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Abstract

Antibiotic resistance is a major threat to the global health. The overuse and misuse of
antibiotics have accelerated the process of antibiotic resistance and the emergence of multiple
drug resistant bacteria. Therefore, it is urgent to develop new antibiotics. 3 Deoxy-D-
arabinoheptulosonate-7-phosphate (DAHP) synthase is a promising target due to its vital role in
shikimate pathway in bacteria, and the lack of mammalian counterpart. It catalyzes the aldol-like
reaction between erythrose 4-phosphate and phosphoenolpyruvate, the first step in shikimate
pathway. Inhibiting DAHPS will disrupt the shikimate pathway, leading to bacteria death.
However, no clinical available DAHPS inhibitor makes it important to fully understand DAHPS
catalytic mechanism. A tetrahedral intermediate (THI) is formed and broken during the reaction.
Two possible mechanisms regarding THI breakdown generate the opposite charge distribution
on the transition state (TS). The TS is an ideal target for inhibitor design. Due to the low
concentration and short lifetimes, kinetic isotope effects (KIEs) are the only means to determine
TS structures in detail. Competitive KIEs measurement involves measurement of the ratio of
isotopologues in the same reaction. In this study, we have developed a method for accurate
measurement of isotope ratios by quantitative NMR that involves using a less time-consuming
pulse program that only flips the magnetization to an ‘Ernst angle’, and processing the NMR
peaks with Voigt deconvolution fitting model which considers both the natural line shapes and

the contributions from the spectrometer.
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1 Introduction

1.1 Antibiotic resistance

Antibiotics have transformed modern medicine and saved millions of lives since the
discovery of penicillin in 19282, It was first prescribed in 1940s and heavily used during the
second world war®. However, resistance appeared in laboratories before it entered clinical use®.
The penicillin discovery team was able to identify a bacterial penicillinase>®, which provides
resistance by specifically hydrolysing the -lactam ring functionality in penicillin. By the 1950s,
penicillin resistance had become a clinical problem and threatened the advances of the prior

decades’.

Similar to penicillin, resistance to other antibiotics emerged in the decades after they
were introduced to the clinic’. Unfortunately, resistance has been seen in almost all antibiotics
that have been developed?. Antibiotic resistance will eventually emerge even when antibiotics
are used correctly, but the misuse and overuse of antibiotics has greatly accelerated the process,
and the lack of new antibiotic development makes the problem much worse® 1. Antibiotic
misuse is widespread; in nearly 50% of cases either the choice of medication or duration of
antibiotic therapy is incorrect!!. Subinhibitory and subtherapeutic antibiotic concentrations lead
to antibiotic resistance through genetic alternations, which increases virulence and promotes
antibiotic resistance and spread!’. The three fundamental mechanisms of antibiotics resistance
are (i) degradation or modification of the antibiotic molecule, (7i) decreased membrane
permeability or the overexpression of efflux pumps, and (iii) protection or alteration of antibiotic

target sites!2,
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The development of new antibiotics had always been an effective strategy to alleviate the
problem of resistance. However, the rate of antibiotic development has decreased since the 1960s
due to economic and regulatory obstacles’!'?. Pharmaceutical companies have cut their
investment in developing new antibiotic molecules because they are not very profitable.
Antibiotics are inherently used for short periods, and newly approved antibiotics are often
reserved for use as a last resort in order to delay the development of resistance. Therefore, only a
limited number of new antibiotics that have been discovered over the last several decades. Most
newly introduced antibiotics are just derivatives of previous antibiotics!#. But they are only
useful for a short period, since the emergence of resistance is nearly inevitable. Thus, the

development of new antibiotics and new targets is crucially needed.

1.2 oa-Carboxyketose synthase family

a-Carboxyketose synthases (aCKSs) have significant roles in bacterial survival and
virulence!®. Members of the family include 3-deoxy-D-arabinoheptulosonate 7-phosphate
(DAHP) synthase (DAHPS), 3-deoxy-D-mannooctulosonate 8-phosphate synthase (KDOS8PS)
and NeuB, an N-acetylneuraminate synthase!¢. aCKSs catalyze aldol-like condensation reactions
using phosphoenolpyruvate (PEP) and an aldose as substrates to form 3-deoxy-2-keto sugars
with differing chain lengths (Figure 1.1). DAHPS utilizes erythrose-4-phophaste (E4P) as its
aldose substrate, while KDOS8PS uses arabinose 5-phosphate (A5P) and NeuB uses V-

acetylmannosamine.
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Figure 1.1 aCKSs condensation reactions.

(A) General aCKS catalyzes the reaction of an aldose and PEP substrate to form 3-deoxy-2-keto
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sugars. (B) The three main aCKS reactions catalyzed by DAHPS, KDO8P, and NeuB,

respectively.

In all these three reactions, inorganic phosphate (P;) is released from substrate PEP

through the breakage of C-O bond. All three members are involved in metabolic processes in

bacteria, and are essential for pathogenicity. They are considered to be promising targets for

design and development of new antibiotics since they do not exist in mammals.
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1.2.1 DAHPS

DAHPS catalyses the reaction between PEP and E4P, to form DAHP and P;. It is the first
enzyme in shikimate pathway, which is present in microorganisms, plants and some fungi, but is
absent in higher eukaryotes!’. It is well regulated by feedback inhibition to control the

concentration of downstream reaction products of the pathway!'#-20,

1.2.1.1 Shikimate pathway

The shikimate pathway is a seven-step pathway for the biosynthesis of aromatic amino
acids in all bacteria and plants. It does not exist in mammals, which makes it a promising target
for the development of antibiotics, herbicides and pesticides?!?2. The pathway starts with
DAHPS and finishes with the intermediate chorismate (Figure 1.2). Chorismate is a branch point
precursor in the synthesis of tryptophan (Trp) through anthranilate, while in the synthesis of

tyrosine (Tyr) and phenylalanine (Phe), prephenate acts as an intermediate?>-2*,
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(5) shikimate kinase

(6) 5-enolpyruvoylshikimate-3-phosphate synthase
(7) Chorismate synthase

Figure 1.2 Shikimate pathway.

DAHPS catalyzes the first step of shikimate pathway to form DAHP, which is converted to
chorismite through six-step reaction. Figure from reference .

In addition to aromatic amino acids, the shikimate pathway is also involved in the
biosynthesis of several secondary metabolites, including folates, flavonoids, ubiquinone and
lignans, which are essential for bacteria survival?® (Figure 1.3). Therefore, inhibiting the
shikimate pathway disrupts the biosynthesis of protein and secondary metabolites, resulting
antimicrobial effects. As the first enzyme in the pathway, DAHPS controls the downstream
carbon flow through the pathway. As a result, the inhibition of DAHPS would cause the

disruption of shikimate pathway, leading to rapid death of bacteria?’.



MSec. Thesis — Alvin Niu McMaster — Master of Science

I siderophore biosynthesis |

| ubiquinone biosynthesis

/ 0 Aromatic amino acids
common cOO-

shitl;imate chotrismate ‘ooc coo"

pathway mutase

—_ J\ _— phenylalanine
O COO”

tyrosine

OH anthranilate

. synthase OH
chorismate prephenate

COO"
NH,
——— | tryptophan
folate biosynthesis anthranilate

Figure 1.3 Chorismate as a branch point in the synthesis of amino acids and secondary
metabolites.

Adapted from Light et al®®.

Shikimate pathway being a target for antibiotics design has been validated in knockout
experiments. For example, knocking out the AroA gene, which encodes 5-enolpyruvoylshikimic
acid-3-phosphate (EPSP) synthase, the sixth enzyme of the shikimate pathway, rendered

Bordetella bronchiseptica and Pseudomonas aeruginosa nonvirulent?*-,

In spite of the pathway’s importance and potential value as an antimicrobial target, only
one commercially useful inhibitor of this pathway has been found, namely the herbicide
glyphosate, which targets EPSP synthase®!*2, but it is not an antibiotic. Currently there is no
antibiotic targeting shikimate pathway that is used clinically. Thus, our efforts focus on

investigating DAHPS as a target of inhibition.
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1.2.2 NeuB

NeuB is also a member of aCKS superfamily. It catalyzes the condensation of PEP and
N-acetylmannosamine, forming N-acetylneuraminic acid, a sialic acid. Sialic acids are a family
of nine carbon 3-deoxy-2-keto sugars, which are involved in a variety of biological functions®.
They are widely distributed in mammalian cells, and to a lesser degree, in fungi and bacteria®*. In
mammalian cells, they are found at the end of secreted and cell surface glycoproteins and
glycolipids. Due to their location, they play a significant role in cellular recognition and

adhesion?>37

. In addition, they are also correlated with tumorigenesis and metastasis in certain
cancers**-?, In several pathogenic bacteria, sialic acid is synthesized and located on cell surface
to mimic mammalian cells to escape the host’s immune system*’. This includes Neisseria

meningitidis that causes meningitis*' and Campylobacter jejuni that causes food-borne

gastroenteritis*2,

In mammals, ManNAc is first phosphorylated into ManNAc-6-phosphate by ManNAc
kinase, followed by NeuNAc-9-phosphate synthase-catalyzed condensation with PEP to form
NeuNAc-9-phosphate. NeuNAc-9-phosphate is then dephosphorylated to NeuNAc by NeuNAc-
9-phophate phosphatase. In contrast, in bacteria the condensation reaction between ManNAc and
PEP catalyzed by NeuNAc synthase, NeuB, generates NeuNAc directly (Figure 1.4)*. NeuNAc
is then activated using cytosine triphosphate, CTP, to give CMP-NeuNAc, an activated substrate
for sialyltransferases that transfer this keto acid to glycoproteins and glycolipids®>. This
difference in the NeuNAc biosynthesis pathway in mammals and bacteria makes NeuB a

promising target for inhibitor design.
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Figure 1.4 Biosynthesis of NeuNAc from ManNAc in mammals and bacteria.

Adapted from reference 3.

