001; Choi et al.,

2005; typically <2 mg=ml, authors’ observation).

Reconstitution of the CSU with the RSU will greatly

enhance the specific activity of the enzyme (Vyazmensky

et al., 1996; Pang and Duggleby, 1999; Hershey et al.,

1999; Lee and Duggleby, 2001; Porat et al., 2004; Choi

et al., 2005). Moreover, reconstitution for all but AHASII

from E. coli (Hill et al., 1997) where the process is highly

cooperative, is rapid, efficient and follows simple hy-

perbolic saturation kinetics (Weinstock et al., 1992;

Vyazmensky et al., 1996; Pang and Duggleby, 1999;

Lee and Duggleby, 2001; Porat et al., 2004; Choi et al.,

2005). The dissociation constants for the reconstituted

enzyme (100 nM for E. coli AHASIII, Mendel et al.,

Table 3. Purified AHAS catalytic and regulatory subunits

Purified enzyme Catalytic subunit Regulatory subunit

kDa gi number kDa gi number

E. coli Ia 60.3 124373 11.0 17380389

E. coli IIb 59.0 12518626 9.5 12518627

E. coli IIIc 62.8 2507470 17.9 13359538

S. typhimurium IId 59.0 16422469 9.4 16422470

S. marcenscense �62 – �35 –

S. cinnamonensisf 65.5 55540777 19.0 5733116

M. tuberculosisg 65.9 61226663 18.1 54041388

M. aviumh 65.9 2501328 18.1 2501329

C. glutamicumi 66.7 62390158 18.6 21324040

B. stearothermophilusj 62.3 19918932 18.6 19918933

L. lactisk 59.0 15673206 17.6 12724195

P. aeruginosal �60 �15

S. cerevisiaem 74.8 6323755 34.1 1907135

N. plumbaginifolian 65.1 – 50.0 5931761

A. thalianao 72.4 124372 53.0 30685070

O. sativa (unpublished) 69.3 60116604 52.0 50910330

Molecular weights have been calculated for the full-length gene product

from the sequences listed in the public database. In cases where the

sequence is not available in the database, the molecular weight has been

provided by the author(s) in the listed references. a Eoyang and Silverman

(1984). b Hill et al. (1997). c Vyazmensky et al. (1996). d Schloss et al.

(1985). e Yang and Kim (1993), the enzyme was purified from the native,

rather than from a recombinant source. f Kopeck�yy et al. (1999). g Choi

et al. (2005). h Zohar et al. (2003). i Eli�ssáková et al. (2005). j Porat et al.

(2004). k Snoep et al. (1992). l Arfin and Koziell (1973b). m Pang and

Duggleby (1999). n Hershey et al. (1999). o Lee and Duggleby (2001)
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2001; 70 nM for S. cerevisiae AHAS, Pang and Duggleby,

1999; 167 nM for A. thaliana AHAS, Lee and Duggleby,

2001) indicate a tight association between the two sub-

units. As stated previously, in most cases reconstitution is

achieved simply by mixing an excess of the RSU with the

CSU (Weinstock et al., 1992; Vyazmensky et al., 1996;

Hill et al., 1997; Hershey et al., 1999). However, unusual

conditions are required for reconstitution of S. cerevisiae

AHAS subunits, for which an extremely high concen-

tration of phosphate (optimal at approximately 1 M) is

necessary (Pang and Duggleby, 1999). The high salt con-

centration may be mimicking the mitochondrial environ-

ment in which the enzyme resides (Duggleby and Pang,

2000). In some cases it is possible to activate the CSU

from one organism by reconstitution with the RSU from

another (N. plumbaginifolia RSU with the A. thaliana

CSU, Hershey et al., 1999; S. cerevisiae RSU with the

A. thaliana CSU, Pang and Duggleby, 2001; E. coli

AHASIII RSU with B. stearothermophilus CSU, Porat

et al., 2004). However, given the different properties

of the bacterial isozymes, it is not surprising that the

E. coli AHASI RSU cannot be substituted for the E. coli

AHASIII RSU (Weinstock et al., 1992).

Inhibition of AHAS by the BCAAs is complicated and,

despite the numerous studies conducted over the past

50 years, it is not well understood. The inhibition has

been reported to be noncompetitive (Bauerle et al., 1964;

Magee and deRobichon-Szulmajster, 1968; Glatzer et al.,

1972; Takenaka and Kuwana, 1972; Arfin and Koziell,

1973a; Oda et al., 1982; Proteau and Silver, 1991) and

competitive (Xing and Whitman, 1994) with respect to

pyruvate. Furthermore, the inhibition is incomplete so that

even at saturating concentrations of these amino acids,

anywhere from 11% to 87% of the activity still remains

even in the presence of the best inhibitor (Table 4). This

latter observation may be an indication that the BCAAs

act to alter the conformation of the CSU so that the

enzyme has a lower specific activity. It has also been

reported that the extent of inhibition by the BCAAs is

pH dependent (Magee and deRobichon-Szulmajster, 1968;

Miflin, 1971; Arfin and Koziell, 1973a; Vyazmensky et al.,

1996; Durner and B€ooger, 1990); for example at pH 8.5 the

K
app
i for valine of E. coli AHASIII is lower (6 mM) than

at pH 7.6 (12.7 mM) even though the extent of inhibi-

tion is lowered from 87% (at pH 7.6) to 71% (pH 8.5)

(Vyazmensky et al., 1996).

Most studies have shown that AHAS is inhibited by all

three BCAAs with valine being the most potent inhibitor,

followed by isoleucine, then leucine (Table 4) (Arfin and

Koziell, 1973a; Barak et al., 1988; Yang and Kim, 1993;

