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Abstract

Palmitoylation is the post-translational reversible addition of the acyl moiety, palmitate, to cysteine
residues of proteins, and has been shown to be important in regulating protein trafficking,
localisation, stability and function. Palmitoylation is wide-spread in all eukaryotes, and recent work
revealed the presence of more than 400 palmitoylated proteins in the Plasmodium falciparum
intraerythrocytic schizont stages, including proteins involved in key aspects of malaria biology and
pathogenesis. The work described in this dissertation advances our understanding of protein
palmitoylation in Plasmodium by developing a novel method to specifically identify palmitoylated
cysteines within the P. falciparum palmitome, and characterising for the first time, the Plasmodium

DHHC and MBOAT proteins, which are thought to mediate protein palmitoylation.

In the first section of work, a quantitative mass spectrometry based approach was developed to
identify palmitoylation sites, resulting in the identification of over 100 putative palmitoylation sites in
the P. falciparum schizont palmitome. These potential palmitoylation sites can be used to guide
further experiments into the role of palmitoylation in the function of specific proteins. Pilot
experiments were also carried out with related parasites, P. berghei and Toxoplasma gondii, and

revealed palmitoylation sites that were conserved across Apicomplexan species.

The Plasmodium DHHC protein family was characterised in P. falciparum and P. berghei, establishing
that individual DHHC proteins are localised to distinct organelles, including specialised parasite-
specific organelles such as the rhoptries and the IMC. DHHC protein localisation may therefore play
some role in substrate specificity. Knock-out studies identified individual DHHC proteins that were
essential for blood stage growth, as well as proteins that could be successfully disrupted, suggesting
that a subset of DHHCs is functionally redundant. Lastly, an assay was developed to demonstrate the
palmitoyl transferase activity of the Plasmodium DHHC proteins, confirming for the first time that
these proteins are responsible for protein palmitoylation in Plasmodium parasites. This assay further
revealed that different P. falciparum DHHC proteins could palmitoylate the same target protein,

further confirming the existence of overlapping functionality for these proteins in Plasmodium.

The occurrence of palmitoylation on so many Plasmodium proteins, as well as the existence of a
repertoire of Plasmodium proteins shown to demonstrate palmitoyl transferase activity, indicate that
this post-translational modification may have an important role in the normal cellular function of the
parasite. Further study of palmitoylation in Plasmodium may thus result in the discovery of potential

therapeutic drug targets, and the assays developed here could assist in achieving this goal.
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Chapter 1

Introduction



The targets and role of palmitoylation in Plasmodium parasites

The post-translational modification (PTM) of proteins plays an essential role in modulating protein
activity and function, and thus greatly influences the normal cell biology of most organisms, including
Plasmodium parasites, the causative agents of malaria. The work described here explores
palmitoylation, one of the lesser-known protein PTMs, which is used broadly to regulate protein
function in other eukaryotes, but has not been well-studied in Plasmodium. This dissertation focuses
on two broad aims: developing new approaches to identify palmitoylated cysteines in Plasmodium
falciparum proteins, and characterising for the first time the enzymes responsible for palmitoylation
in Plasmodium parasites. To set the background for this work, this introduction outlines what is
currently known about protein palmitoylation in other eukaryotic organisms in general, and in

Plasmodium parasites in particular.

1.1. Protein Palmitoylation: Definition

Palmitoylation is a PTM involving the addition of long-chain fatty acids to one or more internal
cysteine residues via thioester (S-acyl) linkages (Figure 1.1). Proteins can be S-acylated with different
fatty acid chains and thus this modification can also be referred to by the more general term, ‘S-
acylation’. However, the fatty acid typically used is palmitic acid, a 16-carbon saturated fatty acid,
hence the term ‘palmitoylation’. Critically, the thioester bond between palmitic acid and the cysteine
residue is reversible, making palmitoylation a dynamically regulated protein modification, just like

the much more widely studied protein PTM, phosphorylation [1].

The reversibility of the thioester bond makes palmitoylation distinct from other lipid modifications
that commonly occur, such as myristoylation and prenylation. Myristoylation refers to the covalent
attachment of myristate to the N-terminal glycine residue of the protein, which occurs co-
translationally upon the removal of the initiator methionine residue [2]. Prenylation is the addition
of a farnesyl or geranylgeranyl isoprenoid to a cysteine residue that is four amino acids from the C-
terminus via a thioether linkage, which leads to subsequent proteolytic removal of the three terminal
amino acids and the carboxyl-methylation of the prenylated cysteine [3]. Both myristoylation and

prenylation are irreversible modifications.

While the majority of palmitoylation occurs in the form of the reversible S-acylation described above,
palmitic acid can be irreversibly attached to cysteine residues if they are at the extreme N-terminus

of proteins. In this case, it is thought that an intermediate thioester linkage is first formed and this is
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then rearranged into a stable amide linkage (Figure 1.1). This irreversible version of palmitoylation is

referred to as ‘N-palmitoylation’ [4].

S-palmitoylation

o]

- 1 ovs
AAAAAAAANL + e = AAAAAANAL S

S——CH, '

N-palmitoylation

o Cys
o + [ | N"’"?H
H ?H;
SH

Figure 1.1: Reversible S-palmitoylation compared to irreversible N-palmitoylation. Chemical structures of
palmitate attached to a protein via the reversible thioester linkage (S-palmitoylation) and the irreversible
amide linkage (N-palmitoylation).

1.2. Protein acyltransferases (PATs)

The formation of the thioester bond between the palmitoyl moiety and the cysteine side chain can
occur spontaneously in vitro in the presence of palmitoyl-CoA. It was therefore initially thought that
palmitoylation took place via non-enzymatic mechanisms in vivo [5]. However, the recent discovery
of proteins responsible for catalysing protein palmitoylation, first in Saccharomyces cerevisiae and
later in mammalian cells, now indicates that palmitoylation is in fact an enzyme-mediated process [4,
6, 7]. These proteins are referred to as protein acyltransferases (PATs) and can be divided into two
main families: DHHC-domain-containing PATs (DHHC-PATs) and MBOAT-domain-containing PATs
(MBOAT-PATSs) [5].

1.2.1. DHHC-PATSs:

DHHC-PATs are transmembrane (TM) proteins and typically contain four to six TM-domains. The
defining feature of these proteins is that they all contain a highly conserved Asp-His-His-Cys (DHHC)
motif within a cysteine-rich domain [5] and this motif is commonly located on the loop between two

TM-domains, and is exposed on the cytosolic side of the membrane [8, 9] (Figure 1.2A). The DHHC
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signature motif, which is part of the larger approximately 50 residue cysteine-rich domain, is
conserved across eukaryotes. This conserved domain allows the bioinformatics identification of
DHHC-PATs, and each eukaryotic genome contains a variable number, ranging from 7 in S. cerevisiae

to 23 in humans [5].

Besides the DHHC domain, two other regions display significant homology across the DHHC-PATs. An
Asp-Pro-Gly (DPG) motif is typically found next to the second TM-domain and a Thr-Thr-x-Glu (TTxE)
motif is usually found next to the fourth TM-domain, although the functional significance of these

conserved areas are still unknown [5].

The DHHC-domain is thought to be directly involved in the palmitoyl transfer reaction, although not
all details of the enzymatic process are currently known. All DHHC proteins so far have been found to
undergo autopalmitoylation and when the cysteine residue in the DHHC motif is mutated,
autopalmitoylation is abolished. This has led to the suggestion that palmitoylation of the substrate
may occur via a two-step process where the PAT is first autopalmitoylated, resulting in the
production of a palmitoyl-enzyme intermediate, and this is followed by transfer of the palmitoyl
moiety to the substrate [5, 10]. Evidence suggests that the DHHC motif is essential for this two-step
palmitoylation reaction [10]. However, this is by no means proven, and other models posit that
instead of acting as an intermediate in the palmitoyl transferase reaction, the palmitoylated DHHC
protein could be involved in allosteric regulation of substrate binding or in substrate specificity [5].
Indeed, other work suggests that the DHHC domain is not merely a catalytic unit and may in fact

possess substrate specificity determinants [11].

The general question of DHHC substrate specificity —whether individual DHHC-PATs palmitoylate a
specific set of targets- is a subject of particular interest for the field as a whole. For some palmitoyl-
proteins, it appears that palmitoylation can be catalysed by several different PATs [11]. For example,
deletion of the yeast PAT, Pfa3, reduced but did not abolish palmitoylation of the vacuolar protein,
Vac8, which may indicate that the palmitoylation of Vac8 may be taken over by another PAT in the
absence of Pfa3 [12, 13]. Similarly the palmitoylation of Ras in yeast was also only partially reduced in
the absence of its cognate PAT, Erf [14]. Furthermore, it was also shown that multiple DHHC-PATs
could be knocked-out in yeast without completely abolishing palmitoylation of substrates, suggesting
possible overlap in DHHC-PAT functionality [14]. However, some palmitoyl-proteins do appear to
have dedicated DHHC-PATSs. For example, in yeast, palmitoylation of SNARE proteins appear to be the
responsibility of the DHHC-PAT, Swfl, while another DHHC-PAT, Pfa4, appears to palmitoylate only
the amino acid permeases [14], and the activities of both Swfl and Pfa4 cannot be performed by

other yeast PATs [11]. The question of whether DHHC-PATSs are substrate specific therefore seems to
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depend on the particular DHHC-PAT or the particular group of palmitoyl-protein substrates.
However, it should be pointed out that only a handful of DHHC-PAT/substrate partnerships have
been studied in detail, and there have been no studies on the global impact of DHHC-PAT deletion on
palmitoylation sites, in large part because few global datasets of palmitoylation sites have so far

been generated.

1.2.2. MBOAT-PATs

The membrane-bound O-acyl transferase (MBOAT) superfamily of proteins consists of membrane-
bound proteins, which generally contain eight to ten TM-domains. Although they are less conserved
compared to the DHHC family of proteins, MBOAT proteins possess an invariant histidine residue
found within a long hydrophobic region which is thought to form part of the active site [15, 16]
(Figure 1.2B). The majority of the members of the MBOAT superfamily act as enzymes for the
transfer of fatty acids to the hydroxyl groups of membrane-bound target proteins [15]. However,
several MBOAT proteins have also been found to catalyse N-palmitoylation, in particular, the N-
palmitoylation of secreted proteins such as Hedgehog (Hh), Spitz and Wnt [17-20]. For example, in
humans, the secreted morphogen Sonic hedgehog (Shh), the homologue of the Drosophila Hh
protein, is N-palmitoylated, and the transfer of palmitate to the N-terminal cysteine is catalysed by
Hedgehog acyltranferase (Hhat), a member of the MBOAT family [21]. Porcupine, another MBOAT
protein, is also known to mediate palmitoylation of Wnt secreted proteins [20]. Thus, the MBOAT-
PATs appear to be mainly responsible for the irreversible N-palmitoylation of secreted signalling

proteins.
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Figure 1.2: Structure of DHHC-domain and MBOAT-domain-containing PATs. (A) The generic structure of
DHHC-PATs shown schematically. The conserved DHHC-domain is shown in red. Representative amino acid
sequences of the DHHC domains of known DHHC-PATs from different organisms are shown aligned on the
right. The characteristic DHHC sequence is highlighted with asterisks. (B) The generic structure of MBOAT-PATs
shown schematically. The hydrophobic domain containing the conserved histidine residue is indicated as the
MBOAT domain. Representative sequences of MBOAT proteins are shown aligned on the right. The conserved
histidine residue which is thought to form part of the active site is highlighted with an asterisk.

P.f. - Plasmodium falciparum, P.b. - Plasmodium berghei, S.c. - Saccharomyces cerevisiae, D.m. — Drosophila
melanogaster, H.s. - Homo sapiens.

1.3. Acyl-protein thioesterases

As mentioned above, S-palmitoylation is a reversible reaction as the thioester linkage can be broken,
allowing the removal of the palmitate group from proteins. A class of enzymes known as acyl-protein
thioesterases have been found to catalyse the depalmitoylation of proteins [22]. There are two types
of acyl-protein thioesterases. The first type, known as the protein palmitoylthioesterases (PPT), of
which there are two - PPT1 and PPT2, are localised in lysosomes and are involved in depalmitoylating
proteins during protein degradation [23]. The second type of acyl-protein thioesterase, known as the
APTs, appears to be the enzymes responsible for regulating the depalmitoylation of S-palmitoylated
proteins [22]. APT1 is found in the cytosol and has been shown to remove palmitate from signalling
proteins such as G LI2{Sly h aiz6izyiial 1-Ras and endothelial nitric oxide synthase (eNOS) [24, 25].
Although APT1 was originally found to act as a lysophospholipase, later work indicates that it in fact

prefers palmitoyl-thioesters as a substrate [24, 26]. Furthermore, the inhibition of APT1 appears to
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interfere with Ras localisation and signalling, which is regulated by cycles of palmitoylation and
depalmitoylation [27]. This indicates that the APTs may be important players in regulating protein
palmitoylation, although much is still unknown about these proteins and further study is now being

performed in order to determine how and where these enzymes function in vivo.

1.4. Functions of protein palmitoylation

Protein palmitoylation is a widespread PTM and occurs in a large and diverse repertoire of proteins.
As a lipid modification, the basic function of palmitoylation is to regulate the interaction of proteins
with the lipid bilayers of cellular membranes. It is however, more than just a simple lipid anchor, and
a significant role of palmitoylation appears to be in the trafficking of proteins to specific cellular
membranes [28]. A well-studied example of proteins which uses palmitoylation for specific
intracellular targeting is the dually-acylated Ras family of small GTPases. H-Ras and N-Ras proteins
are first farnesylated, which targets the Ras proteins to the endoplasmic reticulum where they are
then palmitoylated. Palmitoylated Ras proteins are trafficked to the Golgi and then to the plasma
membrane via the classical secretory pathway. At the plasma membrane, Ras proteins are
depalmitoylated, allowing their trafficking back to the Golgi where they can be repalmitoylated and
sent back to the membrane [4, 8, 29, 30] (Figure 1.3). This dynamic cycle of palmitoylation and
depalmitoylation is required for regulating the subcellular distribution of Ras proteins and in turn,
may be important in regulating the locations in the cell where Ras proteins are available for signalling

[3, 31].
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Figure 1.3: Function of palmitoylation on the subcellular trafficking of Ras proteins in mammalian cells. Ras
proteins are dually-acylated proteins. The first acyl modification is the addition of a farnesyl moiety (black) and
this farnesylation directs Ras proteins to the endoplasmic reticulum (ER). Farnesylation alone is not sufficient to
anchor Ras proteins to the ER and a second lipid modification is required. Thus, farnesylated Ras proteins are
then (1) palmitoylated with a palmitoyl group (yellow) by the putative protein acyltransferase (PAT) in the ER.
This results in (2) dually-acylated Ras proteins which are either anchored at the ER membrane, or are (3)
trafficked to the Golgi. From the Golgi, dually-acylated Ras can then be (4) trafficked to the plasma membrane,
where they are (5) depalmitoylated by the putative acyl-protein thioesterase (APT) and trafficked back to the
Golgi. At the Golgi, the farnesylated Ras proteins can either be (6) trafficked back to the ER, or (7) re-
palmitoylated by a putative PAT in the Golgi, to be once again delivered to the plasma membrane. This dynamic
cycle of palmitoylation and depalmitoylation regulates the subcellular distribution of Ras proteins in
mammalian cells.

As well as targeting proteins to specific intracellular membranes, palmitoylation is also used to
regulate protein localisation between microdomains within a specific membrane [4]. Again, Ras
family proteins are the most well-studied example, where H-Ras can be palmitoylated on one or both
of two cysteine residues, Cys181 and Cys184. Monopalmitoylation on Cys184 mostly retains H-Ras at
the Golgi, with some inefficient delivery to the plasma membrane. For the fraction that is delivered
to the plasma membrane, monopalmitoylation on Cys184, as well as palmitoylation of both cysteine
residues, promotes GTP-regulated lateral diffusion of H-Ras between cholesterol-dependent and

cholesterol-independent microdomains. This means that GTP-loaded Cys184 monopalmitoylated Ras,
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as well as GTP-loaded dually-palmitoylated Ras segregate to cholesterol-independent microdomains,
while GDP-loaded Cys184 monopalmitoylated Ras and GDP-loaded dually-palmitoylated Ras
segregate to cholesterol-dependent microdomains. Monopalmitoylation of H-Ras on Cys181
meanwhile directs H-Ras to the plasma membrane, where monopalmitoylation on Cys181
dramatically reverses the lateral segregation of Ras and promotes localisation of GTP-loaded Cys181
monopalmitoylated Ras into cholesterol-dependent microdomains [32]. Palmitoylation thus appears

to also influence the fine-tuning of Ras localisation on cellular membranes.

In addition to soluble proteins such as Ras, many TM-domain-containing proteins, such as multi-TM-
domain spanning receptors, are also palmitoylated, despite the fact that the presence of the TM
domain is sufficient for membrane binding [1]. One of the reasons for the palmitoylation of TM-
domain-containing proteins could again be the fine-tuning of membrane localisation. For example,
CD4 and CD8 -the co-receptors of the T cell receptor (TCR) complex- are palmitoylated, and
palmitoylation is required for the localisation of these co-receptors into lipid rafts, which in turn
promotes lipid raft aggregation and is important for TCR-mediated downstream signalling events [33-
35]. Another example of the use of palmitoylation 68 ISOSLIi2N LI2(Stya 1& (KS h-amino-3-hydroxy-5-
methyl-4-isoxazole propionate (AMPA) receptor, which is palmitoylated on different cysteines in its
second TM domain and also on cysteines in its C-terminal domain. Palmitoylation of these cysteines
applies multiple levels of regulation on the localisation of the receptor. For example, palmitoylation
of cysteines in the second TM domain causes accumulation of the AMPA receptor at the Golgi, and
palmitoylation of cysteines in the C-terminal domain promotes regulated endocytosis of the AMPA
receptors, removing the AMPA receptors from the cell surface [36]. In addition to that, the dynamic
palmitoylation of the post synaptic density protein, PSD-95, controls the synaptic clustering of PSD-
95 and this in turn controls the recruitment of AMPA receptors to the post synaptic density. This then
regulates the cycling of AMPA receptors on and off the synaptic membrane and influences synaptic

plasticity and strength [37].

Finally, palmitoylation can also regulate protein-protein interactions and protein stability. An
example of this function of palmitoylation is demonstrated by the yeast t-SNARE, Tlgl. This single
TM-domain-containing protein is palmitoylated at a cysteine residue close to its TM-domain.
Inhibition of palmitoylation results in the interaction of Tlgl with Tull -an E3 ubiquitin ligase- which
causes the ubiquitination of Tlgl, its targeting to the vacuole, and its subsequent degradation by the
proteasome [4, 38, 39]. Another extreme and well-known example of the effect of palmitoylation on
protein stability is its impact on the stability and aggregation of the huntingtin protein. The

intracellular aggregation of the mutant form of huntingtin is a characteristic feature of Huntington’s
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disease, a debilitating neurological disorder [40]. Huntingtin is palmitoylated and the mutant form of
huntingtin shows decreased palmitoylation. Inhibition of the palmitoylation of wild-type huntingtin
promotes the accumulation of huntingtin protein aggregates and this is even more pronounced when
palmitoylation of mutant huntingtin is inhibited. Conversely, protein aggregation is decreased when
the palmitoylation of huntingtin is increased [40]. Thus, in this case, palmitoylation appears to play a
protective role by regulating protein aggregation, and may play a direct role in the pathogenesis of

Huntington’s disease.

Reversible S-palmitoylation can therefore be used as a protein regulatory tool through a variety of
mechanisms, including specifying locations within or between membrane-bound organelles, and
regulating protein-protein interactions and protein stability. Although N-palmitoylation is an
irreversible process, this form of palmitoylation has also been found to have an important influence
on protein activity, particularly that of secreted signalling ligands such as Hh and Wnt proteins [1].
The Hh and Wnt families of proteins are required for pattern formation during embryonic
development. These proteins act as morphogens, forming the signalling gradients which specify
growth patterning, proliferation and differentiation during the developmental process [17]. Both
these families of proteins are N-palmitoylated on specific cysteine residues and the inhibition or
removal of N-palmitoylation results in defective pattern formation and reduced signalling activity [1,
20, 41]. N-palmitoylation is thus thought to regulate the distribution and localisation, as well as the
signalling of these secreted proteins, which in turn affect the protein gradients and pattern formation

controlled by these proteins.

1.5. Types of palmitoylated proteins

From the examples described above, it is clear that palmitoylation is more than merely a membrane
anchor and in fact appears to have several important regulatory functions within the cell. However,
predicting which proteins might be regulated in this manner is not straightforward because there is
no clear consensus sequence for palmitoylation, other than the requirement for a cysteine residue
[3]. However, palmitoyl-proteins have been grouped into several classes based on the location of
known palmitoylated cysteine residues and on the context of the sequences surrounding the cysteine

residues [3, 8]. Examples of these classes of palmitoyl-proteins are shown in Table 1.1.
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Class of palmitoyl-protein Protein Sequence
. cb4 ... QPMALIVLGGVAGLLLFIGLGIFFCVRCRHRRRQ.....
Type |: Palmitoylated next
e CD36 MGCDRNCGLIAGAVIGAV.......VAFMISYCACRSKTIK
to or within a
. SNAP-25 |...LGKFCGLCVCPCNKLKSS....
transmembrane domain
TGFa ... SALLKGRTACCHSETVV
H-Ras |..... PPDESGPGCMSCKCVLS
Type II: Prenylated and
. N-Ras |.... SSDDGTQGCMGLPCVVM
palmitoylated -
Paralemmin]|......DMKKHRCKCCSIM
. PSD-95 |MDCLCIVTTKKYRYQDEDTP.....
Type lll: Palmitoylated near s bunit
the N- or C-terminal end a;subunit |MGCLGNSKTEDQRNE.....
GAP43 |MLCCMRRTKQVEKNDDDQKIEQDGI.....
Lyn kinase |MGCIKSKGKDSLSDDGVDLKT.....
Type IV: Myristoylated and | Lck kinase |MGCGCSSHPEDDWMENIDV.....
palmitoylated eNOS MGNLKSVAQEPGPPCGLGLGLGLGLCGK.....
Ga; subunit [ MGCTLSAEDKAAVERS....

Table 1.1: Common classes of palmitoylated proteins. Examples of different types of palmitoylated proteins
found in eukaryotic systems. The amino acid sequences surrounding the palmitoylated cysteines are shown and
palmitoylated cysteines are highlighted in red.

Type | palmitoyl-proteins are TM-domain-containing proteins and are commonly palmitoylated on
cysteine residues located next to or just within the TM-domain, where the length of the TM-domain,
as well as the length of cytoplasmic tail, influences palmitoylation of the cysteine [28]. Members of
this class of palmitoyl-proteins include SNARE proteins and the above mentioned CD4 co-receptor

[28] (Table 1.1).

Type Il palmitoyl-proteins consist of dually-acylated proteins which are both prenylated and
palmitoylated [28]. Members of this group include the Ras superfamily of proteins. These proteins
possess the recognition sequence for prenylation, the C-terminal CAAX box, where ‘C’ is the
prenylated cysteine residue, ‘A’ refers to an aliphatic amino acid and ‘X’ represents the amino acid
that determines which prenyl group is added, a farnesyl or a geranylgeranyl isoprenoid [42].
Palmitoylation of the prenylated protein then usually occurs on the cysteine residue immediately
upstream of the prenylated cysteine [3]. Indeed, prenylation of Ras appears to be required for its

subsequent palmitoylation [28] (Table 1.1).

Type Il palmitoyl-proteins are proteins which are palmitoylated on cysteines near the C-terminal or
N-terminal end of the protein [28]. Members of this group of palmitoylated proteins include Gn

subunit proteins and the above mentioned PSD-95 protein [3] (Table 1.1).
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Lastly, Type IV palmitoyl-proteins are also dually-acylated proteins, which are modified with
myristate and palmitate. These proteins possess the N-myristoylation consensus sequence, Met-Gly-
X-X-X-Ser/Thr, at the N-terminal end of the protein, where the glycine residue is the N-myristoylated
residue. For most of myristoylated and palmitoylated proteins, the amino acid in position three of
the N-myristoylation consensus sequence is a cysteine residue, and myristoylation of glycine in
position two appears to facilitate the palmitoylation of the cysteine residue [28]. However, for some
proteins, palmitoylation can also occur on cysteines up to 20 amino acids away from the N-terminus
[3]. Members of this class of palmitoyl-proteins include the Src family of protein tyrosine kinases [28]

(Table 1.1).

While splitting palmitoylated proteins into these basic classes is helpful, it obscures the fact that
there are palmitoyl-proteins that do not fall into any of these groups. The true scale at which
palmitoylation is used in the cell, and the number of palmitoyl-proteins that fall outside the classical
groupings has become apparent through the recent development of two independent biochemical

approaches for purifying the total complement of palmitoylated proteins.

1.6. Purification of palmitoylated proteins

Early methods of identifying palmitoylated proteins involved the use of metabolic labelling with
tritiated palmitic acid, which was time-consuming and mainly focused on individual proteins rather
than global, whole proteome analyses [14, 43, 44]. Recently, advances in proteome-based
technologies to purify and identify all palmitoylated proteins in an organism have allowed the
systematic characterisation of the whole palmitoylated proteome, or ‘palmitome’, in different
organisms. Most of these studies revealed that the size of most palmitomes numbered in the
hundreds [8, 14, 45-47]. The palmitoyl-protein enrichment methods can be divided into two main
techniques. The first is based on a chemical-exchange process known as acyl-biotinyl exchange (ABE)

chemistry [43] and the second involves metabolic labelling followed by ‘click chemistry’ [45].

1.6.1 Acyl-biotinyl exchange (ABE)

Acyl-biotinyl exchange (ABE) is based on the exchange of the palmitate group with a detectable label,
such as biotin, and relies on the susceptibility of the thioester linkage to cleavage by neutral
hydroxylamine [43]. ABE consists of three sequential chemical steps. In the first step, the extracted

and solubilised proteome sample is treated with N-ethylmaleimide (NEM), a chemical which
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irreversibly binds to free cysteine thiols, causing the irreversible blockage of existing free thiols in the
sample. This is followed by treatment with hydroxylamine, which specifically cleaves the thioester
bonds between the palmitoyl-groups and the cysteine residues, releasing the palmitoyl-groups and
exposing the previously palmitoylated thiol groups. The resultant newly-exposed free thiols are then
biotinylated by a thiol-reactive biotinylation reagent, such as HPDP-biotin, and the biotinylated
palmitoyl-proteins can then be affinity-purified using streptavidin agarose [14, 43, 48]. An important
control in this method of palmitoyl-protein purification is the mock treatment of an equal quantity of
protein sample — that is, parallel treatment of a sample under identical conditions but in the absence
of hydroxylamine. In this control sample, palmitoyl-groups are not removed and thus are not
biotinylated or purified, and therefore, only contaminant proteins which may occur due to
inappropriate biotinylation, non-specific streptavidin binding or the non-specific purification of highly
abundant proteins are expected to be purified [48]. This control sample is essential in order to assist
in determining false-positive identifications, and purification of palmitoyl-proteins are measured by
their enrichment in the hydroxylamine-treated ‘palmitome’ sample over the non-hydroxylamine-
treated ‘control’ sample [48]. As ABE is based on the cleavage of the thioester linkage by
hydroxylamine, only S-acylated proteins are purified, and proteins that are modified by the
irreversible N-palmitoylation will not be purified by this method. A schematic showing the chemical

exchange steps of ABE is shown in Figure 1.4.

22



Palmitoyl-protein
/SH o . NEM
' AAAAAANAA | ")
. W EG
H,
elute with
+NEM
L TB-ME
/NEM . /NEM
| )i/vv\/vvv\ . ——.
—Cc—S —s_sagaruse
Ha
+NH:0H +Streptavidin-
agarose
' /NEM fo) . /NEM
Ho [
N s CIT)
%
+HPDP-biotin

Figure 1.4: Schematic of the acyl-biotinyl exchange (ABE) method of purifying palmitoyl-proteins. This
method relies on the exchange of palmitoyl groups with biotin. The extracted proteome is first treated with N-
ethylmaleimide (NEM) which binds irreversibly to free thiols of unmodified cysteine residues. Palmitoyl groups
are removed by treatment with hydroxylamine (NH,0H), which cleaves the thioester linkage, resulting in the
formation of newly-exposed free thiols. These free thiols can be biotinylated by a thiol-reactive biotinylation
reagent, such as HPDP-biotin. The biotinylated proteins can then be purified by streptavidin-agarose affinity
purification and eluted from the streptavidin-I-31424S 6SIRd 68 NISRM0iI2Y GIiK J-mercaptoelKIy2t 43-ME). In
the control sample, the protein extract is left untreated with hydroxylamine, the thioester linkages are thus not
cleaved and palmitoyl groups are not exchanged with biotin. Proteins which are significantly enriched in the
hydroxylamine-treated palmitome samples compared to the non-hydroxylamine-treated control samples can
thus be classified as palmitoylated.

1.6.2 Metabolic labelling and click chemistry

This method involves the use of a palmitic acid analog that is incorporated into cellular proteins, then
post protein extraction, can be conjugated to azide-linked labels using standard ‘click chemistry’
conditions for purification or detection [45]. Cells are first metabolically labelled with the palmitic
acid analogue, 17-octadecynoic acid (17-ODYA), which contains an alkyne group. The proteome is
then extracted from the metabolically labelled cells and reacted with biotin-azide under conditions
conducive for the copper (l)-catalysed azide-alkyne cycloaddition (click chemistry) reaction. The click

chemisty reaction essentially joins the azide and alkyne groups and thus results in the biotinylation of
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the palmitoyl-proteins, which can then be affinity purified by streptavidin-agarose [8, 44, 45, 49]. As
a control, cells are mock-labelled with the palmitic acid analogue and this control is important for the
determination of false-positives and contaminant proteins [8, 45], just as the mock treatment control
is critical in ABE purification. As this method is based on the metabolic incorporation of a palmitic
acid analogue, both the thioester-linked S-palmitoylation and the irreversible N-palmitoylation can
be purified by this method. A schematic showing the steps of this method of palmitoyl-protein
purification is shown in Figure 1.5. Metabolic labelling with 17-ODYA followed by click chemistry
methods can also be used in pulse-chase labelling experiments in order to study the dynamics of
protein palmitoylation, by distinguishing between stably palmitoylated proteins and proteins which
undergo rapid turnover of palmitoylation [44, 49]. Importantly, this metabolic labelling method can
also be used for alternative purposes other than purification, simply by modifying the azide-linked
label that is used in the click chemistry reaction. For example, replacement of biotin-azide with

rhodamine-azide allows visualisation of all 17-ODYA-labelled proteins by in-gel fluorescence [45].
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Figure 1.5: Schematic of the metabolic labelling and click chemistry method of purifying palmitoyl-proteins.
This method relies on the in vitro metabolic labelling of proteins with a palmitic acid analog. Cells are
metabolically labelled with the alkyne-containing palmitic acid analog, 17-octadecynoic acid (17-ODYA).
Proteins are extracted from the cells and proteins labelled with 17-ODYA are reacted with biotin-azide under
copper (l)-catalysed azide-alkyne cycloaddition (click chemistry) reaction conditions, resulting in the
biotinylation of 17-ODYA-labelled proteins. The biotinylated proteins are purified by streptavidin-agarose
affinity purification and eluted from the streptavidin-agarose beads by boiling in SDS. In the control sample,
cells are mock-labelled by treatment with DMSO instead of 17-ODYA, and subjected to the same conditions as
described above. Proteins which are significantly enriched in the 17-ODYA-treated samples compared to the
mock DMSO-treated control samples can thus be classified as palmitoylated.
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1.6.3. Comparison of palmitome purification methods

Both methods of palmitome purification described above bring with them their own set of false-
positive identifications. ABE is based on the complete and irreversible blockage of free thiols with
NEM in order to prevent the purification of non-palmitoylated free thiols. Insufficient blockage with
NEM can thus give rise to false identifications. This can also result in the enrichment of highly
abundant proteins whose free thiols may not have been completely blocked. Additionally, ABE will
also enrich all other proteins which use thioester linkages, such as enzymes which use thioester
intermediates as part of their reaction mechanisms [44, 50]. Meanwhile, metabolic labelling and
click chemistry methods can result in the enrichment of proteins which have incorporated the 17-
ODYA metabolic label, but are not in fact S-acylated. For example, glycosylphophotidylinositol (GPI)-

anchored proteins can incorporate the 17-ODYA label although they are not palmitoylated [50].

Although false-positive identifications are reduced in click chemistry purification methods, this
method relies on the ability of the proteome of interest to be labelled with 17-ODYA, as well as on
the efficiency of the metabolic labelling. Despite the larger background found with ABE, all the
chemical exchange reactions of ABE take place post extraction of the proteome and thus does not

have to rely on the in vitro or in vivo metabolic incorporation of an exogenous label.

Thus, both methods of palmitome purification have their strengths and weaknesses, and datasets
from both methods, as with any large-scale profiling method, will require careful quantitation,
analysis and validation. Nevertheless, these methods have still resulted in the identification of
several hundreds of potential palmitoylated proteins in multiple organisms and can provide new

insight into the extent of protein palmitoylation in biology.

1.7. Malaria: A major global parasitic disease

Malaria, a disease caused by the mosquito-borne Apicomplexan parasite, Plasmodium, still remains a
wide-spread global health problem. According to recent reports from the World Health Organisation
(WHO), in 2010, there were about 219 million cases of malaria and an estimated 660,000 deaths due
to malaria, with approximately 90% of all malaria deaths occurring in the African continent [51].
Although this disease has been eradicated in some parts of the world, more than two billion of the
world’s population still live in malarial regions and thus are at risk of contracting malaria [52]. Across
the years, there have been several combined efforts working towards the global eradication of
malaria. These campaigns, which include the use of more efficacious drugs and anti-vector measures

such as insecticide-treated bed nets, along with economic development and improved health
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infrastructure in some countries, have helped to reduce the burden of malaria, but whether these
methods alone will be able to completely eradicate the disease is contentious [53, 54], and the on-
going problem of Plasmodium drug resistance means that any gains that are being made currently

are liable to erosion unless new drugs are continually developed.

1.8. The life cycle of Plasmodium parasites

Plasmodium parasites are members of the phylum Apicomplexa, which is characterised by the apical
complex, a group of specialised organelles found at apical end of the invasive parasite stages, and the
apicoplast, a rudimentary plastid descended from alga through secondary endosymbiosis [55]. Four
species of Plasmodium, namely Plasmodium falciparum, P. vivax, P. malariae and P. ovale, are found
to cause malaria in humans and are transmitted by female Anopheles mosquitoes. Of the four, P.
falciparum is the most virulent and deadly, causing the most severe forms of malaria and responsible
for most of the disease morbidity and mortality [53, 54]. More recently, another species of
Plasmodium, P. knowlesi, which normally infects macaque monkeys, has also been found to infect

humans in some areas [56].

Plasmodium parasites are obligate intracellular parasites and thus spend most of their life cycle
within the cells of their host, evading the immune system and feeding on the host cell. The life cycle
of these parasites in both the mosquito vector and the vertebrate host is complex, involving the
invasion of a variety of cell types and many transitions from one developmental stage to another at

different points in the life cycle.

The life cycle begins when the human host is bitten by an infected Anopheles mosquito, resulting in
the transmission of sporozoites, a motile form of the parasite, into the bloodsteam. The sporozoites
migrate to the liver and invade hepatocytes, where they then develop into tens of thousands of
merozoites. The merozoites then enter the bloodstream and rapidly invade erythrocytes, thus
beginning the asexual intraerythrocytic stages. During the intraerythrocytic cycle, the parasites
develop and replicate within the host erythrocytes, firstly from ring stages, to the highly
metabolically active trophozoite stages, and lastly to the mature schizont stages where replication
occurs to form daughter merozoites. Eventually, the infected erythrocytes burst, releasing the
daughter merozoites into the bloodstream, where they are free to reinvade new erythroctyes. Each
intraerythrocytic cycle takes approximately 48 hours and it is the synchronous rupture of infected
erythrocytes every 48 hours which induces the periodic symptoms of malaria such as fever, chills and

anaemia. Furthermore, a distinctive feature of P. falciparum is the ability of the intraerythrocytic
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stages of the parasite to bind to endothelium and sequester in organs such as the brain, which can

lead to the symptoms of cerebral malaria [53].

During the intraerythrocytic cycle, some parasites can differentiate into male and female sexual
forms, known as gametocytes, in response to as yet unknown factors. These forms remain in the
bloodstream until they are taken up by a mosquito during a blood meal. Once in the mosquito
midgut, they transform into the activated male and female gametes and fertilization occurs, resulting
in the production of the diploid ookinete. The motile ookinete crosses the mosquito midgut wall and
forms an oocyst on the midgut basal lamina, where hundreds of haploid, genetically distinct
sporozoites are formed. Rupture of the oocyst occurs, releasing the sporozoites, which migrate to
the salivary glands and are transmitted to the human host during the next blood meal [53, 54]. A
diagram adapted from [8], showing all the steps of the Plasmodium life cycle, in both the mosquito

vector and the human host, is shown in Figure 1.6.

All of the steps taken by the parasite in order to complete its life cycle, even during just the
intraerythrocytic cycle, from the invasion of erythrocytes [57, 58], to the remodelling of the infected
erythrocyte to promote the survival of the parasite [59], and to the egress of the parasite in order to
invade new erythrocytes [60], involve the use of many different proteins and multiple signalling

cascades. This provides a potential source of targets which can be used for therapeutic interventions.
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Figure 1.6: Schematic of the Plasmodium parasite’s life cycle. The bite of an infected Anopheles mosquito
transmits the motile sporozoite forms of the parasite into the host bloodstream. The sporozoites invade the
hepatocyte cells of the liver, where they develop into tens of thousands of merozoites. The merozoites enter
the bloodstream and invade erythrocytes. This is the beginning of the asexual intraerythrocytic stages of
Plasmodium, where the parasites replicate and develop within host erythrocytes. The cycle begins at the ring
stages, moves on to the highly metabolically active trophozoite stages, and ends at the mature schizont stages,
where replication occurs to form daughter merozoites. The merozoites burst from the erythrocytes and re-
enter the bloodstream, where they are free to invade new erythrocytes. During the intraerythrocytic stages,
some parasites differentiate to form male and female gametocytes, the sexual forms of the parasites. The
gametocytes are taken up by the mosquito during a blood-meal, and fertilisation occurs in the mosquito,
producing the diploid ookinete. The ookinete crosses the mosquito midgut wall and forms the oocyst, where
hundreds of haploid, genetically distinct sporozoites are formed. The sporozoites are released when the oocyst
ruptures, and migrate to the mosquito salivary glands, where they can be transmitted to the human host
during the next bloodmeal. This schematic was adapted from [8].
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1.9. The need for new drug targets

There is currently no effective vaccine for any Plasmodium species, and all past efforts to control
malaria have been based on the use of anti-malarial drugs for the prevention and treatment of
infection, and insecticides for the elimination of the mosquito vector. However, these efforts have
been repeatedly thwarted by the development of resistance of the parasite against the available
anti-malarial drugs as well as resistance of the mosquito against insecticides [54, 61]. Drug resistance
is one of the major problems facing malaria control. Over the past several decades, parasites have
become resistant to most of the commonly used anti-malarial drugs, such as chloroquine, and the
antifolate drugs such as sulfadoxine-pyrimethamine, both of which were once frontline therapies for
malaria but are now largely ineffective due to widespread resistance [62]. Artemisinin derivatives
and artemisinin-based combination therapies are now the standard frontline therapeutic
interventions for malaria [51, 61]. However, sobering reports have now revealed that parasites with
increased tolerance to these new drugs have emerged in South East Asia [51, 63] and with it, the fear
that the continued widespread use of the artemisinin-based drugs could potentially result in the

global spread of artemisinin resistance [63].

Furthermore, the lack of a vaccine against the malaria-causing parasites hinders efforts to completely
eradicate malaria. Currently, the most promising candidate vaccine is RTS,S, which is based on the P.
falciparum circumsporozoite protein and targets the pre-erythrocytic stages of infection. However,
although the RTS,S vaccine has been shown to prevent infection and reduce the occurrence of severe
malaria, this vaccine is still only approximately 50% efficacious [53, 54, 64]. There is therefore an
urgent and on-going need for the identification of new drug targets, and the signalling pathways and
proteins involved in regulating parasite growth and development through PTMs are one potential
source of novel targets. Given that palmitoylation plays a role in regulating cellular processes in other
eukaryotes, palmitoylation is a process that warrants investigating as a potential drug target in

Plasmodium parasites.

