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1 SUMMARY 
The complex life cycle of the malaria parasite Plasmodium falciparum (Pf) with its multifaceted 
morphological stages is accompanied by a high transcriptional variation. The orchestrated 
gene expression program is only explained in part by stage-specific transcription factors like 
the ApiAP2 family, as these factors are strongly under-represented in Pf. Global and local 
changes in chromatin structure during life cycle progression suggest the contribution of 
epigenetic mechanisms as a critical mechanism for fine-tuning gene regulation during malaria 
parasite development. The organization of genomic DNA in chromatin, which is relatively 
conserved across eukaryotes, exhibits remarkable differences in Pf, likely to accommodate 
the highly A/T-rich genome with > 90 % AT content in non-coding regions.  
Chromatin remodeling enzymes (CREs) – responsible for re-positioning and eviction of 
nucleosomes at specific loci – are strongly reduced in number and highly divergent 
comparing Pf to other eukaryotes. We characterized the function of PfSnf2L 
(PF3D7_1104200), an ISWI-related CRE, by combining in vitro approaches, conditional 
knockout studies in vivo and specific drug targeting. We found PfSnf2L to be essential for 
parasite development in blood stages and to globally control just-in-time transcription 
regulation. Analyzing the enzymatic activity and its autoregulatory mechanism in vitro 

revealed qualitative and quantitative differences to known ISWI enzymes. In vivo mapping of 
the chromatin landscape showed that PfSnf2L shapes the promoter architecture of stage-
specific genes through its nucleosome remodeling activity, thereby regulating the timing of 
gene activation and repression. The unique properties of the Plasmodium Snf2L allowed us 
to set up a customized drug screen specifically targeting the activity of the remodeling 
enzyme. The screen identified a potent inhibitor that specifically kills the parasite, 
phenocopies gene expression defects of PfSnf2L-KO, and inhibits the formation of sexual 
stages. 
The findings of this study provide new insights in the complex epigenetic gene regulation of 
the parasite and highlight the crucial role of PfSnf2L - and CREs in general - in shaping and 
maintaining the unique nucleosomal landscape in Plasmodium falciparum. Furthermore, with 
their functional divergence, plasmodial CREs represent a potential target for new antimalarial 
drugs that will be required in view of emerging resistant parasite strains.  
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2 INTRODUCTION  
This section contains verbatim and analogous quotations from a review I published 

during the preparation of this work. Content from Watzlowik et al. 2021 (see 

Appendix) has been shortened in some parts or supplemented with new findings. 

Direct and indirect citations are not marked as such; only primary references are 

cited. This is limited to the introduction section.  

2.1 Plasmodium falciparum – a parasite with many faces 

Plasmodium falciparum, a unicellular eukaryotic parasite, causes the most severe and deadly 
form of the human disease malaria. In 2021, 247 million people were infected with malaria 
and about 619 000 died as a consequence, mostly children under the age of five (World 
Health Organization, 2022). Malaria remains a major threat to humans, and the situation may 
worsen as parasites increasingly develop resistance to the frontline choice of treatment, the 
Artimisinin-based combinational therapy, just as resistance to other effective drugs has 
emerged (Haldar et al., 2018). An urgent need for new antimalarial drugs is evident, but this 
requires a better understanding of the physiological, biochemical and pathological 
mechanisms of the parasite.  
The parasite P. falciparum is characterized by a complex life cycle, which includes two 
different hosts, sexual and asexual reproduction as well as the invasion of various cell types 
(Lucius et al., 2017; Sato, 2021) (Figure 2-1). The infection of humans - the intermediate host 
- begins with the bite of an Anopheles mosquito, whereby Pf sporozoites are transmitted into 
the human bloodstream. The infective sporozoites are transported to the liver, where they 
invade hepatocytes and undergo one cycle of asexual reproduction (Prudêncio et al., 2006). 
After accomplishing the so-called exoerythrocytic schizogony, the parasites release up to 36 
merozoites, haploid daughter cells, into the bloodstream. The invasion of erythrocytes 
initiates the intra-erythrocytic developmental cycle, in which the parasites develop from ring 
stage to trophozoite stage before undergoing multiple rounds of replication to schizonts 
(Arnot et al., 2011; Cowman and Crabb, 2006). With rupture of the red blood cells (RBCs), 
merozoites are released and able to infect new erythrocytes completing the asexual 
reproduction cycle of approximately 48 h. This cyclical process causes the typical malaria 
symptoms of fever, with relapses occurring at two-day intervals or more irregularly in P. 

falciparum infection (Trampuz et al., 2003). During this phase, one of 60 virulence factors 
encoded by var genes is mutually exclusively expressed and exported to the RBC surface for 
adhesive interaction with the host. Regular switching of var gene generates antigenic 
variation to evade host cell immune response (Scherf et al., 2008). Within the intra-
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erythrocytic cycle, a small proportion of parasites (<10 %) differentiate into male micro- and 
female macro-gametocytes (Josling and Llinás, 2015). For transmission, these sexual 
erythrocytic parasites are taken up by a mosquito, where further maturation occurs in the 
midgut. After fusion of micro- and macrogametes to form a diploid zygote, it develops into 
an oocyst, from which numerous sporozoites emerge in the epithelial cells. Migration into the 
salivary glands and further maturation allows infection of new host organisms (Aly et al., 
2009). 

 
Figure 2-1: Schematic illustration of the Plasmodium falciparum life cycle (Maier et al., 2019). 

This versatile multi-stage life cycle is tightly regulated, with defined sets of proteins being 
concertedly expressed in specific phases of the life cycle. The underlying regulatory 
mechanisms of this highly orchestrated gene expression program in Plasmodium falciparum 

are poorly understood. As a common principle in eukaryotes, gene regulation occurs at many 
levels, starting with the control of DNA accessibility within chromatin, followed by 
transcriptional control, post-transcriptional regulation, translational control, protein stability 
and activity and additional mechanisms (Reece and Campbell, 2011). 

2.2 Plasmodium chromatin – a special case 

2.2.1 A genome architecture AT the extreme 

The Plasmodium falciparum (Pf) genome, sequenced in 2002 (Gardner et al., 2002), consists 
of 23.3 million base pairs, organized in 14 chromosomes, plus 6 kb of mitochondrial and 
34 kb of apicoplast DNA located in the respective extranuclear organelles (Böhme et al., 
2019). The parasite features one of the most AT-rich genomes among eukaryotes with an 
overall AT-content of 80.7 % and up to 95 % within intergenic regions and introns (Su et al., 
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2019). This comes along with numerous regions of low complexity, simple sequence repeats 
and a skewed codon usage bias. Transcriptome-wide studies have shown that ~85 % of all 
5400 genes are transcribed at detectable levels in asexual blood stages (Bunnik et al., 2013; 
Le Roch et al., 2003; Otto et al., 2010). Most of them (> 75 %) reach high mRNA abundance 
at only one time‐point in their 48-hour life cycle creating a cyclic pattern that requires a 
complex regulatory network (Alvarez et al., 2021; Bozdech et al., 2003). 
In general, the Pf genome exhibits typical eukaryotic features, with genes consisting of exons 
and introns separated by intergenic regions. However, gene architecture clearly differs in 
some respect from other unicellular eukaryotes (Table 2-1). Yeast, for example, has a 
comparable number of genes encoded in a genome half the size. Most features, such as 
mean gene length, mean exon length, intergenic regions and 5’ untranslated regions (5’UTR) 
are unusually long in Pf and a remarkable large proportion of genes larger than 4000 bp are 
found (Francis and Wörheide, 2017; Gardner et al., 2002). Exon and 5'UTR length are 
exceptional even in comparison with higher eukaryotes such as human cells. This correlates 
with large low-complexity regions encoding putatively unstructured protein domains.  
As in other eukaryotes, Pf genes exhibit the characteristic bipartite structure of cis-regulatory 
regions with enhancer elements and basal promoters required for the recruitment of RNA 
polymerase II to the transcription start site (TSS) (reviewed in (Horrocks et al., 2009; Toenhake 
and Bártfai, 2019)). Most primary TSSs are relatively distant from the first exon and generate 
long 5’UTRs, but the majority of genes were shown to have multiple clusters of TSSs 
generating alternative mRNA 5’ ends (Adjalley et al., 2016; Pesole, 2002; Shaw et al., 2022; 
Watanabe et al., 2002). Thus, genome-wide mapping of TSSs revealed highly diverse sets of 
start sites, that are far more variable than those of human or yeast genes (Carninci et al., 
2006; Lu and Lin, 2019). While the complexity in human gene expression is highly dependent 
on splicing-related regulation, the variability of Pf gene expression is more controlled by 
transcriptional control (Ast, 2004; Yeoh et al., 2019).  
 

Table 2-1: Comparison of gene architecture in Homo sapiens (Hs) / Saccharomyces cerevisiae (Sc) / 
Plasmodium falciparum (Pf). Remarkable differences in Pf pointing towards transcriptional gene regulation are 
highlighted bold. 

 %AT Mean length (bp) of … # % of genes with... 

 genome gene 5’UTR exon intron inter-
genic TFs multiple 

TSSs introns altern. 
splicing 

Sc 62 % 1400 150 200-300 ~100 500 170 56 % 5 % <1% 

Pf 81 % 2300 346 949 180 1700 73 92 % 54 % <5% 

Hs 59 % 12000 150 200-300 <200  >1500 58 % 99 % ~50% 
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Packaging of the promoter DNA into nucleosomes and changes in nucleosome positioning 
and histone composition have been shown to affect gene activity (Bártfai et al., 2010; 
Horrocks and Lanzer, 1999; Kensche et al., 2016). Using in silico approaches, very few 
putative cis-regulatory motifs could be predicted, but these few are overrepresented in the 
upstream region of genes and do not share sequence similarity with those of other eukaryotic 
organisms (Iengar and Joshi, 2009; Wu et al., 2008; Young et al., 2008). Recent studies 
showed that the majority of the plasmodial genome is organized in regulatory units containing 
multiple genes and multiple regulatory elements with coordinated activity, rather than a one-
on-one allocation of cis-regulatory elements to their neighboring genes (Wang et al., 2020). 

2.2.2 The trans-acting factors – is that all there is? 

The principle of gene expression regulation is based on the binding of specific transcription 
factors (TFs) to cis-regulatory motifs. Surprisingly, only 73 TFs were identified in Pf for more 
than 5000 genes, far below the numbers in yeast and human cells (Bischoff and Vaquero, 
2010; Hahn and Young, 2011; Zhang et al., 2012). In addition, most of the major families of 
eukaryotic TFs such as homeodomains, basic leucine zippers, GATA fingers, nuclear 
hormone receptors and FKH domains could not be identified by homology search (Lambert 
et al., 2018). Apart from some low-conserved general transcription factors, helix-turn-helix 
proteins and C2H2-type zinc fingers, Pf possess only a few sequence-specific factors 
(Bischoff and Vaquero, 2010). 27 ApiAP2 proteins belong to an Apicomplexan-specific TF 
family that is proposed to be the main regulator of transcription in the parasite life cycle (Balaji 
et al., 2005; Coulson et al., 2004; Toenhake and Bártfai, 2019). Most ApiAP2 proteins have 
been shown to exhibit sequence-specific DNA binding, with some of them driving 
transcriptional regulation of stage-specific genes, such as invasion genes (AP2-I), 
gametocyte genes (AP2-G), or liver-stage genes (AP2-L) (Campbell et al., 2010; Iwanaga et 
al., 2012; Jeninga et al., 2019; Kafsack et al., 2014; Modrzynska et al., 2017; Santos et al., 
2017). Still the question remains, how such a small number of factors is sufficient to 
coordinate the complex gene expression profile of more than 5000 genes, even if they act in 
a combinatorial fashion or with additional interacting proteins (Levo and Segal, 2014; 
Modrzynska et al., 2017; Russell et al., 2014; Santos et al., 2017; Vannoort and Huynen, 
2006).  
The interplay between cis-acting elements and trans-acting factors is strongly influenced by 
the packaging of the genomic DNA into chromatin. Nucleosome positioning and dynamics 
control the accessibility of the regulatory DNA elements for the trans-acting factors, as 
histones would mask the binding sites and inhibit DNA sequence recognition. Therefore, 
nucleosome positioning plays an essential role and well-defined chromatin architectures can 
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be observed at regulatory regions. Pf chromatin structure analysis is still in its infancy, but 
first genome-wide profiling studies using MNase-Seq or ATAC-Seq addressed this question 
and indicate an organized system (Kensche et al., 2016; Toenhake et al., 2018). However, the 
detailed relationship between promoter architecture and transcription factor binding remains 
to be elucidated. Chromatin dynamics and nucleosome positioning may be a consequence 
of transcription factor binding or represent a preceding event regulated by chromatin 
remodeling enzymes that determine DNA accessibility. 

2.2.3 Plasmodium nucleosomes – the same and yet different 

Nucleosomes are the basic packaging unit of chromatin, consisting of a histone octamer 
associated with 147 base pairs of DNA wrapped around the proteins in 1.65 turns (Figure 
2-2A). The octamer typically consists of the four canonical histones H2A, H2B, H3 and H4, 
which are - due to their central function in DNA packaging - highly conserved in sequence 
throughout eukaryotic evolution (Baxevanis and Landsman, 1998). However, the Pf histones 
show exceptionally high divergence with sequence identities of only 68 %, 58 %, 93 % and 
91 % between human and Pf H2A, H2B, H3 and H4 respectively (Figure 2-2B). The fifth 
histone H1, usually linking nucleosomes and promoting higher order structure, is not present 
in Pf (Gardner et al., 2002).  
In accordance with the diverging sequence of histones, plasmodial nucleosomes exhibit 
distinct biochemical properties when compared to human nucleosomes. Wrapping of DNA 
around a histone octamer requires bending of the relatively rigid molecule, which is 
determined by the sequence composition, as GC and AT base pairs do not have the same 
size and geometry. Repetition of certain motifs can induce a directed DNA curvature, that 
mimics the folding around the histone octamer, requiring less bending energy for nucleosome 
formation and thus, representing preferential binding sites for nucleosomes (Widom, 2001). 
It is a general eukaryotic principle that the genome sequence encodes a basic chromatin 
architecture in which the sequence of base pairs favors nucleosome positioning and 
occupancy at specific sites (Linzweiler and Horz, 1985; Mengeritsky and Trifonov, 1983; 
Segal et al., 2006). However, the AT-rich plasmodial genome sequence, especially in the 
regulatory regions, creates a very different basis for chromatin structure, and Pf histones also 
show deviating affinities when forming nucleosomes. Pf nucleosomes have an overall 
reduced nucleosome stability with a weaker binding of H2A and H2B. An attenuated histone-
DNA interaction increases the mobility of nucleosomes on DNA and they have intriguingly 
lost the capability of sequence-dependent nucleosome positioning (Silberhorn et al., 2016). 
In silico modeling and cryo-EM structures of Pf nucleosome suggest an overall similar 
nucleosome core structure with some divergent amino acids in the histone-DNA interacting 



INTRODUCTION 

12 

 
Figure 2-2: Divergent structure of Pf nucleosomes. A. Human nucleosome core particle structure with histones 
and DNA depicted in space filling representations and colored as indicated (McGinty and Tan, 2015). B. Sequence 
identity of Hs/Dm/Sc/Pf canonical histones. C. Structural divergence between P. falciparum and Xenopus laevis 
canonical nucleosome (G. Längst, manuscript in preparation).  

regions and remarkable variation in the flexible histone tail regions (Silberhorn et al. 2016, 
manuscript in preparation) (Figure 2-2C). The contribution of histone tails to nucleosome 
positioning is widely acknowledged. However, the altered nucleosome properties in Pf don’t 
represent an adaption to the AT-rich plasmodial genome. In vivo analysis revealed a 
significant number of positioned nucleosomes, mainly located at regulatory regions, raising 
the question of the mechanisms being responsible for nucleosome positioning in vivo, 
although the Pf histone octamer does not recognize the underlying sequence code. 
In addition to canonical histones, eukaryotes express histone variants throughout the cell 
cycle, that differ in amino acid sequence (Martire and Banaszynski, 2020). Sequence variation 
occurs predominantly in the (N-)terminal histone tails and leads to novel and different sites 
of post-translational modifications, potentially affecting their function and interaction with 
chromatin modifying enzymes (Miao et al., 2006). Among eukaryotic species, different sets 
of variant histones are prevalent, with some ubiquitous variants having specialized functions 
in DNA repair (H2A.X), transcription activation (H2A.Z), kinetochore formation (CenH3) and 
transcription in general (H3.3) (Kamakaka, 2005). In P. falciparum, a homologue of the 
universally present H2A.Z has been identified, but no H2A.X. Surprisingly, Apicomplexa 
additionally express an unusual H2B variant histone, termed H2B.Z, the function of which is 
still unclear. Genome-wide profiling revealed similar binding sites of PfH2A.Z and PfH2B.Z 
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and co-immunoprecipitation experiments confirmed the existence of nucleosomes 
containing both, H2A.Z and H2B.Z in the same octamer (Hoeijmakers et al., 2013; Petter et 
al., 2013). This observation is shared with studies in other Apicomplexa, including 
Toxoplasma gondii, indicating a role in the regulation of gene expression (reviewed in 
(Vanagas et al., 2019)). Histones H3.3 and CenH3, the two universal variants replacing histone 
H3, are present in P. falciparum, although they have not been characterized in detail. The 
relatively divergent histone H3.3 (eight amino acid substitutions compared to canonical H3) 
is proposed to preferentially bind GC-rich repetitive regions, independent of transcriptional 
activity , potentially contributing to the regulation of var gene expression and immune evasion 
(Fraschka et al., 2016). The second H3 variant, CenH3, is enriched at AT-rich sequences of 
the centromere and is implicated in chromosome segregation (Fraschka et al., 2016; 
Hoeijmakers et al., 2012). 
All histones are furthermore targets for post-translational modifications (PTMs), mainly 
involving acetylation, methylation, and phosphorylation of the histone amino termini, which 
alter histone properties and their interactions with DNA and chromatin proteins, thereby 
affecting the functionality of the underlying DNA. The combinatorial nature and functional 
impact of these epigenetic modifications is defined as the “histones code” amplifying the 
information content and plasticity of chromatin with respect to the regulation of all DNA-
dependent processes (Ay et al., 2015; Jenuwein, 2001). Again, P. falciparum exhibits striking 
differences to other eukaryotes with an unusually large proportion of constitutively acetylated 
histones and the high number of 500 identified PTMs, including several novel modifications 
specific to Plasmodium or Apicomplexa (Ay et al., 2015; Salcedo-Amaya et al., 2009; Saraf 
et al., 2016). A recent study showed, that some universal eukaryotic PTMs, initially proposed 
to be absent in P. falciparum, are tightly regulated and their presence is restricted to specific 
life cycle stages (Coetzee et al., 2017; Jeninga et al., 2023). The presence of some dynamic 
PTMs that peak at particular stages, such as H3K4 and H3K27 modifications, highlights their 
contribution to gene expression regulation throughout stage development (Ay et al., 2015; 
Coetzee et al., 2017; Read et al., 2019). 

2.2.4 Nucleosomes positioning – should I stay, or should I go? 

Definitions acc to. (Segal and Widom, 2009):  
 Nucleosome occupancy: probability of a base pair to be covered by a nucleosome. 
 Nucleosome positioning: probability of a base pair to serve as nucleosome start, dyad  
 or end. 
The reduced stability and loss of sequence-dependent positioning of plasmodial 
nucleosomes in vitro is reflected by the genome-wide analysis of chromatin structure in vivo. 
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In Pf, large genomic regions lack positioned nucleosomes or even appear to lack histone 
octamers on DNA at all. Several studies have addressed the in P. falciparum, using 
Sonication-ChIP, MNase-ChIP, MNase-Seq and other methods such as ATAC-Seq and 
FAIRE to detect nucleosome-free regions (NFRs) (Bunnik et al., 2014; Kensche et al., 2016; 
Ponts et al., 2011, 2010; Ruiz et al., 2018; Toenhake et al., 2018; Westenberger et al., 2009). 
In summary, these studies show higher nucleosome density in heterochromatin, but 
contradicting experimental results have been obtained regarding the nucleosome occupancy 
in genic or intergenic regions. Considering only studies with partial MNase digestion 
conditions that avoid over-digestion of less stable nucleosomes suggests a rather genome-
wide organized nucleosomal landscape, that might require more careful digestion due to low 
nucleosome stability (Chereji et al., 2016; Kensche et al., 2016; Schwartz et al., 2019). 
Intriguingly, the transcription unit of a typical gene in P. falciparum is framed by positioned 
nucleosomes upstream and downstream of the coding region resulting in the covering of 
regulatory regions and functional elements in the genome by positioned nucleosomes. A 
positioned +1 nucleosome can be mapped directly at the TSS next to an upstream NFR of 
variable size and a detectable -1 nucleosome further upstream. This is a common pattern in 
eukaryotes, albeit the clarity and effectiveness of nucleosome positioning at these sites 
appear to be relaxed. The width of the NFR varies between individual Pf promoters with larger 
NFRs tending to be associated with higher transcription levels. Positioned nucleosomes can 
also be detected at start and stop codons, as well as at exon-intron-boundaries. These 
observations suggest that nucleosome positions somehow highlight transcriptionally relevant 
landmarks, but positioning is less stringent and more fuzzy, when compared to other 
eukaryotes.  
Comparative analysis of nucleosome positioning dynamics at different life cycle stages 
shows that most nucleosomes in the transcription unit are static and non-dynamic, indicating 
no gross changes in chromatin structure with variable gene expression. However, upstream 
promoter regions show significant changes in nucleosome occupancy levels during the life 
cycle, correlating with changes in gene transcription. With increasing transcriptional activity, 
NDRs appear, that may be related to the formation of the RNA polymerase II initiation 
complexes. Accordingly, gene repression correlates with a dynamic increase of nucleosome 
levels inhibiting transcription initiation (Bunnik et al., 2014; Kensche et al., 2016; Ponts et al., 
2011). The data suggest local changes in nucleosome occupancy around specific DNA motifs 
within these 5’ intergenic regions being indicative of transcription factor binding, whereas 
global chromatin structure remains unaltered throughout the life cycle (Kensche et al., 2016).  
Studies mapping the genomic localization of nucleosomes containing the histone variants 
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H2A.Z and H2B.Z identified them in the intergenic regions of euchromatin domains, 
particularly enriched at gene promoters (Bártfai et al., 2010; Hoeijmakers et al., 2013; Petter 
et al., 2013; Vanagas et al., 2019). The levels of variant nucleosome do not change over the 
life cycle, suggesting that they permanently mark promoters and regulatory regions with var 
genes as an exception (Petter et al., 2013). Moreover, the histone variant PfH3.3 is 
preferentially located at euchromatic coding and subtelomeric repetitive sequences unrelated 
to transcription, whereas in other eukaryotes H3.3 is incorporated at sites of active 
transcription (Mito et al., 2005). Interestingly, PfH3.3 incorporation was also found at 
promoters of poised and active (but not inactive) var genes pointing to its putative 
contribution to epigenetic memory in var gene expression (Fraschka et al., 2016). 
Not only the distribution of histone variants, but the occupancy and positioning of Pf 
nucleosomes in general do not quite follow known eukaryotic principles. As the erythrocyte 
life cycle progresses, major global changes in nucleosome occupancy have been reported, 
which is also unique to Plasmodium falciparum (Ay et al., 2014; Bunnik et al., 2014; Ponts et 
al., 2010). The highly divergent underlying determinants – DNA and histone properties – 
appear to shape a very different chromatin landscape in Pf, and potential novel mechanisms 
may have evolved to enable the tightly regulated gene expression program in the parasite.   
Nuclear organization is proposed to be another epigenetic layer contributing to gene 
expression regulation using mechanisms such as rearrangement of chromosomes, locus 
repositioning and heterochromatic silencing (Abel and Le Roch, 2019). Various studies have 
attempted to unveil the three-dimensional nuclear organization of Plasmodium falciparum 
using chromosome conformation capture techniques (reviewed in (Abel and Le Roch, 2019; 
Hollin et al., 2020)). Characteristic for P. falciparum is the absence of chromosome territories 
which supports the presence of a relatively accessible chromatin structure. Although 
clustering could be demonstrated for certain genomic domains, such as heterochromatin 
foci, telomeres and ribosomal DNA, no pronounced chromosome condensation comparable 
to other eukaryotes was observed (Rowley and Corces, 2016).  

2.3 Epigenetic regulation of Plasmodium transcriptional activity 

As described in previous sections, gene transcription is impacted by a combination of 
epigenetic features shaping the chromatin landscape: The main determinants are the 
variations of nucleosome occupancy and nucleosome positioning at specific DNA elements, 
histone variants, in addition to the dynamic histone PTMs as well as higher order chromatin 
structures. Finally, the driving force is the accessibility of promoters and enhancers within 
chromatin – implemented by correct nucleosome positioning – for transcription factor binding 
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and initiation complex formation (Zhu et al., 2018). Genome-wide MNase-Seq (Kensche et 
al., 2016) and ATAC-Seq data (Toenhake et al., 2018) confirm this principle in P. falciparum: 
The majority of dynamic nucleosomes, as well as the most accessible regions, were found to 
be located in promoter regions and correlate with the transcriptional activity of the 
downstream gene.  
For some genes with high transcriptional variation, the epigenetic mechanisms have been 
studied in more detail, such as invasion genes or var genes (reviewed in (Abel and Le Roch, 
2019)). Sexual commitment is also known to be regulated by the epigenetic cascade, starting 
with Ap2-G expression being repressed by HP1, which is evicted upon association of 
gametocyte development 1 (GDV1) with heterochromatin, and GDV1 itself controlled by the 
gdv1 antisense RNA (Brancucci et al., 2014; Filarsky et al., 2018; Kafsack et al., 2014; Sinha 
et al., 2014). The aspect of concomitant nucleosome occupancy and positioning has been 
hardly taken into consideration describing these epigenetic mechanisms, but it determines 
any interactions with the underlying DNA locus and certainly contributes. The importance of 
nucleosome occupancy was highlighted in a machine learning model, where the relevance 
of individual epigenetic features in relation to the entirety of transcription regulation was 
assessed (Read et al., 2019): A collection of genomic and epigenomic datasets including 
information on transcription factor binding motifs, patterns of covalent histone modifications, 
nucleosome occupancy, GC content and global 3D genome architecture were analyzed for 
their prevalence in high/low-expression genes. This kind of comparative analysis emphasizes 
the relevance of histone modifications, nucleosome occupancy and 3D chromatin 
architecture and suggest transcription factor binding to be less important for transcription 
regulation.  

2.4 Chromatin remodeling enzymes  

All DNA-dependent processes require dynamic changes of chromatin organization to exert 
their DNA specific activities. For this, eukaryotic cells have evolved numerous enzymes that 
change the organization of DNA packaging (Narlikar et al., 2002). CREs alter chromatin 
structure by moving nucleosomes, while chromatin modifiers leave their chemical marks on 
chromatin to alter the physicochemical properties of the chromatin fiber, or to target 
protein/RNA complexes to specific genomic loci. The high variability of global and local 
chromatin packaging states and the numerous chromatin modifications associated with 
different functional processes, demonstrate the superordinate role of chromatin proteins in 
eukaryotic cells.  
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2.4.1 Diversity of chromatin remodeling enzymes 

CREs and the large multiprotein complexes they form exert a direct ATP-dependent effect 
on nucleosomes. The enzymes alter histone-DNA interactions, resulting in eviction, exchange 
and assembly of individual histones or histone octamers, changing the structure and stability 
of nucleosomes, or the movement of histone octamers on DNA to re-position nucleosomes 
(Figure 2-3A, reviewed in (Bartholomew, 2014a; Becker and Workman, 2013)). To disrupt the 
highly stable interaction between histones and DNA, these enzymes couple their activity to 
ATP hydrolysis. All CREs share a highly conserved ATPase module, which is split into a 
Snf2_N and a Helicase C domain, separated by a P-loop. The enzymes generally contain 
several additional protein domains, that determine specificity in substrate recognition and 
interaction with other proteins or RNA to form a variety of protein complexes (Erdel et al., 
2011).  

 
Figure 2-3: Diversity in function and composition of chromatin remodeling complexes. A. Schematic 
representation of CRE functions, adapted from (Zhong, Kanagaratham, and Radzioch 2013). B. Identified ISWI-
containing complexes in yeast and mammalian cells. 

The essential molecular function of this family of enzyme is to move of nucleosomes in order 
to provide or restrict access to certain DNA regions. However, the exact regulatory 
mechanisms of this process – in terms of which nucleosomes are recognized to be moved 
and what the target position is – are not completely uncovered. There is some evidence that 
“high affinity” and “low affinity” nucleosomes represent a putative mechanism or at least an 
aspect of defining reaction educts and products (Rippe et al., 2007). Thereby, multiple factors 
such as the recognition of DNA sequences and structures, nucleosome composition and 
histone PTMs play a crucial role. The specificity of remodeling machines also depends on 
the central motor protein as well as the composition of all the associated complex subunits, 
dramatically altering the responsiveness to various substrates and recruitment mechanisms 

(Bartholomew, 2014a; Becker and Workman, 2013). In human and mouse cells, it has been 
estimated that over 1000 different chromatin remodeling complexes with distinct functions 
may exist. Their cell type-specific combination and dosage is likely to determine the cell type-
specific chromatin architecture, the gene expression network and the responsiveness to 
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specific signaling pathways in the cell (Bartholomew, 2014a; Becker and Workman, 2013; 
Clapier et al., 2017; Narlikar et al., 2013; Rippe et al., 2007). As an example, Imitation-SWI 
(ISWI) proteins can form three complexes with different subunits in yeast, while even more 
conserved complexes such as NoRC, NURF and ACF have been identified in mammalian 
cells (Figure 2-3B). HsSnf2H has been purified in 18 different multiprotein complexes 
emphasizing the complexity of the “remodeling code” (Oppikofer et al., 2017). 
The functionally distinct subfamilies of SWI2/SNF2 ATPases are grouped by the homology of 
the helicase region (indicated by coloring in Figure 2-4) (Flaus, 2006). Starting with the Snf2-
like group, the ISWI subfamily is mainly responsible for nucleosome re-positioning, playing a 
role in nucleosome stabilization and higher order structure (Corona et al., 2007; Strohner et 
al., 2005). In contrast, Snf2 enzymes have a more disruptive effect on nucleosomes and Lsh 
proteins are associated with transcription silencing in cooperation with methyltransferases 
(Dechassa et al., 2010; Myant and Stancheva, 2008; Ren et al., 2015). Chd proteins, 
comprising the Chd1, Mi-2 and Chd7 subfamily, possess specific nucleosome remodeling 
activities and are characterized by their additional chromodomain being involved in 
processes such as nucleosome spacing during chromatin assembly  (Ocampo et al., 2016; 
Pointner et al., 2012), or acting as regulators of gene expression in functionally distinct 
complexes (Bowen et al., 2004; Hoffmeister et al., 2017). The principal functions of the Swr1- 

 
Figure 2-4: Evolutionary and phylogenetic development of SWI2/SNF2 ATPases with triangles grouping 
together multiple subfamilies and their conserved domain architecture illustrated. Grouping of subfamilies and 
their names according to Flaus et al. 2006 are indicated by coloring and circles represent numbers of prevalent 
proteins for P. falciparum, S. cerevisiae and H. sapiens (Iyer et al., 2008; Watzlowik et al., 2021). Domain names: 
Ch=Chromo, R=RING, HSA=helicase/SANT-associated. 
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like group – identifiable by the split helicase domain and the HSA domain – include histone 
eviction and variant exchange (Morrison and Shen, 2009). Rad54-like proteins appear to alter 
DNA topology and alter nucleosomal accessibility (Heyer et al., 2006), while Rad5/16 is 
involved in DNA repair pathways via its characteristic RING finger domain (Unk et al., 2010). 
The SSO1652-like family does not directly alter nucleosome structure, but is proposed to 
interact with transcription factors and is recruited to DNA lesions (Svejstrup, 2003). Finally, a 
function for the distant group has not yet been determined.  

2.4.2 ISWI-type remodeling enzymes 

The ISWI subfamily with its essential function in every eukaryotic cell and its characteristic 
domain architecture is relatively well studied. ISWI enzymes contain the typical ATPase 
domain consisting of two parts, the DEXDc domain and the HELICc domain, which are 
responsible for nucleotide binding and hydrolysis (Figure 2-5). The ATPase domain has been 
shown to associate independently with DNA and nucleosomes and is sufficient for DNA 
translocation (Mueller-Planitz et al., 2013). In addition, three other domains in the C-terminal 
region are characteristic for ISWI-type proteins forming the HSS module: The HAND domain, 
whose four helices form an open hand-like structure, the SANT domain, named after four 
proteins (SWI3, ADA2, N-CoR and TFIIIB) that contain this domain, and the SLIDE (SANT-
like) domain. The combined HSS module is required for the recognition of nucleosomes and 
extra-nucleosomal DNA, thus increasing the affinity and specificity of the ISWI remodeler 
(Clapier et al., 2001; Längst and Manelyte, 2015). By releasing the flanking DNA in a 
nucleotide-dependent manner, the HSS module undergoes major conformational changes, 
allowing to measure the linker length in order to even out the spacing of nucleosomes 
(Leonard and Narlikar, 2015; Lieleg et al., 2015). The detailed role of the three individual 
domains in CREs, however, is not fully understood (Dang and Bartholomew, 2007; Grüne et 
al., 2003; Harrer et al., 2018).  
Two small domains flanking the ATPase domain, the N-terminal region (NTR) and the NegC 
domain, fulfill autoregulatory functions. The NTR consists of the motifs ppHSA, AThook, 
AutoN and AcidicN, and has been shown to inhibit ATPase activity until histone H4 tail binding 
near the NTR-ATPase interface releases this inhibition (Clapier and Cairns, 2012; Ludwigsen 
et al., 2017; Yan et al., 2016). The C-terminally located NegC domain inhibits the coupling of 
ATP hydrolysis to DNA translocation by binding and shielding the catalytic cleft of the ATPase 
domain. In this conformation, ATP hydrolysis is still possible, but it cannot be transferred to 
nucleosome movement. In the presence of extra-nucleosomal (linker) DNA, the HSS module 
binds to the DNA, thereby releasing NegC through conformational changes. The ISWI-
characteristic requirement of extra-nucleosomal DNA and H4-tail to allow nucleosome 
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Figure 2-5: Characteristic ISWI domain architecture and autoregulatory mechanism – schematic 
representation. Abbreviations: NTR – N-terminal domain, HSS – HAND-SANT-SLIDE, ppHSA - post-post-
helicase-SANT-associated, HAND – SANT – Swi3, Ada2, N-Cor, TFIIIB-domain, SLIDE – SANT-like domain. 

remodeling can be explained by these two regulatory domains, but the detailed interaction 
sites of the underlying mechanism are subject of ongoing studies. 
The enzymatic activity of CREs is tightly regulated, as illustrated by the example of ISWI-type 
proteins. The selective overview in the previous chapter showed the functional diversity 
between the subfamilies, which depends on accessory domains but also on the interaction 
with additional complex subunits. The interplay of all these complexes in the cell organizes 
the nucleosomal landscape and thus the accessibility of regulatory DNA elements in a 
complex manner. Regulation of nucleosome positioning, keeping nucleosomes over 
regulatory sites – OFF state – or moving them next to the binding sites of regulatory factors 
– ON state configuration – is likely to determine local gene activity states. This mechanism 
can be paraphrased as “barcoding” the nucleosome landscape and highlights the essential 
role of CREs in regulation and cellular differentiation (Diermeier et al., 2014).  

