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Abstract 

The focus of this thesis is the lipidation by N-myristoyltransferase (NMT) in the 

plant pathogenic fungus Zymoseptoria tritici. The work presented here was performed at 

Imperial College London in the group led by Prof. Ed Tate in collaboration with 

Syngenta AG.   

Z. tritici NMT was characterized and IC50 values were determined for a number of 

small-molecule inhibitors. A number of NMT inhibitors from the Imperial College in-

house collection were tested in an enzymatic assay against the enzyme. A few of the 

compounds that showed lowest IC50 values were chosen for use in an in vitro assay in 

Z. tritici cultures. A few inhibitors were found to possess EC50 values in the range of 20-50 

µM. A separate experiment confirmed, through metabolic labelling of NMT substrates, 

that one of the inhibitors, IMP-1088, was able to reduce myristoylation activity in 

cultured Z. tritici. 

Metabolic labelling with alkyne-tag modified myristic acid was optimized via an 

in-gel fluorescence method. A complete workflow including the pull-down of the labelled 

myristoylated proteins and their proteomics analysis was performed. The first 

experimental evidence for myristoylation of twenty-four Z. tritici proteins in proteomics 

experiments was obtained using label-free and tandem mass tag (TMT) approaches. The 

TMT proteomics was used to demonstrate that myristoylation was decreased upon 

IMP-1088 treatment.   

The whole proteome analysis of Z. tritici cultures upon IMP-1088 treatment 

revealed significant changes in the expression of several proteins. We used a BLAST tool 

to find counterparts of Z. tritici proteins in Saccharomyces cerevisiae and GO terms were 

assigned based on S. cerevisiae terms. Several GO terms, such as decrease in cell 

metabolism and over-representation of GST protein URE2 analogues, were found among 

the most significantly upregulated terms. These terms provide the foundation for 

hypothesis for understanding the low translation of inhibition from NMT enzyme to 

Z. tritici cultures.  
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Chapter 1: Introduction  

This chapter will introduce the scientific background to the research described in 

the following chapters. A literature overview and current developments in the host lab 

will be discussed before stating the objectives of the research performed.  

First, N-myristoyl transferase will be briefly reviewed, introducing it as an enzyme 

and as a drug target. A brief historic outline of NMT discovery and its inhibitors research 

is provided to highlight the challenges and achievements in the field. Secondly, biological 

methods and tools will be described. Chemical biology offers a variety of techniques 

suitable for NMT research and some key technologies, such as bio-orthogonal chemistry 

and proteomics, will be discussed in more detail. Then, this chapter will provide an 

overview of wheat production and global impact, its risk factors and, in particular, 

pathogenicity. Zymoseptoria tritici, as one of the most important wheat pathogens will be 

introduced. Finally, the objectives of the project will be formulated.  

1.1 N-Myristoyltransferase 

1.1.1 Myristoylation 

N-Myristoyltransferase (NMT) is an enzyme found in all eukaryotes. It is a 

transferase that catalyses the addition of a fourteen-carbon unbranched saturated lipid 

(myristate) to the N-termini of many protein substrates containing an N-terminal 

glycine.1–5 Myristoyl-Coenzyme A (Myristoyl-CoA) is a NMT substrate which serves as the 

source of  myristate moiety for protein modification. Coenzyme A thiol (CoA-SH) is 

released as a reaction product (Figure 1). 

 

Figure 1. General scheme of myristoylation reaction 

There are dozens to hundreds of NMT substrates in various organisms. The 

substrates themselves are very diverse, their classification by functional roles includes 

nucleotide-exchange factors, a protease subunit, signalling proteins, transport proteins, 

kinases, phosphatases and other enzymes.6 The role of the myristate is also different in 
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each case, it can be either the facilitation of membrane binding, activity switch (ABL1),7 

environment sensor (Recoverin, Ca2+)8  or localization signal (NPHP3 to cilium),9 for 

example.  

It appears that myristate chain on its own is not sufficient for tight membrane 

binding.10 It only increases the protein affinity for membranes to a level which can be 

described as equilibrium between membrane-bound and soluble states. An additional 

input is usually present within the protein sequence that allows a cell to shift equilibrium 

to the membrane or to the solution phase.11  

A protein-protein interaction with a solution- or a membrane- localized protein 

can shifts the localization of myristoylated proteins to cytoplasm or membrane 

respectively (Figure 2A).12 Among other inputs affecting localization are palmitoylation 

state, charge and ligand binding.  A number of myristoylated proteins, such as Src-family 

kinases, can be palmitoylated on cysteines adjacent to the N-terminus for membrane 

anchoring or depalmitoylated for dissociation (Figure 2B).13 It has been shown that a 

polybasic sequence near the protein N-terminus can improve binding to negatively-

charged membranes. This electrostatic interaction can be interfered by an anionic signal 

to promote solubilisation (Figure 2С).14 Finally, binding to ligands, such as 

phosphoribonucleotides15 or calcium16 can induce a conformational change resulting in 

a classical myristoyl switch. For such switches, in one conformation, the protein's 

myristate is bound to the hydrophobic pocket within the protein itself; in the other 

conformation, the myristate is presented to the environment increasing lipophilicity of 

the protein surface (Figure 2D).  

Mammals possess two isoforms, NMT1 and NMT2. NMT1 is essential, with its 

mouse knockouts showing embryonic lethality.17 NMT1 was found to be an essential gene 

in all of the 342 cancer cell lines investigated in a recent study, while NMT2 is not 

essential in any of them.18 NMT2 shares extensive sequence and functional similarity to 

NMT1 and its defining biological role is uncertain. NMT is an essential enzyme in many 

other organisms, where it exists as a single isoform, including parasites19 and fungi.20,21 
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Figure 2. The dynamic localisation of myristoylated proteins. Blue: a myristoylated 

protein; black line: myristate or other fatty acid chain. A. Protein-protein interactions can 

solubilize proteins or anchor them to membranes (example, GNAI2). B. Myristoylated 

proteins can be soluble in cytosol, because myristate is not sufficiently lipophilic to anchor 

them to membranes, but additional palmitoylation robustly anchors them to membranes 

(example, RP2). C. Positively charged residues at the N-terminus localise a myristoylated 

protein to membranes, however phosphorylation of the nearby residues can remove the 

effect (example, MARCKS). D. GDP/GTP binding may affect localization of myristoylated 

GTPases, a classical myristoyl switch (example, ARF1). 

Myristoylation reaction normally occurs co-translationally, meaning NMT is 

myristoylating its substrates as they are synthesized in the ribosome complex. During the 

protein synthesis initiating methionine is usually cleaved by the enzyme Methionine-

aminopeptidase. If the next amino acid is glycine followed by a particular recognition 

sequence, NMT recognizes it as a substrate and irreversibly attaches myristate to the 

N-terminal amine (Figure 3).22 Post-translational myristoylation can also happen in out-

of-the-ordinary states of cell with high peptidase activity, such as apoptosis. Proteolytic 
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cleavage of a number of proteins can result in a new N-terminal glycine, which is 

myristoylated by NMT.23 

 

Figure 3. Co-translational myristoylation by NMT. 

1.1.2 NMT Substrates 

Myristoylation was discovered prior to the discovery of NMT itself in the 1980s.24 

All the myristoylated proteins known had glycine in the second amino acid in the 

sequence, asparagine was often third and alanine – fifth (Figure 4). Later, NMT was 

extensively studied using synthetic peptides from natural substrates or their mutated 

analogues to provide comprehensive assessment of the NMT substrate specificity. Most 

of the early research on the subject was performed on Saccharomyces cerevisiae NMT 

(ScNMT) due to availability of the purified enzyme. The NMT consensus sequence was 

updated to involve up to 17 N-terminal amino acids. There are substantial differences 

between NMT specificity in different species.25 

 

Figure 4. Consensus myristoylation sequence for human proteins. The sequence 

logo was created using all proteins annotated as myristoylated in UniProt database 

using the tool available at https://weblogo.berkeley.edu/logo.cgi. 

Based on the discovered recognition motifs, computational algorithms were 

employed as a predictive tool to find further unknown myristoylated proteins. First 

attempted by the PROSITE database, the prediction was based only on the first six amino 

acids and was often inaccurate. Application of a score-based26 ("The Myr Predictor") and 

https://weblogo.berkeley.edu/logo.cgi
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a neural network ("Myristoylator") based27 algorithms decreased both false-positive and 

false-negative results. The Myr Predictor and Myristoylator can identify myristoylated 

proteins at 97.2% and 97.9% true positive rate, while producing 4.2% or 6.1% false 

negatives respectively. 

N-Myristoylation is a two-substrate reaction: it involves myristoyl-CoA as a co-

factor supplying energy-rich myristate for the reaction (Figure 1). Free thiol Coenzyme 

A is released as a by-product of the reaction. Apart from myristoyl-CoA, some other 

natural lipid-CoA derivatives can also bind to NMT. Lauroyl-CoA is a slightly less reactive 

substrate, while decanoyl- and palmitoyl- CoA thioesters react at much lower rates.28 It 

was established that the lipid binding pocket of NMT serves as a 'ruler', measuring carbon 

length by preferring 14-carbon myristic acid through stronger binding, while 16-carbon 

palmitic acid does not fit into the binding pocket and shorter lipids have lower energy of 

binding (Figure 5).  

 

Figure 5. Lipid chain-length "ruler" of NMT.  The view is generated to show the 

myristoyl-CoA binding pocket. In grey is HsNMT1 surface and residues, coloured atoms 

show the molecule of myristoyl-CoA bound to NMT, arrows show approximate positions 

of lipids that are 12-, 14- or 16- carbon atoms in length. 
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Besides naturally occurring lipid-CoA there were large number of analogues 

(varying in heteroatom substitutions, functional side chain groups, aromatic ring 

insertions along the chain length) assessed with regards to their activity as NMT 

substrates.28,29 Most of the modifications that do not introduce additional bulkiness or 

increase chain length, such as heteroatom substitutions or the introduction of double 

bonds, are well-tolerated by NMT. Furthermore, even some larger structures such as 

phenyl rings introduced instead of 3-4 carbons along the lipid chain can be good 

substrates.  

Two interesting substrates that are extremely similar in structural properties to 

the native substrate are ω-alkynylmyristic acid and 12-azidolauric acid (Figure 6). The 

rates of the reaction catalysed by NMT were even slightly higher for both, alkyne29 and 

azide30 analogues in vitro. It was later shown that the analogues are also substrates of 

both Myristoyl-CoA synthetases and NMT in vivo.1 These molecules are of particular 

interest because of the presence of bio-orthogonal groups enabling 'click' chemistry (see 

1.2.2). 

A 

 

 

B 

 

 

Figure 6. The structures of 'clickable' myristic acid analogues. A. ω-alkynylmyristic 

acid. B. 12-azidolauric acid. 

As the research progressed, in the 1990s it was reported that some analogues (13-

oxotetradecanoic acid and 12-azidododecanoic acid) were readily applicable to 

preventing replication of HIV1 through unestablished mechanisms,30 while others (2-

bromotetradecanoic acid) were found to be true inhibitors of NMT.31 NMT had the 

appearance of an excellent drug target: it is an essential enzyme, it was readily available 

as a purified solution, the first crystal structure was published in 1998,32 it possesses 

clearly defined binding sites, there were established in vitro and in vivo assays and 

potential inhibitors had been reported.  
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However, it did not get into the pipeline of any pharmaceutical companies until 

the mid 1990s because of the concern of insufficient difference, and, therefore, selectivity, 

between different species' NMTs. Despite these early reservations, today the scope of 

diseases where NMT could possibly be targeted includes parasitic, fungal, viral infections 

and cancer, 20,33–35  which will be discussed in the next sub-section.  

1.1.3 NMT Inhibitors  

The Gordon  Research Group, which was leading research into NMT in the early 

1990s, published the first selective Candida albicans NMT (CaNMT) inhibitor based on a 

specific octapeptide substrate together with collaborators from Monsanto. A substrate 

derived from the N-terminal sequence of ARF1 with alanine mutation instead of 

N-terminal glycine turned out to be a competitive NMT inhibitor (Figure 7A).36  

Through depeptisation and an extensive structure-activity relationship study, the 

group eventually managed to increase potency (Figure 7B) and, eventually, selectivity of 

CaNMT inhibitor over the human NMT1 (Figure 7C).37 However, the inhibitors suffered 

from poor enzyme-to-culture translation of activity.  

 

Figure 7. NMT inhibitors based on a natural peptide. 
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Encouraged by the initial success of Gordon's study, several pharmaceutical 

companies, namely Pfizer, Roche and SSP (now part of Boehringer Ingelheim), launched 

drug discovery projects focused on NMT. The commercial pursuit for NMT inhibitor was 

mainly targeted at clinically relevant fungi: Candida albicans, Cryptococcus neoformans 

and Aspergillus fumigatus. C. albicans was chosen as the starting point for screenings, but, 

as is the case with other clinical antifungals, an NMT inhibitor should be broad-

spectrum.38,39 

Pfizer was the first company to publish their "benzothiazole" series of compounds 

obtained through high-throughput screening against CaNMT (for example, UK-370753, 

Figure 8A).38,40  The initial hit was successfully optimized in potency as well as selectivity 

for CaNMT vs HsNMT1. However, activity of the compounds developed did not translate 

to other fungal species and did not even translate well across different candida strains 

owing to mutations in the inhibitor binding site.41 Additional high-throughput screen was 

aimed at AfNMT, but the hits discovered were inactive against CaNMT.38 Pfizer did not 

report any further developments on the NMT project after this disappointing result.  

Roche's HTS provided a structurally different hit that conceived the benzofurane 

series of NMT inhibitors (for example, RO-09-4879, Figure 8B).42–45 The company 

encountered the same problem as Pfizer, the inhibitors were narrow-spectrum despite 

excellent activity and selectivity over human NMT.46 Despite the setbacks, benzofuranes 

were the first successful NMT-targeting antifungals in a live animal model. However, poor 

pharmacokinetic properties of the compounds forced the development to a halt.38 

At a later time, SSP published its own efforts to find an NMT inhibitor, which 

broadly followed Pfizer's benzothiazole line. They were able to find new modifications in 

the SAR and had pushed the IC50 against CaNMT into the sub-nanomolar range, but the 

improved activity did not translate to the cell-based assays (for example, FTR1335, 

Figure 8C).47  

The new impetus for NMT drug discovery came again from academic research. In 

2010 the Dundee Drug Discovery Unit (DDDU) published a novel anti-parasitic series of 

compounds targeting Trypanosoma brucei NMT (the parasite causing the sleeping 

sickness disease).48 Later, a paper from the Tate Group in 2012 has described a new 
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benzo[b]thiophene series for Plasmodium falciparum and Plasmodium vivax NMT 

inhibitors based on the previously published benzofuranes.49  

The activity of the new inhibitors from DDDU (for example DDD85646, Figure 

8D) successfully translated into other species of parasites such as L. major,50 and also to 

NMTs of various other species, such as fungal (A. fumigatus),20 nematode (Caenorhabditis 

elegans) well as human NMT. Despite the activity against mammalian NMT isoforms, 

these inhibitors were successfully applied to treat T. brucei in the parasite models in 

mice.51 

 

Figure 8. Notable NMT inhibitors from different structural series. A. An example of a 

benzothiazole series inhibitor developed at Pfizer. B. An example of a benzofurane series 

inhibitor developed at Roche. C. Benzothiazole inhibitor reported by SSP. D. One of the 

most potent T. brucei inhibitors published by Dundee Drug Discovery Unit. 
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Figure 9. Alignment of NMTs from different species. 
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Such translatability of activity is not accidental. NMTs from most of the species 

share at least 30% and often 40-60% in their protein sequence identity and 50-80% 

similarity (Figure 9). The peptide substrate (inhibitor) binding pocket is about the most 

conserved sequence region in the enzyme with relatively few residues defining 

interspecies selectivity.  

The NMT are broadly clustered along their parent species phylogenetic tree 

(Method 1. Sequence alignment and phylogenetic tree), with fungal, parasite and animal 

NMTs forming different branches of the tree (Figure 10). 

 

Figure 10. Phylogenetic tree of different species' NMTs. Fungal NMTs cluster together 

and separately from other species. Animals, plants and parasites form their own separate 

trees with the exception of Plasmodium genus' NMTs, which is evolutionarily close to 

animal NMTs. 

It is noteworthy that majority of small-molecule NMT inhibitors (with the 

exception of non-hydrolysable myristoyl-CoA analogues) bind into or overlap with the 

peptide-binding pocket of NMT. This is due to a well-formed pocket on the enzyme 

surface with numerous possible interaction-forming residues (Figure 11). It is also the 

pocket which accommodates slightly different substrate preferences in different species 

and thus could provide the selectivity between different NMTs. 
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Figure 11. Inhibitor/peptide binding pocket of HsNMT1. Inhibitor (DDD85646, pink) 

is bound to HsNMT1 (cyan). Residues directly interacting with the inhibitor (the binding 

pocket) are highlighted and coloured according to elements. It is notable that seven 

aromatic amino acids are in proximity to the drug facilitating π-π stacking interactions. 

1.1.4 The Mode-of-Action of NMT Inhibitors 

There is a plethora of methods available to validating the mechanistic mode-of-

action of NMT inhibitors. Numerous X-Ray structures were published over the years with 

many natural substrates and inhibitor series. Currently, there are simple HTS-compatible 

in vitro assays for measuring Ki, Vmax and IC50 of myristoylation reaction in the presence 

of various substrates and inhibitors.52,53 

Although it is feasible to establish the NMT-dependent mode of action of the 

described inhibitors, the question remains open: what exactly is the impact of NMT 

inhibition on cellular processes. There are over a hundred myristoylated substrates in 

any given human cell, performing a variety of functions. However, the significance of 

myristoylation for each of the proteins is not sufficiently established yet. The current 

hypothesis is that NMT inhibition is a disrupting wide net of myristoylation-dependent 

proteins that causes a collapse in at least one or, more likely, several of the essential cell 

functions.54 

The evidence suggests that in highly proliferative species and cell lines NMT 

inhibition causes cell death, whereas less proliferative ones can overcome it by becoming 

senescent (unpublished data, the Tate Group). It is, therefore, intriguing to dissect NMT 
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inhibition substrate-by-substrate to investigate the mode-of-action in depth and find 

which non-myristoylated NMT substrates have more input into cell fate.  

Chemical biology became instrumental in understanding the downstream NMT 

biology and in-depth mode-of-action studies. Recently it was demonstrated that NMT 

inhibition induces cell-cycle arrest and ER stress in human cancer cells. Prolonged NMT 

inhibition, and thus continued ER stress, resulted in the cells undergoing apoptosis 

and/or autophagy.55 The proteomics data supporting the hypothesis was too complex to 

break down these processes to a single pathway or myristoylated protein responsible. 

1.1.5 Previous Research in the Tate Group 

NMT has been of interest to the Leatherbarrow Group and, later, to the Tate Group 

at Imperial College from the mid-2000s. A number of assays and investigations into the 

use of NMT as a tool enzyme for chemical biology studies1,56 were published since then 

as well as a review-assessment of NMT as at drug target in parasites57 before the 

mentioned venture into medicinal chemistry of NMT.49  

In 2012, a new high-throughput screen targeting L. donovani and P. falciparum 

parasites was published in collaboration with Pfizer.52 One new L. major NMT inhibitor 

series arouse from the HTS by the fragment like recombination of two hits through X-Ray 

structure-based rational design.58 Activities of a number of other HTS hits were further 

validated by X-Ray.50  

One of the P. falciparum hits from HTS, based on a quinoline scaffold, was 

optimized through the structure-guided design.59 More prospective series based on the 

HTS hits formed a long-term hit-to-lead optimization efforts in the Tate Group. Currently, 

another publication on a new NMT inhibitor series is in the peer-review process. 

At the same time efforts in the group were allocated to obtaining a better 

understanding of the biological role of myristoylation with two publications investigating 

the myristoylated proteome and validating the NMT-dependent mode-of action of NMT 

inhibitors in P. falciparum60 and Homo sapiens.6 Investigations of myristoylated 

proteomes in other species, such as zebrafish,61 T. brucei,62 L. donovani63 and herpes 

simplex virus,64 followed promptly supporting the wide applicability of chemical biology 

approaches described below to study myristoylation.  
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The Tate Group has published a number of papers describing improved chemical 

biology methods53,56,65 and reagents61 useful in NMT research. 

Today, the Tate Group is at the forefront of the research around NMT drug 

discovery, NMT inhibitors mode-of-action and the biological role of myristoylation. 

