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ABSTRACT

N-terminal modifications may constitute the first modifications any protein acquires and can
modulate protein function by altering protein stability and 3D structure, promoting or in-
terfering with protein-protein interactions and regulating membrane targeting, localisation or
secretion. Here, two interlinked N-terminal protein modifications have been studied: initiator

methionine (iMet) excision and co-translational N-myristoylation.

N-myristoylation involves de attachment of myristic acid, a 14-carbon saturated fatty acid,
onto exposed N-terminal glycines of protein substrates. In humans, this reaction is catalysed
by N-myristoyltransferases 1 and 2. The two NMT isoforms share a high degree of sequence
and structural similarity, which has hindered the development of isoform-specific inhibitors to
date and prevented the dissection of isoform-specific substrate pools. Using CRISPR/Cas9 in
combination with a previously described metabolic labelling approach and whole proteome pro-
filing, NMT1, and not NMT2, was defined as the main enzyme responsible for N-myristoylation
of proteins in the cancer cell. In addition, a novel method was designed to accurately assess
on-target activity of NMT inhibitors and the fate of N-myristoylated substrates across the
whole proteome upon NMT inhibition. This new approach relies on post-lysis labelling of
exposed N-terminal glycines by S. aureus sortase A (SrtA) and no longer relying on metabolic
labelling, it can be applied to any type of biological sample.

Methionine aminopeptidases (MetAPs) catalyse initiator methionine (iMet) removal from
nascent proteins and are essential to maintain healthy proteome dynamics by priming other
N-terminal modifications such as N-acetylation or N-myristoylation and modulating protein
localisation and stability. MetAP2 has been explored by pharmaceutical companies for decades
for the treatment of cancer and obesity. However, the links between MetAP2 inhibition and
phenotypic effects are still poorly understood. Here, a novel chemical proteomics workflow
is proposed to elucidate the substrates of MetAP2 systematically and uncover the missing
link between MetAP2 inhibition and phenotype. This new strategy is based on metabolic
labelling of cells with the methionine analogue azidohomoalanine (AHA) and in combination
with specific pharmacological inhibition of MetAP2, allowed identification of >70 substrates
of MetAP2, 94% of which were unknown until reported here.

Together, this work provides fundamental insights into the biological role and importance of
N-myristoylation and iMet excision in cancer and shapes the path for future steps in the use
of NMT and MetAP2 inhibitors for the treatment of human disease.
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INTRODUCTION



1.1 PREVALENCE AND IMPORTANCE OF PROTEIN POST-TRANSLATIONAL MODIFICA-
TIONS

It is now widely established that complexity of higher organisms is not necessarily dictated
by their genomic content. For instance, the estimated total number of genes does not nec-
essarily reflect organism complexity: 6,000 genes in yeast (S. cerevisiae), 20,000 genes in
humans, 30,000 genes in mouse (M. musculus) and 51,000 genes in rice (O. sativa) [1].
Instead, it is during the processes laying downstream, during transcription, translation and
post-translational protein regulation, where the actual complexity arises, driven by the intri-
cate set of interactions and interplay among the different components of these processes.
Thus, the molecular biology dogma has been revised numerous times to include mechanisms
by which complexity might emerge in each of these steps. These include alternative start
sites during transcription [2], alternative splicing or RNA editing during mRNA processing [3,
4], and different start sites during translation [5]. Regulatory diversity does not end there,
however. Living organisms have evolved a much more finely tunable mechanism to control cel-
lular processes beyond regulation of mMRNA transcription and protein synthesis rates: protein

modifications.

More than 400 different protein modifications have been described to date [6, 7]. While
they can occur co- or post-translationally, the term 'post-translational modification' (PTM)
is generally used to refer to any of these. This usage is primarily due to the fact that
post-translational modifications were identified and characterised before the existence of co-
translational modifications was fully appreciated. Recent findings powered by technological
advances have revealed a much higher diversity of protein modifications than originally ex-
pected, at a remarkably high prevalence in the proteome. Almost all eukaryotic proteins are
now believed to bear at least one (if not multiple) co- or post-translational modifications [7].
They not only influence protein function directly (e.g. one phosphorylation can switch one
enzyme from its inactive to its active form), but also indirectly, by promoting or blocking

associations between proteins, altering protein localisation or protein half-life (Figure 1.1).

Some PTMs are irreversible, affecting protein fate throughout the life-span of a protein, and
some are reversible, allowing for fine-tuning upon changing conditions (cell cycle, circadian
rhythms, environmental cues, etc.). Furthermore, the functional relevance of these modifi-
cations has been shown to depend upon their localisation on the protein sequence, with the
same type of PTM (e.g. phosphorylation) capable of exerting activatory or inhibitory roles
depending on which region of the protein it modifies [8]. As a result, the proteome is a much
larger entity and far more dynamic than the genome [9]. The spatio-temporal dynamism
conferred by protein modifications allows for rapid and tight control of essential processes
within every cell. Accounting for all the aforementioned sources of variation including protein
modifications, it has been estimated that in a given human cell there are 0.6-6 million protein

species [10]. With the aim to describe this complexity, a new term was coined by L. Smith
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Figure 1.1: By regulating protein activity, localisation and abundance, PTMs modulate protein function in a
tightly regulated manner and contribute greatly to proteome complexity.

and N. Kelleher:'proteoform’, which encompasses the combination of the final specific amino
acid sequence of a given protein entity and the set of all its modifications at a given cellular
state [11, 12].

1.2 PROTEIN N-TERMINAL MODIFICATIONS

The protein N-terminus is the starting point of the linear polypeptidic sequence; that is, the
first amino acids to emerge out of the ribosome during synthesis. As it starts with a free amino
group (-NHs), it is referred to as "N-terminus” (or "amino” terminus). The opposite end of
the sequence, the last one to be released by the ribosome, is referred to as "C-terminus”,
for the free carboxyl group (-COOH) that characterises the end of the polypeptide sequence.
When we refer to the N-end of the protein, therefore, it is consensus not to italicise the
"N", while it is generally italicised when the "N" is being used to denote the atom to which
the modification is being linked to, such as in N-acetylation or N-myristoylation, where the

modification takes place on the nitrogen atom of the &-amino terminus of the protein.

Protein N-terminal modifications comprise the set of modifications that take place at the N-
terminus of proteins and as such, they can in theory happen in any protein. While historically
less studied in comparison to more popular modifications such as phosphorylation, N-terminal
modifications have gained a considerable amount of attention in the last decade, revealing

their ubiquity, prevalence and relevance [6].

They often occur co-translationally as the nascent polypeptide emerges from the ribosome,
and hence, constitute the first set of modifications any protein undergoes. They are mediated

by specific enzymes, which are part of the ribosome-associated protein biogenesis factors



(RBPs) [13]. These are non-ribosomal proteins that act in close contact with the ribosome
and recognise their substrates as soon as the nascent peptide emerges from the ribosome exit
tunnel. They not only catalyse the addition of co-translational modifications, but are also
responsible for ensuring protein folding, serving as quality controls and for the recognition
of protein localisation signals and subsequent translocation into the organelles. This way,
interacting with the mRNA, the tRNAs, translation factors and modulators and also RBPs,
the ribosomes act as a cellular hub to coordinate translation in a spatially and temporally
regulated manner [14]. Moreover, altering the chemical properties of the N-terminal «-amine,
N-terminal modifications have been shown to play a decisive role on protein fate through the
different N-end degron pathways, where protein degradation rates depend on the identity of
the N-terminal residue [15](cf. section 1.2.8 for further details on N-degron pathways).

There are >15 different protein N-terminal modifications described to date and their func-
tions are as varied as their chemistries. The most prevalent ones (initiator methionine (iMet)
excision [16], N-terminal acetylation [17] and N-myristoyation [9]) occur co-translationally,
while the protein is still being synthesised in the ribosome and are involved in a myriad of
functions including regulation of protein localisation, stability and binding partners. Other
less well-studied modifications include some that occur conditionally, as a response to altering
environmental cues and are part of signalling cascades in response to a change. These in-
clude oxidative-stress mediated N-terminal modifications such as a-ketoamine formation [18],
transamination [18], cyclisation [19] or epimerisation [20] and hypoxia-mediated N-cysteine
oxidation [21]. Some N-terminal modifications have been described only in orchestration
with their role in N-degron pathways (e.g. N-deamidation, N-arginylation) [15]. Others are
more rare, with only a few proteins identified with that modification (e.g. N-palmitoylation
[22]) or have not been that well characterized and their functional impact is still not clear
(N-methylation [23], N-ubiquitination [24], N-propionylation [25] or conversion of N-terminal
glutamate and glutamine to pyroglutamate [26]) (Figure 1.2).

iMet excision and N-myristoylation modifications are discussed in more detail in the next
sections of this chapter due to their direct relevance to this work (cf. section 1.3 for iMet
excision and section 1.4 for N-myristoylation). However, it is worth noting that all N-terminal
modifications potentially impact the occurrence of other equally important modifications at
this unique site of the protein. For example, blocking the activity of specific enzymes involved
in the processing of these modifications (e.g. by NMT or MetAP2 inhibitors), might leave an
otherwise blocked or unmodified N-terminus free for other modifications to occur. Therefore,
it was deemed relevant to list and review, even if briefly, the most important aspects of
these other less known N-terminal modifications as well as to include some insights into their
interplay and orchestration. Table 1.1 summarises the main information discussed for each of

the N-terminal modifications, which is also described in the following pages in more detail.
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Table 1.1: Summary of N-terminal modifications: enzymes responsible, number of proteins known to bear
these modifications and known functions.

Co-/Post-
Modification Enzyme Enzyme localisation translational Reversible? Prevalence Functions
iMet removal MetAP1 Cytosol Co- No >70% Stability (N-end degron)
MetAP2 Cytosol of proteome Protein-protein interactions
(humans) Met metabolism
N-acetylation NATs Cytosol Co- (main) No >80% Affiity-enhancing
(NatA-NatF) (However, some Post- (rare) of proteome Stability (Ac/N-end degron)
auxiliary subunits (humans) Secretion
seem to have other Membrane targeting
localisations as well) Protein folding
N-propionylation NATs (same as above) Co- No Rare Not known
(by similarity) (<20 examples)
N-methylation NTMT1 Nucleus Post- (upon No Rare Protein-protein interactions
NTMT2 Nucleus translocation (<20 examples)  DNA binding
into nucleus)
N-myristoylation NMT1 Cytosol, PM? Co- (main) No 1-4% Reversible membrane binding
NMT2 Cytosol, PM? Post- of proteome 3D structure
(apoptosis) Protein-protein interactions
Stability (Gly/N-end degron)
Role in apoptosis
N-palmitoylation Hhat pmt Post- No Very rare Multimerisation
(vertebrates) (Hh proteins, Signalling upon secretion
Rasp (flies) Spitz)
Pyroglutamate QC Secreted Post- ? Rare Increased stability
formation isoQC Golgi apparatus (<20 examples)  Receptor binding
(hormones Potency modulation
and chemokines)
N-Cys oxidation ADO (humans) Cytosol Post- No Rare Arg/N-end degron
PCO1, PCO2 (<10 examples)  Hypoxia signalling
(plants)
N-ubiquitination Ube2w (E2) Nucleus, nucleolus Post- Yes >100 Not known
HUWEL (E3)  Nucleus

! PM, plasma membrane.

1.2.1 N-acetylation

In human cells, N-terminal acetylation is probably the most prevalent modification, currently
on ca. 80% of all proteins [27]. Its frequency is still high in lower eukaryotes (ca. 50%
yeast) but less prevalent in lower organisms like archaea and rare in bacteria [6, 27, 28]. It
happens mostly co-translationally, while the polypeptide chain is only about 25-50 amino acids
long [29]. It has also been described in plant cell organelles, where it has been detected in
more than 30% of the nuclear-encoded chloroplastic proteins [6]. In this case, N-acetylation

happens post-translationally, upon translocation of the protein into the chloroplast.

N-acetylation is catalysed enzymatically by a set of enzymes called N-x-acetyltransferases
(NATs) (Figure 1.2B). In eukaryotes these are protein complexes mostly formed by two pro-
tein subunits: a catalytic subunit and an auxiliary one. The catalytic subunit binds acetyl-CoA
and transfers it onto protein substrates while the auxiliary one has been found to be necessary

for the catalytic activity although not taking direct part on the transfer. Auxiliary subunits



Table 1.2: Types of eukaryotic NATs, subunit composition and substrate preferences.

Catalytic Auxiliary
NAT subunit subunit(s) Substrates
NatA NaalO Naalb Ser- Ala- Thr- Gly- Val- Cys-

(or Naalll) (or Naal6!)
NatB Naa20 Naa25 Met-Asp- Met-Glu- Met-Asn-  Met-Gln
NatC Naa30 Naa35 + Met-Leu- Met-Phe- Met-lle- Met-Trp-

Naa38
NatD Naa40 - Ser- (H2A and H4 histones)
NatE Naab0 NatA (Naal0 Met-Leu- Met-Phe- Met-lle- Met-Trp-
+ Naalb)

NatF Naa60 - Met-Leu- Met-Phe- Met-lle- Met-Trp- Met-Lys-

! Naall and Naal6 are orthologs of Naal0 and Naal5 and are found in higher eukaryotes. Their combinations
give rise to four different types of NatA in these organisms.

have also been reported to be important for ribosome binding [30, 31]. NATs belong to the
Gcenb-related N-acetyltransferase (GNAT) protein superfamily, a large family of enzymes that
share a common 3D fold and use acyl-CoAs as donors to acylate their substrates [32]. Six
different complexes have been discovered in eukaryotes to date: NatA, NatB, NatC, NatD,
NatE and NatF (Table 1.2, adapted from [6]). Most of the differences in their substrate
specificities have been generally assigned to the identity of the first two amino acids of their
substrates [33], but it is increasingly evident that residues beyond position two might also play
a role [17, 34]. NatA, NatB and NatC are responsible for most of the N-acetylations in the
cell, where NatA (NaalO+Naalb) primarily acetylates proteins after iMet removal and NatB
(Naa20+Naa25) and NatC (Naa30+Naa35+Naa38) acetylate the retained iMet when the
second residue is acidic (NatB) or hydrophobic (NatC) [6]. NatD (Naa40) has been described
to almost exclusively N-acetylate histones H2A and H4 [35]. NatE (Naa50+NatA) was dis-
covered when Naab0 was found to associate with NatA without affecting its activity and later
found to acetylate iMet-retained substrates on its own [30, 36]. Finally, NatF (Naa60), which
is present in humans but not in yeast, acetylates proteins showing an intact iMet [37] and has
been reported to localise to the Golgi as well as linked to the N-acetylation of transmembrane
proteins, probably post-translationally [38]. It is worth noting that the sequence specifici-
ties are not absolute and that no complete consensus exists that can accurately predict the
presence of N-acetylation [6]. Further, there is apparent overlap for the same substrates not
only among NATs (Table 1.2), but also with other N-terminal PTMs, where competition for
different processing has been proposed [39, 40].

There is no known N-o-deacetylase, so N-acetylation is believed to be irreversible. However,
recent studies have revealed certain proteins that can appear both in the N-acetylated and



free N-terminus forms and that these can co-exist within the cell [34]. The origin and func-
tional meaning of these pools of proteins, which involved about 9% of all identified N-termini
[34], still requires further study, but some theories have been proposed: (i) NATs only recog-
nise certain substrates weakly, leading to repeated miss of those substrates; (ii) activity of
NATs might be dictated by Ac-CoA availability and protein turnover or (iii) there might exist

regulation at the level of ribosome binding [6].

Acetylation not only blocks the N-terminal «-amino group from further post-translational pro-
cessing, but also neutralises its positive charge [41]. N-acetylation has been shown to act as an
affinity enhancer, increasing interaction potential with binding partners [42]. It has also been
reported to influence membrane targeting and secretion [43-45]. For example, N-acetylation
of Arl8b small GTPase has been shown to be responsible for lysosomal targeting [43]. More-
over, it has been shown to increase affinity of o-Synuclein for physiological membranes by
stabilising the helicity of its N-terminus [44]. In addition, N-acetylation has been reported to
prevent targeting of certain proteins to the ER and their subsequent sorting to the secretory
pathway [45]. Recently, the importance of this modification on forming specific N-terminal
degrons has been highlighted [46, 47], with one specialised N-degron pathway (denoted Ac/N-
degron pathway) dedicated to the degradation of N-acetylated proteins (refer to section 1.2.8
for further information on N-degron pathways). Further, it has been shown to play a role in
protein folding and proteostasis of the yeast prion [PSI*] [48]. When N-acteylation was lost,
it led to general misfolding of [PSI*] and a subsequent stress response as well as increased

degradation, together reducing the overall size of the prion aggregates [48].

1.2.2 N-propionylation

N-propionylation (Figure 1.2C) had gone unnoticed until relatively recently, when in the second
half of the 2000s two independent systematic proteomics studies of the human N-terminal
proteome revealed the presence of a few proteins modified with a propionyl at their oc-amino
group [49, 50]. A few years later, in a dedicated study in yeast it was shown that NATs
(in particular, NatA) could also attach a propionyl group at the N-terminus and so act as
N-propionyltransferases in addition to N-acetyl transferases both in vitro and in vivo [25].
The late discovery goes along the supposedly low rates of this modification: it is very rare,
with less than 20 examples to date including both human and yeast studies. This could
be partially explained by the availability of propionyl-CoA in the cell, which is 2-20-fold less
abundant than the more common Acetyl-CoA [25, 51]. Due to the few examples known to
date, there is not much known about the function of N-propionylation [41]. The additional
methylene group as compared to acetyl-CoA results in increased hydrophobicity and bulkiness
(Figures 1.2B-C), but it remains to be discovered how this will impact protein function as
opposed to N-acetylation. Since no "N-depropionylase” has been found to date, and similarly
to N-acetylation, N-propionylation is considered irreversible [52].



1.2.3 N-methylation

Biochemically, N-methylation consists of the enzymatic transfer of a methyl group from S-
adenosyl methionine (SAM) to the exposed N-terminal a-amino group of certain amino acids
[23] (Figure 1.2D). The substrate consensus sequence is X;-Xo-Lys/Arg, where X; can be any
amino acid except Asp or Glu and X, can be any uncharged amino acid (polar/nonpolar),
although Pro is preferred [23, 53]. It is catalysed by two main N-methyltransferases: NTMT1
and NTMT2 (also known as NRMT1/2 or METTL11A/B). Both enzymes share both se-
quence and structural similarity and are localised to the nucleus [54], albeit with different
tissue distributions [23, 55]. The main difference between the two enzymes is that NTMT2
seems to preferentially catalyse monomethylation reactions, whereas NTMT1 can catalyse the
addition of one, two or three methyl groups [54]. The number of methyl groups affects the
chemical properties of the modification. A single methyl group only alters the pK, of the alpha
amino group slightly and has a minor steric impact on binding. In contrast, trimethylation
(or dimethylation in case of Pro), not only grants increased bulkiness, but also completely
abrogates the nucleophilicity of the a-amino group and confers a constant positive charge
that is not dependent on pH [56]. Since no N-demethylase is currently known, N-methylation

is considered irreversible [52].

Although the existence of N-methylation has been known for over 40 years, its true relevance
hasn't been recognised until the last decade. Early reports include dimethylation (Pro) of
cytochrome c557 of the C. oncopelti insect parasite [57], trimethylation (Ala) of myosin light
chain [58] and monomethylation (Pro) of Drosophila H2B histone [59]. These seemed to
indicate a role for N-terminal methylation in regulating protein-protein interactions. More
recent studies have established a novel crucial role of N-a-methylation in DNA binding and
chromatin remodeling. More specifically, in mitosis, due to its role ensuring stable chromatin
association of RCC1 [60, 61]; in nucleotide excision repair, through DDB2 [62]; and in cen-
tromere assembly, where it ensures efficient binding of CENP-A [63] and CENP-B [64] to
centromeric DNA. Moreover, a recent report showed the importance of N-methylation of the

yeast proteasome ATPase subunit Rptl for normal proteasomal function [65].

Recently, a third enzyme capable of methylating the o-amino terminus in humans was dis-
covered, called METTL13 [66]. It is a dual methyltransferase capable of catalysing both
N-terminal Gly and Lysb5 of human eEF1A. Interestingly this enzyme was found to be present
in the cytoplasm and mitochondria in addition to the nucleus, suggesting N-methylation might

also happen in these two other locations.

1.2.4 N-palmitoylation

N-palmitoylation refers to the attachment of palmitate by a covalent amide bond to the
N-terminal o-amine of the protein [22] (Figure 1.2F). It is quite a unique modification, as



palmitoylation usually occurs via thioesther linkage in internal cysteines. There are only a
handful of proteins known to be modified this way: the hedgehog proteins, Hedgehog (Hh) in
D. melanogaster [67] and Sonic Hedhehog (Shh) in vertebrates [68], and the D. melanogaster
protein Spitz [69]. It is believed to extend to the two other members of the hedgehog family in
vertebrates, Indian hedgehog (lhh) and Dessert hedgehog (Dhh) due to sequence similarities
(UniProt [70]) although it's presence has not been experimentally confirmed yet.

All hedgehog proteins are synthesised as precursor proteins, with an N-terminal signal peptide
that directs them to the ER and that is cleaved upon translocation revealing an N-terminal
Cys [22]. Hh proteins then undergo autoproteolytic cleavage at the C-terminus, revealing a
newly formed C-terminal Gly, which is then cholesterylated at the C-terminal carboxylate. This
anchors Hh proteins to the luminal side of the ER membrane, where hedgehog acyltransferase
(Hhat) [71] in vertebrates or Rasp (previously known as Skinny Hedgehog [67]) in flies transfers
the palmitic acid group. Hhat and Rasp belong to the membrane bound O-acyl transferase
(MBOAT) family [22]. Interestingly, Hhat and Rasp first attach palmitate onto the Cys side
chain, through regular S-acylation via thioester link, but this then rearranges itself through
an intramolecular S-to-N shift to yield the final amide linked palmitate (N-pal) [22]. Thus,
through this unusual mechanism palmitate is attached covalently and irreversibly to the N-
terminal a-amino group of the N-terminal Cys of Hedgehog proteins. Moreover, Rasp has
also been shown to N-palmitoylate the fly protein Spitz, a ligand for the D. melanogaster
epidermal growth factor receptor (EGFR) [69].

Shh/Hh are secreted morphogens that are essential for embryogenesis and tissue development,
through their important role in proliferation and differentiation [72]. Shh has also been impli-
cated in wound healing, but should otherwise be silent in most adult tissues [73]. However, it
has been shown to be aberrantly expressed in a variety of cancers [73, 74], where expression
of Shh usually correlates with worse prognosis [75]. Importantly, dual lipidation of hedgehog
proteins has been shown to be essential for their function [68]. In particular, N-pal has been
shown to be necessary for Hh [76] and Shh signalling [77], allowing for correct multimerisa-
tion that enables signalling to distant responsive cells [77]. Due to its essential role for Hh

signalling, Hhat has been proposed as a target to inhibit Shh signalling in cancer [74, 78].

An additional protein has been proposed to be N-palmitoylated: the G-protein alpha subunit
S (Gag) [79]. In this case, the palmitate was shown to be positioned at the a-amine of the
N-terminal Gly (Gly2). This unusual position could be explained by the presence of a Cys
in the third position (Cys3) (N-terminal sequence (M)GCLGNSK, where M is removed by
MetAPs), where the N-palmitate could be attached first before following a rearrangement
similar to the one in Hh proteins. However, further validation is needed to confirm cellular

occurrence and its functional relevance.
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1.2.5 N-terminal conversion of Glu and GIn into pyroglutamate

Catalysed by glutamyl cyclase (QC, from the QPCT gene) or isoglutamyl cyclase (isoQC,
gene QPCTL), this modification has been described for a number of proteins and biologically
active peptides [80] (Figure 1.2G). Both enzymes seem to have the same substrate selectivity,
but different localisation: while QC is mostly secreted, isoQC is almost exclusively localised
to the Golgi apparatus [81].

One important function of pyroglutamate (pGlu) is to protect the N-terminal a-amine from
aminopeptidases, thus ensuring increased stability and prolonging the life-span of the pro-
teins [26]. In this way, it has been shown to regulate the biological activity of some peptide
hormones (Thyrotropin-releasing hormone (TRH), gonadotropin releasing hormone (GnRH)
or gastrin), neuropeptides (neurotensin) and chemokines (MCP1/CCL2, MCP2/CCLS,
MCP3/CCL7,

MCP4/CCL13 and CX3CL1) [26, 80-82]. In some cases, it has also been shown to affect func-
tion directly by modulating potency and receptor binding capacity (TRH) [26] or chemotactic
activity (MCP1/CCL2 [83], MCP2/CCL8 [82] and CX3CL1 [81]).

Moreover it has also been linked to some neurodegenerative diseases. In Alzheimer's disease,
most of the amyloid-beta (Af3) peptides in amyloid plaques have a pGlu at their N-terminus,
likely accumulated through their resistance to proteolysis [84]. Further, the presence of pGlu
can result in accelerated aggregation by increased hydrophobicity and consequent reduction in
solubility [85]. In some rare familiar dementias, aggregated peptides also show an N-terminal
pGlu [86].

Due to their role in inflammatory processes and disease, inhibition of glutamyl cyclase has
been proposed for Alzheimer's disease [87], liver inflammation models [88] as well as proposed

as a strategy to prevent thyroid cancer metastasis [89].

1.2.6 N-Cys oxidation

Recent studies have revealed a new mechanism for fast oxygen sensing in both plants and
human cells that involves modification of N-terminally exposed Cys into Cys-sulfinic acid [21,
90, 91] (Figure 1.2H). They found that opposite to what was thought, N-terminal oxidation of
these hypoxia-sensitive substrates was enzymatically regulated. Plant cysteine oxidase 1 and
2 (PCO1, PCO2) in plants [90, 91] and cysteamine (2-aminoethanethiol) dioxygenase (ADO)
in human cells [21] are responsible for catalysing the dioxygenation of the N-terminal Cys side
chain of specific substrates under normoxic conditions, leading to degradation of the oxidized
substrate through arginylation by Atel and the Arg/end N-rule pathway (further explanations
on the Arg/N-degron pathway can be found in subsection 1.2.8.2).

In plants, this was shown to lead to stabilisation of group VIl ethylene response factors (ERF-
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VIlIs) upon hypoxia, which promote plant survival under these unfavourable conditions [91].
In human cells, in contrast, ADO was reported to label RGS4/RGS5, two G-protein signalling
regulators, and the angiogenic interleukin-32 (IL-32) for degradation. Thus, ADO was shown
to control activation of the mitogen-activated protein kinase (MAPK) cascade and of new
angiogenic events in response to hypoxia [21]. These differences are likely to reflect the
distinct environmental adaptation mechanisms plants and humans must undertake to ensure

their survival under adverse conditions like hypoxia.

These are all very recent discoveries, and therefore, it is likely that there are more substrates
of plant PCOs and human ADO that are yet to be discovered and that will expand the network
of processes that ensure survival under hypoxia. This pathway is not found in yeast, where
N-Cys is not a destabilizing residue. Interestingly however, recombinant proteins bearing an
N-terminal Cys could be made sensitive to hypoxia in yeast as well, through the introduction
of human ADO [21]. This establishes a more widely applicable role for enzymes involved in
this pathway that might well be conserved amongst other eukaryotic species.

1.2.7 N-ubiquitination

N-terminal ubiquitination refers to the addition of ubiquitin to the N-terminal x-amine of
the protein (Figure 1.21). It should not be confused with ubiquitination through the N-degron
pathway, where the addition of ubiquitin happens on the side-chain of internal lysines after

recognition of the N-terminal degron sequence.

The position of this modification was discovered through Lys-replacement studies on the
myogenic transcriptional switch MyoD, which was found to still be ubiquitinated and degraded
when all lysines in its sequence where mutated [92]. It has since been discovered for many
more proteins including the lysine-free human papillomavirus 16 oncoprotein E7 [93], the
Epstein Barr virus latent membrane proteins LMP1 [94] and LMP2A [95], the differentiator
regulator 1d2 [96], the cell cycle regulator p21 [97, 98], the signalling kinase ERK3 [98], the
small ubiquitin-related modifier SUMO2 and the E3 ligase CHIP [99], the neurodegenerative
disease protein Tau and the polyglutamine disease protein ataxin-3 [100]). A recent systematic
study increased the list to ca. 100 proteins [24].

Two enzymes of the ubiquitin-proteasome system have been identified to be capable of N-
ubiquitination: the ubiquitin conjugating (E2) enzyme Ube2w (which has been shown to
autoubiquitinate itself as well as mono-ubiquitinate the N-termini of SUMO2, CHIP, Tau and
ataxin-3 [99, 100]) and the ubiquitin ligase (E3) HUWEL, described for the N-ubiquitination
of MyoD but only when all Lys are mutated[101]. Interestingly, Ube2w differs structurally
from other known E2 enzymes, and according to the authors, these structural differences
would promote interaction with the o-amine rather than a more positively charged Lys-side
chain [100].
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The study of N-terminally ubiquitinated proteins has been limited to date because most widely
used approaches for the systematic study of ubiquitination are not able to detect it. On the
one hand, proteomics approaches that rely on enrichment through ubiquitin binding domains
(UBDs) [102] or epitope tagged ubiquitin expression [103-105] are not capable of providing
site-specific information. On the other hand, approaches that depend on immunoenrichment
with K-e-GG antibody [106] are limited to detection of Lys ubiquitination. A recent report
using a new type of antibody capable of recognising a longer fragment of the Ub remnant
after cleavage with the endoproteinase LysC revealed new insights into this type of N-terminal
modification [24]. LysC cleaves ubiquitin leaving a 13 amino acid remnant covalently attached
to proteins, which are recognised by this new ubiquitin antibody. By not relying in the specific
recognition of an ubiquitinated Lysine, it was shown to also serve for the discovery of N-
ubiquitination events[24]. In this study Akimov and colleagues showed that N-ubiquitinated
proteins were distributed across all protein expression levels and that expression levels of these
proteins did not change upon proteasome inhibition, which suggested a broader role for this
PTM beyond degradation, in contrast to the focus of most previous studies [24]. Expansion
of the list of proteins known to be N-ubiquitinated also revealed that it can happen on the
iMet or on the exposed second amino acid residue after iMet removal, when this is a small
hydrophobic amino acid, especially when Pro or Val are present in the second position [24].
This contrasts with previous reports on Ube2w specificity, where it was found to preferentially
recognise 'intrinsically disordered’ N-termini and to be inhibited by Pro residues on positions
2-4 [107]. However, this could simply indicate that there is more than one enzyme involved
in N-terminal ubiquitination. Remarkably, the patterns for N-ubiquitination showed a striking
negative correlation with N-terminal acetylation [24], highlighting the temporal control of
N-terminal modifications, in which post translational modifications like N-ubiquitination can

only happen on free N-termini left unmodified by preceding co-translational modifications.

1.2.8 N-degron pathways

The N-degron pathway (previously called N-end rule pathway) was discovered for the first
time in 1986 and initially described the relationship between the half-life of a protein and
the identity of its N-terminal residue [108]. Since then, all 20 amino acids have been shown
to be destabilizing in specific sequence contexts [15]. Moreover, C-degrons have also been
described, which act analogously to N-degrons, but at the opposite end of the protein [109].
N-degrons are recognised by a set of substrate-specific E3 ligases or other proteins called
N-recognins, which tag them for proteasomal degradation (or the proteasome-like CIpAP
protease in bacteria) by ubiquitination of nearby internal lysines [110].

Interestingly, although N-degron pathways exist in all kingdoms, they are not conserved across
prokaryotes and eukaryotes. In bacteria, there are two main N-degron pathways: the formyl-
methyonine (fMet)/N-degron pathway and Leu/N-degron pathways [15]. In eukaryotes, six
types have been described so far, which include the fMet/N-degron pathway in organella
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(mitochondria, choroplasts), the fMet/N-degron pathway in the cytosol of the yeast S. cere-
visiae and the Pro/N-, Ac/N-, Arg/N- and Gly/N-degron pathways in eukaryotic cytoplasms
[15]. Below are described the four N-degron pathways occurring in the cytoplasm of higher

eukaryotes (Figure 1.3).

1.2.8.1 The Ac/N-degron pathway

This pathway targets most acetylated N-terminal residues, which can be subclassified accord-
ing to their propensity to being acetylated [15]: (i) usually N-acetylated (iMet, Ala, Ser, Thr),
(ii) rarely N-acetylated (Val and Cys) and (iii) very rarely N-acetylated (Gly and Pro) (Figure
1.3A).

Known Ac/N-recognins include Doal0 in yeast and Teb4 in mammals (both ER membrane-
embedded) and Not4, the E3 subunit of the multifunctional cytosolic/nuclear complex Ccr4-
Not [46]. N-terminal acetylation is a very a common modification in eukaryotes, happening
in ca. 80% of the proteome in humans (cf. ref [27] and section 1.2.1 for further information).
Being such a common modification, it has been proposed that this N-degron depends on expo-
sure for efficient recognition by the Ac/N-degron pathway [47]. Acetylation has been proposed
as an affinity-enhancing modification, playing an important role in protein-protein interactions
[42]. Hence, it has been proposed that the Ac/N-degron pathway might act as a complex reg-
ulator through subunit quality control and stoichiometry control mechanisms. Thus, subunits
displaying weaker binding affinities for their binding partners or no longer needed are recycled

to maintain exquisitely regulated complex dynamics across changing conditions [47].

1.2.8.2 The Arg/N-degron pathway

This pathway targets most unacetylated N-terminal residues, which can be subclassified into
three categories [15, 111, 112] (Figure 1.3B):

= Primary, residues directly recognised by Arg/N-recognins: Arg, Lys, His, Leu, Phe, Tyr,
Trp, lle and iMet-lle, iMet-Leu, iMet-Arg, iMet-Lys. In yeast, iMet followed by other
bulky hydrophobic residues like Trp, Phe or lle were also reported [111] but these did

not translate into human cells [112].

» Secondary, residues recognised upon arginylation by Atel R-transferase: Asp, Glu and

oxidized Cys.

= Tertiary, residues recognised upon deamidation by Ntal (yeast) and specific Ntanl and
Ntangl (animals and plants) N-terminal amidases followed by arginylation by Atel: Asn
and GIn.
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Figure 1.3: Main N-degron pathways on the cytoplasm of higher eukaryotes: (A) the Ac/N-degron
pathway, (B) the Arg/N-degron pathway, (C) the Gly/N-degron pathway and the (D) Pro/N-degron pathway.
Where N-recognin and E3 ligases responsible for these pathways are different for yeast and mammals, the
mammal ones are displayed. P = rest of the protein.

Ubrl is the only known Arg/N-recognin in yeast but it acts in complex with another E3
ligase, Ufd4, which increases its polyubiquitination capability [113]. In mammals, four Arg/N-
recognins have been described: Ubrl, Ubr2, Ubr4 and Ubr5 [114].

Regulation of protein degradation through the Arg/N-degron pathway has been proposed to
be similar to that of the Ac/N-degron pathway: proteins that are either misfolded or that fail
to rapidly bind to either binding partners or chaperones (e.g. Hsp90 system) have been shown

to serve as targets for this pathway [115, 116].

Moreover, the Arg/N-degron pathway has been proposed to play a role as a sensor of several
molecules allowing the cells to adapt to their environments. Through Cys oxydation, it has
been proposed as a sensor of NO and O, (cf. section 1.2.6) [21]. It has also been reported as
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a sensor of short peptide availability, regulating their uptake in yeast [117]. The Arg/N-degron
pathway also plays a role in the sensing of hemin (the Fe3*-heme), which down-regulates Atel

R-transferase both as a low micromolar inhibitor and by promoting its degradation [118].

The Arg/N-degron pathway has also been linked to autophagy through p62/Sgstm1, a com-
ponent of the autophagy-lysosome system that was also found to function as a non-E3 Arg/N-
recognin [119]. Stresses such as heat shock and the unfolded protein response where shown
to induce translocation of ER proteins back into the cytosol, where they are N-terminally
arginylated followed by lysosomal degradation [119].

1.2.8.3 The Gly/N-degron pathway

A recent study by Timms and colleagues discovered a new N-degron pathway that targeted
proteins bearing an N-terminal Gly for degradation [112] (Figure 1.3C). The Cullin-RING
ligase Cul2, together with ZYG11B and ZER1 adaptors where shown to be the N-recognins
of this N-degron pathway. Both Cul2?YG1B and Cul24FF! act complementarily, with most
substrates being shared between the two of them but showing some differences on the N-
degrons they recognise [112]. In intact proteins, Gly/N-degrons appeared to be depleted of
the proteome [112]. Instead, this pathway was shown to lead to rapid degradation of newly
exposed N-terminal glycines when N-myristoylation fails or upon caspase cleavage during
apoptosis [112]. Thus, this N-degron pathway was proposed to act as a quality control
mechanism for N-myristoylation and to ensure no longer needed fragments are degraded

during the apoptotic cascade.

1.2.8.4 The Pro/N-degron pathway

There is only one example known of this N-degron pathway and it mediates the degradation of
gluconeogenic enzymes when the yeast S. cerevisiae is moved into a medium containing glu-
cose. This is mediated by the multisubunit GID Ub ligase, of which the Gid4 subunit is the N-
recognin that recognises Pro at either the N-terminus or at the second position (Figure 1.3D).
This pathway acts on an array of gluconeogenic enzymes including fructose-1,6-biphosphatase
(Fbpl), isocitrate lyase (Icll), malate dehydrogenase (Mdh2) and phosphoenolpyruvate car-
boxykinase (Pckl), all of which are targeted for degradation when glucose becomes available
in the medium [120].
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1.3 N-TERMINAL METHIONINE EXCISION

All start codons code for either an N-formylated methionine (formylmethyonine, fMet) in
prokaryotes and eukaryotic organelles (mitochondria and chloroplasts) or for a 'free’ methion-
ine in archaea and the eukaryotic cytoplasm [121]. Hence, all proteins are initially synthesised
with either a 'protected’ fMet or a 'free’, amino-exposed Met. In bacteria and organelles,
peptide deformylases (PDFs) remove the formyl moiety from the N-terminus of the initiator
fMet in the majority of the cases [122], leaving an amino-exposed methionine identical to
that of eukaryotes and archaea. This first 'free’ methionine of the sequence is often referred
to as initiator methionine (iMet) to distinguish it from other methionines in the sequence
and highlight its specific role in initiating protein synthesis. In about 50-80% of the cases
depending on the organism, this is further processed by methionine aminopeptidases (cf. sec-
tion 1.3.1), which cleave iMet off exposing the second amino acid residue of the sequence at
the N-terminus [6]. These first protein modifications happen very fast and while the nascent
peptide is still bound to the ribosome. It has been estimated that both PDFs and MetAPs
bind and process their substrates when the polypeptide chain is only about 45-50 amino acids

long, only sufficient for 10-15 amino acids to be out of the ribosomal exit tunnel [123].

1.3.1 Prevalence of iMet removal

iMet removal is conserved and essential in all kingdoms, from bacteria to metazoa [16]. In
bacteria, it is estimated that PDFs deformylate >90% of the newly synthesised proteins and
that MetAPs remove iMet from >50% of the proteome [6, 16]. In archaea, the estimations
indicate a reduced amount of processing, with around 40% of the proteome having iMet
excised. In eukaryotes, >70% of the cytoplasmic proteins are estimated to be processed by
MetAPs [6]. iMet excision is also thought to be prevalent in chloroplasts, in which at least
40% of the chloroplast-produced proteins have been reported to be processed by local MetAP
after deformylation by PDFs (estimated to occur in 90% of the cases [16]). The few studies
in mitochondria seem to indicate a lower prevalence of iMet processing in mitochondria. From
the 13 proteins encoded in mammals and 33 in plants, only 10-50% of the proteins seem to
be deformylated and only one (Cox IIl) is thought to have its iMet removed [6]. However,

further studies will be needed to have a complete picture.

1.3.2 Methionine aminopeptidases
1.3.2.1 3D structure

MetAPs are dinuclear metalloenzymes and can be activated by different divalent metal cations
in vitro such as Co(ll) [124], Zn(Il) [125], Fe(Il) [126] or Mn(ll) [127], while the physiological
ion is still a matter of debate. They belong to the pita bread fold protease family and are
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Figure 1.4: MetAP1 and MetAP2 show high degree of structural similarity despite a poor sequence
identity. (A) Front and back view of MetAP1 (PDB accession 1R58) and MetAP2 (PDB accession 4FLJ)
structural alignment. (B) Zoom into the active site of the structural alignment performed in (A). Six residues
are highlighted in the metal- and peptide substrate-binding site: the five catalytic residues that are responsible
for metal binding (Asp251, Asp262, His331, Glu364 and Glu459) and the His residue (His231) that is covalently
modified by fumagillin and other fumagillin-like irreversible MetAP2 inhibitors. Residue numbering is according
to their position on the MetAP2 sequence. Purple balls represent manganese ions of each 3D structure. (C)
Sequence alignment of MetAP2 and MetAP1. An asterisk (*) indicates a fully conserved residue between the
two sequences whereas a dot (.) indicates partial conservation of residue properties at that position. Sequence
and structural alignment were performed with PyMOL (version 2.4.0).

evolutionary close to creatinase and aminopeptidase P [128]. The overall 3D structure is
well conserved among different types of MetAPs (Figure 1.4A) [16]. The 5-residue catalytic
and metal ion binding site composed of 2 Asp, 1 His and 2 Glu, is located at the interface

between domains, with these five key residues being particularly well conserved across species
and MetAP types [124] (Figure 1.4B).

1.3.2.2 Types of MetAPs

There are two main classes of MetAPs: type | MetAPs (or MetAP1) and type Il MetAPs
(or MetAP2) [129, 130]. Prokaryotes only contain MetAP1 and archea only MetAP2, while
eukaryotes have both MetAP1 and MetAP2 [129, 130]. Both enzymes share only a low
level of sequence identity (ca. 20%) [131], but this is compensated by the high degree of
structural similarity [130] (Figure 1.4). The main difference between the two enzymes resides
on two additional compact domains in MetAP2s, a small two-turn beta-sheet domain and

a larger helical domain, inserted towards the C-terminus of the catalytic domain [6, 132].
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Figure 1.5: Types of MetAPs and their domain structures. There are four subtypes of Type | MetAPs
(MetAP1a-d) and two subtypes of Type Il MetAPs (MetAP2a-b). Their main differences lie on the N-terminal
extensions and the two insertions displayed by Type Il MetAPs.

Moreover, MetAP2 has also a wider substrate binding pocket than MetAP1 [133, 134]. To
differentiate prokaryotic and eukaryotic MetAPs, they are further subclassified into subtypes a-
d for MetAP1 and a-b for MetAP2 [6]. Prokaryotic MetAPs, consisting of subtypes MetAP1a
(bacteria) and MetAP2a (archaea) are the simplest forms and only possess a catalytic domain,
whereas the rest of the subtypes show different additional N-terminal domains [135] (Figure
1.5). Eukaryotic MetAP1b contains two zinc-finger motifs in its N-terminal domain [136],
while eukaryotic MetAP2b has a polycharged region composed of both polybasic and polyacidic
spans of residues at its N-terminus [137]. MetAP1c was added when it was found that some
bacterial MetAP1s (e.g. Mpycobacterium tuberculosis) contain an additional SH3 binding
domain at their N-termini, thus differentiating them from the main bacterial MetAP1a [138].
MetAP1d consists of the type of MetAPs targeted to eukaryotic organelles, and so, contains a
targeting signal sequence at its N-terminus [139]. None of these additional N-terminal domains
are required for catalytic activity, but have been shown to have great impact on MetAP
function in cells and have been suggested to be implicated in regulation and/or ribosomal
binding [136, 140, 141] and are further discussed in the next subsection 1.3.2.3.

1.3.2.3 The roles of the different N-terminal domains of MetAPs

While the N-terminal domains of type | MetAPs (MetAP1) were originally thought to be the
main mediators of ribosomal binding, increasing evidence suggests otherwise. The zinc-finger
N-terminal domain of MetAP1b from S. cerevisiae was shown to be necessary for MetAP
function [136, 140] but not crucial for ribosomal association, as mutants showing deletion
of the zinc-finger domain still showed the same ribosome profile distribution [136]. However,
point mutations at the zinc finger domain did alter MetAP1b binding to the 60S subunit of
the active 80S ribosome complex, indicating that it might serve as an additional ribosome-
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docking site and be necessary for correct alignment [136]. The SH3 binding domain of M.
tuberculosis MetAP1lc could also mediate some interactions with the ribosome RNA, as it
does in other ribosomal proteins [138]. However, it is unclear why some of these organisms
possess two MetAPs (MetAP1la and MetAP1c) that are structurally almost identical except
for the additional SH3 binding domain in MetAP1lc. Moreover, a study of E. coli MetAP1a,
which is devoid of any additional domains at its N-terminus, showed that it interacted with
ribosome through a positively charged loop formed by four Lys residues: K211, K218, K224,
K226 [123].

The N-terminal polycharged domain of metazoan MetAP2b has been shown to have a role
beyond ribosome binding. It mediates binding of MetAP2b (previously known as p67) to the
eukaryotic initiation factor 2 alpha (elF2«) and protects it from inhibitory phosphorylation
[137]. This activity, often referred to as protection of elF2x phosphorylation (POEP), is
crucial to promote translation and thus regulates global protein synthesis within the cell. This
is mediated by the first Lys-rich span (residues 41-46) of the N-terminal polycharged domain
and an O-glycosylation site in residues 60-63 [137, 142]. Interestingly, this POEP seems to
be reserved for the MetAP2 of animals, since both fungi or plant MetAP2s seem to lack one
of those two interaction points [16]. MetAP2 has been shown to have some autoproteolytic
activity resulting in two stable fragments: an N-terminal 26 kDa fragment and a C-terminal
52 kDa fragment, both of which seem to retain their POEP and aminopeptidase functions,
respectively [143]. Moreover, it has been shown to be cleaved by calpain activity to release
similar-sized fragments [144]. While the role of these proteolytic-fragments is still poorly
understood, it has been suggested that it might provide a means for separate regulation for
each activity under certain biological conditions [6].

Regarding the ribosomal part involved in the interaction, a recent study showed that in yeast
both MetAPs, MetAP1b and MetAP2b, as well as the NatA catalytic subunit Naal0 (Ard1)
bind to the ribosome through the bl-4 loops of the ES27L expansion segment [145]. Inter-
estingly, these sections of the yeast expansion segment are not present in bacteria, where the
ES27L is much smaller [145]. Importantly, according to this study, ES27L-bound MetAP1
(but not MetAP2 or Naal0) plays a role not only in iMet excision but also in translation
fidelity [145].

Together, the data suggests all MetAPs are likely to associate with ribosomes, probably
through direct interactions within the catalytic domain, and that in some MetAPs, this is
further stabilised through the N-terminal domains. Since longer segments seem to have
appeared through evolution, these might have a function in fine-tuning the alignment towards
the ribosome and the nascent peptide or in specific regulation that might be necessary in

higher organisms.

20



1.3.2.4 Substrate specificities of MetAPs

MetAPs have been shown to cleave iMet preferentially when the second residue is a small,
uncharged amino acid such as Gly, Ala, Ser, Cys, Val, Thr or Pro [131, 146, 147]. The few
studies that compared MetAP1 and MetAP2 substrate specificities, indicated similar substrate
specificities both for bacterial MetAP1la and archaeal MetAP2a [148], yeast MetAP1b and
MetAP2b [131], and human MetAP1b and MetAP2b [147].

For yeast MetAPs, endogenous levels of MetAP1 and overexpressed MetAP2 cleaved iMet
efficiently when the second amino acid (position 2, P2) was Ser, Ala or Pro and slightly
less efficiently when the P2 residue was Val [131]. This experiment was performed using
recombinant GST in which the amino acid at the P2 position (WT = Ser) was mutated to
Ala, Cys, Gly, Pro, Thr, Val, GIn, Glu or Leu. Plasmids coding for each GST mutant were
transfected into WT, MetAP1 or MetAP2 knockout (KO) yeast strains, and allowed to grow
before purification of recombinant GST protein on glutathione agarose resin. iMet processing
status of the purified recombinant GST was assessed by its overall mass, by electrospray mass
spectrometry (ESI-MS). MetAP2, even when overexpressed, was less efficient than MetAP1
when the second amino acid was Cys, Thr or Gly [131]. Of note, endogenous levels of MetAP2
were shown not to be sufficient to efficiently cleave iMet before any of the tested amino acids
at the second position, indicating that MetAP1 is the main enzyme responsible for driving
cellular iMet excision in yeast [131]. An important point to consider is that GST contains a
Pro in the third position, which has been shown to partially prevent iMet cleavage when the
second amino acid has an intermediate radius of gyration [146, 147], which could explain why
limiting levels of MetAP2 could not efficiently cleave any of the GST mutants.