Pang and Duggleby, 2001; Leyval et al., 2003; Choi et al.,

2005). However, it must be emphasized that the most

Table 4. Inhibition of AHAS by valine, leucine, and isoleucine

Enzyme Val Leu Ile

K
app
i (mM) % K

app
i (mM) % K

app
i (mM) %

E. coli III 0.0127a 87a ND 35b ND 70b

C. glutamicumc 0.9d 6d 3.1d

P. aeruginosae 0.0044 28 1.8 34 0.270 29

S. marcenscensf 0.1d �1d �1d

M. aeolicusg 0.3 0.4 ND

M. aviumh 0.056 ND ND

M. tuberculosisi 16.3 40 very weak ND

B. stearothermophilusj 0.004k 40k ND ND

S. cerevisiael 0.142 78 NI NI ND 13

A. thalianam 0.231 36 0.336 49 1.38 27

H. vulgaren 2.3d 30 0.525d 41 ND 16

E. graciliso 0.280 89 ND 23 ND 32

C. emersoniip 0.4d �65 ND �35 ND �15

H. vulgareq ND �35 ND �35 ND �15

Z. maysr ND 34 ND 34 ND 16

H. volcaniis ND 50 ND ND weak ND

% refers to % inhibition at saturating concentrations of BCAAs. ND, not determined. NI, not inhibited by this amino acid.
a Vyazmensky et al. (1996). b Barak et al. (1988). c Leyval et al. (2003). d Indicates an IC50 value. e Arfin and Koziell (1973).
f Yang and Kim (1993). g Xing and Whitman (1994). h Zohar et al. (2003). i Choi et al. (2005). j Porat et al. (2004). k indicates

that the value was determined at non-saturating concentrations of pyruvate. l Pang and Duggleby (2001). m Lee and Duggleby

(2001). n Miflin (1971). o Oda et al. (1982). p Landstein et al. (1990). q Durner and B€ooger (1990). r Singh et al. (1988).
s Vyazmensky et al. (2000)
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potent amino acid inhibitors (with the lowest K
app
i or IC50

value) are not necessarily the best inhibitors (those with

the highest percentage of inhibition). For example, while

it was demonstrated for the P. aeruginosa enzyme that the

K
app
i values for isoleucine and leucine are 60-fold and

400-fold higher than that for valine, all three amino acids

inhibit the enzyme to approximately the same extent

(Table 4) (Arfin and Koziell, 1973a). Similarly, for the

A. thaliana enzyme, even though the K
app
i value for valine

is slightly lower than for leucine, it is leucine that gives

the greatest inhibition at saturation (Table 4) (Lee and

Duggleby, 2001). Furthermore, combinations of BCAAs

have a synergistic effect on some AHASs (Miflin, 1971;

Arfin and Koziell, 1973a; Singh et al., 1988; Lee and

Duggleby, 2001). The most detailed study of the syner-

gistic effect was performed using the A. thaliana enzyme

(Lee and Duggleby, 2001). They showed that inhibition

by leucine in combination with isoleucine (K
app
i ¼ 194mM,

61% inhibition) or valine (K
app
i ¼ 12.3 mM, 65% inhibi-

tion) is each more potent and extensive than for any one

amino acid alone (e.g. valine, K
app
i ¼ 231 mM, 36% inhi-

bition). No synergy was observed between valine and

isoleucine. Further investigation of the synergy between

leucine and valine revealed that the addition of 5 mM and

20 mM valine lowered the K
app
i for leucine from 313 mM to

44.9 mM and 2.6 mM, respectively. Similarly, increasing

the concentration of leucine in the presence of valine

decreases the K
app
i value for valine. Therefore, it was sug-

gested that there are two distinct binding sites, one for

leucine and one for valine or isoleucine, on the RSU of

A. thaliana AHAS.

The inhibition of fungal AHAS by valine can be fully

reversed by the addition of ATP (Takenaka and Kuwana,

1972; Pang and Duggleby, 1999; Pang and Duggleby,

2001). ATP cannot be replaced by other nucleotide tri-

phosphates, adenine diphosphate (ADP) or adenine mono-

phosphate (AMP), although replacement with a non-

hydrolysable form of ATP indicates that reversal of

inhibition is not mediated by phosphorylation (Pang and

Duggleby, 2001). It has been demonstrated that ATP, as

its Mg2þ complex, binds to the S. cerevisiae RSU alone

(Kd¼ 0.2 mM) and it is likely that this binding site is

contained within a 50 amino acid insert that is specific

to fungal RSUs (Lee and Duggleby, 2006). The activation

by ATP is very complex and depends on the concentration

of valine present in the reaction (Pang and Duggleby,

2001). This additional method of regulation within the

BCAA synthetic pathway may offer an alternative to the

valine insensitive AHASII isozyme utilized by the entero-

bacteria.

There are several mutations that are known to confer

resistance to valine (Bourgin et al., 1985; Relton et al.,

1986; Rasinathabapathi et al., 1990; Subramanian et al.,

1991; Wu et al., 1994; Vyazmensky et al., 1996; Kopeck�yy

et al., 1999). The molecular basis for valine resistance in

E. coli AHASIII and S. cinnamonensis AHAS has been

determined to be the result of a single amino acid sub-

stitution in the RSU (Vyazmensky et al., 1996; Kopeck�yy

et al., 1999), although there is at least one case in which a

mutation within the CSU, Ser217Leu, confers valine

resistance (Hervieu and Vaucheret, 1996). Interestingly,

the mutation that was described for E. coli AHASIII,

Gly14Asp, (Vyazmensky et al., 1996) was also identified

in S. cinnamonensis AHAS (Kopeck�yy et al., 1999) and

shown to align with a glutamate residue in the valine-

insensitive E. coli AHASII (Vyazmensky et al., 1996).

Unfortunately, neither solution nor crystal structures

of an AHAS RSU have been reported. Nevertheless,

the alignment (Fig. 17) and comparison of various RSU

amino acid sequences with other proteins has provided

some possible insight into the three-dimensional structure.

In general, most bacterial RSUs are similar to E. coli

AHASIII. Upon the identification of the first plant RSUs

a few years ago (Hershey et al., 1999; Lee and Duggleby,

2001), it was realized that the plant RSU sequences con-

tain a pair of repeats �180 amino acids in length (Lee and

Duggleby, 2001; Mendel et al., 2001). Each of these

repeats resembles the full sequence of bacterial RSUs,

lending further support for the presence of two amino acid

binding sites. Lee and Duggleby (2001) tested the role of

the repeats of the A. thaliana RSU by expressing each

separately. Both truncated proteins were capable of acti-

vating the CSU, and the N-terminal repeat conferred sen-

sitivity to leucine, but not valine or isoleucine. These

results indicate the existence of a binding site that is spe-

cific for leucine on the first repeat of the A. thaliana RSU.

The CSU reconstituted with the second repeat is insensi-

tive to BCAAs but it is possible that the N-terminal fusion

tag, which was added to facilitate purification, altered the

properties of the protein and interfered with its ability to

bind valine or isoleucine.

