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Lay Abstract

Antibiotic resistance is a global public health emergency. ESKAPE pathogens are
capable of “escaping” the action of antibiotics and are responsible for the majority of hospital
infections. Therefore, there is an urgent need for new antibiotics. «CKSs are enzymes that
catalyze PEP-utilizing reactions essential for bacterial survival and virulence, making them
attractive antibiotic targets. Several aCKS inhibitors have been reported, but few are potent, and
it is not clear how to improve their affinity. Enzymes function by binding extremely tightly to
their transition states (TSs), where the transition state is the energetic barrier that a reaction must
cross to get from reactants to products. This thesis uses kinetic isotope effects (KIEs), that is, the
change in reaction rates for reactants containing heavy isotopes, to determine the TS structures
for two aCKS enzymes, NeuB and DAHPS. The KIEs demonstrate that both enzymes stabilize
TS structures in which the enzyme is forming a carbon-carbon bond between PEP and the aldose
reactant. TS mimics are stable chemical compounds that mimic the charge and geometric
features of the TS structure. If we can capture even a fraction of the TS binding energy, it will
result in a potent inhibitor. The TS structures for the NeuB- and DAHPS-catalyzed reactions

revealed in this thesis are new blueprints for inhibitor design.



Abstract

Antibiotic resistance is a global public health challenge. On current trends, antibiotic-
resistant infections could cause an additional 10 million deaths per year by 2050, surpassing
cancer. New antimicrobial compounds are desperately needed. The a-carboxyketose synthases
(aCKSs) are antibiotic targets that catalyze aldol-like reactions of phosphoenolpyruvate (PEP)
and aldoses to form sugars essential to bacterial survival or virulence. These include 3-deoxy-D-
arabino-heptulosonate 7-phosphate synthase (DAHPS) (amino acid synthesis) and a sialic acid
synthase, NeuB (immune evasion). More than 40 years of inhibitor design has yielded few potent
inhibitors and no rational basis for improving them. We have performed transition state (TS)
analysis on NeuB and DAHPS using multiple kinetic isotope effects (KIES) to reveal the TS
structure and provide a target for rational inhibitor design. We developed new methods of KIE
measurement by NMR and measured the 3-13C-, 2-13C-, and 2-80 KIEs for NeuB and DAHPS.
For NeuB, the 3-13C KIE is normal, while the 2-13C, and 2-'80 KIEs are close to unity. This
reveals that the first irreversible transition state is for formation of the tetrahedral intermediate
(THI), rather than its breakdown and that the TS involves formation of the C3:--C1’ bond with no
involvement of the water nucleophile, and little charge development. This TS structure explains
the ineffectiveness of previous cationic inhibitors and suggests a route forward for inhibitor
design. For DAHPS, the 3-13C KIE is normal; the 2-'80 KIE is close to unity, and the 2-°C KIE
is inverse. The DAHPS TS is therefore similar to NeuB’s, with similar implications for inhibitor

design, but further optimization is needed to fully understand the inverse KIE at C2.
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1 Introduction

1.1 Antibiotic Resistance

Antibiotic resistance is one of the greatest global public health challenges of our time.
The CDC estimates that 2.8 million antibiotic-resistant infections led to 35,000 deaths in the US
alone in 2019*. It is predicted that antibiotic-resistant infections could cause an additional 10
million deaths per year globally by 2050, which surpasses the current annual worldwide deaths

from cancer and HIV?,

The discovery of penicillin from the culture filtrate of a fungus Penicillium notatum in
1928 by Alexander Fleming revolutionized the treatment of bacterial infections?. The golden age
of antibiotic discovery (1940 -1960) witnessed the isolation of most of the major classes of
antibiotics®. Antibiotics not only treated bacterial infections, but improved medical care for
surgeries, organ transplantation and cancer treatment, but this was quickly impaired by the
emergence of resistant bacterial strains®. In the 1940s, penicillin was the drug of choice, but the
resistance against penicillin became a significant clinical challenge®. New B-lactam antibiotics
were developed to overcome penicillin resistance*; however, methicillin-resistant
Staphylococcus aureus (MRSA) emerged by 1961°. In order to fight bacterial infections, there
must be a balance between discovery of novel antibiotics, and the emergence of resistant strains.
However, after the golden age, subsequent research mainly focused on modifying existing
antibiotics to deal with the onset of resistance, and no new classes of antibiotics were discovered

until the fluoroquinolone class in 1962 and oxazolidinones in 2000°,



Bacterial resistance to antibiotics appears in many forms, including enzymatic
modification of the drug, mutations within the target enzyme, and efflux pumps®. The ability of
bacteria to evolve resistance to antibiotics increases antibiotic use, which leads to a vicious cycle
of resistance and increased use, contributed to by the inherent ability of bacteria to adapt to their
environment, exposure to antibiotics in hospitals, and poor sewerage disposal systems, among
many others® 7. While antibiotic resistance has been increasing, pharmaceutical companies like
Eli Lily, Roche, and GSK have abandoned their antibiotic portfolios®. The primary reason for
this is low profitability and return on investment due to short-term use of antibiotic treatments,
lack of novel therapeutic targets in clinical development, and growing scientific challenges of
antibacterial research® °. The growing number of antibacterial-resistant pathogens, especially
those associated with hospital-acquired infections, place a substantial burden on the clinical and
global healthcare economy®®. The “ESKAPE” pathogens are six pathogens that cause most
antibiotic-resistant infections'™ *2. These are Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae (and E. coli), Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species®®. The World Health Organization has also recently listed ESKAPE
pathogens in the list of 12 bacteria against which new antibiotics are urgently needed*.
Therefore, there is an urgent need to improve antibacterial therapies and strategies, discover new

drug targets, and design novel and potent inhibitors to combat bacterial infections.

1.2 a-Carboxyketose synthase family

The a-carboxyketose synthases (aCKSs) are enzymes that catalyze aldol-like reactions of
phosphoenolpyruvate (PEP) and an aldose to form a-carboxyketose sugars that are essential to
bacterial survival or virulence®® (Figure 1.1). They are absent in mammals, which minimizes the

potential for side effects from aCKS inhibitors, making them promising targets for the



development of broad-spectrum antibiotics'® 7. Although, «CKSs have been a target for ~40
years, no clinically useful antibiotics have been developed against them. The three main aCKSs
are 3-deoxy-D-manno-octulosonate 8-phosphate (Kdo8P) synthase (Kdo8PS), 3-deoxy-D-
arabino-heptulosonate 7-phosphate (DAHP) synthase (DAHPS) and N-acetylneuraminic acid

(NeuNAc) synthase (NeuB).

HPO,*
j\ OH O t
aCKS spontaneous o
aldose R H RMCOO- > COO + Pj
0.2p J\ a-carboxylketose + P; OH
* N0 Scoor
PEP OH,
OH OH OH I;IHACO
o 2-P0WO of-mWo HO/\;/k(v
3 - = =
o OH OH OH OH
Aldose substrate: E4P A5P ManNAc
Enzyme: DAHPS KDO8PS NeuB

Figure 1.1. aCKS catalyzed reactions

aCKSs catalyzes the reaction between PEP and an aldose. DAHP synthase catalyzes the
reaction with an Erythrose-4-phosohate (E4P) , Kdo8P synthase with arabinose 5-phosphate
(A5P) and NeuB with N-acetylmannosamine (ManNAc) by the aCKS superfamily of enzymes.

1.2.1 aCKSs reaction mechanisms

aCKSs catalyze two-step, stereoselective aldol-like condensation reactions between PEP
and an aldose via a tetrahedral intermediate (THI)8 to form a linear aCKS product that readily
cyclizes to its cyclic hemiketal form (Figure 1.2). THI formation is an addition step, forming
new C3—C1’ and C2—02’ bonds across PEP’s double bond. THI breakdown is an elimination

step, with C2—02 bond breakage and O2’—H deprotonation leading to C2=02’ bond formation.



THI formation THI breakdown

cationic mechanism cationic mechanism
[ _PO;?] HO-PO,?
HO O HO i coo 2
. L AGK P4 HPO,
2 ,P03- R COO 2 ,PO3-2 R @O )
j) 0] H, HO O Ii|v/B HO COO
1 L . AW 20 1 L : A N
R7T 3/]i\coo- PO R/%COO' Ay , R/\)\O
o o QH Co P08
2,OH2 J 2 HO ?)
R L%coo- THI 2 _
aldose + PEP i OH (tetrahedral R @COO a-carboxyketose
+H0 anionic mechanism intermediate) anionic mechanism +Pi

Figure 1.2. Proposed mechanism of aCKS catalytic reactions

Proposed mechanisms for the aldol-like condensation between PEP and an aldose (E4P in
case of DAHPS-catalyzed reaction) to form an a-carboxyketose (DAHP) and P;.

THI formation: THI formation has been observed in the Kdo8PS reaction by mass
spectrometric detection using rapid chemical quench methodology*® and ESI-MS?®®. In the first
study, an acyclic bisphosphate intermediate!® was observed while in the second study, a labile
hemiketal phosphate intermediate!® was reported. Isotopic labelling studies with [2-30]PEP
showed that the 80 label appears in the [*®O]Pi product rather than DAHP or NeuNAc,
confirming C—O bond cleavage.'®?°. The fact that P; departure occurs via C2—02 bond cleavage
rather than P—O bond cleavage in both the DAHPS- and NeuB-catalyzed reactions is further
evidence for a THI since it is the only plausible reaction pathway that leads to C2—02 bond

cleavage.

Proposed THI formation mechanisms: Proposed catalytic mechanisms tend to fall into

the broad categories of cationic and anionic mechanisms (Figure 1.2).

If the reaction proceeds via a cationic mechanism, THI formation would occur via with
the nucleophilic attack of PEP’s C3 on the aldose’s electrophilic carbonyl carbon (C1°), leading

to the formation of an oxacarbenium ion species'>?!. Both THI formation and breakdown could



be either stepwise or concerted for both cationic and anionic mechanisms. For example, for
cationic THI formation, if water attack on C2 begins before the C3—C1’ bond has completely
formed, it will be a concerted mechanism. If C3—C1’bond formation is complete before water
attack begins, then the reaction is stepwise. The existence of an oxocarbenium ion THI/transition
state can be supported by the potent, bisubstrate inhibitor of Kdo8PS (Ki = 0.4 uM)?% (Figure
1.3). This step is followed by the nucleophilic attack of water that leads to the formation of the
THI. The anionic mechanism involves the nucleophilic attack of water or hydroxide on PEP’s
C2, forming a carbanion intermediate which then attacks the aldose carbonyl carbon. This could
be either stepwise or concerted®. It has been observed that nucleophilic attack on an unactivated
enolpyruvyl group does not occur even under extreme conditions, which makes the anionic

mechanism unlikely?.

OH OH [/Pof'

2_O3PO' +N|i/062
OH OH
8
K*=0.4 uM

Figure 1.3: Kdo8PS inhibitor, compound 8.

THI breakdown: THI breakdown involves departure of P; via cleavage of the C2—02
bond, formation of the C2—02’ double bond, and deprotonation of O2’, leading to the open chain
form of the a-carboxyketose. Once the product is released, it spontaneously cyclizes to its

pyranose form in solution'6:27-2°,

Kinetic mechanism: For DAHPS and Kdo8PS, a rapid equilibrium sequential ter ter

kinetic mechanism was reported” %° In this mechanism, the substrates bind in order: Mn?*



followed by PEP, then the aldose (E4P for DAHPS; A5P for Kdo8PS)Y/. We can assume that
NeuB follows the same sequential ordered ter ter kinetic mechanism, though it has not been
demonstrated experimentally whether the rapid equilibrium assumption is valid; that is, whether

substrate binding is in equilibrium or whether the steady state assumption needs to be used>!.

Active site residues: Mutation of key residues in the active site of DAHPS has a very
small effect on kear (<100-fold)*2. It wasn’t clear why mutating key catalytic residues had such a
small effect on the rate-limiting step®. It is possible that DAHPS could be catalyzing the reaction

largely through catalysis by approximation®? 33,
1.2.2 DAHPS

3-Deoxy-D-arabino-heptulosonate 7-phosphate synthase (DAHPS) catalyzes the first step
in the shikimate biosynthetic pathway, using the glycolytic intermediate, PEP, and the pentose
phosphate pathway intermediate, D-erythrose 4-phosphate (E4P) to form the seven carbon sugar

DAHP, and inorganic phosphate (Pi)**.
1.2.2.1 Shikimate pathway

The shikimate pathway is a seven-step metabolic pathway in bacteria, plants and fungi
that leads to biosynthesis of a variety of aromatic metabolites, including the aromatic amino
acids phenylalanine (Phe), tryptophan (Trp) and tyrosine (Tyr), and folate. Chorismate, a central
intermediate in the pathway, branches off to anthranilate and prephenate, which in turn leads to
the aromatic amino acids, and para-aminobenzoic acid, a precursor for folate synthesis®®. The

shikimate pathway, which is found only in microorganisms and plants is essential for their



survival. Its absence in mammals makes it a suitable target for designing enzyme inhibitors36-4!

(Figure 1.4).
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Figure 1.4: Shikimate pathway

DAHPS catalyzes the first step of the shikimate pathway leading to chorismate. Chorismate
then branches to anthranilate, which ultimately leads to Trp. Prephenate leads to Phe and Tyr,
and p-aminobenzoic acid, which leads to folate.

DAHPS activity is regulated by transcriptional control and allosteric feedback inhibition,
with allosteric feedback being the major regulatory mechanism in vivo. Bacteria and fungi have
multiple DAHPS isoforms that differ from each other mainly based on their feedback inhibition.
E.coli has three DAHPS isozymes, one each feedback regulated by Phe, Tyr, and Trp“. E. coli

DAHPS(Phe) was used in this thesis.



1.2.2.2 Structure of E.coli DAHPS (Phe)

The DAHPSs are divided into three major subtypes, namely Class la, If and 11, based
upon their phylogenetic classification*'. The E.coli DAHPSs belong to Class la, with monomeric
masses ~ 40 kDa. DAHPS (Tyr) and DAHPS (Trp) are homodimers in solution, while
DAHPS(Phe) is a homotetramer*? 43, Each monomer consists of eight parallel p-barrel fold
surrounded by eight a-helices, a (B/a)s-fold making up a TIM barrel (exemplified by triose
phosphate isomerase structure)** with the active site of the DAHPS located at the C-terminal end
of the barrel'® %% The DAHPS(Phe) homotetramer has a dimer-of-dimers quaternary structure
with tight A:B and C:D dimers and a looser interface between the tight dimers (Figure 1.5 a) %4,
Multiple lines of evidence point to half-of-sites reactivity across the aCKS superfamily*>-*® and
many DAHPS(Phe) structures display pseudo-twofold symmetry in the crystal structures, with
diagonal subunits B and C adopting identical conformations while subunits A and D adopt
different conformations®’.For example, in the DAHP oxime-inhibited structure, only subunits B
and C bound inhibitor, while subunits A and D adopted an unbound conformation. These
conformational differences involve three loops making up 8% of the amino acid sequence

(Figure 1.5 b).
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Figure 1.5: DAHPS(Phe) X-ray crystal structure

(a) Ribbon diagram of the inhibitor-bound complex DAHPS(Phe)-DAHP oxime2 (PDBID:
5CKS)'” showing pseudo-twofold symmetry. The inhibitor is bound to subunits B and C, while
subunits A and D are in an unbound conformation. (b) Monomer structures of
DAHPS(Phe)-DAHP oxime2 showing bound (subunit B) and unbound (subunit A) conformations
of DAHPS(Phe).¢ (c) Metal ion binding site in E. coli DAHPS(Phe) (PDBID: 8E0X)*5(d)
Residues Alal64, Argl165, Lys186, and Arg234 interacting with the phosphate group of PEP
(PDBID: 8E0X?%). (e) Residues Arg99 and Thr100 interacting with the distal phosphate group of
DAHP oxime?’. (Figures 4b,c,e from reference 17, 46, used with permission from the American
Chemical Society, ©2017, 2022).



Each DAHPS subunit contains an active site. The binding site has been identified in
multiple crystal structures, including the DAHPS(Phe)-Mn?*-PEP-P; structure (PDBID: 8E0X),
in which P; occupies the presumed binding site for E4P’s phosphate group. The
DAHPS(Phe)-DAHP oxime; crystal structure occupied the full active site, with the oxime group
in the PEP/THI phosphate binding site (PDBID: 5CKS),'” and DAHPS(Phe) complexed with

combinations of Mn?*, PEP, Piand SO4%in different subunits (PDBID: 8E0Y“5, 1KFL%),

The metal ion coordination sphere includes residues Cys61, His268, Glu302, Asp326, a
water molecule, and the PEP carboxylate** %° %6 (Figure 1.5 c). The PEP phosphate group forms
salt bridges with Arg165 N, Lys186 N¢, Arg234 N¢, and the Ala164 backbone NH (Figure 1.5
d). The PEP COO™ forms two salt bridges with Arg92 Nm, Lys97 N¢ and Lys186 N¢. The E4P
binding site has been inferred from the DAHP oxime, Pi, and sulfate, G3P binding sites®® 2146,
E4P’s phosphate group appears to interact with Arg99 and Thr100!’ (Figure 1.5 e). In yeast
DAHPS-Co?"-PEP-G3P complex modelled by replacing G3P by E4P, the E4P O1° group was 2.4
A away from Co?*, which would facilitate electrophilic catalysis for a re face attack by the si
face of C2=C3 of PEP, after which the proton transfer can take place between E4P O1° and the

highly conserved Lys112 or Lys97 in E. coli DAHPS(Phe) acting a general acid catalyst?®.
1.2.3 NeuB

NeuB catalyzes the condensation of PEP with N-acetylmannosamine (ManNAc) to give
the sialic acid N-acetylneuraminic acid (NeuNAc) (Figure 1.1). > Sjalic acids are a family of
high carbon sugars that are distributed in mammalian cells, viruses and some microbial
organisms® ®1, Sialic acids plays an important role in animal cell recognition, development and

cell adhesion®®. Most bacteria do not use sialic acids; those that do are neuroinvasive, including
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Neisseria meningitidis®®, Campylobacter jejuni®? %3, and a neuroinvasive strains of E. coli K154
that seek to evade the host’s immune system by mimicking host cells®>. Some bacteria salvage

sialic acids, while others synthesise it®®.
1.2.3.1 Structure and active site of NeuB

N. meningitidis NeuB exists as a domain-swapped dimer in solution consisting of an N-
terminal (B/a)s TIM barrel domain and a C-terminal domain that is related to antifreeze
proteins®®. NeuB shows less than 10% sequence identity with E.coli DAHPS(Phe)® (Figure 1.6).
Although, there is a low sequence identity between the N-terminal domain of NeuB and its
homolog DAHPS(Phe), the two enzymes have similar supersecondary structures (with root mean
square deviation of 2.1 A on 273 Ca atoms)®. This could suggest a similarity in their function

and enzymatic mechanism®®.

Figure 1.6: NeuB X-ray crystal structure

NeuB-NeuNAc oxime dimer crystal structure (PDBID: 6PPY)3! contains one subunit per
asymmetric unit. NeuB consists of an N-terminal TIM barrel domain (dark blue/orange), a C-
terminal domain, homologous to a type Ill antifreeze protein (AFP) (light blue/orange), and a
linker that contributes the R314 side chain to the active site of the other monomer. NeuNAc
oxime’s location is shown as yellow spheres?!. (Figure from reference 31, used with permission
from the American Chemical Society, ©2019).
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1.2.3.2 Sialic acid biosynthesis

The first step in the biosynthesis of sialic acid in both mammals and bacteria is the
epimerisation and hydrolysis of uridine diphosphate N-acetylglucosamine (UDP-GIcNAC) to N-
acetylmannosamine (ManNAc)?® 8788 However, after the first step, synthesis of NeuNAc

follows a different route between mammalian and bacterial cells ®° (Figure 1.7).

In mammals, ManNAc is phosphorylated to N-acetylmannosamine 6-phosphate®®. In the
next step, NeuNAc 9-phosphate synthase catalyzes the condensation of PEP with ManNAc 6-P
to give NeuNAc 9-phosphate, which is then dephosphorylated by NeuNAc 9-phosphate
phosphatase to NeuNAc®: . In contrast, in bacteria, NeuB catalyzes the condensation of PEP

and ManNAc to directly from NeuNAc'> ¢ (Figure 1.7).

HO 032'P\O
HO O UDPl—GIcNAc HO NHAC ManNAc kinase NHAC
HO 0 2-epimerase HO 7—? HHOO
SNHo.upp 7 N\ HO by |ATP ADP OH
H,O UDP
UDP-GIcNAc ManNAc ManNAc-6-Phosphate
NeuNAc 9
PEP | NeuB PEP phosphate
synthase
OH OH OH
HO 042P oH
o cOO| NeuNAc9 3 =0
: phosphate : (0] [e{e]0)
phosphatase A
AC?‘M OH - AC(P‘M OH
NeuNAc + Pi NeuNAc 9 phosphate

Figure 1.7: Biosynthesis of sialic acid in animal and bacterial cells
Steps in the red box on occur in mammals but not bacteria. There is no mammalian equivalent
of NeuB.

The NeuB active site is situated in a deep crevice at the C-terminal end of the TIM
barrel®® that contains most of the key residues, while the C-terminal domain seals the active site

from the bulk solvent®®. Three residues (Thr285°, Phe288’, Arg314°) from C-terminal domain of
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the opposite monomer are positioned within the active site cavity of the N-terminal domain,
where they play an active role in substrate binding®®. In the active site, the divalent metal ion
forms an octahedral complex with two key His residues, two water molecules, a non-bridging
phosphate oxygen of PEP and the aldehyde oxygen of ManNAc. The PEP phosphate groups
forms hydrogen bonds to highly conserved serine residues (Ser-132, -154, -213)*> . These
interactions are different from DAHPS where PEP mostly interacts with DAHPS through
cationic Lys and Arg side chains'®. The PEP carboxylate group forms interactions with Lys-129
and Lys-53. However, the C2=C3 double bond of PEP does not interact with any residues,
making it easier for it to attack the aldose. There are multiple hydrogen bonds ManNAc and the
side chains of Asp247, GIn55, and Tyr186%. ManNAc’s O7 and O4 form direct and indirect
(water-mediated) hydrogen bonds to Arg314’ from the opposite subunit, in addition to forming

several favorable non-covalent interactions® (Figure 1.6).
1.2.4 Kdo8PS

Kdo8PS catalyzes the reaction between PEP and D-arabinose 5-phosphate (A5P) to form
the eight-carbon sugar 3-deoxy-D-manno-octulosonate 8-phosphate (Kdo8P)8, which is
dephosphorylated to Kdo. Kdo is an essential component of lipopolysaccharide (LPS) of most
Gram-negative bacteria’ and is essential in assembling LPS™ "2, LPS plays an important role in
maintaining outer membrane stability and integrity, bacterial pathogenicity, and in providing an
additional barrier to antibiotic entry’"3. LPS is made up of lipid A, the inner and outer cores,
and the O-antigen repeat (Figure 1.8). Lipid A is a hydrophobic component consisting of fatty
acid tail that links the LPS to the outer membrane. The inner core links the lipid A to the outer

membrane and consists of two Kdo moieties and two heptose sugars. The outer core is made of
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different types, including heptoses and glucose serving as the attachment site for O-antigen

repeat’>.
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Figure 1.8: Kdo in the E. coli cell wall

Kdo-lipid A regions of LPS are required for the growth of E. coli and other Gram-negative
bacteria. Figure from reference 7°. (Figures from reference 70, used with permission from
Annual Review of Biochemistry, ©2002).

Crystal structures of the A. aeolicus Kdo8PS-PEP-ASP complex (PDB: 1FXQ) and A.
aeolicus Kdo8PS-Cd?* (PDB:1FXP)"* show Kdo8PS is a homotetramer containing four distinct
active site regions '*. The active site is open in the absence of substrates, or when only one
substrate is present but closes when PEP and A5P are both present’. In the active site, PEP C2
adopts a distorted geometry, with two water molecules located at the si and re sides; one of these
could be the water nucleophile that would attack C2 to form the THI. Although Kdo8PS
catalyzes a reaction similar to DAHPS, there are key mechanistic differences, particularly in the
requirement of a metal cofactor and the orientation of E4P/A5P in the active site’. Notably, for
some Kdo8PS enzymes, the metal ion is not essential for catalysis, whereas all known DAHPS
enzymes require a metal ion for activity?> ™ ®° In Kdo8PS, a direct catalytic role of the metal

ion is unlikely as metal ion-dependent Kdo8PSs can be made metal ion-independent with a
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single point Cys to Asn mutation® 8! that removes metal ion dependence with only a ~10-fold

decrease in Keat.

1.2.5 aCKSs dependence on metal ions

The role of metal ions in aCKS catalysis is an open question. All known DAHPSs* 8
and NeuBs™%3 8 are divalent metal ion-dependant, while both metal ion-dependant
and -independent Kdo8PSs are known’® 788084 There are contradictory proposals about the
metal ions’ role in catalysis. In one view, the divalent metal ion does not directly participate in
catalysis, but rather provides structural support by maintaining the correct orientation of
substrates and key active site residues to facilitate the delivery of water*® 78 In other
proposals, the metal ion facilitates by electrostatic catalysis by polarizing the carbonyl (C=0)
bond of the aldose substrate® %, The metal ion could also catalyze THI formation by making
one of the water nucleophile’s protons more acidic, thereby aiding “OH formation, and

increasing the water nucleophile’s nucleophilicity.

