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ABSTRACT: Malaria continues to be a significant cause of death and
morbidity worldwide, and there is a need for new antimalarial drugs with
novel targets. We have focused as a potential target for drug development
on N-myristoyl transferase (NMT), an enzyme that acylates a wide range
of substrate proteins. The NMT substrates in Plasmodium falciparum
include some proteins that are common to processes in eukaryotes such
as secretory transport and others that are unique to apicomplexan
parasites. Myristoylation facilitates a protein interaction with membranes
that may be strengthened by further lipidation, and the inhibition of
NMT results in incorrect protein localization and the consequent

disruption of function. The diverse roles of NMT substrates mean that

NMT inhibition has a pleiotropic and severe impact on parasite development, growth, and multiplication. To study the mode of
action underlying NMT inhibition, it is important to consider the function of proteins upstream and downstream of NMT. In
this work, we therefore present our current perspective on the different functions of known NMT substrates as well as compare
the inhibition of cotranslational myristoylation to the inhibition of known targets upstream of NMT.

KEYWORDS: N-myristoyl transferase, NMT, acyl transferase, myristoylation, palmitoylation, post-translational modification,
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Malaria is caused by apicomplexan parasites of the genus
Plasmodium, with an estimated 216 million clinical cases
worldwide in 2016 causing around half a million deaths." The
spread of resistance to all front-line drugs (recently reviewed by
Blasco et al.”) as well as the low efficacy of the current vaccine’
increases the need for new drugs with novel modes of action.
Here we describe recent studies to define the substrates of N-
myristoyl transferase (NMT) in the principle human parasite
Plasmodium falciparum and the potential of this enzyme as a
drug target for the treatment of malaria.

N-Myristoyltransferase as a Drug Target in Plasmo-
dium. NMT catalyzes the transfer of the fatty acid myristate
(C14) from myristoyl coenzyme A (myr-CoA) to the @-amino
group of the N-terminal glycine residue of various protein
substrates (Figure 1) forming an amide bond* and is a
promising new drug target for malaria. Protein N-myristoyl-
ation is predominantly a cotranslational process following the
removal of the initiator methionine.* Myristoylation promotes
substrate localization to the membrane and regulates protein
complex assembly and protein stability although the exact role
of myristoylation may be unclear.’

NMT is present in eukaryotes and was first discovered in
Saccharomyces cerevisiae’ In contrast to all metazoa, which
encode two NMT isoforms,” Plasmodium spp. possess a single
NMT enzyme, which was first reported in 2000 by the Holder
laboratory.® NMT has been shown to be essential to the
survival of fungi and protozoa including parasites Leishmania

) . 9-13
major, Trypanosoma brucei, and Trypanosoma cruzi, as
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recently review in Ritzefeld et al."* The enzyme was shown to
be important in signaling pathways during development in
mice'® and C. elegans."® NMT is a cancer drug target, and its
inhibition is thought to lead to the upregulation of proteins
involved in endoplasmic reticulum (ER) stress and the
downregulation of cell cycle proteins.'”

Metabolic Labeling and Tagging via Click Chemistry
to Study Myristoylation. In silico analysis of the P.
falciparum genome for potential NMT substrates indicated
that up to 2% of the 5400 encoded proteins are NMT
substrates.”'® Experimentally, just over 30 substrates have been
identified in the schizont stage of parasite development in
erythrocytes through a chemical proteomic approach using a
myristic acid analogue (YnMyr) to label NMT substrates.” This
metabolic tagging with click chemistry (MTCC) is used to
attach the YnMyr alkyne group to an azide group on a capture
reagent through copper-catalyzed azide/alkyne cycloaddition
(CuAAC)." The capture reagent may contain a biotin moiety,
fluorophore, or both for subsequent purification and protein
identification by mass spectrometry (MS) or in-gel fluorescence
of the labeled NMT substrates. The workflow for quantitative
and comparative chemical proteomics, using a potent and
selective NMT inhibitor (NMTi) as a tool to discriminate
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Figure 1. N-Myristoylation is catalyzed by the acyl transferase, N-myristoyl transferase (NMT), which attaches myristic acid to the N-terminal
glycine of specific protein substrates. The modification is mostly cotranslational following removal of the methionine initiator by methionine
aminopeptidase (MetAP). The reaction catalyzed by NMT follows an ordered Bi—Bi double-displacement mechanism with Myr-CoA binding
inducing a conformational change in NMT to allow substrate engagement. This is followed by the transfer of the myristic acid to the substrate by
nucleophilic substitution. Myristoylation promotes substrate localization to the membrane, protein—protein interactions, and protein stability.
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Figure 2. Synchronized parasite cultures are incubated with YnMyr in the presence of the NMT inhibitor or DMSO carrier during the
developmental stage of interest. Red blood cells (RBCs) containing parasites are lysed, and proteins are extracted. The alkyne handle on YnMyr is
ligated to a multifunctional capture reagent containing biotin and/or TAMRA fluorophore through Cu(I)-catalyzed azide/alkyne cycloaddition
(CuAAC). The fluorophore is used for in-gel visualization of the NMT substrates. The biotin allows NMT substrate enrichment on streptavidin-
coated beads. An additional optional cleavable linker allows the fluorophore and biotin handle to be removed after pull down and enables direct
identification of the site of modification by MS/MS. After on-bead digestion with trypsin, NMT substrate protein peptide fragments are expected to
decrease in samples with increasing NMTi concentration. Peptide fragments resulting from the fragmentation of the reporter ions are submitted to
MS2, generating individual spectra for each peptide.

NMT substrates from non NMT-substrates, is outlined in Table 1. List of NMT Substrates Likely to Be Dual Acylated
Figure 2 and has been reviewed recently."* with at Least One Palmitoylation Site

An additional 28 proteins with N-terminal glycine are
predicted to be myristoylated in the erythrocytic life cycle, of
which 9 belong to the PfEMPI family. Fourteen of these PE3D7_1020900  ADP-ribosylation factor 1 (ARF1)
proteins are synthesized earlier than 35 h postinvasion (h PI), PE3D7_0414900  armadillo domain containing rhoptry protein (ARO)
defined as the duration after first invasion into newly infected PE3D7_0217500  calcium-dependent protein kinase 1 (CDPKI)
red blood cell (RBC), and therefore would not be expected to PESD7_1137300  CLPTMI domal? containing
be identified in the 40—45 h PI time window examined by PF3D7_1222700 ghdeosome«assogated protein 45 ‘(GAP45)
Wright ot al.s PF3D7_1237700 conserved Protem unknown function

Dual Acylation of N-Myristoylated Proteins. Myristoyl- ii;g;ﬁgfﬁggg xg p:zt:z ? 823;
ated proteins may also be S-acylated via thioesterification. By PE3D7 0810300 proteii phophatase (PPMS)
comparing the known menggylated proteins with the P. PF3D7 1310600  Ras-related protein Rab-SB, GTPase (Rab-5b)
falciparum palmitoyl proteome™ that was acquired experimen- PE3D7 0816200
tally, 11 proteins were identified as likely dual acylated with a —
cysteine palmitoylation site either close to the N-terminus

protein ID protein name

vacuolar protein-sorting protein (VPS2)

(most common, e.g, armadillo domain containing rhoptry acylated within the first 20 amino acids, while genome analysis
protein, ARO)*" or at both the N- and C-termini (e.g,, suggests that there are up to 25 proteins that can be both
glideosome-associated protein 45, GAP45)'* (Table 1). myristoylated and palmitoylated at the N-terminus. The Gibbs
Cabrera et al. identified 18 proteins predicted to be dual free energy released by the interaction of the myristoyl group
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Figure 3. Plasmodium falciparum NMT substrates are involved in a variety of essential processes including host cell invasion, parasite gliding motility,
protein trafficking, and protein degradation. The inhibition of NMT leads to the mislocalization and misfunction of these substrates, causing

catastrophic and irreversible failure to continue the life cycle.
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Figure 4. Analysis of known N-myristoylated proteins identified by Wright et al. (a) Putative localization, (b) putative function, and (c) putative
essentiality for the erythrocyte life cycle. Assigned using PlasmoDB, GO Retriever, PlasmoGem, and literature searches. Some substrates received

multiple assignments.

with membrane is thought to be insufficient to tightly anchor
most substrates, creating the necessity for a second
modification of the protein to complement myristoylation,
such as a second acyl group near the N-terminus.* Experimental
data making use of point mutations have shown that this
second signal is necessary.”' ~>* Therefore, palmitic acid (C16)
is added as a reversible post-translational acylation to
strengthen the interaction with the membrane.

NMT Substrates: Where Are They Located, and What
Is Their Function during Parasite Development in the
Erythrocyte? NMT substrates are involved in a diverse range
of biochemical and cellular pathways, including protein
transport, secretion, ion channel regulation, protein homeo-
stasis,” and formation of the inner membrane complex (IMC),
which is a flattened vesicular structure lying just below the
parasite plasma membrane (PPM),”* as well as in parasite
motility and development.”® Their known biological functions
range from hydrolase to kinase and phosphatase activities and
stabilizing the parasite motor complex that drives invasion
(Figure 3). NMT substrates are localized to membranes
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including the PPM but also membranes of organelles such as
the micronemes and rhoptries (Figure 3). In order to
understand the consequences of NMT inhibition and to find
potential drug targets downstream of myristoylation, substrates
identified to date are analyzed below for function, location, and
essentiality.

NMT Substrates and Their Function at the PPM and
IMC. The two most studied NMT substrates in the malaria
parasite are calcium-dependent protein kinase 1 (CDPK1) and
glideosome-associated protein 45 (GAP4S). Both proteins have
been shown to have N-terminal myristoylation and a nearby
cysteine residue that can be modified by S-palmitoylation.**’
CDPKI1 requires N-myristoylation for localization to the
PPM**** (Figure 3), where it facilitates key functions of the
asexual blood stage such as erythrocyte invasion by phosphory-
lating IMC components, including GAP45 and myosin A tail
domain interactin§ protein (MTIP), and Raf kinase inhibitor
protein (RKIP).”*° CDPK1 is likely nonessential in the
asexual blood stage, at least in P. loerghei;z”l_33 however, the
knockdown of CDPKI1 in sexual stages resulted in devel-
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opmental arrest and prevented parasite transmission to
mosquitoes.”” GAP45 is localized to both the PPM and the
IMC (Figure 3),** where it is thought to be involved in
recruiting and stabilizing the actomyosin motor complex, which
drives merozoite invasion.”** Further investigation of GAP45
localization showed that the first 30 N-terminal amino acids of
GAP4S are sufficient to localize a GFP fusion to the PPM,
whereas a truncated GAP4S lacking the N-terminal 30 amino
acids localizes to the IMC thanks to S-palmitoylation at the C-
terminus.”’ This study used GAP45 variants expressed from an
episomal plasmid without deletion of the endogenous gene;
therefore, it did not address the issue of whether myristoylation
of GAP4S is essential for its function and therefore for the
viability of the parasite.

Two additional NMT substrates called IMC subcompart-
ment proteins 1 and 3 (ISP1 and ISP3) have also been shown
to localize at the IMC® (Figure 3). Together with GAP4S they
play important roles in regulating IMC formation by organizing
the apical end of the cell through the establishment of polarity.