2.4.3 Chromatin remodeling enzymes in Plasmodium falciparum 

The superordinate function of CREs in eukaryotic cells suggests an equally relevant role in 
apicomplexan parasites such as Plasmodium falciparum. To date, chromatin proteins, and in 
particular the family of CREs, is not well studied in Plasmodium. In a comparative genomics 
study, the evolution of transcription factors, chromatin modifying and remodeling enzymes in 
parasitic protists has been reconstructed (Iyer et al., 2008): Intriguingly, chromatin proteins 
evolved over millions of years in independent eukaryotic lineages by proliferation of 
paralogous families and acquisition of novel domain architectures, leading to an enormous 
variety and to highly diverse sets of enzymes. Some chromatin modifying enzymes have been 
identified in Plasmodium falciparum (reviewed in (Croken et al., 2012)). CREs had their origins 
in the bacteriophage replication system and subsequently a set of six enzymes with 
conserved domain architectures was proposed to be present in the last eukaryotic common 
ancestor (LECA) (Figure 2-4, left panel) (Iyer et al., 2008). During evolution, prior to the origin 
of kinetoplasts and then chromalveolates, new families of CREs evolved with precursors of 
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the Rad5/16 group, the distant group, ALC1, Lsh and Etl1. Early on, the apicomplexan lineage 
evolved ten SWI2/SNF2 ATPases, eight of which could be allocated in the evolutionary model 
of Iyer and colleagues, based on homology searches and domain architecture (Horrocks et 
al., 2009), Figure 2-4, right panel). In comparison to higher eukaryotes, Plasmodium 

falciparum possesses a limited set of CREs, with no redundancy in subfamilies and 
suggesting that these enzymes perform essential functions in the cell. The fundamental 
difference in number between human cells and P. falciparum is accompanied by highly 
divergent domain architectures. Some domains such as PhD, Chromo, SANT domains, could 
be identified by sequence comparison at very low stringency, but without any indication of 
their specific functions in Pf. The individual plasmodial CREs remain poorly characterized so 
far. In a pioneering study, Ji and Arnot identified and classified the first SWI2/SNF2 enzyme 
(Snf2L) with approximately 60 % sequence homology to the ATPase domain of the yeast 
ISWI remodeler. Since then, only a few studies have focused on apicomplexan CREs . A 
genome-wide mutagenesis screen proposed PfSnf2L to be essential and another two of the 
plasmodial remodelers as putatively essential in asexual blood stages (Zhang et al., 2018a). 
The authors suggest that the rest is not crucial for parasite fitness, not precluding the 
possibility of significant roles in chromatin organization. Plasmodial CREs, like most CREs 
except for Chd1, may be part of large multiprotein complexes, but no subunits are known or 
proposed so far. This astonishing lack of known interactors in combination with the reduced 
number and high divergence in sequence indicates that the chromatin remodeling system in 
Plasmodium differs from known mechanisms in higher eukaryotes. How CREs pave the way 
for transcription factor and polymerase binding and how they are regulated is completely 
unexplored in P. falciparum. In conjunction with the nucleosome landscape and transcription 
factor binding, it is proposed that Pf remodeling complexes form a complex regulatory 
network with major differences in comparison to other eukaryotes (Watzlowik et al., 2021). 
The decryption of this system is indispensable for understanding the mechanism of 
transcription regulation in the parasite and will provide new insights and novel approaches 
for fighting malaria. 
  



INTRODUCTION 

22 

  



OBJECTIVES 

23 

3 OBJECTIVES 
The crucial role of chromatin regulation and epigenetics for the transcriptional heterogeneity 
in Plasmodium falciparum has become evident. However, the contribution of Pf chromatin 
remodeling enzymes is largely unknown, yet fundamental to understanding the complexity of 
the chromatin landscape. Here, we investigate the functional role of Plasmodium CREs 
focusing on the only ISWI-related enzyme, PfSnf2L (PF3D7_1104200). The characterization 
of PfSnf2L within this study comprises a detailed analysis from different perspectives, 
including in silico / in vitro approaches, knockout studies in parasites and systematic 
screening for an inhibitor. 
The first part focuses on the classification of PfSnf2L in comparison with characterized CREs 
and attempts to identify common features and differences. Comparative studies in vitro of 
recombinantly expressed PfSnf2L and its human orthologue HsSnf2L reveal information on 
substrate preferences, enzymatic activity, and the autoregulatory mechanism of ISWI 
enzymes. In the main part, the functional characterization of PfSnf2L in the cellular context is 
addressed using a transgenic Plasmodium falciparum strain with endogenous tagging and a 
conditional knockout system. Cellular and genomic localization as well as interacting proteins 
in asexual blood stage are investigated. Detailed phenotyping with stage-dependent KO 
induction and transcriptome analysis aim to unravel the impact of PfSnf2L deletion on gene 
expression throughout the parasite life cycle. The underlying epigenetic mechanism is 
addressed by analyzing the nucleosome landscape in KO parasites. In a third part, the 
suitability of PfSnf2L as potential drug target is investigated. Establishing and performing an 
in vitro screen targeting PfSnf2L enzymatic activity aims to identify potential inhibitors and to 
determine the druggability of PfSnf2L. Promising candidates will be validated and further 
characterized for their toxicity and impact on parasite development. 
The study aims to elucidate the function of a previously uncharacterized protein in 
Plasmodium falciparum and may provide new insights into the complex regulation of its life 
cycle. A comprehensive characterization will serve as a basis for further investigation into 
detailed epigenetic mechanisms and as a target for antimalarial drugs. 
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4 PfSnf2L CHARACTERIZATION IN VITRO  

4.1 RESULTS  

4.1.1 In silico analysis and classification of PfSnf2L as ISWI-type remodeler  

Plasmodium falciparum enzymes are in general very divergent compared to well-
characterized proteins in Homo sapiens or in model organisms such as Saccharomyces 

cerevisiae, as the apicomplexan phylum separated very early in evolution. This is also true for 
the ten identified enzymes in Pf, that were suggested to be CREs. For this reason, it is not 
possible to derive a clear enzymatic function for these uncharacterized proteins based on 
similarity. Nevertheless, in silico comparison with well-studied homologues can be used to 
gain basic information. Previously, the SWI2/SNF2-characteristic ATPase domain was used 
to group the divers CREs in subfamilies. In order to classify the ten plasmodial CREs, a 
reconstitution of the phylogenetic tree with representative proteins of H. sapiens, D. 

melanogaster and S. cerevisiae was performed. Following Flaus et al., I trimmed the protein 
sequences to their helicase region based on multiple sequence alignments (Appendix 2), and 
subsequently used them for the phylogenetic analysis including also all PfCREs (7.9.1). Eight 
of the ten Pf enzymes could be assigned to the established subfamilies, with a maximum of 
one protein in each subgroup, and the Mot1 family as well as the Lsh group being 
unrepresented (Figure 4-1A). Two enzymes could not be classified: PF3D7_0624600 - 
previously mistakenly designated as ISWI - belongs to an Apicomplexan-specific group and 
the occurrence of PF3D7_0106000 is limited to Plasmodium species. PfSnf2L, the protein of 
interest with the gene ID PF3D7_1104200, was one of the shortest in sequence length and 
most similar to ISWI. Therefore, it was of special interest to the AG Längst that aimed to 
recombinantly express and study the function of these enzymes. Further phylogenetic 
analysis with full-length sequences of the ISWI members from various species throughout 
the tree of life confirms the assignment of PfSnf2L and emphasizes the early separation in 
evolution of Apicomplexans also within this protein family (Figure 4-1B). Multiple sequence 
alignments within this family and its quantitative comparison unravel regions of conservation 
and regions of divergence across the protein architecture (Appendix 1, Figure 4-1C,D). 
Among Metazoan, ISWI enzymes show a relatively high degree of conservation throughout 
all domains. Comparing apicomplexan with metazoan enzymes, only parts of the typical ISWI 
domain architecture are conserved with >50 % pairwise identity for the ATPase region. The 
autoregulatory NegC domain is only partially conserved, while the N-terminal region (NTR), 
which also has an autoregulatory function, is not identifiable in PfSnf2L. The conservation of 
the HSS module – usually determining affinity and specificity of ISWI remodeler by 
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Figure 4-1: PfSnf2L is an ISWI-type chromatin remodeling enzyme with high divergence. A. Phylogenetic 
analysis of the helicase region with subfamily representatives of Hs, Dm and Sc and predicted Pf SWI2/SNF2-
ATPases (listed in Appendix 2), coloring represents SWI2/SNF2 subgroups according to (Flaus, 2006). B. Rooted 
phylogenetic tree of the full length ISWI homologues from different organisms representing eukaryotic (sub-) 
kingdoms with Apicomplexa highlighted (blue) and HsChd3 as outgroup. Numbers indicating substitutions per 
site. C. ISWI domain architecture with ATPase region (dark blue), autoregulatory domains (light blue) and HAND-
SANT-SLIDE (grey) and partly conservation in PfSnf2L. D. Pairwise identity among metazoanISWI, 
apicomplexanISWI and between them based on multiple sequence alignment (Appendix 1), gaps represent 
insertions, coloring represent predicted domains. 

recognition of nucleosomes and extra-nucleosomal DNA – is questionable. The SANT domain 
is relatively conserved, but the existence of the SLIDE domain can be only speculated as the 
sequence identity is close to random. The HAND domain is not present in PfSnf2L or 
apicomplexan orthologues, and large insertions are found there. Within Apicomplexans, the 
sequence identity is moderately enhanced in the (lacking) HAND domain region, suggesting 
a conserved – but different – domain among this phylum instead.  
In total, the in silico results suggest PfSnf2L to be an ISWI-type CRE with putative ATPase 
activity, but with differences when it comes to the autoregulatory mechanism and substrate 
preferences and/or interacting proteins. In addition to the high divergence in the known 
domains, the 167 kDa protein acquired the asparagine-rich patches typical for plasmodial 
proteins resulting in a long N-terminus (1-245 aa). The function of these unstructured regions 
in Pf is still unclear and no similarity within the family of CREs can be found.  
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4.1.2 Preferential binding of PfSnf2L to linker-containing and to canonical 
nucleosomes 

To enable a characterization of PfSnf2L substrates and its enzymatic activity in in vitro 
assays, the protein was recombinantly expressed and purified in large amounts (7.9.5). The 
full-length protein, lacking only the unstructured asparagine-rich N-terminus (aa1-245) with a 
10xHis tag fused to the C-terminus, was expressed in Spodoptera frugiperda insect cells 

(Sf21) using the baculovirus system. At the beginning of this work, the constructs for PfSnf2L 
and HsSnf2L expression were already cloned, baculoviruses V1 were generated, and test 
expressions were performed in the AG Längst. For all CRE mutants used, I mutated these 
plasmids and used them for baculovirus generation. The recombinant protein PfSnf2L was 
purified via affinity purification on Ni-NTA agarose whereby high purity and yields of 
~1 mg/250 ml culture were achieved (Figure 4-2A). Likewise, the human ISWI enzyme 
HsSnf2L and several mutants were expressed and purified for comparative experiments.  
The binding properties of PfSnf2L to different substrates were addressed in electromobility 
shift assays (EMSAs) in comparison to HsSnf2L. Both enzymes bind to in vitro reconstituted 

chromatin, consisting of recombinantly expressed histone octamers assembled on pT11 
plasmid DNA (Figure 4-2B). Binding to nucleosome arrays occurred with similar affinities for 
both proteins, regardless of whether the histones originate from the own or foreign species 
(canonical Hs / Pf histones). Furthermore, PfSnf2L also binds to free DNA in a length-
dependent manner, preferentially binding to longer DNA (Figure 4-2B,C). Still, PfSnf2L can 
bind short DNA fragments as short as 20 bp, whereas other ISWI CREs have been proposed 
to have a minimum DNA length of ~23 bp to bind (Whitehouse et al., 2003). Competitive 
EMSAs containing a mixture of two or more species of mononucleosomes showed that 
PfSnf2L binds in a linker-sensitive manner. There is a clear preference for shifting linker-
containing nucleosomes over linker-free nucleosomes (Figure 4-2D). The comparison of 
different linker lengths also indicates a higher affinity for mononucleosomes having extra-
nucleosomal DNA of a certain length (Figure 4-2E,F). There is a slight tendency for longer 
DNA linker lengths to shift at lower PfSnf2L concentration. An increasing affinity for longer 
DNA linkers is typical for ISWI (Kagalwala et al., 2004). The fact, that not only free DNA but 
also linker-free nucleosomes are shifted demonstrates that PfSnf2L binds to nucleosomal 
structures as well as to DNA. This finding is also consistent with studies of other ISWI CREs, 
that have been shown to bind nucleosomes close to the dyad, but also extra-nucleosomal 
DNA close to the nucleosome entry-site (Dang and Bartholomew, 2007; Längst and Becker, 
2001).  
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Figure 4-2: Recombinant PfSnf2L binds nucleosomal structures in a linker-sensing manner. A. SDS-PAGE 
(6 %, Coomassie-stained) of remodeling enzymes, recombinantly expressed in SF21 cells and purified via affinity 
chromatography. Protein sizes of marker are indicated in kDa. B. Chromatin binding was analyzed by EMSA with 
titration of PfSnf2L (0.08-1.3 µM)/HsSnf2L (0.09-1.5 µM) to 2 µg circular DNA occupied with Hs-octamers (lane 1-
6), Pf-octamers (lane 7-12) or unoccupied (lane 13-18) and analyzed on a 0.8 % agarose gel, stained with ethidium 
bromide. C. DNA binding was analyzed in a competitive EMSA with increasing amount of PfSnf2L (0.05-12.5 µM) 
titrated to an equimolar mixture of Cy5-labeled DNA with varying length (20 nM). DNA length is indicated. D. Linker-
dependent nucleosome binding was analyzed in a competitive binding assay with PfSnf2L-titration (0.02-0.6 µM) 
to an equimolar mixture (15 nM) of Gg/6-NPS-47-Cy5 (red) and Gg/0-NPS-0-Cy3 (green) nucleosomes and 
subsequent analysis via native PAGE. Merged channels are shown with nucleosome positions indicated. E. as in 
D. with Gg/29-NPS-29-Cy5 (red) and Gg/6-NPS-47-Cy3 (green) nucleosomes F. PfSnf2L-titration (0.05-1.7 µM) 
to an equimolar mixture (20 nM) of Bt/29-NPS-0-Cy5, Bt/40-NPS-0-Cy5, Bt/60-NPS-0-Cy5 with nucleosome 
positions indicated. Lane 1 serves as negative control not containing the respective CRE in B.-F. 

In addition to nucleosomes composed of canonical histones, Pf also encodes variant 
histones, which are incorporated into nucleosomes as H2A.Z/H2B.Z dimers and mark 
specific regions in the genome (Hoeijmakers et al., 2013; Petter et al., 2013). Next, I 
addressed whether PfSnf2L has a binding preference for variant or canonical nucleosomes. 
Binding to mononucleosomes containing the Apicomplexan-characteristic H2A.Z/B.Z dimer 
was examined in a competitive EMSA with canonical histones (Figure 4-3A). Quantification 
of gel band intensity changes with increasing PfSnf2L / HsSnf2L concentration shows, that 
PfSnf2L binds preferentially to canonical nucleosomes. In contrast, the human enzyme 
doesn’t show any affinity differences. Canonical Pf nucleosomes – the potentially preferred 
substrate of PfSnf2L – are remarkable in their instability and in their reduced sequence-
dependent positioning (Silberhorn et al., 2016). This is reflected in the multiple bands of Pf 
histones assembled on a 200 bp DNA (Widom 601), the sequence of which favors the 
formation of asymmetric nucleosomes. Comparing this with the assembly of Gg octamers on 
the same DNA (Figure 4-2D), we can conclude that the middle band represents a well-
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positioned octameric nucleosome (Figure 4-3B lane 1). The other bands could represent 
hexameric nucleosomes with one H2A/B dimer missing or undefined histone-DNA-
aggregates. Incubation of the histone-DNA mixture with PfSnf2L and subsequent release 
with competitor DNA results in a different picture with only one predominant band (lane 2). 
Temporary binding of PfSnf2L appears to shift the distribution towards well-positioned 
octameric nucleosomes. The additional presence of ATP in the reaction results in a band shift 
representing actively moved nucleosomes (lane 3). This assay indicates that PfSnf2L 
functions as an assembly factor for canonical histones, which by their intrinsic properties are 
unable to form stable nucleosomes. The observed activity is independent of ATP hydrolysis, 
presumably mediated by its histone binding properties. The proposed chaperone function of 
PfSnf2L and the underlying mechanism need to be investigated in the future. 

 
Figure 4-3: Nucleosome variant recognition and assembly activity of PfSnf2L. A. Variant recognition was 
analyzed in competitive binding assays with PfSnf2L/HsSnf2L-titration (0.05-0.3 µM) to an equimolar mixture 
(15 nM) of canonical Pf nucleosomes or Pf H2A.Z/B.Z containing nucleosomes on differently labeled 0-NPS-0 
DNA. Representative EMSA with canonical (green) and variant (red) nucleosomes in separate channels is shown 
(left panel). Quantification of EMSAs shows the proportion of unbound nucleosomes in the respective color with 
CRE titration (right panel). Mean and standard deviation of five replicates for PfSnf2L and four replicates for 
HsSnf2L is shown. Canonical/variant nucleosomes were labeled with Cy3/Cy5 and vice versa. Significance is 
indicated (two-tailed Student's t-test, unpaired, ns p>0.05, * p<0.05, ** p<0.01, ***p<0.005). B. ATP-independent 
assembly activity was analyzed by EMSA with 0.7 µM PfSnf2L on 120 nM canonical Pf/6-NPS-47 nucleosome in 
absence/presence of ATP. Presumed histone-DNA species are indicated. Lane 1 serves as negative control not 
containing the respective CRE in A/B. 

4.1.3 ATP-dependent nucleosome remodeling activity of PfSnf2L  

ISWI enzymes are known to hydrolyze ATP and convert the energy into movement of the 
histone octamer along DNA. Whether PfSnf2L is capable of nucleosome repositioning was 
studied using a nucleosome remodeling assay in which nucleosomes with a defined position 
are incubated with a CRE in absence or presence of ATP. As shown in Figure 4-4A, PfSnf2L 
can move edge-positioned nucleosomes towards the middle of the DNA template when ATP 
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is available, similar to the activity of HsSnf2L. The ATPase-deficient mutant of PfSnf2L, where 
a residue within the ATP-binding Walker A motif – lysine353 – has been mutated to arginine, 
is unable to efficiently move nucleosomes. The important motifs within the ATPase domain, 
as well as this central enzymatic function of CREs, is evidently preserved in PfSnf2L. The ATP 
hydrolysis activity and its regulation by availability of substrates was investigated in an end-
point ATPase assay with radiolabeled ATP (Figure 4-4B). PfSnf2L shows a basal hydrolysis 
rate in the absence of any substrate, which increases by a factor of ~2.5 in the presence of 
nucleosomes. This is also observed for HsSnf2L and is known for ISWI enzymes in general, 
but there is a clear quantitative difference. PfSnf2L, in comparison to HsSnf2L, shows a 
clearly enhanced level of ATPase activity, both under basal and stimulating conditions. The 
PfSnf2L-KR mutant doesn’t exhibit any stimulatory response to substrates, but has a 
remaining, albeit reduced, rate of ATP hydrolysis. Kinetic measurements of ATP hydrolysis 

 
Figure 4-4: Coupling of ATP-hydrolysis to nucleosome remodeling activity. A. ATP-dependent remodeling 
was analyzed by incubation of 0.3 µM CRE (PfSnf2L/PfSnf2L-KR/HsSnf2L) with 30 nM Gg/6-NPS47-Cy5 
nucleosomes in absence/presence of ATP. B. Substrate-dependent ATPase activity of CREs (0.13-0.7 µM) was 
analyzed in end-point ATPase assay in absence/presence of mononucleosomes (60-350 nM, various 
compositions): Boxplot showing non-stimulated / stimulated ATP hydrolysis rate per enzyme for n=18/n=10 
independent experiments. Significance is indicated (two-tailed Student's t-test, unpaired, ns p>0.05, * p<0.05, ** 
p<0.01, ***p<0.005). C. Quantification of ATPase kinetic and remodeling kinetic for PfSnf2L and HsSnf2L: Linear 
segment of normalized fluorescence (in D.) was analyzed with simple linear regression. Band intensity (in E.) was 
quantified, and fraction of centered-positioned nucleosomes was calculated. Decrease over time was fitted with 
one-phase exponential decay. Time- and concentration-normalized reaction constant with 95 % confident interval 
is shown. D. ATPase kinetic of PfSnf2L/HsSnf2L (0.4 µM) was analyzed via ADP biosensor assay in absence 
(grey)/presence (petrol) of substrates (50 ng DNA + 2.5 µM H4 tail per reaction). Fluorescence was normalized and 
mean of two replicates is shown. E. Chromatin remodeling activity of PfSnf2L/HsSnf2L (0.3 µM) was analyzed in 
a time-limited remodeling assay on centered-positioned nucleosomes (30 nM Bt/77-NPS-77-Cy5). Representative 
gel is shown with relative positions of nucleosomes indicated. Lane 10 represents the no ATP control, lane 1 serves 
as negative control not containing the respective CRE in A/E. 
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confirmed the observation of the end-point ATPase assay. Using a fluorescent ADP 
biosensor protein, the ADP produced was quantified over time in the absence or presence of 
substrates (Figure 4-4D). Taking into account the initial hydrolysis rate, PfSnf2L showed a 
ten-fold higher ATPase activity than HsSnf2L (Figure 4-4C). The time-course remodeling 
assays using centrally positioned nucleosomes with a 77-bp linker at each site revealed the 
kinetics of the remodeling reaction (Figure 4-4E). Despite higher ATPase hydrolysis, PfSnf2L 
moves nucleosomes less efficiently than HsSnf2L. Quantification of band intensities suggests 
a ten-fold lower remodeling rate constant for PfSnf2L (Figure 4-4C). The contradicting 
enzyme activity rates point towards a less efficient coupling of ATP hydrolysis to nucleosome 
remodeling for PfSnf2L compared to HsSnf2L, at least when both recombinant enzymes are 
analyzed in the in vitro context on purified calf histones without putative interacting proteins. 

4.1.4 ISWI-untypical autoregulatory mechanism of PfSnf2L  

The characterization of CRE ATPase activity in the previous section already suggests it to be 
autoregulated, as differences in enzyme activity were monitored in the presence/absence of 
substrate. ISWI enzymes such as HsSnf2L are known to interact with the histone H4 tail, 
which is required for full stimulation of its ATPase activity and nucleosome remodeling. In 
order to investigate the role of the H4 tail in PfSnf2L activity, nucleosomes were reconstituted 
with H4 lacking its N-terminal tail (aa1-24). Analysis of the remodeling activity on these 
nucleosomes in comparison with intact nucleosomes clearly shows a dependence on the H4 
tail, as PfSnf2L is unable to move H4 tail-depleted nucleosomes (Figure 4-5A). Its substrate-
specificity for H4 tail-containing nucleosomes is in accordance with HsSnf2L and known ISWI 
characteristics. Typically, the H4 tail-dependency in remodeling is due to restricted ATPase 
activity in the absence of this peptide. Therefore, the ATP hydrolysis rate of PfSnf2L and 
HsSnf2L was examined in the presence and absence of a variety of substrates (Figure 4-5B). 
For both enzymes, the basal non-stimulated ATPase activity could not be enhanced by the 
presence of RNA or the H4 tail peptide (aa8-25) alone. Full stimulation by a factor of ~3-4 
was achieved by the presence of intact nucleosomal arrays, but also by DNA plus the H4 tail 
peptide. This confirms the finding, that ISWI CREs recognize these two structures when 
binding to a nucleosome. Current knowledge suggests that the ATPase is autoinhibited by 
the two regulatory domains – NTR and NegC – until it is antagonized by the histone H4 tail 
and extra-nucleosomal DNA (Clapier and Cairns, 2012; Ludwigsen et al., 2017). However, 
when DNA is provided as the sole substrate, there are striking differences between HsSnf2L 
as a typical ISWI enzyme and PfSnf2L. HsSnf2L is only partially stimulated, while PfSnf2L 
shows full ATP hydrolysis in the presence of DNA only. Accordingly, PfSnf2L ATPase activity 
is dependent on the presence of extra-nucleosomal DNA. This is proposed to be mediated 
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by the NegC domain, which inhibits the helicase in a non-stimulated state, and releases it 
when bound to DNA. Since the NegC domain was identified in PfSnf2L with a sequence 
identity of ~50 %, it can be assumed, that it functions similarly to the typical ISWI 
autoinhibition. However, due to the full stimulation by DNA alone, the ATPase activity appears 
to be independent of the H4 tail. Conversely, the remodeling experiment showed a strict 
dependence of the remodeling reaction on the nucleosomal H4 tail. In conclusion, PfSnf2L 
exhibits clear differences from typical ISWI enzymes in terms of disinhibition, showing an 
atypical mechanism of autoregulation in this protein.  

 
Figure 4-5: H4 tail-dependent remodeling but H4 tail-independent ATPase activity of PfSnf2L. A. H4 tail-
dependency of remodeling activity was analyzed by comparative remodeling of PfSnf2L/HsSnf2L on 120 nM intact 
nucleosomes (Hs/6-NPS-47) or H4 tail truncated nucleosomes (HsH4DN/6-NPS-47): Lanes 1/6 contain 0.13 µM 
PfSnf2L, lanes 2/7 0.7 µM PfSnf2L, lanes 3/8 (0.7 µM) PfSnf2L in absence of ATP, lanes 4/8 nucleosome only, 
lanes 5/10 0.13 µM HsSnf2L. B. ATPase stimulation of PfSnf2L / HsSnf2L (0.3-0.6 µM) was analyzed in end-point 
ATPase assay in absence/presence of various substrates: nucleosomal array (Bt-oct on 100 ng plasmid DNA – 
petrol), plasmid DNA + H4 tail (100 ng + 5 μM – green), plasmid or linear DNA (100-200 ng – yellow), H4tail (5 μM 
– light blue), En3 RNA (30 ng – dark blue) or no substrate (grey). Mean of stimulation factor (stimulated/non-
stimulated) of 3 or more replicates and standard deviation are shown, significance is indicated (two-tailed 
Student's t-test, unpaired, ns p>0.05, * p<0.05, ** p<0.01, ***p<0.005).  

To address the mechanism of autoregulation and to identify the role of the less conserved 
domains in PfSnf2L, a series of mutants were generated. The NTR domain, which has beenn 
proposed to be responsible for the H4 tail-dependence (Clapier and Cairns, 2012; Ludwigsen 
et al., 2017; Yan et al., 2016), was shown to be highly divergent in PfSnf2L, potentially not 
conserved at all, using in silico analysis (Figure 4-1D, Appendix 1). In detail, the ISWI-NTR 
domain contains four characteristic motifs (Figure 4-6A). Ludwigsen et al. claimed that ten 
residues within these motifs are central to the inhibitory effect. The HsSnf2L sequence 
matches the conserved sequence logo, and all ten relevant amino acids are present in 
HsSnf2L (highlighted in green). PfSnf2L on the other hand exhibits only a few matching 
residues within these motifs and the AT hook is not identified in the protein. Of the ten amino 
acids proposed to be important, five are conserved in PfSnf2L.  
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Figure 4-6: Sequence divergence in NTR domain. A. ISWI domain architecture with sequence logos of motifs 
responsible for aut-inhibition and their conservation in HsSnf2L/PfSnf2L. Amino acids contributing to the 
autoinhibition according to (Ludwigsen et al., 2017) are marked, green if conserved, yellow if divergent. Residues 
mutated in PfSnf2L-NTRmut are shown. Abbreviations: NTR (N-terminal region), HSS (HAND-SANT-SLIDE, 
ppHSA (post-post-helicase-SANT-associated). B. Remodeling activity of PfSnf2L-NTRmut (0.06-1 µM) on 
nucleosomes (50 nM Bt/77-nps-77-Cy5). Lane 7 represents the no ATP control, lane 1 serves as negative control 
not containing the CRE. C. ATP hydrolysis of PfSnf2L/PfSnf2L-NTRmut/HsSnf2L (0.5 µM) in an end-point ATPase 
assay in absence (grey)/presence of DNA (100 ng – yellow) or additional H4 tail (5 µM – green) normalized to DNA-
stimulation. Mean of two replicates and standard deviation are shown, significance is indicated (two-tailed 
Student's t-test, unpaired, ns p>0.05, * p<0.05, ** p<0.01, ***p<0.005).  

In an attempt to regain the lacking autoinhibition, a PfSnf2L-NTR mutant was generated by 
back-mutating the critical residues to the human enzyme. The five divergent residues were 
mutated, as well as two others in the AutoN motif (E267H, K268F, C288H, L289R, L290K, 
F297E, M298E). This mutant enzyme was expressed and purified from insect cells and was 
confirmed to be an active CRE via remodeling assay (Figure 4-6B). The autoinhibition in the 
PfSnf2L-NTR mutant was investigated by measuring ATP hydrolysis in an end-point ATPase 
assay (Figure 4-6C) and normalizing to ATP hydrolysis in the presence of DNA (100 %). 
PfSnf2L and HsSnf2L both show ~40 % activity under non-stimulated conditions. PfSnf2L-
NTR mutant was significantly lower in absence of both substrates. The presence of DNA and 
additional H4 tail showed a moderate stimulation of PfSnf2L (x 1.4), a high stimulation (x1.9) 
of HsSnf2L and the effect on PfSnf2L-NTR mutant is somewhere in between. From this 
analysis it can be concluded that the introduced mutations reduced the ATPase activity when 
compared to PfSnf2L-wildtype. Nevertheless, the proposed ten regulatory residues are not 
sufficient to fully restore the H4 tail-dependence. The published study claiming that these ten 
residues are responsible for the autoregulation is incorrect. Additional residues or domains 
are required for the full H4 tail-dependent autoregulatory mechanism in typical ISWI enzymes, 
which are not conserved in PfSnf2L.  
In silico analysis of PfSnf2L not only revealed low conservation of the NTR domain, but also 
parts of the HSS module show an extremely high divergence (Figure 4-7A). These three 
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domains – HAND-SANT-SLIDE – are required for the recognition of nucleosomes and extra-
nucleosomal DNA and increase the affinity and specificity of ISWI remodelers (Clapier et al., 
2001; Längst and Manelyte, 2015). The SANT domain, with its key motifs and structural 
relevant residues, seems to be preserved in PfSnf2L, sharing > 40 % sequence identity with 
metazoan enzymes. The existence of a SLIDE-like domain can be assumed based on a low 
sequence identity of ~16 %. The HAND domain and the spacer, in contrast, cannot be 
identified in PfSnf2L, as the multiple sequence alignment shows insertions within the highly 
divergent region. To study the function of the HSS module in PfSnf2L compared to HsSnf2L, 
both enzymes were truncated C-terminally and N-terminally, leaving only the core enzymes 
(PfSnf2L aa246 – 843, HsSnf2L aa79 – 715). A previous study that truncated dmISWI 
accordingly found the core protein to be an autonomous remodeling machine (Mueller-Planitz 
et al., 2013). The truncated proteins were expressed and purified (Figure 4-7B) and analyzed 
for their capability of nucleosome remodeling activity, ATPase activity, and stimulation by 
substrates. HsSnf2L core exhibits a low (~10-fold reduction to HsSnf2L in Figure 4-4E) but 
still existing remodeling activity (Figure 4-7C). PfSnf2L core, on the other hand, was not able 
to move nucleosomes to new positions, even after 16 hours of incubation. However, the 
ATPase activity of PfSnf2L was not significantly affected by truncation, whereas the HsSnf2L 
core hydrolyzed ~4-5 times less ATP than the full-length protein (Figure 4-7D). These results 
confirm that the HSS module of HsSnf2L contributes to both enzymatic activities, ATP 
hydrolysis and nucleosome remodeling. However, it doesn’t seem to be essential since both 
activities are attenuated but not completely inhibited upon truncation. The C-terminal region 
of PfSnf2L seems to have a different function. Unchanged ATPase activity but lack of 
nucleosome remodeling activity upon PfSnf2L truncation suggests a function in coupling the 
energy of ATP hydrolysis to an actual nucleosome movement.  
Enzyme autoinhibition upon protein truncation was analyzed by measuring the ATP 
hydrolysis after adding different stimulatory substrates (Figure 4-7E). Normalized to their 
maximum activity, both core enzymes show a slight increase in ATP hydrolysis under non-
stimulated conditions in comparison to the respective full-length protein. This means that the 
truncation reduces the autoinhibition of the CREs. In typical ISWI enzymes, the HSS module 
is proposed to be involved in antagonizing the inhibition by the NegC domain, when extra-
nucleosomal DNA is present. The fact that the core enzyme shows reduced autoinhibition 
supports this hypothesis also for PfSnf2L. For the human enzyme, no clear conclusion can 
be drawn from these studies, because HsSnf2L core exhibits a very low ATPase rate resulting 
in high experimental error. The stimulation of PfSnf2L by DNA only remains unchanged, since 
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Figure 4-7: Sequence divergence in the HSS module. A. ISWI domain architecture with HAND/SANT/SLIDE 
domains and their conservation in ISWI CREs from different species shown as multiple sequence alignment of the 
C-terminal region. Similarity is indicated by coloring (black-high; white-low). Structurally conserved helices 
according to (Grüne et al., 2003) are marked in the respective color. Sequence identity between PfSnf2L (bottom 
line) and consensus sequence of metazoan ISWI within the individual domains is depicted. Abbreviations: NTR (N-
terminal region), HSS (HAND-SANT-SLIDE), SANT (SWI3, ADA2, N-CoR, TFIIIB), SLIDE (SANT-like). B. SDS-
PAGE (6 %, Coomassie-stained) of remodeling core enzymes, recombinantly expressed in SF21 cells and purified 
via affinity chromatography. Sizes of marker and proteins are indicated in kDa C. Chromatin remodeling activity of 
PfSnf2L core/HsSnf2L core (0.3 µM) was analyzed in a time-limited remodeling assay on centered-positioned 
nucleosomes (30 nM Bt/77-NPS-77-Cy5). Representative gel is shown with relative positions of nucleosomes 
indicated. Lane 10 represents the no ATP control, lane 1 serves as negative control not containing the respective 
CRE. D. Substrate-dependent ATPase activity of PfSnf2L/HsSnf2L full length/core (0.13-0.7 µM) was analyzed in 
end-point ATPase assay in absence/presence of mononucleosomes (60-350 nM, various compositions): Boxplot 
showing non-stimulated / stimulated ATP hydrolysis rate / enzyme for five or more independent experiments. E. 
Fraction of maximal ATP hydrolysis of CREs (0.3/0.6 µM) in an end-point ATPase assay in absence (grey)/presence 
of 0.2x DNA (yellow) or 0.2x mononucleosomes (petrol). Mean of four replicates and standard deviation are shown, 
significance is indicated (two-tailed Student's t-test, unpaired, ns p>0.05, * p<0.05, ** p<0.01, ***p<0.005, 
****p>0.001).  

both the core enzyme and the full-length enzyme are fully stimulated by DNA. In conclusion, 
I suggest that the C-terminal region of PfSnf2L functions differently with respect to 
autoinhibition than the HSS module in ISWI enzymes. Nevertheless, they share a 
recognizable similarity in two of the three domains, and both are presumably involved in the 
binding of extra-nucleosomal DNA and with that associated in the autoregulatory 
mechanism.   
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4.2 DISCUSSION 

Inefficient coupling of ATP hydrolysis to remodeling activity 
In silico and in vitro analyses of PfSnf2L in comparison with HsSnf2L show some shared 
ISWI-typical characteristics, but also some remarkable differences. The relatively conserved 
helicase region in PfSnf2L consisting of two lobes suggests an enzymatic ATPase activity 
similar to ISWI enzymes, which could be confirmed experimentally. Nevertheless, PfSnf2L 
exhibits an exceptionally high hydrolysis rate, pointing towards quantitative differences in 
enzyme activity. Although the enzyme hydrolyzes high levels of ATP, its chromatin remodeling 
activity is greatly reduced compared to HsSnf2L. These quantitative differences can be 
explained by several factors: The enzymatic activity of CREs is known to be influenced by 
auxiliary subunits. The formation of specific complexes has been shown to increase the 
efficiency of remodeling enzymes. However, orthologues of known interactors, such as 
ScIoc2/3/4, ScItc1 or mammalian ACF1, CECR2, Tip5, RSF11 or others (Bartholomew, 
2014b), could not be identified in Plasmodium falciparum using homology search tools. The 
absence of any subunits is surprising and future investigations will reveal putative complexes. 
With no putative interacting proteins, no assumptions can be made about stimulatory or 
repressive effects on PfSnf2L in the context of complexes. It may well be that PfSnf2L 
functions as a single protein, like Drosophila Chd1 (McKnight et al., 2011; Petty and Pillus, 
2013), with only transient interactions, which would be atypical for ISWI enzymes. Another 
conceivable option is the formation of Apicomplexan-/Plasmodium-specific chromatin 
complexes with non-homologous unknown proteins associated with PfSnf2L. Considering 
only the activity of the motor protein itself, it must be mentioned, that all in vitro studies were 
performed with recombinant proteins expressed in insect cells, where potential protein 
processing, folding or modification may not occur in the same way as in the natural system. 
Based on the observed enzymatic activity and reproducibility of the expressed proteins, this 
is unlikely. The recombinantly expressed PfSnf2Laa246-1426 lacks 245 amino acids at the N-
terminus of the protein. This additional region, although suspected to be unstructured and 
nonfunctional (Muralidharan and Goldberg, 2013), could influence the absolute enzymatic 
activity of the protein. Despite the divergence in sequence and domain architecture and the 
observed quantitative differences, PfSnf2L could be classified as an active CRE with ISWI-
typical features. 