1.2.5.1 DAHPS

DAHPS requires a divalent metal ion for its activity’®. The metal activator in vivo is not
known, but some studies suggest Fe?* 42 78.82 C2* 8.8 Cy2+87 or Zn2*82, A wide range of
divalent metal ions have been tested in vitro that could activate DAHPS, including Mn?*> Cd?*>
Fe?*>Co?"> Ni?*> Cu?*>Zn?*>Ca?* 8 Metal ions such as Ni?*, Cu?*, and Ca?* were slow in
activating the enzyme. If these metal ions were preincubated with the enzyme for a few minutes
at 23 °C and added to the reaction mixture, the rate improved significantly®2. Competition
experiment with sequential addition of different metal ions demonstrated that Fe?*, Co?*, and

Zn?* could not be easily displaced by other metal ions (Mn?*, Cu?*, and Ca?*) when bound to
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DAHPS®, The concentration of the metal ion bound to the active site of DAHPS was found to be
30% for Mn?*, 52% for Zn?*, and 88% Cu?*.*® Moreover, it has been shown that the identity of

the metal ion could affect the rate of product release step*.

The metal ion binding site consists of four residues (Cys61, His 268, Glu302 and
Asp326), PEP and a water bridging to Lys974* 8 forming a trigonal bipyramidal coordination?.,
Our lab has reported crystal structures showing the interaction between the metal ion with PEP
and Pi in the DAHPS active site (Figure 1.9)* which shows that all the subunits are fully
occupied only when crystal structures contain a metal ion in the active site*®. In Thermotoga
maritima DAHPS, the E4P carbonyl C1” interacts with Lys131 but it is too far from the Cd?*
metal ion. " This is supported by the steady-state and presteady-state kinetic studies that
suggests metal ion plays a structural role, bringing the water molecule in a more favourable
orientation for the nucleophilic attack*®. When a model of the active site was created by
replacing glyceraldehyde 3-phosphate (G3P) in the crystal structure (DAHPS-Co?* -PEP-G3P)
with E4P showed that E4P’s carbonyl group coordinates with the metal ion at a distance of 2.4
A, close enough to act as an electrophilic catalyst?'. Direct interaction between the metal ion and

E4P is further supported by the fact that Km,esp depends on the metal ion’s identity®.

DAHPS crystal structures have been studied with Pb?*, Mn?*, Co?*, and Cd?* (PDBID:
10F82!, 1KFL®, 1N8F%, 1QR74, 1IRZM'®, 8EOV*¢, BE0X*®, BE0Y*6, TRUE®™). The active site
interaction depends on the nature of the metal ion. While Mn?* gave highest rate, it interacted
more with oxygen donors like Glu302 and Asp326 while Fe?*, Co?*, and Zn?* formed stronger
interactions with nitrogen or thiol groups like Cys61 and His26882, Cys61 has been reported to

play a catalytic role as it is involved in metal binding®. .
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Figure 1.9: DAHPS-Mn?*-PEP-P; crystal structure
DAHPS-Mn?*-PEP-P; crystal structure (PDBID: 8E0X) from reference 46.

1.2.5.2 NeuB

NeuB requires a divalent metal ion for its activity, as the metal ion is proposed to play
both structural and catalytic roles'>?°. In C. jejuni NeuB, Mn?* and Co?* increased enzymatic
activity, Mg?* had no effect on NeuB’s activity at all, but Zn?* inhibited enzyme activity at pH
7.5%:83_QOur studies have showed that in N. meningitidis NeuB, Mg?* shows comparable rates to
Mn?2*, The N. meningitidis NeuB-Mn?"-PEP-rManNAc crystal structure, where rManNAc is
reduced ManNAc (N-acetylmannositolamine), had the C1 hydroxyl group of rManNAc within
2.5 A of Mn?*. If the carbonyl oxygen of ManNAc bound in the same location, it would be close
to both Mn?* and PEP C3.%5. Our lab reported crystal structures of the NeuB-Mn?*-Pi-ManNAc
(PDBID: 6PPZ) and NeuB-Mg?*-malate (PDBID:6PPW) complexes (Figure 1.10)%. In the
NeuB-Mn?*-Pi-ManNAc complex, the phosphate group formed multiple contacts with the

enzyme’s active site especially with K129%1. ManNAc bound in an open chain form but its
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carbonyl oxygen atom bound in a non-productive orientation, being oriented to occupy then PEP

C3 binding site®".

ManNACc

Figure 1.10: NeuB-Mn?*-Pi-ManNAc crystal structure

NeuB-Mn2*-Pi-ManNAc crystal structure (PDBID:6PPY)3! (Figures from reference 31, used with
permission from Biochemistry, ©2009).

1.2.5.3 Kdo8PS

Based on their divalent metal ion requirements, Kdo8PS is divided in two classes’® 9 92;
Class | Kdo8PSs are metal ion-independent, including from E. coli’®, N. meningitidis®, and the
plant A. thaliana’®. Class 1l Kdo8PS are metal ion-dependent including C. jejuni®, A. aeolicus’’,
Acidithiobacillus ferrooxidans®, Aquifex pyrophilus®, and Helicobacter pylori®. It is possible
that Class Il metal dependent Kdo8PS diverged from metal dependent type I DAHPS®, or they
share a common ancestral metal-dependent protein: 7919 |n the metal dependent form of the
enzyme, four conserved amino acid residues (Cys, Asp, Glu and His) coordinate with the metal
ion. The Cys residue is substituted by Asn in metal-independent Kdo8PSs®’. Metal-dependent
versions of Kdo8PS have been converted to being metal-independent®®: %, Metal dependent A.

aeolicus Kdo8PS was made metal independent with a single amino acid mutation, C11N&.,

18



C11N was catalytically more efficient than the wild type counterpart and bound to PEP more
tightly®:. A metal binding site was introduced into the metal independent E. coli Kdo8PS using a
single amino acid mutation, N26C, and a double amino acid mutation M25P/N26C®. The mutant
enzymes had increased kea: values in presence of Mn?*., while The C11N mutant of metal ion-
dependent A. pyrophilus Kdo8PS retained ~10% of the wild-type activity®. The N26C mutant of
metal ion-independent E. coli Kdo8PS had only a decrease ~12-fold in keat/Km but it did not

become metal ion-dependent®.

Crystal structure and comparative studies between E.coli DAHPS(Phe), metal
independent E.coli Kdo8PS, and metal dependent A.aeolicus Kdo8PS have conserved His and
Glu residues®. Studies done on the metal-dependent Class |1 Kdo8P synthase from H. pylori
using Zn?*, Cd?*, Cu?*, Co?*, Mn?*, and Ni?* revealed that it showed highest activity, specificity
and cooperativity with Cd?*.*® The degree of metal ion occupancy at concentrations >> Kwu metal,
was often less than 100%, indicating partial active site occupancy of 79% for Cu?*, 29% for
Co?*, 55% for Cd?* enzymes®®. The rate-limiting step was product release with Cd?*, Cu?*, and
Co?*, but enzyme chemistry for Mn?* and Ni?* %°. These differences could be due to differences
in the size of the metal ion and nature of the ligands resulting in different coordination
geometries®®. Divalent metal ions were proposed to be involved in catalysis in the Class 11
Kdo8PS, as well as a structural role®. In metal dependent Kdo8PS enzymes, the metal ion does
not interact with the carbonyl oxygen of A5P, but coordinates with the hydroxyl oxygen at C2

via a water molecule’ 7.
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1.2.6 aCKS inhibitors

Nearly half of the orally administered drugs are enzyme inhibitors'®. Enzyme inhibitors
are used to treat a plethora of diseases including infectious, metabolic, cardiovascular,
neurological disorders, and cancer'®*-1%, For example, galantamine, used to treat Alzheimer’s,
both inhibits acetylcholinesterase and allosterically modulates nicotine acetylcholine
receptors'®. Enzymes as targeted in drug therapy because enzyme activity is essential for all life
processes which often get altered in disease conditions, and the natural ligand binding site on
enzymes easily interact with small, drug-like molecules, making enzymes particularly
susceptible to drug modulation®. For example, penicillin works by inhibiting the enzyme

transpeptidase that catalyzes the final step in cell-wall biosynthesis'®®.

Most potent inhibitors take advantage of the enzymatic chemistry to achieve inhibition®’.
Enzyme inhibitors can be covalent and irreversible, or non-covalent and reversible!? 108 109,
Inhibitors can bind to any of the enzyme forms (Figure 1.11) and the modes of inhibition can be
competitive, noncompetitive, and uncompetitive based on how inhibitor binding affects substrate
binding%2 195198 1n competitive inhibition, inhibitor can bind to the free enzyme (E), blocking
the substrate from binding. As binding is competitive, inhibition can be relieved by higher
substrate concentrations. Therefore, competitive inhibitors increase the apparent Km values
without changing keat. In noncompetitive inhibition, the inhibitor binds in a separate site and
decreases kcat Without affecting Km. That is, the inhibitor can bind equally to the free enzyme (E)
to form E-I complex or to the enzyme-substrate (E-S) complex to form E-S-1. Uncompetitive
inhibitors only bind to the E-S complex to form an inactive E-S-I complex. Uncompetitive

inhibitors decrease both the apparent Kv and keat Values.
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In multi-substrate reactions an inhibitor’s mode of inhibition can be different for each
substrate. For example, the MurA inhibitor fosfomycin binds only after the first substrate, UDP-
GIcNACc, has bound, and blocks binding of the second substrate, PEP. In this case, inhibition is

uncompetitive with respect to UDP-GICNAC and competitive with respect to PEP,
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Figure 1.11: Energy level diagram for enzyme catalysis and inhibition

(A) Energy profile of an enzyme catalyzed reaction; E = enzyme, S= substrate(s), ES =
enzyme-substrate complex, FS = enzyme- substrate complex in an altered conformation of the
protein, FS = enzyme—transition state complex, FP = enzyme with one product bound, F: free
enzyme in an altered conformation of the protein. (B) Cartoon of the conformational states that
an enzyme may access during catalytic turnover; C, U and N represent competitive,
uncompetitive and non-competitive inhibition. Figure from reference 105. (Figures from
reference 105, used with permission from Expert Opinion on Therapeutic Targets, ©2007).

1.2.7 DAHPS inhibitors

Several inhibitors against DAHPS have been reported?® 11111390 The inhibitors are
designed to mimic the substrates, intermediates, and presumed transition state (TS) structures.
Due to the unique outer membrane in Gram negative bacteria, containing multiple negative
charges, inhibitors designed to mimic the anionic DAHPS substrates E4P and PEP may have

poor cell permeability and in vivo effectiveness!'4. However, these inhibitors can be optimized to
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improve cell permeability. Inhibitors based on the DAHPS intermediate and TS structures can

provide deep insight into the enzyme catalytic mechanisms.

1.2.7.1 Substrate mimics

Fosmidomycin inhibits DAHPS competitively with to respect PEP and uncompetitively
with respect to E4P, with a K; of 35uM (Figure 1.12). This suggests that the inhibitor binds to
the PEP binding site, with E4P also bound*!. The extent of inhibition depends on the identity of
the metal cofactor, with inhibition being 2-fold greater with Mn?* and Fe?* than with Co?**1%,
This suggests that the bound inhibitor also interacts with the bound metal ion*!!. Fosmidomycin
is also a potent inhibitor of 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR). It
interacts with DXR’s metal cofactor through its hydroxyamino and aldehyde functional groups,

so it may engage in the same types of interactions with DAHPS.

The substrate mimic sulfoenolpyruvate (1) did not inhibit DAHPS significantly despite
its resemblance to PEP, while allylic phosphonate (2) competitively inhibited DAHPS with Ki=

154 uM**! (Figure 1.12).
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Figure 1.12: Substrate mimics of PEP and E4P
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Fosmidomycin is competitive with respect to PEP but uncompetitive to E4P. The Ki= 35 yM with

Mn2*. 1 and 2 are PEP substrate mimics11,

1.2.8 Oxacarbenium ion mimics

If the DAHPS-catalyzed reaction proceeds via a cationic mechanism, an oxacarbenium

ion will be formed. Multiple DAHPS inhibitors have attempted to mimic this putative

intermediate (Figure 1.13).
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Figure 1.13: Oxacarbenium ion mimic inhibitors
DAHPS inhibitors mimicking an oxacarbenium ion!?3.

The aminophosphonate group of compound 3 was designed to mimic the positive charge

on the oxacarbenium ion, based on a Kdo8PS inhibitor, but inhibition was not notably strong*3,

The vinyl phosphonate inhibitor 4 was designed to mimic the partial double bond character on

C2 of PEP and O2 of phosphate. The E-configuration resembles DAHPS-bound PEP!, Adding

an electronegative CF3 group did not improve binding!!. Extending the inhibitor to occupy

E4P’s phosphate binding site with phosphate (5a) or Br (5b) did not significantly improve

binding®!2,
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1.2.9 Tetrahedral intermediate (THI) mimics

Several inhibitors were designed to mimic the THI (Figure 1.14)%. In compound 6 the
THI C—-0 bond was replaced with a stable C-C bond. Ethyl phosphate groups were used to allow
the compound to enter bacterial cells. It was reported to inhibit the growth of several Gram-

negative bacteria including E.coli, though no 1Cso values were reported**®.
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H OH H OH
HO HO
6 THI

Figure 1.14: THI mimic inhibitor

Compound 6 was designed as THI mimic, but no K; value or ICso for bacterial growth inhibition
was reported?15,

1.2.10 DAHP oxime

DAHP oxime is a potent slow-binding inhibitor of DAHPS with Ki = 1.5 uM and a
residence time of 83 min.” The DAHPS-DAHP oxime crystal structure revealed that the oxime
functional group, in combination with two crystallographic waters, occupies the THI / PEP
phosphate binding site. It is bound in only two of DAHPS’s four active sites in the crystal
structure. Linear free energy relationship (LFER) analysis of inhibition demonstrated that it is a
TS mimic®, so DAHP oxime is both a structural and functional mimic of the phosphate group of
the THI. DAHP oxime binds competitively with respect to Mn?*, PEP and E4P in subunits B and
C, and has a mixed mode of inhibition with respect to all substrates in subunits A and D*’
(Figure 1.5). When subunits B and D are occupied by DAHP oxime at [DAHP oxime] > 50uM,

Kwm,esp decreases, indicating that DAHP oxime occupying subunits B and C increases E4P
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binding to subunits A and D. This positive cooperativity is the dominant cause of incomplete

inhibition®’.

The coordination of the phosphate group in the THI intermediate and that of oxime group
of DAHP oxime in combination with two water molecules suggests that the oxime group mimics

phosphate group’s functionality at the binding site (Figure 1.15)7.
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Figure 1.15: DAHP oxime inhibition of DAHPS

(a) DAPH oxime. (b) The THI's presumed active site interactions and crystallographically
observed interactions of DAHP oxime with DAHPS?Y,

1.2.11 Other Imine-Based Inhibitors

An “inhibitor-in-pieces” approach was used to optimize DAHP inhibitors®. In this
method, fragment-based inhibitor design!® was combined with the substrate-in-pieces!’
approach. Initially, pyruvate oxime and Gro3P were used to mimic DAHP oxime with the
missing C4-04H group?’ (Figure 1.16 a) which inhibited DAHPS with modest a Ki = 1.3 mM%,
and pyruvate hydrazone and Gro3P inhibited DAHPS with a Ki = 35 uM (Figure 1.16 b) ®. This
led to the synthesis of the most potent DAHPS inhibitor to date, DAHP hydrazone® (Chapter 2).
The pyruvate-based fragments were synthesized with fluoro-substituents (Figure 1.16 c).

Increasing the number of fluorine atoms decreased the pKa of the oxime’s functional group and
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improved K. 3,3,3-trifluoropyruvate oxime (TFP oxime) inhibited DAHPS with a Ki = 300
UM, TFP semicarbazone inhibited DAHPS with Kj= 320 uM (Figure 1.16 ¢)*. Both TFP
oxime and TFP semicarbazone ethyl ester inhibited E.coli growth in culture®®. The crystal
structures of DAHPS with bound TFP oxime and TFP semicarbazone demonstrated that these
inhibitors bound upside down in the active site compared with DAHP oxime (Figure 1.16 d). In
the ball and stick model (Figure 1.16 d), the TFP based inhibitors are shown in different colours
while DAHP oxime in gray. The C=N group in the TFP based inhibitors was upside and
sideways with respect to the oxime group for DAHP oxime’s group. The CFs and the carboxylate
group of the TFP based inhibitors occupied the same locations as the two crystallographic waters

in the DAHP oxime complex®. This introduced new direction for developing inhibitors®.
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Figure 1.16: Inhibitor-in-pieces approach to designing inhibitors against DAHPS

(a) Comparing DAHP oxime and pyruvate oxime + Gro3P binding. (b) Pyruvate hydrazone and
TFP-based inhibitors. (c) Upside-down binding of TFP-based inhibitors relative to DAHP
oxime®,(Figures from reference 90, used with permission from ACS Infectious Disease ©2021).
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1.2.12 NeuB inhibitor - NeuNAc oxime

Two inhibitors of NeuB have been reported, a THI mimic inhibitor with Ki* of 3 uM?°
and NeuNAc oxime!!® (Figure 1.17). NeuNAc oxime had a modest initial Ki of 36 uM*8, but i
bound slowly over =10 h and the dissocation rate constant was too low to measure, < 2.5

x 107" s, giving a residence time (tr) of over 47 days, much longer than the lifetime of a

t

bacterial cell. This made NeuNAc oxime an effectively irreversible inhibitor3!. It is competitive

with respect to Mn?*, PEP and ManNALc.

NeuNAc oxime shows 10% residual rate even at high inhibitor concentration, indicating

that the inhibitor binds to only one of the subunits of the homodimer3. The half-of-site binding
could be attributed to either negative cooperativity between inhibitor molecules, or positive
cooperativity between substrate and inhibitor®l. NeuNAc oxime does not inhibit NeuB
immediately but only after a short period of incubation and inhibition becomes stronger over
~10 h®%. NeuNAc oxime formed fewer interactions in the NeuB phosphate binding site than
DAHP oxime did with DAHPS, and fewer than PEP with NeuB, forming only three out of the
six neutral interactions that PEP3. Nonetheless, it did achieve an exceptional residence time.
Complete inhibition occurs when NeuNAc oxime is incubated with NeuB for 4 h while
catalyzing the reaction, i.e., when all the three substrates are present, suggesting successful

inhibition is possible in vivo®L.
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Figure 1.17: NeuB Inhibitors

A THI mimic inhibitor of NeuB, 7 and NeuNAc oxime, the oxime equivalent of DAHP oxime?:31,

1.2.13 Kdo8PS inhibitors

Several inhibitors have been reported for Kdo8PS (Figure 1.18) generally using the same

design principles as for DAHPS and NeuB inhibition.
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Figure 1.18: Kdo8PS inhibitors

Kdo8PS inhibitors. The residence time, tr, is the time the inhibitor remains in the active site
once bound; inhibitors 12 to 17 were tested against metal-independent N. meningitidis Kdo8PS
(nm) and metal-dependent A. ferrooxidans Kdo8PS (af).119 25, 120,115, 121

Compounds 8 and 9 were similar to the DAHPS inhibitors (Figure 1.13) meant to mimic

the presumed oxacarbenium ion intermediate. Compound 8 was competitive with respect to PEP
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with Ki = 3.3 uM™® under fast binding conditions, and Ki* = 0.4 uM?% under slow binding
conditions. Compound 9 was a derivative of compound 8 with K; = 50 uM*?°, Compound 10
mimicked the acyclic Kdo8P intermediate with a Ki = 500 uM?. There was no reported K; for
compound 11 or 1Cso though it was reported to inhibit Gram-negative bacterial growth!?®,
Compound 12 mimicked the PEP part of compound 8.12 Compounds 13 and 14 had similar
features to some parts of the THI*2L, Compound 15 was intended to mimic the THI, but without
any of the hydroxyl groups*?*. Compounds 16 and 17 was designed to understand the role of the
A5P/PEP-derived phosphate groups'?t. Kdo8P oxime, inhibited C. jejuni Kdo8PS*’. Kdo8P
oxime is analogous to DAHP oxime, the TS mimic of DAHPS"®2, It inhibited Kdo8PS
uncompetitively with respect to Mn?*, and competitively with respect to A5P and PEP%. It
displayed a fast-binding inhibition with a Kj of 10 uM and slow-binding inhibition with an
ultimate K~ of 0.57 uM, with a tg ranging from 27 min to up to ~3 days depending on the
concentration of excess Kdo8P oxime®. Similar to DAHP oxime, Kdo8P oxime displayed
residual rate at high inhibitor concentrations*°. This may result from negative cooperativity
between the inhibitor molecules and different subunits, causing some subunits to remain
unoccupied, or due to positive cooperativity between the inhibitor and substrates bound to

different subunits®.

1.3 Reaction space

The aCKSs catalyze a two-Step reaction; an addition step to form the THI, and an
elimination step to form the ketone product. Each individual step can be visualized using a More
O’Ferrall-Jencks plot, a two-dimensional representation of the bonds being formed or broken in a

given reaction step (Figure 1.19) 33122,

30



HO-PO4%

HO-PO,%
HoNcoo- Howcoo-
R OH R O
cationic products
intermediate ( 9
_POg? Nc2-02 THI breakdown
OH O )
R ®>coo
OH,
cationic 11
intermediate 1 .
1A Nne2-02 2
THI
2
oH o9
S R coo"
nca.cr THIIformatlon HO
reactants 0@ anionic
0 1 intermediate
b0.2 Nc2-02: o2
)OL o 3 o o 3
R” "H %\coo- R)LH e/i\Hcoo-
OH,

Figure 1.19: aCKS reaction space

This is a reaction space diagram for aCKS reactions. For THI formation (yellow square) the
axes correspond to the bond orders (n) for forming the new C3-C1’ and C2-0O2’ bonds; that is,
Ncs-cr and ncz-02. The aldose, PEP, and H20 reactants (lower left) and the THI (upper right) are
shown. THI formation can follow (i) a stepwise, cationic mechanism, forming a cationic
intermediate (upper left), (ii) a stepwise, anionic mechanism with an anionic intermediate (lower
right), or (iii) a concerted mechanism (diagonal) with the C3-C1’ and C2-O2’ bonds forming
simultaneously. For THI breakdown (blue square), the axes show the bond order (n) for
breaking the C2-O2 bond and forming the C2-O2’ double bond, that is, ncz-02 and ncz-02. The
THI (lower left) breaks down to the products (upper right). THI breakdown can follow (i) a
cationic pathway with the protonation of the bridging oxygen and cleavage of the C2-O2 bond to
form a cationic intermediate (upper left), (ii) an unrealistic anionic mechanism with the formation
of a pentavalent carbon intermediate (lower right), or (iii) a concerted mechanism.

The reaction space for THI formation (yellow) has the reactants in the bottom left corner,

and the THI on the top right corner. The y-axis corresponds to the C3—C1” bond order (nc3—c1’)

for the new bond between PEP and the aldose. The x-axis corresponds to the bond order for the

formation of the new C2—02’ bond (nc2-02°) between PEP and the water nucleophile. If THI
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formation is stepwise, then only C3-C1’ bond will be forming at the transition state, proceeding
to the cationic intermediate at the top left corner of the reaction space. However, if the addition
reaction is concerted, there will be simultaneous formation of both the C3—C1’ and C2—-02’
bonds in the reaction coordinate motion, and no intermediates (Figure 1.19). In principle,
C2-02’ bond formation and an anionic intermediate is possible, but this is not expected to be

realistic (see below) 2.

The reaction space for THI breakdown (blue) starts from the THI . The y-axis
corresponds to Nc2-o2 as the C2—02 bond in the THI breaks during phosphate group departure,
and the bond order decreases from 1 to 0. The x-axis corresponds to ncz-o.° for the formation of
the C2=02’ double bond in the keto product. As the double bond forms, the bond order increases
from 1 to 2. If THI breakdown follows a cationic pathway, i.e., the cleavage of the C2—02 bond
in presence of a general acid catalyst and phosphate departure, then it will form a cationic
intermediate, located at the top left corner. If the C2=02’ double bond forms first, an unrealistic

pentavalent carbon intermediate would be formed in the lower right corner (Figure 1.19).