Expertise acquired by the group throughout the years has been invaluable to start a 

project dealing with NMT in the never before explored and uncommon in chemical 

biology research organism, such as Zymoseptoria tritici, which is introduced in 

Section 1.3 Zymoseptoria tritici. 
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1.2 NMT Toolbox 

1.2.1 Measuring NMT Activity In Vitro  

In order to measure the activity of NMT, the myristoylation reaction can be studied 

in vitro. The group that had a field-defining contributions to the NMT research in the 

1990s was led by Dr Jeffrey Gordon based in Washington University in St. Louis. Early 

experiments described by the Gordon Group made use of tritiated analogues of peptide 

or the fatty acid substrates. Incubation for a fixed period with a radiolabelled subsrate, 

HPLC seperation and quantifiction using an in-line radiometric detector allowed the 

quanfitication of starting materials and products of the NMT catalysed reaction. A 

scintillation counting assay suitable for high-throughput screening (HTS) was described, 

but it also requires tritiated material.66 

The Tate Group published a convenient fluorogenic assay suitable for 96-well 

plate testing of NMT inhibitors. The reaction components (NMT, myristoyl-CoA, peptide 

substrate and, if required, an inhibitor) are mixed in a well with the fluorogenic CPM dye. 

CPM provides a secondary readout for enzyme activity, as it acquires fluorescence 

emission at 470 nm upon reaction with Coenzyme A, the by-product in the reaction 

(Figure 12). The assay provides a convenient setup for inhibitor screening or IC50 

measurements, allowing continuous kinetic measurements as well as endpoint readouts. 

 

Figure 12. The CPM assay reactions. 

1.2.2 In-Cell Myristoylated Substrates Tagging 

To monitor myristoylation in vivo, tritiated myristic acid can also be used to reveal 

myristoylated proteins tagging by SDS-PAGE followed by fluorography. Cells were shown 

to incorporate the tritium-labelled myristic acid first into [3H]myristoyl-CoA, which in 

turn is metabolically incorporated by NMT into myristoylated proteins.67 
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The advent of bio-orthogonal chemistry removed the necessity to use radiolabels. 

ω-alkynylmyristic acid (YnMyr) and 12-azidolauric acid CoA derivatives are as active 

NMT substrates as myristoyl-CoA itself and the parent acids are converted into the 

Coenzyme A analogues in cells. This allows us to obtain the metabolically tagged 

functionalization-ready myristoylated proteome in vivo.68,69 

By utilising through Cu(I)-catalysed azide-alkyne cycloaddition (CuAAC) click 

chemistry, we can label the functionalised proteins with a fluorescent dye or a biotin 

affinity tag, or both using specifically designed capture reagents (Figure 13).61 Among 

other possible ways to use these bio-orthogonal functionalities are the introduction of a 

mass-shift tag70 or the precipitation of proteins directly onto the 'click' chemistry-

enabled beads.  

 

Figure 13. YnMyr metabolic tagging and labelling workflow. 

Cells tagged with YnMyr and later labelled with azido-TAMRA (AzT) commonly 

exhibit a cell type- or tissue-specific pattern of protein myristoylation allowing the study 

of NMT inhibition in vivo. The concentration-dependent loss of signal from myristoylated 

proteins upon treatment with NMT inhibitor is a convenient and straightforward way to 

track NMT inhibition in vivo. Such loss of signal was shown to be specific to NMT 

inhibition by bona fide NMT inhibitors rather than inhibition of ribosomal protein 

synthesis.60  

The 'click' reaction of YnMyr-tagged lysates with azido-PEG-biotin (AzB) allows 

for selective enrichment of myristoylated proteins on avidin beads. The state of 

myristoylation of proteins of interest can be tracked by analysing the enriched fraction 

by western blotting. The samples in which reduced NMT activity has been observed will 
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have incorporated smaller amounts of the YnMyr tag despite the same copy-number of 

proteins synthesized by a cell. 

Multifunctional 'click' chemistry reagents possessing both TAMRA fluorophore 

and biotin (AzTB) have been reported by the Tate Group. Additionally, an arginine amino 

acid can be inserted within the linkage between the reactive azide and biotin (AzRB and 

AzRTB) allowing cleavage of the protein from avidin beads by proteolysis with trypsin 

(Figure 14).61 The reagents without an arginine cannot be cleaved from the resin with 

the peptide they are attached to, while those with the cleavable arginine produce soluble 

modified peptides available for proteomics analysis (Figure 49, discussed on page 85). 

 

Figure 14. Modular structure of multifunctional capture reagents. Az (azido-), R 

(arginine), T (TAMRA) and B (biotin) modules can be assembled in particular 

configuration to provide the functionality necessary for the experiment. 

The enriched lysate labelled with YnMyr/AzRB on avidin beads can be digested 

with a protease such as trypsin, resulting in a peptide mixture that can be analysed using 

shotgun proteomics allowing the identification and quantification of enriched proteins 

(Figure 13).  

1.2.3 Proteomics  

A method of choice when performing both proteome-wide discovery experiments 

and hypothesis-driven sample analysis is data-dependent acquisition-based proteomics, 
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also referred to as shotgun proteomics. Generally, shotgun proteomics experiment 

proceeds through three main stages: sample preparation, data acquisition and data 

analysis (Figure 15).71 Proteomics has become an enormous field of research on its 

own72–74 with each step within the workflow having numerous options and variations. 

Here will be described only the methods related to or used in this work. 

 

Figure 15. Generalized outline of a proteomics experiment. 

Sample preparation begins with the collection of a protein solution by cell lysis. 

Zymoseptoria tritici, used in this work, possesses a strong fungal cell wall, thus lysis with 

detergent buffer, like with human-derived cells, is not applicable. Among other commonly 

used lysis methods, such as freeze-thaw cycling, ultrasonication and mechanical lysis 

with microbeads, grinding of liquid-nitrogen frozen fungal pellets with pestle and 

mortar75 was chosen to be used in this work. This method is more labour-intensive and 

time consuming, but it usually provides the most complete protein retrieval. 

To improve detection of cysteine-containing peptides, the thiols should be 

alkylated in a predictable manner. This step involves proteome-wide reduction of 

cysteines with tris(2-carboxyethyl)phosphine (TCEP) or dithiothreitol followed by 

alkylation with iodoacetamide (IAA), chloroacetamide, N-ethylmaleimide or other 

reagent. Detection of peptides with alkylated thiols, as opposed to free thiols, usually 

results in a greater number and better quality identifications. 
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After the reduction-alkylation step, the sample is digested, most often with 

trypsin, to create a solution of so-called tryptic peptides. They carry at least two positive 

charges on their N-terminal amine and on C-terminal lysine or arginine. These peptides 

usually elute well, are easily ionized at ionization source and are great for detection due 

to their charge. However, other proteases can be used, such as chymotrypsin (cleaves 

after phenylalanine), LysC (cleaves only after lysine), AspN (cleaves before aspartic 

acid).76 Although, they usually perform worse than trypsin in terms of number of peptides 

analysed and protein coverage they can be useful to increase proteome coverage or 

analyse a specific peptide or sequence of interest.77 

Salt ions from the buffer and small particle aggregates present in the mixture are 

extremely undesirable for the sample analysis using sensitive proteomics equipment. 

Stop-and-go extraction tips78 (STAGE-tips) are used to clean up sample by retaining 

peptides on a small-scale cation exchange (SCX) or poly(styrenedivinylbenzene) polymer 

(SDB) column. While the peptides are precipitated on the column, salts and detergents 

can be cleaned from salts by applying a water wash. One-time elution with a solvent 

mixture containing high concentrations of acetonitrile (up to 80%) affords desalted 

peptide mixture. 

Stepwise elution, known as fractionation, from the STAGE-tips using increasing 

acetonitrile concentration or pH increments is possible and allows an additional 

separation of peptides prior to nano-LC separation of peptides. Fractionation is especially 

useful for the whole proteome studies where the number of possible peptides species 

after digestion is in the range of millions. Splitting the sample into two, three or more 

fractions for separate LC-MS/MS analyses significantly increases the number of identified 

proteins and their coverage.79 It is also extremely useful to reduce ratio compression in 

tandem-mass-tag labelled samples (discussed below). 

STAGE-tip fractionation was used in this work due to its combined simplicity and 

effectiveness, but there have been developed strategies to reduce the complexity of the 

peptide mixture arising from a whole proteome.80,81 A widely used technique is SDS-PAGE 

protein separation or its filter-based analogue, FASP,82 and organelle separation is 

valuable for its separation of the proteome in by spatial localization. 
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The increased protein coverage can also be attained by enriching the proteome for 

a subset of proteins of interest by immunoprecipitation, affinity-purification or biotin-

avidin pull-down among others. Enrichment can be used for the identification of protein-

protein interactions or proteins carrying a specific feature such as a biotin label.  

Another way of using enrichment is to provide a quantitative measure to a 

biological response. The amounts of a protein enriched depend on its beads-binding 

ability; if such ability changes, for example as a result of a drug treatment that blocks 

protein binding to the beads, this can be seen as a decrease in signal intensity for the 

protein. This work makes extensive use of the 'clickable' biotin regents (AzRB) to label 

ω-alkynylmyristate-tagged (YnMyr) proteins for subsequent enrichment on avidin 

beads. The amount of the biotin label depends on the efficiency of protein tagging with 

YnMyr by NMT. The decrease in enrichment can be used as the proxy measure of the 

reduced tagging and, therefore, NMT inhibition by drugs. 

1.2.4 LC-MS/MS system 

Peptide samples eluted from a STAGE-tip are injected into a liquid 

chromatography (LC) system coupled to a mass analyser. As samples are identified in the 

mass analyser, their ions belonging to a single eluting peptide can be selected within one 

the mass analyser chambers, separated from the rest of the eluting ions and fragmented 

into ions representing constituent fragments.  

Resolved on the column, eluting peptides are drawn into the gas (aerosol) phase 

by electrospray ionisation (ESI).  The gas consists of the charged ions which are directed 

into a mass analyser. There are several available underlying technologies for analysers in 

mass-spectrometry with each having its advantages in different mass-spectrometry 

applications. Orbitrap detectors have become the most widely used detectors in 

proteomics applications due to their accuracy, reliability and speed.83 Orbitrap detectors 

offer resolving power of up to 240,000 at 200 m/z, sufficient for the elemental analysis of 

ions. Other types of detectors with high resolution are Fourier-transform ion cyclotron 

resonance (FT-ICR), time-of-flight (TOF-TOF) and quadrupole detectors as well as 

combinations of these. 

A mass-spectrum obtained from the ions delivered by the LC is referred to as MS1 

spectrum. Enormous amounts of possible peptide species can not be resolved even by the 
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best LC columns and therefore MS1 spectra usually contain numerous peaks 

corresponding to different peptides.  

These ions can be isolated one-by-one in a quadrupole that is connected to 

orbitrap. The isolated peptide ions are sent into the fragmentation chamber where the 

peptide is broken down. Fragmentation, most often, occurs in a predictable manner at the 

peptide bond. High-energy collision dissociation (HCD) method results in y and b ions and 

electron-transfer dissociation (ETD) produces c and z ions (Figure 16). Fragmentation 

across many possible peptide bonds results in a mixture of ions very well-resolved by 

mass and containing the sequencing information for peptide identification. The peptide-

fragment mixture of ions is then sent back again into the orbitrap to record the MS2 

spectrum. 

 

Figure 16. Nomenclature of peptide fragmentation. 

In the data-dependent acquisition method, ions with top 5 to 20 highest intensities 

in MS1 spectra are instantly identified and sent into the fragmenting chamber followed 

by MS2 recording.84 For example, a "top-10" method on the Q Exactive machine uses 

254 ms to acquire MS1 spectrum (resolution m/Δm 70000) and then analyse 10 highest-

intensity ions in MS2 taking 64 ms each (resolution m/Δm 17500) in sequential cycles of 

less than 1 second.  

Throughout this work, a Thermo Q Exactive instrument was used. It is equipped 

with a nano-LC system, an electrospray ionization injector, a quadrupole, a C-trap to 
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retain ions, a HCD fragmentation chamber and an Orbitrap analyser. A gradient elution 

with acetonitrile-water mixture supplemented with 0.1% formic acid was used for LC 

separation and the Top-10 method was used to analyse ions.85 

1.2.5 Proteomics Quantification Methods 

The mass detection methods are inherently not quantitative, therefore, it is 

impossible to deduce the amounts of a particular ion based on its intensity levels alone. 

The quantitative approaches to shotgun proteomics experiments are thus based on a 

comparative analysis between samples and controls. The intensity of a signal produced 

by any given peptide is assumed to be consistent, thus any statistically systematic 

differences in such intensity could provide insight into relative presence of the given 

peptide in a biological sample. Comparative analysis of peptide intensities from different 

samples in different LC-MS/MS runs is referred to as label-free quantification (LFQ).73  

There are numerous approaches to improve LFQ by merging the samples to be 

compared into a single LC-MS/MS run by the means of isotopic labelling. A simple 

example of such a method is dimethyl labelling: the N-terminal and lysine amines of the 

peptides to be analysed are capped with two methyl groups in a reductive amination 

reaction. Normal isotopic mixture of formaldehyde and sodium cyanoborohydride 

(CH2O/NaBH3CN) produces so-called light peptides, where the dimethyl group adds 28 

Da to the peptide mass. Labelling with deuterated formaldehyde (CD2O/NaBH3CN) 

produces intermediate peptides with additional 32 Da per dimethyl group, and labelling 

with deuterated 13C formaldehyde and deuterated sodium cyanoborohydride 

(CD2O/NaBD3CN) produces heavy peptides with additional 36Da per dimethyl group. 

When mixed and run together in a single analysis these peptides have nearly identical 

elution times, but are separately quantified in the mass analyser. Such multiplicity of the 

sample has the advantages of decreased run-to-run variation in intensity measurements, 

leading to more accurate quantification of differences in intensity. However, variation in 

peptide quantities resulting from preparation steps from lysis through to digestion are 

retained and may result in distorted quantification. Other trade-offs of this method are 

dilution of the samples when combining them together and isotopic effects observed in 

chromatography.86 
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Stable-isotope labelling in cell culture (SILAC) is a labelling method that eliminates 

distortions from sample preparation steps. Normal (R0K0, where R stands for arginine, 

K for lysine and numbers indicate the additional mass of the amino acid due to the 

inclusion of isotopes, in Da), medium (R6K4) or heavy (R10K8) arginine and lysine 

mixtures are added to lysine- and arginine-free media to allow cells to metabolically 

incorporate the corresponding isotopic label. Biological samples resulting from SILAC-

labelled cells can be pooled together as lysates, go through the sample preparation steps 

as a mixture and will be resolved by mass-spectrometer into separate ions providing 

intensity information. The drawbacks mentioned for dimethyl labelling, such as sample 

dilution and chromatographic isotopic effects, are still present for this method. Another 

limitation is that it is only possible to label cells grown in a specially labelled media, which 

is not always applicable.87 Spike-in SILAC method can somewhat overcome the 

limitations of the isotopic labelling of biological samples, as a heavy-isotope labelled 

standard can be mixed in with normally grown cells, tissues or clinical samples to provide 

the point of reference.88  The biggest advantage of SILAC is that protein ratios within the 

mixed sample become preserved at the mixing step allowing quantification independent 

of errors arising through the sample preparation. 

Isobaric (having the same mass) labelling approach removes the disadvantages of 

sample dilution and isotope effects from experiment and at the same time increases the 

number of samples in a single LC-MS/MS experiment up to eleven. Among isobaric 

reagents, TMT (tandem mass tag) are the most widely used, while iTRAQ89 (isobaric tags 

for relative and absolute quantification) are less versatile and less popular.  The reagents 

label the amines of the N-termini and the lysines of peptides in the peptides mixture with 

isobaric tags meaning the resulting peptides are indistinguishable by their 

chromatography retention times or MS1 mass spectra. Asymmetric isotope labels are 

revealed by the fragmentation of the isobaric tags (Figure 17) and result in the pattern 

of ions with distinct masses in MS2 spectra indicating the intensity of a peptide in a given 

sample within the mixture. This type of quantification is referred to as MS2-level 

quantification.90 
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Figure 17. TMT 6-plex labels structures. Heavy atoms are marked with a star. The 

weight of a TMT modification on a peptide is always constant, equal to 229.1629. Upon 

fragmentation, the labels produce ions of different mass, allowing quantification in MS2 

spectra. 

A significant shortcoming of the method related to the quantification in MS2 

spectra is ratio compression: background ions with very similar m/z (falling within the 

m/z isolation window) eluting together with the peak chosen for fragmentation, produce 

their own TMT isotope pattern which overlaps with the ion analysed and causes the 

distortion of the relative intensity measurements. One way of overcoming this downfall 

is by implementing MS3-level quantification available on latest-generation mass-

spectrometers where an additional round of fragment ion selection is carried out and the 

target peptide fragment is separated from any co-eluting contaminants.91 For more 

accurate quantification on older machines, such as Thermo Q Exactive, the sample should 

preferably be additionally enriched and fractionated to remove as many co-eluting 

background peptides as possible. 

1.2.6 Proteomics Data Analysis  

The analysis of proteomics data is far from straightforward. The data obtained 

from mass-spectrometer is simply the intensities of ions (MS1) and their fragments 

(MS2). Sequences of only 20% to 70% of the peptides detected as MS1 ions can be 
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identified with the help of fragments in MS2 spectra, while the rest of ions is excluded 

from further analysis. Identification of peptides and their parent proteins is constrained 

by a number of difficulties. Peptides can be lost from the measurement during the sample 

work-up or simply can be impervious to electrospray ionisation. Detected peptides may 

not fragment well, disabling their sequencing. Large proportion of well-fragmented 

peptides can never be assigned by a search engine due to unknown peptide modifications, 

incomplete databases or lack of sufficient computational power.92,93 

One of the ways proteomics becomes extremely useful is its ability to provide 

direct physical evidence to the existence of particular molecular entities. Such evidence 

can be supported by the extremely accurate mass determination of the ion and its peptide 

sequence. Such identifications have been used for validating the myristoylation of N-

terminal peptides as early as in the 1980s94 and remain one of the most confident 

methods of assigning myristoylation.60 

Identified peptides are given a score by a search engine corresponding to the 

confidence of a match between a peptide and a given MS1 and MS2 spectra. Search 

engines, such as Andromeda95 or Mascot,96 first generate a list of theoretical peptides, 

which are all possible peptides potentially identifiable. This list is an in silico digest with 

a given protease of all proteins from a protein database. Usually databases are defined by 

the genome of a species that is used in the experiment. Per given theoretical peptide, the 

algorithm generates theoretical fragmentation spectra with all possible ions. Then 

theoretical spectra are matched to the experimental ones. A score based on the quality of 

the match is given to any identification, called peptide-spectrum match. Such score 

depends on factors such as the number of theoretical peaks found in the experimental 

spectra, level of noise, etc. 

A different method of peptide search is the "de novo" identification. Here, no prior 

knowledge of the database is assumed. An algorithm deduces peptide sequence solely 

from parent ion mass and the fragmentation pattern. Differences between masses of 

fragments provide information about constituent amino acids and their position in a 

sequence. Good-quality fragmentation spectrum can easily be assigned a correct 

sequence by such algorithm. A good example of implementation of this idea is the 
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commercial program package "PEAKS" developed and marketed by Bioinformatics 

Solutions Inc, which is used in the work described in this thesis.97 

Identified peptides from either database search or de novo search are then 

mapped onto the database with the protein sequences. Protein intensity values are 

calculated based on the intensities of their composing peptides. Thus, a protein intensity 

measurement is usually a value dependent on many measurements of different peptides. 

Calculations may include a bias towards peptides with better scores to increase quality 

and accuracy of the calculated protein intensity. These calculations, including database 

matching and protein intensity calculation, can be done with the help of algorithms, most 

widely used of which are MaxQuant98,99 or Mascot96 packages.  

The data generated as the result contains information about thousands of proteins 

even in the enriched samples. The intensity values are usually inconsistent even for the 

same samples because of high run-to-run variability, which is inherent weakness of mass-

spectrometry. To achieve high degrees of confidence in the results, multiple biological 

and technical replicates are required for all quantitative proteomics experiments. 

Statistical null-hypothesis testing is used to determine which proteins change between 

experimental conditions measured and which ones constitute background. Statistical 

tests such as the t-test, in the case of two biological conditions or the analysis of variance 

(ANOVA) tests are used to obtain statistical significance or p-values for the change 

between measurements for a given protein.  

For multiple hypothesis-testing analysis, p-value is usually not a good indicator of 

significance on its own.100 False-discovery rate (FDR) value is used to establish the p-

value cut-off required to infer biological significance. FDR is the ratio of expected false 

results found with the results of the analysis. Permutation-based FDR calculation is a 

convenient and widely used algorithm to estimate the frequency of occurrence of false 

values in large experimental datasets.101 

Perseus is a fine-tuned statistics software package to analyse proteomics data that 

was developed by the same bioinformatics and proteomics group as MaxQuant. It 

contains all of the above mentioned statistical tools in a single package and was 

extensively used throughout this work.102  
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1.3 Zymoseptoria tritici 

1.3.1 Importance of Wheat Production 

Wheat (i.e. Triticum aestivum, Triticum durum and other species) is the most 

grown staple crop by global cultivation area and second-highest by production volume, 

roughly on par with rice and maize.103 Its impact on the world economy and population 

is hard to overestimate. Wheat is considered a staple crop as it is a major component of a 

Western diet and its consumption is gradually increasing in Asia. 