Pending disentanglement of NTR-mediated ISWI-regulation  
Besides some ISWI-characteristic features, the enzyme doesn’t follow the rule of the ISWI-
type autoregulatory mechanism. The autoinhibitory domains NTR and NegC are apparently 
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not as conserved as the ATPase domain in the ISWI subfamily throughout evolution. The 
mechanisms of these two regulatory domains need to be considered separately. The NegC 
domain is proposed to inhibit the ATPase domain by interacting with it. Several attempts to 
resolve the structure of the NegC domain, were unsuccessful, but crosslinking data revealed 
likely connections to both lobes of the helicase domain as well as to the C-terminal HSS 
module (Harrer et al., 2018). The NegC-mediated inhibition is released upon binding of the 
HSS module to extra-nucleosomal DNA, explaining ATPase activity in the presence of DNA 
(Clapier and Cairns, 2012). When I examined the ATPase stimulation of PfSnf2L, I found that 
this dependency also applies to this CRE. NegC, in combination with the HSS, may be the 
critical module of ISWI enzymes that measure DNA linker length (Leonard and Narlikar, 2015). 
Competitive binding and remodeling assays showed that PfSnf2L is linker dependent as well. 
These findings are consistent with the conservation of ~50 % sequence identity within this 
domain and suggest that PfSnf2L-NegC functions similarly to ISWI-type enzymes. 
In contrast, the N-terminal regulatory domain (NTR) does not seem to have a universal 
function in ISWI enzymes, as PfSnf2L shows hardly any of the described characteristics. The 
domain contains four conserved motifs, ppHSA, AThook, AutoN and AcidicN, of which only 
ppHSA and AcidicN can be identified in PfSnf2L (Ludwigsen et al., 2017). A recent study 
proposed that AutoN and AcidicN are responsible for the main function of NTR, which is the 
autoinhibition of the ATPase until the H4 tail binds close to the NTR-ATPase interface 
(Ludwigsen et al., 2017). Whether the inhibition is based on molecular mimicry of the H4 tail 
and released upon competitive binding or whether the binding of AutoN and H4 tail is 
adjacent and simultaneous, is discussed (Clapier and Cairns, 2012; Ludwigsen et al., 2017; 
Yan et al., 2019). Regardless, the ten NTR residues proposed to be essential for inhibition, 
could be shown to be not sufficient in PfSnf2L. Back-mutation of these crucial residues in 
PfSnf2L-NTRmut to the HsSnf2L residues didn’t fully restore the dependence on the 
presence of the H4 tail. From this it can be concluded that further amino acids or motifs are 
required for the full function of the NTR domain. These additional features may not be 
involved in direct interaction but may be indispensable for structural arrangement or ensure 
functionality in some other way. The ATPase autoinhibition in PfSnf2L appears to be less 
strict than in other ISWI enzymes studied, as it only requires the presence of DNA for full 
activity. Contradictory at first glance is the inability of PfSnf2L to remodel H4 tail depleted 
nucleosomes. Apparently, the enzyme is not able to convert the ATP hydrolysis in presence 
of nucleosomes lacking the H4 tail into movement. This suggests a function of the H4 tail in 
docking and coupling the ATP-driven power stroke to actual nucleosome movement. The 
acidic patch within lobe2 of the ATPase domain, which was found to be the binding site for 



PfSnf2L CHARACTERIZATION IN VITRO 

38 

the H4 tail, is conserved in PfSnf2L in the region of ~aa600 - 700 (Chittori et al., 2019). 
Consequently, the binding of the H4 tail may still be possible or even necessary for proper 
positioning of PfSnf2L onto the nucleosome. Structural investigation and binding studies 
would be required to confirm the interaction between PfSnf2L and the H4 tail. 

Speculations about PfSnf2L C-terminal region  
The role of the HSS module in the ISWI family is still not completely explored. The SLIDE 
domain has been shown to bind extra-nucleosomal DNA, while HAND has been suggested 
to be located near the nucleosome entry site (Dang and Bartholomew, 2007). Other structural 
studies indicate that SANT-SLIDE directly interacts with the ATPase, while the HAND domain 
appears to be solvent-exposed and relatively distant (Harrer et al., 2018). The high dynamics 
of this part of the protein may be the reason for difficulties in structural approaches. However, 
several studies suggest a function in the autoregulatory mechanism, as crosslinking 
experiments show connections to all other protein domains (Harrer et al., 2018) and a 
truncation of the domain results in altered responses to stimulating substrates (Dang and 
Bartholomew, 2007; Grüne et al., 2003; Mueller-Planitz et al., 2013). Although PfSnf2L has a 
very different C-terminal region, I was able to identify an involvement in ATPase 
autoregulation. One remaining mystery is the highly different or absent HAND domain of 
PfSnf2L. The domain is either interrupted by large insertions or is not related to the HAND 
domain at all. Sequence comparison with other apicomplexan or evolutionarily distant ISWI 
enzymes didn’t reveal any clear conservation within this region. However, structure prediction 
tools predict protein folding within this domain with moderate confidence, suggesting some 
functional relevance (Jumper et al., 2021). The structure and function of this potentially 
specific domain need to be further investigated. It may be unnecessary for the process of 
nucleosome remodeling or may still be functionally active despite its sequence divergence. 
This could be addressed by functional studies of deletion mutants or swap mutants with 
HsSnf2L. This might also provide an explanation for the observation that the C-terminal 
region is required for nucleosome remodeling of PfSnf2L, while the truncated HsSnf2L core 
is able to move nucleosomes. Furthermore, the divergent region of ~400 residues where other 
ISWIs have the HAND domain, could potentially be responsible for the unique ability of 
PfSnf2L to discriminate between canonical and H2A.Z/B.Z histones. Shift assays with variant 
nucleosomes and the truncated PfSnf2L core will determine whether variant recognition is 
attributed to the ATPase or the C-terminal part of the protein.  
Recently, a conserved motif upstream of the HAND domain was identified in ISWI enzymes 
and named acidic-patch-binding motif (ABP) (Dao et al., 2020). The core motif KRERK has 
been proposed to bind to the acidic patch of the nucleosome surface, mainly within H2A, 
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and thus play a critical role in coupling ATPase activity to DNA translocation. It’s been 
described to communicate with HAND-SANT to facilitate DNA movement from the entry site 
into the nucleosome. Like the HAND domain, the ABP domain is not identifiable in PfSnf2L. 
This provides a potential reason, why the Plasmodium enzyme appears to be a highly active 
ATPase with very low remodeling efficacy. Since HsSnf2L and PfSnf2L show a similar affinity 
for nucleosomes, it is not the binding to the substrate that is limiting. Despite binding to 
nucleosomes, the energy of ATP hydrolysis is not efficiently coupled to translocation. This 
observation may be explained by an unknown underlying mechanism that excludes 
dissipation of energy. 
Moreover, the large unstructured asparagine-rich N-terminus of PfSnf2L still remains a 
mystery. Since several cloning attempts failed, this part of the protein could not be expressed 
recombinantly and was excluded from the characterization. It must be mentioned, that in 
Plasmodium falciparum > 30 % of all proteins contain amino acid repeats that are primarily 
composed of asparagine residues (Muralidharan and Goldberg, 2013). These low-complexity 
regions are a feature specific to Pf proteins and are very rare in other Plasmodium species or 
in eukaryotes in general. They are found in each protein family regardless of their function. 
The role of these poly-asparagine/glutamine repeats is rather unclear, but they are inherently 
prone to aggregation (Rajapandi, 2020). There is speculation that Pf proteins may form prions 
and mediate protein aggregation for a biologically beneficial reason. During this process of 
rapid refolding, novel domains may be formed. Another explanatory approach finds an 
advantage at the underlying AT-rich DNA level, which could serve as a recombination hotspot 
(Singh et al., 2004). Still, there is no universal functional or adaptive explanation for these 
regions (Zilversmit et al., 2010).  
 
Within this study, first steps to characterize PfSnf2L revealed qualitative and quantitative 
differences in comparison to known ISWI enzymes. To fully uncover the regulatory 
mechanism of PfSnf2L, further studies need to be performed, including additional mutants, 
or using structural solution. Even though the N-terminal region of PfSnf2L was omitted, the 
characterization of a very distinct ISWI type protein is a very good system to study ISWI-type 
regulatory principles that are yet not fully understood. More importantly, the functional 
divergence of PfSnf2L provides the basis to specifically target the enzyme with antimalarial 
drugs. The objective of validating PfSnf2L as a drug target and screening for specific 
inhibitors will be addressed in the third part of this study.  
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5 PfSnf2L CHARACTERIZATION IN VIVO 

5.1 RESULTS  

5.1.1 Transgenic parasites enable PfSnf2L-detection and conditional knockout. 

A comprehensive enzyme characterization requires addressing the enzyme function in the 
cellular context. To functionally analyze chromatin remodeling enzymes in Plasmodium 

falciparum blood stages, transgenic parasite lines were established, carrying endogenously 
tagged enzymes and enabling a conditional knockout (cKO) (Birnbaum et al., 2017; Collins et 
al., 2013). The knockout strategy is based on DiCre-mediated gene excision upon induction, 
and it was applied to PfSnf2L and a second CRE, PfSnf2P. To generate transgenic parasites, 
I made use of a 3D7 strain that already expresses a Cre recombinase in the form of two 
separate, enzymatically inactive polypeptides (DiCre). The polypeptides are fused to the 
rapamycin-binding proteins, either FKBP or FRB. Addition of rapamycin mediates their 
heterodimerization and restores the recombinase activity. Rapamycin-activated DiCre then 
excises the loxP-flanked sequences from a genomic locus. This strategy represents an 
efficient and conditionally inducible knockout system (Figure 5-1A). Aiming for a PfSnf2L-/ 
PfSnf2P-knockout, parasites were transfected with pT2A-GOI-cKO constructs that contain 
the following features: ~1 kb native nucleotides from the N-terminal part of the gene of 
interest (GOI), allowing homologous recombination with the genome. This is followed by an 
artificial intron with a loxP site, which represents the first cleavage site of DiCre. The rest of 
the GOI was recodonized to <80 % sequence identity and a 3xHA tag sequence was added 
to the C-terminus. Downstream of the GOI, a skip peptide and a neomycin resistance gene 
were fused within the same open reading frame, to enable selection-linked integration. 
Following a second loxP site, a green fluorescent protein (GFP) gene was integrated, and the 
plasmid furthermore contains an independent human dihydrofolate reductase (hDHFR) gene 
as a drug resistance marker.  
After transfection, parasites were selected for expression of hDHFR as consequence of 
episomal plasmid uptake using the drug WR99210. Subsequent cultivation on G-418 
selected for parasites that integrated the cassette into their genome by homologous 
recombination and thus express neomycin. Drug-resistant parasite clones were isolated by 
limiting dilution. For PfSnf2L-cKO and PfSnf2P-cKO parasites, the genomic DNA was 
isolated from five clones each. Using suitable primer pairs, the wildtype locus can be 
distinguished from the integrant locus by genotyping PCR (Figure 5-1B). In the uncloned bulk 
populations, both wildtype and integrant primers led to DNA amplification (lane 6), while all 
obtained clones were pure integrants (lanes 1-5). After confirming a similar growth behavior 
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Figure 5-1: Generation of PfSnf2L-/PfSnf2P-HA-cKO parasites. A. Schematic representation of the generation 
of transgenic GOI-HA-cKO parasites. Transfection of DiCre-expressing parasite line with the plasmid leads to 
endogenous integration of the GOI-cassette containing recodonized and C-terminally HA-tagged protein encoding 
sequence flanked by loxP sites. Upon rapamycin addition, the catalytically active part of the gene locus is excised. 
Primers for genotyping PCR are drawn and expected fragment sizes for PfSnf2L/PfSnf2P parasites are indicated. 
Abbreviations: GOI (gene of interest), Rap (rapamycin), UTR (untranslated region), Nterm (N-terminal), recodon 
(recodonized), loxPint (artificial intron with loxP site), G418/WR (resistance genes), GFP (green-fluorescent protein). 
B. Validation of locus integration by genotyping PCR with primers indicated in A. Lane 1-5 represent genomic 
DNA of individual clones of PfSnf2L-/PfSnf2P-HA-cKO parasites, respectively, lane 6 shows bulk genomic DNA 
before clone separation. DNA sizes of marker are indicated. C. Validation of locus excision of clone PfSnf2L-F4 
(upper) and PfSnf2P-B9 (lower panel), respectively, by genotyping PCR 24/48 hours post KO induction with 
primers indicated in A. Lane 1,2,5,6 represent genomic DNA of not induced knockout (noKO), lane 3,4,7,8 of 
induced knockout (iKO) parasites. DNA sizes of marker are indicated. D. Parasite growth curve of five PfSnf2L-
HA-cKO clones post KO induction in unsynchronous culture and of PfSnf2P-HA-cKO cloneB9 post KO induction 
in a synchronous culture (lower panel).  

of all PfSnf2L-cKO clones upon rapamycin addition (Figure 5-1D), clone F4 was selected for 
further analysis. PfSnf2P-cKO parasites didn’t show any growth effect upon rapamycin 
addition. To demonstrate successful gene excision upon KO induction, genotyping PCR was 
performed 24/48 hours after induction using wildtype and knockout-specific primers (Figure 
5-1C). The PfSnf2L locus was shown to be completely excised after one day, while the 
PfSnf2P locus was mostly but not fully depleted after one day.  
After confirming the successful genetic modification on DNA level, the abundance of the 
tagged protein was examined. Western blot analysis probing the HA-tag in mixed blood 
stages of the respective parasites revealed the presence of PfSnf2L-HA, while PfSnf2P could 
not be detected neither in ring stage, trophozoite stage or unsynchronous population (Figure 
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5-2A). Protein levels were analyzed after fractionation of the parasite into cytoplasmic (CP) 
and nuclear extracts. The nuclear fraction was further treated with increasing salt 
concentrations to solubilize chromatin-associated proteins. The 167 kDa protein PfSnf2L was 
shown to be a nuclear protein, mainly soluble in the nucleoplasm (NP, lane 2). Although 800 M 
salt should release all chromatin-bound proteins, parts of PfSnf2L remain insoluble (lane 6). 
PfSnf2P, a 240 kDa protein, was nont detected in any of the fractions or in whole cell extracts 
(Figure 5-2B). This points towards very low or absent protein levels in blood stages, which is 
in accordance with expression data obtained from bulk parasites (López-Barragán et al., 
2011) and recent single cell data (Howick et al., 2019). 
Parasites were synchronized and PfSnf2L levels were monitored by western blot analysis to 
provide a more detailed view on PfSnf2L expression. When equal numbers of parasites were 
loaded, increasing levels of PfSnf2L can be seen towards the end of the cycle in late 
trophozoite stage (Figure 5-2C). Immunofluorescence assays (IFA) using anti-HA to stain 
PfSnf2L and DAPI to stain DNA show a clear nuclear localization of the protein (Figure 5-2D). 
The signal is not evenly distributed through the nucleus but shows faint local accumulation. 
Signal intensity is very low in early rings and increases as parasites progress through the 
cycle, pointing towards activation of PfSnf2L expression 10-20 hours post invasion (hpi). 
When quantifying the anti-HA signal and normalizing it to the amount of DNA (DAPI signal), 
the signal ratio decreases with schizogony (Figure 5-2E). This indicates that PfSnf2L 

 
Figure 5-2: Detection of PfSnf2L in blood stage parasites. A. Western blot analysis of PfSnf2L-/PfSnf2P levels 
with αHA antibody in whole cell extract of early/late/mixed stages using chemiluminescence readout. B. Western 
blot analysis of PfSnf2L-/PfSnf2P levels with αHA antibody in cytoplasm (CP), nucleoplasm (NP), wash fraction, 
chromatin extraction with 0.4/0.8 M NaCl or SDS using fluorescence readout. C. Western blot analysis of PfSnf2L 
levels using αHA antibody on whole cell extract of synchronized PfSnf2L-HA expressing parasites harvested after 
11/22/33/44 hours post invasion. Equal number of infected erythrocytes were loaded on 4-20 % SDS-PAGE. 
Protein sizes of markers are indicated in kDa in A-C. D. Detection and colocalization of PfSnf2L-HA in asexual 
blood stages using immunofluorescence analysis (IFA), representative images shown, scale bar: 2 µm. E. 
Quantification of IFA signal as in D. For 178 parasites in four different stages, αHA and DAPI signal intensities were 
measured, corrected for background and αHA/DAPI signal ratio for single parasites is shown as boxplot. 
Significance, where present, is indicated (two-tailed Student's t-test, unpaired, ns p>0.05, ****p<0.001). 
Abbreviations: ER/LR (early/late ring), ET/LT, (early/late trophozoite), T (trophozoite), S (schizont), DIC (differential 
interference contrast), DAPI (4′,6-diamidino-2-phenylindole). 
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production occurs mainly prior to replication and that in the final phase of the asexual cycle, 
existing protein molecules are diluted with the nuclear divisions.  
The transgenic parasite strain not only allows the detection of PfSnf2L-HA by western blot or 
immunofluorescence, but also allows inducible gene excision at specific stages of the cycle. 
To test the efficacy of PfSnf2L-KO, synchronous parasites were treated with rapamycin 
immediately after invasion (0-4 hpi). Sequencing of isolated mRNA showed a clear 
downregulation of PfSnf2L-mRNA knockout induced parasites (iKO) compared to non-
induced parasites (noKO) (Figure 5-3A). The first effects are visible 10 h after induction, with 
maximum downregulation at 25 h. The reduction of mRNA also affects PfSnf2L protein levels. 
Western blot analysis and IFA show that PfSnf2L is strongly reduced after 46 hours, with only 
small amounts of protein remaining (Figure 5-3B, C), and completely disappeared one cycle 
later. Looking at individual parasites in IFA, the knockout was demonstrated to be highly 
efficient with the majority of cells being affected (>95 %) (Figure 5-3C). Based on these 
observations, the knockout was defined to be complete at approximately 45 hours post 
induction, although RNA turnover and protein turnover may vary depending on the parasite 
stage.  
With the generation of the transgenic PfSnf2L-HA-cKO strain, we have a tool to study the 
protein function in vivo in the erythrocytic cycle. The data demonstrate an inducible and 
efficient system for PfSnf2L-depletion. Complete depletion of PfSnf2L takes about one cycle, 
giving an idea of the timing of phenotyping. The generation of a PfSnf2P-HA-cKO strain was 

 
Figure 5-3: Validation of PfSnf2L-KO efficacy. A. Snf2Lrecodon-mRNA levels (Fragments Per Kilobase of transcript 
per Million) upon KO induction in synchronized parasites obtained by RNA isolation and sequencing in 5 h intervals. 
One representative replicate of three is shown. B. Western blot analysis of PfSnf2L levels with αHA antibody in 
whole cell extracts with and without rapamycin one/two cycles after induction, antiEnolase was used as loading 
control. Protein sizes of marker are indicated in kDa. C. Immunofluorescence analysis of schizont stage parasites 
one cycle after KO induction with αHA antibody and DAPI, scale bar: 20 µm. Abbreviation: hpi (hours post 
invasion), DIC (differential interference contrast), DAPI (4′,6-diamidino-2-phenylindole).  
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also successful. However, due to the lack of expression, it was not possible to detect PfSnf2P 
via the C-terminal HA-tag, and accordingly, no growth or developmental defect was observed 
in the PfSnf2P-KO. Therefore, a further characterization was approached only for PfSnf2L. 

5.1.2 Protein interaction network of PfSnf2L 

The fused C-terminal HA-tag opens the possibility to pull down PfSnf2L and to identify 
interacting molecules. Since CREs are known to act in large complexes associated with 
different subunits, a pulldown followed by mass spectrometry (MS) analysis was performed. 
Based on the in vitro characterization and the parasite fractionation (Figure 5-2), PfSnf2L is 
known to be chromatin-associated. Therefore, the protein was released from chromatin by 
DNA hydrolysis, testing DNaseI and Benzonase treatment. Nuclei were incubated with 
DNaseI and the chromatin was digested into 100-700 bp DNA fragments (Figure 5-4A, left). 
To use the digested nuclear fraction as input for the immunoprecipitation (IP), a large 
proportion of PfSnf2L was ensured to be soluble by fractionation and subsequent western 
blot analysis (as in Figure 5-2B). The pulldown was mediated by αHA-coupled magnetic 
beads, which precipitated PfSnf2L as well as other chromatin proteins, among them histones 
(Figure 5-4A, right). In addition, the nuclei were treated with benzonase under conditions that 
completely hydrolyze all types of nucleic acids. The input fraction was shown to contain only 
nucleotides or very short DNA fragments (Figure 5-4 B, left) with the aim of disrupting all 
DNA-mediated interactions. Silver stained SDS-PAGE and western blot analysis showed the 
pulldown of PfSnf2L to be successful (Figure 5-4B, right). In both experiments, untagged 3D7 
parasites were treated accordingly and served as a negative control.  
The co-immunoprecipitated proteins were analyzed by mass spectrometry after liquid-
chromatography (LC-MS/MS), performed by the Protein Analysis Unit (ZfP, LMU). Statistical 
analysis of three replicates revealed 114 enriched proteins that were considered significant 
in the DNaseI digested condition, excluding ribosomal proteins (Figure 5-4C). Among them 
are several nuclear proteins suggested to be involved in chromatin organization, but also 
numerous uncharacterized proteins. However, the number of hits within this experiment 
suggests a non-specific pulldown of many proteins with PfSnf2L, probably mediated by DNA 
interaction. The benzonase treatment is considered to be more suitable to monitor specific 
and direct protein interactions of PfSnf2L. Apart from ribosomal proteins, 40 significant 
interactors of PfSnf2L were identified (Figure 5-4D, Table 5-1). This group of enzymes shares 
a partial overlap of 10 proteins with the hits from the DNaseI-treated pulldown (Figure 5-4E). 
The list of 40 hits includes several very abundant and well-known chromatin proteins such as 
histones or heterochromatin protein 1, which are likely interactors of PfSnf2L. Besides, 
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Figure 5-4: Interaction network of PfSnf2L. A. DNaseI-treated anti-HA immunoprecipitation samples obtained 
from unsynchronized untagged 3D7 and PfSnf2L-HA parasites of one representative experiment were analyzed. 
Left panel shows PfSnf2L-HA-input (lane 1 – 20 %, lane 2 – 80 %) analyzed on a 2 % agarose gel. Right panel 
shows input (8 %), flowthrough (FT) (3 %) and beads (25 %) analyzed on 4-20 % SDS-PAGE and silver-stained 
(upper panel) and probed with αHA antibody on western blot (lower panel). B. Benzonase-treated anti-HA 
immunoprecipitation samples obtained from unsynchronized untagged 3D7 and PfSnf2L-HA parasites of one 
representative experiment were analyzed. Left panel shows PfSnf2L-HA-input (lane 1 – 10 %, lane 2 – 40 %) 
analyzed on a 2 % agarose gel. Right panel shows input (3 %), flowthrough (FT) (3 %) and beads (25 %) analyzed 
on 4-20 % SDS-PAGE and silver-stained (upper panel) and probed with αHA antibody on western blot (lower 
panel). C. Scatterplot of DNaseI-treated PfSnf2L-IP LC-MS/MS results showing -log(p-value) of a two-sided 
Student’s t-test over log2FC(IP/ctrl) for three biological replicates: significantly enriched (turquoise), highly 
enriched (petrol), ribosomal proteins (grey), rest (black). D. Scatterplot of Benzonase-treated PfSnf2L-IP LC-
MS/MS results for three biological replicates as described in C. E. Venn diagram of proteins significantly or highly 
enriched in DNaseI-treated (grey) and benzonase-treated (black) PfSnf2L-HA-IP LC-MS/MS. F. PfSnf2L interaction 
network with selected proteins identified in benzonase-treated PfSnf2L-HA-IP LC-MS/MS (black) and additional 
interactions detected in complementary IP experiments (underlined) with corresponding colors. Full protein names 
and gene IDs can be found in Table 5-1. 

several proteins and complexes specifically associated with chromatin assembly were 
detected (Figure 5-4F): Replication-associated chaperones such as chromatin assembly 
factors (CAFs) and nucleosome assembly proteins (NAPS/NAPL) and Topoisomerase I 
(TopoI) were enriched. The detection of all three proposed subunits of the FAcilitates 
Chromatin Transcription complex (FACT-L/FACT-S/HMGB1) indicates an interaction with 
FACT and suggests a contributing role in nucleosome assembly during transcription 
elongation. Furthermore, an interaction between different types of remodelers was observed, 
as shown for other eukaryotic CREs (Ocampo et al., 2016; Oppikofer et al., 2017). PfSnf2L 
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interacts with ISWI, Chd1 and MORC. Interestingly, some transcription factors and numerous 
GCN5 (General control non-depressible 5) complex subunits were also co-
immunoprecipitated with PfSnf2L. These proteins are known to act on promoter regions and 
are involved in transcription regulation (Cui et al., 2007; Fan et al., 2004; Miao et al., 2021), 
which could a hint to the molecular role in PfSnf2L, potentially regulating gene expression.  
 

Table 5-1: List of proteins identified in benzonase-treated PfSnf2L-HA-IP LC-MS/MS with log2FC and p-
value. Product description and name are derived from PlasmoDB, + indicates the identification in complementary 
IP experiments (Bryant et al., 2020; Gupta et al., 2018; Miao et al., 2021; Santos et al., 2017), A-marked proteins 
are Plasmodium or Apicomplexan-specific, -marked proteins were also detected in DNaseI-treated IP. 

Gene ID Product Description Name 
Log
2FC p-value AP

2-
I  

IS
W

I  
C

AF
1  

G
C

N
5 PH

D
1 

  
PF3D7_0510500 topoisomerase I TopoI 7.9 0.0211             

 

PF3D7_1234900 CHCH domain-containing protein   7.9 0.0363   +     A  
PF3D7_1033300 conserved protein. unknown function   7.2 0.0328        A 

 

PF3D7_1449500 AP2 domain transcription factor AP2-O5 ApiAP2 7.0 0.1806        A  
PF3D7_0801000 Plasmodium exported protein (PHISTc)   7.0 0.2074   +     A  
PF3D7_0501800 chromatin assembly factor 1 subunit A CAF1A 6.9 0.1127    +  +    
PF3D7_1441400 FACT complex subunit SSRP1 FACT-S 6.6 0.1713 + +   +   
PF3D7_1143200 DnaJ protein. putative   6.5 0.0181          
PF3D7_0517400 FACT complex subunit SPT16 FACT-L 6.0 0.2357 + +   +   
PF3D7_1033700 bromodomain protein 1 BDP1 5.8 0.1144 +   + + A 

 

PF3D7_1212900 bromodomain protein 2 BDP2 5.6 0.1894        A  
PF3D7_0823300 histone acetyltransferase GCN5 GCN5 5.6 0.1841 +   + +   
PF3D7_1107300 polyA-binding protein-interacting protein 1 PAIP1 5.4 0.0050         

 

PF3D7_1329300 chromatin assembly factor 1 subunit B CAF1B 5.3 0.3459    +    A  
PF3D7_1220900 heterochromatin protein 1 HP1 5.0 0.1285   + + + + A 

 

PF3D7_1008700 tubulin beta chain   5.0 0.2404   +       
PF3D7_1203700 nucleosome assembly protein NAPL 4.7 0.1407   +   +   
PF3D7_0919000 nucleosome assembly protein NAPS 4.7 0.1739   +  + + A  
PF3D7_1104200 chromatin remodeling protein SNF2L 4.6 0.0741 + +   +   

 

PF3D7_1345100 thioredoxin 2 TRX2 4.5 0.3066        A  
PF3D7_1468100 MORC family protein MORC 4.2 0.1736   +  +   A  
PF3D7_1408500 unknown function   4.2 0.0228        A 

 

PF3D7_0500800 mature erythrocyte surface antigen MESA 4.0 0.1851     + + A  
PF3D7_0320900 histone H2A.Z H2A.Z 3.9 0.0247   +      

 

PF3D7_0624600 ISWI chromatin-remodeling ATPase ISWI 3.9 0.0565 + +   + A  
PF3D7_1021900 PHAX domain-containing protein   3.8 0.0696         

 

PF3D7_1138800 WD repeat-containing protein   3.8 0.2552          
PF3D7_1011800 PRE-binding protein PREBP 3.5 0.1355   +     A  
PF3D7_1147300 unknown function   3.4 0.0497        A 

 

PF3D7_1008100 PHD finger protein PHD1 PHD1 3.4 0.2219 +   + + A  
PF3D7_1330800 RNA-binding protein, putative   3.4 0.1390   +  + + A  
PF3D7_1023900 chromodomain-helicase-DNA-binding protein 

1 homolog CHD1 3.3 0.1486 +    +   
PF3D7_0201900 erythrocyte membrane protein 3 EMP3 3.2 0.0918        A  
PF3D7_1317400 zinc finger protein   3.0 0.0011   +     A 

 

PF3D7_0513600 deoxyribodipyrimidine photo-lyase   2.8 0.0071     + +   
PF3D7_1036900 unknown function   2.2 0.0201     +   A  
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Among these co-immunoprecipitated proteins, no orthologues of any known ISWI-
associated subunits from other eukaryotes, such as Itc1, Ioc2/3/4, ACF1, Dpb4, etc., could 
be detected. However, in silico attempts didn’t reveal any orthologues of these interactors to 
be present in Plasmodium falciparum, suggesting that PfSnf2L functions as a single protein 
or that it forms atypical complexes. Indeed, 21 Apicomplexan or Plasmodium-specific 
proteins were found in the IP experiment, among them several uncharacterized proteins, 
(marked with A in Table 5-1). These uncharacterized proteins don’t allow any functional 
conclusions. In general, this finding points to the possibility of novel chromatin complexes 
around PfSnf2L, that are specific for Plasmodium or Apicomplexans and not known from 
other eukaryotes studied.  
PfSnf2L has been shown to be chromatin-associated (5.1.1) and the in vitro characterization 
revealed binding to DNA (Figure 4-2). This raises the question of whether PfSnf2L has specific 
binding sites on the genome. Therefore, chromatin-immunoprecipitation (ChIP) was 
performed using the HA-tag of PfSnf2L and crosslinked chromatin. The precipitated DNA 
was used for library preparation and high-throughput sequencing. Since CREs usually exhibit 
only transient binding to DNA, these enzymes are difficult to crosslink. Two different 
crosslinking methods – formaldehyde only and formaldehyde plus disuccinimidyl glutarate 
(DSG) – were tested. The DNA co-immunoprecipitated with PfSnf2L-HA was analyzed by

 
Figure 5-5: GC-enrichment in ChIP-experiment. A. Tapestation profile with quantitative DNA fragment size 
distribution of Chromatin-immunoprecipitation samples of PfSnf2L-HA-IP using either formaldehyde or 
formaldehyde+DSG crosslinking: input (diluted 1:100), ChIP (anti-HA pulldown), control (no-antibody pulldown). 
One of three replicates shown. DNA lengths are indicated in bp. B. Occupancy profile of ChIP/input (six replicates 
averaged) over all genes aligned to start and stop codon of coding sequences. C. Exemplary coverage plot of one 
representative replicate of PfSnf2L-HA-ChIP using formaldehyde+DSG for fixation: input, ChIP, control. Input-
normalized tracks are shown in log-scale. Called peaks and gene annotation are indicated, regions shown is 
chr2:872000–926000. D. GC-enrichment in PfSnf2L-HA-ChIP peaks. For every peak and free region in between, 
the AT-content was calculated and is shown as boxplot. 
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automated electrophoresis and quantification showed a clear enrichment of DNA in the 
PfSnf2L-IP compared to the no-antibody control for both crosslinking conditions (Figure 
5-5A). Input and ChIP-DNA (and control samples where possible) were sequenced and 
mapped to the Pf genome. In all ChIP samples, regardless of crosslinking method, mainly 
coding regions were enriched (Figure 5-5B,C). As this pattern was also visible in the no-
antibody control, I assume a non-specific enrichment of these regions. Due to the peculiar 
nature of the Pf genome with its very high AT-content of up to 90 % in non-coding regions, 
it may occur that a bias towards GC-enrichment arises in ChIP-Seq (Baumgarten and Bryant, 
2022). The correlation of GC-content with supposed PfSnf2L occupancy is very strong in 
these data (Figure 5-5D), so I don’t consider these findings to be true PfSnf2L binding sites. 

5.1.3 Multiple KO phenotypes of essential PfSnf2L 

PfSnf2L-KO results in a developmental defect. 
The integrated conditional KO system in the transgenic PfSnf2L-HA-cKO strain and the 
previous knockout validation enabled us to study the function of PfSnf2L in the erythrocytic 
life cycle. As first KO induction experiments of unsynchronous parasites showed, the 
parasitemia (defined as infected red blood cells / red blood cells) is reduced upon KO (Figure 
5-1D). These experiments demonstrate the essential role of PfSnf2L in Plasmodium 

falciparum blood stages. To characterize the timing of this lethal effect, PfSnf2L-HA-cKO 
were tightly synchronized and KO was induced immediately after invasion (0 hpi) or at late 
ring stage (24 hpi) or treated with DMSO as control. The number of parasites and their 
morphological appearance were monitored for >2 cycles. As shown by the growth curves 
and Giemsa-stained blood smears of two biological replicates, both induction timepoints lead 
to parasite death approximately one cycle after induction (Figure 5-6A,B). Furthermore, 
parasite development in the second cycle is severely impaired. However, there is no specific 
event in the cycle progression that is blocked and that would kill the parasites. Rather, the 
effect depends on the timing of KO induction, harming the parasites at different functional 
levels. The early iKO parasites (iKO0) don’t develop beyond the ring stage, while the late iKO 
parasites (iKO24) seem to reach a trophozoite-like stage before arresting and dying. The 
quantification of nuclei at the end of the second cycle (46 hpi) reflects the replication defect 
caused by knockout induction (Figure 5-6C). In the noKO population, most of the parasites 
completed multiple rounds of nuclear division and possess up to 32 nuclei per infected cell. 
The proportion of parasites with more than 8 nuclei is greatly reduced in late iKO, while early 
iKO parasites were shown to hardly accomplish any nuclear division. An exemplary IFA with 
PfSnf2L-HA staining, nuclear staining and antiAma1 – an invasion organelle marker named 
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Figure 5-6: PfSnf2L is essential for parasite development. A. Growth curve assay of synchronized Snf2L-HA-
cKO parasites not-induced (black), induced at 24 hpi (dark red), induced at 0 hpi (light red) in two biological 
replicates. Mean ± SD of technical replicates is shown, significance is indicated (two-tailed Student's t-test, 
unpaired, ns p>0.05, * p<0.05, ** p<0.01, ***p<0.005). B. Representative Giemsa-stained blood smears of parasites 
as in A, scale bar: 2 µm. C. Quantification of nuclei per cell in noKO/iKO24/iKO0 schizonts as in A (upper panel) 
harvested 46 hpi of cycle2 (n=100 each). D. Immunofluorescence analysis of noKO/iKO0 schizonts harvested 46 
hpi of cycle2 stained with DAPI, anti-HA and anti-AMA1 as apicoplast marker, scale bar: 1 µm. 

Apical membrane antigen 1 – demonstrates that no schizogony, nuclear division or invasion 
organelle formation occur in the second cycle with PfSnf2L being absent (Figure 5-6D). 