1.4 Transition states

All chemical reactions proceed through a high energy state that is located between the
substrates and products, the transition state'?. The transition state is the top of the energy barrier

in the reaction coordinate diagram (Figure 1.20).
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Figure 1.20: Energy level diagram of enzyme-catalyzed and uncatalyzed reactions

This figure represents the reaction coordinate diagram of a catalyzed versus uncatalyzed
reaction where E = enzyme, S = substrate, St= non-enzymatic transition state, ES* = enzyme-
transition state complex, P = product, EP = enzyme-product complex. In this figure [S] > Ka,s,
and as a result ES has lower energy than E + S. If [S] < Kg,s, then the ES energy would be
higher than the E + S state!0? 108, For a reaction to proceed, the reactants must cross the TS,
i.e., ES* (for catalyzed) and S* (for uncatalyzed)92,

In 1946, Pauling proposed that enzymes catalyze reactions by binding to and stabilizing a
strained form of the substrate, i.e. the “activated complex”. This lowers the energy of the
enzymatic TS, ES?, thus stabilizing it. This in turn decreases the energy required to cross this
high energy barrier (Ea) and increases the reaction rate!?* 125, The extent of lowering the TS
energy is a reflection of TS binding and is given by AAGen; = AGuncat — AGeat 3% Enzymes can
enhance reaction rates by up to 10*°-fold, implying AAGen; values of up to -26 kcal/mol*®. The
estimated dissociation constants for E-S* complexes, Kq*, are typically in the range of 10°° to 10°
24 M, while enzymatic-substrate dissociation constants Ks, for most enzymes are in the range 1073
to 10® M2, Thus, enzymes accelerate reactions by binding to the transition state more tightly
than any other species'?’. Enzymes’ preferential binding of transition states and very low Kg*
values show the value of designing inhibitors that mimic the charge and geometry of the
transition state'?*. TS analogues have the potential to bind more tightly than substrates,

proportional to the catalytic rate enhancement imposed by the enzyme!?2,
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1.5 Transition state analysis

In the search for potent enzyme inhibitors, knowledge of the TS structure can provide
useful information to designing new compounds®®?, Understanding the TS structure allows for
further characterization of the mechanisms by which the enzyme stabilizes the TS complex
during catalysis'?®. However, the lack of detailed, experimentally determined transition states for
enzyme-catalyzed reactions is a major barrier to inhibitor design'?®. Experimental determination
of TS structures is difficult. Spectroscopic techniques are incapable of detecting enzymatic TS
complexes because of their short lifetimes, 10 s, and effectively zero concentrations®*® . The
only experimental technique that can determine TS structures in detail is TS analysis, i.e.,
measuring multiple kinetic isotope effects (KIEs) throughout the substrates, then

computationally interpreting the KIEs to yield the TS structure.

1.6 Kinetic Isotope Effects

A KIE is the ratio of rate constants for two reactants with different isotopes at a specific
location in the molecule (Equation 1), and it reflects any change in the molecular structure
between the reactant and the transition*?® 131, Similarly, equilibrium isotope effects (EIEs) reflect
the effect of an isotopic label on a chemical equilibrium (Equation 2)%%8,

Equation 1:
KIE = Iightk/heavyk

Equation 2:
EIE = IightK/heavyK
KIEs are primary if they involve an atom undergoing bond making/breaking during the

reaction, or secondary for atoms remote from the site of chemistry08 131 132,124
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KIEs are vibrational phenomena which arise due to changes in an atom’s “vibrational
environment” between the reactant and the transition state'®2, “Vibrational environment” is the
combined effect of bond strengths and molecular geometry on an atom’s vibrational frequencies.
Vibrational frequencies depend on atomic mass and the bonding force constants (bond stretch,
bend, torsion and out-of-plane bend), and force constants depend, in turn, on a molecule’s
structure. Thus, any change in molecular structure in the vicinity of an isotopic label will cause
changes in the vibrational frequencies between the reactant and the TS, which will result in an

isotope effect!?8 131,

KIEs are conceptualized and modeled computationally using a harmonic oscillator model

where a bond is modeled two masses connected through a spring (Figure 1.21).

my m,

- foq »‘

Figure 1.21. Ball and spring model of C-H bond

The ball-and-spring model of a C-H bond with masses miand mz respectively. The atoms are
represented by balls, and the chemical bond by an ideal massless spring with a defined
strength.

At the equilibrium bond length, req, the system is at rest, but if the spring is stretched or

compressed, it obeys Hooke’s law (Equation 3):

Equation 3
F=—kAr
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where F = restoring force acting in the opposite direction to the change in the bond
length, Ar = change in bond length, and k = spring constant, which corresponds to the bond

strength.

The vibrational frequency, v, of a bond is (Equation 4):

Equation 4:
1 |k
v=— |-
2w | W
where u = —272js the reduced mass.
mqi+m,

Thus, the vibrational energy of a bond depends on its frequency, which varies directly

with the spring constant of the bond, k, and inversely with its reduced mass .
The vibrational energy (Ev) is expressed as (Equation 5):

Equation 5:

where, v = vibrational quantum number, h = Planck constant and v = frequency.

In accordance with Heisenberg uncertainty principle, an atom in a molecule cannot be at
rest, even at 0 K, and thus molecules possess a vibrational energy even at 0 K, the zero point

energy*33. The zero-point energy, when v = 0, and is given by (Equation 6):

Equation 6: 1
EO = Ehv
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Heavy isotopes always have lower zero-point energies than light isotopes, but the energy
difference between isotopes depends on vibrational frequency, and therefore the bond strength
(Figure 1.22). We observe a normal KIE if the force constant decreases since the zero point
energy decreases more for the lighter isotope (*H) than for the heavier (2H); that is, the
vibrational environment becomes looser'?*13, If there is no change in the force constant, then the

zero-point energy remains the same and the observed KIE is unity.

Energy ——»

reactant transition state

Figure 1.22. ZPE contribution to KIE

The zero-point energies of H and 2H (horizontal lines) depend on the reduced mass, J, and the
vibrational frequency, v. The parabolic curve shows how energy varies when a C-H bond is
stretched or compressed from its equilibrium bond length both in the reactant and the transition
state. This illustrates a secondary IE. For a primary KIE of C-H bond cleavage, there would be
no restoring force for the C—H stretch at the transition state, and therefore no harmonic
oscillator?3,

Three factors contribute to KIEs (Equation 7):

Equation 7:
KIE = MMI x ZPE x EXC

MMI is the contribution caused by isotopic labelling changing the mass and moments of
inertia of a molecule. Increasing the mass of a molecule lowers its overall translation and rotation

energy33134, ZPE is the contribution from zero point energies and it reflects changes in
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vibrational frequencies upon isotopic substitution'?*'31, ZPE is generally the largest contributor
to secondary KIEs'?*, EXC represents the contribution from vibrationally excited states when,

the vibrational quantum number, is > 0. It is generally small at physiological temperatures*3+13,

For regular bonds acting like harmonic oscillators, any disturbance in the equilibrium
position leads to a positive restoring force to bring the system back to its equilibrium position.
However, the TS, being located at the top of the energy profile, does not experience a restoring
force along the reaction coordinate; any movement along the reaction coordinate leads to a force
pushing the molecule either forward to form products or back towards the reactants!?® 131 136,
This force is the equivalent of a harmonic oscillator with a negative force constant, and it results
in an imaginary vibrational frequency, e.g., 200i cm™, which is often written as a negative
frequency, e.g., -200 cm™. The reaction coordinate normal mode of vibration does not contribute

to the ZPE and EXC terms in equation 7, but it does contribute to the MMI term*?4,

The reaction coordinate contribution to the KIE is "9"v/"ea%y!  the ratio of reaction
coordinate frequencies for the light and heavy isotopes. Since vibrational frequencies are always
lower with heavy isotopes, "9Mtyi/eavyi js always > 1, and it can be a dominant contributor to the
KIE, meaning that most primary KIEs are normal even if the atoms involved in bond making and

breaking have a tighter vibrational environment than the reactant state.
1.6.1 Normal vs Inverse KIEs

Atoms that become vibrationally less constrained in the transition state show a normal
KIE, with the light isotope reacting faster than the heavy, i.e., KIE = 9htk/heawk > 1 132 Thyis
arises because the change in zero point energies means that the activation energy for the light

isotope, AE*(*H), is less than the heavy isotope, AE*(?H)!?4133 (Figure 1.22). On the other hand,
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when the atoms become more vibrationally constrained in the TS the heavy isotope reacts faster

giving rise to an inverse KIE, i.e., KIE < 1,131.132

The acid-catalyzed hydrolysis of dAMP illustrates these points. The C1’—N9 bond is
almost completely broken at the transition state (Figure 1.23)'3. This loss in bond order is
partially compensated by protonation at N7, which results in an increased n-bonding between
C8-N9, but the overall bond order to N9 decreases, and a normal 9-°N KIE is observed!*, An
inverse KIE is observed at O4'. As the C1-N9 bond breaks, a high oxacarbenium ion character
develops at C1°. This positive charge is stabilized by n-bond formation between the lone pair of

04’ and C1’, increasing the C1°-04’ bond order at the transition state**,
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Figure 1.23. Normal vs. Inverse KIEs

In acid-catalyzed dAMP hydrolysis the C1’~N9 bond is breaking in the transition state, so the
9-15N KIE is normal. The increased bond order between the ring oxygen and C1’ leads to an
inverse 5’-180 KIE. N7 is protonated before C1'-N9 bond cleavage, leading to an inverse 7-1°N
KIE3:,

1.6.2 Non-competitive and Competitive KIEs

KIEs can be measured using (i) direct, non-competitive measurements, or (ii) internal
competition methods. For non-competitive KIE measurements, the reactions are carried out

separately for the labelled and unlabelled substrates and the ratio of the rate constants is
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calculated™®-*, This limits the accuracy of non-competitive KIE measurements, and they are not
generally used for TS analysis. In competitive KIE measurements, both labelled and unlabelled
substrates are present in the reaction mixture, and the KIE is measured as the ratio of rate
constants. This removes many sources of error and allows KIEs to be measured with the
precision needed for TS analysis, in the £ 0.002 to £ 0.010 range. The isotopic compounds
compete as substrates to react with the enzyme, so the ratio of rate constants reflects the
specificity constant, kear/Km'3:. Competitive KIEs can be measured by various techniques such as

isotope ratio mass spectrometry®?°, liquid scintillation counting of radioisotopes, or NMR*3,
1.6.3 KIEs on the First Irreversible Step

Competitive KIEs are KIEs on the specificity constant, kear/Km'%. That is, KIE =
9Ntk K/ (63 KeayKm). Since keat/ K reflects the change between the free enzyme and substrate
in solution (E + S) and the enzyme-TS complex (E-S*), competitive KIEs reflect that step?3 1%,
If a reaction involves more than one step, keat/Km reflects the first irreversible step, which is not
necessarily the same as the rate-limiting step'®®. aCKS-catalyzed reactions involve at least two
steps, THI formation and breakdown (Figure 1.2). If THI formation is irreversible, that is, if

ks/kz > 1, then the KIEs will reflect THI formation only. The observable KIEs will be

KIEformation = a1, where ay is the KIE on step ki. In this case, once the THI is formed, the reaction
is committed to proceed forward and there is no longer any discrimination between the isotopic
labels in steps ks or ks. If THI formation is fully reversible and THI breakdown is the first
irreversible step, that is, if ka/k> = 0, then the observable KIEs will reflect THI breakdown,

KIEbreakdown = araz/o. If the THI partitions both forward and backward, that is, if THI formation
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is “partially irreversible”, then the KIEs will reflect both steps and depend on the partitioning

ratio, ka/k> (Equation 8).

Equation 8

KIE = ! (a3/“2 + ]lff_z)

In this case, the experimentally observable KIE will vary between KIEformation and
KIEbreakdown (F|gure 124)
E+S === ETHI —> EP —> E+P
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Figure 1.24: Observable KIE as a function of THI partitioning

THI partitioning is ks/ko, the ratio of rates of the THI breaking down to products or back to
substrates. If the THI partitions only forward to products, then ks/k; is large and the first
irreversible step is THI formation. Conversely, if the THI partitions primarily back to the
substrates, then kas/kz is small and the first irreversible step is THI breakdown. In this example,
with hypothetical KIEs of KIEformation = 1.02 and KlEbreakdown = 1.00, if ka/kz < 0.1 or > 10, the
observable KIE will be experimentally indistinguishable from KlEbreakdown OF KIEformation,

respectively. In between these values, the observable KIE will be a combination of the individual
KIEs.
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For DAHPS, there is evidence for product release being rate-limiting under most
conditions?® 4% 140 however, since the chemical steps of aCKS reactions are irreversible, no step
after ks will affect the observable KIEs. The specificity constant for metal-dependent aCKSs is a
fourth order rate constant Keai/(Km,metaXKwm,pep*Km,aidose) . That does not affect the above

discussion about the first irreversible step, and for simplicity it will be called simply kcat/Kwm.

1.6.4 Measuring KIEs using NMR

In 1980s, Pascal et al. measured deuterium KIEs using NMR spectroscopy*!. In 1995,
Singleton and Thomas developed a method to measure competitive KIEs for the Diels-Alder
reaction at natural abundance using NMR spectroscopy'®. Using natural abundance reactants
avoided the need to synthesize labelled reactants, but it did require multi-mole scale reactions
owing to the low abundance of 3C and 2H. Additionally, this method could not be used to

measure NMR inactive KIEs such 20.

A direct measurement method was developed by Bennet’s group to measure competitive
KIEs'*? (Figure 1.25). It uses an NMR active nucleus as a reporter nucleus to probe the isotopic
composition of adjacent nuclei. If the reporter nucleus (e.g., 13C) is adjacent to an NMR active
nucleus (e.g., **C), the isotopes at the site of interest (*3C and 2C) can be differentiated based on
their one bond coupling constants!#?. However, if the reporter nucleus (e.g., *3C) is adjacent to an
NMR inactive nuclei at the site of interest (e.g., 0 and *20) then the difference in the chemical
shift due to isotopic effect can be used to measure the isotope ratios (Figure 1.25)*2. For
example, to measure the [2-1*C]PEP KIE, the 3-13C label would be used as the reporter nucleus
to detect the 1*C/*2C ratio at C2. The 2-1*C KIE reaction mixture would contain a mixture of

[3-13C]- and [2,3-*C]PEPs. The **C3 peak in [3-1*C]PEP reflects the presence of 12C2, while in
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[2,3-C]PEP it reflects the presence of **C2, which splits the **C3 peak with J; = 80 Hz. In this
way, the 3C/*2C ratio at C2 can be measured. Measuring the 3-13C KIE is similar, except that the
2-13C reporter is also split by coupling with 3P with J; = 7.5 Hz (Figure 3.7). For 2-180 KIE
measurements using 3C NMR, a mixture of [2-13C,2-180]PEP and [2-*C]PEP is used, with the
13C2 peak reporting on the adjacent 302 or *02 atom. The same principles are used for
measuring the 2-80 KIE using *'P NMR and for measuring *3C KIEs using isotope ratios in the

NeuNAc or DAHP products.

The advantages of this method include the use of milligram amounts of starting material
rather than multi-grams with natural abundance isotopes, being able to measure KIEs on NMR-
inactive nuclei like 180, the ability to measure KIEs from isotope ratios in both the reactants and
products, and extending the technique to include other probe nuclei such as 3P, *°F etc. in

addition to 13C142,

Q Probe*C  Site ’C Probe °C  Site °C b Probe C Probe *C

¢O¢®€D P

Figure 1.25. KIE measurement by NMR

Competitive KIEs were measured using 13C- and 80 KIE using a reporter nucleus e.g., (a) 13C
is adjacent to an NMR active nucleus (e.g., *3C), the isotopes at the site of interest (*3C and *2C)
can be differentiated based on their one bond coupling constants. (b) If 31P is adjacent to two
NMR inactive nucleus (e.g., 180), then the isotopes at the site of interest (10 and 80) can be
differentiated based on their chemical shift. Figure from reference 142. (Figures from reference
142, used with permission from Nature Chemical Biology , ©2010).
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1.6.5 Free Induction Decay

When an NMR-active nucleus like *C is placed an external magnetic field, Bo, in an
NMR spectrometer and a 90° radiofrequency (rf) pulse is applied, the rf electromagnetic field
rotates the 3C atom’s magnetization vector from the z-axis to the x-y plane (Figure 1.26).143 144
Precession of this magnetization vector in the x-y plane is the signal that is detected as the free
induction decay (FID)!*. The FID represents the decay of the non-equilibrated magnetization

vector precessing in the transverse plane as a function of time after the rf pulse4® 144,

Figure 1.26: Larmor precession
When an NMR-active nucleus is placed in an external magnetic field, Bo, applied along the z-
axis, and its magnetization vector is flipped into the x-y plane, the magnetization vector
precesses at a rate proportional to the strength of the external magnetic field43. (Figure from
reference 143, used with permission from Elsevier, ©2016).

A mathematical method called Fourier transform is applied to interpret the FID by
converting the time domain FID to a frequency domain signal (Figure 1.27)'%* 14, Different
parts of the FID store information about the NMR spectrum such as intensity and phase

correction, signal to noise ratio (S/N) and resolution*4,

If pulse

FID acquisition Relaxation delay

Sighal —

Time ———

44



Figure 1.27: 90° rf pulse and FID

Fourier transform is applied to interpret the FID by converting the time domain FID to a
frequency domain signal. Different part of the FID gives different information about the NMR
spectrum e.g., it is important to for the NMR signal to fully relax before another pulse to ensure
good signal to noise ratio and good resolution44. 146 143, 146,

After the excitation of the non-equilibrated net magnetization vector to the x-y plane, it

143

relaxes to its state of equilibrium, i.e., along the z-axis***. There are two modes of relaxation,

namely longitudinal and transverse relaxation.

Longitudinal relaxation: The return of the net magnetization vector along the z-axis is
called longitudinal relaxation and it is the characterized by the time constant T1143. It reflects the

return of the magnetization vector to the z-axis.

Transverse relaxation: The net magnetization vector is the sum of microscopic vectors
representing the individual nuclei. After the rf pulse and excitation of the net magnetization to
the x-y plane, small differences in the magnetic field cause individual nuclei to precess at slightly
different frequencies'*®. This results in the loss of phase coherence and therefore, the net
magnetization vector along the x-y plane'*3. This is called the transverse relaxation. Transverse
relaxation occurs more quickly than longitudinal relaxation, and since the width of NMR peaks

is inversely related to the relaxation time, T> governs the peak width.

Differences in the magnetic field in the sample can arise due to two reasons**. First, it
could be due to static magnetic field inhomogeneity throughout the sample volume due to
instrument imperfection*®. This can be minimized for each sample when optimizing or
shimming the static magnetic field'*3. Second, it could arise from local magnetic fields due to

intramolecular or intermolecular interactions in the sample*3. The experimentally observed

45



transverse relaxation time, T>*, contains contributions from both factors (Equation 9). T>* is

inversely proportional to the NMR peak width (Equation 10)'*3, Avi**.

Equation 9:

1 1 1

T, T, Tyasy
Where TxaBoy = contribution to the relaxation from inhomogeneity in the magnetic field.

Equation 10:

Traditionally, it was considered that the FID was decayed sufficiently after 3 x T>* to
avoid the truncation of the FID that is known to cause deterioration in resolution, and at the same
time avoid accumulating noise that worsens the signal to noise ratio (S/N)**’. However,
longitudinal relaxation, T1, has traditionally been the dominating factor in determining relaxation

times in quantitative NMR.
1.6.5.1 Relaxation times

Transverse relaxation (T2) is faster than longitudinal relaxation (T1), which means that
the FID signal will decay to baseline before the excited nuclei are fully relaxed. For traditional
quantitative NMR, the excited nuclei must be fully longitudinally relaxed before the next rf pulse
is applied. If a nucleus is not fully relaxed when the next rf pulse is applied, the next 90° rf pulse
is superimposed on the residual longitudinal excitation, leading to a flip angle > 90° and a signal
that is no longer quantitative. A relaxation time of 7 x Ty allows for the recovery of 99.99 %

magnetization when using a flip angle of 90°1%8. However, it can take several minutes for the °C
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nuclei to completely relax, making data acquisition quite time consuming. For general use, NMR
spectra are collected with more frequent pulses at a smaller flip angle (= 30°).14’ This increases
S/N at the expense of peak intensities not being quantitative at different sites in the molecule. Dr.
Andrew Murkin (University of Buffalo) proposed using incomplete relaxation when measuring
isotopic ratios!#°. The rationale is that because a single nucleus (e.g., 13C2 of PEP) is being
observed and its T1 value will not be affected by the isotope at the adjacent site (*C3 or *C3), it
is possible accurately measure the 12C3/**C3 ratio without complete T; relaxation at *3C2. The
effect of incomplete relaxation will be the same with either isotope at C3. Using the two
approaches, Alvin Niu from the Berti Lab showed that (i) any variation in T affected the 3'P
signal equally for %0-31P and '80-3!P in PEP*, and therefore the standard error wasn’t affected
significantly, (ii) it was possible to decrease the acquisition time for measuring KIEs by 9-fold,

from 6 h to 40 min',

Using short intervals between rf pulses without complete T relaxation makes faster
isotope ratio measurement possible; however, the interval between rf pulses must allow complete
transverse relaxation (T2*). If T2* is incomplete and the FID not fully decayed, peak ringing (or

‘sinc wiggles”) will be observed, so intervals between rf pulses of 5 x To* were used>® 152,
1.6.6 NMR acquisition parameters for measuring KIEs

An internal standard is needed in KIE measurement to determine the extent of the
reaction (F1)™2. It is important to ensure that the internal standard: (a) is inert to the KIE reaction
conditions, or placed within a capillary tube, and (b) peak of interest does not overlap with the
internal standard®®2. For *3C- and ‘80-KIE measurements, the enzymatic reactions were run until

70 — 80 % completion that took 8 -12 h. This gave sufficient time to collect enough spectra (20 —
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40 spectra) with a S/N > 10152, As the reaction reaches completion, R/R, becomes more accurate
while the S/N worsens. To improve S/N in the spectra as the reaction neared completion, the
FIDs from successive spectra were co-added*®2. Similarly, for isotope ratios from the products,
FIDs from early spectra were co-added to improve their S/N. It was important to set the
acquisition parameters to minimize the time required to collect each spectrum while also

obtaining suitable S/N and resolution with no ringing in the spectrum.

For peaks to be quantitative, through-space coupling through the Nuclear Overhauser
Effect (NOE) must be avoided.>® 151153 NOEs are observed when spin excitation of one
nucleus is transferred to another, increasing its intensity. This increase in intensity is not
quantifiable, so it is suppressed during data collection using inverse-gated decoupling®2.
Inverse-gated (i.e., during acquisition), as opposed to gated (between rf pulses) or power-gated

decoupling (constant decoupling), reduces sample heating during decoupling®®.

Obtaining quantitative NMR data requires optimizing acquisition parameters, the
number of scans per spectrum (typically 512 for *C, 600 for 3!P), and post-acquisition
processing parameters such as phasing, Lorentzian multiplication, and the number data points®®2.
To obtain a balance between resolution and S/N, the line broadening (Ib) for the peak is adjusted
to 75 % of line width at half height of the narrowest line of interest>*, The shimming of the
sample was changed to automatic shimming during data collection to maintain consistent peak
shape. Shimming provides a homogeneous magnetic field to and has a direct effect on the peak
shape. Obtaining symmetrical peak shape is critical for quantitative NMR, especially when

measuring 80 KIEs, where the peaks overlap and require peak deconvolution®2,
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Converting the experimentally observed isotope ratios to a KIE requires compensating
for the reactant becoming depleted in the faster-reacting isotope as the reaction proceeds*3® 142
195,136 This requires measuring the fractional extent of reaction, F1, along with each isotope ratio

measurement, and converting the observed isotope ratios to KIEs (Equation 11)*7.

Equation 11

K — (1 — FRE!
Ry, !

where F1 is the fractional extent of reaction for isotope 1, and R and Ro are the isotope

ratios "eS/l9NS (e.g., 13C/*2C) at time = i and 0 respectively (Equation 12Equation 13).

Equation 12
Y. peak areas for heavyg
Y peak areas for "9
Equation 13
P
l/Refi
F1 = 1 -
PO/
Ref,

It is also possible to determine KIEs from the isotope ratios in the products (Equation

14):

Equation 14

1
RP; 11— (1—F,)KIE
RP, F,

where RP; and RP.. are the product isotope ratios "®Yp/9"p (e.g., 13C/*2C) at time = i and

oo, respectively.
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1.7 Computations

The free energy surface around a transition state is at a saddle point; that is, it is the
highest energy point on the lowest energy pathway between reactant and product'?, The
experimental transition state cannot be calculated directly from the experimental KIEs!? 133,
Rather, the computational transition state whose calculated KIEs that most closely match the
experimental KIEs is the experimental transition state. The rationale is that while computational
transition states are often not accurate because of limitations of the computational methods and
because solvent and enzymes change TS structures, vibrational frequencies for a given
computational TS structure are accurate'®-1% and therefore the computational TS structure

whose calculated KIEs best match the experimental values is the true experimental transition

state.

Interpreting experimental KIEs therefore involves creating computational models of the
reaction. This was done previously using bond order vibrational analysis methods'?® but as
computational power has increased over time, it has become increasingly feasible to use
electronic structure calculations (e.g., in Gaussian 16) to model KIEs'®*. Computational models
are created for each plausible mechanism. For aCKS reactions, that would include the cationic
and anionic stepwise mechanisms of THI formation and breakdown (Figure 1.2), as well as

concerted THI formation and breakdown.

For reactions that are not well understood, it is not possible to make reasonable initial
guesses at a TS structure. Instead, a potential energy scan is used to understand how energies
vary throughout reaction space (Figure 3.15). For example, for THI formation, as series of

constrained optimizations are performed with fixed bond lengths for the bonds being formed,
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namely C3---C1’ and C2--O2’. The energies of these constrained structures show which

mechanisms are reasonable or unreasonable and guide further TS optimization calculations.

1.8 Transition States and Inhibitor Design

1.8.1 TS analogues

A TS analogue is a stable chemical compound that resembles an enzymatic transition
state 162, TS analogues are often potent inhibitors because they mimic the charge and geometry of
the species to which an enzyme binds most tightly*%. Potent TS inhibitors include coformycin
and pentostatin (inhibitors of adenosine deaminase)'®® and phosphonamidate inhibitors of
thermolysin'4, Many compounds are designed with TS mimicry in mind, but experimentally
demonstrating TS mimicry is not straightforward. One experimental technique is LFER analysis
to demonstrate a linear relationship between log(Km/Keat) vs 10g(Ki). If a linear relationship exists,
then any perturbation in the free energy of TS stabilization has an equal or a proportional effect
on the free energy of inhibitor binding, meaning that the inhibitor is interacting with the enzyme

as the TS does®2.