Homology models of the A. thaliana RSU and the

E. coli AHASIII RSU have been constructed by Lee and

Duggleby (2001) and Mendel et al. (2001), respectively.

The model proposed by Lee and Duggleby is based on its

similarity to the regulatory domain of E. coli TD, which is

also regulated by two BCAAs (activated by valine, in-

hibited by isoleucine), and consists of a pair of repeats

with some sequence identity to the A. thaliana RSU. The

model of Mendel et al. (2001) is based on the similarity
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Fig. 17. Alignment of the core region of known and putative AHAS regulatory subunit protein sequences. Sequences were aligned using the Pileup

program (Feng and Doolittle, 1987). Sequences shown are for fungi (Sce, Saccharomyces cerevisiae; Spa, Saccharomyces pastorianus; Spo,

Schizosaccharomyces pombe; Sma, Schizosaccharomyces malidevorans; Ncr, Neurospora crassa), algae (Cca, Cyanidium caldarium; Cme, Cyani-

dioschyzon merolae; Gth, Guillardia theta; Ppu, Porphyra purpurea), plants (Npl1, Nicotiana plumbaginifolia repeat 1; Npl2, N. plumbaginifolia

repeat 2; Ath1 Arabidopsis thaliana repeat 1; Ath1 Arabidopsis thaliana repeat 2), eubacteria (Eco1, Escherichia coli isozyme I; Eco2, E. coli

isozyme II; Eco3, E. coli isozyme III; Sty3, Salmonella typhimurium isozyme III; Bap, Buchnera aphidicola; Hin, Haemophilus influenzae; Ccr,

Caulobacter crescentus; Zmo, Zymomonas mobilis; Bsu, Bacillus subtilis; Lla, Lactococcus lactis; Mle, Mycobacterium leprae; Mtu, Mycobacterium

tuberculosis; Mav, Mycobacterium avium; Sav, Streptomyces avermitilis; Sci, Streptomyces cinnamonensis; Cgl, Corynebacterium glutamicum; Ssp,

Synechocystis sp; Aae, Aquifex aeolicus; Tma, Thermotoga maritima), and archaea (Mae, Methanococcus aeolicus; Mja, Methanococcus jannaschii;

Mth, Methanobacterium thermoautotrophicum; Afu, Archaeoglobus fulgidus). Residues highlighted in pink are identical in all sequences, residues

belonging to the strong conservation group (STA, NEQK, NHQK, NDEQ, QHRK, MILV, MILF, HY, FYW) are highlighted in green, and residues in

the weaker conservation group (CSA, ATV, SAG, STNK, STPA, SGND, SNDEQK, NDEQHK, NEQHRK, FVLIM, HFY, HY, FYW) are highlighted

in yellow. The three non-conserved residues of E. coli isozyme II are highlighted in red (A9, E14 and L58)
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between the N-terminal half of E. coli AHASIII RSU and

the C-terminal regulatory domain of 3-phosphoglycerate

dehydrogenase. One of the main differences between these

two models is that the former has two BCAA binding sites

with different specificities at the interface between the

two repeats within an RSU, while the latter has two iden-

tical binding sites at the interface between a pair of RSU

monomers. Lee and Duggleby (2002) tested their model

by mutating four residues in each repeat of the A. thaliana

RSU and testing the effect of BCAAs on these mutants.

All of the mutants were able to activate the CSU, but the

response to the BCAAs was complicated and difficult

to interpret. Mutagenesis studies have also supported the

model of Mendel et al. (2001). Later, Mendel et al. (2003)

determined that while the N-terminal domain (first 76

amino acids) of E. coli AHASIII was capable of activating

the CSU, the entire subunit was required for valine bind-

ing and inhibition.

Which of these two models is correct, if either, will

only be settled when the structure of an RSU is deter-

mined. However, the crystallization of an RSU has never

been reported. Understanding the assembly of the

complete enzyme, activation of the CSU by the RSU,

and transmission of regulatory signals from the RSU

to the CSU are fascinating problems that will not be

resolved until the structure of the entire complex can be

determined.

2.5 AHAS inhibitors

2.5.1 Herbicidal AHAS inhibitors on the market

Five major classes of herbicides that target AHAS are

marketed in various countries throughout the world.

These include the sulfonylaminocarbonyltriazolinones,

triazolopyrimidines, pyrimidinylsalicylic acids (also known

as pyrimidinyloxybenzoic acids and pyrimidinylthioben-

zoic acids), sulfonylureas and the imidazolinones. In each

case the herbicide is a time-dependent and potent inhibitor

of AHAS (Geier et al., 2001; Gerwick et al., 1990;

Shimizu et al., 1994a; LaRossa and Schloss, 1984; Shaner

et al., 1984). Our discussion of these herbicides will be

limited to the latter four classes because, as far as we are

aware, although the sulfonylaminocarbonyltriazolinones

are currently available for use in crops (flucarbazone mar-

keted by Bayer CropScience as EverestTM and propoxy-

carbazone marketed as AttributTM=OlympusTM), the inter-

action of these herbicides with AHAS has yet to be stud-

ied on a molecular level. One example of this herbicide

class, flucarbazone, is shown in Fig. 18.

The triazolopyrimidines (Fig. 19, Ia) were invented

in the late 1980’s, by Dow Elanco (Gerwick et al.,

1990), and are now manufactured by Dow Agrosciences.

Flumetsulam was the first triazolopyrimidine on the mar-

ket in the 1990’s, sold as BroadstrikeTM (Fig. 19, Ib). Post

emergent application of flumetsulam at 9 g=ha controls

>80% of broad-leafed weeds such as Abutilon theophrasti

(velvetleaf) (Kleschick et al., 1992). In general, triazolo-

pyrimidines consist of a di- or tri-substituted aromatic

ring linked by a short bridge to a substituted triazolopyr-

imidine ring system (Fig. 19, Ia). R1 and R2 substituents

are usually electron withdrawing groups such as Cl (diclo-

sulam), F (flumetsulam), or CF3 (penoxsulam), while R3

and R5 may be combinations of either CH3, CF3, OCH3,

H, or F. If Y¼CH, R6 is usually F or OCH3; R4 may be

OCH3, OCH2CH3, or H. One member of this class was

shown to be a mixed inhibitor of Catharanthus roseus

(vinca) AHAS with an I50 of 48.3 nM (Babczinski and

Zelinski, 1991). Alternatively, the aromatic ring may be

replaced with a quinoline ring to give ‘‘quinoline-linked

triazolopyrimidines’’ which are also potent inhibitors of

AHAS (IC50<100 nM) (Namgoong et al., 1999).

