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Transmission begins when the Anopheles vector takes a blood meal that contains mature male and female gametocytes (Figure 1.2). Within the mosquito midgut, the male gametocyte undergoes rapid nuclear division, producing eight flagellated microgametes that fertilize the female macrogamete. The resulting ookinete traverses the wall of the mosquito gut and encysts on the exterior of the gut wall as an oocyst. The oocysts matures over several days (13)(14) days in the case of P. falciparum) producing thousands of sporozoites, which when released into the mosquito midgut, travel to the vector's salivary glands and enter through the injected saliva the next human host.

Chronic P. falciparum Malaria Infections

Accumulated data over the last 50 years show unequivocally that P. falciparum can survive for a long period of time in the peripheral blood of the human host, with the longest duration reported to date being 9 years [START_REF] Howden | Chronic falciparum malaria causing massive splenomegaly 9 years after leaving an endemic area[END_REF]. In individuals who have developed a protective immune response, it is still unclear how the parasite evades the host immune mechanism to maintain a low-grade parasite load over months and years. But it is widely accepted that the malaria parasite establishes a chronic infection by escaping the host immune responses directed against a series of antigens that expose variable surface epitopes and/or by selecting parasite populations with distinct polymorphic antigens [START_REF] Druilhe | A hypothesis about the chronicity of malaria infection[END_REF].

The most important molecule implicated in P. falciparum immune evasion is erythrocyte membrane protein 1 (PfEMP1), the major erythrocyte surface antigen mediating parasite sequestration in the microvasculature. The parasite varies the expression of ~60 PfEMP1encoding var genes such that a single var gene is expressed at any given time, with the remaining 59 genes maintained in a transcriptionally inactive state. The mechanisms of var gene regulation are discussed in detail in Sections 2 and 3. In addition, expression of particular PfEMP1 subtypes, which bind to alternative host endothelial receptors, may result in parasite enrichment in different tissues, causing a range of symptoms and disease severity [START_REF] Merrick | Epigenetic dysregulation of virulence gene expression in severe plasmodium falciparum malaria[END_REF]Scherf et al., 2008a).

Current Situation and Challenges of Malaria Control

The past decade witnessed great efforts to control malaria, especially given the increased availability of new and diverse strategies and tools against both the parasite and the vector.

However, malaria still represents a major health burden, particularly in Africa. Key challenges such as the rise of drug and insecticide resistance, and the unavailability of a licensed, highly efficient malaria vaccine, are discussed below.

Antimalarial Drugs and Drug Resistance

Currently available antimalarials can be divided into three broad categories according to the chemical structure and mode of action: the aryl aminoalcohol compounds (quinine, quinidine, chloroquine, amodiaquine, mefloquine, halofantrine, lumefantrine, piperaquine, tafenoquine), the antifolate compounds (pyrimethamine, proguanil, chlorproguanil, trimethoprim), and the artemisinin compounds (artemisinin, dihydroartemisinin, artemether, artesunate). Of these, the artemisinin drugs have the broadest time window of action on different stages of the parasite and produce the most rapid therapeutic response.

Since the introduction of the first drug to tackle malaria, the rapid emergence of drug resistant pathogens has been observed (Figure 1.3). Chloroquine (CQ) was introduced in 1945 with resistant parasites cropping up in the early 1960s [START_REF] Blount | Management of chloroquine resistant falciparum malaria[END_REF]. Following widespread resistance of P. falciparum to CQ, sulfadoxine-pyrimethamine (SP) came to the scene in the 1960s as a cheap and well-tolerated alternative. However, SP-resistance was reported in the same year (Figure 1.3) and widespread resistance was documented over a relatively short period of time in most endemic countries [START_REF] Ekland | In vitro evaluations of antimalarial drugs and their relevance to clinical outcomes[END_REF].

Artemisinin and its derivatives are currently the most active antimalarial drugs available and have been introduced around the world as an integral part of both prophylactic and first-line therapies. They are often used in combination with other antimalarials, the so-called Artemisinin Combination Therapies or ACTs. The 5 ACTs currently recommended for use by the WHO are artemether plus lumefantrine, artesunate plus amodiaquine, artesunate plus mefloquine, artesunate plus sulfadoxine-pyrimethamine, and dihydroartemisinin plus piperaquine (WHO, 2006). The choice of therapy is based on the efficacy of the combination in the endemic country or area of intended use.

Vaccine Candidates in Development

Vaccines are generally believed to be important in the elimination of P. falciparum and other Plasmodium spp., because their efficiency has been proven in the global eradication of smallpox and polio from the Western Hemisphere. As compared to chemotherapy, vaccines are safer and more convenient for young infants and children, pregnant women, and travelers.

Nonetheless, the prospects of achieving malaria elimination are diminished by the lack of a licensed malaria vaccine. So far, most of efforts have been directed towards single antigens, and the candidate antigens can be classified into three groups based on the target life cycle stage: pre-erythrocytic, erythrocytic and transmission-blocking [START_REF] Barry | Strategies for designing and monitoring malaria vaccines targeting diverse antigens[END_REF].

To prevent pre-erythrocytic infection, a vaccine should block sporozoites from entering and multiplying in the liver. The best characterized pre-erythrocytic vaccine is RTS,S/AS01, which was engineered using immunogenic regions of the circumsporozoite protein (PfCSP)

and a viral envelope protein of hepatitis B virus (HBsAg), to which was added a chemical adjuvant AS01 [START_REF] Partnership | A phase 3 trial of RTS,S/AS01 malaria vaccine in African infants[END_REF]. RTS,S/AS01 is the first malaria vaccine to have completed phase 3 clinical testing, and shows partial effectiveness against clinical disease in young African children up to 4 years after vaccination [START_REF] Greenwood | Efficacy and safety of RTS,S/AS01 malaria vaccine with or without a booster dose in infants and children in Africa: Final results of a phase 3, individually randomised, controlled trial[END_REF].

Since all of the symptoms of malaria occur during the erythrocytic stages, the majority of vaccine candidates are designed to prevent parasite asexual reproduction and development.

One approach is to target merozoite antigens to prevent red blood cell invasion. Another approach is to target the major surface protein PfEMP1 to block the process of erythrocyte adherence to host cells, which is accountable for many clinical symptoms associated with malarial infection (such as placental adhesion during pregnancy malaria and others (see section 1.2.2)) [START_REF] Hviid | The role of Plasmodium falciparum variant surface antigens in protective immunity and vaccine development[END_REF]. However, because there are hundreds to thousands of distinct alleles for PfEMP1 in field isolates, the development of PfEMP1-based vaccines has lagged behind [START_REF] Barry | Strategies for designing and monitoring malaria vaccines targeting diverse antigens[END_REF].

The last group consists of transmission-blocking vaccines that target antigens expressed during life cycle stages in the mosquito host. Vaccine candidates are divided into two classes based on the target antigen: the first class includes surface proteins of the extra-cellular male and female gametes (Figure. 1.2), such as Pfs48/45, while the second class includes surface proteins expressed on the zygote and ookinete stages of the parasites (Figure. 1.2), such as Pfs25 [START_REF] Carter | Transmission blocking malaria vaccines[END_REF]. These vaccines would greatly assist elimination efforts to prevent onward transmission.

In the past decade, a different and potentially improved vaccination strategy involves the use of attenuated parasites, either through irradiation or genetic ablation, to generate sterile protection against malaria. The best studied amongst them are Radiation Attenuated Sporozoites, and Genetically Attenuated Parasites (GAPs) that arrest either during liver stage or blood stage development [START_REF] Nganou-Makamdop | Liver or blood-stage arrest during malaria sporozoite immunization: The later the better?[END_REF]. For instance, Mécheri and colleagues studied the role of the parasite's histamine-releasing factor (HRF) in the development of host immune response and found that mice infected with blood stage P.

berghei HRF-deficient parasites (Pb∆hrf) cleared parasites rapidly leading to a long-lasting, wide-ranging, cross-stage and cross-species protective effect [START_REF] Demarta-Gatsi | Protection against malaria in mice is induced by blood stage-arresting histamine-releasing factor ( HRF )-deficient parasites[END_REF].

This indicated that P. falciparum ∆hrf parasites could be developed as a blood stage GAP vaccine. The other GAP-based vaccine, Pf∆slarp∆b9 and its equivalent rodent mutant that arrest in pre-erythrocytic liver stages, have also been evaluated for their efficacy and safety, and are being developed for clinical testing [START_REF] Annoura | Two Plasmodium 6-Cys family-related proteins have distinct and critical roles in liver-stage development[END_REF][START_REF] Van Schaijk | A genetically attenuated malaria vaccine candidate based on P. falciparum b9/slarp genedeficient sporozoites[END_REF].

General Epigenetic Regulation in P. falciparum

Epigenetic Mechanisms of Gene Regulation

Chromatin Structure

Genomic DNA in eukaryotic cells is packaged with special proteins termed histones to form protein/DNA complexes called chromatin. The nucleosome is the basic unit of chromatin structure and consists of an octamer of 2 copies each of the core histones, H2A, H2B, H3 and H4, around which is wrapped about 147bp of DNA. The P.falciparum genome encodes four main types of core histones (H2A, H2B, H3 and H4) and four histone variants H2A.Z, H2Bv, H3.3, and the centromere-specific H3, CenH3 [START_REF] Miao | The malaria parasite Plasmodium falciparum histones: Organization, expression, and acetylation[END_REF]. In most eukaryotes, nucleosome occupancy decreases upstream of transcriptionally active genes and increases in the regulatory regions of repressed genes [START_REF] Huebert | Dynamic changes in nucleosome occupancy are not predictive of gene expression dynamics but are linked to transcription and chromatin regulators[END_REF]. In contrast, several studies in P. falciparum asexual blood stages suggested lower nucleosome occupancy in intergenic regions of all genes relative to the gene body and for the majority of genes, gene expression did not correlate with changes in nucleosome enrichment [START_REF] Ponts | Nucleosome landscape and control of transcription in the human malaria parasite[END_REF][START_REF] Westenberger | Genome-wide nucleosome mapping of Plasmodium falciparum reveals histone-rich coding and histone-poor intergenic regions and chromatin remodeling of core and subtelomeric genes[END_REF]. This was confirmed by a third study in which genes expressed during the asexual stage showed a nucleosome-free region at the transcription start sites (TSSs) and predicted upstream promoters (Ponts N, Harris EY, Lonardi S, 2011). The most recently published large-scale map of nucleosome positions provides a structural and regulatory framework to the transcriptional unit by demarcating landmark sites. Bártfai and colleagues observed transcription-coupled eviction of nucleosomes on strong transcription start sites during intraerythrocytic development, and demonstrated that nucleosome positioning and dynamics can be predictive for functional DNA elements [START_REF] Kensche | The nucleosome landscape of Plasmodium falciparum reveals chromatin architecture and dynamics of regulatory sequences[END_REF]. Finally, nucleosome dynamics is a point of contention in subtelomeric regions: Ponts et al. reported an overenrichment of nucleosomes for telomeric and subtelomeric regions in comparison with the rest of the genome, while Westenberger et al. observed that subtelomeric regions showed the highest fluctuations in nucleosome occupancy at different intra-erythrocyte stages of the parasite [START_REF] Ponts | Nucleosome landscape and control of transcription in the human malaria parasite[END_REF][START_REF] Westenberger | Genome-wide nucleosome mapping of Plasmodium falciparum reveals histone-rich coding and histone-poor intergenic regions and chromatin remodeling of core and subtelomeric genes[END_REF]. Taken together, how higher-order structures of chromatin are formed, regulated, and their effects on genomic activity and function in P. falciparum continues to remain elusive.

Histone Modifications

Histone post-translational modifications (PTMs) are covalent modifications of critical residues, typically lysine, arginine, serine or tryosine, in the N-terminal tails of nucleosomal histones. Histone PTMs can impact gene expression by altering chromatin structure or recruiting other modifiers. In general, histone modifications can affect many DNA-related processes, including transcription, recombination, DNA repair and replication, and chromosomal organization [START_REF] Birney | Identification and analysis of functional elements in 1% of the human genome by the ENCODE pilot project[END_REF][START_REF] Groth | Chromatin Challenges during DNA Replication and Repair[END_REF][START_REF] Ruthenburg | Multivalent engagement of chromatin modifications by linked binding modules[END_REF].

Mass spectrometric analyses have shown that P. falciparum histones carry more than 60

PTMs, including acetylation (ac), methylation (me), phosphorylation (phos), lipidation, etc (Dastidar et al., 2012;[START_REF] Treeck | The phosphoproteomes of plasmodium falciparum and toxoplasma gondii reveal unusual adaptations within and beyond the parasites' boundaries[END_REF]Trelle et al., 2009). Very recently, a more systematic mass spectrometry study reveled 232 histone PTMs throughout the intraerythrocytic development cycle of P. falciparum, of which 160 had never been detected

in Plasmodium and 88 had never been identified in any other species (Saraf et al., 2016).

Acetylation and methylation of N-terminal histone lysines are the two most common PTMs with distinct distributions along both euchromatin and heterochromatin in P. falciparum, and can be broadly grouped into three categories: those that show positional changes during the intraerythrocytic development cycle (IDC), those that show variable abundance through the IDC, and those that occurs at a specific position in the genome and are maintained throughout the IDC (Bozdech et al.,2003;[START_REF] Bozdech | Malaria Parasites: Comparative Genomics, Evolution and Molecular Biology[END_REF]. The best-studied marks in P. falciparum are histone H3 lysine 9 acetylation (H3K9ac, a predominantly euchromatic PTM), histone H3 lysine 9 mono-, di-, or tri-methylation (H3K9me1,2 or 3, respectively, predominantly heterochromatic marks) and lysine 4 methylation (H3K4me3, primarily euchromatic marks) (Figure 2.1). These are discussed in greater detail in section 2.2. Of note, H3K9me3 is enriched in subtelomeric regions of all chromosomes and chromosome-internal regions of chromosomes 4, 7, 8 and 12 (Figure 2.2A).

Genome-wide mapping found that PfCenH3 demarcates centromeric regions of all P.

falciparum chromosomes, which are also enriched in PfH2A.Z but devoid of typical pericentric heterochromatin marks such as H3K9ac and H4K20me3 (Hoeijmakers et al., 2011). A recent study found that the other variant form of histone H3, PfH3.3, demarcates GC-rich euchromatic coding region and subtelomeric repetitive sequences, and during trophozoite stages predominantly occupies AT-rich intergenic regions. Moreover, PfH3.3 specifically marks the promoter region of the active and poised var gene, but not silenced var genes [START_REF] Fraschka | H3.3 demarcates GC-rich coding and subtelomeric regions and serves as potential memory mark for virulence gene expression in Plasmodium falciparum[END_REF]. This distribution pattern is similar to that of the PfH2A.Z/ PfH2B.Z double-variant nucleosomes around the transcription start site of the active var gene during the ring stage [START_REF] Petter | H2A.Z and H2B.Z double-variant nucleosomes define intergenic regions and dynamically occupy var gene promoters in the malaria parasite Plasmodium falciparum[END_REF]. Notably, PfH3.3 is retained at the AT-rich var promoter throughout the poised state (i.e., during parasite division in the trophozoite and schizont stages; discussed in Sections 3.2.1 and 3.2.2), thereby potentially contributing to epigenetic memory of var gene expression.

Taken together, the aforementioned studies suggest that the amino acid sequence variability of histones can, by itself or in a conjunction with histone modifications, regulate chromatin dynamics, which is important for gene expression and demarcating functional chromosome regions.

Nuclear Organization

The organization of the genome in the eukaryotic nucleus is complex and dynamic. Various features of nuclear architecture, including compartmentalization of molecular machines and the spatial arrangement of certain genetic loci, contributes to the nuclear gene regulatory process [START_REF] Schneider | Dynamics and interplay of nuclear architecture, genome organization, and gene expression[END_REF]. However, increasing evidences has indicated that virulence gene activation or silencing in P. falciparum is associated with repositioning of the locus relative to other nuclear compartments and genomic loci.

Within the haploid P. falciparum genome, the approximately 60 copies of var genes, 180 copies of rif genes, and 24 copies of stevor genes are primarily located in subtelomeric regions, with a few clusters located in internal chromosomal regions [START_REF] Gardner | Genome sequence of the human malaria parasite Plasmodium falciparum[END_REF].

More details about genome organization of var genes and how a single var gene is maintained in a transcriptionally active state will follow shortly in section 3.2.1. The subtelomeric as well as internal clonally variant genes localize to the nuclear periphery as part of 4-7 telomeric clusters [START_REF] Freitas-Junior | Frequent ectopic recombination of virulence factor genes in telomeric chromosome clusters of P. falciparum[END_REF][START_REF] Ralph | Antigenic variation in Plasmodium falciparum is associated with movement of var loci between subnuclear locations[END_REF]. Lopez-Rubio et al. further

Besides, experimental data support that recombination efficiency of var genes is enhanced by the physical tethering of homologous region [START_REF] Freitas-Junior | Frequent ectopic recombination of virulence factor genes in telomeric chromosome clusters of P. falciparum[END_REF][START_REF] Taylor | Var gene diversity in Plasmodium falciparum is generated by frequent recombination events[END_REF], suggesting nuclear architecture may determine the hot spots of recombination in malaria parasites. Future progress in our understanding of Plasmodium nuclear substructure and dynamics is essential to elucidate antigenic variation.

DNA Methylation

DNA modifications such as methylation of cytosine at the C5 position, 5mC, and methylation of adenine at the N6 position, m6A, are well established as regulators of gene expression in eukaryotic and prokaryotic systems. More recently, 5-hydroxymethylcytosine or 5hmC, an oxidation derivative of 5mC, has emerged as a key regulator of a number of cellular processes in eukaryotes, with the crosstalk between 5mC and 5hmC levels modulating gene suppression and heterochromatin remodeling. Active conversion of 5mC to 5hmC by Ten-eleventranslocases (Tet) may facilitate the maintenance of DNA methylation patterns during cell division, in coordination with DNA methyltransferases [START_REF] Tahiliani | Conversion of 5-methylcytosine to 5hydroxymethylcytosine in mammalian DNA by MLL partner TET1[END_REF]. Moreover, 5hmC is not recognized by methyl-CpG-binding proteins that typically recognize 5mC, thus preventing the recruitment of histone deacetylases (discussed in section 2.2) and leading to the formation of transcriptionally competent chromatin [START_REF] Clouaire | Methyl-CpG binding proteins: Specialized transcriptional repressors or structural components of chromatin? Cell[END_REF][START_REF] Jin | Examination of the specificity of DNA methylation profiling techniques towards 5-methylcytosine and 5-hydroxymethylcytosine[END_REF].

In P. falciparum, based on bisulfite conversion and high throughput sequencing (BS-seq), a genome-wide map of DNA cytosine methylation was generated during the intraerythrocytic developmental cycle [START_REF] Ponts | Genome-wide mapping of DNA methylation in the human malaria parasite Plasmodium falciparum[END_REF]. This study revealed that the malaria genome displays core promoter hypermethylation patterns and may share common features with undifferentiated plant and mammalian cells. Notably, intra-exonic methylation inversely correlated with gene transcription, and sharp transitions of methylation occured at nucleosome and exon-intron boundaries. However, this study has several caveats: 1) The researchers analyzed a bulk parasite culture, which was not time-synchronized. Given the cyclic pattern of gene expression during the intraerythrocytic developmental cycle (discussed in section 3.1), a direct correlation cannot be made between DNA methylation and gene expression; 2)

Because var genes are expressed only at 8-16 hours post erythrocyte-invasion, this study did not provide insights into wheather 5mC levels contribute to var expression; and 3) Importantly, BS-seq cannot differentiate between 5mC and 5hmC.

Recently, Scherf and colleagues determined the existence of 5hmC in the P. falciparum genome and quantified the genome-wide distribution of 5hmC using BS-seq and oxidative bisulfite sequencing (oxBS-seq). They observed dynamic changes in 5hmC genomic enrichment in different stages of parasite development (ring, trophozoite and schizont).

Particularly, 5hmC was differentially enriched in genes encoding select erythrocyte invasion proteins and was absent from the promoter of the single active var gene in comparison to the 59 silent var genes (Vembar and Scherf et al, manuscript in preparation). In the future, research could focus on establishing the correlation between DNA methylation and gene expression in P. falciparum, and could address the following questions: 1) How vital is DNA methylation in P. falciparum; 2) How it plays a role in modulating gene expression or even parasite development; and 3) The molecular components of the P. falciparum DNA methylation and demethylation machinery.

Histone Modification Machinery

"Writers" and "Erasers" of the Histone Code

Histone PTMs are controlled by the opposing actions of various enzymes for their addition and removal. Epigenetic writers such as histone acetyltransferases (HATs), histone lysine methyltransferases (HKMTs) and arginine methyltransferases (HRMTs) lay down epigenetic marks on histone N-terminal tails (Table 2.1). In contrast, erasers such as histone deacetylases (HDACs) and lysine demethylases (HKDMs) catalyze the removal of marks [START_REF] Jenuwein | Translating the histone code[END_REF]) (Table 2.1).

HATs and HDACs function antagonistically to control histone acetylation states. HATs transfer the acetyl group from acetyl-CoA to the lysine residues in histones tails and are currently categorized into 5 families: GNATs (GCN5 N-acetyltransferases), MYSTs (MOZ, Ybf1/Sas3, Sas2, and Tip60), p300/CBP (CREB-binding protein), general transcription factor HATs, and nuclear hormone-related HATs [START_REF] Lee | Histone acetyltransferase complexes: one size doesn't fit all[END_REF].

Ten predicted HATs belonging to the GNAT or MYST families are distributed in the malaria parasite genomes, as shown in Table 2.1. Among them, PfGCN5 preferentially acetylates H3K9 and K14 in vitro [START_REF] Fan | Plasmodium falciparum[END_REF], and the perturbance of H3K9ac levels by attenuation of PfGCN5 activity leads to parasite growth inhibition [START_REF] Cui | Cytotoxic effect of curcumin on malaria parasite Plasmodium falciparum: Inhibition of histone acetylation and generation of reactive oxygen species[END_REF]. Another HAT protein PfMYST, which preferentially acetylates H4K5, H4K8, H4K12 and H4K16, is reported to be involved in intraerythrocytic cell cycle regulation and DNA repair [START_REF] Miao | The MYST family histone acetyltransferase regulates gene expression and cell cycle in malaria parasite Plasmodium falciparum[END_REF].

In P. falciparum, there are five HDAC homologues/orthologues (Table 2.1). PfHDAC1 is a class I enzyme homologous to yeast Rpd3 and is a nuclear protein [START_REF] Joshi | Molecular cloning and nuclear localization of a histone deacetylase homologue in Plasmodium falciparum[END_REF].

PfHDAC2 and PfHDAC3 are provisionally assigned to class II and have not been characterized. The class III HDACs, also referred to as Sirtuins, use NAD+ as a reactant to deacetylate acetyl-lysine residues of protein substrates; in P. falciparum, two paralogs

PfSir2A and PfSir2B of the well-characterized Saccharomyces cerevisiae HDACIII, Sir2, have been annotated [START_REF] Duraisingh | Heterochromatin silencing and locus repositioning linked to regulation of virulence genes in Plasmodium falciparum[END_REF][START_REF] Tonkin | Sir2 paralogues cooperate to regulate virulence genes and antigenic variation in Plasmodium falciparum[END_REF]. Although PfSir2A and PfSir2B are not essential to P. falciparum survival in vitro, gene knockouts abolished silencing and mutually exclusive expression of virulence genes and induced leaky transcription from numerous genes [START_REF] Duraisingh | Heterochromatin silencing and locus repositioning linked to regulation of virulence genes in Plasmodium falciparum[END_REF][START_REF] Tonkin | Sir2 paralogues cooperate to regulate virulence genes and antigenic variation in Plasmodium falciparum[END_REF]. Substrates of PfSir2A include acetylated K9 and K14 of histone H3 and acetylated K16 of histone H4 [START_REF] French | Plasmodium falciparum Sir2 is an NAD+dependent deacetylase and an acetyllysine-dependent and acetyllysine-independent NAD+ glycohydrolase[END_REF]. Moreover, PfSir2A plays a role in propagating silent heterochromatin from the telomere to chromosome internal regions, thus silencing telomere-proximal genes (discussed in more detail in section 3.2.1) [START_REF] Duraisingh | Heterochromatin silencing and locus repositioning linked to regulation of virulence genes in Plasmodium falciparum[END_REF][START_REF] Mancio-Silva | Differential association of Orc1 and Sir2 proteins to telomeric domains in Plasmodium falciparum[END_REF].