In contrast, a synthetic peptide array study of both human MetAPs suggested MetAP2 as
the main driver of iMet processing when the second amino acid was Val or Thr [147]. It also
showed that MetAP2 was able to accept larger functional groups at the side chain of the
second residue than MetAP1 [147], consistent with the fact that MetAP2 has a wider peptide
substrate pocket than MetAP1 [133, 134]. A systematic proteomics study that assessed N-
terminal peptide status of mammalian cells upon fumagillin treatment further supported the
idea of MetAP2 being the main enzyme responsible for processing of proteins containing Val
or Thr, and to a lesser extent Gly, in the P2 position [149]. However, expression of MetAP2 in
the absence of MetAP1 (HAP1 MetAP1 KO) was unable to restore processing of MS-, MP-,
and MA- N-termini, indicating MetAP1 is the main processing enzyme at these P2 positions

[150]. Sequence preferences of human MetAPs are summarised in Figure 1.6.

1.3.3 Functional implications of iMet removal

The importance of N-terminal methionine excision for general cellular and organism home-
ostasis has been supported by decades of mounting evidence. MetAPs are conserved in all
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Figure 1.6: Sequence preferences of human MetAPs. iMet is generally cleaved when the second amino
acid (P2 position) is Ala, Ser, Cys, Pro, Gly, Val or Thr. Both human MetAPs disfavour Pro at the P3
position and acidic residues at positions P3-P5. MetAP2 has a larger substrate binding pocket and thus
accomodates Thr and Val residues better at the P2 position [147, 149]. Some substrates containing a Gly in
the P2 position have also been shown to be only cleaved by MetAP2 [149].

kingdoms of life and genetic studies have shown they are also essential in every organism
studied [132, 151-155]. Moreover, this process has been shown to be tightly regulated during
different stages of life as well as in tumourigenesis [6]. However, the specific roles of iMet
retention have remained elusive for decades and are still poorly understood. Why over 2/3 of
the proteome would undergo this early modification, with all the energy costs involved is still
a mystery to a great extent. Especially, when iMet excision is an irreversible process and does
not allow for dynamic post-translational regulation without the need for new protein synthesis.
This lack of knowledge might be explained in part by the fact that N-terminal methionine
removal or retention might affect each protein differently, which combined with the lack of
particular examples makes it difficult to decipher the specific roles of methionine excision.
Furthermore, separately investigating each MetAP type in higher eukaryotes is difficult, es-
pecially in non-genetically mutated organisms that have not already adapted to the genetic
pressure imposed by the lack of the counterpart MetAP. In this section, the key findings on
the roles of MetAPs are summarised and discussed.

1.3.3.1 Genetic studies to elucidate the biological role of MetAP1 and MetAP2

Genetic or chemical ablation of the only enzyme responsible for N-terminal methionine excision
in bacteria [151] and archaea [152] as well as double deletion in eukaryotes are lethal [132, 153].
This suggests an universal and essential role for N-terminal excision in all living organisms.
Genetic deletion of one of the two types of MetAPs in yeast, however, where both types are
expressed, renders viable mutants, albeit at lower growth rates [132, 156]. This indicates
a clear but partial overlap between the two types of MetAPs, where the second one is able

to partially rescue the loss of the first one. Moreover, it opens up a new path to explore
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the potential benefits of therapeutically targeting one of the two MetAP enzymes in specific
conditions. In plants, where there is one gene for MetAP1 and two for MetAP2 [157], partial
genetic knock down of either type of MetAP (MetAP1 or both MetAP2s at once) did not
have any visible effects on plant development or growth [153]. Full MetAP1 KOs were still
phenotypically identical to the WT plant, whereas full MetAP2 could not be generated [153].
In human cells, genetic knock down of either MetAP1 or MetAP2 had strong impacts on
growth, although the extent of inhibition depended on the cell type in both cases with human
umbilical vein endothelial cells (HUVEC) showing 70-80% inhibition but A549 only 20-30%
[154, 155].

In yeast, MetAP1 was suggested to be the main driver of N-terminal methionine excision,
and MetAP2 was thought to be of little contribution to general proteome processing [131].
MetAP2 seems to have a more important role in metazoa than it does in lower eukaryotes.
This coincides with the presence of the additional Lys-rich domain at the N-terminus of ani-
mal MetAP2s and could therefore be explained by the second role of MetAP2 in POEP (cf.
subsection 1.3.2.3 for further details), which is not found in yeast or plants [16, 137, 142].
MetAP2 expression has been shown to positively correlate with actively proliferating mam-
malian cells, while it was downregulated in starved mammalian cell cultures [158]. Moreover,
MetAP2 downregulation coincided with higher levels of elF2« phosphorylation [158]. In flies,
MetAP2 is required for normal patterning during embryonic development, with weak muta-
tions on MetAP2 inducing strong developmental defects and stronger mutations completely
inhibiting tissue growth [159]. Conditional Cre-LoxP MetAP2 KO in mice resulted in early
gastrulation defects and targeted deletion of MetAP2 only in the hemangioblast lineage re-
sulted in abnormal vascular development and embryonic death [155]. Importantly, the WT
phenotype was recovered by double p53/MetAP2 KO[155], indicating the effects caused by
MetAP2 deficiency are mediated by p53 signalling.

1.3.3.2 Interconnection with other cellular processes

MetAP activity has also been linked to other important cellular processes. For instance,
MetAP1 and MetAP2 activities have been linked to Met metabolism in yeast [160]. L-Met is
capable of inhibiting both MetAPs through product inhibition [160]. This was shown to be
much greater in the case of MetAP2 (binding constant of 150 uM vs 5 mM for MetAP1),
which translated in general growth inhibition of yeast cells lacking MetAP1 in the presence
of excess Met [160]. In turn, MetAP1 was shown to be responsible for preventing expression
of genes involved in Met biosynthesis and sulphur uptake in the presence of high levels of
Met [160]. Moreover, N-terminal methionine excision has also been shown to participate in
controlling glutathione redox homeostasis in archaea, yeast, plants and human cells, although
it is not clear yet how MetAP2 mediates such regulatory activity [149, 152]. Finally, there is
also evidence that MetAP2 activity can be regulated by the cellular redox status itself [161].
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1.3.3.3 Impact on other N-terminal modifications

iMet removal precedes the addition of other N-terminal modification, either co- or post-
translational [6]. Therefore, defects in correct iMet excision will strongly impact the N-terminal
modification status of the protein, thereby affecting protein regulation in multiple ways (see

Table 1.1 for a summary of the main functions of different N-terminal modifications).

1.3.3.4 Protein half-life and N-degron pathways

Both N-acetylated iMet and free iMet have been shown to act both as protective or degrada-
tion signals depending on their exposure [46, 47, 112, 162]. Overall, retained iMet has been
shown to be protective of protein degradation, especially in protein sequences that naturally
do not usually undergo iMet excision, in which retention of iMet has a significant positive
impact in the protein lifespan [112]. However, retained iMet, which is usually N-acetylated
has also been shown to serve as a degradation signal for N-recognins of the Ac/N-degron
pathway [46]. Moreover, unacetylated iMet followed by a hydrophobic residue such as lle or
Leu or by positively charged amino acids such as Arg or Lys can also be recognised by the
Arg/N-degron pathway system [15, 112]. More details on the N-degron pathways can be

found in the relevant section 1.2.8.

1.3.3.5 Mediator of protein binding

There are not many examples of iMet specifically participating and mediating protein-protein
recognition and binding, but one such case is the Golgi SNARE protein Ykt6. In Ykt6, iMet
(Metl) has been shown to participate directly in the interaction with PTAR1/GGTase-lll,
allowing for Ykt6 second prenylation, which is important for correct Golgi SNARE complex
assembly [163]. The direct implication of the iMet was shown both by structural analysis of
the crystal structure of the complex as well as by the fact that the addition of an N-terminal
Hisg tag prevented processing of Ykt6 by GGTase-lll [163].

Together, through its MetAP and POEP activities, MetAP2 plays a crucial role in maintaining
normal cell homeostasis by controlling general protein synthesis, affecting Met metabolism and
regulating several aspects of protein function such as protein stability, the presence or absence

of other N-terminal modifications and protein-protein interactions (Figure 1.7).
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Figure 1.7: Enzymatic and non-enzymatic roles of MetAP2 and funtional implications. In addition
to its methionine aminopeptidase catalytic activity, MetAP2 has been shown to possess protection of elF2cx
phosphorylation (POEP) activity. Binding to elF2« is mediated through the second Lys-rich span and an
O-glycosylation site at its N-terminal domain. Both biological activities are thought to act independently of
one another. Through these two independent activities, MetAP2 has an impact on overall protein translation
as well as in regulating protein function by affecting protein stability through the N-end rule pathway, protein
N-terminal modification status or binding partners. Moreover, MetAPs have been shown to play a role in
cellular L-Met metabolism.

1.3.4 MetAP2 inhibitors, relevance of MetAP2 in disease and new insights into
the biological role of MetAP2

1.3.4.1 Fumagillin and fumagillin-like irrevesible MetAP2 inhibitors for the treatment of can-

cer

MetAP2 has been a sought-after target for the treatment of cancer for decades and more
recently, also for metabolic diseases. The interest in MetAP2 as a target started with the
serendipitous discovery and isolation of a fungal mycotoxin from an Apergillus fumigatus in-
fection of a culture of human endothelial cells in the 1990s [164]. This compound, called
fumagillin (1), had been discovered 40 years before and studied in relation to its potent anti-
amoebacidal properties [165, 166]. Fumagillin was shown to exert strong anti-proliferative
effects at low micromolar potency in endothelial cells and to inhibit angiogenesis in a chick
chorioallantoic membrane model [164]. Due to its anti-proliferative effects in endothelial cells
and subsequent anti-angiogenic activity, it was further pursued for its potential benefits for the
treatment of cancer. In mice, it was shown to suppress tumour-induced neovascularisation and

consequent tumour growth in a dorsal air sac tumour model [164]. However, Ingber and col-
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leagues from Takeda rapidly realised that fumagillin had a flaw as a potential anticancer agent:
it induced severe weight loss in mice [164]. Therefore, they set out to synthesize fumagillin-like
molecules that would preserve the anti-tumour activity with reduced weight-loss effects. From
the reported fumagillin analogues, TNP-470 ( O-(chloroacetylcarbamoyl)fumagillol, initially re-
ported as AGM-1470) (3) was the most promising, showing an endothelial cell proliferation
inhibition EC5y of ca. 40 pM [164, 167, 168]. Importantly, the cytostatic effect was pre-
served for a wide-window of concentrations and cytotoxicity was only observed for higher
concentrations of 75 uM and above [168]. Treatment with TNP-470 in mice exerted strong
anti-tumoural effects in a wide range of solid tumours, which was assumed to be driven by
the potent anti-angiogenic effects of the compound rather than by direct effects on tumour
cells [164]. This substantial trail of evidence drove Takeda to start clinical trials with their
lead compound TNP-470 for the treatment of solid tumours in 1992 [169]. Independent pre-
clinical studies also showed promise for fumagillin and TNP-470 for the treatment of other
cancers such as hemangioendothelioma [170], mesothelioma [171], neuroblastoma [172] and

cholangiocarcinoma[173], as well as for joint inflammation and arthritis[174].

In 1997 and 1998, several breakthrough studies came to light over a short period of time.
MetAP2 was shown to be the biological target of both TNP-470 and ovalicin (2) by two inde-
pendent studies [175, 176]. Ovalicin, a structurally-related compound had been isolated in the
1960s from the fungus Pseudeurotium ovale and had been studied for its immunosuppressive
properties [177, 178]. New studies supported both immunosuppressive and anti-angiogenic
effects of both TNP-470 and ovalicin through inhibition of their common molecular target,
MetAP2 [176, 179]. Interestingly, binding of these compounds to MetAP2 was shown to
inhibit MetAP2 catalytic activity, without interferring with its POEP activity [176]. Soon
after, the crystal structure of MetAP2 bound to fumagillin was published, which revealed a
covalent bond between His231 of human MetAP2 and the carbon of the spirocyclic epoxide
ring of fumagillin [133, 180]. Moreover, these structural studies revealed the reason behind
the exquisite selectivity of fumagillin and its analogues for MetAP2 over MetAP1: the bind-
ing pocket of MetAP1 did not allow for this interaction both by steric clashes and excessive
distancing of key residues to make the necessary contacts for binding [133]. Following these
structural studies, TNP-470-induced inhibition of proliferation was shown to correlate well
with MetAP activity in a cell culture assay using a biotinylated form of fumagillin [181], fur-
ther supporting the idea that the sought-after effects of these inhibitors were indeed due to
MetAP2 inhibition.

TNP-470 had been taken into clinical trials by Takeda for the treatment of solid cancers
in 1992 and had shown great promise in Phases | and Il both on its own and in combina-
tion with first-line therapies [169, 184-187]. However, clinical development of TNP-470 was
abandoned in the early 2000s after strong neurotoxic adverse effects appeared in phase lIll
[188]. At this stage, other pharmaceutical companies and independent academic laboratories

started to develop either novel types of irreversible inhibitors still based on the fumagillin

26



1 Fumagillin 2 Ovalicin 3 TNP-470
Takeda
//®/0Me
ol H )\ 0
= N
0 | N

~"""OMe _ N
T e Ty
O O
4 PPI-2458 5 (Spiroepoxytriazole)

Praecis Pharmaceuticals

Figure 1.8: Irreversible MetAP2 inhibitors for the treatment of cancer: fumagillin and fumagillin
derivatives. The natural compounds fumagillin (1) and ovalicin (2), the semi-synthetic analogues TNP-470
(3) [164] and PPI-2458 (4) [182], and the more drug-like spiroepoxytriazole (5) [183].

molecule or started to look for drug-like small molecules that were potent reversible inhibitors
of MetAP2 (reversible inhibitors are discussed in the next section 1.3.4.2). A new formulation
(Caplostatin) in which TNP-470 was conjugated into a N-(2-hydroxypropyl)methacrylamide
(HPMA) copolymer was able to reduce the neurotoxic adverse effects by preventing its per-
meation through the blood brain barrier [188, 189]. However, conjugation of TNP-470 to
the HPMA copolymer did not solve the poor oral bioavailability issue and still required par-
enteral administration [189]. Therefore, novel orally available formulations were pursued such
as Lodamin (by conjugation to another copolymer) [188] or a pro-drug version of TNP-470,
PP1-2458 (4) developed by Praecis Pharmaceuticals (later bought by GSK) [182]. PPI-2458
was another fumagillin analogue that went into clinical trials for the treatment of solid cancers
and non-Hodgkin's lymphoma [190]. Similar to TNP-470, PPI-2458 was also investigated for
the treatment of joint inflammation [191, 192]. More 'drug-like’ fumagillin analogues were

also developed, such as a spiroepoxytriazole series (5) [183].

1.3.4.2 Reversible MetAP2 inhibitors

Novartis was the first pharmaceutical company to report a reversible MetAP inhibitor in 2003.
LAF389 (6), a synthetic pro-drug analogue of naturally ocurring bengamides, was shown to
be a potent dual MetAP1 and MetAP2 inhibitor [193]. Since it inhibited both MetAPs, all
cell types tested responded to this inhibitor in vitro. However, the authors showed that it

selectively affected tumour cells in vivo [193]. With promising results in preclinical studies,
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Novartis took this inhibitor to phase | clinical trials for the treatment of high grade solid
tumours [194]. However, the compound failed due to cardiovascular toxicity and a lack of
consistent response among patients [194].

In the meantime, Abbott (now known as AbbVie) reported the first rationally designed, re-
versible and selective MetAP2 inhibitor [195, 196]. Based on a 2-amino-2-hydroxyamine core,
the bestatin-like compound A-357300 (7) was shown to display both MetAP inhibition activity
as well as inhibition of proliferation of human microvascular endothelial cells (HMVEC) [196].
It was also shown to display antitumour activity on carcinoma, sarcoma and neuroblastoma
murine models [196, 197]. Based on a set of hits derived from a mass spectrometry-based affin-
ity selection screening, Abbott reported another series of novel reversible MetAP2 inhibitors:
the anthranilic acid aryl sulfonamide series. This new series showed improved potency and
selectivity as compared to A357300 [198, 199]. Rational optimization of these hits lead to
development of A-800141 (8), a novel reversible inhibitor that was not only remarkably potent
(IC50 = 12 nM, comparable to TNP-470 in their assay) but also orally active [200]. A-800141
also showed anti-angiogenic effects and anticancer activity in a variety of tumour xenografts
including B cell lymphoma, neuroblastoma, and prostate and colon carcinomas, either as a
single agent or in combination with cytotoxic agents [201].

Johnson and Johnson also ran a high-throughput screening program to identify novel reversible
small molecule inhibitors of MetAP2. However, the most potent series from the screen,
exemplified by the triazole sulfonamide 9, showed no activity in inhibiting proliferation of
HUVECs nor did it exert any anti-angiogenic activity in a rat aortic ring explant culture
[202]. The screen had been performed using cobalt as the metal cation and when switching
to manganese, another proposed metal ion for MetAP2,a 40-fold reduction in potency was
obtained. This was assumed to be the reason behind the lack of response in cells and ex vivo

culture and consequently, Johnson and Johnson rapidly abandoned the effort.

Another company to run a high-throughput screen for MetAP2 inhibitors was Glaxo SmithKline
(GSK). The hits identified were based on a 1,2,4-triazole core (compound 10) and potently
inhibited endothelial cell proliferation as well as inhibited angiogenesis in an aortic ring tissue
model in a dose-dependent manner [203]. GSK was also the first to describe a carboxamide
(compound 11) as a MetAP2 inhibitor [204], although they have not made their results with
this compound available yet.

The weight loss effect of TNP-470 and other fumagillin analogues had been considered an
undesired effect in the past, and subsequent inhibitor designs managed to mitigate it while
maintaining anticancer activity. However, the non-toxic and sustained weight loss exerted
by some MetAP2 inhibitors could well serve as potential candidates for the treatment of
metabolic disorders, a growing problem in both developed and developing economies. Takeda,
well aware of this potential and closely following the progress in this field made by Zafgen
(discussed in subsection 1.3.4.3 below), launched a MetAP2 programme for the discovery of

28



6 LAF389 (Bengamide)

Novartis
||//O
S S‘N
\ |
S=N‘ -
HNVN

9 JNJ-4929821 (triazole sulfonamide)
Johnson & Johnson

12 (indazole)
Takeda

L ).,0
N
K\N’N \
\> y
) N
15 (triazolo pyrimidine)
Merck KGaA

Ho

7 A-357300 (Bestatin-like)
Abbott

GSK

13 (pyrazolo[4,3-b]indole)
Takeda

16 (cyclic tartronic diamide)
Merck KGaA

J\ O.__OH
S §
_) o) §\\o
B H (@] NS PN
_N N
A~y 3 -
OH o)

8 A-800141
(Anthranilic acid sulfonamide)
Abbott

GSK
/N\
HN / N
=N
N OH
F
14 (pyrimido(pyrazolo[4,3-b]indole))
Takeda
F
Cl
17 M8891
Merck KGaA

Figure 1.9: Diversity across reversible MetAP2 inhibitors. LAF389 bengamide (6) [193], A-357300
bestatin-like compound (7) [195], anthranilic acid sulfonamide A-800141 (8) [200], JNJ-492821 (9) [202],
triazole (10) [203], 2229238A carboxamide (11) [204], indazole (12) [205], pyrazolo[4,3-b]indole (13) [206],
pyrimido(pyrazolo[4,3-b]indole) (14) [207], triazolo pyrimidine (15) [208], cyclic tartronic acid (16) [204] and
M8891 clinical compound from Merck KGaA (17) [209]
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compounds with anti-obesity activity. Combining a fragment-based drug discovery approach
and optimisation iterations based on structural studies, Takeda managed to deliver two new
series of reversible MetAP2 inhibitors. Lead compounds from both series, compound 12
(indazole) and compound 13 (pyrazolo[4,3-b]indole), showed significant and sustained weight
loss in a mouse model of obesity when dosed orally [205, 206]. More recently, they published
two new studies in which they use a new compound, arisen from the combination of the halves
of the two previous series (Compound 14) [207, 210]. They have recently shown that this
new compound 14 leads to sustained weight loss in obese rodents as well as to increased
energy expenditure in human adipocytes derived from obese individuals [210]. Importantly,
they showed that these effets are primarily due to the effect of compound 14 directly on
brown adipocytes [207], in contrast to previous hypotheses on the weight loss activity being

an indirect effect of inhibition of angiogenesis in adipose tissue [211].

Merck KGaA also launched a MetAP2 programme from their German headquarters and in
2017 they published the development of a new series of MetAP2 reversible inhibitors based on
a pyrimidine bicyclic core [208]. Based on rational optimization of a hit from a high throughput
screen, their most potent compound 15 had an IC5y of 38 nM against MetAP2 while displaying
favourable liphophilic ligand efficiency (LLE) values [208]. However, HUVEC growth inhibition
assays did not show a response as favourable as expected and unable to optimise the structure
of this series further, they turned to another high throughput screen hit [204]. This compound,
based on a cyclic tartronic diamide scaffold, was found to have undergone an oxidation event
during storage, which was what actually conferred the necessary affinity for MetAP2. Further
isolation of the S-enantiomer and subsequent optimization steps revealed a compound with
robust and potent activity in HUVEC proliferation assays (16, 1C50=74 nM, EC5y=15 nM)
[204]. Moreover, it showed favourable pharmacokinetic characteristics and reduced tumour
growth in a glioblastoma model in mice with subcutaneous injection of human U87-MG cells
[204]. Unfortunately, it was shown to suffer from enterohepatic circulation [209]. Efforts to
prevent enterohepatic circulation while maintaining potency led them to their latest clinical
compound M8891 (17), which is currently in phase | trials [209].

1.3.4.3 Second generation of MetAP2 irreversible inhibitors for the treatment of metabolic
diseases

Beloranib (18) was initially developed by Chong Kun Dang Co. (CKD) Pharmaceuticals under
the name CKD-732 and initially intended for the treatment of cancer [212]. It had undergone
phase | clinical trials for the treatment of refractory solid tumours either alone or in combination
with promising results when it was outlicensed to Zafgen in 2009 [213, 214]. Zafgen further
developed this compound, now renamed to Beloranib (ZGN-433), and progressed it into phase
| clinical trials, this time for the treatment of obesity [215]. A previous series of reports had
demonstrated the potential of irreversible MetAP2 inhibitors, and in particular CKD-732, in
inducing non-toxic weight loss [216-218]. Interestingly, the effects seen on adipose tissue
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Figure 1.10: Second generation fumagillin derivatives for the treatment of obesity and metabolic
diseases. Beloranib (also known as CKD-732 or ZGN-433) (18) [212] and ZGN-1061 (19) [221]

and food intake required lower doses of the compound than its antitumour effects, a dose
at which vascularisation was not affected [215, 217, 218]. Confident of the safety profile of
Beloranib at these lower doses and with adverse effects being only mild nausea and dizziness
[215], Beloranib was taken to phase Il [219]. While impact on body weight loss and apetite
reduction were promising and most common adverse effects were mild and sleep-related, three
cases of venous thromboembolism events caused the trial to be terminated early [219]. Despite
these warnings, the company decided to push the clinical candidate forward once more into
phase Il clinical trials, this time for the treatment of Prader-Willi Syndrome, a rare genetic
disorder that leads to obsesive food intake that aggravates the condition and contributes to
morbidity [220]. However, two fatal events of pulmonary embolism and two events of deep
vein thrombosis halted the trial early, definitively forcing Zafgen to cease clinical development
of Beloranib[220].

Somehow not discouraged by their previous failure, Zafgen announced another clinical candi-
date for obesity and diabetes: ZGN-1061 (19). This new synthetic fumagillin-derivative was
shown to have a better safety profile than Beloranib, while maintaining its efficacy. According
to Zafgen, this was explained by the reduced ability of ZGN-1061 to inhibit endothelial cell
proliferation in vitro, owed to lower intracellular concentrations, shorter half-life and reduced
cellular MetAP2 inhibition achieved with ZGN-1061 as compared with Beloranib [221]. With
compelling results in preclinical studies, they rapidly moved it into phase | [222]. ZFN-1061
was put on hold by the Food and Drug Administration (FDA) while it was being tested in
phase Il trials in 2018 owing to cardiovascular safety risk [223, 224]. No progress on it has

been published since.

1.3.5 Digging into the mode of action of MetAP2 inhibitors
1.3.5.1 Inhibition of cell proliferation

Most studies using MetAP2 inhibitors have focused on their effect inhibiting endothelial cell
proliferation (cf. sections 1.3.4.1 and 1.3.4.2). Studies with the irreversible MetAP2 inhibitor
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TNP-470 showed this was driven by a GO/G1 arrest and inhibition of DNA synthesis [168]. It
also reduced the expression of cyclin D1 and inhibited retinoblastoma (RB) protein phospho-
rylation, a typical marker of cell proliferation [225, 226]. Interestingly, this effect on cellular
proliferation was maintained after compound washout [168], suggesting long-lasting effects
and that cells struggle to revert back to a proliferating phenotype once MetAP2 has been
efficiently targeted. In addition, PPI-2458 was shown to decrease the expression of prolifer-
ating cell nuclear antigen (PCNA), another cell cycle component, in a manner proportional
to MetAP2 activity [227]. The reversible inhibitors A-357300 also displayed the character-
istic inhibition of proliferation of HMVEC through G1 arrest [196], indicating this effect is
not limited to irreversible inhibitors. In contrast to previous studies, however, MetAP2 inhi-
bition with A-357300 did not alter cyclin D1 levels but instead decreased Cyclin A levels in
a dose-dependent manner [196]. Downregulating MetAP2 levels by shRNA in glioblastoma
cells was also shown to cause GO/G1 arrest [228]. Further, actively proliferating cells were
shown to correlate with higher MetAP2 levels than arrested cells [158]. These different lines
of evidence support an important role for MetAP2 in sustaining cellular proliferation through

direct or indirect action on the cell cycle.

1.3.5.2 Apparent cell type selectivity

An important aspect of MetAP2 inhibition that was noticed early on was that there was a
significant disparity in the responses that different cell types showed to fumagillin and its
analogues. While HUVECs were the most responsive, some other tumour cell lines needed
doses at least 10-times higher to exhibit the same response [164, 168]. If MetAP2 has
been shown to be essential in higher eukaryotes such as flies or mice [155, 159] and has
an important role in maintaining cellular proliferation, how could some cells show almost
no effect with MetAP2 inhibitors while others completely stalled at extremely low doses?
Probably the simplest hypothesis for this would be possible differences on the expression levels
of MetAP2, and due to their suggested partial overlap in substrates, potentially expression
levels of MetAP1 as well. That is, cells that have more of either or both isoforms need
higher doses of inhibitor to ensure enough occupancy to exert a phenotypic effect. However,
a study showed that there was no significant difference in MetAP2 levels between sensitive
and resistant cell lines, neither at the mRNA or protein levels [229].This has been posteriorly
validated multiple times, including the cell and tissue protein atlas [55]. Moreover, while it was
known that cells increased MetAP2 levels when actively proliferating but decreased its levels
when arrested, incubation of proliferating cells with fumagillin specifically increased MetAP2
levels in all cell lines tested independently of their responsiveness rates [229]. This indicates
that in all proliferating cells loss of MetAP2 activity was equally compensated for, but only
certain cell lines could not cope with the downstream consequences of MetAP2 inhibition.
These questions were partially addressed by a study that showed that the G1/GO cell cycle
arrest exerted by TNP-470 was mediated by p53 and p21 and that cell lines lacking functional
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pb3 or p21 were resistant while those displaying functional p53 and p21 were sensitive [230].

1.3.5.3 Cytotoxicity

While the most commonly reported response to MetAP2 inhibitors was cytostaticity, several
reports indicated that they could also induce cytotoxicity in certain cell types. Fumagillin was
shown to cause apoptosis in mesothelioma cells, which were reported to have greater MetAP2
mRNA levels (and so hypothesised they would be more reliant on the activity of the enzyme)
than their normal counterparts. This was shown to be due to mitochondrial damage, nucleo-
some formation and activation of caspases and was characterised by a significant decrease in
the expression of telomerase and the anti-apoptotic gene Bcl-2 [171]. Moreover, treatment of
cholangiocarcinoma cell lines with TNP-470 was also reported to induce apoptosis, this time
through activation of p38-phosphorylation, up-regulation of Bax and down-regulation of Bcl-
xL. TNP-470 also enhanced the antitumour activity of 5-fluorouracil, cisplatin, doxorubicin,
and gemcitabine [173]. The underlying mechanism for cytotoxicity needs to be fundamentally
distinct from the molecular pathways that drive the cytostatic effect, since induction of G0/1

arrest and entry into quiescence should protect cells from broad spectrum chemotherapeutics.

1.3.5.4 Immunosuppressive effects

Another known effect of fumagillin and its analogues, as well as of the structurally-related
ovalicin, is their immunomodulatory capabilities [179]. Indeed, MetAP2 expression was shown
to be higher in germinal centre B cells, specifically in dark zone B cells, and corresponding
cancerous cell lines, such as B-cell lymphoma but not in other non-B cell lymphomas such as
Hodgkin's or T-cell lymphomas [231]. A more recent study identified a role for MetAP2 in
differentiation of B cells into plasma cells and antibody production [232]. Interestingly, the
specific pattern of MetAP2 expression seen in human spleen samples, could not be recapitu-

lated in mouse spleen, indicating species-specific differences in MetAP2 activities [232].

1.3.5.5 Effect of MetAP2 inhibition on embryonic development through non-canonical Wnt
signalling

The lab of Craig Crews, which had carried out important research on MetAP2 including solv-
ing the first structure of the complex with fumagillin [133] and published one of the first
PROTACs against MetAP2 [233], reported an interesting alternative for the role of MetAP2
in zebrafish embryos. They described an important role for MetAP2 in signalling through
the non-canonical Wnt planar cell polarity (PCP) pathway. Treatment of zebrafish embryos
with TNP-470, fumagillin, the dual MetAP1/2 inhibitor bengamide E or antisense MetAP2
olionucleotide blocked Wnt signalling downstream of the Wnt receptor Frizzled but upstream
of calmodulin-dependent Kinase Il (CamK-Il), RhoA small G-protein and c-Jun N-terminal
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kinase (JNK) [234]. Interestingly, JNK activity has been previously linked to endothelial cell
proliferation and both c-jun and RhoA are considered critical factors for angiogenesis [235,
236]. They further showed this was driven by an accumulation of Rab37, since induction
of Rab37 accumulation alone by point mutation led to the same aberrant phenotype as in
MetAP2 inhibitor-treated embryos [237]. However, it must be noted this work was per-
formed on recombinant Rab37, since the authors were not able to detect endogenous levels
of the protein [237]. Independent work studying the role of MetAP2 in modulating definitive
hematopoiesis in zebrafish embryos and human umbilical cord blood (CB) models also showed
that MetAP2 knockdown or inhibition with fumagillin inhibited CamKII activity and had an
effect on ERK phosphorylation, part of the non-canonical Wnt signalling cascade [238]. In
contrast, fumagillin had no effects on the canonical Wnt/[{3-catenin pathway [238]. In all these
cases, MetAP2 inhibition affected the development of hematopoietic stem cells (HSCs), new
vasculature formation and embryonic development [238]. A different study related MetAP2
inhibition by fumagillin to PI3K and AKT1 upregulation, which have also been linked to Wnt
signalling [239], although according to the authors this was due to direct binding of fumagillin
to fibroblast growth factor receptor 1 (FGFR1) [240]. Together, these studies might suggest a
possible link of MetAP2 inhibition with non-canonical Wnt signaling, although further studies
will be needed to clarify the specific impact of MetAP2 inhibition on this pathway.

1.3.5.6 Weight loss effects

The sustained weight loss effects of MetAP2 inhibitors have been well known for decades,
and exploited for the treatment of obesity and other metabolic disorders by several pharma
companies (cf. sections 1.3.4.2 and 1.3.4.3 above). However, the molecular mechanism
behind these effects is still not clear, although some reports seem to indicate it is mediated
through direct action of MetAP2 inhibitors on adipocytes [207], as discussed above (cf.
1.3.4.2).

In conclusion, as thoroughly described in this section, a variety of phenotypic effects
have been described for MetAP2 inhibitors beyond the well-established inhibition of endothe-
lial cell proliferation, which are summarised in Figure 1.11. The connections between the
reported cellular and systemic phenotypes and the effects on specific signalling pathways are

still poorly understood.

1.3.6 MetAP2 inhibitors: concluding remarks

As evidenced in previous sections, MetAP2 has been exploited as a target for different dis-
eases by many major pharmaceutical companies through the years. Interestingly, nearly all
MetAP2 inhibitors that have reached clinical trials have been irreversible, fumagillin-like co-
valent MetAP2 inhibitors [169, 190, 211]. These inhibitors show subnanomolar potencies in
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Figure 1.11: MetAP2 inhibition results in distinct cellular effects and phenotypes. These include the
cytostatic effect, which is the most studied effect of MetAP2 inhibitors and is responsible for the characteristic
anti-angiogenic effect due to inhibition of proliferation of endothelial cells; the non-toxic weight loss and
immunomodulatory effects, also exploited for the development of specific inhibitors; and the less studied
cytotoxic and developmental activities.

endothelial cells and showed promising results in preclinical models of cancer and obesity.
However, fumagillin analogues show one or two reactive epoxide groups that could lead to
molecular instability and lack of specificity. While researchers involved in developing these
molecules insist on their clean profiles, all of these inhibitors had to be withdrawn from clin-
ical trials due to toxic adverse effects. It is worth noting however, that adverse effects have
been diverse: while neurotoxicity was the main issue for TNP-470 [188], the obesity-targeting
MetAP2 inhibitors Beloranib and ZGN-1061 showed mainly cardiovascular toxicity [219, 220].
No further reports from the clinical development of PPI-2458 were found beyond the fact that
it had entered phase | [190]. Reversible MetAP2 inhibitors arose as cleaner, more 'drug-like’
alternatives with better pharmacokinetic properties than fumagillin derivatives. However, until
recently reversible inhibitors were not considered potent enough to be of clinical value [211].
An exception was the dual inhibitor bengamide LAF389 (6), which did undergo phase | clini-
cal studies. However, targeting both enzymes responsible for N-terminal methionine excision,
which has been shown to be an essential process in all organisms (cf. section 1.3.3), was a
risky approach and as expected, this strategy was not pursued further. Recently, Merck pub-
lished the first specific and reversible MetAP2 clinical candidate, which they are now testing
in phase | [209]. Only time will tell what comes out of these studies and if they are able
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to make this compound sufficiently safe, while maintaining the promising effects of MetAP2

inhibition for cancer treatment.

Moreover, there are still major uncertainties regarding the mode of action of these inhibitors.
Different studies have focused on different aspects of the effects of MetAP2 inhibition (i.e.
anti-angiogenic and anti-tumour activities, immunomodulatory activity and weight-loss effect)
which only seem loosely interconnected, despite good arguments in favour of a MetAP2-
mediated mechanism in each case. Whether the weight loss effect is due to the anti-angiogenic
activity of MetAP2 on adipose tissues or a direct effect on adipocytes themselves [207] is still
not clear and some studies indicate independent mechanisms for each effect [215, 217, 218].
Another explanation for the differential systemic effects shown by MetAP2i's developed for
the treatment of obesity or cancer could be distinct tissue distribution. In any case, the
link between these different effects will need to be better understood if we are to aim for
inhibitors that have a single selective effect. This is important since desired effects for a
specific condition (e.g. weight loss in obese patients) might actually become adverse effects
in another (e.g. weight loss in patients with advanced solid malignancies, who already suffer
from tissue wasting as a consequence of their disease). Some studies seem to indicate a
single selective effect might be achievable for MetAP2i's, as it seems MetAP2 inhibitors
designed for the treatment of cancer largely avoid the weight-loss effect in mice [164, 204].
Unfortunately pre-clinical studies are not always reflective of their effect in humans. Whether
an anti-obesity phenotype can be obtained without any anti-angiogenic effects remains to be
seen, since the major adverse effects of Zafgen's compounds seem to be related to deep vein
thromboembolism events [219, 220].

The changes induced by MetAP2 inhibition at the cellular level are not clear either. Different
studies indicate effects on a wide range of molecular targets and the link between them is vague
at best. How the GO/G1 cell cycle arrest relates to the effect seen in the non-canonical Wnt
signalling pathway or how this drives cancer-specific targeting in solid tumours is currently
unknown. Even less clear are the molecular changes that lead to the systemic weight-loss
effect phenotypes. Further, how MetAP2 might drive all these responses and which MetAP2
substrates drive these effects is yet to be discovered. Thus, studies that reveal a comprehensive
list of the MetAP2-specifc substrates that are systematically affected upon MetAP2 inhibition
will be invaluable to start answering these questions. Chapter 4 has been focused on revealing
new MetAP2 substrates that will bridge the gap between MetAP2 inhibition and its phenotypic

effects.
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1.4 PROTEIN N-MYRISTOYLATION

Protein N-myristoylation involves the covalent attachment of a 14-carbon saturated fatty
acid, myristic acid, onto the free x-amine of an exposed N-terminal glycine and it is catalysed
by myristoil-CoA:protein N-myristoyltransferases (NMTs) [241]. N-myristoylation happens
mostly co-translationally, while the nascent polypeptide is still less than 100 amino acids long
and upon exposure of the second amino acid (Gly) by MetAPs [242]. More rarely, it has
also been described to occur post-tranlationally upon generation of neo-N-termini by caspase

cleavage during apoptosis [243, 244].
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Figure 1.12: NMT catalyses the addition of myristate-CoA onto the N-terminal Gly of protein
substrates. This reaction happens co-translationally and upon exposure of the Gly on the P2 position after
cleavage of the iMet by MetAPs.

1.4.1 Prevalence of N-myristoylation

Estimations suggest 1-4% of all proteins in the proteome are N-myristoylated [245]. Around
7% of all proteins present an N-terminal MG- and iMet is generally cleaved when the second
amino acid is a Gly residue, so according to those estimates between 15-60% of all N-terminal
Gly are myristoylated. The exact prevalence of this modification remains problematic to
identify, mainly because it is still challenging to detect the direct presence of the native lipid
modification at endogenous levels and because no universal rule on the exact amino acid
sequence motif exists to accurately predict its presence. Still, huge advances have been made

in the last decade that have allowed for the systematic study of these challenging modifications.

Recent chemical proteomics studies identified >25 myristoylated substrates in P. falciparum
parasite [246], 30 in L. donovani [247] and over 100 co-translationally N-myristoylated proteins
on human cells as well as >35 proteins that do not have an N-terminal (M)G- but that
are myristoylated during apoptosis [244]. Moreover, a recent study using a macroarray of
octapeptides that sampled the whole proteome combined with support vector machine (SVM)
predictors suggested 1.5% and 1.8% of the proteome (or ca. 20% of the N-terminal Gly (MG-
)) is myristoylated in both human and plants, respectively [40].
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1.4.2 N-myristoyltransferases
1.4.2.1 Types of NMTs

NMTs are ubiquitously expressed in eukaryotes, including parasytic protozoa, yeast, fungi,
insects, plants and mammals [9]. While some parasytic prokaryotes and viruses have been
shown to benefit and even rely on host NMTs for their replication and survival, they do not
possess any N-myristoyltransferrase activity of their own [248]. Lower eukaryotes only contain

one NMT, whereas in mammals two distinct genes encode for two different NMT isoenzymes:
NMT1 and NMT2 [249, 250].

NMT1 is located on chromosome 17 (17921) and comprises 17 different exons that give rise
to three isoforms produced by alternative splicing, whereas NMT2 is located on chromosome
10 (10p13), is composed of 21 exons and gives rise to two transcript variants [55, 251, 252].
Even though each isoenzyme is encoded by a different gene, they share 77% sequence identity,
with highly similar catalytic and CoA-binding domains [9, 249]. These subtle structural differ-
ences have hindered the development of specific inhibitors to date [253], resulting in limited
knowledge on each isoenzyme's specific biological roles and substrate specificities. However,
the fact that each NMT is better conserved across different mammalian species (96% identity)
than between isoenzymes (77%) of a single species supports the hypothesis of distinct, yet

important roles for each enzyme.

Genetic studies further support the hypothesis of separate functions for both isoenzymes.
NMT1 was shown to be the principal enzyme in developing mice, with NmtI~/~ not being
viable and NmtI*/~ showing severe developmental impairment and early death [254]. NMT?2,
while expressed showed very little activity and was not able to compensate for NMT1 loss
[254]. A more recent study by the same lab showed that NMT1 loss resulted in defective

myelopoiesis and macrophage differentiation in the bone marrow [255].

It is still unclear if there exists any specific tissue distribution or subcellular localisations across
NMT isoforms [9], although systematic studies such as the Protein Atlas project on the major
two isoforms (NMT1 and NMT2) seem to indicate no clear differences between them [55].
Of note, the major differences between the isoforms occur at the N-termini, which are not

required for catalytic activity but are believed to be involved in ribosomal binding [9, 256].

1.4.2.2 Mechanism of action and 3D structure

NMT transfers the myristate to protein substrates from myristoyl-CoA (Myr-CoA) following
a sequential Bi-Bi mechanism. In this model, Myr-CoA must bind first to induce a con-
formational change that allows substrate recognition. The reaction is then followed by the
nucleophilic attack of the substrate N-terminal Gly amine to the Myr-CoA thioester, resulting
in release of the CoA first and the myristoylated substrate second [257].
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As NATs, NMTs belong to the GNAT protein superfamily, sharing also their characteristic
GNAT fold [32]. NMTs are also monomeric but show two distinct domains (the N-terminal
domain and the C-terminal domain), both of which adopt a GNAT fold [258]. Myr-CoA binds
to the N-terminal domain while the peptide substrate cavity sits at the interface between the

two domains [6].

1.4.2.3 Substrate specificities: Myr-CoA and peptide substrate

The two substrate binding pockets within NMTs show very diverse characteristics. While the
Myr-CoA binding pocket is highly conserved across species, the peptide binding pocket is not
[9].

The Myr-CoA binding pocket, with only one main substrate to which it binds with very high
affinity, has been well characterised. The chain length has been shown to be particularly
important for recognition, more than the charge and bulkiness of the fatty acyl chain [259].
Thus, it tolerates addition or reduction of one carbon in the fatty acyl chain, but addition
of two extra carbons makes it a very poor substrate for NMT [260]. This makes sense in
the cellular context, where 13- or 15-carbon fatty acids are rare but the 16-carbon saturated
fatty acid palmitate (palmitoyl-CoA, Pal-CoA) is very abundant. Importantly, Myr-CoA binds
NMT in a bent conformation and it has been shown to pre-dispose NMT structure for peptide
binding [259].

The peptide binding pocket has been much more challenging to unravel. This is not unex-
pected, since it needs to be a bit more flexible to accommodate its 100-600 different peptide
substrates. However, efforts studying both the structure of NMT1 bound to different sub-
strates as well as the sequence characteristics of the known NMT substrates have shed some
light into the peptide recognition mechanism [40, 261-263] (Figure 1.13). Glycine in the
second position (exposed after removal of iMet by MetAPs) has been long recognised as an
absolute requirement [261]. The amino acid 3 (aa3) pocket is small and acidic, so it dis-
favours bulky (Arg, Phe, Tyr, Trp) or acidic residues (Glu, Asp) [40]. The aa4 pocket is
quite large and allows most residue types, while the aab pocket is quite hydrophobic and thus
disfavours charged amino acids (Asp, Glu, Lys, Arg) [40]. aa6 is most commonly a Ser residue
[261]. The aa7 is position at the interface between the inner peptide cavity and the enzyme
surface, but nearby positioning of three aspartic acid residues (Asp183, Asp185 and Asp471)
yields in a strong preference for basic amino acids such as Lys or Arg that can stabilize the
binding through a salt bridge [40]. Marrying information of this structural studies with pep-
tide sequence information derived in the consensus sequence G [NCAQ] [CASV] [LFC] S [KR]
(aa2-aa7) [40]. It must be noted, however, that this consensus sequence is not absolute and
even the best machine learning predictors struggle to indicate the presence of this modification
with 100% accuracy. Since aa7 is the last amino acid to enter the peptide binding pocket

on NMT, amino acids downstream in the peptide sequence are less likely to play a role in
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Figure 1.13: Specificity of the peptide substrate pocket of NMT. In addition to the exposed Gly, the
NMT peptide substrate pocket shows preference towards peptides displaying small residues on P3 position,
small hydrophobic residues on P5, a Ser on P6 and basic residues on P7. Note the prevalence of Cys residues
on posituons P3-5.

substrate recognition on an individual basis [40]. However, they might still influence peptide
stabilisation through interactions with the surface of the enzyme [261, 262]. Interestingly,
peptide sequence analysis revealed a strong bias towards Cys residues in positions 3, 4 or 5
in the sequence [40]. The authors suggested this Cys 'imprinting’ might have arisen from co-
evolution of myristoylation and palmitoylation, thus favouring a second lipidation site within
the N-terminus of a number of myristoylated proteins [40]. It must be noted all these analy-
ses have been performed for human and plant NMT1, as it is considered the most abundant

enzyme of the two and the most efficient in vitro [6]. Therefore, it is still unclear what are
the substrate differences between NMT1 and NMT2.

1.4.2.4 Regulation of NMT activity

In yeast, the single NMT enzyme seems to be constitutively active and cytosolic [264]. Ac-
cording to the Protein Atlas [55], human NMT1 seems to localise to both cytosol and plasma
membrane while NMT2 localises to the Golgi apparatus, cytosol and plasma membrane. Since
most of these experiments rely on antibody identification, there is currently no information of

differential distribution across isoforms.

Lipid heterogeneity in protein lipidation, including protein N-myristoylation, has been shown
to mirror cellular lipid metabolism [265, 266], implying a higher level of regulation and inter-
connection with other cellular processes involved in energy uptake, expenditure and storage.
Myr-CoA is scarce in the cell [267], so availability to Myr-CoA pools might be a way of reg-
ulating NMT activity [9]. Moreover, palmitoyl-CoA, although inherently a poor substrate for
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NMT, has been shown to be able to inhibit its activity at high concentrations [268], which

might be relevant given its high abundance in the cell and the NMTs presence in membranes
[260].

NMTs have been proposed to associate with ribosomes through their N-terminal domain
[269], which is not surprising given their shared fold with NATs. Therefore there could exist
regulation of NMT activity at the level of ribosome binding. In particular, recent evidence
suggest competition with NATs with partial overlap of substrates between NatA and NMTs
[39, 40]. This is discussed in more detail in section 1.5.3.

During apoptosis, NMT1 and 2 have been shown to be cleaved by caspase 3 (NMT1/NMT2)
and caspase 8 (NMT2) and while this cleavage did not greatly impact activity of NMT
enzymes, it did shift their localisation towards a greater cytosolic pool in the case of NMT1
whereas NMT2 became predominantly membrane bound [270]. This localisation shift could
influence the known activity of NMTs on myristoylating neo-N-termini formed by caspase
cleavage.

1.4.3 Impact of protein N-myristoylation on protein function

The importance of protein myristoylation in healthy cell homeostasis has been recognised
for decades and NMT has been shown to be essential in various organisms [254, 271-273].
As other lipids, it increases hydrophobicity of the protein it modifies, therefore increasing its
affinity for membranes. It has been shown to influence protein function and fate in a variety of
ways beyond membrane binding, which include forming part of the protein tertiary structure,
creating the binding site for interaction with other proteins or affecting protein stability (Figure
1.14).

1.4.3.1 Reversible membrane binding and two-signal mechanism

Protein lipidation plays a unique role in protein subcellular localisation by increasing mem-
brane association of proteins that would otherwise be fully free in the cytosol [274]. While
myristoylation alone is not sufficient to dictate complete membrane targeting [275], it has
been shown to generate a dynamic partitioning of myristoylated proteins between the cytosol
and specific membranes [276]. The myristoyl moiety has been shown to exist in to states:
buried inside a hydrophobic pocket or exposed to promote membrane binding. A model has
been proposed in which the transition between those two conformations (called 'myristoyl
switch') is promoted by a second signal (Figure 1.15). This way, an otherwise irreversible
PTM is allowed to be dynamically regulated by addition/removal of the second signal. Three
different types of myristoyl switches exist, depending on the properties of the second signal
[9, 277, 278]:
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Figure 1.14: Impact of protein N-myristoylation on protein function. Addition of myristate can impact
protein function in several ways, including increased affinity for membranes, stabilisation of the functional
3D structure, mediate protein-protein interactions and impact on protein stability and abundance (Gly/N-
end degron), in addition to the roles of N-myristoylation during apoptosis, upon exposure of neo-N-terminal
glycines.

