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SUMMARY

The Apicomplexan parasite, P. falciparum, is one of the causative agents of the
morbidity and mortality in sub-Saharan Africa, especially children under 5 years of age
and pregnant women (1). The parasite harbours a non-photosynthetic plastid believed
to have been acquired from blue-green algae (2, 3). The presence of this apicoplast in
the parasite and its connection to plants opens many doors for to the development of

novel antimalarials not harmful to the human host.

In this study, a herbicide-derived compound (A51B1C1_1) with structural similarities to
1,2-diacylglycerol (DAG) was tested against P. falciparum. It was anticipated that this
herbicide would target similar pathways of the malaria parasite as was shown for
Arabidopsis. One such pathway is the synthesis of the glycerolipids.
Monogalactosyldiacylglycerol (MGDG) and digalactosyldiacylglycerol (DGDG) are the
two most studied galactolipids. MGDG is synthesised by MGDG synthase and DGDG
is synthesised by DGDG synthase from DAG.

Morphological studies after inhibition of P. falciparum parasites with A51B1C1 1
confirmed that the compound does have an effect on the parasites. The determined
ICso value, the drug-like properties conforming to Lipinski's rule of five and the
specificity of the compound towards the parasite makes A51B1C1 1 a possible
antimalarial compound. Transcriptomic data of A51B1C1 1 P. falciparum treated
parasites revealed 1504 differentially affected transcripts, of which 579 transcripts were
unique to this treatment. The differentially affected processes included apicoplast-
associated metabolic pathways such as glycerolipid and glycerophospholipid
metabolism. These results thus indicated that enzymes involved in glycerolipid
synthesis, especially those responsible for the metabolism of DAG, are affected in P.

falciparum parasites treated with A51B1C1 1.

Proteome analysis indicated that similar processes as shown for the transcriptomic data
were affected by the herbicide treatment. At the assay time-point, a total of 276
Plasmodial proteins were uniquely expressed in the A51B1C1_1 treated sample
whereas 204 Plasmodial proteins were uniquely expressed in the control sample.

Interestingly, the direction of the change in the abundance of these affected proteins did



not necessarily correlate with the change of abundance observed in the transcriptomic

data, as seen numerous times before in other reported Plasmodial perturbations.

Global functional genomics aid in the confirmation that compound A51B1C1 1 does
affect glycerolipid and glycerophospholipid metabolism in P. falciparum as seen in
Arabidopsis after treatment with the parent compound Galvestine-1. Overall, this study
demonstrated the importance of functional genomics in the investigation for potential
antimalarial compounds and contributed in the progress of A51B1C1 1 from an early hit

to an early lead in the antimalarial drug discovery pipeline.
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CHAPTER 1
INTRODUCTION
LITERATURE REVIEW

‘In this, O Nature, yield | pray to me.
| pace and pace, and think and think, and take

The fever'd hands, and note down all | see,
That some distant light may haply break.
The painful faces ask, can we not cure?

We answer, No, not yet; we seek the laws.
O God, revel thro' all this thing obscure

The unseen, small, but million-murdering cause.’
Ronald Ross, 1895

1.1 History of malaria

Malaria, one of the oldest diseases known to mankind, is caused by a protozoal parasite
belonging to the Plasmodium genus. Initial symptoms of the disease include fever,
headaches, diarrhoea, shivers, backaches and vomiting (4). In Egypt, malaria antigens
were found in mummies that can be dated back to 3200 BC and notes describing
malaria-like symptoms were documented in the Ebers Papyrus (5). In China, evidence
of the malaria parasite was found in Nei Ching (6), but in 2700 BC the ‘disease’ was
said to be caused by an imbalance of yin and yang because of a lack of knowledge and
the strong belief in natural forces (7). Later, the disease was described by Hippocrates,
thus proving that Europeans were infected by the parasite around 400 BC. The disease
was originally called Roman fever, because infections were found mainly in the Roman
Republic’'s swampy area. A connection between the symptoms of the disease and a
source from the environment led to the renaming of the disease to ‘mal — aria’ which is
the Italian word for ‘bad air’ (7). The name refers to the warm, humid environment of
the parasite’s vector, the female Anopheles mosquito. The relationship between the
parasite and the vector was demonstrated in 1897 by Ronald Ross who was awarded a
Noble Prize for this discovery in 1902 (8). Charles Louis Alphonse Laveran, who

discovered living, crescent shaped objects in the blood of an Algerian soldier in 1880,

1



named these parasites Oscillaria malariae and received the Nobel Prize in 1906 for his
discovery (8). However, the name of the organism was never accepted as Oscillaria
malariae, because Italian scientists made the same discovery around the same time

and named the parasite Plasmodium malariae.

1.2 The health and economical risk of malaria

Malaria is currently one of the most lethal diseases, killing almost 800 000 people each
year (1). More than half of these mortalities are children in Africa, where 20% of all
deaths in children are caused by the parasite. More than 50% of the world’s population
in 108 countries are at risk of contracting malaria. Children under the age of five, non-
immune and semi-immune pregnant women, people living with Human
immunodeficiency virus and Acquired immune deficiency syndrome (HIV and AIDS) in
sub-Saharan Africa and travellers from non-endemic regions are the most susceptible to
malaria. Malaria, caused by P. falciparum, is found in Asia, the northern parts of South

America and the Middle East as indicated in Figure 1.1 (1).

Figure 1.1  Global distributions of  P. falciparum malaria affected areas (1).

The dark green areas represent endemic locations of malaria. The decrease in intensity of colour
indicates a decrease in the number of malaria cases by the reported period (2010).

Each year, almost 250 million people are diagnosed with this life threatening disease,
which puts a huge strain on the economies of the countries largest at risk. Malaria
2



drains the economies of poor countries in Africa annually by decreasing the gross
domestic product by 1.3% and using 40% of the public health care funds. Up to 60% of
patients visiting clinics and travel clinics in the endemic areas are diagnosed with
malaria (1, 9, 10). Burdening factors include increasing parasite drug resistance and
insecticide resistance, increase in the number of HIV and AIDS patients contracting

malaria and increase in population numbers.

1.3 Etiologic agents of malaria

Five species of the malaria parasites can infect humans; P. vivax, P. malariae, P. ovale,
P. knowlesi and P. falciparum, the latter of which is the most lethal (11). The genus
Plasmodium belongs to the kingdom Protista, the phylum Apicomplexa, the class
Hematozoa and the order Haemosporidia (12). These five species belong to a larger
group of about 200 Plasmodium species that can infect various other hosts such as

rodents, birds and even reptiles (13).

Plasmodium parasites are transmitted to humans through the bite of an infected female
Anopheles mosquito, the invertebrate vector.  The parasites undergo sexual
reproduction within the insect vector and asexual duplication within the human host
(Figure 1.2) (14). P. falciparum sporozoites are transmitted through the saliva of the
mosquito into the human bloodstream where they circulate until they reach the liver and
invade hepatocytes (15). The parasites mature into schizonts and rupture hepatocytes
to release up to 30 000 merozoites into the bloodstream that subsequently infect
erythrocytes. At this stage, humans become symptomatic of malaria (10 to 15 days
after the primary infection). Within the erythrocytes, the parasite will mature from ring
stages into metabolically active trophozoites. These then asexually replicate into multi-
nucleated schizonts resulting in the release of up to 36 daughter merozoites into the
bloodstream to infect new erythrocytes.
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Figure 1.2  The life cycle of the P. falciparum malaria parasite.

Anopheles mosquito bites the host (1). The P. falciparum sporozoites (from the salivary glands of the
mosquito) enter the body and start to circulate within the bloodstream until they reach the liver (2) (15).
Inside the liver they mature (3) and merozoites (4) are released from the liver to infect healthy and mature
erythrocytes (5). At this stage the human will start to feel symptoms of malaria (2 weeks after the primary
infection). The ring form of the parasite will mature into trophozoites and later into schizonts. When
erythrocytes burs open, new daughter merozoites will be released into the bloodstream. These
merozoites can continue in the asexual cycle by once again infecting erythrocytes. A portion of the
asexual parasites will form gametocytes (7) which will be taken up by the next mosquito taking a blood
meal from the infected host (8). Inside the midgut of the vector, the gametes will be released from the
erythrocytes and will await fertilization (9); after which the ookinetes (10) will penetrate through the wall of
the mosquito’s stomach, develop into oocysts (11) and then give rise to sporozoites (12). These
sporozoites are again injected into the human host’'s bloodstream during a blood meal and the cycle is
repeated (1).

Rupture of the erythrocytes is characterised by cyclical bouts of fever in the human host
(every 48 h in the case of P. falciparum). A portion of the asexual parasites will develop
into sexual macrogametocytes, which are taken up by the next mosquito taking a blood
meal from the infected host. Inside the midgut of the vector the macrogametocytes
differentiate into gametes (either male or female) and fuse to form an ookinete. The
ookinetes penetrate the wall of the mosquito’s stomach and develop into oocysts that

grow, rupture and release sporozoites. These sporozoites make their way to the



salivary glands from where they are injected into the human host’s bloodstream during

the mosquito’s next blood meal and the cycle is repeated (16).

1.4 Malaria Control

Malaria is a complex disease that links parasite with mosquito, mosquito with human
host and human with parasite. Each of these stages should be investigated and
targeted to control malaria to eradicate this disease (17).

1.4.1 Vector control

Control of Anopheles gambiae mosquitoes can only be achieved if physical numbers of
the mosquitoes are decreased, the parasite is eradicated from within the mosquito or if
the vector and the human host can be separated permanently (17). Vector control was
provided with new opportunities for target discovery with the availability of the complete
genome sequence of A. gambiae (18). Particularly interesting is the ability to generate
genetically modified female mosquitoes that are either fully non-compliant to the
parasite (19), or of which genetic modifications are lethal to the mosquito, and thus
prevent progeny formation (20). The first insecticide that was used against the vector
was dichloro-diphenyl-trichloroethane (DDT). This insecticide was used for indoor
spraying of houses and proved successful. However, in the 1970s, DDT was banned
because of arguments about the safety of the insecticide to humans (21). This ban was
recently lifted and the use of DDT was re-introduced at least in South Africa, due to the
occurrence of pyrethroid-resistant (but DDT sensitive) A. funestus as major vector in
this country (22). An alternative to DDT is the use of insecticide treated bed nets (ITN),
which showed reductions in the overall child mortality and cases of malaria in children
during the first two years of use (23). Unfortunately, the use of ITNs does have
limitations.  Firstly, the nets require regular treatment, which has proven difficult
because of the large number of nets being utilised. This problem was overcome with
the development of long-lasting insecticidal nets that retain the insecticide in the fibres
of the net for longer periods (1). The second limitation is the development of pyrethroid
resistance as the preferred insecticide used on the ITNs. In addition, large doses of
pyrethroids have been shown to have an effect on the nervous system, therefore
alternative insecticides are being investigated (24-26). The only way to eliminate the
parasite through the eradication of the vector is currently considered to be through

obtaining a detailed behavioural knowledge of the vector (27).



1.4.2  Vaccines

The preferable vaccine for the elimination of P. falciparum parasites would provide
protection to the human host against all stages of the parasite’s life cycle, but this has
not yet been achieved. Several stages of the parasite’s life cycle have been targeted
for the development of vaccines. These include the pre-erythrocytic stages (sporozoite
invasion of hepatocytes, hepatocytic schizogony and merozoites invasion of
erythrocytes) as well as the intra-erythrocytic asexual stages and the sexual stages
(28). Most efforts have focused on the pre-erythrocytic stages as this will prevent the
invasion of hepatocytes or the destruction of infected hepatocytes. If either is achieved,
the patient will be saved from the symptoms of malaria. Desirable properties of the
vaccine include ease of synthesis, low production costs, safety and tolerance in small
children, pregnant women and immune-compromised people. The most advanced
vaccine developed against pre-erythrocytic stage parasites is the RTS,S/AS02A
vaccine. This vaccine targets the circum sporozoite protein (CSP) expressed on the
surface of sporozoites and results in insufficient binding of the parasites to hepatocytes.
The vaccine contains a hybrid of the P. falciparum CSP linked to hepatitis B antigen
(HBSAG) (29) that is expressed in yeast. The vaccine also contains an adjuvant,
ASO02A (27). Unfortunately, no long-term protection has been achieved with
RTS,S/AS202A. Vaccines that target the blood-stage of the parasite focus mainly on
the invasion of the erythrocytes. These targets include merozoite surface protein 1 and

apical merozoite antigen 1 (27).

1.4.3 Drugs and drug resistance

Treatment of malaria symptoms already started in the 15" century in Peru through the
use of a bitter tasting component of the bark of Cinchona ledgeriana. Moreover, Qing
Hao (Artemisia annua) has been used for more than 2000 years in China (8). Although
antimalarials have mainly been used to control P. falciparum infections, the resistance
this species has developed against most currently available drugs presents a major
problem in the control of malaria (1). The antimalarials currently used can be divided
into three groups: quinolines (quinine, chloroquine, mefloquine, and primaquine),
antifolates [sulphadoxine (SDX) and pyrimethamine (PYR)] and artemisinin derivatives
(Table 1.1). Combination therapies have also been used such as sulphadoxine-
pyrimethamine (inhibits dihydropteroate synthase (DHPS) and dihydrofolate reductase

(DHFR) in folate biosynthesis), atovaquone-proguanil (inhibits mitochondrial
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metabolism), dapsone-proguanil (again targeting DHPS and DHFR) and artemether-

lumefantrine (inhibits haem metabolism) (30-32).

Table 1.1 Antimalarial drugs currently available (3 ~ 2-34).
: . Metabolic Restriction and resistance
Type Antimalarial
pathway target observed
Dihydroartemisinin
Artemisinin Artemether ER and Membrane of :
o Arteether Most effective treatment, costly
derivatives food vacuole
Artesunate
Artemisinin

Membrane of food
Atovaquone vacuole and May show resistance; costly
mitochondria

Antifolate Pyrimethamine
Sulphadoxine
Proguanil Cytoplasm Shows extreme resistance
Sulpha
drugs Dapsone
(Sulphone)
Surface membrane of
Quinine food vesicle and Shows resistance and not safe to use
vacuole
Quinolines Mefloguine Shows resistance, safety has not yet been

determined and costly

Halofantrine Shows resistance, not safe to use and costly

Food vacuole

Piperaquine

Amodiaquine Shows resistance and not safe to use by all
Lumefantrine May shows resistance and costly
Chloroquine Shows resistance

1.4.4 New antimalarial drug targets

The discovery of a new drug targets in the malaria parasite may overcome the problem
of the development of resistance to existing drugs. Several biological processes in the
parasite are being investigated to identify novel drug targets. Figure 1.3 demonstrates
current antimalarial drug targets and potential new drug targets. The five main
subcellular compartments targeted in the P. falciparum parasite is the cytosol, food

vacuole, parasite membrane, mitochondria and apicoplast of the parasite (35).

Targets in the cytosol are difficult to determine because many of the pathways in this
location are evolutionarily conserved and result in similarities between the host and the
parasite (35). The most valuable pathway in the cytosol is the folate pathway but
increasing resistance to the drugs inhibiting folate biosynthesis is decreasing the
efficiency thereof (36, 37).
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Figure 1.3  An illustration of the available drugs, their targets inthe P. falciparum
parasite and potential new drug targets (32).

The cytosol is the location in the parasite that hosts multiple metabolic pathways, of which the folate
pathway, targeted by antifolates, is the most studied (35). New targets include glycolysis and nucleotide
biosynthesis. The food vacuole is targeted by the Quinolines and possible new targets include
plasmepsin, aspartic proteases and falcipain cysteine protease. Transporters in the parasite plasma
membrane are currently investigated as new drug targets. The apicoplast and the mitochondria are also
established targets and are targeted by antibiotics and Atovaquone, respectively.

The parasite membrane is the location for parasite-specific unique transporters, which
are investigated as new targets for drug development. The choline transporter was
identified as a possible target (38). Other transporters include the glucose transporter,
different transporters involved in the movement of nutrients across the membrane and

multiple ion transporters (35).

Atovaquone targets the mitochondria (Table 1.1) (34) by inhibiting ubiquinol-
cytochrome c¢ oxidoreductase (complex Ill) and results in the collapse of the



mitochondrial membrane potential (39). This is also used in combination with proguanil

(an antifolate combination known as Malarone™) (40).

The food vacuole inside the P. falciparum parasite is a specialised proteolytic organelle
in which erythrocyte haemoglobin is degraded (41). Large amounts haemoglobin are
taken up from the surrounding erythrocytic cytosol and used rapidly (42). Proteases
hydrolyse the a- and B-globin chains of the haemoglobin molecule in a complementary
manner, resulting in the formation of potentially toxic haem and globin (35, 43, 44). The
haem moieties are detoxified into a crystalline pigment known as the haemozoin and
provide iron to the parasite during this process (44-46). The globin is broken down into
free amino acids to be incorporated in the parasitic proteins (44). The 4-aminoquinoline
chloroquine targets the formation of the haemozoin pigment resulting in free toxic haem,
which is believed to disrupt the membrane of the vacuole. This non-enzymatic
mechanism of action of chloroquine may be the reason for the efficacy of chloroquine
(35). New targets currently investigated in the vacuole include the cysteine proteases,
which demonstrated potential antimalarial activity when inhibited and the falcipain

protease family (47).

Antibiotics show slow antimalarial activity at pharmacological concentrations. The
targets and mode of action of these antibiotics differ between prokaryotes and
eukaryotes, such as P. falciparum. In prokaryotes, tetracyclines, macrolides and
lincosamides target the 70S subunit of the ribosome, rifampicin targets RNA
polymerases and fluoroquinolones target DNA gyrases (48). In the eukaryotes, such as
P. falciparum, these antibiotics may target different metabolic activities in a small

organelle in the parasite, called the apicoplast (Table 1.2).

The apicoplast is a small plastid-like organelle found in the members of the phylum
Apicomplexa. Plastids are colourless non-photosynthetic versions of chloroplast.
Chloroplasts, found in plants, contain chlorophyll which is used in photosynthesis to
provide the plant with nutrients essential for survival, such as fatty acids and haem.
Pathways within the apicoplast may present potential new targets and this organelle is

discussed in more detail below (2, 3).



Table 1.2

Drugs proposed to target metabolic activi

ties in the apicoplast (49, 50).

Meta}b_ohc Putative Target Drug ICs0 Comments REIETETEE
activity used
Confirmed to block
. . Pf 8-38 uM .
DNA Apicoplast DNA Ciprofloxacin Tg 30 uM aplr(;(;[:ilgastticli)nNA (51-53)
Replication gyrase
Trovafloxacin Tg 0.77-0.98 Causes delayed (54)
pg/ml death Tg
. . - Pf 3 uM Confirmed by
Tran?c’\rliAtion oIArFr):g?apslis[ts-ZlTkﬁmit Rifameran Tg 3 M Northern analysis (Pf) (85,59
P poly Rifabutin Tg 26.5 ug/ml (57, 58)
. . Pf 20 nM? Causes delayed
Clindamycin Tg 10 nM? death in Tg (53, 59-61)
. ) Pf 2 uM*® Causes delayed
Azithromycin Tg 2 uM death in Tg (59-62)
. . Causes delayed
Spiramycin Tg 40 ng/ml - 59, 60
Apicoplast 23S rRNA piramy 9 g death in Tg ( )
. Pf2 uM Drug-target
Thiostrepton Tg NS? interaction confirmed (63-66)
Protein Micrococcin Pf 35 nM (67)
Translation . Pf 10 pM? Causes delayed
Chloramphenicol Tg 5 uM® death in Tg (60-62, 68)
. May also target
Doxycycline Pf11.3 uM mitochondrion (68, 69)
Apicoplast 16S rRNA . Pf 10 uM No delayed death in (61, 62,
Tetracycline Tg may also target
Tg 20 uM - ) 68)
mitochondrion
Apicoplast elongation o Inferred by polysome
factor TufA Amythiamicin Pf10 nM disruption in Pf (70)
Apicoplast-targeted B . . Pf 50 uM
-ketoacyl-ACP Thiolactomycin | 440 2 )
synthase Il and IlI Thiolactomycin
(FabF and FabH) analogues Pf28 uM (71)
Apicoplast-targeted A
enoyl-ACP reductase Triclosan Pf1 uM Fabl m.h'bmon (72, 73)
confirmed
(Fabl)
Apicoplast-targeted B-
. ketoacyl-ACP Cerulenin Pf11 uM (71)
.Fatty amq synthase ll(FabF)
biosynthesis ACC inhibition
Clodinafop Tg 10 uM confirmed (74, 75)
. ACC inhibition
. Tg 100 uM )
Apicoplast-targeted Quizalofop 9 H confirmed (74
Acetyl-CoA ACC inhibition
carboxylase (ACC) Haloxyfop Tg 100 uM confirmed (74,75)
Fenoxaprop Pf 144 uyM (71)
Tralkoxydim Pf 181 uyM (71)
Diclofop Pf 210 uyM (71)
DOXP reducto- (76)
Avicoplast-targeted Fosmidomycin Pf 290-370 nM | isomerase inhibition
Isoprenoid picop 9 confirmed
. - DOXP reducto-
biosynthesis isomerase DOXP reducto-
FR-900098 Pf 90-170 nM isomerase inhibition (76)
confirmed
Target enzyme
Amino Acid _ 5-enopyruvy| Pf3 mM Characterised
. . shikimate3-phosphate Glyphosate Tg2mM . (77)
biosynthesis pathway cytosolic
synthase(aroA)

rather than plastidic

%.D. S. Roos unpublished results.
ACP - acyl carrier protein. NS - not sensitive.
Pf: P. falciparum.
Tg: Toxoplasma gondii (related protozoan apicomplexan).
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1.5 Apicomplexa and the apicoplast

The first Apicomplexan protozoan was observed by Anthony van Leeuwenhoek as
oocytes of Eimeria stiedae in the gall bladder of a rabbit in 1674. In 1828, the first
member of the Apicomplexa was named as Gregarina ovata in earwigs by Dufour (78).
The phylum now contains thousands of species and these members are responsible for
some of the world’s most devastating diseases. Members of this phylum include
Toxoplasma gondii, various Eimeria species, Neospora, Babesia, Theileria,
Cryptosporidium species and Plasmodium species. In addition to Plasmodium species
causing malaria, Cryptosporidium parvum have caused many deaths due to water-
borne disease outbreaks, Eimeria and Cryptosporidium are enteric pathogens and
Neospora and Theileria are veterinary pathogens (79). T. gondii are transmitted by a
variety of animals including mice, cats, sea otters and horses and toxoplasmosis is

particularly harmful to pregnant women and cause congenital birth defects (79-81).

1.5.1 Origin and structure of the apicoplast

Plastids originate from endosymbiosis, whereby a prokaryote is engulfed by an
eukaryote resulting in a symbiotic partnership (82). There are two theories as to how a
once independent bacterium became a small organelle inside Apicomplexan parasites.
Firstly, it is thought that a cyanobacterium was engulfed by a phagotrophic eukaryote,
which did not consume the cyanobacterium but rather used it to its benefit. Figure 1.4
depicts an algal cell as an eukaryote which contains an internal chloroplast that
originated from an engulfed cyanobacterium. The theory postulates that genes were
transferred from the chloroplast to the nucleus of the algal cell in conjunction with
discarding genes from the algal nucleus. This is known as primary endosymbiosis and
examples of these include transfer of plastids such as chloroplasts in plants, green
algae and red algae. These plastids are only surrounded by two membranes (83).
Apicoplasts are believed to be derived from a secondary endosymbiosis event through
the phagotrophic engulfment of a primary endosymbiotic eukaryote (that had already
engulfed a cyanobacterium through primary endosymbiosis) by another phagotrophic
eukaryote, thus resulting in the apicoplast existing as a small organelle (0.15 — 1.5 pm)

within the secondary phagotrophic (Figure 1.4).
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Figure 1.4 Primary and secondary endosymbiosis.

A - Primary endosymbiosis is the product of an engulfed prokaryote (Pr) by an eukaryote (Eul).
B — Secondary endosymbiosis is then the product of primary endosymbiosis, which is engulfed by a
second eukaryote (Eu2). Api— Apicoplast.

Debate is still continuing about the nature of the secondary endosymbiont (84) with
support for either green (85, 86) or red (84) algae as origin being favoured. During the
secondary endosymbiotic event, genes were once again transferred to the nucleus of
the engulfing eukaryote. The apicoplast, though no longer able to photosynthesise,
contains its own genome that encodes proteins and prokaryotic-like large and small-

subunits rRNAs as well as tRNAs (Figure 1.5).

12



Chaperone - -
/T\‘\C] i
w G

P
E
K
D
$
Apicoplast ; |
' circular DNA FI:!‘ L LRSNL,L |
C | (35 kb) Bs a5 1
: \ from Plasmodium = _V
[ \ falciparum —F
RNA polymerase \ __
: “Lsu = M
rBRNA

YCFP24 - -

Figure 1.5  The genetic organisation of the apicopla st in the malaria causing P.
falciparum (82).

The arrows indicate the direction of transcription and the broken lines shows the regions of function.
Though this is the sequence for the apicoplast of P. falciparum it was found that the other Apicomplexan
organisms have similar sequences and size. LSU — Large subunit of ribosome. SSU — Small unit of
ribosome. Star — intron. The one letter abbreviations are those of the corresponding amino acids of the
specific tRNA. YCFP24 and TUF A are the products of the ycfp24 and tufA genes. Sector A and B are
representatives of the two inverted repeats on the apical genome.

A single P. falciparum parasite only contains one apicoplast, which is associated with
the mitochondrion (87) (Figure 1.6). During the invasion stage of the malaria parasite,
the apicoplast is rod shaped and bent because it is pressed against the plasma
membrane. The apicoplast is spherical during the parasite’s development in the
erythrocytes, and increase in size as the parasite matures. The Plasmodium parasite’s
apicoplast is surrounded by a basic set of three to four membranes. The configuration
of the outermost membrane of the apicoplast of the Plasmodium sp. is a complex
extension of flattened cisternae and a myelin sheath-like structure, similar to the
thylakoids in plant envelopes, is observed within the stroma. This structure of the
apicoplast is the result of tubular whorls of up to six membranes that are rolled-up in

such a way to form what is most probably a galactolipid-rich envelope (Figure 1.6).
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Figure 1.6  The close association of the  Plasmodium apicoplast and mitochondria (82).

A — The ultrastructure of the apicoplast and the mitochondria. Black arrow heads indicates envelope
membranes, White arrow heads indicates outermost membranes. Labels: M, mitochondrion; P,
apicoplast. B — lllustration of the three-dimensional reconstitution of P. falciparum apicoplast. The
apicoplast is ovoid and closely associated with the mitochondria. IEM - Inner envelope membranes, OEM
- Outer envelope membrane, OMS - Outermost membrane system. The OMS surface area is expanded
because of the complex structures of flattened cisternae, similar to the thylakoids in plant envelopes
(observed in the central sections of the apicoplast).

1.5.2 Division mechanism of the apicoplast

The exact mechanism of apicoplast division of P. falciparum is not yet fully understood,
but because of its endosymbiotic bacterial origin, it is believed that the organelle will
divide in a similar way as the division of a bacterial cell (88). In 2000, the first
information of apicoplast division in P. falciparum was documented (89). The early ring
stage of the parasite showed a single crescent shaped apicoplast that becomes round
as the parasite develops into the trophozoite stage. The apicoplast increases in size
and forms a branched network structure. This structure divides into many daughter
plastids as the parasite divides into the multi-nucleated mature schizont such that each
merozoite released from the erupted erythrocyte will have a single apicoplast (89). This
organelle cannot be formed de novo and thus must be present in the newly formed cells
before the erythrocytes erupt (90). Nuclear division and plastid division have been
proven to be linked as can be seen for T. gondii (Figure 1.7 A) (91). The cell division of
T. gondii differs only slightly from the cell division of P. falciparum as it results in only 2
daughter cells, whereas P. falciparum results in multiple daughter cells (Figure 1.7 B),

but currently, the same principle is considered to apply to both organisms (84).
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Figure 1.7  The division of apicoplastsin ~ T. gondii (91) and P. falciparum (89).

A - T. gondii: 1 - The ellipsoid plasmid is close to the nucleus, contains many copies of the genome and is
associated with the centriole. 2 - Two equal portions of genome are formed. 3 - The dumbbell shape
plastid lies on top of the nucleus and the ends of the plastid are associated with the centrioles. 4 - Plastid
forms a U-shape and daughter buds grow out. The ends of the U are associated with the centrioles and
the middle starts to grow smaller. 5 - Plastid becomes two. Each are bound to its own centriole and
together with the divided nucleus, the plastid migrates into the daughter parasite. 6 - The two daughter
nuclei are bound in the middle of the parasite after fission. Each newly formed parasite only contains one
centriole, one apicoplast and one nucleus.

B - P. falciparum: A - ring stage, B — early trophozoite, C — late trophozoite, D — F — early
schizonts, G — late schizonts, H — merozoites. During the ring and trophozoite stages the single
apicoplast enlarge. During the schizont stages of the parasite the apicoplast forms branched structures
which divide during merozoite formation.
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1.5.3 Functions of the apicoplast

The apicoplast has been shown to be indispensible to P. falciparum parasites and it is
impossible to create mutants of these parasites without the plastid, as these are not
viable (53, 92-94). The apicoplast is unlikely to be involved in photosynthesis because
the complete genome sequence of P. falciparum has no genes encoding for products
involved in photosynthesis. Furthermore, the apicoplast is located within the parasite
that resides within erythrocytes, a nutrient-rich environment and completely in the dark
(95). However, the apicoplast plays a definitive role in the synthesis of amino acids
(89). It provides mitochondria with haem for respiration within the mitochondria (96),
plays a role in fatty acid synthesis (85), plays important role in the synthesis of
isoprenoids (76), and it is required for the formation of daughter cell plasma membranes

during cytogenesis (97).

1531 Isoprenoid biosynthesis

In higher organisms, including mammals, fungi, plants and algae, the biosynthesis of
isoprenoids (sterols and ubiquinones) are dependent on the condensation of a variety of
different isopentenyl diphosphate units. In mammals, these units are provided by the
mevalonate pathway, where three molecules of acetyl coenzyme A (CoA) are converted
into 3-hydroxy-3-methylglutaryl CoA. This is then reduced to mevalonate by the
enzyme 3-hydroxy-3-methylglutaryl CoA reductase. The next step in the pathway is the
conversion of mevalonate to mevalonate-5-posphate and then to isopentenyl
diphosphate (98). The apicoplast has low levels of 3-hydroxy-3-methylglutaryl CoA, one
of the major molecules in the mammalian isoprenoid pathway, however the enzyme that
catalyses the formation of this molecule is not found in the apicoplast (76). This
suggests that the mevalonate pathway is not the pathway of isoprenoid synthesis within
P. falciparum. However, plants and a small selection of eubacteria make use of another
pathway to assist in the first few steps of isoprenoid biosynthesis and in higher plants
this alternative pathway is responsible for the synthesis of plastidic isoprenoids (99).
This pathway is called the 1-deoxy-D-xylulose-5-phosphate (DXP) pathway and results
in the conversion of glyceraldehydes-3-phosphate and pyruvate to DXP. The reaction is
catalysed by the enzyme DXP synthase. In turn, DXP is converted to 2-C-methyl-D-
erythritol-4-phosphate by the enzyme DXP reducto-isomerase. The genes encoding

DXP reducto-isomerase was found on chromosome 14 of the P. falciparum genome
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and was taken as proof that the DXP pathway provided the parasite with isoprenoids
(76, 100, 101). An amino terminal signal sequence was found on DXP reducto-
iIsomerase which targets the enzyme to the apicoplast (76).

1.5.3.2 Haem biosynthesis

The P. falciparum parasite is capable of producing haem de novo (102). In animals the
production of haem is the end product of the biosynthesis of tetrapyrrole, which takes
place in the mitochondria and cytosol of the cell. In plants, haem synthesis starts in the
chloroplast with glutamate and cofactor tRNA and subsequently progress to the
mitochondria. The tetrapyrrole biosynthesis pathway forms two branches to form haem
and chlorophyll (102). Haem biosynthesis in P. falciparum starts in the mitochondria
with glycine and succinyl CoA, which are converted to 8-aminolevulinate by the enzyme
d-aminolevulinate synthase. Prediction tools indicated that the successive reactions
occur in the apicoplast and cytosol (103, 104). P. falciparum has the ability to
incorporate radioactively labelled glycine into haem, but cannot do the same with
radioactively labelled glutamate (105). Thus it is speculated that enzymes in the haem
biosynthesis pathway in P. falciparum originated from a-proteobacterial endosymbiosis
(106) and the pathway shows similarities to the canonical shemin pathway in the

mitochondria of animals and fungi during the initiation stages (107).

The next step in the haem synthesis in plants, animals, fungi and P. falciparum is the
formation of porphobilinogen catalysed by aminolevulinate dehydratase (HemB).
Evidence was found indicating erythrocyte HemB is imported into the cytosol of the
parasite (108). This indicates that the porphobilinogen formation occurs in the cytosol
(109). The pathway then continues in the apicoplast, as a homologue of the animal and
plant HemC, the next enzyme in the haem synthesis pathway, was found to have an
apicoplast targeted signal sequence. The rest of the pathway in the P. falciparum
parasite is of unknown location, but one of the last enzymes in the pathway, a HemH
analogue, contains a N-terminal signal sequence and it is thought to be a mitochondrial
transit peptide (109). Haem biosynthesis is a clear indication of the close relationship

between the parasitic mitochondria and apicoplast (107).

17



1.5.3.3 Fatty acid biosynthesis

Fatty acids play an indispensable role in living cells, as it mediates cell growth, cell
differentiation, membrane formation and act as precursors for energy stores (71). It
also plays a role in the maintenance of cell homeostasis. The nuclear encoded
enzymes of fatty acid biosynthesis, acyl carrier protein (ACP), enoyl-ACP reductase
(Fabl), B-ketoacyl-ACP synthases Il (KASIII) and I/ll (FabB/F) and B-hydroxyacyl-ACP
dehydratase is targeted to the apicoplast in P. falciparum (3, 72, 73, 89). This provided
evidence that type Il fatty acid biosynthesis is in fact a function of the apicoplast. The
substrate for type Il fatty acid biosynthesis is malonyl-CoA that is formed outside the
apicoplast from acetyl-CoA by acetyl-CoA carboxylase. Fatty acid elongation consists
of rounds of transferring of a malonyl moiety by malonyl-CoA:Acyl carrier protein
transacylase (FabD) to ACP to form malonyl-ACP. This is followed by condensation,
where the malonyl-ACP molecules are condensed by the enzyme [(-oxoacyl-ACP
synthase Ill (FabH) with an acetyl group to form B-oxoacyl-ACP. The acetyl group can
be provided by either acetyl-CoA or acetyl-ACP. The next steps are reduction and
dehydration reactions that in the end would have added 2 carbons to the growing chain
in each cycle. The last step is once again a reduction step by one of the following: -
ketoacyl-ACP | and Il [(KAS), FabB/F], B-oxoacyl-ACP reductase (FabG), B-
hydroxyacyl-ACP dehydratase (FabZ) or enoyl-ACP reductase (Fabl) (110). Type II
fatty acid synthesis pathway in the apicoplast of the malaria parasite is essential to the
parasite but it is also very different from the cytosolic type | fatty acid biosynthesis of the
human host. Thus, it may be a good target for drugs and inhibitors against the malaria

parasite (111).