1.10. Palmitoylation in Plasmodium

As detailed above, protein palmitoylation appears to play diverse and important roles in the
regulation of protein localisation and function in many organisms, and is widely used in many cellular
processes, as indicated by the large sizes of the palmitomes of the various organisms studied. It is
gradually being discovered that this is also the case in Plasmodium parasites. Previously, only three

proteins were experimentally shown to be palmitoylated in P. falciparum. Glideosome-associated
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protein 45 (GAP45) and calcium-dependent protein kinase 1 (CDPK1) are components of the invasion
motor complex, a multi-protein complex found at the inner membrane complex (IMC) of the parasite
invasive stages, and thought to be required for the generation of the force required to actively propel
the parasite into the host cell during invasion [57, 58, 65]. Calpains are cysteine proteases with well-
conserved catalytic domains that are thought to be involved in various cellular processes such as cell
signalling and migration, cell differentiation and development, and cell-cycle regulation, although the
exact role of the calpains is still poorly characterised [66]. These three proteins -GAP45, CDPK1 and
calpain- are dually-acylated in P. falciparum, modified by both a myristate and a palmitate group, and
these acyl modifications appear to be important for the membrane attachment, targeting and

localisation of these proteins [67-69].

Recently however, using both ABE and metabolic labelling followed by click chemistry methods,
coupled with quantitative mass spectrometry, it was discovered that protein palmitoylation in
Plasmodium is more extensive than previously known, with more than 400 putative palmitoyl-
proteins found in the asexual intraerythrocytic schizont stages of P. falciparum [50]. Even more
intriguing was the discovery that treatment of schizont-stage parasites with 2-bromopalmitate (2-
BMP), a small molecule compound which inhibits palmitoylation [70], for 6 hours appears to have
different effects on different palmitoyl-proteins. Some proteins are unaffected and remain
palmitoylated, while other proteins appear to be either moderately or severely affected by 2-BMP
treatment. These different effects induced by the inhibition of palmitoylation point to the existence

of both stable as well as dynamic palmitoylation in Plasmodium [50].

The proteins identified in the P. falciparum palmitome include those which fall into the general types
of palmitoyl-proteins described above, as well as proteins which are part of processes known to
involve protein palmitoylation in other organisms [8, 50]. However, more interestingly, a significant
number of proteins identified as palmitoylated are proteins which are involved in parasite specific

processes such as invasion, drug resistance, cytoadherance and parasite development [50].

Parasite invasion of the host erythrocyte is one of the parasite specific processes which appear to
involve palmitoylation. Invasion is a complicated process involving the recognition and binding of
surface receptors on the erythrocyte, and an actin-myosin invasion motor complex, which generates
the force required to push the parasite into the host erythrocyte [57, 58]. All the steps of the invasion
process involve many different proteins, and bioinformatics analysis suggest that more than 400
proteins play a role in the invasion of parasites into erythrocytes [71]. Of these invasion-associated
proteins, 74 are identified as palmitoylated [50]. The fact that so many of the invasion-linked

proteins appear to be palmitoylated suggests that palmitoylation may be critically involved in
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regulating the invasion process of the parasite. This suggestion is supported by the fact that
inhibition of palmitoylation with 2-BMP significantly inhibits erythrocyte invasion [50]. In fact,
palmitoylation appears to be directly involved in maintaining the stability of components of the
invasion motor complex such as GAP45 and myosin A tail domain-interacting protein (MTIP), as
treatment of parasites with 2-BMP results in the degradation of both GAP45 and MTIP [50]. Although
exactly how protein palmitoylation regulates invasion is still unknown, it is clear that this PTM
appears to be required for the normal function of some of the proteins responsible for parasite

invasion.

Perhaps more surprising was the discovery that a fraction of schizont proteins identified as
palmitoylated are parasite exported proteins [50]. Following invasion, several hundred parasite
proteins are exported across the parasite plasma membrane to specific sites in the erythrocyte
where they modify and remodel the erythrocyte in order to support parasite survival and
development. This remodelling results in structural and morphological changes within the
erythrocyte, such as increased rigidity and adhesiveness, and decreased deformability of the plasma
membrane, which in turn leads to cytoadherence and sequestering of infected erythrocytes, a

pathological characteristic of P. falciparum infection [59].

Some of these parasite exported proteins, including the major virulence factor, P. falciparum
erythrocyte membrane protein 1 (PfEMP1), the protein responsible for anchoring PfEMP1 to the
surface of the erythrocyte, knob-associated histidine-rich protein (KAHRP), and mature-parasite-
infected erythrocyte surface antigen (MESA) were identified as palmitoylated [50]. All of the parasite
exported proteins require trafficking across several membranes in order to move from the parasite
to its site in the host erythrocyte. Even within the erythrocyte, the exported proteins are either
retained in the Maurer’s clefts, parasite organelles which are tethered to the erythrocyte membrane,
or transported to the erythrocyte membrane itself. The fact that some of these exported proteins are
palmitoylated raises the question as to whether palmitoylation is involved in regulating the

trafficking and localisation of these proteins from the parasite to the erythrocyte.

This initial work suggests for the first time that palmitoylation plays an important role in regulating
multiple aspects of Plasmodium biology. To further our understanding of Plasmodium palmitoylation,
two critical questions need to be addressed. Firstly, where and when the Plasmodium PATs are
expressed, as well as the substrates for individual PATs, are still unknown. Secondly, although a list of
palmitoylated proteins in Plasmodium now exists, the exact sites which are palmitoylated are still not
known. The work described in this dissertation was performed in an attempt to answer these

questions.
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1.11. Aims and objectives

The work described in this dissertation can be divided into two main aims as detailed below:

1.11.1. Aim 1: To determine the sites of palmitoylation in Plasmodium.

The P. falciparum palmitome has now been purified from intraerythrocytic schizont stages, resulting
in the identification of over 400 putative palmitoyl-proteins [50]. However, the specific cysteines
which are palmitoylated are still unknown for most P. falciparum palmitoyl-proteins and due to the
lack of a consensus sequence for palmitoylation, are impossible to predict in the majority of cases. As
is the case for all eukaryotes, while some proteins identified in the P. falciparum palmitome fall into
the defined classes of palmitoyl-proteins described above where palmitoylation sites are predictable
(for example, 44% of the palmitome are TM-domain-containing proteins, and 8 proteins identified in
the total palmitome contain the N-myristoylation motif followed by a cysteine residue within 10
amino acids of the motif [50]), in the majority of cases, palmitoylation sites are impossible to predict.
Information on the sites of palmitoylation could be used in the generation of testable hypotheses
about the function of palmitoylation for a particular protein of interest, and would also provide

critical information for subsequent studies of DHHC-PAT substrate specificity.

The first goal of this project was therefore to expand further on the analysis of the P. falciparum
palmitome by developing methods to allow the identification of specific palmitoylated cysteines on
individual palmitoyl-proteins. This was achieved by adapting the ABE methodology to purify
palmitoylated peptides, rather than intact palmitoyl-proteins. As such peptides should by definition
contain a palmitoylated cysteine residue, a palmitome-wide list of palmitoylated cysteines could be

generated.

1.11.2. Aim 2: To investigate the molecular basis of palmitoylation by characterising the Plasmodium

PATSs.

Little is currently known about PATs in Plasmodium. A protein-protein BLAST search of the P.
falciparum genome using the 50 amino acid DHHC cysteine-rich domain [5] reveals 12 potential
DHHC-PATs, all of which share some homology with DHHC-PATs from other eukaryotes. These DHHC-
PATs also have homologues in other Plasmodium species, although one of these proteins, PFB0140w,
has no homologue in rodent Plasmodium species, which only have 11 DHHC-PATs. Some P.
falciparum DHHC-PATs appear to be expressed constitutively throughout the life cycle stages, while

other DHHC-PATs appear to be more regulated, with higher expression in particular life cycle stages
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[8]. Only one of the P. falciparum DHHC-PATs (PFC0160w) has been characterised, and is found to be
localised to the Golgi [72], one of the common localisations of DHHC proteins in other organisms. The
localisation of the other DHHC-domain-containing proteins in Plasmodium is currently unknown, and

whether they actually act as PATs in Plasmodium has never been formally tested.

In contrast to the DHHC proteins, only one protein is identified by protein-protein BLAST search as a
potential MBOAT-protein in P. falciparum. However, this protein (PFC0995c) has been characterised
to act as a diacylglycerol O-acyltransferase [73], an activity common to MBOAT family proteins in

other organisms [15]. It is unknown whether this protein also acts as an MBOAT-PAT in Plasmodium.

Given this significant gap in our understanding of palmitoylation in Plasmodium, the second aim of
this project was to characterise for the first time the Plasmodium DHHC and MBOAT proteins. This
was achieved by determining the different localisations of as many of these proteins as possible in
the parasite, as well as by determining the effect of deleting DHHC-PAT encoding genes on parasite
growth and development. In addition, in order to formally prove that Plasmodium DHHC and MBOAT
proteins have palmitoyl transferase activity, a novel PAT activity assay was developed using a
mammalian cell expression system. This assay was used to establish enzymatic activity, and to carry

out investigations into the substrate-specificity of individual P. falciparum DHHC-PATSs.
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Chapter 2

Materials and methods



2.1. Generation of plasmid constructs

2.1.1. Generation of Plasmodium falciparum plasmid constructs

Triple-HA (3-HA)-tagged plasmid constructs: An approximately 1000bp fragment from the 3’ region
of the open reading frame of the gene of interest, excluding the STOP codon, was amplified by
polymerase chain reaction (PCR) from the genomic DNA of Plasmodium falciparum strain 3D7 using
the PCR primers (containing the appropriate restriction enzyme sites) listed in Table 2.1. All PCR
reactions were performed using KOD Hot Start DNA polymerase (Novagen) in a 50 uL reaction

according to manufacturer’s instructions. The PCR cycling parameters were as follows:

Step Temperature Time
(°Q) (min)
1 95 5
2 95 1
3 45-58 0.5
4 65 2
5 Go to 2, repeat 35 times
6 65 5
7 4 Forever

The PCR amplified DNA was digested with the appropriate restriction enzymes overnight at 37°Cin a
60 uL reaction. The pCAM-BSD-3HA vector, which allows the endogenous tagging of the gene of
interest via single-crossover recombination (Figure 5.1A) [1], was also digested with the same
restriction enzymes overnight at 37°C in a 40 uL reaction. All restriction enzymes used were from
New England Biolabs (NEB) and restriction digestions were performed according to manufacturer’s
instructions. The digested PCR amplified insert DNA was collected by ethanol precipitation. The
digested pCAM-BSD-3HA vector was resolved by agarose gel electrophoresis using a 1% agarose gel,
with electrophoresis performed at a constant voltage of 120V until the DNA was adequately
separated, and the required DNA band was gel purified using a QlAquick gel extraction kit (QIAGEN)
according to manufacturer’s instructions. The digested PCR amplified insert DNA was introduced into
the digested pCAM-BSD-3HA vector using T, DNA ligase (NEB), in a 10 pL ligation reaction, and
incubated for 2 hours at 24°C, according to manufacturer’s instructions. The products of the ligation
reaction were introduced into One Shot® TOP10 chemically competent E. coli (Life Technologies) by
heat shock for 45 seconds at 42°C, according to manufacturer’s instructions. Positive colonies were
selected for using LB-agar plates containing 50 pg/mL of ampicillin (Sigma-Aldrich). DNA was
extracted from individual colonies using a QIAprep Spin Miniprep Kit (QIAGEN) according to

manufacturer’s instructions, and tested for the presence of the plasmid of interest by restriction
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digestion with the appropriate restriction enzymes. DNA containing the desired plasmid was re-
introduced into One Shot® TOP10 chemically competent E.coli as described above. Single colonies
were inoculated into 100 mL of LB broth containing 50 pug/mL ampicillin and grown overnight at 37°C
with shaking at 250 rpm. DNA was extracted from the overnight cultures using a GenElute™ HP
Plasmid Midiprep Kit (Sigma-Aldrich) and the presence of the desired plasmid again tested by
restriction digestion with the appropriate restriction enzymes. A schematic of the pCAM-BSD-3HA

plasmid construct is shown in Figure 2.1A.

Triple-HA- ) Restriction
tagged Primers used (5' - 3') . Vector
sites
constructs
PIMBOAT Forward |GCctgcagCATGAGGTGTGTTATGAAGCTAGG Ps!_‘l and pCAM
Reverse|CCCTCGACTCAaagcttTTAAGCGTAATCTGG Hindlll | BSD-2HA
PDHHC3 Forward |GCctgcagGGATCGTATAATGATATATCC
Reverse|GCGctcgagATAATTTTTTAATGTAATTTCTCC
PDHHCS Forward |GCctgcagCTATACCCACTGATGTTGC
Reverse|GCGctcgagTTCAATGTTCATTTCGTTTAATCGC
PDHHC7 Forward |GCctgcag GGAGAACGAAGACATTGTAAATGG Pstl and pCAM-
Reverse|GCGctcgagTATATTTGTTTTTATTGGAATAATTTCC Xhol BSD-3HA
PDHHCS Forward |GCctgcagGATTGGTAATTGTGTAGGAAATCG
Reverse|GCGctcgagGAGCGTTTTGAAAATGTTAATATATTTTTGAC
PDHHCY Forward |GCctgcagCCGATTTTTATAAATGCTCTTTGTGCC
Reverse|GCGctcgagATCTCCATCTTCCTTTATGTTTTC

Table 2.1: Primers used for the generation of P. falciparum triple-HA-tagged plasmid constructs. The
restriction enzyme sites are highlighted in red and indicated, along with the vector used, in the columns on the
right.

Double-crossover knock-out plasmid constructs: Generation of the double-crossover knock-out
plasmid constructs were performed essentially as described above, except that an approximately
600-800bp fragment from both the N-terminal and C-terminal regions of the open reading frame of
the gene of interest was amplified by PCR and introduced, one fragment at a time, into multiple
cloning site 1 and multiple cloning site 2 of the pCC1 vector respectively, which allows the disruption
of a gene of interest by double-crossover recombination (Figure 5.4A) [2]. PCR cycling parameters
were as described above and the restriction enzymes used are as described in Table 2.2. In this case,
ligation reactions were performed in 20 pL volumes and left overnight at 24°C, after which the
products of the ligation reactions were collected by ethanol precipitation, before being introduced
into competent cells. A schematic of the double-crossover knock-out plasmid construct is shown in

Figure 2.1B.
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Knock-out Fragment Primers used (5' - 3') Res!rlctlon Vector
constructs sites
Nt Forward |GCccgcggGAATAATAAAAATGATGAGGGAC Sacll and
PIVBOAT Reverse |GCGactagtCATAGCTATAAATTGAGGGTGG Spel
ct Forward |GCgaattcCCATTAAAATTAGGTTTTACCGG EcoRland
Reverse |GCGcctaggCACTTTTGAGATATGTGTCCATGGTGG Avrll
Nt Forward |GCccgcggGCTTATAATATAATCCCAAATTTTCC Sacll and
PDHHC3 Reverse |GCGactagtCACATTTATTACAGACTTTACAGTGC Spel
ct Forward |GCgaattcCCTTAATACATCTCACCAC EcoRl and
Reverse |GCGccatggCCTCTTTCAATTTCGTGTTTTTCC Neol
Nt Forward |GCccgcggCAACATCATGTGTGTCCATTAACG Sacll and
PDHHCS Reverse |GCGactagtGCTGCCCAATCAATTACCGTAC Spel
ct Forward |GCgaattcGTATGGGTATTGAAAATGCTAG EcoRland
Reverse |GCGcctaggCTTATAATTACACTTAATAAATTACCAC Avrl pCC-1
Nt Forward |GCccgcggGACAAAGAATAAGAATGTTGAAG Sacll and
PIDHHC7 Reverse |GCGactagtCCTTATAAATTAAAGGCAAACAGTG Spel
ct Forward |GCgaattcCGTTCTTATCCCTCATAGTAACATG EcoRland
Reverse |GCGccatggGTTTTTATTGGAATAATTTCCTCTACTG Neol
Nt Forward |GCccgcggGGTTCAAATACATGATGCAAAATCTCC Sacll and
PDHHCS Reverse |GCGactagtCCAGGGTCACAAAATGCTGTAG Spel
ct Forward |GCgaattcCCTTTCCATCCTCCCTTTTG EcoRl and
Reverse |GCGccatggGCGTTTTGAAAATGTTAATATATTTTTG Ncol
Nt Forward |GCccgcggGAATAATTATTTGGCATTTATC Sacll and
PDHHCY Reverse |GCGactagtCCTGCAGTGATGAGCTCTCTCTGG Spel
Ct Forward |GCccatggcgctatctcttttagATGAACTGTC EcoRland
Reverse |GCGcctaggCTCCATCTTCCTTTATGTTTTC Avrll

Table 2.2: Primers used for the generation of P. falciparum double-crossover knock-out plasmid constructs.
The restriction enzyme sites are highlighted in red and indicated, along with the vector used, in the columns on
the right.

2.1.2. Generation of Plasmodium berghei plasmid constructs

P. berghei triple-HA-tagging and knock-out targeting vectors were obtained from the open access
PlasmoGEM resource hosted at the Wellcome Trust Sanger Institute

(http://plasmogem.sanger.ac.uk). Construction of the PlasmoGEM vectors are as previously

described [3], and the transfection of these vectors into P. berghei strain ANKA 2.34 purified
schizonts by electroporation was performed as previously described [4]. All P. berghei transfection
procedures and the extraction of blood from infected mice were kindly performed by Ellen Bushell,

Billker and Rayner labs. The PlasmoGEM vectors used here are listed in Table 2.3.
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PbDHHC P’as”;:nE:SSGe"e gg:};’; trarfé?géggr? \I.rzehgtor
names
PbDHHC3 | PBANKA 092730 T}?g ﬁggﬁmi’ﬂé‘;
PbDHHC4 | PBANKA 142090 T}?g ﬁﬁgﬁmgglg‘g
PbDHHC5 | PBANKA_133780 T}fg §E§Eﬁ8§2§;§
PbDHHC6 | PBANKA 083330 Trf‘g ﬁ‘ggimggﬁ?
PbDHHC7 | PBANKA 124300 Tif‘g ﬁ‘ggimgﬁgﬁg
PbDHHC8 | PBANKA 141970 T,?OG §E§Eﬂg§§gg§
PbDHHCO | PBANKA 093210 Tlfg ,'Zzggmgﬁ_’é
PLDHHC 10| PBANKA 051200 T}fg §E§Eml§?§§
PbDHHC 11| PBANKA 031260 T}fg iﬁgimﬁfgﬁ

Table 2.3: PlasmoGEM vectors used for the generation of 3HA-tagged and knock-out transgenic strains in P.
berghei.

2.1.3. Generation of Human Embryonic Kidney 293E (HEK293E) expression plasmid constructs

The sequences coding for the P. falciparum proteins of interest were codon-optimised for expression
in Human embryonic kidney 293 (HEK293) cells using the GeneART gene synthesis service (Life
Technologies). Plasmodium parasites lack the enzymatic machinery required for the N-linked
glycosylation of proteins, thus all P. falciparum proteins lack N-linked glycosylation moieties. All
potential N-linked glycosylation sites (N-X-S/T) were therefore removed from the P. falciparum
proteins of interest by substituting the serine/threonine residues at these sites with alanine. The
sequence coding for either the FLAG® tag or the c-Myc tag was added to the C-terminal region of the
proteins of interest, followed by a STOP codon. The entire sequence of the protein of interest,
including the FLAG/c-Myc tag and the STOP codon, was then flanked by unique Notl (5’-end) and Ascl
(3’-end) restriction sites in order to introduce the sequences into a pTT3-based expression vector,
which also contains a region coding for the immunoglobulin-like domains 3 and 4 of rat CD4 [5], using
the GeneART gene synthesis service. As CD4 was not required in this case, the STOP codon was
introduced directly after the FLAG or c-Myc tag, upstream of the CD4 region. A schematic of the
HEK293 expression construct containing the c-Myc/FLAG-tagged codon-optimised P. falciparum gene

of interest is shown in Figure 2.1C.
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Figure 2.1: Schematic of the P. falciparum and HEK293E expression plasmid constructs. (A) Schematic of the
pCAM-BSD-3HA plasmid construct used for the C-terminal 3-HA-tagging of P. falciparum genes of interest.
3’UTR PbDHFR - 3’ untranslated region of the P. berghei dihydrofolate reductase, AmpR - ampicillin resistance
gene. (B) Schematic of the pCC1 plasmid construct used to knock-out P. falciparum genes of interest via
double-crossover homologous recombination. 5° CAM - calmodulin promoter, hDHFR - human dihydrofolate
reductase gene, 3’ UTR hrp2 - 3’ untranslated region of P. falciparum hrp2 gene, 5’ hsp86 - P. falciparum hsp86
promoter, ScFCU - chimaeric S. cerevisiae cytosine deaminase and uracil phosphoribosyl transferase, 3" UTR
PbDHFR - 3’ untranslated region of P. berghei dihydrofolate reductase, AmpR - ampicillin resistance gene. (C)
Schematic of the pTT3-based HEK293 expression plasmid construct used for the expression of codon-optimised
P. falciparum genes of interest in HEK293 cells. CMV promoter - cytomegalovirus promoter, TPL - tripartite
leader sequence, MLP - adenovirus major late promoter enhancer, OriP - Epstein-Barr virus origin of
replication, AmpR - ampicillin resistance gene, pUC origin - bacterial origin of replication.
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2.1.4. Site-directed mutagenesis and point mutations of HEK293 expression plasmid constructs

PfDHHC5_CdA: In order to mutate the cysteine residue within the DHHC domain of PfDHHCS into an
alanine residue, the GeneART-synthesized expression plasmid coding for PFDHHC5 was subjected to
site-directed mutagenesis using the primers listed in Table 2.4 and the QuikChange Il XL Site Directed
Mutagenesis Kit (Agilent Technologies), according to manufacturer’s instructions. Primers were
designed using the free online tool, QuikChange Primer Design Program (Agilent Technologies). DNA
containing the desired mutation was introduced into One Shot® TOP10 chemically competent E.coli
as described above. Single colonies were inoculated into 100 mL of LB broth containing 50 pg/mL
ampicillin and grown overnight at 37°C with shaking at 250 rpm. DNA was extracted from the
overnight cultures using a GenElute™ HP Plasmid Midiprep Kit (Sigma-Aldrich) according to
manufacturer’s instructions, and used for the transient transfection of HEK293 cells (described

below).

PfSec22 and PfARO: In order to mutate the cysteine residues of interest in PfSec22 and PfARO, the
primers listed in Table 2.4 (which contain the desired cysteine to alanine point mutations) were used
to amplify the genes of interest by PCR, using the GeneART-synthesized expression plasmids as
templates. PCR conditions and cycling parameters are as previously described above. The amplified
DNA was restriction digested using the restriction enzymes listed in Table 2.4, and re-introduced into
the GeneART expression plasmids using T, DNA ligase, following the methods previously described
above. DNA containing the desired mutation was introduced into One Shot® TOP10 chemically
competent E.coli as described above. Single colonies were inoculated into 100 mL of LB broth
containing 50 pg/mL ampicillin and grown overnight at 37°C with shaking at 250 rpm. DNA was
extracted from the overnight cultures using a GenElute™ HP Plasmid Midiprep Kit (Sigma-Aldrich)

and used for the transient transfection of HEK293 cells (described below).
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Site-directed ) Restriction
mutagenesis Primers (5'-3") . Vector
construct sites
POHHC5-CAA Sense |GAAATCTTCGACCACCACGCCGACTTCACCCTGAACTG )
Antisense| CAGTTCAGGGTGAAGTCGGCGTGGTGGTCGAAGATTTC
PfSec22-C2dA Forward [GCgcggccgcATGGCCGATGTGGTGCTGCTGTGCAG Notl and pTT3-
Reverse [GCGggcgcgccTCAGAGATCCTCTTCAGAAATCAGC Ascl CDh4
PIARO-C5dA Forward |GCgcggccgcATGGGCAACAATGCCTGCGCCGGC Notland |expressio
Reverse |GCGggcgcgccTCAGAGATCCTCTTCAGAAATCAGC Ascl n vector
PARO-CBAA Forward [GCgcggccgcATGGGCAACAATTGCGCCGCCGGC Notl and
Reverse |GCGggcgcgccTCAGAGATCCTCTTCAGAAATCAGC Ascl

Table 2.4: Primers used for the generation of point mutations in HEK293 expression plasmid constructs. The
codon targeted for the point mutation is underlined and highlighted in red. The restriction enzyme sites are
highlighted in red and indicated along with the vector used in the columns on the right.

2.2. Plasmodium in vitro cell culture and transfection

2.2.1. Plasmodium falciparum culture

Plasmodium falciparum strain 3D7 was maintained in ‘complete’ media consisting of RPMI 1640
media (Life Technologies) supplemented with 30 mM HEPES (Sigma-Aldrich), 0.05 mg/mL
hypoxanthine (Sigma-Aldrich), 0.025 mg/mL Gentamicin (Sigma-Aldrich), 2 mg/mL glucose (Sigma-
Aldrich), 0.24% sodium bicarbonate (Sigma-Aldrich), and 10% O" heat-inactivated human serum or
0.5% AlbuMAX® |l (Life Technologies), along with O" human erythrocytes at 5% haematocrit. All

cultures were gassed with 5% CO, and 0.5% O, in N,, according to established methods [6].

2.2.2. Synchronisation of P. falciparum parasites by sorbitol lysis

The pellet from P falciparum-infected blood-stage culture was collected by centrifugation at 800xg
for 5 minutes with low breaks and resuspended in 5 volumes of 5% sorbitol (Sigma-Aldrich) in water.
The suspension was left standing at room temperature for 5 minutes and was subjected again to
centrifugation in order to remove the sorbitol. The pellet was washed once in RPMI before being

resuspended in complete media and put back into culture.
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2.2.3. Transfection of Plasmodium falciparum

Transfection of ring-stage 3D7 parasites was performed according to published protocols [7].
Approximately 100-150 pg of DNA to be transfected was collected by ethanol precipitation and fully
resuspended in 40 uL of sterile 1xTE buffer. Incomplete cytomix (120 mM KCl, 0.15 mM CaCl,, 10 mM
K;HPO,/KH,PO, pH 7.6, 25 mM HEPES/2 mM EGTA pH 7.6, 5 mM MgCl,) was added to the DNA, to a
total volume of 400 pL, and the DNA/incomplete cytomix mixture placed on ice. The pellet from 5 mL
of P. falciparum in vitro blood-stage culture (at 5% haematocrit with ring stage parasites at 8-12%
parasitemia) was collected by centrifugation at 800xg for 5 minutes with low brakes and washed in 5
mL of incomplete cytomix. The pellet was then resuspended in the DNA/incomplete cytomix mixture
and transferred into the bottom of a cold 2 mm electroporation cuvette (Bio-Rad). The entire mixture
was electroporated using the Gene Pulser Xcell™ Electroporation System (Bio-Rad) with the following
settings: 0.31 kV, 950 yF. The transfected cells were washed with 10 mL of RPMI media and then
resuspended in 10 mL of pre-warmed complete media with 0.5 mL of freshly washed erythrocytes
(50% haematocrit), and returned to culture. One day post-transfection, positive drug selection was
started using either 2.5 pg/mL Blasticidin-S (Fisher Scientific) or 2.5 nM WR99210. Drug selection was
maintained until stable parasite growth was obtained, which normally occurred 14 to 25 days post-
selection. In order to select for parasites containing the construct integrated via homologous
recombination, drug cycling was performed, where the transfected parasites were grown without
drug pressure for 3 weeks, after which drug pressure was reapplied until stable parasite growth was
once again attained. For knock-out strains transfected with the pCC1 plasmid, after drug cycling,
negative selection was then performed by adding 1 uM 5-fluorocytosine (5FC) (Sigma-Aldrich), in the
presence of 2.5 nM WR99210, in order to select for parasites which had integrated the construct via
double cross-over recombination, and to select against parasites still harbouring the episomal

plasmid. This negative selection was maintained until stable parasite growth was obtained [2].

2.2.4. Cloning by limiting dilution

P. falciparum blood-stage culture was diluted in complete media and added into the wells of a round-
bottomed 96-well plate at concentrations of 0.5 parasites/well and 1 parasite/well. A concentration
of 3 parasites/well was also included in two rows of the 96-well plate, as a positive control for the
limiting dilution. Freshly washed erythrocytes were added into each well until a 2% haematocrit was
achieved, and the volume in each well was then brought up to a total of 100 pL. Media was changed

to selective media (complete media containing 2.5 pug/mL Blasticidin-S or complete media containing
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2.5 nM WR99210) 10-12 days later. Smears were taken from each of the wells on day 14 up to day 21
until parasites were seen. Approximately 10-15 clones were selected, preferably from wells with

higher dilutions, and gradually raised to 10 mL of complete media at 5% haematocrit.

2.2.5. Saponin lysis of P. falciparum infected erythrocytes

The pellet from P. falciparum-infected blood-stage culture was collected by centrifugation at 800xg
for 5 minutes with low brakes. The pellets were resuspended in 10 volumes of 0.1% saponin in PBS
and left at room temperature for 10 minutes to allow the lysis of erythrocytes to occur. Parasite
material was collected by centrifugation at 3220xg for 10 minutes and the supernatant containing
lysed erythrocyte material was discarded. The resultant parasite pellet was repeatedly washed with
0.1% saponin/PBS until the supernatant was clear. The supernatant from the final wash was removed
and the saponin pellet frozen at -80°C until use. For SDS-PAGE and Western blot analysis (described
in Section 2.5.1), the saponin pellet was lysed in 4% SDS/50 mM Tris-Cl pH 7.4/150 mM NaCl/5 mM
EDTA in the appropriate volume which would result in a concentration of 5x10® parasites/mL. Lysis
was allowed to occur for 30 minutes at 37°C with shaking. Any insoluble material was removed by
centrifugation at 20238xg for 5 minutes and 10-20 L of the resultant supernatant was diluted in 2X
Laemmli sample buffer (4% SDS, 120 mM Tris-Cl pH 6.8, 20% glycerol, 0.02% bromophenol blue) with

10% B-mercaptoethanol (Sigma-Aldrich) and analysed as described in Section 2.5.1.

2.2.6. P. falciparum growth assay

In vitro blood-stage culture infected with P. falciparum transgenic strains of interest, as well as with
wild-type 3D7 strain as a control, was diluted appropriately to produce a suspension of 2%
haematocrit and 1% parasitemia. A volume of 100 uL of each suspension was added into each well of
a round-bottomed 96-well plate (labelled ‘Day 0’) and the plate incubated for 2 days under the
standard P. falciparum culture conditions described in Section 2.2.1. Additionally, 10 pL of each
parasite suspension was also fixed in 50 uL of fixative (2% formaldehyde/0.2% gluteraldehyde/PBS)
for 45 minutes at 4°C. The fixed cells were collected by centrifugation at 450xg for 2 minutes and
washed with PBS. These fixed cells were named ‘Day 0’ and kept in 50 pL PBS until further use. After
the 2 day incubation period, 10 pL aliquots from each well of the ‘Day 0’ 96-well plate were taken
into a new 96-well plate (labelled ‘Day 2’) and fixed in 50 uL per well of fixative as described above.
These fixed cells, along with the previously fixed ‘Day 0’ cells, were then permeabilised in 50 uL per

well of 0.3% Triton X-100/PBS for 10 minutes at 24°C, followed by a wash with PBS. The cells were
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then incubated in 50 pL/well of ribonuclease A (MP Biomedicals), at a concentration of 0.5 mg/mL,
for 45 minutes at 37°C, followed by another wash with PBS. Finally, the cells were stained with 50
uL/well of SYBR® Green | (Invitrogen)/PBS, at a concentration of 1:5000, for 45 minutes at 37°C. The
stained cells were washed twice with PBS and were then resuspended in 200 plL/well of PBS.
Parasitemia of the samples from ‘Day 0’ and ‘Day 2’ was then counted by flow cytometry as
previously described [8], with kind assistance from Michel Theron, Rayner lab. The cultures in the
original ‘Day 0’ plate were then diluted 1:5 or 1:10 as appropriate and incubated for a further 2 days
under the standard P. falciparum culture conditions. Samples were again taken two days later (cells
collected were then labelled ‘Day 4’) and the cells fixed and stained as described above. The cultures
in the original ‘Day 0’ plate were again diluted 1:5 or 1:10 accordingly. This was repeated every two
days until ‘Day 10’ samples were collected, fixed and stained. Each sample for every transgenic strain

tested was performed in triplicate.

2.2.7. Purification of P. berghei schizonts

P. berghei-infected mouse blood was kindly provided by Ellen Bushell, Billker lab, and added into 50
mL of schizont culture media, which consisted of RPMI 1640 (supplemented with 25 mM HEPES and
2 mM L-Glutamine) (Sigma-Aldrich), 24 mM sodium bicarbonate pH 7.2 (Sigma-Aldrich), 25% heat-
inactivated foetal bovine serum (FBS) and 1:100 Penicillin/Streptomycin (Life Technologies). The
schizont culture was gassed (5% CO, and 0.5% O, in N,) and incubated overnight at 37°C with
shaking. The red blood cell pellet was then collected by centrifugation at 180xg for 15 minutes with
low acceleration/brakes. The supernatant was removed and the pellet was layered on top of a
Nycodenz gradient (2.75 mL of Nycodenz stock in 2.25 mL of PBS) and subjected to centrifugation at
300xg for 30 minutes with low acceleration/brakes. The schizont-containing interlayer was then
removed and washed with schizont culture media. The purified schizont pellet was collected from
the wash by centrifugation at 300xg for 8 minutes with low acceleration/brakes. For
immunofluorescence assays, 1-2 pL of the purified schizonts were resuspended in 500 pL FBS, and
100 pL of the schizont/FBS suspension was dropped onto poly-I-lysine coverslips (BD Biosciences) and
was analysed as described in Section 2.5.2. For SDS-PAGE and Western blot analysis, the purified
schizont pellet was resuspended in 30-50 pL of 2X Laemmli sample buffer (4% SDS, 120 mM Tris-Cl
pH 6.8, 20% glycerol, 0.02% bromophenol blue) with 10% B-mercaptoethanol (Sigma-Aldrich) and

boiled for 5 minutes at 95°C, followed by analysis as described in Section 2.5.1.
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2.3. Genotyping of transgenic parasite strains

2.3.1. Genotyping by PCR

Genomic DNA was extracted from in vitro blood-stage culture infected with P. falciparum transgenic
triple-HA-tagged or knock-out strains of interest, or the wild-type 3D7 strain as a control, using the
QlAamp DNA Blood Mini Kit (QIAGEN) according to manufacturer’s instructions. The genomic DNA
extracted for each transgenic strain was genotyped using the specific primers listed in Table 2.5 and

Table 2.6. The PCR cycling parameters were as described in Section 2.1.1.

Triple-HA-

tagged line Primer Sequence (5'-3')

P1 GTAGGATTGTTATCTACCTTAACCC
P2 |CTCGATATTATTAAACAAGCCGATC
PfDHHC3 P3  |GAACATATTTATTAAACTGCAG

P4 |GCTATTTACATGCATGTGCATGCAC
P5 |CACATTTGTGCATTTAGAGATGATAC
P1  |GTTGCCCATATTTCTTAGCATTTATAC
P2 |CAATGTTCATTTCGTTTAATCGC
PfDHHC5 P3  |GAACATATTTATTAAACTGCAG

P4  |GCTATTTACATGCATGTGCATGCAC
P5 |GAAGCAAATGGTACTATAGGCCC

P1  |CCAGAGGAATTATTGAGATGGGGG
P2 |CATATAAAATGCATATTATTCAAGCAG
PfDHHC? P3  |GAACATATTTATTAAACTGCAG

P4 |GCTATTTACATGCATGTGCATGCAC
P5 |GGATACGTCAAATAATGTGATGTTGG
P1  |GGAATTATGTTGATTTATCATTGCC
P2 |CGAGGTTTATGATCCCGCTGCCG
PDHHCS8 P3 |GAACATATTTATTAAACTGCAG

P4 |GCTATTTACATGCATGTGCATGCAC
P5 -

P1  |CCATGGATAGGCACTTGTGTAGG

P2 |CTCCATCTTCCTTTATGTTTTC
PfDHHCY P3 |GAACATATTTATTAAACTGCAG

P4 |GCTATTTACATGCATGTGCATGCAC
P5 |CGATTCAGACTTGTAATAAGTGC

P1  |GATACTGAACCCACACTTTCATC

P2 |CCATGGTGGTAAAATATATGCACGTG
PMBOAT P3 |GAACATATTTATTAAACTGCAG

P4 |GCTATTTACATGCATGTGCATGCAC
P5 |GAATAATAAAAATGATGAGGGAC

Table 2.5: Primers used for the genotyping of P. falciparum triple-HA-tagged lines.
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Knock-out line | Primer Sequence (5'-3')
P6  |GAACGTATAATCTTTATAAAGTTTTGCC
P7 [CCTCTTTCAATTTCGTGTTTTTCC
P8 |GGAATACTAAATATATATCCAATGGCCCC
PDHHC3 P9  |[GCGACGATGCAGTTTAGCGAACC
P10 |GGGTTAAGGTAGATAACAATCCTAC
P11 -
P12 |GTAGGATTGTTATCTACCTTAACCC
P13 |CCATATGCGGTGTGAAATACCGC
P6 |GTTTATCCTTTAACCTTTTTATAGTATG
P7  |CTTATAATTACACTTAATAAATTACCAC
P8 [GGAATACTAAATATATATCCAATGGCCCC
POHHCS P9  |GCGACGATGCAGTTTAGCGAACC
P10 |GTCATCCGTTCCTATGTCGTAAAC
P11 |GTTTTCACAGTATTGAAGTTTAATTTGC
P12 |GTTTACGACATAGGAACGGATGAC
P13 |CCATATGCGGTGTGAAATACCGC
P6  |GATGTATAATAAAAGACGAATGAAGTGTC
P7 |GTTTTTATTGGAATAATTTCCTCTACTG
P8 |GGAATACTAAATATATATCCAATGGCCCC
POHHCT P9 [GCGACGATGCAGTTTAGCGAACC
P10 |CCATTTACAATGTCTTCGTTCTCC
P11 -
P12 |GGAGAACGAAGACATTGTAAATGG
P13 |CCATATGCGGTGTGAAATACCGC
P6 [GTTCTCAACAGCAGTAATACATAC
P7  |GCGTTTTGAAAATGTTAATATATTTTTG
P8 |GGAATACTAAATATATATCCAATGGCCCC
PIDHHCS P9  [GCGACGATGCAGTTTAGCGAACC
P10 |GTATAACAATGTTTACTTCTAGGTTC
P11 -
P12 |GAACCTAGAAGTAAACATTGTTATAC
P13 |CCATATGCGGTGTGAAATACCGC
P6  [CAATTATGCAATATGTTGTATAAATG
P7 |CTCCATCTTCCTTTATGTTTTC
P8 |GGAATACTAAATATATATCCAATGGCCCC
PIDHHCY P9 |[GCGACGATGCAGTTTAGCGAACC
P10 |GGCACAAAGAGCATTTATAAAAATCGG
P11 |GAAAATAATGGAATGTTAAATTAGGAAATAC
P12 |CCGATTTTTATAAATGCTCTTTGTGCC
P13 |CCATATGCGGTGTGAAATACCGC
P6 |GTGTGTTTCGTAATATTCACTTTTTAG
P7 |CACTTTTGAGATATGTGTCCATGGTGG
P8 |GGAATACTAAATATATATCCAATGGCCCC
PIMBOAT P9 |GCGACGATGCAGTTTAGCGAACC
P10 |GTGTATGAATATTATGAGCACACG
P11 -
P12 |CGTGTGCTCATAATATTCATACAC
P13 |CCATATGCGGTGTGAAATACCGC

Table 2.6: Primers used for the genotyping of P. falciparum knock-out lines.
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2.3.2. Reverse transcription (RT)- PCR

Total RNA was extracted from in vitro blood-stage cultures infected with P. falciparum transgenic
strains of interest, or the wild-type 3D7 strain as a control, using a QlAamp RNA Blood Mini Kit
(QIAGEN) according to manufacturer’s instructions. The extracted RNA was DNase treated using the
DNA-free™ Kit (Ambion by Life Technologies) according to manufacturer’s instructions.
Approximately 2 ug of the total RNA was then used to generate cDNA using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) according to manufacturer’s instructions. The cDNA
was tested by PCR amplification of regions specific to the gene of interest using the primers listed in

Table 2.7.

Knock-out Primers for testing cDNA (5'-3")
construct

Forward Reverse
PfDHHC5-KO |CCATTCTTCAATTTGTTGAAG |GGTGTATGGGCCTATAGTACC
PIDHHC9-KO |[GAATAATTATTTGGCATTTATC |CTCCATCTTCCTTTATGTTTTC

Table 2.7: Primers used for the PCR analysis of the cDNA of PfDHHC5-KO and PfDHHC9-KO transgenic clones.

