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Abstract

Malaria, a life-threatening disease is becoming a major concern on a global scale due
to the resistance to the available drug treatment and the lack of an effective vaccine.
Plasmodium falciparum, the deadliest Plasmodium species responsible for severe
malaria, exhibits antigenic variation through mutually exclusive expression and timely
switching of var genes which is responsible for the enhanced pathological complexity
during the infection and longevity of the infection. The exact regulatory mechanism of
antigenic variation is still unclear, although research to date suggests the potential
roles of characteristic positioning of var genes on chromosomes, their subnuclear
organization, epigenetic modifications, and non-coding RNAs in the expression of var
genes in a mutually exclusive manner. In this study, we are identifying the putative
insulator-like proteins in Plasmodium falciparum and investigating the prospect of
insulators serving as the possible regulators involved in the mutually exclusive
expression of var genes. Through the in-silico approach and wet lab experiments, we
have identified the putative insulator-like proteins and validating their role through
gPCR followed by overexpression of the proteins of interest. Overall, we are also
aiming to identify the putative chromatin architectural proteins in Plasmodium
falciparum. Collectively, this study identifies the putative insulator-like proteins in
Plasmodium falciparum and provides future directions to characterize their role in var

gene expression and 3D genome organization.
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1. Introduction

Malaria is a mosquito-borne parasitic infectious disease caused by the protozoan of
the Plasmodium genus with a major prevalence in the tropical and subtropical areas
of the globe. The emergence of parasites resistant to the gold standard artemisinin-
based combination therapies has raised serious concerns regarding the treatment of
malaria and restricting the spread of the disease (Dhorda et al., 2021). According to
World Malaria Report, 2020, malaria infection led to ~240 million cases and around 6
lakh deaths making malaria a major concern worldwide (Report, 2020). P. falciparum,
P. vivax, P. malariae, P. knowlesi and P. ovale are the five Plasmodium species that
are capable of infecting humans among which the P. falciparum is the causative agent
of severe malaria in humans. The parasite Plasmodium falciparum transits between
two hosts for the completion of its life cycle, the invertebrate host female anopheline
mosquito and humans being the vertebrate host. In humans, malaria infection begins
when during a blood meal the infected mosquito injects the infective form of parasites
known as sporozoites into the healthy human body. The injected sporozoites find their
way to invade liver cells (hepatocytes) through the bloodstream. In hepatocytes,
parasites multiply asexually to form merozoites. The merozoites, when released into
the bloodstream, invade red blood cells (RBCs) and undergo an intraerythrocytic
developmental cycle (IDC) which involves three different stages namely ring,
trophozoite and schizont. During the developmental transition from the ring stage to
schizont, parasites undergo multiple asexual divisions to form 16-24 merozoites.
Rupturing of these schizonts releases the merozoites which can invade fresh RBCs
and continue the IDC of the parasite leading to the increase in the parasitemia inside
the host body. IDC is the symptomatic stage of the malaria infection during which the
infected individual shows symptoms like fever, chills, headache, muscle aches, fatigue
and other complications in case of severe malaria (Wassmer et al., 2015). To complete
the lifecycle of the parasite, some of the parasites in the IDC take the fate of sexual
forms termed male and female gametocytes through the process of
gametocytogenesis. Mosquitoes during the blood meal ingest the gametocytes. The
process of maturation of gametocytes and formation of zygote occurs in the midgut of
the mosquito and further develops to form sporozoites (Fig. 1). This completes the

lifecycle of the parasite (Andrews et al., 2009).
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During IDC through the insertion of parasite-specific proteins into the RBC membrane,
parasites are able to modify the surface of infected RBCs (iRBCs). Plasmodium
falciparum erythrocyte membrane protein 1 (PfEMP1), a protein encoded by var
genes, is a dominantly expressed protein on the surface of iRBCs (Ryan et al., 2013).
The var gene family consisting of nearly 60 genes codes for this protein (Gardner et
al., 2002). Depending on the 5’ upstream regions and the orientation of the gene on
chromosomes var genes are classified into 5 classes, namely, upsA, upsB, upsC,
upsD and upsE. There are two exons in each var gene, which are separated by an
intronic sequence (Fig. 2). Exon1 is highly polymorphic while the exon2 and intron are
conserved in all the var genes. While the part of the protein encoded by exon 2 stays
intracellular, the part encoded by exon 1 is expressed outside the RBC surface. The
expression of PfFEMP1 on the RBC surface leads to the phenomena of cytoadherence
and rosette formation by the iRBCs (Analysis, 1985; Carison et al., 1989). Through
these phenomena parasites remain sequestered in the small blood vessels,
obstructing the blood flow and could damage the associated tissues leading to severe
pathologies. Cytoadherence and sequestration help parasites circumvent splenic
clearance of the iRBCs and escape the filtration and destruction process from the host
body (Miller et al., 2002, 2010). The host immune system can generate a strong
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adaptive immune response against the expressed PfEMP1 protein as the membrane
insertion of this foreign protein makes it a primary antigen (Miller et al., 2002; Scherf
et al., 1998). However, the parasites have evolved a strategy to circumvent the
adaptive immune response generated by immune system of the host. Although the
parasite possesses about 60 var genes, only one of them is expressed at a time while
the others are kept transcriptionally silent; this is referred to as the mutually exclusive
expression of var genes (Scherf et al., 1998). The parasites also possess the memory
of which var gene is being expressed so the parasite population inside the host or in
the in-vitro-grown culture majorly expresses a single var gene. When the host-body
generated immune response against the expressed PfEMP1 targets the parasite
population and reduces the parasitemia to a significant level, a small number of
parasitic populations switches the expression to one of the silent var genes leading to
the transcription and expression of a variant PFEMP1 and keeps the earlier expressed
gene silent (Milner, 2018). Because of this, the immune response generated against
earlier expressed PfEMP1 stands ineffective and the parasitic populations expressing
a different PFEMP1 protein undergo clonal expansion increasing again the parasitic
burden on the host body. The ~60 variant PFEMP1 proteins are the antigenic repertoire
of the parasite, their mutually exclusive expression and timely switching help parasites
to escape the different stress conditions as well as the host immune response

continuing the chronic and persistent infection inside the host body.
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Figure 2: A schematic presentation of var genes. The figure demonstrates the
structure of var genes with two exons and an intron as well as indicates the variable

lengths of them in all var genes.

The mutually exclusive expression of var genes involves a complex mechanism of
regulation governed by multiple factors. Apart from the transcription factors regulating

the transcription of a single var gene, there should be mechanisms mediating the
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crosstalk and interaction between all the var genes such that only a single gene is
actively expressed while the rest are silent. The var genes are specifically present at
the telomeric, sub-telomeric and pericentromeric regions of the chromosomes (Rrubio
et al., 1996). These regions are localized at the periphery of the nucleus and are
marked by the presence of histone modifications H3K9me3 and H3K36me3 which are
repressive in nature (Chookajorn et al., 2007; Cui and Miao, 2010). The binding of
Plasmodium falciparum heterochromatin protein 1 (PfHP1) to the H3K9me3 marked
regions leads to the heterochromatinization of those regions (Flueck et al., 2009;
Pérez-Toledo et al., 2009). As reported by the Fluorescent in Situ Hybridization (FISH)
experiments, the heterochromatinized var gene loci are present close to the nuclear
periphery forming 6-7 clusters (Freitas-junior et al., 2000) (Fig. 3). The active var gene
is also present at the nuclear periphery but is not part of the heterochromatic foci. The
active var gene possibly moves away from the heterochromatic foci and relocates to
the var gene expression site as proposed by the previous studies (Ralph et al., 2005).
This suggests that the characteristic nuclear organization of var genes influences their

transcriptional activity.

Nucleus
ups-type var gene
FISH probes:

O upsB
© upsA (upsD,E)
upsC

Figure 3: Nuclear organization of var genes. A schematic presentation of the
positioning of var genes at the outer edge of the nucleus using FISH probes which

differentiate the different types of var genes (Adapted from Scherf et al., 2008).

Epigenetic modifications are the covalent modifications on the DNA or the amino acids
of histone proteins. These modifications make up the epigenome of the organism. It
includes methylation of the DNA and the modifications such as methylation,
acetylation and phosphorylation on the specific amino acid residues of histones. The
presence of these modifications regulates the chromatin structure, accessibility of
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DNA and in turn the process of gene expression. Similar to most eukaryotes, the gene
expression in Plasmodium falciparum is regulated by the presence of specific
epigenetic modifications as well as the recruitment of histone variants like H2A.z,
H2B.z at the regulatory regions of the genes (Karmodiya et al., 2015; Petter et al.,
2013). Histone modification trimethylation of histone 3 at lysine 9 (H3K9me3) and its
reader PfHP1 protein, specifically mark the clonally variant multicopy (CVM) gene
families, RIFIN, stevor, var, etc and the promoters of transcriptionally silent genes
(Flueck et al., 2009). The promoters of active genes display acetylation of histone 3 at
lysine 9 (H3K9ac) modification while the trimethylation of histone 3 at lysine 36
(H3K36me3) modification is associated with both active and silent genes (Jiang et al.,
2013). Interestingly, the comprehensive epigenome analysis of Plasmodium
falciparum indicates that the CVM genes have differential chromatin modifications
compared to the housekeeping genes with the enrichment of modifications towards
the 3’ end of the genes (Karmodiya et al., 2015) (Fig. 4).