1.5.34 Galactolipid synthesis

Biological cell membranes are permeable barriers made up of lipid bilayers (112).
Glycerolipids containing a phosphorous head group are the major lipid class in the
membranes of animals, yeast and bacteria (113). Phosphatidylglycerol (PG) is the main
phospholipid and represent +10% of thylakoid lipids in chloroplast membranes (114).
However, in photosynthetic organisms, such as algae, land plants and cyanobacteria,
phosphorous-free galactolipids are the predominant lipid class (115, 116). The
envelope of plastids, such as chloroplasts in plants, contains +80% galactoglycerolipids,

mainly monogalactosyldiacylglycerol (MGDG, +50%) and digalactosyldiacylglycerol
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(DGDG, +30%) (Figure 1.8) (114, 116). MGDG and DGDG can differ in the acyl
composition at the sn-1 and the sn-2 position of the glycerol backbone. Two main types
of MGDG and DGDG are found in nature. The eukaryotic type contains an 18 carbon
fatty acid at the sn-2 site and is found in most land plants. The prokaryotic type, based
on cyanobacteria, contains a 16 carbon fatty acid at the sn-2 site. Some plants, such as
Arabidopsis and spinach, contain both types of MGDG. In most plants, the eukaryotic
type DGDG is found (114). Galactolipids can relocate to non-plastid membranes and is
considered important in membrane lipid homeostasis (117) and are essential in various
processes including photosynthesis, plastid protein import and various other
developmental processes (118).
A R

o
HO/K sn-3

Figure 1.8  The structures of galactolipids. A- Mono  galactosyldiacylglycerol (MGDG)
and B —Digalactosyldiacylglycerol (DGDG) (119).

Galactolipids can differ in the fatty acid chain at the sn-1 and the sn-2 position of the glycerol backbone
(Indicated by red arrows). Two main types of MGDG and DGDG are found in nature. The eukaryotic
type contains an 18 carbon fatty acid at the sn-2 site and is found in most land plants. The prokaryotic
type, based on cyanobacteria, contains a 16 carbon fatty acid at the sn-2 site (114). A single galactosyl
residue is transferred to the sn-3 position of DAG from UDP-galactose (Indicated by green arrows) (120).

MGDG is synthesised in plants by the enzyme MGDG synthase (MGD, EC 2.4.1.46),
which is a galactosyltransferase (120). MGD catalyze glycosylation of 1,2-diacylglycerol
(DAG) where a single galactosyl residue from UDP-galactose, is transferred to the sn-3
position of DAG (green arrow in Figure 1.8 A). MGD is encoded for by three genes in
Arabidopsis, mgdl, mgd2 and mgd3 (121, 122) resulting in three isoforms that can be
grouped phylogenetically into two types. The A-type consists of MGD1, which is
responsible for the synthesis of the majority of MGD in the organism (123), whereas
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MGD2 and MGD3 are grouped into the B-type. The main differences between the two
types are their different functions and substrate specificity (120). As seen in Figure 1.9,
the different MGD isoforms are only found in a specific location within the cell, because
of the lack of membrane-spanning domains. MDGL1 is found in the inner envelope of
the chloroplast where it catalyses the reaction of DAG [18 carbon atom fatty acid at sn-1
position and 16-carbon atom fatty acid at sn-2 position (ig, 16)] t0 MGDG (15, 16) (113,
122). MGD2 and MGD3 are associated with the outer membrane of the chloroplast and
can catalyse DAG (16, 18) and DAG (15, 1g) to the corresponding MGDG (113, 121).
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Figure 1.9  Schematic representation of the MGDG and  DGDG synthesis of

Arabidopsis (113).

MGDG synthesis occurs in the envelope of the chloroplast (outer and inner). DGDG synthesis is only
located in the outer envelope. Lipid synthesis by prokaryotic pathway: green arrows. Lipid synthesis by
eukaryotic pathway: red arrows. DGDG synthesis where DGDG is transported to extraplastidial
membranes: black arrows. The number of carbon atoms of fatty acids on the sn-1 and sn-2 positions of
the glycerol backbone is indicated in brackets.

DGDG synthesis is catalysed by DGDG synthase (DGD). A second a-galactosyl group
is transferred from UDP-galactose to the 6-hydroxyl position of MGDG. The majority of
DGDG in Arabidopsis is from DGD1 (124). A paralogue of DGD1 is also found in
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Arabidopsis, DGD2 (113) with the main difference between DGD1 and DGD2 being that
DGDL1 consists of both an N-terminal domain for insertion of the protein into the outer
envelope of the chloroplast (lacking in DGD2) as well as a C-terminal domain
(glycosyltransferase activity) (113, 124, 125).

With P. falciparum containing a plant-like plastid apicoplast, the membranes
surrounding the apicoplast suggested that glycerolipids that are unique to algae and
plant plastids might also be present in the apicoplast membranes. As such, MGDG and
DGDG may be present in Apicomplexa like P. falciparum and T. gondii. Investigations
of galactolipid biosynthesis and content in membranes of these Apicomplexa have
indicated that radioactively labelled UPD-galactose is incorporated into both MGDG and
DGDG. The latter was also immunologically detected in parasite lysates (Figure 1.10).
Distinct enzymatic processes or amino acid derivation of the synthases were involved
since no clear identification of MGDG or DGDG synthase orthologues could be

identified in the P. falciparum genome utilising only bioinformatic searches (119).

300 - |
250 - g
P. falciparum
lipids 200 ~+
[®H]-galactose 150 {
incorporated
(cpm) 100 L7
G(OQ
50 OQ,(

0 2 4 6 8 10 12 14 16 18 20
P. falciparum lipids: migration (cm) —
orcinol staining P EY &

Standard galactolipids:
;H

Spinach chloroplast envelope
Ql‘r Ui S, O, W g
AR Gp ( G, G, ’77

o+

—~

Bovine brain galactocerebroside

(

Figure 1.10 Galactolipids synthesised in  P. falciparum (119).

After the parasites were incubated with tritiated UDP-galactose, the lipid extraction was separated using
TLC. Sulfoquinovosyldiacylglycerol (SL), trigalactosyldiacylglycerol (triGDG) and
tetragalactosyldiacylglycerol (tetraGDG) as detected in the lipid extraction.
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MGDG synthase has been shown to be essential to plant cell growth, with knock-outs of
MGD1 in Arabidopsis as a member of the multigene MGDG synthase family, leading to
a complete lack of chlorophyll, chloroplast ultrastructure disruption and severe plant
growth inhibition (118). This data provides support for galactolipid biosynthesis as a
valid growth inhibition strategy. As this process is unique in P. falciparum and not found

in humans, it is an enticing strategy for the development of novel antimalarials.

154 Apicoplast as drug targetin  P. falciparum

Numerous studies have proven that the targets of antibiotics such as azithromycin,
clindamycin, doxycycline, ciprofloxacin, chloramphenicol, tetracycline and rifampicin are
different metabolic activities within the apicoplast (Table 1.2), and that these
compounds display a phenomenon called ‘delayed death’ of the malaria parasites (97).
Delayed death occurs when the treated parasites do not show signs of growth inhibition
in the first life cycle, but the next generation of merozoites following drug intervention
cannot invade new erythrocytes and die before a third life cycle (48, 97, 111). It was
also found that delayed death only occurs when the house-keeping functions of the
parasite’s apicoplast are targeted, such as replication, transcription and translation.
This will reduce the number of apicoplasts in the next generation, but the remaining
apicoplasts enable the parasite population to survive a while longer. This is known as
the ‘self-sustenance’ function of the apicoplast (126). When more essential pathways
and functions of the apicoplast, such as fatty acid biosynthesis and haem biosynthesis
are targeted by a compound, the growth inhibitory effect is faster resulting in rapid
parasite death (126).

Current inhibitors targeting fatty acid biosynthesis include thiolactomycin and triclosan
(and analogous) which targets FabB (71). Luteolin-7-O-glucoside, a common flavonoid
glucoside, targets Fabl in the fatty acid biosynthesis pathway, whereas lucteolin and
catechin gallate inhibits FabZ, FabG and Fabl (127).

1.6 The compound A51B1C1 1
In a study conducted by Botté and Maréchal in 2010 (118), a set of herbicide-derived

compounds were tested for activity against Arabidopsis to identify novel chemical
scaffolds as inhibitors of galactolipid biosynthesis in these plants. A high-throughput

screening strategy was followed to screen DAG analogues with inhibitory activity
22



against recombinantly expressed MGD1 (MGDG synthase family member). The first
set of 23360 compounds screened was compiled from the Cerep diversity-based library
and only 20 compounds exhibited an apparent inhibition of more than 25%. These 20
compounds, together with 40 additional compounds from the Cerep diversity-based
library (not included in the first study) that was selected based on chemical similarities,
was tested for their inhibitory properties on MGD1. The inhibition of MGD1 was tested
in vitro in Arabidopsis and two compounds showed MGD1 activity inhibition above 40%,
Galvestine-1 and Galvestine-2 (Figure 1.11). These compounds show competitive
inhibition with DAG for MGD1.

N
C[H#O @[:/Eo
H

Figure 1.11 The structures of Galvestine-1 (A) and  Galvestine-2 (B) (118).

A large set of small molecules were subsequently designed using the structure of
Galvestine-1 as scaffold, by changing three active groups on the molecule as shown in
Figure 1.12. The linker region (indicated in red) was also exchanged with various
possible structures. The resultant Group A molecules included changes to the
benzimidazole group on the parent molecule, Group B includes molecules which
contained changes to the piperidinyl part and Group C contains changes in the
dibenzylamino-ethoxy group. The resultant compounds were therefore named

according to the substitution given for each group.
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Figure 1.12  The process by which the small molecules were desig ned, using
Galvestine-1 as the guide molecule (118).

Group A - changes to the benzimidazole group, Group B - changes to the piperidinyl part and Group C -
changes in the dibenzylamino-ethoxy group.

These molecules were tested for their ability to inhibit MGDG synthesis in the envelope
vesicles of chloroplasts that were purified from spinach plants in order to determine their
bioavailability in the environment of the membrane. Dose-dependent inhibition of
Arabidopsis plant growth was observed for Galvestine-1 and -2 as well as some of their
derivatives. Moreover, there was a decrease in the production of MGDG and the ratio
of MGDG:DGDG was also affected. Galvestine-1 and -2 have in vitro growth inhibition
ICs5o values of 10 uM and 12 pM, respectively against Arabidopsis. Fifty of the

derivatives were found to have I1Csy values between 200 and 800 puM.
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This study therefore showed for the first time that disruption of cellular lipid homeostasis
could be affected through targeting MGDG synthases, and this has a dramatic effect on
the growth of plants. Due to the presence of MGDG and DGDG in the plant-derived
apicoplast of P. falciparum, an interesting speculation is that Galvestine-1 and its
derivatives might have growth-inhibitory capacity against the malaria parasite by
targeting lipid biosynthesis processes in the apicoplast. This study therefore presents
the determination of the antimalarial property of one of the lead MGDG synthase
inhibitors from the Botté study, A51B1C1_1 (Figure 1.13).
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Figure 1.13  The structure of the compound A51B1C1 1  (Personal communication, Eric
Maréchal, Pretoria, 2009).

One major advantage of this strategy would be that these compounds are herbicide-
derived and could therefore, if they are active against P. falciparum, prove to be highly
selective to the parasite without targeting any metabolic process in humans. This
compound furthermore provides a novel chemical scaffold unrelated to any current
antimalarials, which would be a novel action in the parasite compared to currently used
antimalarials, and be able to overcome the resistance mechanisms against current
antimalarials. Thus, if these compounds prove to be active against the malaria parasite,

they may be developed into new antimalarial drugs.

25



1.7 Research objective and aims

The primary objective of this study was to determine the antimalarial potential of
compound A51B1C1_1 as well as the physiological response of P. falciparum after
treatment with this compound by employing a comprehensive functional genomics
approach.

Chapter 2 focuses on determining the antimalarial activity of A51B1C1_1 through
morphological investigation of P. falciparum after treatment with this compound. This is
followed by a complete transcriptome analysis employing DNA microarray to identify
responsive transcripts in P. falciparum that were differentially regulated upon treatment

with this compound.

Chapter 3 introduces the use of higher-level functional genomics analyses of the
response of P. falciparum to A51B1C1_1 treatment by investigating the proteome of the

parasites after perturbation with this herbicide-derived compound.

Chapter 4 is a concluding chapter in which the results and conclusions reached from the
above mentioned studies are integrated and future perspectives are presented.

Results from this work were presented in the following instances:

Workshops :
1. J Snyman, J Verlinden, Al Louw, E Maréchal, L Birkholtz. (2009) Functional

genomics of a herbicide treated P. falciparum. Grenoble, France.

2. J Snyman, J Verlinden, Al Louw, E Maréchal, L Birkholtz. (2011) Transcriptomic
profiling of Plasmodium falciparum using the Agilent platform. Latest Advances
in Microarray Applications and NGS Target Enrichment Technology. Pretoria,
South Africa

26



Conferences:

1. J Snyman, J Verlinden, Al Louw, E Maréchal, L Birkholtz. (2010) Functional
genomic investigation of P. falciparum treated with herbicide-derived compounds.
SASBMB, Bloemfontein, South Africa

Manuscript in preparation:

1. J Snyman, J Verlinden, Al Louw, E Maréchal, L Birkholtz.  Exploiting
Plasmodium falciparum’s plant origins: The discovery of herbicide-derived

compounds as new antimalarial drugs.
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CHAPTER 2
MORPHOLOGICAL AND TRANSCRIPTOMIC

ANALYSES OF THE EFFECT OF A HERBICIDE-
DERIVED COMPOUND ON P. FALCIPARUM
PARASITES

2.1 Introduction

Functional genomics is an essential tool in the development of new drugs against P.
falciparum. It allows determination of the function of different genes, the mode of action
of a novel drug, optimization of drug development, validation of drug targets and
identification of new drug targets, amongst others (Box 2.1) (128-130). This contributes
to our understanding of gene function and the effect of a specific drug on an organism
(128, 131).

Box 2.1 Implementation of functional genomics in dr ug target discovery in  P.
falciparum (132).
Genome-wide questions Transcriptome-specific questions
Lifecycle development (stage-specific exprassion) Transcriptional machinery
Reprcduction genes (strategy-specific expression) Regulation of transcripticn
Drug resistance mechanisms Transcriptional inheritance
Mechanism of drug action
Reponses to environmental stressars Proteome-specific questions
Drug target specification Post-transcriptional regulation
Host-specific adaptation and expression Post-translational repression
ldentification of vaccine targets
Virulence determinants Interactome-specfic questions
Severz disease prograssion in vivo Protgin function

Relationships
Regulatory mechanisms

Biological and mechanistic insights
Metabalic pathways
Identity determinaticn of hypothetical proteins
Cell cycle regulators
Sox detarminants
Chemical validation of drug targets
Mode-ol-action ol inhibilory compounds
Improved drug target action
Gene expression regulators (transcription and translation)
Virulence factors
Specialised orgenelle function and metabclism
Damage compensation
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Functional genomics includes multi-level analysis of an organism’s complete
transcriptome, proteome, interactome, metabolome etc. Transcriptome analysis is
usually performed using DNA microarray, which gives a direct quantification of the total
MRNA complement in a specific stage of the life cycle of an organism (131).
Transcriptomic profiling can be used to determine how cells respond to environmental
stress and also allows determination of metabolic pathways, feedback mechanisms and

the way the cell buffer itself against induced stress (133).

2.1.1 Transcriptome of P. falciparum

By 2002, the genomes of the parasite, P. falciparum, the vector, A. gambiae, and the
host, Homo sapiens, were sequenced completely, which allow for the development of
new medical treatments and vaccine development (134). The sequences of the
genomes of many other Plasmodium species: P. yoelli, P. vivax, P. berghei, P. knowlesi
and P. gallinaceum are largely completed (135). The genome of P. falciparum is 22.8
Mb in size, which encodes for ~5300 genes on 14 chromosomes ranging between 0.5 —
3.0 Mb in size. The P. falciparum genome is A+T-rich (~90% A+T nucleotide content in
the intron regions and ~80% on average for the whole genome) (134). The parasite
also has a linear mitochondrial genome (~6 kb) (136) and a circular apicoplast genome
(=35 kb) (134). The genome of P. falciparum is unique and 60% of the predicted 5268
open reading frames show no sequence similarity to genes from other organisms (134).
The whole genome transcriptional profiling of the P. falciparum has been investigated in
2003 by Bozdech (137, 138) and Le Roch (139) and revealed astonishing peculiarities.
Particularly, the transcripts in the parasite are only produced when they are needed
during the life cycle of the parasite in a ‘just-in-time’ fashion (Figure 2.1) (137). This
implies that there is a very tight control of transcript production/decay.

29



Transcription machinery
(5.0)

~ Schizont

Cyloplasmic
translation machinery
(5.8)

Glycolytic pathway
(43)

ringfearly trophozoite

Ribonucleotide synthesis
(5.1)

ring/early trophozoite

Deoxynucleotide synthesis
(9.8)

DNA replication machine
{7.8) G

TCA cycle
(8:2)

Proteasome
(2.5)

Plastid genome
(11.3)

Merozoite invasion
{26.6)

schizont

schizont

Actin myosin motili
209" B

Early ring transcripts
(25.7)

Hours 1 6 12 18 24 30 36 42 48

log,(Cy5/Cy3) ISR
-6 0 6

Figure 2.1. The complete transcriptome of  P. falciparum during the intra-erythrocytic
developmental cycle (137).

Transcript production and decay is tightly regulated such that a transcript is only produced (red) during
the period in the life cycle state in which it is needed, after which the production is decreased (green).

The factors controlling the P. falciparum transcriptome is not clearly elucidated,
although a family of transcription factors (ApiAP2) has been implicated to be involved in
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parasite-specific transcription control mechanisms (140). However, beyond this tight
control of the transcriptome of P. falciparum during its intra-erythrocytic developmental
cycle (IDC), there is clear evidence that the parasite is able to respond on a
transcriptional level to external perturbations. Additionally, Plasmodia use both
posttranscriptional and -translational mechanisms to induce differential transcriptome
responses to drug treatment (132). Transcriptome-wide analyses has been
successfully used to determine the mode of action of known antimalarials e.g.
tetracyclines (97) and chloroquine (141) in P. falciparum, or to elucidate the functional
consequences of treating the parasites with novel, potential antimalarials like
difluoromethylornithine (142-144), apicidin (145), cyclohexylamine (146), trichostatin
(147) and bisthiazolium compound T4 (148).

In 2006, Dahl et al. (97), investigated the effect of tetracycline and its derivatives on the
apicoplast in P. falciparum parasites. Tetracycline has an inhibitory effect on protein
synthesis by these parasites, but only at very high levels. Doxycycline, a derivative of
tetracycline, showed morphologically that trophozoite and early schizont stage parasites
were more sensitive to treatment by this antibiotic than late schizonts and rings (97). To
determine the specific targets of doxycycline, parasites were treated with 1 pM
doxycycline and transcriptomics performed on RNA isolated over a 55 h period. Using
information from literature (137), Dahl et al. (97) calculated the average correlation of
expression profiles between the treated and the untreated parasites to be 0.8. This is
an indication that the transcriptomic profiles of the treated and the control parasites
were similar (Figure 2.2 A). It was found that essentially all the apicoplast genes that
were represented on the microarray platform used, were under-expressed relative to
other features (Figure 2.2 B). This transcriptome data validated that the site of action of
doxycycline was the apicoplast in P. falciparum parasites. This under-expression of the
apicoplast genes prevents development of the parasites, an effect that was
morphologically only visible in the next life cycle even though the apicoplasts of the

treated parasites were successfully segregated into the daughter parasites (97).
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Figure 2.2  The transcriptome profiles of doxycyclin e treated and control parasites.

A — Expression data of all 3721 oligonucleotide features. These oligonucleotides were plotted on a heat
map according to the phase of expression. B —The under-expressed transcript encoding for the
apicoplast genes.

2.1.2 Microarray experimental design and data analy  sis

Various microarray platforms exist each with their own advantages for various
applications. Affymetrix quant Gene Chips are synthesised in situ using
photolithographs combined with solid glass phase on which the 25-mer oligos are

produced and are particularly favoured in whole genome analyses (including
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untranslated regulatory elements, etc.) (149). NimbleGen uses a digital micromirror
system instead of the photolithographs for the in situ synthesis of 24 — 70-mers with
Ultra density microarrays consisting of 385K up to 2.1 million probes. Operon
Biotechnologies produce 70-mer pre-designed arrays or array-ready oligonucleotide
sets that can be used for in-house array spotting (150). Eppendorf is known for their
Pathway-focused Dual Chips® that are synthesised with long, sense DNA with 200 to
400 nucleotides for maximum signal and minimum background noise for all available
arrays (151).

Agilent provides custom printing of 60-mer oligos on a 1 x 3 inch microscope slide in a
base-by-base manner by a combination of inkjet technology and phosphoramidite
chemistry (152). Phosphoramidite chemistry is efficient for the synthesis of long
oligonucleotides in situ and is a fast way to produce custom arrays, based on the
addition of one nucleotide at a time onto InkJet printed nucleotide precursors (153).
This combination ensures uniformed spot shape and size allowing Agilent arrays to be
comprised of more differentially expressed genes compared to other systems (154).
Additionally, Agilent provides the opportunity for custom designed arrays, which is

particularly useful in studying the P. falciparum transcriptome.

Microarray experimental design is crucial for accurate data comparison in order to
obtain reproducible differential expression profiles. There are two main options for data
comparisons: 1) direct comparison of the same transcript between the different sample
sets including sequential, loop or mixed designs; or 2) indirect comparison between two
different sample sets using a common reference (Figure 2.3). Indirect sample
comparisons with a reference design is preferred if the difference in transcripts are
analysed over a set time period, as this design allows data to be normalised against a
common reference pool and data can be compared across arrays (155). Reference
designs additionally have the advantage that all the comparisons that are made occurs
with equal efficiency since the samples are always compared to the same reference
sample (156). The common reference pool has to be highly representative of all
conditions under investigation and may either be an external source of RNA/cDNA or it
may be a pooled sample of all the samples included in the experiment, labelled with the
Cy3 dye (green channel). In these type of experimental designs, the samples are

typically labelled with Cy5 dye (red channel), but dye swopping may be performed.
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Figure 2.3 Microarray designs for different comparison strateg les (156).

A - direct comparison of only one sample set, B - direct comparison of only one sample set with dye
swop, C - sequential comparison of replicates and D - loop or mixed design. E and F are examples of
reference designs without (E) or with (F) dye swop.

Standardisation of microarray data is extremely important to ensure that equivalent data
are available for different microarray experiments to allow comparisons between
datasets. The minimum information about a microarray experiment (MIAME) (157)
prescribes data standardisation as a pre-requisite for the public release of microarray

data into databases such as ArrayExpress (http://www.ebi.ac.uk/microarray-as/ae) and

Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo). This enables

analyses across different microarray platforms and comparison between different

datasets.
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In this chapter, DNA microarray analysis is performed to determine the functional
consequences of treating P. falciparum with the herbicide-derivative A51B1C1 1. The
microarray experiment conformed to MIAME standards and data were deposited in

GEO.
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2.2 Materials and methods

2.2.1 In vitro cultivation of asexual P. falciparum parasites

2.2.1.1 Preparation of the erythrocytes

All procedures were performed using aseptic techniques. Blood type O+ was collected
from a donor by a medical doctor into a blood bag containing citrate-phosphate-glucose-
adenine anticoagulant (Adcock Ingram). The whole blood was left in the bag overnight
at 4C, transferred to sterile 50 ml centrifuge tub es and the unwashed blood stored at
4 for 3-4 weeks. The erythrocytes were washed prior to using them in culture to
remove white blood cells and serum. Whole blood (50 ml) was centrifuged at 25009 for
5 min at room temperature (Hermle Z320 centrifuge) to separate the erythrocytes and
buffy-coat. The buffy-coat and serum were aspirated, and the erythrocytes were
washed four times with an equal volume of phosphate-buffered saline (PBS) solution
(137 mM NaCl, 2.7 mM KCI, 10 mM phosphate, pH 7.4) with centrifugation at 2500g for
5 min. Erythrocytes were re-suspended in an equal volume of incomplete culture
medium [RPMI-1640 (SIGMA, Missouri, USA), 24 mg/ml gentamycin (SIGMA), 0.4%
(w/v) D-glucose (SIGMA), 88 mg/l hypoxanthine, 12 mM HEPES (SIGMA) and 21.4 mM
sodium bicarbonate (SIGMA) per litre MilliQ H,O (distilled, de-ionized, 0.22 um filter

sterilised)] and stored at 4T until further use.

2.2.1.2 Thawing of P. falciparum parasites

Chloroquine-sensitive P. falciparum (3D7 strain, 1 ml) parasites were thawed at 37C
from liquid nitrogen stocks. NaCl (200 ul, 12% (w/v)) was added drop-wise to the
thawed culture to reduce the osmotic potential. Thereafter, 1.8 ml of 0.6% NaCl was
added to the thawed culture. Parasite-infected erythrocytes were collected by
centrifugation for 5 min at 2500g. The supernatant was aspirated and the infected
erythrocytes were re-suspended in 30 ml fresh, preheated (37TC) culture medium
[incomplete medium supplemented with 0.5% (w/v) Albumax Il (purified lipid-rich bovine
serum albumin, Invitrogen, Paisley, UK)] to which 1.5 ml washed packed erythrocytes
were added to yield a 5% haematocrit culture. Cultures were maintained in 75 cm?
flasks in an atmosphere of 5% CO,, 5% O, and 90% N, (Afrox, Johannesburg, South

Africa), with shaking at 58 revolutions per minute (rpm) at 37<C.
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Ring-stage P. falciparum parasite cultures at a parasitaemia of 5-10% were
cryopreserved after centrifugation at 25009 for 5 min at room temperature, aspiration of
the supernatant and re-suspension of the pellet in an equal volume of freezing medium
(28% glycerol in incomplete medium). The resuspended parasites (1 ml) were

transferred to cyrovails and stored in liquid nitrogen for future use.

Parasite growth during culturing was monitored morphologically using Giemsa staining
and light microscopy of thin blood smears. Blood smears of the cultures were fixed in
methanol (MeOH) for 5 s and stained in Giemsa’s Azur Eosin methylene blue solution
[10% (v/v) Giemsa stock solution (Merck) in PBS] for 3 min. The parasitaemia was

determined by counting at least 10 fields of 100 cells each.

2.2.1.3 Synchronisation of P. falciparum cultures

A modified method of Lambros and Vanderberg (158) was used for the synchronisation
of parasites. The parasites were synchronised in the ring stage every 48 h, for three
consecutive cycles with an 8 h staggered time-interval to ensure >97% synchronisation.
The parasites were pelleted by centrifugation for 10 min at 2500g and re-suspended in
three volumes of preheated (37C) 10% (w/v) sorbito| (SIGMA) and incubated at 37C
for 10 min. The parasites were washed three times in an equal volume of preheated
(37C) culture medium. The synchronised parasites were re-suspended in 30 ml
preheated (37C) culture medium and fresh erythrocytes were added to obtain a

haematocrit of 5%.

2.2.2 ICso determinations of A51B1C1 1

The Malaria SYBR Green | — based fluorescence assay method of Johnson et al. (2007)
(159) and Smilkstein et al. (2004) (160) was followed with some changes. Erythrocytes
do not contain DNA, whereas infected erythrocytes contain the DNA of the parasite.
SYBR Green | is a fluorescent dye that interacts with DNA, therefore a correlation
between DNA content (SYBR Green | signal) and parasitaemia can be used to monitor
decrease in parasitaemia due to cell growth inhibition (161). The compound
A51B1C1_1 was initially dissolved in DMSO to a concentration of 10 mM. Serial
dilutions (1 to 0.0675 mM) of the compound in culture medium were plated out in
triplicate in sterile 96-well plates. Early ring stage parasites were examined, counted

and added to the pre-dosed 96-well plate to give a final volume of 200 pl at 1%
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parasitaemia and 2% haematocrit. Infected erythrocytes were incubated with 0.5 uM
chloroquinedisulphate were also included as positive controls whereas parasitised
erythrocytes in the absence of any drug or compound served as untreated controls.
Parasite cultures were incubated in an atmosphere of 5% CO, at 37<C for 96 h after
which, parasites (100 pl each) were transferred into a black fluorescence plate
containing100 pl lysis buffer per well (SYBR Green | [2 pl SYBR green | (Invitrogen) in
10 ml of lysis buffer (20 mM Tris (pH 7.5), 5 mM EDTA, 0.008% (w/v) saponin, 0.08%
(v/v) Triton X-100)]). Fluorescence was measured after 1 h incubation in the dark at
room temperature, with a Fluoroskan Ascent FL Fluorimeter (Thermo LabSystems) at
an excitation of 485 nm, emission of 538 nm and integration time of 1000 ms. Data
obtained were analysed in Excel 2007 and sigmoidal dose-response curves were

plotted using SigmaPlot 9.0.

2.2.3 Morphological monitoring of drug treated para  sites

Morphology studies were performed to determine the time points for RNA extraction for
the microarray studies and proteomics. P. falciparum parasites (3D7, 10% parasitaemia
and 5% haematocrit), were treated with 2xICso A51B1C1_1 dissolved in DMSO (final
concentration of DMSO, 0.3%) at the invasion stage of erythrocytes. Control cultures
contained DMSO at a final concentration of 0.3% (v/v). Both treated and control
cultures were incubated for 72 h at 37<C. Culture medium was replaced every 24 h with
drug as appropriate. Morphological monitoring using Giemsa staining and light
microscopy of thin blood smears, was performed in triplicate every 3-4 h for a total of 72
h.

2.2.4 Drug treatment for transcriptome analysis

For transcriptome analysis of drug treated parasites, 30 ml synchronised P. falciparum
cultures (section 2.2.5) with a parasitaemia of 10% and a haematocrit of 5% were used.
Two biological replicates of both the treated sample (2xICso of compound A51B1C1 1)
and the control group (0.3% DMSO (v/v)) were included in the experiment. At each
specific time point (28 hpi and 36 hpi), 10 ml of culture were removed and centrifuged
for 5 min at 2500g. The pellet was washed three times with 1xPBS and the infected

erythrocytes were snap-cooled in liquid nitrogen and stored at -70C.
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2.2.5 RNA isolation

The isolation of RNA was performed in an RNAse-free environment using RNAse-free
equipment and plasticwear. An adapted protocol from Van Brummelen et al. (2009)
was used (133). To ensure that RNA of high purity was isolated, TRI-Reagent (SIGMA)
and the RNeasy kit (Qiagen, Germany) were combined. TRI-reagent was used to
isolate the RNA because it contains phenol and guanidine thiocyanate (chaotropic

agent) which denature proteins.

Frozen pellets, collected from 30 ml synchronised cultures, were thawed and 600 pl
lysis buffer (RLT, proprietary to the RNeasy kit) was added and mixed by vortexing.
The mixture was transferred to two QIA-Shredder columns (Qiagen), which consist of
biopolymer shredding systems causing physical rupture. The tubes were centrifuged for
2 min at 15700g and the flow-through was transferred to a new, clean tube. TRI-
Reagent (SIGMA) (600 ul) was added, mixed by vortexing and incubated for 5 min at
room temperature. To separate the homogenate, 400 pl chloroform was added to the
samples, which was vortexed for 15 s and incubated for 10 min at room temperature.
The samples were centrifuged for 15 min at 15700g. The upper aqueous phase, which
contained the RNA, was removed without transferring the interphase, which contained
the DNA, and transferred to a new microfuge tube. The bottom organic phase
contained the denatured proteins, and trace amounts of lipids and other cellular
components (162). Ethanol (EtOH) [1 volume, 70% (v/v)] was added to increase
hydrophobicity and to facilitate binding of the RNA to the column via salt bridges. Two

identical samples were pooled and loaded onto an RNeasy column.

The samples were centrifuged for 15 s at 15700g and the flow-through was discarded.
The columns containing the RNA were washed with 350 pl wash buffer (RW1) and
centrifuged for 15 s at 15700g. Buffer RDD and DNasel [27 units (U)] were combined
(7:1), added to the columns and incubated at room temperature for 15 min to eliminate
any genomic DNA that was transferred from the interphase. The columns containing
the RNA were washed with 350 pl RW1, transferred to new collection tubes, 500 pl RPE
was added to the samples and centrifuged for 15 min at 15700g. The columns were
placed in new collection tubes and the RNA was eluted with 30 pl RNase free water by
centrifugation at 15700g for 1 min. This step was repeated in a new collection tube to

ensure that all the RNA had been removed from the columns.
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2.2.6 RNA concentration and integrity determination

RNA concentration was determined with a NanoDrop-1000 (Termo) at an absorbance of
260 nm. The purity of the RNA was indicated by the Ajeo:Azgo ratio (absorbance of
nucleic acids to contaminating proteins), which should be greater than 1.8 (163). The
RNA samples were also analysed using the Experion automated electrophoresis
system (Bio-Rad) to determine the quality and integrity of the RNA. RNA was prepared
and processed as described in the manufacturer’s instructions. A Lapchip microfluidic
separation technology is used by the system, where fluorescent dyes bind to RNA and
this is then detected (164). The system defines a RNA integrity number (RIN) or RNA
Quality Indicator (RQI), which provide an accurate way of testing the RNA integrity. An
advantage of the system is the small amount of sample that is needed per run (163).

The RNA samples were stored at -70C.

2.2.7 cDNA synthesis and clean up

A common reference design was followed in the microarray and a RNA reference pool
(Figure 2.4) containing equal amounts (4 pg) of RNA was prepared from all the
biological and technical replicates taken at all the time points for both the treated and

untreated samples.

Untreated Treated ox
2X Biological repeats Technical repeats
28 hpi 36 hpi 28 hpi 36 hpi

"V

Figure 2.4 Common reference design used for the tra  nscriptome investigation.

The reference (R) was labelled with Cy3 (green) and all the samples were labelled with Cy5 (red).hpi:
hours post-infection.

For the synthesis of 1.5 pg of cDNA, 4 pg of RNA were used per sample, to which 775
pmol random nonamer primer (Ingaba) and 250 pmol oligo-dT (dT2s) (Ingaba) were
added. The reaction was incubated at 70T for 10 min and cooled on ice for 10 min.
The protocol by Bozdech et al. (2005) (165) was used for the reverse transcription and

amino-allyl incorporation with an adaption in the reaction time, as described in Van
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Brummelen et al. (133). Superscript Ill RNase H" reverse transcriptase (Invitrogen, 480
U), 100 mM DTT, 1xSuperscript first-strand buffer, 40 U rRNasin (RNAse Inhibitor,
Promega) and dNTPs [1 mM dATP, 500 uM dCTP, 500 uM dGTP, 500 uM dTTP and
500 uM dUTP (Fermentas Life Sciences)] were added to the RNA—primer mixture and
RNase-free water added to a final volume of 30 ul with RNase-free water. The mixture
contained double the amount of dATPs and dAUP/dATPs because of the A/T rich
genome of P. falciparum. The reaction was incubated for 20 h at 42C, aft er which the
RNA was hydrolysed with 0.5 M ethylenediamine tetra-acetic acid (EDTA) and 1 M
NaOH for 15 min at 65<C.