» Palmitoylation. Many myristoylated proteins have been shown to also undergo palmi-
toylation in their first few N-terminal residues. The prevalence of Cys is so exceptionally
high in the first few residues of the sequence of myristoylated proteins that some mech-
anism for genomic imprinting has been proposed, according to which both types of
lipidation evolved together, influencing one another [40]. Thus, the proposed mecha-
nism for the combined lipidation suggests myristoylation happens first, while the protein
is still at the ribosome. This creates a higher affinity of the newly myristoylated protein
for membranes, bringing it into the proximity of membrane-bound DHHC palmitoyl-
transferases, which then attach the second lipid moiety and force the protein to remain
membrane bound. Since S-palmitoylation is reversible, this allows for trafficking of
proteins between the cytosol and specific membranes when needed [6]. An example of
proteins regulated this way are most Src family members and G, proteins, both of which
require a membrane-bound location to exert their function as key elements in signalling
transduction pathways [277, 279].

= Electrostatic switch. Another type of myristoyl switch is given by the presence of
polybasic domains, which provide the necessary Gibbs free energy to increase the affinity
and thus anchor the protein to the membrane [278]. These electrostatic switches can
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also be reversed, for example by phosphorylation, which introduces a negative charge and
promotes dissociation from membranes. Alternatively, proteins not having a polybasic
domain might develop permanent membrane binding through interaction with positively
charged ions, like calcium [9, 279]. This is the case of recoverin, which can bind to
membranes only when Ca?* levels increase, thus serving as a sensor of intracellular
calcium levels [280]. In contrast, proteins with a polybasic domain in addition to a
myristoyl group include c-Src itself [281] (although most other Src family members are
palmitoylated [279]), the avian Rous sarcoma virus v-Src [282], the HIV-1 protein Gag
[283] and the myristoylated alanine-rich C kinase substrate MARCKS. [284, 285].

» Ligand binding. Finally, membrane anchoring might be driven by interaction of the
myristoylated protein with other membrane-bound proteins [278].

Thus, prevention of N-myristoylation has been linked to the deficient targeting of NMT
substrates to membranes [277].

1.4.3.2 Elemental part of the protein 3D structure

The myristoyl moiety has also been shown to contribute directly to the stabilisation of the
3D fold of proteins. An example of this is cAMP-dependent protein kinase (PKA), in which
the myristoyl group is buried within a hydrophobic cleft, stabilising the active conformation of
the enzyme [286]. Myristoylation has also been shown to activate c-Src, not only by ensuring
its necessary membrane-bound location, but also through direct effect on its catalytic activity
[281]. Myristate sits in a hydrophobic pocket at the base of the kinase domain and any
mutations to that binding pocket resulted in reduced catalytic activity even if the membrane
binding was not affected in most cases [281]. In the c-Abl tyrosine kinase, the myristoyl group
not only binds tightly to the base of the kinase domain, but this binding also anchors the SH2
domain against the kinase domain and has an inhibitory effect on c-Abl [287, 288]. Therefore,
myristoylation can form an integral part of the 3D structure of a protein, modulating its

activity, both positively or negatively.

1.4.3.3 Integral mediator of protein-protein interactions

N-myristoylation has also been shown to mediate calmodulin (CaM) binding of several proteins
directly, such as MARCKS [289] and the brain-specific protein kinase NAP22 [290].

1.4.3.4 Determinant of protein stability

N-myristoylation has been shown to mask proteins from the Gly/N-degron pathway [112],

and therefore it constitutes a major regulator of protein stability across most of its substrates.
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Figure 1.15: Reversible membrane binding and two-signal mechanism. Addition of myristate increases
affinity for membranes but is not sufficient to provide permanent membrane anchoring. A second signal
is needed to target N-myristoylated proteins to the membrane permanently, which can be mediated by a
polybasic motif, a second acylation or binding to membrane proteins.

More rarely, it has also been shown to affect stability directly, as is the case of c-Src, in which
myristoylation activates c-Src but also promotes its degradation [281], probably as a negative

feedback loop to ensure proper regulation of such an important kinase.

1.4.3.5 N-myristoylation during apoptosis

Gly is the most common amino acid after caspase cleavage sites in proteins, making up about
one third of the newly formed N-termini [112]. Both NMT1 and NMT2 have been shown
to both be cleaved by caspases [270] as well as to take active part in processing of novel
N-termini formed upon cleavage of proteins by caspases during the apoptotic cascade [243,
244]. The functional relevance of this is still to be elucidated, but it could play a role in
competing against the degradation of specific newly formed protein fragments by the Gly/N-
degron pathway (further information on the Gly/N-degron pathway can be found on section
1.2.8.3).

1.4.4 Relevance of N-myristoylation in disease

Together, by regulating key aspects of proteins such as localisation, stability, structure and
interaction partners, protein N-myristoylation affects protein signalling, intracellular trafficking
and cell to cell communication [9, 277]. With such pivotal roles, in addition to its direct
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implication on apoptosis, protein myristoylation has been linked to a wide range of infectious

diseases, as well as to diabetes and cancer [9, 291].

1.4.4.1 NMT in infectious diseases

NMT involvement has been described for almost any type of infectious disease, from parasytic
protozoa and fungal infections to viral and bacterial infections, where host NMT is the one

involved in myristoylating viral or bacterial proteins.

Diseases caused by eukaryotic organisms such as parasitic protozoa or fungal infections provide
a particularly attractive scenario for specific targeting of parasite NMTs, which are significantly
different to human NMT. Some parasitic protozoa that have proven evidence on their reliability
on NMT include Plasmodium falciparum, the parasite causing malaria [292]; Leishmania
donovani responsible for leishmaniasis [273, 293]; Trypanosoma brucei, the parasite causing
sleeping sickness [273]; and Trypanosoma cruzi, originator of the Chagas disease [294]. NMTs
of the opportunistic pathogenic yeast Candida albicans and of Cryptococcus neoformans, the
yeast responsible for fungal meningitis, were both reported to be necessary for their growth
[272, 295].

A number of viruses have been shown to produce proteins that are myristoylated by the host
NMTs [248]. Among them, the myristoylation of Gag and Nef proteins from HIV-1 and
the capsid proteins of picornaviruses have been particularly studied[296, 297], including the

rhinovirus responsible for the common cold [298].

Finally, myristoylation of proteins from some plant-affecting bacteria have also been reported,
after their secretion into the host cell [248].

1.4.4.2 NMT in cancer

The discovery that some well-known oncogenes are N-myristoylated and the importance of
this modification in mediating their carcinogenic activities has placed NMT in the spotlight

as an anticancer target [9, 299]. Amongst the most prominent examples are c-Src, c-Abl and
MARCKS.

= c-Src is a non-receptor tyrosine kinase and a proto-oncogene that is upregulated in a
number of solid malignancies [300]. The related v-Src oncogene from the Rous sarcoma
virus was reported to lose its transformation capabilities when non-myristoylated and
cytosolic [301]. Similarly, non-myristoylated c-Src cannot be targeted to membranes and
this relocalisation uncouples it from its activation by a membrane bound phosphatase
[302]. Moreover, another study showed that the myristoyl group in c-Src also plays a role
in maintaining its active conformation, when most mutations to the myristoyl-binding
hydrophobic pocket reduced its activity without affecting its localisation [281].
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= Mpyristoylation of c-Abl, another non-receptor protein tyrosine kinase that is also a known
proto-oncogene, has been shown to be essential for the regulation of its function. Mu-
tations in the ABLI gene, in particular the translocation into the breakpoint cluster
region (BCR) gene that forms the constitutively active BCR-ABL aberrant kinase form,
are associated with chronic myelogenous leukemia (CML) [303]. Myristoylation partici-
pates in docking c-Abl in an autoinhibitory conformation [287, 288], so the lack of this
modification would render c-Abl constitutively active and devoid of any type of control.
In addition, allosteric inhibitors that bind to the myristoyl pocket and lock the protein
in an inhibitory conformation have been proposed for the treatment of CML [304].

= MARCKS is critical for cancer development and progression. It is generally membrane
bound through its myristoyl moiety and polybasic domain and becomes cytosolic when
phosphorylated by PKC, where it functions in actin cytoskeletal remodelling and Ca2+
signalling through CaM binding. By promoting both membrane and CaM binding,
myristoylation is an integral part of the regulatory cycle of MARCKS and is therefore
likely to play a role in tumourigenesis [305].

However, N-myristoylation of a protein previously established to act as a tumour suppressor,
FUS1/TUSC2, has also been reported [306]. FUS1/TUSC2 is believed to induce G1 arrest and
promote apoptosis in lung cancer cells [306]. Moreover, given the extent of N-myristoylation
events across the proteome, it would be naive to assume all effects of NMT in cancer are
mediated by the myristoylation of three such proteins. However, there is mounting evidence
of specific NMT upregulation in a series of carcinomas and brain tumours [307-310] and its
expression has been shown to be positively correlated with telomerase activity levels [311].
Moreover, a recent paper from Thinon and colleagues showed that prolonged NMT inhibition
can induce apoptosis in cancer cells through cell cycle arrest at G1 phase [312]. Together,
these indicate an important role in cancer, likely through a complex network of events, whose

intricacies we have barely started to grasp.

It is important to note that while targeting NMT against infectious diseases has shown great
promise so far due to the considerable differences between parasitic and human enzymes
[313], targeting human NMT in cancerous cells still poses a major challenge [314]. Protein
N-myristoylation is essential for normal cell homeostasis and it is still unclear whether the
dependency of cancer cells on NMT will be sufficient to provide a therapeutic window. Deeper
understanding on how N-myristoylation is (dys)regulated in cancer on a global scale and how
the specific implications of each NMT isoform is needed in order to define the framework in

which targeting NMT will provide clinical value.
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1.4.5 NMT inhibitors

A number of NMT inhibitors have been developed throughout the years. Initial attempts
targeted mainly disease-causing fungal and protozoan NMTs, and more recent studies have

also shown the potential to target human NMT for both viral infections and cancer.

1.4.5.1 Inhibitors against fungal and protozoan NMTs

The first NMT inhibitors to be reported targeted the opportunistic yeast Candida albicans
NMT, encouraged by the reliance of this organism on NMT for vegetative growth [295]. Re-
ported inhibitors consisted of both peptidic and non-peptidic inhibitors that bound at the
peptide binding pocket of NMT [315, 316]. Similarly, driven by the discovery of NMT es-
sentiality in protozoan parasites NMT was also proposed as a drug target for Leishmania
donovani and Trypanosoma brucei, responsible for leishmaniasis and sleeping sickness dis-
eases, respectively [273]. This lead to the discovery and development of a novel series of
inhibitors by the University of Dundee exemplified by the DDD-85646 compound (1) [317,
318]. This compound, initially designed to target T. brucei, was discovered to have similar
potency against the human NMT enzymes and has been thereafter used in multiple studies,
proving itself an invaluable chemical tool for the study of NMTs from multiple organisms.
New evidence showing NMT was essential for Plasmodium berghei in mice [319] suggested a
broader antiparasitic potential for NMT and started the search for NMT inhibitors for the two
major parasites causing malaria in humans: Plasmodim falciparum and Plasmodium vivax.
These included high-throughput screens that lead to several new series of inhibitors against L.
donovani, Plasmodium falciparum and Plasmodium vivax [320, 321]; and a chemistry-driven
approach to repurpose and optimize a series of inhibitors originally designed by Roche against
C. albicans for P. falciparum and P. vivax [322-324]. NMT inhibition has also been explored
for the treatment of Chagas disease, with three compounds of the DDD series showing potent
antiproliferative effect [294]. Recently, a novel inhibitor of P. falciparum NMT was reported
(IMP-1002), which was shown to be 4-fold more potent than the DDD-85646 compound
[313].

1.4.5.2 Inhibitors against human NM'T

Through N-myristoylation, NMT plays an important role in regulating the function of many
oncoproteins and pro-proliferative pathways. Therefore, it has long been proposed as a target
for the treatment of cancer. A number of compounds have been reported to inhibit human
NMT in cells. In a recent study, however, we showed that many of the compounds claimed to
target NMT, including 2-hydroxymyristic acid, D-NMAPPD and tris-DBA palladium, cause
cell cytotoxicity by means unrelated to NMT [325]. In contrast, the DDD-85646 compound
initially designed against T. brucei NMT has been an invaluable chemical probe to understand
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Figure 1.16: Inhibitors of human NMT. DDD-85646 (IMP-366) and IMP-1088 are the two main human
NMT inhibitor series. Both show remarkable potency and have been validated by a number of independent
studies.

the biological role of human NMTs. It is a dual NMT1/2 inhibitor, with an ICs5y value of ca.
20 nM for both human NMT1 and NMT2 [244]. It allowed for the identification of most of the
known human NMT substrates in combination with chemical proteomics approaches [244].
Moreover, the DDD-85646 compound was shown to induce apoptosis in a panel of cancer
cells through ER stress and G1 arrest [312], supporting the potential benefits of targeting
cancer cells with NMT inhibitors.

Human NMT has also been exploited for the treatment of viral infections. HIV-1 proteins Gag
and Nef have been shown to undergo myristoylation by human host NMT. The polyprotein
Gag in particular, is targeted to the membrane through a myristoylation plus basic motif where
it is processed into its mature form [326]. Thus, NMT inhibition was shown to inhibit Gag
processing at the membrane, significantly impairing viral infectivity [327]. In picornaviruses,
the smallest capsid protein VP4 has been shown to be myristoylated by host NMTs. Truncation
of the N-terminus of poliovirus VP4 had been shown to have deleterious effects on viral
assembly. Driven by this, Corbic-Ramljak and colleagues showed that treating coxsackievirus
B3 (another member of the picornaviridae family)-infected cells with the DDD-85646 NMT1/2
resulted in a significant reduction in viral infectivity by inducing severe viral assembly defects
[297]. In a more recent study our lab reported a novel, second generation human NMT
inhibitor, IMP-1088 (2), derived through fragment tethering, which had a potency superior to
the DDD-85646 compound [298]. Following on previous studies with DDD-85646, IMP-1088
was shown to be a potent inhibitor of the replicative cycle of several picornaviruses, including
the common cold virus, by preventing capsid assembly through deficient myristoylation of the
viral capsid protein VPO (VP4) [298].
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1.5 INTERPLAY AMONG N-TERMINAL MODIFICATIONS

As any other process in cells, protein modifications are bound to co-exist and must be tightly
regulated to ensure their specificity, scope and spatio-temporal dependence. In the case of
protein N-terminal modifications, the need for this exquisite control is even more apparent
as proteins only have one N-terminus. Thus, many different components responsible for
regulating different types of PTMs must come together to 'make’ the decision of which

modification (if any) will be placed at this unique site.

1.5.1 Ribosomes, the hubs that coordinate protein synthesis, folding, co-
translational modifications and subcellular targeting

The 'triage’ for protein N-terminal modifications starts as soon as the first few amino acids
have left the exit tunnel of the ribosome. Most enzymes responsible of co-translational N-
terminal modifications have been shown to not only interact with the nascent peptide, but also
with ribosomes [145, 328]. Until very recently, ribosomes were seen as molecular machines
that had little to no role in the regulation of protein synthesis and were regarded as an
immutable entity that simply produced new proteins based on the mRNAs it 'encountered’
on its way. Increasing evidence suggests this view could not be further from the truth.
Interacting with factors involved in a myriad of different cellular processes, ribosomes have
started to be conceived as important 'hubs’ to control not only protein synthesis, but also
co-translational modifications, folding and localisation of the nascent proteins [14]. Following
this new concept, the enzymes that come together at ribosomes to decide the new protein
fate have been termed ribosome-associated protein biogenesis factors (RPBs). These include
enzymes responsible for attachment of co-translational modifications, molecular chaperones
and proteins responsible for 'reading’ the proteins initial signal sequence and targeting them

to the right cellular compartment [14, 123].

1.5.2 Ribosomes, complex and heterogeneous supramolecular structures

Ribosomes are extremely complex structures made of ribosomal RNA (rRNA), core ribosomal
proteins (RPs) and ribosome associated factors (Figure 1.17).

» Ribosomal proteins (RPs) can be differentiated into RPs of the large ribosomal
subunit (RPLs) and RPs of the small ribosomal subunit (RPSs) and, so far, 80 different
RPs have been described in humans [329]. These form integral part of the ribosome
complex, ensuring assembly of the rRNA into the two ribosomal subunits and providing
the necessary stability for the complex. They also serve as docking sites for interaction

with ribosome-associated factors.

49



285 _s {
C
rRNA%

55 sy 5.8
rRNA% é\%y rRNA

ba
‘ RPL — Large (60S) T~
o

ribosomal subunit 1
i

’ 'RPS\ - / 805,ribosome
e

O,

/ .
'i)(x,&xx;ao(/a Small (40S)
ribosomal subunit

18S rRNA

Ribosome
associated factors

Figure 1.17: Assembly of functional 80S ribosome from ribosomal RNA (rRNA), core ribosomal
proteins (RPs) and ribosome associated factors. RPs and rRNAs come together first to form the large
(60S) and small (40S) ribosomal subunits. 28S, 5S and 5.8S rRNAs assemble with the large ribosomal sub-
unit RPs (RPLs) and form the 60S ribosomal subunit. 18S rRNA assembles with small ribosomal subunit
RPs (RPSs) and form the 40S ribosomal subunit. Upon translation initiation, 60S and 40S ribosomal sub-
units assemble to form the 80S ribosome and start protein synthesis. Many other proteins, referred to as
ribosome-associated factors, interact transiently with both 60S and 40S subunits to regulate protein synthesis.
Ribosome-associated factors include translation initiation and elongation factors as well as protein biogenesis
factors (RPBs) such as molecular chaperones, organelle-targeting signal reader proteins and enzymes involved
in co-translational protein processing.

» Ribosomal RNAs (rRNAs). In mammals there are four types of rRNA distributed
into two different DNA loci, which are transcribed by two different RNA polymerases
[329, 330]. The 18S, 5.8S and 28S rRNAs in one DNA locus, which are transcribed
by RNA polymerase | (Pol 1), and the 5S in another, transcribed by RNA polymerase
[l (Pol 111). Once transcribed, the 185 rRNA together with RPSs are assembled in the
nucleolus into the small ribosomal subunit (also called 40S subunit) and the 5.8S, 28S
and 5S rRNAs are assembled together with RPLs into the large ribosomal subunit (or
60S subunit) in the nucleolus and nucleus [330].

Important to mention are expansion segments, regions of rRNA that are generally lo-
cated at the surface of the ribosome and that are particularly flexible. They have expe-
rienced one of the most dramatic variations throughout evolution, displaying a drastic
increase in size from prokaryotes to eukaryotes [330]. They have been shown to serve
as interaction points for particular ribosome-associated factors and are thought to play

important roles in fine-tuning translational control [145, 330].

» Ribosome-associated factors, including RPBs are proteins that do not form part of
the core ribosomal proteins, but that transiently interact with the ribosome for deter-
mined functions. These can include molecular chaperones, N-terminal localisation signal
reader proteins or enzymes involved in N-terminal co-translational modifications [14].
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There is increasing evidence of potential ribosomal heterogeneity that could give rise to 'spe-
cialised ribosome’' pools. While the presence of such 'specialised ribosomes’ has not been
demonstrated yet, there is accumulating evidence of diversity for each of its different compo-
nents [330, 331] (Figure 1.18). For RPs, differences in expression (which could lead to different
stoichiometries or compositions) and in modification status have been reported [330, 331].
Moreover, within most species paralogues exist for many RPs. Although they arose by gene
duplication and share high sequence similarity, genetic alterations of these genes have been
shown to give rise to completely distinct phenotypes [330]. In some species, more than one set
of different rRNAs have been reported that changed with changing stages of the organism's
life cycle [330]. In addition, rRNA modifications such as methylation and pseudouridylation
are now known to be ubiquitous, although the functional roles of these modifications are
poorly understood [330]. Finally, different RPBs can interact transiently with ribosomes at
different times to exert specific functions [332]. It is still to be determined how all these differ-
ent sources of variation interact with one another to deliver exquisitely regulated ribosomes,

which will in turn ensure a finely controlled protein synthesis and processing.

1.5.3 Co-regulation of co-translational N-terminal modifications

The major co-translational N-terminal modifications, iMet removal, N-acetylation and N-
myristoylation, are all irreversible modifications. However, evidence for non-myristoylated
pools of the known NMT substrate MARCKS was already described 20 years ago [333] and
some recent studies have revealed co-occurrence of acetylated and non-acetylated versions
of the same proteins [34, 40]. The same appears to be true for MetAPs, for which most
proteins appear with either iMet retained or removed, but there is a small fraction of proteins
that shows both types of N-termini in native samples [149]. Furthermore, comparative studies
on N-acetylation and N-myristoylation have shown that while the majority of proteins were
present in a single state, either free, N-acetylated or N-myristoylated, there seems to be at
least some overlap between different co-translational N-terminal modifications [39, 40]. The
fact that some overlap exists and that these modifications do not seem to appear complete
might indicate competition between enzymes responsible for those modifications for the same
peptide substrates. However, the exact implications of this overlap are still unclear and it
seems like there might be a combination of parameters such as affinity, kinetic rates and

relative availability that influence the ultimate fate of a protein.

Evidence suggests each of these enzymes (MetAPs, NATs and NMTs) interacts with ribosomes
in addition to the nascent peptide substrate [6, 30, 269]. Recent studies have provided novel
structural information on the binding of some of these enzymes to the ribosome [145, 328],
which has led to a better understanding of how these processes might coexist. Through
RNA mutation studies, the two yeast MetAPs (MetAP1 and MetAP2) as well as the catalytic
subunit of NatA, NaalO, were shown to interact with the ES27L expansion segment of the
ribosome, which is directly on top of the ribosomal exit tunnel [145]. Another study, which
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solved the structure of the ribosome-NatA complex through cryo-electron microscopy (cryo-
EM), further showed that the auxiliary subunit of NatA, Naal5, also interacted with the
ribosome through both ES27L and ES7L expansion segments [328]. Interestingly, according
to their model, MetAPs and NatA seemed to be able to fit simultaneously on the same
ribosome [328], thus allowing for sequential processing first by MetAP and then by NatA
of the same nascent peptides. No structural information exist for the interaction between
NMT and the ribosome and therefore, further studies will be needed before we can fully
understand how these enzymes are coordinated at the level of the ribosome. However, since
NMTs share the same GNAT fold with NATSs, it would be tempting to hypothesise that NMT
could bind ribosomes in the same location as NatA, and thus compete for the same binding
site at the ribosome [6]. Further, if there was competition between NMT and NatA and only

one of them could be loaded onto one ribosome at a time, it could be speculated that this
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happens based on their interaction with both the ribosome and the nascent peptide. Thus,
differential affinity for nascent peptide sequences could drive the selection of which of the two
enzymes stays ribosome-bound. Another possibility could be that, in line with the ribosome
heterogeneity theory, NatA and NMTs are 'pre-loaded’ onto different subtypes of ribosomes,
which are in charge of transcribing different pools of transcripts. Such a case would imply
that somehow the N-terminal modification status of each protein is imprinted in their mRNA
and that NatA and NMT, by associating with different pools of specialised ribosomes, can
only modify pre-defined sets of substrates. This model for the regulation of co-translational

N-terminal modifications at the level of the ribosome is represented in Figure 1.19.

Another important fact to bear in mind is that, while abundant in comparison to most of the
proteome, MetAPs, NATs and NMTs are expressed in very low quantities when compared to
core ribosomal proteins [334], which means that even at maximal occupation it is only a small
fraction of ribosomes that is associated to these enzymes at any one time. The model proposed
by Fujii and colleagues for PDFs and MetAPs suggests extremely rapid kinetics of these
enzymes allowing for fast association, processing and dissociation of each of these enzymes,
permitting efficient sequential processing of PDFs and MetAPs at the regular protein synthesis
rates [145]. Since N-terminal processing enzymes are only required at the start of every protein
synthesis event, it would be reasonable to think that this model of rapid on and off binding
kinetics could be extended to the rest of the enzymes involved in co-translational processing.
Thus, these enzymes would only interact with the ribosome transiently and dynamically, in
an on-and-off manner that allows for efficient processing of multiple nascent proteins that are
being synthesised simultaneously. Importantly, such a model could explain the low expression
levels of these enzymes relative to the number of ribosomes in a given cell.

1.5.4 Temporal control: co- vs. post-translational N-terminal modifications

Another important level of control one needs to consider when it comes to N-terminal modifica-
tions, is the temporal dimension. iMet removal needs to happen first to allow for subsequent
co-translational modifications (e.g. N-myristoylation), and post-translational modifications
will not start to play a role until the protein has left the ribosome. This establishes a staggered
process for decision making. Since addition of a PTM at the N-terminus blocks it from further
processing, only 'free’, exposed N-terminal amines will be available for post-translational pro-
cessing. This way, post-translational processing events have been proposed as quality control
for co-translational events. This is particularly evident with regard to N-degron pathways.
N-terminal sequences that target proteins for degradation have been shown to be generally
depleted in intact proteins or masked through specific PTMs, folding or through interaction
with other proteins [15, 112]. The N-Gly/N-degron pathway, for example, has been shown to
be prevented by N-myristoylation and has been proposed to have evolved as a quality control
mechanism to degrade aberrant proteins that escaped from NMT processing [112]. Interest-
ingly, while N-terminal modification rules seem to be generally conserved across organisms,
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Figure 1.19: Model of regulation of N-terminal modifications at the ribosome level. MetAP and
NatA are localised at the ribosome by interacting with ES27L and ES7L ribosome expansion segments. NMT
is hypothesised to bind at the same site as NatA and compete for binding. Co-translational modifications
happen first and thus, determine whether the nascent protein will have those modifications or will be amenable
for further N-terminal processing by post-translationally acting enzymes. Post-translational modifications can
therefore act as quality control mechanisms of co-translational events.

N-degron pathways are markedly different between prokaryotes, lower eukaryotes and higher
eukaryotes, suggesting that higher organism complexity requires additional levels of control.
Evolutionarily, this means that the different N-terminal modifications evolved to fit within
the pre-existing pool of modifications. This seems to be the case, for instance, for N-degron
pathways. Alternatively, they could have co-evolved together, shaping the prevalence of one
another, as it has been proposed for N-myristoylation and Cys prevalence and palmitoylation
within the first few residues [40].
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1.6 GENERAL AIMS

1.6.1 Aim 1. To elucidate the substrate differences of N-myristoyltransferases 1
and 2

Human cells contain two distinct N-myristoyltransferases (NMTs): NMT1 and NMT2 [249,
250]. Their high sequence and structural similarities, particularly at the catalytic site, have
hindered the development of isoform-specific inhibitors and there is no NMT inhibitor (NMTi)
described to date which can distinguish between NMT1 and NMT2 [253]. Particularly
interesting is the contribution of each NMT isoform to the NMT inhibition phenotype, which

could reveal possible therapeutic avenues to treat cancer through targeting NMT.
Aim 1 is covered in Chapter 2 and the main objectives include:

1. To generate NMT1 and NMT2 genetic knockouts (KOs) using CRISPR/Cas9 technol-

ogy in a cancer cell line of choice (Panc-1).
2. To validate the generated NMT1- and 2-KO clones by Western blot and sequencing.

3. To characterise the generated NMT1- and 2-KO clones for general cell biology differ-
ences, including morphology and cell cycle analysis.

4. To assess sensitivity differences of NMT1- and 2-KOs to NMTi's.

5. To apply the previously described chemical proteomics workflow using YnMyr metabolic
labelling (REF) to the NMT1- and 2-KO clones to elucidate the specific substrates of
NMT1 and NMT2.

6. To study the proteome-wide effects of genetic deletion of NMT1 and NMT2 to shed

light on the specific roles of each NMT isoform in cancer.

7. To compare the YnMyr enrichment and whole proteome proteomics results of the gener-
ated NMT1- and 2-KO clones to analogous clones generated in another cell line (HelLa)
by a postdoc in the lab.

1.6.2 Aim 2. To generate a biomarker assay to profile NMT activity in complex
biological samples

Validation of on-target activity of inhibitors targeting a specific enzyme is critical in the
advancement of inhibitors of potential clinical value. Current methodologies to assess NMT
activity and inhibition upon NMTi treatment rely on the use of the myristate analogue
chemical probe YnMyr, which is metabolically incorporated into cells in culture upon addition
onto the cell media [335, 336]. While this strategy has proven itself invaluable for the
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identification of NMT substrates and the assessment of NMT activity in cells [244, 312], it
poses major challenges for its scalability to animal models or human studies. Therefore, new
methods are needed that are able to assess NMT activity and inhibition in complex biological

samples.
Aim 2 is covered in Chapter 3 and the main objectives include:

1. To design and develop a new strategy to profile NMT activity that does not rely on
metabolic tagging. This new strategy will exploit the substrate overlap of NMT with

the bacterial enzyme sortase A (SrtA), which both recognise free N-terminal glycines.

2. To optimise the SrtA labelling conditions to label free N-terminal glycines in whole-cell

lysates.

3. To characterise the substrate specificity of SrtA in whole-cell lysates and to validate its

labelling capabilities are sufficient to profile a wide range of NMT substrates.

4. Using chemical proteomics, to validate the SrtA labelling strategy is capable of detecting
NMT activity changes in a NMTi dose-dependent manner and to compare the SrtA
labelling profile to the previously described YnMyr metabolic labelling method [244].

5. To select a few NMT substrates showing a reliable dose-dependent SrtA labelling profile
as biomarkers for NMT activity and to extend this strategy to a Wester blot format for
ease of application.

6. To extend the SrtA biomarker assay to other gel-based and ELISA formats for increased
applicability and throughput.

1.6.3 Aim 3. To develop a novel chemical proteomics approach to elucidate the
specific substrates of methionine aminopeptidase 2

Methionine aminopeptidases (MetAPs) remove initiator methionine (iMet) from nascent
peptides, a process estimated to occur in >70% of eukaryotic proteins and that precedes the
addition of other N-terminal modifications, such as N-myristoylation [6, 9]. Type Il MetAP
(MetAP2) is of particular pharmacological interest since the discovery of natural inhibitors
of MetAP2 with potent anti-angiogenic agents with potent anti-tumour activity [164, 176,
180]. However, despite the three decades of extensive research on developing MetAP2
inhibitors (MetAP2i's), little is known about the underlying mechanism of action of these
compounds. Given its potential overlap with N-myristoylation, collaborations were started
with several pharmaceutical companies to deepen the understanding of the mode of action
of their preclinical and clinical candidates. A major question regarding the biological role of
MetAP2 is the nature of its substrates, which could help bridge the gap between MetAP2
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inhibition and its phenotypic effects.
Aim 3 is covered in Chapter 4 and the main objectives include:
1. To characterise the MetAP2i panel obtained through different collaborations under the

same biological and biochemical settings.

(a) To establish a cellular model for MetAP2 inhibition.

(b) To develop a phenotypic assay capable of quantifying MetAP2i activity in a robust

and consistent way across the MetAP2i panel.

(c) To develop a biochemical assay to determine binding of MetAP2i to MetAP2 in
cells across the MetAP2i panel.

2. To design, develop and optimise a novel chemical proteomics workflow to systematically

identify the specific substrates of MetAP2 across the whole proteome.

3. To study the overlap between MetAP2 and NMT and the effects of their inhibitors.
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DISSECTING THE INDIVIDUAL ROLES OF
N-MYRISTOYLTRANSFERASE 1 AND 2 IN
CANCER
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2.1 DEVELOPMENT OF NMT1 AND 2 GENETIC KNOCKOUTS BY CRISPR/CAs9

N-myristoylation involves the attachment of a 14-carbon saturated fatty acid, myristic acid,
onto the N-terminal Gly amino group of protein substrates [241]. This lipid modification
has been shown to mediate reversible membrane binding, promote interaction with binding
partners, and to play a role in protein 3D structure and half life [9, 277-279] (cf. Introduction
section 1.4.3). With such important roles, the relevance of this irreversible protein modification
in cellular homeostasis and disease has been well established (cf. Introduction section 1.4.4).
However, the understanding on how this process is regulated in disease states such as cancer
and how pharmacological inhibition mediates specific cytotoxicity of these cells is still poorly
understood. Deeper understanding on how NMT is (dys)regulated in cancer and how this
affects the global network of N-myristoylated proteins is therefore of paramount importance,
in particular to advance in the development of NMT inhivitors with the aim of generating
new clinical candidates. Something that has remained elusive to date is the contribution of
each NMT isoform to the NMT inhibition phenotype, which could reveal possible therapeutic

avenues to treat cancer through targeting NMT.

Due to the lack of selective inhibitors capable of distinguishing between NMT1 and NMT2
enzymes [253], genetic manipulation of their genes constitutes the only way of establish-
ing the differences in their substrate specificities and biological roles. Previous studies have
used small interfering RNA (siRNA) to specifically knock down (KD) expression of NMT1 or
NMT?2, which exhibited distinct phenotypes: KD of NMT1 inhibited cell replication, while
reduction of NMT2 expression induced apoptosis by altering the expression of BCL family
proteins [250]. siRNA KD approaches, however, while allowing for fast induction of the phe-
notype and potentially resembling chemical knock down by small molecule inhibitors better,
usually require a very careful tuning of both the siRNA titer and incubation times and are
not always compatible with the set up of further experiments. Moreover, similar to chemical
knock down approaches, they need induction of the knock down for every experiment, but
in contrast to chemical inhibitors, the dose-response relationship is harder to establish and
generally less consistent, potentially leading to cross-experimental variability. This, together
with the heterogeneity in responses between cells within a siRNA-treated population, can lead
to a gradation in the observed phenotypes that hinders interpretation and prevents direct
comparison between different KDs. Therefore, a cell line that stably expresses the genetic
modifications of interest was considered a more appropriate model to study the two NMT
enzymes. With the advance of the CRISPR/Cas9 technology as a quick and effective way of
generating stable genetic knockouts (KOs) in mammalian cells [337], all tools required were
either already available or easy to generate. Therefore, we set out to generate NMT1 and
NMT?2 gene KOs in cancer cells. Since N-myristoylation is an essential protein modification
in all eukaryotes, it was hypothesised double NMT1 and NMT2 KOs would not be viable
and therefore, these were not attempted to be generated. A previous study which attempted
to generate full NmtI-null (NmtI~/~) mice showed NMT1 ablation was embryonically lethal
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[254]. This was determined to be due to a specific role of NMT in embryonic development

[254], and hence, it was hypothesised cells in culture would not be affected to the same level.

2.1.1 Choice of cell line

Cancer cell lines often show aberrant karyotypes with multiple chromosomal duplications and
deletions [338], which can interfere with genetic manipulation techniques [339]. Following on
this, the pancreatic cancer cell line Panc-1 was selected, which according to the distributor
(ATCC) documentation, only contained two copies of chromosomes 10 and 17, where NMT2
and NMT1 are located respectively. In addition, Panc-1 has been widely used as pancreatic
cancer cell model both for cell culture and xenograft studies [340]. A postdoc in the lab,
Dr. Monica Faronato, had generated similar KOs in Hela cells, which despite their easier
handling, are generally of little biological significance [341]. Thus, the combination of the
two cell lines had greater potential to give a meaningful insight to the mode of action of our

genes of interest in disease.

2.1.2 CRISPR/Cas9 knockout generation

The procedure for CRISPR/Cas9 mediated genome editing was carried out as shown in Figure
2.1. Six primer pairs were designed and prepared for transfection, three against NMT1 (AGL,
AG2 and AG3) and three against NMT2 (AG4, AG5 and AG6), each targeting a different
exon of the genes to maximize success rates (gRNA sequences can be found in Methods
Table 6.1). Each of these were cloned into a gRNA plasmid for mammalian expression under
the U6 promoter (plasmid p41824, Addgene)[342]. After ligation by Gibson assembly and PCR
amplification, each of the constructs was sequenced to ensure correct insertion of the gRNA
construct into the gRNA plasmid. From all successfully generated constructs, two constructs
were randomly selected for transfection per gene (AG1 and AG3 for NMT1; AG4 and AG6 for
NMT2). After bacterial amplification in E. coli DH5x, gRNA constructs were co-transfected
together with the p44719 Cas9-GFP plasmid (Addgene)[343] into Panc-1 cells. Positive cells
were sorted into 96-well plates as single cells per well based on their green fluorescence levels
72 h post-transfection via fluorescence-activated cell sorting (FACS) (FACS gating settings are
shown in Appendix Figure A.1). Control cells were transfected with Cas9-GFP plasmid only.
NMT2-KO candidate clones grew in 9.9% of the wells (controls in 9.5%) in a time comparable
with the control cells (ca. two months). In contrast, NMT1-KO candidate clones grew in
only 4.7% of the wells, and at a significantly slower growth rate, with double NMT1-KOs
needing six months to grow sufficiently to enable further experiments.
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Figure 2.1: CRISPR-Cas9 knockout procedure used to generate NMT1- and 2-KOs in Panc-1 cells.
Three different gRNAs were designed to target either NMTI (AGL, AG2, AG3) or NMT2 (AG4, AG5, AG6).
Each of those was generated from a single stranded DNA (ssDNA) primer pair that contained a complementary
sequence of 20 bp that coded for each target sequence and an overhang region of 40 bp at each side. ssDNA
primer pairs were annealed, extended and amplified by PCR before insertion into the p41824 gRNA cloning
plasmid (Addgene) by Gibson assembly. Two full gRNA constructs per gene (AG1l and AG3, AG4 and AG6)
and the GFP-Cas9 plasmid were then amplified in E.coli DH5«, before co-transfection into Panc-1 cells.
CTRL cells were transfected with GFP-Cas9 plasmid only. 72 h post transfection, GFP-positive cells were

sorted into a 96-well plate as single cells per well to allow for clonal growth.
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Figure 2.2: Screening for full NMT1- and 2-KOs by western blot. Eight NMT2-KOs (clones A, C, D,
E and G of AG4 and clones B, E and F of AG6) showed complete depletion of the NMT2 band indicating
full homozygous KO of NMT?2 in those clones. All these clones were grown in less than two months, similar
growth rate to that shown by CTRL cells. Three complete NMT1 KOs were obtained (clones C, D, and E of
AG3) and they required 3 times longer than control cells to grow. No clones of gRNA AG1 survived.

2.1.3 Clone validation and selection

Clones were screened for successful complete NMT1 and 2 ablation by Western blot (Figure
2.2). Eight NMT2 clones showed complete disappearance of the NMT2 protein band, five
derived from AG4 gRNA (clones A, C, D, E and G) and three from AG6 gRNA (clones B, E
and F). For NMT1, only clones with the AG3 gRNA thrived, and only those which took over
six months to grow showed full NMT1 depletion by Western blot. This striking difference in
growth rates of NMT1-KO vs NMT2-KO clones (2 vs 6 months; CTRL: 2 months) and cell
viability (4.7% vs 9.9% initial cell viability) already hinted towards a higher sensitivity of cells
to NMT1 ablation than that of its paralog NMT2. Even after six months, NMT1-KO Panc-1
cells showed extremely impaired cell growth. In fact, some clones displayed a complete growth
arrest, detected as a small number of cells in some wells of the initial 96-well plate that did
not increase in number during the whole clonal growth process. Together, this supported the
idea of distinct biological roles for these two enzymes [249, 254], with a significantly more

important role for NMT1 in overall cell survival and proliferation [9, 254, 255].

The gRNA region of each of the clones was then sequenced to confirm the presence of
insertions and deletions (indels) that could indicate the presence of knockouts by truncation
due to frame-shifting. In this CRISPR/Cas9 strategy the regular Cas9 generates a double
strand break a few base pares after the protospacer adjacent motif (PAM) sequence [344]. In
the absence of a donor DNA template, this is then repaired primarily through non-homologous
end joining (NHEJ), which is prone to errors and often results in the generation of random
indels [344]. Genomic DNA of each of the positive clones was extracted and subjected to PCR
using custom made primers (Sequences of all primers can be found in Table 6.2). After several
PCR rounds, the regions around the AG3 target sequence in the NMT1I gene and around the
AGB6 target sequence in the NM T2 gene were successfully amplified (Figure 2.3A). Sequencing
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Figure 2.3: PCR amplification of genomic DNA of Panc-1 clones at the gRNA target region. Genomic
DNA was extracted and amplified using custom primers for each target gRNA sequence. (A) Regions including
AG3 and AG6 target sequences were amplified successfully showing mostly small changes in band size, with the
exception of AG3D, which showed a big insertion of 1.7 kb. (B) The region including AG4 target sequence
failed to be amplified in every clone.

analysis of AG3 NMT1-KO clones revealed small deletions of 25 and 3 bp in clones AG3C
and AG3E respectively, and a larger insertion in clone AG3D (Appendix Figure A.2). This
could not be efficiently determined by the sequencing read but was estimated to be of ca. 1.7
kb according to the apparent electrophoretic band shift (Figure 2.3A). Sequencing analysis
of AG6 NMT2-KO clones revealed small indels in all of them: a 3 bp deletion in AG6B, a
1 bp insertion in AG6E and a 3 bp insertion in AG6F (Appendix Figure A.2). In contrast,
the AG4 gRNA region (NMT2 gene) of the clones eluded all efforts of PCR amplification.
AG4 gRNA targeted the first exon of the NMT2 gene and the availability to create a forward
primer upstream of that sequence was limited. After four different set of primers, only the
AG4 region of CTRL and WT cells was amplified but not that of the clones (Figure 2.3B),
implying that region might have been deleted altogether during the double-strand break repair

process.

The CRISPR/Cas9 procedure has been shown to result in off-target gene editing, even after
highly optimised gRNA designs [345]. Since off targets are either non-specific or gRNA-
sequence related, two clones were selected per NMT gene for further studies, preferentially
derived from different gRNAs. By studying the common effects in each clone and discarding
the clone-specific effects, it should be possible to differentiate the effect of knocking out
either NMT from off-target gene-editing effects generated during the CRISPR procedure, as
well as from differential adaptational mechanisms adopted by each cell clone to counteract
the genetic deficiency. For NMT2, AG4C and AG6B clones were arbitrarily selected from
the clones that showed clear complete KO during the Western blot screen (Figure 2.2). For
NMT1, unfortunately, only clones derived from AG3 gRNA survived and therefore, two clones
generated with the same gRNA had to be selected. Due to the structural differences to the
resulting NMT1I gene (Figure 2.3), AG3D and AG3E were selected for further studies.
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2.2  ADAPTATION TO NMT1 ABLATION COMES IN DIFFERENT FLAVOURS, BUT ALL
INCLUDE SLOWER GROWTH RATES, HIGHER CELLULAR CYTOTOXICITY AND IN-
CREASED CELL SIZE

2.2.1 Cell cycle analysis of Panc-1 clones reveals profound effects on NMT1-KO

clones

The next step was to characterise the generated NMT1- and 2-KO clones. Encouraged by
the differences seen in growth rates between NMT1- and 2-KO clones, they were subjected
to cell cycle analysis using flow cytometry. For this purpose, 5-ethynyl-2'-deoxyuridine (EdU)
was used, a thymidine analogue bearing an alkyne handle, which gets incorporated into newly
synthesised DNA and thus serves as a proxy for cellular proliferation. Moreover, by comparing
EdU incorporation rates to DAPI nuclear stain (total DNA content), it is possible to dissect
the three main phases of the cell cycle: G1/GO with low DAPI and low EdU; S phase with
low-to-medium DAPI and high EdU; and G2/M with high DAPI and low EdU. An antibody
against active caspase-3 was also used, the final effector of the caspase cascade activation

leading to apoptosis.

Flow cytometry analysis of Panc-1 clones revealed strong changes in cell cycle patterns of
NMT1-KO clones, whereas changes in NMT2-KOs were more modest (Figures 2.4A-D). Sur-
prisingly, NMT1-KOs showed opposite trends in general population distribution across the
three major cell cycle phases (Figures 2.4A). AG3D showed a significant decrease in S phase
as compared to WT /CTRL with concomitant increase in both G2/M and G1/0 phases, similar
to what had been reported for cells under NMT inhibition [312]. In contrast, AG3E showed a
higher proportion of cells in S phase than CTRL/WT with reduced G2/M population (Figures
2.4A and B). Importantly, both NMT1-KO clones were considerably bigger in overall cell size
(Figure 2.4D), which was readily noticeable under regular phase-contrast microscopy (Figure
2.4E). There are ca. 100 NMT substrates identified to date and >300 estimated [40, 244].
If N-myristoylation is significantly affected in these clones, it is likely that there exist several
NMT substrates that might be necessary for normal cell cycle progression. Moreover, being
an N-terminal modification and with NMTs having close contact with ribosomes, NMT defi-
ciency could lead to general defects in translation regulation and impaired protein synthesis.
Larger cells are often associated with slower cell cycles and senescence [346]. Therefore, it
was hypothesised that cells try to cope with the lack of NMT1 by slowing down the cell cycle
and allowing enough time to generate the necessary components to pass the G1 checkpoint.
AG3D cells do not fulfil quality control criteria and partially arrest in GO/1, while AG3E are
able of passing the G1 checkpoint but are then unable to complete S phase. Together, these
data indicate that NMT2 depletion is well tolerated, whereas NMT1 ablation is detrimental
for normal cell growth and survival and hence, cells required to adopt profound changes in

the cell cycle in order to overcome the lack of this enzyme.
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Figure 2.4: Characterisation of Panc-1 NMT1- and 2-KOs: cell cycle distribution. (A) Flow cytom-
etry analysis of the cell population distribution across cell cycle phases (Edu and DAPI), (B) proliferation
frequencies (EdU), (C) apoptosis frequencies (active caspase-3) and (D) cell sizes (forward scatter, FSC).
Error bars represent SEM in all cases. (E) Representative phase-contrast microscopy images showing the sizes
of the clones adhered to the culture plates. Scale bars represent 100 um.

2.2.2 Sensitivity screening of Panc-1 clones to NMT inhibition

Next, the ability of the NMT-KO clones to withstand NMT inhibition by small molecule in-
hibitors was studied. Panc-1 cells are relatively resistant to NMT inhibitors on short exposures
and require longer exposure-times to show the typical patterns of NMT inhibition. There-
fore, Panc-1 clones were dosed with two different small molecule inhibitors of NMT1/2 for 6
days before measuring cell viability using an MTS assay (Figure 2.5). A well established tool
compound (IMP-366/DDD-85646) [244] and a more potent molecule designed and developed
within the lab (IMP-1088) [298] were used, both of which have been extensively characterized
and validated as NMT inhibitors by the Tate group and others [244, 298, 312, 317, 318]
(Figure 2.5A). In this assay, MTS (negatively charged, and thus non cell permeable) is used
in combination with PMS to transfer electrons from NADH in the cytoplasm to MTS in the
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Figure 2.5: Sensitivity screen of Panc-1 NMT1- and 2-KOs to three small molecule inhibitors of
NMT. (A) Structures and 1C50s of IMP-366/DDD-85464 and IMP-1088 NMT inhibitors. (B) Cells were
incubated with dual NMT1/2 inhibitors IMP-366/DDD-85464, IMP-1088 and IMP-1320 for 6 days before
cell metabolic activity measurement by MTS assay. Error bars represent SEM.

cell culture medium [347], reducing it to generate purple soluble formazan products in the
medium. Formation of formazan can be easily monitored by measuring absorbance at 570
nm, and therefore constitutes an easy and direct readout of metabolic activity of cells. For
these assays cells are typically seeded in a number that will result in near-full confluence at
the end of the experiment, to maximise signal differences across conditions. Since NMT1-KO
clones doubled at a much lower rate than NMT2-KO or WT/CTRL cells, double the amount
of NMT1-KO cells were seeded at the outset (4,000 cells/well vs 2,000 cells/well in a 96-well
plate).

