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Abstract

AroA catalyzes a carboxyvinyl transfer reaction, forming enolpyruvyl
shikimate 3-phosphate (EPSP) from shikimate 3-phosphate (S3P) and
phosphoenolpyruvate (PEP). Upon extended incubation, it forms EPSP ketal by
intramolecular nucleophilic attack of O4H on C2' of the enolpyruvy! group. EPSP
ketal was previoLsly proposed to form by non-enzymatic breakdown of the
tetrahedral intermediate (THI) which had dissociated from AroA. In this study,
EPSP ketal formed in the presence of excess AroA, which demonstrated that it
was formed in the active site. This eliminated non-enzymatic THI breakdown as
its source, and demonstrated that AroA forms either a discrete EPSP cationic
intermediate, or & transition state with high cationic character. The pH
dependence of non-enzymatic EPSP hydrolysis was examined in order to
understand the irtrinsic reactivity of the enolpyruvyl group. Acid catalysis
accelerated EPSI? hydrolysis > 10%-fold. These results provide evidence for
enolpyruvyl activation through protonation at C3', forming an unstable cationic
intermediate, or & highly cation-like transition state. The incorporation of ?H into
EPSP from solvent H,0O during AroA-catalyzed hydrolysis was much slower than
the hydrolysis rate, in the absence of inorganic phosphate in the reaction. This
demonstrated that KIEs on AroA-catalyzed EPSP hydrolysis, when they are
measured in the “uture, will reflect protonation of EPSP. A method was
developed for Kl measurements on acid-catalyzed EPSP hydrolysis, which

showed good regroducibility and no buffer dependence. Further experiments



need to be completed on the acid-catalyzed KIEs and enzyme-catalyzed KIEs,
followed by trans tion state analysis. This will precisely define the transition state
structure of the enzyme-catalyzed EPSP hydrolysis reaction, and provide a good

starting point for designing AroA inhibitors.
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Introduction

Enzymes are an important class of targets for novel drug development (7).
It is possible to design inhibitors which bind to the enzyme active site as mimics
of the transition states or high energy intermediates of the enzyme-catalyzed
reaction. These are effective inhibitors because if the enzyme mutates to
decrease its bind ng affinity towards the inhibitor, it will also lose affinity for its
natural substrate. It is therefore difficult for organisms to become resistant to
these types of inhibitors. There are many pathogenic organisms, such as
Mycobacterium tuberculosis, which are known for their resistance to multiple
drugs (2). To continue to effectively treat bacterial infections which are prone to

resistance, there is a constant demand for new antibiotic development.

The enzyme AroA (enolpyruvyl shikimate 3-phosphate synthase) is
actively being studied as a potential target for inhibitor design. It catalyzes the
sixth step in the shikimate pathway (3), which is found in all plants and bacteria
(4), and some parasites (5). As this pathway is not found in humans, it makes an
attractive target for novel drug development The pathway leads to the synthesis
of aromatic compounds in these species, such as aromatic amino acids, and has
been shown to be an essential pathway in M. tuberculosis (6). The most current
research focuses on understanding the nature of the molecules this enzyme

stabilizes, including the transition state structure, in order to design good
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inhibitors and betier drugs to treat this disease. The following thesis describes a

mechanistic investigation of AroA.

Enzyme of Interest - AroA

The chemistry of the reaction catalyzed by AroA is unusual. It is one of
only two enzymes that catalyze carboxyvinyl transfer (Figure 1). The other is
MurA, an enzyme: found in the peptidoglycan synthesis pathway. The chemistry
and mechanism of AroA have been well established and reviewed (7). Several
crystal structures have been determined, with the protein alone (8), and in the
presence of substrates, products, and intermediates of the reaction, including

some inhibitors (9-11).

Enzyme-Catalyzed Reaction

AroA catalyzes a simple addition-elimination mechanism (Figure 1). In the
addition step, C3 of phosphoenolpyruvate (PEP) is protonated to form a methyl
group, combined with nucleophilic attack at C2 by the O5H group on shikimate 3-
phosphate (S3P) to form the tetrahedral intermediate (THI). In the elimination
step, phosphate is eliminated through C-O bond cleavage to form enolpyruvyl

shikimate 3-phosphate (EPSP).
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Figure 1. Carboxyvinyl transfer by AroA and MurA.

Proposed Mechanism

The pre-stzady state kinetic parameters of the AroA reaction have been
determined (7). “"he mechanism was proposed to be ordered, with S3P binding
first, followed by I°PEP, and phosphate released first, followed by EPSP. Further
steady-state kinetic data showed that the binding of substrates is actually random
in the forward (1Z)) and reverse reactions (13). Recent X-ray crystallography data
of the Streptococcus pneumoniae AroA showed that the residues in the S3P
binding pocket are all located on the N-terminal domain of the protein, while the
residues that make contacts with PEP are found on both the N- and C-terminal

‘domains (77). This would again suggest an ordered binding, with S3P binding
first, causing a conformational change which brings the two domains of the

protein together, and revealing the PEP binding pocket.

The reaction stereochemistry is an important question. It has been shown
that the addition and elimination steps occur with opposite relative

stereochemistry, that is, either syn/anti or anti/syn (14). The absolute

3
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stereochemistry shows that AroA catalyzes the 2-si face addition of hydrogen to
C3 of PEP (15), v/hich is a similar result to the absolute stereochemistry of MurA
(16). With this result, the relative stereochemistry would have to follow anti

addition, followed by syn elimination (717).

Previously, there were two proposed reaction pathways: (i) the enzyme
was acting as the nucleophile to form a covalently bound enzyme intermediate, or

(i) a single intermediate with S3P acting as a nucleophile.

Evidence for a covalently bound enzyme intermediate came from MurA,
the other carboxyvinyl transferase (18). When radioactive substrates were used,
both in the forward and reverse reactions, some radioactivity would remain on the
enzyme, even after protein denaturation. The covalent intermediate involved the
PEP portion of th2 substrate, and was hypothesized to form through the
nucleophilic attack of a reactive cysteine at C2 of PEP. It was found, once this
protein was overexpressed at high levels in E. coli, that it co-purified with 1
equivalent of PEP covalently attached to the enzyme (79). This supported a

mechanism involving a covalent phospholactoyl intermediate.

0 CHs

P.
ey
© \o/{\coo

o s

MurA

Proposed Covalent
Intermediate
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A similar mechanism was also proposed for AroA. Because of the
similarity of the two enzymatic reactions, it was thought that AroA would follow a
similar mechanisim (74, 20). Some of the evidence for this mechanism in AroA
included the observation that the hydrogen atoms on C3 of PEP were exchanged
in the presence of dideoxy-S3P, a substrate which lacks the nucleophilic hydroxyl
group (20), as well as the presence of what was thought to be such an
intermediate in *Z NMR studies (21). This was later shown to be EPSP ketal, a
side product of the AroA-catalyzed reaction, which will be discussed further in this
report.

CoO

2-o3|>o/(j

Dideoxy-S3P

The second, and currently accepted, mechanism was formation of a non-
covalent tetrahedral intermediate (22, 23) (Figure 1). The THI was trapped,
purified and its structure elucidated (24). It was then characterized to be a true
intermediate of this reaction by showing that THI formation and enzymatic
breakdown were tast enough to be catalytically relevant; that is, it is kinetically
competent (25). The THI had a half-life of 45 min at pH 7, more than 48 hours at
pH >7 (26) and 2« days at pH 12 (27). Because of its stability at high pH, this
intermediate was amenable to further kinetic study. *C NMR studies were
carried out and showed the THI bound in the enzyme active site, with no other

intermediates forrned (28).
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With strong evidence for the THI mechanism in AroA, and the similarities
between these two enzyme reactions, the question was raised again whether
MurA did in fact follow the covalently-bound intermediate mechanism. A non-
covalent THI was isolated and characterized (29), however, both this
intermediate and the covalently-bound intermediate could be isolated from the

same reaction (30).

In attempts to determine which of these intermediates was part of the
preferred catalytic mechanism, site directed mutagenesis was performed at the
proposed catalytiz site of Cys115 (31). This residue was proposed to be the
thiolate group acting as the enzyme nucleophile. The residue was mutated to
Asp and to Glu, which both have carboxylate side chains that are not as reactive
as the thiolate group of Cys. Both these mutants were still active, however they
were resistant to the activity of fosfomycin. This provided evidence that the

formation of the covalent intermediate is not required for the MurA reaction.

EPSP Ketal — A Mechanistically Relevant Side Product

After the THI had been identified and kinetically characterized, a side
product was isolated and identified as EPSP ketal (32). This product forms
through the intrarnolecular nucleophilic attack of the O4H group on C2 of PEP at
arate of 3.3 x 10° s (28), a rate too slow for EPSP ketal to be an intermediate
of the reaction. It was originally proposed to form through non-enzymatic
breakdown of the THI. Our group has studied the non-enzymatic breakdown of

THI and found that too little EPSP ketal is formed under these conditions to

6
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account for its formation in the presence of AroA (27). The formation of this side
product can be used as a tool to help understand the AroA mechanism.

Coo

EPSP ketal

Testing for EPSP ketal formation in reactions where AroA is presentin
excess over substrates would eliminate any non-enzymatic source of THI
breakdown. If EPSP ketal forms under these conditions, this would indicate that
it is formed in the active site of AroA. This is one of the primary investigations of

this study.

