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ABSTRACT

Plasmodium falciparum is the causative agent of the most malignant form of human
malaria, which remains as one of the most devastating infectious diseases. In face of a
continuous international effort to eliminate the disease, the parasite not only has evaded
a total obliteration, but has now evolved resistance to many of the available drugs. Next
generation rational drug design is in urgent need and the key of such will lie on the
successful identification of the parasite’s ‘Achilles heel’. While many existing and
outstanding drugs have shown the promises of targeting the parasite translation
machinery, the translation dynamics as well as the translational regulatory mechanisms
are poorly understood. The studies described in this thesis aim to further our
understanding on the translational regulation in P. falciparum, at both the global and
gene-specific levels.

Pregnancy associated malaria (PAM) is commonly seen with excessive sequestration of
infected red blood cells in the placenta, the phenomenon is widely considered as the
result of the specific ligand-receptor binding between the parasite derived PfEMP1-
VAR2CSA proteins and the CSA proteoglycans. Translation of VAR2CSA protein is
repressed by an upstream open reading frame, and a predicted trans factor is required
for de-repression of var2csa translation. By using a spontaneously derived mutant that
fails to efficiently translation the VAR2CSA proteins, we identified PTEF
(Plasmodium translation enhancing factor) as the putative trans acting factor that allows
efficient VAR2CSA translation. PTEF binds to the ribosomes and can enhance
translation in a E. coli system. Importantly, higher PTEF expression was invariably
observed to be associated with PAM in previous studies. Furthermore, PTEF function
requires the processing by a calpain protease, blockage of the processing abolishes
PTEF function in a reporter assay. Our data strongly suggest PTEF is an important
regulator of PAM and raises potential therapeutic opportunity.

It has been well described that codon usage bias could have a profound effect on
translation efficiency. Codon usage is extremely biased in P. falciparum and cumulated
to frequent insertions of asparagine homorepeats in up to one fourth of the proteome.
However, the biological effect of this codon usage bias has not been studied. By using
rationally recodonized GFP sequences, we showed that the increased use of GU wobble
codon could reduce translation efficiency. We also demonstrated that the GU wobble-
rich codon context underlying the asparagine homorepeats could impart significant
influence on the translational output and transcript stability of the host gene. Despite
this, GU wobble codons are overrepresented in the genome. Bioinformatics analyses
suggested the high content of GU wobble codon might serve as a global regulatory
mechanism. We thus offered new insight on the genome evolution of the parasite.
RIFIN is the largest variable surface antigen family in P. falciparum. Its research
profile has been much uplifted recently, as report showed that it might have a crucial
link with severe malaria. While there is a sufficient interest to investigate the regulatory
mechanisms associated with the RIFIN family, functional study of RIFIN is often
marred by the lack of robustly verified reagents. By using RNA-sequencing and ultra-
dense peptide microarray, we were able to authenticate specific RIFIN antibodies that
exhibit some degree of intra-family cross-reactivity but minimal non-specific reactivity
with other antigens. The derivation of these reagents will be important for future
studies.
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1 INTRODUCTION
1.1 Malaria and global health

The word ‘Malaria’ originates from the Italian word mala aria, meaning ‘bad air’,
which justly reflects how this deadly disease had instilled fear from people in the
medieval time. We now know that human malaria can be caused by at least five
parasite species from the Apicomplexa phylum; Plasmodium falciparum,
Plasmodium vivax, Plasmodium ovale, Plasmodium malariae and Plasmodium
knowlesi. Malaria is an archaic disease. While the origin of the human malarial
parasites is still debated, early studies once proposed that P. falciparum could
have diverged from a chimpanzee parasite, P. reichenowi, since the origin of the
hominids, and was closely associated with the divergence of hominids and
chimpanzee at almost 5 million years ago (1, 2). However, it was later suggested
that P. falciparum has only undergone a rapid expansion from a severe
bottleneck population within the past 6000 years, dubbed the ‘Malaria’s Eve’,
that have likely defined the limited genetic structure of the contemporary
parasite population (3, 4). Recent reports added to the complexity by pointing to
possible lateral transfer events of human malarial parasites from other primate
hosts at some point, in particular P. falciparum was found to be most related to
Plasmodium spp. that infect gorilla, but not the chimpanzee (5).

Regardless of the time of the origin, malaria has left an unmistakable trail during
human evolution, on both the cultural and biological context (6, 7). Today,
malaria remains one of the most devastating infectious diseases and is still
endemic in 91 mid and low-income countries, holding tight onto its reputation
as a poverty-associated disease. At the conclusion of the Millennium
Development Goal in 2015, WHO reported an annual 212 million clinical cases of
malaria, resulting in the loss of 429 000 human lives and of which 70% are
children under the age of 5 (WHO malaria report 2016). Worse still, mortality
and morbidity figures of WHO are, suggested from a few studies, disputably
underestimating the level of malaria endemicity (8, 9). Yet, it is undeniable that
more than a decade of intensified control intervention and investment, boosted
by a shared commitment among the international community, had turned the
tides against this deadly disease into a favorable one (10). Mortality and
incidence continue to move steadily along a downward projectile, accompanied
by an ever-shrinking malaria map. This achievement is attributed to the scaling
up of various control measurements, including an increased coverage of vector
control measures through the use of insecticide-treated net and indoor residual
spraying, improved availability of diagnostic and surveillance tools, improved
anti-malarial drug distribution and treatment regimes, as well as a continuous
economic development that has reduced poverty at an unprecedented rate (11-
13).

In 2016, the WHO put forth the ‘Global Technical Strategy for Malaria’ that aimed
to ambitiously reduce global incidence and mortality by 90% in 2030, effectively
stressing a global roadmap from disease control to elimination. Meanwhile, at
the dawn of this inter-phase, challenges lie ahead. Malaria epidemiology in many
regions is now adopting a changing dynamics (14, 15). While many regions
begin to eliminate the disease, transmission has mostly been reduced to low
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Figure 1. A reducing malaria endemicity. Upper panel shows a shrinking
malaria map in Africa between (a) 2000 and (b) 2015. Heat map of Plasmodium
falciparum parasite rate in children of age 2-10. Lower panel shows a reducing
population in risk of high transmission area. (Upper: adopted from S. Bhatt et al.
2017, Lower: adopted from AM Noor et al. 2014, with permission to reproduce)

intensity, and the remaining parasite reservoir is increasingly present at low
density that often eludes detection by traditional microscopy techniques.
Furthermore, asymptomatic adults have replaced children as the major parasite
carriers. These new circumstances render traditional intervention strategies
increasingly less cost-effective, which would potentially melt away financial
interests as well as political commitments. Furthermore, artemisinin resistance
has emerged and is gradually gaining a foothold in the Southeast Asia (16). The
ongoing trend, aided by increased international travel, poises to spread the
resistance to neighboring India and sub-Saharan Africa, of which occurrence
would cast a dooming spell across the continent (17). Therefore, as the arms
race between humans and parasites continues to rage, novel and innovative
strategies would be the beacons for future control. Promising new generations
of drugs and vaccine are now available on the shelf or in the late stage of
developmental pipeline (18, 19), as well as diagnostic tools with increased
sensitivity. At the same time, vector control can now be implemented through
environmental management (20), the use of biologically modified vectors or
through manipulating vector behavior (21, 22). Seasonal malaria
chemoprevention can also be administered to interrupt transmission (23).



1.2 Malaria parasites and the life cycle

The malaria parasite has a complex life cycle involving the human intermediate
host and the female Anopleles mosquito as the definite host.

Infection of the human host begins with the extravascular dermal injection of
sporozoites during a bloodmeal of an infected mosquito. After a somewhat
prolonged lingering in the bite site engaging in a random forward gliding
motion, the motile sporozoites penetrate and enter the blood circulation where
they are then swiftly carried over to the liver (24, 25). Upon reaching the
capillaries in the liver, several cellular barriers have to traverse by the
sporozoites. Sporozoites were observed to traverse through the kupffer cells and
the endothelial cells in the liver sinusoids to eventually exit the sinusoidal layer
and infect the target hepatocytes (26).

Invasion into the hepatocyte is immediately followed by the encapsulation of the
parasite in the parasitophorous vacuole. In the protective environment of PV, the
single parasite multiplies to eventually forming thousands of merozoites,
typically within 7 to 14 days. It has been hypothesized that this massive
replication feat is permissible by a robust vetting of hepatocytes for residence by
the sporozoites. In Plasmodium vivax and Plasmodium ovale, the liver stages can
enter into a dormant form called the ‘hypnozoite’ that may persist within the
hepatocytes for long periods of time, lurking for an activation to initiate a
relapse of infection.

At the end of the liver stage, infectious merozoites are released to the blood
circulation, marking the beginning of the intraerythrocytic developmental cycle
(IDC). Merozoites actively invade red blood cells utilizing an armament of
parasite-derived proteins to mediate binding to red blood cell (RBC) receptors,
the coordinated cellular entry involves deformation of the RBC membrane and
the formation of tight junctions. Similar to what happened in the liver cells, PV is
formed to enclose the parasite where it progresses from ring stage to the
metabolically active trophozoites stage. During maturation, the parasite exports
a myriad of proteins that extensively modify the biochemical properties of the
host cells, conduits known as the new permeation pathway are also created to
transport essential nutrients cross the PVM and the RBC membrane (27). The
trophozoites then undergo schizongony, a process in which a single genomic
DNA copy is replicated for multiple rounds to give rise to 12-30 merozoite
progenies. They are released to the circulation upon rupture of the RBC, ready to
invade new RBC to re-initiate the cycle.

While a majority of the parasites is destined to renew the IDC, a fraction of the
population undergoes gametogenesis to generate male and female gametocytes.
These are sexual forms of the parasite that are taken up by mosquitoes for
further transmission. The conditions that triggered cellular commitment to
gametogenesis remain unclear. In vitro driven gametogenesis, however, involves
at least some stress conditions. Moreover, cell-to-cell communication through
microvesicles transfer appears to enhance the production of gametocytes (28).
Once the gametocytes are ingested, the male gametocyte divides into eight
flagellated microgametes that are released and fertilize with the female
macrogamete in the mosquito midgut to form a zygote, the only diploid stage of



the parasite. The zygote then becomes motile and transforms into an ookinete
and transverses across the midgut. The ookinete subsequently establishes as an
oocyst after migration. The established oocyst generates a large number of
sporozoites, which migrate to the salivary gland and completing the life cycle.
While all the five human malaria parasites have the same life cycle, there are
marked differences in the biology of some of the developmental stages. Most
notably is the different duration of the IDC. Tertian malaria includes P.
falciparum, P. vivax and P. ovale, which have a 48-hour IDC. Whereas P. knowlesi
and P. malariae are known as quotidian and quartan malaria, having a signature
IDC duration of 24 hours and 72 hours respectively.
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Figure 2. (A-E) depicts the complete life cycle of P. falciparum.
(Adopted from AF Cowman et al. 2016, with permission to reproduce)

1.3 Malaria pathogenesis
1.3.1 General pathogenesis in uncomplicated malaria

The clinical symptoms of malaria appear when the parasites enter the IDC
developmental stage. Of the five species causing human malaria, P. falciparum is
overwhelmingly blamed as the major contributor of morbidity and mortality.
Though with an improved efficiency in disease surveillances, it is increasingly




understood that P. vivax and P. knowlesi could also cause severe clinical
symptoms (29, 30).

The typical non-specific symptoms are usually systemic, including flu-like
manifestations, fever, muscle ache, diarrhea, lethargy and nausea. Fever is
notoriously known as the malarial paroxysm, and is characterized by bouts of
sudden onset of shivering and cold sensation amid an elevated body
temperature that can last for a few hours. This periodicity is apparently
associated with the synchronized destruction of RBCs when merozoites are
released at the end of the IDC, triggering an intense ‘cytokine storm’ mounted by
the host innate immune response (31). The mass destruction of RBC, on the
other hand, can cause hemolytic anemia. Splenomegaly is also a common feature
in malaria, with extreme cases of spleen rupture were reported. It is because the
bio-physiological properties of the parasitized RBCs are altered by the parasites,
most notably with a reduced deformability, and the spleen therefore traps and
destroys these pRBC as a defense mechanism (32, 33). Overloading of the spleen
by recurring infections and high parasitemia thus can cause splenomegaly.
Spleen size in children was historically used as an indicator of transmission
intensity before the introduction of modern molecular techniques.