1.2.3 KDOS8PS

KDO&PS is another a-carboxyketose synthase. It catalyzes the condensation of PEP and
ASP to give KDOSP, a precursor to KDO, which is involved in the biosynthesis of
lipopolysaccharide (LPS) in Gram-negative bacteria. LPS is located in the outer membrane of
Gram-negative bacteria, consisting of a lipid and a polysaccharide chain containing O-antigen
and core connected by a covalent bond**. It is responsible for the toxicity of Gram-negative
bacteria and is vital for cell growth. KDO plays a significant role as a link between lipid A, the
membrane embedded moiety of LPS*, and extended polysaccharide molecule O-antigen, which
is exposed on the outer membrane of bacteria cell and involved in the cellular activity of

antibody recognition***® (Figure 1.5). Although the O-antigen part in LPS varies from species,
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the inner core part containing KDO is highly conserved across all species of Gram-negative

bacteria.
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Figure 1.5 LPS structure in Gram-negative bacteria.

Figure taken from Raetz et al**. The KDO residues are boxed in red.

After the dephosphorylation of KDOS8P to KDO, the activated form of KDO, CMP-KDO
is formed from CTP and KDO, before it participates into the synthesis of LPS. KDO is essential
for the biosynthesis of LPS*748, Mutated KDOSPS in Salmonella strains has led to the failure to
synthesize KDO, resulting in the inhibition of biosynthesis of LPS and the inhibition of cell
growth. As a major component of outer membrane of Gram-negative bacteria, it contributes to
the structural integrity of organisms. It also increases the negative charge of the outer membrane
which stabilizes the membrane structure*®. The deficiency in LPS would increase cells'
susceptibility to chemical attack. As a result, KDOSPS would be a valuable target for inhibitor

design in combatting Gram-negative bacteria.
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KDOSPS and DAHPS are homologues'>*’; however, they have different metal
dependencies’!. All DAHPS are divalent metal-ion dependent, while both metal ions dependent

and independent KDOSPS exist>2.

1.3 DAHPS

DAHPS catalyses the first step in shikimate pathway. DAHPSs can be categorized into
classes I and II based on sequence homology. Class I DAHPSs are all microbial in origin. They
have subunit molecular weights of ~39 kDa, and can be further divided into two subgroups, la
and Ip>. Type la includes DAHPSs from Escherichia coli, Saccharomyces cerevisiae, and N.
meningitidis. They possess a regulatory region at their N-terminus that inhibits enzymatic
activity by combining with Phe, Tyr, and Trp>*. Type I DAHPS is divided into two types. The
first type does not have a feedback regulation domain, while the other type has a feedback
regulation domain®, including chorismate mutase and ferredoxin-like domains located in the N-
terminus. They regulate the activity of type I DAHPS by downstream amino acids, including
Phe, Tyr, Trp, chorismate and prephenate, in independent or cooperative ways>*. Type I
DAHPS shares more similarity with KDOSPS comparing to type Io DHAPS, and is the most
widely distributed DHAPS subtype®. Class I DAHPSs were originally found in plants, but have
more recently also been found in microorganisms, and have a subunit with molecular weight of

54 kDa>>7. There is no significant similarity in the sequence between class I and IT DAHPS.

E. coli contains three class la isozymes of DAHPS which are feedback inhibited by one
each of the aromatic amino acids: DAHPS(Tyr), DAHPS(Phe) and DAHPS(Trp)°8. Each is

negatively regulated by its eponymous aromatic amino acid through feedback inhibition®-°,

_10_
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Different feedback regulation mechanisms of class I DAHPS have been reported?.
Among them, Mycobacterium tuberculosis class Il enzyme has a complex mechanism of
regulatory control. It is inhibited synergistically by the combination of shikimate pathway end
products Phe, Tyr, Trp, while Phe, Tyr, or Trp alone only have limited inhibitory effects?*-28:61,
Besides feedback inhibition, another regulatory mechanism found in bacteria is by transcriptional

control by the repressor protein #yrR and trpR which respond to tyrosine and tryptophan levels.

Transcriptional control regulation is the only regulatory mechanism found in plants®?.

DAHPS:s are divalent metal cation dependent®. A variety of divalent metals activate
DAHPS in vitro, including Mn?*, Fe?*, Co**, Cu?*, Ni**, Zn?>" and Cd**. While it is unknown
which metal ions function in vivo, Fe**, Zn>" and Cu®* have been proposed®°. It is suggested
that the metal ion binds to each monomer of DAHPS® and functions as an electrophile to
polarize the C1 aldehyde group of E4P for nucleophilic attack by C3 of PEP. It is also believed
that it plays a catalytic role in the coordination and orientation of the C1 carbonyl oxygen of

E4PS768,

1.3.1 DAHPS structure

All DAHPSs share a characteristic (/a)s TIM-barrel fold and similar active site

architecture’%-63-:69

, and all are either dimeric or tetrameric in solution. E. coli DAHPS(Phe) is a
homotetramer made up of a dimer-of-dimers in which two subunits form a tightly bound dimer

with an extensive inter-subunit interface, and each tight dimer interacts through a weaker

interface to form the tetramer (Figure 1.6)*%779, Each monomer contains a complete active site.

_11_
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Figure 1.6 The structure of DAHPS(Phe).

DAHPS(Phe) is a homotetramer, each subunit is in different colour. Monomer A (green), B (blue)
and C (orange), D (yellow) form two tightly bound dimers through an extensive interface, while
dimers AB and CD form a tetramer through a looser interface. There is an active site in each
monomer, which is labeled in purple (PEP binding site), while the binding site for its allosteric
inhibitor, phenylalanine, is labeled in red. Figure from reference 2°.

1.3.2 Catalytic mechanism

DAHPS’s condensation reaction of E4P and PEP passes through a tetrahedral
intermediate (THI). THI formation is believed to proceed through a cationic transition state or
intermediate, though an anionic mechanism has also been proposed®*¢7-"!. The cationic
mechanism starts with C3 of PEP attacking the carbonyl carbon of E4P, forming the THI,
followed by elimination of the phosphate group, producing DAHP (Figure 1.7). In the anionic
pathway, the THI is formed through HO™ attacking C2 of PEP. The fact that enolpyruvyl group
cannot undergo unactivated nucleophilic attack without prior protonation of the methylene
(C=CH>) group’?, and that PEP is base stable argues against the anionic mechanism. THI
breakdown involves the breakdown of C-O bond to release P; and formation of the ketone’s

double bond (Figure 1.7). Most mechanistic discussions and inhibitor design have focused on

_12_
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THI formation; however, our recent work on DAHP oxime (see below) suggests that THI

breakdown may be the more kinetically significant step.
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OH, (_/'B B
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E4P + PEP + H,0 THI DAHP
(tetrahedral

intermediate)

Figure 1.7 The proposed mechanism of DAHPS reaction.

What remains unclear is which mechanism it follows during the THI breakdown. In a
cationic mechanism, C-O bond breakage and P; release happens first, giving a positive charge
(blue), while in anionic mechanism, the deprotonation of hydroxyl group happens before the

break of C-O bond, which gives a negative charge (red) (Figure 1.8).
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Figure 1.8 Two possible mechanisms of THI breakdown.
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Since these two mechanisms give intermediates with opposite charge distributions,
knowing which mechanism is operative is a key factor in designing transition state inhibitors.

Thus, it is necessary to fully understand DAHPS’s catalytic mechanism.

1.3.3 DAHPS inhibitors

Several DAHPS inhibitors have been reported, including the transition state mimic
DAHP oxime, which was developed in our lab (Figure 1.9). DAHP oxime is a potent, slow-
binding DAHPS inhibitor. It inhibits DAHPS with K; = 1.5 uM". A linear free energy
relationship (LFER) analysis showed that the oxime group not only structurally mimics a
phosphate group, but it is also a TS mimic of THI breakdown’®. This is important because it
suggests that the oxime functional group can act as a phosphate mimic in inhibitor design.
Phosphate is part of many biomolecules and is involved in most physiological processes, making
the development of phosphate mimics a major concern in medicinal chemistry. Phosphate is
problematic because it is rapidly hydrolyzed in vivo, and its negative charge makes it cell
impermeant. However, designing bioisosteric phosphate replacements remains a challenge
because most are either highly charged, leading to problems crossing the cell membrane, or
bulky, potentially interfering with its binding with phosphate binding sites’”>. DAHP oxime, as a

small uncharged molecule, could be a solution.

A common strategy in inhibitor design is mimicking the reaction intermediates. There is a
proposed oxacarbenium ion intermediate in the cationic mechanism during the THI formation.
Therefore, oxacarbenium ion intermediate mimics have been developed, such as compound 1
(Figure 1.9). It mimics the positive charge at the carbon atom of the oxacarbenium ion

intermediate with ICso = 6.6 uM’®.
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Other DAHPS inhibitors include a THI intermediate mimic, compound 2 (Figure 1.9),
which replaces the phosphate group in THI with a phosphonate group’’, a substrate E4P mimic,
fosmidomycin (Figure 1.9, K; = 35 uM)’® , and a PEP mimic, compound 3 (Figure 1.9, K; =270

uM)’®. However, there is no DAHPS inhibitor that is used in clinic.

HO (0]
\ PO, EtO_11_OEt
OH OH N OH OH ( - OH ot
2- : 2- : .
0;PO i oo 0;PO i NH_c00 HO
OH OH *  OH COoO
DAHPS oxime Compound 1 Compound 2
K,=15uM IC5y=6.6 uM
@ .
0
2-O3P\/\/N\’¢O G ;\
H COO-
Fosmidomycin Compound 3
K;=35uM K; =270 uM

Figure 1.9 DAHPS inhibitors.

Compound 1 is an oxacarbenium ion mimic’®; 2 is a THI mimic’’; fosmidomycin in a E4P mimic®,;
3 is a PEP mimic™®.

1.4 Transition state analysis

Transition state (TS) analysis is a powerful tool for inhibitor design as enzymes bind to
and stabilize transition states more than any other species. The dissociation constant of the E-TS
complex can be as tight as 102° M”?, much lower than substrate or product complexes, which

typically have dissociation constants in the 10~ to 10 M range (Figure 1.10).
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Figure 1.10 E-TS has a much lower dissociation constant than other species.

Enzymes bind their cognate transition states tighter than any other species’. Figure by Dr. Berti.