The pyrimidinylsalicylic acids (Fig. 19, Ib) were devel-

oped in the late 1980’s by chemists at Kumiai Chemical

Industry Co. Ltd., Ihara Chemical Industry Co. Ltd

and co-developed by DuPont (Shimizu et al., 1994a).

Fig. 18. Flucarbazone (EverestTM), a sulfonylaminocarbonyltriazolinone

Fig. 19. The general structure for the triazolopyrimidines (Ia) and the

pyrimidinylsalicylic acids (Ib), with the specific examples of one mem-

ber of each family, flumetsulam (IIa) and pyrithiobac (IIb)
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Pyrithiobac (Fig. 19, IIb) was first registered in 1995 with

the tradename StapleTM for weed management within

Gossypium hirsutum (cotton) crops in the United States

of America, and can be applied post-emergence at a rate

of 70 g=ha. The general structure of this class of herbicide

(Fig. 19, Ib) consists of a di-substituted pyrimidine ring

linked by either a sulfur atom (pyrimidinylthiobenzoic

acid) or an oxygen atom (pyrimidinyloxybenzoic acid)

to a substituted benzene ring. Most commonly, substitu-

ents R3 and R4 are methoxy groups, R2 is a carboxyl

group, and R1 substitutions can vary from a single chlor-

ine atom (pyrithiobac, Fig. 19, IIb) to a large aromatic

ring (bispyribac). Inhibition of plant AHAS by the pyri-

midinylsalicylic acids is potent and of the noncompetitive

type with respect to pyruvate (Kis ¼ 5.0 nM, Kii¼ 22 nM

for pyrithiobac inhibition of P. sativum AHAS) (Shimizu

et al., 1994b).

The most popular herbicidal AHAS inhibitors currently

on the market for broad spectrum weed control in major

crops are the sulfonylureas and imidazolinones (Fig. 20)

because they are highly selective, potent, and nontoxic

to animals (Shaner and Singh, 1997). The sulfonylureas

were developed in the late 1970’s by Dr. George Levitt

of DuPont (Levitt, 1978; Bhardwaj, 2006) and the imi-

dazolinones in the early 1980’s by Dr. Marinus Los of

American Cyanamid (now part of BASF) (Los, 1984).

However, neither class of herbicide was developed speci-

fically to inhibit AHAS. In fact it was not until 1984,

which was two years after the introduction of the first

sulfonylurea, chlorsulfuron (CS, sold as GleanTM), that

AHAS was determined to be the site action for the sulfo-

nylureas (Ray, 1984; LaRossa and Schloss, 1984; Chaleff

and Mauvais, 1984). In the same year, but two years before

the introduction of imazaquin (IQ, sold as ScepterTM) as

the first commercial imidazolinone herbicide, it was shown

that the imidazolinones also act by inhibiting AHAS

(Shaner et al., 1984). Owing to the low application rates of

the sulfonylureas and imidazolinones (5–100 g=ha), their

introduction to the market has decreased the total amount

of herbicide applied to crops every year by more than 200

million pounds (Bhardwaj, 2006).

One of the most attractive features of the sulfonylureas

and imidazolinones is that, due to differential metabolism

among various plant species, it is possible to identify

compounds that only particular crop species are able to

detoxify (Shaner and Singh, 1997). The sulfonylureas and

imidazolinones vary in their manners of absorption and

translocation as well as the degree of AHAS inhibition

within plants, however these three mechanisms contribute

very little to the widely variable effects on different plants

(Shaner and Singh, 1997). The most diverse effects of

these inhibitors on plants are due to differential metab-

olism across assorted species (Shaner and Singh, 1997).

For example, detoxification of the herbicides can be

achieved by dealkylation, ring hydroxylation, glucose con-

jugation, or ring cleavage (Shaner and Singh, 1997). In

this way, it is possible for selected plants, such as the crop

of interest, to completely inactivate the compound within

a few hours following application (Shaner and Singh,

1997). Alternatively, rather than selecting the herbicide

to suit the crop, it has become popular to develop crops

which are resistant to the herbicides (Tan et al., 2005).

The general structure for the classic sulfonylureas and

five examples of these are shown in Fig. 20, Ia–VIa.

Although the structures of sulfonylureas can vary consid-

erably, most consist of an ortho-substituted (R1) aromatic

ring linked to either a meta di-substituted triazine or pyr-

Fig. 20. The general structures for the sulfonylureas (Ia) and imidazoli-

nones (Ib) are illustrated. Examples of sulfonylureas include chlorimur-

on ethyl (CE, IIa), chlorsulfuron (CS, IIIa), metsulfuron methyl (MM,

IVa), tribenuron methyl (TB, Va), and sulfometuron methyl (SM, VIa).

Imazethapyr (IT, IIb), imazapyr (IP, IIIb), imazapic (IVb), imazamox

(Vb), and imazaquin (IQ, VIb) are examples of imidazolinones
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imidine ring through a sulfonylurea bridge. The ortho

substituent of the aromatic ring varies from methyl or

ethyl carboxyl esters to much larger groups such as tri-

fluoropropane (prosulfuron); however, one of the more

potent sulfonylureas, CS has a single chlorine atom in this

position (Fig. 20, IIIa). Typically, the sulfonylurea bridge

is as shown in Fig. 20, Ia, and is unsubstituted in the R2

position. However, slight elongation of the bridge by the

addition of a methylene group (bensulfuron methyl) or an

oxygen atom (ethoxysulfuron) adjacent to the sulfonyl

group is tolerated. Tribenuron methyl (TB) (Fig. 20, Va)

is an example of a sulfonylurea with a bridge substituted

at R2. The heterocycle is usually di-substituted with smal-

ler methoxy and=or methyl groups at R3 and R4. One of

the original and most potent sulfonylureas, chlorimuron

ethyl (CE, Fig. 20, IIa), has both a methoxy group and a

chlorine atom at R3=R4. The structures of the imidazoli-

nones (Fig. 20, Ib–VIb) are much less variable than the

sulfonylureas. In general (Fig. 20, Ib), most of the com-

mercial imidazolinones consist of a carboxylated pyridine

ring, which may be substituted at R1 and=or R2. The

pyridine ring can also be replaced with a benzene ring

(X¼CH) (imazamethabenz methyl) or a quinoline ring

(IQ) (Fig. 20, VIb). The best herbicidal activity is ob-

tained with a dihydroimidazolone ring that is substituted

with methyl and isopropyl groups as shown (Fig. 20, Ib);

both the S and R configurations are active, though the R

isomer is ten-fold more effective as an herbicide (Los,

1984; Stidham and Singh, 1991).