The production of wheat has been rising steadily in the recent decades. The yield 

has almost quadrupled since 1950s and projections estimate that this growth will 

continue into 2050s. Such rise was fuelled by the increasing use of nitrogen fertilizers, 

implementation of chemical pesticides and evolution of farming techniques.104,105 An 

additional development that may boost the production of wheat even further is the 

advent of genetically-modified high-yielding crops with an increased resistance to pests 

and environmental stresses. As the world population is projected to grow to more than 

9 billion people in 2050,106 the food supply will have to rely on an increased crop 

production. It is, therefore, vital to keep the yields growing further.  

However, several important risk factors may affect crop production. The use of the 

genetically modified crops is heavily dependent on political landscape and is banned in 

many countries, which are among the biggest wheat producers, including France, 

Germany and Poland.107 Locally, cultivation areas often suffer from land overuse and 

erosion.108 The contribution of the global climate change to increased frequency of 

droughts, temperature shifts and weather changes are becoming more and more 

dominant.109,110 

Another risk factor for wheat production is pest resistance. Since the introduction 

of chemical pesticides in the mid-XX century, they have become indispensable for 

agriculture. The major types of pests are insects, fungi, weeds and, to some extent, worms 

and animals. However, every time an insecticide, fungicide or herbicide is used it puts 

evolutionary pressure on an organism to survive. Intensive pesticide use can lead to 

resistance or insensitivity of pests to fungicides.111 Even more pressing is the slowdown 

of introduction of new classes of pesticides as the agrichemicals industry is now relying 

on modification and renewal of already marketed pesticide classes.  
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1.3.2 Agricultural Antifungals 

Since the establishment of agriculture, humans have tried to protect their crops 

from pests. The prayers and rituals of early civilizations transitioned to the middle ages 

crop treatments with various substances of questionable efficacy. Some examples of such 

substances include copper sulphate and lime, which are still often used as alternatives or 

supplements to modern pest protection methods. Many chemicals developed in the 

19th – early 20th  centuries were toxic, often copper- or mercury-containing inorganic 

compounds. Post Second World War chemical industry brought the pesticide use into 

mainstream by developing first potent classes of fungicides.112 

Benomyl, developed among many other fungicides in the 1960s, was the first 

systemic fungicide, i.e. it was actively circulated throughout the whole plant and could 

target disease at any stage of its cycle. Many similar compounds were developed and are 

now collectively known as methyl benzimidazole carbamates (MBC, benzimidazoles). 

MBC work by binding to fungal β-tubulin and preventing microtubule assembly, which 

eventually shuts down nuclear division.113  

Later, sterol biosynthesis inhibitors were developed targeting two different 

enzymes in the pathway. Inhibitors based on the morpholine scaffold target 

D8-D7-isomerase and D14-reductase while those based on the azole scaffold target 

lanosterol 14α-demethylase (CYP51), a key cytochrome P450 enzyme in the sterols' 

biosynthesis. Azoles are collectively known as demethylation inhibitors (DMI).112 

Because these compounds are acting as single site inhibitors, the first cases of 

evolved fungal resistance to MBC and DMI were already reported in the early 1980s. 

β-tubulin and 14α-demethylase inhibitors were found to have induced multiple different 

mutations in the field pest populations resulting in insensitivity or resistance.114 Efficient 

efflux mechanisms have also emerged to counter the DMI.115  

New broad-spectrum and extremely effective inhibitors, strobilurins, based on a 

naturally occurring fungicide appeared on the market in the 1990s. These compounds 

target Q0 pocket on the cytochrome b (CYTB) protein, a major player in the electron 

transfer chain in mitochondria responsible for the ATP generation. Resistance to Q0 

inhibitors (QoI) arose and spread very quickly, within 10 years of appearance in the field. 

Unlike previous examples, a single-point mutation in the CYTB gene is responsible for the 
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majority of resistance cases. Within 20 years of QoI use, as much as 100 % of the 

populations of fungal pathogen Zymoseptoria tritici in some regions acquired 

resistance.116,117  

The latest mainstream development, succinate dehydrogenase inhibitors (SDHI) 

have been on the market since 2005. Succinate dehydrogenase (gene namess SDHA, 

SDHB, SDHC and SDHD) is another enzyme of the electron transfer chain of mitochondria, 

and also participates in the tricarboxylic acid cycle to metabolize succinate to fumarate. 

Resistance risk-assessment laboratory studies have shown that Z. tritici could acquire 

resistance to SDHI after a single-point mutation in the target gene under laboratory 

conditions.118,119 In the field Z. tritici populations it appeared to be a trend for decreased 

sensitivity to the inhibitor mediated by various single point mutations in SDHC or SDHD 

genes in recent years.120 

Thus, current agricultural practices heavily rely on the scheduled regimens of 

application of different antifungal classes over fields throughout a year.121 Constant 

monitoring of population resistance profiles of fungi in the region of cultivation define 

the choice of the combination of fungicides to be used. Current trends are indicating that 

situation is constantly getting worse due to the emergence and spread of fungicide-

resistant populations. There is also a significant risk of spread of multi-resistance fungal 

phenotypes. 

1.3.3 Zymoseptoria tritici 

One fungi specie, Zymoseptoria tritici, the cause of Septoria Tritici Blotch disease 

(STB), alone accounts for up to 70% of fungicide usage in the EU by recent estimates.122,123 

It is currently the most yield-affecting fungal wheat disease in Europe124 and is growing 

its footprint in North America. It incurs losses of billions of dollars annually for 

agriculture industry, which includes disease control cost as well as reduced potential 

wheat yields.122  

Z. tritici is a specie that has originated around the time of the beginning of wheat 

cultivation era around 10000 BC on the territories of Mesopotamia (modern Iraq) by 

divergence from a wild-grass pathogen. It co-evolved and spread together with 

domesticated wheat.125 
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The disease progression in wheat is comparatively rapid. STB usually goes 

unnoticed in the field in the first 10 days of infection, but after initial ‘highjacking’ period 

manifests itself as leaf necrosis and leads to a rapid plant death in the following 10-20 

days.126 At the same time, the spores mature and become ready to spread through leaf-

to-leaf contacts and rain splash dispersion.121 

Z. tritici infects a wheat leaf via stomata pores on the surface and spreads its 

hyphae into the extracellular apoplastic space within the leaf. It successfully avoids plant 

immune system during the symptomless biotrophic phase of growth. After 12 days, 

Z. tritici induces programmed cell death in the infected areas of the leaf and becomes 

necrotrophic. It generates large number of spores on the surface, which normally mature 

after the 21st day of infection.  

During the first days of the symptomless infection, Z. tritici spreads very slowly 

and silences the wheat anti-pathogen responses. At some point, it induces the host cell 

death and completely changes its growth type and metabolism. This metamorphosis has 

become an extremely interesting and relevant model to study host-pathogen co-

evolution and crosstalk.127 

Due to the impact on the wheat yield and the risks of fungicide resistance 

associated with it, Z. tritici has become the focus of this work aimed at investigating 

potential new antifungal treatments. 

1.3.4 Current Z. tritici Research 

Z. tritici's genome has been fully sequenced in 2011 by the Joint Genome Institute 

(JGI) resulting in identification of circa 11000 genes.128 The high quality of the genome 

assembly spurred molecular biology research into Z. tritici, with plant-pathogen 

interactions being the most studied aspect. Gene annotations produced by JGI are 

predominantly algorithmic, based on other fungal species. Thus, the quality of 

annotations suffers from numerous mistakes in gene calling, splice site identifications, 

etc. 

Attempts to re-annotate the genome were performed independently by two 

groups. Researchers at the Rothamsted Research Institute (RRes) have edited JGI 

annotations,129 and the team at the Max Plank Institute in Kiel produced a new RNA-seq 

based annotation.130 These newer annotations, also suffering from many errors, have not 
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been integrated together and are not present in major bioinformatics resources such as 

NCBI database, UniProt or Ensembl. 

Z. tritici has become an excellent model to study signalling and host-pathogen co-

evolution with wheat. Numerous 'omics studies are aimed at elucidating Z. tritici 

highjacking machinery and potential wheat response effectors. A definitive molecular 

biomarker signature of Z. tritici infection could have a potential as a diagnostic tool 

during the symptomless stages of STB infection. The research is also important for 

understanding the possible mechanisms of detection native to wheat. Selecting for the 

right effectors or introducing them artificially through genetic modification may offer a 

sustainable protection mechanism.123 

The transcriptomics,131 proteomics, phospho-proteomics132 and metabolomics127 

studies of the extracellular space of Z. tritici-inoculated wheat were performed. Despite 

in-depth investigations into the mode of infection by a certain technique, these studies 

are rarely integrated. The resulting lists of identified features are, again, rarely followed 

up and integrated into shared databases. 

A major direction into Z. tritici research is tracking of the field populations. 

Detection, identification and follow-up of concurrent Z. tritici evolution is of interest to 

both agricultural and agrochemical industries, as they are trying to keep the the ongoing 

fungicide research tied to the changes in the pathogen susceptibility.117,133 Z. tritici and 

wheat placed in the ever-changing environment affected by new fungicides is a 

fascinating unintentional ecosystem-wide experiment on evolution and co-evolution. So 

far, the industry was able to keep the pathogen under control by developing new or more 

effective modified treatments. However, it is again at the crossroads, when all major 

fungicides are losing activity at a remarkable rate and even combined treatments may 

not be able to keep recently reported multi-resistant phenotypes from diminishing wheat 

yields in the near future.130 
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1.4 Project Aims and Objectives 

The arguments above provide a compelling case for further investments into 

development of Z. tritici-focused fungicides with novel modes-of-action.  

Academic research and pharmaceutical industry's research and development 

efforts in clinically-significant fungi, such as Candida albicans and Aspergillus fumigatus, 

may provide useful ideas for potential new antifungal modes of action for the 

agrochemical industry. Recent success in development of the NMT inhibitors as anti-

parasites48,60 and antivirals35 was accompanied by the accumulation of large amount of 

data, including NMT functional network, new inhibitor scaffolds and crystals structures 

with structure-activity relationships. These advancements prompted us to consider it as 

a target in not yet explored and often underappreciated agricultural context. 

Investigation of NMT inhibitors as potential fungicidal agents targeting Z. tritici 

will be the focus of the work presented in this thesis. To this end, Z. tritici NMT (ZtNMT) 

will be characterized in vitro and an assay to measure the activity of NMT inhibitors to 

inhibit the growth of Z. tritici in culture will be explored.  

Initially, our goal was to find a potent Z. tritici NMT inhibitor by cross-screening a 

library of known human, parasite and fungal NMT inhibitors and use them as a tool to 

further study NMT and myristoylation. Once, identified in a screen, the mode-of-action 

study of these compounds in Z. tritici cultures should confirm or refute these inhibitors 

as NMT inhibitors.  

To study the NMT-dependent mode-of-action, the identification of myristoylated 

substrates of NMT in vivo is necessary and we chose to do this using bio-orthogonal 

probes labelling and proteomics. Bioinformatics tools were extensively used in addition 

to conventional database resources, as the latter contained scarce information related to 

Z. tritici. 

As the study progressed, we have identified a suitable potent ZtNMT inhibitor and 

validated it in vivo, we aimed to understand its effects on Z. tritici on the whole-proteome 

level. A stress response induced by the treatment with an NMT inhibitor was described 

and investigated to understand the defence mechanisms employed by Z. tritici. 
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As a by-product of this study, experimental evidence was found for the expression 

of thousands of hypothetical genes and, in a few cases, experimental evidence for 

corrections to the JGI annotation was found. A homology annotation for majority of 

Z. tritici  proteins was produced to assist the bioinformatics analyses.  

Our ultimate goal was to gain understanding of NMT in Z. tritici (ZtNMT) for the 

complete assessment of it as a target of fungicide treatments. In perspective, this study 

should optimize biochemical assays for inhibitors screening, produce starting hits for the 

SAR of ZtNMT inhibitors, show fungicidal effect of ZtNMT inhibitors if this is possible and 

validate this effect in vivo. 
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Chapter 2: Evaluation of  Z. tritici N-Myristoyl-

transferase as a Drug Target 

Given the focus of this study is N-Myristoyltransferase, first it was decided to 

characterise the enzyme the in vitro. The main pursuit of such characterisation is a search 

for a tool inhibitor compound in a screening to further use as a tool and a potential 

starting point for a hit-to-lead optimization. In order to start the screening, an assay 

measuring a ZtNMT activity should be set up and optimized. A purified recombinant 

ZtNMT was kindly provided by collaborators from Syngenta AG, who designed and 

expressed the recombinant enzyme in-house. Next, an MTS-based  assay was set up to 

test the most active hits in culture. 

2.1 Bioinformatics Analyses of the ZtNMT Gene 

The Mycgr3G109408 gene on the reverse strand of the 5th chromosome in the JGI 

annotation of Z. tritici genome128 was automatically assigned as 

N-tetradecanoyltransferase (synonym N-myristoyltransferase, NMT) by similarity 

(UniProt134 ID F9XBB7). A closer study of the gene sequence and alignment indicates that 

only the 4th and the 5th exon sequences align to NMTs of other organisms, whereas 1st-3rd 

exons code for a protein sequence analogous to Zn-binding and oxidoreductase-active 

polypeptide (Figure 18).  

A re-annotation by Rothamsted Research129 yielded a sequence that only covers 

the 4th and the 5th exons and, indeed, closely resembles NMT of other species (Figure 18). 

The annotated gene sequence starts as CTGATCATG thus indicating a non-canonical CTG 

start codon despite the presence of ATG sequence as the third codon. It is puzzling why 

annotation engines yielded this result. A possible explanation is that the annotation was 

inherited from the JGI annotation, where the CTGATCATG motif was indicating the start 

of an intron rather than initiation of translation. Therefore, it is reasonable to assume that 

ATG codon is a true start codon and dismiss preceding CTG and ATC codons from the gene 

annotation. 
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Figure 18. NMT gene location in the Z. tritici genome. The ORF annotated by JGI is 

shown in dark red, the ORF annotated by RRes is shown in yellow. Top: NMT gene 

(Mycgr3G109408, ZtRRes_04799) within the Chromosome 5 of Z. tritici. Bottom: Zoom-in 

to a single gene region. The figure was generated from ensembl.org135 web-page. 

The translated sequence contains 535 amino acids, which usually vary between 

400-500 amino acids in different species. The phylogenetic tree shows that evolutionarily 

it is closer to other fungal NMTs in contrast to mammalian, plant and parasite NMTs 

(Figure 10).  

The sequence alignment indicates that it carries characteristic to fungal NMT 

loops which are not present in other species' NMT (Figure 9). Indeed, ZtNMT has 36% 

sequence identity with HsNMT1, 31% with PfNMT, 40% with CaNMT and 46% with 

AfNMT, which can be considered extremely conserved. Even higher conservation is found 

in the peptide/inhibitor binding site, where up to 90% of amino acids are conserved. 

Using a SWISS-MODEL bioinformatics tool available online,136 a homology model 

of ZtNMT was constructed based on the most closely related structure of Aspergillus 

fumigatus NMT, which possesses 58% identity in the crystallised sequence that lacks an 

unstructured N-terminal domain (Method 2. ZtNMT homology model). In Figure 19 is 

shown ZtNMT structure overlaid with HsNMT1 X-Ray structure (reference 4C2Z) with 

both myristoyl-CoA and a synthetic inhibitor bound (DDD85646, Figure 8).6 It can easily 

be seen that tertiary structures of the enzymes are nearly identical with more conserved 

regions in the inner part and binding pockets. The least conserved regions are located on 

the surface of the enzymes, with a few extra flexible loops in ZtNMT. 
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Figure 19. Structural alignment between ZtNMT homology model and HsNMT1. The 

ZtNMT model based on A. fumigatus NMT has almost perfect structural alignment to 

HsNMT1. ZtNMT residues identical to HsNMT1 are shown in magenta, non-identical 

residues are shown in cyan, extra loops shown are in blue, HsNMT1 is shown in grey. Small 

molecules, DDD85646 inhibitor and myristoyl-CoA, are co-crystallized with HsNMT1. 

Molecular atoms are indicated by colour [carbon (green), nitrogen (blue), oxygen (red) 

and sulfur (yellow)].  The figure was generated using the PyMOL Molecular Graphics 

System, Version 2.0 Schrödinger, LLC. 

The inhibitor binding pocket is remarkably similar in ZtNMT and HsNMT1 even 

considering 90% identity of amino acids lining the immediate interaction sphere of the 

synthetic inhibitor. The amino acids that differ have their side chains turned away from 

the inhibitor binding site and present their backbone instead. As will be discussed later, 

this phenomenon largely explains correlation in ZtNMT/HsNMT1 IC50 and at the same 

time raises concerns over the selectivity and the potential applicability of ZtNMT 

inhibitors as field antifungals. Despite this, other binding modes for NMT inhibitors are 

possible and it is too early to draw conclusions about general applicability at this stage. 
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Threonine (1), valine (2) and lysine (3) are turned away 

C-terminal residues leucine (HsNMT1) and 

glutamine (ZtNMT), although different, present 

their C-terminal carboxyl to the binding pocket 

  

Figure 20. Inhibitor binding pockets of HsNMT1 and ZtNMT homology model. ZtNMT 

residues identical to HsNMT1 are shown in magenta, non-identical residues are shown in 

cyan, extra loops shown are in blue, HsNMT1 is shown in grey. The atoms of the DDD85646 

inhibitor from HsNMT1 4C2Z structure are indicated by colour [carbon (green), nitrogen 

(blue), oxygen (red) and sulfur (yellow)]. The figure was generated using the PyMOL 

Molecular Graphics System, Version 2.0 Schrödinger, LLC. 

2.2 ZtNMT Enzyme Kinetics  

The collaborators at Syngenta have produced three different constructs of 

recombinant ZtNMT: a full-length (FL) construct, a Δ99 N-terminal truncate and a Δ132 

N-terminal truncate in order to attempt the crystallization of the enzyme. Currently all of 

the crystallised NMTs accessible on PDB lack a flexible N-terminal tail of 70-130 amino 

acids, which impedes crystallization.  
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Figure 21. Determination of the recombinant Δ99 ZtNMT concentration by 

SDS-PAGE. Bovine serum albumine (BSA) in different concentrations was chosen as a 

standard and ZtNMT was loaded on the gel as 2.5 µl, 5 µl and 10 µl aliquots. A standard 

curve was built based on the band intensities of 10 µl BSA with different concentrations. 

ZtNMT concentration was estimated to be 4 * 2.9 mg/ml, 2 * 5.7 mg/ml and 11.6 mg/ml 

for each band, with an average of 11.5 mg/ml. 

The enzyme purity and concentration was checked by SDS-PAGE gel (Figure 21). 

2.5 µl, 5 µl and 10 µl aliquots of the solution of recombinant Δ99 ZtNMT were loaded in 

the first three lanes and 10 µl of standard BSA solutions with indicated concentrations 

were loaded in the next six lanes. Δ99 ZtNMT concentration was calculated from a 

standard curve based on the BSA concentrations and equals 11.5 mg/ml. 

To characterize the enzyme in vitro, a CPM-based assay was established to 

measure ZtNMT myristoylation kinetics. The assay for other species' NMT has been 

described previously by the Tate group.53 Briefly, solutions of myristoyl-CoA, NMT, 

peptide substrate, CPM dye and inhibitor, if necessary, are added to a 96-well plate at the 

required concentrations (Method 3. CPM assay). Readout can be measured in two modes: 

continuous monitoring or fixed point measurement after quenching the reaction with 

sodium acetate buffer. The readout is provided by the CPM-CoA adduct fluorescence at 

470 nm (Figure 12). 

First, an appropriate substrate had to be chosen from the list of the following 

substrates available in the laboratory:  
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1. N-terminal human SRC 8-peptide GSNKSKPK-NH2 (Hs8); 

2. N-terminal human SRC 15-peptide GSNKSKPKDASQRRR-NH2 (Hs15); 

3. N-terminal P. falciparum ARF 15-peptide GLYVSRLFNRLFQKK-NH2 (Pf15); 

as well as a ZtNMT ARF1-based substrate provided by Syngenta: 

4. N-terminal Z. tritici 8-peptide GLTFSKLF-NH2 (Zt8). 

Next, we set out to identify the optimal combination of a substrate peptide and a 

ZtNMT construct. All three available ZtNMT constructs were tested against all four 

available peptide substrates. Δ99 ZtNMT (Figure 22A)and Δ132 ZtNMT (Figure 22B) 

recombinant protein constructs with Zt8 substrate produced results similar in quality to 

the published assays with HsNMT1 and PfNMT and their respective substrates, while 

other tested substrates (Hs8, Hs15 and Pf15) were reacting at much slower rate. The 

myristoylation of Zt8 by FL ZtNMT was comparable to the background (Figure 22C), 

while the reaction rates for Hs15 and Pf15 substrates were higher, however, with higher 

background.  

