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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

71




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.
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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)

78




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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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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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


http://go.princeton.edu/cgi-bin/GOTermFinder

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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