By designing molecules that mimic the transition state’s charge and geometry, it is
possible to develop potent enzyme inhibitors. Enzyme inhibitors that are TS mimics are used in
the clinic include the influenza drugs oseltamivir and zanamivir, the anti-cancer drug pentostatin,
the "pril" anti-hypertension drugs, the HIV protease inhibitor saquinavir®®#!, and the anti-T-cell

cancer drug forodesine®?%3.

With the information provided by TS analysis, we can get a better understanding of how
enzymes catalyze reactions. However, the challenge in studying transition states is their
effectively zero concentration, and short lifetimes (107!3 s), making it impossible to observe and
analyze TS structures using physical or spectroscopic methods®*37. The only way to determine

TS structures in detail is TS analysis using kinetic isotope effect (KIE) measurements®s-5°,
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1.4.1 Kinetic isotope effects

A KIE is defined as the ratio of rate constants for a chemical reaction whose reactants
contain isotopic labels: KIE = lightg/heawk K]Es are vibrational phenomena and can be explained
in terms of a species vibrational frequencies. A bond in a molecule can be treated as a harmonic
oscillator, with two masses joined together with a spring (Figure 1.11). The vibrational

frequency, v, is defined by the atoms’ masses and the strength of bond (spring) (Eq. 1.1):

1|k (Eq. 1.1),
21 U

<
Il
|
I

where k represents the spring’s force constant and p is the reduced mass of the oscillator,

U= ﬁ Heavier isotopologues have lower vibrational frequencies, and lower frequencies
1 2

correspond to lower zero-point energies (see below), which give rise to KIEs.

Figure 1.11 Harmonic oscillator model of a C-H bond.

In this harmonic oscillator model of C—H bond, the atoms are treated as balls of mass m1 and m2
joined by a spring. At the equilibrium bond length, req, the spring exerts no force. As the bond
length is changed by Ar, it exerts a force F = —Ark, where k is the spring’s force constant.

Three factors contribute to a KIE: KIE = MMI x ZPE x EXC?. MMI is the contribution
from the changes in mass and moments of inertia upon isotopic labelling, ZPE is the contribution
from zero-point energies, and EXC is the contribution from vibrationally excited states. The

ZPE contribution is normally dominant.
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1.4.1.1 Zero-point energy

The ZPE contribution arises from changes in the zero-point energies of vibrational
frequencies between the reactant and transition state. Zero-point energy is a vibration’s energy at

0K (Eq. 1.2):

(Eq. 1.2),

where 4 is the Planck constant and v is the vibrational frequency. Because v depends on the
atomic masses and spring force constants, so does Eo. When a bond becomes weaker, i.e., when k&
decreases, the zero-point energy for the light isotope decreases more than for the heavy isotope,

leading to a difference in activation energies, and therefore reaction rates, i.e., an isotope effect.

Energy ——»

\ |
reactant transition state

Figure 1.12 Zero-point energy contribution to KIEs

The curves show the energy required to stretch/compress a C—H bond away from its equilibrium
bond length, rc-n. Stronger bonds, with higher spring force constants, k, require more energy to
distort. The zero-point energy is shown by the horizontal lines. In this example, a C—H bond
becomes weaker at the transition state, resulting in the zero-point energy decreasing more for 'H
than 2H, meaning its activation energy, AE*('H) is lower than ?H. As a result, "H will react faster
than 2H, giving a normal KIE, i.e., KIE > 1.00. Figure taken from reference 88.

_18_



MSec. Thesis — Alvin Niu McMaster — Master of Science

1.4.1.2 Classification

KIEs can be classified as primary or secondary. Primary KIEs are those involving the
atoms which are undergoing bond breakage or formation, while secondary KIEs are those at any

other position in the molecule®®.

KIEs can also be classified as normal (KIE > 1.0) or inverse (KIE < 1.0). A normal KIE
demonstrates that the vibrational environment of the labelled atom is looser (i.e., bonding is
weaker) in the transition state than that in the reactant, causing the lighter isotopologue to react
faster. An inverse KIE demonstrates that the vibrational environment of the labelled atom is

tighter, causing the lighter isotopologue to react slower®s.

1.4.1.3 Competitive KIEs

KIEs can be measured noncompetitively or competitively. Non-competitive KIEs involve
measuring rate constants for each isotopologue separately. Competitive KIEs involve measuring
the ratio of rate constants with both isotopologues present in the reaction mixture at the same
time®!. Competitive KIE measurements yield more accurate and precise results by eliminating
systematic error, such as would be introduced by differences in concentration or reaction
conditions®?. Competitive KIEs reflect the isotope effects on the specificity constant, kca/Km, in
the first irreversible step in the reaction, which depends on the energy of free substrates and free
enzymes and of E-TS complex. There is no isotopic discrimination after the first irreversible

step®-%3.
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1.4.1.4 Measuring KIEs

Measuring competitive KIEs involves measuring the change in isotope ratios as a
function of the extent of reaction, which gives, in turn, the ratio of rate constants. Competitive
KIEs can be measured using liquid scintillation counting of radioactive isotopes, mass
spectrometry, or NMR spectroscopy using stable isotopes’?. The latter has some advantages over
the former; for example, synthesis of substrates with stable isotopes is easier compared to

incorporation of radioactive isotopes”®.

Employing NMR to measure 2H KIEs was first reported by Pascal et al. in 1980s"7.
However, these measurements were of relatively low accuracy, and useful KIEs measurements
on heavy atoms, like *C only became possible in the 1990s°®. These KIEs were measured at
natural abundance, which avoided the need for isotopologue synthesis, but required reactions on
the multi-mole scale because the low natural abundance of *C (1%) and ?H (0.02%). In addition,
it could not be used for NMR inactive nuclei like 0. Furthermore, due to the low resolution and
sensitivity of early NMR instruments, the accuracy of isotope quantification was limited®®.
Bennet and coauthors developed a direct NMR method to continuously measure competitive
KIEs using 1*C spectra® (Figure 1.13). We plan to use this method to measure '*O KIEs using
3IP spectra, something that has not been done before. This method measures the isotope ratio at
the site of interest (e.g., '°0/'%0) by observing the NMR peaks of an adjacent atom (e.g., *'P).
80 causes a measurable upfield shift in the 3!P peak (Figure 1.13A), so that it is possible to
quantify the %0-31P/180-3!P ratio. If the isotopic label at the site of interest is NMR active (e.g.,
12C/13C), then the adjacent '3C atom’s peak will be split (Figure 1.13B), but the principle is
otherwise the same. Using the Bennet method, NMR spectra can be collected continuously as

the reaction proceeds until the signal-to-noise ratio becomes too small due to reactant depletion.
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1°? and the need

This method can avoid the need for large quantities of natural abundance materia
for an internal reference atom??, though it does require isotopologue synthesis. Moreover,
besides °C, other NMR-active nuclei can also be used as probes, including '°N and 3!P. The
main disadvantage of this method is the potential for peak overlap between the reactant and
product. The problem of signals overlap can be improved by using a newly developed method,
"H-detected 2D ['*C, 'H]-heteronuclear single quantum coherence [HSQC] NMR, reported by
Murkin and coauthors!%. Instead of using '*C as probe, 'H attached to '3C was monitored, which
can significantly increase sensitivity !°!. The advantages of this method include small
experimental errors, no need for additional sample manipulation, and capability to measure small
KIEs. Other KIEs (°N, '®0) can also be measured by this method with the existence of ‘'*C-'H’

probe adjacent to the atom of interest!?’. However, not all organic compounds meet with this

requirement, which is this method’s the major limitation.
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(B) 2-13¢c  3.12C 2-13¢c  3.13C
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Figure 1.13 Measuring isotope ratios of interest by observing nearby nuclei.

Measuring the isotope ratios of the sites of interest by observing the adjacent reporter nucleus:
(a) "®0/'®0 with 3'P or (b) '2C/'3C with 3'P NMR has never been used to measure phosphate 80
KIEs before.

KIEs are calculated from the isotope ratios, R/Ro (Eq. 1.3):

R N
R, = (= FWE (Eq. 1.3),

where Fi represents fraction of light isotopologue conversion, Ro and R represent the ratio

of heavy to light isotopologue before and after reaction, respectively.
1.4.2 Solving transition state structures

Once experimental KIEs have been measured, the next step is to interpret them to solve
the TS structure. There is no route to calculate a TS structure directly from experimental KIEs.
Instead, because it is possible to reliably predict what the KIEs would be for a candidate TS
structure from its vibrational frequencies, calculated KIEs are generated for multiple candidate
TS structures®. The candidate TS structure whose calculated KIEs matches the experimental

values is considered the experimental TS structure. 3192
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1.5 Quantitative NMR

NMR is frequently considered a non-quantitative technique, in large part because the
most commonly used conditions are optimized for sensitivity at the expense of quantification.
Nonetheless, NMR can be used for quantitative analysis'®, and has been since 1963, when
Hollis!** performed the first quantitative NMR (QNMR) measurement on a mixture of drugs to
analyse the fraction of each compound. NMR is uniquely suitable for the analysis of mixtures
because of its non-selective characteristic!?. That is, it is able to simultaneously detect all
compounds which contain the nucleus under observation. Despite these advantages, its
application to some nuclei, such as *'P and 13C, is limited due to their low sensitivity (*'P) or low
natural abundance (*C). However, the development made in high-field magnets, cryoprobes!'%¢-
109" solvent suppression techniques!!'?, and versatile pulse sequences have decreased its limit of

detection (LOD) significantly.

The precision and accuracy (higher than 98%) of qNMR have been validated to be
comparable to those of HPLC!!!, while requiring relatively short analysis times. However, the
precision and accuracy can only be achieved after taking careful considerations regarding
acquisition and processing parameters. It also needs efforts in sample preparation, which may

also introduce significant errors.