Quantitative PCR (gqPCR) was also performed on the generated cDNA using gene-specific primers,
along with gene-specific probes labelled with 6-carboxyfluorescein (6-FAM) on the 5’-end, and a non-
fluorescent quencher (MGBNFQ, Applied Biosystems) on the 3’-end. A concentration of 300 nmol/L
was used for both primers and probes in a 25 pL reaction (the primers and probes used are listed in

Table 2.8). The cycling parameters for the gPCR reaction are as shown below:

Step Temperature (°C) | Time (min)
1 50 2
2 95 10
3 95 0.25
4 60 1
5 Go to 3, repeat 39 times

Each gPCR reaction also included a wild-type 3D7 cDNA control, as well as a standard internal control
using the housekeeping gene, seryl-tRNA-synthase (primers and probes used for the seryl-tRNA-
synthase housekeeping gene are also shown in Table 2.8). All samples were assayed in triplicate. The

gPCR assay described here was kindly performed by Leyla Bustamente, Rayner lab.
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Gene aPCR primers gPCR 6-FAM probe
Forward Reverse
PfDHHC5-KO CCCCCGAATTTACCAGTT TGCCTTCTTTTGACATATCCTA |CTAAATAGTAAGCAGGTAT
PfDHHC9-KO TCCTACAGTGACATGAATCCTT |AAAACCGCTTTCCAATTATT TGACTTGGGAATATA
Seryl-tRNA-synthase| CCACACAAGGAGAAGATA GGGGAAAGACAATAGACA TTAAAGTTTGTTCTCGCTTGAGCCC

Table 2.8: Primers and probes used for the qPCR analysis of the cDNA of PfDHHC5-KO and PfDHHC9-KO
transgenic clones.

2.4. Human Embryonic kidney 293 (HEK293) in vitro cell culture and transfection

2.4.1. Human embryonic kidney 293E (HEK293E) cell culture

Human embryonic kidney 293E (HEK293E) cells were maintained in ‘complete’ culture media,
consisting of Gibco® FreeStyle™ 293 expression media (Life Technologies) supplemented with 1%
heat-inactivated FBS under standard humidified conditions (37°C and 5% CO,), essentially as
previously described [9], except that the cells were grown in T75 tissue culture flasks (at 1x10°

cells/flask) with 25 mL of complete media, instead of in suspension.

2.4.2. Transfection of HEK293 cells

Transient transfection of HEK293 cells with GeneArt constructs coding for codon-optimized P.
falciparum proteins were performed using polyethylenimine (PEl) as previously described [5, 9].
Briefly, cells were split the day before transfection to give a concentration of 1x10° cells per
transfection. On the day of transfection, 12.5 pug total DNA was added into 1 mL of unsupplemented
FreeStyle media, and mixed with 25 uL of PEl. The transfection mixture was left for 15 minutes at
24°C before being added to the cells, and left overnight under the standard culture conditions
described in Section 2.4.1. The transfected cells were collected by centrifugation at 3220xg for 15
minutes and culture supernatants were discarded. For immunofluorescence assays, the cells were
split onto poly-I-lysine coverslips (BD Biosciences) in 12-well plates at a concentration of 30000
cells/well in 1 mL of complete culture media the day before transfection. The transfection mix was
scaled down appropriately according to the volume of media, and the cells were fixed after overnight

transfection as described in Section 2.5.2.
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2.5. Protein detection and analysis

2.5.1. SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and Western blotting

Proteins were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using NuPAGE®
Novex® 4-12% Bis-Tris pre-cast gels (Life Technologies), at a constant voltage of 200V for 50 minutes,
according to manufacturer’s instructions. After electrophoresis was complete, the proteins were
then transferred to Immobilon®-P PVDF membranes (Sigma-Aldrich) using the XCell II™ blot module
(Life Technologies) and 1X NuPAGE® transfer buffer (Life Technologies) (with 10% methanol), at a
constant voltage of 30V for one hour, according to manufacturer’s instructions. After the transfer
was complete, the PVDF membranes were blocked overnight in 5% milk (Marvel)/PBS. The
membranes were probed with primary antibodies, diluted in PBS-0.1% Tween-20 (Sigma-Aldrich)
(PBST) or 2% milk/PBS, for 2 hours at 24°C with rotation, followed by 3 washes with PBST. The
membranes were then probed with horse radish peroxidase (HRP)-conjugated secondary antibodies
(Amersham ECL, GE Healthcare), diluted in PBST or 2% milk/PBS, for 1 hour at room temperature
with rotation, followed by another 3 washes with PBST. The presence of the HRP-conjugated
secondary antibodies on the membranes was detected using enhanced chemiluminescence
(Amersham ECL, GE Healthcare). All primary and secondary antibodies used are listed in Table 2.9

with the appropriate dilutions.

I Dilution
Antibodies Source FA Western blot
Anti-HA-tag mouse monoclonal (6E2) Cell Signaling 1:200 1:400
Anti-HA-tag rabbit monoclonal (C29F4) Technology 1:200 1:400
Anti-HA-tag rabbit polyclonal Life Technologies - 1:400
Anti-P. falciparum ERD2 rabbit polyclonal (MRA-1) MR4, ATCC 1:2000 -
Anti-P. falciparum GRP (BiP) rat polyclonal MR4, ATCC 1:2000 -
Anti-P. falciparum GAP45 rabbit Matt Jones 1:1000 -
Primary Anti-P. falciparum MSP1 mouse monoclonal (MRA-94) MR4, ATCC 1:1000 -
Anti-P. falciparum RAP1 mouse monoclonal (MRA-79) MR4, ATCC 1:1000 -
Anti-myc mouse monoclonal (9E10) Life Technologies 1:1000 1:500-1:1000
Anti-c-myc rat monoclonal (JACS) Abcam 1:1000 1:500-1:1000
Anti-FLAG® mouse monoclonal (M2) Sigma Aldrich 1:1000 1:1000
Anti-FLAG® rabbit polyclonal Sigma Aldrich 1:1000 1:1000
Anti-calnexin rabbit polyclonal Abcam 1:1000 -
Anti-pan-cadherin rabbit polyclonal Abcam 1:1000 -
Alexa Fluor® 488 Goat Anti-Mouse/Rabbit/Rat IgG (H+L) Life Technologies 1:1000 -
Secondary |Alexa Fluor® 555 Goat Anti-Mouse/Rabbit/Rat IgG (H+L) Life Technologies |1:500-1:1000 -
Amersham ECL™ HRP-linked Anti-Mouse/Rabbit/Rat IgG GE Healthcare - 1:4000

Table 2.9: All primary and secondary antibodies used in this work along with their appropriate working
dilutions.
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2.5.2. Immunofluorescence Assay

In suspension: The pellet from 600 pL of in vitro blood-stage culture infected with P. falciparum
transgenic strains of interest was collected by centrifugation at 450xg for 1 minute, and fixed in 4%
formaldehyde/0.01% gluteraldehyde/PBS at for one hour at 24°C with rotation. The fixed pellet was
then permeabilised with 0.1% Triton X-100 for 10 minutes at 24°C with rotation, followed by blocking
in 3% bovine serum albumin (BSA) (Sigma-Aldrich)/PBS for one hour at 24°C with rotation.
Immunodetection was performed by incubating the fixed cell pellets with primary antibodies, diluted
in 1% BSA/PBS (all primary antibodies used and the corresponding dilutions are shown in Table 2.9),
for 2 hours at 24°C with rotation. After 3 washes in 1% BSA/PBS, this was followed by incubation with
secondary antibodies, diluted in 1% BSA/PBS (all secondary antibodies used and the corresponding
dilutions are shown in Table 2.9), for 1 hour at 24°C with rotation. During the secondary antibody
incubation, the nuclear DNA was also stained with DAPI at a concentration of 1:4000. After a final 3
washes, the pellet was resuspended in 250 uL FBS and 7 L of the resuspended pellet was spread out
on a glass slide and allowed to dry. This was then mounted in Prolong anti-fade mounting reagent

(Life Technologies).

On poly-I-lysine coverslips: Poly-I-lysine coverslips (BD Biosciences) were placed into the wells of 12-
well plates and cells were either grown on the poly-I-lysine coverslips (as described in Section 2.4.2),
or dropped onto the coverslips (as in Section 2.2.7) and left for 15 minutes to attach. The cells were
then fixed in 500 uL of 4% formaldehyde/0.01% gluteraldehyde/PBS for 15 minutes at 24°C. The
permeabilisation, blocking, and primary and secondary antibody incubation steps were performed as
described above, except that all incubations were done in the wells of the 12-well plate without
rotation. After the final washes, the coverslips were removed from the 12-well plate and mounted

onto glass slides using Prolong anti-fade mounting reagent (Life Technologies).

For both methods of immunofluorescence assay described above (in suspension and on coverslips),

confocal images were acquired using a Zeiss LSM 510 Laser Scanning confocal microscope.

2.5.3. Immunoprecipitation of c-Myc-tagged proteins

HEK293 cells were either co-transfected with both the FLAG-tagged PfDHHC protein of interest and a
c-Myc-tagged potential substrate, or co-transfected with the c-Myc-tagged potential substrate and
the empty CD4 vector control, as described in Section 2.4.2. After 24 hours of transfection at 37°C
under standard culture conditions, transfected cells were collected by centrifugation at 3220xg for 10

minutes. The cell pellets were lysed in 500 pL of IP buffer (1% Triton X-100, 50 mM Tris-Cl pH 7.4, 150
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mM NaCl, 5 mM EDTA, protease inhibitor cocktail (Roche)) and incubated for 30 minutes at 37°C with
shaking. Cell debris was removed by centrifugation at 20238xg for 5 minutes, and the resulting
supernatants were pre-cleared by incubating with 15 pL of Protein G Sepharose® (Sigma-Aldrich) per
sample for 1 hour at 4°C with rotation. The Protein G Sepharose resin was collected by centrifugation
at 20238xg for 1 minute at 4°C. The resulting supernatants were then incubated with 2 pg of mouse
a-c-Myc antibody (Life Technologies) per sample and incubated overnight at 4°C with rotation. This
was followed by incubation with 30 uL of Protein G Sepharose per sample for 2 hours at 4°C with
rotation. The Protein G Sepharose resin was collected by centrifugation at 20238xg for 5 minutes at
4°C and subjected to 3 washes with IP buffer. The immunoprecipitated proteins were then eluted
from the Protein G Sepharose beads by incubating with 60 pL of 2% SDS/50 mM Tris-Cl pH 7.4/5 mM
EDTA for 5 minutes at 95°C with shaking. For SDS-PAGE and Western blot analysis, 10 pL of each
eluate was diluted in 2X Laemmli sample buffer (4% SDS, 120 mM Tris-Cl pH 6.8, 20% glycerol, 0.02%
bromophenol blue) with 10% B-mercaptoethanol (Sigma-Aldrich) and analysed as described in

Section 2.5.1.

2.6. Palmitome purification in P. falciparum parasites and HEK293 cells

2.6.1. Purification of palmitoylated peptides in P. falciparum schizonts using Acyl-biotinyl exchange

(ABE) —Trial 1

Parasites were extracted from in vitro blood-stage cultures infected with P. falciparum strain 3D7 by
saponin-lysis (described in 2.2.5). The saponin-extracted parasite pellet was first washed in ice cold
ABE lysis buffer (50 mM Tris-Cl pH 7.4, 150 mM NaCl, 5 mM EDTA) and resuspended at a
concentration of 1x10° parasites/mL in ice-cold ABE lysis buffer containing 1.7% Triton X-100, 10 mM
N-ethylmaleimide (NEM) (Sigma-Aldrich), Protease inhibitor cocktail (Sigma-Aldrich) and
Phosphatase inhibitor cocktail 2 (Calbiochem). The lysates were incubated for one hour at 4°C with
rotation, followed by precipitation of proteins from the lysates by chloroform-methanol (C/M)
precipitation. Precipitated proteins were resuspended in 4% SDS/50 mM Tris-Cl pH 7.4/5 mM
EDTA/10 mM NEM and incubated at 37°C with shaking until fully solubilised. The solubilised proteins
were diluted in ABE lysis buffer containing 1 mM NEM and 0.2% Triton X-100, and incubated
overnight at 4°C with rotation. The samples were then subjected to 3 sequential C/M precipitations
to ensure all NEM was removed. After the final C/M precipitation, the samples were split into two
equal portions. One portion was treated with hydroxylamine by resuspension in (+)hydroxylamine

buffer (0.7 M hydroxylamine (Sigma-Aldrich) pH 7.4, 1 mM EZ-link HPDP-biotin (Thermo Scientific),
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0.2% Triton X-100), and the second portion was mock treated by resuspension in (—)hydroxylamine
buffer (50 mM Tris-Cl pH 7.4, 1 mM EZ-link HPDP-biotin, 0.2% Triton X-100). The (+) and (-)
hydroxylamine treatments were incubated for one hour at 24°C with rotation, followed by C/M
precipitation. The precipitated samples were then further treated with HPDP-biotin by resuspension
in HPDP-biotin buffer (50 mM Tris-Cl pH 7.4, 150 mM NacCl, 5mM EDTA, 0.2 mM EZ-link HPDP-biotin,
0.2% Triton X-100) for 2 hours at 24°C with rotation. The HPDP-biotin buffer was removed by 3
sequential C/M precipitations and the precipitated proteins were resuspended in 2% SDS/50 mM
Tris-Cl pH 7.4/5 mM EDTA.

The samples were then diluted in ABE lysis buffer containing 0.2% Triton X-100, at a volume that
resulted in the dilution of the SDS concentration in the samples to 0.1%. Streptavidin-agarose resin
(Thermo Scientific), at a bed volume of 200 pL, was added into each sample and the samples were
incubated for 2 hours at 24°C with rotation. The streptavidin-agarose resin was precipitated by
centrifugation at 3200xg for 2 minutes and washed once with ABE lysis buffer for 10 minutes. This
was followed by a further 3 washes with 2 M urea (Sigma-Aldrich)/100 mM ammonium bicarbonate
(Sigma-Aldrich), at 10 minutes per wash. The resin was then treated with 20 pug of Trypsin Gold
(Promega) in 1 mL total volume of 1 M urea/50 mM ammonium bicarbonate. Trypsin digestion was
allowed to proceed for 2 hours at 37°C with shaking. The resin was then loaded into microcentrifuge
spin columns (Thermo Scientific) and washed 3 times with 2 M urea/100 mM ammonium
bicarbonate, using syringes. Peptides were then eluted from the resin by incubating with 50 uL of 10
mM Tris(2-carboxyethyl)phosphine(TCEP) for 10 minutes at 37°C with shaking. This was repeated
with a further 50 pL of TCEP and both elutions were pooled. The purification methods described
above were performed in collaboration with Mark Collins, Choudhary lab.

For quantitative analysis of the eluted peptides, samples were desalted and subjected to stable
isotope dimethyl labelling as previously described [10]. Briefly, (-)hydroxylamine samples were
labelled with ‘medium’ deuterated formaldehyde (D2) and sodium cyanoborohydride, and the
(+)hydroxylamine samples were labelled with ‘heavy’ *C-deuterated formaldehyde (13C-D2) and
sodium cyanoborodeuteride. Labelled peptides were pooled and acidified using 10% formic acid for
analysis by LC-MS/MS with an LTQ Orbitrap Velos mass spectrometer (Thermo Scientific). The stable
isotope dimethyl labelling and LC-MS/MS analysis was kindly performed by Mark Collins, Choudhary
lab.
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2.6.2. Purification of palmitoylated peptides in P. falciparum schizonts using Acyl-biotinyl exchange

(ABE) —Trial 2, 3A, 3B and 4

Parasites were extracted from in vitro blood-stage cultures infected with P. falciparum strain 3D7 by
saponin-lysis (described in 2.2.5). The saponin-extracted parasite pellet was lysed in 1 mL of
extraction buffer (4% SDS, 0.1 M Tris-Cl pH 8.0, 2 pug/ulL Aprotinin/Leupeptin, 0.5 mM PMSF, 20 uM
ZnCl, 5 mM EDTA and 25 mM TCEP) and homogenised 25 times. The homogenised lysate was then
heated for 10 minutes at 70°C and passed through a fine gauge needle 10 times to sheer the DNA.
The lysates were subjected to centrifugation at 20238xg for 5 minutes and the supernatants
transferred to a new tube. The remaining pellet was then further lysed in 400 yuL 8 M urea/100 mM
Tris-Cl pH 8.0, and vortexed for 2 minutes. This urea-treated lysate was subjected to centrifugation at
20238xg for 5 minutes. The resultant supernatant was pooled with the first supernatant, and a 10 pL
aliquot of the pooled lysates was kept aside for measurement of protein concentration. Protein
concentration was measured using the QuantiPro BCA Assay Kit (Sigma-Aldrich) according to
manufacturer’s instructions. lodoacetamide (IAA) (Sigma-Aldrich) was added to the lysate at a final
concentration of 50 mM. Urea was also added to a final concentration of 8 M. The samples were
incubated for 2 hours at 24°C in the dark with rotation. Cysteine, at a final concentration of 50 mM,
was then added to the sample and incubated for 30 minutes at 24°C with rotation, to quench the
remaining IAA.

The lysate was then split into two equal portions and transferred into two pre-washed (wash buffer:
8 M urea/100 mM Tris-Cl pH 8.0) Amicon Ultra-15 Centrifugal Filter Units (30 kDa molecular weight
cut-off) (Millipore). The samples were washed 4 times with 2 mL 8 M urea/100 mM Tris-Cl pH 8.0
buffer. To one sample — the (+)hydroxylamine sample- the following reagents were added to the
upper chamber of the filter units: 210 pl 100 mM Tris-Cl pH 7.4, 20 uL 50 mM EZ-link HPDP-biotin and
350 uL 2 M hydroxylamine pH 7.4. To the second sample — the (-)hydroxylamine sample- the
following reagents were added to the upper chamber of the filter units: 560 uL 100 mM Tris-Cl pH
7.4 and 20 pL 50 mM EZ-link HPDP-biotin. Samples were fully resuspended and incubated for one
hour at 24°C with shaking. The ABE reagents were removed by centrifugation at 3220xg for 20
minutes, followed by 4 washes with 2 mL 8M urea/100 mM ammonium bicarbonate buffer and a
final wash with 1 mL 100 mM ammonium bicarbonate buffer. The samples were made up to 2 mL
with 100 mM ammonium bicarbonate buffer and the appropriate amount of Trypsin Gold (Promega)
was added to each sample at an enzyme:substrate ratio of 1:50. The samples were digested for 4
hours at 37°C with shaking. The digested peptides were collected by centrifugation at 3220xg for 15

minutes. The upper chambers of the spin columns were then washed with 2 mL wash buffer (100
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mM Tris-Cl pH 7.4, 300 mM NaCl, 10mM EDTA pH 7.4, 0.2% SDS, 0.4% Triton X-100), and the wash
buffer pooled with the previously collected peptides.

Streptavidin-agarose resin (at a bed volume of 200 uL per sample) was washed with LB buffer (50
mM Tris-Cl pH 7.4, 150 mM NaCl, 5 mM EDTA pH 7.4, 0.1% SDS, 0.2% Triton X-100), and added to the
peptide samples. The samples were incubated for one hour at 24°C with rotation. The resins were
then washed twice with 10 mL of LB buffer (at 10 minutes per wash), and washed a further two times
with 10 mL of 2 M urea/100 mM ammonium bicarbonate buffer (at 5 minutes per wash). The resins
were loaded into microcentrifuge spin columns and washed a further two times with 10 mL of 2 M
urea/100 mM Tris-Cl pH 7.4 buffer, followed by one wash with 2 mL water, using syringes. Peptides
were then eluted from the resin by incubating with 50 pL 10 mM TCEP for 10 minutes at 37°C with
shaking. This was repeated with another 50 pl of 10 mM TCEP, and both elutions were pooled. The
eluted peptides were either subjected to stable isotope dimethyl labelling followed by acidification
with 10% formic acid as described above (Section 2.6.1), or acidified with 10% formic acid without
labelling (for label-free analysis). The labelled and label-free peptides were then analysed by LC-
MS/MS with an LTQ Orbitrap Velos mass spectrometer (Thermo Scientific). The purification methods
described above were performed in collaboration with Mark Collins, Choudhary lab. Stable isotope

dimethyl labelling and LC-MS/MS analysis was kindly performed by Mark Collins, Choudhary lab.

2.6.3. Purification of palmitoylated proteins in HEK293 cells by metabolic labelling and click chemistry

HEK293 cells —either co-transfected with both the FLAG-tagged PfDHHC protein of interest and a c-
Myc-tagged potential substrate, or co-transfected with the c-Myc-tagged potential substrate and the
empty CD4 vector control- were treated with 25 uM of the palmitic acid analogue, 17-octadecynoic
acid (17-ODYA) (Cayman Chemical), or mock-treated with an equal volume of DMSO (Sigma-Aldrich),
24 hours after transfection. The 17-ODYA treatment was allowed to continue for a further 6 hours at
37°C under the standard culture conditions described in Section 2.4.1. The transfected and 170DYA-
labelled cells were collected by centrifugation at 3220xg for 15 minutes and the supernatants were
removed. The resulting cell pellets were each lysed in 500 uL of buffer containing 1% Triton X-100/50
mM Tris-Cl pH 7.4/ 150 mM NaCl/EDTA-free protease inhibitor cocktail (Roche), and incubated for 30
minutes at 37°C with shaking. The lysates were subjected to centrifugation at 20238xg for 5 minutes
and the supernatants were C/M precipitated and then resuspended in 2% SDS/PBS. Protein
concentrations were measured for all conditions using the QuantiPro BCA assay kit (Sigma-Aldrich)
according to manufacturer’s instructions. The click chemistry reaction was set up with approximately

2 mg of protein for each of the conditions using the following chemicals: 100 uM biotin-azide
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(Invitrogen), 1 mM TCEP (Sigma-Aldrich), 100 uM Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine
(TBTA, Sigma-Aldrich) dissolved in DMSO/tert-butanol (20%/80%), and 1 mM CuSQ, (Sigma-Aldrich).
The reaction was made up to a total volume of 500 uL with PBS and allowed to proceed for 1.5 hours
at 23°C. C/M precipitation was then performed to completely remove the reactants of the click
chemistry reaction. The precipitated proteins were resuspended in 2% SDS/PBS and diluted 10X with
0.2% Triton X-100/PBS. Pre-washed streptavidin-agarose resin (wash buffer: 0.2% Triton X-100/PBS)
was added to the samples, at 50 pL bed volume of streptavidin-agarose per sample, and incubated
for 2 hours at 24°C with rotation. The streptavidin-agarose resins were washed 4 times with 0.2%
Triton X-100/PBS. Proteins were eluted from the resins by adding 100 uL of 2% SDS/50 mM Tris-Cl pH
7.4, 5 mM EDTA pH 7.4 and incubating for 5 minutes at 95°C with shaking. For SDS-PAGE and
Western blot analysis, 12 plL of each eluate was diluted in 2X Laemmli sample buffer (4% SDS, 120
mM Tris-Cl pH 6.8, 20% glycerol, 0.02% bromophenol blue) with 10% B-mercaptoethanol (Sigma-

Aldrich) and analysed as described in Section 2.5.1.
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Chapter 3

The sites of palmitoylation
in the Plasmodium
falciparum palmitome



The Plasmodium falciparum palmitome

Recent advances in proteome-based technologies have allowed the characterisation of palmitoylated
proteins to shift from studies of individual palmitoyl-proteins, to the global characterisation of whole
palmitomes in particular organisms [1-3]. The two main techniques which have been used to
successfully purify whole palmitomes are acyl-biotinyl exchange (ABE) [2] and metabolic labelling
with click chemistry [3](described in detail in Section 1.6). Both these techniques were recently used
to purify the palmitome of the asexual intraerythrocytic schizont stages of Plasmodium falciparum,
and coupled with quantitative mass spectrometry, these purification methods revealed that there

are at least 494 putative palmitoyl-proteins in blood-stage P. falciparum parasites [4].

However, these palmitome purifications techniques do not provide site-identifying information, and
as noted in Section 1.5, there is no consensus sequence for palmitoylation. Therefore, although our
understanding of palmitoylation in P. falciparum has increased with the purification of the P.
falciparum palmitome, it is still unknown which cysteine residue(s) within these 494 palmitoyl-
proteins are actually palmitoylated. Identification of the actual palmitoylated cysteine residues is
important, as a global study of palmitoylation sites could potentially assist in our understanding of
how individual PATs recognise their substrates. Furthermore, information on the sites of
palmitoylation could be used to experimentally investigate the function of palmitoylation for a
particular protein. Thus, the first aim of this project was to adapt current methods of palmitome
purification to incorporate the identification of specific sites of palmitoylation on individual
palmitoyl-proteins, in order to allow a global study of palmitoylation sites within the P. falciparum

schizont palmitome.

3.1. Development of the site-identification (ID) palmitome purification method

3.1.1. Method used for the purification of the P. falciparum total schizont palmitome

In an attempt to increase the number of known palmitoylation sites in P. falciparum, a series of trials
were performed in order to develop a site-identification (ID) palmitome purification method. The
site-ID palmitome purification method was adapted from the ABE method of palmitoyl-protein
purification (described in detail in Section 1.6.1), which was one of the techniques previously used to
purify the total palmitome from P. falciparum schizonts [4]. ABE was the method of choice to adapt
the site-ID purification method as all the chemical steps of ABE take place post-extraction of the

proteome and does not rely on in vitro metabolic labelling. This would then allow the site-ID
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purification method to be used to identify palmitoylation sites in other stages of the Plasmodium life
cycle (such as the mosquito stages) or in other Plasmodium species (such as P. berghei), which are
not amenable to the metabolic labelling required in the metabolic labelling and click chemistry

method of palmitoyl-protein purification (described in Section 1.6.2).

Two key differences were present between the site-ID purification method and the original ABE
purification method used in the purification of the total schizont palmitome. Firstly, the ABE
purification of the total palmitome was coupled with stable isotope labelling with amino acids in cell
culture (SILAC), where parasites were metabolically labelled with ‘light’ or ‘heavy’ versions of
isoleucine in culture, in order to allow accurate protein quantification by mass spectrometry [4-6].
However, as mentioned above, it was intended that the site-ID purification method should be
compatible for use in other stages of the Plasmodium life cycle, or in other Apicomplexan species,
which would not be amenable to in vitro metabolic labelling. Thus, it was decided that SILAC labelling
would not be used in the site-ID purifications and quantification by mass spectrometry would be
performed using stable isotope dimethyl labelling [7], which is performed after the ABE purification is

complete, or using label-free methods [8] (as will be described in detail below).

Secondly, for the purification of the total schizont palmitome, the proteome was extracted from
SILAC labelled schizont stages and subjected to the different chemical steps of ABE, followed by
streptavidin affinity purification and elution (as described in Section 1.6.1). The eluted proteins were
then separated by SDS-PAGE and digested in-gel with trypsin, before analysis by high-resolution
tandem mass spectrometry (LC-MS/MS) [4]. In order to identify palmitoylation sites, digestion with
trypsin would have to take place before the elution of the samples from the streptavidin resin
(instead of in-gel digestion after elution) so that only palmitoylated peptides are purified, and this

was what was performed in the site-ID purification trials (as will be described in detail below).

During the development of the site-ID palmitome purification method, several different conditions
were trialled in order to determine the optimum conditions required, and each of these trial
purifications are described in the sections below. All trials of the site-ID purification method were
performed on P. falciparum schizont stages, both because schizonts contain multiple individual
merozoites, and therefore allow the generation of larger amounts of material than earlier stages of
development where only a single parasite is present, and also to allow comparison of the site-ID
datasets with the previously published schizont total palmitome dataset [4]. Although it is unlikely
that the site-ID purification method would produce a dataset which completely overlapped with the
total palmitome, comparison between the site-ID datasets and the total palmitome could still act as a

rough guide for the efficiency and accuracy of the trial purifications.
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The development and optimisation of the site-ID palmitome purification method described below
was performed together with Mark Collins, Choudhary lab, and all quantitative mass spectrometry

analysis was kindly performed by Mark Collins, Choudhary lab.

3.1.2. Development of the site-ID palmitome purification method — Trial 1

Briefly, ABE consists of three main sequential chemical steps which take place post-extraction of the
proteome: (1) treatment of samples with NEM, which irreversibly blocks any free cysteine thiols
present, (2) cleavage of the thioester bonds between palmitoyl groups and cysteine residues using
hydroxylamine and (3) biotinylation of newly-exposed free thiols using the thiol-reactive biotinylation
reagent, HPDP-biotin, which allows the streptavidin affinity purification of biotinylated proteins, that
can be then eluted from streptavidin-agarose beads by reduction with a reducing agent. Importantly,
the control treatment of the proteome, where an equal amount of the proteome is processed in
parallel under identical conditions, but in the absence of hydroxylamine cleavage (during step 2),
must always be present, as the quantitative measurement of the enrichment of a protein in the
hydroxylamine-treated ‘palmitome’ samples over the non-hydroxylamine-treated ‘control’ samples

determines whether the protein can be regarded as palmitoylated.

For the first trial of the site-ID palmitome purification, approximately 10° P. falciparum strain 3D7
schizont stage parasites (equivalent to 200 mL of parasite in vitro blood-stage culture at 5%
haematocrit and 8-10% parasitemia) were extracted from infected erythrocytes by saponin lysis, as
described in Section 2.2.5 of the Materials and Methods. The proteome was extracted from saponin-
treated parasite pellets by lysis in a Triton X-100-based buffer and subjected to the three chemical
steps of ABE, followed by streptavidin affinity purification, as described above and in Section 2.6.1 of
the Materials and Methods. As before, an equal amount of the proteome was subjected to identical
steps of ABE, but without hydroxylamine treatment (instead of hydroxylamine, an equal volume of
100 mM Tris-Cl pH 7.4 was added into the control samples). Before elution of the biotinylated
palmitome and control samples from streptavidin-agarose beads, both samples were digested with
trypsin while bound to the beads in order to digest the proteins into peptide fragments. The samples
were then stringently washed so that unbound peptide fragments were washed away and only the
biotinylated peptide fragments remained bound to streptavidin-agarose. The peptide fragments
were then eluted from the beads using the reducing agent Tris(2-carboxyethyl)phosphine (TCEP). The

trypsin digestion of the samples before elution ensured that only biotinylated peptide fragments
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(which by definition contained the palmitoylated cysteine) were purified. The steps of Trial 1 of the

site-ID palmitome purification are as shown in the schematic in Figure 3.1A.

The eluted peptide fragments were then subjected to stable isotope dimethyl labelling in order to
allow quantitative mass spectrometry analysis of the peptide fragments. Stable isotope dimethyl
labelling uses formaldehyde and cyanoborohydride to modify all primary amines (N-termini and the
side chain of lysine residues). By using different isopotomers of formaldehyde and cyanoborohydride,
the mass added to each sample can be varied. The labelled samples are then pooled and analysed by
LC-MS/MS, where peptides from the different isotope-labelled samples can be identified due to their
mass difference. Quantification is then performed by measuring the ratio of the peak intensities of
the isotope-labelled peptide pairs [7, 9]. For Trial 1 of the site-ID purification method, non-
hydroxylamine-treated control samples were treated with ‘medium’ formaldehyde (deuterated
formaldehyde) and sodium cyanoborohydride, and hydroxylamine-treated palmitome samples were
treated with ‘heavy’ formaldehyde (**C-deuterated formaldehyde) and sodium cyanoborodeuteride.
The samples were analysed by LC-MS/MS and MaxQuant [10] was used to generate specific
enrichment ratios for each of the peptide identifications, where the enrichment ratio was the
intensity of the peptide in the palmitome (hydroxylamine-treated) sample compared to the intensity

of the peptide in the control (non-hydroxylamine-treated) sample.

In total, 158 peptides, which had enrichment ratios and contained a free cysteine, were identified.
This corresponded to a total of 103 protein identifications, indicating that some proteins had multiple
peptides which contained a palmitoylated cysteine, suggesting that some proteins may be multiply-
palmitoylated. Alternatively, the same peptide fragment could also be identified more than once,
perhaps due to the abundance of the protein, and this also contributed to the higher number of
peptide identifications compared to protein identifications. The 158 peptides identified were then
grouped into enriched or highly enriched classes based on the same cut-off criteria which was used

previously in the analysis of the total schizont palmitome [4]:

e Enriched peptides: All peptides with an enrichment ratio above the median enrichment ratio

plus the median of the absolute deviation of each individual enrichment ratio from the
median enrichment ratio.

e Highly enriched peptides: All peptides with an enrichment ratio above the mean enrichment
ratio plus the mean of the absolute deviation of each individual enrichment ratio from the

mean enrichment ratio.
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Using these cut-off criteria, 41 peptides (corresponding to 32 protein identifications) were defined as
enriched, and out of these 41 peptides, 9 peptides (corresponding to 6 protein identifications) could
be further defined as highly enriched. A scatter plot showing the median peptide intensities against
the MaxQuant generated enrichment ratios for all 158 identified peptides are shown in Figure 3.1B,

with peptides classified as enriched and highly enriched highlighted in blue and red respectively.

Of the 32 proteins which had peptide identifications classified as enriched, 26 proteins were also
present in the total schizont palmitome [4]. This indicated that 81% of the proteins classified as
enriched in this dataset (26 out of 32 proteins) were also present in the total palmitome (Figure
3.1C). As mentioned above, a complete overlap between the site-ID purifications and the total
palmitome is not expected. This is firstly due to the fact that the site-ID purification was based solely
on ABE, whereas the total palmitome was compiled from multiple replicates of both ABE and
metabolic labelling with click chemistry purifications, both of which purify overlapping as well as
unique sets of proteins. Secondly, in the site-ID purifications, individual peptide identifications were
analysed, whereas in the total palmitome purification, protein identifications were analysed, and
each protein was identified by contributions from multiple peptide fragments. Nevertheless, the
presence of 81% of the enriched proteins of this site-ID dataset in the total palmitome was

encouraging.

Included in the overlap list were highly studied palmitoylated proteins such as glideosome-associated
protein 45 (GAP45), chloroquine resistance transporter (CRT) and myosin A tail domain interacting
protein (MTIP) [4]. This, along with the good overlap between enriched proteins in this dataset and
the total palmitome, indicated that in this first trial of the site-ID palmitome purification,
palmitoylated proteins were indeed being purified and the use of this method resulted in the
identification of specific palmitoylated peptide fragments, containing the putative palmitoylated

cysteines, for each of the enriched proteins purified.
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Figure 3.1: Trial 1 site-ID palmitome purification by ABE. (A) The site-ID palmitome purification was based on
the ABE method of palmitoyl-protein purification. In the Trial 1 site-ID purification, the
from saponin-treated parasite pellets was (1) first treated with NEM to irreversibly block
followed by (2) cleavage of palmitate groups using hydroxylamine (NH,OH) and the (3) biotinylation of newly-
exposed free thiols with HPDP-biotin. As always, a ‘control’ sample, which was subjected to identical conditions
as the ‘palmitome’ sample, but without hydroxylamine treatment, was also prepared. Biotinylated proteins
were purified by (4) streptavidin affinity purification, and (5) trypsin digestion was performed while the

proteome extracted
free thiols. This was




samples were bound to streptavidin-agarose beads, in order to digest the proteins into peptide fragments.
After stringent washes, only biotinylated peptide fragments remained bound to the beads and were (6) eluted
by reduction with TCEP, followed by dimethyl labelling and quantitative mass spectrometry analysis. (B) Scatter
plot displaying the median protein intensities against the MaxQuant generated enrichment ratios for all the
peptides purified by the Trial 1 site-ID purification. Peptides classified as enriched and highly enriched
(according to the cut-off criteria described in the text) are highlighted in blue and red respectively. The
numbers of protein and peptide identifications found are listed in the table on the right. (C) Venn diagram
representing the overlap between the enriched proteins in the Trial 1 dataset and the total schizont
palmitome.

However, as described in Section 1.6.3, a number of false positive identifications are unavoidable,
and were probably present in this dataset, even in the proteins defined as enriched. This is due firstly
to the ABE method itself, which enriches other proteins that also use thioester linkages, and is highly
dependent on the complete and irreversible blockage of free thiols before hydroxylamine cleavage
(detailed in Section 1.6.3). Secondly, false positive identifications can also occur due to the inherent

background that occurs in large-scale protein purifications and in streptavidin bead enrichments.

Additionally, cysteine-containing peptides were also directly identified by MaxQuant in the control
(non-hydroxylamine-treated) samples. A low level of cysteine-containing peptides are expected to be
present in control samples, and in fact, relative proteomic quantitation and the generation of the
enrichment ratios is based on the presence of these cysteine-containing-peptides in the control
samples. Typically, these peptides should usually be at a very low abundance in control samples, and
can be regarded as ‘noise’. The identification of a particular peptide ion by MaxQuant in the
palmitome sample will then result in a search by MaxQuant for the corresponding peptide ion in the
noise of the control sample, based on matching the mass and retention time of the peptide ion, in
order to generate an enrichment ratio. The peptide intensities in the noise of the control samples are
usually too low to be directly identified by MaxQuant. The fact that some cysteine-containing-
peptides were being directly sequenced and identified by MaxQuant in the control samples of this
purification however indicates that there is a background of cysteine-containing peptides present in
the control samples, which is higher than the normal noise usually found in control samples. This
suggests that the initial treatment with NEM to block free thiols was not efficient or may not have
gone to completion. The presence of this high background of cysteine-containing peptides in the
control samples could have an effect on the enrichment ratios generated, and this could
subsequently have an effect on the definition of the cut-off criteria and the classification of proteins

as enriched, potentially increasing the number of false-positive identifications.
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In summary, although palmitoylated proteins with corresponding cysteine-containing peptides were
identified in this first trial, the number of enriched protein identifications was relatively small
compared to the total number of proteins in the P. falciparum proteome (there are over 5000
proteins coded for in the P. falciparum genome [11] with over 1000 proteins up-regulated in schizont
stages [12]). Additionally, although 81% of the enriched proteins (26 out of 32 enriched proteins)
were also present in the total schizont palmitome, this was equivalent to only 5% of the total
schizont palmitome (26 out of 494 proteins in the total palmitome) (Figure 3.1C), indicating that
many palmitoylated proteins were potentially not purified, or did not pass the cut-off criteria in this
trial purification. Taken together, this suggested that the total complement of palmitoylated proteins

was not being purified by this first trial purification and further optimisation was still required.

3.1.3. Development of the site-ID palmitome purification method — Trial 2

For Trial 2 of the site-ID palmitome purification, approximately 10° P. falciparum strain 3D7 schizont
stage parasites (200 mL in vitro culture at 5% haematocrit and 8-10% parasitemia) was extracted
from infected erythrocytes by saponin-lysis, as was done for Trial 1. However, in this trial purification,
the extraction of the proteome from saponin-treated parasite pellets was performed more
extensively (as described in Section 2.6.2 of the Materials and Methods), in order to ensure that the
maximum amount of the parasite proteome was extracted. Briefly, lysis of the saponin-treated
parasite pellets was performed using an SDS-based buffer instead of a Triton X-100-based buffer, and
the lysate was also homogenised, and then sheered by passing through a fine gauge needle.
Additionally, the insoluble material remaining from the initial lysis with SDS buffer was further
treated with buffer containing 8 M urea in order to solubilise and denature the more hydrophobic

proteins.

The initial irreversible blockage of free thiol groups in the proteome sample was performed using
iodoacetamide (IAA), another sulphydryl-reactive alkylating agent, instead of NEM, in order to
determine whether the blockage of free cysteine thiols occurred more efficiently and completely
using IAA. The IAA-blocked proteome sample was then subjected to the remaining two chemical
steps of ABE — cleavage of palmitoyl groups using hydroxylamine and biotinylation of newly-exposed
free thiols with HPDP-biotin. In this trial purification however, the hydroxylamine-cleavage and
biotinylation steps, as well as all the wash steps in between, were performed using 30 kDa molecular
weight cut-off (MWCO) spin columns. For the purification of the total palmitome [4] and in Trial 1 of

the site-ID purification, buffer exchange during washes and when changing to the different ABE
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chemical steps, occurred by performing multiple chloroform-methanol (C/M) precipitations, which
was time-consuming and increased the chances of sample loss between each C/M precipitation. The
use of the 30 kDa MWCO spin columns here allowed buffer exchange to occur more easily and
efficiently, and reduced the loss of samples between each wash and each chemical step. As before,
the non-hydroxylamine-treated control was also prepared from an equal amount of the proteome,
and this control sample was also treated in the 30 kDa MWCO spin columns. Additionally, all wash
steps were performed in buffer containing 8 M urea, in order to ensure that the proteins were fully

denatured and unfolded so that all palmitate groups would be exposed for hydroxylamine cleavage.