1.3.2 Severe malaria

Severe malaria refers to the progression from general non-specific clinical
symptoms to the exhibition of more severe and specific complications, usually
with the risk of fatal outcome if left untreated. Severe malaria can be categorized
into cerebral malaria (CM), severe anemia, acute respiratory distress syndrome
and pregnancy associated malaria (PAM). The pathogenesis and causes of these
severe complications are not totally clear, with opinions mainly divided into two
schools of thought, one school claiming these complications to be associated
directly with parasite sequestration and the other adopts a more cytokine-
centric view.

Cerebral malaria

CM is a neurological manifestation of severe malaria, it is defined as a clinical
syndrome in patients with unarousable coma and P. falciparum parasitemia in
the peripheral blood, in which the coma cannot be explained by another cause.
In high transmission area, coma can befall children with sudden onset of seizure
following 1-3 day of fever. Symptoms can include brain swelling, intracranial
hypertension and abnormal posture that indicates brainstem damage. Death is
invariable without treatment and with a 15-20% fatality rate even if treatment is
provided, survivors are also more prone to neurological squeals (34, 35).

A common feature of CM is the sequestration of parasite in the cerebral
microvasculature (36), this is proposed to cause occlusion that can impair blood
perfusion and create a hypoxic microenvironment. Hypoxia induces ischemic
injury and an increased blood flow ensues to compensate the metabolic
necessities, which in turn causes hypertension. From a cytokine-centric
perspective, increased TNF production can be seen as trigger of endothelial
activation, which up-regulates ICAM1 expression and further reinforces parasite



sequestration. Finally, vascular injury can eventually lead to disruption of blood
brain barrier, inducing a cascade of intense pro-inflammatory responses (37).

Pregnancy associated malaria

While most severe malaria complications are incidentally associated with young
children that have less adaptive immunity against the parasites, PAM is an out-
group that affects only pregnant women. It is estimated that 50 millions
pregnancies occur annually in area of stable malaria transmission, putting a
huge risk group to PAM (38). Despite the semi-immune status acquired through
repeatedly exposure to malaria, primigravid women are very susceptible to
PAM. PAM is associated with poor birth outcomes, including low birth weigh,
preterm delivery and an increased risk of prenatal and neonatal mortality.
Mortality to the pregnant women can also be attributed to an increased risk of
maternal anemia (39). A hallmark of PAM is usually the excessive sequestration
of parasites in the placenta. This specific sequestration is mediated by the
binding of parasite VAR2CSA protein to the glycosaminoglycan chondroitin
sulfate A (CSA) and will be detailed in this chapter later. This binding property,
which is central to PAM, explains why successive pregnancies can gradually lead
to acquisition of a semi-immune status. The binding through a relatively
conserved parasite protein also promises the development of a vaccine.

In general, the increased parasite biomass in the placenta is countered by host
defense mechanism and results in an accumulation of immune cells, most
notably macrophages (40). Besides the infiltration of immune cells, a pro-
inflammatory cytokines profile can also be seen (41). Together, it is suggested
that an enhanced complement activation and hemozoin deposition in the
intervillous fibrin due to phagocytosis of parasitized cells can contribute to the
adverse outcome of PAM (42-44). In many endemic area, PAM is managed by
Intermittent Presumptive Treatment (IPTp), which is a mass drug
administration strategy targeted to pregnant women using single dose of
sulfadoxine-pyrimethamine both during early second and third trimester (45).

1.4 Antigenic variation and associated virulence

Antigenic variation is a common strategy adopted by many pathogens. By
constantly varying the surface landscape, it allows the pathogen to discontinue
the exposure of antigens that are targeted by the host adaptive immunity and
effectively evade destruction as well as exhausting host immune mechanism.
Antigenic variation is likely an important evolutionary trait that are selected on
the population level, because it permits the pathogen to maintain a persistent
chronic infection, to easily transmit within a larger effective naive host
population as well as to allow repeated infections in the same host. In eukaryotic
parasites, Typanosoma brucei (46), Giardia lamblia (47) and Plasmodium are
well known for exhibiting different degrees of antigenic variation. In P.
falciparum, antigen variation has been shown to involve variable surface
antigens, invasion antigens and solute transporters (48). The dynamics
governing antigenic variation is though to be host immune-modulated, as



parasites in splenectomized individuals have been found to behave profoundly
different in this dynamics (49, 50). However, recent study has challenged this
notion, as an apparently hard-wired antigenic variation program still happened
in parasites infecting immuno-compromised mice (51).

1.4.1 var genes and PfEMP1

var gene family, and the encoded Plasmodium falciparum erythrocyte membrane
protein 1 (PfEMP1) (52), is indisputably the most studied gene family in P.
falciparum.

Each haploid genome of the parasite contains around 60 copies of var gene. A
typical var gene contains two exons separated by a small conserved intron, they
can be divided into four distinct types depending on the sequence of their
upstream elements, and are also defined by their orientations. UpsA genes are
found exclusively in the subtelomeric regions and transcribed towards the
telomere, upsB are also found in the subtelomeric but some upsB var genes can
be found in the central region of the chromosome, in which all UpsC are
invariably located. UpsE sequence exclusively flanks the relatively conserved
varZcsa (53). Importantly, the vardom’ between parasite strains and isolates are
highly polymorphic, and recombinations happen frequently between var genes
of the same ups group to further generate genetic diversity (54, 55).

Var gene is under the control of a strict program of mutual exclusive regulation.
Though at times disputed, current opinion is that only one member is expressed
in a parasite at a time (56-58), and its periodic switching to another var member
almost defines the central thesis of antigenic variation in P. falciparum.
Switching between members occurs at around 2% per generation, but can be
higher depending on the genetic background (59), the switching appears not
programmed but are also suggested to follow some undefined rules, as any
disturbance to the mutual exclusive regulation frequently resulted in the on-
switching of the upsE varZcsa (60). The regulation of the mutual exclusive
expression is transcription dependent and is at least dependent on sequence
elements found on the promoter and the conserved intron, and that the paring of
the two elements are required for a ‘gene-counting’ mechanism (61-63). When
and how a var gene is decided to be transcribed and the eventual expression of
the protein are now increasingly appreciated to involve practically all levels of
the central dogma, some of these will be discussed later in this chapter.

Var genes encode PfEMP1 proteins, which are large multi-domain proteins. A
typical PfEMP1 is consist of an N-terminal sequence (NTS), multiple Duff Binding
Like (DBL) domains, a cysteine-rich interdomain region (CIDR) and a
transmembrane region followed by a relatively conserved acidic terminal
sequence (ATS). Large-scale survey was able to classify, by sequence similarity,
six DBL types and five CIDR types. PFEMP1s can vary in both the number and the
order of the domains in their overall architecture, creating variable mosaic
patterns as well as intra-domain sequence diversity (53). Interestingly, many
domain cassettes (DC) with defined domain types and orders can also be
classified, suggesting possible functional constraints underlying these domain
cassettes. A major function of PfEMP1 is to mediate cytoadhesion, a process in
which infected RBCs sequester to the endothelial lining.



1.4.2 RIFIN and STEVOR

Also found in P. falciparum genome are >150 copies of rif and 30-40 copies of
stevor genes, that encode the RIFIN (repetitive interspersed family) and the
STEVOR (sub-telomeric variable open reading frame) proteins respectively.
Unlike PfEMP1, they are typically 30-50 kDa and their gene structures invariably
contain two exons. RIFIN can be further divided into group A and group B, with
group A proteins retaining a conserved internal indel of 25 amino acids (64).
Both gene families appear to exhibit some degree of mutual exclusive expression
and property of antigenic variation (65, 66). Their peak expression are generally
at late stages of the asexual cycle, though expression in other stages were noted
(67, 68). While all other Plasmodium spp lack PfEMP1-like proteins, some can
still sequester to vessels. The relatively small size of RIFINs and STEVORs,
therefore, make them the more comparable entities to the variable surface
antigens found in other Plasmodium spp, fuelling speculation that they maybe
also mediating cytoadhesion. Supporting this, RIFINs were found to be target of
naturally acquired antibodies during malaria infection and functional protection
of these antibodies were reported (69, 70).

1.4.3 Cytoadhesion and Rosetting

Cytoadhesion is an ubiquitous feature of P. falciparum, it refers to the
sequestration of parasitized RBC to the endothelial cells that line the
microvasculatures. The more specific occurrence of aggregation of uninfected
RBCs centering a parasitized RBC is commonly termed as ‘Rosetting’.
Cytoadhesion and rosetting primarily serve as adaptive mechanism for the
parasites to prevent destruction by the spleen, as parasitized RBCs have reduced
deformability and would be sidelined from the circulation for destruction when
they pass through the spleen. Secondary, the effect of cytoadhesion and rosetting
can be associated with disease severity (71). A wealth of literatures has
established strong association between these phenomena and the expression of
PfEMP1s. Different PfEMP1s variants have been demonstrated to bind a number
of receptor ligands that are found on endothelial cells and RBCs. The current
known ‘interactome’ of PFEMP1 includes CD36, ICAM-1, EPCR, PECAM1, Heparan
sulphate, CSA, P-selectin, Thrombospoindin, CR1 and Blood group A, (see
reviews (72, 73)). Given the huge diversity of PFEMP1 variants, this ‘interactome’
is likely to be further expanded.

Of particular interest is the apparent association of some PfEMP1 variants and
severe disease outcomes. Variants consisting of DC8 and DC13 can bind EPCR
and are associated with severe malaria (likely CM) incidence (36, 74-76).
Another classical example is the almost predictive expression of VAR2CSA in
PAM (77). The relatively conserved VAR2CSA is the only variant known to bind
to chondroitin sulfate A, which is a proteoglycan found on syndecan-1 proteins
expressed on the surface of syncytiotrophoblast microvillous cells (78).
Furthermore, rosetting can also be mediated by RIFIN and STEVOR variants (79,
80). In particular, RIFIN preferentially binds to blood group A and aggravates
rosetting phenotypes, to an extent that it has been suggested as a driving force
for the purifying selection of blood group A allele in African populations (79, 81).



1.5 P. falciparum genome and its regulation
1.5.1 General features of P. falciparum genome

The genome sequence of P. falciparum was first reported in 2002 from the
parasite clone 3D7 (82). The genome consists of a ~23Mb nuclear genome
organized into 14 linear chromosomes ranging from ~0.6 to 3.3Mb, a 35kb
circular apicoplast plastid and a 6kb mitochondrial genome. The nuclear genome
has an AT content considered to be the highest among all sequenced genomes,
averaging at 81%, and spiking to ~90% in non-coding regions. Similar to many
unicellular organisms, gene density is relatively high, ~50% of the genome
sequencing is predicted to be protein coding. More than half of the ~5300
protein coding genes contain intron, and the average gene length is much longer
than that of other organisms. Notably, initial assignment showed that up to 60%
of genes encode proteins of unknown function, effectively sharing no sequence
homology to any known protein. While gene prediction by sequence homology
can sometimes be confounded by the high genomic AT content, it reflects the
very limited knowledge in our understanding of the parasite genome.

1.5.2 Genome regulation

The regulation of genome activity in P. falciparum has been studied and
described on all levels of the central dogma of molecular biology; this section
will discuss some mechanisms shown to be important for the eventual function
modulation of the genome, either through functional studies or system biology
analyses.

Nuclear architecture and High order chromatin structure

The organization of chromosomes and the dynamics of their physical
localization into nuclear sub-compartments are increasingly appreciated as
important regulatory mechanisms of the genome activities.