Clonally Variant
Multicopy Genes

TSS TTS

Figure 4: Epigenetic modifications on Clonally variant multicopy gene bodies.
A schematic model depicting the occupancy of histone modifications H3K9me3,
H3K4me3, H3K9ac, H4ac and histone 2 variant H2A.z on the CVM genes (Adapted
from Karmodiya et. al., 2015)

Recent studies demonstrate the substantial production of antisense transcripts in P.
falciparum which could possibly have a role in controlling gene expression through the
recruitment of specific chromatin remodeling complexes, transcription factors, etc
(Siegel et al., 2014). The intronic region of the var genes has been shown to exhibit
bidirectional promoter activity, resulting in the generation of sense and antisense
transcripts (Epp et al., 2009). While the sense RNA is transcribed from the intron of all

the var genes regardless of their transcription status, at the late IDC stages, the
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antisense RNA is transcribed only from the intron of the actively expressed var gene
during the early stage of IDC, the time corresponding to the expression of the active
var gene. The antisense transcript is nearly 2 kB long having the conserved intronic
sequence at the 5 end while the 3’ end includes the exon 1 region which is
polymorphic (Amit-Avraham et al., 2015). The antisense and sense transcription from
the intron and the enrichment of histone modifications at the intronic region (3’ end),

as stated above, could possibly regulate how var genes are expressed.

The genome of higher eukaryotes shows complex 3D organization inside the
micrometer sized nucleus with the presence of strictly separated active (euchromatin)
and inactive (heterochromatin) compartments (Jerkovi¢ et al., 2020; Misteli, 2020).
The genome is organized as topologically associated domains (TADs), which are self-
interacting territories in which the chromatin inside the TAD exhibits stronger physical
interactions with chromatin inside the TAD than outside (Dixon et al., 2012). TADs are
formed by the looping of chromatin at the boundary/insulator elements via the binding
of specific associated proteins (Chetverina et al., 2017). Insulator elements are the
short cis-regulatory DNA elements to which the specific proteins called insulator
proteins bind and this interaction is involved in the proper regulation of gene
expression and higher order genome organization. The possible functions executed
by insulators in regulating gene expression are enhancer-blocking and barrier function,
the role through which insulators were first discovered in Drosophila melanogaster
(Umbetova et al., 1991). While acting as barriers, insulators restrict the spread of
chromatin modifications dividing euchromatin and heterochromatin, demarcate their
boundaries and form the genome compartments. In enhancer-blocking, the loop
formation by the interaction between insulator proteins and insulator elements
prevents the contact between the promoter of a gene and the enhancer, a distal
regulatory element that enhances gene expression through interaction with the
promoter of a gene (Ali et al.; Heger and Wiehe, 2014; Kurbidaeva, 2021). This
inhibition of enhancer-promoter interaction could drastically downregulate the gene
expression or silence the gene. CCCTC-binding factor (CTCF) is one of the well-
studied insulator proteins in Drosophila and mammals, which demarcates the
boundaries of TADs through its interaction with cohesin complex mediating the
regulation of 3D chromatin organization and expression of genes (Glenn et al., 2017;
Rao et al., 2014).
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Hi-C studies in Plasmodium falciparum at different life-cycle stages indicate that the
genome of the parasite has an intricate 3D organization as domain-like structures
which could be influenced by the location of var genes inside the nucleus (Mcgovern
et al., 2019). Chromatin immunoprecipitation followed by sequencing (ChlP-
sequencing) results for H3K9me3 histone modification and PfHP1 protein represent
that these repressive signatures are restricted only to the specific parts of the genome,
the telomeric, subtelomeric and sometimes pericentromeric regions of the
chromosomes (Fraschka et al., 2018) (Fig. 5). It is unknown how this distribution of
histone modifications is contained to a particular region of the genome. Surprisingly,
in P. falciparum no insulator protein has been reported to date which could possibly
govern these characteristic features of the genome. However, earlier research has
indicated that the var genes contain a hypothetical insulator-like element. Having the
implications of pairing between promoter and intron of the var genes through the
previous studies (Dzikowski et al., 2007; Frank et al., 2006), in the study by Avraham
et. al., 2012, authors performed motif analysis for the 5’ upstream region and the
intronic region of the var genes. In the analysis, they noted that these regions have
conserved 8-12 bp TG-rich motifs. The three identified motifs are Motif 1:
TGTATGTATGTG, Motif 2: TGTGTATATGTG and Motif 3: TGTATGTG. The three
motifs form a conserved consensus motif of 18bp, TGTGTATATGTATGTGTG
(Avraham et al., 2012). The Electrophoretic mobility shift assays (EMSA) performed
with the motif showed that they are associated with nuclear protein complexes but
none of the proteins were identified. Through their experiments, they hypothesized
that this motif in the promoter and intron could mediate the pairing between them and
hence it was considered an insulator-like motif, as the pairing through the motif might
be insulating the var gene from its expression. These insulator-like motifs are enriched
at the ends of the var gene intron, the boundary of the intron-exon junction. Intriguingly,
the motifs are present in the opposite orientation at the ends of the intron, a feature
conserved in known efficiently loop forming insulators. Considering this, here we
hypothesize that, the insulator-like motif at the ends of var gene intron might undergo
pairing and loop formation via the binding of specific insulator-like proteins. This kind
of loop formation could be involved in the activation or silencing of var genes in
coordination with the antisense and sense transcription mediated from the var gene
intron. Along with this, as suggested by the epigenetic studies, the presence of specific

chromatin modifications at the 3’ end of var genes could be influencing the formation
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of the loop. In a way, it could be the interplay governed by the insulator-like proteins,
transcription from the intronic region and the chromatin modifications which is

regulating the expression of var genes in a mutually exclusive manner.
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Figure 5: Enrichment of PfHP1 protein on chromosome 3. IGV image showing the
enrichment of PfHP1 protein on chromosome 3 of P. falciparum parasites at the IDC
stages ring, trophozoites and schizont. All three stages show occupancy of PfHP1 at

the telomeric regions (Adapted from Freschka et. al., 2018).

In this study, we are interested in the investigation and study of the possible insulator-
like proteins in Plasmodium falciparum. First, we analyzed the available ChlP-
sequencing data for activating and repressive chromatin modifications in P. falciparum
to study the epigenetic landscape on the var genes and analyze how the var genes
differ in that. We started the search for possible insulator-like proteins with the
homology study of the proteins in P. falciparum with the already known and
characterized insulator proteins in other model organisms. Further, through an in-vitro
pull-down experiment approach, we have identified the possible insulator-like proteins
that could interact with the earlier hypothesized insulator-like motif in var gene introns
which may be involved in a loop formation. We are also trying to find if the putative
candidates for insulator-like activity bind the insulator-like motif present in the var gene
introns, by the overexpression of proteins in in-vitro culture-grown parasites. It would
be fascinating to examine the consequences of insulator-like protein overexpression
on the mutually exclusive expression of var genes. We hope that this study sheds light
on the unexplored aspects of the mechanism regulating the expression of var genes
in mutually exclusive manner and would also highlight the role of architectural

chromatin organization regulators in P. falciparum.
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2. Materials and Methods

2.1. Parasite culture

Plasmodium falciparum 3D7 (Pf3D7) parasites were cultured in vitro in RPMI1640
medium added with 0.5 % AlbuMAX II, 25 mM HEPES (buffering agent), 11mM
Glucose, 100 yM hypoxanthine, 1.77 mM sodium bicarbonate (NaHCOs) and 58.6
Mg/ml gentamicin sulfate at 37 °C. Cultures were split and expanded/harvested after
every two days to sustain parasitemia around 5%. Hematocrit was kept at 2.5 - 3% by
supplementing newly washed fresh human RBCs. Parasitemia was tracked every day

using slide preparation and Giemsa staining of blood smear.
2.2. Parasite Harvest

30 ml of Pf3D7 culture was spun down at 4000rpm for 4 minutes(min) at 4°C to pellet
down RBCs. Wash given with 1X PBS at 4000rpm for 5 minutes at 4°C. RBC pellet
mixed with 7ml of 0.16% saponin solution diluted with 3ml of 1X PBS. Vortex for 15
seconds. Incubated at 37°C for 15 min. Centrifuge at 6000rpm for 15 min at 4°C. The
parasite pellet was obtained and treated with 3 washes of 1X PBS till the supernatant
becomes clear. Pellet stored at —80°C till use. The volumes of PBS and saponin were

changed depending on the volume of culture used for harvest.