Building on previous results on the cell cycle, which indicated NMT1 ablation was detrimental
for normal cell growth, NMT1-KO cells were expected to be particularly sensitive to further
NMT inhibition. Surprisingly, this was only true for one of the NMT1-KO clones, AG3E. In
contrast, AG3D showed higher resistance to NMT inhibition than CTRL/WT cells (Figure
2.5B). It was considered that the G1/0 arrest displayed by this clone (Figure 2.4A) could
interfere with the NMT inhibition phenotype, which requires active protein synthesis. More-
over, the cell cycle arrest could interfere with the MTS assay itself, since cells with lower
metabolic activity will result in slower conversion rates of the MTS reagent and thus yield less
formazan product. NMT2-KO clones showed a slight left shift of the dose-response curves,
indicative of a small increase in sensitivity to NMT inhibition. This further supported the

working hypothesis that NMT2 is less important to drive N-myristoylation in the cancer cell.
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2.3 PROTEOMICS ANALYSES REVEAL NMT'1 AS THE PRINCIPAL ENZYME RESPONSI-
BLE FOR N-MYRISTOYLATION IN CANCER CELLS

Proteomics is a powerful tool to study biological systems, allowing proteome-wide identi-
fication and quantification of proteins [348]. For the study of protein lipidation, chemical
proteomics approaches have been some of the most successful to date, particularly for the
identification of NMT substrates (cf. references [9, 244, 312, 335, 336] and section 1.4.1).
Chemical proteomics approaches rely on metabolic incorporation of lipid analogue probes; in
the case of N-myristoylation, YnMyr (tetradec-13-ynoic-acid) (Figure 2.6B). YnMyr is readily
taken up by cells when added to the culture medium, and is incorporated into the endoge-
nous metabolic pathway of myristic acid through its conversion to YnMyr-coenzyme A (CoA)
by cellular fatty acyl CoA synthetases [244, 335]. YnMyr-CoA is then recognised by cellu-
lar NMTs and transferred onto its natural protein substrates [335]. Bearing an alkyne (Yn)
handle, YnMyr then allows for highly selective and efficient chemical ligation to custom made
molecules via copper-catalysed alkyne-azide cycloaddition (CuAAC), often referred to as 'click
chemistry’ (Figure 2.6B). Through click chemistry, probes bearing an alkyne (e.g. YnMyr)
or an azide can be specifically ligated to azide- or alkyne-bearing di- or tri-functional capture
reagents containing affinity tags (e.g. biotin) or fluorophores (e.g. TAMRA) upon cell lysis
(Figure 2.6A). These then allow for tracking of probe incorporation events in cells, which
in the case of YnMyr mirror N-myristoylation events. Through ligation to capture reagents
containing a fluorophore and subsequent in-gel fluorescence analysis, cellular N-yristoylation
can be visualised in gels. Alternatively, by ligation to capture reagents bearing an affinity
handle, they can be selectively enriched for either western blot detection of specific proteins

or sytematic shotgun proteomics identification (Figure 2.6B).

In this section, two complementary proteomics approaches were applied to the panel of Panc-
1 clones to extensively characterize the proteome-wide effects of knocking out either NMT
isoform. First, the YnMyr metabolic tagging strategy developed within the lab was used to
track down protein N-myristoylation across the whole proteome [244]. Second, traditional
whole proteome (no enrichment) proteomics was used to study the proteome-wide effects of
genetically deleting either NMT1 or NMT2 on these cells. Both workflows are summarised in
Figure 2.7.

2.3.1 In-gel fluorescence analysis of YnMyr labelling

YnMpyr labelling was first analysed by in-gel fluorescence using AzTB (azide-TAMRA-biotin)
as capture reagent (structure in Figure 2.6B). After click chemistry, proteins were precipitated
before loading them onto 12% SDS-PAGE gels and scanning TAMRA fluorescence. In-gel
fluorescence gel images did not show any clear differences among bands between WT/CTRL

lanes and KO clones (Figure 2.8A). This was not surprising, however, since gel-based analyses
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Figure 2.6: Metabolic incorporation of YnMyr followed by click chemistry allows for the systematic
study of N-myristoylation. (A) Structures of AzTB and AzRB capture reagents. (B) YnMyr is supple-
mented in the cell culture medium, taken up by the cells and transferred onto proteins by cellular NMTs.
Upon lysis, protein-bound YnMyr can be specifically ligated to capture reagents such as AzTB and AzRB for
analysis of specific N-myrostoylated proteins or general N-myristoylation patterns across the proteome.

can only reveal bulk changes in complex biological mixtures and might miss specific labelling
events. In contrast, addition of NMT inhibitor IMP-1088, systematically decreased labelling
of all major bands, thus confirming specificity of the signal for protein N-myristoylation events
(Figure 2.8B).

2.3.2 YnMyr proteomics analysis of NMT1- and 2-KOs reveals substrate prefer-
ences for each NMT isoform

Next, YnMyr-labelled proteomes from each clone were processed for proteomics following the
procedure described in Figure 2.7A. For this purpose, a spike-in SILAC approach previously
shown to successfully identify a wide-range of NMT substrates [244] was used. In this approach
heavy (K8, R10) lysate derived from WT Panc-1 cells was spiked into every sample in a 1:3
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Figure 2.7: Schematic workflow representing the two complementary proteomics approaches applied
to NMT1- and 2-KO clones. (A) clones (light) and WT (heavy) were incubated with 30 uM YnMyr for
24 h before lysis. Light protein lysates were mixed with heavy spike-in in a 3:1 ratio before ligation of
incorporated YnMyr onto AzRB capture reagent by click chemistry. Proteins were then precipitated, enriched
in NeutrAvidin beads and digested on-bead with trypsin, before desalting and LC-MS/MS. Enrihcment levels
were calculated as ratios against the WT heavy spike-in. (B) For whole proteome analysis, clones were lysed,
and protein samples precipitated and digested with trypsin before TMT labelling of peptides. TMT labelled
samples were then pooled into 10-plexes and run in the LC-MS/MS system. Relative quantification of protein
levels was achieved by measuring TMT reporter ion intensities in the lower m/z region of the MS? spectra of

each peptide.
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Figure 2.8: In-gel fluorescence analysis of YnMyr metabolic labelling in Panc-1 NMT1- and 2-KOs.
(A) Clones were cultured in the presence of 30 uM YnMyr for 24 h or (B) incubated with with DMSO, 1
or 50 nM IMP-1088 for 72 h before addition of 30 uM YnMyr for additional 24 h, before lysis and chemical
ligation to AzTB by CuAAC. Proteins precipitated and loaded into 12% SDS-PAGE gels. Gel images show
TAMRA fluorescence measured at 532/575 nm excitation/emission wavelengths.

spike-in-to-lysate ratio at the beginning of the sample preparation procedure. By quantifying
against an internal standard for every sample, this then allows for accurate quantifications
of the light-to-heavy ratios. After ligation to AzRB (azide-Arginine-biotin) capture reagent
(structure in Figure 2.6B) by click chemistry, excess click reagents were discarded by protein
precipitation and biotinylated proteins specifically enriched in NeutrAvidin agarose beads.
After on-bead digestion and peptide sample clean up, the generated peptide mixture was then
analysed by LC-MS/MS (Figure 2.7A).

This experiment identified 74 known N-myristoylated proteins across all datasets, annotated
based on previous evidence of N-myristoylation [244] (Figure 2.9 and Supplementary Table
S1). For the statistical analysis of this data, the two clones of each type (AG3D and AG3E as
"NMT1-KOs" and AG4C and AG6B as "NMT2-KOs") were treated as biological replicates in
order to draw conclusions on the specific roles of NMT1 and NMT2 and minimise artefacts
arisen from the CRISPR procedure (cf. section 2.1.3 for further information). Unfortunately,
this conservative strategy can also result in lower number of hits due to the increased variability
within each group, now formed by biologically distinct clones. Nevertheless, it should still be
able to reveal the major effects of knocking out each NMT isoform, mirroring their primary

biological targets.

YnMyr pull down proteomics analysis revealed a strong significant decrease in enrichment
levels of 21 known NMT substrates in Panc-1 NMT1-KOs (Figure 2.9A), while no significantly
differentially enriched N-myristoylated proteins were detected for NMT2-KOs, even though a
generalised downward trend could be observed (Figure 2.9D). Findings on Panc-1 cells were
then compared to those of the clones generated by Dr. Monica Faronato on Hela cells
(Figures 2.9B and E). This showed a clear correlation (Pearson coefficient of 0.711) between
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Figure 2.9: YnMyr enrichment proteomics reveals NMT1 is the main driver of co-translational N-
myristoylation in the cancer cell. (A) Volcano plot showing logs fold-change of YnMyr enrichment levels
in NMT1-KOs vs CTRL against the significance level calculated with a student t-test (FDR=0.01, So=1).
(B) Same as in (A) but for NMT2-KO vs CTRL (FDR=0.01, So=1). (C) Correlation of enrichment levels
of known NMT substrates in Panc-1 vs HeLa NMT1-KO clones. (D) Same as in (C) but for NMT2-KOs
vs CTRLs. (E) Correlation of YnMyr enrichment levels and total protein levels in Panc-1 NMT1-KOs. (F)
Same as in (E) but for NMT2-KO clones.
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HelLa and Panc-1 NMT1-KOs but no observable correlation in NMT2-KOs (Figures 2.9B
and E). Data from the two cell lines indicated a dominant role for NMT1 in maintaining
N-myristoylation of the cancer cell and showed no evidence for a specific role of NMT2 in
cancer cells in culture. Interestingly, this analysis also revealed an increase in enrichment
of two NMT substrates (ARF4 and MARCKS) in Panc-1 cells (Figure 2.9A), which was
not seen in Hela cells (Figure 2.9B). However, when compared YnMyr enrichment to total
protein levels in the same cells (measured following the procedure in Figure 2.7B), the two
co-myristoylated proteins ARF4 and MARCKS were also found to be significantly increased
in total protein levels (Figure 2.9C). Since N-myristoylation happens co-translationally, the
increase in enrichment levels was determined to be due to the upregulation of protein levels,
which would then get N-myristoylated by NMT2. Comparison of YnMyr enrichment levels to
whole proteome levels also revealed that all proteins showing a significant decrease in YnMyr
enrichment, with the exception of one (NDUFAF4, an assembly factor for mitochondrial
respiratory Complex 1), were solely due to the effect on N-myristoylation levels upon NMT1
knock down (Figure 2.9C). Taken together, these data suggest NMT1 is the main driver of co-
translational N-myristoylation of the cancer cell, with NMT2 not being able to compensate for
N-myristoylation in a number of known NMT substrates when NMT1 is not present. Further,
it shows no evidence for any specific role of NMT2 in these cancer cells, since NMT1 alone
seems sufficient to fully maintain normal N-myristoylation levels. This comes together with
the major impairment of cell growth observed for NMT1-KO clones in Figure 2.4 and the
absence of any clear diversions of NMT2-KOs away from the WT /CTRL phenotype.

2.3.3 Whole proteome analysis of NMT1- and 2-KO clones

In addition to the study the effect of genetic ablation of either NMT in protein N-
myristoylation, the consequences of NMT1- and 2-KOs on global cellular protein levels were
also studied. Sample preparation was carried out as described in Figure 2.7B, using TMT

labelling as the method for quantification.

This experiment identified and quantified 4,958 proteins of the Panc-1 proteome (Figure
2.10 and Supplementary Table S2). After filtering and normalisation (refer to Materials and
Methods section Whole proteome analysis of Panc-1 clones for further information), two
independent two-sample tests (student t-test, FDR = 0.05; Sy = 1) were applied to compare
the total protein levels of NMT1-KOs and NMT2-KOs to those in CTRL cells. This resulted
in 62 proteins showing significant upregulation and 17 showing significant downregulation in
NMT1-KOs (Figure 2.10A), whereas only 8 showed significant upregulation and 13 significant
downregulation in NMT2-KOs (Figure 2.10D). NMT1 and NMT2 were strongly downregulated
in their respective KO clones (Figures 2.10A and D). In TMT (MS?)-based quantification a
baseline noise-level value is expected in every channel where the peptide being quantified is not
present. In addition that noise-level value depends on the dynamic range of the measurement,
which is much lower than for MS' quantification methods. Therefore, the downregulation of
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Figure 2.10: Effects of knocking out NMT1 and 2 on the protein levels across the whole proteome.
(A) Volcano plot of the student t-test on NMT1-KOs vs CTRL (FDR=0.05, So=1). (B) Same as in (A) but
for NMT2-KOs vs CTRL (FDR=0.05, Sp=1). (C) 1D annotation enrichment results (FDRj0.02) of Panc-1
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enrichment analysis was performed using Perseus (version 1.6.0.2) on annotations derived from KEGG, GOBP,
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NMT1 and NMT?2 observed in their respective KO clones, close to the maximum fold change
ratio, was indicative of full KOs in these clones, in line with previous Western blot results
(Figure 2.2). These two-sample tests also revealed significant changes in NMT1-KOs cor-
responding to some known N-myristoylated proteins. Since total protein abundances can
also affect YnMyr enrichment, these were contrasted to YnMyr enrichment levels to ensure
dissection of both phenomena (Figure 2.9C).

Performing statistical tests in whole proteome experiments only provide a hint of the pro-
foundness of the effects caused by the experimental perturbation and are not able to deliver
mechanistic insight in isolation. Annotation enrichment analysis [349] was chosen to extract
biologically meaningful information from the statistical results. In this analysis proteins are
clustered into different categories/pathways (e.g. GO terms) and a category-level statistic is
computed that accounts for how many proteins in each pathway show a coordinated change
based on their pre-calculated fold changes. The dataset consisting of log, fold changes against
CTRL cells was then annotated with KEGG pathway and gene ontology terms corresponding
to the biological process (GOBP), the molecular function (GOMF), and the cellular compart-
ment (GOCC), before performing 1D and 2D annotation enrichment. The difference between
1D and 2D annotation enrichments lies in the number of samples the test is performed in: 1D
enrichment analyses the extent of representation of each annotation term by proteins showing
similar fold change trends in a single sample (vs control, since the data is given as fold change
values), whereas 2D annotation enrichment performs a 1D enrichment for 2 different sam-
ples in the background and then compares the scores in a correlation plot. Consistent with
previous results, annotation enrichment of NMT1-KOs resulted in numerous GO and KEGG
terms showing significant alterations while very few terms showed significant under- or over-
representation in NMT2-KOs (Figure 2.10B and E) (note the difference in significance scales).
GO and KEGG terms that were significantly enriched and that were involved in similar bio-
logical processes or molecular functions were manually clustered into categories. The manual
curation of these categories was performed independently of the enrichment scores, ensuring
each category could span the whole enrichment score dimension [-1, 1]. NMT1-KOs showed
consistent changes in proteins affecting normal function of ER and Golgi transport, RNA pro-
cessing and mitochondrial activity. This correlated exquisitely for both Panc-1 NMT1-KOs
(Appendix Figure A.4) and showed important similarities between HelLa and Panc-1 NMT1-KO
clones, particularly on ER, Golgi and vesicular transport, general biosynthetic metabolism and
mitochondrial processes, including redox homeostasis and energy production (Figure 2.10C).
NMT2-KOs, in contrast did not show any clear pathway/GO term that was enriched consis-
tently across clones in the same cell line (Appendix Figure A.4) or across clones in different
cell lines (Figure 2.10E and F). In general, these data indicate that deletion of NMT2 in these
cells has no major effects on general protein levels, while disruption of NMT1 causes deep
changes in important cellular processes such as vesicular transport, mitochondrial activity and
RNA processing. Deregulation of vesicular trafficking could be mediated by CLN3, which is
involved in Golgi network-to-endosome transport and endosomal sorting, or CHMP®6, believed
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to mediate endosomal sorting [70], two N-myristoylated proteins detected as NMT 1-selective
proteins in the YnMyr enrichment experiment above (Figure 2.9A). Moreover, several other
NMT substrates are known be involved in vesicular transport, including ARL1, ARF1, ARF5
and ARF6 ADP-ribosylation factors [70], although these only showed a modest reduction in
enrichment in the YnMyr enrichment experiment (Figure 2.9A). In addition, there were several
mitochondrial proteins detected among the NMT1-selective subset (Figure 2.9A) that could
explain the proteome-wide effects on mitochondrial dysfunction, including ribosomal protein
MRPS36, Complex | subunit NDUFB7 and assembly factor NDUFAF4, NADH-cytochrome
reductase CYB5R3, cytochrome heme lyase HCCS and two proteins involved in maintaining
mitochondrial cristae integrity: CHMP6 and SAMMb50 [70]. In contrast, no proteins were
found among the NMT1-selective subset that play a direct role in RNA processing, although
recent data in the Tate group suggest it is a characteristic of NMT inhibition that is able to
predict for cancer cell sensitivity across tumour types (manuscript in preparation).

2.4 CONCLUSIONS

In this chapter, full NMT1- or NMT2-KOs were generated in Panc-1 cells in order to distinguish
their biological roles in cancer. Genetic ablation of NMT1 strongly affected the cells, with less
clones surviving the CRISPR/Cas9 and sorting procedure than in CTRL and NMT2-KO cells.
Further, the clones that survived showed a marked reduction in cell growth and increased
cell sizes, a characteristic of cells in senescence. Generation of NMT2-KOs, on the other
hand, proceeded with no major consequence and cells behaved as unmodified controls. This
coincides with previous reports on NMT1-KO mice, in which full ablation was embryonically
lethal [254]. Moreover, recent genome-wide CRISPR screens performed by the Broad Institute
across a wide range of cancer cell lines (https://depmap.org/) classified NMT1 (but not
NMT2) as a commonly essential gene. Interestingly, RNAi interference (RNAIi) screens did
not detect this dependency, suggesting small amounts of NMT1 might be enough for cells to

survive, whereas a complete lack of this enzyme is detrimental for cell viability (Depmap).

Consistent with this, YnMyr enrichment proteomics analysis revealed that NMT1 ablation sig-
nificantly altered the scope of N-myristoylation independently of total protein levels, whereas
N-myristoylation patterns were generally undisturbed in NMT2-KO clones. Extension of this
analysis to KOs generated in another cell line by a colleague confirmed NMT1 as the main
responsible enzyme for co-translational N-myristoylation in cancer cells. There was still some
N-myristoylation happening in NMT1-KO cells, indicating NMT?2 is able to partially compen-
sate in the absence of NMT1. However, this was not sufficient to sustain normal cell growth
and cells resorted to slower cell cycles to withstand the genetic deficiency. Importantly, func-
tional analysis of whole proteome data showed impairment of N-myristoylation by NMT1
deletion led to dysregulation of proteins involved in ER/Golgi transport, RNA processing and
mitochondrial activity, suggesting a broader implication for N-myristoylation in normal cell
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proteostasis. These implications need to be taken with care, however, since they could par-
tially have arisen as an adaptation mechanism to the genetic ablation during the clonal growth
phase. Moreover, some of the effects might be masked by the senescence phenotype observed

in these cells.

Unfortunately, these studies did not reveal any specific substrates of NMT2 or specific effects
of its deletion in these cells. It was therefore hypothesised that NMT2 might be redundant in
cancer cells, or at least in cancer cells in culture, where cells behave significantly different than
in tissues. Alternatively, NMT2 could have a specific role in apoptosis, where both NMTs
have been shown to participate actively through the N-myristoylation of newly formed neo-
N-termini by the action of, for instance, caspases [243, 244]. Interestingly, an earlier report
suggested NMT1 and NMT?2 gain opposed cellular distributions upon activation of apoptosis
[270], which could indicate a more specialised role for NMT2.

Together, these data confirm NMT1 is essential in cancer cells, where it is responsible for
N-myristoylating proteins that NMT2 cannot process and that are crucial for normal cancer
cell growth and viability.
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This chapter has been adapted from the published article [350].

3.1 USING SORTASE A FOR THE ASSESSMENT OF NMT ACTIVITY

To understand the process of N-myristoylation better and target it efficiently using small
molecule inhibitors, methods that allow for a convenient and robust assessment of NMT
activity are needed. This is particularly important in drug discovery settings, where validation
of on-target activity of the lead compounds in complex biological system is crucial. Due to
their generally low abundances in inherently complex samples, identification of modification
sites and their stoichiometries at endogenous levels continues to be a major challenge for
most PTMs, even with the most sensitive mass spectrometric approaches. Lipid PTMs pose
an extra challenge due to their lipophilicity, which makes them laborious to handle as well as
difficult to ionise. Further, they display poor antigenicity, impeding the development of good
antibodies to detect them by classical molecular biology methods.

As described in Chapter 2, the most successful way of overcoming these difficulties has been the
use of chemically tagged myristate analogues such as YnMyr [244, 312, 335, 336] (Structure in
Figure 3.1D) that are cell-permeable and readily transferred by endogenous NMT onto protein
substrates. As shown in Chapter 2, this allows both for visual assessment of NMT activity
upon chemical ligation to fluorophores and enrichment of tagged proteins upon ligation to
affinity reagents in vitro. However, while this method has proven to be extremely useful to
identify new substrates and assess NMT activity in cells (Chapter 2 and [244, 351]), it has
the disadvantage of relying on metabolic tagging. It works remarkably well in cell culture, but
is difficult to scale to animal models, let alone human studies. With the lab advancing on the
development of NMT inhibitors with potential clinical value, new assays for assessing NMT

activity in biological samples beyond cell culture were needed.

Identification of the N-myristoylated form of NMT substrates at endogenous levels is chal-
lenging. Therefore, a new strategy was sought that could detect the appearance of non-
myristoylated NMT substrates upon NMT inhibition (this strategy is represented in Figure
3.1A). For this purpose, it was speculated that the use of Staphylococcus aureus Sortase
A (SrtA) could be particularly useful, given its selectivity towards N-terminal glycines [352],
which overlaps with NMT substrate specificity. In nature, SrtA is a transpeptidase that
catalyses the attachment of surface proteins bearing a conserved LPXTG motif to the pep-
tidoglycan cell wall in Gram-positive bacteria [353]. SrtA cleaves between the threonine and
glycine residues of the recognition motif and covalently attaches the -LPXT adduct to pro-
teins containing an N-terminal glycine through a regular peptide bond [352]. Due to its
substrate promiscuity, SrtA-mediated site-specific ligation has been very widely used in the
past years for a plethora of applications that involved ligating entities of very diverse biochem-
ical nature to peptides or proteins containing an unhindered N-terminal glycine. The attached

moieties included peptides, proteins, glycopeptides and even nucleic acids or lipidic groups
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Figure 3.1: Chemical tools for SrtA profiling of inhibition of NMT activity in cells. (A) Depiction of
the N-myristoylation reaction by NMT in the cell. (B) Structure of IMP-1088 and potencies against human
NMT1 and NMT2. (C) Structures of SrtA ALPET-Haa depsipeptide substrates used in this study (biotin
tag in blue and TAMRA fluorophore in pink). (D) Structure of N-myristoylation probe YnMyr (tetradec-13-
ynoic-acid).(E) Schematic representation of the SrtA labeling reaction.

[354]. However, this is the first report of using SrtA to label a complex mixture of proteins
in a non-engineered system. It is therefore anticipated that this study will open the door to
new exciting applications of SrtA for the labelling of proteins containing an N-terminal glycine

expressed at endogenous levels.

In this work, SrtA pentamutant (5M) (P94R/D160N/D165A/ K190E/K196T) was combined
with a chemically tagged depsipeptide form of the LPXTG peptide (Biotin/ TAMRA-ALPET-
Haa, where Haa = 2-hydroxyacetamide, Figure 3.1B) to label free N-terminal glycines in
whole-cell lysates (Figure 3.1C). Several versions of SrtA have been engineered in the last years
through directed evolution and rational design, improving reaction rates and characteristics
of SrtA [355]. SrtA 5M has been reported to have 120-fold increase in activity over the
natural enzyme [356, 357], while maintaining Ca*" dependency. A newer version of SrtA,
called SrtA 7M (additional E105K and E108A mutations), no longer requires Ca®*, making
it suitable for in vivo applications and other experimental conditions where Ca?* might not
be available (e.g. in the presence of Ca®" chelators), but at the expense of lower activity
similar to the WT enzyme [358, 359]. Increased activity was hypothesised to be linked to
higher promiscuity, beneficial for labelling complex samples. Therefore, since this assay had
been designed to be performed in vitro and the Ca®>" dependency was not an issue, the 5M
version was selected as the best candidate. Regarding the LPXTG peptide substrate, the use
of a depsipeptide instead of a natural peptide has been shown to increase the efficiency of the
reaction by preventing the reverse reaction [360, 361] (Figure 3.1C). The combination of the
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Figure 3.2: SrtA labeling workflows enable multiple detection methods for NMT activity. Protein
samples are resuspended in SrtA reaction buffer, here exemplified by cells from tissue culture; however, in
principle this approach is equally applicable to tissues exposed to a change in NMT activity. (A) Overnight
reaction with SrtA and TAMRA modified depsipeptide substrate (TAMRA-ALPET-Haa) enables in-gel fluo-
rescence analysis of the SrtA-labeled protein lysates. Alternatively, samples subjected to SrtA reaction with
biotin-modified depsipeptide substrate (Biotin-ALPET-Haa) are enriched and studied by in-gel analysis (B)
or proteomics approaches (C and D), following dimethylation of NeutrAvidin-coated beads in the case of
protein-based enrichment.

SrtA 5M with the depsipeptide substrate allowed for efficient and selective labelling of free
N-terminal glycines in whole cell lysates (Figure 3.1E). By enriching for SrtA-labelled proteins
and integrating this workflow with previous knowledge on NMT substrates, NMT activity
status can be assessed (Figure 3.2). Most importantly, the SrtA labelling step is performed

post-lysis, ensuring a much wider applicability than the metabolic labelling approach.

3.2 LABELLING N-TERMINAL GLYCINES IN WHOLE-CELL LYSATES WITH SRTA 5M

SrtA has been extensively used to ligate engineered peptide or protein substrates containing
an LPXTG recognition sequence and an N-terminal glycine at a physiological pH [354, 362].
Here, we aimed at extending this ligating capability to label free N-terminal glycine-containing
proteins in whole-cell lysates with a tagged (fluorophore/biotin) LPXTG depsipeptide. High
activity SrtA pentamutant was a kind gift from Dr. M. Jamshidiha, and had been expressed
and purified from Addgene plasmid 86962 [356, 357]. ALPET-Haa depsipeptides (Biotin or
TAMRA) (Figure 3.1B) were synthesised by a postdoc in the lab, Dr J. Morales-Sanfrutos as
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described in our publication [350].

3.2.1 Optimisation of SrtA labelling conditions

To achieve an efficient labelling with SrtA in whole-cell lysates, the amount of high-activity S.
aureus SrtA pentamutant and ALPET-Haa depsipeptide needed were optimised using in-gel
fluorescence. For this, the TAMRA version of the ALPET-Haa depsipeptide substrate was
used together with the in-gel fluorescence workflow described in Figure 3.2A. MDA-MB-231
breast cancer cells were treated with the potent and specific NMT inhibitor IMP-1088 [298]
(Figure 3.1B) before mechanical lysis in SrtA reaction buffer. Protein samples in SrtA buffer
were then incubated with a concentration range of either TAMRA-ALPET-Haa depsipeptide
(Figure 3.3A) or SrtA pentamutant (Figure 3.3B). Based on this results, 100 nM of SrtA and

75 uM of the substrate depsipeptide were selected for subsequent labelling experiments.
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Figure 3.3: Optimization of overnight SrtA labelling reaction of whole-cell lysates. MDA-MB-231 cells
were incubated with 100 nM IMP-1088 for 24 h before lysis. Lysates were labeled with SrtA and TAMRA-
ALPET[G] overnight at 4 °C and run in 12% SDS-PAGE gels. In-gel fluorescence images were acquired
with excitation/emission wavelengths of 532/568 nM. (A) Optimization of SrtA concentration with constant
depsipeptide substrate. (B) Optimization of T-ALPET[G] concentration with constant SrA concentration.
The concentrations selected for further experiments are highlighted in thicker squares.
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3.2.2 Peptide-based enrichment proteomics to study the substrate specificity of
SrtA in whole cell lysates

To characterise the SrtA-labelling reaction in whole-cell lysates and to analyse if there were any
biases towards labelling of particular protein substrates, SrtA-labelled peptides were enriched
followed by LC-MS/MS analysis (procedure depicted in Figure 3.2D). Cells were treated in
triplicate with IMP-1088 for 24 h to ensure nearly complete inhibition of NMT and increase
the chances of identifying N-terminally modified peptides of NMT substrates. Samples were
labelled with SrtA, precipitated to remove excess depsipeptide and digested with trypsin.
SrtA-biotinylated peptides were enriched using NeutrAvidin agarose beads, eluted as reported
previously [363], desalted and analysed by LC-MS/MS. The peptide sequences identified were
matched to a modified version of the SwissProt human proteome database (UniProt; Decem-
ber 2017; 42,326 entries), in which the ALPET peptide sequence was added to the N-termini
of all proteins in the database. Analysis of 120 identified modified peptides (Figures 3.4 and
3.5A, and Supplementary Table S3) revealed good selectivity of S. aureus SrtA for glycine in
the second amino acid position (after removal of iMet) (63.8%) as compared to the database
frequency (7.8%) (Figure 3.4, 2nd Position). Interestingly, direct evidence for low levels of
labelling of N-termini other than Gly (e.g. Ala, Met, Pro, Val) was also observed, suggesting
that this SrtA pentamutant has somewhat relaxed specificity at the N-terminus under condi-
tions of excess SrtA and depsipeptide substrate. Analysis of amino acid positions 3-11 did not
reveal any clear preferences of SrtA for particular amino acids in any of those positions (Figures
3.4 and 3.5A). Surprisingly, no particular preference was observed for a second glycine at the
N-terminus (P3 position), which had been reported for in vitro studies in multiple occasions as
a way to mimic the pentaglycine motifs of their natural substrate, the cell wall peptidoglycan
[352, 364]. This had lead to the common practice of using diglycine or triglycine motifs at the
N-terminus of recombinant proteins wanted to be efficiently targeted by SrtA [352]. Together,
this experiment validated the use of SrtA to label N-terminal glycines in whole-cell lysates in

an unbiased manner.

Moreover, the use of IMP-1088 allowed us to identify modified N-terminal peptides corre-
sponding to 30 known NMT substrates (Figure 3.5B), which showed a very similar profile
to the combined list of human myristoylated proteins derived from UniProt [70] and previ-
ous proteomics experiments using YnMyr [351](Figure 3.5C), as well as the GXXXSK motif
described previously [40].

3.3 NEUTRAVIDIN DIMETHYLATION AND TWO-STEP LySC/TRYPSIN DIGESTION
ELIMINATES AVIDIN BACKGROUND IN ON-BEAD DIGESTS

As shown in Figures 3.4 and 3.5A, SrtA labels a wide range of proteins in the lysate containing

an accessible N-terminal glycine, and to a much lesser extent proteins with an N-terminal
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Figure 3.5: SrtA selectively labels N-terminal glycine-containing proteins in complex cell lysates. (A)
Sequence analysis using iceLogo [365] of the N-terminal first 10 amino acids of the 120 SrtA-modified peptides
identified by nanoLC-MS/MS after peptide-level enrichment of SrtA-labelled peptides. The frequencies of
residues at each position were compared to the frequencies at that position in the SwissProt human proteome
(pre-compiled in iceLogo, accessed on 17/09/2018). Side-by side sequence analyses of known NMT substrates
identified containing the SrtA-labeling modification (B), and of all known human myristoylated proteins
(C). Both logos were generated against the Swiss-Prot human proteome reference data set (pre-compiled in
iceLogo, accessed on 17/09/18). (D) Example MS/MS spectrum of an N-terminal peptide modified with

Biotin-ALPET.
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Figure 3.6: Capping NeutrAvidin lysines by dimethylation followed by a two-step on-bead LysC/off-
bead trypsin digestion significantly reduces NeutrAvidin-derived high intensity peaks. Samples con-
taining 200 pug of Biotin-ALPET labeled proteins, originated fromMDA-MB-231 cells, were incubated in
duplicate with 200 pL of dimethylated NeutrAvidin agarose beads or with 200 pL of non-derivatized Neu-
trAvidin agarose beads for 2 h at RT. Samples incubated with dimethylated beads were subjected to 1 h
LysC digestion followed by digestion off-bead with trypsin overnight. Samples incubated with non-derivatized
beads were subjected to an overnight on-bead digestion with trypsin. The plots show total ion current (TIC)
chromatograms recorded for each of the four samples.

alanine or other amino acids. Of note, only ca. 25% of these are NMT substrates. This made
it challenging to accurately quantify NMT activity at the protein-level of NMT substrates
against the high levels of endogenous N-terminal glycine labelling. In a preliminary exper-
iment following the previously reported protein pull down procedure that involved on-bead
tryptic digestion with trypsin for SrtA-labelled samples, only 7 NMT substrates could be iden-
tified (data not shown). This urged us to seek new strategies to reduce background signals.
One prominent source of contamination from enrichment samples comes from the on-bead di-
gestion step, where the protease (generally trypsin) cleaves not only avidin-bound proteins but
also avidin itself. We therefore designed an improved protocol that involved derivatisation of
commercial avidin resin to make it proteolytically resistant. The derivatisation step consisted
in capping Lys residues of the bead-bound NeutrAvidin by dimethylation before the interaction
with the protein sample. We then combined this with a two-step on-bead/off-bead digestion
with LysC and trypsin. Derivatized NeutrAvidin retained its biotin-binding capacity but was
now resistant to LysC cleavage. By eluting resin bound-polypeptides with LysC treatment
and then completing the digestion off-bead with trypsin we were able to completely eliminate
Neutravidin-derived peptide contamination (Figure 3.6). This resulted in cleaner MS1 spec-
tra, which boosted identification rates significantly. This additional step in the enrichment
procedure not only allowed us to obtain the results reported in the next few sections of this
Chapter, but also provides a generally applicable enhancement for any other pull-downs on

avidin resin.
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3.4 EVALUATION OF SRTA LABELLING AS A METHOD FOR STUDYING NMT ACTIV-
ITY BY PROTEIN-BASED ENRICHMENT PROTEOMICS

Having shown that SrtA can be used to label proteins at endogenous levels in complex mixtures
such as whole-cell lysates, the next aim was to assess if this could be applied to indirectly
measure protein N-myristoylation levels and to discriminate between cells possessing different
levels of NMT activity. For this purpose, cells were treated with vehicle control, low (1 nM),
or high (100 nM) concentration of IMP-1088 NMT inhibitor in triplicate for 24 h, before
collection of the proteome lysates and overnight labelling with SrtA and Biotin-ALPET-Haa.
To provide direct comparison with the previously described method for the study of NMT
activity, another set of cells was cultured under the same conditions in the presence of YnMyr,
followed by post-lysis chemical ligation to a biotinylating reagent (AzRB) as reported previously
[351]. After protein precipitation, affinity enrichment with NeutrAvidin agarose beads using
the optimized procedure described in section 3.3 and the two step on-bead/off-bead digestion,
samples were labelled with 9-plex TMT, combined, and analysed by LC-MS/MS (workflow
scheme in Figure 3.2C).

In the SrtA-labeled set of samples, 40 known NMT substrates were identified, 24 of which
were responsive to NMT inhibition (ANOVA with FDR=0.01 and Sy =1). On the other hand,
the YnMyr experiment, which was designed to specifically enrich for myristoylated proteins,
identified a total of 78 NMT substrates, from which 56 showed response to NMT inhibition
(ANOVA with FDR=0.01 and Sy =1) (Figure 3.7A and Supplementary Table S4). The
superior identification power of the YnMyr strategy was not unexpected, since the enrichment
of YnMyr-tagged proteins has increased selectivity for NMT substrates and this ensures higher
chances of identification by LC-MS/MS. However, comparison between the two datasets
revealed significant overlap between the two strategies, with 32 NMT substrates identified by
both methods. From these, 22 NMT substrates responded significantly to NMT inhibition in
both methods, 4 did not show any response to NMT inhibition in any of the two methods,
and 6 were significantly less enriched in YnMyr but did not show any changes in the SrtA-
labelling pattern (Figure 3.7B). Importantly, no NMT substrates were found that significantly
responded to NMT inhibition in the SrtA assay and lacked responsiveness in the YnMyr labelled
samples, thus indicating that the SrtA strategy, when combined with a specific NMT inhibitor
is as selective as the YnMyr method and is not prone to false positives. As for the cases where
SrtA was not able to detect a response to inhibition, this was hypothesised to be due to the
requirement for an accessible N-terminal glycine, which can be obstructed by the protein’s
final 3D fold or other N-terminal modifications, such as N-acetylation. While it is a ubiquitous
modification that has been shown to affect 80% of proteins in human cells [27], N-acetylation
has also been shown to have limited overlap with NMT [40] (refer to the Introduction section
1.5.3 for further discussion on this). However, in the absence of functional NMT, it is possible

that N-acetyltransferases (NATs) or other N-terminal processing enzymes could act co- or
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Figure 3.7: SrtA-labeling complements YnMyr metabolic tagging for quantitative profiling of NMT
activity by protein-enrichment proteomics analysis. MDA-MB-231 cells were incubated in the presence
of control (DMSO), low (1InM) or high (100 nM) concentrations of NMT inhibitor IMP-1088 for 24 h and
either biotinylated with SrtA post-lysis or fed with YnMyr for the duration of the NMT inhibitor treatment and
biotinylated via CuAAC. Biotin-labeled proteins were enriched on NeutrAvidin beads and analyzed by nanoLC-
MS/MS. (A) Boxplot representation of fold changes for known myristoylated proteins vs all other identified
proteins for both methods, derived from a one-way ANOVA test performed on all identified proteins (FDR
= 0.01 and Sp = 1). (B) Pie chart and Venn diagram comparing number of identified known myristoylated
proteins and their response to NMT inhibition by each method. N.S., non-significant (ANOVA, FDR = 0.01
and Sg = 1) (C) Bar plots showing side-by-side comparison of myristoylated proteins identified and significantly
changing in both methods. Boxes highlight proteins selected for follow-up studies. (D) Correlation of SrtA
and YnMyr labeling enrichments in 100 nM IMP-1088 treated samples.

post-translationally to block the N-terminal amino group. Another possible explanation could
be NMT substrate destabilization in the absence of N-myristoylation, which had been de-
scribed previously for specific NMT substrates [9, 249, 281] and more recently brought to-
gether with the discovery of a glycine-specific part of the N-end degron pathway (Gly/N-end
degron pathway) [112] (cf. Introduction section 1.2.8.3 for further details on N-end degron
pathways).

More detailed quantitative analysis of proteins that revealed a response to NMT inhibition by

both methods showed slight discrepancies in the levels of enrichment (Figure 3.7C). These
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probably arose due to the different limitations of each method, which detect opposite sides of
the N-myristoylation reaction (substrates/products) catalysed by NMT. While YnMyr detects
the disappearance of N-myristoylation of proteins upon NMT inhibition, SrtA labels new free
N-terminal glycines. Thus, each labelling strategy is limited by other factors affecting either
side of the N-myristoylation reaction, such as the ones described above for SrtA labelling or
limited incorporation of the probe for YnMyr metabolic labelling. Most importantly, however,
SrtA and YnMyr labelling patterns showed the expected negative correlation for known NMT
substrates: SrtA-labelling of NMT substrates increased with NMT inhibition and new exposure
of N-terminal glycines, while YnMyr labelling disappeared (Figure 3.7D). This correlation was
absent in the rest of the identified proteins, including all containing an N-terminal glycine that

are not N-myristoylated.

In addition, these experiments revealed six novel proteins not previously known to be myristoy-
lated that responded to NMT inhibition in both methods: BAG5, PSMC2, PSMC5, SPAGI,
SPANXB1 and SPANXC (Supplementary Table S4 and Figure 3.8A). One of these, SPANXB1
was identified as a novel NMT substrate as it contains an N-terminal glycine and its N-terminal
peptide was found to be modified with YnMyr-AzRB (Figure 3.8B). Because some tightly
bound protein complexes often co-elute together in these enrichment procedures, SPAG1
and SPANXC were hypothesised to have co-purified with SPANXB1. Similarly, PSMC2 and
PSMCS5 are known to be binders of the myristoylated protein PSMC1 [366], and co-elution
could explain their presence even if they do not have an N-terminal glycine for them to be
N-myristoylated.
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Figure 3.8: SrtA labelling identifies SPANXB1 as a new NMT substrate in MDA-MB-231 cells and
fully recapitulates NMT sequence preferences. (A) Enrichment-derived intensities of significant proteins
not previously known to be myristoylated. (B) Annotated MS/MS spectrum of SPANXB1 N-terminal peptide
showing modification with YnMyr-AzRB. (C) Sequence logos of all known myristoylated proteins identified
in SrtA and YnMyr protein-based enrichment experiments. Logos were generated with iceLogo [365], using
the pre-compiled Swissprot human proteome (accessed on 17/09/2018) as the reference set.
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Sequence analysis of all N-myristoylated proteins identified by SrtA recapitulated that of N-
myristoylated proteins identified by YnMyr (Figure 3.8C), and together showed a very similar
profile to that of the complete list of known myristoylated proteins in humans shown in Figure
3.5C). This further validates the use of the herein described SrtA labelling method to efficiently
sample most abundant N-myristoylated proteins irrespective of their protein sequence.

3.5 IN-GEL ANALYSIS AND SRTA-ELISA AS HIGH-THROUGHPUT NMT TARGET EN-
GAGEMENT BIOMARKER ASSAYS

Based on the proteomics results, three NMT substrates that showed a dose-dependent sig-
nal were chosen as biomarkers for a gel-based assay (Figure 3.7C): ARL1, PRKACA and
YES1. These proteins were selected on the basis of their dose-dependent response in the
proteomics analysis (Figure 3.7C), as well as accounting for their theoretical molecular weight
so that they could be analysed in one single gel together with the selected loading control
(GAPDH). Cells were treated with vehicle control or increasing concentration of IMP-1088
and lysed mechanically in SrtA reaction buffer. Proteins in lysates were labeled with SrtA in
the presence of Biotin-ALPET-Haa substrate, enriched on NeutrAvidin beads, subjected to
SDS-PAGE gels and blotted for the selected biomarkers ARL1, PRKACA and YES1 follow-
ing the procedure depicted in Figure 3.2B. Increased NMT inhibitor concentration resulted
in a higher signal intensity in the pull-down fractions, suggesting an NMT inhibitor-specific
dose-dependent increase in labelling by SrtA and confirming the results obtained from the

protein-based enrichment proteomics analysis (Figure 3.9). Due to the low molecular weight

MDA-MB-231 Panc-1 Hela
Input SN Pull-down Input SN Pull-down Input SN Pull-down
s s s s s s s s s
o =2 =9 2 <t o S € o =9 S Tt o S T o = =] 2 T o S T
IMP-1088 222222 23Z¢ . 32553255 2Ecswmw 325835 235
M.W. (kDa) - = - - - - - = - (kDa) L B ] Lo I ] - = - (kDa) - - - - L B I ]
- - 75— - : 75—
(GYOEkle) ;:_|—---—--——|—| —--l 50_[--—-__——|_|ﬂ 50_|~.-------l m‘
a
50 —
PRKACA 30— e — T — - = S0~ =~ =
(okpa) T = | a7 | | sy lm————— |—| "|
25— 25 25—
ARL1 _ P _ - - — - -
(20 kDa) 20 |-----—-— —.I | —'—| 20 ‘~--- - --|—| | 20 _.==. ---| ‘ —‘
GAPDH 37 m— ] - Y ——— _
(36 kDa) | g T | | 2 | - I~ | |

Figure 3.9: Validation of proteomics results by western blot. Pull-down and western blot analysis
of SrtA-labeled proteins. MDA-MB-231, Panc-1 and Hela cells were treated with DMSO or increasing
concentration of IMP-1088 NMT inhibitor, lysed and labeled with SrtA overnight; biotinylated proteins were
enriched on NeutrAvidin beads, resolved by SDS-PAGE and blotted against YES1 (60 kDa), PRKACA (40
kDa), ARLL (20 kDa) and GAPDH as loading control (36 kDa). SN: supernatant. NMT substrate proteins
show concentration-dependent increase in enrichment with increasing concentration of NMT inhibitor, whilst
the low molecular weight of ARL1 also allows for direct identification of the SrtA-labeled fraction in the input
sample due to the gel shift induced by ligation to Biotin-ALPET.
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of ARLL (ca. 20 KDa), labelling with Biotin-ALPET-Haa peptide (ca. 800 Da) by SrtA
resulted in a visible molecular weight shift. This molecular weight shift of ARL1 was suffi-
cient to indicate NMT inhibition prior to affinity enrichment, thus shortening the assay steps
considerably and increasing the throughput.

To extend this phenomenon to the other two chosen biomarkers of greater molecular weight
(PRKACA and YES1), a streptavidin-shift assay [367] was used. In this experiment, SrtA-
labeled lysates were precipitated to remove excess depsipeptide and incubated with streptavidin
before loading the samples onto SDS-PAGE gels. Streptavidin binds to biotinylated proteins,
shifting their apparent molecular weight by ca. 30 KDa, corresponding to the molecular weight
of the streptavidin dimer. ARL1 and PRKACA gels showed the expected mass shift clearly,
whereas this could not be reproduced effectively with YES1 due to the high background of
the antibody (Figure 3.10).

Finally, to increase the throughput of this assay one step further, we developed and optimised
an ELISA-based assay using streptavidin-coated 96-well plates to retain all SrtA-biotinylated
proteins (all N-terminal glycine-containing proteins) and using ARL1 as the detection antibody.
The optimisation procedure was carried together with Dr. Markus Ritzefeld, a postdoc in the
Tate group. After an extended optimisation process, this ELISA-based assay was able to
significantly detect the dose-dependent increase in biotinylated ARL1 levels in MDA-MB-231
cells, thereby being able to reliably distinguish between medium to high NMT inhibition and
non-inhibited controls (Figure 3.11C).
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Figure 3.10: Streptavidin shift analysis of SrtA-labeled proteins. SrtA-labelled samples were briefly
incubated with streptavidin before SDS-PAGE and blotted against ARL1, PRKACA and YES1. SrtA biotiny-
lated ARL1 (B-ARL1) shows a molecular weight shift induced by the Biotin-ALPET label that gets shifted by
30 kDa on Streptavidin binding. Biotinylated PRKACA (B-PRKACA) shows no apparent shift in the absence
of streptavidin, but a clear shift of 30 kDa upon addition of streptavidin. The band shift is less clear in
YES1 due to the backgorund labelling of the antibody. These shifts match the apparent molecular weight of
streptavidin alone, as shown by Ponceau staining.
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Figure 3.11: SrtA-ELISA analysis of labeled proteins. After protein precipitation to remove excess
depsipeptide, 1 pg labeled protein lysate was applied to each well of a streptavidin-coated 96-well plate and
incubated for 3 h at RT. After primary (anti-ARL1) and secondary (anti-rabbit HRP) antibody incubations,
turnover of QuantaBlu fluorogenic HRP substrate was monitored for 30 min. Slopes were calculated from
the first 10 minutes (linear range) after fitting to a straight line (Y = Slopex X + Yiniercept) by nonlinear
regression (Insert). Data were analyzed by one-way ANOVA followed by Dunnett’s multiple comparison test.

3.6 THE SRTA-BASED BIOMARKER ASSAY EFFICIENTLY SHOWS TARGET ENGAGE-
MENT OF NMT INHIBITOR IMP-1088 IN A TUMOUR XENOGRAFT MOUSE MODEL

Having the SrtA-based biomarker assay in place to assess NMT activity in cells, we tested
whether it could also detect changes in NMT activity in more complex samples such as tissue
samples from an animal model. All mouse work was performed by Dr. Monica Faronato.
We selected a Balb/c Nude mouse model in which cells from the human triple negative
breast cancer cell line MDA-MB-231 had been subcutaneously injected. After the tumour
volume had reached 50 mm3, tumour-bearing mice were treated with an NMT inhibitor or
PBS control (8 mice per group) through oral gavage twice a day for nine days. The identity
of the NMT inhibitor is proprietary and cannot be disclosed. At the end of the nine days,
animals were culled and tumours dissected and snap frozen before lysis in SrtA buffer using
a cell disruptor. Tumour-derived proteome samples were then subjected to overnight SrtA
labelling with Biotin-ALPET-Haa and loaded onto SDS-PAGE gels (Figure 3.12A and B) or
ELISA plates (Figure 3.12C) for analysis using the ARL1 antibody. Both formats of the SrtA
assay successfully showed target engagement of the NMT inhibitor in the mice tumours, thus
confirming the use of the SrtA-based labelling strategy to confirm target engagement of NMT
inhibitors in complex biological samples.

3.7 (CONCLUSIONS

This study extends the use of SrtA to label proteins expressed at endogenous levels for the first
time and provides evidence for its usefulness. The substrate specificity of SrtA in whole-cell

lysates was examined, verifying its promiscuity beyond the recognised preference for N-terminal
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Figure 3.12: Assessing the on-target activity of an NMT inhibitor in a tumour xenograft mouse model
using the SrtA-based assay. Tumour samples derived from a mouse model subcutaneously xenografted with
the human breast cancer cell line MDA-MB-231 were lysed in SrtA buffer and labelled with SrtA and biotin-
ALPET-Haa overnight. (A) and (B) SrtA-labelled tumour samples were loaded onto SDS-PAGE gels and
blotted against ARL-1 side by side with a cell culture-derived sample 'standard’. The presence of a second
band indicates NMT inhibition. (C) SrtA-labelled tumour samples were analysed using the ARL1 ELISA
assay. *** indicates p-value< 0.001 according to a two-tailed non-parametric Mann Whitney test

glycine. In contrast to previous reports in engineered systems [352, 364], our study did not
suggest any advantages of having more than one glycine residue at the protein N-terminus or
any other amino acid preference in positions 3-11, thus proving SrtA as a versatile method

for non-selective labelling of complex mixtures of proteins containing an N-terminal glycine.