The majority of the chromosomal regions of P. falciparum can be seen in electron
microscopy to be predominantly maintained in decondensed euchromatin,
which usually defines transcriptionally permissive sites. However, telomeric
regions are tethered to the nuclear periphery, forming transcriptionally
repressive heterochromatin (83). Four to seven clustered nuclear foci containing
the 28 telomeric ends of the chromosomes were visible in the nuclear periphery
in early FISH experiments (84). It is now clear that chromosome-end plays an
important role in gene regulation. P. falciparum telomeres contain tandem
GGGTT(T/C)A repeats and are organized into non nucleosomal structure in the
most distal region. The telomeric region is followed by a subtelomeric region
containing non-coding elements that include the telomere-associated-repetitive
elements (TARE 1-6), and is adjoined by a region with coding-genes mostly of
variable surface antigens (82, 84, 85). While a telosome complex is expected to
bind the telomere, experimental data suggests a very different components as
compared to other eukaryotes (86). So far, a number of proteins have been



shown to bind telomeric sequence or colocalized in these telomeric foci,
including the histone deacetylase PfSir2A (87) and the cooperatively bound
PfORC1 (88), PfHP1 that binds the repressive methylated H3K9 marks (89), the
histone H3K4 methyltransferase PfSET10 (90), DNA-binding domain containing
PfAlba3 (91) and PfSIP2 which binds to the SPE2 elements that are mostly
scattered in the subtelomeric regions (92). PfTRZ, which contains a C2Hz zinc
finger domain, has also been shown to bind directly to the telomeric repeats
(93). Most recently, the atypical AP2 domain-containing PfAP2Tel was co-
pulldown with the telomere repeat sequences together with a number of novel
factors and was demonstrated to cluster with the telomeres in vivo (94). This has
expanded the repertoire of potential telosome-forming proteins. The effect of
telomeric clustering appears to affect var genes on the genomic and
transcriptional level. Clustering of the telomere brings together var genes on
different chromosomes and may contribute to the increased recombination
frequency between different var genes and generates sequence diversity (54,
55). The silencing and activation of var genes are also closely related to
telomeric clustering. The activated var gene, while still localizes in the nuclear
periphery, has been demonstrated to delocalize with the silenced var gene
members, a mechanism known as telomere positioning effect (TPE) (83). The
mechanism governing the observed TPE and the activation and silencing
remains unclear, but it was reported that a sequence element within the var
intron serves as the platform for scaffolding a nuclear protein complex that
recruits the actin protein complex, and the disruption of any of these elements
derail the normal regulation of TPE and thus the mutual exclusive expression of
the var gene family (95).

Besides var genes, rDNA genes are loci that are also positioned to the nuclear
periphery, and colocalize with PINOP1, a nucleolus marker (96). All rDNA genes
were once believed to colocalize in a perinuclear focus and then dispersed to
multiple foci upon DNA replication stage, resulted in decreased transcriptional
activities (96). However, recent advances using chromosome conformation
capture and next generation sequencing techniques suggested direct
chromosomal contact between the active rDNA loci but not the silenced
counterparts (97, 98). The centromeres, which are stretches of 2-3kb extremely
AT rich sequence, also focalize in the perinucleus (99).

In P. falciparum, a nucleosome unit is defined by the wrapping of 155bp, instead
of the usual 147bp, of DNA to the histone core (100). Nucleosome positioning
has important implication on the transcriptional status of the genes. Regions of
nucleosome depletion promote formation of open chromatin and accessibility to
the transcriptional machinery. Due to the technical challenges presented by the
extreme AT richness of the genome, reports on nucleosome occupancy in P.
falciparum were sometimes disputed (101-104). However, in general, most
reports suggested that lower nucleosome occupancy was observed in the
promoter regions that mark the transcriptional start sites, and nucleosome
depletion is usually more prominent in actively transcribed genes, thus
establishing a correlation between low nucleosome occupancy and
transcriptional activities. A generally lower occupancy in the intergenic regions,
while disputed (101, 104), could be a result of the high AT content in these
regions, which would present a reduced binding stability to histones (105).
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Interestingly, global dynamic changes of nucleosome occupancy, instead of a
more targeted fashion, appear to be coupled with the transcriptional activities of
the developmental stages, with trophozoite stages showing lower global
nucleosome occupancy when compared to ring and schizont stages (101). The
stage-specific open chromatin structure reflects the high transcriptional
activities, or perhaps also facilitates the assembly of pre-replication complexes.
This was further supported by the observation of less intrachromosomal
contacts in the trophozoites stage, corroborating the existence of a relaxed
chromatin structure (97, 98).

Plasmodium histones have considerably diverged sequences as compared with
other eukaryotes. The genome harbors a lineage specific H2B variant (H2B.Z),
but lacks the linker histone H1, in addition to all canonical histone units (106).
Nucleosome sub-structures characterized by differential assembly of histone
units was reported and has association with the transcriptional status in the
parasite. H2A.Z and H2B.Z were preferentially enriched in intergenic regions and
most markedly deposited in the promoters of actively transcribed genes (107).
Most distinctly, only the single active var gene is deposited with these histone
variants (108, 109). However, there was no evidence to suggest their fluctuation
during the asexual cycle. These data may point to their role in establishing
cellular memory. Another H3 variant, PfCENH3, is enriched preferentially in
nucleosomes wrapped by the centromeres (99).

Epigenetic regulation

Epigenetic is the study of stable heritable traits that cannot be explained by
changes in DNA sequences. It is commonly referring to the study of post-
translational histone modifications and DNA methylation, in addition to
regulation of chromatin structure. In P. falciparum, histone modifications
capture most of the spotlight in this regard. Global proteomic studies by several
independent research groups established an extensive library of histone
modifications in P. falciparum, many of these appeared to be unique for this
species. While most identified histone marks have yet to be defined functionally,
some investigated histone marks were shown to denote conserved function as in
other eukaryotes. For example, enrichment in the intergenic region with H3K4
methylation and acetylation in various histone H3 residues are associated with
the euchromatin regions and thus positively associated with transcriptional
activities, whereas, H3K9 methylation and histone hypoacetylations are
generally localized in the nuclear periphery, effectively demarcating the
repressive heterochromatin regions (110-112). Importantly, var regulation
implicitly involves the dynamic interplay of these histone marks, the single
active var gene is deposited with H3K4me3 and H3K9ac, while all the silent var
genes are marked repressive H3K9me3 (112). On the other hand, at least some
important histone marks have functionally departed in P. falciparum, such as
methylations of H3K36, which generally marks coding regions of
transcriptionally active loci, were found to be associated with gene repression in
the parasite (113), specifically, H3K36me3 is distributed on all var genes
regardless of the transcriptional status. Furthermore, the important repressive
H3K27 methylation marks were reportedly absent in the parasites in multiple
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studies (110, 113-115), although a recent study specifically detected the
presence of this mark almost exclusively in sexual stage parasites (116), which
may suggest a role in global reprogramming transcription during differentiation.
Histone modifications are dynamically deposited and removed by chromatin-
modifying enzymes. These enzymes include histone acetyl transferases (HAT),
histone deacetylase (HDAC), histone methyl transfeases (HMT) and histone
demethylase (HDM). P. falciparum genomes retain an extensive panel of these
enzymes, including ten SET-domain containing proteins that mediate histone
lysine methylation, three HDMs harboring either the LSD or JmjC domains (117),
eight HATs, one class I HDAC, as well as two of each class Il and III HDACs. A few
of these chromatin-modifying enzymes have been functionally characterized
and, together with the reversible histone modifications, they regulate diverse
processes. PfGCN5 and PfMYST are HATs that preferentially acetylate various
lysine residues of histone H3 and H4 respectively. Inhibition of PfGCN5 induced
cell-cycle arrest (118), whereas PIMYST is refractory to gene disruption and that
overexpression resulted in reduction in cell proliferation and increased
sensitivity to DNA damages (119). These indicate HATs and dynamic histone
acetylation are essential for the asexual stage. PfSIR2A and PfSIR2B of class III
NAD+ dependent HDAC are important regulators of the subtelomeric
heterochromatin, deletion of either gene resulted in the abolition of mutual
exclusive var expression (120), PfSIR2ZA was further shown to regulate the
transcription of rDNA and also to be important for telomere length homeostasis
and may promote inter-chromosome recombinations (120-122). Since all these
elements localize in the nuclear periphery, PfSIR2A is likely to be instrumental in
the maintenance of the transcription repressive center underlying this nuclear
subcompartment. Depletion of the class Il HDAC PfHda2 at the post-translational
level was reported to also abolish the global silencing effect of var loci (123).
Moreover, increased gametogenesis was observed as a result of transcriptional
activation of AP2-g, silencing of which is normally mediated by PfHda2
deacetylation. PfSET2 (PfSETvs), a primate specific SET-domain containing
protein, mediates trimethylation of H3K36 residue. H3K36me3 appears to be
restricted to the var genes coding region regardless of the transcriptional status,
and knockout of PfSET2 resulted in the simultaneous activation of all var genes
(124). Recruitment of PfSET2 to the var loci is thought to be dependent on the
unphosphorylated form of RNA polymerase II, and that the disruption of this
binding phenocopies the effect of PfSET2 knockout (125). Another functional
study on PfSET10 showed that this HKMT is responsible for H3K4 methylation
and exclusively colocalizes with the active var gene, but not the silent var.
Interestingly, PfSET10 interacts with PfActin, potentially implicated in the TPE
and thus var switching mechanism (90). Biochemical characterization of PfSET7
also suggested methyltranserase activities towards H3K4, although the same
enzyme can also methylate the antagonistic H3K9 residue (126).

In addition to chromatin modifiers, numerous ‘histone code’ readers are known.
Domains such as the chromo-domain and the bromo-domain which bind to
methylated and acetylated lysine residue respectively are also present in the
Plasmodium genomes. One classical example is the chromodomain-containing
PfHP1 (heterochromatin protein 1). PfHP1 recognizes and binds to
trimethylated H3K9, it is believed that the homodimerization of PfHP1 results in
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Figure 3. A general view of epigenetic regulation in P. falciparum. (A)
depicts the typical nuclear architecture of asexual stage P. falciparum, The
perinucleus contains the repressive heterchromatin center where the telomeres
are clustered, the heterochromatin is enriched with repressive histone marks
such H3K9me3 and is hypoacetylated. The single active var gene and the active
rDNA genes are also sequestered in the perinuclear but delocalized with the
repressive center. The major part of the chromosomes are maintained as
euchromatin, characterized by high H3K4me3 and hyperactylation status. (B)
During the progression of the asexual stage, there is a gradual decrease in
nucleosome occupancy across the genome, correlate with increased global
transcriptional activities. There is also an increase of nuclear pores to enhance
trafficking of mRNA. After schizogony, higher nucleosome occupancy indicates a
more compact chromatin in the parasite nucleus. (Adopted from F Ay et al. 2015,
in agreement with the creative commons attribution license)
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the condensation of nucleosomes and thus the formation and propagation of
heterchromatin (89). Strikingly, PfHP1 knockdown-associated phenotypes
include the dysregulation of mutual var expression, inhibition of schizogony and
induced commitment to gametogenesis (127). On the other hand, bromodomain-
containing PfBDP1 binds to acetylated H3 and cooperatively regulates the
expression of many invasion essential genes with PfBDP2 (128). This data
complements previous results that pointed to the involvement of epigenetic
regulation on the switching of alternative invasion pathways.

DNA methylation of cytosine is conventionally considered at promoter CpG
islands in eukaryotes. Due to the AT rich genome, detection of DNA methylation
in P. falciparum has been challenging. Only one study has so far successfully
identified that presence of methylate cytosine in the parasite genome using
bisulfite sequencing (129). Unlike model eukaryotes, DNA methylation occurs
within the exon regions and preferentially in CHH motifs, reinforcing the
presence of plant features in P. falciparum genome. Although intragenic
hypomethylation is associated with high transcriptional activites as does
conventionally, the importance of DNA methylation in the parasite as well as to
how DNA methylation marks in the asymmetric CHH motifs can be propagated
after DNA synthesis remain unclear.