The plot comparing rates of the substrate Zt8 myristoylation by different 

constructs clearly indicates truncated constructs are active as opposed to the FL ZtNMT 

construct (Figure 22C). Based on the results of the assay it was decided to use Δ99 ZtNMT 

for all future enzyme-based experiments. It is going to be referred to simply as ZtNMT, 

unless indicated otherwise. 
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Figure 22. CPM assay optimization for ZtNMT. A. Performance of Δ99 ZtNMT in the 

CPM assay with various peptides. B. Performance of Δ132 ZtNMT in the CPM assay with 

various peptides. C. All ZtNMT constructs are compared between each other with a single 

peptide, Zt8. NC – negative control. D. Performance of the control C. elegans NMT in the 

CPM assay with various peptides. 

Due to the high conservation of NMTs across species, their substrate pools 

substantially overlap resulting in cross-species substrate myristoylation. Caenorhabditis 

elegans NMT was used as a positive control in the assay and successfully recognized all 

of the substrates tested (Figure 22D). Retrospectively, HsNMT1 or Saccharomyces 

cerevisiae NMT would have made for superior positive controls due the amount of 

previous research performed with them and their relevance. 

Myristoylation is a second-order reaction with both peptide and myristoyl-CoA 

contributing to the rate of the reaction. To measure the kinetic parameters, such as Km 

and Vmax, one of the substrates should be present at the saturating concentrations, then 
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reaction rates obey pseudo-first-order kinetics laws.137 Therefore, saturating 

concentrations of both, myristoyl-CoA and Zt8, were measured (Figure 23). 

  

Figure 23. Determination of saturating concentrations of ZtNMT substrates.  

Left: dependence of initial velocity on Zt8 concentration (at 16 µM of myristoyl-CoA). 

Right: dependence of initial velocity on myristoyl-CoA concentration (at 8 µM of Zt8). 

Extrapolating outside the conditions tested, initial reaction rates appear to flatten 

out at 16 µM of Zt8 and 32 µM of myristoyl-CoA. These concentrations were used to 

establish Km and Vmax for the reaction.  The rate constants were measured at 200 ng/ml 

ZtNMT as in all previous assays and at 100 ng/ml to obtain two independent 

experimental results.  

To measure the rates of the reaction, accumulation of the fluorescence signal at 

470 nm was measured at one-minute intervals during the first 20 minutes of the reaction. 

Rates of the enzymatic reaction were calculated from the linear range (normally, 2-15 

minutes) of the resulting fluorescence over time curve using Origin 9.1. The plots of rates 

𝑣 over substrate concentrations 𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 were fitted using standard Michaelis-Menten 

model represented by the equation 𝑣 = 𝑉𝑚𝑎𝑥
𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒  

𝐾𝑀+ 𝐶𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒
. The constants were 

determined to be as follows: 𝐾M(𝑀𝑦𝑟-𝐶𝑜𝐴) = 0.078 µM and Vmax (𝑀𝑦𝑟-𝐶𝑜𝐴) = 1.5*104 s-1 

at the peptide saturating concentration and 𝐾𝑀(𝑝𝑒𝑝𝑡𝑖𝑑𝑒)= 1.25 µM and Vmax(𝑝𝑒𝑝𝑡𝑖𝑑𝑒) = 

2.5*104 s-1 at the saturating concentration of myristoyl-CoA (Figure 24). 
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Figure 24. Determination of kinetic parameters of ZtNMT.  A. Titrating myristoyl-CoA 

at saturation peptide concentrations provides 𝐾M(𝑀𝑦𝑟-𝐶𝑜𝐴) = 0.078 µM and Vmax (𝑀𝑦𝑟-

𝐶𝑜𝐴). B. Titrating Zt8 peptide at saturation myristoyl-CoA concentrations provides 

𝐾𝑀(𝑝𝑒𝑝𝑡𝑖𝑑𝑒)= 1.25 µM and Vmax(𝑝𝑒𝑝𝑡𝑖𝑑𝑒) calculated by curve fitting. 

2.3 In vitro NMT Inhibitors Screening  

The described assay can be easily adapted to the screening of a library of 

inhibitors. Our group is in possession of a large collection of NMT inhibitors based on the 

hits from the parasite NMT HTS (introduced in Section 1.1.5). A number of scaffolds 

commonly seen in the HTS hits were further derivatised and the structure-activity 

relationships (SAR) of these series were studied in the context of parasite and human 

NMT. The Tate Group is also in possession of a number of inhibitors reported by the 

Dundee Drug Discovery Unit that have shown activity against T. brucei and A. fumigatus 

NMTs. Therefore, a diversity-based subset of inhibitors was chosen from the collection 

and subjected to the developed ZtNMT kinetic assay (Method 4. CPM assay to measure 

an NMT inhibitor IC50).  

In a similar to the previously described experiment, slope values in the linear 

ranges of reaction readouts over time were calculated using Origin 9.1 software. Then, 

sigmoidal dose-response (variable curve) fitting using the GraphPad Prism 5 software 

was applied to the measurements of the reaction rate over the inhibitor concentration to 

obtain the IC50 values (Figure 25).  
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IMP-162 

 

IMP-366 

 

Figure 25. Examples of the IC50 curves obtained in the CPM assay. Left: determination 

of IC50 values for IMP-162. Right: determination of IC50 values for IMP-366. 

In Table 1 are shown the IC50 values of the set of the most promising inhibitors 

excerpted from an array of tested compounds. The results indicate that the most potent 

ZtNMT inhibitors came from the benzimidazole/indazole-based series (for example, 

IMP-1088, IMP-1134) and the pyridine-based series with the potency in the nanomolar 

range (IMP-366). The pyrrolidine-based series (IMP-162) and azetidine-based series 

(IMP-1206) inhibitors were also identified as hits with potencies above 1 µM (Table 1). 

Inhibitor IC50, nM CI lower, nM CI higher, nM 

IMP-1134 <1 - - 

IMP-1089 6.7 - 13 

IMP-1088 12 11 13 

IMP-1031 13 9.2 17 

IMP-1100 16 8.6 25 

IMP-366 50 30 74 

IMP-964 520 100 2470 

IMP-329 870 720 1070 

IMP-162 1850 1590 2200 

IMP-1206 2330 1780 2790 
 

Table 1. IC50 values and their confidence interval (CI) for the most potent ZtNMT 

inhibitors identified in the in vitro screening. 
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Interestingly, the IC50 values for ZtNMT are very closely correlated with the IC50 

values for HsNMT1 with Pearson correlation coefficient as high as 0.598 (Figure 26). 

This, again, can be explained by the identical residues forming interactions with 

inhibitors in the binding pocket of human and Z. tritici NMTs.  

 

Figure 26. Correlation between ZtNMT IC50 and HsNMT1 IC50 values. 23 values 

outside of the range of the assay measurement were excluded. All HsNMT1 IC50 

measurements were performed by Dr Markus Ritzfeld and Dr Andrew Bell.  

2.4 The structure-activity relationship of ZtNMT inhibitors 

Next, the IC50 values of the variously substituted analogues benzimidazole- and 

indazole-based inhibitors were measured to study the SAR of these inhibitors. A range of 

analogues were available in the in-house NMT inhibitors collection owned by our group  

Dimethylation of the 3-methyleneamino group (IMP-1031) appears to somewhat 

increase the inhibitor slightly as opposed to the mono- (IMP-1034) an unsubstituted 

(IMP-1036) amines (Figure 27). 
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Figure 27. Structure-activity relationships 1: the methyleneamino group. 

Aromatic fluorine substitutions greatly enhance the IC50 values of the inhibitors, 

with 2-fluoro-substitution (IMP-1031) having the largest effect and 3-fluoro-

substitution (IMP-1002) having a less pronounced effect. The difluoro-sibstituted 

inhibitor's (IMP-1088) IC50 value reflects the additive nature of these substitutions and 

is the most potent among the molecules in Figure 28. N-methylated indazole molecule 

was not available for the unbiased comparison of aromatic fluorination. 

 

Figure 28. Structure-activity relationships 2: aromatic fluorine. 

Variation in the small side-chain heterocycles revealed that 1,3,5-

trimethylpyrazole  (IMP-917) is the most active, as opposed to bio-isosteric 

methylthiazole (IMP-1037) and pyridine (IMP-918) rings (Figure 29). Moreover, 1,3,5-

trimethylpyrazole is a very common motif in a number of different structural inhibitor 

series (Figure 30).   
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Figure 29. Structure-activity relationships 3: small heterocycles. 

 

Figure 30. Structure-activity relationships 4: NMT inhibitor scaffolds containing a 

trimethylpyrazole moiety. 

This motif, can still be optimized by the substitutions of the 3-methyl- (IMP-1097) 

for an electronegative group, the most potent of which is carbonitrile (IMP-1195) and 

less so, sulfone (IMP-1249). Groups with hydrogen bond forming capacities (IMP-1178 

and IMP-1179) do not seem to have much of an effect, while carboxylic acid group in this 

position (IMP-1252) completely abolishes inhibition(Figure 31). 
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Figure 31. Structure-activity relationships 5: the functionalization of the 

trimethylpyrazole moiety. 

N-methylation of the indazole nitrogen (IMP-1002) slightly increases potency 

compared to the non-methylated version (IMP-917), although the effect is not 

prominent. Other aromatic scaffolds of the same geometry were tested. The 

imidazopyridine (IMP-1097), a standard scaffold in numerous approved drugs,138 seems 

to have similar inhibition potency to the indazole version.  [1,2,4]triazolo[4,3-a]pyridine 

(IMP-1049), on the other hand, is completely inactive (Figure 32). 
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Figure 32. Structure-activity relationships 6: isosteric heterocyles. 

As shown above, dimethyl substitutions of 3-methyleneamino group are preferred 

to monomethyl (IMP-1097), but longer alkyl chains (IMP-1107 and IMP-1110) 

gradually reduce potency of the compounds. Functionalized amines, e.g. Boc-

functionalized IMP-1452, may form additional binding interactions and it may be worth 

exploring the chemical space in this position (Figure 33). Unfortunately, other analogues 

functionalized at this position were not present in our library.  
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Figure 33. Structure-activity relationships 7: long-chain alkylation and 

functionalization of the methyleneamino group. 

All of the compounds presented here were derived from the human and malaria 

NMT-centred drug discovery programs and thus were gradually optimized for better 

potency and ADME (absorption, distribution, metabolism, and excretion) properties in 

mammalian organisms. As finding a more potent inhibitor is beyond the scope of this 

study, the SAR investigation was not further continued. However, as has been shown by 

our work, significant leads were found towards ZtNMT inhibitors that are more potent 

and selective over HsNMT1.  

The Boc-substituted 3-methyleneamino group in IMP-1452 provides at least 10-

fold selectivity towards ZtNMT over HsNMT1 (HsNMT1 IC50 > 0.4 µM, was out of the 

assay range), while improving potency at the same time. Both, 3-carbonitrile group on 

the pyrazole ring and imidazole scaffold as opposed to 3-methyl group and 

imidazopyridine scaffold result in higher potencies against ZtNMT. 

2.5 In vivo Effective Concentrations Evaluation  

Next, a cell proliferation assay was used to measure the EC50 values of the most 

potent compounds in each of the inhibitor series (Table 2) in the Z. tritici culture. The 
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MTS reagent was used to assess the viability of Z. tritici cultures through their metabolic 

activity. The cultures were grown in 96-well plates at 24 0C with constant shaking. It was 

established by light scattering and microscope observations that the inoculated spores of 

Z. tritici grow very slowly in the first 24 h post inoculation (PI) while they develop from 

spores into yeast-like culture and then enter logarithmic phase which starts at ~24 h PI 

(Z. tritici culture conditions optimization is discussed in Section 3.1) and lasts until at 

least 72 h PI under the conditions used. The MTS reagent was added to the culture at 45 h 

PI and was allowed to react with metabolically active cells for 3 h, then calorimetric 

measurements were taken at the 490 nm wavelength. Vogel's minimal media, with only 

sucrose as an energy source, was used to grow Z. tritici in this assay (Method 5. Cell 

Proliferation Assay). 

Inhibitor EC50, µM CI lower, µM CI higher, µM EC50/IC50 

IMP-162 18.4 14.1 24 13 

IMP-1088 23.4 21.8 25.2 2093 

IMP-1134 26.8 22.6 31.9 ~30000 

IMP-1089 46.2 39.4 52.1 7813 

IMP-1031 51.1 46.0 57.7 4382 

IMP-366 108 74.2 205 4084 

IMP-964 155 113 216 416 

IMP-329 277 214 372 428 

IMP-1100 >500 
  

 

IMP-1206 >500 
  

 

 

Table 2. EC50 values of the most potent ZtNMT inhibitors in culture. 

Despite the outstanding enzyme inhibition in the nanomolar range of 

concentrations, the inhibitors were much less potent in culture than in the enzyme assay. 

In most cases, the drop-off in activity was in the thousands-fold range with one notable 

exception of IMP-162 (Figure 34), which comes from structural series completely 

unrelated to other inhibitors.58 For other inhibitors, such drop-off is consistent with 

previous data obtained for NMT inhibitors in various species, for example another fungus 

Aspergillus fumigatus.20 
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Figure 34. The structures of the most potent Z. tritici inhibitors found in the cell-

based inhibition assay.  

Two most potent compounds measured similar IC50 around 20 μM, and a few other 

indazole-based structures have IC50 under 100 μM with the rest of the inhibitors being 

inactive in the assay. We decided to validate the mode of action for IMP-1088 and IMP-

162 (Figure 34) with the aim to employ them as tools to study Z. tritici biology.  

2.6 Crystallization of Z. tritici NMT 

In attempt to crystallize ZtNMT, an initial screening plate was set up. A Structure 

Screen 1 + 2 HT-96 plate from Molecular Dimensions was used to employ a variety of 

crystallization conditions. ZtNMT (11.5 mg/ml in 20 mM Tris pH 7.5, 100 mM NaCl) or 

with addition of 2 equivalents of Myristoyl-CoA (10 mM in DMSO), was mixed in a 1:1 

ratio (400 µl total) with a crystallization condition on 96-double-well crystallization 

plate. Here and for all of the further plate setups, a Mosquito® Crystal Nanolitre Protein 

Crystallisation Robot by TTP Labtech was used. Precipitation was observed on the next 

day in the majority of wells. Conditions without Myristoyl-CoA led to the material 

precipitation in all of the wells tested. 

Next, it was decided to lower the concentration of ZtNMT during another 

optimization attempt. ZtNMT (diluted to 7 mg/ml) either with 1 or 2 equivalents of 

Myristoyl-CoA (10 mM in DMSO), was mixed in a 1:1 ration (200 µl + 200 µl) with the 

Structure Screen 1 + 2 HT-96 crystallization conditions in a 96-double-well. The number 
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of wells for which the precipitation was observed was lower, but still considerably large. 

The number of conditions that led to precipitation was smaller for the experiments with 

2 equivalents of Myristoyl-CoA. 

For the third round of optimization, ZtNMT was diluted further to 4 mg/ml. 2 

equivalents of Myristoyl-CoA (10 mM in DMSO) was used. Crystallization conditions from 

Structure Screen 1 + 2 HT-96 and PEG/Ion HT plate from Hampton Research were used . 

ZtNMT solution was mixed with crystallization conditions in two ratios, 1:1 (200 µl + 

200 µl) and 1:3 (100 µl + 300 µl), correspondingly. The plates were kept at 40C overnight. 

During this attempt, in almost half of wells the precipitation was observed, which is an 

optimal ratio for crystallization screening. Small crystalline formations appeared in a few 

of the wells. 

Then, ZtNMT, at 4 mg/ml with 2 equivalents of Myristoyl-CoA was mixed in two 

ratios, 1:1 (200 µl + 200 µl) and 1:2 (100 µl + 200 µl), in 96-double-well plates with 

crystallization conditions from the following commercially available screens: 

1. Structure Screen 1 + 2 HT-96 from Molecular Dimensions; 

2. PEG/Ion HT plate from Hampton Research; 

3. Wizard Classic 1 and 2 from Rigaku; 

4. Index from Hampton Research; 

5. SaltRx HT from Hampton Research; 

6. Pact premier™ from Molecular Dimensions;  

7. GCSG-plus™ from Molecular Dimensions; 

8. Wizard Cryo 1 and 2 from Rigaku; 

9. Natrix HT from Hampton Research; 

10. The BSC Screen from Molecular Dimensions. 

The plates were kept at 4 0C and after 70 days a crystalline structure appeared in 

the G2 well of the Pact premier™ plate (Figure 35). The condition condition of the hit was 

0.2 M NaBr, 0.1 M Bis-Tris propane buffer pH 7.5, 20% w/v PEG3350. The crystal 

appeared in 1:2 mixture of ZtNMT with the condition. 
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To optimize the crystallization a new plate was developed to screen across variety 

of the salt and PEG3350 concentrations and pH ranges as shown in Figure 36A. Unless 

indicated on the scheme, the concentrations and pH were the following: 0.2 M sodium 

bromide, 0.1 M Bis-Tris propane buffer pH=7.5, 20% w/v PEG3350. The plate was 

created using the Dragonfly® Screen Optimisation Liquid Handler from TTP Labtech. 

ZtNMT solution with 2 equivalents of Myristoyl-CoA was mixed in 1:3 (100 µl + 300 µl) 

ratio with the crystallization condition correspondingly. In another attempt to boost 

crystall formation, 2 equivalents of 50 mM IMP-1088 in DMSO was added to 

ZtNMT/Myristoyl-CoA, and the solution was mixed in 1:3 (100 µl + 300 µl) ratio with the 

crystallization condition correspondingly.  

  

 

Figure 35. The image of the crystallization screen hit. 
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A 

 

B 

 

Figure 36. Crystallization conditions optimization. A. Layout of the optimization plate 

with the variable conditions screened. Unless indicated, the conditions were 0.1 M Bis-Tris 

propane buffer pH=7.5, 20% w/v PEG3350. B. A picture of a crystall formed in the 

optimization screen. 

A microcrystal (Figure 36B) appeared after 20 days of incubation at 4 0C in the 

well with the following conditions: ZtNMT (starting concentration 4 mg/ml) with 

2 equivalents of  Myristoyl-CoA and 2 equivalents of IMP-1088 mixed in ratio 1:3 with a 

solution containing 0.1 M sodium bromide, 0.1 M Bis-Tris propane pH = 7.5 and 

16 % w/v PEG3350. The crystal was harvested and its X-Ray diffraction was measured at 

the Dimond Light Source. 
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Extremely small size of the crystal only allowed the measurement to be performed 

using very intensive microfocus i04 beam at the Diamond Light Source facility. 

Unfortunately, the quality of the crystal was not sufficient enough for the collection of the 

entire dataset and the crystal decomposed after 1/6th of the dataset was collected. The 

initial indications were that the best possible resolution for the structure would be in the 

range of 3-4 Å. The unit cell dimesions were approximately a = b = 50 Å, c = 350 Å, 

α = β = γ = 900. 

The crystallization experiment remains unfinished, but there are good indicators 

the crystallization of ZtNMT is possible. The conditions could still be optimized: PEG3350 

and sodium bromide concentrations were in the lower range in the optimization plate, 

and the enzyme could be better crystallized at even lower concentrations. The buffer 

concentration and pH range were not systematically explored, but optimizing them could 

lead to much better and stable crystals. Finally, data collection protocol could be used 

employing lower beam energies or collecting data on a larger crystal. 
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Chapter 3: Myristoylation Profiling in Z. tritici 

3.1 Z. tritici in Culture 

Z. tritici isolate IPO323 (collected in Netherlands in 1981) spores aliquots were 

provided by Syngenta as frozen in 30% glycerol stocks at 107 spores/ml. They were 

prepared in the following way: Z. tritici conidia were scraped from potato dextrose agar 

plates 5 days post-inoculation, filtered through 2 layers of 50 µm muslin and diluted into 

a mixture of 30% glycerol and 70% Vogel’s minimal media. The spores were frozen and 

stored at -800C (Method 6. Z. tritici stock aliquots). 

The spores were grown in a rich media composed of yeast extract (10 g/l), malt 

extract (4 g/l) and glucose (4 g/l) as advised by Syngenta (Method 7. Z. tritici culture). 

To optimize the growing conditions for further experiments, OD600 of continually 

growing cultures were measured in two potentially useful settings. In one, a culture in a 

96-well plate was grown inside of a temperature-controllable plate reader with a one-

minute shaking followed by an OD600 measurement every 30 minutes (the equipment 

was not suitable for continuous shaking throughout the 72 h of experiment). Separately, 

another culture was grown in 10 ml of media in a 50 ml flask in an incubator with 

constant shaking at 140 rpm and aliquots were taken for the OD600 measurements at 

three different time points. The growth curves indicate a clear lag phase in the first 20-

25 h and the following logarithmic growth (Figure 37). 
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Figure 37. The timeline of Z. tritici growth in culture. Black: OD600 measurements of 

the culture grown in a 96-well plate. Red: OD600 measurements of the culture grown in 

10 ml flasks. 