Both the sulfonylureas and the imidazolinones inhibit

AHAS in a time-dependent manner (LaRossa and Schloss,

1984; Ray, 1984; Muhitch et al., 1987; Chang and

Duggleby, 1997; Hill and Duggleby, 1998). Both phases

of inhibition are dependent upon the concentration of in-

hibitor added and tight-binding effects are apparent when

the concentrations of the enzyme and inhibitor are approx-

imately equal (Hill and Duggleby, 1998). The sulfonyl-

ureas have been reported to be mixed (Durner and B€ooger,

1988; Durner et al., 1991; Babczinski and Zelinski, 1991;

Hill et al., 1997), uncompetitive (Xing and Whitman, 1987)

and nearly competitive inhibitors with respect to pyruvate

(Schloss, 1984, 1990; Ahan et al., 1992). The imidazo-

linones have been described as either mixed (Schloss

et al., 1988; Ahan et al., 1992) or uncompetitive (Shaner

et al., 1984; Durner et al., 1991; Babczinski and Zelinski,

1991; Chang and Duggleby, 1997) inhibitors of AHAS. In

general, the imidazolinones inhibit plant AHAS in the mM

range, while the sulfonylureas are more potent inhibitors

of the plant enzyme, with K
app
i values in the nM range

(Chang and Duggleby, 1998).

2.5.2 The herbicide-binding site of AHAS

The crystal structures of CE, CS, TB, sulfometuron methyl

(SM) (Fig. 20, VIa), and metsulfuron methyl (MM)

(Fig. 20, IVa), in complex with both S. cerevisiae AHAS

(Pang et al., 2003; McCourt et al., 2005) and A. thaliana

AHAS (McCourt et al., 2006), as well as IQ in complex

with A. thaliana AHAS (McCourt et al., 2006) have been

determined. Both classes of herbicide bind within the

tunnel leading to the active site thereby blocking substrate

access (Fig. 21).

The constellation of amino acid residues which make

up the sulfonylurea binding-pocket in S. cerevisiae AHAS

and A. thaliana AHAS are almost identical (refer to Table

2 for equivalent residues involved in herbicide binding).

In all ten structures the sulfonylureas are in a conforma-

tion in which the aromatic ring of the herbicide is rotated

away from the axis of the sulfonylurea bridge so that

larger substituents of the aromatic ring, such as the ethyl

carboxy ester group of CE, aligns parallel with atoms of

the sulfonylurea bridge (Fig. 21a). With a few exceptions,

most of the residues (Val1960, Pro1970, Met2000, Ala2050,

and Asp376) that are involved in anchoring the aromatic

ring of the sulfonylureas make the same, or similar, con-

tacts in AHAS from both organisms. Likewise, the dimethyl-

benzene ring of FAD always has a hydrophobic interac-

tion with the methoxy substituent on the heterocyclic ring

of CE, CS, MM, and TB. In contrast, the interactions of

the five sulfonylureas with Gly1210, Phe2060, Lys2560,

Met351, Met570, and Val571 of either S. cerevisiae AHAS

or A. thaliana AHAS are quite variable. With the excep-

tion of Lys2560, which is hydrogen-bonded to either the

nitrogen or oxygen atoms of the sulfonylurea bridge in

some of the complexes, all of these residues make hydro-

phobic contacts with either the substituents on the hetero-

cyclic ring or the pyrimidine ring. In addition, Phe2060

often makes close contacts with ortho carboxy ester sub-

stituents of the aromatic ring. Although the herbicide

binding pocket is quite hydrophobic, in almost all cases,

there is at least one water molecule hydrogen-bonded to

either nitrogen or oxygen atoms within the sulfonylurea

bridge, and=or to a nitrogen atom within the heterocyclic

ring. The only contact for Ala1220 is with the terminal

methyl group of the carboxy ester substituent on CE in

AHAS from both organisms. The only substantial differ-

ence in the sulfonylurea binding sites for the two enzymes

is that Ser653 is close to the sulfonylureas in A. thaliana

AHAS. In the plant enzyme this residue makes a hydro-

gen bond with one or more of the oxygen atoms in the

sulfonylurea bridge, whereas the equivalent residue in
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S. cerevisiae AHAS, Gly657, lies outside of the herbicide

binding pocket.

Two of the most important residues that bind all five

sulfonylureas are Trp574 and Arg377, both of which play

a critical role in catalysis (Tittmann et al., 2005b). Trp574

is believed to be involved in recognition of the second

substrate, and mutation of this residue, which will be dis-

cussed later, gives rise to strong resistance against both

the sulfonylureas and the imidazolinones. Arg377 is be-

lieved to be responsible for substrate recognition by bind-

ing the carboxylate moiety of 2-ketoacids (Engel et al.,

2004b; Tittmann et al., 2005b). It is therefore interesting

to note that the terminal nitrogen atoms of Arg377 are

always hydrogen-bonded to one or more of the sulfonyl

oxygen atoms, one of the nitrogen atoms of the hetero-

cyclic ring and, if present, the oxygen atom of the meth-

Fig. 21. CE and IQ blocking access to the active site of A. thaliana AHAS. A Connolly surface representation of A. thaliana AHAS (green) is shown

for the CE (a) and IQ (b) complexes. Both herbicides are represented as ball and stick models with transparent surfaces. Carbon is grey, nitrogen is

blue, oxygen is red, and sulfur is yellow. The prime symbol (0) is used to differentiate residues from the two different monomers

Fig. 22. Stereo view of overlapping sulfonylurea and

imidazolinone binding sites in A. thaliana AHAS. The

CE-AHAS complex has been superimposed onto the

IQ-AHAS complex. ThDP and FAD are both represented

as ball and stick models, CE and IQ as stick models and

Mg2þ as a pink sphere. Carbon is grey for IQ, green for CE,

ThDP, and FAD. Nitrogen is blue, oxygen red, sulfur yellow,

chlorine orange, and phosphorus magenta
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oxy substituent on the heterocylic ring. These interactions

give further support to the waiting room concept men-

tioned in Section 2.3.2.

