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Lay abstract

Antibiotic resistance is imposing a growing disease burden on society that
the United Nations calls “...a global crisis that we cannot ignore”. Many
traditional antibiotics have now lost their efficacy as bacteria increasingly develop
mechanisms of resistance. The development of new treatment options is therefore
crucial. The first step towards this goal is the characterization of new
antimicrobial targets. DAHPS is an enzyme that is exclusively expressed by
bacteria, fungi and plants. Its absence in mammalian cells is expected to reduce
side effects in humans. DAHPS inhibitors have previously been developed, but
none of them has shown sufficient effectiveness in bacterial cell culture. Possible
reasons for this failure were, among others, reduced inhibition in the presence of
metal ions, low cell membrane penetration and incomplete enzyme inhibition.
This thesis examines DAHPS’s properties and provides solutions on how to
successfully inhibit this enzyme, to fight antibiotic resistance with new treatment

options.



Abstract

Bacterial 3-deoxy-D-arabinoheptulosonate 7-phosphate synthase
(DAHPS) is an antimicrobial target. A transition state (TS) mimic inhibitor of
DAHPS, DAHP oxime, was developed in our lab, with K; = 1.5 uM. Despite
being a potent inhibitor, some of DAHP oxime’s properties could hinder its
efficacy in blocking bacterial growth.

One problem was that DAHP oxime bound competitively with respect to
the metal cofactor, Mn?*. ldentifying the origin of this competition was crucial for
in vivo success of DAHPS inhibitors, as the abundance of metal ions in living
cells could hinder DAHP oxime’s effectiveness. Mutant enzymes and fragment-
based inhibitors demonstrated that the competition originated in interactions
involving the O4 hydroxyl of DAHP oxime and residues Asp326, and Cys61.
This suggested improved inhibitor designs to avoid metal competition.

Another drawback was the highly negatively charged nature of DAHP
oxime and other DAHPS inhibitors. The charge hindered cell membrane
penetration, and therefore its effectiveness in cells. Truncating DAHP oxime to a
fragment reduced its hydrophilicity and charge, while the introduction of fluorine
in the oxime’s a-position increased potency. DAHPS-specific bacterial growth
inhibition was obtained with this fragment.

DAHPS inhibition by high DAHP oxime concentrations resulted in a 15%
residual activity. This residual activity would be sufficient for bacterial survival,

so two derivatives, DAHP hydrazone and DAHP O-(2-fluoroethyl) oxime that
iv



showed complete inhibition were characterized. DAHP hydrazone was
successfully co-crystallized with DAHPS. Its 100-fold higher potency relative to
DAHP oxime was attributed to an extra water bound in the active site. The
inhibitor bound in all four of the enzyme’s subunits. However, the observed
subunit asymmetry showed that the subunits communicate with each other and

that there is a significant energetic penalty to enforcing full subunit symmetry.
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Chapter 1. Introduction

1.1. Overview

In times of an increasing health threat due to antibiotic resistance, the
characterization of new targets for antibiotics is indispensable. This thesis reports
the in-depth characterization of imine-based inhibitors of DAHPS (deoxy-D-
arabino-heptulosonate-7-phosphate synthase), the first enzyme of the shikimate
pathway. DAHPS is a target for antibiotics as there is no mammalian counterpart.
Nonetheless, the inhibition of this enzyme has previously faced obstacles. DAHP
oxime, a transition state mimic inhibitor that was previously designed in our lab,
showed metal-competitive binding, low bacterial growth inhibition and there was
residual activity even at high inhibitor concentrations. This thesis deepens the
understanding of the causes by characterizing inhibitory mechanisms and outlines
ideas of how to effectively inhibit DAHPS to make it a reliable target for

antibiotics.

1.2. Antibiotic resistance

The discovery of penicillin by Fleming in 1928 and its first clinical use in
the early 1940°s? were significant steps in the development of antibacterials.
Sulfonamides, synthetic compounds available prior to penicillins,® had reduced

efficacy and serious side effects.*® Penicillin quickly captured the market due to
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its excellent safety profile and high efficacy. Inspired by the success with
penicillin, other antibacterial substances such as streptomycin and
chloramphenicol were discovered soon after.® Like penicillin, which was isolated
from the Penicillium mold,* they were isolated from microbial sources.”® In the
following years, the availability of antibiotics led to major advances in medicine.
Not only did they treat infectious diseases, but they enabled improved medical
care with regard to surgeries, cancer treatment and organ transplantations.®
However, the success of antibiotics was quickly impaired by resistance.'%
Resistance to penicillin derivatives was observed as early as 1944,'° and the first
multi-drug resistance bacteria strains were reported in the middle of the 1950°s.1!
Today, we are faced with a group of Gram-positive and Gram-negative multi-drug
resistant strains, particularly the ESKAPE organisms (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumanni,
Pseudomonas aeruginosa, and Enterobacter species) that are no longer
susceptible to the treatment with antibiotics.? While resistant bacteria were first
discovered in hospitals, these bacteria are now increasingly detected in
community-acquired infections.*® The routine use of antibiotics in hospitals and in
the community poses a constant selective pressure for bacteria, making the
development of resistance inevitable.1**> Therefore, as the increased use of
antibiotics correlates with an elevated emergence of infections with resistant
bacteria,® strict policies must be developed and applied for the administration of

antibiotics in hospitals, for community-acquired infections, and in livestock.*"°
2
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At the same time, the development of new antibiotics is indispensable.?° Current
antibiotics act on a small selection of targets, such as the cell wall, protein and
DNA synthesis.?! In recent years, new targets have rarely been identified, but
rather the design of derivatives and an increased drug stability against the
mechanisms of resistance have been in the center of development.?® Broadening
the spectrum of antibiotic targets would be an important step towards conquering
antibacterial resistance. In contrast, over the last few decades, the development of
new antibiotics declined drastically.?? Pharmaceutical companies are not investing
in antibiotic development.?>-%> The low commitment to antibiotic development is
based on high costs vs. low success rates of new compounds in clinical trials.
Additionally, in the light of antibiotic resistance, new antibiotics that successfully
entered the clinic, are often held in reserve until front-line antibiotics failed. The
following course of treatment is short, which makes it difficult to create profitable
new antibiotics. Thus, the development of new antibiotics is both a technical and
financial challenge. Nonetheless, the emergence of resistances in bacteria against
antibiotics will continue to grow, and the development of new antibiotics with

new mechanisms of action is therefore urgently needed.

1.3. Shikimate pathway as a target for antimicrobial therapy
The first step in drug development is identifying a suitable therapeutic
target. At this stage, the consideration of potential side effects caused by the

treatment is indispensable. To minimize side effects during antimicrobial therapy,
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it is advisable to choose a therapeutic target which is specific to the pathogen
while absent in the human host. Enzymes of the shikimate pathway satisfy this
requirement as this pathway only exists in bacteria, fungi and plants, while there
is no mammalian counterpart.?® The shikimate pathway leads to the biosynthesis
of the aromatic and, for humans, essential amino acids phenylalanine, tyrosine,
and tryptophan, and other aromatic and pre-aromatic compounds.?” The
irreversible condensation of phosphoenolpyruvate (PEP) and erythrose 4-
phosphate (E4P) to form deoxy-arabino-heptulosonate-7-phosphate (DAHP) is
the first step along this pathway.?® Six more enzymatic reactions result in
chorismate, a branch point in the synthesis of the aromatic amino acids (Figure
1.1).2° For Phe and Tyr biosynthesis, chorismate is then converted by chorismate
mutase to prephenate, while anthranilate serves as the intermediate on the
metabolic pathway to Trp (Figure 1.2).%° In bacteria, the aromatic amino acids
account for the majority of the aromatic compound biosynthesis.3! Higher
organisms use the products of the shikimate pathway to synthesize more complex
compounds over a plethora of branches from the main synthetic sequence.?”?
Vitamin K, siderophores, ubiquinone and folic acid are examples of products
which result from metabolic processes that branch off the main trunk of the

shikimate pathway (Figure 1.2).%°
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Figure 1.1 The common steps of the shikimate pathway.

Seven enzymes catalyze a series of reactions resulting in chorismate, a branch point
on the biosynthetic pathway to the aromatic amino acids Phe, Tyr and Trp.
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Figure 1.2 Branching of the shikimate pathway.

Adapted from Light et al., 2013.32

Numerous knockout and mutation experiments have demonstrated that
bacteria lacking enzymes of the shikimate pathway are no longer viable and/or
virulent.®*-38 This confirms that this pathway is essential for bacterial
growth/pathogenicity, and validates the shikimate pathway enzymes as suitable
targets for pharmacotherapy. Furthermore, bacteria which were attenuated due to
an interruption of the shikimate pathway, have been proposed for the preparation
of vaccines.>**° Indeed, the shikimate pathway has been a target for enzyme
inhibitors for 46 years, when the herbicide glyphosate was first discovered.**
Glyphosate is an 5-enoylpyruvyl shikimate phosphate (EPSP) synthase inhibitor,
and its binding is competitive with respect to PEP.%>*4 More recently, other

enzymes along the pathway have been in focus of research.?64547 Shikimate
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kinase inhibitors, for example, have shown in vitro activity against
Mycobacterium tuberculosis,* and 3-dehydroquinate dehydratase, has recently
been inhibited by flavonoids, which inhibited Enterococcus faecalis growth in cell
culture.*® Despite these and other recent studies, there is no enzyme inhibitor of

the shikimate pathway in clinical use.

1.4. DAHPS

DAHPS is the first enzyme in the shikimate pathway, and was first
purified in 1959.*¢ DAHPS regulation is well-developed, presumably due to its
position at the beginning of the shikimate pathway, controlling the downstream
output.®?>*° Two DAHPS classes have been identified.®>* Class | DAHPSs are
primarily microbial enzymes with a subunit molecular weight of 39 kDa, while
class Il DAHPSs originate mainly, but not exclusively, from plants, and possess a
monomeric molecular weight of 54 kDa.5** The class | DAHPSs can be further
divided into subclasses la and I, which are distinguished by their regulatory
mechanisms.®? Class la. enzymes are commonly found in Gram-negative bacteria
and are feedback regulated by different aromatic amino acids.> Class If enzymes
are either unregulated, or Phe/Tyr, or chorismate/prephenate regulated.®2

There is a multiplicity of combinations and patterns of DAHPS
isoenzymes simultaneously occurring in single microorganisms.®? The types of
isoenzymes in an organism depends on its metabolic needs, mainly based on

whether it relies on external sources of aromatic compounds, or if it is fully
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prototrophic, producing all of its own aromatic compounds.?® The Gram-negative
bacterium Escherichia coli, like some other Enterobacteriaceae, possesses three
DAHPS class la isoenzymes.>* DAHPS(Tyr), DAHPS(Phe) and DAHPS(Trp) are
each feedback regulated by their eponymous aromatic amino acid,> and are
encoded by the structural genes aroF, aroG and aroH, respectively.>® Besides
end-product feedback inhibition, gene expression of all three isoenzymes is under
transcriptional control by the repressor protein TrpR.%" In E. coli, DAHPS(Phe) is
responsible for 80% of DAHPS activity in the cells, while DAHPS(Tyr)
contributes to 20%, and DAHPS(Trp) accounts for 1%.%8 DAHPS(Phe) is a
homotetrameric enzyme, while the two other are homodimers.?° Feedback
inhibition of DAHPS(Phe) and DAHPS(Tyr) by their respective amino acid leads
to 95% reduction in activity, while DAHPS(Trp)’s activity is only reduced to
60%.°" This residual activity ensures a supply of DAHP for the biosynthesis of
other compounds, like vitamins, which are synthesized via side branches of the

shikimate pathway.

1.5. The a-carboxyketose synthase superfamily

DAHPS is part of the a-carboxyketose synthase superfamily, together with
3-deoxy-D-manno-octulosonate-8-phosphate synthase (KDO8PS) and sialic acid
synthase (NeuB).>® These enzymes form 3-deoxy-2-keto sugars with differing
chain lengths by a stereoselective condensation of PEP and an aldose (Figure

1.3).486061 The aldoses utilized by KDO8PS and NeuB are 3-deoxy-D-manno-

8
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octulosonate-8-phosphate and N-acetylmannosamine, respectively. In all three
enzymes, the phosphate group of PEP is lost through C-O bond cleavage,
releasing inorganic phosphate (P;).2-%4 Despite low sequence identity, the tertiary
structures of the family members are surprisingly similar.62%5 All of them are
oligomeric enzymes possessing a triose phosphate isomerase (TIM) barrel
fold.5265%¢ Similar positioning of active site residues for KDO8PS and DAHPS
was observed.®® The three family members differ in their metal requirements:
NeuB, DAHPS, and some KDO8PSs are metalloenzymes, while some KDO8PSs
are metal-independent.®” In metal-dependent KDOS8PSs, the metal ion was
described to be of structural relevance,®® in DAHPS and NeuB a catalytic role is
hypothesized.®>7% All three enzymes are involved in crucial metabolic processes
in bacteria (Figure 1.3),*¢6%"1 and no mammalian counterparts exist. This qualifies

them as great targets for antibiotics.

Enzyme Aldose Product Biological function
DAHPS C4 DAHP biosynthesis of aromatic amino acids
KDO8PS C5 KDO8P lipopolysaccharide envelope of bacteria
NeuB C6 NeuNAc cellular and molecular recognition
Catalysis
2= R "0 -ooc OP03 spontaneous 0
‘00C.__OPO3~
W o+ )H ~ (olele}
© OH
R HPO4
PEP aldose tetrahedral a-carboxyketose a-carboxyketose
intermediate (linear form) (hemiketal form)

(phosphohemiketal
functional group)

Figure 1.3 The a-carboxyketose synthase superfamily enzymes at a glance.

DAHP spontaneously cyclizes to form the hemiketal after dissociation from DAHPS.

9



Ph.D. Thesis — Maren Heimhalt McMaster — Chemistry

1.5.1. NeuB

NeuB synthesizes N-acetylneuraminic acid (NeuNAc), the predominant
sialic acid in nature.®° Sialic acids are a family of nine carbon monosaccharides
that typically occur in vertebrates and higher invertebrates and have an important
function for cell recognition and adhesion.’? Bacteria, especially pathogens in the
mucus of the lower respiratory tract, use sialic acid to disguise themselves as host
cells and hide from the immune system.”® Some bacteria scavenge sialic acids
from host cells to decorate their surface.” Others, like E. coli K1, Neisseria
meningitidis and Campylobacter jejuni synthesize sialic acid de novo. The
NeuNAc biosynthetic pathway in bacteria and humans are distinct, making
bacterial NeuB a suitable drug target (Figure 1.4).” Bacterial sialic acid synthase
(NeuB) performs a condensation reaction of PEP and N-acetylmannosamine
(ManNAc), while the human orthologous enzyme NeuNAc 9-phosphate synthase
utilizes a phosphorylated ManNAc derivative, ManNAc-6-phosphate. The
resulting product then undergoes a dephosphorylation before the subsequent

reactions.”

10
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Mammalian Bacterial
ManNAc ManNAc
.
PEP/—\ Enzymes:
ManNAc-6-phosphate . ManNAc kinase
—~ | V. II. NeuNAc 9-phosphate synthase
PEP ‘P I1l. NeuNAc 9-phosphate phosphatase
P i - IV. NeuB
Sialic acid 9-phosphate
1.
/

Sialic acid Sialic acid

Figure 1.4 The biosynthesis of sialic acid in mammals and bacteria is distinct.

The X-ray crystallographic structure of NeuB suggests that the enzyme is
structured as a domain-swapped homodimer.%276 The N-terminal domain has a
TIM barrel fold that is homologous to other a-carboxyketose synthases. This
domain is connected by a linker with the C-terminal domain that resembles the
fish type 111 antifreeze protein.®>”” The C-terminal domain from one subunit
interacts with the N-terminal domain from the other subunit. The active site is
located at the dimer interface.®? The metal-binding site and most of the active site
residues are contributed by the N-terminal domain, but some residues of the C-
terminal domain also interact with the substrates (Figure 1.5). Despite less than
10% sequence identity with DAHPS, its N-terminal domain has a surprisingly

similar tertiary structures.5?

11
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Figure 1.5 NeuB structure.

NeuB structure 1XUZ%? showing domain structure and the ligands N-acetylmannositol
and PEP (orange spheres). The crystal structure consisted of one subunit per
asymmetric unit. The dimer was visualized by adding the monomer’s symmetry
partner. One subunit is shown as a cartoon, the second one is presented as the
surface.

1.5.2. KDO8PS

KDOS8PS catalyses the reaction of arabinose 5-phosphate and PEP (Figure
1.6).%! The product, KDOS8P, is a precursor for KDO, an important component of
lipopolysaccharides (LPSs) in Gram-negative bacteria.”® LPSs are crucial for the
integrity of the outer membrane. They stabilize the membrane by adding negative
charges bridged by divalent cations to provide a permeability barrier to
hydrophobic antibiotics and detergents, protect the cell; they also activate the
immune response in the host.”® KDO acts as the linker between lipid A, LPS’s
anchor in the outer membrane, and its core oligosaccharide moiety which can be

connected to an O-antigen polysaccharide (Figure 1.6A).28%81 KDO is synthesized

12
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from KDOB8P by dephosphorylation and is subsequently converted to CMP-KDO,
the activated form of KDO, for transglycosylation and incorporation into LPS
(Figure 1.6B).”* Bacteria lacking KDOS8PS are severely growth-inhibited, which

makes KDOSPS to a suitable target for antibiotics.8283

A O
> O antigen
O monosaccharide
2 fatty acid > Core
B
Enzymatic steps for KDO incorporation into LPS:
(1) PEP + arabinose 4-phosphate > KDO8P + P; -
(2) KDO8P > KDO + P; Lipid A
(3) KDO + CTP > CMP-KDO + PP;
(4) CMP-KDO + acceptor > KDO-acceptor + CMP

Figure 1.6 KDO8PS function in cells.

(A) General structure of LPS. Adapted from Wang et al. (2006).84 (B) The enzymatic
steps leading to KDO incorporation into LPS.

Evolutionarily, KDO8PS likely evolved from a simple unregulated
DAHPS as a common ancestor with DAHPS.>® While DAHPS la enzymes
developed complex mechanisms of regulation, KDO8PS and some DAHPS I
remained unregulated.>® KDOSPS catalyses a similar reaction to DAHPS, but

mechanistic differences regarding the involvement of the metal cofactor and

13
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aldose orientation in the active site were observed.® This is consistent with the
observation that for some KDOB8PS the metal ion is dispensable for catalysis,
while all DAHPS are strictly metal-dependent.>%67:8 |n metal-dependent
KDOS8PS, the four metal binding residues, Cys11, His185, Glu222 and Asp333
(Aquifex aeolicus KDO8PS numbering), are conserved.®’ In metal-independent
enzymes, Cys11 is not conserved, but replaced by Asn.®” Shulami et al. showed
that the metal requirement of KDOS8PS is dependent on the presence of Cysl1, as
mutating it to Asn eliminated metal dependence from metal-dependent KDO8PS
and vice versa.%® Several studies of this type were reported in literature where
metal activation or metal dependence of KDO8PS could be controlled by up to

quadruple mutations of residues around the active site.%8

1.6. Catalytic mechanism of a-carboxyketose synthases

The a-carboxyketose synthase superfamily enzymes catalyze an aldol-like,
stereoselective condensation of PEP and an aldose.*®%°%! The reaction follows an
addition/elimination pathway in which PEP adds to the aldose to form a
tetrahedral intermediate (THI) containing a phosphohemiketal functional group
(Figure 1.3).629192 The THI then breaks down through a phosphate elimination
step to form the linear a-carboxyketose product. After release from the active site,
the product then spontaneously cyclizes to the cyclic hemiketal form. The THI has
been observed mass spectrometrically in the KDOB8PS reaction.®® In addition,
[2-180]PEP, i.e., PEP labelled with 80 in the phosphate group’s bridging oxygen

14
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position yielded [*®0]-P; as a product in the DAHPS,% KDO8PS,%and NeuB®?
reactions. This demonstrated that PEP’s C2-0O2 bond is cleaved during the
reaction, and the only plausible way this can happen is through THI formation.

In DAHPS and KDOSPS, the si face of PEP attacks the re face of the
aldose.?% In contrast, in NeuB, the si face of PEP attacks the si face of
ManNAc.5? It was previously shown that DAHPS and KDOSPS follow a
sequential ordered bi bi kinetic mechanism, with PEP binding first, then the
aldose.®° Product release is also ordered, with P; dissociating first, then the a-
carboxyketose. Previously, the essential metal ion was not considered in the
kinetic mechanism; kinetics were run under high [metal] conditions, and it was
assumed that the enzyme was saturated with the metal ion. However, in light of
the fact that an inhibitor developed by our lab, DAHP oxime, was a competitive
inhibitor with respect to the metal ion, in addition to PEP and E4P, it was
necessary to determine E. coli DAHPS(Phe)’s complete kinetic mechanism,
including metal ion binding. % The kinetic mechanism was shown to be rapid
equilibrium sequential ordered ter ter. That is, each substrate binding step was
rapid compared to catalysis, with Mn?* binding first, followed by PEP, then E4P.
More recently, our lab also showed that KDO8PS also follows a rapid equilibrium
sequential ordered ter ter kinetic mechanism, with Mn?* binding first, followed by

PEP, then A5P.1%! For NeuB, no kinetic mechanism has been established to date.

15
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HO” Y | si DAHP

KDO8P

Figure 1.7 Stereoselective condensation reaction in DAHPS and KDO8PS.

The si face of PEP is coupling with the re face of the aldose, leading to the formation
of DAHP and KDO8P.

Controversy surrounds the exact details of the mechanism of THI
formation. Two pathways have been proposed (Figure 1.8). In mechanism A, the
“cationic mechanism”, the reaction is initiated by nucleophilic attack of PEP’s C3
on the carbonyl carbon of E4P, leading to an oxacarbenium ion intermediate.”%%
In DAHPS and NeuB, this nucleophilic attack would be facilitated by a Lewis
acid activation of E4P’s aldehyde by the metal cofactor.’®"® Subsequently,
nucleophilic attack of water on PEP’s C2 gives rise to the THI. Alternatively, in
pathway B, the “anionic mechanism”, nucleophilic attack by water or hydroxide
on PEP’s C2, forming a carboanion intermediate, occurs before PEP’s C3
attacking C1 of E4P 92102103 |t has been shown that nucleophilic attack on C2 of
an unactivated enolpyruvyl groups is essentially impossible, making the anionic
mechanism unlikely.1% Pathways A and B represent the stepwise extremes of
possible mechanisms; concerted mechanisms for THI formation are also
possible.1%2 THI breakdown in either pathway involves C-O bond cleavage to
release Pj and formation of the ketone’s double bond.®?%4 Phosphate departure is

catalyzed by protonation of the bridging oxygen before C-O bond cleavage.'®
16
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Figure 1.8 The catalytic mechanism of DAHPS

Two pathways for THI formation have been proposed, pathway A, the cationic
mechanism, and pathway B, the anionic mechanism. Concerted steps in THI

formation are also possible. THI breakdown will involve protonation of the phosphate’s
bridging oxygen atom and P; departure to form the linear form of the product, DAHP

While KDO8PS shows high substrate selectivity, DAHPS tolerates a

wider range of substrates: D-threose 4-phosphate, 2-deoxy-D-erythrose 4-

phosphate and A5P are all catalytically converted by the enzyme.® Additionally

mutations of DAHPS active site residues directly involved in catalysis had modest
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effects on keat (< 100-fold), suggesting that the enzyme’s main catalytic strategy is
entropy compensation; i.e., using substrate binding energy to bring the reactive
groups into proximity in the correct orientation.'° The chemical steps then

proceed in a relatively facile manner.

1.7. Structure and dynamics of E. coli DAHPS(Phe)

E. coli DAHPS(Phe) is a homotetramer in solution.'%” X-ray
crystallography structures reveal that it has a dimer-of-dimers structure,58100:108.109
Monomers in the tight dimer (Figure 1.9A, subunits A/ B and C/D) interact
through a multiplicity of van der Waals interactions and hydrogen bonding, as
well as two antiparallel B-sheets comprised of two B-strands of one monomer and
a third from the other (Figure 1.9B).% The weaker dimer-dimer interface consists
primarily of electrostatic interactions and hydrogen bonds. The isoenzymes
DAHPS(Tyr) and DAHPS(Trp) are both dimeric in solution.%° Interestingly,
they differ from DAHPS(Phe) in the amino acid residues that form the dimer-

dimer interactions.>®
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Figure 1.9 Structure of E. coli DAHPS(Phe).

(A) The DAHPSG (pdb ID: 5CKS'90) homotetramer is structured as a tight dimer (A/B
and C/D) and a dimer of dimers (AB/CD). (B) Zoomed in view of the tight dimer
interface: two antiparallel three-stranded beta sheets, colored by subunit.

The individual subunits are built on a TIM barrel.>® TIM barrels are
common supersecondary structures, also called (a/p)s-folds, composed of eight
parallel B-strands and eight a-helices surrounding the B-barrel.!t! This overall
structure offers the possibility of incorporating structural elements for advanced
functionalities by extending the loops that connect the a-helices and B-strands.®
This is observed in DAHPS, as this extremely well-regulated enzyme possesses a
TIM barrel which is extended by additional secondary structure elements at the
protein’s N-terminus and in a-p connecting loops (Figure 1.10).%%1% The B-
strands and a-helices of the TIM barrel are of differing lengths and consist of 4 —
7 and 7 — 19 residues, respectively.®® The a-B connecting loops are located at the

N-terminal side of the TIM barrel, and are generally shorter than the p-a
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connecting loops at the C-terminal side. The C-terminal side of the barrel is
furthermore the location of the active site,*® a common phenomenon for (o/p)s-
folds.™? The binding site for the allosteric regulator is situated at the outskirts of
the TIM barrel, at the N-terminal side of the barrel 1% The cavity serving as Phe’s
binding site is formed by residues from both subunits of the tight dimer (Figure

1.10).