3.2 Optimization of YnMyr Tagging 

First, it was essential to optimize the tagging duration. Three cultures were set up 

and the YnMyr probe was added to a final concentration of 20 µM at 24 h PI. Cultures 

were collected at 8, 16 and 24 h time points after the addition of the probe. The collected 

cultures were washed twice with MilliQ water, freeze-dried, frozen in liquid nitrogen, 

ground using pestle and mortar and the powder was solubilized in a detergent and 

protease inhibitors-containing buffer. Protein concentration was measured using the 

Bio-Rad DC protein assay kit.  

The lysate was adjusted to 1mg/ml concentration and  mixed with the capture 

reagent AzT, copper sulphate, TCEP and TBTA and stirred for 1 h. The reaction was then 

quenched with EDTA (Method 10. Click-chemistry). The proteins were precipitated with 

methanol/chloroform and re-suspended in SDS-PAGE gel loading buffer, denatured at 

950C and resolved on a 12%-acrylamide gel. The fluorescence signal was detected using 

a Typhoon FLA 9000 scanner (Method 12. SDS-PAGE). 
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Figure 38. The optimization of the YnMyr treatment duration. 

The tagging appeared to be higher after the shorter,  8 h treatment (Figure 38). 

Different times of the probe addition have been tested with the following times of 

treatment and culture collection respectively (in h): 24-32; 26-34; 28-36; 30-38; 26-38. 

For all cultures, aliquots were taken to measure the OD600 at the time of probe addition 

and culture collection (Figure 39). 



71 
 

 

Figure 39. Z. tritici enters logarithmic phase of growth at 24 h PI. OD600 

measurements of aliquots from 10 ml flasks were taken at 24-38 h PI. 

The tagging appears to be stronger the earlier the probe is added (Figure 40). This 

is not necessarily because of the alterations in probe incorporation, but may be because 

for late time of the probe addition, the culture entered the logarithmic growth phase and 

have produced myristic acid-tagged proteins in advance of the alkyne-tagged probe 

addition, thereby diluting the alkyne-tagged myristoylated proteins with untagged ones. 

The pre-synthesized myristoylated proteins mix with alkyne-tagged myristoylated 

proteins and apparent tagging seems to be less efficient. On the other hand, collecting the 

cultures earlier is less convenient as they result in a much lower total protein yield in the 

lysate. 
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Figure 40. The optimization of the YnMyr treatment time. 

Next, concentrations of YnMyr in the 15-50 µM range were tested to optimize the 

tagging and compared to the tagging with 50 µM AzMyr. The gel was run after the 

samples were 'clicked' to AzTB or YnTB (Figure 41). Alternatively, the samples were 

enriched on  15 µM tagging appeared insufficient with fluorescence close to background 

levels, while 30-50 µM produced similar tagging. Thus it was decided to use 30 µM 

concentration for all further experiments.  

Azido-analogue fluorescence resulting from the 'click' reaction with YnTB 

resulted in a completely blank lane. A possible explanation of this could be that the fungal 

cytochromes may be able to recognize the azido group and metabolize it, thus abolishing 

the tagging. 
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A 

 

B 

 

Figure 41. The optimization of the YnMyr treatment concentration. A-B. The SDS-

PAGE gels represent the labelling pattern of the proteome by YnMyr and AzMyr probes 

clicked with AzTB and YnTB respectively. 

100 µg of the protein from the same lysates were then subject to the click-reaction 

with AzTB. After the quenching, precipitation and wash steps, the samples were re-

suspended in a low-detergent buffer and enriched on the Streptavidin-coated magnetic 

beads (Method 11. Streptavidin enrichment). The proteins enriched on the beads were 

eluted with sample loading buffer. The enriched samples showed an essentially identical 

pattern to that of the whole-lysate gel (Figure 42). The result of this experiment allows 

to assume the enriched proteins are representative of the whole-lysate myristoylated 

proteome for further analyses.  
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Figure 42. YnMyr tagging profile after Streptavidin enrichment. 

Despite the excellent tagging pattern and reproducible results, the protein yield at 

32 h time point was very low. Although not an issue for in-gel analysis, the amount of total 

protein collected could not allow a large-scale enrichment for proteomics experiments. 

Thus, another attempt to optimize tagging was  made at later time points. Also, the trend 

for better tagging with the least YnMyr treatment time was noted and in the next 

experiment the tagging was attempted for 1-6 h. YnMyr probe was added to Z. tritici 

cultures at 36, 38, 40, 41 and 42 h PI and then all cultures were collected at 42 h PI 

(immediately after the  probe treatment in the last case). 
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Figure 43. Further optimization of the YnMyr treatment duration.  Top gel: 

Streptavidin enrichment. Bottom gel: Supernatant collected after the Streptavidin 

enrichment showing the background labelling. 

Figure 43 shows the gel after Streptavidin enrichment where an efficient tagging 

can be seen starting from the first hour of the probe incorporation. Evidently, the tagging 

pattern stabilizes after 4 h (treatment at 38 h) of treatment and remained similar at 6 h 

(treatment at 36 h) and gradually decreases over time to 24 h (Figure 38). It could be 

assumed that the fast growing  Z. tritici culture efficiently uses YnMyr to incorporate into 

the myristoylated proteome as soon as it is available. However, as concentrations the 

probe of diminish over time and the culture grows more confluent, there is less YnMyr 

tagging. Therefore, 4 h of YnMyr treatment was chosen for all of the following 

experiments. 
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A competition experiment with the native substrate was performed to validate the 

YnMyr tagging. As expected from similar experiments in other species, the myristoylated 

proteins are proportionally less labelled with YnMyr with increasing concentration of the 

native substrate, myristic acid (Figure 44).6 

Taking these data together, the tagging of the myristoylated proteome was 

established and confirmed by the SDS-PAGE-based fluorescence. Moreover, the tagging 

was shown to be concentration-dependent and to be outcompeted by the use of the native 

  

Figure 44. YnMyr tagging is outcompeted by myristic acid. Top gel: Streptavidin 

enrichment. Bottom gel: Supernatant after the Streptavidin enrichment showing the 

background labelling. 
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substrate, myristic acid. While not possible by gel-based analysis, the identification of the 

myristoylated proteins is possible with proteomics. There were no papers at the time 

when these experiments were carried out (in 2015) describing proteomics experiments 

in Z. tritici cultures. At the time, literature indicated that proteomics was only applied to 

study Z. tritici-wheat crosstalk by analysing the extracellular fluid in the wheat-STB 

infection models, while the first whole proteome study of Z. tritici appeared in 2016.75 

3.3 A Pilot Proteomics Experiment in Z. tritici 

A pilot whole-lysate experiment to validate the experimental procedures for the 

proteomics analysis of the Z. tritici cultures was carried out before setting up a result-

oriented experiment. Duplicate cultures were grown as optimized previously, without 

the addition of YnMyr. After lysis, proteins were reduced, alkylated and digested with 

trypsin. The samples were desalted on SDB-XC resin and analysis was run on Thermo Q 

Exactive nano-LC-MS/MS orbitrap machine (Method 15. Whole-lysate proteomics). 

The raw data files were processed using MaxQuant (Method 19. MaxQuant ) or 

PEAKS (Method 20. PEAKS ) software and further analysed in Perseus (Method 21. 

Perseus ). Protein databases were downloaded from UniProt.org.134 Curiously, although 

they rely on the same JGI genome assembly and gene assignment, they resulted in slightly 

different protein assignments. Overall, there were slightly more than 2000 proteins 

identified. This is less than in a later published Z. tritici proteome,75 probably due to the 

fact that the authors in that publication used numerous replicates and heavy fractionation 

to identify ~6000 proteins. 

 MaxQuant Overlap PEAKS 

Proteins identified 2136 1932 2070 

 

Table 3. Identifications resulting from different proteomics analysis setups. 

Differences between MaxQuant and PEAKS calculations were expected as these 

software are based on completely different algorithms of peptide identification: database 

search and de novo identification respectively (Table 3). Such result serves as the 

evidence of the complementarity of software searches and the resulting protein 
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identifications. For all further work, identifications using both, MaxQuant and PEAKS, 

were performed. UniProt identifiers will be used instead of gene names. 

Of the proteins identified, 31% did not specify any features, such as function or 

localization. The majority of the rest of the resulting identifications were algorithmically 

annotated by homology by UniProt. Assuming most of these annotations correct, proteins 

from all major compartments, including cytoplasm, nucleus and plasma membrane as 

well as from smaller organelles were identified (Figure 45).  

 

Figure 45. Proteomics identifications of Z. tritici proteins by organelle. Around one 

third of the proteins identified are annotated by homology as soluble cytosolic proteins 

and another third represents a comprehensive variety of cell organelles. The last third of 

the proteins are not annotated with any localization data (N/A and unassigned). 
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3.4 Myristoylation Identifications by Proteomics 

Next, the myristoylated proteome in Z. tritici was identified. For this, samples were 

treated with YnMyr to tag myristoylated proteins and YnMyr with myristic acid 

competing for tagging as the negative control.  

Treatment conditions were as follows: 30 µM YnMyr + DMSO; 30 µM YnMyr + 30 

µM myristic acid; 30 µM YnMyr + 60 µM myristic acid; all in triplicates. The lysates were 

labelled with AzRB reagent for enrichment. The 'click' reaction was checked by anti-

biotin western blotting (Figure 46, Method 14. Anti-biotin immunoblotting). Expected 

labelling pattern of YnMyr samples and the decrease of labelling in the competition 

samples were confirmed. 

Myristoylated proteins were enriched on the Neutravidin-Agarose resin. 

Following reduction, alkylation, digestion and desalting the samples were measured on 

Thermo Q Exactive mass-spectrometer (Method 16. Myristoylated proteome 

enrichment for label-free proteomics). Unfortunately, one of the samples had low signal 

and did not result in peptide identifications, possibly due to a failed sample preparation.  
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Figure 46. Anti-biotin blotting of Z. tritici Neutravidin-enriched sample. 

Streptavidin-HRP signal from YnMyr labelled with biotin is outcompeted by myristic acid. 

At 75-100 kDa there are bands presend that do not disappear as myristic acid 

concentration increases, these possibly are natively biotinylated proteins of Z. tritici. 

Overall, 902 Z. tritici proteins were found in the MaxQuant analysis with an FDR 

cut-off for both peptides and proteins of 0.01. To control for data robustness, proteins 

that had less than three measurements were filtered out, which left 794 proteins. Out of 

these, 24 had significantly changed condition-to-condition (Figure 47), analysed by 

ANOVA test (S0=0.25, FDR=0.05).  
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 YnMyr, µM/Myr, µM 

 30/0 30/30 30/60 

F9XKN0    
F9XPS3    
F9X5L0    
F9X2Z8    
F9XDS2    
F9XD72    
F9X618    
F9XIL2    

F9XNK8    
F9WWU7    

F9XJK8    
F9XMZ7    
F9X877    

F9XNH4    
F9X2I3    
F9XEI5    
F9X0L4    
F9XA20    
F9XI48    
F9X1I2    

F9WWH9    
F9WXA4    
F9XG47    

F9WWB1     

 

Figure 47. ANOVA significant proteins in Neutravidin-enrichment samples. Values 

represented by colour on the heatmap are the averages of the triplicates of protein 

intensities on the log2 scale. The average intensity of each protein was normalized to 0 

to only reflect condition-to-condition differences the heatmap. Red: higher signal 

intensity, blue: lower signal intensity. 

The intensities of the ANOVA significant proteins decrease when myristic acid 

competition is present, except in the case of F9XKN0. Without any reference data for 

Z. tritici, the presence of an N-terminal glycine residue in a protein sequence was used as 
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a must-have criterion for myristoylated proteins. 68 out of all proteins analysed possess 

an N-terminal glycine (Figure 48).  

A volcano plot representation of the difference between YnMyr-tagged samples 

and myristate-competition (30 µM) vs statistical significance of the measurement shows 

24 proteins that are above the significance threshold of FDR = 0.05 (S0 = 0.35). Out of 

these 24, 21 contain an N-terminal glycine. Random occurrence of such result 

(enrichment factor of 10.5) would be extremely unlikely, with a probability 

of -log(p) = 20.9 in the Fisher's enrichment test. 

Interestingly, among the three proteins enriched without an annotated glycine, 

one, F9XJK8, is annotated as a fragment without an initiator codon. In RRes database, 

however, annotation of this protein is complete and its N-terminal residue after 

methionine is glycine. This should be considered as evidence of correct annotation of the 

protein sequence in RRes database and its N-terminal myristoylation by NMT found in 

this experiment. Other two proteins, F9XIV9 and F9XIZ8 are most likely false-positive 

hits. F9XIZ8 is a close analogue of yeast RAS2 and human NRAS genes. 
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Figure 48. Myristoylated proteins identified by label-free proteomics. Differences on 

the volcano plot are the average differences between the log2 intensities of YnMyr treated 

samples and YnMyr/myristic acid treated samples,  log(p) is the significance value 

calculated in a t-test. In blue are all proteins with an N-terminal glycine, in red are 

significantly enriched proteins without the N-terminal glycine. Significantly enriched 

proteins are signed with corresponding UniProt ID. FDR = 0.05, S0 = 0.35. 

Another, complementary way of analysing the data is to search for modified 

peptides in the mass-spectrometry data. In the proteomics experiments described, N-

terminal peptides carrying the myristate would appear as shown in Figure 49. AzRB 

reagent is 'clicked' to the alkyne of the YnMyr modification and then cleaved with trypsin 
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to remove its biotin-PEG linker. Positively charged arginine, that is left from the 'click' 

reagent, increases solubility and helps to alleviate disadvantages of such lipophilic 

modification as myristate (lipophilic peptides usually have lower solubility and 

ionization efficiency).61 

 

Figure 49. Structure of label-modified myristate probe detectable by proteomics. 

Schematics of a YnMyr/AzRB-modified N-terminus is shown. In black is normal protein 

sequence synthesised by cell machinery, in red is N-terminal glycine that is myristoylated, 

in purple is YnMyr modification and in blue is trypsin-cleaved AzRB modification. Total 

mass of the modification identified by proteomics is 463.2907. 

The PEAKS search engine is very well-tuned to the search of unusual 

modifications, such as the label-modified myristate (Method 20. PEAKS ). The search for 

this modification (Figure 49) resulted in numerous spectral counts from 7 different 

proteins (Table 4 4). These spectra are the definitive physical evidence of modification 

existence and thus have higher value than quantitative proteomics or bioinformatics 

proofs. For protein F9XI48 at least 12 spectral counts of the modification-carrying 

peptide were found, for example the one in Figure 50. 
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Figure 50. MS2-based identification of F9XI48 N-terminal myristoylation. MS2 

spectra shows sequencing of myristoylated peptide. Myr' means label-modified myristate 

as shown on Figure 49. b1 ion consisting of modified glycine has a mass of 521 Da as 

shown on this spectrum. 

A TMT proteomics experiment described in detail in the Chapter 4 contained the 

same sample treatments:  YnMyr (30 µM) + DMSO and YnMyr (30 µM) + Myr (30 µM) as 

a control. The experiment confirmed most of the myristoylated proteins already assigned 

as well as three additional proteins.  
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Figure 51. Myristoylated proteins identified by TMT proteomics.. Differences on the 

plot are average differences between log2 intensities of YnMyr treated samples and 

YnMyr/myristic acid treated samples, -log(p) is the significance value calculated using a 

t-test . In blue are all proteins with N-terminal glycine, in red are significantly enriched 

proteins without the N-terminal glycine. Significantly enriched proteins are signed with 

corresponding UniProt ID. FDR = 0.05, S0 = 0.35. 
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3.5 In silico Myristoylation Analysis 

A predictive web-based tool for myristoylation “Myristoylator”  was used to cross-

analyse the data (Method 24 Myristoylator predictions).27 25 proteins identified in the 

proteomics analysis were predicted myristoylated and out of these, 20 were enriched in 

the samples (enrichment factor 26.5, probability of random occurrence –log(p)=30.8).  

One enriched protein with N-terminal glycine that was not predicted as 

myristoylated is F9XI48. However, high confidence MS2 spectra showing the 

modification were available (Figure 50). Otherwise, the high degree of fidelity between 

both proteomics and in silico analyses was observed. The fact that two completely 

independent methods of myristoylation assignments have confirmed each others results, 

provided us with an additional confidence in the experimental data. In Table 4, the 

postulated Z. tritici myristoylated proteome is shown as a combined from two 

quantitative proteomics experiments, computational prediction and direct MS2 evidence. 

Only the hits based on at least two experimental evidences are presented. 

 Z. tritici ID 

Enriched in 

experiment 

N-terminal 

glycine Myristoylator 

modified 

peptide ID 

S. cerevisiae analogue 

(myristoylated +/-/na) 

1 F9WWB1 LFQ/TMT + + - PPZ2 (+) 

2 F9WWH9 LFQ/TMT + + + GPA2 (+) 

3 F9WWU7 LFQ/TMT + + - VPS20 (+) 

4 F9WXA4 LFQ/TMT + + + - 

5 F9X0L4 LFQ/TMT + + - ARF3 (+) 

6 F9X145        /TMT + + - - 

7 F9X1I2 LFQ/TMT + + + ARF1 (+) 

8 F9X2I3 LFQ/TMT + + - ARL1 (+) 

9 F9X3U4        /TMT + + - CANB (+) 

10 F9X618 LFQ/TMT + + - SIP5 (na) 

11 F9X877 LFQ/TMT + + - - 

12 F9X8W2 LFQ/TMT + + - YPK2 (-) 

13 F9XA20 LFQ/TMT + + - MIC19 (+) 

14 F9XD72 LFQ/TMT + + - NCS1 (+) 

15 F9XEI5 LFQ/ + + - HST2 (-) 

16 F9XG47 LFQ/ + + - AGE1 (-) 

17 F9XI48 LFQ/TMT + -0.3 + RPT2 (+) 
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18 F9XIL2 LFQ/ + + + GAL83 (-) 

19 F9XJK8 LFQ/ + + - RSN1 (-) 

20 F9XLR6 LFQ/TMT + + - GPA2 (+) 

21 F9XMZ7 LFQ/TMT + + + JJJ1 (-) 

22 F9XNH4 LFQ/TMT + + + PP2C2 (na) 

23 F9XNK8 LFQ/TMT + + - - 

--------------------------------------likely not myristoylated--------------------------------------------------- 

24 F9XLX7         /TMT + - - TMS1 (na) 

25 F9WYH7         /TMT + - - - 

       

Table 4. Newly identified myristoylated proteins in Z. tritici. 

Once the Z. tritici myristoylated proteome had been elucidated, the N-terminal 

sequence was analysed for a potential consensus sequence. For the Z. tritici myristoylated 

proteins, the consensus N-terminal sequence appears to be MGxxxS with slight 

preferences for asparagine in the 3rd, serine in the 4th and lysine or serine in the 7th 

position (Figure 52). These preferences are only slightly different from human NMT 

(Figure 4, Section 1.1.2), which allows for more variability in the 6th position. 

 

Figure 52. Myristoylation consensus sequence in Z. tritici. The sequence logo was 

generated using WebLogo 3.6.0. 

3.6 Custom Annotation for Z. tritici Proteins 

As mentioned earlier, the annotation of Z. tritici proteome is very inaccurate and 

two sequence corrections have been identified already in this work: for F9XBB7 and 

F9XJK8. Besides the lacklustre annotation, most of the proteome does not have any  gene 

names (92%) and their  functions and properties are assigned by automatic algorithms 

based on similarity. 
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Attempts had been made in the previous literature to produce an informative 

analysis by BLAST-search.75 However, the search used all available genomes and so, 

although having the highest coverage, it presented largely conflicting  Gene Ontology 

annotations (GO terms). The BLAST+ tool available on NCBI website139 was used to find 

counterparts of Z. tritici proteins specifically in S. cerevisiae, a fungus and one of the best 

annotated model genomes.  

The BLAST search was performed keeping only a single best match for each 

protein, all alignment matches with e-value > 0.01 were filtered out (Method 25. Basic 

Local Alignment Search). Approximately 56 % (6168 out of 10972 proteins) of Z. tritici 

proteins were found to have reasonable alignment to one of the S. cerevisiae proteins and 

were assigned the corresponding gene name and GO terms based on S. cerevisiae terms. 

The S. cerevisiae genome  contains only around 5500 genes, which is much smaller than 

Z. tritici, and resulted in instances of multiple Z. tritici genes aligning to a single 

S. cerevisiae gene. 

Complementary BLAST searches against Homo sapiens genome and, separately, all 

available genomes were performed. 6669 genes have a human counterpart according to 

the analysis, which is a greater number compared to the S. cerevisiae search. 10220 out 

of 10972 (93%) were found to have a counterpart when searched in all known annotated 

genomes. However, only S. cerevisiae analogues and term names will be used further, 

because the organisms are closer in evolutionary tree and thus the protein functions are 

potentially better conserved between them. 