X-ray Crystal Structure

The crystal structure for free AroA in an open conformation was solved at
3A resolution (8). Due to the low resolution, the peptide backbone could be
traced, but not th2 amino acid side chains. This structure showed AroA to be a
single polypeptide chain that folds into two distinct domains connected through
two peptide crossovers. The domains are similar in structure with each having

three repeating folding units of four-stranded B-sheets and two a-helices in a

BaBapp pattern.

MurA and AroA are homologues, even though they have only 18%
sequence identity. The structure of E. coli MurA has been solved in the open,

7
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substrate-free conformation (33), and with UDP-GIcNAc and fosfomycin bound
(34). These structures were solved to 2.0A and 1.8A respectively. MurA also
consists of two a domain structure, with the same folding pattern as AroA (33).
The similarities in structural features are what allow for the similar chemistry to be

catalyzed, even with the minimal sequence identity.

Other AroA structures have since been solved, with S3P, as well as with
S3P and glyphosate, an AroA inhibitor, at resolutions of 1.6A and 1.5A,
respectively (9). 'Nith S3P bound, AroA was in a closed conformation, with the
two domains closzar together. This closed structure also defined the location of
the active site and identified residues close enough to interact with S3P.
Residues involved in contacts with PEP could be hypothesized, based on the

assumption that ¢clyphosate was binding in the same manner as PEP.

A tool usedl to probe some of AroA’s conformational changes is the
intrinsic tryptophan fluorescence. There is a Trp residue within the enzyme
active site, and the binding of substrates, including EPSP and [S3P +
glyphosate], leads to a decrease in fluorescence. In a study of AroA using
phosphate analogues, a binding pocket for both EPSP and P; was demonstrated
(35). Using AroA _D313A, a mutant with very low activity (36), there were two
distinct changes in tryptophan fluorescence, first upon binding of EPSP, followed
by either phosphzte or arsenate. This suggests the enzyme under goes two

separate conformational changes.
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Further evidence for conformational flexibility comes from the X-ray crystal
structures of AroA complexed with phosphonate analogues of the THI (10). One
would expect thai the (S)- phosphonate THI analogue would be the better
inhibitor, as this corresponds to the correct configuration of the THI (37, 38).
However, the (R)-phosphonate analogue is the more potent inhibitor (Kiszp =
16 nM vs. 750 nM for the (S)-phosphonate analogue). (R)-phosphonate appears
to cause a greater conformational change in some of the strictly conserved

residues in the enzyme active site, Arg124 and Glu341.

cOoO" CoO
CH,4 CHj
i, - /L‘COO'
20,P2 0~ \ CO0"  zo4p0 0" %
’ POs> POs>
OH OH

(S)-phosphonate THi-analogue (R)-phosphonate THI-analogue

The most recent AroA crystal structure examined the structure of AroA
bound to shikimate, as opposed to the natural substrate S3P, and glyphosate
(39). AroA will bind to shikimate, which contains a hydroxyl group instead of the
3-phosphate group in S3P; however the missing ionic interactions lead to
changes in the glyphosate/PEP binding pocket. While the conformational change
in the enzyme is small, there is a significant decrease in glyphosate sensitivity.
With shikimate as a substrate, there is an increase in ICsq by a factor of > 250
(39). This result again suggests that the enzyme active site is flexible, as it can
accommodate a variety of substrates. The changes to the active site upon

binding of these pseudosubstrates, however leads to a less catalytically efficient
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enzyme. This will be an important consideration when designing inhibitors for
AroA.

COO°

HO OH
OH
Shikimate

The X-ray crystallography data suggests that there are several important
contacts that the substrates make with the enzyme. With the mechanistic and
crystallography data, the residues directly involved in catalysis are still subject to
debate. The crystal structures identified the amino acids present in the active
site; however identifying function requires functional characterization of mutant

AroAs.

Catalytic Residues in the Active Site

There has been some controversy as to which amino acids are involved in
catalysis (Figure 3). Three groups recently published work identifying the amino

acid residues important for catalysis.

10
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i :OH CHj -~ OH CH,
-00C .o
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/\ o
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Mizyed et al. Mechanism Eschenburg et al. Mechanism An et al. Mechanism

Figure 2. The three proposed acid/base catalytic residues.

Each mechanism is shown after the formation of the THI. Red lines indicate interactions
in the addition step, blue lines indicate interactions in the elimination step, and dashed
lines indicate interactions in both steps. The residues are shown in their protonation

states after the addition step.

Our group has proposed that the same residues act as general acid/base
catalysts in the forward and reverse reaction of the AroA mechanism. This was
due to the observation that no residue was found to be important for only one
step of the reaction, i.e., either addition or elimination, without being important for
the other step (36). In the addition step, the residues that we proposed are Lys22
as a general base and Glu341 as the general acid. In the elimination step, the
roles would be reversed, with Lys22 serving as general acid and Glu341 as
general base. This reaction would then follow the stereochemistry of anti addition
with syn elimination, as previously proposed (17).

Eschenburg et al. agreed that Lys22 is involved in the addition step,
however they proposed that it is both the general acid and general base. In the
elimination step, they proposed that Asp313 acts as a general base through an

intramolecular proton transfer (37). This mechanism disagrees with the proposed

1
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stereochemistry from the literature in that it would involve syn addition followed

by anti elimination.

An et al. proposed a different set of residues as well (38). They agreed
with our mechanism that Glu341 is acting as a general acid in the addition step,
however they believed that it is Asp313 acting as the general base. They
proposed that the elimination step occurs with the phosphate leaving group
acting as the genaral base in an intramolecular elimination. This mechanism

would follow the aiccepted anti addition followed by syn elimination.

This controversy must be addressed. It is important to know how the

enzyme is catalyzing its reaction, to better understand how to effectively inhibit it.

Inhibitors of AroA

As AroA is a target for the development of novel antimicrobials, much of
the current research is focused on trying to find new inhibitors. There is already a
commercially relevant inhibitor, glyphosate (N-(phosphonomethyl)glycine) (40). It
is the active ingredient in the herbicide Roundup™; however it is not active as an
antibiotic. Presurnably, this is due to the highly charged nature of the molecule,
which would make it difficult to cross the bacterial outer membrane. Glyphosate
inhibits AroA reversibly by binding to the enzyme+*S3P complex (41). ltis a
competitive inhibitor of PEP, and an uncompetitive inhibitor with respect to S3P
(20). In the reverse reaction, glyphosate inhibition is non-competitive with

respect to P; (42) and uncompetitive with respect to EPSP (43). It was thought

12
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that glyphosate was a transition state analogue, mimicking the presumed cationic
intermediate character of the addition step transition state (42). This was initially
thought to be unusual, since glyphosate does not inhibit any other PEP-utilizing
enzyme, not even MurA. However, it was later shown that glyphosate could
inhibit AroA in the: presence of EPSP, demonstrating that glyphosate does not
occupy the same position in the AroA active site as the enolpyruvyl portion of
EPSP, which it should do if it is a transition state mimic (43). Glyphosate is
effective as a herbicide, but the search continues for a novel AroA inhibitor which

could act as an effective antimicrobial.

o
0 + o
N/\P//
N
o o
Glyphosate

As several PEP-utilizing enzymes could be potential antimicrobial targets,
there have been attempts to create a PEP analogue which could act as an
effective inhibitor for all these enzymes. Many modifications of the PEP structure
have been made. including halogenation of the methylene group, and varying
both the carboxylate and the phosphate functional groups (44). The most potent
inhibitors for several PEP-utilizing enzymes are those containing modifications at
the vinyl protons. (Z)-3-fluoro-PEP has been a useful tool in assigning the

stereochemistry of the AroA reaction (15).

Another approach has been to seek synthetic analogues that specifically

inhibit AroA, rather than a general inhibitor of all PEP-utilizing enzymes (45) and

13
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some of these have been found to be quite potent. Two phosphonate THI-
analogues, the (R\)- and (S)- diastereomers, are competitive inhibitors with Ki's
against S3P of 16 nM and 750 nM (710) and Ki's against EPSP of 15 nM and 1130
nM (46), respectively.

Many potential inhibitors have been tested; however a successful
antimicrobial still Joes not exist for this enzyme. The implications of these
studies demonstrate that a more rational method of inhibitor design is needed in
order to find a potent inhibitor. Two methods for this purpose have been used in
this study: (i) trying to understand high energy intermediates which may exist
along the reaction coordinate pathway, such as the precursor to EPSP ketal and
(i) solving the transition state structure of either the addition or elimination step of

the reaction.

Enzymes and Transition State Theory

The transition state (TS) is the highest energy point on the reaction
coordinate, and is important because enzymes increase reaction rates by
decreasing the TS energy (47). TS theory states that enzymes bind to the TS
more tightly than either substrates or products. Therefore, designing an inhibitor

which mimics the structure of the TS should create a tight binding inhibitor.

A TS inhibitor of AroA would have similar properties to the THI-analogues
discussed earlier, namely, functional groups correctly placed in the enzyme

active site, to induce a conformational change of the enzyme into the closed

14
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position. The challenge will be to mimic the correct charge on these functional
groups, as highly charged inhibitors, including glyphosate, cannot act as
antibiotics. Presumably the highly charged nature of these inhibitors prevents
them from enteririg the cell as they cannot diffuse across the bacterial outer
membrane. In studies of AroA with phosphate analogues, it was shown that P;
could activate the enolpyruvyl group (35). It may be possible to design a TS
mimic which lacks the phosphate group, and exploit the high intracellular
concentration of P;, which is 20 mM in E. coli (48). This would reduce the
challenge of transiporting a highly charged inhibitor with a P; functional group

across the cell membrane.

