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Abstract 
 

Isochorismate Synthase Enzymes in Arabidopsis 
 

by 
 

Marcus Antoninus Strawn 
 

Doctor of Philosophy in Chemistry 
 

University of California, Berkeley 
 

Professor Mary C. Wildermuth, Co-chair 
 

Professor Judith Klinman, Co-chair 
 
 

Plants biosynthesize many essential metabolites via the shikimate pathway end product 
chorismate, including the aromatic amino acids phenylalanine, tyrosine and tryptophan.  
Isochorismate is generated from chorismate by the action of isochorismate synthase enzymes, 
and this isochorismate is a precursor to both the important plant hormone salicylic acid, and to 
the photosystem I electron transport agent phylloquinone (vitamin K1).  AtICS1 and AtICS2 are 
two genes in the model plant organism Arabidopsis thaliana encoding proteins that are 
homologous to known bacterial isochorismate synthases.  Though expression of these genes had 
previously been studied, prior to this work nothing was known about the function of their protein 
products.  Herein, I describe the overexpression and purification of both wild type and mutant 
forms of recombinant AtICS1 and AtICS2 proteins.  I also describe a thorough biochemical 
characterization of these various proteins. 

The pathogen-induced accumulation of the salicylic acid involved in plant defense 
requires AtICS1.  AtICS1 acts as a monofunctional isochorismate synthase enzyme instead of a 
bifunctional salicylic acid synthase, and the reaction that it catalyzes operates near equilibrium 
(apparent Keq = 0.89).  Using an irreversible coupled spectrophotometric assay, AtICS1 was 
found to have an apparent KM of 41.5 µM and kcat of 38.7 min-1 for chorismate.  This affinity for 
chorismate would allow AtICS1 to successfully compete with other pathogen-induced 
chorismate-utilizing enzymes.  Furthermore, the biochemical properties of AtICS1 indicate that 
its activity is not regulated by light-dependent changes in stromal pH, Mg2+ ion concentration, or 
redox balance, and that it is remarkably active at 4 °C, consistent with a role for AtICS1 in 
salicylic acid production for the mediation of cold-tolerant growth.  Finally, these analyses 
support plastidic synthesis of stress-induced salicylic acid by AtICS1 – with the requirement for 
one or more additional enzymes responsible for the conversion of isochorismate to salicylic acid 
– as non-enzymatic conversion of isochorismate to salicylic acid under physiological conditions 
was negligible. 

The similarity between the pattern of expression of AtICS2 and that of other genes in the 
phylloquinone biosynthetic pathway strongly suggests that AtICS2 is involved in phylloquinone 
biosynthesis associated with plastid development during the dark-light transition.  AtICS2 is also 
a monofunctional isochorismate synthase that catalyzes a reaction that operates near equilibrium 
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(apparent Keq = 0.76).  This is consistent with its proposed role in phylloquinone biosynthesis, 
and it rules out a role for AtICS2 as an isochorismate pyruvate lyase in salicylic acid 
biosynthesis.  Using an irreversible coupled spectrophotometric assay, AtICS2 was found to have 
an apparent KM of 17.2 µM and kcat of 18.0 min-1 for chorismate – these reaction parameters 
would allow AtICS2 to efficiently channel chorismate into the phylloquinone biosynthetic 
pathway.  The biochemical properties of AtICS2 indicate that the enzyme is active within a 
broad range of stromal pH values, Mg2+ ion concentrations, and temperatures, consistent with the 
need for AtICS2 to operate under a variety of conditions during induced phylloquinone 
biosynthesis. 

An examination of the amino acid sequence of various chorismate-utilizing enzymes 
revealed that one of the residues located within 6 Å of the putative substrate binding site is an 
alanine in virtually all known monofunctional isochorismate synthase enzymes, but a threonine 
in most bifunctional anthranilate synthase and salicylic acid synthase enzymes.  Furthermore, 
structural studies of several of these enzymes indicate that this residue is likely forming a 
hydrogen bond to the substrate.  These factors suggest that the identity of this residue may 
determine whether the given enzyme catalyzes a secondary aromatization reaction after the 
initial substitution reaction common to all of these enzymes.  Several mutants of AtICS1 and 
AtICS2 were overexpressed and purified, all possessing residues altered at this and adjacent 
positions.  In every case, the mutant protein no longer possessed any isochorismate synthase 
activity, acting instead as a bifunctional chorismate mutase-prephenate dehydratase enzyme.  
This suggests that the active sites of isochorismate synthase enzymes require a highly organized 
amino acid configuration, and that even minor perturbations in it will abolish all activity.  It 
further suggests that the default activity of this class of enzymes may be chorismate mutase 
activity. 

Experiments were undertaken to determine whether any of the three known Arabidopsis 
chorismate mutase enzymes could be acting as an isochorismate pyruvate lyase enzymes in vivo, 
as they possess homology to Pseudomonas aeruginosa PchB, an enzyme known to possess this 
activity.  These enzymes were overexpressed and purified in recombinant form, and exposed to 
isochorismate.  AtCM2 and AtCM3 produced no salicylic acid, but AtCM1 possessed a very 
weak isochorismate pyruvate lyase specific activity of 0.864 nmoles min-1 mg protein-1.  This 
suggests the possibility that AtCM1 is operating as an isochorismate pyruvate lyase in planta, 
where other factors could enable AtCM1 to catalyze this reaction more efficiently. 
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PLANT NATURAL PRODUCTS 
 

Introduction to Plant Natural Products.  Humans have taken advantage of the 
industrial and therapeutic applications of plants throughout recorded history, using their extracts 
as dyes, fibers, oils, perfumes, and drugs.  Interest in plant natural products has been particularly 
high in the medical and scientific communities since 1805, when morphine (see Figure 1.2) 
became the first active ingredient associated with a medicinal plant – the opium poppy – to be 
isolated; in 1826, Emanuel Merck made it the first commercial pure natural product to be 
marketed as a therapeutic agent.  Plant natural products comprise the active ingredients of 25% 
of all prescriptions dispensed in the United States – as opposed to 13% for microbial natural 
products [1, 2].  An analysis of the drugs approved by the U.S. Food and Drug Administration in 
the 26 years between 1981 and 2007 showed that 537 of the 1010 total (53%) were natural 
products or their derivatives, the majority of which were derived from plants [3].  Furthermore, 
for indications in which novel activity was desired, this percentage rose dramatically: 78% of the 
anti-cancer agents and 69% of anti-infective agents approved during this period were natural 
products [3].  The World Health Organization has estimated that approximately 80% of the 
world’s population relies upon traditional medicines for their primary health care, most of which 
are plant-based [4].  This is significant, and given that as little as 5% of the approximately 
250,000 species of higher plants have been systematically investigated for the presence of 
bioactive compounds [5], it suggests that many molecules of potential therapeutic use remain 
undiscovered. 

Most plant natural products are biosynthesized in response to external stimuli.  In the past 
these were referred to as secondary metabolites as they were not found to be required for growth 
under standard conditions; however, the term specialized metabolite is now favored.  The 
extraordinary diversity of plant metabolism results from the fact that plants are stationary 
organisms, and as such are faced with a number of challenges that animals are not.  Plants 
biosynthesize small molecule toxins to protect themselves directly from herbivores and microbial 
pathogens, and generate signaling molecules to activate local and systemic defenses against 
them.  Various small molecules are also biosynthesized in response to potentially harmful abiotic 
factors, among them excessively hot and cold temperatures, very high or low light levels, high 
concentrations of toxic inorganic solutes, extremes of water balance, and various kinds of 
oxidative stress.  Furthermore, the survival of many plants relies upon attracting insects to 
pollinate flowers or herbivores to consume and excrete seed fruit, motivating the biosynthesis of 
brightly colored compounds, scented volatiles, and chemical flavoring agents.  Plants effectively 
compete with one another for resources by releasing small molecules into the soil that are 
inhibitory to the growth of the other plants, a phenomenon known as allelopathy [6].  Plants also 
have to maintain defensive structures like the cuticle – a secreted coating in the outer cell walls 
of the plant epidermis – in order to provide a physical barrier to pathogens that have attached 
themselves to the plant surface, and to prevent dehydration of the organism due to its 
impermeability to water; this involves the inducible biosynthesis of cutin and suberin, which are 
polyesters of hydroxylated fatty acids, and of various waxes, which are extremely hydrophobic 
mixtures of long-chain fatty esters.  All told, an enormous number of small molecule compounds 
are biosynthesized by plants, but because they are present only transiently, are usually available 
in small quantities, and are often limited taxonomically, the function of most of these molecules 
in plants is unknown.  Using the techniques of biochemistry and molecular biology, it is possible 
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to define the roles of these metabolites in plant biology and to assay their potential for industrial 
and therapeutic use. 

Three major types of specialized metabolites are particular to plants, and comprise the 
bulk of these plant natural products: plant terpenoids, nitrogenous amino acid derivatives, and 
phenolics [7].  Below, I describe the biosynthetic pathways of these three classes of metabolite, 
as well as specify the biological function of notable members of each.  This survey of plant 
natural product diversity emphasizes the importance of aromatic amino acid biosynthesis, as a 
relatively high percentage of specialized metabolites are generated via pathways that use one of 
these amino acids (phenylalanine, tyrosine, and tryptophan) as precursors.  This discussion 
serves as an entrée to a more detailed description of chorismate metabolism, as chorismate is a 
precursor to the biosynthesis of the three aromatic amino acids, as well as numerous other 
specialized metabolites.  The metabolism of chorismate-derived isochorismate is given particular 
consideration, as it is a biosynthetic precursor to the important plant metabolites phylloquinone 
and salicylic acid.  Finally, the biological function of salicylic acid and its derivatives in both 
plants and humans is discussed in some detail. 
 

Plant Terpenoids.  All terpenoids are derived from intermediates formed from multiple 
additions of the five-carbon precursor isopentenyl diphosphate (IPP), and they are usually quite 
hydrophobic (Figure 1.1).  Plant terpenoids in general are biosynthesized from IPP derived from 
the 1-deoxy-D-xylulose-5-phosphate (DOXP) pathway present in the chloroplast [8]; these 
terpenoid products include the monoterpenes (10 carbon atoms), diterpenes (20 carbon atoms), 
and tetraterpenes (40 carbon atoms).  IPP can also be derived from the cytosolic mevalonate 
pathway, which is ubiquitous in all organisms; sesquiterpenes (15 carbon atoms), triterpenes (30 
carbon atoms), and sterols (derivatives of triterpenes) are the principal products of this IPP pool.  
There are over 25,000 terpenoids known in plants, many of which are highly toxic to herbivores 
[7].  Among the terpenoids in this category are the volatile resin monoterpenes limonene from 
citrus fruit (among others), α-pinene from pine bark (as the principal component of turpentine), 
and chrysanthemic and pyrethric acids from chrysanthemum flowers – both of which are 
precursors of the commercially popular insecticidal pyrethoids (see [9], and Figure 1.1).  Though 
many plant terpenoids are repellent to insects, volatile terpenes are also emitted in order to attract 
both pollinators to the flower [10] and natural predators of attacking insects to the wounded plant 
[11].  Additionally, the volatile monoterpene derivative (E)-4,8-dimethyl-1,3,7-nonatriene 
(DMNT, Figure 1.1), which strongly activates expression of lima bean defense genes of the 
jasmonic acid signaling pathway (see below, and Figure 1.13), is also emitted by spider mite-
infected lima bean leaves, suggesting a role for such volatile compounds in plant community 
defense from herbivores [12]. 

A number of terpenoid metabolites are involved in normal plant function as well as in the 
response of the plant to stress.  Carotenoids, such as the vitamin A precursor β-carotene (Figure 
1.1), are tetraterpenes that function as both antenna pigments in photosynthesis and as 
photoprotective agents.  Also, three of the several key plant hormones are terpenoids.  Abscisic 
acid (Figure 1.1) is a tetraterpene-derived plant hormone that generally inhibits seed germination, 
and is involved in the stress response of the plant to low water [7].  The gibberellins, all of which 
are derived from the diterpene kaurenoic acid (Figure 1.1), are hormones that promote plant 
growth and flowering, as well as stimulate cell division in the stems of some plants in response 
to flooding [7].  The brassinosteroids, of which brassinolide is the most potent and widespread 
(Figure 1.1), are mevalonate-derived slower-acting plant growth hormones that are especially  
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important in vascular development, and are essential factors in grasses in leaf bending and 
unrolling in response to various external stimuli [7].  Finally, one important role of terpenes is to 
confer additional membrane permeability to compounds that require this localization for activity.  
For example, the diterpenoid phytyl group (see Figure 1.11), when attached to chlorophyll 
molecules, helps anchor them to the membrane where they are needed to participate in 
photosynthesis.  Chlorophyll with the phytyl group removed becomes quite water-soluble [7]. 
 

Plant Nitrogenous Amino Acid Derivatives.  Nitrogenous amino acid derivatives are a 
second major class of plant natural products, with alkaloids being the most notable group among 
them.  Though alkaloids are found in only about 20% of all species of flowering plants, they 
have approximately 15,000 known members [7].  Alkaloids are generally alkaline and water-
soluble at lower pH values, and their most common function in plants is to act as anti-feedants 
for mammalian herbivores – nearly all alkaloids are toxic to mammals when taken in sufficient 
quantities [13].  Though a number of alkaloids are derived from the amino acids ornithine and 
lysine, the two largest groups of alkaloids by far are the tyrosine-derived isoquinoline alkaloids – 
with over 4000 isolated [14] – and the tyrosine-derived indole alkaloids – with over 3000 
isolated [9].  The aforementioned opiate morphine is probably the best-known isoquinoline 
alkaloid, and the poison strychnine (from the Asian tree of the same name) is a particularly 
famous representative of the indole alkaloids (Figure 1.2).  The class of plant hormones known 
as the auxins – of which indole-3-acetic acid (Figure 1.2) is the most common naturally 
occurring form – are important growth hormones required by all plants [10] that are derived 
principally from tryptophan; they are especially important in promoting stem and root elongation 
in response to a variety of external factors [7].  Another important derivative of tryptophan in 
Arabidopsis plants is camalexin (Figure 1.2), which has been shown to belong to a category of 
plant metabolites known as phytoalexins that exhibit strong anti-microbial activity and 
accumulate around the site of infection.  Recent evidence suggests that indole-3-acetaldoxime 
(not shown), generated in one enzymatic step from tryptophan, is a common intermediate in the 
production of camalexin, indole glucosinolates (see below, and Figure 1.9), and auxins, although 
other pathways also exist for auxin production [15, 16].  Cyanogenic glycosides and 
glucosinolates are two other groups of amino acid derivatives, often derived from aromatic 
amino acids, which act as herbivore toxins upon exposure to glycosidase enzymes.  Dhurrin from 
sorghum is a representative cyanogenic glycoside derived from tyrosine (Figure 1.2); when the 
glycosidic bond is hydrolyzed, a cyanohydrin is formed that spontaneously decomposes to an 
aldehyde and highly toxic hydrogen cyanide [17].  Whereas cyanogenic glycosides are known in 
2500 separate plant taxa, glucosinolates are less broadly distributed in the plant kingdom [18].  
Glucosinolates are found principally in the order Brassicales and their breakdown products are 
responsible for the pungency of mustards, radishes, horseradishes, and cabbages, among others.  
Sinalbin from white mustard is a glucosinolate derived from tyrosine; when it is exposed to the 
thioglucosidase myrosinase [19], an unstable aglycone is formed that spontaneously rearranges 
to (principally) a toxic isothiocyanate (Figure 1.2). 
 

Plant Phenolics.  Phenolic compounds are the third major class of plant natural products, 
and are arguably the most structurally diverse.  Though some plant phenolics are biosynthesized 
wholly by the same malonic acid pathway – involving the action of polyketide synthase enzymes 
– utilized by microbes for production of complex aromatics, most plant phenolics are 
biosynthesized via the phenylpropanoid pathway.  This pathway, which is unique to the plant  



 

 6 



 

 7 

kingdom, derives a nine-carbon cinnamate skeleton from aromatic amino acid precursors (Figure 
1.3).  All phenylpropanoid biosynthesis (shown in Figures 1.3, 1.4, and 1.5) is made possible by 
the initial action of phenylalanine ammonia lyase (PAL), an enzyme that catalyzes the β-
elimination of ammonium ion from both phenylalanine and tyrosine – though the latter process 
occurs only in monocots due to the less stringent substrate specificity of its PAL (referred to as 
TAL in Figure 1.3).  It is believed that the evolution of PAL activity in plants was a necessary 
prerequisite for their colonization of land, as the critically important structural component of the 
cell wall – lignin – is a product of the phenylpropanoid pathway.  Lignin is a hydrophobic, 
highly branched polymer that is generated by oxidative polymerization of para-coumaryl 
alcohol, and the related coniferyl alcohol and sinapyl alcohol – both of which are biosynthesized 
from para-coumaric acid – in a highly irregular manner according to the permutations allowed 
by the various resonance forms of the radical reactants (Figure 1.3).  Its exceptional mechanical 
rigidity provides the strength and toughness to both the stems and tree trunks needed for the 
upward growth of the organism, and to the vascular tissue needed for water and nutrient 
transport.  Lignin is the second most abundant carbon-based substance in plants, after cellulose, 
and its resistance to biodegradation is a large part of the reason that phenolic compounds account 
for 40% of organic carbon in the biosphere [7].  Enzymes involved in lignin biosynthesis are 
induced under conditions of osmotic stress [10] and in the response to fungal infection [7], 
consistent in both cases with the need for greater impermeability of the plant cell wall.  Lignin is 
a primary component of the papillae that are generated at the site of infection to form a physical 
barrier to invasion of some pathogens, and lignification is likely enhanced by the peroxidase 
enzymes present in the early stages of the plant resistance response [7]. 

There are approximately 10,000 known phenylpropanoids [10], with a wide array of 
structures and functions.  Simple phenylpropanoids, like caffeic acid (Figure 1.3), are frequently 
found to have allelopathic properties.  The slightly more elaborated coumarins are lactone 
derivatives of cinnamic acid that play manifold roles in plant defense.  Psoralen (Figure 1.3), a 
furanocoumarin found in abundance in celery and parsley, is highly toxic to animals by virtue of 
its ability to crosslink DNA upon activation by UV-A radiation (320-400 nm).  Coumarin itself 
causes massive internal bleeding in mammals by acting as a vitamin K antagonist, a property that 
led to the development of 3-substituted synthetic derivatives like Warfarin for use as blood 
thinning therapeutic agents (Figure 1.3).  The phenylpropanoid pathway also produces benzoic 
acid from cinnamic acid by way of a β-oxidation process similar to that seen in fatty acid 
degradation (see [7], and Figure 1.12 and associated text below).  Simple plant phenolics such as 
these also contribute the fragrances and flavors unique to plants, which have indeterminate 
effects on plant viability.  For example, eugenol in cloves and vanillin in the vanilla bean are 
both derivatives of caffeic acid with well-known scents (Figure 1.3). 
 

Elaborated Plant Phenolics: The Phenylpropanoid-Acetate Pathway.  The structural 
diversity potential of the phenylpropanoid pathway is enhanced dramatically by the biosynthetic 
addition of a second ring derived from acetyl groups – this is sometimes referred to as the 
phenylpropanoid-acetate pathway.  para-Coumaric acid, when converted to its coenzyme A 
thioester (Figure 1.3), can function as a starter unit for iterative Claisen condensation of acetyl 
units derived from the decarboxylation of malonyl-CoA.  This chain extension is followed by 
cyclization of the bound linear polyketide intermediate (in brackets in Figure 1.4).  These 
transformations are all catalyzed by structurally similar plant-specific type III polyketide 
synthase (PKS) enzymes of the chalcone synthase superfamily [20].  Type III PKSs are  
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homodimeric iterative PKS enzymes that do not use acyl carrier protein (ACP) domains.  One 
such PKS, arylpyrone synthase, adds a single malonyl-CoA equivalent before catalyzing 
sequential hydrolysis of the thioester and cyclization by conjugate addition of the carboxylate; 
the arylpyrone psilotinin is formed after minimal elaboration of this enzyme product (Figure 
1.4).  Psilotin, the O-β-D-glucopyranoside of psilotinin from the primitive vascular plant 
Psilotum nudum, has been shown to be a potent insect feeding deterrent and growth reducer in in 
vitro studies [21].  A related type III PKS, styrylpyrone synthase, adds two malonyl-CoA 
equivalents to para-coumaryl-CoA before cyclization by transesterification with a hydroxyl of 
the dienol tautomer of the polyketone intermediate.  Enzymatic methylation of this enzyme 
product forms yangonin (Figure 1.4).  Yangonin and related structures are the active principles of 
the kava plant root, which is an herbal remedy used medicinally as a treatment for anxiety [22].  
More relevant biologically are structurally similar styrylpyrones and styryllactones, many of 
which have been shown to act as potent anti-microbial agents whose biosynthesis is activated in 
the plant by wounding [23-25].  Type III PKS enzymes of the chalcone synthase superfamily 
tolerate phenylpropanoid starter units other than para-coumaryl-CoA, which greatly expands the 
structural diversity of the arylpyrones and styrylpyrones produced in this manner, as well as that 
of the stilbenes and chalcones mentioned below [20]. 

Type III PKS enzymes that add three successive malonyl-CoA equivalents to 
phenylpropanoid starter units produce much more stable products.  Stilbene synthase catalyzes 
an intramolecular C2-to-C7 aldol reaction subsequent to chain extension that produces 
resveratrol, a medicinally important tumor-suppressing agent found in red wine [26, 27].  This 
cyclization reaction involves a decarboxylation event that precedes aromatization of the new ring 
[28]; no stilbenecarboxylic acid byproducts of this enzymatic reaction are found (Figure 1.4).  
There are more than 300 stilbenoid compounds known in plants, and they are generally 
important as fungal growth inhibitors, though some also display toxicity to a broad range of 
organisms [7].  Resveratrol itself is a phytoalexin in grapes – tobacco plants transformed with the 
gene encoding grape stilbene synthase were shown to display greatly elevated resistance to the 
fungal pathogen Botrytis cinerea [29].  Chalcone synthase shares 90% amino acid sequence 
identity with stilbene synthase, though it catalyzes an alternative C6-to-C1 Dieckmann 
cyclization on the chain-extended polyketone (Figure 1.4).  Interestingly, studies in solution of 
nearly identical substrates have shown that when C1 is esterified, this Dieckmann cyclization 
proceeds spontaneously, whereas when C1 is a free acid, styrene formation by aldol cyclization 
predominates [30].  This reactivity explains how the mutagenesis of active site residues designed 
to promote thioesterase activity effectively transforms alfalfa chalcone synthase into a 
functioning stilbene synthase [31].  Naringenin chalcone (boxed in Figures 1.4 and 1.5) is the 
product of wild type chalcone synthase action when a para-coumaryl-CoA starter unit is used, 
and it acts as the direct precursor to the flavonoids – the largest class of phenylpropanoids.  This 
explains the ubiquity of chalcone synthase in the plant kingdom, as – unlike flavonoids – the 
other products of type III PKS enzymes mentioned above appear in a limited number of 
phylogenetically distinct plants [31]. 
 

Elaborated Plant Phenolics: The Flavonoids.  There are over 4500 known flavonoids 
[7], the majority of which exist naturally as glycosides [10].  The synthesis of all flavonoids is 
initiated by the action of chalcone isomerase, which catalyzes the intramolecular conjugate 
addition of the ortho-hydroxyl group of an appropriate chalcone to its double bond to form the 
flavanone skeleton (Figure 1.5).  The product of this reaction on naringenin chalcone –  
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naringenin – is an important branchpoint in the biosynthesis of many flavonoids.  Direct 
dehydrogenation of naringenin in this case generates apigenin (Figure 1.5), a flavone which in 
legumes acts as a signaling molecule to encourage Nod gene expression in compatible 
Rhizobium bacteria, thereby allowing formation of the root nodules that are needed for nitrogen 
fixation in the plant [7].  Alternatively, when hydroxylation precedes dehydrogenation, flavonols 
like the widely distributed kaempferol and quercetin are formed.  Both of these flavonols are 
known to act as photoprotectants in leaves by absorbing harmful UV-B radiation (280-320 nm) 
[7, 32].  In addition, the many flavones and flavonols present in flowers absorb UV wavelengths 
that are only visible to insects, and their concentration near the plant reproductive organs enables 
them to act as visual attractants known as nectar guides [33].  Isoflavones, which are found 
almost exclusively in the legume family, are generated by the action of isoflavone synthase, an 
unusual cytochrome P450-dependent enzyme that catalyzes C2-to-C3 aryl migration with 
concomitant C2 hydroxylation (Figure 1.5).  Subsequent enzymatic dehydration produces 
genistein (Figure 1.5), which – like many isoflavones – possesses a structural resemblance to 
estradiol that enables it to effect infertility in grazing animals, and that has lately motivated an 
increased interest in the consumption of legumes for the prevention of breast and prostate 
cancers [9, 34].  Isoflavonoids are best known, however, for comprising a significant segment of 
the phytoalexins found in legumes; for example, medicarpin in alfalfa (Figure 1.5) acts as a 
phytoalexin during fungal attack [7, 10].  A fourth group of flavonoids known as the 
anthocyanins (Figure 1.5) are responsible for most of the red, pink, purple and blue colors 
observed in plants – they work in combination with the complementary orange and yellow 
carotenoids (Figure 1.1) in the plant to act as visual attractants for potential animal carriers of 
pollen or seed.  Their accumulation in vegetative tissues is also generally an indication of plant 
stress [35].  Anthocyanins are glycosylated forms of anthocyanidins, which are generated from 
precursor molecules like dihydrokaempferol by successive carbonyl reduction, dehydrogenation, 
and elimination events (Figure 1.5).  Modification on the pendant phenyl group of the 
anthocyanin by hydroxylation and methylation is the principal determinant of the color of the 
molecule (Figure 1.5), though modification of the main ring and the pH present in the vacuole 
where they are stored are influencing factors [10].  Among the common anthocyanidins are 
cyanidin from rose and delphinidin from larkspur (Figure 1.5).  Lastly, condensed tannins, like 
the proanthocyanidin shown here, are complex polymers generated from molecules like 
leucopelargonidin (Figure 1.5).  Their bitter taste to mammals (they are common in unripe fruit), 
their general toxicity due to the covalent attachment of their oxidized quinone form to proteins, 
and their resistance to metabolism by most organisms, all make tannins potent anti-herbivoric 
agents.  These substances are also present in high concentrations in woody plants, and they are 
the agents responsible for tree heartwood being so refractory to decomposition by bacteria and 
fungi [10]. 
 
 
CHORISMATE-DERIVED COMPOUNDS 
 

The Shikimate Pathway.  Because the vast majority of phenolic plant metabolites 
(Figures 1.3, 1.4, and 1.5) and a high percentage of nitrogenous amino acid derivatives – 
including nearly half of all known alkaloids (see Figure 1.2) – are derived from phenylalanine, 
tyrosine, and tryptophan (the source of the boxed precursors in Figures 1.2, 1.3, 1.4, and 1.5), the 
biosynthesis of these aromatic amino acids is of considerable importance in plants.  The  
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metabolic pathway responsible for initiating their production is known as the shikimate pathway 
[36], which produces the key intermediate chorismate in seven metabolic steps from D-erythrose 
4-phosphate (E4P) and phosphoenolpyruvate (PEP), two intermediates of carbohydrate 
metabolism (Figure 1.6).  The importance of the shikimate pathway in plants is emphasized by 
the fact that more than 20% of all the carbon fixed by plants is diverted through it [37].  The 
amount of carbon processed by the shikimate pathway globally has been estimated at 7 × 1015 kg 
per year [37], and unlike microorganisms, which invest 90% of their metabolic energy in amino 
acid and protein production, most of the flux through this pathway in plants is for the purpose of 
aromatic natural product biosynthesis – particularly of lignin [38].  Furthermore, the best-selling 
herbicide worldwide – at over 30% of the total market and climbing yearly [39] – is glyphosate 
(N-[phosphonomethyl]-glycine, marketed as “Roundup”), which acts by competitive inhibition 
of EPSP synthase (in red in Figure 1.6), the penultimate enzyme in the shikimate pathway [7].  
All gene sequences characterized for the six enzymes in the plant shikimate pathway contain 
amino-terminal signal sequences for chloroplast import, which enable transport of the encoded 
protein from the cytosol to the chloroplast with concomitant excision of the signal peptide.  
Many of these shikimate pathway enzymes have been isolated from plant chloroplasts directly, 
indicating that chloroplasts are the exclusive site of chorismate biosynthesis [37]. 
 

Chorismate Utilization.  Chorismate is the common branchpoint for the biosynthesis of 
most aromatic plant natural products, many of which are essential components of the animal diet 
(because they cannot be biosynthesized by animals).  There are five pathways branching from it 
that have been thoroughly characterized in bacteria, each beginning with a chorismate-utilizing 
enzyme (see [38, 40], and Figure 1.6).  Chorismate mutase (CM) catalyzes the first committed 
step in the biosynthesis of phenylalanine and tyrosine, a Claisen rearrangement that produces the 
α-keto acid prephenate.  In contrast to bacterial and fungal metabolism, prephenate is typically 
converted to arogenate in plants before final enzymatic aromatization to tyrosine or the essential 
amino acid phenylalanine (see [7], and Figure 1.6).  Tyrosine is also a biosynthetic precursor to 
the tocopherols – also known as vitamin E – essential membrane-localized anti-oxidants that are 
only produced by plants (Figure 1.6).  A second enzyme, anthranilate synthase (AS), catalyzes 
the first committed step in tryptophan biosynthesis by converting chorismate to anthranilate.  The 
four successive enzymatic manipulations that convert anthranilate to the essential amino acid 
tryptophan are identical in microbes and plants (Figure 1.6), though plants – particularly those 
from the citrus (Rutaceae) family – also use some of the anthranilate pool for the biosynthesis of 
acridine alkaloids [9].  A third chorismate-utilizing enzyme, isochorismate synthase (ICS), 
generates the isochorismate used in bacteria for the biosynthesis of iron-chelating siderophores 
and for the production of menaquinone, a terpenoid naphthoquinone electron acceptor (see 
below).  Plants apparently do not use isochorismate for siderophore production, but the pathway 
for the biosynthesis of the essential terpenoid naphthoquinone phylloquinone (also known as 
vitamin K1) is nearly identical to that of menaquinone, and the key plant hormone salicylic acid 
and a number of anthraquinones are biosynthesized from isochorismate as well (see [9], and 
Figures 1.6 and 1.11 along with their associated text below).  A fourth chorismate-utilizing 
enzyme, 4-amino-4-deoxychorismate synthase (ADCS), generates the non-aromatic intermediate 
4-amino-4-deoxychorismate (ADC).  A second aromatizing enzyme present in both microbes 
and plants, ADC lyase, initiates production of para-aminobenzoic acid (PABA), a component of 
the essential biosynthetic cofactor dihydrofolate (also known as vitamin B9; atoms derived from 
PABA are highlighted in red in Figure 1.6).  A fifth chorismate-utilizing enzyme, chorismate  
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pyruvate lyase (CPL), is well known in bacteria for catalyzing the conversion of chorismate to 
para-hydroxybenzoic acid (PHBA).  Unlike the other chorismate-utilizing enzymes above, no 
CPL homolog has yet been found in plants, and it has been shown in plant cell culture that the 
majority of PHBA is produced by β-oxidative degradation of phenylpropanoids derived from 
chorismate mutase-generated phenylalanine (see [41], and Figure 1.6).  PHBA is a precursor for 
the production of the ubiquinones (also known as coenzyme Q; atoms derived from PHBA are 
highlighted in red in Figure 1.6), which function in eukaryotes as electron carriers in the 
mitochondrial electron transport chain [7], and are biosynthesized – usually from the essential 
amino acid phenylalanine – in almost all organisms. 
 

The MST Family of Enzymes.  The mechanisms of the five known chorismate-utilizing 
enzymes have been studied mainly using bacterial proteins.  Though CM [42] and CPL [43] are 
not homologous to other chorismate-utilizing enzymes and are believed to catalyze reactions that 
proceed through pericyclic transition states [38, 40, 44], ICS, AS, and ADCS appear to be 
members of a closely related group of enzymes.  This group has been labeled the MST family, 
for menaquinone, siderophore, and tryptophan, three of the principal products of these enzymes 
in bacteria [45].  The carboxy-terminal chorismate-binding domains of MST enzymes show high 
sequence similarity to one another (Figure 1.7).  For example, E. coli MenF (an ICS) is 28% 
identical and 43% similar to S. marcescens TrpE (an AS) over the carboxy-terminal 254 
residues, and E. coli PabB (an ADCS) is 26% similar to E. coli TrpE (an AS) over the entire 
protein [38].  Furthermore, all three of these enzymes likely arose from a common ancestor [46-
48].  All members of the MST family require magnesium for activity and catalyze apparently 
related substitution reactions (Figure 1.8).  X-ray crystal structures of bacterial AS [49-51], 
ADCS [52], and ICS enzymes [45, 53] have shown these proteins to possess a high degree of 
structural similarity to one another, and analysis of these structures has led to the proposal of a 
conserved reaction mechanism for all three of these enzymes [54].  In this proposed mechanism, 
each enzyme catalyzes the reversible 1,5-SN2′′ displacement of the 4-hydroxyl group of 
chorismate with a different nucleophile added at the C2 position (Figure 1.8).  Thus, 
monofunctional isochorismate synthase (ICS) adds water at C2 to form isochorismate.  
Alternatively, bifunctional anthranilate synthase (AS) adds ammonia to form 2-amino-2-
deoxyisochorismate (ADIC) as a tightly bound intermediate, before catalyzing a second 
irreversible aromatization by elimination of pyruvate to form anthranilate (Figure 1.8; see 
Chapter 4 for a discussion of the aromatization process).  In the most involved reaction, 
monofunctional 4-amino-4-deoxychorismate synthase (ADCS) adds a lysine side chain amine to 
form a covalent enzyme-substrate intermediate, then catalyzes a second SN2′′ reaction, adding 
ammonia at C4 with concomitant elimination of the lysine side chain at C2 to form ADC (Figure 
1.8).  Bacterial ICS enzymes are composed of a single subunit, and add water derived from 
solvent [55].  Bacterial AS and ADCS enzymes each possess two different subunits, one with 
amidotransferase activity that generates ammonia by catalyzing the hydrolysis of glutamine, and 
a second MST family enzyme that accepts this ammonia and catalyzes its addition to chorismate.  
In the ADCS enzymes of tomato and Arabidopsis, however, these two subunits are fused into 
one [56].  All glutamine amidotransferases crystallized thus far possess molecular channels 
between subunits that transfer the ammonia formed from the hydrolysis of glutamine to the site 
where it is used as a nucleophile – this prevents leakage of ammonia into the external medium 
and is believed to be a general phenomenon in all glutamine amidotransferases [57]. 
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 A Unified Reaction Mechanism for MST Enzymes.  Figure 1.8 graphically 
summarizes the proposed unified mechanism of these three MST enzymes using a schematic 
derived from structural data.  ADCS enzyme E. coli PabB [52], AS enzyme Serratia marcescens 
TrpE [51], and ICS enzyme E. coli MenF [45, 53] each have superimposable active site 
structures in which 26 amino acid residues are within 6 Å of bound Mg2+, pyruvate and benzoate 
ligands from the S. marcescens TrpE structure [51].  Five of these homologous amino acid 
residues are shown for each active site with pseudodiaxial chorismate placed roughly where the 
ring of the bound benzoate ligand from the TrpE structure is found (Figure 1.8).  One clear 
finding of these, and related (like that of Y. enterocolitica Irp9 [58]; see below), structures is that 
two invariant glutamate residues – E284 and E416 in E. coli MenF – join with the ring 
carboxylate of chorismate to coordinate magnesium.  Originally, Walsh proposed a universal 
concerted SN2′′ reaction mechanism with magnesium bound to both the departing C4 hydroxyl 
and the incoming nucleophile at C2 in the transition state of all three reactions [40].  This 
explained the effectiveness of the Bartlett high affinity inhibitors (shown in Figure 4.2) that 
preferentially mimic a pseudoaxial transition state [59], as well as NMR and EPR data that 
indicate that magnesium interacts with chorismate in the active site of AS [60].  However, 
comparison of the magnesium-bound and apo structures of MenF demonstrates that magnesium 
ion is a key structural element of the active site that organizes many of the amino acid side 
chains in a closed configuration more suitable for binding substrate [53].  It has been proposed 
[61] that the partial positive charge generated at the C2 position of chorismate by coordination of 
magnesium to the ring carboxylate is the critical feature facilitating nucleophilic attack at C2 in 
the MST family of enzymes (see Chapter 4 for a more thorough discussion).  This proposal is 
reinforced by structural studies of the non-MST chorismate-utilizing enzymes B. subtilis CM 
[62] and E. coli CPL [63], which have no magnesium bound in the active site, showing instead 
non-activating arginine residues coordinating the ring carboxylate of a chorismate analog.  These 
active site arginine residues appear to be conserved in all non-MST chorismate-utilizing enzymes 
(including P. aeruginosa PchB; see Chapter 4), and it has been proposed that they do not activate 
chorismate sufficiently for ring substitution to occur [61]. 

Several other observations made from analysis of this structural data with chorismate 
modeled in the active site, as well as sequence alignment of more than 1000 related sequences in 
the National Center for Biotechnology Information (NCBI) genomic database, enable 
conclusions to be drawn about a unified mechanism for these three enzymes.  First, a glutamate 
residue – E240 in E. coli MenF – that is absolutely invariant in the enzymes of this family 
(Figure 1.7) is always positioned to interact with the C4 hydroxyl of pseudodiaxial chorismate 
(Figure 1.8).  This glutamate side chain is likely a catalytic acid that assists in the elimination of 
the C4 hydroxyl by protonating it.  Evidence for this proposal is provided by the inactivity of the 
E. coli MenF mutant in which E240 is replaced by a glutamine [45], and by the dramatic rotation 
away from substrate hydroxyl of the homologous E308 residue of inactivated S. marcescens AS 
in a structure with the allosteric regulator tryptophan bound [51].  Secondly, a lysine residue – 
K190 in E. coli MenF – in proximity to the si face of chorismate C2 is conserved in all enzymes 
of this family that hydroxylate chorismate, and is primarily glutamine in enzymes which aminate 
chorismate (Figure 1.7).  This lysine side chain is proposed to be a catalytic base that abstracts a 
proton from water to generate a hydroxide nucleophile poised for attack at the C2 atom of 
chorismate [45].  Evidence for this is provided by the inactivity of the K190A MenF mutant [45], 
and by the presence of a water molecule in a MenF structure that is juxtaposed between this 
lysine amine and C2 of chorismate ([53], also seen in the related Irp9 structure described in 
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Chapter 4 [58]).  Superposition of MenF and AS structures shows that this MenF lysine is 
positioned such that it overlaps the channel in AS where the TrpE subunit accepts ammonia from 
the TrpG subunit, suggesting that water pursues a similar trajectory in MenF [45].  This proposal 
is further supported by the placement of this lysine side chain in an extremely hydrophobic 
environment where it is likely to be unprotonated [45].  Thirdly, a residue – A256 in E. coli 
MenF – that is strictly conserved as alanine in ICS and AS enzymes is found to be lysine in most 
– but not all [64] – ADCS enzymes (Figure 1.7).  This residue is positioned such that the amino 
group of a lysine side chain is in good position to add to C2 of chorismate, and is proposed to be 
the residue mentioned above that forms a covalent enzyme-substrate bond in all ADCS enzymes 
[54].  Strong evidence for the proposed ADCS mechanism involving a covalent enzyme-
substrate intermediate is provided by the inactivity of E. coli PabB mutants in which K274 is 
replaced by other amino acid residues [54], and by the discovery that 2-fluorochorismate 
inactivates PabB by forming a covalent adduct with the K274 side chain amine [65]. 
 