In addition, a novel negative regulatory function has been reported for PfSir2A in fine-tuning the transcription of ribosomal RNA genes which results in different levels of merozoite production (Mancio- [START_REF] Mancio-Silva | ARTICLE Sir2a regulates rDNA transcription and multiplication rate in the human malaria parasite Plasmodium falciparum[END_REF].

The methylation of lysine or arginine residues can occur in several states with complex readouts [START_REF] Zhang | Transcription regulation by histone methylation: Interplay between different covalent modifications of the core histone tails[END_REF]. The lysine residues can house either mono-, di-or trimethyl moieties on their amine group, whereas arginine residues can carry mono-or dimethyl groups on their guanidinyl group. The P. falciparum genome encodes ten HKMTs and three conserved protein HRMTs (also referred to as PRMTs, for protein arginine methyltransferease) (Table 2.1). HKMTs typically contain a catalytic Su(var)3-9-Enhancer of zeste-Trithorax (SET) domain: since the focus of this thesis is PfHKMTs, they are discussed in greater detail in section 3.5. Of three putative HRMTs, PfPRMT1 has been experimentally confirmed to have methyltransferase activity in vitro and produces the activating histone mark H4R3 [START_REF] Fan | Characterization of PRMT1 from Plasmodium falciparum[END_REF]. PfPRMT1 contains an extended N-terminal region that is essential for the catalytic activity of this enzyme, and is present in both the cytoplasm and nucleus of asexual stage parasites [START_REF] Fan | Characterization of PRMT1 from Plasmodium falciparum[END_REF]. However, it is unknown whether the enzyme can affect transcription in vivo. The other two putative PfPRMTs were annotated as PfPRMT5 and PfCARM1 owing to sequence homology, although PfCARM1 is quite diverged from other known CARM1 homologues, including that found in Toxoplasma gondii [START_REF] Saksouk | Histone-Modifying Complexes Regulate Gene Expression Pertinent to the Differentiation of the Protozoan Parasite Toxoplasma gondii Histone-Modifying Complexes Regulate Gene Expression Pertinent to the Differentiation of the Protozoan Parasite Toxoplasma go[END_REF]. Both PfPRMT5 and PfCARM1 contain stretches of asparagine residues, which are encoded by AT-rich codons, and low complexity amino acid sequences.

The three histone lysine demethylases that have been bioinformatically identified belong to two families, lysine-specific demethylase1 (LSD1) and Jumonji C-domain containing demethylases (JHDMs). In contrast to HDACs, which are being considered as targets to develop parasite-specific small molecule inhibitors, the HKDMs are not well characterized.

At present only one study indicated that PfLSD1 is involved in controlling variant expression of var genes and maintaining telomere repeat length (Comeaux, 2009). 

"Readers" of the Histone Code

The epigenetic "writers" are complemented by a wide range of "readers", proteins that contain binding domains to recognize modified amino acid side chains (Figure 2.1 and Table 2.2). The best-studied histone reader in P. falciparum is the heterochromatin protein PfHP1 [START_REF] Flueck | Plasmodium falciparum heterochromatin protein 1 marks genomic loci linked to phenotypic variation of exported virulence factors[END_REF][START_REF] Pérez-Toledo | Plasmodium falciparum heterochromatin protein 1 binds to tri-methylated histone 3 lysine 9 and is linked to mutually exclusive expression of var genes[END_REF]. According to protein sequence analysis, PfHP1 is composed of two characteristic domains, a chromodomain (CD) that recognizes methylated lysines, and a chromo shadow domain (CSD) that enables oligomerization of HP1 protein leading to nucleosome aggregation and hence the formation of densely packed heterochromatin. PfHP1 binds to H3K9me3 in vitro and its genome-wide enrichment highly correlates with H3K9me3 distribution [START_REF] Flueck | Plasmodium falciparum heterochromatin protein 1 marks genomic loci linked to phenotypic variation of exported virulence factors[END_REF][START_REF] Pérez-Toledo | Plasmodium falciparum heterochromatin protein 1 binds to tri-methylated histone 3 lysine 9 and is linked to mutually exclusive expression of var genes[END_REF].

Bioinformatic analyses predict a number of genes encoding other methylation or acetylation recognition domains including bromodomains, chromodomains, Tudor domains and plant homeodomains (PHDs) (Figure 2.1 and Table 2.2). A bromodomain is an approximately 110 amino acid protein domain that belongs to an extensive family of evolutionarily conserved protein modules which form a hydrophobic pocket that recognizes the acetylated lysine [START_REF] Owen | The structural basis for the recognition of acetylated histone H4 by the bromodomain of histone acetyltransferase gcn5p[END_REF][START_REF] Zeng | Bromodomain: An acetyl-lysine binding domain[END_REF]. Bromodomains recruit proteins such as HATs to specific chromosomal sites and contribute to chromatin remodeling [START_REF] Zeng | Bromodomain: An acetyl-lysine binding domain[END_REF]. P.

falciparum has seven predicted bromodomain proteins that could potentially bind acetylated histones. One of them is the conserved histone acetyltransferase GCN5, which has been described above. The other characterized bromodomain protein, PfBDP1, has emerged as a regulator of several genes, including invasion-related genes, through binding to acetylated histones present in nucleosomes at the corresponding regulatory sites (Josling et al., 2015).

A chromodomain (chromatin organization modifier) contains ~ 50 amino acids that bind to methylated histone lysines (mono-, di-and tri-) and is well conserved across different eukaryotes. In mammals, chromodomain-containing proteins regulate chromatin remodeling and the formation of heterchromatin regions [START_REF] Jones | Mammalian chromodomain proteins: Their role in genome organisation and expression[END_REF]. There are 4 chromodomaincontaining proteins in P.falciparum, PfMYST and PfHP1 contain a single chromodomain, while the chromodomain-helicase-DNA-binding protein 1 homologue contains two chromodomains (Volz et al., 2010).

The Tudor domain was originally identified as a region of 50 amino acids found in the Drosophila Tudor protein and was subsequently shown to bind to methylated lysine or arginine residues. Structural studies of human Tudor indicated that it adopts a strongly bent anti-parallel β-sheet structure consisting of five β-strands with a barrel-like fold and recognizes symmetrically dimethylated histones [START_REF] Sprangers | High-resolution X-ray and NMR structures of the SMN Tudor domain: Conformational variation in the binding site for symmetrically dimethylated arginine residues[END_REF]. Only one Tudor domain-containing protein PfTSN has been reported to be essential in the parasite's life cycle.

Biochemical analysis showed that PfTSN possesses nuclease activity and that the Tudor domain binds to RNA [START_REF] Hossain | Tudor domain proteins in protozoan parasites and characterization of Plasmodium falciparum tudor staphylococcal nuclease[END_REF]. The role of Tudor domain-containing protein in epigenetic regulation of gene expression in P. falciparum has not been studied as yet.

The 65 amino acid residue PHD finger was first discovered in homeodomain proteins of Arabidopsis thaliana, and resembles the metal binding RING domain and FYVE domain. It occurs as a single finger, but more frequently co-exists with adjacent PHD fingers and other histone PTM-binding modules [START_REF] Ruthenburg | Multivalent engagement of chromatin modifications by linked binding modules[END_REF]. The PHD domain binds to specific acetyl and methyl marks on histone tails, recruiting transcription factors and nucleosomeassociated complexes. Based on the specificity of PHD modules toward PTMs, PHD domains can be divided into those that binds unmodified histone H3 tails, those that are capable of binding H3K4me3, those that exhibit preference for H3K9me3 and H3K36me3, and those that are specific for histone H3 or H4 acetylated at various lysine residues (H3/H4ac) [START_REF] Shi | Proteome-wide analysis in Saccharomyces cerevisiae identifies several PHD fingers as novel direct and selective binding modules of histone H3 methylated at either lysine 4 or lysine 36[END_REF]. In P. falciparum, although the complete gene has undergone a major expansion, the PHD region is conserved between Arabidopsis Histone lysine N-methyltransferase gene and Plasmodium spp. [START_REF] Kishore | Horizontal gene transfer of epigenetic machinery and evolution of parasitism in the malaria parasite Plasmodium falciparum and other apicomplexans[END_REF]. Interestingly, bioinformatics tools have identified that one or several PHDs are located at the proximal and upstream regions of the SET domain in multiple P. falciparum HKMTs (e.g. PfSET10 harbors a PHD domain) (Cui et al., 2008).

Another histone mark reader protein in P. falciparum has been identified as Pf14-3-3I, which recognizes phosphorylated histones [START_REF] Dastidar | Comprehensive Histone Phosphorylation Analysis and Identification of Pf14-3-3 Protein as a Histone H3 Phosphorylation Reader in Malaria Parasites[END_REF]. Three putative 14-3-3 proteins are predicted in P. falciparum, of which Pf14-3-3I and Pf14-3-3II are expressed at higher levels in the asexual parasite stages, and share 70% and 25% sequence similarity with that of human, Nicotiana tobaccum and Cryptosporidium parvum 14-3-3 proteins. In vitro assays demonstrated that Pf14-3-3I binds to H3S10ph and H3S28ph, with a preference for H3S28ph over H3S10ph [START_REF] Dastidar | Comprehensive Histone Phosphorylation Analysis and Identification of Pf14-3-3 Protein as a Histone H3 Phosphorylation Reader in Malaria Parasites[END_REF]. In a number of eukaryotic organisms, the 14-3-3 protein family plays critical roles in cell signaling events that control progression through the cell cycle and transcriptional alterations. General mechanisms of 14-3-3 action include changes in activity of bound ligands, altered association of bound ligands with other cellular components, and changes in intracellular localization of 14-3-3-bound cargo [START_REF] Yaffe | How do 14-3-3 proteins work? -Gatekeeper phosphorylation and the molecular anvil hypothesis[END_REF].

The in vivo function of 14-3-3 proteins in P. falciparum still awaits characterization. 

Histone Modifications in eu-and heterochromatin in P. falciparum

Several studies published over the past decade have identified various histone PTMs in different P. falciparum strains and at different stages of parasite intraerythrocytic development (Dastidar et al., 2012;Saraf et al., 2016;[START_REF] Treeck | The phosphoproteomes of plasmodium falciparum and toxoplasma gondii reveal unusual adaptations within and beyond the parasites' boundaries[END_REF]Trelle et al., 2009).

Moreover, the genome-wide distribution of select marks has also been described [START_REF] Grewal | Heterochromatin revisited[END_REF]Lopez-Rubio et al., 2009) The overarching observation is that the euchromatic marks H3K9ac and H3K4me3 are widely distributed across the genome, including in intergenic regions, and are enriched at promoters of actively transcribed genes (Lopez-Rubio et al., 2007, 2009). In contrast, the heterochromatin mark H3K9me3 is usually seen in broad domains over silenced subtelomeric and chromosome-internal regions (Chookajorn et al., 2007, Lopez-Rubio et al., 2007;Lopez-Rubio, Mancio-Silva, & Scherf, 2009). Intriguingly, unlike other organisms [START_REF] Grewal | Heterochromatin revisited[END_REF], enrichment of H3K9me3 in P. falciparum does not spread into the centromere core. In subtelomeric regions, H3K9me3 is associated with gene families such as var, rifin and stevor, which are characterized by high variability between strains and contribute to phenotypic plasticity of blood stage parasites ( Lopez-Rubio, Mancio-Silva, & Scherf, 2009).

The Roles of Histone Methylation and Histone

Methyltransferases in P. falciparum

Just-in-time transcription during asexual development

The sequencing of the P. falciparum genome in 2002 revealed that the 23.3 Mb genome is partitioned amongst 14 chromosomes and is highly AT-rich throughout the genome [START_REF] Gardner | Genome sequence of the human malaria parasite Plasmodium falciparum[END_REF]. The current gene annotation identifies ~5700 open reading frames, and nearly 60% of these lack homologs in other organisms, in spite of being conserved in other Plasmodium species. In the past decade, numerous studies have illuminated our understanding of transcriptional, post-transcriptional, and post-translational gene regulatory processes associated with Plasmodium life cycle progression (Doerig et al., 2015;[START_REF] Vembar | Translational regulation in blood stages of the malaria parasite Plasmodium spp. : systems-wide studies pave the way[END_REF].

Transcriptomic studies showed an unusual, continuous cascade of gene expression in P.falciparum asexual blood stages, as shown in the left panel of Figure 3.1, with functionally related genes being transcribed at the same time, thus determining the distinct morphology and physiology of each developmental stage (Bozdech et al., 2003;Foth et al., 2011). The right panel of Figure 3.1 illustrates that most genes associated with basic metabolic and cellular functions are expressed in the ring and trophozoite stages, while genes encoding surface molecules involved in host-parasite interactions are expressed in the late stages. This led researchers to postulate that transcription of most asexual stage genes occurs just at the time when protein function is needed, the so-called "just-in-time" transcription model.

Intriguingly, genome-wide analysis of histone modifications and transcriptomic data from P.

falciparum asexual stages provided a direct link between histone methylation and acetylation and gene activation (Salcedo-Amaya et al., 2009). In addition, genome-wide nucleosome occupancy studies indicated a link between the nucleosome positioning and transcriptional activity (Ponts N, Harris EY, Lonardi S, 2011). However, none of these studies provide a comprehensive explanation for "just-in-time" transcription. As discussed in Section 2.1.5, unpublished data from Scherf and colleagues links 5hmC levels in promoters of stage-specific genes to activation, providing additional regulatory information to an already complex process. Additionally, post-transcriptional regulation of mRNA outcomes by RNA-binding and -regulatory proteins further fine-tunes the steady state transcriptome of any given parasite stage [START_REF] Vembar | Translational regulation in blood stages of the malaria parasite Plasmodium spp. : systems-wide studies pave the way[END_REF].

Histone lysine methylation regulates virulence gene expression

Monoallelic var expression

P. falciparum employs a strategy of antigenic variation to evade destruction by the host immune system (Scherf et al., 2008a). A wide range of clonally variant gene families have been identified in P.falciparum, the most important being the var gene family, comprising of approximately 60 genes encoding the surface molecule PfEMP1 (discussed in section 1.2.2) [START_REF] Smith | Switches in expression of plasmodium falciparum var genes correlate with changes in antigenic and cytoadherent phenotypes of infected erythrocytes[END_REF][START_REF] Su | The large diverse gene family var encodes proteins involved in cytoadherence and antigenic variation of Plasmodium falciparum-infected erythrocytes[END_REF]. Approximately 60% of var genes are located within polymorphic subtelomeric domains of P.falciparum chromosomes, adjacent to regions that are composed of a mosaic of non-coding repetitive elements called telomere-associated repeat elements or TAREs. On average, one to three var genes exist close to telomeres pointing in different directions, either in a tail-to-tail, head-to-tail, or head-to-head orientation [START_REF] Kraemer | Patterns of gene recombination shape var gene repertoires in Plasmodium falciparum: comparisons of geographically diverse isolates[END_REF]. In addition, some chromosomes (4,7, 8 and 12) harbor central var genes that are organized as tandem head-to-tail arrays [START_REF] Gardner | Genome sequence of the human malaria parasite Plasmodium falciparum[END_REF]. Bioinformatic analysis of var genes has led to their classification into the ups A, B, C, or E sub-types based on the sequence of the 5′ flanking regions [START_REF] Lavstsen | Subgrouping of Plasmodium falciparum 3D7 var genes based on sequence analysis of coding and non-coding regions[END_REF].

Each parasite expresses a single var gene at any given time, maintaining the remaining 59 members of the family in a transcriptionally silent state using a precise counting mechanism (Scherf et al., 2008a(Scherf et al., , 2008b)). The greatest level of var gene transcription occurs in early ring stage parasites (8-16 hours post-erythrocyte invasion (hpi)), while the levels decrease dramatically in the trophozoite and schizont stages [START_REF] Kyes | A well-conserved Plasmodium falciparum var gene shows an unusual stagespecific transcript pattern[END_REF]; in contrast, the peak level of PfEMP1 protein expression appears at 25 hpi (mid-stage trophozoites). Regulation occurs at the level of transcriptional initiation in a monoallelic manner (Scherf et al., 2008a).

The same var gene is expressed in subsequent generations, although a minority of parasites may switch the expression to a new var gene to avoid immune clearance and prolong infection. Fast and slow switching from one var gene to the next has been observed in parasites in vitro [START_REF] Horrocks | Variable var transition rates underlie antigenic variation in malaria[END_REF]. clusters where its target genes are located [START_REF] Flueck | Plasmodium falciparum heterochromatin protein 1 marks genomic loci linked to phenotypic variation of exported virulence factors[END_REF]. The conditional depletion of PfHP1 de-repressed 52 of 60 var genes, confirming an essential role for PfHP1 in var gene silencing [START_REF] Brancucci | Heterochromatin protein 1 secures survival and transmission of malaria parasites[END_REF]. Notably, PfHP1 is absent from centromeric regions of P.

falciparum, which is different from the human host, where HP1 localizes to the centromere and plays a broader role in gene expression [START_REF] Ayyanathan | Heterochromatin protein 1 (HP1) is a key component of constitutive heterochromatin in[END_REF].

The interplay of histone methylation and acetylation regulates sexual commitment

Although the distinct crescent shape of P. falciparum gametocytes was described as early as 1880, the molecular mechanisms involved in commitment to sexual development have remained a mystery. Recent studies have shown that a coordinated interplay between histone modifications and specialized transcription factors regulates the sexual development of malaria parasites [START_REF] Kafsack | A transcriptional switch underlies commitment to sexual development in malaria parasites[END_REF][START_REF] Sinha | A cascade of DNA-binding proteins for sexual commitment and development in Plasmodium[END_REF]. Recent studies indicate that facultative chromatin leads to variegated expression of a transcription factor that initiates sexual development in malaria parasites, in a mechanism similar to var gene regulation. This transcription factor belongs to the Apicomplexan AP2 (ApiAP2) family of DNA-binding proteins, which are homologous to the Apetela2/Ethylene Response Factor (AP2/ERF) family of transcription factors found in plants (De Silva et al., 2008). The P. falciparum genome encodes 27 members of the ApiAP2 family; however, only some of them have been studied in detail in different stages of Plasmodium development [START_REF] Balaji | Discovery of the principal specific transcription factors of Apicomplexa and their implication for the evolution of the AP2-integrase DNA binding domains[END_REF]Flueck et al., 2010;Painter, Campbell, & Llinás, 2012).

A single member of the PfAP2 family, PfAP2-G, is silenced by facultative heterochromatine similar to var genes, and was suggested to play a role in parasite development (Lopez-Rubio et al., 2009). Recently two independent groups have proved that AP2-G is a master regulator of gametocytogenesis, as a transcriptional switch controlling a divalent decision in malaria parasites [START_REF] Kafsack | A transcriptional switch underlies commitment to sexual development in malaria parasites[END_REF][START_REF] Sinha | A cascade of DNA-binding proteins for sexual commitment and development in Plasmodium[END_REF]. In P. falciparum, PfAP2-G regulates a handful of early gametocyte genes, and appears to be necessary for repression of the silent loci prone to spontaneous activation [START_REF] Kafsack | A transcriptional switch underlies commitment to sexual development in malaria parasites[END_REF]. In the murine malaria parasite P.

berghei, in addition to PbAP2-G as a key regulator of gametocyte commitment, Sinha et al identified a second ApiAP2 member PbAP2-G2, the deletion of which significantly modulated but did not abolish gametocytogenesis, indicating that a cascade of ApiAP2 proteins may be involved in sexual commitment in malaria parasites [START_REF] Sinha | A cascade of DNA-binding proteins for sexual commitment and development in Plasmodium[END_REF].

While studying heterochromatin-mediated gene silencing in the asexual stages of blood development, Brancucci et al observed that the conditional knock-down of PfHP1 caused not only de-repression of var genes, but also up-regulation of AP2-G and thereby increased gametocyte production (up to a 10-25 fold increase) [START_REF] Brancucci | Heterochromatin protein 1 secures survival and transmission of malaria parasites[END_REF]. This demonstrated that PfHP1 depletion renders heterochromatin at the PfAP2-G locus highly unstable, leading to activation of PfAP2-G (Figure 3.5). Besides, PfHP1 facilitates heterochromatin compaction by recruiting other methyltransferases or bridging neighboring nucleosomes; this might lead to up-regulation of known early gametocyte genes that are not directly associated with PfHP1 [START_REF] Flueck | Malaria parasite epigenetics: When virulence and romance collide[END_REF].

A similar phenotype was observed when PfHda2, a component of the histone deacetylation machinery, was inactivated (Figure 3.5). Besides de-repressing var genes, a switch to sexual differentiation was observed. It was suggested that PfHda2 depletion leads to the hyperacetylation of H3K9 residues in nucleosomes along heterochromatic gene loci, marking an active promoter state [START_REF] Coleman | A Plasmodium falciparum Histone Deacetylase regulates antigenic variation and gametocyte conversion[END_REF].

Thus, integrated epigenetic and transcriptional mechanisms regulate Plasmodium developmental stage commitment. Any factor that is involved in establishing histone methylation-dependent chromatin and maintaining faculatative heterochromatin can disturb the fine balance between asexual and sexual stage development.

to detect hypnozoites of the monkey malaria parasite P. cynomolgi [START_REF] Dembélé | Persistence and activation of malaria hypnozoites in long-term primary hepatocyte cultures[END_REF].

This pioneering work opened multiple avenues to study the quiescence mechanism at the cellular and molecular level for the first time and to screen small molecule inhibitors that potentially inhibit HKMTs. Strikingly, in the presence of lower concentrations of the Plasmodium-specific HKMT inhibitor TM2-115, they observed a significantly higher proportion of dividing hepatic forms relative to hypnozoites. Furthermore, when liver stage cultures that had been treated with atovaquone to clear dividing forms were subsequently treated with TM2-115, there was a re-emergence of dividing forms, indicative of hypnozoite activation. Taken together, this suggested that histone methylation-dependent modifications are involved in the regulation of hypnozoite quiescence, which is similar to sexual stage commitment where alternative developmental decisions need to be made. More importantly, this study also unveiled a novel strategy of eliminating hypnozoites: to treat hypnozoites with HKMT inhibitors to awaken them from quiescence and then kill them with a second drug that targets mature dividing forms.

Predicted HKMTs in P. falciparum

In 2000, the Su(var)3-9-Enhancer of zeste-Trithorax (SET) domain of the mouse/human protein Suv39h1/KMT1a was demonstrated to be the catalytic domain for protein lysine methylation (Rea et al., 2000). Since then, many SET domain-containing molecules have been reported to be histone lysine methyltransferases (HKMTs) in different species [START_REF] Pontivianne | Arabidopsis Histone Lysine Methyltransferases[END_REF][START_REF] Qian | SET domain protein lysine methyltransferases: Structure, specificity and catalysis[END_REF]. In addition to the canonical SET domaincontaining enzymes, Saccharomyces cerevisiae Dot1 and its mammalian homolog DOT1L (DOT1-Like) also possess histone methyltransferase activity toward histone H3 lysine 79 [START_REF] Nguyen | The diverse functions of Dot1 and H3K79 methylation[END_REF]. Specific HKMTs can mono-or di-methylate, symmetrically or asymmetrically, specific histone lysine residues through the following mechanism: S-Adenosyl methionine (SAM; the methyl donor) and the lysine residue of the substrate histone tail are bound and properly oriented in the catalytic pocket of the SET domain. Next, a nearby tyrosine residue deprotonates the ε-amino group of the lysine residue, after which the lysine chain makes a nucleophilic attack on the methyl group on the sulfur atom of SAM, transferring the methyl group to the lysine side chain, and generating methylated histone and S-Adenosyl homocysteine (SAH) as a by-product.

and telomeric clusters containing silenced var genes. Below we discuss the two PfSET proteins that have been functionally characterized in P. falciparum blood stages. with the perinuclear var expression site within an apparent euchromatic region (Volz et al., 2010[START_REF] Volz | PfSET10, a Plasmodium falciparum Methyltransferase, Maintains the Active var Gene in a Poised State during Parasite Division[END_REF]. Given that the PfSET10 nuclear signal is detected only after var transcription, researchers have suggested that PfSET10 actually associates to the var expression site to maintain the active var gene in a poised state; this also correlates with H3K4me2, the predicted outcome of PfSET10 methylation and a histone mark associated with the poised state and epigenetic memory (see section 3.2.2). Additionally, PfActin-1, which is involved in var gene positioning and spatial chromosome organization [START_REF] Zhang | A critical role of perinuclear filamentous actin in spatial repositioning and mutually exclusive expression of virulence genes in malaria parasites[END_REF], was detected as one of PfSET10's interacting factors. Taken together, Volz et al. suggested that PfSET10 maintains a permissive chromatin environment at the active var promoter, and transmits this to daughter generations via epigenetic memory.