Enzymes and Reaction Mechanism

Before detzrmining the TS of a reaction, it is important to first understand
the reaction mechanism being studied. A familiar method to describe enzyme
and chemical substitution reactions is the Ingold system using Sy1 and Sy2. Sy1
describes a 2 step mechanism where a leaving group departs to form a discrete
intermediate, follcwed by nucleophile attack. An Sy2 mechanism describes a
mechanism, whereby nucleophile attack and leaving group departure occur in a
more concerted fashion. This method can be limiting to describe reactions as it
does not provide mechanistic information, for example, as to the synchronicity of

an Sy2 reaction.

The IUPAC method provides information about the mechanism while

describing the reziction (49). This method describes individual steps in a reaction
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as being associative (A) or dissociative (D). For example, a synchronous Sy2
reaction would be: described as AxDy, with the association of the nUcIeophiIe
(subscript N) concerted with the departure of the leaving group. An Sy1 reaction
would be described as Dy + Ay, as there are 2 steps in the reaction, and a stable
intermediate is formed between these 2 steps as denoted by ‘+'. A non-
synchronous Sy2 mechanism, can be described as Dy*An, with departure of the
leaving group occurring in advance of nucleophile approach. The ‘+' in the
previous example indicates that the intermediates are sufficiently long lived to
separate by diffusion, while the *' indicates that the intermediates do not
dissociate and are short lived. The synchronicity of a reaction can be seen in
More O’Farrell — Jencks reaction diagram (Figure 3). This is a useful method
used to describe different reactions and will be used in further discussions of the

AroA reaction.
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Figure 3. Reaction Space diagram.

Kinetic Isotope Effects

A tool usecl in our lab to understand transition states and enzyme
mechanisms is kinetic isotope effect (KIE) measurements (50). KIEs provide
information about the bonds which are broken and formed as substrates
approach the TS in a reaction. The vibrational environment of the atoms will
change as bonds break and new bonds form between the reactants and the TS.
Although TSs exist for a vanishingly small amount of time, the change in the
vibrational environment can be measured using isotopically labelled compounds.
‘Heavy’ labelled isotopes, such as ?H or H, will react at different rates than their

‘light’ counterparts, 'H. The reactant can be labelled at various positions; those
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which will undergo a change in bonding (a primary KIE) as well as those which do

not have any bonds broken or formed (a secondary KIE).

A KIE is defined as the ratio of rate constants of the light and heavy
isotopes, i.e., KIE = "9"k/"*a%k (51)_ If the light isotope reacts faster, this will
result in a KIE > “, known as a ‘normal’ KIE. If the heavy isotope reacts faster,
this leads to a KlE: < 1, known as an ‘inverse’ KIE. If an atom has a normal KIE,
then the atom is rnoving into a looser vibrational environment at the TS. This
could mean that there is less bond order around that atom, or that there is more
relative movemerit around that atom at the TS. For an inverse KIE, the opposite
is true; the atom is moving into a tighter vibrational environment. This can
provide information about the nature of the reaction, such as whether it follows a

step-wise or a concerted mechanism.

The Meaning of KIEs

There are three factors which contribute to KIEs, the change in mass and
moment of inertia (MMI), zero point energy (ZPE) and excited state energy

(EXC). These contributions can be expressed in the following equation:
KIE = MMI * ZPE * EXC

As the labelled molecules in the KIE reactions are atoms with increased
mass, there will be a decrease in the overall motion of the molecule, which gives

rise to MMI. Somz= of the molecules in the reactant are vibrationally excited,
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which contributes to EXC. The greatest contribution to the KIE measurement

comes from ZPE.

When therz is an isotopic substitution in a molecule, there is a change in
the zero point energy, or the vibrational energy of the molecule at 0 K. As bonds
become weaker zt the TS, ZPEs decrease, and they decrease more for light
atoms, and this re:sults in a normal KIE (Figure 4a). If the bonds become tighter
at the TS, there will be a greater decrease in the activation energy of the heavy
atom, leading to ain inverse isotope effect (Figure 4b)

() (b)

A A

Transition
State
H
Transition
State
7 1H
24 2H
AG AG
1H ................
ZH ------------------
Reactant Reactant
Extent of reaction Extent of reaction

Figure 4. The origin of isotope effects.

Demonstration of thie change in the ZPE as a molecule goes from reactant to TS. (a)
Normal isotope effect. The light isotope has a smaller change in activation energy and
therefore the heavy isotope which must overcome a greater energy barrier to get to the
TS. (b) Inverse isotope effect. The heavy molecule has a lower energy barrier to

overcome to reach the TS.
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Methods to Measure KIEs

KIEs can ke measured either competitively or non-competitively (52). In
the competitive method, a mixture of the light and heavy isotopically labelled
molecules is made, and the difference in relative rates between the light and
heavy isotopes is determined. The different isotopes will be competitive
substrates and therefore if there is a KIE, they will have different k../Ku values.
In the non-competitive method, the light and heavy isotopes are reacted
separately, and the difference in their rates measured. With this method it is

possible to deterrine KIEs on all kinetic parameters, Keat, Km, and Kea/ Km.

There are several technologies which can be used to measure KIEs. The
most commonly used method is liquid scintillation counting, using radioactive
substrates, commonly *H and "“C (52). Recently, a method using **P and *?P
was described (563). The importance of radioisotope selection is that if the
energies of the B-particles emitted are different, it is possible to distinguish the
two isotopes in one solution. It is also possible to measure KIEs by isotope ratio
mass spectrometry (64). This method provides very precise results, but similar to
using radiolabels, can be limited by the ability to synthesize the labeled substrate.
In order to avoid this labeling problem, a method was recently developed6 to
measure KIEs by NMR using '*C natural abundance ratios for the methyl
glucoside hydrolysis reaction (565). While this method provides the advantage of
eliminating the need for remote labeling, it does require a large amount of starting

material.
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It is important to measure KIEs for both enzymatic and non-enzymatic
reactions, so that the change in TS between enzymatic and non-enzymatic
reactions can be defined. This is important in order to understand explicitly what
the enzyme is doing to lower the activation energy of the TS. Itis also necessary
to know specifically which chemical step is being probed. One of the challenges
in studying the AroA reaction is that it is a two step reaction. With two steps in

the reaction, there: are potentially two TS structures to be solved.

Objective of Study

This project began with a study of EPSP ketal formation in the presence of
excess AroA. The goal was to measure the rate of EPSP ketal formation, under
conditions of excess enzyme, and to eliminate any non-enzymatic source. Over
the course of these studies, conditions were established to measure KIEs on the
enzyme-catalyzec EPSP hydrolysis reaction. A method was established to
measure KIEs of the acid-catalyzed EPSP hydrolysis reaction. The EPSP ketal
results, in combination with the KIE results, will provide information about the
mechanism of ArcA, and the nature of the TS. By determining the TS structure,
this provides impcrtant information which can be used to design a TS mimic,

which could further be tested as a novel antimicrobial against this enzyme.
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Methods

General

Reagents were purchased from Sigma/Aldrich or Bioshop Canada, unless
otherwise noted. [y->*P]JATP, [y->*P]ATP, and [1-"*C]pyruvate were from
Amersham/GE Healthcare. [2-'*C]pyruvate and [3-'*C]pyruvate was from
American Radiolabelled Chemical. [3-"*C]pyruvate and ?H,0 were purchased

from Cambridge lsotopes Labs.

Protein Expression and Purification

E. coli AroA containing a C-terminal Hisg tag was prepared previously (36).
The expression vector was transformed into BL21*(DE3) cells by electroporation,
and the reaction was plated onto LB agar + 50 yg/mL kanamycin, and incubated
overnight at 37 °C. A colony was then selected to inoculate LB media + 50
Hg/mL kanamycin, which was left at 37 °C overnight, with shaking. The next day,
the overnight culture was diluted 40-fold into 6 to 9 L of fresh LB + 50 pg/mL
kanamycin. The ODgq of the diluted culture was monitored, and upon reaching
0.6, 1 mM IPTG was added. The culture was incubated for 4 hours at 37 °C with
shaking. The celis were centrifuged at 5000 x g for 10 min and the pellet was
suspended in 25 riL of lysis buffer (60 mM Tris-HCI pH 7.5, 300 mM NaCl and 20

mM imidazole) per litre of culture.

22



MSc Thesis — M. Clerk McMaster — Biochemistry and Biomedical Sciences

Cells were lysed using an EmulsiFlex® -C5 High Pressure homogenizer
(Avestin, Inc.), dcing three passes at 10,000 psi, until the lysate was cleared.
The cellular debris was centrifuged at 20,000 x g, and the supernatant was
applied to a Ni** affinity column (Chelating Sepharose™ Fast Flow, Amersham).
The non-specific proteins were washed from the column using lysis buffer, after
which AroA was eluted with 50 mM Tris-HCI pH 7.5, 300mM NacCl, and 500 mM
imidazole. The protein was exchanged into storage buffer (50 mM Hepes, pH 7,
and 50 mM KCI) and concentrated in a Amicon stirred cell (Millipore, Corp) over a

10 kDa cutoff mermbrane (YM10 ultrafiltration membrane, Millipore, Corp).

As experiir ents required an active enzyme concentration of 1 mM, it was
essential to know both the total and active protein concentrations. The total
protein concentration was determined from Azgo using €280 = 3.55 x 10* M cm’”
as determined previously (56). The active AroA concentration was determined by
fluorescence titration of 0.5 yM AroA with S3P in the presence of 250 uM
glyphosate (36, 43, 57). Typically, active AroA was ~45% of the total protein
concentration, corsistent with our previous findings (36), and similar to a previous

study where glyphosate binding to AroA*EPSP had a stoichiometry of ~63% (67).