Chorismate-Utilizing Enzymes in Arabidopsis thaliana.  Though homologous enzymes 
perform many of the same transformations in both, metabolism in plants is significantly more 
complicated than in bacteria.  Whereas bacteria are prokaryotes with relatively small genomes, 
plants are complex organisms that carefully control the subcellular and intercellular transport of 
metabolites.  Plants often possess multiple genes for each transformation in a pathway; these 
isozymes are differentially transcribed in various cell types and in response to various stimuli.  
Studies of biosynthetic pathways in bacteria have historically been conducted by supplementing 
auxotrophic mutants with some product from the pathway under investigation, but this 
straightforward approach for plants is made difficult by gene redundancy due to multiple 
isozymes, as well as the inability of the supplemented metabolite to freely diffuse due to their 
high degree of compartmentalization.  As a result, much of the earlier research on plant 
metabolism either made use of plant cells in culture or involved the feeding of radiolabeled 
precursors to whole plants.  However, the emergence of the dicot Arabidopsis thaliana as a plant 
model organism has enabled a genetic approach to the study of metabolism in plants.  
Arabidopsis possesses a streamlined genome that is among the smallest known in the plant 
kingdom, being about one percent the size of the maize genome with a similar number of genes 
[7].  Additionally, Arabidopsis is physically small with a relatively short life cycle and whole-
plant mutants are easily prepared by transformation or mutagenesis, allowing large numbers of 
mutants to be screened.  The entire Arabidopsis genome has been sequenced, and the public 
availability of knockout mutants for nearly every open reading frame has made it an ideal model 
organism in plants.  Though Arabidopsis is of no commercial importance, it has become the 
organism of choice for studies of plant gene expression, and investigation of the factors 
controlling transcription of Arabidopsis biosynthetic genes has revealed details of the metabolic 
response to biotic and abiotic stress that can be generalized to many other members of the plant 
kingdom. 

Most of the genes encoding chorismate-utilizing enzymes in Arabidopsis possess amino-
terminal signal sequences for chloroplast import, and many of their protein products have either 
been extracted from purified chloroplasts, or been shown to localize to the plant chloroplast (see 
[7], and Figure 1.9).  As most Arabidopsis chorismate-utilizing enzymes are known to have 
chloroplast-localized homologs in other plant species [7], and as chorismate is also produced by 
the shikimate pathway in the chloroplast of all plants, knowledge of the factors determining 
chorismate utilization by these enzymes is the key to understanding how flux toward the various  
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downstream metabolites is regulated in higher plants.  Each chorismate-utilizing gene is 
differentially expressed, and each corresponding enzyme competes with one another for 
available chorismate.  Arabidopsis cDNAs for three genes encoding chorismate mutase enzymes 
[66, 67] and two encoding anthranilate synthase enzymes [68] were obtained by complementing 
bacterial and yeast strains deficient in these respective activities, and the resultant sequences 
shown to be homologous to bacterial and yeast forms of these enzymes.  Of the three 
Arabidopsis CM genes, only AtCM2 (“At” indicating the form present in Arabidopsis thaliana) 
does not possess a sequence encoding an amino-terminal chloroplast transit peptide, suggesting 
that AtCM1 and AtCM3 are found in the chloroplast and AtCM2 is cytosolic (see [66, 67], and 
Figure 1.9).  While levels of the gene encoding AtCM3 do not appear to change in response to 
wounding or treatment with the bacterial plant pathogen Pseudomonas syringae [67], genes 
encoding AtCM1, a 3-deoxy-D-arabinoheptulosonate 7-phosphate synthase (DAHPS, the first 
enzyme in the shikimate pathway) and a PAL are maximally and coordinately induced (Figure 
1.9) within several hours of treatment of cultured cells with a P. syringae elicitor [66] (elicitors 
are molecules produced by the pathogen that elicit an immune response in the plant host).  
Furthermore, the inducible AtCM1 has a high KM for chorismate (2900 µM), whereas the non-
inducible AtCM3 has a much lower KM (420 µM) [67].  These data suggest that AtCM1 plays a 
significant role in generating prephenate for the biosynthesis of phenylpropanoid molecules 
needed in plant defense and stress responses, as genes both upstream and downstream of 
chorismate metabolism are up-regulated, and as AtCM1 operates at relatively high 
concentrations of chorismate.  Whereas, AtCM3 is more likely responsible for the constitutive 
production of prephenate for the biosynthesis of phenylalanine and tyrosine used in translation.  
CM1 may be an inducible enzyme in other plants, as increases in activity of CM1, DAHPS and 
PAL enzymes have been shown in parsley cells exposed to a fungal elicitor [69]. 

A similar expression pattern was observed in Arabidopsis for the two genes encoding the 
chorismate-utilizing α-subunits of AS (analogous to the TrpE subunits of bacterial AS).  Both α-
subunits AtASA1 and AtASA2 possess amino-terminal chloroplast transit peptides, indicating 
that they are localized in the chloroplast (see [68], and Figure 1.9).  Whereas AtASA1 gene 
expression is dramatically up-regulated following wounding of the plant or infection with P. 
syringae, AtASA2 gene expression decreases slightly under these conditions and is generally 
found at a basal level [68].  The AtASB1 gene, which encodes a chloroplast-localized glutamine-
hydrolyzing AS β-subunit (analogous to the TrpG subunit of bacterial AS), has been shown to 
exhibit a similar expression profile upon infection with P. syringae [70].  The inducible AtASA1 
has a relatively high KM for chorismate (180 µM) consistent with its likely operation at elevated 
chorismate concentrations, and the non-inducible AtASA2 has a lower KM (21 µM) suggesting 
its involvement in low-level anthranilate production [68].  Though these KM values are 
significantly lower than those for the Arabidopsis CM enzymes, they are likely to be more 
accurate because they were measured using mature proteins (those without the chloroplast transit 
peptide), whereas the CM proteins were unprocessed; mature CM enzymes may have KM values 
of a magnitude similar to these.  These expression patterns and KM values are consistent with a 
role for AtASA1 in the production of tryptophan pathway metabolites as part of an Arabidopsis 
defense response, and for AtASA2 in the constitutive production of tryptophan needed for 
protein synthesis.  Evidence for this hypothesis was provided by the discovery that AtASA1 and 
tryptophan synthase (TS, the final enzyme of the tryptophan biosynthetic pathway) are 
coordinately induced in response to infection of Arabidopsis plants with the bacterial pathogen 
P. syringae, and by the tight correlation between the rate of tryptophan-derived camalexin 
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accumulation and the degree of this enzyme induction (see [71], and Figure 1.9).  Differential 
gene expression of an inducible ASA1 and a constitutive ASA2 may be a general phenomenon in 
higher plants, as similar results have been reported for the acridine alkaloid-producing species 
Ruta graveolens [72].  In this case, R. graveolens cultured cells were exposed to an extract of the 
fungal pathogen Rhodotorula, and ASA1 mRNA levels increased in six hours to 100-fold that of 
the control, with ASA2 levels showing no change; other acridine alkaloid pathway genes were 
not examined to determine whether coordinate induction was occurring.  Though Arabidopsis is 
known to produce camalexin, indole glucosinolates, and auxins from tryptophan [73], only 
recently, with the discovery of alkaloid biosynthetic gene homologs, has the prospect of alkaloid 
production in Arabidopsis been considered (see [74], and Figure 1.9). 

Because they are committing branchpoint enzymes in amino acid biosynthesis, CM and 
AS are primary targets for allosteric regulation in the chloroplast.  Both AtCM1 and AtCM3 are 
feedback inhibited to the same extent by phenylalanine and tyrosine, and activated to the same 
extent by tryptophan (see [67], and Figure 1.9).  This regulates flux to CM products 
phenylalanine and tyrosine by suppressing their biosynthesis when their supply is adequate, and 
increasing their biosynthesis when AS metabolite tryptophan is plentiful.  Furthermore, AtASA1 
[75] and AtASA2 [76] are feedback inhibited by downstream product tryptophan (Figure 1.9), 
preventing overproduction of this amino acid at the expense of other metabolites of chorismate.  
This regulatory mechanism would be expected for enzymes – like AtCM3 and AtASA2 – that 
appear to be responsible for the constitutive production of amino acids, but is seemingly 
counterproductive in the case of inducible AtCM1 and AtASA1, which are believed to initiate 
the production of phenylpropanoids and indole-containing products, respectively.  It is possible 
that inducible enzymes downstream of these amino acids ensure that they are maintained at 
levels below that which would inhibit their action during the biosynthesis of important 
metabolites.  Alternatively, in the case of inducible AtCM1, it is possible that levels of 
tryptophan may be kept artificially high during phenylpropanoid biosynthesis in order to reverse 
AtCM1 inhibition by phenylalanine and tyrosine.  The plant R. graveolens avoids the problem of 
feedback inhibition in downstream metabolite biosynthesis by expressing an inducible AtASA1 
that is not subject to feedback inhibition by tryptophan, a strategy that may be employed in other 
organisms that that must engage in large-scale production of tryptophan metabolites even when 
free tryptophan is plentiful [77].  Indeed, when the gene encoding a feedback-insensitive 
AtASA1 point mutant is transformed into Catharanthus roseus hairy root cells, greatly elevated 
levels of the indole alkaloid lochnericine are generated [78].  Importantly, many plants do not 
possess a CM3 equivalent, suggesting that CM1 must act to produce amino acids as well as 
complex natural products, and thus requiring that CM1 be regulated allosterically in this 
instance. 

Other chorismate-utilizing enzymes in Arabidopsis have been shown to be chloroplast-
localized, and thus compete for available chorismate.  The amino-terminal peptide segment of 
AtADCS targets other fusion proteins to the chloroplast [56], and the secondary aromatizing 
enzyme responsible for generating PABA from ADC (Figure 1.6) – ADC lyase (ADCL) – has 
been visualized in the chloroplast [79], indicating that PABA biosynthesis occurs there.  Studies 
of the genes encoding both of these enzymes in tomato showed that extent of tomato ADCS 
expression in leaves and unripe fruit roughly matches levels of total folate [56] – which is 
produced from PABA – and that levels of tomato ADCS and ADCL gene expression are similar 
and follow the same general trend [79].  Furthermore, kinetic studies of overexpressed AtADCS 
show that the KM for chorismate is 1.3 µM, suggesting that it typically functions when 
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chorismate levels are low, and the enzyme is only inhibited by dihydrofolate and related 
molecules, suggesting that it is the endpoint metabolic product of ADCS action [80].  These data 
are all consistent with a role for ADCS in the constitutive production of ADC for dihydrofolate 
biosynthesis. 

Two ICS genes have been characterized in Arabidopsis, AtICS1 and AtICS2 [81].  Both 
have been shown to produce chloroplast-localized, stromal proteins by import assays ([82], and 
unpublished data), and by fluorescence visualization [82, 83].  These two proteins are 83% 
identical to each other, and AtICS1 is 57% identical to ICS from C. roseus and greater than 20% 
identical to bacterial ICS enzymes [81].  Recent studies have provided the first genetic evidence 
for an operational ICS pathway in plants – salicylic acid (SA) biosynthesis from isochorismate in 
Arabidopsis [81].  In this work, AtICS1 mRNA is induced in response to infection with both 
bacterial pathogen P. syringae and fungal pathogen Erysiphe orontii, and its expression is shown 
to be correlated with total SA levels in Erysiphe-infected leaves [81].  In addition, induced SA 
synthesis in Arabidopsis ics1 knockout mutants was essentially abrogated relative to wild type 
plants [81].  Importantly, no AtICS2 mRNA is detected in either infected or uninfected 
Arabidopsis leaves under these conditions, suggesting that the gene is either constitutively 
expressed at extremely low levels, or is induced under conditions different from those employed 
[81]. 
 

Isochorismate Utilization in Prokaryotes.  Knowledge of bacterial biosynthetic 
pathways that utilize isochorismate is much more extensive than that of plants.  ICS enzymes 
have been associated with biosynthesis of low molecular weight iron-chelating siderophores 
[84], which are secreted from the cell to bind extremely insoluble ferric (Fe3+) ions needed for 
growth, thus rendering them soluble in complexes which are more easily retrieved [85].  ICS 
enzymes also play an important role in the production of menaquinones, one of the two main 
types of membrane-bound terpenoid quinones known in bacterial electron transport [86] – the 
other is ubiquinone (shown in Figure 1.6) which is also found in the mitochondria of eukaryotes.  
For example, E. coli contains two ICS genes located in distinct operons encoding proteins with 
distinct biochemical properties: EntC is expressed under iron-limited – and often oxidative – 
conditions and is associated with siderophore biosynthesis, and MenF is required for 
menaquinone biosynthesis and is expressed under anaerobic conditions (see [55, 87-89], and 
Figure 1.10).  The initial steps in bacterial siderophore production from isochorismate often 
involve the synthesis of SA or 2,3-dihydroxybenzoic acid (DHBA).  SA is incorporated into 
siderophores such as pyochelin in Pseudomonas aeruginosa [90] and yersiniabactin in Yersinia 
enterocolitica [91], and three units of DHBA are incorporated into enterobactin in E. coli (see 
[92], and Figure 1.10); enterobactin is the tightest-binding siderophore known, with a KD = 10-49 
M [85, 93].  In P. aeruginosa, ICS (PchA) and isochorismate pyruvate lyase (PchB) are required 
for the synthesis of SA from chorismate [90], whereas Y. enterocolitica Irp9 – a bifunctional SA 
synthase (SAS) [91, 94] – directly converts chorismate to SA via an isochorismate intermediate 
(Figure 1.10).  Importantly, the monofunctional ICS enzyme Eco EntC and the bifunctional SAS 
Yen Irp9 exhibit a high degree of structural similarity [58], and both possess highly conserved 
active sites containing the lysine residue believed to act as a catalytic base in all MST enzymes 
known to add water to chorismate [45].  On the other hand, as shown in Figure 1.10, bacterial 
synthesis of menaquinones occurs via the intermediate ortho-succinylbenzoate (OSB) [86].  
Although bifunctional or multifunctional bacterial ICS enzymes associated with the synthesis of 
OSB have not been reported, bacterial genomes contain conserved co-localized MenF (ICS) and  
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MenD (the second enzyme in menaquinone biosynthesis; see below) genes [87, 95, 96] to 
channel isochorismate to the menaquinone pathway (Figure 1.10). 

Menaquinone biosynthesis is essential for all bacteria living in anaerobic environments, 
and menaquinone is the only terpenoid quinone found in many Gram-negative and all Gram-
positive bacteria [86].  Menaquinone (also known as vitamin K2) and related molecules are 
essential nutrients in mammals, participating as they do in the oxidative carboxylation of 
glutamate residues [97] in proteins involved in blood coagulation, bone metabolism, and cell 
cycle regulation [98-100].  Though an alternative menaquinone biosynthetic pathway involving 
the intermediate futalosine has recently been discovered [101], it is present in only a few 
prokaryotic organisms.  The much more common pathway involving the intermediates 
isochorismate and OSB (Figure 1.11) has been thoroughly characterized genetically in E. coli, 
and most enzymes of this putative pathway have been overexpressed and assayed biochemically 
[86].  After the action of the menaquinone-specific ICS MenF [89], the resultant isochorismate is 
modified at the C2 position by conjugate addition of succinic semialdehyde derived from 
thiamine-dependent decarboxylation of α-ketoglutarate.  This reaction is catalyzed by MenD 
[102, 103], a bifunctional enzyme whose true product has only recently been identified as the 2-
succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-carboxylate (SEPHCHC) with the 
stereochemistry indicated in Figure 1.11 [104, 105].  MenH has also recently been shown to 
catalyze subsequent 2,5-elimination of pyruvate to form 2-succinyl-6-hydroxy-2,4-
cyclohexadiene-1-carboxylate (SHCHC) with the indicated stereochemistry (Figure 1.11) – it 
had previously been misannotated as a thioesterase [106].  Dehydration to form the aromatic 
product OSB is then catalyzed by MenC [86].  MenE next catalyzes the formation of the CoA 
thioester OSB-CoA in an ATP-dependent process [107], and this intermediate is cyclized by 
MenB to the CoA ester of 1,4-dihydroxy-2-naphthoic acid (DHNA-CoA) [86, 108, 109].  The 
final enzyme in the naphthoquinone pathway to be discovered, DHNA-CoA thioesterase, has 
recently been characterized in the cyanobacterium Synechocystis (see below), and also shown to 
have homologs in many other prokaryotes, including E. coli [110].  This thioesterase generates 
1,4-dihydroxy-2-naphthoic acid (DHNA), the substrate for decarboxylative polyprenylation by 
MenA [111].  The length of the polyprenyl group attached by MenA is highly variable in 
prokaryotes (Figure 1.11), though in E. coli the side chain of this demethylmenaquinol (DMQH2) 
is generally composed of 40 carbon atoms [86].  Final S-adenosylmethionine (SAM)-dependent 
methylation catalyzed by UbiE [112], an enzyme also involved in the biosynthesis of ubiquinone 
(Figure 1.6), generates menaquinol, which is readily oxidized to menaquinone (Figure 1.11).  
MenG had previously been misannotated as the gene responsible for this transformation; it is 
now known to be a protein inhibitor of RNase E, a function unrelated to menaquinone 
biosynthesis [113]. 

Though production of menaquinone by intestinal microflora like E. coli provides a 
portion of the vitamin K needed, the principal source of vitamin K in mammals is phylloquinone 
(PhQ, also known as vitamin K1), which is obtained in the diet mainly by consumption of green 
vegetables [114].  Phylloquinone is almost identical structurally to menaquinone, possessing the 
same substituted 1,4-naphthoquinone core, but with a 20-carbon partially saturated phytyl side 
chain replacing the menaquinone polyprenyl side chain (Figure 1.11).  Phylloquinone is found in 
virtually all photosynthetic organisms, where it functions as the one-electron carrier at the A1 site 
of photosystem I (PS I) complexes; in plants these complexes are found in the thylakoid 
membranes of the chloroplast [7].  Recently, the discovery that as much as 50% of PhQ in the 
plant is not associated with PS I [95] has led to the consideration of additional roles for PhQ as a  
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sensor or scavenger of reactive oxygen species in the plant plasma membrane [115, 116].  PhQ 
biosynthesis in photosynthetic organisms had been studied by feeding radiolabeled biosynthetic 
precursors to, and by enzyme assays of, the extracts of cells from spinach [117], Capsicum 
annuum [118], Galium [119], and the protist Euglena gracilis [120] – these determined that 
many of the steps in PhQ biosynthesis were identical to those of menaquinone, and that PhQ 
biosynthesis is localized mainly in membrane associated with the chloroplast.  However, until 
the work described in this thesis, no purified plant enzymes of the phylloquinone pathway had 
been characterized biochemically, and much of what was learned initially about the proteins 
responsible for phylloquinone biosynthesis was gained by genetic approaches in the PhQ-
producing photosynthetic cyanobacterium Synechocystis sp. PCC 6803, a prokaryote.  Targeted 
mutagenesis in Synechocystis disrupted homologs of menaquinone biosynthesis menA [121], 
menB [121], menD [122], menE [122], ubiE [123], and the gene encoding the DHNA-CoA 
thioesterase [110].  All mutants lacked the ability to biosynthesize phylloquinone, and had 
impaired PS I activity when exposed to high light.  It was determined that plastoquinone – a 
terpenoid benzoquinone that normally participates in photosystem II electron transfer and that is 
biosynthesized via the same pathway as vitamin E (see Figure 1.6) – can substitute for PhQ in 
the A1 site of PS I in Synechocystis, allowing PS I to function with limited efficiency [121, 122], 
and thus preventing the appearance of a clear phenotype under conditions of normal light.  This 
same phenomenon was observed for a menD domain knockout mutant in the photosynthetic 
model eukaryote Chlamydomonas reinhardtii [124]. 
 

Isochorismate Utilization in Arabidopsis thaliana.  Candidate genes for the 
phylloquinone pathway in Arabidopsis were obtained after searching for genes with homology to 
those of the common menaquinone pathway (Figure 1.11) from other organisms; their protein 
products, and the biosynthetic pathway itself, are likely localized to the chloroplast [95, 110, 
125].  All studies of plant PhQ biosynthesis undertaken to date have been genetic in nature.  
Arabidopsis genes homologous to menD, menH, and menC, along with a truncated and 
apparently non-functional menF homolog, were found to be part of the tetramodular 
monocistronic gene PHYLLO, encoding a chloroplast-localized polypeptide required for PhQ 
production [95].  The same PHYLLO fusion was also observed in rice and poplar, suggesting its 
universality in higher plants [95].  Though the phenotype of the Arabidopsis PHYLLO knockout 
mutant was not pronounced – PS I operates at an efficiency of 5-15% that of wild type – it could 
be abrogated by feeding the plant the downstream metabolite DHNA, confirming that PHYLLO 
is responsible for converting the ICS product isochorismate into OSB (see [95], and Figure 1.11).  
It was also discovered that AtICS1 and AtICS2 are functionally redundant in PhQ biosynthesis, 
as only the double knockout possessed the PHYLLO phenotype (see [95], and Figure 1.11).  A 
number of other genes homologous to those of the menaquinone pathway have also been 
disrupted by targeted mutagenesis.  AAE14 (a menE homolog, [126]), ABC4 (a menA homolog, 
[127]), and AtMenG (a ubiE homolog, despite the gene name, [128]) knockout mutants all failed 
to biosynthesize PhQ.  All mutants were deficient in PS I activity and showed a noticeable 
phenotype – particularly the ABC4 knockout, which had an albino phenotype in older leaves 
[127].  Fusions of each of these three gene products with green fluorescent protein (GFP) 
demonstrated that they, like other PhQ pathway gene products, are localized to the chloroplast 
[126-128].  Further evidence that AAE14 is a menE homolog is provided by its ability to restore 
menaquinone production when expressed in an E. coli mutant disrupted in the menE gene, and 
by the fact that the Arabidopsis AAE14 knockout accumulates the MenE substrate OSB and 
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reverts to the wild type phenotype when supplied with the downstream metabolite DHNA [126].  
Likewise, AtMenG restores phylloquinone biosynthesis when expressed in a Synechocystis 
mutant disrupted in the ubiE gene, and the Arabidopsis AtMenG knockout accumulates 
demethylphylloquinone, the quinone form of the AtMenG substrate (see [128], and Figure 1.11).  
The final two genes involved in the pathway have not yet been confirmed by genetic analysis, 
but candidates in Arabidopsis exist.  The recently discovered Synechocystis gene encoding a 
putative DHNA-CoA thioesterase has been shown to have four homologs in Arabidopsis 
(Accession numbers NP_176995, NP_564926, NP_564457, and NP_174759), each possessing 
amino-terminal extensions that are predicted to encode chloroplast transit peptides (CTPs), and 
each containing apparently conserved histidine and aspartate residues deemed essential for 
activity [110].  The final pathway gene candidate, a menB homolog (At1g60550), does not 
appear to contain an amino-terminal extension encoding a CTP, although it may be misannotated 
[125].  Nevertheless, it is clustered with ABC4 (16.5 kb away), and in view of the fact that 
clustering of these and other naphthoquinone biosynthetic genes have been maintained 
evolutionarily across species [95], and that it is commonly the case that conservation of gene 
order in bacteria correlates with the proteins that those genes encode interacting physically [129, 
130], it has been hypothesized that phylloquinone is biosynthesized by a multienzymatic 
complex possessing all of the nine biosynthetic gene products [95].  Evidence for the existence 
of such a complex is provided by the similarity in appearance of the punctuate patterns observed 
for fluorescent reporters used to confirm chloroplast localization of AAE14, AtMenG, and 
PHYLLO [95, 126, 128].  Metabolic channeling by multienzyme complexes is common in 
plants, as it promotes efficient biosynthesis by preventing diffusion of reactive and potentially 
toxic intermediates away from the complex [131]. 

Anthraquinones, as well as a number of other naphthoquinones produced by plants in 
addition to PhQ, are typically elicitor-induced colored compounds, reported to have anti-oxidant, 
anti-microbial, and cytotoxic activities [132-134].  Most of these are biosynthesized from 
isochorismate via the branchpoint intermediate DHNA (Figure 1.11), although some 
anthraquinones are generated by polyketide synthases [9].  Decarboxylative alkylation of DHNA 
with an isoprenyl group at either the C2 or C3 positions, followed by oxidative ring closure, 
generates the anthraquinone core structure [9].  Further enzymatic oxidations and alkylations of 
various intermediates in the anthraquinone and naphthoquinone pathways generate great 
molecular diversity [9].  Though Arabidopsis is not known to produce any anthraquinones or 
naphthoquinones besides PhQ, many species do, particularly those of the madder family 
(Rubiaceae) [135].  The highly mutagenic compound lucidin is shown in Figure 1.11 in order to 
emphasize that anthraquinone biosynthesis proceeds from a prenylated naphthoquinone, but 
probably the best-known natural product of the madder family is alizarin (1,2-
dihydroxyanthraquinone, not shown), which is demethylated and differentially hydroxylated [9].  
Alizarin is a bright red substance isolated from the madder root that served as one of the two 
leading dyestuffs throughout human history [136] – indigo being the other.  Perhaps the best-
known naphthoquinone, lawsone (2-hydroxy-1,4-naphthoquinone, not shown), is also a dye, 
being the principal component of the leaves of the henna plant [9].  The biological function of 
most anthraquinones and naphthoquinones is not known, though recent work has indicated a 
possible role for one in the induction of programmed cell death associated with pathogen defense 
responses [137]. 
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Salicylic Acid Metabolism in Plants.  Though it has long been known that plants 
produce quinones from isochorismate, it has recently been found that plants, like bacteria, use 
isochorismate to produce SA [81] and DHBA [138] – though DHBA is likely generated from SA 
(see Figure 1.15) in C. roseus [139] instead of 2,3-dihydro-2,3-dihydroxybenzoate (Figure 1.10).  
SA is a plant hormone that is best known for its role as a key regulator of plant defense against 
pathogens, and that is required for the induction of hundreds of defense-related genes [140].  
Originally, SA biosynthesis in plants was believed to proceed entirely from the CM-initiated 
phenylpropanoid pathway [141].  Radiolabeling studies in uninfected and virus-infected tobacco 
showed conclusively that cinnamic acid and benzoic acid are intermediates in the biosynthesis of 
SA, and a β-oxidative process involving coenzyme A thioesters was proposed for this pathway 
(see [141, 142], and Figure 1.12) – this is analogous to the process whereby phenylalanine is 
metabolized to PHBA (indicated in Figure 1.6).  This pathway relies upon the action of benzoic 
acid 2-hydroxylase (BA2H) to convert benzoic acid to SA [143], and the β-oxidative pathway 
incorporating this enzyme has been confirmed in other plant species – though a few species also 
make use of pathways involving retro-aldol formation of benzaldehyde in SA production (see 
[144, 145], and Figure 1.12).  However, radiolabeling studies in both tobacco [142] and potato 
[146] showed that the specific activity of the SA accumulating through the β-oxidative pathway 
was less than predicted by total salicylate quantification, and significant SA levels were still 
found in pathogen-infected Arabidopsis [147] and elicitor-exposed potato [146] plants that had 
been fed the PAL inhibitor 2-aminoindan-2-phosphonic acid (AIP), indicating that SA 
biosynthesis was also occurring via a different pathway.  In addition, no BA2H enzyme has yet 
been found in Arabidopsis, and no genetic evidence exists in this organism for conversion of 
benzoic acid to SA.  This suggests that little, if any, SA is being biosynthesized in Arabidopsis 
via the phenylpropanoid pathway. 

A second pathway for SA biosynthesis in plants was discovered in 2001 (see [81], and 
Figure 1.12).  Forward genetic screens identified mutations in Arabidopsis that failed to 
accumulate SA and were deficient in a form of systemic resistance to pathogen infection (SAR; 
see below).  Both sid2 [148] and eds16 [149] mutants possess SA levels upon infection that are 
5-10% that of infected wild type, have impaired systemic defenses, and map to the same locus at 
the bottom of Arabidopsis chromosome I [81].  This gene was shown to encode a protein with 
homology to known ICS enzymes, and was termed AtICS1.  The fact that RNA blot analysis 
shows AtICS1 induction only in infected wild type plants, and the appearance of a strong 
correlation between the degree of AtICS1 and defense gene expression and level of SA 
production, strongly suggest that the isochorismate pathway is the main source of the SA 
required for systemic defense [81].  It was not clear from this work whether the product of the 
AtICS1 gene acted as a bifunctional SAS, or was a monofunctional ICS that worked in concert 
with a secondary isochorismate pyruvate lyase (IPL) to generate SA (Figure 1.12).  Basal levels 
of SA found in pathogen-infected knockout mutants of AtICS1, and in uninfected wild type 
Arabidopsis plants, suggest that low levels of SA are being biosynthesized by the β-oxidative 
pathway.  Nevertheless, the dominant form of SA biosynthesis in Arabidopsis and other plant 
species appears to proceed from isochorismate.  Irrespective of the origin of SA biosynthesis, 
most cytosolic SA is glucosylated by UDP-glucosyltransferase enzymes to form non-toxic SA 2-
O-β-glucoside (SAG; Figure 1.12).  SAG can be hydrolyzed back to SA by glucosylase enzymes 
(see Figure 1.15), and is normally sequestered in the vacuole where it forms a readily available 
source of SA [150]. 
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SALICYLIC ACID IN PLANT DEFENSE 
 

Introduction to Plant Defense Against Biotic Stress.  It has been known for decades 
that in many plant species a relationship exists between biotic stress and the accumulation of 
hormones like SA.  Plants are hosts to thousands of infectious diseases caused by a vast number 
of phytopathogenic fungi, oomycetes, bacteria, viruses, and nematodes, as well as potential food 
sources for herbivorous insects, mammals, and other animals.  Despite this, pathogens and 
herbivores rarely kill plants: only 13.3% of crops worldwide are lost to disease and 15.6% lost to 
herbivory [151].  In order to gain access to plant nutrients, all biota must first overcome 
preformed defenses that are constitutively maintained, like the cuticle surrounding the plant 
exterior (described above), the cell wall of each individual cell, and vacuole-sequestered defense 
compounds with broad-spectrum toxicity – like glucosinolates and cyanogenic glycosides – that 
exert their effects when cellular membranes are ruptured (see Figures 1.2 and 1.14).  However, 
most resistance to biotic stress is inducible.  Typically, these inducible defense responses are the 
result of the transcriptional activation of specific genes, and they vary according to the identity of 
the attacker.  Necrotrophic pathogens (those that kill the host and feed on the contents), 
wounding induced by herbivores, and mechanical wounding all mainly activate defense 
mechanisms that are mediated by the plant hormones jasmonic acid (JA) and ethylene (Figure 
1.13).  Alternatively, biotrophic pathogens (those that require a living host to complete their life 
cycle) mainly activate defense mechanisms that are mediated by SA.  Both types of responses 
involve the transcriptional activation of defense-related genes, including 17 separate classes of 
Pathogenesis-Related (PR) genes that are present across plant species and that encode small, 
mostly secreted or vacuole-targeted proteins with anti-microbial activity [152].  The SA- and 
JA/ethylene-dependent pathways (Figure 1.13) tend to be antagonistic to one another, with the 
biosynthesis and accumulation of one set of hormones preventing that of the other – though 
many so-called hemibiotrophic pathogens (like the bacterium P. syringae) are able to activate 
elements of both [153].  Recent work has uncovered additional complexity in these processes 
due to the involvement of other plant hormones – abscisic acid, gibberelic acid, the 
brassinosteroids (Figure 1.1), and the auxins (Figure 1.2) – in signal transduction [154]. 
 

Basal Defense in Plants.  Having overcome the preformed defenses of the plant cell, an 
attacking organism is confronted by several tiers of defense responses [7, 18].  The primary 
response is known as basal (or non-host) resistance, and it initiates a number of biochemical 
processes that prevent nearly every type of pathogen or herbivore from destroying the plant.  
Without basal resistance, the plant is highly susceptible to even mild infection or small numbers 
of herbivores [155].  The organism is usually – though not always [156] – perceived by the plant 
as a result of a binding event between an elicitor produced by the attacking organism and a plant 
plasma membrane receptor (Figure 1.13).  Elicitors generally possess common molecular 
features of plant pathogens and herbivores – these include oligosaccharides from partially 
degraded fungal and bacterial cell walls (β-glucans and chitin), non-plant polypeptides (bacterial 
harpins and flagellin), and non-plant lipids from insects (volicitin) and bacteria  
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(lipopolysaccharide) [156].  Most elicitors have been shown to bind their receptors with apparent 
dissociation constants in the low nanomolar to high picomolar range [157].  Receptor binding of 
the elicitor initiates a signal that is usually transduced by a cytoplasmic kinase, resulting in a 
phosphorylation cascade propagated by mitogen-activated protein kinases (MAPKs) that 
ultimately activates gene transcription in the nucleus (Figure 1.14).  There are over 200 receptor-
like kinases in the Arabidopsis genome – these possess kinase domains that transduce the signal 
directly – as well as many cytoplasmic Ca2+- and GTP-dependent kinases that can interact with 
receptors to transduce the signal [158]. 

The MAPKs involved in initial defense signaling are believed to already be present in the 
cytosol, and they are known to induce gene transcription by phosphorylating – and thereby 
typically activating – specific transcription factors that can then migrate to the nucleus [158-
160].  Within 30 minutes of elicitation, early defense genes are transcribed that encode plasma 
membrane receptors and transcription factors [18].  A complete MAPK cascade (Figure 1.14) 
has been elucidated in Arabidopsis that is activated by bacterial flagellin, and this induces genes 
for several WRKY transcription factors and a transmembrane receptor kinase [161].  WRKYs 
are a type of plant-specific zinc-finger transcription factor that are defined by the conserved 
amino acid sequence WRKYGQK at its amino-terminal end, and that bind specifically to a DNA 
sequence motif known as a W box (C/TTGACC/T) [162].  As numerous W boxes are frequently 
found in the promoters of genes involved in the SA-mediated defense response – including those 
of the ICS1, NPR1, and PR-1 genes in Arabidopsis (see below) – WRKYs are believed to play a 
pivotal role in the regulation of these genes [163].  There are 72 genes encoding WRKYs in 
Arabidopsis, at least 49 of which are differentially regulated during the SA-dependent defense 
response; their combinatorial interactions with each other and with non-WRKY transcription 
factors can either activate or repress SA-dependent transcription, and WRKYs are known to play 
a key role in the antagonism between the JA- and SA-dependent defense responses [163].  
However, many kinases and transcription factors are activated independently of these hormones: 
within 30 minutes of exposure to flagellin, no SA or JA production has yet occurred, but global 
transcriptional profiling indicates that at least 1100 Arabidopsis genes involved in basal defense 
have been induced, including 28 of the over 200 known receptor kinases needed for signaling the 
presence of increased numbers of pathogen, as well as a number of strongly expressed MAPKs 
and WRKYs [160, 164].  Flagellin and many other elicitors activate defense responses in both 
plants and animals, and the involvement of homologous receptor kinases and MAPKs in defense 
signal transduction suggests innate immunity in plants and animals likely evolved from a 
common ancestor [159]. 

Elevated levels of intracellular calcium, reactive oxygen species (ROS), and nitric oxide 
(NO) are also known to mediate defense responses in both plant and animal innate immunity, 
though plants possess the machinery for their defense in every cell, whereas animals generally 
have specialized effector cells [159].  Within 5 minutes of elicitation, changes in ion flux across 
the plant plasma membrane occur which are virtually simultaneous with the increase in MAPK 
phosphorylation activity [18, 156].  Though the mechanism for it is not well understood, elicitor 
binding to its cognate receptor promotes the opening of plasma membrane ion channels (Figure 
1.14).  These allow influx of protons and Ca2+ ions and efflux of K+ and Cl- ions, resulting in a 
net acidification of the cytoplasm.  Ca2+ influx is regarded as particularly significant, as its 
cytoplasmic concentration spikes from a resting level of 50-100 nM to 1-5 µM upon elicitation 
(see [156], and Figure 1.14).  Calcium is known to activate many plant kinases, and the presence 
of calmodulin-binding domains in one entire class of WRKY transcription factors suggests that  



 

 34 



 

 35 

they may also respond to pathogen-triggered fluctuations of intracellular Ca2+ levels [163].  
Deposition of cell wall-strengthening callose – a β-1,3-glucan – at the site of attack also 
commences within 30 minutes of elicitation due to activation of latent callose synthase by 
calcium (see [18, 165], and Figure 1.14).  In addition, elevated calcium levels are required [166] 
for the oxidative burst, which is defined by a spike in the generation of ROS components 
superoxide (O2

•—) and hydrogen peroxide (H2O2) that is maximal at 30 minutes after elicitation 
[156]. 

The oxidative burst is initiated by plasma membrane NADPH oxidase, which forms 
superoxide by the one-electron reduction of O2, and is activated by cytosolic calcium (see [167], 
and Figure 1.14) in the same manner as seen in vertebrate phagocytes and B-lymphocytes [168].  
Superoxide dismutase (SOD) in the apoplast rapidly converts superoxide to H2O2 (Figure 1.14), 
which can reach concentrations of 1-3 µM in basal defense [169].  H2O2 is directly toxic to 
microbial invaders, and is also a substrate for the apoplastic peroxidases that catalyze oxidative 
cross-linking of proline-rich glycoproteins and lignin in the cell wall (Figure 1.14) beginning 2-5 
minutes after elicitation [170].  However, unlike superoxide, H2O2 can also cross the plasma 
membrane and enter the cytoplasm, shifting the normal redox status of the cell to a more 
oxidative one.  This cytosolic H2O2 is acted on by the enzymes glutathione peroxidase (GPX) 
and ascorbate peroxidase (APX), which catalyze redox reactions that increase the balance of 
cytosolic glutathione disulfide (GS-SG) over reduced glutathione (GSH) – APX requires a 
second enzyme (dehydroascorbate reductase) to replenish its ascorbate (or vitamin C) substrate – 
resulting in a corresponding increase in the disulfide content of specific proteins with newly-
modified function [168, 171].  The activities of many proteins in plants are redox regulated in 
this manner [7, 171], including a number of MAPKs and transcription factors (Figure 1.14) 
activated by increases in cytosolic ROS [168]. 

Protein activity is also regulated in both plant and animal defense by reversible 
nitrosylation of specific cysteine thiols present in the correct sequence context, though the 
identity of the enzymes involved in nitroso transfer to and removal from protein targets are 
unknown [172].  An initial burst of NO in basal defense is stimulated by increased cytosolic Ca2+ 
[173], and reaches a maximal value of ~0.5 µM [174] at 30-45 minutes after elicitation [175].  
NO is apparently synthesized in plants [176] – as in animals – from arginine by the enzyme NO 
synthase (NOS; Figure 1.14), though the gene originally assigned to this function has recently 
been found to be misannotated [177].  Reversible S-nitrosylation is another post-translational 
modification mediated by glutathione, which maintains an intracellular store of S-
nitrosoglutathione (GSNO) that acts as an NO-donor in protein nitrosylation [173].  
Consequently, GSNO reductase is an important enzyme in plant defense, as it attenuates NO 
signaling by reducing GSNO levels [175]; for example, loss of Arabidopsis GSNO reductase 
function compromised basal resistance against a type of powdery mildew pathogen [178].  
Candidates for regulation by reversible S-nitrosylation in basal defense have been identified in 
Arabidopsis, and include an SOD, a GPX, a glutaredoxin, and number of transcription factors 
(see [179], and Figure 1.14).  Protein kinases are also well-known targets for S-nitrosylation, and 
it is likely that those involved in defense-related signaling are regulated in this way [180]. 