2.3. Preparation of Pf3D7 nuclear extract (NE)

Harvested parasite pellets were resuspended in 5X volume of lysis buffer (10mM
HEPES pH 7.9, 10mM KCI, 0.1mM EGTA, 0.1 mM EDTA, 1mM Dithiothreitol (DTT),
1X protease inhibitor cocktail (PIC, Roche) and 10% IGPEAL) and incubated for 30
min at 4°Cl/ice. Complete parasite lysis and homogenization were achieved by
providing 200 strokes in a pre-chilled Dounce homogenizer. The lysate was
centrifuged at 14000 rpm for 10min at 4°C. The supernatant represents the
cytoplasmic extract which was isolated and stored at —80°C, while the intact nuclei are
pelleted down. 3 times filtered 1X PBS wash was given to the nuclei pellet with
centrifugation at 14000 rpm/5min/4°C. The nuclei pellet resuspended in 3X volume of
high salt nuclear extraction buffer (20mM HEPES pH 7.9, 800mM NaCl, 1mM EGTA,
1mM EDTA, 1X PIC, 1mM DTT) and incubated with vigorous shaking at 4°C for 30
min. Centrifuge for 30 min at 14000rpm/10min/4°C, the supernatant represents

nuclear extract which was isolated and stored at —80°C. The pellet was again
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resuspended in low salt nuclear extraction buffer (20mM HEPES pH 7.9, 400mM NacCl,
1mM EGTA, 1mM EDTA, 1X PIC, 1mM DTT) and in the same way for high salt
extraction, the nuclear lysate was isolated and stored at -80°C. The nuclear extraction
was validated by western blot and probing the membrane with an anti-PfHP1 antibody.

The concentration of the protein in the lysate was estimated by Bradford assay.

2.4. Primers used for the pull-down of the proteins interacting with biotin-

tagged insulator-like motif

Primer
No. Name Description Primer Sequence
1 KK595 | biotin_var _insulator FP |AATGTGTATATGTATGTGTGAAAA
2 KK596 biotin_srambled _FP  |AAATGTATGGTATTGTGTGTAAAA
3 KK598 var_insulator_RP TTTTCACACATACATATACACATT
4 KK599 scrambled_RP TTTTACACACAATACCATACATTT
GACTTTATTGTGTATATGTATGTGTGTTCTT
5 KK840 var_conact_FP TGTATGTATGTGTTCTTTGTGTATATGTGA

6 KK841 biotin_var_insulator FP |[AATGTGTATATGTATGTGTGAAAA

GACTTTAGTTTGGTTAACACATGTTGTTTTT
7| KK842 scr_concat_FP AAGTTTGTTTTGGGTGTGATTTGTTTGATT

8 KK843 biotin_scr_FP AAGTATGTTGTTTAATGTGGAAAA

TAAAGTCTCACATATACACAAAGAACACATA
9 KK844 var_conact_RP CATACAAAGAACACACATACATATACACAA

10 KK845 | biotin_var_insulator_RP |TAAAGTCTTTTCACACATACATATACACATT

TAAAGTCAATCAAACAAATCACACCCAAAA
11 KK846 scr_concat_RP CAAACTTAAAAACAACATGTGTTAACCAAAC

12 KK847 biotin_scr_RP TAAAGTCTTTTCCACATTAAACAACATACTT

Table 1: List of the primers used in the pull-down experiment. FP: forward primer,

RP: Reverse primer

2.5. Identification of proteins associated with insulator-like motif in var gene

intron (Protocol adapted from Gurung et al., 2006; Jutras et al., 2012)

BS buffer, 5X: 50 mM HEPES, 25 mM CaClz, 250 mM KCI, 60% (v/v) glycerol
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THES buffer: 50 mM Tri-Cl, pH 7.5, 10 mM EDTA, 20% (w/v) sucrose, 140 mM NaCl,
0.7% (viv) PIC, 0.1% (v/v) Phosphatase Inhibitor Cocktail

B/W buffer, 2X: 10 mM Tris-Cl, pH 7.5, 2 M NaCl, 1 mM disodium EDTA

BS/THES binding washing buffer: 13.3 ml THES buffer, 6 ml BS buffer, 10.7 ml NFW,

using a 0.2-um filter, filter sterilize the final mixture

Elution buffer: 25 mM Tris-CI, pH 7.5, Varying concentration of NaCl: 100 mM, 200
mM, 300 mM, 500 mM, 750 mM, and 1 M NaCl

TE buffer: 10mM Tris-Cl pH 8, 1mM EDTA

Primer annealing: We had ssDNA for the var insulator-like motif and a scrambled

sequence. An equal volume of respective primers (100uM) was mixed in TE buffer to
a final concentration of 10 yM. Annealing reaction was carried out with the
thermocycling conditions: 98°C for 2 min, followed by 60 cycles with -1.3°C decrement
in temperature for each cycle of 1 min, infinite hold at 10°C. The annealing of primers

was confirmed by an agarose gel run.

Biotinylated-DNA probe binding with Streptavidin agarose beads (Sigma):

Carefully and slowly mix the settled beads with suspension. Take 140ul of the whole
suspension (70ul of beads). Centrifuge at 1200rpm/2min to discard the supernatant.
3 times wash given with 500ul of 2X B/W buffer. Finally beads resuspended in 300l
of 2X B/W buffer. Add 60ug of biotinylated DNA probe and incubate with rolling for 45
min. Centrifuge, and remove supernatant. Probe-bead complex washed thrice with
400ul TE buffer. Two times wash was given with 500ul BS/THES buffer and a final
wash with 500ul BS/THES buffer supplemented with 10ug/ml salmon sperm DNA.

DNA probe-bead complex incubation with NE:

Add 200pl of BS/THES buffer and 300ug of NE supplemented with 100ug of salmon
sperm DNA as competitor DNA. Incubation with rolling at 4°C for 1hr. Centrifuge and
save the flowthrough. Three times wash with 500ul of BS/THES buffer supplemented
with 10ug/ml salmon sperm DNA. Two times wash with 500ul of BS/THES buffer.

Elution of the bound proteins:
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Add 120ul of 100mM elution buffer. Roll for 3-5min at RT. Centrifuge and save the
elution. Repeat the elution step with elution buffers of NaCl concentrations, 300mM,
500mM, 750mM and 1M. Store the elutions at -80°C till to be processed further.

Note: All the centrifugation steps were done at 1200rpm/2min at 4°C.

2.6. Identification of proteins associated with insulator-like motif in var gene

intron (Protocol adapted from Flueck et al., 2010)

Phosphorylation and primer annealing:

Phosphorylation of the 5 end and annealing of the primers was done in a single
reaction. The phosphorylation reaction was set up according to NEB protocol, non-
radioactive phosphorylation with T4 PNK. Thermocycling conditions: 37°C for 30min,
980C for 2 min, followed by 60 cycles with -1.3°C decrement in temperature for each
cycle of 1 min, infinite hold at 10°C. The annealing of primers was confirmed by an

agarose gel run.

Reaction setup for concatenation of biotin-tagged and non-biotinylated primers to get

multiple repeats of insulator-like motif:

dsDNA (300pmole biotinylated and | 200ul | Table 2: Reaction set-up used for
900pmole non-biotinylated DNA) the concatenation reaction.
ATP (10mM) 5ul
T4 DNA ligase buffer 30ul
T4 DNA ligase (NEB) 10ul
NFW 55ul

Ethanol precipitation of DNA:

To the DNA, add 0.1 volumes of 3M sodium acetate and 2.5-3 volumes of ice-cold
100% ethanol. Vortex to mix thoroughly. Precipitate at —20°C for 1hr/ -80°C overnight.
Centrifuge at full speed for 30min/4°C. Wash the pellet twice with 500ul ice-cold 70%

ethanol. Dry the pellet and resuspend it in the appropriate volume of NFW.

Pull-down Protocol:
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First, the NE with ~600-700mM salt concentration was diluted to ~160-200 mM salt
concentration by adding an appropriate volume of dilution buffer (20mM pH 7.9, 1mM
EDTA, 0.025mM ZnClz, 2mM MgClz, 1X PIC, 2mM DTT, 0.1% Triton-X 100, 30ug/ml
salmon sperm DNA). Gently mix the settled streptavidin agarose beads suspension
and take 130pl of the whole suspension. Centrifuge and discard the supernatant.
Beads to be used for preclearing were washed with nuclear extraction buffer while the
beads to be used for DNA binding were washed with TE buffer three times. Incubate
diluted NE with beads for 3hr at RT on a rotating wheel platform. Incubate 420ul of
10uM biotinylated dsDNA with beads for 3 hr on a rotating wheel platform. Save the
diluted NE after preclearing. Wash the beads-DNA complex with 400 ul of TE buffer 3
times. Overnight incubation of NE with DNA-coated beads at 4°C on a rotator. Beads-
DNA-protein complex washed twice with 1 ml of wash buffer 1 (20mM HEPES pH 7.9,
160mM KCI, 1mM EDTA, 0.025mM ZnCl2, 2mM MgCl2, 1X PIC, 2mM DTT, 0.1%
Triton-X 100, 20pg/ml salmon sperm DNA). A final wash was given with 1 ml of wash
buffer 2 (same composition as wash buffer 1 except salmon sperm DNA). Finally, two
elutions each of 150ul were taken in elution buffer (20mM HEPES pH 7.9, 2M KClI,
2mM EDTA, 20% Glycerol). Elutions were stored at —80°C.