The molecule of IQ bound within the channel leading

to the active site is in the R configuration and positioned

so that the dihydroimidazolone ring is directed toward

the C2 centre of ThDP while the quinoline ring protrudes

out toward the surface of the protein (Fig. 21b). If the

A. thaliana AHAS-CE complex is superimposed onto

the IQ complex, it is apparent that the two herbicides

are overlapping (Fig. 22). However, only the dihydro-

imidazolone ring and part of the quinoline ring of IQ

share part of the sulfonylurea binding site. Of the ten

residues involved in securing IQ to the protein, all but

two of these, Gly654 and Arg1990, also function to bind

sulfonylureas. It is therefore impossible that both herbi-

cides could effectively bind and inhibit AHAS at the

same time.

IQ is held in place by 18 hydrophobic interactions, and

by a salt bridge between the carboxylic acid substitution

and one of the terminal nitrogen atoms of Arg377. The

quinoline ring is held in place by Met2000, Asp376,

Arg377, Ser653, and Gly654. Three of these contacts, one

with Gly654 and two with Met2000, are with the benzene

ring of the quinoline, which is absent in imazapyr (IP)

(Fig. 20, IIIb), and replaced with an ethyl group in ima-

zethapyr (IT) (Fig. 20, IIb). These extra contacts may help

to explain the order of potency towards A. thaliana AHAS

(Chang and Duggleby, 1998) for IQ (K
app
i ¼ 3.0 mM), IT

(K
app
i ¼ 9.0 mM) and IP (K

app
i ¼ 16.7 mM). The dihydroi-

midazolone ring itself interacts with Lys2560 and Trp574,

while the methyl and isopropyl substituents, which are

required for high herbicidal activity (Los, 1984; Stidham

and Singh, 1991), interact with the a carbon of Ala1220

and the side-chains of Ala1220, Phe2060, Gln2070,

Lys2560, and Trp574. Although the exocyclic oxygen sub-

stitution on the dihydroimidazolone ring is absolutely

necessary for herbicidal activity, it does not make any

contacts with A. thaliana AHAS. As mentioned earlier,

Ser653 of A. thaliana AHAS interacts with the sulfonyl-

ureas and IQ, whereas, at least for the sulfonylureas, the

equivalent Gly657 of S. cerevisiae AHAS does not. This

contact undoubtedly contributes to the very much more

potent inhibition by imidazolinones of A. thaliana com-

pared to S. cerevisiae AHAS (Chang and Duggleby, 1998;

Duggleby et al., 2003). It is well established that mutating

Ser653 renders plant AHAS strongly resistant to imid-

azolinones (Sathasivan et al., 1991; Hattori et al., 1992;

Chang and Duggleby, 1998; Lee et al., 1999; Chong and

Choi, 2001).

In addition to the imidazolinone molecule bound within

the channel leading to the active site of A. thaliana AHAS

(Fig. 21b), there is another located in a cleft �20 Å away

next to a molecule of CHES buffer. We attribute this

second, extraneous IQ molecule, to the high concentration

of IQ in the crystallization liquor (Pang et al., 2004b) and,

since the surrounding residues have never been implicated

in herbicide resistance, do not expect it to contribute to

the herbicidal activity of IQ. Nevertheless, this second

molecule makes several contacts with AHAS. There are

fifteen hydrophobic interactions with Gly245, Gly275,

Tyr276, Arg279, Pro281, and Asp297. In addition, the

exocyclic oxygen of the imidazole ring makes two hydro-

gen bonds with the terminal nitrogen atom of Lys220 and

the backbone nitrogen atom of Arg246.

2.5.3 Mechanism of inhibition

Despite the availability of the sulfonylurea- and imidazo-

linone-bound AHAS crystal structures, the mechanism of

inhibition by these herbicides is still not very well under-

stood. For example, the underlying basis for slow-binding

inhibition remains unclear. Most reports have suggested

that these herbicides bind tightly to the enzyme following

formation of the L-ThDP intermediate (LaRossa and

Schloss, 1984; Schloss et al., 1988; Schloss and Van Dyk,

1988; Schloss and Aulabaugh, 1988; Schloss, 1990;

Durner et al., 1991; Stidham and Singh, 1991; Delfourne

et al., 1994; Southan and Copeland, 1996), which implies

that inhibition requires turnover conditions. This finding is

consistent with the proposal mentioned earlier that herbi-

cides occupy the waiting room where the second substrate

normally binds. However, from the crystal structures

(Pang et al., 2003; McCourt et al., 2005, 2006) and other

studies (LaRossa and Schloss, 1984; Schloss et al., 1988) it

is clear that sulfonylureas are capable of binding to AHAS

in the absence of substrate and inactivating the enzyme

(Ortega et al., 1996; McCourt, 2004). Interestingly, Ortega

et al. (1996) found that ThDP-Mg2þ is absolutely required

for thifensulfuron methyl-mediated inactivation of E. coli

AHASII, and they therefore suggested that herbicide-

induced inactivation may correspond to a change in en-

zyme conformation that disfavors the V conformation of

ThDP required for catalysis. Since they discovered that the

affinity for ThDP may vary considerably among enzymes

from different species, they further suggested that failure

to remove this cofactor would explain why many reports

concerning the irreversibility of herbicide-induced inacti-

vation of AHAS are conflicting. Indeed, in studies where

removal of the inhibitor was verified, only the activity of
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bacterial AHAS (LaRossa and Schloss, 1984), but not

H. vulgare AHAS (Durner et al., 1991), which binds ThDP

with a much higher affinity than bacterial AHAS (Ortega

et al., 1996), could be recovered. Moreover, in the case of

the bacterial enzyme which was incubated for several

hours in the presence of EDTA, it is more likely that

ThDP and Mg2þ were separated from the enzyme.

In 1985, Schloss and coworkers purified and character-

ized S. typhimurium AHASII and found that under normal

assay conditions the enzyme slowly loses activity with a

half time of �1.5 hours at 37 �C. Interestingly they found

that enzyme lability is at least party mediated by ThDP

and can be reversed by extended dialysis with EDTA.