Radiolabelled Small Molecule Synthesis and Purification

Shikimate 2-phosphate (S3P) and [**P]S3P were prepared in a 100 pL
reaction containing 50 mM Hepes pH 7, 50 mM KCI, 10 mM MgCl,, 100 mM
shikimic acid, 50 mM PEP, 1 mM ATP (25 uCi of [y->*PJATP), 25 mM sodium

tungstate, 60 U pyruvate kinase/mL reaction and 100 pL of shikimate kinase/mL
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reaction. Purification was performed using a Mono Q ion exchange column and
elution with 50 mM to 800 mM ammonium formate, pH 8.0, over a 30 min
gradient at 0.5 mi_/min, and A4 detection (36). Under these conditions, S3P

cleanly eluted at 19 min.

[**P]EPSP was prepared from [**P]S3P in a 1 mL reaction containing 50
mM Tris-HCI, pH 7.5, 0.5 uM AroA, 150 uM [**P]S3P and 300 uM PEP.
Purification was performed using a Mono Q ion exchange column with a gradient
of 100 mM to 600 mM ammonium bicarbonate, pH 10.0, over a 30 min gradient

at 0.5 mL/min, and Ay4o detection. EPSP cleanly eluted at 30 min.

EPSP Ketal Formation with Excess AroA

Reactions to detect EPSP ketal formation contained 600 or 750 uM
[**P]S3P (0.7 or 0.9 uCi), 1.33 equivalents of active AroA, 50 mM HEPES,
pH 7.0, 50 mM KClI, 5% glycerol, at 25 °C either in 100 or 250 pL reaction
volumes. The reactions contained equimolar or 6.7 equivalents of PEP, with
some of the 6.7 equivalents reactions also containing 10 mM potassium
phosphate (P;). AroA-catalyzed [**P]JEPSP breakdown reactions were conducted
with 750 uM [**P]E:PSP (0.5 pCi), 1 mM active AroA in 100 uL of 50 mM HEPES,
pH 7.0, 50 mM KCl, 5% glycerol, at 25 °C. Each aliquot was quenched with
0.2 M KOH to stog' the reaction, and the protein was removed by centrifugal
ultrafiltration over 10 kDa cutoff membranes (Microcon YM10, Millipore, Corp.).
The reaction products were then separated by ion-paired C18 reverse phase

HPLC (25 cm x4.€ mm, Supelcosil LC-18-T, 5um particles) with isocratic elution
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in 100 mM KP;, pH 6.0, 4 mM (BusN*),S0,” at 1 mL/min. *P was detected by
flow scintillation analysis using a Packard 150T in-line flow scintillation analyzer,
with Ultima-Flo AIP scintillation fluid (Packard) flowing at 4 mL/min, being mixed
with the column eluate before entering the scintillation detector. The approximate
elution times were: [**P]S3P, 9.6 min, [°PIEPSP ketal, 22.5 min, and [**PJEPSP,
33.9 min, as seern in Figure 5. Concentrations of [**P]S3P, [**P]EPSP ketal, and
[**P]EPSP were calculated from the ratios of peak areas from flow scintillation
analysis and the known [**P]S3P concentration at the beginning of the reaction,

or [**P]JEPSP for lydrolysis reactions.
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Figure 5. **P Chromatogram.
UV and **P chromatograms at t = 8 h. Elution of **P radioactivity at 9, 23 and 34 min
corresponded to tre elution times of standard S3P, EPSP ketal and EPSP, respectively.

No [33P]THI was observed in the experiments, as over the time required to

remove the protein by ultrafiltration, THI was converted enzymatically to S3P and
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EPSP. We showzad previously that 0.2 M KOH is not sufficient to completely

denature AroAng*THI (36).

Confirmation of EPSP Ketal Structure

Unlabeled EPSP ketal for NMR identification was prepared from unlabeled
S3P under the same conditions from a 10 mL reaction mixture. EPSP ketal was
dissolved in ?H,0, after lyophilisation and spectra were recorded on a Bruker
Avance 700 MHz NMR spectrometer. 'H, and *C NMR spectra were acquired,
as well as 1D-TO(CSY, COSY, HSQC and HMBC. These spectra were compared
to shikimic acid and S3P standards, which were obtained on the Bruker 600 MHz

NMR spectrometer.

Data analysis for EPSP Ketal Formation

The rates cf formation/disappearance of EPSP ketal, S3P, and EPSP
were analyzed by non-linear least squares fits to first order rate constants, and by
numerical simulation. Fitting to first order rate constants was appropriate in
certain conditions. Reactions with excess PEP and 10 mM P;, or with EPSP only,
were fitted to first order rate constants. The reactions with equimolar S3P and
PEP, and with 6.7 equivalents of PEP would not necessarily be expected to fit
first order rate constants because the proportion of EcEPSP<P; would increase
during the reaction. If ki7ap > k+7c, EPSP ketal formation would accelerate as P;
accumulated, while it would slow if ki7c > k+7ap. The fact that the progress curves

appeared to follow first order progress curves implied that k.7, to k.7c were
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broadly similar (see below). As a result, the values of k.7, to ks7c were eventually

made equal to each other.

Numerical simulations used the AroA kinetic mechanism elucidated by
Anderson and Jonson (68) under the same reaction conditions, except for the
presence of 5% glycerol in the present study. Simulations were performed using
KinTekSim, an implementation of KinSim and FitSim (59, 60). The microscopic
rates constants k.4 to kg were fixed at the previously reported values (58), and

the values of k.7a.c and k.g were fitted.

Rate of *H incorporation and P; Scavenging

As a test for reversible EPSP cation formation, AroA-catalyzed EPSP
hydrolysis was run in 50% 2H,0O. It was necessary to ensure that any °H
exchange was due to EPSP cation formation, and not from THI formation due to
P; in the reaction. Any P; present would be incorporated into the AroA reaction
and lead to PEP formation. Three different reaction conditions were used to
scavenge free P; in solution. The first condition simply involved adding pyruvate
kinase (PK) and ADP to the reaction. With PK and ADP in the reaction, any PEP
formed in the normal reaction would then be converted to pyruvate and ATP.
The reaction mix contained 50 mM Tris-HCI pH 7.5, 50 uM KCI, 50 uM MgCl,, 25
U/mL PK, 1.5 mM ADP, 500 uM EPSP and 5 to 50 uM AroA in 50% ?H,O. The
reaction was allowed to equilibrate for 15 min before adding the 2H,0, in order to
allow the PK to scavenge any P; in the reaction mix. Each time point was

measured by diluting the reaction mix 1:100 into the MS solvent (50% MeOH in
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H,0 and 2.5% formic acid). The amount of ?H incorporation was calculated by

the equation 1:
fPH) = (I3 + 2X1325)/2%(I323 + l324 + l325) (1)
where |, 'epresents the area under the curve for each EPSP peak after

the correction for the natural abundance of heavy isotopes.

Two other sets of coupled enzymes were used to scavenge P;. One set
coupled PK to he:okinase (HK) and glucose 6-phosphate dehydrogenase
(G6PDH) (Figure 8a). The reaction mixture contained 50 mM Tris-HCI pH 7.5, 50
MM KCI, 50 uM M3Cl,, 25 U/mL PK, 1.5 mM ADP, 1 mM glucose, 0.2 mM NADP,
10 U/mL HK, 10 U/mL G6PDH, 500 uM EPSP, and 10 to 50 uM AroA in 50%
’H,0. The last set used sucrose phosphorylase (SP), phosphoglucomutase
(PGM) and G6PDH to scavenge the P; directly (Figure 6b). This reaction mix
contained 50 mM Tris-HCI, pH 7.5, 50 uM KCI, 50 uM MgCl,, 10 U/mL SP, 1 mM
sucrose, 0.2 mM NADP, 10 U/mL PGM, 10 U/mL G6PDH, 500 uM EPSP, and 10

to 75 pM AroA in 50% 2H,0.
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Figure 6. P; scavenging methods.
(a) Protocol using fyruvate kinase, hexokinase, and glucose 6-phosphate
dehydrogenase; (b, Protocol using sucrose phosphorylase, phosphoglucomutase, and

glucose 6-phospha:e dehydrogenase.

The rate of ?H incorporation was then fitted to a first order rate equation 2:

Ac=A.(1-e" (2)

A linear fit was used to fit the ?H exchange with the SP, PGM and G6PDH
protocol, as there was not enough H incorporation to observe curvature. The kex

was calculated by the equation 3:
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Kex = Kiinear' [EPSP,])/[AroA] (3)

Rate of AroA-catalyzed EPSP hydrolysis

The rate of EPSP hydrolysis in the presence of AroA and all other
components used in the P; scavenging reactions was necessary in order to
compare if the rate of ?H incorporation was faster than the rate of hydrolysis.
Each reaction was setup in the same manner as the P; scavenging reactions, and
50 L aliquots were taken at appropriate time points. Each aliquot was diluted to
100 uL with H,O, and 100 L of 0.4 N KOH was added to quench the reaction.
The protein was ramoved by centrifugal ultrafiltration over 10 kDa cutoff
membranes (Microcon YM10, Millipore, Corp.), for 1 hour at 12,000 xg. 150 pyL
was recovered frcm each aliquot and injected on the HPLC. The reaction
components were separated using a Mono Q anion exchange column and a
gradient from 100 to 700 mM ammonium bicarbonate, pH 10. The amount of
EPSP remaining in each reaction was calculated from standard EPSP injections
and this was usec to determine the rate of hydrolysis. The rate was fitted using a

single exponentia decay equation 4:
y:Aoe'kt (4)
The value of knygro Was calculated by the equation 5:

khydro = k(Eq 4)*[EPSPO])/[AI'OA] (5)
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Rate of Acid-catalyzed EPSP hydrolysis

Reactions to measure the rate of acid-catalyzed EPSP hydrolysis were set
up with 500 uM EPSP and 50 mM buffer, and were run at 90 °C. The buffers
used were sodium acetate (pH 4 - 6), MES (pH 4.9 - 6.9), HEPES (pH 7.2 -
8.2), CAPS (pH 8.6 — 9.7), and potassium phosphate (pH 2, 2.9, and 11.3). An
unbuffered reaction at pH 14, with 1 M NaOH was also set up. The pH of these
solutions was tesied at 90 °C, to ensure any effect on the pH due to temperature
was corrected. The results in the higher pH range were quantified by ion
exchange chromatography, as these experiments were carried out over 2 to 16
days, while the lower pH range was quantified by UV spectroscopy as these

reactions could be: carried out in one day.