NMT Substrates Involved in Transport and Secretory
Organelle Localization. About 20% of the identified N-
myristoylated proteins are involved in transport, making this
the largest functional group (Figure 4). Transport includes the
secretory pathway involved in exporting merozoite surface
proteins including MSP1 to the PPM and soluble proteins to
the parasitophorous vacuole (PV) toward the end of
schizogony. Examples of NMT substrates involved in this
process include ADP-ribosylation factor 1 (ARF1) and two
ADP-ribosylation factorlike (ARL) proteins (PF3D7_0920500
and PF3D7 1034700) (Figure 3). All have putative GTP
hydrolase activity, and ARF1 was found to colocalize with a
Golgi marker®” and is among the most abundant N-myristoyl-
ated proteins identified by Wright et al.” In other organisms,
ARF1 is involved in ER-Golgi vesicular trafficking, recruiting
coat proteins to promote the assembly of a coating complex for
cargo secretion by vesicular budding, and in determining cell
structure by interacting with cytoskeletal factors; these
functions are likely conserved in Plasmodium spp. due to
ARFI’s high homology across species.”® The myristate of
human ARF1 switches between a buried and an exposed state
(the myristoyl switch), allowing ARF1 to associate with and
dissociate from a membrane as part of its function.*

Some NMT substrates involved in transport are localized to
the membrane of a secretory organelle such as the rhoptries or
micronemes. ARO is localized to rhoptries at the apical end of
merozoites”' (Figure 3), and by analogy with its proposed role
in Toxoplasma gondii, it is involved in rhoptry positioning at the
apical end of the cell, where the rhoptries discharge their
contents during host cell invasion.”” An inducible aro gene
knockout in T. gondii caused mislocalization and cytosolic
dispersion of the rhoptries, resulting in severe defects in
invasion but no effect on intracellular growth or egress from the
host cell® A recently characterized protein now named
acylated pleckstrin-homology domain-containing protein
(APH) (PF3D7_0414600) was found to be myristoylated.’
APH is homologous to a protein coded by a gene
(TGME49_249970) found to be essential in a genome-wide
CRISPR screen in Toxoplasma.** Myristoylation and palmit-
oylation of APH are thought to be involved in localizing the
protein to the outer surface of micronemes, where it is involved
in sensing phosphatidic acid (PA), inducing microneme
secretion.
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Other known NMT substrates also have predicted transport
functions, including Golgi reassembly stacking protein 1
(GRASP1), RabSb, a member of the Rab family of GTPases,
vacuolar protein-sorting protein 2 (VPS2) (PF3D7_0816200),
and vacuolar protein sorting-associated protein 46 (VPS46)
(PF3D7_0906100). GRASP1 is highly conserved at the N-
terminus across most species and is involved in maintaining
Golgi integrity and positioning close to the nucleus due to its
myristoylation motif.** The presence of two GRASP splicing
variants has recently been reported, leading to two different
isoforms of which only GRASP1 is myristoylated whereas
GRAPS2 lacks myristoylation and instead contains a hydro-
phobic N-terminal sequence interacting with the Golgi
membrane; its location resembles the distribution of
GRASPI, but its structure may result in a stronger binding to
the membrane.”’ Rab3b is both myristoylated and palmitoyl-
ated** and has been shown to localize to the food vacuole and
PPM.** It colocalizes with AK2, and both may be transported
to the tubulovesicular network, extending from the PVM
through a membrane-trafficking pathway that is still largely
unknown.” In addition to being myristoylated and palmitoyl-
ated, the GTPase RabSb may be prenylated on any of three
internal cysteine residues,* and these lipidations may be
important for its localization to both the food vacuole and the
parasitophorous vacuole.”” Both VPS proteins were identified
as myristoylated® and may play a role in vesicle tetherinsg by
homology with VPS proteins in other organisms.*® In
Plasmodium, vesicular trafficking involving VPS proteins may
also prepare parasites for the host cell invasion process.

NMT Substrates with Hydrolase Activity. In addition to
ARF]1, the two ARF-like proteins, and RabSb, there are two
additional NMT substrates with hydrolase activity, alpha/beta
hydrolases PF3D7 0805000 and Pf3D7 0403800, which have
been identified as NMT substrates.” The 26S proteasome
regulatory subunit 4 (PRT2) (PF3D7_1008400) was also
identified as an NMT substrate through the identification of its
modified N-terminal peptide by mass spectrometry. The
mammalian homologue, PSMCI, is important to the function
of the proteasome in platelet formation and brain develop-
ment,”>" and in P. falciparum, PRT?2 is likely essential on the
basis of the result of the P. berghei gene knockout screen.*” The
proteasome is a known drug target in Plasmodium.>>>*

NMT Substrates and Their Involvement in Signaling
Pathways. NMT substrates with a role in phosphorylation/
dephosphorylation switches in signaling pathways include
calcium-dependent protein kinase 4 (CDPK4) and CDPKI.
CDPKs are absent from animals and have been found only in
plants, ciliates, and apicomplexan parasites. Their exact roles are
not fully understood, but they may regulate intracellular
calcium levels and cell cycle progression through their stage-
specific expression.”> Both CDPK1 and CDPK4 are thought to
be dispensable in the asexual life cycle but essential for sexual
reproduction and mosquito transmission in P. berghei,”* where
CDPK4 plays a role in activating replication in haploid
microgametocytes, assembling the mitotic spindle by phosphor-
ylating microtubule-associated proteins as well as completing
cytokinesis by activating the motility of the male gamete.”” For
most of these functions, myristoylation is thought to be
essential, providing an indication of its importance in sexual
stages. A second smaller isoform of CDPK4 that is not
myristoylated has been identified and is thought to be essential
to complete late gametogenesis, while the longer myristoglated
isoform may initiate the first round of DNA replication.”” The
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myristoylated cAMP-dependent protein kinase A regulatory
subunit (PKAr)*>*® is the regulator of PKA, which is important
in cell invasion during the asexual stages, in gametogenesis, and
in merozoite formation inside hepatocytes, as reviewed in
Waurtz et al.>” PKAr was recently shown to be palmltoylated
and predicted to be myristoylated in Toxoplasma gondii.*’
Because of its importance in many aspects of parasite biology,
PKA represents an attractive drug target,*® although it may be
difficult to obtain selectivity over the host enzyme. Two metal-
dependent protein phosphatases (PPM) called PPMZ and
PPMS have also been identified as NMT substrates.®’ Their
expression profile indicates their presence throughout the life
cycle with elevated levels during schizogony and in activated
gametocytes. Guttery et al. provided evidence for their essential
function during the sexual and sporogonic development of P.
berghei through gene disruption experlments

Two likely NMT substrates, calpain®® and adenylate kinase 2
(AK2),®> were not detected by Wright et al. in schlzonts,
probably due to their early expression in asexual blood stages.’
Calpain has been localized to the nucleolus,® and its successful
knockdown in P. falciparum showed it to be essential to cell
cycle progresswn, with ring stage parasites unable to progress
to the S-phase.’* A nonmyristoylated Gly2 to Ala mutant
(G2A) Calpain-YFP chimera expressed from an episomal
plasmid accumulated in the cell cytoplasm, indicating the
1mp0rtance of N-myristoylation in targeting calpain to the
nucleolus.”” AK2 is expressed primarily in late-stage game-
tocytes and ookinetes and largely absent in asexual blood stage
parasites. However, it was shown to be myristoylated in an
artificial coexpression system of recombinant AK2 with NMT®*
and localized beyond the PPM to the PVM by colocalization
with Expl by immunofluorescence imaging.”> Combining live
fluorescence imaging and biochemical approaches, Thavayo-
garajah and co-workers found AK2 to be located on the outside
of the PPM.*” In AK2, most residues involved in AMP binding
are conserved between the Plasmodium and human homo-
logues.”® Although AK2 was not found to be essential in the
recent P. berghei screen,31 it is an interesting NMT substrate
because its location suggests an alternative secretory pathway in
Plasmodium spp. in which N-terminal myristoylation and
adjacent palmitoylation are involved in translocating proteins
across the PPM.”’

NMT Inhibition by Small Molecules. The knockdown of
NMT activity using pharmacological NMT inhibitors (NMTi)
is an important tool for investigating the phenotypic
consequences of NMT inhibition without the need to generate
a conditional genetic knockout of the essential and con-
stitutively expressed single nmt gene in P. falciparum. In a
tetracycline-induced knockdown of the nmt gene in P. berghei,*®
parasites showed a severely impaired maturation resulting in
abnormal morphology reminiscent of that observed by Wright
et al. following NMTi treatment of P. falciparum parasites.®

When the MTCC approach highlighted in Figure 2 has been
used, several different NMT inhibitors (NMTis) have been
evaluated in parasites to determine their TCs,, the concen-
tration of NMTi at which 50% incorporation of YnMyr occurs,
as visualized by the decrease in ﬂuorescence on an SDS-PAGE
gel or by proteomic readouts,®’” and to correlate it with the
ECs, (ie, parasiticidal activity in vitro). Inhibitors include
previously reported Dundee University T. brucei NMTis,'**
Imperial College P. falciparum NMTis developed from a
benzothiophene scaffold antifungal series®””” and a new series
of NMTis originating from two high-throughput screens
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(HTS) of 150 000 compounds.”" Compounds from each series
were found to inhibit YnMyr incorporation and parasite growth
in a dose-dependent manner, with a good correlation between
the TCy, and ECg, showin the direct engagement of
compounds with NMT in vitro.”* A recent review by Ritzefeld
et al. highlights recent progress in the development of NMT
inhibitors against Plasmodium, Leishmania, and Trypanosoma
parasites. 1

Selective NMT inhibition for 45 h leads to severe pleiotropic
consequences affecting parasite development in the asexual
blood stage, presumably due to the malfunction of multiple
substrates and the downstream effects, resulting in an
irreversible failure of parasites to complete their life cycle.
When myristoylation is inhibited from an early point in the
erythrocyte cycle with an NMTi concentration 4 times greater
than the ECy,, development is blocked at around 36 to 39 h PJ,
arresting the parasite at a stage with 4 to 7 nuclei compared to
control parasites, which should normally contain up to 20
nuclei at 45 h PL> NMTi-treated parasites fail to egress, leading
to a >85% drop in parasitaemia. It has been hypothesized that
these abnormal looking pseudoschizonts with 4 to 7 nuclei are
arrested in development due to a failure to assemble the IMC
during early schizogony, which is in turn due to the loss of
essential IMC components, including NMT substrates such as
GAP4S, ISP1, and ISP3.° The expression of IMC markers (e.g.,
GAP4S, MyoA, MTIP, and ISP3) is greatly reduced in NMTi-
treated parasites, suggesting that parasite development stops
before 38 h of PI, a stage when GAP4S synthesis is normally
complete.”*® Tt is also possible that the defect precedes the
onset of the pseudoschizont phenotype and might be initiated
by an earlier malfunction. Since treatment with a NMTi for 45
h generates a severe phenotype, it is important to ask what
would be the consequence of changing the duration or timing
of the window of treatment. Such experiments may help in
determining how NMT inhibition kills the parasite.

NMTi and Protein Homeostasis: A Convergence of
Pathways. Even if an NMT inhibitor is added immediately
after invasion, there is a lag phase until parasite death is
observed at around 36 to 38 h PL A similar lag phase and
arrested developmental stage are observed following parasite
treatment with protein synthesis inhibitors. It is interesting that
total protein synthesis accelerates at around 18 to 24 h PI"* and
that myristoylation is a cotranslational process, raising the
possibility that NMTi and protein synthesis inhibition
phenotypes may be connected through common essential
downstream factors. However, Wright et al. showed that total
protein synthesis is not directly affected by NMTis, as expected
for a selective inhibitor of NMT, implying that the initial
mechanism is distinct.” Many protein synthesis inhibitors stop
parasite development in the transition from ring to
trophozoite/schizont stage at the point where protein synthesis
starts to increase. For example, Baragafia et al. showed that
translation elongation factor 2 (eEF2) inhibitor DDD107498
prevents trophozoite and schizont development, generating
morphologically abnormal schizonts when treatment is
commenced at the ring stage.”” Images from Giemsa-stained
thin blood smears suggest that parasites arrest before DNA
synthesis starts at around 24 h PI and schizont formation was
prevented, causing a 50% reduction in parasitaemia. It is
possible that NMTi may in some way resemble inhibitors of a
subset of protein synthesis, which would explain a similar
phenotype. The parasite response to nutrient restriction, which
in some ways phenocopies the effect of protein synthesis
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inhibition, is a universal evolutionary adaptation and may drive
the process of differentiation into gametocytes.”* The efficacy
of NMT inhibition in other stages of the life cycle has not been
reported to date, but it will be interesting to see whether NMTi
mimics the same broad spectrum of activity as DDD107498
throughout the life cycle.