C-terminal end

B-strands

N-terminal end

Figure 1.10 Subunit structure of DAHPS.
The B-strands, a-helices and loops are represented in yellow and red, respectively.
The C-terminal side of the barrel (green) is the location of the active site, which is
indicated by the bound DAHP derivative (orange). The allosteric Phe binding site is
located at the N-terminal side (blue) of the TIM barrel. It is in contact with the anti-

parallel B-sheet formed by B-strands from two subunits. Phe is represented in grey.
Created from pdb ID: 5CKS%0 and 1KFL108,

The active site consists mainly of positively charged amino acid residues
to accommodate the two highly negatively charged substrates.5®7%1% As many as

five cationic residues form the PEP binding pocket (Arg92, Lys97, Argl65,
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Lys186, and Arg234). The metal binding pocket is more diverse; the divalent
ion is coordinated by four amino acid residues (Cys61, His268, Glu302, and
Asp326) and a water molecule (Figure 1.11A).2% There is no interaction between
PEP and the metal ion.”® No crystal structure of DAHPS in complex with E4P has
been obtained to date. However, a crystal structure with bound metal ion, PEP and
the E4P analogue glycerol 3-phosphate (Gro3P) was solved to predict E4P’s
binding.”® In comparison to E4P, Gro3P is lacking the C1 carbonyl functionality.
The positioning of the E4P analogue in the structure by Konig et al. aligns well
with the E4P derived moiety of the DAHP-based inhibitor DAHP oxime

(Chapter 1.11.) which was co-crystallized with DAHPSG in our lab.”%% Both
models suggest that E4P’s phosphate moiety interacts with Arg99 and Thr100.
The C2 and C3 hydroxyl groups seem well coordinated, with hydrogen bridges to
residues Asp326 and Pro98. The aldehyde is predicted to coordinate to the metal
ion as well as Lys97 (Figure 1.11B).7%1% The residue Lys97 therefore plays an
important role for catalysis by coordinating both substrates, orienting them
properly for the enzymatic reaction and potentially transferring the proton to form
a hydroxyl group in place of E4P’s carbonyl group.” This is supported by the
observation that a K97A mutant was reported as inactive.”® Nonetheless, the
kinetic data of this study was not shown and it was not investigated if the protein

was correctly folded.
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Figure 1.11 Crystal structure of DAHPS’s substrates and mimics coordinated in
the active site.

(A) Metal ion and PEP coordination in DAHPS’s active site (pdb ID: 1N8F%9) (B)
Binding of Gro3P (green carbon backbone) and DAHP oxime (cyan carbon backbone)
were analyzed to simulate E4P binding in the DAHPS binding pocket (pdb ID: 5CKS00
and 10F8")

It was demonstrated by a global hydrogen/deuterium exchange (HDX)
experiment that the ligand-free DAHPS possesses an exceptionally high degree of
flexibility, which is diminished upon substrate binding.1 Spatially resolved HDX

showed that the unbound protein is highly flexible even in sequences that form
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secondary structure elements like a-helices in the substrate-bound state of the
enzyme.1%113 A similar observation was made by protein X-ray crystallography,
where the structuring of loops responsible for ligand binding was observed for
DAHPS-Co?*-PEP or DAHPS-Co?*-PEP-G3P in comparison to ligand-free
DAHPS.’ This further showed that substrate binding significantly reduces protein

flexibility and leads to an ordering of structural elements.

1.8. DAHPS’s metal requirement and metal coordination

All DAHPSs require a divalent metal co-factor.> The identity of the metal
ion under physiological conditions is not known. Iron(11),11014.115 cobalt(11),116:117
and copper(11)*8 have been proposed as endogenous cofactors. Various metal ions
have been tested in vitro, with the observed activities being Mn?* > Cd?* > Fe?* >
Co?* > Ni?* > Cu?* > Zn?* > Ca?*.!* The identity of the metal ion can also affect
the rate of product release.'> Additionally, various metal ions showed differing
residence times on the enzyme: while Fe?*, Co?* and Zn?* were not easily
displaced from the binding site, and could serve for more than one catalytic cycle,
Mn?*, Cu?* and Ca?* dissociated quickly.*'* The apparent degree of occupancy of
DAHPS’s active site was dependent on metal identity: DAHPS with Mn?* reached
only 30% occupancy, 52% with Zn?* and 88% with Cu?*.1%?

Metal ion coordination in the active site, as revealed by X-ray
crystallography, is trigonal bipyramidal, independent of the metal’s identity.” The

four residues which constitute the metal binding site, Cys61, His268, Glu302 and
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Asp326, are conserved in all DAHPSs.® A water molecule forming a bridge to
Lys97 is commonly observed as the fifth ligand in structures containing metal ion
plus PEP or a PEP analog.%®1% Nonetheless, during enzymatic turnover, this
water molecule is likely to be displaced by E4P. Studies by Konig et al. and our
group suggest that E4P’s carbonyl oxygen coordinates directly with the metal ion
and Lys97 (Figure 1.11B) and is localized at an identical position as the water
molecule.”®% The direct coordination of E4P’s carbonyl functionality by the
metal ion would lead to the activation of E4P’s C1 for nucleophilic attack by
PEP’s C3. The hypothesis of a direct interaction between the metal ion and E4P is
further strengthened by the observation that Kwm,esp is dependent on metal
identity.!* There has been a long-term debate of whether the metal ion plays a
catalytic or a structural role in DAHPS.%1%3114 The assumption that E4P’s
carbonyl functionality is directly activated by metal coordination suggests that the
metal cofactor in DAHPS is involved in catalysis.”®*'* Nevertheless, this does not
exclude a structural function of the metal ion. Indeed, it has been previously
observed that the addition of divalent metal ions leads to structural changes and
stabilization of the enzyme 19120

DAHPS structures coordinating Pb?*, Mn?*, Co?*, and Cd?* have been
reported (pdb ID: 10F8,7° 1KFL,'%® 1N8F,%® 1QR7,% 1RZM®). Depending on
the characteristics of the metal ions, coordination distances to active site residues
vary. Using the HSAB (hard and soft (Lewis) acids and bases) concept, metal ions

can be characterized by their softness and hardness, which also reflects their
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preference for the interaction with soft or hard ligands.*?* Mn?*, the metal ion
leading to the highest activation in DAHPS, is a hard Lewis acid, preferring
interactions with oxygen donors (such as Glu302 and Asp326), while it does not
strongly coordinate to nitrogen or thiol groups (such as Cys61 and His268).1%?
Other metal ions, like Fe?*, Co?" and Zn?*, which showed extended residence
times for binding, are borderline metals and are more likely to interact with the
imidazole and thiol functionalities. Considering metal preferences for ligand
coordination, the function and properties of the metal binding site ligands are not
clear. Cys61 was found to be important for catalysis and metal binding.!*®
Furthermore, it has previously been observed that Ky mnz+ and Kw eap collectively
increased for the C61A mutant (16-fold and 440-fold, respectively).1% At the
same time, interaction of the thiol group and Mn?* is weak.'?? If the sole function
of C61 was to coordinate the metal ion, only modest differences would have been
expected in the Kmwmn, and especially in the K eap. Therefore, besides metal

coordination, a structural role for this residue is suspected.'?

1.9. DAHPS inhibitors

Multiple DAHPS inhibitors have been characterized, and both inhibition
of the isolated enzyme,%%123-126 gnd bacterial growth inhibition'?” have previously
been studied. In none of the bacterial growth inhibition studies DAHPS has been
confirmed as the target of inhibition. To date, no DAHPS inhibitor has entered

clinical trials. Nonetheless, these reported inhibitors are of great importance, as
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they probe what kinds of inhibitor design are possible and serve as mechanistic
tools to allow a deeper insight into DAHPS catalysis. A common design strategy
is to mimic DAHPS’s substrates, intermediates, or the presumed transition states
(TSs). Mimicking intermediates assists to confirm proposed catalytic pathways
and gives indications of the intermediate’s stereochemistry. DAHPS’s substrates
are highly negatively charged, which has been reflected in the inhibitor design: To
date, there are no small neutral inhibitors of DAHPS, even though a negative
charge commonly hinders cell membrane penetration and in vivo effectiveness. In
addition, comparing the reported potencies of the inhibitors is very difficult, as the
authors utilize differing equations for Ki determination. The kinetic properties of
the enzyme, such as ordered substrate binding and product release for the Km
determination, as well as the mode of inhibition of the small molecules, are often

not examined or are not considered in the choice of the equations.

1.9.1. Oxacarbenium ion mimics

In the cationic mechanism of THI formation (Figure 1.8), an
oxacarbenium ion intermediate is formed. Multiple DAHPS inhibitors have
attempted to mimic this putative intermediate (Figure 1.12). Compound 1 mimics
the positive charge at the carbon atom of the oxacarbenium ion intermediate with
an aminophosphonate functionality.'?® Its structure is based on an inhibitor
previously designed for KDO8PS.'?8 This dual site inhibitor was created to

interact with both the PEP and distal phosphate binding site corresponding to
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E4P’s phosphate binding site. Compound 1 and the corresponding analogue of
KDO8P exhibit slow-binding inhibition.*?> Compound 2 was designed based on
the assumption that the phosphate’s C-O bond has a partial double bond character
in the oxacarbenium intermediate, which introduces planarity to the molecule.*?*
This planarity is imitated by the vinyl phosphonate. Adding a trifluoromethyl
group did not enhance the inhibitory efficiency. Inhibitor 3 was based on the same
pharmacophore, but extended to capture binding energy from E4P phosphate’s
binding site.*?®

Oxacarbenium ion intermediate mimic

P -2 P -2
Ho Ho ©o-FPOs o-POs

2 =l
opo N AN
s - COO" - » %coo-

HO
Oxacarbenium ion
intermediate
-2
OH QH (Po;g PO3-2 PO3-2
-2o3Po\/K/’\/ NR_ €Oy /[ R\/\/\/[
H R™ ~COO" COO"
OH
1 2 3
ICs0 = 6.6 UM R=CHg: K; = 4.7 uM R=OPO3™: K; = 5.3 uM
R=CF3: K; = 8.8 uM R=Br :K; = 3.6 yM

Figure 1.12 Inhibitors based on the oxacarbenium ion intermediate.

ICs0 or K values were determined with E. coli DAHPS(Phe).
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1.9.2. Tetrahedral intermediate mimics

Several inhibitors are based on the THI (Figure 1.13). To capture the
tetrahedral geometry and increase the compound’s stability, the THI’s phosphate
was replaced by a phosphonate group. The resulting compounds 4a (seven carbon
backbone, based on DAHP) and 4b (eight carbon backbone, based on KDO8P)
inhibited growth of several Gram-negative bacteria, including E. coli.'?’ The
phospholactate enantiomers, 5, were designed as THI mimics, and inhibited
DAHPS competitively with respect to PEP.*?* The (R)-enantiomer was >10-fold
more potent than the (S)-enantiomer. The inhibitors with the lowest K; values
reported to date are the enantiomers of the bisphosphate, 6, (K; = 360 nM and 620

nM).2 Their design was based on 5, extended to serve as a dual binding site

inhibitor.
THI mimics
OFt O\\P/OEt
N
HO O=P-OEt HO OH OEt
HO™ ™ HO™ ™ HOCOO
HO HOHO COO° HO HO
4a 4b
Inhibit Gram-negative bacterial growth. OH OH OPO;?
204p0. N _A_-on
H (ofe]lo}
OH
OPO;? OP05?
H 20,P0 H THI
(efe]0] (e]e]0]
5 6

(R)-enantiomer K; = 49 yM (R)-enantiomer K; = 360 nM
(S)-enantiomer K; = 670 yM (S)-enantiomer K; = 620 nM
(E. coli DAHPS) (M. tuberculosis DAHPS)

Figure 1.13 THI mimics as DAHPS inhibitors.

The THI and the mimicking structural elements are coloured.
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1.9.3. Substrate mimics

Few E4P mimics have been reported (Figure 1.14). Fosmidomycin, a 1-
deoxy-D-xylulose 5-phosphate reductoisomerase inhibitor, was tested for DAHPS
inhibition.*?* Due to its structure and binding mode to DXP reductoisomerase, it
was expected to interact with E4P’s binding pocket and coordinate the metal ion.
Inhibition was observed, but it was competitive with respect to PEP and
uncompetitive with E4P, implying that it bound in the PEP binding site.
Fosmidomycin’s inhibition of DAHPS had slow onset, and the extent of inhibition
depended on the identity of the metal ion.?*

PEP mimics have been designed for the inhibition and characterization of
a plethora of PEP-utilizing enzymes and metabolic pathways.'?**3! Some have
been tested on DAHPS. Replacing PEP’s phosphate group with a bioisosteric
sulphate group did not result in an DAHPS inhibitor.*?* The allylic phosphonate,
7, was designed with the intention that the absence of the phosphate’s bridging
oxygen would hinder P; release and interrupt catalysis (Figure 1.14).12* The

success of this strategy initiated the development of the dual site inhibitor 8.1%
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Substrate mimic
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Figure 1.14 Substrate mimics imitating E4P and/or PEP binding.

1.10. Other a-carboxyketose synthase inhibitors

The catalytic similarities among a-carboxyketose synthase superfamily
members implies that inhibition of all enzymes of this family might be achievable
by comparable strategies. Therefore, it is indispensable to be informed about
inhibitors of KDO8PS and NeuB (Figure 1.15). Several KDO8PS inhibitors have
been described, including the oxacarbenium ion intermediate mimic, 9a, that later
served as basic structure for the DAHPS inhibitor 1 (Chapter 1.9.1).1% This
bisubstrate inhibitor exhibited slow-binding inhibition. Despite its high efficacy,
no bacterial growth inhibition by this inhibitor or its phosphonate derivative, 9b,
were observed, most likely due to cell membrane impermeability.**? The acyclic
product analogue, 10, inhibited KDO8PS.1?8133 For NeuB, the potent THI mimic

inhibitor, 11, with slow binding behaviour has been reported. X-ray
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crystallography showed that only the (2R)-isomer of the racemic inhibitor mixture
was bound, indicative of the THI’s stereochemistry in NeuB.”

KDOB8PS inhibitors

PO5?

OH OH OH OH OH
2 : - -
O3P< NH _COO
3 R/\;/'\‘/\/ ® 20,P07 coo
OH OH OH OH
9a 9b 10
R=0 R =CH, acyclic product mimic
oxacarbenium ion mimic oxacarbenium ion mimic K; =500 uM

K =33 pM; K*=0.4 uM K, =50 uM

NeuB inhibitors

OH NHAc
. OP0;2
HO - - H 3
OH OH OH COO"
11
THI mimic
Ki=3.1uM

Figure 1.15 Inhibitors of KDO8PS and NeuB.

In 9a, Ki* represents the slow binding inhibition constant.

1.11. DAHP oxime

DAHP oxime is a potent, slow-binding DAHPS inhibitor (Figure
1.16A).1901% |5 design was based on experiences in our laboratory with NeuNAc
oxime, a slow and tight-binding inhibitor of NeuB (Ki* = 1.6 pM).13413% DAHP
oxime is prepared in a simple one-step synthesis from DAHP, with the 2-keto
group reacting with hydroxylamine to form an oxime. It inhibits DAHPS with
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Ki = 1.5 uM.2® Similar to NeuNAc oxime and several other reported inhibitors of
the a-carboxyketose synthase superfamily enzymes,’124125128 DAHP oxime
shows slow-binding inhibition with a residence time, tr, of 83 min, where tr

= 1/kofr . Competitive binding behavior with respect to both substrates and the
metal cofactor was demonstrated.'% X-ray crystallography showed that DAHP
oxime occupies both the PEP and E4P binding sites. The metal binding site was
vacant, and isothermal titration calorimetry (ITC) experiments demonstrated that
DAHP oxime was unable to bind to the DAHPS-Mn?* complex, demonstrating
competitive binding behaviour of the metal ion and DAHP oxime (Chapter
2.3.6).1%0 Crystal structures revealed that the inhibitor binds to only two of the
four subunits of the homotetrameric enzyme, leaving one subunit per tight dimer
empty. These unoccupied subunits explain the 15% residual activity even at high
DAHP oxime concentrations.'® The coordination of the DAHP moiety of the
inhibitor occurs with the same residues which are responsible for PEP and E4P
binding, while the oxime functionality, in combination with two crystallographic
waters, captures some of the interactions of the THI’s phosphate group in the
binding pocket, suggesting that the oxime acts as a phosphate group mimic in

DAHPS (Figure 1.16B and C).1®

32



Ph.D. Thesis — Maren Heimhalt McMaster — Chemistry

A HO_
OH OH IN
_203PO\)\/?\)\
H COO”
OH
DAHP oxime
K,=1.5uM
B rR234 (o] R234
NH-_. -H,® NH-.__ _-H,®
HoN - HoN ~
BN @ T o O
NH, OHy" B . *HiN—k1g6 NH, ®H2 +
g NG HO. ... HaN=K186
M 3 NH
: COO +,0 2 M
A \< R165 NH,
R165 NH,

Figure 1.16 (A) The structure of DAHP oxime and a comparison of the active site
interactions of (B) the THI and (C) DAHP oxime.

Figure from Balachandran et al. (2017).106

Phosphate is abundant in all living organisms. It is a building block of our
DNA and RNA,; it is involved in intracellular energy transfer in the form of ATP;
it is part of lipids that form biomembranes; and many metabolic intermediates
contain phosphate groups.'® The development of phosphate mimics is therefore a
major concern in medicinal chemistry. Nevertheless, their design remains
challenging because of the phosphate group’s negative charge and hydrolytic
susceptibility in vivo.3” Most bioisosteric phosphate replacements are either
charged, which hinders cell membrane penetration, or bulky, which could
interfere with binding in some phosphate binding sites.*® Similar issues have

been described for the previously proposed inhibitors of a-carboxyketose synthase
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enzymes (Chapter 1.9 and 1.10). The molecules are highly charged and fail to
inhibit bacterial cell growth.*2”132 The oxime functional group, when acting as a
phosphate mimic, has the advantages of being uncharged and small, which helps
cell membrane penetration and makes it applicable to a wide range of targets.'®
A linear free energy relationship (LFER) analysis with seven DAHPS
mutant enzymes showed that the inhibitor does not only mimic phosphate
structurally but also functions as a TS mimic of THI breakdown.®® Enzymes
catalyze chemical processes by stabilizing the TS of the reaction, and thereby
lowering its activation energy (Figure 1.17A). During this process, the enzyme
binds the TS many times more tightly than the substrates or products, which
results in dissociation constants for transition states between 1014 to 102 M.13°
TS analogues, that is, compounds that mimic the TS, can be potent inhibitors with
high selectivity towards their target.*° LFER analysis of enzyme inhibitors
involves examining the relationship between kca/Km and Kj. The specificity
constant, keat/Kwm, reflects the free energy difference between free enzyme and

substrate in solution (E + S), and the transition state for the first irreversible step

of the reaction (E- S¥). The specificity constant therefore describes the quality of

the TS stabilization (Figure 1.17A). The K; expresses inhibitor binding as the
equilibrium constant between enzyme and inhibitor free in solution (E + ), and

the enzyme - inhibitor complex (E - I). If an inhibitor is interacting with active site

residues in the same manner as the TS, keat/Km and Ki should exhibit a log linear
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relationship to each other when the enzymatic function is perturbed by modifying
either the enzyme or parallel modifications of the substrate and inhibitor. For this
LFER analysis, seven DAHPS mutants were generated. Because DAHPS has
three substrates, the three substrate specificity constant Keat/(Km,mn,Km,pep,Kwm,e4p)
was examined in relation to Kj, and a linear relationship was found (Figure
1.17B).1% This LFER analysis therefore demonstrated that DAHP oxime isa TS
mimic. For the THI breakdown and phosphate departure, a protonation step at the
phosphate’s bridging oxygen is crucial.!® In DAHPS, Lys186 is the presumed
general acid catalyst for this step. DAHP oxime mimics this interaction with

Lys186, and therefore mimics the TS of the THI breakdown.%

B 2
slope = 0.34
|R?2=0.93
A
§1
T l I T I T I
>
g -16 -14 -12 -10 -8
5 E+S =—-ES— »EP=—=E+P log[(KumnKmpep * Kigar) Keat]
Reaction coordinate
kcat/KM +
E+S S — transition state stabilization
E+1 E-l —inhibitor binding

Figure 1.17 A linear free energy relationship analysis for DAHP oxime.

(A) Basics of enzymatic function. The enzymatic stabilization of the TS during the
catalytic turnover lowers the activation energy. (B) LFER analysis with DAHP oxime
using seven mutant enzymes of DAHPS. A linear relationship between
log((Kwm,mn,Km per,Km ear/Keat) and log(Ki) was observed. Figure from Balachandran et al.
(2017).108
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1.12. Research objective

DAHP oxime is a TS mimic inhibitor of DAHPS (K;= 1.5 uM) and shows
slow-binding behavior. Nevertheless, the inhibitor has three drawbacks that were
addressed in independent projects:

Chapter 2 discusses the competitive mode of binding by DAHP oxime
with respect to Mn?*. Metal identity and concentrations in living cells are highly
variable, so the efficacy of a metal-competitive inhibitor becomes unpredictable.
We found that DAHP oxime is no longer metal-competitive at basic pH. With
mutant enzymes of DAHPS, we identified active site residues that influence the
mode of binding and used fragment-based inhibitor design to establish an
inhibitor design strategy which prevents the metal/ inhibitor competition in
DAHPS.

Chapter 3 addresses the high hydrophilicity which prevents DAHP oxime
from penetrating into cells. The metal noncompetitive fragment introduced in
Chapter 2 has been optimized by the addition of fluorine to the pyruvate moiety to
increase potency and by esterification of the carboxylate to decrease the
hydrophilicity. Also, different imine derivatives have been synthesized and
characterized. Based on these modifications, bacterial growth inhibition was
observed, and inhibition was relieved by the DAHPS overexpression, suggesting
that the inhibitor is indeed targeting the enzyme in cells. This showed us for the
first time that DAHPS is a suitable target for small molecule inhibitors to stop

bacterial growth.
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Chapter 4 discusses the residual activity that is observed even at high
DAHP oxime concentrations. DAHP hydrazone and DAHP O-(2-fluoroethyl)
oxime, which are structurally closely related to DAHP oxime, do not show
residual activity. DAHP hydrazone furthermore possesses increased potency in
comparison to the oxime derivative. X-ray crystallographic study was performed
to analyze differences of the DAHP derivatives’ binding in the active site and

their influence on enzyme conformations.
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Chapter 2. The mode of inhibition by DAHP oxime is pH dependent

2.1. Introduction

Recently, DAHP oxime binding to DAHPS was found to be competitive
with the metal co-factor under physiological conditions, even though inhibitor and
metal do not occupy the same physical space.®® The origin of metal/ inhibitor
competition remains unknown. Understanding this competition is critical for in
vivo success of DAHPS inhibitors because the abundance of metal ions in living
cells could hinder the effectiveness of DAHPS inhibitors. Furthermore, it has been
demonstrated that some metal ions show exceptionally tight binding to DAHPS
and are not readily displaced from the active site.!* Competition between these
metal ions and the inhibitor is therefore undesirable. Most DAHPS inhibitors in
literature, including DAHP oxime, resemble substrates, intermediates or the
presumed transition states of DAHPS’s catalytic mechanism (Chapter 1.9), and
many of them mimic the THI.13124127 Based on our experience with DAHP
oxime, these inhibitors could potentially exhibit metal competition, as they were
designed based on a similar strategy. Indeed, it has previously been observed that
the quality of Fosmidomycin’s inhibition (Chapter 1.9.3) was dependent on the
metal ion’s identity.'?* To successfully inhibit DAHPS and to make this enzyme
accessible as a reliable target for antibiotics, it is crucial to understand the nature
of the competition between metal and inhibitor binding. While investigating the
pH profile of inhibition for DAHP oxime, an apparently lowered K; under basic

conditions was observed. This initiated a closer investigation of DAHP oxime’s
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binding at high pH to take advantage of the inhibitor’s supposedly enhanced
potency. But instead of tighter binding, it became evident that the mode of
inhibition for DAHP oxime changes at high pH, with metal ion and DAHP oxime
binding no longer being competitive. Mutant enzymes, as well as inhibitor
fragments, were designed to explore the origin of this competition. The project
aimed for the identification of active site residues as well as structural elements of
the inhibitor that are responsible for the competition. An optimized inhibitor

design to avoid metal competitive binding is suggested.

2.2. Materials and Methods

2.2.1. General

After it was demonstrated that DAHPSHe showed equivalent kinetic
properties to the His-tag cleaved DAHPSg,'%° N-terminally Hiss-tagged DAHPS
(DAHPSHs) was used for all steady state kinetic experiments. Purification for both
enzymes followed previous established methods.'® Mutant enzymes were
generated by N. Balachandran.!** Kinetic experiments were performed using the
colorimetric Malachite Green/ammonium molybdate assay for inorganic
phosphate (P;) released over time due to the enzymatic turnover.'*? The substrate
E4P was synthesized following an adapted protocol,*** which was based on the
established method reported by Sieben et al.}*® All solutions, with the exception

of the enzyme and MnCl> were treated with Chelex 100 to remove contaminating
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metal ions. All enzymatic reactions were performed at 25 °C. All reagents were
purchased from Sigma-Aldrich or Bioshop (Burlington, ON), unless otherwise

stated.