Using the HPLC, each 100 pL time point was diluted to 500 uL with 100
mM ammonium bicarbonate, pH 10, and injected on to the HPLC. The
components of the reaction were separated on the Mono Q column using a
gradient from 100 mM to 700 mM ammonium bicarbonate, pH 10. The amount of
EPSP remaining, and S3P produced in the reaction was calculated by
comparison to standard injections. This was possible as the ratios of A4 for
S3P:PEP:EPSP had been previously determined to be 0.59:1:2.1 (Fuzhong
Zhang, personal communication). The hydrolysis rate was fitted using to a single

exponential decay, equation 6:

y:Aoe'kt (6)
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Using the UV spectrophotometer, the amount of pyruvate produced in the
reaction was mezgsured by coupling the reaction to lactate dehydrogenase (LDH).
A stock solution for the UV reaction was prepared with 50 mM Tris pH 7.5, 50 uM
KCI, 50 uM MgCl,, 10 U/mL LDH and 0.2 mM NADH. 700 pL of this solution was
added to the quartz cuvette and once a stable reading was obtained, 100 pL time
point of the reaction was added. The amount of pyruvate present at each time
point was calculaied by the change in Aa4 in the reaction, compared to a blank
with H,O. The rate was fitted using a first order rate equation with offset,

equation 7:
A; = A< (1- &™) + offset (7)
Once all th2 rates were obtained, the pH profile of EPSP acid-catalyzed

hydrolysis was also fitted in Grafit, using the double pK, equation 8:

Ko + kmidlo(pH”PKal) kmidlo(pH—PKaz)

k s — - 8
hydrolysis lo(pH_pKal) +1 lo(PH—PKaz) +1 (8)

Standard Curve on Mass Spectrometer

In order to measure KIEs by MS, it was necessary to ensure that small
differences in the amount of labelled and unlabelled material in the reaction could
be detected. Different calculated ratios of '>°C EPSP:'*C EPSP were prepared in

water including, 1:1, 1:1.01, 1:1.02 and 1:1.03. These samples were injected on
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the MS and the I3,3 and l324 were compared to determine the observed ratio. The

calculated and okserved ratios were plotted to ensure they fell on a straight line.

KIE by Mass Spectrometry

A method was developed to measure KIEs for acid-catalyzed EPSP
hydrolysis by MS. Only the 3-13C KIE was measured before changing to liquid
scintillation counting. The reaction was 300 pL and contained 50 mM MES, pH
6.0, and 0.5 mM EEPSP. The reaction was split such that 100 pyL was used for the
0% reaction, and injected on the MS, while 200 uL was left at 90 °C until the
reaction had reached approximately 50%. The extent of reaction was determined
on the HPLC by quantifying the proportion of S3P and EPSP remaining. Before
injecting on the MS, the reaction was diluted 1:100 in the MS solvent. Once the
amount of >C and *C EPSP in each sample was determined, and corrected for
natural abundance, the KIE was calculated using the following equation:

=0k

1+7™
: {[:1— f](1+r0)J
)

where fis the fractional extent of reaction, r, is the ratio of light over heavy

(9)

isotopes at 0 % of reaction, and r; is the ratio of light over heavy isotopes at 50%

of the reaction (67).
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Synthesis of Radiolabelled EPSP

["*C]EPSP and [*?P]EPSP were prepared from ['“C]pyruvic acid and [y-
32PIATP respectively. [1-'“C]-, [2,-'“C]-, and [3-'“C]-pyruvic acid are
commercially available. The pyruvate reaction contained 50 mM Tris pH 7.5, 20
mM KP;, 10 mM KCI, 10 mM MgCl,, 1.5 mM pyruvate (4-13 pCi), 1.5 mM ATP, 3
mM S3P, 25 pyL/mL PPDK, 15 U/uL PPiase, and 1 uM AroA. The reaction was
left at 37 °C overright and typically proceeded to 50% completion. The '*C EPSP
was purified on the Mono Q column using a gradient from 100 mM to 700 mM
ammonium bicarkonate, pH 10, over 36 min. EPSP eluted after 37 min, and was

well separated from all other peaks.

The [**PJEIPSP synthesis reaction contained 50 mM KCI, 10 mM MgCls,
25 mM sodium tungstate, 10 mM shikimic acid, 10 mM PEP, 2 mM [y->*P]ATP
(50 uCi), 1 UM AroA, and 100 pL/mL AroK (shikimate kinase). This reaction was
prepared, and then diluted 15-fold with H,O in order to get the reaction to
proceed, and 50 rnM Hepes pH 7 was added to the final, diluted reaction. This
reaction was incubated at 37 °C overnight and typically went to 50%. The >°P
EPSP was purified on the Mono Q column using a gradient from 100 mM to 700
mM ammonium bicarbonate, pH 10, over 36 min. EPSP eluted after 37 min, and

was well separated from all other peaks.
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KIE by Radioactivity

A method was developed to measure KIEs on the acid-catalyzed EPSP
hydrolysis reaction. Each reaction was 300 yL. 100 uyL was used for the 0%
reaction and 200 uL was used for the 50% reaction. Each reaction contained
100,000 cpm each of the light ([*P] EPSP) and heavy (["*C] EPSP) labels. The
*2p |abel acted as a reporter on the light isotope at the position of interest, that is,
'2C at the same position as the "C label. The 0% and 50% reactions were
purified on the HFLC using the Mono Q column and a gradient of 100 mM to 500
mM KCl in 10 mM ammonium chioride, pH 10, over 25 min, at 0.5 mL/min.
Pyruvate eluted batween 7 and 12 min, S3P between 12 and 15 min, and EPSP
between 19 and 25 min (Figure 7). There were contaminant peaks at 10.5 min
and 17.5 min, but these were never included in any of the samples used for

calculation.
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Figure 7. Radioactivity Chromatogram.

Both chromatograris show the total amount of "“C and **P eluted from the HPLC. A
mixture of ["*C] and [**P] EPSP was injected on the HPLC, 0.25 mL fractions were
collected, and the amount of radioactivity present in each fraction was determined by
liquid scintillation counting. Equal volume of injections were done of (a) t=0 hours
sample and (b) t=2 hours sample. The pyruvate peak at 9 min, and the S3P peak at 13
min increased betvween the 2 samples, while the EPSP peak at 20.5 min decreased.

Each peak was collected, and the sample volume was determined by
weight. The volume was increased in the pyruvate and S3P samples to be equal
to that of the EPSP sample with 324 mM KCl and 10 mM ammonium chloride, pH
10. The 3 samplzs were then split into 2 scintillation tubes each, for a total of 6
scintillation tubes, before adding 100 uL of potassium phosphate, pH 6.0, and 20
mL of Liquiscint scintillation fluid (National Diagnostic) to each tube. The volume
in each tube had to be less than 1.5 mL in order to mix with the scintillation fluid
without forming en emulsion. A blank sample and a standard [*2P]JEPSP sample
were also prepared with the appropriate volume of 324 mM KCIl and 10 mM

ammonium chilorde, pH 10. All 14 tubes were counted for 10 min each to
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determine the extznt of reaction. This was done by comparing the amount of 2p
in the S3P and EPSP samples in the 0% and 50% reaction. The same
calculation was rrade using the amount of '“C in the pyruvate and EPSP
samples, and this result was in good agreement with the *?P extent of reaction.
For measuring the KIE, only the EPSP samples from the 0% and 50% were used,
as well as the blank and %?P standard. These samples were counted repeatedly
for 10 min each, until the 95% confidence interval of the KIE measurement was <

0.005. Equation 10 was used to calculate the KIE for each carbon position:

ln):g _ f)(1+heavyS0 /[ightSO )_I
1+heavyS‘ /IightS‘
KIE = - :
[(1 —_ f)(l+lzghlSO/heaV)SO)
ny - (1+IzghtSl /heavySl)

J

(10)
where fis the fractional extent of reaction, S, is the light or heavy isotope

at the beginning of the reaction, and S; is either the light or heavy isotope at 50%

of the reaction (61).
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Results

EPSP Ketal Formation with Excess AroA

With previous studies of AroA, it was proposed that EPSP ketal formation
was due to non-enzymatic breakdown of THI (32). In a previous study in our lab
which probed the non-enzymatic breakdown of THI, it was shown that very little
EPSP ketal forme:d under these conditions, too little to account for its formation in
the presence of the enzyme (27). Under the conditions of the present study,
AroA was in excess of substrates. Any THI released from the enzyme active site
would rebind quickly to the free enzyme in solution, as the rate of THI reacting
with AroA, kea/Ky = 10° M's™, is almost diffusion rate limited (26).