In addition to steps of protein translation, other targets
upstream of NMT include aminoacyl-tTNA synthases
(reviewed recently by Khan””). Both a methionyl-tRNA and a
lysyl-tRNA synthetase inhibitor prevent the development of
mature trophozoites and schizonts when treatment is started at
the ring stage.’®”” Methionine aminopeptidase (MetAP)
removes the initiator methionine preceding N-myristoylation
and is a possible upstream target since removal of the
methionine is essential for myristoylation to occur;”® the P.
falciparum genome encodes four MetAP proteins of which
MetAPI1b is a target of inhibitor XC11, which is 100-fold
selective over the other two related PfMetAP1 enzymes. This 2-
(2-pyridinyl)-pyrimidine inhibitor has an ICgy of 112 nM and
also prevents schizont formation when used to treat
synchronized ring-stage parasites.”® The inhibition of NMT
may also lead to an imbalance in favor of other N-terminal
protein modifications (NPMs) such as N-a-acetylation (NAT)
carried out by N-terminal acetyltransferase (NATs)”® or N-
terminal ubiquitination.*® Usually these NPMs occur cotrans-
lationally through ribosome-associated protein biogenesis
factors (RPBs) that interact with the ribosome and show a
degree of competition in their binding.*" For example, there is
already some indication of competition between N-a-
acetylation and N-myristoylation.*”

In addition to the possible imbalance of different NPMs and
protein mislocalization, the downstream consequences of NMT
inhibition may also include protein misfolding, leading to
protein degradation. In several types of cancer cell, NMT
inhibition leads to cell death through apoptosis during the G1
phase, potentially as a result of ER stress.'” It has been
proposed that the inhibition of myristoylation leads to an
accumulation of mislocalized proteins that are degraded by the
proteasome. Furthermore, Plasmodium 26S proteasome regu-
latory subunit 4 (PF3D7_1008400) is itself an NMT substrate,’
and the malfunction of this subunit due to a lack of
myristoylation might reinforce the ER stress response.

B CONCLUSIONS AND FUTURE PERSPECTIVES

Although many Plasmodium NMT substrates likely remain to
be discovered, it is clear that several of those already identified
experimentally play an essential role in the erythrocytic cycle of
the malaria parasite. To determine the mode of action of NMT
inhibition and to study the biology of its substrates, it is
important to examine the function of proteins upstream and
downstream of NMT and the phenotype resulting from their
ablation. Many known antimalarial agents kill the parasite by
inhibiting targets involved directly or indirectly in protein
synthesis, often in the last 24 to 48 h of the erythrocytic cycle.
This timing coincides with that of NMT inhibitors presumably
because myristoylation is a cotranslational process and may
affect a similar spectrum of essential proteins as protein
synthesis inhibitors acting upstream of NMT. Studies to date
have focused largely on asexual blood stages in P. falciparum
and the mouse parasite, P. berghei. Future studies should
address the impact of NMT inhibitors on other clinically
important species such as P. vivax and other stages important
for therapy, including pre-erythrocytic stages in the liver (for
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prophylaxis and targeting dormancy in P. vivax) and sexual
development in the host and vector (for transmission
blocking). There is also a significant scope for exploring
mechanisms of resistance to NMTi, for example, through
induced resistance to one or more of the several NMTi
chemotypes currently available or under development.
Together, these experiments will shed light on the NMTi
mode of action, reveal new parasite biology, and indicate the
next steps for antimalarial NMTi development, for example, by
helping to identify suitable combinations with existing or novel
drugs with complementary modes of action.
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B ABBREVIATIONS

APH  acylated pleckstrin-homology domain containing
protein

ARO  armadillo domain containing rhoptry protein

CDPK  calcium-dependent protein kinase

CuAAC copper-catalyzed azide/alkyne cycloaddition

ER endoplasmic reticulum

GAP4S glideosome-associated protein 45

IMC  inner membrane complex

MS mass spectrometry

MTCC metabolic tagging with click chemistry

NMT  N-myristoyl transferase

NMTi NMT inhibitor

PPM  parasite plasma membrane

PV parasitophorous vacuole.
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SUMMARY

The attachment of myristate to the N-terminal glycine
of certain proteins is largely a co-translational
modification catalyzed by N-myristoyltransferase
(NMT), and involved in protein membrane-localiza-
tion. Pathogen NMT is a validated therapeutic target
in numerous infectious diseases including malaria. In
Plasmodium falciparum, NMT substrates are impor-
tant in essential processes including parasite gliding
motility and host cell invasion. Here, we generated
parasites resistant to a particular NMT inhibitor se-
ries and show that resistance in an in vitro parasite
growth assay is mediated by a single amino acid sub-
stitution in the NMT substrate-binding pocket. The
basis of resistance was validated and analyzed with
a structure-guided approach using crystallography,
in combination with enzyme activity, stability, and
surface plasmon resonance assays, allowing identifi-
cation of another inhibitor series unaffected by this
substitution. We suggest that resistance studies
incorporated early in the drug development process
help selection of drug combinations to impede rapid
evolution of parasite resistance.

INTRODUCTION

Malaria, caused by parasitic protozoa of the genus Plasmodium,
led to an estimated 216 million clinical cases and nearly half a

million deaths in 2016 (World Health Organization, 2017). In hu-
mans, malaria is caused by five species of the genus Plasmo-
dium (Sutherland et al., 2010), of which P. falciparum is the
most important. The escalating incidence of resistance to
front-line drugs including artemisinin-based combination thera-
pies threatens global efforts to control and eliminate malaria
and highlights the urgent need to identify new chemotherapeutic
strategies. In an experimental research setting, selection of drug
resistance can be exploited to identify and validate drug targets,
understand the molecular mechanisms underlying decreased
parasite killing, guide targeted drug discovery efforts, and to
improve inhibitor binding, specificity and selectivity (Ariey
et al., 2014; Cowell et al., 2018; Flannery et al., 2013).

The enzyme NMT, which acylates the N-terminal glycine of
substrate proteins, is a promising target for antimalarial drug
development (Wright et al., 2014). This enzyme is important for
the survival and viability of a wide range of parasites (Plasmo-
dium, Leishmania, and Trypanosoma species) and fungi (Bell
et al., 2012; Brannigan et al., 2010; Fang et al., 2015; Frearson
et al., 2010; Goncalves et al., 2012b; Hutton et al., 2014; Mous-
nier et al., 2018; Olaleye et al., 2014; Rackham et al., 2014;
Schlott et al., 2018; Tate et al., 2013; Wright et al., 2014, 2016;
2015; Yu et al., 2012), which each encode a single nmt gene
(PF3D7_1412800). Using coenzyme A (CoA)-activated lipid,
NMT transfers myristate to the substrate protein, after removal
of the initiator methionine, in a predominantly co-translational
process (Ritzefeld et al., 2017; Schlott et al., 2018). Given the
importance of myristoylation for several vital processes in
P. falciparum (Wright et al., 2014), the development of selective
and potent small-molecule NMT inhibitors (NMTi) could form
the basis of new medicines against malaria. The design of inhib-
itors against both P. falciparum (Pf) and P. vivax (Pv) NMTs has
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Figure 1. Chemical Structures of NMT Inhibitors IMP-1002 and
DDD86646

focused on generating potent compounds selective over the two
human (Hs) NMTs known as HsNMT1 and HsNMT2, targeting
the peptide-binding pocket, and optimizing the pharmacokinetic
profile. Recent developments include exploitation of inhibitor
scaffolds identified in two large high-throughput screens (Bell
et al., 2012; Goncalves et al., 2012b; Mousnier et al., 2018).
These compounds include a quinoline series (Goncalves et al.,
2012b) and four additional series used to address the issue of
selectivity over host NMTs. Unfortunately, several of these
chemical starting points lacked cell-based activity, potentially
because of poor cellular uptake (Bell et al., 2012), as reviewed
by Ritzefeld et al. (2017). A further series was explored against
Leishmania donovani (Ld) NMT as well as PfNMT, showing
improved selectivity over HSNMT1 and HsNMT2 and with prom-
ising activity against liver-stage parasites (Rackham et al., 2014,
2015; Yu et al., 2015).

Here we report discovery of an enzyme variant, PfNMT
[G386E] that gives rise to parasite resistance to NMTi IMP-
1002, and demonstrate its sufficiency for resistance using
CRISPR-Cas9-based genome editing. The effect of this amino
acid substitution on enzyme function and inhibition is explored
biochemically and in parasites using a range of NMTi series.
This allowed selection of compounds to solve the X-ray structure
for the corresponding PvNMT wild type (WT) and variant in
complex with inhibitor. Structure-guided analysis of these data
enabled discovery of an inhibitor series that can overcome para-
site resistance to NMTi. Collectively, our studies identify a
mechanism of NMTi resistance early in the drug-development
process, and provide a strategy to overcome parasite resistance
to NMTi.

RESULTS

A Single Amino Acid Substitution in the P. falciparum
N-Mpyristoyltransferase Active Site Leads to Parasite
Resistance to the NMT Inhibitor IMP-1002

We first sought to generate a P. falciparum mutant line resistant
to NMTi IMP-1002 (Figure 1). IMP-1002 is a previously undis-
closed member of our recently reported series of human NMT
inhibitors (Mousnier et al., 2018), and a close analog of IMP-
0917 (Figure S1) that was discovered through a fragment recon-
struction approach based on hits from screens against PyNMT
and PfNMT. With parasite growth half maximal effective con-
centration (ECso) inhibitory activity of 34 nM (Figure S2A), IMP-
1002 is 4-fold more potent in kiling parasites than the most
potent previously reported PfNMT inhibitor DDD85646 (Fig-
ure S2A) (Wright et al., 2014). We have shown previously that
P. falciparum 3D7 parasites normally progress to schizont forms
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that contain 20-30 nuclei at the end of the 48-h intracellular
development in the red blood cell. Treatment at the begin-
ning of this cycle with four times the ECso concentration of
DDD85646 caused the parasite to develop abnormally and stall
at a morphologically distinct “pseudoschizont” stage with 4-6
nuclei (Wright et al., 2014) (Figure S2B). Furthermore, NMTi
blocked formation of the parasite inner membrane complex
(IMC), a critical subcellular compartment comprising a set of
flattened vesicular sacs, which form part of the parasite’s sur-
face pellicle essential for red blood cell invasion. Consistent
with a conserved mode of action, at four times the ECsq value
IMP-1002 phenocopied this stage-specific block in 3D7 para-
site development, preventing parasite growth beyond the four-
to five-nuclei stage and inhibiting accumulation of the NMT sub-
strate glideosome-associated protein 45 (GAP45). This protein
bridges the parasite plasma membrane and the IMC. GAP45
is anchored at the plasma membrane through myristoylation
and palmitoylation of its N terminus and at the IMC through pal-
mitoylation of its C terminus, and serves as a marker for correct
IMC formation and recruitment of other proteins, such as MyoA
and MTIP, to form the glideosome involved in invasion (Perrin
et al., 2018) (Figures S2B and S2C).