Transcriptional regulation

The speculation that gene regulation was developmentally regulated preceded
the advent of system biology methodologies. When the genome sequence of P.
falciparum was first available, it was immediately clear that the genome harbors
a paucity of transcription factors, not only that of specific transcription factors
(82), but also as a failure to identify a complete registry of known eukaryotic
general transcription factors (GTF) through simple sequence homology
prediction (130). Although extensive in silico approaches were able to then
identify almost all GTFs that are shared between eukaryotes (131), this implies
that many Plasmodial GTFs have extensively divergent sequences.

Regulation on the transcriptional level remains enigmatic, with a number of
transcriptomic analyses concluded a transcriptional cascade that is dependent
on the developmental stage. Most genes have a cyclic fluctuation of transcript
abundance with typically one expression peak (132, 133). Perturbation of the
transcriptional cascade could be observed when parasite cultures were
metabolically stressed or when incubated with artesunate or small compounds,
with reports showing that the transcription of more than half of the expressed
genes could be affected (134, 135). However, this mechanism cannot be
generalized, as treatments with an experimental anti-folate drug and
chloroquine resulted in limited, largely hardwired, transcriptional responses
(136, 137). The phasic nature of gene expression is also tightly correlated with
the stage-dependent recruitment and phosphorylation status of RNA polymerase
I1 (138, 139). Moreover, global proteomic analyses suggest a somewhat delayed
but correlated expression of many proteins to their respective transcript
abundance (140). Overall, a ‘just-in-time’ induction model is proposed whereby
most genes are transcribed just at the time of need.
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Due to the high AT content, identification of sequence motifs remain a challenge.
A recent profiling of global transcriptional start sites using 5’ cap sequencing
revealed multiple transcriptional start sites (TSS) for many genes and a changing
dynamic throughout the asexual stage. Interestingly, the study found that
transcription preferentially initiates with a T-A dinucleotide context and may
sometimes be initiated downstream of the putative start codons (141).

Many DNA binding domains known in eukaryotes, such as the homeobox
domain, bZip and bHLH are lacking in Plasmodium. Only few specific
transcription factors are found (82). While a few transcription factors have been
characterized before (142-144), none has generated the same enthusiasm as the
AP2 transcription factors do. AP2 (ApetalaZ)-integrase DNA binding domain is
typically found in plant genomes, but has been expanded to 26 copies in P.
falciparum genome (145). In vitro and in silico analyese on the binding specificity
suggested the protein family could potentially regulate genes involved in all
developmental stages (146, 147). Subsequently, a few members of the AP2
family were found to regulate the differentiation of various developmental
stages. AP2-g and AP2-2g were associated with gametogenesis (148-150), four
AP2s were implicated in ookinete development (151, 152), three AP2s were
implicated in sporozoites differentiation (152, 153), AP2-L was found to be
associated with the vitality of the liver stage (154). And many more of the family
members were implicated in the regulation of cell cycle progression during the
asexual stage in a major knockout functional screen (152). Furthermore, PfSIP2,
also an AP2 family member, colocalizes with the HP1 proteins on the telomere
ends and could be involved in the silencing of var genes in the subtelomeric
region (92). Also PfAP2Tel, which contain an atypical AP2 domain, has been
recently illustrated to bind directly to the telomere repeats (94).

Despite the mounting evidence of AP2 in regulating the transition of
developmental stages, probably by reprogramming the global transcription
profiles, there has been no report of specific induction of any AP2, or indeed any
transcription factor, upon metabolic stimulation or drug treatment. Perhaps, an
exception to this does not involve the usual realm of RNA polymerase II
mediated transcription; MAF1 represses RNA polymerase III and thus the
transcription of tRNAs, and was demonstrated to be important for nutrient
sensing or response to amino acid starvation (155). Furthermore, PfTRZ, has
been shown to regulate 5S rDNA genes, which also implicated the involvement
of RNA polymerase III (93).

The non-coding transcriptome

The non-coding transcriptome collectively includes rRNA, tRNA, snoRNA, miRNA
and emerging classes of ncRNA (156). Aided by the ever-improving next
generation sequencing, novel non-coding transcripts are continuously found and
described in P. falciparum (157-162). The different classes of non-coding RNA
include: antisense non-coding RNA (160), telomeric repeat containing IncRNA
(TERRA) (158), centromeric ncRNA (163), GC-rich ncRNA (164) and circular
RNA (161). While most of the ncRNAs are not functionally characterized, a few
of them have shown to be involved or associated with regulatory processes.
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The most classical ncRNAs studied in P. falciparum are the sense and anti-sense
non-coding RNA originated from the bi-directional var intron promoter. These
ncRNAs are long (~1.7kb) and RNA-FISH indicated perinuclear localization
similar to var gene, suggesting these ncRNAs associated with chromatin around
the var loci (165). It was subsequently showed that the expression of the anti-
sense ncRNA was associated with an active var promoter and that
complementing the anti-sense ncRNA can activate the corresponding var
promoter in a sequence-dependent manner (166). The monoallelic regulation of
var gene was further implicated by GC-rich ncRNAs, where the loci are tightly
associated with the central var genes. Essentially, these ncRNAs also localize in
the perinuclear and their overexpression led to the simultaneous activation of
some var genes (164).

TERRA is long ncRNAs originated from the TARE regions of 15 subtelomeric
regions (158). They are maximally expressed in schizonts and could bind
histones when incubated with nuclear extract (167).

miRNA is an important class of ncRNA that has pivotal role in post-
transcriptional regulation. Plasmodium, however, do not have the orthologues
for the biogenesis of miRNA (168). Interestingly, it was demonstrated that host
miRNAs could be translocated into the cytoplasm of the parasite and fuse with
transcripts of parasite origin. Incorporation of the miRNA reduces the ribosome
loading potential of these transcripts and directly causing a reduction of protein
output (169). Notably, because these miRNA species are enriched in HbAS and
HbSS erythrocytes, this has presented a potential molecular link between sickle
cell anemia and malaria resistance trait.

Post-transcriptional regulation

The perception that P. falciparum modulates gene expression heavily on the
post-transcriptional level was initially fuelled by the revelation that the global
proteomic profiles generally lagged behind the transcriptional profiles, in
particular, ring and trophozoite-stage proteomes were respectively more closely
correlated with the transcriptomes of merozoites and ring stage, than the
transcriptomes of their corresponding stages (140, 170). Moreover, a significant
proportion of transcripts display discordancy with the appearance of their
respective proteins (140, 171). Moreover, the choice between alternative
invasion pathways appeared to be ad hoc decision made independent of
transcriptional regulation, meaning the expression of invasion related antigens
are likely controlled post-transcriptionally (172). Large-scale bioinformatics
analysis has consolidated this speculation, up to 18% of all coding-genes were
predicted to be potential RNA binding domain-containing proteins (RBP) (173).
This number is hypothetically higher given an abundance of functionally
unknown genes in the genome.

Here, post-transcriptional regulation is referred to the maturation, export and
localization, as well as the global and specific turnover rate of mRNA transcripts.
Once nascent transcripts are generated as pre-mRNA, splicing event ensues to
remove the introns. Multicomponent ribonucleoprotein complexes, which are
collectively called the spliceosome, execute the splicing process. P. falciparum
retains the canonical 5’ and 3’ splice site, but demonstrates a weak conservation
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in the 5’ consensus motif, thus there are discrepancies between cDNA library
data and predicted splice sites (174). Alternative splicing is a major mechanism
to diversify the proteome in eukaryotes, therefore, there were attempts to
obtain an accurate mapping of all splice sites in the asexual stages using next
generation sequencing techniques (175, 176). However, despite more than half
of the genes containing an intron structure, alternative splicing events are not as
prevalent as in other eukaryotes, occurring in maybe less than 5% of the genes.
However, cases describing functional disparity between splice isoforms have
been reported (177). Further, PfSR1 has been demonstrated to bind specific SR1
binding motif found on a subset of transcripts and regulate the alternative
splicing as well as the steady state mRNA level of these transcripts. Over-
expression of pfsrl reduced in vitro growth and changes the splicing pattern of
some transcripts that are bound by PfSR1 in vivo (178, 179). In addition,
PfCELF1 was shown to localize in the nucleus and bind RNAs with U-rich
consensus sequences containing UG repeats. As UG repeats commonly occur in
intron regions, a function involving pre-mRNA processing has been suggested
(180). All in all, it is probably interesting to also investigate global splice
isoforms in between different developmental stages.

After transcript maturation, mRNAs have to be exported to the cytosol to access
to the translation machinery. Very few studies have focused on mRNA export in
P. falciparum. The only indication that this process can be regulated comes from
two studies demonstrating the dynamic reorganization of the nuclear pore
complex (NPC) during the progression of the asexual stages. Only a few NPCs
appeared to condense into polarized foci in the ring stage, and the number of
NPCs progressively increased as they were redistributed to the whole nuclear
envelope during trophozoite stage (181, 182). This dynamics intuitively
associate the active transcriptional status of the trophozoites with the necessity
of more active mRNA trafficking.

mRNA turnover is governed both by degradation through general decapping and
deadenylation dynamics as well as mRNA surveillance mechanisms that are
translationally coupled. Regulated transcript turnover rate is a common strategy
for eukaryotes to control the steady state mRNA level. Meanwhile, mRNA
surveillance mechanisms bestow a quality control checkpoint for removing
erroneous mRNA generated during transcription and splicing, thus prevent the
synthesis of truncated proteins. Known mRNA survelliance mechanisms include
non-sense mediated decay (NMD), no-go decay and non-stop decay, and
specially deal with scenarios involving the presence of premature termination
codon, ribosome stalling and the lack of a stop codon (183). Interestingly, while
a repertoire of factors involved in the formation of decapping and deadenylation
complexes can be found in P. falciparum, only a few homologues specific for
NMD are predicted. Nevertheless, regulated mRNA decay appears to be a
prominent mechanism in the asexual stages. Assessment of the global transcript
decay rate in parasites transcriptionally blocked by actinomycinD treatment
revealed a general trend of transcript stabilization during progression from ring
to late stages, moreover, differential transcript stability can be observed
between genes of distinct functional categories (184). Furthermore, knockout of
a protein involved in regulating mRNA decay, in this case CCR4-associated factor
1 (CAF1), resulted in the mistimed expression of 1031 genes, including a
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significant number of invasion related genes. The mutant exhibited major
phenotypes in growth, most characterized by impaired schizogony and egress
(185). More recently, a chromatin-associated exoribonuclease PfRNase II has
been implicated in the silencing of var genes. In particular, allelic exchange with
a defective PfRNase II gene resulted in de-repression of, most prominently, upsA
var genes and the antisense ncRNA generated from their intron promoters
(186). Given the exonuclease activity related to PfRNase II, the authors proposed
a mechanism in which nascent transcripts generated from upsA var loci are
normally removed by PfRNase Il to achieve pan var silencing.

Translational regulation

Translational regulation is modulated both on a global systemic level and on
target specific level that typically involves trans acting RBPs.

Global translational dynamics can be evaluated by system biology approaches,
most typically by polysome profiling that couples polysome purification with
RNA sequencing. Since actively translated transcripts are likely to be loaded
with higher ribosome density, this will allow the profiling of actively translated
transcriptome. A polysome profiling study performed on the asexual stage of P.
falciparum suggested a significant fraction of genes (18.4%) exhibited a delayed
ribosome loading profile comparing to their moment of peak transcription
(187), reinforcing proteomic studies that showed protein peak delay in many
genes. In particular, many of these delayed genes are translated early in the cell
cycle after re-invasion while transcriptionally peak at schizonts stage, and thus
likely under robust translational regulation to achieve ‘just-in-time’ translation.
Moreover, the study also revealed a significantly higher read coverage on 5'UTR,
3’'UTR and intronic region, higher 5’'UTR coverage is more commonly associated
with genes with predicted uORF, suggesting uORFs may trap ribosomes. It is,
however, possible that these transcripts may represent ribosome loaded ncRNA
or unproductive transcript isoforms, and so confounding the accurate
measurement of the translation dynamics of the putative coding transcripts.
Alternatively, ribosome profiling was also performed on asexual stage parasites
(188). Ribosome profiling differed with polysome profiling in which polysomes
fraction are first digested to retain only the monosome protected fragments
(~30 nt), thus sequencing of these fragments provides positional information on
translating ribosomes. The study found that, in contrary to the polysome
profiling, translation dynamics are generally not delayed, while identifying a
subset of invasion related genes that exhibited low translation efficiency.
Surprisingly, the study observed widespread ribosome occupancy in the 5’UTR
that did not correspond to predicted uORF. The major discrepancy between the
two studies may arise due to technical issue, the short fragments generated in
ribosome profiling rendered many reads to be unmappable in the AT rich
genome. As a result, occupancy in the non-coding regions, which were highly
covered in the polysome profiling, maybe unintentionally removed during data
filtering.