After biotinylation of the free thiols produced from hydroxylamine cleavage of palmitate groups, the
samples were treated with trypsin in order to digest the proteins into peptide fragments. Trypsin
digestion was also performed in the 30 kDa MWCO spin columns. Biotinylated peptide fragments
were then purified by streptavidin affinity purification. The trypsin digestion of the protein samples
before streptavidin affinity purification ensured that only biotinylated peptide fragments (which by
definition contained the palmitoylated cysteine) would be bound by the streptavidin-agarose beads.
Extensive and stringent wash steps were then performed in order to remove any unbound peptide
fragments and the remaining bound palmitoylated peptide fragments were then eluted from the
streptavidin-agarose beads using TCEP. The steps of Trial 2 of the site-ID palmitome purification are

as shown in the schematic in Figure 3.2A.

The eluted peptide fragments were then subjected to stable isotope dimethyl labelling as before
(described in Section 3.1.2) and analysed by LC-MS/MS. MaxQuant was used to generate specific

enrichment ratios (palmitome over control) for each of the peptide identifications.

In total, 431 peptides containing enrichment ratios and a free cysteine were identified, and this
corresponded to a total of 291 proteins. This set of 431 peptide identifications were then grouped
into enriched and highly enriched classes based on the same cut-off criteria described in Section
3.1.2 above. Using these cut-off criteria, 139 peptides (corresponding to 117 protein identifications)
were defined as enriched, and out of these 139 peptides, 28 peptides (corresponding to 24 protein
identifications) could be further defined as highly enriched. A scatter plot showing the median
peptide intensities against the MaxQuant generated enrichment ratios for all 431 peptide
identifications are shown in Figure 3.2B. Of the 117 proteins which had peptide identifications
classified as enriched, 58 proteins were also present in the total palmitome [4]. This indicated that
50% of the enriched proteins in this dataset (58 out of 117 proteins) were present in the total
palmitome (Figure 3.2C). Again, proteins previously shown to be palmitoylated, such as GAP45 and

CRT, were also present and classified as enriched in this trial purification.
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Although only 50% of enriched proteins in this dataset overlapped with the total schizont palmitome,
this was equivalent to 12% of the total palmitome (58 proteins out of 494 proteins in the total
palmitome) (Figure 3.2C). This implied that more of the total palmitome was being purified in this
trial compared to Trial 1, suggesting that more palmitoylated proteins were being purified or
managed to pass the cut-off criteria in this purification. However, it also appeared a larger portion of
the Trial 2 enriched dataset did not overlap with the total palmitome (50% of the Trial 2 enriched
dataset overlapped with the total palmitome compared to 81% of the Trial 1 enriched dataset). As
explained in Section 3.1.2 above, a complete overlap between the site-ID purifications and the total
palmitome is not expected. This is further exacerbated for the Trial 2 purification where there were
significant differences in the methodology (for example, different lysis conditions and treatment with
IAA instead of NEM), and this could be the reason why only half of the Trial 2 enriched dataset

overlapped with the total palmitome.
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Figure 3.2: Trial 2 site-ID palmitome purification by ABE. (A) In the Trial 2 site-ID purification, the proteome
was extensively extracted from saponin-treated parasite pellets (as described in the text) and was (1) treated
with IAA to irreversibly block free thiols. This was followed by (2) cleavage of palmitate groups using
hydroxylamine (NH,OH) and the (3) biotinylation of newly-exposed free thiols with HPDP-biotin. As always, a
non-hydroxylamine-treated control sample was processed in parallel. (4) Trypsin digestion was then performed
in order to digest the proteins into peptide fragments. Steps (2) to (4) were performed in 30 kDa molecular
weight cut off (MWCO) spin columns in order to ease buffer exchange during washes and changes to different
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chemical steps. Biotinylated peptides were purified by (5) streptavidin affinity purification, and unbound
peptides removed by stringent washes. The biotinylated peptide fragments which remained bound to the
beads were (6) eluted by reduction with TCEP, followed by dimethyl labelling and quantitative mass
spectrometry analysis. (B) Scatter plot displaying the median protein intensities against the MaxQuant
generated enrichment ratios for all the peptides purified by the Trial 2 site-ID purification. Peptides classified as
enriched and highly enriched (according to the cut-off criteria described in the text) are highlighted in blue and
red respectively. The numbers of protein and peptide identifications found are listed in the table on the right.
(C) Venn diagram representing the overlap between the enriched proteins in the Trial 2 dataset and the total
schizont palmitome.

In summary, the site-ID palmitome purification method used in this Trial 2 purification appeared to
be an improved purification compared to that of Trial 1, as evidenced by the increased total number
of peptides identified, the increased number of peptides classified as enriched, as well as the greater
spread of enrichment ratios, and the identification of more proteins which were also present in the
total schizont palmitome. However, cysteine-containing peptides were still directly identified by
MaxQuant in the control samples, indicating that the background of cysteine-containing peptides,
with intensities above the normal ‘noise’ usually found in control samples, was still present. This
means that the use of IAA instead of NEM did not improve the blockage of free thiols. Additionally,
the dataset of protein identifications was again smaller than total palmitome dataset, indicating that

further improvements were still required.

3.1.4. Development of the site-ID palmitome purification method — Trial 3A

For the next trial of the site-ID palmitome purification, approximately 10° P. falciparum strain 3D7
schizont stage parasites (200 mL in vitro culture at 5% haematocrit and 8-10% parasitemia) was
extracted from infected erythrocytes by saponin-lysis as performed for Trial 1 and 2. Extraction of the
proteome from saponin-treated parasite pellets was then performed exactly the same as in Trial 2
(described in Section 3.1.3). Initial blockage of free thiols in the proteome was performed using IAA
and the hydroxylamine treatment and biotinylation steps of ABE performed in the 30 kDa MWCO
spin columns, as in Trial 2 (Section 3.1.3). As always, the non-hydroxylamine-treated control sample
was also prepared in parallel. In this trial purification however, during the hydroxylamine cleavage
and biotinylation steps, NEM was added only into control samples, in an attempt to block any free
thiols that may become exposed due to palmitate groups falling off during the ABE procedure. This

was performed in the hopes that the background of cysteine-containing peptides observed in control
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samples in the previous trial purifications could be reduced. Trypsin digestion of the samples in order
to produce peptide fragments, streptavidin affinity purification of only biotinylated peptide
fragments and elution of the peptides were all performed similar to Trial 2 (Section 3.1.2). The steps

of Trial 3A of the site-ID palmitome purification are as shown in the schematic in Figure 3.3A.

Aliquots of the palmitome and control elutions from this Trial 3A purification were kept aside for
label-free analysis in order to determine whether a label-free analysis would produce a better
dataset (as will be described in the section below). The rest of the palmitome and control elutions
were subjected to stable isotope dimethyl labelling (as for the previous trial purifications), and were
analysed by LC-MS/MS. MaxQuant was used to generate the specific enrichment ratios (palmitome

over control) for each of the peptide identifications.

In total, 700 peptides, which had enrichment ratios and contained a free cysteine, were identified,
and this corresponded to a total of 440 protein identifications. This set of 700 peptides was grouped
into enriched and highly enriched classes using the same cut-off criteria as above (detailed in Section
3.1.2). Using these cut-off criteria, 214 peptides (corresponding to 179 protein identifications) were
defined as enriched, and out of these 214 peptides, 62 peptides (corresponding to 53 protein
identifications) could be further defined as highly enriched. A scatter plot showing the median
peptide intensities against the MaxQuant generated enrichment ratios for all 431 peptide
identifications are shown in Figure 3.3B. Of the 179 proteins which had peptide identifications
classified as enriched, 69 proteins were also present in the total palmitome. This indicated that 39%
of the proteins classified as enriched in this dataset (69 out of 179 proteins) were present in the total
palmitome, and this was equivalent to 13% of the total palmitome (69 proteins out of 494 proteins in

the total palmitome) (Figure 3.3C).
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Figure 3.3: Trial 3A site-ID palmitome purification by ABE. (A) The Trial 3A site-ID purification was similar to
that of Trial 2. The proteome was extensively extracted from saponin-treated parasite pellets as in Trial 2, and
protein samples were (1) blocked with IAA, (2) treated with hydroxylamine (NH,OH) (except for control
samples) and (3) biotinylated using HPDP-biotin. In this Trial 3A purification however, NEM was added only into
control samples during steps (2) and (3) in an attempt to reduce the high background of cysteine-containing
peptides seen in the control samples. (4) Trypsin digestion was then performed to digest the proteins into
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peptide fragments. Steps (2) to (4) were performed in 30 kDa MWCO spin columns as before. Biotinylated
peptides were purified by (5) streptavidin affinity purification, and unbound peptides removed by stringent
washes. The biotinylated peptide fragments which remained bound to the beads were (6) eluted by reduction
with TCEP. Aliquots of palmitome and control samples were kept aside for label-free analysis. The remaining
palmitome and control samples were dimethyl labelled and analysed by quantitative mass spectrometry as
before. (B) Scatter plot displaying the median protein intensities against the MaxQuant generated enrichment
ratios for all the peptides purified by the Trial 3A site-ID purification. Peptides classified as enriched and highly
enriched (according to the cut-off criteria described in the text) are highlighted in blue and red respectively.
The numbers of protein and peptide identifications found are listed in the table on the right. (C) Venn diagram
representing the overlap between the enriched proteins in the Trial 3A dataset and the total schizont
palmitome.

Again, proteins previously shown to be palmitoylated, such as CRT, were enriched in this dataset.
Strangely however, GAP45, a protein known to be palmitoylated and usually identified as enriched or
highly enriched in the previous site-ID purifications, was identified in this dataset but did not pass the

cut-off criteria to be defined as enriched.

Although the number of enriched proteins identified in this dataset had increased, the overlap with
the total palmitome was not improved from the Trial 2 purification (the Trial 2 dataset purified 12%
of the total palmitome while the Trial 3A dataset purified 13% of the total palmitome), and the
palmitoylated protein GAP45, which had previously been consistently purified and classified as
enriched, was not classified as enriched in this trial. This implied that Trial 3A was not an
improvement from the previous purification, although the addition of NEM into the control samples
did indeed reduce the direct identification of cysteine-containing peptides in the control samples by

MaxQuant.

3.1.5. Development of the site-ID palmitome purification method — Trial 3B

As mentioned in Section 3.1.4 above, aliquots of the palmitome and control elutions from the Trial
3A site-ID purification were kept aside for label-free analysis in order to determine whether
quantification using a label-free approach would be more appropriate for the site-ID palmitome

purification compared to stable isotope dimethyl labelling.

In the dimethyl labelling approach, the palmitome and control samples —each labelled with a
different isopotomer of formaldehyde- were pooled together and analysed by LC-MS/MS in a single

run. In contrast, for label-free analysis, the palmitome and control samples were kept separate and
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were subjected to individual LC-MS/MS runs. Protein quantification was then measured by
comparing the peak intensities from each individual run for a particular peptide [8]. Due to the run-to
run experimental variations of LC-MS/MS, label-free quantification is thus less accurate and less
reproducible, and is more variable compared to quantification with dimethyl labelling, resulting in
the need for more rigorous analysis of the data acquired. However, despite the lower accuracy and
lower reliability when measuring small quantitative differences, label-free analysis may provide
greater depth of proteome coverage as well as a higher dynamic range of quantification [13].
Additionally, dimethyl labelling of samples requires that no buffers containing primary amines be
present during the labelling reaction. Thus, samples need to be desalted prior to dimethyl labelling,
and this can lead to some sample losses. No desalting is required for label-free analysis, thus
reducing the loss of samples. Lastly, although dimethyl labelling is not expected to change the
chemical properties of labelled peptides, it still involves modification of the peptides, and as the
peptides being labelled here contain free cysteines, may result in unwanted modification at the side
chains of the free cysteines by formaldehyde, which could lead to reduced identifications. With the
label-free approach however, the eluted peptides are not further modified prior to mass
spectrometry analysis. Thus, due to these differences, the label-free approach was tested to

determine its suitability for the site-ID palmitome purifications.

The aliquots of the palmitome and control elutions from the Trial 3A site-ID purification (method
described in Section 3.1.4) was analysed by LC-MS/MS without any dimethyl labelling. MaxQuant was
again used to generate specific enrichment ratios (palmitome over control) for each of the peptide

identifications.

In total, 2295 peptides, which had enrichment ratios and contained a free cysteine, were identified,
and this corresponded to a total of 1173 proteins. This dataset of peptide identifications obtained
using the label-free approach was clearly larger than previously obtained using dimethyl labelling,
suggesting that a label-free analysis might provide better coverage for the site-ID palmitome
purifications. The 2295 peptides was then grouped into enriched and highly enriched classes
following the same cut-off criteria used for the previous site-ID trial purifications (detailed in Section
3.1.2). Using these cut-off criteria, 713 peptides (corresponding to 521 protein identifications) were
defined as enriched, and out of these 713 peptides, 165 peptides (corresponding to 138 protein
identifications) could be further defined as highly enriched. A scatter plot showing median peptide
intensities against the MaxQuant generated enrichment ratios for all 2295 peptide identifications

found in this Trial 3B site-ID palmitome purification is shown in Figure 3.4A.
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Of the 521 proteins which had peptide identifications classified as enriched, 181 proteins were also
present in the total schizont palmitome. This indicated that 37% of the total palmitome (181 out of
494 proteins in the total palmitome) was identified in this dataset (Figure 3.4B), suggesting that
potentially more putative palmitoyl-proteins were being identified when using a label-free
guantitative approach with the site-ID purification. As for the previous trial site-ID purifications,

proteins shown previously to be palmitoylated, such as GAP45 and CRT, were identified as enriched

in this dataset.
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Figure 3.4: Trial 3B site-ID palmitome purification by ABE. The aliquots kept aside from the Trial 3A site-ID
purification were analysed using a label-free approach by quantitative mass spectrometry, and this analysis was
named Trial 3B. The scatter plot displays the median protein intensities against the MaxQuant generated
enrichment ratios for all the peptides purified by the Trial 3B site-ID purification. Peptides classified as enriched
and highly enriched (according to the cut-off criteria described in the text) are highlighted in blue and red
respectively. The numbers of protein and peptide identifications found are listed in the table on the right. (B)
Venn diagram representing the overlap between the enriched proteins in the Trial 3B dataset and the total

schizont palmitome.
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Although 37% of the total palmitome was found to be enriched in this dataset, this was equivalent to
only 35% of the enriched proteins in this dataset (181 out of 521 proteins) (Figure 3.4B), which was
less than previously observed in the other trial purifcations. This indicated that more than half of the
proteins in this dataset were not found in the total palmitome. This could be due to the differences
between the purification methods as detailed in the sections above (for example, the use of ABE
purification alone in these site-ID purifications and differences in methodology such as the use of IAA
instead of NEM), which would reduce the overlap between the two datasets. Additionally, another
reason could be due to the fact that the analysis of the total palmitome was performed with SILAC
labelling, whereas Trial 3B was performed using label-free analysis, which has been shown to provide
greater proteome coverage compared to labelling approaches, including metabolic labelling [14, 15].
However, as described above, due to the nature of label-free analysis, quantification is generally
more inaccurate, and although the dataset is larger, it must be more cautiously and rigorously
analysed. For example, the accuracy of this label-free approach could be improved by performing

further replicates and accepting only those proteins that were repeatedly identified.

In addition to the dataset of peptide identifications possessing enrichment ratios, a dataset of
peptides with peak intensities found only in the palmitome (hydroxylamine-treated) sample and not
in the control (non-hydroxylamine-treated) sample was also identified in this label-free trial analysis.
It is possible that these peptides were truly only present in the palmitome sample, indicating that
these peptides truly contained the palmitoylated cysteine. Indeed, peptides from known
palmitoylated proteins, such as GAP45, were present in this ‘palmitome-only’ dataset. However, it is
also equally possible that the corresponding peak for a particular peptide was not matched in control
samples, due to run-to-run variation or differences in the retention time, which are the errors
associated with label-free analysis. This was not observed in the previous site-ID trial purifications
because in dimethyl labelling approaches, analysis is based on the co-elution of the differentially-
labelled versions of a particular peptide. As the peptides in this palmitome-only dataset were not
detected in the control samples, an enrichment ratio could not be assigned and cut-off criteria could
not be applied to this dataset, making it even more difficult to distinguish between truly
palmitoylated peptides and false-positive identifications. Thus, the peptide identifications in this

‘palmitome-only’ dataset were not further considered at this time.

Despite the lower accuracy of the label-free approach, this Trial 3B site-ID label-free palmitome
purification appeared to be improved compared to the previous purifications, with increased

proteome coverage and more enriched protein identifications found to be also present in the total
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palmitome, suggesting that the use of label-free quantification may provide more useful information

for these site-ID purifications.

3.1.6. Development of the site-ID palmitome purification method — Trial 4

The previous trial purifications revealed that using a label-free approach appeared to be better
suited for the site-ID palmitome purifications. Thus, another site-ID purification was next performed
based on the Trial 3A purification method (shown in the schematic in Figure 3.3A) coupled with the

Trial 3B label-free analysis (described in Section 3.1.5 above).

For this large-scale purification, two biological replicates and two technical replicates were
performed. Each biological replicate consisted of approximately 10° P. falciparum strain 3D7 schizont
stage parasites (200 mL of in vitro culture at 5% haematocrit and 8-10% parasitemia). Parasites were
extracted from infected erythrocytes by saponin-lysis, and extraction of the proteome from saponin-
treated parasite pellets was performed exactly the same as in Trial 3A. Initial blockage of free thiols
was performed using IAA, and the hydroxylamine-cleavage and biotinylation steps were performed in
30 kDa MWCO spin columns as in Trial 3A. As always, the non-hydroxylamine-treated control sample
was prepared in parallel using an equal amount of proteome. Although the addition of NEM into
control samples during the hydroxylamine-cleavage and biotinylation steps of the Trial 3A
purification appeared to reduce the high background of cysteine-containing peptides in the control
sample, there was the possibility that the addition of NEM only to the control sample could end up
artificially biasing the results, and might result in a dataset that did not truly represent the
palmitoylated peptides in schizont stage parasites. Thus, for this Trial 4 purification, NEM was not
added into control samples during the hydroxylamine-cleavage and biotinylation steps. Trypsin
digestion in order to produce peptide fragments, streptavidin affinity purification of only biotinylated
peptide fragments and elution of the peptides were all performed similar to Trial 3A (Section 3.1.4).

The steps of this Trial 4 site-ID palmitome purification are shown in the schematic in Figure 3.5A.

The palmitome and control elutions were then analysed label-free by LC-MS/MS. MaxQuant was
used to generate specific enrichment ratios (palmitome over control) from the median intensity of

each peptide identification across the different replicates analysed.

In total, 5088 peptides containing enrichment ratios and a free cysteine were identified, and this
corresponded to a total of 1801 proteins. This set of 5088 peptides was then grouped into enriched
and highly enriched classes according to the same cut-off criteria used for the previous site-ID trial

purifications (detailed in Section 3.1.2). Using these cut-off criteria, 1615 peptides (corresponding to
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940 protein identifications) were defined as enriched, and out of these 1615 peptides, 377 peptides
(corresponding to 295 protein identifications) could be further defined as highly enriched. A scatter
plot showing the median peptide intensities against the MaxQuant generated enrichment ratios for
all 5088 peptides identified in this Trial 4 site-ID palmitome purification is shown in Figure 3.5B. Of
the 940 proteins which had peptide identifications classified as enriched, 208 proteins were also
present in the total schizont palmitome, indicating that 42% of the total palmitome (208 out of 494
proteins in the total palmitome) was identified in this trial dataset (Figure 3.5C), which was higher
than previously observed in the Trial 3B purification, suggesting that even more putative palmitoyl-
proteins were being purified in this trial purification. As in the previous site-ID trial purifications,
proteins known to be palmitoylated such as GAP45 and CRT, were identified and classified as
enriched in this Trial 4 dataset. The presence of known palmitoyl-proteins, the larger enriched
dataset obtained, and the increased number of proteins enriched in this trial that were also found in
the total palmitome, indicated that this trial purification was the most improved compared to the

previous trial purifications.

Palmitoyl-protein
Label-free quantitative
)k/\/\/\/\/\/\/\ mass spectrometry analysis

- w

{ d 1
i __AAAAannann
H,
(2) +NH:0H " (6) washed st_ringently and
f ~ eluted with TCEP

Streptavidin-
1AA o
v ~ s g agarose
Ho

(3) +HPDP-biotin T(5)+Streptavidin-
agarose
/IAA \ A
=~ {
™ i (4) +Trypsin ' s
digestion

*Steps (2) to (4) performed in 30 kDa molecular weight cut-off spin columns
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Scatter plot of Site-ID ABE Trial 4
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Figure 3.5: Trial 4 site-ID palmitome purification by ABE. (A) The Trial 4 site-ID purification was similar to that
of Trial 3A and B. The proteome was extensively extracted from saponin-treated parasite pellets as in Trial 3A,
and protein samples were (1) blocked with IAA, (2) treated with hydroxylamine (NH,OH) (except for control
samples) and (3) biotinylated using HPDP-biotin. In this Trial 4 purification however, NEM was not added into
control samples during steps (2) and (3), as the addition of NEM into control samples only may skew the results
obtained. (4) Trypsin digestion was then performed to digest the proteins into peptide fragments. Steps (2) to
(4) were performed in 30 kDa MWCO spin columns as before. Biotinylated peptides were purified by (5)
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streptavidin affinity purification, and unbound peptides removed by stringent washes. The biotinylated peptide
fragments which remained bound to the beads were (6) eluted by reduction with TCEP and analysed label-free
by quantitative mass spectrometry. (B) Scatter plot displaying the median protein intensities against the
MaxQuant generated enrichment ratios for all the peptides purified by the Trial 4 site-ID purification. Peptides
classified as enriched and highly enriched (according to the cut-off criteria described in the text) are highlighted
in blue and red respectively. The numbers of protein and peptide identifications found are listed in the table
below the plot. (C) Venn diagram representing the overlap between the enriched proteins in the Trial 4 dataset
and the total schizont palmitome.

Although 42% of the total palmitome was enriched in the Trial 4 dataset, this was equivalent to only
22% of the Trial 4 enriched dataset (208 out of 940 proteins) (Figure 3.5C), indicating that
approximately 80% of the enriched proteins in this purification were not found in the total
palmitome. Additionally, this dataset was much larger than those of the previous purifications, and
the classification of 940 proteins as enriched (and therefore potentially palmitoylated) may be

inaccurate, considering the fact that just over 1000 proteins are upregulated in schizont stages [12].

These issues could be due in part to the nature of the label-free analysis, which is more prone to
inaccurate quantification and run-to-run variability (as described in detail in Section 3.1.5). Another
reason could be the high background presence of cysteine-containing peptides in the control
samples, which was observed in the previous trial purifications and was also present in this Trial 4
dataset. This background, which could be due to incomplete blockage of free thiols during the initial
treatment with IAA, or due to palmitate groups falling off during the other chemical steps of ABE,
was not reduced in this Trial 4 purification, as NEM was not added to the control samples during the
purification. The presence of this background in the control samples could thus affect the enrichment
ratios and subsequently influence the cut-off criteria for enrichment, especially when the cut-off
criteria were based on the median of the enrichment ratios. This indicates that more stringent
analysis and more rigorous cut-off criteria may be needed in order to obtain useful information from

this dataset.

Similar to what was observed in the Trial 3B site-ID purification (Section 3.1.5), a dataset of peptides
that had peak intensities identified only in palmitome samples and not in control samples were also
observed in this Trial 4 dataset. As for the Trial 3B purification, due to the lack of enrichment ratios
for these peptide identifications, this dataset was not further analysed, although it must be noted

that the presence of truly palmitoylated peptides within this dataset cannot be discounted.
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In summary, five different trials of the site-ID palmitome purification were attempted in order to
determine the optimum conditions required. All five trials purified peptides from a number of
proteins which had been previously shown to be palmitoylated, indicating that the basic
methodology was correct. All five trial purifications also produced enriched datasets which
overlapped with the total schizont palmitome to different degrees. Analysis of the datasets from all
trial purifications indicated that the use of a label-free approach improved the dataset of enriched
proteins obtained. However, due to the inherent lower accuracy of label-free analysis, more
stringent analysis of the datasets obtained is required. The best purification obtained out of the five
trial purifications was considered to be the Trial 4 site-ID purification, as multiple biological and
technical replicates were performed in this purification, resulting in an extensive dataset of peptide
identifications and high overlap with the total schizont palmitome, although due to the large size of
the dataset and the fact that the a label-free approach was used, more rigorous analysis of this
dataset is still required. A summary of all five trial purifications and the main analyses performed on

the five datasets is shown in Table 3.1.
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Site-ID Overl ith total
ABE Method Proteins Identified veriap with fota
e palmitome
purification
158 peptides (103 proteins) ) )
Full ABE protocol, pulled |with ratios. 41 peptides (32 |28 Snriched protein IDs
; - . also found in total
down with streptavidin- proteins) defined as ) .
' N ) . palmitome (494 proteins) -
Trial 1 |agarose, trypsin digestion |enriched, 9 of these .
i . 81% of the enriched
on beads, eluted and peptides (6 proteins) could .
dimethyl labelled be further defined as highl dataset was equivalent to
. Y'|5% of the total palmitome.
enriched.
431 peptides (291 proteins
Blocked with I1AA, ABE and with [r)a':i) os 13(9 pe:))ti des ) 58 enriched protein IDs
trypsin digestion performed : also found in total
. . (117 proteins) defined as . .
. in spin columns, pulled . palmitome (494 proteins) -
Trial 2 . . enriched, 28 of these :
down with streptavidin- tides (24 protei 50% of the enriched
agarose, eluted and peptides (24 pro em_s) dataset was equivalent to
dimethyl labelled. could be further defined as | 129, of the total palmitome.
highly enriched.
Same method as Trial 2, |700 peptides (440 proteins)|69 enriched protein IDs
but initial block was with with ratios. 214 peptides also found in total
Trial 3A IAA, followed by NEM (179 proteins) defined as  [palmitome (494 proteins) -
added only to control duringlenriched, 62 peptides (53 |39% of the enriched
ABE steps, dimethyl proteins) could be further |dataset was equivalent to
labelled defined as highly enriched. 13% of total palmitome.
2295 peptides (1173
Pepices ( . 181 enriched protein IDs
proteins) with ratios. 713 ;
. . also found in total
Same samples from 3A but|peptides (521 proteins) almitome (494 proteins) -
Trial 3B |not dimethyl labelled - label |defined as enriched, 165 250/ of the enricﬁed
fi lysi i i °
ree analysis peptides (138 prote!ns) dataset was equivalent to
cpuld be f.urther defined as 37% of total palmitome.
highly enriched.
Same method as 3B: Initial :
5088 peptides (1801
block with IAA, but no NEM | o0 Peptides (1 208 enriched protein IDs
' proteins) with ratios. 1615 )
further added into control . . also found in total
. peptides (940 proteins) \ .
. during ABE steps, not . palmitome (494 proteins) -
Trial 4 ) defined as enriched, 377 o .
dimethyl labelled - label ides (295 protei 22% of the enriched
free analysis. 2 biological peptides § pro e]zclns) dataset was equivalent to
replicates and 2 technical |c0uld be further defined as | 4o, of tota) paimitome.
replicates highly enriched.

Table 3.1: Summary of all five trial site-ID purifications and the analyses performed on the five datasets.
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3.2. Analysis of the overlaps between the five trial site-ID palmitome purifications

As described in the sections above, label-free analysis of the site-ID palmitome purifications
appeared to provide the most peptide identifications classified as enriched and the largest overlap
with the total schizont palmitome. However, due to the relatively high background of cysteine-
containing peptides found in the control samples, as well as the reduced accuracy of label-free
guantification, more stringent analysis of the label-free datasets was required. One way to tackle this
would be to investigate the overlaps between all of the trial purifications performed during the
development of the site-ID purification method, in order to determine which peptides were
consistently purified in all the trial purifications. If a particular peptide was consistently identified in
the different trial purifications and was consistently classified as enriched, that peptide could be

more confidently considered a putative palmitoylated peptide.

3.2.1. Overlap between all five trial site-ID palmitome purifications (Trial 1, 2, 3A, 3B and 4)

The first overlap analysed was the overlap between proteins identified in all five trial site-ID
purification datasets. In this analysis, only proteins classified as enriched in all five datasets were
considered. It is possible that proteins classified as enriched in one trial purification could be
classified as not enriched in another purification, due to the differences in methodology and to
whether the analysis was performed label-free or with dimethyl labelling (as described in Section 3.1
above). However, to reduce the complexity of this analysis, only the enriched protein datasets were

considered at this time.

Only 6 enriched proteins were found to be common between all five trial site-ID purifications, and all
of these proteins were also found in the total schizont palmitome. The small size of this overlap is not
unexpected given that the Trial 1 dataset is an outlier with respect to size, with only 32 proteins
classified as enriched (Section 3.1.2). Repeating the overlap analysis with proteins classified as
enriched in all the later datasets (Trial 2, 3A, 3B and 4) revealed 33 enriched protein identifications in
common. Of these 33 common enriched proteins, 22 proteins were also found to be present in the

total schizont palmitome (Figure 3.6A).
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Trial 2: 58 enriched
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common between 4 trial
datasets and the total
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Trial 4: 208 enriched
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Figure 3.6: Overlaps between the different trial site-ID palmitome purifications and the total palmitome.
Venn diagrams representing the overlaps between proteins classified as enriched in each of the different trial
site-ID palmitome purifications. All the enriched proteins listed here for each trial dataset were also found to
be present in the total schizont palmitome. The numbers of enriched proteins common between the trial site-
ID datasets and the total schizont palmitome are indicated in red. (A) Overlap between 4 trial site-ID palmitome
purifications (excluding Trial 1) and the total palmitome. (B) Overlap between the two label-free trial site-1D
palmitome purifications and the total palmitome.

To assess whether the same peptides were consistently enriched for these 22 proteins, the peptides
for all 22 enriched proteins common between the 4 site-ID trial purifications, as well as the total
palmitome, were compared. For these proteins, 94 unique peptides passed the cut-off criteria for
enrichment in at least one of the 4 trial datasets (for peptides which were identified multiple times,
only one peptide was considered, and the peptide with the higher enrichment ratio was chosen), but
only 14 unique enriched peptides were found to be present in all 4 trial datasets. As these peptides
appeared to be consistently purified by all 4 trial site-ID purifications, and passed the cut-off criteria
for enrichment used for each dataset, these peptides should be considered as high confidence
palmitoylated peptides, and the cysteine residue present in each of these 14 common enriched
peptides considered as high confidence sites of palmitoylation. For those peptides with more than
one cysteine residue present, the cysteine which is palmitoylated is unknown and will have to be
determined through experimental means. Table 3.2 shows all 14 enriched peptides common
between the 4 datasets, along with their enrichment ratios in each dataset. These 14 peptides also

include 2 peptides which were also classified as enriched in the Trial 1 dataset, and the enrichment
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ratios of these 2 peptides in the Trial 1 purification is also shown in Table 3.2. It must be noted
however that as mentioned above, ABE can result in the false enrichment of highly abundant
proteins. Thus, the presence of peptides from highly abundant proteins, such as heat shock 70 kDa
protein (PFO8 0054) and glyceraldehyde-3-phosphate dehydrogenase (PF14_0598), within the

dataset of 14 enriched common peptides may also be due to the high abundance of these proteins.

Although 14 common enriched peptides were found in this analysis, this degree of overlap might
appear rather small. However, it should be noted that the different trial purifications had very
different methodologies, as they were part of a methods development process. These relatively large
differences in sample preparation, extraction and labelling will have a major impact on the subset of
the proteome that is captured, making the identification of only 14 high confidence palmitoylation

sites not completely surprising.

Protein Protein name Sequence Enrichment Ratio
q Trial 1 Trial 2 | Trial 3A | Trial 3B | Trial 4
conserved Plasmodium | \yNTMVNDHNING TK 74.86 | 53.12 | 11.07 | 5268 | 9.09
PF08_0035 |protein, unknown
function NVNCNYELINK 51.87 | 15519 | 33.88 | 3227 | 6.06
PF08_0054 ;f:tteisnho‘:k 70kDa LVNFCVEDFKR - 486 | 3.89 | 1329 | 15.08
PF11_0351| €8t shock protein hsp70| ) pe cHpLLK ; 6.33 | 12.00 | 614.39 | 10.41
- homologue
PF13_0338 g‘r/g‘tt;':e'mh surface  \riarvepvk - 1050 | 293 | 847 | 797
conserved Plasmodium
PF14_0578 | protein, unknown NSCETLLESEQNLLK - 1297 | 320 | 5040 | 7.71
function
glyceraldehyde-3-
PF14_0598 [phosphate QLINSNASCTTNCLAPLAK | - 586 | 321 | 1284 | 44.76
dehydrogenase
PFD1165w | Se/ine/Threonine protein |, .o syngpk - 1070 | 3182 | 94.82 | 158.42
kinase, FIKK family
PFF0435w (OMithine EQLDECTEINK ; 495 | 751 | 1032 | 26.17
aminotransferase
o YVCFSGLDK - 242.35 | 1047 | 26.70 | 38.75
PFF0890c |organic anion transporter o os o= sy : 5301 | 1145 | 2712 | 9.68
Heat shock protein 70
PFIOBTSW | (1c570) homologue | <PLEAVCQPINK - 628 | 947 | 2368 | 3868
PFH445y |High molecular weight o) pey . 652 | 520 | 5343 | 645
rhoptry protein-2
conserved Plasmodium
PFL1300c |protein, unknown NIETQDLNLNCPCWNR . 563 | 468 | 19862 | 43.24
function

Table 3.2: The 14 enriched peptides identified in all 4 trial site-ID palmitome purifications. These peptides
were found to be present in either all 5 trial purifications, or in 4 of the trial purifications (excluding Trial 1). The
enrichment ratios in each trial dataset for each of the peptides is shown here, with enrichment ratios above the
cut-off criteria for highly enriched peptides shown in red, and enrichment ratios above the cut-off criteria for
enriched peptides shown in blue. The putative palmitoylated cysteines are highlighted in bold and in green.
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3.2.2. Overlap between the two label-free trial site-ID palmitome purifications (Trial 3B and 4)

A large part of the divergence between the trial datasets may be because two of the datasets were
dimethyl labelled, while the remaining two were analysed using label-free approaches, which
produces far larger datasets. Therefore, in the next analysis, only the overlap between the two label-
free trial datasets (Trial 3B and 4) were analysed. As before, only proteins classified as enriched in

each of the datasets were considered.

In this analysis, 324 enriched protein identifications were found to be common between the 2 label-
free trial purifications considered. Of these 324 enriched proteins, 116 proteins were also found to
be present in the total palmitome (Figure 3.6B). Gene ontology (GO) term analysis of the 116
common enriched proteins revealed an enrichment for proteins involved in localisation and transport
(Figure 3.7A), which was previously observed for the total palmitome and for palmitomes in other
systems [4, 16]. Thus, the degree of overlap between the 2 label-free trial datasets appeared to be
better than the previous overlaps analysed, and may represent a more extensive dataset of putative
palmitoylated proteins, as evidenced by GO term analysis of this overlap, which was similar to GO

term analyses of other palmitomes.
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Gene ontology (GO) term analysis of enriched prote

percent genome values. p values are <0.05 for all displayed terms. (A) Enriched proteins present in both label-
free datasets (Trial 3B and 4) and the total palmitome. (B) Enriched proteins present in both the Trial 4 dataset
and the total palmitome. GO term analysis was performed using the following online tool: Generic Gene

Ontology (GO)Term Finder (http://go.princeton.edu/cgi-bin/GOTermFinder).

Figure 3.7
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The 116 enriched proteins which were common between the 2 label-free site-ID purifications, as well
as the total palmitome, corresponded to a total of 323 unique peptides, which were classified as
enriched in at least one of the 2 label-free trial datasets. Of these 323 unique peptides, a total of 142
unique enriched peptides were found to be present in both trial datasets. Although these peptides
were present in both trial datasets considered here, and managed to pass the cut-off criteria for
enrichment in both datasets, it must be noted that both the datasets analysed here were quantified
through label-free methods, which is less accurate and more prone to error (as described in detail in
Section 3.1 above), and were also affected by issues with the relatively high background of cysteine-
containing peptides in control samples (Section 3.1.6). Thus, the peptides found to be common
between both these datasets can be considered medium confidence palmitoylated peptides, and the
cysteine residues present within these peptides regarded as medium confidence putative
palmitoylation sites. Table 3.3 displays a selected set of enriched peptides common between the 2
trial datasets, with their corresponding protein identifications, which were also present in the total

palmitome, along with the enrichment ratios of each peptide in each trial dataset.
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. . . Enrichment Ratios
Protein Protein name Peptide Sequence Trial 38 | Trial 4
MAL13P1.117 |PHHC-type zinc finger |\ v e gnniFFCK 32046 | 186.76
protein, putative
MAL13P1 214 |Phosphoethanolaming |\, o oo caseMyINEK | 1624 | 22.80
N-methyltransferase
chloroquine resistance
MALTP1.27 | coorter IGGGSCIGK 2462 | 713
leoside t rter,
MALBP1.32 | cloosIAe Transparien \+ | reygesTLYK 42.95 | 14.88
putative
. LTAYYENTPDLPSNCIK 964 | 2533
PFO7 4 protein
070033 |Cgd protei EIVLSYPPTFTNCQK 693 | 797
conserved
MVN 5268 | 9.09
PF08_0035 Plasmodium protein, NYNT DHNINCTK
unknown function NVNCNYELINK 32.27 6.06
PF10_0o3g |Membrane skeletal o or e paGeCSAACT | 44170 | 24858
protein IMC1-related
osohalioid ICIPMNMK 157.02 | 54.60
PF10_ 0220  |POsSPholpi _ |CCSYNFNLFDPSNNK 39.14 | 72.16
scramblase 1, putative
SILSPMQTCK 1453 | 9.75
PF11.0168 | \ing iunction protein |E/CEPQNGLIDETLTK 3113 | 965
PF13 033g  |CYSteine-rich surface |paey o py 847 | 7.97
protein
PF14 0102 |MOPIV-associated |\poreiagrGEHHLR 12268 | 2778
protein 1, RAP1
BFCO120y  |CYioadherence linked [VLDMMCDHESVYYSEK | 326.77 | 30.83
asexual protein 3.1 [LFESLIQCIEK 12.01 | 865
PFEO785c | Metabolite/drug FIGCGEEYMPLR 1482 | 7568
transporter, putative
Serine/Threonine LITCSYNSDKDAK 94.82 | 158.42
PFD1165w protein kinase, FIKK  |EICDNENCVNLEDIK 8.94 7.41
family LCDFANSAPIYTYNNR 7.59 12.41
. AYENCFFENR 5093 | 7.22
PFF0675¢  |myosin E IGNMNEISC YK 9140 | 6.02
cytoadherence linked
PFI1730w asexual protein KECNIYESDR 6.74 81.45
9(CLAGY)
PFL1090w  |9lideosome-associated| g rp e pvnk 4353 | 18.14
protein 45

Table 3.3: A selected set of enriched proteins found to be common between both label-free trial site-ID
datasets (Trial 3B and Trial 4), as well as the total palmitome, along with a selected set of enriched peptides
common between both the trial datasets. The enrichment ratios in each trial dataset for each of the peptides
is shown here, with enrichment ratios above the cut-off criteria for highly enriched proteins shown in red and
enrichment ratios above the cut-off criteria for enriched proteins shown in blue. The putative palmitoylated
cysteines are shown in bold and in green.
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3.2.3. Overlap between Trial 4 site-ID palmitome purification and the total palmitome

As described in Section 3.1.6, the Trial 4 site-ID purification was considered the best purification, with
multiple biological and technical replicates performed, a large dataset of enriched peptides obtained
and the greatest coverage of the total palmitome. However, it was also noted that this dataset had
to be treated with caution due to the label-free quantification used, as well as the high background
of cysteine-containing peptides in the control samples, thus indicating that the results of this dataset
cannot be accepted by itself. Overlap of the Trial 4 dataset with the Trial 3B dataset (described in
Section 3.2.2 above) yielded some useful information, with a total of 142 medium confidence
palmitoylation sites determined. Nevertheless, as the Trial 4 dataset was larger than the Trial 3B
dataset, and overlapped more with the total palmitome, some palmitoylated peptides may have
been missed simply due to the lower proteome coverage of the Trial 3B purification. Furthermore, in
the Trial 3B purification, NEM was added into control samples in an attempt to reduce the
background in the control, which as explained in Section 3.1.6, may instead inadvertently bias the
results. Thus, an analysis based on just the Trial 4 dataset may provide further useful information on

the sites of palmitoylation.