The P. falciparum Dd2-B2 parasite line (recloned from the Dd2
parental line by limiting dilution) was used to select for resistant
parasites (Flannery et al., 2013). IMP-1002 ECs5, for Dd2 para-
sites was comparable with that of the 3D7 line (Figure 2A). After
36 days in the presence of 120 nM IMP-1002 (3.4 times ECsg in
this parasite line) parasite growth was detected in one culture
with an initial 10° parasite inoculum. Resistance to IMP-1002
was confirmed in the bulk population and three parasite clones
(Figure 2B). Both IMP-1002-resistant clones showed a 14-fold
increase in IMP-1002 ECs values (Figure 2B). To discover
the genetic basis for this shift in ECso values, the nmt gene
of two parasite clones as well as the resistant Dd2 bulk
population was sequenced and compared with that of the Dd2
parental line. The same single non-synonymous point mutation
(G1544A), leading to an amino acid substitution from glycine
to glutamic acid (G386E) in the NMT protein, was present in
the bulk population and each individual clone.

CRISPR-Cas Gene Editing of P. falciparum 3D7
Demonstrates that PINMT[G386E] Is Sufficient to
Mediate Resistance to IMP-1002

To confirm the sufficiency of the G386E substitution for IMP-
1002 resistance, we introduced the mutation into the nmt gene
in 3D7 parasites. Genetic modification of P. falciparum 3D7 (Fig-
ure S3) was performed using a CRISPR-Cas9 approach (Ghorbal
etal., 2014; Wagner et al., 2014; Zhang et al., 2014) as described
by Knuepfer et al. (2017), using two independent guide RNA se-
quences to target Cas9 nuclease to the nmt locus. Parasites
were visible 17 days post-transfection, and were subsequently
screened for DNA integration, treated with 5-fluorocytosine,
and cloned by limiting dilution using the plaque assay to confirm
single parasites per well (Thomas et al., 2016). Integration of the
single nucleotide change leading to the G386E substitution was
confirmed by sequence analysis following PCR amplification of
genomic DNA. The SYBR Green-based growth assay revealed
a 22-fold increase in IMP-1002 ECsq over the parental 3D7 line
for the two tested clones from independent transfections
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Figure 2. IMP-1002 Inhibition of Parental and Resistant Para-
site Lines

(A) Inhibition of P. falciparum 3D7 and Dd2 parental parasites used to raise the
resistant clones 01,02, 03, and the uncloned population, showing the respective
ECso and confidence interval values rounded to two significant figures.

(B) Measurement of the inhibition of growth of the Dd2 parental line, the
resistant uncloned population and three IMP-1002-resistant clones to deter-
mine the ECsq after 72 h (n = 3). There is a clear shift of the ECsq for the resistant
bulk population and the three parasite clones. Error bars indicate standard
deviation of the mean.

(Figure 3A). These data confirm that this amino acid substitution
is responsible for resistance to IMP-1002.

Parasites expressing PINMT[G386E] had been selected by
growth in vitro in the presence of IMP-1002, and it was possible
that there would be a fitness cost associated with this amino acid
change in absence of inhibitor, for example, by interference with
the binding of one or more of the large number of substrates that
are myristoylated. Therefore, we searched for any resultant
phenotype at the level of protein myristoylation and long-term
growth rate. To investigate potential differences in substrate
engagement and myristoylation pattern, we biosynthetically
labeled both WT parasites and two PfNMT[G386E] parasite
clones with the myristic acid analog YnMyr throughout the com-
plete intraerythrocytic cycle (Wright et al., 2014). There was very
little difference in labeling pattern, and therefore no detectable
effect of the G386E substitution on global myristoylation (Fig-
ure S4A), while continuous culture of the two PfNMT[G386E]
clones revealed no significant growth defect over six generations
as assessed by relative parasitemia, normalized to the WT pop-
ulation (Figure S4B). These data provide evidence that enzyme
function is not compromised in the G386E variant.

PfNMT[G386E] Parasites Resist Pharmacological
Inhibition of Myristoylation and Parasite Development,
Confirming On-Target Specificity of IMP-1002

To address the on-target specificity of IMP-1002 we investigated
whether PINMT[G386E] parasites also resist inhibition of N-myr-
istoylation. WT and PINMT[G386E] parasite clones were labeled
with YnMyr in the presence or absence of 140 nM IMP-1002
(approximately 4-fold ECsq for WT 3D7 parasites) during the
period 36-45 h post-invasion, when myristoylation is at its
peak (Wright et al., 2014). Although there was a clear decrease
in YnMyr labeling in WT parasites treated with IMP-1002, there
was no reduction in labeling of the PINMT[G386E] parasite
clones with the inhibitor present (Figure 3B).

To determine whether PINMT[G386E] parasite clones develop
normally in the presence of 140 nM IMP1002, synchronized ring
stages from WT parasites and one PfNMT[G386E] clone were
treated with either 140 nM IMP-1002 or control DMSO for a
period of 45 h. We then determined the number of nuclei within
the cells by flow cytometry (Figure 3C). In the presence of IMP-
1002, the WT parasite population contained a reduced number
of nuclei compared with the DMSO control, while PINMT
[GB86E] parasites showed no difference between IMP-1002-
treated parasites at 140 nM and DMSO-treated control parasites
(Figures 3C and 3D).

PvNMT[G386E] Is Refractory to Binding and Inhibition
by IMP-1002

We next turned our attention to the biochemical basis for resis-
tance to IMP-1002 in vitro using P. vivax NMT (PvNMT) as a
tractable model for PINMT. PvNMT possesses 80% sequence
identity and 93% similarity to PfNMT and is an excellent plat-
form for structural studies, while to date PINMT has proven
intractable for X-ray crystallography. Activity measurements
with PyNMT[WT] and PvNMT[G386E] enzymes used MyrCoA
and a 15-residue NMT substrate peptide. The enzymes were
of similar purity (Figure S5B) and had similar kinetic profiles
over 45 min in a continuous assay (Figure S5A). Reactions
used a coumarin derivative containing a thiol-reactive malei-
mide called 7-diethylamino-3-(4-maleimidophenyl)-4-methyl-
coumarin (CPM), to monitor the formation of the CoA thiol
product (Goncalves et al., 2012a). A quenched assay after
30 min was used to determine IMP-1002 half maximal inhibi-
tory concentration (ICs0) for PYNMT[G386E] compared with
PVNMT[WT], which indicated a shift to higher concentration
for the variant enzyme visualized through a ratio of G386E/
WT of 2.6 on average (Figure 4A). In comparison, the ratio
of G386E/WT ECsq values in the parasite growth assay, was
approximately 20-fold (Figures 3A and 4B). With the high po-
tency of IMP-1002, the CPM assay is at its detection limit
resulting in a reduced shift in the variant enzyme. To comple-
ment the CPM assay we performed a direct binding thermal
shift assay with PyNMT[WT] and PvNMT[G386E]. Consistent
with the high affinity of IMP-1002 for the PvNMT[WT] this pro-
tein was stabilized by >8.8°C with 5 uM of IMP-1002 even
in the absence of MyrCoA. In contrast, the thermal stabi-
lization was only 1.8°C with PvNMT[G386E], leading to a
AAT,, of >7.0°C between the two enzymes (Figure 4C; Table
S4). The same assay was conducted in the presence of
4 uM MyrCoA, which showed a similar trend; however,
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(B) NMT substrates labeled with YnMyr in WT and
G386E parasites after treatment with NaOH to hy-
drolyze the base-labile ester-linkage incorporation
of YnMyr into GPIl-anchored proteins. Although
WT parasites show a decreased band intensity in
response to the NMTi treatment, G386E parasite
proteins remain unchanged compared with those of
the DMSO control. The Coomassie blue-stained gel
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(D) P. falciparum [G386E] parasites show 0% in-
hibition at 140 nM. Graph shows flow cytometry
data of Hoechst-stained parasites in (C) treated
with 140 nM IMP-1002 from 1 to 45 h post-inva-
sion. The median fluorescent intensity (MFI) of the
Hoechst-positive parasites was normalized to the
MFI of parasites containing one nucleus (ring
sample) in (C) to determine the average number of
nuclei per sample. While WT parasites show a
drop-in the number of nuclei and therefore an
arrest in development at 140 nM of NMTi, G386E
parasites show no arrest in development. All
errors bars in this figure indicate standard devia-
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because of the higher baseline melting temperature for the
MyrCoA-bound proteins the stabilization window was com-
pressed (Table S4B).

X-Ray Crystallography Identifies the Structural Basis for
IMP-1002 Resistance in PPNMT[G386E]

Having demonstrated that the G386E substitution in NMT was
responsible for parasite resistance to NMTi, we next focused
on understanding the structural basis for resistance. G386
does not directly contact the inhibitor in previously reported
NMT co-crystal structures (Bell et al., 2012; Mousnier et al.,
2018; Wright et al., 2014) leading us to consider a hypothesis
based on indirect conformational changes in the inhibitor bind-
ing site. In contrast to G386, E386 places a large, charged side
chain in direct proximity to the nearby Y211 residue. From
comparisons of PvNMT and HsNMT1, Y211 is known to adopt
at least two different preferred rotamers, with HSNMT showing
a strong preference for one of these conformations; com-
pounds which disfavor this preferred rotamer can achieve a
high degree of selectivity for parasite NMT over HsSNMT
(Brannigan et al., 2014; Yu et al., 2012). The binding mode of
IMP-1002 suggests that it packs tightly against Y211 (Figure 5B)
and shows good selectivity over HsNMT, but this binding
mode leaves little space for a glutamate side chain at
position 386.
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tion of the mean.

To test this hypothesis experimentally, recombinant PyNMT
[G386E] was crystallized in the presence of MyrCoA + IMP-
1002 (PDB: 6MBO0) (Table S1). There is minimal difference in
the position of Y211 between the crystal structure of PyNMT
[G386E] with bound MyrCoA (but no inhibitor) (PDB: 6MAY)
and that of PPNMT[WT] (PDB: 2YNC) (Wright et al., 2014) (Fig-
ure 5A), with the tyrosine adopting one of two observed ro-
tamers (designated “rotamer Y211a”) in the PvNMT[G386E]
protein crystal and both rotamers Y211a and Y211b in the
WT, indicating a degree of flexibility. Interestingly, the nearby
His213 displays a larger degree of flexibility in the PYNMT
[WT] structure, modeled as two possible rotamers (H213a,
H213b), whereas the residue adopts a single conformation in
the G386E variant (H213a). On IMP-1002 interaction with
PVNMT[WT] (PDB: 6MB1), Y211 moves to a previously unob-
served third rotamer conformation (Y211c) to form a m-w
stacking interaction with the pendant phenyl ring of IMP-
1002, while H213 remains in the unliganded position H213a
(Figure 5B). On IMP-1002 binding to PvNMT[G386E], the gluta-
mate side chain prevents formation of the more favorable w-7
stacking interaction with the pendant phenyl ring, and forces
H213 to move from rotamer position H213a to the more con-
strained H213b (Figure 5B). Both Y211 and H213 thus adopt
alternative rotamers from those seen in PPNMT[WT] to create
space for the inhibitor, leading to the loss of beneficial -
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stacking interactions consistent with the observed weaker af-
finity of IMP-1002 for the G386E variant (Figure 5B).

Predictive Structure-Guided Identification of NMT
Inhibitor that Overcomes G386E Resistance Both
Biochemically and in the Parasite

Based on these structural insights, we explored NMTi binding
modes that might deliver resistance-breaking activity. Examina-
tion of our previously reported structure of NMTi DDD85646 in
complex with PyNMT[WT] (PDB: 2YND) (Wright et al., 2014) re-
vealed a binding mode distinct from that of IMP-1002, which
largely avoids direct interactions with Y211 (Figure 5C). There-
fore, we measured the ICsq of DDD85646 with PYNMT[WT] and
[GB86E] enzyme and its EC5q with Pf3D7 [WT] and [G386E] para-
site clones; compared with IMP-1002, the ratio of G386E/WT for
DDD85646 was between 1 and 1.7 in both assays (CPM assay,
ICs0 ratio = 1.4 + 0.35; growth assay, ECs ratio = 1 + 0.1),
strengthening the hypothesis that DDD85646 binding is
unaffected by G386E (Figures 4A and 4B; Tables S2 and S3).
This was supported by thermal shift data with DDD85646
that confirmed the difference in stabilization (AAT,,) between
PVNMT[WT] and PvNMT[G386E] was only 3°C, significantly
less than the >7.0°C in favor of WT observed for IMP-1002
(Table S4A).