2.7. Primers used for the PCR amplification of genes of possible insulator-like

proteins

Primer

No. | Name Description Primer sequence Tm (9

GAAATATATCACCTAGGATGGA
1 | KK853 | PF3D7_1132300 NABP_FP |TATGAATTTCGGATTCTGTGAT

TACTAGATCCGCTAGCTGGAAT
2 | KK854 | PF3D7 1132300 NABP_RP |ACTTATTATGTCCTCATATTG |61

GAAATATATCACCTAGGATGTC
3 | KK855 | PFGBP2_PDC2 Infusion FP |GATGGAAAATAATAGCC

TACTAGATCCGCTAGCTTCGTT
ATTTTCATAATTAACTTTTAATA
4 | KK856 | PFGBP2_PDC2_Infusion_RP |TATATCC 60

GAAATATATCACCTAGGATGAA
GAAAGATAGAGAACCAATAGAC
5 | KK857 | PFALBA1_PDC2_Infusion_FP |G 63
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TACTAGATCCGCTAGCTGATAA
6 | KK858 | PFALBA1 PDC2 Infusion_RP |AGCTCTTCCACCTCTGAATCC
GAAATATATCACCTAGGATGGC
7 | KK859 | PFALBA3 PDC2_Infusion FP |AAGCACAGAAGAAGTATCTC
TACTAGATCCGCTAGCGTTTGC
8 | KK860 | PFALBA3 PDC2_Infusion_RP |TACAAAATCTGGGTGT 62
GAAATATATCACCTAGGATGGA
9 | KK861 | PF3D7_0709500 NABP_FP |TAATATGGATGAAGAG
TACTAGATCCGCTAGCATATGA
10 | KK862 | PF3D7 0709500 NABP_RP |TGGTATGAAAACATCCG 56
GAAATATATCACCTAGGATGGC
11 | KK863 | PFHMGB2_PDC2_Infusion_FP |TTCAAAATCTCAAAAGAAAG
TACTAGATCCGCTAGCTTCTTG
12 | KK864 | PFHMGB2_ PDC2_Infusion RP|ATTTTTCTTTCTATATTCTTC 58
GAAATATATCACCTAGGATGCC
13 | KK865 | PFALBA2 PDC2_Infusion FP |GGGTAGCACAAAG
TACTAGATCCGCTAGCATTTCT
TTTTTCATATCTTCTATTATTCC
14 | KK866 | PFALBA2 PDC2_Infusion_RP |ACATG 63
GAAATATATCACCTAGGATGGA
15 | KK867 | PFALBA4 PDC2_Infusion_FP |AAATGATAAAAAACATAACCAA
TACTAGATCCGCTAGCTTGCTC
16 | KK868 | PFALBA4 PDC2 Infusion RP |ATTGTGATTGAAAACTTG 61

Table 3: List of primers required for PCR and cloning purposes. FP: Forward primer,

RP: Reverse primer

2.8.

PCR Amplification, Restriction Digestion and Cloning

For the cloning purpose, genes were PCR amplified using the MRA cDNA library and
Phusion DNA polymerase at the respective annealing temperatures. PCR amplified
gene product and pDC2-cam-mRFP-2A-GFP-bsd-attP (mentioned as pDC2 hereafter)
overexpression plasmid were digested using restriction enzymes Nhel-HF and Avrll.
After overnight ligation reaction, the transformation was carried out in E-coli DH5a
cells. Following the alkaline lysis of the selected colonies, screening and clone
confirmation was done by PCR and restriction digestion. Finally, the clone was

confirmed by sequencing.
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2.9. Transfection of the clones in P. falciparum parasites

After midi preparation, 100ug of cloned plasmid ethanol precipitated and dissolved in
10ul TE buffer. Before transfection, it was dissolved in 100pl of P3 primary buffer. Prior
to transfection, Pf3D7 culture was maintained at 5-7% parasitemia and strictly
synchronized by performing percoll density gradient centrifugation 2-3 times. At the
time of transfection, the segmented schizonts obtained after percoll centrifugation
were mixed with 100ul of P3(primary) solution mix. The Lonza Nucleofector 4D
machine was used for nucleofection, with the FP 158 pulse program. The cells were
quickly moved to a T25 flask containing 5 ml of media and 200 ul of fresh RBCs and
they were then kept at 37°C for 1.5 hr in a shaker incubator. 24 hr post-transfection
drug (Blasticidin S HCI) selection was started. The culture was supplemented with
fresh media for the first 6 days, and after that media changed on alternate days. 2
weeks post-transfection, the culture split into two with the addition of fresh RBCs. On
the fourth-week post-transfection 100ul of fresh RBCs were added to the culture. The

appearance of transgenic lines was checked three times a week via blood smear.
2.10. Immunoprecipitation (IP) of PfHP1

The expression and purification of PfHP1 protein were done by Mamatha. For the IP,

protocol from Thermofisher Scientific for IP using Dynabeads protein A was followed.
Beads wash buffer: 1X PBS + 0.02% Tween-20

Immunoprecipitation wash buffer: 25mM Tris pH 7.9, 5mM MgCl2, 10% glycerol,
100mM KCI, 0.1% IGEPAL, 0.3mM DTT

Elution buffer: 50mM Glycine pH 2.8.

Preparing Dynabeads (Invitrogen): Resuspend Dynabeads in the vial (vortex for more
than 30 sec or rotate for 5 min). Transfer 50ul Dynabeads to a tube by placing the tube
on a magnet separate the beads and remove the supernatant. Two washes were given

with beads wash buffer.

Bind antibody: Add antibody to the Dynabeads and incubate at RT for 1 hour with

rotation. Remove supernatant and one wash given with bead wash buffer.

Immunoprecipitate the target antigen: NE of P. falciparum resuspended in Dynabeads-

antibody complex. Incubate overnight at 4°C with rotation. Next day, after
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centrifugation flowthrough was stored and 3 times wash was given with

immunoprecipitation wash buffer.

Elute the target antigen: Add 30pl of the elution buffer and resuspend the Dynabeads-
antibody-antigen complex gently with the pipette. Incubate with rotation for 2 min at

RT. Save the elution.
2.11. Mass Spectrometry

The elutions obtained after the biotin-tagged oligo pull-down experiment were
processed for mass spectrometry. First, for reduction, 100mM DTT in TEAB buffer
was added in elutions such that its final concentration is 10mM. Incubation in a
thermomixer at 60°C/45min at 800rpm. Samples were then processed with 100mM
iodoacetamide (IAA) for alkylation, such that its final concentration is 10mM.
Incubation at room temperature for 15 min in dark. Next, the samples were treated
with 1ug of trypsin with an overnight incubation at 37°C at 800rpm mixing. To stop the
trypsin action 50% formic acid (FA) is added such that its final concentration is 1%.
Desalting was done for the samples using Zip-tips made from desalting C18
membrane. Finally, the elutions were taken using 50ul of 60% acetonitrile in 0.1%
Trifluoroacetic acid and vacuum dried in Centrivap. Samples were then sent for mass

spectrometry (SCIEX QTOF). Results were analyzed using Protein Pilot software.
2.12. Motif analysis

MEME Suite was used to search for the motifs. Intron sequences of the 60 var genes
were used as input database. Parameters used were: Maximum number of motifs: 5,
Minimum motif width: 6, Maximum motif width: 24, Minimum sites per motif: 2 and

Maximum sites per motif: 60
2.13. ChIP Sequencing Data Analysis

FastQC was used to evaluate the raw fastq sequencing files' quality, and Trim_Galore
was employed to clear adapter sequences and low-quality reads. Reads were mapped
to the reference genome of P. falciparum 3D7 using Bowtie2. SAMtools was used to
convert the generated SAM files to BAM files. The MACS2 software was used for peak
calling using input BAM and ChlP files for the particular case. Using IGV software the
peaks were visualized and density graphs were generated in SeqMINER. Morpheus
(Broad Institute) was used for generating heat maps.
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3. Results

3.1. ChIP sequencing analysis shows differential enrichment of histone

modifications at the intronic region of var genes

The epigenome plays an important role in governing the spatiotemporal expression of
genes. The presence of activating or repressive chromatin modifications determines
the transcriptional state of a gene. In P. falciparum the epigenomic studies suggest
that the active histone modifications positively correlate with the active transcription of
the gene while the heterochromatinization via PfHP1 silence the gene expression of
the telomeric and subtelomeric genes. To inspect the epigenomic landscape in P.
falciparum, we analyzed the in-house generated paired-end ChlP-sequencing data for
H3K9ac, H4K8ac, H3K79me2, H3K36me3 histone modifications and, PfHP1 and
PfSir2A (histone deacetylase) proteins for the parasite population harvested at 18 hrs
post RBC invasion i.e. the mature ring or early trophozoite stages. H3K9ac and
H4K8ac are the activating histone modifications while PfHP1 marks the repressed
genes. The role of H3K79me2 modification is not very clear. H3K36me3 is associated
with both active and silent genes but it is mainly involved in the repression of CVG
gene families. Analysis in Integrative Genomics Viewer (IGV) showed that PfHP1
protein is enriched at the telomeric regions of all the chromosomes and marks all the
var gene loci. As we were specifically interested in var genes, we systematically
analyzed this ChiP-sequencing data in IGV and seqMINER to understand the histone
modifications landscape on each of the ~60 var genes. Along with the IGV analysis,
we obtained the read density values for H3K9ac and PfHP1 protein on each var gene
using seqMINER and plotted it as a heatmap in Morpheus (Online software by Broad
Institute) (Fig. 6). In the analysis we observed that most of the var genes (44 in total)
show enrichment of PfHP1 protein on the entire var gene body while almost no
enrichment of H3K9ac and only sparse occupancy of H4K8ac. H3K36me3
modification and PfSir2A protein showed an enrichment pattern similar to PfHP1 (Fig.
6B and Fig. 7B). Interestingly, 17 of the remaining var genes showed enrichment of
H3K9ac and other activating histone modifications at the junction of exon1 and intron
as well as intron and exon2 (Fig. 6A and Fig. 7A). Along with this, PfHP1 protein is
depleted from the intron as well as the exon2 of these var genes. Hence, we classified
the var genes as H3K9ac+ and H3K9ac- var genes based on either the presence or