The most fundamental principle of qNMR is based on the relationship between signal

intensity (/) and number of nuclei (V) (Eq. 1.4):

I=Ks-N (Eq. 1.4),
where Ks represents the spectrometer constant. The intensity / of a signal is directly
proportional to the number of nuclei N 1911, Under the right conditions, gNMR can be used for
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relative quantification of two species in a solution, or absolute quantification by using an
external standard!!!"!12, The molar ratio of two substances (X and Y) can be determined by the

comparison of normalized intensities of corresponding signals!!?, and can be calculated directly

(Eq. 1.5)

nx Iy Ny (Eq. 1.5),

ny Iy Ny
where n, is molar ratio, I, is the integral area, and N, is the number of nuclei!!3!14,

1.5.1.1 The NMR signal

NMR spectra are generated by placing the sample in a magnetic field and applying a
radiofrequency (7f) pulse to the nucleus of interest, causing its magnetic moment to flip by 90°
from the z-axis to the x-y plane”® (Figure 1.14). The magnetic moment precesses in the magnetic
field, and this precession is detected by the spectrometer as the free induction decay (FID). FID
is the observable sinusoidal signal (signal versus time) generated by the transverse component of
the non-equilibrated magnetization as it precesses in the x-y plane. The FID cannot be
interpreted directly; a Fourier transform (FT) is applied to convert the time domain FID to a

frequency domain NMR spectrum.

f pulse

FID acquisition Relaxation delay

A
A\ 4

Signal —

Time ——

Figure 1.14 NMR single pulse and FID.
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1.5.1.2 Relaxation

Relaxation time is an important factor in the accuracy of qNMR. FIDs decay over time
through two modes as the magnetic moment relaxes, namely longitudinal and transverse

relaxation (Figure 1.15).
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Figure 1.15 Spin Relaxation.

(a) Longitudinal relaxation. Immediately after the rf pulse, magnetization is in the x-y plane. Over
time, the magnetization returns to its maximum value along +z axis. (b) Transverse relaxation, in
which slight differences in precession frequency cause the magnetic vectors to become dispersed
in the x-y plane, leading to a decrease in the magnetization vector''s. Figure taken from reference
115.

Relaxation is a process by which the nucleus’s magnetization returns to its initial value
along the z-axis at its equilibrium state. Transverse relaxation is faster than longitudinal
relaxation, and since NMR peak widths are inversely proportional to relaxation time, T>
determines the peak width. In practice, it is faster to measure T>*, the “effective T>”!!°, which
includes contributions from the molecule’s intrinsic T2 value, and a small contribution from
magnetic inhomogeneity in the NMR instrument, T2ago) (Eq. 1.6):

1 1 1 (Eq. 1.6),

=+
Ty, T, Tousy

In this study T>* was measured as a proxy for T».
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Longitudinal relaxation always takes longer than transverse relaxation, so it is the
relaxation mode that must be considered during qNMR. Longitudinal relaxation is a simple

exponential process with T as a first-order time constant (Eq. 1.7):

£ Eq. 1.7),
MZ=M0<1—eT1) (Eq )
where M is the magnetization at thermal equilibrium, and M, is the magnetization along the

z-axis at time, ¢.

T, can be measured using inversion recovery method!'>~!"7(Figure 1.16). A 180° pulse is
applied, followed by a variable delay period, 1. Longitudinal relaxation begins during the delay
period, then another 90° pulse is applied. The strength of the signal depends on amount of
longitudinal relaxation during t. For example, when t = T, the second pulse will flip the magnetic
moment back to 180°, and there will be no observable signal during the FID. The experiment is
repeated with varying t; value from a small value to at least 7 x T1. A plot of peak intensities versus

1 gives value of T '8,

T /2
delay -
Relaxation period Acquisition
delay T MAI\AAM
inversion J e
pulse

Figure 1.16 Pulse sequence of inversion-recovery pulse for measurement of T1 relaxation time
constant.

Figure taken from reference’"®.
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NMR spectra will be quantitative only if the magnetic vector is allowed to fully relax between
each rf pulse. If a pulse is applied before the nuclear spins are completely relaxed, then each
nucleus with a different T value will flip to a different angle and give a different strength signal.
Full relaxation can take minutes, which makes quantitative measurements extremely time

consuming. For qNMR, relaxation times of 7 x T are required.

Traditionally, the only way to speed data acquisition for gNMR was to use NMR
relaxation agents, such as paramagnetic ions like Gd*" or Eu’", to accelerate the relaxation
process!?’, In this thesis, we investigate a second approach, namely using incomplete T
relaxation. The rationale was that isotopic labels (1°O, '30) are unlikely to affect T values at the
adjacent *'P nucleus, so even if a *'P nucleus is not completely relaxed, the effect would be the
same for '°O-3'P versus '#0-3'P, and the isotope ratio would be accurate even without full
longitudinal relaxation. This rationale was proposed by Prof. Andrew Murkin (U. Buffalo) and is
supported by NMR theory, which states that a steady state condition should be established after a
handful of pulses'?!122, A stable, steady state should allow accurate isotope ratios to be

measured.

The excitation pulse should be uniform throughout the whole spectral width of interest. It
requires short pulses (~10 ps). It is easier to achieve for proton NMR, but for heavier nuclei with
a larger chemical shift range, such as °F or 3P, the spectra may suffer from intensity distortions.
Normally, the maximum intensity can be achieved by applying a 90° pulse, but this always
requires longer relaxation time. A smaller pulse angle can also be used to achieve robust signal-

to-noise (S/N) ratio with shorter time, which is known as ‘Ernst angle’, a 123712 (Eq. 1.8):

-5
cosa=e'* T (Eq. 1.8),

_27_



MSec. Thesis — Alvin Niu McMaster — Master of Science

where o represents the optimum pulse angle, and 7r, 71 represent repetition time and

relaxation time respectively.

1.5.1.3 Relaxation agents

As mentioned above, a time delay of 7 x T, is needed between each pulse for complete
relaxation, and for [1-13C]pyruvate, its Ti is longer than 10s. Thus, it is necessary to wait for
more than 1 minute for full recovery, which makes measurement quite long. Under these
conditions, relaxation agents (also called contrast agents) can be used to reduce T, thereby
speeding data acquisition. Relaxation agents are paramagnetic species, such as gadolinium

chloride, the most commonly used for aqueous solutions!26-128

. Paramagnetic agents reducing
relaxation time can be explained by dipolar-dipolar interaction mechanism. A spin-1/2 nucleus
(such as 13C or 3!P) can be seen as a ‘magnet’ which possesses a magnetic ‘North” and ‘South’
pole, and as two such dipoles approach to each other, their associated magnetic field interact. So,
for two neighboring nuclei in a molecule that is tumbling in solution, the local field experienced
at one of these nuclei will fluctuate as its neighboring nuclei tumbles in solution. As a result,
relaxation can be induced when the tumbling rate is close to Larmor frequency'?*-!32. The
magnetic moment of an unpaired electron is about 660 times of that of the proton, so it provides

a very efficient relaxation resource!®?

. Gadolinium is a powerful relaxation agent due to its
unique electric structure. It has 7 unpaired electrons in its 4f shell, accounting for its ability of
reducing relaxation time. These unpaired electrons are not involved in ionic bonding to chelators,
so this ability is retained even when chelated to a ligand such as deferoxamine B (DFO)!3°, a

chelating agent. Relaxation agents reducing relaxation time is concentration dependent, and the

empirical relationship between [Gd**] and T} is given by (Eq. 1.9):
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_led]
Ty = (T1o = Toing ) X ek +Tyyg (Eq. 1.9),

where T; , is the T relaxation time when no relaxation agent is added, T1, inf is the lowest
possible T relaxation time at infinite Gd concentration, and k is the concentration dependence.
From this equation, T approaches T, inf When [Gd**] is > 5 x k. This suggests that one of these 2
parameters are when required when measuring KIEs: (1) [Gd*"] used is 5 times of concentration

dependence; or (2) delay time is 7 x T 4.
1.5.1.4 Signal-to-noise ratio

The signal-to-noise ratio (S/N) is a significant factor in accurate peak integrations and
measurements. Acquisition and processing parameters need to be optimal to ensure an accurate
analysis, which requires S/N of the resonances of interest to be at least 100 in absolute

quantitation and be at least 20 in relative quantitation. S/N is proportional to the square root of

3
the number of scans and increases with the strength of the applied magnetic field, Bo, as BZ '**. A

traditional way to increase S/N is to increase the number of scans but doubling the S/N requires

quadrupling the number of scans, which can be prohibitive for some applications!3>.

Other factors that affect S/N include the probe and receiver. Probe availability and tube
configuration can have a bigger impact on S/N than the size of the magnet. For example, a 3mm
probe can improve S/N up to 50% compared to a Smm probe!3¢. Moreover, the development of

cryoprobe also greatly improves the S/N.
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1.5.1.5 Integration and deconvolution

Numerical integration is performed by defining a peak of interest and summing the
intensity at each point in the region of interest. Accurate integration requires satisfying a number
of criteria, including separation of the peaks of interest by at least 20 x the line width. This
amount of separation is not possible in this study. Instead, peak deconvolution is used.
Deconvolution involves fitting the experimental spectrum to a defined peak shape, then using the
fitted values of peak height and width to analytically calculate the peak area. The main advantage
of peak deconvolution is the ability to use it with overlapping peaks. Ideally, liquid NMR
resonances have a Lorentzian shape, but practically, this is difficult to achieve as the NMR
spectrometer itself also contributes to the peak shape. The spectrometer’s contribution has a
Gaussian peak shape. Under this circumstance, Voigt deconvolution, that is, a mixed Lorentzian-
Gaussian peak shaping function, is commonly used to fit peaks, especially for those

asymmetrical peaks caused by poor shimming!?7-138,

1.6 Hypothesis

The goal of this thesis was to measure the [2-'*0]PEP KIE for the DAHPS-catalyzed
reaction. Given the evidence that the first irreversible transition state of the reaction is THI
breakdown’#, a large normal '*O-KIE (> 1.0) would be expected when the breakdown of THI
follows the cationic mechanism, since the vibrational environment of 'O is looser because of the
break of C-'*0 bond. An anionic mechanism of THI breakdown would be expected to give a

0O-KIE of unity, as the vibrational environment of 30 does not change during the reaction.

