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Abstract

N-myristoyltransferase (NMT) is an enzyme that catalyses the transfer of myristate to the N-
terminal glycine of protein substrates. In human, two NMT proteins are expressed, playing
crucial roles in protein membrane binding and targeting. They are involved in many diseases
like cancer and common cold. This project aims to develop human NMT inhibitors as tools for

NMT functional study and as potential treatments of N-myristoylation dependent diseases.

In subchapter 2.1, five previously developed inhibitors were re-purified and tested for enzyme
activity by the CMP assay. All compounds show inhibitions against both human NMT1/2 with
ICsos between 1.3-25 uM, but no inhibition against Lm NMT. The reason for the abnormal
curves found in the CPM assay was systematically explored. Inhibitor-CPM adducts were

identified and a likely side reaction mechanism was proposed.

In subchapter 2.2, ten inhibitors with a new linker were synthesized based on a developing
series. The new linker is generally tolerant, brings better ECso/ICso ratios and the best
compound shows an ICso 0of 0.31 uM. Crystallography structures of the best compound and its
old-linker analogue were solved and used to explore SARs. Tagging assay showed dose-

dependent labelling, providing direct evidence of target engagement.

In subchapter 2.3, a target repurposing approach was used to explore nematode NMT inhibitors
from existing NMT inhibitors. Eight plasmodium or malaria NMT inhibitors were tested in the
enzyme activity study and all showed inhibition. Their SARs were analysed using human NMT
structures. Seven compounds were further tested for in vivo activities and one showed a higher

potency than the positive control.
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In Chapter 3, eleven ligand-protein structures of the imidazo[1,2-a]pyridin-6-phenoxy series
and nine structures of azetidinopyrimidines series were solved by X-ray crystallography.
Extensive binding modes analysis has revealed their key SARs. Multi-conformations are

identified and investigated. Insights of crystal obtainment were summarized and discussed.
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1 Introduction

1.1 Background

1.1.1 Post-translational modification

Protein post-translational modifications (PTMs) include a host of reversible or irreversible
chemical transformations on proteins after or sometimes during ribosomal synthesis. PTMs
currently found include the covalent attachment of small inorganic molecules (e.g.
phosphorylation), carbohydrates (e.g. glycosylation), small proteins (e.g. ubiquitination) and

lipids'. These PTMs regulate protein function, activity and localization within the cell.

1.1.2 Protein lipidation

Protein lipidation is unique amongst the hundreds of classes of known protein PTMs, which
enables direct interaction with cell membranes, ranging from constitutive and stable anchors
that can withstand several rounds of endosomal recycling to transient membrane binders that
permit rapid switching of subcellular localization®. Lipidation modulates the function of
targeted proteins by increasing their membrane binding affinities, thus rapidly switching their
subcellular localization and association with other proteins, as well as affecting protein folding
and stability’. Protein lipidation occurs in every form of life and has developed into its most
sophisticated forms in eukaryotes, where lipidated protein families regulate vesicular
trafficking pathways and membrane-bound signalling platforms®. These PTMs also play an
important role in diseases. Many enzymes involved in installing and processing protein

lipidation have been targeted for drug discovery and resulted in a number of clinical trials?.

Proteins can be covalently modified by at least six classes of lipids (Figure 1): fatty acids, lipid-
derived electrophiles (LDEs), glycosylphosphatidylinositol (GPI) anchors, isoprenoids, sterols

and phospholipids®.
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Figure 1 Lipid metabolism regulates protein functions through protein lipidation (Image taken from Chen et al’
with permission). Fatty acyl-CoA and other lipid derivatives are generated from cellular lipid metabolism and
later used as substrates for protein lipidation. Lipid metabolism affects the availability of these lipids, including
saturated and unsaturated fatty acids (palmitate, myristate, palmitoleate, etc.), lipid-derived electrophiles (HNE,
etc.), GPI anchors, isoprenoids (farnesyl and geranylgeranyl), cholesterols and phospholipids (not shown here).
Palmitate, a 16-carbon fatty acid, services as an intermediate for the biosynthesis of other lipids in the cells. FFA:
free fatty acid; HNE: 4-hydroxynonenal; GPI: glycosylphosphatidylinositol; FPP: farnesyl pyrophosphate; GGPP:
geranylgeranyl pyrophosphate; TCA cycle: tricarboxylic acid cycle or Krebs cycle.

Saturated and unsaturated fatty acids can be attached to the cysteine, serine or lysine residues
of proteins, through a process called fatty acylation. N-myristoylation attaches the 14-carbon
myristate (Figure 2) to the N-terminal glycine of its substrate proteins by N-
myristoyltransferase (NMT), which is the main focus of this thesis and will be discussed in

detail in 1.2. Another major form of fatty acylation, S-palmitoylation or S-acylation, attaches



the 16-carbon palmitate (Figure 2) or other fatty acids (e.g. the 18-carbon stearic acid) to
cysteine residues of its substrate proteins. In humans, the S-palmitoylation on intracellular
proteins is catalysed by a family of 23 palmitoyl acyltransferases (PATs) with a conserved
sequence Asp-His-His-Cys (DHHC)*. S-palmitoylation is reversible by breaking the resulting
thioester bond between palmitate and cysteine under the catalysation of thioesterases.
Therefore, S-palmitoylated proteins can switch between acylated and diacylated forms in
response to upstream signals>. More rarely, these fatty acyl groups can be attached to serine
residues, namely O-palmitoylation, or to the N-terminus, namely N-palmitoylation. Only a few
O- or N-palmitoylated proteins have been found. Mediated by membrane-bound O-
acyltransferase called Porcupine, a conserved serine residue of Wnt proteins are modified by a
monounsaturated fatty acid, cis-palmitoleic acid (Figure 1)°. Ser45 residue on histone H4 can
be palmitoylated by lysophosphatidylcholine acyltransferase 1 (LPCAT1)’. By ghrelin O-
acyltransferase, the serine residue of the signalling peptide ghrelin can be modified by the 8-
carbon octanoyl group®. Catalysed by Hedgehog acyltransferase (Hhat), the Hedgehog (Hh)
proteins are an example of N-palmitoylated proteins, on which the N-terminus of the signalling

peptide is palmitoylated’.

LDEs, such as 4-hydroxy-2(E)-nonenal (HNE, Figure 2) ', are a group of endogenous reactive
metabolites produced by non-enzymatic lipid oxidation/nitration or enzymatic oxidation
mechanisms'!. Mis-regulation of lipid metabolism often leads to LDE accumulation. LDEs can
attack nucleophilic residues of proteins (e.g. cysteine, lysine and histidine) and form covalent
adducts with via Michael addition'?. LDE modification is considered to be involved in many

chronic diseases, such as neurodegeneration'3, atherosclerosis'*, inflammation'® and cancer!®.
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Figure 2 Structures of example lipids found in protein lipidation. There are at least six types of lipids including
fatty acids (e.g. myristate, palmitate and palmitoleic), lipid-derived electrophiles (LDEs, e.g. 4-hydroxynonenal),
glycosylphosphatidylinositol (GPI) anchors (example structure can be found in Figure 3), isoprenoids (e.g.

farnesyl and geranylgeranyl), sterols (e.g. cholesterol) and phospholipids (e.g. phosphatidylethanolamine).

GPI anchor ( Figure 3), a complex glycolipid composed of phosphatidylinositol and the
carbohydrate residues, glucosamine and mannose, can be covalently attached to C-terminus of
proteins via PTMs. About 1% of the eukaryotic proteins are GPI anchor modified!”. GPIs are
synthesized in the endoplasmic reticulum (ER) and attached to proteins by the GPI
transamidase complex'®. In addition to targeting proteins to the membrane, GPI anchors also
have many other biological functions, including mediating immune response and

inflammation'®.
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Figure 3 GPI anchors and its protein modification (image taken from Yu et al'® with permission).
Glycosylphosphatidylinositols (GPIs) are synthesized on/in the endoplasmic reticulum (ER) and attaches to the
protein C-terminus during PTM by their phosphoethanolamine group. In this way, GPIs anchor surface proteins

to the cell membrane, as one of GPIs’ most apparent functions.

Attachment of isoprenoids onto a Cys at or near the C-terminus of proteins is known as
prenylation®. Most of the substrate proteins of prenylation contain a Cys-aliphatic-aliphatic-X
(CAAX) motif on their C-terminus, where the consensus Cys residue can be modified by a 15-
carbon farnesyl (Figure 2) by farnesyltransferase (FTase) or a 20-carbon geranylgeranyl group
(Figure 1) by geranylgeranyl transferase I (GGTasel). The “X” residue determines whether the
protein will be farnesylated or geranylgeranylated. The “AAX” sequence is cleaved after
prenylation and the prenylated Cys on the C-terminal is carboxymethylated. The Ras family,
including K-Ras, H-Ras and N-Ras are well-studied prenylated proteins?’. Prenylation alters

the membrane affinity of its substrate proteins and is generally considered as irreversible.

Covalent modification by cholesterols (Figure 2) is uncommon. To date, Hedgehog proteins
are the only well-characterized cholesterol-modified proteins. After cleavage, cholesterol

forms an ester bond at their C-terminal glycine. New chemical probes have been developed



recently for identification of other cholesterol-modified proteins®'. Smoothened (SMO), a co-

receptor of the Hh pathway, is found to be cholesterol modified on its Asp95 residue??.

Although phospholipids play important roles in membrane formation and signal transduction,
phospholipid-modified proteins are rarely identified. Modified by phosphatidylethanolamine
(Figure 2), autophagy-related protein Atg8/LC3 is the only known example, which is
medicated by multi-step conjugation processes and essential for the formation of

autophagosome’s double-membrane®’.



1.2 N-myristoylation

1.2.1 Mechanism and structure

NMT 0
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Target protein /\MJ\S/CoA Myristoylated protein Byproduct
11

Myristoyl-CoA
Figure 4 Mechanism of N-myristoylation
N-myristoylation is the transfer of myristate, a 14-carbon saturated fatty acid, from myristoyl
coenzyme A to the N-terminal glycine of a range of protein substrates (Figure 4). It is found to
be ubiquitous in eukaryotes’*. Approximately 0.5% of all eukaryotic proteins are N-

myristoylated”. The enzyme catalyses this reaction is N-myristoyltransferase.

Binding of substrate
peptide/protein

)‘—O /“_O
Binding of Myr-CoA

and NMT NMT catalysed
conformation change myristoyl transfer

& €«
Release ;\ %elease of

N-myristoylated product CoA by-product
/‘\
o

Figure 5 Cartoon representation of the NMT catalytic cycle. NMT is shown in blue, CoA in yellow, myristoyl in

red and substrate peptide/protein in green.

Studies by Gordon et al. revealed the catalytic cycle of NMT and named it “Bi-Bi”

26-27

mechanism The apo-enzyme first binds with the myristoyl-CoA, which induces

conformational changes of the enzyme and opens a peptide binding pocket adjacent to the



myristoyl-CoA (Figure 5). The target protein or peptide substrate then binds to the enzyme
which catalyses the transfer of myristate to the protein or peptide substrate, releasing CoA-SH
as the by-product. Finally, the myristoylated protein or peptide is released from the enzyme

and the apo-enzyme can start the next catalytic cycle.

Figure 6 Myristoyl-CoA binding in a "Question Mark" conformation in the NMT pocket. Image generated using
PyMOL?® from the ternary structure of Hs NMT1 in complex with myristoyl-CoA and an inhibitor (PDB:
S0O6H). Myr-CoA is shown as stick and Hs NMT1 is shown as surface at 50% transparency. Carbon is coloured

in green, nitrogen in blue, oxygen in red, sulphur in yellow and phosphorus in orange.

Myristoyl-CoA binds to NMT with high affinity*® and in a “Question Mark” conformation
(Figure 6). The fatty acyl chain is binding in a narrow hydrophobic pocket in the enzyme. The
size of the pocket matches the length of the myristoyl chain, providing a way for the enzyme
to recognize and bind to myristoyl-CoA at high specificity, and position the thioester at the
active site for reaction*. The thioester carbonyl interacts with the enzyme via two main chain
amides of a leucine and a phenylalanine, creating an “oxyanion hole*°. This hole polarises the
myristate carbonyl and activates it for nucleophilic attack from the N-terminus of the substrate,
as well as stabilising the tetrahedral intermediate during the catalysed reaction®’. The thioester

sulphur also forms an intramolecular hydrogen bond to the 6-N adenine amine of CoA,



stabilising the thiolate leaving group as well as facilitating the releasing of the CoA-SH by-

product from the enzyme as a compact and globular structure’!.

Figure 7 The Ab loop of Hs NMT1. Image generated using PyMOL?® from the ternary structure of Hs NMT1 in
complex with myristoyl-CoA and an inhibitor (PDB: 5O6H). Myr-CoA is shown as stick in blue, the inhibitor is
shown as stick in orange and the Ab loop is shown in red. (A) Ribbon representation; (B) Surface

representation.

Myristoyl-CoA forms part of the peptide binding pocket**!. The binding of myristoyl-CoA
induces the ordering of the Ab loop (Figure 7)—a flexible, acidic loop of NMT (Glu-Asp-Asp-
Asp) that forms part of the peptide binding pocket and contributes to peptide recognition®® 32,
Therefore, it is only after the binding of myristoyl-CoA, that the peptide or protein substrate

can bind to the peptide binding pocket?’.
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Figure 8 The first mechanism hypothesis of Sc NMT catalysed N-myristoylation®. NMT is shown in black,

myristoyl CoA in blue and peptide in red.

Based on a crystal structure of Saccharomyces cerevisiae (Sc) NMT bound with a non-

hydrolyzable Myr-CoA, S-(2-ox0) pentadecyl-CoA and a substrate peptide, GLYASKLA, the

first reaction mechanism was hypothesised by Gordon et al**3!. This hypothesis suggests that

the N-terminal glycine ammonium of the protein or peptide substrate interacts electrostatically

with the carboxylate of the C-terminus of NMT (Figure 8)** 3!. This carboxylate can

deprotonate the substrate ammonium and generate a nucleophilic amine to attack the myristoyl-

CoA thioester®!. The amine then rotates around the backbone v angle after deprotonation and

approaches the polarised myristoyl-CoA carbonyl at the correct geometry for the following

nucleophilic attack?!.
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Figure 9 New N-myristoylation mechanism based on Hs NMT]1 crystal structures (modified from Dian et al’?)

Recently, a new N-myristoylation mechanism (Figure 9) was suggested by Dian ef al based on
crystal structures of Hs NMT1 bound with Myr-CoA and substrate peptides at different reaction

states>>

The mechanism also agrees with the Bi-Bi mechanism that a peptide can only bind to NMT
after the binding of Myr-CoA to the apo-NMT and the induction of the Ab loop conformation

change from disordered to ordered-open.

However, in contrast to the previous mechanism, it suggests that the peptide is stabilized by
water-mediated hydrogen bonding interactions with the C-terminus and N246 as well as two
direct hydrogen bonds with T282 (Figure 9, Step 1). The binding of the peptide further induced
the Ab loop to change its conformation from ordered-open to ordered-closed, which then
distorts the thioester plane of the Myr-CoA. This tensed conformation of Myr-CoA facilitates

the depolarization of the thioester by the “oxyanion hole” created by F247 and 1.248 and pre-

11



sets the acyl group up in an sp3 hybridization status ready for the nucleophile to attack (Figure
9 Step 2, a reaction status captured by crystallography). The ammonium N-terminus of the
peptide is deprotonated by the carboxy group of Q496 through a water-mediated attack. In the
meantime, the ammonium N-terminus of the peptide attacks the thioester carbonyl of Myr-CoA
guided by the T282 hydrogen bonds (Figure 9 Step 3), forming a tetrahedral intermediate
shown in Figure 9 Step 4 (a reaction status captured by crystallography). The following steps
are the same in the two mechanisms. The breakdown of the tetrahedral intermediate is the rate-
limiting step of the N-myristoylation reaction®*. As 1.248 forms a hydrogen bond with the
thioester carbonyl again, the myristoylated peptide is synthesised as well as the by-product
CoA in a tensed conformation (Figure 9 Step 5). Relaxation of the tensed CoA favours the
release of the CoA moiety from the active site. Spontaneously, the carboxyl group of the C-
terminus Q496 is deprotonated to get ready for a new reaction. Finally, the Ab-loop opens, the

N-terminus of NMT unfolds and the myristoylated peptide is released (Figure 9 Step 6).

The difference between the two mechanisms proposed is likely a result of the use of non-
hydrolysable myristoyl-CoA (NHM), S-(2-0x0) pentadecyl-CoA in the former study and Myr-
CoA in the later study’>. The NHM analogue has a methylene group interposed between the
reactive thioester carbonyl and sulphur to prevent N-myristoylation reaction during
crystallization. However, this extra methylene group also causes steric hindrance to the N-
terminus of the substrate peptide and prevents it from binding into its recognition pocket. This
change causes a series of binding mode changes of the peptide substrate in the former study

and leads to a different mechanism hypothesis.

1.2.2  Role of myristoylation

Myristoylation usually occurs co-translationally, following the removal of the starting

methionine by methionine aminopeptidase to expose the N-terminal glycine®. More rarely,

12



post-translational myristoylation can occur during apoptosis, where cleavage of pro-apoptotic

proteins by caspases reveals a new N-terminal®®-38,

Myristoylation plays crucial roles in the regulation of membrane targeting, trafficking and
signalling, modulating the specificity and efficiency of signal transduction and influences the
movement of a signalling protein within the cell and its final destination®3°. When happen

post-translationally, it takes part in apoptotic signalling and induce programmed cell death® 7.

13



1.3 Human NMTs

1.3.1 Isoforms

Figure 10 Human NMT isoforms. (A) Ribbon representation of Hs NMT1 (PDB code: 4C2Y); (B) Ribbon
representation of Hs NMT2 (PDB code: 4C2X).

In higher organisms, such as humans, two NMT proteins are expressed in most tissues. The
two distinct NMT genes, Homo sapiens (Hs) NMT1 and NMT2 share 91% sequence similarity
and 83% sequence identity*®. The structures of both Hs NMT1 (PDB code: 4C2Y) and Hs
NMT2 (PDB code: 4C2X) are solved by crystallography’®. Their protein substrate-binding
pocket are highly conserved. The major differences are in their flexible N-terminal domains,
which are not involved in substrate binding*!**>. A screen on 2066 compounds in ten structural
series by Pfizer found no significant differences between the ICsos against Hs NMT1 and Hs
NMT?2 among all tested series, indicating that it is hardly possible to selectively inhibit just one

isoform at the enzyme level (Figure 11)%,
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Figure 11 Plot of dose-response activity against Hs NMT1 vs. Hs NMT?2 for the primary screening hits and their

analogues (taken from Bell et a/*° under the Creative Commons Attribution License)

1.3.2 Human NMTs as potential drug targets

Studies have shown the involvement of human NMTs in the development and progression of

diseases including epilepsy*, cancer**, Noonan-like syndrome*’, Alzheimer’s disease*> %,

14748 and bacterial infections*®. Among them, cancer and common cold virus are the most

vira
investigated. Small molecule NMT inhibitors were shown to be cytotoxic to cancer cells** and

inhibitory to the reproduction of common cold virus®*’.
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under a Creative

Commons Attribution License). (A) Activity curves from cell cytotoxicity assay*®; (B) Graphs from Flow

cytometry analysis*; (C) Graph of cell cycle analysis*’; (D) Western blot profiling of overall c-Src expression

and Y416 phosphorylation of c-Src after NMT inhibitor treatment*’; (E) Western blot analyses of markers of ER

stress and unfolded protein response®.

In 1995, Felsted and co-workers first proposed to consider myristoylation as a

chemotherapeutic target for cancer™’. Since then, evidence has been found to suggest NMT’s

51-52

involvement in cancer. Overexpression of NMT is observed in colonic adenocarcinomas’' ™=,

gallbladder carcinomas>, oral squamous cell carcinomas® and brain tumours®. The

proliferative capacity of mammary epithelial cells has been found to correlate with NMT

activity>®.
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NMT inhibition by a small molecule inhibitor, DDD85646 (C14, its drug discovery process
can be found in 1.4.2), has shown dose-dependent cytotoxicity on HeLa cells in a time-
dependent manner, which kills the cells in seven days at 5 uM (Figure 12A), likely through

apoptosis (Figure 12B) following or concurrent with G1 arrest (Figure 12C) 3%

NMT inhibition was shown to prevent the activation of oncogene Src*’. More than hundreds
of NMT substrates were found in human cells, including the well-known oncogene Src*®.
Tyrosine-protein kinase c-Src is a well-validated target for cancer therapy’’. c-Src promotes
cell survival, proliferation and metastasis, and its overexpression is related to cancer
progression®’. A Src inhibitor, Dasatinib, has been used in the clinic for cancer treatment, which
also induces apoptosis and G1 arrest of cancer cells®®. N-myristoylation is required for the
activation of c-Src. A study by Thinon et al has shown that DDD85646 induced NMT
inhibition decreases the level of phosphorylated c-Src (the activated version) after 1 and 3
days* (Figure 12D), suggesting that c-Src inhibition can be achieved alternatively through

NMT inhibition. Therefore, NMT may be a promising target for cancer.

Thinon et al also found that NMT inhibition can induce apoptosis of cancer cells through ER-
stress®. The endoplasmic reticulum (ER) stress response is an adaptive cellular response to
detrimental conditions. Cells in stress conditions switch on this mechanism to restore normal
functions of the ER following an accumulation of misfolded proteins, thus supporting cell
survival. When conditions become too severe and excessive, the ER stress pathway becomes
over-burdened and cells turn on the pro-apoptotic module which triggers cell death®. ER stress
is chronically activated in many cancer cells, supporting continuous proliferation and survival
of tumours in adverse microenvironments, such as hypoxia and chemotherapy®®. Drug-induced
ER stress can add an additional burden on this pathway and force cancer cells into apoptosis.

ER-stress inducing inhibitors of other protein targets, such as Bortezomib A or Brefeldin A®!,

17



have already entered the clinic or clinic trial for cancer therapy. A quantitative proteomics
study on four cancer cell lines has shown ER stress and unfolded protein response of these
cells upon selective NMT inhibition by DDD85646 (Figure 12E)*. This finding suggests that
NMT inhibition can promote the ER-stress of cancer cells and induce their apoptosis, therefore,

can be an alternative way of treating cancer.

Apart from cancer therapy, pharmacological inhibition of human N-myristoylation was also

shown to block viral replication.

Rhinovirus (RV) is the most frequent cause of the common cold. Its infection can also lead to
exacerbation of other respiratory diseases, such as asthma, chronic obstructive pulmonary
disease (COPD)®? and cystic fibrosis®*-%*. There is no approved antiviral therapy of RV due to
its serotypic diversity, rapid replication and high mutation rate®. The capsid assembly and
infectivity of RV rely on the host cell NMTs for the N-myristoylation of a key protein VP0®
68, The host cell NMTs can be an attractive antiviral drug target minimally susceptible to
serotypic variation and virus mutation. In a recent publication by Mousnier et al, the VPO
myristoylation is shown to be dose-dependently inhibited by a picomolar dual Hs NMT1/2
inhibitor (C32, its drug discovery process is described in 1.4.3) in chemical-tagging assays*’.
In a two-day multicycle RV replication assay, this compound prevented virus-induced
cytopathic effect (CPE) in a dose-dependent manner with an ICso value of 17 nM without
affecting the cell viability of uninfected host cells at the meantime*’. In single-cycle RV
infection assays, complete suppression of new infectious virus was observed at 125 nM, the
antiviral potencies were demonstrated in five RV serotypes, and when added up to 3 hours
post-infection*’. These data demonstrate that pharmacological inhibition of human N-
myristoylation rapidly and completely prevents RV replication without inducing cytotoxicity,

highlighting the potential of human myristoylation as a drug target in rhinoviral infections.
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1.4 NMT inhibitors

Human NMT specific studies of small-molecule inhibitor development are limited*”> .

However, several series of inhibitors have been discovered against NMTs of Candida albicans
(Ca)’"", Trypanosoma brucei*” 7> (Tb), Plasmodium falciparum ** "*7%(Pf), Plasmodium
vivax”> ”7(Pv) and Leishmania donovani ** 7}(Ld), promising to tackle diseases, such as fungal
infection, sleeping sickness, malaria and leishmaniasis. Human NMT activities were usually
tested in these studies and sometimes inevitable due to high similarities of their binding pockets
(analysed in 2.3.2). Therefore, their structure-activity relationships (SARs) and binding mode

insights can be valuable knowledge to facilitate inhibitor development of human NMTs.

1.4.1 Fungal NMT inhibitors

In 1988, Gordon et al reported a group of peptide substrates of yeast NMT with kinetic
measures to illustrate substrate specificity of NMT’°. Although later on this was considered the
first publication of NMT inhibitors, the paper was largely overlooked by the medicinal

chemistry community at the time, due to its heavy enzymology focus®.

A limited number of myristic acid and myristic CoA analogues were published as NMT
inhibitors between 1989 and 1995%!%5. However, due to concerns of their selectivity over Hs
NMT1, these inhibitors were not further developed as drug candidates, though some have been

used as tools for biological study®?.
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Figure 13 Development of peptide mimic inhibitor of Ca NMT?®. High-affinity amino acids and key interacting

residues are coloured in red, and low-affinity amino acids and other parts of inhibitors in black.

In 1995, Gordon et al. reported a series of peptide mimic inhibitors of human pathogenic fungi,
C. albicans (Ca) NMT’°, which was first expressed in yeast in 199287 and later proved to be

essential for the vegetative growth of C. albicans®®.

The inhibitors were based on an octapeptide substrate GLYASKLS-NH: (C1, Figure 13)
derived from the N-terminal fragment of NMT substrate protein Arf2p (ADP ribosylation

factor 2)¥. By replacing each amino acid residue in C1 with an alanine, the study revealed that
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the primary glycine, the serine at position 5 and the lysine at position 6 are the key residues for

tight binding”.

The initial work kept the serine and lysine but depeptidized the rest of the residues and
identified a dipeptide inhibitor C2 with an ICso of 56 nM against Ca NMT and a 250-fold
selectivity over Hs NMT 1. The substitution of 2-methylimidazole for the primary glycine was
well tolerated, which was later attributed to its similar basicity (pKa 7.1) to glycine (pKa 8.0),

resulting in a good charge-charge interaction to Ca NMT.

Reintroduction of the a-methyl group in the original octapeptide substrate with an (R)
configuration at the benzylic position (C3, Figure 13) improved the selectivity and potency
against Ca NMT with an ICso of 20 nM and a 410-fold selectivity over Hs NMT1. This gave

the most potent inhibitor at the enzyme level in this series’'.

Subsequent investigations focused on further exploration of SARs and increased the half-life
in vivo and bioavailability®® °%° however, did not achieve good cell activities due to the poor

permeability of the large and polar peptide analogues.
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Figure 14 Development of Pfizer benzo[d]thiazole series inhibitor of Ca NMT?,

In response to the discovery of the peptide mimic inhibitors of Ca NMT, Pfizer developed a
benzo[d]thiazole series based on hits from a high throughput screen (HTS) against Ca NMT®,
The HTS identified the hit C4 (Figure 14) with a moderate potency (1.4 uM) but a high
selectivity over Hs NMT1 (>71-fold). By replacing the metabolically vulnerable ester with an
amide and introduction of a bulky substituent onto the primary amine, C5 (Figure 14) was
identified as the first NMT inhibitor with potent antifungal activity (3.1 pg/ml). Shortening the
linker between the cyclohexyl and amide yielded C6 (Figure 14) with greatly improved enzyme
activity (0.0013 uM) and cell activity (0.09 pg/ml). However, due to the limited potential
clinical application resulted from its lack of broad-spectrum antifungal activity against other
major fungal pathogens (Aspergillus and Cryptococcus), this series was halted for further

development’® %67,
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Figure 15 Development of Roche benzo[d]furan series inhibitor of Ca NMT’!.

In parallel with the Pfizer study, Roche identified a benzo[d]furan series from their HTS
findings’!. The starting point was a screen hit C7 (Figure 15), which is a moderately potent Ca
NMT inhibitor (0.98 uM) with a good selectivity over Hs NMT1 (202-fold). However, C7

displayed poor cellular activity (390 uM) and off-target pharmacology as a [B-adrenergic

receptor antagonist, therefore the development was discontinued.
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Figure 16 A schematic drawing of the binding mode of C10 (an analogy of C8) in Ca NMT (modified from
Sogabe et al’® and based on the crystal structure of the ternary complex of Ca NMT with myristoyl-CoA and
C10, PDB: 11YL)

Around the same time, both the apo-Ca NMT and Ca NMT with a bound inhibitor were
successfully crystallised’®®®. With the aid of the binding modes revealed by crystallography
(Figure 16), Roche explored the SARs of Ca NMT inhibitors, addressed the off-target problem
by removing the hydroxyl group’!, and identified the first NMT inhibitor (C8, Figure 15) that
demonstrated efficacy in an animal infection model (EDso 7.1 mg/kg). To solve the instability
problem of the ether in acidic conditions, the ether linker was replaced by a ketone to give C9
(Figure 15) with subsequent optimization. Despite this series’ potent activities against Candida
spp. NMTs, its further development was halted due to lack of activity against other important

systemic fungal pathogens!®.
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Figure 17 Development of SSP benzo[d]thiazole series inhibitor of Ca NMT"2.