Under the reaction conditions used, with excess AroA, equilibrium
between (S3P + IPEP), (THI) and (EPSP + P;) was established in less than 1 s.
The rates of formation of EPSP ketal and S3P products were determined by
fitting the experimental results by numerical simulations using KinTekSim (62,
63). This is a PC based program which, given a kinetic mechanism, is capable of
fitting microscopic rate constants to experimental kinetic results. The kinetic

mechanism used to analyze this data is shown in Figure 8.

k k
+s3P 1 osap_i ssp__ 4 —eEPSP X5 EPSP_; +EPSP
E E' E TH|~—E' =—E; E

+PEP‘_ +pEP T, EePEP T *pi +pi +pi
\
k+7\ /k+7 )44.7 k+8 E.S3P
E ¢ EPSP ketal +pyruvate

Figure 8. Kinetic Mechanism for EPSP ketal formation.
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The rate of EPSP breakdown to S3P and pyruvate was calculated from the
experiments using equimolar amounts of S3P and PEP. This value was then
kept fixed to determine the rate of EPSP ketal formation in the experiments using
6.7 equivalents of PEP in the presence and absence of 10 mM P;. The results of
these experiments are summarized in Table 1, and shown graphically in Figure 9.
The results using KinTekSim were in good agreement with first order fits of the
data (Table 1). EPSP ketal formation in these conditions demonstrates that it
formed in the active site, not from dissociated THI.

Table 1. Rates of EPSP ketal formation and EPSP hydrolysis.
Values from numetical simulation using KinTekSim (62, 63). Previously determined rate
constants (k.4 to k.;) were kept fixed (28).

First order Fits Numerical Simulations
Conditons k. (s k. (s7)? k. (s)? ks(s? nP
6.7 equiv. PEP 8.0 (+ 0.4) x 10° 5(1) %107 nd® 3
+10 mM P
6.7 equiv. PEP 4.9 (+ 0.1) x 10° 43 x10° nd®
1equiv. PEP  39(x09)x10° 18(+04)x10° 5(x2)x10° 4(x2)x10° 2
EPSP 12(x0.3)x10° 14(x03)x10* 1.1 x10° 1.1 x10* 1

? Average from all independent trials (+ standard deviation).
® Number of independent trials.

° Not determined, fixed at the average value from the trials with 1 equivalent of PEP.
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Figure 9. Reaction profiles for EPSP ketal formation under different conditions.
(a) excess PEP + 10 mM P; (S3P:PEP:AroA = 1:6.7:1.33). (b) excess PEP
(S3P:PEP:AroA = 1:6.7:1.33). (c) equimolar PEP and S3P (1:1:1.33). (d) no PEP
(EPSP:AroA = 1:1.33). Solid lines were calculated from numerical simulations using the
rate constants in Table 1 and (28).

Confirmation of EPSP Ketal Structure

Unlabelled EPSP ketal was synthesized under the same conditions as the
excess AroA experiments, in order to confirm the structure by NMR. The NMR

results are summarized in Table 2 and Figure 10-13.
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Table 2. Chemical shifts and coupling constants for EPSP ketal, shikimate

3-phosphate, and shikimic acid.

Atom oC
Compound no.? (ppm) OH (ppm) J (H, H) J (Hz)
EPSP ketal
1 137.5
128.9 6.46 J (H2, HBb) 2.6
J (H2, H3) 5.2
3 65.9 4.96 J (H3, H2/H4) 4.2
J (H3, P) 7.5
4 78.8 3.56 J (H4, H5) 10.3
J (H4, H3) 3.4
5 711 4.00 J (H5, H6b) 10.3
J (H5, HBa) 5.3
J (H5, H4) 10.3
6a 30.9 2.90 J (HBa, H5) 5.3
J (H6a, H6b) 16.5
6b 2.29 J (H6b, H2) 2.6
J (H6b, H5) 10.4
J (H6b, H6a) 16.5
7 174.6
1 176.9
2' 107.8
3 22.3 1.54
Shikimate 3-phosphate
1 135.4
2 129.3 6.46 J (H2, H6) 1.9
J (H2, H3) 4.0
3 66.6 4.83 J (H3, H2/H4) 4.2
J (H3, P) 8.5
4 70.2 3.85 J (H4, H3) 4.1
J (H4, H5) 8.0
5 70 4.07 J (H5, H6ab) 5.8
J (H5, H4) 8.0
6a 31.1 2.70 J (HBa, H2) 1.7

J (H6a, H5) 5.3
J (H6a, HBb)  18.2
6b 2.21 J (H6b, H2) 1.9
J (HBb, H5) 6.3
J (H6b, HBa)  18.2

7 174 5
Shikimic acid
1 129.1
2 136.7 6.82 J (H2, HB) 1.8
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J (H2, H3) 4.0
3 65.2 4.44 1.6
1.7
2.4
4.2
4 70.5 3.76 J (H4, H5) 8.2
J (H4, H3) 4.3
5 66.0 4.29 J (H5, H6a) 5.3
J (H5, Heb) 6.4
J (H5, H4) 8.3
J (H6a,
6a 29.8 2.72 H2/H3) 1.7

J (HBa, H5) 5.3
J (HBa, HBb)  18.1
J (H6b,
6b 2.21 H2/H3) 2.0
J (H6b, H5) 6.5
J (H6b, HBa)  18.1
7 169.0
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Figure 10. 'H spectra of EPSP ketal
(a) H2, (b) H3, (c) H5, H4, (d) H6a, HEb. (x's are contaminating peaks).
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Figure 11. *C spectrum of EPSP ketal.
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Figure 12. Gradient Proton COSY 2-D NMR spectrum of EPSP ketal.
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Figure 13. 'H-"*C Gradient HSQC spectrum of EPSP ketal.
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Acid-catalyzed EPSP hydrolysis

The pH-dependence of acid-catalyzed EPSP hydrolysis was determined in
the range of pH 2-14 at 90 °C (Figure 14). The rate of hydrolysis at pH 14 was
not detectable, even after 16 days. A trend can be seen where the rate of
hydrolysis increases with lower pH. This data fit well to an equation which
depends on two ionizing groups. The first observed pK, of 4.0 £ 0.3 was
assigned to the ionization of the C1’ carboxylate group, while the second
observed pK, of €.5 + 0.3 most likely reflects the ionization state of the 3-
phosphate group. The first observed pKj is in good agreement with a previous
study of acid-catalyzed vinyl ether hydrolysis, including EPSP, which was 3.77 at

25 °C at an ionic strength of 0.1 M (64).
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ki hydro

pH
Figure 14. pH profile of Acid-Catalyzed EPSP Hydrolysis.
The rate of EPSP hydrolysis at 90 °C was determined in various buffer conditions from

pH 2 to pH 11.3. The pH of each buffer was corrected for the elevated temperature of

the reaction.
Rate of *H incorporation

EPSP ketal formation provides some evidence for the formation of a
cationic intermediate as part of the normal AroA mechanism, though it is also
consistent with cation-like, but formally concerted, addition step. In order to
further probe the raaction, the rate of H incorporation from 2H,0 into EPSP
during EPSP hydrolysis was studied. If there is 2H incorporation into EPSP in the
presence of AroA, this would be independent evidence for reversible cationic
intermediate formation. If there is no incorporation, this would be consistent with
irreversible cationiz intermediate formation (i.e., a cationic intermediate is formed,

but it always proceeds forward to products), as well as a concerted mechanism
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with irreversible water attack concomitant with protonation. If there is no
incorporation, then we have a new method for measuring KIEs on the EPSP

hydrolysis mechanism, as EPSP hydrolysis is irreversible.

P; Scavenging

The challenge with the 2H incorporation experiments was to ensure there
was no P; present in the reaction mixture. If any P; were present, it would be
incorporated into the normal AroA reaction and form THI reversibly (Figure 15b).
THI would breakdown to EPSP, with 2H incorporation resulting. It was essential
that no THI was formed, so that any observed 2H incorporation into EPSP would
be strictly from an equilibrium between EPSP and the cationic intermediate

(Figure 15a).
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Figure 15. Mechanism of ?H incorporation.

(a) In the presence of AroA, EPSP will be hydrolyzed, and if there is any ?H detected in
EPSP, then we know an equilibrium exists between EPSP and a cationic intermediate.
(b) If there is any P, present under these conditions, THI will form from EPSP and P;, but

a stepwise or concarted reaction will not be discernable.

It is possible to carry out these experiments on the MS, as each ?H
incorporated into EPSP would lead to an increase of one in the m/z value.
Before the addition of ?H,0 to each experiment, an injection was done to
determine the natural abundance in the unilabelled substrate (Figure 16a).
Subsequent injections were done at set time points in order to measure the shift
in peak intensities, which corresponded to the incorporation of 2H into EPSP

(Figure 16b).
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Figure 16. Measurement of ?H incorporation.
(a) Natural abundance ratio of EPSP before addition of H,0, (b) Representative
spectrum of 2H incorporation into EPSP, 120 min after 2H,0.

Because low levels of P; are ubiquitous, scavenging systems were set up
to remove any P; from the AroA and EPSP reaction mixtures. Three sets of
coupled enzymes were used in order to scavenge P;. It was necessary to
equilibrate the EF'SP hydrolysis reaction with these enzymes in H,O for 15 min to

allow all the P; to be scavenged from the system before adding 2H,0.