Structural studies supported this concept. We solved the
structure of PVNMT[G386E] with bound DDD85646 (PDB:
6MAZ) (Table S1), and discovered that there is minimal move-
ment of either Y211 or H213 in the inhibitor-bound form
compared with PyNMT[WT], confirming the molecular basis
for similar affinity (Figure 5C). Analysis of the PvNMT[G386E]
structure with either IMP-1002 or DDD85646 bound demon-
strated that the positions of all three amino acids (E386,
Y211, and H213) were influenced by the binding mode of the
inhibitor (Figure 5D). By including the PYNMT[WT] structure in
the comparison, Y211 was observed to adopt at least four
different conformations. A preferred conformation (rotamer
Y211a) was adopted in both the unliganded PyNMT[WT] and
[G386E] enzymes, and, on binding of DDD85646 to PVNMT
[WT], Y211 moved only slightly to rotamer Y211b when
DDD85646 was bound to PvNMT[G386E]. For PvNMT[WT]
with bound IMP-1002, Y211 adopts rotamer Y211c, allowing
the 7t-7v stacking interaction with IMP-1002, which likely results
in the increased potency and selectivity (over HsNMT) of this
compound compared with DDD85646. However, for PYNMT
[G386E] with bound IMP-1002, Y211 moves to rotamer position
Y211d to avoid a steric clash with E386: this restricts the ability
of Y211 to adopt its preferred conformation, preventing the -7
stacking interaction with IMP-1002 and leading to the shift of

Figure 4. Consequences of G386E Substitu-
tion for NMT Function

Bar graphs showing the effect of the G386E substi-
tution on (A) ICs in the biochemical assay, (B) ECsg in
the parasite growth assay, and (C) thermal shift in
a protein stability assay with IMP-1002 (n = 2-3).
For comparison, the effect of the substitution on
these values is shown for another NMT inhibitor,
DDD85646, which is not affected. All errors bars in
this figure indicate standard deviation of the mean.
For Figure 4C refer to the Tables S4A and S4B.

H213 from H213a to H213b. Figure 5D also shows the consid-
erable flexibly of E386 in the different structures. We found, de-
pending on the inhibitor bound (IMP-1002, DDD85646 or in the
apo form), that E386 can adopt up to four distinct occupancies
showing its flexible nature. Overall the minimal disruption of
Y211 and H213 by DDD85646 binding results in the conserved
affinity and binding mode for both WT and G386E variants (Fig-
ure 5C), and these data together with minimally perturbed ICs,
ECso, and thermal stability (Figure 4; Tables S2, S3, and S5)
lead us to conclude that DDD85646 can break resistance in
NMT[G386E] parasites.

To analyze further the binding mode of other NMT inhibitors,
the published crystal structures of PNMT[WT] with two bound
NMTi, IMP-0320 (PDB: 2YNE) (Wright et al., 2014) and IMP-
0856 (PDB: 4UFX) (Yu et al., 2015) (Figures 1 and S6B) were
overlaid on the PvNMT[G386E] structure to examine whether
the binding of these inhibitors would be affected by the G386E
substitution. The movement of Y211 from position Y211c to
Y211d, accompanied by the prevention of favorable interactions
with both inhibitors, led us to hypothesize that their binding
would also be affected by the GB386E substitution, unlike
DDD85646. To test this, we performed the same ECsq shift
assay with the parasite and ICso determination with the CPM
assay using IMP-0964 (a close derivative of IMP-0856) and
IMP-0320. We also included the NMTi IMP-0917, a close deriv-
ative of IMP-1002 that has recently been reported (Mousnier
et al., 2018), which we expected to behave like IMP-1002
because of its similar structural properties (Figure S1). Shifts in
ECso (Figure 6A; Table S2) correlated very well with shifts in
ICs (Figure 6B; Table S3). These results confirmed that binding
of both IMP-0320 and IMP-0964 were affected by the
G386E substitution. In the same experiments, the potency of
DDDB85646 in killing parasites in the cell-based assay (Figure 6A)
and binding in the enzyme assay (Figure 6B) was unaffected by
the G386E change.

To complement the CPM assay and potentially increase the
accuracy of measuring ICsq values below 10 nM in the case of
highly potent compounds, we used surface plasmon resonance
(SPR) to determine the relative Kp values of different NMTi with
the two forms of the enzyme. SPR improved differentiation
between the binding affinities of NMTi for PyNMT[WT] and
PVNMT[G386E], as summarized in Figure S5C and Table S6.
The affinities of IMP-1002 and IMP-0917 decreased by approx-
imately 5-fold because of the substitution, whereas binding of
DDD85646 was relatively insensitive. IMP-0320 and IMP-0964
showed the most marked decrease in affinity, almost 100- and
20-fold, respectively, between the PYNMT[G386E] and [WT]
protein (Figures 6C and S5C; Table S6).
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Colour coding of structure:

PvNMT[G386E] APO

PVvNMT[WT] IMP-1002
PvNMT[G386E] IMP-1002

PvNMT[WT] DDD85646
PvNMT[G386E] DDD85646
Apo PVNMT WT
Apo PvNMT [G386E]
B
G386 E386
{ E386
Y211¢
Y211c
= Y211a |
H213p H213a
H213a
IMP-1002 IMP-1002| H213b IMP-1002 | H213b IMP-1002
PvNMT [WT] overlay PvNMT [G386E] and
c PVvNMT [WT] ApoWT PVvNMT[G386E] PVNMT [WT] overlay
G386 G386 G386
¥ ¥ E386¢c 7, E386¢c
Y211a Y211b Y211b Y211b
- Y211a £ m) Y21a
\%Sa %3:1 ﬂ:&a H213a
DDD85646 DDD85646 DDD85646 DDD85646
D
E386¢c E386b
E386d
E386a
Y211 H213 G386E Overlay

Figure 5. Crystallographic Analysis of NMT Inhibitor Interaction with PyNMT[WT] and PYNMT[G386E]

(A) Crystal structure of PYNMT[WT] active site without inhibitor bound, overlaid with PvNMT[G386E].

(B) Movement of residues in the active site of PvNMT[G386E] compared with PYNMT[WT] on interaction with IMP-1002.

(C and D) (C) Movement of residues in the active site of PNMT[G386E] compared with PYNMT[WT] on DDD85646 binding (D) Y211 movement in the active site in
the six different crystal structures. Y211 can adopt four distinct rotamers depending on the G386E mutation and type of inhibitor bound. This is followed by H213
that can adopt two different rotamer occupancies to accommodate the extra space taken up by Y211 when G386 is mutated to E386.

The kinetic differences between the compounds with the WT  suggesting that several hours may be required for complete
and G386E enzymes reflected this generally weaker binding, dissociation. Although the effect was largest for IMP-1002, the
with faster off rates apparent from the sensorgram traces. long dissociation rates of both compounds probably led to an
IMP-1002 and IMP-0917 exhibited interesting kinetics: both  underestimate of their affinities because of reduced binding ca-
showed a slow dissociation rate with PvNMT[WT] (Figure S5C),  pacity in sequential injections during a standard equilibrium Kp
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Figure 6. The NMT[G386E] Variant is Affected
Differently by a Range of NMT Inhibitors

(A) Mean increase of ECsq between PINMT[G386E]
and PINMT[WT] parasites measured through SYBR
Green growth assay (visualized on alog scale) (n = 2).
A mean increase of 10 is indicated by a dotted line.
(B) Enzymatic CPM assay measuring the mean
increase in ICso with different NMTi with puri-
fied PyNMT[WT] and PvNMT[G386E] (visualized
on a log scale) (n = 3). A mean increase of 10
is indicated by a dotted line.

(C) Mean increase in binding affinity of NMTi for PUNMT[WT] and PvNMT[G386E] (visualized on a log scale) (n = 1-3). The Kp of each compound
with PvNMT[G386E] was divided by the Kp with PYNMT[WT] to calculate the fold difference. Kp is the equilibrium dissociation constant of NMTi
calculated from fitted response-concentration plots measured by SPR analyses. Only one Kp could be accurately determined for IMP-1002 and so
error bars are not shown. A mean increase of 10 is indicated by a dotted line. All errors bars in this figure indicate standard deviation of the mean.

SPR analysis. In combination with the shift in ECsg, ICso, and
thermal stability, the SPR data clearly show that DDD85646
can overcome resistance mediated by G386E.

DISCUSSION

The current study describes identification and validation of the
consequence of a single amino acid substitution (G386E) in
the substrate-binding pocket of Plasmodium NMT, identified
by drug selection of a non-synonymous point mutation in the
nmt open reading frame. The importance of this mutation in
P. falciparum parasites for this drug target, was confirmed by
CRISPR-Cas9-mediated substitution of this single nucleotide
in the WT parasite, recapitulating resistance against three
chemically distinct NMT inhibitor series. Data from the PINMT
[G386E]-resistant parasite line were used to guide biochemical
and structural analysis of this variant in recombinant PvNMT,
providing both enzymatic inhibition data and the crystal struc-
tures of the WT and G386E variant with bound MyrCoA and
the NMT inhibitor (NMTi) used for mutation selection. Structural,
ICs0 and Kp data for PPNMT[G386E] are consistent and corre-
lated with the ECsq shift data obtained in G386E parasites,
although the active site of PYNMT differs from PfNMT in 2 out
of 23 residues (F212Y and F334Y, PfNMT to PvVNMT) (Yu
et al., 2012). These structural data provide insights into changes
in the active site induced by the G386E substitution, including
the modes of binding for different inhibitors and the flexibility
required within the peptide-binding pocket to accommodate
them. Using these data, a structure-guided approach was
used to identify compounds that can overcome resistance
mediated by the G386E substitution, exploiting the differential
binding mode of DDD85646. This predictive structural model
can guide further discovery of drugs active against NMT, and
current work is focused on optimizing a new lead inhibitor series
unaffected by G386E. The identification of NMTi that circumvent
the G386E mutation suggests opportunities to combine different
inhibitors to overcome selective resistance, and thus thwart
the emergence of resistant variants.

Interestingly, the G386E variant parasite shows no apparent
reduction of fitness in growth at the asexual blood stage,
although it is currently unknown whether this observation would
apply throughout the complete parasite life cycle. Even though
G386E reduces the space in the peptide-binding pocket, the
flexibility of Y211, E386, and H213 (Figure 5C) provides a plau-

sible explanation for why substrate myristoylation is unaffected,
leading to no reduction in fitness or change in global myristoyla-
tion (Figure S3). Future studies on the potential of various sub-
strates with different sequences downstream of the N-terminal
glycine to differentially stabilize intermediate states during
the catalytic cycle of NMT, in combination with studies on the
flexibility of turn-over of different substrates in the WT and
G386E variant NMTs, could give further insights into substrate
specificity.