PfSnf2L-KO results in impaired egress. 
With early knockout induction, already transition to the second cycle seems to be impaired. 
The growth curves of both replicates show a significantly reduced parasitemia for very early 
rings, right after invasion of new red blood cells. To investigate this phenomenon in detail, 
the parasite reproduction rate was determined. Mature schizonts were purified and incubated 
with fresh red blood cells (RBCs) for two hours and quantified subsequently (Figure 5-7A). 
With early KO induction, the number of newly invaded RBCs was reduced by a factor of ~3, 
while the late iKO showed a reproduction rate comparable to non-induced parasites. To 
ensure that this effect was not due to impaired nuclear division within the first cycle of iKO0, 
the number of nuclei of individual noKO/iKO0 schizonts was quantified (Figure 5-7B). Since 
no difference in the number of nuclei is observable, I assumed the process of host cell exit 
or entry to be affected. Indeed, live cell imaging of parasite egress revealed an aberrant 
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Figure 5-7: Egress defect upon PfSnf2L-KO despite unaffected schizogony. A. Reproduction rate of noKO/ 
iKO24/iKO0 schizonts (46 hpi) after 2 h with fresh RBCs (nparasites>100 each) for two replicates. B. Quantification of 
nuclei in noKO /iKO0 parasites 46 h after induction, each dot representing one schizont. C. Classification and 
quantification of egress phenotype in live imaging of noKO/iKO schizonts 46 h after induction D. Three 
representative images of noKO/iKO0 parasites after egress in live imaging, scale bar: 1 µm. E. Immunofluorescence 
analysis of noKO/iKO schizonts 46 h after induction stained with DAPI, anti-HA and anti-Gap45 as cytogenesis 
marker, anti-AMA1 as apicoplast marker, respectively, scale bar: 2 µm F. Representative transmission electron 
microscopy image of PfSnf2L-HA-cKO parasites not-induced/induced 46 hpi plus additional maturation in 
presence of compound2, scale bar: 0.2 µm. Significance is indicated (two-tailed Student's t-test, unpaired, ns 
p>0.05, ***p<0.005, ****p<0.001). 
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behavior of iKO0 schizonts in comparison with noKO schizonts during RBC exit (Figure 5-7D). 
Highly mature noKO schizonts show an abrupt rupture of the host cell, releasing all 
merozoites as individual daughter cells distant from the food vacuole (black). The iKO0 
merozoites, in contrast, appear to cluster together after host cell rupture and only a few 
daughter cells separate gradually. Classification and quantification of these observations in 
live imaging shows the effect to be significant (Figure 5-7C). The reason for the host cell exit 
defect in iKO0 could be due to defective cytokinesis during schizogony. To investigate this 
process, mature schizonts were analyzed in IFAs by staining for glideosome associated 
protein 45 (Gap45), a protein anchored to the inner membrane complex that is formed late 
during cytokinesis (Figure 5-7E, upper panel). Anti-HA staining confirmed the absence of 
PfSnf2L in iKO0 schizonts, but no difference regarding Gap45 could be observed, indicating 
normal cytokinesis. IFA of iKO0/noKO staining for Ama1 also showed no obvious defects in 
microneme formation (Figure 5-7E, lower panel). Using transmission electron microscopy, 
iKO0 schizonts were shown to have accomplished merozoite segregation similar to noKO 
schizonts (Figure 5-7F). Summarizing these results, imaging phenotyping of schizonts didn’t 
reveal a clear cause for the exit defect in PfSnf2L-iKO parasites.  

PfSnf2L-KO results in reduced exportome gene expression. 
To find the link between the lack of PfSnf2L and the resulting host cell exit defect, 
transcriptomic analysis was employed. Sequencing of mRNA obtained from iKO0/noKO 
parasites every five hours didn’t reveal any differentially expressed genes (DEGs) until 40 hpi 
(Figure 5-8A). The appearance of the first changes in gene expression after 40 hours 
corresponds to the duration of PfSnf2L-depletion. At schizont stage (45 hpi), 217 genes 
exhibit significantly reduced expression levels upon PfSnf2L-KO. Gene ontology (GO) term 
enrichment analysis with respect to cellular compartment showed that primarily proteins 
belonging to the Maurer’s cleft, proteins in the host cell cytoplasm and on the host cell 
surface, are downregulated (Figure 5-8B). Maurer’s clefts are parasite-derived membranous 
structures in the host cell cytoplasm, that are involved in trafficking and are unique to 
Plasmodium falciparum (Mundwiler-Pachlatko and Beck, 2013). In view of these enriched GO 
terms, mainly transcripts of exported proteins seem to be affected by PfSnf2L-KO. At least 
83 of the 217 downregulated genes are known or proposed to be part of the exportome – the 
totality of exported proteins, with some of them predicted to be essential for the parasite 
(Figure 5-8C). Looking more closely at the intersection of downregulated and exported 
proteins, several protein families are affected with more than one member. In addition to var 
genes – the clonally variant genes encoding for surface antigens – several trafficking proteins 
(PTPs, MAHRPs, DNAJs) are less expressed. Furthermore, a large number of downregulated 



PfSnf2L CHARACTERIZATION IN VIVO 

53 

proteins are proposed to be involved in red blood cell remodeling through cytoskeleton 
interaction, such as SBP1, RESAs, some pHISTa-c (Jonsdottir et al., 2021; Mills et al., 2007). 
These candidates could potentially be associated with the defect in host cell exit, as the 

 
Figure 5-8: Reduced expression of exported protein upon PfSnf2L-KO. A. Number of differentially expressed 
genes (DEGs) – down-/upregulated – in RNA-Seq of synchronous iKO0 / noKO parasites over life cycle, harvested 
in 5 h intervals after induction at t0 in three biological replicates. B. Gene ontology (GO) term enrichment regarding 
cellular compartment of genes downregulated at schizont stage, 45 hpi (as in A). Numbers of DEGs within the GO 
Terms are indicated (white). C. Venn diagram showing the intersection of DEGs at 45 hpi (as in A) with genes 
predicted to be essential ((Zhang et al., 2018b), MIS<0.3) and with genes encoding exported proteins, combining 
predicted (Boddey and Cowman, 2013) and proven (Jonsdottir et al., 2021) exportome (listed in Appendix 3), 
among all genes being expressed at schizont stage. Right panel shows a list of exported protein families, their 
function and the number of group members being downregulated in PfSnf2L-KO parasites 45 hpi. D. Western blot 
analysis of exported proteins with significantly reduced mRNA level in whole cell extracts in noKO/iKO parasites 
46 hours after induction. Detecting PfSnf2L via anti-HA serves as KO confirmation, anti-Enolase was used as 
loading control. E. Immunofluorescence analysis of a mixture of noKO/iKO schizonts 46 h after induction with 
DAPI, anti-HA and antibodies targeting exported proteins downregulated on mRNA level (left panel), scale bar: 
5 µm. Total fluorescence intensity of PfSnf2L (αHA) and exported proteins was quantified per parasite (mid panel) 
and low/high HA levels enabled the identification of noKO/iKO parasites. Total Rex1-/MAHRP1-/SBP1-signal in 
noKO/iKO parasites is shown as boxplot, p-values are indicated (two-tailed Student's t-test, unpaired). 
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properties of red blood cells play an important role in this process (de Koning-Ward et al., 
2016; Millholland et al., 2011; Sherling and van Ooij, 2016). 
To analyze whether the reduced mRNA levels are also reflected in reduced protein levels, 
western blot analysis of late schizonts (iKO0/noKO) was performed with available antibodies 
targeting RESA, Rex1/3, SBP1, MAHRP1 (Figure 5-8D). PfSnf2L was again demonstrated to 
be largely absent, but all targeted exported candidates show comparable levels in iKO/noKO 
when compared to the loading control anti-Enolase. Since western blot analysis did not show 
a conclusive reduction for any of the proteins analyzed, IFA experiments were performed to 
see effects in individual parasites (Figure 5-8E). To compensate for differences in staining, 
noKO and iKO0 parasites were mixed and stained for αHA and the respective exported 
antigen (αRex1, αSBP1, αMAHRP1). Signal intensities per parasite were automatically 
quantified and individual parasites were assigned to noKO or iKO0 based on their anti-HA 
signal. Neither Rex1 nor SBP1 or MAHRP1 showed a significant reduction of protein levels 
in iKO0 versus noKO. From this it can be concluded that although the expression of these 
exported proteins is regulated by PfSnf2L, downregulation cannot explain the detected 
egress phenotype. Looking at the expression and export timing of the analyzed proteins, their 
transcription is only being activated in late schizont stage. The expression peaks in early ring 
stage, where these proteins are then exported in order to modify the newly invaded 
erythrocyte. Their dysregulation may affect the following cycle but doesn’t account for the 
egress defect.  

PfSnf2L-KO alters red blood cell properties. 
Interestingly, the list of downregulated genes in iKO0 schizonts contains 16 members of the 
exported protein family (EPFs). The abundance and the role of these proteins couldn’t be 
investigated in more detail due to lacking antibodies. From literature I have reason to assume, 
that their downregulation might explain the observed exit defect as discussed in 5.2. In this 
context, I investigated the contribution of the red blood cell to the egress defect upon 
PfSnf2L-KO. Therefore, I monitored the egress process in live imaging supplemented with 
phalloidin, which stains the RBC cytoskeleton. The impermeable dye enters the host cell only 
with membrane rupture, marking the start of the egress event. The image sequence of an 
exemplary noKO parasite during egress shows that the RBC membrane curls up quickly 
immediately after rupturing (Figure 5-9A, upper panel). The remaining residuals – termed RBC 
ghost – accumulate relatively distant to the released merozoites. In contrast, the iKO0 egress 
process is characterized by an RBC that gets perforated (visualized by phalloidin-influx) but  
doesn’t curl up (Figure 5-9A, lower panel). The RBC cytoskeleton remains in its original 
spherical shape, preventing the daughter cells from dispersing. Even after some time, the 
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Figure 5-9: Attached red blood cell (RBC) ghost during egress in PfSnf2L-KO. A. Time series of noKO/iKO0 
parasite egress 46 h after induction in phalloidin-supplemented live imaging, one representative parasite shown. 
B. Representative images and quantification of egress phenotype and RBC ghost phenotype (with classification 
as in C.) of individual egressed noKO/iKO schizonts 46 h after induction during phalloidin-supplemented live 
imaging, scale bar: 1 µm. C. Exemplary images of RBC ghost classification as distant/merozoites attached/ 
complete overlap determined 40 sec after egress start. 

RBC ghost doesn’t dissociate from the merozoites but remains attached to the merozoites. 
Classification and quantification of the RBC ghost location 40 sec after egress start as 
distant, merozoites attached or completely overlapping correlates with the egress phenotype 
(Figure 5-9B,C). Attached ghosts and accompanying clustering of merozoites are mainly 
observable in iKO0 parasites. This experiment provides a possible explanation for why the 
KO parasite daughter cells are not efficiently released. Red blood cell properties such as 
rigidity and permeability are known to be important for parasite exit and are also known to 
be actively modified by the parasite (Glenister et al., 2002; Maier et al., 2009, 2008). Among 
other exported and Maurer’s cleft-associated proteins, the exported protein family (EPFs) has 
been proposed to contribute to the host cell renovation (Mbengue et al., 2013). Knockout of 
PfSnf2L apparently results in decreased EPF transcript abundance. Most likely, this also 
leads to a reduction of EPF protein in the parasite, but also in the host cell. This in turn could 
be the reason for the altered properties of the erythrocyte, that hinder the iKO merozoites 
from detaching from the parental cell. 
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5.1.4 PfSnf2L controls just-in-time transcription of stage-specific genes.  

The developmental defects observed in PfSnf2L-KO are likely a consequence of dysregulated 
gene expression. To investigate the different effects of early (iKO0) and late (iKO24) KO, a 
detailed transcriptomic analysis was performed by inducing the knockout as before and 
sequencing extracted mRNA +45 / +50 / +60 hours after induction (Figure 5-10A). This allows 
to follow the KO-caused differential expression over time in direct comparison to noKO 
control. Additional sampling and sequencing of noKO parasites every 5 hours was used to 
create a reference transcriptome representing the whole asexual cycle of the used parasite 
strain, to which the KO-affected samples can be compared. Visualization of the entire 
transcriptome of the reference cycle using a principal component analysis shows a circular 
trajectory of the samples (Figure 5-10B, circles). Looking at the later timepoints (+45/+50/+60) 
within the analysis, the noKO data points largely fit into the trajectory according to their cycle 
progression, while the iKO samples deviate. PfSnf2L-KO induction leads to a delay in the 
appearance of the stage-specific transcriptome, which is visible in delayed data points. 
Already +45 hours after KO induction, there is a gap between noKO and iKO transcriptome, 
which increases with further cycle progression (+50 / +60). This delay effect is true for both 
induction timepoints (early/late KO), they only differ in the parasite stage. Early KO parasites 
show a delay in late schizont to early ring stage, while late KO parasites are delayed in late 
ring stage, which in both cases is the time it takes to diminish PfSnf2L levels. Another 
common method to determine cell cycle progression in Plasmodium falciparum is to compare 
transcriptomes to an existing highly synchronous transcriptome data set to estimate the most 
likely age using a maximum likelihood approach. Applying this analysis and comparing the 
obtained RNA-Seq data to (Painter et al., 2018), I found a very similar picture of iKO parasites 
progressing slower through the life cycle than the noKO parasites, regardless of induction 
timing (Figure 5-10C). The delay in the transcriptome reflects the observed developmental 
defects in Giemsa-stain.  
Analysis of individual differentially expressed genes may explain this in more detail. In the 
schizont stage sample (early KO +45), ~200 genes are differentially expressed. However, the 
number of DEGs is much larger in all other samples, with 1000-2000 genes dysregulated 
upon PfSnf2L-KO (Figure 5-10E). As the PfSnf2L genome contains only ~5500 genes, this 
corresponds to a large proportion. Summing up all DEGs upon PfSnf2L-KO irrespective of 
timepoint, 75 % of all genes were found to show altered expression at least at one timepoint. 
A GO term enrichment analysis showed that all kinds of pathways are affected. Breaking it 
down into five major pathways shows that gene sets required for the same process are 
upregulated at one timepoint and downregulated at another. The expression of these groups 
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of genes is usually highly regulated and timed with cycle progression, depending on when 
they are needed. Exported protein expression peaks in early ring stage, while translation-
associated genes are expressed later. Genes required for metabolism and replication are 
activated in late ring stage, invasion and motility genes at trophozoite stage. Clustering of 
genes according to their temporal expression profile reveals a wave-like path with gene 
activation and silencing (Figure 5-10D). The iKO profile of the synchronous cells shows that 
the gene clusters undergoing actual regulation at the timepoint of sampling are dysregulated. 
Genes that are activated in noKO at this stage are not activated in iKO, and genes to be 
repressed in noKO remain active in iKO. This suggests that PfSnf2L is not a gene-specific 
regulator, but rather globally regulates the just-in-time transcription of stage-specific genes. 
Thus, PfSnf2L defines the timing of progression and coordination of the blood stages.  

 
Figure 5-10: Delayed gene expression in PfSnf2L-KO parasites. A. Experimental setup of timing and sampling 
for transcriptome analysis, noKO samples 0-45 hpi (black) serve as reference transcriptome. For PfSnf2L-KO 
analysis, RNA was isolated 45/50/60 hours post early KO induction or late KO induction, respectively. B. Principal 
component analysis of whole RNA-Seq data of highly synchronous noKO (circle) / iKO (triangle) parasites at 
different timepoints (45 h / 50 h / 60 h) post early (upper) or late KO induction (lower panel). Pool of three biological 
replicates shown. C. Cycle progression estimation of RNA-Seq samples as in A with three biological replicates 
each in relation to a hourly reference transcriptome (Painter et al., 2018). D. Normalized relative expression profile 
of genes that are differentially expressed over all timepoints in noKO (black) and iKO (red), clustered according to 
expression profiles over time. E. Summation (left) and timed numbers (right) of differentially expressed genes 
(DEGs) in iKO/noKO parasites as in A. Superordinate GO categories enriched in downregulated (turquoise) or 
upregulated (petrol) genes based on GO Term enrichment analysis are shown. F. Pearson correlation between the 
maximal differential expression of each gene and its expression variation across cycle in the reference 
transcriptome. 
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Some genes undergo more transcriptional changes across the cycle than others, represented 
as coefficient of variation. Plotting this parameter against the maximum differential 
expression change upon PfSnf2L-KO for each gene shows a significant correlation (Figure 
5-10F). This suggests that genes with more transcriptomic variation are more dependent on 
PfSnf2L, probably because they require more stringent regulation for correct gene expression 
throughout the cycle. The magnitude of the transcriptomic effect and the number of affected 
genes emphasize the importance of PfSnf2L in the orchestrated gene expression program.  
The described delay in gene expression mainly refers to genes having a function in the 
asexual erythrocytic stages. Beyond, the parasite genome encodes numerous genes 
required for other life cycle stages. It includes genes specific for the sexual erythrocytic 
stages, but also for mosquito stages or for transmission to the human liver. During the asexual 
cycle, these genes should largely be silenced. A subset of genes known to be specific for 
stages other than asexual blood stages – 288 gametocyte-specific genes, 66 ookinete-
specific genes and 89 sporozoite-specific genes – were selected and analyzed for 
dysregulation in PfSnf2L-KO (listed in Appendix 4). In ring stages, the expression of these 
genes is enhanced upon iKO, or rather, they are mistakenly expressed (Figure 5-11A). As the 
cycle progresses, this effect diminishes. This observation suggests a function of PfSnf2L in 
keeping unneeded genes silenced, predominantly at the ring stage. The gametocyte-specific 
gene set changes later in the cycle, at late ring or trophozoite stage, towards reduced mRNA 
abundance in iKO. The process of gametocyte formation takes place in human erythrocytes, 
and commitment to gametocytogenesis occurs for a small proportion of asexual stages. The 
regulatory mechanism of sexual commitment is not entirely solved, but is mostly attributed 
to epigenetic regulation, with PfSnf2L potentially contributing to this process. PfSnf2L has 
previously been proposed as an upstream regulator of gametocyte formation, along with 
several other epigenetic regulator candidates (Poran et al., 2017; van Biljon et al., 2019). 

 
Figure 5-11: Dysregulation of stage-specific genes upon PfSnf2L-KO. A. Expression change – log2(iKO/noKO) 
– at individual timepoints for stage-specific gene groups (listed in Appendix 4). The numbers of genes within the 
groups are shown (white), significance is indicated (two-tailed Student's t-test, unpaired, ns p>0.05, * p<0.05, 
** p<0.01, ***p<0.005, ****p>0.001). B. Gene expression profiles over individual timepoints of exemplary epigenetic 
regulators involved in gametocyte commitment. Abbreviations: Schizont (S), Trophozoite (T), Ring (R). Gene 
symbols according to PlasmoDB.  
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The expression profiles of twelve selected candidate genes upon PfSnf2L-KO were plotted 
to address causal or temporal relationships (Figure 5-11B). The list comprises genes 
encoding epigenetic regulators and transcription factors, but also regulatory RNAs or 
unknown transcripts. Most of these them follow the pattern of being increased in early rings 
and being decreased in later stages. AP2-G5 and AP2-FG, two gametocytogenesis-
associated transcription factors, show an inverse curve. Histone deacetylase 1 (HDA1) seems 
to be slightly upregulated at all timepoints, whereas the chromatin remodeling enzyme ISWI 
shows a tendency to be downregulated throughout the life cycle. However, the significance 
remains to be proven. Since the role of these genes has not been elucidated in detail, no 
regulatory cascade can be inferred. Nevertheless, the altered expression profiles of individual 
known regulators as well as the dysregulation of all gametocyte-specific genes suggest, that 
PfSnf2L plays a role in the epigenetic regulation of gametocyte commitment. 

5.1.5 PfSnf2L shapes promoter architecture correlating with gene regulation. 

As shown in the previous section, the absence of PfSnf2L in asexual blood stages leads to a 
major perturbation in gene expression. Next, we tested the underlying mechanism of how an 
enzyme functioning in nucleosome assembly and remodeling controls gene expression. 
Therefore, I used the conditional knockout system to analyze the parasite chromatin 
landscape in presence and absence of PfSnf2L. Analogous to the transcriptome analysis, 
PfSnf2L-KO was induced early (0 hpi) and late (24 hpi) and chromatin was extracted 45 hours 
after KO induction, when PfSnf2L has disappeared and first changes in gene expression were 
detected (Figure 5-12A,B, left panel). Parasite nuclei were treated with Micrococcal Nuclease 
(MNase) to digest DNA which is not occupied by nucleosomes. Chromatin digestion was 
performed at a constant MNase concentration for increasing times (2.5 / 5 / 10 min). 
Differential MNase digestion provides information on the general accessibility of chromatin 
(Schwartz et al., 2019).  

PfSnf2L-KO causes global chromatin perturbation in late ring stage. 
The length distribution of the resulting DNA fragments after MNase digestion shows that the 
accessibility of schizont chromatin is comparable between noKO and iKO (Figure 5-12A, right 
panel). In late ring stage, however, iKO chromatin is much more accessible than noKO 
chromatin as visualized by the increased release of shorter DNA fragments under the same 
conditions (Figure 5-12B, right panel). This suggests that PfSnf2L is responsible for chromatin 
compaction at ring stage and that a depletion of the CRE results in a less compacted and 
thus more accessible chromatin structure. MNase digestion followed by DNA sequencing 
allows the detection of individual nucleosome positions across the genome. Chromatin 
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samples of noKO and iKO digested to the same degree were sequenced and compared, for 
schizonts (early KO) as well as late rings (late KO). Exemplary coverage plots of MNase-Seq 
fragments show that in noKO/iKO schizonts hardly any changes in nucleosome positioning 
are observable (Figure 5-12C). In contrast, late ring chromatin shows substantial differences 
in nucleosome maps when comparing iKO to noKO (Figure 5-12D). Individual nucleosome 
calling and differential nucleosome analysis revealed those that changed significantly in 
iKO/noKO. Among these nucleosome positioning changes (NPCs), a distinction is made 
between changes in occupancy, fuzziness or position shift. These changes are defined as 
follows: Shifts represent the repositioning of the histone octamer forming a new dyad axis 
position. Fuzziness describes the broadness of the nucleosomal peak, being not fuzzy with 

 
Figure 5-12: PfSnf2L-KO leads to global alteration in ring stage chromatin. A. (S: schizont stage) / B. (LR: 
late ring stage). Scheme of KO induction and chromatin extraction timing in S/LR (left panel). Molarity-normalized 
DNA size distribution of Tapestation electrophoresis for MNase digested chromatin in S/LR of noKO (black) /iKO 
(red) samples (right panel). One representative replicate is shown, dotted boxes indicate samples used for analysis. 
C./D. Exemplary coverage plots of MNase-Seq fragments of samples as in A (mean of three replicates)/B (mean 
of two replicates) including NPCs. Regions shown is chr3:641000–645000, genes are indicated in grey. E. Ranked 
normalized parameter (FDR of occupancy/fuzziness change or shift distance from differential nucleosome analysis) 
of iKO/noKO LR chromatin, NPC cut-off is defined as slope=1 and noted. Cut-off for 20% best-positioned 
nucleosomes is fuzziness_score (S) <47; fuzziness_score (LR) <49. F. Category, localization, numbers of NPCs in 
iKO/noKO in S/LR (cut-off from E. applied), assigned to gene section annotations relative to base pairs. 
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a single translational position and a narrow peak, whereas fuzzy nucleosomes are 
characterized by a broad peak and many distinct translational positions close by. Occupancy 
changes imply a change in the number of cells with the nucleosome at a given location 
described by the change in the nucleosomal peak height. To identify NPCs, a cut-off was 
defined after ranking the normalized adjusted FDR values of these three categories in late 
ring stage (Figure 5-12E). The cut-off values were extracted and applied to detect NPCs in 
schizont stage. Among the NPCs, only those within the 20 % best-positioned nucleosomes 
in both stages were considered. In schizont stage, <1 % of well-positioned nucleosomes 
show positioning changes, while in late ring stage, approximately 20 % are affected (Figure 
5-12F, included in the coverage track in Figure 5-12D). Consequently, PfSnf2L has a more 
pronounced function in nucleosome positioning in late ring stage than in schizont stage. This 
fits with the importance of PfSnf2L in chromatin compaction and gene expression regulation 
at this timepoint in the cycle as described above. In schizont stage, chromatin is being 
replicated and compacted to allow the release of numerous daughter cells. During this phase 
of the cycle, transcription is reduced to a minimum. This may explain the relatively small 
changes in chromatin landscape and suggest, that PfSnf2L is required for chromatin 
organization associated with gene expression rather than replication. 

Nucleosome positioning changes enriched in gene promoters. 
The identified NPCs in iKO/noKO were annotated with respect to the gene region in which 
they were found. Changes of all three categories occurred preferentially in the 5’UTR and 
intergenic regions, and the enrichment is particularly strong for fuzziness and occupancy 
changes (Figure 5-12F). These regions are prominent regulatory regions, comprising 
promoters and cis-regulatory elements. They are characterized by a highly defined chromatin 
architecture and well-positioned nucleosomes.  
To analyze nucleosome positioning around transcriptional landmarks, normalized coverage 
was aligned around these regions and averaged (Figure 5-13A). Nucleosome profiles around 
transcription start/stop and coding start/stop didn’t show any notable differences between 
iKO and noKO at schizont stage. In contrast, late ring stage chromatin behaves differently. In 
general, there are more changes in the chromatin structure of iKO compared to noKO. The 
regions around start codon and stop codon as well as transcription termination site (TTS) are 
relatively similar in the nucleosome profiles of iKO and noKO. However, the zoom-ins show 
some changes in the dyad position of the nucleosomes, detectable as slightly shifted peaks 
(Figure 5-13B). In regions with very high AT-content (Figure 5-13A, lower panel), relative 
occupancy differences between samples are visible. Despite comparing similar digestion 
conditions, these highly MNase-sensitive regions are not digested uniformly. The 2000 bp 
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Figure 5-13: PfSnf2L-KO affects nucleosome positioning on landmark gene sites. A. Average MNase-Seq 
occupancy profiles of noKO/iKO at schizont stage (S)/late ring stage (LR) around transcriptional landmark sites – 
start/stop of transcription and translation – and corresponding GC-content profiles. B. Zoomed occupancy profile 
at LR around landmark sites (-300 – 4000 bp) as in A.  

region around the transcription start site (TSS), which consists of 5’UTR and intergenic region 
for most genes, shows the greatest variation. Besides occupancy differences, clear 
positioning differences between noKO and iKO can be observed. This is consistent with the 
enrichment of dynamic nucleosomes in 5’UTRs and intergenic regions. 
The TSS profile plot – even of noKO chromatin – doesn’t correspond to the typical eukaryotic 
TSS profile, which is characterized by a pronounced +1 nucleosome, regularly spaced 
nucleosomes downstream and an upstream nucleosome-free region (NFR) (Figure 5-14A). 
The Plasmodium TSS profiles in my and previous studies (Kensche et al., 2016) do not show 
these features, which is due to the unclear TSS annotations. Different studies using different 
methods revealed TSS annotations that do not match for all genes (Adjalley et al., 2016; 
Chappell et al., 2020; Kensche et al., 2016; Shaw et al., 2021). This is compounded by the 
fact that Plasmodium falciparum has been shown to exhibit stage-dependent variation in TSS 
usage (Adjalley et al., 2016), resulting in a documented variability in TSS annotation. To 
resolve this ambiguity, we used an alternative chromatin-based method to determine the 
transcription start site in our data. The NucDyn pipeline identifies nucleosome-free regions 
and defines the first well-positioned nucleosome downstream as the +1 nucleosome of 
promoters (Buitrago et al., 2019). Aligning the MNase-Seq data to the identified +1 
nucleosome of all genes restores the typical eukaryotic nucleosome profile (Figure 5-14B). 
This shows the bias of the previous profile alignment to annotated TSS and suggests that the 
identification of the +1 nucleosome is a more suitable method to annotate general promoter 
architecture. Again, huge changes in the chromatin structure of promoter regions can be 
observed for late ring stage iKO. 
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Promoter architecture changes correlate with gene expression. 
Because the chromatin architecture of promoter regions strongly influences the 
transcriptional activity – and much more – of a gene, the nucleosome profile was subdivided 
into four quantiles based on gene expression at late ring stage (Figure 5-14C). This 
visualization of noKO shows well-positioned nucleosomes for low expressed genes (1st 
quantile) and a less defined pattern of nucleosome positioning for highly expressed genes 
(4th quantile). Furthermore, the width of the NFR upstream of the +1 nucleosome increases 
with expression quantile. Comparing the noKO profiles with the iKO profiles, larger changes 
can be observed for higher expressed genes, especially as a loss of nucleosome positioning 
due to the absence of PfSnf2L. Quantifying the NFR widths and their distribution within the 
four quantiles, a correlation of wider and presumably more accessible NFRs with higher gene 
expression is striking (Figure 5-14C, right panel). This correlation appears to be disrupted 
upon PfSnf2L-KO, as the distribution of NFRs is not shifted to an increased length in iKO as 
it is in noKO. PfSnf2L-depletion results in a closure of NFR, suggesting that PfSnf2L plays an 
intricate role in opening and maintaining an active promoter structure.  
When we analyzed the dysregulated genes upon PfSnf2L-KO in relation to promoter structure 
changes, a correlation with nucleosome fuzziness could be detected (Figure 5-14D). An 
increased mRNA abundance in PfSnf2L-KO coincides with a loss of nucleosome positioning 
at promoter regions, which is accompanied by increased nucleosome fuzziness. For 
downregulated genes upon PfSnf2L-KO, the opposite effect – an increased nucleosome 

 
Figure 5-14: PfSnf2L shapes promoter architecture impacting gene expression. A. Typical eukaryotic 
nucleosome organization in gene regions (Lai and Pugh, 2017) B. Average MNase-Seq occupancy profiles of 
iKO/noKO in S/LR around +1 nucleosome over all genes. C. Nucleosome profile around +1 nucleosomes as in B 
differentiated by gene expression quantiles in LR (upper panel). Accordingly, NFR width distribution differentiated 
by gene expression quantiles of iKO/noKO in LR (lower panel). D. Mean fuzziness change of all nucleosomes within 
region +/- 1000 bp around +1 nucleosome (iKO-noKO) over differential expression for each gene. Significance is 
indicated (two-tailed Student's t-test, unpaired, ns p>0.05, * p<0.05, ** p<0.01, ***p<0.005, ****p>0.001), 
Abbreviations: +1nuc (+1 nucleosome), TSS (transcription start site), TTS (transcription termination site), not DE 
(not differentially expressed), NFR (nucleosome-free region). 
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fuzziness – is observed. This correlation indicates that a disruption of the promoter 
organization by knocking out PfSnf2L is the reason for the observed dysregulation of 
transcription.  

5.2 DISCUSSION 

Evaluation of the used genetic modification strategy  
Using endogenous tagging enabled to study the function of PfSnf2L in blood stage parasites. 
This was not possible for PfSnf2P, although the generation of transgenic parasites was 
successful. This is due to the fact that PfSnf2P is not expressed in asexual blood stage 
parasites. New single cell transcriptomic data show the expression of PfSnf2P mainly in 
gametocytes and ookinetes (Howick et al., 2019). This is consistent with the inability to detect 
PfSnf2P-HA by IFA or western blot analysis probing for the HA-tag. During the process of 
establishing genetically modifying parasites, treatment with the usual G-418 concentration – 
400 ng/µl – resulted in parasite death. However, lowering the G-418 concentration to 
200 ng/µl, resulted in a very slow growth of the culture. This indicates, that PfSnf2P is 
expressed at a very low levels in blood stages, resulting in a weak G-418 resistance, as the 
resistance gene is encoded by the same open reading frame as PfSnf2P. On the other hand, 
the results demonstrate the effectiveness of selection-linked integration, whereby genomic 
integration can be forced by drug treatment. However, the weakness of the system is that 
this strategy is only applicable to blood stage proteins. PfSnf2P has been suggested to play 
a role in other parasite stages. In a very recent study, the orthologous protein in Plasmodium 

berghei was found to be central for male gametocyte differentiation (Kaneko et al., 2023). 
With mice as the mammalian host, Plasmodium berghei is a popular model for in host studies, 
while stages other than the blood stages of Plasmodium falciparum are difficult to study due 
to the complex culture conditions. Cultivation of mosquito stage remains a major challenge, 
as an in vivo approach in mosquitoes but also as an in vitro model (Siciliano et al., 2020). The 
production of sporozoites – in mosquitoes or in vitro – is also a major bottleneck in 
Plasmodium falciparum research (Eappen et al., 2022). Transmission to human liver cells is 
being studied using primary hepatocytes or mice with humanized livers, but continuous 
culture techniques have yet to be developed (Button-Simons et al., 2021; Schuster, 2002). 
Gametocyte development strategies have recently improved, but the ability to form 
gametocytes is highly dependent on the strain of Plasmodium falciparum (Kafsack et al., 
2014; Llorà-Batlle et al., 2020; Rovira-Graells et al., 2012; Usui et al., 2019). The 3D7 strain 
used in this study produces gametocytes only at low rates. Accordingly, the generated 
transgenic parasite strains are highly suitable to investigate asexual blood stages but have 
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limitations with respect to other stages of the parasite life cycle. The protein characterization 
in this study cannot address putative functions of PfSnf2P or PfSnf2L in other than 
intraerythrocytic stages.  
The DiCre-mediated gene excision appears to be a very effective knockout method. Another 
strategy, the glmS ribozyme system, was tested in comparison (data not shown). As has been 
shown for other enzymes, this approach did not achieve comparable levels of protein 
knockdown, which is crucial for studying the function of CREs (de Koning-Ward et al., 2015; 
Prommana et al., 2013). The inducibility of the DiCre-system allows complete depletion of 
essential proteins. A disadvantage of the used knockout strategy is the time lag before gene 
excision leads to depletion at the protein level, ~40 hours in the case of PfSnf2L. A faster 
approach, such as the knock sideways method, which rapidly mis-localizes proteins, would 
take this into account (Spielmann et al., 2017). In summary, the method used is the state-of-
the-art to address the fundamental question of PfSnf2L function in blood stage parasites.  