Overall, systemic approaches have generated puzzling new understanding on
the global translation dynamics. Consistently, 5’UTR and uORF were suggested
to play important role in governing this dynamics. A global survey, indeed,
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reveals an average of 4 uORFs within 350bp upstream of the start codon of all
predicted coding DNA sequences (189). One functionally characterized uORF lies
269bp upstream of the varZ2csa CDS. The 360nt uORF represses the translation
of varZcsa, translational derepression could only be achieved via a re-initiation
mechanism that requires a predicted trans factor expressed in CSA binding
parasites (190, 191). This trans factor is now identified in Paper I. The potential
of 5” UTR elements regulating translation of the CDS was further demonstrated
in at least two more genes (192, 193). Given that 5° UTR or uORF can potentially
affect start codon recognition of the scanning 40S ribosome, the relative
importance of the Kozak context on start codon recognition and translation
initiation has so far been investigated in one study only. The study concluded
that the general Kozak consensus sequence seen in other eukaryotes also
underlies efficient start codon recognition in the parasite (194).

In other eukaryotes, the mTOR signaling pathways regulate global translation
under stress conditions by concertedly suppresses translation initation,
elongation and ribosome biogenesis (195). mTOR and many of its target
effectors, however, are not found in Plasmodium. Regulated translation upon
stress responses in the parasite is mediated through regulating the
phosphorylation status of elF2a. elF2a forms a ternary complex with GTP and
initiator Met-tRNAMet and recruits it to the 40S ribosome for translation
initiation upon GTP hydrolysis. After each round of initiation, elF2a is recycled
through exchanging the GDP with elF2B. Phosphorylation of el[F2a can block this
exchange process and results in global downregulation of translation initiation.
In Plasmodium, three kinases are known to phosphorylate elF2a. PfPK4 is
predominantly expressed in asexual stage and was shown to be essential for the
life cycle completion (196, 197). IK2, on the other hand, is expressed mostly in
salivary gland sporozoites. IK2 mediated elF2a phosphorylation is required for
preventing premature transition from sporozoite to liver stage in rodent malaria
model, and the timely transition is coordinated with the antagonistic PP1
phosphatase (198, 199). The physiological signals that stimulate these kinases
are, however, unclear. The amino acid sensing GCNZ homologue, PfelK1,
meanwhile was demonstrated to phosphorylate elF2a upon amino acid
starvation and resulting in a cytostatic status during the progression of the
asexual stage (200). Interestingly, PfelK1 KO mutant could still mount an
effective response upon starvation, without any changes in the phosphorylation
status of elF2a. This implied the presence of an unknown alternative sensing
mechanism (201).

Modulation of global translation initiation can also be achieved by sequestering
the cap-binding elF4E. PfDZ50, which is a DDX6/DHH1-like RNA helicase (alias
DOZI), was shown to bind elF4E in vitro and reduce translation in a reticulocyte
system (202). However, the in vivo importance was not studied.

Given the average long length of Plasmodium genes, translation elongation is
likely to play an important role in governing the global translation landscape.
Codon usage, which is well known for its effect on elongation efficiency, has only
been addressed in silico (203, 204). Notably, asparagine homorepeats are found
in as many as 25% of all proteins (205). The rapid expansion of these repeats are
puzzling and are not necessarily related to protein function, as the specific
deletion of the homorepeat in the essential Rpné proteasome subunit gave no
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phenotype (206). Interestingly, despite the increased requirement for decoding
the asparagine codons, the genome of P. falciparum does not harbor redundant
tRNA gene copy. It was therefore proposed that asparagine homorepeats might
function as sponges to slow down elongating ribosomes and allow proper
protein folding (207). Recently, new studies have shed light on possible
translational regulation through modulating tRNA levels. One study shows that
the parasite imports host tRNAs to cope with the translational needs through the
lineage-specific tRip protein (208). Another study showing the parasite can
response to amino acid through downregulation of RNA polymerase III by the
transcriptional repressor MAF1, complementing an alternative sensing
mechanism (155). Furthermore, cleaved tRNA species was also detected in the
parasites, suggesting the presence of the rapid tRNA decay pathway, and
perhaps also a regulatory role of these tRNA fragments (209). In Paper II, we
have generated new data to fill some of the knowledge gap in codon usage.
Instead of tandemly arrayed identical rRNA genes, all Plasmodium genomes
contain only a few non-identical copies of rRNA gene scattered in different
chromosomes (82). It was demonstrated that each of these genes was expressed
on a stage-dependent manner, categorically asexual or sexual stage specific (A or
S-type) (210, 211). This observation prompted the speculation of the existence
of structurally or functionally distinct ribosome populations. Indeed, the
different rRNA sequences have at least difference in the GTPase domain of the
LSU and reportedly gave different phenotypes when complemented in yeast, in
which the expression of purely S-type ribosomes was found lethal (212, 213).
However, in vivo studies on rodent models showed conflicting conclusion that
suggesting both an equivalent and a non-interchangeable functions between A
and S-type rRNAs, dependent on the experiment designs (214, 215). One
interesting hypothesis is to test whether the different types of rRNA can offer
better responsiveness and adaptability, especially when the parasites are under
specific types of stress associated with the corresponding developmental stages.
Moreover, while the core of the ribosomes is structurally well conserved, large
expansion segments (ES) were also seen in three independent studies, some of
these ES are solvent exposed (216-218). While the features of the ES have not
been systematically compared between the different rRNA types, it maybe
possible that these ES can act as scaffold to recruit different ribosome-associated
proteins and form compositionally distinct ribosome populations. In this regard,
Paper I has offered new insight in the ‘specialized ribosome’ theory. Another
unique feature is the obvious lack of RACK1 protein on the ribosome, despite the
protein being co-sedimented with the polysome fractions and that it is essential
for in vitro growth (173, 187, 219).

In addition to global translation regulation, individual transcripts can also be
regulated by trans acting RBPs through specific cis-elements. Though, only a few
RBPs have been described so far in Plasmodium spp, some have prominent
functions.

The earliest report of gene specific translational regulation was associated with
the translational up-regulation of DHFR-TS enzyme upon challenging parasites
with the antifolate pyrimethamine (220). DHFR-TS was shown to bind to its own
cognate mRNA and the effect of translational up-regulation was believed to be
the perturbation of this interaction (221). Another early example of RBP is
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PfIRPa, which was reported to bind the consensus iron responsive element in
vitro, but its in vivo importance is yet to be clarified (222, 223).

Transcript storing for timely mRNA translation is a common feature that
coordinate oocyte-to-embryonic transition in vertebrate (224), This property
that underlies the transition from gamete to post-fertilized stages in P.
falciparum appears to be regulated by DOZI (development of zygote inhibited, a
homologue of Dhh1 RNA helicases) and CITH (homolog of worm CAR-I and fly
Trailer Hitch) (225, 226). In rodent parasites, the two proteins, together with 14
other proteins, were found to form mRNA ribonucleoprotein (mRNP) complex
that stores translationally silent transcripts and protecting them from
degradation. RNA immunoprecipitation (RIP) suggested at 731 mRNA species
could potentially associate with this mRNP complex (227). Deletion of either
gene generated mutant permissive of fertilization but failed to subsequently
transform to ookinetes A concomitant reduction of a subset of transcripts in
gametocyte, including transcripts for the highly abundant ookinete P25 and P28
proteins was observed, suggesting these mRNAs have instead been diverted to
degradation (225, 226). Meanwhile, two homologues of the Pumilio protein
family, Pufl and Puf2, are expressed in gametocyte and sporozoites stages.
While Puf1 is dispensable for all developmental stages examined, deletion of the
gene in rodent parasite resulted in lower viable gametocytes, in particular a
reduced female gametocyte ratio (228). Puf2 regulates both gametogenesis and
sporozoites infectivities (229-233). Opposite to the phenotype of Pufl KO,
deletion of PfPuf? promoted gametocyte formation, in particular stimulated
male gametocyte differentiation (233). In the sporozoites stage of P. berghei,
Puf2 KO mutant has lower transcript level of the aforementioned /K2, and a
similar resultant phenotype was observed (234).

At least four Alba (Acetylation lowers binding affinity) family proteins are
identified in Plasmodium, these proteins were shown to possess DNA/RNA
binding capacity (235). Using a combination of in vitro RNA binding, RIP and in
vivo over-expression methods, a study found that PfAlbal could bind to at least
105 mRNA species. Binding of Albal to these transcripts result in translational
repression, and in order for translation to proceed requires dissociation of these
mRNA with Albal. Notably, overexpression of Albal inhibited growth with
expression changes in a rather significant number of genes (236). Therefore,
Albal is proposed to be an important regulator for the ‘just-in-time’ translation
model.

Lastly, the gametocyte expressed Pfg27/25 antigen was also experimentally and
structurally shown to bind RNA via the sterile alpha motif-like (SAM-like)
domain, albeit in a non-specific manner (237, 238). And despite being one of the
earliest identified proteins, its function remains unknown. In Paper I, we
functionally characterized the PTEF protein, which shares homology with
Pfg27/25.

Post-translation regulation
Post-translation regulation refers to all types of enzymatic modification, usually

covalent addition of moiety, on proteins after they are translated.
phospho-proteomes have been profiled for multiple stages of the asexual stages
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RBPs Expression stages studied Evidence for binding Binding specificity
DHFR-TS Asexual stage In vitro cognate dhfs-ts mRNA
IRPa Asexual stage In vitro Iron response element
DOZl and CITH gametocyte, ookinete In vivo Motif specific (*)

Pufl and Puf2
Albal
Pfg27/25

Gametocyte, sporozoite
Asexual stage
Gametocyte

In vitro, in vivo
In vitro, in vivo
In vitro, structural

Motif specific (#)
ND
ND

Table 1. A list of reported RBPs in P. falciparum

* The motif was identified from differentially expressed genes in DOZI-KO (239),
it is, however, notable that many differentially expressed genes in DOZI-KO and
CITH-KO do not overlap (225, 226), a later RIP chip experiment could not find
any common motif (227).

# PfPuf2 binding motif is the same as the consensus found in eukaryotes (233).

Given the importance of reversible protein phosphorylation in many cellular
processes, this particular modification has been extensively studied. The global
and have since identified more than 6000 phosphorylation sites in more than
1000 proteins (240-245). The phosphor-proteome includes proteins that are
involved in DNA replication, transcription, metabolism and invasion to name a
few. Kinases are also identified as phosphoprotein, resembling features of
signaling cascades. Comparison between stages suggested many
phosphorylation sites are dynamics during cell cycle progression (244).
Phosphorylation and dephosphorylation are catalyzed by kinases and
phosphatase respectively. At least 86 kinases were identified in Plasmodium, 65
are related to eukaryotic protein kinase family, though sequences of these
kinases are significantly divergent with the host. P. falciparum also harbors a
lineage-specific 21-member FIKK kinase family, so called because of a conserved
phenylalanine-isoleucine-lysine-lysine motif. The genome also lacks any of the
tyrosine kinase, though tyrosine phosphorylations are evident, they are likely
phosphorylated by the tyrosine-like kinase (246). On the other hand, 30
phosphatases have been identified (247). System-wide screening on all kinases
and phosphatases revealed at least 22 kinases and 15 phosphatases were
essential in blood stage development and that kinases are organized into
functional clusters for other developmental stages (247-249).