As an analysis of the peptides purified by the Trial 4 purification based solely on the cut-off criteria
for enrichment could possibly have many false positive identifications due to the effect of the high
background in control samples, only those peptides corresponding to proteins which were also found

in the total palmitome were considered here.

As described in Section 3.1.6, 208 proteins classified as enriched in the Trial 4 dataset were found to
be also present in the total schizont palmitome (Figure 3.5C). GO term analysis of the 208 common
enriched proteins revealed an enrichment of proteins involved in localisation, transport and
metabolic processes (Figure 3.7B). The GO term analysis of all proteins classified as enriched in just
the Trial 4 purification resulted in the enrichment of proteins involved mainly in metabolic processes
(data not shown). Although enrichment for proteins involved in metabolic processes was still
observed in the GO term analysis of the 208 proteins common between the Trial 4 dataset and the
total palmitome, the enrichment of proteins involved in localisation and transport seen here, which
have been previously observed in other palmitomes, implied that this set of 208 common proteins

may be a more accurate representation of palmitoylated proteins.

The 208 enriched proteins present in both the Trial 4 purification and the total palmitome
corresponded to a total of 383 unique enriched peptides (which included the 142 unique enriched

peptides already determined from the analysis of the overlap between the 2 label-free datasets and
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the total palmitome described in Section 3.2.2 above). Although the dataset of 208 enriched proteins
did appear to be a more representative list of palmitoyl-proteins, the peptide data was still only from
one round of purification (albeit with two biological and two technical replicates). Thus, the 383
unique enriched peptides described here can also be regarded as medium confidence palmitoylated
peptides, with the cysteine residues present in each peptide regarded as medium confidence
palmitoylated sites. Table 3.4 displays a selected set of enriched proteins common between the Trial
4 dataset and the total palmitome, along with a selected set of the enriched peptides, and the

enrichment ratios of each peptide in the Trial 4 dataset.
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Protein Protein Names Peptide Sequence Enrli;::tri\;ent
MAL13p1.117 |PHHC-type zincfinger |\ v g niFFck 186.76
protein, putative
MAL13P1.310 |calpain KKEECNIENVEGNNVGNK 12.69
MAL7P1.209 |C¥toadherencelinked |y rreviyFpgpik 6.61
asexual protein
MAL7P1.27  |Chloroquine resistance | ~onoc ok 713
transporter
. ITAYYENTPDIPSNC IK 25.33
PF07_0033 |Cg4 protein CEICDIADSNIGGR 17.53
PF10 0039  |memorane skeletal - ,oqp o ascCsAACT 248.58
- protein IMC1-related
CCSYNFNIFDPSNNK 72.16
phospholipid ICIPMNMK 54.60
PF10_0220 scramblase 1, putative [SEFCYR 4416
SISPMQTCK 9.75
PF11_0168 moving junction protein [EICEPQNGIIDETITK 9.65
einenrich surt CMISFDEGNNWK 27.03
PE13 033g  [CYSENe-MCN SUMACe  fo) ~ SNIHDWK 9.86
protein
TIGFVCPVK 7.97
PF14_ 0102 | Topty-associated FGTCIGSFGEHHIR 27.78
protein 1, RAP1
FCQAFMNEIYR 106.37
NADP-specific QTAWSGSGNVAIYCVQK 35.78
PF14 0164 |glutamate HIGPC TDVPAGDIGVGGR 10.96
dehydrogenase SNNIYCPSK 7.68
VAESYIEQGCF 6.67
multidrug resistance
PF14_0455 protein 2 (heavy metal |CNGEYTEMWNMQSK 14.84
transport family)
PFBOg15w  |CAlclum-dependent s scvik 6.27
protein kinase 1
Serine/Threonine
PFA0130c |protein kinase, FIKK  |[ISCDPICIEK 349.65
family, putative
Cytoadherence linked |VIDMMCDHESVYYSEK 30.83
PFCO120W | cexualprotein 3.1 |IFESIQCIEK 8.65
membrane skeletal
C 19.
PRCOTBSW | o trolated | NCFFNINR 0.88
PFD0895c  |Cew transport protein, g p e EpFEETYNVIAK 29.27
putative
PFEO785c  |Metabolite/drug FIGCGEEYMPIR 75.68
transporter, putative
cytoadherence linked
PFI1730w asexual protein ECNIYESDR 81.45
9(CLAGY)
PFLi0gow  |dldeosome-associated g\ o by 18.14
protein 45

Table 3.4: A selected set of enriched proteins found to be common between the Trial 4 site-ID dataset and
the total palmitome, along with a selected set of corresponding enriched peptides. The enrichment ratios
from the Trial 4 purification is shown here for each of the peptides, with enrichment ratios above the cut-off
criteria for highly enriched proteins shown in red and enrichment ratios above the cut-off criteria for enriched

proteins shown in blue. The putative palmitoylated cysteines are highlighted in bold and in green.
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The sequences of all these 383 unique enriched peptides were also analysed by motif-x, an online
software tool which looks for over-represented sequence motifs within sequence data (http://motif-

x.med.harvard.edu) [17], in order to determine whether any conserved motifs existed around the

palmitoylated cysteines. No significant consensus motif for palmitoylation was determined from this
analysis. However, there did appear to be a significant prevalence for the presence of hydrophobic,
branched amino acids, such as isoleucine and valine, one or two amino acids upstream or
downsteam of the putative palmitoylated cysteine. As one of the classes of proteins commonly
palmitoylated are proteins that are palmitoylated close to TM domains, it is not surprising that the
palmitoylated cysteine appears to be often close to hydrophobic amino acids. Indeed, analysis of the
208 proteins corresponding to the 383 unique enriched peptides revealed that 27% of the enriched
proteins contained TM-domains (58 out of 208 proteins). The sequence motifs found to be

overrepresented by the motif-x software is as shown in Figure 3.8.
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Figure 3.8: Over-represented sequence motifs within the Trial 4 site-ID palmitome purification dataset. The
sequences of the 383 unique enriched peptides of the Trial 4 dataset, which corresponded to protein
identifications also present within the total schizont palmitome, were analysed by motif-x software
(http://motif-x.med.harvard.edu) and 6 over-represented sequence motifs were found. The motif score is
calculated by the software and is the sum of the -log(probability) of each fixed position in the motif. The motif
score roughly correlates with statistical significance, where motifs with higher motif scores are more
statistically significant (although all motifs found by the motif-x software is statistically significant) [17]. The
fold increase measures the enrichment of the particular motif in the sequence dataset of interest compared to
the background [17] (which in this case was sequences of the entire P. falciparum proteome obtained from
PlasmoDB). The motif-x software was run using the following standard parameters: significance threshold -
0.000001, occurrences threshold - 20, width - 7 (for motifs 1 to 3) or 5 (for motifs 4 to 6).

In summary, the site-ID palmitome purification method developed here has successfully allowed the
purification of palmitoylated proteins and can localise the putative palmitoylated cysteine. However,
due to the reasons discussed in detail in the sections above, the whole enriched datasets from each
of the different trial purifications might not be accepted as completely accurate when considered
individually. Additionally, the excessive background of cysteine-containing peptides in control
samples may disappointingly have a negative effect on the definition of enrichment in some of the
datasets. Nevertheless, analysis of the overlaps between these different datasets still produced

valuable information, providing sets of high confidence and medium confidence palmitoylation sites.
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Although it cannot be stated that these sites are definitely palmitoylated, and the definition of the
palmitoylation sites identified as high confidence or medium confidence is mostly arbitrary, the data
presented here can still act as a guide to which cysteines may be possibly palmitoylated, and these
can then be further validated experimentally. Indeed, the site-ID data from the Trial 4 purification
was used to guide experiments in other parts of this project (described in Chapter 6). A summary of
the analysis of the overlaps between the different trial purifications is shown in Table 3.5, and is

represented visually by the Venn diagrams in Figure 3.6.

. Overlaps )
Site-ID between Overlap .W'th total Unique enriched peptides
Datasets palmitome
datasets
All 5 6 enriched protein IDs also Total of 34 unique enriched

found in total palmitome
(494 proteins) - 100% of
overlapping protein IDs
equivalent to 1.2% of total
palmitome

datasets |6 enriched
(Trial 1, 2, |protein IDs

3A, 3B and |common
4)

peptides - only 2 peptides found in
all 5 datasets with corresponding
protein IDs found in the total
palmitome.

22 enrlchec_i protein IDs Total of 94 unigue enriched
also found in total

4 datasets |33 enriched . ) eptides - only 14 peptides found
. . palmitome (494 proteins) - p P v ,p P

(Trial 2, 3A, |protein IDs 67% of overlapping protein in all 4 datasets with

3B and 4) |common ° PpIng p corresponding protein IDs also

I 0,
IDs equwglent 104.5% of found in the total palmitome.
total palmitome.

2 datasets 116 enrlchgd protein IDs Total of 323 unique enriched
also found in total

(Trial 3B and|324 enriched almitome (494 proteins) - peptides - 142 peptides found in
4) - label |protein IDs P ( P ) both datasets with corresponding

35% of overlapping protein ) .
free common IDs equivalent to 24% of protein IDs also found in the total

datasets total paimitome palmitome.

1 label-free 208 enriched protein IDs Tota! of 38:.5 unique enrlched
dataset - also found in total peptlc'!es with correqundmg
(Trial 4) palmitome (494 proteins). protein IDs also found in the total

palmitome.

Table 3.5: Summary of the analyses performed on the overlaps between the different trial site-ID palmitome
purifications.
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3.3. Trial site-ID palmitome purification from Plasmodium berghei schizonts and

Toxoplasma gondii tachyzoites

As mentioned in Section 3.1 above, the site-ID palmitome purification method was developed based
on ABE, and without SILAC metabolic labelling, in order to allow the use of this site-localising method
on other stages of the parasite life cycle, or on other Apicomplexan species, which are not amenable
to metabolic labelling. As detailed in the sections above, the site-ID purification method did
successfully purify palmitoyl-proteins and identified some putative palmitoylated cysteines in P.
falciparum schizonts. In order to determine whether this site-ID purification could be used to
determine sites of palmitoylation in other related Apicomplexan parasites, the final site-ID
purification method (as performed in the P. falciparum Trial 4 site-ID purification) was applied to
both the schizont stages of the rodent malaria parasite, Plasmodium berghei, and on the tachyzoite

stages of the related Apicomplexan species, Toxoplasma gondii.

3.3.1. Trial site-ID palmitome purification from P. berghei schizonts

Approximately 10° P. berghei strain ANKA 2.33 schizont stage parasites was extracted from infected
mouse blood by saponin-lysis as described in the Materials and Methods (infection of mice with P.
berghei strain ANKA 2.33 and isolation of blood from infected mice was kindly performed by
Katarzyna Modrynska, Billker and Rayner lab). Extraction of the proteome from saponin-treated
parasite pellets and all other steps of the site-ID purification were performed exactly as for the P.
falciparum Trial 4 site-ID palmitome purification (described in Section 3.1.6 and shown in the
schematic in Figure 3.5A). Palmitome and control elutions were analysed using the label-free
approach by LC-MS/MS as before. MaxQuant was used to generate specific enrichment ratios

(palmitome over control) for each of the peptide identifications.

In total, 805 peptides, which had enrichment ratios and contained a free cysteine, were identified in
this P. berghei trial purification, and this corresponded to a total of 498 proteins. This set of 805
peptides was then grouped into enriched and highly enriched classes following the same cut-off
criteria used for the P. falciparum trial site-ID datasets (detailed in Section 3.1.2). Using these cut-off
criteria, 238 peptides (corresponding to 193 protein identifications) were defined as enriched, and
out of these 238 peptides, 53 peptides (corresponding to 38 protein identifications) could be further
defined as highly enriched. A scatter plot showing the median peptide intensities against the
MaxQuant generated enrichment ratios for all the 805 peptides identified in this trial purification is

shown in Figure 3.9A.
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Figure 3.9: Trial site-ID palmitome purification by ABE for Plasmodium berghei and Toxoplasma gondii. The
site-1D trial purification for P. berghei and T. gondii was performed identical to that of the P. falciparum Trial 4
site-ID palmitome purification, and purified peptides were analysed label-free by quantitative mass
spectrometry. (A) Scatter plot displaying the median protein intensities against the MaxQuant generated
enrichment ratios for all the peptides purified by the P. berghei site-ID purification. Peptides classified as
enriched and highly enriched (according to the cut-off criteria described in the text) are highlighted in blue and
red respectively. The numbers of protein and peptide identifications found are listed in the table on the right.
(B) Scatter plot displaying median protein intensities against MaxQuant generated enrichment ratios for all the
peptides purified by the T. gondii site-ID purification. Peptides classified as enriched and highly enriched
(according to the cut-off criteria described in the text) are highlighted in blue and red respectively. The
numbers of protein and peptide identifications found are listed in the table on the right.
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The dataset from the P. berghei trial site-ID purification was smaller than previously observed for P.
falciparum. In fact, the median protein intensities appeared to be in general lower than that of the
previous P. falciparum purifications (Figure 3.9A compared to Figure 3.5B), suggesting that the
overall amount of protein present was lower. This indicates that further optimisation of the amount

of initial parasite material required for the purification must still be performed.

Despite the smaller size of the P. berghei trial dataset, known palmitoylated proteins such as GAP45
and MTIP, were found to be present and was classified as enriched in this dataset. The presence of
known palmitoyl-proteins was encouraging, as this suggested that putative palmitoyl-proteins were
indeed being purified in this trial purification. A summary of the analysis performed on the P. berghei

trial dataset is shown in Table 3.6.

Site-ID ABE

purification Method Proteins Identified

804 peptides (498 proteins) with
Similar to P. ratios. 237 peptides (193 proteins)

P bt?ighef falciparum Trial |defined as enriched, 52 of these
4 - label free peptides (38 proteins) further defined
as highly enriched.
227 peptides (164 proteins) with
T. gondi Similar to P. ratios. 81 peptides (69 proteins)
trial falciparum Trial [defined as enriched, 25 of these

4 - label free peptides (23 proteins) further defined
as highly enriched.

Table 3.6: Summary of the trial site-ID purifications for P. berghei and T. gondii, and the analyses performed
on the two datasets.

Of the 193 enriched P. berghei proteins identified in this dataset, 177 enriched P. berghei proteins
had homologues in P. falciparum (the list of P. berghei and corresponding P. falciparum homologues
was kindly provided by Lia Chappell, Berriman and Rayner lab). This list of 177 P. falciparum
homologues of the P. berghei enriched proteins was compared with the P. falciparum Trial 4 site-ID
enriched dataset, as this purification was the most similar to the P. berghei trial purification in terms
of methodology and was also analysed using label-free quantification. Of the 177 homologues, 100
homologues were found to be present in the P. falciparum Trial 4 dataset, indicating that 56% of the

P. berghei trial dataset overlapped with the P. falciparum Trial 4 dataset.
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A selected set of 8 P. berghei proteins, and their peptides classified as enriched in this trial
purification is shown in Table 3.7, along with the corresponding P. falciparum homologues, and their
peptides which were classified as enriched in the P. falciparum Trial 4 purification. In this set of
homologous pairs, the same homologous peptide was purified from both site-ID purifications for four
of the homologous pairs. For the other four homologous pairs however, different peptides appeared
to be enriched in the P. berghei dataset compared to their homologues in the P. falciparum dataset.
However, as the P. berghei dataset was from only a single purification, it is unknown at this time
whether different peptides are palmitoylated in some of the homologues of the different species, or
the enrichment of different peptides was due to false positive identification or the inaccurate
quantitation of the label-free approach. Further replicates are still required before it can be
determined whether the same or different peptides are palmitoylated in the homologous pairs of
these two Plasmodium species. Nevertheless, the purification of the same peptides for some of the
enriched proteins, the good overlap with the P. falciparum Trial 4 dataset, and the presence of
known palmitoyl-proteins in this P. berghei dataset indicates that this site-ID purification can be used

for site-ID palmitome purification in P. berghei, although further optimisation is still required.

P. berghei P. faiciparum homologue
Protein Protein Name Sequence Ennchrpen Protein Protein Name Sequence Enr|chment
t Ratio Ratio
zinc finger protein DHHC-type zinc
PBANKA_141970 utative ’ VYESNNIFICQGK 3313  |MAL13P1.117|finger protein, VYESNNIFFCK 186.76
P putative
glideosome- metabolite/drug
PBANKA_111530 [associated protein 40, |FIGCGEEYMPIR 25.53 |PFEQ785¢c . FIGCGEEYMPIR 75.68
) transporter, putative
putative (GAP40)
membrane skeletal |IACCSGDNVFD 18.95 membrane skeletal |NIYCSYA 9.01
PBANKA_124i . ) PFE12 .
124060 protein, putative ENNYCTTVSCK 6.42 8ow protein IMC1-related |ESIMEVPEVNCPHIDISK 8.14
myosin-like protein GYENICYASFAK 88.27 QNFICEFPSNYK 10.77
PBANKA_ 011220 putative ECTIHIENEEIK 293 PFF0675¢c myosin E AYENCFFENR 7.22
IGNMNEISCYK 6.02
glideosome- lideosome-
PBANKA 143760 |associated protein 45, STTPCDIDKMDETAK 12.32  |PFL1090w 9 . . SVTPCDMNK 18.14
putative associated protein 45
copper transporter, | SGNDECKPIDINHIGSEGK 4.77 copper transporter  [ISFMYNCWK 10.52
PBANKA_130290 ) PF14_0369 )
— putative CDVDPHKEIYGDPACCGC 2.29 ~ putative CSPDDIDVHK 8.60
glyceraldehyde-3- glyceraldehyde-3 CQVDWCESTGVFITK 56.39
phosphate ™ |QIVSNASCTTNCIAPIAK | 44.76
PBANKA 132 FPCEVTPTEGGIMVGNK 2.34 PF14 hosph:
132640 onydrogenase, GEIMVG 0598 |phosphate CAISNIPASTGAAK 30.32
) dehydrogenase
putative VPIGTVSWDIVCR 6.44
od NFISGMC CGGAK 33.93 q NYNTMVNDHNINCTK 9.09
conservi conserve
PBANKA 070770 |Plasmodium protein, |HEDAESNVICFSK 2137 |prog_0035  |Plasmodium protein, .
unknown function YDCTNPTNYIQNYNC MK 17.50 unknown function NVNCNYEINK 6.06
CCNIPNFCR 17.08

Table 3.7: A selected set of enriched proteins purified in the P. berghei trial site-ID palmitome purification,
along with their P. falciparum homologues, present in the P. falciparum Trial 4 site-ID palmitome
purification. The enriched peptides are shown for each enriched protein in both P. berghei and P. falciparum
datasets, along with the enrichment ratios of each peptide. Enrichment ratios above the cut-off criteria for
highly enriched proteins are shown in red and enrichment ratios above the cut-off criteria for enriched proteins
are shown in blue. The putative palmitoylated cysteines are highlighted in bold and in green.
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3.3.2. Trial site-ID palmitome purification from T. gondii tachyzoites

Next, the site-ID palmitome purification method was attempted on the tachyzoite stages of T. gondii
parasites (a stage in the T. gondii life cycle which is similar to the schizont stages of Plasmodium). The
proteome was extracted from approximately 10° T. gondii RH strain tachyzoite stage parasites (kindly
provided by Karine Frenal, Soldati-Favre lab) using the same extensive extraction methods as before
(described in the Materials and Methods and in Section 3.1.3). All other steps of the site-ID
purification were performed exactly as for the P. falciparum Trial 4 site-ID palmitome purification
(described in Section 3.1.6 and shown in the schematic in Figure 3.5A). Palmitome and control
elutions were analysed label-free by LC-MS/MS as before, and MaxQuant was used to generate

specific enrichment ratios (palmitome over control) for each of the peptide identifications.

In total, 227 peptides with enrichment ratios and containing a free cysteine were identified in this T.
gondii trial purification, and this corresponded to a total of 164 proteins. The 227 peptides were
grouped into enriched and highly enriched classes according to the same cut-off criteria used for the
P. falciparum trial purifications (detailed in Section 3.1.2). Using these cut-off criteria, 81 peptides
(corresponding to 69 protein identifications) were defined as enriched, and out of these 81 peptides,
25 peptides (corresponding to 23 protein identifications) could be further defined as highly enriched.
A scatter plot showing the median protein intensities against the enrichment ratios for all the 227

peptides identified in this trial purification is shown in Figure 3.9B.

The T. gondii trial dataset was smaller than the previous datasets, and the average peptide intensity
was again lower than previous purifications. In fact, the average peptide intensity was even lower
than that of the P. berghei trial purification, indicating that an overall low amount of protein was
present and further optimisation of the starting parasite material used in the purification is still
required. Despite the small size of this dataset, proteins known to be palmitoylated in other systems,
such as GAP45 and Bet3 transporter, were identified in this dataset. A summary of the analysis

performed in the T. gondii trial dataset is shown in Table 3.6.

Additionally, the amino acid sequences of a selected set of seven T. gondii proteins, classified as
enriched in this dataset, was used in a protein-protein BLAST search in order to determine potential
P. falciparum homologues for these proteins. These T. gondii proteins, and their peptides enriched in
this trial purification, are shown along with their corresponding potential P. falciparum homologues,
and their peptides enriched in the P. falciparum Trial 4 purification, in Table 3.8. The same
homologous peptide appeared to be enriched in both datasets for one of the homologous pairs.

Conversely, different peptides were enriched in each dataset for two of the homologous pairs. For
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the remaining 5 homologous pairs, both the same homologous peptides, as well as additional

different peptides, were enriched in the two datasets. However, as mentioned in Section 3.3.1

above, further replicates are still required before any conclusions can be made.

T. gondii P. falciparum homologue
Protein Protein Name Sequence E"r'Cth"t Protein Protein Name Sequence EmChr."em
Ratio Ratio
transport protein particle Bet3 transport SDISFCEDFEETVNVIAK 29.27
TGGT1_006420 component Bet3, putative TGMGGCDCFR 565 PFD0895c protein, putative VNCYFVK 10.26
| Idehvde-3 SSDVIVSNASCTTNCIAPIAK 3.30 ‘ Idehvde-3 CQVDWCESTGVFITK 56.39
TGGT1_033520 3@'535%2 e PF14_0598 ﬁggse;:a:e Y QIVSNASCTTNCIPIAK 4476
- dehydrogenase, putative VPVPDVSWDITCK 210 N dehydrogenase CAISNIPASTGAAK 3032
VPIGTVSWDIVCR 6.44
conserved hypothetical |CGCDIGDQHDENECPICR 16.39 glideosome-
TGGT1_078320 protein SWGYTVTPCDMAADETAK 152 PFL1090w associated protein 45 SVTPCDMNK 18.14
TGGT1_101540 [CONSeNved hypothetical |y e or e vypnR 2875 |pFEQ78Sc |Metabolteldng e crevpiR 75.68
protein transporter, putative
SDQMVIPVPC INVINGGSHAGNK 94.67
TGGT1_107040 |enclase, putative IEESIGSDCQYAGAGFR 3.55 PF10_0155 |enolase NAC NAIIK 16.24
IGMNCTEQK 10.41
cell division protein AVASEC SANFVSIK 2.23 cell division cycle KCPVAENVPIDFIAQK 111.19
TGGT1_112260 putative IDEVGYDDIGGCR 220 PFF0940c |protein 48 ) HSTICIINDNDIDEGK 35.85
homologue, putative |TAGFSGADIAEICQR 16.98
. IVNFCVEDFKR 15.08
TGGT1_112840 |8t Shock protein, VDFCVQDFK 293 |PFos_oos4 "8t shockTOKDa  Iiaim v evavk 984
- putative - protein
EKIQPAEIETCMK 7.28

Table 3.8: A selected set of enriched proteins purified in the T. gondii trial site-ID palmitome purification,
along with their P. falciparum homologues (homologues were determined by protein-protein BLAST search)
found to be present in the P. falciparum Trial 4 site-ID palmitome purification. The enriched peptides are
shown for each enriched protein in both T. gondii and P. falciparum datasets, along with the enrichment ratios
of each peptide. Enrichment ratios above the cut-off criteria for highly enriched proteins are shown in red and
enrichment ratios above the cut-off criteria for enriched proteins are shown in blue. The putative palmitoylated
cysteines are highlighted in bold and in green.

Although further optimisation is still required for the T. gondii site-ID palmitome purification, the
presence in this dataset of known palmitoylated proteins, as well as the presence of P. falciparum
homologues enriched in previous datasets, indicate that this purification method can be used to

determine sites of palmitoylation in T. gondii parasites.

For both the P. berghei and T. gondii trial purifications, further optimisation and certainly more
replicates are still required before any truly relevant site-ID data can be obtained. Unfortunately, this
was unable to be achieved before the writing of this dissertation, due to time constraints and due to
the availability of mass spectrometry facilities. Nevertheless, these two trial purifications still provide
valuable preliminary information on the sites of palmitoylation in P. berghei schizonts and T. gondii

tachyzoites.
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Conclusion

In this chapter, a method for the identification of palmitoylation sites within the palmitome of an
organism was developed based on the ABE method of palmitoyl-protein purification. This site-ID
palmitome purification method was successful in purifying palmitoylated peptides (containing the
putative palmitoylated cysteine) in P. falciparum, P. berghei and T. gondii parasites. However, the
continued presence of a relatively high background of cysteine-containing peptides in control
samples, and the use of the less accurate label-free quantification method, have made analysis of the
data more difficult, and require the treatment of datasets to be more stringent and rigorous.
Although this method still requires some optimisation and refinement (for example, the reduction of
the background of cysteine-containing peptides in control samples would be beneficial), some high
and medium confidence palmitoylation sites have been identified in P. falciparum schizonts, and
these data can now be validated experimentally and used to guide future experiments, such as those

carried out in Chapter 6.
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Chapter 4

Protein acyltransferases in
Plasmodium berghei



4.1. Repertoire of DHHC-domain-containing proteins in Plasmodium

In order to achieve the aim of characterising the putative PATs in Plasmodium, it was first necessary
to identify the repertoire of DHHC-domain-containing proteins in both Plasmodium species of
interest here, P. falciparum and P. berghei. Search by protein-protein BLAST (blastp), using the 50
amino acid characteristic conserved DHHC cysteine-rich domain of the yeast DHHC protein, Erf2,
revealed 12 proteins containing the conserved DHHC-domain in P. falciparum, all except one
possessing a homologue in P. berghei, which has 11 proteins with the DHHC-domain. All of these
putative DHHC proteins in both P. falciparum and P. berghei adhered to the generic structure of
DHHC-PATs (shown in Figure 1.2), containing at least four TM-domains and possessing the DHHC-
cysteine rich domain within an inter-TM-domain loop. For both Plasmodium species, each had one
protein which contained a DHYC rather than the characteristic DHHC motif. This is similar to one of
the yeast DHHC proteins, Akrl, which also contains the DHYC motif but is known to function as a
DHHC-PAT [1]. A multiple sequence alignment of the amino acid sequences of the DHHC-cysteine rich
regions of all these proteins across P. falciparum and P. berghei confirmed that this signature motif
was indeed highly conserved in all the DHHC-containing proteins in both Plasmodium species, as
shown in Figure 4.1A. The two other motifs usually conserved in DHHC proteins, the DPG and TTxE

motifs, are also present in most of the Plasmodium DHHC proteins, as indicated in Table 4.1.

Phylogenetic analysis using neighbour-joining (NJ) [2] and maximum likelihood (ML) [3] methods on
the conserved DHHC domains of P. falciparum and P. berghei, and the related Apicomplexan
parasites, Toxoplasma gondii and Neospora caninum, revealed that an evolutionary relationship does
exist between the DHHC proteins of these Apicomplexan parasites. For P. falciparum and P. berghei,
all the DHHC proteins appeared to be grouped in orthologous pairs, except for the one P. falciparum
DHHC protein (PFB0140w) which did not have a homologue in P. berghei. Although homologues of
PFB0140w were present in other human Plasmodium species, there were no homologues of this
protein in all rodent Plasmodium species, and PFB0140w did not group with the other Apicomplexan
DHHC-domain-containing proteins, suggesting that this protein may have been gained in human and
closely related simian Plasmodium species. Five of the DHHC proteins in P. falciparum and P. berghei
appeared to have direct one-to-one orthologues in T. gondii. The rest of the Plasmodium DHHC
proteins had related DHHC proteins in T. gondii, but clear one-to-one orthologues could not be
identified as T. gondii has an expanded DHHC protein family of 18 proteins. A phylogenetic tree was
generated from this data using both the NJ distance analysis and the ML analysis, and is shown in
Figure 4.1B, where only nodes with a bootstrap value more than 80 are indicated and values of more
than 95 are considered significant. The phylogenetic analysis described here was performed by

Arnault Graindorge, Soldati-Favre lab as part of a collaborative project on P. berghei and T. gondii
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DHHCs which was recently published in Traffic [4]. Based on these homology relationships, the
Plasmodium DHHC proteins have now been named according to their closest T. gondii homologue,
while preserving the orthology between P. falciparum and P. berghei pairs. The naming of the

Plasmodium DHHC proteins along with their accession numbers is as shown in Table 4.1.

Plasmodium berghei Plasmodium falciparum

Plasmodb C-terminal Plasmodb C-terminal

Name . . Name : .

accession motif accession motif
PbDHHC1 [PBANKA 040200 | NPG; TFxE |PfDHHC1 |PFC0160w SPG; TFxE
PbDHHC2 |PBANKA 010830 | DPG; TTxE |PfDHHC2 [PFF0485c DPG; TTxE
PbDHHC3 |PBANKA 092730 | DPL; TTxE |PfDHHC3 |PF11_0217 DPL; TTxE
PbDHHC4 |PBANKA 142090 | DPG; TTxE |PfDHHC4 [MAL7P1.68 DPG; TTxE
PbDHHC5 |PBANKA 133780 | NPG; TLxE |PfDHHC5 [MAL13P1.126 | NPG; TSxE

PbDHHC6 |PBANKA 083330 | NPG; TTxE |PfDHHC6 |PFI1580c NPG; -
PbDHHC7 |PBANKA 124300 | PPG; TTxE |PfDHHC7 |PFE1415w SPG; TTxE
PbDHHC8 |PBANKA 141970 | DPG; TTxE |PfDHHC8 [MAL13P1.117 | DPG; TTxE

PbDHHC9 [PBANKA 093210 | NPG; TTxE |PfDHHC9 |PF11_0167 NPG; -
PbDHHC10 [PBANKA 051200 | SPG; TTxE |PfDHHC10 |PF10 0273 NPG; TTxE
PbDHHC11 |PBANKA 031260 NPG; - |PfDHHC11 |PFB0725¢c NPG; TTxxE
- - - PfDHHC12 [PFB0O140w DPG; TxxE

Table 4.1: DHHC-domain-containing proteins in Plasmodium berghei and Plasmodium falciparum. The
nomenclature of the DHHC proteins in both parasite species are shown along with their PlasmoDB accession
numbers. The two additional conserved motifs (besides the characteristic DHHC domain) are also indicated.
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*kkk
PfDHHCA......CVTCHNI IKPPRVHHCAECFHCI VHODHAHCEVWVYDNCI G I KHQRCFYMF |
PfDHHC2.......CK ICNVWKPDRTHHCSACNRCVLHNMDHHCPWINNCVGFFNRRFFIQLL
PfDHHCS3......CD ICGFVQ-PESKHCKVCNKCVSVFDHHCMWYHNNC I GKKNYKYFVGLL
PfDHHCA4......CYTCNIYRGIRTVHECS ICDNCVEKFDHHCPWVGNC I GARNYKYFVYFV
PfDHHCS.......CPTCFLFKNIRTKHCSLCDKCVE I FDHHCD FTLNCMGI ENARI FLLWI
PfDHHCS......CK I CDVYQILRSKHCOMCKRCVRT FDOHHCPWI NNCVAENNRSFFLLY -
PfDHHCY.......CKWCCKYKPDRTHHCRVCKSCILKMDHHCPWI YNCVGYNNHKY FMLSL
PfDHHCS.......CVNCNHFKEPRSKHCYTCNHNCVTKFDHHCVWI GHNCVGNRNYRRFFFF I
PfDHHCO......DKCD FLVRPERAHHCRTCNKCILKMDHHCPWI GTCVGEKNLKFFFLFL
PfDHHC10....CIHEKKYKPDRSHYCRAI EKNVLKM CPWVANCVGFYNYKFFLLSL
PfDHHC11....CKKCNLLKIKRSHHCSVCDKCIMKMDHHCFWINSCVGLYNQKYFILLHN
PfDHHC12....CKTCHI IKPARSKHCSYCSSCISRYDHHCFLLHNNCIGGYNNMYYLVFL
PbDHHCA1......CVTCHNI IKPPRVHHCADCFHCVVHODHHCVWVDNCIGINNQRS FYMF |
PbDHHC2.....CK I CHVWKPDRTHHCSACNRCVLHNMDHHCPWINNCVGFYNRRFFMAQLL
PbDHHC3.....CD ICGFVE -PAQSKHCKVCNKCVSVFDHHCMWVHNNC I GKKNYKYFVSLL
PbDHHCA4.....CYTCNIYRGIRTVHECS ICDNCVEKFDHHCPWVGHNC I GARNYKYFIYF I
PbDHHCS......CPTCFLFKNTRTKHCAFCDKCID I FDHHC I FTLNCMG I DNARI FLSWI
PbDHHCS......CI1 QCDLVAMLRSKHCKYCKQCIKTYDHHCLWINNCVGENNRL | FFLYL
PbDHHC?7......CKWCCKYKPDRAHHCRICKTCILKMDHHCPWIYNCIGYNNHKYFMLSL
PbDHHCS......CVHCHNHFKEPRSKHCYTCNNCVTKFDHHCVWLGNCIGIRNYRNFIFFI
PbDHHCY.....DKCHYLVRPERAHHCRTCQRCVLKMDHHCPWI GTCVGEKNLKFFFLFL
PbDHHC10....CAYSKIYKPDRSHYCRAIDKTVLKM CPWVANCIGFYNYKFFLLSL
PbDHHC11....CKKCNFSKI KRAHHCS VENKCVKKMOHHCTWI NNCVGLYMQKFEILLHN
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Figure 4.1: Repertoire of DHHC-containing proteins in Plasmodium. (A) Multiple sequence alignment of DHHC-
domain containing proteins in P. falciparum and P. berghei. The amino acid sequences of the DHHC-cysteine
rich domains of all the DHHC proteins in P. falciparum and P. berghei are shown aligned using ClustalW2 and
Jalview. The characteristic DHHC motif is highlighted with asterisks. (B) Phylogenetic tree of the DHHC protein
family in P. falciparum, P. berghei, T. gondii and N. caninum based on NJ distance analysis and ML analysis [4].
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Advances in P. berghei genetic modification technology, developed by the Billker and Rayner labs,
now allows quicker, large-scale and much more efficient means of genetic manipulation in P. berghei
[5]. Thus, the study of the Plasmodium DHHC proteins was chosen to be performed first in P. berghei,
where analysis of the full repertoire of DHHC proteins was feasible, before following up specific
DHHC proteins of interest in P. falciparum. In order to analyse all the Plasmodium DHHC proteins in

P. berghei, vectors from the PlasmoGEM resource (http://plasmogem.sanger.acuk) [5] were used to

introduce a C-terminal triple-HA (3-HA) epitope tag to as many of the PbDHHC proteins as possible,

as well as to perform knock-out studies on these same PbDHHC genes.

4.2. Expression and localisation of DHHC proteins in Plasmodium berghei

4.2.1. Generation of PbDHHC triple-HA (3-HA)-tagged transgenic parasite lines

As described above, there are 11 DHHC-containing proteins in P. berghei, now referred to as
PbDHHC1 to 11. Tagging vectors from the PlasmoGEM resource [5] were available for 9 of the
PbDHHC genes (PbDHHC3-11), and these vectors were introduced into P. berghei strain ANKA 2.34 as
described in the Materials and Methods. Integration of the tagging constructs was expected to occur
by double-crossover recombination of the homologous regions, resulting in the removal of the STOP
codon and the insertion of the 3-HA tag, as well as the insertion of the hDHFR/yfcu selection
cassette, which confers resistance to the drug pyrimethamine [6] (Figure 4.2A). The successful
integration of each of the nine PbDHHC tagging constructs into the expected chromosomes was
demonstrated by Southern blotting of chromosomes separated by pulsed field gel electrophoresis
(PFGE) (Figure 4.2B), indicating the generation of 3-HA-tagged transgenic lines for 9 of the PbDHHCs
(PbDHHC3 to 11).
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Figure 4.2: Generation of PbDHHC triple-HA-tagged and knock-out transgenic lines. (A) Scheme of the
strategy used to C-terminally-tag and knock-out the endogenous locus of the PbDHHC genes of interest. (B)
Pulsed field gel electrophoresis (PFGE) and southern blot analysis of size-separated P. berghei chromosomes
using a probe specific to the PbDHFR 3’ UTR, indicating the integration of the tagging and knock-out vectors
into the expected chromosomes.
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4.2.2. Five DHHC proteins are expressed in P. berghei schizont stages

In order to confirm that the 3-HA-tagged PbDHHC proteins from the transgenic parasite lines were
expressed in parasite blood-stages, immunoblots of purified schizont preparations, obtained from all
of the nine 3-HA-tagged transgenic P. berghei lines, were performed using antibodies against the 3-
HA epitope tag. It is important to note that the tagging strategy results in integration of the 3-HA
epitope at the endogenous locus, meaning that the PbDHHC protein is still expressed under its native

promoter.

The predicted sizes of the PbDHHC proteins listed on PlasmoDB (http://plasmodb.org) ranges from

35 kDa to 160 kDa. As all the PbDHHC proteins have 4 TM-domains, the difference in their sizes is
mainly due to the presence or absence of ankyrin repeats in their N-terminal domains, or in the case
of PbDHHC4, a very long C-terminal domain. Immunoblot of the PbDHHC schizont extracts revealed
single bands that ran at the expected sizes for five of the nine PbDHHC schizont preparations

(PbDHHC3, 5, 7, 8 and 9) as shown in Figure 4.3.
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Figure 4.3: Expression of PbDHHC proteins in purified P. berghei schizonts. Immunoblot analysis was
performed on total protein extracts from purified P. berghei schizonts, expressing the 3-HA-tagged PbDHHC
proteins. Membranes were probed with a-HA antibodies and the expected protein sizes are shown in brackets.

Bands were not detected for the remaining tagged DHHC proteins (PbDHHC4, 6, 10 and 11). This
could be due to low expression levels of the tagged protein. Alternatively, the inability to detect the
protein could be due to stage-specific expression. For the purposes of this work, only the
intraerythrocytic schizont stages were studied and it is possible that the DHHC proteins not detected

in schizonts could perhaps be expressed at different stages, either of the intraerythrocytic cycle (for
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example, ring or trophozoite stages), or of the whole life cycle (for example, the liver or mosquito
stages). Some transcription data supports such an explanation for some of the DHHC genes — RNAseq
data indicates that the expression of P. falciparum homologues of PbDHHC6 and 10 appear to be
more up-regulated in gametocyte stages [7], and neither PbDHHC6 or 10 were detected in schizonts
here. This suggests that while Plasmodium parasites have a similar number of DHHCs as other single-
celled eukaryotes, such as S. cerevisiae, because of their complex life cycle, they may rely on a more

restricted subset of these genes at specific life cycle stages.

4.2.3. Subcellular localisation of DHHC proteins in P. berghei

In other eukaryotes, DHHCs are predominantly found in the ER and the Golgi. For example, the yeast
DHHC-PAT, Erf2 localises to the ER [8], while another DHHC-PAT, Akrl, localises to the Golgi [1].
However, Plasmodium parasites possess several unique organelles not found in other species. In
order to establish the subcellular localisation of Plasmodium DHHCs, and specifically to determine
whether any were localised to the unique parasite organelles, immunofluorescence microscopy was
performed on the parasite lines containing 3-HA-tagged versions of the five PbDHHC proteins
(PbDHHC3, 5, 7, 8 and 9) that could be detected by immunoblot. All five of these PbDHHCs appeared
to distribute to discrete foci in P. berghei schizonts (Figure 4.4). The possible localisations of these
proteins were determined by comparing the immunofluorescence staining of all five PbDHHC
proteins to that of two proteins with well-established localisations, for which high quality antibodies
were available: ERD2 (Golgi marker) [9] and merozoite surface protein 1 (MSP1) (plasma membrane

marker) [10].

PbDHHCS displayed an intracellular staining which did not co-localise to either ERD2 or MSP1 (Figure
4.4D). Further investigation using the endoplasmic reticulum (ER) marker, BIP [11], revealed that
PbDHHCS also did not co-localise with BIP (Figure 4.4D). However, this intracellular discrete staining,
that was not Golgi or ER staining, could suggest localisation to vesicles. Unfortunately, the number of
available localisation markers in P. berghei is limited, and thus, the specific location of PbDHHCS is as

yet unknown.