_30_



MSec. Thesis — Alvin Niu McMaster — Master of Science

2 Materials and Methods

2.1 General

Hiss-tagged E. coli DAHPS(F) (DAHPS) was expressed and purified as described
previously?>. DAHPS initial velocity measurements were made the colorimetric Malachite
Green/ammonium molybdate (MG/AM) assay to detect inorganic phosphate (P;) released by
DAHPS!3?, All substrate solutions and buffers, with the exception of the enzyme and MnCla,
were treated with Chelex 100 to remove contaminating metal ions. All enzymatic reactions were
performed at 25 °C. '8 O-water was from Cambridge Isotope Labs, and all other reagents were

from Sigma-Aldrich or Bioshop (Burlington, ON), unless otherwise stated.

2.2 Purification of the PEP synthetase ppsA

The pET24b expression plasmid for PEP synthetase (ppsA) was a gift from Prof. David
Jakeman (Dalhousie University). The plasmid was transformed into E. coli BL21 electro-
competent cells by electroporation and plated on 50 pg/mL kanamycin-agar plate for incubation
overnight at 37 °C. A single colony was picked and inoculated into 50 mL of lysogeny broth
(LB) medium with 50 pg/mL kanamycin , and was incubated overnight at 37 °C. The 50 mL
overnight culture was sub-cultured into 1 L LB medium containing 50 pg/mL kanamycin and
grown with shaking at 37 °C to ODgoo = 0.8. Overexpression was induced by 0.2 mM isopropyl
B-D-1-thiogalactopyranoside (IPTG), followed by overnight incubation at 17 °C. Cells was
harvested by centrifugation at 10000 x g for 20 min. Cells were homogenized in 5 mL/gram of
cell of Buffer A (25 mM imidazole, 20 mM Tris-Cl, pH 8.0, 0.3 M NaCl). Cells were then lysed
in a Constant Systems cell disruptor at 20,000 psi. Cell debris were removed by centrifugation at

10000 x g for 30 min and the supernatant was filtered at 0.45 um and was loaded onto a I mL
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Ni?*-loaded Hi-Trap chelating column (GE Healthcare). The column was washed with 10
column volumes of wash Buffer A, then ppsA was eluted with Buffer B (250 mM imidazole, 20
mM Tris-Cl, pH 8.0, 0.3 M NaCl). The protein was homogenous based on SDS-PAGE
electrophoresis. The purified protein was dialyzed against dialysis buffer (1 mM EDTA, 1 mM
dithiothreitol (DTT), 50 mM Tris-Cl, pH 8.0, 5% (v/v) glycerol) for 48 h. The concentration of
ppsA was determined using the Edelhoch method, using €250 = 69 720 M™! cm!. The purified

protein was flash frozen and stored at -80 °C.

2.3 Substrates synthesis and purification

2.3.1 PEP

PEP was synthesized by dissolving 30 mM ATP, 20 mM sodium pyruvate, and 20 mM
MgCl; in 400 mM Tris—Cl, pH 8.4, at room temperature, with a final volume of 2 mL. The
reaction was started by adding 100 pL of purified ppsA. The pH was monitored, and 0.5 M
NaOH was added as necessary to maintain pH 8.0. Another 100 uL of ppsA was added after 2 h.
After 4 h, the reaction was stopped by heating at 94 °C for 5 min. The precipitated protein was
removed by centrifugation. The lactate dehydrogenase (LDH) assay and pyruvate kinase (PK)
assays were used to determine the residual pyruvate and PEP concentrations, respectively, to

calculate the yield.

The PEP synthesis mixture was injected onto two C-18 reverse phase chromatography
columns connected in series (7.8 x 300 mm, 15 um particle size, 300 A pore size, Waters), and
eluted with 25 mM N, N-diisopropylethylamine (DIEA) acetate, pH 6.2, at a flow rate of 2
mL/min and absorbance detection at 230 nm. PEP eluted around 30 min. The collected PEP was
concentrated to 2 mL by rotary evaporation and injected onto a 20 mL SP-Sepharose (GE Life
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Sciences) cation exchange column that was previously charged with H" with 1 M HCI, and
eluted with ddH>O at a flow rate of 2 mL/min to remove DIEA cations. After overnight

lyophilization, PEP was identified by 'H-NMR.

2.3.2 3C-PEP

13C-labelled PEP was synthesized using the same method as above, using *C-labelled
sodium pyruvate as starting material. The lactate dehydrogenase (LDH) assay and pyruvate

kinase (PK) assays were employed to calculate the yield.

Table 2.1 The starting material used in the synthesis of 13C-labelled PEP.

Starting material Product
[2-"3C] sodium pyruvate [2-13C] PEP
[3-"3C] sodium pyruvate [3-13C] PEP

[2,3-3C] sodium pyruvate [2,3-13C] PEP

13C-labelled PEP was purified using the same method as above and was identified by

both 'H-NMR and 3C-NMR.

2.3.3 [2-180JPEP

[2-'80]PEP was synthesized using the same method as above in 50% H»'%0. H>'80 was
recovered after the reaction by lyophilization. The reaction mixture was re-dissolved in 1 mL
ddH>O. The ppsA was precipitated by heating the reaction mixture at 94 °C for 5 min and
removed by centrifugation. The lactate dehydrogenase (LDH) assay and pyruvate kinase (PK)
assays were employed to calculate the yield. [2-'30]PEP was purified as above and was

identified by both mass spectrometry and 3'P-NMR.
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2.3.4 E4P

Erythrose 4-phosphate (E4P) was synthesized by the oxidative degradation of glucose 6-
phosphate (G6P) using lead tetraacetate based on the method by Sieben et al.'*’, and modified by
Balachandran®. G6P (200 pmol) was dissolved in 50 mL of acetic acid and lead tetraacetate
(Pb(OAC)4, 400 pmol) was dissolved in 12 mL of acetic acid containing 420 umol of H>SOs.
G6P was titrated with 500 pL aliquots of lead tetraacetate every minute. The reaction was
monitored by starch-iodide testing paper which turns purple in the presence of Pb*" due to it
oxidizing I" to I, which then forms a coloured complex with starch. The testing paper was made
by adding 2.5 g starch into 250 mL boiled water, and adding 0.5 g sodium iodide when it was
cool. The paper was dipped and dried. When the testing paper showed a purple colour that did
not fade within 5 min, that indicated that all the G6P had been consumed. An additional 10 pmol
of G6P was then added to consume the residual Pb(OAc)s to avoid over-oxidation of E4P to
glyceraldehyde 3-phosphate , a DAHPS inhibitor. The solution was filtered through a Celite filter
and the Celite was washed with 100 mL water. The flow-through was concentrated under
vacuum to a volume of 15mL at 5 °C. The half sample was purified on a 5 mL Q-Sepharose
column, and eluted with a gradient from 95% Buffer A (10 mM ammonium bicarbonate, pH
6.2), and 5% Buffer B (10 mM ammonium bicarbonate, pH 6.2, 2 M sodium formate) to 60%
Buffer A and 40% Buffer B over 30 min. The eluent was collected in 30 vials, and examined by
reducing sugar assay, G6P dehydrogenase assay and DAHPS enzymatic assay. The vials of E4P
that were confirmed in assays were pooled and concentrated to 5 mL under high vacuum. The
collected E4P was run through 20 mL SP-Sepharose (GE Healthcare) cation exchange column
charged with HCI to remove ammonium ions and Pb?* and eluted with ddH,O. E4P was

lyophilized under high vacuum to a volume of 10 mL and stored at -20 °C.
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2.4 Substrates quantification

2.4.1 PEP

The synthesized PEP was quantified by a coupled spectrophotometric enzymatic assay in
which pyruvate and PEP were both quantified. Pyruvate was quantified by reduction to lactate by
LDH, with a concomitant oxidation of NADH to NAD" (Agss0 = 6220 M cm'!). PEP was
quantified by pyruvate kinase, which converts PEP and ADP to pyruvate and ATP. Pyruvate is
then consumed by LDH as above. A 3 mL assay mixture containing 100 pL of ppsA reaction
mixture, 100 pL of 45 uM ADP, 100 pL of 66 uM NADH and 2.7 mL LDH/PK assay buffer
(0.05 M Tris-HCl, pH 7.6, 0.12 M KCl, and 0.062 M MgS0Os) was prepared. A 1 mL aliquot of
assay mixture was added into a cuvette and As4o monitored. LDH (10 U) was added when the
baseline was stable and A3s0 was monitored until it was stable again. Pyruvate kinase (5 U) was
then added and Az40 monitored again until it was stable. Asso decreased as NADH was converted
to NAD™. The concentration of residual sodium pyruvate and synthesized PEP are given by the
equation:

_ AAzsg V3
C = X —
Aggg Vs

where AAss is the change of absorbance after adding each enzyme, Ag340 is the change in
extinction coefficient upon NADH oxidation, V1 is the total volume of assay mixture, and V> is

the total volume of ppsA reaction mixture added.
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2.4.2 E4P

2.4.2.1 Reducing Sugar Assay

The reducing sugar assay measures the concentration of an aldehyde sugar, in our case,
EA4P, by the detecting the reduction of Cu?* to Cu" by the latter’s ability to form a coloured
complex with 2,9-dimethyl-1,10-phenanthroline (neocuproine)'*!. Glucose standards were
prepared by adding 0 — 100 pL. of 1 mM glucose into a 375 pL solution containing 187.5 puL of
solution A (4% Na>COs3, 1.6% glycine, 0.045% anhydrous CuSOs4) and 187.5 puL of solution B
(0.12% 2,9 -dimethyl -1,10-phenanthroline), then bringing the total volume to 1 mL with ddH>O.
The sample assay solution was prepared with 10 pL. of E4P sample solution, 187.5 pL solution
A, 187.5 puL of solution B, and 615 pL of ddH>O. The solution was heated at 95 °C for 8 min and

the A4so was read.

2.4.2.2 DAHPS enzymatic assay

E4P was quantified with DAHPS enzymatic assay using varying volumes of E4P sample
in the reaction mixture. Reaction mixtures containing 5 mM PEP, 20 uM CdCl; and varying
volumes of E4P were brought to a total volume of 200 pL with 50 mM K-HEPES, pH 7.6, 100
uM TCEP. The reaction was started by adding 20 nM DAHPS and run to completion for 30 min.