Methylation and acetylation are commonly investigated for their role in histone-
associated epigenetic regulation, however, these modifications were also found
in non-histone proteins (245, 250). Furthermore, lipid modifications including
N-myristorylation (251), palmitoylation (252), GPI anchor (253) and
polypeptide addition such as ubiquitylation (254) and sumoylation (255) have
all been described.

Finally, targeting post-translational modification (PTM) pathways could be the
harbinger of next generation drug discovery. For example, the molecular
mechanism of arteminsinin resistant has recently been shown to involve at least
the ubiquitylation of PI3K (256), implicating at least two PTM pathways.
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Technically, proteolytic cleavage is also considered, to some degree, a
mechanism of post-translational regulation, such as activation of pro-enzymes.
Current information on this in P. falciparum is mostly on a gene-by-gene basis,
making it hard to approach in a systemic level. An exception is the targeted co-
translational processing of the PEXEL motif present in many exported proteins,
it has been shown that the cleavage of the conserved arginine or lysine residue
in the PEXEL motif by plasmepsin V is required for protein export into the
cytoplasm of the host cell (257).
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2  SCOPE OF THE THESIS

As mentioned in chapter 1, gene regulation in Plasmodium falciparum appears to
be heavily dependent on post-transcriptional and translational levels. In
particular, the translation machinery of Plasmodium falciparum possesses many
atypical features when compared to the human host. While these features are
rarely explored, their uniqueness confers much potential for deriving new
generation of therapeutic opportunities against the deadly parasites. The overall
aim of this thesis is to further our understanding on the translation dynamics of
P. falciparum by pondering on these features, as well as to investigate and
identify potential translational regulatory mechanisms on both specific and
systemic levels.

Specific Aims

Paper |

To investigate the mechanism underlying the translational regulation of
PfEMP1-VAR2CSA expression and to explore features permissible for
therapeutic targeting.

Paper II

To characterize the effect of codon usage bias in P. falciparum, as well as to
elucidate the relationship between the extreme codon usage bias and the
evolution of the genome.

Paper III

To derive and authenticate essential reagents necessary for future study on the
RIFIN family of proteins.
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3 EXPERIMENTAL PROCEDURES

Material and method protocols are detailed in each constituent papers included
in this thesis. This chapter will briefly describe the methods that result in the
generation of conclusive evidence for each individual study.

In vitro culture and transfection of P. falciparum

3D7S8.4.2, NF54CSA, FCR3, FCR3S1.2, IT4CD361CAM1, R29 and PAvarO are P.
falciparum strains used in the generation of the thesis. All the parasites were
continuously growth in RPMI medium supplemented with O*red blood cell and
10% A+ human serum. The hematocrit was maintained at 3% to support high
parasitemia. 5% sorbitol was routinely used to achieve tight stage synchrony of
the parasites by selective killing of the late-stage parasites.

To maintain the CSA binding phenotype, NF54CSA was regularly panned on petri
dish coated overnight with 100 pg/ml chondroitin 4-sulfate from bovine trachea.
Mid-to-late stage infected erythrocytes (IE) were resuspended in growth
medium and incubated for 30 min on the coated dish which was pre-blocked by
3% BSA/ PBS. Subsequently, the petri dish was wash extensively until no IE was
bound to the uncoated area.

Transfection protocol was used in Paper I and II (258). 150 pg Plasmid DNA
was resuspended in 400 pl cytomix and preloaded into 400 pl fresh RBC by
electroporation with an exponential decay program set to 0.31kV and 950pF.
Schizont-infected IEs were inoculated to the transfected RBC. Either 50 nM
pyrimethamine, 1.5 puM DSM1 or 2.5 pg/ml blasticidin was applied to the culture
24 hours post transfection depending on the drug selection cassette. 40 pM 5-
Fluorocytosine was used for the selection of ptef-knockout parasite.

RNA extraction, cDNA synthesis and quantitative PCR analysis

gPCR method was used in all the constituent papers to evaluate transcription
level of genes of interest. Total RNA was extracted from tightly synchronized
parasites using Trizol reagent at a ratio of 10:1 pellet v/v ratio, subsequently
followed the manufacturer’s recommendations. cDNA was synthesized from 500
ng - 1 pg total RNA using iscript reverse transcriptase. qPCR was performed with
iQ SYBR Green Supermix. All reactions were run for 40 cycles of 95°C for 10 s
and at 60°C for 1 min. Data analysis was done with 2-ACt or 2-44Ct method.

Whole-genome sequencing and assembly

3D7S8.4.2 genomic DNA was sequenced on the Roche 454 FLX Titanium
platform using standard protocols in Paper I (259, 260). Raw sequences of up to
25x genome coverage were obtained and low-quality nucleotides were trimmed
from the reads using Trimmomatic (261). The sequences were mapped to the
3D7 reference genome using Bowtie (262). Artemis/ACT software program was
used to visualize the pairwise alignment with the reference genome. Raw reads
for 3D7S8.4.2 whole genome sequencing were deposited in SRA (Accession:
PRJNA377901).
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RNA sequencing

RNAseq data was used in all constituent papers for global quantitative
transcripts profiling. Extracted total RNA was first run on a Bio-analyzer
microchip for quality and quantity assessment. TruSeq Stranded mRNA Library
Prep kit was used to construct sequence libraries, in which mRNA was enriched
from 2 pg of total RNA by PolyA selection and fragmented before cDNA
synthesis. Sequencing was performed on the Illumina Hiseq 2000 platform by
multiplexing up to 20 indexed sequence libraries to obtain 2x 100 bp paired-end
reads. Raw reads were aligned to the applicable reference genomes using Star
and Htseq (263). None uniquely mapped reads, but not duplicated reads, were
removed before calculating the RPKM (Reads Per Kilobase of transcript per
Million mapped reads) values. 3D7S8.4.2 and NF54CSA RNA sequencing reads
were deposited in SRA (Accession: PRINA377896 and PRJNA374979).

Recombinant protein synthesis

Recombinant CTD and SAM-like domain proteins were synthesized for
antibodies generation and the RTTF assay in Paper 1. The CDS was codon
optimized for E. coli expression and fused with 6X His tag at the C-terminus. XL-
10 gold E. coli was used for plasmid transformation. Bacteria culture was growth
to reach an OD 600 of 0.6 and immediately induced with 0.25 mM IPTG for 3
hours at 37°C. Culture was pelleted and sonicated in lysis buffer (10 mM hepes
pH7.5, 10% glycerol, 150 mM NaCl, and protease inhibitor cocktail). The lysate
was incubated for 3 hours at 4°C with cobalt resins and then washed with 500
mM NaCl and 20 mM sodium phosphate buffer. Up to 150 mM imidazole was
used to elute the recombinant proteins, which was dialyzed for the removal of
imidazole.

Generation of rat antibodies and recombinant PAM1.4

In-house antibodies were generated in Paper I, in full compliant of the relevant
ethical consideration. Immunization protocols were outsourced to Agrisera AB,
Sweden. Recombinant CTD protein and a KLH conjugated synthetic peptide from
the NTD were used to immunize six rats using Freund’s incomplete adjuvants.
The sera were collected after four immunizations.

Recombinant PAM1.4 antibody was generated using sequence retrieved from a
previously described VSApam-specific monoclonal IgG1l antibody (264). cDNA
was synthesized from selected B cell cultures and the sequence of both the heavy
chain and the light chain variable regions (VH and VL) were obtained (265).
These sequences were then cloned into human IgG1 and Igk expression vectors
and then transiently transfected in Expi293F cells for expression. The antibody
was affinity purified by protein A chromatography from culture supernatant.

Immunofluorescence Assay (IFA)

IFA was conducted in Paper I and III to understand the cellular localization
patterns of the proteins of interest. IEs at the required developmental stages
were attached to poly-L-lysine treated glass slides. PBS solution with 4%
paraformaldehyde was applied for 10 min for antigen fixation. Antigen fixation
procedure was omitted in Paper III, instead the slide was left to air dry. The
attached IEs were then incubated in PBS containing 0.25% Triton X-100 for 10
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minutes for permeabilizing the membrane and were subsequently washed with
PBS three times. Afterwards, 10% goat serum was used for blocking overnight at
4°C and then incubated with the corresponding primary antibodies diluted in
PBST for 1 hour at room temperature. After washing in PBS, the slide was
incubated for 30 min with the compatible secondary antibodies. Nikon Eclipse
80i fluorescence microscope was then used to detect the fluorescent signals.

Western blot analysis

Western blotting was performed in all constituent papers as a major molecular
technique used for semi-quantitation of proteins of interest. Briefly, late stages
parasites were first treated with 0.1% saponin and then washed three times
with PBS to remove majority of hemoglobin in the host red cells. The parasite
pellet was then solubilized in NuPAGE LDS loading buffer supplemented with
reducing agent and boiled for 10 min. Protein gel electrophoresis were
performed with NuPAGE Novex 4-12% Bis-Tris gels in MOPS running buffer. The
resolved proteins were transferred to membrane in Tris-glycine transfer buffer
(25 mM Tris, 192 mM glycine, 20% methanol, 0.025% SDS), and was blocked
overnight at 4°C with a commercial western blocking reagent. Primary
antibodies were diluted in the same blocking buffer, and then the membrane
was incubated with the diluted antibodies for 1 hour at room temperature. After
three washes in TBST, HRP-conjugated secondary antibodies were incubated
with the membrane for 45 minutes at room temperature. We used ECL prime
western blotting detection reagent and ECL hyperfilm for signal development
and detection.

In Paper I, we have also carried out a cellular fractionation protocol coupled
subsequently with western blotting, the protocol was adopted and modified
from previous report (266).

Blue native gel electrophoresis

Native gel electrophoresis allowed us to assess the native complex formation of
protein of interest and was performed in Paper I. Similar to sample preparation
in standard western blot. Parasites were first treated with 0.1% saponin. The
parasites pellet was then lysed in hypertonic cytoplasmic lysis buffer for 10
minutes on ice. Lysates were diluted in NativePAGE sample buffer and loaded
onto a NativePAGE Novex Bis-Tris gel. Running buffers for the electrophoresis
included a separate anode buffer (50 mM Bis-Tris and pH7.0) and cathode buffer
(50 mM Tricine, 15 mM Bis-Tris, and 0.02% Coomassie blue G250). After the
electrophoresis, the gel was soaked in transfer buffer added with 1% -
mercaptoethanol for 30 min. The gel was subsequently transferred to a PVDF
membrane for immunodetection mentioned in section 3.8.

Co-immunoprecipitation

Co-immunoprecipitation was used to identify physically interacting protein
partners, and this protocol was used in Paper I. Immunoprecipitation was
performed using 3D7S58.4.2 transfected with GFP or CTD-GFP. IEs were treated
with 0.1% saponin and then lysed in IP lysis buffer at a v/v ratio of 1:10 (50 mM
Tris-HCl, 150 mM NaCl, 1% NP40, 0.5% deoxycholate, and protease inhibitor).
The lysate suspension was allowed to stand on ice for 20 minutes to maximize

27



extraction of soluble cytoplasmic proteins. The supernatant of the lysate solution
was retrieved and incubated with GFP-trap magnetic agarose beads. After 2-3
hours of incubation, the agarose beads were washed with PBS equivalent to at
least 500 times of the beads’ volume. The various fractions collected were then
analyzed in western blot.

Gene reporter assays

Transient and stable luciferase reporter assays were performed in Paper I,
whereas stable GFP reporter assay was predominantly used in Paper IL

For luciferase assay, 100 pul ring stage IEs (peak var gene expression) were
treated with 0.1% saponin and the resultant pellets were lysed and processed
using the Gaussia Luciferase Flash Assay Kit, any difference in parasitemia was
adjusted by varying the lysis buffer volume proportionally. Colorimetric
emission was detected on FLUOstar Omega (BMG Labtech) luminometer to
evaluate the luciferase activity, using a setting with a 2 second delay followed by
15 seconds of integration time. For assay using stable transfected NF54CSA WT
and ptefKO parasites, the parasites were first stably maintained in 1.5 uM DSM1.
Whereas, parasites were harvested on ring stages of the second invasion cycle
for transient transfection assay, which is typically 72 hours post transfection.
For GFP reporter assay, various reporter constructs were stable maintained in
NF54 parasites after transfection, GFP intensity was evaluated on live IEs using
flow cytometry. 100 pl of parasite cultures were incubated in 10pg/ml of
Hoechst33342 and 5pg /ml of dihydroethidium for 1 hour at room temperature.
Stained cells were diluted in PBS in 96-well plates and analysed by BD
FACSVerse flow cytometer. A described gating strategy was used to only
measure the FITC levels in trophozoite-stage IEs.