The first P; scavenging system used pyruvate kinase (PK) and ADP, to
convert any PEP to pyruvate and ATP. When using this system to scavenge P;,
all three components, ADP, PK and AroA, were varied. There was not a large
difference in the exchange rate between 0.3 and 3 mM ADP, and therefore 1.5
mM was used (Figure 17a). PK concentration was varied between 5 and 125
U/mL. Atlow PK concentrations, <10 U/mL, scavenging was not complete before

the ?H,0O was added. At 125 U/mL, exchange was also fast, possibly because
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PK was hydrolyzing ATP, to produce P;. Exchange was minimal between 25 and
50 U/mL (Figure 17b). Under these conditions, AroA-catalyzed 2H exchange
occurred, which was inhibited upon addition of glyphosate. In order to test
whether this exchange was due to the continued presence of P;, another

scavenging system was used.
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Figure 17. Controls for ?H incorporation.
Determined the appropriate amounts of (a) ADP and (b) PK to add to the reaction mix.

HK and GEPDH were added to the PK scavenging system. With this PK,
HK and G6PDH system, the ?H exchange rate was reduced relative to PK alone,
and was still dependent on the concentration of AroA (Figure 18a and 18b).
However, with the SP, PGM and G6PDH scavenging system, exchange was
essentially stopped (Figure 18c). Even with increasing concentrations of AroA,
there was no difference in the rate of °H incorporation. AroA was not inhibited
with these conditions, as EPSP hydrolysis was still catalyzed. Thus, these

experiments showed that AroA hydrolyzes EPSP without catalyzing ’H exchange.
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Figure 18. P; Scavenging experiments.
Three different methods to scavenge P; were used in order to ensure all P; was removed
from the solution; (a) PK alone, (b) PK, HK, and G6PDH and (c) SP, PGM and G6PDH.

Different concentrat ons of AroA were used.

The rate of EPSP hydrolysis was determined under the same conditions
as the 2H exchange reaction in order to calculate the exchange:hydrolysis ratio,

Kexlknya (Table 3).
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Table 3. AroA-Catalyzed H incorporation versus EPSP Hydrolysis.

The rate of EPSP hydrolysis (kh,q) was determined under the same conditions as the rate
of 2H exchange on the MS (k). Three conditions were tested in order to ensure that all
P; was scavenged: (a) PK only, (b) PK, HK and G6PDH, and (¢) SP, PGM and G6PDH.

(a) (b) (c)

Kiyd® 3.0 (+0.6) x 10 23(x01)x10* 6.7 (x10)x10"
Kex® 4.1(+2.5)x 102 27 (2.1)x10° 6.9(x6.3) x 10°
Kex! Knya 130 12 0.1

% Rate of hydrolysis + Standard Deviation

® Average Rate of °H exchange + Standard Deviation
Standard Curve on Mass Spectrometer

The results of the 2H incorporation and P; scavenging experiments
indicated that protonation was the first irreversible step of EPSP hydrolysis. This
provided reaction conditions under which to measure KIEs on the enzyme-
catalyzed EPSP hydrolysis reaction. In order to measure KIEs by MS, it was
necessary to be aole to reliably detect very small changes in the ratio of
unlabelled and latelled species. This was tested by mixing '*C and "*C EPSP in
a known ratio and injecting this mixture on the MS. The calculated ratio was
compared to the observed ratio in Figure 19. With the slope of this curve being
essentially 1, this met the criteria to confidently measure small changes in the

12C:13¢ ratio.
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Figure 19. Standard curve on mass spectrometer.
A known ratio of '*C::">C EPSP was calculated and inject on the MS. This was compared

to the observed pezik intensities in the MS spectrum.

KIE by Mass Spectrometry

A MS method was developed to measure KIEs on acid-catalyzed EPSP
hydrolysis. Using labelled "*C-EPSP, this method was tested in four separate
trials (Table 4). Given the large variation between the experiments using MES as
buffer, and the large difference in the result with NaOAc as buffer, this method
was abandoned iri favour of using radiolabelled EPSP and determining KIE by

liquid scintillation counting.
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Table 4. [3-°C] EPSP KIEs for acid catalyzed EPSP hydrolysis measured by mass

spectrometry.
120/13C 1ZCI13C

Sample # Extent of Ratio for Ratio for KIE
(buffer used) Reaction (f) Unreacted Reacted EPSP

EPSP (r,) (r)
1 (MES) 0.238 0.868 0.860 1.034
2 (MES) 0.415 0.868 0.848 1.044
3 (MES) 0.486 0.857 0.844 1.023
4 (NaOAc) 0.363 0.907 0.969 0.862

KIE by Liquid Scintillation Counting

The method to measure KIEs on acid-catalyzed EPSP hydrolysis reaction
by radioactivity was tested at 3 carbon positions. The measurements were done
in two different buffers, MES and NaOAc. When using MES more than six
months old, the KIE results were very different (Data not shown). When freshly
prepared MES was used (Sample 1), similar results to NaOAc were obtained

(Sample 2 and 3). The results are summarized in Table 5-7.
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Table 5. [1-'“C] EPSP KIEs for acid-catalyzed EPSP hydrolysis.
Three independent trials were conducted and the average of these 3 trials £ 95%

confidence interval is reported.

Extent of
Sample # _ KIE
Reaction (f)
1 0.441 0.966
0.818 0.960
3 0.500 0.965
Average 0.964 + 0.004

Table 6. [2-'“C] EPSP KIEs for acid-catalyzed EPSP hydrolysis.
Three independent trials were conducted and the average of these 3 trials + 95%

confidence interval is reported.

Extent of

Sample # _ KIE
Reaction (f)

1 0.473 0.971

2 0.510 0.963

3 0.505 0.964
Average 0.966 + 0.005

Table 7. [3-'“C] EPSP KIEs for acid-catalyzed EPSP hydrolysis.
Three independent trials were conducted and the average of these 3 trials + 95%

confidence interval is reported.

Extent of
Sample # _ KIE
Reaction (f)
1 0.457 0.973
0.620 0.978
0.434 0.985
Average 0.979 £ 0.007
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Discussion

EPSP Ketal formation

Previous studies of the AroA mechanism proposed that EPSP ketal
formed from dissociated THI breaking down in solution (28, 32). Our lab’s study
of the non-enzymatic THI breakdown, demonstrated that too little EPSP ketal
formed to account for the amounts observed previously in enzymatic reactions
(27). The experiments described here were designed to eliminate any non-
enzymatic source of EPSP ketal, and thus to demonstrate whether it was formed
in the AroA active site. In each of the reaction conditions containing excess
AroA, EPSP ketal formed; with excess PEP, the EPSP ketal yield was > 95%.
This effectively eliminated non-enzymatic THI breakdown, and showed that
EPSP ketal was formed in the AroA active site. This begins to support the
hypothesis that a cationic intermediate exists as part of the normal enzymatic

mechanism of AroA.

The ratio of kealks (Where keat = 57 s (12)) shows that EPSP ketal forms
once every 10° enzymatic turnovers, therefore one could argue that formation of
EPSP ketal is a rare catalytic mistake. However, the fact that EPSP ketal formed
8% of the products in the EPSP hydrolysis reaction shows that it is not a rare
catalytic mistake. This suggests that the cationic intermediate forms at least 8%
of the time. It most likely forms 100% of the time, and it is merely the availability

of the nucleophile which dictates the product distribution.
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Nucleophile vs. I=lectrophile Activation

EPSP ketal formation on the enzyme does not distinguish if the reaction is
catalyzed by nucleophile activation or enolpyruvyl activation. There is no good
evidence for or agiainst nucleophile activation in AroA, though a prioriitis a
reasonable mechanistic proposal. The results of this study of non-enzymatic
EPSP breakdown at pH 14 shows that it is not susceptible to nucleophile
catalysis without prior or simultaneous enolpyruvyl activation. Even if AroA does
employ nucleophie activation for P; addition to EPSP or even H,O in EPSP
hydrolysis, this same mechanism could not be used to activate the O4H
nucleophile. From the crystal structures, we know the O4H is on the opposite
side of the molecule relative to phosphate. Therefore, in order to have the
intramolecular reaction occur, the enolpyruvy! group must first be activated,
leading to the formation of an unstable cationic intermediate. The formation of
this intermediate would still allow for the other nucleophiles to attack, and the only
way that EPSP ketal could be forming under these conditions is through

enolpyruvyl activation (Figure 20).
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Figure 20. Fate of the EPSP Cation.
Following the protcnation of C3’, several nucleophiles can attack.

There is also evidence in the literature for the formation of a cationic
intermediate in both the addition and elimination step of the AroA reaction. It has
been observed that the C3 protons of PEP will exchange with the solvent in the
presence of 4,5-cideoxy-S3P (20). Since this substrate analogue lacks the
nucleophilic O4H group, AroA must undergo a conformation change which could

allow for the formation of a cationic intermediate in the addition step.

Catalytic Advantage of Acid Catalysis

In previous work on vinyl ether hydrolysis (64), the rate enhancement of
EPSP hydrolysis due to acidic conditions was studied. These results showed a

change in pH frorn pH 4.8 up to 60% HCIO,, lead to a rate enhancement of 105.
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There was no plateau in the rate at 60% HCIQ,, therefore the actual rate
enhancement is »10° and this predicted rate enhancement is actually quite

conservative.

In the current study, the pH profile was extended to basic pH'’s, up to a
value of pH 14 (F gure 14). The same plateau seen by Kresge between pH 0 and
3, was seen in the first measurement done between pH 2 and 4. This plateau
can be attributed "o the change of the carboxylic acid becoming a carboxylate
functional group. The change from an electron withdrawing to an electron

donating group, will cause an increased stabilization of the cation.