Moreover, it is likely that PfSET10 "marks" a transcription site within the nucleus that is utilized by not only var genes but also other potentially essential genes. This could explain the essential character of the PfSET10 gene during blood stage development [START_REF] Volz | Unveiling malaria's "cloak of invisibility[END_REF].

PfSETvs represses var gene expression

PfSET2, also called PfSETvs, is an orthologue of the D. melanogaster ASH1 protein, which is responsible for H3K36-specific methylation. Disruption of PfSETvs causes loss of H3K36me3 at the transcription start site of all silent var genes and leads to their de-repression.

Intriguingly, H3K9me3 depletion was also observed at the promoter of the de-repressed var genes in PfSETvs knockout parasites, indicating that the deposition of both histone modification patterns may be inter-dependent (Jiang et al., 2013). Notably, the authors demonstrated that multiple var transcripts are made in a single nucleus, which are subsequently translated and transported to the erythrocyte membrane allowing the functional clustering of multiple PfMEP1s in a single parasite. This provides a new strategy to develop antimalarial vaccines by generating transgenic strains that express most or all PfEMP1 proteins (see section 1.2.2).

A second independent study supported the role of PfSETvs in regulating var gene expression, and also described the recruitment of PfSETvs to var genes through direct interactions with the unphosphorylated C-terminal domain of RNA polymerase II [START_REF] Ukaegbu | Recruitment of PfSET2 by RNA Polymerase II to Variant Antigen Encoding Loci Contributes to Antigenic Variation in P. falciparum[END_REF]. The implications of this to monoallelic var expression is unclear.

Development of HKMT inhibitors as antimalarials

Efforts to control malaria are hampered by the development of drug resistance in parasites, insecticide resistance in mosquitoes, and the lack of an effective vaccine (as described in section 1.3). Here we focus on effective malaria drug discovery, which should include both the development of improved antimalarials from existing compounds and the discovery of new drug targets and novel small molecule inhibitors.

As described in the previous sections, virulence gene expression in P. falciparum is governed by the interplay of different histone methyl marks in coordinating transcriptional activity (Scherf et al., 2008a). Given the essentiality of several histone PTM modifiers to parasite survival and the wide-spread impact of epigenetic machineries on parasite development, there are obvious implications for rational drug design against histone methylation and acetylation that could potentially interfere with all life cycle stages. Moreover, the principle of using drugs to alter protein PTMs is quite different from currently known antimalarial mechanisms, which target heme polymerization, induce oxidative stress or interfere with other metabolic processes, presenting as an optimal/ attractive combination therapy for treatment of malaria.

The HKMT inhibitor BIX-01294, which is a diaminoquinazoline that targets human G9a and the closely related H3K9 methyltransferase G9a-like protein, and one of its analogues TM2-115, were found to inhibit the growth of drug-resistant and sensitive P. falciparum parasites in vitro with IC 50 values ≤100 nM; the inhibitory effect was rapid and effective against all stages of the intraerythrocytic life cycle (Malmquist et al., 2012). BIX-01294 or TM2-115 treatment significantly reduced parasite histone H3K4me3 levels in a concentrationdependent and exposure time-dependent manner (Malmquist et al., 2012). Given these promising effects, BIX-01294 and TM2-115 were further characterized for drug efficacy and pharmacokinetic properties: 1) Activities against ex vivo clinical isolates of both P.

falciparum and P.vivax were similar, with potencies of 300 to 400 nM; 2) Gametocyte inhibition occurred at micromolar levels; 3) Both compounds displayed oral efficacy in in vivo mouse models of P.berghei and P. falciparum infection (Malmquist et al., 2015).

Together with studies that assessed derivatives of BIX-01294 and TM2-115 for antimalarial activity, it is strongly evident that the transcriptional activation mark H3K4me3 is critical for all intraerythrocytic life cycle stages such that its disruption for a short amount of time results

in irreversible commitment to cell death. Moreover, hese inhibitor-based growth studies have motivated increased efforts into active recombinant PfHKMT production to both biological and enzymatic characterization (Chen and Scherf, unpublished) and target-based discovery of novel or specific inhibitors for the malarial enzyme (Scherf and Fuchter, unpublished).

In conclusion, the modulation of epigenetic factors by small molecular weight chemical compounds presents as an attractive research direction in antimalarial drug discovery.

Moreover, given that particular histone states are linked to important biological processes of P.

falciparum, specific inhibitors could be potentially used to explore the fascinating biology of this parasite.

Emerging roles of HKMT-mediated lysine methylation on histone and non-histone proteins

Although reported as early as 1964, the origin and the function of histone lysine methylation remained a mystery for a long time (Allfrey et al., 1964). It was the epigenetic field that rekindled the interest in histone lysine methylation, following the observation that H3K9me3 led to the recruitment of HP1 to chromatin and consequently promoted heterochromatin formation and spreading (Lachner et al., 2001). From then on, more and more studies have been focusing on the widespread modification of histone proteins by methylation and its effects on gene expression. It is believed that the high versatility and density of histone methylation modifications have evolved to sustain certain as yet unknown functions that may be essential for life.

Increasing evidence has demonstrated that lysine methylation also occurs on various nonhistone proteins in the nucleus, especially on transcription and chromatin regulators [START_REF] Zhang | Emerging roles of lysine methylation on nonhistone proteins[END_REF]. For example, the HKMT SETD7 methylates both transcription factors and epigenetic regulators, which can lead to either gene activation or repression. SETD7-mediated methylation of the tumor suppressor protein p53 and estrogen receptor α (ERα) stabilizes these proteins and is required for their activation as transcription activators [START_REF] Chuikov | Regulation of p53 activity through lysine methylation[END_REF][START_REF] Subramanian | Regulation of Estrogen Receptor ?? by the SET7 Lysine Methyltransferase[END_REF]. In contrast, SETD7-mediated methylation of another tumor suppressor retinoblastoma protein (Rb) at K873 promotes its interaction with the heterochromatin protein HP1, in turn impeding the binding of cyclin-dependent kinase [START_REF] Munro | Lysine methylation regulates the pRb tumour suppressor protein[END_REF]. Moreover, SETD7 methylates the histone-modifying enzyme SUV39H1 at residues K105 and K123, and which inhibits the H3K9 methyltransferase activity of SUV39H1, leading to heterochromatin relaxation and genome instability [START_REF] Wang | Methylation of SUV39H1 by SET7/9 results in heterochromatin relaxation and genome instability[END_REF].

Notably, the enzymes responsible for histone lysine methylation also target non-histone substrates in the cytoplasm (Hamamoto et al., 2015). Take the largely cytoplasmic KMT SMYD3 for instance. SMYD3 is overexpressed in numerous human tumors, and is regarded as a transcriptional potentiator of multiple cancer-promoting genes. Recently Mazur et al.

identified MAP3K2 kinase as a cytoplasmic target of SMYD3, and moreover, they elucidated a key role for SMYD3-mediated lysine methylation in integrating cytoplasmic kinase-signalling cascades and driving tumour cell proliferation [START_REF] Mazur | SMYD3 links lysine methylation of MAP3K2 to Ras-driven cancer[END_REF]. In addition to the above evidence that a KMT regulates the function of a cytoplasmic protein, lysine methylation and other modifications on non-histone proteins constitute a more general protein PTM code, which is widely involved in the regulation of protein-protein interaction, protein stability, and in some cases, protein localization [START_REF] Zhang | Lysine methylation : beyond histones Modifying Enzymes for Lysine Methylation[END_REF].

Thus far, the proteome-wide studies in P. falciparum have focus on histone modification and its association with specific cellular functions (Saraf et al., 2016). Future efforts involving the high-throughput identification of protein modifications and better understanding of the writers, erasers and readers of non-histone methylation and its regulatory networks, will provide novel functional roles of lysine methylation in P. falciparum.

Scope of the thesis

Epigenetic control via reversible histone methylation regulates transcriptional activation throughout the malaria parasite genome, controls the repression of multi-copy virulence gene families, determines sexual stage commitment, and most likely regulates the development of quiescent liver stage parasites. Six of the ten predicted PfHKMTs belonging to the SET domain superfamily appear to be essential for parasite asexual blood stage development.

However, except for PfSET10 and PfSETvs, their biological function remains completely unknown. Our laboratory is focusing on these 5 HKMTs (PfSET1, PfSET3, PfSET6, PfSET7

and PfSET9), and has expressed and purified several enzymatically active, recombinant versions of these methyltransferases. Nevertheless, a major part of the work presented in this thesis is centered around the biological role of PfSET7 and PfSET6, both of which are refractory to classical genetic disruption in blood stages.

The main objectives of this thesis work are to use molecular and cellular biology, biochemistry, and reverse genetics tools to:

-Characterize the cellular localization of PfSET7 and PfSET6 during blood stage development (both asexual and sexual);

-Perform inducible knockout/knockdown of PfSET7 and PfSET6 and to characterize its effect on parasite development and gene expression, and thereby validate these SET proteins as novel targets for inhibitor screening;

-Identify the genome-wide chromatin occupancy and/or protein interacting partners of PfSET7 and PfSET6;

A minor objective is to use a CRISPR/Cas9-based genome editing approach to create a parasite line that expresses different individual var genes with distinct fluorescent tags. The transgenic parasites will serve as a reporter strain to screen hit compounds by flow cytometry and fluorescence microscopy, thus identifying compounds that mediate derepression of var genes, by likely targeting HKMTs enzymes or the epigenetic reader HP1. Furthermore, this strategy aims to generate an unbiased approach to screen for parasites that simultaneously express more than one var genes. Genome sequencing may identify novel factors contributing to var monoalleic expression. Manuscript Highlight:

Article I

Plasmodium falciparum

• We report the first large-scale production of an active, full-length recombinant PfHKMT using a baculovirus-based insect cell expression system.

• We performed detailed in vitro enzymatic characterization using SAM-dependent methyltransferase assays and concluded that PfSET7 methylates H3K4 and H3K9, targeting the latter particularly in the presence of a pre-existing H3K14Ac mark.

• We observed that PfSET7 localizes to distinct cytoplasmic foci adjacent to the nucleus in erythrocytic and liver stage parasites, and throughout the cytoplasm in salivary gland sporozoites.

• Taken together, our data suggest that PfSET7 as being a cytosolic protein methyltransferase.

Individual Contribution:

• I generated transgenic parasite lines for visualizing cellular localization of PfSET7 and analyzing growth and gene expression phenotypes upon PfSET7 knock-down

• I performed western blotting and immunofluorescence microscopy to elucidate the localization of PfSET7 in blood stage parasites.

• I participated in the manuscript writing. While global mortality due to malaria has decreased since the beginning of this century, this parasitic disease continues to claim approximately 0.6 million lives per year, particularly in the vulnerable populations of children under ive years of age and pregnant women 1 . Malaria eradication eforts have been hindered by the incredible ability of the parasite to develop resistance to existing antimalarials, prompting the search for novel essential factors to serve as potential drug targets. he complex life cycle of human malaria parasites involves an insect vector phase, a liver stage at the onset of infection, an asexual blood stage responsible for disease pathogenesis and a sexual stage permitting disease transmission. Transition through the various stages of the complex parasite life cycle is a highly controlled process regulated at the level of transcriptional gene activation. Indeed, in the experimentally tractable asexual blood stage, a clear stage-speciic transcriptional cascade as been observed 2 .

Aside from the recent discovery of a plant-derived family of transcription factors 3 , no canonical gene regulatory elements have been identiied in P. falciparum. However, a variety of distinct epigenetic mechanisms have been discovered which contribute to the transcriptional control of single copy genes as well as the orchestration of clonally variant virulence gene families 4-8 . Histone post-translational modiications (PTMs) play a particularly important role in the developmental progression of blood stage malaria parasites. he role of histone PTMs was irst demonstrated in the monoallelic expression of a virulence gene family known as the var genes, which are involved in antigenic variation and pathogenesis 4 . Subsequent studies have shown that transcriptional activation and silencing of virtually all genes is associated with histone methylation or acetylation 5,6 . he tri-methylation of histone H3 lysine 4 (H3K4me3) and acetylation of histone H3 lysine 9 (H3K9ac), associated with transcriptional activation in the conserved histone code, is indeed associated with actively transcribed genes, including the single expressed var gene, in P. falciparum 5,6 . Tri-methylation of histone H3 lysine 9 (H3K9me3), a repressive mark in the conserved histone code, stands out in malaria parasites for its association with the variegated gene expression of clonally variant gene families and genes encoding a parasite-induced erythrocyte permeation pathway and with regulating the commitment to transmission stage parasites 5,6,9,10 . Importantly, H3K9me3 is not associated with general transcriptional repression across the genome 5,6 . Tri-methylation of histone H3 lysine 36 (H3K36), an activation mark in the conserved histone code, plays a dual function in P. falciparum, as H3K36me3 is associated with transcriptionally active genes throughout the genome but also is associated with silenced members of var genes and other clonally variant gene families 11 . Additional methylation PTMs exist on P. falciparum histones, some of which are conserved throughout eukaryotes while others are unique to Plasmodium 12 . hese methylation marks exist in combination with other PTMs such as acetylation and phosphorylation 13 , but their functions, either singly or in combination, remain to be elucidated.

Protein methyltransferase enzymes (PMTs) catalyze the mono-, di-or tri-methylation of lysine residues (PKMTs) or the mono-or di-methylation of arginine residues (PRMTs). PKMTs and PRMTs were initially thought to be speciic for the methylation of a single protein substrate, and while some members of this class of enzyme do exhibit a high degree of protein substrate speciicity, it is widely recognized that certain individual PMTs are able to methylate multiple protein substrates, including both histones in the nucleus and non-histone proteins in the cytosol 14 . Since both PKMTs and PRMTs have been associated with a variety of diseases including cancer, neurodegenerative and inlammatory diseases, PMT enzymes have emerged as a target class for drug discovery against human disease 15 .

Recently, we have expanded our fundamental research on the role of histone PTMs in malaria parasite gene regulation to include translational research into discovering PKMT inhibitors for both the further study of parasite biology using a chemical biology approach and for the potential development of novel classes of future antimalarials. In the absence of recombinant target parasite enzymes we initiated an approach based on targeting malaria parasite histone methylation using a known inhibitor of a human PKMT, BIX-01294 16-18 . hese studies established histone methylation to be a viable target for antimalarial drug discovery, as BIX-01294 and its derivatives cause rapid and speciic parasite death with the concomitant reduction in parasite histone methylation levels 16 . hese inhibitor-based results have motivated increased eforts into recombinant PfPKMT enzyme production to both fully characterize these enzymes and to enable a target-based approach to discovering speciic malaria parasite enzyme inhibitors.

Computational analysis predicts ten PKMTs and three PRMTs in the P. falciparum genome. All ten identified PfPKMT genes contain a catalytic methyltransferase SET domain, named after the Drosophila chromatin-modifying enzymes Su(var)3-9, Enhancer of zeste, and Trithorax 19 . SET domain containing proteins were initially studied in the context of speciically methylating lysine residues of histones, but subsequent work has revealed numerous non-histone protein substrates for SET domain proteins 20 . Knock-out studies have indicated a subset of PfPKMTs are essential in blood stage parasites 11 . Despite signiicant eforts, the molecular characterization of PfPKMT enzyme activity has been constrained by the inability to produce suicient quantities of recombinant proteins. Cui et al. were able to express four PfPKMTs (PfSET1, PfSET2, PfSET3, PfSET8) using a wheat germ expression system, but only assign histone H4 lysine 20 (H4K20) methyltransferase activity to PfSET8 and histone H3 methyltransferase activity to PfSET2 through Western blots analysis and autoradiography of enzyme reactions containing nucleosomes as protein substrates 21 . PfSET2, since re-named PfSETvs, was conirmed to have H3K36 methytransferase activity through the observed reduction of this mark along var genes in PfSETvs knock-out parasites 11 . Volz, et al. were able to detect low-level H3K4 methyltransferase activity for an ainity-tagged version of endogenous PfSET10 immunoprecipitated from transgenic parasites 22 . To date, no isolated PfPKMT enzymes have undergone biochemical characterization to determine substrate speciicity and enzyme kinetic parameters.

In this report we describe the irst large-scale production and enzymatic characterization of a recombinant P. falciparum PKMT, the poorly understood PfSET7, puriied from a baculovirus expression system. Recombinant PfSET7 displays comparable kinetics to other characterized PKMTs from human and mouse with regards to enzyme turnover and AdoMet methyl-donor utilization. Nucleosome labeling experiments reveal that PfSET7 extensively methylates H3K4 and H3K9, but modiies the latter particularly in the presence of pre-existing acetylated histone H3 lysine 14 (H3K14ac). Immunoluorescence imaging of blood stage parasites, however, reveals PfSET7 to localize to distinct foci outside of the parasite nucleus. PfSET7 was also identiied by immunoluorescence to be present in motile salivary gland sporozoite stage parasites and in liver stage parasite forms. Since PfSET7 was refractory to genetic knock-out in blood-stage parasites 11 , this enzyme is presumed to be essential in at least that stage, and therefore represents a promising antimalarial drug target candidate. With a biochemically characterized enzyme amenable to large-scale expression and puriication, target based inhibitor discovery can proceed. Speciic PfSET7 inhibitors will be useful tools to further explore the biological function of PfSET7 and have potential to be developed into a novel class of future antimalarials.

Results

Expression and puriication of recombinant wild-type and mutant PfSET7. he 793 amino acid

PfSET7 protein contains a central catalytic SET domain followed by a short post-SET domain, which is lanked by a 355 amino acid N-terminal arm and 240 amino acid C-terminal arm (Fig. 1a). he SET domain is identiiable due to its homology with PKMTs from other species 21 . he C-terminal region of the PfSET7 SET domain (Fig. 1b), which contains the catalytic residues, shows higher homology to other organisms compared to the N-terminal region 21 . As with most of the Plasmodium genome, the PfSET7 gene contains a high percentage (72%) of AT nucleotides. To reduce the high AT content for heterologous recombinant protein expression we obtained a codon optimized version of wild-type full-length PfSET7 (PfSET7FL). In anticipation of potential recombinant protein production in secretory systems, two potential N-glycosylation sites were mutated. Recombinant protein expression attempts in mammalian cells and wheat germ were unsuccessful. Ultimately, an active recombinant PfSET7 enzyme fused to a C-terminal 2x-strep tag was successfully produced in a baculovirus-based Sf9 insect cell expression system.

To study the impact of the N-and C-termini on methyltransferase activity, truncated mutants of PfSET7 (Fig. 1a) were made by removing the N-terminus or the C-terminus or both termini, leaving only the SET domain. Finally, to conirm that our puriied methyltransferase activity is speciic to PfSET7, a catalytically inactive mutant, PfSET7_H517A, was produced by the mutation of a single conserved catalytic residue.

Puriied PfSET7FL and PfSET7_H517A are expected to migrate at 98 kDa, though a single protein band is consistently observed at approximately 120 kDa (Fig. 1c). PfSET7∆ C is expected at 70 kDa but migrates at steady state enzyme kinetics. To investigate the methyltransferase activity of PfSET7FL, the puriied enzyme was tested in a PKMT assay using methyl-3 H-AdoMet as the methyl donor. Mouse G9a, a known histone H3K9 PKMT was used as a positive control. Both enzymes were tested for methyltransferase activity in the presence of nucleosomes as a protein substrate, with BSA as a general protein substrate, or without a protein substrate. Enzyme reaction contents were migrated on SDS-PAGE and exposed to ilm (Fig. 1d let panel). A second gel loaded with identical reactions using unlabelled AdoMet was silver stained to show total protein content (Fig. 1d right panel). Methyltransferase activity of PfSET7FL was conirmed by the presence of bands on the autoradiograph. In reactions with PfSET7FL and G9a with nucleosomes (Lanes 1 & 4), a band at 17 kDa corresponding to histone H3 is apparent. PfSET7FL produces a second band below H3, corresponding to histone H4. here was no methyl transfer to BSA by either enzyme (lanes 2 & 5). However, in the absence of nucleosomes or in the presence of BSA, PfSET7FL transfers methyl groups to proteins that migrate at 19 kDa, 32 kDa and 125 kDa (Lanes 2 & 3). he band at 125 kDa co-migrates with PfSET7FL and could represent automethyation of the enzyme occurring in the absence of nucleosomes, as these bands are absent when nucleosomes are present 23 . he two lower bands could be methylation of degradation fragments of the full-length enzyme, as there are no other common proteins added to these reactions. hese results suggest PfSET7FL is primarily a histone H3 methyltransferase, with possible additional activity toward histone H4.

To characterize the enzymatic properties of PfSET7FL, time and enzyme concentration dependent activity of PfSET7FL was examined using radiometric assays (Fig. 2a,b). Enzyme activity was linear from 12.5-200 nM for up to 90 minutes of reaction time. Subsequent experiments therefore used 25 nM enzyme in 60 minutes reactions to remain in this linear range. Nucleosome-dependent activity was tested at nucleosome concentrations of 0-200 ng/ul, revealing a Km 40 ± 9 ng/ul (Fig. 2c). AdoMet-dependent activity was examined at AdoMet concentrations of 0-100 µ M, yielding a Km for AdoMet of 48 ± 7 µ M (Fig. 2d). Subsequent experiments used nucleosome and AdoMet at saturating concentrations of 200 ng/ul and 100 µ M, respectively. PfSET7FL revealed a turnover of between 80 to 150 h -1 , which is comparable to other characterized PKMTs such as mouse G9a at 88 h -1 24 and Dim5 at 180 h -1 25 .

Experiments to test pH dependence showed PfSET7FL to display peak activity near pH 8.8 (Fig. 3a), with activity decreasing above and below this pH value. Performing enzyme reactions at three diferent temperatures of 4 °C, 25 °C and 37 °C showed the highest activity at 25 °C (Fig. 3b). he presence of monovalent salts has been reported to be detrimental to PKMT activity for certain recombinant enzymes. However, up to 250 mM NaCl or 200 mM KCl (Fig. 3c) does not appear to afect PfSET7FL enzyme activity. Various PKMT characterization bufers reported in the literature contain divalent magnesium cations. To investigate any role for magnesium on PfSET7FL, MgCl 2 was added at 100 µ M but did not appear to alter PfSET7FL enzyme activity. SET domain proteins are known to contain zinc binding sites 26 , thus the efect of zinc ions on PfSET7FL enzyme activity was tested. he data show supplementing reactions with 100 µ M zinc has little efect on apparent enzyme activity. Finally, the presence of the reducing agent dithiothreitol (DTT) was tested, and the data reveal 4 mM DDT results in increased apparent PfSET7 enzyme catalysis relative to no reducing agent present (Fig. 3d). hese data deine the optimal assay conditions for PfSET7FL for the present analyses for any future in vitro PfSET7FL studies, including further enzyme characterization or subsequent inhibitor discovery.

PfSET7 mutational analysis.

To identify functionally important regions of PfSET7, truncation mutants were examined for catalytic activity (Fig. 4). PfSET7∆ N demonstrated PKMT activity similar to that of the full-length enzyme, indicating that the N-terminus of PfSET7 is not essential for enzyme activity.