Following Pfizer and Roche’s research, SSP developed another benzo[d]thiazole series of Ca
NMT inhibitors’>. C11 (Figure 17) was identified as a hit from virtual screening as a
moderately potent Ca NMT inhibitor (1.5 uM). Through extensive parallel synthesis, C12
(Figure 17) was discovered with potent enzyme (0.5 nM) and cell activity (0.78 uM). However,
this series has a narrow window between the 50% effective concentration (ECso) and the 50%
cytotoxic concentration (CCsp), indicating an off-target mechanism. The series also has a

narrow antifungal spectrum, therefore was not developed further.

1.4.2 Parasitic NMT inhibitors

102

After the characterization of NMTs from Plasmodium falciparum'®, Leishmania’”® and

102 NMT was validated by Price et al to be essential for the viability in

Trypanosoma brucei
Leishmania major (Lm) and Trypanosoma brucei (Tb) using gene targeting and RNA
interference (RNAi)!%2. A panel of compounds originally developed as fungal NMT inhibitors
were tested against Lm NMT and Tb NMT and showed in vitro activities in both NMTs and in

vivo activities in Tb NMT!%3,
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Figure 18 Development of Dundee pyrazole sulphonamide series inhibitor of Tb NMT. (A) Inhibitor structures
and activities; (B) A schematic drawing of the binding mode of C14 (DDD85646) in Lm NMT (modified from
Brand et al” and based on the crystal structure of the ternary complex of Lm NMT with myristoyl-CoA and

C14, PDB: 2WSA).

The successful “piggy-backing” (screen existing inhibitors originally designed for other targets
to obtain inhibitors of new targets) attempt encouraged the HTS of the Dundee Drug Discovery
compound collection against Tb NMT, which identified a moderate Tb NMT inhibitor,

DDD64558 (C13, Figure 18A)7.

With the aid of crystallography using the highly homologous Lm NMT (72% similarity and
54% identity*’) as a Tb NMT substitute (Figure 18B), a potent inhibitor DDD85646 (C14,
Figure 18A) was discovered through extensive SAR studies’. Crystallography revealed a
water-mediated interaction between the NH of the piperazine heterocycle and the enzyme C-
terminus, and the hydrogen bond between the pyrazole and the enzyme Ser330, which prove
to be the two key interactions for tight binding (Figure 18B)”°. DDD85646 was then tested and
confirmed by Frearson et al. to be a trypanocidal Tb NMT inhibitor both in vitro and in vivo,

and used as a tool to validate Tb NMT as an antiparasitic drug target*?. Due to the high potency
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of DDD85646, it was also used to validate other NMTs as potential drug targets, such as

105

Trypanosoma cruzi'®, Filarial nematode!®, Aspergillus fumigatus'’® and cancer** (see 1.3.2).

However, DDD85646 shows poor central nervous system (CNS) exposure, which restricts its
clinical use. By reducing polar surface area and capping the sulfonamide to improve its blood-
brain barrier permeability, and replacing the core aromatic with a flexible linker to improve
selectivity over Hs NMT1, DDD100097 (C15, Figure 18A) was developed, demonstrating

partial efficacy in a central nervous system (CNS) mouse model'?’,
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Figure 19 Development of Imperial College benzothiazole series

A “piggy-back” screening of a 25-inhibitor library was conducted on precious reported Ca

NMT and Tb NMT series against Pf NMT and Hs NMT17% 8- 198 R(0-09-4609 (C16, Figure
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19) from the Roche benzo[d]furan series showed moderate inhibition against Pf NMT and
promising selectivity over Hs NMT1. Yu et al. at Imperial College incorporated the basic
centre into a piperidine ring and discovered C17 (Figure 19) with an ICso of 0.27 uM against
Pf NMT, and the replacement of an ester linker with an oxadiazole identified C18 (Figure 19)
with an ICso of 2.0 uM against Pf NMT’. Both inhibitors show good potency against Pf NMT

and selectivity over Hs NMT (>100 uM).
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o 0

Y334

Figure 20 A schematic drawing of the binding mode of C23 (an analogy of C17) based on the crystal structure
of the ternary complex of Pv NMT, Myr-CoA and C23 (PDB: 4B14, modified from Yu et al.”%)

Based on the structure of C23 (an analogy of C17, Figure 20), Rackham et al. from the same
group “lead hopped” the piperidinoxy group from the 4-position on the benzo[b]furan scaffold
to the 3-position, and discovered a ligand efficient Pf/Pv NMT inhibitor C19 with a
benzothiophene bicyclic ring”>. Further optimization aided by the SAR knowledge previously
established, yielded a high-affinity Pv NMT inhibitor C20 (Figure 19) with an ICso of 0.83

H1\/[75 )
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Moreover, to simplify the structure of C18, the Imperial College group “scaffold hopped” from
benzo[b]furan to phenyl-based monocycle, and discovered C21 with single-digit nM enzyme

affinity!?® as well as a series of Ld NMT inhibitors represented by C22 (Figure 19)7%.
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Figure 21 Development of Imperial College quinoline series

Goncalves et al. from the same Imperial College group conducted a high-throughput screen of
59.5k compounds from the Medical Research Council Technology (MRCT) collection and
identified 107 inhibitors of Pv NMT”’. Among them, C24 (Figure 21) was selected as a lead
and the replacement of its aliphatic chain by an ethyl ester gave C25 with better

physicochemical properties’’. C25 was further optimized into C26 (Pf K; =0.33 uM, Pv K; =
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0.20 uM) and C27 (Pf K; = 0.15 uM, Pv K; = 0.02 uM) with improved potency against both

Pv and Pf NMTs (Figure 21)"’.
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Figure 22 A schematic drawing of the binding mode of C26 based on the crystal structure of the ternary
complex of Pv NMT, Myr-CoA and C26 (PDB: 5G20, modified from Goncalves et al.''?).
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Figure 23 The structure and ICsgs of the Pfizer screen hits (Modified from Bell ef al.*° under the Creative

Commons Attribution License)

In 2012, Pfizer published a selection of ten screen hits (Figure 23) against Pf NMT, Ld NMT,

Tb NMT and both Hs NMT1/2 in collaborations with universities and government to help
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stimulate research into parasitic NMT inhibitors*’. Based on these hit compounds, several

series of NMT inhibitors were published by Imperial College.
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Figure 24 Development of Imperial College hybrid series (modified from Hutton ez al.!'!). (A) Hybridization of
two complementary structures and the activity improvement; (B) A schematic drawing of the binding mode of
PF-03402623 in Lm NMT (PDB: 4CGL); (C) A schematic drawing of the binding mode of PF-03402623 in Lm
NMT (PDB: 4CGN); (D) A schematic drawing of the binding mode of C28 in Lm NMT (PDB: 4CYO).

According to the overlapping and complementary binding modes of PF-03402623 and PF-
03393842 revealed by crystallography (Figure 24), Hutton et al. hybridized these two inhibitors
and discovered a novel Ld NMT inhibitor C28 with good enzyme activity (K; = 1.6 nM, Figure
24)!1 " All interactions of the two inhibitors with the enzyme were conserved in the hybrid
inhibitor C28, achieving a 39-fold and 156-fold activity improvement in Ld NMT inhibition,

compared to the two original inhibitors respectively.
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1.4.3 Human NMT inhibitors

In contrast to the discovery projects of fungal- or parasite-NMT-targeted inhibitors, there are

very few studies searching for human NMT inhibitors.

)
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HsNMT1 ICgq = 113 puM HsNMT1 IC5g = 6 uM

Figure 25 Development of the pyrrolo[1,2-a]pyrazine series
French et al. conducted an HTS of a library with approximately 16,000 diverse compounds
against Hs NMT1 and identified the cyclohexyl-octahydropyrrolo[1,2-a]pyrazine (C29, Figure
25) with an ICso of 113 uM as one of its screen hits. Based on C29, French ef al. modified it

into 31 analogues and identified C30 (Figure 25) with an ICso of 6 uM®.

Interestingly, the Sharma group identified two protein Hs NMT1 inhibitors that inhibit human
NMT]I in a concentration-dependent manner with 50% inhibition at 640 nM and 4.5 nM 12113,
Both inhibitor proteins are susceptible to trypsin digestion and possess no protease activity. In
addition, both inhibitor proteins are neither myristoyl-CoA binding proteins nor do they
interfere with the binding of myristoyl-CoA and human NMT1. Furthermore, both inhibitor
proteins do not have demyristoylase activities. Therefore, the Sharma group concluded that the
inhibitor proteins may act directly on NMT as NMT inhibitors. The exact mechanism of action
remains unclear, though the presence of an N-terminal alanine residue on the inhibitor proteins

could make the proteins competitive to the peptide substrates of NMT.
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Figure 26 Development of Imperial College indazole series (Modified from Mousnier ef al*’). (A) Hybridization
of two complementary structures and the activity improvement; (B) A schematic drawing of the binding mode
based on quaternary structure of Pv NMT bound with NHM, C29 and C30 (PDB: 504V); (C) A schematic
drawing of the binding mode of C31 in Hs NMT1 (PDB: 5SO6H).

During the writing up period of this thesis, Mousnier et al published a series of potent human
NMT inhibitors with picomolar ICses against Hs NMT1 and Hs NMT2 as well as low
nanomolar antiviral activity. Based on the crystal structures of C29 (Figure 26, a simplified
fragment based on the Imperial College quinoline series) and C30 (Figure 26, an analogue of
the Pfizer screen hit PF-02378143), Mousnier ef al. identified an opportunity to combine these
two fragments and expanded C30 into the pocket occupied by C29. The resulting indazole
series represented by C31 (IMP-0000917) picked up the key hydrogen bonds with Ser405 in
Hs NMT1 (S319 in Pv NMT) and retained the key hydrogen bonds with GIn496 in Hs NMT1
(Leu410 in Pv NMT), showing a nano-molar inhibitory activities against Hs NMT1%". N-

methylation to reduce the potential for the elimination of dimethylamine and movement of the
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fluorine substituent on the phenyl ring from meta-position to ortho-position relative to the ether
linker gave C32 (IMP-0001031) with single-digit nanomolar ICsos against both Hs NMT1/2.
The ortho-fluorine substitution changed the conformation of its adjacent ether linker, enabling
its pyrazole ring to form a stronger hydrogen bond with S405. Reintroducing the meta-fluorine
discovered C33 (IMP-0001088) with subnano-molar ICso, which also showed potent antiviral
activity against Rhinoviruses by blocking the co-translational myristoylation of a specific
virus-encoded protein (VP0)*’. This study suggested a new potential application of human

NMT inhibitors as a treatment of myristoylation-dependent picornavirus infections (the target

validation studies are described in 1.3.2).
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1.5 Objective

To further explore the functions of Hs NMTs and examine their potential as drug targets, small
molecule inhibitors of Hs NMTs are required as tool compounds. Although a few inhibitors
targeting other NMTs show inhibition against Hs NMTs, only two specific studies of small-

molecule inhibitor development targeting human NMTs have been reported*’¢°.

The binding mode insights revealed from existing NMT inhibitors, e.g. the importance of polar
interactions with the enzyme C-terminus, and the established protein production and
crystallography methods to access the binding modes of small molecule ligands in NMTs,

enabled a structure-based drug design and development approach.

With the aid of crystallography, this project aims to develop potent Hs NMT inhibitors as useful
tools for the future studies of human NMT functions and as potential treatments of N-

myristoylation dependent diseases.

To make a full use of the knowledge of NMT inhibition accumulated and the testing methods
developed in our group, this project also includes a minor aim to validate NMTs of less-
explored species, e.g. Nematode NMTs, as drug targets and facilitate the development of their

NMT inhibitors.
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2 Medicinal Chemistry

2.1 Dihydrothiazole series

2.1.1 Previous work on dihydrothiazole series

A B C
120
J\jg\ OH Enzyme ICy, of 20F4 (M)
NS o MsNMTL a1s02
H g Hs NMT2 39+03
o 4 o tmnwT e
MW: 250 w
Ligand efficiency: 0.4 Pv NMT >500
WaterLOGSY': Positive
STD: Positive 01 1 10 100
[inhibitor]
D
; F
@
A :
g 0.6
: Ll
-E 04
: ]
[}
o 0.2 l
T T T T T ‘Y—l—y—vi
0 - )] 7o

0 20 4$em eramfg . 80 100 Green: 1D NMR of 20F4
? Blue: Waterl OGSY of 20F4 Green: 1D NMR of 20F4
= Negative Control (2% DM SO/water) without Hs NMT1 Blue: STD of 20F4 with
—20F4 (2 mM) .
e P sitive: Control (25 pM) REd- WaterLOGSY Of 20F4 HS NMTl
with Hs NMT1

Figure 27 Previous data of 20F4 (reproduced from Eric Lee!'* under Creative Commons use licence). (A)
Structure of 20F4 and a summary of the validation assay results; (B) Dose-response curve of 20F4; (C) ICsos of
20F4 against five NMTs; (D) DSF curve of 20F4; (E) WaterLOGSY assay result of 20F4; (F) STD assay result

of 20F4.

The dihydrothiazole series was developed by a previous master student of our group, Eric
Lee''*, by screening 2320 fragments from the Maybridge RO3 Library using the differential
scanning fluorimetry (DSF) assay!!>. With a good ligand efficiency (LE = pICso * 1.374 /
number of non-hydrogen atoms) of 0.4, the most potent fragment 20F4, was further validated
by Eric Lee using Water-Ligand Observed by Gradient Spectroscopy (WaterLOGSY) and

Saturation Transfer Difference (STD) spectroscopy (Figure 27) ', 20F4 showed 5-degree
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temperature shift in the DSF assay (Figure 27D). The WaterLOGSY (Figure 27E) signal
flipped from negative to positive after adding Hs NMT1 and the STD (Figure 27F) also showed
a positive signal after adding Hs NMT1, both results indicated the binding of 20F4 to Hs NMTT.
The CPM assay results of 20F4 further indicate an ICso of 4.1 uM against Hs NMT1 with a
typical dose-dependent curve (Figure 27B). 20F4 was also tested on other NMTs (Figure 27C).
Interestingly, 20F4 has a similar potency against Hs NMT2 but lacks activity against NMTs
from Leishmania major (Lm), Plasmodium vivax (Pv) and Plasmodium falciparum (Pf). To
explore the SARs, 18 analogues were synthesized based on 20F4 by Eric Lee (Imperial College
London) %, 10 of them showed modest Hs NMT1 inhibition with ICs¢s from 2.8-139 pM (4
best ones are listed in Table 2). This study follows up Eric Lee (Imperial College London)’s

findings to further develop this series.
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2.1.2 CPM assay
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Figure 28 Mechanism of CPM assay. (A) The fluorescence of CPM can be released by reacting with the side
product of N-myristoylation; (B) Changes in fluorescence emission spectra after CoA addition with excitation at
380 nm (reproduced with permission obtained from RightsLink!!®); (C) Changes in fluorescence over time

during the CPM assay at eight different enzyme concentrations of Hs NMT 1. 300 ng/ml (Green) was chosen as

the assay concentration and 30 min was chosen as the assay endpoint. Graph generated by Excel 2017.

The CPM assay is a fluorogenic enzyme assay for NMT activity testing, which is developed in
our group'!'®, which was used to measure ICsos in this project. It monitors CoA-SH production

in real time using a commercially-available probe, 7-diethylamino-3-(4-maleimidophenyl)-4-
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methylcoumarin (CPM). CPM contains a fluorogenic coumarin group which is quenched by
the neighbouring maleimide group. Michael addition between the myristoylation by-product
CoA thiol (Figure 28A) and the maleimide restores the fluorescence of CPM at 490 nm (Figure
28B). The substrates of the myristoylation used in the assay are two synthetic peptide substrates
based on the N-terminal sequence of the catalytic subunit of H. sapiens proto-oncogene
tyrosine kinase p60-Src!'!”"!!8: Hs p60-Src (2-9) (8AA) for both human NMTs and Hs p60-Src
-16) for Pv, Pf and Lm NMTs. The intensity of fluorescence is linear relative to the amount of
CoA-SH generated by N-myristoylation. The speed of N-myristoylation is constant until one
of its substrates, Myr-CoA or the peptide substrate, is used up. For example, the speed of N-
myristoylation of Hs NMT]1 at the testing condition (300ng/ml with 4 uM of peptide substrate
and Myr-CoA) keeps constant for the initial 2.5 hours (Figure 28C). Therefore, by measuring
the fluorescence at 490 nm 30 minutes after the start of the reaction, dose-dependent inhibition

curve can be generated to measure compounds’ ICso values.

2.1.3 Validation

Table 1 ICsps of the new 20F4 and original 20F4.

New 20F4 on Hs NMT1 Orginal 20F4 on Hs NMT1
4 L
: 100 ] ‘] _ - 1 1 —
(ph) Hs NMT1 IC, Standard Exror % a0 4 3“0\ z o0 Q
3 \ g 1 N
2 o \Q\ e Y
T X g \
S a0 .\'{1 ; '] \C{
= \ = 4
joi s ] \
Original 2064 24 14 3 2 AN :w \
001 0 1 10 100 om 110 100
[Inhibiter] [Inhibitor]

All the previous results from Eric Lee (Imperial College London) suggested a potential Hs
NMT1 inhibitor series with good ligand efficiencies'!'*. The initial aim of this project is to
validate this series and improve its potency. Firstly, the compound 20F4 was re-purified by

LC-MS and its ICsos was tested in parallel with the original 20F4 sample (Table 1).
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Considering the standard error, there is no significant difference between the ICso values of the

new and original 20F4 (25 uM and 24 uM), showing repeatable inhibition against Hs NMT1.

Table 2 ICsos of four 20F4 analogues against Hs NMT1, Hs NMT2 and Lm NMT!!4,

HO HO
Njg\OH N/k\OH Njg\OH N OH
| | | |
H/LS @H»&S HAS iy

N

H
20F4-09 20F4-12 20F4-13 20F4-14
MW: 266 MW: 236 MW: 252 MW: 264

Hs NMT1
C"mp"“;‘/ld [1Cso Hs NMT2 Lm NMT
(nM) Current study Previous work

20F4-09 3604 85+0.7 39+0.5 >200
20F4-12 11+45 9.7+£1.0 10+0.8 >200
20F4-13 32+£04 6.3+0.5 58+0.7 >200
20F4-14 1.7£0.3 2.8+0.3 1.3+£0.2 >200

To cover more compounds in the validation, the most potent four analogues of 20F4 from the
previous work were chosen to be re-purified by LC-MS and tested against Hs NMT1 (Table 2)
by the CPM assay. The results were comparable as well. These compounds were also tested
against Hs NMT2, Lm, Pv and Pf NMTs to validate whether this series is human selective
(Table 2). The ICses of each inhibitor on Hs NMT1 and NMT2 were comparable. The CPM
assay results of Lm, Pv and Pf NMTs showed no dose-dependent decrease of enzyme activity,
indicating no inhibition. However, the positive controls of Pv and Pf NMTs also did not show
dose-dependent curves, which is likely a result of the loss of the activities of Pv and Pf NMTs.

Therefore, their data are not reliable and not listed. Since the previous work used the same
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batch of Pv and Pf NMTs, the previous Pv and Pf activity results are also invalid. To prove this

series as human selective, new Pv and Pf NMTs should be produced and used for testing.

2.1.4  Abnormal inhibition curves

20F4-09 on Hs NMT1 20F4-12 on Hs NMT1
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Figure 29 Dose-response curves of four 20F4 analogues on Hs NMT1, Hs NMT2 and Lm NMT (inhibitor

concentration in uM). Inhibition Curves fitted by Grafit 7 (Erithacus Software Limited) to a 4 parameter

equation y = Range/[ 1+(x/ICs0)*]+Background, where s is the Hill slope factor'"”. Green circles highlight the

abnormal upwards bends. Where the abnormal upward bends occur, the data points at 167 pM and 500 uM were

not used in the calculation of ICsgs.

Although the ICsos of human NMTs and Lm NMT are consistent with the previous work, the

inhibition curves were in an abnormal shape, especially for 20F4-12 and 20F4-13. Their dose-

response curves showed an increasing response at high inhibitor concentrations (highlighted in

green circles in Figure 29). Since the fluorescence measured was generated by reacting with

the N-myristoylation by-product, the intensity of the fluorescence should be positively related
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to the enzyme activity. Therefore, a typical NMT inhibition curve should be a characteristic
"S"-shaped curve (sigmoid curve) start from 100% activity at the lowest inhibitor concentration

116 " At the end of the curve where inhibitor concentration reaches

and gradually decrease to 0%
the highest, the fluorescence is expected to be the lowest. A series of assays were designed to

investigate this phenomenon.

2.1.5 Comparison assay adding inhibitors after quenching the reaction

20F4-12 on Hs NMT1 20F4-12 added after quenching 20F4-13 on Hs NMT1 20F4-13 added after quenching
: 100
. 3 3 00 o

L S, 00— ‘F*T—Lﬁ_ir‘q— _ \'rL‘E“j o 1 o oo Q_Fyﬂ—{l'
g [T, ] £ ol TNg g ]
Z @ T z 8 = s s
H T = 2 - £
8 T Bl g 3 g w
@ 60— o X o
] o a g g I ) -
g 404 o E 40| g 40 a g 40
2 2 2 o 2
£ L] 5 ] £
2 204 K] 20 + s < e 24

0 T B e 0 T 0

001 01 1 10 100 001 1 10 100 001 1 10 100 oot 01 1 10 100

[Inhibiter] [Inhibitor] [Inhibitor] [Inhibitor]

Figure 30 Comparison assay that adds inhibitors 20F4-12 and 20F4-13 after quenching the CPM reaction

(inhibitor concentration in uM).

The two possibilities of the abnormal increase of fluorescence at inhibitor concentration 167
and 500 uM are fluorescence of the inhibitors and fluorescent products generated by certain
side-reaction with the inhibitors. To investigate the first possibility, a comparison assay was
done by adding the two inhibitors after quenching the CPM reaction (Figure 30). The inhibitors
added were the same in concentration as the original CPM assay (from 500 uM to 0.025 pM)
but were added after 30 minutes from the start of the assay and after the reaction was quenched
by a acidifying buffer. On the inhibition curves, all inhibitor concentrations showed 100%
fluorescence. Only a negligible increase in fluorescence was detectable with increasing
inhibitor concentrations, suggesting that the inhibitors are not fluorescent and no fluorescence-

generating side-reaction happens after quenching.
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2.1.6 Continuous CPM assay with or without enzyme
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Figure 31 Continues CPM assay with or without enzyme (inhibitor concentration in uM). (A) CPM result of
20F4 corrected by data without adding enzyme; (B) Original CPM result of 20F4; (C) CPM result of 20F4-12
corrected by data without adding enzyme; (D) Original CPM result of 20F4-12.

In one CPM assay, 20F4 was also found to be having an upward bend at the end of the curve.

The only difference from the original assay where 20F4 showed a normal curve is that there
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were more compounds to test during the assay, thus the entire assay took longer and 20F4 was
incubated with the assay solution longer. This phenomenon shows that the abnormal
fluorescence is time dependent and could be generated by inhibitor side-reactions with enzyme,
CPM, peptide or other assay reagents. Therefore, a continuous CPM assay with 20F4 and
20F4-12 was performed by measuring fluorescence at every ten minutes. For comparison, the
assay was performed both in presence and absence of the enzyme. Surprisingly, subtracting the
no-enzyme fluorescence measurements from the results in presence of NMT resulted in a
typical dose-dependent curves (Figure 31). These findings proved that the increasing

fluorescence signals at high inhibitor concentrations are enzyme independent.

Taking a closer look at the original data, the fluorescence at high inhibitor concentration kept
increasing during the time and the high-concentration fluorescence of 20F4-12 was much
stronger than 20F4’s, which is consistent with previous results and indicted that 20F4-12 and

20F4-13 had more side-reactions than 20F4.

2.1.7 Comparison CPM assay with or without CPM

20F4-13 on Hs NMT1 without CPM 20F4-13 on Hs NMT]1
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Figure 32 Comparison assay with or without CPM on 20F4-13 (inhibitor concentration in pM).

After ruling out the possibility of side-reactions between the inhibitor and the enzyme, the
remaining potential substrates were CPM, peptide and assay buffer. Among them, CPM seems
to be the most reactive one. Therefore, CPM assay with or without CPM was performed on

20F4-13 (Figure 32). The result showed that there is no end fluorescence generated when CPM
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is not present, which proved that CPM is responsible for the abnormal fluorescence.
Considering all the previous assay results, the initial conclusion was that the fluorescence is
likely from side-reaction between CPM and the inhibitors.

2.1.8 Proposed mechanism
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Figure 33 High-performance liquid chromatography mass spectrometry results of CPM and inhibitor mixtures.

(A) 20F4-12 with CPM; (B) 20F4-13 with CPM.

To analyse the fluorogenic side reaction, mixtures of CPM and inhibitors in the assay buffer
are sent for high-resolution mass analysis by High-performance liquid chromatography
(HPLC). In samples of the two high fluorescent inhibitors 20F4-12 and 20F4-13, a peak of the
mass that is exactly the sum of the molecular weight of inhibitor and CPM was found (Figure
33). This result indicated the formation of an adduct of the inhibitors and CPM. The sum peak
was not found in 20F4, possibly due to less adduct formation and the limitation of the LC-MS
resolution. According to the CPM results, 20F4 has much weaker fluorescence increase at high

inhibitor concentration, indicating less side-product generation.
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Figure 34 Proposed mechanism of the side-reaction using 20F4-12 as an example.
As the HPLC mass result shows, this reaction should be an addition between the inhibitor and
CPM without adding or losing atoms. On the CPM compound, the possible reacting spot is the
maleimide, where the Michael addition happens. On inhibitors, the two high fluorescence
compounds both have one methyl group compared to two methyl groups of the other
compounds tested. Their higher fluorescence intensity at high inhibitor concentrations
indicates that steric hindrance is affecting the side-reaction rate and the reaction should be
happening at a place where the methyl group’s steric hindrance can affect. Based on all the
observations, a mechanism of the side-reaction was proposed (Figure 34). The hydroxy group
attacks the electron-poor C2 of the thiazol group and breaks the carbon-sulphur bond,
generating a tautomer with a thiol group. This tautomer could then attack the maleimide in the
CPM compound and generate the corresponding adduct. Due to the irreversibility of the

Michael addition, the tautomeric equilibrium shifts towards the thiol containing derivative until
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the inhibitor is used up. The slower reaction rates of inhibitors with two methyl groups can be

explained by the slower tautomerization caused by steric hindrance.

2.1.9 Oxygen substitute

. HoN a o) OH b NK\OH
NCO HO\)QOH N OH ' P
H H N

20F4-0
Figure 35 Synthesis of (2-((2,6-dimethylphenyl)amino)-4-methyl-4,5-dihydrooxazol-4-yl)methanol (20F4-O).
Reagents and Conditions: (a) Ethyl acetate, reflux, overnight; (b) 37% HCI, reflux, 2 h. Overall yield 6%.

To minimize the side reaction with CPM, an oxygen substitute of 20F4 was synthesized as
shown in Figure 35. 2-isocyanato-1,3-dimethylbenzene was reacted with 2-amino-2-
methylpropane-1,3-diol in ethyl acetate under reflux to obtain the phenylurea intermediate,
which was then refluxed in hydrochloric acid to generate the target compound 20F4-0'?°, The
yield over the two steps was 6%. This could be a result from the small-scale reaction (1mmol)

and the steric hindrance of the two methyl groups.
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Figure 36 comparison assay between 20F4 and its oxygen substitute 20F4-O (inhibitor concentration in pM).

The oxygen substitute was tested in parallel with 20F4 and showed a typical inhibition curve
(Figure 36). The results indicate that the oxygen to sulphur substitution prevents the side
reaction due to a decreased nucleophilicity of the hydroxy group, thereby supporting the

proposed mechanism of the CPM adduct formation.
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2.1.10 Conclusion and outlook

20F4 and its analogues are inhibitors of both Hs NMT1 and Hs NMT2 with ICsos between 1.3-
25 uM. No selectivity is observed between the two human NMT isoforms, but all these

inhibitors do not show inhibition against Lm NMT.

This series, including the oxygen substitute, was later found to be unstable in the standard stock
condition (50mM DMSO stock in a Nitrogen atmosphere) and generate detectable impurity
(approximately 5%) within one month after synthesis (extra peaks found by LCMS).
Considering the side-reaction in the CPM assay interfering the enzyme activity determination

and the short bench life of the inhibitors, this series was discontinued.

However, the interesting finding of the inhibitor-CPM side reaction reveals one limitation of
the CPM assay. Inhibitors with strong nucleophilic groups or inhibitors that can generate such
groups during the assay condition (pH 7.9) can react with the CPM compound and generate

interfering fluorescence.

Although it is disappointing to find this seemingly promising series to be not developable, the
problems and possible mechanisms were identified quickly with a few assays, saving the time
from further synthesis and testing. The analysing methods described in this chapter can be used

to analyse future problems of abnormal inhibition curves in the CPM assay.
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2.2 Azetidinopyrimidines series

2.2.1 Previous work
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Figure 37 Previous development of azetidinopyrimidines series.