The reactions were cleaned using a Nucleo Spin Il PCR Clean-Up kit according to the
manufacturer’s instructions (Macherey-Nagel). A buffer containing salts was added to
the DNA to allow binding of the DNA to the silica through electrostatic interactions. The
DNA was bound to a silica-based Nucleospin extract Il column by centrifugation at
13000g for 1 min and the flow-through was discarded. The column was washed three
times with an alcohol-based buffer to remove the salts and decrease the ionic strength
of the solution. The DNA was subsequently eluted in preheated (37C) water. The
concentration of the DNA was determined using the ss DNA — 33 settings of the
NanoDrop-1000 (Thermo).

2.2.8 Cy dye labelling of the cDNA

The fluorescent dyes Cy5 and Cy3 (Amersham Biosciences) were dissolved in DMSO
in the dark to a final volume of 13 pl. Newly synthesised cDNA (1.5 pg) was dried under
vacuum and then dissolved in 2.5 pl sterile, deionised distilled water. To each sample,
5 ul Na,CO3; was added followed by 2.5 ul of the corresponding Cy-dye. The treated
and untreated samples were labelled with Cy5 and the reference pool was labelled with
Cy3 and incubated at room temperature for 2 h in a dark dessicator to ensure efficient
labelling. During cDNA synthesis, the amino allyl-dUTP/UTP is incorporated into the
cDNA and thus when adding the Cy-dyes, the N-hydroxysuccinimideester of the
monoreactive Cy-dye interacts with the amino group on a 2-carbon spacer that is
attached to the methyl group of the dUTP. Excess dye was removed after the labelling
step by using the QIAquick PCR purification kit (Qiagen). The kit has the same
principles as the Nucleo Spin Il PCR Clean-Up kit (Macherey-Nagel) explained in
section 2.2.6. The extent of dye incorporation and the concentration of each sample
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were determined using the microarray settings of the NanoDrop-1000. The labelling
efficiency was determined using the efficiency formula (Equation. 2.1). The labelling
efficiency should be at least 10 sufficiently labelled nucleotides out of 1000 nucleotides

for successful hybridisation.

Labelling efficiency = pmol dye x 324.5 pg/mol
NG DNA L Equation 2.1

where 324.5 pg/mol is the average mass of a dNTP.

2.2.9 Hybridisation, set up of slides, washing of s lides and

scanning
The two-colour microarray-based gene expression analysis protocol for an Agilent
microarray platform was used for the hybridisation and washing steps. For the
hybridisation, 20 pmol of each Cy-dye labelled sample and reference (Section 2.2.7)
was used. The sample reference, 1xblocking buffer (Agilent, proprietary mix) and
1xfragmentation buffer (Agilent, proprietary) were mixed and incubated for no longer
than 30 min at 60C. GE hybridisation buffer (2x, Agilent) was added to each sample
and mixed by inverting. The samples were loaded onto a SureHyb® gasket slide, which
was placed in the slide hybridisation chamber. The Agilent microarray platform was
placed onto the loaded SureHyb® gasket slide, with the active side facing the gasket
slide. The hybridisation chamber was tightly closed while it was ensured that bubbles in
each chamber of the gasket slide were able to move freely when turned. The
hybridisation was performed at 65T in a hybridisation oven (Agilent) for 17 h at a
rotation speed of 10. After the hybridisation, the slide was washed twice with wash
buffer 1 (Agilent) for 1 min each, followed by washing using preheated (37C) wash
buffer 2. The slide was dried by centrifugation for 1 min in a slide centrifuge and

scanned using an Axon GenePix 4000A scanner (Molecular Devices).

2.2.10 Slide design

The P. falciparum Agilent platform, containing 60-mer gene probes, was designed by Mr
J.C. Verlinden (166) since it was not commercially available in 2008. The original P.
falciparum Operon Array contains 8089 70-mer gene probes. All unnecessary
oligonucleotide sequences (total of 1085 gene probes) corresponding to the ‘NUL’

annotations and controls specific to the Operon platform were removed. The remaining
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7004 70—mer oligonucleotides were adapted to create the 60-mer Agilent platform by
shortening the 70-mer sequences to the 60-mer length. The 10-mer sequence
shortening was done in a scanning window (10-mer) from both the 3' and 5 ends.
Annealing temperature (Tm) restrictions were applied to keep the annealing

temperature close to 65T for microarray hybridisat ion, using the following equation.

TM = 64.9T + 41T (GC-16.4)/N..eeiiiiiiiiiiiiiiees e Equation 2.2

GC - Number of G and C nucleotides in specific sequence.
N - Total length of the sequence in nucleotides.

Validation of the shortened sequences was done by submitting the target sequence for

NBLAST analysis (www.ncbi.nim.nih.gov/BLAST). All sequences submitted for

NBLAST analysis had E-values similar to the 70-mer probes they were derived from
and all E-values were below 10°. Furthermore, the most recent annotated version of P.

falciparum genome at the time of design (PlasmoDB v 5.4) (www.plasmodb.org) was

used to design the 60-mer based Agilent array in addition to the adapted P. falciparum
Operon Array. This was done to overcome ambiguities in previous annotations used for
the Operon array dataset. FASTA files were submitted to ArrayOligoSelector (AOS)
which was used to design 60-mer probes from the various target sequences

(http://arrayoligosel.sourceforge.net/). The specificity of the 5445 newly designed target

seqguences to their respective Gene ID and the validation of these sequences were once
again done using NBLAST analysis. The resultant in-house designed P. falciparum
Agilent arrays contained a total of 12468 unique descriptors, which were synthesised

and printed by Agilent onto microarray slides (Agilent).

2.2.11 Microarray Data Analysis

Axon GenePix Pro 6.0 software (Molecular Devices) was used for the analysis of the
microarray slides. GenePix flagging automated spot detection parameters (Table 2.1)
were applied in combination with visual inspection to assess spot quality. The flagged

spots received a zero weight value.
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Table 2.1 Parameters implemented for spot findingu  sing GenePix.

Parameter Function 2 Flag
Circularity of spots [Circularity] < 40 Or [F Pixels] < 50 Bad
CV of scan channels [F532 CV] > 400 Or [F635 CV] > 400 Bad
Intensity [F532 Mean] < 150 Absent
Saturation [F532 % Sat.] > 20 Or [F635 % Sat.] > 20 Bad
Signal to noise ratio [SNR 532] < 3 And [SNR 635] < 3 Bad

% — The mathematical function used in GenePix.
Circularity — Measure of the shape of spot, F Pixels — Minimum number of pixels for an intensity measure,
CV — Coefficient of variation, 532 — 532 nm is the red channel, 635 — 635 nm is the green channel.

The microarray data were further analysed using the Linear Models for Microarray data
(LIMMA) algorithm within the program R (http://www.r-project.org/) (167, 168). These

packages are freeware from Bioconductor (www.bioconductor.com). Background

correction was performed following a spot offset of +50 (169). Each array was
normalised using robust spline normalisation, and between-array normalisation was
done with Gquantile normalisation due to the common reference design of the
experimental set-up (167). The two channels (red and green) must be normalised
relative to one another before the interpretation of the data. If this is not done the ratio
between these two channels will be biased, and thus the relative expression profiles of
the samples will not be correct. The labelling efficiencies may lead to an imbalance
between the two dyes, as well as the scanning process and settings. It is best to
compare the dyes as a function of the intensities as the difference between the two
channels is more complicated than simple scanner settings adjustments. Between-
array normalisation is needed where the intensities are normalised with one another to
be able to compare all the arrays with one another. Within-array normalisation, in which
the M-value (log, ratio values) for each array is normalised independently of the other
arrays, is also required. The first step in normalisation is the correction of the
background making use of the log-ratios of expression (M-value; Equation 2.3) and the

overall brightness (A-value; intensity) of the specific spot (Equation 2.4) (167).

M =10g2R —10g2G s Equation 2.3
A=(l0goR +1002G) /2 oo, Equation 2.4

Where M (minus) is the log, ratio values and A (addition) is the log, intensity for each array.
R = Red intensity of spot.
G = Green intensity of spot.

The log, are used to indicate a 2 fold change for M and a 2 fold increase for A (167).
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Pearson correlation coefficients between the different time points of RNA isolation were
determined. Genes with transcript abundance greater than 1.7-fold (log; ratio = 0.75 or
< -0.75) in either direction, were considered as differentially affected. Transcripts with
calculated p-values < 0.05 were regarded as significantly differentially affected.
Differentially  affected  transcripts were  submitted to PlasmoDB 6.0

(http://www.plasmodb.org) (170) and their gene ontology (GO) terms were obtained.

The biological function and GO terms of each transcript were used for manual
clustering. These clusters were submitted to DAVID (http://david.abcc.ncifcrf.gov) (171)
and MADIBA (http://www.bi.up.ac.za/MADIBA) (172) to verify the GO terms and to
determine the metabolic pathways affected. CLUSTER 211

(http://rana.stanford.edu.software) was used for hierarchical clustering. Only the

transcripts differentially expressed in both Galvestine-2 and A51B1C1_1 datasets were
used for clustering. Average linkage clustering and uncentered symmetric correlation
were used for the clustering and the data was visualised in TREEVIEW 1.6

(www.EisenSoftware/ClusterTreeView/TreeView).

2.2.12 Inter-species annotation transfers using non  -homology

based clustering.

Interspecies comparisons of DNA microarray data are not trivial. As such, a
comparison method was designed specifically to compare Arabidopsis and e.g.
Plasmodium datasets (Collaborators E Maréchal and L Bréhélin) (173). Because of the
low homology of P. falciparum transcripts to those of other organisms, non-homologue
based methods have been developed. COCO follows the guilt-by-association principle
for comparisons of gene expression datasets and functional annotation transfers. Using
COCO, comparisons were performed by collaborator L Bréhélin (CNRS, France)
between the differential transcriptome datasets of P. falciparum treated with
A51B1C1 1 and Arabidopsis treated with Galvestine-2.

2.2.13 Quantitative gRT-PCR to validate microarray  data

The primers used in quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)
were designed using the program Oligo 6.7. The primers were designed to have a Tm
of about 55C (174) and a product length of approxi mately 150 nucleotides (nt) (Table
2.2).
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cDNA from 36 hpi samples was used for the gRT-PCR and was diluted to a starting
concentration of 0.65 ng/ml. A standard curve was constructed using lactate
dehydrogenase (LDH) as household gene. KAPA SYBR Fast gPCR kit was used in
384-well gPCR plates containing 5 pl Kappa mix, 0.1625 ng/ul of template and 5 pmol
of each primer. Controls that did not contain any cDNA were included. Each reaction
was done in triplicate in a Light Cycler 1.5 (Roche). The reactions were pre-incubated
for 10 min at 95T, followed by 48 amplification cy cles consisting of 95T for 10 s
(denaturation), 55T for 5 s (annealing) and extension at 72C for 7 s. Melting curve
analysis was performed after amplification to exclude primer-dimer interference
byincubating the samples at 95T for 5 s followed by 65T for 5 s and 95C. Finally the
reaction mixture was cooled down to 40T for 30 s. Fold-change comparisons were
performed for the treated and untreated samples. Normalisation was done to LDH, the
transcript levels of which showed no change in expression levels in any of the time
points or between the treated and untreated and may be considered as a household
gene. This gene has been used as a housekeeping gene in previous studies as well
(175).
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Table 2.2

profiles with gRT-PCR.

Primers used for the validation of micro

array differential transcriptome

Primer | Product
: PlasmoDB . o, : Tm
Gene Primers D Primer Sequence (5’ — 3) length size (T)
(nt) (bp)
Lactate LDHf GATTTGGCTGGAGCAGATGTA 21 58
dehvd PF13_0141 169
enhydrogenase LDHr CAACAATAATAAAAGCATTTGGACAA 26 55
CYCLOf AATTCTTTGACCATCTTAATCATTC 25 55
Cyclophillin PFEO505w 167
CcYCLOr CAAAACAATTTTACTTCCTTGGGTTA 26 57
Stsynf TTCGGCACATTCTTCCATAA 20 53
Seryr']tRNA PFO7_0073 158
synthetase Stsyn r AAGTAGCAGGTCATCGTGGT 21 58
Ca/calmodulin Caf CGCATTGGAAGCATTACA TTCTA 23 57
dependent PF1885c 154
protein kinase2 Car ACATCTCATATTCATTGATGGACTG 25 58
Me f AACACGAGCAGCAGATAACA
Metacaspase- ° PF14 0363 20 172 >
like protein Me r - AGAAGAATTAAAAGAAAACATACTAC 26 54
1-cys PF08_0131f GTTTGTACCACTGAACTTGC 20 55
iradox PF08_0131 152
peroxiredoxin PF08_0131r TCCCACTTATCTAGGTTTCC 20 55
Putative PF07_0126f AGATGGCATAATGTATGATG 20 51
transcrlptlon PFO7 0126 151
factor with AP2 | peg7 o126r - GAACTCCTGGTTCTAAATG 19 52
domain
Conserved MAL13P1.130f CGTACTATTTTGATGACCC 19 52
Plasmodium
protein MAL13P1.13 148
unknown MAL13P1.13rf CCTTCGGAATGATATACTTC 20 53
function
. PF11_0278f TTACATTTTGATGGTCATCC
Hypothetical - PF11 0278 20 151 >
protein PF11_0278r B GATCCGTATCGTAGGCAC 18 56

a -Melting temperature was calculated with the formula: T,, = 69.3 + (0.41 x %GC) - (650/primer length)

(174). FIf - Forward primer, R/r — Reverse primer.
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2.3 Results

2.3.1 ICso determinations

Dose-response curves were established to determine the median inhibitory
concentration (ICsp) of the herbicide derivative A51B1C1_1 using a fluorescent SYBR
Green | assay (MSF assay) on the chloroquine-sensitive P. falciparum strain 3D7. The
average ICso value of A51B1C1_1 determined in four individual experiments was found
to be 447 £16 nM (Figure 2.5).
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Figure 2.5 Sigmoidal concentration-response curve t o calculate the median inhibitory
concentration (IC s) of P. falciparum (3D7) treated with A51B1C1_1.
Data are representative of 4 independent experiments performed in triplicate, +SEM.

The morphological impact of A51B1C1_1 on P. falciparum parasites was determined
next.

2.3.2 Morphology studies

Two independent P. falciparum (3D7) parasite cultures were treated at 2xICsg
A51B1C1_1 and Galvestine-2 (Data for Galvestine-2 treated P. falciparum were
obtained from a previous study by Mr J.C. Verlinden (166) and was included in this
study as an additional analogue of the Galvestine-1 parent compound) and the effects

on the morphology of the parasites were observed for 72 h. The parasites were treated
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at the invasion stage (merozoites/early rings) and samples were taken every 2-4 h. The
morphology of the treated parasites was compared to that of control parasites (treated
with DMSO) as shown in Figure 2.6.

Both treated cultures remained morphologically similar to the control culture up to 12
hpi. However, Galvestine-2 treated parasites showed morphological changes after 24
hpi and after 36 hpi the parasites additionally showed a decrease in the rate of
development. At 60 hpi the parasites in the Galvestine-2 treated culture entered the
schizont/merozoite stage, whereas the control culture already developed into rings in
the subsequent life cycle at the same time point. Although Galvestine-2 had a lagging
effect on the parasite’s life cycle development, parasites treated with this compound did

not show complete life cycle arrest at the concentrations tested, even after 60 hpi.

In contrast P. falciparum parasites treated with A51B1C1 1 continued to show
similarities to the control culture through the ring stage and early trophozoite stages.
However, at 48 hpi, the control untreated parasites entered the merozoite stage, but the
A51B1C1_1 treated parasites became pyknotic and remained so for the rest of the life
cycle and was unable to progress to a new life cycle. These parasites could not invade

new erythrocytes and form new rings, unlike the control culture.
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12hpi 12hpi

24hpi 24hpi
36hpi 36hpi
48hpi 48hpi
60hpi 60hpi

Galvestine-2 Control A51B1C1 1

Figure 2.6 Morphological study of  P. falciparum 3D7 parasites over 72 h after
treatment with A51B1C1 1 and Galvestine-2.

After 24 hpi the Galvestine-2 treated culture showed a decrease in the rate of development, but still
continued with the life cycle. The Galvestine-2 culture reached the merozoite stage after 60 hpi, whereas
the control culture was already at the ring-stage of the next development cycle. The A51B1C1_1 treated
culture showed signs of stress after 48 hpi and after prolonged incubation, the stressed parasites became
smaller (pyknotic) (red arrows).
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The morphological monitoring of the two compounds was repeated in two independent
experiments and graphical analyses were used to delineate the time point at which
growth inhibition by the compounds occurred (Figure 2.7).
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Figure 2.7 Graphical analyses of intra-erythrocytic development of P. falciparum (3D7)

parasites after treatment with herbicide derivative  s.

Untreated parasites (Al and B1) were morphologically compared to parasites treated with 2xICs, of either
Galvestine-2 (A2) or A51B1C1_1 (B2). Parasite cultures were microscopically monitored every 6 h with
ring stage parasites characterised as ring shaped single nucleated parasites (blue), trophozoites as dark
stained parasites containing prominent haemozoin crystals but without multiple nuclei (Orange: Early
Trophozoites, Green: Trophozoites), schizonts contained haemozoin as well as distinct multiple nuclei
(Yellow) and merozoites are indicated in black.

The parasites treated with A51B1C1_1 showed a decrease in growth rate after 36-42
hpi. The parasites did continue to grow at this slow rate and schizonts formed only after
54 hpi.

majority (40%) remaining as trophozoites.

However, not all the parasites entered this developmental stage with the

After 48 hpi, the parasites showed clear
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stress characteristics, whereas the control culture already had 60% of parasites in the

schizont stage after 48 hpi and only 10% trophozoites remained.

For Galvestine-2, the change in parasite morphology was not as noticeable as for
compound A51B1C1 1, but the parasites did show a decrease in the rate of growth.
Some of the parasites entered the schizont stage at 40 hpi, about £10 h later than the
control culture and the release of merozoites only occurred at 54 h, 12 h later than the

control culture.

2.3.3 RNA isolation

After the data from the morphology studies were analysed, two time points were
selected: time point 1 at 28 hpi and time point 2 at 36 hpi. Samples of treated and
untreated, control P. falciparum cultures (10 ml) at 10% parasitaemia and 5%
haematocrit were taken at these time points and RNA was isolated. Eight samples
were chosen randomly to confirm the integrity and purity of the RNA using the Experion
system (Bio-Rad). The virtual gel image is shown in Figure 2.8 (176). The dark bands
at about 3500 and 2000 bp (indicated by black arrows) represent the 18S and 28S
rRNA units without excessive smears, which would have been indicative of RNA
degradation or DNA contamination (177). The small band at 50 bp is the internal
standard included in the sample buffer used by the Experion software to align the
sample on the virtual gel. The faint band in all the lanes a few bp smaller than 200 bp
are the 5S rRNA in each sample.
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Figure 2.8  The virtual gel image indicating the pur ity of the RNA.

Lane 1:Control Biological Rep 1 Time point 1 (8.9;1.44), lane 2: Control Biological Rep 1 Time point 2
(9.2;1.5), lane 3: Control Biological Rep 2 Time point 1 (9.7;1.51), lane 4: Control Biological Rep 2 Time
point 2 (9.7;1.52), lane 5: Treated Biological Rep 1 Time point 2 (9.6;1.48), lane 6: Treated Biological Rep
2 Time point 2 (9.6;1.58), M is the Molecular marker. The numbers in brackets represent the RQI number
and the 28S/18S ratio, respectively. The band at 50 bp is the standard included in the sample buffer
supplied by the manufacture. The bands in all the lanes just smaller than 200 bp indicate that trace
amounts of 5S rRNA are present in each sample. The 18S and 28S rRNA units are the clear and dark
bands at about 3500 and 2000 bp (indicated by black arrows).

The gel image indicates the presence of small amounts of contaminating DNA and RNA
degradation products other than the large bands at ~3500 bp and ~2000 bp in lane 1,
lane 3 and 5. To determine if the RNA from these samples were still of useful quality,
electropherogram data from the Experion system were analysed (Figure 2.9). Peaks
representing the 18S and 28S ribosomal RNA (rRNA) units are observed in RNA
samples of high purity as most of the 5S rRNA unit has been removed during the RNA
isolation with the RNeasy kit (Manual Qiagen 2006). The small peaks/smears before
the 18S peak, 20-40 s region (s=running time) are generally indications of RNA
degradation. Small peaks between the 18S and 28S peak usually indicate the presence
of small amounts of 28S RNA breakdown products. DNA contamination would have
been indicated as peaks or smears after the 28S peak if present, which was not the

case in these isolations (177).
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the purity of the RNA.

Small peaks and smearing between 20-40 seconds (Running time) are degraded RNA. Peaks between
the 18S and 28S peaks are products of 28S rRNA degradation. Any peaks and smears after the 28S

The gel image and the electropherogram indicated that the RNA samples are

acceptable for use in microarray studies and that degradation is minimal.

No DNA

contamination is visible as there are no peaks between 55-70 s region. Additionally, an

indication of the quality of the RNA can be obtained through RQI values, where a value
of 10 refers to RNA of high purity and 1 is an indication of fully degraded RNA. The RQI

numbers, 28S/18S ratio and the concentration of the tested RNA samples isolated are

indicated in Table 2.3 as a summary.

Table 2.3 The quality and purity of the RNA sample

tested on the Experion.

RNA Sample Lan§ 288{18aS RQI . Concentration
no. ratio number ng/ul
Control Biological Rep 1 Time point 1 1 1.44 8.9 248.12
Control Biological Rep 1 Time point 2 2 15 9.2 269.55
Control Biological Rep 2 Time point 1 3 151 9.7 145.56
Control Biological Rep 2 Time point 2 4 1.52 9.7 249.22
Treated Biological Rep 1 Time point 2 5 1.48 9.6 235.6
Treated Biological Rep 2 Time point 2 6 1.58 9.6 245.52

a - Ratio of the ribosomal bands (28S:18S) which should have a ratio of 2.0 for high quality RNA.

b - RNA Quality Indicator.

*- Corresponding lane numbers to the virtual gel image in Figure 2.11.
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The 28S/18S ratio and the RQI number of each RNA sample in Table 2.3 confirm the
results in Figure 2.8 and Figure 2.9. The RNA samples all have RQI values of >8,
which is an indication of pure, high-quality RNA.

2.34 Microarray

Transcriptome profiling of P. falciparum 3D7 parasites treated with A51B1C1 1 was
performed with the in-house designed 8x15K Plasmodium Agilent microarray platform
(166). A reference design was used during the microarray experiment, which included a
reference pool of all the samples that was hybridised with the various samples. Figure
2.10 provides an example of an Agilent array and the difference between the treated

and the control arrays at the same time point (time point 1 at 28 hpi).

The most prominent difference between the arrays of the control and the treated
parasites was the overall colour. The treated arrays had a yellowish colour which is
associated with the differences in expression of transcripts in the control and treated
samples as the parasites progress through their life cycle (133). These differences are
visible on the enlarged sections included in Figure 2.10. The majority of the spots on
the treated array were either green or yellow, whereas the control array’s spots were
red, yellow and green. Agilent includes control spots on each corner of the array for
quality control and the assessment of the hybridisation of the samples tested. These
control spots include dark corners, which act as negative controls and light corners
which acts as positive controls (Figure 2.10).
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Figure 2.10 Agilent arrays of P. falciparum parasites treated with A51B1C1_1.

The overall colour of the treated array (left hand panel) consists of mostly yellow or green spots (enlarged
section A). The control array (right hand panel) consists of red, green and yellow spots. This colour
difference is because of the differences in transcript abundance between the treated and the control
samples. Agilent includes controls on their slides to ensure quality control (enlarged sections B-E). The
bright corners act as a positive control and should always be hybridised. The dark corners should always
stay dark after hybridisation.

2.3.4.1 Data analysis

Analyses of the arrays were done using GenePix 6.0 and included spot finding and
manual checking of the indicated spots. The parameters in Figure 2.11 were entered
into GenePix 6.0 and saturated and bad quality spots were removed from the

subsequent set of spots.
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Parameter Flag % of flagged
a spots
Circularity of spots Bad 0
CV of scan channels Bad 0.1-25
b Intensity Absent 11.3-29.8
q Saturation Bad 05-21
Signal to noise ratio Bad 15.8-36.1

c

Figure 2.11 The flag parameters used by the automat ed spot finding in GenePix 6.0.

A: a — Spot that was not flagged by any of the parameters (good spot). b — Spot that was flagged as
absent, because of the low intensity. ¢ — Saturated spot. d — Spot that was flagged bad by the signal to
noise ratio parameter. B: The parameters set for automated spot detection and the percentage of spots
flagged in each parameter.

The remaining spots were used in further analyses. Normalisation (Section 2.3.5.2),
Pearson correlations and top table generations were done in R from the Bioconductor
package (http://www.bioconductor.org), making use of LIMMA for the normalisation as

described below.

2.3.4.2 Normalisation of data

Normalisation of the microarray data ensures that the effects that variation in technology
gives to the data, are adjusted for accordingly and that only the true variation in
biological samples are represented in the output data. The first step in normalisation is
the correction of the background making use of the log-ratios of expression (M-value;
Equation 2.3) and the overall brightness (A-value; intensity) of the specific spot
(Equation 2.4) (167). Background correction was done for all 12 arrays in this
experiment to ensure spots in the more intense background areas are not lost (Figure
2.12). The background intensity was subtracted from the foreground intensity of the

different arrays to reduce the noise at an offset of +50.
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Figure 2.12 The background images of microarray exp  eriment array 5 (treated sample
time point 1).

A - The large oval artefact in the green channel only affects that specific channel. B - Speckling is seen in
the red channel. The reason for speckling may be inadequate washing.

For within-array normalisation, in which M-values within a single array are normalised to
correct for dye effects, either robust spline (empirical compromise between print-tip and

global loess normalisation) or global loess (which assumes that the majority of probes
are not differentially regulated) normalisation are currently accepted normalisation
methods. The normalisation with global loess (Figure 2.13 C) suggested variation in
box sizes, which result in an unequal contribution of each box to the overall dataset.
The larger boxes have a larger influence on the data than the smaller boxes (167).
When the data were normalised with robust spline, the boxes centre all at the same M-
value and are similar in size. The outliers in the data are also accounted for without

affecting the mean data.
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Figure 2.13 The box plots of all the arrays before  and after normalisation using both

robust spline and global loess.

A — The box plot before normalisation; B — The box plot after normalisation with robust spline and
Gquantile; C - The box plot after normalisation with global loess and Gquantile.

Between-array normalisation normalises the individual (red and green) intensity values
of the dyes between arrays. For between-array normalisation, Gquantile was used
since all the samples were labelled with the same dye (Cy5, red) and the reference pool
with Cy3 (green) (Figure 2.14). The density plot before normalisation showed no bias
towards any channel, but after normalisation with Gquantile, it is clear that all the arrays
were normalised against the reference pool (Cy3, single green line in Figure 2.14, B)
which now allow comparison of the Cy5/Cy3 ratio (log,-ratios). Comparatively,

Aquantile normalisation produced the opposite effect.
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Figure 2.14 The density plots of all the arrays bef  ore and after normalisation using both
Gquantile and Aquatile.

A — The density plot before normalisation; B — The density plot after normalisation with Gquantile and
robust spline; C - The density plot after normalisation with Aquantile and robust spline.

MA-plots were generated (Figure 2.15 A and B) to confirm that the normalisation had
the desired effect since the centre of distribution of the log, ratios on these plots, should
ideally be zero (178).
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Figure 2.15 MA-plots of an array in the experiment.

A — Before normalisation, B — After normalisation with robust spline and Gquantile. The data post-
normalisation fitted the ideal model better. The centre of distribution of the M-values is around zero.

After the necessary intensity distribution was achieved within and between arrays,
Pearson correlations were determined for all the samples (Table 2.4). Pearson
correlations indicate the relationship between datasets, with r=1 indicating closest fit

and therefore where the average gene expression is best correlated with one another.

Table 2.4 The Pearson correlations for the microarr  ay data of the treated and
untreated samples of time point 1 (28 hpi) and time point 2 (36 hpi).
Comparison Correlation (r)*
Control time point 1 vs. Treated time point 1 0.937
Control time point 1 vs. Control time point 2 0.263
Control time point 1 vs. Treated time point 2 0.338
Treated time point 1 vs. Control time point 2 0.168
Treated time point 1 vs. Treated time point 2 0.271
Control time point 2 vs. Treated time point 2 0.773

& _ Correlation coefficient.

Each time points’ control and treated samples correlated best with one another.
Pearson correlation between control time point 1 and treated time point 1 was 0.937,
but decreased to 0.773 between control time point 2 and treated time point 2. This
decrease in correlation is an indication of the difference in the development between the
control parasites and the treated parasites. The correlation between the untreated and

untreated parasites at the specific time points allowed their direct comparisons.
61




2.3.4.3 LIMMA data analysis

LIMMA was used to identify differentially expressed transcripts from the datasets and
generated top tables and volcano plots to indicate the distribution of transcripts that
showed a change in abundance between the control and the treated parasite transcript
sets. The log, fold change (log, FC) is an indication of the magnitude of change in
abundance levels (increased or decreased) of a specific transcript at a specific time
point. The cut-off of log, FC values for this study was taken as =>0.75 or <-0.75
(p<0.05).

The first time point did not show significant changes in the abundance of transcripts,
thus further analysis was performed primarily at the 36 hpi time point. A volcano plot of
the distribution of all the differentially expressed transcripts (Figure 2.16) indicated that
there are a larger number of transcripts with a higher abundance compared to the
number of transcripts with a lower abundance. In total, 1504 transcripts out of the
12468 oligonucleotides (12%) on the array were differentially regulated (1.7-fold change
in differential expression levels in either direction). Of these, 805 transcripts (54%)
showed decreased abundance (maximal decrease of up to log, FC=-3.86) and 699

(46%) showed increased abundance (increased to log, FC=1.8).
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Figure 2.16 Compound A51B1C1_1 showed a high number  of differentially expressed

transcripts.

Of these transcripts, 805 showed a decrease in abundance and 699 an increase in abundance. The
log,FC is an indication of the fold change in expression (up or down) of a specific transcript (=0.75 or <-
0.75; p<0.05). The log odds ratio indicates the confidence that the specific transcript is significantly up or
down regulated.
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A summary of transcripts with the highest differential abundance levels after treatment

of P. falciparum parasites with A51B1C1 1 is provided in Table 2.5, with complete

dataset of the 1506 differentially expressed transcripts provided in Appendix 1.

Table 2.5

Transcripts with highest decrease and inc

after treatment of P. falciparum parasites with A51B1C1_1.

rease in abundance (20 each)

PlasmoDB ID

PF13 0173
PFL1435
PF10_0344
PF13_0058
PF14_0102
PFF1365cd
MAL13P1.49
PF14_0337
PFL2285
PFF0645
PF11_0278
PF14_0607
MAL13P1.130
PFC0185w
PF08_0035
PF10_0306
PF10_0039
PF10_0119
PFC0120w
PF11_0373

MAL8P1.94
PF11_0479
PF13_0076
PF14_0568
MAL13P1.24
PF07_0126
PF14_0509
PF11_0259
PFE1150w
MAL7P1.228
PFB0645¢
PFE1100
MALSP1.45
PFE1095w
PF13_0109
PF11_0165
PF13 0011
PFB0650w
PFD1170
PFE1245w

Product Description

Decrease in abundance
Hypothetical protein
Myosin d
Glutamate-rich protein
Hypothetical protein
Rhoptry-associated protein 1, rapl
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Integral membrane protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein, conserved
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Cytoadherence linked asexual protein, CLAG
Hypothetical protein

Increase in abundance
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Hypothetical protein
Multidrug resistance protein
Hypothetical protein
Ribosomal protein L13, putative
Hypothetical protein
Hypothetical protein
Hypothetical protein
N2,N2-dimethylguanosine tRNA methyltransferase
Falcipain 2 precursor
Plasmodium falciparum gamete antigen 27/25
Hypothetical protein
RESA-like protein, truncated
Zinc finger protein, putative

log ,FC?

-3.86306
-3.78196
-3.66214
-3.64398
-3.43429
-3.36262
-3.35991
-3.2534
-3.12808
-3.05472
-3.01385
-3.00148
-3.00137
-2.99443
-2.99283
-2.9906
-2.96152
-2.93718
-2.92824
-2.85528

1.450437
1.473504
1.491512
1.491768
1.517027
1.526986
1.540961
1.549177
1.567055
1.576469
1.58619
1.61043
1.617669
1.622853
1.663046
1.675169
1.7377
1.747555
1.797368
1.87245

Adjusted P-
value®

4.12E-10
4.12E-10
3.63E-09
2.48E-08
3.78E-06
9.27E-08
4.02E-09
3.07E-07
9.87E-08
9.27E-08
1.34E-08
1.29E-06
5.96E-07
9.22E-08
3.19E-09
1.07E-07
8.53E-07
3.22E-07
1.55E-06
1.20E-05

0.014454
7.55E-05
0.000101
6.51E-05
0.000176
0.003866
2.66E-05
0.000127
0.000536
3.60E-05
2.66E-05
0.001052
0.000299
7.67E-05
0.000312
5.75E-05
0.00105
9.62E-05
7.38E-05
6.81E-06

_The cut off of the log, FC 20.75 or <-0.75.
b Adjusted p-value is an indication of the significance of transcripts statistically determined by LIMMA. A cut off of
p<0.05 was used to avoid false positives.
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2344 Biological processes in which the different  ially expressed
transcripts are involved in.

For the further identification of the function of the differentially regulated transcripts, the

dataset obtained from LIMMA (www.bioconductor.com) was compared to the

information in web-based annotation programs including MADIBA
(http://www.bi.up.ac.za/MADIBA), DAVID (http://david.abcc.ncifcrf.gov) and PlasmoDB

(http://www.plasmodb.org). The transcripts were grouped according to their function in

a specific biological process (Figure 2.17).

The largest clusters formed by the transcripts that decrease in abundance were the
parasite-host interaction (50 transcripts), post-translational modifications (32
transcripts), transport (26 transcripts), proteolysis (24 transcripts) and lipid biosynthesis
(7 transcripts). The largest clusters formed by the transcripts that increased in
abundance were the RNA metabolism (63 transcripts), translation (40 transcripts),
primary metabolism (37 transcripts) and post-translational modifications (32 transcripts).
There were transcripts involved in lipid biosynthesis that showed a decrease in
abundance as well (3 transcripts). The large number of transcripts with unknown
function corresponds to the P. falciparum genome, where ~60% of the genes encode

proteins with unknown function (137).
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H Biological process

B Cytoskeleton organization

B DNAmetabolism

B Electron fransport
Lipid biosynthesis

» Oxidative stress

» Parasite-host interaction
Fost-translational modifications

m Primary Metabolic Process

= Proteolysis

= RNAmetabolism

B Signal Transduction

B Transport
= Translation

B \itichondria targeting Proteins

Figure 2.17 Gene ontology annotation of the differe  ntially abundant transcripts after treatment of P. falciparum with A51B1C1_1.