1.8.2 Example of a TS inhibitor

Forodesine (immucillin H, ImmH), which is used to treat leukemias, is a TS inhibitor of
purine nucleoside phosphorylate (PNP) that was developed based on TS analysis'®®. Human PNP
catalyzes the phosphorylation of purine 2’-deoxyribonucleosides to the purine base and a-D-
ribose 1-phosphate!®®167. The purine base products are salvaged for nucleoside synthesis or

further metabolized to uric acid*®®. Inhibiting PNP in dividing T cells leads to an accumulation of
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dGTP, an allosteric inhibitor of ribonucleotide reductase, which inhibits formation of dCTP and

dUTP thus, preventing DNA synthesis and repair, ultimately leading to T-cell apoptosis*®®.

TS analysis of bovine PNP demonstrated a dissociative Sn2 (AnDn) mechanism in which
the leaving group and nucleophile were both in the reaction coordinate!®®-1’°, The leaving group
purine had mostly departed and the bond to the nucleophile had barely started to form, leaving a
significant positive charge on the ribosyl ring. At the transition state, there is loss of bond order
between the C1°-N9 of the purine base which generates a partial positive charge on C1’ of
ribosyl group, making the purine base a good leaving group®® 1. There is also protonation at
the N7 position of the purine ring which can be seen in the electrostatic potential map®® %, The
electron potential map of the TS of bovine PNP shows the distribution of the partial positive
charge between the leaving group and the ribosyl carbocation (shown in blue), while the electron
density map of inosine (reactant) in the ground state is neutral (Figure 1.28) 18170, The
nucleophile (arsenate was used) participates only weakly, the loss of bond order much ahead of

the nucleophilic attack6® 17°,

TS analysis of bovine PNP led to the development of the TS inhibitor ImmH®%8, The
oxacarbenium ion-like ribosyl group was mimicked in ImmH with an iminoribitol structure with
a nitrogen pKa of 6.9 that provides partial positive charge (32% protonated) at physiological
pH16¢: 168 Chemical stability was introduced into the inhibitor by using a C1°—C9 bond in 9-
deazahypoxanthine!®®. This also increased the N7 pKa value, leading to N7 being protonated®8,
The C1’ carbon of ImmH is sp®-hybridized while it is largely sp? -hybridized in the bovine PNP
transition state, nonetheless ImmH still is an extremely potent inhibitor, with K; = 36 pM*66 168

(Figure 1.28).
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Figure 1.28. TS mimic inhibition of PNP

The PNP TS structure revealed partial positive charges near the N7-protonated hypoxanthine
leaving group and the ribosyl cation%6. The electrostatic potential surface of ImmH resembles
the transition state more than the reactant inosine!®, (Figures from reference 166, used with
permission from the American Chemical Society, ©2018).

1.8.3 Slow-binding TS mimic inhibitors

TS inhibitors are also commonly slow-binding inhibitors'®’. This observation has been
rationalized in terms of TS mimic inhibitors rapidly forming weaker interactions with the
enzyme reminiscent of substrate binding to form the Michaelis complex. The enzyme has been
optimized by evolution to form the highly stabilized TS complex, E-St. However, because it is
not similarly optimized for interacting with the TS mimic inhibitor, there may be a significant
kinetic barrier to conversion of the weakly bound E-I complex to the tighter E-1" complex which

more closely resembles the E-S* complex.

1.9 Research objectives

The objective of this work was to perform TS analysis on NeuB and DAHPS by

measuring KIEs in order to understand their catalytic mechanisms, leading ultimately to the
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design of TS mimics based on the experimental transition states. KIEs were measured using
NMR spectroscopy. Using the direct NMR method initially developed by Bennet’s group#?, we
measured the [2-13C]-, [3-13C]-, and [2-'80O]PEP KIEs. Using the method recently extended to
using 3P by Alvin Niu of the Berti lab, we also measured the [2—80]PEP KIE using 3'P nuclei

as the reporter nucleus.

The experimental transition state for both enzymes had THI formation as the first
irreversible step, proceeding through a stepwise mechanism with the C3—C1' bond being formed
in the transition state, and no participation from the water nucleophile. Computational TS
structures were found and the KIEs were calculated. The experimental TS was found by
matching the calculated and experimental KIEs. This TS structure explained the ineffectiveness
of previous cationic inhibitors and suggests a route forward for inhibitor design. The inverse
2-13C for the DAHPS-catalyzed reaction may indicate some accumulation of more positive

charge on C2 in the DAHPS transition state.
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2 TEP and DAHP hydrazone

Although DAHP oxime is a potent inhibitor of DAHPS (K = 1.5 uM), there was 15%
residual activity, which would be sufficient for bacterial survival'’. This prompted the need to
optimize DAHPS inhibitors. Fragment based drug discovery (FBDD) is a technique increasingly
used in pharmaceutical companies and medicinal chemistry!™ 172, FBDD finds low molecular
weight ligands (~150 Da) to bind to biological targets'’*. Even though it results in poorer Ki
values, it allows a more efficient exploration of chemical space in more detail using small
molecules, increasing the likelihood of hits.3, Hits obtained can then be optimized by growing,

linking or merging fragments to make the full length potent inhibitor'’,

Dr. Maren Heimhalt from the Berti lab used “inhibitor-in-pieces” approach to test
inhibitor fragments that led to DAHP hydrazone, the most potent aCKS inhibitor to date®. In
addition to working on TS analysis, | synthesized two compounds, DAHP hydrazone and
trifluoropyruvate hydrazone ethyl ester (TFPHEE) to complete this manuscript for DAHPS
inhibition and for future studies®. DAHP hydrazone was synthesized from PEP and E4P to make
DAHP, then reacting DAHP with hydrazine to yield DAHP hydrazone. This first required
synthesizing E4P. TFPHEE was more challenging since the originally reported synthesis did not
yield the expected product, and it was necessary to extensively troubleshoot the synthesis to

demonstrate that it could not have worked as originally reported.

2.1 Materials and Methods

2.1.1 EA4P Synthesis and Purification

E4P was synthesized by the oxidative degradation of glucose 6-phosphate (G6P) using

lead tetraacetate (Pb(OAC)4) based on the method by Sieben et al*” and modified by Naresh
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Balachandran of the Berti Lab’®. G6P (200 pmol) was dissolved in 50 mL of acetic acid and 680
umol lead tetraacetate was dissolved in 20 mL of acetic acid containing 700 umol of H2SO4. The
GO6P was titrated with 500 pL aliquots of Pb(OAc)4 every minute. The reaction was monitored
using starch-iodide paper test until the reaction mixture contained a slight excess of Pb(OAC)a.
The principle is that Pb(1V) oxidizes I"to I, which then forms a deep blue/purple complex with
starch. The starch-iodide paper was made by adding 2.5 g starch into 250 mL boiling water and
0.5 g sodium iodide to this cooled solution. Whatman Filter paper was cut, dipped into the
solution, and dried. A drop of ddH20 and of the crude reaction mixture was spotted onto the
testing paper while titrating it. This was continued until the purple colour did not fade, indicating
that all the G6P had been consumed and a small excess of Pb(IV) was present. An additional 10
umol of G6P was then added to consume the residual Pb(OAc)s to avoid over-oxidation of E4P

to glyceraldehyde 3-phosphate , a DAHPS inhibitor4®.

The solution was filtered through a Celite filter and washed with 100 mL of ddH20. The
flow-through was concentrated under vacuum to less than 5 mL at 5 °C. The crude product was
purified on a Q-Sepharose anion exchange column (GE Healthcare; column volume was 12 mL),
and eluted with a gradient of 0.1 M to 0.8 M sodium formate over 70 min at 1 mL/min. The 70
fractions collected were examined using the reducing sugar assay (RSA) to detect aldehyde
groupst’’. The RSA measures the concentration of aldehyde sugars like E4P and G6P by
detecting the reduction of Cu?*to Cu* produced by aldehyde oxidation'’® and complexing of Cu*
by neocuproine’®. The assay was performed in 1 mL with glucose standards by adding 0 — 100
uL of 1 mM glucose (prepared in 0.8 M sodium formate) into a 375 pL solution containing 187.5
uL of solution A (4% Na2COs, 1.6% glycine, 0.045% anhydrous CuSOas) and 187.5 puL of

solution B (0.12% neocuproine-HCI) at pH 10 - 10.5. The 70 fractions were prepared with 5-10
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uL fraction aliquot, 187.5 uL solution A, 187.5 uL of solution B, and 610 - 615 uL of ddH.0 to
a final volume of 1 mL. The solution was heated at 95 °C for 8 min and the Asso was read. The
fractions containing E4P were pooled and lyophilized to 2.5 mL and injected onto the SP-
Sepharose column (GE Healthcare) to exchange Na* ions to H*, and eluted with water over 30
min at 2 mL/min. The final fractions containing E4P were examined again using RSA, pooled,
lyophilized and quantified using the DAHPS reaction. The purified E4P was dried down and

stored in 50 mM HEPES buffer (pH 7.0) at -20 °C.

The lyophilized E4P was quantified using the RSA and MGAM assay. To quantify E4P
using MGAM assay, different volumes of unknown E4P (0 to 100 pL) were added to 1 mM PEP,
100 uM MnClz, 100 uM TCEP, and 20 nM DAHPS in 50 mM K-HEPES at pH 7.0 in a final
volume of 200 pL. Aliquots of 20 uL of reaction mixture were added to 96 well plate containing
100 pL MGAM solution and 80 uL ddH20 every 60 s and each reaction was quenched with 10

uL 34% citrate solution after 90 s.

2.1.2 DAHP hydrazone

DAHP hydrazone was synthesized by first synthesizing and purifying DAHP by the
reaction between PEP and E4P with DAHPS. DAHP was then reacted with hydrazine hydrate at
pH 8 for 5 days. DAHP was synthesized as described previously'*, with some modifications.
DAHP was synthesized by incubating 4.2 mM PEP, 80% of 4 mM E4P, 0.01 mM Mn?* and 400
nM DAHPS in 2.5 mL of 10 mM K-HEPES (pH 7.0) for 3 h at 25 °C. The final concentration of
PEP after 3 h was determined using the lactate dehydrogenase (LDH) assay and pyruvate kinase
(PK) assays, respectively. In the LDH assay, pyruvate is reduced to lactate with a concomitant

oxidation of NADH to NAD*, which is detected by a decrease in Assoas NADH is consumed,
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with Agaq = —6220 M 5180 The pyruvate kinase reaction converts PEP + ADP to pyruvate +
ATP, and the pyruvate then enters the LDH reaction. A 96 assay well plate contained 5 puL of the
DAHP reaction mixture, 400 nmols of adenosine diphosphate (ADP), 60 nmoles of NADH in
300 pL volume of (50 mM of 0.05 M Tris-HCI, pH 7.6 containing 0.12 M KCI and 0.062 M
MgSOa). To start the reaction, 5 mg/mL LDH was added which catalyzed the reduction of the
unreacted sodium pyruvate to lactate and NADH oxidized to NAD*, Addition of 1.3 puL of
pyruvate kinase (PK) converts PEP and ADP to pyruvate and ATP. Concentrations were
calculated using Agsao = 6220 Mt cm™. The excess PEP was titrated with the remaining 20% of
E4P. After the reaction was completed, an Amicon Ultra 0.5 mL centrifugal filter was used to
remove the enzyme. The crude DAHP reaction mixture was purified on a Q-Sepharose column
(GE Healthcare; column volume was 12 mL), and eluted with a gradient of 0.1 M to 0.8 M
sodium formate over 65 — 70 min at 1 mL/min. Fractions containing DAHP were assayed (see
below), pooled, dried down to <5 mL, and injected onto the SP-Sepharose column (GE
Healthcare; column volume was 12 mL) to exchange Na* ions to H* and eluted with water over
30 min at 2 mL/min. The DAHP assay was repeated to determine the fractions containing
DAHP, which were then pooled and dried down completely. A *3C-NMR was run on the purified

product before making DAHP hydrazone.

DAHP assay: DAHP was detected by hydrolyzing its phosphate group using alkaline
phosphatase and measuring the released P; with the Malachite green/ammonium molybdate
(MGAM) colorimetric assay. Free Pj in the fractions was also detected with the MGAM assay
before alkaline phosphatase treatment. A 15 pL aliquot of DAHP was combined with 15 pL of
39 U/mL of alkaline phosphatase in 25 mM Tris-HCI, pH 7.6, 1 mM MgCl;, 0.1 mM ZnCly,

50% w/v glycerol fraction, in a final volume of 200 pL. ddH>0O, incubated for 10 min, and a 20
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uL aliquot was added to the 96 well plate containing 50 uL. MGAM solution + 30 pL ddH20 and

181 The absorbance was read

the reaction was quenched by adding 10 uL of 34% citrate after 90 s
at 660 nm using the microplate reader. Prior to running the DAHP assay, a standard was run

using 250 uM PEP.

The DAHP hydrazone synthetic method was previously established in our lab by Jenny
Zheng and Jennifer Wild, undergraduate thesis students'**. To 0.02 mmol of purified DAHP, 0.2
mmol hydrazine hydrate was added in 1 mL ddH.O and the pH was adjusted to pH 8. The
reaction was left for 5 days at 25 °C. The excess hydrazine was removed via lyophilization, and a

13C-NMR was run to confirm the product’s identity.

2.1.3 TFPHEE synthesis and purification

3,3,3-Triflouropyruvate hydrazone ethyl ester (TFPHEE) was synthesized as
previously,'** with some modifications as the reaction proceeded. A solution containing 0.28
mmol of 3,3,3-triflouropyruvate ethyl ester, 3.2 mmol of hydrazine monohydrate, 3.2 mmol of
acetic acid (pH 6.3) dissolved in anhydrous ethanol was first refluxed for 16 h. The crude
reaction mixture was purified using silica gel column chromatography and two solvent systems
(i) Solvent system A: 88% DCM : 10% methanol : 2% acetic acid (ii) Solvent system B: 80%
ethyl acetate : 20% hexanes. A total of 35 - 40 fractions containing 1 mL samples were collected.
Thin layer column chromatography was run on alternate fractions using the same solvent system
used to purify the product. Based on the TLC data, the fractions likely containing the product

were taken for °F-, *H- and *C-NMR.
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2.2 Results

2.2.1 E4P

E4P, DAHPS’s second substrate, was synthesized by oxidative degradation of glucose 6-
phosphate with Pb(OAc)4!", then purified by anion exchange chromatography. This was
originally done with a volatile buffer, ammonium formate. However, removing the buffer by
lyophilization took two weeks, and ammonium ions tended to react with E4P’s aldehyde group.
A new anion exchange purification was developed using a gradient 0.1 to 0.8 M sodium formate
on a Q-Sepharose column. The Na* ions were then exchanged to H* by cation exchange on an
SP-Sepharose column to obtain pure E4P and formic acid. Formic acid was removed by
lyophilization. E4P synthesized using this method was purified in batches as described above and
the contents of the eluted fractions were confirmed by the RSA, quantified by reaction with
DAHPS, then used to synthesize DAHP hydrazone, the most potent DAHPS inhibitor to date 43

The revised method was used for all subsequent E4P syntheses.

2.2.2 DAHP hydrazone

DAHP hydrazone, a 10 nM inhibitor of DAHPS, was needed to complete a manuscript on
DAHPS inhibitors**%, and for future crystallization trials. Prior to making DAHP hydrazone,
DAHP was synthesized by incubating 4.2 mM PEP, 4 mM E4P and 0.01 mM MnClI; in presence
of 400 nM DAHPS enzyme in 2.5 mL of 10 mM K-HEPES (pH 7.0) for 3 h at 25 °C'!*. During
the synthesis, the DAHP reaction mixture was titrated with a slight excess of E4P to avoid co-
elution of PEP and DAHP. The reaction was monitored using the LDH/PK assay to confirm that
all PEP was consumed. If there was excess E4P in the crude DAHP reaction mixture, it would

elute before DAHP (based on the charge features of E4P and DAHP). To confirm that no E4P
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co-eluted with DAHP, an RSA assay was run on the fractions containing DAHP. The crude

DAHP reaction mixture was purified like E4P, using anion exchange chromatography on a Q-

Sepharose column to obtain the purified sodium salt of DAHP. Na* ions were removed by cation

exchange on a H'-charged SP-Sepharose column. Purified DAHP was then lyophilized to

remove formic acid. Unlike PEP it contains no chromophores, so DAHP was detected in

fractions by hydrolyzing its phosphate monoester group with alkaline phosphatase and detecting

any Pj released using the MGAM colorimetric assay for Pi!8. Fractions containing DAHP were

pooled, lyophilized, and its identity confirmed by **C-NMR.

DAHP hydrazone was synthesized by adding 0.02 mmol of purified DAHP, 0.2 mmol
hydrazine hydrate in 1 mL ddH2O and the pH adjusted to 8 and incubating for 5 days at room
temperature!'* (Figure 2.1). It was then lyophilized, and its identity confirmed by *C-NMR
(Figure 2.2). The hydrazone group was assumed to have an E-stereochemistry by analogy to

DAHP oxime and other oximes<<references - Balachandran 2016 and More 0'Ferrall et

al. (2004) Rate and equilibrium constants for hydrolysis and isomerization of (E)-

and (Z)-p-methoxybenzaldehyde oximes, J. Phys. Org. Chem. 17, 631-640.

10.1002/poc.780>>.
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Figure 2.1: DAHP hydrazone synthesis
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Figure 2.2: *C-NMR of DAHP hydrazone

DAHP hydrazone (150 MHz, D20) 5: 165.3 (C1), 157.0 (C2), 39.0 (C3), 68.8 (C4), 70.9 (C5)

and 77.6 (C6).

2.2.3 TFP Hydrazone ethyl ester (TFPHEE)

The first attempted TFPHEE synthesis used the previously reported conditions!**, namely

combining 0.28 mmol trifluoropyruvate ethyl ester with 1.6 mmol hydrazine hydrate and 1.6

mmol of acetic acid in 2 mL EtOH was refluxed for 7 h (Figure 2.3).

AH B AH
+NH,NH ? H Y

O~ pH63 O/ 22 HO NNH, . o

F3C)J\H/ s F3C O\/ . - O\/ F3C ~
o 78-80 C° o 3 — 5
NH,NH, o}

TP o + hydrazine reaction intermediates TFP hydrazone

ethyl ester ethyl ester

Figure 2.3: TFPHEE Synthesis.
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However, based on the **F-NMR, 7 h of reflux time did not yield the product, as its *°F-
NMR chemical shift was expected to be between -64 ppm to -66 ppm. The reaction was then
monitored using *F-NMR from 0 to 42 h, and the optimal refluxing time was found to be
between 14 -17 h (Figure 2.4). The singlet either at -64 ppm or -65 ppm were likely to be the

product peak that was to be purified.

TFPHEE

Reaction
intermediates
(-75 ppm)

Free fluoride
(-120 ppm)

T T T d T
-50 -20 -100 -120 [ppm]

Figure 2.4: °F-NMR of TFPHEE reaction mixture after 18 h of refluxing.

TFPHEE was initially reported to be purified by silica gel chromatography using 88
DCM : 10 Methanol : 2 acetic acid. Fractions containing a compound with a -64.3 ppm peak in
1%F NMR were pooled and dried (Figure 2.5). However, after drying the '°F and '3C spectra did

not contain the expected peaks.
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Figure 2.5: °F-NMR of purified TFP hydrazone ethyl ester.

19F NMR spectrum of Fraction 17 from the silica gel column using solvent system A with a
chemical shift of -64.3 ppm, likely to be TFP hydrazone ethyl ester, but this peak disappeared
after the product was dried.

A modified protocol was tried, namely combining 0.28 mmol trifluoropyruvate ethyl
ester with 3.2 mmol hydrazine hydrate and 3.2 mmol of acetic acid (pH 6.3) in 2 mL ethanol was
refluxed for 16 h. Again, TFPHEE appeared to have been purified; however, though the *°F-
NMR continued to show a product peak at -63 ppm (Figure 2.6), it also showed a significant

peak at ~-66.7 ppm while *H- and *C-NMR primary showed only the solvent peaks (not shown).
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Figure 2.6: TFPHEE °F NMR.

BF-NMR for fractions 12 & 13 after purification of TFPHEE on the silica gel column using
solvent system B

Based on the two preceding reactions it appeared that the product was being lost at some
point during the purification. In order to investigate this further, the crude reaction mixture was
dried down completely and '°F-, *H- and *3C-NMR spectra were collected (Figure 2.7 a-c).
While the *F-NMR spectrum showed a dominant peak at -63.3 ppm (most likely a reaction
intermediate) and a singlet at -65 ppm (most likely the product peak), the *H-NMR showed three
quartets between 3.20 to 3.26 ppm (one of them could be the -CH> group), but no triplet
(confirming the -CHs group) could be found in the upfield region. The *C-NMR showed several
peaks, some of which could be product peaks, however without the support of *H-NMR, the
compound identity was inconclusive. Whether or not it is possible to synthesize TFPHEE under
modified conditions, it became clear that the previously reported synthesis would not yield

product. It was therefore removed from the manuscript on DAHPS inhibition®. It had previously
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been reported not to inhibit E. coli growth and to be water insoluble; deleting this did not change

the manuscript’s conclusions.
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Figure 2.7: NMR spectra of crude TFPHEE reaction mixture
(a) °F-NMR, (b) *H-NMR, and (c) *C-NMR of the crude TFPHEE.

2.3 Discussion

The DAHP hydrazone synthesis confirmed the identity and validity of the reported
DAHP hydrazone synthesis. The method previously used to purify DAHP hydrazone was
modified to remove the need for extended lyophilization in the presence of ammonium formate
and reduce the potential for product loss. The Berti lab had solved the DAHPS-DAHP hydrazone

crystal structure previously, but the electron density was difficult to interpret (Figure 2.8).

DAHP oxime

HaN.

fosh

DAHP hydrazone
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Figure 2.8: DAHP hydrazone and DAHP oxime crystal structures

Comparing DAHP hydrazone (blue) and DAHP oxime (orange) crystal structures ; electron
density fitted well to three crystallographic waters around the hydrazone functional group.
(Figure created by Paul Berti.)

The electron density fitted well to three crystallographic waters around the hydrazone
functional group, reminiscent of the crystallographic waters in the DAHP oxime structure, and
the added water would be consistent with the improved K. However, the hydrazone
—NH_---HOH2 distance was 2.04 A, unrealistically short for a N---O distance®2. An alternative
explanation was advanced by our collaborators that the DAHP hydrazone had undergone a
formyl-group addition to yield the formyl-hydrazone compound, which also fit the electron
density (Figure 2.9). There is no precedent in the chemical literature®® and mass spectrometry of
a redissolved crystal found DAHP hydrazone. However, in order to satisfy our collaborators and
confirm the identity of the inhibitory species, it was necessary to purify DAHP hydrazone
without weeks-long lyophilization in the presence of formate. This will allow us to redetermine
the Kj value in the future and re-crystallize the complex to confirm the identity of the inhibitor

species.

X
O
H” “OH H—¢
?
H2N\|N HN\lN + HZO
\e\ooo- %\coo-
DAHP hydrazone DAHP formylhydrazone

Figure 2.9: DAHP formylhydrazone

This reaction has not been observed experimentally, but the formylated product would match
the observed electron density in the DAHPS-DAHP hydrazone crystal structure.
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3 Transition state analysis of NeuB

3.1 Introduction

| performed TS analysis on NeuB by measuring multiple KIEs to understand its catalytic
mechanism and to determine the TS structure, which will lead ultimately to the design of TS
mimics based on the TS structure. 13C KIEs were measured using the direct NMR method
developed by Bennet’s group*?, based on Singleton’s method!® as described previously. For
example, to measure [3-13C]KIE the 2-13C peak was monitored as the reporter isotope. Using a
mixture of [2-3C]- and [2,3-*C]PEPs in the reaction mixture, the isotope ratio i.e.,”*C/*>C at C3

was acquired continuously using quantitative >*C-NMR (Figure 3.1).

12|c%H2 .
CH
-2 13 2
O53P 2Co I
o™ coo 20,5 120,
Probe 13C  Site of interest '2C o" CoOo
N \_Probe 13c  Site of interest 13Cj
\j
P Ve

Figure 3.1: Measuring [3-*C]KIE using quantitative **C-NMR

The 3-13C KIE is measured by monitoring the 2-3C peak as the reporter isotope using a mixture
of [2-13C]- and [2,3-13C]PEPs. 3-13C splits the 2-3C peak through one bond coupling with *Jcc
= 40 Hz, while 31P-13C coupling further splits the peaks with 3Jp.c = 7 Hz.
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This method was recently extended to using *!P by Alvin Niu of the Berti lab to use
[2-180]PEP to measure 80 KIEs using 3'P nuclei as the reporter nucleus!*® (Figure 3.2 a). The
180/10-induced chemical shift difference in 3'P NMR has been used previously to monitor
positional isotope exchange!®* 18 ligand binding experiments 8187 and other mechanistic
studies'®® & put to our knowledge, it has only been used once previously for high accuracy KIE
measurements'®. Part of this is likely due to *'P’s long relaxation times, which lengthens
measurement times, and its sensitivity to metal ions (broadening or suppressing peaks). Alvin
Niu demonstrated that it is possible to measure 0 KIEs using 3P NMR and to reduce the data

collection time 9-fold by not allowing complete T; relaxation (Figure 3.2 b)46.