2.2.2. DAHPSg kinetic parameters

All experiments were performed by varying one substrate concentration,
while keeping the other two at 250 uM in Kinetics buffer (50 mM K-HEPES,
pH 7.0, 100 mM KCI, 0.1 mM TCEP). The MnCl; concentration was varied from
0 to 0.075 mM; PEP was varied from 0 to 1 mM, and E4P was varied from 0 to
1 mM. A premix was prepared containing all substrates, and the reaction was
started by adding 25 nM DAHPSg. The kinetic parameters were fitted using

eq. 2.1 for the rapid equilibrium sequential ordered ter ter kinetic mechanism:44

K. IMN][PEP][ E4P]

V_O — KMnKPEPKE4P
[E]l, ,, Mn]  [Mn][PEP]  [Mn][PEP][E4P]
KMn KMnKPEP KMnKPEPKE4P (2.1)

For the calculation of the individual Kv of all three substrates, as well as
for Keat/(Km,mnKm,perKm e4p), the equation was restructured to fit
Keat/ (Km,mnKm perKm E4p) @S a single parameter (eq. 2.2) which resulted in lower

standard errors:
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kCat
Vo ( K ot K v pe K v 4 J[Mn][PEP][ E4P]
[El, =1+ [Mn]  [Mn][PEP] _ [Mn][PEP][E4P] 22)

KM,Mn I’<M,Mr1l‘<M,PEP KM,MnKM,PEPKM,E4P

2.2.3. pH profile of the Km'’s and kcat/(Km,mn,Km pep,Km esp) Of DAHPSHg

The Michaelis constants (Km) and kcat were determined for DAHPSHs at
the individual pH values tested. Two substrate concentrations were kept constant
(Table 2.1), while the third was varied. PEP varied from 0 to 8 mM, E4P from 0
to 2 mM and MnCl, from 0 to 1 mM. A substrate premix containing PEP, E4P and
MnCly, as well as 0.1 mM TCEP, was prepared and each kinetic experiment was
initiated by adding the enzyme. The reaction was quenched at 10 s time intervals,
with an overall duration of the experiment of 1 min. Under basic conditions, Mn?*
stability in solution was impaired due to the formation of manganese hydroxide.
To avoid precipitation, the MnCl, concentration was reduced at basic pH and
Mn?* was added into the reaction mix at the same time as the enzyme to reduce
the exposure time to the basic environment. The Kinetic parameters were

calculated based on eq. 2.1 and 2.2.
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Table 2.1 Conditions for the Kca, Km and Kea/ (Kmvn,Km,pep,Km,eap) determination at
varying pH.

Enzyme
[MnCl] [PEP] [E4P] [DAHPSwe] preincubation

pH buffer 2 (uM) (mM) (mM) (nM) with Mn?*?
7P 50 mM K-HEPES 2 0.1 0.1 25 No

8 50 mM K-HEPES 10 0.5 0.25 100 No
8-9 50mM K-CHES 10 0.5 0.25 100 No

10 50 mM K-CAPS 10 25 0.25 100 Yes
10.5 50 mM K-CAPS 1 5 0.5 100 Yes

a Kinetics buffers also contained 100 mM KCI, and 0.1 mM TCEP.
b Data collected by N. Balachandran.4!

The pH profile for Km,mn was fitted to yield a single pKa for the basic limb

with eq. 2.3:

103*(PKa—pH)

KM,Mn = lelt X 103%(pPKa—pH) 41 (23),

where Limit is the upper limit for Km,mn at acidic pH.

The pH profile of Kvpep showed a single pKa for the acidic limb and was

fitted to eq. 2.4:

(PK,—pH)
Ky pep = Limit (1— 10 }

10PKaPH) | 1 (2.4)

where Limit was the upper limit for Ky pep at basic pH.
The pH profile for Km esr was fitted to a bell-shaped curve (eg. 2.5), as

two ionizing groups were observed:

10PH-PKa1

KM,E4P = lelt X (25)

102xpH—-pKa1—-pKa2 4+10PH-PKa1 +1

42



Ph.D. Thesis — Maren Heimhalt McMaster — Chemistry

where Limit was the upper limit of the Ku,esp values, and pKaz and pKaz were the
pKa values of the acidic and basic limb, respectively. Similarly, the pH profile of

Keat/ (Km,mn,Km,per,Km E4p) Was fitted to eq. 2.5.

2.2.4. pH profile of K;

All substrate concentrations were kept constant (Table 2.1) while the
DAHP oxime concentration was varied from 0 to 800 uM. The reactions were
initiated by the addition of 100 nM DAHPSHs and the reaction progress was
monitored over 1 min. The fast binding inhibition data were initially fitted on the
assumption that inhibitor binding was competitive with respect to all three

substrates (eq. 2.6).144

Kcat[IMN][PEP][ E4P]
K K K
- - [Mn] [Mn]B/:I;EA;] - [|\I\;||,nE]4[|F:)>EP][E4P] [I] + offset
KM,Mn KM,MnKM,pEp KM,MHKM,PEPKM,E4P K;
(2.5)

The pH profile of K was fitted to yield a single pKa for the basic limb

(eq. 2.7):

_ limitL+ limit2x 10*®P<)
i~ 14+ 10%@H-PKa) 6

where limitl and limit2 are the K; values at low and high pH, respectively.
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2.2.5. Kinetic constants for C61A at pH 10

Determining the Km,mn and K values for the C61A mutant required
determining all the substrates’ Km values at basic pH so they could be used to
calculate the kinetic parameters based on eg. 2.1 and 2.2 for a rapid equilibrium
ordered sequential ter ter kinetic mechanism. Kv values were determined by
varying one substrate while the other two were kept constant at 10 mM PEP,
4.5 mM E4P and 0.3 uM MnCl,. The experiment was performed in 50 mM
CAPS, pH 10, 100 mM KCl and 0.1 mM TCEP, with 4.5 uM DAHPSHs. A
substrate premix was prepared, and the reaction was initiated with the addition of
enzyme and MnCls. P; production was monitored by the Malachite
Green/ammonium molybdate assay in 5 min intervals over 30 min. C61A
inhibition by DAHP oxime was investigated at pH 10 using an identical method,
but keeping substrate concentrations at 10 mM PEP, 4.5 mM E4P, and 305 puM
MnCl,. The kinetic parameters, as well as K; for DAHP oxime were fitted to

eq. 2.1, 2.2 and 2.6.

2.2.6. DAHP O-methyloxime — synthesis and inhibitory properties at pH 7 and 10
DAHP was synthesized by incubating 0.021 mmol PEP, 0.02 mmol E4P,
0.05 pmol MnClz, and 2 nmol DAHPS(Phe) in 5 mL buffer (10 mM K-HEPES,
pH 7.0) at room temperature for 3h. After the reaction was completed, an Amicon
Ultra 0.5 mL centrifugal filter was used to remove the enzyme. To the crude

DAHP reaction mix containing 3.75 mM DAHP, 25 mM methoxyamine
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hydrochloride was added, and the pH was adjusted to 5.5. The reaction progress
was confirmed by HPLC and *H NMR and the product quantified by *H NMR.

Inhibition at pH 7 was determined in 50 mM K-HEPES, pH 7, 100 mM
KCl and 0.1 mM TCEP. A substrate premix was prepared with 9 uM MnCly,
0.5 mM PEP and 0.25 mM E4P, and the reaction was started with 100 nM
DAHPS.

The inhibition experiment at pH 10 was performed in 50 mM K-CAPS,
pH 10, 100 mM KCI and 0.1 mM TCEP. The substrates were kept at a constant
concentration of 2.5 mM PEP, 0.25 mM E4P, and 9 uM MnCl.. To avoid metal
precipitation, the enzyme and Mn?* were added into the premix of substrates

simultaneously to initiate the reaction.

2.2.7. DAHP oxime mode of inhibition at pH 7 and 9 by ITC titration

Isothermal titration calorimetry (ITC) was performed using a NanolTC
calorimeter (TA Instruments, Delaware, MD), with the kind permission of Prof.
Richard Epand and the advice of Dr. José Bozelli. Purification of DAHPSHs was
performed as described previously.® After elution from the Ni%*-loaded Hightrap
Chelating-Sepharose column (GE Healthcare), the enzyme was kept in the elution
buffer (50 mM Tris-Cl, pH 7.0, 100 mM KCI, 400 mM imidazole), and
10% glycerol, 0.1 mM TCEP and 1 mM EDTA were added, followed by a two-
day incubation to remove bound metal ions. The enzyme solution was then

dialyzed against 3 x1 L of 20 mM K-HEPES, pH 7.0, and 0.1 mM TCEP to
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remove the EDTA. The enzyme was concentrated to 185 M using a Amicon
Ultra 4 mL centrifugation filter (EMD Millipore Corporation).

DAHP oxime was synthesized and purified as described previously.#*
After the anion exchange purification on a Q-Sepharose column (GE Healthcare),
the sample was lyophilized repeatedly to remove residual ammonium formate.
This was done to minimize the background signal due to NH4*’s heat of dilution
during the ITC experiment. An aliquot of the inhibitor was then dried and
dissolved to 400 uM in the ultrafiltrate from the enzyme’s concentration step.
Similarly, a 400 uM MnClI; solution was prepared with the ultrafiltrate. All
solutions were degassed in a vacuum chamber under stirring for 15 min at 15°C,
then the calorimeter’s reference cell was filled with 170 pL of ultrafiltrate. The
reaction cell was filled with 170 pL of the DAHPSHs or DAHPSHe-Mn?* solution,
and blank titrations were performed with buffer in the reaction cell. The titrant
(MnCl2 or DAHP oxime) was loaded into the 50 L injection needle. All
solutions were equilibrated under constant stirring (300 rpm) to 20°C. A total of
19 injections was performed, the first with a volume of 0.48 pL and all
subsequent ones with a volume of 2.5 pL.

For the Kq determination at pH 9, the enzyme was buffer exchanged by
centrifugal ultrafiltration immediately before the experiment into 20 mM K-

CHES, pH 9.0, and 0.1 mM TCEP, then concentrated to 100 uM. A solution of

400 uM DAHP oxime and a stock solution of MnCl, were prepared using the
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ultrafiltrate. After degassing all solutions for 15 min, MnCl, was added to the
DAHPS solution to a final concentration of 400 uM MnCla.

Kq values were calculated using the NanoAnalyze software (TA
Instruments). The areas of the single injection peaks were plotted as a function of
injection number. The calculations take into consideration the fact that the
working volume of solution in the titration cell (Vo) is held constant at 170 uL,
with the added volume of titrant (AV) resulting in an equal volume of titration
mixture moving into the inactive tube. Thus, the initial enzyme concentration
(M*) in the working volume (Vo) decreases through the course of the titration.
The enzyme concentration at point t, My, can be expressed with eq. 2.8:

AV

o B 2xV,
My =My —3 v @.7)

1+
2xV,

A similar assumption must be made for the actual bulk concentration of

the ligand (X) in relationship to the hypothetical bulk concentration X°t (eq. 2.9):

o, AV
X = X (1— 2xvo] (2.8)

For independent binding to identical binding sites, equations eg. 2.10 and

2.11 apply:

0

%= (L-0)x[X] (2.9)
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Xt = [X] + nOM; (2.10),
where Kg is the dissociation equilibrium constant, 6 is the fraction of binding sites
occupied by ligand X, [X] is the free ligand concentration, and n is the number of
binding sites. Combining eq. 2.10 and 2.11 leads to the quadratic equation

(eq. 2.12):

02 g1+ 2t |4 2 PRATI)
nM, ) | nKgM, | nM, (2.11)

The total heat, Q, in V, at a specific 6 value can be expressed as eq. 2.13:

Q = nBMAHV, (2.12),
where AH is the enthalpy of ligand binding.
Combining eq. 2.12 and 2.13 finally leads to equation 2.14, which enables

the calculation of Q after the i injection:

2
nM,AHV X X 4X
Q=— 11+ — |+ L 1+ —+ 1 -
2 nM, nK,M, nM, nK;M, nM,

(2.13)

Fitting the equation requires initial guesses for n, Kg, and AH.1%®
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2.2.8. DAHP oxime’s mode of inhibition at pH 9 by fast binding initial velocity
experiments

Initial velocities were measured in buffer containing 50 mM K-CHES,
pH 9.0, 100 mM KCl and 0.1 mM TCEP, with two constant substrate
concentrations of 0.25 mM each of PEP and E4P, and 10 uM MnClz, while the
third was varied. The inhibitor concentration was kept constant at 50 uM DAHP
oxime. Both, the PEP and the MnCl> concentration were varied up to 1 mM. All

reactions were initiated with 25 nM DAHPSHs.

2.2.9. K| values for pH dependent mode of inhibition
The mode of inhibition, i.e., competitive vs. noncompetitive vs.
uncompetitive, affects how K;j values are calculated. When the mode of inhibition
changes as a function of pH, then K; calculations must consider the fraction of
inhibition that is metal competitive vs. not metal competitive at each pH. These
fractions are determined by the pH and the pKj, and can be calculated with the
Henderson-Hasselbalch equation (eg. 2.15).
pH =pK, + Iog(%] 2.14)
The rapid equilibrium sequential ordered ter ter kinetic mechanism
equation that assumes competition between inhibitor and metal binding (eg. 2.6)

applies to lower pH, while at higher pH, equation 2.16** applies, which assumes
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noncompetitive inhibition with respect to the metal ion, but competitive inhibition

with respect to the other two substrates.

« [MnI[PEP][E4P]
VO _ = KM,MnKM,PEPKM,E4P
B 2.15
[El, (1+ m J[“ [Mn] J+ [MA[PEP] |, [Mr][PEP[E4P] (2.15)
i M,Mn KM,Mn KM,PEP KM,Mn KM,PEP I‘<M,E4P

Initial velocities in the overall equation (eq. 2.17) for the pH dependent
mode of inhibition are the sum of the two terms representing inhibition which is

competitive (eq. 2.18) and noncompetitive (eq. 2.19) with respect to Mn?*:

Vo [, 100
[E], 10°77Ka 11

lOpH—pKa .
+| ———— |xnoncompetkive+ offset

jx competitive

(2.16),

10°7 11

where:

Kcat IMN][PEP][ E4P]

Km, Mn Km, per K, E4P
L IMn[MAPEP] | [MnJPEPILEAP] 1]

Kmmn  KmmnKmper  Km,mn Km pep Kmesap K comp

competitive =

(2.17)
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K..[Mn][PEP][ E4P]

KM,MnI<M,PEP|<M,E4P

[1+ ; [1 ]{u [Mn] J+ [MN][PEP] _ [Mn]PEP][E4P]

noncompetitive =

K

i,noncomp M,Mn KM,MnKM,PEP KM,MnKM,PEPKM,E4P

(2.18)
The equation was fitted for Kicomp, the competitive inhibition constant,
Kinoncomp, the noncompetitive inhibition constant, the pKa for the change in mode
of inhibition, and offset, the residual activity at high inhibitor concentrations. The
other kinetic parameters were set as constants, using the fitted values from eq. 2.1

and 2.2.

2.2.10. DAHP O-methyloxime’s mode of inhibition

Rate assays to probe competition between DAHP O-methyloxime and
Mn?* were performed at pH 7 with 0.1 mM PEP and E4P, 1.5 mM DAHP O-
methyloxime, and MnCl. concentrations from 5 uM to 5 mM. At pH 9, the
substrate concentrations were kept at 0.25 mM PEP and E4P, with 1.5 mM DAHP

O-methyloxime, and MnCl> concentrations from 2 pM to 2 mM.

2.2.11. Mutant enzymes’ mode of inhibition over the pH range

The fast binding inhibition experiments and the Eadie-Hofstee plot to
determine the mode of inhibition for the DAHPS mutants C61A, D326A and
H268A were performed in 50 mM K-HEPES, pH 7.0, 100 mM KCI and 0.1 mM

TCEP, using individually adapted substrate and enzyme concentrations (Table
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2.2), and varying MnCl; concentrations ranging from 5 pM to 10 mM. The
reactions were initiated by the addition of the enzyme and P; production was

followed in individually adapted time intervals (Table 2.2).

Table 2.2 Fast binding reaction conditions for the DAHPS mutant enzymes.

[PEP] (mM) [E4P] [DAHP oxime] [DAHPS] time interval 2

(mM) (mM) (nM) (min)
C61A 0.6 1 0.25,1,4 1975 10
D326A 0.5 1 0.25 825 2
H268A 0.5 0.05 0.04,0.2,1 400 3

a Time interval between aliquots in initial velocity measurements. There were typically six
aliquots per vo measurement.

ITC titrations for D326A to determine the competitiveness of DAHP
oxime and Mn?* binding were performed as for DAHPSHg, but with 120 uM
DAHPSHs in 20 mM Tris-Cl, pH 7.0, 0.1 mM TCEP, and 800 uM MnCly, being

titrated with 800 UM DAHP oxime.

2.2.12. Fragment-based inhibitors’ mode of inhibition

Pyruvate oxime and glyoxylate oxime were synthesized as previously
described.1#® The K; values for both, in combination with glycerol 3-phosphate
(Gro3P), have previously been determined, but were re-calculated based on
eq. 2.16. The K; for glyoxylate oxime and erythritol 4-phosphate (Ero4P) was
determined in kinetic buffer with 250 uM PEP, 125 uM E4P, 50 uM MnCl_,
8 mM Ero4P and varying glyoxylate oxime concentrations. The reactions were
initiated by adding 50 nM DAHPSHs. The K; value was fitted using eq. 2.6. Using

the same conditions, an Eadie-Hofstee plot for glyoxylate oxime and Ero4P was
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generated. Here, the inhibitor concentration was fixed at 5, 16.7, 50, or 65 mM
while the MnCl; concentration was varied from 50 to 1000 puM. The
competitiveness of binding between the metal ion and pyruvate oxime plus Gro3P
was further tested using an Eadie-Hofstee plot. The substrate premix was prepared
in 50 mM K-HEPES, pH 7.0, 100 mM KCI, and 0.1 mM TCEP, with 0.1 mM
each of PEP and E4P. The MnCl; concentration was varied from 2 to 1000 pM.
The Gro3P concentration was constant at 4 mM, and the pyruvate oxime
concentration was set to 0.78, 3, or 12.5 mM. The reactions were initiated by

adding 25 nM DAHPSHe and aliquots were taken at 30 s time intervals.

2.3. Results

2.3.1. Kinetic parameters for DAHPSg

The kinetic properties of DAHPSg and DAHPSHs calculated by the rapid
equilibrium sequential ordered ter ter kinetic mechanism equation (eq. 2.1 and
2.2) did not differ significantly from each other (Table 2.3). The largest difference
was in the values of Km pep, which were 2.5-fold higher in DAHPSg. This
corresponds to a free energy difference of 0.5 kcal/mol, equivalent to about one-
fifth of a good hydrogen bond. While the differences in the Km pep values could be
readily measured, they were not functionally significant. The Km’s of E4P and

Mn?* were very similar between DAHPSHs and DAHPSG.
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Table 2.3 A comparison of the steady state kinetic parameters for DAHPSs and
DAHPSG,

Substrate
Mn2* PEP E4P
DAHPS62
Keat (5) P 16.4+0.6
Kn (UM) © 55+0.7 140 + 20 15+2
Keat/(KmnKperKgap) ©
(M3s™) (1.5+ 0.2) x 1015
DAHPSG
Keat (1) P 12.1+0.4
Km (UM) € 5.0+0.8 370+ 70 13+ 3
Keat/(KmnKperK gap) ©
(M3s71) (5+0.7) x 1024

a Data collected by N. Balachandran.10°
b Fitted to eq. 2.1.
¢ Fitted to eq. 2.2.

2.3.2. pH profile of Km'’s and keat/(Kmmn,Km,per,Km e4P)

The pH profile of DAHPSHs’s steady state kinetic parameters were
examined. Each substrate’s Michaelis constant, determined by the rapid
equilibrium sequential ordered ter ter kinetic mechanism equations (eq. 2.1 and
2.2), exhibited a characteristic pH profile (Figure 2.1). The pH profiles for Kv,mn,
Kwm,pep and K esp Were fitted to the eq. 2.3, 2.4, and 2.5, respectively. Km,mn
showed a significant (21-fold) decrease towards basic pH, with the basic limb
pKa = 8.2. In contrast, Km,pep increased over the same pH range, while K esp

displayed a bell-shaped pH dependence.
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Figure 2.1 The pH profile of the Michaelis constants Kumn, Kuper and Ky esp as a
function of pH.

The pH profile of the specificity constant Keat/(Km,mn,Km,pep, Km E4p) Was
characterized by a bell-shaped curve with a basic limb located at a pKa=9.7 £ 0.2
(Figure 2.2). The acidic limb was located at pKa = 7.0 £ 0.2. The catalytic

efficiency reached its maximum at pH = 8.4.
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Figure 2.2 The pH profile of the specificity constant, Kcai/(KmmnKm,pepKwm gap), Of
DAHPSHs.

2.3.3. pH dependence of DAHP oxime inhibition

The apparent pH profile of DAHP oxime’s Kj value was fitted to a purely
competitive inhibition model (eq. 2.6) and yielded a single pKa (eq. 2.7) with a
basic limb pKa = 8.7 £ 0.1 (Figure 2.3). The acidic region could not be
investigated due to enzyme denaturation during the rate assays at pH < 7. The
apparent K; value decreased significantly from neutral to basic pH, implying
tighter binding at basic pH. As discussed below (Chapter 2.3.6), this change in

apparent K; was due to a change in the mode of inhibition.

56



Ph.D. Thesis — Maren Heimhalt McMaster — Chemistry

2e-6
_ 15e-6
2,
Z le-6

5e-7

Figure 2.3 DAHP oxime pH profile assuming purely competitive inhibition.

Ki values at each pH were fitted using eq. 2.6, then the pH-dependence of Ki was
fitted to eq. 2.7.

2.3.4. C614’s Kmmn and Ki at pH 7 and pH 10

With DAHPSHg, the basic limbs for both Ky mn and Ki were located at
pKa =~ 8.2, similar to the pKa of an unperturbed Cys side chain. C61 is an active
site residue and part of the metal binding site.1% To examine if ionization of this
residue was involved in the pH dependencies of Kmmnand Ki, the C61A mutant
was characterized (Figure 2.4). The decrease in Kmmn from pH 7 to 10 in
DAHPSHs was absent in C61A. Instead, there was a slight, 2.2-fold, increase in
Km,mn from pH 7 to 10 (Table 2.4). The 4-fold decrease in DAHP oxime’s K;
value between pH 7 and pH 10 in C61A was less pronounced than the 11.5-fold
decrease in DAHPSHs (Figure 2.4). K values were fitted based on the assumption

that inhibitor binding was competitive with respect to all three substrates (eq. 2.6).

57



Ph.D. Thesis — Maren Heimhalt McMaster — Chemistry

= KM,Mn Ki,DAHPoxime

s 10

=
XY
%
= 1

=
Y
©

()
N0l

<

£
)
< 001

pH 7 pH 10 pH 7pH 10 pH 7pH 10 pH 7pH 10
wt C61A . wt C61A

Figure 2.4 Normalized Kumn and K; values at pH 7 and pH 10 for DAHPSHs wildtype
(wt) and C61A mutant.

Table 2.4. Kuwmn and K; values for DAHPSHs and C61A at pH 7 and 10.

DAHPSHs C61A
Kwmmn (M)
pH 7 (55+0.7) x 106 (9.0 + 1) x 10
pH 10 (2.6 +1)x 107  (2.0+0.5) x 10
Kmmn(pH 7)/Km,mn(pH 10) 21.2 0.45
Ki (M)
pH 7 (1.5+0.4) x 10 (3.8+ 0.6) x 10*
pH 10 (1.3+0.4) x 107 (1.0 +0.3) x 10
Ki(pH 7)/Ki(pH 10) 115 3.8

2.3.5. DAHP O-methyloxime inhibition at pH 7 and 10
DAHPSHs inhibition by DAHP O-methyloxime was tested under neutral
and basic conditions. The Kj values were 7.9 + 0.1 uyM at pH 7 and 7.5 + 0.2 uM

at pH 10 (Figure 2.5). Therefore, there was no effect of pH on DAHP O-

58



Ph.D. Thesis — Maren Heimhalt

McMaster — Chemistry

methyloxime binding, in contrast to the apparent 12.7-fold decrease in DAHP

oxime’s K; over the same pH range.
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Figure 2.5 Inhibition of DAHP O-methyloxime at pH 7 (left) and pH 10 (right).

Ki values for DAHP O-methyloxime were found by fitting initial velocity data to eq. 2.6,
which assumed competitive inhibition with respect to all three substrates.