The azetidinopyrimidines series was derived from a screen on 150,000 compounds from the
Pfizer Global Diverse Representative Set*” against Pf and Ld NMTs (Described in 1.4.2). Two
lead compounds PF-03531814 and PF-03531549 sharing the same azetidino-pyrimidine core
showed ICsos 0f 0.48 uM and 1.7 uM against Pf NMT, and ICsos of 70 uM and 11.5 pM against
Hs NMT 1, respectively. They were chosen and developed by previous group members, Dr
Zhiyong Yu and Dr Jennie Hutton, to target Plasmodium NMTs (Unpublished work). A series
of modifications were performed on the R and R> of the pyrimidine ring, and R3 on the
carboxamide (Figure 37). 81 compounds were made and the ICsos of Pf NMT were lowered to
single-digit nanomolar scale. However, despite the great efforts to avoid human NMT
inhibition, the selectivity over Hs NMT1 was lost as the potency on Plasmodium NMT
improved, showing a few nanomolar ICsos against Hs NMT1. Considering the possible side-
effects on the normal host NMTs, this is not ideal for Plasmodium inhibitors but a promising
start for the development of drugs for human N-myristoylation relative diseases like cancer and
biological tools for human NMT functional study. Another issue of this series is the high
ECs0/1Cs ratios, which indicated that good enzyme activity does not efficiently transfer into
good cell activity. Therefore, the aim of this study is to improve the ECs¢/ICso ratio of the

azetidinopyrimidines series and retarget it to human NMT inhibitors.
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2.2.2 Crystal structure analysis

Figure 38 Binding mode of IMP-0000898 in Hs NMT1 (Unpublished structure from Dr James Brannigan). The
ligand binding mode was analysed using PyMOL?®. The interacting residues in the binding pocket were shown
in stick and their names were labelled in black. The polar interactions were shown in yellow dashes and their

lengths were shown in black labels.

At the beginning of this study, one co-crystal structure of Hs NMT1 with IMP-0000898 was
available (1.64 A, solved by Dr James A. Brannigan, University of York). The binding mode
was analysed by PyMOL?® (Figure 38). The ligand is binding in the peptide binding pocket
with its diazepane pointing towards the C-terminal and its trimethylpyrazole bending upwards
to interact with the Ser405, forming an S-shape. The 1N on trimethylpyrazole forms a 2.7 A
hydrogen bond with the hydroxy group of Ser405. The amide oxygen is interacting with the
phenolic hydroxyl group of Tyr420 by a 3.5 A hydrogen bond and the amide of Asn451 by a
4.0 A hydrogen bond. The 4N on the diazepane is weakly interacting with the carboxyl group
of the C-terminal Glu496 at distances of 3.1 and 4.0 A. According to pKa analysis (default
setting) of Marvin Sketch!?!, at the human blood pH 7.4, 90.46% of the ligand has a protonated
4N on the diazepane. The carboxyl group of the GIn496 is deprotonated under biological

condition. Therefore, the interaction between the diazepane and the glutamate is ionic bonding,
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which is stronger than hydrogen bonds and non-directional. There are also m-m stacking

interactions of Phe190 with the trimethylpyrazole and Tyr296 with the thieno[3,2-d]pyrimidine.

2.2.3 Change of the azetidine linker
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Figure 39 linker change of the azetidinopyrimidines series.
According to the crystal structure, there are three parts of IMP-0000898 that form polar
interactions with Hs NMT1: the diazepane head, the azetidine linker and the trimethylpyrazole
tail. Both the diazepane and the trimethylpyrazole have been widely explored in previous work,
but the azetidine linker had never been changed. The lengths of the hydrogen bonds of the
azetidine linker, 3.5 A to Tyr420 and 4.0 A to Asn451, are longer than the ideal length and
could be optimized by an alternative linker. Therefore, this study starts by changing the linker

to explore wider chemical space and optimize its hydrogen bonds.

An ideal linker should keep the acyl group for hydrogen binding, link the pyrimidine and
trimethylpyrazole with similar length, and be flexible enough to bend to form an S-shape.
Considering all these requirements and the feasibility of synthesis, the piperidinyl carbamate

was chosen as the new linker.
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Figure 40 Synthesis of the new azetidinopyrimidines series with the piperidinyl carbamate linker. Reagents and
Conditions: (a) DMF, Et;N, rt, overnight, yield: 68.7-77.9%; (b) Amine, n-BuOH, microwave 200 °C, 1.5 h,
yield: 8.8-77.6%; (c) Toluene, microwave 170 °C, 7 h, yield: 8.8%-84.1%.

Piperidin-4-ol selectively substituted the 4C/ on 2,4,5-trichloropyrimidine to form the 1-(2,5-
dichloropyrimidin-4-yl)piperidin-4-ol, which was then reacted with 1-methyl-1,4-diazepane to
be selectively substituted at the 2C/ position. The selectivity of 4CI and 2C/ over 5CI is due to
the orientation effect of the two nitrogen atoms on the pyrimidine as the nucleophilic aromatic
directing groups, activating their ortho and para positions. The selectivity of 4CI over 2C/ is
due to the lone pairs of the two nitrogen atoms on the pyrimidine. Locating in the sp? orbitals,
these two pairs stick out of the aromatic ring, preventing the negatively charged nucleophile to
approach the 2C atom to form the ipso substitution intermediate. The alcohol on the resulting
intermediate, 1-(5-chloro-2-(4-methyl-1,4-diazepan-1-yl)pyrimidin-4-yl)piperidin-4-ol, was
then attacked by 4-isocyanato-1,3,5-trimethyl-1H-pyrazole to form the target compound IMP-

0001096 (Figure 40 where X=Cl) %2,

The enzyme activity of IMP-0001096 was tested by the CPM assay described in 2.1.2 and
showed an ICso of 0.31 + 0.20 uM against Hs NMT1 and 0.32 + 0.15 pM against Pv NMT,
which is five-fold (Hs NMT1) and six-fold (Pv NMT) of IMP-0000180 with the original
azetidine linker. Therefore, the new linker was well tolerated by the binding pocket and

retained comparable potencies.
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2.2.4 Change of the trimethylpyrazole tail
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Figure 41 Trimethylpyrazole tail change of the new azetidinopyrimidines series.

According to the crystal structure of IMP-0000898, the loss of the potency with the new
piperidinyl carbamate linker is likely due to the position change of the trimethylpyrazole tail,
which forms two critical interactions — a hydrogen bond with Ser405 and =m-m stacking
interaction with Phel190. To optimize the potency and explore the SARs of the new linker,
seven compounds with different tails were designed (Figure 41) and synthesised using the same

synthesis route as IMP-0001096 (Figure 40).

Their enzyme activities of Hs NMT1 and Pv NMT were tested using the CPM assay. IMP-

0001125 and IMP-0001127 were designed without a hydrogen acceptor to test the importance
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of this hydrogen bond. Their ICso values against Hs NMT1 were 43- and 27-fold of IMP-
0001096°s, which showed the critical role of the original hydrogen bond. The n-n stacking
interaction is more tolerant with the position of the tail, as IMP-0001127 showed a similar
potency to IMP-0001125 with a phenyl group extending further away. IMP-0001126 and
IMP-0001129 were designed with alternative hydrogen bonding accepters and showed 25- and
38-fold ICsos comparing to IMP-0001096’s. The similar ICsos of IMP-0001125 and IMP-
0001127 indicated that the alternative hydrogen bonding accepters are either out of place or
too weak that they do not form effective hydrogen bonds with Ser405. IMP-0001212 and IMP-
0001459 were designed with the same pyrazole as IMP-0001096 but was either only
substituted by one methyl group or substituted with a phenyl group. Offset parallel n-n
interaction is stabilized by the favouring London dispersion force and solvophobic effects, over
the disfavouring repelling force between the negative quadrupole on the top and bottom of the
aromatic rings'?®>. Removing the electron donating methyl groups on the pyrazole should
therefore strengthen the n-n stacking interaction. The 10-fold potency loss of IMP-0001212
further shows the low potency impact of the n-m stacking interaction and could be a result of
the increased flexibility of the pyrazole. The 120-fold potency loss of IMP-0001459 should be
caused by the steric hindrance of the phenyl group. IMP-0001128 with both a phenyl ring to
form n-m stacking and a tertiary amine as a hydrogen bond acceptor is the best among these
seven compounds, showing a 6-fold ICso of IMP-0001096’s. The weaker potency indicates
that the position of the hydrogen donor is not optimal. The ICsos of Pv NMT were also tested

and they are comparable to the ICsos of Hs NMTT1.

The attempt to change the tail indicated the importance of the hydrogen bonding to the Ser405,

the tolerance of the m-system positions, and the limit size of the binding pocket near the tail.
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2.2.5 Change of the diazepane head
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Figure 42 Diazepane head change of the new azetidinopyrimidines series.

According to the crystal structure and pKa analysis, the diazepane head is binding with the C-
terminal GIn496 by ionic bonding. The force between two ions are inversely proportional to
the square of their distance, therefore, shortening the distance can effectively strengthen the
interaction. According to the crystal structure (discussed in 2.2.9), the original distances are
3.1 and 4.0 A and the diazepane head is long enough to reach closer to the C-termini but bends
away from it, which could be a result of steric hindrance. Therefore, IMP-0001460 with a

smaller piperazine, was made by the synthesis route in Figure 40.

The potencies of IMP-0001460 against Hs NMT1 and Pv NMT were tested using the CPM
assay. The 90-fold (Hs NMT1) and 34-fold (Pv NMT) of ICsos were a big decrease in potency

for a small change of one CHz. More optimizations are needed to understand the SARs.
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2.2.6 Change of the halogen
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Figure 43 Halogen change of the new azetidinopyrimidines series

The chlorine on the pyrimidine shoulder was also substituted by fluorine to explore the SARs

at the 5-position, using the synthesis route in Figure 40. The ICses of the resulting compound,

IMP-0001461, were 2.0 £ 0.3 uM against Hs NMT1 and 1.4 + 0.4 uM against Pv NMT, which

were six-fold and four-fold of IMP-0001096’s. The potency was generally retained, and the

difference could be a result from the electron withdrawing effect of the halogen on the n-n

stacking between the pyrimidine and Tyr296.
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2.2.7 The MTS assay
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Figure 44 The workflow and mechanism of the MTS assay (inhibitor concentration in uM). The BL41/Hela
cells were incubated with inhibitors at different concentrations for three days before being treated with MTS for
another four/two hours. The mitochondrial reductase in living cells converts the MTS into aqueous, soluble
formazan which absorbs at 490nm. The amount of absorbance at 490nm was measured by the EnVision Xcite

Plate Reader and the dose-dependent activity curves is generated using Grafit 7 (Erithacus Software Limited).

The ECsos of the inhibitors were measured using the MTS assay, which was developed by
previous group members from the CellTiter 96® AQueous Non-Radioactive Cell Proliferation
Assay (Figure 44)!?*, MTS is a compound named 3-(4,5-Dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2 H-tetrazolium inner salt. In a sensitivity screen in
cooperation with the Genomics of Drug Sensitivity in Cancer project on two potent NMT
inhibitors IMP-0001031 (C32) and IMP-0001036 against 237 cancer cell lines, BL41 (a cell
line established from the tumour tissue of an §-year-old Caucasian boy with Burkitt lymphoma)
was identified as one of the most sensitive cancer cell lines towards NMT inhibition'?,
Therefore, BL41 was chosen to be the main testing cell line in the MTS assay. It is a non-
adherent suspension cell line established from the tumour tissue of an 8-year-old Caucasian

boy with Burkitt lymphoma.
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The BL41 cells were incubated with inhibitors at different concentrations for three days before
being treated with MTS for another four hours. The mitochondrial reductase in living cells
converts the MTS into aqueous, soluble formazan which absorbs at 490nm. The amount of
absorbance at 490nm was measured by the EnVision Xcite Plate Reader and is proportional to
the cell activity of BL41 remained. Therefore, dose-dependent activity curves can be generated

from the readouts to calculate the ECsgs of the inhibitors in test.

HelLa cells are also sensitive to NMT inhibition and can be used in the MTS assay. To compare
with the TCs (the concentration of the NMT inhibitor for 50% reduction in-gel fluorescence)
discussed in 2.2.10, the ICso of IMP-0001096 was measured on both BL41 and HeLa cells.
The assay process is the same except that the HeLa cells were seeded one day before adding

inhibitors and the incubation time with MTS was two hours instead of four.

2.2.8 Invitro activity analysis

Table 3 In vitro activity data of the new azetidinopyrimidines series. The cLogP values were calculated by

ChemAxon'?°,

Name Hsl ICso(uM)  BLA41 ECso (uM) ECs0/ICs0 cLogP
IMP-0001096 0.31+0.20 73+24 24 2.5
IMP-0001125 9.0£22 23+6 2.6 3.9
IMP-0001126 5.1+£4.0 177 3.3 33
IMP-0001127 57+43 11+7 1.9 4.4
IMP-0001128 1.3+£0.6 17+£12 13 3.8
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IMP-0001129

IMP-0001212

IMP-0001459

IMP-0001460

IMP-0001461

IMP-0000180

IMP-0000898

IMP-0000974

DDD85646

The ICsos of Hs NMT1 from the CPM assay and the ECsos of BL41 from the MTS assay were
listed in Table 3. The ECs¢/ICso ratios of all inhibitors were calculated. The average ECso/ICso
ratio of the new inhibitors was 14, which is a much better conversion rate than the 100 of their
closest analogue IMP-0000180 with the old linker, and the 299 of the best analogue IMP-
0000974 with the old linker. This average ECs0/ICsp ratio is also comparable to the ECso/ICso
ratio of DDD85646 (C14), a well-validated NMT inhibitor*®. This is a promising finding that
the new piperidinyl carbamate linker greatly improved the ECso/ICso ratio. Although the ICsos
of the new inhibitors are worse than the original ones, their ECsos are comparable. It is believed

that with more optimization and a better understanding of the SARs, inhibitors with the new
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A possible reason for the improvement could be lipophilicity. IMP-0000180 has a cLogP of
1.5. This high lipophilicity can result in high metabolic turnover and poor absorption. Its
analogue, IMP-0001096, with the same structure but the new linker has a cLogP of 2.5 with a
significant lipophilicity increase of 1.0 brought by the new linker. IMP-0000898, the analogue
with the old linker but the thieno[3,2-d]pyrimidin shoulder, also showed a lower ECs0/ICs ratio
of 58 with a higher cLogP of 2.1. However, when the lipophilicity increase is brought by the
isoquinoline and the extra methyl group on the tail region, the ECso/ICso ratio adversely
increased to 299 for IMP-0000974. DDD85646 with a cLogP of 2.0 showed an ECs¢/ICso ratio
of 10. For DDD85646, one can argue that it has a completely different structure, but the
lipophilicity differences among the new inhibitors are also not correlated with the ECso/ICso
ratio. Therefore, the cause of the ECs0/ICso ratio improvement by the new linker is complicated

and needs further study to understand.
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2.2.9 Crystal structure of IMP-0001096
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Figure 45 Comparison of the binding modes of IMP-0001096 and IMP-0000180. (A) 2F,-F. electron density

map of IMP-0001096 contoured at 1.0 o; (B) Binding mode of IMP-0001096 (2.03 A). The polar interactions

were shown in yellow dashes with their distances marked in black. The relevant residues were shown in stick

and labelled in black; (C) The structure and ICsos of IMP-0001096; (D) Comparison of the binding modes of

IMP-0001096 (green) and IMP-0000180 (pink). Only the relevant residues were shown; (E) Binding mode of
IMP-0000180 (1.82 A). The polar interactions were shown in yellow dashes with their distances marked in
black. The relevant residues were shown in stick and labelled in black; (F) The structure and I1Csos of IMP-

0000180.

At later stage of the project, the crystal structure of IMP-0001096 was solved at 2.03 A after
numerous trial and error (The crystallography details are discussed in 3.1). The electron density
of IMP-0001096 was nicely presented in the peptide binding pocket of Hs NMT1 (Figure 45A),
which should give a convincing binding mode. The binding mode of IMP-0001096 was

analysed by PyMOL?®. The ligand is binding in a similar S-shape as IMP-0000898 with its
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diazepane interacting with the C-terminal and its trimethylpyrazole bending upwards to interact
with the Ser405 (Figure 45B). The 1N on trimethylpyrazole formed a 2.7 A hydrogen bond
with the hydroxy group of Ser405. The 4N on the diazepane is interacting with the carboxyl
group of the C-terminal GIn496 at distances of 2.8 and 3.9 A. According to pKa analysis
(default setting) of Marvin Sketch!?!, at the human blood pH 7.4, 86.34% of the IMP-0001096
has a protonated 4N on the diazepane. Therefore, the interaction between the diazepane and the
glutamine is ionic binding. There are also n-n stackings interactions of the Phe188 and Phe190
interacting with the trimethylpyrazole and the Tyr296 interacting with the thieno[3,2-

d]pyrimidin, respectively.

The crystal structure of the most resembled ligand IMP-0000180 was also solved at 1.82 A
(The crystallography details are discussed in 3.1) and its binding mode was analysed by
PyMOL?®. The binding modes of the two ligands are surprisingly alike: They present in very
similar conformations; The positions of the 1Ns on trimethylpyrazole and the 4Ns on the
diazepane are almost the same; The interacting residues also pose very similar orientations.
The conformation difference lies in the middle of the ligands: the pyrimidine of IMP-0001096
is pushed more towards the C-terminus due to its longer overall length, therefore its n-n
stacking with Tyr296 is weakened; While the amide oxygen of IMP-0000180 is weakly
interacting with the phenolic hydroxyl group of Tyr420 by a 4.1 A hydrogen bond and the
amide of Asn451 by a 3.9 A hydrogen bond as IMP-0000898 does, the carbamate of IMP-

0001096 flipped to the opposite direction thus losing these interactions.

The five-fold ICso difference could come from the weakening of the n-m stacking with Tyr296
and two missing hydrogen bonds with Tyr420 and Asn451. Since the two hydrogen bonds of

IMP-0000180 were at 4.1 A and 3.9 A, which are longer than the typical hydrogen bonds and
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around the maximum limit of possible length, the strength of them were very weak. Therefore,

the potency loss was not significant.

2.2.10 Inhibitor validation
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Figure 46 The workflow and mechanism of the metabolic tagging assay.

To validate whether the new inhibitor is working on target, the metabolic tagging assay® %
was used. YnC12 (tetradec-13-ynoic acid) is an alkyne version of the myristic acid, which can
be absorbed and used as the myristic acid by the cells to form Myr-CoA, and then catalysed by
NMT to label the newly-myristoylated proteins'?®. HPG (homopropargylglycine) is an alkyne
version of methionine, which can be absorbed by the cells and used as the methionine to label
the newly-synthesized proteins'?’. In this assay, HeLa cells in two groups were pre-treated with
inhibitors in a series of concentrations (100-0.14 uM) for 30 minutes before YnC12 or HPG
were added. After six hours of incubation, the cells were washed and broken down. The protein
concentrations of the cell lysates were tested and samples with an equal amount of total proteins
were made. The samples were reacted with tetramethylrhodamine (TAMRA) azide under the
copper(l)-catalyzed alkyne-azide cycloaddition (CuAAC) “click” reaction and analysed by the
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The fluorescence on
the resulting gels was detected by a Typhoon FLA 9500 Imager (GE Healthcare) and the

protein loading was checked by Coomassie staining.
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Figure 47 The SDS-PAGE result of the tagging assay in DMEM. The black/white images are generated using
Typhoon FLA 9500 Imager (GE Healthcare) and the blue images are the same gels scanned after Coomassie
blue staining. Probes (YnC12 (tetradec-13-ynoic acid) for the gel on the left and HPG (homopropargylglycine)
for the gel on the right) are added to all lanes but lane 10 (lane 10 of the HPG gel was mistakenly added with
HPG, please refer to Figure 48 for the correct result of the lane) Lane 1 is loaded with samples treated with
cycloheximide (CHM), which inhibits global protein synthesis. Lane 2 to lane 8 are loaded with the inhibitor,

IMP-0001096, at different concentrations. Lane 9 and lane 10 are controls, which do not have inhibitor.

The YnC12 tagging result showed an inhibitor-concentration-dependent decrease in labelling
of the newly-myristoylated NMT substrates (Figure 47), indicating that IMP-0001096 inhibits
the myristoylation activity of HeLa cells. The HPG tagging assay done in parallel showed
similar labelling across all conditions except the control group using cycloheximide (CHM) to
inhibit global protein synthesis (Figure 47), proving that IMP-0001096 did not prevent general

protein synthesis in the cell.
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Figure 48 The SDS-PAGE result of the tagging assay in Met (-) DMEM. The black/white images are generated

using Typhoon FLA 9500 Imager (GE Healthcare) and the blue images are the same gels scanned after
Coomassie blue staining. Probes (YnC12 (tetradec-13-ynoic acid) for the gel on the left and HPG

(homopropargylglycine) for the gel on the right) are added to all lanes but lane 10. Lane 1 is loaded with
samples treated with cycloheximide (CHM), which inhibits global protein synthesis. Lane 2 to lane 8 are loaded
with the inhibitor, IMP-0001096, at different concentrations. Lane 9 and lane 10 are controls, which do not have

inhibitor.

In case the methionine contained in the Dulbecco's Modified Eagle Medium (DMEM) was
interfering with the test results. This assay was repeated using a special formulated DMEM
without methionine named Met (-) DMEM (Figure 48) and the result was similar to the ones
done in normal DMEM. The labelling of the YnC12 group showed a dose-dependent decrease

in intensity while the labelling of the HPG group showed similar intensity across different

inhibitor concentrations.

Both results showed that IMP-0001096 specifically inhibits myristoylation without inhibiting

the global protein synthesis, therefore acting on target.
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The quantification of fluorescent bands was carried out by Imagel] using the gel analyser
function and normalized relative to no inhibition (Lane 9). The apparent in-cell tagging ICso

(TCso, the concentration of the NMT inhibitor for 50% reduction in-gel fluorescence)*®

was
determined using Graphpad Prism 5 by non-linear regression fitting. The mean TCso of three
repeats was 2.4 £ 0.5 uM, which suggested good uptake of IMP-0001096 in mammalian cells.
When comparing its ECsos from the MTS assay (13 = 3 uM for HeLa and 7.3 + 2.4 uM for

BLA41), it is roughly comparable, providing additional evidence for the on-target mode of action

in cells.
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2.2.11 Conclusion and outlook

Pyrimidine shoulder:

Diazepane head:

Azetidine linker:

IMP-0000898
HsNMT1 ICsp = 31.2 nM

Figure 49 Structure-based molecule development of the new azetidinopyrimidines series.

Based on a developing series of Plasmodium NMT inhibitors and a crystal structure with Hs
NMTI, ten compounds with a new linker were designed, synthesized and evaluated (Figure
49). Among them, the best compound, IMP-0001096, showed an ICso of 0.31 uM. Little
potency loss comparing to the original series (ICso = 61 nM) indicates the flexibility of the
linkage part. This compound also shows an excellent ECs¢/ICso rate of 24 comparing to the

ECs0/ICso rate of 100 of its old-linker analogue IMP-0000180. Crystallography study later
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revealed similar binding modes between IMP-0001096 and IMP-0000180, and the potency
difference can be structurally explained. YnC12 tagging assay showed inhibitor-concentration-
dependent labelling of the myristoylated NMT substrates, providing direct evidence that this
compound acts on target. HPG tagging assay done in parallel ruled out the possibility of
comprehensive protein-synthesis-inhibition from cell toxicity and confirmed the dose-

dependent labelling shown in the YnC12 tagging assay is a result of selective NMT inhibition.

Due to time limitation, this study only explored limited examples of each of the four parts of
the ligand. The established synthesis routes can be used to explore more possible substitutions
and the crystal structures solved can be used to assist molecule design. Since the binding mode
of IMP-0001096 is very similar to IMP-0000180, the SARs established by previous work over
81 compounds and the their binding modes (described in 0) can be a valuable guide for further
development, especially on the diazepane head and trimethylpyrazole tail as their positions are

very alike to the IMP-0000180 with the old linker.

This study modified the linker of this series for the first time and showed the possibility to
address the high ECso/ICso ratio problem while retaining potency by linker change. The new
linker showed an average ECso/ICso ratio of 14, comparing to 100 of IMP-0000180 and 299 of
the most potent analogue IMP-0000974. According to the binding modes of IMP-0001096
and IMP-0000180, although IMP-0001096 is missing two hydrogen bonds on the linker and
has a weakened n-w stacking on the pyrimidine, its potency is only slightly weaker than IMP-
0000180’s (five-fold). This finding demonstrated that the two weak hydrogen bonds (3.9 and
4.1 A) contributed little on the potency, therefore a proper linker change not only could retain
ICso and improve ECso/ICso ratio but also improve the potency by closer engagement with
Tyr420 and Asn451 by shorter hydrogen bonds at an optimum angle. Further development on

this series should emphasis on finding such linkers.
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2.3 Nematode NMT

2.3.1 Introduction
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Figure 50 The disabling lymphatic filariasis and onchocerciasis and the life circles of their causing parasites. (A)

Lymphatic filariasis causing lymphoedema (tissue swelling) or elephantiasis (skin/tissue thickening) of limbs
and hydrocele (scrotal swelling)'*?. Photos retrieved from the WHO website'?!; (B) Onchocerciasis causing
visual impairment and permanent blindness'32. Photos were taken by lan Murdoch & Allen Foster!3; (C) Life

circle of Brugia malayi'3*; (D) Life circle of Onchocerca volvulus'>.

Lymphatic filariasis and onchocerciasis are chronic and disabling neglected tropical diseases
caused by filarial nematodes (Figure 50). Lymphatic filariasis is caused by nematodes
(Wuchereria bancrofti, Brugia malayi and Brugia timori) that inhabit the lymphatic vessels
and lymph nodes of a human host. The infection spreads from person to person by mosquito

bites (Figure 50C), threatening 947 million people in 54 countries'*’. Onchocerciasis is an eye
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and skin disease caused by Onchocerca volvulus and transmitted through bites of blackflies
(Figure 50D), threatening 190 million people in 35 countries'*2. The current treatment is the
mass drug administration (MDA), giving medicines annually to the entire at-risk population to
reduce the larval parasite (microfilariae) and prevent its spread. However, these medicines have
a limited effect on adult parasites and MDA needs to be conducted annually for 4-6 years
(lymphatic filariasis) or 10-15 years (onchocerciasis) with effective coverage of the total
population at risk to interrupt the transmission cycle. The limitation of the current therapy and

the occurring drug resistance!*¢ call for novel drugs that are effective, safe and affordable.

In 2014, Carlow et al. validated NMT as a nematode drug target for the first time by performing
genetic studies in Caenorhabditis elegans (C. elegans, Ce), and chemical inhibition studies in
C. elegans and Brugia malayi (B. malayi, Bm)'®. NMT inhibitors DDD85646 (C14) and

DDD100870, originally developed against Trypanosoma brucei (T. brucei, Tb)*> 137

, were
tested by a radioisotopic labelling enzyme assay against nematode NMTs and showed potent
enzyme activity with ICso values of 2.5-10 nM!®. In in vivo tests against C. elegans,
DDD100870 completely inhibited the nematode’ food consumption at 100 uM, and both
compounds interfered the reproduction of C. elegans, resulting in fewer and smaller progeny'®’.
In in vivo tests against B. malayi, the two inhibitors were active against microfilariae at 12.5
mM and adult worms at 50 mM, affecting their mobility and reproduction'®>. RNA interference
and gene deletion in C. elegans caused severe developmental defects and demonstrated that

NMT is essential for nematode viability'%.

Encouraged by the above study, this study aims to screen inhibitors of plasmodium or malaria
NMTs developed in our group, using both the CPM enzyme assay and the in vivo assay, to

identify new nematode NMT inhibitors.
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2.3.2 Sequence analysis of NMT proteins
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Figure 51 Sequence analysis of relevant NMTs. Protein sequences were obtained from UniprotKB (Sequence

entry numbers are shown in brakes, the full sequences and alignment results can be find in 5.2.2)"38:
Trypanosoma brucei (DOA003), Leishmania major (Q4Q5S8), Plasmodium vivax (ASK1A2), Plasmodium
falciparum (Q8ILW6), Caenorhabditis elegans (P46548), Brugia malayi (AOAOH5SBS7), Homo sapiens NMT1
(P30419), Homo sapiens NMT2 (060551). (A) Rooted phylogenetic tree analysis generated by Uniplot'3’; (B)
Comparison of protein identity and similarity. Percentages of sequence identity (on green background) and
percentages of sequence similarity (on blue background) as defined by BLASTP; (C) Residue differences in the
inhibitor binding pocket. Residues within 4.5 A of the binding inhibitor in the co-crystal structure of DDD85646
and Hs NMT1 (PDB code: 3IWE) were analysed and the non-conserved ones listed.

An alignment of all the parasitic and human NMTs of interest to this study was analysed before
the drug screen to examine their homology (Figure 51). The protein sequences of eight NMTs
were aligned by Uniplot and a rooted phylogenetic tree was generated (Figure 51A)'*%, The
two human NMTs are more closely related to the two nematode NMTs, Ce and Bm NMTs,
than to the other parasitic NMTs. The two plasmodium NMTs ranked in the middle, and the
NMTs of Tb and Lm showed the lowest homology to the nematode NMTs. These findings
indicated that a target repurposing method!'* to identify new nematode NMT inhibitors from

inhibitors against parasite NMTs exhibits a potential for success, since the inhibitors of the
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furthest related Tb NMT (DDD85646 and DDD100870) were proved active against Ce and

Bm NMTs'?,

Protein identities and similarities were calculated using BLASTP (Figure 51B)!3°. Tb NMT
shows 42%/38% sequence identity and 58%/56% sequence similarity with Ce and Bm NMTs,
respectively. The rest of NMTs share comparable or more sequences with the nematode NMTs

than Tb NMT, which also endorses the target repurposing method.