The amount of E4P was calculated by monitoring the product P; using the MG/AM assay.

2.5 DAHPS kinetics assay

All initial velocities (vo) were measured using by following inorganic phosphate (P;)
production using the MG/AM assay. All buffers and substrates, except CdCl», were treated with

Chelex 100 (Bio-Rad Laboratories, Inc.) prior to use, to remove residual divalent metal ions.
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The assay was started by adding 20 nM DAHPS into a total volume of 200 pL reaction
mixture of 100 uM PEP, 100 uM E4P, 100 uM TCEP, 50 mM HEPES pH 7.6, and varying
concentrations of Cd?>* (pH of the reaction mixture was adjusted to 8 with 1 M NaOH). Aliquots
of 20 pL were taken every 60 s from the reaction mixture and added into a 96-well plate well
containing 50 uL. MG/AM solution and 30 pL. ddH>O, which was then quenched by adding 10

uL 34% citrate after 90 s. The reaction took place at 30 °C.

2.6 NMR acquisition

2.6.1 T1 measurement

The longitudinal relaxation times (T1) of 1*C and 3'P were measured using the inversion
recovery method. T was calculated using the built-in dynamics function of the program TopSpin
(Bruker). T1s were measured under a variety of conditions, including varying concentration of
GdCls, sample treatment with Chelex 100 and/or degassing (i.e., deoxygenation) and at different
spectrometry frequencies. The empirical relationship between Gd** concentration and T is given

by (Eq. 1.9.

2.7 NMR processing

160/130 ratios in '®O-labelled P; and PEP were quantified by *'P NMR, with °O and 'O
giving slightly different *'P chemical shifts. NMR spectra for peak deconvolution were
processed with TopSpin by applying exponential multiplication (efp) with zero filling (SI) to
512k points and line broadening (Ib) of 1 Hz. The overlapped peaks were initially deconvolved
using TopSpin’s built-in Lorentzian-Gaussian deconvolution function. However, the lack of

adjustable fitting parameters made it less trustworthy. So, another peak-fitting program, Peakfit
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(Systat Software, Inc.) was used. Two different models of deconvolution were tested, namely

Lorentzian and Voigt deconvolution!#?, Lorentzian gives the “natural” peak shape of NMR

spectra, while Voigt deconvolution includes a combination of Lorentzian (natural peak shape)

and Gaussian (instrument contributions) deconvolution!!'>. The ratio of '°0/'*0 was calculated by

the ratio of peak area of respective peaks using each deconvolution model.

2.8 Standard curves of isotope ratio

2.8.1 '80-labelled phosphoric acid

Phosphoric acid was labelled by exchange with H»!80. A mixture of 45 pL of 320 mM

phosphoric acid and 15 uL of H>'80 (99%) was sealed in a 200 uL crimp vial and heated at

120 °C for 3 days!*. The reaction mixture was cooled to room temperature and quenched by

adjusting the pH to neutral using NaOH.

2.8.2 Measurement of isotope ratio

The '%0/'30 isotope ratio was calculated by the ratio of respective NMR peak areas. The

3IP-NMR spectra were obtained using proton decoupled *'P-NMR using 600 MHz NMR under

two different acquisition conditions (Table 2.2) and processed as described above.

Table 2.2 Two acquisition conditions of 31P-NMR for measuring isotope ratio.

Condition Flip angle Number of SW (ppm) O1P (ppm) Repetition | Acquisition
pulses time (s) Time (h)
1 90° 200 33 0 119 6.0
2 30° 600 33 3.5 0.7
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2.8.3 Standard curve of isotope ratios

The accuracy, precision and linearity of the measurement of the 1°0/!80 in 80-labelled
was assessed by measuring the '0/!80 ratio in labelled Pi, then adding aliquots of unlabelled
phosphoric acid. In a typical experiment, the '60/!30 ratio was measured as described above for
a 600 puL sample of 15 mM phosphate on the 600 MHz NMR spectrometer. Aliquots of 1 mol%

each of unlabelled phosphoric acid were added and the '°O/'*0 ratio measurement was repeated.
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3 Results

3.1 Purification of ppsA

The first attempt to express ppsA failed. Sequencing the plasmid showed that the stop
codon was mutated, leading to a too-long sequence. Site-directed mutagenesis was employed to
acquire the correct plasmid. ppsA was then successfully expressed and purified using nickel
affinity chromatography. The purity was verified by SDS/PAGE (Figure 3.1). ppsA was stable

for months at -80 °C.

MWAGby A B ¢é¢ b E ® g H

Figure 3.1 10% SDS-PAGE of ppsA.

Lane A: protein ladder; Lane B: column flow-through; Lane C: column wash with Buffer A; Lane
D-H: column elution fractions 1-5.
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3.2 Purification of DAHPS

N-terminally Hise-tagged DAHPS (DAHPSHs) was purified using nickel affinity
chromatography. The purity was verified by SDS/PAGE (Figure 3.2). DAHPSHs was stable for

months at -80 °C.

MWGs) A B ¢ D E F G

w0 -
50 —

35

Figure 3.2 10% SDS-PAGE of DAHPS (Phe).

Lane A: protein ladder; Lane B: cell lysate; Lane C: column flow-through; Lane D: column wash
with 10% Buffer B; Lane E: column wash with 10% Buffer B; Lane F: column elution with 80%
buffer B; Lane G: column wash with 100% Buffer B.

3.3 Substrates synthesis and quantification

3.3.1 PEP

In the past, our lab has used anion exchange to purify PEP, DAHP, and related anionic
small molecules. A significant drawback of this method is that the purified molecule elutes in a

strong salt solution, roughly 300 mM ammonium formate. In principle, the salt is volatile and
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can be removed by lyophilization. In practice, it takes 1 to 2 weeks of repeated cycles of dilution
and lyophilization to reduce the salt concentration enough to be used in rate assays. It is an even
larger problem for NMR, where the high ionic strength leads to broad peaks and sample heating.
Instead, a new ion-paired reverse phase HPLC method was developed to purify PEP. N, N-
diisopropylethylammonium acetate (DIEAA) was used as the ion pairing agent. The
hydrophobic amine ion pairs with PEP’s three negative charges, making PEP effectively more
hydrophobic and increasing its retention time on the C18 column (Tr = 30 min). Repeatedly
lyophilizing DIEAA did not remove all the amine, so a cation exchange chromatographic step

was used to remove amine ion. The purified PEP was verified by 'H-NMR (Figure 3.3).

[ref)

58910
5.5384

10 8 L) 4 2 0 [ppm)

Figure 3.3 "TH-NMR spectra of overnight lyophilized PEP.

Chemical shift: 'H (s, 5.54 ppm) and 'H (s, 5.89 ppm). The peak at 4.8 ppm is HOD.
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3.3.2 3C-PEP

For the measurement of '3C KIEs, singly and doubly labeled *C PEP were synthesized
from 13C sodium pyruvate. The purification method was the same as mentioned above. The

purified '*C PEP was verified by both 'H-NMR (data not shown) and '3*C-NMR (Figure 3.4).
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Figure 3.4 3C NMR spectra of overnight lyophilized *C PEP.
A: [2-"3C] PEP; B: [3-'*C] PEP; C: [2,3-'C] PEP.

Table 3.1 3C NMR chemical shift of '3C PEP.

Peak 1 Peak 2
Product Chemical Coupling Chemical shift Coupling
shift (ppm) (Ppm)
A: [2-3C] PEP NA NA 144.39 S
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B: [3-'3C] PEP 108.9 d, Y._p =12.8 Hz NA NA
C:[2,3-°C]PEP  108.3-108.9 0, Yes_p = 3.2 Hz, 143.9-144.5 9, Yep_p = 6.7 Hz,
Yez—cs =82 Hz Yez—cs = 82.2Hz
3.3.3 '80-PEP

For the measurement of the [2-'*O]PEP KIE, the bridging oxygen of PEP must be
labelled with '30. The keto oxygen of pyruvate quickly exchanges with 30 when dissolved in
H»!80-containing buffer. Running the ppsA synthesis reaction as usual then yielded [2-'*O]PEP,

which was purified as described above. Its identity was verified by 3'P-NMR (Figure 3.5).

20191011_180_PEP 11 1 C:i\UsersibertiDesktop
Acco
1d 3

idec D20 /JUSERdata/berti niuc3 11

— 3.2586
— 32179

T T T T T T T
-3.15 -3.20 -3.25 -3.30 -3.35 -3.40 -3.45 [ppm]

Figure 3.5 *'P-NMR spectra of [2-'®0]PEP.

Chemical shift: [2-"8O]PEP: -3.26 ppm; [2-'80]PEP: -3.28 ppm. NMR data was processed with
parameter gb = 0.1, and Ib = -2.8.

After lyophilization, 1.2 mL [2-'80]PEP was recovered. The concentration of [2-'*O]PEP
was measured by PK/LDH coupled assay adding 5 pL of reaction mix to a total volume of 1 mL

assay reaction mix (Figure 3.6). The total yield was about 60%.
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Figure 3.6 Coupled PK/LDH assay to determine [2-'®*0]PEP concentration.

Table 3.2 Coupled PK/LDH assay to determine [2-'®*0O]PEP concentration.

Enzyme Start Asao End Aasao AAsso Dilution factor = Concentration (mM)
LDH (sodium 1.149 1.094 0.055 200 1.77
pyruvate — lactate)
PK (PEP — sodium 1.094 0.786 0.308 200 9.90

pyruvate — lactate)

3.3.4 E4P

E4P was synthesized from G6P and lead acetate (Figure 3.7). The reaction mix was
loaded onto a 5 mL Q-Sepharose column and E4P was eluted from 12 to 24 min. The contents of
the eluted fractions were confirmed with the reducing sugar assay to detect E4P and G6P, the
G6P dehydrogenase assay to detect G6P and the DAHPS enzymatic assay to detect E4P. E4P-
containing fractions were then eluted with ddH>O on SP-Sepharose column to remove
ammonium ions. Purified E4P was verified by both 'TH-NMR and 3!P-NMR (Figure 3.8). The

concentration was determined by DAHPS enzymatic assay with varying volumes of E4P product
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and excess PEP to drive the reaction to completion. The result was (3.7 + 0.4) mM, and the total

yield was 30%.