2.3.6. Mode of inhibition by DAHP oxime at pH 7 and pH 9

DAHP oxime’s mode of inhibition with respect to the metal ion was

further studied using ITC titrations. At a neutral pH, DAHP oxime bound to

DAHPSHs with Kq = 3.1 uM, but it was not possible to detect binding to

DAHPSHs-Mn?* in three independent trials. Binding of Mn?* to DAHPSHg, and

therefore the formation of the DAHPSHs-Mn?* complex, was confirmed by a

separate titration, and resulted in a Kq = 5.3 uM (Figure 2.6).
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Figure 2.6 ITC titrations of DAHP oxime binding to DAHPSxs and DAHPSys-Mn?*,

Titrations were performed for Mn2* binding to DAHPSHe (red), DAHP oxime binding to
DAHPSHs (blue), and DAHP oxime binding to the DAHPSHes-Mn2* complex (grey). The
data points for the DAHPSHs* Mn2* complex titration with DAHP oxime were shifted up
by 4 uJ to improve visibility.

The mode of inhibition at pH 9 was investigated with both fast binding
initial velocity experiments and ITC titrations. Both experiments demonstrated
that inhibition was no longer competitive with respect to Mn?* (Figure 2.7). Three
independent ITC trials resulted in Kq = 4.1 £ 0.7 uM for DAHP oxime binding to
DAHPSHe-Mn?* at pH 9 (Figure 2.7B). The Ki did not differ significantly from the
Ki at pH 7. At the same time, the competitive mode of inhibition of DAHPS by

DAHP oxime and PEP was retained (Figure 2.7A).
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Figure 2.7 DAHP oxime’s mode of DAHPS,s inhibition at pH 9.

(A) Relative initial velocities at pH 9 as a function of [Mn?*] and [PEP]. At fixed [DAHP
oxime], increasing [PEP] increased the relative rate while increasing [MnClz] did not.
This indicated that Mn?* did not compete with DAHP oxime. The fixed concentrations
were 10 uM MnClz, 250 uM PEP, 50 yM DAHP oxime, with 25 nM DAHPSwe. (B) ITC
titrations showed DAHP oxime binding to DAHPSHe-Mn2* at pH 9, with

Ka=4.1+0.7 uM.

2.3.7. Consequences of changing modes of inhibition on K; determination

The initial velocity data for DAHP oxime inhibition of DAHPSHs, which
were previously fitted to a purely competitive model (eq. 2.6) were re-fitted to a
model that accommodated the change in mode inhibition with pH. In this model
(eq. 2.17) the mode of inhibition with respect to Mn?* changed from competitive
at low pH to noncompetitive at high pH. Based on this equation, the mode of
inhibition changed with pKa = 8.7 £ 0.1, while the change in dissociation
constants was modest. For metal competitive inhibition, Kicomp= 3.7 £ 0.6 pM,

while for metal noncompetitive inhibition, Kinoncomp = 6.6 £ 0.9 uM (Figure 2.8).
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Figure 2.8 Fitting DAHP oxime’s changing mode of inhibition at high pH.

Ki.comp and Kinoncomp Were fitted to a model (eq. 2.17) that accounts for the change in
mode of inhibition with respect to Mn2+ as a function of pH. The change in mode of
inhibition occurred with pKa = 8.7 £ 0.1. Kicomp = 3.7 £ 0.6 UM and Kinoncomp =

6.6 £ 0.9 uM, indicating that the inhibitor affinity was barely affected by pH.

2.3.8. DAHP O-methyloxime’s mode of inhibition at basic pH

The mode of inhibition at pH 7 and 9 with respect to the metal ion was
investigated for DAHP O-methyloxime by a fast binding initial velocity
experiment. At constant DAHP O-methyloxime concentrations, increasing MnCl»
concentrations reduced the extent of inhibition, indicating competitive binding

behaviour at neutral and basic pH (Figure 2.9).
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Figure 2.9 DAHP O-methyloxime’s mode of DAHPS,s inhibition at pH 7 and 9.

Relative initial velocities at (A) pH 7 and (B) pH 9 as a function of [Mn?*] indicate
competitive binding behaviour between DAHP O-methyloxime and Mn?*. At constant
[DAHP O-methyloxime], increasing [Mn?*] increased the relative rate.

2.3.9. Mutant enzymes’ mode of inhibition

Given the extremely modest differences in Kicomp (predominating at
pH < 8) and Kinoncomp (predominating at pH > 9), inhibitor ionization seemed
unlikely to be responsible for the change in inhibition. The unperturbed pKa value
of an oxime hydroxyl group is ~11.3 (see Chapter 3.3.1). Based on its location in
the phosphate binding site in DAHPSHg, % a lowered pKa, value in the active site
is plausible, but the K; value would be expected to decrease upon introducing a
negative charge into a phosphate binding site. The essentially constant Ki comp
versus Kinoncomp Values argue against differences in the inhibitor, and prompted an
investigation of ionizable active site residues. C61, D326 and H268 were

identified as candidates based on their participation in metal ion binding and
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proximity to the active site. D326 additionally coordinates DAHP oxime through

04 (Figure 2.10).

D326 ' c61

“e

©
o UQ% H268

6\0

DAHP oxime

Figure 2.10 Model of the DAHPS-Mn?*-DAHP oxime active site.

DAHP oxime and residues C61, H268 and D326 are from the DAHPSc-DAHP oxime
structure (pdb ID:5CKS)% and the Mn?* ion is from the DAHPS - Mn2*- PEP structure
(pdb ID:1N8F).100

The mutant enzymes C61A, D326A and H268A were tested for their
mode of inhibition by DAHP oxime using a variety of techniques. Fast binding
inhibition experiments showed that DAHP oxime and Mn?* binding was not
competitive in the mutants C61A and D326A (Figure 2.11A). Specifically,
increased [MnCl2] could not reduce inhibition, indicating that the inhibition is not
of a competitive nature. These results were further confirmed by an ITC titration
for D326A (Figure 2.11B). DAHPS-Mn?* was titrated with DAHP oxime and
binding was observed with a K¢ = 14.2 + 5 uM from three independent trials, like

the previously reported value.'%
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Figure 2.11 Mode of inhibition of DAHPS by DAHP oxime in the mutant enzymes
D326A and C61.

(A) The inhibition of mutants C61A and D326A by DAHP oxime was not relieved by
increasing Mn2* concentrations. (B) ITC titration of D326A-Mn2* with DAHP oxime
indicated that Mn2* and DAHP oxime were not competitive.

The low affinity of DAHP oxime for the C61A and H268A mutants
prevented ITC titrations. For these mutants, the mode of inhibition was
determined using Eadie-Hofstee plots (Figure 2.12). In an Eadie-Hofstee plot,

plots of vo vs vo/[S] are made at series of constant [1]. In this case, the varied
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substrate was [Mn?*]. Competitive inhibitors give lines that converge at the y-
axis, while noncompetitive inhibitors give parallel lines and uncompetitive
inhibitors give lines that converge at the x-axis. With C61A, the lines were
parallel, indicating that DAHP oxime and Mn?* binding was noncompetitive.

With H268A, the lines converged toward, but not at the y-axis (Figure
2.12B). This is because DAHP oxime shows partial inhibition due to its half-of-
sites binding, which changes the Eadie-Hofstee plot. For a normal competitive
inhibitor in a single substrate reaction, the Eadie-Hofstee plot (vo vs. vo/[S])
rearranges to eq. 2.20, where the slope is -Km(1+[1]/Kj) and the y-axis intercept is
Vmax-147

I 0
A :_KM (l—F[?]Ij[\é—]-i-Vmax (219)

However, when there is an offset in the rate equation, as in eq. 2.6, then
the Eadie-Hofstee equation rearranges to eq. 2.21, where the slope
remains -Km(1+[1]/Kj), but the y-intercept now depends on [I], and is now

{Kwm x (1+[1]/K;) x (offset/[S]) + Vmax + Offset}.

1y v 1] | offset
v, =—Ky (1+ %}(ﬁj + Ky, (1+ [?]J[ 5] ]+Vmax + offset (2.20)

The fact that the Eadie-Hofstee plot of H268A converged toward the y-

axis demonstrates that DAHP oxime binding was competitive with Mn?*.
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Figure 2.12 Eadie-Hofstee plot for the mutants C61A and H268A.

Parallel lines suggest a noncompetitive binding mode, as observed for the C61A
mutant (A), while intercepting lines indicate competitive inhibition, as observed for the
H268A mutant (B).

The pH dependence of K; for C61A (Chapter 2.3.4) was re-fitted using the
metal noncompetitive equation (eq. 2.16). Now, treating DAHP oxime inhibition
as competitive with respect to PEP and E4P only, the K; stayed essentially
constant at pH 7 and 10, with Ki =32 + 4 pM and Ki = 45 + 5 uM, respectively.
This consistency suggested that the C61A mutation eliminates the change in the

mode of binding.
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2.3.10. Fragment-based inhibitors’ mode of inhibition

With D326A, DAHP oxime no longer exhibited competitive inhibition
with respect to Mn?*. Two independent crystal structures containing either DAHP
oxime (pdb ID: 5CKS) or the Mn?* (pdb ID: 1N8F) revealed that D326 is
involved in coordinating both DAHP oxime and Mn?*. There is no crystal
structure that contains both a metal ion and DAHP oxime in the same binding
pocket. Interaction with D326 could therefore be mutually exclusive. This raised
the question of whether removing the inhibitor’s interaction with D326 would
render its binding noncompetitive with Mn?*. D326 interacts with DAHP oxime’s
C4 hydroxyl group. Synthesizing 4-deoxy-DAHP oxime would have been
extremely challenging. Its precursor, 4-deoxy-DAHP, is not a known compound.
It could not be made using alternate substrates with DAHPS since 4-hydroxyl
group is derived from E4P’s carbonyl oxygen which is absolutely required for the
DAHPS reaction.

As an alternate approach, two pairs of fragment-based inhibitors based on
DAHP oxime were designed that were missing C4-0O4, or C3. The combination of
Gro3P and pyruvate oxime had no atoms equivalent to DAHP oxime’s C4
hydroxyl group (Figure 2.13A). The combination of glyoxylate oxime and
erythritol 4-phosphate (Ero4P) possesses a hydroxyl group equivalent to the C4

hydroxyl, but no equivalent to C3 (Figure 2.13B).
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Figure 2.13 Fragment-based investigation of the origin of DAHP oxime/ Mn?*
competition.

(A, B) DAHP oxime was subdivided in fragments to examine the if the mode of
inhibition is influenced by the inhibitor's C4 hydroxyl group. (C, D) Fast binding
inhibition; the data for pyruvate oxime and Gro3P inhibition was obtained by S.
Jiang.1*¢ (E, F) Eadie-Hofstee plot.to examine the mode of binding of the fragments.
Parallel lines suggest a noncompetitive binding mode, while intercepting lines indicate
competitive inhibition.

The two pairs of fragments were tested for DAHPSHs inhibition. None of
the fragments inhibited DAHPSHg individually up to 25 mM; inhibition was only

observed if both fragments were present (Figure 2.13C and D). In each pair, the
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oxime-containing fragment was varied while the concentration of the phosphate-
containing fragment was fixed. Thus, the reported K; values were for the oxime-
containing fragment in the presence of a high, though not necessarily saturating,
concentration of the second fragment. The usable concentrations of the phosphate-
containing fragments were limited by the concentration of contaminating Pi. The
combination of pyruvate oxime and Gro3P had previously been tested, ¢ but the
data was re-fitted assuming noncompetitive binding with respect to Mn?*

(eg. 2.16). The Ki; for glyoxylate oxime and Ero4P was calculated based on a
metal competitive mode of inhibition (eg. 2.6). The choice for both equations used
to calculate K was based on the result of an Eadie-Hofstee plot which helped
determine the mode of inhibition for the fragments. The parallel lines for pyruvate
oxime in combination with Gro3P suggest that the inhibition is noncompetitive
with respect to the metal (Figure 2.13E). In contrast, the intercepting lines for
glyoxylate oxime and Ero4P’s inhibition indicate metal competitive binding

properties (Figure 2.13F).

2.4. Discussion

2.4.1. The pH profiles of catalysis and inhibition
Investigating enzyme activity as a function of pH is a tool to deepen the
understanding of catalysis. Changes in active site residue ionization can have

crucial effects on substrate binding and catalysis. The analysis of these changes
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can support the identification of the individual active site residues and their
ionization states that are required for the success of the catalytic turnover.148:14°
Furthermore, a comparison of the pH profiles of catalysis and inhibition can
reveal if an inhibitor acts a TS mimic. If the inhibitor’s interactions in the active
site are identical to the ones of the transition state, the bell-shaped curves of the
pH profile of kea/Km and 1/K; should overlap. ™ In this project, we determined
DAHPSHs’s pH profile for the specificity constant Keat/ (K mn,Km,pep,Km,e4p) and
for the inhibitory constant Ki of DAHP oxime. It has previously been shown by a
LFER analysis that the inhibitor is a TS mimic inhibitor of DAHPS

(Chapter 1.11).1% The pH profile was expected to yield additional evidence for
this property. Instead, our results showed differing pH dependences for
Keat/(Kmmn, Km,per,Kmgap) in comparison to Ki. Specifically, the pH profile for
Keat/ (Km,mn,Km,per,Km E4p) resulted in a bell-shaped curve with the optimal pH for
enzyme activity at pH = 8.4 and a basic limb at pKa = 9.7. In contrast, the
inhibitor affinity seemingly increased at high pH, with a basic limb pKj of 8.7.
The pH profiles therefore showed opposing trends: While the specificity constant
decreased towards the basic pH, inhibition appeared enhanced. This initially
implied that either the ionization of enzymatic groups was affecting catalysis and
inhibition in opposite directions, or that a functional group of the inhibitor, not
present in the THI (e.g., the oxime group’s OH), was ionized over the pH range
and affecting inhibitor binding. These assumptions guided the initial investigation

of the pH dependence of binding.
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The individual substrate Km values showed varying behaviour over the pH
range. PEP’s affinity decreased strongly at basic pH, while Km,esp’s pH

2+

dependence was bell-shaped. Most interestingly, Mn<*’s affinity increased
drastically at basic pH. The basic limb, with pKa = 8.3, was close that of DAHP
oxime’s Kj, at pKa = 8.7. This raised the possibility of a common cause for the
basic limbs of Kmmnand Ki. The observed pKa value was close to the one of an
unperturbed cysteine side chain, making the metal-binding residue C61 a
candidate for causing tighter metal and inhibitor binding under basic conditions,
even though it did not make direct contact with DAHP oxime in the crystal
structure. As expected, the C61A mutant did not bind Mn?* more tightly at pH 10
than pH 7, supporting a role for C61 in the pH dependence of Km,mn (Figure
2.4A). However, its effect on DAHP oxime binding at high pH was ambiguous.
DAHP oxime’s apparent K; with C61A decreased with pH (Figure 2.4B), but not
as much as with DAHPSHs (4-fold vs. 12-fold), making it unclear whether the
apparent change in Ki had a common cause with the change in Ky mn. This
suggested that the ionization of C61 was not (solely) responsible for tighter

inhibitor binding. At this point, inhibition was still assumed to be competitive

with Mn?* binding.

2.4.2. DAHP O-methyloxime as a tool to investigate inhibitor ionization
C61 ionization alone did not sufficiently explain why inhibition of DAHP

oxime increased at basic pH. An alternative explanation involved ionization of the
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inhibitor itself, specifically the oxime’s OH group, with an expected pKa of 11.3
(Figure 2.14A, Chapter 3.3.1). Even if this pKa value is outside of the investigated
pH range, it was possible that its pKa value was altered by the active site
environment, particularly in light of the fact that amino acids’ sidechain pKa
values are commonly perturbed by > 5 pH units in enzyme active sites.'® This is
especially plausible given the fact that the oxime binding site binds the dianionic
phosphate group of the THI and is surrounded by Arg and Lys residues.
Introducing an ionizable group into an oppositely-charged surrounding can
decrease its pKa. A similar effect could apply to DAHP oxime inside the binding
pocket. To prevent oxime ionization, DAHP O-methyloxime was synthesized
(Figure 2.14B). The K; was tested at neutral and basic pH. There was no decrease
in Ki at basic pH (Figure 2.5), which suggested that ionization of DAHP oxime

could indeed be the cause for tighter binding.

A pK,(OH) ~ 11.3 B CHs
HO, o.
OH oH |N OH oH |N
2- 2-
04P-0 04P-0
’ \)\Mcoo- ’ Wcoo-
OH OH

Figure 2.14 (A) DAHP oxime’s ionizable group. (B) DAHP O-methyloxime.

2.4.3. Mode of DAHP oxime’s inhibition at pH 7 and pH 9
A more detailed characterization of DAHP oxime binding to DAHPSHe
was performed using ITC. Initially, mutually exclusive binding of DAHP oxime

and Mn?* to DAHPS under physiological conditions was confirmed (Figure 2.6).
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However, at basic pH, the inhibitor was now able to interact with the
DAHPS-Mn?* complex, suggesting that the mode of binding was no longer
competitive (Figure 2.7). Additionally, the Kq = 4.1 + 0.7 uM did not suggest a
decrease in the inhibitor’s dissociation constant towards the basic pH. This
indicated the requirement to re-examine the fitting of K; values over the pH range.
The model was changed from purely competitive inhibition (eq. 2.6) to one where
there was a pH-dependent change in the mode of DAHP oxime inhibition with
respect to Mn?* (eq. 2.17). It was competitive at low pH, and noncompetitive at
high pH. In this model there was a change in mode of inhibition, at pKa = 8.7
(Figure 2.8). At pH < 8.7, DAHP oxime inhibition was primarily competitive with
respect to Mn?*, with Kicomp = 3.7 + 0.6 UM. At pH > 8.7, inhibition was primarily
noncompetitive with respect to Mn?*, with Kinoncomp = 6.6 + 0.9 M. Now, based
on evidence of a changing mode of inhibition, the K; at various pH values was
essentially constant, suggesting that inhibitor coordination itself in the active site
is not, or barely, affected by the pH changes. Inhibitor ionization should alter the
small molecule’s ability to coordinate in the active site, So the lack of change in Ki;
implies there is no change in DAHP oxime’s ionization state between pH 7 and 9.
The strong pH dependence of Kmmn in DAHPSHs and its weak pH
dependence in C61A (Figure 2.4) implicated C61 ionization resulted in increased
Mn?* binding at high pH. DAHP oxime’s essentially constant Ki over this pH
range suggests that C61 has little role in directly interacting with the inhibitor.

However, the change in mode of inhibition with respect to Mn?* is consistent with
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C61 deprotonation causing a change in protein conformation that alleviates the
competition between DAHP oxime and Mn?*. This is consistent with the
observation by electron paramagnetic spectroscopy of conformational changes in
metal binding in DAHPS with pKa ~ 8.5.122 Therefore, the origin of the change in
the mode of inhibition most likely lies in a conformation change due to the
ionization of metal coordinating residues.

This finding initiated the investigation of DAHP oxime’s mode of
inhibition with respect to Mn?* for C61A and other DAHPS mutant enzymes. The
mutant enzymes C61A, H268A and D326A were selected, based on their location
in the active site and their proximity to either metal ion and/or inhibitor (Figure
2.10). The mutant enzymes C61A and D326A showed noncompetitive inhibition
(Figure 2.11, Figure 2.12). Binding of DAHP oxime to D326A-Mn?* was
observed by ITC, and an Eadie-Hofstee plot indicated noncompetitive inhibition
for C61A. In contrast, inhibition remained competitive for H268A, as
demonstrated by an Eadie-Hofstee plot. This suggests that the residues D326 and
C61, based on their participation in metal binding and due to their spatial
proximity to the inhibitor binding site, influence the binding mode. Both residues
are located close to the inhibitor’s C4 hydroxyl group, and D326 O9 is located
within hydrogen bonding distance, 3.1 A, of the hydroxyl group. This C4
hydroxyl group originates from E4P’s C1 carbonyl functional group. During
catalysis, this residue is believed to coordinate to the metal ion, which leads to its

activation for the nucleophilic attack by PEP’s C3. It is likely that simultaneous
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coordination of the metal ion and the inhibitor’s C4 hydroxyl group by D326 is
not possible, resulting in competitive binding. The mutation of either C61 or
D326 could allow a shift in the position of the metal ion. From the perspective of
catalysis, this shift could weaken the metal ion-E4P interaction and therefore
negatively impact the activation of E4P’s carbonyl group for catalysis. Ultimately,
this would result in a decrease of Kcat/Km,mnKm,pepKm,gsp. This hypothesis is
supported by the unexpectedly large (440-fold) increase in Kw gsp for the C61A
mutant.1% The C61 is in close van der Waals contact with both DAHP oxime’s
04 and the D326 sidechain (Figure 2.15A), so it would require only a small
change in position due to deprotonation to open up sufficient space to
accommodate the 4-hydroxyl group of DAHP oxime and the metal ion
simultaneously, so that binding of the two ligands becomes noncompetitive

(Figure 2.15B).
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Figure 2.15 The mode of binding of DAHP oxime and the metal ion is influenced by
pH and mutations of DAHPS.

(A) Interaction of the C61 sidechain (yellow carbon atoms) with D326 (red carbon
atoms) and DAHP oxime (green carbon atoms). From pdb ID: 5CKS.%0 (B) Basic pH
or mutations of the residue D326 or C61 are hypothesized to lead to a shift in metal
coordination, allowing inhibitor and metal ion to bind simultaneously.
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2.4.4. Fragment-based investigation of the binding mode

Based on our new understanding of the origin of metal competition, the
next step was to find out if structural elements of the inhibitor could be altered to
avoid it. The synthesis of a DAHP oxime derivative lacking the O4 group
appeared challenging. An enzymatic synthetic pathway using DAHPS is
impossible as the O4 group originates from E4P’s aldehyde, which is essential for
the catalytic mechanism. Extensive expertise in synthetic chemistry would be
crucial to either chemically and stereocontrolled synthetize this compound, or to
selectively remove the O4 group after DAHP has been enzymatically formed. To
simplify the inhibitor design, DAHP oxime was subdivided in two pairs of
fragments that excluded either the inhibitor’s C4-04 atoms (Gro3P + pyruvate
oxime) or C3 atom (Ero4P + glyoxylate oxime) (Figure 2.13A and B). A crystal
structure of Gro3P bound in the active site of DAHPS showed that Gro3P
coordinates in the E4P binding site in the expected manner (Figure 1.11B).7° This
supports the fragment-based approach as a suitable technique for inhibitor
optimization.

Both pairs of fragments inhibited DAHPSks. Inhibition by Gro3P +
pyruvate oxime was noncompetitive with respect to Mn?*, as demonstrated by an
Eadie-Hofstee plot (Figure 2.13E). At the same time, Ero4P + glyoxylate oxime
inhibited DAHPSHs competitively with respect to Mn?* (Figure 2.13F). The two
sets of inhibitor pairs lead to different modes of inhibition. Comparing their

structures, Ero4P is extended by one additional hydroxymethyl group relative to
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Gro3P, which implies that it possesses a group equivalent to DAHP oxime’s
C4-04 (Figure 2.13B). Pyruvate oxime carries one additional carbon atom (C3) in
comparison with glyoxylate oxime. The noncompetitive binding mode of
Gro3P + pyruvate oxime implies that either the absence of a C4-O4 equivalent
position or the presence of the C3 position makes inhibition noncompetitive. The
latter does not seem likely, as DAHP oxime itself possesses C3 and shows
competitive inhibition. Additionally, the ionization or mutation of residues in
close proximity to O4 lead to a noncompetitive mode of inhibition
(Chapter 2.3.9). These results combined with the fragments’ mode of binding
indicate that simultaneous presence of the DAHP oxime’s C4 hydroxyl group and
the C61 and D326 sidechains could be responsible for the metal competitive
binding mode.

These results suggest that competitive binding with respect to the metal
ion could be avoided by inhibitors lacking the O4 group. Removing the O4 group
would presumably decrease its affinity for DAHPS, given the contacts observed

in crystal structures. The presumed O4H - - - O3 D326 and O4---Ne K97 hydrogen

bonds would be lost. However, this loss would be offset by the lack of
competition with intracellular metal ions, which would be likely to render O4-

containing inhibitors ineffective in the cell.
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2.5. Conclusion

In this study, we identified the pH-dependency of the mode of inhibition
of DAHPS by DAHP oxime with respect to the metal cofactor. The identification
of active site residues, as well as inhibitor functional groups which were at the
origin of this competition enabled the proposal for an improved DAHPS inhibitor
design to avoid metal competition and consequentially, to make DAHPS

accessible as a reliable target for antibiotics.
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Chapter 3. Fragment-based inhibitors and antibacterial properties

3.1. Introduction

While DAHP oxime is a potent DAHPS inhibitor in vitro (Ki = 1.5 pM), it
does not significantly inhibit bacterial growth in cell culture.!*! Previously,
concentration-dependent inhibition was only observed for E. coli strain XL-1 blue
which is notable for its highly permeable cell membrane. No inhibition was
observed for the strains MG1655 and AG1. Therefore, it is likely that DAHP
oxime’s negative charge hinders its cell membrane penetration. Similar problems
have been observed with previously developed a-carboxyketose synthase
inhibitors.1?"132 Furthermore, DAHP oxime’s metal competitive mode of
inhibition would hinder its effectiveness in cells (Chapter 2). To minimize the
charge while conserving the key interactions and avoiding the metal competition,
the size of DAHP oxime was reduced to a fragment, pyruvate oxime. This
fragment in combination with glycerol 3-phosphate (Gro3P) showed weak
DAHPS inhibition, and no more metal competition (Chapter 2). The technique of
fragment-based drug discovery (FBDD) is an increasingly important tool in
medicinal chemistry.'®2 It is based on the screening of molecules with reduced
size (typically 150250 Da®®®) for their biological activity.?>* Despite relatively
weak affinities of the fragments,'®® the advantage of FBDD is that it makes it
possible to investigate a smaller chemical space more thoroughly.®® This implies
a reduced set of possible structures and therefore a higher likelihood for hits,**

high-quality interactions of the fragments with their target,*>® and simplified
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syntheses.*®® Once a hit is obtained, an optimization by growing, linking or
merging the fragments follows, ideally resulting in a potent lead molecule.®’ In
this study, fragment optimization was performed by introducing fluorine as an
electron withdrawing group in the a-position relative to the oxime group of
pyruvate oxime. The initial motivation for adding an electron withdrawing group
was the observation that DAHP oxime’s apparent K; decreased with increasing
pH, which could be explained by deprotonation of the oxime OH group. This led
to the hypothesis that decreasing the OH group’s pKa with electron withdrawing
groups would lead to more potent inhibitors. In the following, it became evident
that the apparent pH dependence of DAHP oxime’s K was the result of a change
in the mode of inhibition (Chapter 2); however, pursuit of fluorinated inhibitor
fragments turned out to be productive in its own right, and this line of
investigation was continued.