A similarity search for F9XI48 produced a hit in S. cerevisiae RPT2 and human 

PSMC1 proteins, which are the AAA-ATPases taking part in forming the 26S proteasome 

complex and are myristoylated in both organisms. This is another evidence the F9XI48 

has N-terminal glycine and is, indeed, myristoylated. Such conclusions of myristoylation 

by analogy can be made for a number of other proteins identified in the proteomics 

analysis (Table 4).  



90 
 

Chapter 4: NMT Inhibitor Validation 

Building up the know-how around Z. tritici inhibitions, cultures and genome 

annotation was important for the development of the methodology. Some of the most 

basic protocols such as culturing had to be optimized and the previous two chapters 

provided the base necessary for pursuing further research. Potent inhibitors of ZtNMT 

were discovered and the groundwork to study myristoylation in live Z. tritici was laid. 

This chapter will focus on validation of the mode of action using the tools of chemical 

biology and the findings will be discussed. 

4.1 Gel-Based Profiling of Myristoylation Inhibition. 

Most potent, by EC50, inhibitors IMP-1088 and IMP-162 were followed up in an 

assay with YnMyr measuring their ability to reduce myristoylation in live Z. tritici. Unlike 

the EC50 assay where inhibitors were added as culture was inoculated, here the inhibitors 

were added at the same time with YnMyr probe at 42 h PI and the lysates were collected 

4 h later to survey myristoylation profile by 'click' chemistry and SDS-PAGE fluorescence 

method described in Chapter 3 (Method 8. YnMyr tagging, Method 10. Click-chemistry 

and Method 12. SDS-PAGE). 
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Figure 53. IMP-1088 demonstrates the ability to reduce YnMyr-AzTB labelling, 

whereas IMP-162 did show no effect. Z. tritici cultures were treated with YnMyr and 

corresponding concentrations of inhibitors, culture lysates were labelled with AzTB. Top: 

fluorescence pattern on SDS-PAGE allows assessment of myristoylation in vivo. Bottom: 

Coomassie stain control. 

IMP-1088 evidently demonstrated the ability to reduce YnMyr-AzTB labelling 

(Figure 53). The intensity of the most prominent band around 21 kDa was estimated 

using ImageJ and fitted in a sigmoidal dose-response curve (Figure 54). The half-tagging 

concentration (TC50) of 14.5±3.6 µM appears to correlate well with 23.4 μM EC50 

measured in the MTS assay.  
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A 

 

B 

 

Figure 54. TC50 measurements of NMT inhibition by IMP-1088. A. A gel band around 

21 kDa (Figure 53) was used to quantify the labelling intensity. B. The sigmoidal dose-

response TC50 curve fitted to the labelling intensity data from the in-gel fluorescence. 

A new set of samples was prepared with concentrations of inhibitor ranging from 

8 µM to 64 µM and with both positive YnMyr and negative myristic acid competition 

controls, in all cases concentration of YnMyr was 30 µM. The samples were lysed, 'clicked' 

to AzTB and the biotin functionality was used for enrichment on the Streptavidin beads. 

In-gel profiles in Figure 55 are consistent with the fluorescence of the labelled proteins 

in lysate. 
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Figure 55. IMP-1088 myristoylation inhibition profile in Neutravidin enriched 

samples. IMP-1088 and YnMyr treated cultures were lysed and labelled with AzTB. 

Myristoylated proteins were enriched from 100 µg of lysate proteins and loaded on the 

gel, lysate protein loading: 10 µg; supernatant protein loading: 10 µg. 

Two proteins, F9X1I2 and F9X2I3 are possible contributors to the most intense 

fluorescent band on the gel at 21 kDa. It was expected that Z. tritici protein F9X1I2 would 

have cross-reactivity to human ARF1 (also myristoylated) antibody given 89% identity 

over 97% sequence coverage between the two proteins (e-value = 8*10-122, alignment 

produced by the NCBI BLAST engine). Therefore, western-blotting with human ARF1 

antibody was attempted. 

 

Figure 56. Anti-ARF1 western blot shows reduced F9X1I2 myristoylation upon 

IMP-1088 treatment. IMP-1088 and YnMyr treated cultures were lysed and labelled 

with AzTB. Myristoylated proteins were enriched from 100 µg of lysate proteins and 

loaded on the gel, lysate protein loading: 10 µg. Proteins were transferred onto 

nitrocellulose membrane, blocked with milk and blotted with human anti-ARF1 antibody. 

In the Streptavidin beads-enriched samples there was a band detectable only at 

low concentrations of IMP-1088 but disappearing at high concentrations, which 

indicates the lack of the YnMyr probe incorporation into the Z. tritici analogue of ARF1 at 

higher inhibitor concentrations (Figure 56).  
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4.2 IMP-162 Mode of Action in Culture Is Not NMT-related 

Unlike with IMP-1088, treatment with IMP-162 did not produce any reduction of 

band intensities in-gel (Figure 53) after 4 h of treatment. At concentrations of 24 µM and, 

especially, 48 µM yeast change their phenotype significantly, which is visible by contours 

of their membrane. At 96 µM most of the culture appears dead. The amount of protein 

retrieved per 1 ml of lysis buffer dropped substantially and in a concentration-dependent 

manner indicating death of Z. tritici culture (Figure 57). 

 

Figure 57. Effect IMP-1088 and IMP-162 of inhibitors on Z. tritici culture growth. 

Dependence of the amount of lysate protein on the concentration inhibitor in treated 

cultures is shown. 

Worth pointing out, IMP-162 did perform unexpectedly in inhibitor assays 

described in Chapter 2. It was the only inhibitor with IC50/EC50 ratio significantly less 

than all other inhibitors. The SDS-PAGE fluorescent labelling that remains conserved 

suggests completely non-NMT related mode of action in vivo.  

The in vivo effect of the compound is remarkable, as it is able to kill logarithmically 

growing Z. tritici culture in rich media within 4 h. The effective concentration after 4 h 

treatment must be similar to 18.4 µM EC50 found with the addition of inhibitor to 

inoculated spores in minimal media. This indicates true fungicidal activity of IMP-162, 

unlike fungistatic IMP-1088. 
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This serendipitous discovery of a molecule with no indication of known mode-of-

action potentially is appealing for further investigation by agrochemical industry. A 

further validation, target ID and SAR study are necessary to investigate the true potential 

of IMP-162. However, in this work, all further effort was dedicated to investigating the 

ZtNMT as a target. 

4.3 Proteomics Validation of IMP-1088 

To make the assessment of IMP-1088 as NMT inhibitor more complete and 

quantitative, a proteomics experiment was designed. Samples were treated with YnMyr 

and increasing concentrations of IMP-1088 (in a similar manner to the treatment of 

samples in  the Section 4.1). Myristic acid competition sample was included as a negative 

control. Labelling was checked for all samples (Figure 58) and appeared to be in 

agreement with the results shown in Section 4.1. 

 

Figure 58. The in-gel labelling profiles of IMP-1088 treated samples prepared for 

proteomics (in four replicates). Z. tritici cultures were treated with YnMyr and 

corresponding concentrations of IMP-1088, culture lysates were labelled with AzTB and 

proteins resolved on SDS-PAGE gel. 

Then, the lysates were 'clicked' with AzRB, enriched on the Neutravidin resin, 

reduced, alkylated and digested with trypsin. The resulting peptides were labelled with 

TMT reagents and mixed together into four 6-plex replicates. They were also fractionated 

before measuring on Thermo Q Exactive mass-spectrometer (Method 17. Myristoylated 

proteome enrichment for TMT-labelled proteomics). 
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The negative and positive controls, YnMyr treated samples with and without 

myristic acid competition, served an additional role as a point of reference between this 

TMT and previous LFQ experiments that identified the myristoylated proteome of 

Z. tritici. The volcano plot in Figure 51 is discussed in Chapter 3.4. 

Overall, there were 1847 Z. tritici proteins found in the dataset: a much higher 

amount than in the previous label-free enrichment-based experiment. This is, most likely, 

due to splitting the samples into four fractions which allowed to obtain better proteome 

coverage. However, only 1188 proteins had associated intensity values in at least three 

out of four samples, others were filtered out and not used in the analysis. 

The TMT experiment data has an additional robustness due to the measurements 

for different samples being made within the same MS2 spectra (Figure 59). This makes 

the reading of the result particularly robust. However, to obtain the protein intensity 

values, quantification algorithm includes an additional step when deducing the peptide 

intensity value from an MS2-based measurement as opposed to LFQ MS1-based 

measurement.  

The data was first normalized for each protein separately in every replicate by 

subtracting the mean of all six values in a 6-plex, to account for technical variance. This 

operation is indiscriminate towards the hits and thus does not introduce any bias. The 

resulting data has an advantage of more consistent values as a mean for each protein is 

equal in all replicates. The data was then normalized second time by subtracting median 

for each experimental condition which is a part of conventional processing protocol. 

The comparison between YnMyr and YnMyr/myristic acid samples was very 

consistent and of comparable quality with the LFQ experiment described in Section 3.4. 

A further comparison between YnMyr tagged control and the sample with the highest 

concentration of inhibitor reveals a very similar picture of enrichment with YnMyr. 18 

N-terminal glycine-possessing proteins are enriched. 

Results of quantitative proteomics can be conveniently traced back to the 

underlying MS2 spectra. For many peptides from the highlighted proteins the spectra are 

quite uniform, with the TMT-label intensity signal dropping off as concentration of IMP-

1088 increases or myristic acid is present (Figure 59). 
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On the volcano plot, shown in Figure 60, it is obvious that something else besides 

myristoylation is affecting the result: numerous non-myristoylated (no N-terminal 

glycine) proteins' intensities are increased in the sample with 64 µM of IMP-1088. The 

same picture can be seen in the samples with other concentrations of inhibitor, with the 

effect being stronger at higher inhibitor concentrations.  

A B 

 

Figure 59. Examples of MS2 spectra which allow myristoylated proteins 

quantification using TMT-labels. A. 100-150 m/z range for K.QRNEEIENQLK peptide 

from F9XWWH9 protein. B. 120-135 m/z range for D.VRISHFGVYDGHGGDK peptide of 

F9XNH4 protein. Intensities of TMT 127-130 labels, which are from the samples treated 

with IMP-1088 are clearly decreasing compared to 126-labelled control sample 

indicating reduction in enrichment of these myristoylated proteins. Intensity of the 

negative control YnMyr/myristic acid-treated sample labelled with TMT 131 is also 

decreased. 
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Figure 60. N-myristoylated proteome is negatively enriched after NMT inhibition 

with IMP-1088. Differences on the plot are average differences between log2 intensities 

of YnMyr treated samples and YnMyr with IMP-1088 treated samples, -log(p) is a t-test 

significance. In blue all myristoylated proteins, in red are significantly enriched non-

myristoylated proteins. FDR = 0.05, S0 = 0.35 
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In the dataset as a whole, the ANOVA (FDR=0.01, S0=0) test identified 98 

significantly changing protein groups. Hierarchical clustering by Pearson correlation 

(Method 22. Hierarchical clustering) grouped them into four well-defined clusters which 

will be referred to by colours in Figure 61.  

F9XIN3 did not cluster together with any other protein group and has a nonsense 

intensity pattern possibly due to wrong intensity interpretation by software. It will be 

excluded from further discussion. 
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Figure 61. Differential enriched proteome map after NMT inhibition with 

IMP-1088. The protein intensities are on log2 scale, normalized to average 0 for each 

protein. Red – higher signal intensity, blue – lower signal intensity. On the left is a tree of 

hierarchical clustering by Pearson correlation. 
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The purple cluster entirely consists of myristoylated proteins. Intensity changes 

have the highest magnitude in this cluster. Within the cluster, three subsets of 

myristoylated proteins that respond differentially to NMT inhibition were identified: 

those with TC50 in the ranges between 8 µM and 16 µM, 16 µM and 32 µM and 32 µM and 

64 µM respectively for each fraction. Such differential response was observed previously 

in human cells.6  

Unexpectedly, besides myristoylated proteins there were other proteins with 

statistically significant trends identified by ANOVA. These proteins have grouped into 

blue, pink and green clusters. Proteins in these clusters show ether increasing or 

decreasing intensities of signals with the increase of IMP-1088, but they all have in 

common a relatively unchanged intensity in the negative control (myristic acid-treated 

samples). This indicates that changes are not directly related to myristoylation and may 

come from generally overexpressed or under-expressed proteins under inhibitor 

treatment.  

The experiment based around Streptavidin beads enrichment of the alkyne 

(YnMyr) tagged and biotin-labelled proteins was designed to only pick up changes in the 

probe labelling efficiency. However, due to tremendous sensitivity of the proteomics 

pipeline, it is plausible that changes in the total abundance of on-bead contaminants were 

also picked up in the data. 

We, therefore, hypothesized that increased intensities of several non-specifically 

binding proteins result from their increased abundance in the cell lysates. This implies 

that the whole-cell overexpression of these proteins in response to the inhibitor 

treatment was incidentally reflected in the our proteomics data performed with targeted 

enrichment. Should this be the case, the whole-proteome experiment will provide a 

clearer picture of protein overexpression and downregulation in response to the 

inhibitor treatment. To test this hypothesis we performed the whole proteome analysis 

of the inhibitor treated samples in comparison to the untreated controls.   
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Chapter 5: Downstream Effects of a NMT Inhibitor 

5.1 Whole-Cell Proteomics 

Further to points made in the previous chapter, to improve our understanding of 

the nature of the effects identified in the experiment with targeted enrichment, a whole-

proteomics analysis of the same samples was performed. The lysates were reduced, 

alkylated and digested with trypsin before being labelled with TMT 6-plex reagents. The 

samples were mixed into four replicates and fractionated into three fractions per sample 

(Method 18. Whole lysate TMT-labelled proteomics). 

Indeed, as was hypothesized, treatment with IMP-1088 revealed significant 

changes of the Z. tritici total proteome in a concentration-dependent manner (Figure 64). 

Remarkably, a large number of proteins changed their abundances by more than two-fold 

in the four-hour period. Curiously, there were fewer proteins with decreased abundance, 

and the treatment effect on their abundance was smaller than that for overexpressed 

proteins. 

Unfortunately, TMT-127 labelling was impaired with significantly lower ion 

intensities and the replicate A was dismissed from further analysis (Figure 62). The error 

may have arisen in any of the steps prior to mixing of the samples. Most likely on digestion 

or TMT-reagent labelling step. 
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Figure 62. Histograms showing log2 intensity of proteins in the whole cell 

proteomics analysis. Rows from left to right: replicate A, B, C and D respectively. 

Columns from top to bottom: labels 126, 127, 128, 129, 130 and 131 respectively. Peptide 

intensity histogram in the label 127 in the A replicate indicates a large shift to low 

intensities region. An error in sample preparation may have caused this. The sample and 

the whole A replicate was excluded from further analysis. 

Overall 1969 proteins were identified with at least two measurements per 

condition out of three replicates. 

There was a single significant hit identified in the t-test between YnMyr without 

inhibitor-treated samples and YnMyr/myristic acid control: F9XKU2 (Figure 63A). 

However, TMT reporter ions in the MS2 spectra of its peptides are indicative of a false 

identification. Among numerous peptides' of F9XKU2 most have no change of reporter 
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intensities, apart from one peptide, for which the 126-label is much more intense than 

others. MaxQuant software tends to assign a disproportionate weighting to the peptides 

with the highest difference in reporter intensity values, which affects the ratio calculated 

for the whole protein. It is likely that an ion with the same weight as the TMT-126 

reporter may have arisen from the peptide fragmentation and thus contributed to TMT 

labels ratio. 

A 

 

B 

 

Figure 63. Z. tritici whole proteome undergoes significant changes upon treatment 

with IMP-1088, but not with myristic acid. Although both treatments show similar 

changes to the myristoylation profile. Volcano plots are from the whole cell TMT 

proteomics data. Significant proteins are in magenta and signed with corresponding 

UniProt ID.  A. Pairwise comparison between YnMyr and YnMyr/myristic acid treated 

samples. B. Pairwise comparison between YnMyr and YnMyr/IMP-1088 (64 µM) treated 

samples. 

Otherwise, the proteome in the YnMyr/myristic acid-treated samples does not 

undergo significant changes compared to YnMyr alone, which indicates relatively mild 

effects of treatment with myristic acid in addition to YnMyr.  

Upon treatment with IMP-1088 the resulting protein abundance values 

significantly vary for numerous proteins (Figure 63B). Overall, the ANOVA analysis 
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(FDR = 0.05, S0 = 0.1) across YnMyr and four inhibitor-treated samples identified 

145 proteins with significantly changing expression levels. Their relative abundances are 

shown on the heatmap Figure 64. These proteins separate into two well-defined trees in 

hierarchical clustering with distances defined by Pearson correlation (Method 22. 

Hierarchical clustering): those with overall increase (lilac and pink) or decrease (cyan 

and green) in protein abundance upon the inhibitor treatment. Proteins in the pink and 

cyan clusters were treated separately from those in the lilac and green clusters 

respectively because changes in their protein abundances do not apparently follow a 

single trend. Fisher's exact test was then used to find biological term over-/under- 

representation in each cluster. 
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Figure 64. Differential whole proteome map after treatment  with IMP-1088. The 

protein intensities are on log2 scale, normalized to average 0 for each protein. Red: higher 

signal intensity, blue: lower signal intensity. On the left is a tree of hierarchical clustering 

by Pearson correlation. 
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5.2 Biological Processes Up- or Downregulated Upon Inhibitor 

Treatment 

A Gene Ontology Biological Process (GOBP) term enrichment analysis using 

Fisher’s exact test was performed on the different clusters of ANOVA significant proteins 

identified in the whole-proteome analysis. The GOBP terms were taken from S. cerevisiae 

proteins that match to Z. tritici proteins (Method 25. Basic Local Alignment Search). 

Although a substantial number of Z. tritici proteins could not be represented in the 

analysis due to the lack of S. cerevisiae match, several GO biological process (GOBP) terms 

were found enriched using Fisher’s exact test (Method 23. Fisher’s exact test).  

Pink and cyan clusters did not have any terms associated with them, which is 

unsurprising given their small size and resulting lack of significance of terms even if some 

terms were present disproportionately. 

The lilac cluster of proteins with decreasing abundance upon inhibitor treatment 

contains 39 proteins. Five GOBP terms were found to be overrepresented (Table 5, 

FDR<0.02), four of which are processes associated with metabolic processes of 

macromolecules or proteins and one associated with translation. The metabolic 

processes terms are each other's sub-terms and therefore redundant, with only highest 

enriched 'cellular protein metabolic process' term providing the basis for enrichments of 

other terms. The conclusion that can be drawn from this result is that upon IMP-1088 

treatment, the cellular processes are slowed down, with the translation and protein 

metabolism machineries being under-expressed in the inhibited Z. tritici cultures 

compared to the untreated. 
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Table 5. GOBP terms overrepresented among the proteins with decreased abundance 

upon IMP-1088 treatment. Size of the bar indicates logarithm of the enrichment factor 

value. GOBP terms were filtered based on FDR values below 0.02. 

The 'green’ cluster of the upregulated upon inhibitor treatment proteins has 92 

entries that give rise to enrichment of 35 GOBP terms (Table 6, FDR<0.02). Two key sets 

of terms in this analysis are those overrepresented and underrepresented. 

Terms underrepresented in over-expressed fraction echo those overrepresented 

in under-expressed fraction: transport, biogenesis and metabolic processes are 

suppressed indicating Z. tritici may be indeed switching from the logarithmic expansion 

to a dormant phase. This is the potentially undesirable feature indicating IMP-1088 is a 

fungistatic compound (suppresses growth) as opposed to industry-sought fungicide 

(kills). 
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Translation 4.24 5.38E-05 1969 39 119 10

Cellular protein metabolic process 3.05 4.97E-07 1969 39 331 20

Protein metabolic process 2.55 9.12E-06 1969 39 396 20

Cellular macromolecule metabolic process 2.08 6.18E-06 1969 39 631 26

Macromolecule metabolic process 2.02 1.09E-05 1969 39 649 26
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Table 6. GOBP terms overrepresented (above the thick line) and underrepresented 

(below the thick line) among the proteins with increased abundance upon IMP-1088 

treatment. Size of the bar indicates logarithm of the enrichment factor value, green is 

positive value, red is negative. GOBP terms were filtered based on FDR values below 0.02. 