Together, these data provide direct genetic evidence for the
specific on-target activity of each of the NMTi classes described
here, which, in combination with our previously reported chem-
ical biology studies (Wright et al., 2014), further supports the val-
idity of this target in malaria. The relatively fast selection of resis-
tance to NMTi may suggest the potential for rapid development
of resistance in the clinic. However, the SNP responsible for
GB386E is not present in any of the field isolates cataloged in
PlasmoDB. In the 202 available isolates, there are 6 non-synon-
ymous mutations in the coding region resulting in five amino
acid changes, but these are all distal to the substrate-binding
site and unlikely to interfere with NMTi binding. Furthermore,
the repeated selection of this particular mutant in the Dd2 cloned
line over a short period of drug pressure may imply the rapid
acquisition of this mutation. We would therefore expect to see
this mutation arising in the field when drug pressure is applied,
considering that there was no fitness cost associated with
GB386E in vitro. Structural biology has been applied extensively
to drug resistance in other fields including influenza (Wu
et al., 2016), hepatitis C (Lagacé et al., 2011), and HIV
(Slaughter et al., 2014), highlighting the general importance
of structure-guided design for the discovery of resistance-
breaking inhibitors.

In the future it would be of interest to attempt selection of
parasites resistant to DDD85646, because the on-target activ-
ity of DDD85646 (compound 1a in Wright et al., 2014) rules out
an off-target killing of PFNMT[G386E] parasites. DDD85646 is
insensitive to the resistance mechanism generated in response
to IMP-1002 treatment, but at a cost of lower selectivity over
HsNMT (Table S5), because Y211 needs to move from the
“in” Y211c rotamer occupancy, which provides improved
selectivity over HsSNMT (Yu et al., 2012), to the “out” Y211d
rotamer, leaving room for G386E. Future studies will focus
on identification of an inhibitor series that can overcome the
G386E-mediated resistance without compromising selectivity,
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based on either IMP-1002 analogs or, more likely, a new
chemical series with a distinct binding mode. For example,
the series that includes IMP-1002 has recently been adapted
to increase HsNMT selectivity with a relatively simple adapta-
tion (Mousnier et al., 2018). This shows that the flexibility of the
series has the scope to find analogs of IMP-1002 that can also
overcome G386E-mediated resistance. In summary, this struc-
ture-guided analysis provides mechanistic rationalization and
enables discovery of an NMTi that can overcome the identified
NMT resistance mechanism resulting from the G386E substitu-
tion. This approach defines a strategy to overcome acquisition
of NMTi resistance, and will facilitate further drug development
efforts.

SIGNIFICANCE

Malaria is one of the most significant infectious diseases
worldwide, and the escalating threat of parasite resistance
to all current antimalarial drugs highlights the need for drugs
with new modes of action. The enzyme NMT is an antima-
larial target, and here we provide genetic evidence for
the on-target activity of several classes of NMT inhibitors
through resistance selection. High-resolution crystal struc-
tures of NMT and the resistant variant provide deep insights
into the flexibility of the substrate-binding pocket and al-
lowed us to identify an inhibitor to overcome resistance.
This work reveals the possibility of optimizing NMT inhibi-
tors by incorporating resistance studies early in the drug
discovery process, an approach with wider application in
drug discovery and development.
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MyrCoA), BMAZ (PvNMT G386E, +
MyrCoA + IMP-0366) 6MBO (PvNMT
G386E + MyrCoA + IMP-1002), and

6MB1 (PvNMT WT + MyrCoA + IMP-1002).

506H (PYNMT WT + MyrCoA + IMP-0917),
2YND (PvNMT WT + MyrCoA + IMP-0366),
2YNE PvNMT WT + MyrCoA + IMP-0320),
4UFX (PvNMT WT + MyrCoA + IMP-0856)

Oligonucleotides

G386E-guide-01_F (Figure S3)

G386E-guide-01_R (Figure S3)

G386E-guide-01_F (Figure S3)

Sigma Aldrich Oligos
Sigma Aldrich Oligos

Sigma Aldrich Oligos

sequence: ATTGTTAAAATTTGGA
GAAGGAGA

sequence: AAACTCTCCTTCTCC
AAATTTTAA

sequence: ATTGT AATGCCTTAG
AAGTAA

(Continued on next page)
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

G386E-guide-01_R (Figure S3)

P1 (Figure S3)

P2 (Figure S3)

Sigma Aldrich Oligos

Sigma Aldrich Oligos

Sigma Aldrich Oligos

sequence: AAACTTACTTCTAAGGC
ATTAAAA

sequence: TATGGCAAGCTATATATA
CAGCAGG

sequence: CCTCAGACTATATAACA
TTAGAATG

Software and Algorithms

Flow cytometry data collection
in Figure 3B

Flow cytometry data analysis
of Figure 3B

CPM assay in Figures 4A and 6B
EC50 determination in Figures 4B
and 6A

SPR data in Figure 6C

Immunofluorescence images Figure S2B

Analysis of data from Figures 2, 3A,
3D, 4, 6, S2A, S2C, S4B, S5A, and S5C

Chemical structure in Figures 1A and S1.

Crystallography in Figures 5, S6A,
and S6B, Table S1

FACSDiva software v8.0.1

FlowdJo 10.3.

EnVision Workstation version
1.13.3009.1409

FLUOStar Omega Plate reader software
was used from BMG Labtech

collected using Biacore T200 Evaluation
Software v2.0

collected using the Nikon’s NIS Elements
imaging software

Prism 7 GraphPad and Microsoft Excel

ChemDraw Professional 17.0

The structures were refined in Phenix,
with manual model building in Coot.
Quality of the models was assessed
with MolProbity. Figures were generated
using Pymol and CCP4MG. SPR data
(Figure 6C) was analyzed using

Biacore T200 Evaluation Software v2.0.

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
N/A

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Prof.

Edward W. Tate, e.tate@imperial.ac.uk.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Parasite Culture

P. falciparum 3D7 parasites were cultured in vitro in RPMI 1640 medium containing 0.5 % w/v Albumax Il at 2-5 % hematocrit as
described (Trager and Jensen, 2005). Parasites cultures were gassed with 90 % N, 5 % CO, and 5 % O, and incubated at 37°C.
Parasites were synchronized using 70 % Percoll gradients to purify schizont stages with a subsequent reinvasion followed by sorbitol
treatment as described (Knuepfer et al., 2017).
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METHOD DETAILS

Synthesis Route of IMP-1002

IMP-1002

Step 1

A solution of 5-iodo-1-methyl-1H-indazole-3-carbaldehyde (500 mg, 1.7mmol) was dissolved in dioxane (5 mL) and treated with
4-fluoro-2-hydroxybenzene boronic acid (360 mg, 2.2 mmol) and tetrakis(triphenylphosphine) palladium(0) (20 mg), followed by a
solution of potassium phosphate (560 mg, 2.6 mmol) in water (1 mL). The reaction mixture was heated under reflux for 2 h, cooled
to room temperature and evaporated under reduced pressure. The residue was partitioned between EtOAc (20 mL) and saturated
sodium bicarbonate solution (20 mL). The organic phase was dried over Na,SO,, concentrated under reduced pressure and the
crude product purified by flash column chromatography by elution with DCM/EtOAc (100:0, then 95:5) to give 5-(4-fluoro-2-hydrox-
yphenyl)-1methyl-1H-indazole-3-carbaldehyde as a colourless solid (450mg, yield: 95%); mp 212-214°C. "H NMR (CD3OD, 3, ppm)
10.15(s, 1H),8.30(d,J=1.3Hz, 1H), 7.73(d,J=1.5Hz, 1H), 7.69 (s, 1H), 7.32 (dd, J=9.2, 6.7 Hz, 1H), 6.74 - 6.64 (m, 2H), 4.62 (s, 1H),
4.24 (s, 3H).

Step 2

A solution of 5-(4-fluoro-2-hydroxyphenyl)-1-methyl-1H-indazole-3-carbaldehyde (135 mg; 0.5 mmol) and triphenylphosphine
(262 mg; 1.0 mmol) in THF (4 mL) was treated with a solution of 2-(1,3,5-trimethyl-1H-pyrazol-4-yl)ethanol (154 mg, 1.0 mmol) in
THF (8 mL). The reaction mixture was cooled to 0°C before being treated with di-isopropyl azodicarboxylate (291 mL, 1.48 mmol).
The reaction mixture was allowed to warm to room temperature, stirred overnight and concentrated under reduced pressure. The
crude product was purified by column chromatography by elution with hexane/IPA (gradient 80:20 to 70:30) to give a mixture of
the desired product and unreacted alcohol. The crude product was further purified by elution with DMC/methanol (97:3) to give
5-(4-fluoro-2-(2-(1,3,5-trimethyl-1H-pyrazol-4-yl)ethoxy)phenyl)-1-methyl-1H-indazole-3-carbaldehyde as a colourless oil (86 mg,
42%). "H NMR (CDCls, 3, ppm) 10.22 (s, 1H), 8.37 (d, J = 1.5 Hz, 1H), 7.57 (dd, J = 8.8, 1.5 Hz, 1H), 7.46 (d, J = 8.7 Hz, 1H),
7.29 (dd, J = 8.4, 6.8 Hz, 1H), 6.72 (td, J = 8.3, 2.5 Hz, 1H), 6.67 (dd, J = 11.1, 2.4 Hz, 1H), 4.21 (s, 3H), 3.94 (t, J = 7.2 Hz, 2H),
3.62 (s, 3H), 2.74 (t, J = 7.1 Hz, 2H), 2.04 (s, 3H), 1.95 (s, 3H).

Step 3

A solution of 5-(4-fluoro-2-(2-(1,3,5-trimethyl-1H-pyrazol-4-yl)ethoxy)phenyl)-1-methyl-1H-indazole-3-carbaldehyde (43 mg,
0.11 mmol) in THF (3 mL) was treated with a solution of dimethylamine in THF (2 M, 160 mL 0.33 mmol), followed by glacial acetic
acid (145 mL, 0.66 mmol). The solution was stirred at room temperature for 10 min before addition of solid sodium triacetoxy-boro-
hydride (70 mg, 0.33 mmol) and DCE (2 mL). The reaction mixture was stirred at room temperature for 18 h before being quenched
with sodium carbonate solution (2 M, 5 mL). DCM (20 mL) was added and the layers were separated. The organic extract was dried
(NaxS0,) and concentrated under reduced pressure. The crude product was purified by column chromatography by elution with
EtOAc/diethylamine (95:5) to provide 1-(5-(4-fluoro-2-(2-(1,3,5-trimethyl-1H-pyrazol-4-yl)ethoxy)phenyl)-1-methyl-1H-indazol-3-
yN)-N,N-dimethylmethanamine as a colourless oil (13.5 mg, 31%). LC-MS Rt = 11.6min, MH* 436; 'H NMR (CDCls, 8, ppm) 7.88
(d, J =1.8 Hz, 1H), 7.48 (dd, J = 8.7, 1.5 Hz, 1H), 7.35 (d, J = 8.7 Hz, 1H), 7.33 - 7.26 (m, 1H), 6.73 (td, J = 8.3, 2.5 Hz, 1H), 6.67
(dd, J = 10.8, 2.4 Hz, 1H), 4.08 (s, 3H), 3.93 (t, J = 7.2 Hz, 2H), 3.83 (s, 2H), 3.63 (s, 3H), 2.75 (t, J = 7.3 Hz, 2H), 2.33 (s, 6H), 2.08
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(s, 3H), 1.92 (s, 3H); "*C NMR (CDCls, 3, ppm) 162.76 (d, J = 245.2 Hz), 156.81 (d, J = 9.9 Hz), 145.75, 142.38, 140.07, 136.91, 131.89
(d, J =10.0 Hz), 130.14, 128.66, 127.19, 123.46, 121.30, 111.62, 108.19, 107.20 (d, J = 21.0 Hz), 100.39 (d, J = 25.8 Hz), 68.63, 55.81,
45.59, 35.75, 35.41, 23.66, 11.71, 9.34; ESI HRMS, found 436.2510 (CasHs1FNsO, [M + HJ*, requires 436.2513).