While some PKMT enzymes contain only a catalytic SET domain 27 , others also possess a cysteine rich post-SET domain that is implicated in protein folding and formation of the active site 28 . In proteins containing a post-SET domain, this domain has been shown to be necessary for enzyme activity 29 . PfSET7 contains a cysteine rich putative post-SET domain similar to post-SET domains from other PKMTs, though the canonical CxCxxxxC motif as seen in Dim5 and G9a is a CxCxxC motif in PfSET7 (Fig. 1b). To test if the putative post-SET domain of PfSET7 is essential for enzyme activity, two mutants lacking the post-SET domain, PfSET7∆ C and PfSET7∆ C∆ N, were produced. hese mutants display no enzyme activity, indicating that the putative post-SET domain of PfSET7 may indeed be necessary for catalysis as seen in other PKMT enzymes containing post-SET domains.

Wild-type PfSET7 has two conserved catalytic residues in the SET domain (Fig. 1b), H517 and Y551 21 . A third catalytic residue, N516, is present in PKMTs such as Clr4, Dim5 and HsG9a, but absent in PfSET7, which contains an arginine at this location. Mutation of the conserved H517 has been shown to abolish PKMT activity 30,31 . Accordingly, the catalytic mutant PfSET7_H517A shows no HKMT activity compared to PfSET7FL (Fig. 4). his conirms that the methyltransferase activity we observe is speciic to PfSET7 and that mutation of a single conserved residue is suicient to abolish the activity of this puriied recombinant enzyme. Mass spectrometry identiication of PfSET7 histone lysine methylation targets. To identify the target amino acid speciicity of PfSET7, we employed deuterium-labeled AdoMet (CD3-AdoMet) and isolated human nucleosomes in a mass spectrometry based enzyme assay. hese experiments have the advantage of providing a protein substrate containing a range of pre-existing histone PTMs and can identify an enzyme preference for speciic target residues and any inluence of modiications to neighboring residues. Recombinant PfSET7 enzyme (1 µ M) was incubated with human nucleosomes (0.1 mg/mL, isolated from HEK293 nuclei) and CD3-AdoMet (1 mM) for 3 hours. Histones were prepared for mass spectrometry analysis (as described in the Methods section) to identify the lysine targets that were methylated by PfSET7, which are distinguishable from existing methylations by a CD3 mass shit (+ 3 Daltons) in the m/z of the modiied peptide. A mass shit of 3 Daltons is necessary to suiciently distinguish new methyl groups added by the recombinant HKMT from previously existing histone methylation, as naturally occurring isotopes (e.g. 13 C, 15 N, etc) and their combinations result in abundant isotopic peaks that are + 1 and + 2 Daltons ater the monoisotopic peak (i.e. the mass based on the most abundant isotopes: 12 C, 14 N, 16 O, etc). he same in vitro labeling experiment was performed using recombinant mouse G9a as a reference control as it is known to methylate H3K9. For instance, the right panels of Figures S1 andS2 reveal signiicant levels of mouse G9a methylation for H3K9me3K14ac and H3K9me2K14un, respectively, where the isotopic peak cluster for every methylation event has been colour-coded based on the total number of CD3 methyl groups (blue, green and red isotopic peaks represent the signal for 1, 2 and 3 CD3 methyl groups, respectively).

Extensive labeling of H3K4 di-and tri-methylation (H3K4me2, H3K4me3) was observed for PfSET7 (let panel of Fig. 5 for H3K4me3; H3K4me2 in Fig. S1 and corresponding tandem mass spectra in Figures S3-S7), but not for mouse G9a. Interestingly, PfSET7 appears to modify H3K4 to its highest methyl occupancy, as observed by the peak intensities in the mass spectrum (in the let panel of Fig. 5, the highest intensity peak corresponds to H3K4me3 with three new CD3 methyl groups; similar trend observed in Fig. S1 for H3K4me2). PfSET7 was also observed to methylate H3K9 in the presence of existing K14 acetylation on nucleosome substrates (right panel of Fig. 5 for H3K9me3K14ac; corresponding tandem mass spectra in Figures S8-S13) to the same extent as mouse G9a (compare Figs. 5 to S1). However, whereas mouse G9a exhibited a similar degree of H3K9 methylation activity for unmodiied H3K14 substrates (right panels of Figs S1 andS2), the extent of PfSET7-mediated K9 methylation was orders of magnitude lower in the absence of H3K14 acetylation, as shown in Fig. S2 for H3K9me2K14un (see also tandem MS in Figures S14-S17). his implies PfSET7 preferentially recognizes nucleosome substrates containing acetylation on H3K14.

To a lesser extent PfSET7 was also observed to methylate H3K36, particularly when H3K27 is unmodiied (see Figures S18 andS19 for H3K36me1 and H3K36me3, respectively). A tandem mass spectrum was identiied to support evidence of PfSET7 methylation of H3K27me2 substrates to H3K27me3 (Fig. S20). However, it should be noted that methylation activity for H3K27me2/me3 is also observed for mouse G9a, which can occur under in vitro conditions since the amino acid sequences around H3K9 and H3K27 are homologous (ARKST and ARKSA, respectively). Methylation of other common lysine targets (i.e. H3K18, H3K23, H3K79 and H4K20) was not observed for PfSET7.

Cellular localization of PfSET7 in blood stage parasites.

To identify the cellular location of PfSET7 in parasites, a Pf3D7-SET7-HA-glmS integrant transfected line was generated through markerless insertion at the PfSET7 genomic locus of a 3 × HA ainity tag and the glmS ribozyme using the CRISPR/Cas9 genome editing tool. Correct genomic integration of this transgenic parasite line was conirmed by PCR and endogenous tagged protein expression was conirmed by Western Blot (Fig. S21). his glmS construct was designed to produce an inducible knock-down parasite line, but was found to be ineicient at PfSET7 mRNA and protein reduction in the presence of glucosamine inducer, and induced parasites displayed no obvious growth phenotype (Fig. S22). To determine the subcellular distribution of PfSET7, whole cell extracts of the integrant Pf3D7-SET7-HA-glmS line were biochemically separated into nuclear and cytoplasmic fractions, which were examined by Western Blot for PfSET7-HA via the HA-tag and for aldolase or histone H3 for cytoplasmic or nuclear protein controls, respectively. he results show PfSET7 is present in the cytoplasmic fraction but not visible in the nuclear fraction (Fig. 6). hese results suggest PfSET7 may have a role outside of the nucleus, which is unexpected for an apparent histone methyltransferase.

PfSET7 localizes to a distinct cytoplasmic compartment in blood stages. To assess the intracellular localization of PfSET7, P. falciparum parasites were analyzed by immunoluorescence microscopy (IF) using monoclonal anti-HA or polyclonal anti-PfSET7 antibodies in PfSET7-HA-glmS or wild-type parasites, respectively. Staining patterns using either antibody are virtually identical, suggesting both antibodies are equivalent in detecting PfSET7, and that ainity tagging the endogenous protein does not lead to aberrant expression or localization. (Fig. S23). hrough the three major asexual blood stages, PfSET7 signal exhibited a punctate pattern adjacent to the nucleus, with a concomitant increase in staining during progression through mature trophozoites and schizonts (Fig. S24). To determine whether PfSET7 is localized at the nuclear periphery or outside of the nucleus, PfSET7 staining was compared to that of PfHP1, which localizes to discrete foci within the nucleus but at the nuclear periphery 32 . Consistent with the biochemical fractionation experiments, PfSET7 staining is distinct from the nuclear periphery marker PfHP1 (Fig. 7a), further supporting PfSET7 cytoplasmic localization. he punctate luorescent signal suggests PfSET7 could be localized to a cytoplasmic organelle rather than evenly distributed throughout the cytoplasm.

he discrete IF staining of PfSET7 led us to explore whether the protein localizes to other DNA-containing organelles in malaria parasites, namely the single parasite mitochondrion or the apicoplast, an organelle speciic to the phylum apicomplexa. A previous study reported PfSET5 localizes to the mitochondria, but did not examine PfSET7 33 . To determine if PfSET7 is in the parasite mitochondrion, we combined IF staining for PfSET7 and MitoTracker Deep Red FM staining for the mitochondrion. he data show PfSET7 does not co-localize with mitochondrial staining and is therefore not located within this organelle (Fig. 7a). To determine if PfSET7 is in the apicoplast we used a parasite line expressing HA-tagged triosephosphate transporter (PfoTPT-HA), a polytopic membrane protein of the apicoplast 34 . he IF images show no signal overlap between PfSET7 and PfoTPT, indicating PfSET7 is not located in the parasite apicoplast (Fig. 7a). Other markers for organelles whose ontogeny begins in early stage were used to evaluate their proximity to PfSET7, including anti-Bip for the endoplasmic , where the major product is the fully methylated H3K4 substrate. Extensive labeling of H3K9me2 and H3K9me3 by PfSET7 was also observed, but particularly in the presence of existing H3K14 acetylation on nucleosome substrates (shown for H3K9me3K14ac in the right panel), implying this methyltransferase exhibits some degree of nucleosome speciicity (compare extent of labeling of H3K9me2K14un substrate by PfSET7 and mG9a in Supplementary Fig. S2). Annotated tandem mass spectra for all observed labeled histone peptides are provided in the Supplementary Figures.

reticulum and anti-EDR2 for the cis-golgi apparatus (Fig. 7a). Results from IF studies utilizing markers for these two organelles reveal that PfSET7 does not co-localize with either the endoplasmic reticulum or the cis-golgi. hese combined IF results suggest PfSET7 is localized to a distinct compartment in the cytoplasm.

PfSET7 expression in P. falciparum sporozoites and in liver stage schizonts. To characterize PfSET7 expression in pre-erythrocytic parasite stages, immunoluorescence imaging was performed on P. falciparum mosquito salivary gland stage sporozoites and on hepatic forms. As motile sporozoites productively invade hepatocytes, these forms undergo a radical morphological remodeling, a process irst discernible by a bulbous expansion that progressively enlarges to become the early spherical hepatic stage 35 . PfSET7 staining of freshly isolated sporozoites shows an uneven and clustered localization in the cytoplasm (Fig. 7b). Upon sporozoite transformation into early hepatic forms under axenic conditions, a similar cytoplasmic staining is observed with a more intense focal signal at the growing bulb (Fig. 7b). Nearly fully mature hepatic schizonts (just prior to merozoite egress) were imaged in liver sections from humanized mice seven days post-sporozoite inoculation (Fig. 7c). PfSET7 is found in these hepatic schizonts in a punctate pattern as distinct dots observed near the nucleus of each forming merozoite. his cytoplasmic and nucleus-associated luorescence pattern is similar to that observed in asexual blood stage parasites.

Discussion

Epigenetic gene regulation plays a critical role in malaria parasites in the control of general transcriptional regulation, monoallelic expression of virulence genes and in the commitment to transmission stage development. A major mechanism of epigenetic regulation in P. falciparum is mediated by histone post-translational modiications, which have been linked to transcriptional activation throughout the Plasmodium genome and to transcriptional repression of P. falciparum multi-copy gene families 36 . Building upon our fundamental research into parasite gene regulation, we have taken a chemical biology approach to target malaria methyltransferase enzymes in an efort to identify the biological role of individual PfPKMTs, ideally through the development of speciic enzyme inhibitors. We have recently reported the identiication and development of one PKMT inhibitor series entirely through phenotypic readouts 16-18 , but the inability to produce functional recombinant PfPKMTs has Figure 6. PfSET7 expression and cytoplasmic localization. Western blot of nuclear and cytoplasmic fractions of asynchronous parasites using anti-HA antibodies against PfSET7-HA-glmS. he two fractions were monitored for purity using control antibodies anti-Pf-aldolase (predicted MW: 29 kDa) for the cytoplasm and anti-histone H3 (predicted MW: 15 kDa) for the nucleus. Anti-HA recognized the PfSET7-HA band of > 100 kDa (predicted MW: 98 kDa) in the cytoplasm. greatly limited our ability to take a target-based approach to PfPKMT inhibitor discovery. Indeed, the diiculty with producing recombinant PfPKMT enzymes by us and other researchers has greatly limited the functional understanding of this entire class of parasite enzymes. Notably, we tested numerous bacterial, eukaryotic and in vitro protein expression systems before successfully producing suicient quantities of active PfSET7 enzyme using a baculovirus-based insect cell expression system.

Here we report the irst large-scale production of an active full-length recombinant PfPKMT, allowing a detailed in vitro enzyme kinetics investigation of this important enzyme class in malaria parasites. PfSET7 exhibits kinetic characteristics similar to other PKMTs from other organisms in terms of steady-state AdoMet cofactor utilization, peak activity at pH ~9 and a dependence upon a catalytic histidine residue 24,27,37 . Mutational analysis of truncated PfSET7 enzymes revealed at least the post-SET domain of the C-terminal protein beyond the SET domain is required for PKMT activity, as truncated enzymes lacking this segment of the protein were inactive. PfSET7 does not exhibit decreased activity at increased salt concentrations, as has been reported for some PKMT enzymes when using peptide substrates but not nucleosome protein substrates, a result that has previously been suggested to support the interpretation that nucleosomes are the physiological substrate of a given PKMT 38 . Methyl transfer to isolated nucleosome protein substrates is saturable, further suggesting histones are a legitimate protein substrate for PfSET7. As additional support that PfSET7 is a histone methyltransferase, nucleosome labeling studies using heavy-labeled AdoMet reveals that PfSET7 extensively methylates H3K4 and H3K9, the latter target particularly in the presence of a pre-existing H3K14ac mark. Despite the speciic methylation of histones, which are overwhelmingly present in the parasite nucleus, Western blot analysis and immunoluorescence localization reveal PfSET7 is detected primarily in the cytosol in blood stage parasites. Additional immunoluorescence localization in salivary gland sporozoites and liver stage parasites reveals PfSET7 to be localized throughout the cell in sporozoites and, in liver stage parasites, located at distinct foci in the cytosol adjacent to parasite nuclei similar to blood stage parasites. he speciic role of PKMT enzymes in sporozoites has not been studied. PKMT enzymes in liver stage hypnozoite forms of P. cynomolgi malaria parasites have been linked to the maintenance of quiescence 39 , though no speciic PfPKMT has been implicated in this process.

he functional signiicance of H3K4, H3K9 and to a lesser extent H3K36 methylation by PfSET7 is not presently understood. he methylation of H3K9 in the presence of existing H3K14 acetylation has been reported previously in mass spectrometry-based analyses of P. falciparum histones 12 , indicating this is indeed a bona ide histone PTM combination present in malaria parasites. By ChIP analysis, the H3K9me3 mark in P. falciparum has been closely linked to the monoallelic expression of genes encoding variant surface antigens 5,6 . Importantly, these ChIP studies used commercially available antibodies speciic for the single H3K9me3 histone modiication, which would presumably not discriminate between the presence or absence of H3K14ac with regards to H3K9me3. Further investigation could therefore determine whether the H3K9me3K14ac mark is responsible for regulating a subset of the genes associated with H3K9me3, and thus implicate PfSET7 in an even iner level of epigenetic control over multi-copy gene families. his inding also highlights the strengths of using mass spectrometry to detect heavy methyl labeling of modiied nucleosome substrates, as assays employing unmodiied histone substrates (peptides, histone proteins or nucleosomes) would fail to detect such activity. While methylation of H3K4 and H3K9 (in the presence of K14ac) methylation by PfSET7 were observed to be most abundant, further studies will be required to elucidate the signiicance of the H3K27 and H3K36 methylations observed in lower abundance (Figs S18-S20). Notably, the control experiment using mouse G9a enzyme reveals similar methylation of H3K27me3, perhaps resulting from the sequence homology between H3K9 and H3K27, and thus could represent a consequence of the in vitro assay conditions. However, the PfSET7 mediated methylation of H3K36 in the context of unmethylated H3K27 substrates is not observed in the mouse G9a enzyme control, and thus may represent an additional interesting target to investigate further.

he primarily cytosolic localization of PfSET7 in asexual blood stage parasites was unanticipated for a putative histone methyltransferase. However, PKMT enzymes which are localized in both the nucleus and the cytosol have been reported, including the human histone H3K9 speciic PKMT SetDB1 40 . As well, newly synthesized histones have been reported in other organisms to be methylated at H3K9 and acetylated at H3K14 within histone-chaperone protein complexes in the cytoplasm 41,42 . his opens the possibility that PfSET7 is a cytosolic histone methyltransferase acting on newly synthesized histones in a PfSET7-deined subcellular cytosolic compartment. Future pull-down studies could conirm whether similar histone-chaperone protein complexes exist in Plasmodium. Alternatively, PfSET7 may methylate recycled, pre-modiied histones. Very little is known about the order of addition of histone PTMs or histone recycling in Plasmodium, and additional investigation of PfSET7 through genetic or chemical attenuation may be able to address the cytosolic role of PfSET7 on the methylation of newly synthesized or recycled histones. Alternatively, many PKMT enzymes which were originally reported to be histone methyltransferases were subsequently found to possess one or more additional non-histone protein substrates 15 . As such, it is entirely possible that PfSET7 has additional non-histone protein substrates in the parasite cytosol, though further studies would be required to address this hypothesis.

Altogether, the production and enzymatic characterization of recombinant PfSET7 enzyme now allows for small molecule inhibitor discovery against this histone methyltransferase previously reported to be essential in blood stage parasites 11 . Inhibitors identiied through target-based discovery can be used as tools to dissect the biological role of PfSET7 with regards to histone and potential non-histone protein methylation, and the role of the H3K9me3K14ac histone PTM combination for which PfSET7 appears to be speciic. Chemical biology experiments using PfSET7 speciic inhibitors can be corroborated using, for example, inducible knock-down of PfSET7 in blood stage parasites, the stage in which various genetic techniques have been established and continue to be developed. However, chemical genetics investigations using speciic PfSET7 inhibitors may prove much more powerful in determining the biological role of PfSET7 in sporozoite and liver stage parasites, which are much less amenable to genetic manipulation, but present fascinating biology as the obligate initial stage of malaria infection and are responsible for malaria relapses in P. vivax and P. ovale infections. Ultimately, successfully developed small molecule inhibitors of PfSET7 may enter the antimalarial drug discovery pipeline as a much needed new chemical entity against this novel target class.

Methods protein expression constructs.

Codon optimized full-length PfSET7 (PfSET7FL) gene (PlasmoDB Gene ID PF3D7_1115200) was synthesized (Genscript), fused to a C-terminal double Strep-tag and ligated into the transfer vector pVL1393. Two potential glycosylation sites in PfSETFL, S122A and T784A, were mutated to allow expression in secretory systems. he SET domain of PfSET7 was identiied using Prosite (prosite.expasy.org). Truncated constructs of PfSET7 were generated by PCR (Pfu Ultra II, Agilent Technologies) using speciic primers (Table S1). PfSET7∆ C (residues 1-558), PfSET7∆ C∆ N (residues 356-558), PfSET7∆ N (residues 356-793) and the double strep-tag, were ampliied and inserted into pVL1393 via Gibson assembly (NEB). he PfSET7_H517A catalytic mutant was generated by site directed mutagenesis using PfSET7FL as template (primers in Table S1). Clones were veriied to be error free and in frame by sequencing (GATC).

Protein expression and puriication. Recombinant proteins were expressed using a baculoviral expression system following manufacturer's instructions. Briely, 5 µ g of plasmid, 500 ng linearised baculovirus DNA (BestBac 2.0, Expression Systems) was transfected with Cellfectin (Life Technologies) into Sf9 insect cells grown in media (Insect Xpress, Lonza) supplemented with 5% fetal bovine serum and 50 ug/ml gentamycin. Positive baculoviral clones were selected and viral stocks for protein production were made by several cycles of viral ampliication. Recombinant proteins were puriied using StrepTrap HP columns (GE Healthcare). Briely, pellets from infected SF9 insect cells were resuspended in lysis bufer (10 mM TRIS, pH 7.5, 300 mM NaCl, 1% Triton X-100, 10% Glycerol and protease inhibitors), lysed by sonication using 6 bursts of 15 seconds (Vibra-Cell, Sonics and Materials) with a 1 minute pause on ice between bursts. he lysate was clariied by centrifugation (20 000 × g, Beckman Coulter) for 1h at 4 °C. he cleared lysate was iltered through 0.45µ m ilters (Durapore, Millipore), loaded onto the column, washed with wash bufer (10 mM TRIS, pH 8, 150 mM NaCl, 1 mM EDTA with protease inhibitors), then eluted (10 mM TRIS, pH 8, 150 mM NaCl, 1 mM EDTA and 2.5 mM desthiobiotin). Protein concentration was determined by Bradford Assay (Bio-Rad Protein Assay, Bio-Rad). Puriied recombinant proteins were aliquoted, lash frozen in liquid nitrogen and stored at -80 °C until use. All proteins were judged to be > 90% pure by SDS-PAGE.

Nucleosome extraction. To isolate nuclei, HEK cell pellets were resuspended in lysis buffer (20 mM HEPES, pH 7.5, 250 mM sucrose, 4 mM MgCl 2 , 0.5% NP-40, 0.4 mM PMSF and 5 mM TCEP), homogenized with a dounce (Wheaton), then centrifuged at 2000 × g for 15 minutes at 4 °C. he nuclear pellet was suspended in wash bufer (20 mM HEPES, pH 7.5, 250 mM sucrose, 4 mM MgCl 2 , 0.4 mM PMSF and 5 mM TCEP), centrifuged and nuclei were resuspended in wash bufer. To 0.5 ml of suspended nuclei, 20 ml of 0.65 M NaCl-sodium phosphate bufer (0.65 M NaCl, 50 mM phosphate, pH 6.8, 0.4 mM PMSF and 5 mM TCEP) was added dropwise with constant stirring, then vortexed for 1 hour at 4 °C. he nuclear lysate was passed through a column loaded with pre-wet Hydroxylapatite Fast Flow (Calbiochem) then washed with 0.65 M NaCl-sodium phosphate bufer. Nucleosomes were isolated with elution bufer (2.5 M NaCl, 50 mM phosphate, pH 6.8, 0.4 mM PMSF and 5 mM TCEP). Fractions containing nucleosomes were pooled and bufer-exchanged (HiPrep Desalting, GE Healthcare) into 50 mM sodium phosphate, pH 6.8. Pooled fractions were concentrated to 1 mg/ml by centrifugation (Amicon Ultra, Millipore) and stored at -20 °C.

In vitro methytransferase assay. Standard reactions were performed in a total volume of 25 µ l in KMT buffer (50 mM TRIS, pH 8.8, 5 mM MgCl 2 , 4 mM dithiothreitol), with HEK nucleosomes (0.2 mg/ml final) as substrate, unless otherwise stated. For autoradiography, 2.5 µ l of S-[ 3 H-methyl]-adenosyl-L-methionine ( 3 H-AdoMet) was added (3.7 µ M inal, 15 Ci/mmol, Perkin-Elmer). For kinetic characterization, 3 H-AdoMet was diluted with unlabeled AdoMet (Sigma) to give a inal concentration of 100 µ M at 0.025 Ci/mmol. PfSET7 enzyme was used at 25 nM and reactions were incubated at room temperature for 1 hour unless otherwise stated. HKMT reactions at various pH values were performed using citrate-HEPES-CHES bufer (50 mM Tri-Sodium Citrate, 50 mM HEPES, 50 mM CHES, 5 mM MgCl 2 and 4 mM DTT) 43 . 10 µ l of each reaction was spotted in duplicate onto P81 Filters (Uniilter 96 well plate, Whatman), washed with 200 mM ammonium bicarbonate, dried, overlaid with scintillation luid (Betaplate Scint, Perkin-Elmer) and read in a scintillation counter (MicroBeta2, Perkin-Elmer) and counts were converted to enzyme turnover. Analysis by luorography was performed by resolving 20 µ l of standard HKMT reactions (25 nM of PfSET7FL or G9a, 20 µ g/ml of either BSA or nucleosomes, 2.5 µ l of 3 H-AdoMet at 15 Ci/mmol, in a total volume of 25 µ l in KMT bufer) on 4-15% SDS-PAGE, the gel was rinsed in EN 3 HANCE (Perkin-Elmer) according to manufacturer's instructions, dried and exposed to ilm (BioMax MR Film, Carestream). Duplicate reactions were performed with unlabeled AdoMet, resolved on 4-15% SDS-PAGE and silver stained (Dodeca, Silver Stain Kit, Bio-Rad). Mutational analysis experiments tested enzymes at 25 nM and 100 nM.