(a)
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(b)
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Figure 3.2: Quantitative 3!P-NMR of [2-*O]PEP

(a) 180 isotope ratio measurement using quantitative 31P NMR with a mixture of [2-180]- and
[2-160]PEPs. (b) Standard curves of 160/180 ratios in labelled P; using conventional (complete)
and incomplete relaxation pulse programs. Aliquots of P804 were added to 180-labelled Pi and
spectra were collected using relaxation times of 7 x T1 (red) or 0.2 x Tz. (blue). 7 x T1 (119 s),
90° pulses, slope = 1.126 + 0.022. 0.2 x T1 (3.5 s), 30° pulses, slope = 1.073 + 0.02146, The
differences in slope would lead to a change of 0.05% in a 1% KIE (i.e., 1.0100 becomes
1.0105), an insignificant difference. (Figures from reference 146, used with permission from
Alvin Niu, ©2020).

3.2 Materials and methods

3.2.1 Wild Type NeuBwe

The pET-30Xa/LIC plasmid encoding the N. meningitidis Hise-tagged neuB gene
(NeuBrs) was a kind gift from Martin Tanner (U. British Columbia)®®. The plasmid was
transformed into chemically competent E.coli DH5a cells, plated on agar plates containing 50
pg/mL kanamycin and incubated overnight at 37 °C. A single colony was introduced into 5 mL
of lysogeny broth (LB) medium containing 50 pg/mL kanamycin and incubated at 37 °C
overnight. The transformed cells were lysed, and the plasmid isolated using Thermo Scientific
DNA Miniprep Kit. The plasmid was subsequently sequenced at the MOBIX sequencing facility

(McMaster University). The purified plasmid was further transformed into E. coli BL21*(DE3)
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cells, grown overnight in 50 mL LB medium with 50 pg/mL kanamycin at 37 °C, subcultured
into 1 L LB containing 50 pug/mL of kanamycin and grown to a cell density of ODsoo ~ 0.6.
Overexpression was induced by 1 mM isopropyl B-D-1thiogalactopyranoside (IPTG) and
incubated for an additional 4 h. Cells were harvested by centrifugation, resuspended in 30 mM
triethanolamine-HCI buffer (pH 7.5) and lysed using CelLytic B cell lysis reagent (Sigma-
Alridch). The cell lysate was filtered through a 0.45 um filter, and the supernatant was loaded
onto a 1 mL pre-washed Ni?*-charged Chelating-Sepharose Hi-trap (GE Life Sciences) column.
The crude protein was purified using Elution Buffer A (30 mM triethanolamine, 10 mM
imidazole buffer pH 7.5) and elution Buffer B (30 mM triethanolamine, 50 mM imidazole buffer
pH 7.5) to remove unwanted proteins, then NeuBrs was eluted using elution Buffer C (30 mM
triethanolamine, 500 mM imidazole buffer pH 7.5)%°. The purified protein was dialyzed in 30
mM triethanolamine pH 7.5, 10% glycerol and 1mM tris(2-carboxyethyl) phosphine (TCEP) for
24 h. The purified protein was concentrated by ultrafiltration, flash frozen and stored at -80 °C.

The protein concentration was determined using an €250 = 2.20 x 10*M™*cm™.

3.2.2 Wild type phosphoenolpyruvate synthetase (ppsA)

A pET24b plasmid encoding phosphoenolpyruvate synthetase (ppsA) was a gift from Dr.
David Jakeman (Dalhousie University).The plasmid was transformed into chemically competent
E.coli DHSa cells, plated on agar plates containing 50 pg/mL kanamycin and incubated
overnight at 37 °C. A single colony was introduced into 5 mL of lysogeny broth (LB) medium
containing 50 pg/mL kanamycin and incubated at 37 °C overnight. The transformed cells were
lysed, and the plasmid isolated using Thermo Scientific DNA Miniprep Kit. The plasmid was
subsequently sequenced at the MOBIX sequencing facility (McMaster University). The purified

plasmid was further transformed into chemically competent BL21(DE3) cells, plated on agar
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plates containing 50 pg/mL kanamycin and incubated overnight at 37 °C. A single colony was
introduced into 50 mL of lysogeny broth (LB) medium containing 50 pg/mL kanamycin and
incubated overnight at 37 °C. The 50 mL overnight culture was transferred to 1 L of LB
containing 50 pug/mL of kanamycin and grown at 37 °C to a cell density of ODego = 0.6.
Overexpression of ppsA was induced by adding 0.2mM IPTG. It was incubated at 17 °C
overnight. The cell pellet was resuspended in 35 mL of Buffer A (75 mM imidazole, 20 mM
Tris-Cl, pH 8.0, 0.3 M NaCl) and protease cocktail inhibitor, and lysed in preliminary
experiments by using CelLytic B (Sigma Aldrich). When this caused problems with protein
activity, later preparations used a continuous cell-disruptor at 10,000 psi. The lysate was
centrifuged at 8,000 rpm for 30 minutes at 4°C. The cell lysate was filtered through a 0.45 pm
filter, and the supernatant was loaded onto a 1 mL pre-washed Ni?*-charged Chelating-Sepharose
Hi-trap (GE Life Sciences) column. The column was washed with 10 column volumes (CV) of
Buffer A to remove non-specifically bound proteins and eluted with 5 x 10 CV aliquots of Buffer
B (250 mM imidazole, 20 mM Tris-Cl, pH 8.0, 0.3 M NaCl). The eluted protein was examined
by SDS-PAGE and dialyzed against 1 L of dialysis buffer (50 mM Tris-Cl, pH 8.0, 5% glycerol,
1 mM EDTA) over 48 h. The final concentration of ppsA was determined from Azgo using €280 =

69,720 M cm™,

3.2.3 Rate assays

The Malachite green/ammonium molybdate (MGAM) colorimetric assay® was used to
measure the NeuB initial velocities (vo) by following Pi production. Typical reaction conditions
were 500 nM NeuB with 3 mM PEP, 15 mM N-acetylmannosamine (ManNAc), 12.5 mM

MnCl2,100 uM TCEP, 0.1 mg/mL bovine serum albumin (BSA) in 50 mM Tris-acetate, pH 7.0,
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in 300 pL. Aliquots of 20 pL of reaction mixture were added to 96 well plate containing 100 uL.
MGAM solution and 80 uL. ddH20 every 60 s and each reaction was quenched with 10 uL. of
34% trisodium citrate solution after 90 s. Some rate assays were run under the same conditions
as the KIE reactions, namely higher PEP concentrations and using a diamagnetic divalent metal
ion:15 mM PEP, 20 mM ManNAc, 200 — 500 nM NeuB, 1 mM ultrapure MgCl. (99.99% trace
metal basis), 100 uM TCEP, 0.1 mg/mL BSA in 50 mM Tris-acetate, pH 7.0, in 300 pL. All

buffers and substrates were treated with Chelex 100 (BioRad) except for MgCl. and enzymes.

3.2.4 Measuring competitive KIEs

KIEs were measured competitively using quantitative *3C and 3P NMR. Equation
11Equation 14 were used to fit the competitive KIEs from the isotope ratio (Ri or RP;) Equation

12 vs. extent of reaction (F1) Equation 13 data on the reactant and product, respectively4? 146

156

3.2.4.1 Labelled PEP synthesis

[2-13C]-, [3-13C]-, [2-13C,2-180]-, and [2-18Q]PEP syntheses. *C-labelled PEPs were
synthesized enzymatically by dissolving 20 mM *3C sodium pyruvate, 20 mM MgClz, 20 mM
ATP, and 300 pL of ppsA in 2 mL of 300 mM Tris-acetate, pH 8.4 at 25 °C for 4 h (Figure 3.3)

(Table 3.1). The pH was checked periodically during the reaction and re-adjusted with KOH as

necessary.
(0]
ppsA
ONat * MgCl + ATP —— J\ + Pi + AMP
a pH=8.4 203P-0” ~COO"
@)
3C sodium pyruvate 3C - PEP
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Figure 3.3: *C PEP synthesis

Reaction of sodium pyruvate with 20 mM ATP in presence of 300 uL ppsA and 20 mM MgCI2 at
pH 8.4 to give 20 mM PEP, 20 mM AMP and 20 mM Pi.

The extent of reaction was followed by determining the concentrations of residual sodium
pyruvate and synthesized PEPs using LDH assay and PK assays, respectively. In the LDH assay,
pyruvate is reduced to lactate with a concomitant oxidation of NADH to NAD", which is
detected by a decrease in Assoas NADH is consumed, with Agsao = 6220 M 571,280 The pyruvate
kinase reaction converts PEP + ADP to pyruvate + ATP, and the pyruvate then enters the LDH
reaction. A 96 assay well plate contained 10 pL of 360 times diluted labelled PEP, 400 nmols of
adenosine diphosphate (ADP), 60 nmoles of NADH in 300 pL volume of (50 mM of 0.05 M
Tris-HCI, pH 7.6 containing 0.12 M KCl and 0.062 M MgS0.). To start the reaction, 5 mg/mL
LDH was added which catalyzed the reduction of the unreacted sodium pyruvate to lactate and
NADH oxidized to NAD* Addition of 1.3 uL of pyruvate kinase (PK) converts PEP and ADP to

pyruvate and ATP.

[2-180]PEP and [2-13C,2-O]PEP was synthesized using the same method except in

H,'80 using unlabelled sodium pyruvate and [2-1*C] sodium pyruvate, respectively (Table 3.1).
H,'®0 was recovered via lyophilization and reused for future syntheses. The reaction mixture
was dissolved in 2 mL ddH-O. ppsA was removed by heating the PEP reaction mixture at 94 °C
for 5 min, then removing precipitated protein by centrifugation. Labelled PEPs were initially
purified using ion-paired reverse phase HPLC. The labelled PEP (500 pL) was loaded onto two
C18 HPLC columns (Waters, 300 x 7.8 mm ID) connected in series and washed with 25 mM
N,N-diisopropylethylamine acetate (DIPEA), pH 6.3 at a flow rate of 2 mL/min and Azz2
detection. Labelled PEP was concentrated to 5 mL by rotary evaporation and injected onto a

cation exchange column volume of 12 mL, SP-Sepharose (GE Life Sciences) in the H* form, to
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remove DIPEA cations. This was time consuming as we could only inject 500 pL and the
column required extensive washing before each injection. Labelled PEPs were subsequently
purified by anion exchange chromatography on a 12 mL Q-Sepharose column and eluted with a
gradient of 0.1 M to 0.8 M ammonium formate over 60 min at 2 mL/min with A3, detection.
Fractions containing PEP were pooled and lyophilized to < 4 mL, quantified using the LDH/PK
assay, and injected onto a H*-charged SP-Sepharose with a 120 mL column volume and eluted
with water over 30 min at 3 mL/min to remove ammonium ions. The purified PEPs were
quantified using LDH/PK assay and confirmed using *3C and 3P NMR. Labelled PEPs were

stored at —20 °C. [2,3-*C]PEP was purchased from Cambridge Isotope Labs (Tewksbury, MA).

Table 3.1:Starting material used for synthesizing **C- and *¥O-labelled PEPs.

Starting material Product
[2-13C]sodium pyruvate [2-13C]PEP
[3-13C]sodium pyruvate [3-12C]PEP

Sodium pyruvate (unlabelled) in H2180 [2-18O]PEP
[2-13C]sodium pyruvate in H2180 [2-13C,2-18Q]PEP

3.2.4.2 Measuring KIEs using 13C and 3P NMR

Paramagnetic metal ions interfere with NMR spectra because the unpaired electrons
increase the longitudinal relaxation rates (T1) of nearby nuclei, making the peaks broader. As
MnCl; is diamagnetic, MgCl, was used instead. To ensure that the MgCl> was responsible for the
rate, ultrapure MgCl> was used. To decide the final KIE reaction conditions, NeuB reaction was
run and followed using both the MGAM assay and NMR every 2 h for 6 — 8 h. The final reaction
mixtures for KIE measurement contained a total PEP concentration of 10 mM, with 20 mM
ManNAc, 1 mM MgClz, 0.1 mM TCEP, 250 — 500 nM NeuB (freshly thawed from -80 °C

storage), 0.1 mg/mL BSA, and 10% D>0O in 50 mM Tris-acetate, pH 7.0 in a 600 uL total
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volume. For 3C KIE measurements, **C methanol was used initially as the internal reference;
however, it was later replaced by the Tris peak at ~60 ppm since the reaction mixture already
contained 50 mM Tris-acetate and it is not volatile, unlike methanol. For 2-13C KIE
measurements, the reaction mixture contained 5 mM [2,3-*C2]PEP and 5 mM [3-13C]PEP. For
3-13C KIE measurements, the reaction mixture contained 5 mM [2,3-13C,]PEP and 5 mM
[2-13C]PEP. For 2-'80 KIE measurements using 3C NMR, 5 mM [2-*C]PEP and 5 mM

[2-13C,2-80]PEP were used.

Prior to each KIE measurement, a small-scale KIE reaction in 50 pL volume was run at
the same concentration as the NMR reaction using MGAM assay to ensure the enzyme was fully
active. The KIE reaction mixtures were initially degassed for 30 min and kept under vacuum for
1 h for 3 cycles, as dissolved O is paramagnetic and can shorten longitudinal relaxation times
and lead to peak broadening. This was later discontinued as it was found that degassing did not
improve the S/N. The samples were run on a Bruker 600 MHz spectrometer under the conditions
in Table 3.2 using a 30° pulse, a spectral width of 236 ppm, and a delay time (d1) of 0.5s. To
suppress NOEs, inverse-gated ‘H decoupling was used. The “autoshim” function in TopSpin was
used after every spectrum to maintain symmetrical peak shapes. For each KIE measurement, a
13C NMR spectrum was obtained before adding the enzyme, i.e., at time t = 0 h at an acquisition
time (AQ) of 3.7 s to find T>* (Equation 9). From this, the acquisition period, AQ, was adjusted
to 5 x To*, and all subsequent spectra were collected using these parameters (Table 3.2). NeuB
was added and 3C-NMR was collected every 30 — 35 min on the live reaction until its
completion. The NMR data was processed using Bruker software TopSpin. The data was
autophased, baseline corrected, FIDs were zero-filled to 512k and a Lorentzian multiplication

using Ib between 0.2 - 0.6 was applied to improve the S/N.
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Table 3.2: Acquisition parameters for measuring KIEs with*C NMR

Flip angle Number of TD Olp 1sw AQ (s) Delay time
scans (NS) (ppm) (ppm) (d1,s)
per spectrum
30° 512 262144 109 236 3.7s 0.5

For 2-180 KIE measurements using 3P NMR, the reaction mixture was the same as
above but using 5 mM [2-80JPEP and 5 mM unlabelled PEP, and 60 mM glyphosate (N-
(phosphonomethyl)glycine) as an internal 3P standard for determining the extent of reaction, Fi.
Initially, the °O- and 80 PEP peaks in the 2-180 KIE reaction mixture had poor peak resolution.
A number of solutions were tested to alleviate this problem, including adding substoichiometric
EDTA to chelate any contaminating paramagnetic metal ions. This improved the peak resolution
without affecting the reaction rate in small-scale reactions as monitored using the MGAM assay.
180 KIEs using 3P NMR were therefore measured in reaction mixtures containing 0.5 mM
EDTA. As EDTA was successful in improving peak resolution, it was also added to the 3-3C

KIE reaction mixtures to improve peak shape.

The data acquisition method used 30° pulses, a spectral width of 40 ppm, and a delay
time, d1, of 0.5 s. Inverse-gated *H decoupling and autoshimming were used as for *C spectra.
A *P-NMR spectrum was obtained without enzyme, i.e., at time t = 0 h, with an acquisition time
(AQ) of 2.55 s. From this, AQ was adjusted to obtain 5 x T>* (Equation 9). NeuB was added
and 3'P-NMR was collected every 30 — 35 min on the live reaction until its completion. The 3P
NMR data were processed similarly to the 3C NMR data.

Table 3.3: Acquisition conditions parameters for measuring KIEs with 3P NMR.

Flip angle Number of TD Olp 1SW AQ (s) Delay time
scans (NS) (ppm) (ppm) (d1, s)
per spectrum
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30° 600 49152 0 40 2.55 0.5

13C and 3P KIEs were calculated by measuring the change in isotope ratios at multiple
points as the reaction proceeded from 0% to ~80% reaction'#?. The isotopologue ratios Rior RP;
and Roatt=iandt=0, i.e.,'*C/*?C and '¥0/*®0, were measured by fitting the normalized peak
intensities of PEP (reactant) and NeuNAc (product) using Voigt peak deconvolution in the
program PeakFit (Systat Software, Inc.). The calculated peak areas were converted to isotope
ratios, Ri or RP; (Equation 12). F1 was calculated from the ratio of the PEP peak to the Tris ~60
ppm peak as the internal reference in the 3C NMR spectra, and glyphosate in 3'P spectra

(Equation 13).

Experimental KIEs were found by fitting the reactant isotope ratios (Ri/Ro) vs. F1 values
to Equation 11'*? and the product isotope ratios, RPi/RP vs. F1 to Equation 14. Chan et al.’s
equation using the isotope ratio (R = 1*C/*2C) and extent of reaction (F1) was modified to fit the

KIE from isotope ratios in the residual substrate (Equation 15 & Equation 16)'*2.

Equation 15
1
Ri = 1 - Fl(KIE_l) X RO

Equation 16
1
(1 (- Fl)m) X RP,,

RP; =
4 F1

3.2.4.3 Ninhydrin assay

In some early KIE measurements, NeuB lost activity over the course the reaction. This

was eventually traced to high ammonium formate concentrations in the labelled PEPs.
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Thereafter, labelled PEPs were routinely assayed for NH4* with the ninhydrin assay to check for
the presence of ammonium formate. The assay reaction mixture contained different volumes (0
to 8 L) of labelled PEP and 30 uL of 20 % ninhydrin in EtOH, made to a final volume 300 pL
in 25 mM sodium bicarbonate, sodium carbonate buffer (pH 10). Reaction mixtures were
allowed to stand for 20 min at 25 °C. The A470 values were read and the concentration of
ammonium formate in the labelled PEP was calculated. This was discontinued after the PEP
purification method was changed to include a larger cation exchange column to completely

remove ammonium formate.

3.2.4.4 Integration and deconvolution

In principle, numerical integration is the easiest method of determining peak areas. It
involves adding together the height of each “slice” of a peak of interest. Accurate numerical
integration requires fulfilling a number of criteria, including separation of the peaks of interest
by at least 20 x line width, which was not possible in this study**. Therefore, we used Voigt
peak deconvolution. Deconvolution involves fitting the experimental spectrum to a defined peak
shape, then using the fitted values of peak height, width and asymmetry 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, as the
spectrometer’s contribution has a Gaussian peak shape®? 192, Under this circumstance, Voigt
deconvolution, that is, a mixed Lorentzian-Gaussian peak shaping function, is commonly used to
fit peaks, especially asymmetrical peaks caused by poor shimming*¥"**®, or small chemical shift

differences.
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3.2.5 Computations

All quantum mechanical calculations were performed in Gaussian 16 using hybrid

density functional theory (DFT) with Becke’s exchange functional'®

, and Perdew and Wang’s
correlation functional'® with either a 6-31G basis set (B3PW91/6-31G) or a 6-31+G** basis set
(B3PW91/6-31+G**). This level of theory yields more reliable vibrational frequencies than other
levels of theory with comparable computational cost!®® 1%, Solvent effects were modeled in
some structures with a conductor-like polarizable continuum model (CPCM)*¥" using a dielectric
constant equal to water’s. Early computational studies examined the potential energy surface by
performing constrained optimizations with fixed bond lengths for the bonds being formed or
broken in simplified computational models of THI formation and breakdown. This provided
information on plausible reaction mechanisms and identified initial guesses for TS optimization
calculations. TS optimizations were performed at the same level of theory, generally using the
QST3 keyword*®®, QST3 optimizations require reactant and product structures and an initial
estimate of the TS structure as input, then finds the optimized TS structure. Once several TS
structures for THI formation and breakdown had been found, Dr. Berti further varied the
computational models to generate other computational TS structures. For simple structural
variations it was often possible to find new TS structures using the much simpler “opt=ts”
keyword. In these cases, it was not necessary to run a full QST3 optimization or potential energy

surface scan.

The computational KIEs for each TS structure were calculated using the program
QUIVER® to converts a molecule’s vibrational frequencies to the isotopic partition functions

(Q) for its isotopologues, with the Cartesian force constants scaled by 0.9139 (= 0.9562) to match
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harmonic frequency scaling of 0.956%. Q is essentially 1/KIE or 1/EIE for the atom of interest
relative to a free, unbound atom (Equation 17).
Equation 17

KIE = Qreactant/Qjr x lighty, 1 heavy, ¢ XQBell

where Qreactant and QF are the partition functions calculated with the 3N-6 normal
vibrations modes of the reactant, and 3N-7 normal modes of the transition state, respectively;

lighty* and MWyt are the reaction coordinate (imaginary) frequencies, and Qgen is the Bell

tunneling correction (Equation 18)200 202,

Equation 18

|Iightu¢ |/7
. flight, +
Qgen = Sm(l . |/2) , uf = hvi/kgT

BRI
sin("ut |/2)

Quantum tunneling corrections are important in heavy atom KIEs, particularly when the
KIE > 1.012%2, even when the tunneling contribution is small?®. The match between frequencies
generated by QUIVER from the Cartesian force constants, and the scaled Gaussian 16

frequencies was checked routinely.

3.3 Results

3.3.1 ppsA

ppsA was expressed and purified, and its purity was verified by SDS-PAGE (Figure 3.4).
Initially, ppsA was lysed using the cell disruptor at 10, 000 psi in a common facility in MDCL;

however, during the Covid-19 lockdowns, cells were chemically lysed in the Berti lab using
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CelLytic B (Sigma Aldrich), as had been used previously for other enzymes. A small-scale lysis
was done prior to the full-scale cell lysis process. In the first attempt at purifying ppsA after
CelLytic B cell lysis, the protein eluted earlier than expected from the Ni?*-Sepharose column, in
the flow-through and with Buffer A. Neither the flowthrough nor the Buffer A eluate had any
ppsA activity. The plasmid was sequenced, and it was observed that the Hiss-tag was not present
in the sequence. Another batch of ppsA plasmid was purified using the DNA miniprep kit and
the sequence was confirmed. The second attempt at purifying ppsA using CelLytic B failed again
for the same reason. This suggested that the component of the lysing buffer was denaturing the
protein. Finally, ppsA was lysed using the cell disruptor and purified using the Ni-Sepharose
column. The SDS-PAGE (Figure 3.4) confirmed a successful purification of ppsA with Buffer

B. The purified protein showed high enzyme activity.

MW (kDa)Ladder |A1] |B1] |B2| |B3| |B4| |RT| |CL| |[Filtrate]|B5|

180
135

Figure 3.4: SDS-PAGE of ppsA

Lanes (left to right): Ladder: Protein standards; Lane Al: wash buffer; Lanes B1 — B4: Elution
buffer; Lane RT: column run through; Lane CL: cell lysate, Lane cell lysate after 0.2 ym
filtration; Lane B5: Elution buffer.
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3.3.2 NeuB

The NeuBns plasmid was purified using DNA MINIprep kit (Qiagen) and sequenced to
check its identity, then NeuB was expressed. The cells were lysed using CelLytic B cell lysis
reagent (Sigma-Alridch). NeuB was purified using a Ni*-charged Chelating-Sepharose column

(Figure 3.5), eluted using 500 mM imidazole (Elution Buffer C), flash frozen and stored at -80

°C.

MW (kDa)Ladder |A1| |B1| |C1| |C2| |C3| |C4| |C5| |C6|

170
130
95
72
56

s . .- —— -
34 oy

r
17

1 - & ~

Figure 3.5: SDS-PAGE of NeuB

Lanes: Ladder: Protein standards; Lane Al: Wash buffer A; Lane B1: Wash buffer B; Lane C1 —

C6: Elution buffer C.

3.3.3 Labelled PEPs

Labelled PEPs were synthesized and purified as described in Materials & Methods

section. The identities of the labelled PEPs were confirmed using *C and 3P NMR, and their

concentrations determined using the PK/LDH assay.

84



3.3.4 Experimental KIEs

The 2-3C, 3-1C, and 2-180 PEP KIEs in the NeuB reaction were measured using *3C-

204

and 3P reporter nuclei. Competitive KIEs?%*, wherein both the light and heavy isotopologues are

present in the same reaction mixture, reflect the mechanism up to and including the first

205

irreversible transition state=™, or if there are partially irreversible steps, the KIEs encompass all

transition states leading up to the first fully irreversible step?®.