Elicitation effects the transcription of defense-related genes by inducing or otherwise 
activating transcription factors as described above, and the identity of the specific genes 
activated depends upon the particular conditions of elicitation [7, 156].  Among the first genes to 
be induced – by all types of biotic stress – are those encoding the biosynthetic enzymes of the 
lignin-producing phenylpropanoid pathway (PAL, C4H, 4CL; see Figure 1.3), which usually 



 

 36 

begin appearing 2-3 hours after the elicitation event [156, 181, 182].  However, the levels of 
various plant hormones determine the character of the defense response, mainly by mediating the 
induction of multiple PR genes [152]; thus, the initiation of a response appropriate to the 
attacking species involves varying degrees of transcriptional activation of hormone biosynthetic 
genes (Figure 1.13).  The timing of the defense response to individual elicitors or whole 
organisms (which contain many different elicitors) is quite idiosyncratic among plant species, 
and there are as many examples of plant hormone biosynthesis being initiated in the first hour 
following elicitation as there are of it beginning as late as 6 hours after elicitation [183-185].  
Once biosynthesis is commenced, hormone levels continue to accumulate for hours or days until 
threshold concentrations are reached, though these target concentrations are highly variable.  For 
example, the hemibiotrophic pathogen P. syringae induces the accumulation of high levels of 
SA, JA, and ethylene (~2300 ng, 580 ng, and 500 nl per gram fresh weight of plant tissue, 
respectively) in Arabidopsis that are maximal about 24 hours after infection; the fungal 
necrotroph Alternaria brassicicola induces very little SA, more modest levels of JA, and far 
higher levels of ethylene, all of which are maximal several days after infection; and a variety of 
insect herbivores induce no SA, and levels of JA and ethylene that are maximal at wildly 
different time points – and all of these herbivore-induced hormone levels are present at levels far 
below those observed in pathogen infection [186].  The variable levels of each hormone 
determine the panel of PR genes that are induced, with genes encoding putative pore-forming 
proteins (PR-1 and PR-5) and β-1,3-glucanases (PR-2) induced readily by SA, and genes 
encoding chitinases (PR-3 and PR-4) and pore-forming peptides known as defensins (PR-12, 
which includes the well-studied defensin PDF1.2) induced mainly by JA and ethylene (see [187], 
and Figure 1.13).  PR proteins have anti-microbial activity generally, but the various chitinases 
(PR-3, PR-4, PR-8, and PR-11) and protease inhibitors (PR-6) also target nematodes and 
herbivorous insects [152], and production of these PR proteins is known to form – in 
combination with elevated levels of lectins and α-amylase inhibitors – the backbone of the 
JA/ethylene-mediated response to insect herbivores [10].  Other important PR protein classes are 
proteases (PR-7), ribonucleases (PR-10), and lignin-forming peroxidases (PR-9) [152]. 

JA signaling is particularly important for the biosynthesis of defense-related molecules 
having activity against herbivores and necrotrophic pathogens (see Figure 1.13).  JA-deficient 
Arabidopsis mutants fail to produce sufficient quantities of such molecules, and as a result are 
extremely susceptible to insect pests that do not normally consume Arabidopsis [188].  JA 
induces the transcription of genes involved in the production of well known plant natural 
products from many different plant species: the terpenoid insect toxins limonene, α-pinene, and 
pyrethric acid (Figure 1.1); other terpenoid toxins, like artemisin and taxol (not shown); the 
alkaloid animal toxins strychnine and morphine (Figure 1.2); other alkaloid toxins, like the 
indole alkaloid vinblastine, the isoquinoline alkaloid berberine, and nicotine (not shown); the 
indole bacterial toxin camalexin (Figure 1.2); the coumarin animal toxins coumarin, psoralen 
(Figure 1.3) and scopolin (Figure 1.9); the stilbene fungal toxin resveratrol (Figure 1.4); flavone 
signaling molecules like apigenin (Figure 1.5); isoflavone phytoestrogens like genistein (Figure 
1.5); the isoflavonoid fungal toxin medicarpin (Figure 1.5); anthocyanins that act as microbial 
toxins (Figure 1.5); and many related compounds [156, 189-193].  Most of the molecules 
described above are distributed throughout the plant; some that exhibit anti-microbial activity, 
are lipophilic, and are localized at the site of infection are termed phytoalexins (from the above 
list are camalexin, resveratrol, medicarpin, and some anthocyanins).  Phytoalexins have a wide 
range of structures [194], are concentrated to an extent proportional to their distance from the 
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infection site [18], and are generally believed to act – as camalexin does – by disrupting the 
integrity of microbial membranes [195].  It is unusual for phytoalexins – or any specialized 
metabolite – to be produced as part of the SA-mediated response to biotrophic pathogens, but 
there are examples of this [156, 194]. 

SA signaling activates basal defense responses that are mainly directed at biotrophic and 
hemibiotrophic pathogens.  Though the principal function of the phenylpropanoid pathway in 
plant defense is to provide lignin precursors for cell wall strengthening (see Figure 1.3), it is 
possible that some SA is biosynthesized via this route [196, 197].  However, the majority of SA 
needed for plant defense against biotrophic pathogens – in Arabidopsis, as well as other plants 
(for example, tobacco and rice [183]) – is produced from isochorismate (Figure 1.12).  Elevated 
levels of the ICS1 transcript are observed 3 hours following either elicitation by flagellin or 
infection with a P. syringae strain that activates basal defense, and the resultant SA that begins to 
accumulate within 6 hours is absolutely required for basal defense [198].  The delay in the 
development of SA-mediated basal defense in Arabidopsis is caused in part by the need for 
accumulation of significant levels of the EDS1 and PAD4 gene products prior to ICS1 induction 
and SA accumulation (Figure 1.14).  Though the function of the EDS1 and PAD4 gene products 
is not known, they are homologous to known lipases, they physically interact with each other in 
vivo, and they are required for ICS1 induction [155, 199]. 

Cytosolic SA is known to induce two waves of gene expression [200].  The first wave 
peaks 2-3 hours after treatment by exogenous SA (a substitute for induced SA biosynthesis, 
which occurs slowly when using the viral pathogen in this study; see [201]), and includes genes 
encoding glucosyl transferases – which glucosylate toxic small molecules like SA for vacuolar 
sequestration – and enzymes that protect the plant cell against oxidative stress (see [202], and 
Figure 1.15).  SA also likely induces enzymes involved in callose deposition at this point, as SA 
from the isochorismate pathway is known to initiate the process during this same time frame (7-9 
hours post infection; see [203]).  The mechanism of this first wave of gene induction by SA is 
unknown, but the transient increase of ROS immediately after basal defenses are induced 
suggests a role for redox-regulated signaling by the formation of internal disulfide bonds in 
specific proteins.  The activities of newly induced ROS-reducing enzymes – like SOD and 
catalase – are hypothesized to make the cytosol progressively more reducing over time [204], 
although it is believed that SA achieves a reducing redox balance partly by reacting directly – or 
via a transition metal-mediated process – with radical ROSs to form covalent adducts at positions 
ortho- and para- to the SA hydroxyl group (see [183], and Figure 1.15).  Regardless of how the 
reducing environment is achieved, it activates a second wave of gene expression 12-16 hours 
after SA treatment [201].  Many defense genes – including most SA-induced PR genes – are 
induced in this wave in a process mediated by NPR1, a protein that is constitutively expressed 
and normally located in the cytosol as an inactive, disulfide-bound oligomer [205].  When the 
cytosol becomes sufficiently reducing, oligomeric NPR1 is reduced to active monomers that are 
able to translocate into the nucleus and activate gene expression (see [206], and Figure 1.15).  
Monomeric NPR1 does this by interacting with the constitutively expressed, nuclear TGA class 
of transcription factors to form an active complex.  Several of these TGA factors have been 
shown to possess intramolecular disulfide bridges that must also be reduced in order to properly 
interact with NPR1 and fully activate transcription [207].  Redox activation of NPR1 and many 
TGA transcription factors is mediated by glutaredoxins and thioredoxins, at least one of which is 
actually induced by an NPR1-TGA complex [208].  Most SA-induced PR and defense-related  
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genes require NPR1 for activation (Figure 1.15), but there are examples of NPR1-independent 
PR gene activation [209]. 
 

Effector-Triggered Immunity in Plants.  As plants and microbes co-evolved, certain 
microbes acquired the ability to deliver effector proteins – also known as avirulence (Avr) 
proteins – that suppress basal defenses in particular plant species, thereby easing the process of 
infection.  Little is known about Avr proteins from fungi or oomycetes, but many bacterial Avr 
proteins have been characterized, including a number of proteases, transcription factors that alter 
resistance signaling, inhibitors of critical defense enzymes like callose synthase and MAPKs, 
inhibitors of elicitor recognition, and biosynthetic enzymes that produce inhibitory small 
molecules (see [158, 160], and Figure 1.16).  A given Avr protein usually damages specific 
targets in only one or a few plant species.  Bacterial pathogens secrete as many as 30 different 
Avr proteins per strain into the plant cytosol during infection, mostly via type III secretion 
systems [210].  In the course of plant-microbe co-evolution, plants responded by acquiring a 
highly specific resistance (R) gene for each Avr protein that threatened it, and the recognition of 
even one effector by its corresponding R gene product activates effector-triggered immunity 
(ETI), an accelerated and amplified form of the basal defense response [160].  Usually, R gene 
products activate ETI after the plant basal defense response is already underway [160], and 
pathogens that secrete an Avr gene product into a plant missing the complementary R gene 
continue the basal response without activating ETI, develop disease, and are referred to as 
virulent.  R genes constitute one of the largest gene families in plants, and are of two main types.  
Some encode plasma membrane receptors from the same group as those involved in basal 
defense, and these activate ETI after directly sensing extracellular pathogen effectors [160].  A 
second, larger group encodes cytoplasmic surveillance proteins – of which there are over 150 in 
Arabidopsis – that activate ETI after detecting intracellular damage by pathogen effectors (see 
[160], and Figure 1.16).  Both groups of R proteins signal the activation of genes by a process 
that is at least partly mediated by WRKY transcription factors, and at least one WRKY in 
Arabidopsis (AtWRKY52) is believed to function as an R protein [163].  The vast majority of R 
gene products are highly homologous to defense proteins from flies and mammals, possessing 
one of five possible domain architectures all containing carboxy-terminal leucine-rich repeats 
[158, 160, 211].  Though both necrotrophs and biotrophs make use of effector proteins in their 
pathogenesis, only biotrophs produce effectors that are recognized by R proteins and 
consequently activate ETI [160]. 

ETI involves enhanced operation of the mechanisms of basal defense, but differs from the 
basal response in that it also usually [160] activates the hypersensitive response (HR).  HR 
deprives biotrophic pathogens of nutrients and restricts their spread by inducing programmed cell 
death in and around the infected cell, leaving the rest of the plant unaffected [10].  Though HR 
requires 1-2 days to effect complete cell death, its initiation must precede pathogen movement to 
be effective [7].  As a result, ETI is initiated by signaling agents in the cytosol immediately after 
R protein recognition of pathogen effector action; this usually occurs 1-3 hours after the 
initiation of basal defense [212].  Within several minutes of R protein activation, a second burst 
of intracellular Ca2+ takes place that is required for HR [213, 214] – it is of a similar magnitude 
(1-5 µM) to the first burst in basal defense (see Figure 1.14), but has a much longer duration (up 
to 2.5 h, indicated by thick green arrows in Figure 1.16).  Elevated Ca2+ levels are in turn 
responsible for secondary bursts of ROS and NO that are also required for HR, although both 
must be of sustained duration to induce the transcriptional and translational events necessary for  
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cell death [173, 215, 216].  The second oxidative burst is also NADPH oxidase-dependent, 
results in levels of H2O2 that are nearly ten-fold higher (up to 15 µM) than those observed in 
basal defense (Figure 1.16), and is sustained for up to 5 hours before slowly declining [168, 169].  
The second burst of NO that accompanies it results in levels that are about four-fold higher (2.0 
µM) than those seen in basal defense (Figure 1.16), and is also sustained at this level for hours 
[173, 174]. 

Within 15 minutes of activation of ETI, ROS and NO have induced a massive 
transcriptional reprogramming of the cell, with a set of new transcripts comprising 1% of the 
total cellular mRNA already identifiable [211].  The early ETI-related genes induced in 
Arabidopsis – which are required for HR development – are similar to the early genes induced in 
basal defense, and include those encoding a number of protein kinases [212], transcription 
factors of the WRKY family [163], EDS1 and PAD4 [155], at least one thioredoxin [217], and a 
GSNO reductase [218].  Another early event required for HR is the activation of guanylate 
cyclase by elevated NO levels (Figure 1.16) – this enzyme synthesizes the important signaling 
molecule cyclic GMP [219].  Direct R protein action, cyclic GMP, and kinases and transcription 
factors redox-activated by the highly oxidized state of the cytosol undergoing the second 
oxidative burst, all initiate signal transduction pathways that result in induction of genes for 
ubiquitination and proteasome operation, as well as a large number of proteases – these later 
genes are induced in Arabidopsis between 24 and 48 hours after initiation of ETI, and are those 
responsible for actually effecting cell death [220].  Though ROS and NO induce similar sets of 
genes in the infected cells of all plants undergoing HR, the detailed mechanisms of plant cell 
death are not known, and the morphology of HR development differs from one plant-pathogen 
interaction to another.  For example, although two different P. syringae strains activate the same 
early HR-related genes within 4.5 hours of inoculation in tobacco, one strain induces plant 
plasma membrane discontinuity ~4.5 hours after inoculation and the other ~12 hours after 
inoculation; additionally, both processes proceed by different mechanisms [221].  The secondary 
bursts of NO and ROS also induce genes in cells adjacent to those undergoing the necrotic cell 
death of HR: superoxide and NO have been shown in oat to induce apoptotic cell death in 
bordering uninfected cells [222], and H2O2 is known to induce anti-oxidant proteins [7] and cell 
death-inhibitory signaling [223] in nearby cells not marked for death. 

SA is a central component of the signal transduction pathway that leads to HR.  Whereas 
a moderate amount of salicylate is generated in the basal defense responses to elicitation in 
tobacco cells (3 µg per gram fresh weight in 16 hours; see [224]) and infection with virulent 
(non-HR causing) bacteria in Arabidopsis leaves (up to 17 µg per gram fresh weight in 48 hours; 
see [225-227]), the total salicylate content in tobacco leaves inoculated with HR-inducing 
tobacco mosaic virus can reach much higher levels (up to up to 216 µg per gram fresh weight in 
72 hours) – with the large majority located within 3.5 mm of the HR lesions [228].  The elevated 
salicylate levels associated with HR are part of several positive feedback loops that are 
responsible for the intensity of ETI.  SA activates K+ efflux [183], H+ [183] and Ca2+ [229] 
influx, and ROS generation [169], by unknown mechanisms that involve interrelated plasma 
membrane channels and NADPH oxidase [230], as well as apoplastic SOD [231]; all signaling 
components activated by SA are framed in green in Figure 1.16.  SA also contributes to the 
secondary oxidative burst by its suppression of the activity of the ROS-detoxifying enzymes 
APX and catalase (see [232-234], and Figure 1.16), and this suppression by SA is required for 
HR [235, 236].  The phenomenon of catalase inhibition by SA is one of the only effects of SA 
that has been biochemically characterized, and it appears to be universal in the plant kingdom, 
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having been observed in Arabidopsis, tobacco, tomato, cucumber, and many other species [183].  
It has been speculated that the higher SA levels associated with R protein activation are a 
principal reason for ETI development, as very high concentrations of cytosolic SA are required 
to inhibit catalase and generate the secondary oxidative burst [183].  This then would differ 
markedly from the situation in the basal defense response, where much lower concentrations of 
SA can activate transcription of genes for ROS-detoxifying enzymes like catalase (see Figure 
1.15). 

The elevated levels of ROS in turn induce a dose-dependent increase in SA biosynthesis 
(see Figure 1.16).  This in turn is responsible for the best-known type of signal amplification in 
ETI: progressive elevation of the levels of both H2O2 and SA, a condition necessary for HR 
development [169].  In general, the phenylpropanoid pathway is believed to produce a high 
proportion of the SA required for HR development (Figure 1.16), although examples exist of HR 
processes involving significant production of SA by AtICS1 (see [183, 197], and references 
therein).  SA also induces NO production via NO synthase [237], and the resultant elevated NO 
levels initiate another signal amplification loop both indirectly – by inhibiting catalase and APX 
[238] – and directly – by activating cyclic GMP synthesis (see [239], and Figure 1.16).  Signal 
amplification also results from SA enhancement of the expression of certain types of R genes 
[240], coupled with elevated SA biosynthesis resulting from action of these R gene products 
[140, 241].  EDS1 and PAD4, in addition to their role in activating SA biosynthesis in 
Arabidopsis, also activate HR by an unknown mechanism, and SA induction of the EDS1 and 
PAD4 genes has led to the proposal of a fourth signal amplification loop [155, 199]. 
 

Systemic Acquired Resistance.  Most of the immediate defense response occurs where 
it is needed – in the infected tissue of the plant.  However, within several days to a week after the 
initial infection by an HR-inducing pathogen, a systemic response affecting the entire plant is 
induced [242].  This systemic response to pathogen infection is known as systemic acquired 
resistance (SAR).  SAR provides heightened resistance to a broad spectrum of microbial 
pathogens, and is long lasting – sometimes for the lifetime of the plant [243].  It is characterized 
in systemic tissue by elevated levels of SA and PR gene expression, with up-regulated PR-1 
expression in uninfected tissues serving as typical evidence of the establishment of SAR [244].  
The concerted effects of all the induced PR gene products are believed to be principally 
responsible for the enhanced resistance to pathogens afforded by SAR, although about 300 other 
genes also exhibit altered expression during the time frame of SAR [243, 245].  Elevated SA 
levels in the uninfected tissue are absolutely required for SAR [246], and application of SA to 
uninfected tissue of many plants is sufficient to induce the PR genes involved in SAR [247].  The 
mechanism of SA activation of PR genes in SAR is very similar to that of basal resistance and 
ETI: approximately two hours after an initial oxidative burst as part of HR in pathogen-
challenged Arabidopsis leaves, microbursts of ROS are initiated throughout the plant, AtICS1 is 
induced, SA is biosynthesized, and a gradual reduction in cellular redox balance takes place in 
uninfected tissue [248].  This leads to activation of NPR1 and transcription of the panel of PR 
genes needed for SAR (Figure 1.17; see also Figure 1.15).  Though the dramatically up-regulated 
PR gene expression associated with SAR effectively protects the plant from most pathogens, it 
has deleterious effects on long-term plant viability.  For example, some plant species undergoing 
SAR are much more vulnerable to insect herbivores than plants in which SAR has not been 
induced [249] – importantly, there is a different plant systemic defense against herbivore attack.   
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Also, SAR appears to exert a significant fitness cost due to ICS1-mediated depletion of 
chloroplast chorismate needed for lignin and aromatic amino acid biosyntheses. 

Though it had long been known that SA induces SAR in all parts of the plant [250-252], 
the identity of the signal that is transported between infected and uninfected tissues – and thus 
activates SA production systemically – remained unknown.  Within hours of the initial defense 
response, SAR is activated in tissues far from the site of attack by a signal that is transported at a 
rate of ~3 cm/h through the plant phloem [10].  Studies in tobacco mosaic virus-infected tobacco 
– showing that 69% of the SA accumulating systemically in plants undergoing SAR was 
generated by infected tissue [253], that total salicylate increased as much as 100-fold (up to 56 
µM) in phloem sap prior to the development of SAR [232], and that the level of SA in infected 
leaves was directly proportional to the degree of SAR induction in uninfected leaves [254] – all 
suggested that SA was this phloem-mobile signal, but grafting studies determined that this was 
not the case [255].  Recently, the discovery that SAR development in tobacco requires both SA 
carboxyl methyl transferase (SAMT) enzyme activity [256] in the infected tissue, and MeSA 
esterase (known as SABP2) activity [257, 258] in the systemic tissue, led to the proposal that the 
SA derivative methyl salicylate (MeSA) is instead acting as this phloem-mobile signal [259].  In 
the proposed model for SAR development (Figure 1.17), infected plant tissue converts immobile 
SA into phloem-mobile MeSA by action of SAMT, the phloem transports the MeSA to 
uninfected tissue, and the uninfected tissue hydrolyzes biologically inert MeSA into SAR-
activating SA by action of SABP2 [259].  In tobacco mosaic virus-infected tobacco, amounts of 
MeSA sufficient to establish SAR are generated, transmitted, and hydrolyzed between 48 and 72 
hours after the primary infection [260].  Though the evidence for MeSA acting as a signal for 
SAR development is convincing, other phloem-mobile small molecules have also been 
implicated in this process, including one or more lipids [261], JA or one of its derivatives [262], 
a peptide [263], and azelaic acid (nonanedioic acid) [264].  The intermediacy of MeSA – as well 
as all these other potential components – in SAR development appears to be conserved across 
plant genera [265]. 
 

Plant Defense Against Abiotic Stress.  Over the past few years, a more general role for 
SA as a mediator of diverse stress responses has been emerging.  For example, in Arabidopsis 
SA is synthesized in response to abiotic stresses such as UV-C [266], ozone [267], cold [268], 
heat [269, 270], and osmotic stress due to high salt or other solutes [271].  SA has also been 
shown to play a role in stress-induced developmental transitions, including flowering [272] and 
senescence [273].  AtICS1 is known to be directly involved in most of these processes, and has 
been implicated in others – such as cold-tolerant growth.  The mechanisms of SA-mediated 
defense against these diverse stresses are similar to those already described for defense against 
pathogens and herbivores [183].  Most abiotic stresses also lead to a burst of ROS that alters the 
cellular redox balance, and this in turn modulates transcription and protein function that is under 
redox control [171].  Whether the abiotic stress event initiates an oxidative burst for signaling or 
involves exposure of the cell to high levels of toxic ROS, ROS-detoxifying enzymes known to be 
inhibited by SA – like catalase and APX – are induced [183].  SA also induces heat shock 
proteins during heat stress, and anti-freeze proteins and small molecules during cold stress [183].  
Some abiotic stresses are so damaging to the cell – for example, those associated with severe O3 
exposure – that they induce a cell death process similar to SA-mediated HR, though little is 
known about it [168].  Importantly, as in the case of pathogen defense, other hormones besides 
SA are often involved in the plant response to abiotic stress [183]. 
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SALICYLATES IN MEDICINE 
 

Salicylates as Human Therapeutic Agents.  SA and its derivatives also display 
biological function in humans, most notably in the case of aspirin (2-acetoxybenzoate).  SA and 
prodrugs that are metabolized to SA – like SAG, free and glucosylated MeSA, salicylaldehyde, 
and saligenin (2-hydroxybenzyl alcohol) – are the active components of willow (genus Salix, the 
root of the term salicylate), myrtle, poplar, and meadowsweet, all of which have been consumed 
for the relief of pain since the 15th century B.C. [7, 274].  The 19th century saw tremendous 
advances in the development of SA and its derivatives for medicinal use: salicin (glucosylated 
saligenin) was first isolated in pure form by Johann Buchner (1828), MeSA was first sold as a 
component of oil of wintergreen (1844), pure SA was first chemically synthesized (1858), an 
inexpensive synthesis of SA from phenol and CO2 was developed by Hermann Kolbe (1860), SA 
was first commercially produced in pure form (1874), SA was first acetylated on a large scale by 
Felix Hoffman of Bayer and Co. in an attempt to minimize its bitterness and irritation to the 
stomach (1897), and this SA derivative was first marketed by Bayer as Aspirin and sold in tablet 
form (1899) [7, 275].  Aspirin has gone on to become by far the best-selling drug in history, with 
100 million kg produced per year worldwide, equating to ~330 billion aspirin tablets of 300 mg 
each – a standard dose [276].  Aspirin is still widely used to treat colds, headaches, fevers, and 
rheumatoid arthritis, and as a preventative agent for heart attacks and cerebral thrombosis [7]. 

SA, SA derivatives like aspirin, and well-known pain medications like ibuprofin and 
naproxen, are all non-steroidal anti-inflammatory drugs (NSAIDs).  The NSAIDs are generally 
planar and lipophilic small molecules, and unlike the narcotics – a group of pain medications that 
includes morphine and acts only on the central nervous system – NSAIDs have efficacy in all 
body tissues.  NSAIDs act mainly by retarding the production of prostaglandins (PGs) and 
thromboxanes (TXs), two classes of mammalian hormones that induce inflammation, pain and 
fever in a variety of tissues.  The treatment of inflammatory conditions like arthritis and gout 
requires relatively high doses of NSAIDs (4-8 g/day of aspirin) [276].  NSAIDs accumulate in 
the inflamed tissue of joints and tendons, where they inhibit leukocyte production of mediators 
of inflammation, including PGE2, NO, ROS, cytokines like IL-1 and TNFα, and leukocyte 
adhesion molecules like ICAM-1; the reduced levels of these mediators prevent leukocyte 
adhesion to their receptors, limiting the inflammation inherent to the immune response [276].  
More modest doses of NSAIDs (650-1950 mg/day of aspirin) are required for treatment of pain 
and fever [276].  NSAID activity for these indications is in part related to their anti-inflammatory 
activity in the peripheral nervous system, though they also limit production of additional 
inflammation and fever-promoting compounds throughout the nervous system – such as PGI2 
and neural peptides like substance P and bradykinin – as well as reduce turnover of endogenous 
pain-relieving compounds like noradrenaline and serotonin [276].  The restriction of PG 
biosynthesis in the gastrointestinal tract by high concentrations of the orally available NSAIDs is 
responsible for the well-known side effects of intestinal ulcers and hemorrhaging, as PGs are 
required for maintenance of the mucosal lining that prevents the gastrointestinal system from 
damage by strong stomach acid [276].  NSAIDs have also been implicated in the prevention of 
cancer and Alzheimer’s disease, though by unknown mechanisms [276].  Aspirin alone among 
the NSAIDs prevents heart attacks and strokes when administered in doses of 75-100 mg/day 
[276].  Aspirin achieves this by retarding the thromboxane production in platelets needed for 
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platelet aggregation and blood clot formation [277].  Platelets are especially vulnerable to this 
inhibition by aspirin, as they have no nucleus and are unable to biosynthesize new protein. 

A mechanism for the inhibition of platelet aggregation by aspirin – and for NSAID action 
in general – was elucidated in the 1970s, when it was shown that cyclooxygenases (COXs) are 
inhibited reversibly by most NSAIDs (see [278, 279]; Vane won the Nobel Prize in Physiology 
of Medicine in 1982 for this discovery), and irreversibly by aspirin acetylation of an active site 
serine residue [280].  COXs catalyze the first step in all PG and TX biosynthesis – the addition 
of two molecules of O2 to unsaturated fatty acids like arachidonic acid.  There are two main 
cyclooxygenases in humans: constitutively expressed COX-1, which synthesizes PGs and TXs 
for normal physiological functions like maintenance of the gastrointestinal mucosal lining and 
platelet aggregation, and inducible COX-2, which synthesizes PGs that mediate inflammation, 
pain, and fever [281, 282].  Though this inhibition is the only form operative on COX-1, 
NSAIDs were later shown to inhibit induction of the COX-2 gene as well [283], and this 
inhibitory mode is believed to play the greater role in the suppression of inflammation by 
NSAIDs.  COX-2 gene transcription is mediated by NF-κB, a transcription factor that is 
normally sequestered in the cytoplasm by binding to the inhibitor IκB; disruption of this protein-
protein interaction by targeted IκB degradation occurs normally in response to growth factors, 
cytokines and pathogenic elicitors, allowing NF-κB to translocate to the nucleus and activate 
COX-2, inducible NO synthase, and many other genes involved in inflammation and innate 
immunity.  IκB is the principal target of NSAID action, as competitive inhibition of IκB kinase 
by the NSAIDs aspirin and SA [284] has been shown to prevent this enzyme from 
phosphorylating two specific serine residues on IκB that target it for degradation [285].  The 
finding that salicylates also shift the redox balance of the cytosol to a more reductive state by an 
unknown mechanism, coupled with the well-known activation of NF-κB by cytosolic ROS, has 
led to the hypothesis that salicylate-induced redox regulation of cytosolic enzymes is responsible 
for the maintenance of inactive cytosolic NF-κB [276]. 
 

Parallels Between Salicylate Action in Plants and Mammals.  The effects of 
salicylates on innate immunity in plants and mammals have a number of parallels, suggesting 
that both immune responses may be inherited from a common ancestor [286].  Elicited plant cells 
and activated mammalian leukocytes both generate initial bursts of ROS.  The introduction of 
salicylate by biosynthesis (in plants) or ingestion (in mammals) inhibits the levels of both of 
these defense signals.  It is hypothesized that SA and its analogs react directly with the various 
radical ROSs to form covalent adducts [183, 276], and when ROS levels are low and SA levels 
relatively high, this phenomenon alone may be sufficient to restore a reductive redox balance to 
the cytosol in both plants and mammals.  In addition, the main protein targets of salicylate action 
– NPR1 in plants and IκB in mammals – are homologous over a long region that includes the 
serine residues phosphorylated in IkB [287], though no evidence has yet been presented for 
NPR1 phosphorylation at these sites.  Though NPR1 – unlike IκB – has long been known to 
translocate to the nucleus and activate gene transcription, more recent work has determined that 
cytosolic NPR1 plays a role in suppressing the JA response to necrotrophic pathogens and 
herbivores [288].  This is analogous to the situation in mammals, in which salicylates disrupt PG 
signaling by preventing their biosynthesis.  JA and PGs are structurally quite similar, and are 
both derived from oxidative elaboration of unsaturated fatty acids from the plasma membrane.  
The evidence of a common evolutionary origin for the innate immune response in plants and 
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animals is to date largely circumstantial, though many of the mechanisms of their operation 
remain to be elucidated. 

 
 
This thesis examines the function of plant ICS enzymes from a biochemical perspective.  

Although synthesis and regulation of the bacterial isochorismate pathways have been thoroughly 
investigated, there is limited knowledge regarding these enzymes, their products, and their 
functional roles in plants.  Past biochemical characterizations of plant ICS enzymes utilized ICS 
(partially) purified from elicited cell suspension cultures of Galium mollugo L. [289, 290], Rubia 
tinctorum [291], and Catharanthus roseus [139], because these systems provided sufficient 
activity, protein, and product.  Elicited cell suspension cultures have also been used to 
investigate the regulation of isochorismate-derived products such as anthraquinones produced by 
Morinda citrifolia [292].  However, these species were not genetically tractable, and thus 
detailed knowledge of the genes and enzymes involved in the synthesis of isochorismate-derived 
plant products has been limited.  The cloning of the ICS1 and ICS2 genes from the model plant 
organism Arabidopsis [81] makes overexpression and isolation of these ICS enzymes much more 
feasible.  Herein, I describe the purification of the AtICS1 and AtICS2 enzymes, as well as 
report characterizations designed to answer a number of questions about their functional role in 
plants.  First, do these enzymes have the predicted enzyme activity, and if so, are they 
monofunctional ICSs or bifunctional SASs?  If these enzymes are monofunctional, what might 
be the identity of the secondary IPL enzyme involved in SA production?  Also, bacterial ICS 
enzymes achieve a rapid equilibrium between chorismate and isochorismate; if these plant 
enzymes are monofunctional, do they exhibit similar behavior, and what is the apparent 
equilibrium constant for the reaction?  Can the active site residues involved in monofunctional 
ICS catalysis be mutagenized to generate a bifunctional SAS – or vice versa – and could this 
conversion be achieved post-transcriptionally or post-translationally?  What are their KM values 
for chorismate, and do these enzymes compete effectively with other chorismate-utilizing 
enzymes for available chorismate in the chloroplast?  What are their KM values for magnesium, 
and what biological conditions are these consistent with?  Do these enzymes have any activity 
when other metal ions are substituted for magnesium, and if so, is the activity modulated?  What 
pH and temperature profiles do these enzymes display, and what do they imply about the 
biological conditions under which they operate?  It is expected that any conclusions drawn about 
ICS enzyme operation in Arabidopsis can be generalized to most – if not all – other plants.  
Indeed, the finding that stress-induced ICS1 is responsible for SA synthesis has already been 
confirmed for tomato (Solanum lycopersicum [293]) and Nicotiana benthamiana [294]. 
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CHAPTER II 
 
 

CHARACTERIZATION OF ARABIDOPSIS ICS1 
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The material presented herein was previously published in: 
 
 
Strawn, M. A., Marr, S. K., Inoue, K., Inada, N., Zubieta, C., Wildermuth, M. C., Arabidopsis 
isochorismate synthase functional in pathogen-induced salicylate biosynthesis exhibits 
properties consistent with a role in diverse stress responses. Journal of Biological Chemistry, 
2007. 282(8): p. 5919-5933. 
The Copyright belongs to the journal. 
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INTRODUCTION 
 

Here, I focus on the enzymology of AtICS1 (At1g74710), a gene/enzyme required for 
pathogen-induced SA biosynthesis [81].  As mentioned in Chapter 1, SA is best known for its 
role as a key regulator of plant defense against pathogens.  It accumulates primarily as a glucose 
conjugate (SAG) in response to viral, bacterial, and fungal pathogens [140] and is required for 
the induction of hundreds of defense-related genes (e.g. pathogenesis-related PR-1), and the 
establishment of local and systemic acquired resistance responses [140, 243].  In A. thaliana, null 
mutations in the AtICS1 gene abrogated induced SA and SAG accumulation and associated 
defensive responses [81, 148, 149]. 

Despite the importance of SA, our understanding of the underlying enzymology of its 
production is very limited.  As a complement to my work, other members of the Wildermuth lab 
showed via immunofluorescence that AtICS1 is localized to the chloroplast stroma in planta 
[82].  In addition, in collaboration with the Wildermuth lab, Dr. Kentaro Inoue (UC Davis) 
showed that AtICS1 is imported into the chloroplast with the mature protein residing in the 
stroma [82].  These results are consistent with the presence of a putative chloroplast transit 
peptide in the gene sequence of AtICS1, as well as the requirement that AtICS1 be physically 
present at the subcellular location where most of its substrate chorismate is biosynthesized.  
Here, I have undertaken experiments to fill this knowledge gap and present the first biochemical 
characterization of a plant ICS enzyme involved in SA biosynthesis – AtICS1 – including 
quantitative assessment of its kinetic parameters.  This is particularly critical, because past 
biochemical studies neither measured nor accounted for the fact that ICS enzymes typically 
operate near equilibrium.  Here I address this reversibility directly, and specify kinetic and 
thermodynamic properties for a plant ICS.  Detailed knowledge of the nature of the ICS reaction 
and the strength of its binding to chorismate, as well as its subcellular localization, allows us to 
(1) examine positive selection for monofunctional ICS versus bifunctional SAS enzymes in 
higher plants, (2) assess the influence of environmental factors such as light and temperature on 
AtICS1 activity, SA biosynthesis, and function, and (3) understand controls over chorismate 
partitioning and utilization. 

Arabidopsis contains multiple genes encoding the chorismate-utilizing enzymes 
chorismate mutase (including AtCM1, AtCM2, and AtCM3) [66, 67], anthranilate synthase (e.g. 
α subunits AtASA1 and AtASA2, and β subunits AtASB1 and AtASB2) [68], and ICS (AtICS1 
and AtICS2) [81].  Although some of these genes are constitutively expressed, a subset, 
including AtICS1, AtCM1, and AtASA1, is induced in response to pathogen treatment [66-68, 81]; 
therefore, knowledge of the biochemical properties of AtICS1 allows one to assess its ability to 
successfully compete for available chorismate.  Because it is estimated that 20% of carbon fixed 
by plants flows through the shikimate pathway to chorismate under normal growth conditions 
(see Figure 1.6), with the bulk of this carbon utilized in the synthesis of specialized metabolites 
[37], detailed knowledge of these controls is essential to our understanding of plant fitness. 
 
 
MATERIALS AND METHODS 
 
Materials and General Protocols 

All specialty reagents and chemicals were obtained from Sigma-Aldrich unless otherwise 
specified.  HPLC-grade solvents (EMD Biosciences) were employed in the HPLC analyses.  
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Chorismic acid (Sigma C-1761, ≥80% purity) was used in all assays with the following 
exceptions:  Barium chorismate (Sigma C-1259, 60-80% purity) was used to assess recombinant 
AtICS1 activity during overexpression and purification, and for determining the temperature-
dependence of AtICS1 activity.  For selection and growth of transformed cells (described 
below): pBAD33 derivatives were selected with 30 µg/ml chloramphenicol; pET-28 derivatives 
were selected with 50 µg/ml kanamycin; and pME3368 was selected with 100 µg/ml ampicillin.  
Commonly utilized protein and molecular biological reagents and protocols were 
prepared/performed as in Current Protocols in Molecular Biology [295].  Independent replicate 
experiments were performed for all experiments described in the Results section, with similar 
findings. 
 
Expression and Purification of Recombinant AtICS1 

The construct pSM157-16 (obtained from Dr. Sharon Marr) is a pET-28 derivative 
containing a sequence encoding an amino-terminal His6-tag fused to the sequence beginning with 
that encoding amino acid 48 of the Aradibopsis thaliana ICS1 coding region.  The pSM157-16 
AtICS1 coding sequence was confirmed to be identical to AtICS1 sequence AY056055 
(At1g74710.1).  E. coli Rosetta2 (DE3) cells (Novagen) were transformed with these plasmids.  
Crude cell extracts were prepared from a 2 L culture of transformed cells in TB media containing 
0.2% glucose, 50 µg/ml kanamycin and 30 µg/ml chloramphenicol.  Cultures were grown at 37 
°C to mid-log phase, 0.2 mM isopropyl-β-D-thiogalactopyranoside (IPTG) was added to induce 
His6-AtICS1 synthesis (hereafter referred to as AtICS1), and cells were harvested after 18 hours 
at 21 °C (~30 g wet weight) and resuspended in 150 ml of buffer A (20 mM sodium phosphate 
buffer, pH 7.4, 500 mM sodium chloride, 10% glycerol) containing 1 mM dithiothreitol (DTT), 2 
mM phenylmethanesulfonyl fluoride (PMSF), 5 µM leupeptin, 10 µg/ml DNase and 1% Triton 
X-100.  The cells, which could be stored at –20 °C, were lysed by two passages through a French 
press at 18000 psi.  Following centrifugation, the supernatant was filtered by syringe through an 
HPF Millex-HV 0.45 µm filter unit attached in series to a Millex-AP prefilter (Millipore).  
Filtrate was applied to a 1 ml HisTrap HP nickel affinity column (Amersham Biosciences) at a 
flow rate of 1.0 ml/min by use of a ÄKTA fast protein liquid chromatography system 
(Amersham Biosciences).  After washing the column with 10 ml of buffer A, AtICS1 was eluted 
with 40 ml of a linear gradient from 0% to 15% at a flow rate of 1.0 ml/min of buffer A 
containing 500 mM imidazole.  Fractions containing ICS activity were pooled and concentrated 
using an Amicon Ultra-15 (10 kDa molecular mass cutoff) ultrafiltration device (Millipore) to a 
final volume of 900 µl.  The pooled solution was applied to a HiPrep 16/60 Sephacryl S-200 
High Resolution gel filtration column (Amersham Biosciences) previously equilibrated with 200 
ml of buffer B (50 mM sodium phosphate buffer, pH 8.0, 150 mM sodium chloride, 10% 
glycerol and 1 mM DTT).  The enzyme was eluted at a flow rate of 1.0 ml/min as a broad peak 
with 60 ml of buffer B.  Fractions containing ICS activity were pooled and concentrated as 
before to a final volume of 2 ml.  The concentrate was dialyzed overnight into buffer C (100 mM 
Tris buffer, pH 7.7, 10% glycerol and 1 mM DTT) with or without 10 mM MgCl2 as desired.  
The protein was aliquoted and stored at –80 °C.  All further characterization was performed on 
the mature AtICS1 (without the chloroplast transit sequence) recombinant purified protein. 
 