Histone extraction and LC-Ms/Ms. Deuterium labeled S-[ 2 H 3 -methyl]-adenosyl-L-methionine (CD3-AdoMet) was synthesized using iodomethane-d3, AgOTf and HCOOH, according to the method of Stecher 44 . Nano-liquid chromatography tandem mass spectrometry (nanoLC-MS/MS) was utilised to identify sites of PfSET7 methylation on histone variants H3 and H4 based on the observation of mass shits resulting from the incorporation of CD3 from CD3-AdoMet. Histones were acid extracted from the in vitro reaction bufer and processed for nanoLC-MS/MS analysis as previously described 45 . Briely, the histone proteins were propionylated to label unmodiied and monomethylated lysines with a propionyl group (+ 56 Da), which will result in a trypsin digest cleaving only at arginine residues. his produces the same histone peptide sequences regardless of any post-translational modiications present on lysine residues, and thus enables relative quantitation between diferent modiications on the same peptide based on signal intensity in the mass spectrometer. Subsequent propionylation of the N-termini of the corresponding histone peptides results in enhanced chromatographic resolution of isobaric (i.e. same mass) peptides (e.g. trimethylation [42.0469 Da] and acetylation [42.0106 Da] of lysine) based on their degree of hydrophobicity, thereby eliminating issues relating to signal interference and increasing conidence in PTM identiication 46 . Approximately 1µ g of histone peptides were chromatographically resolved using an Ultimate 3000 RS-LC-nano System (Dionex), with an Acclaim PepMap100, C18 stationary phase, 2 µ m particle size, 100 Å pore size, 75 µ m internal diameter x 15 cm length column (hermo Fisher). he nanoLC gradient started at 1% B (5% H2O, 95% MeCN, and 0.1% formic acid) and 99% A (0.1% formic acid and 100% H 2 O) and increased to 30% B over 35 min followed by an increase to 95% B over 30 mins. Real-time tandem mass spectra were acquired on an LTQ Velos Pro linear ion trap (hermo Scientiic) with a 110 min acquisition time. Targeted zoom scans were performed for m/z values corresponding to the modiied histone peptides to mitigate dynamic range issues and tandem mass spectra corresponding to methylated histone peptides were acquired using a priority queue. transgenic parasite plasmid constructs. he CRISPR/Cas9 genome editing approach was employed to generate HA-tagged PfSET7 transgenic parasite line as described previously 47 . We used Protospacer Workbench to identify sgRNA sequences for PfSET7 and computationally predict of-target sites 48 . A 20-nt gRNA target sequence (5′ -CACTGATGCTCCTCAAATTG-3′ ) directing Cas9 cleavage near the C-terminal end of PfSET7 was cloned into the sgRNA-expression cassette in the pL6 plasmid. Two homology regions were inserted in separate cloning steps using Gibson assembly to generate the pL6-Pfset7 plasmid. he primers used are listed in Table S1. A second plasmid, pUF1-Cas9, containing an engineered S. pyogenes endonuclease Cas9 cassette and regulatory elements of P.falciparum U6 snRNA was reported previously 47 .

parasite culture and transfections. Asexual blood-stage parasites were cultivated using standard methods, and synchronous cultures were obtained by sorbitol treatment and plasmion enrichment. Parasites were transfected using the pre-loaded red blood cells method 49 . Positive selection using 2.66 nM WR99210 and 1.5 µ M DSM1 and negative selection using 40 µ M 5-luorocytosine were applied sequentially in culture until the integrant transfected line was established. Genomic integration was veriied by PCR.

PfSET7 antibody production. C57BL/6 and BALB/C mice were immunized 4 times at 14-day intervals with 20 ug doses of puriied recombinant PfSET7-FL in Freund's Complete Adjuvant for the initial injection and Freund's Incomplete Adjuvant for booster injections to generate a polyclonal anti-PfSET7 antibody. Speciicity of immune sera was determined by Western blot (Fig. S25).

subcellular fractionation and western blotting. Subcellular extract preparations were prepared as described previously 50 . Equal amounts of protein were loaded and separated on 4-12% SDS-PAGE gel (Invitrogen), and analyzed by western blot using antibodies anti-PfSET7 (mouse), anti-HA (mouse, Roche 12CA5 or rat, Roche 3F10), anti-Pf-aldolase (Abcam ab38905) or anti-Histone H3 (mouse, Abcam ab1791), all at 1:2000 dilution. Secondary antibodies were anti-rabbit IgG-HRP (GE NA934V, Lot 9568295) and anti-mouse IgG-HRP (GE NA931V, Lot 9648752), both at 1:4000. Blots were developed using ECL (hermo Scientiic).

Immunoluorescence microscopy. Immunoluorescence microscopy on extracellular and intracellular parasites was performed as described previously 51 . Antibody dilutions are as follows: anti-PfHP1 (rabbit, Genscript) 1:4000, anti-PfSET7 (mouse) 1:2000, anti-HA (mouse or rat, Roche) 1:2000, anti-Bip (rabbit, MR4) 1:1000, anti-ERD2 (rat, MR4) 1:1000, and secondary goat anti-rat/rabbit/mouse Alexa-Fluor 488 or 568 conjugates (Invitrogen), all at 1:2500. Mitochondria were stained with 100 nM MitoTracker-DeepRedFM for 20 minutes at 37 °C in the dark before ixation and permeabilization. Images were captured using a Nikon Eclipse 80i microscope with a CoolSnapHQ2 camera (Photometrics). NIS Elements version 3.0 sotware was used for image acquisition, and Fiji sotware was used for analysis.

P. falciparum (NF54) sporozoites were isolated by aseptic dissection of the salivary glands of infected Anopheles stephensi obtained from the Department of Medical Microbiology, University Medical Centre, St Radboud, Nijmegen, the Netherlands. 5 × 10 4 sporozoites placed on poly-L-lysine coated coverslips were either ixed or activated for 1 h at 37 °C and then ixed in 4% PFA for 10 min at room temperature. Samples were blocked in normal goat serum diluted 1:500 for 2 h at 37 °C, washed twice in PBS and incubated with anti-PfSET7 antibody at 1:1000 and anti-PfHP1 at 1:2000 for 1 h, washed twice in PBS, then incubated with secondary goat anti-mouse IgG coupled to Alexa-Fluor 488 or 594 diluted 1:500 with DAPI 1 µ g/ml in the dark for 1 h.

Fity micron thick serial sections of frozen liver from humanized TK-NOG mice infected with P. falciparum were prepared as previously described 52 . Sections were incubated overnight with anti-PfSET7 antibody diluted 1:1000 and anti-PfHP1 antibody diluted 1:2000, washed twice in PBS, then incubated with secondary antibodies and DAPI as above, at 37 °C. All antibodies were diluted in PBS containing 1% BSA and 0.2% Triton X-100. All sections were washed twice in PBS before being mounted in anti-fading medium and stored at 4 °C before analysis. Immunostained sporozoites and liver sections were examined under a confocal microscope (Olympus FV-1000, Plateforme d'Imagerie Cellulaire PICPS, La Pitié-Salpêtrière, Paris) and images were analysed using ImageJ sotware. 

Article II

A SMYD-type methyltransferase PfSET6 associates with a subset of gene loci of Plasmodium falciparum and forms multiple cytoplasmic foci during asexual, sexual blood stage and sporozoite stage

Ding S et al, in preparation

Manuscript Highlight:

• We expressed the recombinant full length PfSET6 and showed that it possesses methyltransferase activity to histone H3 in vitro, albeit to lower extent than PfSET7.

• We observed dynamic cellular localization of PfSET6 during parasite growth: nuclear localization in ring stages, a punctuated pattern in the cytoplasm of mature, blood stage parasites and sexual blood stage gametocytes, and discrete nuclear and cytoplasmic foci in salivary gland sporozoites.

• Using chromatin immunoprecipitation and next generation sequencing (ChIP-seq) analysis, we found that PfSET6 associates with a subset of gene loci in ring stages in a manner that correlates with transcriptional repression.

Individual Contribution:

• I performed western blotting and immunofluorescence microscopy to elucidate the localization of PfSET6 in blood stage parasites.

• I performed ChIP-seq experiments (with anti-PfSET6, anti-PfHP1, anti-histone H3K9me3 and anti-histone H3K4me3 antibodies) and data analysis to identify genomewide occupancy of PfSET6 in ring stage parasites and interpreting its potential role in epigenetic regulation.

• I generated transgenic parasite lines for establishing conditional gene excision of PfSET6.

• I wrote the manuscript. A variety of epigenetic and post-transcriptional mechanisms have been found to contribute to orchestrate gene activation or repression in P. falciparum 4-6 . Genome-wide analysis of histone post-translational modifications (PTMs) provide the evidence linking histone methylation and acetylation to a gene's transcriptional status 7 , particularly for the well-known clonally variant gene family var, which is responsible for antigenic variation in P. falciparum blood stage pathogenesis. Acetylation and methylation of N-terminal histone lysines are the two most common PTMs with distinct distributions along both euchromatin and heterochromatin in P.

INTRODUCTION

falciparum 8,9 . The overarching observation is that the euchromatic marks H3K9ac (acetylation of histone H3 lysine 9) and H3K4me3 (tri-methylation of histone H3 lysine 4) are widely distributed across the genome, including in intergenic regions, and are enriched at promoters of actively transcribed genes 7,10,11 . In contrast, the heterochromatin marker H3K9me3 (trimethylation of histone H3 lysine 9) is distributed in broad domains over silenced regions 10-12 .

Specifically, H3K9me3 is associated with multigene families such as var, rifin and stevor, and genes encoding a parasite-induced erythrocyte permeation pathway and with regulating the commitment to sexual differentiation 11 . The therapeutic implication from the above mentioned findings is that the rational drug design against histone modification machineries could potentially interfere with all life cycle stage. Preliminary studies indicated that a known anticancer drug BIX-01294, which is a diaminoquinazoline that targets the human SET domain protein G9a, and one of its analogues TM2-115 caused rapid and specific parasite death with a concomitant reduction in parasite histone methylation levels 13-15 . Of interest, the same drugs also affected the quiescent state of Plasmodium hypnozoites by waking them thus allowing their develop into mature dividing forms 16 . These studies established histone methylation can be an attractive direction in antimalarial drug discovery. Moreover, given that particular histone methylation states are linked to important biological processes of P. falciparum, specific inhibitors could be potentially used to explore the fascinating biology of this parasite.

As the most essential components of histone methylation mark writers, protein methyl transferase (PKMTs) catalyze the mono-, di-or tri-methylation of lysine residues or the monoor di-methylation of arginine residues (PRMTs). The Su(var)3-9-Enhancer of zeste-Trithorax (SET) domain was demonstrated to be the catalytic domain for lysine methylation, consisting of binding sites for histone substrate and methyl donor molecule S-(5′-Adenosyl)-L-methionine (SAM). In P. falciparum, ten SET domain-containing HKMTs have been bioinformatically

predicted 17 . Six of the ten PfSET genes were refractory to knock-out attempts via double crossover homologous recombination, suggesting that these genes play a role in development of asexual blood stage parasites 18 . Until now, three PfSET proteins have been characterized in P. falciparum to a certain limit. PfSET10, a putative H3K4 methyltransferase implicated in clonally variant gene expression, localizes to a single spot within the nuclear periphery of all asexual blood stages, coinciding with the perinuclear poised var expression site 19,20 . PfSET2, also called PfSETvs, is predicted to mediate H3K36-specific methylation. Disruption of PfSETvs causes loss of H3K36me3 at the transcription start site of all silent var genes and leads to their de-repression, indicating it plays a pivotal role in broadly silencing var genes 18 . PfSET7, the only P. falciparum SET-domian protein that has been purified and enzymatically characterized, shows robust methyltransferase activity in vitro and localizes to apical organelles in schizont stages of the IDC 21 . Moreover, PfSET7 methylates histone H3K4 and H3K9 in the presence of pre-existing acetylated histone H3 lysine 14 (H3K14ac). However, because gene knockout and mRNA knockdown of PfSET7 was not achieved, its in vivo function remains unknown.

In this report we produced recombinant full length PfSET6 and investigated the biological function of PfSET6 in different life cycle stages. We showed that the cellular localization of PfSET6 changes during the IDC and partially overlaps with var repression centres, putative mRNA-containing granules and apical organelles. This points to non-histone PfSET6 targets outside the nucleus. Moreover, genome-wide occupancy analyses indicated that PfSET6 associates with particular genome regions in a manner that correlates with transcriptional repression.

RESULTS

Recombinant PfSET6 possesses histone methlytransferase activity

The PfSET6 open reading frame of 1,530 nucleotides (PF3D7_1355300) encodes a 509 amino acid protein containing a SET domain (codons 1-250) and Myeloid-Nervy-DEAF1

(MYND) domain (codons 62-100) at the amino terminus (Figure 1a), suggesting that PfSET6 belongs to the SMYD3 family of methyltransferases. Notably, the conserved SET domain is split into two parts by the MYND domain (Figure 1a). Phylogenetic analysis of PfSET6 orthologues in Apicomplexans using EggNOG indicated that while Plasmodium SET6 proteins are well conserved with 85.7% identity, they are genetically divergent from Toxoplasma and Cryptosporidium SET proteins (Supplementary Figure 1).

Next, to determine whether PfSET6 possesses methyltransferase activity in vitro, we expressed recombinant full-length PfSET6 fused to a C-terminal 2x-Streptavidin tag using a baculovirus-based Sf9 insect cell expression system (Figure 1a). Due to the high AT-content of the set6 gene (76.1%), for heterologous protein expression, we utilized a codon-optimized version of set6. The resulting protein was purified using StrepTrap HP columns and resolved using denaturing gel electrophoresis. When visualized by Bio-Rad Stain-Free detection, the gel revealed two migrating bands, one of approximately 60kDa, and the other band which was consistently observed at 50kDa and has been validated as a recombinant PfSET6 by western blotting using anti-Streptaviding antibodies (Figure 1b).

Biochemical characterization of methyltransferase activity of recombinant PfSET6 was performed using a radioactive assay described earlier 21 . We used purified histones to measure the incorporation of radiolabeled methyl groups from a S-adenosyl methyionine (SAM) donor over time. We observed that recombinant PfSET6 exhibited histone methyltransferase activity that was 3-fold higher than the control (Figure 1c). However, this was significantly lower than PfSET7 or human G9a methyltransferase activity 21 . It has previously been shown that SMYD3 proteins optimally function in the presence of co-factors such as chaperone hsp90.

Therefore, we repeated the methyltransferase assay in the presence of total parasite lysates.

However, we did not observe an increase in PfSET6 activity over time indicating that such interaction probably has less reciprocal effect on methyltransferase activity and nuclear chaperone activity compared with in vivo (data not shown).

To explore the enzyme specificity, we performed a second independent analysis of PfSET6 activity. The methyltransferase reaction was resolved by denaturing gel electrophoresis and radiolabeled proteins detected using autoradiography. As shown in Figure1d, a single methylated band at 17kDa corresponding to histone H3 was apparent in reactions containing both PfSET6 and nucleosomes (lane1). In the absence of nucleosomes or in the presence of an unrelated substrate BSA, there was no methyl transfer, suggesting that PfSET6 is indeed a histone H3 methyltransferase.

PfSET6 localizes to the nucleus and cytoplasm of asexual blood stage parasites in a dynamic and punctate pattern

Anti-PfSET6 antibodies generated in mice against recombinant full-length of PfSET6 were used to determine cellular localization of PfSET6 during blood stage growth. First, the specificity of the anti-PfSET6 antibodies was assessed using western blotting of either parasite lysates (Supplementary Figure 2, left lane) or purified PfSET6 (right lane). These results showed that the anti-PfSET6 antibodies recognize a single band representing the 60kDa native PfSET6 protein in parasite lysates.

Second, to determine the sub-cellular distribution of PfSET6, whole parasites extracts were biochemically separated into nuclear and cytoplasmic fractions, and examined by western blotting with anti-PfSET6 antibodies. Antibodies against PfAldolase or histone H3 were used as controls for cytoplasmic and nuclear fraction, respectively. Figure 2a shows that PfSET6 is present in both cytoplasmic and nuclear fractions of extracts prepared from an asynchronous parasite culture, suggesting that PfSET6 may methylates non-histone substrates in the cytoplasm and have unique roles outside of the nucleus.

To assess the intracellular localization of PfSET6, P. falciparum asexual erythrocytic stage parasites were analyzed by immunofluorescence microscopy (IF). As shown in Figure 2b, PfSET6 exhibits a predominantly perinuclear distribution in ring stages, with this pattern changing in trophozoites and schizonts, where the PfSET6 signal is more diffuse throughout the parasite cytoplasm, albeit with distinct foci of enrichment. Notably, nuclear PfSET6 staining is maintained in trophozoites and schizonts. Taken together, these results suggested that PfSET6 cellular localization is dynamic during the IDC.

To determine whether the punctuate pattern of PfSET6 in ring stages coincided with the wellcharacterized epigenetic regulator and marker of facultative heterochromatin, PfHP1, co-IF assays were performed with anti-PfSET6 and anti-PfHP1 antibodies. In rings and schizonts, PfSET6 staining partially overlapped with PfHP1 foci at the nuclear periphery (Figure 3a), implying a role for PfSET6 in gene regulation. PfSET6 staining in schizonts was also compared to other known markers of cytoplasmic organelles: BiP for the endoplasmic reticulum, ERD2 for the cis-golgi, CLAG3.2 for rhoptries and EBA175 for micronemes. As shown in Figure 3b, PfSET6 staining partially overlapped with BiP and EBA175, but not the other marker analyzed. This indicated that PfSET6 involved in some critical cellular processes, such as protein synthesis, and some important biological process like invasion.

Finally, because the punctate cytoplasmic pattern of PfSET6 was reminiscent of mRNAcontaining ribonucleoprotein (mRNA) granules, we combined PfSET6 staining with mRNP markers such as members of the DNA/RNA-binding PfAlba family. As shown in Figure 3c, PfSET6 signals partially overlapped with PfAlba1, 2 or 4 staining, suggesting the role of protein methyltransferases in post-transcriptional gene regulation or mRNA regulation or translational repression has been described previously 22,23 .

PfSET6 localizes to distinct foci in different sub-compartments of P. falciparum transmission stages

To determine if PfSET6 continues to be expressed after the parasite differentiates into sexual erythrocytic stages, we performed co-IF assays with anti-Pfg377 antibodies. The reference marker Pfg377 is a gametocyte antigen associated with osmiophilic bodies, membrane-bound vesicles that are found in female gametocytes and become progressively more abundant as gametocyte reaches full maturity; that are believed to be involved in gamete egress from the host cell 24 . Figure 4a shows that in stage IV and V gametocytes, PfSET6 predominantly localized at the parasite membrane, with a low dispersed signal in the cytoplasm, which partially overlapped with Pfg377. Additionally, we observed that PfSET6 localizes in discrete cytoplasmic foci and co-localizes with the nucleus of salivary gland sporozoites (Figure 4b).

These combined IF suggest that PfSET6 localizes to different cellular sub-compartments during parasite development in a dynamic manner, indicating that it may methylate both histone and non-histone substrates to achieve its biological function.

Identification of PfSET6 genome-wide occupancy

Given that PfSET6 is predicted to be a HKMT and that it shows a nuclear localization pattern that partially coincides with an epigenetic regulator, we next asked whether PfSET6 could play a role in transcriptional regulation. We analyzed the genome-wide distribution of PfSET6 in ring stages by performing chromatin-immunoprecipitation with anti-PfSET6 antibodies (Supplementary Figure S3) and next generation sequencing (ChIP-seq). As shown in the circular genome-wide map of Figure 5a, we observed that PfSET6 localized to all chromosomes, with no apparent enrichment at chromosomal ends. Moreover, when we performed peak enrichment analysis using MACS2, we found that PfSET6 occupied hundreds genomic positions, near promoters, within gene bodies and within intergenic regions. These corresponded to a total of 94 genes, reflecting less than 2% of the parasite's coding genome (supplementary Table1).

Specifically, PfSET6 bound to select subtelomeric var genes on chromosome 1,2,3,5,6,7,9 and 13, as well as chromosome-central var gene clusters in chromosome 4. Notably, PfSET6 occupancy was not restricted to var loci, but also included other clonally variant gene families such as rifin and stevor. Other PfSET6-bound genes encode exported proteins (of the epf1, epf3, epf4 families), liver stage antigen (lsa1), the gametocyte-specific protein (Pf11-1), histone phosphosite binding protein (14-3-3I), heterochromatin protein (hp1), DNA/RNAbinding protein (alba2), ribosomal RNA loci and hypothetical conserved proteins.

Next, we asked whether PfSET6 chromosomal occupancy coincided with known epigenetic regulators (i.e., PfHP1) and histone post-translational modifications (i.e., H3K9me3, a repressive mark, and H3K4me3, the predicted modification of PfSET6). On the gross genomic level, we did not observe a significant overlap between PfSET6 distribution and the distribution of any of these marks, as shown in Figure 6a. However, in select cases, PfSET6 occupancy coincided with the repressive chromatin markers PfHP1 and H3K9me3 (Figure 6b), validating the IF observations of Figure 3a. Notably, there was no correlation between PfSET6 and H3K4me3 distribution indicating that they are functionally unrelated.

DISCUSSION

Histone methylation has been shown to play an important role in the control of general transcriptional regulation, monoallelic expression of virulence genes, and in the commitment to transmission stage development in P. falciparum 6 . These important biological processes are still ill-defined. SET domain proteins have been associated to histone methyltransferase activity in malaria parasites, however the biological role of most plasmodial SET domain encoding genes remains unknown. Here we report the expression, purification and biological characterization of PfSET6, a protein lysine methyltransferase which was refractory to classical genetic disruption in asexual blood stages. PfSET6 has an unusual domain structure belonging to the SET and MYND domain-containing proteins (SMYD), that are a special class of protein lysine methyltransferases involved in methylation of histones and non-histone targets in other eukaryotes. It has been linked to cardiomyocyte differentiation and cardiac morphogenesis and proliferation of cancer cells 25,26 .

PfSET6 enzymatic activity showed specific histone H3 methylation using radiolabeled SAM as a methyl donor and histones as substrate. Many efforts have been made to produce an KMT active PfSET proteins, and the only example of a recombinant enzyme that shows a very high KMT activity on histones was reported recently for PfSET7 21 . Although we used the same expression and purification protocol, the full length PfSET6 showed weak activity when compared to PfSET7. One explanation for this maybe that the assay conditions used in this study such as PH, temperature, substrate and enzyme concentration are not optimal for PfSET6 function. Changing these conditions could improve the rate of PfSET6 catalysis in vitro.

Alternatively, in human cancer research, it was shown that SMYD3-mediated di-and trimethylation of histone H3K4 was enhanced by interaction with heat shock protein 90α (HSP90α) 27 . This suggests that plasmodial SET6 may require interacting partners such as chaperon for full activity. Pull-down experiments using anti-PfSET6 antibodies may reveal such partners and help to improve its KMT activity, a feature needed to high-throughput small inhibitor screening assay development.

We observed the changes in the localization of PfSET6 during asexual blood stage development:

from nuclear in rings to cytoplasmic in trophozoites and schizonts (Figure 2); this is consistent with the dual nuclear and cytoplasmic localization pattern of SMYD3 28 . In the nucleus, PfSET6

staining partially co-localized with the heterochromatin marker PfHP1 (Figure 3a), suggesting a potential role in transcriptional repression. In the cytoplasm, PfSET6 distribution was not restricted to any specific sub-cellular compartment but was weakly diffused with partial enrichment in the ER, microneme and mRNA granules (Figure 3b,c). This points to a possible role in targeting RNA complexes, that have been shown to be involved in translational delay and repression of invasion genes 22,23 . The IFA staining show that most substrates of PfSET6 reside in the cytoplasm, suggesting that PfSET6 catalytic efficiency may be orders of magnitude higher on non-histone targets as compared to histones. In P. falciparum, although considerable research has been devoted to explore the role of histone PTMs, very little is known about more general protein PTMs and how they are regulated. Further pull down studies could reveal PfSET6 interacting partners and shed light on substrates that are methylated.

The PfSET6 ChIP-Seq data in ring stage parasites was unanticipated for a putative H3K4 methyltransferases, but there was no correlation between PfSET6 and H3K4me3 distribution.