Experiments were run to determine whether KIEs could be measured using continuous
monitoring of the isotope ratios in a live reaction in the NMR tube, or whether a single-point
measurement (i.e., at a single F1 value) would be required*>!. Continuous monitoring has the
advantage that the change in isotope ratio can be observed as the reaction proceeds (Figure 3.6)
and if the experimental data fit the expected curve (Equation 15Equation 16), there is greater
confidence in the experimental KIEs. Conversely, since the enzyme must remain active in the
NMR tube for multiple hours, the reaction must run predictably without stalling, and the S/N
must high enough to give reliable isotope ratios with limited data collection times. A single point
measurement, as traditionally used in NMR, scintillation counting and mass spectrometric
methods, allows data to be collected as long as needed to achieve sufficient S/N, but lacks Ri/Ro

vs. F1 data. This makes the experiments more difficult to troubleshoot!® 204,
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Figure 3.6: Plot of Ri/RoVs. F1

The variation in isotope ratio, Ri/Ro, as a function of the extent of reaction, Fu, is fitted to
equation 15 to determine the experimental KIE. In this hypothetical example, KIE = 1.030.

Small-scale test KIE reactions were run using the MGAM assay, and simultaneously, the
enzymatic reaction was run in the NMR tube under the same reaction conditions and monitored
every 2 h until the reaction neared completion. These experiments showed that KIE measurement
using continuous monitoring of the isotopologue ratio was possible, but four problems needed to

be solved:

(1) The reaction rate with labelled PEPs was unpredictable, sometimes running too fast,
and sometimes not at all. This was eventually traced to NeuB being sensitive to high residual
formate from the anion exchange purification of labelled PEPs using an ammonium formate
gradient. As formate could not be quantified directly, the ninhydrin assay was used to quantify
the ammonium ions to indirectly determine [formate]. From the rate assays, [formate] > 0.8 M
inhibited the NeuB-catalyzed reaction. The ninhydrin assay was introduced to routinely check
labelled PEPs for ammonium formate. This assay was run until the source of formate was traced
back to the use of a smaller 20 mL SP-Sepharose column which had lower resin capacity to
exchange all the ammonium ions. Therefore, we replaced it by a 120 mL-SP Sepharose column

that allowed for the easy exchange of all the ammonium ions from the labelled PEP. To ensure
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that all the ammonium ions were exchanged, we also lyophilized the labelled PEP reaction
mixture post the Q-Sepharose column for longer hours before injecting it on the SP-Sepharose

column.

(2) NeuB stock solutions lost activity over time. It became standard practice to run small
scale test reactions at the same concentrations as the NMR reaction immediately beforehand to
ensure that the enzyme was fully active, and that residual ammonium formate was not interfering

with the reaction.

(3) The NMR peak shapes became asymmetrical after repeated 30 min spectra as the
reaction progressed. Automatic shimming during **C NMR spectrum acquisition was added, plus

manual re-shimming every few hours.

(4) MgCl at 1 mM resulted in broader peaks and poorer resolution, even using ultrapure
MgCl2 (99.99% trace metal basis). Adding 0.5 mM EDTA to the reaction mixture, which still
contained 1 mM MgCl. did not affect the reaction rate, but significantly improved the peak
shape. The fact that sub-stoichiometric EDTA improved the spectrum suggests that trace
paramagnetic metal ions were interacting with PEP’s phosphate group and affecting its peak

shape. KIEs were measured under these conditions thereafter.

3.3.4.1 Measuring 3-13C KIEs

The 3-13C KIE was measured using a mixture of [2-*3C]- and [2,3-*C]PEPs and
monitoring the reactant PEP C2 peaks at 149.6 ppm, and the product NeuNAc C2 peaks at 96.4
and 97.2 ppm. The other minor forms of NeuNAc in solution, namely the acyclic, enol, and keto

hydrate, were not observed and would not have affected the observed isotope ratios?®. The NMR
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data was processed on TopSpin. The data was autophased using the command ‘apkf” over the

range 152 to 148 ppm. The spectrum was baseline corrected, zero-filled using 512k or 1024k

points, and ‘Ib> was adjusted to 75% of the peak width at half height*>*(Figure 3.7).

(a) I:oﬂ?c?lsjmukhcrjp 30 1 "G E
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ot \J ‘\\WW/ \\-M“_QHM___M,J . A o
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Figure 3.7: *C-NMR of the NeuB 3-*C KIE reaction

(a) Substrate peaks, with [2,3-123C2]PEP at 149.92 & 149.86 ppm and 149.38 & 149.33 ppm and

[2-13C]PEP at 149.67 & 149.62 ppm. (b) The product peaks of
[2-13C]NeuNAc at 97.34, 97.21 & 97.063 ppm, and 96.56, 96.4

a- and B-anomers2%7 of
3 & 96.30 ppm.

The 3C/*2C isotope ratio (Ri) was measured in the reactant and product by calculating the

peak areas for the reactant, product and Tris (internal reference) using peak deconvolution in the
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program PeakFit (Equation 12). The extent of the reaction (F1) was calculated using the peak

areas for the light isotopologue and Tris (Equation 13). Fitting the isotope ratio data to

(Equation 15 & Equation 16) gave an overall large, normal 3-1*C KIE of 1.023 + 0.002 (Table

3.4). A typical progress curve of isotope ratio versus F1 is shown for reactant and product peaks

(Figure 3.8).
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Figure 3.8: 3-13C KIE measurements: isotope ratios vs. extent of reaction

Isotope ratios for 3-13C KIE measurement showing (a) Rivs F1 for the PEP reactant and (b) RP;
vs. F1 for the NeuNAc product.

Table 3.4 3-13C Experimental KIEs

3-13C KIEs?
Reactant Product
Experiment no. (Equation 15) (Equation 16)
1 1.0215 + 0.005 1.0295 + 0.027
2 1.0212 + 0.004 1.0246 +0.017
3 1.0204 + 0.004 1.0209 + 0.009
Mean (£ 95% C. 1.) 1.023 + 0.002
a For individual experiments, the reported experimental error is the standard error on the

fitted KIE value in Equation 15 & 16. The overall experimental error is the 95% confidence
interval on the mean of all measurements.

A normal 3-°C KIE indicates that THI formation is the first irreversible step of the NeuB
reaction, i.e., the C3 of PEP is forming a bond with C1’ of ManNAc at the transition state
(Figure 3.9). An inverse KIE would have been expected if the transition state was water attack

on the cationic intermediate during THI formation, or if it was THI breakdown. This is because
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C3 would become more vibrationally constrained upon being converted from sp?-hybridization

with planar geometry in the reactant to sp®-hybridization with tetrahedral geometry in the

intermediates.

P02
? O
.3
R)1 )z\coo-
,0H2

ManNAc + PEP
+ H,0

THI formation THI breakdown
Ho 5 HPO,?
LPO,? _PO;? )—POy’
HO o7 ™? HO o7 7 HO icoo HO COO
: @b z H v H
Hy Hv
THI NeuNAc + P;

Figure 3.9. Simplified model of the NeuB catalytic reaction

3.3.5 Measuring 2-13C-KIEs

The 2-13C KIE was measured using a mixture of [3-13C]- and [2,3-3C,]PEPs (Figure

3.10). The 2-1C KIE data was processed and KIE calculated like the 3-*C KIE data except

using Ib =0 & 0.2 (Table 3.5)

Simplified mechanisms for the NeuB-catalyzed reaction between PEP and ManNAc to form
NeuNAc and P..
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Figure 3.10: *C-NMR of the 2-13C KIE reaction mixture

(a) Substrate peaks, [2,3-13C2]PEP at 100.496 & 100.473 ppm & 99.96 & 99.94 ppm, and [3-

13C]PEP at 100.25 & 100.24 ppm, (b) Product peaks of a-anomers of [2,3-13Cs]NeuNAc at 40.87
& 40.59 ppm, [3-1*C]NeuNAc at 40.74 ppm, and B-anomers of [2,3-13Cz]NeuNAc 39.52 & 39.30

ppm, and [3-13C]NeuNAc at 39.44 ppm.

Three KIE reactions, fitting both substrate and product isotope ratios to give six

independent 2-13C KIE measurements gave an inverse value of 2-*C KIE = 0.994 + 0.007
(Table 3.5, Figure 3.11). The slightly inverse 2-13C KIE indicates that C2 is not part of the

reaction coordinate, i.e., that the C2—02’ bond is not in the process of being formed. A large,

inverse KIE would be expected during THI breakdown (see Section 3.3.7.2), so this KIE is also

not consistent with THI breakdown being the first irreversible step.

Table 3.5: 2-13C Experimental KIEs

2-13C KIEs 2
Reactant Product
Experiment no. (Equation 15) (Equation 16)
1 0.995 + 0.001 1.001 £ 0.007
2 0.990 + 0.005 0.996 + 0.007
3 0.999 + 0.006 0.983 + 0.009
Mean (+ 95% C. |.) 0.994 + 0.007
a For individual experiments, the reported experimental error is the standard error on the

fitted KIE value in Equation 15 & 16. The overall experimental error is the 95% confidence

interval on the mean of all measurements.
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Figure 3.11: 2-13C KIE measurements: isotope ratios vs. extent of reaction
Isotope ratios for 2-13C KIE measurement showing (a) Rivs F1 for the PEP reactant and (b) RPi

vs. F1 for the NeuNAc product.
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3.3.5.1 Measuring 2-180 KIE

Several attempted 2-0 KIE measurements failed before the experimental conditions
were optimized. The 2-180 KIE measurement was first attempted using 3'P as the reporter
nucleus with a mixture of [2-30]PEP and unlabelled ([2-1°0]) PEP. The difference in the
chemical shift between the [2-180]- and [2-1°0]PEPs allows each isotopologue to be observed.
The first attempt did not work due first to a slow reaction rate caused by either high ammonium
formate or low NeuB activity. In the second attempt, the *P peaks were not well-resolved and
the peak shape changed significantly between the spectra. Before attempting another
measurement using 3P NMR, the 2-80 KIE was measured using **C-NMR to eliminate the

problem of peak broadening and poor resolution, making it easier to fit the peaks.

For measuring the 2-180 KIE using **C-NMR, [2-13C,2-80]PEP was synthesized using
the ppsA reaction with [2-*C] sodium pyruvate dissolved in H,'®0O-containing Tris-acetate
buffer. The pyruvate keto oxygen spontaneously exchanges with H2*80. The product’s identity

was confirmed by *C-NMR (Figure 3.12).
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Figure 3.12: 3C-NMR of [2-13C, 2-1*0]PEP

[2-13C, 2-18Q]PEP in 10% D20 under KIE conditions; chemical shift (ppm): 13C-160 PEP: 145.20,
145.15 ppm, 13C -180 PEP: 145.18, 145.13 ppm.

As the 2-0 KIE measurement was successful using 13C NMR (Figure 3.14), it was tried
again using 3P NMR; however, the 80- and °0O PEP peaks had extremely poor peak resolution
(Figure 3.13a). Peak resolution is crucial due to a very small difference in chemical shifts
between [2-180]- and [2-'%O]PEP. When repeated degassing of the sample and autoshimming did
not improve peak resolution, one remaining possibility was that some trace metal ion could be
interacting with PEP’s phosphate group and affecting the 3P peak. Adding 0.5 mM EDTA in the
presence of 1 mM ultrapure MgCl> to chelate any trace metal ions in small-scale reactions
improved the peak resolution significantly (Figure 3.13b) without affecting the reaction rate, and
the reaction ran to completion. The peak areas were subsequently calculated using PeakFit and
180 KIE was measured successfully using 3'P-NMR. The measurement to repeated for accuracy

and reproducibility.

95



(a) 20240 ip 10 1 "CiUser Marway
2-180 KIE 3rd set =0 [
A0 38P-20i530, H204 020 MUSERAaBar MURBEIR AT, L L

[ref]

14

10

-0.75 -0.80 -0.85 -0.90 -0.95 -1.00 [ppm]

(b) b 30 1 "CiUser Marway

2-180 KIE 3rd set NeuB (=0 with 0.5 mh EOTA
1ef_31P-zgig30 H20+020 /JUSERdata/Berl mukherp 53

[rel]

14

-0386 -038 -0.90 -092 -0.94 [ppm]

Figure 3.13: 3P NMR peak resolution in the absence and presence of EDTA

31P NMR spectra on the same sample of a mixture of [2-180]- and [2-16O]PEP (a) before and (b)
after adding 0.5 mM EDTA to the reaction mixture containing 1 mM ultrapure MgCla.

The [2-180]JPEP KIE was measured using both $3C- and 3!P NMR spectra (Figure 3.14).
Experiments number 1 and 2 used *C NMR while experiments 3 and 4 used *'P NMR (Table
3.6). The experimental 2-180 KIE was 0.999 + 0.006. This showed that the 80 KIEs can be
successfully measured irrespective of which atom was used as the reporter nucleus. A unity 2-
80 KIE demonstrates that THI breakdown is not the first irreversible step since C2—02 bond

cleavage would result in a large, normal KIE.
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Table 3.6: 2-'80 Experimental KIEs

2-180 KIEs 2
Experiment no. Reactant (Equation 15) Reporter nucleus
1 1.002 +0.012 2-13C
2 0.995 +0.016 2-13C
3 0.996 + 0.007 sip
4 1.002 + 0.006 sip
Mean (x 95% C. I.) 0.999 + 0.006
a For individual experiments, the reported experimental error is the standard error on the

fitted KIE value in Equation 15. The overall experimental error is the 95% confidence interval on
the mean of all measurements.
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Figure 3.14: 2-180 KIE measurement using *C and 3!P reporter nuclei
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Rivs F1 plots for 2-180 KIE measurement for the NeuB catalyzed reaction using (a) 2-13C, and
(b) 3P as the reporter nuclei.

The experimental KIEs for the NeuB-catalyzed reaction are consolidated in Table 4.4.

Table 3.7: Experimental KIEs for the NeuB-catalyzed reaction.

Isotopic label Experimental KIE?2 no
2-13C 0.994 + 0.007 6
3-13C 1.022 £ 0.002 6
2-180 0.999 + 0.006 4
a Experimental error reported as the 95% confidence interval.
b Number of independent trials. For the 2-13C and 3-13C KIEs, this reflects three replicate

reactions with KIEs calculated separately from isotope ratios on both the residual reactant and
products. For 2-180 KIE, the KIE was measured in four independent reactions, with two each
using 2-13C and 3!P as the reporter nucleus.

3.3.6 Computations

Interpreting experimental KIEs requires finding computational TS structures whose
calculated KIEs match the experimental values to reveal the experimental TS structure!? 133,
The nature of electronic structure calculations is that while computational transition states’
energies and structures often do not match reality, the calculated vibrational frequencies for a
given structure, and by extension the calculated KIEs, accurately reflect the expected KIEs for
that TS structure. Therefore, the goal of KIE interpretation is to find a computational TS
structure whose calculated KIEs match the experimental values. This can be done by creating a
computational model of the reaction, then varying the reactant, solvation, acid/base catalysts,

nucleophiles, and counterions until a computational TS structure with the correct KIEs is found.

In this study, the computational models needed to generate computational KIEs were
built up from simple models into more complete ones. The reactant PEP was initially modelled
as 2-methoxypropene (18) (Figure 3.15a), vinyl phosphate (19) (Figure 3.16) and later
expanded to PEP (25) in its two protonation states at pH 7 (23% dianion and 77% trianion)?%,
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ManNAc was modelled as acetaldehyde with various catalytic metals, including Li*, Mg?*, and
Ca?*. The nucleophilic water was modelled using H.O, “OH, or LiOH. In computational models,
LiOH does not dissociate, and has nucleophilicity between H20 and "OH. A variety of small
molecules or ions were used to mimic active site residues, including formate, acetate,
hydroxymethyammonium ion, methylenediammonium ion, Li* and CI". Computational TS

structures were found for both THI formation and breakdown.

3.3.6.1 THI formation

For THI formation, attempts were made to find TS structures via the two previously
proposed pathways, namely anionic and cationic (Figure 3.15 a). To understand the energy
profile, a potential energy surface (PES) was obtained using constrained optimizations (Figure
3.15 b). The C2—C3 bond length was fixed, and structures were optimized at increasing C2—02’
bond lengths. Then the C2—C3 bond length was increased and the C2—02’ was scanned out
again (Figure 3.15 b). The PES showed a high energetic cost along the anionic pathway (22), so
the anionic mechanism not further investigated. This was in good agreement with the Berti lab’s
previous experimental results that nucleophilic attack by "OH on an unactivated enolpyruvyl

group (C2 of PEP) is not possible,?® and the fact that PEP is extremely base stable?.
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Figure 3.15: 3D-PES plot for model reactions

(a) Reaction of between 18 and Li acetaldehyde with -OH via a cationic (21) or anionic
mechanism (22) to form a THI (20). (b) Potential energy surface of energy (kcal/mol) vs C2-C3
bond length (A) at fixed, increasing C2-02’ bond length (A). (c) Energy contours for the same

potential energy surface.

The PES showed a much lower energetic barrier for a cationic versus anionic mechanism.

A cationic intermediate was favoured over a concerted mechanism but given the shallowness of
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the PES in the region of the cationic intermediate (21), concerted mechanisms were also
plausible. The THI (23) was optimized for the model reaction between vinyl phosphate (19) and
Li acetaldehyde with LiOH as the nucleophile. The C2—02’ bond of the THI (23) was scanned
out from 1.43 A at increasing C1°-C2 bond lengths. A full TS optimization gave a TS structure

(24%) with a reaction coordinate (imaginary) frequency of -500 cm™ (Figure 3.16).

Li acetaldehyde — %
Li, _POs* : ! Li. 2-
i )O 3 Ty PO o o9
’ Z T 52 M
)1 2 )1,13%58 A OH
2 \ 2
LiOH 19 LitQH
vinyl phosphate 'zl':l,’-il

24*%
TS (vF=-500 cm™)

Figure 3.16: Computational TS (24%) structure
TS structure (24%) for THI formation (23) from vinyl phosphate (19), Li acetaldehyde, and LiOH.

The model reactants were expanded to PEP (25) with Li acetaldehyde, and LiOH as the
nucleophile. Starting from the THI (26), the C3-C1°bond (A) was scanned out at fixed C2-02’
bond length (A) in search of plausible guesses at the TS. A TS structure (27%) with an imaginary
frequency of -439 cm™* was found with C3-C1° bond length of 1.98 A and C2-02’ bond length of
2.13 A (Figure 3.17). This TS structure corresponds to a concerted mechanism, with both the
C3-C1’ and C2—-02’ bonds are being formed in the reaction coordinate. The calculated 3-*C and
2-13C KIEs are both normal (Table 3.8). However, this contrasts with the experimental 2-13C
KIE of 0.994 (Table 3.9). Exploring various computational reaction models can result in finding
computational TS structures with different KIE values at specific position of the reactant. This

allows us to differentiate between a stepwise and concerted mechanism.
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Table 3.8: List of all the calculated KIEs corresponding to each TS structure for THI formation

Calculated KIE

TS number 3-13C 2-13C 2-180
27% 1.026 1.012 0.999
28t 1.029 1.000 1.007
20t 1.010 1.001 1.003
30% 1.027 0.997 1.000
31t 1.027 0.996 0.999
32¢ 1.025 0.995 1.000
33%a 1.022 0.995 0.999
34% 0.996 1.001 0.997
35t 0.985 1.017 0.996
36t 0.986 1.015 0.995
37+ 0.995 1.013 0.995
38t 0.992 1.015 0.995
39% 0.990 1.016 0.997
40* 0.989 1.018 0.998

a Model optimized at the M062X/6-31+G** level of theory. All others were at the B3P91/6-

31+G** level of theory.
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Figure 3.17: Computational TS structure 27# for THI formation
TS structure (27%) for THI formation (26) from PEP (25), Li acetaldehyde, and LiOH.

Based on TS structure 27+ (Figure 3.17), Dr. Berti varied the counterions and solvating
molecules to create other TS structures. It is only after a TS structure has been optimized and the
reaction coordinate visualized that is possible to determine what type of transition state it is.

Several TS structures were for forming the cationic intermediate in a stepwise mechanism (28%,
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29% 30% 31%, 32%, 33%) (Figure 3.18 a), others were for concerted THI formation (27%, 34%)

(Figure 3.18 c¢) and others were for breakdown of the cationic intermediate to form the THI (35%,

36%, 374, 38%, 39%, 40%). In the latter structures the C3—C1” bond is fully formed, and the reaction

coordinate involves only C2---02’ bond formation. These TS structures are characterized by

inverse 3-1*C KIEs and normal 2-13C KIEs of ~1.015 reflecting C2---02’ bond formation (Table

3.9) (Figure 3.18 b).
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Figure 3.18: Computational TS structures for THI formation

(a) Structures 28%, 29%, 30%, 31%, 32%, 33* had only C3---C1’ bond formation in the reaction
coordinate. There were therefore transition states for formation of a cationic intermediate in a

stepwise cationic mechanism of THI formation. (b) Structures 35%, 36%, 37%, 38%, 39%, 40* had

only C2---02’ bond formation in the reaction coordinate. There were therefore transition states
for breakdown of the cationic intermediate in a stepwise cationic mechanism of THI formation.
(c) Structure 34* had both C3---C1’ and C2---O2’ bond formation in the reaction coordinate so it

was a transition state for concerted THI formation.

A More O’Ferrall-Jencks plot was created for THI formation (Figure 3.19 a).The plot

shows 16 computational TS structures with the symbol colours indicating how well the

computational KIEs match the experimental values. White symbolizes a calculated KIE that

matches the experimental KIE within experimental error. Calculated KIEs that are too low or too
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high are coloured darker shades of blue and red, respectively, depending on how far they are

from the experimental value (Figure 3.19 b to d).
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Figure 3.19: More O'Ferrall-Jencks plots for THI formation

More O'Ferrall-Jencks showing the attack of PEP C3 on the aldose C1’ and of nucleophilic H20
on PEP C2 are shown. Pauling bond orders are shown: ni=e ™~7i/%3 where r; is the bond
length of a single bond between atoms of type i and j and rj is the observed bond length.209
Here, white symbols mean that the calculated KIE matches the experimental value. Red and
blue showing the deviation between the experimental and calculated KIEs. (a) 3-*3C KIEs: The
white symbol range was expanded to 1.023 + 0.004 since there were too few matching
calculated KIEs in the 95% confidence interval of the experimental KIE. . Full range is 0.98
(blue) to 1.06 (red); the right graph is the same data but over a narrower range of bond orders
(b) 2-13C KIEs: white symbol range = 0.994 + 0.007; full range = 0.95 (blue) to 1.03 (red) (c)
2-180 KIEs: white symbol range = 0.999 + 0.006; full range = 0.96 (blue) to 1.04 (red).

From the More O’Ferrall-Jencks plot, THI formation adopting a cationic, stepwise
mechanism includes only the formation of the C3—C1’ bond at the transition state. This will give
a normal 3-°C KIE since C3 is in the reaction coordinate as the bond is formed. There is no
bond formation between the nucleophilic H202’ and C2 of PEP, so the 2-13C KIE will be unity
or slightly inverse due to increases in the C2—0O2 bond order as the cationic intermediate is
formed. The extent of C3—C1” bond order and any wt-bond formation with O2 will determine
whether there is a cationic centre at C2. However, THI formation can also employ a concerted
mechanism with the simultaneous attack of C3 on C1’ and attack of the nucleophile, O2’, on C2.
The real determining factor to differentiate concerted vs. stepwise is whether C2-02’ bond
formation is in the reaction coordinate, and that, in turn, is demonstrated by the 2-3C KIE. In a

concerted transition state, both 2-13C and 3-13C are in the reaction coordinate, so both KIEs are

106



normal. In this case, the transition state is expected to be neutral around the reactive center and

located more towards the centre of the More O’Ferrall-Jencks plot.

From the 16 computational TS structures found, the ones that best match the
experimental KIEs were 30%,31%, 32%, 33* (Table 3.9). These TS structures are in the lower left
quadrant of the reaction space and involve only C3—C1’ bond formation with C3-C1’ bond
orders ranging between 0.17 to 0.93 i.e., between 1.84 to 2.06 A. Therefore, the best match of
calculated with the experimental KIEs shows that the first irreversible transition state is for

stepwise THI formation (Table 3.9).

Table 3.9: Summary of experimental and calculated KIEs for THI formation for the NeuB
catalyzed reaction.

Position Exptl. KIE Calc KIEs (30% 31%, 32%) Calc KIEs (27%)
3-13C 1.023 £ 0.002 1.025 — 1.027 1.026
2-13C 0.994 £ 0.004 0.995 — 0.997 1.012
2-180 0.999 £ 0.006 0.999 — 1.000 0.999

Three TS structures (30%,31%,32%) with similar geometric and charge features were found
for THI formation via a stepwise, cationic mechanism (Figure 3.18). TS structures 30* and 31*
were obtained by modelling the same reaction between Mg?*-acetaldehyde and PEP, but, using
LiOH and HO, respectively, as nucleophiles. H2O was a very weak nucleophile, while LiOH
was significantly stronger. In the computational models, the Li* ion does not dissociate.
Hydroxymethylammonium ion was used to mimic the interaction with Ser154 and Lys129
sidechains with the phosphate group of PEP in model 30 and 31* (Figure 3.18).2° TS structure
32 was modelled using acetaldehyde hydrogen bonded to one of the phosphate non-bridging
oxygens (Figure 3.18). Formate was intended to activate the water nucleophile via

deprotonation, but that did not occur in the computational TS structure.
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3.3.6.2 THI breakdown

Initial computational models of THI breakdown investigated (i) an anionic mechanism
via 02’ deprotonation and (ii) a cationic mechanism via protonation of the phosphate bridging
oxygen, O2 (Figure 3.15). These two mechanisms emphasize different driving forces for THI
breakdown. In the anionic pathway, deprotonating O2’ will drive C2=02’ double-bond
formation, which will drive C2—02 bond breakage and phosphate group departure. In the
cationic mechanism, protonating the phosphate bridging oxygen promotes C2—02 bond cleavage
and phosphate departure. Previous computational studies showed that protonating the non-
bridging phosphate oxygens will not promote phosphate group departure?*°. For the anionic
mechanism, a TS structure was sought by scanning out the THI to products, and a transition

state, 41%, was found with an imaginary frequency of -166 cm™ (Figure 3.20).
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Figure 3.20: THI breakdown via a stepwise, anionic pathway mechanism

An anionic THI was scanned out to products and a TS was found first at a lower level of theory
and then at a higher-level theory (41%) with an imaginary frequency of -166 cm™..