Determination of Protein Concentration 

Protein concentrations were determined by the method of Bradford, modified for use in a 
96-well plate format with Coomassie Blue G-250 (EM Biosciences) and analyzed using a 
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Spectramax Plus microplate spectrophotometer (Molecular Devices).  200 µl of Coomassie stain 
per well [295] was mixed with 20 µl of sample and allowed to stand for 10 minutes before 
analysis at 595 nm with a Spectramax Plus microplate spectrophotometer (Molecular Devices), 
using distilled water as a cuvette reference.  Bovine serum albumin was used as the standard. 
 
Protein Molecular Mass Estimation 

The subunit molecular mass of AtICS1 was estimated by SDS-PAGE in a 10% gel with 
Precision Plus unstained protein standards (Bio-Rad).  The native molecular mass was estimated 
by gel filtration chromatography on a HiPrep 16/60 Sephacryl S-200 High Resolution column in 
buffer B (above) at a flow rate of 1.0 ml/min, using thyroglobulin (670 kDa), γ-globulin (158 
kDa), ovalbumin (44 kDa), myoglobin (17 kDa), and Vitamin B-12 (1.35 kDa) as markers (Bio-
Rad Gel Filtration Standards).  The apparent molecular mass of AtICS1 was determined from a 
plot of the elution volumes against the logarithm of the molecular masses.  This experiment was 
performed two times, each time using protein purified from two different cultures.  Each set of 
results was similar to the other. 
 
Isochorismate Synthase Activity Assays 

An HPLC isochorismate synthase activity assay was modified from [139] as described 
below.  40 µl of substrate solution (2 mM chorismic acid in buffer D: 100 mM Tris, pH 7.7, 10% 
glycerol, 10 mM MgCl2, 1 mM DTT) was added to 40 µl of a 220 µg/ml solution of AtICS1 in 
buffer D, incubated for 60 minutes at 30 °C, immediately filtered through a 0.2 µm Millex-LG 
syringe filter (Millipore), and a 50 µl aliquot was injected into a Shimadzu SCL-10AVP series 
HPLC system equipped with a Shimadzu SPD-10AVP photodiode array detector and a 
Shimadzu RF-10AXL fluorescence detector.  A 5 µm, 15 cm × 4.6 mm inner diameter 
Supelcosil LC-ABZPlus column (Supelco) preceded by a LC-ABZPlus guard column was 
maintained at 27 °C, and had previously been equilibrated in 15% acetonitrile with 25 mM 
potassium phosphate buffer, pH 2.5.  All flow rates were at 1.0 ml/min.  The elution program 
began with an isocratic flow of 15% acetonitrile with 25 mM potassium phosphate buffer, pH 
2.5, for 1 minute, followed by a linear increase to 20% acetonitrile over 7 minutes.  Prior to 
injecting subsequent samples, a linear decrease to 15% acetonitrile over 2 minutes was 
undertaken, followed by reequilibration at 15% acetonitrile for at least 5 minutes.  Under these 
conditions, isochorismic acid eluted (A280) at approximately 3.4 minutes and chorismic acid 
(A280) at 4.2 minutes.  The calibration curve for chorismic acid is as follows:  y = 0.00386319 x – 
11.2600 with R2 > 0.999, where x = area units and y = chorismic acid in nanograms. 

A coupled HPLC isochorismate synthase activity assay was modified from [296] as 
described below.  437.5 µl of a solution of AtICS1 (3.8 µg/ml) and excess recombinant PchB 
(218 µg/ml) in buffer E (100 mM potassium phosphate buffer, pH 7.0, 15 mM MgCl2, 10% 
glycerol and 1 mM DTT) was mixed with 62.5 µl of substrate solution (4 mM chorismic acid in 
buffer E) and incubated for 60 minutes at 30 °C.  The reaction was filtered as above, and a 50 µl 
aliquot was injected into the HPLC system equipped with column described above.  All flow 
rates were at 1.0 ml/min.  The elution program began with an isocratic flow of 15% acetonitrile 
with 25 mM potassium phosphate buffer, pH 2.5, for 1 minute, followed by a linear increase to 
20% acetonitrile over 5 minutes, isocratic flow at 20% for 10 minutes, a linear increase from 20 
to 55% acetonitrile over 17.5 minutes, a linear increase from 55 to 66% over 5 minutes, and an 
isocratic flow at 66% for 1.5 minutes.  Prior to injecting subsequent samples, a linear decrease to 
15% acetonitrile over 5 minutes was undertaken, followed by reequilibration at 15% acetonitrile 
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for at least 5 minutes.  This program allowed for the detection of isochorismic acid (A280, 3.7 
min), chorismic acid (A280, 4.9 min), and salicylic acid (ex 305nm/em 407nm, 22.9 min).  The 
calibration curve was:  y = 0.000231406 x – 2.81054 with R2 = 0.999, where x = area units and y 
= nanograms of salicylic acid.  Salicylic acid (S-5922, Sigma ultrapure) was used for all 
calibrations. 

A coupled continuous spectrophotometric assay for ICS activity was performed as 
described in Appendix 2, but substituting AtICS1 for EntC and making several modifications 
described below.  The ICS reaction rate was measured by coupling excess amounts of 
isochorismate pyruvate lyase (recombinant PchB) and L-lactic dehydrogenase (LDH).  Dilution 
series of AtICS1 were performed to establish the linear range for this assay (to ~25 µg/ml 
recombinant, purified AtICS1) and my standard assay conditions (10 µg/ml recombinant purified 
AtICS1).  Velocity was linear with time (following an initial lag) for >15 min with 10 µg/ml 
AtICS1.  Unless otherwise indicated, the 200 µl per well assay volume contained 0.2 mM 
NADH, 0.833 µg/ml LDH, 32.0 µg/ml recombinant PchB, 10.0 µg/ml AtICS1 and 2 mM 
chorismic acid in buffer D.  The reaction was initiated by addition of the chorismic acid to the 
reaction mixture in a 96-well plate preheated to 30 °C, and analyzed using a Spectramax Plus 
microplate spectrophotometer (Molecular Devices).  The change in absorbance at 340 nm was 
measured in each well in increments of 30 or 60 seconds and monitored for at least 30 minutes.  
The initial reaction rate in each well was assessed for a 5-10 minute period approximately 7-20 
minutes after initiation of the reaction, depending upon manual confirmation of the linear range 
of reaction, and it was calculated using least squares fitting of each curve.  An extinction 
coefficient for NADH of 6220 M-1 cm-1 was used for conversion of these values to units of 
µM/min. 
 
Determination of the Apparent Keq using 1H NMR 

My protocol is similar to that previously used with E. coli EntC [55].  The spectrum of 
the equilibrium mixture of chorismic acid and isochorismic acid was acquired as follows: 500 µl 
of a 220 µg solution of AtICS1 was exchanged into D2O buffer containing 50 mM potassium 
phosphate, pD 7.5, and 5 mM MgCl2, was incubated with 500 µl of chorismic acid solution (2 
mM in the above D2O buffer) at 30 °C for 60 minutes.  HPLC analyses of successive aliquots 
confirmed the reaction was at equilibrium.  1H NMR spectra for a 900 µl aliquot were recorded 
using a 500-MHz Bruker DRX-500 spectrometer.  Spectra were scanned every 8 seconds for a 
total period of 9 hours each.  The ratio between chorismic acid and isochorismic acid was 
determined by integration of the two peaks most downfield in the spectrum (the C2 protons).  
The chorismate spectrum was obtained with chorismic acid in the above D2O buffer.  This 
experiment was performed two times, each time using protein purified from two different 
cultures.  Each set of results was similar to the other. 
 
Apparent KM Determination for Chorismate 

The coupled continuous spectrophotometric isochorismate synthase assay was modified 
by using working chorismic acid concentrations of 1.5 mM, 1.0 mM, 750 µM, 500 µM, 400 µM, 
300 µM, 250 µM, 225 µM, 200 µM, 180 µM, 160 µM, 133 µM, 100 µM, 80 µM, 40 µM and 20 
µM.  The reaction was initiated by the addition of chorismic acid.  Reactions without AtICS1 
were used as blanks.  As per standard protocol, triplicate samples were run for each condition.  
Initial velocity data were fitted to the equation of Hanes to determine kinetic parameters [297].  
To determine the effective chorismate concentrations in the above assay, I assessed the non-
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productive conversion of chorismate to prephenate by PchB in parallel as described in Appendix 
2.  The correction for chorismate content after 15 minutes that was determined in Appendix 2 
was used in the revised KM determination, as kinetic data had originally been obtained from 
reaction progress curves at about 15 minutes elapsed reaction time.  This experiment was 
performed two times, each time using protein purified from two different cultures.  Each set of 
results was similar to the other. 
 
Effect of Mg2+ on Isochorismate Synthase Activity 

The coupled continuous spectrophotometric ICS assay was modified by using buffer C 
(no Mg2+) supplemented with MgCl2 at the following working concentrations: 15 mM, 10 mM, 5 
mM, 3 mM, 2 mM, 1 mM, 800 µM, 650 µM, 500 µM, 200 µM, 100 µM, 80 µM, 50 µM, 20 µM, 
10 µM, 5 µM, and 0 µM.  Reactions were performed in triplicate and reactions without AtICS1 
were used as blanks.  Note that neither IPL [298] nor LDH activities are impacted by changes in 
the Mg2+ concentration.  Initial velocity data were fitted to the equation of Hanes to determine 
kinetic parameters [297].  This experiment was performed two times, each time using protein 
purified from two different cultures.  Each set of results was similar to the other. 
 
Effect of Other Metals on Isochorismate Synthase Activity 

The coupled continuous spectrophotometric ICS assay was modified by substitution of 
other divalent metals for Mg2+.  As above, buffer C was used and a working concentration of 10 
mM, 1 mM and 0.1 mM of each of the following divalent metals was substituted: CaCl2, BaCl2, 
MnCl2, ZnCl2 and CdCl2.  Each reaction was performed in triplicate.  Reactions without AtICS1 
were used as blanks.  Reactions containing no added metal ion were also included.  IPL activity 
is reported to be unaffected by divalent cations [296].  However, L-lactic dehydrogenase (Sigma 
L-1254, rabbit muscle) activity may be inhibited by heavy metals such as Hg2+ and Pb2+ (Sigma-
Aldrich Technical Service).  Therefore, I repeated the metal experiments using 1 mM of the 
divalent metal ion and the HPLC ICS assay, which directly measures the conversion of 
chorismic acid to isochorismic acid.  For metals with significant absorbance at 340 nm, I 
exclusively employed the HPLC ICS assay.  Buffer C was substituted for buffer D and the 
reactions were supplemented with each of the following metals: FeCl2, FeCl3, CoCl2, NiCl2, or 
CuCl2.  Working concentrations of 10 mM, 1 mM and 0.1 mM of each of the above metals were 
used in the reactions.  This experiment was performed two times, each time using protein 
purified from two different cultures.  Each set of results was similar to the other. 
 
pH Profile of Isochorismate Synthase Activity 

The HPLC assay for isochorismate synthase activity was modified by alteration of the pH 
of the reaction buffer.  40 µl of a 100 mM buffered solution containing 220 µg/ml AtICS1 was 
mixed with 40 µl of a 2 mM solution of chorismic acid in the same buffer.  Buffer solutions 
utilized 100 mM 2-(N-Morpholino)ethanesulfonic acid (MES) at pH 5.0, 5.5,  6.0, and 6.5, 3-(N-
Morpholino)propanesulfonic acid (MOPS) at pH 7.0 and 7.5,  2-Amino-2-(hydroxymethyl)-1,3-
propanediol (Tris) at pH 7.5, 7.7, 8.0, and 8.5, 2-(Cyclohexylamino)ethanesulfonic acid (CHES) 
at pH 9.0, 9.5, and 10.0, or 2-(Cyclohexylamino)propanesulfonic acid (CAPS) at pH 11.0.  All of 
the above buffers are used as substitutes for the standard buffering agent in buffer D (100 mM 
Tris, pH 7.7).  Reactions were performed in triplicate for 60 minutes at 30 °C, with results 
reported for the formation of isochorismate.  Reactions without AtICS1 were used as controls (to 
be subtracted from results with enzyme), although I observed no non-enzymatic production of 
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isochorismate.  This experiment was performed two times, each time using protein purified from 
two different cultures.  Each set of results was similar to the other. 
 
Temperature Profile of Isochorismate Synthase Activity 

The HPLC assay for isochorismate synthase activity was modified by alteration of the 
temperature at which the reaction was incubated.  Reactions were performed in triplicate 
incubating for 60 minutes at each of the following temperatures: 4 °C, 15 °C, 23 °C, 30 °C, 37 
°C, 44 °C, 51 °C, 60 °C and 70 °C.  Results are reported for the formation of isochorismate.  
Non-enzymatic production of isochorismate was not observed.  At 51 °C and above, there was 
some decomposition of chorismate (to products other than isochorismate); however, the 
chorismate concentration was never limiting.  This experiment was performed two times, each 
time using protein purified from two different cultures.  Each set of results was similar to the 
other. 
 
Non-enzymatic Synthesis of SA from Isochorismate 

Isochorismate was produced enzymatically by the conversion of chorismate to 
isochorismate via ICS (purified recombinant Eco EntC), and purified as in [299].  Isochorismate 
was incubated in solution (37 µM isochorismate, pH 7.5, 3 mM MgCl2, 23 °C) for 1 hour, 3 
hours, and 6 hours, and chorismate, isochorismate, and salicylate were quantified by HPLC using 
the normal and the coupled HPLC ICS assays described above.  Incubations were performed in 
triplicate with the conversion rate of isochorismate to salicylate (µM SA/hr) as the slope of SA 
production with time (y = 0.036x + 1.40; R2 = 0.999). 
 
ADIC Formation in the Presence of Ammonium Ion 

An HPLC isochorismate synthase activity assay was modified from [59] to quantify 
ADIC formation as described below.  150 µl of substrate solution (2 mM chorismic acid) was 
added to 150 µl of a 220 µg/ml solution of AtICS1, in parallel, in several different media.  All 
media contained 100 mM Tris, pH 7.7, 10% glycerol, and 10 mM MgCl2, but one had no 
additives, and the others contained one each of the following reagents: 5 mM glutamate, 5 mM 
glutamine, or 50 mM ammonium sulfate.  All four reactions were incubated for 30 minutes at 30 
°C, immediately filtered through a 0.2 µm Millex-LG syringe filter (Millipore), and a 50 µl 
aliquot was injected into the HPLC system equipped with column described above.  The elution 
program was the same as for the coupled HPLC ICS activity assay described above. Under these 
conditions, ADIC eluted at approximately 2.3 minutes (A280), isochorismate (A280) at 3.5 minutes, 
and chorismate (A280) at 4.4 minutes.  ADIC concentration was determined by using an 
extinction coefficient of 11,500 M-1 cm-1 at 280 nm [300]. 
 
 
RESULTS 
 

AtICS1 was overexpressed and purified.  In order to assess AtICS1 biochemical 
activity, I overexpressed amino-terminal His6-tagged mature AtICS1 (without the chloroplast 
transit sequence) in E. coli and purified the soluble induced protein using Ni2+-nitrilotriacetic 
acid (Ni2+-NTA) and size-exclusion chromatographies.  The gene for this recombinant protein is 
under the control of a T7 promoter in a pET-28 construct (Figure 2.1), and is overexpressed to up 
to 50% of total cellular protein when IPTG is added to initiate expression of T7 polymerase in  
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the BL-21 (DE3) strain that contains it.  Purification by Ni2+-NTA chromatography effected 13-
fold enrichment in specific activity over that found in the cell extract (Figure 2.2).  Submission 
of the pooled samples shown in Figure 2.2 to size-exclusion chromatography (Figure 2.3) 
resulted in a further 5-fold enrichment in specific activity.  Overall, for a typical preparation, 
AtICS1 was purified 69-fold from induced cell extracts to near homogeneity (Figure 2.4).  The 
specific activity of the recombinant purified AtICS1 was 0.241 µmol/min/mg (4,010 pkat mg-1), 
which is ~10-fold lower than the specific activity of a typical preparation of the bacterial ICS 
enzyme EntC.  All further biochemical characterization (below) was performed on the purified, 
recombinant mature AtICS1 enzyme. 
 

AtICS1 is a monofunctional isochorismate synthase, not a bifunctional SA synthase.  
In bacteria, the synthesis of SA via isochorismate occurs either via a bifunctional SAS – like Yen 
Irp9 [94] – or an enzyme complex consisting of the product of ICS and isochorismate pyruvate 
lyase (IPL) genes co-expressed and present in cis – like Pae PchBA [90, 296].  As ICS and SAS 
enzymes share similar global structure and have highly conserved active sites [58, 94], it was 
important to determine whether AtICS1 exhibits monofunctional ICS activity or bifunctional 
SAS activity.  Because (1) AtICS1 expression and function are correlated with induced SA 
accumulation (see Chapter 1 and [301, 302]), (2) no other genes have been identified in mutant 
screens for lack of SA production or associated phenotypes, and (3) isochorismate pathways 
likely have been derived via bacterial endosymbiosis (for example, [95]), I thought it quite 
possible that AtICS1 could act as a bifunctional SAS. 

My HPLC analyses show that AtICS1 converts chorismate to isochorismate (Figure 
2.5A).  1H NMR confirmed the presence of isochorismate.  Salicylic acid was not detected as a 
product of this reaction (Figure 2.5B).  The addition of recombinant Pae PchB (an IPL) to the 
AtICS1 reaction did result in the production of SA (see Appendix 2).  Therefore, AtICS1 
functions as a traditional monofunctional ICS and not a bifunctional SAS like Irp9 [94]. 
 

AtICS1 is an active monomer.  In order to determine whether AtICS1 likely exists as a 
monomer, dimer or other multimer, I estimated the molecular mass of the recombinant purified 
enzyme by fast protein liquid chromatography (FPLC) using a calibrated Sephacryl S-200 gel 
filtration column.  Active AtICS1 was estimated to have a molecular mass of 59.7 kDa.  SDS-
PAGE performed on eluted fractions indicated that the ICS monomer (calculated to be ~59 kDa; 
see Figure 2.3A) was exclusively enriched in the fractions with ICS activity.  Therefore, similar 
to the bacterial ICS proteins Pae PchA [296] and Eco EntC [55], AtICS1 appears to function as a 
monomer, whereas the SAS Yen Irp9 appears to function as a dimer [94]. 
 

AtICS1 catalyzes a reversible reaction and exhibits an apparent Keq of 0.89.  The 
chorismate-isochorismate interconversion catalyzed by monofunctional bacterial ICS enzymes 
has been shown to be reversible, favoring chorismate [55, 88, 296].  However, past work on 
plant ICS enzymes had not examined the reversibility of the reaction, nor incorporated this 
reversibility when assessing apparent KM values [139, 290, 291].  Therefore, I experimentally 
determined that the reaction catalyzed by AtICS1 is reversible, and also acquired an apparent 
Keq. 

To determine the apparent equilibrium constant (Keq) for recombinant AtICS1, I followed 
the conversion of chorismate to isochorismate by HPLC to establish that the reaction was  
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complete.  When successive injections 15 minutes apart showed no change in either substrate or 
product quantities, or in the substrate/product ratio, the reaction was judged to have reached 
equilibrium.  I then obtained a 1H NMR spectrum for the equilibrium mixture (Figure 2.6).  The 
ratio between chorismate and isochorismate at equilibrium was calculated from the integration of 
the unique olefinic protons in each compound (i.e. the C2 protons) as shown in Figure 2.6B.  I 
obtained a value for the apparent Keq for AtICS1 = 0.89 ± 0.02, showing that a plant ICS 
(AtICS1) does operate near equilibrium, with the reaction slightly favoring chorismate.  This 
value for the apparent equilibrium constant was the product of two separate experiments, each 
one using protein purified from a different culture. 
 

AtICS1 has an apparent KM of 41.5 µM for chorismate.  To calculate the apparent KM 
of AtICS1 for chorismate, I developed a coupled assay in which isochorismate (produced via 
AtICS1) is converted irreversibly to SA and pyruvate by the IPL Pae PchB (in excess), in a 
manner similar to that of the protocol used to assess the catalytic properties of PchA (see [296], 
and Figures A2.9 and A2.10).  To facilitate kinetic measurements, L-lactic dehydrogenase is 
included (in excess) as a tertiary enzyme to convert pyruvate to lactate in a NADH-dependent 
reaction, and the decrease in A340 associated with the conversion of NADH to NAD+ is followed 
spectroscopically.  I found AtICS1 exhibited standard Michaelis-Menten kinetics for chorismate 
(Figure 2.7).  The corresponding Hanes plot yielded an apparent KM = 84.2 ± 3.9 µM for 
chorismate and a kcat = 34.7 ± 6.8 min-1.  However, PchB also has chorismate mutase activity and 
can utilize chorismate as a substrate – producing prephenate [298] – but with less pronounced 
binding to chorismate (KM = 150 µM) than to isochorismate (KM = 14 µM).  As the binding 
strength of PchB for chorismate at optimal conditions (pH 7.0, 37 ˚C) is similar to that of AtICS1 
(above, assessed at pH 7.7 and 30 ˚C), I wanted to determine whether PchB was reducing the 
effective concentration of chorismate in my assay.  Therefore, I assessed effective chorismate 
concentrations for my KM experiment by measuring prephenate accumulation in parallel.  I found 
significant conversion of chorismate to prephenate at concentrations below 200 µM chorismate.  
The adjusted kinetic parameters calculated using the effective chorismate concentrations result in 
an apparent KM = 41.5 µM and kcat = 38.7 min-1 (Figure 2.8).  The apparent KM of AtICS1 for 
chorismate is ~10-fold lower than past reports for plant ICS enzymes, which did not use coupled 
irreversible assays [139, 290, 291], and ~10-fold higher than bacterial enzymes involved in SA 
synthesis from chorismate via isochorismate (Pae PchA [296] and Yen Irp9 [94]). 
 

Catalytic properties of AtICS1.  I assessed the dependence of AtICS1 activity on Mg2+, 
an array of other divalent cations, and Fe3+.  The presence of Mg2+ was found to be an absolute 
and specific requirement for AtICS1 activity, similar to other plant and bacterial ICS enzymes 
[55, 139, 290, 296, 303].  This requirement is consistent with the dominant proposed reaction 
mechanism for ICS: regiospecific 1,5-SN2′′ addition of a nucleophilic water to the C2 atom of 
chorismate via an Mg2+-bound transition state with concomitant loss of the hydroxyl group at C4 
[40, 59].  A typical saturation curve was obtained for AtICS1 activity as a function of Mg2+ 
concentration (assessed with 2 mM chorismate) with saturation occurring at ~2 mM MgCl2 
(Figure 2.9); a KM of 193 µM for Mg2+ was obtained.  Incubation with five other divalent cations 
at concentrations of 0.1, 1, or 10 mM in place of Mg2+ (Mn2+, Ca2+, Zn2+, Ba2+, and Cd2+) did not 
result in significant AtICS1 activity by the coupled spectrophotometric assay (Figure 2.10).  In 
order to test other metal ions that displayed significant absorbance at 340 nm, and thus interfered 
with the assay, the HPLC activity assay was employed.  When Mg2+ was replaced with Co2+,  
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Ni2+, Cu2+, Fe2+, or Fe3+ – each at concentrations of 0.1, 1, or 10 mM – no significant 
isochorismate formation was observed after incubation for 60 minutes at 30 °C (Figure 2.10).  
The pH optimum for recombinant AtICS1 was determined using the range of pH 5 to 11.  As 
shown in Figure 2.11, AtICS1 has a broad pH range of maximal activity from 7 to 9.5, with 
optimal AtICS1 activity from pH 7.5 to 8.  A similar range of maximal activity was reported for 
other plant ICS enzymes [139, 290, 291], though values at each pH were not provided; pH 
optima for bacterial ICS enzymes range from 7.0 [296] to 7.5-8.0. [89]. 

The temperature dependence of AtICS1 activity was assessed from 4 °C to 70 °C, with 
maximal activity at room temperature (23 °C) and no activity at 70 °C (Figure 2.12).  AtICS1 
exhibited a surprisingly broad range of activity with >75% maximal activity from 4 to 44 °C, and 
>90% of maximal activity from 4-37 °C.  Extensive temperature profiles of plant ICS enzymes 
had not been previously reported [139, 290, 291], although similar optima had been found (e.g. 
G. mollugo, [290]).  Where reported, bacterial ICS enzymes exhibited optimal activity at 37 °C 
[89]. 
 

Non-enzymatic synthesis of SA from isochorismate is negligible.  Non-enzymatic 
conversion of isochorismate to SA (~25% conversion, 100 °C, 10 minutes) has long been 
reported [303, 304].  Therefore, using the findings (above) regarding the subcellular localization 
and biochemical properties of AtICS1, I directly examined the potential for non-enzymatic 
formation of SA from isochorismate (produced via AtICS1) under physiological conditions.  I 
first calculated what would be a reasonable concentration of plastidic isochorismate.  It was 
assumed that AtICS1 operates near its KM (41.5 µM for chorismate); therefore, the plastidic 
chorismate concentration is taken to be 41.5 µM and a plastidic isochorismate concentration of 
37 µM is estimated (Keq = 0.89).  I then assessed non-enzymatic conversion of isochorismate to 
SA by HPLC, using conditions consistent with those known for the chloroplast stroma (pH 7.5, 3 
mM Mg2+, 23 °C) (Figure 2.13).  Very little non-enzymatic conversion of isochorismate to SA 
was observed – 0.08% of the isochorismate was converted to SA per hour.  This conversion rate 
is consistent with a recent isochorismate thermal decomposition study [305] (see the calculation 
for 30 °C, pH 7.0, and 10 mM Mg2+).  Furthermore, I did not detect a substantial SA signature in 
1H NMR spectra of AtICS1 in equilibrium (isochorismate concentration ~ 0.47 mM, pH 7.5, 5 
mM Mg2+, 22 °C) acquired over a 9-hour period (Figure 2.6, data not shown). 
 

AtICS1 can catalyze the formation of ADIC.  ADIC, which is made via reaction of 
chorismate with ammonium ion, is a transitory intermediate in the production of anthranilate by 
the enzyme anthranilate synthase.  I wanted to see if AtICS1 also catalyzes the formation of 
ADIC when ammonium ion is present in the reaction medium, as does the bacterial ICS enzyme 
Eco EntC [59].  After 30 minutes at 30 °C in the presence of the equivalent of 100 mM 
ammonium, a dramatic increase occurs in the area of a peak appearing at a retention time of 2.3 
minutes in the HPLC chromatogram (Figure 2.14).  This peak has an absorbance spectrum and 
an HPLC retention time that are identical to those of the ADIC prepared under the same 
conditions via the action of Eco EntC [59].  Conversion to units of concentration can be carried 
out using an extinction coefficient of 11,500 M-1 cm-1 for ADIC [300].  This conversion indicates 
that 33 µM of ADIC is present in the ammonium reaction, whereas at most 6 µM ADIC is 
present in the control reaction undertaken without added ammonium.  As the reaction began with 
1 mM chorismate, this corresponds to a conversion of 3.3% of the substrate to ADIC by the 
enzyme AtICS1, which otherwise catalyzes chorismate to isochorismate conversion normally.   
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Reactions with 5 mM of the amino acids glutamate or glutamine in the media in place of 
ammonium produced no rise in ADIC formation (data not shown). 
 
 
DISCUSSION 
 

Herein, I have determined AtICS1 is monofunctional instead of bifunctional, and 
determined an apparent Keq for AtICS1 (Keq = 0.89), establishing that a plant ICS enzyme 
operates very near equilibrium.  I have then provided the first kinetic data (KM, kcat) for a plant 
ICS using an irreversible coupled continuous assay similar to that used to obtain accurate kinetic 
data for bacterial ICS enzymes (for an example, see [55]).  Previously, KM (but not kcat) values 
for plant ICS enzymes have been reported [139, 290, 291]; however, these studies employed 
assays that are not suitable for obtaining accurate kinetic parameters for enzymes such as ICS 
that operate near equilibrium (see Appendix 2 and [306]).  AtICS1 is required for the induced 
synthesis of SA from chorismate [81].  Therefore, below, I use the detailed biochemical 
characterization and subcellular localization of AtICS1 to provide insights into SA biosynthesis 
and function as well as chorismate partitioning and utilization.  Additionally, I have shown that 
AtICS1 converts significant (3.3%) amounts of chorismate to ADIC in the presence of 
ammonium ion.  It is not known whether this is physiologically relevant, as tissue concentrations 
of ammonia range from 200 µM to 1 mM [7], far lower than the 100 mM ammonium present in 
solution in my test reaction.  The inability of 5 mM glutamate or glutamine to catalyze the 
reaction to ADIC is unsurprising, as no ASB protein (the amidotransferase β-subunit needed in 
AS enzymes to generate ammonium from glutamate for reaction) is present.  Nevertheless, given 
these results, it is possible that AtICS1 could act in conjunction with ASB to produce significant 
ADIC, and future studies will address this possibility. 
 

AtICS1 activity and SA biosynthesis are influenced by light and temperature.  A 
number of SA-dependent defense related processes are light dependent [307]; however, a 
detailed mechanistic understanding of this light-dependence is lacking.  Using chloroplast import 
studies and immunolocalization, the Wildermuth laboratory has determined that AtICS1 is 
localized to the chloroplast stroma and is induced in response to pathogens in mesophyll 
chloroplasts of infected mature leaf tissue [82].  Light-dependent changes in pH, Mg2+ ion 
concentration, and redox status may regulate the activity of enzymes localized to the plastid 
stroma [308].  Therefore, I was interested in determining whether AtICS1 activity would be 
dramatically impacted by these changes.  I found no evidence for substantial regulation of 
AtICS1 activity associated with reported light-dependent changes in stromal pH, which varies 
between 7 (dark) to 8 (light), and in Mg2+ ion concentration, which varies from 1-3 mM (dark) to 
3-6 mM (light) [7].  Although I did not directly examine the potential for redox regulation of 
AtICS1, I believe redox regulation of AtICS1 is unlikely.  First, the AtICS1 protein does not 
contain cysteine residues within sufficient distance to form a disulfide bridge, based on 
homology modeling with Irp9 (see Chapter 4).  Also, DTT was not required to obtain active 
recombinant mature AtICS1.  DTT (or a similar thiol reductant) is typically required throughout 
isolation and purification protocols to retain the activity of reduced redox-activated enzymes 
[309].  Taken together, these findings suggest that the light-dependent regulation of AtICS1 
activity due to changes in stromal pH, Mg2+ ion concentration, and/or redox status do not 
significantly contribute to the light-dependence observed for SA-dependent defense responses.  
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This is in agreement with a previous report which shows that the observed light-dependence of 
PR-1 expression occurs downstream of SA [307]. 

Initially, it seemed surprising that the temperature range of AtICS1 activity (>90% of 
maximal activity from 4 °C to 37 °C; see Figure 2.12) was so broad.  However, from a defense 
perspective, it could benefit the plant to synthesize SA and induce plant defense responses over a 
wide range of naturally occurring temperature [310].  Furthermore, a more general role for SA as 
a mediator of temperature-dependent stress is emerging [268, 270].  A. thaliana Col-0 
accumulates SA (SAG ~30 µg/g fresh weight of tissue) in response to extended growth at 
chilling temperatures (5 °C) [268] at levels similar to that found in strong induction by 
pathogens.  Because AtICS1 is active at these temperatures in planta, it suggests that SA made 
via AtICS1 plays a role in cold acclimation or cold-tolerant growth.  Arabidopsis is a chilling-
resistant species, able to fully mature and produce seed at 4 °C.  It will be interesting to ascertain 
whether ICS enzymes isolated from chilling-sensitive plant species are also highly active at 4 °C, 
and to explore the potential selection for and mechanism of this cold-adapted catalysis.  For 
example, enzymatic rates can be dramatically enhanced over non-enzymatic rates (kcat/knon) with 
decreasing temperature [311].  The extent of AtICS1 activity and SAG accumulation at 4 °C (or 
5 °C) also suggests that SA – and SAG in particular – may play an unexplored role in cold-
tolerant growth. 
 

Stress-induced SA biosynthesis from isochorismate is likely enzymatic and plastidic.  
The localization of monofunctional AtICS1, and thus isochorismate production to the plastid, 
strongly suggests stress-induced SA biosynthesis is plastidic.  Results from two overexpression 
studies support this hypothesis.  In the first, studies with transgenic tobacco plants 
overexpressing bacterial monofunctional ICS and IPL enzymes, targeted to either the plastid or 
cytosol singly or in combination, found that only transgenic plants in which both ICS and IPL 
were targeted to the plastid exhibited an SA overexpression functional phenotype.  The 
phenotype showed SAG levels similar to those of local tobacco mosaic virus-infected leaves, the 
constitutive expression of pathogenesis-related genes, and a reduction in tobacco mosaic virus-
induced lesion size [312].  In the other study, conducted in Arabidopsis, a PchBA fusion protein 
possessing both ICS and IPL activities was constitutively expressed in either the plastid or the 
cytosol [313].  Here also, a true SA overexpression phenotype (SAG ~20 µg/g fresh weight of 
tissue, with PR-1 expression) was only observed when the fusion protein was targeted to the 
plastid, implying that SA synthesis occurs in the plastid in Arabidopsis. 

The evidence supports enzymatic synthesis of SA from isochorismate.  I found non-
enzymatic conversion of isochorismate to SA under physiological conditions to be negligible.  
Furthermore, total SA accumulates to levels similar to those induced by pathogen in Arabidopsis 
grown at 5 °C [268], a temperature at which non-enzymatic conversion of isochorismate to SA 
should be insignificant.  In P. aeruginosa, a direct comparison of the enzymatic [298] rate of SA 
formation from isochorismate with that recently determined for the non-enzymatic rate of the 
same reaction indicates that the enzyme accelerates SA formation ~4 x 105-fold [305].  
Therefore, it appears that Arabidopsis requires one or more enzymes in addition to AtICS1 in 
order to convert isochorismate to SA. 

In conclusion, AtICS1 is required for the pathogen-induced accumulation of SA, a key 
phytohormone mediating plant response to pathogens, abiotic stress, and stress-induced 
developmental transitions.  The biochemical properties of AtICS1 described herein suggest that 
(1) its activity is not regulated by light-dependent changes in the chloroplast stroma, (2) it can 
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effectively compete with other stress-induced and constitutive plastidic chorismate-utilizing 
enzymes, and (3) it is active at both low and high physiologically relevant temperatures 
supporting its proposed role mediating temperature-dependent stress.  Finally, I argue that stress-
induced SA biosynthesis occurs in the plastid and requires AtICS1 and an additional enzyme(s). 
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CHARACTERIZATION OF ARABIDOPSIS ICS2 
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INTRODUCTION 
 

As discussed in Chapter 1, ICS enzymes are well known in E. coli: EntC generates 
isochorismate for the production of 2,3-dihydroxybenzoic acid (2,3-DHBA, used in the 
biosynthesis of enterobactin), and MenF generates isochorismate for the production of the OSB 
used to generate menaquinone (see Figure 1.10 for both).  The expression of these two enzymes 
is highly regulated, and they are rarely operative at the same time.  It is typical in plants as well 
for multiple genes encoding homologous enzymes to be differentially expressed.  To further 
understand Arabidopsis ICS function, it is critical to know the expression patterns of these genes. 

Whereas AtICS1 expression is induced in a variety of plant tissues after infection by 
fungal and bacterial pathogens, there is no evidence of AtICS2 induction under these conditions 
([81]; and Wildermuth, unpublished).  For example, AtICS2 expression is shown by global 
mRNA profiling with Affymetrix ATH1 GeneChips to remain low in Arabidopsis leaves over 
the course of 7 days in response to fungal infection [314], while AtICS1 expression rises 
dramatically as expected.  In response to powdery mildew, in the ics1 mutant, AtICS2 is not 
expressed to any greater degree than it is in wild type, and induced SA synthesis is severely 
compromised [81, 314].  This indicates that AtICS2 cannot compensate for AtICS1 under 
conditions of plant stress ([81]; and Wildermuth, unpublished).  In addition, examination of the 
NASCArray Arabidopsis Affymetrix GeneChip (ATH1) expression database also shows no 
induction of AtICS2 expression in response to biotic stress [302]. 

The function of AtICS2 is not known.  It may be that AtICS1 is involved in large-scale 
SA biosynthesis needed for SAR (see Chapter 1 and Figure 1.17), whereas AtICS2 – which is 
constitutively expressed at very low levels – generates low levels of SA for other purposes.  
While fungal-infected Arabidopsis ics1 mutant plants have been shown by HPLC analysis to 
have dramatically lower levels of SA 7 days post infection than do similarly infected wild type 
plants, basal amounts of uninduced SA are still present in the mutant [81].  It is possible that 
AtICS2 is responsible for the production of this low level of SA.  However, recent work shows 
that AtICS2 does not make a significant contribution to SA levels regardless of whether or not 
the plant is under stress, confirming that AtICS1 is responsible for stress-induced SA production 
and suggesting that basal SA is produced via the phenylpyruvate pathway [83]. 

The aforementioned recent work also suggests that AtICS1, and not AtICS2, is the 
enzyme principally responsible for generating the isochorismate used in phylloquinone 
production under standard conditions [83].  However, it may be that one ICS enzyme is 
responsible for thylakoid-associated phylloquinone production and the other is responsible for 
production of the phylloquinone found in other membranes.  To gain insight into the potential 
role of AtICS2, we examined expression of the corresponding gene using the NASCArray 
database [302].  The vast majority of experiments in the NASCArray showed little or no AtICS2 
induction; however, experiments conducted by Dr. Lutz Nover showed AtICS2 expression of a 
singularly high value in wild type seedlings in response to sudden dark to white light transition.  
In this work, seedlings were grown on agar plates in the dark for four days and then moved into 
high light; global RNA expression was analyzed by microarray at 1 and 4 hours after high light 
exposure.  Further examination showed that Arabidopsis MenA and MenB homolog expression 
was strongly correlated to that of ICS2 in this experiment, as all three genes are up-regulated 
two- to three-fold over control 4 hours after high light treatment.  As genes in the same pathway 
are likely to be coordinately regulated (see Figure 1.11), the similar expression patterns of 
AtICS2 and other genes in the putative phylloquinone biosynthetic pathway strongly suggest that 
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AtICS2 is involved in phylloquinone biosynthesis associated with plastid development during 
the dark-light transition.  This gene and its corresponding protein product could also be 
associated more generally with the response to high light exposure. 

As discussed in Chapter 1, phylloquinone is an important component of the electron 
transfer machinery of PS I that is present in all plants.  Phylloquinone does not appear to be as 
effectively replaced by plastoquinones in Arabidopsis as it is in cyanobacteria [127].  However, 
the albino phenotype of menA Arabidopsis plants (see Chapter 1) is not present in ics2 plants 
(Isabel Chon, unpublished), suggesting that PS I function is not dramatically affected and that 
phylloquinone is likely present.  One potential explanation for this is that the presence of AtICS1 
compensates for the absence of AtICS2; this sort of functional redundancy is common in higher 
plants (see [95] and Chapter 1).  This would provide an explanation for the different (albino) 
phenotype of the menA mutant: there is no other MenA homolog apparent in the Arabidopsis 
genome to compensate for its absence in the menA knockout mutant, whereas there are two ICS 
genes present in Arabidopsis.  Functional redundancy exists in this same system in E. coli, as the 
menF mutant makes trace amounts of menaquinone, although the entC mutant makes no 
enterobactin.  The possibility of functional redundancy is supported by the fact that the ics1ics2 
homozygous double knockout plant has limited viability (Wildermuth lab, unpublished), similar 
to the work of Gross [95]. 