By contrast, some genes associated with PfSET6 were also enriched in the transcriptional repressor HP1, together with H3K9me3. Notably, the majority of rest PfSET6-demarcated gene code for proteins which are exported into the host erythrocyte or assisted the exportation process and closely related to the pathogenesis. Moreover, the association of PfSET6 with liver stage antigen lsa1 and gametocyte-specific protein Pf11-1 provide information about its potential involvement in parasites developmental decision-making. It is noteworthy that 14-3-3i coding for the histone phosphor-site binding protein was also shown in the list of gene set enrichment. In malaria parasites how the hierarchy of multiple modifications is regulated and how distinct combinatorial modification patterns are established or maintained remains to be explored. One possible explanation for the silencing-associated occupancies of PfSET6 could be the various mechanisms of SMYD3 mediated. SMYD3 contains a conserved MYND-type domain, which contains a zinc finger motif that facilitating protein-protein interaction, and other DNA-binding consensus motifs. Due to its localization within the catalytic SET domain, the DNA-interaction mediated by MYND could prevent the methyltransferase enzyme catalyzing modifications to histone lysine residue properly 28 .

Altogether, the production of full length recombinant PfSET6 in insect cells demonstrated histone methyltransferase activity. Although several attempts to generate a knock-down transgenic line failed, the rapid and inducible knock-down of PfSET6 are still hoping to be established in the near future, providing answers to questions regarding to its essentiality for parasite survival, impact on genome-wide transcirptome and proteome-wide methylation, and even the mechanisms of action for PfSET6 in parasite development. Given that PfSET6 is expressed in all life cycle stages so far analyzed and may target distinct biology pathways, this makes this protein a very good novel target for drug development against multiple parasite stages.

MATERIALS AND METHODS

Protein expression construct. Codon optimized full length PfSET6 (PlasmoDB Gene ID PF3D7_1355300) was synthesized (Genscript), fused to a C-terminal double Strep-tag and ligated into the transfer vector pVL1393. A single potential glycosylation site S325A was removed for possible expression in secretory systems. The SET and SMYD domains of PfSET6 were identified using Prosite (prosite.expasy.org). Clones were verified to be error free and in frame by sequencing (GATC).

Protein expression and purification. To identify construct that provided sufficient amounts of Strep-tagged proteins, small-scale expression and purification was performed as described previously 21 . Briefly, recombinant PfSET6 was expressed using a baculoviral expression system following manufacturer's instructions. Proteins were then purified using StrepTrap HP columns (GE Healthcare). Final protein concentration was determined by Bradford Assay (Bio-Rad Protein Assay, Bio-Rad), and samples were aliquoted, flash frozen in liquid nitrogen and stored at -80°C until use.

In vitro methytransferase assay. Standard reactions were performed in a total volume of 25 • We mapped, for the first time, the genome-wide distribution of eu-and heterochromatic features in sporozoites, including the transcriptionally repressive histone mark H3K9me3 and its reader protein PfHP1, and the transcriptionally activating histone mark histone H3K9ac.

• We found that the sporozoite genome is organized into heterochromatin-containing gene islands, in particular at chromosome ends, which localize to perinuclear clusters.

• We also identified a single var gene (var sporo ) as being depleted of the repressive marks and further confirmed its expression in sporozoites. Strikingly, the encoded PfEMP1 protein was efficiently trafficked to the sporozoite surface and expressed, even in the lack of knob-like structures. This indicated that the epigenetic regulation of var gene transcription is maintained during the formation of sporozoites in the mosquito.

• Overall, this work demonstrates that epigenetically controlled variegated gene expression is important in mosquito stages. Moreover, the identification of a highly polymorphic sporozoite surface antigen is highly relevant for vaccine development.

Individual Contribution:

• I performed ChIP-seq experiments of the H3K9me3-binding protein PfHP1 in ring stage parasites and compared its enrichment to that observed in sporozoite stage P. falciparum parasites.

Summary:

Malaria parasites have developed sophisticated strategies during asexual blood stage development that enable chronic infection, pathogenesis and transmission via epigenetically controlled gene expression 1 . In the human parasite Plasmodium falciparum, specific epigenetic signatures dictate the transcriptional activation or silencing of immune evasion genes such as the var multigene family, which encodes the major virulence factor Erythrocyte Membrane Protein 1 (PfEMP1). However, the epigenetic landscape in other life cycle stages and its impact on host-parasite interaction have not been investigated to date. Here, we map the genome-wide distribution of eu-and heterochromatic features in sporozoites, which migrate through different Variegated gene expression is used by the parasite beyond host immune evasion to create phenotypic plasticity in genetically identical parasites during blood stage including sexual commitment of a subset of parasites 5-9 . Although variegated gene expression appears to have evolved as a survival strategy to promote prolonged blood stage infection in humans, it is unknown if it is used by sporozoites, a stage that has been successfully used to provide immune protection to human volunteers 10 .

To fill this important knowledge gap, we developed a robust, low-cell input ChIP assay followed by high throughput sequencing (ChIP-seq) protocol to work with limiting sporozoite numbers. We analyzed the genome-wide distribution of the transcriptionally repressive histone post-translational modification mark (PTM) histone H3-lysine 9-trimethyl (H3K9me3), its reader protein PfHP1, and the transcriptionally activating histone PTMmark H3K9ac. In asexual blood stages, PfHP1 and H3K9me3 regulate transcription of sub-telomeric, clonally variant virulence gene families such as var by establishing facultative heterochromatin at promoter regions and gene bodies 5,11,12 . These heterochromatic regions span about hundred kilobases (kb), forming so-called heterochromatin islands. In sporozoites, we observed an enrichment of both H3K9me3 and PfHP1 in sub-telomeric regions of all 14 chromosomes as well as in central chromosome regions of chromosomes 4,6,7,8 and 12 (Fig. 1a and 2a). In contrast, the activating mark H3K9ac is virtually absent from these heterochromatic loci and is dispersed along chromosome regions that contain primarily housekeeping genes (Fig. 1a and2a). When comparing the genome-wide PfHP1 this pattern to that in asexual blood stage parasites (Fig. 1b and 2a), we observed a general similarity 5 . We noted, however, a significant sporozoite-specific spreading of subtelomeric heterochromatin from nearly all chromosome ends towards central chromosomal regions (Fig. 2a and Fig. 2b). These extended heterochromatic regions of about 50 kb are highly enriched in genes encoding parasite proteins that are typically exported to the host erythrocyte during blood stage development remodeling the erythrocyte to accommodate the parasite's needs 13 (Fig. 2b). Our data suggest for the first time that sporozoites may activate a facultative heterochromatin boundaries remodelling pathway controlled in a stage specific manner and that their extension may function to silence genes that are not expressed in sporozoites to silence genes encoding exported proteins traslocated during intra-erythrocytic development mostly on the surface of the infected erythrocytes (IE).

In blood stage parasites the maintenance of heterochromatin islands are physically linked tethered into several foci at of these regions to the nuclear periphery 5 . To determine if a similar spatial chromosome arrangement is involved/exists in sporozoites, we performed DNA-FISH using a probe corresponding to the conserved subtelomeric repeat TARE6 (Telomere-Associated Repeat 6) 5,9 (Fig. 3a) and indirect immunofluorescene assays (IFAs) with antibodies against PfHP1 (Fig 3b). We observed an average of 2-4 TARE6-containing foci per nucleus, which localized to the nuclear periphery and partially or completely overlapped with PfHP1containing foci (Fig. 3c). These data indicate a conserved heterochromatin nuclear spatial organization in the nucleus between asexual blood stage parasites and migratory sporozoites.

In asexual stages, only one of the 60 var gene members is transcribed at a time to ensure expression of a single erythrocyte surface adhesion protein, implicated in immune evasion and pathogenesis 14,15 . To determine if heterochromatin may control the default silent state of the var virulence multigene family in sporozoites as in blood stage parasites we performed bioinformatic analysis of three independent H3K9me3 and PfHP1 ChIP-seq experiments. This analysis revealed that a single member, Pf3D7_0809100, of the var gene family showed strongly reduced H3K9me3 and PfHP1 signal in its promoter region and gene body (Fig. 4a),

suggesting that Pf3D7_0809100 may be expressed in sporozoites. Pf3D7_0809100 (here called var sporo ) is located in the central region of chromosome 8, adjacent to two other var genes, which retain higher levels heterochromatin marks (Fig. 4a). Notably, other clonally variant gene families such as rif, Pfmc2TM, PfACS and clag families, which are located proximal to subtelomeric var genes on 13 of the 14 chromosomes, appear to maintain blood stage-like H3K9me3 and PfHP1 patterns, with only two of 180 rif genes, one of 13X Pfmc2TM genes and five of 13 PfACS genes depleted for these marks in Table 1. In addition, the previously identified master regulator of sexual commitment, AP2-G 7,8 shows a PfHP1 enrichment in sporozoites that is similar to that seen in blood stage parasites (Supplementary Fig S . 2).

As we observed the same pattern of PfHP1 depletion for the single Pf3D7_0809100 var gene in three independent sporozoite preparations, we investigated the possibility that this epigenetic signature was established during the asexual blood stage of the NF54 strain used to generate the sporozoites analyzed in this study. RT-qPCR analysis of all var genes in a synchronized bulk culture of NF54 ring stage parasites showed that five different var gene transcripts are present at relatively high levels, whereas most other members, including var sporo , are present at very low levels (Fig. 4b). These data strongly suggest that an epigenetic reset of var gene transcription occurs during sexual development, with the specific transcriptional upregulation of var sporo during the formation of sporozoites in the mosquito.

To determine if var sporo is indeed expressed in sporozoites, as predicted by H3K9me3 and PfHP1 distribution (Fig. 4a), we performed IFAs on fixed or live sporozoites using either an antibody against the conserved intracellular C-terminal ATS (Acid Terminal Segment) of that reacts with all PfEMP1 proteins 16 or a specific antibody against the extracellular variable CIDR domain (Cysteine-Rich Inter domain region) of var sporo PfEMP1. Both antibodies reacted with fixed sporozoites and showed a surface membrane-like staining pattern that partially overlapped with Circumsporozoite protein (CSP), the major surface antigen of sporozoites (Fig. 4c top and middle rows). In contrast, no surface staining was observed with antibodies against the extracellular domain of the PfEMP1 encoded by var2CSA (Pf3D7_1200600) and a second var gene (Pf3D_70412700) (data not shown) that retain H3K9me3/PfHP1 marks, which is predicted to be repressed by the PfHP1 profile (Fig. 4c bottom row and Supplementary S3).

When IFA was repeated with live sporozoites which have intact cell membranes, the antivar sporo PfEMP1 antibody, but not the anti-ATS antibody, stained the surface of sporozoites (Fig. 4d), again in a pattern that partially overlapped with CSP (Fig. 4c and4d). Trypsin treatment of live sporozoites (50 µg/ml) abolished antibody surface reactivity confirming that the CIDR domain of var sporo PfEMP1 is extracellular (data not shown). Together, these results provide the first evidence of a member of the highly polymorphic PfEMP1 protein being expressed on the surface of the sporozoites, with the ATS domain most likely at the cytoplasmic side of the parasite membrane and the CIDR domain exposed to the extracellular milieu. This manner of PfEMP1 expression contrasts with what is observed in blood stage parasites. In intraerythrocytic parasites, PfEMP1 proteins are exported across the parasite and the parasitophorous vacuolar membrane to the surface of the erythrocyte, where they serve as adhesion molecules that can bind to a variety of endothelial receptors such as CD36, ICAM, etc., causing malaria pathogenesis by obstructing blood vessels in critical organs such as the brain 4,15 . Given the potential of var sporo to interact with hepatocytes to contribute to hepatocytes infection, we pre-incubated freshly isolated sporozoites with either the anti-var sporo antibody directed against the CIDR domain or pre-immune serum before adding them to a primary human hepatocyte culture. The var sporo antiserum did not reduce infection significantly at 1/50 serum dilution and showed similar level of infection as the corresponding preimmune serum in three independent experiments (Supplementary S4 obtain fastq files for downstream analysis. A minimum of two biological replicates was analyzed for each antibody and each parasite stage.

ChIP-seq Data Analysis

Quality control of fastq files was performed using the FastQC software. Sequencing reads were mapped to the P. falciparum genome (v.3, GeneDB) with the Burrows-Wheeler Alignment tool (BWA MEM) using default parameters 4 . Uniquely mapped reads of quality Q20 were considered for peak-calling analysis with the MACS2 software 5 after controlling for a false discovery rate of 5% (default setting of MACS2) using Benjamini and Hochberg's correction method 6 . For the genome-wide representation of HP1, H3K9ac and H3K9m3 from both sporozoites ( 27079975). Coverage differences between the HP1 ChIP experiment and the input control (Fig. 3a)

were calculated using bamCompare from the same package. Circular and linear coverage plots were generated using circos (v0.69, PMID: 19541911) and the Integrated Genomics Viewer (v2.3.72, PMID: 22517427).

Immunofluorescence imaging of sporozoites

For var protein staining 5 × 10 4 sporozoites were placed on poly-L-lysine coated coverslips either live or fixed in 4% PFA for 10 min at room temperature were blocked with 4%BSA/PBS for 30 min, followed by incubation with primary antibody for 1h, three washes with PBS, and detection with Alexa Fluor 488-or 568-conjugated anti-rat IgG, anti-guineapig and anti-rabbit respectively (Life technologies) diluted 1:1000 in PBS/3%BSA. After three final washes in PBS cells were mounted in Vectashield containing DAPI for nuclear staining. Images were captured using a Deltavision Elite imaging system (GE healthcare) with a 60x 1.42 NA objective and a DV Elite CMOS camera. Fiji (http://fiji.sc) was used for image analysis of at least two independent replicas.

Protein expression and antisera

The cysteine-rich interdomain region (CIDR)-alpha of PF3D7_0809100 was cloned into the Baculovirus transfer vector pAcGP67-A (BD Biosciences falciparum CS protein has been described previously 11 .

DNA-FISH and immunofluorescence imaging

Sporozoites were fixed in suspension with 4% paraformaldehyde in PBS over night at 4°C. Parasites were then deposited on polylysine coated #1.5 cover glasses, permeabilized 15 min with 0.1%

Triton-X-100, and subjected to same DNA-FISH labeling conditions as described previously for blood stage parasites (Mancio- [START_REF] Silva | Enhanced methyltransferase activity of SMYD3 by the cleavage of its N-terminal region in human cancer cells[END_REF]. For sequential immunofluorescence and DNA-FISH parasites were labeled first with rabbit anti-HP1 at 1:2000 in PBS/3%BSA followed by detection with Alexa-Fluor 488-conjugated anti-rabbit IgG (Life technologies). After an additional fixation step we carried out DNA-FISH using a biotinylated LNA probe (Exiqon) labeling all TARE6 telomeric repeat regions 5'-Biotin-+AC+T+AACA+TA+GG+T+CT+T+A-Biotin-3' detected with Streptavidin-Alexa568 (Life Techologies) at 1:2000 in PBS/3%BSA.

Trypsin treatment

Living 1 × 10 6 sporozoites in 200 μl Leibovitz's L-15 medium were treated with Trypsin (Gibco) with a final concentration of 50 g/ml for 40 minutes at 25°C to avoid sporozoites activation. Then sporozoites were washed 3 times with Leibovitz's L-15 medium containing serum. The staining and imaging were performed as previously described.

Real-Time PCR analysis

Total RNA was isolated from highly synchronized parasite cultures by sapoin lysis followed by purification with miRNeasy kit (Qiagen). RNA was DNase (Qiagen) treated and reverse transcription was performed using random hexamer primers and SuperScript VILO reverse transcriptase (ThermoFisher Scientific). Quantitative PCR was performed with the resultant cDNA in triplicate on a CFX Real-Time PCR System (BioRad) using Power SYBR Green (Life Technologies) and primers specific for almost all var genes, designed in a previous study 12 .

Transcript levels were determined using the quantity mean of each triplicate as calculated from a standard curve based on a serial dilution of genomic DNA. var gene transcription was normalized to that of a housekeeping gene, seryl tRNA synthetase.

Liver stage development inhibition assay

Primary human hepatocytes were isolated from human liver fragments collected during unrelated surgery after informed consent was obtained from patients undergoing a partial hepatectomy as part Publique-Hôpitaux de Paris, France. Primary human hepatocyte cultures were prepared from freshly isolated liver fragments as previously described 13 . Cells were seeded at a density of 8×10 4 cells per well in 96-well culture plates coated with rat tail collagen I (Becton Dickinson) and cultured at 37 °C, 5% CO2 in William's Medium E (Life Technologies) supplemented with 10% FCS (Perbio), 5 × 10 -5 M hydrocortisone hemisuccinate (Upjohn Laboratories SERB, France), 5 μg per ml insulin (Sigma), 2 mM l-glutamine, 1% penicillin-streptomycin solution (100X, stock solution, GIBCO).

After cell adherence (12-24 h), 2% DMSO was added to the culture medium until infection. The different heat-inactivated rat sera of var-sporo and the correspondent pre-immune rat sera were added to the P. falciparum sporozoites at a final dilution of 1/50 dilution. A total of 3×10 4 sporozoites from the P. falciparum NF54 strain in 50 μl of fresh medium were added next to the cells. Plates were centrifuged at 2000 rpm for 10 min at room temperature to facilitate parasite settling onto the cells. Medium changes were carried out at 3, and 48h post addition of sporozoites.

Cultures were stopped at day 3 days post infection by fixing with cold methanol. Parasite numbers within hepatocytes were assessed via immunofluorescence using anti-PfHSP70 antibodies as previously described 14 . Quantification was performed by microscopy or using the arrayscan XTi imaging system (Thermofisher). 

Results IV (Supplementary)

Generation of Transgenic Dual-labeled Parasite Lines

Scope of the Project:

The goals of this project were to create tools to drive forward epigenetic drug screening, and to identify novel factors contributing to var monoalleic expression.

Context of the Project:

Using the CRISPR/Cas9 marker-free genome editing approach, we are now in a position to create a transgenic parasite line that expresses different PfEMP1 proteins with distinct fluorescent tags such as GFP and RFP. Based on the principle of var monoallelic expression, a wild-type parasite will at any given time express either PfEMP1-1-GFP or PfEMP1-2-RFP, but not both. However, if monoallelic expression is disrupted, then more than one var gene will be transcriptionally active, resulting in double-fluorescent parasites. Once the proof of concept has been established, the dual-labeled parasite line will be used to screen small molecule inhibitors that mediate derepression of var genes, which likely target HKMT enzymes or the epigenetic reader HP1, using as readout flow cytometry and fluorescence microscopy. Furthermore, the parasite line will be chemically mutagenized and analyzed for var derepression: novel factors contributing to var monoalleic expression will be identified using deep sequencing of genomic DNA.

Specific Aims:

• Design and generation of GFP-tagged PfEMP1 in the P. falciparum 3D7 strain, G7 clone with a single predominantly active var gene PF3D7_0412700; Determination of the fluorescent properties of PfEMP1-0412700-GFP.

• Design and generation of RFP-modified rarely activated var gene locus PF3D7_1100200 in the P. falciparum 3D7 strain; Determination of the fluorescent properties of predominantly expressed PfEMP1-1100200-RFP.

• Generate the dual-labeled transgenic parasite line.

• Confirm the applicability of the dual-labeled reporter line for drug screening by knocking out the gene encoding PfSETvs. Having confirmed integration of GFP into the PF3D7_0412700 locus in-frame, we next performed live cell imaging of the transgenic parasite to determine if PfEMP1-0412700-GFP is produced and efficiently trafficked to the parasite surface. As shown in Figure 2, in trophozoite stages (30 h), when var mRNA translation is maximal, PfEMP1-0412700-GFP signal can be visualized as a punctuated staining pattern in the RBC cytoplasm and RBC membrane. However, in later stages, the GFP signal is predominantly in the parasite cytoplasm or in the parasitophorous vacuole. 

Tagging the endogenous locus of the PF3D7_ 1100200 var gene with RFP

To tag the second endogenous PF3D7_1100200 var gene locus with, a similar strategy to the one described for PfEMP1-0412700-GFP was used. The RFP tag was inserted between amino acids X and Y of the PF3D7_1100200 var open reading frame using CRISPR/Cas9-based genome editing (Figures 3a andb); PF3D7_1100200 var is rarely activated in culture

Dicussion

In P. falciparum, PTMs have been shown to play an important role in the control of general transcriptional regulation, monoallelic expression of virulence genes, and in the commitment to transmission stage development. In particular, histone methylation has been linked to transcriptional activation throughout the Plasmodium life cycle and to transcriptional repression of P. falciparum multi-copy gene families via its reader protein PfHP1. Ten SET domain-containing histone methyltransferases or HKMTs have been bioinformatically predicted in P. falciparum; six of them appear to be essential for parasite asexual blood stage development based on traditional gene knockout experiments (non-inducible homologous gene replacement strategies) (Cui et al., 2008;Jiang et al., 2013). Until now, only two PfSET members have been characterized to some degree, revealing a role in virulence gene expression. The predicted H3K4-specific methyltransferase PfSET10 was suggested to associate with the poised var gene expression site in late blood stage parasites, while the H3K36-specific methylase PfSETvs (PfSET2) is required to keep monoallelic expression of var genes operational in blood stage parasites (Jiang et al., 2013;Volz et al., 2012). Based on potential importance in various biological aspects of SET domain containing genes in malaria parasites, a major part of my dissertation project focuses on PfSET7 and PfSET6, which have not been previously characterized.

PfSET7-mediated methylation may be an extension of the histone code to other proteins

The 793-amino acid PfSET7 protein contains a central catalytic SET domain followed by a short post-SET domain at its C-terminal end. When HKMTs were first described in Plasmodium in 2008 by Cui et al, phylogenetic analysis classified PfSET7 as a putative histone H3K4-specific methyltransferase belonging to a clade that was separate from but related to SMYD3, a H3K4-specific methylase (Cui et al., 2008). In accordance with this, our in vitro enzyme kinetics investigation revealed that PfSET7 extensively methylates H3K4 and H3K9. In particular, H3K9 is specifically targeted n the presence of a pre-existing H3K14ac mark. Next, in vivo analysis revealed that PfSET7 is expressed during the entire asexual blood stage and detectable only in the cytosol as distinct foci (Chen and Ding et al., 2016). This was unanticipated for a putative histone methyltransferase. However, there are several implications of these observations. that PfSET7 actually belongs to the AKMT clade (for Apical complex lysine methyltransferase) [START_REF] Sivagurunathan | Identification of functional modules of AKMT, a novel lysine methyltransferase regulating the motility of Toxoplasma gondii[END_REF]. AKMT orthologs and the closely related SMYD subfamily have a distinctive structural difference: the post-SET cysteine cluster in AKMTs contains 2 more cysteine residues (CXCX2CX11CX2C) and is significantly longer than that (CXCX2C) in SMYDs [START_REF] Sivagurunathan | Identification of functional modules of AKMT, a novel lysine methyltransferase regulating the motility of Toxoplasma gondii[END_REF]. Furthermore, studies in Toxoplasma gondii, another Apicomplexan parasite, reported that AKMTs modulate key steps required for motility, invasion and egress, suggesting that protein methylation by PfSET7 may be a conserved process in Apicomplexans [START_REF] Heaslip | The motility of a human parasite, toxoplasma gondii, is regulated by a novel lysine methyltransferase[END_REF][START_REF] Sivagurunathan | Identification of functional modules of AKMT, a novel lysine methyltransferase regulating the motility of Toxoplasma gondii[END_REF].

It is worth mentioning that recent work revealed that covalent modifications of actin regulate important cellular processes. For example, HDAC6 specifically acetylates actin and participates in actin reorganization [START_REF] Yildirim | Inhibition of histone deacetylation protects wildtype but not gelsolin-deficient mice from ischemic brain injury[END_REF]. In addition, His-73 methylation regulates actin's interdomain flexibility and stability [START_REF] Terman | Post-translational modification and Regulation of Actin[END_REF]. Based on PfSET7's cellular localization in schizonts, it is tempting to speculate that PfSET7 may play a role in actin methylation to regulate host erythrocyte invasion, a process that is dependent on actin-myosin motor activity at the apical tip of the merozoite. This could also explain the redistribution of PfSET7 that occurs in activated sporozoites that are preparing to invade hepatocytes.