Indirect Immunofluorescence Assay (IFA)

For IFA, slides were air dried, fixed in 4 % paraformaldehyde (PFA) in PBS for 10-20 min, permeabilized in 0.1 % Triton X-100 in PBS
for 10 min, and blocked with 3 % BSA in PBS for at least 30 min at 4°C. GAP45 detection was achieved using a primary rabbit anti-
GAP45-antibody (Rees-Channer et al., 2006). Slides were mounted in ProLong® Gold Antifade mounting medium containing DAPI
(4’,6-diamidino-2-phenylindole), and viewed on a Nikon Eclipse Ni-E imaging system with a Hamamatsu Orca-flash 4.0 digital
camera and a Plan apo A 100x/1.45 oil immersion objective. Images were captured using Nikon’s NIS-Elements imaging software
generating Z-stack images of individual parasites, using deconvolution options and exporting the image as a tiff file, which was
further edited using Adobe Photoshop.

Drug Treatment and EC5, Determination Using the SYBR Green Assay

Aliquots of 100 pL ring-stage parasites (1-6 h post invasion [PI]) were diluted in 96-well flat bottom black plates to 0.3 % parasitemia
and 2 % hematocrit. Inhibitors were added in doubling dilutions ranging from 7.8 nM - 5 uM for DDD85646 and 0.54 nM — 400 nM for
IMP-1002 for the initial EC5q determination in 3D7 in a final volume of 100 pL. For the EC5o of PINMT[G386E] compared to PINMT[WT]
arange from 0.2 nM - 10 uM for IMP-1002 and DDD85646 and 0.6 nM - 40 uM for IMP-0964 and IMP-0320 was used. The final DMSO
percentage of 0.08% did not interfere with parasite development determined by Giemsa-stained thin blood smears. Cultures were
incubated in gassed humidity chambers (90 % N», 5 % CO, and 5 % O,) at 37°C for a further 96 h to increase the dynamic range and
processed as described (Green et al., 2015). After 96 h, parasites were lysed and DNA was stained by adding to each well 25 ul lysis
buffer (20 mM Tris-HCI, pH 8.0, 2 mM EDTA, pH 8.0, 1.6 % Triton X-100, 0.16 % saponin, containing 0.1% SYBR Green [Life Tech-
nologies]) (final SYBR Green concentration of 0.02%) (Smilkstein et al., 2004). Plates were incubated for 1 h in the dark at room tem-
perature (RT) before measurements on a FLUOStar Omega Plate reader (BMG Labtech) with excitation and emission filters of 485 nm
and 520 nm, respectively. ECsq values were calculated from a four-parameter logistical fit of the data using Prism software (GraphPad
Software, Inc.), with subtraction of the background signal from uninfected RBC. When comparing the EC5q of two parasite lines,
Prism software was used to fit and constrain ECsq curves at the top and bottom to improve plateau definition through a shared value
of all data sets.

Selection of IMP-1002-Resistant P. falciparum Dd2 Parasites Using a Single-Step Strategy

Prior to selection, genomic DNA was harvested and a frozen stock of the parental Dd2 parasite line was generated. Selection was
initiated with three wells of 10° parasite inocula and three wells of 10 parasite inocula. A final concentration of 120 nM IMP-1002
(8.4 x the 35 nM ECs5p) was added to a predominantly ring stage culture. The culture was fed daily with drug-containing complete
medium for six days and every other day thereafter. The parasitemia was monitored and kept below 10 % over the next days to pre-
vent overgrowth. Fresh RBCs (equivalent to 0.5 % hematocrit) were added at day 7. At day 14, and weekly thereafter, the cultures
were passaged (%/; cultured cells were replaced % with fresh RBC and new medium) to prevent lysis. Drug pressure was maintained
for 60 days.

NMT gDNA Amplification and Sequencing from IMP-1002 Resistant P. falciparum

The genomic DNA sequence of the nmt gene in P. falciparum 3D7 and Dd2 is identical (www.PlasmoDB.org) and was used for primer
design. Following PCR amplification, the product was sequenced and cloned into pGEM-T Easy vector after ligation of a 3’-A over-
hang using Amplitag polymerase to improve the sequence quality. Sequence data were analyzed using DNASTAR SegMAN Pro and
a consensus sequence for each of the parasite lines was fed into CLC Sequence Viewer 7 to create a nucleotide alignment. The
nucleotide sequence was also translated into protein, which was aligned to the WT sequence using CLC Sequence Viewer 7.

Cloning of Constructs and Transfection of 3D7 P. falciparum

The construct to generate the G386E NMT mutation was generated using Gene Art and provided on a pMK-RQ kanamycin resistance
plasmid. The two independent guides were designed using protospacer.com and cloned into the pDC2-cam-Cas9-U6-
hDHFRyFCU-plasmid (Knuepfer et al., 2017; Lim et al., 2016; Macpherson and Scherf, 2015). Guide and rescue plasmids were paired
and ethanol precipitated prior to transfection. Asexual blood-stage cultures of P. falciparum clone 3D7 were maintained in vitro and
synchronized according to standard procedures (Gerold et al., 1996; Yeoh et al., 2007). Transfection DNA was added to mature
schizonts, enriched from highly synchronous cultures using Percoll (GE Healthcare) gradients as described (Harris et al., 2005). Par-
asites were transfected by electroporation using the Amaxa 4D electroporator (Lonza) and the P3 Primary cell 4D Nucleofector X Kit L
(Lonza) and program FP158, as recently described for P. knowlesi (Moon et al., 2013). Electroporations were performed with 60 ug of
linearized rescue plasmid and 20 pg of the CRISPR/Cas9 plasmid carrying the respective guide RNA. Selections were carried out as
recently described (Knuepfer et al., 2017). Parasites were cultured in the presence of 2.5 nM WR99210 drug pressure for five days to
select for parasites with the Cas9/guide plasmid. Transfected parasites reappeared after 17 days. After 29 days, positive selection
with 1 uM ancotil was initiated to minimize the existence of excess Cas9/guide plasmid. Transfected parasites were cloned by limiting
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dilution after 37 days (Rosario, 1981) and screened for single parasites with a plaque assay (Thomas et al., 2016). Individual clones
were screened for integration by PCR amplification and digestion with Bglll (guide 1 transfection) and Xhol (guide 2 transfection).

Parasite Growth Assay

Analysis of the growth of WT and two NMT[G386E] parasite clones over eight generations was performed by first equalizing the start-
ing parasitemia (0.67 % WT, 0.73 % Clone 1 and 0.61 % Clone 2). Three biological replicates were generated in three different blood
dilutions with three technical replicates each. WT parasitemia was determined following Giemsa staining after each cycle and used to
determine the dilution factor to dilute all three lines down to 0.8%. Parasitemia was measured after each cycle using flow cytometry
and Hoechst-stained parasites. Multiple t-tests were performed for each generation (two-stage linear step-up procedure of Benja-
mini, Krieger and Yekutieli, with false-discovery rate = 1 %).

Metabolic Tagging of Parasites and CuAAC Labelling

Synchronized populations of stage-specific parasites were labelled with 25 pM of YnMyr for the specified length of time. Parasites
were then lysed in 0.15 % saponin for 10 min on ice. The pellet was washed until the supernatant was colorless and then stored
at -80°C. Thawed parasite pellets were extracted in 1 % Triton X-100, 0.1 % SDS in PBS on ice for 20 min with 1 min sonication.
The protein concentration of the lysate was measured by BCA assay and adjusted to 1 mg/mL with PBS. The capture reagent
was ‘clicked’ (100 uM capture reagent AzZRB2, 1 mM CuSO4, 1 mM TCEP, 100 uM TBTA), the reaction was quenched with EDTA,
and then precipitated proteins were washed with ice cold methanol as described previously (Heal et al., 2011; Wright et al.,
2015). Proteins were re-dissolved in 2 % SDS, 10 mM DTT, in PBS at 1 mg/mL and heated for 7 min at 95°C in sample loading buffer
prior to SDS-PAGE.

Base Treatment to Cleave the Esters of GPI-Anchored Proteins

Following the click reaction, the protein solution in PBS containing 2 % SDS, 10 mM DTT was treated with 0.2 M NaOH for 1 h at room
temperature with vortexing. Samples were neutralized with an equivalent volume and concentration of HCI and diluted with PBS to
1 mg/mL prior to gel analysis.

Flow Cytometry

Synchronized parasites were incubated with DMSO or NMTi and samples were fixed in 2% PFA, 0.2 % glutaraldehyde for 1 hour at
45 h PI. Subsequently samples were washed in PBS and labelled with 1:500 of 10 mg/mL Hoechst 33342 for 10 min with a subse-
quent wash in PBS. For analysis, a Flow Cytometry CL1 Fortessa D Analyzer from BD with FACSDiva software v8.0.1 was used with
the 450-50 filter counting 50,000 RBC per sample. Data were analyzed using FlowJo LLC 2006-2015 to determine the median fluo-
rescence intensity (MFI) of each sample after gating out the RBC population using an RBC only sample as a control. The MFI of each
sample was divided by the MFI of a control sample of synchronized rings with a known MFI of one nucleus.

Cloning, Expression and Purification of PYNMT

The purification method has been adapted from earlier work (Bryan et al., 2011; Choi et al., 2011). A region of the PUNMT gene en-
coding residues 27-410 and tagged at the N-terminus with a hexaHis sequence was cloned into a pET11a expression vector. The
G386E mutation was generated using QuickChange |l mutagenesis by exchanging base pairs 1079 and 1080 of the PvNMT open
reading frame from GC to AA, which changes glycine at position 386 to glutamic acid. The constructs were confirmed by sequencing
and the plasmid DNAs were used to transform Rosetta-gami (DE3) E. coli competent cells, using ampicillin for pET11a selection and
chloramphenicol for the pRARE2 plasmid present in the Rosetta-gami DE3 cells to supply the tRNAs for rare codons used to codon-
optimize PvNMT. PvNMT[WT] and PvNMT[G386E] were expressed following inoculation of a single colony overnight at 37°C in 5 mL
Lysogeny Broth. The PUNMT[WT] protein was expressed in 8 x 500 mL auto-induction medium (92 % ZY, 0.1 % 1M MgSQO,, 0.1 %
1000x Trace Metals, 5 % 20xNPS, 2 % 50x 5052) (2x 500mL for small scale) and the PvNMT[G386E] protein in 19 L due to low yield.
Auto-induction medium was combined with appropriate antibiotics and incubated with 1:100 dilution factor from the overnight cul-
ture at 37 C for 4 h. Temperature was then reduced to 18°C for 18-22 h. Bacterial cells were harvested by centrifugation and pellets
from 4 L (for the WT protein) re-suspended in 180 mL of lysis buffer (20 mM HEPES, 5 % glycerol, 10 mM imidazole, 0.5 % CHAPS,
21 mM MgCl,, 1 mM DTT and Complete Protease Inhibitor Cocktail EDTA-free). For the PvNMT[G386E] protein cells from the 15 L
were resuspended in 2x 300 mL, sonicated separately and then combined prior to application to the column. They were lysed using a
BRANSON 550 sonication probe (20 % strength, 5 sec on 10 sec off for 10 min, 15 min total of sonication). The lysate was cleared by
centrifugation at 48,384g RCF for 60 min at 4°C in a 25.50 JA rotor.

For large scale preparations the lysate was filtered through a 0.45 1M syringe filter and applied to a HisTRAP FF 5 mL column at 4°C
and eluted with a linear gradient over 15 column volumes with 20 mM HEPES, 0.3 M NaCl, 5 % glycerol, 0.5 M imidazole; pH 7.0.
Fractions containing the target protein were pooled and concentrated to about 2-3 mL using 10 kDa-cut off Pall centrifuge
concentrators.