A — The GO annotation clustering for the 805 transcripts that decreased in abundance. B — The GO annotation clustering for the 699 transcripts that increased in
abundance.
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Lipid, fatty acid and glycerophospholipid metabolism were included in the list of
transcripts that showed changes in abundance (Table 2.6). The transcripts PFF0290w
(long chain polyunsaturated fatty acid elongation enzyme), PF10 0016 (acyl CoA
binding protein), PFLO415w (Acyl carrier protein) and PFC0050 (long chain fatty acid
ligase) are PFI1370c (phosphatidylserine
decarboxylase), PFC0995c (DAG O-acyltransferase), PFI1485 (DAG kinase) and
PF14 0097 (cytidine
glycerophospholipid metabolism. PF14_ 0020 and PFL1125 are transcripts that play a

involved in fatty acid biosynthesis.

diphosphate-diacylglycerol synthase) are involved in

part in lipid biosynthesis.

Table 2.6 Differentially expressed transcripts invo  Ived in lipid, fatty acid and
glycerophospholipid metabolism after treatment of P. falciparum parasites with
A51B1C1 1.
PlasmoDB Description log,FC* | Adjusted GO term® GO cluster
ID P value”
Decrease in abundance
Fatty acid
Long chain polyunsaturated fatty acid elongation,unsaturated
PFF0290w elongation enzyme, putative -1.4 0.00257 | G0O:0019368 fatty acid
Phospholipid
PF11370c Phosphatidylserine decarboxylase -1.2 0.00389 | G0O:0008654 biosynthetic process
PFC0050 Long chain fatty acid ligase, putative -1.2 0.00378 | GO:0019368 Fatty acid elongation
Triacylglycerol
PFC0995c DAG O-acyltransferase, putative -1.1 0.00250 | G0O:0019432 biosynthetic process
Triacylglycerol
PF11485 DAG kinase, putative -1.0 0.00638 | G0O:0019432 biosynthetic process
PF14 0020 Choline kinase, putative -1.0 0.01102 | G0O:0006629 Lipid metabolic process
Phospholipid-transporting ATPase,
PFL1125 putative -0.8 0.00462 | GO:0006629 Lipid metabolic process
Increase in abundance
Fatty acid metabolic
PF10 0016 Acyl CoA binding protein, putative 1.2 0.01128 | G0O:0006631 process
Acyl carrier protein, mitochondrial Fatty acid biosynthetic
PFLO415w precursor, putative 1.2 0.00159 | GO:0006633 process
Cytidine diphosphate-diacylglycerol Phospholipid
PF14 0097 synthase 1.3 0.00057 | G0O:0008654 biosynthetic process

2. The cut off of the log, FC =0.75 or <-0.75.
b Adjusted p-value is an indication of the significance of transcripts statistically determined by LIMMA. A

cut off of p<0.05 was used to avoid false positives.
¢ — Gene annotations (GO) assigned by MADIBA (http://www.bi.up.ac.za/MADIBA).

2.3.4.5

Comparison of the A51B1C1_1 dataset with ot

falciparum perturbation data

her P.

The 1504 transcripts from the A51B1C1 1 inhibition transcriptome dataset were

compared to other published perturbation studies. The datasets included from literature
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was the Hu et al. dataset, which analysed the response of the parasite to treatment with
20 different compounds including known antimalarials as well as Febrifugine,
Colchicine, NaOV3;, E64, Leupeptine, Retinol A, Quinine, Chloroquine, Artemisinin,
FK506, Cyclosporine A, Roscovitine, Kn93, W-7, ML-7, Staurosporine, PMSF,
Apicidine, Trichostatin A and EGTA (179). Additionally, transcriptome analyses of P.
falciparum parasites after artesunuate treatment (180), antifolate treatment (181),
chloroquine treatment (141, 182) and febrile temperature changes (183) were also
included. This was done to determine which transcripts of P. falciparum parasites are
uniquely affected by treatment withA51B1C_1. Comparison of the A51B1C1 1 dataset
with the Hu et al. perturbations (179) indicated that 727 transcripts were shared
between these datasets (Figure 2.18). Comparison to parasites treated with
chloroquine showed that 30 transcripts were uniquely shared (141), whilst only 16
transcripts were shared when the parasites were treated with either A51B1C1 1 or
exposed to febrile temperature changes (183). Between the artesunuate treatment
(180) and the A51B1C1_1 treatment, 14 transcripts were shared only between these
datasets, whereas the inhibition of antifolates (181) compared to the inhibition with

A51B1C1_1 showed only one uniquely shared transcript affected by both studies.

Artesunuate (398)

370
14
558 9
Chloroquine (601) 30 2 3 142 AS1B1C1_1 (1504)
2
16
353

Febrle temperature (376)

Figure 2.18 A bubble graph of shared and unique tra  nscripts in the P. falciparum
transcriptome after various perturbations.

The number of transcripts differentially regulated after treatment of P .falciparum parasites with either
artesunuate, chloroquine, or A51B1C1_1 or by changes in febrile temperature.
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Comparisons of the differentially regulated transcriptome of P. falciparum parasites
treated with A51B1C1_1 (1504 differentially affected transcripts) to the 5 datasets
described above show that 579 transcripts are uniquely due to the treatment of the
parasite with the herbicide-derived compound (Table 2.7). A complete list of unique

transcripts is presented in Appendix 2.

ased and decreased abundance
nd only after treatment of P.

Table 2.7 The 10 transcripts with the highest incre
from the complete set of 579 unique transcripts fou
falciparum parasites with A51B1C1_1.

PlasmoDB ID | PlasmoDB annotations Log,FC | Adj.P.Val
Decrease in abundance
MAL13P1.49 Hypothetical protein -3.4 4.02E-09
PF14 0337 Hypothetical protein -3.3 3.07E-07
PFL2280 Hypothetical protein -3.1 9.87E-08
PFC0150 Hypothetical protein, conserved -3.0 9.22E-08
PF10 0119 Hypothetical protein -2.9 3.22E-07
PF10 0248 Hypothetical protein -2.8 4.76E-07
PFFQ0705 Hypothetical protein, conserved -2.7 9.27E-08
PFF1000 Hypothetical protein, conserved -2.7 1.14E-06
PF11 0193 Hypothetical protein -2.7 2.88E-06
PFD1100 Hypothetical protein -2.7 3.41E-07
Increase in abundance

PFI0805 Hypothetical protein, conserved 0.8 0.010283
PFCO0300 Hypothetical protein 0.8 0.006049
PFDO0385 Hypothetical protein 0.8 0.017936
PFA0220 Ubiquitin carboxyl-terminal hydrolase, putative 0.8 0.00786

PF10 0225 Orotidine-monophosphate-decarboxylase, putative 0.8 0.006059
PFL1150 GTP cyclohydrolase | 0.8 0.006286
PFD0955w ROI kinase-like protein 0.8 0.013944
PFL1870 Calcium/calmodulin-dependent protein kinase 2, putative 0.8 0.017242
PFCO0510 Hypothetical protein 0.8 0.01964

PFIO575 Hypothetical protein 0.8 0.031453

2.3.4.6 Comparison of the A51B1C1 1 dataset with th
data from Galvestine-2 and other datasets

e expression

A51B1C1_1 and Galvestine-2 are similar in structure but the observed morphologies of
the parasites treated with the two compounds, were different. It was thus decided to

compare the transcriptomics results of P. falciparum parasites treated with these two
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compounds to each other (Table 2.8). Treatment of P. falciparum parasites with
A51B1C1 1 revealed a larger number of differentially expressed transcripts (1504)
compared to the parasites treated with Galvestine-2 (704). However, the distribution of
processes affected between the datasets show some similarity, particularly for general
metabolic and biochemical processes including parasite-host interaction, translation,
DNA metabolic process, post-translational modifications, transport, proteolysis, and lipid
biosynthesis (Table 2.8).

Table 2.8 Metabolic annotation of the largest clust  ers (excluding hypothetical
proteins) that was shared in both the Galvestine-2 and the A51B1C1_1 datasets.
Cluster Galvestine-2 A51B1C1_1
Nr of Percentage” Nr of Percentage”
transcripts® transcripts®
DNA metaboli ¢ process 17 2.4 31 21
Parasite -Host
. ) 18 2.6 55 3.7
interaction
Lipid Biosynthesis 11 1.6 10 0.7
Post-translational
e 40 5.7 64 4.3
modification
Proteolysis 11 1.6 34 2.3
Translation 20 2.9 18 1.2
Transport ° 14 2.0 66 4.4

% _ The number of transcripts affected by the corresponding treatment.
®_ The percentage of transcripts in the specific cluster out of total transcripts.
° — Transcripts in the transport cluster include general transport and electron transport.

When the datasets were compared, 239 transcripts were found to be shared. These
239 transcripts were compared to various other published perturbations studies of the
parasite. Hierarchical clustering of these transcripts with those differentially regulated
after 20 different perturbations (Hu et al. as described above), was performed using

Cluster (http://rana.stanford.edu.software) and TreeView

(www.EisenSoftware/ClusterTreeView/TreeView) (Figure 2.19).
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Figure 2.19 A heat map representation of the compar

data of the 20 compounds of the Hu

et al. study (179) and the 239 transcripts found in

both Galvestine-2 and A51B1C1 1 datasets.

The green indicates decrease of abundance and red increased abundance of transcripts. Grey indicates

the absence of the gene in the correlating treatment.
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The heat map (Figure 2.19) shows areas in grey, which indicated transcripts that were
only present in the 239 shared transcripts of the A51B1C1_1 and Galvestine-2 datasets.
In total, 50 of the transcripts shared between the Galvestine-2 and A51B1C1_1 datasets
are unique to the treatment with these two compounds (Table 2.9). Besides the largest
cluster within these 50 transcripts belonging to hypothetically annotated proteins, the
second most abundant cluster contained transcripts of proteins involved in membrane

transport processes.

2.3.5 Comparison of P. falciparum transcripts after treatment with
A51B1C1 1 to transcripts of Arabidopsis treated with

Galvestine-2
Compound A51B1C1_1 is a derivative of Galvestine-1, which is a herbicide. All 1504

transcripts that showed differential abundance after treatment of P. falciparum parasites
with A51B1C1 1 was compared to the differentially expressed transcript dataset
obtained for Arabidopsis treated with Galvestine-1 (118) (Table 2.10, complete
comparative dataset provided in Appendix 3). Many of the clusters of co-regulated
transcripts between these organisms were identified to have transcripts involved in
membrane associated processes and lipid metabolism and to be located in the
apicoplast.
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Table 2.9

The 50 transcripts which are unique to th

e perturbation of P. falciparum with either Galvestine 2 orA51B1C1 1.

PlasmoDB ID PlasmoDB annotation PlasmoDB annotation PlasmoDB ann_otation Log Fold
Go Process Go Cellular component GO Function change
Host cell plasma membrane, infected host cell
surface knob, integral to membrane, outer
PFF1595c Antigenic variation membrane Cell adhesion molecule binding, receptor activity -1.0
PFD0955w Attachment of GPI anchor to protein Hypothetical Hypothetical -2.1
PF11_0373 Attachment of GPI anchor to protein Membrane Hypothetical -2.9
PF10_0188 Cation transport Integral to membrane ATP binding, -0.9
Cholesterol metabolic process, Calcium ion binding, lipid transporter activity, receptor
PFB0770c endocytosis, lipid transport Coated pit, integral to membrane activity -2.3
MAL7P1.82 Hypothetical Integral to membrane, membrane Hydrolase activity, transferase activity -0.8
PFI1340w Hypothetical Hypothetical Hydro-lyase activity -0.8
PFA0135w Hypothetical Hypothetical Hypothetical 0.9
PFA0230c Hypothetical Hypothetical Hypothetical 0.9
PFC0262c Hypothetical Cytoplasm Hypothetical -0.8
PFC0830w Hypothetical Hypothetical Hypothetical -1.1
PFD0100c Hypothetical Hypothetical Hypothetical -1.0
PFD0190w Hypothetical Hypothetical Hypothetical -0.8
PFD0290w Hypothetical Hypothetical Hypothetical 13
PFD0415c Hypothetical Hypothetical Hypothetical 0.8
PFD0870w Hypothetical Hypothetical Hypothetical -1.2
PFE1285w Hypothetical Hypothetical Hypothetical -2.1
PF07_0006 Hypothetical Cell surface Hypothetical -1.2
PF08_0137 Hypothetical Apicoplast, nucleus Hypothetical -1.3
MAL8P1.45 Hypothetical Hypothetical Hypothetical 1.6
MALS8P1.206 Hypothetical Hypothetical Hypothetical 1.1
PF10405w Hypothetical Apicoplast Hypothetical -1.0
PFI0980w Hypothetical Integral to membrane Hypothetical 1.0
PFI1735¢ Hypothetical Cytoplasm, host cell cytoplasm, host cell Hypothetical -1.6
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membrane

PF10_0013 Hypothetical Maurer's cleft, apicoplast Hypothetical 0.9
PF10_0119 Hypothetical Apicoplast, membrane, nucleus Hypothetical -2.9
PF10_0138 Hypothetical Apicoplast, membrane Hypothetical -1.1
PF10_0164 Hypothetical Membrane Hypothetical 1.1
PF11 0238 Hypothetical Apicoplast, membrane Hypothetical -0.9
PF13_0015 Hypothetical Hypothetical Hypothetical 0.8
MAL13P1.215 | Hypothetical Hypothetical Hypothetical -1.4
MAL13P1.245 | Hypothetical Cytoplasm Hypothetical -2.0
MAL13P1.490 | Hypothetical Hypothetical Hypothetical -3.4
PF14 0526 Hypothetical Hypothetical Hypothetical 0.8
PF14_0698 Hypothetical Membrane Hypothetical 1.1
MAL8P1.70 Hypothetical Hypothetical Nucleic acid binding, zinc ion binding -1.1
PF11_0451 Hypothetical Cytoplasm, intracellular, membrane Nucleotide binding 1.1
RNA binding, SH3 domain binding, protein
PF13_0011 Hypothetical Hypothetical dimerisation activity 1.7
PFB0335¢c Immunoglobulin production, Symbiont-containing vacuole Cysteine-type peptidase activity -0.9
PFB0345¢c Immunoglobulin production, Symbiont-containing vacuole Cysteine-type peptidase activity -0.9
Calcium ion binding, calcium-dependent protein
PF14_0492 Protein amino acid dephosphorylation Calcineurin complex serine/threonine phosphatase regulator activity -1.2
PFB0085c Protein folding Host cell part Heat shock protein binding, unfolded protein binding -1.0
PF14 0735 Protein folding, response to stress Membrane ATP binding, unfolded protein binding -2.1
PF14_0281 Proteolysis Hypothetical Aspartic-type endopeptidase activity -1.5
RNA-protein covalent cross-linking,
PFD0935¢ proteolysis, transcription, RNA-dependent Cytoplasm, cytoplasmic vesicle, membrane ATP binding, RNA binding, RNA helicase activity -0.9
PFL1895w Translation Intracellular, mitochondrion, ribosome Structural constituent of ribosome 1.0
PF08_0093 Transport Membrane Binding -0.9
PFLO110c Transport Mitochondrial inner membrane, mitochondrion Binding -1.2
Hydrolase activity, metal ion binding, nucleotide
PFB0845w Transport Integral to membrane binding -1.2
PFF1075w Vacuolar transport, vacuole fusion Endoplasmic reticulum, integral to membrane Hypothetical 0.9
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Table 2.10  Guilt-by-association clustering of thet  ranscripts found in both  P.
falciparum and Arabidopsis datasets after treatment with A51B1C1_1 and Galvest ine-1,
respectively. Data obtained from collaborator L Bré hélin.
PlasmoDB annotation PlasmoDB ID Ar;:ri]deolst E
Clusterl
Conserved Plasmodium protein, unknown function MAL7P1.157 AT1G13220
Inositol phosphatase, putative MAL8P1.151 AT1G17340
Cg3 protein PF07_0034 AT3G08950
Mitochondrial ribosomal protein L22/L43, putative PF10_0097 AT3G59650
Transcription factor with AP2 domain(s), putative PF14_0471 AT4G09630
ERCC1 nucleotide excision repair protein, putative PFB0160w AT3G05210
Conserved Plasmodium protein, unknown function PFB0250w AT4G33920
Serine repeat antigen 2 PFB0355¢c AT3G19400
Phospholipase A2, putative PFB0410c AT1G61850
Tubulin-tyrosine ligase, putative PFE0700c AT1G77550
S-adenosyl-methyltransferase, putative PFL1775¢c AT5G10910
Conserved Plasmodium membrane protein, unknown function PFL2170c AT2G35330
Cluster 2
Acyl CoA:DAG acyltransferase, putative MAL13P1.285 | AT1G61850
Lysophospholipase, putative PF07_0040 AT1G18360
DAG O-acyltransferase PFC0995¢ AT2G19450
Patatin-like phospholipase, putative PFI11560c AT4G33700
Cluster 3
Apicoplast ribosomal protein L36e precursor, putative PF11_0106 AT2G37600
Small nuclear ribonucleoprotein D1, putative PF11_0266 AT4G02840
Aspartyl-tRNA synthetase PFA0145¢c AT4G26870
Plasmodium exported protein (hyp9), unknown function PFB0930w AT4G02500
Eukaryotic translation initiation factor, putative PFE0885w AT5G25780
Karyopherin beta PFE1195w AT5G19820
Small nuclear ribonucleoprotein (sSnRNP), putative PFI0475w AT1G76300
RNA polymerase subunit 8c, putative PFL0665¢c AT1G54250
Cytoplasmic translation machinery associated protein, putative PFL2150c AT2G20280
Cluster 4
Slljlgfi?/seome associated protein with multiple membrane spans 3, PF14_0065 AT2G32040
Rhoptry-associated protein 2 PFE0080c AT5G65410

2.3.6

Validation of microarray data with gRT-PCR

The use of quantitative gRT-PCR is an accepted method for validation of microarray
data. A house keeping gene, LDH, which did not show change in fold change between
the treated and the control samples and does not show differential regulation during the

microarray experiment, was included (175). Three transcripts that showed increased
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abundance in the microarray dataset as well as three transcripts with decreased

abundance were compared to LDH transcripts (Table 2.11).

Table 2.11  Validation of the microarray dataset wit h qRT-PCR for six selected
differentially expressed transcripts after treatmen t of P. falciparum with compound
A51B1C1 1.

Namelof gene gRT — PCR results Microarray Results
log,FC log,FC

MAL13P1.130 -6.4 -3.0

PFO7_0126 1.9 1.53

PF08_0131 0.9 1.36

PF11_0278 -9.3 -3.21

PFL1885c 0.9 0.75

PF14_0363 -3.7 -1.55

LDH (House hold) 1 -

All six transcripts showed the same direction of change in abundance that was
observed in the microarray experiment, thereby independently validating the results
obtained in the microarray experiment. However, it is also evident that the numeric
values in fold change between the microarray experiment and the gRT-PCR, are not

necessarily in the same range.
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2.4 Discussion

The resistance that P. falciparum parasites have developed against current
antimalarials implies an urgent need to identify novel drug targets and to develop new
drugs. Relatively little attention has been focused on the apicoplast of P. falciparum
parasites. However, there is an evolutionary relationship between the multi-membrane
apicoplast of these parasites and the photosynthetic chloroplast of plants (2), therefore
it is hypothesised that compounds that inhibit the growth of plants, may also inhibit the

development of the parasite (118).

Galvestine-2 and A51B1C1 1 are modified from Galvestine-1 as parent compound,
which is a herbicide derivative. In Arabidopsis, Galvestine-1 inhibits the activity of
MGD1 in membrane vesicles and also in the released micelles (118). This indicated the
potency of the compound and potentially its derivatives as galactolipid synthesis
inhibitors. Kinetic analyses of the enzymatic (MGD1) inhibition on mixed micelles,
showed that Galvestine-1 competes with the binding of DAG, the substrate for MGDG
and DGDG synthesis (184). DGDG-like epitopes have been detected in the plasma
membrane and inner membrane complex of P. falciparum but not in the apicoplast as
found in Arabidopsis (Personal communication, Eric Maréchal, Pretoria, 2009).
Arabidopsis treatment with Galvestine-1 triggered an in vivo inhibition of MGDG
synthase activity and resulted in the overall reduction of the galactolipids, especially
MGDG. The effect was seen mainly on the chloroplast, with a decrease in the
membrane expansion of the chloroplast resulting in a decrease in the overall size of the
chloroplasts. No other subcellular structure was affected by the treatment.
Transcriptomic effects after treatment of Arabidopsis with Galvestine-1 indicated a

decrease in abundance of gene transcripts involved in galactolipid synthesis (118).

One method for the determination of the 1Cso for potential antimalarials in vitro is the
measurement of >H-hypoxanthine incorporation (185). However, this assay is
expensive and the use of radioactive materials poses safety hazards and disposal
problems (186). Enzymatic reactions and antibodies are also used as alternative
methods to detect the presence of lactate dehydrogenase (187), and histidine-rich
protein Il, respectively (188) which indicate the number of viable parasites after
treatment. These assays are not suited for high-throughput antimalarial drug screening
as they are time consuming (189). Non-radioactive DNA stains, such as SYBR Green |
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(160) and PICO green® (190) are safe and cost-effective methods to determine the
ICs0s of anti-Plasmodium compounds, compared to other published methods. The ICs
of compound A51B1C1 1 determined in a preliminary study in Grenoble, France
(collaborator E. Maréchal), using the *H-hypoxanthine incorporation method, was found
to be 180 nM (Personal communication, Eric Maréchal, Pretoria, 2009). The ICso value
determined in this study using the SYBR Green | method was shown to be 447 £16 nM.
The different values may be due to the techniques used to determine the ICso as was
previously observed (186, 191, 192). Values below 1 pM comply with the MMV

requirements (www.mmv.org) and are an indication that a compound may have

potential against P. falciparum. .

Delayed death is a phenomenon where the perturbation only causes the death of the
parasite in the next life cycle. Examples are the effects seen after treatment of P.
falciparum parasites with drugs such as tetracycline (97, 111, 126) and macrolides (48,
193, 194) which are both translation inhibitions and Gyrase inhibition caused by
ciprofloxacin (48, 111, 195). The reason for the delayed death was found to be the
transfer of non-functional apicoplasts to the progeny and thus lack of apicoplast protein
production (196). In contrast, drugs affecting non-housekeeping processes in the
apicoplast of P. falciparum have been shown to not display delayed death phenomena
(126). These drugs result in visible stress symptoms and growth arrest of the parasites
within the first life cycle after exposure. Analyses of P. falciparum parasites treated with
the herbicide derivative A51B1C1_1 (2xICsp) revealed morphological signs of stress in
the form of pyknotic parasites within the first 48 h. The formation of pyknotic bodies
was also seen by Deponte and Becker in 2004 (197) in a study where they treated
either P. falciparum parasites with antimalarials followed by exposure to oxidant stress
or left to starve. These parasites showed signs of programmed cell death, with cell
shrinkage (pyknotic bodies), membrane blebbing and nuclear fragmentation visible
(197). Stressed forms of P. falciparum parasites under A51B1C1_1 pressure could
indicate that either 1) this compound targets non-housekeeping processes of the
apicoplast with no delayed death phenotype; or 2) the compound targets another
biological process in the parasite not associated with the apicoplast.

Morphological monitoring of P. falciparum parasites under A51B1C1_1 pressure
revealed that the parasites’ life cycle development was slowed down to a point where

the life cycle was halted within the first life cycle. Whereas untreated parasites were at
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the mature schizont stage after 48 h, A51B1C1_1 treated P. falciparum were present as
stressed (possibly dead) trophozoites with only a few maturing to merozoites for
invasion of new erythrocytes. In contrast to this, Galvestine-2 affected the parasites to
a lesser degree. After the first life cycle (48 h), the Galvestine-2 treated parasites were
in the late trophozoite stage with a few schizonts with no morphological signs of stress
and slightly delayed life cycle of the parasite, rather than causing pyknotic parasites
(death) as observed for A51B1C1 1 treatment.

DNA microarray allows global analyses of the complete transcriptome of an organism,
at any moment in its lifecycle, in a single experiment (198). This holds a challenge for
the analysis to make sense of the large amount of high-quality raw data. The
Plasmodial Agilent platform was chosen because the overall spot quality of this platform
is a significant improvement on previously Plasmodial arrays used in our lab (133, 166,
199). The higher quality in the microarray data results allows higher confidence in the
analysis of the data (133, 200). The A+T richness of the genome of P. falciparum
causes difficulties in the PCR reaction to generate more starting material (201) and one
advantage of the Agilent platform is that it needs less starting material than other

methods.

Using the information obtained from the morphological studies, the microarray study
was designed and two time points were selected for the extraction of RNA from
synchronised parasites. The background noise from multiple life stages is reduced in
synchronised cultures enabling the detection of abundance differences in transcript
levels above the normal levels in the IDC (158). Small changes on transcriptomic level
may have been missed if the cultures used in this study were not synchronised.
Synchronised cultures have been used in previous studies for the above mentioned
reason and these authors were able to detect perturbation induced transcriptional
changes, independent of the normal transcript production due to life cycle development
(158, 180, 202, 203). There have been reports on P. falciparum studies using non-
synchronised cultures (139, 141) however, in most of these studies the authors failed to
notice transcriptional responses to perturbation. The time points selected for the
sampling of RNA was 28 hpi and 36 hpi, which covers the life stages in which a

morphological effect is seen after treatment with A51B1C1_1.
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For confidence and statistical analysis, the experiment included two biological and two
technical replicates. A reference design for the microarray set up was performed on the
Plasmodial Agilent platform, which allow for the simultaneous analysis of the samples.
This design also enables easy comparison between the samples. The reference is a
pool of all the samples (treated and control) in equal amounts to ensure a
representative sample. The quality of the data resulting from the Agilent arrays was of
high standard (200). The statistical significance of transcripts showing a change in
abundance levels was calculated with t-test (167, 168) and only the transcripts with at
least a logy-ratio = 0.75 or < -0.75 (fold change of 1.7) with 95% confidence were

regarded as differentially expressed.

Normalisation, data correction and local background subtraction are essential
processes in DNA microarray data analyses to allow for correction of variation between
technical and biological replicates and accurate identification of differentially expressed
transcripts between two sample sets. Various algorithms are available for the correction
of variation between spots on the same array in an intensity-dependent manner. In this
study two methods were tested to determine which gives the best normalisation. Global
loess makes the assumption that most of the genes are not expressed differentially,
which cannot be assumed in this study and resulted in box plots of different sizes and
outliers that influenced the results, which are an indication of the success of the
normalisation (167). Robust spline was used in the experiments as it uses 5 parameter
regression splines instead of curves as in loess and was designed to deal with outliers
Is such a way that it does not affect the mean (167, 178). This resulted in boxes of
similar size and around the same M value (Figure 2.13). The same box size is an
indication of equal contribution of the samples and the same M-value proves successful

normalisation of the intensity of the different arrays.

For between-array normalisation both Aqualtile and Gqualtile were tested. Aquantile
was designed for experiments where the samples are labelled with Cy3 and the
reference with Cy5 (149). This resulted in a density plot with multiple green lines,
representing the reference. Gquantile normalisation was used in this study as this was
designed for Cy3 labelling of the common reference. Gquantile was used for the
correction of background effects between arrays, which enables the comparison across
the different arrays and resulted in acceptable normalisation of the A51B1C1 1

datasets. The Agilent platform and reference design microarray strategy has been
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previously used, and in these instances, success was achieved with Gquantile
normalisation. (166, 199). Fulfilment of all the set criteria and thorough analyses
resulted in valid, high quality data sets, which are reproducible and reliable (198).

Pearson correlations indicated that the time points chosen for sampling of RNA from P.
falciparum parasites after treatment with A51B1C1_1 for the microarray were early
enough to enable direct comparison between the treated and the control parasites at a
specific time point and identification of differentially expressed transcripts (Table 2.4).
The same direct comparison was used by Dahl et al. (2006) after 55 h treatment with
doxycycline because of the little variation between the treated and the control samples
(97). Since transcripts in the P. falciparum IDC are only produced once needed (137), it
is essential that comparisons between parasite populations only detect drug-specific
responses and not normal life stage specific responses (133). In the case where direct
comparisons of treated and control parasites are not possible, the use of a ty strategy
was developed to determine the point of transcriptional arrest and using that point as

the reference to make comparisons between the treated and control samples (133).

In this study, the steady state levels of the affected transcripts at a specific time point
were determined. A total of 1504 transcripts (Appendix 1) were affected by treatment
with compound A51B1C1 1 of which 805 decreased in abundance and 699 increased
in abundance. The larger number of transcripts with decreased abundance correlates
to other perturbation studies done on P. falciparum (133, 199). Additionally, the range
of fold changes of the transcripts detected is between 1.9 (increased abundance) and -
3.9 (decreased abundance), and is in agreement with previous transcriptomic reports
(97). The transcripts with decreased abundance showed a much higher level of
confidence and the fold of decrease was also higher than the fold of increase, similar to
published data (133, 141, 199). However, the number of transcripts affected is much
higher (in most cases, more than double the number of transcripts) than for most other
reported studies (97, 133, 183, 199, 202).

A paradoxical effect is seen after treatment of P. falciparum parasites with A51B1C1 1.
The treatment caused both an increase and a decrease in abundance of transcripts
representing the same biological process (cluster). This is not uncommon in treated P.
falciparum and has been seen numerous times with methionine and polyamine

metabolism inhibition (133, 199). Both the 699 transcripts with increased abundance
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and the 805 transcripts with decreased abundance were clustered into the same 14
functional groups (transcripts with decreased abundance contained an extra cluster)
(Figure 2.17) using GO annotations obtained from PlasmoDB and MADIBA. The largest
clusters of affected transcripts with an increase in abundance were RNA metabolic
processes (9%), translation (6%), primary metabolism (5%) and post-translational
modifications (5%). Transcripts with a decrease in abundance are involved in parasite-
host interactions (6%), post-translational modifications (4%), transport (3%) and
proteolysis (3%). As seen in previous studies, the clusters consist of transcripts with

increased abundance, as well as transcripts with decreased abundance (133, 166, 199).

The 1504 transcript data set includes ten transcripts (three with increased abundance
and seven with decreased abundance, Table 2.6) involved in lipid biosynthesis or fatty
acid biosynthesis. The presence of these transcripts (all have Log, FC of about 1) in
the data set indicates the effect of the treatment on lipid biosynthesis (three in
glycerophospholipid metabolism, Figure 2.20, and two in glycerolipid metabolism,
Figure 2.21). In glycerophospholipid metabolism, three transcripts were affected of
which one increased in abundance (PF14_ 0097, EC 2.7.7.41 — Cytidine-diphosphate-
DAG synthase) and two with decreased abundance (PFI 1370, EC 4.1.1.65 —
Phosphatidyl serine-decarboxylase and PF14 0020, EC 2.7.1.32 — Choline kinase)
(Figure 2.20). In glycerolipid metabolism two transcripts (PFC0995c, EC 2.3.1.20 —
DAG O-acyltransferase and PFl 1485, EC 2.7.1.107 — DAG kinase) both decreased in
abundance (Figure 2.21). DAG O-acyltransferase is the enzyme that convert DAG into
triacylglycerol (TAG), one of the lipids proven by Maréchal et al. (2002) to be present in
the P. falciparum parasite (119). The P. falciparum genome was found to only have one
open reading frame for the enzyme DAG O-acyltransferase (204). The function of this
enzyme in the IDC is still under debate (204), but reports show an increase in TAG
levels in mature forms of the parasites (205) and TAG metabolism and trafficking in P.
falciparum infected erythrocytes is stage-specific (206). In other organisms, TAG
serves as highly reduced store of oxidisable energy (206) and also plays a vital role in
the homeostasis of the organism (207). The enzyme DAG kinase is responsible for the

conversion of DAG to 1,2-diacyl-sn-glycerol-3-phosphate.

A comparison between the transcriptomic data obtained after treatment with
A51B1C1 1 and other Plasmodial perturbation studies was done to determine the level

of specificity of the A51B1C1 1 inhibited transcriptome dataset and to identify
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transcripts due to the natural stress response by the parasite. These studies included
treatment of P. falciparum with chloroquine, artemisinin, antifolates and effects of high
temperatures together with the 20 perturbations investigated by Hu et al. (179). From
these comparisons 579 transcripts were identified as unique to the transcriptomic profile
of the parasites treated with the herbicide-derived compound A51B1C1_1 (Table 2.7).
Two transcripts involved in fatty acid or lipid synthesis were among the 579 unique
transcripts (PFC0050 - long chain fatty acid ligase and PFI 1485 —DAG kinase.
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Figure 2.21  Glycerolipid metabolism as presented by KEGG (208).

Green blocks indicate the enzymes present in the pathway of P. falciparum. Red arrows indicate the transcripts with decreased abundance, yellow arrow indicates
transcript in the unique dataset (579 transcripts), green arrow indicates the transcript affected in both Arabidopsis and P. falciparum after treatment with respectively
Galvestine-2 and A51B1C1_1. Diacylglycerol (DAG) is encircled in red. EC 2.3.1.20 — DAG O-acyltransferase (PFC0995c), EC 2.7.1.107 — DAG kinase (PFI 1485).
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The only structural difference between A51B1C1_1 and Galvestine-1 is on the
benzimidazole group where Galvestine-1 has an extra oxygen group (Figure 1.12 and
Figure 1.14). Between A51B1C1 1 and Galvestine-2, there are two structural
differences. The benzimidazole group of Galvestine-2 has an extra oxygen group and
the dibenzylamino-ethoxy group of Galvestine-2 contains 3 benzyl groups, whereas
A51B1C1_1 only contains 2 benzyl groups (Personal communication, Eric Maréchal,
Pretoria, 2009). These similarities in the structures of Galvestine-2 and A51B1C1 1
may lead to similar effects on the parasite. Comparing the transcriptional datasets after
treatment with either Galvestine-2 (166) or A51B1C1_1 and finding the similarities
between the two datasets, may help to determine the mode of action of these herbicide
derived compounds. The shared transcripts (239 transcripts) showed lipid biosynthesis
to be affected by both treatments (Galvestine-2, 1.6% and A51C1B1 1, 0.7%). To
determine if the 239 shared transcripts (between A51B1C1_1 and Galvestine-2) were
unique to the herbicide derived treatment, these transcripts were compared to the
results found in the study conducted by Hu et al.(179). Of the shared transcripts, 50
were found to be unique to herbicide treatments, which include five transcripts unique to
the apicoplast (PF08 0137, PFI0405w, PF10_0119, PF10 0138 and PF11 0238, Table
2.8) as well as PFB0O770c as part of lipid transport processes (decreased abundance in
the A51B1C1_1 dataset and increased abundance in the Galvestine-2 dataset). These
results indicate that the differences in the structures in the two compounds may result in
slight difference in potency for each compound. This is not uncommon in studies with
different structural derivatives (209-212). Comparative studies between Galvestine-2
treated Arabidopsis and A51B1C1_1 treated P. falciparum did reveal transcripts that are
involved in lipid biosynthesis such as MAL13P1.285 (Acyl CoA:DAG acyltransferase)
and PFC0995c (DAG O-acyltransferase, indicated with a green arrow in Figure 2.21).