A striking observation from our immunofluorescence assays is the enrichment of PfSET7 at the parasite membrane in gametocytes, suggesting that PfSET7 undergoes redistribution in sexual stages and might facilitate the remarkable morphological transformation as parasites prepare itself for transmission. Dixon et al. rendered a three-dimensional model of the inner membrane complex of gametocytes, composed of RBC membrane, parasitophorous vacuole membrane (PVM), parasite plasma membrane (PPM), the sub-pellicular membranes and a layer of sub-pellicular microtubules (MT) from outside to inside. Future immune electron microscopy and pull-down studies would be required to address the co-localization of PfSET7 with the gametocyte's inner membrane complex. Overall, that PfSET7 is continuously expressed throughout the life cycle (only ookinete and oocyst have not been studied as yet) and undergoes cellular redistribution to associate with distinct cellular components is a strong indicator that it might have different biological roles in different life cycle stages. ChIP-seq might not have fully captured PfSET6-chromatin interactions. Indeed, while the PfSET6 occupied sites revealed by our analysis are predictive of the types of genes that PfSET6 targets, we cannot rule out other short-lived interactions. To reveal the full extent of PfSET6 occupancy, alternate methods can be applied such as treating cells with bifunctional membrane-permeating cross-linkers to preserve the protein-protein association before the standard formaldehyde crosslinking, which has been used to analyze the genome-wide distribution of HATs and HDACs in human CD4 + T cells [START_REF] Wang | Genome-wide Mapping of HATs and HDACs Reveals Distinct Functions in Active and Inactive Genes[END_REF].

Although the PfSET6 ortholog SMYD3 was initially described as a histone H3K4-specific di-and tri-methyltransferase in vitro (see above), recent studies showed that SMYD3 methylates histone H4K5, and this site serves as a far more effective substrate than H3, particularly in a nucleosome context (van Aller et al., 2012). Another cardiogenesis study showed that m-Bop, a MYND and SET domains-containing muscle-restricted protein, facilitates the development of ventricular myocytes by recruitment of HDACs and functioning as a transcriptional repressor (Gottlieb et al., 2002). Moreover, it has previously been shown that SMYD3 proteins optimally function in the presence of co-factors, such as chaperone hsp90 in cancerous cells [START_REF] Silva | Enhanced methyltransferase activity of SMYD3 by the cleavage of its N-terminal region in human cancer cells[END_REF]. This suggests that Plasmodium SET6 may require to interact with co-factors for full activity. Taken together with our observations that PfSET6 weakly methylates histone H3 in vitro and the nuclear and cytoplasmic localization of PfSET6, future work with the recombinant protein could determine its preferential methylation site in histones and non-histone substrates, both in the presence and absence of co-factors. Considering that the nature of the enzyme-substrate interactions is transient and most enzymes have a slew of target proteins, co-immunoprecipitation with specific anti-PfSET6 antibodies (Free et al., 2009) or the so-called BioID method, in which the enzyme is tagged with biotin ligase domain of birA and associated proteins identified by proximity-dependent biotinylation (Roux et al., 2013;Schweingruber et al., 2016), could be used to identify the interacting partners of PfSET6. transgenic lines and am currently characterizing its response to DiCre induction; I have transfected parasite lines with the SET7 constructs and await the results. I anticipate that in the near future, these strains will serve as tools to study the impact of PfSET6 and PfSET7 on regulating the blood stage transcriptome and proteome-wide methylation, or even shed the light on the mechanisms of action for PfSET7 and PfSET6 in parasite survival and development.

In addition, having produced enzymatically active full-length PfSET7, we are now in a position to perform target-based screening to identify specific small molecule inhibitors for PfSET7. These can help to determine the biological role of PfSET7 in sporozoite and liver stage parasites, which are much less amenable to genetic manipulation. This includes the fascinating biology of malaria relapses in P. vivax and P. ovale infections.

During my PhD period, we generated a new, highly specific antibody against PfHP1, and validated it in different functional assays including western blotting, immunofluorescence and ChIP-seq. Several of these studies were the basis for a collaborative project with Gigliola Zanghi in Dominique Mazier's laboratory, where are analyzed the role of PfHP1 in sporozoite epigenetic gene regulation (see Article III, page 104). This work opened new avenues revealing clonally variant expression of var genes in sporozoites and exposure of PfEMP1on the surface of sporozoites, possibly as a sensor of the extracellular milieu. This novel aspect has important implications not only for the biology of sporozoites, but also for vaccine development.

Since the CRISPR-Cas9 system was developed in Scherf 's laboratory (Ghorbal et al., 2014;MacPherson and Scherf, 2015), a new idea to develop a reporter system to screen for defects in var monoallelic expression came to us. As part for my PhD work, I exploited the CRISPR-Cas9 technology to generate a PfEMP1-dual-labeled transgenic parasite line, which could potentially be induced by drug treatment or physical and chemical mutagenesis (see Result IV, page 126). First, I inserted GFP into into the endogenous coding region of exon I of a var gene, in-frame, and successfully detected PfEMP1-GFP expression on the surface of asexual stage parasites, establishing the proof of principle for the project. Then I designed constructs to insert RFP into a second var gene and obtained PfEMP1-RFP transgenic parasites. The next step would be the transfection of the plasmid driving PfEMP1-RFP expression into PfEMP1-0412700-GFP transgenic parasites, and the resultant parasites would exhibit a double fluorescent profiles only when monoalleic expression is disrupted. This part has not been realized as yet due to time constraints to finish the PfSET7 and PfSET6 projects. However, once these PfEMP1-dual-labeled parasites are successfully generated, they could be used to explore empirically for novel factors that are involved in monoallelic expression.

Conclusion

This PhD work underlines the concept that computational prediction of protein function needs experimental validation to explore the full extent of SET protein cellular targets and biological function in Apicomplexan parasites. It remains to be seen how many of the 10 predicted SET domain proteins are specific for histone methylation only. Clearly, our study reveals that non-histone methylation is much more important in P. falciparum than previously anticipated. Systematic mass spectrometry to detect methylated proteins in combination with inducible gene knockout mutant parasites may help to identify targets of SET domain containing proteins. The fact that at least PfSET7 and PfSET6 are expressed in different life cycle stages, makes them as novel targets for drug development that could against severe disease and to block pathogen transmission.
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  PfSET7: enzymatic characterization and cellular localization of a novel protein methyltransferase in sporozoite, liver and erythrocytic stage parasites Chen PB and Ding S et al, Scientific Reports, 2016

  reversible histone methylation regulates transcriptional activation throughout the malaria parasite genome, controls the repression of multi-copy virulence gene families and determines sexual stage commitment. Plasmodium falciparum encodes ten predicted set domaincontaining protein methyltransferases, six of which have been shown to be refractory to knock-out in blood stage parasites. We have expressed and puriied the irst recombinant malaria methyltransferase in suicient quantities to perform a full enzymatic characterization and reveal the ill-deined PfSET7 is an AdoMet-dependent histone H3 lysine methyltransferase with highest activity towards lysines 4 and 9. Steady-state kinetics of the PfSET7 enzyme are similar to previously characterized histone methyltransferase enzymes from other organisms, however, PfSET7 displays speciic protein substrate preference towards nucleosomes with pre-existing histone H3 lysine 14 acetylation. Interestingly, PfSET7 localizes to distinct cytoplasmic foci adjacent to the nucleus in erythrocytic and liver stage parasites, and throughout the cytoplasm in salivary gland sporozoites. Characterized recombinant PfSET7 now allows for target based inhibitor discovery. Speciic PfSET7 inhibitors can aid in further investigating the biological role of this speciic methyltransferase in transmission, hepatic and blood stage parasites, and may ultimately lead to the development of suitable antimalarial drug candidates against this novel class of essential parasite enzymes.

Figure 1 .

 1 Figure 1. Protein production and puriication. (a) Schematic of the PfSET7 full-length protein and truncated proteins, all expressed as recombinant ainity-tagged proteins. SET, SET domain; S, 2× strep-tag. (b) Alignment of the C-terminal part of the SET domain and post-SET domains of H3K9 methyltranserases from Schizosaccharomyces pombe Clr4 (O60016), Neurospora crassa Dim5 (Q8X225), Homo sapiens HsG9a (Q96KQ7), Toxoplasma gondii SET/SUV39 (TGME49_255970), Plasmodium falciparum PfSET7 (PF3D7_1115200). Conserved residues are highlighted in red. (*) Residues involved in catalysis. (#) Final amino acid of the SET domain. (%) Indicates residue mutated in the catalytic mutant PfSET7_H517A. Post-SET, post-SET domain. (c) SDS-PAGE of recombinant PfSET7FL, the catalytic mutant PfSET7_H517A, PfSET7∆ C, PfSET7∆ C∆ N and PfSET7∆ N. (d) Autoradiograph (let panel) of enzyme reactions with PfSET7FL (lanes 1, 2 and 3) and MmG9a (lanes 4, 5 and 6) with nucleosomes, BSA and enzyme alone. Film was exposed 72h. Duplicate reactions were resolved by SDS-PAGE and silver stained (right panel).

Figure 2 .

 2 Figure 2. Steady state enzyme kinetics of PfSET7FL. (a) Enzyme concentration and (b) time dependent enzyme activity. (c) Saturation kinetics for HEK nucleosomes yield a Km value of 40 ± 9 ng/ul. (d) Saturation kinetics for methyl-donor AdoMet yield a Km value of 48 ± 7 µ M. Data in (a,b) are mean ± SD of one representative experiment. Data in (c,d) are replicate values from duplicate experiments and were itted to the Michaelis-Menton equation using GraphPad Prism sotware.
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 3 Figure 3. Characterization of PfSET7FL enzyme reaction conditions. (a) PKMT reactions were performed to determine pH dependent enzyme activity on a pH range of 6-10. (b) Temperature dependent enzyme activity where reactions were carried out at 4 °C (circles), 25 °C (squares), or 37 °C (triangles). Control reactions without nucleosomes or without enzyme were performed in parallel. (c) he efect of two common salts NaCl (circles) and KCl (squares) were tested up to 250 mM or 200 mM, respectively. (d) he efect of removing DTT or adding divalent metal ions on enzyme activity. All reactions, except where noted, contain 4 mM DTT. Reactions contained 100 µ M MnCl 2 or ZnCl 2 where noted. Data from at least two independent experiments are represented in (a,c) as mean ± SD. Individual data from two independent experiments are presented in (b,d).
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 4 Figure 4. PfSET7 mutational analysis. Enzyme activity of full-length, truncated and catalytic dead versions of PfSET7. Data from two independent experiments are represented as mean ± SD.
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 5 Figure 5. PfSET7 extensively methylates H3K4 and H3K9 in the presence of H3K14ac. Recombinant PfSET7 enzyme was incubated with human nucleosomes and CD3-labeled S-adenosyl-methionine to identify the histone lysine targets of PfSET7, which are distinguishable from existing methylations (blue colored 'me' symbols) by a CD3 mass shit (+ 3 Daltons; red colored 'me' symbols) in the m/z of the modiied peptide. Signiicant labeling of H3K4me2 and H3K4me3 by PfSET7 was observed (shown for H3K4me3 in the let panel), where the major product is the fully methylated H3K4 substrate. Extensive labeling of H3K9me2 and H3K9me3 by PfSET7 was also observed, but particularly in the presence of existing H3K14 acetylation on nucleosome substrates (shown for H3K9me3K14ac in the right panel), implying this methyltransferase exhibits some degree of nucleosome speciicity (compare extent of labeling of H3K9me2K14un substrate by PfSET7 and mG9a in Supplementary Fig.S2). Annotated tandem mass spectra for all observed labeled histone peptides are provided in the Supplementary Figures.
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 7 Figure 7. Immunoluorescence localization of PfSET7 at diferent stages of the Plasmodium falciparum life cycle. (a) Asexual blood stage parasites. Markers used were: DAPI as a DNA marker, anti-HA in PfSET7-HA parasites, anti-PfSET7 in wild-type parasites, anti-HP1 as a nuclear periphery marker, anti-HA in PfoTPT-HA parasites as an apicoplast marker, MitoTracker Deep Red FM staining for the mitochondrion, anti-Bip as an ER marker and anti-ERD2 as a cis-golgi marker. he scale bars correspond to 2 µ m. (b) Mosquito salivary gland stage sporozoites. he PfSET7 is expressed in fresh (upper panel) and activated sporozoites (lower panel) characterized by the transformation bulb. Sporozoites are visualized by DAPI staining, anti-PfSET7 and anti-HP1 immunostaining. he scale bars correspond to 5 µ m. (c) Liver stage parasites. Upper panel: liver stage schizonts from TK-NOG humanized mice were immunostained with anti-PfSET7 and anti-HP1 at day 7 postinfection. he scale bar corresponds to 10 µ m. Lower panel: higher magniication of the image above. he scale bar corresponds to 1 µ m.
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Figure S3 |

 S3 Figure S3| Annotated CID tandem mass spectrum for H3K4me2(CH 3 ,CD 3 ), z = 2, Mp/z = 396.24.N-terminus has been propionylated (+56.0627 Da).

TKQTAR 4 Figure

 4 Figure S4| Annotated CID tandem mass spectrum for H3K4me2(2CD 3 ), z = 2, Mp/z = 397.75.N-terminus has been propionylated (+56.0627 Da).

TKQTAR 4 Figure

 4 Figure S5 | Annotated CID tandem mass spectrum for H3K4me3(2CH 3 ,CD 3 ), z = 2, Mp/z = 403.25.N-terminus has been propionylated (+56.0627 Da).

Figure S6 |

 S6 Figure S6| Annotated CID tandem mass spectrum for H3K4me3(CH 3 ,2CD 3 ), z = 2, Mp/z = 404.76.N-terminus has been propionylated (+56.0627 Da).

Figure S7 |

 S7 Figure S7| Annotated CID tandem mass spectrum for H3K4me3(3CD 3 ), z = 2, Mp/z = 406.27.N-terminus has been propionylated (+56.0627 Da).

Figure S8 |

 S8 Figure S8| Annotated CID tandem mass spectrum for H3K9me1(CD 3 )K14ac, z = 2, Mp/z = 536.81.N-terminus and K9 have been propionylated (+56.0627 Da).

Figure S9 |

 S9 Figure S9| Annotated CID tandem mass spectrum for H3K9me2(CH 3 ,CD 3 )K14ac, z = 2, Mp/z = 515.81.N-terminus has been propionylated (+56.0627 Da).

Figure S10 |

 S10 Figure S10| Annotated CID tandem mass spectrum for H3K9me2(2CD 3 )K14ac, z = 2, Mp/z = 517.31.N-terminus has been propionylated (+56.0627 Da).

Figure S11 |

 S11 Figure S11| Annotated CID tandem mass spectrum for H3K9me3(2CH 3 ,CD 3 )K14ac, z = 2, Mp/z = 522.82.N-terminus has been propionylated (+56.0627 Da).

Figure S13 |

 S13 Figure S13| Annotated CID tandem mass spectrum for H3K9me3(3CD 3 )K14ac, z = 2, Mp/z = 525.84.N-terminus has been propionylated (+56.0627 Da).

Figure S14 |

 S14 Figure S14| Annotated CID tandem mass spectrum for H3K9me1(CD 3 )K14un, z = 2, Mp/z = 543.82.N-terminus, K9 and K14 have been propionylated (+56.0627 Da).

Figure S15 |

 S15 Figure S15| Annotated CID tandem mass spectrum for H3K9me2(CH 3 ,CD 3 )K14un, z = 2, Mp/z = 522.82.N-terminus and K14 have been propionylated (+56.0627 Da).

Figure S17 |

 S17 Figure S17| Annotated CID tandem mass spectrum for H3K9me3(2CH 3 ,CD 3 )K14un, z = 2, Mp/z = 529.82.N-terminus and K14 have been propionylated (+56.0627 Da).

Figure S18 |

 S18 Figure S18| Annotated CID tandem mass spectrum for H3K27unK36me1(CD 3 ), z = 2, Mp/z = 837.99.N-terminus, K27, K36 and K37 have been propionylated (+56.0627 Da).

Figure S19 |

 S19 Figure S19| Annotated CID tandem mass spectrum for H3K27unK36me3(CH 3 ,2CD 3 ), z = 2, Mp/z = 825.50.N-terminus, K27 and K37 have been propionylated (+56.0627 Da).

Figure S20 |

 S20 Figure S20| Annotated CID tandem mass spectrum for H3K27me3(2CH 3 ,CD 3 )K36un, z = 2, Mp/z = 823.99.N-terminus, K36 and K37 have been propionylated (+56.0627 Da).

Figure S21 I

 S21 Figure S21 I Confirmation of PfSET7-HA-glmS integration. (a) Schematic of the PCR verification of PfSET7-HA-glmS integration. White rectangles represent the wild PfSET7 locus and green box indicate the 3xHA tag. Red arrows represent the primers used to identify the upstream and downstream of homologous region. Blue arrows represent the primers located in HA tag sequence. (b) Agarose gel electrophoresis of the upstream, downstream and insertion confirmation PCRs. Left panel: Either wild-type (2248 bp) or the integrated allele (2615 bp) are visualized after amplification with 12F+15R. Middle and right panel: note the presence of integration after amplification with 12F+13R (1230 bp) and 14F+15R (1247 bp). (c) Western blot of PfSET7 in transgenic PfSET7-HA-glmS line and wild-type parasite lines. The anti-HA antibody recognizes a band of >100 kDa (PfSET7-HA predicted MW: 98 kDa).

Figure S22 I

 S22 Figure S22 I Generation of a PfSET7 knock-down line after 2 generations of glucosamine treatment. (a) Western blot analysis of treated PfSET7-HA-glmS parasites shows 40% decrease in protein levels compared to the control. The PfSET7 expression was normalized to the protein aldolase. The blot image presented has been cropped to the area used for densitometry. (b) Quantitative PCR analysis showing 60% reduction of PfSET7 mRNA levels in treated parasites.Seryl-tRNA synthetase (PF07_0073) was used as an endogenous control. The ΔCT for the PfSET7 gene was determined by subtracting the PfSET7 gene CT value from the seryl-tRNA synthetase gene CT value. Copy number was then converted using the formula (copy number = 2 ΔCt ). Data are presented as mean ± SD of two independent experiments.

Figure S23 I

 S23 Figure S23 I Comparison of anti-PfSET7 and anti-HA antibodies in the PfSET7-HA-glmS parasite line. Both anti-PfSET7 and anti-HA produced a strong punctate staining dots that are consistent with each other. They are equivalent in detecting PfSET7.

Figure S24 I

 S24 Figure S24 I Cellular localization of PfSET7 at different blood cell stages. IF of P.falciparum erythrocytic stage rings, trophozoites and schizonts using anti-PfSET7 combined with the nuclear periphery marker PfHP1. Throughout the three asexual blood stages, PfSET7 shows a punctate pattern adjacent to nucleus and distant from nuclear periphery. Scale bar is 2 µm.

Figure S25 I

 S25 Figure S25 I Western blot of parasite lysates using the native PfSET7 antibody. The anti-PfSET7 antibody from three separate animals all recognize a single band representing the 94 kDa native PfSET7 protein. Identical lanes from a single membrane were cut, probed with the three antibodies individually and then imaged together as oriented on the original membrane.

  Despite major efforts, malaria remains the most significant human parasitic disease of humans and claims approximately 0.6 million lives per year1 . Global efforts to control malaria have been hampered by the development of drug resistance in parasites and insecticide resistance in mosquitoes, and the lack of an effective vaccine. The human malaria parasites, such as Plasmodium falciparum and P. vivax, undergo a complex life cycle within the mosquito vector and the human host. Development within the human host involves a pre-erythrocytic liver stage, asexual intra-erythroctic stages responsible for all disease pathology, and sexual stages permitting disease transmission. Stage transitions in the multistage life cycle are highly regulated and orchestrated by distinct programs of gene activation. Of the transcriptional waves in P. falciparum, the intra-erythrocytic developmental cycle (IDC) is the best studied. It revealed that the ring, trophozoite and schizont stages of the IDC have distinct transcriptomic profiles resulting in a cascade of gene expression, with every mRNA reaching peak levels at only one timepoint of this 48 hour cycle2,3 . 

Figure 3

 3 Figure 3 PfSET6 localization is dynamic during asexual blood stage. a. co-IF of schizonts using anti-PfSET6 combined with the nuclear periphery marker PfHP1. b. co-IF of late stage parasites using anti-PfSET6 combined with different markers of cytoplasmic organelles, anti-Bip as an ER marker, anti-ERD2 as a cis-golgi marker, anti-EBA175 as microneme, anti-CLAG as rhoptries. c. co-IF of late stage parasites using anti-PfSET6 combined with markers of mRNP granules including PfAlba1, 2 and 4. The scale bars correspond to 2µm.

  mosquito and human host cells before infecting a human hepatocyte. Using chromatin immunoprecipitation (ChIP) analysis of Heterochromatin Protein 1 (PfHP1) occupancy and single cell DNA fluorescence in situ hybridization (FISH), we found that the genome of sporozoites is organized into heterochromatin-containing gene islands, in particular at chromosome ends, which form 2-4 perinuclear clusters. Importantly, when comparing sporozoites to blood stage parasites, we observed a significant spreading of heterochromatin into gene regions that encode erythrocyte exported proteins. The observed sporozoite PfHP1 signature predicted the expression of a single var gene, (PF3D7_0809100), which we confirmed by immunolabeling of the surface of live sporozoites with a specific antibody against the respective PfEMP1 protein. Overall, our work demonstrates that epigenetically controlled variegated gene expression is important in mosquito stages of the P. falciparum life cycle.Moreover, the identification of a highly polymorphic sporozoite surface antigen is highly relevant for vaccine development based on attenuated sporozoites.The most devastating form of human malaria is caused by the protozoan parasite P. falciparum, with more than 200 million people infected annually and an estimated 438,000 deaths in 20152 . Malaria is transmitted by the bite of an infected Anopheles mosquito, which harbors sporozoites in its salivary glands. From the point of injection into the skin, sporozoites migrate via blood vessels to the liver, cross the sinusoidal cell layer separating the blood and the liver, and finally invade hepatocytes where asexual reproduction leads to the release of thousands of merozoites into the blood stream 3 . These infected red blood cells produce new infective merozoites that initiate a new infective cycle. The persistence and pathogenesis of the human malaria parasite P. falciparum during blood stage proliferation relies on on the successive expression of variant adhesion molecules termed PfEMP1 encoded by approximately 60 var genes4 . This immune evasion mechanism called antigenic variation is orchestrated by different layers of epigenetic factors 1 . Monoallelic expression of a single var member relies on the default silencing of the rest of the var gene family members via facultative heterochromatin.

Fig 1 , 3

 13 and Fig S1, S2) and blood stage parasites (Fig.1a,b), the coverages of the respective chromatin marks were calculated as average RPKM (reads per kilobase of genome sequence per one million mapped reads) over bins of 1000bp width using bamCoverage from the package deepTools2 (v2.2.4, PMID:

  of their medical treatment at Service de Chirurgie Digestive, Hepato-Bilio-Pancréatique et Transplantation Hépatique, Hopital Pitie Salpétriere, Paris, France. Collection and use of this material for the purposes of the study presented here were undertaken in accordance with French national ethical guidelines under Article L, 1121-1 of the 'Code de la Santé Publique', with approval from the ethics committee of the Centre Hospitalo-Universitaire Pitié-Salpêtrière, Assistance

Figure 1 ChIP

 1 Figure 1 ChIP-seq analysis of transcriptionally repressive and activating chromatin features in P. falciparum sporozoites. Circular representation of ChIP-seq data for all 14 chromosomes. (a) Chromatin enrichment (black) of PfHP1 (red), H3K9me3 (blue) and H3K9ac (green) in sporozoites. (b) Comparison of PfHP1 ChIP data obtained for sporozoites (red) and ring blood stage parasites (black). For both images the chromosome sizes are indicated in megabases around the outside of the plot in gray. The position within the genome sequence is indicated at the top. In all cases, coverage plots are represented as average RPKM values over bins of 1000 bp/bin.