Recently, studies in our laboratory with E. coli AHASII

(McCourt, 2004), S. cerevisiae AHAS, and PDC (unpub-

lished results) have shown that during the course of

catalysis, ThDP is slowly destroyed. Furthermore, in

the presence of herbicides this process is somewhat

enhanced in AHAS (McCourt, 2004). A possible related

observation was reported for pyruvate dehydrogenase

(Strumilo et al., 2004) in which it appears that ThDP

can be dephosphorylated.

Accordingly, with the exception of one molecule of

ThDP in the S. cerevisiae AHAS-CE complex (Pang

et al., 2003), there is broken electron density in the re-

gion of the thiazole and pyrimidine rings for all of the

sulfonylurea-bound AHAS structures (McCourt et al., 2005,

2006). In all cases the contour of broken electron density

not only differs among A. thaliana AHAS-sulfonylurea

complexes (PDB codes 1YBH, 1YHY, 1YHZ, 1YI0, and

1YI1, McCourt et al., 2006), but also from the fragmented

ThDP molecules in S. cerevisiae AHAS-sulfonylurea com-

plexes (PDB codes 1N0H, Pang et al., 2003; 1T9A-D,

McCourt et al., 2005). We have suggested possible struc-

tures for some of these fragments (McCourt et al., 2005),

although we cannot provide a chemical mechanism to

explain the fragmentation at this time. Interestingly, there

is complete electron density for ThDP in the IQ complex

and the contacts which ThDP makes with the enzyme are

similar to those for the intact ThDP molecule found in one

monomer of the S. cerevisiae AHAS-CE complex (Pang

et al., 2003) and only slightly different than those for

ThDP in the uninhibited complex (PDB code 1JSC, Pang

et al., 2002). However, it may be significant that in this

AHAS-IQ complex the coordination geometry is distorted

around the Mg2þ that links the diphosphate tail of ThDP

to the protein. Although it will be necessary to conduct

further studies to characterize this process, the original

idea that herbicides inactivate AHAS by forcing ThDP

into an unfavourable conformation (Ortega et al., 1996)

is feasible. Deformation of ThDP perturbs the Mg2þ coor-

dination geometry in the IQ complex and disrupts one or

both rings of the cofactor in the sulfonylurea complexes.

Since the conformation of enzyme-bound ThDP is sus-

pected to protect the cofactor from fragmentation (Moore

and Kluger, 2002) it is a possibility that modification of

this structure may subject the cofactor to intramolecular

attack by either the highly reactive carbanionic HE-ThDP

intermediate (in the presence of substrate) or by the ylide

(in the absence of substrate).

2.5.4 Herbicide-resistant AHAS mutants

There are now more plants resistant to AHAS inhibitors

than any other herbicide class and the numbers are rising

(Tranel and Wright, 2002). One of the reasons for this

high level of tolerance is that resistance is transmitted

by a single dominant nuclear-encoded gene (Newhouse

et al., 1991) which, on the molecular level, usually results

in a single amino acid change in AHAS (Tranel and

Wright, 2002). In light of the recent, detailed reviews of

herbicide resistance provided by Duggleby and Pang

(2000) and Tranel and Wright (2002), our discussion will

be brief. Mutations within AHAS which result in herbi-

cide resistance have been studied extensively and many of

these have been deliberately introduced using site-direc-

ted mutagenesis approaches (for example, Falco et al.,

1989; Chang and Duggleby, 1998; Duggleby et al., 2003).

The four most common naturally occurring mutations are

at amino acids Ala122 (Bernasconi et al., 1995; Tranel

and Wright, 2002), Pro197 (Lee et al., 1988; Mourad et al.,

1995; Sibony et al., 2001), Trp574 (Lee et al., 1988;

Bernasconi et al., 1995; Hattori et al., 1995) and Ser653

(Hattori et al., 1992; Tranel and Wright, 2002). With the

exception of one report (Sibony et al., 2001), all mutations

of Pro197 give rise to either strong sulfonylurea (Haughn

et al., 1988) or triazolopyrimidine resistance (Mourad and

King, 1992). Mutations of Ala122 impart strong resis-

tance to imidazolinones, and mutations of Ser653 have

been reported to result in resistance to both the imidazo-

linones (Hattori et al., 1992) and the pyrimidinylsalicylic

acids (Mourad and King, 1992). Finally, cross tolerance

among sulfonylureas, imidazolinones, pyrimidylsalicylic

acids, and triazolopyrimidines is observed with mutations

of Trp574 (Bernasconi et al., 1995). With the information

available from the crystal structures of AHAS in complex

with the sulfonylureas (Pang et al., 2003; McCourt et al.,

2005, 2006) and an imidazolinone (McCourt et al., 2006),

it has been possible to offer explanations as to why some

mutations result in resistance to one class of herbicide, but
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not the other (McCourt et al., 2006). For instance, it is now

known that most residues which bind the imidazolinones

also bind the sulfonylureas; however, there are several

additional residues comprising the sulfonylurea binding

site which do not interact with imidazolinones. Although

the crystal structures of AHAS in complex with pyrimi-

dinylsalicylic acids and triazolopyrimidines are yet to be

solved, it is expected that these two classes of herbicide

bind to the same sites within AHAS. Based on the cross-

resistance data it appears that pyrimidinylsalicylic acids

bind in a site that closely overlaps that of the imidazoli-

nones while the triazolopyrimidines occupy the same site

as the sulfonylureas.

2.5.5 Other inhibitors of AHAS

Other compounds that were developed to act as inhibitors

of AHAS but, as far as we are aware, are not currently

on the market as herbicides include sulfonylamide azines,

pyrimidylmandelic acids, benzenesulfonyl carboxamides,

sulfonylimino-triazinyl heteroazoles, substituted sulfo-

nyldiamides (Babczinski and Zelinski, 1991), sulfonyl-

carboxamides (Stidham, 1991), vinylogous sulfonylureas

(McFadden et al., 1993), 4,6-dimethoxypyrimidines (Fig. 23,

Ia and IIa, Table 5, Shim et al., 1995), carbamoylpyrazo-

lines (Fig. 23 Ib, Table 5, Babczinski and Zelinski, 1991),

acetyl phosphinate (Table 5, Abell et al., 1995), N-phthal-

ylanilides and dicarboximide derivatives of valyl anilide

(Table 5, Huppatz and Casida, 1985). In some cases the

fact that these compounds are not commercial herbicides

is undoubtedly because they are not specific for AHAS

and could be toxic to animals. For example acetyl phos-

phinate inhibits pyruvate dehydrogenase (Schonbrunn-

Hanebeck et al., 1990), an enzyme that is essential for

oxidative carbohydrate metabolism in many organisms.