To enhance sensitivity of detection of NMT substrates by shotgun proteomics in samples

92



where the analyte of interest (NMT substrates) is diluted by virtually all proteins that have
exposed N-terminal glycines, an improved affinity enrichment procedure was developed in
which NeutrAvidin lysine residues are capped by dimethylation and resin-bound proteins are
eluted by a short LysC on-bead cleavage step before full digestion with trypsin off-bead. This
procedure removed typical avidin-derived high intensity peaks without affecting the yield of
enriched protein-derived peptides, thus increasing the chances for successful identification
and overall performance of the method. Notably, this derivatisation and two-step digestion
protocol could potentially be applicable to any biotin-avidin affinity enrichment procedure to

provide improved results independently of the sample source.

SrtA labelling of whole-cell lysates was successfully combined with a potent and selective
NMT inhibitor to develop an assay capable of providing a readout of cellular NMT activity.
This new SrtA-based labelling method was shown to have good overlap with YnMyr metabolic
tagging strategy [244] and similar capability to measure cellular NMT activity. While YnMyr
reflects the presence of N-myristoylation upon NMT inhibition, SrtA mirrors the absence of
N-myristoylation on newly synthesized proteins exposing an N-terminal glycine. Therefore,
the SrtA-based NMT assay described here is proposed as a complimentary method to the
YnMyr strategy to assess NMT activity in cells. Moreover, it was shown here that this robust
SrtA-based NMT activity assay can be coupled to a variety of detection techniques, ranging
from MS-based proteomics for in-depth analysis, through gel-based analyses, to ELISA for
increased throughput. Western blot of ARL1 seems particularly appealing as it can provide
a quick and visual readout of NMT activity status by analysing the appearance of a second
band of higher molecular weight when NMT activity is inhibited, without the need for affinity
enrichment or any additional steps after SrtA-labelling.

This work constitutes the first report of applying SrtA not only as an enzymatic ligation
mechanism, but as a sensor that detects the status of the cellular N-myristoylated proteome,
thereby broadening the scope of the applicability of SrtA as a chemical biology tool. Most
importantly, since the SrtA labelling reaction is performed post-lysis, this labelling strategy
provides a readout of the cell status in the absence of any external perturbation, giving
clear advantages over other in-cell labelling strategies and being applicable to any type of
biological sample. To test the potential of this new assay, it was applied to tumour tissue
samples derived from a mouse xenograft model and showed that it efficiently detected on-
target activity of NMT inhibitors in those complex biological samples. We anticipate that
this method will enable the exploration of new avenues in the usage of NMT inhibitors for
therapeutic purposes, an area where the previous strategy involving metabolic tagging posed

serious limitations.
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UNDERSTANDING THE BIOLOGICAL ROLE
OF METHIONINE AMINOPEPTIDASE 2
AND THE EFFECT OF ITS INHIBITORS
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4.1 INTRODUCTION

As discussed in the Introduction section 1.3, initiator methionine (iMet) excision plays an
essential role in protein homeostasis in all kingdoms of life. In eukaryotes, all proteins are
synthesised with an initiator methionine, which in >70% of the cases is removed by methio-
nine aminopeptidases while the protein is still ribosome-bound [6]. The specific roles of iMet
removal are not completely clear and are probably protein-specific, but it has been shown to
influence important aspects of protein regulation such as protein stability and half life, protein
interaction with binding partners and even L-Met metabolism [15, 160, 163] (cf. Introduction
section 1.3.3). Moreover, this process affects all other protein N-terminal modifications oc-
curring downstream of iMet removal, such as N-acetylation and N-myristoylation, amongst
others (cf. ref [6, 9] and Introduction section 1.5).

The interest in MetAP2 started with the discovery of this protein as the specific target of
fumagillin and ovalicin [176], two fungal-derived compounds that showed potent antiangio-
genic and antitumoral activities [164, 180]. Both compounds were shown to bind MetAP2
irreversibly by covalently modifying a His residue at the catalytic site [133, 368]. A number of
different inhibitor series have since been reported against MetAP2, both irreversible (mainly
fumagillin-like compounds) and reversible (cf. Introduction section 1.3.4 for a full review on
MetAP2 inhibitors). For three decades, MetAP2 inhibitors (MetAP2i) have been evaluated
clinically for the treatment of both cancer and obesity, with little success so far despite the
extensive efforts of multiple pharmaceutical companies. However, continued promising pre-
clinical and clinical efficacy results for MetAP2i's over the years have helped to retain the
interest of the drug development community.

There are still substantial uncertainties regarding the mode of action of these inhibitors and
the underlying biological role of MetAP2. While the most reported therapeutic hypothesis for
MetAP2 had been focused on reduction of endothelial cell proliferation and the subsequent
anti-angiogenic effect [164, 168, 369], a myriad of other cellular activities have also been re-
ported through the years. These include immunomodulatory activity [179], with some possible
direct effects on B-cell differentiation [232], and sustained non-toxic weight-loss effects [207,
218]. Moreover, numerous studies have reported non-cytotoxic anti-proliferative effects in a
range of other cancer cell lines beyond primary endothelial cells [149, 200, 370]. Whether
the anti-cancer or anti-obesity activity of these inhibitors relates solely to the anti-angiogenic
capabilities or it derives from a synergistic effect together with direct targeting of tumour
cells and adipocytes is still not clear. Furthermore, the changes induced by MetAP2i at the
molecular level are also inconclusive. MetAP2 inhibition has been implicated with a number of
cellular signalling events, ranging from cell cycle regulation, non-canonical Wnt signalling and
PI3K signalling [234, 237, 240], to some apoptosis-related pathways in a cell specific manner
[171, 173]; but the basis on which MetAP2 contributes to those effects is still unknown.

A major question regarding the biological role of MetAP2 is the nature of its substrates.
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Both MetAP1 and MetAP2 are multi-substrate enzymes. A broad substrate profile for both is
known [131, 146, 147, 149]; however, the specific differences between the two are unclear. For
decades, pharmaceutical companies have invested titanic efforts in developing more selective
and more potent inhibitors with better phamacokinetic properties, but have paid little attention
to the molecular effects underlying their desired systemic phenotypes. Studies concerning the
molecular basis and consequence of perturbing native MetAP2 activity have thus far not been
able to build a clear picture of how these phenotypes result from MetAP2 inhibition. To
address this challenge, this chapter describes a novel method to characterise MetAP2 activity
and shed light on the molecular mechanism of action of its inhibitors. This was mediated by
collaboration with three pharmaceutical companies to obtain a diverse library of compounds,
reversible and irreversible, which were characterised extensively using cellular and biochemical
assays. Moreover, a new chemical proteomics workflow was developed in combination with
these specific MetAP2i's, which enabled the identification of a comprehensive list of MetAP2
substrates in cells for the first time. Finally, with iMet removal being the process directly
preceding N-myristoylation, the potential overlap of MetAP2i with NMT inhibitors was also
studied. This work paves the way for future studies that will ultimately bridge the gap between
molecular inhibition of MetAP2 and its phenotypic effects, unlocking the full potential of
MetAP2i's in the clinic.

4.2 PRELIMINARY STUDIES: KESTABLISHING NEW COLLABORATIONS TO BUILD A
PANEL OF METAP2 INHIBITORS AND VALIDATING A CELLULAR MODEL TO
STUDY THEIR PHENOTYPIC EFFECTS

Due to our research group’s growing interest in understanding the therapeutic scope of N-
myristolylation inhibition (cf. Results Chapters 2 and 3, Introduction section 1.5 and [244,
298, 312]), we decided it was pertinent to understand whether the MetAP2 inhibition effects
could be also be mediated by downstream N-myristolylation blockade. In order to deter-
mine the overlap between MetAP2 and NMT, further understanding of the MetAP2 substrate
profile was required, which was envisaged through a combination of specific pharmacological
MetAP2 inhibition and mass-spectrometry based proteomics. Collaborations were established
with three pharmaceutical companies, which provided inhibitors as well as related information
regarding their biochemical and in cell potencies. Unfortunately, since the provided data had
been generated through different assays and distinct cellular/animal models, the data were
difficult to reconcile between companies. Therefore, assays that could systematically char-
acterise all inhibitors in the panel head-to-head were necessary before any substrate-profiling
experiments could be performed. However, since method development of the challenging mass
spectrometry experiments is time consuming, it was decided to carry out these two lines of
research in parallel. On the one hand, a novel proteomics workflow that would enable the sys-
tematic discovery of new MetAP2 substrates was designed, tested and optimised; and on the
other hand, cellular target engagement assays were sought that could validate the on-target
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effect of MetAP2i and identify the optimal concentration range for comparative studies. In
this chapter, efforts for determining the most appropriate cell model for MetAP2 inhibition
and dose-response ranges for all MetAP2i are described first, and the proteomics optimisation

process is explained second, although both lines of research were carried out in parallel.

The MetAPi panel was built over the course of the project through collaborations with three
pharmaceutical companies. GSK provided two compounds: a tool molecule from Abbott
(Abbott, 1) and a compound they developed which had similar potency but improved physic-
ochemical properties (GSK, 2). Takeda also sent two of their lead preclinical MetAP2i can-
didates: Takl (3) and Tak2 (4). Finally, Merck KGaA (referred to as Merck hereafter) pro-
vided three compounds to complete the MetAP2i panel: one reversible inhibitor from Merck
(Merck+, 5) [204], its inactive enantiomer (Merck-, 6) [204] and a fumagillin-like irreversible
compound from Zafgen, ZGN-1061 (ZGN, 7) [221].

Since GSK had focused their research on the effect of MetAP2 inhibitors on B-cell differen-
tiation (unpublished work, based on previous research [231, 232]), BL41 Burkitt lymphoma
cell line was first selected to test the first two compounds provided by GSK, Abbott (1) and
GSK (2). While the first proteomics experiment on this cell line showed very promising results
(Figure 4.9 and accompanying text), no phenotypic effect was detected in this suspension
cell line in cell viability assays or flow cytometry studies (data not shown). Aware that most
of the studies in the literature had been performed on endothelial cells, an immortalised so-
matic endothelial cell line, EA.hy926, was selected next. However, despite numerous efforts
in trying to detect a compound-induced phenotypic response in this new cell line, the struggle
to observe any clear and consistent effect persisted (Figure 4.2). While a subtle increase in
G1/0 population could be observed upon exposure at very high concentrations of the GSK
compound (Figure 4.2B), this was at a concentration 100 times higher than its reported ECj

([198] and personal communication).

After consultation with MetAP2 experts at Merck, it was suggested to switch to using three
different cancer cell lines: the fibrosarcoma cell line HT1080, the lung carcinoma cell line
A549 and the glioblastoma cell line U-87 MG. Using a real-time proliferation assay carried
out on an Incucyte live cell imager as described in the next section (cf. section 4.3), a clear
dose-response effect was finally detected in all three cell lines (Appendix Figures A.5 and A.6).
The fibrosarcoma cell line HT1080 was selected for the majority of further studies.

97



@)

O« OH F NH N \N
H /\ = =
N. HN™X O N  NH N )—NH
§\\O __/ \
N
(0] N \’Tl/ O o

adbs
L F

1 Abbott 2 GSK 3 Taki
(Anthranilic acid sulfonamide) (carboxamide, 2229238) (pyrazolo[4,3-blindole)
F F
O
MNH C
Cl O “<OH
o
O~ N
H
4 Tak2 5 Merck+ 6 Merck-
(indazole) (cyclic tartronic diamide) (cyclic tartronic diamide)

7 ZGN
(ZGN-1061)

Figure 4.1: Our panel of MetAP2 inhibitors. Abbott (1), an anthranilic acid sulfonamide (24n in [198]);
GSK (2), a carboxamide (also compound 9 in Introduction Figure 1.9) [204] ; Takl (3), an indole (compound
10 in [206] and also compound 11 in Introduction Figure 1.9); Tak2 (4), an indazole (compound 38 in [205]
and also compound 10 in Introduction Figure 1.9); Merck+ (5), a cyclic tartronic diamide (also compound
14 in Introduction Figure 1.9) and its inactive enantiomer, Merck- (6) [204]; and ZGN (7), an irreversible

inhibitor developed for the treatment of obesity (ZGN-1061, also compound 17 in Introduction Figure 1.10)
[221].

4.3 REAL-TIME PROLIFERATION MONITORING PROVIDES A QUANTITATIVE MEA-
SUREMENT OF METAP2 INHIBITOR ACTIVITY

Literature suggested a profound cytostatic activity of MetAP2 inhibitors in certain cell lines.
After unproductive initial studies using colorimetric assays such as Sulforhodamine B (SRB)
assay (Figure 4.2) or MTS (not shown), attention turned to using a recently aquired Incucyte
live cell imager. The Incucyte is an automated robotic microscope platform placed within a
regular cell culture incubator that allows for real-time monitoring of cell cultures. Importantly,
it comes with a built-in image recognition software that converts the acquired image data
into quantitative data for subsequent analysis. Being able to measure the time variable in
a highly frequent and continuous manner was extremely useful for initial testing, when the
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Figure 4.2: Cell viability assay and cell cycle profile of the EA.hy926 cell line upon MetAP2 inhibition.
(A) SRB colorimetric cell viability assay of EA.hy926 cells upon exposure to a series of concentrations of
Abbott (1) and GSK (2) MetAP2i. (B) Flow cytometry analysis of cell cycle profiles of EA.hy926 cells upon
exposure to GSK (2) MetAP2i.

time-frame of the expected cellular effect is unknown in addition to compound concentration.
Moreover, this system allows for the systematic study of cells in real time in their growth
environment, avoiding any handling errors or sudden changes in the culturing environment.
The main advantage of the Incucyte compared to more traditional viability assays that are
often based on metabolic activity or DNA or protein content, however, is that it provides
phenotypic insight. By analysing the imaging data in addition to the quantitative data, it
is possible to detect alterations in cell morphology in a time-resolved manner. Additionally,
having integrated phase contrast and fluorescence microscopes, it can be coupled to specific
live-cell dyes to study other cell parameters in addition to proliferation status and confluence.
In this case, SYTOX Green (Invitrogen) was used, a commercially available, cell impermeable
cytotoxicity dye originally designed for flow cytometry analyses. SYTOX Green is a nucleic
acid stain that binds to DNA upon disruption of the cell plasma membrane integrity, acting as
a marker for cell death. Together, this combined assay provided a platform to test one of the
main characteristics of MetAP2 inhibitors reported in the literature: their cytostatic activity

with no apparent cytotoxicity.
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Figure 4.3: Synergy of SYTOX Green dye with MetAP2 inhibitors and dye concentration optimi-
sation. (A) Schematic representation of the experimental procedures for this experiment using an Incucye.
(B) Representative image taken by the Incucyte, showing the overlayed image taken by the phase-contrast
and fluorescence microscopes. These are then analysed with the integrated image-recognition software to
build experiment-specific 'masks’ that allow for conversion of image data into quantitative data. (C) and (E)
show the proliferation curves over time, measured as the percentage of total imaged area that was covered
by cells at each time point (phase-contrast) while (D) and (F) show the displayed cellular cytotoxicity over
the same period of time. Cytotoxicity was measured as the ratio of green fluorescence-positive area to total
cell area. Cell area was calculated as in (C) and (E) from phase-contrast images. The fluorescence threshold
was manually selected for each experiment based on puromycin signal (positive control for cytotoxicity) and
commonly applied to all data sets of the same experiment. (C-D) Addition of SYTOX Green dye showed an
added effect on cell proliferation when dosed alone or in combination with MetAP2i Merck+ (5), distorting
the real effect of the inhibitor. (E-F) Titration of SYTOX Green dye concentration confirmed the results
observed in (C-D) and showed that 250 nM final dye concentration suppressed this synergistic effect (E) while
maintaining same signal/noise (F). Time-points with no signal correspond to scans where the auto-focus
feature of the microscopes failed.
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First tests with MetAP2 inhibitors on this platform showed an added effect of the SYTOX
Green dye on cellular viability that negatively impacted the activities of MetAP2 inhibitors
(Figure 4.3A-B). This was hypothesised to be a combined effect between addition of high
concentrations of dye, with increased final concentration of DMSQO, as this value was already
0.1% due to addition of inhibitors. With the dye initially diluted down from a 1000X stock in
DMSO, the final concentration of DMSO was 0.2%, which resulted nearly as detrimental as the
highest concentration of dye tested (Figure 4.3E). Titration of the final concentration of dye
showed that the next 1:2 dilution down solved the cellular cytotoxicity issue, while maintaining
the cytotoxicity fluorescence levels at a level comparable to the highest concentration (Figure
4.3C-D). Therefore, a final dye concentration of 250 nM was selected for all subsequent
experiments, together with an increase in the concentration of the parent DMSO dye stock
used to reduce the final DMSO concentration to a minimum (final DMSO concentration
0.1025

With all these parameters optimised, the next step was to test the MetAP2i's using this
platform. Concentration ranges were selected for each inhibitor in our panel based on previous
preliminary Incucyte experiments (not shown) to ensure full coverage of the dose-response
curve. The proliferation index was calculated as the slope of the straight line, fitted around
the common linear range of the curves (2.5-4 days). This was then used to calculate the ECsy,
by plotting it against the log;o(MetAP2i concentration) and fitting it to a four-parameter curve
(variable slope) (Figure 4.4C). The dye release is characterised by an initial rapid release with
the start of the cytotoxicity, followed by a period of diffusion that stretches long after the
cells have died. Calculating the area under the curve (AUC) constituted an appropriate way
to profile this, as it allowed comparison across conditions independently of the underlying
mechanism, and allowed for the use of an independent positive control (puromycin) (Figure
4.4D). This analysis constituted a robust workflow to obtain high quality dose-response curves
for all inhibitors and calculate their potencies. Moreover it confirmed the absence of any
apparent cytotoxicity for all of the inhibitors even at the highest concentration tested (Figure
4 4E-F and Appendix Figures A.7 and A.8), consistent with previous reports in the literature
[168]. Importantly, this assay provided a rationale for selecting the phenotypically relevant
inhibitor concentrations for proteomics experiments. The ZGN (7) compound showed exquisite
sub-nanomolar potency (51 pM), similar to that reported for other fumagillin-like compounds
[164, 168, 221]. This was at least 3 orders of magnitude lower than the next most potent
reversible inhibitor in our panel. Abbott (1), GSK (2) and Merck+ (5) compounds showed
similar potency and ECsy values (10 nM, 35 nM and 64 nM, respectively) in line with those
reported by each pharma company (personal communication and [198, 204]). Merck- (6)
compound was not completely inactive, consistent with the data given by Merck (personal
communication), but provided a sufficient activity window for comparative studies with its
active enantiomer Merck+ (5), making this inhibitor pair particularly valuable for proteomics
studies. Of note, while the dose-response curve shape showed the same pattern of inhibition
for the reversible compounds Abbott (1), GSK (2), Merck+ (5) and Merck- (6) and the
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Figure 4.4: Real-time cell proliferation and cytotoxicity assay confirms cytostatic effect of all MetAP2
inhibitors without any apparent cytotoxicity. (A) Schematic representation of the experimental procedures
for this real-time proliferation and cytotoxicity assay using the Incucyte. (B) Representative image of a
time point of the experiment, showing the overlayed image taken by the phase-contrast and fluorescence
microscopes. These are then analysed with the integrated image-recognition software to build experiment-
specific 'masks’ that allow for conversion of image data into quantitative data. (C) Representation of the
analysis performed on the proliferation data for each inhibitor. A common linear range for all inhibitors
was manually selected (days 2.5-4) and fitted to a straight line. The slopes were then plotted against the
log10(MetAP2i concentration) for each inhibitor and a 4-parameter curve fitted to determine the ECs value.
(D) Representation of the analysis performed on the cytotoxicity data for each inhibitor. For each compound,
the area under the curve (AUC) for days 0-5 was calculated, normalised to the positive control (puromycin,
representing 100%) and plotted against the logo(MetAP2i concentration). Data points after day 5 were
excluded to avoid altering the values with cytotoxicity resulting from overconfluence, observed for DMSO
control and lowest MetAP2i concentrations. (E) Dose-response curves for all inhibitors as calculated based
on their inhibition of proliferation. (F) None of the compounds showed any apparent cytotoxicity even at
the highest concentrations tested. (G) EC50 values and 95% confidence intervals (Cl) for each MetAP2i
calculated from proliferation dose-response curves in (E).
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ZGN (7), this was not shared by the two Takeda compounds (Takl (3) and Tak2 (4)).
This observation hinted that these compounds may possess different mechanism of action.
Moreover, the ECsy values obtained in this proliferation assay deviated significantly from
the reported potencies (680 nM and 1.3 uM vs. 12 nM and 15 nM for Takl and Tak2,
respectively) [205, 206] . Interestingly, the reported ECsy values of these compounds had
been obtained using an iMet-14-3-3y antibody assay that has been shown to also account for
MetAP1 activity [193, 371]. Potencies of these compounds against MetAP1 have not been

reported.

4.4 CELLULAR THERMAL SHIFT ASSAY (CETSA) CONFIRMS CELLULAR TARGET
ENGAGEMENT OF METAP2 INHIBITORS

With a validated assay to measure the anti-proliferative effects of our MetAP2i panel now
in place, the next step was to confirm inhibitor engagement of MetAP2 in cells. Evidence
from a preliminary proteomics experiment showed clear iMet retention differences upon in-
hibition (Figure 4.9), suggesting MetAP2 target engagement indirectly. However, an assay
that could indicate direct and quantitative target engagement was considered useful. Due to
the fact that there are robust antibodies for MetAP2 detection, a cellular thermal shift assay
(CETSA) followed by a western blot readout (CETSA-WB) was selected for this purpose.
CETSA is based on the same principle as another well-known biochemical assay, isothermal
titration calorimetry (ITC), routinely used to characterise ligand binding in vitro. In essence,
the intrinsic thermal stability of a protein (normally determined by the melting temperature
(T,.), the temperature by which half of the protein is denatured in a specific buffer condition)
increases upon binding to a stabilising partner, which can be a substrate or a ligand; in this
case, a small molecule inhibitor. This creates a detectable shift in the melting temperature
(AT,,) (Figure 4.5B). This principle has been shown to be applicable in the cellular environ-
ment, where the heat-treatment can be performed on intact cells [372]. After centrifugation
of the protein lysate at high speeds, it is possible to separate the unfolded proteome from
the more thermally stable, folded proteome (schematic representation of a typical CETSA
procedure is depicted in Figure 4.5A). This allows target engagement of compounds to be de-
termined and has the potential to identify on and off-targets of novel compounds by coupling
CETSA with shotgun proteomics [373, 374]. However, for the purpose of this investigation,
CETSA-WB was considered more appropriate to test the fate of MetAP2 upon addition of
MetAP2i followed by thermal treatment. Screening a two dimensional matrix of conditions
by western blot can be time consuming and difficult to interpret. Instead, a strategy similar
to the one used in ITC experiments was applied: the apparent T,, of the target (MetAP2)
was determined first, to then apply an isothermal dose-response with a concentration range
of MetAP2i at the determined T,,.

The apparent T,,, of MetAP2 in HT1080 cells was determined to be 72 °C, markedly higher
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Figure 4.5: CETSA-WB validates on-target activity of MetAP2 inhibitors. (A-B) Schematic repre-
sentation of the experimental procedures involved in this experiment. One day after seeding, cells were dosed
with MetAP2i or DMSO for 24 h before harvesting them with trypsin. Cells were centrifuged and resuspended
in PBS before aliquoting into PCR tubes. Live cells were subjected to a 3 min heat-shock treatment before
mechanical lysis by freeze-thaw cycles. Lysates were then centrifuged at maximum speed to ensure separation
of the denatured (pellet) and folded protein pools in the sample. Cleared lysates (folded protein) were taken
forward for SDS-PAGE analysis and western blot. (B) Schematic representation of the CETSA principle. A
protein will generally gain thermal stability upon binding to an stabilising ligand, this case a small molecule
inhibitor. This will produce a shift in the melting temperature (AT,,), but also a detectable shift in the
amount of soluble protein at one given temperature (blue arrow). This effect will be maximal around the T,,
of the protein. (C) Non-treated control samples were subjected to a temperature-gradient CETSA experiment
to determine the apparent T,, of MetAP2 (compound-free) in this cell system (HT1080). T,, detected was
of 72 °C. (D) lIsothermal dose-response (ITDR) CETSA experiment. Cells were dosed with different con-
centrations of MetAP2i before heat-shock at a single temperature of 72 °C (T,,) or 35 °C (non-denatured
control).

than the average protein melting temperature (ca. 60 °C) [374] (Figure 4.5C). Cells were then
dosed with a series of MetAP2i concentrations and subjected to either a 3 min heat-shock at
72°C (T,,) or at a 35 °C control. This revealed clear stabilisation and thus target engagement
of MetAP2 for all compounds (except for the Takeda MetAP2i's) that correlated with the
same inhibitor concentration window of anti-proliferative activity observed in the Incucyte
experiments (Figure 4.5C and Appendix Figure A.9A). The ZGN compound was added later
to these analyses, together with a more refined selection of the concentration ranges of the
two Merck compounds to determine the differential window more clearly in an independent
experiment carried out by another PhD student in the lab, Cassandra Kennedy (Appendix
Figure A.9B). After a few trials, the target engagement of the two Takeda compounds (Tak1l
(3) and Tak2 (4)) could not be confirmed, leading to the removal of these two compounds

from the MetAP2i panel for future experiments.
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4.5 A NOVEL METABOLIC TAGGING PROTEOMICS APPROACH BASED ON AZIDOHO-
MOALANINE ENRICHMENT ALLOWS FOR SYSTEMATIC METAP2 SUBSTRATE ELU-
CIDATION

4.5.1 Previous efforts to identify MetAP2 substrates

Few studies have been performed to profile MetAP2-specific substrates. Most, undertaken
by pharmaceutical companies in the search for novel biomarkers, detected only a handful
of MetAP2 substrates. GAPDH and CypA were the first MetAP2-specific substrates to be
revealed by 2D SDS-PAGE followed by MALDI-TOF identification of in-gel tryptic digests
[181]. This list was slightly expanded with the identification of TSH, SH3BGRL and eEF2 by
combining MALDI-/SELDI-MS profiling and either FT-ICR-MS identification of small intact
proteins or in-gel tryptic digestion and regular bottom-up proteomics [370]. The MetAP
substrate 14-3-3y was initially discovered using the dual MetAP1/MetAP2 inhibitor LAF389
(compound 6 in Introduction Figure 1.9) [193] but has later been reported as a MetAP2-
specific substrate in numerous occasions [205-207, 210]. However, this protein has also been
employed as a biomarker for MetAP1-specific inhibitors [371], and it is still unclear how this
protein seems to necessitate both active MetAP1 and MetAP2 to be fully processed and neither
of them seems to be able to compensate in the absence of the other. An independent study on
the effect of MetAP2 inhibitors in non-canonical Wnt-PCP signalling indirectly revealed Rab37
as a novel MetAP2 substrate, although the authors were unable to detect it at endogenous
levels [237].

A few other systematic studies focused on determining the substrate specificity differences
between MetAP1 and MetAP2 have also been reported. Three of these studies, comparing
the two yeast enzymes [131], the bacterial vs archaeal enzymes [148], or the two human
enzymes [147], revealed little differences between the substrate specificities of both enzymes
(discussed in more detail in Introduction section 1.3.2.4). Moreover, performed either based on
recombinant protein expression (with altered N-terminal sequences) [131] or in vitro synthetic
peptide array analysis [147, 148], they did not identify any new endogenous substrates of
either MetAP.

One discovery proteomics experiment has been reported previously that analysed general pat-
terns of all N-terminal peptides arising from MetAP2 inhibition with fumagillin [149]. They
used the SILProNAQ approach for N-terminal peptide enrichment, which consists on en-
richment of N-terminal peptides through heavy SCX fractionation after chemical heavy N-
acetylation with N-acetoxy-ds-succinimide. However, their analysis was only based on the
presence or absence of each type of peptide (iMet retained or iMet cleaved) rather than on
a quantitative measure, and they did not provide a list of confidently determined MetAP2-
specific substrates. Unfortunately, they did not make their proteomics data publicly available,

not allowing us to perform independent searches on their raw data.
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Therefore, the field would benefit from a new systematic study of the substrate profile of
MetAP2 that could provide a mechanistic insight for the phenotypic effect of MetAP2 in-
hibition. Moreover, a more complete list of MetAP2 substrates could also provide new and
improved biomarkers to show target engagement of MetAP2 inhibitors in complex biological
samples, which is essential for drug candidate clinical development, as discussed in Results
Chaper 3. Currently reported biomarker assays are either cumbersome, such as the IEF elec-
trophoresis assay to detect GAPDH band shift upon iMet retention [200], or based on the
dubious dual MetAP1/MetAP2 substrate 14-3-3y [210, 371].

4.5.2 Previously reported proteomics methods for the study of N-terminal pep-
tides: positive and negative enrichment approaches

Several proteomics methods have been described for the systematic study of protein N-terminal
peptides, both for the identification of N-terminal modification sites as well as proteolytic
cleavage events. They can be generally classified into two main categories: positive enrich-
ment methods and negative enrichment methods. In the former, N-terminal peptides are
specifically tagged and enriched, while the latter consist of labelling internal and C-terminal
peptides to allow for their depletion. Generally, negative enrichment methods have been more
widely used, while positive enrichment methods have not been so successful [375]. The main
drawback of positive enrichment methods, which rely on chemical [376] or enzymatic [377]
labelling of free N-termini for their subsequent affinity enrichment, has been their inability to
identify endogenously modification sites as these peptides are depleted during the enrichment
procedure. Therefore, these methods have been limited to the identification of new proteolytic

sites.

Negative enrichment methods rely on initial capping of the free amines in N-termini and lysines
at the protein level (generally by chemical dimethylation, acetylation or isobaric labelling),
followed by protease digestion, which generates newly exposed free amines in internal and
C-terminal peptides. They then apply different strategies in order to separate capped amine-
bearing N-terminal peptides from exposed amine-containing internal and C-terminal peptides,

which can be grouped into the following categories:

» Negative enrichment of N-terminal peptides based on chromatographic separation.
These include COmbined FRActional Dlagonal Chromatography (COFRADIC) [378-
380], Charged-based FRActional Dlagonal Chromatography (ChaFRADIC) [381] and
Stable Isotope-Labelled Protein N-terminal Acetylation Quantification (SILProNAQ)
[382, 383] (Figure 4.6). COFRADIC is based on extensive fractionation by reverse-phase
liquid chromatography (RP-HPLC) [378]. After trypsin digestion, a pre-enrichment step
of N-terminal peptides is performed using SCX chromatography at low pH (pH 3) [379].
The peptide mixture is further separated in two RP-HPLC fractionation rounds [378-
380] (Figure 4.6A). In the first, hydrophobic N-terminal peptides (capped amines) are
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separated from amino-exposed internal peptides. Next, all obtained fractions are sub-
jected to chemical modification with 2,4,6-trinitrobenzenosulfonic acid (TNBS), which
specifically modifies free amines in internal peptides, dramatically increasing their hy-
drophobicity. A second round of deep RP-HPLC fractionation further separates the now
more hydrophobic internal peptides from N-terminal peptides. The initial protocol of
this method yielded over 100 fractions [378, 379], but these were further pooled into
36 fractions [380], which considerably reduced the machine run time, often a limiting
factor due to the high costs involved. ChaFRADIC was introduced as a simpler version
of COFRADIC, this time based on two rounds of SCX fractionation, separated by the
acetylation of internal peptides by NHS ds-acetate, which changes the charge state of
internal peptides to ensure full separation from N-terminal peptides (Figure 4.6B). Be-
cause in ChaFRADIC each SCX round is only separated into 5 fractions (according to
charge states +1, +2, +3, +4 and >4), this method requires significantly less start-
ing material (50 pg) and needs markedly less machine time [381]. SILProNAQ was
introduced for the specific analysis of endogenous N-acetylation and relies on acetyla-
tion with isotopically labelled heavy N-acetoxy-ds-succinimide before trypsin digestion
followed by SCX fractionation [382, 383] (Figure 4.6C).

Negative enrichment of N-terminal peptides through direct scavenging of exposed
amines of internal peptides. These methods are based on aldehyde-functionalised
platforms, which are covalently reacted with free primary amines in internal pep-
tides through reductive amination. They include Dimethyl Isotope-coded Affinity se-
lection (DICAS), which uses a commercially available aldehyde-functionalised immo-
bilised matrix (POROS-AL) [384]; and Terminal Amine Isotopic Labelling of Substrates
(TAILS) (Figure 4.7A), which instead uses an in-house generated, high molecular weight,
aldehyde-derivatised polyglycerol polymer (HPG-ALDII) that can be then separated from
non-reacted N-terminal peptides by ultrafiltration [385, 386].

Negative enrichment of N-terminal peptides by labelling exposed amines on internal
peptides. Such approaches include the enzymatic phosphorylation of internal peptides
by glyceraldehyde-3-phosphate (G3P) before phospho-tag (PTAG) enrichment on TiO,
affinity columns [387], biotinylation of internal peptides with a biotin NHS ester fol-
lowed by avidin affinity enrichment [388] or modification with saturated fatty aldehy-
des such as hexadecanal (HYdrophobic Tagging-Assisted N-termini Enrichment, HY-
TANE) [389] or undecanal (High efficiency Undecanal-based N-Terminal EnRichment,
HUNTER) [Weng2019b] (Figure 4.7B).

In all these methods, initial labelling of free amines with isotope-labelled dimethylation or

acetylation reagents or isobaric-labels (TMT, iTRAQ) then allow for a more accurate quan-

titative analysis of the negatively enriched N-terminal peptides. The use of isotope-coded

dimethylation reagents or isobaric labelling allows for sample multiplexing, which considerably
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Figure 4.6: Main methods for N-terminal peptide enrichment through chromatographic separation.
All primary amines on N-termini and Lys are capped before trypsin digestion. (A) In COFRADIC, N-terminal
peptides are then pre-enriched by SCX chromatography before a first round of RP-HPLC fractionation. Free
primary amines on internal peptides are then modified by treatment with TNBS before a second round of RP-
HPLC, which fully separates N-terminal from internal peptides before LC-MS/MS analysis. (B) In ChaFRADIC
N-terminal peptides are separated based on their charge state by a first round of SCX chromatography. N-
terminal peptides are mainly eluted in fractions corresponding to charge states +2 and +3. Each of those
fractions is then ds-acetylated to reduce the charge state of internal peptides, which are then separated from
N-terminal peptides in a second round of SCX chromatography. (C) SILProNAQ is a simpler version of
COFRADIC in which only partial enrichment of N-terminal peptides is achieved by a single round of SCX
chromatography.

reduce both LC-MS/MS run times as well as initial sample requirements. However, they do not
allow for the quantification of endogenously acetylated protein N-termini that do not contain
a neighbouring lysine. Taking into account over 80% of human proteins are estimated to be
N-terminally acetylated [27], the number of peptides in this pool that would be systematically
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dimethylation before trypsin digestion. Newly formed primary amines of internal peptides are then reacted
with a saturated fatty aldehyde, undecanal, which then allows for separation through RP-HPLC.

missed in this analysis could be significant. Alternatively, for the quantification of the N-
acetylome, acetylation with isotopically labelled N-acetoxy-ds-succinimide allows for accurate
quantification of the ratios of endogenous to chemical acetylation as shown by the SILProNAQ
approach [149, 382, 383].

Two main things were considered when deciding which method to implement for the study of
N-terminal iMet retention: first, accessibility to necessary equipment or specific reagents; and
second, overall cost of the experiment. Given that no similar experiments had been performed
in the group, optimisation of the procedure was inevitable. In addition, the cost of reagents
and machine time would increase exponentially dependent on the level of optimisation re-
quired. From all the methods listed, the two most successful ones have been COFRADIC and
TAILS, with both yielding samples highly enriched in N-terminal peptides (90% for COFRADIC
when performed with the additional SCX step [380] and >95% for TAILS [375]). Due to the
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required depth of fractionation and consequent LC-MS/MS run time, COFRADIC was not
deemed appropriate. TAILS, on the other hand, required high amounts of sample (recom-
mended minimum amount of sample: 1 mg per sample) unless willing to multiplex using TMT
(recommended minimum amount of sample: 200 pg per sample). In this sense, TMT labelling
was considered an attractive approach due to the fact that reagent usage can be optimised
to reduce reagent-related costs. In TAILS, however, the labelling step is performed at the
protein level, where it is significantly less efficient. According to the Overall lab protocol [386],
each 200 pug sample required a whole 0.8 mg vial, which increased the price per experiment
significantly. On the other hand, if one employed dimethylation for the initial amine-capping
step, the polymer costs became a problem ($500 per 20 mg batch + $200 in delivery costs,
(http://www.flintbox.com/public/project/1948/), since it needs to be added in a two-fold
excess (w/w) as compared to the protein sample (1 mg recommended per sample in the case
of dimethylation) [386].

Reducing sample complexity is crucial for the identification of new modifications or proteolysis
sites due to the data-analysis difficulties posed by the poorly defined search space. This,
however, is not such an issue for the quantification of iMet retention, where both possibilities
(iMet retained or iMet cleaved) are well defined. Moreover, all methods described above
systematically discard an important fraction of N-acetylated peptides (except for those that
used heavy acetylation as the quantification method). Taken together, this suggests that there
is still room for improvement for methods to measure N-terminal modifications. Therefore

new strategies specifically tailored to detect iMet excision where sought.

4.5.3 Set-up of the proteomics workflow

Azidohomoalanine (AHA) (Figure 4.8A) is a methionine analogue that has been widely used
in the study of proteome dynamics [363, 390-392]. It is recognised by methionyl-tRNA syn-
thetase and so it is incorporated into tRNAM¢ 35 if it was methionine, albeit at lower efficiency
[390]. Thus, by addition of AHA to the cell culture medium in place of Met, AHA is taken
up by the cells and incorporated into newly synthesised proteins as a surrogate for Met. This
is often referred to as 'metabolic incorporation’ or 'metabolic tagging' Importantly, AHA is a
non-canonical amino acid bearing an azido group (R-N3) that is amenable to click chemistry
through copper-catalysed alkyne-azide cycloaddition (CuAAC). AHA therefore allows for spe-
cific enrichment of newly synthesised methionine-containing proteins or peptides upon ligation
to alkyne-bearing capture reagents after cell lysis. It was hypothesised that AHA could be
incorporated into newly synthesised proteins both in place of internal methionines as well as
in the place of iMet and be cleaved by cellular MetAPs as if it was the endogenous sub-
strate (Figure 4.8B). This way, by comparing MetAP2-inhibited to control samples it should
be possible to monitor the appearance of new iMet retention events in response to MetAP2
inhibition by detecting an increase in the levels of enrichment of iMet-retained N-terminal
peptides (Figure 4.8C). Since methionine is an abundant amino acid in proteins, this new
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Figure 4.8: New proteomics workflow for the study of iMet retention based on metabolic tagging
with AHA. (A) Structures of methionine (left) and the methionine surrogate non-canonical amino acid
azidohomoalanine (AHA)(right). (B) Metabolic incorporation of AHA can serve as a marker for iMet cleavage
events by MetAP2. (C) Schematic representation of the final proteomics workflow after the optimisation steps.
Cells are metabolically tagged with AHA in the absence of methionine and AHA is incorporated into newly
synthesised proteins in the place of Met, including the iMet position. Upon lysis, AHA is chemically ligated to
a biotinylated alkyne capture reagent by click chemistry (CuAAC). Biotinylated proteins are then precipitated
and digested with trypsin before specific enrichment of AHA containing peptides in NeutrAvidin beads. Bound
peptides are eluted from the beads in an acidic, high acetonitrile solution that breaks the interaction between
biotin and NeutrAvidin before acid cleavage of the capture reagent to reveal a novel TMT-labelling site. The
acid-cleavage step appears in brackets as it was not part of the original protocol but was incorporated during
the optimisation steps. Peptides are then labelled with TMT, fractionated and analysed by LC-MS/MS.

workflow is based on peptide-level pull down, which allows for specific enrichment of iMet-
retained N-terminal peptides, together with other internal peptides containing Met that can
serve as internal controls of general protein levels. As the analysis is performed at the peptide-
level, the use of isobaric labels such as TMT presented an important advantage, allowing for
the detection of the same peptides across the different conditions tested, such as compound

type and concentration.

The first experiment using this workflow used a commercially available capture reagent (Yn-
PEG4-biotin, Sigma Aldrich) (Figure 4.9B). Since previous reports showed proteome-wide
effects of longer AHA labelling pulses on bacterial cells [390], a short 2 h AHA pulse was
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selected following an arbitrarily chosen pre-incubation with MetAP2i of 4 h (Figure 4.9A).
This preliminary experiment showed promising initial results despite not yet being optimised.
The two structurally diverse reversible MetAP2 inhibitors used, the Abbott (1) and GSK (2)
compounds, revealed an almost identical pattern across 23 ANOVA-significant N-terminal
peptides, all of which retained iMet (Figure 4.9C-D). Moreover, comparison of the N-terminal
peptide enrichment fold change to the internal peptide enrichment fold change (where another
peptide was identified for the same protein) revealed N-terminal specific enrichment changes
(Figure 4.9D), indicating that overall protein levels were not affected and that the apparent
enrichment was due to changes in iMet retention. However, the N-terminome coverage was
not optimal, with only 197 N-terminal peptides identified across all samples. Importantly,
similar to other methods described above (cf. section 4.5.2), this quantification method does
not quantify naturally acetylated N-terminal peptides that end in Arg after trypsin digestion,
due to those peptides lacking free amines for TMT labelling.

4.5.4 Optimisation of the proteomics workflow
4.5.4.1 Repurposing a previously reported trifunctional capture reagent

A switch to a LysC endopeptidase was first considered to address the issue of missing half
the acetylated N-terminal peptides for quantification. Using LysC instead of trypsin should
ensure all N-terminal peptides end with a Lys residue, making them all amenable to TMT
tagging. However, higher price and lower efficiency make digestion with LysC nearly 50 times
more expensive than with trypsin. Thus, it was not considered appropriate for a workflow
that employed peptide-level enrichment, where considerable amounts of material (500-1000
ug) need to be digested before enrichment. Therefore, new ways of artificially introducing a
TMT labelling site in N-acetylated N-terminal peptides ending in Arg were sought. A previous
study had reported the use of a trifunctional capture reagent that beared an alkyne tag for
click chemistry, a biotin handle for affinity enrichment and an acid-cleavable (AC) moiety
within the linker between the two [393] (Figure 4.10C). Of note, once cleaved with acid, the
newly formed adduct revealed an exposed primary amine, amenable for TMT tagging (Figure
4.10D). With the help of Dr. Christelle Soudy, who synthesised this compound, the new
acid-cleavable capture reagent (Yn-AC-Biotin) was compared to the commercially available
Yn-PEG4-biotin capture reagent (Figure 4.10E-G). For this purpose, proteome samples of
cells that had been treated with MetAP2i and metabolically tagged with AHA were used,
which were then ligated to either Yn-PEG4-biotin or the acid cleavable Yn-AC-biotin before
digestion with trypsin. After enrichment of biotinylated peptides with NeutrAvidin beads, the
Yn-AC-biotin capture reagent was cleaved using concentrated TFA to expose a new amine for
every AHA incorporation event. After TMT-labelling, the peptide samples were analysed by
LC-MS/MS. TMT labelling efficiency analysis of samples ligated to Yn-AC-biotin revealed a

marked preference for TMT reagents to react with the newly exposed amine in the acid
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Figure 4.9: Preliminary experiment using AHA metabolic tagging shows promising results and high-
lights routes for improvement. (A) BL41 cells were allowed to grow for one day before pre-incubation with
MetAP2i or DMSO control for 4 h. The cell medium was then replaced by Met-free medium and allowed
the cells to equilibrate before 2 mM AHA addition. After 2 h AHA pulse, cells were lysed and proteomes
extracted. (B) Step by step proteomics workflow. AHA-containing proteins were clicked to Yn-PEG4-biotin,
precipitated to remove excess click reagents and digested overnight with trypsin. AHA-containing peptides
were then enriched in NeutrAvidin agarose beads, eluted and labelled with TMT, before 3-way fractionation
and proteomics analysis. (C) Statistical analysis (ANOVA, FDR=0.05 and Sy=0.5) revealed 23 iMet-retaining
N-terminal peptides that were significantly more enriched in both GSK and Abbott MetAP2i compared to
control. (D) Barplot of the 23 N-terminal peptides that showed significant enrichment, ordered by detected
fold change and compared to other Met-containing peptides in the same protein (if detected).

cleavable capture reagent than with other amines in proteins such as in Lysines or N-termini
(Figure 4.10F), leaving Lys and N-termini only partially labelled. This was an issue for the
searches as it required Lys and N-terminal TMT labels to be selected as variable modifications,
increasing the search times considerably and potentially influencing the quantification results.
To avoid this, it was decided to increase the TMT-to-peptide ratio in future experiments
3-fold (from 1/10 to 1/3 of a 0.8 mg TMT reagent vial per sample). One positive of using
this new capture reagent is that it boosted the number of identifications in comparison to the
commercially available Yn-PEG4-Biotin (Figure 4.10G).

4.5.4.2 Assessing the sensitivity of the assay

With the workflow in place, the next step was to study if this assay was sensitive enough
to detect the dose-dependent response in iMet retention upon MetAP2 inhibition. Having
observed in Incucyte experiments that the MetAP2i effect did not induce a full phenotype
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Figure 4.10: An acid-cleavable capture reagent allows for the identification and quantification of all
the main types of N-terminal peptides. (A) Structure of Yn-PEG4-Biotin. (B) Click ligation reaction of
Yn-PEG4-biotin with a protein containing AHA. (C) Structure of the acid cleavable (AC) capture reagent,
Yn-AC-Biotin, (D) Click ligation reaction of Yn-AC-biotin with a protein containing AHA and subsequent acid
cleavage step to reveal an exposed primary amine, amenable for TMT labelling. (E) Schematic representation
of the proteomics sample preparation workflow with the additional acid cleavage step (highlighted in blue).
(F) Testing Yn-AC-Biotin in of samples treated with MetAP2i and metabolically tagged with AHA revealed
preferential reaction of TMT reagents with the newly exposed amine at the capture reagent and incomplete
labelling of Lys and N-termini. (G) Summary of the search performed for the comparison of the commercially
available Yn-PEG4-Biotin capture reagent to the acid cleavable Yn-AC-Biotin capture reagent.

until 48 h, the MetAP2i incubation times were increased to 24 h to ensure maximal effect of
MetAP2i's on iMet retention but before the effects on proliferation were evident. It was also
hypothesised that increasing AHA pulse time could be beneficial as it could provide longer
times for accumulation of iMet-retained N-terminal peptides, thereby increasing the fold-
change difference between MetAP2i-treated and control samples. A previous report using AHA
had reported detrimental proteome-wide effects of AHA labelling in the absence of Met for
periods longer than 2 h in E. coli [390]. However, this issue was hypothesised to be due to Met-
deprivation rather than AHA toxicity due to the nearly 400-fold decrease in tRNAY¢! |oading
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of AHA as compared to Met. Importantly, the issue was solved by re-introduction of small
quantities of Met [390]. After checking that a pulsed 50:1 ratio of AHA:Met did not affect cell
viability compared with AHA alone (data not shown), a proteomics experiment was set up to
test the new workflow against a concentration gradient of both Tak1(3) and Tak2 (4) (Figure
4.11A). It should be noted that at this time the results from the Takl and Tak2 Incucyte
proliferation assay (Figure 4.4) and CETSA target engagement assay (Figure 4.5) were not
available. Following the pipeline developed above for the acid cleavable capture reagent
and increasing the TMT-to-peptide ratio 3-fold as compared to the previous experiment,
this experiment identified ca. 600 N-terminal peptides (acetylated and non-acetylated) with
efficient TMT labelling in all sites (Lys, N-termini and Yn-AC-Biotin adduct). While the total
number of identified and quantified N-terminal peptides had increased 3-fold, only half the
number of significantly changing proteins were detected (ANOVA, FDR=0.05 and S(=0.5)
(Figure 4.11D). The perceived lack of sensitivity was postulated to be due to the fact that
EA.hy926 cells did not display any phenotypic response (Figure 4.2 and accompanying text)
or the fact that the Takeda compounds showed both reduced potency (Figure 4.4), as well
as no target engagement (Figure 4.5) in responding cells (HT1080). Thus, the procedure
was repeated with HT1080 cells and well-characterised compounds Abbott (1) and Merck+
(5) (Figure 4.11B). Surprisingly, this yielded even lower sensitivity, with only 7 significantly
changing proteins from the ca. 870 N-terminal peptides identified and much smaller fold-
changes that distinguished MetAP2i-treated from DMSO controls (Figure 4.11E).