Reconstituted transcription translation and folding system (RTTF)

RTTF system is composed of purified active transcription and translation
components from E. coli (267). Components were either purified from native
state or as recombinant proteins. A well-defined ratio of different components
gives a highly controlled and reproducible assay for assessing the effect of any
protein of interest on translation dynamics and was used in Paper I, The assay
mix includes 1 uM 70S ribosomes, 1-10 uM of all recombinant translation factors
involved in initiation, elongation and termination, the initiator fMet-tRNAMet,
100 puM bulk tRNAs, all 20 recombinant amino acyl tRNA synthetases and 20
commercially available amino acids. T7 RNA polymerase was also included for
efficient transcription and an optimized energy regenerating system containing
phosphoenol pyruvate, creatine phosphate, rNTPs, mayokinase, pyruvate kinase
and creatine phosphokinase to provide the energy needed during translation.
The effect of CTD and SAM domain of PTEF on protein synthesis was tested
using Turbo-GFP (tGFP) plasmid DNA or in vitro transcribed mRNA as template.
The RTTF reactions were performed in HEPES polymix buffer (pH 7.5) at 370C
and the synthesis of the reporter was monitored real time on a TECAN Infinite
200 PRO multimode plate reader.
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Peptide array analysis

In Paper III, a peptide array experiments were performed to map the epitopes
and to determine the specificity of the RIFIN antibodies. The array was
fabricated by Roche-Nimblegen and it was customized to include 175000
peptides of 12-residue length, representing primary sequence of selected
members from 2TM, PHISTs, RIFINs, STEVORs, SURFINs and PfEMP1 protein
families. The array was designed so that any neighboring peptides will span an
11-residue overlapping region for improved differentiation between
background and epitopes, which should constitute clustered reactive
neighboring peptides.
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4 RESULTS AND DISCUSSION
4.1 Paperl

Regulation of PFEMP1-VAR2CSA Translation by a Plasmodium Translation-
Enhancing Factor

One of the almost universal features of PAM is the ability of the iRBCs to
sequester to the placenta. This phenomena is mediated by the molecular
interaction between the parasite encoded VAR2ZCSA protein and the CSA
proteoglycan of the placenta (268). The translation of the VAR2CSA reading
frame is known to be repressed by an uORF (190). The mechanism that allows
derepression of VAR2CSA translation, however, had not been characterized, and
despite a trans-acting factor was predicted to facilitate the derepression, its
identity was elusive (191).

In this study, we aimed to investigate the mechanism that underlies the
translational regulation of VAR2CSA, with a particular focus in identifying the
predicted trans-factor involved. We approach this with a forward genetics
experimental design using a parasite clone 3D7S8.4.2, which was a
spontaneously derived mutant after prolonged in vitro cultivation (269). The
phenotypes described for 3D7S8.4.2 included an impaired var gene-switching
program so that varZcsa is constitutively transcribed in high abundance, but yet
VAR2CSA proteins were not evidently detected at similar quantity, suggesting
VAR2CSA translation is ubiquitously repressed. Therefore, by comparing
between 3D7S58.4.2 and NF54CSA, which is a non clonal but isogenic parasite
strain that expresses VAR2CSA proteins and the iRBC could bind to CSA-
immobilized plastic, would allow the identification of the genetic determinants
that regulate VAR2CSA translation.

We initiated the study first on a system biology level through the use of next
generation sequencing platforms. The genome sequence of 3D758.4.2, together
with the transcriptomes of 3D7S58.4.2 and NF54CSA at 10, 20, 30 and 40 hpi
were obtained. Candidate genes that were differentially transcribed between the
two parasites were shortlisted then stringently screened based on three criteria:

* transcription profile of the candidate gene should be similar to var2csa to
allow possible translational regulation;

* the product of the gene should not be exported to the host RBC cytosol or
membrane, as it would not be the relevant compartment for translation
regulation;

e priority was given to candidates found to be associated with PAM (270-
274).

By using these criteria, we found PF3D7_0202400 (annotated by us as ptef,
Plasmodium translation enhancing factor) to be a candidate gene of high
confidence. ptef was highly down-regulated at all timepoints in 3D7S8.4.2 and a
chromosomal breakage could be located 1.5kb upstream of the start codon of the
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gene. As per criterion, the expression of the gene was always found to be
associated with PAM in multiple studies. Furthermore, the primary sequence of
the encoded protein does not contain the PEXEL motif that drives protein export
to the host RBC.

Upon extensive bioinformatic analysis, we demarcated the encoded protein into
three domains: an N-terminal domain (NTD), a low complexity linker domain
(LD) and a C-terminal domain (CTD). Interestingly, conflicting localization
signals were predicted, with a nuclear localization signal (NLS) found on the
NTD and a nuclear export signal (NES) on the CTD. Intrigued by the observation,
we generated antibodies in rats using a peptide from the NTD and recombinant
expressed CTD proteins. Subsequently, the reduced expression of PTEF in
3D7S8.4.2 was confirmed at the protein level using western blot analysis.
Additionally, the results suggested the presence of fragments containing only the
CTD, and that the generation of the fragments is dependent on cysteine protease.
We observed a potent inhibition of the process when the parasites were treated
with a calpain inhibitor (ALLN).

The CTD contains a Pfg27 domain. Pfg27 domain was first identified in the
gametocyte Pfg25/27 antigen, of which function is still unknown. It was,
however, demonstrated that the Pfg27 domain has a non-specific RNA binding
capacity, which was experimentally and structurally validated (237, 238). We
realized that the cleaved CTD fragments, now retaining only the NES, would
potentially localize to the parasite cytoplasm and regulate translation through
the Pfg27 domain.

The cytoplasmic localization of the CTD was addressed by a three-pronged
approach. First, we performed immunofluorescence assays using both
antibodies against the NTD and CTD, diffused signal patterns were observable in
both cases that imply PTEF localizing in multiple cellular compartments, yet
conclusive evidence could not be yielded to support the cytoplasmic presence of
the CTD. Second, we performed live imaging on parasites transfected with GFP
protein fused to different domains or sequence motifs found in PTEF.
Importantly, the CTD-GFP fusion protein was exclusively localized in the
cytoplasm. The cytoplasmic localization of CTD was then unambiguously
revealed in cellular fractionation experiments, where the CTD was found
preferentially localized in the cytoplasmic fractions while the full-length
proteins were mostly in the nuclear fraction. Therefore, the expression of PTEF
is tempo-spatial relevant to translation regulation of varZcsa and the CTD has
the contextual association with such function.

We next investigated the function of PTEF. In vitro RNA binding assays were first
performed using parasite total RNA and recombinant CTD proteins. The results
suggested CTD could bind RNA in a non-specific manner, expectedly similar to
what was described for the Pfg27 domain. Results from RNA
immunoprecipitation were also congruent. Interestingly, CTD co-migrated with
a high molecular weight complex, which appeared to be highly abundant in
protein content but was also readily destabilized by RNase. We sought to
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identify the complex by excising gel bands and performed mass spectrometry,
the results strongly point to the ribosomes. A physical interaction between the
CTD and the ribosomes were further illustrated by the co-immunoprecipitation
of the CTD with the ribosomal RPS14 protein.

To determine if PTEF could be involved in varZcsa regulation, we generated a
PTEF knockout parasite from NF54CSA using the recently available CRIPSR-Cas9
system (275). The VAR2CSA protein level in the knockout parasite was clearly
reduced in western blot analysis, while the varZcsa transcript level was not
altered. Strikingly, VAR2CSA protein level was abundantly detected when the
knockout parasite was complemented with the CTD, indicating a phenotype
rescue by the CTD. Likewise, luciferase reporter gene under the control of the 5’
UTR of varZcsa was also inefficiently expressed in the knockout parasite.
Notably, inhibition of calpain activities in wildtype parasites stably transfected
with the luciferase reporter would also drastically reduce the luciferase
activities. These functional assays firmly established the role of PTEF in
regulating varZcsa translation.

As PTEF affects translation without apparently recognizing any sequence motif
and that it can interact with the ribosomes. Since ribosomes contain
evolutionary conserved elements, we took a radical approach and tested the
recombinant CTD proteins in a E. coli RTTF assay (267). Surprisingly, the
recombinant CTD protein was able to enhance translation even in a
heterologous translation system, suggesting PTEF may interact with a highly
conserved element of the translation machinery, such as the rRNA. We conclude
that PTEF can interact with the ribosomes and enhance the general translation
efficiency.

The study has identified an important regulator for placental malaria. The ability
of iRBCs to sequester in the placenta is not only dependent on the switching to
varZcsa expression, but is also dependent on the expression level of PTEF that
fine-tunes the protein level of VAR2CSA and thus the binding capacity in the
placenta. This added new perspectives to the widely accepted view that var
genes and the encoded PfEMP1s expression, or more generally the variable
surface antigens, is mostly a function of passive immuno-modulated selection
processes. Yet, this doctrine has recently been challenged with a new study
showing antigenic variation occurred even in mice lacking adaptive immunity
(51), which has also refueled the long puzzling observation that antigenic
variation does also happen in vitro. In this study, our data suggests the parasite
also has the capability to autonomously modulate the expression of VAR2CSA. It
is unknown to how wide this could be extended to other variable surface
antigens. It is, however, likely that the process of antigenic variation is a function
of interplay between autonomous induction events and passive selection
processes.

Mechanistically, PTEF provides convincing evidence to the long speculated

‘specialized ribosome’ theory. This theory builds on the existence of
compositionally heterogeneous ribosome populations that have different
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functional modules (276). Plasmodium spp. is known to harbor only a few copies
of non-identical rDNA genes in their genomes (82), but previous attempts were
inconclusive in assessing the potential presence of heterogeneous ribosomes
(214, 215). Our data suggests PTEF, as an additional component to the
ribosomes, may form a ribosome subpopulation with enhanced translation
efficiency. It will be interesting to further determine if PTEF can enhance
translation of uORF-containing transcripts, which are believed to be quite
prevalent (277).

Further, this study also opens new therapeutic opportunities for the
management of PAM, as we provided strong evidence that PTEF is an important
regulator of placental binding and thus the pathogenesis of PAM. Notably,
calpain processing is essential in order for PTEF to exert its function. This will
add merit to use proteases of the parasite as new druggable targets.

Paper II

Frequent GU wobble pairings reduce translation efficiency in Plasmodium
falciparum

The genome of P. falciparum is strikingly AT biased. One result of this extreme
evolution is the extremely biased codon usage. The lysine encoding AAA and the
asparagine encoding AAT codons, for example, account for more than 20% of the
total codon used in the genome. Importantly, this extreme codon usage has to be
coped by a minimum set of 45 nuclear tRNA genes. Despite this obvious
discordancy, it has mostly escaped attention and has been addressed by only a
few in silico studies previously (203, 278). Our interest was further prompted by
a surprising observation during the generation of Paper I, where we found that
the expression of the CTD in the parasite was more efficient if the sequence was
codon optimized for E.coli, than if we used the native endogenous sequence.