Co-crystal structure of DDD85646 and Hs NMT1 (PDB code: 3IWE) was inspected in PyMOL
to identify residues which interact with the inhibitor. 22 protein residues and the co-factor
myristoyl-CoA were found within 4.5 A distance of the inhibitor. The corresponding residues
were compared with other NMT isoforms and three non-homologous residues were found
among the eight analysed enzymes (Figure 51C). The alignment results agree with the
phylogenetic tree and protein homology analysis. Ce, Bm, Hs1 and Hs2 NMTs share identical
sequences in the drug binding pocket. Therefore, their binding sites should be identical. Due to
the lack of the crystal structures of nematode NMTs, structures of Hs NMT1 were used in this
study to explain the SARs of the inhibitors. The two plasmodium NMTs have the same
sequences with one residue difference from the nematode NMTs, while Lm and Tb NMTs
differ in all three residues. The side chain of residue 452 points away from the inhibitor, residue
453 affects the size of the binding pocket, and the C-terminal residue 410 interacts through a
carboxyl group, which also affect the overall size of the pocket. These differences can result in

the selectivity among NMT isoforms.
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2.3.3 Kinetic study

Table 4 Kinetic parameters of nematode NMTs (the sequences and origins of the four peptides used can be

found in Table 8 0f 5.2.3)

Bm
Peptide 8AA 15AA PfAA CaAA
Value Standard Error Value Standard Error Value Standard Error Value Standard Error
Vmax
. . 6.5x10° 1.0x10" 7.1x10° 4.0x10" 7.1x10° 9.6x10° 46x10° 5.9x10°
(Signal/min)
Km (uM) 83 0.54 11 2.4 1.7 0.27 11 047
Ce
Peptide 8AA 15AA PFAA CaAA
Value Standard Error Value Standard Error Value Standard Error Value Standard Error
Vmax
. . 7.9x10° 2.1x10* 7.6x10° 1.6x10* 4.8x10° 7.2x10* 25x10° 6.1x10*
{Signal/min)
Km (pM) 14 11 8.9 11 0.67 14 3.2 034

5

The nematode NMT activities in the original paper'® were measured by detection of a radio-

isotopic label in the myristoylated product peptide. In this study, the CPM assay (described in

116 was used to determine

2.1.2), a robust fluorogenic assay avoiding radioactive reagents
enzyme potency. To evaluate the enzyme activities of the nematode NMTs, a kinetic analysis
of Bm and Ce NMTs (enzymes kindly provided by the Carlow group at New England Biolabs)
was performed by the CPM continuous assay using four synthesized peptide substrates, Hs
p60-Src (2-9), Hs p60-Src (2-17), Pf Arf 2-17) and Ca Arf 2-17). 11 peptide concentrations from 32
to 0.03125 pM were tested together with the negative control without peptide. 30 uM Myr-
CoA was added to 300 ng/ml of enzymes to saturate the co-factor pocket. The fluorescence
was measured every minute for the initial 45 minutes. The results were fitted to the linear
equation to obtain the initial rate constants and then the Michaelis-Menten equation for Km
(Michaelis Constant: concentration of substrate at which the reaction rate is half the maximum

rate) and Vmax (maximum velocity of the enzyme catalysed reaction) by OriginPro (Table 4).

Although the values were not expected to be the same as the Vmax and Ky values measured in
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the radioactive assay using a peptide derived from ABL-1 (K of Bm =4.4 uM and Ky, of Ce

=12.2 uM), the data obtained are of the expected magnitude.

2.3.4 Enzyme activity

Table 5 ICsos of inhibitors against the nematode NMTs

IMP- IMP-

IMP- IMP- IMP- IMP-

IMP-

(nM) 0001002 0001031 0000320 0000964 0000975 0000623 0000653 DDD85646
ICso 1.3 <1 233 21.5 24.3 3424 ~1 <1
Ce
SE 0.3 6.2 43 34 1213
ICso 24 <1 15.0 12.6 33.7 4932 4.6 <1
Bm
SE 1.9 7.9 4.7 6.9 738 3.7
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Figure 52 The structures of NMT inhibitors tested in the enzyme activity assay and the in vivo assay. IMP-
0001002, IMP-0001031, IMP-0000320, IMP-0000964, IMP-0000975, IMP-0000623, IMP-0000653,
DDD85646 were tested against the nematode NMTs. IMP-0001002, IMP-0001031, IMP-0001036, IMP-
0000320, IMP-0000917, IMP-0000964, IMP-0000975 and Albendazol were tested against the C. elegans

larvae.
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Figure 53 Inhibitor binding in Hs NMT1. Images created by PyMOL?®. The binding sites within 5 A of the
inhibitor were shown in surface with 50% transparency. (A) The binding mode of IMP-0001031 (PDB code:
506J); (B) The binding mode of DDD85646 (PDB code: 4C2Z).

Eight NMT inhibitors with six different scaffolds (Figure 52), synthesized by Dr Andy Bell,
Dr Mark Rackham and Dr Zhiyong Yu, were selected and their ICsos were tested against Bm
and Ce NMTs by the CPM assay described in 2.1.2 (Table 5). All eight inhibitors are active
against both nematode NMTs with similar ICso values, which accords with the same protein
sequence of their binding pockets. IMP-0001002, IMP-0001031 (C32), IMP-0000653 and
DDD85646 (C14) are the most potent compounds with single-digit nanomolar or sub-
nanomolar ICses. IMP-0000320, IMP-0000964 and IMP-0000975 followed with ICses of
12.6-33.7 nM. IMP-0000623 is the least potent with an ICso of 3.4 uM for Ce NMT and an
ICs0 of 4.9 uM for Bm NMT. IMP-0001002 and IMP-0001031 are very similar in structure
and the change from ortho- to meta-fluoro decreased its potency against both Bm and Ce NMTs.
According to IMP-0001031’s co-crystal structure with Hs NMT1 (Figure 53A), the meta-
fluoro should point to the backbone of residue 452 and the tight space could cause steric issues
or shift the whole inhibitor away from its optimal position, resulting in the potency loss. IMP-
0000653 and DDD85646 are also similar in structure. The additional methyl group on the
piperazine decreased the potency of IMP-0000653 slightly against both Bm and Ce NMTs.

According to DDD85646’s co-crystal structure with Hs NMT1 (Figure 52B), the methyl group
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should be pointing to a small pocket surrounded by residues 246, 281, 495 and 496. Therefore,
no steric clash should exist. However, the electrostatic interaction of the piperazine based
amine with residues 246 and 496 could be altered when changing from a secondary to a tertiary

amine.

2.3.5 Invivo activity

The in vivo activities of IMP-0001002, IMP-0001031, IMP-0000320, IMP-0000964 and
IMP-0000975 were tested by Zhiru Li in the Carlow group. IMP-0001036 and IMP-0000917
(C31) which have the same scaffold of IMP-0001002 and IMP-0001031 were also tested, as
they might have similar high potencies (Figure 52). IMP-0000623 was not included due to
poor enzyme activity. Since DDD85646 was already reported in the publication'®>, DDD85646

and its derivative IMP-0000653 were not included.

77



Adult (1110-1150 um)
(capable of egg laying)

8 hf et
in wfero development

150 min

Young adult l .:'“ o= lwid =t Gastrula

{800-940 um) First cleavage (40 min} [apprmumataly A0-cally
dadult Mokt +eseee s % Comma

""'"L
10 hr
1.5-fold
A L4 (620-650 um)
N — -

{any [

Dauer (400 jim)

up to 4 months
8 hr

L3 (490-510 pm) 13 hr

\ e (L1 mmest)
— —— Predauer (L2d) armast if no feod ‘
| |
L2/L3 Mol ++ezsees 1
crowding : /
stanvation L1 (250 pm)
""‘_.r--—--‘__/ h

high Wemp

L2 (360-380 pm)

12 hr

EWormatlas
Figure 54 The life cycle of C. elegans at 22°C (Image reproduced from WormAtlas website!*'). Numbers in

blue indicate the length of time the animal spends at a certain stage. 0 min is fertilization. The length of the
animal at each stage is marked in grey next to the stage name in micrometres (um). The adult worm can live for

2-3 weeks.

C. elegans was used as a nematode model in the in vivo assay. Like other nematodes, the life
cycle of C. elegans is comprised of the embryonic stage, four larval stages (L1-L4) and
adulthood'**. The end of each larval stage is marked with a molt, during which the old cuticle

is replaced by a newly-synthesized, stage-specific cuticle (Figure 54)'42.
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Figure 55 Food consumption measured by ODggo of the L4 larvae treated with inhibitors (Images reproduced
with kind permission of Zhiru Li in the Carlow group). DMSO and Albendazol were used as negative and
positive controls. The ODggo values were used as indicators of the food left and were measured at day 0, 1, 2, 5,
6,7,9 and 12.
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One L4 larva was distributed into each well of a 96-well plate that contains HB101 E. coli
bacteria as food source. L4 larvae were treated with 100 uM, 50 uM and 25 uM of compounds
in duplicate. Albendazol, the drug widely-used in MDA campaigns, was administrated as the
positive control and DMSO was used as the negative vehicle control. The experiment lasted
for 12 days and no fresh compounds were added during the experiment. Food consumption
was measured by ODeoo as an indicator of worm health and viability. Each well was examined

under the microscope to determine the development of F1 progeny and viability'®.

The ODeoo is not only affected by the remaining food source, HB101 E. coli bacteria, but also
C. elegans. The bacteria were previously frozen and sterilized therefore they do not grow
during the assay. In the DMSO control, the worms usually consume all the bacteria at day 6
and then live without food before they die at around day 16. The increase of ODsoo after day 6
is due to the hatching of progenies. Effective inhibitors can delay the food consumption and
reproduction so that the lowest ODgoos occur later or are even not reached at the end of the
assay at day 12. High concentrations of DMSO also have modest toxicity towards the worms
therefore at 100 uM the lowest ODsoo occurs at day 7. The potencies of inhibitors are ranked

by comparing the ODgoos of the treated worms to the ODgoos of both controls.

At 100 pM, all seven inhibitors showed inhibition by reducing the food consumption of the L4
larvae in comparison to the DMSO control. Interestingly, IMP-0001031 showed higher
activity than the positive control, Albendazol, at all three concentrations and its inhibition
continued for the whole length of the assay at 100 uM and 50 uM. Its analogues IMP-0001002
and IMP-0001036, and compounds IMP-0000964 and IMP-0000975 also showed inhibitory
effect at all three concentrations, but their inhibition decreased as the assay proceeded. IMP-
0000320 and IMP-0000917 only showed inhibition at 100 uM. At 50 uM and 25 uM, their

effects were not significant comparing to the DMSO control. Compared with the published

80



data of DDD85646 and DDD100870'%, IMP-0001031 is more potent. IMP-0001002, IMP-
0001036, IMP-0000964 and IMP-0000975 showed comparable potency with DDD100870.

The activities of IMP-0000320 and IMP-0000917 are similar to the potency of DDD85646.

Under the microscope, the worms in the DMSO control developed into adult worms and
produced eggs that hatched to F1 progenies on day 2. On day 6, F2 progenies appeared. All
inhibitor-treated worms showed delayed development. At 100 uM and 50 uM, IMP-0001031
treated L4 larvae developed to adult worms but produced fewer eggs that didn’t hatch. On the

other conditions, the worms eventually produced F1 and F2 progenies.

The in vivo activity of IMP-0001031 correlated with its enzyme activities. It is the most potent
among the tested compounds. Although IMP-0000964 and IMP-0000975 had 17- and 19-fold
higher ICso values than IMP-0001002, respectively, they showed similar in vivo activity
against L4 C. elegans. IMP-0000320 had similar ICso values as IMP-0000964 and IMP-
0000975, but the in vivo activity was lower. DDD85646 had a similar ICsp as IMP-0001031,
but much lower in vivo activity. The deviations between enzyme activities and in vivo activities

could be a result of the differences in compounds’ uptake efficiencies.
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Figure 56 Food consumption measured by ODggo of the L1 larvae treated with IMP-000103 1(Images reproduced
with kind permission of Zhiru Li in the Carlow group). DMSO was used as the negative control. The ODso

values were used as indicators of the food left and were measured at day 0, 1, 2, 3, 6, 7, 8 and 9.

The good potency of IMP-0001031 against L4 larvae encouraged its test against L1 larvae.
Lower concentrations, 50 uM, 25 uM, 12.5 uM and 6.25 uM, were used. Twenty L1 larvae

were used in each well and the experiment lasted for 9 days'®.

The food consumption of L1 larvae showed a dose-dependent decrease as the concentration of
IMP-0001031 increases (Figure 56). At 50 uM, IMP-0001031 can inhibit the food intake of

L4 larvae and the delay of its development was observed under the microscope.

2.3.6 Conclusion and outlook

Filarial nematodes are the parasites causing the neglected tropical diseases, lymphatic filariasis
and onchocerciasis. The limitations of existing treatments highlight the need to develop new

drugs.
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This study analysed the homology across eight NMTs of parasite and human. The high protein
identity and similarity of these organisms enabled the target repurposing approach to explore
nematode NMT inhibitors from the existing inhibitors of other NMTs. Human and nematode
NMTs are closely related with identical protein sequences of the inhibitor binding pockets.
This presents a difficulty to achieve selectivity over human NMTs for nematode NMT
inhibitors but enabled the utilisation of the available crystal structures of human NMTs to study

the drug pocket of the nematode NMTs.

Eight plasmodium or malaria NMT inhibitors were tested in the enzyme activity study of Ce
and Bm NMTs and all showed inhibition. IMP-0001031, IMP-0001002, DDD85646 and
IMP-0000653 showed single-digit or sub-nanomolar inhibition. The SARs of two scaffolds

were analysed by investigation of crystal structures of human NMTs.

Seven compounds were tested in the in vivo activity assays and all showed food consumption
inhibition and development disruption effect on Ce L4 larvae at 100 pM. IMP-0001031
showed higher potency than the positive control Albendazol. At 50 uM, it inhibited the food

intake of both Ce L1 and L4 larva, delayed development and prevented reproduction.

The good enzyme and in vivo activity of IMP-0001031 makes it a good tool for functional
studies of the nematode NMTs. The compound could also be developed into a potential filarial

parasite drug if the human selectivity can be addressed.
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3 Crystallography
3.1 Workflow

3.1.1 Protein expression
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Figure 57 Protein sequence alignment of Hs NMT1 (Hs 1_Full) and the modified version without N-terminus
(Hs1 DeN). The N-terminal deletions are replaced by a histidine-tag and protease HRV 3C cleavage site. The

full length sequence was obtained from UniplotKB ' (Sequence entry numbers: P30419). Sequences were

aligned by Uniplot and displayed by BoxShade'*.

The recombinant plasmid was obtained from Dr James A. Brannigan, University of York,
which was made by cloning the insert encoding residues 109-496 of Homo sapiens NMT 1

isoform (Hs NMT 1) into a modified pET28 vector, which incorporates the protein product
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with an N-terminal hexahistidine tag to facilitate purification (Figure 57). The N-terminus is
not involved in substrate binding and is usually disordered in NMT crystal structures due to its
flexibility*!*?. Therefore, the modified version of Hs NMT1 without the N-terminus was used
in order to obtain crystals with better quality. The recombinant plasmid was transformed into
E. coli BL21(DE3) pRareS, a host strain providing additional tRNA genes to enhance the
expression of human genes in bacteria!'®, and expressed by autoinduction'** with overnight

growth at 18 °C.

3.1.2  Protein purification
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Figure 58 Purification workflow of Hs NMT1 (Images adapted from Handbooks from GE healthcare: Gel

filtration principles and methods!®).

The purification follows the steps in the published method'!¢, where the cells were sonicated
in the lysis buffer and purified by Ni-NTA, ion exchange and gel filtration. This series of
chromatography produces pure Hs NMT 1 protein with the His-tag ready for activity assays.

To use the protein for crystallography, the His-tag needs to be removed*®. Therefore, a His tag
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cleavage step by HRV 3C protease (kindly provided by Dr James A. Brannigan) and a second
Ni-NTA column purification step by HisTrap FF crude was added before the final gel filtration

step (Figure 58). The resulting Hs NMT1 sample was essentially pure (Figure 59) and His-tag

free (Figure 60).

Figure 59 The SDS gel of Hs NMT1 purification. Lane 1 After HisTrap FF crude column. Lane 2 After ion
exchange column. Lane 3 Main peak after His-tag cleavage. Lane 4 Shoulder peak after His-tag cleavage. Lane

5 After gel filtration column.
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Figure 60 The SDS gel of His-tag presence analysis. (A) Ponceau S Stain shows the location of protein on gel;
(B) His-tag in-gel stain shows the location of protein with His tag. Lane 1 and Lane 4 are loaded with samples
purified with a 2nd Ni-NTA column after His-tag cleavage. Lane 2 and lane 3 are loaded with samples purified

by the original method.
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3.1.3 Crystallization

Crystals of apo-Hs NMT 1 and 23 co-crystals of selected ligands from series A and B with Hs
NMT1 were obtained by the sitting drop vapour diffusion technique. Conditions were modified
from two published conditions®® by varying the concentrations of the precipitant, polyethylene
glycol (PEG): one with PEG 4K (from 12% to 28%) and the other with PEG monomethyl ether
(mPEG) 2K (from 17% to 30%). The rest of the components in the two crystallization

conditions were maintained the same.

For each new batch of protein, the binary complex of Hs NMT1 and Myr-CoA was crystallized
to test its crystallization activity. For ligands with ICsos lower than 100 nM, the ligand stock
solutions were made into 5 mM solutions in 25% DMSO. For ligands with higher ICsos, the
original stock solution was used directly to maximize the ligand concentration in the drop. The
pH of each ligand solution was tested and adjusted to between 5 and 8 before co-crystallization
to prevent precipitation of protein at harsh pH conditions. Ligands were then tested under the
two conditions in parallel in 96-well plates, stored at 20 °C and inspected every day. Conditions
growing crystals were repeated in 48-well plates to achieve better crystals. For ligands that did
not grow crystals in all conditions, a wider range of conditions were tested. All the successfully
crystallized ligands grew crystals in the condition containing PEG 4K in 2-4 days (Figure 61 A
and C). Six of them also grew crystals in the condition containing mPEG 2K after 1-2 weeks
from the initial set up (Figure 61B). Both series have ligands which grow crystals in mPEG 2K.
The crystals in mPEG 2K were usually bigger and of better quality compared to crystals of the
same ligand grown in PEG 4K. The slower growing speed is likely the reason for better crystals,

which allows the protein to pack more regularly and uniformly.
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Figure 61 Examples of crystals growing in sitting-drops. (A) Binary complexes of Hs NMT1 and Myr-CoA
crystals in PEG 4K; (B) Ternary complexes of Hs NMT1, Myr-CoA and IMP-0001222 crystals in mPEG 2K;
(C) Ternary complexes of Hs NMT1, Myr-CoA and IMP-0001169 crystals in PEG 4K.

Some ligands of weaker potencies were crystallized, but their electron density in the binding
pocket were too weak to build reliable models in. Their low occupancy in the binding pocket
may due to their weaker binding affinity to the protein. Increasing ligand concentrations in the
drop from 0.5 mM to 5 mM succeeded in solving structures of IMP-0000899 and IMP-
0001171. To prevent ligands diffusing out of crystals during mounting, ligands of the same

concentration were added in the cryo-protectants.

However, increasing the ligand concentration of IMP-0001096 by 10-fold still resulted in low
ligand occupancy. Since the original ligand stock solution is 50 mM in 100% DMSO,
increasing the ligand concentration will inevitably increase the concentration of DMSO as well.
Crystallization of higher concentration of IMP-0001096 was not successful. To solve this
important structure, IMP-0001096 was resynthesized. A 500 mM stock solution in DMSO was
used for co-crystallization and succeeded in growing usable crystals. Soaking method was also
tried with 500 mM of IMP-0001096 in protein buffer without DMSO. In this method, ligand
was soaked into pre-existing crystals of Hs NMT1 bound with Myr-CoA. Different soaking
time (1 min, 5 min, 30 min, overnight and 3 days) was tested. Crystals soaked overnight or for
three days did not survive. Crystals soaked for less time was sent for data collection together

with the crystals from co-crystallization. The crystal soaked for thirty minutes was later found
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to have the best resolution and the resulting electron density map has clear electron densities

of the ligand presented in the protein pocket (Figure 63B).

3.1.4 Data collection

All data was collected at 100 K at Diamond Light Source synchrotron, Oxfordshire, U.K
(Figure 62). A test dataset was collected first: three images were collected in exposure time of
0.15 s with an oscillation of 0.5°, a delta of 45° and 80% transmission. According to the test
dataset, an estimated resolution was chosen for the complete dataset collection. If any of the
three images did not show diffraction pattern, a manual re-centring or a grid scan was
performed to re-locate the collection centre. For the complete datasets, 1000 images were

collected in exposure time of 0.05 s at an oscillation of 0.2°, a delta of 0° and 40% transmission.

Figure 62 Examples of mounted crystals ready for data collection, with example diffraction images illustrating
the raw data obtained. (A) Crystal of the ternary complex of Hs NMT1, Myr-CoA and IMP-0001161; (B)
Crystal of the ternary complex of Hs NMT1, Myr-CoA and IMP-0000180.
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3.1.5 Data processing

Data were processed by xia2'46 or autoPROC'¥’ automated data processing system, using
XDS!'* DIALS', Aimless!'>®, XSCALE'"!, Pointless'*?>, MOSFLM!'??. Phasing of data by
Molecular Replacement were achieved by PHASER!** in CCP4i'*> using the structure of Hs
NMT1 with Myr-CoA (PDB code 4C2Y) as the search mode. Two protein molecules are

present in the asymmetric unit and the structures fall into the space group P212:2 or P22:2;.

3.1.6 Refinement and model building

After Molecular Replacement, models were visually inspected and manually adjusted
according to their electron density using Coot!*®. Myr-CoA was then built into the models after

initial refinement in PHENIX!” or REFMAC!® in CCP4i!3’,

Figure 63 Electron density maps before building the ligand models. 2F,-F. map at 1 ¢ is shown in blue mesh and
Fo-Fc map at 3 o is shown in green (positive) and red (negative) mesh, where Fops (F,) is the observed amplitude
and Feac (F.) is the model-based amplitude (A) Density map of IMP-0001223 at 1.49 A; (B) Density map of
IMP-0001096 at 2.02 A.

After the second round of refinement, the density of ligands was clearly visible in the peptide

binding pocket (Figure 63). Some high-resolution structures have well resolved maps where a
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hole appeared in the centre of aromatic rings, while the maps of lower resolution show big

blobs of density.

The models of ligands were generated by eLBOW 7 using simple optimization function and
built into the density by Ligandfit'>’. Where the ligand density was not clear enough, ligand
was built after more runs of refinement. Where the ligand density was only clear in one of the
protein molecules in the asymmetric unit (IMP-0001242 only shows one ligand in chain B),
one instead of two ligands were built. Where the electron density suggests two conformations
of the ligand, the dominant conformation was built but the other conformation was discussed
in section 3.3.1. After sufficient refinement to correct the models, water and other small
molecules were built into the models and more runs of refinement were performed to lower the
Rywork and Ree to the possible minimum. The R-factor'®® is defined as R = (3||Fobs)-
|Fealc|[)/Y|Fobs|, which is a measure of the agreement between Fcac from the crystallographic
model and Fqps from the experimental X-ray diffraction data. 5% of the experimental data was
not included in any refinement, their R-factor (Rfee) were calculated to see how well the model
predicts the observation. By comparing to the Ryork calculated from the 95% observation used

in refinement, R 1s used as an indicator of over-interpretation of data.

3.1.7 Conclusion and outlook

Among all the ligand co-crystallizations tried, ligands with lower ICsos in the enzyme assay
were more likely to grow crystals and achieve higher structure resolutions. For imidazo[1,2-
a]pyridin-6-phenoxy series, the highest ICso of structurally-solved ligand was 1.06 uM and the
one from azetidinopyrimidines series has an ICso of 433 nM. This improvement effects of
potent inhibitors on crystallization could be a result of their tighter binding. The binding of a
ligand in the protein pocket usually stabilize the protein structure, preventing it to unfold,

aggregate, or succumb to proteolysis thus facilitating crystallization'®°.
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High concentration of DMSO is found to disturb the crystallization process. In all attempts,
conditions with DMSO concentration higher than 10% usually do not grow crystals. In the
cases where crystals did grow, they grow slower and are usually short tiny needles that do not
diffract enough for structure solving. For weaker ligands, more concentrated DMSO stock
solution or stock solution without DMSO should be used instead of adding more volume of the

original stock solution to achieve high concentration of ligands.

Since crystals of Hs NMT1 and Myr-CoA crystallized easily and of good quality, the successful
attempt of solving the structure of IMP-0001096 by soaking presents an alternative method to
obtain crystals of ternary complexes of Hs NMT1, Myr-CoA and ligand. The resolution of
structure is comparable to other co-crystallized ones, occupancy of the ligand in the protein
pocket is high, and the ligand posts similar conformation as the co-crystallized one. The process
of crystal preparation is simpler and faster. The data collection and interpretation can be longer
since datasets of crystals with different soaking time need to be tested to obtain the best
resolution and highest occupancy of ligands. For ligands that easily grow good crystals, co-
crystallization can minimize the manipulation of crystals and achieve the best resolution.
However, for weaker binding ligands of Hs NMT1 whose crystals are hard to obtain, soaking

is a good alternative way.