In this chapter the transcriptomic response to a herbicide derived compound,
A51B1C1_1 on the P. falciparum parasite was investigated. Evidence was also
provided that of the 1504 differentially regulated transcripts after treatment with
A51B1C1 1, a total of 579 transcripts were drug-specific. The data showed apicoplast
associated metabolic systems are affected. P. falciparum does synthesise galactolipids
(which would be the target of Galvestine-1), however, no sequence homologues have
been found in the P. falciparum genome database with statistically reliable similarities to

chloroplast envelope MGDG synthase or DGDG synthase multigenic families (119).
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The results indicate that enzymes involved in glycerolipid synthesis that are responsible
for the conversion of DAG are affected in P. falciparum parasites treated with
A51B1C1_1. Fatty acid synthesis is also affected by the treatment; however the
transcripts involved in this process showed an increase in abundance. In the following
chapter the effect of treating these parasites with the herbicide-derived compound on

the proteome of the parasites are investigated.
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CHAPTER 3

INVESTIGATION OF THE PROTEOMIC RESPONSE OF
P. FALCIPARUM TREATED WITH A HERBICIDE-
DERIVED COMPOUND

3.1 Introduction

The complex life cycle of P. falciparum is tightly controlled with a unique flow of gene
regulation (137). This result in a ‘just-in-time’ transcription of genes involved in related
biological processes and in the majority of cases the production of the related proteins
without delay (137, 213). The P. falciparum proteome is complex due to the stage-
specific expression of proteins associated with the biological and metabolic changes
during the IDC of the parasite (214). Regulation of proteins is achieved by PTM’s to
ensure the proteins are active in the correct life cycle stage of the parasite (215).
Certain proteins are predicted to act as control centres that are interconnected to others
resulting therefore in a specialised interactome (132, 216). Few studies attempted to
describe the Plasmodial proteome, which is predicted to have about 5300 proteins of
which ~60% are hypothetical and un-annotated (137, 217-219).

The >80% A+T-richness of the Plasmodial genome (134) translate to long hydrophobic
stretches and amino acid repeats (lysine and asparagine) in the proteome. The
proteins are comparatively large, non-homologous and more charged compared to their
orthologues with multiple isoforms of proteins being present (220). These properties
have made it difficult to analyse the Plasmodial proteome and to recombinantly express
Plasmodial proteins (221, 222).

Comparison of the P. falciparum genome to that of other free-living eukaryotes indicated
that the parasite has fewer proposed enzymes and transporter proteins but has instead
a large number of genes coding for proteins involved in immune evasion and specific
host—parasite interactions (134). The proteins that are responsible for immune evasion,
such as the var and rif genes, are specific to the sporozoite stage and are found in large
amounts at this blood life-cycle stage (223). Proteins of each life stage of the parasite

are unique to that specific life cycle stage. In sporozoites, 49% of the proteins are
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unique and only 25% of these proteins are shared with other life cycle stages (223).
The trophozoite, merozoite and gametocyte stages all have between 20 and 33%
unique proteins and 39 — 56% of their proteins are shared with other life cycle stages.
Only 6% (152 proteins) of the parasite’s proteins are shared between all the life stages
of the parasite. The distribution of function of the proteins in each life stage of the P.

falciparum parasite is shown in Figure 3.1 (223).

Sporozoite Merozoite Trophozoite Gametocyte Whole genome

I Cell surface (apical organelles) I Metabolism (energy) M Transport facilitation
7 Cell cycle (DNA processing) [ 1 Protein fate I Conserved hypothetical
1 Cell rescue defence (virulence) 1 Protein synthesis "1 Hypothetical

Cellular communication (signal transduction) I Transcription [ 1 Unclassified

[ Cellular transport (transport mechanism)

Figure 3.1  The proteins in each stage of the life ¢ ycle of the P. falciparum differ from
one another.
Only 6% of the parasites proteins are found in all the life stages (223).

Some P. falciparum proteins encoded by the nucleus are post-translationally targeted to
the apicoplast. The 35 kb genome of the apicoplast encodes for ~30 proteins, but 551
nuclear-encoded proteins are found to function within the apicoplast. Proteins that are
targeted to the apicoplast have bipartite N-terminal extensions that contain a signal
peptide and a transit peptide (224). The transit peptide has a positive charge and it
contains mainly lysine, asparagine and isoleucine residues (224). The signal peptide,
which is a classical secretory signal peptide, directs the co-translational insertion of
proteins into the endomembrane system (89).

Currently, there are multiple technigues available for the investigation of the proteome
of an organism. The use of two-dimensional gel electrophoresis (2-DE) followed by
mass spectrometry (MS) to identify proteins are predominantly used. Two-dimensional
electrophoresis (2-DE) was first introduced in the 1970’s by O’Farrell and is still used to

assess proteomes of various organisms in proteome mapping as well as to study
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differentially regulated proteins and for the detection of PTM’s. 2-DE has been used in
the proteomic investigations of P. falciparum and allowed the characterisation of the
proteome at different life stages of the parasite (225). In the first dimension of
separation, proteins are separated based on their iso-electric point (pl). The proteins
are then separated based on their molecular weight (Mr) during the second dimension.
The advantages of 2-DE technology include high resolution of abundant proteins, semi-
quantitative analysis, monitoring of PTMs and the approximation of pl and molecular
weight values (226). The disadvantages are that the technique is limited to high
abundance proteins and has a bias towards soluble proteins and mid-range molecular

weight and pl proteins.

Multistage liquid chromatography mass spectrometry (LC-MS) has the ability to analyse
complex peptide mixtures and allows for differential labeling of samples via chemical
tagging of proteins/peptides with stable isotopes known as isotope coded affinity tags
(ICAT) (227). ICAT depends on the cysteine residues in the proteins, thus making this
method not ideal for P. falciparum because of the low number of cysteine residues in
the Plasmodial proteome (214, 215). Another labelling method, isobaric tags (iTRAQ),
employs a specific amine reactive tag on the lysine side chains of peptides and at the
N-terminus for the quantitative analysis of differentially expressed proteins (228).
ITRAQ have a slight bias towards the more acidic proteins (less arginine and lysine
residues) but can be used for all types of proteins (228). These labelled peptides
(isobaric) cannot be distinguished with MS, but ions are produced with a noticeable
signature during fragmentation with tandem MS (MS/MS) (229). MS and MS/MS are
the most commonly used methods for the identification of proteins. By measuring the
mass/charge ratio of each protein digestion or fragment and using the information
available on the proteome and genome of an organism (databases with the
mass/charge ratios and peak intensities of known peptides) (230), proteins can be
identified.

Other techniques includes protein microarrays that have been developed for the
identification and quantification of proteins (231) and surface-enhanced laser
desorption/ionisation-time-of-flight/ionisation-time-of-flight/mass spectrometry (SELDI-
TOF/MS) that can separate proteins based on the biophysical properties (SELDI)
followed by the identification of the proteins (TOF/MS) (232). Matrix assisted laser
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desorption/ionisation (MALDI) and electrospray ionisation (ESI) is soft ionisation

techniques which enable volatilisation of biological molecules (230).

As with the microarray data, proteomic data have to comply with specific standards.
The minimum information about a proteomics experiment (MIAPE) was established to
avoid discrepancies in data reporting (233) and to ensure that data are sufficient for the
reader to understand and that experiments are repeatable by most laboratories (233).

For the validation of the transcriptomic data (Chapter 2), P. falciparum parasites were

treated with A51B1C1_1 and 2-DE based proteomics were performed.
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3.2 Methods and Materials
3.2.1 Culturing P. falciparum for proteomics

Synchronised P. falciparum 3D7 cultures (60 ml, Section 2.2.1.3) at 8% parasitaemia
and 5% haematocrit were used for each gel. Compound A51B1C1 1 was received at a
concentration of 10 mM and diluted using DMSO (0.3% DMSO (v/v) at a final volume) to
a final concentration in the culture at twice the 1Cso. Samples from the last time point of
the microarray experiment (36 hpi) were used for the proteomics. A control culture
containing DMSO was included as well as four biological replicates. Saponin (SIGMA)
dissolved in 1xPBS was added to a final concentration of 0.01% (v/v), to each culture
and the cultures were incubated on ice for 5 min to lyse erythrocytes and release the
parasites. The lysed erythrocytes were centrifuged for 15 min at 2500g and the
supernatants were discarded. The pellets were washed four times with PBS, or until the
PBS was clear, with centrifugation for 1 min at 4C at 25009 between each wash step.

The pellets were stored at -70C for a maximum of 3 0 days.

3.2.2 Isolation of proteins

The protocol of Smit et al. (225) was followed for the isolation of the proteins and the
identification thereof. The parasite pellets were thawed on ice and 250 pl rehydration
buffer [8 M urea, 2 M thiourea, 2% (w/v) 3-[(3-cholamidopropyl) dimethylammonio]-1-
propanesulphonate] (CHAPS) containing 32 mM DTT (Pharmacia Biotech) and 0.7%
(v/v) ampholytes (GE Healthcare)] were added. The four biological replicates were
pooled. The samples were pulse-sonicated using the Branson Sonifier 450 with
microtip for 10 pulses (1 s pulse followed by 1 s rest) at 40% duty cycle and an output
control of three to lyse the parasites and release the proteins. Between each set of
pulsing (4 in total), the samples were placed on ice to prevent foaming (indication of
denaturation) and to inhibit carbamylation of the samples. Samples were centrifuged for
60 min at 16000g at 4T and supernatants were transferred to a clea n, sterile microfuge

tubes and kept on ice.

3.2.3 Protein concentration determination

The 2D Quant kit (GE Healthcare) was used for the quantification of proteins according

to manufacturer’s instructions with minor modifications. The proteins were precipitated
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quantitatively to remove interfering substances such as the ampholytes, thiourea and
urea which were left in the aspirated supernatant. The principle of the 2D Quant kit is
based on the specific binding of copper ions to proteins. The precipitated proteins are
resuspended in a solution containing free copper ions and the unbound copper is
measured with a colorimetric agent at 480 nm. The intensity of the colour is inversely

proportional to the protein concentration.

A standard curve was constructed using 6 dilutions (0, 10, 20, 30, 40, 50 ug) (225) of
the 2 mg/ml BSA stock solution. Different volumes of the Plasmodium proteins (0.5, 1,
2, 5 ul) were included for protein determination. Precipitant solution (500 ul) was added
to each sample, mixed by vortexing and incubated for 3 min at room temperature, after
which 500 pl of co-precipitant solution was added. The samples were vortexed and
centrifuged at 16000g for 15 min at 4C. The supernatants were discarde d and the
pellets were centrifuged again for 3 min as above. The remaining supernatant was
carefully removed by pipetting. To the pellets, 100 ul copper solution and 400 ul MilliQ
water were added and mixed by vortexing. Working solution (1 ml) was added to a
sample, which was mixed immediately by inversion, before proceeding to the next
sample. Triplicate samples were incubated at room temperature for 20 min before
transferring 300 pl of each sample to the wells of a 96 well plate. The absorbencies of
the samples were measured at 492 nm with a Multiskan Ascent spectrophotometer

(Thermo Labsysytems).

3.24 Iso-electric focusing (IEF)

Iso-electric focussing was done in quadruplicate with 400 pg of isolated protein from
each individual sample. The protein concentrations determined in section 3.2.3 were
used to calculate the correct volumes of protein isolations to be diluted in rehydration
buffer containing 0.5% (w/v) DTT (Pharmacia Biotach), 0.7% (v/v) ampholytes (IPG
buffer for pH3-10 Linear). The prepared samples (340 ul) were added to ceramic
chambers (Amersham Biosciences) before the 18 cm Immobiline DryStrips, pH 3-10
Linear (Amersham Biosciences), were placed into the chamber with the gel side
directed to the bottom. Air bubbles were removed and the strips were covered with oll
(GE Healthcare) to ensure insulation from air, which would dry out the strip and result in
crystallisation of the urea. The Etthan IPGphor Il iso-electric focusing system

(Amersham Bioscience) was run starting with a 10 h active rehydration step at 30 V and
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20T (step 1, Table 3.1). The voltage was gradually increased in a step-and-hold
fashion (Equation 3.1 represent gradient Vh, volt hours), to 8000 V (steps 2-8, Table
3.1) and kept at 8000 V (step 9, Table 3.1) for 24000 Vh (Equation 3.2 represent step
Vh). When a total of 35000 Vh was reached the run was terminated.

Vh = h X [(Vstep(n-1) * Vstepn) 1 2] coeeeie e Equation 3.1

Vh=h X VOIS s Equation 3.2

Where Vh is the volt hours, h is hours, V is the volts and n is the current step.

Table 3.1 Summary of the IEF step-and-hold program  used for the 18 cm Immobiline
DryStrip, pH 3-10 Linear.
Step Type of run Volts Time
1 Step and hold 30V 10 h
2 Gradient 200V 0.10 h
3 Step and hold 200V 0.20h
4 Gradient 500 V 0.20 h
5 Step and hold 500V 0.20h
6 Gradient 2000 V 0.20 h
7 Step and hold 2000 V 0.45h
8 Gradient 8000 V 1.40 h
9 Step and hold 8000V 24000Vh
TOTAL 35000 Vh

3.2.5  Two-dimensional polyacrylamide gel electropho  resis (2D-GE)
The IEF strips were rinsed with MilliQ water, followed by three equilibration steps of 10
min each. Fresh equilibration buffer [50 mM Tris-HCI, pH 6.8, 6 M urea, 30% (v/v)
glycerol, 2% (w/v) SDS, 0.002% (w/v) bromophenol blue] was used in the first two
steps. In the first step, 2% (w/v) DTT (Pharmacia Biotach) was added, and in the
second step, 2.5% (w/v) iodoacetamide (Sigma) was added to the equilibration buffer.
In the third step, SDS running buffer (0.25 M Tris-HCI, pH 8.3, 0.1% SDS, 192 mM
glycine) was used. Strips were placed back into the ceramic chamber and incubated at
20T with shaking. Between each step, the strips were rinsed with MilliQ water.
Vertical 10% SDS-polyacrylamide gels [10% (w/v) acrylamide stock (30% (w/v)
acrylamide, 0.8% (w/v) bisacrylamide), 1.5 M Tris-HCI pH 8.8, 0.1% (w/v) SDS, 0.05%
(w/v) ammonium persulphate, 0.0003% (v/vV)N,N,N,N -tetramethyl-ethylenediamine]
were used for the second dimension separation in the Hoefer SE 600 system. The IPG

strips were placed on top of the gel and sealed with 1% (w/v) agarose dissolved in SDS
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running buffer. The gels were run in SDS running buffer at 80 mA at 20C until the

bromophenol blue front reached the bottom of the glass (about 4 h).

3.2.6 Flamingo Pink staining of gels

The gels were gently removed from the glass plates and placed in a glass bowl
containing fixing solution [40% (v/v) EtOH and 10% (v/v) acetic acid in MilliQ water].
The gels were fixed for 2 h with slight agitation at 20C. After removing the fixing
solution, the gels were stained for 16 h in 100 ml per gel Flamingo Pink fluorescent gel
stain (Bio-Rad, Dalifornia, USA) in the dark. Flamingo Pink dye is a fluorescent dye that
only fluoresces when it binds with denatured proteins. After the incubation period, the
gels were blocked with 0.1% (w/v) Tween-20 for 30 min, washed twice with MilliQ water

and scanned.

3.2.7 Scanning of gels and data analysis

VersaDoc 3000 (Bio-Rad) was used for the imaging of the gels and the images were
analysed using the PD Quest 8.0.1 software package (Bio-Rad). The three best gels for
the control and treated sets were chosen to be analysed. The gels were cropped to the
same size and dimensions and filtered to remove most of the speckles caused by dust
(salt setting) and the background and the horizontal and vertical streaks (filter wizard).
Automatic spot detection (spot detection wizard) was performed to detect the centres of
the potential spots on one gel and the same number of spots was detected on other
gels. Normalisation was performed using the total density setting, because of the
presence of saturated spots. A master gel was created and each spot was manually
verified. Spots were added to and deleted from master gel to ensure maximum

precision of the master gel.

3.2.8 Identification of spots using Plasmo2D

The master image generated in PD Quest 8.0.1, was loaded onto the software
Plasmo2D (http://144.16.89.25/Plasmo2D.zip) (234). All proteins in the P. falciparum

data base (PlasmoDB) on a pl versus MW scale were used to analyse the virtual 2-DE
images that have been generated for the identification of protein. The proteins on the
physical 2-DE gel are identified by comparing the position of migration of the spot on
both the pl and MW axis to that position on the virtual 2-DE gel.
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Making use of the molecular marker and 2-DE gel images of P. falciparum the gel was
aligned (Figure 3.2) according to the molecular weight of the marker and the pl (133,
225).
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Figure 3.2  The program Plasmo2D (234).

The program uses the annotations in PlasmoDB to generate a virtual image that is compared to the
physical 2-DEgel to identify spots.

The spot of interest is encircled by clicking on it and the program generates a protein
report (Generate protein report button) in which the potential proteins for that spot are

listed. Each protein is assigned a score that is an indication of the probability that that
specific protein is the protein on the loaded 2-DE image.

3.2.9 Identification of proteins by mass spectromet ry

Identification of proteins after treatment with A51B1C1_1 was confirmed using LC-MS.
This was done by Dr Salome Smit at the University of Stellenbosch using the Linear ion
trap Orbitrap Velos (LTQ Orbitrap).
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3.3 Results
3.3.1 Protein concentration determination

Protein extraction was performed on both A51B1C1 1 treated and control P. falciparum
parasites. The total protein concentration was subsequently determined as a measure
of the efficacy of the extraction method. Standard curves were established with BSA
standards for both the treated and untreated samples (Figure 3.3). Because the protein
concentrations were determined on separate days for the two samples, a standard
curve was generated for each sample to ensure accuracy in determining protein

concentration.
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Figure 3.3 Standard curves established with BSA.

The concentration determination curve for the A —Proteins isolated from P. falciparum parasites treated
with A51B1C1_1 and B-control parasite culture.

Both graphs showed good correlations with R? values at 0.986 and 0.998 (Figure 3.3).
Calculations of the total protein concentrations in the treated and untreated samples
(using equations obtained from the standard curves in Figure. 3.1) indicated

concentrations of 10.8 and 18.1 mg/ml, respectively.

3.3.2 2-DE analysis of A51B1C1 1 treated P. falciparum parasites

The protein concentrations determined in section 3.3.1 were used to determine the
volume of samples to be used for loading 400 pg of protein onto the IPG strip. It is
important that the same concentration of protein is loaded for both the treated and the
control sample to ensure reliable comparative analysis. After the proteins separated on

basis of pH, the strips were loaded onto a SDS-PAGE. The proteins were now
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separated according to MW. After staining of the gels with Flamigo Pink stain, the gels

were scanned to obtain gel images for further analysis.

The program PD Quest 8.0.1 was used to normalise and analyse the data obtained
from the 2-DE gels. PD Quest distinguishes between speckles caused by dust and
actual protein spots (Figure 3.4).

Figure 3.4  The 3D view to distinguish between a spe  ckle and a protein spot.
A: Dust speckles. B: Protein spot.

This information was then used to identify spots. The three best gels for both the treated
and the control protein samples were subsequently used for the detection of spots. The
spot detection wizard within PD Quest detected all possible spots, which were then
manually checked. Missed spots were manually added and false positives, caused by
undetected remaining speckles, were removed. All the spots on all the six gels were
used to generate a master image (Figure 3.5).
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Figure 3.5 The three gels for the treated (green) and the thre e control gels (red) were
combined to give a master image from which all the spot information can be obtained.

After the master image is created, all the spots on the image represent all the spots on the six original
gels. The spot review function in PD Quest can be used to obtain the information on a specific spot, thus
obtaining the information of that spot on all the individual gels. A: an example of a change in abundance
between the treated and the control parasite cultures, red is the control samples and green is the treated

samples. B: Example of a protein that did not show any change in abundance between the treated and
the control parasite samples.

The master image is a virtual gel image that contains the combined spot information

(from all 6 gels) for a single spot and all the information on that specific spot from all the
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gels is represented in a spot review graph (Figure 3.5). These graphs indicate the
protein levels and allow for a graphical representation of the abundance levels of
proteins within specific spots in all the gels. The control spots are indicated in red bars
and the treated spots are indicated in green bars. A summary of the data obtained from
PD Quest for both treated and control samples are shown in Table 3.2. The overall
match rate (number of spots matched for each individual gel) was on average 97% and
the master match rate (humber of spots of each individual gel to the number of spots on
the master image) was 72%. The master image contained 185 uniquely identified spots
present on at least 2 of either the control or treated group of gels, thus included into the

master image.

Table 3.2 Data obtained after spot detection for th e treated and control gels.
Condition Data obtained
Master image spot count 185
Control vs. treated correlation coefficient 0.713
Average match rate per gel 97%20.9%
Average master match rate 72% +14.7°
Average spots per gel 144
Spots matching all gels 54

& _ The average match rate per gel and average master match rate are averages of the six gels with
standard deviation.

PD Quest analysis, through the master image, allowed the analysis of differential
protein expression of the 185 uniquely identified spots present. To determine the
differentially affected protein spots (p-value<0.05), the average change in abundance is
taken. The significance difference between the protein spots in the treated and the
control group is then determined. Differentially expressed proteins were both

graphically and quantitatively represented for any single spot as indicated in Figure 3.6.
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Figure 3.6  The process in PD Quest to determine the  differentially affected protein
spots.

The three gels from the treated and the three gels from the control group are combined to generate the
master image. The master image contains all the information of all the gels in a single gel image. Using
the master image the difference in abundance in protein between the treated and control samples can be
determined. Each spot on each gel is also represented as a bar graph, which can be combined to
calculate the average of the three gels in each group (treated or control). The white error bar is also
included in the average bar graph.

Of the 185 protein spots analysed 21 showed an increase in abundance and 11
decreased in abundance (Figure 3.7) after treatment of P. falciparum parasites with the
compound A51B1C1_1. Figure 3.7 indicated that the majority of proteins with increased
abundance were more acidic (pl below 6) and had large MWs (mostly above 35 kDa).
The proteins that showed a decrease in abundance had pl values above 5.5 and were
smaller in MW (mostly below 30 kDa).
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A - Proteins with increased abundance; B — Proteins with decreased abundance.

weight is in kDa. Red circles indicate the proteins spots with difference in abundance.

3.3.3
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A51B1C1 1-treated P. falciparum parasites

p<0.05. Molecular

d proteins in

In an attempt to identify the 32 protein spots (21 with increased abundance and 11 with

decreased abundance) that were indicated with 2-DE to be differentially expressed in

the P. falciparum proteome after treatment with A51B1C1_1, Plasmo2D was employed
(http://144.16.89.25/Plasmo2D.zip) (234). Plasmo2D contains a complete virtual map of

the 2-DE proteome of P. falciparum with all proteins in the proteome annotated and

positioned according to their pl and molecular weight and confirmed by mass

spectrometry analysis. As such, the localisation of proteins within a newly studied P.

falciparum proteome is correlated to the Plasmo2D map and the identity of the specific

protein in a spot is inferred.

Therefore, differentially regulated protein spots identified within the 2-DE maps of the P.

falciparum proteome obtained above, were analysed with Plasmo2D. Table 3.3

indicates the inferred identities of the differentially regulated proteins after treatment of

P. falciparum with A51B1C1 1.
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Table 3.3 The protein spots indicated by PD Questt o have an increase or decrease in
abundance as annotated by Plasmo2D.
Number? ID° Description pl MW Score®
Spots with in creased abundance
8403 PF14 0436 Helicase, truncated, putative 8.92 | 39868.27 37
4406 PF10_0289 Adenosine deaminase, putative 5.42 | 42465.43 4
1301 MAL8P1.95 Hypothetical protein 413 | 37499.69 65
3803 PF08_0054 Heatshock 70kDa protein 551 | 73914.18 404
3502 PF14 0077 Plasmepsin 2 precursor 5.36 51480.3 77
7403 PF14 0261 Proliferation- associated protein2g4 7.92 | 42640.65 62
5404 PF10_0155 Enolase 6.22 | 48677.16 50
6404 PFCO0285¢c T-complex protein betasubunit 6 62529.24 34
5609 MAL13P1.28 TCP1 chaperonin delta subunit 6.1 57971.82 33
2005 Out of range
3603 PFE1600w Hypothetical protein 4,93 | 30187.75 82
4503 MAL8P1.17 Disulphide isomerise precursor 5.57 | 55500.74 414
2004 PFA0400c Beta3 proteasome subunit, putative 5.08 | 23080.27 4
5103 MAL13P1.27 Proteasome subunit, putative 6.18 | 27228.05 16
4504 PF14 0655 RNA helicase-1, putative 5.49 | 45309.66 24
2501 PFE1370w Hsp70 interacting protein, putative 4.67 | 51125.11 18
5201 PF10_0264 40S ribosomal protein, putative 5.92 | 29855.91 101
2401 PFL2215w Actin 5.21 | 41870.23 41
4304 MAL8P1.83 - 5.98 | 31023.57 27
2705 PF07_0029 Heatshock protein 86 4.94 | 86165.48 303
7401 MAL13P1.23 Hypothetical protein 7.15 | 42159.23 97
Spots with decrease d abundance
8106 PFL0595c Glutathioneperoxidase 8..99 | 23952.48 9
8101 PF11_0208 Phosphoglyceratemutase, putative 8.3 28769.82 30
8004 Out of range
5502 PFB0445c Helicase, putative 5.69 | 52223.16 63
7107 PFA0335w P. falciparum GTP bindingproteinRAB5 6.91 24328 0
7206 PF10 0121 Hypoxanthine phosphorbosyl transferase 7.6 26362.2 11
8104 PFO7_0008 Hypothetical protein 8.55 | 27672.77 4
5701 PF08_0081 Hypothetical protein 5.95 | 65609.12 54
8102 PFC0635¢c Translation initiation factor E4, putative 8.39 | 26947.48 3
8602 PF14_0078 HAPprotein 8.04 | 51692.76 123
6206 PF10_0210 Deoxyribose-phosphatealdolase 6.85 | 28979.43 1

a — The number is assigned by PD Quest to each spot on the master image.

b — PlasmoDB identification.

¢ — The score is assigned by Plasmo2D as the probability that the annotation of the specific spot is correct, the higher

score indicates a higher probability.
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These identified proteins were subsequently used to obtain GO annotations with

PlasmoDB as an indication of the broad biological processes that were affected (Table

3.4).

Table 3.4

The biological functions assigned to the

proteins differentially regulated.

recognized genes encoding for the

Gene ID Biological function GO term GO clustering
Increased abundance
PF14 0436 Biological Process G0:0008150 | Biological process
MAL8P1.83 Hypothetical Protein GO0:0006412 | Biological process
PFA0400c Beta3 Proteasome Subunit, Putative GO0:0006511 | Biological process
MAL8P1.95 Hypothetical Protein - Biological process
MAL13P1.28 TCP1 chaperonin delta subunit - Biological process
PFE1600w Hypothetical Protein - Biological process
MAL13P1.27 Proteasome Subunit, Putative - Biological process
PFE1370w Hsp70 interacting protein, putative - Biological process
PF14 0261 Cell Cycle Arrest GO0:0007050 | Primary metabolism
PFL2215w Cytoskeleton Organisation And Biogenesis G0:0007010 | Primary metabolism
PF10_0155 Gluconeogenesis G0:0006094 | Primary metabolism
PF14 0077 Hemoglobin Catabolic Process G0:0042540 | Primary metabolism
PF10_0289 | Purine Ribonucleoside Monophosphate Biosynthetic | GO:0009168 | Primary metabolism
PFC0285c¢ Protein Folding G0:0006457 Protein folding
MAL8P1.17 Protein Folding G0:0006457 Protein folding
PF08_0054 Response To Unfolded Protein G0:0006986 Protein folding
PFO07_0029 Response To Unfolded Protein G0:0006986 Protein folding
PF14 0655 Regulation Of Translational Initiation G0:0006446 Translation
PF10_0264 Translation G0:0006412 Translation
MAL13P1.23 Metal lon Transport G0:0030001 Transport
Decreased abundance
PFL0595c Response To Oxidative Stress G0:0006979 Oxidative stress
PFB0445c Biological_Process G0:0008150 | Biological process
PFO7_0008 Hypothetical Protein - Biological process
PF08 0081 Hypothetical Protein - Biological process
PF10_0210 Deoxyribonucleotide Catabolic Process G0:0009264 | Primary metabolism
PF11_0208 Glysolysis G0:0006096 | Primary metabolism
PF10_0121 Purine Ribonucleoside Salvage G0:0006166 | Primary metabolism
PF14 0078 Proteolysis G0:0006508 Proteolysis
PFA0335w Small GTPase Mediated Signal Transduction G0:0007264 | Signal transduction
PFC0635c¢ Translational Initiation G0:0006413 Translation
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3.34 Identification of the differentially expresse  d proteins in
A51B1C1 1-treated P. falciparum parasites with mass

spectrometry

(At time of submitting only the proteins identified to be unique to the treated or control

sample were available. The remaining data will be included in the article)

Samples of the control and the A51B1C1_1 treated parasites were separated with SDS-
PAGE and the differentially affected proteins were identified by Dr Salome Smit at the
University of Stellenbosch. The analysis was done on the LTQ Orbitrap instrument.
The ions are accumulated in the linear ion trap and passed on to the analyser, resulting
in high resolution MS measurements (235). A total of 276 Plasmodial proteins were
only present in the treated A51B1C1_1 sample (Appendix 4) and 204 Plasmodial
proteins were only present in the control sample (Appendix 5). The proteins from the
control and treated were clustered separately using PlasmoDB and MADIBA into 12
clusters (Figure 3.8). Three proteins involved in lipid biosynthesis were identified
uniquely to the treated samples and three proteins involved in the same process were

unique to the control sample (Table 3.5).

Table 3.5 Proteins unique to either the treated or  the untreated sample.
PlasmoDB ID | Description | GOterm | GO Cluster
Proteins only found inthe t reated sample
PFI11180w Hypothetical Protein G0:0006629 Lipid metabolism
PFO7 0040 Lysophospholipase-Like Protein G0:0006644 Lipid metabolism
PF11 0257 Ethanolamine Kinase G0:0006646 Lipid metabolism

Proteins only found in the  control sample

Biotin Carboxylase Subunit Of Acetyl CoA

PF14 0664 Carboxylase G0:0006633 Lipid metabolism
PF14 0250 Hypothetical Protein G0:0006629 Lipid metabolism
PFF0410w Hypothetical Protein G0:0006629 Lipid metabolism
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m Biological process

DMA metabolism

® Host parasite interaction
® Lipid metabolism

® Phosphorylation

® Primary metabolism

® Protein folding

m Proteolysis

5 ENA metabolic process
m Signal transduction

B Translation

= Transport

Figure 3.8  Gene ontology annotation of the affected proteins after treatment of  P. falciparum with A51B1C1_1.
A — The GO annotation clustering for the proteins only found in the treated sample. B — The GO annotation clustering for proteins only in the control sample.
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3.4 Discussion

P. falciparum is a multistage organism with specialised gene regulation resulting in a
‘just-in-time’ production of transcripts involved in the biological processes of the specific
life cycle stage of the parasite (137). Proteins are thus produced from the
corresponding transcript mainly without delay and are expressed between 0.75 and 1.5
times of a life cycle in the parasite (137, 213). This study used both 2-DE gel-based
and MS methods for the determination of differentially regulated proteins after
A51B1C1_1 treatment.

The ability of 2-DE to capture this production of proteins has proven to be valuable to
the study of a multistage organism, such as the malaria parasite. The technique is used
to investigate the proteome of the organism through the detection of PTM’s and the
study of the differentially regulated proteins after treatment. When the results of 2-DE
analysis of other protozoan parasites were compared to that of P. falciparum, there was
a definite need for improvement of the method because of the low number of spots that
could be detected with the protocols used at that time (218, 219, 236). Although, 2-DE
has been hampered by numerous technical constraints in the past including low protein
coverage mainly because of protein solubility constraints (223) and exclusion of proteins
due to extreme pl and MW (237), the methodology used in this study has subsequently
been successfully optimised to provide ~80% coverage of the P. falciparum trophozoite

proteome (225).

General methods of protein staining after 2-DE include the use of SYPRO Ruby,
Flamingo Pink, Colloidal Coomassie and silver staining. The most sensitive stains are
SYPRO Ruby and Flamingo Pink, which can detect up to 1 ng of protein and have a
linear range (199). Silver stain can detect a minimum of 10 ng of protein but has a poor
linear range. The least sensitive stain is Colloidal Coomassie, with a detection limit of
25 ng of protein and also have a poor linear range (225). In context of the P. falciparum
proteome, with its specific properties including large protein size, pl, hydrophobicity etc.
(220), Flamingo Pink stain was shown to have the best MS/MS identification rates and
good linear range (199, 225). Because of the multiple advantages of Flamingo Pink
shown by Smit et al. (2010), this fluorescent dye was used to aid in the investigation of

the proteome of the A51B1C1_1 treated parasites.

106



After inhibition with A51B1C1_1, 32 spots were identified on the 2-DE gels as spots that
had a change in the abundance between the treated and the control samples using PD
Quest. The optimisations in the proteomic protocol resulted in the absence of
haemoglobin on the 2-DE gels and an increase in spot detection, especially the proteins
in the pH 8-9 range with low abundance. The majority of these proteins also have MWs
below 30 kDa. The proteins with increased abundance had pl values below 6 and were
larger in size. In previous studies the overall distribution of spots (high and low
abundance spots) on the gels have been more random and grouping of spots seen on
the 2-DE gels of results in this study has not yet been noticed in other studies (225). Of
the 32 protein spots identified by PD Quest to be differentially regulated, 21 protein
spots indicated an increased in abundance and 11 proteins showed a decrease in

abundance.

In sillico analyses of proteome data is a useful predictor of the identity of differentially
expressed proteins. Particularly for the P. falciparum proteome, analysis of 2-DE gels
can also be done by the virtual 2-DE generator, Plasmo2D (234). Plasmo2D provides
rapid identification of the P. falciparum parasites’ proteome based on genome data and
proteome characteristics including protein pl and MW data. Plasmo2D was validated by
comparing western blotting and MALDI-TOF MS to protein identification done by
Plasmo2D (234). The advantage of this analysis tool is that it aids in the identification
and analysis of stage specific expression of even low abundance proteins in protein
complexes and subcellular organelle fractions (234). Analysis of the 32 differentially
regulated protein spots in the proteome of P. falciparum parasites treated with
A51B1C1_1 with Plasmo2D allowed identification and clustering of the proteins based
on GO annotations. Besides the expected proteins involved in the cluster biological
processes, proteins involved in primary metabolism (including lipid metabolism) were
also affected. It was decided to confirm the preliminary data obtained from Plasmo2D
by MS/MS.