Both PbDHHC3 and PbDHHC9 appeared to co-localise with MSP1 in late schizonts (Figure 4.4A and E).
However, this co-localisation was not observed in earlier stages of schizogony (data shown for
PbDHHC3, Figure 4.4A), suggesting an inner membrane complex (IMC) localisation rather than a
plasma membrane localisation. The IMC is a distinct morphological feature of alveolate organisms

such as Plasmodium, and consist of flattened, membranous vesicles that underlie the plasma
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membrane. In mature schizonts where the IMC is fully developed, it lies closely beneath the plasma
membrane, and at this stage, staining of the IMC is closely similar to staining of the plasma
membrane [12]. However, in the earlier stages of the life cycle, such as the ring and trophozoite
stages, as well as during the early stages of schizogony, the IMC is still in the process of developing,
and does not yet lie closely against the plasma membrane. At these stages, the staining of the IMC
appears more punctate, and does not appear similar to the plasma membrane [12]. Thus, as this was
observed for both PbDHHC3 and 9, it appears that these PbDHHC proteins are localised to the IMC

rather than the plasma membrane.

PbDHHCS5 did not co-localise with MSP1 but displayed some partial co-localisation with ERD2 (Figure
4.4B). Further investigation using the ER marker, BIP, also revealed partial co-localisation of

PbDHHC5 with BiP (Figure 4.4B), suggesting both a Golgi and ER localisation.

Lastly, PoDHHC? appeared to have a punctate distribution, different from that of ERD2 (Figure 4.4C).
Co-staining with MSP1 suggested that PbDHHC7 was apically located (Figure 4.4C). This suggests
possible rhoptry localisation. Unfortunately, localisation to the rhoptries was unable to be confirmed

due to the lack of antibodies against rhoptry markers in P. berghei.

The remaining five PbDHHC proteins (PbDHHC4, 6, 10 and 11) were unable to be detected by

immunofluorescence assay, again perhaps due to low expression levels or stage-specific expression.
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Figure 4.4: Localisation of DHHC proteins in P. berghei schizonts. Triple-HA-tagged PbDHHC proteins were
localised by immunofluorescence using antibodies against the 3-HA tag (green) and comparing their
immunofluorescence staining against that of the following known localisation markers (red): ERD2 (Golgi
marker), MSP1 (plasma membrane marker), BIP (endoplasmic reticulum marker). Nuclear staining by DAPI is
shown in blue. (A) Localisation of PbDHHC3. Staining is shown for both an early schizont and a late schizont in
order to differentiate IMC from plasma membrane, as IMC staining is similar to plasma membrane staining in
late stage schizonts but not early schizonts. (B) Localisation of PbDHHCS5. (C) Localisation of PbDHHC7. (D)
Localisation of PbDHHCS. (E) Localisation of PbDHHC9. (F) Summary of the localisations of the five 3-HA-tagged
PbDHHC proteins. Scale bar: 5 um.
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The localisation data described above has revealed that the five PbDHHC proteins expressed in P.
berghei schizonts appear to be localised to four different sites within the parasite. This includes
typical DHHC localisations, such as the ER and Golgi, as well as parasite specific organelles, such as
the IMC and potentially the rhoptries (Figure 4.4F). The fact that the DHHC proteins appear to be
distributed to different locations in the parasite can imply two things. Firstly, the substrate specificity
of the DHHC proteins could be governed by their location, in that the DHHC proteins only come in
contact with a certain subset of target proteins at their specific location, thus regulating the
specificity of the enzyme-substrate binding of these DHHC proteins. Secondly, palmitoylation of
target proteins could be regulated to occur only at a specific organelle, that is, the target protein is
only palmitoylated when transported to the particular organelle where its DHHC-PAT is located,

which may be important in regulating protein activity.

The generation of the tagged transgenic parasite lines, PFGE analysis of the tagged lines, and
isolation of infected mouse blood described in this section were performed by Ellen Bushell, Billker
and Rayner lab, while | performed the P. berghei schizont purification, parasite protein extraction,

immunoblotting, immunofluorescence assay, and the acquiring of images by confocal microscopy.

4.3. Essentiality of the DHHC proteins in P. berghei

Knock-out vectors from the PlasmoGEM resource [5] were available for 9 out of the 11 PbDHHC
genes (PbDHHC3-11), and were introduced into P. berghei strain ANKA 2.34 as described in the
Materials and Methods. Integration of the knock-out vectors was expected to occur via double-
crossover recombination of the homologous regions, resulting in the removal of the PbDHHC gene of

interest, and its replacement with the hDHFR/yfcu gene selection cassette, as shown in Figure 4.2A.

PFGE confirmed the integration of the knock-out vectors into the expected chromosomes for 7 of the
11 PbDHHC genes: PbDHHC3, 5-7 and 9-11, indicating the successful generation of transgenic knock-
out lines for these seven PbDHHC proteins (Figure 4.2B). This indicates that these seven PbDHHCs are
not essential for P. berghei asexual growth, and thus suggests that these genes could be functionally
redundant in the asexual intraerythrocytic stages. Additionally, two of the PbDHHC proteins
successfully knocked-out here -PbDHHC6 and 10- had no detectable blood-stage expression by
epitope-tagging, as described above. This further supports the possibility that these proteins could

be functionally important in another life cycle stage besides the intraerythrocytic stages.
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Although knock-out vectors were available for PoDHHC4 and 8, attempts to generate transgenic
knock-out lines for these genes were unsuccessful. This could be an indication that these genes are
not amenable to disruption, suggesting that these genes could be essential for blood-stage growth.
However, confirmation of this hypothesis, by providing an episomally-expressed gene copy whilst

simultaneously disrupting the gene locus, was not within the scope of this project.

Nevertheless, the results described here suggest that a there may be two subsets of DHHC proteins
in P. berghei: one subset appears to be functionally redundant in the blood-stages, whereas the

other subset of DHHC proteins could be essential for blood-stage growth.

The generation of the knock-out transgenic lines and PFGE analysis of the knock-out lines described
in this section were performed by Ellen Bushell, Billker and Rayner labs, and this data is included here

due to its relevance to work described in other later chapters.

The work described in this chapter has since been published in [4].

Conclusion

This analysis of the repertoire of DHHC-containing-proteins in P. berghei has provided several
important insights. Firstly, only a subset of DHHC proteins appears to be expressed in schizonts,
implying that the other DHHC proteins not detected in schizonts could be expressed in other life
cycle stages of the parasite. Additionally, the fact the some DHHC proteins appear to be essential for
blood-stage growth, while other DHHC proteins seem to be redundant, further supports the
suggestion that stage-specific expression exists for the Plasmodium DHHCs. Secondly, the PbDHHC
proteins appear to have different locations within the parasite, which may have implications on how
substrate specificity of the DHHCs could be regulated. However, the main focus of this project was to
understand the palmitoylation site specificity of the Plasmodium DHHC proteins. One of the ways this
could be achieved was to combine the generation of DHHC knock-out parasite lines with the site-ID
palmitome purification method (described in Chapter 3), in an attempt to determine the specific
cysteines palmitoylated by individual DHHC-PATs. The palmitome is more well-established in P.
falciparum, and large amounts of material for biochemical approaches can be more easily generated
using P. falciparum. Thus, the next step in this study was to investigate the DHHC-domain-containing

proteins in P. falciparum, focusing on those that are more highly expressed in schizonts.
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Chapter 5

Protein acyltransferases in
Plasmodium falciparum



Protein acyltransferases in Plasmodium falciparum

The results described in the previous chapter (Chapter 4) provided a first look at the DHHC protein
family in Plasmodium parasites. However, in order to allow for further downstream follow-up studies
(for example, comparative site-ID palmitome purification of DHHC knock-out lines) the focus was

now shifted to the DHHC protein family in P. falciparum.

As described in Section 4.1, there are 12 proteins containing the conserved DHHC domain in P.
falciparum, all except one (PFB0140w/PfDHHC12) possessing a homologue in P. berghei. These DHHC
proteins have subsequently been named PfDHHC1 to 12, corresponding to their homologues in P.
berghei and to their closest homologues in T. gondii (Table 4.1). BLAST search also revealed that P.
falciparum appears to have only one open reading frame annotated to be a putative MBOAT family
member [1], the second family of proteins thought to act as PATs. Due to the technical difficulties of
genetic manipulation in P. falciparum, 5 out of the 12 PfDHHC proteins which appear to be more
highly expressed in schizonts (PfDHHC3, 5, 7, 8 and 9) [2], were chosen to be C-terminally tagged
with a 3-HA epitope tag, in order to determine their subcellular localisation. Additionally, the MBOAT
protein in P. falciparum was also chosen to be C-terminally tagged with the 3-HA epitope tag. Gene
disruption strategies were also performed on the same five PfDHHC proteins and one PfMBOAT

protein in an attempt to investigate the essentiality and function of these PATs in P. falciparum.

5.1. Expression and localisation of DHHC and MBOAT proteins in Plasmodium falciparum

5.1.1. Generation of PfDHHC and PfMBOAT triple-HA (3-HA)-tagged transgenic parasite lines

In order to insert the 3-HA epitope tag into the C-terminus of the PAT genes of interest (PfDHHC3, 5,
7, 8 and 9, and PfMBOAT) at the endogenous loci, approximately 1000 bp of the C-terminal end of
each gene was PCR amplified and introduced into a P. falciparum tagging vector (pCAM-BSD-3HA)
containing the 3-HA epitope tag and the Blasticidin S deaminase gene (BSD), which confers resistance
to the drug Blasticidin S [3], as described in the Materials and Methods. These PfDHHC and PfMBOAT
tagging vectors were then introduced into P. falciparum strain 3D7 using the transfection methods
described in Materials and Methods, and parasites that had taken up the tagging vector were

selected for using resistance to Blasticidin S.

After transfection and drug selection, transgenic parasites resistant to Blasticidin S were obtained for
all six PAT proteins studied here. The insertion of the 3-HA epitope tag into the genome was

expected to occur via single-crossover recombination at the homologous C-terminal region, as
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described in Figure 5.1A, meaning that the tagged DHHC gene would be under the control of its
native promoter, which is critical as it removes the possibility of expression-related mis-localisation

artefacts which can occur when an episomal strategy is used.

The genomic DNA of all the transgenic parasites were tested for the presence of sequences specific
to the integrated construct, the wild-type locus and the episome, by PCR amplification using the
primer pairs shown in the schematic in Figure 5.1A, and listed in the table in Figure 5.1B and in Table
2.5. For each of the genes of interest, successful PCR amplification of sequences specific to the
integration of the tagging construct into the genomic DNA (primer pair: P5+P4 or P1+P4) indicated
that the 3-HA tag was successfully inserted into the C-terminal end of the genes of interest (Figure
5.1B). However, in each of the tagged PfDHHC lines, the continued PCR amplification of sequences
specific to the wild-type locus (primer pair: P1+P2) and to the episome (primer pair: P3+P4) indicated
that for each transgenic parasite line, a proportion of the parasite population appeared to retain the
DHHC tagging vector as an episome, and did not integrate the tagging vectors into the genomic DNA.
Nevertheless, transgenic parasites containing the integrated construct could be identified using the
expression of the 3-HA epitope tag, as expression of the 3-HA tag was not expected to be detectable
when the vector was retained as an episome. For the PfMBOAT transgenic line, sequence specific to
the wild-type locus was not amplified at the correct size (Figure 5.1B). This could mean that the wild-
type locus is no longer present due to integration of the construct and the bands observed were just
background amplification. However, the clear amplification of the sequence specific to integration of
the construct indicated that there was indeed integration, and parasites with the integrated

construct could be identified by the expression of the 3-HA tag.
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Genomic Locus <

>< P4
P3y <P

pCAM-BSD plasmid )
containing ~1000bp of
the C-terminal end of

the gene of interest BSD

Recombined locus *b# % P2

(Gl PFDHHCS8 PfDHHC9 WCRPfMBOAT |3D7

Triple-HA- | Sequence | Primer |Expected
tagged line| amplified pair | Size (bp)

Wild-type | P1+P2 1406
PfDHHC3 Episome P3+P4 1063
Integrated | P5+P4 1969
Wild-type | P1+P2 1335
PfDHHC5 Episome P3+P4 1536
Integrated | P5+P4 1699
Wild-type [ P1+P2 1618
PfDHHC7 Episome P3+P4 1386
Integrated | P5+P4 2059
Wild-type | P1+P2 | 2160
PfDHHCS8 Episome P3+P4 1420
Integrated | P1+P4 1865
Wild-type P1+P2 1193
PfDHHC9 Episome P3+P4 1347
Integrated | P5+P4 1474
Wild-type | P1+P2 1220
PIMBOAT Episome P3+P4 1100
Integrated | P5+P4 2189

Figure 5.1: Generation of PFDHHC and PFMBOAT triple-HA-tagged transgenic lines. (A) Scheme of the strategy
used to C-terminally-tag the endogenous locus of the PfDHHC and PfMBOAT genes of interest. The primer
positions illustrated here indicate the primers used for genotyping of the 3-HA-tagged transgenic lines. Flags
indicate promoter regions. (B) Genotyping of the PfDHHC and PfMBOAT tagged transgenic lines by genomic
PCR analysis. Primer pairs used for the amplification of sequences specific to the wild-type locus, episome and
integrated construct are as listed in the table, along with the expected sizes of the fragments. For all six
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transgenic lines, sequences specific to the integrated construct is amplified. For PfDHHC3, 5, 7, 8 and 9,
sequences specific to the wild-type locus and the episome are still amplified. For PFIMBOAT, sequence specific
to the wild-type locus is not amplified at the right size, which may indicate that the wild-type locus is no longer
present and the bands observed may be due to background amplification.

5.1.2. Expression of DHHC and MBOAT proteins in P. falciparum

In order to establish whether these tagged proteins were expressed in schizonts as expected,
immunoblots of saponin-lysed schizont pellets, collected from all tagged transgenic P. falciparum
lines, were performed using antibodies against the 3-HA epitope tag. As in P. berghei, the expected

sizes of the proteins listed on PlasmoDB (http://plasmodb.org) ranged from 35 kDa to 160 kDa,

depending on the presence or absence of N-terminal ankyrin repeats and the length of the C-
terminal region. Immunoblot of the schizont pellets resulted in single bands which ran at the
expected sizes for three of the PfDHHC proteins (PfDHHC5, 7 and 9), as well as for PFMBOAT protein,
as shown in Figure 5.2. This indicated that PfDHHC 5, 7, and 9, as well as PFMBOAT, were expressed
in P. falciparum schizonts. Bands were not detected for PFDHHC3 and 8. This could perhaps indicate
that these DHHC proteins are expressed at levels that are too low to be detected by immunoblot or
by tagging at the endogenous locus. Interestingly, both homologues of these proteins in P. berghei
(PbDHHC3 and 8, Section 4.2.2), were successfully detected by immunoblotting. This could imply that
the expression levels of these proteins differ between the species, perhaps due to the fact that there

is one less DHHC protein in P. berghei and another DHHC protein may be needed to compensate.
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Figure 5.2: Expression of PFDHHC and PfMBOAT proteins in P. falciparum schizonts. Immunoblot analysis was
performed on total protein lysates from saponin-lysed P. falciparum schizonts, expressing triple-HA-tagged
DHHC and MBOAT proteins. Membranes were probed with a-HA antibodies and the expected protein sizes are
shown in brackets.

5.1.3 Subcellular localisation of DHHC and MBOAT proteins in P. falciparum

In order to establish the subcellular localisation of these DHHC proteins in P. falciparum,
immunofluorescence microscopy was performed on the parasite lines containing the 3-HA-tagged
versions of the five PfDHHC proteins, as well as PfMBOAT, using antibodies against the 3-HA tag.
Immunofluorescence signal was successfully detected for four of the PfDHHCs (PfDHHC3, 5, 7 and 9)
as well as for PFIMBOAT (Figure 5.3). Although the expression of PfDHHC3 was not detected by
immunoblot, it was successfully detected by immunofluorescence. This suggests that the lack of
detection by immunoblot (Section 5.1.2) might not be due to low expression levels, but could instead
be due to solubility of the protein in the detergents used for protein extraction. Membrane proteins
as a whole are difficult to extract due to their high hydrophobicity, and this is even truer for multi-
TM-domain proteins, such as the DHHCs. Nevertheless, the successful detection of PfDHHC3 by
immunofluorescence microscopy indicates that this protein is expressed in schizonts.
Immunofluorescence signal was not detected for PfDHHC8, suggesting that the expression of
PfDHHCS is probably at a level that is too low to be detected by tagging at the endogenous locus. As
the homologue of this protein in P. berghei (PbDHHCS, Section 4.2.3) was successfully detected by
immunofluorescence, this further suggests that the expression levels of this DHHC might differ

between the species.

Similar to what was observed in P. berghei (Section 4.2.3), the PfDHHC proteins, as well as PIMBOAT,

appeared to be distributed to discrete foci in P. falciparum schizonts (Figure 5.3). The potential
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subcellular localisations of all these proteins were determined by comparing their
immunofluorescence signals to that of the following proteins with well-established localisations, for
which high quality antibodies were available: ERD2 (Golgi marker) [4], BiP (ER marker) [5], rhoptry
associated protein 1 (RAP1) (rhoptry marker) [6] and GAP45 (IMC marker) [7] (Figure 5.3).

The immunofluorescence staining of PFDHHC3 was compared to the staining of all five localisation
markers described above. PfDHHC3 staining did not co-localise with BIP, GAP45, MSP1 or RAP1,
indicating that PfDHHC3 was not localised at the ER, IMC, plasma membrane or the rhoptries.
However, PfDHHC3 staining co-localised with ERD2 staining, indicating a Golgi localisation (Figure
5.3A). This was in contrast to its P. berghei homologue, PbDHHC3, which was localised to the IMC
(Section 4.2.3). The difference in location of this DHHC protein between the two Plasmodium species
could again be due to the fact that P. berghei is missing one DHHC protein, and thus may require

another DHHC protein to compensate.

PfDHHCS staining did not co-localise with ERD2, GAP45, MSP1 or RAP1 staining, but co-localised with
BIP staining (Figure 5.3B), suggesting an ER localisation, and this was similar to the localisation of its

P. berghei homologue, PbDHHCS5 (Section 4.2.3).

PfDHHC7? displayed a punctate distribution that was not similar to that of ERD2 staining, indicating
that it was not localised to the Golgi. PFDHHC7 also did not co-localise with BIP, GAP45 or MSP1,
although staining with MSP1 indicated that PfDHHC7 appeared to be distributed apically. However,
PfDHHC7 co-localised with RAP1 staining (Figure 5.3C), indicating a rhoptry localisation. PbDHHC7
staining was also punctate and was apically located in P. berghei schizonts (Section 4.2.3). That, and
the fact that PfDHHC7 co-localises with RAP1, suggests that PbDHHC7 may also localise to the

rhoptries.

PfDHHC9 did not co-localise with ERD2, BIP or RAP1 staining. However, PfDHHC9 appeared to co-
localise with both GAP45 and MSP1 staining in late schizonts (Figure 5.3E). Further investigation by
comparing PfDHHC9 staining to GAP45 and MSP1 staining in early schizonts, revealed that PfDHHC9
co-localised with GAP45 but not with MSP1 staining in the earlier stages of schizogony (Figure 5.3E).
As described in the previous chapter (Section 4.2.3), IMC and plasma membrane staining is similar in
mature schizonts but is distinctly different in early schizonts. Thus, this indicates an IMC localisation
for PFDHHC9, which is in keeping with the localisation of its P. berghei homologue, PbDHHC9 (Section
4.2.3).
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Lastly, PFIMBOAT did not co-localise with ERD2, GAP45 or MSP1, indicating that it was not localised to
the Golgi, IMC or plasma membrane. PfMBOAT did however co-localise with BIP staining (Figure

5.3D), indicating an ER localisation.

In summary, the five Plasmodium PATs studied here appear to be localised to different membrane
compartments within the parasite. PfDHHC3 is localised to the Golgi, PfDHHCS localises to the ER,
PfDHHC7 localises to the rhoptries, PFDHHCY localises to the IMC, and PfMBOAT also localises to the
ER (Figure 5.3F). Similar to P. berghei, the P. falciparum PATs appear to be distributed both to
organelles where PATs in other eukaryotic organisms are typically localised to, such as the ER and
Golgi, as well as unique parasite organelles, such as the IMC and rhoptries. The results described here
also indicate that although most of the homologues of the two Plasmodium species appear to be
localised to the same place, this is not always the case, as PfDHHC3 and PbDHHC3 localised to

different sites in the two Plasmodium species.
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Figure 5.3: Localisation of DHHC and MBOAT proteins in P. falciparum. Triple-HA-tagged PfDHHC and
PfMBOAT proteins were localised by immunofluorescence using antibodies against the 3-HA tag (green).
Immunofluorescence staining of each of the tagged PfDHHC and PfMBOAT proteins were compared against
that of the following known localisation markers (red): ERD2 (Golgi marker), BIP (endoplasmic reticulum
marker), RAP1 (rhoptry marker) and GAP45 (inner membrane complex marker). Nuclear staining by DAPI is
shown in blue. (A) Localisation of PfDHHC3. (B) Localisation of PfDHHC5. (C) Localisation of PfDHHC7. (D)
Localisation of PFMBOAT. (E) Localisation of PfDHHC9. For the staining of PFDHHC9 with GAP45 and MSP1, both
a late schizont, as well as an early schizont, is shown in order to differentiate between IMC and plasma
membrane localisation. (F) Summary of the localisations of all PFDHHC and PfMBOAT proteins. Scale bar: 5 um.
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5.2. Essentiality of DHHC and MBOAT proteins in P. falciparum

5.2.1. Generation of PfDHHC and PfMBOAT knock-out transgenic parasite lines

In order to knock-out the PAT genes of interest (PfDHHC3, 5, 7, 8, and 9, and PfMBOAT), 600-800 bp
of the N-terminal and C-terminal regions of each gene of interest were PCR amplified and introduced
into the P. falciparum negative-selectable knock-out vector (pCC-1), which contains two selection
cassettes: the human dihydrofolate reductase gene (hDHFR), which confers resistance to the
antifolate inhibitor WR99210 [8], and the Saccharomyces cerevisiae cytosine deaminase/uracil
phosphoribosyltransferase chimeric gene (ScFCU), the ‘suicide gene’ which converts 5-fluorocytosine

(5-FC) into the toxic 5-fluorouracil when 5-FC is present [9].

The two selection cassettes present in the pCC-1 knock-out vector allows two types of drug selection
to be performed on transgenic parasites which have taken up the vector. Firstly, transgenic parasites
are selected for using WR99210 (positive drug selection). The drug resistant parasite population,
which consists of parasites which have integrated the construct into the genome, and parasites
which are harbouring the construct episomally, can then be put through several rounds of drug
cycling, where drug pressure is removed for 3 weeks before being reapplied. This is because episomal
plasmids are unstable, and can be lost in the absence of drug pressure, whereas the stable integrant
will be maintained [10]. Thus, the use of drug cycling should enrich for parasite populations which
have integrated the construct and are not harbouring the construct episomally. Secondly, transgenic
parasites containing the integrated construct can be further selected for using 5-FC (negative drug
selection). In the presence of the episome, ScFCU is expressed and converts 5-FC to the toxic 5-
fluorouracil. When the knock-out vector is integrated by double-crossover recombination, the
episomal plasmid is linearised and ScFCU is not expressed, resulting in transgenic parasites which
survive in the presence of 5-FC [9]. Unfortunately, the use of 5-FC negative selection does not select
against single-crossover recombination, as in this form of recombination, the entire plasmid is
inserted into the genome and ScFCU is inserted into the endogenous locus in a 3’ to 5’ configuration,

with its promoter also in a 3’ to 5’ configuration, and is thus also not expressed.

The P. falciparum PAT knock-out constructs were designed such that the N-terminal and C-terminal
targeting regions of each gene were inserted into the 5’ and 3’ flanking regions of the hDHFR
selection cassette respectively, as shown in Figure 5.4A and described in Materials and Methods.
These PfFDHHC and PfMBOAT knock-out vectors were then introduced into P. falciparum strain 3D7
using the transfection methods described in Materials and Methods. After transfection and positive

drug selection using WR99210, as well as after drug cycling, transgenic parasites that had taken up
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the knock-out constructs and thus gained resistance to WR99210 were obtained for all six PAT genes
studied here (PfDHHC3, 5, 7, 8 and 9, and PfMBOAT). The genomic DNA of all six transgenic parasite
lines were then genotyped using PCR amplification in order to determine whether the knock-out

construct had been integrated into the genomic DNA or was being maintained episomally.

5.2.2. Genotyping of PfDHHC and PfMBOAT knock-out transgenic parasite lines

The integration of the PfDHHC and PfMBOAT knock-out constructs into the genomic DNA was
expected to occur via double-crossover recombination at the homologous N-terminal and C-terminal
targeting regions. This would result in the replacement of a section of the genes of interest —which
includes the conserved DHHC domain (for the PfDHHC proteins) or the conserved histidine residue
(for PFMBOAT protein) - with the hDHFR selection cassette, thus causing the disruption of the genes

of interest, as shown in Figure 5.4A.

Integration of these knock-out constructs could also potentially occur via single-crossover
recombination at either the N-terminal or the C-terminal homologous targeting regions (Figure 5.4A).
In this case, instead of just the hDHFR selection cassette, the entire plasmid is inserted into the
endogenous locus. As mentioned above, treatment with the negative selection drug, 5-FC, would not
select against this form of integration, as in both cases, ScFCU is inserted into the genome ina 3’ to 5’
configuration and is thus not expressed. With single-crossover recombination, although the gene of
interest is still disrupted, a complete copy of the gene is still present. However, if the single-crossover
recombination were to occur at the N-terminal region, the complete copy of the gene is moved
further downstream, away from its endogenous promoter (Figure 5.4A), and expression of the wild-

type gene could potentially be reduced.

As mentioned above, after transfection and positive drug selection, transgenic parasites which had
taken up the knock-out constructs were obtained for all six PAT genes studied here. The genomic
DNA of all six transgenic parasites lines were analysed by PCR amplification for the presence of
sequences specific to the integrated construct —both double-crossover and single crossover (N-
terminal and C-terminal) - the wild-type locus and the episomal plasmid, using the primer pairs

shown in the schematic in Figure 5.4A and listed in the table in Figure 5.4B and in Table 2.6.

(1) Genotyping of PFDHHC3 and 7, and PFMBOAT knock-out transgenic parasite lines

For these 3 transgenic strains, analysis by PCR amplification revealed the presence of
sequences specific to the wild-type locus (primer pair: P6+P10) and the episome (primer pair:

P8+P9). No sequences specific to the double-crossover integrated construct (primer pair:
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P6+P9), N-terminal single-crossover integrated construct (primer pair: P8+P10) or C-terminal
single-crossover integrated construct (primer pair: P12+P13) were observed (Figure 5.4B).
Furthermore, amplification of the full-length gene locus (primer pair: P6+P7) resulted in a
fragment with a size equal to the expected size of the wild-type locus (Figure 5.4B). This was
still the case even after drug cycling. The three transgenic lines were then treated with the
negative selection drug, 5-FC, in an attempt to remove parasites harbouring the plasmid
episomally, with the intention to select for the parasite population which contained the
integrated construct, if such a population existed. Strangely, sequence for the episome was
still amplified even after 5-FC treatment, indicating that the episome still remained in the
presence of 5-FC. This was observed even in increased concentrations of 5-FC. The reason for
this is unknown. However, a potential explanation could be that the PfDHHC3 and 7 and
PfMBOAT genes are not amenable to disruption, but the transgenic parasites have somehow
gained resistance to 5-FC in an attempt to survive. A similar phenotype, where 5-FC resistance
was gained without loss of the ScFCU-containing plasmid has also been previously observed to
occur in P. falciparum [11], and indeed, spontaneous resistance to 5-FC has been documented
in other species [12, 13]. Given that there was no evidence of integration for any of these 3

strains, they were not analysed any further.

(2) Genotyping of PFDHHCS8 knock-out transgenic parasite line

PCR analysis of this transgenic line resulted in the amplification of sequences specific to the
wild-type locus (primer pair: P6+P10) and the episome (primer pair: P8+P9). No sequence
was amplified for the double-crossover integrated construct (primer pair: P6+P9), N-terminal
single-crossover integrated construct (primer pair: P8+P10), or the C-terminal single-
crossover integrated construct (primer pair: P12+P13) (Figure 5.4B). Amplification of the full-
length gene locus (primer pair P6+P7) resulted in a fragment with a size equal to that
expected for the wild-type locus (Figure 5.4B). This was still observed after drug cycling.
However, in this case, subsequent negative selection with 5-FC resulted in parasite death and
no parasites were observed even after three weeks of culturing. This could be an indication
that the PfDHHC8 gene cannot be disrupted, and suggests that PbDHHC8 could thus be an
essential gene. As with PfDHHC3 and 7, and PfMBOAT transgenic lines, the PfDHHC8

transgenic line was not analysed any further.
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(3)

(4)

Genotyping of PFDHHC5 knock-out transgenic parasite line

After positive drug selection, drug cycling, as well as negative selection with 5FC, PCR analysis
of this transgenic line revealed the presence of sequences specific to the double-crossover
integrated construct (primer pair P6+P9). Sequences specific to the wild-type locus (primer
pair: P6+P10) and the episome (primer pair P8+P9) were no longer amplified (Figure 5.4B),
and no amplification was observed for the N-terminal single-crossover integrated construct
(primer pair P8+P10) or the C-terminal single-crossover integrated construct (primer pair:
P12+P13). Amplification of the full-length gene locus (primer pair: P6+P7) resulted in a
fragment with a size equal to the size expected if double-crossover integration had occurred
(Figure 5.4B). This was further confirmed using an additional primer (primer P11) located in
the 3’ UTR of the PfDHHC5 gene (Figure 5.4A). Amplification of the full-length gene locus
using primer P6 with primer P11 also resulted in a fragment with a size equal to the size
expected if double-crossover integration had occurred (Figure 5.4B). This indicated that for
this transgenic line, double-crossover recombination had occurred, and the PfDHHC5 gene
had been disrupted, resulting in a PFDHHCS knock-out transgenic line. The PfDHHC5 knock-
out line was then cloned by limiting dilution, as described in Materials and Methods, in order
to generate parasite clones derived from single parasites. All clones were also analysed by
PCR in order to ensure that each clonal population displayed double-crossover integration

(data not shown).

Genotyping of PFDHHCY knock-out transgenic parasite line

After positive drug selection, drug cycling and negative selection with 5FC, PCR analysis
revealed the presence of sequence specific to single-crossover integration at the N-terminus
(primer pair: P8+P10) (Figure 5.4B). Sequence specific to the episome (primer pair: P8+P9)
and the unmodified wild-type locus (primer pair: P6+P10) were no longer amplified,
indicating that the episome was not retained and that integration had indeed occurred
(Figure 5.4B). Sequence specific to the C-terminal single-crossover integrated construct
(primer pair: P12+P13) was also not amplified (Figure 5.4B). Amplification of sequence
indicating double-crossover integration (primer pair: P6+P9) was observed, and amplification
of the full-length gene locus (primer pair: P6+P7) resulted in a fragment with a size equal to
the size expected if double-crossover integration had occurred. However, the use of both
these double-crossover integration primer pairs described above would result in
amplification of fragments which also exist in an N-terminal single-crossover integrated

construct, as shown in the schematic in Figure 5.4A. Therefore, further analysis by PCR was
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performed using an additional primer located in the 3’ UTR of the PfDHHC9 gene (primer
P11, Figure 5.4A and B). Amplification of the full-length gene locus using primer P6 with
primer P11 did not amplify either the fragment expected if double-crossover recombination
had occurred, or the fragment expected for the wild-type locus (Figure 5.4B). However,
sequence specific to the presence of the wild-type locus located downstream of the inserted
knock-out construct (primer pair: P8+P11) was amplified instead (Figure 5.4B), confirming
that the knock-out vector had indeed integrated via single-crossover at the N-terminus. This
means that although the PfDHHC9 gene has been disrupted, a full-length copy of the wild-
type gene is still present. However, as the wild-type copy has now moved away from its
endogenous promoter, expression of the gene could potentially be reduced, perhaps
resulting in a knock-down rather than a knock-out line. Again, the PfDHHC9 transgenic line

was cloned by limiting dilution and all clones analysed by PCR (data not shown).

The genotyping of all the transgenic parasite strains described above indicated that although
transfection of the knock-out constructs was successful and parasites resistant to WR99210 were
obtained for all six PATs, successful integration was detected for only two of the proteins of interest
(PfDHHCS and 9). It must be noted however, that all the genotyping described here was performed
by PCR analysis and further confirmation of the integration of these knock-out constructs should be
also performed by Southern blot analysis. Unfortunately, due to time constraints, data from

Southern blot analysis was not yet available at the time of writing this dissertation.
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Knock-out line Sequence amplified Primer pair Expec(:l‘;zc)i Size
WT(1) - Wild-type (Fragment) P6+P10 1294
WT(2) - Wild-type (Full-length) P6+P7 2291
Episome P8+P9 1769
PfDHHC3 DXO(1) - Double-crossover integration (Fragment) P6+P9 1978
DXO(2) - Double-crossover integration (Full-length) P6+P7 3727
SXO(1) - Single-crossover integration (Nt) P8+P10 1050
SXO(2) - Single-crossover integration (Ct) P12+P13 1075
WT(1) - Wild-type (Fragment) P6+P10 923
WT(2) - Wild-type (Full-length) P6+P7 and P6+P11| 2753 and 2908
Episome P8+P9 1794
PfDHHCS5 DXO(1) - Double-crossover integration (Fragment) P6+P9 1780
DXO(2) - Double-crossover integration (Full-length) | P6+P7 and P6+P11 | 3462 and 3617
SXO(1) - Single-crossover integration (Nt) P8+P10 920
SXO(2) - Single-crossover integration (Ct) P12+P13 1907
WT(1) - Wild-type (Fragment) P6+P10 1268
WT(2) - Wild-type (Full-length) P6+P7 2369
Episome P8+P9 1801
PfDHHC7 DXO(1) - Double-crossover integration (Fragment) P6+P9 1918
DXO(2) - Double-crossover integration (Full-length) P6+P7 3596
SXO(1) - Single-crossover integration (Nt) P8+P10 1151
SXO(2) - Single-crossover integration (Ct) P12+P13 1903
WT(1) - Wild-type (Fragment) P6+P10 1468
WT(2) - Wild-type (Full-length) P6+P7 2769
Episome P8+P9 1755
PfDHHC8 DXO(1) - Double-crossover integration (Fragment) P6+P9 2036
DXO(2) - Double-crossover integration (Full-length) P6+P7 3765
SXO(1) - Single-crossover integration (Nt) P8+P10 1153
SXO(2) - Single-crossover integration (Ct) P12+P13 1380
WT(1) - Wild-type (Fragment) P6+P10 1342
WT(2) - Wild-type (Full-length) P6+P7 and P6+P11| 2406 and 2539
Episome P8+P9 1651
PfDHHC9 DXO(1) - Double-crossover integration (Fragment) P6+P9 1992
DXO(2) - Double-crossover integration (Full-length) | P6+P7 and P6+P11| 3711 and 3844
SXO(1) - Single-crossover integration (Nt) P8+P10 and P8+P11| 1001 and 2168
SXO(2) - Single-crossover integration (Ct) P12+P13 1144
WT(1) - Wild-type (Fragment) P6+P10 1190
WT(2) - Wild-type (Full-length) P6+P7 2414
Episome P8+P9 1684
PIMBOAT DXO(1) - Double-crossover integration (Fragment) P6+P9 1979
DXO(2) - Double-crossover integration (Full-length) P6+P7 3755
SXO(1) - Single-crossover integration (Nt) P8+P10 895
SXO(2) - Single-crossover integration (Ct) P12+P13 1473

Figure 5.4: Generation of PFDHHC and PFMBOAT knock-out transgenic lines in P. falciparum. (A) Scheme of
the strategy used to knock-out the endogenous locus of the PfDHHC and PfMBOAT genes of interest. The
primer positions illustrated here indicate the primers used for genotyping of the PfDHHC and PfMBOAT knock-
out transgenic lines. Flags indicate promoter regions. (B) Genotyping of the PfDHHC and PfMBOAT knock-out
transgenic lines by genomic PCR analysis. Primer pairs used for the amplification of sequences specific to the
wild-type locus, episome and integrated (double crossover and single crossover) constructs are as listed in the
table, along with the expected sizes of the fragments. For PfDHHC5 and PfDHHC9 knock-out transgenic lines,
additional PCR analysis using the primer P11 was used to confirm integration of the construct.
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5.2.3. Analysis of gene expression in PFDHHC5 and 9 knock-out transgenic parasite lines

In order to confirm that the expression of PFDHHCS and 9 proteins was abolished or at least reduced
in the PfDHHCS and 9 knock-out lines, RNA was extracted from blood-stage cultures infected with
the transgenic lines of interest and reverse transcribed to make cDNA, as described in Materials and
Methods. This was done for three of the limiting dilution clones of each knock-out/knock-down line:
PfDHHCS clones 6, 8, and 19, and PfDHHC9 clones 1, 2, and 3, as well as for wild-type 3D7 as a
control. The presence of sequences specific to PFDHHC5 and 9 within the cDNA of all parasite lines
was tested by PCR amplification, using the primer pairs listed in Table 2.7. No amplification was
observed in the cDNA of all three PfDHHC5 transgenic clones when using primers specific for
sequences within the PfDHHC5 gene (Figure 5.5A), indicating that PfDHHCS is not expressed and the
PfDHHCS clones are indeed knock-out clones. For the cDNA of all three PFDHHC9 clones, reduced PCR
amplification was observed when using primers specific for sequences within the PfDHHC9 gene
(Figure 5.5B), indicating a reduced expression of PfDHHC9 protein. This suggests that the PfDHHC9

clones, although not truly knocked-out, are at least knock-down lines.

Further analysis by quantitative PCR (qPCR) was performed using the cDNA from one clone of each
PfDHHC knock-out line (PfDHHC5 clone 19 and PfDHHC9 clone 3, along with wild-type 3D7 as a
control). Primers and 6-carboxyfluoroscein (FAM)-labelled probes that were specific for each PFDHHC
gene were used in the qPCR reaction, as described in the Materials and Methods (the gPCR
experiment described here was kindly performed by Leyla Bustamente, Rayner lab). The gPCR
analysis revealed that the expression of the PFDHHC5 gene was completely abolished in the PfDHHC5
clone 19 transgenic line (Figure 5.5C). Meanwhile, although some expression of the PfDHHC9 gene
could still be detected, expression was greatly reduced in the PFDHHC9 clone 3 transgenic line (Figure
5.5C). Taken together, this indicated that PFDHHC5 was successfully knocked-out, while PFDHHC9 was

knocked down, in P. falciparum.
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Figure 5.5: Reverse transcription (RT)-PCR analysis of PFDHHC5-KO and PfDHHC9-KO transgenic lines. cDNA
was made by RT-PCR for PfDHHC5-KO clones (19, 6, and 8) and PfDHHC9-KO clones (1, 2, and 3), as well as for
wild-type 3D7. Sequence specific to each PFDHHC gene was amplified by PCR using the cDNA of all clones, along
with wild-type 3D7. (A) The primers used amplify a sequence specific to the PfDHHC5 gene. (B) The primers
used amplify a sequence specific to the PfDHHC9 gene. (C) Quantitative PCR (qPCR) analysis of PfDHHC5-KO
clone 19 and PfDHHC9-KO clone 3 relative to wild-type 3D7, using primers and 6-FAM-labelled probes specific
to each gene.
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5.2.3. Effect of the knock-out/knock-down of PfDHHC5 and 9 on parasite growth

The results described above indicate that of the six transgenic lines made, only PfDHHC5 and 9
transgenic parasite lines had integrated the knock-out constructs, and were disrupted at the genes of
interest, with completely abolished expression for PfDHHC5 and reduced expression for PfDHHC9.
For ease of description, both PfDHHC5 and 9 transgenic lines are now referred to as PFDHHC5-KO and
PfDHHC9-KO. In order to determine the effect of disrupting these DHHC proteins on parasite growth,
a growth assay was set up for both PfDHHC5-KO and PfDHHC9-KO as described in Materials and
Methods. The growth assay was performed on three PfDHHC5-KO clones (6, 8, and 19) and three
PfDHHC9-KO clones (1, 2, and 3), as well as on wild-type 3D7 as a control.