Figure 3 :

 3 Figure 3: Frequency and spatial nuclear organization of chromosome ends and heterochromatin islands in sporozoites. (a) DNA-FISH of telomeres (using a TARE6 probe in magenta) in sporozoites. Frequency distribution of nuclear TARE6 foci with an average of 3 ± 1 foci per nucleus. (b) Immunofluorescence analysis of PfHP1 (green) and its nuclear distribution with an average of 4 ± 0.09 foci per locus. (c) Combined immunofluorescence analysis of PfHP1 (green) and DNA-FISH of telomeres (using a TARE6 probe in magenta) in sporozoites with a percentage of 70% of TARE6 PfHP1 co-localization. DNA was stained with DAPI (blue), indicating the nucleus. Scale bar 5 µm. From this experiment, frequency distribution and overlap of TARE6 (telomere clusters) and nuclear PfHP1 foci was established for 50 nuclei for three biological replicates.

Figure 4 Analysis

 4 Figure 4 Analysis of PfHP1 occupancy reveals sporozoite surface expression of a var gene member. (a) Bioinformatic analysis of ChIP-seq data revealed a single var gene -Pf3D7_0809100 (var sporo , highlighted in green) -with extremely low PfHP1 enrichment (indicated on the y-axis) and high enrichment for the neighboring var genes (in black) on chromosome 8 (indicated on the x-axis). The position within the genome sequence is indicated at the top. (b) RT-qPCR analysis of all var gene RNA transcripts from highly synchronized ring stage parasites 12 hours post infection. var gene cDNA levels are normalized to those of seryl tRNA synthetase. The RNA transcript level for var sporo is highlighted in green. (c) Immunofluorescence analysis of fixed and permeabilized sporozoites using anti-ATS (top row, magenta), anti-var sporo PfEMP1 (middle row, magenta), anti-var2CSA (bottom row, magenta), and anti-CSP (all rows, green) antibodies. (d) Surface immunofluorescence of live sporozoites using anti-CSP (green) and anti-var sporo (magenta) antibodies. For (c) and (d) DNA was stained with DAPI (blue), indicating the nucleus, and the scale bar is 5 µm.

  primers used for PCR in part C are indicated as p9-p12. c. PCR-based confirmation of GFP insertion into the PF3D7_0412700 var locus. Lanes 1 and 4 correspond to genomic DNA prepared from the parental line 3D7, Lanes 2 and 5 correspond to genomic DNA prepared from the transgenic PfEMP1-0412700-GFP line and Lanes 3 and 6 correspond to the pPfEMP1-0412700-GFP plasmid. Primers P9 and P11 amplify a 1145 bp band, while primers, P10 and P12 amplify a 925 bp band.

Figure 2

 2 Figure 2 PfEMP1-0412700-GFP distribution pattern in live parasites. The stage of parasite growth is indicated on the left. DAPI specifically stains nuclei. The last two panels are overlays of either DAPI/GFP or DAPI/GFP/bright-field images.
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Table 2 . 1

 21 Predicted and verified histone PTM writers and erasers in P. falciparum.

	Modification	Domain	Gene Name	Gene ID	Validated
		Family			Activity
	Histone	GNAT	PfGCN5	PF3D7_0823300	
	acetylation			PF3D7_0109500	(Fan et al., 2004)
				PF3D7_1437000	
				PF3D7_1003300	
				PF3D7_1323300	
				PF3D7_0805400	
		GNAT-related		PF3D7_1227800	
		MYST	PfMYST	PF3D7_1118600	
				PF3D7_0809500	
		HAT1	PfHAT1	PF3D7_0416400	(Patel et al. 2009)
	Histone	Class I	PfHDAC1	PF3D7_0925700	
	deacetylation	Class II	PfHDAC2	PF3D7_1472200	
			PfHDAC3	PF3D7_1008000	(Merrick &
					Duraisingh, 2007)
		Class III	Sir2A	PF3D7_1328800	
			Sir2B	PF3D7_1451400	
	Histone lysine	SET	PfSET1	PF3D7_0629700	
	methylation				

Table 2 .2. Predicted and verified histone mark readers in P. falciparum. Modification Domain Family Gene Name Gene ID Validated Binding? Histone acetylation

 2 

		Bromodomain	PfGCN5	PF3D7_0823300	
			PfSET1	PF3D7_0629700	
				PF3D7_0110500	
				PF3D7_1033700	
				PF3D7_1212900	
				PF3D7_1234100	
				PF3D7_1475600	
	Histone	Chromodomain	PfHP1	PF3D7_1220900	(Perez-Toledo
	methylation				et al., 2009; Flueck et al.,
					2009)

Table 3 .1 Predicted HKMTs in P. falciparum Gene Name Domain Family Length (AA) Predicted Site- Specificity KnockOut

 3 

	PfSET1	SET1	6,753	H3K4me1-3	NO
	PfSET2	SET2	2,548	H3K36me2,3	YES
	PfSET3	Suv39	2,399	H3K9me2,3	NO
	PfSET4	SMYD3	1,114	H3K4	YES
	PfSET5	Unknown	178	Unknown	YES
	PfSET6	SMYD3	509	H3K4	NO
	PfSET7	AKMT	810	Unknown	NO
	PfSET8	SET8/Pr-SET7	1,186	H3K20me1-3	YES
	PfSET9	Unknown	1,674	Unknown	NO
	PfSET10	SET	2,329	H3K4me1-3	NO
	Adapted from (Cui et al., 2008; Jiang et al., 2013)			

3.6 PfSET proteins associated with var gene expression 3.6.1 PfSET10 maintains the active var gene in a poised state

  

	PfSET10, a putative H3K4 methyltransferase, encodes a 271 kDa protein with little sequence
	similarity to other known HKMT SET domains in P. falciparum, S. cerevisiae, Drosophila
	melanogaster and humans. In addition to the SET domain, PfSET10 contains a PHD domain
	(Figure 3.6), which shares a number of amino acid residues with zinc finger domains that
	preferentially bind non-methylated histone H3. PfSET10 localizes to a single spot within the
	nuclear periphery of late ring, trophozoite and schizont stage parasites, which is coincident

  ). Anti-CSP antibody confirmed the experimental procedure showing a potent inhibitory effect. Our hepatocyte invasion assay does not support a role for var sporo PfEMP1 in hepatocyte infection, although better antibodies targeting different regions of this very large protein are needed to further explore its potential interactions with host cell receptors. This is, to our knowledge, the first genome-wide analysis of important epigenetic signatures in P. falciparum sporozoites. Adaptation of ChIP-seq to this stage has uncovered several features that will greatly inform our view of the biology of malaria transmission to humans. Importantly, the transcription of a single var gene was predicted by PfHP1 enrichment patterns, and we confirm the corresponding PfEMP1 expression by surface IFA of sporozoites in three independent mosquito infection experiments. Our data strongly suggest that a specific member of the var multigene family (~60 members) is selected for expression in sporozoites. This novel concept is further supported by our finding that NF54 blood stage parasites primarily transcribe var genes that are distinct from the identified var sporo . Thus, it is unlikely that var sporo transcriptional activation is simply maintained in the transition from human blood to mosquito stage. It is currently unclear why a single var gene would be specifically expressed in mosquito stage sporozoites. In the future, var sporo gene knock out experiments are needed to shed light on the biology of var sporo PfEMP1 during sporozoite development in the mosquito and migration to human hepatocytes. Using var sporo mutants to infect mosquitos could also reveal if the mechanisms of var gene switching are maintained in sporozoites.

In addition, our work adds a new dimension to vaccine development based on live attenuated sporozoites. Successful protection of human volunteers has been reported after challenge with homologous P. falciparum parasites. The discovery of a highly polymorphic strain-specific sporozoite surface antigen may indicate that protective immune response targets variant specific antigens. This emphasizes the need to challenge volunteers with heterologous parasite strains to evaluate the degree of protection due to polymorphic antigens. Future work on var sporo may shed light on the homing mechanisms of sporozoites to hepatocytes.

  Recombinant CIDR product was expressed by infection of insect High Five cells with recombinant Baculovirus. CIDR protein was purified from culture supernatants on Co 2+ metal chelate agarose columns7 . Antibodies to Baculoexpressed CIDR were raised in Wistar rats by subcutaneous injection as previously described8 . All experimental animal procedures were approved by The Danish Animal Procedures Committee

	("Dyreforsøgstilsynet") as described in permit no. 2008/561-1498 and according to the guidelines
	described in Danish act LBK 1306 (23/11/2007) and BEK 1273 (12/12/2005). Rabbit anti var2CSA
	was a gift of Benoit Gamain 9 . The guinea pig antiserum against recombinant PfEMP1 ATS (Acid
	Terminal Sequence) region was published earlier 10 . Mouse Mab C6 directed against the P.

). Recombinant Baculovirus were generated by cotransfection of the pAcGP67-A-CIDR construct gene and Bsu36I-linearized Bakpak6 Baculovirus DNA (BD Biosciences) into insect Sf9 cells.

Table1 : PfHP1 enrichment in clonally variant gene families

  

	Name	PfHP1 Enriched	PfHP1 devoid Gene ID	Comments
				Cytoadherence,
	var	59/60	PF3D7_0809100	immune escape, IE
				surface
	rifin	176/178	PF3D7_1219200 PF3D7_1240700	IE surface
	stevor	42/42	-	IE surface
	PfMC-2TM	12/13	PF3D7_0101300	IE surface
			PF3D7_0215000	
			PF3D7_0215300	
	PfACS	8/13	PF3D7_0619500	Metabolic proteins
			PF3D7_1238800	
			PF3D7_0525100	
				Rhoptry proteins,
	clag			new IE permeation
				pathway
	clag3.1/ clag3.2	2/2	-	
	clag2/clag8/clag9	3/3	-	
	IE, infected erythrocyte			
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A SMYD-type methyltransferase PfSET6 associates with a subset of gene loci of Plasmodium falciparum and forms multiple cytoplasmic foci during asexual, sexual blood stage and sporozoite stage Ding Shuai 1,2,3 , Chen Patty B. 1,2,3 , Baumgarten Sebastian 1,2,3 , Vembar Shruthi 1,2,3 , Zhanghi Gigliola 4,5,6 , Mecheri Salah 1,2,3 , Mazier Dominique 4,5,6 and Scherf Artur 1,2,3 * Immunofluorescence (IF) assays using antibodies raised against recombinant PfSET6 revealed a nuclear localization pattern in ring stage and a punctuated pattern in the cytoplasm of mature stage parasites. This cellular distribution is supported by cellular fractionation and western blot analysis, which showed that anti-PfSET6 detect a band of the expected size (60 kDa) in nuclear and cytoplasmic fractions of parasite cell lysates. In addition, PfSET6 is enriched within focilike structures in the cytoplasm of sexual stage gametocytes and forms discrete foci in the cytoplasm and nucleus of salivary gland sporozoites. Genome-wide chromatin immunoprecipitation assays of ring stage parasites, when PfSET6 is nuclear, showed an enrichment of PfSET6 within the promoter and gene body of a subset of genes including select clonally variant var genes in subtelomeric and chromosome-internal regions. In summary, our work suggests that PfSET6 may have a cytoplasmic role in addition to the predicted nuclear function during the life cycle. Given that PfSET6 apparently targets multiple substrates during the parasite life cycle, this could explain its essentiality during blood stage growth. domain were cloned into the sgRNA-expression cassette in the pL6 plasmid, respectively. For each constructs, two homology regions of approximately 300-400bp were inserted in separate cloning steps using Gibson assembly. We generated a series of plasmid to knockdown PfSET6 that include: pL6-SET6-HA-glms, pL6-SET6-glms, pL6-SET6-HA-glms-hsp86, pL6-SET6-DiCre. A second plasmid, pUF1-Cas9, contained an engineered S. pyogenes endonuclease Cas9 cassette and regulatory elements of P.falciparum U6 snRNA.

Parasite culture and transfections. Asexual blood-stage parasites were cultivated using standard methods, and synchronous cultures were obtained by sorbitol treatment and plasmion enrichment. Parasites were transfected using the pre-loaded red blood cells method. Positive selection using 2.66 nM WR99210 and 1.5 µM DSM1 and negative selection using 40 µM 5fluorocytosine were applied sequentially in culture until the integrant transfected line was established. To verify the integration and integration breakpoints, PCR was performed on genomic DNA from transgenic line or wild type strain.

PfSET6 antibody production. C57BL/6 and BALB/C mice were immunized 4 times every 14 days with 20ug doses of purified recombinant PfSET6 in Freund's Complete Adjuvant for the initial injection and Freund's Incomplete Adjuvant for booster injections to generate a polyclonal anti-PfSET6 antibody. Specificity of immune sera was determined by western blot.

Subcellular fractionation and western blotting. Subcellular extracts preparation was prepared as described previously. Equal amounts of protein were loaded and separated on 4-12% SDS-PAGE gel (Invitrogen), and analyzed by western blot using antibodies anti-PfSET6 (mouse) at 1:500 dilutions, anti-Pf-Aldolase (Abcam ab38905) or anti-Histone H3 (mouse, Abcam ab1791) at 1:2000 dilution. Secondary antibodies were anti-rabbit IgG-HRP (GE NA934V, Lot 9568295) and anti-mouse IgG-HRP (GE NA931V, Lot 9648752), both at 1:4000. Blots were developed using ECL (Thermo Scientific).

Immunofluorescence microscopy. Immunofluorescence microscopy were performed as described previously. Antibody dilutions are as follows: anti-PfSET6 (mouse) 1:1000, anti-PfHP1 (rabbit, Genscript) 1:4000, anti-BiP (rabbit, MR4) 1:1000, anti-ERD2 (rat, MR4) 1:1000, anti-PfEBA175 (rabbit, MR4) 1:1000, anti-PfCLAG3.2 (rabbit, MR4) 1:1000, anti-PfAlba1 (rabbit, peptide antibody) 1:200, anti-PfAlba2 (rabbit, peptide antibody) 1:200, anti-PfAlba4 (rabbit, peptide antibody) 1:200, anti-Pfg377 (rabbit, MR4) 1:1000, and secondary goat anti-rat/rabbit/mouse Alexa-Fluor 488 or 568 conjugates (Invitrogen), all at 1:2500.

Images were captured using a Nikon Eclipse 80i microscope with a CoolSnapHQ2 camera (Photometrics). NIS Elements version 3.0 software was used for image acquisition, and Fiji software was used for analysis.

ChIP-Seq and data analysis. Synchronous cultures of ring stage wild-type 3D7 parasites clone G10 were used. Cross-linked chromatin was prepared by adding formaldehyde to the culture followed by addition of glycine. Nuclei were isolated by homogenization suspended in SDS buffer. Chromatin was sheared by sonication in a Bioruptor ® Pico to a size of 300bp.

The commercially available antibodies to H3K9me3, H3K4me3, monoclonal anti-HP1, homemade polyclonal anti-PfSET6 were added and incubated at 4°C overnight. The antibody-protein-DNA complex is affinity purified using Magna ChIPTM ProteinG Magnetic Beads (Millipore,. As controls, DNA corresponding to the ChIP input or DNA immunoprecipitated using rabbit IgG were processed. Reverse cross-linking was followed by RNase treatment and Proteinase K digestion, DNA purification using the DNA Clean column.

The MicroPlex Library Preparation kit (Diagenode, c05010012) is used for preparing libraries for sequencing. Pooled, multiplexed libraries were sequenced on an Illumina NextSeq® 500/550 system as a 150 nucleotide single-end run.

The resulting data were demultiplexed using bcl2fastq2 (Illumina) to obtain fastq files for downstream analysis. A minimum of two biological replicates was analyzed for each antibody and each parasite stage. Quality control of fastq files was performed using the FastQC software. Sequencing reads were mapped to the P. falciparum genome (v.3, GeneDB) with the Burrows-Wheeler Alignment tool (BWA MEM) using default parameters. After unique read mapping and deduplication, the aligned reads were considered for peak-calling analysis with the MACS2 software 5 after controlling for a false discovery rate of 5% (default setting of MACS2) using Benjamini and Hochberg's correction method. For the genome-wide representation of PfSET6 from ring stage parasites, the coverages were calculated as average RPKM (reads per kilobase of genome sequence per one million mapped reads) over bins of 1000bp width using bamCoverage from the package deepTools2 (v2.2.4, PMID: 27079975). 

Analysis of epigenetic landscape of P. falciparum reveals expression of a clonally variant PfEMP1 member on the surface of sporozoites
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The authors declare that they have no competing interests. First, many HKMT enzymes which had been originally reported as histone methyltransferases were subsequently found to possess non-histone protein substrates (Rea et al., 2000). Our data also point to PfSET7 as being a protein methyltransferase with substrates in the parasite cytosol. Future studies could focus on identifying the substrates targeted by PfSET7 for methylation using techniques such as immuno-affinity capture of methylation substrates and bio-orthogonal click chemistry, in which chemical reporters enable the installation of affinity tags appended to existing methylation using enzymes or selective chemical reactions [START_REF] Roch | Bioorthogonal Profiling of Protein Methylation Using Azido Derivative of S-Adenosyl-L-methionine[END_REF][START_REF] Weller | LETTERS DNA Methyltransferase-Moderated Click Chemistry[END_REF].

Second, in other organisms, newly synthesized histones have been reported to be methylated at H3K9 and acetylated at H3K14 within histone-chaperone protein complexes prior to their deposition into nucleosomes [START_REF] Alvarez | Sequential establishment of marks on soluble histones H3 and H4[END_REF]Loyola et al., 2006). Though the mechanism by which newly synthesized histones are imported into the nucleus and deposited onto replicating chromatin is poorly understood, several HDACs and HKMTs that act on newly synthesized histones have been identified and play a role in chromatin maturation and DNA replication [START_REF] Campos | The program for processing newly synthesized histones H3.1 and H4[END_REF][START_REF] Shinkai | H3K9 methyltransferase G9a and the related molecule GLP[END_REF]: PfSET7 may be one such protein. To define whether post-translationally modified, pre-deposition histones are imported into the nucleus in P. falciparum, histone-containing complexes from parasite cytoplasmic fractions could be biochemically purified and then characterized for their PTM profiles.

Third, our study primarily focused on parasite blood stages (asexual and sexual), with localization analysis of PfSET7 in pre-erythrocytic sporozoite and liver stages. However, it is possible that PfSET7 may localize to the nucleus of parasite mosquito stages. Although the presence of a nuclear localization signal (NLS) is not evident from PfSET7 sequence, its import/export from the nucleus could be mediated by its co-factors in a stage-dependent manner, which requires in-depth study.

As mentioned above, immunofluorescence staining revealed a punctate cytoplasmic pattern of PfSET7 in asexual blood stages. Particularly, in the late-schizont stage, the anti-PfSET7 antibodies always stained the apical tip, which was reminiscent of the apical localization of proteins relevant to parasite motility and red blood cell egress and invasion. Co-localization of different apical markers and high-resolution immune electron microscopy need to be performed to obtain a better view of PfSET7's role in this process. Indeed, a more recent phylogenetic analysis of Plasmodium and other Apicomplexan SET-domain proteins showed

PfSET6 partially associates with transcriptional repression pathways in the nucleus and post-transcriptional regulators in the cytoplasm

This 509-amino acid protein belongs to the family that is a special class of protein lysine methyltransferases involved in methylation of histones and non-histone targets in other eukaryotes. In cancer research, SMYD3 has been found overexpressed in different types of tumors (Hamamoto et al., 2004). SMYD3 oncogenic activity involves H3K4 methylation-elicited transcriptional activation, and functional interactions with non-histone proteins in the cytoplasm that regulate cancer cell proliferation [START_REF] Peserico | A SMYD3 Small-Molecule Inhibitor Impairing[END_REF]. In P. falciparum, immunofluorescence staining showed that PfSET6 localizes to nuclear and cytoplasmic compartments during blood stage growth. This indicated that, while in ring stages, its substrates may be localized to either cellular compartment, in mature stages, most PfSET6 substrates reside in the cytoplasm and are likely to be non-histones. Bioinformatics analysis of PfSET6 proteins to identified both nuclear localization signals (NLSs; and nuclear export signals (NESs; at the C-terminal), suggesting that PfSET6 might shuttle between between the nucleus and the cytoplasm through coordination of select transport pathways.

Notably, the partial enrichment of PfSET6 in cytoplasmic foci containing microneme components or Alba-defined mRNA granules suggested that PfSET6 could methylate either erythrocyte invasion components or mRNA-protein complexes under post-transcriptional control. In fact, proteomic studies have revealed that some of these proteins, for example the RNA-binding Alba proteins are methylated (Ghosh-Dastidar and Scherf, unpublished).

PfSET6 could be the effector of this methylation, which can be confirmed by performing the in vitro methyltransferase assays with recombinant Albas as substrates. Given PfSET6's expression in the nuclear fraction of ring stages and its partial colocalization with the epigenetic regulator PfHP1 in immunofluorescence assays, we performed ChIP-seq assays to identify its genome-wide occupancy. Different from predicted H3K4 methyltransferases that are responsible for transcriptional activation [START_REF] Alvarez-Venegas | SET-domain proteins of the Su(var)3-9, E(z) and Trithorax families[END_REF][START_REF] Santos-Rosa | Active genes are tri-methylated at K4 of histone H3[END_REF]PfSET6 associates with particular genomic regions in a manner that correlates mostly with transcriptional repression. In select cases, PfSET6 occupancy coincided with the repressive chromatin marks PfHP1 and H3K9me3, supporting its localization pattern to repression foci in ring stage parasites. However, it is important to note that our formaldehyde-based crosslinking

Perspective

Our work raises a number of new and important questions: How are SET domain-containing proteins recruited to different cellular sites and what is their precise molecular mechanism of action. What are the substrates at these cellular sites? Are there specific co-factors that regulate their function in vivo? When and how is lysine methyltransferase activity is switched on in multiple life cycle stages? More generally, can we gain further insights into the complex modes of epigenetic regulation that are utilized by this devastating parasites?

To study this in more detail, we aimed to conditional knockdown PfSET7 and PfSET6 using the glmS ribozyme system, which is an inducible mRNA degradation system. In principle, the ribozyme sequence is inserted into the 3′-UTR of the coding region of a gene of interest. In response to sugar treatment, ribozyme self-cleavage occurs, resulting in degradation of the corresponding mRNA and knock-down of protein expression. Shaw et al. have demonstrated that the glmS ribozyme is active in P. falciparum and can be used as a tool to modulate target gene expression [START_REF] Prommana | Inducible Knockdown of Plasmodium Gene Expression Using the glmS Ribozyme[END_REF]. In the case of PfSET7, we successfully inserted an HA-tag followed by the glmS ribozyme using a CRISPR/Cas9-based genome editing approach (Ghorbal et al., 2014;MacPherson and Scherf, 2015) and detected tagged protein expression. Unfortunately, after several attempts with varying concentrations of the sugar and incubation times, we did not obtain efficient PfSET7 mRNA and protein reduction and the treated parasites displayed no obvious growth phenotype. We also tried to insert differentsized fragments of a heterologous 3'UTR sequence that allowed optimal glmS activity in an episomal context into the 3'UTR of set7, but were unable to generate such transgenic parasites. Lastly, when applied to PfSET6, we never obtained transgenic parasites modified at the 3'end, indication that the 3' end sequence may be crucial for function of PfSET6 in blood stage.

Recently, we applied a new strategy based on the inducible DiCre/lox system to excise the SET domain for PfSET7 and PfSET6, which has been proven efficient to study essential genes in P. falciparum by Treeck and colleagues [START_REF] Collins | Robust inducible Cre recombinase activity in the human malaria parasite Plasmodium falciparum enables efficient gene deletion within a single asexual erythrocytic growth cycle[END_REF][START_REF] Jones | A versatile strategy for rapid conditional genome engineering using loxP sites in a small synthetic intron in Plasmodium falciparum[END_REF].

Briefly, this strategy involves the placement of loxP sites on either side of a region of interest: in most cases, in the context of a heterologous intron at the 5'end and within the 3'UTR, downstream of the STOP codon, at the 3'end. Upon induction of the DiCre recombinase, sitespecific removal of the gene sequence between the two loxP sites would generate a gene knockout and allow rapid functional analysis. I have generated a loxP-intron-modified set6