Contextualization and validation of detected interactome  
In this study, PfSnf2L interacting proteins were identified by pulldown and subsequent LC-
MS/MS analysis. Immunoprecipitation of chromatin-associated proteins is often 
accompanied by solubility problems or by the pulldown of large and unspecific chromatin 
tangles. By testing two different nuclease treatments prior to preparation, I tried to minimize 
the risk of precipitating all DNA-associated molecules. The comparison of the two treatments 
- more and less stringent - shows an overlap of some, but not all, proteins (11 out of 40/114 
respectively). This could be explained by the predominant pulldown of DNA-binding proteins 
in the DNaseI-digested condition, where DNA fragments are still present, and thus direct 
protein-protein-interaction detection is underrepresented in these conditions. Pulling down a 
chromatin-associated protein using the same strategy as control could provide information 
about unspecific hits, such as very abundant or very adhesive proteins. Unfortunately, 
parasites with a suitable tagged comparative control protein were not available, so I had to 
use untagged parasites as a control. The 40 proteins detected in the benzonase-treated 
conditions were considered as potential and specific protein-protein-interactors. The 
interaction with numerous proteins and complexes associated with chromatin assembly 
strongly suggests a function of PfSnf2L in nucleosome assembly. ISWI enzymes in other 
eukaryotic organisms have been shown to be involved in the assembly of nucleosomes (Baldi 
et al., 2018; Fyodorov and Kadonaga, 2002; Lusser et al., 2005; Smolle et al., 2012). The 
focus of these studies, especially in the context of the dmACF complex, is on the spacing 
activity of ISWI enzymes, which ensures a regular and defined linker length between the 
nucleosomes. In Plasmodium falciparum, however, the actual assembly of proper octameric 
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nucleosomes on DNA may be an even more important and challenging task than in other 
eukaryotes. The extremely AT-rich genomic DNA, which is unfavorable for nucleosome 
formation, combined with the highly divergent Pf histones results in relatively unstable 
canonical nucleosomes with poor positioning properties (Gardner et al., 2002; Silberhorn et 
al., 2016). Structural studies indicate that plasmodial nucleosomes tend to exist not only as 
octameric nucleosomes but also in form of hexasomes with only one H2A/H2B copy per 
nucleosome (manuscript in preparation, LängstLab). A biological implication of this has not 
yet been identified. Nevertheless, the peculiar nature of Pf nucleosomes may require 
specialized assembly factors that correctly assemble and position nucleosomes at specific 
genomic loci.  
The detection of several Apicomplexan or Plasmodium-specific proteins that have no 
orthologues in well-studied organisms makes it difficult to speculate about functional roles. 
Among them is a Pf-specific CRE that has been named ISWI, although it bears little 
resemblance to ISWI-type enzymes. This enzyme was previously shown to interact with 
PfSnf2L, suggesting that CREs work cooperatively as known from literature (Bryant et al., 
2020; Ocampo et al., 2016). The list also includes some proteins that are known or proposed 
to be transcription factors (e.g. PREBP, AP2-proteins). They suggest PfSnf2L to be 
associated with promoter regions and to be involved in transcription regulation. The identified 
interaction with the bromodomain-containing proteins BDP1/2, which were found to activate 
invasion genes via histone acetylation binding, strengthens this hypothesis (Josling et al., 
2015). BDP1 was also found to be one subunit of the GCN5 complex, some members of 
which were also detected in the PfSnf2L-IP as well (Miao et al., 2021). The reciprocal 
detection and the common interactors in the PfSnf2L-IP and the GCN5/PHD1-IP suggest this 
interaction to be true. The GCN5 complex has been shown to control transcription globally 
by mediating histone modification (Miao et al., 2021). These findings are in accordance with 
the function of PfSnf2L in transcriptional regulation demonstrated in this study.  
However, some other proteins detected are completely uncharacterized and point to novel 
complexes in Plasmodium, that are not conserved or present in higher eukaryotes. Since 
known ISWI interactors seem to be absent in Plasmodium, this is a likely possibility. To prove 
the proposed interactions as true, a cross-validation would be required by pulling down the 
prey protein and testing for PfSnf2L co-immunoprecipitation. Unfortunately, antibodies are 
not available for most Pf proteins, especially the uncharacterized ones, and internal tagging 
or recombinant expression is quite laborious. Hence, with the presented co-immuno-
precipitation we confirm some proposed interactions within the chromatin regulation network 
and moreover provide a list of putative interactors as a basis for future investigations.  
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Conjectures about the causes of the egress defect  
One of the main objectives of the present study is the characterization of PfSnf2L function 
using a knockout approach. With the chosen strategy I could prove that PfSnf2L is essential 
for Plasmodium falciparum blood stages. In addition to developmental and replication 
defects, conditional PfSnf2L-KO at 0 hpi resulted in impaired host cell exit. Despite great 
efforts, the link to this observation couldn’t be clarified conclusively. The KO-caused 
downregulation of gene transcripts prior to cycle transition couldn’t be confirmed on protein 
level. The expression timing of the regarding genes suggest that they have a function in the 
following cycle and are relevant for immediate parasite egress. A possible cause of 
incomplete merozoite release could be the downregulation of EPF3/4 genes, as observed by 
mRNA sequencing for all 16 members of this group. The EPF multigene family is organized 
in eight highly similar clusters of four genes (EPF1, Pfmc-2tm, EPF3, EPF4) in the 
subtelomeric region, and the products are exported to the Maurer’s cleft. The exact biological 
role of these proteins has not been elucidated, but a collective downregulation of this protein 
family resulted in a similar phenotype of inefficient merozoite release (Mbengue et al., 2013). 
Due to the lack of available antibodies against EPF proteins, the reduced mRNA abundance 
in PfSnf2L-KO parasites could not be tested on protein level. However, the strong decrease 
of EPF3/4-transcripts upon KO points towards gene expression regulation by PfSnf2L. The 
very similar phenotype of merozoites being attached to each other and to the food vacuole, 
and not being efficiently released upon EPF knockdown and PfSnf2L-KO indicates that EPF-
downregulation may be the link to explain this observation.  
The addition of phalloidin during live imaging of the egress provided insight into the role of 
the RBC cytoskeleton in parasite exit. The parasite is known to actively alter red blood cell 
properties by exporting parasite proteins to the host cell (de Koning-Ward et al., 2016; 
Glenister et al., 2002; Mills et al., 2007) . The process of egress and host cell exit has been 
reported to rely on the elastic instability of the erythrocyte membrane, which undergoes 
sequential curling and eversion to enable efficient angular dispersion within milliseconds 
(Abkarian et al., 2011). By staining erythrocyte actin during live imaging of PfSnf2L-KO 
parasites, aberrant behavior of the host could be demonstrated. Future studies may specify 
the relevance of EPF proteins to red blood cell properties and prove that these or others 
factors link PfSnf2L-KO to the host cell exit defect.  

Life cycle variability complicates transcriptome and chromatin phenotyping. 
The fundamental function of PfSnf2L is to shape the chromatin landscape and to globally 
control stage-dependent gene expression. This was clearly demonstrated by the detailed 
transcriptomic analysis and the chromatin phenotyping using MNase-Seq. The major 
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difficulty of Plasmodium falciparum transcriptome analysis is the additional variable of time. 
Progressing through the cycle, the entire parasite transcriptome undergoes enormous 
changes within every few hours. To achieve uniformity of parasite stages, a very tight 
synchronization is required. In this study, we approached a one-hour synchronicity window 
by isolating mature schizonts with two consecutive Percoll gradient steps. This technique 
ensures a high synchronicity of the parasite population but is accompanied by a loss of 
mRNA/chromatin yield. This must be compensated for by higher numbers of parasites, in 
particular for early stages as they contain low amounts of mRNA and chromatin compared 
to late stages. Not only is sampling of mRNA dependent on cycle timing, but KO-induction is 
also likely to be influenced by parasite stage. This leads to a potentiation of possible 
combinations of these two variables and can be applied to any chromatin mapping method 
as well. With the chosen setup, I tried to adjust this problem and investigated two different 
induction timepoints with transcriptomic sampling of three selected timepoints each, to cover 
the cycle as well as possible. Nevertheless, the analysis is based on bulk sequencing, which 
is always accompanied by a certain heterogeneity of stages. Recent methodological 
advances have addressed this by establishing single-cell transcriptome analysis (Howick et 
al., 2019; Ngara et al., 2018; Poran et al., 2017; Real et al., 2021; Reid et al., 2018). Chromatin 
accessibility analysis is now also being performed on single-cell level in eukaryotic cells, but 
these techniques are not yet established for Plasmodium falciparum (Harada et al., 2021). 
MNase-Sequencing faces some additional difficulties owing to the characteristic features of 
Plasmodium chromatin such as the high AT-content and a high proportion of relatively 
unstable or fragile nucleosomes (Bunnik et al., 2014; Kensche et al., 2016; Silberhorn et al., 
2016). The only available dataset mapping nucleosome positions throughout cycle 
progression propose a lack of stereotypical nucleosomal array and less finely defined 
positioning around TSSs (Kensche et al., 2016). These observations may be biased by the 
meliorative TSS annotation and may not hold up with improvement of annotation. We 
addressed this issue by using an alternative annotation which is based on the identification 
of the +1 nucleosome via the NucDyn pipeline. Aligning to this annotation, we see regular 
nucleosome phasing and pronounced +1/-1 nucleosomes. A reanalysis of the 
aforementioned nucleosome mapping data (Kensche et al., 2016) with improved annotation 
may relativize some assumptions about Plasmodium chromatin and reveal that it is more 
organized than originally assumed.  
Regarding the function of PfSnf2L, the performed MNase digestion and sequencing upon KO 
provides information about the timing of action. PfSnf2L seems to have a major role in 
shaping the chromatin landscape in late ring stage, and to be less important in the final phase 
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of the intraerythrocytic life cycle. Including a kinetic analysis by varying the digestion time 
allows to extract information about the general chromatin accessibility. In particular, due to 
the intrinsic preference of MNase for AT-rich DNA (Nikitina et al., 2013), it is important to 
apply high and low digestion conditions to Plasmodium chromatin. This can compensate for 
over-digestion of the whole genome or specific AT-rich sites (Schwartz et al., 2019). 
Nucleosome positioning changes upon KO could be localized to promoter regions of genes, 
with a greater impact on highly transcribed and strongly regulated genes. A correlation 
between altered promoter architecture and differential expression is observable. However, 
this correlation requires further characterization to unravel the exact underlying mechanism 
and to find the order of recruitment of involved factors. One hypothesis is, that PfSnf2L 
removes the nucleosome from cis-regulatory elements to enable transcription factor binding. 
It is also conceivable that transcription factors recruit CREs, and their nucleosome 
remodeling activity paves the way for polymerase binding (Dimova et al., 1999; Fry and 
Peterson, 2001; Vignali et al., 2000). Furthermore, the involvement of histone variants remains 
to be elucidated. Pf H2A.Z/H2B.Z dimers have been found to preferentially bind promoter 
regions (Bártfai et al., 2010; Hoeijmakers et al., 2013; Petter et al., 2013). The ChIP data – 
although potentially biased – suggest that PfSnf2L is mainly located in coding regions, where 
canonical nucleosomes dominate. This observation is consistent with the preferential binding 
of PfSnf2L to canonical nucleosomes over variant nucleosomes in vitro. However, 
investigating the relationship between CRE binding sites and CRE target sites is complex 
(Längst and Manelyte, 2015): According to the release model, the enzymes target “high 
affinity” substrates, which they remodel and convert to “low affinity” substrates and then 
release. The proposed mechanism involves mainly transient binding events and results in 
different patterns of binding sites in ChIP-Seq compared to the sites of action. Further efforts 
are being made to improve the PfSnf2L-ChIP and to use synchronous parasite stages. 
Recently developed methods using antibody-targeted DNA cleavage (CUT&RUN) or DNA 

tagmentation (CUT&Tag) without crosslinking to identify chromatin binding sites would provide 

further information (Kaya-Okur et al., 2019; Skene and Henikoff, 2017). The MNase-Seq data 
monitoring PfSnf2L activity clearly show that the promoter regions are strongly affected by 
loss of the enzyme. Since PfSnf2L was found to interact with a histone acetyltransferase, 
changes in histone modifications upon PfSnf2L-KO may complement the findings. Chromatin 
phenotyping can be extended in many directions and would certainly provide more insight 
into the complex epigenetic regulatory network that controls gene expression. From the 
nucleosome mapping combined with differential gene expression analysis upon PfSnf2L-KO 
at two different stages it can be concluded, that PfSnf2L shapes the nucleosome architecture 
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of promoters, predominantly at late ring stage. The enzyme is crucial when changes in 
promoter architecture and gene expression are imminent to proceed in the life cycle, gene 
activation as well as gene repression. By influencing the NFR length and nucleosome 
positioning in its vicinity, PfSnf2L globally co-controls the just-in-time transcription of stage-
specific genes.  

Role of PfSnf2L in gametocyte commitment  
Within this study, transcriptome and chromatin phenotyping was performed only on asexual 
blood stage parasites. As mentioned above, the 3D7 strain used is only conditionally capable 
of producing gametocytes, as isolates lose the ability of gametocyte formation after long 
periods in blood culture (Brockelman, 1982). After creating the 3D7-Snf2L-HA-cKO parasite 
strain, several studies were published that ascribe a role in gametocyte differentiation to 
PfSnf2L. Transcriptomic analysis of gametocytes and sexually committed parasites 
proposed that PfSnf2L is part of the epigenetic cascade of commitment (Poran et al., 2017; 
van Biljon et al., 2019). Another study identified PfSnf2L together with MORC, FACT-L and 
ISWI to interact with the transcriptional repressor AP2-G2, which is important for gametocyte 
maturation (Singh et al., 2021). Gametocyte-specific genes are expressed at basal levels in 
asexual stages until one or more triggers induce gametocyte conversion (Poran et al., 2017). 
Individual steps in the regulatory cascade are known: GDV1, a key activator of 
gametocytogenesis, is controlled by the gdv1 antisense-RNA as a negative regulator (Filarsky 
et al., 2018). Downstream of GDV1, multiple transcription factors have been implicated in 
gametocytogenesis. The GDV1-activated factor AP2-G has been identified as the master 
regulator of sexual initiation (Kafsack et al., 2014; Sinha et al., 2014), while other enzymes 
have been shown to be important for gametocyte maturation, such as AP2-G2, AP2-G3, 
AP2G5 (Singh et al., 2021; Yuda et al., 2021). According to the time-resolved transcriptome 
studies, PfSnf2L is one of the early upstream regulators of sexual commitment. Although we 
didn’t use a good gametocyte-producing line, I analyzed the obtained PfSnf2L-KO 
transcriptomic data with respect to expression of gametocyte-specific genes (Meerstein-
Kessel et al., 2021). The observation that these gametocyte markers are dysregulated 
supports the hypothesis of PfSnf2L contributing to this. However, when looking at ookinete- 
or sporozoite-associated genes, increased mRNA abundance upon PfSnf2L-KO is also 
found. The silencing of genes specific to other stages might be generally disturbed. However, 
the mRNA profiles of epigenetic regulators argue for a gametocyte-specific gene 
dysregulation.  
To address the question of whether PfSnf2L is essential for sexual commitment, actual 
gametocyte formation in KO parasites needs to be examined. Despite the reduced ability of 
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the transgenic KO parasites to produce gametocytes, this is currently under investigation. 
One obstacle thereby is the timing of KO induction and gametocyte induction. The KO has 
been shown to be efficient within 2 days, whereas gametocyte quantification is typically 
performed 8 days after gametocyte induction. The temporal order of KO induction and 
gametocyte induction needs to be carefully tested to see effects on commitment and possibly 
maturation without killing the parasites beforehand.  
Within the third objective of this work, a PfSnf2L inhibitor was identified (see chapter 6). This 
chemical compound allowed the disruption of PfSnf2L while avoiding complete gene 
excision. Using pulse treatment with this drug in the process of gametocyte induction, 
gametocyte formation could be studied in a gametocyte-producing parasite strain, bypassing 
the timing issue. As shown in Figure 6-8, the gametocyte conversion rate was significantly 
reduced by the putative inhibition of PfSnf2L. This result strengthens the hypothesis that 
PfSnf2L is essential for sexual commitment.  
 
In conclusion, the in vivo characterization in blood stages revealed PfSnf2L to be an essential 
enzyme, that decisively shapes promoter architecture in a stage-dependent manner and 
thus, globally controls the just-in-time transcription of stage-specific genes. Its crucial 
function in stage development was demonstrated by the multifaceted phenotype of 
conditional gene deletion of PfSnf2L. A highly altered chromatin landscape resulted in global 
changes in gene expression, observable as transcriptomic and developmental delay. The 
mis-regulation of stage-specific genes highlights its role in the progression through the 
asexual gene expression program, but also in gametocyte commitment. 
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6 PfSnf2L INHIBITOR SCREEN 

6.1 RESULTS  

The in vivo characterization of PfSnf2L clearly demonstrated the importance of the protein 
for parasite development and proved that PfSnf2L is essential for the erythrocytic life cycle. 
Complementing these findings, the in vitro characterization of PfSnf2L revealed several 
unique characteristics and mechanistic differences in comparison to HsSnf2L. Consequently, 
PfSnf2L may represent a promising drug target for antimalarial drugs. In the following section, 
I validated PfSnf2L as a druggable target using a multi-step in vitro screen and characterized 
a resulting lead compound for its effect on the parasite.  

6.1.1 Establishing an ADP biosensor screen 

To set up an in vitro screening system customized for PfSnf2L and with the potential for high-
throughput application, observation from the in vitro characterization were harnessed. 
PfSnf2L was found to be an active ATPase with high hydrolysis activity, requiring only DNA 
as stimulant. These attributes also apply to the truncated core enzyme. With that, it is 
possible to set up a screening assay, monitoring the enzymatic activity of PfSnf2L. ATP 
hydrolysis activity was quantified by measuring the amount of generated ADP. Previously, 
the bacterial ADP-binding protein ParM was established as a fluorescent ADP biosensor. 
Introducing mutations in the active site of ParM reduced the affinity for ATP and the internal 
ATPase activity of this protein, and the attachment of two tetramethylrhodamines (TMR) in 
close proximity to each other allows fluorescence changes as readout (Kunzelmann and 
Webb, 2010, 2009). In the unbound state, fluorophore interactions quench the overall 
fluorescence of the protein. This is altered by the binding of ADP, which causes ParM to 
unndergo major conformational changes leading to a 15-fold increase in fluorescence. The 
functionality of this biosensor enables a real-time kinetic assay for ATPases such as PfSnf2L 
(Figure 6-1A).  
Furthermore, a high-throughput assay must meet certain criteria regarding its applicability. It 
is crucial to be able to produce both the biosensor and the protein to be targeted in large 
amounts with consistent quality. ParM expression and purification from Escherichia coli and 
subsequent TMR-labeling was established and performed by Elisabeth Silberhorn and a large 
batch of labeled ParM with tested quality was provided for this screen. As target protein, the 
previously characterized core protein (aa246 – 843) of PfSnf2L was used (Figure 4-7). 
PfSnf2Lcore contains the active part of the enzyme and is able to hydrolyze ATP at a rate 
comparable to the full-length protein. In addition, it has the advantage that it can be 
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expressed and purified in large amounts (0.8 mg/100 ml). The ATP hydrolysis of PfSnf2L and 
PfSnf2Lcore measured with the ADP biosensor assay shows comparable kinetics (Figure 
6-1B). To address species specificity, it was initially considered to also screen HsSnf2L. 
However, as shown by the kinetics of the human enzyme, the hydrolysis rate for both – the 
full-length and the truncated version - is very low and thus not suitable to be measured with 
this assay. Another pleasant fact is the full activation of PfSnf2L by DNA alone. The 
preparation of large amounts of plasmid DNA is much easier than preparing large quantities 
of nucleosomal substrates.  
For setting up the high-throughput screening procedure, all substrates and conditions need 
to be titrated and optimized, so that a maximum of fluorescence enhancement is achieved 
and concurrently the consumption of substrates is kept low (Figure 6-1C). The reaction 
volume was adjusted to 20 μl and pipetted into a glass bottom plate for readout in a 
fluorescence plate reader. Titration of the biosensor ParM shows an optimal concentration 
of 200 nM. Very high ATP concentrations seem to have a suppressive effect on the 
fluorescence enhancement, leaving 125 µM as the optimal ATP concentration. The amount 
of substrate, plasmid DNA, doesn’t seem to have a huge effect on the assay quality, so that 

 
Figure 6-1: Setup of ADP biosensor assay. A. Schematic representation of ADP biosensor assay principle. B. 
ATP hydrolysis kinetics of CREs in ADP biosensor assay. ParM fluorescence in 2-minute-intervals in presence of 
0.2 µM PfSnf2L/HsSnf2L full-length/core, 10 ng/µl DNA and 125 nM ATP. C. Titration of reaction components. 
Fluorescence enhancement factor (fluoend/fluostart) was calculated for the titration of ParM, ATP, DNA, PfSnf2Lcore, 
DMSO and buffers with varying pH value. Trend lines are indicated dotted. D. Time-extended kinetics of 
PfSnf2Lcore (125 / 250 nM) to 3 h. 
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10 ng/µl was used in the assay conditions. The enhancement numerically increases with 
increasing CRE concentration, but in order to save material a PfSnf2Lcore concentration of 
200 µM was chosen. Since the compounds of the small molecule library were dissolved in 
DMSO, the DMSO tolerance of the assay was tested and 1 % was found to be tolerable, 
corresponding to a compound concentration of 100 µM. Further optimization included 
adjusting the pH value of the biosensor buffer to pH 8.6. The duration of the measurement 
was set at two hours, with measuring the fluorescence in regular time intervals (Figure 6-1D). 
With this detailed analysis of each reaction component, an optimal reaction mix was 
determined that is applicable for large scale screening.  

6.1.2 Pipeline and implementation of PfSnf2L-inhibitor screen 

The ADP biosensor assay described above is one of the two main pillars of the in vitro 
screening pipeline (Figure 6-2). Besides searching for molecules that inhibit the enzyme 
activity, all compounds are also screened for binding to PfSnf2Lcore using Microscale 
Thermophoresis (MST). Both methods, the ADP biosensor assay and MST, offer the 
possibility to be performed as high-throughput screens. The assays require reasonable 
amounts of target protein and substrates and can be implemented in a semi-automatic 
manner. After identifying potential hits from large libraries, these chemical compounds are 
validated in two additional in vitro assays. Using the nanoDSF technology, the chemicals are 
analyzed for their impact on PfSnf2Lcore stability. A destabilizing effect on proteins is another 
indicator of direct interaction and inhibition. The next validation step is applied to the 
recombinant full-length protein PfSnf2L and involves testing for an inhibitory effect on 
nucleosome remodeling. The remaining hits are then tested in the in vivo context for their 
toxicity to Plasmodium falciparum parasites. Furthermore, the question of specificity is 
addressed by exemplary toxicity assays on cells of other species such as HeLa cells or 
Toxoplasma gondii parasites. Since the putative inhibitors were selected via a screen against 
PfSnf2L in vitro, off-target effects in vivo cannot be excluded. To verify PfSnf2L as the target 
of the hits, the effect of the drugs is compared to the previously analyzed PfSnf2L-KO 
phenotype (5.1.3, 5.1.4).  
This pipeline has been designed independently of the library to be screened. It is a general 
pipeline that starts with an in vitro screen suitable for high throughput, followed by in vitro 
validation and subsequent in vivo validation. Within this study an exemplary library – 
Prestwick small molecule library – with 1506 compounds was screened in an initial attempt. 
A second library – Selleck Bioactive Compound Library – of 2645 compounds was analyzed 
with a slightly modified pipeline. In principle, this or similar strategies can be applied to larger 
libraries as well.  
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Figure 6-2: PfSnf2L inhibitor screening pipeline combining biophysical methods for high-throughput screening, 
hit validation in vitro and in vivo and subsequent target verification.  

For the initial screen, the entire library with 1506 chemical compounds was screened in the 
established ADP biosensor assay and additionally in the binding screen, performed by the 
company 2bind. The compounds were reorganized in 384-well plates, leaving 32 wells for 
positive controls (no compound) and 32 wells for negative controls (no ATPase). Using 
automated acoustic droplet ejection, 200 nl of each compound was transferred in triplicates 
to glass bottom plates suitable for fluorescence readout (by Fraunhofer-ITEM). For 
Microscale Thermophoresis measurement, the compounds were spotted accordingly 
(transfer of 100 nl for the same final compound concentration) into standard 384-well plates.  
For implementing the ADP biosensor screen, the infrastructure was optimized as follows and 
performed in the Fraunhofer-ITEM laboratory (Figure 6-3A): Two master mixes were prepared 
and automatically dispensed into 384-well plates using a Multidrop Combi system, whereby 
an early ATP hydrolysis was prevented. Readout was performed using an EnVision 
fluorescence reader, which is capable of measuring multiple plates successively. With that, 
five plates with 320 compounds and 2x32 controls on each plate were read in parallel at six-
minute intervals for two hours. Second and third replicates were measured accordingly on 
different days using the same setup.  
The kinetic curves of a subset of 100 compounds and all control samples demonstrate the 
robustness of the assay (Figure 6-3B). The fluorescence values for each compound were 
corrected for the rection without enzyme of the corresponding replicate (negative control) 
and the obtained kinetic curve was analyzed for two parameters. The slope of the first 60 min 
was calculated, as well as the difference between end and start point (Figure 6-3C,D). In total, 
22 compounds show an abnormal kinetic curve with a reduced slope (below the chosen 
threshold of 3.5) and a reduced difference (< 25000) in all three replicates (Figure 6-3E). It 
should be noted that some chemicals appear to quench the biosensor fluorescence or show 
autofluorescence, but the number is relatively small (< 1 %).  
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Figure 6-3: High-throughput activity screen and binding screen. A. Schematic representation of the procedure 
of activity screen implementation. B. ATPase kinetics of negative controls (no ATPase, petrol, three replicates, 
mean of each), positive controls (no compound, yellow, three replicates, mean of each) and 100 individual 
compounds (grey, one representative replicate), not corrected. C. Slope of kinetics in absence (yellow) or presence 
of 1506 compounds (black). Fluorescence was corrected for negative control (no ATPase, petrol) and slope was 
calculated as corrected fluorescence / 60 min. Mean of three replicates is shown, grey line indicated inhibition cut-
off (slope<3.5). D. Fluorescence difference of kinetics in absence (yellow) or presence of 1506 compounds (black). 
Fluorescence was corrected for negative control (no ATPase, petrol) and difference was calculated as F120min – 
F0min. Mean of three replicates is shown, grey line indicated inhibition cut-off (difference<25000). E. Corrected 
ATPase kinetics in absence (yellow) and presence of 24 inhibiting compounds (grey), defined as slope<3.5 and 
difference<25000, and negative control (petrol). F. Categorization criteria of ligands screened for binding to 
PfSnf2Lcore via Microscale Thermophoresis with exemplary measurements shown. Upper panel shows MST 
curves in absence (green) and presence of 100 µM compound (grey or blue). Lower panel shows ligand-induced 
changes of absolute fluorescence in case of autofluorescence and potential hits, and difference of normalized 
fluorescence (DFnorm) in case of non-binding/binding compounds. G. Ligand categories with numbers and 
proportion in the MST binding screen of 1506 compounds.  

The second assay, Microscale Thermophoresis, which screens for molecular interactions, is 
based on the movement changes of fluorescently labeled PfSnf2Lcore in a temperature 
gradient. Therefore, PfSnf2Lcore was fluorescently labeled with NHS-amine labeling and 
analyzed in MST for fluorescence changes in presence of 100 µM compound in two replicates 
or DMSO, respectively. This procedure was carried out by the company 2bind. Within this 
fluorescence-based assay, a few compounds were also identified as autofluorescent 
(fluorescence counts increase > 25000). 2 % of the chemicals showed ligand-induced 
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quenching (fluorescence counts decrease > 25000), representing potential hits. The rest 
could be categorized as hits (4 %, DFnorm> 10), non-binders (75 %, DFnorm< 10) or ambiguous 
compounds (18 %, replicates not matching) (Figure 6-3F,G). 
The activity screen results were combined with the binding screen results to select 
compounds for the in vitro validation (Table 6-1). Of the 22 compounds that affected 
PfSnf2Lcore activity, only two were non-binders in the binding screen. The rest mainly fell 
into the categories of hit, potential hit or ambiguous, indicating good agreement of the two 
tests. For further validation, compounds with autofluorescence or a low inhibitory effect when 
looking at the kinetic curve in the ADP biosensor screen were excluded. With one exception 
for financial reasons (Prestw-NAT-0114), twelve promising inhibitors were purchased and 
analyzed for their impact on protein stability and remodeling activity. 

Table 6-1: List of 22 hits identified in the activity screen including their observed effects on ATPase activity 
and their categorization in the binding screen. Compounds picked for further in vitro validation and their effect on 
PfSnf2Lcore stability and PfSnf2L remodeling activity are shown right. Prestw-1472 - as a showcase compound 
in further figures - is marked yellow. 

 High-throughput screening In vitro validation 
Compound activity screen binding screen stability screen remodeling 

screen Prestw-777 autofluorescence ambiguous   
Prestw-925 autofluorescence aggregation   
Prestw-705 autofluorescence ambiguous   
Prestw-438 autofluorescence hit   
Prestw-487 autofluorescence hit   
Prestw-787 autofluorescence potential hit   
Prestw-425 quenching autofluorescence destabilization no inhibition 
Prestw-NAT-0103 quenching potential hit destabilization inhibition 
Prestw-809 low inhibition non binder no effect no inhibition 
Prestw-708 low inhibition ambiguous   
Prestw-306 low inhibition ambiguous   
Prestw-227 low inhibition ambiguous   
Prestw-1472 inhibition ambiguous destabilization inhibition 
Prestw-1189 inhibition ambiguous destabilization inhibition 
Prestw-1224 inhibition hit no effect no inhibition 
Prestw-NAT-0114 inhibition ambiguous   
Prestw-740 inhibition hit destabilization no inhibition 
Prestw-136 strong inhibition ambiguous no effect no inhibition 
Prestw-1364 strong inhibition hit destabilization inhibition 
Prestw-370 strong inhibition hit destabilization inhibition 
Prestw-1506 strong inhibition non binder no effect no inhibition 
Prestw-202 strong inhibition potential hit destabilization inhibition 

 

6.1.3 Validation of screening hits 

Differential scanning fluorimetry (nanoDSF) is a method for determining protein stability by 
measuring fluorescence changes of intrinsic tryptophan and tyrosine residues upon thermal 
unfolding. Since this method requires relatively large amounts of target proteins, it has been 
evaluated as unsuitable for high-throughput screening, but suitable for the validation step. 
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PfSnf2Lcore (4 µM) was analyzed in presence of 1/10/100/1000 µM compounds in 
duplicates. An exemplary melting curve of Prestw-1472 shows an unchanged TM value of 
PfSnf2Lcore at low concentration, but a reduced TM value at 10 µM (Figure 6-4B). In total, 
eight out of twelve promising inhibitors were found to destabilize the protein, further 
emphasizing the molecular interaction (Figure 6-4A).  
All twelve promising cendidates were tested in a remodeling assay with full-length PfSnf2L 
for a potential inhibitory effect. The inhibition by the showcase compound Prestw-1472 can 
be seen by the fact that no nucleosome remodeling takes place in presence of high inhibitor 
concentrations (Figure 6-4D). Quantification of the initial nucleosome band shows a clear 
concentration-dependent inhibitory effect on nucleosome remodeling for six of the eight 
compounds (Figure 6-4C). The four chemicals that do not affect protein stability also did not 
impair remodeling at high concentrations (500 µM tested, not shown).  

 
Figure 6-4: In vitro and in vivo validation of twelve screening hits. Each line represents one compound, colored 
for the respective effect (no effect – grey, effect – turquoise, Prestw-1472 – yellow). A. Dose-dependent effect of 
twelve hit compounds on melting temperature of PfSnf2Lcore measured in nanoDSF, mean of two replicates 
shown. B. Exemplary melting curves of PfSnf2Lcore in presence of Prestw-1472 (1/10/100/1000 µM), fluorescence 
ratio and its 1st derivate displayed and determined TM marked. C. Dose-dependent effect of eight hit compounds 
on chromatin remodeling activity of PfSnf2L. Gel band intensities were quantified, and the non-remodelled 
nucleosome fraction was calculated (initial band intensity/total intensity). Dose response model (four-parameter 
log-logistic models) was fitted. D. Exemplary chromatin remodeling assay of PfSnf2L in absence (lane 8) and 
presence of 500-16 µM Prestw-1472 (lane 2-7). Lane 9 serves as no ATP control and lane 1 (500 µM Prestw-1472 
only) shows its effect on the nucleosome (lane 10). E. Dose-dependent toxicity of six hit compounds and DMSO 
on Plasmodium falciparum measured as parasitemia after 72 h. F. Dose-dependent toxicity of six hit compounds 
and DMSO on HeLa cells measured as metabolic activity after 72 h via XTT assay, mean and SD of two replicates 
shown. G. Summary of screening process starting with twelve hits from the PfSnf2L activity screen resulting in 
one toxic, but unspecific compound.  
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After four steps of screening based on different in vitro assays, a library of 1506 compounds 
exposed six promising hits, that functionally inhibit PfSnf2L (Figure 6-4G). These candidates 
were tested for toxicity on Plasmodium falciparum. One of the six compounds – Prestw-1472 
– efficiently kills parasites at a concentration of 10 µM, as reflected by a drastically reduced 
parasitemia after 72 h (Figure 6-4E). The remaining five compounds show only low toxicity. 
Potential antimalarial drugs must meet the requirements of specificity for Plasmodium 

falciparum and that there is no toxicity for human cells. To get a first impression of toxicity 
against human cells, HeLa cells were exposed to the six candidates in a concentration-
dependent manner. The viability of the HeLa cells was quantified by measuring their 
metabolic activity after 72 hours using the XTT assay (Figure 6-4F). Prestw-1472, the most 
toxic compound for parasites, also affects the viability of HeLa cells at 10 µM. In summary, 
the screening process of 1506 chemicals resulted in a set of twelve promising hits, which 
were further reduced in multiple validation steps (Figure 6-4G). In vivo validation resulted in 
one remaining hit compound. Since a relatively high concentration is required for a toxic 
effect, and the specificity for Plasmodium falciparum could not be confirmed, this chemical 
was not further characterized.  

6.1.4 Screening of second library with optimized pipeline  

The inhibitor screen described in the previous section proves the concept that a targeted in 

vitro screen can yield in a toxic compound, even though the potency of the compound is not 
sufficiently high. The experience gained from the first screen was used to screen another 
library – Selleck Bioactive Compound Library – containing 2645 chemicals. A slightly modified 
screening pipeline was applied (Figure 6-5A): Since the ADP biosensor assay was found to 
be the best predictor of inhibition in a high-throughput context, the entire library was analyzed 
with this assay only. The screen was implemented and analyzed as described (6.1.2) 

 
Figure 6-5: Screening of 2nd library containing 2645 chemicals. A. Adjusted PfSnf2L inhibitor screening pipeline 
with the ADP biosensor assay for high-throughput screening and further methods for hit validation and target 
verification. B. Slope and fluorescence difference of kinetics in absence (yellow) or presence of 2645 compounds 
(grey) as described in Figure 6-3C/D. Mean of two replicates is shown, grey lines indicated inhibition cutoff 
(slope=3.7, difference=25000).  

−1
0

0
10

20

compounds

sl
op
e

Activity screen
ADPbiosensor

       Stability screen
nanoDSF

Target verificationHigh throughput screening Plasmodium / other cellsIn vitro validation

         Activity screen
     concentration
reduced

Binding screen
Microscale thermo-
phoresis

Toxicity Specificity 

SM
AL

L 
M

O
LE

C
U

LE
 L

IB
RA

RY

HITS Snf2L-
KO 

compare

−5
00

00
0

50
00

0
10

00
00

compounds

flu
or

es
ce

nc
e 

di
ffe

re
nc

e

A B



PfSnf2L INHIBITOR SCREEN 

81 

with a compound concentration of 100 µM in duplicates. The analysis revealed 105 
potentially inhibiting compounds, which were cherry-picked for in vitro validation (Figure 
6-5B). The in vitro validation comprises three parallel strategies - analysis of binding to 
PfSnf2Lcore, effect on PfSnf2Lcore stability and dose-dependent ATPase inhibition. The 
selected candidates were automatically spotted onto suitable destination plates with 
volumes corresponding to the final concentrations – 100 µM for binding, stability, activity and 
10 µM for activity assay. The validation assays were performed in duplicates as described 
for the initial screen (0) and the results are summarized in Figure 6-6A. The effects in the three 
different experiments were scored as strong (yellow) / moderate (turquoise) / low (petrol). 
Nine compounds showed a strong effect in all three approaches and were therefore 
considered as most promising.  

 
Figure 6-6: In vitro and in vivo validation of 105 hits. A. Summary of in vitro validation of 105 hits comprising 
PfSnf2Lcore stability, PfSnf2Lcore binding, and dose-dependent ATPase screen. The effects were assessed as 
strong (yellow) / moderate (turquoise) / low (petrol) with following criteria: activity screen – inhibition at 10 µM / 
inhibition at 100 µM / no inhibition. Binding screen – hit or potential hit / aggregation or ambiguous / non-binder. 
Stability screen – DTM > 2 °C / DTM < 2 °C / DTM < 0.2 °C. Compounds with 3 x yellow (marked green) were chosen 
for further in vivo validation and their approximate EC50 values are noted. B. Dose-dependent toxicity of eight hit 
compounds and DMSO on Plasmodium falciparum measured as parasitemia after 72 h. Coloring indicates toxicity 
assessment. C. Dose-dependent toxicity of four hit compounds on Toxoplasma gondii measured as relative plaque 
area and plaque number after six days, coloring as in B.  