In other cases, the inhibitor may not readily reach its

target in a plant due to poor uptake or metabolic detox-

ification. Furthermore, even if a compound is a specific

and effective herbicide, it must compete in the market

with sulfonylureas and imidazolinones, which are cheap,

effective and safe.

AHAS is also inhibited by the ThDP analog thiamin

thiazolone diphosphate (TThDP) (Table 5, Schloss, 1991;

Roux et al., 1996), ubiquinone-0 and ubiquinone-5

(Fig. 24, Table 5, Schloss et al., 1988), hydroxypyruvate,

which is a suicidal inhibitor of E. coli AHASII (Duggleby,

2005), and gliotoxin from the fungus Aspergillus flavus

(Haraguchi et al., 1996).

Until recently, there has been little interest in the de-

velopment of AHAS inhibitors as antimicrobial agents

because most organisms would be able to overcome the

effects of these inhibitors by obtaining the BCAAs from

Fig. 23. The general structure of 4,6-dimethyoxypyrimidines (Ia), the

structure of K11570, a 4,6-dimethoxypyrimidine (IIa), and of carba-

moylpyrazolinone (Ib)

Table 5. Properties of some AHAS inhibitors

Inhibitor Enzyme Inhibitory

concentration (mM)

Inhibition typea

N-phthalyl-L-valine anilide Z. maysb 2.3c ND

1-cyclohexene-1,2-dicarboximide

derivative of valine anilide

Z. maysb 3.5c ND

Ubiquinone-0 S. typhimurium IId 110e, 150f Noncompetitive

Ubiquinone-5 S. typhimurium IId 660e, 400f Noncompetitive

TThDP Z. maysg 0.3 ND

acetylphosphinate Bacterial IIh 15 competitive

4,6-dimethyoxypyrimidine H. vulgarei 0.2b, 1.1f, 2.2e mixed

carbamoylpyrazoline C. roseusj 2.9c mixed

The inhibitory concentrations are expressed as K
app
i unless otherwise noted. For slow, tight-binding inhibitors

(carbamoylpyrazoline, TThDP, ubiquinone-0, ubiquinone-5) these values are calculated from initial velocities.
a Type of inhibition with respect to pyruvate. b Huppatz and Casida (1985). c IC50. d Schloss et al. (1988). e Kis.

f Kii,
g Roux et al. (1996). h Abell et al. (1995). i Shim et al. (1995). j Babczinski and Zelinski (1991). ND, not determined
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their environment. However, the mycobacteria are better

targets for amino acid synthesis inhibitors than other bac-

teria because they replicate within phagocytes, such as

macrophages, where the availability of certain amino acids

may be limited. In 1998, Grandoni and colleagues demon-

strated that selected sulfonylurea herbicides are effective

at inhibiting the growth of several M. tuberculosis strains.

Sulfometuron methyl and metsulfuron methyl inhibited

the growth of M. tuberculosis at concentrations <20 mM

which is 100-fold less potent than two of the drugs

(isoniazid and rifampicin) currently used to treat the

disease. The sulfonylureas are also moderately good inhib-

itors of M. avium AHAS with the lowest K
app
i values

ranging from 13.5 mM–215 mM (Zohar et al., 2003). Inter-

estingly, in both studies not all of the sulfonylureas tested

were effective and the imidazolinones showed little or

no inhibitory activity at all (Grandioni et al., 1998; Zohar

et al., 2003).

The incidence of tuberculosis has reached uncontrollable

levels especially in several third world countries in recent

years and there are now drug resistance problems which

complicate its treatment (Okeke et al., 2005). New mea-

sures, such as the development of novel drugs, are required

to control the spread of disease and to treat infected

patients. In the past year, Choi and colleagues (2005) pu-

rified and characterized recombinant AHAS catalytic and

regulatory subunits from M. tuberculosis. Using a chemi-

cal library they screened thousands of compounds and

identified four that inhibit >90% of the M. tuberculosis

AHAS activity at a concentration of 40 mM. The two most

active compounds, KHG20612 and KHG20614 with IC50

values of 1.77 mM and 1.99 mM, respectively, are shown in

Fig. 25. With the exception of pyrazosulfuron, all four

compounds are better inhibitors than each of ten sulfonyl-

ureas tested. The development of this new class of inhi-

bitors is an exciting prospect for the future of antituber-

culosis agents.

3. Concluding remarks

Structural biology is approaching the stage where it is

reasonable to expect that the structures will be solved

for all enzymes in any given biochemical pathway. In

the case of BCAA biosynthesis, this point has nearly been

reached; the only enzyme for which there are no crystal

structures available is DHAD. Also, for both AHAS and

bacterial 3-IPMD, only one of the two subunits remain to

be solved. This structural information will cast light upon

the way in which this pathway evolved and, in addition,

will provide new opportunities for the rational design of

bioactive compounds. To date, the only bioactive com-

pounds that target this pathway are the various AHAS-

inhibiting herbicides and these were all, without excep-

tion, developed by classical biological screening and syn-

thetic chemistry. While the herbicides used currently are

undoubtedly highly successful, resistance is becoming a

problem and eventually new herbicides will need to be

developed. Moreover, targeting AHAS or other enzymes

in this pathway may lead to new antimicrobial agents.

There has been a small amount of research in this area,

and undoubtedly there will be more in the future.

While herbicide resistance can reduce the value of cur-

rent compounds for weed control, it also opens up the

opportunity of tailoring resistance in chosen crops. The

introduction of such genetically modified plants does raise

several ethical and environmental concerns but there are

also clear benefits that should not be overlooked. The

better these genetically modified crops are understood,

the greater is the likelihood that the drawbacks can be

minimized.

Finally, understanding the enzymes in this pathway will

extend the possibilities for chemoenzymatic syntheses of

various compounds on an industrial scale. Again, studies

using AHAS are leading the way but there is certainly the

potential to use other enzymes in the pathway for this

purpose.

Fig. 24. Ubiquinone-5

Fig. 25. Inhibitors of M. tuberculosis AHAS
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Note added in proof

The structure of the RSU of E. coli AHASIII has now been

solved (Kaplun et al. (2006), J Mol Biol 357: 951–963).
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