Proteins uniquely found to be present in the control P. falciparum parasites or those
treated with A51B1C1_1 were subsequently identified with MS. In each of these
datasets, 3 proteins were uniquely identified to be involved in lipid biosynthesis.
Besides the wunannotated proteins in these datasets, PF11 0257 (2.7.1.32,
Ethanolamine kinase) and PF07_0040 (3.1.1.15, Lysophospholipase-like protein) was

unique to the treated sample (Figure3.9). Ethanolamine kinase is also known as
107



choline kinase (PFI1485) and was also present in the transcriptome dataset (Chapter
2), where the transcript for this protein showed a decrease in abundance. This
difference between the transcriptomic and the proteomic data is not uncommon and
have been seen in previous studies (199) and it has been reported that the parasite is
able to differentially regulate protein and transcripts levels (238). Ethanolamine kinase
is the enzyme responsible for the conversion of choline to phosphocholine (239, 240).
Phosphocholine is the precursor for the major membrane phospholipid,
phosphatidylcholine (PC) (241). The parasite is also capable of synthesising
phosphocholine from serine via a de novo pathway (242). Both ethanolamine kinase
and lysophosholipase-like protein are involved in glycerophospholipid metabolism
(Figure 3.9). PF14 0664 - Biotin carboxylase subunit of acetyl CoA carboxylase plays a
role in fatty acid metabolism and is unique to the control sample and decreased in
abundance after treatment to the point where it is not detectable with MS. The enzyme
acetyl CoA carboxylase is the first enzyme of the de novo fatty acid synthesis, the
carboxylation of acetyl-CoA, to produce malonyl-CoA by using bicarbonate as a source
of the carboxyl group, biotin as a cofactor, and ATP as a source of energy. It also
provides malonyl-CoA for the synthesis of very long chain fatty acids and for secondary
metabolism (110, 243). Zuther et al. (1999) treated T. gondii with a herbicide and also
proved a decrease in the abundance of the enzyme acetyl CoA carboxylase (74). In
Chapter 2, PF10_0016 (Acyl CoA binding protein) and PFL0415w (Acyl carrier protein)
are both transcripts involved in fatty acid biosynthesis. Both these transcripts showed
an increase in abundance during the transcriptomics in the treated sample. The
increase of these two transcripts may by a compensational mechanism of the parasite

to counteract the effect of the treatment on acetyl CoA carboxylase.

In this chapter, the proteomic response to A51B1C1_1 treatment was investigated. In
this investigation perturbation-specific response were determined in the transcriptome
and in the proteome as well as correlation between the transcript and the proteins. It
seems that treatment of P. falciparum parasites with A51B1C1_1 did have an effect on
the conversion of DAG into TAG and fatty acid biosynthesis. After transcriptome-wide
analyses and proteome investigation of parasites treated with this herbicide-derived
compound, it was found that similar processes are affected, although the effect itself

may differ between the proteome ad transcriptome at the given time.
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Figure 3.9  Glycerophospholipid metabolism as presen ted by KEGG (208).

Green blocks indicate the enzymes present in the pathway of P. falciparum. Red arrows indicate PFO7_0040 (EC 3.1.1.15, Lysophospholipase-Like Protein) and
yellow arrow PF11_0257 (EC 2.7.1.32, Ethanolamine Kinase).
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CHAPTER 4
CONCLUDING DISCUSSION

4.1 Rational of the study

Malaria is one of the most fatal diseases, caused by a protozoal parasite (4). P.
falciparum is developing resistance against currently available antimalarial drugs (1)
and therefore, there is an urgent need for the development of new drugs and the
discovery of new drug targets (35). One potential new drug target is the apicoplast and
its associated metabolic processes that are essential to parasite survival (3). The
apicoplast is closely related to the chloroplasts within plants and therefore it is deemed
possible to apply highly selective herbicide-derived compounds to the malaria parasite
and affect its death (3).

The evolutionary relationship of P. falciparum with plants motivated the investigation if a
herbicide derived compound may be a novel antimalarial drug. Galactolipid synthesis
within the apicoplast may be a possible pathway to inhibit within the apicoplast of the
parasite (119). MGDG and DGDG, the two major galactolipids, are not found in the
human host of the malaria parasite. In plants it is localised in the membrane of the
chloroplast (50, 95). No homologues of MGDG and DGDG synthase could be identified
in the genome of P. falciparum but a DGDG-like epitope was detected in the plasma
membrane and the inner membrane in several stages in the life cycle of the parasite
(119). Thus compounds developed to inhibit the galactolipid synthesis in plants, may
kill the P. falciparum parasite. This study investigated the effect of one such compound,
A51B1C1_1 on the transcriptome and the proteome of the parasite (118). The
compound A51B1C1 1 was derived from Galvestine-1, a competitive inhibitor of DAG,
the substrate for MGDG and DGDG synthesis.

The development of new antimalarials has been standardised globally by the compound
progression criteria initiated by the Medicine for Malaria Venture (MMV) (244). The
MMV standardisation ensures that all potential antimalarials screened as early leads are
safe through in vitro investigation before the compounds proceeding to in vivo studies
(early hits). These criteria include the determination of 1) the biological activity of new

compounds, which should possess an ICso of < 1 uM when tested against various P.
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falciparum strains, 2) the selectivity, 3) the chemistry of the compound (‘drug-ability’)
and 4) indication of the physiological response (mode of action) of the compounds in the
parasite.

The general objective of this study was to determine the response the parasite will have

to treatment with A51B1C1_1 using transcriptomics and proteomics.

4.2 Summary of the findings

In vitro whole cell activity of compound A51B1C1_1 against P. falciparum (strain 3D7)
showed an ICsy value of 447 =16 nM, indicating the potential sensitivity of this
compound against the parasite. Galvestine-1 and Galvestine-2 showed ICs, values at
6.12 uM and 1.45 pM respectively. The difference in the ICsy values is an indication
that the small variations in structure between these compounds do have an effect on the
activity of the compound on P. falciparum. The ICso of A51B1C1_1 compares well with
other well known antimalarials commercially available such as chloroquine (50 nM)
(182), Artemisinin (100 nM) (245), Artesunate (3.4 nM) (180) and Eurartesim® (3 nM)
(246), and is well under the cut-off limit 1 uM stipulated by the MMV. The biggest
problem currently with compounds targeting the apicoplast in the malaria parasite is the
phenomena ‘delayed death’. This is due to slow acting compounds because the effect
is only seen in the next life cycle after treatment. However, the compound, A51B1C1_1
is fast acting and demonstrates effecting parasite growth inhibition within the first life
cycle and thereby overcoming the limitations that drugs with a ‘delayed death’

phenotype would pose in an antimalarial treatment regime.

Compound A51B1C1_1 is originally derived from a herbicide; therefore it may prove to
be highly selective to the apicoplast of P. falciparum without targeting any metabolic
process in the human host. The compound was tested on human erythroblasts (K-562)
and showed an ICsy of 13.3 uM (Personal communication, Eric Maréchal, Pretoria,
2009). This shows a selectivity almost 25-fold larger towards the P. falciparum
parasites and thus comply with the MMV standards on selectivity. The selectivity of the
compound against HepG2 cells (human liver hepatocellular carcinoma cell line) must
show a larger than 10-fold selectivity toward the parasites (MMV criteria). HepG2 cells
are the work-horse of selectivity testing because of its mammalian origin and the liver

cells are responsible for the metabolism of toxic compounds. Therefore, the effect seen
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of any compound tested on HepG2 cells is a very close approximation of the true effect
on the human body. The compound should therefore be investigated on HepG2 cells in
addition to determining off target effects in the host.

The chemistry of the compound includes determination of the solubility of the compound
in PBS, the compliance to Lipinski’'s rule of five and the synthesis process of the
compound, which should be environmentally-friendly, easy and cost efficient. The
chemical scaffold of compound A51B1C1 1 is unrelated to any current antimalarials
and may therefore have a novel action on the parasite. Additionally, this may imply that
there should not be a rapid development of resistance against the compound since the
parasite has not been exposed to this chemotype. Compound A51B1C1_1 conforms to
all the properties required of a novel drug lead according to Lipinski’'s rule of five (247).
Particularly, the compound shows only one minor regression with a log P value at 5.58
compared to the other descriptors falling into the expected ‘5’ value cut off: hydrogen
bond acceptors = 4; hydrogen bond donors = 2 and molecular Weight = 497. These
drug-like properties of the A51B1C1_1 compound are a good indication of the possibility
of drug activity of the compound, according to the MMV.

4.3 Implication and limitations of findings

The functional genomics investigation proved to be of immense value in the
investigations of the effect of drug perturbations on P. falciparum. This allowed the
global determination of the physiological response of the parasite to treatment with
A51B1C1_1, and therefore this contributes to describing a possible mode of action. In
this transcriptomic microarray study, the A51B1C1_1 treatment specific response was
seen above the tight ‘just-in-time’ control of transcripts in the parasite. Moreover, both
the transcriptome and the proteome indicated highly unique responses in P. falciparum
parasites after treatment with the herbicide derived compound that has not been
previously described with other perturbations. From the results of the proteomic and
transcriptomic studies, there are evidence that lipid biosynthesis is affected by the
treatment. Particularly, glycerophospholipid metabolism, glycerolipid metabolism and
fatty acid metabolism was affected. Both transcriptomics and proteomics gave
evidence that the target in glycerophospholipids metabolism is the formation of TAG
from the substrate DAG.
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The compound A51B1C1_1 was derived from Galvestine-1, a competitive inhibitor of
DAG, the substrate for MGDG and DGDG synthesis in Arabidopsis. Although no
sequence homologues have been found in the P. falciparum genome database with
statistically reliable similarities to chloroplast envelope MGDG synthase or DGDG
synthase multigenic families, it has been determined that P. falciparum does synthesise
galactolipids (which would be the target of Galvestine-1 (119)) and from the data in this
study it is evident that A51B1C1 1 could compete for the binding of DAG in P.
falciparum. The compound A51B1C1_1 and the parent compound Galvestine-1 only
have one structural difference and that is at the benzimidazole group. Between
A51B1C1_1 and Galvestine-2 there are two structural differences, at the benzimidazole
group and dibenzylamino-ethoxy group. However, even with these differences in
structure between A51B1C1 1 and Galvestine-2, comparative transcriptome analyses
showed possible shared interference with membrane associated processes as well as
potential apicoplast associated metabolic systems. Therefore, the unique structures of
these herbicide derived compounds, never tested on the parasite before, show a clear

preliminary structure-activity relationship.

4.4  Future directions

Based on the above, compound A51B1C1_1 shows the potential to be an anti-malarial
because of its high sensitivity and selectivity and also its novel drug like properties,
according to MMV requirements. Functional genomics has proven to be a vital tool in
this investigation and provide a global view of the effect of the treatment. The unique
transcript and protein response of the parasite to the compound confirms that
A51B1C1 1 is a good early lead in the MMV pipeline. It is important to determine the
mode of action of the compound A51B1C1_1 to prevent drug resistance as seen in
chloroquine, which mode of action is still unknown. In this study insight was obtained
about the effect of the compound A51B1C1_1 on the Plasmodium parasite. The MMV
requirements for the further development of A51B1C1 1 as a potential anti-malarial, is
that in vivo efficacy of the compound must be investigated. The first step will be testing
the compound on a rodent malaria model (248). The work done in this study
contributed in the progress of A51B1C1_1 from an early hit to an early lead in the MMV
pipeline and future studies can now be done on the compound to develop a novel, non-

resistant and efficient anti-malarial.
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APPENDICES

The full appendices 1, 2, 4 and 5 can be viewed on the CD provided with this
dissertation. The tables for appendices 1, 2, 4 and 5 provided in the printed version of
the dissertation do not include the hypothetical transcripts. All other appendices in this

dissertation are complete in the printed version.
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APPENDIX 1

Differentially affected transcripts of P. falciparum after inhibition with A51B1C1_1

PlasmoDB Adj. P-
ID PlasmoDB Product description LogFC value GO ID Annotated GO Process
Cytoskeleton organization
MAL7P1.161 Dynein light chain, putative -1.0631 0.0009 GO:0007017 Microtubule-based process
MAL8P1.132 Kinesin-like protein, putative 0.8434 0.0030 GO:0007018 Microtubule-based movement
PFO7_0104 Kinesin-like protein, putative -0.7846 0.0097 GO:0007017 Microtubule-based process
PF08 0125 Tubulin gamma chain 1.0106 0.0324 GO:0007017 Microtubule-based process
PF10_0368 Dynamin protein, putative -1.9909 0.0002 GO:0007017 Microtubule-based process
PF11 0114 Actin, putative -1.1689 0.0108 GO:0007010 Cytoskeleton organization and biogenesis
PF11_0465 Dynamin-like protein -0.7987 0.0267 GO:0007017 Microtubule-based process
PF14 0124 Actin Il 0.7995 0.0338 GO:0007010 Cytoskeleton organization and biogenesis
PF14_0243 Dynein-associated protein, putative -1.2867 0.0017 GO:0007018 Microtubule-based movement
PF14 0626 Dynein beta chain, putative 0.9285 0.0170 GO:0007018 Microtubule-based movement
PFA0190 Actin -1.2348 0.0012 Null
PFF1480 Microtubule-associated protein ytm1 homologue, putative 0.9016 0.0080 Null
PFLO660w Dynein light chain 1, putative 0.9921 0.0247 GO:0007017 Microtubule-based process
PFL1435 Myosin d -3.7820 0.0000 Null
PFL2215 Actin -1.3431 0.0074 Null
DDNAmetabolism
MAL13P1.22 DNA ligase 1 -0.7877 0.0324 GO:0006266 DNA ligation
MAL13P1.301 Guanylyl cyclase -1.0597 0.0006 GO:0009190 Cyclic nucleotide biosynthetic process
MAL13P1.96 Chromosome segregation protein, putative -1.0683 0.0005 GO:0006259 DNA metabolic process
MAL8P1.150 Hypothetical protein -2.2544 0.0000 GO:0009190 Cyclic nucleotide biosynthetic process
MAL8P1.32 Nucleoside transporter, putative 0.8986 0.0015 GO:0015858 Nucleoside transport
PF10_0232 Chromodomain-helicase-DNA-binding protien 1 homolog, putative  -0.9102 0.0320 GO:0006333 Chromatin assembly or disassembly
Purine ribonucleoside monullphosphate
PF10_0289 Adenosine deaminase, putative 1.0586 0.0004 GO:0009168 biosynthetic process
PF10_0369 Helicase, putative -1.1376 0.0203 GO:0006281 DNA repair
PF11_0083 Nucleic acid binding factor, putative -0.9746 0.0125 GO:0006139 Nucleobase, nucleoside,nucleotide and
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nucleic acid metabolic process

PF11_0087 Rad51 homolog, putative 0.9268 0.0054 GO:0006259 DNA metabolic process
PF11 0395 Guanylyl cyclase -1.5888 0.0004 GO:0006182 cGMP biosynthetic process
PF13_0080 Hypothetical protein 0.9373 0.0072 GO:0006278 RNA-dependent DNA replication
PF13 0143 Phosphoribosylpyrophosphate synthetase 0.9434 0.0041 GO:0009116 Nucleoside metabolic process
PF13_0176 Apurinic/apyrimidinic endonuclease Apnl -1.0874 0.0031 GO:0006281 DNA repair
PF13 0291 Replication licensing factor, putative -0.8594 0.0240 GO:0006270 DNA replication initiation
PF13_0308 DNA helicase -0.7560 0.0064 null
PF14 0314 Chromatin assembly factor 1 p55 subunit, putative -1.4095 0.0012 GO:0006334 Nucleosome assembly
PF14 0352 Ribonucleoside-diphosphate reductase, large subunit -1.4269 0.0014 GO:0006260 DNA replication
PF14 0639 DNA-3-methyladenine glycosylase, putative -0.9570 0.0007 GO:0006284 Base-excision repair
PFA0520c Chromatin assembly factor 1 protein WD40 domain, putative 0.8384 0.0257 GO:0006334 Nucleosome assembly
PFA0555¢ UMP-CMP kinase, putative -1.8010 0.0000 GO:0006221 Pyrimidine nucleotide biosynthetic process
PFC0340w DNA polymerase delta small subunit, putative 0.7936 0.0059 GO:0006260 DNA replication
deoxyribodipyrimidine photolyase (photoreactivating enzyme,
PFEO0675c DNA photolyase), putative 0.8394 0.0301 GO:0006281 DNA repair
PFEOQ730c Ribose 5-phosphate epimerase, putative 1.1966 0.0021 GO:0009052 Pentose-phosphate shunt
PFF0865w Histone h3 -0.8094 0.0332 GO0O:0007001 Chromosome organization and biogenesis
PFF1225¢c DNA polymerase 1, putative 0.7922 0.0188 GO:0006260 DNA replication
PFF1410c Hypothetical protein, conserved 0.9283 0.0265 GO0O:0019363 Pyridine nucleotide biosynthetic process
PFF1470c DNA polymerase epsilon, catalytic subunit a, putative -0.8425 0.0081 GO:0006260 DNA replication
PFL1005c Chromodomain irotein -0.8063 0.0136 GO:0006333 Chromatin assembli or disassembli
MAL13P1.225 Thioredoxin, putative 1.1157 0.0058 GO:0006118 Electron transport
MAL7P1.75 Mitochondrial ATP synthase F1, epsilon subunit, putative 0.8210 0.0275 GO0O:0015986 ATP synthesis coupled proton transport
PF07_0034 Cg3 protein 0.8983 0.0222 GO:0006118 Electron transport
PF07_0085 Ferrodoxin reductase-like protein 1.0916 0.0116 GO:0006118 Electron transport
PF11 0485 Mitochondrial ATP-synthase, delta subunit putative -1.1162 0.0070 GO:0015986 ATP synthesis coupled proton transport
PF14 0038 Cytochrome c, putative 1.0742 0.0007 GO:0006118 Electron transport
PF14 0288 Cytochrome c oxidase subunit Il precursor, putative -0.9067 0.0130 GO:0006118 Electron transport
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PF14_0373
PFLO180w
PFL1700c

Lipid biosynthesis

PF10_0016
PF14_0020
PF14_0097
PFC0995¢
PFF0290w
PFI1370c
PFLO415w
PFLOS85w

Ubiquinol cytochrome c oxidoreductase, putative
Cytochrome c1 heme lyase, putative
Vacuolar-type H+-translocating inorganic pyrophosphatase

Acyl CoA binding protein, putative

Choline kinase, putative

Cytidine diphosphate-diacylglycerol synthase

Diacylglycerol O-acyltransferase, putative

Long chain polyunsaturated fatty acid elongation enzyme, putative
Phosphatidylserine decarboxylase

Acyl carrier protein, mitochondrial precursor, putative

Hypothetical protein

Mitochondria targeting Proteins

PF10_0153
PF11_0265
PF13_ 0358

PF14_0208

PF14_0328

Hsp60
Mitochondrial import inner membrane translocase, putative
Mitochondrial import inner membrane translocase, putative

Hypothetical protein, conserved
Mitochondrial import inner membrane translocase subunit tim17,
putative

-1.4926
0.9546
-1.4587

1.1583
-0.9606
1.3080
-1.1307
-1.4463
-1.2267
1.2257
-1.1777

0.8565
1.2517
1.2963

0.9255

1.2223

0.0019 GO:0006118 Electron transport
0.0005 GO:0006118 Electron transport
0.0028 GO:0015992 Proton transport

0.0113 GO:0006631 Fatty acid metabolic process
0.0110 GO:0006629 Lipid metabolic process

0.0006 GO:0008654 Phospholipid biosynthetic process
0.0025 GO0O:0019432 Triacylglycerol biosynthetic process

0.0026 GO0:0019368 Fatty acid elongation,unsaturated fatty acid

0.0039 GO0O:0008654 Phospholipid biosynthetic process
0.0016 GO:0006633 Fatty acid biosynthetic process
0.0003 GO:0006886 Intracellular protein transport

0.0046 GO:0006626 Protein targeting to mitochondrion
0.0073 GO:0006626 Protein targeting to mitochondrion
0.0011 GO:0006626 Protein targeting to mitochondrion

Protein targeting to mitochondrion inner

0.0205 GO:0045039 membrane

0.0011 GO:0006626 Protein targeting to mitochondrion

PFL0430w Tim10 homoloiue, iutative 1.0625 0.0061 GO:0006626 Protein tarietini to mitochondrion

MAL7P1.27
PF07_0030
PFO7_0036
PF08_0131
PF13_0021
PF14_0048
PFE0605¢
PFE1150w
PFF1130c

Chloroquine resistance transporter, putative
Heat shock protein 86 family protein

Cg6 protein

1-cys peroxidoxin

Small heat shock protein, putative
Hypothetical protein

Glutathione synthetase

Multidrug resistance protein

Fe-superoxide dismutase

1.1414
0.9091
0.8314
1.3645
1.2023
-0.9625
0.9734
1.5671
0.9918

0.0011 GO:0042493 Response to drug

0.0161 GO:0009408 Response to heat

0.0075 GO:0045454 Cell redox homeostasis

0.0003 GO:0006979 Response to oxidative stress
0.0009 GO:0009408 Response to heat

0.0099 GO:0006801 Superoxide metabolic process
0.0211 GO:0006979 Response to oxidative stress
0.0005 GO:0042493 Response to drug

0.0022 GO0O:0019430 Removal of superoxide radicals
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MAL13P1.1
MAL13P1.356
MAL13P1.49
MAL13P1.53
MAL13P1.60
MAL7P1.176
MAL7P1.212
MAL7P1.213
MAL7P1.50
PF08_0104
PF0O8_0142
PF10_0002
PF10_0003
PF10_0268
PF10_0345
PF10_0346
PF10_0348
PF11_0007
PF11_0111
PF13_0197
PF14_0006
PF14_0138
PF14_0773
PFA0040
PFA0625w
PFB0035¢

PFB0935w

PFC0110w

Erythrocyte membrane protein 1 (PfEMP1)
Erythrocyte membrane protein 1 (PfEMP1)
Rifin

Rifin

Erythrocyte binding antigen 140
Erythrocyte binding antigen

Erythrocyte membrane proteinl (PfEMP1)
Rifin

Erythrocyte membrane protein 1 (PfEMP1)
Rifin

Erythrocyte membrane protein 1 (PfEMP1)
Rifin

Rifin

Merozoite capping protein 1

Merozoite Surface Protein 3, MSP3
Merozoite Surface protein 6, MSP6
Erythrocyte membrane protein putative
Erythrocyte membrane protein 1 (PfEMP1)
Asparagine-rich antigen

Merozoite Surface Protein 7 precursor, MSP7

Rifin
Hypothetical protein

Erythrocyte membrane protein 1 (PfEMP1) pseudogene

Rifin

SURFIN, surface-associated interspersed gene

Rifin

Cytoadherence linked asexual protein 2

Cytoadherence linked asexual protein, CLAG

-1.2199
-0.9336
-3.3599

0.8834
-0.9041
-0.8306
-0.8283
-1.6573
-1.0475
-0.7500
-2.2805
-0.9794
-1.6312
-1.2360
-0.8357
-1.4551
-1.0047
-1.1511
-0.7652
-1.2074
-0.9203
-1.1509
-1.0146
-1.5605
-0.7778
-0.9720

-1.6759

-1.1843

0.0004
0.0049
0.0000
0.0297
0.0043
0.0297
0.0061
0.0001
0.0003
0.0409
0.0000
0.0039
0.0002
0.0024
0.0070
0.0001
0.0163
0.0023
0.0366
0.0026
0.0076
0.0050
0.0066
0.0003
0.0059
0.0283

0.0007

0.0030

G0:0009405
G0:0009405

G0:0009405
G0:0009405
G0:0009405

G0:0020033
G0:0020033
G0:0020033
G0:0020033
G0:0020033
G0:0030260
G0:0030260
G0:0030260
G0:0009405
G0:0020033

G0:0030260
G0:0020033
G0:0007155
G0:0009405

G0:0020033

G0:0020035

G0:0020035

Pathogenesis
Pathogenesis

Null

Null

Pathogenesis
Pathogenesis
Pathogenesis

Null

Antigenic variation
Antigenic variation
Antigenic variation
Antigenic variation
Antigenic variation
Entry into host cell
Entry into host cell
Entry into host cell
Pathogenesis
Antigenic variation
Null

Entry into host cell
Antigenic variation
Cell adhesion
Pathogenesis

Null

Null

Antigenic variation

Cytoadherence to microvasculature, mediated

by parasite protein

Cytoadherence to microvasculature, mediated

by parasite protein
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PFC0115¢c

PFC0120w
PFC1115w
PFDO070c
PFD0135w
PFD1015¢c
PFD1240
PFEOQ70w
PFF1580c
PFF1590
PFI0030c
PFI1475w
PFL0025
PFL2625
PFL2640c

Erythrocyte membrane protein 1 (PfEMP1) pseudogene

Cytoadherence linked asexual protein, CLAG
Rifin (3D7-rifT3-7)
Rifin

Erythrocyte membrane protein 1 (PfEMP1) pseudogene

Erythrocyte membrane protein 1 (PfEMP1)
Rifin

Interspersed repeat antigen, putative
Erythrocyte membrane protein 1 (PfEMP1)
Rifin

Rifin

Merozoite surface protein 1, precursor
Rifin

Rifin

Rifin

Post-translational modification

MAL13P1.114
MAL13P1.278
MAL13P1.297
MAL7P1.147
MAL7P1.18
MAL7P1.19
MAL7P1.91
MALSP1.142
MALSP1.42
PF08_0044
PFO8_0129
PF10_0094
PF11_0177

Hypothetical protein

Ser/Thr protein kinase

ADP-ribosylation factor, putative

Ubiquitin carboxyl-terminal hydrolase, putative
Erythrocyte membrane proteinl (PfEMP1)
Hypothetical protein

Exported serine/threonine protein kinase
Proteasome beta-subunit

Hypothetical protein

Protein kinase

Protein phosphatase, putative
Tubulin-tyrosine ligase putative

Ubiquitin C-terminal hydrolase, family 1, putative

-0.8342

-2.9282
-0.7908

1.3592
-1.1015
-0.8224
-0.8430
-0.7715
-0.8155
-0.9213
-0.8720
-1.8460
-1.0036
-0.9955
-0.9908

-2.0935
-1.8277
-0.9679
-1.0976
-1.1405
-1.1681
-1.2113
-1.7387
-0.8911
-0.8148
-1.0704
-2.1475
-0.9104

0.0126

0.0000
0.0264
0.0019
0.0147
0.0072
0.0302
0.0476
0.0082
0.0030
0.0072
0.0000
0.0055
0.0027
0.0028

0.0000
0.0000
0.0085
0.0038
0.0073
0.0022
0.0004
0.0001
0.0040
0.0139
0.0092
0.0000
0.0046

G0:0009405

G0:0020035

G0:0008150
G0:0009405
G0:0020033

G0O:0020033

G0O:0020033
G0:0009405

G0O:0020033

G0O:0006468
G0:0006468
G0O:0006471
G0:0016579
G0:0006468
G0:0006464
G0O:0006468
G0:0006511
G0:0006468
G0:0006468
G0O:0006470
G0:0006464
G0O:0006511

Pathogenesis
Cytoadherence to microvasculature, mediated
by parasite protein

Null

Biological process
Pathogenesis
Antigenic variation
Null

Null

Antigenic variation
Null

Antigenic variation
Pathogenesis

Null

Null

Antigenic variation

Protein aminull acid phosphorylation

Protein aminull acid phosphorylation

Protein aminull acid ADP-ribosylation

Protein deubiquitination

Protein aminull acid phosphorylation

Protein modification pocess

Protein aminull acid phosphorylation
Ubiquitin-dependent protein catabolic process
Protein aminull acid phosphorylation

Protein aminull acid phosphorylation

Protein aminull acid dephosphorylation
Protein modification pocess
Ubiquitin-dependent protein catabolic process
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PF11_0201

PF11_0257
PF11_0464
PF13_0166
PF13_0211
PF13_0258
PF13_0301
PF14_0063
PF14_0142
PF14_0224
PF14_0392
PF14_0492
PF14_0632
PF14_0694
PFE0895c
PFF1370w
PFI0160w
PFI1685w
PFL1415w
MAL13P1.185
MAL13P1.64
MAL7P1.130
MALSP1.108
PF08_0085
PF0O8_0121
PF10_0141
PF10_0203
PF10_0298
PF11_0079

Hypothetical protein

Ethanolamine kinase, putative

Serine/threonine protein kinase

Protein kinase, putative

Calcium-dependent protein kinase

Sexual stage-specific protein kinase
Ubiquitin-conjugating enzyme, putative
ATP-dependent Clp protease, putative
Serine/threonine protein phosphatase, putative
PP1-like protein serine/threonine phosphatase
Ser/Thr protein kinase, putative

Protein phosphatase 2b regulatory subunit, putative
26S proteasome subunit, putative

Protein disulfide isomerase, putative

Zinc finger protein, putative

P. falciparum PK4 protein kinase

Hypothetical protein

cAMP-dependent protein kinase catalytic subunit
Hypothetical protein

CDK-related protein kinase 6

Ubiquitin-like protein nedd8 homologue, putative

3-demethylubiquinone-9 3-methyltransferase-like protein, putative

Protein phosphatase, putative
Ubiquitin-conjugating enzyme, putative
Peptidyl-prolyl cis-trans isomerase precursor
Cdk7, putative

ADP-ribosylation factor

26S proteasome subunit, putative
Hypothetical protein

-1.2476

-0.9378
-2.6785
-1.2255
-1.4590
-0.8562
-0.8789
-0.9118
-0.7891
-2.4132
-1.3650
-1.1966
-1.4105
-1.6054
-1.2159
-1.1607
-1.2563
-1.6531
-1.1644
1.1192
0.8805
0.7725
1.0902
0.8313
0.7643
0.8360
0.7863
0.7563
0.9357

0.0007

0.0104
0.0000
0.0003
0.0000
0.0181
0.0313
0.0085
0.0237
0.0000
0.0019
0.0023
0.0019
0.0000
0.0050
0.0020
0.0026
0.0014
0.0003
0.0023
0.0182
0.0093
0.0004
0.0100
0.0043
0.0191
0.0361
0.0405
0.0219

G0:0006464

G0:0006646
G0O:0006468
G0:0006468
G0:0006468
G0:0006468
G0O:0006464
G0:0019538
G0:0006470
G0:0006470
G0O:0006468
G0:0006470
G0O:0006511
G0:0006457
G0O:0006471
G0:0006468
G0O:0006468
G0:0006468
G0O:0006457
G0:0006468
G0O:0006464
G0:0006744
G0O:0006470
G0:0006464
G0O:0006457
G0:0006468
G0O:0006471
G0:0006511
G0O:0006468

Protein modification pocess
Phosphatidylethanulllamine biosynthetic
process

Protein aminull acid phosphorylation
Protein aminull acid phosphorylation
Protein aminull acid phosphorylation
Protein aminull acid phosphorylation
Protein modification pocess

Protein metabolic process

Protein aminull acid dephosphorylation
Protein aminull acid dephosphorylation
Protein aminull acid phosphorylation
Protein aminull acid dephosphorylation
Ubiquitin-dependent protein catabolic process
Protein folding

Protein aminull acid ADP-ribosylation
Protein aminull acid phosphorylation
Protein aminull acid phosphorylation
Protein aminull acid phosphorylation
Protein folding

Protein aminull acid phosphorylation
Protein modification pocess
Ubiquinullne biosynthetic process
Protein aminull acid dephosphorylation
Protein modification pocess

Protein folding

Protein aminull acid phosphorylation
Protein aminull acid ADP-ribosylation
Ubiquitin-dependent protein catabolic process
Protein aminull acid phosphorylation
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PF11 0188 Heat shock protein 90, putative 1.1074 0.0006 GO:0006457 Protein folding

PF11_0258 Co-chaperone GrpE, putative 0.9644 0.0106 GO:0030150 Protein import into mitochondrial matrix
PF11 0281 Hypothetical protein 0.8411 0.0211 GO:0016311 Dephosphorylation
PF11 0510 Ser/Thr protein kinase, putative 0.9708 0.0047 GO:0006468 Protein aminull acid phosphorylation
PF13 0180 Chaperonin, putative 0.8905 0.0327 GO0O:0006457 Protein folding
PF13_0182 Hypothetical protein 0.8112 0.0136 GO0O:0006464 Protein modification pocess
PF13 0282 Proteasome subunit, putative 0.9470 0.0103 GO:0006511 Ubiquitin-dependent protein catabolic process
PF14 0145 Hypothetical protein 0.7670 0.0320 GO:0006511 Ubiquitin-dependent protein catabolic process
PF14 0167 Hypothetical protein 1.3617 0.0001 GO:0006457 Protein folding

Protein-L-isoaspartate O-methyltransferase beta-aspartate
PF14 0309 Methyltransferase, putative 0.8656 0.0369 GO:0030091 Protein repair
PF14 0716 Proteosome subunit alpha type 1, putative 0.8061 0.0052 GO:0006511 Ubiquitin-dependent protein catabolic process
PFA0460c Tubulin-specific chaperone a, putative 1.0239 0.0020 GO:0007021 Tubulin protein folding
PFD0975w ROI kinase-like protein 0.7547 0.0139 GO0O:0006468 Protein aminull acid phosphorylation
PFD1175w Plasmodium falciparum trophozoite antigen r45-like protein 0.7868 0.0358 GO:0006468 Protein aminull acid phosphorylation
PFE0915c Proteasome subunit beta type 1 1.0627 0.0002 GO:0006511 Ubiquitin-dependent protein catabolic process
PFFO155w bcs1-like protein, putative 1.0010 0.0026 GO:0006461 Protein complex assembly
PFF0360w Uroporphyrinogen decarboxylase, putative 0.9953 0.0182 GO:0006779 Porphyrin biosynthetic process
PFI0095¢c Protein kinase, putative 1.1704 0.0003 GO:0006468 Protein aminull acid phosphorylation

Dolichyl-diphosphooligosaccharide--protein- Protein aminull acid N-linked glycosylation via
PF10960w glycotransferase,putative 0.9829 0.0004 GO:0018279 asparagine
PFL1885c Calcium/calmodulin-dependent protein kinase 2, putative 0.7565 0.0172 GO:0006468 Protein aminull acid phosphorylation
PFL2550w Hypothetical protein, conserved in P. falciparum 1.1100 0.0016 GO:0006457 Protein foldini
MAL13P1.218 UDP-N-acetylglucosamine pyrophosphorylase, putative 0.8095 0.0306 GO:0006047 UDP-N-acetylglucosamine metabolic process
MAL13P1.221 Aspartate carbamoyltransferase 0.9613 0.0013 GO:0006520 Aminull acid metabolic process
MAL13P1.283 TCP-1/cpn60 chaperonin family, putative 1.0749 0.0040 GO:0044267 Cellular protein metabolic process
MAL13P1.326 Ferrochelatase, putative 1.0484 0.0023 GO:0006783 Heme biosynthetic process
MAL8P1.156 Mannose-6-phosphate isomerase, putative 1.0712 0.0027 GO:0005975 Carbohydrate metabolic process
PFO7_0047 Cell division cycle ATPase, putative 1.1080 0.0043 GO:0000074 Regulation of progression through cell cycle
PF08_0034 Histone acetyltransferase Gcnb, putative 0.9456 0.0020 GO:0008152 Metabolic process
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PF08_0066
PFO8_0095