Like after the first screening process, the most promising candidates obtained from the 
second screen were purchased and analyzed for toxicity. One compound, S2812, was 
excluded because it was identified as an enantiomer of S2303. The remaining eight chemicals 
were tested for their toxicity to Plasmodium falciparum. The analogously performed screen 
revealed a toxic effect for most of the compounds, four of which exhibiting low potency, three 
moderate potency and one very high potency (Figure 6-6B). The latter is referred to as "lead 
compound”. To address the specificity, another apicomplexan parasite was tested. 
Treatment of Toxoplasma gondii shows toxicity in the micromolar range for the four most 
potent compounds (Figure 6-6C). EC50 values were estimated from the plaque assay by 
measuring number and relative area of parasite plaques (example described in 6.1.5). The 
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difference between Plasmodium EC50 (<0.1 µM) and Toxoplasma EC50 (>1 µM) of the lead 
compound indicates a specific toxicity, or at least a specificity in its potency.  

6.1.5 Characterization of the lead compound 

One inhibitor of PfSnf2L identified in the second screen – the lead compound - was found to 
have a high drug efficacy, as it is highly toxic to Plasmodium falciparum. A detailed 
characterization of the chemical and its effect on the parasite was initiated. Multiple replicates 
of drug treatment and quantification of parasitemia after 72 h revealed an EC50 value of ~ 90 
nM for Plasmodium falciparum (Figure 6-7B, upper panel). This corresponds to a relatively 
high potency, especially in comparison with the active concentration in the in vitro 
characterization. In a dose-response assay monitoring ATPase activity, the lead compound 
was found to inhibit PfSnf2L in the low micromolar range with an IC50 of ~ 10 µM (Figure 
6-7A). With that, the in vivo potency is even higher (by a factor of ~100) than the in vitro 
potency under the conditions tested. However, toxicity and specificity are the key criteria for 

 
Figure 6-7: Potency of lead compound. A. ATP hydrolysis kinetic of PfSnf2L in presence of drug in varying 
concentrations (turquoise shades) with fluorescence normalized to t0. PfSnf2L (+DMSO) in absence of drug 
(yellow) serves positive control, samples without ATPase (grey) as negative control. B. Toxicity for Plasmodium 
falciparum shown as parasitemia after 72 hours in presence of varying concentration of drug or DMSO 
correspondingly of three independent experiments, normalized to untreated parasitemia (upper panel). Toxicity for 
HeLa cells shown as metabolic activity (monitored by XTT assay) in presence of varying concentration of drug or 
DMSO correspondingly of two independent experiments, normalized to untreated. EC50 was determined by fitting 
dose response model (three-parameter log-logistic model) and is indicated. C. Toxicity for Toxoplasma gondii 
shown as exemplary plaque assay of parasite infected human foreskin fibroblasts incubated for seven days before 
fixation and staining. Parasite plaques appear as bright areas. D. Toxicity of lead compound expressed by EC50 
values on HeLa/Plasmodium/Toxoplasma cells from B/C and the corresponding readout method. 
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drug development. The specificity of the lead compound was evaluated by exposure to 
Toxoplasma gondii as another representative of apicomplexan parasites and HeLa as a 
representative of human cells. Toxoplasma toxicity was estimated from plaque assay, where 
replicating parasites typically form white plaques when cultivated motionless in host cells for 
one week. A replication defect due to toxicity would affect the size and number of plaques. 
Drug treatment didn’t lead to impaired plaque formation below a concentration of 1 µM 
(Figure 6-7C). HeLa cells were also cultured in media with increasing drug concentrations. 
Cell viability was determined by the XTT assay, which monitors metabolic activity, as was 
done for previous compounds (Figure 6-7B, lower panel). For both type of cells, an 
approximate EC50 value of 1 µM could be derived. This suggests that the lead compound is 
mildly toxic to other than Plasmodium cells, probably to most cell types. However, there 
appears to be a ~10-fold difference in potency (Figure 6-7D). These observations regarding 
its toxicity still leave open the question of how the drug affects parasite viability and what 
consequences treatment entails in detail.  
The impact of drug treatment on parasite development was investigated using unmodified 
3D7 strains. The observed drug effects were then compared to the previously detected 
phenotype upon PfSnf2L-KO (5.1.3, 5.1.4). As already indicated by the toxicity assay, the 
severity of drug treatment effect varies with drug concentration (Figure 6-8A). When a 
synchronous parasite culture of early trophozoites (24 hpi) is treated with a low drug 
concentration (0.1 µM), the parasitemia is not reduced for the first 48 h and the composition 
of parasite stages does not change. The first effects appear after one cycle, when the number 
of viable parasites decreases, and development of the remaining parasites is impaired. 
0.3 µM drug exposure leads to an arrest in ring stage of the following cycle and the parasites 
begin to die after ~24 hours. At 1 µM drug exposure, schizogony is immediately impaired and 
no viable parasites can be detected after 25 hours. A complete knockout mediated by 
inducible gene excision is most comparable to the fast-acting inhibition seen at high 
concentrations. Therefore, the effect of 1 µM lead compound on different parasite stages was 
analyzed by starting the treatment at 0 hpi (early ring) or 24 hpi (early trophozoite). As seen 
in the Giemsa-stained blood smears, parasite development is impaired in both cases 
compared to the untreated samples (Figure 6-8B). The developmental defect seems to be 
slightly more severe with early treatment, but both conditions show impaired replication as 
the parasites have difficulty undergoing schizogony. This suggests that this step in the 
parasite cycle is critical and highly sensitive to the lead compound. Quantification of nuclei 
in schizonts (46 hpi) emphasizes the replication defect, as treated parasites accomplished 
nuclear division to a lesser extent (Figure 6-8, right panel). The fact, that multi-nucleated 
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parasites are visible, suggests that replication is still possible but slowed down. This agrees 
very well with the observed phenotype of PfSnf2L-KO, indicating that the drug targets 
PfSnf2L in vivo and thus phenocopies the knockout effect.  
Detailed transcriptomic analysis was performed to analyze whether drug exposure also 
causes transcriptomic changes as it was seen in PfSnf2L-KO (5.1.4). In a comparable setup, 
the parasites were tightly synchronized and treated with 1 µM drug or DMSO respectively. 
mRNA was isolated after 20 / 25 / 35 hours and sequenced to follow the transcriptomic 
changes over time (Figure 6-8C). Principal component analysis (PCA) of the whole 
transcriptome – plotted onto the reference transcriptome over the whole cycle (from 5.1.4) – 
shows the normal trajectory of untreated parasites. The drug-treated parasites, on the other 
hand, show a delayed development, as they progress more slowly. At 20 hpi there is hardly 
any difference, while 25 hpi the treated parasites are already lagging behind, and distance 
increases for 35 hpi. Again, the drug-dependent transcriptomic delay was observed alike in 
the PfSnf2L-KO transcriptome with a very similar PCA upon late KO-induction (Figure 5-10B). 
Looking at the sampling times in both experimental setups, a faster effect is seen with 
inhibition (~25 hours) than with knockout (~48 hours). This difference is likely explainable by 
the time lag due to gene excision, subsequent downregulation of PfSnf2L transcription and 

 
Figure 6-8: Developmental defect of P. falciparum upon lead compound treatment. A. Growth curve assay 
of synchronized parasites, starting with early trophozoite stage (24 hpi), in absence (grey) and presence of 0.1 µM 
/ 0.3 µM / 1 µM drug (blue) over 72 h. One representative of two replicates shown. B. Representative Giemsa-
stained blood smears of parasites cultured in presence of 1 µM drug started from 0/24 hpi with quantification of 
nuclei in schizonts harvested 46 hpi (n>80 each, right panel). C. Scheme of drug treatment and RNA extraction 
timing (upper panel). Principal component analysis of whole transcriptome data of parasites as shown (blue) plus 
reference transcriptome (grey) as in Figure 5-10B. Pool of three biological replicates shown. D. Pearson correlation 
between gene expression changes upon late PfSnf2L-KO (+60 h, Figure 5-10) and upon drug treatment (+35 h) of 
all genes (left)/genes showing a significant change over both time course experiments (p<0.01) (right). E. 
Gametocyte conversion rate upon one day treatment with the lead compound of varying concentration and DMSO 
respectively. Mean ± SD of two independent experiments is shown.  
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translation and PfSnf2L protein turnover. Comparing the expression of all genes in KO and in 
drug-treated parasites, a clear correlation can be seen (Figure 6-8D). KO-upregulated genes 
tend to be upregulated upon drug treatment and the same is true for down regulated genes. 
Looking only at significantly differentially expressed genes across the three timepoints 
(p<0.01), this correlation is even more pronounced, with an R-value of 0.8. The high 
correlation in transcriptomic changes upon drug exposure and PfSnf2L-KO can be seen as 
very strong indication of PfSnf2L being the direct target of the lead compound.  
Beside the strong impact on erythrocytic development, the lead compound was also found 
to inhibit gametocyte formation. The expression changes of gametocyte-specific genes in 
PfSnf2L-KO RNA-Seq already indicated a function of PfSnf2L in gametocyte formation 
(Figure 5-11). A gametocyte induction assay performed with one-day drug treatment during 
induction, revealed a clear defect in gametocyte formation (Figure 6-8E). As shown by the 
gametocyte conversion rate (gametocytemia on day 8 / parasitemia on day 2), parasites are 
unable to form mature gametocytes when treated with 1 µM drug. Lower concentrations 
clearly impair the gametocyte conversion rate compared to the DMSO control. This suggests 
that PfSnf2L has an important function either in gametocyte commitment or in gametocyte 
development. This cannot be conclusively clarified within this assay, but exposure to the lead 
compound prevents the sexual conversion of Plasmodium falciparum parasites, most likely 
by inhibiting PfSnf2L.  
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6.2 DISCUSSION 

Evaluation of screening procedure 
Screening for PfSnf2L inhibitors directed against the ATPase activity resulted in compounds 
that are toxic to Plasmodium falciparum. The multistep screening pipeline was successfully 
established, as reflected by a not too high hit rate and an efficient pipeline to identify true 
positive hits. A library of ~1500 compounds yielded 22 putative hits after high-throughput 
screening, which were reduced to six after in vitro validation and ended in one toxic 
compound. The second screen starting with ~2500 compounds resulted in eight in vitro 
inhibitors, four of which exhibit toxicity to parasites. Moreover, one highly potent and specific 
inhibitor was identified among them. The second screen was further optimized based on the 
experience from the first screen. The central readout of both screens is the in vitro ATPase 
activity of PfSnf2Lcore based on an ADP biosensor method.  
Screening for ATPase activity in vitro has been previously considered as a useful application 
since ATP hydrolysis is required for protein function and many enzymes and ATP turnover 
can be easily measured. So far, these screens have mainly been based on other technologies. 
It is common to couple ADP generation to another enzymatic reaction that delivers substrates 
for a peroxidase reaction to enable fluorescent readout (Wigle and Singleton, 2007). Other 
ATPase detection methods are for example RNA-based biosensors, immunodetection of 
nucleotides or the use of fluorescently-labeled nucleotides (Kleman-Leyer et al., 2009; Su et 
al., 2016; Webb and Corrie, 2001). In contrast to these technologies, the ADP biosensor 
system with fluorescently labeled ParM offers the advantage of using target proteins and 
ligands in their physiological form without labeling or modification. Furthermore, it is a direct 
method to measure ADP concentration in real time and is therefore very suitable for 
monitoring PfSnf2L activity. Nevertheless, the setup has some limitations: The assay is only 
useful for enzymes with relatively high ATPase activity. Attempts to perform the screen with 
HsSnf2L failed because this enzyme has a ~6-10-fold reduced ATP hydrolysis rate. To 
measure an inhibitory effect on less active enzymes, higher ATPase and higher ParM 
concentrations are required.  
Another notable side effect of the APD biosensor screen is the fact, that it also screens for 
inhibitors of ParM. When the biosensor molecule is inhibited, fluorescence enhancement by 
ADP binding is prevented. Therefore, ParM inhibition and ATPase inhibition result in a similar 
readout. To test for this bias, the twelve potential hits from screen 1 were analyzed for ParM 
interference independently. Fluorescence was measured in the absence of an ATPase to 
detect compound-induced changes. In addition, the compounds were tested for ParM 
interaction in MST assays. Only for four of the twelve compounds an interaction with ParM 



PfSnf2L INHIBITOR SCREEN 

87 

could be ruled out. The other eight chemicals showed signs of binding to ParM or altered 
fluorescence signals, enhancement or quenching (not shown). These false-positive hits 
cannot be prevented in the ADP biosensor screen but emphasize the importance of 
complementary assays based on different biophysical principles.  
Although microscale thermophoresis has been shown to be a valuable technique for 
measuring molecular interactions, we found the ADP biosensor assay to be more efficient for 
PfSnf2L screening (Jerabek-Willemsen et al., 2014; Zillner et al., 2012). The short 
measurement time, easy handling and low consumption of material make it a useful and easily 
implementable tool (Bartoschik et al., 2017). It has been used in several drug development 
studies, but only for validation of potential hits rather than for large-scale screens (Bartoschik 
et al., 2017; Linke et al., 2016; Zimmermann et al., 2022). MST screening is expected to 
identify a larger number of interactors that do not necessarily affect enzyme function. 
Accordingly, it reveals more false positive hits compared to the direct screening for enzymatic 
inhibition. As a complementary method, the MST measurement eliminates compounds that 
interfere with ParM instead of the target protein. As a primary screening technique, MST has 
some limitations depending on the target molecule or protein (Rainard et al., 2018): Proteins 
with low stability tend to appear in a mixed population of correctly folded / misfolded / 
unfolded proteins, which affects the diffusion behavior in the temperature gradient. The 
protein of interest in this case, PfSnf2L, was also shown to be not very stable, which could 
cause issues. Related to protein stability, the fluorescent labeling procedure required for this 
method – NHS-amine labeling in this study – can influence stability as well as intra-/ 
intermolecular binding. Furthermore, a binding reference molecule is highly recommended 
for unambiguous interpretation of molecular interactions in MST and any other screening 
system. In the case of PfSnf2L, the lack of known binding partners or binding small molecule, 
which would be even better, forced us to perform the screen without a positive control. The 
only known interactor, ATP, was tried to be establish as a reference measurement, but failed 
to show a consistent binding effect in MST at feasible concentrations. Moreover, the design 
of a single-point screen using only one concentration of compound logically comes at the 
expense of reliability. The number of ambiguous results (18 %) in the first screen of this study 
confirms this problem, which could be circumvented by measuring dose response curves. 
For large libraries, this would be an enormous effort. Evaluating all the advantages and 
disadvantages, Microscale Thermophoresis is a useful biophysical technique for validating 
high-throughput hits. Hence, the screening strategy was adapted for the second screen. 
There, MST provides orthogonal evidence of target engagement in combination with nano 
Differential Scanning Fluorimetry.  
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The nanoDSF method has been used in drug screening before and has also been shown to 
be suitable in our setup (Clark et al., 2015). Due to the high amounts of protein, that are 
required to obtain sufficient intrinsic tryptophan/tyrosine fluorescence, it is more applicable 
for hit validation than for high-throughput screening. The remodeling assay represents a good 
method for functional validation of hit compounds. Since nucleosome remodeling is the key 
function of CREs, inhibition of this activity is most meaningful. Throughout the whole 
screening process, the core protein was used as target molecule. This makes it even more 
important to validate the hits in the context of the full-length protein. For a larger number of 
compounds, however, the remodeling assay is time-consuming and labor-intensive.  
The composition of the applied screening pipeline targeting PfSnf2L has the potential to be 
upscaled to larger compound libraries containing up to millions of molecules. Generation of 
required substrates as well as the infrastructure of assay implementation is expected to be 
manageable also for larger scales. The screens performed in this study serve primarily as 
proof-of-principle to demonstrate that in vitro based screens combining different biophysical 
technologies lead to actual toxic compounds. 

Target identification of the lead compound 
Not to be neglected, the screen proves the druggability of plasmodial chromatin remodeling 
enzymes, specifically PfSnf2L. Epigenetic enzymes in Plasmodium falciparum have 
previously been reported to be good drug targets (Coetzee et al., 2020; Sen et al., 2020). In 
cancer therapy, targeting the catalytic activity of epigenetic regulators is already used (Foss 
et al., 2011; Garcia-Manero and Fenaux, 2011; Vardiman, 2006), and great efforts are bbeing 
made to develop new potent inhibitors of this class of enzymes (Dawson and Kouzarides, 
2012; Sbardella, 2019). So far, the inhibition of CREs by small molecules has only been 
investigated in cancer research attempting to develop new therapeutic strategies (Jagani et 
al., 2019; Papillon et al., 2018). The functional and sequence divergence of Plasmodium 

falciparum CREs suggests that they may also be good antimalarial drug target. The in vitro 
screen described is a directed molecular approach targeting PfSnf2L and the obtained hits 
are shown to target this enzyme. Despite having evidence of in vitro PfSnf2L inhibition, the 
resulting compounds cannot be excluded to have off-target effects when applied to the 
parasites. Consequently, the high toxicity of the lead compound could potentially be caused 
by inhibiting other targets or processes. The observed difference between in vitro and in vivo 
potency (by a factor of 100) could be due to additional target inhibition. On the other hand, 
this effect could also be caused by suboptimal in vitro conditions or promiscuous drug action, 
differences in target turnover, etc. (Jansson‐Löfmark et al., 2020). 
The lead compound is known to be a potent and selective inhibitor of eukaryotic elongation 
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factor 2 kinase (eEF-2K/CaMKIII), which can induce eEF2 phosphorylation. Because most 
enzymes, including elongation factor 2 kinase, are also highly divergent in Plasmodium 

falciparum, there is no certainty, that the drug acts on PfEF-2K. However, this organism also 
possesses many kinases or ATPases, that could potentially be inhibited. Contrary to this 
possibility, the detailed characterization of the treated parasites revealed an effect on 
parasites very similar to the knockout of PfSnf2L. In particular, the high correlation of 
transcriptomic data suggests PfSnf2L to be the primary target of the lead compound, also in 
the cellular context. Even more direct evidence was sought by attempting to develop 
resistance against the drug. By culturing the parasites on low drug concentration for months, 
they were provoked to become resistant. Subsequent genotyping should reveal resistance 
mutations and potentially identify PfSnf2L as the target. Since the generation of resistant 
parasites failed, the location of resistance-inducing mutations was obsolete. More 
importantly here, resistance does not appear to be easily established, emphasizing the 
toxicity and the drug potential of the lead compound.  
In the future, efforts will be made to further prove the direct interaction of the chemical and 
PfSnf2L and to identify the detailed interaction site. A nearby path to elucidate the 
intermolecular interaction is structural approaches. So far, no attempt has been made to 
resolve the structure of PfSnf2L, but the ability to recombinantly express and purify the 
protein opens the possibility to perform cryo-electron microscopy or X-ray crystallography. 
Another promising method is Nuclear magnetic resonance (NMR) spectroscopy, not only to 
study macromolecular interactions but also in the field of drug development. It is used as a 
tool to identify small molecule binding and for hit-to-lead optimization (Harner et al., 2013). 
As a future goal, NMR-spectroscopy can be used to study the interaction between PfSnf2L 
and compound, to identify the binding site and to potentially enable drug optimization.  

Prospects for hit-to-lead drug optimization  
The search for therapeutic compounds does not end with the completion of a high-
throughput screen. Drug discovery in mechanistic enzymology involves numerous steps, 
before compounds are considered for advancement into clinical phases (Holdgate et al., 
2018): The initial step is to develop an assay, where understanding the target biochemistry 
and designing a suitable screening strategy are essential. This is followed by a primary 
screening, where hit compounds are identified and evaluated using orthogonal approaches. 
In the third step, hit-to-lead, the promising ligands are characterized in detail. Finally, the 
mechanism of inhibition is clarified during lead optimization including the collection of binding 
site information. For PfSnf2L inhibition, the first three steps have been completed, while the 
elucidation of the detailed mechanism is still pending and will be attempted in the future.  
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Hit and lead criteria for antimalarial drugs were defined by experts from the Medicines for 
Malaria Venture, the Drugs for Neglected Diseases initiative, and the TB Alliance, together 
with representatives from the Bill & Melinda Gates Foundation (Katsuno et al., 2015). 
Validated hits should meet the required potency EC50 < 1 µM and 10-fold selectivity for 
Plasmodium over mammalian cells. For early lead compounds, a potency of < 100 nM and 
100-fold selectivity is suggested. Applying these criteria, the identified compound is a 
validated hit, that has the potential to be further improved from hit to lead. To achieve this 
improvement, structure-based design is probably the most powerful strategy. As the example 
of a CRE inhibitor shows, a 100-fold improvement in potency was achieved with just a few 
cycles of design and synthesis, (Drouin et al., 2015). Once structural information about the 
compound’s binding to PfSnf2L is available, computational approaches can be applied to 
optimize the drug in silico. By modifying individual chemical groups, the potency and 
specificity of the identified lead compound can be increased.  
 
In summary, the functional divergence of PfSnf2L revealed by in vitro characterization 
provided the basis to specifically target the enzyme with antimalarial drugs. A customized 
drug screen resulted in a validated inhibitor of PfSnf2L that was shown to be toxic and 
specific for Plasmodium falciparum parasites. With further optimization, it can be developed 
into a potent and specific inhibitor of PfSnf2L and could one day potentially be applied as an 
antimalarial drug. In combination with knockout studies in vivo, it helped to elucidate the 
function of PfSnf2L. The findings of this study provide new insights into the complex 
epigenetic gene regulation of the parasite representing a valuable addition to current 
knowledge. Further investigations building on this may unravel still existing mysteries of the 
complex regulation of the deadly malaria parasite. The demonstrated druggability of PfSnf2L 
and the exemplary inhibitor screen provide a promising starting point for targeting chromatin 
remodeling enzymes in the ongoing fight against Plasmodium falciparum. 
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7 MATERIAL AND METHODS 

7.1 Technical devices 

Table 7-1: Overview of technical devices 

 

  

Description Application Supplier 
3-16K centrifuge Centrifuge Sigma 
BAS-MS 2040  Imagaing Plate  Fujifilm Holdings Corporation 
Biorupter ® Standard Sonifier Diagenode 
Branson Sonifier 250D Sonifier Emerson Electric Co 
Centrifuge 5415 R Centrifuge Eppendorf AG 
EnVision Nexus Multimode Microplate Reader PerkinElmer 
EPS301 Electrophoresis power supply Amersham Biosciences 
PowerPac Basic Power Supply Electrophoresis power supply BioRad 
FastGene B/G LED Transilluminator Nippon Genetics 
GEL iX20 Imager  Imager Intas Science Imaging  
Incubator For bacteria/insect/mammalian cells  Memmert / Binder 
L-28 Testtube rotator Labinco B.V. 
Mastercycler X50s Thermal cycler Eppendorf 
Monolith NT.115pico Microscale Thermophoresis NanoTemper Technologies 
MR Hei-Standard Magnetic Stirrer Heidolph 
Nanodrop ND-1000  Spectrophotometer Peqlab Biotechnologies  
Qubit 2.0 Fluorometer Invitrogen 
PeqStar Thermal cycler Peqlab Biotechnologies  
Perfection V700 Photo Scanner Seiko Epson Corporation 
pH meter pH meter Knick 
Pipetboy Pipette controller Eppendorf 
Pipetteman Neo pipettes Pipette controller Gilson 
Polymax 1040 Platform shaker Heidolph 
Prometheus NT.48 nanoDSF NanoTemper Technologies 
Pumpdrive 5001 Peristaltic pump Heidolph 
Purelab Ultra  Water purification system ELGA LabWaters VWS 
REAX Top Vortexer  Heidolph 
Shaker incubator  HT Infors 
Tabletop centrifuge Centrifuge  Roth 
Tecan infinite F500  Microplate reader Tecan 
Thermomixer comfort Thermomixer Eppendorf AG 
Tritec KBP 6151 Plasmodium Incubator Tritec 
Typhoon FLA 9500  Fluorescence Reader Fujifilm Holdings Corporation 
LAS-3000 image reader  Chemoluminescence Reader Fujifilm Holdings Corporation 
Odyssey® imaging system Fluorescence Reader LiCOR Biosciences 
DOS-20M Orbital shaker ELMI 
BIO-PRINT 3000 UV Transluminator / Imager Vilber, Lourmat 
Kendro HS18 HS 18  Laminar Flow Hood Plasmodium Heraeus 
HB 2472 K GS Laminar Flow Hood insect Heraeus 
Herasafe KS12 Laminar Flow Hood HeLA Thermo Fisher 
Mini Submarine  
   Electrophoresis Unit  

Agarose gel chambers Tarsons 

Mini-PROTEAN Tetra Cell Electrophoresis system  BioRad 
Mini Trans-Blot Cell WetTank blotting system BioRad 
Self-print Electrophoresis chamber  
Mikro 200 R Microliter centrifuge  Hettich 
Centrifuge 5910 R Centrifuge Eppendorf 
4D-Nucleofector System Nucleofection  Lonza 
Leica DMi8 Widefield Microscope Leica Microsystems 
4200 TapeStation System Automated electrophoresis platform Agilent Technologies 
Multidrop Combi system  Reagent Dispenser Thermo Fisher 
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7.2 Software tools 

Table 7-2: Overview of software tools 

7.3 Chemicals and consumables 

Table 7-3: Overview of chemicals and consumables 

Software Application Supplier 
Bcl2fastq Conversion Software Illumina 
BioanalyzeR 0.10.0 TapeStation visualization  https://github.com/jwfoley 

/bioanalyzeR 
Bowtie2_v2.4.2/2.3.5 Mapping ChIP-Seq/MNase-Seq (Langmead and Salzberg, 2012) 
deeptool_v3.3.2/3.5.0 Preprocessing sequencing data (Ramírez et al., 2016) 
DESeq2 Differential expression analysis (Liao et al., 2014; Love et al., 2014) 
DANPOS Nucleosome calling custom version, based on 

DANPOS3 (Chen et al., 2013) 
DEGreport differential expression analyses (Pantano, 2022) 
Epson Scan Scanning software Seiko Epson Corporation 
Excel Spreadsheet program Microsoft Corporation 
FastQC 0.11.8 Mapping quality control (Andrews, Simon, n.d.) 
Geneious v11.1.5 In silico cloning & alignment tool Biomatters 
gffread 0.12.1 Convert annotation (Pertea and Pertea, 2020) 
ggpubr Data visualization package (Kassambara, 2022) 
i-control Microplate Reader Software Tecan 
IGV v2.11.0 Integrative Genomics Viewer (Robinson et al., 2011) 
ImageJ2 v 2.9.0 Image processing program (open source) 
Leica Application Suite X (LAS X) Life Science Microscope Software  Leica Microsystems 
LI-COR Image Studio  Image acquisition software LI-COR Biosciences 
MACS2_ v2.1.1.2 Peak calling ChIP-Seq (Zhang et al., 2008) 
NCBI Blast Comparative alignment tool NCBI 
multiqc 1.9 preprocessing sequencing data (Ewels et al., 2016) 
Multigauge V3.1 LAS reader viewer software Fujifilm Holdings Corporation 
Nucleosome Dynamics  Nucleosome analysis tool (Buitrago et al., 2019) 
OrthoDB v11 Orthology database (Kuznetsov et al., 2023) 
P. falciparum 3D7 genome v3.0 (plasmoDB.org, release 52,) (Aurrecoechea et al., 2009) 
PlasmoDB/VEuPathDB Plasmodium database (Amos et al., 2022) 
PR.ThermControl nanoDSF control software nanoTemper Technologies 
qualimap 2.2.2d preprocessing sequencing data (Okonechnikov et al., 2016) 
R 4.1.1 statistical software (R Core Team, 2022) 
RSubread/FeatureCounts 2.12.2 Read count calculation (Liao et al., 2019, 2014) 
samtools 1.9/1.12 Preprocessing sequencing data (Li et al., 2009) 
Skewer 0.2.2 Trimming MNase-Seq (Jiang et al., 2014) 
snakemake 5.32.0 Pipeline implementation (Mölder et al., 2021) 
STAR 2.7.9a  Mapping RNA-Seq (Dobin et al., 2013) 
TapeStation software 5.1 Control/analysis software Agilent 
tidyverse Data transformation package (Wickham et al., 2019) 
topGO enrichment analysis for Gene 

Ontology (GO) terms 
(Alexa and Rahnenfuhrer, 2022) 

trimmomatic v0.39 Trimming RNA-Seq (Bolger et al., 2014) 
Typhoon FLA 9500 control software Scanning software Fujifilm Holdings Corporation 
VICTOR Nivo v4.0 Multimode Plate Reader Software PerkinElmer 
VisionCapt 15.0 Imaging software Vilber Lourmat 

Name  Supplier 
1.5 ml and 2 ml reaction tubes Sarstedt 
15 ml and 50 ml tubes Sarstedt 
Acetic acid Fluka 
Agarose Invitrogen 
Amersham Protran Western blotting membranes, nitrocellulose Sigma 
Ampicillin Roth 
Ammonium acetate Merck 
Ammonium hydroxide (NH4OH) Merck 
Ammonium persulfate Roth 
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AMPure XP Reagent Beckman coulter 
Aprotinin Sigma 
Adenosine diphosphate (ADP) Sigma 
Adenosine triphosphate (ATP) Sigma 
[γ-32P]-ATP Hartman Analytics 
Bacto ager BD Biosciences 
Bacto tryptone BD Biosciences 
Bacto yeast extract BD Biosciences 
Benzamidine hydrochloride hydrate Sigma 
Blood – Vollblut human Blutspendedienst BRK 
Boric acid Babochem. International 
Bradford reagent BioRad 
Bromphenol blue Merck 
Bovine serum albumin (BSA) Sigma 
β-Mercaptoethanol (β-ME) Roth 
Calcium chloride (CaCl2) Roth 
Chamaleon Duo, Protein ladder LiCOR 
Citric acid Merck 
cOmplete, EDTA-free; protease inhibitor cocktail (PIC) Roche 
Compound2 (Taylor et al., 2010) 
Coomassie Brilliant Blue G-250 Roth 
Cytiva Sera-Mag SpeedBeads Thermo Fisher 
D-sorbitol Sigma 
Deoxycholic acid sodium salt (DOC) Sigma 
Dextrose Sigma 
Dithiothreitol (DTT) Sigma 
Dimethylsulfoxid (DMSO) Merck 
Disuccinimidyl glutarate (DSG) Sigma 
DMEM Sigma 
dNTPs New England Biolabs 
Dulbecco′s Phosphate Buffered Saline (PBS) Sigma 
DynaMag™-2 Magnet Invitrogen 
Ethylenediaminetetraacetic acid (EDTA) Merck 
Ethylene glycol-bis(β-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA) Sigma 
Ethidium bromide Roth 
Ethanol (EtOH) tech., p.a. Sigma 
Fetal bovine serum (FBS) BioSell / Gibco 
Formaldehyde, 37 % Merck 
Formic acid Merck 
G-418 solution Roche 
Gel cassettes 1 mm Life Technologies 
GeneRuler 1 kb Plus DNA ladder Fermentas 
Gentamycine Sigma 
Glutaraldehyde 50 %, EM grade Science Service 
Glycerin 99 % Roth 
Glycine  Sigma 
Glycogen Roche 
Hemacolor Rapid Staining of blood smear – colour reagent red Merck 
Hemacolor Rapid Staining of blood smear – colour reagent blue Merck 
Hepes VWR 
Igepal CA-630 Sigma 
Immersol 518 N Zeiss 
Imidazole  Roth 
Isopropanol p.a. VWR  
Kanamycin Roth 
L-glutamine Sigma 
Laboratory Film Parafilm 
Leupeptin Roth 
Lithium chloride (LiCl) Sigma 
Low binding 1.5 ml reaction tubes Sarstedt 
Magnesium chloride (Mg2Cl) Merck 
Methanol, p.a. (MeOH) VWR 
Microplate, 384 well, PP, small volume  Greiner 
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Microplate, 384 well, PS, µCLEAR  Greiner 
Microscope cover glasses, 24x40 mm  Superior Marienfeld 
Microscope slides Menzel Gläser Thermo Fisher 
Mini Protean TGX Gels 4-20 %, 10 well Biorad 
Mounting Medium with DAPI Abcam, Ab104139 
µ-slide 8 well glass bottom Idibi GmbH 
N,N,N’,N’-Tetramethylethylendiamin (TEMED) Roth 
nanoDSF Grade Standard Capillaries NanoTemper 
Ni-NTA agarose Qiagen 
Orange G Sigma 
PageRuler Plus prestained protein ladder Fermentas 
PAP Pen Liquid Blocker Newcomersupply 
Pasteur pipettes VWR 
PBS 10x, pH 7,4 Thermo Fisher 
PCR reaction tubes 0.2 ml Biozym 
Percoll, pH 8.5-9.5 Sigma 
Paraformaldehyde 32%, EM Grade (PFA) Science Service 
PEG-8000 Promega 
Pepstatin A Roth 
Pierce Anti-HA magnetic beads Thermo Fisher 
Pierce Protein G magnetic beads Thermo Fisher 
Pierce Protease inhibitor Mix tablets, EDTA free (PIC) Thermo Fisher 
PIPES Roth 
Pipette tips Sarstedt 
Plastic cuvettes Sarstedt 
Pluronic Sigma 
Phenylmethylsulfonylfluorid (PMSF)  Roth 
Potassium chloride (KCl) Labochem. International 
Prestwick small molecule library  
   (Prestwick Chemical Library® + Prestwick Phytochemical Library) 

Prestwick 

Prestw-136 Astemizole Biomol 
Prestw-202 Tiratricol, 3,3',5-triiodothyroacetic acid ABCR 
Prestw-370 Benzbromarone Biomol 
Prestw-425 Chicago sky blue 6B ABCR 
Prestw-705 Methyl benzethonium chloride ABCR 
Prestw-740 Ebselen ABCR 
Prestw-777 Alexidine dihydrochloride  Biomol 
Prestw-809 Dichlorphenamide Biomol 
Prestw-1189 Montelukast ABCR 
Prestw-1224 Anthralin ABCR 
Prestw-1472 Hexachlorophene Biomol 
Prestw-1506 Mizolastine ABCR 
Prestw-NAT-0103 Myricetin Biomol 
Rapamycin Sigma 
Rotiphorese Gel 30 Roth 
RPMI 1640 with AlbuMAX-II Gibco 
[REDACTED] - lead compound * Biomol 
S2250 (-)-Epigallocatechin Gallate Biomol 
S2303 gossypol-Acetic acid ABCR 
S2671 AS-252424 Biomol 
S2872 GW5074 Biomol 
S7531 UMI-77 Biomol 
S7645 Pilaralisib (XL147) Biomol 
S7884 AMI-1 Biomol 
Saponin Sigma  
Selleck Bioactive Compound Library Selleck Chemicals, Cat.No.L1700 
Serological pipettes 2 ml, 5 ml, 10 ml, 25 ml, 50 ml Sarstedt 
Sf900 II SFM Gibco 
Silver nitrate (AgNO3) Roth 
Skimmed milk dm 
Slide-A-Lyze MINI Dialysis Devices, 10K MWCO Thermo Fisher 
Sodium chloride (NaCl) Fisher chemicals 
Sodium hydroxide (NaOH) VWR 
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*The name of the chemical has been redacted due to pending patent. For information, see Prof. Dr. Längst. 
 