absence of H3K9ac at the boundaries of the intron (Table 4). Out of the total 61 var
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genes considered for this analysis, 17 are H3K9ac+ while 44 are H3K9ac- ones. Not
all the 17 H3K9ac+ var genes showed equivalent enrichment of activating histone
modifications. PF3D7_1200600 (var2csa), a var gene candidate responsible for
severe placental malaria, had the highest enrichment of H3K9ac while the others
showed lower and varying peak values for H3K9ac at the intron-exon junctions in IGV.
Next, we plotted the average read density values for H3K9ac, H4K8ac modifications
and PfHP1 protein at 1 kB region on either side of the transcription start site (TSS),
intron start, intron end and transcription termination site (TTS) of the H3K9ac+ and
H3K9ac- var genes. These plots also indicate the specific enrichment of H3K9ac and
H4K8ac at the intron start and end of H3K9ac+ var genes along with the depletion of
PfHP1 while the opposite results are observed for H3K9ac- var genes (Fig. 8).
Followed by these peculiar observations, we performed the literature study to find out
what is known about the var gene introns or their role in the mutually exclusive
expression of var genes. We came across a study by Avraham et al. 2012, wherein
through the MEME motif analysis they had noticed the presence of an insulator-like
motif at the ends of var gene intron. Next, in IGV we simultaneously observed for an
insulator-like motif and the repeats of TG/TA along with visualizing the bedgraph files
of ChlP-sequencing. Through this analysis, we noticed that the insulator-like motifs
are present at the ends of the intron, the region occupied by histone modifications in
H3K9ac+ var genes (Fig. 6). This differential enrichment of chromatin modifications at
the intronic region of var genes is a novel observation which we are reporting for the
first time. Considering the bidirectional promoter activity of the var gene introns and its
possible role in the mutually exclusive expression of var genes, we hypothesized that
the insulator-like motifs and differential enrichment of histone modifications at the
region surrounding them could regulate the promoter activity of the intron, var gene
expression and antigenic varation through some yet unidentified mechanism. This
observation highlights the importance of insulator-like motifs and promotes the study

further to identify possible insulator-like proteins.
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Figure 6: Occupancy of histone modifications on var genes PF3D7_1200400 and
PF3D7_0800300. IGV images displaying the occupancy of H3K9ac, H4K8ac,
H3K79me2, H3K36me3 histone modifications and PfHP1, PfSir2A proteins on A)
Pf3D7_1200400, an H3K9ac+ var gene and B) Pf3D7_0800300, an H3K9ac- var

gene. These are the representative images for H3K9ac+ and H3K9ac- var genes.

Shown below in the images is the location of insulator-like motifs/TG-TA repeats on

the var genes. The red box highlights the intronic region of genes. Arrow indicates the

direction of gene transcription. E1: Exon1, I: Intron and E2: Exon2.
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Figure 7: Heatmap representation of PfHP1 and H3K9ac enrichment on var

genes. Heatmap demonstrating the enrichment of H3K9ac modification and PfHP1

protein on (A) 17 H3K9ac+ and (B) 44 H3K9ac- var genes. Each gene is divided into

80 bins and the average density value for the bin is used for plotting the heatmap. Blue

indicates the lowest enrichment while red indicates the maximum enrichment of

histone modification/protein at the given bin.
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Figure 8:

H3K9ac+ and H3K9ac- var genes.
H3K9ac, H4K8ac and PfHP1 protein at 1 kB region on either side of the TSS, intron

start, intron end and TTS of H3K9ac+ and H3K9ac- var genes. The average read
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density is normalized over ChIP-sequencing input (control used in ChlP-sequencing).

H3K9ac+ var

genes

H3K9ac- var genes

PF3D7_0100100

PF3D7_0100300

PF3D7_0632800

PF3D7_1150400

PF3D7_0200100

PF3D7_0115700

PF3D7_0700100

PF3D7_1219300

PF3D7_0300100

PF3D7_0223500

PF3D7_0711700

PF3D7_1240300

PF3D7_0400100

PF3D7_0324900

PF3D7_0712000

PF3D7_1240400

PF3D7_0400400

PF3D7_0412400

PF3D7_0712300

PF3D7_1240600
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PF3D7_0425800

PF3D7_0412700

PF3D7_0712400

PF3D7_1240900

PF3D7_0500100

PF3D7_0412900

PF3D7_0712600

PF3D7_1255200

PF3D7_0800100

PF3D7_0413100

PF3D7_0712800

PF3D7_1300100

PF3D7_0800200

PF3D7_0420700

PF3D7_0712900

PF3D7_1300300

PF3D7_0809100

PF3D7_0420900

PF3D7_0733000

PF3D7_1373500

PF3D7_0900100

PF3D7_0421100

PF3D7_0800300

PF3D7_0937800

PF3D7_0421300

PF3D7_0808600

PF3D7_1100100

PF3D7_0426000

PF3D7_0808700

PF3D7_1100200

PF3D7_0600200

PF3D7_0833500

PF3D7_1200100

PF3D7_0600400

PF3D7_0937600

PF3D7_1200400

PF3D7_0617400

PF3D7_1000100

PF3D7_1200600

PF3D7_0632500

PF3D7_1041300

Table 4: List of all H3K9ac+ and H3K9ac- var genes.
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3.2. In silico analysis to identify the possible insulator-like proteins in

Plasmodium falciparum

To date, no insulator protein has been identified in P. falciparum, but the genome
organization = shows  well-structured  euchromatin  and  heterochromatin
compartmentalization as well as var genes possess hypothetical insulator-like motif
raising the possibility of the presence of insulator-like proteins regulating higher-order
genome organization and highly controlled gene expression. To get an idea about the
possible insulator-like proteins in P. falciparum, we decided to first find the homologs
of already known and characterized insulator proteins from other model organisms. If
the homologs exist, they may be conserved during evolution and carry out similar roles
in P. falciparum and could be the putative insulators. To proceed, we first conducted
a literature search to compile a list of the known insulator proteins and examine their
functions (Table 5). Insulators were first discovered in Drosophila melanogaster
following research on the white eye mutation that resulted from the position effect
variegation phenomena. Subsequent to that, many insulator elements and associated
insulator proteins were found in Drosophila, and their insulator activities have since
been thoroughly investigated through a number of studies. Because of this, our list of
insulator proteins maijorly includes proteins from Drosophila melanogaster while some
proteins are from humans and yeast. However, several of the insulators discovered in
Drosophila that are involved in insulator function appear to be conserved in mammals.
Followed by the literature search, we performed a BLAST search against the P.
falciparum proteome database for each insulator protein. A major hit in the BLAST
search is a telomere-repeat binding zinc finger protein (PfTRZ), which is a distant
homolog of the transcription factor TFIIIA. This protein was found to be binding to the
telomeric repeats, 5S rDNA loci and sub-telomeric var genes (Bertschi et al., 2017).
We reanalyzed the available ChlP-sequencing data for PfTRZ and found that it is
present on all the var genes, and its distribution is similar to the distribution of PfHP1
on H3K9ac- var genes. We specifically examined the enrichment of PfTRZ on

H3K9ac+ and H3K9ac- var genes and didn’t find any difference (Fig. 9).

Interestingly, P. falciparum doesn’t have the homolog of CTCF, a major insulator in
higher eukaryotes. Along with this, the homologs of other insulator proteins and CTCF-
interacting proteins are absent in P. falciparum. Bromodomain proteins were obtained

as hits for the BLAST against BRD1 protein which is thought to be the possible
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insulator-like protein in Arabidopsis thaliana. Other proteins like GCNS, ATP-
dependent RNA helicase, general transcription factor IlIC polypeptide 5, and
nucleoporin were obtained as hits, but the query coverage and percentage identity are
very low. However, homologs of the Structural Maintenance of Chromosomes (SMC)
complex (cohesin and condensin) subunits are present in P. falciparum. Current
studies in higher eukaryotes are implying that the SMC complexes could function as
the interactors of insulators or act as insulators in regulating higher-order genome
organization and gene expression. In P. falciparum, the role of cohesin and condensin
complexes in mitosis, chromosome segregation and condensation are being studied
but their role in genome organization has not been studied so far (Table 6). In
conclusion, the in-silico analysis identifies PfTRZ as the major hit and SMC complexes
and PfTRZ protein could possibly be the putative candidates for insulator-like activity

in P. falciparum.