Increasing the number of fluorine atoms in pyruvate oxime resulted in a
decreased pKa of the oxime’s hydroxyl group, as well as a decreased Ki.
DAHPSHs inhibition no longer required the addition of Gro3P. The 3,3,3-
trifluoropyruvate (TFP) motif was then tested with other imine derivatives,
including hydrazone and semicarbazone functional groups. Generally, the
suitability of oxime derivatives for inhibitor design originates from the oxime’s
increased hydrolytic stability due to the ability of the oxime’s oxygen to
participate in the delocalization of charge.*®® Hydrazones and semicarbazones

share this property (Figure 3.1). Pharmaceutically relevant small molecules with
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oxime, hydrazone or semicarbazone functional groups are described in
literature.*>%-162 A widely known compound with a semicarbazone functional
group is the antibiotic 5-nitro-2-furaldehyde semicarbazone (tradename
Furacine).'®® Another example is morphinane-6-one which has been derivatized

with all three imine derivatives.6°

O
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Figure 3.1 Resonance structures of imine derivatives.

The negative charge on the central carbon of oxime, hydrazone and semicarbazone
functional groups in comparison to imines can be explained by resonance structures.
Figure is based on Kalia and Raines.158

TFP hydrazone and TFP semicarbazone were tested as DAHPSHs
inhibitors, and co-crystal structures of DAHPSg with TFP oxime and TFP
semicarbazone were obtained to describe the inhibitors’ active site interactions.
By esterification of the inhibitor fragments, charge-free prodrugs were designed,
and their efficacy was tested on bacterial cell culture. The high efficacy of the
fragments suggested the synthesis of DAHP semicarbazone, as well as the
introduction of a fluoro-group at the carbon o to the oxime functional group of

DAHP oxime. Pathways for the synthesis of these compounds were explored.
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3.2. Materials and Methods

3.2.1. Fragment synthesis
Several imine-based pyruvate and fluoropyruvate derivatives were
synthesized. Purity and identity were confirmed using 'H, $3C, and °F NMR (if

applicable), plus mass spectrometry (see Appendix).

3.2.1.1. Fluoropyruvate oxime

To a solution of 0.1 mmol B-fluoropyruvic acid sodium salt monohydrate
in anhydrous ethanol, 0.4 mmol hydroxylamine (50 wt. % in H20) and 0.8 mmol
formic acid were added. The reaction mix was stirred at 30 °C for 6 h. Excess
hydroxylamine was removed with a SP-Sepharose (GE Healthcare) cation

exchange column, using ddH,O as the eluent.

3.2.1.2. TFP oxime

Ethyl 3,3,3-trifluoropyruvate (0.57 mmol) in 2.0 mL of water was stirred
at room temperature. Following the addition of 0.66 mmol hydroxylamine
(50 wt. % in H20), the pH was adjusted to pH 6. The mixture was subsequently
heated under reflux for 6 h. A SP-Sepharose cation exchange column was used to
remove the excess hydroxylamine. The reaction product was eluted with ddH20.
Ester cleavage was performed by the addition of 0.86 mmol NaOH (aqueous

solution) at room temperature. After 1.5 h, the product was dried down and
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purified using a Q-Sepharose anion exchange column. A linear gradient of 0.3 M
to 0.8 M ammonium bicarbonate (pH 9.2) over 30 min at a flow rate of 2 mL/min

was used.

3.2.1.3. TFO oxime ethyl ester

The procedure for TFO oxime synthesis was followed as described above
(Chapter 3.2.1.2), up to the point of the ester cleavage. The resulting TFP oxime
ethyl ester was purified via silica column chromatography (85:15 ethyl acetate/

hexane) and dried with the rotary evaporator.

3.2.1.4. TFP hydrazone

The ester group’s sensitivity to basic conditions necessitated its cleavage
before the hydrazone synthesis. To 2 mL of 0.45 M NaOH, 0.3 mmol 3,3,3-
trifluoropyruvate ethyl ester (97%, liquid) was added dropwise, then allowed to
react for 1 h. The reaction mix was subsequently purified by SP-Sepharose cation
exchange column, using ddH-O as eluent. The recovered 3,3,3-trifluoropyruvic
acid was resuspended in 2 mL anhydrous ethanol, with addition of sufficient
formic acid to help dissolution. Slow addition of 5 mmol hydrazine hydrate
(liquid) followed and the reaction was heated under reflux for 3 h. The mixture
was dried under reduced pressure and purified by cation exchange on a SP-

Sepharose column.
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3.2.1.5. TFP hydrazone ethyl ester

A solution of 0.28 mmol of 3,3,3-trifluoropyruvate ethyl ester, 1.6 mmol
hydrazine and 1.6 mmol acetic acid in 2mL of anhydrous EtOH was refluxed for
7 h. Removal of excess hydrazone was performed by SP-Sepharose cation

exchange chromatography. The product was eluted with ddH-0.

3.2.1.6. Pyruvate semicarbazone

A solution of 0.1 mmol semicarbazide hydrochloride and 0.1 mmol
pyruvic acid sodium salt in 1 mL of ddH2O was prepared and neutralized. An
equal volume of anhydrous ethanol was added, and the reaction mix was refluxed
for 4 h. The solvent was removed by rotary evaporator. The product was purified
using a Q-Sepharose anion exchange column, with a linear gradient of 0.1 to
0.8 M ammonium formate in 10 mM ammonium bicarbonate, pH 6.2, over 30 min

at a flow rate of 2 mL/min.

3.2.1.7. TFP semicarbazone ethyl ester

To a neutral agueous solution of 1.25 mmol 3,3,3-trifluoropyruvate ethyl
ester and 5 mmol semicarbazide hydrochloride in 5 mL of ddH,O was added an
equal volume of anhydrous ethanol. The solution was refluxed for 8 h. The
solvent was removed by rotary evaporator and the product was purified by silica

column in 60:40 ethyl acetate/hexane.
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3.2.1.8. TFP semicarbazone

The ester cleavage of 1.25 mmol 3,3,3-trifluoropyruvate semicarbazone
ethyl ester was performed by re-suspending the crude product in 5 mL of ddH20
followed by the addition of 250 pL of 5 M NaOH. The solution was stirred for
one hour at room temperature. A Q-Sepharose anion exchange column was used
for purification, running a linear gradient of 0.3 M to 0.8 M ammonium

bicarbonate (pH 9.2) over 30 min at a flow rate of 2 mL/min.

3.2.2. pKa determination

All pKa value measurements were performed with Varian Cary 100 Bio
UV-Visible Spectrophotometer. A spectrum scan from 200 - 350 nm was
performed against a buffer blank at varying pH using 200 uM compound to find
the wavelength with the greatest change in absorbance (Table 3.1). The
absorbance at this wavelength was then determined over the pH range. The pKa

was then fitted to equation 3.1:

limitd+ limit2x 1077
SR TETIES -

where A, is the absorbance at wavelength A, and limitl and limit2 are the A,

values at low and high pH, respectively.
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Table 3.1 The fragments’ absorbance maxima.

Amax Amax

Fragment (nm) Fragment (nm)

Pyruvate oxime 246 Pyruvate semicarbazone 289

3-fluoropyruvate oxime 250 3,3,3- TFP semicarbazone 289
3,3,3- TFP oxime 240

3.2.3. Kj determination

Fast binding inhibition experiments were performed as described in
Chapter 2.2.1, with initial rates determined using the Malachite Green/ammonium
molybdate colorimetric assay for P; production.'#? All inhibitors were tested in
kinetics buffer. The substrate concentrations were 9 uM MnCl,, 500 uM PEP and
250 uM E4P. The reaction was initiated by the addition of 100 nM DAHPSHs.
The K values were calculated assuming competitive inhibition with respect to
PEP and E4P, and noncompetitive inhibition with respect to the metal ion

(eq. 2.16).

3.2.4. Protein crystallization

The His-tag cleavable DAHPSHs-tev Was designed by Naresh
Balachandran.!*! The purification of DAHPSwe.tev and TEV protease, and TEV
cleavage were performed as described previously.'® Post Hiss-tag cleavage, the
enzyme DAHPS¢ was obtained, which differs from the wild type DAHPS by an

additional Gly residue at the N-terminus. A variety of crystallization conditions
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were tried; the ones that produced crystals whose structures were solved were in
0.2 M trilithium citrate tetrahydrate and 20% (w/v) PEG 3350, with 12 mg/mL
DAHPSg (in 20 mM Tris-HCI, pH 7.5, 0.1 mM TCEP, and inhibitor) and varying
additives in a 1:1:0.2 drop ratio, using the hanging drop vapour diffusion method

grown over 2 M ammonium sulfate at varying temperatures (Table 3.2).

Table 3.2 Crystallization conditions for the fragments.

crystal identity  Inhibitor identity [Inhibitor] Additive Temp (°C)
TFPOX TFP oxime 1.8 mM 40% (v/v) 1,3- room
propanediol temperature
TFPSC TFP semicarbazone 2.0 mM 1.0 M MnCl2 4°C

The crystals were diffracted at the national user facility BioCARS in
Chicago, Illinois by Dr. Murray Junop. Ryan Grainger performed the indexing,
scaling and merging of the data with HKL 2000 software,®® as well as molecular
replacement using AutoMR in the Phenix software package,'®* with search model
pdb ID: 5CKS.X® The refinement was performed using Phenix refine'®® and
WinCoot.'®® Ligand restraints and coordinates were calculated with

Gaussian 09,'®” which was done by Dr. Berti, and finalized in elBOW.168

3.2.5. M9 preparation

M9 minimal salts were dissolved in ddH20 (11.28 g/L) and autoclaved,
followed by addition of a sterile-filtered mixture with final concentrations of
0.4 % (w/v) glycerol, 2 mM MgSOs, 0.1 mM CaCly, 10 pg/mL thiamine-HCI, a
1/1000 dilution of trace metal mix and 10 pug/mL biotin. The trace metal mix was
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prepared by adding 0.54 g FeCls-6HCI, 0.026 g ZnCl2, 0.2 g (NH4)sM07024,
0.05 g CaClz-2H,0, 0.04 g CoCl,-6H,0, 0.038 g CuSO4-5H-0, 0.066 g

MnCl2-4H.0, 0.01 g H3BO3z, and 2 mL concentrated HCI to 18 mL H20.

3.2.6. Inhibition of bacterial growth with TFP oxime ethyl ester and 3,3,3-TFP
semicarbazone ethyl ester

E. coli BL21*(DE3) cells were grown overnight in M9 minimal medium
containing 5% (v/v) lysogeny broth (LB). Cell growth was extremely slow when
started in pure M9 minimal medium. The next day, the culture was diluted to
ODs0o = 0.1. A 96 well plate assay was then set up by the addition of 100 pl of
M9 minimal medium to each well, followed by 2-fold serial dilutions of the
inhibitor stock, starting at 26 mM for TFP oxime ethyl ester and 17 mM for TFP
semicarbazone ethyl ester. Subsequently, 100 pL of the diluted cell culture was
added to each well, and the solutions were mixed thoroughly. The plate was
incubated with shaking (150 rpm) at 37 °C and the ODegoo Was measured after 0, 4

and 24 h.

3.2.7. Disk diffusion assay

A heat shock transformation of E. coli BL21*(DE3) competent cells with
the vector aroG:pET300 was performed and the cells were plated on a LB/agar
plate containing 100 pg/mL ampicillin. After overnight growth at 37 °C, a single

colony was isolated to inoculate 50 mL of LB medium containing 100 pg/mL
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ampicillin, followed by overnight growth at 37 °C. A 400 uL aliquot was then
centrifuged at 1000 x g for 4 min. After discarding 250 pL, the remaining
supernatant was used to re-suspend the cells, and the suspension was evenly
spread onto LB/agar plates containing 100 pg/mL ampicillin. To initiate the
overexpression of DAHPS, selected plates additionally contained 1 mM isopropyl
B-D-1-thiogalactopyranoside (IPTG). After all liquid was absorbed into the agar,
paper disks containing 260 pg of TFP oxime ethyl ester, 10 pg chloramphenicol
(positive control) and ddH>O (negative control) were added and the plate was

cultured for 14 h. The result was documented by photography.

3.2.8. Synthesis of DAHP semicarbazone

DAHP was synthesized as described above (Chapter 2.2.6). To the crude
0.020 mmol DAHP, 0.04 mmol semicarbazide hydrochloride was added, as well
as an equal volume of anhydrous ethanol. The mixture was heated to 60 °C for
3 h. Ethanol was removed by rotary evaporator and the purification was
performed by HPLC, following the pyruvate semicarbazone purification
procedure (Chapter 3.2.1.6). The identity was confirmed by *H NMR and mass

spectrometry.

3.2.9. Attempted syntheses of 3-fluoro-DAHP oxime and 3-fluoro-NeuNAc oxime
To test the effect of fluorine in a-position to the oxime functional group in

DAHP oxime, the synthesis of 3-fluoro DAHP-oxime was intended in a two-step
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enzymatic synthesis, followed by the reaction of 3-fluoro-DAHP with

hydroxylamine to form the oxime (Figure 3.2).

i ATP PPSA QPO AMP + Pi
+ _ = + + Pi
A F\)J\COC)- F\%\COO'
OH PO OH OH ©
B 2:0,P0 o . _DAHPS  26.p0 coo P
OH coor OH F
HO
OH OH O \
C %04PO . NH,OH - - DN
COOH- 2 “0;P0 oo
OH F OH F

Figure 3.2 Strategy for synthesis of 3-fluoro-DAHP oxime.

(A) 3-Fluoropyruvate is reacted to (Z)-3-fluoro-PEP by ppsA. (B) (Z)-3-fluoro-PEP is
reacted with E4P using DAHPS to yield in 3-fluoro-DAHP. (C) Planned reaction of 3-
fluoro-DAHP and hydroxylamine to yield 3-fluoro-DAHP oxime.

3-Fluoro-NeuNAc was prepared in one enzymatic step from 3-
fluoropyruvate and ManNAc (Figure 3.3). Due to this facile synthesis, the

compound was suitable for wide range testing of various oxime reaction

conditions.
HO HO © o HO HO HO ©
A HOW N kao NeuNAc aldolase HO\/WK‘(O
HO HN{ F o HO HN, F O
Ac “Ac
ManNAc 3-fluoropyruvate 3-fluoro-NeuNAc
HO_
B HO HO HO O HO HO HO ‘N
H
0 o, NH,OH — . HO O + Ho
HO HN, F O HO HN_ F O
Ac
3-fluoro-NeuNAc hydroxylamine 3-fluoro-NeuNAc oxime

Figure 3.3 Strategy for the synthesis of 3-fluoro-NeuNAc oxime.

(A) NeuNAc aldolase accepted 3-fluoropyruvate as an alternate substrate. (B) The
reaction of 3-fluoro-NeuNAc with hydroxylamine was hoped to yield in the oxime
derivative.
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3.2.9.1. Synthesis of 3-fluoro-PEP

The synthesis of 3-fluoro-PEP was carried out enzymatically with
phosphoenolpyruvate synthetase (ppsA). A plasmid for the expression of ppsA,
pET24b (DJ-104), was a gift from Dr. David Jakeman (Dalhousie University).
Heat shock transformation of E. coli BL21(DES3) cells with pET24b (DJ-104) was
performed and the cells were grown overnight at 37 °C on an agar plate
containing 50 pug/mL kanamycin. A single colony was introduced into 50 mL of
LB media with 50 pg/mL kanamycin and shaken at 37 °C for 16 h. This culture
was added to 1 L of LB media with 50 pg/mL kanamycin and grown at 37 °C to a
cell density of ODsoo = 0.6. Expression of ppsA was induced by the addition of
0.3 mM IPTG. After 4 h at 37 °C, a cell pellet of 1.1 g was harvested by
centrifugation for 20 min at 3800 x g. The pellet was resuspended in a lysis buffer
of 5 mM Tris-HCI, pH 7.4, including protease inhibitor cocktail and homogenized
by a cell disrupter at 20,000 psi. The homogenate was centrifuged for 20 min at
10,000 x g. The supernatant was stirred at 4 °C and ammonium sulphate was
added slowly to a concentration of 242 g/L (40% saturation). The precipitate was
removed by centrifugation for 20 min at 11,000 x g and a further 62 g/L of
ammonium sulphate was added (50% saturation). The pellet was resuspended in
5 mL of storage buffer containing 50 mM Tris-OAc, pH 6.8, 0.2 mM EDTA,
1 mM phenylmethane sulfonyl fluoride (PMSF), 0.35 mM DL-dithiothreitol
(DTT) and 10% glycerol. The partially purified protein was flash frozen and

stored in aliquots at -80 °C.
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Partially purified ppsA (100 uL) was added to 600 uL of a mixture of
30 mM ATP disodium salt, 12.5 mM B-fluoropyruvic acid sodium salt, 1 mM
DTT and 20 mM MgCl, 400 mM Tris-OAc buffer, pH 8.4. The progress of the
reaction was monitored by *!P and °F NMR. The synthesis was complete after

4 h at room temperature.

3.2.9.2. Synthesis of 3-fluoro-DAHP

3-Fluoro-DAHP was synthesized directly in the 3-fluoro-PEP reaction
mixture by adding 12.5 mM E4P, 20 uM MnCly, and 2.5 uM DAHP synthase and
incubating overnight at room temperature. After the removal of the paramagnetic
Mn?* jons with Chelex-100, the success of the synthesis was confirmed by 3!P and
F NMR. 3-fluoro-DAHP was purified by HPLC via Mono-Q (1 mL column
volume, GE Healthcare) anion exchange chromatography, using a gradient of
0.15 M to 0.65 M of ammonium formate in10 mM ammonium bicarbonate,

pH 6.2, over 30 min at a flow rate of 0.5 mL/min.

3.2.9.3. Synthesis of 3-fluoro-NeuNAc

To a mixture of 50 mM B-fluoropyruvic acid sodium salt, 500 mM N-
acetyl-D-mannosamine and 20 mM MgCl: in Tris-HCI buffer, pH 7.5, was added
0.004 U/uL N-acetylneuraminate aldolase. The reaction was incubated overnight
at 37 °C. The progress of 3-fluoro-N-acetylneuraminic acid formation was

followed by the consumption of B-fluoropyruvic acid using the lactate
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dehydrogenase (LDH) assay.*®® In the LDH assay, p-fluoropyruvate is reduced to

B-fluorolactate, with a concomitant oxidation of NADH to NAD* and a

corresponding decrease in Asao (Aesao = 6220 M1s) as NADH is consumed.

Furthermore, the success of the synthesis of 3-fluoro-N-acetylneuraminic acid was

confirmed by *H NMR and mass spectrometry.

3.2.9.4. Synthesis attempts of the 3-fluoro analogues of DAHP oxime and NeuNAc

oxime

Numerous conditions were tried to synthesize 3-fluoro-DAHP oxime and

3-fluoro-NeuNAc oxime (Table 3.3). Different molar equivalents of the

fluorinated a-carboxyketose and hydroxylamine were set up at pH 1 to 9, at room

temperature to reflux conditions, and in varying solvents. Catalysts of oxime

synthesis, m-phenylenediamine (mPDA)° and p-phenylenediamine (pPDA)"

were included in the reaction mixture, in concentrations up to 500 mM.

Table 3.3 Reaction conditions for attempted 3-fluoro-DAHP oxime and 3-

fluoroNeuNAc oxime syntheses.

FDAHP 2  hydroxylamine other Solvent Temp time
2 ymol 15.2 ymol pH 3.5 H20 25°C 3d
2 ymol 15.2 ymol formic acid 26.5 pmol EtOH 25°C 3d
2 pymol 60.8 pmol pH 3.5 H20 60 °C 2h
2 umol 45.6 pmol formic acid 79.5 pumol. EtOH 60 °C 4 h
FNeuNAc °
2.5 pymol 1.5 mmol 500 mM pPDA, pH 4 and pH 8 H.0 25°C  overnight
2.5 ymol 1.5 mmol 500 mM mPDA, pH 4 and pH 8 H.0 25°C overnight
2.5 ymol 1.5 mmol 500 mM pPDA, pH 4 H.O reflux 3h
1 pmol 0.3 mmol 500 mM pPDA, pH 7 H.O 25°C overnight
1 pmol 5.0 mmol 50 mM each p/mPDA, pH 8 H.0 25°C overnight
1 umol 0.5 mmol 50 MM m-PDA, pH 7 H.O 25°C 2 weeks

a FDAHP — 3-fluoro-DAHP
b FNeuNAc — 3-fluoro-N-acetylneuraminic acid
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3.3. Results

3.3.1. pKaand K; values of the fragments

The effect on pKa and K of the introduction of fluorine in the imine’s a-
position on the pKa and Ki was examined for all fragments. The mode of
inhibition was assumed to be noncompetitive with respect to the metal ion (see
below) and competitive with respect to PEP and E4P. The inhibitors occupied the
PEP binding site in the crystal structures, which makes their binding necessarily
competitive with respect to PEP. On the other hand, they did not appear to extend
into the E4P binding site. At first glance, this raises the possibility of
noncompetitive inhibition with respect to E4P; however, given DAHPSHs’s
ordered kinetic mechanism, an inhibitor that is competitive with PEP binding
would also necessarily be competitive with the later binding substrate. In other
words, since inhibitor forming the DAHPSHg:1 complex would block formation of
the DAHPSHs-Mn?"-PEP complex, it would also necessarily block formation of
the DAHPSwHs-Mn?*-PEP-E4P complex, making inhibition competitive with
respect to E4P. It is possible that DAHPSwHs-Mn?*-E4P or DAHPSHs-Mn?*-1-E4P
could form; however, since these species are not on a productive pathway in the
kinetic mechanism, they are not relevant to the inhibitory mechanism.

The oxime-based derivatives showed a shift in the pKa by -0.63 per

fluorine atom, giving an overall pKa shift from 11.3 for pyruvate oxime to 9.2 for
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TFP oxime (Figure 3.4A). The inhibition constants for these fragments were
examined, resulting in a Ki = 1.4 mM for the combination of pyruvate oxime with
Gro3P (raw data obtained from S. Jiang (2011),'%® but with Ki; recalculated based
on metal noncompetitive inhibition), 900 uM for 3-fluoropyruvate oxime, and

76 uM for TFP oxime (Figure 3.4B). In case of the fluorinated pyruvate oxime
derivatives, the combination with Gro3P did not improve inhibition. Overall, the

introduction of fluorine resulted in a strong decrease of K;.
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Figure 3.4 pK, and K; value determination for a series of pyruvate oxime-based
fragments.

The introduction of fluorine leads to a decrease in (A) pKa and (B) Ki.

The absorbance scan of the semicarbazone derivatives revealed pKa values
for pyruvate semicarbazone and TFP semicarbazone of 14.2 + 0.3 and 10.9 £ 0.1,
respectively (Figure 3.5A). Inhibition by pyruvate semicarbazone and TFP

semicarbazone resulted in Ki = 694 uM and 8.3 uM, respectively (Figure 3.5B).
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Figure 3.5 pK, and K; determination for pyruvate semicarbazone and its fluorinated
derivative.

The introduction of fluorine in a-position to the semicarbazone functional group lowers
the pKa (A) and improves potency of inhibition (B).

The effect on the pKa for the TFP hydrazone could not be determined as
the fragment was not base stable. TFP hydrazone had Ki = 6 +1 uM (Figure 3.6).

Therefore, inhibition was 13-fold stronger than with TFP oxime.
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Figure 3.6 TFP hydrazone’s inhibition of DAHPS.