The cationic pathway was modeled by optimizing both the THI and the cationic
intermediate formed by protonating the phosphate bridging oxygen. A constrained scan was
performed with increasing C2—02 bond lengths to create a potential energy profile and initial
guess at the TS structure. A TS structure, 42, with an imaginary frequency of -92 cm™ was
found (Figure 3.21).
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Figure 3.21: THI breakdown via a stepwise, cationic pathway

A cationic THI was scanned out to products and a TS structure (42¥) was found with an
imaginary frequency -92 cm-1.

Further TS structures were found for both cationic (42+, 43%, 44%, 45%) and anionic (46,
47%) pathways by varying the counterions, protonation states, and presence of general acid/base
catalysts. A More O’Ferrall-Jencks diagram was plotted for THI breakdown starting from THI to
the product (Figure 3.22 a). The y-axis corresponds to the ncz-o2 bond order. As the C2-O2 bond
in the THI breaks to release Pj, the bond order varies from 1 to 0. The x-axis corresponds to the
Nce-02-bond order for the formation of the new C=0 bond, to form the product. As the double
bond is forming, the bond order varies from 1 to 2. The plot shows eight computational TS
structures corresponding to their bond orders in coloured circles ranging from red to white to
blue. The colour range is based on the calculated KIEs (z-axis) using a middle value and defining

arange (Figure 3.22 b to d).
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Figure 3.22: More O'Ferrall-Jencks plot for THI breakdown

The breaking of C2-O2 bond of the THI and the formation of the new C2-02’ bond is shown in
Pauling bond orders are shown: nij=e ™ ~7)/%3 where r1 is the bond length of a single bond
between atoms of type i and j, and ri is the observed bond length?%. White symbols indicate
calculated KIEs that match the experimental value. Red and blue showing the deviation
between the experimental and calculated KIEs. (a) THI breakdown (b) 3-*3C KIEs: white symbol
range = 1.023 = 0.002 ; full range is 0.98 (blue) to 1.06 (red). (c) 2-13C KIEs: white symbol range
=0.994 + 0.007; full range = 0.95 (blue) to 1.03 (red) (d) 2-80 KIEs: white symbol range =
0.999 + 0.006; full range = 0.96 (blue) to 1.04 (red).
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Figure 3.23: Computational TS structures for THI breakdown (42%, 43%44% 45% 46% 47%)

All six computational TS structures for THI breakdown (Figure 3.23) via either pathway

gave inverse 3-13C KIEs and normal 2-80 KIEs. The calculated 2-*C KIE ranged between

inverse to normal (0.994 to 1.018) (Table 3.10 & Table 3.11).

Table 3.10: Calculated KIEs for THI breakdown.

Calculated KIE

TS number 3-18C 2-13C 2-180
42+ 0.988 1.011 1.034
43% 0.983 1.018 1.037
44% 0.989 1.010 1.039
45t 0.982 1.015 1.030
46* 0.993 0.994 1.035
47+ 0.984 0.996 1.030
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Table 3.11: Summary of experimental and computational KIEs THI breakdown.

Position Exptl. KIEs Calc KIEs (42%, 43%, 44%, 45¢%
46% & 47%)
3-13C 1.023 0.982 — 0.989
2-13C 0.994 0.994 — 1.018
2-180 0.999 1.030 — 1.039

3.4 Discussion

The experimental KIEs can be interpreted qualitatively to identify which step is the first
irreversible transition state. If THI breakdown were the first irreversible step, then the 2-130 KIE
would be large and normal, due to the reaction coordinate being C2—02 bond breakage, while
the 2-13C and 3-13C KIEs would be inverse, due to their hybridization changing from sp?in PEP,
to sp® in the THI and transition state. However, if the first irreversible transition state is THI
formation, then the 2-180 KIE would be unity as there is no change in bonding at O2 of PEP
while 3-13C KIE would be normal due to C3—C1’° bond formation being in the reaction
coordinate. The 2-13C would be roughly unity for stepwise THI formation with only C3—C1’
bond formation. It would be normal for concerted THI formation, with both the C3—C1’ and
C2—-02’ bonds being formed in the reaction coordinate and for an anionic mechanism where only

the C2—02’ bond is being formed.

The large normal 3-13C KIE and roughly unity 2-1*C and 2-80 experimental KIEs,

indicate that THI formation is the first irreversible step of the NeuB reaction.

It was also possible that the THI would partition both forward and backward to a

significant extent, that is 0.1 < kas/k> (Figure 1.24). In that case, the observable KIEs would
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contain contributions from both steps, and they would be between the values for THI formation
and breakdown. However, as discussed below, the excellent match of calculated to experimental
KIEs for THI formation indicates that there is no significant contribution from THI breakdown to

the experimental KIEs, and THI formation is mostly, or completely, irreversible.

3.4.1 What does the experimental TS structure look like?

Three computational TS structures, 30%, 31+, and 32* (Figure 3.18) were in good
agreement with the experimental KIEs (Table 3.9). A normal 3-*C KIE implies that the C3-C1°
bond is being formed at the TS, while the slightly inverse 2-*C KIE shows that the nucleophile
is yet to attack. In contrast, the calculated KIEs for a concerted TS structure, 27+, (Figure 3.17)

agrees well with the experimental 3-1*C and 2-'0 KIEs, but not the 2-3C KIE.

Other computational models for C3—C1’ bond formation (Figure 3.19 b) were explored
to see the effect of different metal ions (Mg?*/Li*) or hydrogen bonding to the carbonyl oxygen
of acetaldehyde under similar reaction conditions. The calculated 3-*C KIE for these TS
structures ranged from 1.018 to 1.031, compared with the experimental value of 1.023 £ 0.002.
The exact calculated values were influenced by the counter ions and the reaction coordinate
motion, among other factors, but were all large and normal and in the same range as the
experimental value. The calculated 2-*C KIEs were unity compared to the slightly inverse
experimental 2-13C KIE. The difference was modest and likely arises from features of the NeuB
active site that are not replicated in the computational models. The calculated unity 2-80 KIE
for these TS structures confirm that THI breakdown is not the first irreversible step. Although

some of the computational TS structures (Figure 3.19 b) did not match fully agree with the
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experimental values, they can be optimized further as they follow a stepwise mechanism with the

attack of C3 of PEP on C1’ of the aldose (Figure 1.2 Figure 3.9).

Computational TS structures for the concerted addition reaction were also found: 27%, 34+
(Figure 3.17Figure 3.18). In these structures the reaction coordinate motion was included both
C3—C1’ and C2—02’ bond formation, which caused normal 2-*C KIEs. C3—C1’ bond formation
was also part of the reaction coordinate, but the inverse contribution to the KIE from C3 being
rehybridized from sp? to sp® dominated the normal contribution from the reaction coordinate,

giving an overall slightly inverse calculated KIE.

Computational TS structures 35¢%, 36%, 37+, 38+, 39%, and 40* reflected nucleophile
addition to the cationic intermediate; that is, breakdown of the cationic intermediate to the THI.
The calculated 3-13C KIEs were large and inverse, =~ 0.985, reflecting the inverse structural
contribution to the KIE, with no reaction coordinate contribution. The calculated 2-1*C KIEs
were large and normal, ~ 1.017, reflecting the reaction coordinate contribution. These calculated

KIEs were not consistent with the experimental values.

3.4.1.1 Why is there no accumulation of positive charge on the cationic centre?

The experimental 2-180 KIE was unity, which was unexpected considering the inverse
180 KIEs in other reactions that form oxacarbenium ion-like transition states. In glycoside
hydrolysis reactions, the ring 20 KIE is inverse; for example, in acid-catalyzed AMP hydrolysis,
when the C1°- N9 bond breaks and the bond to the nucleophile is still quite weak, the ribosyl
ring contains a positive charge on C1° ?* (Figure 3.24). This is stabilized by development of
partial double bond character between C1° and O4’, making the 4°-180 KIE inverse as the

oxygen experiences a tighter vibrational environment at the transition state?!*,
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Figure 3.24: Acid-catalyzed AMP hydrolysis?!?
Similarly, the 80 KIE in enolpyruvyl group hydrolysis positive charge accumulates at

the oxacarbenium ion centre (Figure 3.25)*. The difference appears to arise from the atoms
bonded to O2, being P in the NeuB reaction versus C atoms in glycoside and enolpyruvul group.
As the new C3—C1’ bond forms in the NeuB reaction, the C2=C3 n-bond breaks and the C2—02
bond order increases (Figure 3.26). This was as expected. What was not expected was that the
02-P bond order would decrease in response to the increased C2—02 bond order, from 0.94 in
the reactant to 0.50 in the cationic intermediate (Figure 3.26). This leaves the total bond order to
02, Znoz, unchanged, which accounts for the 2-180 KIE of near unity and the lack of positive
charge at C2 in the cationic intermediate (Figure 3.26). In contrast, the cationic intermediate for
enolpyruvyl group hydrolysis in the AroA-catalysed hydrolysis of enolpyruvylshikimate 3-
phosphate (EPSP) ¢!, has increased bond order to 02, an inverse 0 KIE, and it accumulates
positive charge at its cationic centre (Figure 3.25). This difference can be attributed to the P
atom in a phosphate group being more polarizable than a carbon atom. Decreasing O2—P bond
order is compensated by an increase in bond order to the non-bridging phosphate oxygens. As a
result, the negative electrostatic potential on the phosphate group decreases as the C3—C1’ bond

forms.
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Figure 3.25: Cationic intermediate of AroA-catalysed EPSP hydrolysis

In this computational model of the oxacarbenium ion intermediate of EPSP hydrolysis, the
positive charge is centred on the carbon atom (yellow asterisk). The colour range is —0.1 (red)
to +0.25 (blue) Hartree'8, (Figures from reference 161, used with permission from Journal of
the American Chemical Society, ©2012).

3.4.2 Electrostatic potential map

The cationic nature of a presumed cationic intermediate during THI formation has been a
target of inhibitor design for aCKSs?> 111-113.119.120 Sjnce the experimental TS structure
demonstrates a stepwise mechanism leading to a cationic intermediate, it is worthwhile to
consider the charge distribution of the experimental transition state and the presumed cationic
intermediate. An electrostatic potential map for the reactant, transition state and presumed
cationic intermediate of THI formation was created (Figure 3.26). The models of the reactant,
TS, and hypothetical cationic intermediate contain only atoms from PEP and acetaldehyde. The
solvent, nucleophile and counterions used during computational optimizations were removed to
make the underlying electrostatic potentials visible. The models were trianions, so the overall
electrostatic potential was negative. It was scaled to show the relative differences in electrostatic
potential in each model, going from blue (-0.2 hartree) to red (-0.52 hartree). The yellow asterisk

(*) highlights C2, where the cationic centre is expected to develop.

There is almost no accumulation of positive charge in TS model 31%, and even in the

cationic intermediate there is little positive charge around C2.
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Figure 3.26: Electrostatic potential map for THI formation

The electrostatic potential for the reactant, TS model 31* and the cationic intermediate is scaled
from most positive (-0.2 hartree) to most negative (-0.52 hartree). It represents the energy
required to bring a proton from an infinite distance to the molecular surface. 1 hartree =

627 kcal/mol. Created by Dr. Paul. J. Berti.

3.4.3 Implications for catalysis and inhibitor design

In NeuB, most of the contacts are made with the si face of PEP while minimal contacts
are formed with the re face'®. Reactions using Z-[3-2H]PEP formed (3S)-[3-2H]NeuNAc,
indicating that the PEP si face attacks the ManNAc si face®®. In the NeuB active site the
divalent metal ion Mn?* forms an octahedral complex with two His residues (His-215, His-236),
two water molecules, a non-bridging phosphate oxygen of PEP, and ManNAc’s aldehyde oxygen
15.118(Fjgure 3.27 a). The PEP phosphate group forms hydrogen bonds with the conserved
residues Ser-132, Ser-154, Ser-213, and Asn-814 *° and the PEP carboxylate can form ion pairs
with the Lys-129 and Lys-53 side chains®® (Figure 3.27 b). The PEP C2=C3 double bond does
not interact with any active site residues as it is located in the centre of the cavity, making it
freely accessible for interacting with ManNAc'®*®. ManNAc forms various ionic interactions and

hydrogen bonds with highly conserved amino acid residues such as Asp-247, GIn-55, and Tyr-
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186%°. The distance of Mn?* from ManNAc (2.5 A) suggests that the metal ion acts as an

electrophilic catalyst. This differs from the role of metal ion in DAHPS and Kdo8PS where it is

suggested that the metal ion plays a more structural role*® 7%,

(@)

Glu134

(b)

Figure 3.27: NeuB active sites

(a) Active site of the NeuB-Mn2*-PEP-rManNAc complex (PDBID: 1XUZ)® (b) Active site of the
NeuB- Mn?*-Pi-ManNAc complex (PDBID: 6PPZ) displaying the polar interactions with Mn?* and
Pi as dashed lines3!. (Figures from reference 15, 31, used with permission from ASBMB, and
American Chemical Society, ©2005, 2019).
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Inhibitors that focus on mimicking the presumed positive charge are not likely to be very
successful since positive charge accumulation in the transition state and even the cationic
intermediate is not large. That is a contrast to other enzymes, like glycosylases, where targeting
the positive charge is effective. The fact that oximes (and hydrazone for DAHPS) are effective
inhibitors of aCKSs shows that a positive charge at the reactive center is not necessary for

effective inhibition” %,

This TS structure raises the question of what the enzyme can do to promote catalysis.
There is no proton transfer occurring in the experimental transition state, so there is no clear role
for general acid/base catalysis in this step. Also, there is no major change in charge localization.
This would tend to suggest that the enzyme’s main catalytic role may be catalysis by
approximation®. That is, the enzyme’s main energetic contribution to catalysis is simply
bringing the reactive groups into proximity. This would be consistent with the observation that
mutations to DAHPS that cause changes in the specificity constant of up to 10’-fold have only
minor effects on kea of <100-fold®2. In contrast, many or most other enzymes experience
decreases in keat 0n the order of 10%- to 10°-fold when catalytic residues are mutated'®, This
would argue that the enzyme’s most important catalytic strategy is simply to bring the reactants

together in the correct orientation to allow them to react.

The implications of the experimental transition state for inhibitor design are that cationic
mimics are unlikely to be effective inhibitors. The effectiveness of the oxime-based inhibitors
developed by the Berti lab'” %% 3 including NeuNAc oxime (Ki* = 0)3! may stem primarily from
them bridging the length of the active site, from the proximal PEP/THI phosphate binding site to
the distal O9 hydroxyl group®’. Another useful feature of the oxime inhibitors is that they are

able to occupy the phosphate binding site with a small, neutral phosphate mimic that does not
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hinder membrane permeability in the way that other phosphate bioisosteres like phosphonate
does®3. The oxime inhibitors all display extended residence times that could be due to the
inhibitors subverting the usual conformational changes the enzyme undergoes to catalyze
product release!” 3% 3L, The future of aCKS inhibitor design is an open question at this point, but
it will certainly require strategies that do not rely on mimicking a non-existent positive charge on

the transition state.

3.5 Conclusions

We have performed TS analysis on NeuB by measuring multiple KIEs to reveal the TS
structure and provide a target for rational inhibitor design. We developed new methods for
measuring the 20 KIEs by NMR and measured the 3-13C, 2-13C, and 2-180 KIEs. We improved
peak shape to decrease experimental errors by using autoshimming and EDTA to remove
contaminating paramagnetic mal ions. The experimental 3-2C KIE was normal, while the 2-1°C
and 2-'80 KIEs were close to unity. This reveals that the enzymatic transition state is for
formation of the THI rather than its breakdown and that the TS involves formation of the
C3--C1’ bond with no involvement of the water nucleophile, and little charge development. This
TS structure explains the ineffectiveness of previous cationic inhibitors and suggests a route

forward for inhibitor design.
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4 Transition state analysis of DAHP synthase

Many compounds are designed with TS mimicry in mind, but experimentally
demonstrating TS mimicry is not straightforward. One experimental technique is linear free
energy relationship (LFER) analysis to demonstrate a linear relationship between log(Km/Kcat) Vs.
log(Ki), which indicates that any perturbation that affects the free energy of TS stabilization has
an equal or a proportional effect on the free energy of inhibitor binding®?. LFER analysis of six
DAHPS mutants demonstrates that DAHP oxime is a TS mimic®?, however, LFER analysis does
not reveal which transition state is being mimicked. My third research project was to perform TS
analysis on DAHPS by measuring multiple KIEs to understand the catalytic mechanism of the
enzyme and to determine the TS structure, leading ultimately to the design of TS mimics based
on the structure of the transition state. Experimental 13C KIEs and 80 KIEs were measured as

described in Chapter 3.

4.1 Material and Methods

4.1.1 DAHPSHe

The expression plasmid for N-terminally Hise-tagged E. coli DAHPS(Phe) DAHPSHs was
transformed into E. coli BL21(DE3) cells by heat shock, plated on an LB agar plate containing
25 pg/mL chloramphenicol and incubated at 37 °C overnight. The overnight 50 mL culture was
transferred to 1 L of LB broth containing 25ug/mL of chloramphenicol and grown at 37 °C to
ODs0o = 0.6. Overexpression of DAHPSHe was induced by adding 0.2 mM IPTG and incubating
at 37 °C for 4 h. The cell pellet (2.5g) was resuspended in 15 mL of Buffer A (50 mM Tris-Cl,

pH 7.5, 100 mM KCI, 25 mM imidazole) and protease cocktail inhibitor, and lysed using
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CelLytic B (Sigma Aldrich). The lysate was centrifuged at 8,000 rpm for 30 min at 4 °C. The
cell lysate was filtered through a 0.45 um filter, and the supernatant was loaded onto a 1 mL pre-
washed Ni?*-charged Chelating-Sepharose Hi-trap (GE Life Sciences) column. The column was
eluted with 10 column volumes (CV) of Buffer A, 20 CV of 10% Buffer B (50 mM Tris-Cl, pH
7.5, 100 mM KCI, 500 mM imidazole), and 10 CV of 80% Buffer B, then eluted with 10 CV of
100% Buffer B. The eluted protein was examined by SDS-PAGE and dialyzed against 1 L of
dialysis buffer C (50mM Tris-Cl, pH 8.0, 150 mM KCI, 25 mM imidazole and 10% glycerol for
24 h, then 1 L dialysis buffer D (50 mM Tris-Cl, pH 7.5, 100 mM KCI, 1 mM TCEP, and 10%
(v/v) glycerol) for 4 h. DAHPSH¢’s concentration was 40.3 uM, as determined from Azgo using

g280 = 34,166 M cm™ " The overall yield was 7.9 mg/L of medium.

4.1.2 Synthesis of ppsA, labelled PEPs and E4P

ppsA and labelled PEPs (3-13C-, 2-13C-, and 2-180 PEPs) were synthesized and purified
as described in Chapter 3. E4P was synthesized and purified as described in Chapter 2. However,
due to the continued low yield in synthesizing E4P, even after significant optimization, it was
decided to purchase E4P from Sigma Aldrich. The commercial E4P was quantified using RSA

and MGAM assay.

4.1.3 Experimental KIEs and computational TS structures

The MGAM colorimetric assay8! was used to measure the DAHPS initial velocities (vo)
by following P; production. Typical reaction conditions were 20 nM DAHPS with 500 uM PEP,
250 uM E4P, 100 uM MnCly, and 100 uM TCEP in 50 mM K-HEPES, pH 7.0, in 200 pL.
DAHPS shows maximum activity with MnCl; as the metal activator®?. Aliquots (20 uL) of

reaction mixture were added to 96 well plate containing 50 uL. MGAM solution and 30 pL
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ddH20 every 60 s and each reaction was quenched with 10 puL of 34 % trisodium citrate after 90
s. However, MnCl> cannot not be used to measure KIEs using NMR as it is paramagnetic and
can reduce relaxation times, resulting in broader peaks. Therefore, the diamagnetic, divalent
metal ions ZnCl,, CdCly, and CaCl, were investigated. DAHPS reactions were run using
different concentrations of the metal ion to select the one that gave the best and consistent rate

under KIE reaction conditions.

The DAHPS reaction conditions selected for KIE measurement was 10 mM of labelled
PEPs, 15 mM E4P, 50 — 100 nM DAHPS, 20 uM CacCl; (pre-incubated with DAHPS at 22 °C for
20 min), 100 uM TCEP in 50 mM K-HEPES, pH 7.0, in 600 pL. All buffers and substrates were
treated with Chelex 100 (BioRad) except for CaCl, and DAHPS. Prior to each KIE measurement,
a small-scale reaction in 35 pL volume was run at the same concentrations as the KIE reaction
using MGAM assay to ensure the enzyme was fully active and to determine the concentration of

DAHPS needed to run the reaction.

The 13C and 3P peaks showed some asymmetry in the KIE measurement conditions. In
an attempt to improve peak shapes adding sub-stoichiometric EDTA was tested, since that was
effective with the NeuB reaction. DAHPS rate assays were run with10 or 20 uM EDTA and 20
or 50 uM CaCly, respectively. However, addition of any amount of EDTA led to a complete loss
of rate. Given that the [EDTA] < [CaCly], it was important to check if any impurity in the CaCly,
or if a bound metal ion within DAHPS’s active site was responsible for the observed rate. The
DAHPS reaction was run under the same reaction conditions except with 20 uM ultrapure CaBr»

pre-incubated with 80 nM DAHPS in absence of CaCl,.
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The final KIE reaction conditions for the DAHPS-catalyzed reaction consisted of 5 mM
of each labelled PEP, 15 mM E4P, 80 — 100 nM DAHPS pre-incubated with 20 uM ultrapure

CaBrz, 10 % D20, and 100 uM TCEP in 50 mM K-HEPES (pH 7.0).

KIEs were measured competitively using quantitative *3C and 3P NMR using Equation
15 and for Rjand RP; Equation 1642 146.156 | apelled PEPs were synthesized, purified and
confirmed as described in Chapter 3. The data was autophased, baseline corrected, FIDs were
zero-filled using 1024k, and ‘1b’ was adjusted to 75 % of the line width at half height of the line
of interest of the narrowest peak to improve the S/N*, Peak areas were calculated using Voigt
peak deconvolution in PeakFit and the calculated peak areas were fitted to Equation 12 to find
Ri/Ro. F1 was measured using the ratio of the PEP peak to the K-HEPES C; peak at 51.5 ppm in

13C NMR spectra, or the P atom in glyphosate for 3P spectra (Equation 13) (Figure 4.7).

All computational TS structures were found by Paul Berti using the methods described in

Chapter 3.

4.2 Results

421 DAHPSHs

DAHPSHs was expressed, purified, flash frozen, and stored at -80 °C (Figure 4.1).
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MW (kDa) |L| [CL]| |Filtrate| |A1] [B1 10%] [B1 100%| |B2 100%]| | B3 100% | |RT]|
Kl "3 N |

Figure 4.1: SDS-PAGE confirming DAHPSys protein

Lanes :L: Protein standards; CL: Cell Lysate; Filtrate: Cell lysate after 0.2 ym filtration; Al:
Wash buffer A-1; B1: Wash buffer B-1; B2 — B3: Elution buffer RT: Run-through

4.2.2 Measuring experimental KIEs

Competitive 3-13C, 2-13C, and 2-180 KIEs on PEP in the DAHPS reaction were measured
using $3C- and 3P reporter nuclei. DAHPS requires a metal ion for its activity, and it shows
maximum activity with Mn?*.82 However, as Mn?* is paramagnetic, it can reduce relaxation
times, resulting in broader NMR peaks. Therefore, it was important to select a diamagnetic,
divalent metal ion that would allow for the measurement of the isotopic ratio on the live DAHPS
reaction for 6 — 8 h. DAHPS reactions were run with 20 uM ZnCl;, and 20 uM and 1 mM CaCl;
and CdCly, plus 100 uM MnCI as a control reaction. However, a very low rate was observed
with ZnClz. Previously, experiments with ZnCl; in this lab did not give reliable rates, and it has
been reported that while ZnCl. can activate DAHPS, small excesses inactivate the enzyme?®.
Therefore, ZnCl, was not explored further. Reactions with 20 uM CdCl> did not give consistent

results while 50 uM did give consistent rates. However, 20 uM CaCl; also gave consistent rates
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when pre-incubated with DAHPS, so it was selected, as Ca?* is more physiologically relevant

than Cd?*.

Similar to NeuB, peak shape shoulders and inconsistency were also observed with the
first two 3-13C KIE measurements, even before DAHPS and metal ion were added (Figure 4.2).
The labelled material in this reaction mixture, [2-3C]PEP, showed symmetrical *3C peaks after
purification and peak shape problems were not observed in the 2-3C or 2-180 KIE reaction
mixtures, so this was an issue associated with the 3-13C KIE. It was possible that something in
the reaction mixture was interacting with the phosphate group of the labelled PEP and also
affecting the 2-13C reference peak due to two bond *!P:*3C coupling. It was also possible that

some undesirable metal ion was present in the reaction mixture.