No. | Protein Species Homolog in P. falciparum | Query | %
covera | ident
ge (%) | ity

1 Su(Hw) Drosophila Telomere repeat-binding 35 27

melanogaster | zinc finger protein (PfTRZ)
(Drosophila)

2 CTCF Drosophila - - -

3 BEAF-32 Drosophila - - -

4 Ibf1 Drosophila - - -

5 Ibf2 Drosophila - - -

6 ZIPIC/CG7928 | Drosophila PfTRZ 41 27.52

7 Pita Drosophila PfTRZ 35 25

8 Dwg/Zw5 Drosophila PfTRZ 37 29

9 GAF Drosophila - - -

10 | Cp190 Drosophila - - -

11 Mod/mdg4 (Bridging

insulator
elements)
12 | Elba1 Drosophila - - -
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13 | Elba2 Drosophila - - -
14 | Elba3 Drosophila - - -
15 | Shep Drosophila - - -
16 | TFIIIC S. cerevisiae, | General transcription factor | 13 35.23
S.pombe llIC, polypeptide 5
17 | Polycomb Drosophila - - -
protein
18 | YY1 Homo - - -
Sapiens
19 | dTopors Drosophila RING zinc finger protein 4 30.19
20 | Prdm5 Homo PfTRZ 46 36.36
Sapiens
21 Chromator Drosophila Conserved Plasmodium 17 24.85
protein, Unknown function
22 | DREF Drosophila - - -
23 | L(3)mbt Drosophila - - -
24 | -CAP-H(2) Drosophila Condensin complex 9 27.71
subunit 2, putative
25 | Barren Drosophila Condensin complex 9 27.71
subunit 2, putative
26 | Rm62 (ATP Drosophila Many hits ~60 -
dependent ATP dependent RNA
RNA helicase) helicase
27 | Bptf H. sapiens PfGCN5, Bromodomain 2 38.82
(interactor proteins
with CTCF)
28 | RAP1 S. cerevisiae | - - -
29 | REB1 S. cerevisiae | - - -
30 | Nup98 Homo Nucleoporin, Nup221 7 37.91
sapiens putative
31 Insv Drosophila - - -
32 | BRD1 Arabidopsis Bromodomain protein 1, 21 31
(Proposed) thaliana Bromodomain protein 2
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Table 5: List of the insulator proteins discovered and studied in other model organisms
with their homologs in Plasmodium falciparum along with the obtained query coverage

and percentage identity.

1 SMC2 condensin P. berghei SMC2
2 SMC4 condensin P. berghei SMC4
3 SMC1 (cohesin) P. falciparum SMC1
4 SMC3 (cohesin) P. falciparum SMC3

Table 6: Condensin and cohesin complex subunits in Plasmodium falciparum and

Plasmodium berghei (causative agent in rodents).

H3K9ac+ var genes H3K9ac- var genes
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200 200

Average Read Density

100 100

Average Read Density

TSS s TSS TTS
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Figure 9: Occupancy of PfTRZ and PfHP1 on var genes. Plots showing the
enrichment of PfTRZ and PfHP1 proteins on the H3K9ac+ and H3K9ac- var gene
bodies. TSS and TTS mark the transcription start and termination sites respectively.
PfTRZ ChlIP-sequencing data is acquired from Bertschi et. al., 2017 and reanalyzed.

In-house generated PfHP1 ChIP-sequencing data used for analysis.
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3.3. Insulator-like motif interacts with the proteins from P. falciparum nuclear

extract

Earlier studies have found the conserved motifs in the intronic region of the var genes
and based on this insight we were also interested in critically analyzing the nucleotide
sequence of these regions of the var genes to search for motifs. The intronic regions
of var genes are highly AT-rich with almost 80-90% AT content. The interesting feature
of the intronic region is the presence of repeats of TR (R is any purine base Adenine
or Gaunine) at both ends of the intron. We performed the MEME (Multiple Em for Motif
Elicitation) motif analysis for the intronic sequences of 60 var genes. We tried to
generate motifs of varying lengths but specifically, the MEME motif search to identify
the motifs of length 20-25 base pairs provided us with five different motifs (Fig. 10A).
Motifs 1 and 5 are mostly the same in the nucleotide sequence except at the two base
positions while motifs 2, 3 and 4 majorly have repeats of TG-TA. Figure 10B highlights
the location of the motifs on the intron of var genes and all the motifs show clear
enrichment at the ends of the intron. Motifs 1 and 5 are present in almost every var
gene but they are present only at the end of the intron and hence are not of interest to
study from the perspective of insulator-like elements and proteins. Though it could be
possible that this motif has some role in the regulation of var gene expression. Among
these motifs, motifs 3 and 4 caught our attention as they are similar to the insulator-
like motif reported earlier and are present in the opposite orientation at the ends of the
intron of all the var genes. As our analysis also identifies the presence of the motif
identical to the insulator-like motif reported earlier, we decided to find the proteins
interacting with the motif through in-vitro experimental approaches. The experimental
plan involves the pull-down of the P. falciparum nuclear lysate proteins binding to the
biotin-tagged DNA motif cross-linked to the streptavidin agarose beads. P. falciparum
nuclear lysate was prepared and validated by probing for PfHP1 in a western blot (Fig.
11). Using a 5’ biotin-tagged insulator-like motif (biotin-TGTGTATATGTATGTGTG),
streptavidin agarose beads and P. falciparum NE we performed pull-down of the
proteins interacting with the motif. As a control we carried out pull-down with a
scrambled sequence (biotin-ATGTATGGTATTGTGTGT), a DNA sequence having the
same nucleotides as the insulator-like motif but in a shuffled order. This experiment
was performed three times. The first time, we followed a protocol adapted from Jutras

et. al., 2012, while the next two times we followed the protocol adapted from Flueck
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et. al., 2010. With the first pull-down experiment, we didn’t get any specific protein as
hits apart from histone 4 and elongation factor-1 alpha. With the repetition of the pull-
down experiment for the second time we obtained 32 proteins as hit with the insulator-
like motif and 12 proteins with the scrambled sequence (Fig. 12). In both pull-down
with control and insulator-like motif, the top hits are RNA-binding proteins, single-
stranded DNA binding proteins, Replication factor A1 and some histones. The major
specific hits followed by the above ones for the pull-down with an insulator-like motif
were chromatin-binding proteins and ALBA family proteins. After excluding the RNA-
binding, translational and splicing associated proteins and the proteins common in
pull-down with the scrambled sequence, we were left with the 11 proteins of interest
(Table 7). Two of them are putative nucleic-acid binding proteins, four ALBA family
proteins, architectural proteins PfGBP2, PITHMGB2 and ISWI chromatin remodeling
complex ATPase (PfISWI), FanCJ-like helicase and protein SIS1. These proteins
could be the major interactors of the insulator-like motif and could be involved in the

insulator-like activity.
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Name

PF3D7_0100100
PF3D7_0100300
PF3D7_0115700
PF3D7_0200100
PF3D7_0223500
PF3D7_0300100
PF3D7_0324900
PF3D7_0400100
PF3D7_0400400
PF3D7_0412400
PF3D7_0412700
PF3D7_0412900
PF3D7_0413100
PF3D7_0420700
PF3D7_0420900
PF3D7_0421100
PF3D7_0421300
PF3D7_0425800
PF3D7_0426000
PF3D7_0500100
PF3D7_0600200
PF3D7_0600400
PF3D7_0617400
PF3D7_0632500
PF3D7_0632800
PF3D7_0700100
PF3D7_0711700
PF3D7_0712000
PF3D7_0712300
PF3D7_0712400
PF3D7_0712600
PF3D7_0712800
PF3D7_0712900
PF3D7_0733000
PF3D7_0800100
PF3D7_0800200
PF3D7_0800300
PF3D7_0808600
PF3D7_0808700
PF3D7_0809100
PF3D7_0833500
PF3D7_0900100
PF3D7_0937600
PF3D7_0937800
PF3D7_1000100
PF3D7_1041300
PF3D7_1100100
PF3D7_1100200
PF3D7_1150400
PF3D7_1200100
PF3D7_1200400
PF3D7_1200600
PF3D7_1219300
PF3D7_1240300
PF3D7_1240400
PF3D7_1240600
PF3D7_1240900
PF3D7_1255200
PF3D7_1300100
PF3D7_1300300

apun=

Motif Symbol Motif Consensus
- —

p-value
1.72e-39
6.39e-10
1.06e-31
2.65e-39
6.35e-35
6.67e-28
1.43e-36
2.61e-39
1.35e-28
3.13e-20
4.57e-43
1.14e-35
1.14e-35
7.50e-19
1.68e-35
1.68e-35
2.79e-35
3.29e-24
1.05e-29
6.07e-42
9.77e-28
1.36e-9
1.95e-40
7.90e-34
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1.27e-40
2.06e-36
1.93e-36
1.25e-35
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2.67e-37
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3.43e-32
1.20e-36
1.11e-9
9.85e-35
1.25e-38
3.07e-36
8.99e-38
1.21e-24
4.88e-26
4.31e-27
3.75e-24
1.45e-24
1.30e-39
1.00e-33
3.72e-40
3.19e-35
8.78e-37
8.80e-30
9.43e-38
1.11e-27
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Figure 10: Motif analysis for the intronic region of var genes. A) The list of the

motifs as identified in the MEME motif analysis with the E-value, number of sites and

the width of the motifs. B) A map showing the location of the five motifs identified using
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MEME motif analysis on the intron of var genes. The strand orientation of DNA is

indicated by + and -. If the motif is present on the + strand it is displayed above the

line while if it is on the — strand it is shown below the line.