4.5.4.3 Optimising the labelling conditions

Reluctant to abandon these efforts yet, the experimental conditions used in all previous exper-
iments were systematically reviewed to understand how the signal-to-noise ratio had become
so poor. Both the AHA and MetAP2 incubation times were found to have been consistently
increased from one experiment to the next. Knowing from the literature and the Incucyte
cell proliferation studies that MetAP2i halted cell proliferation on these cells, it was hypoth-
esised this could be affecting general protein synthesis. Cell proliferation inhibition became
apparent after 24h of MetAPi incubation, with the following 24h allowing quantitative reso-
lution of anti-proliferative properties at different inhibitor concentrations (Figure 4.4E). Since
AHA incorporation relies on new protein synthesis taking place, and most protein turnover
rates are less than 48 h, this could in fact be reducing the accumulation of newly synthe-
sised proteins with iMet retained. Proteomics experiments are labour intensive and there are
long waiting times for machine usage. Hence, in-gel fluorescence was selected to test this
hypothesis (Figure 4.12). AHA was used to monitor global protein synthesis, which was then
clicked to a fluorphore containing capture reagent, Yn-TAMRA (YnT) for in-gel fluorescence
(IGF) analysis. A 24 h incubation with a panel of MetAP2i only resulted in a subtle effect on
overall protein synthesis (Figures 4.12C-D and F-G). However, at longer exposure times (48
h) treatment with GSK MetAP2i did show a clear effect on protein synthesis 4.12E and H).
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Figure 4.11: Concentration range MetAP2i proteomics experiments. (A) EA.hy926 cells were allowed
to grow for one day before changing the medium to Met-free medium. After a 30 min equilibration period,
a concentration series of MetAP2i or DMSO control was added, followed by AHA:Met (50:1). Cells were
incubated in the presence of MetAP2i and AHA for 24 h before lysis. (B) Similar experimental procedure as
in (A) but in HT1080 cells and with an incubation of MetAP2i and AHA of 48 h. (C) Step by step sample
preparation procedure for experiments described in (A-B). (D) Statistical analysis of experiment described in
(A) revealed 7 candidate MetAP2 substrates of the ca. 600 N-terminal peptides identified. (E) Statistical
analysis of experiment described in (B) revealed 7 candidate MetAP2 substrates of the ca. 870 N-terminal
peptides identified. (F) TMT labelling efficiency of AHA (Yn-AC adduct), Lys and N-termini of experiments
shown in (A) and (D). (G) TMT labelling efficiency of AHA (Yn-AC adduct), Lys and N-termini of experiments
shown in (B) and (E).

MetAP2 has been shown to have a non-enzymatic role in maintaining general protein synthesis
through its protection of elF2« phosphorylation (POEP) activity [137, 142]. However, this is
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Figure 4.12: In-gel fluorescence analysis of the effect of MetAP2 inhibition on general protein
synthesis. (A) Experimental procedures of gels shown in (C-D) and barplots (F-G). Cells were seeded in
6-well plates and allowed to grow overnight before addition of MetAP2i or DMSO control. After 24 h under
MetAP2i treatment, cells were equilibrated in Met-free medium, and AHA added. Cycloheximide (CH) was
used as the positive control (C+). Due to the high potency of CH in completely blocking protein synthesis,
which is cytotoxic upon long exposure, it was added at the same time as AHA and only incubated for 2 h before
lysis. All MetAP2i were added to a final 250 nM concentration except for ZGN (1 nM final concentration).
(B) Experimental procedures of gel shown in (E) and barplot (H). Cells were seeded in 6-well plates and
allowed to grow overnight before addition of MetAP2i or DMSO control. Cells were incubated with MetAP2i
for a series of exposures of up to 48 h, before equilibration in Met-free medium and AHA addition. CH,
cycloheximide, positive control (C+). (C-E) In-gel fluorescence (IGF) analyses of AHA labelled samples
ligated to Yn-TAMRA (YnT) capture reagent, with a panel of MetAP2i in a single concentration (all 250 nM,
except ZGN (1nM))(C), a concentration range of GSK MetAP2i (D) or GSK MetAP2i incubation time series
(E). (F-H) Barplots showing the IGF-to-coomassie signal for each condition, normalised to DMSO control.
In (H), the IGF/Coomassie signal of each lane was normalised to the DMSO at each time point.

mediated by the N-terminal domain of MetAP2, which is not involved in its catalytic activity,
and had been shown to be unaffected by binding of MetAP2i to the MetAP2 active site
[176]. On the other hand, the reduction of protein synthesis could be mediated solely by
the inhibition of proliferation (Figure 4.4E) and reported GO/1 arrest [168]. Driven by these
considerations and the promising results obtained in the first proteomics experiment (Figure
4.9 and accompanying text), the MetAP2 incubation time for these experiments was from

there on kept to a minimum and always <24 h.
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4.5.5 Combining AHA labelling and a range of diverse MetAP2 inhibitors reveals
>70 novel MetAP2 substrates

An experiment was then designed to test if reverting back to low MetAP2i and AHA incubation
times would solve the low signal-to-noise issues. Three MetAP2i's were selected, Abbott (1),
GSK (2) and Merck+ (5), and its less active enantiomer Merck- (6), which together with the
DMSO control could be multiplexed into a single TMT10plex in biological duplicates. Based
on previous in-gel fluorescence results indicating that shorter MetAP2i incubation periods
showed increased sensitivity (Figure 4.12), HT1080 cells were subjected to a short 2 h pulse
of both MetAP2i and AHA, with no pre-incubation period (Figure 4.13A).

This experiment identified 693 N-terminal peptides, from which 43 (corresponding to 41
unique proteins) significantly changed in enrichment levels upon MetAP2i addition (ANOVA,
FDR=0.05, Sy=0.5) (Figure fig:C4figl1 and Supplementary Table S5). From these, 38 showed
a significant increase in enrichment upon MetAP2i and their sequence showed their iMet re-
tained; whereas the other 5 N-terminal peptides showed a statistical significant decrease and
had their iMet cleaved (Figure 4.13C-D). Importantly, all peptides that showed any significant
changes shared the same trend across all MetAP2i tested and decreased to a modest fold-
change enrichment change for the less active Merck- compound (Figure 4.13E), consistent
with our previous ECsq calculations (Figure 4.4E). From all MetAP2i tested, Abbott exerted
the highest response, followed by Merck+ and GSK, a trend consistently maintained across
both iMet retained and iMet cleaved peptides (Figure 4.13E). While the disappearance of iMet
excised peptides might seem counter-intuitive, some proteins may undergo secondary modifi-
cations or become unstable upon forced iMet retention, thus preventing the identification of
their retained iMet by shotgun proteomics.

With appropriate incubation times and sample preparation procedures finally established, at-
tention turned to optimising coverage of MetAP2 substrates. For this two cell lines were
selected, HT1080 and A549, both of which had showed good response to MetAP2 inhi-
bition in our proliferation assay (Figure 4.4 and Appendix Figure A.5). In order to compare
proteome-wide iMet retention patterns across the two major categories of MetAP2i, reversible
and irreversible MetAP2i (for an overview on this please refer to Introduction section 1.3.4),
three compounds were chosen: the active/inactive reversible MetAP2i pair, Merck+ (5) and
Merck- (6), and the irreversible MetAP2i ZGN (7). An extra protease was also added into the
workflow, chymotrypsin, to ensure increased coverage of N-terminal peptides. Chymotrypsin
was selected based on its orthogonal digestion specificity to trypsin and the fact that sev-
eral previously reported MetAP2 substrates showed N-terminal sequences compatible with
chymotrypsin, which were not detectable with trypsin: (first underlined residue corresponds
to tryspin specificity, second to chymotrypsin) GAPDH [181, 200, 370], N-term sequence:
MGKVKVGVNGEF; TXN [370], N-term sequence: MVKQIESKTAF; SH3BGRL [370], N-term
sequence: MVIRVY; 14-3-3y/YWHAG [183, 193, 210], N-terminal sequence: MVDREQL.
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Figure 4.13: Shorter MetAP2i and AHA pulses increase the signal-to-noise ratio and allow for
identification of 43 MetAP2 substrates. (A) Cells were allowed to grow for one day before equilibrating
them to Met-free medium. MetAP2i/DMSO were then added, followed by 2 mM AHA and pulsed for 2 h
in the absence of methionine. (B) Step by step proteomics sample preparation workflow. (C-D) Profile and
box plots summarising the results of the statistical analysis of the experiment (ANOVA, FDR=0.05, Sy=0.5).
Each line in the profile plot (C) represents an N-terminal peptide. Peptides showing a significant increase
in enrichment are highlighted in blue (all show iMet-retained) and peptides showing a significant decrease
in enrichment in magenta (all show iMet excised). (D) Barplot representing the profiles of each of the 43
significantly changing N-terminal peptides corresponding to 41 unique proteins. Known NMT substrates are
annotated with an asterisk (*).

Together, this experiment identified >1000 unique N-termini in each cell line (1197 in HT1080
and 1061 in A549) (Figure 4.14C and Supplementary Tables S6 and S7). Samples digested
with trypsin consistently resulted in 3-to-4 fold more identifications than samples digested
with chymotrypsin. Statistical analysis of each dataset revealed 38 hits for HT1080-trypsin,
16 for HT1080-chymotrypsin, 32 for A549-trypsin and 10 for A549-chymotrypsin (Figure
4.14 and Appendix Figure A.11C-D). Together, this resulted in the discovery of 63 MetAP2
substrate candidates: 50 significantly more enriched in MetAP2i-treated samples and showing
iMet retained, and 13 with iMet cleaved and showing a reduction in AHA-enrichment (Figure
4.14E). Of note, overlap was much higher across cell lines than across proteases (Figure 4.14E

and Appendix Figure A.10), thus supporting the use of
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Figure 4.14: Increasing the coverage to two cell lines and two proteases identifies 63 MetAP2 sub-
strates, expanding the list of candidates to 78, including 4 previously reported susbtrates. (A) Cells
were allowed to grow for a day before being equilibrated in Met-free medium and pulsed with MetAP2i/DMSO
and 2 mM AHA for 2 h. (B) Schematic representation of the proteomics sample preparation workflow for each
of the samples. (C) Boxplots summarising the results of the statistical analysis (ANOVA, FDR=0.05, So=0.5),
performed for each dataset separately (4 datasets: HT1080-Trypsin, HT1080-Chymotrypsin, A549-Trypsin,
A549-Chymotrypsin). Blue boxes represent iMet-retaining N-terminal peptides showing increase in enrich-
ment upon exposure to MetAP2i, whereas boxes in magenta represent iMet-cleaved N-terminal peptides with
reduced levels of enrichment upon MetAP2 inhibition. (D) Heatmaps representing the fold change against
DMSO of all significantly changing peptides across the three compounds. Duplicate N-terminal peptides arose
from protease missed cleavages. Scale bar: double-gradient colour map, blue represent decreased enrichment
as compared to control while red represents increased enrichment. Known NMT substrates are annotated
with an asterisk (*). (E) Venn diagrams representing the overlap across hits from each of the four datasets
for either iMet-retained (increased enrichment upon MetAP2 inhibition) or iMet-cleaved (reduced enrichment
upon MetAP2 inhibition). Numbers represent protein MetAP2 candidates, where non unique N-terminal pep-
tides arising from missed cleavages have been combined into a single protein hit. C = chymotrypsin; T =
trypsin.

a second protease, despite the considerable addition of sample preparation and machine run
times involved. Moreover, this validated several substrates previously reported in the litera-
ture, including GAPDH [181, 200, 370], TXN (also known as TRX1) [370], 14-3-33/YWHAB
[193] and EEF2 [370] (Figure 4.14D and Appendix Figure A.12). The underlying mechanism
of MetAP2 inhibition, reversible (exemplified by Merck+ (5)) or covalent (exemplified
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Figure 4.15: 14-3-3y/YWHAG and CYPA/PPIA N-terminal peptides do not show significant enrich-
ment upon addition of MetAP2i. (A) Heatmap showing the N-terminal peptide levels of 14-3-3y/YWHAG
and CYPA/PPIA across studied conditions using the same scale bar settings as in Figure 4.14. (B) Same
data as in (A), with reduced scale to distinguish differences across conditions.

by ZGN (7)), did not make any notable difference across all the N-termini detected and
overlap in N-terminal peptides responding to MetAP2 inhibition between the two compounds
was 100%. The few differences in enrichment fold changes may have been due to target
engagement differences at the given dosages (250 nM for Merck+ and 1 nM for ZGN), and
were in all cases minimal (Figure 4.14D and Appendix Figures A.12). Further, the inactive
enantiomer Merck- showed strongly reduced enrichment differences in all cases (Figure 4.14D
and Appendix Figure A.12), indicating the robustness of the assay.

Unfortunately, from the MetAP2 substrates already listed in the literature, there were
two substrates that were not detected: SH3BGRL [370] and Rab37, although the latter is
expressed at extremely low levels and even the authors of the paper that identify it could
not detect it at endogenous levels [237]. Moreover, there were two instances were the
N-terminal peptide of proteins previously reported as being MetAP2-specific substrates,
although identified, did not show any significant changes in enrichment levels. This was
the case of 14-3-3y/YWHAG and CYPA/PPIA (Figure4.15). Amongst our hits, however,
14-3-33/YWHAB and PPID were identified instead (Figure 4.14D and Apependix Table
A.1), which share 27.8% and 74.8% identity with the aforementioned proteins, respectively
(calculated with EMBOSS Needle global pairwise alignment online tool).

Combination of the hits from this experiment with those from Figure 4.13 expanded the total
list of identified MetAP2 substrates in cells to 78, of which 74 are reported here for the first
time (List in Appendix Table A.1).

4.5.6 Identified MetAP2 substrates display canonical MetAP substrate preference
and are involved in a variety of important cellular processes

The combined list of 78 MetAP2 substrate candidates identified from the previous two sets
of experiments (Appendix Table A.1) was then used to study MetAP2 substrate specificity.

Analysing the amino acid in P2 position revealed a preference the for small, uncharged amino
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acids such as Ala, Gly, Val, Thr, Ser, Pro, Met and Cys (Figure 4.16A), fully overlaping
with the canonical consensus sequence for MetAP cleavage (cf. Introduction section 1.3.2.4
and Figure 1.6)[131, 146, 147]. MetAP2 showed highest processing of proteins having an
Ala or Gly at the P2 position, followed by Val and Thr, which together constituted 80%
of the substrates identified (Figure 4.16A). This coincided with previous reports on MetAP2
substrate specificity, where MetAP2 had been proposed to be the main enzyme responsible for
iMet removal of proteins containing Thr, Val or Gly in the P2 position [147, 149], although
this study revealed a higher proportion of substrates bearing a Gly in the P2 position. To study
if there was any effect of the following amino acid residues on MetAP2 substrate recognition,
a sequence logo was built for positions P2-11 (first 10 amino acids after iMet cleavage) using
IceLogo [365] (Figure 4.16B). This was constructed by comparing the sequences of the 78
MetAP2 substrate candidates to the same amino acid positions of the curated Swissprot
human proteome (UniprotKB, accessed May 2019, 42425 entries). As shown in Chapter 3
Ala is the most common amino acid in the proteome at the P2 position (Figure 3.4), which
reduced its enrichment from the logo, leaving Gly, Val and Thr as the preferred P2 positions
by MetAP2 (Figure 4.16B). Positions P3-11 revealed preference for Lys residues in positions
3, 5 and 7-8, while it disfavoured it at positions 4 and 6 (Figure 4.16B). Moreover, the analysis
showed a significant preference against Arg in positions P3-6, indicating this slightly bulkier
amino acid residue might not fit in the pockets for P4 and P6, where Lys was accepted.

Using PANTHER [394], MetAP2 substrates were annotated for Gene Ontology (GO) Molec-
ular Function (GOMF) terms and classified according to their protein class (Figure 4.16C and
Appendix Table A.2). This analysis revealed proteins belonging to more than 14 different
protein classes, with strong prevalence of proteins involved in translation and protein folding.
These included 5 ribosomal proteins (RPS2, RPS12, RPS15, RPL13A and RPL15), 3 transla-
tion elongation factors (EEF2, EEF1A1 and EEF1B2) and 6 proteins with chaperone activity
(DNAJA1, DNAJA2, FKBP1A, HSPEL, IGBP1 and PPID). Moreover, several of the MetAP2
substrates were found to be involved in ubiquitin or ubiquitin-like protein tagging (UBE2J2,
UBE2K, UBQLN2) and proteasomal degradation (PSMC1, PSMD4) (classified under the
'Protein-modifying enzyme' class) (Figure 4.16C). In addition, 13 of the identified proteins
were involved in signalling pathways, including kinases/phosphatases (PRKACA, PRKACB,
MAP4K4, PPP4C and DUSP1) and other signalling molecules (GNAI1, GNAI2, GNAS, ARF4,
ARL2, CISD2, CSTB and EMC4), as well as 5 proteins involved in metabolism (ALDOA,
GAPDH, G6PD, PKM and LDHA). Finally some proteins involved in redox homeostasis were
also found (ROMO1, NDUFB6 and TXN), which could support the proposed role of MetAP2
in controlling cellular glutathione redox status [149]. gPROFILER [395] over-representation
analysis was applied to pinpoint the main biological processes MetAP2 substrates might be
involved in (performed over GO Biological Process (GOBP) annotations). This revealed a
cluster of proteins involved in regulation of protein localisation and co-translational protein
targeting, mainly mediated by the ribosomal proteins (Figure 4.16D). In addition, MetAP2
substrates were found to be involved in cellular responses to stress and oxidative damage,
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Figure 4.16: Sequence and functional analyses of identified MetAP2 substrates. (A) Frequencies of
the amino acid residues at the P2 position of the identified 78 MetAP2 substrates. (B) Sequence logo of
the first 10 amino acid positions of identified MetAP2 substrates as compared to the general distribution of
amino acids for the same positions in the human proteome (Swissprot with isoforms, accessed May 2019,
42425 entries). Logo was generated using IceLogo [365]. (C) Classification of identified MetAP2 substrates
according to their protein class. The initial classification was performed using PANTHER [394]. Unannotated
proteins were then manually annotated based on the function listed in Uniprot [70] and their most prevalent
GOMF annotations in QuickGO [396]. The full list of protein class annotations for the 78 MetAP2 substrates
can be found in Appendix Table A.2. (D) Major biological roles of MetAP2 substrates, as analysed by
functional over-representation analysis using GOBP annotations in gPROFILER [395]. Results were visualised
using the EnrichmentMap App in Cytoscape [397]. Each node represents a statistically significant GO term
and is colour-coded based on its significance level.
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protein degradation by the proteasome, mRNA degradation, autophagy and apoptosis as well

as in central cellular metabolism (Figure 4.16D).

4.6 STUDYING THE EFFECT OF METAP2 INHIBITORS ON PROTEIN MYRISTOYLA-
TION: OVERLAP BETWEEN METAP2 AND NMT ACTIVITIES

Removal of methionine by methionine aminopeptidases precedes the addition of other N-
terminal modifications, such as N-myristoylation of glycine-presenting protein substrates by
N-myristoyltransferases (NMTs) [9]. N-myristoylation has been well established to play a
crucial role in protein function and maintaining general protein homeostasis by regulating
membrane-binding affinity, trafficking, binding partners and protein stability [9, 277-279] (cf.
Introduction section 1.4.3). Therefore, it was hypothesised that if an overlap existed between
MetAP2 and NMT, N-myristoylation (or rather its absence) could provide an explanation
for the phenotypic effects seen upon MetAP2i treatment. The last two MetAP2 substrate
discovery experiments identified several hits that coincide with known NMT substrates (see
gene names highlighted with an asterisk (*) in Figures 4.13E and 4.14D). However, measuring
the levels of iMet retention only, the AHA strategy does not provide a full picture of the iMet-
retained to iMet-cleaved (and therefore, myristoylated) ratios. To understand if this shift to
increased iMet retention upon MetAP2 inhibition caused measurable shifts in N-myristoylation
patterns of these substrates, the previously described YnMyr metabolic tagging experiment
was applied (cf [244, 312, 335, 336] and Results Chapters 2 and 3). Briefly, YnMyr gets
metabolically converted into the coenzyme A (CoA) myristate analogue and transferred onto
proteins by cellular NMT as if it was the endogenous myristate [335]. Bearing and alkyne
(Yn) handle, it can then be chemically ligated via click chemistry (CuAAC) onto azido capture
reagents either containing a fluorophore or affinity handles for subsequent visualisation or

enrichment, respectively.

To determine if there were any visible changes in overall myristoylation patterns upon MetAP2
inhibition, in-gel fluorescence analysis was performed first. For this purpose, a TAMRA con-
taining capture reagent, azido-TAMRA-biotin (AzTB) [351] (Figure 2.6), was used. In-gel
fluorescence analysis did not show any detectable differences on YnMyr labelling patterns for
any MetAP2i's (Figure 4.17A-B), consistent with what had been reported in a similar, albeit
much less sensitive, assay using [*H]-labelled myristic acid [181]. However, due to the low
resolving power of 1D gels, in-gel fluorescence analyses are not always capable of detecting
small changes in labelling across conditions, especially with less abundant proteins. Proteomics
analysis was therefore applied to study the effect of MetAP2i on N-myristoylation in a more
rigorous manner. A short pulse strategy was followed in order to keep time-frames comparable
with AHA studies, while ensuring sufficient metabolic incorporation for the experiment (4 h
pulse). This approach identified 82 N-myristoylated proteins in HT1080 cells. From these,
the majority showed a significant reduction on YnMyr incorporation upon NMT inhibition
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Figure 4.17: N-myristoylation profiling reveals no apparent overlap between MetAP2 and NMT.
(A) For in-gel fluorescence analysis, cells were seeded in 6-well plates and allowed to grow for one day before
the addition of MetAP2i, NMTi or DMSO. After 30 min pre-incubation, YnMyr (25 puM) was added and
metabolically incorporated for further 18 h. After lysis, labelled proteins were ligated to azido-TAMRA-
biotin (AzTB) capture reagent, precipitated and loaded into SDS-PAGE gels for in-gel fluorescence analysis.
(B) Results of experiment described in (A). IMP-1088 NMTi (100 nM) was added as positive control. All
MetAP2 inhibitors were dosed at 250 nM, except for ZGN, which was added at 1 nM. DMSO/YnMyr+
(negative control) was loaded on both sides for ease of visual inspection. (C) For proteomics analysis, cells
were seeded in 10-cm dishes in four biological replicates. One day after seeding, cells were pre-incubated with
MetAP2i, NMTi or DMSO control for 30 min before addition of 25 uM YnMyr, which was pulsed for 4 h
before cell lysis. (D) Schematic representation of the proteomics sample preparation workflow for each of the
samples. Azido-Arginine-Biotin (AzRB) was used as the capture reagent for the click chemistry, allowing for
tag cleavage upon trypsin digestion. (E) Profile plot summarising the YnMyr enrichment fold changes against
DMSO control of all proteins identified in this experiment. Each column represents a sample; there are four
biological replicates per condition. Each line represents an identified protein. All known NMT substrates are
highlighted in blue, with the exception of the six NMT substrates that were identified as possible MetAP2
substrates in experiments in Figures 4.13 and 4.14, which are highlighted in orange. (F) Volcano plots
showing the average YnMyr enrichment fold changes against control for each of the experiments. Horizontal
threshold lines represents FDR = 0.05 for each comparison, calculated based on random permutations of the
data. Vertical threshold lines are at logoFC = 1 and -1, representing a 2-fold increase or 1/2-fold reduction
of quantified enrichment levels.
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with NMT inhibitor (NMTi) IMP-1088 [298] (Figures 4.17E-F). However, none of the MetAP2
inhibitors significantly decreased the YnMyr incorporation levels in any of the NMT substrates
detected, not even of those which had been previously identified as MetAP2 substrate can-
didates in AHA studies (Figures 4.17E-F). A closer inspection revealed a small leftward shift
in general patterns of YnMyr enrichment in NMT substrates of MetAP2i-treated samples,
especially in the case of ZGN (Figure 4.17F). Yet, in general, it appears that iMet retention
events caused by MetAP2 inhibition were not profound enough to significantly reduce YnMyr

incorporation levels in the conditions tested.

Detection of YnMyr and AHA depend on their metabolic incorporation rates, which include
metabolic activation of the probes (i.e. conversion of YnMyr to the CoA-bound form or
recognition of AHA by the Met tRNA) and incorporation into newly synthesised proteins.
These two processes are less efficient than for the endogenous myristate or methionine, and
limit the proportion of overall N-myristoylation and iMet cleavage detected. Therefore, if
the proportion of labelled proteins is not sufficient, the labelling levels detected might not be
representative of the bulk impact on the overall N-myristoylated and retained iMet population,
which could explain why iMet retention differences do not cause any detectable changes in

YnMyr incoporation.

Alternatively, these results might offer some insight into the stoichiometry of YnMyr incorpora-
tion and MetAP2 inhibition. If iMet retention was not complete for a certain N-myristoylated
substrate even in the absence of MetAP2i, a significant increase in iMet retention levels upon
MetAP2i might only show negligible changes in N-myristoylation. For example, imagine an
scenario where 1000 proteins were synthesised during the pulsed 4 h. In the absence of
MetAP2i 400 showed iMet retained and 600 iMet cleaved, and from these only 200 were
N-myristoylated. Upon addition of MetAP2i, iMet retention increased to 800 proteins and
left only 200 with iMet cleaved, from which still 200 showed N-myristoylation. In this case,
N-myristoylation would be the rate-limiting step, and an increase in iMet retention would not
affect YnMyr incorporation levels unless it crossed a certain threshold (in this case, leaving less
than 200 proteins available for N-myristoylation). In another scenario, an incomplete MetAP
reaction followed by efficient N-myristoylation could yield a similar result. Imagine that in
this second case from the 1000 proteins synthesised during the 4 h pulse, only 40 showed
iMet retained and 960 iMet cleaved, with the 960 N-myristoylated. Upon MetAP2 inhibition,
there was a significant two-fold increase in iMet retention to 80 proteins, but the remaining
920 were all again efficiently N-myristoylated. This slight decrease in YnMyr incorporation
levels is only of ca. 4% and therefore, no significant alterations were detected in YnMyr
enrichment levels. The completeness of N-terminal modifications is still poorly understood,
and while there is evidence of incomplete iMet retention, N-acetylation or N-myristoylation,
how this is regulated in the absence of eraser enzymes is still not clear [6, 39, 40]. Further,
the relative rates of these PTMs compared with other N-terminal modifications are unknown.

Therefore, universal methods that allow for the accurate quantification of the stoichiometries
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of multiple N-terminal modifications are in great need to shed light on how these processes

are inter-regulated.

4.7 CONCLUSIONS: LOOKING FOR THE MISSING LINK IN THE MECHANISM OF ACTION
OF METAP2 INHIBITORS

Despite the initial difficulties in finding the right cell model, this chapter described two dif-
ferent cellular assays that were successfully developed to provide quantitative MetAP2 target
engagement for most of the MetAP2 compounds tested. The fact that structurally and
mechanistically (covalent vs reversible) distinct compounds displayed a similar readout in
both assays suggested an experimental set up powered to detect target engagement for vari-
ous chemotypes. From the MetAP2i's tested, the two Takeda compounds did not show target
engagement in the CETSA-WB assay and their cellular proliferation inhibition profile was un-
clear and distinct from all other compounds, suggesting that these compounds may exert their
phenotypic effect via some other pathway. Previous evidence indicated it is possible to dissect
anti-angiogenic activity from weight-loss effects [164, 204]. Takeda had developed these com-
pounds for the treatment of metabolic disorders [205, 206] and therefore, it was considered
they might still be engaging MetAP2 but have lost some of their anti-proliferative effects.
This, however, was not the case for ZGN-1061, which was also developed for the treatment
of metabolic disorders [221]. While a lack of thermal stabilisation does not necessarily imply
that the Takeda compounds are not binding MetAP2, the cellular potencies (ECsg) reported
for these inhibitors were performed using a 14-3-3y assay that does not discriminate between
MetAP1 and MetAP2 inhibition [193, 371], so it could be that the main target for these
compounds is actually MetAP1. Nonetheless, the unclear profile for the Takeda inhibitors

suggested it was best to remove them from the MetAP2 inhibitor panel.

With all MetAP2i's thoroughly characterised, this knowledge was applied for the discovery
of novel MetAP2 substrates, the main aim of this Chapter. For this purpose, a novel pro-
teomics approach was developed and optimised. Based on the metabolic incorporation of the
methionine probe AHA, this method allowed for the systematic detection of iMet retention
changes upon exposure to MetAP2 inhibitors. During the optimisation process, a previously
reported trifunctional capture reagent was repurposed to provide a novel site for TMT la-
belling, which ensured quantification of all N-terminal peptides of interest. This revealed a
list of ca. 80 specific substrates of MetAP2, of which 95% corresponded to novel MetAP2
substrate candidates. This opens new avenues for understanding the phenotypic effects of
inhibiting MetAP2.

To delve a bit further into the phenotypic effect exerted by MetAP2 inhibitors, we have
recently established an academic collaboration with the group of Dr. Alexis Barr (MRC
London Institute of Medical Sciences and Imperial College London), an expert on cell cycle

control. Using high content single-cell imaging, Dr. Barr characterised the GO cell cycle
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arrest inhibitory phenotype in HT1080 and RPEL cells (after confirming their response in our
proliferation assay, see Appendix Figure A.13). Importantly, these data allowed us to link the
specific MetAP2 inhibitory phenotype to an array of specific cell cycle markers. Future plans
include the use of the identified specific cell cycle markers to perform a targeted siRNA screen
against all the candidate MetAP2 substrates identified in proteomics experiments in order
to obtain mechanistic insight into how MetAP2 inhibitors exert their cell arrest phenotype.
Moreover, through the described cell imaging experiments, Dr. Barr was able to confirm p53
dependency for the growth inhibitory phenotype, in accordance with previous reports [230].
This p53 dependency provides an invaluable positive control for the proposed phenotypic
readout for the screen (work in progress).

By revealing a comprehensive list of MetAP2 substrates for the first time, these studies provide
the foundation to unravel the missing link between MetAP2 inhibition and its phenotypic
effects. Moreover, they also present a list of candidates to serve as biomarkers for improved,
more robust target engagement studies, which was difficult to achieve to date due to the
limited number of known MetAP2 substrates. MetAP2 inhibitors have shown great promise
for the treatment of cancer in both preclinical and clinical studies but failed in late clinical
stages due to toxicities that are not yet understood [188, 194, 220]. It is anticipated that
future studies to understand the biology underlying the effects of MetAP2 inhibitors, enabled
by the discoveries made here, will shape the fate of MetAP2 inhibitors in the clinic, providing

the necessary framework to make them efficacious and safe for cancer patients.
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5.1 GENERAL CONCLUSIONS

Proteomics is a powerful technique that allows for identification and quantification of thou-
sands of proteins in complex biological samples. However, the main limitation to date is
the coverage depth, which implies missing on lower abundance features. Unfortunately, in
biological systems most important proteins are usually required at trace levels, allowing for
dynamic fine-tuning of biological processes. Protein modifications (often referred to as pro-
tein post-translational modifications, PTMs), with their diversity and ubiquity, have revealed
an unprecedented complexity to human proteomes and provide a much richer cellular mi-
lieu, precisely distributed both temporally and spatially. Due to their complexity, relatively
low abundances, and their dynamic nature, protein modifications remain largely unexplored.
Chemical probes arise as a means to dissecting this complexity, providing the necessary tools
to hijack complex biological systems to provide specific tracking of less represented PTMs.
The use of chemical tools combined with proteomics, allows for selective pre-enrichment of the
tagged proteins, focusing the coverage power of proteomics experiments into the analytes of
interest. This combination, coined 'chemical proteomics’, provides a robust and effective way
to shed light into the functional implications of protein modifications like no other technique

is able to offer.

In this work, the potential of chemical proteomics was exploited to study two types of N-
terminal modifications, chemically very different to one another: initiator methionine (iMet)
excision and N-myristoylation. The studies described in this Thesis show how the combination
of these techniques can be used not only as a resource to identify these PTM events, but also to
characterise small molecule inhibitors targeting these pathways. By allowing for the assessment
of on-target activity and providing an overview of appropriate candidates for biomarker assays,
chemical proteomics is not only important for understanding of basic biology but also an
invaluable tool with impact on drug discovery and translation. The SrtA-based NMT activity
assay developed during this PhD project is now being used by Myricx, a company heavily
focussed on developing NMT inhibitors with clinical application. Moreover, brought by our
advances in MetAP2 substrate identification, a new collaboration with Merck KGaA has been
established to share information and provide new functional applications to our findings. These
examples illustrate the benefits of collaborations between pharma and academia, which offer
academic researchers the possibility of making a greater impact on translational research while

providing pharma companies with relevant basic knowledge of the underlying biology.

Finally, this work also highlights the importance of choosing the right chemical tools (i.e.
probes, inhibitors, etc.) for their application in biology. It is of crucial importance that all
compounds used in biological systems are validated by independent techniques before any
biologically meaningful conclusions are drawn. This orthogonal validation can be achieved in
multiple ways, such as by testing for their on-target activity, by setting up the right controls,
by combining diverse tools to test their overlap (e.g. combination of chemical probes with
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specific inhibitors), or by using a panel of compounds of diverse chemical structure.

5.2 FUTURE PERSPECTIVES

The understanding of N-terminal modifications is still at its infancy, and there is yet much to
be explored in this area. Efforts in determining the prevalence of these protein modifications
across the proteome, together with studies on how these modification are spatio-temporally

regulated are bound to determine the true biological relevance of these PTMs.

Relative stoichiometries of different N-terminal modifications are still difficult to determine.
With only one N-terminal peptide per protein, accurate quantification is problematic and
can only be achieved by isotopic (e.g. SILProNAQ [382]) or isobaric (e.g. TMT) labelling
approaches. Unfortunately, these approaches limit the scope of N-terminal peptides that are
quantified. The chemical acetylation with isotopically labelled N-acetoxy-ds-succinimide of
SILProNAQ is useful to determine ratios of acetylated-to-non acetylated N-terminal peptides
but does not provide information about the prevalence of any other N-terminal modification.
TMT approaches miss N-terminally modified peptides that do not have a free amine, such
as N-acetylated N-terminal peptides ending in Arg (cf. Results Chapter 4 section 4.5.2).
This was overcome here by using a capture reagent that chemically introduced an additional
TMT labelling site. However, chemical proteomics approaches such as the ones used in this
Thesis are also not capable of providing insight into the full picture. By relying on selective
enrichment of specifically labelled peptides or proteins, they only mirror the abundances of
one side of the reaction. Targeted proteomics approaches (e.g. parallel reaction monitoring,
PRM), in contrast, could provide an overall perspective on the relative stoichiometries of these
modifications if they are specifically queried. However, this technique is limited to selected
substrates only. Alternatively, data-independent acquisition (DIA) experiments could provide
the necessary framework to answer these questions. However, the accuracy of the label-free
quantification strategy for peptide-level analysis might become an issue in such experiments
and it should be carefully tested before any important conclusions are drawn. A universal
technique that will allow for the accurate quantification of differentially modified N-terminal
peptides will strongly impact our understanding on how different N-terminal modifications are
regulated in relation to one another.

On a different note, recent evidence suggests ribosomes might act as the central hub for
integrated control of N-terminal modifications by direct regulation of the enzymes responsible
for N-terminal processing; and in turn, these enzymes might also help shape the ribosomal
network. New technologies have arisen to map ribosomal networks, such as ribosome profiling,
which uses deep sequencing to uncover the translating proteome, or other ribosome charac-
terisation techniques that allow for determination of ribosome composition. We anticipate
that the application of these techniques in the context of N-terminal modifications will have a

strong impact on our view of these central cellular machineries, which might turn to be much
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more dynamic than initially expected. Such an analysis might help solve many questions re-
garding the decision on which N-terminal modification a nascent protein will have. Incredible
efforts have been made to characterise the sequence motifs of many N-terminal modifications
and yet, most of them seem to be incomplete. If the protein sequence alone does not fully
determine the presence or absence of a modification, what is then driving this decision? Is it
imprinted on the mRNA sequence? Or is it dictated by protein-protein and protein-RNA in-
teractions between enzymes processing protein N-termini and other core or transient ribosome
components? Research on these new avenues will provide a new perspective on translation,
a process generally assumed to be fully defined. Moreover, it will help understand how these
processes are co-regulated in health and disease, providing new means for targeting them for

therapeutic purposes.
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6.1 GENERAL PROCEDURES (EXCEPT LC-MS/MS-BASED PROTEOMICS)

Cells. MDA-MB-231, Panc-1 and Hel a cells were purchased from the American Type Culture
Collection (ATCC; HTB-26, CRL-1469 and CCL-2 respectively). Cells were cultured in
low-glucose Dulbecco’s Modified Medium (DMEM) (Merck, D6046) supplemented with 10%
heat-inactivated fetal bovine serum (FBS; Gibco, 10270). MDA-MB-231 cells were cultured at
5% CO2 concentration and 37 °C and Panc-1 and Hel a were cultured at 10% CO2 and 37 °C.

Western Blot. Samples were normalised to equal protein concentrations and sepa-
rated in 10 - 12%, 15-well polyacrylamide gels (10 — 20 pg loaded per lane) (SDS-PAGE
running buffer in List of Buffers). Proteins were blotted to a nitrocellulose membrane (GE
Healthcare Life Sciences) by wet transfer (transfer buffer in List of Buffers) and membranes
blocked for 1 h in TBST (see List of Buffers) containing 5% semi skimmed milk (Blocking
Buffer A in List of Buffers) or 3% bovine serum albumin (BSA) (Blocking Buffer B in List
of Buffers). Membranes were incubated with the corresponding primary antibody (list of
all antibodies and the dilutions used in 6.10.2) in blocking solution overnight at 4 °C. On
the following day, membranes were washed with TBST three times for 10 min each and
incubated with the secondary HRP-conjugated antibody solution in blocking solution for
1 h at room temperature (RT). Membranes were washed with TBST again three times
for 10 min before being developed with the Luminata Crescendo Western HRP substrate
(Millipore) and imaged using a ImageQuant LAS 4000 scanner (GE Healthcare Life Sciences).

Methanol-chloroform precipitation of proteins. Clean up of protein samples by
methanol-chloroform precipitation was used before in-gel fluorescence analysis and in all
proteomics sample preparation experiments. It allows for removal of small molecule reagents,
buffer exchange and for the purification of cellular proteins from other cellular components.
Methanol and chloroform are added to protein samples or lysates in this order and to a 4:1
ratio of methanol to chloroform. Water was sometimes added to aid in the precipitation of
smaller volumes of sample in a ratio of 1:2 water to methanol. For example, for a typical
50uL (1 mg/mL) protein sample, 4 volumes of methanol, 1 volumes of chloroform and 2
volume of water were added. For a sample of 100 - 300 plL, 2 volumes of methanol, 0.5
volumes of chloroform and 1 volume of water was added. For a sample of >500 pL, however,
1 sample volume of methanol and 0.25 volumes of chloroform were sufficient to ensure proper
separation of the phases. After addition of the solvents and mixing, the mixture is separated
into two phases by centrifugation at 4,000 xg for 5 min, with the proteins generating a disc
at the interphase. The top aqueous phase is discarded, and the rest washed with 300 - 500
uL methanol three times. Each methanol wash consists of adding methanol, mixing and
sonicating until the pellet breaks completely and re-formation of the pellet by centrifugation
at 7,500 xg for 5 min at 4 °C. The supernatant is discarded and the, before discarding the
supernatant. After the last wash, the protein pellet was air-dried for no more than 5 min to
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allow the methanol to evaporate and resuspended into the desired buffer. Full resuspension is
achieved by addition of small volumes (typically 1/10 volume of starting sample volume) of
buffer containing high concentration of detergents such as SDS and water bath sonication.
Although they were not used here, strong denaturants such as urea or guanidine hydrochloride
can also be used instead of SDS. The concentration of detergent is then typically brought

down to a concentration compatible with the next steps of the sample preparation procedure.

Click reaction (CuAAC). Metabolically tagged cells were lysed directly on plates us-
ing Lysis Buffer A (see List of Buffers). Protein concentration was measured and samples
diluted to 1 mg/mL with Lysis Buffer A. A minimum material of 50 ug protein per sample
was used as starting point to allow for efficient precipitation after CuUAAC. The click mixture
was prepared as described previously [244] 1 uL 10mM capture reagent (AzTB, AzT, YnT),
2 puL 50 mM CuSO4, 2 uL 50 mM TCEP and 1 pL 10 mM tris(benzyltriazolulmethyl)amine
(TBTA). 6 plL of the click mix were then added for every 100 uL protein and the samples
incubated for 1 h at RT with gentle shaking. 5 mM EDTA were added to quench copper
and stop the reaction. Proteins were precipitated as described previously (see Methanol-
chloroform precipitation of proteins). Samples were dissolved in 5 uL 2% SDS and then
diluted down with PBS to 0.2% SDS. Samples were run in SDS-PAGE gels and imaged as
described in In-gel fluorescence.

In-gel fluorescence. After Click reaction (CuAAC) or SrtA reaction, 15 pg labelled
protein (AzTB/AzT/YnT or TAMRA-ALPET-Haa) was loaded onto a 12% SDS-PAGE
gels, run at 180 V for 1 h and imaged using a Typhoon FLA 9500 imager (GE Healthcare
Life Sciences). For TAMRA, 532/575 nm excitation/emission wavelengths were used. For
the ladder, Cy5 fluorescence settings were used, with 635/670 nm excitation/emission

wavelengths.

6.2 GENERATION OF CRISPR/CAS9 KNOCK oUTS OF NMT1 AND NMT?2

Design of the CRISPR/Cas9 gRNAs. Three primer pairs were designed for each of the two
genes being targeted (NMT1/NMT2). Primers were designed with a complementary region
of 20 bp consisting of the gRNA target sequence, which was selected using the CHOPCHOP
webtool (https://chopchop.cbu.uib.no/), and a 40 bp overhang at opposite sides coding
for the Cas9 recognition sequence and to serve as amplification handle. Full sequences of all
designed gRNAs are in Table 6.1.

gRNA preparation. Each gRNA primer pair was cloned into a gRNA cloning vector (Ad-
dgene, 41824) as described previously [342]. Specifically, each gRNA primer pair was an-
nealed by mixing 8 uL 5x Phusion HF buffer (Thermo Fisher) with 2 uL of each primer

135


https://chopchop.cbu.uib.no/

Table 6.1: gRNA sequences designed to target NMT1 and NMT2 by CRISPR/Cas9.

Target Gene Name Direction gRNA target sequence Exon targeted
AG1 Fw (Cas9)...GGCATCGGTCCCTAAACCCA 8
Rv (Cas9)... TGGGTTTAGGGACCGATGCC
Fw (Cas9)...GATCCGAGAGATCACCAGGC
NMT1 AG2 Rv (Cas9)...GCCTGGTGATCTCTCGGATC !
AG3 Fw (Cas9)... TTCCGATTTGATTATTCCC 5
Rv (Cas9)...GGGAATAATCAAATCGGAAC
AGA Fw (Cas9)...GAGGAGACGGAGCACGCCAA 1
Rv (Cas9)...TTGGCGTGCTCCGTCTCCTC
Fw (Cas9)...GAACCGTATTCTTTGCCACA
NMT2 AGS Rv (Cas9)... TGTGGCAAAGAATACGGTTC >
AGE Fw (Cas9)...GTGCCATCCCAGCAAACATT 7
Rv (Cas9)...AATGTTTGCTGGGATGGCAC
Fu TTTCTTGGCTTTATATATCTTGTG
Cas9 recognition sequence! GAAAGGACGAAACACC...(target seq.) i
Ry GACTAGCCTTATTTTAACTTGCT
ATTTCTAGCTCTAAAAC.. (target seq.)

! The full gRNA would be composed of the fusion between the Cas9 recognition sequence
and the target sequence. As an example, full AGl gRNA would be: (Fw) TTTCTTG-
GCTTTATATATCTTGTGGAAAGGACGAAACACCGGCATCGGTCCCTAAACCCA, (Rv) GACTAGCCT-
TATTTTAACTTGCTATTTCTAGCTCTAAAACTGGGTTTAGGGACCGATGCC. Both shown in direc-
tion 5'—3". This generates a 40 bp overhang in the Fw primerfollowed by the ca. 20 bp target sequence
(complementary in both Fw and Rv primers)and another 40 bp overhang in the Rv primer. Once annealed
and extended each ofthese yield a 100 bp dsDNA full gRNA sequence.

(forward /reverse) at 100 puM, and with nuclease-free H,O to 40 pL in 1.5 mL centrifuge
tubes. Lids were sealed with parafilm and tubes floated over 1 L boiling water overnight. 20
uL of the annealed product were then mixed with 8 uL 5x Phusion HF buffer, 0.8 puL 10
mM dNTP mix, 0.4 uL Phusion DNA polymerase (all Thermo Fisher) and 10.8 plL nuclease
free H,O and incubated at 72 °C for 10 min in a thermal cycler to extend the overhangs
and create a double-stranded (ds) gRNA sequence of 100 bp. 1 uL dsDNA product were
then amplified by PCR. The PCR reaction was set by mixing 5 uL 5x Phusion HF buffer, 1
uLl 10 mM dNTP mix, 0.5 plL of each primer (CRISPRfw/CRISPRrv on Table 6.2), 0.5 uL
Phusion DNA polymerase and nuclease free HyO to 50 puL. The PCR reaction was carried out
with a initial denaturation step of 30 s at 98 °C followed by 25 cycles of denaturation (15
s at 98 °C), annealing (15 s at 50 °C) and extension (15 s at 72 °C) and a final extension
period of 2 min at 72 °). The PCR product was resolved in 1.5% agarose gel and spin col-
umn purified using a QIAquick PCR purification kit (QIAGEN) and following manufacturer’s
instructions. Concentration of the purified PCR products was measured using a NanoDrop
spectophotometer (Thermo Scientific). 5 ug p41824 gRNA cloning vector were linearised us-
ing 2 uL AFIII restriction enzyme and 10 uL 10x CutSmart buffer (all New England BioLabs)
in a final reaction volume of 100 uL and incubating the reaction mixture overnight at 37 °C.
Linearisation was confirmed by resolving 2 uL of the product in a 1% agarose gel side by side
with 100 ng of non-digested supercoiled plasmid. The remainder of the linearised plasmid was
then incubated at 65 °C for 10 min to heat-inactivate the restriction enzyme before being
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Table 6.2: Primer sequences for PCR amplification of gRNAs, with their respective annealing temperatures
and resulting amplicon size.

Primer Sequence Phusion Annealing Temperature | Amplicon size
CRISPRfw TTTCTTGGCTTTATATATCT 50 °C 100 bp
CRISPRrv GACTAGCCTTATTTTAACTT

AG3 Fw AGAGCCTGGAACTGGACGAC 67 °C 162 bp

AG3 Rv TCTCAAGAACCTCAAGAAAGCC

AG4 Fw GGATAGACGGGGACAATGAG 63 °C 418 bp

AG4 Rv CACAAAGGGAAGGGCGTAG

AG6 Fw | ACTGGTGCCTGTTTTCTTCTTGTCT 67 °C 187 bp

AG6 Rv ATATAAAAACCGCATGGACGAG

purified using a QlAquick PCR purification kit. Concentration of the product was measured
with a NanoDrop spectrophotometer. dsDNA gRNA insert was ligated to the AFlll-linearised
p41824 gRNA cloning vector using a Gibson Assembly cloning kit (New England BiolLabs).
50 ng of linearised plasmid were mixed with 6 ng 100 bp dsDNA gRNA insert, 10 uL of
Gibson Assembly mix and nuclease free H,O to 20 puL and incubated for 1 h at 50 °C. 2 uL of
reaction product were then used to transform one vial of the provided chemically competent
NEB 5-alpha E.coli cells. Bacteria were incubated for 30 min on ice, heat shocked for 30 s at
42 °C and transferred back to ice for 2 min. After addition of 950 puL of SOC medium, bac-
teria were allow to recover for 60 min at 37 °C. 100 plL of the transformed bacteria was then
spread into agar plates containing kanamycin as selection antibiotic. Plates were incubated
overnight at 37 °C. On the following day, a single colony per plate was picked and transferred
to a 50 mL Falcon tube containing 5 mL Luria Broth (LB) media with 5 pug/mL kanamycin.
Bacterial suspensions were incubated overnight at 37 °C with substantial shaking. Next day,
20% of the suspension was kept for subsequent scaling up and the remaining 80% was used
for DNA extraction, which was performed using the QIAprep Spin Miniprep kit (QIAGEN) and
according to the manufacturer’s instructions. The DNA product was checked for purity using
a NanodropTM 2000 spectrophotometer (Thermo Fisher) and sent for sequencing to Beck-
man Coulter Genomics in order to confirm insertion of the designed primers into the vector.
Selected positive bacterial clones were then scaled up to 150 mL LB media with appropriate
selection antibiotic, incubated overnight at 37 °C and the DNA extracted using the QIAGEN
plasmid Maxi kit (QIAGEN).