For small scale preps the lysate was incubated in batch with 20 mL of Ni-NTA Agarose beads (QIAGEN) equilibrated with lysis
buffer in a 500 mL Duran bottle at 4°C for 1 hour. The beads were washed using a re-usable glass Fritted Funnel column and a pres-
sure pump with 20x bead volume of wash buffer using a pressure pump (20 mM HEPES, 5 % glycerol, 30 mM imidazole, 0.5 %
CHAPS, 21 mM MgCl,). The bound protein was eluted from the beads using 3x bead volume of elution buffer through gravity
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(0.3 M NaCl, 20 mM HEPES, 5 % glycerol, 0.5 M imidazole; pH 7.0). Eluted proteins were analyzed using instant blue (Expedeon Prod
# ISB1L). Nickel elution was filtered and concentrated using Centricon Plus 70 with a 30kDa cut-off.

For both small and large scale preparations concentrated protein was diluted 100-fold with anion exchange buffer (20 mM Tris—
HCI, 1 mM TCEP; pH 8.9) and applied directly to a HITRAP Q HP 5 mL column (1 mL column for small scale) at 2 mL/min. Unbound
sample was washed away with 5-8 column volumes (CV) at 2 mL/min for the 1 mL column and 3 mL/min for the 5mL column and
eluted with 2 %-50 % of the elution buffer over 15 CV at 0.5 mL/min for the 1 mL column and 1 mL/min for the 5mL column. The
2 mL fraction (5 mL column) or 0.5 mL fractions (1 mL column) were analysed by applying 10 uL to an SDS PAGE gel and visualized
using instant blue. For protein for crystallography, the His tag was cleaved from the PUNMT[WT] and PvNMT[G386E] proteins via 3C
protease (His-MBP-3C) at a 1:50 protease: protein ratio overnight at 4°C in dialysis buffer (25 mM HEPES pH 7.5, 500 mM NaCl, 5 %
(v/v) glycerol, 1 mM TCEP, and 0.025 % sodium azide). NMT was recovered by applying the dialysate to a second IMAC column.
Fractions containing target protein were pooled and concentrated to 70 pL for the small scale or 4 mL for large scale and loaded
onto Superdex 75 10/300 or 26/600 columns and eluted with size exclusion buffer (0.3 M NaCl, 20 mM HEPES, 5 %(v/v) glycerol,
1 mM TCEP; pH 7.0). Fractions were analyzed on an SDS-PAGE gel and fractions containing the target protein were either pooled
in the case of PPNMT[WT] or because of limited material kept separate for the PvNMT[G386E] protein. Fractions were concentrated
and flash frozen and stored at — 80°C until further use.

For small scale expression the purified protein was detected by Western blotting, using the anti-PvNMT antibody (PvNMT protein
made by Jim Brannigan at York University and antibodies raised by David Moss, MRC National Institute for Medical Research). For
Western blots, proteins were transferred from the gel to nitrocellulose membrane with the iBlot™ Transfer System. Following blocking
overnight at 4°C, membranes were incubated with primary antibody for 1 h at room temperature in blocking solution and incubated
with secondary antibody (goat-anti-rabbit/rat/mouse IgG-HRP, Invitrogen 1:2500) for 1 h in blocking solution. Detection was carried
out using GE Healthcare ECL Western Blotting Detection reagents or BioRad Clarity Western ECL Substrate and visualized on a
ChemiDoc MP BIO-RAD Imaging System.

CPM-Based PYNMT IC5, Determination

To measure the activity of the purified PPNMT[WT] and PvNMT[G386E], an assay was used with thiol-selective fluorescent dye (CPM)
to monitor the formation of coenzyme A. The assay was performed as published in (Goncalves et al., 2012a). Reagents were prepared
in 20 mM sodium phosphate, 0.5 MM EDTA, 0.1 % Triton X-100 at pH 7.90-7.95 with the corresponding DMSO concentrations. First,
10 uL of a 10 % DMSO/water (v/v) solution containing a dilution series of NMT inhibitor, 50 uL of NMT in 1 % DMSO (final concen-
tration of 6.3 nM), and 25 uL of myristoyl-CoA solution in 1 % DMSO (4 uM final concentration), were combined in Black microplate
96-well non-sterile flat bottom polypropylene plates (655209). The reaction was started by adding 25 pL of CPM and a 15-residue
HsSrc peptide solution in 5 % DMSO (final concentration CPM 8 uM, HsSrc peptide 4 uM). For the continuous assay the fluorescence
intensity was monitored over 45 min at 0.5-min intervals (excitation at 380 nm, emission at 470 nm) at 25°C using the EnVision Xcite
Plate Reader (exported with EnVision Workstation version 1.13.3009.1409). For the quenched assay the reaction was stopped after
30 min at which point the initial reaction rate was still in the linear range by adding 60 pL of the Quench Solution (50 mM acetic acid,
50 mM sodium acetate, pH 4.74-4.78).

Thermal Shift Assay

Purified recombinant PvNMT[WT] and PvNMT[G386E] were diluted to 0.1 mg/mL in PBS buffer containing 10% glycerol and 1:1000
dilution of Sypro Orange in the presence or absence of 4 pM myristoylCoA. Test compounds were diluted to 500 uM in DMSO, and
0.5 L of diluted compound was added to 49 ul of enzyme in a 96-well plate resulting in two technical replicates with a final volume of
20 pL and 1% (final) DMSO with a compound concentration of 5 uM. Each compound was tested twice to give two experimental
replicates, each with two technical replicates. Reference thermal melting temperatures (Tms) were obtained using 1% DMSO without
any compound present. The plates were subjected to a temperature gradient from 300K to 348K at a rate of 1K/min using a FluoDia
fluorescent plate reader. Fluorescence data were acquired with an excitation filter of 486nm and an emission filter at 610nm, and the
raw data were exported to Prism or Excel for analysis. Data were processed to identify the fluorescence maxima and minima, and
the midpoints of melting curves were determined by fitting to a Boltzmann equation, where Tm is the temperature corresponding to
the half maximum response. (Y=Ymin + (Ymax-Ymin)/ (1+exp ((Tm-T)/slope)). Results were expressed as ATm in °C, where ATm is the
difference between Tm in the presence of compound subtracted from that in the reference without compound present.

Surface Plasmon Resonance (SPR) Assay

The surface plasmon resonance experiments were performed using a Biacore T200 (GE Healthcare) equipped with research-grade
CMS5 sensor chips. PYNMT (5.14 mg/mL, 45.0 kDa, 20 mM HEPES pH 7.0, 300 mM NaCl, 5 % glycerol, 1 mM TCEP) was diluted to
0.0514 mg/mL in 10 mM sodium acetate pH 6.0. PvNMT[G386E] (0.95 mg/mL, 47.3 kDa, 20 mM HEPES pH 7.0, 300 mM NaCl, 5 %
glycerol, 1 mM TCEP) was diluted to 0.0428 mg/mL in 10 mM sodium acetate pH 6.0. Each ligand was immobilized onto separate flow
cells using amine-coupling chemistry. The surfaces of all four flow cells were activated for 7 min with a 1:1 mixture of 0.1 M NHS
(N-hydroxysuccinimide) and 0.1 M EDC (3-(N,N-dimethylamino) propyl-N-ethylcarbodiimide) at a flow rate of 10 ulL/min. PvNMT
was immobilized at a density of 900 - 1100 RU onto flow cell 3, and PvNMT[G386E] at 600-1700 RU onto flow cell 4. Flow cell 1
was left blank to serve as a reference surface. All four surfaces were blocked with a 7 min injection of 1 M ethanolamine, pH 8.0.
IMP-0320 was used as a positive control in the assay as it has been extensively used by GSK for routine NMT SPR assays.
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The analytes (IMP compounds [400-550 Da] dissolved in DMSO to a concentration of 500 uM,) were serially diluted 1:3 in DMSO,
and then 1-3 pL of each dilution was dissolved in an assay buffer of 10 mM HEPES pH 7.4, 150 mM NaCl, 0.005 % Tween 20, 4 uM
myristoylCoA to a final DMSO concentration of 1 %. To collect binding affinity data, the analyte concentrations (0-0.4 M except from
DDD85646: 0-1 uM) were injected sequentially over all four flow cells at a flow rate of 30 pL/min and at a temperature of 25°C. The
complexes formed were allowed to associate for 200-700 sec and then dissociate for 600-2400 sec, dependent on the analyte ki-
netics observed. The surfaces were washed with an injection of 50 % DMSO between each analyte injection. The data were analyzed
within Biacore T200 Evaluation Software v2.0.

Equilibrium sensorgram values were exported and the offset set to zero before fitting to a global ‘One site — Specific binding’
nonlinear regression model (Motulsky and Brown, 2006) in GraphPad Prism 7. As differential binding of compounds to PYNMT
[G386E] and PvNMT[WT] were of greatest interest, the ratio of Kp PPNMT[G386E] to that of PvNMT [WT] was calculated for each
compound dose response on the same chip within an experiment.

Crystallography

PVNMT[WT] and PvNMT[G386E] were crystallized using the sitting drop vapor diffusion method at 7.8 mg/mL and 12.2 mg/mL
respectively against a focused screen generated from a published literature condition (Yu et al., 2012). Drops contained 0.4 pL protein
(supplemented with either 0.5 mM MyrCoA or 0.5 mM MyrCoA and 0.5 mM inhibitor) and 0.4 L crystallant. Drops were equilibrated
against 80 pL of the crystallant in Compact Jr crystallization trays (Rigaku Reagents) and incubated at 16°C. Large, rod-morphology
crystals appeared between one and two weeks and were cryo-protected with 20-25 % (v/v) ethylene glycol supplemented with li-
gand(s) prior to vitrification in liquid nitrogen for X-ray data collection.

X-ray diffraction data was collected at the LS-CAT beamline 21-ID-F at the Advanced Photon Source. Collection information and
processing statistics are reported in Supplemental Information appendix Table S1. The data were integrated with XDS and reduced
with XSCALE (Kabsch, 2010). Data quality assessment and space group assignment were performed using POINTLESS (Evans,
2006). Structures were solved by molecular replacement using MoRDa (Vagin and Lebedev, 2015), using PvNMT chain A (PDB
accession code 4B14) in the same crystal form as a search model. The structures were refined in Phenix (Adams et al., 2010),
with manual model building in Coot (Emsley and Cowtan, 2004). Quality of the models was assessed with MolProbity (Chen et al.,
2010). Figures were generated using Pymol (Schrodinger, 2014) and CCP4MG (McNicholas et al., 2011). Inhibitor omit maps (Fig-
ure S6A) were generated by complete removal of inhibitor atoms from fully refined structures and running an additional refinement
cycle in Phenix. Coordinates and structure factors have been deposited in the Protein Data Bank under accession codes 6MAY,
6MAZ, 6MBO, and 6MB1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using Prism 7.0 by GraphPad. Quantitative data are presented as mean + standard deviation. Dose response
curve fitting in Figures 2, 3A, 4A, 4B, 6A, 6B, and S2A, to calculate IC5os ECsq, Hill coefficients and confidence intervals, was
done using four-parameter [Inhibitor] vs. response. For KD determination through SPR in Figures 4C and 6C a ‘One site — Specific
binding’ nonlinear regression model (Motulsky and Brown, 2006) was used. Replicate number and definition of n is indicated in figure
legends. For Figure 3A an unpaired Welch T-test was performed not assuming equal SDs. For Figure S4B a multiple t-tests was
performed for each parasite cycle (two-stage linear step-up procedure of Benjamini, Krieger and Yekutieli, with false-discovery
rate = 1 %).

DATA AND SOFTWARE AVAILABILITY

The PDB files that support the findings of this study have been deposited in Protein Data Bank under accession codes 6MAY, 6MAZ,
6MBO0, and 6MB1.
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