The missing ligand in chain A of IMP-0001242 could be the result of low occupancy. Chain
A is the relatively more movable protein molecule among the two in the unit, where the protein
is not in close contact with other proteins. Therefore, this protein is more dynamic, its ligand
binding is looser or its ligand poses more than one conformation, resulting in weak or missing

electron density.
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3.2 Imidazo[1,2-a]pyridin-6-phenoxy series structure insights

The imidazo[1,2-a]pyridin-6-phenoxy series is a set of potent human NMT inhibitors
developed by Mousnier ef al*’. Its development started from a fragment-like screen hit of the
Pfizer Global Diverse Representative Setl on Pfand Ld NMTs*. After fragment reconstruction,
structure-guided fragment linking, and conformational control over linker geometry, several
inhibitors reached potencies of single-digit nanomolar level against human NMT1 (More
details of its drug discovery and activities are reviewed in 1.3.2 and 1.4.3). By solving eleven
ligand-protein structures of this series (the data collection and refinement statistics of
imidazo[1,2-a]pyridin-6-phenoxy series is shown in Table 6), this chapter aims to gain a better

understanding of the ligand-NMT binding modes to guide future inhibitor development.
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Table 6 Data collection and refinement statistics of the imidazo[1,2-a]pyridin-6-phenoxy series

Protein Hs NMT1

Ligand IMP-0001029 IMP-0001114 IMP-0001117 IMP-0001161 IMP-0001180 IMP-0001222

Beamline at DLS? 104-1 103 104-1 104-1 104-1 103

Data collection

Space group P21212 P21212 P22121 P22121 P22121 P22121

Cell dimensions

a, b, c(A) 79.72 178.85 58.58 79.18 178.65 58.27 58.98 79.06 180.12 58.92 78.84 180.18 59.1278.91 180.51 58.40 78.87 179.10

Resolution (A) 72.85-2.22 48.40-2.38 60.04-1.79 78.84-1.68 90.25-1.76 47.60-1.93
(2.27-2.22)° (2.42-2.38) (1.84-1.79) (1.72-1.68) (1.81-1.76) (1.98-1.93)

No. observations 613143 (45448) 244402 (18527) 580601 (36563) 702134 (52514) 601502 (39101) 462884 (462884)

Unique reflections 42220 (3069) 34027 (2481) 79849 (5836) 96418 (7043) 84200 (6065) 62230 (4406)

Rumeree® 0.125 (0.781) 0.165 (0.490) 0.167 (1.690) 0.141 (1.917) 0.182 (1.512) 0.159 (0.954)
Rineas® 0.130 (0.810) 0.178 (0.526) 0.179 (1.845) 0.152 (2.059) 0.196 (1.646) 0.170 (1.032)
Rpim® 0.034 (0.210) 0.065 (0.190) 0.065 (0.723) 0.056 (0.745) 0.073 (0.637) 0.062 (0.387)
Ruerge in top intensity bin 0.041 0.061 0.030 0.035 0.056 0.040
Mean I/o(I) 18.7 (4.2) 10.1 (4.3) 11.2(1.1) 10.3(1.2) 7.1(6.4) 10.0 (2.0)
CCip 0.999 (0.929) 0.994 (0.623) 0.996 (0.479) 0.998 (0.539) 0.995 (0.505) 0.997 (0.657)
Completeness (%) 99.7 (99.7) 100 (100) 99.6 (99.8) 99.9 (99.9) 99.6 (98.7) 98.8 (96.2)
Multiplicity 14.5 (14.8) 7.2(7.5) 7.3(6.3) 7.3(7.5) 7.1(6.4) 7.4 (7.0)
Refinement
Ryork / Riree® 0.18/0.21 0.19/0.24 0.18/0.21 0.20/0.23 0.26/0.30 0.19/0.22
No. atoms 6027 6685 7229 6887 6978 6871
Wilson B factor 29.48 24.65 18.59 19.07 13.74 21.32
R.m.s. deviations

Bond lengths (A) 0.008 0.008 0.008 0.009 0.009 0.008

Bond angles (°) 0.971 1.118 0.907 1.199 1.037 1.050
Ramachandran statistics

Favored (%) 97.6 96.8 98.2 97.9 97.4 97.9

Allowed (%) 2.4 3.2 1.9 2.1 2.6 2.1

Outliers (%) 0 0 0 0 0 0

2 Data were collected at Diamond light source. ® Values in parentheses are for highest-resolution shell. ® Rierge = Y it X [Tnitj - <Inii>VYnia Yy Inkij, Where h,k,I are
the indices of the reflections and <I> is the average symmetry- (or Friedel-) related observations of a unique reflection. ¢ Rueas= Y it (n/n-1)"3" 1 [Tiaj -
<Ina> /it Yy Iniaj, Where n is the multiplicity of the reflection Akl © Ryim= Y pa (1/n=-1)5%7 iy [Ty - <Inii>|/ St Yy Inij. T Rimerge in top intensity bin is provided for

data sets scaled using xia2. & Ry test set size is 5%.
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Protein Hs NMT1
Ligand IMP-0001223 IMP-0001242 IMP-0001320 IMP-0001336 IMP-0001343
Beamline at DLS 103 104-1 103 103 103
Data collection
Space group P22121 P21212 P21212 P22121 P22121
Cell dimensions

a, b, c(A) 58.64 78.98 178.28 79.51 181.11 59.31 77.47 177.86 58.57 58.41 78.08 178.46 58.44 79.58 178.18
Resolution (A) 89.14-1.18 90.55-1.84 71.02-1.45 47.32-1.95 48.87-2.22

(1.53-1.49) (1.87-1.84) (1.48-1.45) (2.00-1.95) (2.28-2.22)

No. observations 980038 (69147) 552668 (25719) 1046526 (47720) 445081 (30735) 306794 (20558)
Unique reflections 135732 (9842) 75440 (3709) 143532 (7035) 60424 (4389) 41914 (3045)
Rinerge 0.141 (1.565) 0.098 (0.937) 0.102 (0.851) 0.163 (0.913) 0.139 (0.854)
Rineas 0.152 (1.692) 0.106 (1.013) 0.110 (0.922) 0.17 5(0.986) 0.149 (0.926)
Ryim 0.056 (0.636) 0.039 (0.382) 0.040 (0.350) 0.064 (0.370) 0.054 (0.351)
Ruerge in top intensity bin 0.052 - - 0.046 0.040
Mean I/o(I) 7.8 (1.4) 13.5(2.1) 11.7 (2.1) 9.5 (2.1) 11.1(2.1)
CCip 0.997 (0.587) 0.999 (0.866) 0.999 (0.536) 0.996 (0.701) 0.997 (0.685)
Completeness (%) 99.9 (99.6) 100.0 (99.7) 100.0 (98.4) 99.9 (100.0) 99.8 (99.3)
Multiplicity 7.2 (7.0) 7.3 (6.9) 7.3 (6.8) 7.4 (7.0) 7.3 (6.8)
Refinement
Ruwork / Riree 0.21/0.24 0.19/0.22 0.18/0.20 0.18/0.28 0.18/0.23
No. atoms 7318 6853 7213 6891 6721
Wilson B factor 13.31 23.50 13.68 21.03 31.19
R.m.s. deviations

Bond lengths (A) 0.006 0.010 0.006 0.007 0.008

Bond angles (°) 0.874 1.199 1.027 0.897 1.121
Ramachandran statistics

Favored (%) 98.0 97.8 97.8 98.0 97.8

Allowed (%) 2.0 2.2 2.2 2.0 2.2

Outliers (%) 0 0 0 0 0




Inhibitors with similar structures are grouped in twos or threes, and their binding modes were
examined to explore the SARs. To demonstrate the relationship between inhibitor potency and its
interactions with NMT, especially the number and lengths of hydrogen bonds, 2D ligand-protein
interaction diagrams were generated by LigPlot™ v1.4.5'%!. To demonstrate specific conformation

differences, 3D binding modes were superposed and analysed by PyMOL v2.0%%,

3.2.1 IMP-0001029, IMP-0001114 and IMP-0001343
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IMP-0001029 IMP-0001114 IMP-0001343
HsNMT1 ICs = 1060 nM HsNMT1 ICsq = 56 nM HsNMT1 ICsp = 0.3 nM
222 A 2.38 A 222 A

Figure 64 Structures and activities of IMP-0001029, IMP-0001114 and IMP-0001343.

The structures of IMP-0001029, IMP-0001114 and IMP-0001343 differ at both the 3-position of
the triazolo group and the 3-postion of the pyrazole group (Figure 64). Their binding modes best
illustrates the importance of the two key interactions for good potency: The C-terminal Gln496

and the Asn451.
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Key

The meaning of the items on the plot is as follows:

@=—=@ Ligand bond Hiss3_ Non-ligand residues involved in hydrophobic
@ —@ Non-ligand bond e contact(s)
@- ~-@ Hydrogen bond and its length @  Corresponding atoms involved in hydrophobic contact(s)

Figure 65 2D ligand-protein binding modes generated from solved X-ray crystal structures by LigPlot" v1.4.5'6!, (A)
IMP-0001029; (B) IMP-0001114; (C) IMP-0001343.

IMP-0001343 has three parts of the inhibitor making polar interactions with Hs NMT1. The
oxygen on the morpholine formed a 2.94 A hydrogen bond with Asn451. The nitrogen lone pair
on the pyrazole formed a 3.25 A hydrogen bond with Ser405. The ethanamine formed polar
interacts with three residues: GIn496 (2.66 and 3.33 A), Thr282 (2.96 and 3.19 A) and Asn246
(2.76 A). According to pKa analysis (default setting) of Marvin Sketch!'?!, at the human blood pH
7.4, 99.33% of the ligand has a protonated primary amine on the ethanamine. Therefore, the polar
interaction between ethanamine and the deprotonated carboxyl group of GIn496 is ionic bonding,

which is stronger than hydrogen bonds and non-directional.
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IMP-0001114 also has three parts making polar interactions. Like IMP-0001343, its morpholine
formed a 3.11 A hydrogen bond with Asn451 and its pyrazole formed a 3.78 A hydrogen bond
with Ser405. These two hydrogen bonds are both longer than IMP-0001343’s, therefore weaker.
According to pKa analysis (default setting) of Marvin Sketch!?!, at pH 7.4, 76.82% of the ligand
has a protonated secondary amine on the N-methylmethanamine. Therefore, its interaction is still
mostly ionic bonding but weaker than IMP-0001343’s. Moreover, because of the one-carbon-
shorter distance between the secondary amine and the triazolo group, it can only reach the GIn496
and forms interactions at 3.03 and 3.89 A lengths, which were longer than IMP-0001343’s. The
longer and fewer interactions, and the less ionic-bonding character all weaken the interactions and

result in the 187-fold decrease in potency comparing to IMP-0001343.

Without the morpholino methanone group, IMP-0001029 has only two parts making polar
interactions. According to pKa analysis (default setting) of Marvin Sketch!?!, at pH 7.4, 67.76%
of the ligand has a protonated primary amine on the methanamine. The lengths of interactions
between the methanamine and the GIn496 are 3.15 and 3.16 A. Therefore, the interaction on the
C-terminal site is comparable to IMP-0001114 but weaker than IMP-0001343. Without the
morpholino methanone substituent, the pyrazole can optimize and form a shorter hydrogen bond
to the Ser405 at 2.84 A. However, the cost of the missing key interaction with Asn451 cannot be

offset by a shorter hydrogen bond, resulting in a 19-fold decrease in potency than IMP-0001114.
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3.2.2 IMP-0001117, IMP-0001320 and IMP-0001336
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Figure 66 Structures and activities of IMP-0001117, IMP-0001320 and IMP-0001336.

Figure 67 2D ligand-protein binding modes generated from solved X-ray crystal structures by LigPlot" v1.4.5'%1. (A)
IMP-0001117; (B) IMP-0001320; (C) IMP-0001336.
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Figure 68 Binding modes of IMP-0001117, IMP-0001320 and IMP-0001336 in Hs NMT 1. The ligand binding
modes were superposed by PyMOL?. The structure of IMP-0001117 is coloured in light pink, IMP-0001320 in
green and IMP-0001336 in hot pink.

Inhibitor IMP-0001117, IMP-0001320 and IMP-0001336 only differ in their substituents on the
5-position of the phenoxy group (Figure 66) and have similar interactions with the protein (Figure
67). According to their solved structures, they adopt near identical binding modes in the protein
(Figure 68). The major difference is the lengths of their 5-substituents. Since the substituent is
poking towards a backbone in the protein pocket, a longer substituent could cause steric hindrance,
leading to a decrease in potency. This observation is in accordance with their structure-activity
relationships: IMP-0001117 with the shortest fluoro-substituent shows the highest potency, IMP-
0001336 with the longest cyano-substituent shows the lowest potency and IMP-0001320 with the
median chloro-substituent sit in the middle in potency. However, the potency difference is within
test error range and the 1Csos reached the lower testing limit (5 nM). Therefore, the SAR found
needs further verification on more examples with lower potencies or more accurate activity data is

needed to confirm the SAR.
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3.2.3 IMP-0001222, IMP-0001223 and IMP-0001242
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Figure 69 Structures and activities of IMP-0001222, IMP-0001223 and IMP-0001242.

Figure 70 2D ligand-protein binding modes generated from solved X-ray crystal structures by LigPlot+ v1.4.5'!,
(A) IMP-0001222; (B) IMP-0001223; (C) IMP-0001242.

IMP-0001222, IMP-0001223 and IMP-0001242 are good examples of alternative substituents on
the pyrazole to maintain activity. They showed similar potency against Hs NMT1 (Figure 69) and
forms similar interactions with Ser405 and Asn451 (Figure 70). IMP-0001223 has an additional
hydrogen bond between the methanol and the residue Tyr420. IMP-0001242 has a longer
hydrogen bond between the methylsulfonyl group and the residue Asn451. However, these

differences do not affect the ICsos reported. Since the enzyme assay has reached its limit (5 nM)
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and cannot differentiate potency differences at single-digit nanomolar level, cell assay or SPR

(surface plasmon resonance) assay need to be used for further activity investigation.

Figure 71 Binding modes of IMP-0001117, IMP-0001222, IMP-0001223 and IMP-0001242 in Hs NMT1. The
ligand binding modes were superposed by PyMOL?®. The structure of IMP-0001117 is coloured in light pink, IMP-

0001222 in purple, IMP-0001223 in light green and IMP-0001242 in dark green.

The structures of IMP-0001117, IMP-0001222, IMP-0001223 and IMP-0001242 are superposed

by PyMOL?® (Figure 71). As expected, they align well where the structure is identical and only

differ at the different substituents on the pyrazole.

3.2.4 IMP-0001161 and IMP-0001180
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Figure 72 Structures and activities of IMP-0001161 and IMP-0001180.
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Figure 73 2D ligand-protein binding modes generated from solved X-ray crystal structures by LigPlot* v1.4.5'!,
(A) IMP-0001161; (B) IMP-0001180.

IMP-0001161 and IMP-0001180 have unusually high potencies considering their seemingly

suboptimal structures.

IMP-0001161 showed sub-nanomolar activity against Hs NMT1 without a polar substituent on
the pyrazole, therefore, no hydrogen bond to Asn451. Figure 74 shows a superposition analysis

between IMP-0001161 and IMP-0001117.
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Figure 74 Binding modes comparison of IMP-0001161 with IMP-0001117. The ligand binding modes were
superposed and analysed by PyMOL?Z3. The structure of IMP-0001161 is coloured in white and IMP-0001117 is in
pink.

The additional fluorine ortho to the ether group changed the conformation of the ether linker. This

1.*7, which enables the pyrazole to extend

conformational change is also reported by Mousnier et a
further to interact with Ser405 with a shorter distance between C31 (2.9 A according to 5O6H)
and C32 (2.6/2.7 A according to 506J). However, the distances to Ser405 of IMP-0001161 and
IMP-0001117 are both 2.9 A (Figure 74), therefore the conformation change of ether linker does

not give IMP-0001161 a stronger hydrogen bond to Ser405.

The fluorine substituted ring is parallel to the phenol ring of Tyr296, forming an offset parallel -
7 interaction. Offset parallel n-w interaction is stabilized by the favouring London dispersion force
and solvophobic effects, over the disfavouring repelling force between the negative quadrupole on

the top and bottom of the aromatic rings!?}. Fluorine, as an electron-withdrawing group, reduces
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the negative quadrupole of the aromatic ring and therefore stabilizes the offset parallel m-n
interaction. With two fluorine atoms substituted on the benzene ring, IMP-0001161 has a stronger

T-T Interaction.

Figure 75 Binding mode comparison of IMP-0001161, IMP-0001088 and IMP-0001117. The ligand binding modes
were superposed and analysed by PyMOL?®. The structure of IMP-0001161 is coloured in white, IMP-0001088 in
green and IMP-0001117 is in pink.

The structure of IMP-0001161 is also compared with the structure of IMP-0001088 (C33)
recently published by Mousnier et al.*’, which also has two fluorine substituents on the same
position of the benzene ring. Both structures favour the protein conformation with the residue
His298 folded back towards the inhibitor, compared to the His298 of IMP-0001117 (Figure 75).
The CH of the imidazole ring is delta positive, which could make a dipole-dipole with the 6-
fluorine atom. The different position of the OCH due to an adjacent fluorine brings the CH; closer

to Tyr420, thus improving the Van der Waals contact.
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The nitrogen on the N-methylethanamine of IMP-0001161 is at a similar position to the nitrogen
on the ethyl amine of IMP-0001117. According to pKa analysis (default setting) of Marvin
Sketch!?!, at pH 7.4, 99.66% of the ligand has a protonated secondary amine. It forms similar polar
interactions with Thr282 and Asn246, but the C-terminal residue GIn496 is not directly bonded
with the nitrogen. A closer look at the binding mode reveals a water mediated bonding network
among the nitrogen, Asn246 and GIn496 (Figure 76), which should be comparable in strength to

an ionic bond.

L/

| Jﬂ

Figure 76 Binding mode of IMP-0001161 at the N-methylethanamine end. The ligand binding modes were analysed

using PyMOL?®, The ionic bonding interactions are shown as yellow dashes with their distances labelled in black.

IMP-0001180 is closest to IMP-0001222 in structure. The only difference is the substituent on
the 3-postion of the imidazo[1,2-a]pyridine. This N-methylmethanamine to ethanamine difference
has also been seen in the IMP-0001114 and IMP-0001343. Unlike IMP-0001114 with the N-
methylmethanamine showing a 187-fold decrease in potency comparing to its analogue IMP-

0001343 with the ethanamine, IMP-0001180 preserves the potency at the same level as IMP-
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0001225. Binding modes analysis was done by PyMOL?® to explore the reasons for the potency

preservation.

Figure 77 Binding modes comparison of IMP-0001180 with IMP-0001114 (A) or IMP-0001222 (B). The ligand
binding modes were superposed and analysed using PyMOL?®. The structure of IMP-0001180 is coloured in blue,
IMP-0001114 in pink, IMP-0001222 in light green and IMP-0001242 in purple.

The biggest change from N-methylmethanamine to ethanamine is the length that the amine can
reach: the ethanamine of both IMP-0001222 and IMP-0001343 can reach an optimum point for
the primary amine to form interactions with Asn246, Thr282 and GIn496, while the N-
methylmethanamine of IMP-0001114 can only reach and interact with GIn496 alone. However,
the N-methylmethanamine of IMP-0001180 is positioned differently from IMP-0001114 due to
the structure difference in the pyrazole ends, enabling it to interact with Thr282 as well (Figure

77A), which can contribute to the potency.

The second contributor to the maintained potency is the n-n stacking interaction with Phel90

(Figure 77B). Compared to IMP-0001222, the position of the imidazo[1,2-a]pyridine on IMP-
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0001180 shifts considerably to maximize the reach of the N-methylmethanamine to form
interactions. This shift also positions the imidazo[ 1,2-a]pyridine orthogonal to the phenyl group of
the Phe190, forming an T-shaped n-w stacking interaction. This additional n-r stacking interaction
compensates the loss of an ionic bonding with Asn246, resulting in a comparable potency to IMP-

0001222.

3.2.5 C-terminus conformation

When fitting the electron density with protein modes, the C-terminus of structures IMP-0001223,
IMP-0001161 and IMP-0001320 show areas of positive and negative density on the Fo-F
difference map (contoured at 3 o) after several rounds of refinement. These three structures happen
to have the highest resolutions. It is likely that the C-terminus has multiple conformations and
structures with higher resolutions show stronger signs of multi-conformations. This phenomenon
is not seen in the azetidinopyrimidines series and the non-ligand bound protein structure, therefore
the movement of the C-terminus is likely caused by the binding of imidazo[1,2-a]pyridin-6-

phenoxy series ligands.
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Figure 78 Two conformations of the C-terminus with different ligand binding. The ligand binding modes were
superposed and analysed using PyMOL?®. The structure of IMP-0001343 is coloured in yellow, IMP-0001114 in
pink and the no-ligand protein structure (PDB code: 3IUI) in light blue.

In structures with 2-aminoethyl on the imidazo[1,2-a]pyridine (IMP-0001117, IMP-0001320,
IMP-0001336, IMP-0001343, IMP-0001222, IMP-0001242 and IMP-0001223), the C-terminus
has a conformation as IMP-0001343 (Figure 78), where the GIn496 shifts to interact with the
amine. In structures with other amino substituents on the imidazo[1,2-a]pyridine (IMP-0001180,
IMP-0001029, IMP-0001114 and IMP-0001161), the C-terminus has a conformation as IMP-
0001114 (Figure 78), which is the same conformation as the apo-protein structure (PDB code:
31IU1). Inhibitors with 2-aminoethyl substituents on the imidazo[1,2-a]pyridine all show very good
ICsos (<1 nM to 5.5 nM). As discussed in section 3.2.1, the good potencies are likely due to
additional hydrogen bonds with residues Thr282 and Asn246, rather than the change of C-terminus

conformation.
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3.2.6 Conclusion and outlook

Eleven ligand-protein structures of the imidazo[1,2-a]pyridin-6-phenoxy series have been solved
by X-ray crystallography. Binding modes analysis has revealed the key interactions to gain

potency against Hs NMT 1 at single-digit nanomolar level.

The C-terminal GIn496 requires a two-atom spacing between the interacting amine and the
imidazo[ 1,2-a]pyridine core. At physiological conditions, the amine is protonated and forms ionic

bonding interactions. Secondary and primary amines form interactions of similar strength.

On the other end, all the ligands form a hydrogen bond with Ser405 by the nitrogen lone pair on
the pyrazole. A hydrogen donor on the 3-substituent of the pyrazole is required to form the key

hydrogen bond with Asn451. Shorter bond lengths contribute to better potency.

Strengthened n-m stacking interactions also contribute to potency improvement. The main n-nt
stacking interactions are the offset parallel n-m interaction between Tyr296 and the benzene, and
the T-shaped m-n stacking interaction between Phe190 and the imidazo[1,2-a]pyridine. Electron
withdrawing substituent can strengthen offset parallel n-r interactions. The relative positions of

the two aromatic systems are important for n-n stacking interactions.
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3.3 Azetidinopyrimidines series structure insights

The azetidinopyrimidines series was developed from two screen hits as discussed in section 2.2. It
shows good potencies against Hs NMT1 down to single-digit nanomolar values despite the initial
intention to develop a series against Plasmodium NMTs. This subchapter aims to understand the
binding modes of the azetidinopyrimidines series with Hs NMT1 by solving and analysing nine
X-ray crystal structures. The data collection and refinement statistics of azetidinopyrimidines

series is shown in Table 7.

Structures of azetidinopyrimidines series solved by others are also analysed and discussed in this
subchapter to generate an overall view of the binding modes of this series. Structure IMP-0000898
was solved by Dr James Brannigan (Unpublished). Structure IMP-0000366 was solved by Dr

Inmaculada Perez Dorado (Unpublished).

111



Table 7 Data collection and refinement statistics of the azetidinopyrimidines series

Protein Hs NMT1

Ligand IMP-0000180 IMP-0000899 IMP-0000927 IMP-0000974 IMP-0001096

Beamline at DLS? 104-1 103 104-1 104-1 103

Data collection

Space group P21212 P21212 P21212 P21212 P21212

Cell dimensions

a, b, c(A) 80.31 181.48 58.86 80.00 179.25 58.46 80.68 180.45 58.86 79.95 181.79 59.13 80.72 178.72 58.15

Resolution (A) 60.49-1.82 89.63-1.97 80.68-2.05 79.95-1.76 59.90-2.03
(1.87-1.82)° (2.02-1.97) (2.10-2.05) (1.81-1.76) (2.08-2.03)

No. observations 559526 (45448) 444821 (33404) 404850 (30829) 559387 (28277) 405839 (30194)

Unique reflections 77687 (3069) 60426 (4430) 54860 (4032) 86121 (6303) 55292 (4052)

Rumerge® 0.148 (1.510) 0.173 (1.769) 0.176 (2.162) 0.104 (1.292) 0.157 (1.930)
Rimeas® 0.159 (1.656) 0.186 (1.899) 0.189 (2.319) 0.113 (1.462) 0.169 (2.075)
Rpim® 0.058 (0.664) 0.068 (0.684) 0.069 (0.832) 0.043 (0.670) 0.061 (0.754)
Rinerge in top intensity binf 0.034 0.043 0.028 0.027 0.035
Mean I/o(I) 10.4 (1.1) 9.1 (1.1) 10.7 (1.1) 12.2 (1.0) 10.1 (1.2)
CCip 0.997 (0.489) 0.996 (0.533) 0.997 (0.599) 0.999 (0.558) 0.998 (0.714)
Completeness (%) 99.6 (99.4) 100.0 (100.0) 99.6 (99.1) 99.7 (99.5) 99.9 (99.9)
Multiplicity 7.2 (6.0) 7.4 (7.5) 7.4 (7.6) 6.5 (4.5) 7.3(7.5)
Refinement
Ryork / Riree® 0.21/0.25 0.19/0.23 0.21/0.25 0.19/0.23 0.20/0.25
No. atoms 6689 6961 6689 7178 6616
Wilson B factor 30.37 28.11 30.37 20.69 34.62
R.m.s. deviations

Bond lengths (A) 0.010 0.008 0.010 0.008 0.008

Bond angles (°) 1.204 1.140 1.204 0.982 0.915
Ramachandran statistics

Favored (%) 98.0 97.4 98.0 98.2 96.5

Allowed (%) 2.0 2.6 2.0 1.8 3.5

Outliers (%) 0 0 0 0 0

2 Data were collected at Diamond light source. ® Values in parentheses are for highest-resolution shell. © Rierge = Y it Y [Tnitj - <Inia>V/Ynia Yy Inkij, Where h,k,I are
the indices of the reflections and <I> is the average symmetry- (or Friedel-) related observations of a unique reflection. ¢ Rueas= Y it (n/n-1)"35" 1 i -
D> Vit Yy Tkt j. © Rpim = Yt (/=133 s |ty = <™/ i Y. Tk j, where n is the multiplicity of the reflection /kl. T Rmerge in top intensity bin is provided for
data sets scaled using xia2. & Ry test set size is 5%.
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Protein Hs NMT1
Ligand IMP-0001169 IMP-0001171 IMP-0001210 IMP-0001227 IMP-0001232
Beamline at DLS 103 104-1 103 103 103
Data collection
Space group P21212 P21212 P21212 P22121 P21212
Cell dimensions

a, b, c(A) 79.97 179.94 58.53 80.74 179.04 58.65 79.70 177.84 58.37 58.5179.11 179.28 79.67 179.08 58.44
Resolution (A) 41.82-2.06 73.60-2.16 79.70-2.04 89.64-1.81 47.12-1.80

(2.11-2.06) (2.22-2.16) (2.09-2.04) (1.86-1.81) (1.85-1.80)

No. observations 390665 (29471) 343156 (25383) 393127 (29676) 535643 (32903) 578585 (41552)
Unique reflections 53167 (3875) 343156 (25383) 53729 (3913) 76834 (5592) 78439 (5711)
Rumerge 0.194 (1.911) 0.255 (2.155) 0.176 (1.839) 0.147 (1.255) 0.141 (2.201)
Rumeas 0.209 (2.052) 0.274 (2.312) 0.190 (1.974) 0.158 (1.377) 0.152 (2.372)
Rpim 0.076 (0.741) 0.100 (0.828) 0.070 (0.712) 0.059 (0.560) 0.056 (0.876)
Rumerge In top intensity bin 0.047 0.041 0.051 0.052 0.047
Mean I/c(I) 8.3 (1.1) 82 (1.1) 8.5(1.0) 7.5(1.3) 8.9(0.9)
CCip 0.996 (0.550) 0.993 (0.525) 0.996 (0.661) 0.995 (0.675) 0.997 (0.509)
Completeness (%) 99.9 (99.8) 99.9 (99.9) 99.8 (99.6) 100.0 (100.0) 100.0 (100.0)
Multiplicity 7.3 (7.6) 7.4 (7.5) 7.3 (7.6) 7.0 (5.9) 7.4(7.3)
Refinement
Ryork / Riree 0.20/0.24 0.21/0.25 0.20/0.25 0.22/0.25 0.19/0.22
No. atoms 6650 6271 6520 6887 6863
Wilson B factor 30.55 28.62 33.92 18.68 25.50
R.m.s. deviations

Bond lengths (A) 0.008 0.009 0.009 0.008 0.008

Bond angles (°) 0.895 1.161 1.010 0.939 1.167
Ramachandran statistics

Favored (%) 97.0 97.3 97.3 97.2 97.6

Allowed (%) 3.0 2.7 2.7 2.8 2.4

Outliers (%) 0 0 0 0 0
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Figure 79 Azetidinopyrimidines series structures with solved X-ray crystal structures. Structures are sorted by

structural similarity and colored by different conformations. Structures in black adopt an S-shape, structures in

red adopt a C-shape and structures in half black and half red adopt both conformations.

Figure 80 Two different binding conformations among azetidinopyrimidines series. (A) Over view of binding

modes of all eleven structures; (B) Superimposed structures in an S-shape; (C) Superimposed structures in a C-

shape.

Surprisingly, the eleven compounds with similar structures (Figure 79) adopt two different

conformations in the binding pocket of the Hs NMT 1 protein (Figure 80A). One conformation

is in an S-shape where the pyrimidine ring bends in the same direction of the aromatic

substitutes on the amide and the hydrophilic end of the ligand bends back to interact with the
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C-terminal GIn496 (Figure 80B). The other conformation is in a C-shape where the pyrimidine
ring bends in the opposite direction of the aromatic substitutes on the amide and the hydrophilic

end points straight to interact with the C-terminal GIn496 (Figure 80C).

One observation is that all compounds adopting a C-shape (Structures in red in Figure 79) do
not have a big substitution on the 5- and 6-positions of the pyrimidine. According to the X-ray
crystal structures of the compounds in the C-shape, the 5-substitution on the pyrimidine is
pointing towards the protein backbone (Figure 80C). A bigger 5-substitution can cause steric
hindrance pushing the compound into an S-shape. In the eleven structures solved, all the
compounds with a 5-substitution group bigger than one atom adopt the S-shape. Especially for
IMP-0000366, it differs from IMP-0000974 only in the 5-substition but adopts the S-shape
(Structures in black in Figure 79). However, this does not mean that the C-shape is at a lower
energy state than the S-shape. Compounds in both conformations can reach single-digit
nanomolar activity against human NMT1, for example, IMP-0001169 has an ICso of 7.9 nM

and IMP-0000974 has an [Cso of 4.7 nM.

Another observation is that compounds with a single aromatic ring on the amide mostly adopt
the S-shape and compounds with a bicyclic aromatic ring on the amide mostly adopt the C-
shape. However, IMP-0000366 with a diazepane and IMP-0001169 with a imidazo[1,2-
a]pyridine appeared in an S-shape in the binding pocket. For IMP-0000366, this can be
explained by the steric hindrance discussed in the previous paragraph. However, for IMP-
0001169 which is very similar in structure to IMP-0001171 and IMP-0001210, it is strange

that it adopts a different conformation.
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Figure 81 The two conformations of IMP-0000180 in chain A of the human NMT 1 protein. Images were

generated by Coot with 2F,-F. map contoured at 1.0 ¢ and F,-F. map contoured at 3.0 .

The two conformations are also found in the crystal structure of the same compound. IMP-
0000180 and IMP-0000974 both appear in two conformations in the binding pocket. IMP-
0000180, for example, was fitted in a C-shape initially into the electron density. However, after
refinement, red blocks of the Fo-Fc map appeared around the pyrimidine and green blocks of
the Fo-Fc map appeared on the other side suggesting an S-shape conformation co-existing in
the structure (Figure 81). When fitted with both conformations (50% occupation each), the Fo-
F. map appeared more agreeable after refinement (Figure 81). The constant red block on the
Tyr296 showed the flexibility of the residue, which is likely due to its different positions

corresponding to each ligand conformation.