Transfection of Panc-1 cells. 1x10° Panc-1 cells were seeded in a 10-cm-dish one day
prior to the transfection. Cells were transfected with 4 ug DNA (2 pg primer-plasmid + 2
ug GFP-Cas9 plasmid (Addgene, 44719) or 4 ug GFP-Cas9 plasmid for the control) using 35
uL Lipofectamine 2000 transfection reagent (Thermo Fisher) and 1 mL OptiMEM medium
(Gibco). 5 h after transfection, the medium was replaced by normal culturing medium and

the cells were allow to recover for 72 h.

Fluorescence-activated cell sorting (FACS). Cells were harvested by centrifugation
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at 1000 xg for 3 min at 10 °C, washed with PBS and centrifuged again. Cells were
resuspended in 1 mL PBS, 0.1% FCS, 5 mM EDTA and transferred to a FACS compatible
tube with filter. The FACS sorting was performed by Jane Srivastava at the Imperial College
Flow Cytometry Facility. The output of the sorting was one 96-well plate per CRISPR/Cas-9
primer (two primers against NMT1 and two primers against NMT2) with one cell per well in
20% FBS medium, in addition to one 96-well plate with control cells (cells transfected only
with GFP-Cas9 plasmid).

Clonal growth. Clones were grown in normal culturing medium. 5 days after sort-
ing, the 96-well plates were screened for living cells. Wells that contained cells were
monitored daily and their medium changed every other day. Clones were initially grown in
96-well plates, subsequently scaled up to 48-well plates when confluent and so on until there

were enough cells to be frozen for long-term storage.

Amplification of the gRNA target region by PCR. DNA was extracted following
the DNeasy Blood and Tissue kit (QIAGEN) and DNA concentration measured by NanoDrop
(Thermo Fisher Scientific). The PCR was set up using 200 pug template genomic DNA
and Phusion High Fidelity DNA Polymerase (NEB) in a 25 puL PCR reaction following the
manufacturer’s instructions (35 cycles). Annealing temperatures were calculated using the
NEB Tm calculator web tool (https://tmcalculator.neb.com/) and are listed together
with the primers used in Table 6.2.

6.3 CHARACTERISATION OF NMT1 AND NMT2 KNOCK OUTS

Western Blot of NMT1 and NMT2 in Panc-1 knock outs. Cells were washed with
PBS once and lysed in Lysis Buffer A (see List of Buffers) directly on the plate. Lysates were
collected, centrifuged at maximum speed for 10 min and the supernatant transferred into a
new tube. Lysates were stored at -80 °C until use. Protein concentration was determined
using the DC Protein Assay Kit Il (BioRad) and absorbance was measured at 750 nm.
Samples were normalised to equal protein concentrations and separated in 12%, 15-well
SDS-PAGE gels (15 pg loaded per lane). The western blot procedure was carried out as
described in Western Blot, using 5% milk as blocking agent.

Flow cytometry analysis of Panc-1 clones. Cells were seeded one day before the
start of the experiment in a 12-well plate in a density of 40,000 cells per well. Cells
were incubated with 10 uM EdU 2 h at 37 °C before harvesting cells with trypsin. The
cell suspension was then transferred to a U bottom 96-well plate, washed with PBS and
stained with 0.5 uL Zombie NIR (Biolegend) per 100 uL cell suspension for 5 min at
RT to discard dead cells for analysis. After one wash with PBS cells were fixed with 4%
formaldehyde in the dark for 20 min, washed with FACS buffer (see List of Buffers) once
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and permeabilized with 100 pL Cytofix/Cytoperm buffer (BD biosciences) for 20 min at RT.
All subsequent washes were performed using the Wash/Perm buffer (BD biosciences). Cells
were washed once before EdU ligation to 6-FAM azide 488 fluorophore by copper-catalyzed
alkyne-azide cycloaddition (CuAAC or click reaction). The click mix was prepared by
mixing the following reagents per 1 mL of reaction mix in the order given and vortexing
between additions: 970 uL PBS, 4 uL CuSO4 500 mM 10 ulL buffer additive (Component
G, Click-iT EdU Alexa Fluor 488 Flow Cytometry Assay Kit) and 1 puL 6-FAM azide 488
(AAT Bioquest) 20 mM. 100 plL of the click reaction mix was added per well and plates
incubated for 1 h at RT in the dark. After two washes, apoptotic cells were stained for active
caspase 3 (PE Active Caspase-3 Apoptosis Kit, BD Biosciences) for 1h at RT, washed with
Wash /Perm buffer once, washed with FACS buffer once and nuclear content stained with
DAPI (in FACS buffer) for 30 min at RT. Samples were kindly measured by Gregor Lueg on
a MACSQuant VYB (Miltenyi Biotec) and analysed using FlowJo software (v10.4, Tree star).

MTS cell viability assay of Panc-1 clones. Cells were seeded in 96-well plates in
50 pL/well one day before the start of the experiment. WT, CTRL-A, 4C and 6B cells
were seeded at a density of 2,000 cell/well, while 3D and 3E clones were seeded at 4,000
cells/well.  Cells were incubated with 1/5 dilutions of three NMT inhibitors (IMP-1088,
IMP-1320 and DDD85646) starting at 2 uM and ranging down to 0.1 nM for 144 h (6
days). Inhibitor dilutions were added at 1.5x concentration the final concentration in 100
uL to make up a final 150 uL in each well. Media was replaced and treatment repeated
on day 3 to ensure availability of nutrients for proliferating cells. 2 pug/mL puromycin was
used as positive control. After the 6 day incubation period, the detection working solution
was prepared fresh by mixing MTS (1.6 mg/mL in PBS) and PMS (0.92 mg/mL in H,0)
(Sigma-Aldrich) reagents at 20:1 ratio. 20 uL of the MTS/PMS working solution were added
to each well and plates incubated for 2.5 h (WT, CTRL-A, 4C, 6B) or 3.5 h (3D, 3E) at 37
°C. Absorbance was read at 492 nM.

6.4 LABELLING N-TERMINAL GLYCINES IN WHOLE-CELL LYSATES WITH SRTA 5M

Preparation of cell culture samples for SrtA reaction. MDA-MB-231, Panc-1 or Hela
cells were seeded in 100 mm dishes one day before the start of the experiment and treated
next day with DMSO, 1 nM, 10 nM or 100 nM IMP-1088 NMT inhibitor. 24 h later, cells
were washed with PBS and scraped in SrtA buffer (see List of Buffers). Cell suspensions
were transferred to microcentrifuge tubes, lysed by passing through a 21-gauge needle and
protein concentration measured using the DCTM Protein Assay Kit Il (BioRad).

Preparation of tissue samples for SrtA reaction. Tumour dissections were weighted
before transferring them to vials containing Lysing Matrix D ceramic beads (MP Biomedicals).
A volume of SrtA Buffer (see List of Buffers) (measured in ul) equivalent to four-times

139



the tissue weight (measured in mg) was added to each vial. Tissues were lysed in a
FastPrep24-5G cell disruptor (MP Biomedicals) using 2 cycles of 20 s each at 5.0 m/s.
Samples were cooled on ice between cycles. These steps were repeated until the solid tissues
disappeared. Samples were then centrifuged for 3 min at 5,400 x g before being transferred

to eppendorf tubes for further processing or storage. Protein concentration was measured
using the DCTM Protein Assay Kit Il (BioRad).

SrtA reaction. Samples (20 — 300 pg protein content) were adjusted to 1 mg/mL
protein concentration in SrtA buffer (see List of Buffers). The SrtA reaction was carried
out by adding 75 uM ALPET-Haa substrate and 0.1 uM SrtA 5M (a kind gift from Dr.
M. Jamshidiha, Imperial College London, expressed and purified from Addgene plasmid
86962 [356]) to each sample and incubating with mild shaking overnight (16 h) at 4 °C.
The reaction was stopped by addition of 5 mM EDTA. Proteins where then precipitated
by addition of 4:1:2 methanol to chloroform to lysate ratio as described previously (please
refer to Methanol-chloroform precipitation of proteins). Samples were re-suspended in PBS
containing 2% SDS, 10 mM DTT. Once dissolved, the samples were diluted to a final
concentration of 1 mg/mL of proteins and 0.2% SDS by addition of PBS.

Affinity enrichment and western blot analysis. Samples were labelled by SrtA
overnight and precipitated as described above (see SrtA reaction and Methanol-chloroform
precipitation of proteins). For the affinity enrichment, 50 uL of Pierce NeutrAvidin agarose
bead slurry (Thermo Fisher), previously equilibrated with 0.2% SDS in PBS, were used for 50
ug of SrtA-labelled protein sample. Samples were incubated with the beads for 2 h at RT.
The non-bound solution was collected to be used as the supernatant fraction. The beads
where then washed three times with 0.2% SDS/PBS before elution in 2X Protein Loading
Buffer (see List of Buffers) for 15 min at 95 °C. Typically, proteins enriched from 50 pg of
protein were eluted in 20 uL 2X Protein Loading Buffer. Equal volumes of every sample were
loaded into 12% polyacrylamide gels, followed by western blotting against ARL1, PRKACA,
YES1 or loading control (GAPDH), performed as described previously in section Western
Blot.

Streptavidin shift assay. Samples were subjected to SrtA reaction, precipitated and
resuspended as described in Methanol-chloroform precipitation of proteins. Protein Loading
Buffer (see List of Buffers) was added, and protein samples boiled for 5 min at 95 °C. Samples
were cooled down to room temperature before addition of 1 pL of 100 uM Streptavidin stock
for every 5 pg of SrtA-labeled protein lysate. Streptavidin was allowed to bind to biotinylated
proteins for 5 min at RT before loading the protein samples to 12% polyacrylamide gels. Gels
were run and blotted as described in Western Blot, using ARL1, PRKACA, YES1 or loading
control (GAPDH) antibodies.
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ELISA. MDA-MB-231 cell or mouse tumour tissue samples were lysed in SrtA Buffer
(see List of Buffers), subjected to SrtA reaction overnight, precipitated (see Methanol-
chloroform precipitation of proteins) and resuspended to a final concentration of 0.02
mg/mL in PBS containing 0.2% SDS. Pierce streptavidin coated black ELISA 96-well plates
(ThermoScientific) were washed four times for 3 min with ELISA Wash Buffer (see List
of Buffers). All subsequent washing steps were performed in the same way. 50 plL of
the SrtA-labelled protein sample containing 1 pg protein (0.02 mg/mL) were added and
incubated for 3 h at RT. The plate was then washed and incubated with 100 pL ARL1
primary antibody at 1:500 dilution for 1 h at RT. After washing, the HRP-conjugated
anti-rabbit secondary antibody was added in 100 puL and 1:8000 dilution, and incubated for
1 h at RT. The plate was washed, and the kinetics of substrate conversion measured on
an EnVision Xcite 2104 (Perkin Elmer; excitation filter: 320 nm, emission filter: 460 nm)
every minute for 30 min after addition of the QuantaBluTM fluorogenic peroxidase substrate
(ThermoScientific).

6.5 CHARACTERISATION OF METAP2 INHIBITORS

Cellular thermal shift assay (CETSA). Determination of MetAP2 T,, in non-treated cells:
HT1080 cells in two t75 flasks at 90 confluence were detached with trypsin, trypsin quenched

by addition of medium and cells transferred to 15 mL falcon tubes. After centrifugation
(5 min at 1500 x g), cells were washed with PBS once and centrifuged again (5 min
at 1500 x g) before re-suspending them in PBS containing protease inhibitors. Cells in
PBS were then aliquoted into PCR tubes in 100 plL aliquots. Using a thermal cycler, cells
were heat-shocked for 3 min at a 12 temperature gradient spanning 35-90 °C. Because the
thermal cycler only allowed gradients of up to 30 °C temperature difference between top and
bottom temperatures, two gradients were set up, one of 35-60 °C and a second of 65-90°C
and heat treatment performed in two batches. After the 3 min heat treatment, cells were
allowed to cool for 3 min before lysis by repeated freeze-thaw cycles. 5 freeze-thaw cycles
were performed in total, by transferring the samples from liquid nitrogen to a water bath
at RT. Lysates were then transferred into 1.5 mL microcentrifuge tubes and centrifuged in
a benchtop centrifuge at maximum speed for 40 min at 4 °C. The supernatant containing
the soluble protein was transferred into a new vial and stored at -80 °C or used straight
away. For MetAP2 T,, determination by western blot, 15 uL from each sample (without
equalising protein concentration) were mixed with 5 puL 4X Protein Loading Buffer (see List
of Buffers) and 19 uL of the mixture loaded onto a 12% SDS-PAGE gel. Western blotting
for MetAP2 was performed as described on Western Blot. CETSA ITDR: Cells were treated
with a concentration series of MetAP2i or DMSO control for 24 h in t25 flasks (5 mL per
flask). Cells were detached with trypsin, washed once with PBS and re-suspended in PBS
containing protease inhibitors. Cells in PBS were then aliquoted into PCR tubes (100 pL
per aliquot) and heat shocked for 3 min at 72 °C (the calculated T,, for MetAP2). Samples
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were then lysed by freeze-thaw cycles (5 cycles), transferred into 1.5 mL microcentrifuge
tubes and centrifuged at maximum speed for 40 min at 4 °C. The supernatant containing
the soluble protein was transferred into a new vial and protein concentration measured.
Samples were then stored at -80 °C or loaded onto 12% SDS-PAGE gels (equal protein con-
tent per lane) for western blot analysis (performed as described in the Western Blot section).

Real time proliferation monitoring using the Incucyte. Cell treatment: 1,000
HT1080 cells per well were plated in 100 uL medium onto 96-well plates (Grenier, 666180)
and allowed to attach overnight. Cells were laid out leaving the outside wells empty,

which were filled with 200 pL medium only to prevent evaporation. The following day, 2X
concentrated solution of cell culture medium containing SYTOX green dye (final 250 nM,
2X = 500 nM) and MetAP2i (from a 1000X DMSO stock), DMSO (final 0.1%, 2X = 0.2%)
or puromycin (final 2 ug/mL, 2X = 4 pg/mL) were prepared on a dilution plate. Using
a multichannel, 100 pL of the 2X dye/compound concentrated media were added on top
of each corresponding well to make up a final 200 uL per well. After ensuring no bubbles
were left in any wells, plates were placed on the Incucyte tray adaptor for multi-well plates.

Imaging set-up: 4 images per well were taken using a 10X objective every 4 h (6 scans a day).

Phase-contrast and fluorescence acquisition settings were left as default, with auto-focusing
enabled. Data processing: Translation of imaging data into quantitative data was carried

out using the integrated software (version IncuCyte 2019B). For the phase-contrast settings,
segmentation was kept at 0.9 and the area filter was set at min = 100 uM to prevent
debris from being accounted as cell area. For the green fluorescence settings, the Top-hat
segmentation method was selected, with a maximum radius of 100 uM and a threshold of 25
GCU. All the settings were manually selected for these cells and visually inspected for validity
in all scanned plates before starting the analysis. Data analysis: On the Incucyte software,
'Vessel Information’ tab, a plate map was created for each scanned plate. This allowed the
software to integrate replicate data, which was exported into a .txt file including the average
per replicate and standard error (calculated per image) using the 'Graph Metrics’ tab. The
exported data was then imported into GraphPad Prism (version 5.0). For proliferation plots,
confluence area (%) was plotted against the elapsed time (days) to show the full proliferation
curve. The linear range was then manually selected as the period spanning 2.5 to 4 days
(same for all treatments) and fitted to a straight line. Slopes were then plotted against
the log;p MetAP2i concentration (nM) and fitted to a 4-parameter curve to determine the
EC59 of each compound. For cytotoxicity plots, the ratio of green fluorescence area to
phase-contrast area (confluence) were plotted against the elapsed time (days). For each
compound concentration, the total area under the curve (AUC) was calculated for the period
spanning 0 to 5 days. This ensured cytotoxicity due to over-confluence did not affect the
results, which was observed for non-treated control and lower MetAP2i concentrations. Each
calculated AUC was then plotted against log;y MetAP2i concentration (nM) to show the
cytotoxcity caused by each concetration of compound.
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6.6 SAMPLE PREPARATION FOR PROTEOMICS EXPERIMENTS

YnMyr pull down spike-in SILAC of Panc-1 clones.This procedure corresponds to
the experiment displayed in Figure 2.10. We compared the YnMyr incorporation profiles
of NMT1- and NMT2-KO Panc-1 clones without any further experimental perturbation
in order to investigate the contribution of each enzyme isoform using a spike-in SILAC

quantification approach. Sample harvesting: Heavy cells (WT) were obtained by continuously

culturing Panc-1 cells in heavy media (arginine- and lysine-free DMEM supplemented with
heavy arginine (K8) and heavy lysine (R10) and 8% dialysed FCS) for 8 passages before
expanding the culture to needed volume. To prepare the heavy spike-in sample, cells were
seeded in 10-cm dishes, allowed to grow to 75% confluence and incubated with 30 uM
YnMyr for 24 h before lysis in Lysis Buffer A (see List of Buffers) and pooling the lysate.
Similarly, light cells (CTRL, 3D, 3E, 4C and 6B clones) were seeded in 10-cm dishes and
allowed to grow to 75% confluence, before addition of 30 uM YnMyr and lysis after a
24 h incubation period. 100 pg of pooled heavy spike-in protein sample were added to
300 pg of each (light) sample. Click reaction: Samples were clicked to azido-Arg-Biotin
(AzRB) capture reagent [351] following the procedure described in Click reaction (CuAAC).
Precipitation: Quenched samples were precipitated following the standard procedure (see
Methanol-chloroform precipitation of proteins). Dried pellets were resolubilised in 40 pL
2% SDS in HEPES 50 mM pH 8.0 and then diluted down to 0.2% SDS with HEPES.

Protein-level enrichment with on-bead reduction, alkylation and digestion:  Samples  were

applied to 40 pL pre-equilibrated Pierce NeutrAvidin agarose bead slurry (Thermo Fisher)
and allowed to bind for 2 h at RT. Beads were washed twice with 0.2% SDS in HEPES and
four times with HEPES. All bead washes were performed by centrifugation on a benchtop
centrifuge at 4 x g for 3 min. Each wash step was followed by a centrifugation step to allow
discarding of the supernatant. Beads were then resuspended with 50 uL HEPES containing
5 mM TCEP and 10 mM chloroacetamide. 0.5 ug trypsin (Promega, V5111) was added to
each sample and on-bead digestion allowed to carry on overnight at 37 °C in the presence
of reducing and alkylating agents. Supernatants were recovered by centrifugation, beads
washed with extra 100 uL of H,O and supernatant combined with previous ones. Samples
were acidified with 0.5% trifluoroacetic acid (TFA) to quench trypsin and ensure consistent
charging of peptides for stage tipping. Desalting on stage tips: Samples were desalted on

stage tips following the stop and go procedure reported previously [398]. Briefly, three stacked
disks of SDB-XC membranes (Supelco) were inserted in no-filter 200 plL tips to the same
distance to the tip. For all subsequent steps, stage tips were spin down at 1,100 x g to push
the liquid through the membrane. Membranes were activated with 150 pL methanol and
equilibrated with 150 uL LC-MS grade H5O before addition of the charged peptide samples.
Samples were desalted by washing with 150 pL LC-MS grade H;O twice before elution
with 60% acetonitrile. Desalted peptide samples were then dried on a Savant SPD1010
SpeedVac Concentrator (Thermo Fisher) at 45 °C and stored at -80 °C until submission.
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Measurement of the peptide sample: Samples were redissolved in 30 L Resuspension Buffer
(see List of Buffers) and 1.5 pL injected into the nLC-MS/MS system.

Whole proteome analysis of Panc-1 clones.This procedure corresponds to the ex-
periment displayed in Figure 2.6. In this experiment, we compared the whole-proteome
profiles of NMT1- and NMT2-KO Panc-1 clones in homeostatic conditions, without any
further experimental perturbation. Each clone type was seeded and harvested in three

biological replicates. Sample harvesting: Cells were seeded in 6-cm dishes and grown until

95% confluent. Lysates were generated with Lysis Buffer B (see List of Buffers) and cleared
by centrifugation for 5 min at maximum speed. In-solution reduction and alkylation: 100 pug

starting protein material were reduced with 5 mM TCEP for 1h at 55 °C, cooled to room
temperature and then alkylated with 15 mM chloroacetamide for 1 h at RT. Precipitation:
Proteins were precipitated as described in Methanol-chloroform precipitation of proteins) and
resuspended in 10 uL 1% SDS in HEPES 50 mM pH 8.0. Digestion: Once fully redissolved,
samples were diluted down to 0.1% SDS with HEPES before addition of 1 pg of trypsin
and overnight incubation at 37 °C. Trypsin was quenched with 1 mM PMSF before TMT
labelling. TMT labelling: The equivalent of 10 ug of initial protein (1/10 of each sample)
were labelled with 0.08 mg TMT10-plex reagent (1/10 of a 0.8 mg TMT reagent vial).
Each 0.08 mg TMT reagent dried aliquot was equilibrated to room temperature, dissolved in

acetonitrile and added to the corresponding peptide sample in a 1:1 volume ratio to achieve
50% acetonitrile in the final reaction mixture. The TMT labelling reaction was incubated for
2 h at RT. The reaction was quenched by addition of 1 uL 5% hydroxylamine. Samples in
each 10-plex were then combined at equal amounts and dried on the SpeedVac overnight with
no heating. Six-layer fractionation: Dried TMT-labelled peptide samples were redissolved in
150 pl 1% TFA, their pH checked to be pH<3 and loaded into SCX stage tips containing
3 stacks of polystyrene-divinylbenzene copolymer membranes modified with sulfonic acid

(Supelco). The 6-layer fractionation was carried out as described previously [399] with slight
modification in the composition of the fraction solutions (Table 6.3). Briefly, membranes
were activated with 150 plL acetonitrile and equilibrated with 150 uL LC-MS grade H,O. All
solutions were passed through the stage tip by centrifugation at 1,100 x g for 3 min at RT.
Samples were applied to the membranes, desalted by washing twice with 150 pulL 0.2% TFA
containing LC-MS grade HyO and eluted with buffers SCXx1-SCXx5 and Buffer X (Table
6.3). Fractionated peptide samples were then dried on the SpeedVac at 45 °C and stored

at -80 °C until submission. Measurement of the peptide sample: For injection, samples were

redissolved in 16 puL Resuspension Buffer (see List of Buffers) and 2 pL injected for fractions
1 and 2, 1.5 pul injected for fractions 3 and 4, and 1 uL injected for fractions 5 and 6.

SrtA peptide-based enrichment proteomics.This procedure corresponds to the ex-
periment displayed in Figures 3.4 and 3.5. To study the substrate specificity of SrtA
in whole-cell lysates we compared enrichment of labelled peptides of MDA-MB-231 cell
lysates to peptides from control (SrtA-untreated) samples. Three biological replicates
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Table 6.3: Six-layer fractionation elution buffers.

Buffer Composition

SCXx1 | 75 mM Ammonium acetate, 20% (v/v) ACN, 0.5% (v/v) FA
SCXx2 | 125 mM Ammonium acetate, 20% (v/v) ACN, 0.5% (v/v) FA
SCXx3 | 200 mM Ammonium acetate, 20% (v/v) ACN, 0.5% (v/v) FA
SCXx4 | 300 mM Ammonium acetate, 20% (v/v) ACN, 0.5% (v/v) FA
SCXx5 | 400 mM Ammonium acetate, 20% (v/v) ACN, 0.5% (v/v) FA

Buffer X | 5% (v/v) Ammonium hydroxide, 80% (v/v) ACN
* ACN, acetonitrile. FA, formic acid.

were used, which were separated into two equal aliquots, resulting in two identical sets
of triplicates, one of which was subjected to a normal overnight SrtA reaction while the
second set constituted a negative control in which incubation was carried out in the absence
of enzyme. Cell treatment and sample harvesting: Cells were incubated in the presence of
100 nM IMP-1088 NMT inhibitor for 24 h before lysis in SrtA buffer (see List of Buffers).
SrtA reaction: Each biological replicate was separated into two 500 pg aliquots, which were

subjected to SrtA labelling overnight in the presence or absence of the enzyme. All reactions
were quenched by addition of 5 mM EDTA. Precipitation: Proteins were then cleaned up by
precipitation (see Methanol-chloroform precipitation of proteins) and resuspended in 500 pL
of 50 mM HEPES pH 8.0. Trypsin digestion: Final concentration of 5 mM TCEP and 10
mM chloroacetamide were added (from 10X stocks, prepared fresh in HEPES) and incubated

at RT for 15 min before addition of 4 pg trypsin per sample and overnight digestion,
reduction and alkylation at 37 °C. Trypsin was quenched with the addition of 1X protease
inhibitor cocktail. Peptide-based enrichment: 500 pL NeutrAvidin agarose bead slurry were

used for each sample containing 500 pg of protein sample. Beads were equilibrated with 50
mM HEPES pH 8.0, before incubation with the biotinylated peptide sample for 2 h at RT.
The unbound fraction was discarded, and the beads washed twice with 50 mM HEPES pH
8.0, twice with H5O, and three times with 10% acetonitrile in HyO. All bead washes were
performed by centrifugation on a benchtop centrifuge at 4 x g for 3 min. Bead-bound
peptides were eluted in two 15-minute-incubations with 150 uL of 80% acetonitrile,0.1% TFA
and 0.2% formic acid as described previously [363] and pooled. Enriched samples were dried

in a centrifugal evaporator at 45 °C. Stage tip desalting was carried out as described above

for protein-based enrichment sample preparation (see Whole proteome analysis of Panc-1
clones). Measurement of the peptide samples: Samples were resuspended in Resuspension
Buffer (see List of Buffers) and 30% of the peptide samples were injected into the LC-MS/MS
machine.

SrtA protein-based enrichment proteomics - Part I: SrtA labelling and two
step on-bead/off-bead digestion. This procedure corresponds to the experiment displayed
in Figure 3.7. We compared protein-level enrichment of MD-MB-231 triple-negative

breast cancer cell proteomes labeled with SrtA post-lysis to metabolically tagged cells with
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YnMyr after 24 h exposure to DMSO, 1 nM or 100 nM IMP-1088 NMT inhibitor. Three
biological replicates were used per condition, making up a total of 9 samples labelled

with SrtA. Cell treatment and sample harvesting: Cells were harvested and lysed in SrtA

buffer (see List of Buffers). 200 pg protein per sample were subjected to SrtA reaction
and precipitated as described above. Protein samples were resuspended in 0.2% SDS,
1 mM DTT, 50 mM Tris pH 8.0 to 1 mg/mL. Bead derivatisation: NeutrAvidin agarose
beads (1 uL per pug of SrtA-labeled protein) were washed five times with 5-bead volumes

of 100 mM TEAB pH 8.0 to remove all traces of possible free-amines, and lysines on
NeutrAvidin di-methylated with 5-bead volumes of 0.2% formaldehyde and 25 mM sodium
cyanoborohydride in 100 mM TEAB pH 8.0 for 1 h at RT. The reaction was quenched
with 100 mM TEAB pH 8.0 containing 1% ethanolamine. Excess ethanolamine was washed
away with 50 mM Tris pH 8.0 and beads equilibrated to 0.2% SDS/50 mM Tris pH 8.0.
Protein-based enrichment and two-step on-bead/off-bead digestion: Samples were added to

the derivatised beads and incubated for 2 h at RT. The supernatant was discarded, and
the beads washed twice with 0.2% SDS/ 50 mM Tris pH 8.0 and three times with 50
mM Tris pH 8.0 to wash out the SDS. All bead washes were performed by centrifugation
on a benchtop centrifuge at 4 x g for 3 min. Bound proteins were partially digested by
incubation with 0.4 pg LysC (Promega, V1671) in 50 mM Tris pH 8.0 for 1 h at 37 °C.
The supernatant containing the cleaved proteins was then transferred to a new tube for full
digestion of the proteins with 0.5 pg trypsin overnight at 37 °C in the presence of 5 mM
TCEP and 10 mM chloroacetamide. Buffer exchange/desalting on stage tips: Samples were

acidified with 0.5% (v/v) trifluoroacetic acid (TFA) and loaded onto stage tips containing
three SDB-XC poly(styrenedivinyl-benzene) copolymer discs (Merck). The stage tipping
procedure was carried out as described previously(17). Peptide samples were eluted in 60%
acetonitrile in water and the solvent removed by incubation on the SpeedVac at 45 °C.
9-plex TMT labeling: The TMT reaction was performed by adding 0.08 mg TMT reagent
dissolved in 15 pL acetonitrile to each of the samples resuspended in 15 uL 50 mM HEPES

pH 8.0 and incubating the mixture for 2 h at RT. Each reaction was quenched with 1 uL 5%
hydroxylamine before combining all nine conditions into one tube. The sample was dried by
centrifugal evaporation at 45 °C. In both cases, one of the 129 channels was excluded, as
it has previously been shown that that is one of the pairs that suffers greatest reporter ion
coalescence issues [400]. Desalting and six-layer fractionation: The peptide sample was first

desalted on a stage tip and dried as described previously (see YnMyr pull down spike-in SILAC
of Panc-1 clones). Samples were resuspended in 150 pL 1% (v/v) TFA/H20 and loaded into
a second stage tip containing SCX stage tips and separated into six fractions as described
above (see Whole proteome analysis of Panc-1 clones and Table Tab:C6Tab3). Samples

were evaporated to dryness on the SpeedVac at 45 °C. Measurement of the peptide sample:

Peptide fractions were dissolved in Resuspension Buffer (see List of Buffers). 1/6 of fractions
1 and 2, 1/9 of fractions 3 and 4, and 1/12 of fractions 5 and 6 were injected into the
LC-MS/MS system.
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SrtA protein-based enrichment proteomics - Part II: YnMyr labelling. This procedure
corresponds to the experiment displayed in Figure 3.7. This experiment was designed
together with the SrtA-labelling protein-level enrichment above in order to compare the
two labelling strategies. MD-MB-231 triple-negative breast cancer cells were metabolically
tagged with YnMyr after 24 h exposure to DMSO, 1 nM or 100 nM IMP-1088 NMT
inhibitor. Three biological replicates were used per condition, making up a total of 9 samples

labelled with YnMyr. Cell treatment and sample harvesting: Cells were lysed in Lysis Buffer

A (see List of Buffers) and protein concentration adjusted to 1 mg/mL. Click reaction: 400
ug of protein were ligated to the AzRB capture reagent by copper-catalyzed alkyne-azide
cycloaddition (CuAAC) as described in Click reaction (CuAAC). Protein precipitation:
After quenching the click reaction with 5 mM EDTA, samples were precipitated as de-

scribed previously (see Methanol-chloroform precipitation of proteins). Protein samples
were resuspended in in 50 mM HEPES pH 8.0 containing 0.2% SDS and 1 mM DTT.
Protein-based enrichment and on-bead digestion: 8 uL NeutrAvidin agarose beads and 32

uL agarose blank beads (Pierce Control Agarose Resin, ThermoScientific) were used for
every sample. The beads were equilibrated with 0.2% SDS in 50 mM HEPES pH 8.0 before
incubation with the samples (2 h, RT). The supernatant was discarded, and the beads
washed twice with 0.2% SDS in 50 mM HEPES pH 8.0, and three times with 50 mM
HEPES. Samples were then resuspended in 50 uL HEPES buffer containing 5 mM TCEP and
10 mM chloroacetamide and 0.5 pg trypsin added for overnight on-bead digestion at 37°C.

9-plex TMT labeling, desalting and six-layer fractionation and measurement of the samples

was performed as described for SrtA samples.

Peptide-level enrichment of proteomes metabolically tagged with AHA for MetAP2
substrate identification (final optimised procedure). This workflow was designed to
systematically detect MetAP2-specific substrates by combining metabolic incorporation of the
methionine-analogue azidohomoalanine (AHA) and MetAP2 specific inhibitors. The protocol
was optimised through several rounds of iteration as thoroughly described in Results Chapter
4. The procedure described in detail here corresponds to the final optimised protocol of
the workflow and is the one used in the experiments described in Figures 4.13 and 4.14.
Cell treatment and harvesting: 2 x 10% A549 or HT1080 cells were seeded in 10-cm dishes
in 2 (experiment in Figure 4.13) or 8 replicates (experiment in Figure 4.14) per condition

one day before the start of the experiment. Cells were then washed once with PBS and
changed to methionine-free DMEM (Gibco 21013-024; supplemented with 0.2 mM L-Cys
(Sigma-Aldrich, C6852), 4 mM L-GIn (Thermo-Fisher Scientific, 25030-024), 1 mM sodium
pyruvate (Sigma-Aldrich, S8636) and 8% FBS (all final concentrations) in order to mimic
the composition of the original medium cells were in (Gibco 41966-029)) in the presence of
MetAP2i or DMSO control. Cells were allowed to equilibrate for 30 min before the addition
of 2 mM AHA and pulsed for 2 h before lysis in Lysis Buffer C (see List of Buffers). For
the experiment in Figure 4.14, two replicate samples of the same condition were combined
into a single vial to obtain protein lysate equivalent to two 10-cm dishes (at least 2 mg per
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sample) in 4 biological replicates. Click reaction: 1 mg of protein per sample were ligated to
Yn-AC-biotin capture reagent (or Yn-PEG4-biotin for preliminary experiments) as described
in Click reaction (CuAAC), with a higher final concentration of capture reagent to account
for the fact that AHA is incorporated into newly synthesised proteins to a much higher extent
than YnMyr. Briefly, a click master mix was prepared by combining 1 volume 50mM capture
reagent (Yn-PEG4-biotin or Yn-AC-biotin), 2 volumes 50 mM CuSO4, 2 volumes 50 mM
TCEP and 1 volume 10 mM tris(benzyltriazolulmethyl)amine (TBTA). 6 L of the click mix
were then added for every 100 puL protein and samples incubated for 1 h at RT with gentle
shaking. 5 mM EDTA were added to quench copper and stop the reaction. For the experiment
described in Figure 4.14, biotinylated protein samples were divided in two for digestion with

different proteases (trypsin/chymotrypsin). Protein precipitation was carried out as described

previously (see Methanol-chloroform precipitation of proteins) and protein samples re-dissolved
first in 20 uL 50 mM HEPES pH 8.0 containing 2% SDS and then diluted down to 0.1% SDS
with 50 mM HEPES pH 8.0 for digestion. In solution reduction, alkylation and digestion:
final 5 mM TCEP and 10 mM chloroacetamide (both from 10X stocks prepared fresh in
50 mM HEPES pH 8.0) were added and samples incubated for 15 min at RT with gentle
shaking. 1 ug trypsin or 1.7 ug chymotrypsin (Promega, V1061) were added per starting 100

ug protein (1:100 ratio for trypsin, 1:60 for chymotrypsin) and digestion allowed to carry on
overnight at 37 °C (trypsin) or 25 °C (chymotrypsin). Proteases were quenched by addition
of 1 mM PMSF (from a 200 mM ethanol stock, prepared fresh). Peptide-level pull down: 100
uL Pierce NeutrAvidin agarose bead slurry per condition were transferred into 1.5 mL vials
and washed with 1 mL 50 mM HEPES pH 8.0 once. All bead washes were performed by
centrifugation on a benchtop centrifuge at 4 x g for 3 min. Peptide samples were centrifuged

at maximum speed for 5 min at 4 °C before transferring the samples into the corresponding
bead-containing tube. Biotinylated peptides were allowed to bind for 2 h at RT with gentle
shaking before extensive washing to remove non-specific binders: two washes with 700 pL
50 mM HEPES pH 8.0, two washes with H,O and three washes with with 10% acetonitrile
in HyO. Peptides were eluted from the beads with a 15 min incubation in 150 uL of 80%
acetonitrile,0.1% TFA and 0.2% formic acid as described previously [363]. Beads were pelleted
by centrifugation and the supernatant containing the eluted peptides transferred to a new 1.5
mL microcentrifuge tube containing a glass-insert. This step was repeated once more and
both supernatants combined. Enriched samples were dried on the SpeedVac overnight with
no temperature. Cleavage of Yn-AC-biotin capture reagent: 30 uL TFA were added to each

dried sample (in glass inserts) and incubated for 2 h at RT with gentle shaking. TFA was
dried under Ny gas stream (ca. 2 min per sample) followed by further 30 min in the centrifugal
evaporator at 45 °C to ensure complete removal. TMT labelling: samples were redissolved
in 15 uL 50 mM HEPES pH 8.0 and pH of every sample checked by addition of 1 pulL into
a pH strip. In the rare event of a sample showing acidic pH, this was reverted by addition
of 1 uL of 1 M HEPES pH 8.0. The equivalent of 1/3 of a 0.8 mg TMT reagent vial was
resuspended in 15 pL acetonitrile and the samples and TMT reagents mixed 1:1 (final 50%
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acetonitrile). The TMT reaction was allowed to carry on for 3 h at RT with gentle mixing
before quenching with 3 uL 5% hydroxylamine (diluted in 50 mM HEPES pH 8.0). Where any
TMT channels had to be excluded, one of the 130 and 129 channels were selected following
previous evidence that these channels are more prone to coalesce [400]. Samples were then
combined into their corresponding TMT multiplex and dried on the SpeedVac overnight with
no temperature. Six-layer fractionation: Dried TMT-labelled peptide samples were redissolved
in 150 puL 1% TFA, their pH checked to be pH<3 and loaded into SCX (Supelco) stage

tips for 6-layer fractionation. 6-layer fractionation was carried out as described in Whole

proteome analysis of Panc-1 clones, with slight modification of the elution buffers (Table 6.4).
Fractionated peptide samples were then dried on the SpeedVac at 45 °C. Desalting: Due to
the high ammonium acetate used for fractionation, samples were desalted prior to injection
as described in YnMyr pull down spike-in SILAC of Panc-1 clones and stored at -80 °C until
submission. Measurement of the peptide sample: For injection, samples were redissolved in

10 puL Resuspension Buffer (see List of Buffers) and 2 pL injected for all fractions.
Table 6.4: Six-layer fractionation elution buffers (AHA).

Buffer Composition

SCXx1 | 200 MM Ammonium acetate, 20% (v/v) ACN, 0.5% (v/v) FA

SCXx2 | 350 mM Ammonium acetate, 20% (v/v) ACN, 0.5% (v/v) FA

SCXx3 | 450 mM Ammonium acetate, 20% (v/v) ACN, 0.5% (v/v) FA
(v/v) (v/v) FA
(v/v) (v/v) FA

SCXx4 500 mM Ammonium acetate, 20% (v/v) ACN, 0.5% (v/v
SCXx5 | 550 mM Ammonium acetate, 20% (v/v) ACN, 0.5% (v/v
Buffer X | 5% (v/v) Ammonium hydroxide, 80% (v/v) ACN

* ACN, acetonitrile. FA, formic acid.

Protein-level enrichment of YnMyr metabolic tagging in MetAP2i-treated samples.
This procedure corresponds to the experiment displayed in Figure 4.17 and was designed
to study the effect of MetAP2 inhibition on YnMyr incorporation to determine the overlap
between NMT and MetAP2. An NMT inhibitor, IMP-1088 [298], was included as positive

control. Cell treatment and sample harvesting: 1.2 x 10° HT1080 cells were seeded in 10-cm

dishes in 4 replicates per condition and allowed to grow overnight. Cells were then pre-
incubated with NMTi, MetAP2i or DMSO for 30 min, before addition of 25 uM YnMyr. Cells
were allowed to incorporate YnMyr in the presence of NMTi/MetAP2i for 4.5 h before lysis in
Lysis Buffer C (see List of Buffers). Click reaction: 900 pg of protein per sample were ligated
to the AzRB capture reagent as described in Click reaction (CuAAC). Protein precipitation:

After quenching the click reaction with 5 mM EDTA, samples were precipitated as described
previously (see Methanol-chloroform precipitation of proteins). Bead derivatisation: 30 p

NeutrAvidin agarose bead slurry per condition were dimethylated as described above (see
SrtA protein-based enrichment proteomics) one day before use and kept at 4 °C overnight.
Protein-based enrichment and two-step on-bead/off-bead digestion: Derivatised beads were
washed twice with 1 mL 50 mM HEPES pH 8.0 containing 0.2% SDS before addition of
the samples and 2 h incubation at RT with gentle shaking. The supernatant was discarded,
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and the beads washed once with 1% SDS/50 mM HEPES pH 8.0, twice with 0.2% SDS/50
mM HEPES pH 8.0 and three times with 50 mM HEPES to wash out the SDS. All bead
washes were performed by centrifugation on a benchtop centrifuge at 4 x g for 3 min. Bound
proteins were resuspended in 20 uL 50 mM HEPES pH 8.0 and partially digested by incubation
with 0.4 pg LysC (Promega, V1671) for 2 h at 37 °C. The supernatant containing the cleaved
proteins was then transferred to a new tube for full digestion with 0.5 pg trypsin overnight at
37 °C in the presence of 5 mM TCEP and 10 mM chloroacetamide. Trypsin was quenched by
acidification of the sample with addition of 1 % TFA. On-stage tip TMT labelling: Stage tips
were prepared by inserting three stacked discs of C18 membranes into 200 pL tips. Membranes

were activated with 50 plL methanol, washed once with 50 pL 50% acetonitrile containing
0.1% formic acid and equilibrated with 75 uL H,O containing 0.1% formic acid. All solutions
were passed through the stage tip by centrifugation at 1,100 x g for 3 min at RT. Sam-
ples were centrifuged on a benchtop centrifuge at maximum speed for 5 min before addition
of the supernatant to their corresponding stage tip, and washed twice with H,O containing
0.1% formic acid. 1/10 of each 0.8 mg TMT reagent vial were dissolved in 2 uL acetoni-
trile and this added into 200 uL 50 mM HEPES pH 8.0. The TMT-reagent solution was
then passed through the membrane for at least 15 min at 100 x g. Stage tips were then
washed with H,O containing 0.1% formic acid three times before elution with 50 uL of 60%
acetonitrile containing 0.1% formic acid. TMT channels were combined and dried on the
SpeedVac at 45 °C. Three-layer fractionation: Stage tips were prepared containing 3 stacks

of polystyrene-divinylbenzene copolymer partially modified with sulfonic acid SDB-RPS discs
(Supelco). Membranes were equilibrated with 150 pL HO. Dry TMT-labelled samples were
redissolved in 150 uL H,O containing 1% TFA and centrifuged for 5 min at maximum speed
on a benchtop centrifuge. Supernatants were then added to each corresponding stage tip and
passed through the membrane by centrifuging at 1,100 x g. Stage tips were then washed
three times with 60 uL 0.2% TFA before elution with SDB-RPSx1, SDB-RPSx2 and Buffer
X elution buffers (see Table 6.5). Fractionated samples were dried on the SpeedVac at 45 °C.

Measurement of the peptide sample: Samples were redissolved in 15 pL Resuspension Buffer

(see List of Buffers) and 2 L injected for all fractions.

Table 6.5: Six-layer fractionation elution buffers (AHA).

Buffer | Composition

SCXx1 | 100 mM Ammonium formate, 40% (v/v) ACN, 0.5% (v/v) FA
SCXx2 | 150 mM Ammonium formate, 60% (v/v) ACN, 0.5% (v/v) FA
Buffer X | 5% (v/v) Ammonium hydroxide, 80% (v/v) ACN

* ACN, acetonitrile. FA, formic acid.
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6.7 PROTEOMICS DATA ACQUISITION

Proteomics data acquisition of spike-in SILAC samples. These were the settings
used for the YnMyr pull down experiment with the NMT1- and NMT2-KO Panc-1 clones.
Peptides were separated on an Acclaim PepMap RSLC column 50 cm x 75 um inner diameter
(Thermo Fisher Scientific) using a 120 min acetonitrile gradient in 0.1% aqueous formic acid
at a flow rate of 250 nl/min. Easy nLC-1000 was coupled to a QExactive mass spectrometer
via an easy-spray source (all Thermo Fisher Scientific). The QExactive was operated in
data-dependent mode with survey scans acquired at a resolution of 70,000 at m/z 200.
Scans were acquired from 350 to 1650 m/z. The maximum ion injection time for the survey
scan was set to 20 ms and the ion target to 1 x 10°. Up to 10 of the most abundant isotope
patterns from the survey scan with charge +2 or higher and an intensity of 1 x 10* or
higher were selected with an isolation window of 2.0 m/z and fragmented by HCD with nor-
malised collision energy of 25. The MS/MS scans were acquired with a resolution of 17,500
at m/z 200, a maximum ion injection time of 120 ms and the ion target value set to 1 x 10°.

Proteomics data acquisition of LFQ samples. These were the settings used for
the SrtA-labelled peptide-enrichment experiment of MDA-MB-231 proteomes. — Peptides
were separated using an Acclaim PepMap RSLC column 50 cm x 75 pum inner diameter
(Thermo Fisher Scientific) using a 2 h acetonitrile gradient in 0.1% aqueous formic acid at
a flow rate of 250 nl/min. Easy nLC-1000 was coupled to a QExactive mass spectrometer
via an easy-spray source (all Thermo Fisher Scientific). The QExactive was operated in
data-dependent mode with survey scans acquired at a resolution of 70,000 at m/z 200.
Scans were acquired from 350 to 1650 m/z. Up to 10 of the most abundant isotope
patterns with charge 42 or higher from the survey scan were selected with an isolation
window of 2.0 m/z and fragmented by HCD with normalized collision energy of 25. The
maximum ion injection times for the survey scan and the MS/MS scans (acquired with a
resolution of 17,500 at m/z 200) were 20 and 120 ms, respectively. The ion target value
for MS was set to 10° and for MS/MS to 10°, and the intensity threshold was set to 8.3 x 102

Proteomics data acquisition of TMT-labelled samples. These settings were ap-
plied to all the rest of the samples measured that had been labelled with TMT isobaric
reagents. Peptides were separated on an Acclaim PepMap RSLC column 50 cm x 75 um
inner diameter (Thermo Fisher Scientific) using a 180 min acetonitrile gradient in 0.1%
aqueous formic acid at a flow rate of 250 nl/min. Easy nLC-1000 was coupled to a QExactive
mass spectrometer via an easy-spray source (all Thermo Fisher Scientific). The QExactive
was operated in data-dependent mode with survey scans acquired at a resolution of 70,000
at m/z 200. Scans were acquired from 350 to 1800 m/z. The maximum ion injection time
for the survey scan was set to 20 ms and the ion target to 1 x 10°. Up to 10 of the most

abundant isotope patterns from the survey scan with charge +2 or higher and an intensity
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of 1.7 x 10 or higher were selected with an isolation window of 1.6 m/z and fragmented
by HCD with normalised collision energy of 31. The MS/MS scans were acquired with a
resolution of 35,000 at m/z 200, a maximum ion injection time of 120 ms and the ion target
value set to 2 x 10°.

6.8 DATABASE SEARCHES OF PROTEOMICS EXPERIMENTS

The general database search parameters have been combined here for each quantification
method. Specific changes to these parameters are listed in Tables 6.6 and 6.7 below, to-
gether with the specific versions of MaxQuant and Perseus as well as fasta files accession dates.

Protein database search of spike-in SILAC samples using MaxQuant. Raw
files were uploaded into MaxQuant [401] and searched against the curated Swiss-Prot human
proteome (with isoforms) [251] using the built-in Andromeda search engine. Quantification
type was set to "Standard” and the multiplicity set to two, with the "Light" label as
default and ArglO and Lys8 selected for the "Heavy” label. The false discovery rate was
set to 0.01 for peptides, proteins, and sites. Other parameters were used as preset in the
software (maximal mass error = 4.5 ppm and 20 ppm for precursor and product ions,
respectively, minimum peptide length = 7, minimum razor + unique peptides = 2, minimum
scores for unmodified and modified peptides = 0 and 40, respectively). "Re-quantify”
was turned on, which gives a background value to the heavy/light counterpart when it
fell under the detection limit, allowing to still get a H/L ratio value, even if this will
be under/over-estimated. Second peptides were allowed, to maximize identification of
peptides within the same MS1 spectrum. “Match between runs” option (time window
0.7 min) was allowed to allow for feature ID transfer between MS runs. and “Unique and
razor peptides” mode was selected to allow identification and quantification of proteins in
groups (razor peptides are uniquely assigned to protein groups and not to individual proteins).

Database search LFQ samples using MaxQuant. The search was performed in
MaxQuant [401] using the built-in Andromeda search engine against the curated Swissport
human proteome (with isoforms) [251]. The false discovery rate was set to 0.01 for peptides,
proteins, and sites. The minimum scores for unmodified and modified peptides were set to
0 and 25, respectively. Other parameters were used as preset in the software (maximal mass
error = 4.5 ppm and 20 ppm for precursor and product ions, respectively, minimum peptide
length = 7, minimum razor + unique peptides = 1). Identification of second peptides was
allowed and “Unique and razor peptides” mode was selected to allow identification and
quantification of proteins in groups. Special case: SrtA peptide-based enrichment proteomics.
In this case the search was performed against an adapted version of the Swissprot human
proteome [251], which was modified using R [402] so that the first two “MX" residues of every
protein sequence were replaced by “MALPETX". This allows for the automated assignment
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of ions resulted from HCD-induced fragmentation of the peptidic element of the N-terminal
modification. We further allowed a biotin modification at the N-terminus of any protein (see
6.8 for details on the formula or exact mass) that we set as a variable modification to act as
an internal control that would reinforce the validity of the identification by combination of
the two independently found elements of Biotin-ALPET.