However, it cannot be ruled out that plastoquinones are substituting for phylloquinone in 
the case of the ics2 mutant, for reasons that are unclear.  AtICS1 and AtICS2 are both believed to 
have arisen from a duplication of the menF module of PHYLLO [95], which is a sound 
evolutionary strategy for the development of differentially regulated pathways.  This gene 
duplication enables the differential induction of AtICS1 and AtICS2, and the accompanying 
coordinate expression of their downstream enzymes channels chorismate to SA or 
phylloquinone.  Little is known about the organization of this gene circuitry, however, and there 
are many forms of metabolic regulation.  The Gross findings are not inconsistent with AtICS2 
primarily acting in phylloquinone biosynthesis.  Experiments under the specific conditions of 
transition to light or continuous exposure to high light could resolve this issue.  Indeed, 
preliminary data in the Wildermuth lab indicates that the ics2 knockout mutant exhibits 
compromised PS II efficiency after high light exposure (Isabel Chon, Gi, unpublished).  The ics1 
mutant behaves similarly to wild type in these experiments, suggesting that ics2 may play a 
dominant role in synthesizing phylloquinone associated with the photosystems.  In contrast to the 
ics1 mutant, ics2 does not display any defect in stress-induced activation of SA-dependent gene 
expression (Isabel Chon, unpublished). 

The most likely function of AtICS2 is to act as the first committed enzyme in 
phylloquinone biosynthesis.  Further study of the cellular localization and enzymology of 
AtICS2 allows us to more accurately speculate about its potential role in phylloquinone 
synthesis, as well as to refine our thinking about the nature of the phylloquinone biosynthetic 
pathway in Arabidopsis.  Recently, our collaborator Dr. Kentaro Inoue (UC Davis) determined – 
using chloroplast import assays similar to those previously described [82] – that AtICS2 is 
imported into the chloroplast stroma and processed to its mature form.  This is consistent with a 
role for AtICS2 in the production of phylloquinone, as the stroma provides access to the 
phylloquinone biosynthetic enzymes as well as PS I, the destination of the phylloquinone 
product.  As important as determining its subcellular localization is obtaining knowledge of 
whether AtICS2 is able to effectively compete for chorismate with other constitutively expressed 
chorismate-utilizing enzymes in the chloroplast.  Also, knowledge of the magnesium ion 
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concentration, pH and temperature activity profiles of this enzyme provides insight into the 
cellular conditions in which AtICS2 is most active.  If the hypothesis that AtICS2 is primarily 
involved in the biosynthesis of phylloquinone associated with the photosystems is correct, then 
this enzyme should be maximally active under conditions in which phylloquinone is likely to be 
synthesized. 
 
 
MATERIALS AND METHODS 
 
Materials and General Protocols 

All reagents and chemicals were obtained from Sigma-Aldrich unless otherwise 
specified.  HPLC grade solvents (EMD Biosciences) were employed in the HPLC analyses.  
Chorismic acid (Sigma C-1761) was used in all analyses except during the analysis of sample 
activity during ICS2 purification, for which barium chorismate was used (Sigma C-1259).  For 
selection and growth of transformed cells, pET-28 derivatives were selected with 50 µg/ml 
kanamycin.  Commonly utilized protein and molecular biological protocols were prepared and 
performed as described in [295].  Independent replicate experiments were performed for all 
experiments described in the Results section, with similar findings. 
 
Typical Purification of Recombinant AtICS2 

pSM159-8 (obtained from Dr. Sharon Marr) is a pET-28 derivative containing a sequence 
encoding an amino-terminal His6-tag fused to the sequence beginning with that encoding amino 
acid 51 of the Aradibopsis thaliana ICS2 coding region, in a manner identical to pSM157-16 
from Chapter 2.  These two plasmids are identical in all other respects (see Figure 2.1 for the 
organization of plasmid pSM157-16).  The pSM159-8 AtICS2 coding sequence was confirmed 
to be identical to AtICS2 sequence NM_101744 (At1g18870).  E. coli Rosetta2 (DE3) cells 
(Novagen) were transformed with plasmid pSM159-8.  A crude cell extract was prepared from a 
2 L culture of transformed cells grown in TB media containing 0.2% glucose, 50 µg/ml 
kanamycin and 30 µg/ml chloramphenicol.  The culture was grown at 37 °C with agitation in 
baffled flasks until an OD600 of approximately 0.7 was reached, at which point IPTG was added 
to a final concentration of 1.0 mM to induce protein synthesis.  Shaking was continued at 21 °C 
for 19 hours.  All subsequent operations were carried out at 4 °C.  The cells (wet weight 
approximately 26 g) were harvested and resuspended in 100 ml of Binding Buffer (50 mM 
sodium phosphate buffer, pH 7.4, 300 mM sodium chloride) containing 2 mM PMSF, 5 µM 
leupeptin, and 10 µg/ml DNase.  The cells, which could be stored at –20 °C, were lysed by two 
passages through a French press at 18,000 psi at the orifice.  Following centrifugation, the 
supernatant was filtered by syringe through an HPF Millex-HV 0.45 µm filter unit attached in 
series to a Millex-AP prefilter (Millipore).  Filtrate was allowed to bind to 4 ml of Ni2+-NTA 
His-Bind Resin (Novagen) by mixing with mild agitation on a rotary shaker for 3 hours.  The 
resin had been pretreated according to the manufacturer’s directions.  The slurry was then poured 
into a column, and the flow-through was collected in two portions.  After washing the column 
with 2 portions of 20 ml each of Binding Buffer, His6-AtICS2 (hereafter referred to as AtICS2) 
was eluted with 20 ml of Elution Buffer (components as Binding Buffer, but including 250 mM 
imidazole).  Fractions containing isochorismate synthase activity were pooled and concentrated 
by an Amicon Ultra-15 (10 kDa molecular mass cutoff) ultrafiltration device (Millipore) to a 
final volume of 500 µl.  The pooled solution was applied by use of a ÄKTA FPLC system to a 
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HiPrep 16/60 Sephacryl S-200 High Resolution gel filtration column (Amersham Biosciences) 
that had been previously equilibrated with 200 ml of Gel Filtration Buffer (100 mM Tris buffer, 
pH 7.7, 150 mM sodium chloride, 10% glycerol and 1 mM DTT).  The enzyme was eluted at a 
flow rate of 1.0 ml/min as a broad peak with ~70 ml of Gel Filtration Buffer.  Fractions 
containing isochorismate synthase activity were pooled and concentrated as before to a final 
volume of 2 ml.  The protein was then aliquoted and stored at –80 °C. 
 
Enzyme Activity and Protein Quantification Assays 

These assays were performed as described in Chapter 2. 
 
Protein Molecular Mass Estimation 

This experiment was performed as described in Chapter 2. 
 
Determination of Apparent Keq Using 1H NMR 

1H NMR spectra were recorded on a 500-MHz Bruker DRX-500 spectrometer.  Spectra 
were taken in a buffer of 50 mM potassium phosphate, pH 7.5, containing 5 mM MgCl2 in D2O.  
Both spectra shown are from reactions containing 4 mM chorismic acid in a total volume of 900 
µl.  A spectra was scanned every 8 seconds for a total period of 70 minutes each.  The spectrum 
of the equilibrium mixture of chorismic acid and isochorismic acid was acquired with AtICS2 
that had been exchanged into D2O by 5 successive cycles of dilution with 4 ml of the above 
buffer, followed by ultrafiltration with Amicon Ultra-4 centrifugal filter devices (Millipore) to a 
final volume of about 100 µl.  The final concentrate was diluted with D2O buffer to a protein 
concentration of ~10.2 mg/ml by Bradford analysis.  30 µl of this solution was mixed with 970 
µl of chorismic acid solution (4.12 mM in D2O buffer) and incubated at 30 °C for 70 minutes.  
Quantification of the relative amounts of materials present was performed as in Chapter 2.  This 
experiment was performed two times, each time using protein purified from two different 
cultures.  Each set of results was similar to the other. 
 
Determination of Kinetic Constants 

The coupled spectrophotometric ICS assay (see Appendix 2) was modified by performing 
each reaction in triplicate using working chorismic acid concentrations of 15.0 mM, 10.0 mM, 
5.0 mM, 2.0 mM, 1.0 mM, 800 µM, 650 µM, 500 µM, 400 µM, 300 µM, 250 µM, 200 µM, 180 
µM, 160 µM, 140 µM, 120 µM, 100 µM, 80 µM, 60 µM, 40 µM, 20 µM, 10 µM, 5 µM and 0 
µM.  These were achieved by initiating the reactions by addition of 20 µl of a 10× solution of 
each of the above concentrations to 180 µl of a mixture containing uniform amounts of the other 
reaction components.  Reactions containing no AtICS2 were run as blanks.  Initial velocity data 
were fitted to the equation of Hanes to determine kinetic parameters.  This experiment was 
performed two times, each time using protein purified from two different cultures.  Each set of 
results was similar to the other. 
 
Revision of Kinetic Constants 

The spectrophotometric endpoint assay for phenylpyruvate formation was undertaken as 
in Appendix 2, using working chorismic acid concentrations of 400 µM, 300 µM, 200 µM, 160 
µM, 120 µM, 80 µM, 40 µM, and 20 µM.  After calculating effective chorismate concentrations 
as previously, the values for velocity at each of the eight chorismate concentrations shown here 
were used to calculate the revised kinetic constants via the method of Hanes. 
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Effect of Mg2+ on Isochorismate Synthase Activity 

The coupled spectrophotometric ICS assay was modified for measurement of the effect of 
magnesium ion concentration on enzyme activity as in Chapter 2.  The following working 
concentrations of MgCl2 were assayed in triplicate: 15 mM, 10 mM, 5.0 mM, 3.0 mM, 2.0 mM, 
1.0 mM, 800 µM, 650 µM, 500 µM, 200 µM, 100 µM, 80 µM, 50 µM, 20 µM, 10 µM, 5 µM.  
Reactions containing no MgCl2 were run as blanks.  Initial velocity data were fitted to the 
equation of Hanes to determine kinetic parameters.  This experiment was performed two times, 
each time using protein purified from two different cultures.  Each set of results was similar to 
the other. 
 
Effect of Other Metals on Isochorismate Synthase Activity 

The HPLC assay for ICS activity (Chapter 2) was modified by substituting the following 
divalent metals for Mg2+ at a working concentration of 10 mM each: CaCl2, BaCl2, CdCl2, 
MnCl2, FeCl2, CoCl2, NiCl2, CuCl2, and ZnCl2.  The reaction and HPLC analysis were performed 
as described above.  This experiment was performed two times, each time using protein purified 
from two different cultures.  Each set of results was similar to the other. 
 
pH Profile of Isochorismate Synthase Activity 

The HPLC assay for ICS activity was modified using reaction buffers with a variety of 
pH values.  A 4.2 mg/ml solution of AtICS2 was diluted 26-fold into the buffers listed in Chapter 
2.  60 µl of each of these solutions (220 µg/ml AtICS2) was mixed with 60 µl of a 2 mM 
solution of chorismic acid in the corresponding buffer.  These reactions were performed in 
triplicate and incubated at 30 °C for 60 minutes each.  They were analyzed by HPLC as 
described above.  This experiment was performed two times, each time using protein purified 
from two different cultures.  Each set of results was similar to the other. 
 
Temperature Profile of Isochorismate Synthase Activity 

The HPLC assay for ICS activity was modified and executed at various temperatures as 
described above in Chapter 2.  This experiment was performed two times, each time using 
protein purified from two different cultures.  Each set of results was similar to the other. 
 
ADIC Formation in the Presence of Ammonium Ion 

An HPLC isochorismate synthase activity assay was used to determine ADIC as 
described in Chapter 2. 
 
 
RESULTS 
 

AtICS2 was overexpressed and purified.  In order to assess AtICS2 biochemical 
activity, I overexpressed amino-terminal His6-tagged mature AtICS2 (without the chloroplast 
transit sequence) in E. coli and purified the soluble induced protein using Ni2+-NTA and size-
exclusion chromatographies.  The gene for this recombinant protein is under the control of a T7 
promoter as for that of ICS1 in Chapter 2, and it is overexpressed to up to 50% of total cellular 
protein when IPTG is added to initiate expression of T7 polymerase in the BL-21 (DE3) strain 
that contains it.  Purification by Ni2+-NTA chromatography effected 8.4-fold enrichment in 
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specific activity over that found in the cell extract (Figure 3.1).  Submission of the pooled 
samples shown in Figure 3.2 to size-exclusion chromatography (Figure 3.2) resulted in a further 
1.4-fold enrichment in specific activity.  Overall, for a typical preparation, AtICS2 was purified 
11.4-fold from induced cell extracts to near homogeneity (Figure 3.3).  The specific activity of 
the recombinant purified AtICS2 was 0.217 µmol min-1 mg-1 (3,620 pkat mg-1), which is similar 
to that of recombinant purified AtICS1.  All further biochemical characterization (below) was 
performed on this or similarly purified, recombinant mature AtICS2 enzyme, with the same 
order of specific activity. 
 

AtICS2 exhibits isochorismate synthase activity, not SA synthase activity.  My HPLC 
analyses show that AtICS2 converts chorismate to isochorismate until an equilibrium distribution 
of the two is achieved (Figure 3.4).  Isochorismate was confirmed by its 1H NMR spectrum, and 
by similarity of its absorbance spectrum to a purified standard.  Salicylic acid was not detected as 
a product of this reaction (Figure 3.4, inset), indicating that AtICS2 functions as a 
monofunctional ICS similar to AtICS1 and not a bifunctional SAS like Irp9. 
 

AtICS2 is an active monomer.  In order to determine the oligomerization status of 
AtICS2, the molecular mass of the recombinant purified enzyme was estimated by fast protein 
liquid chromatography using a calibrated Sephacryl S-200 gel filtration column (Figure 3.2).  
The peak maximum which elutes at a retention volume of 65.2 ml was estimated to have a 
molecular mass of 55 kDa, which matches closely the monomer molecular mass estimated by 
SDS-PAGE analysis of eluted fractions (~57 kDa).  Furthermore, the eluted fractions that 
correspond to this major peak are enriched in ICS activity.  This suggests strongly that AtICS2 
exists in solution as a monomer.  A second peak, which is ubiquitously present in solution 
without regard to the apparent purity by SDS-PAGE analysis of the gel filtration precursor 
sample, does have some ICS activity.  It elutes at a retention time of 43.7 ml, which correspond 
to an estimated molecular mass of ~247 kDa.  This is approximately 4.5 times the mass 
determined for a monomer, suggesting a possible AtICS2 oligomer, although one with limited 
activity, and one that is probably not relevant physiologically.  That AtICS2 functions as a 
monomer is a reasonable conclusion in light of the fact that many known ICS enzymes 
(including AtICS1) exist as monomers.  It should be pointed out that this gel filtration data is part 
of an AtICS2 purification step, not of a previously purified protein.  Additionally, it is likely that 
the loaded sample in this case (labeled “Pre-GF”) experienced some kind of decomposition prior 
to SDS-PAGE analysis.  Nevertheless, these results are quite similar in character to others 
performed on the same protein, but not shown here. 
 

AtICS2 catalyzes a reversible reaction and exhibits an apparent KM of 17.2 µM for 
chorismate.  To determine the apparent equilibrium constant (Keq) for recombinant AtICS2, I 
followed the conversion of chorismate to isochorismate by HPLC and obtained 1H NMR spectra 
for the equilibrium mixture (Figure 3.5).  The ratio between chorismate and isochorismate at 
equilibrium was calculated from the integration of unique olefinic protons as in Chapter 2.  I 
obtained a value of 0.76 ± 0.01 for the apparent Keq for AtICS2, which differs slightly from that 
of AtICS1 calculated in Chapter 2 (apparent Keq = 0.89).  Both are similar to the apparent Keq of 
0.83 found using microcalorimetry for the reaction catalyzed by EntC [315].  Salicylic acid (a 
breakdown product of isochorismate) was not observed.  para-Hydroxybenzoic acid was present  
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in trace amounts (data not shown), but it is a known impurity in commercial preparations of 
chorismic acid.  This, combined with all existing HPLC data, suggests that neither substrate nor 
product is undergoing decomposition in the course of the reaction under observation, and that the 
values obtained for the apparent Keq of AtICS2 are relatively accurate.  Presumably, slight 
irregularities in the automated integration of the C2 peaks in 1H NMR spectra are responsible for 
the small disparities in the three apparent Keq values specified above, all of which should be 
identical in theory. 

To calculate the apparent KM of AtICS2 for chorismate, I took advantage of the coupled 
continuous assay described in Appendix 2 and employed in Chapter 2.  I found AtICS2 showed 
kinetics similar to those of AtICS1.  The corresponding Hanes plot yielded an apparent KM = 
39.1 ± 4.1 µM for chorismate, with an apparent kcat = 17.5 ± 0.2 min-1 (Figure 3.6).  However, as 
for any chorismate-utilizing enzyme, it is necessary to determine the actual chorismate 
concentration present in solution, given its instability and relatively high rate of decomposition.  
In particular, we have demonstrated above that PchB, the secondary enzyme in our coupled 
assay, converts chorismate to prephenate at a substantial rate under these conditions (see 
Appendix 2).  Also substantial is the spontaneous rate of decomposition of chorismate, though it 
is not measured under the conditions of the enzyme assay used here (t1/2 ~30 min at 60 °C) [316].  
Furthermore, because spontaneous Claisen rearrangement of chorismate to form prephenate 
occurs at a rate roughly 9-fold faster than that of elimination (forming 4-hydroxybenzoate and 
pyruvate; also measured at 60 °C) [44], mere subtraction of the control rate of reaction without 
enzyme will not account for most non-enzymatic decomposition (as no pyruvate will be formed 
to detect).  The decomposition due to factors other than AtICS2 is especially a problem in low 
concentration regimes of chorismate, where the effective chorismate concentrations (when 
decomposition is considered) are likely to be dramatically lower than the initial chorismate 
concentrations used to calculate kinetic constants.  This will tend to underestimate the extent of 
binding of enzyme to substrate (or, rather, overestimate the apparent KM).  Eight chorismate 
concentrations were selected for which values for initial velocity have been obtained above, and 
their corresponding effective chorismate concentrations were calculated by subtracting 
phenylpyruvate formed as in Appendix 2 and Chapter 2 (Figure 3.7).  Again, we found 
significant conversion of chorismate to prephenate at concentrations below 200 µM chorismate.  
The adjusted kinetic parameters calculated using the effective chorismate concentrations are: KM 
= 17.2 µM and kcat = 18.0 min-1.  The KM of AtICS2 for chorismate is over 2-fold lower than that 
for AtICS1 (41.5 µM), as is the value for kcat. 
 

Catalytic properties of AtICS2.  As many of the enzymes previously characterized [38], 
including AtICS1, absolutely required Mg2+ for ICS activity, it was expected that AtICS2 would 
as well.  The dependence upon Mg2+ for activity was originally proposed to stem from the 
oxophilicity of the ion: it can effectively stabilize partial negative charge on both nucleophilic 
and exiting water molecules (or hydroxide ions) in the transition state for a synchronous 1,5-
SN2′′ reaction [40].  However, recent crystallographic data [58] suggests an enzyme reaction 
mechanism involving instead activation of the C2 position of chorismate by Mg2+ ion-binding to 
the ring carboxylate (see Chapter 1 and Figure 1.8).  Activity was measured as a function of 
Mg2+ concentration at a saturating concentration of chorismate (2 mM), using the coupled 
continuous spectrophotometric ICS assay (Appendix 2).  Saturation was achieved at Mg2+ 
concentrations of approximately 4 mM (Figure 3.8), and Hanes analysis determined the KM for 
Mg2+ to be 573 µM.  In addition, when Mg2+ was replaced by a variety of divalent cations (Ca2+,  
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Ba2+, Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+, and Cd2+) – all at concentrations of 10 mM under 
otherwise standard reaction conditions – no activity whatsoever was found.  This was determined 
by measuring both isochorismate appearance (Figure 3.9) and chorismate disappearance (data 
not shown) by HPLC. 

The pH optimum for recombinant AtICS2 was determined using a pH range of 5 to 11.  
As shown in Figure 3.10, AtICS2 has a broad pH range of maximal activity from 6.5 to 8.0, with 
optimal AtICS2 activity at a pH of 7.7.  This is similar to AtICS1, although the pH maximum in 
this case is less broad.  This pH range is also quite similar to those of many other ICS enzymes 
[89, 139, 290, 291, 296]. 

The temperature dependence of AtICS2 activity was assessed from 4 °C to 70 °C with 
maximal activity at 16-23 °C and no activity at 70 °C (Figure 3.11).  AtICS2 exhibited a 
surprisingly broad range of activity with >80% maximal activity from 4 to 37 °C, and ~100% 
maximal activity from 16-23 °C.  These optima are similar to those of AtICS1, although less 
broad.  As with AtICS1, this enzyme possesses exceptional maximal activity at 4 °C (~80%). 
 

AtICS2 can catalyze the formation of ADIC.  I wanted to see if AtICS2 catalyzes the 
formation of ADIC when ammonium is present in the reaction medium, as do Eco EntC [59] and 
AtICS1 (Chapter 2).  After 30 minutes at 30 °C in the presence of the equivalent of 100 mM 
ammonium, a dramatic increase occurs in the area of a peak appearing at a retention time of 2.3 
minutes in the HPLC chromatogram (Figure 3.12).  This peak has an absorbance spectrum and 
an HPLC retention time that are identical to those of the ADIC prepared under the same 
conditions via the action of Eco EntC [59].  Conversion to units of concentration was carried out 
using an extinction coefficient of 11,500 M-1 cm-1 [300].  This conversion indicates that 49 µM of 
ADIC is present in the ammonium reaction, whereas at most 8 µM ADIC is present in the 
control reaction undertaken without added ammonium.  As the reaction was initiated with 1 mM 
chorismate, this corresponds to a conversion of about 5% of the substrate to ADIC by the 
enzyme AtICS2 – this amount is similar to that produced by AtICS1.  Reactions with 5 mM of 
the amino acids glutamate or glutamine in the media in place of ammonium produced no rise in 
ADIC formation, similar to AtICS1 (data not shown). 
 
 
DISCUSSION 
 

Herein is presented a characterization of the enzymology of AtICS2.  I determined 
thermodynamic and kinetic parameters for the overexpressed recombinant enzyme using assays 
for isochorismate synthase enzymes that we had previously developed.  My studies support a 
role for AtICS2 in phylloquinone biosynthesis, but do not rule out a role for AtICS1 in this 
pathway as well. 

Precedent exists for enzymes that are highly homologous to bacterial enzymes to act as 
salicylic acid synthases [94, 317].  Though previous characterization of AtICS1 had determined 
that it was a monofunctional ICS, and not a bifunctional SAS, I needed to rule out this possibility 
for AtICS2.  Isochorismate has been detected by 1H NMR spectroscopy to be a short-lived 
intermediate in SA synthase enzymes [61].  Therefore, I tested whether AtICS2 could act as an 
SAS.  It could not; AtICS2 shows monofunctional activity very similar to that of AtICS1. 

It was shown by the work of Johnson [121] that the menA mutant in cyanobacteria grows 
well at low light, but does not grow at all when submitted to strong light.  In the work of Gross, 
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the pha mutants and the ics1 and ics2 mutants were grown under normal light [95].  It is possible 
that a phenotype would emerge for the ics2 mutant when dark-grown seedlings experience a 
sudden switch to light, or when low light grown plants are exposed to high light.  The data 
demonstrating localization of AtICS2 in the chloroplast stroma specifies the conditions under 
which AtICS2 must operate.  Under dark conditions, the stroma is reported to be at pH 7, with a 
compartmental Mg2+ concentration of 1-3 mM.  Under light conditions, these increase to pH 8 
and an Mg2+ concentration of 3-6 mM, respectively [7].  Though the pH optimum of AtICS2 
does not change significantly from 7-8, an increase in Mg2+ concentration due to light could 
make a significant difference in this AtICS2 activity: we have calculated the KM for Mg2+ to be 
573 µM, and the saturating Mg2+ concentration to be approximately 4 mM.  Specifically, when 
the concentration of Mg2+ ions is 1 mM, the AtICS2 activity is approximately 2 µM/min, 
whereas when the Mg2+ concentration is 4 mM, the AtICS2 activity is at the Vmax (at this 
concentration of enzyme) of ~3.8 µM/min.  AtICS2 activity could be impaired under dark 
conditions, because it cannot operate at maximal velocity, but under light conditions, it would be 
fully saturated with Mg2+ and active. 

I have calculated the KM for chorismate of AtICS2 to be 17.2 µM and the kcat to be 18.0 
min-1.  The KM for this enzyme is over 2-fold lower than that for AtICS1, and significantly lower 
than that for other plant chorismate-utilizing enzymes (see Discussion in Chapter 2).  This 
suggests that AtICS2 binds the chorismate available from the shikimate pathway in preference to 
the other enzymes with which it is forced to compete.  As the KM of an enzyme also often 
matches the physiological concentration of that substrate, the low value of the AtICS2 KM 
suggests that the protein has evolved to operate at a relatively low concentration of chorismate.  
This makes it likely that AtICS2 in leaves works in a constitutive manner, consistent with its 
low-level constitutive expression.  This same scenario is observed for another set of Arabidopsis 
chorismate-utilizing enzymes, the anthranilate synthases: the AtASA1 gene is induced in response 
to pathogen treatment, whereas AtASA2 is constitutively expressed for the production of basal 
levels of anthranilate (see [68] and Chapter 1).  It appears that AtICS2 may preferentially 
generate phylloquinone, an important biological factor that is required in photosynthesis.  This 
stands in contrast to AtICS1, which is operative mainly under conditions of phytopathogen attack 
when it is required for induced SA production.  Because phytopathogens up-regulate the genes in 
the shikimate pathway as well [36], the concentration of chorismate under these conditions is 
likely to be higher, and AtICS1 would not likely need the binding affinity required by a 
constitutive enzyme like AtICS2. 
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INTRODUCTION 
 

Arabidopsis ICS1 is known to be required for SA accumulation in response to pathogen 
[81], and this enzyme has been shown to possess an activity that converts chorismate to 
isochorismate (Chapter 2).  However, the biochemical pathway from isochorismate to SA in 
Arabidopsis and other plants has not been defined.  Furthermore, I have shown (Chapter 2, and 
see Figure 2.13) that there is little non-enzymatic conversion of isochorismate to SA – 
specifically, that 0.08% isochorismate is converted to SA per hour at 23 °C.  Clearly, this 
reaction rate is insufficient to generate the large burst of SA seen in plant defense phenomena. 

It is likely that an enzyme with isochorismate pyruvate lyase (IPL) activity converts 
isochorismate to SA.  This is a pathway that is known in the bacterium Pseudomonas 
aeruginosa, in which a gene encoding the enzymatic capacity of an IPL evolved from a gene 
encoding a chorismate mutase (CM) enzyme [298].  Pae PchB possesses both IPL and CM 
activities (see Appendix 2 and Figure A2.8) – though it has a 12-fold lower KM for chorismate 
than isochorismate – and is predicted to have the all α-helical structural organization of the AroQ 
class of CM enzymes [298].  In addition, it has been suggested that SA is also synthesized from 
phenylalanine in plants, via a phenylalanine ammonia lyase (PAL) pathway that has not yet been 
completely defined in Arabidopsis or any plant (see Chapter 1 and Figure 1.12).  As CM 
enzymes are responsible for the conversion of chorismate to prephenate – a precursor of 
phenylalanine – CM enzymes in this case could act to control flux through this proposed SA 
biosynthetic pathway by competing with ICS enzymes for available chorismate.  As shown in 
Figure 1.9, CM proteins also provide precursors for the synthesis of phenylalanine, tyrosine, and 
specialized metabolites such as phenylpropanoids.  One of the three CM genes in Arabidopsis – 
that encoding the putative chloroplast-localized protein AtCM1 – is induced by pathogen [67].  
Additionally, both AtCM1 and AtCM3 are allosterically regulated [67] by tryptophan 
(positively), and by tyrosine and phenylalanine (negatively), allowing for integrated chorismate 
utilization and partitioning in the chloroplast (see Figure 1.9). 

Arabidopsis CM1 (At3g29200) and CM3 (At1g69370) are likely targeted to the 
chloroplast, whereas CM2 (At5g10870) appears to be cytosolic [66, 67].  Analysis of these 
proteins by ChloroP, PCLR, and PSORT protein localization prediction programs supports these 
predictions.  However, chloroplast transit peptides (CTPs) can be missed in annotation and may 
also be missed in clones identified as being full length.  Neither AtICS1 nor AtICS2 were 
originally annotated to include the putative chloroplast transit sequence, though it is present.  
Manual examination of the genomic region upstream of AtCM2 for missed open reading frames, 
an extensive survey conducted in the RARGE database [318] containing the full set of RIKEN 
full length cDNA clones and ESTs, and analysis of the Arabidopsis expression tiling data [319], 
all revealed no AtCM2 chloroplast transit sequence [66, 67] or likely AtCM2 differential 
transcript.  These analyses support cytoplasmic localization for AtCM2, though it had originally 
been assumed that all plant chorismate mutases would be found in the chloroplast as their 
substrate – chorismate – is synthesized therein, and as all subsequent enzymes of the tyrosine and 
phenylalanine biosynthetic pathways are known to be localized to the chloroplast (see Figure 
1.9).  Previous studies indicated that the apparent KM for chorismate of AtCM1 is 2900 µM, 
whereas AtCM2 and AtCM3 exhibit KM values for chorismate of 230 µM and 420 µM, 
respectively [67].  The Pseudomonas aeruginosa IPL PchB also exhibits CM activity [298], and 
its KM value for chorismate (150 µM) is higher than that known for P. aeruginosa CM (98 µM) 
[320].  Given the remarkably high KM of AtCM1 for chorismate, its chloroplast localization, and 
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its pathogen-induced expression, AtCM1 appeared to be a top candidate to act as an Arabidopsis 
IPL enzyme.  To ascertain whether any of the Arabidopsis CM enzymes could act as IPL 
enzymes in SA biosynthesis, in vitro analysis of the heterologously expressed recombinant 
enzymes needed to be performed. 

Alternative possibilities are that a bifunctional SAS enzyme – possessing both ICS and 
IPL activities – may be responsible for SA generation, or that a SAS-like enzyme from which 
only the IPL activity has been retained acts to generate SA from the isochorismate produced by 
AtICS1.  Perhaps AtICS1, due to its induction in the plant defense response, could be undergoing 
an alternative transcriptional event that generates a product with SAS rather than ICS activity, 
thereby enabling large-scale production of SA directly from chorismate.  Two SAS enzymes 
have been characterized to date, both of which are involved in the production of SA for 
siderophore biosynthesis in bacteria: Yersinia enterocolitica Irp9 [58, 91, 94] and 
Mycobacterium tuberculosis MbtI [61, 317, 321].  Like other enzymes of the evolutionarily-
related MST family – a group that includes the chorismate-utilizing enzymes AS, ADCS, and 
ICS (see Chapter 1 and Figure 1.7) – these SAS enzymes possess a complex α/β fold with a 
highly conserved deep cleft that contains binding sites for chorismate and the Mg2+ atom required 
for catalysis.  In fact, the active sites of Irp9 [58] and MbtI [61, 317] are almost identical to those 
of the MST enzymes S. marcescens TrpE [51], E. coli PabB [52], and E. coli MenF [45, 53] – an 
AS, an ADCS, and an ICS, respectively – each of which is represented in Figure 1.8.  The 
presence of putative general base (Lys190 in E. coli MenF) and general acid (Glu240 in E. coli 
MenF) amino acid residues in identical orientations in the active sites of Irp9, MbtI, and MenF 
strongly suggests that all of these enzymes – a group that includes the plant homologs AtICS1 
and AtICS2 – convert chorismate to isochorismate via an identical mechanism (see Figure 1.8). 

As both SAS and AS enzymes are bifunctional enzymes that also catalyze secondary 
aromatization of the initial chorismate adducts by elimination of pyruvate, it was believed that 
unique amino acid residues from these two classes of MST enzymes could be identified that 
were responsible for the aromatization.  Biochemical studies involving chemical modification 
[322] and mutagenesis [300] of bacterial AS enzymes led to the initial conclusion [51] that a 
catalytic histidine residue (His397 of the Sma 1I7Q AS sequence in Figure 1.7) acts as a general 
base that abstracts the C2 ADIC proton as part of a bimolecular syn-elimination of pyruvate.  
However, this histidine residue is present in virtually all MST enzyme sequences regardless of 
whether they catalyze pyruvate elimination, and structural [58] and modeling [323] studies of the 
SAS Irp9 show that this residue is located on the side of the substrate molecule opposite that 
from which C2 proton abstraction must occur.  Furthermore, the 1H NMR studies on the reaction 
catalyzed by the SAS MbtI show that the proton acquired by the pyruvate methyl group in the 
elimination reaction is derived from the substrate and not the D2O medium [61], suggesting that 
general base catalysis cannot be taking place.  Finally, an analysis of several available MST 
crystal structures [45, 49-52] and more than 1000 MST sequences [61] indicates that there are no 
active site residues unique to AS and SAS enzymes that both directly contact the ligand and are 
capable of proton abstraction.  These data all suggest that the mechanism for pyruvate 
elimination in AS and SAS enzymes does not involve general base catalysis. 

Investigation of the uncatalyzed reactivity of chorismate and isochorismate suggests an 
alternative mechanism for the pyruvate lyase reaction catalyzed by SAS and AS.  Work by the 
Hilvert laboratory has demonstrated that the orientation of the enolpyruvyl side chains of 
chorismate [44] and isochorismate [305] controls the reactivity of the respective compound in 
solution (Figure 4.1).  Hybrid density functional theory calculations and experimentally  
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determined kinetic isotope effects show that, in the absence of catalyst, both chorismate and 
isochorismate undergo spontaneous rearrangement – to prephenate and isoprephenate, 
respectively – via concerted, asynchronous pericyclic processes in which carbon-carbon bond 
formation lags behind carbon-oxygen bond cleavage [44, 305].  Each of these spontaneous 
reactions is predicted by calculation to proceed via a chair-like transition state with the molecule 
positioned in a pseudoaxial conformation, and these transition states place the enolpyruvate 
carboxylate group over the ring, with the si face of this group oriented toward the ring in the case 
of chorismate and the re face oriented toward the ring in the case of isochorismate [44, 305].  
These calculations are consistent with previous work using stereospecifically-labeled chorismate 
that showed the uncatalyzed [324] and CM-catalyzed [325, 326] reactions both proceed via 
chair-like transition states; however, these studies have not been performed for isochorismate 
and the enzyme isochorismate mutase has not been thoroughly characterized [327]. 

Chorismate and isochorismate have also been shown to decompose via concerted, 
asynchronous pericyclic mechanisms that result in the elimination of pyruvate – to para-
hydroxybenzoic acid (PHBA) and SA, respectively [44, 305].  These uncatalyzed elimination 
reactions occur at rates that are 8- to 9-fold slower (at 60 °C and pD 7.5; see [44, 305]) than 
those of the corresponding rearrangements (Figure 4.1), in spite of the fact that elevated 
temperatures favor elimination, and despite each molecule being predicted by calculation [44, 
305] to undergo elimination from its energetically more favorable – and more highly populated 
[328] – pseudoequatorial conformation.  This suggests that these transition states are more 
strained; indeed, the structure determined computationally for pyruvate elimination in chorismate 
has a twist-boat conformation with the si face of enolpyruvate oriented toward the ring [44], and 
the structure determined for pyruvate elimination in isochorismate has an asymmetric chair-like 
conformation with the si face of enolpyruvate oriented toward the ring [305].  More recently, it 
has been established that pyruvate elimination catalyzed by the IPL enzyme Pae PchB occurs via 
a pericyclic mechanism that is identical to that of the uncatalyzed isochorismate elimination 
[329, 330], and structural evidence has been provided that the pyruvate elimination catalyzed by 
E. coli chorismate pyruvate lyase proceeds via a mechanism with the same enolpyruvate facial 
selectivity as that found for the uncatalyzed chorismate elimination [331]. 

The putative CM and IPL transition states of the reactions catalyzed by the enzyme Pae 
PchB are structurally and electrostatically similar, though this is not obvious in Figure 4.1.  
Evidence for this similarity has been provided by structural studies on PchB [332, 333], and by 
the ability of an endo-oxabicyclic diacid CM transition state analog prepared by Bartlett and 
coworkers [334, 335] to inhibit both the CM and IPL activities of PchB [298].  The enolpyruvate 
side chains of chorismate and isochorismate are oriented in a similar manner with respect to the 
ring carbons – with their si face positioned above the ring and toward it – in the putative CM and 
IPL transition states, respectively.  These transition states differ mainly in the nature and 
orientation of the substituent at the ring position ortho- to the C1 carboxylate: there is none in the 
chorismate undergoing the CM reaction, and there is a pseudoequatorial hydroxyl group 
hydrogen bonding to the ring carboxylate in the isochorismate undergoing the IPL reaction 
(Figure 4.1).  The discovery that a PchB point mutant with threonine replacing isoleucine at 
position 87 – located near the ring position ortho- to the C1 carboxylate – has dramatically 
reduced IPL activity but nearly wild type CM activity, led to the suggestion that hydrogen 
bonding between the threonine side chain hydroxyl and the C2 hydroxyl of isochorismate effects 
an isochorismate conformation that cannot undergo pyruvate elimination [298].  It is possible 
that such a hydrogen bond to a threonine residue is able to disrupt the intramolecular hydrogen 
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bond of pseudoequatorial isochorismate (shown in Figure 4.1), allowing the molecule to adopt a 
pseudoaxial conformation from which elimination of the enolpyruvate – positioned by active site 
residues to present its si face to the ring – is disfavored.  The structure of the PchB I87T mutant 
was too disordered to confirm this hypothesis [332]. 

The IPL PchB evolved from a CM enzyme, and is not homologous to the MST family of 
enzymes.  Nevertheless, SAS enzymes also appear to catalyze the IPL reaction via a pericyclic 
mechanism, as evidenced by the complete lack of deuterium incorporation into the pyruvate 
product when the enzymatic reaction is carried out in D2O [61].  As 25 of the 26 active site 
residues are conserved in AS and SAS enzymes, and as the active site structures determined for 
AS [51] and SAS [58] enzymes position the bound Mg2+, pyruvate and benzoate (salicylate in the 
SAS) ligands in identical orientations, it is highly likely that both enzymes catalyze pyruvate 
lyase reactions via identical mechanisms.  Among the 26 amino acid residues that are located 
within 6 Å of the bound ligands in the S. marcescens TrpE AS [51] or Y. enterocolitica Irp9 SAS 
[58] structures are superimposable threonines that are within hydrogen bonding distance of the 
C2 of the benzoate or salicylate ligand, respectively (Figure 4.2).  A threonine residue is 
conserved at this position in all SAS and AS enzymes, but is replaced by alanine in all ICS 
enzymes, and serine in most ADCS enzymes (see Figure 1.7); importantly, neither ICS nor 
ADCS have pyruvate lyase activity.  One possibility is that the residue at this position controls 
the ability of the enzyme to act as a pyruvate lyase by influencing the conformation of the initial 
chorismate adduct.  Though the Sma TrpE AS and Yen Irp9 SAS structures have only planar 
aromatic products bound in their active sites, high affinity MST enzyme inhibitors prepared by 
Bartlett and coworkers [59] provide strong evidence that MST-catalyzed reactions proceed via 
transition states that are nearly pseudoaxial (Figure 4.2).  These compounds are believed to act as 
transition state analogs due to the high population in solution of their all-axial conformers, and 
related molecules that do not achieve this all-axial conformation as readily (or at all) are far 
worse inhibitors of AS [336-338], ICS [337], and SAS [323, 337] enzymes.  Furthermore, the 
rapid reversibility of the reactions catalyzed by MST enzymes, and the results obtained from 
structural studies with pseudoaxial chorismate [45] and isochorismate [61] modeled onto several 
MST enzyme active sites, suggest that pseudoaxial substrates and intermediates are preferentially 
bound by MST enzymes.  The threonine residue in the active sites of AS and SAS enzymes 
could be acting to minimize the reversion back to chorismate by altering the conformation of the 
ADIC and isochorismate intermediates, respectively, to one that is not purely pseudoaxial 
(Figure 4.2). 