Among all the compounds with a one-atom 5-substitution on the pyrimidine, IMP-0000180

and IMP-0000974 are the two structures with the highest resolutions. It is likely that all these
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compounds adopt both conformations at various percentage occupations, but only the
structures with the best resolutions show the two conformations clearly enough to be observed.
Higher quality structures of other compounds in this series will be needed to confirm this

hypothesis.

3.3.2 Structure-activity relationship analysis

Compounds of the azetidinopyrimidines series are arranged into groups of three according to

their structural similarities and their SARs are explored.
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IMP-0001171 IMP-0001210 IMP-0001232
HsNMT1 IC50 = 433.3 nM HsNMT1 IC5¢ = 33 nM HsNMT1 IC50 = 19 nM
2.30A 2.04A 1.80A

Figure 82 Structures and activities of IMP-0001171, IMP-0001210 and IMP-0001232.
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Figure 83 Binding modes of IMP-0001171, IMP-0001210 and IMP-0001232 highlighting the interactions with
Ser405. The ligand binding modes were analysed using PyMOL?. IMP-0001171 is shown in beige, IMP-
0001210 in hot pink and IMP-0001232 in light blue. The hydrogen bonds with Ser405 are shown in yellow
dashes with their lengths labelled in black.

IMP-0001171, IMP-0001210 and IMP-0001232 all adopt the C-shape (Figure 83). All the
secondary amines reach a similar position to interact with the C-terminus. Due to its longer
length, IMP-0001210 has a curvier conformation. IMP-0001232 has a 5-chlorine on the
pyrimidine, which is slightly longer and bigger than the 5-fluorine on IMP-0001171 and IMP-
0001210. However, the structural difference having the biggest impact on activities should be
the two methyl groups on the carbon linker between the amide and the imidazo[1,2-a]pyridine.
Without them, the imidazo[1,2-a]pyridine on IMP-0001171 is more flexible and shift away
from the Ser409, making a weak 4.0 A hydrogen bond compared to 2.9 A of IMP-0001210
and 2.7 A of IMP-0001232 (Figure 83). The hydrogen binding with Ser409 is one of the two
important interactions among all series against NMTs% 737678 111162 A wyeaker hydrogen bond
costs IMP-0001171 thirteen-fold and twenty-three-fold potency loss compared to IMP-

0001210 and IMP-0001232, respectively.
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Figure 84 Structures and activities of IMP-0000927, IMP-0000899 and IMP-0000898.

e

Figure 85 Binding modes of IMP-0000927, IMP-0000899 and IMP-0000898 highlighting the interaction with
Ser405. The ligand binding modes were analysed using PyMOL?. IMP-0000927 is shown in green, IMP-
0000899 in pink and IMP-0000898 in blue. Hydrogen bonds with Ser405 are shown in yellow dashes with their
lengths labelled in black.

IMP-0000927, IMP-0000899 and IMP-0000898 all adopt the S-shape due to their bulky

thieno[3,2-d]pyrimidine. Their only difference is the substitutions on the amide.

Although the X-ray crystal structures show similar lengths of the interactions between the
secondary amines and Ser405, IMP-0000927 with one methyl group on the one carbon linker
between the amide and the pyridine showed five-fold better potency than its analogue, IMP-

0000899, with no methyl substitution on the same position. Because of the identical structure
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and binding mode in the rest of the structures, the potency difference could be a result from the
different flexibility level of the pyridine. The more flexible the compound is, the more
configurational entropy is lost when it binds to the protein, resulting in higher penalty in
binding affinity'®>. IMP-0000927 with one methyl substitution is less flexible than IMP-

0000899 with no substitution, thus showing a better potency.

However, IMP-0000898 with a 1,3,5-trimethyl-1H-pyrazole and no substitution on the one
carbon linker does not seem to pay a higher penalty, showing similar potency as IMP-0000927.
This may be due to the conformational restriction from the three methyl groups on the pyrazole,
which reduces its flexibility. In addition, the potential steric hindrance of the N-methyl group
with the protein backbone forces the compound to adopt a conformation where the NH group

has a more approachable angle towards Ser409 to form the important hydrogen bond (Figure

85).
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Figure 86 Structures and activities of IMP-0001227, IMP-0000180 and IMP-0001096.
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Figure 87 Binding modes of IMP-0001227, IMP-0000180 and IMP-0001096. The ligand binding modes were
analysed using PyMOL?. IMP-0001227 is shown in purple, IMP-0000180 in green and IMP-0001096 in blue.

IMP-0001227, IMP-0000180 and IMP-0001096 all have a 1,3,5-trimethyl-1H-pyrazole and a
5-chlorine pyrimidine substitution. According to pKa analysis (default setting) of Marvin
Sketch!?!, at the human blood pH 7.4, 99.23% of IMP-0001227, 86.34% of IMP-0000180 and
86.35% of IMP-0001096 have a protonated 4N on the diazepane. Therefore, they all form ionic
bindings with the C-terminus, which is stronger than hydrogen bonds and non-directional.
IMP-0001227 and IMP-0000180 adopt identical conformations. According to the percentage
protonation, IMP-0001227 should have a stronger ionic bond than IMP-0000180. With a N-
methyl diazepane having a pKa of 8.2, IMP-0000180 has an cLogD of 0.58'2!. With an
unsubstituted diazepane having a pKa of 9.51, IMP-0001227 has an cLogD of -0.91'%!. The
four-fold potency decrease of IMP-0001227 could result from less non-specific binding due to
a lower cLogD. The conformation comparison between IMP-0000180 and IMP-0001096 are

discussed in detail in section 2.2.
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Figure 88 Structures and activities of IMP-0000366, IMP-0000974 and IMP-0001169.

B

Figure 89 Binding modes of IMP-0000366, IMP-0000974 and IMP-0001169. The ligand binding modes were
analysed using PyMOLZ, IMP-0000366 is shown in yellow, IMP-0001169 in pink, IMP-0000974 in S-shape
in green and IMP-0000974 in C-shape in blue. Hydrogen bonds with Ser405 are shown in yellow dashes with
their lengths labelled in black. (A) Superimposed structures in S-shape; (B) Comparison of the IMP-0000974 in
C-shape and IMP-0000366.

IMP-0000366, IMP-0000974 and IMP-0001169 have comparable potencies. All of them have
a bicyclic aromatic ring and one methyl substitution on the hydrophobic end of the ligands.
When superimposing IMP-0000974 in S-shape with IMP-0000366 and IMP-0001169, they
share similar conformations (Figure 89A). Although IMP-0001169 has a different
imidazo[1,2-a]pyridine on the hydrophobic end, it forms a hydrogen bond at similar length to

Ser409. The hydrophilic ends all reach to the C-terminus. According to pKa analysis (default
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setting) of Marvin Sketch!?!, at the human blood pH 7.4, 87.16% of IMP-0000366, 86.43% of
IMP-0000974 and 99.22% of IMP-0001169 have a protonated 4N on the diazepane. Therefore,

the hydrophilic ends form ionic bindings with the C-terminus.

IMP-0000366 and IMP-0000974 only differ in the 5-substitution on the pyrimidine. As
discussed in previous paragraphs, IMP-0000974 appears in both conformations, but IMP-
0000366 only adopts the S-shape. Figure 89B shows the structure of IMP-0000974 in C-shape
superimposed with IMP-0000366. The 5-chlorine of IMP-0000974 is pointing towards the
protein backbone, where the bigger methoxy group of IMP-0000366 could cause steric
hindrance. The four-fold potency difference could be a result from IMP-0000974’s alternative

conformation to bind, facilitating the compound to pose for binding.

3.3.3 Conclusion and outlook

Nine X-ray crystal structures of azetidinopyrimidines series were solved and analysed together

with another two from the same series to explore the binding modes.

Azetidinopyrimidines series have two binding conformations: seven out of eleven structures
were found in the S-shape, three out of eleven structures were found in the C-shape, and the
other two were found in both shapes. All compounds with a big 5-substitution on the
pyrimidine adopt the S-shape. The crystal structures also provide evidences of limited space
for the 5-substitution group in the C-shape. Therefore, it is likely that compounds with big 5-
substitutions on the pyrimidine can only adopt the S-shape. For compounds with a one-atom
5-substitution on the pyrimidine, the hypothesis is that they adopt both conformations at

various percentage occupancies but only the structures with high resolutions clearly show both.

The hydrophobic end and the hydrophilic end of the ligand form two important interactions,

which largely determine the potency. The hydrogen bonding between the hydrophobic end of
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the ligand and the protein residue Ser405 is very sensitive to ligand conformation. One or two
methyl substitutions on the one-carbon linker between the aromatic end and the amide can
stabilize the ligand conformation and facilitate the formation of a strong interaction with
Ser405. The three methyl substitutions on the pyrazole may have a similar conformational
stabilization effect to keep good potencies without the methyl substitutions on the one carbon
linker. The hydrophilic end of the ligand is highly protonated thus forming ionic bonds with
the C-terminus. Because of the strong and non-directional nature of ionic bonding, the

hydrophilic end is more tolerant with ligand conformations and structural modifications.
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4  Conclusion and perspectives

N-myristoylation is the irreversible transfer of a myristate to the N-terminal glycine of protein

substrates.

Based on established methods of NMT protein production and crystallography, twenty
structures in two structure series of ternary complexes of Hs NMT1 bound with the ligand and
Myr-CoA were solved with some adjustments. The binding mode insights revealed can
facilitate the future drug discovery of NMT inhibitors, either to develop human NMT inhibitors

or to avoid human NMT inhibition.

The high protein homology across NMTs from human, worm and parasite indicate the
difficulty of achieving selective inhibition of specific NMT, but enabled the efficient target
repurposing approach to explore NMT inhibitors of one organism from the existing inhibitors
of other NMTs. A small-scale screen on eight parasite NMT inhibitors described here,

identified several good nematode NMT inhibitors.

Guided by crystal structure insights, ten inhibitors with a new linker were synthesized based
on a series of Plasmodium NMT inhibitors. The retention of the enzyme and cell activities of
the best inhibitor as well as the maintenance of its binding mode comparing to its old linker
analogue highlight the potential of potency improvement by linker changes. The tagging assay
results prove direct evidence of its target engagement without affecting the overall protein

synthesis in cells.

The CPM assay is a non-radioactive testing method used in many publications to obtain NMT
enzyme activities and was conducted here for all ICso measurements. The abnormal inhibition
curves found during the assay of the dihydrothiazole series were systematically investigated,

providing an investigation protocol for similar problems. Inhibitor-CPM adducts were
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identified and the formation mechanism was proposed, suggesting a limitation of the assay for

testing strong nucleophiles.

With the aid of crystallography to reveal inhibitor binding mode insights, accumulated hit
compounds from various drug discovery studies and high-throughput screens as starting points,
established assay protocols to test inhibitors’ in vitro and in vivo activities and to validate
whether they are acting on target, this is a good time for medicinal chemists to develop human
NMT inhibitors. The findings described here are built upon many previous studies and

hopefully can also facilitate future NMT inhibitor development.

There is no doubt that human NMTs play import roles in many diseases. However, how to
avoid side effects on normal human cells is the major problem faced to use them as drug targets.
Due to the high similarity of the binding pockets between Hs NMT1 and Hs NMT2, it is
unlikely to achieve selectivity at the enzymic level. The different urgencies of the need for N-
myristoylation between normal cells and affected cells, such as cancer cells or virus-infected
cells, creates a therapeutic window of several days without affecting the normal cells. It may
suggest that NMT inhibitors could be used periodically in combination with other drugs, such
as in a sequential chemotherapy program. Accurate drug delivery systems and suitable inhibitor
pharmacokinetics can limit the inhibitor’s in-body distribution and minimize its impact on

normal cells.
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5 Methods

5.1 Chemistry

5.1.1 General methods

All chemicals were purchased from Sigma-Aldrich Ltd (Gillingham, UK), Apollo Scientific
(Stockport, UK), Acros Organics (Geel, Belgium) and Alfa Aesar (Heysham, UK) and used
without further purification. Moisture sensitive reactions were performed under a nitrogen

atmosphere using dried glassware, anhydrous solvents and standard syringe/septa techniques.

Compounds were purified by the Isolera (Biotage, UK) system using pre-packed SNAP silica
cartridges (Biotage, UK). Elution method started with 1 column volume at x%, then a gradient
from x% to y% for 15 column volumes and finishing with y% for 2 column volumes. Solvents,

x and y will be defined in the characterization section.

Final compounds were purified by reverse phase LC-MS system Waters 2767 equipped with a
photodiode array and an ESI mass spectrometer using an XBridge Prep C18 5 um,
19 x 100 mm OBD column. Unless specified otherwise, all compounds were separated over a
gradient of methanol in water (50-98% over 12 minutes then 98% methanol for 3 minutes),

both containing 0.1% formic acid. The flow rate was 20 mL/min.

The purity of final compounds was verified by the Waters 2767 system using an XBridge Prep
C18 5 um, 4.6 x 100 mm OBD column over a gradient of methanol in water (5-98% over
12 minutes then 98% methanol for 3 minutes), both containing 0.1% formic acid. The flow rate

was 1.2 mL/min.

'H and '*C NMR spectra were recorded at 400 MHz and 101 MHz respectively by Bruker AV

instruments at room temperature unless specified otherwise and were referenced to residual

127



solvent signals. Data are presented as follows: chemical shift in ppm, integration, multiplicity
(br = broad, app = apparent, s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, m =

multiplet) and coupling constants in Hz.

High-resolution mass spectra were obtained from the Mass Spectrometry Service of the

Department of Chemistry, Imperial College London.

5.1.2 Synthesis and characterization of compounds

(+)/(9)-(2-((2,6-dimethylphenyl)amino)-4-methyl-4,5-dihydrooxazol-4-

N /K\OH
|
ﬂ)\o yl)methanol 20F4-O

2-Isocyanato-1,3-dimethylbenzene (0.14 mL, 1.0 mmol) and 2-amino-2-methylpropane-1,3-

diol (120 mg, 1.1 mmol) were added to ethyl acetate (5 mL) and the resulting solution was
stirred at reflux overnight. Then the solvent was removed under reduced pressure. The residue
was re-dissolved in 37% hydrochloric acid (5 mL) and heated under reflux at 95 °C for two
hours. The mixture was cooled to room temperature and basified with 1 M aqueous sodium
hydroxide (5 mL) in an ice bath. The resulting mixture was extracted with diethyl ether (5 mL)
and washed with distilled water (5 mL x 2) followed by brine (5 mL). The organic layer was
concentrated under reduced pressure and purified by column chromatography (2-10% MeOH
in DCM) and LC-MS to give a while solid (14 mg, 6.0%). Ry = 0.5 (DCM/MeOH, 10:1); 'H
NMR (400 MHz, Chloroform-d) 6 8.57 (s, 1H), 7.79 (br, 1H), 7.13 (dd, J = 8.7, 6.0 Hz, 1H),
7.07 (d, J= 8.1 Hz, 2H), 4.64 (d, J = 8.5 Hz, 1H), 4.19 (d, /= 8.3 Hz, 1H), 3.75 (d, J=11.9
Hz, 1H), 3.51 (d, J=11.8 Hz, 1H), 2.27 (s, 6H), 1.44 (s, 3H); LC-MS R (retention time) =

8.31 min; HRMS found 235.1447 (C13H190N202, [M+H]", requires 235.1447).
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(+)/(—)-(2-((2,6-dimethylphenyl)amino)-4-methyl-4,5-dihydrothiazol-

N %\OH
N/”\S 4-yl)methanol 20F4
H

Compound was obtained from Eric Lee and purified by LC-MS to give a while solid. '"H NMR

(400 MHz, Chloroform-d) 8 10.21 — 9.82 (br, 1H), 8.52 (s, 1H), 7.14 — 7.01 (m, 3H), 3.70 (d,
J=11.3 Hz, 1H), 3.56 (d, J = 11.2 Hz, 1H), 3.46 (d, J = 11.2 Hz, 1H), 2.95 (d, J= 11.1 Hz,
1H), 2.24 (s, 6H), 1.45 (s, 3H). 3C NMR (101 MHz, Chloroform-d) & 172.4, 170.4, 137.0,

135.3,128.5,128.3,69.8, 66.3,37.4,22.8,17.9, 17.7.

HO (2-((2.6-dimethylphenyl)amino)-4.5-dihydrothiazole-4.4-
N OH di .
/”\ 1yl)dimethanol 20F4-9
N S
H

Compound was obtained from Eric Lee and purified by LC-MS to give a while solid. 'H NMR

(400 MHz, Chloroform-d) ¢ 8.55 (br, 1H), 8.44 (s, 1H), 7.31 — 7.05 (m, 3H), 3.97 — 3.72 (m,
4H), 3.31 (s, 2H), 2.29 (s, 6H). 3*C NMR (101 MHz, Chloroform-d) & 174.4, 169.4, 135.8,

135.6, 129.2, 128.8, 74.1, 62.8, 33.2, 17.9.

Jg\ OH (+)/(—)-(4-methyl-2-(o-tolylamino)-4.,5-dihvydrothiazol-4-yl)methanol
N
|
”J\S 20F4-12

Compound was obtained from Eric Lee and purified by LC-MS to give a while solid. "H NMR
(400 MHz, Chloroform-d) & 8.59 (s, 1H), 8.24 (br, 1H), 7.30 — 7.12 (m, 4H), 3.72 (d, J=11.4
Hz, 1H), 3.61 (d, J=11.3 Hz, 1H), 3.44 (d, /= 10.8 Hz, 1H), 2.98 (d, /= 10.9 Hz, 1H), 2.30
(s, 3H), 1.46 (s, 3H). *C NMR (101 MHz, Chloroform-d) & 170.6, 169.4, 139.6, 133.5, 131.0,

127.3,126.7, 124.8, 69.3, 66.7, 37.7, 22.8, 17.8.
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HO

OH (2-(o-tolylamino)-4.5-dihydrothiazole-4.4-diyl)dimethanol

S 20F4-13

Iz

Compound was obtained from Eric Lee and purified by LC-MS to give a while solid. '"H NMR
(400 MHz, Chloroform-d) 6 8.50 (br, 1H), 8.47 (s, 1H), 7.38 — 7.15 (m, 4H), 3.88 — 3.79 (m,
4H), 3.32 (s, 2H), 2.32 (s, 3H). '*C NMR (101 MHz, Chloroform-d) & 173.3, 169.8, 136.8,

134.7,131.3, 128.8, 127.0, 126.0, 73.7, 62.8, 33.3, 17.7.

jg\ (+)/(—)-(2-((2,6-dimethylphenyl)amino)-4-ethyl-4.5-dihydrothiazol-
OH

4-yl)methanol 20F4-14

Compound was obtained from Eric Lee and purified by LC-MS to give a while solid."H NMR
(400 MHz, Chloroform-d) 3 8.58 (s, 1H), 8.21 (br, 1H), 7.15 (dd, J= 8.7, 6.3 Hz, 1H), 7.08 (d,
J=7.4Hz, 2H),3.80 (d,J=11.5 Hz, 1H), 3.64 (d,J=11.6 Hz, 1H), 3.43 (d,J=11.1 Hz, 1H),
3.08 (d,J=11.1 Hz, 1H), 2.29 (s, 6H), 1.94 — 1.73 (m, 2H), 1.08 (t, J = 7.5 Hz, 3H). °C NMR

(101 MHz, Chloroform-d) 6 170.5, 137.2, 135.3, 128.5, 128.3,73.2, 65.8, 34.9, 29.0, 17.9, 8.0.

AN Cl  1-(2.5-dichloropyrimidin-4-yl)piperidin-4-ol
Y
_N

Cl
N

OH Piperidin-4-ol (1.5 g, 15 mmol) was stirred with triethylamine (18 mL, 15
mmol) in DMF (5 mL) for 10 min then 2,4,5-trichloropyrimidine (2.1 mL, 15 mmol) was
added. The reaction was stirred overnight at room temperature. Water (10 mL) was then added
to the suspension and extracted with ethyl acetate (10 mL). The organic layer was concentrated

under reduced pressure and purified by column chromatography (20-50% ethyl acetate in
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hexane) to give a light-yellow oil (2.9 g, 78%). Ry = 0.4 (ethyl acetate/hexane, 6 : 4); 'H NMR
(400 MHz, Chloroform-d) 6 8.02 (s, 1H), 4.14 (ddd, /= 13.5, 6.7, 3.9 Hz, 2H), 3.97 (tt, J= 8.1,

4.0 Hz, 1H), 3.45 (ddd, J = 13.1, 9.0, 3.3 Hz, 2H), 2.01 —1.93 (m, 2H), 1.69 — 1.59 (m, 2H).

FN 1-(5-chloro-2-(4-methyl-1.4-diazepan-1-yl)pyrimidin-4-vyl)piperidin-
N N
N

Cl
N

L

OH
1-(2,5-dichloropyrimidin-4-yl)piperidin-4-ol (50 mg, 0.20 mmol) was

added to n-BuOH (2 mL) followed by 1-methyl-1,4-diazepane (0.070 mL, 0.60 mmol). The
suspension was heated by the microwave reactor (Biotage) for 1.5 hours at 200 °C. The
suspension was then diluted with ethyl acetate (5 mL) and extracted with 10M NaOH (5mL).
The organic layer was concentrated under reduced pressure and purified by column
chromatography (0-5% MeOH in DCM) and LC-MS to give a yellow oil (54 mg, 78%). Ry =
0.3 (DCM/MeOH, 10:1); '"H NMR (400 MHz, Chloroform-d) & 7.92 (s, 1H), 4.07 (dt, J=13.5,
4.5 Hz, 2H), 3.96 — 3.88 (m, 1H), 3.88 —3.83 (m, 2H), 3.75 (t, /= 6.4 Hz, 2H), 3.25 - 3.14 (m,
2H), 2.72 — 2.64 (m, 2H), 2.62 — 2.53 (m, 2H), 2.38 (s, 4H), 2.03 — 1.93 (m, 4H), 1.63 (dtd, J

=13.0,9.2, 3.7 Hz, 2H).

F 1-(5-chloro-2-(4-methvyl-1.4-diazepan-1-yl)pyrimidin-4-yl)piperidin-
N—-—

N N
| \\( ! 4-y1 (1,3.5-trimethyl-1H-pyrazol-4-yl)carbamate IMP-0001096
_N

Cl
N

.

O.__N
\([)]/ Ié’N 1-(5-chloro-2-(4-methyl-1,4-diazepan-1-yl)pyrimidin-4-yl)piperidin-
N
\ 4-ol (9.8 mg, 0.030 mmol) and 4-isocyanato-1,3,5-trimethyl-1H-

pyrazole (4.5 mg, 0.030 mmol) in toluene (2 mL) were heated by the microwave reactor for 7
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hours at 170 °C. The resulting suspension was washed with 10 M NaOH, water and brine then
dried under reduced pressure. The resulting mixture was then purified by the LC-MS twice
over a gradient of methanol in water, both containing 0.1% formic acid. The first time with 50—
98% over 12 minutes then 98% methanol for 3 minutes, and the second time with 5-98% over
12 minutes then 98% methanol for 3 minutes to give a light-yellow oil (4.2 mg, 29%). '"H NMR
(400 MHz, Chloroform-d) ¢ 8.44 (s, 1H), 7.95 (s, 1H), 4.98 (tt, J = 8.3, 4.1 Hz, 1H), 4.09 (s,
3H), 4.00 (s, 2H), 3.90 — 3.77 (m, 4H), 3.73 (s, 3H), 3.46 — 3.31 (m, 2H), 3.22 (s, 2H), 3.14 (dd,
J=1.5,3.1 Hz, 2H), 2.75 (s, 3H), 2.44 — 2.29 (m, 2H), 2.18 (s, 3H), 2.17 (s, 3H), 2.10 — 2.04
(m, 2H), 1.89 — 1.76 (m, 2H).!*C NMR (101 MHz, Chloroform-d) § 159.3, 157.3, 71.1, 58.4,
57.3,46.7,46.2, 44.7, 36.4, 34.2, 30.9, 27.4, 11.1, 9.4. LC-MS R¢ = 9.55 min; HRMS found

477.2516 (C22H3aN3O2Cl, [M+H]", requires 477.2493).

FN 1-(5-chloro-2-(4-methyl-1.4-diazepan-1-yl)pyrimidin-4-

N N
| \\( ~ yl)piperidin-4-vy1 (4-fluorophenyl)carbamate IMP-0001125
N

Cl
N

Y,

O\[]/ N \©\ Using 1-(5-chloro-2-(4-methyl-1,4-diazepan-1-yl)pyrimidin-4-

° i yDpiperidin-4-ol (11 mg, 0.035 mmol) and 1-fluoro-4-
isocyanatobenzene (0.0039 mL, 0.035 mmol), the compound was synthesized and purified by
the same method as IMP-0001096 to give a yellow oil (8.3 mg, 65%). '"H NMR (400 MHz,
Chloroform-d) 6 8.48 (s, 1H), 7.96 (s, 1H), 7.48 — 7.31 (m, 2H), 7.10 — 6.97 (m, 2H), 5.03 (tt,
J=17.38,3.7Hz, 1H), 4.14 — 4.01 (m, 2H), 4.01 — 3.88 (m, 2H), 3.83 (t,J = 6.7 Hz, 2H), 3.50 —
3.37 (m, 2H), 3.23 —3.13 (m, 2H), 3.13 - 3.03 (m, 2H), 2.72 (s, 3H), 2.38 — 2.26 (m, 2H), 2.15

—2.01 (m, 2H), 1.83 (dtd, J = 12.6, 8.4, 3.5 Hz, 2H).!3C NMR (101 MHz, Chloroform-d) §
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167.6, 159.0, 157.5, 115.8, 115.6, 70.7, 57.1, 55.7, 45.0, 44.6, 44.4, 42.5, 30.9, 24.3. LC-MS

R¢=11.96 min; HRMS found 463.2030 (C22H20NsO2CIF, [M+H]", requires 463.2025).

F 1-(5-chloro-2-(4-methyl-1.4-diazepan-1-yl)pyrimidin-4-
N———

J/\(\( yl)piperidin-4-vl benzo[d][1,3]dioxol-5-ylcarbamate IMP-
N

0001126

Using 1-(5-chloro-2-(4-methyl-1,4-diazepan-1-yl)pyrimidin-4-
yl)piperidin-4-ol (16 mg, 0.048 mmol) and 5-isocyanatobenzo[d][1,3]dioxole (7.9 mg, 0.048
mmol), the compound was synthesized and purified by the same method as IMP-0001096 to
give a yellow oil (9.5 mg, 41%). 'H NMR (400 MHz, Chloroform-d) § 8.50 (s, 1H), 7.94 (s,
1H), 7.11 (s, 1H), 6.96 — 6.79 (m, 1H), 6.79 — 6.65 (m, 2H), 5.95 (s, 2H), 5.00 (tt, /= 17.9, 4.0
Hz, 1H), 4.14 — 4.00 (m, 2H), 4.00 — 3.87 (m, 2H), 3.82 (t, J = 6.6 Hz, 2H), 3.47 — 3.37 (m,
2H), 3.23 —3.13 (m, 2H), 3.13 — 3.03 (m, 2H), 2.71 (s, 3H), 2.32 (tt, J=9.1, 4.9 Hz, 2H), 2.14
— 1.98 (m, 2H), 1.81 (dtd, J = 12.4, 8.3, 3.5 Hz, 2H). '3*C NMR (101 MHz, Chloroform-d) &
167.9, 160.5, 159.0, 157.4, 148.0, 132.2, 108.1, 106.1, 101.3, 70.5, 57.1, 55.7, 44.9, 44.6, 44 4,
42.4, 309, 24.3. LC-MS R; = 11.64 min; HRMS found 489.2005 (C23H30NsO4Cl, [M+H]",

requires 489.2017).

FN 1-(5-chloro-2-(4-methvyl-1.4-diazepan-1-yl)pyrimidin-4-

\( yD)piperidin-4-yl (1.2.3.4-tetrahydronaphthalen-1-yl)carbamate

IMP-0001127
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Using 1-(5-chloro-2-(4-methyl-1,4-diazepan-1-yl)pyrimidin-4-yl)piperidin-4-ol (25 mg, 0.077
mmol) and I-isocyanato-1,2,3,4-tetrahydronaphthalene (0.012 mL, 0.077 mmol), the
compound was synthesized and purified by the same method as IMP-0001096 to give a yellow
oil (3.4 mg, 8.8%).'H NMR (400 MHz, Chloroform-d) & 8.47 (s, 1H), 7.95 (s, 1H), 7.25 (s,
1H), 6.73 (d, /= 8.8 Hz, 2H), 6.49 (s, 1H), 5.11 —4.94 (m, 1H), 4.08 (s, 2H), 3.93 (s, 2H), 3.83
(t,J=6.7 Hz, 2H), 3.50 — 3.36 (m, 2H), 3.26 — 3.16 (m, 2H), 3.16 — 3.06 (m, 2H), 2.93 (s, 6H),
2.73 (s, 3H), 2.41 — 2.27 (m, 2H), 2.13 — 1.99 (m, 2H), 1.82 (dtd, J = 12.3, 8.3, 3.5 Hz, 2H).
3C NMR (101 MHz, Chloroform-d) § 167.9, 160.5, 159.1, 157.4, 155.4, 137.5, 129.2, 128.6,
127.4, 126.2, 105.8, 70.1, 57.3, 55.9, 49.2, 45.2, 44.8, 44.6, 43.2, 31.0, 30.4, 29.2, 25.0, 19.8.