7.4 Buffers, solutions, media 

Table 7-4: Standard buffers and solutions 

Sodium dodecylsulfate (SDS) Roth 
Sucrose Sigma 
SYBR Safe DNA Gel Stain Invitrogen 
Tetracycline  Sigma 
Tissue culture flask 175 cm2 plug seal cap Corning 
Tissue culture flask 175 cm2 Vent  Sarstedt 
Tissue culture flask 25 cm2 VENT screw cap TPP 
Tissue culture flask 175/25 cm2 VENT screw cap TPP 
Tissue culture plates 6/12/24/96-well TPP/Sarstedt 
PEI-Cellulose F plates  Merck 
Tris Roth 
Triton-X100 Roth 
Tween 20 Sigma 
Whatman chromatography paper Sigma 
WR99210  Jacobus Pharmaceutical Co 
X-Gal (5-Bromo-4-chloro-3-indolyl-b-D-galactopyranosid Sigma 
X-tremeGENE Roche 
1 % O2, 5 % CO2, 94 % N2 Riessner Gase 

Buffer Composition 
TBE buffer 90 mM Tris, 90 mM Boric acid, 2 mM EDTA 
TE buffer 10 mM Tris-HCl pH 7.6, 1 mM EDTA 
DNA loading dye 10 x 50 mM Tris-HCl pH 7.6, 10 mM EDTA, 50 % glycerol, 0.05 % bromphenol 

blue (w/v) 
Orange G loading dye 10 x 10 mM EDTA, 50 % glycerol, 0.05 % Orange G (w/v) 
Lämmli buffer 6 x 350 mM Tris-HCl pH 6.8, 10 % SDS (w/v), 5 % b-ME (v/v) 
OrangeG SDS loading buffer 4x 62 mM Tris pH 6.5, 25 % glycerol, 2 % SDS, 0.2 M DTT, 0.05 % Orange G 
SDS-PAGE upper tris buffer 4x 0.5 M Tris-HCl pH 6.8, 0.4 % SDS (w/v) 
SDS-PAGE lower tris buffer 4x 1.5 M Tris-HCl pH 8.8, 0.4 % SDS (w/v) 
SDS running buffer 200 mM Glycine, 25 mM Tris, 0.1 % SDS (w/v) 
Coomassie staining solution 50 % MeOH, 10 % Acetic acid, 0.25 % Coomassie Brilliant Blue R250 (w/v) 
Silver stain fixing solution 50 % MeOH, 12 % Acetic acid, 0.019 % Formaldehyde 
Silver stain solution A 0.8 % AgNO3 (w/v), 0.45 % NH4OH, 0.075 % NaOH 
Silver stain solution B 0.005 % Citric acid, 0.019 % Formaldehyde 
Silver stain stop solution 45 % MeOH, 10 % acetic acid 
Western blot transfer buffer 25 mM Tris pH 8.3, 192 mM glycine, 12 % MeOH, 0.02 % SDS 
High salt buffer 10 mM Tris-HCl pH 7.6, 2 M NaCl, 1 mM EDTA, 1 mM b-ME, 0.05 % Igepal 

CA-630 
Low salt buffer 10 mM Tris-HCl pH 7.6, 50 mM NaCl, 1 mM EDTA, 1 mM b-ME, 0.05 % 

Igepal CA-630 
PI mix 2 µg/ml Aprotinin, 10 µM Leupeptin, 0.4 mM PMSF, 0.9 mM Benzamidine, 

1 µM Pepstatin 
Lysis buffer 20 mM Tris-HCl pH 7.6, 1.5 mM MgCl2, 0.5 mM EGTA, 500 mM KCl, 10 mM 

Imidazole, 0.1 % Igepal CA-630, 0.01 % b-ME, 10 % Glycerol, PI mix 
Wash buffer 20 mM Tris-HCl pH 7.6, 1.5 mM MgCl2, 0.5 mM EGTA, 500 mM KCl, 20 mM 

Imidazole, 0.1 % Igepal CA-630, 0.01 % b-ME, 10 % Glycerol, PI mix 
Elution buffer 20 mM Tris-HCl pH 7.6, 1.5 mM MgCl2, 0.5 mM EGTA, 500 mM KCl, 

250 mM Imidazole, 0.1 % Igepal CA-630, 0.01 % b-ME, 10 % Glycerol, PI 
mix 

In vitro buffer 20 mM Tris pH 7.6, 100 mM KCl, 1.5 mM MgCl2, 0.5 mM EGTA, 10 % 
glycerol 

Biosensor buffer 10 mM Tris pH 8.6, 1.5 mM MgCl2, 100 mM KCl, 0.01 % Pluronic 
PBS-T PBS, 0.2 % Tween 20 
Freezing solution 28 % glycerol, 3 % sorbitol (w/v), 0.65 % NaCl (w/v) 
Thawing solution 0.9 % NaCl, 2 % dextrose 
Synchronization solution 70 % Percoll (90 %), 20 % RPMI media, 1x PBS 
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Table 7-5: Composition of media 

7.5 Kits 

Table 7-6: Overview of used kits 
Kit Supplier 
Phusion® High-Fidelity PCR Kit Finnzyme 
QIAEX® Gel extraction Kit Qiagen 
QIAprep Spin Miniprep Kit Qiagen 
Plasmid Plus Midi Kit Qiagen 
PureLinkTMHiPure Plasmid Maxiprep Kit Invitrogen 
DNeasy Blood and Tissue kit Qiagen 
Quick-RNA Whole Blood Zymo Research 
Monolith Protein Labeling Kit RED-NHS Nanotemper technologies 
BM Chemiluminescence Blotting Substrate (POD) Roche 
Amaxa™ P3 primary cell 4D-Nucleofector™ X Kit L Lonza 
EXTRACTME DNA CLEAN-UP MICRO SPIN kit  Blirt 
High Sensitivity RNA ScreenTape Analysis Agilent 
High Sensitivity DNA ScreenTape Analysis Agilent 
NEBNext ultra II library prep kit New England Biolabs 
Illumina Stranded mRNA Prep Ligation Illumina 
Qubit dsDNA HS Assay Kits Thermo Fisher 
Cell Proliferation Kit II-XTT  Sigma 
  

PHEM buffer 30 mM PIPES pH 7.2, 2.5 mM MgCl2, 35 mM KCl, 5 mM EGTA, 10 mM 
Hepes  

Swelling buffer 20 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM 
DTT, PIC 

extraction buffer I  20 mM Hepes, 400 mM KCl, 1 mM EDTA, 1 mM DTT, PIC 
extraction buffer II  20 mM Hepes, 800 mM KCl, 1 mM EDTA, 1 mM DTT, PIC 
RIPA150 buffer 150 mM NaCl, 50 mM Tris-HCl pH 7.4, 1 mM EDTA, 1 % Igepal CA-630, 

PIC 
RIPA50 buffer 50 mM NaCl, 50 mM Tris-HCl pH 7.4, 1 mM EDTA, 1 % Igepal CA-630, PIC  
ChIP sonication buffer 50 mM Tris pH 8, 1% SDS, 10 mM EDTA, PIC 
ChIP incubation buffer 12.5 mM Hepes pH 7.4, 0.6 % Triton-X100, 95 mM NaCl, 0.6 mM EDTA, 

0.3 mM EGTA 
 ChIP wash buffer I 20 mM Hepes pH 7.4, 0.1% SDS, 0.1% DOC, 1% Triton-X100, 1 mM 

EDTA, 0.5 mM EGTA 
ChIP wash buffer II ChIP wash buffer I + 500 mM NaCl 
ChIP wash buffer III 20 mM Hepes pH 7.4, 250 mM LiCl, 0.5% DOC, 0.5% Igepal CA-630, 1 mM 

EDTA, 0.5 mM EGTA 
ChIP wash buffer IV 20 mM Hepes pH 7.41 mM EDTA, 0.5 mM EGTA 
MNase digestion buffer 50 mM Tris pH 7.4, 4 mM MgCl2, 1 mM CaCl2, 0.075 % Igepal CA-630, 

1 mM DTT, PIC 
MNase stopping solution 2 % Triton-X100, 0.6 % SDS, 300 mM NaCl, 6 mM EDTA, PIC 
18 % SPRI beads 0.3 % Sera-Mag beads, 18 % PEG-8000, 1 M, NaCl, 10 mM Tris-HCl 

pH 8.0, 1 mM EDTA, 0.05 % Tween-20, acc. to MT Gansauge, MPI 

Media  Composition (w/v) 
LB0 medium 1 % Bacto tryptone, 0.5 % Bacto yeast extract, 1 % NaCl 
LB agar plates LB medium, 2 % Agar 
SOB medium 2 % Bacto tryptone, 0.5 % Bacto yeast extract, 0.05 % NaCl, 0.125 % 

KCl, 10 mM MgCl2 
Sf21 media Sf900 II SFM 
RPMI medium RPMI 1640 with AlbuMAX-II, 2.5 mM L-glutamine, 25 µg/ml gentamycin 
HeLa medium  DMEM with 10 % FBS 
Toxoplasma medium  DMEM with 10 % FBS, 4 mM L-glutamate, 20 μg/ml gentamicin 
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7.6 Nucleic acids 

7.6.1 Oligonucleotides 

Table 7-7: Overview of oligonucleotides 

7.6.2 Plasmids 

Table 7-8: Overview of plasmids and sequences 

oligo used for  Sequence (5’ – 3’)  
0-NPS-for NPS template generation GATCCAGAATCCTGGTGCTGAG  
6-NPS-for NPS template generation GGCCGCCCTGGAGAATC  
29-NPS-for NPS template generation GTTATGTGATGGACCCTATACGC 
40-NPS-for NPS template generation GCCCTTCTCGGGTTATGTGAT 
60-NPS-for NPS template generation CCGCCAGTGTGCTGGAATTC 
77-NPS-for NPS template generation ATCTTTTGAGGTCCGGTTCTTT  
NPS-0-rev NPS template generation TAGCTGTATATATCTGACACATG (-Cy3/-Cy5) 
NPS-47-rev NPS template generation GCGTATAGGGTCCATCACATAACC (-Cy5) 
NPS-29-rev NPS template generation GTCGCTGTTCAATACATGCAC (-Cy5) 
NPS-77-rev NPS template generation GTACAGAGAGGGAGAGTCACAAAAC (-Cy3/-Cy5) 
20bp-DNA DNA EMSA TCTTAACGCGTGGACGATTCC -Cy5 
25bp-DNA DNA EMSA TCTAACGCGTGGAATCGTCCCCTTG -Cy5 
35bp-DNA DNA EMSA TGCGGAATCGTCTAACGCGTGGAATCGTCCCCTTG -Cy5 
60bp-DNA DNA EMSA TGCGGAATCGTCTAACGCGTGGAATCGTCCGATTGAG 

GTCGCGATCTCGAATCACGGTGC -Cy5 
Mut1  Mutagenesis KR + NTR CAAATCATTTGTATATTAATTAAAATACTATA  
Mut2 Mutagenesis KR + NTR TTCAGCAGTGACCACAGCTC  
Mut3 Mutagenesis KR GGTTTGCAGTGTTCGACCCAGACC  
Mut4 Mutagenesis KR GTCTGGGTCGAACACTGCAAACCATC 
Mut5 Mutagenesis NTR GGGCATTCATTTTCAGACGTTGACCTGCCAG 

GAAGTGGGTATAACG 
Mut6 Mutagenesis NTR CGTCTGAAAATGAATGCCCAGATGAAAAGCT 

CCAAAAAAGGTCGCCATCGGAAGACCGAAAA 
AGAAGAGGATGAGGAGCTGCTGAAAGACGCC 

Mut7 Mutagenesis PfSnf2Lcore CCAAGCCATGGACCGTGCCC 
Mut8 Mutagenesis PfSnf2Lcore CCTTCCAGGCATGCTCAGTGATGATGGTGATG 

GTGGCTAGAATCCTCTTCATCCGTGC  
Mut9 Mutagenesis HsSnf2Lcore CTCGAGCCATGGCCTAAATCTGAAAAGGAAATGGACCC 
Mut10 Mutagenesis HsSnf2Lcore GGTACCGCATGCTCAGTGGTGATGGTGATGATG 

TAGAGAAGACTCTCCCATTTTTTGCAGG 
Geno1 Genotyping PfSnf2L  GCCAATGAATATTAATGGTACG 
Geno2 Genotyping PfSnf2L GTTTTCCTTCTTCAATCTTGGC 
Geno3 Genotyping PfSnf2L CGAATTCTCTTTTTTTAATCTAGG 
Geno4 Genotyping PfSnf2P GAAAAAGTAAAACAACCATCCATTC 
Geno5 Genotyping PfSnf2P CAAGATGTTCATCAACTTAGTC 
Geno6 Genotyping PfSnf2P GTCACATAGAATGTTCATAAGC 
Geno7 Genotyping CGATTCTATTAACAAGGGTATC 

Plasmid Description Resistance Source 
pFL Polyhedrin and p10 gene promoter, MCS1 + 2  Amp Imre Berger  
pFL-PfSnf2L  N-Flag PfSnf2L aa250-1425 10xHis in pFL Amp, Gem Elisabeth Silberhorn 
pFL-PfSnf2L-KR N-Flag PfSnf2L-KR aa250-1425 10xHis in pFL Amp, Gem This work 
pFL-PfSnf2L-NTRmut N-Flag PfSnf2L-NTRmut aa250-1425 10xHis in 

pFL 
Amp, Gem This work 

pFL-PfSnf2Lcore N-Flag PfSnf2L aa246 - 843 6xHis in pFL Amp, Gem This work 
pFL-HsSnf2Lcore HsSnf2L aa79-715 6xHis in pFL Amp, Gem This work 
pT11 Yeast rDNA  Amp Joachim Griesenbeck 
pUC18 12 x 601 12 repeats of 601 NPS sequence Amp Josef Exler 
pPCRScript_slo1- 
   gla75 

dimeric nucleosome positioning sequence NPS1 
with rDNA and hsp70 DNA flanking 

Amp Sloning 
BioTechnology  

TOPO-II-1x601  Topo with 1x 601 NPS sequence Kan Elisabeth Silberhorn 
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7.7 Enzymes and polypeptides 

7.7.1 Peptides, Proteins and Enzymes 

Table 7-9: Overview of peptides, proteins and enzymes 

 

 
Figure 7-1: Purified and recombinant histone octamers. 1 µg of all used octamers were separated in a 17 % 
SDS gel and the gel was stained with coomassie blue. Names and positions of individual histones are indicated. 

  

H3
H2A
H2B

H4

654321

Pf variantsP. falciparumH. sapiensH. sapiensG. gallusB. taurus
recombinantly expressedpurified

H2A.Z

H2B.Z

H4dN

pT2A-X-cKO gGEM backbone with skip peptide T2A followed 
by Neomycin resistance gene, loxP site, gfp gene 
and PbDT terminator, additional hDHFR gene 
under PfCAM promoter  

Amp Birnbaum et al. 2017 

pT2A-Snf2L-cKO PfSnf2L-KO plasmid: pT2A-X-cKO with PfSnf2L-
homology box, artificial intron with loxP site, 
recodonized C-terminus, 3x HA tag 

Amp This work 

pT2A-Snf2P-cKO PfSnf2P-KO plasmid: pT2A-X-cKO with PfSnf2P-
homology box, artificial intron with loxP site, 
recodonized C-terminus, 3x HA tag 

Amp This work 

Peptide / Protein / Enzymes Source  
Histone H4 (8-25-WC) AnaSpec 
Gg octamers Purified from chicken erythrocytes 
Bt octamers Purified from calf thymus 
Hs octamers recombinant, Elisabeth Silberhorn 
Hs octamers H4dNaa1-24 recombinant, Elisabeth Silberhorn 
Pf canonical octamers recombinant, Elisabeth Silberhorn 
Pf variant octamers H2A.Z/B.Z recombinant, Elisabeth Silberhorn 
Benzonase Sigma Aldrich 
DNaseI New England Biolabs 
Exonuclease III New England Biolabs 
Micrococcal nuclease Worthington Biochemicals Corporation 
Phusion® DNA polymerase Finnzyme 
Proteinase K Sigma / ZymoResearch 
Q5 High-Fidelity DNA Polymerase New England Biolabs 
Restriction enzymes New England Biolabs 
T4 DNA ligase  New England Biolabs 
Taq Polymerase Elisabeth Silberhorn 
TMR-maleimide-labeled ParM Elisabeth Silberhorn 
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7.7.2 Antibodies and dyes 

Table 7-10: Overview of antibodies 

7.8 Organisms  

Table 7-11: Overview of prokaryotic and eukaryotic cell lines 
Cell line Description 
E. coli DH5alpha Escherichia coli cell line for plasmid propagation 
E. coli XL1 blue Escherichia coli cell line for plasmid propagation, blue/white screening 
E. coli DH10Bac EM YFP Escherichia coli cell line for baculovirus propagation 
Sf21 Insect cell line (Spodoptera frugiperda) for protein expression 
3D7 Parasite cell line (Plasmodium falciparum) 
3D7-DiCre DiCre-expressing 3D7 parasite line  
3D7-PfSnf2L-HA-cKO 3D7-DiCre line with PfSnf2L endogenous tag, conditional KO system  
3D7-PfSnf2P-HA-cKO 3D7-DiCre line with PfSnf2P endogenous tag, conditional KO system 
TgRHΔHX Toxoplasma gondii tachyzoites, RHΔHX 
HFF-1 human foreskin fibroblasts - ATCC, SCRC-1041 
HeLa cells  Human cervical carcinoma cells - ATCC, CCL-2 
 

  

Antibodies/Dye dilution Source  
rat anti-HA, monoclonal (clone3F10) IFA (1:500), WB (1:2000) Roche, cat11867423001 
mouse anti-Enolase WB (1:1000) Prof GK Jarori, TIFR 
rabbit anti-Gap45 IFA (1:500), Jones et al. 2006 
rabbit anti-Ama1 IFA (1:500), Collins et al. 2009 
mouse anti-RESA WB (1:20000) Robin Anders, La Trobe University 
rabbit anti-Rex1 WB (1:50000) Dr. T Spielmann, BNITM 
rabbit anti-Rex3 IFA (1:500), WB (1:5000) Dr. T Spielmann, BNITM 
rabbit anti-SBP1 IFA (1:2000), WB (1:5000) Dr. T Spielmann, BNITM 
mouse anti-Mahrp1 IFA (1:2000), WB (1:5000) Dr. N Brancucci, SwissTPH 
Goat anti-Mouse IgG (H+L) Alexa Fluor 488  IFA (1:1000) Thermo Fisher, A11001 
Goat anti-Rat IgG Alexa Fluor 488  IFA (1:1000) Thermo Fisher, A11006 
Goat anti-Rabbit IgG Alexa Fluor 488 IFA (1:1000) Thermo Fisher, A32731 
Abberior STAR 580, goat anti-mouse IgG IFA (1:1000) Abberior ST580-1001 
Abberior STAR 580, goat anti-rabbit IgG  IFA (1:1000) Abberior ST580-1002 
Abberior STAR 635P, goat anti-mouse IgG  IFA (1:1000) Abberior ST635P-1001 
Abberior STAR 635P, goat anti-rabbit IgG  IFA (1:1000) Abberior ST635P-1002 
IRDye680RD Donkey anti-Rabbit IgG  WB (1:10000) LI-COR Biosciences, 925-68073 
IRDye800CW Donkey anti-Mouse IgG  WB (1:10000) LI-COR Biosciences, 925-32212 
IRDye800CW Goat anti-Rat IgG  WB (1:10000) LI-COR Biosciences, 925-32219 
Goat IgG anti-Rat IgG (L)-HRPO WB (1:10000) Dianova, 112-035-175 
Phalloidin-iFluor 594 Reagent 0.1x Abcam, ab176757 
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7.9 Experimental procedures 

7.9.1 Phylogenetic analysis and multiple sequence alignments 

The core helicase-like regions were trimmed according to Flaus et al. spanning from 50 amino 
acids N-terminal to helicase motif I to 50 amino acids C-terminal of helicase motif VI. Exact 
regions of individual CREs used for phylogenetic analysis are listed in Appendix 2. 
Phylogenetic trees were generated using Geneious Tree Builder (Geneious software 11.1.5): 
Global alignment with free end gaps, Blosum62 as Cost Matrix, Jukes-Cantor Distance 
Model, Method Neighbor-Joining, Gap open penalty 10 and Gap extension penalty 0.2. For 
multiple sequence alignments, Geneious Alignment was used with the same parameters, but 
Gap open penalty 20 and 5 refinement iterations. Pairwise identity within and between 
Metazoa/Apicomplexa was calculated from multiple sequence alignments and kernel 
smoothing with a bandwidth of 80 was applied.  

7.9.2 Working with DNA 

Preparation of DNA - amplification of plasmids in Escherichia coli bacteria, purification, 
concentration determination, restriction enzyme digestion, ligation of DNA fragments, 
analysis of DNA on agarose and polyacrylamide gels, and amplification of the DNA by the 
polymerase chain reaction (PCR) - was performed according to the standard protocols 
(Sambrook and Russell, 2001).  

DNA amplification 
For amplification, chemically competent DH5alpha cells were heat-shock transformed with 
purified plasmid DNA or ligation reaction (5 min on ice – 1 min at 42 °C – 5 min on ice). After 
30-60 min in LB0 media, transformed cells were grown over night on agar cell containing the 
respective antibiotics at 37 °C (ampicillin – 100 µg/ml, kanamycin – 50 µg/ml, gentamycin – 
10 µg/ml, tetracyclin 12.5 µg/ml). Cultures inoculated with a single colony from agar plates 
was grown over night at 37 °C in selective media and plasmid DNA was purified using the 
Plasmid Prep Kits from Qiagen (Mini, Midi) or Invitrogen (Maxi) according to manufacturer’s 
recommendations. Amplification of linear fragments was performed with three-step PCR 
optimized for the respective application. Composition and protocols are specified in the 
respective section.  

DNA purification 
For purification, DNA was precipitated by addition of 0.5 reaction volumes 7.5 M ammonium 
acetate (pH 7.8), 2 μg glycogen and 0.8 volumes of isopropanol or 2 volumes of 100 % ice-
cold EtOH. DNA was precipitated (30 min, 4 °C, 13000 g) and washed twice with 70 % EtOH. 
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DNA was eluted generally with TE buffer and stored at – 20 °C, concentration and purity were 
determined by absorbance measurement using a NanoDrop ND1000 spectrometer or Qubit 
Fluorometer. 

Agarose gel electrophoresis  
DNA fragments were analyzed by agarose gel electrophoresis using 0.8-2 % agarose gels in 
1x TBE buffer, supplemented with 0.01 % SYBR Safe. Gels were run in 1 x TBE under 
constant voltage of 100-120 V and scanned with UV light for visualization. Isolation of DNA 
fragments from agarose gels was performed using the Qiagen Gel Extraction Kit. 

Native polyacrylamide gel electrophoresis  
For DNA and nucleosome analysis, native polyacrylamide gel electrophoresis (PAGE) was 
performed in 0.4x TBE and at 100 V. Prior to the run, the gel was pre-run for 20-30 min at 60-
80 V. For visualization of unlabeled DNA, the gel was stained in 0.4x TBE containing ethidium 
bromide (0.75 µg/ml) for 15 min and washed twice with water. Stained gels were scanned 
with a UV transilluminator, and gels with fluorescently labeled DNA were scanned with the 
Typhoon FLA-9500. 

7.9.3 Working with proteins 

Proteins were purified and analyzed according to standard protocols (Sambrook and Russell, 
2001). In general, proteins were stored at -80 °C and kept on ice before starting an 
experiment. Protein concentrations were determined using the colorimetric assay described 
by Bradford (Bradford, 1976).  

SDS-polyacrylamide gel electrophoresis 
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) was used to determine quality and 
quantity of proteins. For recombinant proteins, 6 – 17 % SDS polyacrylamide gels were 
prepared in gel cassettes with separating gel and stacking gel (Table 7-12). Protein samples 
were mixed with Laemmli buffer, heat-denatured at 95 °C for 5 min and loaded onto the gel 
together with a protein ladder. Proteins were separated at 40 mA for 30-60 min using SDS 
running buffer. Parasite extracts and pulldown samples were heat-denatured in OrangeG 
SDS loading buffer (similar principle as Laemmli buffer) and separated on 4-20 % gradient 
SDS gels at 160 V. Proteins were stained with Coomassie staining solution for 15 min and 
de-stained by multiple wash steps in water. For alternative silver staining, gels were fixed in 
fixing solution for 1 h, incubated in 50 % EtOH for 20 min and washed twice with water. After 
15 min incubation in freshly prepared staining solution A, the gel was rinsed with water and 
incubated in staining solution B until proper staining was visible. After rinsing in water, 
reaction was stopped by incubation in stop solution for 10 min. 
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Table 7-12: Composition of SDS gels 

 

Western blot analysis  
For western blot analysis, SDS-PAGE separated proteins were transferred onto a 
nitrocellulose membrane prior to immunoblotting. After membrane activation for 5 min in 
MeOH, the membrane and the unstained gel were equilibrated in transfer buffer for 20 min. 
Between two layers of Whatman paper, protein transfer from gel to membrane was performed 
for 90 min at 400 mA in a wet-tank system. After 1 h blocking in 5 % skim milk in PBS-T, the 
membrane was incubated with primary antibody in 5 % milk for 1-3 h at room temperature. 
After three washes in PBS-T, 1 h incubation with secondary antibody in PBS-T followed, 
before the membrane was washed three times in PBS-T and PBS again. Fluorophore-
conjugated immunoblotting was visualized with the Odyssey imaging system, HRP-
conjugated antibodies with the LAS-3000 reader using the BM chemoluminescence Kit 
according to manufacturer’s recommendations. 

7.9.4 Cloning of DNA constructs 

Cloning and mutagenesis for recombinant CRE-expression 
PfSnf2L (aa250-1426) was sequence-optimized with the addition of a C-terminal 10xHis-Tag, 
ordered as a synthetic gene (IDT), and cloned into pFL plasmid by Elisabeth Silberhorn. CRE 
mutants – PfSnf2L-KR and PfSnf2L-NTRmut – were generated by site directed mutagenesis 
following an overlapping PCR strategy. In a first round of PCR, two fragments were amplified 
with primers introducing the respective mutation (KR: Mut1+Mut3, Mut2+Mut4; NTR: 
Mut1+Mut5, Mut2+Mut6). In a second PCR step, both amplified and purified fragments were 
combined and overlapped using the flanking primers Mut1+Mut2. The obtained product was 
precipitated, digested with AgeI/NheI, and eluted from agarose gels. Subsequently, it was 
ligated in the accordingly digested pFL-PfSnf2L plasmid according to manufacturer’s 
recommendation.  
PfSnf2L and HsSnf2L truncations were generated by PCR using primers Mut7+Mut8 and 
primers Mut9+Mut10, respectively. After purifying the obtained DNA fragments via EtOH 
precipitation, they were digested with SphI/NcoI, as were pFL-PfSnf2L and pFL. All required 
fragments were eluted from agarose gel and the PfSnf2L-truncation fragment was ligated 

Reagent 5 % stacking  6 % separating  17 % separating  
Acryl-Bisacrylamide (30 % / 0.8 %) 0.25 ml 1.2 ml 3.4 ml 
H2O 0.87 ml 3.26 ml 1.06 ml 
4 x lower Tris buffer  1.5 ml 1.5 ml 
4 x upper Tris buffer 0.38 ml   
20 % ammonium persulfate 7.5 µl 30 µl 30 µl 
TEMED 1.5 µl 6 µl 6 µl 



MATERIAL AND METHODS 

103 

into pFL-PfSnf2L, HsSnf2L-truncation fragment was ligated into pFL. Correct mutagenesis 
was verified by DNA sequencing. Mutagenesis PCR was performed using the Phusion High-
Fidelity PCR Kit and adjusted from following protocol (Table 7-13): 
 

Table 7-13: Composition and protocol of PCR reaction for CRE mutagenesis PCR 

 

Cloning of conditional knockout constructs 
Two synthetic genes comprising the native nucleotides 995-1894 (PF3D7_1104200) / 2640-
3649 (PF3D7_0216000), an artificial intron with loxP site, nucleotides 1895-4278 
(PF3D7_1104200) / 3650-5992 (PF3D7_0216000) recodonized and a 3xHA-tag encoding 
sequence were ordered as synthetic gene (IDT). Digestion with NotI/SalI allowed ligation into 
the accordingly digested vector pT2A-X-cKO. The resulting plasmids pT2A-Snf2L-cKO/ 
pT2A-Snf2P-cKO were verified by sequencing.  

7.9.5 Preparation of in vitro tools 

Nucleosome template preparation 
DNA templates for mononucleosome assembly were synthesized by PCR. If required, 
plasmid DNA was digested with restriction enzymes prior to PCR amplification according to 
manufacturer’s recommendation and verified by 1 % agarose gel electrophoresis. PCR was 
performed with oligonucleotides – optionally labeled with Cy3-/Cy5 – annealing to flanking 
regions of 147 bp nucleosome positioning sequence (NPS), creating various linker lengths 
(Table 7-15). Nucleosome template PCR was performed using a lab-made Thermus aquaticus 
(Taq) polymerase and was adjusted for each reaction from following protocol (Table 7-14): 

 

Table 7-14: Composition and protocol of PCR reaction for nucleosome template generation 

 

To purify amplified DNA, it was precipitated with isopropanol and purity was ascertained by 
native PAGE.  
  

Reagent Concentration  Cycle step Temp Time Cycles 
Oligos 0.25 µM  Initial denaturation 90 °C 5 min  
dNTP 200 µM  denaturation 90°C 15-30 sec  

30 Template 100 ng  annealing 54-56 °C 60 sec 
Phusion  0.02 U/µl  elongation 72 °C 30-120 sec 
1x Phusion buffer Ad 50 µl  Final elongation 72 °C 5 min  

Reagent Concentration  Cycle step Temp Time Cycles 
Oligos 0.25 µM  Initial denaturation 95 °C 5 min  
dNTP 200 µM  denaturation 95°C 20-40 sec 

20-30 Template 1-100 ng  annealing 50-60 °C 20-60 sec 
Labmade Taq  0.02 U/µl  elongation 72 °C 30-60 sec 
1x Taq buffer Ad 50 µl  Final elongation 72 °C 5 min  
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Table 7-15: Primer and PCR template used for nucleosome template generation 

Nucleosome reconstitution 
Recombinant histones - canonical Hs/Pf and variant Pf (containing H2A.Z/B.Z) - were 
expressed, purified and refolded by Elisabeth Silberhorn as previously described (Silberhorn 
et al., 2016). Bt and Gg octamers were purified from calf thymus, or chicken blood 
respectively, as described in (Laybourn and Kadonaga, 1991; Maldonado et al., 2019). 
Nucleosome assembly was performed via gradient dialysis: Appropriate ratios of histone 
octamer : DNA were mixed in 40-200 µl high salt buffer supplemented with 200 ng/µl BSA 
and placed into small dialysis chambers. Starting in a beaker with 300 ml high salt buffer, salt 
concentration was slowly reduced by pumping in 3 l of low salt buffer. Reconstituted 
mononucleosomes were analyzed by gel electrophoresis, using 6 % polyacrylamide 0.4 x 
TBE gels and visualized by fluorescence scanning or ethidium bromide staining. 
Reconstituted nucleosome arrays on pT11 plasmid DNA were analyzed on a 0.8 % agarose 
gel and stained with ethidium bromide. Nucleosomes were stored at 4 °C. 

Protein expression in insect cells 
Chemically competent DH10Bac EM YFP cells were transformed with the respective pFL 
plasmid and cultured overnight at 37 °C in SOB medium. Distribution on LBamp, tet, gent, X-Gal-

IPTG plates enabled the selection of positive clones by blue-white screening, which was 

verified by colony PCR. Bacmid DNA was isolated from one positive clone grown in 2 ml 
LBamp, tet, gent, X- Gal-IPTG using step 1-5 of the Qiagen Plasmid Miniprep kit and subsequent 

isopropanol precipitation. Bacmid DNA was dissolved in sterile water and used for 
transfection of Spodoptera frugiperda Sf21 cells.  
Sf21 cells were grown as suspension cells without any antibiotic selection in Sf900 II media 
at 27 °C under rotation (100 rpm). For optimal growth, the cell density was adjusted once a 
day to remain between 0.5 - 2 x 106 cells/ml. 2/3 of the isolated bacmid in 220 µl media was 
incubated for 10 min with pre-mixed 10 µl X-tremeGENE solution in 100 µl media. This 
solution was added in duplicates to 106 cells in six-well plates and incubated for 48 h without 
shaking before changing media. Transfection efficiency was checked microscopically by YFP 
expression and thus, green fluorescence. 96 h after transfection, supernatant was harvested 

 Forward primer  Reverse Primer PCR template 
0-NPS-0 0-NPS-for NPS-0-rev pPCRScript_slo1-gla75 BglII digested 
6-NPS-47 6-NPS-for NPS-47-rev pUC18 12x601 NotI digested 
29-NPS-0 29-NPS-for NPS-0-rev TOPO-II-1x601  
40-NPS-0 40-NPS-for NPS-0-rev TOPO-II-1x601  
60-NPS-0 60-NPS-for NPS-0-rev TOPO-II-1x601 
29-NPS-29 29-NPS-for NPS-29-rev pUC18 12x601 AvaI digested 
77-NPS-77 77-NPS-for NPS-77-rev pPCRScript_slo1-gla75 BglII digested 
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as initial virus V0 and further propagated to obtain a higher virus titer.  
3 x 50 ml Sf21 cultures with 0.6 x 106 cells/ml were infected with 10/50/250 μl V0 and 
incubated for two more days after they reached growth arrest. V1 containing supernatant was 
harvested and stored at 4 °C. In the case of HsSnf2L, pre-prepared baculovirus V1 encoding 
the CRE with an N-terminal 6xHis tag was used (LV#068, Josef Exler). The optimal virus 
amount and harvesting timepoint for protein expression was determined in a test expression. 
Levels of recombinant protein in cell pellets were analyzed by SDS-PAGE. Determined 
infection conditions were used for large-scale expression of 200-800 ml Sf21 cultures and 
cell pellets were snap frozen in liquid nitrogen and stored at -80 °C.  

Protein purification 
During protein purification, all steps were performed at 4 °C and buffers and solutions were 
pre-chilled on ice. Pellets of ~109 cells were resuspended in 10 ml lysis buffer, sonified with 
the Branson Sonifier 150D using the small tip (50% duty cycle/level 4, 5x 15'' on/off) and 
centrifuged (30 min, 4 °C, 10000 rpm). The supernatant was incubated with equilibrated Ni-
NTA beads (150 µl slurry volume) and agitated on a rotating wheel for three hours. Beads 
were pelleted (5 min, 4 °C, 200 rpm), 90 % of the supernatant was discarded and the rest 
was loaded with the beads onto a 1 ml mini column. Solvent was allowed to flow through by 
gravity and beads were washed with a total of 8 column volumes of wash buffer in multiple 
washing steps. For elution of recombinant proteins, beads were incubated three times with 
80 µl elution buffer for 30 min and elution fractions were collected. Purity was analyzed by 
SDS-PAGE, appropriate fractions were pooled, and protein concentration was determined. 
Protein aliquots were snap-frozen and stored at -80 °C. 

7.9.6 In vitro functional assays  

Nucleosome binding and remodeling assays 
Electromobility shift assays (EMSAs) were performed by incubating in vitro reconstituted 
nucleosomes in 10 µl in-vitro buffer supplemented with 200 ng/µl BSA for 60 min at 30 °C in 
absence/presence of recombinantly expressed CRE (0.02-1.5 µM). Competitive binding 
assays used 15-20 nM of each nucleosome, non-labeled binding assays used 120 nM 
nucleosome, chromatin EMSAs used 2 µg in vitro reconstituted chromatin and DNA EMSAs 
used 20 nM of each DNA. Nucleosomes were analyzed by 6 % native PAGE and visualized 
by fluorescence scanning or ethidium bromide staining. 
Remodeling assays were performed accordingly in absence and presence of 1 mM ATP. 
Reactions were stopped after 60 min (unless otherwise noted) by addition of 1 µg competitor 
plasmid DNA and nucleosome positions were analyzed via 6 % native PAGE.  
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For concentration-dependent inhibition analysis, the described assay was performed in 
presence/absence of hit compounds at various concentrations (16-600 µM).  
For quantitative analysis of the EMSA, band intensity of the unbound nucleosome was 
quantified, corrected for background, and normalized to maximum signal. Remodeling 
activity was quantified by dividing the initial band intensity by the total nucleosome band 
intensity (= non-remodelled nucleosome fraction).  

End point ATPase assay 
ATPase activity was analyzed by incubation of CRE (130-700 nM) in in-vitro buffer together 
with 500 μM ATP and 0.2 μCi 32P-γ-ATP for 40 min at 30°C. Potential stimulation was 
addressed by adding mononucleosomes various compositions (60-350 nM), nucleosomal 
array (Bt-oct on 100 ng pT11), pT11 DNA + H4 tail peptide (100 ng + 5 μM), plasmid or linear 
DNA (100-200 ng), H4tail (5 μM), En3 RNA (30 ng). ATP hydrolysis was previously tested to 
be independent of substrate amounts as well as nucleosome composition – octamer of 
different organisms and DNA sequence. The assay was performed in three technical 
replicates and chemical ATP hydrolysis was measured in a control sample without CRE. After 
incubation, released 32P-γ phosphate was separated from non-hydrolyzed 32P-γ-ATP by thin 
layer chromatography on PEI-Cellulose F plates [mobile phase: 50% acetic acid, 0.5 mM 
LiCl]. A phosphor screen was exposed to the dried plate for 16 h, then scanned and signal 
intensities were quantified. The hydrolysis rate (Pi/total) was calculated, corrected for 
chemical hydrolysis. For comparison of different CREs, it was normalized to protein 
concentration. For stimulation analysis, the fraction of maximal hydrolysis (x/max) or 
stimulation factor (x/non-stimulated) was calculated.  