PF10_0026
PF10_0225
PF10_0325
PF10_0363
PF10_0407
PF11_0145
PF11_0295
PF11_0311
PF11_0331
PF13 0121
PF13_0234
PF13_0322

PF13_0349
PF14_0286
PF14_0534
PFC0395w
PFF0230c
PFF0430w
PFFO775w
PFF1025¢

PFF1105c
PFF1265w
PFI11105w
PFL1155w
PFL1270w
PFL1425w

Lipoamide dehydrogenase, putative
Dihydropteroate synthetase

Tryptophan-rich antigen 3, putative
Orotidine-monophosphate-decarboxylase, putative
Haloacid dehalogenase-like hydrolase, putative
Pyruvate kinase, putative

Dihydrolipoamide acetyltransferase, putative
Glyoxalase I, putative

Farnesyl pyrophosphate synthase, putative
N-acetyl glucosamine phosphate mutase, putative
T-complex protein 1, alpha subunit, putative
Dihydrolipoamide succinyltransferase, putative
Phosphoenolpyruvate carboxykinase

Falcilysin

Nucleoside diphosphate kinase b; putative

Glutamate dehydrogenase, putative

Serine hydroxymethyltransferase

Asparagine synthetase, putative

Glyoxalase I, putative

Chaperone, putative

Pyridoxal kinase-like protein, putative

Pyridoxine biosynthetic enzyme pdx1 homologue, putative

Chorismate synthase

Oxidoreductase, short-chain dehydrogenase family, putative
Phosphoglycerate kinase

GTP cyclohydrolase |

cof-like hydrolase, had-superfamily, subfamily iib

t-complex protein 1, gamma subunit, putative

1.1545
1.3051

0.9590
0.7526
1.0840
1.3988
1.0908
0.9478
0.7969
0.8203
1.3016
0.7610
0.7899
0.7829

0.7767
0.8870
0.9367
0.7799
0.9032
1.1381
0.8641
1.3008

0.9951
0.8277
0.7885
0.7539
1.0312
0.9501

0.0023
0.0004

0.0036
0.0061
0.0009
0.0003
0.0036
0.0076
0.0066
0.0073
0.0002
0.0080
0.0086
0.0124

0.0301
0.0113
0.0187
0.0163
0.0136
0.0017
0.0062
0.0000

0.0022
0.0131
0.0115
0.0063
0.0010
0.0117

G0:0006086
G0O:0006761

GO:0006777
G0:0006221
G0O:0008152
G0:0006096
G0O:0008152
G0:0009438
G0O:0008299
G0:0005975
G0O:0044267
G0:0008152
G0O:0006094
G0:0020027

G0:0006241
G0:0006520
G0O:0006563
G0:0006529
G0O:0009438
G0:0044267
G0:0008614
G0:0008615

G0:0009073
G0:0008152
G0:0006096
G0:0019438
G0:0008152
G0O:0044267

Acetyl-coa biosynthetic process from pyruvate

Dihydrofolate biosynthetic process
Mo-molybdopterin cofactor biosynthetic
process

Pyrimidine nucleotide biosynthetic process
Metabolic process

Glycolysis

Metabolic process

Methylglyoxal metabolic process
Isoprenullid biosynthetic process
Carbohydrate metabolic process

Cellular protein metabolic process
Metabolic process

Gluconeogenesis

Hemoglobin metabolic process
Pyrimidine ribonucleoside triphosphate
biosynthetic process

Aminull acid metabolic process
L-serine metabolic process
Asparagine biosynthetic process
Methylglyoxal metabolic process
Cellular protein metabolic process
Pyridoxine metabolic process

Pyridoxine biosynthetic process
Aromatic aminull acid family biosynthetic
process

Metabolic process

Glycolysis

Aromatic compound biosynthetic process
Metabolic process

Cellular protein metabolic process
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PFL1475w

MAL13P1.324

MAL7P1.108
PF08_0094

PF08_0132
PF10_0135
PF11 0190
PF11_0338
PF11 0410
PF14_ 0200
PF14 0350
PF14 0511
PFF0940c

Proteolysis

MAL13P1.184

MAL13P1.25

MAL13P1.310

MALSP1.126
MALSP1.139
PF08_0020
PF08_0108
PF10_0058
PF10_0150
PF10_0374
PF11_0161
PF11_0165
PF11_0203
PF11_0226
PF11_0298
PF11_0528

Sun-family protein, putative

Aldo-keto reductase, putative

Hypothetical protein

Cullin-like protein, putative

Glutamate dehydrogenase, putative

Hypothetical protein

Hypothetical protein

Aquaglyceroporin

Hypothetical protein

Hypothetical protein

Hypothetical protein
Glucose-6-phosphatedehydrogenase-6-phosphogluconolactonase
Cell division cycle protein 48 homologue, putative

Endopeptidase, putative
Hypothetical protein

Cysteine protease, calpain family
Serine protease, putative
Folate/biopterin transporter
Ubiquitination-mediated degradation component, putative
Pepsinogen, putative

Dnaj protein, putative

Methionine aminopeptidase, putative
Gene 11-1 protein precursor
Falcipain-2 precursor, putative
Falcipain 2 precursor

Peptidase

Peptidase, M16 family

GPI8p transamidase

Hypothetical protein

1.0209
-1.0136
-1.3873
-1.3244
-0.9944
-1.8255
-1.4482
-1.1885
-1.8063
-1.0465
-1.2812
-1.3281
-0.7837

-1.8816

1.0111
-0.8604
-1.3819
-1.6996
-0.8641
-0.8517

0.9074

1.1106
-0.9811
-0.8589

1.6752
-0.9804
-0.9503
-0.9252
-1.5495

0.0057
0.0058
0.0014
0.0024
0.0179
0.0000
0.0029
0.0047
0.0000
0.0170
0.0006
0.0011
0.0402

0.0042
0.0130
0.0069
0.0000
0.0001
0.0016
0.0043
0.0027
0.0011
0.0029
0.0018
0.0001
0.0020
0.0066
0.0061
0.0063

G0:0008152
G0:0008152
G0:0007154
G0O:0007049
G0:0006520
G0:0044267
G0:0008152
G0:0009247
G0O:0006730
G0:0015937
G0:0008152
G0:0006010
G0O:0000074

G0:0006508
G0:0006508
G0O:0006508
G0:0006508
G0:0006508
G0:0016567
G0:0006508
G0:0006508
G0O:0006508
G0:0006508
G0O:0006508
G0:0006508
G0O:0006508

G0O:0006508
G0:0006508

Metabolic process
Metabolic process
Cell communication
Cell cycle

Aminull acid metabolic process

Cellular protein metabolic process
Metabolic process

Glycolipid biosynthetic process

One-carbon compound metabolic process
Coenzyme A biosynthetic process
Metabolic process

Glucose 6-phosphate utilization

Regulation of progression through cell cycle

Proteolysis
Proteolysis
Proteolysis
Proteolysis
Proteolysis
Protein ubiquitination
Proteolysis
Proteolysis
Proteolysis
Proteolysis
Proteolysis
Proteolysis
Proteolysis
Null
Proteolysis
Proteolysis
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PF14 0075 Plasmepsin, putative 1.0789 0.0005 GO:0006508 Proteolysis

PF14 0077 Plasmepsin 2 precursor 1.2204 0.0015 GO:0006508 Proteolysis

PF14 0078 HAP protein 1.1557 0.0018 GO:0006508 Proteolysis

PF14 0084 Hypothetical protein -1.0882 0.0008 GO:0006508 Proteolysis

PF14 0160 Hypothetical protein -1.0863 0.0045 GO:0006508 Proteolysis

PF14 0252 Hypothetical protein -0.9629 0.0075 GO:0006508 Proteolysis

PF14 0281 Aspartyl protease, putative -1.4667 0.0000 GO:0006508 Proteolysis

PF14 0363 Metacaspase-like protein -1.5542 0.0001 GO:0006508 Proteolysis

PF14 0648 Hypothetical protein 1.1745 0.0010 GO:0006508 Proteolysis

PFB0340c Cysteine protease, putative -0.9990 0.0423 GO:0006508 Proteolysis

PFDO0230c Protease, putative -2.1569 0.0001 GO:0006508 Proteolysis

PFEO0355c Serine protease belonging to subtilisin family, putative -1.7142 0.0001 GO:0006508 Proteolysis

PFEO570w Hypothetical protein -0.7872 0.0394 GO:0006508 Proteolysis

PFE1120w Hypothetical protein -0.8397 0.0137 GO:0006508 Proteolysis

PFI0135¢c Papain family cysteine protease, putative 0.8877 0.0058 GO:0006508 Proteolysis

PFI1570c Aminopeptidase, putative 1.0156 0.0005 GO:0006508 Proteolysis

RNA metabolic process

MAL7P1.81 Eukaryotic translation initiation factor 3 37.28 kda subunit, putative  -1.3291 0.0020 GO:0006446 Regulation of translational initiation
PF0O7_0091 Cell cycle control protein cwf1l5 homologue -0.7690 0.0142 GO:0008380 RNA splicing

PF10_0071 Rhogap protein -2.1673 0.0002 GO:0007266 Rho proteinsignal transduction

PF10_0143 ADAZ2-like protein -1.0832 0.0037 GO:0006355 Regulation of transcription, DNA-dependent
PF11 0300 Hypothetical protein -1.3432 0.0003 GO:0006396 RNA processing

PF11 0477 CCAAT-box DNA binding protein subunit B -1.3793 0.0002 GO:0006355 Regulation of transcription, DNA-dependent
PF13 0152 Transcriptional regulatory protein sir2 homologue, putative -1.0388 0.0014 GO:0006355 Regulation of transcription, DNA-dependent
PF13 0229 IRP-like protein -0.8751 0.0179 GO:0006447 Regulation of translational initiation by iron
PF14 0608 Hypothetical protein -1.1109 0.0015 GO:0045449 Regulation of transcription

PFDO0700c RNA binding protein, putative -1.0024 0.0125 GO:0016070 RNA metabolic process

MAL13P1.253 Small nuclear ribonucleoprotein, putative 0.8979 0.0085 GO0O:0016071 mMRNA metabolic process

MAL13P1.294 GTP-binding protein, putative 0.7538 0.0078 GO:0007165 Signal transduction

MAL7P1.69 Calmodulin, putative 1.2267 0.0014 GO:0007165 Signal transduction
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MALSP1.23
MALSP1.48
PF0O7_0057
PFO7_0071
PF0O7_0075
PFO7_0123
PF10_0085
PF10_0164

PF10_0269
PF11_0200
PF11_0255
PF11_0259
PF11_0264
PF11_0270
PF11_0445

PF13_0023
PF13_0109
PF13_0142

PF13_0150
PF13_0205
PF13_0209
PF13_0286
PF13_0340

PF13_0341
PF14_0057
PF14_0241

PF14_0603

Ubiquitin-protein ligase 1, putative

Small nuclear ribonucleoprotein, putative

Transcription elongation factor s-ii, putative

Queuine tRNA-ribosyltransferase; putative

Hypothetical protein, expressed

mMRNA (N6-adenosine)-methyltransferase, putative
Nucleolar protein NOP5, putative

Early transcribed membrane protein10.3, ETRAMP 10.3

DNA-directed RNA polymerase I, putative

U2 snRNP auxiliary factor, small subunit, putative
Hypothetical protein

Hypothetical protein

DNA-dependent RNA polymerase

Threonine -- tRNA ligase, putative

DNA-directed RNA polymerase |, putative

DNA-directed RNA polymerase 2, putative
N2,N2-dimethylguanosine tRNA methyltransferase, putative
u6 snRNA-associated sm-like protein, putative

DNA-directed RNA polymerase 3 largest subunit
Tryptophan--trna ligase, putative

Hypothetical protein

Methyltransferase, putative

Exosome complex exonuclease, putative

DNA-directed RNA polymerase 2, putative
RNA binding protein, putative
Basic transcription factor 3b, putative

Hypothetical protein

-1.1209
0.8966
1.0043

-1.1177
0.8749
0.7946
1.0606
1.0653

0.7837
-0.9115
-1.5704

1.5492

0.7522

1.2129

0.9862

1.1350
1.6630
1.0655

0.7525
0.8021
0.9239
0.7994
0.8260

1.0028
0.9331
0.9684

1.0762

0.0035
0.0132
0.0014
0.0024
0.0104
0.0095
0.0066
0.0049

0.0077
0.0056
0.0003
0.0001
0.0372
0.0011
0.0041

0.0021
0.0003
0.0034

0.0241
0.0094
0.0206
0.0451
0.0076

0.0022
0.0088
0.0057

0.0030

G0:0051028
G0:0016071
G0:0045449
G0:0006400
G0:0006350
G0:0009451
G0:0006364
G0:0008150

G0O:0006366
G0:0000398
G0:0016071
G0:0042254
G0O:0006350
G0:0006435
G0O:0006350

G0:0006366
G0:0008033
G0:0016071

G0:0006383
G0O:0006436
G0:0045449
G0O:0006364
G0:0006396

G0:0006366
G0:0006396
G0:0008150

G0O:0006383

MRNA transport

mMRNA metabolic process
Regulation of transcription
tRNA modification
Transcription

RNA modification

rRNA processing

Biological process
transcription from RNA polymerase I
Promoter

Nuclear mRNA splicing

mMRNA metabolic process

Ribosome biogenesis and assembly
Transcription

Threonyl-tRNA aminullacylation

Transcription
transcription from RNA polymerase |
Promoter

tRNA processing

mRNA metabolic process
Transcription from RNA polymerase |l
Promoter

Tryptophanyl-tRNA aminullacylation
Regulation of transcription
rRNA processing

RNA processing
transcription from RNA polymerase |
Promoter

RNA processing

Biological process
Transcription from RNA polymerase |l
Promoter

139



PF14_0695
PF14_0713
PFA0505¢
PFB0370c
PFB0860C
PFB0890c
PFC0825¢
PFDO0180c
PFDO0565¢
PFE1080w
PFE1390w
PFF0535
PFF1140c
PFF1150w

PFF1335c
PF10860
PFI1195¢c

PFLOO75w
PFL0330
PFLO665c
PFL1680w

DNA-directed RNA polymerase, alpha subunit, truncated, putative 1.1921

hypothetical protein 0.8095
DNA-directed RNA polymerase 2 subunit, putative 1.0533
RNA-binding protein, putative 0.8892
RNA helicase, putative 1.3091
Pseudouridine synthetase, putative 1.2205
Cleavage and polyadenylation specificity factor protein, putative -1.1363
CGI-201 protein, short form 1.0202
RNA helicase, putative 1.2031
Ribosomal large subunit pseudouridylate synthase, putative 0.8672
RNA helicase-1 0.9676
Trancription factor, putative 0.9855
ATP-dependent DEAD box helicase, putative 0.7649
ribonuclease H1 large subunit, putative 0.8730

4-methyl-5(B-hydroxyethyl)-thiazol monophosphate biosynthesis
Enzyme 1.0933

Signal transduction

MAL13P1.118

MAL13P1.19
PF14_0407
PFA0515w

MAL13P1.209

MAL7P1.158

ATP-dependant RNA helicase, putative 0.9422
Thiamine pyrophosphokinase 0.9609
XPA binding protein 1, putative 0.9635
DNA-directed RNA polymerase Il subunit, putative 0.8867
RNA polymerase subunit 8c, putative 1.2050
Splicing factor 3b, subunit 3, 130kD, putative 1.0762
cAMP-specific 3',5'-cyclic phosphodiesterase 4D, putative -1.2950
Hypothetical protein -0.7712
Hypothetical protein -0.9452
Phosphatidylinositol-4-phosphate 5-kinase, putative 1.0549
60S ribosomal subunit porotein L18, putative 0.8845
Signal recognition particle, putative 0.8317

0.0009 GO:0006351 Transcription, DNA dependent
0.0046 GO:0006396 RNA processing

0.0004 GO:0045449 Regulation of transcription
0.0072 null

0.0029 GO:0008150 Biological process

0.0003 GO:0000154 rRNA modification

0.0196 GO:0006378 mMRNA polyadenylation
0.0024 GO:0006396 RNA processing

0.0129 GO:0016070 RNA metabolic process
0.0079 GO:0006364 rRNA processing

0.0059 Null

0.0011 Null

0.0415 GO:0016070 RNA metabolic process
0.0025 GO:0006401 RNA catabolic process

0.0024 GO0O:0009228 thiamin biosynthetic process
0.0023 null

0.0011 GO:0006772 thiamin metabolic process
SRP-dependent cotranslational protein
0.0032 GO:0006614 targeting to membrane

0.0028 null
0.0006 GO:0006352 transcription initiation
0.0012 GO:0008380 RNA splicing

0.0008 GO:0007165 Signal transduction

0.0140 GO:0032012 Regulation of ARF protein signal transduction
0.0427 GO:0032012 Regulation of ARF protein signal transduction
0.0015 GO0:0048015 Phosphoinullsitide-mediated signaling

0.0027 GO:0006412 Translation
0.0097 GO:0045900 Negative regulation of translational elongation
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MAL7P1.93
MALSP1.27
PF0O7_0046
PF07_0088
PF0O8_0018
PF10_0043
PF10_0077
PF10_0105
PF10_0187
PF10_0264
PF11_0245
PF11_0382
PF11_0438
PF11_0447
PF11_0454
PF13_0014
PF13_0045
PF13_0049
PF13 0171
PF13_0213
PF13_0268
PF13_0316
PF14_0027
PF14_0166
PF14_0276
PF14_0391
PF14_0584
PF14_0658
PFB0467w
PFB0545¢

Mitochondrial ribosomal protein S8, putative

Hypothetical protein

50S ribosomal protein L1, putative

40S ribosomal protein S5, putative

Translation initiation factor-like protein

Ribosomal protein L13, putative

Eukaryotic translation initiation factor 3 subunit 7, putative

Hypothetical protein

Ribosomal protein L30e, putative

40S ribosomal protein, putative

Translation elongation factor EF-1, subunit alpha, putative

Ribosomal protein S9, putative

Ribosomal protein, putative

Translation initiation factor elF-1A, putative

Ribosomal protein, 40S subunit, putative

40S ribosomal protein S7 homologue, putative

40S ribosomal protein S27, putative

60S ribosomal protein L24, putative

60S ribosomal protein L23, putative

60S ribosomal subunit protein L6e, putative

ribosomal protein L17, putative

40S ribosomal protein S13

Ribosomal S27a, putative

Lysine -- tRNA ligase, putative

Ribosomal protein L15, putative

Ribosomal protein L1, putative

Ribosomal protein S4, putative

Translation initiation factor EF-1, putative
#N/A

Ribosomal protein L7/L12, putative

0.8393
0.7594
-0.9130
0.8646
-0.9036
1.0172
0.9279
1.0147
0.8573
0.8368
-0.8841
0.8069
0.9148
1.1372
1.1045
1.3159
0.8079
1.1194
0.8943
1.1647
1.1319
1.3676
0.7824
0.7542
0.7754
1.0304
1.0729
0.8402
0.8206
1.2851

0.0094
0.0096
0.0415
0.0073
0.0024
0.0038
0.0090
0.0012
0.0124
0.0036
0.0280
0.0099
0.0058
0.0011
0.0212
0.0007
0.0036
0.0008
0.0074
0.0007
0.0014
0.0003
0.0298
0.0102
0.0158
0.0009
0.0086
0.0060
0.0371
0.0043

G0:0006412
G0O:0006413
G0:0006412
G0:0006412
G0:0006413
G0:0006412
G0:0006413
G0:0006412
G0:0006412
G0:0006412
G0:0006414
G0:0006412
G0:0006412
G0:0006413
G0:0006412
G0:0006412
G0:0006412
G0:0006412
G0:0006412
G0:0006412
G0:0006412
G0:0006412
G0:0006412
G0:0006418
G0:0006412
G0:0006412
G0:0006412
G0O:0006413
G0:0006412
G0O:0006412

Translation

Translational initiation

Translation
Translation

Translational initiation

Translation

Translational initiation

Translation
Translation
Translation

Translational elongation

Translation
Translation

Translational initiation

Translation
Translation
Translation
Translation
Translation
Translation
Translation
Translation
Translation

Trna aminullacylation for protein translation

Translation
Translation
Translation

Translational initiation

Translation
Translation



PFB0550w Peptide chain release factor subunit 1, putative 1.1634 0.0039 GO:0006449 Regulation of translational termination

PFB0645c Ribosomal protein L13, putative 1.5862 0.0000 GO:0006412 Translation

PFC0701w Hypothetical protein 0.7918 0.0118 GO:0006412 Translation

PFCO0870w Elongation factor 1 (EF-1), putative 1.1948 0.0006 GO:0006414 Translational elongation
PFD1070w Eukaryotic initiation factor, putative 0.9144 0.0071 GO:0006446 Regulation of translational initiation
PFE0960w 50S ribosomal subunit protein L14, putative -0.9873 0.0053 GO:0006412 Translation

PFE1005w 40S ribosomal subunit protein S9, putative 1.1366 0.0017 GO:0006412 Translation

PFF0345w Translation initiation factor IF-2, putative 0.8125 0.0154 GO:0006413 Translational initiation

PFF0885w 60S ribosomal protein 127a, putative 1.1223 0.0026 GO:0006412 Translation

PF10625¢c Hypothetical protein 0.8439 0.0119 GO:0006446 Regulation of translational initiation
PFI1645c Hypothetical protein 0.9871 0.0108 GO:0006418 Trna aminullacylation for protein translation
PFL1895w Ribosomal irotein L23, iutative 0.9645 0.0033 GO:0006412 Translation

MAL13P1.163 Er lumen protein retaining receptor 1, putative -1.1615 0.0019 GO:0006886 Intracellular protein transport
MAL13P1.241 Gtpase, putative -0.9160 0.0109 GO:0015031 Protein transport

MAL13P1.51 Rab5B protein -1.9439 0.0000 GO:0015031 Protein transport

PFO7_0070 Transporter/permease protein, putative 1.0789 0.0004 GO:0006810 Transport

PF08_0036 Transport protein -1.2442 0.0007 GO:0006888 ER to Golgi vesicle-mediated transport
PF08 0087 Importin alpha, putative 0.9459 0.0016 GO:0006886 Intracellular protein transport

PF08 0093 Hypothetical protein -0.9257 0.0261 GO:0006810 Transport

PF08 0110 Rab18 gtpase, putative 0.8238 0.0269 GO:0006886 Intracellular protein transport
PF10_0051 ADP/ATP carrier protein, putative -1.0662 0.0012 GO:0006810 Transport

PF10_0337 ADP-ribosylation factor-like protein -1.0050 0.0160 GO:0006886 Intracellular protein transport
PF10_0366 ADP/ATP transporter on adenylate translocase 0.8155 0.0088 GO:0006810 Transport

PF11 0141 UDP-galactose transporter, putative -1.1842 0.0007 GO:0015785 UDP-galactose transport

PF11 0461 Rab6 -0.9629 0.0030 GO:0006886 Intracellular protein transport

PF13 0019 Sodium/hydrogen exchanger, putative -0.9831 0.0021 GO:0006814 Rsodium ion transport

PF13_0271 ABC transporter, putative -1.3172 0.0002 GO:0006810 Transport

PF13 0350 Signal recognition particle receptor alpha subunit, putative 0.8979 0.0056 GO:0006886 Intracellular protein transport

PF14 0277 Coatamer protein, beta subunit, putative -0.9689 0.0046 GO:0006605 Protein targeting
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PF14_0321
PF14_0455
PF14_0678
PF14_0679
PFA0310
PFA0590w
PFD0895
PFD0930w
PFE1455w
PFF0450c
PFI0255¢
PFI0955
PFL0110c
PFL2000w

PFL2065
PFL2425w

ABC transporter, putative
Multidrug resistance protein 2
Exported protein 2

Sulfate transporter, putative
Calcium-transporting atpase

ABC transporter, putative

Bet3 transport protein, putative
CGI-141 protein homolog, putative
Sugar transporter, putative
Transporter protein, putative
Mitochondrial carrier protein, putative
Sugar transporter, putative

Pfmpc

Mitochondrial carrier protein, putative
Mitochondrial import inner membrane translocase subunit,
putative

Adaptor-related protein complex 3, sigma 2 subunit, putative

0.8238
1.1427
0.9600
-1.4787
-0.9104
0.8998
-0.7739
-0.9083
-1.1134
-1.1708
0.9723
-0.7820
-1.1926
0.9334

0.9068
-0.7973

0.0039
0.0050
0.0026
0.0022
0.0024
0.0060
0.0294
0.0141
0.0010
0.0033
0.0038
0.0158
0.0005
0.0124

0.0097
0.0113

G0:0006810
G0:0006810
G0:0008150
G0:0008272

G0:0006810
G0:0016192
G0:0008643
G0:0006810

G0:0006810

G0:0006810
G0:0006810

G0:0006886

Transport

Transport

Biological process
Sulfate transport

Null

Transport

Null

Vesicle-mediated transport
Carbohydrate transport
Transport

Transport

Null

Transport

Transport

Null
Intracellular protein transport
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APPENDIX 2

Unique transcripts specific to the A51B1C1 1 treatment after comparison

with other reported perturbations

PlasmoDB ID PlasmoDB Process Description
PFEO0880c Actin Cytoskeleton Organization
PFO7_0138 Antigenic Variation
PF08_0104 Antigenic Variation
PF10_0003 Antigenic Variation
PFB0035c Antigenic Variation
PFF1545w Antigenic Variation
MAL7P1.50 Antigenic Variation

MAL13P1.251

Arginyl-Trna Aminoacylation

MAL13P1.246

ATP Biosynthetic Process

PFD0955w Attachment Of GPI Anchor To Protein
PF10_0061 Base-Excision Repair
PF14 0783 Carbohydrate Metabolic Process
PF14 0251 Cell Redox Homeostasis
PFD1105w Cell-Cell Adhesion
PF11 0410 Chromatin Modification
PF11_0326 Cytolysis, Pathogenesis
PF10_0225 De Novo' Pyrimidine Base Biosynthetic Process
PF11_0383 DNA-Dependent DNA Replication
PFB0580w Drug Transmembrane Transport
PFB0680w Entry Into Host
MAL13P1.326 Heme Biosynthetic Process
PF14 0034 Intracellular Protein Transmembrane Transport
PF10_0216 lon Transport, Transport, Zinc lon Transport
MAL13P1.307 Iron-Sulfur Cluster Assembly
PF14 0534 L-Serine Metabolic Process, Glycine Metabolic Process
PF11_ 0190 Metabolic Process
MAL7P1.161 Microtubule-Based Movement
PF10_0250 Microtubule-Based Movement
MAL13P1.64 Modification-Dependent Protein Catabolic Process
MAL13P1.1 Pathogenesis
PF14 0773 Pathogenesis
PFA0175w Phosphate Transport
PF11 0340 Potassium lon Transport

MAL13P1.297

Protein Amino Acid ADP-Ribosylation, Small Gtpase Mediated Signal
Transduction

PF08 0129 Protein Amino Acid Dephosphorylation
PF14 0224 Protein Amino Acid Dephosphorylation
PFI10960w Protein Amino Acid N-Linked Glycosylation Via Asparagine

MAL13P1.114

Protein Amino Acid Phosphorylation

MAL13P1.185

Protein Amino Acid Phosphorylation

PF10_0141 Protein Amino Acid Phosphorylation, Regulation Of Cell Cycle
Protein Deneddylation, Protein Deubiquitination, Ubiquitin-Dependent
PF11_0177 ; ;
- Protein Catabolic Process
PF13 0180 Protein Folding
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Protein Import Into Mitochondrial Inner Membrane, Protein Targeting

PF13_0358 To Mitochondrion
PF10_0094 Protein Modification Process
PFF0810c Protein Transport, Small Gtpase Mediated Signal Transduction
PF11_0226 Proteolysis
PF14 0281 Proteolysis
Regulation Of Transcription, DNA-Dependent, Transcription From RNA
PFEO305w Polymerase Il Promoter, Transcription Initiation From RNA Polymerase
Il Promoter
Regulation Of Transcription, DNA-Dependent, Transcription From RNA
PFEO670w Polymerase Il Promoter, Transcription Initiation From RNA Polymerase
Il Promoter
PEAO505¢ Regulation Of Transcription, Transcription From RNA Polymerase Il
Promoter
PF13 0015 Response To Heat, Response To Unfolded Protein
PFDO0565¢c RNA Metabolic Process
PFDO700c RNA Metabolic Process
MAL7P1.69 Signal Transduction
PFD0325w Transcription
MAL13P1.272 Translation
PF13 0021 Translation
PFB0467w Translation
PFB0545c¢ Translation
PFCO0701w Translation
PFE1005w Translation
PFL1895w Translation
MAL8P1.27 Translational Initiation
PF08_0093 Transport
PFAQ0720w Transport
PFL2000w Transport
MAL7P1.130 Ubiquinone Biosynthetic Process
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APPENDIX 3

The non-homologues clustering of Arabidopsis treated with Galvestine-2
and P. falciparum treated with A51B1C1 1, using COCO

Description for P. falciparum ‘ PlasmoDB ID | Arabidopsis ID
Cluster 1
BRIX protein, putative PF07_0122 AT1G52930
Conserved Plasmodium protein, unknown function PF14 0634 AT4G31850
Conserved Plasmodium falciparum protein family PFDOO75w AT1G49670
tRNA pseudouridine synthase, putative PFE0815w AT3G06950
Pseudouridylate synthase, putative PF10685w AT5G51140
Cytidine/deoxycytidylate deaminase, putative PFL0230w AT5G24670
Small subunit rrna processing factor, putative PFL1230w AT3G57000
Cluster 2
Cysteine desulfurase, putative MAL7P1.150 AT5G65720
60S ribosomal subunit export protein, putative PFO7_0121 AT2G03820
Nucleolar preribosomal assembly protein, putative PF08_0065 AT2G19540
Conserved Plasmodium protein, unknown function PF10_0179 AT2G30000
Methyltransferase, putative PF10_0274 AT1G36310
Cluster 3
Dnaj protein, putative MAL13P1.277 AT2G22360
Conserved Plasmodium protein, unknown function MAL8P1.107 AT3G24506
Diphthine synthase PF10_0087 AT4G31790
RNA methyltransferase, putative PF10_0300 ATA4G15520
60S ribosomal protein PO PF11_0313 AT3G11250
Glycine cleavage H protein PF11_0339 AT2G35120
Conserved Plasmodium protein, unknown function PF11_0347 AT5G38840
Conserved Plasmodium protein, unknown function PF13_0055 AT4G33240
Small subunit rrna processing factor, putative PF14_0494 AT1G42440
Dihydroorotase, putative PF14_0697 AT4G22930
CGI-201 protein, short form PFD0180c AT5G41770
40S ribosomal processing protein, putative PFDO0455w ATA4G28450
Conserved Plasmodium protein, unknown function PFE1145w AT1G21570
RNA helicase 1 PFE1390w AT5G51280
Nucleolar preribosomal gtpase, putative PFE1435c¢c AT3G07050
Conserved Plasmodium protein, unknown function PFL0675¢c AT2G34970
Cluster 4
Conserved Plasmodium protein, unknown function MAL13P1.150 AT2G20940
Clpl-related protein, putative PF08_0040 AT3G04680
Small subunit rrna processing stabilizing factor, putative PF10_0266 AT5G66540
Conserved Plasmodium protein, unknown function PF11_0269 AT4G14240
Leucine-rich repeat protein PF14_0496 AT5G22320
Conserved protein, unknown function PFL1290w PFL1290w
Microtubule associated katanin, putative PFL2105c AT5G14530
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Cluster 5

DNA/RNA-binding protein Alba, putative MAL13P1.233 AT1G20220
RNA binding protein, putative PF10_0047 AT3G49430
Cysteine proteinase falcipain 1 PF14_0553 AT1G09850
Plasmodium exported protein (hyp15), unknown function PFB0953w AT5G26850
Transporter, putative PFC0530w AT1G68790
Plasmodium exported protein (phistc), unknown function PFL0045c AT5G55660
Cluster 6
60S ribosomal protein L3, putative PF10_0272 AT1G43170
Elongation factor 1-gamma, putative PF13_0214 AT1G09640
Plasmepsin I PF14_0077 AT1G11910
Cluster 7
Glideosome associated protein with multiple membrane spans 3, putative | PF14_0065 AT2G32040
Rhoptry-associated protein 2 PFE0080c AT5G65410
Cluster 8
Eukaryotic translation initation factor 4 gamma, putative MAL13P1.63 AT3G60240
Casein kinase Il beta chain PF11_0048 ATAG17640
Translation elongation factor EF-1, subunit alpha, putative PF11_0245 AT1G18070
Coproporphyrinogen Il oxidase PF11_0436 AT1G03475
Glutamate--trna ligase, putative PF13_0257 AT5G26710
Eukaryotic translation initiation factor 2 gamma subunit, putative PF14_0104 AT1G04170
U2 snrnp spliceosome subunit, putative PFC0375c AT5G64270
Beta adaptin protein, putative PFE1400c AT4G11380
Eukaryotic translation initiation factor 3 subunit 10, putative PFL0625¢c AT4G11420
Cluster 9
40S ribosomal protein S6, putative PF13_0228 AT5G10360
60S ribosomal protein L1, putative PF14_0391 AT2G27530
40S ribosomal protein S3A, putative PFC1020c AT4G34670
40S ribosomal protein S14, putative PFE0810c AT3G11510
Cluster 10
Zinc finger protein, putative PF08_0056 AT4G12040
Phenylalanyl-trna synthetase beta chain, putative PF11_0051 AT1G72550
Box C/D snornp rrna 2'-O-methylation factor, putative PF11_0191 AT1G16920
60S ribosomal protein L6, putative PF13_0129 AT4G10450
Glutaminyl-trna synthetase, putative PF13_0170 AT1G25350
Glycine-trna ligase, putative PF14_0198 AT1G29880
RNA binding protein, putative PFB0370c AT5G08420
Activator of Hsp90 atpase, putative PFCO0360w AT3G12050
U6 snrna-associated sm-like protein Ism2, putative PFE1020w AT1G03330
Eukaryotic translation initiation factor 3 subunit 5, putative PF10895¢ AT2G39990