3.3.2. Crystal structures of DAHPS co-crystallized with fragments

DAHPSg was co-crystallized with TFP oxime (crystal ID: TFPOX,
resolution = 2.8 A) and TFP semicarbazone (crystal ID: TFPSC, 2.5 A) (Table
3.4). These medium to low resolution structures allowed the protein structure and
the location of the inhibitor in the active site to be determined, but the details of
ligand coordination were ambiguous in some cases. Due to the low resolution, the
localization of solvent molecules was difficult. The asymmetric unit consisted of
one homotetrameric protein. In both structures, the first residues of the N-terminus
could not be located, with the first visible residue being residues Asn5 to Asp7,

depending on the structure and subunit. This is consistent with the DAHPSg -

DAHP oxime (5CKS), where the first visible residue as Asn5 or Asp6 in each

subunit.1°
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Table 3.4 Data collection and model and refinement statistics for DAHPS
structures co-crystallized with fragments

TFPSC

TFPOX

Data collection

wavelength
space group
unit cell parameters
a, b, c, (A
a, B, v (°)
no. of molecules per
asymmetric unit
resolution range (A)
no. of unique reflections
data redundancy
completeness (%)
l/o(l)

Rmerge

Model and Refinement

resolution range (A)
Rwork
Rfree
no. of reflections
Fobs/G(Fobs) cutoff

no. atoms

protein
ligands
water

B-factor (A?)

protein
ligands
water

rmsd for bond lengths (A)
rmsd for bond angles (°)

DAHPSc-TFP semicarbazones

0.9794
Cl21

210.28, 53.2, 150.79
90, 116.01, 90

4
72.02 — 2.50
52544
3.2
99.9
6.8
0.097

50.22 - 2.5
0.1863
0.2484
54185

1.34

10131
56
132

51.3
60.0
39.9

0.018
1.07

DAHPS ¢-TFP oximes

0.9794
Ccl21

209.789, 52.1899, 149.8
90, 115.82, 90

4
71.55-2.80
31040
2.8
98.38
55
0.173

71.55-2.80
0.1894
0.2611
30992
1.33

10248
30
61

36.3
55.2
28.6

0.008
0.99
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A subunit alignment for the TFP semicarbazone structure suggested that
all subunits were in a similar conformation, judged by the root-mean-square
deviation (rmsd) of the Ca atom positions of the protein backbone in the
individual subunits (Table 3.5). A comparison of the subunits’ non-variable and
variable regions led to a rmsd of 0.26 - 0.30 and 0.48 - 0.86 A, respectively. The
equal conformation of all subunits is in good accordance with the observation that
all four chains are accommodating one inhibitor ligand equally bound in the
subunits’ active sites. Furthermore, the observed protein conformation resembled
the one of PEP-bound DAHPS (pdb ID:1N8F was used for structure comparison).
An alignment of the subunits B of both 1IN8F and TFPSC resulted in a rmsd in the
distances of the Ca atom positions in the non-variable region and the variable

region of 0.21 and 0.63 A. Overall, differences were minor.

Table 3.5 Subunit alignments within structures TFPSC and TFPOX.

Each subunit was structurally aligned using Pymol’s alignment command, then the
rmsd difference in Ca positions between the variable and non-variable regions were
compared. The "non-variable" parts of the protein comprised 91% of the sequence:
113-Y94, G106-N187, 1193-S311, and A319-G350. The variable region peptides (D6-
E12, F95-K105, G188-T192, and L312-L318) were excluded from the structural
alignment, and rmsd values were calculated based on the alignment of the non-
variable regions. Areas of missing electron density were not included in the rmsd
calculations. Differences between the subunits are minor for TFPSC. Subunit D in
TFPOX seems to differ from the other subunits in the structure.

rmsd of Ca position (A)

non-variable region

A B C D

0.32 0.31 0.31

0.68 ™~ 031 0.6
0.77 040 T~ 034

TFPSC rmsd of Ca position (A) TFPOX
non-variable region
Subunit A B C D Subunit
A 0.28 0.30 0.30 A
%é B | 066 S~ 026 027 %_g B
go| C 087 048 T~ 030 g9 C
D 0.58 0.60 0.78 D 1.21 1.62 1.42
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The subunit alignment in the case of TFPOX led to a less clear result
(Table 3.5). While the three subunits A, B and C seem to align well to each other
and show a similar conformation to the PEP-bound structure 1N8F
(rmsd ~ 0.7 A), subunit D shows greater differences in the alignment when
compared to the other subunits (Table 3.5) and to IN8F (rmsd ~ 2.1 A) (Figure
3.7). This was surprising, as an inhibitor molecule was bound in subunits B, C and
D, so binding of the fragment and structuring of the enzyme do not seem related
in this specific structure. However, when aligning the TFP oxime molecules of all
subunits, the fragment in subunit D was coordinating in a differing orientation.
This could imply a non-specific binding in this subunit, which would explain the

absence of active site structuring.

Figure 3.7 TFPOX subunit B (A) and D (B) aligned with subunit B of pdb ID:
1N8F.109

Differences in Ca positions are shown by both the ribbon thickness and colour, with
the spectrum from blue (0 A) to red (3.5 A).
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The loop L312-L.318 was excluded from all alignments and rmsd
calculations. This loop has been characterized as highly flexible and solvent
exposed. In most of the subunits, the location of the loop residues could not be
identified. Nonetheless, structuring of this loop occurred in some subunits (mainly
subunit B), most likely due to intermolecular contacts in the crystal. An
interaction of the L312-L.318 loop with a neighboring subunit has been observed
in this and in a previous study (Figure 3.8).1% This structuring can therefore be
considered a crystallographic artefact and is likely to have no biological

relevance.

Figure 3.8 Intermolecular contacts lead to structuring of the loop 312-318 in some
subunits.
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3.3.2.1. TFP semicarbazone and Mn%*coordination

DAHPSg was co-crystallized with the fragment TFP semicarbazone and
Mn?*. All four subunits contain an inhibitor molecule (Figure 3.9), as well as the
divalent metal ion bound in the active site. The TFP semicarbazone molecules
show differing occupancies depending on the subunit, with occupancy in subunits
A — D 0f 0.93,0.85,0.88, and 0.73, respectively. The inhibitor coordinates in
PEP’s binding site (Figure 3.10), which demonstrates a competitive mode of
binding with respect to PEP. The carbonyl oxygen of the semicarbazone group
extends into the metal binding site, and is involved in metal coordination, with

O- - -Mn?* distances of 2.3 A in subunits A and C, and 3.0 A in subunit D. TFP

semicarbazone captures interactions with five active site residues, namely Arg92,
Lys97, Lys186, Arg234, and His268. Most of these residues are also involved in
the coordination of PEP. Overall, the ligand binding aligns very well with the
active site positioning of PEP. The inhibitor’s carboxylate and trifluoromethyl
group surround PEP’s phosphate group and capture some of the phosphate’s
active site interactions. Additionally, the semicarbazone functional group replaces
the interactions of PEP’s carboxylate. The value of fluorine as hydrogen bond
acceptors in biological systems has been a long-term topic of discussion.}’21%
Fluoromethyl groups have been observed to form hydrogen bonds with N-H
donors. 317 The interaction of the inhibitor’s trifluoromethyl group with Argl65

(distance 2.8 — 3.1 A) therefore might add to the binding affinity of the fragment.
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)

Figure 3.9 Fo-Fc omit map of TFP semicarbazone.

The 2mFo-DFc map is represented in grey (contoured at 1.0 o) and the mFo-DFc map
colored in green (contoured at 3.0 o).

o NH2
HN\‘N
S OWF Arg92
F
o F

9 Lys97
Trifluoropyruvate i
semicarbazone :

His268

Figure 3.10 Binding of TFP semicarbazone in comparison to PEP from pdb ID:
1IN8F.10°
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3.3.2.2. TFP oxime coordination

A crystal structure was obtained for DAHPS co-crystallized with TFP
oxime. Subunits B, C and D were ligand-bound with the occupancies of 0.80, 0.87
and 0.89, respectively. In subunit A, no ligand could be located. In the active site,
TFP oxime occupied the PEP binding site. Due to the small fragment size and low
resolution (2.8 A), the exact orientation of the fragment could not be defined with
certainty. Two orientations seem likely, differing by swapping the positions of the
carboxylate and trifluoromethyl groups (Figure 3.11). In both cases, the
carboxylate and trifluoromethyl group of the inhibitor coordinate in place of
PEP’s phosphate group, taking advantage of the interactions with the active site
residues Alal64, Argl65, K186 and Arg234 (Figure 3.11B). The electron density
appears to be the better fit for option 1 (Figure 3.11A). Nonetheless, this
orientation implies accepting a 3 A distance between the carboxylate and Glu143,
which seems rather unfavorable. In option 2, the orientation of the groups would
be identical to the one of TFP semicarbazone and the position of the oxime
functional group is in agreement with the one of DAHP oxime (Figure 3.11C).
Regardless of whether option 1 or 2 is correct, the overall position of the fragment
is inverse to the one of DAHP oxime’s pyruvate moiety. This is beneficial for
fragment coordination as the carboxylate and the trifluoromethyl group occupy
the space of the two crystallographic waters that were described in the DAHP
oxime structure as replacements of the non-bridging oxygens of the phosphate

group (Figure 1.16).
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Option 1 Option 2

" Arg165

Arg234

C) H20 C) H20

Figure 3.11 Two possible orientations of TFP oxime in the active site.

(A) The 2mFo-DF. map (blue, contoured at 1.0 o) and the mFo-DFc map (green,
contoured at 3.0 o) show the fit of two plausible orientations of the ligand to the electron
density. (B) Active site coordination of the ligand and interaction with active site residues.
(C) Alignment with DAHP oxime and the two coordinated crystallographic water from pdb
ID: 5CKS.100
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3.3.3. Bacterial growth inhibition with the esterified fragments

TFP oxime ethyl ester inhibited growth of E. coli strain BL21*(DE3) in
culture. At t =4 h after adding the compound to culture, ICso = 0.21
+ 0.01 mg/mL was measured, while att = 24 h 1Cso = 0.73 + 0.03 mg/mL (Figure
3.12, A and B).

TFP semicarbazone ethyl ester also inhibited E. coli growth, with
ICs0 = 0.77 £ 0.07 mg/mL after 4 h. Over 24 h, the ICsg increased to 1.13
+ 0.03 mg/mL (Figure 3.12, C and D).

No growth inhibition was obtained with TFP hydrazone ethyl ester. This
was presumably because of its extremely limited solubility under the assay

conditions.
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Figure 3.12 Bacterial growth inhibition of the E. coli strain BL21*(DE3) by the
fragments.

Inhibition by TFP oxime ethyl ester (A) after 4 h and (B) after 24 h, and TFP
semicarbazone ethyl ester (C) after 4 h and (D) after 24 h.

3.3.4. Disk diffusion assay with TFP oxime ethyl ester

Cultures of E. coli BL21*(DE3) competent cells containing the vector
aroG:pET300 were grown on LB/agar plates with and without IPTG. The effect of
inhibition by TFP oxime ethyl ester (Figure 3.13A, “O”) was clearly reduced for

cells overexpressing DAHPSHs (Figure 3.13B, “O”) in comparison to the non-
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induced E. coli cells (Figure 3.13A). A clear zone of inhibition could no longer be

identified for the DAHPS overexpressing cells.

Figure 3.13 Disk diffusion assay with TFPOEE.

E. coli BL21*(DE3) cells containing the aroG:pET300 vector (DAHPSHs) were grown in
the (A) absence and (B) presence of 1 mM IPTG. O — 260 uyg TFPOEE, C — 10 g
chloramphenicol, W - water.

3.3.5. Inhibition testing with DAHP semicarbazone

DAHP semicarbazone synthesis was successful, but resulted in a low
yield. For this reason, only preliminary data for the inhibition of DAHPS could be
obtained (Figure 3.14). The Kj was calculated based on eq. 2.6 and resulted in

Ki=2.4+0.1pM.
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0 2e-4  4de-4  Ge-4  8e-4
DAHP semicarbazone (M)

Figure 3.14 Inhibition of DAHPS with DAHP semicarbazone.

3.3.6. Synthesis of 3-fluoro-DAHP oxime and 3-fluoro-NeuNAc oxime

The synthesis of the 3-fluoro analogue of DAHP was performed using two
enzymatic reactions. The PEP synthetase ppsA exclusively produces (Z)-3-fluoro-
PEP when using 3-fluoropyruvate as a substrate.!’® As expected, one single peak
was observed in 3-fluoro-DAHP’s 1°F NMR spectrum with a chemical shift of -
144 ppm, which was in accordance to the literature and supported the proposed
stereoselectivity of synthesis (Figure 3.15B).17® The stereoselective mechanism of
DAHPS’s catalysis has widely been discussed.%*1177 The si-face attack of (2)-
3-fluoro-PEP’s C3 on the C1 re-face of E4P is expected to lead to

stereochemically pure (S)-3-fluoro-DAHP (Figure 3.15A).
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Figure 3.15 Stereoselective synthesis of (S)-3-fluoro-DAHP.

(A)The si-face of (Z)-3-fluoro-PEP attacking the re-face of E4P results in (S)-3-fluoro-
DAHP. (B) The reaction was followed by proton decoupled °F NMR. The presence of
one single signal confirms the stereoselectivity of the reaction.

All attempts to synthetize oxime derivatives of 3-fluoro-DAHP failed.

3.4. Discussion

3.4.1. Fragment-based inhibitors as DAHPS inhibitors

DAHP oxime did not significantly inhibit bacterial growth, except for one
E. coli strain which is notable for its leaky cell membranes.*! This points to cell
permeability being the problem, presumably due to its high hydrophilicity and
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negative charges. To increase lipophilicity and at the same time to eliminate metal
competition, DAHP oxime’s size was reduced to a fragment. This fragment-based
design helped to limit the molecule to those structural elements that form the key
interactions for inhibition of DAHPS. Starting from pyruvate oxime + Gro3P
(Chapter 2, Figure 2.13A), a variety of pyruvate derivatives with the common
structural element of an imine functional group and an increasing number of
electron withdrawing fluorine atoms were designed and tested for DAHPSHg
inhibition. The decrease in the pKa values due to the introduction of the fluorine in
the position a to the imine functional group went along with a decrease in Ki.
Furthermore, introducing fluorine improved the binding of the small molecule,
such that inhibition was achieved by the pyruvate-based fragments alone, and
without the need for the second fragment (Gro3P), which was needed for pyruvate
oxime to be an inhibitor. The Ki value of TFP oxime improved to 76 pM,
compared to 1.4 mM for pyruvate oxime and Gro3P in combination. The TFP
hydrazone and semicarbazone even showed K; values below 10 uM (Figure 3.16).
Overall, the small molecule inhibitors with a MW =120 - 180 g/mol showed
excellent potency relative to their size: the calculation of the free energy of
fragment binding per non-hydrogen atom (N) enables a quantification of the

ligand efficiency (LE) relative to size (eq. 3.2).178

_ -RTIn(Kj)

=T (32)
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The LE calculation for the fragments resulted in 0.56 kcal/mol for TFP oxime,
0.53 kcal/mol for TFP semicarbazone and 0.71 kcal/mol for TFP hydrazone. For
comparison, an examination of ~150 ligands showed previously that for ligands
with < 15 non-hydrogen atoms, each atom contributes to the binding affinity with
a maximum of -1.5 kcal/mol.1”® Most compounds range notably below this
maximum, with LE of around 0.2 - 0.3 kcal/mol per non-hydrogen atom being

common for fragment-based inhibitor design.t’®

O\YNHZ
HO. HN . HoN
! I I
R)\COO R” >coor R”>C00
oxime semicarbazone hydrazone
R=CH, K=14%02mMa> R=CHy  K=700+100 uM R=CH; Ki=53%1pM°
R=CHyF K,=900 + 200 uM R =CF;3 Ki=8.3+1.0uM R=CF; K=6+1uM

R=CF3 K =76+2uM

& in combination with Gro3P
b data collected by S. Jiang
¢ data collected by M. Peng

Figure 3.16 Pyruvate-based inhibitors of the purified DAHPS.

The co-crystal structures of TFP oxime and TFP semicarbazone with
DAHPSg were solved. Both were localized in PEP’s binding site, which implies
competitive binding with respect to PEP and E4P (Chapter 3.3.2). For both
ligands, properly oriented inhibitor molecules in the active site introduced an
enzyme conformation which resembled PEP-bound protein. The co-crystallization
of DAHPSG and TFP semicarbazone was successful when Mn?* was present in

the crystallization medium. Indeed, the inhibitor and Mn?* were simultaneously
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bound to the crystallized enzyme. In addition, the metal ion was coordinated by
the semicarbazone functional group which demonstrated conclusively that binding
of this fragment and the metal ion were no longer mutually exclusive. The
previously observed competitive binding between the metal ion and inhibitor for
DAHP oxime was avoided with this inhibitor fragment. TFP semicarbazone was
observed in all four subunits, consistent with the observation of complete
inhibition, as all active sites were blocked. Therefore, this fragment possesses
improved inhibitory properties over DAHP oxime, as the latter showed half-of-
site binding accompanied by a residual enzyme activity even at high inhibitor

concentrations.

3.4.2. Bacterial growth inhibition with fragment-based inhibitors

The low K; values encouraged the testing of the TFP-based fragments on
bacterial cell culture. To enable cell membrane penetration, the fragments were
esterified to neutralize the carboxylate groups’ negative charges (Figure 3.17).
These ethyl ester derivatives are expected to serve as prodrugs. Once the
compound is taken up, the cell’s esterases will hydrolyse the ester functional
group. Therefore, the active form of the inhibitor in the biological system is likely
the carboxylate. The oxime and the semicarbazone derivative showed bacterial
growth inhibition. TFP hydrazone ethyl ester possessed low solubility and
precipitated out during the 4 h incubation period. No 1Csg value could be

determined.
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Figure 3.17 Esterified fragments for bacterial growth inhibition.

The ICso value after 4h is presented.

TFP oxime ethyl ester showed the lowest ICso and was examined in more
detail. By a disk diffusion assay, the specificity of inhibition was tested.
Overexpression of DAHPSHe in E. coli led to a decline in inhibition, confirming
DAHPS as a target for the inhibition. This finding validated for the first time that
DAHPS is a suitable target for bacterial growth inhibition by small molecules. It
is also worth noting that the disk diffusion assay was conducted on a complex
medium, LB/agar, which would contain aromatic amino acids. The observed
bacterial growth inhibition argued that uptake of exogenous amino acids could not
compensate for the lack of an operative shikimate pathway, at least for this strain
of E. coli. Previously designed inhibitors of DAHPS did either not show
inhibition of bacterial growth or the target of the inhibition was not
confirmed.'?"132 Therefore, this project first demonstrates that bacterial growth
inhibition can be achieved by selectively targeting DAHPS with a rationally

designed small molecule inhibitor.
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3.4.3. Suggestions for structural improvement of DAHPS inhibitors from the
experience with pyruvate-based fragments

The fragment-based inhibitor study was conducted to identify the key
interactions of the inhibitor with the enzyme and to install novel functional groups
with simplified syntheses. The fragments were then intended to serve as starting
blocks for the following growing of these small molecules to higher molecular
weight inhibitors. It has previously been observed with a-carboxyketose synthase
inhibitors that extension of the molecules to dual site inhibitors (this means
binding in the PEP and E4P binding pocket) increased the potency.'?3126 An
identical approach for our fragments was intended, including the syntheses of 3-
fluoro-DAHP oxime and 3-fluoro-NeuNAc oxime based on 3-fluoropyruvate
oxime, as well as of DAHP semicarbazone, based on the fragment pyruvate
semicarbazone (Figure 3.18). The synthesis of DAHP semicarbazone yielded
product, but the quantity was low. Inhibition testing resulted in the preliminary
Ki = 2.4 uM, which indicates a comparable potency to DAHP oxime. The
inhibitor has not been characterized in more detail, so to date it is unknown if this
small molecule inhibits DAHPS to completion or if its binding is competitive with
respect to the metal ion. The synthesis of 3-fluoro-DAHP oxime and 3-fluoro-
NeuNAc oxime remained unsuccessful. One of the main synthetic challenges
seemed to be the fact that, unlike the fragments, DAHP and NeuNAc exist mainly
in the cyclic hemiketal forms. Since only the ring-opened form will react with

hydroxylamine, we suspect that reduced mutarotation (as a proxy for the rate of
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ring opening) could be responsible for the lack of success of the oxime synthesis.
Similar problems have been observed with 2-deoxy-2-fluoroglucose (FDG), a
well-studied molecule used in radiochemistry.'® A reduced mutarotation in
comparison to the fluorine-free derivative has been described,'®* with increased
ring-opening only at high temperatures (80 - 120 °C) and acidic conditions

(pH 1.5 —2.5).182 New strategies for 3-fluoro-DAHP oxime synthesis need to be
developed in the future which may allow the oxime synthesis prior to the

introduction of the fluorine in its a-position.

A extension into OYNHZ B  extension into
E4P binding site E4P binding site HO
OH oH OH OH ‘N
2 2
O3PO O5;PO
; WCOO_ , V\/H/%OO»
OH  pyruvate OH F 3-fluoropyruvate
semicarbazone oxime

Figure 3.18 Suggested extension of inhibitor fragments to dual site inhibitors.

(A) DAHP semicarbazone and (B) 3-fluoro-DAHP oxime.

The analysis of the TFP oxime and semicarbazone bound crystal structures
revealed that the TFP derivatives do not bind in the same orientation as the
corresponding structural moiety of DAHP oxime (Figure 3.11C). Instead, both
fragments showed inverse binding in comparison with DAHP oxime. This leads
to the fragments occupying the same physical space as the two crystallographic
waters that assist DAHP oxime’s binding (Figure 1.16C). These two
crystallographic waters have previously been described to coordinate together
with the oxime functional group in the phosphate binding site and mimic

phosphate binding. In fact, the same crystallographic waters were identified in the
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DAHP hydrazone structure (Chapter 4), being placed almost identically to the
ones of the DAHP oxime structure. This points out the importance of those
solvent molecules to ligand coordination. The fragment inhibitors are able to
occupy the binding sites of these two water molecules. Capturing this binding
energy and creating entropic advantages by extending the DAHP-based inhibitors
could lead to significant gains in inhibitory efficacy, as many literature examples
have shown.'8-18 O-alkyl oxime and O-(fluoroalkyl) oxime inhibitors have been
previously synthetized in our lab. Therefore, a feasible optimization would be the
synthesis of DAHP O-(3-trifluoromethyl) oxime (Figure 3.19A). Based on the
alignment of DAHP oxime with TFP semicarbazone, a second reasonable
modification could be the replacement of the carboxylic acid of DAHP oxime by
an amide (Figure 3.19B). Both inhibitors interact with Lys97 and Arg97. The
semicarbazone group offers the advantage of being uncharged which should help

cell membrane penetration.
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Figure 3.19 Proposals for future DAHPS inhibitors.

(A) The carboxylate and trifluoromethyl groups of TFP oxime and TFP semicarbazone
extend into the space occupied by two crystallographic waters in the DAHPSg-DAHP
oxime structure which, together with the oxime functional group, mimic the interaction
of the THI’s phosphate group with the enzyme. Merging the fragments with DAHP
oxime at the oxime’s nitrogen extends the inhibitor into the waters’ binding space.

(B) The semicarbazone functional group is positioned in the same space as the
carboxylate of DAHP oxime. Replacing the carboxylate with an amide reduces charge
in the inhibitor.

3.5. Conclusion

The fluorinated imine-based fragments show excellent properties as
DAHPS inhibitors. TFP semicarbazone overcomes the metal competition and the
residual activity exhibited by DAHP oxime, and the esterified TFP oxime
derivative showed DAHPS-specific inhibition of bacterial growth in cell culture.
The next steps for this project will be the growth of these fragments and their
extension to molecules that can capture additional binding energy from

interactions with DAHPS’s active site.
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Chapter 4. Structural analysis of DAHPS’ complete inhibition

4.1. Introduction

X-ray crystallography enables the visualization of protein-ligand
interactions, and can therefore guide rational ligand optimization.!® DAHPS is a
potential target for antibiotics, but its inhibition by the TS mimic inhibitor DAHP
oxime was incomplete.% There was 15% residual activity even at high inhibitor
concentrations, a consequence of half-of-sites inhibitor binding.!® This residual
activity could be sufficient for bacterial survival, so any inhibitor showing half-of-
sites binding would be disqualified as an antimicrobial. It is therefore crucial to
understand the causes and possible ways to circumvent half-of-sites binding. The

DAHPS - DAHP oxime; co-crystal structure showed that inhibitor binding occurs

exclusively in two of the four subunits of the enzyme (Figure 4.1).1%° The

unbound subunits are therefore responsible for the reported residual activity.
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Figure 4.1 DAHP oxime binds in two subunits of the homotetrameric DAHPSg.

Inhibitor binding occurs in the subunits B and C, which show a closed conformation,
while subunits A and D are unbound, and show an open conformation. Figure taken
from reference.1%°

An alignment of the Ca atoms of the protein backbone revealed
conformational differences between the inhibitor-bound subunits (B and C) and
free (A and D) subunits, with structural discrepancies predominantly in individual
loops (Figure 4.2). Great structural divergence was observed in the amino acid
sequence F95-K105, a loop that forms part of the active site. In contrast, an
alignment of the two ligand-bound subunits B and C revealed very few
differences in the positioning of the individual chains (Figure 4.2). The most
notable mismatch was the flexible, solvent exposed loop L312- L318. The
electron density was visible throughout the loop in subunit B, but not subunits A,
C, or D. Subunit B was the only one where the loop made contact with residues

from another asymmetric unit. This could imply that the loop structure was a
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crystallographic artefact (Chapter 3.3.2). However, the electron density is visible
and the structure is largely the same for the L312 — L318 loop of subunit A of the
DAHPS-Mn?"-PEP-SO4* structure (pdb ID: 1N8F), which does not make contact
with any other subunits.®® Thus, the L312 — L318 loop appears to be variable,

with its structure being determined by a combination of factors.