Overrepresented in the over-expressed purple cluster are the terms practically 

associated with a single S. cerevisiae protein. Due to the limitations of the BLAST analysis, 

numerous Z. tritici genes could align to a single gene in the S. cerevisiae genome. One 

prominent case is S. cerevisiae protein URE2 which has 8 Z. tritici analogues analysed in 
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Response to aluminum ion 13.4 9.80E-06 1969 92 8 5

Protein urmylation 13.4 9.80E-06 1969 92 8 5

Nitrate metabolic process 13.4 9.80E-06 1969 92 8 5

Nitrate assimilation 13.4 9.80E-06 1969 92 8 5

Cytoplasmic sequestering of transcription factor 13.4 9.80E-06 1969 92 8 5

Cytoplasmic sequestering of protein 13.4 9.80E-06 1969 92 8 5

Negative regulation of transmembrane transport 11.9 2.11E-05 1969 92 9 5

Negative regulation of transcription factor import into nucleus 11.9 2.11E-05 1969 92 9 5

Negative regulation of protein transport 11.9 2.11E-05 1969 92 9 5

Negative regulation of protein import into nucleus 11.9 2.11E-05 1969 92 9 5

Negative regulation of nucleocytoplasmic transport 11.9 2.11E-05 1969 92 9 5

Negative regulation of intracellular transport 11.9 2.11E-05 1969 92 9 5

Negative regulation of intracellular protein transport 11.9 2.11E-05 1969 92 9 5

Nitrogen cycle metabolic process 11.7 3.28E-06 1969 92 11 6

Regulation of transcription factor import into nucleus 10.7 4.03E-05 1969 92 10 5

Regulation of protein import into nucleus 9.73 7.05E-05 1969 92 11 5

Metabolic process 0.65 1.47E-05 1969 92 1185 36

Cellular metabolic process 0.6 6.07E-06 1969 92 1100 31

Cellular process 0.57 3.58E-11 1969 92 1457 39

Primary metabolic process 0.48 6.72E-08 1969 92 1016 23

Cellular nitrogen compound metabolic process 0.39 3.04E-05 1969 92 552 10

Macromolecule metabolic process 0.33 3.88E-07 1969 92 649 10

Cellular component organization or biogenesis 0.33 7.75E-06 1969 92 526 8

Cellular component organization at cellular level 0.3 4.11E-05 1969 92 427 6

Cellular macromolecule metabolic process 0.27 4.83E-08 1969 92 631 8

Cellular component organization or biogenesis at cellular level 0.26 2.71E-06 1969 92 487 6

Transport 0.17 6.17E-06 1969 92 367 3

Establishment of localization 0.17 4.16E-06 1969 92 375 3

Nucleobase-containing compound metabolic process 0.16 9.20E-07 1969 92 405 3

Regulation of primary metabolic process 0.09 5.48E-05 1969 92 243 1

Regulation of cellular metabolic process 0.09 5.48E-05 1969 92 243 1

Regulation of metabolic process 0.08 1.13E-05 1969 92 274 1

RNA metabolic process 0 2.44E-06 1969 92 252 0

Regulation of macromolecule metabolic process 0 1.83E-05 1969 92 215 0

Nucleic acid metabolic process 0 1.98E-07 1969 92 297 0
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this proteomics experiment (overall 10 URE2 analogues were found in Z. tritici genome). 

Even more interesting, 5 of these appear significantly enriched in the ANOVA test across 

YnMyr control and all inhibitor-treated samples and t-test between YnMyr control and 

YnMyr/IMP-1088 (64 µM) treated samples (Figure 65). Consequently, URE2 terms 

almost entirely dominate the overrepresentation terms in the test. Response to 

aluminium ion, protein urmylation, nitrate metabolic process, nitrate assimilation, 

cytoplasmic sequestering of transcription factor and cytoplasmic sequestering of protein 

are unique terms in the analysis that are associated with URE2 and the resulting 

enrichment of 5 out of 8 proteins gives enrichment factor of 13.38. Other over-

represented terms in Table 6 are not unique, but show up strongly in the analysis to large 

degree due to the URE2 analogues. 

 

Figure 65. Five out of eight URE2 analogues are significantly overexpressed upon 

IMP-1088 treatment. A volcano plot representation of log2 differences in protein 

intensities between YnMyr and YnMyr/IMP-1088 (64 µM) treated samples. In blue are 

Z. tritici analogues of S. cerevisiae URE2, in pink are all other significant proteins. 
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URE2 is a transcriptional regulator in S. cerevisiae with a glutathione-S-transferase 

domain. URE2 controls transcription factor GLN3 in response to nitrogen sources 

available,140 it is a peroxidase,141 a heavy-metals detoxifying protein,142 self-propagating 

prion protein upon conformational changes143 and a small-molecule binder through its 

GST domain.144,145 Interestingly, recent studies have identified expanded URE2-analogue 

families in various saprophytic and wood-decaying fungi, which were linked to the 

metabolism of diverse substrates by these fungi.145–147  

The thousand-fold drop in activity from the enzymatic activity assays to the live 

assays may be attributed to URE2 analogues. The data presented supports the hypothesis 

that URE2 analogues are expressed in response to inhibitor treatment and are potentially 

involved in detoxification. They may serve as either processing enzymes or sequestration 

agents. 

5.3 Cytochromes P450 and NMT co-inhibition 

At some point during the progression of this work an in vivo co-inhibition assay 

with a IMP-1088 and a wide-spectrum cytochrome P450 inhibitor 1-aminobenzotriazole 

(ABT) was performed. Cytochromes are the usual suspects in any case where possible 

small-molecule degradation may occur. The assay has indicated virtually no effect of the 

cytochrome P450 inhibition on the in vivo activity of IMP-1088 (Figure 66). 
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Thus, it appears that oxidation by cytochromes is not the reason for decreased 

sensitivity to NMT inhibitors in Z. tritici cultures. However, it remains to be definitively 

established whether URE2 analogous glutathione-S-transferases are involved in the drug 

metabolism and whether they fully explain the activity drop-off. 

  

 

Figure 66. Cytochrome P450 inhibition does not affect IMP-1088 potency in 

Z. tritici. EC50 curves for Z. tritici treatment with IMP-1088, a broad-spectrum CYP450 

inhibitor ABT and their combined co-inhibition treatments. 
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Chapter 6: Conclusions and Future Work 

In this thesis, a multifaceted assessment of the role of NMT in Z. tritici was 

presented and NMT was established as a potential target for fungicide treatments. ZtNMT 

enzyme was characterized biochemically and in cell culture for the first time, 

crystallization conditions were partially optimized, and a suitable homology model was 

prepared. By screening in-house inhibitor libraries, several sub- or low-nanomolar 

potency inhibitors were found against ZtNMT, which are, to our knowledge, the most 

potent fungal NMT inhibitors reported so far. As anticipated from the homology model, 

there is generally a strong correlation between the activity towards HsNMT1 and ZtNMT, 

but a few inhibitors show large differences indicating the possibility for differential SAR 

to be developed in the future.  

A fluorogenic CPM assay was adapted to test inhibitors for ZtNMT activity and is 

well-suited for high-throughput screening (HTS) due to its simple set up and potential for 

automation; indeed, GlaxoSmithKline have performed screening of 2 million compounds 

against parasite NMTs using this assay. The endpoint fluorescence measurement format 

provides simple and robust activity readout, and suitable negative and positive controls 

are now available for HTS as a result of the work described in this thesis. 

The N-myristoylated proteome of Z. tritici was described for the first time, and to 

our knowledge this is the first comprehensive de novo experimental survey of 

N-myristoylation in a fungal organism. Multiple lines of direct and indirect evidence were 

found to support identification of 23 myristoylated Z. tritici proteins through a functional 

proteomics workflow, molecular biology and bioinformatics approaches.  

We demonstrated that lack of even the most basic level of genome annotation in 

Z. tritici could be overcome by comparative proteomic approaches, and that tools 

available for S. cerevisiae gene ontology analysis appear to be well-suited for Z. tritici 

analyses. As part of this study we obtained experimental evidence for translation of 

N-myristoylated proteins in Z. tritici, and the corrected sequence of myristoylated protein 

F9XJK8, previously assigned as a fragment, was validated by mass-spectrometry. 

Being a well-known model to study plant-pathogen interactions and signalling, 

Z. tritici may prove itself a valuable model in studying defence mechanisms against 

chemically-induced pressure. With the whole genome sequenced and work ongoing on 
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annotations, functional studies involving transcriptomics and proteomics will become 

more feasible in the near future. The powerful response elicited by Z. tritici to a new 

foreign compound renders it a good biological model to study metabolism and 

sequestering of organic molecules on the systems level.  

This study demonstrates the power of current chemical biology approaches in 

understanding agricultural pathogens which are rather under-represented in the current 

literature relative to their impact on society and necessity for advances in crop 

protection. There are several significant studies of the Z. tritici secretome in wheat that 

utilize proteomics148 and phosphoproteomcs132 and one analysis of the whole proteome75 

in the current literature. This thesis describes the first functional proteomics study in 

Z. tritici and showcases the applicability of the state-of-the-art chemical biology and 

medicinal chemistry tools to understanding crop pathogens such as Z. tritici. 

Annotation of the N-myristoylated proteome allowed us to follow up IMP-1088 

identification with a mode-of-action study and validate it as an on-target inhibitor of NMT 

in Z. tritici. These data also prompted us to investigate the whole proteome response of 

the fungus towards the inhibitor and we established that Z. tritici employs analogues of 

S. cerevisiae glutathione-S-transferase URE2 as part of a defence mechanism to withstand 

inhibition. These proteins, apart from glutathionylation and deglutathionylation, have 

been shown to possess reductase and peroxidase activities in wood-decaying fungi as 

well as non-enzymatic ligand-binding (possibly sequestering) properties. 

This exciting finding raises a few far-reaching questions about detoxification 

mechanisms in Z. tritici. Unlike well-known CYP450-based metabolism, URE2-based 

metabolism was only recently described. It may be significant to establish whether URE2-

like GSTs play a similar role in the case of other antifungals. Is such a response limited 

only to Z. tritici, closely related organisms or more generally to saprotrophic fungi? Could 

a combination treatment with GST-inhibitors be effective? These questions may form a 

basis for one of the directions of future work stemming from this thesis.  

As part of the screening, a potent inhibitor IMP-162 of unknown mode-of-action 

capable of killing Z. tritici cultures growing in logarithmic phase in rich media within 4 h 

of treatment was discovered. Future work should be undertaken to explore the potential 
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of IMP-162 as a fungicide, particularly to determine whether the target(s) and 

mode-of-action provide a sufficient window of selectivity over the host.  

For IMP-1088, a potent ZtNMT inhibitor that is described in this work, there is a 

long route towards practical application as an agrochemical. Medicinal chemistry-like 

optimization is necessary to in increase in vivo potency in Z. tritici. Optimization of 

selectivity for ZtNMT as opposed to HsNMTs, insect NMTs and wheat NMT and following 

toxicology studies are crucial for regulatory approvals and field applicability. 

Physicochemical properties optimization is also necessary for IMP-1088 inhibitor before 

it could reach the market as part of antifungal formulation. Therefore, this thesis forms 

only the first part in the agricultural antifungal development pipeline and requires an 

extensive follow up in order to be translated to practical applications. 
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Chapter 7: Experimental Methods 

Method 1. Sequence alignment and phylogenetic tree 

Sequence alignment and phylogenetic tree were created using CLC Sequence 

Viewer 7.5 default settings. The protein sequences used were downloaded from 

uniprot.org. 

Method 2. ZtNMT homology model 

A ZtNMT homology model was built using the SWISS-Model online suite. The 

model was created based on the A. fumigatus NMT X-Ray structure 4UWI51 using the 

ZtNMT132-535 sequence and using default SWISS-Model settings. 

ZtNMT132-535: EGPILPPTVCKKVAKPELEKLVDGFEWCGIDLEDKEELQEFYDLLYNHYVEDT

EGSFRFNYSKEFLAWALKPPGWTKECHIGVRTKTGDDGKKGKLVASIAGIPVSLTVRGKQVDA

CEINFLAIHRKLRNKRLAPVLIKEVTRRYYLNGIYQALYTAGTLLPTPVSTCRYYHRSLDWEHL

YKNGFSHLPPHSSELRMKLKYKLEDKTALKGLRPMKPADIPAVKELLSRYNERFHLRQNFTEE

DVAHYLCSDISKGVVWSYVVEEKGKITDFISYYLLESTVLKSSNKRETIRAAYLYYYASDSAFPSS

TSKAPSNSTQNALQARLQLLVHDALILAKKDDFHVFNALTLLDNPLFLKEQKFEPGDGKLHYY

LFNWRTESLNGGVDERNQIDVTKMGGVGVVML 

Method 3. CPM assay 

The CPM assay was adapted from [53]. A solution with variable final 

concentrations as indicated in the main text of the following components were mixed in 

a black polypropylene 96-well plate from Greiner Bio-One: 25 µl of myristoyl-CoA 

(dissolved in 1 % 20 mM potassium phosphate pH = 8.0, 0.5 mM EDTA and 0.1 % v/v of 

Triton X-100) solution, 50 µl of ZtNMT or CeNMT (dissolved in 1% DMSO, 20 mM 

potassium phosphate pH = 8.0, 0.5 mM EDTA and 0.1 % v/v of Triton X-100) and 25 µl of 

the solution of both, peptide substrate and 7-diethylamino-3-(4′-maleimidylphenyl)-4-

methylcoumarin (CPM) dye, in 5% DMSO, 20 mM potassium phosphate pH = 8.0, 0.5 mM 

EDTA and 0.1 % v/v of Triton X-100 were added to start the enzymatic reaction, each 

condition in duplicate. Accumulation of fluorescence signal at 470nm was measured at 

one-minute intervals as indicated in the text. Raw data in the form of relative fluorescence 
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units (RFU) was processed using Origin 9.1. For Km and Vmax determination, the data was 

fitted with Origin 9.1 built-in function 'MichaelisMenten.' 

Method 4. CPM assay to measure an NMT inhibitor IC50  

10 µl of an inhibitor solution in 10 % v/v DMSO in water, prepared by serial 

dilution starting from 10 µM or 100 µM of an inhibitor on a separate 96-deep-well plate, 

was added to a black polypropylene 96-well plate from Greiner Bio-One. 25 µl of 

myristoyl-CoA (4 μM in 1 % 20 mM potassium phosphate pH = 8.0, 0.5 mM EDTA and 

0.1 % v/v of Triton X-100) solution and 50 µl of Δ99 ZtNMT (200 ng/ml μM in 1% DMSO, 

20 mM potassium phosphate pH = 8.0, 0.5 mM EDTA and 0.1 % v/v of Triton X-100) were 

added to the inhibitor. 25 µl of the solution of the peptide substrate (ZtARF1 N-terminal 

sequence: NH2-GLTFSKLF-NH2, 8 μM) and CPM (8 μM) dye in 5% DMSO, 20 mM 

potassium phosphate pH = 8.0, 0.5 mM EDTA and 0.1 % v/v of Triton X-100 were added 

to start the enzymatic reaction, each condition in duplicate. Accumulation of fluorescence 

signal at 470nm was measured at one-minute intervals during the first 20 minutes of the 

reaction. Rates of the enzymatic reaction were calculated from the linear range of the 

resulting fluorescence over time curve using GraphPad Prism 5 and Origin 9.1. Then, 

sigmoidal dose-response (variable curve) fitting was applied to the data to obtain the IC50 

values. 

Δ99 ZtNMT sequence: MHHHHHHIEGRPEEYKFWNTQPVPKFREPNLLQTTDGGEG

ESLAEGPILPPTVCKKVAKPELEKLVDGFEWCGIDLEDKEELQEFYDLLYNHYVEDTEGSFRFN

YSKEFLAWALKPPGWTKECHIGVRTKTGDDGKKGKLVASIAGIPVSLTVRGKQVDACEINFLAI

HRKLRNKRLAPVLIKEVTRRYYLNGIYQALYTAGTLLPTPVSTCRYYHRSLDWEHLYKNGFSH

LPPHSSELRMKLKYKLEDKTALKGLRPMKPADIPAVKELLSRYNERFHLRQNFTEEDVAHYLC

SDISKGVVWSYVVEEKGKITDFISYYLLESTVLKSSNKRETIRAAYLYYYASDSAFPSSTSKAPSN

STQNALQARLQLLVHDALILAKKDDFHVFNALTLLDNPLFLKEQKFEPGDGKLHYYLFNWRT

ESLNGGVDERNQIDVTKMGGVGVVML 

Method 5. Cell Proliferation Assay 

EC50 values were measured using Promega’s CellTiter 96® Aqueous Non-

Radioactive Cell Proliferation Assay following the instruction manual. 1*107 ml-1 of 

Z. tritici spores were seeded on 96-well plate in 100 μl Vogel’s Minimal Media (VMM) with 
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a corresponding concentration of an inhibitor and kept in a shaking incubator at 24 0C at 

140 RPM for 40 h. At least three replicates per each condition were set up. 20 μl of 

PMS/MTS solution was added to each well and the plate was left stirring for further 3 h. 

Then, absorbance at 490nm was measured and the resulting values were fitted using 

sigmoidal dose-response (variable curve) in GraphPad Prism 5 and Origin 9.1 to produce 

EC50 values. 

Method 6. Z. tritici stock aliquots 

Z. tritici conidia of IPO323 isolate (Netherlands, 1981) were scraped from potato 

dextrose agar plates at 5 days post-inoculation into 10ml sterile water, filtered through 2 

layers of 50µm muslin and diluted to 1x107 spores*ml-1 in a mixture of 30% glycerol and 

70% Vogel’s minimal media. The resulting spores were frozen in 1 ml aliquots and stored 

at -800C.  

Method 7. Z. tritici culture and preparation of extracts 

Z. tritici was cultured in a filter-sterilized medium containing glucose (4 g/l), malt 

extract (4 g/l), yeast extract (10 g/l) with pH adjusted by 4M sodium hydroxide to pH=7.0, 

all components were purchased from Sigma-Aldrich. 1 ml of freshly defrosted 1x107 

Z. tritici spores were added to 9 ml of media and grown for 36-48 h post-inoculation (PI) 

in shaking incubator at 240C at 140 RPM. The yeast were collected by 10 min 

centrifugation at 4000 gand washed with 5ml of PBS twice. The pellet after the second 

wash was frozen in liquid nitrogen and ground using pestle and mortar. The resulting 

mass was re-suspended in 1ml of buffer containing 1% Triton X100, 0.1% SDS, 1 x Roche 

complete protease inhibitor cocktail and PBS. Yeast debris were pelleted by 15 min 

centrifugation at 17000g.  

To clear the solution of other impurities, 4 ml of acetone was added and the 

solution was left at -200C for 1 hr. Proteins were pelleted by centrifugation for 15 min at 

4000g. The pellet washed once with 5 ml of acetone and centrifuged again for 15 min at 

4000g. The pellet was dissolved in 1 ml of 0.5% SDS in PBS, centrifuged for 15 min at 

17000 g to clear any undissolved particles. The supernatant was used for further 

analyses. 

Method 8. YnMyr tagging 
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To label Z. tritici’s myristoylated proteome, 100 mM DMSO stock of YnMyr was 

added to the media at 36-44 h PI to the final concentration of 30 μM, unless indicated 

otherwise. Lysis was performed at 4 h after the treatment as described above. 

Method 9. NMT inhibition 

Corresponding volumes of 50 mM DMSO stocks of NMT inhibitors were added to 

the media at 36-44 h PI to provide the desired final concentration, then yeast were grown 

as described above for 4 h before lysis. 

Method 10. Click-chemistry 

The click chemistry was performed as described in 6. Briefly, 0.06 volumes of click 

master-mix was prepared by combining 0.01 volume of 10 mM in DMSO of the azide 

reagent of choice, 0.02 volumes of 50 mM copper sulphate in MilliQ water, 0.02 volumes 

of 50 mM TCEP in MilliQ water and 0.01 volume 10 mM TBTA in DMSO. The amount of 

lysate corresponding to a concentration of 2 mg/ml of protein in 1 volume of final mixture 

was taken and diluted with lysis buffer to 0.94 volumes. 0.06 volumes of click master-mix 

was added to 0.94 volumes of protein solution and the mixture was stirred for 1 hr in 

bench vortex. After, the reaction was quenched by addition of 0.02 volumes of 0.5M EDTA. 

2 volumes of methanol followed by 0.5 volumes of chloroform and followed by 1 volume 

of MilliQ water were then added to precipitate proteins. The precipitate was pelleted by 

centrifugation at 40C for 10 min at 17000g. The pellet was then washed twice with cold 

methanol by resuspension and centrifugation. Finally, the pellet was dissolved in 0.1 

volume of 2% SDS/PBS and diluted by 0.9 volumes of PBS. 

The click reagents used are described in 61, AzT was used (Fig. S3) for in-gel 

fluorescence analysis, AzTB for enrichment on the Streptavidin beads and following in-

gel fluorescence analysis or western blotting, AzRB for enrichment on Neutravidin beads 

and proteomics analysis. 

Method 11. Streptavidin enrichment 

15 μl of Dynabeads™ MyOne™ Streptavidin C1 from Invitrogen (Streptavidin 

beads) were washed three times with 100 μl 0.2% SDS in PBS. Then 100 μl of 1mg/ml 

solution of proteins after click reaction with AzTB was added and the suspension was 



121 
 

stirred for 2 h at room temperature. The beads were washed three times with 1% SDS in 

PBS and then re-suspended in 15 μl of 1x SDS-PAGE Sample Loading Buffer. The tubes 

were placed in a heating block at 950C for 10 minutes. The supernatant was then loaded 

onto 12% polyacrylamide gel. 