Another reason the pseudoaxial conformer of the initial chorismate adduct might be 
disfavored by bifunctional MST enzymes is that pericyclic elimination of the kind catalyzed by 
SAS appears to favor conformations that are pseudoequatorial [305].  The asymmetric chair-like 
transition states predicted for the spontaneous [305] and PchB-catalyzed [329] isochorismate 
pyruvate lyase reactions occur from an almost purely pseudoequatorial conformation of 
isochorismate in which the si face of the enolpyruvate side chain is directed toward the ring (see 
Figure 4.1).  However, several structural studies [51, 58, 317] show that pyruvate is bound in the 
active site of MST enzymes in an orientation that presents its re face to the ring carbons of the 
product, suggesting that the enolpyruvate moiety of isochorismate bound in SAS – or of ADIC 
bound in AS – will also be oriented in this manner.  Likewise, investigation of the steric course 
of the AS pyruvate lyase reaction using selectively deuterated and tritiated chorismate has 
determined that the pyruvate produced is stereospecifically protonated on its re face [326], 
suggesting that any pericyclic elimination catalyzed by AS or the highly homologous SAS is not  
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proceeding through the chair-like transition state shown in Figure 4.1.  A second asymmetric 
twist-boat transition state of slightly higher-energy is also predicted for the spontaneous IPL 
reaction [305], and it occurs from a conformation that is intermediate between purely 
pseudoequatorial and purely pseudoaxial (Figure 4.2).  This transition state directs the re face of 
the enolpyruvate side chain toward the isochorismate C2 carbon, and it has been proposed that 
all pyruvate elimination in the MST family of enzymes takes place via such a transition state 
[61].  It could be the case that a hydrogen bond between the aforementioned active site threonine 
residue (Thr424 in the S. marcescens TrpE AS and Thr348 in the Y. enterocolitica Irp9 SAS) and 
the C2 substituent on the initial chorismate adduct aids the process of pyruvate elimination by 
inducing a substrate conformation with more pseudoequatorial character (shown in Figure 4.2). 

In the interest of determining how the active site residues of AtICS1 could contribute to 
SAS activity – particularly at the site of the alanine residue that is homologous to Irp9 Thr348 – 
homology modeling of Irp9 and AtICS1 was undertaken.  Irp9 was chosen for homology 
modeling because its crystal structure [58] has SA, pyruvate and Mg2+ ligands bound in the 
active site.  Subsequently, single, double and triple point mutants of AtICS1 and AtICS2 were 
overexpressed in E. coli and purified.  These could then be assayed for SAS, ICS and IPL 
activity using previously described procedures.  In the process of this work it was hoped that 
light could be shed on two issues regarding the roles of ICS and CM genes in Arabidopsis.  First, 
does a CM act as an IPL in the biosynthesis of SA?  Second, are there specific residues in the 
active site of an ICS that, when mutated, will establish IPL activity in the enzyme? 
 
 
MATERIALS AND METHODS 
 
Materials and General Protocols 

All specialty reagents and chemicals were obtained from Sigma-Aldrich unless otherwise 
specified.  HPLC-grade solvents (EMD Biosciences) were employed in the HPLC analyses.  
Barium chorismate (Sigma C-1259, 60-80% purity) was used in all assays requiring chorismate.  
For selection and growth of transformed cells (described below), all pET-28 derivatives were 
selected with 50 µg/ml kanamycin.  Commonly utilized protein and molecular biological 
reagents and protocols were prepared/performed as in Current Protocols in Molecular Biology 
[295]. 
 
Purification of Recombinant AtCM1 

pSM157-4 (obtained from Dr. Sharon Marr) is a pET-28 derivative containing a sequence 
encoding an amino-terminal His6-tag fused to the sequence beginning with that encoding amino 
acid 58 of the Aradibopsis thaliana CM1 coding region, in a manner identical to pSM157-16 
from Chapter 2.  These two plasmids are identical in all other respects (see Figure 2.1 for the 
organization of plasmid pSM157-16).  The pSM157-4 AtCM1 coding sequence was confirmed 
to be identical to AtCM1 sequence NC_003074.5 (At3g29200).  E. coli Rosetta2 (DE3) cells 
(Novagen) were transformed with plasmid pSM157-4.  A crude cell extract was prepared from a 
2 L culture of transformed cells grown in TB media containing 0.2% glucose, 50 µg/ml 
kanamycin and 30 µg/ml chloramphenicol.  The culture was grown at 37 °C with agitation in 
baffled flasks until an OD600 of approximately 0.6 was reached, at which point IPTG was added 
to a final concentration of 0.5 mM to induce protein synthesis.  Shaking was continued at 18 °C 
for 17 hours.  All subsequent operations were carried out at 4 °C.  The cells (wet weight 
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approximately 10.6 g) were harvested and resuspended in 40 ml of Binding Buffer (50 mM 
sodium phosphate buffer, pH 8.0, 300 mM sodium chloride, 10 mM imidazole) containing 2 mM 
PMSF and 10 µM leupeptin.  The cells, which could be stored at –20 °C, were lysed by two 
passages through a French press at 18,000 psi at the orifice.  Following centrifugation, the 
supernatant was filtered by syringe through an HPF Millex-HV 0.45 µm filter unit attached in 
series to a Millex-AP prefilter (Millipore).  Filtrate was allowed to bind to 5 ml of Ni2+-NTA 
His-Bind Resin (Novagen) by mixing with mild agitation on a rotary shaker for 3 hours.  The 
resin had been pretreated according to the manufacturer’s directions.  The slurry was then poured 
into a column, and the flow-through was collected in one portion.  After washing the column 
with 2 portions of 10 ml each of Binding Buffer, His6-AtCM1 was eluted with 20 ml of Elution 
Buffer (components as Binding Buffer, but including 250 mM imidazole).  The first 10 fractions 
of 1 ml each were separately dialyzed into a buffer containing 100 mM Tris, pH 7.7, 10% 
glycerol, and 1 mM DTT.  The protein fractions were then stored at –80 °C.  Similarly purified 
AtCM2 and AtCM3 proteins were obtained from Dr. Sharon Marr. 

Chorismate mutase activity of the three above enzymes was determined via an assay 
based on the method of Gilchrist and Connelly [339].  A dilution of CM enzyme was prepared in 
400 µl of buffer containing 100 mM Tris, pH 7.7, 10% glycerol, and 1 mM DTT, and this was 
mixed with 100 µl of 5 mM chorismate to initiate the reaction.  This mixture was incubated at 30 
°C for 10 minutes before the reaction was quenched by addition of 100 µl 6 N HCl.  After 10 
minutes of gentle agitation at room temperature, 400 µl of 6 N NaOH was added to neutralize the 
solution, and absorbance was measured spectrophotometrically at 320 nm.  The value for 
absorbance was converted to units of phenylpyruvate concentration using an extinction 
coefficient of 17,500 M-1 cm-1.  A blank reaction containing no CM enzyme was performed as a 
control, and the phenylpyruvate produced was subtracted from the value determined with 
enzyme for the purpose of obtaining a value for chorismate mutase enzyme activity. 
 
Protein Quantification Assays 

These assays were performed as described in Chapter 2. 
 
HPLC IPL Activity Assay for CM Enzymes 

This assay was modified from a previous study [298].  The incubation mixture contained, 
in a final volume of 200 µl, 100 mM Tris, pH 7.7, 1 mM isochorismate (purified as described in 
Chapter 2), 10% glycerol, 10 mM MgCl2, and 110 µg/ml enzyme.  Controls without enzyme 
were also carried out.  The reaction was incubated for 60 minutes at 30 °C after having been 
initiated with isochorismate.  The mixture was then filtered through a 0.2 µm Millex-LG syringe 
filter (Millipore), and a 50 µl aliquot was injected into an HPLC under the same conditions as 
that described for the “Coupled HPLC Assay for ICS Activity” in Chapter 2. 
 
Homology Modeling of ICS Enzymes 

Homology modeling was performed in collaboration with Dr. Chloe Zubieta.  The 
primary sequences for A. thaliana AtICS1 (AAL17715) and Y. enterocolitica Irp9 (CAB46570) 
were aligned with CLUSTAL W [340] using the default parameters.  Due to poor alignment of 
the amino-terminal portion of the proteins, residues 1-198 and 1-92 of AtICS1 and Yen Irp9 
respectively were not used in model generation.  Note that AtICS1 contains an amino-terminal 
chloroplast transit sequence of ~45 amino acids as predicted by ChloroP [341] and confirmed via 
chloroplast import assays [82].  Homology modeling was performed with Modeller 8v2 [342] 
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using the Yen Irp9 crystal structure in complex with its reaction products SA and pyruvate 
(Protein Data Bank identification code 2FN1) [58].  Five models were generated and the lowest 
energy model selected.  The AtICS1 model and Yen Irp9 were superimposed in COOT [343].  
All figures were generated using PyMOL (DeLano, W. L. The PyMOL Molecular Graphics 
System (2002) on the World Wide Web http://www.pymol.org).  Homology modeling of 
additional ICS enzymes including M. tuberculosis MbtI (CAE55483), Pae PchA (CAA57969), 
Eco EntC (POAEJ2), AtICS2 (NP_173321), Catharanthus roseus ICS (CAA06837), and 
Capsicum annum ICS (AAW66457) was performed in a similar manner. 
 
Cloning and Purification of Recombinant AtICS1 A472T Mutant 

The AtICS1 A472T mutant vector was generated from pSM157-16 (obtained from Dr. 
Sharon Marr), a pET-28 derivative, using the QuikChange II Site-Directed Mutagenesis Kit 
(Stratagene).  The protocols accompanying the kit were followed, with the following 
modifications.  50 ng of pSM157-16 were PCR-amplified with 125 ng each of ultrapure primers 
(forward primer: 5’-tctgcatccaactccaactgtttgtgggcttcc-3’, reverse primer: 5’-
ggaagcccacaaacagttggagttggatgcaga-3’) by undergoing 12 cycles of amplification with the 
designated parameters.  Following Dpn I digestion of the parent plasmids and transformation of 
the mixture into XLI-Blue cells, the entire cell suspension was spread onto LB-kanamycin plates 
containing 80 µg/ml X-gal and 20 mM IPTG.  Plasmids were isolated from subsequent white-
colored colonies and coding sequences were confirmed to be correct for the desired point mutant. 

E. coli Rosetta2 (DE3) cells (Novagen) were transformed with the above plasmid.  A 
crude cell extract was prepared from a 2 L culture of transformed cells grown in TB media 
containing 0.2% glucose, 50 µg/ml kanamycin and 30 µg/ml chloramphenicol.  The culture was 
grown at 37 °C with agitation in baffled flasks until an OD600 of approximately 0.7 was reached, 
at which point IPTG was added to a final concentration of 0.2 mM to induce protein synthesis.  
Shaking was continued at 18 °C for 17 hours.  All subsequent operations were carried out at 4 
°C.  The cells (wet weight approximately 17 g) were harvested and resuspended in 50 ml of 
Binding Buffer (50 mM sodium phosphate buffer, pH 7.4, 300 mM sodium chloride) containing 
2 mM PMSF and 10 µM leupeptin.  The cells, which could be stored at –20 °C, were lysed by 
two passages through a French press at 18,000 psi at the orifice.  Following centrifugation, the 
supernatant was filtered by syringe through an HPF Millex-HV 0.45 µm filter unit attached in 
series to a Millex-AP prefilter (Millipore).  Filtrate was applied to a 1 ml HisTrap HP nickel 
affinity column (Amersham Biosciences) at a flow rate of 1.0 ml/min by use of a ÄKTA fast 
protein liquid chromatography system (Amersham Biosciences).  The remainder of the FPLC 
purification was carried out in a manner identical to that of AtICS1 in Chapter 2.  Fractions were 
aliquoted and stored at –80 °C without dialysis. 
 
HPLC SAS Activity Assay 

These assays were performed as described in the “HPLC ICS Activity Assay” detailed in 
Chapter 2, substituting mutant ICS enzyme for AtICS1.  The elution program used for HPLC 
analysis was identical to that used in the “Coupled HPLC ICS Activity Assay” described in 
Chapter 2.  This program allowed for the detection of prephenic acid (A215, 3.2 min), chorismic 
acid (A280, 4.2 min), para-hydroxybenzoic acid (A255, 6.8 min), phenylpyruvic acid (A215, 13.5 
min), and salicylic acid (ex 305 nm/em 407 nm, 23.3 min).  The calibration curve for prephenic 
acid was y = 0.000353175x – 10.4660 with R2 = 0.999, the calibration curve for chorismic acid 
was y = 0.0170786x – 45.3581 with R2 = 0.999, the calibration curve for para-hydroxybenzoic 
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acid was y = 0.0000292540x – 3.40260 with R2 = 0.999, the calibration curve for phenylpyruvic 
acid was y = 0.000102164x – 1.04072 with R2 = 0.998, and the calibration curve for salicylic 
acid was y = 0.0000193487x – 1.03132 with R2 = 0.999, where for each of the above x = area 
units and y = µmoles of the molecule being quantified.  For the time course assay of AtICS2 
A467T activity, a volume of 300 µl was employed, incorporating standard working 
concentrations of all components, and using 110 µg/ml of enzyme.  The reaction was incubated 
at 30 °C, and 50 µl aliquots were removed at intervals of 15 minutes, filtered as performed 
previously, and frozen at a temperature of –80 °C before injection into the SAS Activity Assay 
method described above.  For the assay of multiple AtICS2 variants, a volume of 100 µl was 
employed, incorporating standard working concentrations of all components, and using 220 
µg/ml of enzyme.  These reactions were incubated at 30 °C for 1 hour each and analyzed as 
above.  Each of these reactions was performed in duplicate. 
 
Purification of Recombinant AtICS2 A467T Mutant 

E. coli BL21-CodonPlus(DE3)-RIL cells (Stratagene) were transformed with plasmid 
pCZ101-Red (obtained from Dr. Chloe Zubieta), a pET-28 derivative containing the gene 
encoding the A467T point mutant of AtICS2.  A crude cell extract was prepared from a 500 ml 
culture of transformed cells grown in TB media containing 0.2% glucose, 50 µg/ml kanamycin 
and 30 µg/ml chloramphenicol.  The culture was grown at 37 °C with agitation in a 1 L baffled 
flask until an OD600 of approximately 0.6 was reached, at which point IPTG was added to a final 
concentration of 1.0 mM to induce protein synthesis.  Shaking was continued at 18 °C for 19 
hours.  All subsequent operations were carried out at 4 °C.  The cells (wet weight approximately 
6.8 g) were harvested and resuspended in 40 ml of Binding Buffer (50 mM sodium phosphate 
buffer, pH 8.0, 300 mM sodium chloride) containing 2 mM PMSF, 2 µg/ml leupeptin, 10 µg/ml 
DNase, and 0.2 mg/ml lysozyme.  The cells, which could be stored at –20 °C, were lysed by six 
successive 30 s periods of exposure to sonication, using a 90% duty cycle at 25% power.  
Following centrifugation, the supernatant was filtered by syringe through an HPF Millex-HV 
0.45 µm filter unit attached in series to a Millex-AP prefilter (Millipore).  Filtrate was allowed to 
bind to 3 ml of Ni2+-NTA His-Bind Resin (Novagen) by mixing with mild agitation on a rotary 
shaker for 11 hours.  The resin had been pretreated according to the manufacturer’s directions.  
The slurry was then poured into a column, and the flow-through was collected in one portion.  
After washing the column with 15 ml of Binding Buffer, protein was eluted with 20 ml of 
Elution Buffer (components as Binding Buffer, but including 250 mM imidazole).  The first 10 
fractions of 1 ml each were separately dialyzed into a buffer containing 100 mM Tris, pH 7.7, 
10% glycerol, and 1 mM DTT.  The protein fractions were then stored at –80 °C. 
 
Purification of Recombinant AtICS2 T526A Mutant 

E. coli BL21-CodonPlus(DE3)-RIL cells (Stratagene) were transformed with plasmid 
pCZ101-Green (obtained from Dr. Chloe Zubieta), a pET-28 derivative containing the gene 
encoding the T526A point mutant of AtICS2.  A crude cell extract was prepared from a 500 ml 
culture of transformed cells grown in TB media containing 0.2% glucose, 50 µg/ml kanamycin 
and 30 µg/ml chloramphenicol, and purified according to the same protocol as that of AtICS2 
A467T above, with the following modifications.  Cells were incubated at 18 °C for 17 hours 
after induction.  The wet weight of the cells after harvesting was approximately 7.2 g.  The 
filtrate after cell lysis and centrifugation was allowed to bind to 3 ml of Ni2+-NTA His-Bind 
Resin (Novagen) by mixing with mild agitation on a rotary shaker for 3 hours. 
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Purification of Recombinant AtICS2 A467T T526A Double Mutant 

E. coli BL21-CodonPlus(DE3)-RIL cells (Stratagene) were transformed with plasmid 
pCZ102-Blue (obtained from Dr. Chloe Zubieta), a pET-28 derivative containing the gene 
encoding the A467T T526A double mutant of AtICS2.  A crude cell extract was prepared from a 
500 ml culture of transformed cells grown in TB media containing 0.2% glucose, 50 µg/ml 
kanamycin and 30 µg/ml chloramphenicol, and purified according to the same protocol as that of 
AtICS2 A467T above, with the following modifications.  Cells were incubated at 18 °C for 21 
hours after induction.  The wet weight of the cells after harvesting was approximately 2.6 g.  The 
filtrate after cell lysis and centrifugation was allowed to bind to 3 ml of Ni2+-NTA His-Bind 
Resin (Novagen) by mixing with mild agitation on a rotary shaker for 4 hours. 
 
Purification of Recombinant AtICS2 A467T V468A T526A Triple Mutant 

E. coli BL21-CodonPlus(DE3)-RIL cells (Stratagene) were transformed with plasmid 
pCZ103-Black (obtained from Dr. Chloe Zubieta), a pET-28 derivative containing the gene 
encoding the A467T V468A T526A triple mutant of AtICS2.  A crude cell extract was prepared 
from a 500 ml culture of transformed cells grown in TB media containing 0.2% glucose, 50 
µg/ml kanamycin and 30 µg/ml chloramphenicol, and purified according to the same protocol as 
that of AtICS2 A467T above, with the following modifications.  Cells were incubated at 18 °C 
for 18 hours after induction.  The wet weight of the cells after harvesting was approximately 4.5 
g.  The filtrate after cell lysis and centrifugation was allowed to bind to 3 ml of Ni2+-NTA His-
Bind Resin (Novagen) by mixing with mild agitation on a rotary shaker for 7 hours. 
 
 
RESULTS 
 

AtCM1 exhibits limited isochorismate pyruvate lyase activity.  Experiments were 
undertaken to determine whether any of the three known Arabidopsis chorismate mutase 
enzymes could be acting as an IPL in vivo, as they possess homology to the known IPL Pae 
PchB.  In order to perform biochemical characterization of the Arabidopsis CM proteins, purified 
active enzyme was required.  Dr. Sharon Marr cloned the Arabidopsis CM1, CM2, and CM3 full-
length (precursor) and mature (with the chloroplast transit peptide removed) genes, and created 
transformed E. coli strains to overexpress these proteins.  As shown in Figure 4.3, I 
overexpressed mature AtCM1 as an amino-terminal His6-tagged protein in E. coli and affinity-
purified it using Ni2+-NTA affinity chromatography.  Similarly purified AtCM2 and mature 
AtCM3 protein samples were obtained from Dr. Sharon Marr.  Expression of mature forms of 
AtCM1 and AtCM3 resulted in significantly more soluble protein than those containing the 
predicted CTP (data for overexpression and purification of precursor AtCM1, AtCM2, and 
precursor and mature AtCM3 not shown), consistent with the expectation that the mature protein 
would be most likely to fold properly in E. coli.  AtCM2, which has no CTP, was expressed as 
its full-length form in abundant quantities. 

All three of the recombinant mature CM proteins were shown to be fully active as 
chorismate mutases (data not shown) using an assay based on the method of Gilchrist and 
Connelly [339].  The purified enzymes display specific activities (in units of µmoles prephenate 
min-1 mg protein-1) of 0.165 for AtCM1, 0.098 for AtCM2, and 0.073 for AtCM3.  The specific 
activities for these recombinant CM proteins were up to 10-fold greater than those previously  
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reported for plant CMs, though none of these specific activities were assessed for overexpressed, 
affinity-purified proteins [66, 67, 339, 344-347].  The precursor AtCM1 and AtCM3 proteins did 
not exhibit significant CM activity (data not shown). 

Isochorismate (purified as described in Chapter 2) was incubated with each of these 
proteins to directly measure its conversion to SA, using a modified version of the IPL activity 
assay in [298].  Though no SA above background was produced from isochorismate for the 
reactions incorporating AtCM2 or AtCM3 (data not shown), AtCM1 generated 39.1 ng of SA 
above background by HPLC analysis in one hour of incubation time (Figure 4.4).  This 
corresponds to 5.7 µM of SA generated from 1 mM isochorismate (yield of 0.57%), indicating 
an apparent IPL specific activity for AtCM1 of 0.864 nmoles SA min-1 mg protein-1. 

 
A key threonine residue in the Irp9 active site may be required for its IPL activity.  

Because the amino acid residues essential to SAS IPL activity are not known, homology 
modeling was performed of known monofunctional ICS enzymes (AtICS1 and Pae PchA, both 
involved in SA biosynthesis) and a bifunctional SAS enzyme (Mycobacterium tuberculosis 
MbtI; see [61, 317]) using the crystal structure of the SAS enzyme Yen Irp9 in complex with its 
reaction products SA and pyruvate [58].  As expected, the homology modeling of AtICS1 with 
Yen Irp9 indicates a high degree of structural conservation across the full length of the proteins 
and within the active site (Figure 4.5).  Comparison of aforementioned active sites leads us to 
speculate that Thr348 is important for the IPL activity of Irp9, with the apparent hydrogen 
bonding indicated in the Irp9 structure between the Thr348 main chain carbonyl and the 2-
hydroxyl group of SA suggesting a similar hydrogen bond between the carbonyl and the 2-
hydroxyl group of the isochorismate intermediate of the SAS reaction.  The side chain hydroxyl 
of Thr348 in Irp9 apparently participates in a hydrogen bond with the side chain carboxylate of 
Glu241 (not shown in Figure 4.5), the active site residue proposed as the general acid involved in 
C4 hydroxyl protonation in all MST enzymes (see Figure 1.8).  This second hydrogen bond 
between the Thr348 side chain and Glu241 is necessarily absent in AtICS1, which has an alanine 
residue at this position instead of a threonine.  Furthermore, Thr348 is conserved in the SAS 
MbtI, and is an alanine in all known ICS enzymes, including AtICS2, Pae PchA, Eco EntC and 
MenF, and many other known bacterial and plant ICS enzymes (Figure 4.6, and see Figure 1.7).  
This led to an effort to perform site-directed mutagenesis of AtICS1 in order to potentially 
convert it to an SAS enzyme. 

Standard QuikChange II (Stratagene) technology was employed to prepare the pET-28 
construct containing the AtICS1 gene with a point mutation coding for a threonine at Ala472 of 
AtICS1.  AtICS1 A472T was overexpressed and purified in a manner very similar to that of 
AtICS1 itself (Figure 4.7).  All told, less than 300 µg of this protein was isolated in a relatively 
impure state – an exceptionally poor yield.  Furthermore, the protein had much lower specific 
activity by spectrophotometric assay than did wild type AtICS1.  HPLC analysis of the product 
of incubation of 110 µg/ml of this protein with 1 mM chorismate (Figure 4.8) shows that, 
although negligible isochorismate or salicylate was formed after 1 hour, approximately 270 
µmoles of phenylpyruvate were generated per 1000 µmoles chorismate originally present.  This 
suggests that the AtICS1 A472T protein is catalyzing formation of significant amounts of 
prephenate from chorismate, and then subsequently catalyzing its decomposition to 
phenylpyruvate.  A lack of pure enzyme motivated the overexpression and purification of a 
number of AtICS2 mutants, as AtICS2 is dramatically more soluble and easily purified than  
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AtICS1 in spite of the fact that these protein sequences are 83% identical to each other with all 
26 active site residues absolutely conserved (see Figure 1.7). 

 
Active site mutations in AtICS2 entirely eliminated ICS activity, and transformed 

the protein into a bifunctional chorismate mutase-prephenate dehydratase.  Figure 4.9 
shows three amino acid residues that come into close contact with C2 of the salicylate ligand in 
the Irp9 crystal structure, and are therefore likely to come into contact in a similar manner with 
the analogous position of the chorismate substrate and the isochorismate intermediate of Irp9.  
Because these Irp9 residues – T348, A349, and A406 – are also largely substituted for in ICS 
enzymes (see Figure 4.6), it was believed that transformation of the corresponding residues in 
AtICS2 to their Irp9 counterparts might convert AtICS2 into a SAS.  To this end, Dr. Chloe 
Zubieta prepared four separate AtICS2 mutant pET-28 constructs, and I overexpressed and 
purified each of them in a manner similar to that of AtICS2.  The AtICS2 A467T mutant was 
targeted because of the absolute conservation of the alanine residue at this position in ICS 
enzymes and the apparent conservation of threonine in SAS enzymes; it was considered a strong 
possibility that switching AtICS2 at this position from alanine to threonine might result in an 
enzyme with SAS activity.  AtICS2 A467T was overexpressed and purified as shown (Figure 
4.10).  It was isolated in high quantities with very low specific activity for isochorismate 
formation. 

HPLC analysis of the reaction products following 45 minutes of incubation of AtICS2 
A467T with 1 mM chorismate under standard conditions showed that large quantities of 
phenylpyruvate (758 µM) – but no isochorismate or salicylate – were produced (Figure 4.11).  In 
addition, significant amounts of prephenate (207 µM) were observed.  PHBA was detected also, 
but in roughly the same concentration (42 µM) as that found in the initial chorismate solution 
(para-hydroxybenzoate is a known impurity in commercially available chorismate preparations).  
A time course assay was conducted to survey the progress of product formation at 15-minute 
intervals (Figure 4.12).  It indicates that phenylpyruvate is formed gradually at approximately the 
same rate that chorismate is consumed.  Furthermore, there is an initial buildup of prephenate at 
15 minutes that gradually dissipates over time with concomitant phenylpyruvate formation.  This 
behavior is what one would expect for a protein that has CM-prephenate dehydratase activity: 
prephenate is formed initially, and then converted to phenylpyruvate by synchronous 
decarboxylation and dehydration (see the schematics in Figures 4.8 and 4.11).  This is very likely 
enzymatic, as spontaneous conversion of prephenate to phenylpyruvate is rapid only at pH values 
below 6 (at 25 °C and pH 7.0, t1/2 = 130 hours; see [348]), and in the presence of mutant enzyme 
in 100 mM Tris buffer, pH 7.7, ~60% of the initial chorismate has been converted to 
phenylpyruvate via prephenate in 45 minutes (Figure 4.12).  The data shown indicate the 
presence of more than 1 mM of combined substrate and product at various intermediate time 
points – this is due to the errors introduced by the relatively weak absorbance of prephenate and 
the uneven peak shape of phenylpyruvate at 215 nm (Figure 4.12). 

Three other AtICS2 mutants were overexpressed and purified as described below.  The 
AtICS2 T526A mutant was targeted because this residue is close to the C2 atom of the substrate 
(Figure 4.9), although it is not well conserved as a threonine in ICS enzymes, and alanine 
residues at this position are not unique to SAS enzymes (Figure 4.4).  It was considered possible 
that alanine at this position may be the appropriate size to orient the adjacent Irp9 Thr348 residue 
into the position necessary for it to promote IPL activity.  AtICS2 T526A was overexpressed and 
purified as shown (Figure 4.13).  It was isolated in large quantities with very low specific activity  
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for isochorismate formation.  Additionally, the AtICS2 A467T T526A double mutant was 
targeted in order to determine whether the Ala406-Thr348 interaction in Irp9 was responsible for 
its SAS activity.  AtICS2 A467T T526A was overexpressed and purified as shown (Figure 4.14).  
It was isolated in large quantities with very low specific activity for isochorismate formation.  
Lastly, a fourth mutant, AtICS2 A467T V468A T526A, was targeted because the V468 residue 
in AtICS2 – which is highly conserved at this position in ICS enzymes – is replaced by an 
alanine in the two SAS enzymes investigated.  Though this valine residue is further from the 
substrate than the other two residues that have been mutated, it is proximal to the Ala467 residue 
that forms a likely hydrogen bond with the C2 of substrate.  A valine residue at this position 
(Val468 in AtICS2) in ICS enzymes may be necessary to fill the space that a threonine would fill 
at the adjacent position in an SAS enzyme (Ala467 in AtICS2 and Thr348 in the SAS Irp9; see 
Figure 4.9).  This triple mutant was prepared to investigate whether the Ala406-Thr348-Ala349 
side chain alignment in Irp9 acts as a well-ordered triad that promotes the active site 
isochorismate orientation responsible for the IPL activity inherent in SAS enzymes.  AtICS2 
A467T V468A T526A was overexpressed and purified as shown (Figure 4.15).  It was isolated 
in large quantities and, as with all above AtICS2 mutants, had low specific activity for 
isochorismate formation. 

Subsequently, all four mutant proteins were analyzed by incubation at 30 °C for 1 hour 
each (Figure 4.16), using a more concentrated amount of enzyme than previously in the time 
course assay (220 µg/ml vs. 110 µg/ml).  Each reaction was performed in duplicate, and controls 
with wild type AtICS2, as well as without any enzyme, were also conducted.  As expected, little 
degradation of chorismate occurred in the no enzyme control, and a typical equilibrium 
distribution of chorismate and isochorismate was seen when AtICS2 was present (~60% 
chorismate to 40% isochorismate, adding up to 1 mM total substrate and product).  However, 
when each of the four mutants was substituted for AtICS2, virtually all of the chorismate 
substrate was transformed in 1 hour to phenylpyruvate (all reactions show ~1 mM 
phenylpyruvate after 1 hour of reaction time).  Very little prephenate remains in the reaction 
mixtures, indicating that it has largely been processed to phenylpyruvate.  However, no SA was 
formed. 
 
 
DISCUSSION 
 

Does Arabidopsis contain a gene encoding a protein with IPL activity similar to Pae 
PchB?  Pae PchB – a bacterial IPL – is a small 101-amino acid protein that appears to have 
evolved from a chorismate mutase, as it retains residual CM activity and exhibits 10-fold 
stronger binding of chorismate than isochorismate [298].  It structurally resembles CM enzymes 
of the AroQ class in both its similarity in size to the AroQ domain, and in overall α-helical 
structural organization.  The existence of two separate activities on these alternative substrates is 
reasonable given that both of the molecules in question – chorismate and isochorismate – possess 
most of the same binding elements in roughly similar orientations.  Gaille and coworkers [298] 
suggested that only one CM residue needed to be altered (Glu52 in Eco CM, but Val55 at the 
homologous site in the IPL PchB) to alter the specificity of binding from chorismate to 
isochorismate.  Nevertheless, PchB binds both substrates – chorismate and isochorismate – and 
catalyzes both reactions – CM and IPL, respectively – with great facility (discussed extensively 
in Appendix 2).  Conclusive evidence has been provided that the IPL and CM reactions both  
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occur via pericyclic mechanisms that are structurally and electrostatically similar [305, 324, 325, 
329], though they use different substrates.  Both reactions proceed through transition states that 
place the si face of the enolpyruvyl group toward the ring carbons, with the terminal carbon of 
the enoylpyruvyl double bond positioned near the C1 and C2 ring carbons of substrate and the 
enolpyruvyl carboxylate positioned inward toward the ring (Figure 4.1).  This active site 
enolpyruvyl orientation is likely the reason that PchB does not catalyze the CPL or kinetically 
favorable isochorismate mutase reactions, both of which require the terminal carbon of the 
enoylpyruvyl double bond to be positioned near the C4 and C5 ring carbons of substrate (Figure 
4.1). 

Whether or not CM enzymes have IPL activity when exposed to isochorismate has not 
previously been investigated, though this is a reasonable proposition since the terminal carbon of 
the enoylpyruvyl double bond of both potential substrates is appropriately positioned over the C1 
and C2 position of their rings (see Figure 4.1).  The Arabidopsis CM proteins share as much as 
15% protein sequence identity with their bacterial counterparts and ~36% protein sequence 
identity with the yeast CM Aro7p.  As the CM and IPL reactions are related mechanistically, and 
given that the IPL PchB also performs the CM reaction, we proposed that an Arabidopsis CM 
enzyme could similarly act as an IPL.  This is an especially important consideration in the cases 
of AtCM1 and AtCM3, as they are chloroplast-localized and therefore present at the subcellular 
location of isochorismate synthesis.  However, though these data show AtCM1 to have modest 
IPL activity, they are not consistent with AtCM1 acting as an IPL in the biosynthesis of SA.  The 
rate of conversion of isochorismate to salicylate seen here is approximately 0.095 µM/min; the 
rate of isochorismate formation by AtICS1 under the same conditions would be about 71 
µM/min.  The IPL activity of AtCM1 would not be equal to the demands of the organism for 
salicylate under conditions of the plant defense response.  I have shown in Chapter 2 that the 
spontaneous rate of SA formation from isochorismate under similar conditions to these is about 
0.006 µM/min.  Therefore, recombinant CM1 is responsible for a rate of isochorismate to SA 
conversion that is 15.8-fold higher than the non-enzymatic rate.  Perhaps the recombinant 
enzyme activity is not reflective of its rate in planta – for example, association with ICS may 
improve the catalytic efficiency of the AtCM1 enzyme for isochorismate utilization.  
Furthermore, to accurately assess the ability of AtCM1 to function as an IPL, values of KM and 
kcat for isochorismate would need to be determined.  The Wildermuth lab is also assessing 
Arabidopsis mutants with these genes knocked out in order to determine whether any are 
compromised in their ability to synthesize SA in response to pathogen attack. 

An alternative means of forming SA from isochorismate could involve a bifunctional 
SAS enzyme with ICS and IPL activities.  As shown in Chapters 2 and 3, AtICS1 and AtICS2 
exhibit ICS – and not SAS – activity.  However, there is the possibility that an alternative 
transcript could encode a protein that functions as an SAS enzyme.  An alternative AtICS1 
transcript is expressed in low abundance (Dr. Sharon Marr, unpublished); however, it has a 
pattern of expression that is similar to the dominant AtICS1 transcript.  This suggests that the 
alternative transcript is unlikely to play a unique functional role. 

I sought to determine whether an AtICS enzyme could be converted by mutation into an 
SAS.  Though preliminary investigations of the AtICS1 A472T point mutant indicated that it 
produced significant amounts of phenylpyruvate when incubated with chorismate, these studies 
were hampered by the extremely low yields of these protein purifications.  As AtICS2 is 83% 
identical to AtICS1 but far more soluble, the decision was made to pursue more thorough studies 
with mutants of AtICS2 instead.  Therefore, an attempt was made to determine whether specific 
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residues in the active site might establish bifunctional SAS activity, as opposed to native 
monofunctional ICS activity. 

AtICS2 A467T was the most straightforward mutant, possessing the active site threonine 
present in all known SAS and AS enzymes.  It had virtually no ICS activity and no SAS activity, 
acting instead as a CM-prephenate dehydratase bifunctional enzyme like the AroQp class of CM 
enzymes common in bacteria [38].  About one-third of all available chorismate (325 µM) was 
converted to prephenate after just 15 minutes of incubation of 1 mM chorismate with this 
enzyme, though this prephenate level was not maintained as time elapsed.  Ultimately, the 
product of this bifunctional enzyme activity is phenylpyruvate, and its formation was found to be 
linear with time – 110 µg/ml of protein produces 16.5 µM/min of phenylpyruvate, consistent 
with a specific activity of ~0.150 µmoles phenylpyruvate min-1 mg protein-1.  This specific 
activity for CM-prephenate dehydratase activity of AtICS2 A467T is comparable to those for 
CM activity of the recombinant Arabidopsis CM enzymes expressed earlier in this chapter 
(AtCM1 has a specific activity of 0.165 µmoles prephenate min-1 mg protein-1), and 
accomplishes the transformation of chorismate to phenylpyruvate at a rate that is over 10-fold 
faster than takes place non-enzymatically under far more favorable conditions (~1.55 µM/min of 
phenylpyruvate would be produced from a 1 mM starting concentration of chorismate at 60 °C 
and pH 7.5; see [44]).  These data indicate that the mutant AtICS2 protein is catalyzing the 
chorismate mutase and prephenate dehydratase reactions taking place above.  The fact that, 
simultaneously, chorismate is disappearing at a linear rate of 17.5 µM/min suggests that this 
protein quickly rearranges chorismate to achieve a steady-state concentration of the prephenate 
intermediate, which decomposes to phenylpyruvate more slowly.  This reactivity appeared to be 
dose dependent in this enzyme, as two-fold higher concentrations of this protein completely 
converted the chorismate substrate to phenylpyruvate within 30 minutes, leaving little prephenate 
intermediate behind.  All the other mutants prepared (AtICS2 T526A, AtICS2 A467T T526A, 
and AtICS2 A467T V468A T526A) showed behavior similar to that of AtICS2 A467T and 
likely have similar specific activities, though no time course was taken for the CM-prephenate 
dehydratase reaction that they catalyze (Figure 4.16). 

The reasons for the changes in enzyme catalysis brought about by these mutations are 
unclear.  None of the mutants described here display dramatic changes in solubility, suggesting 
that they are still able to fold properly.  Six different point mutants made in the homologous E. 
coli MenF protein possessed circular dichroism spectra that were identical to that of the wild 
type protein, suggesting that mutation does not perturb ICS protein structure greatly [45].  
Nevertheless, AtICS1 and AtICS2 point mutants cannot be properly configured to catalyze the 
rearrangement of chorismate to isochorismate that functional ICS enzymes do, as they all have 
particularly low specific activities for the ICS reaction.  Nevertheless, a measurement of 0.150 
µmoles phenylpyruvate min-1 mg protein-1 for the specific activity of phenylpyruvate formation is 
quite high, comparable to the specific activity of 0.217 µmoles isochorismate min-1 mg protein-1 
for ICS activity of the parent AtICS2 protein.  This suggests that the mutant proteins are binding 
and turning over substrate in the same manner as wild type protein, but that a different reaction is 
being catalyzed.  A very precisely arranged active site would be required for catalysis of the ICS 
reaction, as its putative transition state is highly organized (Figure 4.2, and see Figure 1.8).  
Thus, it is possible that any active site mutation perturbs the structure of ICS and SAS enzymes 
sufficiently to prevent the 1,5-SN2′′ displacement performed by all MST enzymes from being 
catalyzed.  Five of the six active site residue point mutations made in the ICS E. coli MenF 
rendered the protein totally inactive, and the sixth (L255A) had ICS activity that was greatly 
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impaired [45].  Similarly, three of the four active site residue point mutations made in the SAS 
Irp9 [58, 349] and all of the five active site residue point mutations made in the SAS MbtI [61] 
resulted in totally inactive protein; only Irp9 Y372W and Y372F had very low SAS activity.  
Apparently, only active site mutations abolish normal activity in MST enzymes: assay of a large 
number of point mutants in the AS enzymes S. marcescens TrpE [349] and rice ASA2 [350] 
showed that active site mutants had little or no AS activity, whereas most other mutants had 
normal or even increased activity. 