204P-0 OH ? o)
HO 0 v2ppt ——= 0PO NI HOWHkOH +2Pp*
HO OH R
OH OH 0]
glucose 6-phosphate erythrose 4-phosphate oxalic acid
(G6P) (E4P)

Figure 3.7 E4P synthesis reaction.

The E4P synthesis reaction was based on references?140,
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1d_31P_Hdec D20 /USERdata/berti niuc3 14

a7
—— 46564

a.4968
— 44297
—4.2502

R MANANAAN o

T T T T T
6 5 4 3 [ppm]

Figure 3.8 NMR spectra of E4P

(A)'H-NMR spectrum, (B) 3'P-NMR spectrum.
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Table 3.3 Assignment of '"H-NMR and *'P-NMR peaks.

Product Nucleus Chemical shift (ppm) Assignment
E4P H 9.82 E4P aldehyde
8.46 formate
3.81-5.18 Other E4P protons
31p 4.25-4.78 NA

3.4 Reaction conditions for KIE measurements

3.4.1 Cd?* as an essential activator of DAHPS

The goal is to measure isotope ratios (and therefore KIEs) on live reactions as they run in
the NMR tube. DAHPS is divalent metal ion dependent, and the metal normally used in rate
assays, Mn?", is paramagnetic, which cannot be observed by high-resolution NMR. Paramagnetic
ions decrease relaxation times and thus increase peak widths. Therefore, a diamagnetic divalent
metal ion, Cd**, was investigated for its ability to activate DAHPS. It does activate the enzyme,
but there is an abrupt drop in rates above 20 uM Cd?** (Figure 3.9). The cause of this drop is not
known. Nonetheless, it should be possible to run reactions in the NMR tube as long as Cd**

< 20 uM.
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Figure 3.9 Enzymatic DAHPS assay.

Values of vo/[Eo] under varying Cd?* concentration for both 1mM PEP and 2mM PEP are shown.
In both groups, the highest value of vo/[Eo] were found at 20 uM Cd?*.

3.5 NMR acquisition

The relationship between relaxation times and accurate quantification is complex. There
are two relaxation modes, longitudinal, Ti, and transverse, T». It is always the case that T1 > T»,
115 " though in this study, T1 >> T». Accurate quantification requires complete longitudinal
relaxation, with relaxation times of 7 x Ti. For *'P PEP and P; and !*C in pyruvate (and
presumably PEP), T1 ~ 15 s, so 7 X T1 ~ 2 min, which would lead to very long data collection
times. If it were possible to decrease T using a paramagnetic relaxation agent without affecting
T> (or T2*), it would be possible to use shorter delay times. However, very short T>* times
causes peak broadening, so it would be necessary to decrease T while not decreasing T>* to the

point that resolution between the '0-3!P and '80-3'P peaks is lost.
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3.5.1 T1 measurement conditions

Several factors shorten T relaxation times, including oxygen. Oz is a paramagnetic
gas'#*. The unpaired spins on oxygen can cause the relaxation by dipolar interaction.
Paramagnetic metal ions, like Gd*" and Mn?", can also speed up the relaxation process. These
effects can be reduced by chelating paramagnetic metal ions using Chelex 100 and removing
dissolved oxygen by degassing the sample. NMR samples were routinely demetallated and

degassed in order to reproducibly obtain intrinsic Ty values.

3.5.2 T1 measurement with relaxation agent

Gadolinium chloride (GdCl3) is a commonly used relaxation agent. Varying
concentration of Gd*" was added to degassed [1-!3C]pyruvate solution. Tis were measured on

each sample on a 200 MHz NMR (Figure 3.10).

14
12 —0— [1-13C] pyruvate

10

T1(s)

0 1 | 1 | 1 | 1 | 1 |
0 200 400 600 800 1000

[Gd] (uMm)

Figure 3.10 T1 measurement of [1-'3C] pyruvate at 200 MHz.
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Table 3.4 Effect of Gd** on T1 of [1-'3C] pyruvate.

Parameter for [1-°C] pyruvate Value (+ standard error)
T+ (no Gd**) 13.1(x0.1)s
[Gd**] dependence 350 (+ 20)
T4, inf 0.8(x0.3)s

@ Fitted to (Eq. 1.9).

Out of concern that free Gd*" might disrupt DAHPS activity, the effect on T of Gd**
binding to deferoxamine B (DFO), a chelator, was investigated. The DFO concentration was at
least 10 times Gd** to ensure that no free Gd** existed. Similar results was found in T; of 3C
(Figure 3.11A), but not in T; of *'P (Figure 3.11B). T; initially decreased with increasing [Gd*'],
but then increased when [Gd**DFO] was > 50 uM. For that reason, the T1 values were not fitted

to (Eq. 1.9).
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Figure 3.11 Effects of Gd** on T1.

T1 was measured for at varying concentrations of Gd** for (A) [1-'*C]pyruvate in the presence
and absence of the chelator DFO, and (B) Pi in the presence of DFO, at 200 MHz.

Table 3.5 T1 parameters for [1-'*C]pyruvate with Gd** and Gd**-DFO.

T1parameter of '3C @ Value (+ standard error)
Gd** Gd**-DFO
T1 (no Gd**) 13.0(x0.2)s 14.1(x0.1)s
[Gd®*] dependence 143 (£ 10) 258 (+ 18)
T4, inf 1.4(x0.2)s 21(x0.3)s
a Fitted to (Eq. 1.9).
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3.6.3 T1 measurement at different field strengths

For T, relaxation to occur, there must be a magnetic field fluctuating at the Larmor
precession frequency (v,), which is directly proportional to the field strength (Bo) of the
spectrometer. So, the T, relaxation time is dependent on the field strength. Their relationship was
investigated by measuring the '3C T; on 200 MHz and 600 MHz (Figure 3.12). This suggests that
T increases modestly as the field strength becomes higher, but not enough to significantly affect

KIE measurements.

16

—0O— 600MHz
—@— 200MHz

14

[Gd] (uM)
Figure 3.12 T1 as a function of field strength.

T+ values for [1-'3C]pyruvate in the presence of Gd** were measured on the 200 MHz and 600
MHz spectrometers.
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Table 3.6 T+ parameters for [1-*C pyruvate under different field strengths.

Value (z standard error)

T parameters of '3C @
200 MHz 600 MHz
T4 (no Gd®*) 14.1(x0.1)s 145(x0.1)s
[Gd®*] dependence 258 (+ 18) 270 (£ 13)
T4, int 21(x0.2)s 3.2(x0.2)s
a Fitted to (Eq. 1.9).

3.5.4 Line broadening effect of Gd®*

Using Gd** as a relaxation agent could be a solution to reduce measurement time and be
used in KIEs measurement. However, it reduces T>* (Figure 3.13) and increases peak width

(Figure 3.14), leading to the loss of resolution and potential missing peak splittings.

0.12
o
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Figure 3.13 Gd** decreases T*.
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Figure 3.14 Gd** increases peak width.

As a result, Gd*" is not ideal for measurement of isotope ratios. To reduce measurement
b

time, a new pulse program with shorter repetition time was investigated.

3.6 NMR processing

The FIDs acquired during NMR data collection can be adjusted before applying Fourier
transformation (FT) to increase S/N or improve the spectral resolution, though improving one
parameter necessarily worsens the other. This method is known as windows functions. The
signal intensity of an FID declines with time, while noise remains constant throughout the
acquisition time, meaning that the noise level is relatively greater in the latter part of the FID.
The noise can be diminished by de-emphasizing the latter part of FID by applying an exponential
multiplication (em) function. However, while applying a strong em function will improve the
S/N, it will be at the expense of line broadening, causing a reduction of peak heights and peak
separation. The extent of line broadening is determined by the decay rate of the FID signal, and
is defined directly by line broadening (Ib) parameter in Bruker’s Topspin software. Values of 1b
=0.3 - 1.0 Hz are typical, while values > 10 Hz may be applied to noisy spectra. Low Ib values

enhance the signal sensitivity and minimize line broadening.
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Integration is typically performed in NMR software by defining an integral region around
the resonances of interest, then summing the intensity at each point in the spectrum to calculate
the peak area. Peak shapes do not affect the result of integration, but the peaks must be baseline
separated and the integration region should extend at least 20 times the line width in both
directions. Achieving an accuracy of 0.1%, the regions would have to cover 75 times the peak

width in both directions.

This extent of peak separation is not possible for measuring isotope ratios (see, for
example, Figure 3.15), so an alternate approach, peak deconvolution, must be used. Voigt
deconvolution, which includes a mix of Lorentzian (the “natural” NMR peak shape) and
Gaussian (instrument caused) peak shape functions is commonly used to fit peaks, especially for

those asymmetrical peaks caused by poor shimming!'4>,

Initially, TopSpin was used to fit a Lorentzian-Gaussian peak shape to overlapped
resonances. However, the lack of adjustable fitting parameters and the observed variability in
deconvolution results make it less trustworthy. Another program, PeakFit, was used to
deconvolute overlapping peaks. Two different models, Lorentzian deconvolution (Figure 3.15A),
and Voigt deconvolution (Figure 3.15B), which is a combination of Lorentzian and Gaussian
deconvolution have been applied. Since Voigt deconvolution take into account that both
contributions from the natural Lorentzian peak shape and from the instrument, it achieves a

better result.
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(A)
(O observed spectrum

- fitted spectrum
- - - fitted deconvolved peaks

= 5 x residual

P160,180

31P chemical shift (ppm)

(B) P160,

QO observed spectrum
P — fitted spectrum

--- fitted deconvolved peaks

— O X residual

Figure 3.15 NMR peak deconvolution.

Two different fitting models were used to deconvolve a 3'P spectrum of '8O-labelled Pi. (A)
Lorentzian deconvolution, and (B) Voigt deconvolution. The experimental spectra (o) are shown,
along with the deconvolved spectra (solid line) and individual deconvolved peaks (dashed lines).
The residual at each point in the experimental spectrum (lobs — lited) is multiplied by 5 to make the
res1idual visible. '®O-labelled P; was produced by acid-catalyzed exchange of phosphoric acid in
H2'80.