F95-K105 ) ' F95-K105
SubunitB vs. C Subunit Avs. B

Figure 4.2 Subunit alignment of DAHPS-DAHP oxime,.
A structural alignment of the Ca positions in subunits B and C of DAHPSs- DAHP
oxime: revealed few differences between the inhibitor-bound subunits. A comparison
between subunit A (free) versus B (inhibitor bound) shows significant differences in
several loop regions. Differences in Ca positions are shown by both the ribbon
thickness and colour, with the spectrum from blue (0 A) to red (3.5 A). The inhibitor is
shown as a stick model with light green carbon atoms. Loops colored in dark salmon
show missing residues. Figure generated from pdb ID: 5CKS.100

The subunit alignments therefore revealed a structural asymmetry between
inhibitor-bound and unbound subunits. Additionally, the observation of 15%
residual activity when half the subunits were inhibitor-bound indicated that the
unbound subunits experienced a 3-fold decrease in kcat despite the absence of
inhibitor in those subunits. This suggested that information was being transmitted

from the bound to the unbound subunits. Our lab has proposed that this subunit
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communication could be mediated by protein dynamics: Spatially resolved H/D
exchange data show that substrate binding initiates an extensive stabilization of
loops along the tight dimer interface, some far removed from the active site. 11314
DAHPS is an oligomeric enzyme, like other a-carboxyketose synthases of the
NeuB superfamily. To date, it is not known why these enzymes are oligomeric.
DAHP oxime binding shows signs of subunit communication, resulting in reduced
Keat in unbound subunits. Therefore, regulation could be a reason for the
oligomericity. DAHP hydrazone and DAHP O-(2-fluoroethyl) oxime were
previously characterized in our lab, and both showed complete inhibition at high
concentrations (Figure 4.3).14! These molecules now serve as important

mechanistic tools to explore the residual activity’s origin and to identify inhibitor

features that are essential for full inhibition.
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Figure 4.3 Complete DAPHSs inhibition by DAHP hydrazone and DAHP O-(2-
fluoroethyl) oxime.

(A) DAHP hydrazone inhibition. The Ki was determined 200 uM E4P and PEP,
100 uM MnClz, and 50 nM DAHPSHs (B) DAHP O-(2-fluoroethyl) oxime. Inhibition
was measured in the presence of 125 uM E4P and PEP, 10 uM MnClz and 50 nM
DAHPSHs. Data were collected by (A) J. Wild (undergraduate thesis work) and (B)
N. Balachandran.#!
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Despite the structural similarities of DAHP hydrazone and DAHP oxime
as imine-based derivatives of DAHP, the hydrazone showed improved inhibitory
properties (J. Zheng, J. Wild, undergraduate thesis work). The K; was 100-fold
lower, resulting ina 10 £ 1 nM inhibitor. DAHP O-(2-fluoroethyl) oxime also
showed no residual activity and a strong positive cooperativity of inhibitor
binding (Figure 4.3B).1*! The apparent ICso for DAHP O-(2-fluoroethyl)oxime
was 62 £ 1 uM. However, the Hill coefficient, n, was 19 + 4. This would
conventionally be interpreted as indicating that ~19 inhibitor molecules bind per
DAHPSHs tetramer.28” This seems unlikely, and we do not yet have a good
interpretation of the apparently strong cooperativity of DAHP O-(2-
fluoroethyl)oxime binding.

To characterize the structural differences in binding between DAHP oxime
and its derivatives, DAHP hydrazone and DAHP O-(2-fluoroethyl) oxime were
co-crystallized with DAHPS. Of special interest was the question of whether full
inhibition was due to the inhibitors’ binding in all four DAHPSg subunits, or if
binding in two subunits diminished the residual activity of the unbound subunits

to effectively zero.
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4.2. Materials and Methods

4.2.1. Protein crystallization

Protein purification, Hise-tag cleavage, and the setting up of drops by the
hanging drop vapour diffusion method was performed as described above
(Chapter 3.2.4). Several successful crystallization conditions were found (Table

4.1).

Table 4.1 Crystallization conditions for DAHP hydrazone and DAHP O-(2-
fluoroethyl) oxime.

crystal Inhibitor identity [Inhibitor] Additive Temperature

identity CO)

MJ6341 DAHP hydrazone 1.9 mM 40% (v/v) n-propanol 4°C

MJ6212 DAHP hydrazone 2mM 1.0 M NDSB-256 4°C

MJ6338 DAHP hydrazone 1.9 mM 30% (v/v) ethylene 4°C

glycol

MJ6216 DAHP O-(2- 2mM 1.0 M NDSB-256, 0.05 4°C
(fluoroethyl) oxime mM PEP

MJ6201 DAHP O-(2- 2 mM 40% v/v 1,4 butanediol room
fluoroethyl) oxime temperature

The diffraction and data analysis were performed as described above
(Chapter 3.2.4). The structures were refined by the author, Dr. Berti, and Ryan

Grainger.

4.2.2. Synthesis of DAHP hydrazone
The DAHP hydrazone synthetic method was previously established in our

lab by Jenny Zheng and Jennifer Wild, undergraduate thesis students.
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DAHP was synthesized as described above (Chapter 2.2.6), and purified
by HPLC using the Q-Sepharose anion exchange column with a linear gradient of
0.1 M to 0.8 M ammonium formate in 10 mM ammonium bicarbonate, pH 6.2
over 30 min at a 2 mL/min flow rate. Repeated lyophilization followed for the
removal of ammonium formate. Purified DAHP (0.02 mmol) was dissolved in 1
mL of ddH>0, then 0.2 mmol hydrazine hydrate was added and the pH was
adjusted to pH 8. The reaction was left to react at room temperature for 5 days.

Excess hydrazine was removed by lyophilisation.

4.2.3. Synthesis of DAHP O-(2-fluoroethyl) oxime

O-(2-fluoroethyl) hydroxylamine was synthesized following a procedure
for the preparation of O-substituted hydroxylamines from alcohols.*® A solution
of 6 mmol 2-fluoroethanol in 10 mL dry dichloromethane and 13.6 mmol
triethylamine was prepared and kept under argon. After dropwise addition of
7.3 mmol methanesulfonyl chloride, the reaction mixture was stirred at 0°C for
1 h. Then, 10 mL of an aqueous 2 M ammonium chloride solution was added, and
the reaction mixture was extracted with 3 x 20 mL dichloromethane. The organic
layer was then washed with 2 x 10 mL of an aqueous 20% (w/v) NaCl solution,
dried with MgSOg, and concentrated by vacuum evaporation. The resulting 2-
fluoroethanol mesylate was resuspended in 3 mL anhydrous ethyl ether and added
dropwise into an ice-cooled solution of 9.0 mmol DBU and 8.4 mmol N-Boc-

hydroxylamine in 3 mL of anhydrous ethyl ether under argon. The reaction
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mixture was incubated for one day at room temperature, then concentrated by
lyophilization and left under stirring for two additional days. The product was
extracted by adding 20 mL ethyl ether, and the organic layer was washed with
10 mL of an aqueous 2 M ammonium chloride solution and 2 x 10 mL of 20%
(w/v) aqueous NaCl. The organic layer was then dried with MgSO4 and the
solvent was removed by vacuum evaporation. N-Boc-O-(2-fluoroethyl)
hydroxylamine was purified by flash chromatography with a solvent system of
80:20 ethyl acetate and cyclohexane. The deprotection of the hydroxylamine
derivative was then performed by dissolving the purified product in 5 mL
anhydrous ethyl ether under addition of 5 mL of 2.2 M HCI in anhydrous ethyl
ether. The reaction was stirred overnight, and a precipitate was collected.

DAHP was synthesized as described above (Chapter 2.2.6). Toa 10 mL
reaction mixture containing 0.045 mmol DAHP was added 0.3 mmol O-(2-
fluoroethyl) hydroxylamine. The pH was adjusted to 5.5 and the reaction was left
overnight. The purification was performed by HPLC using the Q-Sepharose anion

exchange column under the conditions described above (Chapter 4.2.2).

4.3. Results

4.3.1. Diffraction results
DAHPSc-DAHP hydrazones crystals diffracted to a resolution of 2.15 A

for structures MJ6212 and MJ6338, and 1.8 A for structure MJ6341. The inhibitor
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was visible in all the structures. Crystals from the co-crystallization of DAHPSg
and DAHP O-(2-fluoroethyl) oxime were obtained (crystal 1D: MJ6202,
resolution = 2.1 A; crystal ID: MJ6216, resolution = 2.8 A), but none of them had
inhibitor bound, and the structures were therefore not refined further. The
asymmetric unit of structures MJ6212, MJ6338, and MJ6341 all contained one
DAHPSg tetramer. As observed in 5CKS!® and in TFPOX and TFPSC

(Chapter 3.3.2), the first residue with visible electron density was Asn5 to Asp7,
depending on the subunit. As all DAHPSg-DAHP hydrazones structures showed
comparable properties, the most in-depth refinement was performed for MJ6341,
the structure with the highest resolution (Table 4.2). All data discussed in the

following is obtained from the analysis of MJ6341.
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Table 4.2 Data collection and refinement results.

MJ6341

Data collection

wavelength
space group
unit cell parameters
a, b, c, (A)
a, B, v, (°)

no. of molecules per
asymmetric unit

resolution range (A)
no. of unique reflections
data redundancy
completeness (%)
I/a(l)

Rmerge

Model and Refinement

resolution range (A)
Rwork
Riree
no. of reflections
Fobs/0(Fobs) cutoff

no. atoms

protein
ligands
water

B-factor (A2?)

protein
ligands
water

rmsd for bond lengths (A)
rmsd for bond angles (°)

DAHPSG-DAHP hydrazones

0.9794
1121

150.180, 53.550, 198.413
90.00, 107.48, 90.00

4
94.63 - 1.80
102385
4.7
100.0
10.5
0.070

37.42-1.8
0.2013
0.2314
102319
1.34

10151
76
351

49.0
55.9
41.2

0.007
0.805
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4.3.2. DAHP hydrazone binding

DAHP hydrazone coordinated in all four binding pockets, with
occupancies in subunits A to D of 0.76, 0.79, 0.81, and 0.67. The electron density
in subunits A to C was clearly visible (Figure 4.4). The density in subunit D was
weaker, and the calculated occupancy for the inhibitor was low. On its own, the
amount of electron density might not constitute prima facie evidence for inhibitor
binding. The scattered density could potentially originate from bound P; and
solvent molecules. However, it is noteworthy that when the contour level in the
omit map was decreased, the shape of the electron density was as expected for
DAHP hydrazone. That is, strongest density was visible around the phosphate
group, the hydroxyl oxygens and around the carboxylate and hydrazone groups.
The weakest density was around C3, the same position where it was weakest with
DAHP oxime binding.'® The fact that DAHP hydrazone demonstrated complete
DAHPS inhibition would tend to support inhibitor binding to all four subunits.
Thus, in the context of the weak but correctly positioned and shaped electron
density, and the complete inhibition by DAHP hydrazone, the balance of
probabilities favoured the inhibitor being bound to subunit D. If this conclusion is
incorrect, then the following discussion regarding conformational differences
between subunit D and the bound subunits, and the energetic consequences of

breaking subunits’ conformational symmetry are equally valid.
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204P0

OH
DAHP hydrazone

Figure 4.4 Fo-Fc omit map for DAHP hydrazone in all subunits.

(A) The 2mF.-DFc map (blue, contoured at 1.0 o) and the mFo-DFc map (green,
contoured at 3.0 g) is shown for DAHP hydrazone in each subunit. (B) The 2mF,-DFc
map (blue, contoured at 0.7 o) and the mFo-DFc map (green, contoured at 2.5 g) is
shown for DAHP hydrazone in subunit D.

Overall, binding of DAHP hydrazone in the active sites of subunits Ato C
was structurally almost identical to DAHP oxime (structure ID: 5CKS!%) (Figure
4.6A). The most striking difference was the presence of an additional water
molecule that coordinated with the hydrazone functional group and assisted ligand
binding in the active site, as well as a shift in the water-coordinating residue

Glul143 (Figure 4.5).
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Figure 4.5 Water coordination of the hydrazone functional group.

WAT1, 3 and 4 are located at similar positions as observed for DAHP oxime (pdb ID:
5CKS0, blue). Wat2 is an additional water molecule aiding the hydrazone’s
coordination. Glu143 is shifted to coordinate WAT3. The DAHPSc-DAHP hydrazones
structure MJ6341 is presented in orange.

Inhibitor binding in subunit D’s active site differed (Figure 4.6B).
Residues Arg99 and Thr100, which coordinated with the phosphate group of
DAHP hydrazone in the other three subunits (Figure 4.6A), were disconnected
from this interaction. There was a 1.1 A shift in the position of Asp326’s Cy atom,
a residue that usually coordinates DAHP hydrazone’s O4 and O6 position.
Additionally, the electron density for the Lys97 sidechain was not visible. This
residue typically coordinates the carboxylate group as well as the O4 position.
Four crucial active site residues were therefore not positioned to form effective
interactions with the inhibitor molecule. Moreover, compared to the closed
conformation of the inhibitor-bound subunit B in 5CKS, the backbone trace of

active site loop F95 -K105 was significantly different (Figure 4.6B).
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T100-K105

, T100-K105

Figure 4.6 Comparison of DAHP hydrazone versus DAHP oxime binding.

Active site structures of different inhibitor-bound and -unbound DAHPSG structures.
(A) Subunits B of MJ6341 (DAHP hydrazone, yellow carbon atoms, closed
conformation) and 5CKS (DAHP oxime, beige, closed). B) Subunit D of MJ6341

(DAHP hydrazone, light blue carbon atoms, open conformation) and subunit B of
5CKS (DAHP oxime, beige, closed).
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4.3.3. Subunit structure
Variable and non-variable regions of the DAHPS structure were

previously defined based on the DAHPSg - DAHP oxime structure, 5CKS.*! The

non-variable region consisted of 91% of the amino acids in the structure, and,
upon structural alignment, had rmsd values in the Ca atom positions of 0.23 to
0.43 A. The variable regions, consisting of residues D6 - E12, F95 - K105,
G188 - T192, and L312 - L318, made up 9% of each subunit’s amino acid
residues and had rmsd differences of 0.30 A between the closed conformation
subunits, B and C, 0.45 A between the open conformation subunits, A and D, and
1.8 A to 2.0 A when comparing open versus closed conformations in 5CKS.

Comparing the Ca positions in the MJ6341 structure revealed that the four
subunits were not all in identical conformations. The non-variable regions of
subunits A to C were essentially identical within the resolution of the structure.
The rmsd values for Ca positions were of 0.19 A to 0.23 A, compared with
estimated coordinate errors of 0.19 A.1% The values were slightly larger when
comparing subunit D to subunits A to C, 0.30 A to 0.36 A, but still very small. In
the variable regions, subunits A to C still aligned well with each other, with

rmsd < 0.62 A, while subunit D differed more, with rmsd ~ 2 A. (Table 4.3).
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Table 4.3 Subunit alignment for DAHPSg-DAHP hydrazone (MJ6341).

The structural alignment was performed using the “superimpose” command in Pymol.
The non-variable regions of the protein were aligned, while the variable loops D6 -
E12, F95 - K105, G188 - T192, and L312 - L318 did not contribute to the structural
alignment. Regions with missing residues were excluded from the rmsd calculation.
Overall, subunit D showed larger structural differences in comparison to the other
three subunits.

MJ6341 rmsd difference in Ca position (A)
non-variable region
Subunit A B C D
15 0.23 0.23 0.36
g) B 0.55 \ 0.19 0.30
% C 0.62 0.27 \ 0.33
§ D 1.89 1.97 1.97

Differences in the subunits were located mainly in variable loops. The vast
majority of the protein aligned well in the non-variable region (Figure 4.7).
Subunits A to C barely differed over the entire structure. Likewise, the
comparison of subunits A to C to subunit D showed a well-aligned non-variable

region, but revealed strong variability around the active site and at the N-terminus.

SubunitB vs. C

Figure 4.7 Subunit structural alignment of MJ6341.
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Individual subunits in the DAHPSe-DAHP hydrazone structure MJ6341 were
structurally aligned. (A) Alignment of subunits B and C showed minor differences. (B)
Alignment of subunits B and D showed greater divergence, especially around the
ligand binding site. Differences in Ca positions are shown by both the ribbon thickness
and colour, with the spectrum from blue (0 A) to red (3.5 A). The inhibitor is shown in
black. The loop L312-L318 is colored in grey as missing residues in subunit C and D
made an alignment impossible.

The individual MJ6341 subunits were further compared to stereotypical
open (5CKS, subunit D) and closed (5CKS, subunit B) conformations (Table 4.4).
The non-variable regions were too similar to distinguish between conformations,
but the differences were visible in the rmsd values of the variable regions.
Subunits A — C had typical closed conformations, and were as similar to SCKS’s
subunit B as 5CKS subunits B and C were to each other. This suggests that the
nature of the inhibitor’s functional group, oxime vs. hydrazone, had no
measurable effect on the subunit structure when it was tightly bound. Subunit D
of MJ6341 had an almost typical open conformation (Figure 4.8). The biggest
difference between subunits D of 5CKS and MJ6341 was in residues T189-D190,
a surface-exposed loop that is not part of active site or inter-subunit interactions,
and so does not appear to be functionally important (Figure 4.8). Most
importantly, the active site loop, F95 — K105, was very similar to the open
conformation of SCKS’s subunit D, and clearly different to the closed

conformation of SCKS’s subunit B (Figure 4.9).
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Table 4.4 Structural alignment of DAHP oxime versus DAHP hydrazone structures.

Structural alignments were made between the open and closed conformations,
subunits A and B, respectively of the DAHPSs-DAHP oxime (5CKS) with individual
subunits of DAHPSg-DAHP hydrazone (MJ6341) as in Table 4.3.

rmsd difference in Ca positions (A)
5CKS
Subunit — D (open) B (closed)
! non-variable variable | non-variable variable

A 0.42 2.0 0.26 0.44
g B 0.44 2.2 0.14 0.40
§ C 0.46 2.0 0.22 0.36
D 0.28 0.77 0.26 1.6

L312-L318

T189-D190

Figure 4.8 Structural alignment of open conformation subunits.

Structural alignment of subunits D of 5CKS1% and MJ6341. The ribbon thickness and
colour indicate the difference in Ca position, with the spectrum from blue (0 A) to red
(3.5 A). The structural differences were small, demonstrating that both subunits were
in an open conformation. The loop L312 — L318 is grey, as residues for subunit D of
MJ6341 were missing.
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Figure 4.9 Comparison of loop F95 — K105 in the open and closed conformation.

The active site for subunits D MJ6341 (DAHP hydrazone, blue ribbon, open), subunit
D of 5CKS (unbound, cyan, open), and subunit of B of 5CKS (bound, beige, closed).
DAHP hydrazone is shown in a ball and stick representation.

4.4, Discussion

DAHP oxime inhibits DAHPS with a 15% residual rate, most likely due to
the inhibitor’s half-of-sites binding, leaving two subunits empty and available for
enzymatic turnover. DAHP O-(2-fluoroethyl) oxime and DAHP hydrazone lead to
full inhibition of the enzyme. The reason for this complete inhibition was
unknown. To find out whether they bound to all four subunits or inhibited the
unbound subunits allosterically, the co-crystallization of both inhibitors with
DAHPSg was attempted. All co-crystallization attempts for DAHP O-(2-
fluoroethyl) oxime were unsuccessful. Crystals that diffracted were obtained, but
the inhibitor was not present in the structure. For DAHPSg-DAHP hydrazonea,

several crystals were obtained under saturating ligand conditions. Binding of
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DAHP hydrazone was observed in all four binding sites, which explained the
complete inhibition by this ligand. Nonetheless, the enzyme was not fully
symmetrical, with subunits A — C having closed conformations, while D was in
the open conformation. Subunits A - C were essentially identical to each other and

to (inhibitor-bound) subunit B in the DAHPSG- DAHP oxime structure, 5CKS%

(Table 4.4). Thus, in spite of the 100-fold tighter binding by DAHP hydrazone
with Ki = 10 nM, than DAHP oxime with Kj = 1.5 uM,% the inhibitor did not
detectably affect the protein’s active site structure (Figure 4.6A). The only visible
difference between DAHP hydrazone and oxime binding in the active site of
subunits A — C was a change in the Glu143 sidechain position, which reflected the
arrangement of water molecules around the hydrazone versus oxime groups
(Figure 4.5). Though the protein structure did not change, there was an additional
water molecule that was coordinated to the hydrazone functionality. Active site-
bound waters have been frequently described in literature as mediators between
ligands and enzymes that assist in ligand binding, and in some cases improve
potency and selectivity of binding.163189-1% An example for the importance of
active site waters is the L-arabinose binding protein which has an excellent
affinity to L-arabinose due to two active site waters that help its binding, but a
low affinity to D-fructose as the active site water interactions are unfavourable for
this molecule.’®! Substrate specificity is therefore determined by the ability to

accommodate active site water. Another example is a cyclosporine A derivative
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which was designed to capture additional binding interactions in the active site
due to a structure extension, but the replacement of tightly bound active site
waters resulted in an 8 - 9 fold decrease in overall binding affinity.** DAHP
hydrazone’s ability to capture additional binding energy by accommodating an
extra water molecule could explain some of its increased potency over DAHP
oxime. The water molecules WAT1 and WAT?2 each form a hydrogen bond of
2.4 A with the hydrazone functional group (Figure 4.5). This distance is short for
a hydrogen bond. Standard hydrogen bonds typically range around 2.8 A.
Nevertheless, interactions < 2.55 A, identified as low-barrier hydrogen bonds,
have previously been described in enzymatic systems.'*6-1% They occur when the
pKa of the two participating groups are similar.'®® Predicting pKa values inside an
enzymatic binding pocket is difficult, as the active site’s microenvironment has a
great influence on the apparent pKa values (Chapter 2.4.2). This is especially true
of active site water molecules, for which pKa values as low as 7.5 have been
reported.1%2%° Therefore, similarities in pKa values are difficult to predict. To
exclude other possibilities, the structure MJ6341 has been refined replacing
WAT1 and WAT?2 with other negatively charged ions which were contained in
the crystallization condition. Negatively charged ions were selected based on the
prevalence of the positively charged active site residues in the phosphate group
binding pocket. Possible candidates were CI” and formate (crystallization
conditions Chapter 3.2.4 and 4.2.1). The latter anion originated from the DAHP

hydrazone purification by anion exchange. The refinement indicated that these
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ligands did not fit the density. Furthermore, the possibility that DAHP hydrazone
was formylated at the hydrazone’s NHz group (H-(C=0O)NH-N=C) was examined.
This molecule fit the density well, but there was no chemical precedent for a
reaction between hydrazone and a carboxylate group. In addition, a mass
spectrogram of the DAHP hydrazone sample used for crystallization, collected
after the diffraction data were collected, confirmed the presence of DAHP
hydrazone and absence of formylated DAHP hydrazone. The water molecules
were therefore the most plausible fit for the observed density.

The open conformation adopted by subunit D involved conformational
changes, most notably in the active site loop, F95 — K105, along the E4P binding
site (Figure 4.9). Many of the inhibitor interactions at the hydrazone end of the
inhibitor were maintained, though with fewer water molecules around the
hydrazone group (Figure 4.6). One exception was the 1.1 A shift in the D326
sidechain, which reduced its hydrogen bonds to the inhibitor from three (two to
04, one to O5) to one (to O5) (Figure 4.6B). Another exception was the K97
sidechain, which formed an ion pair with the inhibitor’s O1 (carboxylate) and O4
(hydroxyl) groups in subunit B. In subunit D there was no electron density visible
beyond Cf, meaning those interactions were likely lost. Disruptions at the
phosphate end of DAHP hydrazone were more dramatic. Movement of the R99
sidechain broke a bidentate ion pair with the phosphate oxygens, while movement
of T100 broke its hydrogen bond with a phosphate oxygen. The energetic

penalties to DAHP hydrazone binding of these structural changes can be
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estimated based on their effects on DAHP oxime binding.'% Since these
interactions are distant from the oxime/hydrazone groups, they are likely to be
similar between both inhibitors. The K values for the R99A and T100A mutants
increased 380-fold and 3-fold, respectively, for an overall 1140-fold, or

4 kcal/mol, effect. The D326A mutation increased K; 11-fold, though the
energetic penalty in subunit D could be less since one of its three hydrogen bonds
was retained. The energetic contribution of the K97 sidechain is not known.
Based on just the R99 and T100 interactions, the loss of inhibitor binding energy
experienced by subunit D is likely at least 4 kcal/mol. The fact that subunit D had
an open rather than closed conformation implies that the energetic penalty for an
all-closed conformation is very large, at least 4 kcal/mol. This is also consistent

with the observation that the DAHPSs - DAHP oxime> crystal exhibited half-of-

sites inhibitor binding even though the DAHP oxime concentration in the
crystallization medium, 2.5 mM, was over 1000-fold greater than Ki, 1.5 uM.%®
Overall, the differences in subunit conformation, along with the implied
differences in interaction energies raises the question of whether DAHP
hydrazone’s Kj value is identical for all active sites. As proposed for DAHP
oxime, cooperative effects between the subunits in this oligomeric enzyme that
control ligand binding are likely. Regardless, the inhibition profile fitted well to a

single K; value (Figure 4.3A), meaning that if the Kj values are different for

144



Ph.D. Thesis — Maren Heimhalt McMaster — Chemistry

different subunits, the differences are too small to be observed experimentally,

meaning less than a factor of 100.