LC-MS R¢ = 12.53 min; HRMS found 499.2570 (C26H3sN6O2Cl, [M+H]", requires 499.2588).

(\ 1-(5-chloro-2-(4-methyl-1.4-diazepan-1-yl)pyrimidin-4-
N_
T

_N

yD)piperidin-4-yl  (4-(dimethylamino)phenyl)carbamate IMP-

Cl

N 0001128

0] \©\N/
I

yDpiperidin-4-ol (13 mg, 0.040 mmol) and 4-isocyanato-N,N-dimethylaniline (6.3 mg, 0.040

Using  1-(5-chloro-2-(4-methyl-1,4-diazepan-1-yl)pyrimidin-4-

mmol), the compound was synthesized and purified by the same method as IMP-0001096 to
give a yellow oil (11 mg, 62%). '"H NMR (400 MHz, Chloroform-d) & § 8.53 (s, 1H), 8.08 —
8.00 (m, 2H), 7.96 (s, 1H), 7.53 — 7.46 (m, 2H), 7.00 (s, 1H), 5.05 (tt, /= 8.0, 3.9 Hz, 1H), 4.44
—4.31 (m, 2H), 4.12 - 4.01 (m, 2H), 4.01 — 3.89 (m, 2H), 3.83 (t, J = 6.6 Hz, 2H), 3.50 — 3.38
(m, 2H), 3.12 (t, J=4.8 Hz, 2H), 3.08 — 2.99 (m, 2H), 2.69 (s, 3H), 2.38 — 2.27 (m, 2H), 2.15
—2.04 (m, 2H), 1.84 (dtd, J = 12.3, 8.3, 3.5 Hz, 2H), 1.41 (t, J= 7.1 Hz, 3H). *C NMR (101

MHz, Chloroform-d) & 167.4, 159.0, 157.4, 113.4, 106.1, 57.1, 55.6, 44.9, 44.6, 44.3, 42.3,
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41.0, 30.9, 24.2. LC-MS R; = 8.93 min; HRMS found 488.2549 (C4H35N70,Cl, [M+H]",

requires 488.2541).

FN Ethyl 4-((((1-(5-chloro-2-(4-methyl-1.4-diazepan-1-

NN/
T

yD)pyrimidin-4-yl)piperidin-4-yl)oxy)carbonyl)amino)

cl benzoate IMP-0001129

N

s

O\n/ N
o Using 1-(5-chloro-2-(4-methyl-1,4-diazepan-1-yl)pyrimidin-

4-yl)piperidin-4-ol (7.7 mg, 0.020 mmol) and ethyl 4-isocyanatobenzoate (4.5 mg, 0.020
mmol), the compound was synthesized and purified by the same method as IMP-0001096 to
give a yellow oil (8.7 mg, 84%). 'H NMR (400 MHz, Chloroform-d) & 8.45 (s, 1H), 7.95 (s,
1H), 7.64 (s, 1H), 7.37 (s, 1H), 4.99 (tt, J= 7.6, 3.7 Hz, 1H), 4.14 — 4.01 (m, 2H), 3.97 — 3.89
(m, 2H), 3.87 (s, 3H), 3.86 — 3.78 (m, 2H), 3.48 — 3.36 (m, 2H), 3.22 (app t, J = 4.6 Hz, 2H),
3.17-3.08 (m, 2H), 2.74 (s, 3H), 2.40 — 2.27 (m, 2H), 2.13 — 1.98 (m, 2H), 1.80 (dtd, J=12.4,
8.1,3.4 Hz, 2H).1*C NMR (101 MHz, Chloroform-d) § 168.1, 159.0, 157.5, 130.9, 117.6, 71.1,
60.9, 56.0, 45.1, 44.7, 44.6, 42.9, 30.8, 24.7, 14.4. LC-MS R; = 12.56 min; HRMS found

517.2317 (C25H34N6O4Cl, [M+H]", requires 517.2330).

FN 1-(5-chloro-2-(4-methyl-1.4-diazepan-1-yl)pyrimidin-4-yl)piperidin-

N N
| \\( ~ 4-yl (1-methyl-1H-pyrazol-4-yl)carbamate IMP-0001212
N

Cl
N
\ﬂ/ \E\\N Using 1-(5-chloro-2-(4-methyl-1,4-diazepan-1-yl)pyrimidin-4-
0] N

\ yl)piperidin-4-ol (27 mg, 0.082 mmol) and 4-isocyanato-1-methyl-

1H-pyrazole (12 mg, 0.098 mmol), the compound was synthesized and purified by the same
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method as IMP-0001096 to give a yellow oil (10 mg, 28%). 'H NMR (400 MHz, Chloroform-
d) & 8.45 (s, 1H), 7.95 (s, 1H), 7.64 (s, 1H), 7.37 (s, 1H), 4.99 (tt, /= 7.6, 3.7 Hz, 1H), 4.14 —
4.01 (m, 2H), 3.97 — 3.89 (m, 2H), 3.87 (s, 3H), 3.86 —3.78 (m, 2H), 3.48 — 3.36 (m, 2H), 3.28
—3.17 (m, 2H), 3.17 — 3.08 (m, 2H), 2.74 (s, 3H), 2.40 — 2.27 (m, 2H), 2.13 — 1.98 (m, 2H),
1.80 (dtd, J=12.4, 8.1, 3.4 Hz, 2H). 3*C NMR (101 MHz, Chloroform-d) & 167.3, 160.6, 158.9,
157.4, 153.3, 130.3, 121.4, 121.2, 106.2, 70.7, 57.1, 55.6, 44.9, 44.6, 44.3, 42.3, 39.3, 30.9,

24.2. LC-MS R; = 9.75 min; HRMS found 449.2176 (C20H30NgO2Cl, [M+H]", requires

449.2180).
F 1-(5-chloro-2-(4-methyl-1.4-diazepan-1-yl)pyrimidin-4-
N—-—
N N
| \\( ~ yl)piperidin-4-yl (3.5-dimethyl-1-phenyl-1H-pyrazol-4-
N
cl N yl)carbamate IMP-0001459

Using 1-(5-chloro-2-(4-methyl-1,4-diazepan-1-yl)pyrimidin-4-

?H
T
O

dimethyl-1-phenyl-1H-pyrazole (76 mg, 0.36 mmol), the compound was synthesized and

yDpiperidin-4-ol (39 mg, 0.12 mmol) and 4-isocyanato-3,5-

purified by the same method as IMP-0001096 to give a yellow oil (30 mg, 46%). 'H NMR (400
MHz, Chloroform-d) & 8.38 (s, 1H), 7.97 (s, 1H), 7.53 — 7.42 (m, 5H), 7.42 — 7.32 (m, 1H),
5.09-4.93 (m, 1H), 4.19 —4.06 (m, 2H), 4.06 — 3.97 (m, 2H), 3.89 — 3.78 (m, 3H), 3.49 —3.33
(m, 2H), 3.31 — 3.21 (m, 2H), 3.21 — 3.12 (m, 2H), 2.78 (s, 3H), 2.38 (s, 2H), 2.32 — 2.21 (m,
6H), 2.15 — 2.04 (m, 2H), 1.91 — 1.75 (m, 2H). 3C NMR (101 MHz, Chloroform-d)  167.2,
159.0, 157.4, 139.8, 135.7, 129.1, 127.5, 124.6, 77.4, 77.0, 76.7, 57.3, 55.8, 44.9, 44.7, 44.6,
42.4, 309, 243, 11.3, 11.2, 10.7. LC-MS R; = 11.43 min, HRMS found 539.2661

(C27H36N3O:Cl, [M+H]", requires 539.2650).
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ﬁ N~ 1-(5-chloro-2-(4-methylpiperazin-1-yl)pyrimidin-4-yl)piperidin-4-ol

1-(2,5-dichloropyrimidin-4-yl)piperidin-4-ol (740 mg, 3.0 mmol) was

o added to n-BuOH (4 mL) followed by 1-methylpiperazine (1.0 mL,
9.0 mmol). The suspension was heated by the microwave reactor (Biotage) for 1.5 hours at
200 °C. The suspension was diluted with ethyl acetate and extracted with 10M NaOH. The
organic layer was concentrated under reduced pressure and purified by column
chromatography (1-10% MeOH in DCM) and LC-MS to give a yellow oil (420 mg, 45%).
Ry = 0.4 (DCM/MeOH, 10:1); '"H NMR (400 MHz, Chloroform-d) & 8.02 (s, 1H), 4.19 — 4.10
(m, 2H), 3.98 (tt, J = 8.1, 3.9 Hz, 1H), 3.50 — 3.40 (m, 2H), 2.01 — 1.93 (m, 3H), 1.69 — 1.59

(m, 3H).

ﬁ N~ 1-(5-chloro-2-(4-methylpiperazin-1-yl)pyrimidin-4-yl)piperidin-4-yl

NN

JT\;( (1.3.5-trimethyl-1H-pyrazol-4-yl)carbamate IMP-0001460
N
Y

.

0]

H
\([)]/N | ;/N Using 1-(5-chloro-2-(4-methylpiperazin-1-yl)pyrimidin-4-yl)piperidin-

\ 4-0l (46 mg 0.15) and 4-isocyanato-1,3,5-trimethyl-1H-pyrazole (66 mg,
0.45 mmol), the compound was synthesized and purified by the same method as IMP-0001096
to give a yellow oil (13 mg, 21%). 'H NMR (400 MHz, Chloroform-d) & 7.87 (s, 1H), 4.03 (dt,
J=13.4,4.3 Hz, 2H), 3.85 (tt, J= 8.5, 4.0 Hz, 1H), 3.78 — 3.64 (m, 4H), 3.23 — 3.09 (m, 2H),
2.41(t,J=5.1 Hz, 4H), 2.29 (s, 3H), 1.97 — 1.86 (m, 2H), 1.58 (dtd, J=12.9, 9.3, 3.7 Hz, 2H).

3C NMR (101 MHz, Chloroform-d) § 159.2, 157.4, 53.9, 44.8, 44.7, 42.7, 36.3, 30.9, 11.0,
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9.3. LC-MS R; = 10.27 min; HRMS found 463.2332 (C21H32N3O>Cl, [M+H]", requires

463.2337).

I 1-(2-chloro-5-fluoropyrimidin-4-yl)piperidin-4-ol

N C

Y
_N
N

OH Piperidin-4-ol (1.5 g, 15 mmol) was stirred with triethylamine (18 mL, 15 mmol)
in DMF (5 mL) for 10 min then 2,4-dichloro-5-fluoropyrimidine (1 g, 6 mmol) was added. The
reaction was stirred overnight at room temperature. Water was then added dropwise to the
suspension and extracted with ethyl acetate. The organic layer was concentrated under reduced
pressure and purified by column chromatography (30—70% ethyl acetate in hexane) and LC-
MS to give a light-yellow oil (0.95 g, 68.8%). Ry = 0.1 (Ethyl acetate/Hexane, 6 : 4); 'H NMR
(400 MHz, Chloroform-d) § 7.91 (d, 2Jcr= 6.3 Hz, 1H), 4.25 — 4.11 (m, 2H), 4.04 (tt, J= 7.9,

3.9 Hz, 1H), 3.61 — 3.45 (m, 2H), 2.08 — 1.90 (m, 3H), 1.65 (dtd, J= 12.4, 8.3, 3.7 Hz, 2H).

F 1-(5-fluoro-2-(4-methvl-1.4-diazepan-1-yl)pyrimidin-4-yl)piperidin-
N—-—
N N
M
N
N
OH

1-(2-chloro-5-fluoropyrimidin-4-yl)piperidin-4-ol (707 mg, 3.00 mmol)
was added to n-BuOH followed by 1-methyl-1,4-diazepane (1.1 mL, 9.0 mmol). The
suspension was heated in a microwave reactor (Biotage) for 1.5 hours at 200 °C. The
suspension was then diluted with ethyl acetate and extracted with 10M NaOH. The organic
layer was concentrated under reduced pressure and purified by column chromatography (0-5%
MeOH in DCM) and LC-MS to give a yellow oil (81.7 mg, 8.8%). Ry = 0.1 (DCM/MeOH,

10:1); "H NMR (400 MHz, Chloroform-d) & 8.43 (s, 1H), 7.71 (d, >Jcr = 6.7 Hz, 1H), 4.10 (dt,
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J=13.6, 4.5 Hz, 2H), 4.02 — 3.92 (m, 2H), 3.88 (tt, J = 8.4, 4.0 Hz, 1H), 3.74 (t, J = 6.6 Hz,
2H), 3.31 — 3.15 (m, 4H), 3.15 — 3.05 (m, 2H), 2.71 (s, 3H), 2.26 (dt, J = 10.6, 6.5 Hz, 2H),

1.96 — 1.83 (m, 2H), 1.53 (ddt, J = 13.6, 9.3, 4.6 Hz, 2H)..

F 1-(5-fluoro-2-(4-methyl-1.4-diazepan-1-yD)pyrimidin-4-yl)piperidin-4-
N—-—

N N
| \\( ~ yl (1,3.5-trimethyl-1H-pyrazol-4-yl)carbamate IMP-0001461
_N

N
v
0N
\([)]/ I\Z\’N Using 1-(5-fluoro-2-(4-methyl-1,4-diazepan-1-yl)pyrimidin-4-
N\ yl)piperidin-4-ol (29 mg, 0.10 mmol) and 4-isocyanato-1,3,5-trimethyl-
1H-pyrazole (45 mg, 0.30 mmol), the compound was synthesized and purified by the same
method as IMP-0001096 to give a yellow oil (18 mg, 38%). '"H NMR (400 MHz, Chloroform-
d) & 8.46 (s, 1H), 7.82 (d, 2Jc.r = 6.8 Hz, 1H), 4.99 (dt, J = 8.5, 4.3 Hz, 1H), 4.09 — 3.99 (m,
3H), 3.87 — 3.76 (m, 2H), 3.72 (s, 3H), 3.53 — 3.38 (m, 2H), 3.27 — 3.17 (m, 2H), 3.17 — 3.05
(m, 2H), 2.74 (s, 3H), 2.40 — 2.27 (m, 2H), 2.17 (s, 3H), 2.16 (s, 3H), 2.11 — 2.00 (m, 2H), 1.85
— 1.69 (m, 2H). '*C NMR (101 MHz, Chloroform-d) & 167.2, 143.4, 143.2, 57.2, 55.6, 45.1,
442, 42.4, 36.3, 31.0, 24.3, 11.0. LC-MS R; = 7.81 min; HRMS found 461.2782

(C22H34NgO:Cl, [M+H]", requires 461.2789).
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5.2 Biology

5.2.1 General methods

All reagents and solvents were purchased from Sigma-Aldrich, NovaBiochem or VWR and
used without further purification unless stated otherwise. Culture media for cell culture was
obtained from Sigma Aldrich, Gibco (Life technologies) or A&E Scientific (PAA). Ultrapure
water was obtained through filtration with Milli-Q® Millipore water purification system. In-gel
fluorescence was recorded using a Typhoon FLA 9500 Imager (GE Healthcare). Absorbance
in 96-well plates was measured using a SpectraMax M2/M2e Microplate Reader (Molecular

Devices) or an EnVision Xcite Plate Reader (PerkinElmer).

BL-41 was obtained from Gregor Lueg (Francis Crick Institute/Imperial College London).
HeLa was obtained from Dr David Mann’s group (Imperial College London). YnC12 was
synthesized by Dr Yunyun Sun. The capture reagents TAMRA azide was kindly synthesized

and provided by Dr Julia Morales-Sanfrutos. DDD85646 was synthesized by Dr William Heal.

5.2.2 Sequence alignment

Protein sequences were obtained from UniProtKB:

>tr|DOA003|D0OA003_TRYBY Glycyl peptide N-tetradecanoyl transferase OS=Trypanosoma brucei
gambiense (strain MHOM/CI/86/DAL972) GN=TbgDal X16640 PE=3 SV=1
MTDKAFTEHQFWSTQPVRQPGAPDADKVGFIMESSLDAVPAEPYSLPSTFEWWSPDVANPE
DLRGVHELLRDNYVEDSESMFRFNYSEEFLRWALMPPGYHQSWHVGVRLKSNKSVLGFVA
GVPITMRLGTPKMVLEKREHGEDGGEEVINDYLEPQTICEINFLCVHKKLRQRRLGPILIKEVT
RRVNLMNIWHAVYTSGTLLPTPFAKGHYFHRSLNSQKLVDVKFSGIPPHYKRFQNPVAVME
RLYRLPDKTKTRGLRLMEPADVPQVTQLLLKRLASFDVAPVFNEEEVAHYFLPREGVVFSYV
VESPVGPGKDEENAGKTSKGTPTGTKCVTGGCEKVITDFFSFYSLPSTIIGNSNHSLLKVAYV
YYTAATSVSITQLVNDLLIIVKLNGFDVCNVVDIYDNGTYLKELKFSPGDGNLYYYFYNWSY
PSIPANEVGLVMV

>tr|Q4Q5S8|Q40Q5S8_LEIMA Glycyl peptide N-tetradecanoyl transferase OS=Leishmania major
GN=NMT PE=1 SV=1
MSRNPSNSDAAHAFWSTQPVPQTEDETEKIVFAGPMDEPKTVADIPEEPYPIASTFEWWTPN
MEAADDIHAIYELLRDNYVEDDDSMFRFNYSEEFLQWALCPPNYIPDWHVAVRRKADKKLL
AFIAGVPVTLRMGTPKYMKVKAQEKGEGEEAAKYDEPRHICEINFLCVHKQLREKRLAPILIK
EATRRVNRTNVWQAVYTAGVLLPTPYASGQYFHRSLNPEKLVEIRFSGIPAQYQKFQNPMA
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MLKRNYQLPSAPKNSGLREMKPSDVPQVRRILMNYLDSFDVGPVFSDAEISHYLLPRDGVVF
TYVVENDKKVTDFFSFYRIPSTVIGNSNYNLLNAAYVHYYAATSIPLHQLILDLLIVAHSRGFD
VCNMVEILDNRSFVEQLKFGAGDGHLRYYFYNWAYPKIKPSQVALVML

>tr|ASK1A2|A5K1A2 PLAVS Glycyl peptide N-tetradecanoyl transferase OS=Plasmodium vivax
(strain Salvador I) GN=PVX 085815 PE=1 SV=1
MNDDNKEFSGRDIYQLIKNAKDKIKIDYKFWYTQPVPKINDEFNESVNEPFISDNKVEDVRKD
EYKLPPGYSWYVCDVKDEKDRSEIYTLLTDNYVEDDDNIFRFNYSAEFLLWALTSPNYLKT
WHIGVKYDASNKLIGFISAIPTDICIHKRTIKMAEVNFLCVHKTLRSKRLAPVLIKEITRRINLE
NIWQAIYTAGVYLPKPVSDARYYHRSINVKKLIEIGFSSLNSRLTMSRAIKLYRVEDTLNIKN
MRLMKKKDVEGVHKLLGSYLEQFNLYAVFTKEEIAHWFLPIENVIYTY VNEENGKIKDMISF
YSLPSQILGNDKYSTLNAAYSFYNVTTTATFKQLMQDAILLAKRNNFDVFNALEVMQNKSVF
EDLKFGEGDGSLKYYLYNWKCASFAPAHVGIVLL

>sp|QSILWO6|NMT PLAF7 Glycyl peptide N-tetradecanoyl transferase OS=Plasmodium falciparum
(isolate 3D7) GN=PF14 0127 PE=3 SV=1
MNDDKKDFVGRDLYQLIRNAKDKIKIDYKFWYTQPVPKINDEFDENVNEPFISDNKVEDVRK
EEYKLPSGYAWCVCDITKENDRSDIYNLLTDNYVEDDDNVFRFNYSSEFLLWALSSPNY VKN
WHIGVKYESTNKLVGFISAIPIDMCVNKNIKMAEVNFLCVHKSLRSKRLAPVLIKEITRRINLE
SIWQAIYTAGVYLPKPISTARYFHRSINVKKLIEIGFSCLNTRLTMSRAIKLYRIDDTLNIKNLR
LMKKKDIDGLQKLLNEHLKQYNLHAIFSKEDVAHWFTPIDQVIYTYVNEENGEIKDLISFYSL
PSKVLGNNKYNILNAAFSFYNITTTTTFKNLIQDAICLAKRNNFDVFNALEVMDNYSVFQDLK
FGEGDGSLKYYLYNWKCASCHPSKIGIVLL

>sp|P46548NMT_CAEEL Probable glycyl peptide N-tetradecanoyl transferase OS=Caenorhabditis
elegans GN=nmt-1 PE=3 SV=1
MSHGHSHDGAPCGGHHGDDGAGGSRPSVNDVQALVDQLRLAGVDVSNMPNIPTAPRDMDE
ARSKSFQFWSTQPVPQMDETVPADVNCAIEENIALDKVRAEPFSLPAGFRWSNVDLSDEEQL
NELYNLLTRNYVEDDDSMFRFDYSADFLKWALQVPGFRPEWHCGVRADSNNRLLAFIGAVP
QTVRVYDKTVNMVEINFLCVHKNLRSRRVAPVLIREITRRVNVTGIFQAAFTAGIVIPKPVSV
CRYYHRSLNPRKLIDVRFSHLSAKMTMARTIKLYKLPEETATRNLREMKSTDVPQVFKLLTT
SLKQYSLAPVYNSEEELAHALVPKKGVVYSYVAENQNGKITDFVSFYSLPSTVMGHTTHKTI
YAAYLYYYVAGSVTPKQLINDSLILANREKFDVFNALDLMHNEKIFSDLKFGKGDGNLQYY
LYNWKCADMKPSQIGLVLQ

>tr]AOAOHS5SBS7|AOAOHSSBS7 BRUMA Glycyl peptide N-tetradecanoyl transferase OS=Brugia
malayi GN=bma-nmt-1 PE=3 SV=1
MKEPPAGNIKLDDEDEKMMAAGNSKMDQNNDKENDAGDESIQNVTGRNSPTAVIDLKELT
ESTLMKKFEMLTVGGTSAAKHITEAQRHKYLFWDTQPVPKINEMVTENRAIEPPLDISEVREE
PFSLPDPFCWCDIEINSVKELTELYTLLTENY VEDDDNMFRFDYSPEFLLWALKAPGWMKNW
HCGVRAKSNGKLIAFISAIPSVIRVYDKQIKMVEINFLCVHKKLRSKRVAPVLIREITRRVNRE
GIFQAVFTAGVVLPKPIATCRYWHRSLNPKKLIEVKFSHLSRKMTMQRTLKLYKLPDHPRTA
NLVPMKKCHIDGAYGLLQCYLKKFDLSPQFTRADFEHFFMPREDVIYSYVALNEEDSKVSDL
ISFYSLPSSVMHHPQYKSIRAAYSFYNVATSVTLKQLINDALILARNCGFDVFNALDLMDNKE
ILEDLKFGIGDGNLQYYLYNWKCPDIIPEKIGLVLQ

>sp|P30419INMT1 _HUMAN Glycyl peptide N-tetradecanoyl transferase 1 OS=Homo sapiens
GN=NMT1 PE=1 SV=2
MADESETAVKPPAPPLPQMMEGNGNGHEHCSDCENEEDNSYNRGGLSPANDTGAKKKKKK
QKKKKEKGSETDSAQDQPVKMNSLPAERIQEIQKAIELFSVGQGPAKTMEEASKRSYQFWDT
QPVPKLGEVVNTHGPVEPDKDNIRQEPYTLPQGFTWDALDLGDRGVLKELYTLLNENYVED
DDNMFRFDYSPEFLLWALRPPGWLPQWHCGVRVVSSRKLVGFISAIPANIHIYDTEKKMVEI
NFLCVHKKLRSKRVAPVLIREITRRVHLEGIFQAVYTAGVVLPKPVGTCRYWHRSLNPRKLIE
VKFSHLSRNMTMQRTMKLYRLPETPKTAGLRPMETKDIPVVHQLLTRYLKQFHLTPVMSQE
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EVEHWFYPQENIIDTFVVENANGEVTDFLSFYTLPSTIMNHPTHKSLKAAYSFYNVHTQTPLL
DLMSDALVLAKMKGFDVFNALDLMENKTFLEKLKFGIGDGNLQYYLYNWKCPSMGAEKV
GLVLQ

>sp|O60551NMT2_HUMAN Glycyl peptide N-tetradecanoyl transferase 2 OS=Homo sapiens
GN=NMT2 PE=1 SV=1

MAEDSESAASQQSLELDDQDTCGIDGDNEEETEHAKGSPGGYLGAKKKKKKQKRKKEKPNS
GGTKSDSASDSQEIKIQQPSKNPSVPMQKLQDIQRAMELLSACQGPARNIDEAAKHRYQFWD
TQPVPKLDEVITSHGAIEPDKDNVRQEPYSLPQGFMWDTLDLSDAEVLKELYTLLNENYVED
DDNMFRFDYSPEFLLWALRPPGWLLQWHCGVRVSSNKKLVGFISAIPANIRIYDSVKKMVEI
NFLCVHKKLRSKRVAPVLIREITRRVNLEGIFQAVYTAGVVLPKPIATCRYWHRSLNPRKLVE
VKFSHLSRNMTLQRTMKLYRLPDVTKTSGLRPMEPKDIKSVRELINTYLKQFHLAPVMDEEE
VAHWFLPREHIIDTFVVESPNGKLTDFLSFYTLPSTVMHHPAHKSLKAAYSFYNIHTETPLLDL
MSDALILAKSKGFDVFNALDLMENKTFLEKLKFGIGDGNLQYYLYNWRCPGTDSEKVGLVL

Q

>The modified Homo sapiens NMT1 without N-terminus
MGSSHHHHHHSSGLEVLFQGPHMEEASKRSYQFWDTQPVPKLGEVVNTHGPVEPDKDNIRQ
EPYTLPQGFTWDALDLGDRGVLKELYTLLNENYVEDDDNMFRFDYSPEFLLWALRPPGWLP
QWHCGVRVVSSRKLVGFISAIPANIHIYDTEKKMVEINFLCVHKKLRSKRVAPVLIREITRRV
HLEGIFQAVYTAGVVLPKPVGTCRYWHRSLNPRKLIEVKFSHLSRNMTMQRTMKLYRLPETP
KTAGLRPMETKDIPVVHQLLTRYLKQFHLTPVMSQEEVEHWFYPQENIIDTFVVENANGEVT
DFLSFYTLPSTIMNHPTHKSLKAAYSFYNVHTQTPLLDLMSDALVLAKMKGFDVFNALDLM
ENKTFLEKLKFGIGDGNLQYYLYNWKCPSMGAEKVGLVLQ

The protein sequences were aligned by Uniplot!*® and displayed by BoxShade'®*. The
alignment result of the eight NMTs was as follows:

Tb 1 -—-—_
Lm 1 --—_
Pv 1 --—_
Pf 1 -
Ce 1 - MSHGHSHDGAPC-—--——-————————————————————————
Bm 1 mmmmm e MKEPPAG----NIKLDDEDEKMM-AAG-—-———————~— NSKM
Hsl 1 MADESETAVKPPAPPLPQOMMEGNGNGHEHCSD-CENEEDNSYNRGGLSPANDTGAKKKKK
Hs2 1 MAEDSESAASQQSLEL-------- DDQDTCGIDGDNEEET--EHAKGSPGGYLGAKKKKK
Tb 1 -—-—
Lm 1 -—-—_ M
Pv T mmm e MNDENKEFSERP-————— YQLI
Pf 1 - MNDIPKKDEVEREIE —————— YQLI
Ce 13 - GGHHGDDGA--—-- GGSRIZS-VNDJ/QALV|EIOLRLAEVIEN/SNMPNIPTAP
Bm 27 DQN--NDKENDAGDESIQNV----TGRNS|ETAVIDIKELT#STLMKKF2ULT-VGGTSAA
Hsl 60 KQKKKKEKG----SETDS------- AQDQIFVKMNS I PAERIE TQKA T2 FS--VGQGPA
Hs2 51  KQKRKKEKPNSGGTKSDSASDSQEIKIQQIgSKNPS\/PMOKLDIQRAMEILS--ACQGPA
Tb 1 --UTEKAFTEHSYRE SR O PGAPDAIKVGE - - - - IMiS S EAF P A BN S T

Lm 2  SRNPSNSDAAHAINNSINO)AAROTE NETEK - IVFAG EPKT|VAPN PEINMP 'AST

Pv 18 NAKPK TN T DMKENY Y INOI=aVAR ' NIPE EN 2 S — — FIS

Pf 18 NAK KI!IDYKFWYTQPVPK NEEFDIN-- FIS

Ce 56 IMID E AIRSISRIR O FIWRIT O PV P[OMINE NV =N ek CA EENIA EK

Bm 80 H " TENO YFWTQPVPK NIEM T % ———-INRAIIRPPT.D S

Hsl 107 TV E e Y OFWIRTOPVPKEEF Y NT————HGE P K——

Hs2 109 N D‘AE RO DENORAIZIN DIRV| ' TS ————HGA P K—— ROEPYSLPE
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Tb 55

Lm 61

Pv 76

Pf 76

Ce 114

Bm 136

Hsl 161

Hs2 163

Tb 115 GTPKMVLEKREHGEDGGEEVINDMLEPQT CEiSNIROSENeNa O
Lm 121 GTPKYMKVKAQE--KGEGEEAAKMEE PRH | CloiS BN DI 1Y
Pv 136 jae8 [SReF N T D{C - - ———— NFLCVHK@LRSK
Pf 136 |88 (C)REINGS D (C)/——————————————————— = NFLCVHKELRSK
Ce 174 SR RGN RO T AN - ——————————————————————

Bm 196  [eRi NN NRES VIR - - - ————————————————————

Hsl 221 SR [eNRSy NI A NRH - - - ————————————————————

Hs2 223 |8 [Ny gy AN | - — - ————————————————————

Tb 175 EMTRRVN LN g~ vy TiSGINT PRV Pl3

Lm 179

Pv 173

Pf 173

Ce 211

Bm 233

Hsl 258 OAVYTAGVVLPKP

Hs2 260 OAVYTAGVVLPKP

Tb 235

Lm 239

Pv 233

Pf 233

Ce 271

Bm 293

Hsl 318

Hs2 320

Tb 294

Lm 298  SEl (LN GIY /AN - — — — — — ——— ————————————————————

Pv 287 RNy T NVARGR AN - —F - - —— - —— - —— - —— - —————————————

Pf 287  BEEUATIET P ONARGRAYNY - —F - ——————————————————————————

Ce 326  BEALVETKGY M- MYAIR-NQ-—-—————————————————————————

Bm 347  Ejtoiy 1NN DYARY - YA T NEE-——————————————————————————

Hs1 372 ElgviEopnN. Wi M- NA- - —— -~ -

Hs2 I  HVE L PR E i T I8 T [V Vel e St

Tb 354

Lm 329

Pv 318

Pf 318 €NNK YN TN T TN L I@DANE L AKSNNN DV FNALENM DN SIS
Ce CIEI o S T Glsigs< BN~ 2 Y Y BV A€ SM TIgK O L TNDEJL T L ARSI F DV ENAL DL MENHe N
Bm 380 SN

Hsl 404 PS!EMNHPTHK L Fifia
Hs2 406 |ichgilr P A |8 Fifa
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Tb 414

Lm 389
Pv 378
Pf 378
Ce 418
Bm 440
Hs1 464
Hs2 466

5.2.3 Enzyme assay

Inhibitors in 50 mM DMSO stock solutions were dissolved in 10% DMSO/water (v/v) solution
to the target well concentrations by serial dilution. The inhibitor solution (10 pL), Myr-CoA
(25 pL, final concentration 4 uM) and NMT (50 pL) were added to each well of the Greiner
black microplate 96-well plate (Sigma-Aldrich). Inhibitors were not added to the positive
control wells and both the inhibitor and enzyme were absent from the negative control wells.
The reaction was started by adding the peptide/CPM solution (25 pL, final concentration 4 uM
for peptide and 8 uM for CPM). In the endpoint assay, the plates were covered and left to react
for 30 min before adding the quench solution (60 pL, 50 mM acetic acid, 50 mM sodium
acetate, pH 4.8). The fluorescence was read using an EnVision Xcite Plate Reader
(PerkinElmer, excitation at 380 nm and emission at 470 nm). In the continuous assay, the
fluorescence was read at set time intervals without quenching. The readouts were corrected
using positive controls (as 100%) and negative controls (as 0%) in Excel 2017 and fitted by

non-linear regression fitting using Grafit 7 (Erithacus Software Limited).