_57_



MSec. Thesis — Alvin Niu McMaster — Master of Science

3.7 Standard curves of isotope ratios

3.7.1 '80-labeled phosphoric acid

For preliminary spectra, '®O-labeled P; was used for >'P NMR as it is more accessible
than [2-'®0O]PEP and has similar T, values. ['®O5]Pi was made using acid-catalyzed exchange of
H>!'80 into phosphoric acid. '30-labeled phosphoric acid was confirmed by *'P-NMR (Figure

3.16).

T
["1e6)

T v v v v T ' . v v r v . ' - 1 ' ' - . T '
055 050 045 0.40 0.35 [ppm]

Figure 3.16 *'P NMR spectrum of '®0 exchanged phosphoric acid.

Chemical shift: P'804: 8, 0.4712 ppm; P'803'80+: 8, 0.4493 ppm; P'0.'802: 8, 0.4272 ppm.

3.7.2 Standard curves of 1°0/'80

PeakFit was used to fit the standard curve of the ratio of '°O/!80 obtaining from two
different pulse programs. The '%0/!30 ratio was measured in '*O-labelled P, then measured
again after standard additions of unlabelled P; to change the ration. The conventional pulse
program used a 90° flip angle, followed by a 7 x T1 = 119 s relaxation time before the next pulse.
It took 6 h to measure to the isotope ratio of each point on the standard curve. The incomplete

relaxation pulse program used a 30° flip, approximately the Ernst angle and a repetition time of
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0.2 x Ty = 3.5 s. The repetition time was selected based on the T>* value such that the pulse was
repeated as soon as the FID had decayed to zero. In this way, “dead time”; i.e., the time between
the end of a measurable FID and the next pulse, was minimized. This shortened the time for

measurement of isotope ratio for each point to only 40 min.

The standard curve constructed using a ‘new pulse program’ achieved a similar standard
error in the slope, + 0.021, compared to that of the conventional pulse program, = 0.022, making
it a 9-fold faster method to measure isotope ratios (Figure 3.17). The pulse programs gave
slightly different slopes in the standard curves, namely 1.126 + 0.022 for 7 x T versus slope =
1.073 £0.021 for 0.2 x T;. The difference in slopes is not significant; propagating the differences
into an experimental KIE would lead to a 0.05% error, i.e., a KIE of 1.0100 would become

1.0105, not a significant difference.
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Figure 3.17 Effect of delay time on '®0/'30 isotope ratio measurement.

Standard curves of '®0/'80 fitted by PeakFit to a conventional and incomplete relaxation pulse
program. Aliquots of P804 were added to '®O-labelled Pi and spectra were collected using delay
times of 7 x or 0.2 x T1. (red) 7 x T1 (119 s), 90° pulses, slope = 1.126 £ 0.022. (blue) 0.2 x T1
(3.5 s), 30° pulses, slope = 1.073 + 0.021.
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4 Discussion

4.1 PEP synthesis

The method for synthesizing *C-PEP was developed previously that used anion
exchange for PEP purification. This method left high salt concentrations in the product, which
decreases NMR sensitivity and increases sample heating. In this work, an ion-paired reverse
phase purification method was developed which, when coupled with a cation exchange column
to remove the residual salt (DIEA") achieved a ‘clean’ preparation. The strong cation exchange
resin has sulfopropyl groups and can be charged with H". DIEA" ion can be replaced by H*

while the PEP running though the column.

Additionally, an enzymatic synthesis method was developed in this work. [2-'3O]PEP was
synthesized in ppsA-catalyzed reaction in 50% 'O water. Previously, '30-PEP synthesized using
traditional organic synthesis*?. The traditional method was more difficult, and could not readily
be adapted to incorporating multiple isotopic labels. Our original plan was to measure the 0
KIEs using ['*C,'80] labelled PEPs, so it was important to be able to make [3-!°C, 2-*O]PEP,
which can be synthesized with enzymatic synthesis method using [3-'*C]PEP as substrate. The
enzymatic synthesis method demonstrates that '30 was incorporated by ppsA, and that the

incorporation level was roughly equal to the 30 content of the solvent.

4.2 EA4P synthesis

E4P was synthesized by oxidative degradation of G6P and purification by anion
exchange. The initial protocol was to react G6P completely with excess lead tetraacetate.
However, the excess Pb*" was able to further oxidize E4P to glyceraldehyde 3-phosphate. So, the

method was modified to use 1.7 equivalents of lead tetraacetate, 85% of the stoichiometric
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amount!'*’, Pb*" consumption was monitored using starch-iodide indicator paper. At the point
where not all the added Pb*" was consumed, an additional 5% of G6P was added to exhaust the

excess Pb*', and the reaction was stopped.

During the purification, a large amount of P; co-eluted with E4P, as detected with the
MG/AM colorimetric assay. The source was eventually determined to be breakdown of E4P
and/or residual G6P while water was being removed with heating on the rotary evaporator.
Switching to a high vacuum source without heating reduced the temperature to = —5 °C during
solvent removal, which greatly reduced the amount of contaminating P; in E4P. In addition, any

Pi-containing fractions during E4P purification were not pooled.

Purified E4P was quantified in DAHPS enzymatic assay with excessive PEP and varying
amount of E4P. The overall yield was low, which possibly because E4P tends to form a dimer
when it is too concentrated (Figure 4.1)'%6, while in DAHPS assay, E4P is a monomer. Since the
dimerization is reversible, E4P was diluted and quantified with the same condition. The overall

yield was improved to 30%.

P032_
nva —d
O/r—»O@OH
20, O/
3 N
N\

OH

Figure 4.1 E4P dimer.

E4P dimer was characterized previously by NMR46.
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4.3 NMR methods
4.3.1 Relaxation agent

The relaxation agent GdCl; was able to significantly shorten T relaxation times and
speed up the measurement process. However, it also reduced the effective T» relaxation time,

T»*. Peak width at half height (v1) is solely determined by T>* by the equation:
2

1
V1 =
3 w Ty

The decrease of T>* will reduce the peak width at half height, leading to line-broadening, which
would interfere with the measurement of isotope ratios. Consequently, paramagnetic relaxation
agent is not useful in KIEs measurements, in spite of its great effect on decreasing the

measurement time.
4.3.2 Acquisition time

Acquisition time is an important parameter in NMR measurement. It has to be long enough
to capture the entire FID signal without truncation (Figure 1.14). Later times in the FID are
important as they define the peak resolution. However, collecting the FID after the signal is no

longer visible will increase noise without increasing the signal.
4.3.3 Short repetition time and optimal flip angle

Using 90° flip angle and 7 X T as repetition time generates maximum signal and
enhances S/N. However, during the acquisition, most of the time is wasted on in the delay time

while waiting for longitudinal relaxation to be complete. Since relaxation agents proved not to be
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effective for accelerating relaxation, another method to accelerate isotope ratio measurements
had to be found. In this case, using shorter repetition time between pulses and optimal flip angle
can of help to achieve efficient measurement. Shorter repetition time decreases the signal after
the first FID, however, this can be compensated by using increased number of scans in a given
period of time. With an optimal flip angle less than 90°, the z component of magnetization is
reduced, so the time required for its relaxation is less. The relationship between repetition time
and flip angel is determined by (Eq. 1.8). It has been found that this method gives a gain in S/N

that can be as large as 1.58, and is always better than 90° flip angle with longer waiting time'?2,

This method is dependent on the accurate measurement of T of nucleus of interest. So,
the great effort should be taken in both sample preparation and T1 measurement. For sample
preparation, the metal ion should be removed by chelator, and the oxygen should be removed by
degassing as they both interfere with the T1 measurement. During T1 measurement, a list of delay
time is created. Among these numbers, at least one delay time should be 7 X T representing full
relaxation. And the peak should be correctly phased as the peak area is essential for determining

Ti.

4.3.4 Deconvolution method

The result of using Voigt deconvolution for peak fitting confirms that it is a better fitting
model for deconvolution. It generates smaller residual between observed data and fitting curve,
especially at regions where peaks are overlapped, which are essential for determining peak areas
of each individual peaks. The Peakfit software also enables us to adjust Lorentzian/Gaussian
composition of NMR peaks to achieve the best fitting result, while this cannot be done using

TopSpin built-in deconvolution application.
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To summarize, this work has determined both NMR acquisition and processing

parameters to achieve enhanced S/N, as well as to shorten the measurement time.
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5 Concluding Remarks

5.1 Conclusions

In this work, methods of synthesizing and purifying labeled substrates *C-PEP, '*O-PEP,
unlabeled substrate E4P have been characterised. A pulse program which utilizes ‘Ernst angle’ as
flip angle has been used in substitution of the conventional pulse program with full relaxation of
magnetization to measure isotope ratio. It has been validated that this new pulse program
achieves similar standard error in constructed standard curve of '°0/'*0O and decreases
measurement time 9-fold. Post-acquisition data process is also evaluated. Voigt deconvolution
method has been employed to determine peak areas in overlapped peaks to achieve accurate

results compared to Lorentzian deconvolution model.

5.2 Future directions

With all the preliminary work finished, KIEs at different positions can be measured using
qNMR while the reaction going in the NMR tube. To calculate KIEs, both isotopologues ratio
and conversion of reaction should be measured. For isotopologues ratio, it can be calculated from
the ratio of corresponding peak ratios. For conversion of reaction, it can be measured using an
external reference in a coaxial NMR insert tube. For example, for 3'P measurement, the external
reference could be phosphoric acid or monomethyl phosphate. With known concentration and
known volume of coaxial insert, it generates a standard peak next to the substrates and product
peaks. By comparing the substrates and product peaks against standard peak, the conversion of
reaction can be calculated. With several groups of data of isotopologues ratios and conversions

of reaction, experimental KIEs can be calculated by fitting with the equation mentioned above.
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Computational chemistry is then used to interpret the experimental KIEs. A match
between calculated KIEs of computational TS structures and calculated KIEs suggests that
computational TS structure could be the actual TS structure. As a result, a specific mechanism or

a mixed mechanism in DAHPS reaction can be verified.
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