4.5. Conclusion

DAHP hydrazone leads to full inhibition of DAHPS because binding is
observed in all subunits. Nonetheless, binding in the individual subunits is not
equivalent. The inhibitor molecule in subunit D captures fewer active site
interactions and the protein remains in an open conformation. Cooperative effects
between the DAHPS’ subunits, as previously proposed, can therefore not be
excluded. The increased potency of DAHP hydrazone vs. DAHP oxime might
originate from the coordination of an additional active site water molecule to the
hydrazone functional group, as well as DAHP hydrazone’s ability to coordinate in

all four active sites.
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Chapter 5. Concluding Remarks

5.1. Conclusions

Overall, this project deepened the understanding of DAHPS’s function and
inhibition, as well as confirmed its suitability as an antimicrobial target.

Characterizing DAHPS’s inhibition by DAHP oxime as a function of pH
revealed that the inhibitor’s mode of binding changed from metal competitive to
noncompetitive at high pH. The competitiveness of inhibition with respect to the
metal ion was surprising because the inhibitor and metal ion did not occupy the
same space in the enzyme active site. It was a potential problem because the high
intracellular concentrations of metal ions in bacterial cells could render DAHP
oxime ineffective in vivo. lonization of metal coordinating residues was suspected
to be the underlying cause. A kinetic model was developed that was able to model
the shift from metal-competitive to metal-noncompetitive inhibition and
accurately fit the K; versus pH data. Mutant enzymes and inhibitor fragments
helped to identify inhibitor-enzyme interactions that triggered the competitiveness
of inhibition. In detail, competitive inhibition with respect to the metal ion
depended on interactions involving O4 hydroxyl group of DAHP oxime and the
sidechains for residues Asp326 and Cys61. The shift to noncompetitive inhibition
at high pH was attributed to the deprotonation of Cys61. Recommendations for
future inhibitor design were outlined, specifically removing the O4 hydroxyl

group from inhibitors.
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The lack of effect of DAHP oxime on bacterial growth in cell culture was
addressed with a fragment-based experiment. The inhibitor structure was reduced
to those functional groups that formed the key interactions with the enzyme. This
re-sizing simultaneously reduced the inhibitor’s charge, while an addition of
fluorine in Ca position to the oxime functional group increased potency. DAHPS-
specific inhibition of bacterial growth was now observed, which was confirmed
by an overexpression of the target enzyme, since the inhibitor’s effect was
diminished in DAHPS overexpressing cells.

DAHP oxime inhibits DAHPS with a residual activity of 15%. This
incomplete inhibition of enzyme function poses the risk for bacterial survival.
Previously, two DAHP-based inhibitors in our lab showed no residual activity. In
this project, the co-crystallization of DAHPS-DAHP hydrazones was successful.
Inhibition was complete as DAHP hydrazone was localized in all four subunits.
Regardless, asymmetry in the DAHPS structure left open the question of
cooperativity of inhibitor binding, and by implication, in catalysis as well.

Overall, this project successfully implemented and outlined ideas for
improved DAHPS inhibitors. Critical properties such as metal competition of
inhibition, as well as low effectiveness in vivo and the residual activity were
analyzed in depth and their origin was examined. Concepts were presented for the

future design of improved DAHPS inhibitors.
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5.2. Future work

The origin of DAHP oxime’s metal competition has been investigated, and
a structure for an improved inhibitor has been suggested. Nonetheless, the
synthesis of a DAHP oxime derivative lacking the O4 group remains a major
challenge. An enzymatic synthetic pathway using DAHPS is impossible, as the
04 group originates from E4P’s aldehyde, which is essential for the catalytic
mechanism. Extensive expertise in synthetic chemistry would be crucial to either
build up a 4-deoxy-DAHP backbone in a stereocontrolled manner, or to
selectively remove the O4 group after DAHP has been enzymatically formed.

Besides metal competition, the low cell permeability of DAHP oxime due
to high charge has been of previous concern. Charge-free fragments showed
inhibition in culture. Extending these fragments by growing and or linking them
with a second ligand will help to receive inhibitors with additional potency
(Chapter 3.4.3).

The crystal structure of DAHPS-DAHP hydrazones revealed that DAHP
hydrazone can bind in all four subunits of DAHPS and leads to full inhibition of
the enzyme. Nonetheless, the structural differences between the subunits leave the
question of cooperativity in DAHPS. An investigation of the inhibitor’s effect on
protein dynamics would be of interest. Spatially-resolved HDX experiments with
PEP showed that substrate binding caused changes in protein dynamics that were
concentrated at the tight dimer interface, remote from the active site. This

suggests that the inter-domain communication observed kinetically and
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structurally in inhibitor binding as a basis in protein dynamic changes. An
investigation of the effects on protein dynamics of binding by DAHP hydrazone
and DAHP O-(2-fluoroethyl) oxime, in comparison with DAHP oxime, might
help to elucidate the difference in binding between these DAHP derivatives.

DAHP O-(2-fluoroethyl) oxime showed complete inhibition of DAHPS.
The synthesis of DAHP O-(2,2,2-trifluoroethyl) oxime could be of interest. The
reactant 2,2,2-trifluoroethoxyamine hydrochloride is now commercially available
(Sigma Aldrich). The preparation of DAHP O-(2,2,2-trifluoroethyl) oxime should
therefore be straightforward. Similarly, based on the location of the
trifluoromethyl groups of the TFP oxime and TFP semicarbazone molecules in the
crystal structures, DAHP O-(1,1,1-trifluoromethyl) oxime could also be of
interest. The inhibitory properties, as well as the structural aspects of binding
could then be characterized by fast and slow binding experiments as well as by
protein X-ray crystallography.

Our crystallization conditions have been proven to be highly reproducible.
The co-crystallization of four different inhibitors as well as substrates and the
metal ion was tolerated and successful under these conditions. To date, no
DAHPS crystal structure has been obtained that contained the substrate E4P. All
knowledge of E4P’s position in the active site is based on E4P analogues or
DAHP inhibitors. Therefore, the co-crystallization of Mn?*, 2-phosphoglycolic
acid with E4P is suggested under the above specified conditions. Based on the

pdb structures 1GG1'% and 1N8F°, phosphoglycolic acid binding should be
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essentially the same as PEP, but with the lack of C3 preventing enzymatic
turnover.

The co-crystallization of DAHP hydrazone and DAHPS revealed that
similar to DAHP oxime, conserved crystallographic waters assist the coordination
of the inhibitor in the active site and help the phosphate mimicking property. To
take advantage of this additional space in the active site and to potentially benefit
from capturing additional binding energy, a covalently bound functional group as
an extension of the hydrazone could increase potency. Formic hydrazide can be
purchased from Sigma Aldrich, and the reaction of acetone with formic hydrazide
has been previously described in literature, resulting in formylhydrazone.?*

Similar reaction conditions could be successful to form DAHP formylhydrazone.
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Chapter 6. Appendix

DAHP O-methyloxime
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Table A.6.1 'H NMR spectrum of DAHP O-methyloxime.

The spectrum was acquired on a 600 MHz NMR spectrometer in D20.

Proton 1H & (ppm) Jn-H (H2)
H3 2.67 (dd) 13.3, 5.7
H3’ 2.85 (dd) 13.3,8.4
H4 4.12 (m)

H5 3.37 (dd) 8.8, 1.6,
H6 3.88 (m) 5.8
H7 3.98 (m)

H8 3.85 (s)
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PBB24584 188 (3.520) AM (Med, 10, Ht,10000.0,0.00,1.00): Sb (29.10.00 ); Sm (Mn, 2x2.00); Cm (185.188) TOF MS ES+

306 318.0592 304
|
R
319.0633
= 3168187 ‘317.0750 3172971 ‘ 318.6557 319.1328 320.0712 320.3488 321.1204 55, 344y :
[l el iS18.6537 4 |39 ‘ 2L =
317 318 319 320 321

Figure A.6.1 High resolution mass spectrum of DAHP O-methyloxime.

Calculated mass of the M+1 peak is 318.0590 Da.

3-Fluoropyruvate oxime

HO

N
3 1

FH,C 2 ~COO"
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Table A.6.2 NMR spectra of 3-fluoropyruvate oxime.

The 'H and °F spectra were acquired on a 200 MHz NMR spectrometer in D20. The
13C spectrum was acquired on a 600 MHz NMR spectrometer in D20. (a) H, (b) 3C,
(c) *°F.

Proton  'H§ (ppm)  Jur(Hz) | Carbon  *3C & (ppm) Je-r (H2)
H3 5.28 (d) 46 Cl  168.39, 168.07 s)
Fluorine F 5 (ppm) Jer(Hz) | C2  152.86, 151.86 (d) 17.4
F3  -131.22,-130.97 (s) C3  74.01,80.73 (dd) 160.2
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PBB2489TA 185 (3.545) AM (Cen,8, 80.00, Ht,10000.0,118.09,1.00); Sb (99,10.00 ); Sm (Mn, 2x2.00); Cm (178:189) TOF MS ES+
100 122.0259 33.0
* 1211.9602
121.0267
123.9570
122.9301 124.0701
21.0649
1209845 " 122.0803 1230416 1240177
o “112‘\? +1‘ 2 rzpsseaqifshe 1220285 a2 dﬁsm 1232689 123 4 [ . )
T "oz BT T :
Figure A.6.2 High resolution mass spectrum of 3-fluoropyruvate oxime.
Calculated mass of the M+1 peak is 122.0253 Da.
3,3,3- Trifluoropyruvate oxime
HO.
N
3 11
F3C 2 "COO"
a)
T d ! i ‘ d bbbl b
‘|\ T el l | b i ey \'\.‘ ‘u
2&0 1;0 1é0 1"!’0 1;0 15.D 1;0 1;0 12‘0 liD 1(;0 QID 8‘0 TID E:‘D SIIII 4‘0 ppnll
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Table A.6.3 NMR spectra of 3,3,3-trifluoropyruvate oxime.

The 13C spectrum was acquired on a 600 MHz NMR spectrometer in D20. The 1°F
spectrum was acquired on a 200 MHz NMR spectrometer in D20. (a) 13C, (b) 1°F.

Fluorine °F & (ppm) Jer (H2) Carbon *C & (ppm) Je-r (Hz)
F3 -66.58 (s) c1 164.15 )

c2 145.9 (q) 32.76

C3 119.73 (q) 272.8

27-Mar-2015

TOF MSES-

5.57e12

PBB25211 47 (0.512) AM (Cen,&, 80.00, Ar,11000.0,112.95,1.00); Sb (99,1000 ), Sm (Mn, 2<2.00% Cm {

100 155.9901

#

140 o7op 1488721 1508941 152.9799

1
I:l “t Ill I-‘.II T 1 T "I \‘ll‘.l T = \\II J_I. J ||I T r

1.63e3

539540

18.2.9500 159.5?7‘91Tﬂ'9433 1rT.aTET

140 145 150 155

MR L 4 st id g
T T T T T

|||||||!“I‘|T|.‘|Z

160 185 170 175

Figure A.6.3 High resolution mass spectrum of 3,3,3-trifluoropyruvate oxime.

Calculated mass of the M-1 peak is 155.9909 Da.
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3,3,3-Trifluoropyruvate oxime ethyl ester

HO\lN
31 0.4
F3C)2\[f ~5
0
a)
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T T T T T T T T T T T T T T
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T T T T T T T T T T T T T
20 0 -20 -40 -80 80 -100 -120 -140 -160 -180 -200 ppm

Table A.6.4 NMR spectra of 3,3,3-trifluoropyruvate oxime ethyl ester.

The 1H and °F spectrum were acquired on a 200 MHz NMR spectrometer in D20.
The 13C spectrum was acquired on a 600 MHz NMR spectrometer in D20. (a) 1H, (b)
13C, (c) °F.

Proton  H & (ppm) Jr-v (Hz) Carbon 13C § (ppm) Je-r (Hz)
H4 4.33 (q) 7.18 Cc1 167.87 (s)
H5 1.27 (t) 7.18 c2 146.11 () 33.9

Fluorine F & (ppm)  Jre (HZ) C3 121.68 (q) 273.5
F3 -67.78 (s) C4 57.71 ()
C5 17.15 (s)

Note: A high resolution mass spectrum of 3,3,3-trifluoropyruvate oxime ethyl
ester could not be received. In negative ion mode, 3,3,3-trifluoropyruvate oxime
was the predominant peak, indicating a loss of the ester functional group. 3,3,3-
trifluoropyruvate oxime was synthetized from 3,3,3-trifluoropyruvate oxime ethyl
ester. A high resolution mass spectrum for this compound is reported (Figure
A.6.3).
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3,3,3-Trifluoropyruvate hydrazone

H,N

N
3)\1

F3C 2 COO-

| |
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T T T T T T T
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Table A.6.5 NMR spectra of 3,3,3-trifluoropyruvate hydrazone.

The 19F spectrum was acquired on a 200 MHz NMR spectrometer in D20. The 13C and
13C-1F HMBC.spectra were acquired on a 500 MHz NMR spectrometer in D20. (a)
13C, (b) '°F, (c) 3C-1°F HMBC.

Fluorine °F & (ppm) Jrr (H2) Carbon C 3§ (ppm) Jc-r(Hz)
F3 -65.51 (s) C1 169.58 (s)
Cc2 124.65 31.6
C3 122.03 270.6
PBB25314A 405 (4.128) AM (Cen,4, 80.00, Ht, 10000.0,112.99,1.00); Sb (99,10.00 ); Sm (Mn, 2x2.00); Gm (258:421) TOF MS ES-
100+ 155.0074 683
7 1549738
151.9928
152.9789
1510308 1512828 | 1525088 | 153.0045 1544355 134944 1560108 157.0117 1573158 1581028

151 152 153 154 155 156 157 158

Figure A.6.4: High resolution mass spectrum of 3,3,3-trifluoropyruvate hydrazone.

Calculated mass of the M-1 peak is 155.0068 Da.

3,3,3-trifluoropyruvate hydrazone ethyl ester

HoN

|
3 1 0.4
Fac)Z}}/ v5

0]
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Table A.6.6 NMR spectra of 3,3,3-trifluoropyruvate hydrazone ethyl ester.

The 19F spectrum was acquired on a 200 MHz NMR spectrometer in D20. The 13C
spectrum was acquired on a 600 MHz NMR spectrometer in D20. (a) 13C, (b) 1°F.

Fluorine '°F § (ppm) Jer (Hz) | Carbon C & (ppm)  Jo-r(Hz)
F3 -66.09 (s) C1 170.31 (s)
C2 124.29 () 30.2
C3 122.02 (9) 270.6
C4 57.27 (s)
C5 16.78 (s)
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TOF MSES+
934012
PBE25429 32 (0.614) AM (Cen,8, 80.00, Ar,10000.0,118.09,0.60); Sb (99,1.00 ); Sm (Mn, 2x2.00); Cm (14:36
185.0547 2.36e4
100
=2
] 1811554 490 0538132,0891184, 1230 186.0889 1931451 191163 45 1261,
T T T

180 181 182 183 184 185 186 1a7 188 189 190

Figure A.6.5 High resolution mass spectrum of 3,3,3-trifluoropyruvate hydrazone
ethyl ester.

Calculated mass of the M+1 peak is 185.0538 Da.

Pyruvate semicarbazone
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Table A.6.7 NMR spectra of pyruvate semicarbazone.

The H spectrum was acquired on a 200 MHz NMR spectrometer in D20. The 13C
spectrum was acquired on a 600 MHz NMR spectrometer in D20. (a) *H, (b) 13C.

Proton H& (ppm)  Jun (Hz) Carbon  13C & (ppm)
H3 1.98 (s) Cl 171.50, 170.50
H3’ 1.96 (s) Cc2 146.50

C3 20.22,12.23
C4 159.56
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18-Sep-2015
TOF WS ES
9,35e12

100 144, 0408

ot 4
| 145, 0497
J141.0578 1431074 J 46 0487 146 9757 148 256 Wloi7a 1529783 -"E B 1560177
LB P 4 - - 1 o el . T T
o L

T T T T T 417
141 142 143 145 146 147 148 148 150 15 152 153 154 155 136 |

Figure A.6.6 High resolution mass spectrum of pyruvate semicarbazone.

Calculated mass of the M-1 peak is 144.0409 Da.

3,3,3-trifluoropyruvate semicarbazone
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Table A.6.8 NMR spectra of 3,3,3-trifluoropyruvate semicarbazone.

The 19F spectrum was acquired on a 200 MHz NMR spectrometer in D20. The 13C
spectrum was acquired on a 600 MHz NMR spectrometer in D20. (a) 13C, (b) 1°F.

Fluorine F § (ppm)  Jrr(Hz) | Carbon C 35 (ppm)  Jer (H2)
F3 -68.36 (s) Cl 171.02 (s)
c2 132.09 () 34.3
Cc3 12056  (q) 2716
c4 159.52 (s)
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TOF M5 ES-
9 3512

i

FEE25E

[
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152 E4 40 158 E41E 207 ooz 200 185
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Figure A.6.7 High resolution mass spectrum of 3,3,3-trifluoropyruvate
semicarbazone.

Calculated mass of the M-1 peak is 198.0126 Da.

3,3,3-Trifluoropyruvate semicarbazone ethyl ester
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Table A.6.9 NMR spectra of 3,3,3-trifluoropyruvate semicarbazone ethyl ester.

The 'H and '°F spectra were acquired on a 200 MHz NMR spectrometer in D20. (a)
1H, (b) °F.

Proton 'HS (ppm)  Juw (Hz) | Fluorine *°F § (ppm)

H5 4.11 (@) 7.2 F3 -68.39
H6 1.22 (1) 7.2
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Figure A.6.8 High resolution mass spectrum of 3,3,3-trifluoropyruvate
semicarbazone ethyl ester.

Calculated mass of the M+1 peak is 228.0591 Da.

DAHP semicarbazone

O+__NH,
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Table A.6.10 NMR spectrum of DAHP semicarbazone.

The H spectrum was acquired on a 600 MHz NMR spectrometer in D20.

Proton !H & (ppm)

H3 2.04
H3’ 2.33
H4 4.02
H5 3.48
H6 3.74
H7 3.87

PBEB25525 213 (4.053) AM (Cen,4, 80.00, Ar&000.0,431.98,0.80); Sb (99,1.00 §; Sm (Mn, 2%2.00); Cm (177:404) TOFMSES-

1004 344 0493 6.5963
1 343.2730
g -
342 2181
3450566
261 9442 3442248 245 1804 9480705
i 2 342 9551 346 8566
| === 3o (344'5435 I | smem | | smeees]
0 T T —— T T miz
342 343 344 345 345

Figure A.6.9 High resolution mass spectrum of DAHP semicarbazone.

Calculated mass of the M-1 peak is 344.0495 Da.

3-Fluoro-PEP

OP0,?

"Pptoo
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I
-850 -100

Table A.6.11 NMR spectra of 3-fluoro-PEP.

The 19F spectrum was acquired on a 200 MHz NMR spectrometer in D20.

Fluorine '°F § (ppm)
F3 -142.97

PBBZ5419 125

[

.368) AM (Ceng, 60.00, Ht,5000.0,0.00,1.00); Sb (89, 10.00 }; Sm (Mn, 2x2.00); Cm (111:283) TOF M35 ES-

100+ 184 9854 402
Ea_
1809780 __  _ 1835960 1259730 18710186 1295873
0 .|I/. 13.»_ip4¢:| 133\?]31 ! C | || ||| 185:.&&- 139in453 iz
181 L 182 1S§ 124 185 186 187 188 129

Figure A.6.10 High resolution mass spectrum of 3-fluoro-PEP.

Calculated mass of the M-1 peak is 184.9651 Da.
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Table A.6.12 NMR spectra of 3- fluoro-DAHP.

The 1H spectrum was acquired on a 600 MHz NMR spectrometer in D20. The 1°F
spectra was acquired on a 200 MHz NMR spectrometer in D20. (a) H, (b) 1°F.

Proton 'H & (ppm) | Fluorine °F & (ppm)
H4 4.01 F3 -215.51
H3 411
H5 3.52
H6 3.74
H7 3.87
H7 3.93
J0-Apr-2015
TOF MSES-
9.02e12
20150430 _TM_MSNEGTEST 104 (1.115) AWM (Cen,§, 20.00, Ht, 10000.0,734.01,1.00}% Sb (9510.00 };Sm Mn,
100~ 3050075 53.1
2
] 3052488
3080029
| R semmenT 2055220305 peme 2082428 8]14
|:|_|II|I.||| NN ! I| |||\|||'II II | .le miz
304 305 306

Figure A.6.11 High resolution mass spectrum of 3-fluoro-DAHP.

Calculated mass of the M-1 peak is 305.0074 Da.
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Table A.6.13 NMR spectra of 3-fluoro-NeuNAc.

The H spectrum was acquired on a 600 MHz NMR spectrometer in D20.

Proton H 8 (ppm) Jn-H 1 Jrn (HZ)

H3 4.82 (d) 2.41

H4 4.17 (ddd) 29.92, 10.69, 2.37
H5 4.04 (t) 10.71

H6 3.97 (d) 10.49

H7 3.44 (d) 9.39

H8 3.57 (q) 5.51

H9 3.78 (m)

H11 1.97 (s)
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PBB24877 117 (2.247) AM (Cen,8, 80.00, Ht,10000.0,734.01,1.00); Sb (39,10.00 ); Sm (Mn, 2x2.00); Cm (95:138) TOF MS ES-
326.0876 342
100
®
327.0900
325.1841
0.1324.0433.324.1945 3250331 3269362 | BEABN prseenn | a7 1815 3280908 8577
T T T T T
34 325 326 327 a8

Figure A.6.12 High resolution mass spectrum of 3-fluoro-NeuNAc.

Calculated mass of the M-1 peak is 326.0887 Da.

O-(2-fluoroethyl) hydroxylamine

2
O\
F7 " NH,
1

\ N

T T T T T T T T T T T T T T T T
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Table A.6.14 NMR spectra of O-(2-fluoroethyl) hydroxylamine.

The *H spectrum was acquired on a 200 MHz NMR spectrometer in acetone- de.

Proton  'H3 (ppm)  Jun (HzZ)  Jen (HZ)

H1 4.30 (t) 2.6 (d) 47
H2 4.63 126  (d)29.3
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mw79
PBB24375 32 (0.623) AM (Cen,4, 80.00, Ht,10000.0,118.09,1.00); Sb (89,10.00 ); Sm (Mn, 2x2.00); Cm (21:356) 1: TOF MS ES+
80.0509 164
100
w 815208
% ‘[
1 82.5375
| 80.9490
1 79.0196
| 77.877378.2846 79.2830 80.5451 82.2441 83.0868 83.388783.8030
0 y m/z
80.50 81.00 81.50 82.00 82.50 83.00 83.50 84.00

77.50 78.00 78.50 79.00 79.50 80.00

Figure A.6.13 High resolution mass spectrum of O-(2-fluoroethyl) hydroxylamine.

Calculated mass of the M+1 peak is 80.0512 Da.

DAHP O-(2-fluoroethyl) oxime

A o
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Table A.6.15 NMR spectra of DAHP O-(2-fluoroethyl) oxime.

The H spectrum was acquired on a 600 MHz NMR spectrometer in D20.

Proton  H & (ppm) Jrn (Hz)
H3 2.74 (dd) 13.27, 5.50
H3’ 2.92 (dd) 13.28, 8.68
H4 4.19 (m)
H5 3.42 (dd) 8.88, 1.64
H6 3.75 (m)
H7 3.89 (m)
H7’ 3.99 (m)
H8 4.33 (t) 3.98
HS’ 4.39 (t) 3.98
H9 4.64 (t) 3.98
OXIME 09-Jun-2014
PBB24497 (0.032)Is (0.10,0.01) COH160Q39FNP 1: TOF MS ES+
100 332.0547 [M+H-H20)+ 8.81e12
B X
|
o
PBB24497 (0.032)1s (0.10,0.01) C9H18010FNP 1: TOF MS ES+
100 [M+H]+ 350.0652 8.78212
0 |
PBB24497 352 (6.731) AM (Cen,6, 80.00, Ar,10000.0,322.05,1.00); Sb (99,10.00 ); Sm (Mn, 2x2.00
100~ 332.0546 2.95e4
R
350.0655
338.0500  343.0104 347.0064 | 354.0364

+—T— miz

o-L———— m
328 330 332 334 336 338 340 342 344 346 348 350 352 354 356

Figure A.6.14 High resolution mass spectrum of DAHP O-(2-fluoroethyl) oxime.

Calculated mass of the M+1 peak is 350.0652 Da.
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DAHP hydrazone
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Table A.6.16 NMR spectra of DAHP hydrazone.

The H spectrum was acquired on a 600 MHz NMR spectrometer in D20.

Proton  'H & (ppm)

H3 2.59
H3’ 2.74
H4 3.92
H5 3.39
H6 3.7
H7 3.86
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PEB23721 89 (1.910) AM (Cen,4, 80.00, Ar,5000.0,734.01,0.80); Sb (89,10.00 J; Sm (Mn, 3x3.00); Cm (68:102)
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1: TOF MS ES-

1004 280.0335 4.14e4
301.0442
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Figure A.6.15 High resolution mass spectrum of DAHP hydrazone.

Calculated mass of the M-1 peak is 301.0447 Da.
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Figure A.6.16 Low resolution mass spectrum of DAHP hydrazone.

Calculated mass of the M-1 peak is 301.04 Da. Expected mass for DAHP
formylhydrazone 329.17 Da. Expected mass for DAHP is 287.01 Da. The peaks at
273 and 303 Da originate from deuterium exchange at C3 due to the sample being
used for NMR and being dissolved in D20. Similar reactions were previously
observed.202-204
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