Method 12. SDS-PAGE 

Components were purchased from National Diagnostics and the gels were cast 

according to manufacturer’s protocol. The gels were run for 15 min at 80V followed by 

60 min at 160V in 0.192M glycine, 25 mM Tris base, 1% SDS buffer. Fluorescent images 

of the gels were recorded on a GE Typhoon FLA 9500 equipped with 532 nm excitation 

laser and an LPG emission filter. After the imaging, the gels were placed in a Coomassie 

staining buffer (10% w/v ammonium sulphate, 10% v/v phosphoric acid, 20% v/v 

methanol, 1.2% w/v Coomassie brilliant blue G) overnight. The gels were then washed in 

MilliQ water for 1 hr and images were scanned using a Canon LiDE 120 office scanner. 

Method 13. Anti-ARF1 immunoblotting 

After the SDS-PAGE separation, the proteins were transferred to a GE Amersham™ 

Protran™ nitrocellulose membrane in 0.192M glycine, 25 mM Tris base, 20% methanol in 

water buffer for 1 hr at 100V. The membrane was blocked in 5% w/v skimmed milk 

dissolved in TBST buffer (50 mM Tris base, HCl to pH=7.4, 0.15 M sodium chloride, 0.1 % 

Tween-20). ARF1 antibody from Abcam (ab76082) was diluted 1:500 in 5% milk/TBST 

buffer and added to the blocked membrane and left on an orbital shaker at 40C overnight. 

The membrane was then washed 3 times for 10 minutes with TBST buffer and a 

secondary anti-rabbit-HRP conjugate antibody in 5% milk/TBST solution was added for 

1 hr at room temperature. The membrane was then washed 3 times with TBST buffer. 

Imaging was performed by pouring 0.5ml of Luminata™ Crescendo Western HRP 

substrate from Millipore on the membrane and recording the resulting luminescence in 

GE ImageQuant LAS 4000. 

Method 14. Anti-biotin immunoblotting 

Proteins were transferred onto a nitrocellulose membrane as described above. 

The membrane was blocked in 3% w/v BSA in TBST solution for 1 hr. The membrane was 
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then shaken with Streptavidin-HRP conjugate dissolved in 3% w/v BSA in TBST for 1 hr. 

It was then washed three times with TBST and imaged as described above. 

Method 15. Whole-lysate proteomics 

25 μg of proteins at 1 mg/ml concentration were precipitated with 200 μl of cold 

methanol. The precipitate was pelleted by centrifugation at 17000 g for 10 min at 10 0C, 

and then the supernatant was removed. The pellet washed twice with 200 μl of methanol 

each time followed by centrifugation at 17000 g for 10 min at 10 0C. The pellet was then 

dissolved in 40 μl of 5 mM DL-dithiothreitol in 50 mM ammonium bicarbonate (AMBIC) 

solution by vortex-mixing and sonicating. The solution was incubated for 30 min at 55 0C. 

2 μl of 100 mM iodoacetamide in 50 mM AMBIC was then added and the solution was 

incubated for further 30 min at room temperature in the dark. 2 μl of trypsin in 

50 mM AMBIC (a vial with 20ug Sequencing Grade Modified Trypsin from Promega 

dissolved in 100 μl 50 mM AMBIC) was added and incubated overnight at 37 0C. 0.25 μl 

of trifluoroacetic acid was added to the solution. The resulting peptides were then 

desalted on a STAGE (stop-and-go-extraction) tip.  

A stack of three Empore™ SDB-XC discs from Sigma was cut and fit into a p200 

pipette tip from StarLab. The tips were activated with 150 μl of methanol by 

centrifugation for 2 min at 2000 g and washed with 150 μl of MilliQ water for 2 min at 

2000 g. The peptide samples were loaded onto the tips and centrifuged for 2 min at 

2000 g. The tips were washed with 150 μl of MilliQ water for 2 min at 2000g. The peptides 

were eluted from the tips using 60 μl of 79% acetonitrile in water by centrifugation for 

2 min at 2000g. The solutions were then dried in a Thermo Savant SPD1010 speed-vac 

and stored at -800C. 

Method 16. Myristoylated proteome enrichment for label-free proteomics 

50 μl of Neutravidin® Agarose Resin slurry from Thermo were washed with 

500 μl of 0.2 % SDS in PBS solution three times by vortexing for 1 min and centrifugation 

in a microcentrifuge for 1min. 1 ml of 1mg/ml protein solution from AzRB click-chemistry 

reaction was added to the beads and they were stirred at room temperature for 2 h. The 

supernatant was kept, to check enrichment efficiency. The beads were washed in three 

times with 500 μl 1% SDS in PBS, followed by two times with 4M urea in 50 mM 
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ammonium bicarbonate, followed by three times with 50 mM ammonium bicarbonate 

(AMBIC). The beads were re-suspended in 50 μl 50 mM AMBIC and 5 μl of 100 mM TCEP 

and were stirred for 1 hr at 370C in a thermomixer (Eppendorf). The beads were pelleted 

in a microcentrifuge and the supernatant was swapped for another 50 μl of 50 mM AMBIC 

and 5 μl of 100 mM iodoacetamide left in a dark without stirring for 30 min. The beads 

were washed twice with 500 μl 50 mM AMBIC. 50 μl of 50 mM AMBIC was again added 

to the beads followed by 1uL of trypsin solution (a vial with 20ug Sequencing Grade 

Modified Trypsin from Promega dissolved in 100 μl 50 mM AMBIC) and left shaking in a 

thermomixer at 370C overnight. The supernatant was collected and the beads re-

suspended in 70 μl 50 mM AMBIC and stirred for 15 minutes. The supernatant was 

collected and combined with a previous fraction. The beads were re-suspended in 70 μl 

1.5% TFA in MilliQ water and stirred for 15 minutes. The supernatant was again collected 

and combined with previous fractions. The resulting peptides solution was then desalted 

on a STAGE (stop-and-go-extraction) tip.  

A stack of three Empore™ SDB-XC discs from Sigma was cut and fit into a p200 

pipette tip from StarLab. The tips were activated with 150 μl of methanol by 

centrifugation for 2 min at 2000 g and washed with 150 μl of MilliQ water for 2 min at 

2000 g. The peptide samples were loaded onto the tips and centrifuged for 2 min at 

2000 g. The tips were washed with 150 μl of MilliQ water for 2 min at 2000g. The peptides 

were eluted from the tips using 60 μl of 79% acetonitrile in water by centrifugation for 

2 min at 2000g. The solutions were then dried in a Thermo Savant SPD1010 speed-vac 

and stored at -800C. 

Method 17. Myristoylated proteome enrichment for TMT-labelled proteomics 

50 μl of Neutravidin® Agarose Resin slurry from Thermo were washed with 

500 μl of 0.2% SDS in PBS solution three times by vortexing for 1 min and centrifugation 

in a microcentrifuge for 1min. 1 ml of 1mg/ml protein solution from AzRB click-chemistry 

reaction was added to the beads and they were stirred at room temperature for 2 h. The 

supernatant was kept, to check enrichment efficiency. The beads were washed in three 

times with 500 μl 1% SDS in PBS, followed by two times with 4M urea in 50 mM 

triethylammonium bicarbonate, followed by three times with 100 mM 

triethylammonium bicarbonate (TEAB). The beads were re-suspended in 50 μl 100 mM 
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AMBIC and 5 μl of 100 mM TCEP and were stirred for 1 hr at 370C in a thermomixer 

(Eppendorf). The beads were pelleted in a microcentrifuge and the supernatant was 

swapped for another 50 μl of 100 mM TEAB and 5 μl of 100 mM iodoacetamide left in a 

dark without stirring for 30 min. The beads were washed twice with 500 μl 100 mM 

TEAB. 30 μl of 100 mM TEAB was again added to the beads followed by 1uL of trypsin 

solution (a vial with 20ug Sequencing Grade Modified Trypsin from Promega dissolved 

in 100 μl 100 mM TEAB) and left shaking in a thermomixer at 370C overnight. The 

supernatant (30 μl) was collected and the beads re-suspended in 70 μl 100 mM TEAB and 

stirred for 15 minutes. The supernatant was collected and combined with the previous 

fraction. A quarter of the resulting solution (30 μl) was used for TMT labelling.  

0.8 mg of each of the TMT-sixplex™ Isobaric labels was dissolved in 41 μl 

anhydrous acetonitrile and then 8 μl of the solution of a reagent was added to 30 μl of 

corresponding peptide solution to start the labelling reaction. The solution was stirred at 

room temperature for 1.5 h. Then 2 μl of 5% hydroxylamine solution was added to 

quench the reaction and the solution was stirred for additional 15 minutes. The labelled 

solutions were pooled together into six-plexes and desalted on a STAGE 

(stop-and-go-extraction) tip.  

During the STAGE tip fractionation, some mistakes which do not undercut the 

results were made, it is, therefore, recommended to use a similar protocol for STAGE tip 

fractionation, described under “Whole lysate TMT-labelled proteomics”. 

A stack of three Empore™ SDB-RPS discs from Sigma was cut and fit into a p200 

pipette tip. The tips were washed with 150 μl of methanol and then with 150 μl of MilliQ 

water by centrifugation for 2 min at 2000 g. The peptide samples were loaded onto the 

tips and centrifuged for 2 min at 2000 g. The tips were washed with 60 μl of 0.2 % v/v 

trifluoroacetic acid in MilliQ water for 2 min at 2000g. Combined loading and wash flow-

through was saved as the first fraction. The second fraction was obtained by eluting the 

tip with 60 μl of 100 mM ammonium formate, 40 % v/v acetonitrile, 0.5 % v/v formic 

acid for 2 min at 2000 g. The third fraction was obtained by eluting the tip with 60 μl of 

150 mM ammonium formate, 60 % v/v acetonitrile, 0.5 % v/v formic acid for 2 min at 

2000 g. The fourth fraction was obtained by eluting the tip with 60 μl of 5 % v/v 

ammonium hydroxide, 80 % v/v acetonitrile for 2 min at 2000 g. The first fraction was 
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desalted again. The tips made with a stack of three Empore™ SDB-XC discs were activated 

with 150 μl of methanol by centrifugation for 2 min at 2000 g and washed with 150 μl of 

MilliQ water for 2 min at 2000 g. The flow-through with the first fraction was loaded onto 

the tips and centrifuged for 2 min at 2000 g. The tips were washed with 150 μl of MilliQ 

water for 2 min at 2000 g. The peptides were eluted from the tips using 60 μl of 79 % 

acetonitrile in water by centrifugation for 2 min at 2000 g. All the fractions were then 

dried in a Thermo Savant SPD1010 speedvac and stored at -80 0C. 

Method 18. Whole lysate TMT-labelled proteomics 

1 μl 200 mM TCEP was added to 50 μl of 1mg/ml protein samples and stirred in a 

thermoshaker at 55 °C for 1 hr. Then 200 μl of 8 M urea in 0.1 M Tris/HCl pH 8.5 (urea 

solution) were added. 50 μl of protein solutions (a fifth) were transferred to a 10 kDa 

MWCO spin column and spun 14000 g for 15 min at room temperature. 200 μl 8 M urea 

solution was added to the filters and the samples were washed by centrifugation at 

14000 gfor 15 min. 100 μl 0.05 M iodoacetamide in 8 M urea solution was added to the 

filters and the samples were left in the dark for 30 min at room temperature. The samples 

were centrifuged for 15 min at 14000 g and washed two times with 100 μl 8 M urea 

solution. The samples were then washed three times with 100 μl 100 mM TEAB solution. 

50 μl 100 mM TEAB and 1 μl of trypsin (a vial with 20ug Sequencing Grade Modified 

Trypsin from Promega dissolved in 100 μl 100 mM TEAB) were added to the filters and 

they were left stirring in a thermoshaker at 37 0C overnight. 

TMTsixplex™ Isobaric labels were dissolved in 41 μl anhydrous acetonitrile. 10 μl 

of each label was transferred to their respective filters and they were stirred at room 

temperature for 1 hr. 2 μl of 5 % hydroxylamine was added to the samples and stirred at 

room temperature for 30 minutes. Peptides were eluted from the spin columns by two 

washes with 40 μl 100 mM TEAB solution and one wash with 50 μl 0.5 M NaCl solution. 

Samples were then combined into sixplexes and partially dried in a Speedvac to a volume 

of around 200 μl to remove acetonitrile. 2 μl of trifluoroacetic acid was added before 

STAGE tip fractionation.  

A stack of three Empore™ SDB-RPS discs from Sigma was cut and fit into a p200 

pipette tip. The peptide samples were loaded onto the tips and centrifuged for 2 min at 

2000g. The tips were washed with 60 μl of 0.2 % v/v trifluoroacetic acid in MilliQ water 
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for 2 min at 2000 g. The first fraction was obtained by eluting the tip with 60 μl of 100 mM 

ammonium formate, 40 % v/v acetonitrile, 0.5 % v/v formic acid for 2 min at 2000 g. The 

second fraction was obtained by eluting the tip with 60 μl of 150 mM ammonium formate, 

60 % v/v acetonitrile, 0.5 % v/v formic acid for 2 min at 2000 g. The third fraction was 

obtained by eluting the tip with 60 μl of 5 % v/v ammonium hydroxide, 80 % v/v 

acetonitrile for 2 min at 2000 g. All the fractions were then dried in a Thermo Savant 

SPD1010 speedvac and stored at -800C. 

.RAW files with proteomics results were processed using MaxQuant  or PEAKS 8.0 

using latest releases of Homo sapiens reference proteome at uniprot.org. 

Method 19. MaxQuant analysis. 

In MaxQuant 1.5.5.1, digestion was set as Trypsin/P, oxidation (M) and acetylation 

(N-term) were set as variable modifications, carbamidomethylation (C) was set as fixed 

modification and other settings were as by default. The search was performed using the 

latest releases of Homo sapiens reference proteome at uniprot.org. 

Method 20. PEAKS analysis. 

In PEAKS 8.0, digestion was set as Trypsin, precursor mass tolerance was set at 

5.0 ppm, fragment ion mass tolerance was set 0.1 Da. Oxidation (M) and acetylation 

(N-term) were set as variable modifications, carbamidomethylation (C) was set as fixed 

modification and PEAKS PTM was used to find additional modifications. Additional 

variable modification on glycine at N-termini with mass 463.2907 was used to find MS2 

spectra of peptides carrying the alkyne-modified myristoylated analogue (YnMyr) 

clicked with AzRB capture reagent (Fig. S3D, S6). The peptide matching was performed 

using the latest releases of Homo sapiens reference proteome at uniprot.org. 

Method 21. Perseus analysis. 

Perseus 1.5.5.3 was used to analyse file proteins.txt obtained as result of 

MaxQuant search. Potential contaminants, reverse and only identified by site proteins 

were discarded before the analysis. All data was transformed using log2(x) function 

before any further manipulation. LFQ data was normalized by subtracting a median of 

each data column. TMT data was normalized by first subtracting a median from each data 
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column, followed by subtracting a mean of six values of a TMT six-plex for each such 

six-plex. The data was filtered to retain only those proteins that have at least two 

measurements across replicates for every experimental condition. t-test was performed 

using default Perseus settings, volcano plot representations have a visual cut-off line with 

parameters: s0=0.1, FDR=0.05.  

Method 22. Hierarchical clustering. 

For any given dataset, hierarchical clustering was performed by Euclidian distance 

using default Perseus 1.5.5.3 settings. 

Method 23. Fisher’s exact test. 

Fisher’s exact test was performed in Perseus 1.5.5.3 using GOBP database 

downloaded within the software. The default Benjamini-Hochberg FDR value of 0.02 was 

used for the significance cut-off. 

Method 24 Myristoylator predictions. 

Myristoylator is a computational tool publicly available at 

http://web.expasy.org/myristoylator/.27  

Method 25. Basic Local Alignment Search. 

Basic Local Alignment Search Tool (BLAST) was used to search for analogues of 

Z. tritici proteins in S. cerevisiae and H. sapiens. Reference proteomes from the UniProt 

database (June 2017) were used for each species. NCBI BLAST 2.6.0+ was used to perform 

the search with the following settings: the maximum e-value of a hit should not exceed 

0.01 and only one top hit was retained. Results of the search are available in the 

supplementary tables in of form of Z. tritici protein to S. cerevisiae analogue table, where 

each match is annotated with the percentage and the number of positions aligned, e-value 

and score. 

  

http://web.expasy.org/myristoylator/
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Annex: The IC50 and EC50 table 

 

Molecule 

Name 

IC50 , nM IC50 CI 

lower, 

nM 

IC50 CI 

higher, nM 

EC50 , µM EC50 CI 

lower, µm 

EC50 CI 

higher, µm 

EC50

IC50

 

IMP-1002 129 116 144 
   

 

IMP-1014 1738 1418 2213 
   

 

IMP-1031 13.2 9.2 17.0 51.12 45.95 57.71 4382 

IMP-1031 18.3 0.4 40.4 
   

 

IMP-1034 32.0 17.2 55.8 
   

 

IMP-1036 30.2 15.9 52.8 
   

 

IMP-1037 1203 581 2573 
   

 

IMP-1049 >100000 
     

 

IMP-1076 >300000 
     

 

IMP-1088 12.0 11.0 13.1 23.42 21.84 25.18 2093 

IMP-1088 17.3 11.4 23.0 
   

 

IMP-1089 6.7 0 12.9 46.16 39.41 52.1 7813 

IMP-1090 21500 2451 - 
   

 

IMP-1091 2113 1153 - 
   

 

IMP-1093 >300000 
     

 

IMP-1094 86.0 54.5 126 
   

 

IMP-1097 204 17.8 598 
   

 

IMP-1098 >300000 
     

 

IMP-1100 16.4 8.6 24.5 >500 
  

 

IMP-1107 1772 864 - 
   

 

IMP-1110 >300000 
     

 

IMP-1111 697 498 958 
   

 

IMP-1112 421 253 768 
   

 

IMP-1114 3113 1136 - 
   

 

IMP-1116 1259 643 2143 
   

 

IMP-1116 103 74.1 140 
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IMP-1118 710 410 1102 
   

 

IMP-1124 13.1 0 30.2 
   

 

IMP-1131 2361 1633 4188 
   

 

IMP-1134 <1 
  

26.76 22.64 31.9 >319

00 

IMP-1141 >300000 
     

 

IMP-1145 >300000 
     

 

IMP-1158 645 527 802 
   

 

IMP-1160 1213 760 1711 
   

 

IMP-1166 >300000 
     

 

IMP-1169 11650 7692 - 
   

 

IMP-1176 21520 6992 61520 
   

 

IMP-1178 358 272 480 
   

 

IMP-1179 284 200 406 
   

 

IMP-1185 3970 2538 9390 
   

 

IMP-1186 >300000 
     

 

IMP-1195 <1 0 20.1 
   

 

IMP-1199 4734 3152 5553 
   

 

IMP-1206 2334 1784 2794 ~500 
  

 

IMP-122 443 293 - 
   

 

IMP-1239 427 310 602 
   

 

IMP-1247 22.4 20.9 24.0 
   

 

IMP-1249 35.7 28.3 45.0 
   

 

IMP-1252 548 420 737 
   

 

IMP-1258 26.5 22.0 31.9 
   

 

IMP-1320 9.6 8.3 11.0 
   

 

IMP-1323 15.7 14.6 16.8 
   

 

IMP-1327 12.3 11.7 13.0 
   

 

IMP-1336 11.9 11.1 12.7 
   

 

IMP-1337 >100000 
     

 

IMP-1366 64.9 49.3 86.1 
   

 

IMP-1374 179 138 235 
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IMP-1433 1065 881 1348 
   

 

IMP-1439 71.1 57.4 88.7 
   

 

IMP-1452 47.3 42.0 53.3 
   

 

IMP-162 1849 1586 2204 18.42 14.12 24 13 

IMP-179 >300000 
     

 

IMP-228 >300000 
     

 

IMP-277 >300000 
     

 

IMP-329 868 717 1068 277.2 214.1 371.9 428 

IMP-366 50.2 29.8 74.0 107.9 74.16 205 4084 

IMP-366 50.0 43.3 57.0 
   

 

IMP-560 1670 4735 131100 
   

 

IMP-626 >300000 
     

 

IMP-653 >100000 
     

 

IMP-654 >100000 
     

 

IMP-655 >100000 
     

 

IMP-828 >300000 
     

 

IMP-840 5633 4489 - 
   

 

IMP-885 7532 2602 - 
   

 

IMP-917 160 84.4 310 
   

 

IMP-918 2573 1326 3440 
   

 

IMP-951 >100000 
     

 

IMP-964 520 99.9 2469 155.2 112.7 216.2 416 

IMP-970 2795 1446 5867 
   

 

 

Table 7. Potency of inhibitors tested in enzymatic (CPM) and viability (MTS) assays and 

relation between them.  
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