[ref]

20240217-mukhérjp 10 1 "C:\UsersiMandeep Marway\DesktopiPallavi”

3-13C KIE mn ciahps {=1Dafferd h :
1d_13C_zaig30 H20+D20 /JUSERdala/Badli mukherjp 4 : L

14

49,6963
149.6465
149.4050
14§.3552

1

149.9390
149.8893

i ! ! ! i ! ! ! i ! ! ! i ! ! !
150.0 149.8 149.6 149.4 [ppm]

Figure 4.2 Asymmetrical 2-*C peaks observed when measuring [3-1*C]PEP KIE

13C NMR of a 3-13C KIE reaction mixture containing [2-13C]- and [2,3-13C2]PEP. The 2-13C
reference isotope peaks at ~140 ppm clearly show shouldering and asymmetrical peak shapes.
The spectrum was processed using Ib = 0 and SI = 1024k.

A similar problem in the NeuB reaction was solved using sub-stoichiometric EDTA.

However, the DAHPS reaction rate went to zero with CaCl. in the presence of substoichiometric
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concentrations of EDTA. Given that the DAHPS rate was zero even when [EDTA] < [CaCly], it
was important to check whether the observed rate in the presence of 20 uM CaCl; was really due
to Ca* or some metal impurity present in CaCl,. The DAHPS reaction was run under the same
reaction conditions with 20 uM ultrapure CaBrz (99.99% on trace metal basis) and gave a rate
comparable to CaCl,. To continue our efforts to improve the peak shape using EDTA, the
DAHPS reaction was run with 20 uM ultrapure CaBrz and 10 pM EDTA. Similar to the reaction
with CaCly, there was no rate observed with ultrapure Ca?*. To confirm that the observed rate
was not due to a bound metal ion in the active site of DAHPS that did not exchange during
dialysis with EDTA, the reaction was run without added metal ions. No rate was observed,
confirming that DAHPS enzyme was dialysed successfully and required a metal ion for its
activation. The complete loss of reaction rate in the presence of substoichiometric EDTA could
not be explained. When the 3-13C KIE was measured using ultrapure CaBra, the peak shapes had
improved compared to the previous measurements performed, so CaBr; was used for all KIE

measurements thereafter.

Before performing the next 3-1*C KIE reaction, the starting material 2-13C PEP was
treated with more Chelex100 and the peak shape were confirmed using 3C NMR. Adding
Chelex100 did not improve peak shape significantly. It was observed that issues related to
shimming affected the peak shape of the NMR spectrum, so the sample was re-shimmed every 2
— 3 h, in addition to autoshimming, to improve the peak shapes. This combination of re-
shimming the sample as the reaction progressed, replacing CaCl, with ultrapure CaBr, and

processing the data using a higher Ib value improved peak shape and peak area calculations.
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4.2.2.1 3-13C KIE measurement

The 3-13C KIE was measured using a mixture of [2-*C]- and [2,3-13C]PEPs (Figure 4.3).
The NMR data was processed on TopSpin. The data was auto phased by first selecting a range of
chemical shift (absfl = 152 ppm and absf2 = 148 ppm) and then autophasing that region using
the ‘apkf” command. The improved S/N spectrum was baseline corrected, zero-filled using 512k

or 1024k points, and ‘1b’= 0.6.

(a) 20240817-mukNerp 10 1 "C:USersIMandeep MarwayDesKtop Pallavi”

" - - - ; - - -
1498 1484 [ppm]

1800 1458

( ) |
[ § ] e
5 & 3 8

Figure 4.3: *C-NMR of the 3-1*C KIE reaction mixture

(a) Substrate peaks, [2,3-13C2]PEP at 149.97 & 149.93 ppm and 149.44 & 149.40 ppm, and
[2-13C]PEP at 149.73 & 149.75 ppm. (b) Product peaks of a- and B-anomers of [2,3-13C2]DAHP
at 97.42 & 97.14 ppm and 96.66 & 96.38 ppm, and [2-13C]DAHP 97.3 & 96.50 ppm, processed
using Ib = 0.6 and SI = 1024k.

The isotope ratios, Rj and RPi, were measured in the reactant and product by calculating

the peak areas for the reactant, product and K-HEPES (internal reference) using peak
128



deconvolution in PeakFit. Rj and F1 were calculated using Equation 12Equation 13 described in
Chapter 1. Fitting the isotope ratio data to (Equation 15 & Equation 16) gave an overall large,
normal 3-13C KIE of 1.024 + 0.004 (Table 4.1). A typical progress curve of isotope ratio versus

F1 is shown for reactant and product peaks (Figure 4.4).

Table 4.1 3-13C Experimental KIEs

3-13C KIEs 2
Experiment no. Reactant (Equation Product
15) (Equation 16)
1.0214 £ 0.005 1.0208 £ 0.018
1.0218 + 0.006 1.0227 +0.010
3 1.0267 = 0.005 1.0312 +0.004
Mean (£ 95% C. 1.) 1.024 + 0.004
a For individual experiments, the reported experimental error is the standard error on the

fitted KIE value in Equation 15 or 16. The overall experimental error is the 95% confidence
interval on the mean of all measurements.

A normal 3-1*C KIE indicates that THI formation is the first irreversible step of the
DAHPS-catalyzed reaction, i.e., the C3 of PEP is forming a bond with C1’ of E4P at the
transition state (Figure 4.4). As with the NeuB reaction, an inverse KIE would have been
expected if the transition state was either water attack on the cationic intermediate during THI

formation, or if it was THI breakdown.
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Figure 4.4: 3-3C KIE measurements: isotope ratios vs. extent of reaction.

Isotope ratios for 3-13C KIE measurement showing (a) Rivs F1 for the PEP reactant and (b) RPi
vs. F1 for the DAHP product.

4.2.3 2-13C-KIE Measurement

The 2-13C KIE was measured using a mixture of [3-*C]- and [2,3-13C]PEPs (Figure 4.5),

using the same methods as the 3-3C KIE.

130



ol

(@)

T T
1006 1004 1002 1000 ippm)

[req

(b)

404588
.

f N\
A\, /\, A IR T
At Mottt Npaprsatapeeed Sttt spons MRS e et AP A

T — — —_— e 1 —
408 04 w02 %00 w8 38 %4 »2 topm)

Figure 4.5: *C-NMR of the 2-13C KIE reaction mixture

(a) Substrate peaks, [2,3-13C3]PEP at 100.49 & 100.46 ppm and 99.95 & 99.93 ppm, and
[2-13C]PEP at 100.25 & 100.23 ppm. (b) Product peaks of the a- and B-anomers of
[2,3-13C2]DAHP at 40.59 & 40.31 ppm and 39.52 & 39.24 ppm, and [3-13C]DAHP at 40.45 &
39.38 ppm, processed using Ib = 0, SI =1024k.

The data was processed similarly to the 3-13C KIE measurement. Three KIE reactions,

fitting substrate ratios to give three 2-13C KIE measurements gave an inverse value of 2-*C KIE
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=0.988 + 0.005 (Table 4.2). The inverse 2-13C KIE indicates that there is no bond formation

between C2 of PEP and O2’ of the nucleophilic H2O at the transition state (Figure 4.6).

Table 4.2: 2-3C Experimental KIEs

2-B3C KIEs 2
Reactant

Experiment no. (Equation 15)

1 0.986 + 0.002

2 0.988 + 0.002

3 0.990 + 0.003

Mean (+ 95% C. 1.) 0.988 + 0.005

a For individual experiments, the reported experimental error is the standard error on the

fitted KIE value in Equation 15. The overall experimental error is the 95% confidence interval on
the mean of all measurements.
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Figure 4.6: 2-13C KIE measurements: isotope ratios vs. extent of reaction
Isotope ratios for 2-13C KIE measurement showing Ri vs F1 for the PEP reactant.

4.2.4 Measuring 2-180-KIE

The 2-180 KIE was measured using a mixture of [2-10]- and unlabelled PEPs using P
NMR (Figure 4.7). To calculate the 2-80 KIE, F1, Ri, and RP; were calculated using Equation

12Equation 13 on the reactant 2-80 KIE was calculated using Equation 15.
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Figure 4.7: 3'P-NMR of the 2-80 KIE reaction mixture

(a) Zoomed out spectrum showing 80 and %0 PEP, Pi (1.99 ppm), E4P (4.36 to 3.13 ppm),
and internal standard Glyphosate peaks (7.11, 7.05 ppm. (b) Zoomed in substrate peaks
[2-180]PEP at -0.9752 ppm and unlabelled PEP at -0.9559 ppm (Ib = 0, SI = 1024k).

The experimental 2-180 KIE was 1.007 + 0.006 (Table 4.3). A small, normal 2-180 KIE
demonstrates that THI breakdown is not the first irreversible step since the C2—0O2 bond

cleavage would result in a large, normal KIE (Figure 4.8).

Table 4.3: 2-180 Experimental KIEs
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2-1880 KIEs @

Experiment no. Reactant
(Equation 15)
1 1.004 + 0.007
1.009 + 0.004
3 1.006 + 0.004
Mean (£ 95% C. I.) 1.007 + 0.006
a For individual experiments, the reported experimental error is the standard error on the

fitted KIE value in Equation 15. The overall experimental error is the 95% confidence interval on
the mean of all measurements.
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Figure 4.8: 2-180 KIE measurements: isotope ratios vs. extent of reaction

Isotope ratios for 2-180 KIE measurements showing Ri vs F1 for the PEP reactant.

The table below (Table 4.4) provides a consolidated list of all the experimental KIEs

measured on the DAHPS reaction.

Table 4.4: Experimental KIEs for the DAHPS-catalyzed reaction.

Isotopic label Experimental KIEa nb
2-13C 0.988 + 0.005 3
3-13C 1.024 £ 0.004 6
2-180 1.007 + 0.006 3
a Experimental error reported as the 95% confidence interval.
b Number of independent trials. For the 2-13C and 3-13C KIEs, this reflects three replicate

reactions with KIEs calculated separately from isotope ratios on both the residual reactant and
products. The 2-13C KIE in product analysis is in progress. For 2-180 KIE, the KIE was
measured in four independent reactions using 3!P as the reporter nucleus.
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4.2.5 Computations

In this study, the computational models needed to generate computational KIEs were
built up from the models for the NeuB reaction. There is a difference in the metal ion interactions
between NeuB and DAHPS. In NeuB crystal structures the metal ion bridges between the
ManNAc’s carbonyl oxygen and a non-bridging phosphate oxygen in PEP (Figure 1.10). In
DAHPS, the metal ion is able to interact with the E4P’s carbonyl oxygen but is distant from the

PEP/THI phosphate group (Figure 4.9).

Mn2*

Figure 4.9: Metal ion interactions in DAHPS

Crystal structures of DAHP oxime (yellow) and PEP (teal) in the DAHPS active site showing
Mn?*’s (purple) potential interactions with DAHP oxime O4 (equivalent to E4P O1) and distance
from the PEP/THI phosphate group PDBID: 5CKS and 8E0X)17: 46,

The reactants used were PEP and acetaldehyde to model E4P (25), Li, H20, and NH4*
ions to mimic active site residues, and different divalent metal (Mg?*, Ca?*, Mn?*) ions
complexed with "OH and H20 molecules. Given a normal 3-13C KIE and an inverse 2-1%0 KIE,
TS structures focused on THI formation. All but one of the computational TS models found were
for stepwise formation of the cationic intermediate, i.e., C3—C1’ bond formation. One TS model,
56%, reflected water attack on the cationic intermediate, i.e., C2—02’ bond formation (Figure

4.11).

A More O’Ferrall-Jencks plot was created to show all the computational TS structures for

the DAHPS. The plot shows reactants on the bottom left corner and the THI on the top right
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corner. The y-axis corresponds to the C3—C1’ bond order, nc3-c1°,between PEP C3 and E4P C1°.
The x-axis corresponds to the bond order for the formation of the new C2—02’ bond between
PEP C2 and the water nucleophile, O2’. The plot shows 19 computational TS structures (Figure

4.10).
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Figure 4.10: More O'Ferrall-Jencks plot for THI formation during DAHPS reaction

The bond order was calculated using Pauling bond order: nj=e ™ ~"i)/%3 a5 described in Chapter
3.

Keeping in mind the differences in the active site interactions between NeuB and
DAHPS, the first reaction model was created by appropriately orienting PEP and acetaldehyde
with Mg?* placed away from the phosphate group, complexing with one of the oxygens of PEP’s
carboxylate group and the carbonyl oxygen of the acetaldehyde with all the computational TS
structures (Figure 4.11) (Table 4.5). The phosphate non-bringing oxygens formed ionic

interactions with two Li* ions. This gave an early computational TS structure (48*) with an
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imaginary frequency of -309 cm™ (Figure 4.11). This reaction model was further optimized

using NH4" ions, Li* ions, water molecules, and hydroxide ions to mimic the interaction between

PEP’s non-bridging oxygens and carboxylate oxygens, the metal ion and the carbonyl oxygen of

the acetaldehyde (Figure 4.11).The computational TS models were relatively insensitive to the

nature of the counterions, and most had incoming bond orders, ncs-ci’, from 0.15 to 0.43, in spite

of significant differences in the surrounding atoms (Figure 4.11).

Table 4.5. Calculated KIEs for computational TS structures for DAHPS reaction.

Calculated KIEs

Structure no. Nca-cr 2 3-13C 2-13C 2-180
51% 0.15 1.030 1.002 1.004
49% 0.16 1.030 0.999 1.010
48t 0.17 1.030 0.999 1.007
50% 0.17 1.031 0.999 1.004
61* 0.21 1.029 0.999 1.005
52% 0.24 1.032 1.001 1.005
63* 0.24 1.030 0.999 1.005
53t 0.25 1.027 1.002 1.005
65* 0.27 1.016 0.998 1.001
66* 0.27 1.026 0.998 1.004
54% 0.28 1.029 1.002 1.005
59% 0.30 1.023 1.000 1.002
55t 0.31 1.031 0.999 1.005
62* 0.33 1.032 1.000 1.006
64* 0.36 1.027 1.001 1.002
57+ 0.40 1.031 1.000 1.006
58 0.43 1.031 1.000 1.006
60* 0.43 1.028 1.001 1.005
56+ 0.78 1.002 1.014 1.016

2C3-C1’ Pauling bond order, ncs-ct = e 03 , where r1 is the single bond length for a bond

r1-Tj

between atom types i and j, and rj is the observed bond length.

To understand the importance of the metal ion in the active site of DAHPS and how it

affects the TS structure, reaction models were created in absence of metal ion. Instead, weaker
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acids like NH4" (53+, 59%,65%, and 66%) and CH3—NH3" (54* and 64+) were used to interact with
the acetaldehyde carbonyl oxygen. Several Li* ions, H20O, and NH4" interacted with PEP’s non-

bridging oxygens and carboxylate oxygens (Figure 4.11).

Next, reaction models were created to understand the role of metal ion and its interaction
in the active site of DAHPS, and its effects on the computational TS structures. While keeping
other counter ions and solvation constant, metal ions Mg?*, Ca?*, and Mn?* complexed with the
acetaldehyde carbonyl oxygen, water molecules, and hydroxide ions and their effects on TS

structures were determined (Figure 4.11).
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Figure 4.11: Complete computational TS structures

(a) Computational TS structures (48% 49%, 50%, 51%, 52% 53% 54% 55% 56% 57+ 58% 59% 60%,
61%, 62%, 63%, 64%, 65%, and 66%) (b) Calculated KIEs vs. C3—C1’ bond order, ncs-cr, for the
computational TS structures. The TS structures are arranged from low to high n(C3-C1").

4.2.6 Experimental TS structure

The experimental KIEs clearly indicate an experimental TS structure in which the

C3—C1’ bond is being formed during cationic intermediate formation.

The 3-13C KIE was large and normal, 1.024 + 0.004, demonstrating that C3—C1” bond
formation is in the reaction coordinate. The computational TS structures have calculated KIEs in
the range of 1.016 to 1.032, but the large majority had calculated KIEs > 1.028, the upper limit
of the experimental value. The two exceptions were structures 59%, with a calculated 3-*3C KIE
of 1.023, almost equal to the experimental value, and 65%, at 1.016 (Figure 4.11). What

distinguished these TS structures were their higher reaction coordinate frequencies, -495 cm™
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and -689 cm, than the average of -320 cm™ for the other computational TS structures. These
higher reaction coordinate frequencies were associated with proton transfer to the carbonyl
oxygen atom, O1” from NH4*. There were other TS structures where proton transfer was
occurring, namely 53* and 54+ (Figure 4.11), but the proton transfer was less pronounced. Their
reaction coordinate frequencies were lower, -418 cm™ and -379 cm™, and the calculated 3-3C
KIEs were higher, 1.027 and 1.029. Based on these trends, the computational TS structures most
consistent with the experimental 3-13C KIE had O1’ protonation in the reaction coordinate. The
solvent deuterium KIE was not measured because, as a non-competitive KIE, it would reflect the
rate-limiting step rather than the first irreversible step, and for DAHPS, the rate-limiting step is

likely product release.*®

The experimental 2-*C KIE, 0.988 + 0.005, was inverse, demonstrating that C2—02’
bond formation is not part of the reaction coordinate, and therefore that THI formation proceeds
through a cationic intermediate rather than a concerted addition reaction to form the THI without
any intermediates. The experimental 2-13C KIE was more inverse than the calculated values
(0.998 to 1.002), and more inverse than the experimental 2-13C KIE for the NeuB reaction, 0.994
+ 0.007. The reason for this difference is not yet clear but could be related to DAHPS stabilizing
a positive charge at the cationic centre better than NeuB and better than the computational

models allow.

The experimental 2-80 KIE was slightly normal 1.007 + 0.006. It was higher than the
NeuB value, 0.999 + 0.006, but consistent with the calculated KIEs for the computational
DAHPS TS structures, 1.001 to 1.010. The slightly higher computational KIEs compared with
the NeuB computational models presumably reflects the differences in structure, particularly

around the metal ion and its interactions with the phosphate group’s bridging oxygen.
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4.3 Discussion

Based on the experimental 3-13C- and 2-'80 KIEs for the DAHPS catalyzed reaction, the
first irreversible step is the THI formation. This means that at the transition state, the C3 of PEP
is forming a bond with the C1’ of E4P. The experimental 2-*C KIE is more inverse for DAHPS-
catalyzed reaction compared to NeuB reaction. This could mean that there is more cationic
character at C2 compared to the NeuB counterpart. However, given the small extent of C3—C1’
bond formation expected at the transition state (Figure 4.10), the amount of positive charge at
C2 s still likely to be modest. The positive charge is likely not developed enough for cationic
inhibitor 3 in Chapter 1 to be effective (Figure 4.12). This is evident by the inhibition displayed
by fragment based inhibitor, pyruvate hydrazone (K; = 100 uM), and the full length inhibitor
DAHP hydrazone (Ki = 10 nM)®® suggesting favourable interaction between the neutral

hydrazone functional group and DAHPS’s active site®.

2
OH OH (Po3

2_O3PO\/'\‘/T\/%'1/C02’
OH
3
|C50 =6.6 HM

Figure 4.12: Oxacarbenium ion mimic inhibitor 3

TS analysis not only provides an experimental TS structure, it also allows the charge and
the geometric features of the TS structure to be examined'?* %, If we can mimic the charge and
geometric features at the transition state, it can result in a highly potent inhibitor!3!, LFER
analysis on DAHP oxime shows that it is a TS mimic inhibitor of DAHPS'" 32, However, it was

not clear which transition state structure was being mimicked. LFER analysis was performed
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using six DAHPS mutants which were generated and characterized to test for the TS mimicry of
DAHP oxime. A linear relationship was obtained between log(Km,mnKm,pepKm eap/Keat) and
log(Ki). The effect of mutation on ket was smaller %2, K186 is the presumed general acid catalyst
during THI breakdown?!® 2189210 The K186A mutation decreased ket 100-fold, but decreased
Keat/KmmnKm perKmeap 107-fold 32, Based on the crystal structure of DAHP oxime, previously it
was proposed that DAHP oxime was mimicking the transition state of THI breakdown??. But the
experimental KIEs clearly reveal that the first irreversible step in this reaction is THI formation,
not breakdown. Similar to the NeuB-catalyzed reaction, it is possible that DAHPS catalyzes its
reaction primarily using catalysis by approximation®2. This means that most of the catalytic
energy is employed to bring the reactants closer and in proper orientation®> 2, This would be
consistent with the larger effect of mutation seen on Keat/KmmnKm pepKm e4p compared to Kea®2. It
would also be consistent with DAHP oxime being a TS mimic inhibitor. DAHP oxime is able to
occupy the whole catalytic site, from the proximal PEP/THI phosphate binding site to the E4P
distal phosphate binding site. In this way, it bridges the whole catalytic site, bringing the active
site residues into their catalytically active conformations, and thus mimics the transition state of
a reaction being catalyzed primarily by approximation. Compound 3 could, in principle, function
the same way, but its modest Ki = 6.6 M suggests that some other unfavourable interaction

around its cationic center is reducing its affinity for the enzyme.

Several computational TS structures for THI formation were in close agreement with the
experimental KIEs. More computational TS structures will be explored, particularly to explain
the more inverse 2-*C KIE. These computational TS structures have provided deep insight into
the charge and geometric features at the transition state. They also provide a blueprint for

developing future TS inhibitors against DAHPS.
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As with NeuB, the design of TS mimic inhibitors is now an open question in light of the
experimental TS structure. Inhibitors that fill the whole active site and contain small neutral
phosphate mimics are one possible path forward, especially if inhibitors can be found that have

long residence times.

4.4 Conclusion

We have performed TS analysis on DAHPS by measuring multiple KIEs to reveal the TS
structure and provide a target for rational inhibitor design. We developed new methods of KIE
measurement by NMR and measured the 3-13C-, 2-3C-, and 2-'80 KIEs. We improved peak
shape to decrease experimental errors using a variety of approaches, including autoshimming and
improved sample preparation and composition. The experimental KIEs showed that 3-1*C KIE is
normal and 2-180 KIEs were close to unity. However, the 2-13C KIE was more inverse compared
to the NeuB-catalyzed reaction. This reveals that the enzymatic transition state is for formation
of the THI rather than its breakdown and that the TS involves formation of the C3---C1’ bond
during the formation of the cationic intermediate. There is no involvement of the water
nucleophile. A more inverse 2-13C KIE suggests that there is more cationic character at the C2 of
the cationic intermediate formed during the DAHPS-catalyzed reaction, though it is still likely to
be modest. Previously, it was demonstrated that DAHP oxime is a TS mimic inhibitor!’, and
proposed it was mimicking the transition state for THI breakdown. This study clarified that the
first irreversible in the reaction in THI formation and not its breakdown. However, since
DAHPS’s main catalytic strategy appears to be catalysis by approximation, that is consistent
with DAHP oxime inhibiting the enzyme by filling the catalytic site and bringing it into a TS-
like conformation. Several computational TS structures were found showing the C3---C1’ bond

formation at the transition state while no bond formation is observed between the C2 of PEP and
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the nucleophilic water. Future work will involve finding more computational TS structures to

explain the experimental inverse 2-*C KIE better.
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5 Concluding Remarks

5.1 Conclusions

TS analysis on the NeuB- and DAHPS-catalyzed reactions was performed using new
methods of KIE measurement by NMR using 3C and 3P NMR. Although NeuB and DAHPS
belong to the same superfamily of enzymes, there are structural and mechanistic differences. We
performed TS analysis on these enzymes to understand their catalytic mechanisms, to provide a
target for rational inhibitor design, and to discover any mechanistic differences between them.
The experimental 3-3C-, 2-13C-, and 2-80 KIEs were measured. For NeuB, the experimental
KIEs showed that that the enzymatic transition state is for THI formation rather than its
breakdown, and that the TS involves formation of the C3---C1’ bond but no bond was formed
between the PEP C2 and the water nucleophile. There was also very little charge development at
the cationic centre of the computational cationic intermediate formed as seen from the
electrostatic potential maps. When the C2=C3 double bond breaks, there is are simultaneous and
compensating changes in the phosphate group between the P atom and O atoms keep the overall
bonding to O2 the same and prevent the accumulation of significant positive charge at C2. The
overall effect was that the negative charge on the phosphate group decreased rather than C2

becoming cationic.

The experimental KIEs for the DAHPS-catalyzed reaction also showed that the
enzymatic transition state is for THI formation rather than its breakdown. The transition state
involves formation of the C3---C1’ bond during THI formation. The inverse 2-13C KIE suggests
there may be more cationic character at the C2 in the DAHPS-catalyzed reaction than the NeuB-
catalyzed reaction. Several computational TS structures were found for the two reactions and

KIEs were calculated for them. The computational candidate structures with calculated KIEs that
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matched with the experimental KIEs were selected as the potential experimental TS structures.
The TS structures explained the ineffectiveness of previous cationic inhibitors and suggests a

route forward for inhibitor design.

5.2 Future work

Future work would involve finding more computational TS structures to explain the
experimental inverse 2-1*C KIE better. Given the problems with peak shape and shouldering
observed during the 3-1*C KIE measurement and although we optimized the method, it would be
helpful to gain a better understanding of the factors affecting the NMR spectrum quality. TS
analysis of NeuB and DAHPS-catalyzed reaction provides a blueprint for designing

antibiotics/inhibitors based on the experimental TS structure.
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