The aim of the study was to investigate the effect of codon usage on translation
by employing GFP reporter assays. Using GFP reporter assays confer numerous
advantages:
* The use of GFP to assess codon effects can eliminate potential
confounding effects due to functional selection
* The GFP reporter gives lysis-free and highly sensitive readouts
* GFP allows accurate stage-specific flow cytometry analysis when
compared with luciferase-based assay

We started by first tallying the genomic codon usage frequency of P. falciparum,
and then carefully characterized the anticodon of all the nuclear tRNA genes by
aligning the universally conserved T33 as well as through sequence homology
prediction. After that, all possible codon: anticodon-pairing dynamics were
mapped. Our analysis showed that the genome predominantly used codons with
highly skewed A+T content, which faithfully reflects the A+T rich genome.
Interestingly, we also found that P. falciparum genome frequently uses wobble
codons, with up to one third of all codons used in the genome contributed by the
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eight GU wobble codons. GU wobbling refers to codons that have a T in the third
position that are necessarily paired with a G in the wobble position of the
anticodon during translation.

Puzzled by the findings, we sought to recodonize the GFP reporter in four
different ways: an AT rich sequence with synonymous codon usage reminiscent
of the genome of P. falciparum-GFPpr, a sequence with GC rich codons-GFPgc, a
sequence with high wobble codon content-GFPwo, and one that has a low wobble
codon content-GFPno wob. All sequences were transfected into NF54 parasites for
assessing the translation efficiency by flow cytometry. Interestingly, the FACS
results consistently demonstrated lower fluorescence intensity in GFPno wob.
qPCR detection, meanwhile, suggested no difference in the transcript level of
GFPuno wob. This indicated a specific effect on translation.

To facilitate our analysis, we established a panel of parameters that can
comprehensively reflect the rareness of the codons, the nucleotide compositions,
as well as the wobble codon contents in each of the recodonized sequences.
These parameters were individually tested for their effect on translation
efficiency. In support of our initial observation, these analyses revealed a strong
negative association between high GU-wobble content and translation efficiency.
No association was, however, seen between non GU-wobble codon content and
translation efficiency. In other eukaryotes, this negative association was also
supported in studies using reporter assays as well as ribosome profiling (279,
280).

As aforementioned, this study was inspired by the fact that the expression of
PTEF-CTD in the P. falciparum was more efficient when the sequence was codon
optimized for E. coli expression. We re-characterized this observation in a
systematic way and found that the sequence that was codon optimized for E. coli
expression had, indeed, a lower GU wobble content. This provided further
evidence for our conclusion that the GU wobble content negatively correlates
with translation efficiency.

One of the most frequently used codon in the genome is the asparagine encoding
AAT codon, which is a GU wobble codon. The high usage frequency of this codon
most likely leads to frequent insertion of asparagine homorepeat in many P.
falciparum proteins (281). The rapid expansion of these repeats in P. falciparum
has so far defied understanding. Deletion of the asparagine repeat in the
essential proteasome component, Rpn6, resulted in no phenotypic changes,
suggesting the expansion of asparagine homorepeats maybe functionally neutral
(206).

Prompted by our data, we hypothesized that the locally clustered GU wobble
codon context underlying these asparagine homorepeats would have major
influence on the translation dynamics of the host proteins. We addressed this by
inserting AAT codon repeats in the GFPnowob and investigated the effect of the
insertion on GFP production. Expectedly, AAT codon insertion reduced GFP
production, when compared to the synonymous AAC codons insertion and the
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control insertion. However, we repeatedly found a reduced equilibrium
transcript level when the GFP was inserted with AAT codons. By blocking
transcription with ActinomycinD, such an effect appeared to be attributed to
accelerated transcript turnover rates.

So far, all experimental data converge to support the use of GU wobble codon
can negatively influence protein output. To complement this experimental data,
we performed bioinformatic analyses and were able to show that:
* Highly expressed genes (top 5% percentile of expression) use
significantly less GU wobble codons
* Genes encoding ribosomal proteins have drastically reduced GU wobble
content when compared to the genome average
* From previously reported data (187), transcripts that are efficiently
loaded on polysomes also have lower GU wobble content when
compared to transcripts that are poorly loaded, inferring that a high GU
wobble content reduces translation efficiency as could be seen by less
loaded ribosomes

These analyses further strengthen the study conclusion.

During further investigation, we discovered that genes with high GU wobble
content are preferentially enriched in genes that have a regulatory role or that
are involved in nitrogen metabolism (transcription and translation etc). In
particular, the AP2 transcription factors are commonly high in GU wobble
content. Meanwhile, genes encoding surface antigens, such as the rif genes, have
much lower GU wobble content. This observation may imply the use of GU
wobble codons as a possible gene regulatory mechanism, being in place to
complement the obvious lack of transcriptional regulation.

Additionally, we found a marked increase in GU wobble content and in the
frequency of asparagine homorepeat insertion in single-exon genes when
comparing to multi-exon genes. Single-exon genes are generally more vulnerable
to transcriptional errors, because the non-sense mediated decay (NMD)
mechanism which can promptly remove transcript with premature termination
codon is only efficiently triggered by the exon junction complex. Therefore, our
results gives rise to an interesting proposal that, perhaps, single-exon genes may
have evolved to harbor more asparagine homorepeats so as to achieve a rapid
transcript turnover and prevent the accumulation of defective transcripts.

This study represents the first in vitro study that addresses codon usage in P.
falciparum. The results have provided new insights on gene regulation and
genome evolution of this parasite.

Paper III

RIFIN has recently emerged as an important variable surface antigen family,

both because of being verified as a new ligand that mediates binding to the A-
blood group antigen as well as being identified as targets of naturally occurring
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broadly neutralizing antibodies (70, 79). Despite these new promises, there is an
apparent lack of studies on the 160-member RIFIN family. Regulation of rif and
RIFIN expression have not been investigated nor described at any level of the
central dogma. This scarcity is likely obscured by the promiscuity of many
antibody reagents that are at times giving inconsistent conclusions in different
experiments.

The study aims to generate antibody reagents that are thoroughly validated for
use in subsequent studies to elucidate the function of RIFIN and its regulatory
mechanism.

To start with, we immunized ten rabbits with peptides encompassing regions of
different RIFIN proteins as well as immunized one goat with a recombinant
RIFIN protein. In brief, four rabbits were immunized with peptides generated
from the C-terminus of two A-RIFIN proteins (PF3D7_0100400 for RaRIF¢ and
R2aRIFc, PF3D7_0223100 for R3aRIFc and R4aRIF¢), whereas four other rabbits
were immunized with peptides generated from the C-terminus of two B-RIFIN
proteins (PF3D7_0900500 for R5aRIF¢ and R6aRIFc, 3D7_0223200 for R7aRIFc
and R8aRIF¢), the remaining two rabbits were immunized with a peptide
generated from the A-RIFIN specific indel sequence of PF3D7_0100400 (RaRIF;
and R2aRIF;). Since amino acid sequences in the C-terminus of are relatively
conserved for both A- and B-RIFINs, while the indel sequence is A-RIFINs
specific (64). This immunization strategy was designed to ideally generate
antibodies that would recognize either all RIFINs or A-RIFINs only. Meanwhile,
an A-RIFIN (PF3D7_0100400) recombinant protein was synthesized and
subsequently used to immunize a goat (GaRIF).

We subsequently tested all the antibodies in traditional antibody-based
molecular techniques, i.e. western blotting and immunofluorescence assays.
Despite the broad panel of generated antibodies, only RaRIF¢, RaRIFiand GaRIF
could detect the proteins of expected size in a few parasite strains in western
blot analysis. However, all the three antibodies gave varying or inconsistent
localization pattern in immunofluorescence assays.

To validate the specificity of the antibodies, we sought to map the epitopes in an
ultra-dense peptide array. The peptide array was coated with 12-residue
peptides representing surface antigens from PfMC-2TM, PHIST, RIFIN, STEVOR,
SURFIN and PfEMP1 protein families. Adjacent peptides are laterally shifted by
one residue and thus any adjacent pair of peptides would contain an 11-residue
overlapped region. The results from the peptide array experiment suggest: 1)
RaRIF¢ and RaRIF;exhibit good degree of cross-reactivity with a third to a half of
all RIFINs, 2) GaRIF can also cross-react with one fourth of all RIFIN, 3) epitopes
recognized by GaRIF cluster in five regions which may represent immuno-
dominant region, 4) R5aRIFc and R6aRIFchave poor specificity against RIFINs,
5) Non RIFIN cross-reactivity is most commonly seen against STEVORs, which
form a super-family with RIFINs.

RNA sequencing was performed to fully characterize the rif transcription
profiles of the parasite strains tested prior in western blot analysis. Base on the
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transcription profiles, it could be concluded that the ability of RaRIFc, RaRIFiand
GaRIF to detect RIFIN in each parasite strain could be predicted by whether the
dominant or highly expressed rif genes would encode epitopes recognized by
each antibodies, as illustrated in the peptide array experiment.

Through this study, robustly validated RIFIN antibodies were obtained for use in
future studies. This study also provided an example of the use of peptide array to
authenticate antibody reagents. Notably, our result implies that any conclusion
made by immunofluorescence assays is highly dependent and sensitive to the
epitopes recognized by the antibodies used. It is thus advised to use alternative
strategies such as GFP-tagging, or to use multiple antibodies in order to make
concrete conclusion. In cohesion with this, these strategies were employed in
Paper L.
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5 CONCLUDING REMARKS AND FUTURE PERSPECTIVES

A decade of global commitment in malaria control has been rewarded with
remarkable achievements and the laying of encouraging milestones. On the
crossroad where passive control is to be replaced by proactive elimination
initiatives, the disturbing uprising of artemisinin-resistant parasites in pockets
of the endemic regions can potentially reverse the course, leading to
catastrophic consequences. Studies looking at new and old antimalarial drugs
converge to illuminate the promises of targeting the translation machineries of
the parasites as a multistage solution (218, 282-288). Regrettably, the global
translation dynamics as well as specific translation regulation have not been
sufficiently investigated. The studies presented in this thesis have advanced
some of the current understanding on the translational regulation in P.
falciparum:

[) The translation of the PFEMP1-VAR2CSA protein, which mediates binding to
placental CSA ligand, is regulated by PTEF (Plasmodium Translation
Enhancing Factor). Unlike many known trans acting translation regulators,
PTEF enhances translation rather than represses translation. In the case of
VAR2CSA, the enhancement leads to the relief of translational repression by
the bicistronic uORF. While exhibiting promiscuous cellular localization
patterns, full length PTEF is imported into the nucleus of the parasite,
processed by PfCALPAIN to generate a C-terminal domain containing
fragment. The CTD contains an RNA-binding Pfg27 domain and interacts
with the ribosome. Interestingly, PTEF enhances translation also in the
heterologous E. coli model. Although the mechanism of the translational
regulation by PTEF is not yet determined, it is plausible that the association
of PTEF with the ribosome constitutes a ‘specialized ribosome’ population.
Importantly, high ptef transcript and protein levels, similar to VAR2CSA,
were previously observed and associated with PAM patient isolates.
Therefore, it may represent a master regulator of PAM pathogenesis and a
potential therapeutic target for this subgroup of clinical malaria.

[I) We showed that the pervasive use of GU wobble codons in P. falciparum is
associated with reduced protein output, probably affecting the efficiency of
translation elongation. Although results are concluded from experiments
using GFP reporter, global bioinformatics analyses suggested the effect could
be system-wide. Highly expressed genes harbor reduced GU wobble codon
content with concomitant increase in the usage of the synonymous codons.
The GU wobble AAT codon is frequently organized in clusters that encode
asparagine homorepeats. It is found that the insertion of clustered AAT
codons can destabilize the host transcripts. Interestingly, single exon genes
have higher GU wobble content and more frequent asparagine homorepeat
insertion, suggesting a mechanism to compensate for the inefficiency of non-
sense mediated decay mechanism on intronless genes. Furthermore, higher
GU wobble content is also commonly found in regulatory genes. Overall, the

38



widespread use of GU wobble codon may evolve as an important gene
regulatory mechanism.

[II) Immunization of peptide and recombinant protein generated from selected
A-RIFIN can elicit specific antibody responses against a limited subset of
RIFIN proteins. This study provides proof of concept for the potential of
generating cross-reactive RIFIN antibodies as well as validated RIFIN
reagents for use in later studies. It also shows the rationale of using peptide
array to authenticate antibodies before important conclusion should be
made.
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