Among the many MST enzyme point mutants that lacked their native activity was E. coli 
MenF A344T, a homolog of the AtICS1 A472T and AtICS2 A467T mutants shown above to be 
functional CM enzymes.  MenF A344T and all the other ICS-inactive MenF point mutants [45] 
were not assayed for CM activity, nor were a number of otherwise inactive SAS [58] and AS 
[350] enzyme point mutants.  However, all of the five active site residue point mutations made in 
the SAS enzyme MbtI have been shown to act as chorismate mutases [61] by spectroscopic 
measurement of the phenylpyruvate generated by the exposure of the putative product 
prephenate to strong acid (see Appendix 2 for the description of an identical assay).  
Furthermore, though all five of these mutations altered wildly different functionalities in the 
MbtI active site, they all catalyzed the chorismate mutase reaction with similar catalytic 
efficiencies (kcat/KM = 0.022-0.05 µM-1 min-1; see [61]).  These results are consistent with those 
obtained for the several AtICS2 mutants, which appear to catalyze the chorismate mutase 
reaction at similar rates without regard to the nature of the point mutation.  However, the AtICS2 
mutants have also been shown to catalyze a second, slower dehydratase reaction on the 
prephenate product of the initial CM reaction (see the schematics in Figures 4.8 and 4.11).  
Assaying inactive point mutants in the SAS Irp9 and the AS TrpE directly by 1H NMR showed 
that most of the substrate chorismate is converted over 4 hours to phenylpyruvate instead of 
prephenate, and the realization that the prephenate dehydratase reaction was enzyme-catalyzed 
led to the proposal that Irp9 Glu240 – the putative active site general acid in MST enzymes 
(Glu308 in the AS S. marcescens TrpE and Glu361 in AtICS2; see Figure 1.8) – is also assisting 
prephenate dehydration in these mutants [349].  As phenylpyruvate formation was not assayed in 
any other study, it is entirely possible that all of the other active site point mutants in MST 
enzymes mentioned above are actually functional CM-prephenate dehydratase enzymes, 
provided that they possess the putative general acid glutamate residues in their active sites. 

There are several possible explanations for why mutations in active site residues would 
inactive the 1,5-SN2′′ displacement activity of MST enzymes in general, and transform AtICS2, 
TrpE, and Irp9 – and possibly many other MST enzymes – into chorismate mutases in particular.  
Larger side chains in the mutant enzymes – like in AtICS2 A467T – could sterically hinder the 
approach of the nucleophile in the displacement (though this does not explain the CM activity).  
However, the fact that most of the point mutants characterized possess residues that are smaller 
than those they replace, and given that virtually no MST enzymes mutated in the active site have 
any displacement activity at all, suggests the existence of a more complex phenomenon.  Another 
possibility is that a single active site mutation – or several, as in the case of the AtICS2 mutants – 
deforms the active site structure so much that the enolpyruvate moiety of chorismate can flip 
from the position with its re face presented to the ring (see Figure 4.2) – as seen in wild type 
MST enzymes – to the position with its si face presented to the ring (see Figure 4.1) – a 
conformation found in the transitions states of the uncatalyzed and CM-catalyzed rearrangements 
[44].  However, several pieces of evidence suggest that the active sites of these mutants are still 
highly ordered, likely preventing the lowest energy chair-like transition state for the CM reaction 
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shown in Figure 4.1 from being achieved.  First, the similarity in the (relatively high) CM 
specific activities of AtICS2 A467T and wild type AtCM1, as well as the similarity in the 
catalytic efficiencies of CM activity in the various MbtI point mutants [61], all suggest that these 
various enzyme active sites remain similarly ordered.  As the enolpyruvate group is held in place 
in MST enzymes by hydrogen bonds to as many as four amino acid residues – specifically, Irp9 
Arg391 (shown in Figure 4.2), as well as the side chains of its Tyr372 and Lys424 residues [317] 
(not shown) and the main chain nitrogen of its Gly405 residue [61] (not shown) – flipping of the 
enolpyruvate moiety would require a massive reorganization of the active site.  The various 
different MST enzyme point mutants indicated above would not likely all reorganize their 
respective active sites in the same manner.  Second, a relatively disorganized active site would 
not be able to bias the substrate against spontaneous elimination to form PHBA (shown in Figure 
4.1), but no significant PHBA production was observed for any of the AtICS2 mutants (Figure 
4.16).  Third, some Irp9 and TrpE mutants catalyze 1,5-SN2′′ displacement reactions and CM-
prephenate dehydratase reactions simultaneously [349].  This strongly suggests that the 
conformation of the active site chorismate in these mutant enzymes does not change regardless 
of whether it is undergoing the displacement or the chorismate mutase reactions. 

There is also evidence from wild type MST enzymes that conventionally-bound 
chorismate is able to rearrange to prephenate.  Wild type TrpE – an AS – was shown to convert 
30% of its chorismate substrate to prephenate over 4 hours when no ammonium is present, and 
wild type Irp9 – an SAS – converts 12% of its chorismate to phenylpyruvate over the same time 
span [349].  This result suggests that the chorismate mutase reaction is catalyzed at a significant 
rate by MST enzymes operating under standard conditions, though only the SAS enzyme in this 
case is able to then catalyze the prephenate dehydratase reaction.  In addition, wild type MbtI – 
an SAS – has no displacement activity in the absence of Mg2+, but has a value for CM catalytic 
efficiency that is only three-fold lower than its value for SAS catalytic efficiency in the presence 
of Mg2+ [61].  As structural studies of the closely related ICS enzyme E. coli MenF show active 
site residues being similarly positioned in the presence and absence of Mg2+ [53], the above 
result also suggests that whatever active site reorganization has occurred in the absence of Mg2+ 
does not permit the enolpyruvate moiety to significantly change its orientation.  As a result, the 
chair-like mechanism for the chorismate mutase reaction shown in Figure 4.1 cannot be 
achieved.  A more strained boat transition state for the enzymatic CM reaction of chorismate 
would present the re face of the enolpyruvate to the substrate ring and is consistent with all the 
above data (see Figure 4.17), though its existence could only be confirmed by the use of 
stereospecifically labeled chorismate.  Computational studies indicate that the boat transition 
state for the Claisen rearrangement is 5-6 kcal/mol higher in energy than the chair-like transition 
state [351], though the reaction could possibly proceed via a lower energy twist-boat transition 
state. 

All of the above data raise the possibility that the chorismate mutase reaction is catalyzed 
by all MST enzymes that are binding substrate normally, and that it proceeds at a rate that is 
competitive with the 1,5-SN2′′ displacement reaction.  Thus, when the displacement reaction 
cannot proceed due to the absence of the Mg2+ required for chorismate ring activation, or because 
the required ammonia nucleophile is not present (as in the case of the wild type AS described 
above), or because the enzyme is mutated in a key catalytic residue, the MST enzyme could 
function exclusively as a CM enzyme, usually – though not always – with a secondary 
prephenate dehydratase activity provided by general acid catalysis from an active site glutamate 
(AtICS2 Glu361 in Figure 4.17).  This phenomenon may be general for all MST enzymes, 
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although as mentioned above, CM activity has been assayed for only a very few of their mutants.  
Consideration of the fact that the amino acid residues mutated in the four AtICS2 mutants above 
– as well as those of several of the other SAS enzyme mutants shown to have CM activity [61] – 
are not likely involved in ICS catalysis raises the issue of why altering these residues abolishes 
displacement activity.  The reason could be due to increased flexibility in the active site.  
Though, as discussed above, the unchanged active site amino acids likely interact with 
chorismate in the same manner in both mutant and wild type enzymes, all of these mutants have 
necessarily undergone realignment.  This could prevent ring activation by failing to bring the 
magnesium-binding site in perfect alignment with the C1 carboxylate of chorismate.  
Alternatively, this could permit the entry of solvent water, which would be problematic for 
displacement catalysis in MST enzymes as every residue proposed [45] to be involved in this 
catalysis requires a non-polar environment in order to attain the proper protonation state: ICS and 
SAS enzymes would require a deprotonated lysine residue to activate water for nucleophilic 
attack, AS, ADCS and ADICS enzymes require deprotonated ammonium ion to act as a 
nucleophile, and all MST enzymes would require a protonated glutamate residue to activate the 
C4 hydroxyl group of chorismate for ring substitution (see Chapter 1 and Figure 1.8 for this 
proposed mechanism).  The protonation states required for the active site residues in this putative 
mechanism can only be achieved in a non-polar active site environment, and any active site 
mutation that caused water to be admitted would tend to polarize the active site, alter these 
protonation states, and abolish displacement catalysis, leaving the enzyme only its residual CM 
activity. 

The inability of the various AtICS2 mutants to catalyze ring displacement made it 
impossible to draw any conclusions about the effects of these particular MST active site residues 
on secondary pyruvate lyase catalysis.  However, the ubiquity of the specific active site threonine 
that hydrogen bonds to the C2 substituent (Thr348 in Irp9; see Figure 4.2) in MST enzymes that 
have pyruvate lyase activity strongly suggests that it plays a key role in this process.  It is likely 
that elements of the protein outside the active site influence catalysis – possibly by ensuring a 
non-polar environment within the active site – and that a full complement of mutations 
compensatory to the presumably key AtICS2 A467T mutation would involve residues not 
indicated in Figure 1.7.  A set of mutations throughout the protein that permits the ring 
displacement reaction of wild type MST enzymes would deplete chorismate, thus preventing the 
undesirable CM reaction.  A set of mutations that accomplishes this, while simultaneously 
preventing the disappearance of the intermediate, should favor the elimination of pyruvate to 
form aromatic product.  This could be accomplished by reduction of the off rate of the 
intermediate by a transient bond across the active site cleft [53], or by minimization of the back 
reaction to chorismate.  Though the active site threonine residue may facilitate the pyruvate lyase 
reaction by altering the conformation of the intermediate (see Figure 4.2), another possibility is 
that the hydrogen bond it forms to the putative general acid glutamate slows the back reaction to 
chorismate by stabilizing the carboxylate, making it less basic. 

A comprehensive proposal for the enzymatic mechanisms of the actual and ideal mutant 
AtICS2 activities is detailed in Figure 4.17.  None of the AtICS2 mutants has the 1,5-SN2′′ 
displacement activity common to all MST enzymes, and I propose here that this is due to the 
absence of ring activation by Mg2+ and/or protonated Lys311 being unable to activate water for 
nucleophilic attack.  All of the AtICS2 mutants have chorismate mutase activity, however, and I 
propose that this irreversible rearrangement proceeds via a boat or a twist-boat transition state 
with the re face of the enolpyruvate oriented toward the substrate ring.  I further propose that the  
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prephenate so generated is quantitatively converted to phenylpyruvate by a secondary prephenate 
dehydratase activity: Glu361 protonates the 4-hydroxyl group, neutral water leaves, and the ring 
undergoes irreversible decarboxylative aromatization.  The hydrogen bond between the 
carboxylate of Glu361 and the side chain hydroxyl of Thr467 is likely not necessary for this 
process to occur.  I also propose that mutation at additional positions could permit Mg2+ to bind 
substrate properly and allow the active site to maintain its non-polar status – though these 
positions likely lie outside the active site – and that this these AtICS2 mutants would act as SAS 
enzymes.  Properly bound Mg2+ and a deprotonated Lys311 side chain can convert chorismate to 
isochorismate with the assistance of the general acid Glu361.  This reaction is reversible in ICS 
enzymes, though in the ideal SAS described here the back reaction to chorismate is likely 
suppressed.  This suppression could be due to some combination of a conformational change in 
isochorismate like that predicted in Figure 4.2, and the inability of Glu361 to deprotonate water 
for attack at C4 due to stabilization of its side chain carboxylate by a hydrogen bond with 
Thr467.  The bound isochorismate intermediate is then able to undergo an irreversible pyruvate 
lyase reaction via the transition state shown in Figure 4.2, producing SA and pyruvate. 

It is clear that these mutant enzymes are not performing the ICS reaction, and that 
consequently, isochorismate is not being formed.  In addition, they do not form SA and thus have 
not been converted to functional SAS enzymes.  Instead, they convert chorismate to 
phenylpyruvate via mechanisms (shown in Figure 4.17) that may be general for all MST 
enzymes, as every member of this enzyme class possesses an active site structure that is suited to 
catalysis of the CM and prephenate dehydratase reaction.  Indeed, it appears that the default 
activity of MST enzymes may be CM activity, and that specific constraints are required for ICS, 
IPL, or SAS activities.  Therefore, my work elucidates plasticity residues associated with this 
evolved specificity. 
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Detailed biochemical data for AtICS1 and AtICS2, as well as multiple mutants of both, 
has been provided in this thesis.  Both proteins are shown to be monofunctional ICS enzymes 
with similar biochemical characteristics (Figure 5.1).  AtICS1 and AtICS2 catalyze the 
transformation of chorismate to isochorismate with apparent equilibrium constants of 0.89 and 
0.76, respectively, both of which are in excellent agreement with the apparent equilibrium 
constant calculated (0.83) for this reaction under approximately physiological conditions [315].  
Like all other known MST enzymes, AtICS1 and AtICS2 activity depends absolutely upon the 
presence of magnesium ion, and they have KM values for Mg2+ of 193 µM and 573 µM, 
respectively.  Both of these values are far below the lowest estimated value for chloroplast 
magnesium concentration (1 mM in dark conditions; see [7]), suggesting that any enzyme 
present in the chloroplast will not have its activity limited by magnesium deficiency.  AtICS1 
(≥80% maximal activity from pH 6.5-10.0) possesses a much broader tolerance of pH change 
than does AtICS2, consistent with a role for AtICS1 in stress-induced biosynthesis of the defense 
hormone SA.  AtICS2 is more sensitive to changes in pH (≥80% maximal activity from pH 6.5-
8.0), which is consistent with its involvement in the biosynthesis under high light (the chloroplast 
pH = ~8 in light; see [7]) of phylloquinone associated with the photosystems.  Both of these 
enzymes retain activity at a broad range of temperatures (≥80% maximal activity from 4 °C – 44 
°C, equivalent to 39 °F – 111 °F), consistent with their ability to operate at every possible 
ambient temperature.  AtICS1, however, has an exceptionally high activity (≥90% maximal 
activity) at 4 °C, validating the proposal for its role in SA biosynthesis, particularly as SA is 
known to be involved in cold acclimation and cold-tolerant growth (see Chapter 2).  All of these 
data are consistent with the involvement of AtICS1 in inducible SA biosynthesis under 
conditions of plant stress, and with the involvement of AtICS2 in low-level biosynthesis of 
phylloquinone associated with plastid development. 

The KM values for chorismate of each of these enzymes suggest that they can compete 
effectively with other chorismate-utilizing enzymes in the chloroplast of Arabidopsis.  Using the 
coupled continuous spectrophotometric assay, I determined that mature AtICS1 and mature 
AtICS2 have apparent KM values for chorismate of 41.5 µM and 17.2 µM, respectively.  Under 
plant stress conditions, AtICS1 – but not the uninduced AtICS2 – must compete with other 
stress-induced, chloroplast-localized chorismate-utilizing enzymes.  For example, AtICS1 and 
AtASA1 are induced in response to bacterial pathogens [68, 81], and defense-related products of 
these pathways – camalexin, made via anthranilate (see Figure 1.9), and SA, made via 
isochorismate (see Figure 1.12) – are detected in parallel (data not shown).  AtASA1 
(At5g05730) has an apparent KM for chorismate of 180 µM [75] and thus competes poorly with 
AtICS1 for available chorismate (Figure 5.2).  In contrast, past comparison of apparent KM 
values for chorismate of elicitor-induced C. roseus ICS isoforms (558 and 319 µM; see [139]) 
with AS (67 µM; see [352]) did not favor ICS.  AtCM1 (At3g29200) is also induced in response 
to bacterial pathogens [66, 67] but has an apparent KM of 2900 µM (2.9 mM) for chorismate 
[67].  However, it is possible that this KM for chorismate is artificially high due to the presence of 
the chloroplast transit sequence, or because it actually functions as an IPL enzyme.  
Alternatively, because phenylpropanoids typically dominate other chorismate-derived pathogen-
induced products, this higher KM may be physiologically relevant, resulting in increased flux 
only when sufficient chorismate is available.  In addition, both AtASA1 and AtCM1 activities 
are allosterically modulated by the aromatic amino acids of the shikimate pathway [66, 67, 75], 
whereas there has been no evidence for allosteric regulation of a plant or bacterial ICS enzyme  



 

 136 



 

 137 



 

 138 

[139, 296].  Therefore, should these enzymes be expressed in the same cells, it appears that 
AtICS1 could successfully direct available chorismate to the production of SA. 

The strong binding of AtICS1 and AtICS2 to chorismate implied by their low KM values 
also suggests the possibility that they can compete with a subset of chorismate-utilizing enzymes 
involved in constitutive aromatic amino acid and folate production (see cytoplasmic compounds 
in black text in Figure 5.2).  For example, both AtICS1 and AtICS2 could successfully compete 
for chorismate with both characterized chloroplast Arabidopsis chorismate mutases [66, 67], as 
implied by their over 10-fold lower and over 40-fold lower KM values for chorismate, 
respectively, and this would allow Arabidopsis ICS enzymes to easily divert chorismate away 
from phenylalanine and tyrosine production (AtCM3 KM for chorismate is 420 µM, whereas 
AtCM2 is not predicted to be chloroplast-localized).  Similarly, AtICS1 has a two-fold higher KM 
value for chorismate than AtASA2, and AtICS2 has a two-fold lower KM value for chorismate 
than AtASA2 (chloroplast-localized AtASA2 has a KM for chorismate of 21 µM; see [76]).  This 
suggests that both can divert chorismate from AtASA2-mediated production of tryptophan with 
some success.  Also, AtICS1 has a 33-fold higher KM value for chorismate than does the recently 
characterized Arabidopsis aminodeoxychorismate synthase (ADCS), and AtICS2 has an eight-
fold higher KM value for chorismate than does AtADCS (AtADCS KM for chorismate = 1.3 µM; 
see [80]).  This suggests that AtADCS-mediated flux toward folate production will continue in 
the presence of either ICS enzyme, highlighting the importance of this cofactor.  However, as 
folate is not produced in large amounts by the plant (1.0 nmol/ g fresh weight of plant tissue; see 
[353]), chloroplast chorismate is not depleted by AtADCS, and ample chorismate is available for 
diversion to SA or phylloquinone production by ICS enzymes. 

For AtICS2 to be involved in phylloquinone biosynthesis, it would need to act as a 
monofunctional ICS enzyme.  On the other hand, because AtICS1 expression is highly 
coordinated with SA accumulation (see Chapter 1 and [301, 302]), it was surprising to find that 
AtICS1 was also a monofunctional ICS instead of a bifunctional SAS.  Residues essential to SAS 
IPL activity have yet to be determined ([94, 139, 323], and see Chapter 4); therefore, homology 
modeling was performed on known monofunctional ICS enzymes involved in SA biosynthesis 
(AtICS1 and Pae PchA) – as well as the only other confirmed SAS M. tuberculosis MbtI [317] – 
using the crystal structure of the SAS Y. enterocolitica Irp9 in complex with its reaction products 
SA and pyruvate [58].  As expected, the homology modeling of AtICS1 with Irp9 indicated that 
the active site is highly conserved – except that an Irp9 threonine residue whose side chain 
hydroxyl is within hydrogen bonding distance to the putative general acid glutamate is an alanine 
in AtICS1 (see Chapter 4 and Figure 4.5).  This threonine is conserved in all MST enzymes 
known to have pyruvate lyase activity – namely, the SAS MbtI and all AS enzymes – and is an 
alanine in all known ICS enzymes, and modeling studies suggest that the orientation of this 
threonine allows its backbone carbonyl to hydrogen bond to the C2 substituent of isochorismate 
in SAS [323] and aminodeoxyisochorismate (ADIC) in AS [338].  However, mutation of the 
homologous alanine residue to a threonine in several ICS enzymes – namely, AtICS1 and 
AtICS2 (Chapter 4), as well as E. coli MenF [45] – abolished ICS activity, hampering any study 
of the factors involved in SAS activity.  It is still entirely possible that this active site threonine 
plays a key role in the pyruvate lyase reaction in both SAS and AS enzymes, but it is clearly the 
case that other factors are necessary for this activity.  For example, the two ADIC synthases 
characterized to date – PhzE [354, 355] and SgcD [356] both catalyze the first half reaction of 
AS – also have a threonine at this position.  Perhaps other amino acid residues outside the active 
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site, or global protein conformational changes due to a binding event with a small molecule 
effector or other protein, help activate pyruvate lyase activity (see Chapter 4). 

Given that monofunctional ICS and bifunctional SAS enzymes exhibit a high degree of 
overall structural similarity and a highly conserved active site in which only a few residues are 
likely responsible for ICS versus SAS activity (see Chapter 4), we would expect to observe 
positive selection for either monofunctional ICS or bifunctional SAS enzymes in plants.  To date, 
only monofunctional plant ICS activities have been reported (herein and [139, 290, 291]).  It 
should be noted, however, that previous studies characterizing plant ICS enzymes did not 
examine those associated with SA biosynthesis and did not specifically look for a product other 
than isochorismate.  Recently, PHYLLO, a fusion of a non-functional, 5′-truncated ICS and three 
full-length individual bacterial genes involved in bacterial menaquinone biosynthesis, was 
reported to be required for phylloquinone production in Arabidopsis ([95]; see Chapter 1 and 
Figure 1.11).  The architecture of the fused PHYLLO locus is conserved in the nuclear genomes 
of plants and green algae, with gene fission and inactivation of the ICS module of PHYLLO 
occurring in higher plants.  Therefore, whereas green algae encode a multifunctional enzyme 
involved in the conversion of chorismate to a naphthoquinone or anthraquinone intermediate 
(such as 1,4-dihydroxy-2-napthoate), higher plants require an independent ICS for initial 
production of isochorismate from chorismate (see [95], and Figure 5.1) providing strong support 
for positive selection for multiple monofunctional ICS enzymes in plants. 

What would be the advantage of monofunctional plant ICS enzymes?  First, as 
monofunctional ICS enzymes catalyze the reversible conversion of chorismate to isochorismate, 
expression of a monofunctional ICS would not drain chorismate from other plastid-localized 
chorismate-utilizing pathways such as aromatic acid biosynthesis or phenylpropanoid production 
(see Figure 5.2).  This is a valid concern, as our kinetic measurements suggest that AtICS1 could 
potentially compete for chorismate with constitutively expressed, chorismate-utilizing enzymes 
associated with aromatic acid biosynthesis (for example, [67]).  Furthermore, constitutive 
expression of a PchBA SAS fusion protein in Arabidopsis resulted both in a >20-fold increase in 
SA levels and in severe dwarfism/infertility [313].  The severity of the dwarfism/infertility 
phenotype compared with mutants constitutively overexpressing SA is most likely due to the 
channeling of chorismate to SA at the expense of other essential chorismate- and isochorismate-
derived products (for example, aromatic amino acids, and phylloquinone, respectively), as the 
KM of PchA for chorismate [296] is 10-fold higher than that of AtICS1. 

Second, expression of multiple monofunctional ICS enzymes could allow for 
isochorismate to be channeled to different products (for example, SA, induced naphthoquinones 
or anthraquinones, and phylloquinone) depending upon co-expression of downstream enzymes 
(see Figure 5.2).  For example, though AtICS1 expression and function is associated with 
induced SA biosynthesis, it may also contribute to the synthesis of other isochorismate-derived 
products (for example, [95, 137]).  Indeed, examinations of phylloquinone biosynthesis have 
found that only the ics1ics2 double mutant – but not single ics1 or ics2 mutants – result in 
phylloquinone deficient phenotypes [83, 95], suggesting that either both Arabidopsis ICS 
enzymes contribute isochorismate for phylloquinone biosynthesis in wild type plants, or that one 
ICS compensates for a deficiency in the other.  In the case of SA biosynthesis, the Arabidopsis 
ics1 single mutant was sufficient to abolish pathogen-induced SA accumulation; however, low-
level endogenous SA production was unaffected [81, 149].  As AtICS2 is not significantly 
induced in response to pathogens, its expression may be insufficient to functionally complement 
induced SA biosynthesis.  To determine whether AtICS1 can channel isochorismate to different 
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products, it would be useful to examine whether AtICS1 can form complexes with different 
enzyme partners depending upon the developmental stage or biotic/abiotic stressor. 

Third, multiple monofunctional ICS enzymes could provide partial functional redundancy 
for the robust synthesis of essential compounds – such as phylloquinone – from isochorismate.  
Gene duplication is a common means of facilitating the robustness of metabolic pathways [357, 
358].  Robustness is typically defined as a measure of the ability of a biochemical network to 
withstand perturbations.  Indeed, as mentioned above, the ics1ics2 double mutant exclusively 
displayed the phyllo phenotype: no phylloquinone, 5-15% of wild type PSI activity, bleached 
leaves, and seedling lethality [95]. 

As both AtICS1 and AtICS2 are shown here to be monofunctional enzymes, the identity 
of the IPL enzyme involved in SA production remains unknown.  What might be the identity of 
the secondary IPL enzyme involved in SA production?  Chapter 4 shows that of the Arabidopsis 
CM1, CM2, and CM3 enzymes, only CM1 had IPL activity, despite the fact that all are 
homologous to the known IPL P. aeruginosa PchB [298].  Though the in vitro rate of the IPL 
reaction catalyzed by AtCM1 is not sufficient to produce the SA required for plant defense, the 
in planta rate of this reaction could be far higher; this is being further investigated.  However, a 
putative fourth CM enzyme (At3g07630) has yet to be characterized, and may possess this 
activity.  Another possibility is that the AtICS1 transcript could experience an alternative splicing 
event that confers IPL activity to it in addition to the ICS activity.  Any such alternative 
transcript must necessarily produce a protein with only a few changes to its amino acid sequence, 
as MST enzymes possess highly conserved active sites that tolerate substitution poorly (see 
Chapter 4).  As discussed above, an alanine to threonine mutation at position 472 in the amino 
acid sequence of AtICS1 would be one promising candidate, though other mutations must 
accompany it to preserve the ICS activity of the enzyme (see Chapter 4).  Alanine-to-threonine 
mutations have precedence in human biology, as the most common mutation in prostatic steroid 
5α-reductase – a protein whose inactivation often leads to prostate cancer – involves this point 
mutation at position 49 of its amino acid sequence (via a G888A missense mutation in the 
nucleotide sequence; see [359]).  A third possibility for the source of the required IPL activity 
would be induction of IPL activity in AtICS1 by a conformational shift in the protein.  For 
example, AtICS1 could function as an ICS enzyme normally, but as an SAS enzyme in complex 
with another chloroplast protein.  AtICS1 is relatively insoluble compared to the nearly identical 
AtICS2 (see Chapters 2 and 3), and could be associating with the chloroplast transmembrane 
protein EDS5 [266]; this could have the twin advantages of channeling chorismate to SA by the 
induction of IPL activity in AtICS1, and of routing the newly synthesized SA immediately to the 
cytoplasm where it has efficacy.  A requirement for EDS5 association in effecting SAS activity 
would prevent chorismate depletion by AtICS1 when no transporter is available for SA export 
from the chloroplast. 

Knowledge of chorismate utilization in plants is critical to our understanding of 
fundamental plant biochemistry in the context of aromatic amino acid and vitamin biosyntheses 
(see Figure 1.6).  SA is another chorismate-derived product that mediates the plant defense 
response, and there are many anti-microbial and anti-herbivory agents biosynthesized from 
chorismate in plants (see Chapter 1).  In addition, awareness of the functional evolution and 
diversity of the isochorismate synthase and chorismate mutase enzymes in one tractable plant 
system (Arabidopsis thaliana) allows insight into mechanisms and means by which new or 
alternate reactions evolve.  This is especially true for chorismate mutases, as genes encoding 
enzymes that catalyze new reactions – in particular, the IPL enzymatic reaction catalyzed by 
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PchB – have evolved from genes encoding CM enzymes.  In fact, chorismate mutases have been 
frequently engineered to display novel protein function [360].  By coupling biochemical 
analyses, subcellular localization studies, active site modeling, and analysis of ICS and CM 
Arabidopsis knockout lines, a detailed understanding of the enzymatic capacity and in vivo 
function of these enzymes could be elucidated. 
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INTRODUCTION 
 

AtICS1 is the first enzyme of the SA biosynthetic pathway required for both local and 
systemic acquired resistance in the plant Arabidopsis thaliana [81].  This discovery was made by 
thorough characterization of the of the ics1 knockout mutant phenotype.  AtICS1 expression was 
induced in wild type plants infected with the pathogenic bacterium Pseudomonas syringae, and 
the time course of its expression correlated with that of PR-1, a molecular marker of systemic 
acquired resistance [81].  These genes were not expressed in the ics1 mutant plant, making it far 
more susceptible to pathogen attack.  Unlike wild type plants, ics1 does not develop SAR, a 
phenomenon for which SA is known to be required [81].  This SA deficiency, and the known 
homology between AtICS1 and biochemically characterized bacterial ICS enzymes, strongly 
suggested that AtICS1 was an ICS enzyme.  Nevertheless, this biochemical activity had to be 
characterized directly to further define AtICS1 protein function. 

E. coli protein overexpression strategies are extremely popular, as E. coli is cheap to 
grow, its genetics and physiology are well known to the scientific community, and strains 
producing 30% or more of their total protein as the overexpressed gene product can be obtained 
[295].  There are two principal drawbacks, however, to using E. coli expression systems.  The 
first is that plant and other eukaryotic proteins do not receive proper post-translational 
modification in prokaryotic organisms like E. coli.  The second is that proteins overexpressed in 
E. coli often form so-called “inclusion bodies”, or insoluble aggregates of the protein – these are 
generally misfolded and not easily purified by conventional means, being found in the pelleted 
fraction of the cell extract and not the supernatant.  Both of these factors can contribute to low 
yields of active protein from the purification.  The formation of inclusion bodies can be partly 
ameliorated by reducing the rate of protein induction, which keeps the concentration of newly 
formed protein low, allowing it to fold properly before any aggregation event has a chance to 
occur.  There are two ways of doing this: by reducing IPTG levels (e.g. from 1.0 mM to 0.1 mM) 
and by lowering the temperature used during induction (e.g. 37 °C to 18 °C) [361].  Though 
these strategies were employed with great success in the overexpression and purification of His6-
tagged AtICS2 (see Chapter 3), His6-tagged AtICS1 was still purified in relatively small 
quantities (though successfully; see Chapter 2).  This was somewhat surprising, as the sequences 
of the two proteins are 83% identical [81]. 

The His6-tag is undeniably the most popular affinity tag used in the purification of 
recombinant proteins.  However, overexpression and purification of proteins containing this tag 
is complicated by the fact that the process requires somewhat unfavorable conditions: 500 mM 
imidazole is required to elute the protein, and the resin can tolerate only very little protein-
stabilizing reductant.  Furthermore, the His6-tag does not confer additional solubility to the 
recombinant protein.  Many other affinity tags have been developed and are in widespread use 
for the overexpression and purification of fusion proteins.  The calmodulin-binding peptide 
(CBP) is a 26-amino acid peptide encoded by the pCAL-n-FLAG plasmid (produced by 
Stratagene), and a protein sequence that is inserted in register with the tag sequence at its amino-
terminus produces a CBP-protein fusion that can bind calmodulin in the presence of calcium ion.  
The remarkable affinity of calmodulin for CBP (KD = 10-9 M) in the presence of calcium allows 
for an extremely sensitive and mild chromatographic purification by immobilized calmodulin 
resin [362].  Addition of a chelating agent like ethylene glycol tetraacetic acid (EGTA) 
effectively removes the calcium from solution, disrupting the CBP-calmodulin interaction and 
allowing the recombinant protein to elute from the column.  Another attractive feature of fusion 
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proteins generated by constructs in the pCAL-n-FLAG vector is that the 41-amino acid tag 
possesses an eight-amino acid FLAG epitope that abuts the CBP.  A commercially available anti-
FLAG antibody allows the researcher to perform Western blots on the target protein. 

The maltose-binding protein (MBP), on the other hand, is a 42.5 kDa protein that is 
encoded by the pMAL-c2X plasmid (produced by New England Biolabs), and a protein sequence 
that is inserted in register with this tag sequence at its amino-terminus produces a MBP-protein 
fusion that can bind maltose.  MBP has a KD for maltose of 3.5 µM [363], and can be purified by 
chromatography with amylose (a polymer of maltose) resin.  Though this affinity purification 
process is also quite mild, it is not as sensitive as that for the purification of CBP fusion proteins.  
Additionally, this fusion has no FLAG peptide, and the tag itself is a large protein that may 
interfere with the activity of the fusion.  Nevertheless, this construct possesses the major 
advantage of conferring unusually high solubility on the fusion product.  This is particularly 
useful for the production of proteins that tend to form inclusion bodies, as the greater solubility 
provided by the MBP tag minimizes the oligomerization rate, thereby allowing the protein to 
fold properly.  There are a number of other affinity tags that have been designed to perform the 
same function, among them thioredoxin (TRX) and glutathione S-transferase (GST), but several 
studies have shown the maltose-binding fusion proteins to be the most soluble of this class [364, 
365].  For the reasons described previously, I concluded that both the CBP-AtICS1 and the 
MBP-AtICS1 fusions were likely to provide a higher yield of protein after overexpression and 
purification of than would the His6-AtICS1 fusion described in Chapter 2. 
 
 
MATERIALS AND METHODS 
 
Materials and General Protocols 

All specialty reagents and chemicals were obtained from Sigma-Aldrich unless otherwise 
specified.  HPLC-grade solvents (EMD Biosciences) were employed in the HPLC analyses.  
Barium chorismate (Sigma C-1259, 60-80% purity) was used in all assays.  For selection and 
growth of transformed cells (described below):  pCAL-n-FLAG and pMAL-c2X derivatives 
were selected with 100 µg/ml ampicillin; E. coli BL21-CodonPlus(DE3)-RIL cells were selected 
with 30 µg/ml chloramphenicol.  Commonly utilized protein and molecular biological reagents 
and protocols were prepared/performed as in Current Protocols in Molecular Biology [295]. 
 
Cloning, Expression and Attempted Purification of Recombinant CBP-AtICS1 

The AtICS1 coding region (without the chloroplast transit sequence) was PCR amplified 
from Aradibopsis thaliana ecotype Columbia-O cDNA isolated from induced leaves (forward 
primer:  5’-gacgacgacaagatgtctatgaatggttgtgat-3’; reverse primer:  5’-
ggaacaagacccgttcaattaatcgcctgtagag-3’) and inserted as an AlwNI/DraIII fragment into the 
AlwNI/DraIII sites of a pCAL-n-FLAG (Stratagene) construct already containing a point mutant 
of mature AtICS1 (obtained from Dr. Mary Wildermuth).  The resulting construct, pMAS-I-110-
2, contains an amino-terminal calmodulin-binding peptide tag in sequence with a FLAG epitope 
tag, fused to amino acid 45 of the AtICS1 coding region.  The pMAS110-2 AtICS1 coding 
sequence was confirmed to be identical to AtICS1 sequence AY056055 (At1g74710.1). 

E. coli BL21-CodonPlus(DE3)-RIL cells (Stratagene) were transformed with this 
plasmid.  Crude cell extracts were prepared from a 5 L culture of transformed cells in LB media 
containing 100 µg/ml ampicillin and 30 µg/ml chloramphenicol.  Cultures were grown at 37 °C 
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to mid-log phase, 0.1 mM IPTG was added to induce CBP-AtICS1 synthesis, and cells were 
harvested after 16 hours at 19 °C (~48 g wet weight) and stored at –20 °C.  Upon thawing, the 
cells were resuspended in 50 ml of cold Ca2+ binding buffer (50 mM Tris-HCl, pH 8.0, 150 mM 
sodium chloride, 1 mM magnesium acetate, 1 mM imidazole, and 2 mM CaCl2) containing 1 
mM DTT, 2 µM leupeptin, and 5 µg/ml DNase.  All subsequent operations were carried out at 4 
°C.  The cells were lysed by two passages through a French press at 18000 psi.  Following 
centrifugation, the supernatant was allowed to bind to 5 ml calmodulin affinity resin (Stratagene) 
by mixing with mild agitation on a rotary shaker for 12 hours.  The resin had been pretreated 
with Ca2+ binding buffer according to the manufacturer’s directions.  The slurry was then poured 
into a column, and the flow-through was collected in two portions.  After washing the column 
with 25 ml of Binding Buffer, protein was eluted with 30 ml of elution buffer (50 mM Tris-HCl, 
pH 8.0, 150 mM sodium chloride, 2 mM EGTA) containing 1 mM DTT.  Fractions were 
dialyzed into 50 mM potassium phosphate, pH 7.5, 10 mM MgCl2, 10% glycerol, 1 mM DTT, 
and then aliquoted and stored at –80°C. 

 
Determination of Protein Concentration 

Protein concentrations were determined by the method of Bradford, modified as 
described in Current Protocols in Molecular Biology [295]. 
 
Isochorismate Synthase Activity Assays 

The HPLC isochorismate synthase activity assay was performed as described in Chapter 
2. 
 
Immunoblot Analysis of CPB-ICS1 

Proteins were analyzed by SDS-PAGE using standard protocols [295], and stained with 
Coomassie Blue R-250 after transfer of protein to the nitrocellulose membrane.  Transfer to the 
membrane was conducted in 1× Tris-Glycine buffer containing 20% methanol for 90 minutes 
with a constant voltage of at 25 V.  All successive steps were carried out at room temperature 
using mild agitation.  The membrane was suspended overnight in 40 ml of 10% milk protein in 
1× TTBS (0.1% Tween-20 in 1× TBS).  The membrane was then incubated for 4 hours with 10 
µg/ml of mouse anti-FLAG antibody (Stratagene) in 10 ml of 1× TTBS containing 5% milk 
protein.  After washing the membrane 4 times in 200 ml of 1× TTBS for 10 minutes each to 
remove non-specifically bound primary antibody, incubation with a 1:3000 dilution of secondary 
goat anti-mouse antibody (conjugated to horseradish peroxidase; Bio-Rad) was carried out for 
one hour.  The membrane was again washed 4 times with 200 ml of 1× TTBS for 10 minutes 
each, and then was developed by applying one ml of ECL reagent (from Pierce, made according 
to the manufacturer’s directions) to the protein-bearing membrane surface.  The membrane was 
then wrapped in plastic wrap and exposed in the dark room using Biomax XAR film (Kodak). 
 
Cloning, Expression and Purification of Recombinant MBP-AtICS1 

The AtICS1 coding region (without the chloroplast transit sequence), including an amino-
terminal 34-base pair sequence containing the FLAG epitope from the pCAL-n-FLAG vector, 
was inserted as a BstUI/SalI fragment into the XmnI/SalI (BstUI and XmnI leave blunt ends) 
sites of pMAL-c2X (New England Biolabs).  The resulting construct, pMAS-II-58-7, contains an 
amino-terminal maltose-binding protein tag in sequence with a FLAG epitope tag, fused to 



 

 146 

amino acid 45 of the AtICS1 coding region.  The pMAS-II-58-7 AtICS1 coding sequence was 
confirmed to be identical to AtICS1 sequence AY056055 (At1g74710.1). 