Briefly, the parasitemia of all knock-out parasite lines, including the wild-type 3D7 control, was
measured by flow cytometry (with the kind assistance of Michel Theron, Rayner lab) every 2 days,
over a period of 10 days. The growth of the PfDHHC5-KO and PfDHHC9-KO clones was then
compared to that of wild-type 3D7. For both PfDHHC5-KO and PfDHHC9-KO, there was no significant
difference in growth compared to wild-type 3D7 (Figure 5.6), indicating that the trangenic parasites
appeared to be able to survive and grow normally in the absence of PfDHHC5 and with reduced

PfDHHCO.
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Figure 5.6: Growth assay comparing the growth of PfDHHC5-KO and PfDHHC9-KO with wild-type 3D7. (A)
Parasitemia of PfDHHC5-KO clones (6, 8, and 19), along with wild-type 3D7, measured every 2 days for a total
of 10 days. (B) Parasitemia of PFDHHC9-KO clones (1, 2, and 3) along with wild-type 3D7 measured every 2 days
for a total of 10 days.
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In summary, of the five P. falciparum DHHC-domain-containing proteins analysed here, only two
proteins, namely PfDHHC5 and 9, were successfully disrupted, and disruption of these proteins
appeared to have no detrimental effect on parasite growth and survival in parasite blood stages.
However, it must be noted that further phenotyping of the knock-out strains generated here was
unable to be performed due to time constraints. The remaining DHHC proteins were unable to be

disrupted, at least in the intraerythrocytic stages studied here.

This implies that a subset of the P. falciparum DHHC proteins appear to be amenable to disruption in
the intraerythrocytic stages, suggesting a possible functional redundancy for some of the PfDHHC
proteins. This was similar to P. berghei DHHC proteins, where PbDHHC5 and 9 were also successfully
disrupted in the blood stages (Section 4.3), just as PFDHHC5 and PfDHHC9 could be disrupted in P.
falciparum blood stages. Conversely, some of the P. falciparum DHHC proteins were unable to be
disrupted in the intraerythrocytic stages, suggesting that some DHHC proteins could be essential for
P. falciparum blood-stage growth. This was again similar to P. berghei, where PbDHHC8 was unable
to be disrupted in the blood stages (Section 4.3), just as PfDHHC8 could not be disrupted in P.

falciparum.

Interestingly, PFDHHC3 and 7 were unable to be disrupted in P. falciparum, despite successful
disruption in P. berghei (Section 4.3). This could possibly be due to the more efficient genetic
manipulation techniques available in P. berghei, as well as superior gene targeting vectors [14],
which greatly improve the efficiency of genetic modification in this parasite. On the other hand, this
could also be truly a difference in gene function between the two Plasmodium species, again because
of the difference in the total number of DHHC proteins between the two species, as well as the

difference in localisation of some of the DHHC proteins.

In the case of PIMBOAT, the PfMBOAT coding gene was unsuccessfully disrupted here. Other groups
have reported similar findings [1], suggesting that PIMBOAT may be essential in the intraerythrocytic
stages. PFMBOAT is actually annotated on PlasmoDB to act as a diacylglycerol acyltransferase (DGAT),
a common activity performed by members of the MBOAT family, and other work has shown that
PfMBOAT does in fact exhibit DGAT activity [1]. Whether or not PfMBOAT also acts as a PAT is still
unknown. However, the fact that it does play a role as a DGAT, which is an important enzyme in the
biosynthetic pathway of triacylglycerol, may be the reason why this gene does not appear to be

amenable to disruption.
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Conclusion

This analysis of PAT proteins in P. falciparum has revealed similar insights to that of the study of

these proteins in P. berghei. Firstly, as in P. berghei, P. falciparum DHHC proteins are localised to

different membrane-bound sites in the parasite, including specialised parasite organelles. Secondly,

some of the DHHC proteins in P. falciparum could possibly be essential for blood-stage growth, while

other DHHC proteins appear to have functional redundancy. However, there appears to be some

differences in the localisation and essentiality between some of the homologues of these DHHC

proteins in the two Plasmodium species. Nevertheless, the fact that these DHHC proteins may play

an important role in Plasmodium biology seems apparent. However, whether these proteins do in

fact exhibit PAT activity is still unknown, and is addressed in the next chapter.
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Chapter 6:

Protein acyltransferase
activity of Plasmodium
falciparum DHHC proteins



Protein acyl transferase (PAT) activity of P. falciparum DHHC proteins

The results described in the previous chapters characterised the localisation and essentiality of P.
falciparum and P. berghei homologues of the family of proteins —namely the DHHC protein family-
known to catalyse protein palmitoylation in other eukaryotic organisms. However, whether any of
these Plasmodium DHHC-domain-containing proteins actually have palmitoyl transferase activity has
never been formally shown. In this chapter, a novel assay was developed to directly test the PAT
activity of P. falciparum DHHC proteins characterised in Chapter 5, and was used to determine

whether individual PFDHHC proteins are substrate specific.

6.1. PAT activity assay — the method

The PAT activity of several of the DHHC proteins in other eukaryotic organisms, such as yeast and
humans, have been previously shown using tritiated palmitoyl-CoA in in vitro radiolabeling assays, or
using tritiated palmitic acid in in vivo metabolic labelling assays. For example, in the in vitro
radiolabeling assays, the DHHC protein of interest is mixed with the putative target protein in the
presence of tritiated palmitoyl-CoA, and the PAT activity of the DHHC protein determined by
measuring the incorporation of tritiated palmitate. These assays successfully demonstrated the PAT

activity of DHHC proteins, such as Erf2 and Akr1 in yeast, and DHHC9 in humans [1-3].

The use of radiolabeling however is time-consuming, with blots containing tritiated proteins
sometimes requiring months of exposure. Thus, for the purposes of this project, a PAT activity assay
incorporating metabolic labelling and click chemistry was developed to increase the throughput and
to allow for specific experimental questions to be followed in the time available. The principle of the
PAT activity assay was to express a potential palmitoylated target protein in the presence and
absence of a PfDHHC protein, and then to purify only palmitoylated versions of the target protein
using metabolic labelling and click chemistry methods (described in Section 1.6.2). The activity of the
PfDHHC protein of interest could then be assessed by comparing the level of target protein
palmitoylation in the presence and absence of the PfDHHC protein. If, palmitoylation of the target
protein only occurred in the presence of the PfDHHC protein, this would demonstrate the PAT
activity of said PfDHHC protein. Comparison of palmitoylation levels in the presence of different
PfDHHCs could then be used to test whether the PAT activity of a particular PfDHHC protein is

substrate specific.
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The PAT activity assay was developed using the Human Embryonic Kidney 293 (HEK293) cell
expression system, which has been used previously for the successful production of recombinant P.
falciparum proteins [4]. Potential P. falciparum target proteins were codon-optimised for expression
in mammalian cells and C-terminally-tagged with a c-Myc tag, to allow their detection. These
constructs were then expressed in HEK293 cells by transient transfection, and co-expressed with
either a putative PfDHHC —also codon-optimised for expression in mammalian cells but C-terminally-
tagged with a FLAG tag for detection- or with an empty CD4 control vector which does not express
any PfDHHC. After 18 hours post-transfection, the cells were then metabolically labelled for 6 hours
with the palmitic acid analogue, 17-ODYA, at a concentration of 25 uM, or mock-treated with DMSO
as a control. After 6 hours of labelling with 17-ODYA, proteins were extracted from the HEK293 cells
(using a Triton X-100-based buffer) and then reacted with biotin-azide under standard click chemistry
reactions (described in Section 1.6.2 and in the Materials and Methods), resulting in the biotinylation
of all 17-ODYA-labelled proteins. Biotinylated proteins were then streptavidin affinity purified, and
the ‘palmitoylation status’ of the proteins was determined by their enrichment in the 17-ODYA-
treated sample compared to the DMSO-treated control sample. The presence of the target protein in
the 17-ODYA-treated sample was specifically determined using the C-terminal c-Myc tag. As the
PfDHHC is tagged with a different tag, autopalmitoylation of the PfDHHC could also potentially be
determined by looking for the presence of the PfDHHC in the 17-ODYA-treated sample using its C-
terminal FLAG tag. Expression of both P. falciparum target proteins and PfDHHC proteins in HEK293
cells could also be confirmed by immunoblotting of whole protein extracts and by
immunofluorescence assay using the c-Myc and FLAG tags. A schematic detailing the steps of this

assay is shown in Figure 6.1.

143



17-ODYA
i/\/\/\/V\/\/\I c-Myc-tagged

HO

target protein
c-Myc-tagged labelled with 17-ODYA
l, target DNA abefled i
HEK293
cell ! !
—_—
Expression and Protein
labelling A extraction
Flag-tagged Flag-tagged
PfDHHC DNA PfDHHC
Click chemistry reaction
to biotin azide
Streptavidin-
agarose
o Sy

Presence of target
protein detected
using c-myc tag

+Streptavidin-
agarose

Figure 6.1: PAT activity assay. This assay incorporates the expression of codon-optimised P. falciparum
proteins in a mammalian cell expression system along with metabolic labelling and click chemistry methods of
palmitoyl-protein purification. HEK293 cells were co-transfected with FLAG-tagged PfDHHC DNA along with the
c-Myc-tagged DNA of a potential target palmitoyl-protein, both of which were codon-optimised for expression
in human cells. The HEK293 cells were then treated with the metabolic label, 17-ODYA. Proteins were extracted
and reacted to biotin-azide under standard click chemistry conditions, resulting in the biotinylation of 17-
ODYA-labelled proteins. Biotinylated proteins were affinity-purified using streptavidin-agarose and the
presence of the target protein detected using antibodies against the c-Myc tag. As a standard control,
transfected cells were also mock-labelled with DMSO instead of 17-ODYA. As a control for the background
palmitoylation of target proteins by endogenous HEK293 PAT proteins, cells were also co-transfected with the
c-Myc-tagged target protein and an empty CD4 control vector, in the absence of the PfDHHC. The level of
target protein palmitoylation when in the presence of the PFDHHC compared to when in the absence of the
PfDHHC was expected to be an indication of whether the particular PfDHHC was responsible for the
palmitoylation of the target protein.

This assay was adapted from work described in [5], where tagged versions of human DHHC proteins
of interest were co-expressed in mammalian cells, along with putative target proteins tagged with a
different epitope tag, and metabolically labelled with 17-ODYA. In the previous assay described in [5],
the target proteins were immunoprecipitated using their epitope tags and the click chemistry
reaction was performed on the immunoprecipitates using rhodamine azide, which allows the
visualisation of labelled proteins by in-gel fluorescence. Due to the lack of facilities for in-gel

fluorescence, the PAT activity assay developed here was performed using biotin-azide in the click
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chemistry reaction instead. The labelled proteins were then purified by streptavidin affinity
purification and the presence of the proteins visualised using their C-terminal epitope tags.
Additionally, click chemistry reactions were performed on total protein extracts rather than

immunoprecipitates.

The effect of the presence of the putative PfDHHC protein on the palmitoylation of the target protein
was determined by comparing the level of target protein palmitoylation in the presence, as well as in
the absence of a given PfDHHC (that is, when the target protein was co-expressed with only the
empty CD4 control vector). Due to the potential overlapping functionality of the DHHC-PATs, and
how little is currently known about their substrate specificity in any eukaryotic species, some
background palmitoylation of the target protein could occur due to endogenous PATs present in
HEK293 cells. However, it was expected that if the PfDHHC of interest was responsible for
palmitoylating the target protein, the amount of palmitoylated target protein would be greater when

in presence of the PfDHHC, compared to when in the absence of the PfDHHC.

6.2. Expression and localisation of P. falciparum proteins in HEK293 cells

6.2.1. Expression of P. falciparum proteins in HEK293 cells

All five PfDHHC proteins which were studied in Chapter 5 -PfDHHC3, 5, 7, 8 and 9- were codon-
optimised for expression in HEK293 cells and introduced into HEK293 expression vectors [6], along
with sequence coding for a C-terminal FLAG tag in order to allow the detection of the PfDHHC
proteins, as described in the Materials and Methods. The HEK293 expression vectors used here also
contained immunoglobulin-like domains 3 and 4 of rat CD4 (thought to aid folding of heterologous
proteins and usually also used as an epitope tag), which would normally be present following the
open reading frame of the PfDHHC proteins [7]. However, as CD4 was not required for the purposes
of this assay, a STOP codon was introduced downstream of the C-terminal FLAG tag and upstream of

CD4. Thus the recombinant FLAG-tagged PfDHHC proteins were not expected to contain CD4.

A number of potential P. falciparum target proteins were considered based on their localisation in
relation to the localisation of the PfDHHC proteins (established in Chapter 5) and on the
identification of putative palmitoylated cysteines within the target proteins (described in Chapter 3).
Due to time constraints, only two potential target proteins —PfSec22 (PFC0890w) and Armadillo
Repeats-Only (ARO) (PFD0O720w) - were studied here. PfSec22 is annotated as a SNARE protein

containing a single TM domain in PlasmoDB (http://plasmodb.org). The site-ID palmitome

145


http://plasmodb.org/

purification experiments (described in Chapter 3) identified a peptide from the N-terminal region of
PfSec22, which contained two cysteine residues, Cys2 and Cys8, either or both of which could
potentially be palmitoylated. PfSec22 has been found to be involved in ER to Golgi transport in P.
falciparum and appears to be localised predominantly at the ER [8]. PfSec22 could therefore
potentially be palmitoylated by PfDHHCS5, which also localises to the ER, or PFDHHC3, which localises
to the Golgi. PfARO is a dually-acylated protein which localises to the rhoptries, where it is attached
to the membrane of the rhoptries by its myristate and palmitate anchors [9]. Although PfARO was
not identified in the site-ID palmitome purification experiments (Chapter 3), this protein has been
experimentally shown to be palmitoylated in P. falciparum, and either or both of two cysteines
located within the first 20 N-terminal amino acids, Cys5 and Cys6, are thought to be the potential
palmitoylation sites [9]. As PfARO appears to be targeted to the rhoptries, it could thus potentially be
palmitoylated by PfDHHC?, which is also located at the rhoptries, or by PfDHHC3, which PfARO could
potentially encounter in the Golgi during transport to the rhoptries. These two potential target
proteins were also codon-optimised for expression in HEK293 cells and introduced, along with a C-
terminal c-Myc tag, followed by a STOP codon, into the same HEK293 CD4-containing expression
vector. An ‘empty’ expression vector containing only CD4 was used as the negative vector control for

the target proteins.

6.2.2. Subcellular localisation of P. falciparum proteins expressed in HEK293 cells

In order to confirm that the P. falciparum proteins were expressed properly in HEK293 cells, as well
as to determine where the parasite proteins localised to in these heterologous mammalian cells,
immunofluorescence microscopy was performed on HEK293 cells transiently transfected with each

of the proteins of interest, using antibodies against the FLAG tag and c-Myc tag respectively.

(1) Subcellular localisation of FLAG-tagged PfDHHC proteins expressed in HEK293 cells

All five PfDHHC proteins of interest (PfDHHC3, 5, 7, 8 and 9) were transfected into HEK293
cells using polyethylenimine (PEIl). After 24 hours with the transfection mixture, cells were
fixed in 4% formaldehyde and immunofluorescence staining was performed using antibodies
against the FLAG tag. Fluorescence staining was detected for four of the PfDHHCs (PfDHHC3,
5, 7, and 9) (Figure 6.2A), indicating that these four parasite proteins were expressed in
mammalian cells. Immunofluorescence signal was not detected for PfDHHC8. However,
PfDHHC8 was also not detectable by both immunoblot and immunofluorescence assay when

tagged in P. falciparum (Chapter 5). This, along with the lack of detection in HEK293 cells,
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suggests that this protein may be expressed at levels that are too low for detection, even in
mammalian cells, or else issues with protein solubility preclude its detection using the current

extraction procedures.

The subcellular localisations of the four PfDHHC proteins were determined by comparing their
immunofluorescence signals to that of two mammalian proteins with established
localisations: calnexin (ER marker) [10] and cadherin (plasma membrane marker) [11] (Figure
6.2A). It must be noted however, that although the cadherins are integral membrane proteins
found at the plasma membrane, they are mainly required for cell-cell adhesion by forming
adherens junctions between cells. In these experiments, mainly single cells with no cell-cell
junctions were studied, and thus membrane localisation of the cadherins may not be as clear.
Nevertheless, staining of the HEK293 cells with antibodies against cadherin still displayed a
mainly peripheral, and therefore presumably plasma membrane signal. A low level of
cytoplasmic staining was also detected, which may be due to the presence of soluble

cadherins, and such staining has been described by the antibody manufacturer (Abcam).

In HEK293 cells, PfDHHC3 staining co-localised with that of calnexin, suggesting an ER
localisation (Figure 6.2A). In P. falciparum, this DHHC protein is targeted to the Golgi (Section
5.1.3). However, it appeared that when expressed in mammalian cells, this protein localised
instead to the ER, perhaps because as a parasite protein, it may lack the mammalian exit

signal that would direct it to the Golgi in mammalian cells.

PfDHHCS staining did not co-localise with either calnexin or cadherin, indicating that this
protein was not localised to the ER or the plasma membrane in HEK293 cells (Figure 6.2A).
PfDHHCS was localised to the ER in P. falciparum (Section 5.1.3). However, PfDHHCS contains
ankyrin repeats in its N-terminus, and other N-terminal ankyrin repeat-containing DHHC
proteins, such as DHHC17 in humans [12] and Akrl in yeast [2], have been localised to the
Golgi. Thus, it would perhaps not be unexpected if PFDHHC5 were to be targeted to the Golgi
when expressed in a mammalian cell. Although immunofluorescence co-staining was
performed with antibodies against two different Golgi-localised proteins (syntaxin-6 and 58K
Golgi protein) both these antibodies did not produce good Golgi immunofluorescence staining

and unfortunately, the localisation of PfDHHCS to the Golgi cannot be proven at this time.
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PfDHHC7 co-localised with cadherin staining in HEK293 cells, indicating a plasma membrane
localisation (Figure 6.2A). In P. falciparum, PfDHHC7 was localised to the rhoptries (Section
5.1.3), specialised organelles at the apical end of the parasite, close to the cell periphery. As
no such organelle exists in mammalian cells, localisation to the plasma membrane instead is

not unexpected.

Lastly, PfDHHC9 staining co-localised with that of calnexin (Figure 6.2), indicating that
PfDHHC9 was localised to the ER in mammalian cells. In P. falciparum (Section 5.1.3) PfDHHC9
was localised to the IMC, another specialised parasite organelle consisting of flattened
membrane-bound vesicles close to the plasma membrane. Although not much is known about
the formation of the IMC, some proteins which associate with the IMC in P. falciparum have
been shown to be trafficked to the IMC via the ER [13]. As the IMC does not exist in

mammalian cells, it could be that in HEK293 cells, PFDHHCI is retained in the ER instead.

Subcellular localisation of c-Myc-tagged PfARO and PfSec22 in HEK293 cells

The two potential target proteins, PFARO and PfSec22, were transfected into HEK293 cells
respectively using polyethylenimine (PEIl). After 24 hours, cells were fixed in 4% formaldehyde
and immunofluorescence staining was performed using antibodies against the c-Myc tag.
Immunofluorescence staining was successfully detected for both proteins (Figure 6.2B),
indicating that both these proteins were expressed in mammalian cells. The subcellular
localisations of these two proteins were determined by comparing their immunofluorescence
signals to that of two mammalian proteins with established localisations: calnexin (ER marker)

[10] and cadherin (plasma membrane marker) [11].

PfARO staining appeared to be mainly cytoplasmic, with some partial co-localisation with
cadherin at the cell periphery (Figure 6.2B), indicating that although mainly localised to the
cytoplasm, some PfARO proteins were also localising to the plasma membrane. In P.
falciparum, ARO is localised to the rhoptries, where it associates with the cytosolic face of the
rhoptry membrane, most likely via the myristate and palmitate attachments on its N-terminal
domain. Removal of either of these acylation motifs causes ARO localisation to become
cytoplasmic [9]. As this protein has no TM-domains, and is being expressed in mammalian
cells without its endogenous DHHC protein, the mainly cytoplasmic localisation suggests that
the majority of PfARO is not palmitoylated, while the fraction which is localised to the plasma

membrane could be due to background palmitoylation by endogenous HEK293 PATs.
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PfSec22 co-localised with calnexin staining, indicating that this protein was localised to the ER
in HEK293 cells (Figure 6.2B). PfSec22 is annotated on PlasmoDB as a SNARE protein, and has
been found to be predominantly localised in the ER in P. falciparum [8]. Both yeast and
human versions of Sec22 are involved in ER to Golgi transport, and are also mainly found in
the ER membrane [14]. A protein-protein BLAST (blastp) search using the PfSec22 amino acid
sequence revealed some homology to both yeast and human Sec22 (identities of
approximately 30%). Thus, the localisation of PfSec22 to the ER membrane of HEK293 cells is

expected.
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Figure 6.2: Localisation of codon-optimised P. falciparum proteins in HEK293 cells. (A) Codon-optimised P.
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falciparum DHHC proteins (PfDHHC3, 5, 7, and 9) were expressed in HEK293 cells and expression of the
proteins determined by immunofluorescence assay using antibodies against the FLAG tag. Localisation of the
PfDHHC proteins (green) was determined by comparing the immunofluorescence signal to that of the following
known localisation markers (red): calnexin (endoplasmic reticulum marker) and cadherin (plasma membrane
marker). Nuclear staining by DAPI is shown in blue. (B) Codon-optimised P. falciparum proteins PfARO and
Pfsec22 were expressed in HEK293 cells. Expression was determined by immunofluorescence assay using
antibodies against the c-Myc tag. Both PfARO and PfSec22 (green) were localised by immunofluorescence
against the following mammalian localisation markers (red): calnexin (endolasmic reticulum marker) and
cadherin (plasma membrane marker). Nuclear staining by DAPI is shown in blue. Scale bar: 10 um.
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In summary, all the P. falciparum proteins of interest, with the exception of PfDHHC8, were
successfully expressed using the HEK293 mammalian cell expression system, albeit with quite
different intracellular localisations compared to their endogenous localisations in P. falciparum,
highlighting a major confounder of heterologous expression systems. PfDHHC3 and 9 localised to the
ER, PfFDHHC7? localised to the plasma membrane and PfDHHCS5 may be potentially localised to the
Golgi. Meanwhile, the two potential target proteins, PfARO and PfSec22, were also successfully
expressed using the HEK293 cell expression system. PfARO displayed a mostly cytoplasmic

localisation, with some localisation at the plasma membrane, while PfSec22 was localised to the ER.

6.2.3. Immunoprecipitation of c-Myc-tagged PfSec22 and PfARO in the presence of PfDHHC proteins

In order to determine whether the P. falciparum potential target proteins could be visualised by
immunoblot using antibodies against the c-Myc tag, PfSec22 and PfARO were expressed in HEK293
cells, each either in the presence of one of the PfDHHC proteins (PfDHHC3, 5, 7, 8 and 9), or in the
presence of the empty CD4 control vector. PfSec22 and PfARO were then immunoprecipitated from
the protein extracts using antibodies against the c-Myc tag. The immunoprecipitates were separated
by SDS-PAGE and the presence of PfSec22 and PfARO was determined by immunoblot, using

antibodies against the c-Myc tag from a different species.

PfSec22 is predicted to be 26 kDa, and previously published immunoblots of P. falciparum protein
extracts with polyclonal antibodies raised against recombinant PfSec22 produced bands running at
approximately this size [8]. However, this analysis of recombinant PfSec22 immunoprecipitated from
HEK293 cells, using a-c-Myc tag antibodies, resulted in two clear bands: a stronger lower molecular
weight band at approximately 10 kDa and a weaker higher molecular weight band at approximately
17 kDa (Figure 6.3). This discrepancy in apparent molecular weight could be due to the fact that this
parasite protein is being expressed recombinantly in mammalian cells, where the protein folding and
processing may differ from that of parasite cells, thus resulting in the aberrant migration of the
protein. Additionally, post-translational modifications of the protein which occur in the parasite
might not occur when the protein is expressed in mammalian cells and vice versa, thus causing a
difference in the expected molecular weight. Alternatively, the difference in apparent molecular
weight could be due to aberrant migration because of the presence of coiled-coil structure in the

PfSec22 SNARE protein.

The presence of two clear bands raises the question as to whether the higher molecular weight band

corresponds to the palmitoylated version of PfSec22. Although protein palmitoylation does not
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consistently result in a shift in molecular weight, this has been shown to occur in some cases. For
example, immunoprecipitation of the palmitoylated P. falciparum invasion motor complex protein,
GAP45, from P. falciparum schizonts, produces two bands, and only the higher molecular weight
band of the doublet corresponds to palmitoylated GAP45 [15]. Interestingly, the intensity of the
higher molecular weight band of PfSec22 immunoprecipitated from HEK293 cells was strongest when
PfSec22 was co-expressed with PfDHHC5, and the higher molecular weight band was readily
detected when PfSec22 was co-expressed with PfDHHC3 and 7. In contrast, the higher molecular
weight band was only weakly detected when PfSec22 was co-expressed with PfDHHC8 and 9, and the
empty CD4 control vector. If indeed the higher molecular weight band is palmitoylated PfSec22, this
difference in intensity of the band may be an indication of which PfDHHC is responsible for

palmitoylating PfSec22.

PfARO is predicted to be 30 kDa, and previous work involving the immunoblot of P. falciparum
schizonts, using antibodies against PfARO, has produced bands migrating at the expected size [9].
Here, PfARO immunoprecipitated from HEK293 cells using a-c-Myc antibodies revealed two clear
bands: a lower molecular weight band at approximately 28 kDa and a higher molecular weight band
at approximately 45 kDa. Additionally a faint third band is observed above the 46 kDa marker (Figure
6.3). The discrepancy in the molecular weight of the 28 kDa band from the predicted molecular
weight of PfARO is much smaller than the discrepancy of PfSec22 above, but could also be due to
differences in protein folding or processing when expressed recombinantly in a mammalian cell line.
As with PfSec22, the higher molecular weight band (at approximately 45 kDa) could be due to
palmitoylation of PfARO. The intensity of the 45 kDa band was strongest when PfARO was co-
expressed with PfDHHC3 and 5, and the intensity of the band was weaker when co-expressed with
PfDHHC7 and 9. The 45 kDa band was weakest when PfARO was co-expressed with PfDHHC8 and

with the empty vector.
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Figure 6.3: Immunoprecipitation of PfSec22 and PfARO proteins using antibodies against the c-Myc tag.
HEK293 cells were co-transfected with plasmids coding for the expression of c-Myc-tagged PfSec22 or PfARO,
along with the indicated FLAG-tagged PfDHHC proteins (PfDHHC3, 5, 7, 8 and 9) or the empty control vector
(CD4). Pfsec22 and PfARO were immunoprecipitated from cell lysates using an a-c-Myc antibody. The proteins
were separated by SDS-PAGE and visualised by immunoblot, using a-c-Myc antibody from a different species.

In summary, both PfSec22 and PfARO could be successfully expressed in HEK293 cells and
immunoprecipitation of both these proteins resulted in two distinct bands. For both these proteins,
the higher molecular weight band differed in intensity depending on which PfDHHC it was co-
expressed with, which could suggest specificity in their palmitoylation. In order to directly test
whether these higher molecular weight bands were actually the palmitoylated versions of the target
proteins, 17-ODYA metabolic labelling and click chemistry reactions were carried out on co-

transfected cells in order to perform the PAT activity assay described above.

6.3. PAT activity assay of PfDHHC proteins with PfSec22 and PfARO

The PAT activity assay (as described above) was performed for both PfSec22 and PfARO, co-
transfected with each of the four PfDHHC proteins that could be expressed in HEK293 cells
(PfDHHC3, 5, 7 and 9), or a CD4 empty vector control. As the expression of PFDHHC8 was unable to
be detected in HEK293 cells by immunofluorescence microscopy, suggesting low expression of the
protein, any difference observed in the palmitoylation of the target protein could thus also be due to
the lack of expression of PfDHHCS, rather than the fact that PfDHHC8 did not palmitoylate the

particular target. Thus, PFDHHC8 was not used for any further analysis.
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6.3.1. PAT activity assay of PfDHHC proteins with PfSec22

PfSec22 was co-expressed in HEK293 cells in the presence of each of the four PfDHHCs (PfDHHC3, 5,
7 and 9), or with only the CD4 empty vector control. Eighteen hours post-transfection, cells were
metabolically labelled with 17-ODYA, or treated with DMSO as a control, for a further six hours, after
which cells were lysed for protein extraction. An aliquot of each whole cell lysate was kept for
confirmation of protein expression. The PAT activity assay was performed on the remaining cell
lysates as described above and in the Materials and Methods. Both the initial cell lysates and the PAT
activity assay click chemistry elutions were separated by SDS-PAGE and the presence of PfSec22 was

specifically determined by immunoblot using antibodies against the c-Myc tag.

Immunoblot of the initial cell lysates indicated the presence of the two bands observed previously
(Section 6.2.3): a lower molecular weight band at approximately 10 kDa and a higher molecular
weight band at approximately 17kDa (Figure 6.4). However, immunoblot of the elutions after the
click chemistry reaction was performed resulted in a single band running at approximately 17 kDa,
and this band was present only in samples treated with 17-ODYA and not in the samples treated with
DMSO (Figure 6.4). The detection of this band only in 17-ODYA-treated samples and not in DMSO-
treated samples confirmed that the 17 kDa band corresponds to palmitoylated PfSec22. The
molecular weight of the palmitoylated PfSec22 band corresponded exactly with the higher molecular
weight band observed in the initial cell lysate and in the immunoprecipitation analysis of PfSec22
described above (Section 6.2.3 and Figure 6.3). Therefore, this indicated that the higher molecular
weight band visible in immunoblots and immunoprecipitates was the palmitoylated version of
PfSec22, and the absence of any lower molecular weight band in the 17-ODYA-labelled samples

confirms that the lower molecular weight 10 kDa band was non-palmitoylated PfSec22.
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Figure 6.4: PAT activity assay demonstrating the PAT activity of PFDHHC proteins on the target protein,
PfSec22. HEK293 cells were co-transfected with plasmids expressing c-Myc-tagged PfSec22, along with the
indicated FLAG-tagged PfDHHC protein or the empty vector control (CD4). Cells were either treated with the
metabolic label, 17-ODYA, or mock-treated with DMSO. Proteins were extracted and an aliquot of each lysate
kept aside to confirm protein expression. The remaining lysates were put through click chemistry reactions to
biotin-azide, which resulted in the biotinylation of 17-ODYA-labelled proteins. These biotinylated proteins were
subsequently affinity purified by streptavidin-agarose and eluted by boiling in SDS. Samples from the initial
whole cell lysates and the click chemistry elutions were separated by SDS-PAGE and the presence of c-Myc-
tagged PfSec22 in each of the samples was observed by immunoblot using antibodies against the c-Myc tag. (A)
HEK293 cells co-transfected with c-Myc-PfSec22 + FLAG-PfDHHCS or c-Myc-PfSec22 + CD4 empty vector. (B)
HEK293 cells co-transfected with c-Myc-PfSec22 + FLAG-PfDHHC7, c-Myc-PfSec22 + FLAG-PfDHHC3, c-Myc-
PfSec22 + FLAG-PfDHHC9 or c-Myc-PfSec22 + CD4 empty vector.

The intensity of the PfSec22 palmitoylated band in the click chemistry elutions was clearly greater
when PfSec22 was co-expressed with PfDHHCS than when PfSec22 was co-expressed with the empty
vector (Figure 6.4A). This indicates that while there may be some background level of PfSec22
palmitoylation by endogenous HEK293 PATs, the co-expression of PfSec22 with PfDHHCS significantly
increased the palmitoylation of PfSec22. This is the first direct proof that a P falciparum DHHC

protein has PAT activity.

PfDHHC3, 7 and 9 all similarly increased the intensity of the palmitoylated PfSec22 band, compared

to when PfSec22 was co-transfected with the empty control vector (Figure 6.4B). This suggests that
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all four PfDHHCs tested can palmitoylate PfSec22 and demonstrates the PAT activity of these 4
PfDHHC proteins.

While the ability to palmitoylate PfSec22 was clearly not restricted to a single PfDHHC, the increase
in the intensity of the PfSec22 palmitoylated band in the click chemistry elutions above the intensity
of the band due to background palmitoylation appeared to be greatest when PfSec22 was co-
expressed with PFDHHCS (Figure 6.4A). However, it must be noted that these click chemistry elutions
are not strictly quantitative, as the intensity of the band is also affected by the efficiency of the
metabolic labelling. Additionally, each lane is protein material taken from different transfections, and
each transfection was individually streptavidin affinity purified, which may lead to differences in the
amount of protein present. These differences cannot be completely discounted when a difference in
band intensity is observed. Furthermore, the metabolic label 17-ODYA is actually an inhibitor of
cytochrome P450 metabolism [16]. Cells treated with 17-ODYA are thus generally less healthy, and
treatment with 17-ODYA appears have a slight effect on cell growth and protein expression,
especially if treatment is excessive. These effects on cell growth and protein expression can affect
the amount of protein produced for the PAT assay and can thus also contribute to differences in

band intensity.

Nevertheless, even in the click chemistry elutions, the intensity of the PfSec22 palmitoylated band
was consistently greater when PfSec22 was in the presence of the PfDHHC proteins, indicating that
these DHHC proteins were indeed palmitoylating PfSec22. Additionally the difference in the
intensities of the higher molecular weight palmitoylated band of PfSec22, in the presence of the
different DHHC proteins, was also previously observed when PfSec22 was immunoprecipitated and
analysed by immunoblot (Figure 6.3), as described in Section 6.2.3. In this case, as the cells were not
treated with either 17-ODYA or DMSO, the difference in band intensity can be assumed to be mainly

due to the presence of the particular PFDHHC protein.

Taken together, the results from the immunoprecipitation of PfSec22 and the metabolic labelling and
click chemistry reaction suggest that of the PfDHHCs tested, the palmitoylation of PfSec22 appears to
be greater in the presence of PfDHHC5, followed by PfDHHC3 and 7. Although PfDHHC9 also appears
to be able to palmitoylate PfSec22, the amount of palmitoylation seems very low, and PfDHHC9 may
not normally palmitoylate PfSec22 in the parasite. The palmitoylation of PfSec22 by 3 different
PfDHHC proteins is not surprising given that DHHC-PATs are known to have overlapping

functionalities in other organisms and may act redundantly by palmitoylating similar substrates [17].
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The palmitoylation of PfSec22 by PFDHHC5 (which was shown to localise to the ER in P. falciparum, as
described in Chapter 5) and PfDHHC3 (which was shown to localise to the Golgi in P. falciparum, as
described in Chapter 5) is consistent with the fact that PfSec22 is a SNARE protein involved in
transport between the ER and Golgi, and is mainly localised in the ER. Palmitoylation of PfSec22 by
PfDHHC7 is more unexpected as PfDHHC7 is localised to the rhoptries in P. falciparum. However, due
to their different localisations, PfSec22 would probably not come in contact with PfDHHC7. Thus, this
may be an example of how the particular localisation of the DHHC protein might in part regulate the

target proteins that it palmitoylates.

6.3.2. PAT activity assay of PfDHHC proteins with PfARO

PfARO was co-expressed in HEK293 cells in the presence of each of the four PfDHHCs (PfDHHC3, 5, 7,
and 9), or with only the CD4 empty vector control. Eighteen hours post-transfection, cells were
metabolically labelled with 17-ODYA or treated with DMSO as a control, for a further 6 hours, after
which cells were lysed for protein extraction. An aliquot of each whole cell lysate was kept for
confirmation of protein expression. The PAT activity assay was performed on the remaining cell
lysates, as described above and in the Materials and Methods. Both the initial cell lysates and the
PAT assay click chemistry elutions were separated by SDS-PAGE, and the presence of PfARO was

specifically determined by immunoblot using antibodies against the c-Myc tag.

Immunoblot of the initial cell lysates indicated the presence of the same bands observed previously
for PfARO (Section 6.2.3): a lower molecular weight band at approximately 28 kDa and a higher
molecular weight band at approximately 45 kDa, along with a faint third band just above the 46 kDa
marker (Figure 6.5). However, immunoblot of the elutions after click chemistry was performed
resulted in a single band running at approximately 45 kDa, and this band was present only in samples
treated with 17-ODYA and not in the samples treated with DMSO (Figure 6.5). The detection of this
band only in 17-ODYA-treated samples and not in DMSO-treated samples indicated that this band
corresponded to palmitoylated PfARO. As the apparent molecular weight of this band was
approximately 45 kDa, this band corresponded to the 45 kDa molecular weight band observed in the
initial cell lysate and in the immunoprecipitation analysis of PfARO (Figure 6.3). Therefore, this
indicated that this 45 kDa band was the palmitoylated version of PfARO, and the lower molecular
weight band at approximately 28 kDa must then correspond to non-palmitoylated PfARO. The faint
third band above the 46 kDa marker was not observed in the click chemistry elutions, indicating that

it is not likely to be corresponding to a doubly- or multiply-palmitoylated version of PfARO. This third
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band could instead perhaps correspond to the formation of a dimer, or perhaps to a version of PFARO
which was modified by a different PTM, such as phosphorylation, which could also cause a shift in

the apparent molecular weight.
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Figure 6.5: PAT activity assay demonstrating the PAT activity of PfDHHC proteins on the target protein,
PfARO. HEK293 cells were co-transfected with plasmids expressing c-Myc-tagged PfARO, along with the
indicated FLAG-tagged PfDHHC protein or the empty vector control (CD4). Cells were either treated with the
metabolic label, 17-ODYA, or mock-treated with DMSO. Proteins were extracted and an aliquot of each lysate
kept aside to confirm protein expression. The remaining lysates were put through click chemistry reactions to
biotin-azide, which resulted in the biotinylation of 17-ODYA-labelled proteins. Biotinylated proteins were
subsequently affinity purified by streptavidin-agarose and eluted by boiling in SDS. Samples from the initial
lysates and the click chemistry elutions were separated by SDS-PAGE and the presence of c-Myc-tagged PfARO
in each of the samples was observed by Western blot using antibodies against the c-Myc-tag. (A) HEK293 cells
co-transfected with c-Myc-PfARO + FLAG-PfDHHCS or c-Myc-PfARO + CD4 empty vector. (B) HEK293 cells co-
transfected with c-Myc-PfARO + FLAG-PfDHHC3 or c-Myc-PfARO + CD4 empty vector. (C) HEK293 cells co-
transfected with c-Myc-PfARO + FLAG-PfDHHC7 or c-Myc-PfARO + CD4 empty vector. (D) HEK293 cells co-
transfected with c-Myc-PfARO + FLAG-PfDHHC9 or c-Myc-PfARO + CD4 empty vector.
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The intensity of the PfARO palmitoylated band in the click chemistry elutions was clearly greater
when PfARO was co-expressed with PfDHHC5 compared to when PfARO was co-expressed with the
empty vector (Figure 6.5A). The same thing was also observed for PfDHHC3, 7 and 9, where the
intensity of the PfARO palmitoylated band was greater when PfARO was co-expressed with each of
these DHHC proteins, compared to when co-expressed with the empty vector (Figure 6.5B, C and D).
Unfortunately, in these experiments with PfARO, immunoblot of the initial cell lysates indicated that
protein expression in each of the different transfection and labelling conditions appeared to vary,
perhaps due to differences in cell numbers or in the health of the cells. This difference in protein
expression could contribute to the difference seen in the intensity of the PfARO palmitoylated band
in the click chemistry elutions and this means that the increased intensity of the PfARO palmitoylated
band in the presence of the PfDHHCs over that of the bands due to background palmitoylation may
not be completely due to palmitoylation by the PfDHHCs, but due in part also to the differences in

protein expression.

However, as in the case of PfSec22, the difference in the intensities of the higher molecular weight
(45 kDa) palmitoylated band of PfARO, in the presence and absence of the different PfDHHC
proteins, was also observed when PfARO was immunoprecipitated and analysed by immunoblot
(Figure 6.3), as described in Section 6.2.3. In the immunoblot of immunoprecipitated PfARO, protein
expression in each transfection condition appeared to be more similar, and thus should not
contribute as much to the differences in the intensity of the PfARO palmitoylated band. In this case,
the intensity of the PfARO palmitoylated band appeared to be greater in the presence of PfDHHC3, 5,
7 and 9, compared to the intensity of the palmitoylated band in the absence of any PfDHHC (Figure
6.3). This suggests that like PfSec22, PfARO was also able to be palmitoylated by at least 4 different
PfDHHC proteins, further demonstrating the potential overlapping functionality of the DHHC

proteins.