NE Ladder Figure 11: Validation of the NE
High salt preparation. Western blot image for the
probing of PfHP1 in nuclear and
cytoplasmic (NE and CE) extracts
75kDa respectively. The molecular weight of the
48kDa PfHP1 protein is 31kDa. N=2
HP1 —» 35kDa
- 25kDa
17kDa
‘ 11 kDa
Protein ID Protein name Peptide
count
PF3D7_1132300 nucleic acid binding protein, putative 9
PF3D7_0709500 nucleic acid-binding protein, putative 8
PF3D7_1346300 DNA/RNA-binding protein Alba 2 (PfALBA2) 3
PF3D7_1006800 G-strand-binding protein 2 (PfGBP2) 8
PF3D7_0817900 high mobility group protein B2 (PfFHMGB2) 7
PF3D7_0814200 DNA/RNA-binding protein Alba 1 (PfALBA1) 4
PF3D7_1347500 DNA/RNA-binding protein Alba 4 (PfALBA4) 2
PF3D7_1006200 DNA/RNA-binding protein Alba 3 (PfALBA3) 4
PF3D7_0624600 ISWI chromatin-remodeling complex ATPase 2
PF3D7_ 1408400 FANCJ-like helicase, putative 2
PF3D7_0213100 protein SIS1 2

Table 7: List of the proteins of interest shortlisted after the pull-down experiment with

the biotin-tagged insulator-like motif along with the peptide count in the mass

spectrometry analysis.
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Figure 12: Number of protein hits in biotin-oligo

var

pull-down experiment. Venn diagram highlighting
the number of proteins obtained as hits in pull-
down with the scrambled and insulator-like motif

DNA. Blue: var insulator-like sequence, Red:

scrambled (scr) sequence.

SCr

As reported in our motif analysis study and earlier reports, insulator-like motifs are
present as repeats at the ends of var gene intron. As a result, we reasoned that having
multiple repeats of the insulator-like motif might make pull-down experiments more
effective and aid in the discovery of potential insulator-like protein candidates through
their effective binding to the repeats. We had DNA having a 5’ biotinylated consensus
insulator-like motif and a non-biotinylated DNA element with 3 repeats of the insulator-
like motif. We ligated these DNA elements to get concatenated DNA product having
multiple repeats of motifs and we then carried out a pull-down experiment for the third
time (Fig. 13). With this approach of pull-down, we didn’t get any hit in the mass
spectrometry analysis for both the pull-down with scrambled sequence and insulator-
like motif. We used a low amount of biotin-tagged DNA in this case, and because of
this pull-down might not have worked. Finally, we have the proteins obtained in the

second pull-down as the major interactors of the insulator-like motif.

A) B) ladder After Figure 13: Pull-down

(Biotinylated)

Concat with  concatenated
DNA schematic. A) A

schematic of the

s

| S S S—
S S S— .

Consensus concatenation of

ﬂ Concatenation

biotinylated and non-
biotinylated DNA used

for pull-down

purposes. B) A gel run

of the concatenated
product after the
overnight ligation

reaction.
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3.4. Cloning and generation of transfection lines for the selected proteins of

interest

From the 11 proteins of interest obtained in the in-vitro pull-down approach the ALBA
proteins, PfGBP2, PfISWI and the homolog of PfHMGB2 (PfHMGB1) have already
been studied in P. falciparum and are known to be chromatin-interacting proteins. The
knockouts of PfGBP2 and PfHMGB1 are shown to be affecting the mutually exclusive
expression of var genes indicating their role in the regulatory mechanism. We
reanalyzed the available ChlP-sequencing data for PfGBP2, PfISWI and PIHMGB1.
PfISWI and PfTHMGB1 show enrichment exclusively on the exons of all the var genes.
Though the peak value in IGV for PfGBP2 enrichment is less it shows enrichment
specifically at the intron-exon junction of var genes (Fig. 14). This makes PfGBP2 an
interesting candidate to study further. We concentrated on the 8 proteins (the first 8
proteins in bold in Table 7) to study their role as insulator-like proteins, taking into
account their peptide counts in the mass spectrometry analysis and a review of the
literature on them. Next, we wanted to validate whether these proteins bind to the motif
in the intronic region of var genes in the in-vitro culture-grown P. falciparum parasites.
For this, we decided to overexpress these proteins by cloning the genes of interest in
the plasmid, pDC2-cam-mRFP-2A-GFP-bsd-attP, an overexpression plasmid specific
to P. falciparum. By restriction-digestion cloning, the gene of interest is cloned
downstream to the calmodulin promoter and will have a GFP tag at the C-terminal.
With this GFP-tagged overexpressed protein, we intend to perform ChIP-gPCR to
validate the localization of the protein at the insulator-like sequence in the parasite
genome. Along with this, at the same time, we could monitor the effect of
overexpression of these putative insulator-like proteins on the expression of var genes
using gPCR. We have successfully cloned 6 out of the 8 genes and have transfected
the clones in Plasmodium falciparum 3D7 parasites. Currently, we are monitoring the
transfected culture lines for the appearance of the transfected parasites. Table 8

provides the status of the clones and transfection lines for the 8 proteins of interest.

41



a1 kb

znlu var 30kb var an‘kb ‘ sokh var

o o - o o B ] || ] > - . - o o B ] L Qo B o o
PF307 12002001 PF307_12003001 PF3D7_12005001 PF3D7_1200610
PF3D7 1200100 - - = PF3D7 1200400 : PF3D7 1200600 B
| ol ‘ "I 1. N i
=)
[0-215)

PfGBP2
PfHMGB1
PAISWI

Figure 14: ChIP sequencing analysis for PfGBP2, PfISWI and PfHMGB1. IGV
image showing the occupancy of PfGBP2, PITHMGB1, and PfISWI proteins on the 6

genes of chromosome 12. The three var genes PF3D7_1200100, PF3D7_1

200400

and PF3D7_1200600 are indicated in the image. ChlP-sequencing data adapted from

(Bryant et al., 2020; Gurung et al., 2006; Lu et al., 2013) and reanalyzed.

Gene PCR Cloning | Transfection | Successfully
amplification transfected line
GBP2 Yes Yes Yes No
NABP1 Yes Yes Yes No
NABP2 | Yes Yes Yes No
ALBA1 Yes No No No
ALBAZ2 Yes Yes Yes No
ALBA3 Yes Yes Yes No
ALBA4 Yes Yes Yes No
HMGB2 | No No No No

Table 8: Status of the PCR, cloning and transfection lines of the proteins of interest.
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3.5. PfHP1 and its interactome

In P. falciparum the spread of H3K9me3 modification is restricted only to the telomeric
and subtelomeric regions. PfHP1 a reader of the H3K9me3 modification also occupies
only those regions of the genome. A study in yeast, Schizosaccharomyces pombe
reports that in the absence of HP1 protein swi6, the repressive mark H3K9me2
spreads into the euchromatic regions. This finding led to the conclusion that the swi6
protein serves as an insulator by restricting the spread of H3K9 methylation and
defining the boundaries between euchromatin and heterochromatin by binding to
H3K9me2 (Stunnenberg et al., 2015). In P. falciparum, the analysis of Hi-C data shows
that chromosomes are divided into domain-like structures and the telomeric and intra-
chromosomal var genes show strong interactions with each other (Mcgovern et al.,
2019). The combined analysis of Hi-C data at 18 hr post-invasion stage and ChlP-
sequencing data for PfHP1 at the same stage demonstrates that the boundaries of
chromosome domains are formed at the regions where PfHP1 enrichment boundaries
are present (Fig. 15). Also, the ChIP sequencing analysis for var genes indicates that
the enrichment of activating histone modifications at the intronic regions is associated
with the restriction of PfHP1 enrichment at that region. With these observations, we
thought that in P. falciparum, PfHP1 itself or its association with other interacting
proteins could be mediating the insulator-like activity and demarcating the chromatin
boundaries. For this purpose, we performed immunoprecipitation of the PfHP1 protein
to identify its interactome and find if the homolog of any already known insulator protein
interacts with PfHP1. PfHP1 antibody generated in mice (Work done by Mamatharani
D V) was used for immunoprecipitation and the pre-immune serum was used as a
negative control. Table 9 lists the proteins that were identified as hits in the mass
spectrometry analysis for PfHP1 immunoprecipitation after the protein hits identical in
the negative control were taken out. Heterochromatin protein 1 was obtained as the
top candidate indicating that the immunoprecipitation has worked successfully. The
interesting hit in this immunoprecipitation experiment is high mobility group protein B2
(HMGB2) which is a known chromatin organizer protein in higher eukaryotes and is
also obtained as a hit in the pull-down experiment with the insulator-like motif. HMGB2
could be an interesting candidate to study further in understanding the organization of

chromatin boundaries and var gene expression in Plasmodium falciparum.
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Figure 15: Hi-C and ChIP-sequencing analysis for chromosome 7. The Hi-C
map for chromosome 7 (image adapted from Mcgovern et. al., 2019 and modified)
and the IGV image including the enrichment of H3K9ac, H3K9me3 and PfHP1
protein on chromosome 7 of P. falciparum. In the Hi-C plot, chromosome start to
end is from left to right and from bottom to top. The gradient shown at the right
indicates the contact frequencies. Dashed lines demarcate the boundaries of
PfHP1 occupancy and Hi-C domains.