E. coli BL21-CodonPlus(DE3)-RIL cells (Stratagene) were transformed with this 
plasmid.  Crude cell extracts were prepared from a 4 L culture of transformed cells in LB media 
containing 100 µg/ml ampicillin and 30 µg/ml chloramphenicol.  Cultures were grown at 37 °C 
to mid-log phase, 0.3 mM IPTG was added to induce MBP-AtICS1 synthesis, and cells were 
harvested after 23 hours at 18 °C (~40 g wet weight).  After resuspending the cells in 80 ml of 
cold column buffer (20 mM Tris-HCl, pH 7.4, 200 mM sodium chloride, 1 mM EDTA), the cells 
were stored at –20 °C.  Upon thawing, amounts of stock solution were added appropriate to 
effect the following working concentrations: 1 mM DTT, 2 µM leupeptin, and 5 µg/ml DNase.  
All subsequent operations were carried out at 4 °C.  The cells were lysed by two passages 
through a French press at 18000 psi.  Following centrifugation, the supernatant was diluted to a 
final volume of 400 ml with column buffer, and allowed to bind overnight for 12 hours with mild 
agitation to 10 ml amylose affinity resin (New England Biolabs) that had been pretreated 
according to the manufacturer’s instructions.  The slurry was then poured into a column, and the 
flow-through was collected in three portions.  After washing the column with 120 ml of column 
buffer, protein was eluted with 30 ml of elution buffer (above column buffer containing 10 mM 
maltose).  Fractions 3 through 9 (1 ml each) were concentrated using an Amicon Ultra-15 (10 
kDa molecular mass cutoff) ultrafiltration device (Millipore) to a final volume of ~1 ml, and then 
dialyzed into enterokinase cleavage buffer (50 mM Tris-HCl, pH 8.0, 50 mM sodium chloride, 2 
mM CaCl2, 0.1% Tween-20). 

Five separate enterokinase reactions were conducted on the MBP-AtICS1 fusion protein 
isolated above.  Each reaction was performed in 30 µl volumes in which MBP-AtICS1 has a 
working concentration of 1.2 mg/ml in enterokinase cleavage buffer.  Four separate reactions 
were carried out with varying amounts of enterokinase (Stratagene): 0.5 units, 1 unit, 2 units, and 
5 units.  A fifth control reaction was carried out simultaneously with no enterokinase.  Two other 
reactions were undertaken in 5 µl volumes of enterokinase cleavage buffer in which enterokinase 
Cleavage Control Protein (Novagen) was present at a working concentration of 0.6 mg/ml.  One 
of these reactions was incubated with 1 unit of enterokinase, the other with no enterokinase.  All 
seven reactions were incubated at room temperature for 4 hours. 
 
 
RESULTS 
 

CBP-AtICS1 is not soluble and forms inclusion bodies.  Dr. Mary Wildermuth had 
previously used ligation independent cloning to construct a number of unsequenced pCAL-n-
FLAG constructs that encoded all but the first 44 amino acids of AtICS1 (this is the bulk of the 
chloroplast transit sequence).  Upon sequencing, one was found to contain a single point 
mutation.  The authentic sequence was amplified from a cDNA library, and this fragment and the 
original construct were cut with the same restriction enzymes and gel purified.  Though this led 
to three separate fragments instead of two, all were ligated successfully to form the desired wild 
type AtICS1 pCAL-n-FLAG construct, as revealed by sequencing and restriction analysis. 

Expression and purification of CBP-ICS1 proceeded as described above.  As shown in 
the SDS-PAGE gel of the fractions from the purification (Figure A1.1), very little soluble protein 
was present in the supernatant, although the protein expressed normally.  Nevertheless, a protein 
of the same size as that predicted for CBP-AtICS1 (~62 kDa) eluted from the column after  
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exposure of the bound protein to EGTA.  Approximately 18 mg of this protein was isolated, but 
assay by HPLC showed that the protein had no ICS activity.  It was not clear whether this protein 
was inactive CBP-AtICS1 or a different protein whose binding to the calmodulin affinity resin 
was also Ca2+-dependent. 

In order to determine whether this eluted protein was CBP-AtICS1, immunoblot analysis 
was performed on dilutions of many of the purification fractions from the initial purification 
(Figure A1.2).  Though the eluted fractions are transferred to the membrane in this process, 
antibody specific to the FLAG peptide did not bind to any protein in the fractions.  This strongly 
suggests that the protein in question is not the one desired.  Moreover, identical bands in the 
IPTG-induced protein faction and in the pellet fraction – but not the supernatant fraction – bound 
antibody, confirming that the CBP-AtICS1 was present entirely in the form of inclusion bodies.  
That the antibody was specific for the FLAG peptide was demonstrated by the strong signal in 
the immunoblot lane abbreviated FP, which contained a FLAG-containing control protein. 

 
MBP-AtICS1 is soluble, but does not produce a protein with ICS activity.  The 

entirety of the AtICS1 coding region from the previously described pCAL-n-FLAG vector – also 
containing a short sequence at the amino-terminus of ICS1 that includes the coding region for an 
8-amino acid FLAG epitope – was cloned in register with the maltose-binding protein tag 
encoded in pMAL-c2X.  As shown in the SDS-PAGE gel of the fractions from the purification 
(Figure A1.3), the MBP-AtICS1 protein product is highly soluble – in fact, the supernatant 
fraction possesses relatively more fusion protein than the pellet fraction (data not shown).  MBP-
AtICS1 elutes cleanly over several fractions when maltose is added to the pre-loaded column.  
This purification also provides an exceptionally high yield of target protein (~17 mg/4 L culture).  
However, none of the fractions has ICS activity by HPLC assay. 

To judge whether the inactivity of MBP-AtICS1 was due to the presence of the relatively 
large MBP domain, cleavage of the fusion by exposure to the highly specific protease 
enterokinase to form the native AtICS1 protein was attempted.  The SDS-PAGE gel of this 
cleavage reaction (Figure A1.4) carried out at low concentrations of enterokinase (Lane R4) 
showed visible cleavage product (~57 kDa), as well as some uncleaved fusion and a very 
substantial amount of native protein degradation product.  The MBP domain was present (~42 
kDa), and appeared to suffer no additional cleavage.  In addition, a control protein (Lane Rb, 48 
kDa) was cleaved at its known enterokinase cleavage site to form two fragments of the expected 
molecular mass (Lane Ra, 32 kDa band is visible and 16 kDa band is not), demonstrating that 
enterokinase has the proper activity.  Though the evidence is strong that native AtICS1 is present 
in the mixture after cleavage, none of the fractions had ICS activity by HPLC assay. 
 
 
DISCUSSION 
 

Initial attempts at overexpressing and purifying active AtICS1 made use of a CBP tag.  
Ideally, I would have been able to take advantage of the ease of use and stringency of 
purification of the calmodulin affinity column.  A gene encoding an active fusion protein could 
have been introduced into Arabidopsis mutants missing the ICS1 gene; the presence of the 
FLAG epitope would have enabled in vivo immunofluorescence studies.  However, no active 
protein was obtained.  The insolubility of the AtICS1 target protein was a continual problem in 
this purification.  Though an outstanding amount of protein was eluted from the column (18 mg),  
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it was later demonstrated by immunoblot analysis to be a different protein than had been 
targeted.  The immunoblot shows conclusively that the protein in question has no FLAG epitope, 
meaning either that the FLAG had been removed approximately at the enterokinase cleavage site 
by some type of proteolysis, or that the protein in question has no identity to the CBP-AtICS1 
target.  The complete lack of ICS activity of this protein suggests the latter possibility. 

Though a successful procedure was ultimately developed for the production of AtICS1 
using a His6-tag (see Chapter 2), each individual 2 L preparation gave a yield of only 1 mg of 
AtICS1 typically.  As far more than that was needed for biochemical study, an attempt was made 
to develop an MBP-AtICS1 fusion protein that could be purified in large amounts.  In addition, 
the cloning was performed in a manner such that there was a FLAG epitope intermediate 
between the MBP domain and the AtICS1 target.  Though the MBP tag may have impaired the 
function of the AtICS1 fused to it, a Factor Xa cleavage site between the MBP domain and the 
FLAG epitope allows for separation of MBP and ICS1.  The existence of two cleavage sites also 
provides versatility – either the native AtICS1 or the FLAG-AtICS1 can be produced by 
cleavage with enterokinase or Factor Xa, respectively.  This strategy remains sound, though this 
particular protein was inactive whether present as an MBP-AtICS1 fusion or in its native form.  
However, the solubility of this MBP fusion protein (17 mg of MBP-AtICS1 were isolated) does 
demonstrate the ability of the MBP tag to solubilize relatively insoluble target proteins like 
AtICS1. 
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APPENDIX II 
 
 

DEVELOPMENT OF COUPLED CONTINUOUS SPECTROPHOTOMETRIC ASSAY 
FOR ICS ACTIVITY 
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INTRODUCTION 
 

The characterization of an enzyme necessarily involves the use of a reliable assay for its 
activity.  Though endpoint assays do provide useful information, a time course assay allows 
observation of the progress of the reaction.  The progress curve of an enzyme reaction is a plot of 
product concentration as a function of time, and it has several phases, the most widely observed 
of these being the steady-state phase.  This is a linear region of the progress curve, wherein each 
of the enzyme-bound intermediates in the course of the overall reaction is at a concentration that 
remains relatively constant.  The steady-state phase is usually achieved fairly quickly after 
initiation of the reaction and, under ideal conditions, can last for hundreds of seconds.  The slope 
of this steady-state region of the progress curve is taken as the value for initial velocity in 
Michaelis-Menton kinetics. 

The use of the progress curve slope to determine the initial velocity of the enzyme 
reaction is only valid if it is linear within the time frame of the reaction.  It is a general guideline 
that initial rate conditions no longer prevail when more than 10% of the substrate has been 
processed [366, 367].  This rule of thumb certainly applies to exergonic reactions (ΔG < 0) with 
large equilibrium constants.  However, when the equilibrium constant for the reaction is close to 
1, the steady-state phase of the reaction is generally much shorter than in the above case, and a 
much more sensitive assay is required to detect even a short linear range of activity.  
Furthermore, product accumulation results in a significant rate of back-reaction, and even when 
this rate is low, it can greatly distort the value for the forward reaction rate determined thusly 
[366]. 

The preferred means of overcoming the obstacle of non-linearity is to add a secondary 
enzyme that reacts with the product of the enzyme of interest.  Provided that this secondary 
enzyme is present in excess – or that it at least provides turnover in excess of that which allows 
buildup of intermediate – the rate of back-reaction of the primary enzyme is effectively 
eliminated.  This assures that the rate measured – now of secondary enzyme product formation – 
accurately describes the kinetics of the primary enzyme.  A particularly attractive feature of 
many of the coupled assays that have been developed is the incorporation of the chromophore 
NADH, which requires the use of the appropriate dehydrogenase as a secondary enzyme.  
NADH experiences a large change in absorbance at 340 nm (ε340 = 6220 M-1 cm-1) as it is 
oxidized to NAD+.  This process can be visualized spectrophotometrically in real time, giving the 
researcher the option of obtaining much better estimates for initial rates of reaction than would 
be provided by an endpoint assay.  These so-called coupled continuous spectrophotometric 
assays are the method of choice for the determination of kinetic constants, as they give smooth 
reaction progress curves that are the product of a long series of time points, each of which is an 
individual endpoint assay. 

Lactic dehydrogenase (LDH) has historically been among the most assayed enzymes, as 
it is present in serum after tissue damage.  The increase in serum levels of one heart LDH 
isozyme (H4) relative to another (H3M), for example, is used as clinical evidence that a heart 
attack has occurred [368].  LDH catalyzes the reduction of pyruvate to lactate, with a 
concomitant oxidation of NADH to NAD+.  Though this reaction is reversible, and LDH is often 
used to assay the rate of the reverse reaction as well, the equilibrium in the forward direction is 
quite high (3.62 × 1011 M-1 at 25 °C and pH 7.0) [369], the maximal velocity in this direction 
more favorable [370, 371], and the NADH component more stable (than NAD+).  In addition, its 
KM for NADH is very low (NADH KM = 10.7 µM; see [372]), ensuring that LDH remains 
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saturated with NADH for most of the reaction, and that the velocity will not therefore fall 
significantly.  The high velocity and long-lasting reaction time of LDH combine to make it an 
ideal coupling enzyme for the oxidation of NADH in continuous assays.  After a steady-state 
velocity of pyruvate reduction is achieved at the end of the initial lag time, LDH is rarely rate 
limiting in any system even at low concentrations. 

PchB, on the other hand, has not been used a great deal as a coupling enzyme.  It is a 
101-amino acid homodimer that functions as an IPL enzyme in the production of pyochelin by 
Pseudomonas aeruginosa [298].  It also has CM activity, though it proceeds with a catalytic 
efficiency (kcat/KM) that is over two orders of magnitude lower than that of the IPL activity.  
PchB has been used effectively in one instance as a secondary coupling enzyme for the assay of 
ICS activity in PchA [296].  In a discontinuous assay, 48 units of PchB and ~2 units of PchA 
were incubated at 37 °C with 500 µM chorismate, the reaction was quenched by addition of 
concentrated acid, extracted with ethyl acetate, and the salicylate product isolated was quantified 
by fluorescence using HPLC.  Further analysis in this work of the coupled process showed that 
PchA activity, not PchB activity, was the limiting factor in the rate of overall salicylate 
production. 

Apart from the PchA study [296], and one other on EntC [55], no coupled reactions have 
been used to assay ICS activity.  One discontinuous assay used by many researchers studying 
ICS enzymes involves quantification of the isochorismate formed in the reaction by non-
enzymatic conversion to salicylate at 100 °C, but the efficiency of this reaction is low (~25%) 
and the results are highly variable [373].  A more straightforward discontinuous assay requires 
simply developing conditions wherein chorismate and isochorismate can be separated by HPLC.  
Aliquots of the reaction can then be injected, the absorbance peak areas at any given wavelength 
determined by spectrophotometer, and the amounts of both molecules quantified by either 
reference of the peak areas to their corresponding calibration curves, or by use of known 
extinction coefficients for each molecule (chorismate ε273 = 2630 cm-1 M-1 [40], and 
isochorismate ε280 = 8300 cm-1 M-1 [299]).  I developed one such assay that proved very useful 
for examining the effects of changing reaction conditions on the extent of the conversion of 
chorismate to isochorismate by ICS (see the HPLC ICS Activity Assay in Chapter 2), and many 
other similar assays have been used in the past by other researchers.  Unfortunately, this assay, as 
well as all the others like it, is not appropriate for measuring ICS initial velocities, as the reaction 
progress curve is non-linear.  A comprehensive study of purified EntC (Figure A2.1, see Chapter 
1 and Figure 1.10 for background) reactivity revealed a non-linear time course (shown in Figure 
A2.2).  In all cases, regardless of how many data points were used, the rate of back-reaction of 
the ICS enzyme was significant from the very beginning.  Any kinetic data obtained from an 
assay such as this is suspect, and consideration of the shortcomings of this assay motivated the 
development of a coupled assay for ICS activity that would be reasonably accurate. 
 
 
MATERIALS AND METHODS 
 
Materials and General Protocols 

All specialty reagents and chemicals were obtained from Sigma-Aldrich unless otherwise 
specified.  HPLC-grade solvents (EMD Biosciences) were employed in the HPLC analyses.  
Barium chorismate (Sigma C-1259, 60-80% purity) was used in all assays.  L-Lactic 
Dehydrogenase (Sigma L-1254, Type XI: from Rabbit Muscle) was used in all procedures  
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involving LDH.  For selection and growth of transformed cells (described below), pET-28 
derivatives were selected with 50 µg/ml kanamycin.  Commonly utilized protein and molecular 
biological reagents and protocols were prepared/performed as in Current Protocols in Molecular 
Biology [295].  96-well microtiter plates were used for all spectrophotometric assays, and 
absorbances were measured by a Spectramax Plus microplate spectrophotometer (Molecular 
Devices) that had been preheated to 30 °C.  An extinction coefficient for NADH of 6220 M-1 cm-

1 at 340 nm was used for conversion of these values to units of µM/min [55]. 
 
Expression and Purification of Recombinant Eco EntC 

The construct pIC5-1 was derived from the E. coli EntC coding region of pJLT5053 [55], 
and subcloned by Isabel Chon into the pET-28a vector (Novagen) in register with an amino-
terminal His6-tag.  Crude cell extracts prepared from a 500 ml culture of E. coli Rosetta2 (DE3) 
cells (Novagen) transformed with pIC5-1 were grown in LB media containing 50 µg/ml 
kanamycin and 30 µg/ml chloramphenicol.  Cultures were grown at 37 °C to mid-log phase, 1 
mM IPTG was added to induce His6-EntC synthesis, cells were harvested after 4 hours (~3.99 g 
wet weight) and stored overnight at –20 °C.  Cells were resuspended in 10 ml BugBuster Master 
Mix (Novagen) containing 100 µM leupeptin, 500 µM PMSF, 2 mM MgCl2, and 5 µM 
Tris(hydroxypropyl)phosphine (THP).  This suspension was gently agitated for 30 minutes at 
room temperature in order to allow for complete lysis, and then centrifuged at 12000 × g for 40 
minutes.  After isolating the supernatant from the pellet, it was mixed with 2.5 ml of pre-rinsed 
50% Ni2+-NTA His-Bind Resin (Novagen) and gently agitated for one hour on a rotary spinner at 
4 °C.  The mixture was then loaded into a column and flow-through was collected.  After 
washing the column two times each with 13 ml of Ni2+-NTA Wash Buffer (50 mM sodium 
phosphate buffer, pH 8.0, 300 mM sodium chloride, 20 mM imidazole), His6-EntC was eluted 
with 13 ml of Ni2+-NTA Elution Buffer (50 mM sodium phosphate buffer, pH 8.0, 300 mM 
sodium chloride, 250 mM imidazole).  The protein was collected in 1.0 ml portions.  Fractions 
were analyzed by SDS-PAGE, and those containing His6-EntC were dialyzed overnight into 100 
mM Tris, pH 7.7, containing 10% glycerol, 2 mM MgCl2, and 1.0 mM DTT.  The protein was 
aliquoted and stored at –80 °C. 
 
Expression and Purification of Recombinant Pae PchB 

The construct pSM147-1 was derived from the P. aeruginosa PchB coding region from 
pME3368 [90], and cloned into pBAD33 [374].  After being subcloned by Dr. Sharon Marr into 
the pET-28a vector (Novagen), the construct contained an amino-terminal His6-tag and 135 
nucleotides of the PchA coding region downstream of the PchB stop codon. 

This procedure was adapted from Ni2+-NTA His-Bind Resin Technical Bulletin 
(Novagen).  E. coli Rosetta2 (DE3) cells (Novagen) were transformed with pSM147-1.  Crude 
cell extracts were prepared from a 2 L culture in TB media containing 0.2% glucose, 50 µg/ml 
kanamycin and 30 µg/ml chloramphenicol.  The culture was grown at 37 °C with shaking until 
an OD600 of 0.594 was reached, at which point IPTG was added to a final concentration of 1.0 
mM to induce His6-PchB synthesis.  Cells were harvested after shaking for 4 hours at 37 °C 
(24.34 g wet weight) and stored overnight at –20 °C.  After thawing on ice, cells were 
resuspended in 125 ml of ice-cold Ni2+-NTA Binding Buffer (50 mM sodium phosphate buffer, 
pH 8.0, 300 mM sodium chloride, 10 mM imidazole) containing 2 mM PMSF, 5 µM leupeptin 
and 10 µg/ml DNase.  All subsequent operations were carried out at 4 °C.  The cells were lysed 
by two passages through a French press at 18000 psi at the orifice.  The lysate was centrifuged at 



 

 159 

12500 × g for 40 minutes, and the supernatant was separated.  Supernatant (~135 ml) was mixed 
with 30 ml of pre-rinsed 50% Ni2+-NTA His-Bind Resin (Novagen) and agitated for 21 hours on 
a rotary spinner.  The mixture was then loaded into a column and flow-through was collected.  
After washing column two times each with 120 ml of Ni2+-NTA Wash Buffer, His6-PchB was 
eluted with 40 ml of Ni2+-NTA Elution Buffer.  Protein was collected in 1.0 ml portions.  
Fractions were analyzed by SDS-PAGE, and those containing His6-PchB (40 ml) were pooled 
and concentrated using an Amicon Ultra-15 (10 kDa MWCO) ultrafiltration device (Millipore) to 
a final volume of 12 ml.  This solution was dialyzed overnight into 100 mM Tris, pH 7.7, 
containing 10% glycerol and 1.0 mM DTT.  The protein was aliquoted and stored at –80 °C. 
 
Determination of Protein Concentration 

Protein concentrations were determined by the method of Bradford, modified as 
described in Current Protocols in Molecular Biology [295]. 
 
Isochorismate Synthase Activity Assay 

The HPLC isochorismate synthase activity assay was performed using purified EntC as 
described in Chapter 2.  The reaction was performed in duplicate in total volumes of 1.0 ml using 
a working concentration of 3.27 µg/ml EntC, and 50 µl aliquots were removed at 0, 2, 4, 6, 8, 10, 
and 12 minutes and submitted to the HPLC protocol for isochorismate determination described 
in Chapter 2.  The working concentrations of all other substrates and reagents were the same as 
described in Chapter 2.  Isochorismate absorbance at 280 nm was converted to units of 
concentration by using a value for the extinction coefficient of 8.3 mM-1 cm-1 [299]. 
 
Coupled Discontinuous HPLC Assay for ICS Activity 

The coupled discontinuous HPLC ICS activity assay described in Chapter 2 was modified 
in order to examine the dependence of SA production on time and on PchB concentration.  EntC 
was substituted for AtICS1, and the following modifications were made.  Assays were run with 
working concentrations of 3.27 µg/ml recombinant EntC, 500 µM chorismate, and either 32.0 
µg/ml or 4.0 µg/ml recombinant PchB in a buffer of 100 mM potassium phosphate buffer, pH 
7.0, 15 mM MgCl2, 10% glycerol and 1 mM DTT.  The reaction was always initiated by addition 
of chorismate, and each reaction was incubated for a variable amount of time at 30 °C.  Each 
reaction was performed in duplicate in total volumes of 1.0 ml, and 50 µl aliquots were removed 
at 0, 5, 10, 15, and 20 minutes and submitted to the HPLC protocol for SA determination 
described in Chapter 2. 
 
LDH Activity in Various Media 

An endpoint spectrophotometric assay for lactic dehydrogenase activity was performed as 
described below.  The extent of LDH reaction was measured by mixing variable amounts of 
sodium pyruvate with a defined concentration of NADH and LDH, and then observing how 
much NADH disappears as pyruvate is converted to lactate.  Concentrations of LDH and NADH 
used were consistent with those from previous assays [55, 299].  All assay volumes were 200 µl 
per well, and contained working concentrations of 0.2 mM NADH and 0.833 µg/ml LDH.  The 
buffer used was 100 mM Tris, pH 7.7, with or without 10% glycerol, 10 mM MgCl2, and 1 mM 
DTT in addition.  The reaction was initiated by addition of pyruvate to the reaction mixture, and 
the change in absorbance at 340 nm was measured after incubating for 5 minutes at 30 °C.  
Distilled water was used as a cuvette reference. 
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Coupled Continuous Spectrophotometric Assay for ICS Activity 

A reaction buffer composed of 100 mM Tris, pH 7.7, 10% glycerol, 10 mM MgCl2, and 1 
mM DTT was used for all assays.  A master mix of all common enzymes and coenzymes was 
prepared by mixing 20 µl per well of 10× solutions of each reaction component (save 
chorismate) with 100 µl per well of reaction buffer.  180 µl per well of this mixture was 
distributed in the 96-well plate, and the plate was preheated in the spectrophotometer at 30 °C for 
5 minutes.  The reaction was then initiated by addition of 20 µl per well of 10× chorismate 
solution, and the change in absorbance at 340 nm was measured in each well in increments of 60 
seconds and monitored for 60 minutes total.  Each 200 µl (per well) reaction assay volume 
contained final working concentrations of 0.2 mM NADH, 0.833 µg/ml LDH, 32.0 µg/ml His6-
PchB, and 2 mM chorismic acid in reaction buffer.  Controls were performed that were missing 
one of each of the preceding components.  The following working concentrations of His6-EntC 
were employed: 6.0 µg/ml, 4.0 µg/ml, 2.67 µg/ml, 1.78 µg/ml, 1.19 µg/ml, 0.79 µg/ml, 0.52 
µg/ml, and 0 µg/ml.  Each of these reactions was performed in triplicate.  The initial reaction rate 
in each well was assessed for a period of 1000 seconds, beginning approximately 1000 seconds 
after initiation of the reaction.  That the reaction rate was linear in this range was confirmed 
manually for every reaction (there are up to 96 reactions per microtiter plate), and each rate was 
calculated using least squares fitting of the curve from the corresponding well.  Velocity was 
linear with time (following an initial lag) for >15 min at all concentrations of His6-EntC. 
 
Coupled Continuous Spectrophotometric Assay of AtICS1 Activity Using Various PchB 
Concentrations 

The coupled continuous spectrophotometric assay was performed using AtICS1 in place 
of His6-EntC, using the conditions described in Chapter 2, but with the following modifications.  
Three different working concentrations of PchB were used (96.0 µg/ml, 32.0 µg/ml, and 9.6 
µg/ml), and for each of these, 4 different working concentrations of AtICS1 were used (10.0 
µg/ml, 4.0 µg/ml, 1.0 µg/ml, and 0 µg/ml).  All reactions were performed in duplicate.  The 
initial reaction rate in each well was assessed for a period of 500 seconds, beginning 
approximately 350 seconds after initiation of the reaction, and each rate was calculated using 
least squares fitting of the curve from the corresponding well. 
 
Revision of the Chorismate Levels Present in the ICS Coupled Assay 

To determine the effective chorismate concentrations of the coupled continuous 
spectrophotometric ICS assay, I assessed the non-productive conversion of chorismate to 
prephenate by PchB in parallel.  As modified from [298], each 200 µl standard coupled reaction 
volume (including AtICS1) in the 96-well plate was treated with 100 µl 1M HCl to convert 
prephenate to phenylpyruvate after the reaction had progressed for 0, 5, 10, 15, or 20 minutes.  
Each individual reaction was transferred separately to an Eppendorf tube and heated at 37 °C for 
10 minutes.  After cooling, 700 µl 2.5 M NaOH was added to each tube and the contents were 
mixed thoroughly.  A 200 µl aliquot of each tube was then added to a new 96-well plate, and an 
absorbance measurement was taken at 320 nm.  Distilled water was used as a cuvette reference.  
Prephenate standard curves were run in parallel for quantification.  Chorismate utilization via 
PchB was estimated as equal on a molar basis to prephenate.  Each reaction was performed in 
triplicate. 
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RESULTS 
 

The HPLC ICS activity assay does not give a linear reaction progress curve.  His6-
EntC, an ICS enzyme from E. coli, was overexpressed and purified as described above (Figure 
A2.1).  Further analysis of fraction 2 from this purification showed that EntC was present at a 
high concentration (3.98 mg/ml), and the protein was subsequently shown to have a very high 
specific activity (2.3 µmol/min/mg).  This protein fraction was used for all the assays described 
hereafter that involve EntC.  This protein was initially assayed by the HPLC ICS activity assay 
described in Chapter 2.  As shown in Figure A2.2, the rate of isochorismate production by EntC 
is never found to be constant, even in the earliest phases of the reaction.  A line obtained by least 
squares fitting of all the points is shown in black.  It serves to emphasize the non-linearity of the 
reaction progress curve using this assay. 
 

The EntC-PchB coupled reaction produces salicylate at a linear rate when a high 
concentration of PchB is used.  His6-PchB, an IPL enzyme from P. aeruginosa, was 
overexpressed and purified as described above (Figure A2.3).  Further analysis of fraction 4 from 
this purification showed that PchB was present at a very high concentration (9.53 mg/ml).  This 
protein fraction was used for all the assays described hereafter that involve PchB.  The coupled 
discontinuous HPLC assay for ICS activity from Chapter 2 was employed using EntC in place of 
AtICS1.  This reaction progress curve (Figure A2.4), unlike that of the uncoupled reaction, was 
now found to be linear when a working concentration of 32.0 µg/ml of PchB is used.  When a 
working concentration of 4.0 µg/ml of PchB was used instead, there is considerably more 
variation in each time point, and the reaction progress curve in no longer linear.  At 32.0 µg/ml 
of PchB, the variation at each time point is relatively low.  Both reactions were performed in 
duplicate. 
 

LDH activity is not affected by the medium used in the coupled HPLC assay.  The 
reaction of NADH and pyruvate catalyzed by LDH was examined using two different media 
(Figure A2.5).  An endpoint assay was employed to detect the amount of NADH converted to 
NAD+.  Various concentrations of pyruvate in the presence of excess NADH were wholly 
converted to lactate within 5 minutes, as evidenced by a loss of absorbance at 340 nm 
corresponding to the amount of NADH that had disappeared.  One such reaction was performed 
in 100 mM Tris, pH 7.7, and the other using the same buffer, but also including 10% glycerol, 10 
mM MgCl2, and 1 mM DTT.  The curves have nearly identical slopes and intercepts, indicating 
that the enzyme performs normally in the presence of these additives.  This experiment was 
repeated, and identical results were obtained (not shown). 
 

A coupled continuous spectrophotometric assay for ICS activity incorporating PchB 
and LDH shows reactivity for EntC that is proportional to its concentration.  A coupled 
continuous assay for ICS activity was performed using EntC as the primary enzyme, PchB as a 
secondary enzyme, and LDH as a tertiary enzyme; a reaction schematic is shown in Figures A2.6 
and A2.7.  The reaction buffer (100 mM Tris, pH 7.7) for all reactions contained 10% glycerol 
and 1 mM DTT for enzyme stability, excess MgCl2 (10 mM) for maximal ICS enzyme activity, 
excess NADH (0.2 mM) for maximal LDH activity, and excess His6-PchB (32.0 µg/ml) and 
LDH (0.833 µg/ml) to ensure that the secondary and tertiary reactions do not limit the rate of the  
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overall reaction.  Various amounts of His6-EntC were used to determine an optimal working 
concentration of EntC for the coupled continuous assay.  Every reaction was initiated by addition 
of enough chorismate solution to effect a final working concentration of 2 mM, an amount far in 
excess of that required for saturation of EntC (KM = 14 µM for chorismate; see [55]).  The assay 
was conducted in 96-well microtiter plates incubated at a constant temperature of 30 °C for 60 
minutes, and the change in absorbance at 340 nm was measured at intervals of 60 seconds to 
quantify NADH disappearance.  A value for the initial rate reaction was determined for each well 
of the plate by obtaining a least squares fit of the reaction progress curve (a typical example is 
shown in Figure A2.6), and converting this value to units of µM of NADH reacted per minute 
using the extinction coefficient of NADH (6220 M-1 cm-1; see [55]).  The linear nature of the 
graph indicates proportionality between reaction velocity and enzyme concentration, and 
suggests that substrate chorismate is saturating EntC.  After analysis of the calculated initial 
velocities at various concentrations of EntC (shown in Figure A2.7), a working concentration of 
3.0 µg/ml of His6-EntC was selected as optimal for operation in the linear range of activity of 
this coupled continuous assay.  As expected, wells missing the reaction components chorismate, 
LDH, His6-PchB (all shown in Figure A2.7), or NADH (not shown) have no detectable 
reactivity.  Importantly, the average initial velocity of several control reactions containing no 
ICS enzyme (which is generally low, but non-zero) must be subtracted from any initial velocity 
determined for an ICS enzyme in order to obtain an accurate value for initial velocity by this 
assay. 
 

Intermediate Levels of PchB Give Maximal Activity in the Coupled Continuous 
Spectrophotometric Assay of AtICS1 Activity.  To ensure that maximal velocities were being 
achieved in the coupled continuous ICS assay, PchB and AtICS1 levels were varied.  As 
expected, ICS activity was roughly proportional to AtICS1 levels regardless of the PchB 
concentration used (Figure A2.8).  However, this was not true for PchB.  Though an intermediate 
concentration of PchB (32.0 µg/ml) gave greater velocities than a relatively low one (9.6 µg/ml) 
– indicating that PchB is not sufficiently in excess at the lower level – even higher levels of PchB 
(96.0 µg/ml) gave the lowest velocities of all.  PchB has chorismate mutase activity in addition 
to its isochorismate pyruvate lyase activity [298], and very high PchB levels apparently lower the 
rate of the ICS reaction by limiting chorismate supply through prephenate production (Figure 
A2.8).  All subsequent coupled continuous ICS assays employed PchB in intermediate 
concentrations (32.0 µg/ml) that maximize assay velocity. 
 

Effective Chorismate Levels are Determined for KM Experiments on ICS Enzymes.  
The previous experiment (see above and Figure A2.8) showed that a large excess of PchB 
diminishes ICS activity due to its secondary chorismate mutase activity – PchB is responsible for 
removing chorismate from solution, thus establishing less-than-saturating chorismate levels.  The 
chorismate mutase activity of PchB is expected to be a significant problem as well during ICS 
enzyme KM determination for chorismate, as the intermediate levels (32.0 µg/ml) of PchB 
required by the coupled continuous assay for ICS activity will establish lower effective levels of 
chorismate in solution.  As a result of this, the coupled continuous assay for ICS activity will 
tend to overestimate the value of the KM for chorismate (give a significantly higher KM value 
than is accurate).  To determine an accurate value for the KM for chorismate of AtICS1, I 
obtained a value for the effective concentration of chorismate at every data point obtained in the 
KM study and used it in place of each value for initial chorismate concentration.  The amount of  
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chorismate lost was assumed to be equivalent to the amount of prephenate formed by PchB, so 
prephenate content was determined at each initial chorismate concentration after a series of 
elapsed times (Figure A2.9).  This was done by adding concentrated HCl to each well at the 
appropriate time point and then heating at 37 °C to convert all prephenate to phenylpyruvate (see 
schematic in Figure A2.9).  Phenylpyruvate is a stable compound that is easily quantified by 
obtaining an absorbance reading at 320 nm and converting to units of concentration using the 
appropriate extinction coefficient (ε320 = 17,500 cm-1 M-1; see [298]).  Importantly, this assay 
showed that a significant amount of the chorismate (as much as 17%) has spontaneously 
rearranged to prephenate in a freshly prepared solution even before exposure to PchB (dark blue 
line in Figure A2.9), suggesting that prephenate is present already in the commercially available 
chorismate used for all the assays in this thesis.  After 20 minutes of exposure to AtICS1 without 
PchB present, only slightly more prephenate has formed (dark blue line in Figure A2.9), 
indicating that uncatalyzed prephenate formation is a problem of only moderate significance in 
this assay.  After 20 minutes of exposure to PchB without AtICS1 present, levels of prephenate 
formed are similar to those found when AtICS1 is present (brown line and light blue line, 
respectively, in Figure A2.9), suggesting that prephenate is formed by PchB at a similar rate 
regardless of whether ICS is present or not.  The various curves in Figure A2.9 show 
increasingly higher levels of prephenate being formed as time has elapsed; however, the 10 
minute, 15 minute, and 20 minute curves all show similar amounts of prephenate formed for 
each initial chorismate concentration.  As the ICS enzyme is still actively catalyzing the 
production of isochorismate at these time points, this suggests that the active site of PchB is 
incompletely saturated with isochorismate before 10 minutes have elapsed.  A typical 
measurement of ICS reactivity using the coupled assay involves analysis of the reaction progress 
curve beginning after 1000 seconds (16.7 minutes) have elapsed (see Figure A2.6).  PchB is 
clearly saturated with isochorismate after 20 minutes have elapsed, and this time point was 
selected as a reasonable one to use to calculate effective chorismate concentrations (Figure 
A2.10).  Each value for chorismate lost to prephenate production under the conditions of the 
assay after 20 minutes (see Figure A2.9) was subtracted from its corresponding value for initial 
chorismate concentration, and the results are shown in Figure A2.10.  A similar analysis is 
performed for all determinations of the KM for chorismate in this thesis, and values for effective 
chorismate concentration are used in place of those for initial chorismate concentration (y-axis 
values in place of x-axis values of the red curve in Figure A2.10) in each final calculation of 
kinetic constants. 
 
 
DISCUSSION 
 

The non-linearity of the ICS reaction progress curve is a phenomenon that has been 
ignored in the determinations of many of the kinetic constants of ICS enzymes.  The central 
assumption of steady-state kinetics is that all reactive intermediates do not experience a change 
in concentration over the period of time analyzed, and this condition must be met for linearity to 
be achieved by a reaction progress curve.  Removal of isochorismate from solution – by PchB-
catalyzed conversion to SA – immediately after its formation ensures that only the rate of the 
forward reaction catalyzed by ICS is being measured.  Addition of excess PchB (~2.78 µM) to a 
modest amount of EntC (~0.076 µM) effectively converted the nonlinear reaction progress curve 
for isochorismate production by EntC (Figure A2.2) to a highly linear curve for SA production  
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by EntC and PchB (Figure A2.4).  The coupling of excess PchB with any ICS enzyme should be 
sufficient to allow for the performance of accurate steady-state kinetics. 

However, the coupled reaction catalyzed by EntC and PchB suffers from the significant 
drawback that it is discontinuous, as aliquots must be removed periodically for analysis.  It is 
time-consuming to individually acquire the data for each time point of the reaction progress 
curve, the manipulation of the sample for HPLC analysis necessarily introduces error to the data, 
and the large reaction volumes required to generate numerous data points necessitate the use of a 
wasteful amount of each reaction component.  I sought a process that could be coupled to the 
EntC/PchB reaction that would enable continuous real-time acquisition of data.  The enzyme 
LDH, which catalyzes the NADH-mediated reduction of pyruvate to lactate, was shown to 
operate normally under the conditions of the coupled EntC/PchB assay (Figure A2.5).  The 
addition of LDH (~0.0060 µM) and excess NADH (0.2 mM) to the EntC/PchB reaction already 
developed allowed for the instantaneous acquisition of many time points for every microtiter 
plate well (Figure A2.6).  Though each individual continuous coupled reaction was performed on 
a much smaller scale than each discontinuous coupled reaction, the ability of the former to 
acquire 100 or more data points per reaction, coupled with the presence of 96 wells per plate, 
make it possible for the continuous assay to, in a single hour, acquire up to 10,000 times more 
data than the discontinuous assay could. 

The unfortunate chorismate mutase activity of the PchB secondary enzyme adds a 
complication to this assay.  High concentrations of PchB lower the velocity of the coupled 
continuous ICS assay by removing substrate chorismate.  Though using more modest 
concentrations of PchB gives maximal values for ICS activity at high saturating substrate 
concentrations (Figure A2.8), KM determinations require the use of many low substrate 
concentrations.  The KM for chorismate of PchB is 150 µM [298], and at chorismate 
concentrations near to or above this, conversion of chorismate to prephenate by PchB 
significantly alters the effective chorismate concentration (Figure A2.10).  Under the conditions 
of this assay, PchB has a kcat/KM for chorismate of 0.052 µM-1 min-1 [298] and is present at a 
concentration of ~2.78 µM, and AtICS1 has a kcat/KM for chorismate of 0.933 µM-1 min-1 and is 
present at a concentration of ~0.168 µM.  These values suggest that at low substrate 
concentrations these enzymes will compete effectively with each other for substrate chorismate 
(the PchB value for [Et] × kcat/KM is 0.145 min-1 and the AtICS1 value for [Et] × kcat/KM is 0.157 
min-1, though this is technically only relevant when [S] << KM).  The non-enzymatic conversion 
of chorismate to prephenate alters the effective chorismate concentration to almost the same 
degree as the conversion due to PchB does (see Figure A2.10), and this appears to be due to the 
fact that the commercial preparation of chorismate used was as much as 17% prephenate (Figure 
A2.9).  These factors both make the calculation of effective chorismate concentration by the 
method outlined above necessary for complete accuracy in the determination of ICS enzyme 
kinetic constants.  The problem of chorismate depletion in this coupled continuous ICS assay can 
be overcome by using a secondary enzyme that generates pyruvate from isochorismate without 
binding to chorismate (like EntB, see Figure 1.10), and by laboratory preparation of chorismate – 
via biosynthesis from shikimate (see Figure 1.6) – that is much purer than that which is 
commercially available. 
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