In summary, the use of the PAT assay with PfARO as a target has again demonstrated the PAT activity
of the four P. falciparum DHHC proteins studied here —PfDHHC3, 5, 7 and 9. Additionally, the
intensity of the PFARO palmitoylated band appeared to be the greatest in the presence of PfDHHC3
and 5 (Figure 6.3), implying that of the four PfDHHCs tested in this PAT activity assay, PFDHHC3 and 5
appeared to have the most PAT activity towards PfARO. As PfARO localises to the rhoptries in P.
falciparum, it was expected that palmitoylation of PFARO might mainly be performed by PfDHHC7,
which also localises to the rhoptries in the parasite. However, the results of the PAT assay show that
PfDHHCS5 (which localises to the ER) and PfDHHC3 (which localises to the Golgi) appeared to have

strong PAT activity towards PfARO, implying that PfARO might be palmitoylated when in the
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secretory pathway instead, before attachment to the rhoptry membrane. PfDHHC7 meanwhile may
be required for the palmitoylation of other rhoptry proteins. For example, RAP1, another rhoptry-
localising protein, was identified as palmitoylated by the site-ID palmitome purifications (described in
Chapter 3), and could potentially be a target for PFDHHC7. Alternatively, another possibility could be
that some of these parasite DHHC proteins could perhaps be non-functional when expressed in a
mammalian cell expression system. It is interesting that PFDHHC5 was clearly able to palmitoylate
both PfARO as well as PfSec22, perhaps indicating better expression, or increased activity, of this

particular PfDHHC protein in mammalian cells compared to others.

Lastly, PfDHHC9, which localises to the IMC in P. falciparum, did not appear to have strong PAT
activity towards either PfARO or PfSec22 (at least in these PAT activity assays), despite exhibiting an
ER localisation in HEK293 cells. This indicates that despite the change in localisation, which allows
PfDHHC9 to come in contact with potential targets in the ER, palmitoylation of these targets does not
occur as much as when in the presence of the other PfDHHCs, suggesting that PFDHHC9 may possibly
only palmitoylate a specific set of target proteins, which are likely to be IMC-localised proteins. This
could perhaps be an example of the potential substrate specificity of this DHHC protein, although this

is by no means proven at this time.

6.4. Point mutations of potential palmitoylation sites in PfSec22 and PfARO

The results described above have shown that PfSec22 and PfARO are indeed palmitoylated proteins
and are palmitoylated mainly by PfDHHC3 and 5. For both these palmitoyl-proteins, evidence exists
indicating that cysteine residues in the N-terminal regions of these proteins may potentially be the
sites of palmitoylation, as described in Section 6.2.1. In order to determine which cysteine residues in
both these target proteins were the palmitoylated cysteines, point mutations, which mutated the
potentially palmitoylated cysteine residue into an alanine residue, were performed on the PfSec22
and PfARO HEK293 expression constructs, as described in the Materials and Methods. These mutated
target proteins were then expressed in HEK293 cells, along with the appropriate PfDHHC protein, in
order to determine whether any difference in the level of target protein palmitoylation was
observed. If the particular cysteine residue was indeed the site of palmitoylation, it was expected
that mutation of that cysteine residue into an alanine residue would result in a decrease in the level

of target protein palmitoylation.
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6.4.1. Point mutation of Cys2 in PfSec22 does not affect PfSec22 palmitoylation by PfDHHC5

As mentioned in Section 6.2.1, two cysteines in the N-terminal region of PfSec22 (Cys2 and Cys8)
were identified as potentially palmitoylated by the site-ID palmitome purification experiments
described in Chapter 3. In order to determine whether Cys2 was the site of PfSec22 palmitoylation, a
point mutant was made, where Cys2 was mutated into an alanine residue, and co-expressed in
HEK293 cells along with PfDHHC5, the DHHC protein which produced the greatest increase in PfSec22
palmitoylation over background palmitoylation (Section 6.3.1). The PfSec22 Cys2 point mutant
(named PfSec22-C2dA) was then immunoprecipitated from protein extracts using antibodies against
the c-Myc tag, and visualised by immunoblot using antibodies against the c-Myc tag from a different

species.

Immunoblot analysis of PfSec22-C2dA immunoprecipitates resulted in the same two bands observed
previously (Section 6.2.3): the lower molecular weight band running at approximately 10 kDa and the
higher molecular weight band running at approximately 17 kDa, which was determined above to
correspond to the palmitoylated version of the protein (Figure 6.6A). In the presence of PfDHHCS,
there was no difference in the intensity of the palmitoylated band of PfSec22-C2dA compared to the
intensity of the palmitoylated band of wild-type PfSec22 (Figure 6.6A). Additionally the intensity of
the PfSec22-C2dA palmitoylated band (when co-expressed with PfDHHC5S) was still greater than that
of the band due to background palmitoylation (when wild-type PfSec22 was co-expressed with the
empty vector) (Figure 6.6A). This indicates that the mutation of Cys2 into an alanine residue did not
have an effect on the level of PfSec22 palmitoylation by PfDHHCS. It can thus be inferred that Cys2 of
PfSec22 does not appear to be the site of palmitoylation. This suggests that Cys8 is likely to be the
palmitoylated cysteine instead. Although it was intended to perform a point mutation of Cys8 as

well, due to time contraints, the data was not yet available during the writing of this dissertation.
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Figure 6.6: Immunoprecipitation of mutant PfSec22 and PfARO proteins using antibodies against the c-Myc
tag. HEK293 cells were co-transfected with plasmids coding for the expression of mutant c-Myc-tagged PfSec22
or PfARO (which had the predicted palmitoylated cysteine residues point mutated to alanine residues), along
with FLAG-tagged PfDHHC5 or the empty vector (CD4). The mutant PfSec22 and PfARO proteins were
immunoprecipitated from cell lysates using an a-c-Myc antibody. The proteins were separated by SDS-PAGE
and visualised by immunoblot, using a-c-Myc antibody from a different species. (A) HEK293 cells co-transfected
with c-Myc-PfSec22 + FLAG-PfDHHC5, c-Myc-PfSec22-C2dA + FLAG-PfDHHC5 or c-Myc-PfSec22 + CD4 empty
vector. (B) HEK293 cells co-transfected with c-Myc-PfARO + FLAG-PfDHHCS5, c-Myc-PfARO-C5dA + FLAG-
PfDHHC5, c-Myc-PfARO-C6dA + FLAG-PfDHHCS5 or c-Myc-PfARO + CD4 empty vector.

6.4.2. Point mutation of Cys5 and Cysé6 in PfARO reduces palmitoylation by PFDHHC5

PfARO has been previously shown to be palmitoylated, and two cysteine residues in the N-terminal
region of PfARO (Cys5 and Cys6) are thought to be the potential sites of palmitoylation [9]. In order
to determine whether Cys5 or Cys6 was the palmitoylated cysteine, point mutants were made for
both Cys5 and Cys6, where each cysteine residue was mutated into an alanine residue individually.
Each of these point mutants were co-expressed in HEK293 cell, again along with PfDHHC5. The PfARO
Cys5 point mutant (name PfARO-C5dA) and the PfARO Cys6 point mutant (named PfARO-C6dA) were
each immunoprecipitated from protein extracts using antibodies against the c-Myc tag, and
visualised by immunoblot using antibodies against the c-Myc tag from another species, as described

above.

Immunoblot of the immunoprecipitates from both PfARO point mutants resulted in the same bands
as previously observed (Section 6.2.3): the lower molecular weight band running at approximately 28
kDa and the higher molecular weight band running at approximately 45 kDa, which was determined

above to correspond to the palmitoylated version of the protein (Section 6.3.2) (Figure 6.6B).
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Additionally, the third band running above the 46 kDa marker was also present in the

immunoprecipitates from both point mutants (Figure 6.6B).

In the presence of PfDHHCS5, there was a decrease in the intensity of the palmitoylated band of
PfARO-C5dA compared to the intensity of the palmitoylated band of wild-type PfARO (Figure 6.6B). In
fact, the intensity of the PFARO-C5dA palmitoylated band did not appear to be greater than that of
the band due to background palmitoylation (when wild-type PfARO was co-expressed with only the
empty vector control, not with PfDHHCs) (Figure 6.6B). This indicated that the mutation of Cys5 to an
alanine residue appeared to affect the level of PfARO palmitoylation by PfDHHC5, thus suggesting

that Cys5 may be a palmitoylated cysteine.

The same result was observed for the PFARO-C6dA point mutant, where in the presence of PfDHHCS,
there was a decrease in the intensity of the palmitoylated band compared to that of wild-type PfARO
(Figure 6.6B). In this case as well, the intensity of the PFARO-C6dA palmitoylated band did not appear
to be greater than that of the band due to background palmitoylation (Figure 6.6B). This indicated
that the mutation of Cys6 into an alanine residue also appeared to affect the level of palmitoylation

by PfDHHCS5, suggesting therefore that Cys6 of PFARO may also be a palmitoylated cysteine.

The results described here suggest that both cysteine residues (Cys5 and Cys6) in the N-terminal
region of PFARO appear to be the sites of palmitoylation, and mutation of either of these cysteine
residues into alanine residues results in a decrease in the level of PFARO palmitoylation. Presumably,
the continued presence of the palmitoylated band when either of the cysteine residues was
individually mutated could be due to the palmitoylation of the non-mutated cysteine residue. It
would be interesting to determine whether, if both cysteine residues were to be simultaneously
mutated, the palmitoylated band would no longer be present, indicating that palmitoylation had
been abolished. This would further confirm that both Cys5 and Cys6 of PFARO were in fact the sites of
palmitoylation. Unfortunately, due to time constraints, this data was not yet available at the time of

writing this dissertation.

6.7. Site-directed mutagenesis of the cysteine in the DHHC domain of PfDHHC5

Not much is known about the exact mechanism of palmitate transfer by the DHHC proteins, and the
role played by the highly conserved DHHC signature motif is as yet unknown [18]. Most of the DHHC

proteins studied so far have been found to be palmitoylated when incubated individually with
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palmitoyl-CoA in vitro, indicating that these DHHC proteins are autopalmitoylated [1-3, 19]. This led
to the hypothesis that palmitate transfer occurs via a palmitoyl-enzyme intermediate. As
autopalmitoylation is abolished when the cysteine residue of the DHHC domain is mutated, that
cysteine residue is thought to be a possible candidate for the site of modification during the
formation of the palmitoyl-enzyme intermediate, although autopalmitoylation of another cysteine

residue is also possible [18].

In order to determine whether the cysteine residue in the DHHC domain of the PfDHHC proteins was
important for the palmitoylation of target proteins, site-directed mutagenesis was performed in
order to mutate that cysteine residue into an alanine residue in the PfDHHC5 HEK293 expression
construct, as described in the Materials and Methods. The PfDHHC5 point mutant (named PfDHHC5-
CdA) was then co-expressed with PfSec22 or PfARO in HEK293 cells. The target proteins were
immunoprecipitated from protein extracts using antibodies against the c-Myc-tag, and visualised by
immunoblot using a-c-Myc antibodies from a different species, in order to determine if any

difference in target protein palmitoylation was observed.

Immunoblot of PfSec22 resulted in the same two bands as observed previously: one band running at
approximately 10 kDa and a second band running at approximately 17 kDa, which was shown above
to correspond to palmitoylated PfSec22. In the presence of PfDHHC5-CdA, the intensity of the
palmitoylated band of PfSec22 appeared to be the same as the intensity of the palmitoylated band of
PfSec22 when in the presence of wild-type PfDHHC5 (Figure 6.7A). The palmitoylated band of
PfSec22 due to background palmitoylation (when PfSec22 was co-expressed with the empty CD4
vector) was not clearly seen here, although background palmitoylation of PfSec22 was observed to
occur in other experiments. However, in this experiment, protein expression as a whole appeared to
be lower than normal, and this was probably why this lower intensity background palmitoylated
band was not seen in this case. Nevertheless, the palmitoylated band due to palmitoylation by
PfDHHC5-CdA was clearly present, and was greater than when PfSec22 was co-expressed with the
empty CD4 vector (Figure 6.7A). This indicates that mutation of the cysteine residue of the DHHC
domain did not appear to affect the level of PfSec22 palmitoylation, which argues against a role for
this residue in the formation of the palmitoyl-enzyme intermediate, or at least a role that is

absolutely required for enzyme activity.

Immunoblot of PfARO again resulted in the same bands as observed previously: one band running at
approximately 28 kDa and one band running at approximately 45 kDa, which was shown previously
to correspond to the palmitoylated version of PfARO. In this case, the third band running above the

46 kDa marker that was observed in previous experiments was not observed here. However, as
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mentioned above, protein expression in this experiment was relatively lower than normal, and as a
consequence, this band, which was usually of a lower intensity, could not be seen here. In the
presence of the PfDHHC5-CdA, the intensity of the palmitoylated band of PfARO appeared to be the
same as the intensity of the palmitoylated band when in the presence of wild-type PfDHHC5 (Figure
6.7B). The intensity of the palmitoylated band was also greater than that of the band due to
background palmitoylation (when PfARO was co-expressed with the CD4 empty vector) (Figure 6.7B).
Again, this indicates that the mutation of the cysteine residue in the DHHC domain did not appear to

affect the level of PFARO palmitoylation.
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Figure 6.7: Immunoprecipitation of PfSec22 and PfARO proteins when co-expressed with mutant PfDHHC5
using antibodies against the c-Myc tag. HEK293 cells were co-transfected with plasmids coding for the
expression of c-Myc-tagged PfSec22 or PfARO along with FLAG-tagged mutant PfDHHCS (which had the
cysteine residue of the DHHC domain mutated into an alanine residue) or the empty vector (CD4). PfSec22 and
PfARO proteins were immunoprecipitated from cell lysates using an a-c-Myc antibody. The proteins were
separated by SDS-PAGE and visualised by immunoblot, using a-c-Myc antibody from a different species. (A)
HEK293 cells co-transfected with c-Myc-PfSec22 + FLAG-PfDHHCS5, c-Myc-PfSec22 + FLAG-PfDHHC5-CdA or c-
Myc-PfSec22 + CD4 empty vector. (B) HEK293 cells co-transfected with c-Myc-PfARO + FLAG-PfDHHCS, c-Myc-
PfARO + FLAG-PfDHHC5-CdA, or c-Myc-PfARO + CD4 empty vector.

The results described above suggest that, at least in the case of PfDHHC5, the mutation of the
cysteine residue of the DHHC domain into an alanine residue did not have an effect on PfSec22 and
PfARO palmitoylation. This therefore implies that the cysteine residue of the DHHC domain of

PfDHHCS does not appear to be involved in the transfer of palmitate to target proteins.
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For the yeast DHHC proteins, Erf2 and Akrl, mutation of the first histidine residue of the DHHC
domain has been found to reduce palmitoylation of their substrate [1, 2]. Interestingly, for both Erf2
and Akrl, mutation of the cysteine residue of the DHHC domain, besides abolishing
autopalmitoylation, also resulted in the loss of PAT activity [1, 2]. This was not observed here for
PfDHHCS. However, as other residues of the DHHC domain (such as the first histidine residue) appear
to also be involved in palmitoylation, it could be that in the case of PfDHHCS, other residues within
the DHHC domain are important for palmitate transfer to the substrate, whilst the cysteine residue is
involved in the autopalmitoylation of the DHHC protein itself. Unfortunately, due to the size of the
PfDHHCS protein (80.8 kDa) and to its solubility in detergents, PfDHHC5 expressed in HEK293 cells
was unable to be immunoprecipitated or visualised by immunoblot. Thus, it is unknown whether the
mutation of the cysteine residue in the DHHC domain affects autopalmitoylation of PFDHHCS at this

time.

Alternatively, other models of protein palmitoylation suggest that instead of acting as the palmitoyl-
enzyme intermediate, the DHHC domain may be involved in the allosteric regulation of the DHHC
protein, controlling substrate specificity and binding, whilst palmitate transfer occurs on other
cysteine residues [18]. As the results described here indicate that mutation of the cysteine residue
did not affect target protein palmitoylation, this could imply that the cysteine residue of the DHHC
domain is not involved in substrate specificity or binding, if that is indeed the role of the DHHC

domain.

It would be interesting to determine whether the same results are observed for the other P.
falciparum DHHC proteins studied here, as well as to investigate which residue within the DHHC
domain is actually important for the palmitoylation of target proteins, in order to shed some light on

the exact mechanism of palmitate transfer performed by the DHHC proteins.

Conclusions

The PAT activity assay developed here has successfully shown that four PFDHHC proteins of interest

(PFDHHC3, 5, 7 and 9) exhibit PAT activity and can palmitoylate P. falciparum proteins expressed in a
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heterologous system. This assay also confirms that two potential palmitoyl-proteins, PfSec22 and

PfARO, are indeed palmitoylated. Futhermore, this assay has revealed that like the DHHC proteins of

other eukaryotic organisms, the Plasmodium DHHC proteins have overlapping functionalities, where

several different PFDHHC proteins appear to be able to palmitoylate the same substrate protein,

although factors such as the localisation of the DHHC protein in relation to the localisation of the

target protein may affect target protein palmitoylation. Lastly, at least in the case of PfDHHCS5, the

cysteine residue of the DHHC domain does not appear to be directly involved in palmitate transfer,

implying that the other residues of this highly conserved domain may be the residues involved in

target protein palmitoylation.
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Chapter 7

Discussion



Palmitoylation, one of the lesser known protein PTMs, was initially thought to be merely a simple
membrane anchor. Recently however, the development of new methods to purify whole
‘palmitomes’ from individual organisms has revealed the broad scope of this PTM in many different
eukaryotic organisms, and has raised questions about the potentially diverse roles played by this
PTM in protein function. The fact that palmitoylation is the only known reversible lipid modification,
as well as evidence that palmitoylation can have active roles in many aspects of protein localisation,
trafficking and function, has brought about the view that this protein PTM is important for normal
cellular function [1, 2]. Furthermore, the recent discovery of protein families capable of mediating
the addition of palmitate to proteins (the DHHC and MBOAT protein families), as well as protein
families capable of removing palmitate from proteins (the APT protein family), raises interesting
questions regarding the dynamic regulation of palmitoylation, and the effect and role of this dynamic
regulation on the function of the palmitoylated protein [2, 3]. Until recently, only three proteins were
confirmed to be palmitoylated in Plasmodium parasites (GAP45 [4], CDPK1 [5] and calpain [6]).
Application of the new palmitome purification technologies however has revealed that more than
400 putative palmitoyl-proteins are found in the intraerythrocytic schizont stages of P. falciparum,
which is a similar percentage of the total proteome as found in other eukaryotic species [7]. In the
work described in this dissertation, a more in-depth study of protein palmitoylation in P. falciparum
was performed, and can be divided into two main aims — a global analysis of the sites of
palmitoylation within the palmitome of P. falciparum schizonts, and the characterisation of the DHHC

and MBOAT proteins in Plasmodium parasites.

In order to fulfil the first aim, a method for the purification of palmitoylated peptide fragments was
developed based on previously used purification techniques. This method was applied to the schizont
stages of P. falciparum and resulted in the successful purification of putative palmitoylated peptide
fragments, which contained the putative palmitoylated cysteine residues, resulting in the
identification of potential sites of palmitoylation within the P. falciparum schizont palmitome

(Chapter 3).

Although the application of this site-ID palmitome purification method resulted in the identification a
number of putative palmitoylated peptides, further development is clearly needed. Two main
technical issues remain to be overcome. Firstly, the quantification method that resulted in the best
proteome coverage and produced the largest dataset of enriched peptides was label-free
guantification. However, this method of quantification is less accurate and more prone to error and
variability (due to the inherent run-to-run experimental variations which occur during label-free mass

spectrometry analysis) compared to other methods of quantification, such as SILAC metabolic

169



labelling and stable isotope dimethyl labelling [8, 9]. This means that the datasets produced,
although certainly containing actual palmitoylated peptides, may possibly contain more false-positive
identifications due to inaccurate quantification, and subsequently, generation of inaccurate
enrichment ratios. These datasets must therefore be treated with higher stringency when deciding
the cut-off point for enrichment. One way to combat this would be to perform many replicates of
different purifications and considering only the peptides which are consistently identified as enriched
across the replicates, as consistent peptide identifications across multiple replicates are less likely to
be false-positive contaminants. For the site-ID palmitome purifications from P. falciparum schizonts
described here, multiple label-free replicates were unable to be performed due to time constraints.
However, by considering the overlaps between the datasets produced from all the different
purifications performed during the development of the purification method, and accepting only the
peptides that were consistently present in the different datasets, palmitoylation sites could still be

identified, which will be valuable for follow-up experiments.

The second issue observed during the development of the site-ID palmitome purification method
was the relatively high background of cysteine-containing peptides identified in control samples. A
‘noise’ level of cysteine-containing peptides is always expected to be present in control samples, and
in fact, is necessary for relative quantification of abundance by mass spectrometry. In these analyses,
enrichment ratios were used as a measure of the enrichment of a particular peptide in the
palmitome samples compared to the control samples, and thus as an indication of whether the
peptide was palmitoylated or not. These enrichment ratios were generated by comparing the
intensity of the particular cysteine-containing peptide in palmitome samples with its intensity in the
control samples. This means that a level of cysteine-containing peptides in control samples is
required for the generation of the enrichment ratios. The abundance of these cysteine-containing
peptides in control samples are usually very low and are not usually high enough to be directly
sequenced and detected by MaxQuant. These peptides are instead usually found by MaxQuant in the
control samples using the ‘match between runs’ feature, which matches peptide ions by their mass
and retention time. However, in these site-ID purifications, some cysteine-containing peptides in
control samples was directly identified by MaxQuant, indicating that the background of cysteine-

containing-peptides in the control samples was unfortunately higher than expected.

This high background in control samples would not have a great effect on peptides which had much
higher intensities in the palmitome samples, thus resulting in high enrichment ratios. However, this
background could certainly affect those peptides with lower intensities, and could possibly in fact

mask the fold enrichment of the peptide. This is further complicated by the fact that label-free
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quantification is less sensitive to small quantitative differences [9], and thus might not be able to
accurately measure the lower fold enrichment due to increased background in the control samples.
This background of cysteine-containing peptides could thus have an effect on the enrichment ratios,
and this would ultimately affect the classification of peptides as enriched, as the cut-off criteria used
here to define enrichment is based on the enrichment ratios (described in Section 3.1.2). This is
especially true when the cut-off criteria is based on the median of the enrichment ratios, as the
generation of relatively low enrichment ratios as a result of the background in the control would

result in a lower median, and subsequently, a lowered cut-off point.

The presence of this high background of cysteine-containing peptides in the control samples points
to either the incomplete blockage of free thiols by the initial IAA (or NEM) treatment, or the
possibility that palmitate groups were somehow falling off during the later steps of purification.
Treatment with both IAA and NEM is sensitive to pH, with specific blockage of free thiols taking place
at a specific pH. The specificity of the blockage and the rate of the reaction are thus dependent on
the pH of the reaction. Although the pH was measured and adjusted to the optimum pH during the
initial blocking of free thiols, minor changes in the pH could have occurred during the course of the
blockage step (the samples were usually blocked for two hours), especially since a reducing agent,
TCEP, was present in the lysis buffer for the extraction of the proteome, in order to reduce any
disulphide bonds present. This could potentially contribute to the background observed in control
samples, although it is unlikely to be the only cause of the high background in the control.
Unfortunately, due to time constraints, this issue was unable to be solved before the writing of this

dissertation.

However, despite the presence of this background in the datasets already obtained, analysis of the
overlaps between the datasets, as described above, can still provide useful information on the
potential sites of palmitoylation. By considering just the peptides that were consistently purified in
the two label-free datasets (Trial 3B and 4), and which corresponded to proteins previously identified
in the total schizont palmitome [7], 142 putative palmitoylation sites were identified. Furthermore,
of these 142 common enriched palmitoylation sites, 14 palmitoylation sites were found to be
common across four of the trial purification datasets (Trial 2, 3A, 3B and 4). Although false positive
identifications are undoubtedly still present within these datasets, not only due to the issues
reported above, but also due to the contaminant proteins that are inherently purified by ABE
methods [7], this list of potential palmitoylation sites can still be used as a guide for the design of

further experiments and the generation of testable hypotheses.
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It was interesting to note that in all the datasets collected, not only the P. falciparum schizont
dataset, but also the preliminary P. berghei schizont dataset, as well as the T. gondii tachyzoite
dataset, members of the DHHC protein family were found to be present and were classified as
enriched. The DHHC protein family have been shown to be the enzymes responsible for catalysing
protein palmitoylation in other eukaryotic organisms, and all the DHHC proteins studied thus far have
been shown to also be palmitoylated themselves [3]. The identification of these proteins in the site-
ID palmitome purification datasets is therefore reassuring, not only as additional validation for the
site-ID palmitome purification method, but also as possible confirmation that these proteins are also
palmitoylated in Apicomplexan organisms. Each of the three Apicomplexan species mentioned above
possess a relatively large repertoire of DHHC-domain-containing proteins, with 12 DHHC proteins in
P. falciparum, 11 DHHC proteins in P. berghei and 18 DHHC proteins in T. gondii. However, not all of
the DHHC proteins were identified in the different site-ID trial purifications, and in fact only one of
the PfDHHC proteins was consistently identified in more than one of the P. falciparum trial
purifications. This may yet again be the result of the issues faced with the site-ID protocol (as
described above), or may instead reflect the difficulties of sufficiently extracting these multi-pass TM-
domain-containing proteins, some of which have relatively high molecular weights. Nevertheless, the
identification of some members of the DHHC protein family in these site-ID purification datasets was

a first step in the characterisation of this protein family in Apicomplexan parasites.

Importantly, in all the site-ID trial datasets, the cysteine residue identified as palmitoylated for the
DHHC proteins was not the cysteine residue of the conserved DHHC motif. One hypothesis for the
transfer of palmitate to cysteine residues of target proteins involves the formation of a palmitoyl-
enzyme intermediate, and the cysteine of the DHHC motif has long been thought to be a possible
candidate for the site of modification on DHHC proteins, although modification at another cysteine
residue is also thought to be possible [3]. The data obtained from the site-ID palmitome purifications
however indicate that palmitoylation of the DHHC proteins appeared to occur on a cysteine residue
which was not the cysteine of the DHHC motif, at least for the DHHC proteins identified in the site-ID
purifications. It is possible that the cysteine of the DHHC motif is also palmitoylated but was not
identified in the site-ID purifications, due either to chance or to the issues with the site-ID protocol
mentioned above, and the cysteine identified as palmitoylated by the site-ID purifications could
perhaps have other roles besides palmitate transfer, such as in the localisation of the DHHC protein
itself or in regulating substrate specificity. Conversely, another possibility is that the cysteine residue
involved in palmitate transfer might not be the cysteine of the DHHC motif, if palmitate transfer does
indeed occur via a palmitoyl-enzyme intermediate. Whether these cysteine residues are truly

palmitoylated, and whether palmitoylation at these sites are actually required for the palmitoylation
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of the target proteins by the DHHCs can now be validated and tested using the PAT activity assay also
developed in the work for this dissertation (Chapter 6), and this may then provide some insight into

the mechanisms of palmitate transfer by the DHHC proteins.

In order to further characterise these putative PATs in Plasmodium parasites, the repertoire of
DHHC-domain-containing proteins were localised and knocked-out in both species of Plasmodium: P.
berghei and P. falciparum (Chapter 4 and 5). In both Plasmodium species, the DHHC proteins
appeared to localise to different membrane-bound compartments within the cell. These membrane
compartments consisted of organelles such as the Golgi [10] and the ER [11], to which the DHHC
proteins of other eukaryotic organisms are commonly localised to, as well as specialised, parasite-
specific organelles, such as the rhoptries and the IMC. The distribution of the DHHC proteins to
various different membranous compartments suggests that at least one aspect of the regulation of
DHHC protein substrate specificity may be reliant on the localisation of the DHHC protein, which
dictates the potential target proteins that come into contact with the particular DHHC protein.
Additionally, the expression of the DHHC proteins appeared to be stage-specific, with only a subset of
proteins highly expressed in the schizont stages studied here, which further implied that the activity
of different DHHC proteins may be required at different stages of the parasite life cycle. The
localisation of these proteins to different sites in the cell, and the differential expression of these
proteins at different stages of the life cycle, may be the reason why so many of the DHHC proteins
are present in each species, and may be how substrate specificity of these proteins is regulated,
especially considering the fact that these proteins have been found to be relatively promiscuous in

terms of substrate specificity in other organisms [12].

Studies on the essentiality of the DHHC protein family in both Plasmodium species revealed the
existence of two subsets of DHHC proteins. One subset consisted of proteins that were unable to be
knocked-out in the intraerythrocytic stages of the parasite, implying that these proteins were
essential for blood stage growth, and the second subset consisted of proteins that were successfully
knocked-out in the blood stages without any detrimental effect on blood stage growth, implying a
possible redundancy in the function of these proteins, at least in the blood stages studied here.
Overlapping functionality of the DHHC proteins has been demonstrated before in yeast, where
individual deletions of yeast DHHC proteins had minimal effect on substrate palmitoylation. In fact, a
significant decrease in substrate palmitoylation was only observed when multiple DHHC proteins
were simultaneously deleted [12]. The ability to delete some of the DHHC proteins in both P. berghei
and P. falciparum imply that the same overlapping functionality may exist in Plasmodium. However,

whereas all the yeast DHHC proteins were found to be non-essential when individually deleted [12],
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the results shown here indicate that at least a few of the DHHC proteins in P. falciparum, for example
PfDHHC3 (localised to the Golgi), PfDHHC7 (localised to the rhoptries) and PfDHHC8 (localisation
undetermined due to low expression), and in P. berghei, for example, PbDHHC4 (localisation
unknown) and PbDHHCS (localisation undetermined due to low expression), appeared to be essential
to blood stage growth, perhaps reflecting the more complicated life cycle of the parasite and possible

life cycle stage-specific expression and function of the DHHC proteins.

Due to time constraints, only the intraerythrocytic stages were studied here for both P. falciparum
and P. berghei. Recent work by others however, revealed that the disruption of PFDHHC9 (which was
shown in the work presented in this dissertation to be non-essential in the blood-stages of both P.
falciparum and P. berghei) prevented the formation of mature gametocytes in P. falciparum,
implying that this DHHC protein is essential for gametocytogenesis [13], a process which is necessary
for the transmission of the parasite to the mosquito vector. This indicates that further work on the
localisation and essentiality of the DHHC proteins in other stages of the parasite life cycle besides the
asexual intraerythrocytic stages, such as the sexual gametocyte stages, would certainly provide
further insight on the function and importance of the DHHC protein family in Plasmodium biology.
These studies could be more easily done using P. berghei instead of P. falciparum, as the phenotype
of a particular DHHC knock-out strain could be observed in all stages of the Plasmodium life-cycle,
and the effect of the disruption of the DHHC protein on parasite transmission to the mosquito could

also be studied.

The next step in understanding the specificity of palmitoylation in Plasmodium parasites would be to
combine the DHHC knock-out transgenic parasite lines generated here with the newly-developed
site-ID palmitome purification protocol, in order to determine which specific or overlapping sites
were palmitoylated by individual DHHCs. This would be achieved by performing the site-ID
palmitome purification on each individual DHHC knock-out transgenic strain, and comparing the
enriched palmitoylation sites obtained, with that of the wild-type strain, in order to determine
whether any palmitoylation sites were no longer present when a particular DHHC protein was
deleted. This would then be an indication of which sites were palmitoylated by a specific DHHC
protein. Similar studies in yeast revealed that the yeast DHHC proteins palmitoylate overlapping sets
of substrate proteins [12]. However, given that unlike in yeast, some of the DHHC proteins in
Plasmodium are not redundant and are not amenable to disruption in the blood stages, this might
not be the case for this set of non-redundant DHHC proteins, which may possibly be responsible for
palmitoylating specific, non-overlapping substrates. In order to perform the comparative site-ID

studies on these essential DHHCs however, conditionally regulated versions of the essential DHHCs

174



would be required. While there are currently no robust regulatable systems in Plasmodium, recent

developments, such as the DiCre conditional recombinase system [14] may offer the way forward.

Given the issues with the site-ID palmitome purification method (described above), this sort of
comparative palmitoylation site analysis may potentially be difficult and complex. However, if a
sufficient number of replicates are performed, and stringent and rigorous analysis applied to the
datasets, valuable information can still be gleaned. Also, as mentioned above, label-free analysis is
known to be less sensitive to small quantitative differences [9], and in the case of a comparative
palmitoylation site analysis, might not be sensitive enough to detect any small changes in enrichment
for a particular palmitoylation site. Thus, although the results presented in this work has determined
that label-free quantitative analysis provided better coverage and larger datasets, in the case of the
comparative site analysis, it might be more beneficial to use a chemical or metabolic labelling
approach rather than a label-free approach, for the sake of higher quantitative accuracy. As stable
isotope dimethyl labelling methods appeared to be provide the least information, SILAC metabolic
labelling could be used instead, at least in the case of the P. falciparum knock-out strains, as this
form of labelling worked well in the purification of the total schizont palmitome [7], and can be used
for the efficient metabolic labelling of P. falciparum parasites in culture. Again due to time
constraints, these comparative site analyses have not yet been performed, but are certainly the

logical next steps in future experiments.

The repertoire of DHHC proteins in Plasmodium is relatively large, and the differences in the
localisation and essentiality of these proteins suggested that these proteins may have important
roles in parasite biology. Nevertheless, whether the role of these proteins in Plasmodium involved
catalysing protein palmitoylation was still unknown. The development of the PAT activity assay in
HEK293 cells described here however, revealed that the Plasmodium DHHC proteins did indeed
exhibit PAT activity, at least for the four P. falciparum DHHC proteins studied (Chapter 6), indicating
that the function of these proteins is indeed to mediate protein palmitoylation. Moreover, analysis
using the PAT activity assay revealed that different PfDHHC proteins were able to palmitoylate the
same target protein. This acted as further confirmation that, like in yeast, Plasmodium DHHC proteins

may also possess overlapping functionalities.

Initial PAT activity experiments involving the mutation of the cysteine residue in the highly conserved
DHHC domain suggested that for the Plasmodium DHHC proteins, the cysteine residue might not be
the residue involved in palmitate transfer to target proteins. This contrasted with experiments
performed in yeast, where mutation of the cysteine residue in the DHHC domain abolished the

palmitoylation of substrate proteins [10, 11], but was consistent with the fact that the cysteine
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residue identified as palmitoylated in some PfDHHC proteins by the site-ID palmitome purification
method was not the cysteine of the DHHC motif, raising the question as to whether the transfer of
the palmitoyl group to the cysteine residues of target proteins could occur via different mechanisms
in Plasmodium. Further analysis using site-directed mutagenesis and the PAT activity assay, in order
to determine which residues are responsible for palmitate transfer, may provide valuable insights
into the mechanism of palmitate transfer by the Plasmodium DHHC-PATs, and as noted above, can
be used to test the function of the palmitoylation sites identified within the DHHCs themselves. The
PAT activity assay developed here can thus be used not only for the demonstration of PAT activity,
but also for determining substrate specificity, and for exploring the mechanisms of palmitate

transfer.

In order to perform the PAT activity assay, one of the first steps was to choose target proteins that
could potentially be palmitoylated by the DHHC proteins of interest. This was done by considering
both the data obtained from the site-ID palmitome purifications, as well as the localisation data of
the DHHC proteins being studied. The target proteins were chosen based on evidence of
palmitoylation in the site-ID datasets and their localisation in relation to the localisation of the DHHC
proteins. For example, one of the target proteins chosen, PfSec22, was identified in the Trial 4 site-ID
palmitome purification dataset, with a high enrichment ratio that passed the cut-off criteria for
highly enriched proteins. Additionally, PfSec22 was annotated as a SNARE protein, found to be
localised to the ER, which made it a candidate for palmitoylation by the DHHC proteins localised to
the ER and Golgi. Subsequent experiments using the PAT activity assay revealed that PfSec22 was
indeed palmitoylated, providing further validation for the ability of the site-ID palmitome purification
method to truly purify palmitoylated proteins. Furthermore, it was shown that PfSec22 appeared to
be mainly palmitoylated by the PfDHHC proteins located at the ER (PfDHHC5) or Golgi (PfDHHC3),
contributing to the possibility that substrate specificity may be affected by the localisation of the
DHHC proteins in relation to the target proteins. The cysteine residues identified as potentially
palmitoylated by the site-ID purification can now be validated experimentally using the PAT activity

assay, in order to confirm the site of palmitoylation for PfSec22.

It also must be noted that PfSec22 was identified and classified as enriched only in the Trial 4 site-ID
purification, and not in the other trial purifications. This indicates that there is the possibility that a
protein which was identified in one dataset, but not in other datasets, could actually still be
palmitoylated, despite the lack of overlap between datasets. Thus, when using the site-ID datasets to
decide whether a protein may be palmitoylated or not, besides the overlap between the different

datasets, it is also important to consider the enrichment ratio. PfSec22 for example, had a relatively
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high enrichment ratio which was consistent across the two biological and two technical replicates
that were performed in the Trial 4 site-ID purification. Additionally, due to the lack of overlap
between datasets for a particular protein, experimental validation of palmitoylation should also be

performed, which was done here in the case of PfSec22, using the PAT activity assay.

The second target chosen for the PAT activity assay was PfARO. PfARO was chosen mainly due to its
localisation to the rhoptries, which made it a good candidate for palmitoylation by either PfDHHC7,
which also localised at the rhoptries, or PFDHHC3 and 5 located at the Golgi and ER respectively.
Additionally, PfARO was shown experimentally to be a palmitoylated protein [15], although PfARO
was not identified in any of the site-ID trial palmitome purifications performed here. This thus
presents a contrasting example of how these site-ID palmitome purifications can also possibly miss
some truly palmitoylated proteins, perhaps due to the various issues described previously or perhaps
merely by chance. Thus, although the list of putative palmitoyl-proteins and their potential
palmitoylation sites is extensive, some palmitoylated proteins still may not be captured by this
method of purification. Nevertheless, the datasets generated by the site-ID purifications can still act
as an initial guide when looking for potential palmitoyl-proteins, and with the development of the
PAT activity assay, there is now the means to easily validate the ‘palmitoylation status’ of these
proteins without having to produce transgenic parasite strains, which particularly in P. falciparum, is

more difficult and more time consuming.

Conclusions

In the work described here, potential palmitoylation sites were identified for a range of putative
palmitoyl-proteins through the development of a site-identification palmitome purification method
coupled with quantitative mass spectrometry approaches. The DHHC protein family was
characterised in Plasmodium parasites, and found to be distributed in different cellular
compartments, raising the question as to whether the localisation of the DHHC protein may play a
part in regulating substrate specificity. The DHHC family was also found to consist of genes that were
both essential and non-essential for blood stage growth, implying a functional redundancy for some
of these DHHC proteins. It would be interesting to determine whether any of these DHHC proteins
are essential for other stages of parasite development, which would imply a specific functional

requirement for that DHHC protein at a particular stage of development.

Lastly, the development of the PAT activity assay allowed the PAT activity of the Plasmodium DHHC

proteins to be demonstrated, showing for the first time that these parasite proteins did indeed act as
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PATSs. Studies using this PAT activity assay also confirmed that Plasmodium DHHC proteins exhibited
overlapping functionalities and were capable of palmitoylating the same substrate, although for
some target proteins, there appeared to be a preference for particular DHHC proteins. This assay can
now be used to validate the palmitoylation sites identified by the site-ID palmitome purifications, as

well as to try and tease out the mechanisms involved in palmitate transfer by the DHHC proteins.

Given the wide-spread occurrence of palmitoylation in Plasmodium, the reversibility of this lipid
PTM, the presence of Plasmodium proteins possessing palmitoyl transferase activity, and the
negative effect of the inhibition of palmitoylation on parasite growth and invasion, further pursuing
the role of palmitoylation in Plasmodium parasites may provide novel drug targets that could be used
for therapeutic interventions, especially considering the need for new therapies in the fight against
malaria. For example, the set of DHHC proteins which were found to be essential for Plasmodium
blood-stage growth are logically potential targets for future drug development. The PAT activity
assay developed here could then also potentially be used to screen for compounds which inhibit the
PAT activity of the essential Plasmodium DHHC proteins. Furthermore, the fact that one of the DHHC
proteins appears to be essential for gametocytogenesis [13] raises the question as to whether this
DHHC protein could be a potential transmission blocking target, and whether there are other DHHC
proteins which act at similar stages of the life cycle and could thus also be used as transmission
blocking drug targets. However, it must be noted that DHHC proteins are also present in humans
(there are 23 DHHC proteins in humans), and the human DHHCs play essential roles in normal cellular
function [16, 17]. Targeting the Plasmodium DHHC proteins could possibly also result in the cross-
inhibition of the human DHHC proteins. An ideal drug would thus be one which can specifically target
the Plasmodium DHHC proteins without affecting the DHHC proteins and palmitoylation in the
human host. Clearly, a better understanding of palmitoylation and the DHHC proteins in Plasmodium
parasites is still required before this can be successfully achieved. Nevertheless, the work described
in this dissertation has provided new information about this lesser known protein modification in

Plasmodium, and also provided useful assays that can hopefully contribute to achieving this goal.
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