General database search of TMT-labelled protein-centric samples using MaxQuant.
This consists of the 'default’ settings at which MaxQuant was operated for all TMT-labelling
proteomics experiments not listed in this section otherwise. The list of MaxQuant versions
and fasta file download dates as well as all variable and fixed modifications and any further
changes to these settings for each particular experiment are listed in Tables 6.6 and 6.7. Raw
files were uploaded into MaxQuant [401] and searched against the curated Swiss-Prot human
proteome (with isoforms) [251] using the built-in Andromeda search engine. Quantification
method was set to "Reporter ion MS2" and "10plex TMT" selected for every N-termini and
lysine side-chains. TMT correction factors were specified for every TMT reagent set used.
Cysteine carbamidomethylation was selected as fixed modification and methionine oxidation
and acetylation of protein N-termini as variable modifications. Trypsin/P was selected as the
in silico digest protease, which allows for cleavage after arginine or lysine followed by any
amino acid. Up to two missed cleavages were allowed. The false discovery rate was set to
0.01 for peptides, proteins, and sites. Other parameters were used as preset in the software
(maximal mass error = 4.5 ppm and 20 ppm for precursor and product ions, respectively,
minimum peptide length = 7, minimum razor + unique peptides = 2, minimum scores for
unmodified and modified peptides = 0 and 40, respectively). “Match between runs” option
(time window 0.7 min) was allowed and “Unique and razor peptides” mode was selected. For
TMT quantification (MS2 mode) the minimal ratio count = 2 was selected. Second peptides

were not allowed.

TMT labelling efficiency search. For every TMT experiment performed, a second
search was carried out to check for TMT labelling efficiency and the quantification of the
experiment only assumed valid if the TMT efficiency was >97% across TMT labelling
sites. For each search, the same fasta file as in the quantificatio ('quant’) search was
used. In group-specific parameters, quantification type 'Standard’ was selected. Cysteine
carbamidomethylation and any other fixed modifications selected for that experiment 'quant’
search were set as fixed modifications. Any modification set as variable in the 'quant’
search was also selected here as variable modification, together with TMT10plex-Lys and
TMT10plex-Nterm. These custom modifications were generated as duplicates from one of
the corresponding TMTplex channels already built in within MaxQuant, converting tthem to
type 'Standard’ and removing the diagnostic peak corresponding to that reporter ion to make
it general for all TMT channels. For TMT10plex-Lys, position was set to 'Anywhere’ and
specificities, 'K’. For TMT10plex-Nterm, position was set to 'Any N-term’ and specificities,
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-'. These modifications are also specified in Table 6.8. For AHA peptide-level enrichment

experiments, where TMT was also reacted with the cleaved adduct of the Yn-AC-biotin

capture reagent, these were also added as variable modifications (Table 6.8). Digestion was

set up as for the corresponding 'quant’ search. Label-free quantification was set as 'None' to

increase the speed of the search. Second peptides were disabled and match between runs was

allowed. The rest of the parameters were set as default. The calculation on TMT labelling

efficiency were based on the number of identifications with TMT label present/absent

(evidence.txt output file).

Table 6.6: MaxQuant, Perseus and fasta file versions as well as in silico digestion protease used in each

search.
MaxQuant Uniprot accession Number of
Chapter Experiment version Perseus date entries Protease
YnMyr enrichment 1.6.1.0 1.6.0.2 Dec-17 42,326 Trypsin/P
2 (2 missed)
NMT1- and

NMT2-KOs Whole Proteome 1.6.1.0 1.6.0.2 Dec-17 42,326 Trypsin/P
(2 missed)
SrtA peptide-level 1.6.1.0 1.6.0.2 Dec-17 42,326 Trypsin/P
enrichment (2 missed)

3
SrtA-based SrtA protein-level 1.6.1.0 1.6.0.2 Dec-17 42,326 Trypsin/P
NMT activity enrichment (2 missed)

biomarker assay

YnMyr protein-level 1.6.1.0 1.6.0.2 Dec-17 42,326 Trypsin/P
enrichment (2 missed)
AHA peptide-level 1.6.10.43 1.6.0.2 May-19 42,425 Trypsin/P
enrichment (Trypsin) (2 missed)

4

MetAP2
substrate AHA peptide-level 1.6.10.43 1.6.0.2 May-19 42,425 Chymotrypsin
identification enrichment (4 missed)
(Chymotrypsin)

YnMyr protein-level 1.6.10.43 1.6.0.2 May-19 42,425 Trypsin/P
enrichment (2 missed)
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Table 6.7: Main parameters selected for each search including the quantification method, fixed and variable
modifications as well as requantify and second peptides.

Quantification Second
Chapter Experiment Method Fixed modifications Variable modifications Re-quantify peptides
YnMyr enrichment SILAC Cys carbamido- Met oxidation Yes Yes
2 methylation YnMyr-AzRB
NMT1- and
NMT2-KOs Whole Proteome TMT10plex Cys carbamido- Met oxidation No No
(Lys and N-termini) methylation Acetyl (Prot N-termini)
Myristic acid
SrtA peptide-level LFQ Cys carbamido- Met oxidation No Yes
enrichment methylation Acetyl (prot N-term)
Biotin (Prot N-term)
3
SrtA-based SrtA protein-level TMTO9plex Cys carbamido- Met oxidation No No
NMT activity enrichment (Lys and N-termini) methylation Acetyl (prot N-term)
biomarker assay Biotin (Prot N-term Gly)
YnMyr protein-level TMT9plex Cys carbamido- Met oxidation No No
enrichment (Lys and N-termini) methylation Acetyl (prot N-term)
YnMyr-AzRB
AHA peptide-level TMT8plex Cys carbamido- Acetyl (prot N-term) No No
enrichment (AHA+Yn-AC adduct, methylation
(Trypsin) Lys and N-termini)
1
MetAP2 AHA peptide-level TMT8plex Cys carbamido- Acetyl (prot N-term) No No
substrate enrichment (AHA+Yn-AC adduct, methylation
identification (Chymotrypsin) Lys and N-termini)
YnMyr protein-level TMT10plex Cys carbamido- Met oxidation No No
enrichment (Lys and N-termini) methylation Acetyl (prot N-term)
YnMyr-AzRB

Table 6.8: List of custom modifications used in proteomics searches, with their chemical formula and exact

mass.
Search type Modification Position, Specificities Type Formula Exact mass
Quant YnMyr-AzRB Prot N-term, "G” Standard H(37) O(4) C(22) N(7)  463.2907027125
Biotin i~
Quant (before ALPET-) Any N-term, "N Standard H(14) O(2) C(10) N(2) S  226.077598394
Met AHA - , H(22) 0(2) C(10) Cx(4)
Quant AYn-ACLTMT * Anywhere, "M Isobaric label N(5) Nx S(-1) 279.218807536
TMT TMT10plex-Lys Anywhere, "K" Standard H(20) C(8) Cx(4) N 0(2) 229.162932141
efficiency Nx
TMT TMT10plex-Nterm Any N-term, "-" Standard H(20) C(8) Cx(4) N O(2) 229.162932141
efficiency Nx
T™MT Met AHA - H(22) O(2) C(10) Cx(4)
fficiency YR ACATMT * Anywhere, "M Standard N(5) Nx S(-1) 279.218807536

* Generated one modification per channel, adding diagnostic peaks on corresponding reporter ion.
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6.9 STATISTICAL ANALYSIS OF PROTEOMICS DATASETS

YnMyr pull down spike-in SILAC of Panc-1 clones. Data analysis was performed using
Perseus (version 1.6.0.2) [403]. Data processing: MaxQuant proteinGroups.txt output files

(normalised H/L ratio) were filtered against contaminants, reverse and proteins identified only
by site. Only proteins (rows) containing 8 valid values or more were kept for further analysis.
Ratios were inverted (transform "1/X") to reflect the value of Light(sample)/Heavy(spike-in).
Because the light(sample) to spike in ratio had been 1:3, L/H ratios were then divided by 3
(transform "X/3"). Base 2 logarithm was applied to all values before column-wise median
subtraction. Proteins were annotated with previous evidence of myristoylation [70, 244,
336]. Statistical analysis: Both NMT1-KO (AG3D and AG3E) and NMT2-KO (AG4C and

AG6B) clones were combined and treated as two single biological sample types in order to

extract the changes to the proteome made by genetic ablation of either NMT1 or NMT?2
and to minimise off-target or adaptational effects. NMT1- or NMT2-KOs were compared to
CTRL cells using a student t-test (Permutation-based FDR = 0.05; Sy = 1) and the results
plotted as volcano plots (x axis: mean fold change, y-axis: statistical significance (p-value)).
Panc-1 fold changes were compared to HelLa fold changes (calculated following the exact
same procedure) in a correlation plot. Correlation of YnMyr enrichment fold-changes (this
experiment) with whole proteome protein levels (Whole proteome analysis of Panc-1 clones

experiment) was studied.

Whole proteome analysis of Panc-1 clones. Data analysis was performed using
Perseus (version 1.6.0.2) [403]. Data processing: MaxQuant proteinGroups.txt output files

were filtered against contaminants, reverse and proteins identified only by site. Base 2
logarithm (log2(x)) was applied to all measured values. Each sample (column) was categor-
ically annotated for condition (clone type or CTRL) and TMTplex run ("1" or "2"). For
every peptide (row), the median across all conditions within each TMTplex was subtracted
to every condition in that TMTplex to remove multiplicational bias arisen from separate
runs and bring conditions across TMTplexes to a common comparable baseline. This was
followed by column-wise median subtraction to all peptides in that column, which renders the
distribution of peptides aligned (centred around "0") for every condition. This normalisation
step is performed to take into account differences in overall peptide levels coming from
differences in digestion or overall peptide loses throughout the sample preparation procedure.
Statistical analysis: Both NMT1-KO (AG3D and AG3E) and NMT2-KO (AG4C and AG6B)

clones were combined and treated as two single biological sample types in order to extract

the changes to the proteome made by genetic ablation of either NMT1 or NMT2 and
to minimise off-target or adaptational effects. NMT1- or NMT2-KOs were compared to
CTRL cells using a student t-test (Permutation-based FDR = 0.05; Sy = 1) and the results
plotted as volcano plots (x axis: mean fold change, y-axis: statistical significance (p-value)).

Proteins were annotated for their corresponding gene ontology (molecular function (GOMF),
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biological process (GOBF) and cellular compartment (GOCC)) and KEGG pathway terms and
subjected to 1D or 2D annotation enrichment analysis based on the fold changes calculated
on the previous step (FDR=0.02, calculated based on the Benjamini Hochberg correction
algorithm).  Annotation enrichment analyses test whether there is a systematic bias for
each annotation term (i.e. GO or KEGG terms) to be larger or smaller compared to the
overall distribution across the whole dataset. Significantly changing terms were grouped
manually into larger biological categories before visualisation. The difference between 1D or
2D is that in the 1D enrichment analysis, only fold-changes of one sample type are used
for the analysis (e.g. NMT1-KO - CTRL fold change) whereas 2D analyses are performed
on the fold-changes of two samples (e.g. NMT1-KO FC and NMT2-KO FC, each cal-

culated against control), being the output the correlation between the two enrichment scores.

SrtA peptide-based enrichment proteomics. Data analysis was performed using
Perseus (version 1.6.0.2) [403], into which MaxQuant peptides.txt output file was loaded.

Data processing: Data were filtered against contaminants and reverse identifications. Only

peptides with at least 2 out of 3 valid values and containing the N-terminal biotinylation

followed by the ALPET- sequence were kept. Sequence analysis: To generate sequence logos

all input sequences must have the same length. Therefore, each identified peptide was
annotated with the first 10 amino acid sequence of the protein isoform it had been mapped
to. To ensure quality of the sequence analysis, every single peptide spectrum was inspected
manually, leaving only the spectra that showed at least three b- and y-ions supporting peptide
backbone fragmentation in the sequence region following the added “ALPET". Peptides
unique to a particular protein group were kept and in cases were peptides matched to several
proteins within a protein group, the first 10 amino acid sequences of all matched proteins were
inspected manually, only to keep the IDs that contained a single, unambiguous N-terminal
amino-acid sequence across matching proteins within the group. N-terminal 10 amino acid
sequence duplicates were removed before creating N-terminal sequence logos using iceLogo
[365].

SrtA protein enrichment datasets (SrtA-labelling and YnMyr tagging experiments).
Data analysis was performed using Perseus (version 1.6.0.2) [403]. Data processing:

MaxQuant proteinGroups.txt output files were filtered against contaminants, reverse and
proteins identified only by site. Base 2 logarithm was applied to all measurements and
the median values within each column (TMT channel) subtracted. Protein groups with at
least three valid values were kept. Protein groups were annotated with previous evidence
of myristoylation [70, 244, 336] and nature of the 2nd amino acid position (Gly or other)
according to their isoform protein ID.Statistical analysis: An ANOVA test (Permutation-based

FDR = 0.01; Sg = 1) was applied to all proteins in the dataset and results analysed according

to their statistical significance and myristoylation evidence.
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AHA peptide-level enrichment proteomics experiments for identification of
MetAP2 substrates. Data analysis was performed using Perseus (version 1.6.0.2) [403].

Data processing: MaxQuant peptides.txt output files were filtered against contaminants and

reverse, before logy transformation (log2(x)). In the cases were there was more than one
TMT multiplexed sample, each sample (column) was categorically annotated for condition
(MetAP2i type or DMSO) and TMTplex run ("1" or "2"). Only peptides that contained at
least one Met (AHA) and that had at least 8 valid values were kept. If there was more than
one TMT multiplexed sample in that experiment, for every peptide (row), the median across
all conditions within each TMTplex was subtracted to every condition in that TMTplex.
Column-wise median subtraction was then applied to all peptides in that column (see Whole
proteome analysis of Panc-1 clones for explanations on this normalisation procedure). Once
the dataset was normalised and all conditions were comparable, all peptides that were not
N-terminal were filtered out by either filtering in rows with "Start position” of "1" (iMet
retained) or "2" (iMet cleaved). Statistical analysis: N-terminal peptides were then subjected
to an ANOVA test (Permutation-based FDR = 0.01 and Sy = 0.5) and results analysed

according to their statistical significance and iMet status.

Sequence Logo: Significant peptide hits from different experiments were combined

into a single list of MetAP2 substrates and duplicates removed. Frequencies of
the first 10 amino acid residues after iMet removal against the general frequen-
cies for the same positions across the proteome were compared using iceLogo [365].

Classification of MetAP2 substrates according to their protein class: The combined list of

MetAP2 substrates (78 substrates) were classified according to their protein class (derived
from Gene Ontology (GO) Molecular Function (GOMF) terms) using PANTHER gene list
analysis [394]. The gene names of the 78 substrates were used as query input and 'Functional
classification viewed in graphic charts’ was selected. Data was exported and unnanotated
terms manually manually annotated based on the function listed in Uniprot [70] and their most
prevalent GOMF annotations in QuickGO [396]. Functional over-representation analysis: To

get functional insight of the major biological processes the list of MetAP2 substrates might
be involved in, gPROFILER functional over-representation analysis [395] was used. The list
of gene names was used as input query and 'g:SCS’ was selected as the multiple testing cor-
rection method, with threshold set to 0.05. The output of gPROFILER over-representation
test for GO Biological Process (GOBP) terms was then exported into a GEM file, which was
then uploaded into the Cytoscape [397] EnrichmentMap App for visualisation.

YnMyr protein-level enrichment of samples treated with MetAP2i. Data analysis
was performed using Perseus (version 1.6.0.2) [403]. Data processing: MaxQuant protein-

Groups.txt output files were filtered against contaminants, reverse and proteins identified only
by site. Base 2 logarithm was applied to all measurements. Each sample (column) was cat-
egorically annotated for condition (NMTi, MetAP2i type or DMSQO) and TMTplex run ("1"
or "2"). For every peptide (row), the median across all conditions within each TMTplex was
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subtracted to every condition in that TMTplex, followed by column-wise median subtraction
to all peptides in that column (see Whole proteome analysis of Panc-1 clones for explana-
tions on this normalisation procedure). Only peptides that contained at least 10 valid values
were kept. Protein groups were then annotated with previous evidence of myristoylation [70,
244, 336] and their presence in our putative MetAP2 substrate list according to their isoform
protein ID. Statistical analysis: An ANOVA test (Permutation-based FDR = 0.05; Sp = 1)

was applied to all proteins in the dataset and results analysed according to their statistical

significance and myristoylation evidence.

6.10 MISCELLANEOUS

6.10.1 List of Buffers

= Blocking buffer A: 5% (w/v) semi skimmed milk in TBST
= Blocking buffer B: 3% (w/v) BSA in TBST

= ELISA wash buffer: 0.1% (w/v) BSA, 0.05% (v/v) Tween20, 50 mM NaCl, 25 mM
Tris-HCI pH 7.2

= FACS buffer: 0.9% FCS in PBS

= Lysis buffer A: 1% (v/v) Triton X-100, 0.1% (w/v) SDS, PBS containg freshly added
EDTA-free protease inhibitors (Roche)

» Lysis buffer B: 1% triton-X, 0.1% SDS, 50 mM HEPES pH 8.0 containg freshly added
EDTA-free protease inhibitors (Roche)

» Lysis buffer C: 1% triton-X, 0.25% SDS, PBS containg 2 U benzonase and freshly added
EDTA-free protease inhibitors (Roche)

= Protein loading buffer (SDS-PAGE)(4X stock): A 5X stock needs to be prepared first,
which contains 0.05% (w/v) bromophenol blue, 30% (v/v) glycerol and 10% (w/v)
SDS in 250 mM Tris-HCI pH 6.8. This stock needs to be freshly diluted with (3-
mercaptoethanol (reducing agent) in a 4:1 (loading buffer-to-3-mercaptoethanol) ratio

to provide the working 4X Protein loading buffer.

= Resuspension Buffer (for injection into the LC-MS/MS): LC-MS grade H,O containing
2% (v/v) acetonitrile and 0.5% (v/v) TFA

= SDS-PAGE running buffer (10X): 1.92 M glycine, 1% (w/v) SDS, 250 mM Tris (base)
(pH around 8.3, no adjustment needed)

= SrtA Buffer or SrtA reaction buffer: 10 mM CaCly, 150 mM NaCl, 50 mM Tris-HCI pH
7.5 (EDTA-free protease inhibitors added when used as lysis buffer for mechanical lysis)
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= SrtA storage buffer: 10% (v/v) glycerol, 150 mM NaCl, 20 mM Tris-HCI pH 8.0

= Mild stripping buffer: 0.1% (w/v) SDS, 1% Tween20, 1.5% (w/v) glycine (pH 2.2)
= Tris buffered saline (TBS): 150 mM NaCl, 50 mM Tris-HCI pH 7.4

» TBST: Tris buffered saline containing 0.1% (v/v) Tween20

= Transfer buffer: 20% (v/v) methanol, 192 mM glycine, 25 mM Tris (base) (no pH

adjustment needed)

6.10.2 List of Antibodies

Table 6.9: List of antibodies used with their source codes and dilutions used.

Target Mw (kDa) Source Code Host Type Dilution
[3-actin 42 Abcam ab6276 Rabbit Polyclonal 1:5000
ARL1 20 Proteintech 16012-1-AP  Rabbit Polyclonal 1:500
GAPDH 36 Abcam Ab9485 Rabbit Polyclonal 1:5000
MetAP2 (dete?:f: 67) Abcam ab124953 Rabbit Monoclonal 1:1000
NMT1 57 Prestige (Atlas)  HPA022963  Rabbitt Polyclonal 1:1000
NMT2 57 BD Biosciences 611310 Mouse Monoclonal 1:1000
PRKACA 40 Cell Signalling  5842S5/D38C6 Rabbit Monoclonal 1:1000
YES1 60 Abcam ab133314 Rabbit Monoclonal 1:1000
Mouse 1gG - Advansta R-05071-500 Goat  HRP-conjugate 1:10,000
Rabbitt IgG - Advansta R-05072-500 Goat  HRP-conjugate 1:10,000
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Figure A.1: Example of the gating settings used to select the GFP-positive cells during FACS
procedure. This example corresponds to Panc-1 cells transfected with AGl gRNA, bur the exact same
conditions were used to sort the rest of the clones.
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WT TGAGAACTATGIGGAAGATGATGACAA TGTICCGAITTGAH‘ATICCCCGGAGTIT = e
AG3C_Fw ~ATGAGAACTATGTGGARGANGATGACAACATG==mmmmmmmmmmmmmmmm e e W CTGCAGIGGCACTGIGGGGTCAGAGTGTCT TCAAATAARRAACTGGTCGGGTTCATAAGT
- B R R LT e AGEB_Fw CAGTGGCACTGIGGGGTCAGAGTGICTICARATARARMACTGGTCGGGTICATAAGT
R AR AR R ARAE
WT CTTTTIGIGGTAAGTIIGTGGGGGCTITCTTGAGGTICTTIGAGA-~————===========m
AG3C_Fw CTTTTIGTGGTAAGTTGTGGGGGCTTTCTIGAGGTICTT NGAT cCcC WT GCCATCCCAGCARACATTCGGATTT ACAGGTACATGTTITAAGCTCGTIC-~=======
AGEB_Fw GCCAICCCACC———NANTNNNA’IITG'HANNGNTNNNNCTCNNCNN NNNCCITHNN‘MN
EEEHAE IR * * EEEE * * L ]
AG3D ~ . .
1.7 kp insertion| - -
1 bp insertion
WT AGAATACCTCCAAGTGAGCTGCTTATTTCTTTACAGCTARAAGAACTGTACACCCICCIG
AG3D_Fw NNNTNANANTGTACACCCICCTG WT CTGCAGTGGCACTGIGGGGTCAGAGTGTCTTCARATARRAAACTGGTCGGGTTCATAAGT
- H kR ERREEERAE AGEE_Fw CNGNAGTGGCACTGIGGGGTCAGAGTGTCTTCARATARRAAACTGGTCGGGTTCATAAGT
P i
WT TGAGAACTATGTGGAAGATGATGACAACATGTICCGATTIGATTAT -~~~ — ===~~~
AG3D_Fw ARTGAGAACTATGTGGAAGATGATGACARCATGTTICCGATTTGATTATTGAGCGAGGAAG WT GCCATCCCAGCAAAC-! ATTCGGATTTATCACAG"TACATGT'TAAGCTCGTCCATGCGCT
AGEE_Fw GCCATCCCAGCAAACNNTNNGAANT NNNGCNTNNNNNCNNCTTTGNNNN
AR R RAARERAE  * * kK o akr * o PR
WT TCCCC
AG3D_Fw CGGAAGAGCGCCCARTACGCARACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCA WT TTTTATAT
raraEr AGEE_Fw NNTTATAT] NT TCNAN
-
WT GITICT
AG3D_Fw GCTGGCACGACAGGTTTCCCGACTGGARAGCGGGCAGTGAGCGCAACGCARTTAATGTIGA T "
AGGF 3 bp insertion
AG3E 1 WT CTGCAGTGGCACTGTGGGGTCAGAGTGTCTTCARATAARAAACTGGTCGGGTTCATAAGT
3 bp dEIEtlon AGEF_Fw CTGCAGTGGCACTGTGGGGTCAGAGTGTCTTCARATARRAAACTGGTCGGGTTCATAAGT
WT AGAARTACCTCCAAGTGAGCTGCTTATTTCTTTACAGCTAARAGAACTGTACACCCTICCIG
AG3E_Fw CICCIG
*oEEEERaAS WT GCCATCCCAGCAAACATTCGGATTTA"GACAGGTACATCTT'AAGC"'————CGTCCAT"C
AGEF_Fw GCCATCCCAGC: TGNNTGNNCTCNNNCNINCANGN
WT AATGAGAACTATGTGGAAGATGATGACAACATGTICCGATTTGATTATTCCCCGGAGTTT FEREAEIEEAA FE Eoxox ** b o
AG3E_Fw ~ATNAGRACTATGTGGAAGANGATGAC--NCTGTTCCGATTTGATTA--~-CCCCGAANTT
B AEEERAEEARAEAARE KERAEE FARAERARAEAIRAEE  REE A KA WT GGTTTTTATAT
AGEF_Fw NNTNTTTANATANANC T
WT CTTTTGTGGTAAGTTGTGGGGGCTITCTTGAGGTICTIGAGA-—--~—~==—===——=-~ *okkEE kx
AG3E_Fw CCTTTH T TTTNNIGNNGNICCT A
e

Figure A.2: Sequence alignment of sequencing results of CTRL, AG3 and AG6 clones against
WT sequence. The genomic region targeted by each gRNA was amplified by PCR, purified and sent for
sequencing. Sequences were then aligned to their corresponding WT sequences using the MUSCLE multiple
sequence alignment online tool (https://www.ebi.ac.uk/Tools/msa/muscle/)
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Figure A.3: Western blot showing full ablation of NMT1 and NMT2 in HelLa knock outs. Hela

clones and this western blot were generated by Dr. Monica Faronato.
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1D and 2D annotation enrichment analysis of individual Panc-1 clones.

Protein

groups were annotated with KEGG, GOBP, GOMF and GOCC terms before annotation enrichment anal-
ysis (FDR<0.02). For NMT1-KO clones (AG3D and AG3E), only terms showing a p-value<10~? are shown
for ease of visualisation. Annotation enrichment analysis was performed in Perseus (version 1.6.0.2).
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Figure A.5: Real-time proliferation assay in A549, HT1080 and U-87 MG cells. (A) Schematic
representation of the experimental procedures for this real-time proliferation and cytotoxicity assay using the
Incucyte. (B) Representative image taken with the Incucyte, showing the image taken by the phase-contrast
microscope and the corresponding 'Phase mask’ built with the integrated image-recognition software for this
specific experiment that allows for conversion of image data into quantitative data. (C) Representation of
the analysis performed on the proliferation data for each inhibitor. A common linear range for all inhibitors
was manually selected for each cell line based on their growth-curve shape (A549 2.8-3.5 days; HT1080
1.5-2.5 days; U-87 MG 4.5-6 days) and fitted to a straight line. The slopes were then plotted against the
log10(MetAP2i concentration) for each inhibitor and a 4-parameter curve fitted to determine the ECs value.
(D) Dose-response curves for each MetAP2 inhibitor in each of the three cell lines and their respective EC5gs.
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Figure A.6: Individual proliferation plots, linear ranges and dose-response curves for MetAP2i tested
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in A549, HT1080 and U-87 MG cells.

This data shows individual proliferation plots and selected linear ranges for all the dose-
response curves shown in Figure ??D. Confluence, represented by the percentage of phase-
contrast area covered by cells was plotted against elapsed time. Linear ranges (A549 2.8-3.5
days; HT1080 1.5-2.5 days; U-87 MG 4.5-6 days) were fitted to a straight line and the slopes
calculated. Slopes were then used to plot dose-response curves and calculate the EC5s (shown

in Figure 77D).
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Figure A.7: Individual proliferation plots, linear ranges and dose-response curves for all MetAP2
inhibitors tested in HT1080 cells. This data shows individual plots representing the step by step analysis
performed to obtain all the dose-response curves shown in Figure 4.4E. Confluence, represented by the per-
centage of phase-contrast area covered by cells was plotted against elapsed time. Linear ranges (2.5-4 days)
were fitted to a straight line and the slopes calculated. Slopes were then plotted against the log;y MetAP2i
concentration and fitted to a 4-parameter curve.
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Figure A.8: Individual cytotoxicity plots for all MetAP2 inhibitors tested in HT1080 cells. This data
shows the step by step analysis results for the data shown in Figure 4.4F. Cytotoxicity (Green Area/Phase
Area) was plotted against elapsed time. Area under the curve (AUC) was calculated for each compound con-
centration, normalised against positive control (puromycin=100%) and plotted against the log; concentration
of MetAP2i. AUC was calculated within the interval of 0-5 days to avoid cytotoxicity from over-confluence
in control and lower MetAP2i concentrations.
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Figure A.9: CETSA-WB Supplementary Figures. (A) Technical replicate of results shown in Figure 4.5D.
(B) Refined concentration range for Merck+/Merck- enantiomer pair and addition of ZGN, performed by

Cassandra Kennedy
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Figure A.10: Heatmap representing the same data as in Figure 4.14 but showing the full overlap
across experiments. Heatmap displaying the levels of enrichment of all N-terminal peptides that showed
significant enrichment in one experiment (candidate MetAP2 candidate substrates) across the rest of experi-
ments, independently of their statistical significance status in the rest of experiments. Overlap in identification
was strong across cell lines but not shared between proteases.
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Figure A.11: Profile plots of AHA peptide pull down experiment in HT1080 and A549 cells using
trypsin and chymotrypsin. These data correspond to the non-processed data shown in Figure 4.14. Each
line in the profile plot represents one N-terminal peptide. Highlighted in blue are N-terminal peptides showing
iMet retained and a significant increase in enrichment upon MetAP2i. Highlighted in magenta are N-terminal
peptides showing iMet cleaved and a significant decrease in enrichment upon MetAP2i.
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Figure A.12: Fold change enrichment of candidate MetAP2 substrates identified in HT1080 and
A549. Barplots showing the fold change enrichments of significant N-terminal peptides represented in the
heatmap of Figure 4.14D.
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Table A.1: Full list of candidate MetAP2 substrates identified across all the experiments listed
in Chapter 4. "+" indicates that N-terminal peptide was found significantly changing its enrichment lev-
els in that experiment. The N-terminal peptide sequence identified is also provided. N-terminal peptides
corresponding to known NMT substrates are annotated as "Co-Myr”,

Gene names Myr Exp 61 S el Ul o LR Sequence(s) identified
68C 68T 69C 69T Prot ID
MPYQYPALTPEQK; MPYQYPALTPEQKK;
ALDOA . * * * poa075 MPYQYPALTPEQKKELSDIAHRIVAPGK
IANXA9 - + 076027 MSVTGGK
IARF4 Co-Myr o P18085 MGLTISSLF
IARL2 Co-Myr + + P36404-2  GLLTILKKMK
lATP1A1 - 5 P05023 MGKGVGRDKY
IATP284 - + P23634 MTNPSDR
IATP6V1EL - + + P36543-2  MALSDADVQK
Ic110rfo8 - + + E9PRGS MGAPGGK
ICAPRIN1 - + Q144442 |MPSATSHSGSGSK
Icav2 - 5 P51636-3  MGLETEK
lcisD2 - + + + Q8N5K1  |MVLESVAR
lcopB1 - + + P53618 TAAENVCYTLINVPMDSEPPSEISLK
lcsT8 - + + P04080 MCGAPSATQPATAETQHIADQVR
lcTNNAL - + + + P35221 MTAVHAGNINFK
DNAJAL - + o P31689-2  MVKETTY;MVKETTYY
bNAJA2 - & + + + 060884 MANVADTK; MANVADTKLY
DNTTIPL - + + Q9H147  |MGATGDAEQPR
busp1 - + P28562 VMEVGTLDAGGLR
EEF1A1; EEF1A1PS; P68104; QSVTED;
e a2 - + Q0563 MGKEKTHINIVVIGHVDSGKSTTTGHLIY
EEF1B2 - + AOAO24R3W7  MGFGDLK
MVNFTVDQIR; VNFTVDQIRAIMDKK;
FEF2 . * * P13639 VNFTVDQIRAIMDKKANIR
Emca - + + + Q5/8M33  MTAQGGLVANR
FKBP1A - + + + P62942 MGVQVETISPGDGR
FTH1 - + + + P02794 MTTASTSQVR; MTTASTSQVRQNY
FxyD2 - + P54710  TGLSMDGGGSPK
lG38P2; G3BP1 - o + | QOUNSG; Q13283 VMEKPSPLLVGR
lG6PD - + P11413 MAEQVALSR
IGAPDH - + + P04406 MGKVKVGVNGF
IGNAI1; GNAI3 Co-Myr + + + P63096; PO8754 | MGCTLSAEDK; MGCTLSAEDKAAVER
lGNAIZ Co-Myr + + + P04899 MGCTVSAEDK; MGCTVSAEDKAAAER
IGNAS - + P630923  MGCLGNSK
lGNB2L1 - + P63244  TEQMTLR
HDACE - 5 + Q9UBN7  MTSTGQDSTTTR
HMGB1; HMGB1P1 - + + P09429; B2RPKO IMGKGDPK; GKGDPKKPRGKMSSY
HMGB2 - + + + P26583 MGKGDPNKPR; GKGDPNKPRGKMSSY
HsBP1 - + 075506 MAETDPK
HSPEL - + P61604 MAGQAFR
iGBP1 - + P78318 MAAEDELQLPR
KcT2 - + Q8NCS4 | MAAAVPK
LDHA - + P00338 MATLKDQLIY
LiNncoo116 - + Q8NCUS  MADVSER
MAPaKa - + 095819-4  MANDSPAK
MCDFTEDQTAEFK;
MvLe ) * P60660-2 MCDFTEDQTAEFKEAFQLFDR
INARS - + 043776 MVLAELY; MVLAELYVSDREGSDATGDGTK
INDUFB6 - 5 095139 MTGYTPDEK
INUDT15 - + + QONV35  MTASAQPR
PITPNA - + Q00169 MVLLKEY
Pkv - + P14618 MSKPHSEAGTAF
PPID (CYPD) - + Q8752 MSHPSPQAKPSNPSNPR
PPPac - + P60510 MAEISDLDR
PRKACA Co-Myr + + P17612 MGNAAAAK
PRKACB Co-Myr + P22694 MGNAATAK
MGQSQSGGHGPGGGK;
PSMC1 Co-Myr + + P62191 MGQSQSGGHGPGGGKK
PsMDa , + + P55036 VLESTMVCVDNSEY
[RoMO1 - + + P60602 MPVAVGPYGQSQPSCFDR
RPL13A - + + P40429 MAEVQVLVLDGR
RPL1S - + P61313 MGAYKYIQELWRKK
RPS12 - + P25398 MAEEGIAAGGVMDVNTALQEVLK
RPS15 - + P62841 MAEVEQK
MADDAGAAGGPGGPGGPGMGNR;
RPs2 . * * P15880 MADDAGAAGGPGGPGGPGMGNRGGF
RTFDC1 - 5 + Q9BY42 MGCDGGTIPK
Isec13 - + + P55735 VSVINTVDTSHEDMIHDAQMDYYGTR
IsEc228 - + 075396 VLITMIAR
ISELK - + Q9Y6D0  MVYISNGQVLDSR
SMC1A - + Q14683 MGFLKLIEIENF
ISNRPG; SNRPGP15 - + P62308; ABMWD9 |MSKAHPPELKKF
Iss8 - + + P05455 MAENGDNEK
sumo2 - + AOAO24R8S3 IMADEKPK
XN - + + P10599 MVKQIESKTAF
uBAP2 - + Q5T6F2 MTSVSSDHCR
uBE2)2 - + Q8N2K1  |MSSTSSK
uBE2K - + + + P61086-2  MANIAVOR
uaLN2 - + QOUHD9  MAENGESSGPPRPSR
vcp - + P55072 MASGADSK
VDAC1 - + + + P21796 MAVPPTYADLGK; MAVPPTYADLGKSARDVF
YWHAB - + + + P31946 TMDKSELVQK
lZC3H7A - + Q8IWRO  MSNVSEER
lzvaT2 - + + Q96NCO___ MASGSGTK
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Table A.2: Protein Class classification for all 78 MetAP2 substrate candidates. The initial classification
was performed using PANTHER [394]. Non classified proteins (marked with as asterisk, *) were then manually
annotated based on the function listed in Uniprot [70] and their most prevalent GO Molecular Function
annotations in QuickGO [396].

Gene Name Prot ID Protein Class
ANXA9 076027 Other
DNAJA1 P31689-2 Chaperone *
DNAJA2 060884 Chaperone *
FKBP1A P62942 Chaperone
HSPE1 P61604 Chaperone
IGBP1 P78318 Chaperone
PPID Q08752 Chaperone *
ATP6V1E1 P36543-2 chromatin-binding or regulatory protein
HDAC6 Q9UBN7 chromatin-binding or regulatory protein *
HMGB1 P09429 chromatin-binding or regulatory protein *
HMGB2 P26583 chromatin-binding or regulatory protein *
RTFDC1 Q9BY42 chromatin-binding or regulatory protein
SMC1A Q14683 chromatin-binding or regulatory protein *
CTNNA1 P35221 Cytoskeletal protein
MYL6 P60660-2 Cytoskeletal protein
DNTTIPL Q9H147 Gene-specific transcriptional regulator
HSBP1 075506 Gene-specific transcriptional regulator *
COPB1 P53618 membrane traffic protein
SEC22B 075396 membrane traffic protein
ALDOA P04075 Metabolite interconversion enzyme
G6PD P11413 Metabolite interconversion enzyme
GAPDH P04406 Metabolite interconversion enzyme
LDHA P00338 Metabolite interconversion enzyme
PKM P14618 Metabolite interconversion enzyme *
Cliorfo8 E9PRG8 Not known
KCT2 Q8NC54 Not known
NUDT15 Q9NV35 Nucleotide metabolism *
CAPRIN1 Q14444-2 Nulceic acid-binding protein
G3BP2 Q9UN86-2 Nulceic acid-binding protein
SNRPG P62308 Nulceic acid-binding protein
SsB P05455 Nulceic acid-binding protein
ZC3H7A Q8IWRO Nulceic acid-binding protein
ZMAT2 Q96NCO Nulceic acid-binding protein
LINC00116/MTLN Q8NCU8 Other
DUSP1 P28562 Phosphorylation signalling
MAP4K4 095819-4 Phosphorylation signalling *
PPP4C P60510 Phosphorylation signalling
PRKACA P17612 Phosphorylation signalling
PRKACB P22694 Phosphorylation signalling
ARF4 P18085 Protein-binding, activity modulator
ARL2 P36404-2 Protein-binding, activity modulator
CisD2 Q8N5K1 Protein-binding, activity modulator *
CSTB P04080 Protein-binding, activity modulator
EMC4 Q5J8M3-3 Protein-binding, activity modulator *
GNAI1 P63096 Protein-binding, activity modulator
GNAI2 P04899 Protein-binding, activity modulator
GNAS P63092-3 Protein-binding, activity modulator *
PSMC1 P62191 Protein-modifying enzyme
PSMD4 P55036 Protein-modifying enzyme
SumMo2 AOA024R8S3 Protein-modifying enzyme
UBE2J2 Q8N2K1 Protein-modifying enzyme
UBE2K P61086-2 Protein-modifying enzyme
UBQLN2 Q9UHD9 Protein-modifying enzyme
ROMO1 P60602 Redox regulatory protein *
NDUFB6 095139 Redox regulatory protein *
TXN P10599 Redox regulatory protein *
CAV2 P51636-3 scaffold/adaptor protein
UBAP2 Q5T6F2 scaffold/adaptor protein *
YWHAB P31946 scaffold/adaptor protein
FTH1 P02794 Other
EEF1A1 P68104 translational protein
EEF1B2 ADA024R3W7 translational protein *
EEF2 P13639 translational protein
GNB2L1/RACK1 P63244 translational protein *
NARS 043776 translational protein *
RPL13A P40429 translational protein
RPL15 P61313 translational protein
RPS12 P25398 translational protein
RPS15 P62841 translational protein
RPS2 P15880 translational protein
ATP1A1 P05023 transporter
ATP2B4 P23634 transporter
FXYD2 P54710 transporter *
PITPNA Q00169 transporter *
SEC13 P55735 transporter
SELK Q9Y6D0 transporter *
VCP P55072 transporter *
VDAC1 P21796 transporter

* Manually annotated
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Figure A.13: Dose-response curves and ECsys of proliferation inhibition in RPE1 cells. (A) Dose-
response curves and ECygs of GSK, Abbott, Merck+ and ZGN MetAP2i in RPE1 cells. (B) Proliferation
plots, linear ranges and individual dose-response curves broken down for each inhibitor in RPEL cells. These
cells show resistance to puromycin since it was used for establishing this cell line.

210



	Introduction
	Prevalence and importance of protein post-translational modifications
	Protein N-terminal modifications
	N-acetylation
	N-propionylation
	N-methylation
	N-palmitoylation
	N-terminal conversion of Glu and Gln into pyroglutamate
	N-Cys oxidation
	N-ubiquitination
	N-degron pathways
	The Ac/N-degron pathway
	The Arg/N-degron pathway
	The Gly/N-degron pathway
	The Pro/N-degron pathway


	N-terminal methionine excision
	Prevalence of iMet removal
	Methionine aminopeptidases
	3D structure
	Types of MetAPs
	The roles of the different N-terminal domains of MetAPs
	Substrate specificities of MetAPs

	Functional implications of iMet removal
	Genetic studies to elucidate the biological role of MetAP1 and MetAP2
	Interconnection with other cellular processes
	Impact on other N-terminal modifications
	Protein half-life and N-degron pathways
	Mediator of protein binding

	MetAP2 inhibitors, relevance of MetAP2 in disease and new insights into the biological role of MetAP2
	Fumagillin and fumagillin-like irrevesible MetAP2 inhibitors for the treatment of cancer
	Reversible MetAP2 inhibitors
	Second generation of MetAP2 irreversible inhibitors for the treatment of metabolic diseases

	Digging into the mode of action of MetAP2 inhibitors
	Inhibition of cell proliferation
	Apparent cell type selectivity
	Cytotoxicity
	Immunosuppressive effects
	Effect of MetAP2 inhibition on embryonic development through non-canonical Wnt signalling
	Weight loss effects

	MetAP2 inhibitors: concluding remarks

	Protein N-myristoylation
	Prevalence of N-myristoylation
	N-myristoyltransferases
	Types of NMTs
	Mechanism of action and 3D structure
	Substrate specificities: Myr-CoA and peptide substrate
	Regulation of NMT activity

	Impact of protein N-myristoylation on protein function
	Reversible membrane binding and two-signal mechanism
	Elemental part of the protein 3D structure
	Integral mediator of protein-protein interactions
	Determinant of protein stability
	N-myristoylation during apoptosis

	Relevance of N-myristoylation in disease
	NMT in infectious diseases
	NMT in cancer

	NMT inhibitors
	Inhibitors against fungal and protozoan NMTs
	Inhibitors against human NMT


	Interplay among N-terminal modifications
	Ribosomes, the hubs that coordinate protein synthesis, folding, co-translational modifications and subcellular targeting
	Ribosomes, complex and heterogeneous supramolecular structures
	Co-regulation of co-translational N-terminal modifications
	Temporal control: co- vs. post-translational N-terminal modifications

	General Aims
	Aim 1. To elucidate the substrate differences of N-myristoyltransferases 1 and 2
	Aim 2. To generate a biomarker assay to profile NMT activity in complex biological samples
	Aim 3. To develop a novel chemical proteomics approach to elucidate the specific substrates of methionine aminopeptidase 2


	Dissecting the individual roles of N-Myristoyltransferases 1 and 2 in cancer
	Development of NMT1 and 2 genetic knockouts by CRISPR/Cas9
	Choice of cell line
	CRISPR/Cas9 knockout generation
	Clone validation and selection

	Adaptation to NMT1 ablation comes in different flavours, but all include slower growth rates, higher cellular cytotoxicity and increased cell size
	Cell cycle analysis of Panc-1 clones reveals profound effects on NMT1-KO clones
	Sensitivity screening of Panc-1 clones to NMT inhibition

	Proteomics analyses reveal NMT1 as the principal enzyme responsible for N-myristoylation in cancer cells
	In-gel fluorescence analysis of YnMyr labelling
	YnMyr proteomics analysis of NMT1- and 2-KOs reveals substrate preferences for each NMT isoform
	Whole proteome analysis of NMT1- and 2-KO clones

	Conclusions

	Whole proteome profiling of N-Myristoyltransferase activity and inhibition using Sortase A
	Using Sortase A for the assessment of NMT activity
	Labelling N-terminal glycines in whole-cell lysates with SrtA 5M
	Optimisation of SrtA labelling conditions
	Peptide-based enrichment proteomics to study the substrate specificity of SrtA in whole cell lysates

	Neutravidin dimethylation and two-step LysC/trypsin digestion eliminates avidin background in on-bead digests
	Evaluation of SrtA labelling as a method for studying NMT activity by protein-based enrichment proteomics
	In-gel analysis and SrtA-ELISA as high-throughput NMT target engagement biomarker assays
	The SrtA-based biomarker assay efficiently shows target engagement of NMT inhibitor IMP-1088 in a tumour xenograft mouse model
	Conclusions

	Understanding the biological role of Methionine Aminopeptidase 2 and the effect of its inhibitors 
	Introduction
	Preliminary studies: Establishing new collaborations to build a panel of MetAP2 inhibitors and validating a cellular model to study their phenotypic effects
	Real-time proliferation monitoring provides a quantitative measurement of MetAP2 inhibitor activity
	Cellular Thermal Shift Assay (CETSA) confirms cellular target engagement of MetAP2 inhibitors
	A novel metabolic tagging proteomics approach based on azidohomoalanine enrichment allows for systematic MetAP2 substrate elucidation
	Previous efforts to identify MetAP2 substrates
	Previously reported proteomics methods for the study of N-terminal peptides: positive and negative enrichment approaches
	Set-up of the proteomics workflow
	Optimisation of the proteomics workflow
	Repurposing a previously reported trifunctional capture reagent
	Assessing the sensitivity of the assay
	Optimising the labelling conditions

	Combining AHA labelling and a range of diverse MetAP2 inhibitors reveals >70 novel MetAP2 substrates
	Identified MetAP2 substrates display canonical MetAP substrate preference and are involved in a variety of important cellular processes

	Studying the effect of MetAP2 inhibitors on protein myristoylation: overlap between MetAP2 and NMT activities
	Conclusions: Looking for the missing link in the mechanism of action of MetAP2 inhibitors

	General conclusions and Future Perspectives
	General Conclusions
	Future perspectives

	Materials and Methods
	General Procedures (Except LC-MS/MS-based Proteomics)
	Cells
	Western Blot
	Methanol-chloroform precipitation of proteins
	Click reaction (CuAAC)
	In-gel fluorescence

	Generation of CRISPR/Cas9 knock outs of NMT1 and NMT2
	Design of the CRISPR/Cas9 gRNAs
	gRNA preparation
	Transfection of Panc-1 cells
	Fluorescence-activated cell sorting (FACS)
	Clonal growth
	Amplification of the gRNA target region by PCR

	Characterisation of NMT1 and NMT2 knock outs
	Western Blot of NMT1 and NMT2 in Panc-1 knock outs
	Flow cytometry analysis of Panc-1 clones
	MTS cell viability assay of Panc-1 clones

	Labelling N-terminal glycines in whole-cell lysates with SrtA 5M
	Preparation of cell culture samples for SrtA reaction
	Preparation of tissue samples for SrtA reaction
	SrtA reaction
	Affinity enrichment and western blot analysis
	Streptavidin shift assay
	ELISA

	Characterisation of MetAP2 inhibitors
	Cellular thermal shift assay (CETSA)
	Real time proliferation monitoring using the Incucyte

	Sample preparation for proteomics experiments
	Sample preparation for YnMyr pull down spike-in SILAC of Panc-1 clones
	Sample preparation for whole proteome analysis of Panc-1 clones
	SrtA peptide-based enrichment proteomics
	SrtA protein-based enrichment proteomics - Part I: SrtA labelling and two step on-bead/off-bead digestion
	SrtA protein-based enrichment proteomics - Part II: YnMyr labelling
	Peptide-level enrichment of proteomes metabolically tagged with AHA for MetAP2 substrate identification (final optimised protocol)
	Protein-level enrichment of YnMyr metabolic tagging in MetAP2i-treated samples

	Proteomics data acquisition
	Proteomics data acquisition of spike-in SILAC samples
	Proteomics data acquisition of LFQ samples
	Proteomics data acquisition of TMT-labelled samples

	Database searches of proteomics experiments
	Protein database search of spike-in SILAC samples using MaxQuant
	Database search of SrtA and TMT-labelled peptide-enrichment samples using MaxQuant
	General database search of TMT-labelled protein-centric samples using MaxQuant
	TMT labelling efficiency search

	Statistical analysis of proteomics datasets
	YnMyr pull down spike-in SILAC of Panc-1 clones
	Whole proteome analysis of Panc-1 clones
	Whole proteome analysis of Panc-1 clones
	SrtA peptide-based enrichment proteomics
	SrtA protein enrichment datasets (SrtA-labelling and YnMyr tagging experiments)
	AHA peptide-level enrichment proteomics experiments for identification of MetAP2 substrates
	YnMyr protein-level enrichment of samples treated with MetAP2i

	Miscellaneous
	List of Buffers
	List of Antibodies


	References
	Appendix