147




Cluster 11

60S ribosomal protein L18-2, putative MAL13P1.209 AT5G27850
60S ribosomal protein L13, putative PF10_0043 AT3G24830
60S ribosomal protein L30e, putative PF10_0187 AT3G18740
40S ribosomal protein S2B, putative PF10_0264 AT1G72370
60S ribosomal protein L10, putative PF14_0141 AT1G66580
60S ribosomal protein L21e, putative PF14_0240 AT1G09590
Helicase 45 PF14_0655 AT3G13920
60S ribosomal protein L31, putative PFE0185c¢c AT5G56710
Ribose 5-phosphate epimerase, putative PFEO0730c AT3G04790
Cluster 12
Picoplast ribosomal protein L36e precursor, putative PF11_0106 AT2G37600
Small nuclear ribonucleoprotein D1, putative PF11_0266 AT4G02840
Aspartyl-trna synthetase PFA0145c¢c AT4G26870
Plasmodium exported protein (hyp9), unknown function PFB0930w AT4G02500
Eukaryotic translation initiation factor, putative PFE0885w AT5G25780
Karyopherin beta PFE1195w AT5G19820
Small nuclear ribonucleoprotein (snrnp), putative PF10475w AT1G76300
RNA polymerase subunit 8c, putative PFL0665¢c AT1G54250
Cytoplasmic translation machinery associated protein, putative PFL2150c AT2G20280
Cluster 13
SNARE protein, putative MAL8P1.21 AT5G22360
Conserved Plasmodium protein, unknown function PF08_0124 AT1G03910
Mitochondrial protein import protein TIM13, putative PF14_0208 AT1G61570
Protein phosphatase, putative PF14_0524 AT3G06110
ATP-dependent protease la, putative PF14_0616 AT5G53170
Histone S-adenosyl methyltransferase, putative PFL1345¢c AT5G50320
Cluster 14
Gamete antigen 27/25 PF13_0011 AT5G22340
Na PF14_0182 AT5G57800
Macrophage migration inhibitory factor PFL1420w AT5G01650
Cluster 15
Signal peptidase 21 kda subunit MAL13P1.167 AT3G15710
Protein kinase 5 MAL13P1.279 AT3G48750
Conserved membrane protein, unknown function PFO07_0078 AT1G54320
Conserved Plasmodium protein, unknown function PF07_0087 AT1G70980
Centrin-4 PF11_0066 AT3G50360
(I;)ér;]{%rrcgépeann;;deeCsourzgllré))/(ltransferase component of 2-oxoglutarate PF13 0121 ATAG26910
Centrin-1 PFA0345w AT3G50360
Cluster 16
Plasmodium exported protein, unknown function PF13 0275 AT5G46910
Serine/threonine protein kinase, FIKK family PFD1175w AT2G04620
Plasmodium exported protein (PHISTb), unknown function PFI1770w AT3G27470
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Cluster 17

Histone-arginine methyltransferase, putative PF08_0092 AT2G19670
RNA methyltransferase, putative PF11_0305 ATA4G26600
U3 snoRNA-associated small subunit rRNA processing protein, putative PF13_0309 AT4G04940
Conserved Plasmodium protein, unknown function PF14 0707 AT5G37890
Serine/threonine protein kinase, putative PFC0105w AT3G44850
Ribosomal RNA methyltransferase, putative PF10415c AT5G01230
Serine/threonine protein kinase, FIKK family PFL0040c AT2G46700
Cluster 18
Ferredoxin, putative MAL13P1.95 AT1G10960
Fe-superoxide dismutase PF08_0071 AT4G25100
Organelle ribosomal protein L28 precursor, putative PFE0145w AT2G33450
Heat shock protein 70 PF10875w AT5G28540
Cluster 19
RNA-binding protein s1, putative PF11_0320 AT5G43960
Dihydrofolate synthase/folylpolyglutamate synthase PF13_0140 AT3G55630
Proteasome subunit beta type 7 precursor, putative PF13_0156 AT5G40580
ER lumen protein retaining receptor PF13_0280 AT3G25040
Peptide chain release factor 1, putative PF14_0265 AT3G62910
Histone H2A variant, putative PFC0920w AT3G54560
Leucine-rich repeat protein PFL2380c AT1G10510
Cluster 20
Conserved Plasmodium protein, unknown function PF14_0101 AT3G29075
Non-canonical ubiquitin conjugating enzyme, putative PF14_0128 AT1G45050
Ferlin, putative PF14_0530 AT1G30270
Serine/threonine protein kinase, FIKK family PFE0045¢c AT1G59580
Cluster 21
Large ribosomal subunit processing protein, putative MAL7P1.24 AT5G06360
N-acetyltransferase, putative PF10_0036 AT5G13780
Eukaryotic translation initiation factor 3 subunit 7, putative PF10_0077 AT5G44320
Peptidase, putative PF11_0203 AT2G29080
60S ribosomal protein 123a, putative PF13_0132 AT3G55280
6-phosphofructokinase PFI10755¢ AT4G04040
Eukaryotic translation initiation factor 3 subunit 8, putative PFL0310c AT3G56150
Cluster 22
Conserved Plasmodium protein, unknown function MAL8P1.64 AT5G23880
Stevor PF14_0007 AT3G16810
Conserved Plasmodium protein, unknown function PFC0885c AT2G19385
Triose or hexose phosphate/phosphate translocator, putative PFL0890c AT1G12500
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Cluster 23

Conserved Plasmodium protein, unknown function MAL13P1.15 AT4G00630
DNA helicase, putative MAL8P1.65 AT3G57300
RNA binding protein, putative PF10_0028 AT1G07350
Exonuclease, putative PF11_0074 AT1G54490
Conserved Plasmodium protein, unknown function PF11_0440 AT5G55310
Dnaj protein, putative PF13_0036 AT1G65280
ATP-dependent RNA helicase, putative PFC0915w AT4G00660
Topoisomerase | PFEO0520c AT5G55310
Cluster 24
Dolichyl-phosphate-mannose protein mannosyltransferase, putative PF10_0104 AT2G25110
NOT family protein, putative PF11_0049 ATA4G24550
NOT family protein, putative PF14_0170 AT1G02080
Stromal-processing peptidase, putative PF14_0382 AT5G42390
Signal peptide peptidase PF14_0543 AT2G03120
Histone deacetylase PF11260c AT4G38130
Hydrolase/phosphatase, putative PFL1260w AT2G25870
Cluster 25
U2 snRNA/tRNA pseudouridine synthase, putative PF08_0123 AT1G76120
Orotidine monophosphate decarboxylase PF10_0225 AT1G77600
Conserved Plasmodium protein, unknown function PF11_0469 AT1G67690
Polynucleotide kinase, putative PF13_0334 AT3G14890
Conserved Plasmodium protein, unknown function PF14_0291 AT1G50180
DEAD box ATP-dependent RNA helicase, putative PFDO0565c¢ AT5G63630
Cluster 26
Secreted ookinete protein, putative MAL13P1.203 AT1G42440
Mitotic control protein dis3 homologue, putative MAL13P1.289 AT2G17510
Conserved Plasmodium protein, unknown function MAL7P1.134 AT1G73960
Conserved Plasmodium protein, unknown function MAL8P1.100 AT4G30825
RNA-binding protein (U1 snRNP-like), putative PF08_0084 AT4G03120
Conserved Plasmodium protein, unknown function PF10_0129 AT2G21440
Pre-mRNA splicing factor, putative PF11_0336 AT2G40650
Conserved Plasmodium protein, unknown function PF11_0406 AT1G20570
Mitochondrial ribosomal protein S15 precursor, putative PF13_0059 AT1G15810
Nonsense-mediated mRNA decay protein Upf3, putative PF13_0158 AT1G33980
Pre-mRNA splicing factor, putative PF14_0070 AT5G37370
Conserved Plasmodium protein, unknown function PF14_0713 AT1G14650
Stevor PF14_0767 AT3G26300
Conserved Plasmodium protein, unknown function PFEO100w AT2G05170
Conserved Plasmodium protein, unknown function PFEO550w AT1G15910
Conserved Plasmodium protein, unknown function PFE1040c AT3G22590
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Cluster 27

U3 small nucleolar ribonucleoprotein protein, putative PF08_0055 AT1G63780
Conserved Plasmodium protein, unknown function PF10_0180 AT3G23980
Plasmodium exported protein, unknown function PF13_0076 AT1G77800
Conserved Plasmodium protein, unknown function PF13_0270 AT1G03080
Lysophospholipase, putative PF14_0017 AT1G18360
Conserved Plasmodium protein, unknown function PF14_0621 AT5G17880
Lipid/sterol:H symporter PFA0375c ATA4G38350
Conserved Plasmodium membrane protein, unknown function PFB0675w AT2G43420
DNA-directed RNA polymerase Il subunit, putative PFL0330c AT5G45140
Nucleolar rRNA processing protein, putative PFL2295w AT3G60360
Cluster 28
Methionine aminopeptidase 1b, putative PF10_0150 AT2G45240
SNO glutamine amidotransferase family protein PF11_0169 AT5G60540
Cytidine triphosphate synthetase PF14_0100 AT1G30820
Small subunit rrna dimethylase, putative PF14_0156 AT2G47420
Glucose-6-phosphate isomerase PF14_0341 AT5G42740
Mitochondrial ribosomal protein S4/S9 precursor, putative PF14_0584 AT5G15750
Conserved Plasmodium protein, unknown function PFDO0O905w AT5G41190
Cluster 29
Lsm3 homologue, putative PF08_0049 AT1G76860
Phosphatase, putative PF14_0036 AT2G27190
Structure specific recognition protein, putative PF14_0393 AT3G28730
ABC transporter, (CT family), putative PFA0590w AT2G34660
Sexual stage-specific protein precursor PFDO0310w AT3G43540
Actin-like protein, putative PFE0255w AT1G18450
M18 aspartyl aminopeptidase PFI11570c AT5G60160
Splicing factor 3b, subunit 3, 130kd, putative PFL1680w AT3G55200
Cluster 30
Endomembrane protein 70, putative PF10_0208 AT3G13772
Clathrin assembly protein AP19, putative PF11_0187 AT2G17380
Lsm4 homologue, putative PF11_0524 AT5G27720
SNARE protein PFCO0890w AT1G11890
Bet3 transport protein, putative PFD0895c AT5G54750
Transcriptional regulator, putative PFE0870w AT4G10710
Dynein light chain 1, putative PFLO660wW AT4G15930
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Cluster 31

Conserved Plasmodium protein, unknown function MAL7P1.157 AT1G13220
Inositol phosphatase, putative MAL8P1.151 AT1G17340
Cg3 protein PFO07_0034 AT3G08950
Mitochondrial ribosomal protein L22/L43, putative PF10_0097 AT3G59650
Transcription factor with AP2 domain(s), putative PF14_0471 AT4G09630
ERCC1 nucleotide excision repair protein, putative PFB0160w AT3G05210
Conserved Plasmodium protein, unknown function PFB0250w AT4G33920
Serine repeat antigen 2 PFB0355¢ AT3G19400
Phospholipase A2, putative PFB0410c AT1G61850
Tubulin-tyrosine ligase, putative PFEO700c AT1G77550
S-adenosyl-methyltransferase, putative PFL1775c AT5G10910
Conserved Plasmodium membrane protein, unknown function PFL2170c AT2G35330
Cluster 32
Acyl coa:diacylglycerol acyltransferase, putative MAL13P1.285 AT1G61850
Lysophospholipase, putative PFO07_0040 AT1G18360
Conserved Plasmodium membrane protein, unknown function PFC0995c AT2G19450
Patatin-like phospholipase, putative PF11560c AT4G33700
Cluster 33
Ubiquitin transferase, putative MAL7P1.19 AT5G02880
Cysteine desulfurase, putative PFO07_0068 AT1G08490
Conserved Plasmodium protein, unknown function PF11_0089 AT3G25840
Conserved protein, unknown function PF14_0054 AT4G32600
Pantothenate kinase, putative PF14_0200 ATA4G32180
Dynein-associated protein, putative PF14_0202 AT1G13120
Conserved Plasmodium membrane protein, unknown function PF14 0596 AT5G13560
Stevor PFB0955w AT5G16780
ATP-dependent RNA helicase, putative PFCO0955w AT1G55150
Conserved Plasmodium protein, unknown function PFDO0605c AT4G28760
Plasmodium exported protein (hyp6), unknown function PFD1200c AT2G29140
Cell differentiation protein rcdl, putative PFEO375w AT3G20800
Plasmodium exported protein (phistb), unknown function PF10130c AT1G13450
Gtpase activator, putative PF10345w AT5G15930
Sec-1 family protein PFI11700c AT3G54860
Conserved Plasmodium protein, unknown function PFL1445w AT4G13730
Cluster 34
Serine/threonine protein kinase, putative MAL13P1.196 AT3G63330
Conserved Plasmodium protein, unknown function PF11_0064 AT1G10240
ATP-dependent Clp protease, putative PF14_0063 AT2G25140
Conserved Plasmodium protein, unknown function PF14_0347 AT4G23920
Syntaxin, Qa-SNARE family PFL2070w AT5G26980
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APPENDIX 4

The Plasmodial proteins found in only the A51B1C1 1 treated samples

analysed with MS

PlasmoDB ID | Annotated Go Process GO terms Cluster
PF11_0465 Microtubule-Based Process GO0:0007017 | Biological Process
PF14 0615 Vacuolar Acidification GO0:0007035 | Biological Process
PF13 0221 Multicellular Organismal Development GO0:0007275 | Biological Process
PF10_0186 Biological Process G0:0008150 | Biological Process
PF10_0287 Biological Process G0:0008150 | Biological Process
PF10_0323 Biological Process G0:0008150 | Biological Process
PF10 0371 Biological Process G0:0008150 | Biological Process
PF11_0092 Biological Process G0:0008150 | Biological Process
PF11_0185 Biological Process G0:0008150 | Biological Process
PF11 0213 Biological Process G0:0008150 | Biological Process
PF11 0218 Biological Process G0:0008150 | Biological Process
PF11 0319 Biological Process G0:0008150 | Biological Process
PF11_0324 Biological Process G0:0008150 | Biological Process
PF11 0503 Biological Process G0:0008150 | Biological Process
PFL1345c Biological Process G0:0008150 | Biological Process
PFL1415w Biological Process G0:0008150 | Biological Process
PF14 0262 Biological Process G0:0008150 | Biological Process
PF14 0318 Biological Process G0:0008150 | Biological Process
PF14 0342 Biological Process G0:0008150 | Biological Process
PF14 0372 Biological Process G0:0008150 | Biological Process
PF14 0437 Biological Process G0:0008150 | Biological Process
PF14 0495 Biological Process G0:0008150 | Biological Process
PF14 0563 Biological Process G0:0008150 | Biological Process
PF14 0564 Biological Process G0:0008150 | Biological Process
PF14 0668 Biological Process G0:0008150 | Biological Process
PFA0180w Null Biological Process
PFB0375w Emg:gﬂgzigﬁvelopment, Keratinocyte Biological Process
PFD0900w Cell Cycle Biological Process
PF10_0158 Regulation Of Gtpase Activity Biological Process
PF13 0210 Endocytosis Biological Process
MAL13P1.258 | Carbohydrate Metabolic Process Biological Process
PF08_0126 ggggm?:;%dn Break Repair Via Homologous | .0009724 | DNA Metabolism
PF10_ 0123 Purine Nucleotide Biosynthetic Process GO0:0006164 | DNA Metabolism
PF13 0287 Purine Nucleotide Biosynthetic Process GO0:0006164 | DNA Metabolism
PFD0590c DNA Replication GO0:0006260 | DNA Metabolism
PF10_0362 DNA Replication GO0:0006260 | DNA Metabolism
PFF1470c DNA-Dependent DNA Replication GO0:0006261 | DNA Metabolism
PFD0790c DNA Replication Initiation GO0:0006270 | DNA Metabolism
PFL0150w DNA Replication Initiation GO:0006270 | DNA Metabolism
PF13 0080 RNA-Dependent DNA Replication GO0:0006278 | DNA Metabolism
PFEO675c DNA Repair GO0:0006281 | DNA Metabolism
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PFBO730w DNA Packaging G0:0006323 | DNA Metabolism
PFEO0420c DNA Packaging G0:0006323 | DNA Metabolism
PF11_0418 Chromatin Assembly Or Disassembly GO0:0006333 | DNA Metabolism
PFE0450w Chromosome Organization And Biogenesis GO0:0051276 | DNA Metabolism
PFB0405w Pathogenesis GO:0009405 | HOst Parasite
Interaction
MAL7P1.212 | Pathogenesis GO0:0009405 | Host Parasite
Interaction
PFAO765¢ | Rosetting G0:0020013 | Host Parasite
Interaction
PFD0020c | Rosetting GO0:0020013 | Host Parasite
Interaction
PFD0625c | Rosetting GO0:0020013 | Host Parasite
Interaction
PFD1005c | Rosetting GO0:0020013 | Host Parasite
Interaction
PFF0010w Rosetting G0:0020013 | Host Parasite
Interaction
MAL7P1.56 | Rosetting GO:0020013 | Host Parasite
Interaction
MAL7P1.187 | Rosetting GO:0020013 | Host Parasite
Interaction
PF11_0007 | Rosetting GO:0020013 | Host Parasite
Interaction
PFL0020w Rosetting GO:0020013 | Host Parasite
Interaction
PF10_0268 | Entry Into Host Cell GO:0030260 | HOSt Parasite
Interaction
PFI1180w Lipid Metabolic Process GO0:0006629 | Lipid Metabolism
PFO7_0040 Phospholipid Metabolic Process GO0:0006644 | Lipid Metabolism
PF11_0257 Phosphatidylethanolamine Biosynthetic Process | GO:0006646 | Lipid Metabolism
PFB0150c Protein Amino Acid Phosphorylation G0:0006468 | Phosphorylation
PFB0520w Protein Amino Acid Phosphorylation G0:0006468 | Phosphorylation
PFB0665w Protein Amino Acid Phosphorylation GO0:0006468 | Phosphorylation
MAL7P1.127 | Protein Amino Acid Phosphorylation GO0:0006468 | Phosphorylation
PF10_0160 Protein Amino Acid Phosphorylation GO0:0006468 | Phosphorylation
PF11 0060 Protein Amino Acid Phosphorylation G0:0006468 | Phosphorylation
PF11 0079 Protein Amino Acid Phosphorylation G0:0006468 | Phosphorylation
PF11_0242 Protein Amino Acid Phosphorylation GO0:0006468 | Phosphorylation
PF11_0464 Protein Amino Acid Phosphorylation GO0:0006468 | Phosphorylation
PFL1110c Protein Amino Acid Phosphorylation G0:0006468 | Phosphorylation
MAL13P1.278 | Protein Amino Acid Phosphorylation G0:0006468 | Phosphorylation
PF14 0294 Protein Amino Acid Phosphorylation GO0:0006468 | Phosphorylation
PF14 0320 Protein Amino Acid Phosphorylation GO0:0006468 | Phosphorylation
PF14 0516 Protein Amino Acid Phosphorylation G0:0006468 | Phosphorylation
PF14 0214 Protein Amino Acid Phosphorylation Phosphorylation
PFO7_0047 Regulation Of Progression Through Cell Cycle G0:0000074 | Primary Metabolism
MAL8P1.156 | Carbohydrate Metabolic Process GO0:0005975 | Primary Metabolism
PFF1350c (ér?gr%r;tlon Of Precursor Metabolites And G0:0006091 | Primary Metabolism
PF11 0294 Glycolysis G0:0006096 | Primary Metabolism
PFF0945¢c Glyoxylate Cycle GO0:0006097 | Primary Metabolism
PFF0530w Pentose-Phosphate Shunt G0:0006098 | Primary Metabolism
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PF13 0242 Isocitrate Metabolic Process G0:0006102 | Primary Metabolism
PF11 0395 Cgmp Biosynthetic Process G0:0006182 | Primary Metabolism
PFF0275c GTP Biosynthetic Process G0:0006183 | Primary Metabolism
PF14 0334 Glutamate Biosynthetic Process GO0:0006537 | Primary Metabolism
PF14 0421 Metabolic Process G0:0008152 | Primary Metabolism
PF11 0327 Steroid Metabolic Process G0:0008202 | Primary Metabolism
PFLO780w Glycerol-3-Phosphate Catabolic Process G0:0046168 | Primary Metabolism
PFB0595w Response To Unfolded Protein G0:0006986 | Protein Folding
PFF1415c¢c Response To Unfolded Protein G0:0006986 | Protein Folding
PF13 0021 Response To Unfolded Protein G0:0006986 | Protein Folding
PFF1050w Cotranslational Protein Folding G0:0051083 | Protein Folding
PF13 0180 Protein Folding GO0:0006457 | Proteolysis
PF11 0142 Protein Modification Process G0:0006464 | Proteolysis
MAL13P1.310 | Proteolysis G0:0006508 | Proteolysis
PF14 0692 Proteolysis G0:0006508 | Proteolysis
PFA0220w Ubiquitin-Dependent Protein Catabolic Process | GO:0006511 | Proteolysis
PFE0915c Ubiquitin-Dependent Protein Catabolic Process | GO:0006511 | Proteolysis
MAL8P1.128 | Ubiquitin-Dependent Protein Catabolic Process | GO:0006511 | Proteolysis
PF10_0111 Ubiquitin-Dependent Protein Catabolic Process | GO:0006511 | Proteolysis
PF13 0182 Ubiquitin Cycle GO0:0006512 | Proteolysis
PF10_0081 Protein Catabolic Process G0:0030163 | Proteolysis
PFL1925w Protein Catabolic Process G0:0030163 | Proteolysis
PFD0680c Ubiquitin-Dependent Protein Catabolic Process Proteolysis
MAL7P1.77 Proteolysis, Transcription, RNA-Dependent Proteolysis
PF11 0189 Proteolysis Proteolysis
PF14_0068 | Rrna Processing G0:0006364 | RNA Metabolic
Process
PFFO745¢ RNA Processing G0:0006396 | RNVA Metabolic
Process
MAL13P1.120 | Mrna Processing G0:0006397 | RNA Metabolic
Process
PF14_0146 | RNA Splicing G0:0008380 | RNA Metabolic
Process
PFA0330w Ribosome Biogenesis RNA Metabolic
Process
PFD0090c Rrna Processing, Ribosome Biogenesis RNA Metabolic
Process
PFEO0860c Transcription RNA Metabolic
Process
Nuclear-Transcribed Mrna Catabolic Process, RNA Metabolic
PF10_0057 :
- Nonsense-Mediated Decay Process
PF10_ 0179 Trna Processing RNA Metabolic
Process
PEL1010c Regulat_|or_1 Of Transcription, DNA-Dependent, RNA Metabolic
Transcription Process
PFL1190c Transcription, DNA-Dependent RNA Metabolic
Process
Regulation Of Transcription, Regulation Of RNA Metabolic
PFL1900w Transcription, DNA-Dependent Process
PF13 0088 Regulation Of Transcription RNA Metabolic
Process
PF13 0235 Regulation Of Transcription, DNA-Dependent RNA Metabolic
Process
PF14 0059 Regulation Of Transcription From RNA RNA Metabolic
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Polymerase Il Promoter, Transcription

Process

MAL7P1.122 | Signal Transduction G0:0007165 | Signal Transduction
PFEO0690c Small Gtpase Mediated Signal Transduction G0:0007264 | Signal Transduction
PFA0515w Phosphoinositide-Mediated Signaling G0:0048015 | Signal Transduction
PF11 0302 Signal Transduction Signal Transduction
PFC0300c Translation G0:0006412 | Translation
PFEO0845c Translation GO0:0006412 | Translation
PF13 0213 Translation G0:0006412 | Translation
PFE0830c Translational Initiation G0:0006413 | Translation
PFF0345w Translational Initiation G0:0006413 | Translation
PFO7_0117 Translational Initiation G0:0006413 | Translation
PF08_0018 Translational Initiation G0:0006413 | Translation
PF10_0103 Translational Initiation GO0:0006413 | Translation
MAL13P1.351 | Translational Elongation GO0:0006414 | Translation
MAL8P1.40 Regulation Of Translation GO0:0006417 | Translation
PF14 0401 Trna Aminoacylation For Protein Translation G0:0006418 | Translation
PFB0525w Asparaginyl-Trna Aminoacylation G0:0006421 | Translation
PF13 0170 Glutamyl-Trna Aminoacylation GO0:0006424 | Translation
PF07_0073 Seryl-Trna Aminoacylation G0:0006434 | Translation
PFD0525w Regulation Of Translation Translation
MAL7P1.17 Translation, Translational Initiation Translation
PF13 0139 Translation, Translational Initiation Translation
MAL13P1.156 | Translational Initiation Translation
PFQO7_0085 Electron Transport G0O:0006118 | Transport
PFI0255¢ Transport GO0:0006810 | Transport
PF11 0466 Transport GO0:0006810 | Transport
PFL1410c Transport G0O:0006810 | Transport
PF14 0622 Potassium lon Transport G0O:0006813 | Transport
PFF0825c Anion Transport G0:0006820 | Transport
PFCO0140c ER To Golgi Vesicle-Mediated Transport G0:0006888 | Transport
PFB0210c Monosaccharide Transport G0:0015749 | Transport
PFL0950c Phospholipid Transport G0:0015914 | Transport
PFI1670c ATP Synthesis Coupled Proton Transport G0:0015986 | Transport
PF08_0113 Proton Transport G0:0015992 | Transport
PF10240c Metal lon Transport G0O:0030001 | Transport
PFC0245c Protein Transport Transport
Endocytosis, Intracellular Transport,
PFEQO765w Phosphoinositide Phosphorylation, Transport
Phosphoinositide-Mediated Signaling

PF10670w Phosphate Transport Transport
PF10_0262 Phosphate Transport Transport
MAL13P1.246 | Proton Transport Transport
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APPENDIX 5

The Plasmodial proteins found in only the control samples analysed with MS

Gene Id Annotated Go Process GO term Cluster

PFB0205c Biological_Process G0:0008150 Biological Process
PFB0380c Biological_Process G0:0008150 Biological Process
PFB0400w Biological_Process G0:0008150 Biological Process
PFB0640c Biological_Process G0:0008150 Biological Process
PFBO745w Biological_Process G0:0008150 Biological Process
PF10_0037 Biological_Process G0:0008150 Biological Process
PF10_0075 Biological_Process G0:0008150 Biological Process
PF10 0110 Biological_Process G0:0008150 Biological Process
PF10_0140 Biological_Process G0:0008150 Biological Process
PF10 0173 Biological_Process G0:0008150 Biological Process
PF11 0333 Biological_Process G0:0008150 Biological Process
PF11 0384 Biological_Process G0:0008150 Biological Process
PF11_ 0420 Biological_Process G0:0008150 Biological Process
PF11_ 0435 Biological_Process G0:0008150 Biological Process
PFL0130c Biological_Process G0:0008150 Biological Process
PFL0880c Biological_Process G0:0008150 Biological Process
PFL1240c Biological_Process G0:0008150 Biological Process
PFL1395c Biological_Process G0:0008150 Biological Process
PFL1800w Biological_Process G0:0008150 Biological Process
PFL1815c Biological_Process G0:0008150 Biological Process
PFL1980c Biological_Process G0:0008150 Biological Process
PF14_ 0245 Biological_Process G0:0008150 Biological Process
PF14 0329 Biological_Process G0:0008150 Biological Process
PF14 0404 Biological_Process G0:0008150 Biological Process
PF14 0515 Biological_Process G0:0008150 Biological Process
PF14 0543 Biological_Process G0:0008150 Biological Process
PF14 0654 Biological_Process G0:0008150 Biological Process
PF14 0708 Biological_Process G0:0008150 Biological Process
PF14 0714 Biological_Process G0:0008150 Biological Process
MAL13P1.324 | Metabolic Process G0:0008152 Biological Process
PFD0880w Proteasome Assembly Biological Process
PF11_0053 Chromatin Remodeling G0:0006338 DNA Metabolism
PFD0685¢c Chromosome Organization G0:0007001 DNA Metabolism
PF11_ 0061 Chromosome Organization G0:0007001 DNA Metabolism
MAL13P1.22 DNA Ligation G0:0006266 DNA Metabolism
PF11_0249 DNA Metabolic Process G0:0006259 DNA Metabolism
PFI0510c DNA Repair G0:0006281 DNA Metabolism
PFB0895c DNA Replication G0:0006260 DNA Metabolism
PF10 0154 DNA Replication G0:0006260 DNA Metabolism
PFL2005w DNA Replication G0:0006260 DNA Metabolism
PFF0285c Double-Strand Break Repair G0:0006302 DNA Metabolism
PFL2440w Nucleotide-Excision Repair G0:0006289 DNA Metabolism
PFA0665w Pathogenesis G0:0009405 Host Parasite
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Interaction

PFCO0005w

Pathogenesis

G0O:0009405

Host Parasite

Interaction
MAL8P1.220 | Pathogenesis GO0:0009405 | Host Parasite
Interaction
PFD0005w Rosetting G0:0020013 | HostParasite
Interaction
PFF0845¢ Rosetting G0:0020013 | HostParasite
Interaction
PF11 0521 | Rosetting G0:0020013 | HostParasite
Interaction
PFL1950w Rosetting G0:0020013 | HostParasite
Interaction
PFL1960w Rosetting GO0:0020014 | HostParasite
Interaction
PF14_0101 | Cell Adhesion Host Parasite
- Interaction
PF14 0664 Fatty Acid Biosynthetic Process G0:0006633 Lipid Metabolism
PF14 0250 Lipid Metabolic Process G0:0006629 Lipid Metabolism
PEE0410wW L|_p|d A B|0_synthet|c Process, Lipid Lipid Metabolism
Biosynthetic Process
PFA0380w Protein Amino Acid Phosphorylation G0:0006468 Phosphorylation
PFF1145c Protein Amino Acid Phosphorylation G0:0006468 Phosphorylation
PF14 0392 Protein Amino Acid Phosphorylation G0:0006468 Phosphorylation
PF14 0408 Protein Amino Acid Phosphorylation G0:0006468 Phosphorylation
PFBO755w Protein Amino Acid Phosphorylation Phosphorylation
Intracellular Signaling Pathway, Protein .
PFC0560c Amino Acid Phosphorylation Phosphorylation
PF10_0363 Glycolysis G0:0006096 Primary Metabolism
PF11_0416 Actin Filament-Based Movement G0:0030048 Primary Metabolism
PFI1590c Apoptosis G0:0006915 Primary Metabolism
PFL1725w ATP Biosynthetic Process GO0:0006754 Primary Metabolism
PF08_0132 Glutamate Metabolic Process G0:0006536 Primary Metabolism
PFC0275w Glycerophosphate Shuttle G0:0006127 Primary Metabolism
PF10_0026 ';,"r%'c'\ggg’bdome“” Cofactor Biosynthetic | ~.6506777 | Primary Metabolism
PFC1030w Regulation Of Rab Gtpase Activity G0:0032313 Primary Metabolism
PFLO575w Thiamin Biosynthetic Process G0:0009228 Primary Metabolism
PFO7_0120 AIIant0|r] Catabolic Process, Purine Base Primary Metabolism
Metabolic Process
PFL0O975w Cell Cycle, Cell Division, Mitosis Primary Metabolism
PFC0975c¢ Protein Folding G0:0006457 Protein Folding
MAL8P1.204 Protein Folding G0:0006457 Protein Folding
PF10935w Protein Folding G0:0006457 Protein Folding
PFLO055¢c Protein Folding G0:0006457 Protein Folding
PF11_0433 Protein Folding Protein Folding
PF14 0147 ATP-Dependent Proteolysis G0:0006510 Proteolysis
PF14 0616 Protein Catabolic Process, Proteolysis G0:0030163 Proteolysis
PF14 0063 Protein Metabolic Process G0:0019538 Proteolysis
PFB0355¢c Proteolysis G0:0006508 Proteolysis
PF14 0160 Proteolysis G0:0006508 Proteolysis
PF11_ 0201 Ubiquitin Cycle G0:0006512 Proteolysis
PEI1545¢ Ubiquitin-Dependent Protein Catabolic GO-0006511 Proteolysis

Process
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ER-Associated Protein Catabolic Process,

PFC0590c Regulation Of Cell Cycle Process Proteolysis
PFE0395c Attachment Of GPI Anchor To Protein Proteolysis
PFE1155c Proteolysis Proteolysis
PFEO715w Aspartyl-Trna Aminoacylation G0:0006422 RNA Metabolic
Process
PF14 0231 Ribosome Biogenesis And Assembly G0:0042254 Erl\cl)ﬁel\élstabohc
PEDO0265wW RNA Splicing GO:0008380 | RNA Metabolic
Process
PFBO715w Transcription G0:0006350 RNA Metabolic
Process
PFE0870w Transcription G0:0006350 | RNA Metabolic
Process
PF11 0264 | Transcription G0:0006350 | RNA Metabolic
Process
PF14 0695 | Transcription, DNA-Dependent G0:0006351 | RNA Metabolic
Process
PEL1210w Trna Am_moacylatlon_For Protein GO:0006418 RNA Metabolic
Translation, Translation Process
PF11_0282 | Trna Metabolic Process G0:0006399 | RIVA Metabolic
- Process
PEDO555¢ ATP_Blos_ynthetlc Pro<_:ess, Trna RNA Metabolic
Modification, Translation Process
PFO7_0012 Transcription, DNA-Dependent RNA Metabolic
Process
PE11 0279 Mrna Pr.ocessmg, Mrna} Transport, RNA Metabolic
- Regulation Of Translation Process
PEL 1085w Regulation Of Transcription, DNA- RNA Metabolic
Dependent Process
PE13 0097 Regulation Of Transcription, DNA- RNA Metabolic
- Dependent Process
PF14 0550 Regulation Of Trans.cn.ptlon, DNA- RNA Metabolic
- Dependent, Transcription Process
MAL7P1.108 Cell Communication GO0:0007154 | Signal Transduction
PEA0335wW Small Gtpase Mediated Signal GO:0007264 | Signal Transduction
Transduction
prDogiow | SMall Gtpase Mediated Signal GO:0007264 | Signal Transduction
Transduction
pr13 0119 | SMall Gtpase Mediated Signal GO:0007264 | Signal Transduction
Transduction
PFE0850c Translation G0:0006412 | Translation
PFQO7_0088 Translation G0:0006412 Translation
PF14 0240 Translation G0:0006412 Translation
PFC0225c¢ Translational Elongation G0:0006414 | Translation
PFL0210c Translational Initiation G0:0006413 Translation
PF11_0480 Regulaupn Of Gene Expresgl_on_, Translation
- Translation, Translational Initiation
PFEO0195w Cation Transport G0:0006812 Transport
MAL7P1.202 Intracellular Protein Transport G0:0006886 | Transport
PFL0885w Intracellular Protein Transport G0:0006886 | Transport
PF14_ 0455 Multidrug Transport G0:0006855 | Transport
PF14_0361 Protein Transport G0:0015031 Transport
PFCO0725c Transport G0:0006810 Transport
PFE1400c Vesicle-Mediated Transport G0:0016192 | Transport
PFF0165c Vesicle-Mediated Transport G0:0016192 | Transport
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PFF0830w Vesicle-Mediated Transport G0:0016192 | Transport

PFC0435w Phosphate Transport Transport
Intracellular Protein Transport, Vesicle-

PFF0655c Mediated Transport Transport
Endocytosis, Intracellular Protein

MAL8P1.123 Transport, Protein Complex Assembly Transport

PEI0210cC Intracellular Receptor Mediated Signaling Transport

Pathway, Intracellular Transport
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