In the kinetic study, Myr-CoA (35 pL, final concentration 30 uM), NMT (50 pL) and CPM
(10 pL, final concentration 8 pM) were added to each well of the Greiner black microplate 96-
well plate (Sigma-Aldrich). Four peptides in 10 mM DMSO stock solutions were dissolved in
5% DMSO/buffer (v/v) solution to the target well concentrations by serial dilution. The

reaction was started by adding peptide solution (15 pL, final concentration 32 to 0.03125 uM).
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5% DMSO buffer without peptides (15 puL) were added to the negative control wells. The
fluorescence was measured every minute for the initial 45 minutes using an EnVision Xcite
Plate Reader (PerkinElmer, excitation at 380 nm and emission at 470 nm) and the results were
fitted to the linear equation to obtain Vmax and then to the Michaelis Menten equation for Km

by OriginPro.

All ICsos were determined using a CPM assay and are the mean values of at least two

determinations. The assay mechanism is described in section 2.1.2.

The assay buffer mentioned above is a Milli-Q water solution with 20 mM phosphate, 0.5 mM

EDTA, 0.1% (v/v) Triton X-100 and pH 7.9.

The final concentration of NMTs are 300 ng/mL for Hs NMT1, 200 ng/mL for Hs NMT2, 400
ng/mL for Lm NMT, 200 ng/mL for Pv NMT, 300 ng/mL for Ce NMT and 300 ng/mL for Bm

NMT.
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Table 8 List of peptide substrates

Peptide Origin Sequence Synthesized by
S8AA Hs p60-Src 2-9) GSNKSKPK-NH» Emmanuelle Thinon
15AA Hs p60-Src (2-16) GSNKSKPKDASQRRR-NH; Jone Yu
PfAA Pf Arf 216 GLYVSRLFNRLFQKK-NH; Victor Goncalves

CaAA Ca Arf (2-16) GLTISKLFASLLGRR-NH; Tayo Olaleye

8AA was used to determine the ICsos of Hs NMT1 and Hs NMT?2, 15 AA was used to determine
the ICsos of Ld NMT, Pv NMT, Pf NMT, Bm NMT and Ce NMT, and the four peptides were

all used in the kinetic study of nematode NMTs.

5.2.4 Cell culture

Cell culture procedures were carried out aseptically in a class II laminar flow cabinet.

HeLa was grown in DMEM supplemented with 10 % FBS and incubated in a humidified
atmosphere containing 10 % of CO; at 37 °C. It was cultured on 6 cm or 10 cm cell culture
plates (Falcon or Corning). When the cells reached confluency, the culture media was aspirated
off. Cells were washed using PBS and detached using trypsin (0.25 %). When the cells were
seen to be fully detached under a microscope, DMEM was added and the cell suspension was

used for subculture.

BLA41 was grown in RPMI-1640 supplemented with 10 % FBS and incubated in a humidified
atmosphere containing 5 % of CO; at 37 °C. It was cultured in T25 or T75 flasks (Falcon or

Corning). Cells were maintained at a density between 3 x 10° to 2 x 10° cells/mL. To subculture
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and charge medium, the cells were transferred into 50 mL Falcon tubes and centrifuged at 1,000
x g for 5 min at 25 °C. After completion, the old medium was aspirated, and the new medium

was added. Cell density was counted, and the cells were seeded at the desired density.

When not in use, cells were frozen with cell freezing medium (10 % DMSO in FBS) and stored

at 150 °C.

5.2.5 MTS assay

10 mL of HeLa cells in fresh medium (32000 cells/mL) were made after cell counting. 50 uLL
of HeLa cells were added into the inner wells of 96-well plates (wells B-G in columns 2-11).
150 pL medium were added to the outer wells. The plates were incubated for 24 hours before

dosing.

The inhibitor stocks were made in deep-well 96-well plates. 400 uL of medium with 0.2%
DMSO is added to wells 2-7. 598 pL of medium was added to well 1 and mixed with 1.8 pL
of inhibitor stock solution (50 mM in DMSO). Serial dilution was done by transferring 200 pL
of medium from well 1 to well 2 with thorough mixing and repeating this transfer until well 7.
The puromycin control was made by mixing 3 pL. puromycin stock (1.5g/mL in DMSO) with

1497 pL medium.

Two inhibitors were dosed in one 96-well plate pre-seeded with HelLa cells. For the first
inhibitor, 100 uL of the 7 dilutions were added to well B4-B10, C4-C10 and D4-D10. For the
second inhibitor, 100 puL of the 7 dilutions were added to well E4-E10, F4-F10 and G4-G10.
For positive control, 100 puL of 0.2% DMSO/medium was added to well B2-G2 and B11-G11.
For negative control, 100 pL of the puromycin solution was added to well B3-G3 to get a final

concentration of 2 pug/mL. The dosed plates were returned to the incubator.
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After 72 hours, the plates were treated with PMS (phenazine methosulfate) and MTS (3-(4,5-
Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4- sulfophenyl)-2 H-tetrazolium inner
salt) for two hours. The PMS/MTS solution was made by adding 150 uL PMS solution
(0.92 mg/mL in PBS) to 3 mL MTS solution (2 mg/mL in PBS). 20 uL of the PMS/MTS

solution was added to each assay well.

The absorbance of each plate was measured at 490 nm. The average readout of the negative
control was subtracted from each readout and the relative metabolic activity was calculated as
a percentage of the average readout of the positive control. The ECsos were calculated using

Grafit 7.0 (Ethacus Software Ltd, UK).

For BL41 cells, the process was the same except that cells were seeded just before dosing at

6000 cells/mL. The incubation time with the PMS/MTS solution was four fours.

5.2.6 Metabolic tagging assay

Four 10 cm plates of HeLa cells at 80% confluency were split into sixteen 6 cm plates and

incubated for 24 hours.

The inhibitor solutions in medium were made in six 15 mL Falcon tubes at 10, 3.33, 1.11, 0.37,
0.12 and 0 uM with 0.2% DMSO. 4 mL of each inhibitor solution was added into two of the
pre-seeded 6 cm plates (one for YnC12 and one for HPG). 4 mL of 0.2% DMSO in medium
were added to the four control plates. The fourteen plates were incubated for 30 min before
treated with YnC12 or HPG. 1.6 pL of the YnC12 DMSO stock at 50 mM was added into each
plate in the YnC12 group to achieve a final concentration of 20 uM, except for the negative
control plate, in which 1.6 uL DMSO was added. 120 pL of the HPG stock at 200 mM in Milli-

Q water was added into each plate in the HPG group to get the final concentration of 2.4 mM,
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except for the negative control plate, in which 120 pL of Milli-Q water was added. The treated

plates were incubated for another 6 hours.

The culture media was aspirated, and cells were washed with 3 mL of PBS. The plates were
placed on ice and 150 pL of the lysis buffer (PBS 1x, 0.1% SDS, 1% Triton X-100, 1 EDTA-
free Complete protease inhibitor (Roche Diagnostics)) was added to each plate. The cells were
manually lifted by a cell lifter. The lysate was collected in 2 mL Eppendorfs and spun down at
17,000 x g for 10 min at 4 °C. 200 pL of the supernatant of each Eppendorf was transferred

into a new 0.5 mL Eppendorf and stored at -80 °C.

The protein concentration of each sample was determined using the commercially available
Bio-Rad DC Protein Assay Kit. A calibration line was prepared using BSA (bovine serum
albumin) solutions in lysis buffer at 2, 1, 0.5, 0.25 and 0 mg/mL. The absorbance at 750 nm

was measured using the EnVision Xcite Plate Reader (PerkinElmer).

Samples with 50 pg total protein in 47 pL lysis buffer were made for the click labelling. 3 pL
of click reagents contenting TAMRA-capture reagent (0.5 pL of 10 mM stock), CuSOg4 (1 pL
of 50 mM stock), TCEP (1 pL of 50 mM stock) and TBTA (0.5 puL of 10 mM stock), was added
to each sample. The samples were vortexed for 1 hour at room temperature before 2 pLL of

EDTA (100 mM) was added to quench the reaction.

100 pL of MeOH, 25 pL of CHCI; and 50 pL of water were added to each sample. The protein
in the samples was precipitated by vortexing and centrifuging at 17,000 x g for 10 min at room
temperature. The supernatant was carefully removed without touching the protein pellets. The
pellets were washed with 500 uLL of MeOH twice by vortexing and centrifuging at 17,000 x g

for 3 min.
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2% SDS solution was made by mixing 2 mL of sodium dodecyl sulfate (10% in water), 1 mL
phosphate buffered saline and 7 mL of Milli-Q water. 3.8 pL of the 2% SDS was added to each
sample. The samples were vortexed for 10 min at 4 °C before 33.7 uL of PBS was added to
each sample. The sample loading buffer was made by mixing 4 x sample loading buffer
(NuPAGE LDS sample buffer) and B-mercaptoethanol at a 5:1 ratio. The samples were added
with 12.5 uL of the sample loading buffer, heated at 95 °C for 5 min and centrifuged at 1,000

x g for 1 min. The samples were loaded onto Bis-Tris gels made by the recipe in Table 9.

Table 9 Recipe of Bis-Tris gels (for two gels)

Component Resolving gel Stacking gel
Milli-Q water 2.3 mL 2.55mL
1M Bis-Tris (PH 6.7) 3.6 mL 1.8 mL
30% acrylamide/bis-acrylamide 4 mL 0.67 mL
10% APS 100 pL 25 uL
TEMED 4 uL 4 uL

The gels were run for 15 min at 100 V for stacking then 50 min at 160 V. The fluorescence on
the gels were imaged by Typhoon FLA 9500 Imager (GE Healthcare) and the protein loading

was checked by Coomassie.

The intensity of fluorescent bands was analyzed by ImageJ by integrating the area under each

band of interest using the ‘gel analyzer’ function and normalized relative to the positive
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controls with YnC12/HPG but without inhibitors. The in-cell tagging ICsos (TCsos) were

determined using GraphPad Prism 5 by non-linear regression fitting.
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5.3 Crystallography

5.3.1 General methods
Protein purification was performed on AKTA pure (GE healthcare life sciences). Sitting drops
were set up by Mosquito LCP nanolitre crystallisation robot (TTP Labtech). Structural data

was collected at Diamond Light Source.

Polyethylene glycols and plates used in crystallography were purchased from Molecular
Dimensions. Except IMP-0001096, inhibitors used in crystallography study were made by Dr
Andy Bell, Dr Zhiyong Yu or Dr Jennie Hutton (Imperial College London). The plasmid of Hs

NMT1 was a kind gift from Dr James Brannigan (University of York).

The structure of DDD85646, IMP-0000917, IMP-0001031 and IMP-0000899 was solved by

Dr James Brannigan. The structure of IMP-0001088 was solved by Dr Inma Perez Dorado®’.

All 3D images of protein structures and ligand binding modes were analysed and generated by

PyMOL v2.0%,

5.3.2 Transformation

The plasmid of Hs NMT1 is a kind gift from Dr James A. Brannigan, University of York and

its preparation is detailed in previous publication!'®.

10 uL of Rosetta™(DE3) pLysS Competent Cells (Novagen) was mixed with 1 uL of plasmid
of Hs NMTT in a clean and autoclaved 1.5 mL Eppendorf. The Eppendorf was kept on ice for
5 min, transferred to a heating block at 42 °C for 45 seconds, then moved back onto ice for
another 5 min. 90 puL of SOC media was added and the Eppendorf was stuck onto a shaker to
mix at 37 °C for one hour. The suspension was then spread evenly on a LB-agar plate

supplemented with kanamycin at 50 ug/mL and incubated at 37 °C overnight. A negative
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control plate was treated the same way using cell suspensions without transformation of the

plasmid.

5.3.3 Expression

In 50 mL sterile Falcon tubes, colonies picked from the plate were added into 5 mL of
Lysogeny broth (LB) media, prepared by adding 10 g tryptone, 5 g yeast extract, 5 g NaCl in
1 litre of double-distilled H,O, with kanamycin at 50 ug/mL. The culture was kept growing
overnight at 37 °C with shaking. On the next day, 20 mL of fresh LB media with 50 ug/mL
kanamycin was added to the overnight culture. The culture was left to grow for another one
hour at 37 °C while pre-warming 500 mL of the autoinduction media (FORMEDIUM). After
pre-warming, 50 pg/mL kanamycin and the starter culture were added into the autoinduction
media. The larger culture was incubated at 37 °C for 6 hours and then 20 °C for 20 hours. The
final culture was divided into two centrifuge bottles and centrifuged at 4000 rpm for 15 min.
Pellets were re-suspended in the lysis buffer and used for purification. If purification was not

directly followed, the pellets was frozen without lysis buffer at -20 °C for later use.

5.3.4 Purification
Table 10 Buffers for protein purification
20 mM Tris-HCI pH 7.5, 500 mM NaCl, 10 mM imidazole, 10 mM MgCl,,

Lysis buffer 1 mM MnCl,, supplemented with protease inhibitors, bovine pancreatic
DNase I and 0.1% (v/v) Triton X-100.

IMAC washing buffer 20 mM Tris-HCI pH 7.5, 500 mM NaCl, 10 mM imidazole.
IMAC elution buffer 20 mM Tris-HCI pH 7.5, 500 mM NaCl, 500 mM imidazole.
IEX buffer A 20 mM Tris-HCI pH 8.9, 25 mM NaCl, 1 mM DTT.
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IEX buffer B 20 mM Tris-HCI pH 8.9, 500 mM NaCl, | mM DTT.

20 mM Tris-HCI pH 8.5, 250 mM NaCl, 2 mM DTT, 2 mM EGTA, 2 mM

Gel filtration buffer EDTA.

Crystallization buffer 20 mM Tris-HCI pH 7.5, 100 mM NaCl, 1 mM DTT.

Cells pellets were thawed (if frozen) and resuspended in the lysis buffer (100 mL per 1 L of
cell culture). The suspension was sonicated at full power and 50% time on/off for 20 min in an
ice/water bath. The resulting mixture was centrifuged at 17000 rpm for 15 min. The
supernatant was loaded directly onto an IMAC (immobilized metal-affinity chromatography)
column (1 mL HisTrap FF Crude, GE Healthcare) and eluted in a linear gradient of 10-500 mM
imidazole. Fractions were collected and checked by SDS-PAGE gel. Fractions containing
NMT were pooled together and dialyzed into IEX buffer A overnight in the cold room. On the
next day, the sample was centrifuged at 10K rpm for 10 min. The supernatant was loaded onto
an ion-exchange (IEX) column (1mL HiTrap Q HP, GE Healthcare) previously washed and
equilibrated in IEX buffer A using AKTA pure (GE Healthcare). The column was then eluted
in a linear gradient of 0-100% buffer B (25-500 mM NacCl). The protein sample from the ion-
exchange column was dialyzed into the washing IMAC buffer and digested by HRV 3C
protease (0.1 ug/mL) overnight in the cold room. Then the mixture was passed through the
IMAC column again to remove protease, His-tag and undigested Hs NMT 1. The protein sample
was concentrated to 2 mL and passed through a size-exclusion column (Superdex 75, 16/60,
GE Healthcare) with the gel filtration buffer. Fractions containing Hs NMT1 was pooled

together and stored at -20 °C with 50% glycerol.
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5.3.5 Crystallization

Protein was dialyzed into the crystallization buffer and concentrated to 7.2 mg/mL. 4-8% of

10% HCl or 1 M NaOH was used to adjust the pH of ligands to between 5 and 8.

Table 11 The two PEG conditions

NO. Reservoir condition
1 16-26% w/v mPEG 2K, 0.1M NaCit PH 4.5, 0.2M KBr, 5% v/v glycerol
2 17-27% w/v PEG 4K, 0.1M NaCit PH 4.5, 5mM NiCl2, 2.5% v/v glycerol

The two PEG conditions (Table 11) were tested on ligands in parallel in 96-well 2-drop MRC
Crystallization Plates by Mosquito LCP. On each plate, 12 different reservoir conditions (6 of
each PEG) were tested on 8 ligands. In each well, 0.15 pL of the complex solution containing
7.2 mg/mL Hs NMT1, 0.3 mM Myr-CoA and 0.5-5 mM ligand was mixed with 0.15 pL of
reservoir solution. The reservoir was filled with 80 puL of reservoir solution. The plates were
stored at 20 °C and inspected every day. Conditions in which crystals grew were repeated in
48-well MRC Maxi Optimization plates using 0.5 pL of both complex solution and reservoir
solution in the drop and 80 pL in reservoir to achieve better crystals. Crystals for data collection
were fished out from the drops where they grew, transferred into the cryo-protectant for 2
seconds and frozen in liquid nitrogen. Cryo-protection solutions were made by adding the same
concentration of ligands and 20-35 % of glycerol to the corresponding reservoir solutions. The

reservoir conditions of all solved ligands are show in Table 12.
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Ligand

IMP-0001029

IMP-0001114

IMP-0001117

IMP-0001161

IMP-0001180

IMP-0001222

IMP-0001223

IMP-0001242

IMP-0001320

IMP-0001336

IMP-0001343

IMP-0000180

IMP-0000899

IMP-0000927

Table 12 Reservoir conditions of all ligands

Reservoir condition

30% w/v mPEG 2K, 0.1 M NaCit pH 4.5, 0.2 M KBr, 5% v/v glycerol

24% w/v PEG 4K, 0.1 M NaCit pH 4.5, 5 mM NiCl,, 2.5% v/v glycerol

26% w/v PEG 4K, 0.1 M NaCit pH 4.5, 5 mM NiCl,, 2.5% v/v glycerol

26% w/v PEG 4K, 0.1 M NaCit pH 4.5, 5 mM NiCl,, 2.5% v/v glycerol

16% w/v PEG 4K, 0.1 M NaCit pH 4.5, 5 mM NiCl,, 2.5% v/v glycerol

18% w/v PEG 4K, 0.1 M NaCit pH 4.5, 5 mM NiCl,, 2.5% v/v glycerol

29% w/v mPEG 2K, 0.1 M NaCit pH 4.5, 0.2 M KBr, 5% v/v glycerol

14% w/v PEG 4K, 0.1 M NaCit pH 4.5, 5 mM NiCl,, 2.5% v/v glycerol

27% w/v mPEG 2K, 0.1 M NaCit pH 4.5, 0.2 M KBr, 5% v/v glycerol

22% w/v PEG 4K, 0.1 M NaCit pH 4.5, 5 mM NiCl,, 2.5% v/v glycerol

22% w/v PEG 4K, 0.1 M NaCit pH 4.5, 5 mM NiCl,, 2.5% v/v glycerol

12% w/v PEG 4K, 0.1 M NaCit pH 4.5, 5 mM NiCl,, 2.5% v/v glycerol

27% w/v mPEG 2K, 0.1 M NaCit pH 4.5, 0.2 M KBr, 5% v/v glycerol

26% w/v PEG 4K, 0.1 M NaCit pH 4.5, 5 mM NiCl,, 2.5% v/v glycerol

156



IMP-0000974 12% w/v PEG 4K, 0.1 M NaCit pH 4.5, 5 mM NiCl,, 2.5% v/v glycerol

IMP-0001096 Socking crystal in 22% w/v PEG 4K, 0.1 M NaCit pH 4.5, 5 mM NiCl,, 2.5% v/v glycerol

IMP-0001169 20% w/v PEG 4K, 0.1 M NaCit pH 4.5, 5 mM NiCl,, 2.5% v/v glycerol
IMP-0001171 16% w/v PEG 4K, 0.1 M NaCit pH 4.5, 5 mM NiCly, 2.5% v/v glycerol
IMP-0001210 22% w/v PEG 4K, 0.1 M NaCit pH 4.5, 5 mM NiCly, 2.5% v/v glycerol
IMP-0001227 30% w/v mPEG 2K, 0.1 M NaCit pH 4.5, 0.2 M KBr, 5% v/v glycerol
IMP-0001232 27% w/v mPEG 2K, 0.1 M NaCit pH 4.5, 0.2 M KBr, 5% v/v glycerol

5.3.6 Data processing
The X-ray diffraction images collected as described in 3.1.5 was processed in four major steps
by the automated data processing pipelines xia2'*® or autoPROC': spot finding and

autoindexing; parameter refinement; integration; scaling and merging'%*.

First of all, the likely diffraction spots on the image or images need to be located. XDS!*3,
DIALS! or MOSFLM!? were used for this “spot finding” step. Depending on the default

setting of each software, a selected group of images or the entire dataset were used.

After spot finding, indexing was carried out using an automated procedure (hence
“autoindexing”), starting from mapping the spot positions obtained using the Ewald sphere
construction. The 2D image coordinates of the spots were converted to scattering vectors that

correspond to the 3D reciprocal lattice coordinates (Figure 90).

157



Detector
) 4
Ewald ! | Dir—1
sphere Iy d i
1] {l Lo .q - 1‘ ‘JIJ‘
xtal.:_. ’\ . - X }' ‘j-'{r
v Q- lixg !
LA
)2 | -
| ) 7 2 .2
/ T. f r=yD +X dt ) d
Projected ha Il
Vectors < .

Figure 90 Converting 2D coordinates to scattering vectors (images taken from Harry Powell’s slides named

9916,

“Integration and Scaling”!%%). s is the scattering vector, D is the crystal to detector distance, Xq and Y are the

spot coordinates relative to the beam centre on the image.

Each scattering vector obtained was then oriented to reflect the orientation of the crystal by
applying a simple rotation about the origin. There are two methods for indexing. In the real
space method, the reciprocal space scattering vectors are transformed into real space before
searching for a unit cell described by the diffraction pattern. In the reciprocal space methods,
the search for a unit cell is performed directly with the scattering vector. Only after successful

indexing, the results were converted into real space.

Taking MOSFLM'** for example, the scattering vectors calculated from the diffraction spots
are projected on to a set of several thousand vectors covering all directions of the whole
hemisphere of the Ewald sphere. If the scattering vectors are projected along a real space axis
direction, all the projections (the scalar products of the scattering vector and the vectors that
describe the direction of the projection) for spots in the same reciprocal space plane will have
the same length, as will for all those spots in the next plane, etc. These projections will cluster
at lengths which are multiples of lattice spacing. If the scattering vectors are projected along

other directions, the lengths of projections will be random without clustering. MOSFLM!%3
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applies a 1D Fourier transform on the projections calculated, and examines a sample of those
giving the largest non-origin peaks to determine which can be combined to give a real space

unit cell with reasonable axial lengths and interaxial angles!'®6-167,

Whatever program was used for autoindexing, the initial result is a primitive triclinic cell. Via
a set of standard matrix transformations, all programs compare the fit of the initial cell with the
44 characteristic lattices'®®, each corresponds to one of the 14 Bravais lattices. Each program
uses a different penalty function to describe the goodness-of-fit, giving multiple solutions of
the unit cell geometry with different penalty scores. The highest symmetry from the low-
penalty bunch was selected as an initial estimate. However, the true Bravais lattice can only be

determined by analysing the intensities of symmetry-equivalent reflections.

The approximate parameters describing the geometry of the unit cell and the diffractometer
derived from autoindexing were improved by refinement. The most common method,
positional refinement, uses the spot positions on each image and optimizes the fit of the

observed to calculated spot coordinates on the image (Figure 91).
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Figure 91 Positional refinement (images taken from Judit E Debreczeni’s slides named “Data processing”'%).
Q is the positional residual for least-squares minimisation. mix and ®;y are weights for X; and Y, respectively.
Xeale and Ycate are the calculated spot coordinates and Xobs and Yobs are the observed spot coordinates on the

detector.
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The second approach, post-refinement, analyses the relative intensity of partially recorded
reflections across two or more contiguous images to optimize the distance of the reciprocal

lattice points from the Ewald sphere (Figure 92).
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Figure 92 Post-refinement (images taken from Harry Powell’s slides named “Integration and Scaling”!%). Q, is
the angular residual for least-squares minimisation. ; is the weight for R;. R and Ri°® are the calculated and
observed distances of the reciprocal lattice point d” from the centre of the Ewald sphere. d; is the length of this
d".
Since this approach requires the intensities of the spots, it was carried out during or after the

integration process (hence called “post-refinement”) or substituted by other refinements in

different programs.

After the crystal and instrument parameters have been optimised by refinement, integration
was performed to measure the diffracted intensities. There are two common methods of
integration being used in combination: summation integration and profile fitting. In summation
integration, a reflection mask, the region used for integration that distinguishes the spots from
the background, was determined by different methods in different programs. The pixel values
of all pixels in the peak area of a spot are added together. The background region around the

spot is used to estimate the background level under the spot and subtracted from the spot’s
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apparent intensity. This simple and fast method can be used for most spots except weak,
overloaded or partially overlapping reflections. In profile fitting, the profiles of strong, well-
measured reflections are scaled and used to improve the estimate of the intensity of
neighbouring weak spots on a detector. This method gives a significant benefit in the
measurement of weak reflections on a high background, where the shoulders of the weak spots

are hidden by the background, as well as identifying outliers and overloaded spots.

Although sometimes the true space group is only known when the structure has been
successfully solved and refined, a small number of possible space group can be identified from
the diffraction experiment!!. Space group assignment was carried out once integrated
intensities of all reflections are available. For the reflection file produced by MOSFLM >3,
Pointless'>? was used to determine the Laue group from unmerged intensities. Since there is
only one point group corresponding to each Laue group for chiral space groups, it also gives

the possible space groups by analysing axial systematic absences'®’.

The data obtained from integration are not on a common scale due to various physical reasons,
including changes in incident radiation intensity, the illuminated volume of the crystal,
anisotropic absorption of X-rays by the crystal, radiation damage to the crystal and variations
in the response of the detector'®*. Therefore, Aimless'*®or XSCALE'"! were used to scale the

intensities of equivalent reflections before merging.

Once the observations are on a common scale, the symmetry-related reflections were merged
into unique observations and the individual parts of partially recorded reflections, if not merged
in the integration step, were also merged into compete reflections. These multiple observations
were reduced to a weighted mean intensity and standard deviation, which can be modified by

the level of agreement between multiple observations'’’. Statistics on the agreement between
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multiple observations and data completeness were also calculated at this stage. Finally, the
intensities were converted into structure factor amplitudes (|F]) and the distribution of |F| were

analysed to give information on B-factor, twinning, etc.
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