Over the pH range of this study, from pH 2 to 11.3, there was a rate
enhancement of EPSP hydrolysis on the order of 10°. At pH 14, there was no
detectable measured rate, even after reacting for 16 days. It would have been
possible to reliably measure a 5% change in the reaction, and therefore the
reaction rate at p- 14 was < 4 x 10% 5. By combining the results in these two
studies, it is possible to predict a rate enhancement of at least 10® over the full
pH range. Withou: having the upper or lower limits of the profile well defined, the
rate enhancement is actually >10°.

The rate ennancement of EPSP hydrolysis due to pH shows that acid
catalysis has a dramatic effect on this reaction. By first protonating EPSP, and
activating the enolpyruvy! group, this would decrease the amount of energy

required by AroA to catalyze the reaction.
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Energetic cost of EPSP cation formation

There is a considerable energetic cost in the formation and stabilization of
this cationic intermediate. Assuming pK, < -4 (64), then protonation of this
carbon at physiological pH corresponds to > 15 kcal/mol of energy exerted by the
enzyme to form this intermediate. If we can capture a fraction of the binding
energy the enzyme uses to stabilize the putative EPSP cation, this is a good
starting point for inhibitor design. This would provide another piece of the puzzle

in understanding how to better inhibit AroA.

2H Incorporation

In order to provide an independent line of evidence to support the
formation of a cationic intermediate, AroA-catalyzed EPSP hydrolysis in the
presence of ?H,0 was investigated. °H incorporation into EPSP in the presence
of AroA would supjport the hypothesis of reversible cationic intermediate
formation. It is essential there be no P; present under these conditions, as this
would allow THI formation and therefore H exchange. If any ?H is incorporated
into EPSP, this would provide evidence for an equilibrium between EPSP and a
cationic intermediare.

Under two of the three P; scavenging systems tested, the °H exchange
rate was faster thar) AroA-catalyzed EPSP hydrolysis. However, under the
reaction conditions with SP, PGM, and GBPDH there was negligible ?’H exchange

in comparison to AroA-catalyzed hydrolysis. The PK and the PK, HK and
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G6PDH systems were not as efficient at scavenging P;. Both these methods
indirectly scavenged P;, as they depended on AroA to convert any P; in solution
first to PEP. Using SP, PGM and G6PDH, P; was scavenged directly from
solution. Considering these results taken together, the PK-based scavenging
systems did not work. There was THI formation under these reaction conditions,

and therefore ?H exchange was not due to an equilibrium with an EPSP cation.

The mechanistically relevant information from these experiments was that
they defined the first irreversible step of this reaction and therefore provided a
method to measure KIEs on this reaction. In the presence of SP, PGM and
G6PDH, there is negligible 2H incorporation into EPSP. Therefore, upon
protonation of EPSP, the reaction is essentially irreversible. Since the first
irreversible step o the reaction is known, it is possible to measure KIEs on this

step in the reaction.

These experiments defined the reaction conditions to measure KIEs on the
enzyme-catalyzed reaction. It is important to also measure KIEs on the non-
enzymatic reaction in order to know specifically what the enzyme is doing to
lower the activation energy of the TS. The non-enzymatic reaction was studied

first, in order to develop the best method to make all the KIE measurements.

KIE interpretations

From the ?H incorporation experiments on the enzyme-catalyzed reaction,

with an efficient P; scavenging method, there was a negligible amount of
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exchange compared to hydrolysis. This suggested that protonation was the first
irreversible step in AroA-catalyzed EPSP hydrolysis, followed by nucleophile
attack. This type of reaction can again be drawn using a More O’Farrell — Jencks
reaction diagram (Figure 21). Here, the subscript H represents the proton, and
again, it is not yet possible to predict the precise mechanism of the reaction.
Once KIEs are measured for this reaction, it will be possible to determine if this
reaction follows a stepwise mechanism, with the formation of a discrete cationic
intermediate (FigLre 22a), or if it follows a more concerted mechanism, with

protonation and water attack occurring simultaneously (Figure 22b).
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Figure 21. Reaction Space diagram of the initial steps of the AroA-catalyzed

reaction.
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Figure 22. Reaction coordinate of AroA-catalyzed EPSP hydrolysis.
(a) Stepwise mechariism, (Ay*Ay in the first step); (b) Concerted mechanism, (AyAnin

the first step)
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KIE measurements of the acid-catalyzed reaction have been completed on
the three carbon positions on EPSP by liquid scintillation counting. Each of these
positions was measured 3 times, in 2 different buffers, and demonstrated good
reproducibility. This method was chosen in favour of whole molecule MS KIEs,
which did not show good reproducibility, and demonstrated a buffer dependence

on the results.

Each carbon position measured showed an inverse KIE (Figure 23). This
means that each carbon is going from a looser vibrational environment in the
EPSP substrate to a tighter vibrational environment at the TS. It is unusual that
all three carbons would be going into a more constrained environment. This is
supported however, from previous studies in our group of both AroA and MurA,
where similar results were obtained using MS, with the three enolpyruvyl carbons

having inverse KIEs (Fuzhong Zhang, personal communication).

coo - 0.979 +0.007
H M
\ /
& 0.966 + 0.005
«
2C
20,P0O o~

™S 0.964 +0.004

OH 0

Figure 23. Summary of KIE results.

It is still possible to hypothesize as to the meaning of these results. At C1’,
there was a measured KIE of 0.964 + 0.004. There would not be any change to
the bond order around this atom at the transition state, however with a positive

charge at the C2’ position, there could be a shortening of the bonds at the
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carboxylate group, due to this ionic attraction. C3’ also gave an inverse KIE of
0.979 + 0.007. It is going from an sp? to sp> hybridization state, and this inverse
KIE would suggest that C3' has a full covalent bond formed with the proton at the

TS.

The interpretation at C2’ is more difficult to explain. One would expect that
if a cation-like intermediate was formed, or if the reaction followed a concerted
mechanism, there would be a normal isotope effect at this position. Under both
these conditions, there would be a decrease in the bond order at C2', and there
would be significant amounts of reaction coordinate motion as the nucleophile
approached. It is therefore difficult to rationalize an inverse isotope effect if we

assume that we a-e looking at the protonation step.

The ®H incorporation experiment in the acid-catalyzed reaction was not
done, and therefore it is not yet known whether protonation is the first irreversible
step in the acid-catalyzed reaction. These KIEs therefore most likely reflect a
different step later in the reaction mechanism. The step reflected by this KIE
would have to be after a full bond had formed at the C2’ position. This would
make sense as it would reflect a step where there was more constrain around the
atom, and very little reaction coordinate contribution. The step that fits these
criteria would be the intramolecular proton transfer, prior to leaving group

departure (Figure 24).
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Energy

Reaction Coordinate

Figure 24. Reaction coordinate of Acid-catalyzed EPSP hydrolysis.
The first irreversible step of this reaction is most likely the intramolecular proton transfer,

prior to leaving group departure.

Considering these initial interpretations, it is not possible to hypothesize if
this reaction is following a concerted mechanism, or a stepwise mechanism.
With the inverse KIE at C3’, the TS is most likely fully protonated. However,
since C2’ is also an inverse KIE, this would suggest that at the TS, the H,O
nucleophile has already attacked the substrate. There is most likely some
positively charged character at C2’ which is leading to the shortening of the C-O
bonds at C1’, resulting in an inverse KIE at this position. It is most likely that this
method is looking at a different step of the acid—catalyzed reaction compared to

the AroA-catalyzed reaction By completing the measurement of 3'-?H, 1’-'%0 and
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the bridging "0 KIEs, it will be possible to complete the interpretation of these

results.

These KIEs have been measured on the acid-catalyzed reaction. It will be
interesting to nex: measure the KIEs on the AroA-catalyzed reaction. The acid-
catalyzed measurements are important because they put the AroA-catalyzed
results in context. The important result is how the KIEs on the AroA-catalyzed
reaction differ frorn those of the acid-catalyzed reaction. This will precisely define
the TS stabilized by the enzyme, and provide information about how to better

design inhibitors for AroA.
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Conclusions and Future Work

From the results obtained in the EPSP ketal study, as well as the acid-
catalyzed EPSP hydrolysis study, we have provided strong support for
enolpyruvyl activation in the AroA mechanism, leading to the formation of a
cationic intermediate in the enzyme active site. This is a mechanistically relevant
conclusion, as it requires > 15 kcal/mol of energy to form this cationic
intermediate. If the enzyme is assisting with the stabilization of this intermediate,
then it is exerting a significant amount of catalytic power to do so. If some of this
binding energy cculd be captured in an inhibitor, this could be a good starting

point for inhibitor design.

A method has been developed to measure KIEs on the acid- and enzyme-
catalyzed EPSP hydrolysis reaction. KIEs on the three carbon positions of the
acid-catalyzed reaction have been measured in triplicate, with good
reproducibility, using liquid scintillation counting. Upon initial analysis, the
vibrational envirorment at these three positions in the acid catalyzed reaction is
becoming more constrained at the transition state, which would suggest a
concerted mechanism. It will be important to compare these results to the results
for the AroA-catalvzed reaction, to determine the differences in these two

mechanisms.

Future work will be needed to finish the acid-catalyzed KIE measurements,

then on the AroA-catalyzed reaction in the presence of SP, PGM and G6PDH.
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Once these measurements are obtained, it will be possible to do a full TS
analysis and understand exactly what AroA is doing to lower the activation
energy of this reaction. This will provide necessary information to design an
inhibitor which is a TS mimic. This could lead to the development of new drugs to

treat diseases such as tuberculosis.
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