44



Protein ID Protein Name Peptide
count

PF3D7_1220900 Heterochromatin protein 1 9

PF3D7_1246200 actin | 5

PF3D7_0424600 Plasmodium exported protein 2
(PHISTDb)

PF3D7_1446600 centrin-2 2

PF3D7_0817900 High mobility group protein B2 2
(HMGB2)

PF3D7_0516200 40S ribosomal protein S11 2

PF3D7_0501000 Plasmodium exported protein, 2

unknown function

Table 9: List of the proteins identified as interactors of PfHP1 protein in the

immunoprecipitation experiment.
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4. Discussion

Throughout the last two decades, researchers have been examining the mechanism
underlying the mutually exclusive expression of var genes and var gene switching that
controls the antigenic variation in P. falciparum. Although various components of the
potential regulatory pathways have been validated and several hypotheses have been
proposed, the precise mechanism underlying this phenomenon that supports parasite
survival and infection persistence is yet unknown. In this study, we are focusing on the
insulators, the possible regulators involved in the regulation of mutually exclusive
expression of var genes, a factor that is not completely known. The ChIP-sequencing
analysis reveals the differential enrichment of chromatin modifications at the locations
of insulator-like motifs which enhanced our interest in the study of insulator-like
proteins in P. falciparum. Through in-silico and pull-down experiments, we have
identified the putative candidates which could have insulator-like activity. Currently,
we are validating the role of these candidate proteins. In general, we are casting light
on the potential insulator-like proteins in P. falciparum, which may function in a variety
of other ways in addition to being genome architectural proteins that regulate the

distinctive genome architecture.

According to the analysis of ChIP-sequencing data, activating and repressive
chromatin modifications are differentially enriched at the intron-exon junctions of the
var genes. On that basis, we classified var genes as H3K9ac+ and H3K9ac- var genes.
The H3K9ac+ var genes may be actively transcribed and expressed given the positive
correlation between histone modifications and transcription, however, this raises the
question about the mutually exclusive expression of var genes. Possibly, the var gene
having the highest enrichment of H3K9ac is being highly expressed in the background
of comparatively very low transcription of remaining H3K9ac+ var genes. It's also
possible that previously expressed var genes still contain H3K9ac traces on their
introns, or that var genes with H3K9ac enrichment are clustered together inside the
nucleus and are regulated differently. We will be performing RNA-sequencing of the
same ChlP-sequencing samples and after that, we could get more idea about the
expression of var genes showing differential enrichment of chromatin modifications.
The most intriguing finding is the differential enrichment of histone modifications,
particularly on the region surrounding the insulator-like motifs, which emphasizes the

potential significance of the insulator-like motif in controlling the var gene expression.
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This led to our curiosity about researching potential insulator-like proteins in P.

falciparum.

We used two strategies for determining the potential insulator-like proteins. First, the
in-silico analysis using BLAST and second the pull-down experiment with the
proposed insulator-like motif which we also confirmed through our motif analysis. The
proteins of interest from the in-silico analysis and top candidates in mass spectrometry
followed by pull-down with the insulator-like motif are not common. PfTRZ emerged to
be the major hit through in-silico analysis but was not detected in the pull-down as well
as IP though it showed an enrichment pattern similar to PfHP1 on var genes. Possibly,
because of the presence of the zinc-finger domain, a domain responsible for DNA
binding in the majority of DNA-binding proteins, it is showing homology to most of the
insulator proteins. Based on these results, as of now, we don’t consider PfTRZ as a
possible insulator-like protein. SMC complexes were also not detected in the pull-down
and IP but based on the limited study of these proteins in P. falciparum, we can’t
comment much about their role as insulators. Additionally, based on the in-silico
analysis, we could suggest that the P. falciparum might have a distinct set of insulator-
like proteins compared to the insulator proteins in higher eukaryotes and the hits that

we obtained in pull-down could be the potential insulator-like proteins.

Based on the available literature and the chromatin-binding feature we short-listed the
proteins from the pull-down analysis to study them further from the perspective of
insulator-like activity. According to a breast cancer study, FANCJ-like helicase is a
DNA helicase implicated in the double-strand break repair pathway and interacts with
Replication protein A (Gupta et al., 2007). The protein SIS1 is a crucial Hsp70 co-
chaperone in yeast and resembles the bacterium protein DnaJ (Zhong and Arndt,
1993). The ISWI chromatin remodeling complex ATPase has earlier been studied in
P. falciparum, and the available ChlP-sequencing data reveals occupancy exclusively
on the exon 1 and exon 2 of var genes. Therefore, we were not majorly interested in
these three proteins. G-strand binding protein 2 (PfGBP2), is a G-quadruplexes (G4s)
binding protein in P. falciparum. G4s are enriched at the telomeric, subtelomeric and
5’ upstream regions of var genes (Gurung et al., 2006). Also, the knockout of PfGBP2
protein in P. falciparum has been demonstrated to affect the expression of var genes
making it interesting to study this protein. We obtained all the ALBA family proteins as
hits in the pull-down. ALBA family proteins, PfALBA1, PfALBA2, PfALBA3 and
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PfALBA4 are the DNA/RNA binding proteins and are known to bind the telomeres as
well as the regulatory regions of var genes (Chéne et al., 2012; Vembar et al., 2015).
Also, some of the PfALBAs are found to be associated with epigenetic modifiers.
PfALBA3 interacts with the histone deacetylase PfSir2A and PfSet10, a
methyltransferase while PFALBA4 is associated with the bromodomain protein PBDP1
(Goyal et al., 2012; Josling et al., 2015). This enhances the chances that all the ALBA
proteins and their crosstalk with epigenetic modifiers might have significance in the
regulation of var gene expression through the deposition of required chromatin
modifications. The homolog of the high mobility group protein B2 (PfHMGB2),
PfHMGB1 is shown to be an architectural protein involved in genome organization in
P. falciparum while in other organisms, HMGB homologs are known to be regulating
the chromosome structure and gene expression through specific TAD formation (Lu
et al., 2021; Voong et al., 2021). The top hits are the two putative nucleic-acid binding
proteins, PF3D7_ 1132300 and PF3D7_0709500. The BLAST search for both proteins
against the proteome of Drosophila melanogaster, humans and mouse (Mus
musculus) gave no hit. The InterPro analysis to identify the putative domains in the
proteins suggested that broadly proteins belong to the nucleic acid binding protein
superfamily while the PF3D7_1132300 has the presence of replication protein-A
related domain. In Arabidopsis, a replication protein A2, putative is shown be involved
in the silencing of the genes via epigenetic regulation (Xia et al., 2006). All these
interesting observations and previous studies focusing on the homologs or the proteins

obtained as hits make it interesting to decipher the role of these proteins further.

It is important to note that we got PFHMGB2 as an overlapping hit in both the pull-down
with the insulator-like motif and the immunoprecipitation of PfHP1, increasing the
confidence to investigate the function of this protein since it has not been studied
previously in P. falciparum. To increase our confidence in the outcomes and the
identification of PfHP1 interactors, we intend to carry out immunoprecipitation with
antibody cross-linking and are also working to improve our immunoprecipitation

methodology.

Currently, in this project, we are at the stage of generating stably transfected
overexpression cell lines for the selected 8 proteins. In P. falciparum, transfection
involves the electroporation of iRBCs and the efficiency of transfection is low which

requires multiple rounds of transfection to establish the stably transfected line. Also,
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for successful transfection the plasmid DNA needs to cross four major barriers, the
RBC plasma membrane, the parasitophorous vacuole membrane of the parasite, the
parasite plasma membrane and the nuclear membrane which could significantly
decrease the efficiency of transfection. We are doing multiple transfections rounds for
all the proteins so that we could get the transfected lines as early as possible and

proceed with the planned experiments.

Through the overexpression of these proteins and the validation of their localization at
the insulator-like motif, we will narrow down further to short-list the protein candidates
which specifically bind to the motif and influence the expression of var genes. ChlP-
sequencing with anti-GFP antibody for the parasite lines, overexpressing putative
insulator-like proteins will provide information about the other genomic regions where
the protein specifically binds and could control genome organization and transcription
of the genes. After these preliminary confirmations, we could also knock out the
possible insulator-like proteins and discern the effect on the mutually exclusive
expression of var genes and the histone modification profile on the var genes. In the
future, we are also interested in performing chromatin conformation capture (3C/Hi-C)
experiments to investigate the loop formation at the intronic region of the var genes.
Future experiments incorporating the aspects of antisense transcription, insulator
proteins, epigenetic modifications and genome organization studies will help to work
on the hypothesis that we have put forth and will contribute to revealing the unknown

facets of the mutually exclusive expression of var genes.
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