ATPase kinetic assay 
ATPase kinetics of CREs were measured using 0.2 µM TMR-maleimide-labeled ParM and 
125 µM ATP in 20 µl biosensor buffer. 0.4 µM PfSnf2L/HsSnf2L were analyzed in duplicates 
in absence/presence of substrates (50 ng DNA + 2.5 µM H4 tail per reaction). Immediately 
after mixing in a glass-bottom µCLEAR microplate, fluorescence measurement was started 
in a Tecan plate reader at 2 min intervals for 120 min at 28 °C. ATP-induced background 
fluorescence was measured kinetically in absence of ATPase and used for fluorescence curve 
correction. For quantification of ATPase rate, the linear segment of normalized fluorescence 
was analyzed with simple linear regression.  
For titration of reaction components, the fluorescence enhancement factor was calculated 
as fluoend/fluostart. For concentration-dependent inhibition analysis, the described assay was 
performed in presence/absence of lead compound in varying concentrations (3-100 µM). 
Signal was additionally normalized to timepoint 0 to account for compound autofluorescence.  
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7.9.7 Culturing and transfection of parasites  

P. falciparum parasites were cultured according to standard procedures in human red blood 
cells (RBCs) in RPMI 1640 with Albumax supplemented with L-glutamine and gentamycin 
under oxygen-reduced conditions (1 % O2, 5 % CO2, 94 % N2) at 37 °C. Prior to infection, 
human blood was sedimented (7 min, 4 °C, 2630 g), plasma and leukocytes were removed, 
and red blood cells were washed with cold media and stored at 4 °C for up to 4 weeks. 
Parasites were maintained in culture with a hematocrit of 1-5 % and with parasitemia below 
5 %. Media was changed at least every 72 h and parasitemia was regularly monitored in thin 
blood smears on Microscope slides stained with Giemsa (3 sec in MeOH, 3 sec in Hemacolor 
red, 30 sec in Hemacolor blue). Transgenic parasites expressing hDHFR are cultured 
constantly in media containing WR99210 (2.5 nM). For parasite freezing, 350 µl of blood 
containing mainly ring stage parasites was added to 700 µl freezing solution and stored in 
liquid nitrogen. For thawing, 100 µl 12 % NaCl was added to the vial, before slowly adding 5 
ml 1.6 % NaCl and then 5 ml thawing solution. Infected cells were sedimented (by default 3 
min, 21 °C, 695 g) and transferred to a new culture with 200 µl fresh blood. Media was 
changed daily for three days, before respective drug was supplemented.  

Synchronization of parasites 
Tight synchronization of parasites was adapted from (Blackman, 1995): 10 ml prewarmed 
synchronization solution was overlaid with a culture of predominantly late stages (~2 ml blood 
in 7.5 ml) and centrifuged (11 min, 22 °C, 260 g). The interface containing schizonts was 
washed with media and then incubated for 1-2 h with new 2 ml red blood cells in 50 ml media 
under agitation. Subsequently, another round of Percoll gradient centrifugation was 
performed as described and the remaining schizonts in the interface were removed. Infected 
RBCs were treated with 8 ml 5 % sorbitol at 37 °C for 10 min in order to lyse late-stage 
parasites and washed with media before being returned to culture.  

Transfection of parasites 
For transfection of parasites (Amaxa™ P3 primary cell 4D-Nucleofector™ X Kit), 20 µg DNA 
in 100 µl of the supplied transfection solution P3 was added to purified schizonts. The mixture 
was transferred into a Lonza cuvette and transfection was initiated (pulse code: FP158). 
Schizonts were rapidly returned to 2 ml prewarmed culture with 15 % hematocrit and agitated 
for 45 min. Then, media was added and changed for new WR99210-containing media for the 
next three days to select for successful transfection. Once resistant parasites were 
established, after 2-3 weeks, they were cryopreserved in liquid nitrogen and further selected 
for genomic integration with G418 (400 µg/ml for PfSnf2L-cKO, 200 µg/ml PfSnf2P-cKO 
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parasites). Individual clones were isolated using limiting dilution of drug-resistant parasites 
(Thomas et al., 2016). A culture with 1 % parasitemia was diluted 1:400 in well A1 of a 96-
well plate. The parasites were diluted row-wise and column-wise 1:5 in media with RBCs to 
statistically obtain single or no parasites per well. The number of parasites per well was 
estimated based on plaque formation and individual clones were picked and returned to 
culture.  

Parasite genotyping 
For genotyping of transgenic parasite clones, genomic DNA was isolated using the DNeasy 
Blood and Tissue kit. Genotyping PCR was performed with Q5 DNA Polymerase and the 
respective primers (PfSnf2L-integrant: Geno1+Geno2, PfSnf2L-wildtype: Geno1+Geno3, 
PfSnf2L-KO: Geno1+Geno7, PfSnf2L-integrant: Geno4+Geno5, PfSnf2L-wildtype: 
Geno4+Geno6, PfSnf2L-KO: Geno4+Geno7) adjusted from following protocol (Table 7-16):   
 

Table 7-16: Composition and protocol of PCR reaction for genotyping 

 

Amplification of genotyping fragments was analyzed via agarose gel electrophoresis.  

7.9.8 Parasite fractionation  

For fractionation, ~109 infected RBCs containing mixed parasite stages were harvested 
(3 min, 4 °C, 695 g) and resuspended in 0.1% saponin in PBS with PIC for RBC lysis. After 
5 min, parasites were separated by centrifugation (10 min, 4 °C, 5000 g) and washed in 
PBS+PIC. For preparation of nuclei, parasites were resuspended in swelling buffer and 
incubated 15 min on ice. IGEPAL 630 was added to a final concentration of 0.65 % and after 
1 min on ice, nuclei were pelleted (10 min, 4 °C, 2500 g). The cytoplasm fraction was 
collected, and nuclei were washed with swelling buffer. Nuclei were then treated with 50 U 
DNaseI in 250 µl supplied DNaseI buffer for 10 min at 37 °C, before the reaction was stopped 
with 5 mM EDTA. After centrifugation (10 min, 4 °C, 2500 g), the supernatant containing 
soluble molecules was collected as nucleoplasm fraction. The pellet was washed again with 
250 µl swelling buffer (wash fraction). Hardly soluble proteins were released with 250 µl 
extraction buffer I for 1 h under constant agitation at 4 °C and separated by centrifugation 
(30 min, 4 °C, 5000 g). Another extraction step followed with extraction buffer II accordingly. 
Insoluble proteins were extracted with 2 % SDS in 10 mM Tris-HCl, pH 8.0 for 30 min rotating 

Reagent Concentration  Cycle step Temp Time Cycles 
Oligos 0.25 µM  Initial denaturation 94 °C 1 min  
dNTP 200 µM  denaturation 94 °C 15 sec 

25-30 gDNA 100 ng  annealing 52 °C 15 sec 
Q5-pol  0.02 U/µl  elongation 68 °C 60-120 sec 
1x Q5 buffer Ad 25 µl  Final elongation 68 °C 5 min  



MATERIAL AND METHODS 

109 

at 4 °C (5 min, 4 °C, 13000 g). All fractions were collected and 10 % was analyzed by SDS-
PAGE. Remaining samples were stored at -80 °C for downstream analysis.  
As an alternative to DNaseI treatment, nuclei were treated with 50 U benzonase in RIPA150 
buffer for 10 min at room temperature. For nuclear protein extraction, KCl was added to 0.4 
M, incubated for 30 min at room temperature and insoluble fraction was removed by 
centrifugation (30 min, 4 °C, 5000 g).  

7.9.9 KO induction and phenotyping of parasite reproduction 

KO induction 
One clone per transgenic parasite line verified by genotyping PCR was used for further 
phenotyping. Conditional DiCre-mediated recombination between loxP sites was induced as 
described (Collins et al., 2013). Asynchronous or tightly synchronized parasite cultures were 
split in half and incubated for 4 h in media containing 100 nM rapamycin or 0.2 % DMSO, 
respectively. After washing with media, they were returned to drug-free culture. Gene 
excision was confirmed 24 / 48 h after KO induction by genotyping PCR (7.9.7). For PfSnf2L, 
efficient knockout was also verified on mRNA level by RNA sequencing (7.9.13) and on 
protein level by western blot. Therefore, infected RBCs were pelleted and lysed with 0.1 % 
saponin as described (7.9.8). Parasites were heat-denatured and whole cell extract was 
analyzed by SDS-PAGE and subsequent immunoblotting (7.9.3).  

Parasite growth assay 
Parasite growth was determined by microscopic counting of parasites from Giemsa-stained 
thin blood films and expressed as percentage parasitemia (% infected RBCs/RBCs). At least 
5000 erythrocytes were counted per sample and parasite growth was quantified in at least 
two biological replicates. Growth was monitored continuously after KO induction for PfSnf2L-
cKO parasites and correspondingly for 3D7 parasites with persistent drug-treatment.  

Parasite reproduction  
Equal numbers of mature schizonts from DMSO/rapamycin-treated cultures were Percoll-
purified. They were resuspended in media containing 1 % hematocrit and cultured for 2 h at 
37 °C. Parasitemia of newly invaded rings was subsequently quantified by microscopy of 
Giemsa-stained thin blood films. At least 100 parasites were counted per sample and 
reproduction rate was quantified in two biological replicates. 

Quantification of nuclei 
The number of nuclei was quantified by microscopy of DAPI-stained parasites. Parasites at 
schizont stage (~46 hpi) were fixed as described for IFA (7.9.10) and mounted in DAPI-
containing mounting solution. A Leica DMi8 Widefield microscope was used for imaging and 
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counting the number of visible nuclei per parasite, as least for 100 parasites per sample. The 
exact number of nuclei was visualized or binned in 1-2 / 3-8 / 9-15 / >16 nuclei. Reproduction 
was quantified for PfSnf2L-cKO parasites upon KO induction and correspondinglyfor 3D7 
parasites with persistent drug-treatment. 

7.9.10 Imaging assays for phenotyping of cellular structures  

Live imaging of parasite egress 
Live imaging of parasite egress was performed as described (Das et al., 2017). Therefore, 
equal numbers of mature schizonts from DMSO/rapamycin-treated cultures were Percoll-
purified. For further maturation under prevention of egress, schizonts were incubated for 2-
3 h in media supplemented with 2 µM compound2. Compound2 is a specific protein kinase 
PKG inhibitor that prevents parasite rupture (Taylor et al., 2010). Compound2 was washed 
off prior to video microscopy, and schizonts were immediately resuspended in warm media 
and placed into a glass bottom microscopy chamber. The chamber was transferred to a 
temperature-controlled microscope stage at 37 °C on a Leica DMi8 Widefield microscope. 
Images were routinely collected in DIC channel at 3.5 sec intervals, beginning 6 min after 
compound2 was washed off, for a total of 20 min. Parasites were classified as “normal 
egress” or “clustered merozoites” 15 sec post red blood cell rupture. For analysis of the host 
cell cytoskeleton, the assay was performed accordingly using media supplemented with 0.1x 
phalloidin 594 Conjugate during live imaging. Staining of RBC actin could be monitored by 
additional image acquisition in the fluorescence channel. RBC ghost location was 
categorized as “distant ghost”, “merozoites attached” or “complete overlap” 40 sec after 
egress start. Egress videos were collected in three technical replicates, alternating noKO and 
iKO, and at least two biological replicates.  

Immunofluorescence assays (IFA)  
For immunofluorescence assay, thin smears of infected red blood cells or purified schizonts 
were prepared on glass slides. After drying and framing with a hydrophobic pen, parasites 
were fixed for 30 min in 4 % PFA/0.0075 % glutaraldehyde in PBS. Cells were permeabilized 
with 0.1 % Triton-X100/PBS for 10 min, washed and blocked for >1 h in 4 % BSA/PBS. 
Antigens were labeled with 60-100 µl suitable primary antibodies in 4 % BSA/PBS as listed 
in Table 7-10 overnight in a humidity chamber at 4 °C. After washing in PBS, 60-100 µl 
secondary fluorophore-conjugated antibody diluted in 4 % BSA/PBS was applied onto the 
cells. After 45-60 min in a light-protected humidity-chamber, slides were washed in PBS and 
dried. DAPI-containing mounting solution was added, a cover glass was placed onto the cells 
and sealed. IFA slides were stored at 4 °C until imaging. For image acquisition, Leica DMi8 
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Widefield microscope with the respective fluorescence channels and LasX software was 
used. Image processing and quantification was performed with software ImageJ2 v2.9.0. All 
images presented are representative; all IFAs were repeated at least twice with similar results. 
It should be noted that the transfected construct in PfSnf2L-HA-cKO generation contains a 
GFP-encoding gene. However, no endogenous GFP fluorescence was detectable in an IFA 
experiment without antibody (data not shown). Therefore, all detected signals can be 
attributed to used fluorophore-conjugated antibodies. 
For quantification of IFA images, parasite contours were automatically detected with a 
customized ImageJ Macro using an enlarged mask based on the DAPI signal. Within the 
obtained mask, the total signal intensity was measured in all channels. All images and all 
channels were corrected for background signal from a manually selected blank region. Where 
schizont parasites are analyzed, a minimal DAPI signal was set by visual inspection to 
exclude early-stage parasites with fewer nuclei. Where noKO and iKO parasites were mixed, 
anti-HA signal was used to assign individual parasites to noKO or iKO. Based on the intensity 
distribution, a threshold was chosen that best separated the two populations. Automatically 
detected parasites were manually checked. 

Transmission Electron Microscopy (TEM)  
iRBCs were washed in PHEM buffer and fixed for 1 hour in a solution containing 2.5 % 
glutaraldehyde, 4 % formaldehyde, 4 % sucrose in 0.1 M PHEM buffer.  
All further steps were performed by Andreas Klingl (LMU) and colleagues: Cells were 
postfixed in 1 % OsO4 plus 0.8 % ferrocyanide and 5 mM CaCl2 in 0.1 M cacodylate buffer 
for 1 hour, washed twice in cacodylate buffer (10 min, 1 h) and double-distilled water (5 min, 
15 min), respectively and dehydrated in a graded acetone series which included en bloc 
staining with 1 % uranyl acetate in the 20 % step. The cells were finally embedded in Epon812 
epoxy resin to enable ultrathin sectioning. To carry out electron microscopy, the ultrathin 
sections were post-stained with 1 % lead citrate for 2 min. Transmission electron microscopy 
was carried out using either a Zeiss EM 912 (Zeiss AG, Oberkochen, Germany), set to an 
acceleration voltage of 80 kV, operated in the zero-loss mode and equipped with a 2k x 2k 
slow-scan CCD camera (TRS Tröndle Restlichtverstärkersysteme, Moorenweis, Germany) or 
a JEOL F200 (JEOL, Freising, Germany), operated at 200 kV equipped with a XAROSA 20 
mega pixel CMOS camera (EMSIS, Münster, Germany.) 

7.9.11 Co-immunoprecipitation, mass spectrometry and data analysis 

For Co-immunoprecipitation (CoIP) experiments, nuclei of PfSnf2L-HA and 3D7 parasites 
containing mixed stages were prepared and treated with DNaseI or benzonase as described 



MATERIAL AND METHODS 

112 

(7.9.8). The obtained DNaseI-/ benzonase-treated nucleoplasm fractions were used as input. 
These input fractions were analyzed for DNA fragment size using agarose gel electrophoresis.  
The DNaseI-treated input was diluted in 2.5 volumes RIPA150 buffer, the benzonase-treated 
input in 2.5 volumes RIPA50 buffer. Subsequently, they were incubated overnight at 4 °C 
under constant agitation with equilibrated anti-HA magnetic beads. Using a magnetic rack, 
beads were pelleted and washed three times with 400 µl RIPA150 buffer for 10 min. Three 
more washing steps with 50 mM Tris-HCl pH 8 followed, before beads were transferred into 
a clean tube, dried, and stored at -20 °C. Collected fractions (input, flowthrough, beads) were 
analyzed on 4-20 % SDS-PAGE in duplicates. One gel was silver-stained, and the duplicate 
version was probed anti-HA in western blot. Co-immunoprecipitation was performed for both 
nuclease conditions in three biological replicates, for PfSnf2L-HA and 3D7 parasites each, 
and used for LC-MS/MS analysis of co-immunoprecipitated proteins.  
All further steps were performed by the Protein Analysis Unit (ZfP, LMU): Beads were 
incubated with 10 ng/μL trypsin in 1 M urea/50 mM NH4HCO3 for 30 min, washed with 50 
mM NH4HCO3, and the supernatant digested overnight in presence of 1 mM DTT. Digested 
peptides were alkylated and desalted prior to LC–MS analysis. For LC–MS/MS purposes, 
desalted peptides were injected in an Ultimate 3000 RSLCnano system (Thermo Fisher), 
separated in a 15-cm analytical column (75 μm ID with ReproSil-Pur C18-AQ 2.4 μm from Dr. 
Maisch) with a 50-min gradient from 4 % to 40 % acetonitrile in 0.1 % formic acid. The 
effluent from the HPLC was directly electrosprayed into a QexactiveHF (Thermo Fisher) 
operated in data dependent mode to automatically switch between full scan MS and MS/MS 
acquisition. Survey full scan MS spectra (from m/z 350 to 1,600) were acquired with resolution 
R = 60,000 at m/z 400 (AGC target of 3 × 106). The 10 most intense peptide ions with charge 
states between 2 and 5 were sequentially isolated to a target value of 1 × 105 and fragmented 
at 30 % normalized collision energy. Typical mass spectrometric conditions were as follows: 
spray voltage, 1.5 kV; heated capillary temperature, 275 °C; ion selection threshold, 33.000 
counts.  
MaxQuant 1.6.14.0 was used to identify proteins and quantify by iBAQ with the following 
parameters: Database Uniprot_UP000001450_Plasmodiumfalciparum_20201007.fasta; MS 
tol, 10 ppm; MS/MS tol, 20 ppm Da; PSM FDR, 0.01; Protein FDR, 0.01 min; Peptide Length, 
7; Variable modifications, Oxidation (M), Acetyl (Protein N-term); Fixed modifications, 
Carbamidomethyl (C); Peptides for protein quantitation, razor and unique; Min. peptides, 1; 
Min. ratio count, 2. MaxQuant iBAQ values were log2 transformed, missing values 
implemented with 8. Ribosomal proteins and hits detected with only 1 peptide were 
excluded. Identified proteins were considered as interaction partners of the bait, if log2(Snf2L-
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3HA) − log2(3D7) > 3 or log2(Snf2L-3HA) − log2(3D7) > 2 & FDR <0.05. The mass spectrometry 
proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE 
partner repository with the dataset identifier PXD041155. 

7.9.12 Chromatin-immunoprecipitation-Sequencing (ChIP-Seq) and data 
analysis 

For Chromatin-immunoprecipitation experiments, mixed stage PfSnf2L-HA parasites were 
grown to ~5 % parasitemia, and two different crosslinking conditions were applied. For 
formaldehyde crosslinking, parasites were incubated in media supplemented with 1 % 
formaldehyde for 15 min at 37 °C under rotation. For additional disuccinimidyl glutarate (DSG) 
fixation, parasites were pre-incubated in 2 mM DSG for 30 min at 37 °C, before formaldehyde 
crosslinking was performed accordingly. To stop crosslinking, glycine was added to the 
culture to a final concentration of 0.125 M. Red blood cells were lysed with saponin, 
centrifuged (15 min, 4 °C, 11000 g) and washed multiple times with PBS+PIC. Parasite nuclei 
were prepared as described (7.9.8). The obtained nuclei (~6 x 108) were resuspended in 250 
µl sonication buffer and sonicated for 20 cycles of 30 sec ON/OFF (high). 50 µl were saved 
as input control, the rest was added to 9 volumes incubation buffer. Half was incubated 
overnight at 4 °C under rotation with anti-HA magnetic beads (30 µl slurry) and one half with 
Protein G magnetic beads without antibodies coupled (30 µl slurry). Magnetic beads were 
successively washed with 400 µl wash buffer I / wash buffer I / wash buffer II / wash buffer III 
/ wash buffer IV / wash buffer IV for 5 min each. After 20 min incubation in 200 µl 1 % SDS/0.1 
M NaHCO3 at room temperature, the elutant was separated from beads and supplemented 
with 1 M NaCl for de-crosslinking at 55 °C for > 6 h. Input was de-crosslinked accordingly. 
2 µl of supplied proteinase K was added, incubated for 10 min and subsequently, DNA was 
purified using the DNA CLEAN-UP MICRO SPIN kit. Input, αHA-ChIP and control-ChIP 
samples were analyzed for DNA fragment size and concentration using the 4200 TapeStation 
System. ChIP experiment was performed for both crosslinking conditions in three biological 
replicates each and used sequencing analysis of co-immunoprecipitated DNA. 2 ng of each 
sample was used for NEBNEXT ultra II library preparation as manufacturer recommends, and 
quality of library was tested with TapeStation technology. Libraries from all input samples, all 
ChIP samples and two exemplar control samples were sequenced on the Illumina NextSeq 
500 Sequencing System. Sequenced reads (2x42bp bp, paired-end, 10-20 Mio 
reads/sample) were trimmed with bcl2fastq and mapped to P. falciparum 3D7 genome v3.0 
using Bowtie2. Preprocessing and mapping quality control was done with FastQC, samtools 
and deeptool, peaks were called using MACS2 with a false discovery rate (FDR) of 0.05.  
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7.9.13 RNA-Sequencing (RNA‐Seq) and data analysis  

For detailed transcriptome analysis, PfSnf2L-HA-cKO were synchronized within a one-hour 
window and KO was induced as described (7.9.9) either at early ring stage (1-5 hpi) or at late 
early trophozoite stage (24-28 hpi). iRBCs were harvested in five-hour-intervals and total RNA 
was isolated using Whole Blood Quick RNA kit according to the manufacturer’s protocol. 
RNA isolation of 3D7 parasites 20/25/35 hours drug-treated/non-treated was performed 
accordingly.  
RNA quality was checked using 4200 TapeStation System and 300 ng were used as input for 
Illumina Stranded mRNA Prep Ligation. Libraries were sequenced on the Illumina NextSeq 
2000 Sequencing System. Sequencing data processing and data analysis was performed by 
Simon Holzinger: Sequenced reads (2x57bp bp, paired-end, ~20 Mio reads/sample) were 
trimmed with trimmomatic v0.39 and mapped to P. falciparum 3D7 genome v3.0 using STAR 
2.7.9a. PlasmoDB annotation was converted to GTF-format with gffread 0.12.1. 
Preprocessing and mapping quality control was done with FastQC 0.11.8, qualimap 2.2.2d, 
samtools 1.12 and multiqc 1.9. The pipeline was implemented with snakemake 5.32.0 and is 
available at https://github.com/SimHolz/Watzlowik_et_al_2023. RSubread/FeatureCounts 
2.12.2 was utilized to calculate read counts, while differential expression analysis was 
performed by DESeq2 adjusted P-value <0.05 as significance cutoff. Further analysis and 
visualization were done in R using tidyverse and ggpubr. GO term enrichment analysis was 
performed using topGP with Fisher-test, redundancy-reduced, Enrichment defined 
as -log10(defaultKS) >2. noKO samples t0-t45 were defined as reference transcriptome and 
coefficient of variation per gene was calculated by standard deviation/mean x 100 across 
reference transcriptome. For expression quantile calculation transcript per millions (TPM) 
normalization of reference transcriptome was used. DEGreport was used for clustering. RNA-
Seq-based cell cycle progression was estimated in R by comparing the normalized 
expression values of each sample to the RNA-Seq data from (Painter et al., 2018) using the 
statistical model previously described (Lemieux et al., 2009). Estimation of PfSnf2L knockout 
efficacy was done by mapping reads to the sequence of the recodonized transfected Snf2L 
gene and counting reads mapped to the Snf2Lrecodon part of the gene which is disintegrated 
upon knockout induction. RNA-Seq data were submitted to Gene Expression Omnibus 
database (accession number GSE228949). 

7.9.14 MNase‐Sequencing (MNase-Seq) and data analysis 

For chromatin phenotyping, micrococcal nuclease digestion and subsequent sequencing of 
noKO/iKO chromatin was performed. PfSnf2L-HA-cKO were synchronized within a two-hour 
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window and KO was induced as described (7.9.9) either at early ring stage (1-5 hpi) or at late 
early trophozoite stage (24-28 hpi). 45 hours post KO induction, parasites were crosslinked 
with formaldehyde and nuclei were prepared as described in 7.9.12. Nuclei were 
resuspended in 75 µl digestion buffer with 0.75 U Micrococcal nuclease and 50 U 
Exonuclease III. Each sample was aliquoted in 3 x 25 µl and incubated for 2.5 / 5 / 10 min at 
37 °C under agitation (low/mid/high digestion), before the reaction was stopped by adding 
25 µl stopping solution and placed at 4 °C. De-crosslinking was performed at 45 °C overnight 
after adjusting to 1 % SDS / 0.1 M NaHCO3 / 0.5 M NaCl. Proteins were digested by addition 
of 40 µg of Proteinase K (Zymo Research) and incubation for 1 h at 55 °C. Subsequently, 
DNA was isolated using DNA CLEAN-UP MICRO SPIN kit as the manufacturer recommends. 
Digestion efficacy of extracted DNA fragments was analyzed with TapeStation 4200 System 
and DNA size distribution (molarity) was visualized using BioanalyzeR. For low digested 
samples, DNA fragments >700 bp were removed using 0.75 x SPRI beads, no size-selection 
step was applied for high digested samples.  
1 ng of high/low digested samples was used as input for NEBNext Ultra II DNA library prep 
kit, according to manufacturer’s protocol. Libraries were sequenced on the Illumina NextSeq 
2000 Sequencing System. Sequencing data processing and data analysis was performed by 
Simon Holzinger: Sequenced reads (2x65 bp, paired-end, ~20 Mio reads/sample) were 
trimmed with skewer 0.2.2, and subsequently mapped to P. falciparum 3D7 genome v3.0 
(plasmoDB.org, release 52) using Bowtie2 2.3.5 with “--very-sensitive --no-discordant --no-
mixed --no-unal“ options. Mapped fragments were filtered with deeptools 3.5.0 for a 
mapping quality of at least 20, a fragment size between 75 -175 bp and proper read pairs. 
The remaining fragments were used for nucleosome calling with DANPOS. Quality control 
was done with FastQC 0.11.8, qualimap 2.2.2d, samtools 1.12 and multiqc 1.9. Further 
analysis was done with R etc. The pipeline was implemented with snakemake 5.32.0 and is 
available at https://github.com/SimHolz/Watzlowik_et_al_2023. MNase-Seq data were 
submitted to Gene Expression Omnibus database (accession number GSE228949). 

MNase-Seq data analysis details 
MNase-Sequencing of schizont stage chromatin +/- PfSnf2L-cKO was performed in 
triplicates, MNase-Sequencing of late ring stage chromatin +/- PfSnf2L-cKO in duplicates. 
DANPOS: Replicate bam files were put into a single directory respectively to be recognized 

as a single dataset by DANPOS. Nucleosome calling was performed with the following 
command: python3 danpos.py dpos <Input> -o <outDir> -m 1 -c 51137214 --extend 73 
-a 1 -jd 100 -e 1 -z 20 -s 1. For comparison and differential nucleosome positioning of 
two datasets, the two inputs are separated by “:” like “iKO_0h_high/:noKO_0h_high/”. 
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The differential nucleosome positioning results were adjusted with a custom R script 
using simulated random nucleosome positions and Benjamini Hochberg Procedure to 
calculate FDR values and loess-smoothing for improved dyad position calling.  

DYNAMICs: Among the nucleosomes obtained from differential nucleosomes analysis in late 
ring stage, the following were defined as dynamically changed: Adjusted FDR values (-
log10 transformed for occupancy and fuzziness changes, not transformed for shifts) 
were normalized to maximum change and ranked and slope=1 was defined as cutoff. 
Cutoff values were extracted and applied for differential schizont stage nucleosomes. 
Among dynamic nucleosomes, only the ones within the 20 % best-positioned 
nucleosomes in both stages were considered.  

Gene part assignment: Dynamic nucleosomes identified as described above were assigned 
to gene parts obtained from PlasmoDB annotation with a minimum overlap of 99 bp: 
5’UTR, protein-coding (= CDS), 3’UTR, intergenic (= no feature assigned), others (= 
introns, pseudogenes, snoRNA, ncRNA, tRNA, snRNA, rRNA).  

 Profiles: The transcriptional landmark sites (TSS, AUG, STOP, TTS) were extracted from 
PlasmoDB annotation for each gene on chromosome 1-14, only one site per gene 
considered. Occupancy profiles were obtained by aligning the coverage 1000 bp 
upstream and downstream of the mark for all available replicates and averaging. The 
corresponding GC-content around landmarks was aligned, averaged, and smoothed 
accordingly. Occupancy profiles around +1 nucleosome were created analogously.  

Nucleosome Dynamics Suite: BAM files were used as input for Nucleosome Dynamics 
program suite, utilizing the readBam, nucleR and txstart function. nucleR was run with “-
-type paired --fragmentLen 175 --thresholdPercentage 50” in addition to default 
parameters and txstart with “--p1.max.downstream 100” in addition to default 
parameters. 

NFR Width: Distance between +1 and -1 nucleosome as detected by the nucleosome 
dynamics txstart function was used as NFR width estimation.  

+1 Nucleosome Annotation: BAM files of replicates of noKO_24h_high and noKO_0h_high 
were merged respectively and used as input for Nucleosome Dynamics program suite, 
The 3’-end of the resulting gff from txstart was used as +1 nucleosome dyad annotation. 

Mean Fuzziness change calculation: Promoter regions were defined as 1000 bp upstream 
and 1000 bp downstream of the +1 nucleosomes identified via Nucleosome Dynamics 
program suite. All called nucleosomes with a minimum overlap of 75 bp with the 
promoter region were averaged. Mean fuzziness scores were subtracted (iKO-noKO). 
Only promoters harboring at least six called nucleosomes were considered. 
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7.9.15 High throughput screening implementation and data analysis 

ADP biosensor screen 
The screening of PfSnf2Lcore inhibition by presence of compounds was analyzed by kinetic 
ATPase measurement (7.9.6). The measurement was performed in 20 µl biosensor buffer 
containing 0.2 µM TMR-maleimide-labeled ParM, 125 µM ATP, 10 ng/µl pT11 DNA and 0.2 
µM recombinantly expressed PfSnf2Lcore. To prevent ATP hydrolysis prior to measurement, 
the components were mixed in two master mixes (MM) and added in following order: 200 nl 
compound in DMSO or DMSO alone were transferred to glass-bottom µCLEAR microplates 
using automatic acoustic droplet ejection, performed by the Fraunhofer Institute for 
Toxicology and Experimental Medicine (ITEM). 10 µl MM1 containing PfSnf2Lcore in 
biosensor buffer (or buffer only for noATPase control) were transferred to each well using the 
Multidrop Combi system. Subsequently, 10 µl MM2 containing all other components were 
added accordingly. After rapid mixing and spinning, measurements were immediately started 
in an EnVision fluorescence reader. The following measurement parameters were applied: 
excitation wavelength: 550 nm, emission wavelength 590 nm, temperature: room 
temperature, time interval: 6 min, duration 120 min. All 1506 chemicals of the Prestwick small 

molecule library were measured in triplicates at three different days. An automated plate 
stacker allowed five plates to be measured in parallel, with all compounds and controls on 
each plate. The 2645 chemicals of the Selleck Bioactive Compound Library were measured 
accordingly in duplicates. The 105 cherry-picked chemicals of the second screen were 
measured in two different concentrations (10 µM / 100 µM) in duplicates using the same 
setup. 
The fluorescence values for each compound and each timepoint were corrected for the mean 
ATPase-absent value of the corresponding replicate and the obtained kinetic curve was 
analyzed for two parameters: The slope of the curve within the first 60 min was calculated by 
fitting a linear model (threshold = 3.5 (1st) / 3.7 (2nd)), as well as the difference between end 
and start point (F120-F0, threshold = 25000). All compounds showing a kinetic curve below 
both thresholds were considered as PfSnf2Lcore ATPase inhibiting chemicals.  
The dose-dependent ATPase inhibition of cherry-picked chemicals was scored for each 
compound as strong inhibition (at 10 µM), moderate inhibition (at 100 µM) or no inhibition. 

MST measurement 
The screening of compound binding to PfSnf2Lcore via Microscale thermophoresis was 
performed by the company 2bind (Biopark, Regensburg): Recombinantly expressed 
PfSnf2Lcore was labeled with NHS-DY647P1 using the Monolith Protein RED-NHS Labeling 
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Kit. All 1506 chemicals of Prestwick small molecule library and 105 cherry-picked chemicals 
of the Selleck Bioactive Compound Library were measured in duplicates. The measurement 
was performed in 10 µl of 20 mM Tris pH 8.6 / 1.5 mM MgCl2 / 0.5 mM EGTA / 100 mM KCl 
/ 0.01 % Pluronic, and following measurement parameters were applied:  
Device: Monolith NT.115pico, MSTpower: medium, ExcitationPower: 20 %, ColdRegion: -1-
0 s, HotRegion: 9-10 s, Temperature: 25 °C, Target: PfSnf2Lcore NHS-DY647P1-labeled, 
Target concentration: 5 nM, Ligand concentration: 100 µM / DMSO 1 % 
For evaluation of target binding, values were calculated as follows and cutoff criteria applied:  
for compounds/DMSO Fnorm [‰] = Fhot/Fcold; DFnorm= Fnorm(compound)- Fnorm(DMSO);  
Autofluorescence (ligand-induced enhancement): Fcold >110 % of Fcold(DMSO); potential hit 
(ligand-induced quenching): Fcold < 90 % of Fcold(DMSO); binder: DFnorm > 3x SD of Fnorm(DMSO); 

non-binder: DFnorm < 3x SD of Fnorm(DMSO); ambiguous: different classification in replicates. 
The PfSnf2Lcore binding probability of cherry-picked chemicals was scored for each 
compound as strong (hit or potential hit), moderate (aggregation or ambiguous), or no binding 
(non-binder). 

nanoDSF measurement 
The screening of (de-)stabilization of PfSnf2Lcore by presence of compounds was analyzed 
using differential scanning fluorimetry (nanoDSF). The measurement was performed in 10 µl 
of 20 mM Tris pH 8.6 / 1.5 mM MgCl2 / 0.5 mM EGTA / 100 mM KCl containing 4 µM 
recombinantly expressed PfSnf2Lcore. Twelve hit compounds of the Prestwick small 

molecule library were measured in various concentration (1000 / 100 / 10 / 1 µM), while the 
105 cherry-picked chemicals of the Selleck Bioactive Compound Library were measured in 
100 µM, each in duplicates. A destabilizing effect on PfSnf2Lcore by corresponding DMSO 
concentrations could be excluded for up to 1 % (= 100 µM) and proven as minimal for 10 % 
(= 1 mM). Following measurement parameters were applied:  
Device: Prometheus NT.48, Capillaries: nanoDSF Grade Standard Capillaries, LEDexcitation: 
80 %, Temperature 20-95 °C, simultaneous scanning of 330 nm and 350 nm fluorescence. 
The ratio of fluorescence F350nm/F330nm is calculated over temperature, and the first derivate 
operation gives the melting temperature TM (where 50 % of the protein is unfolded) as a 
maximum/minimum.  
PfSnf2Lcore destabilization of cherry-picked chemicals was scored for each compound as 

strong (DTM > 2 °C), moderate (DTM < 2 °C), or no destabilization (DTM < 0.2 °C). 
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7.9.16 Toxicity assay  

Plasmodium falciparum toxicity 
Toxicity to Plasmodium falciparum was determined by culturing 3D7 parasites in presence of 
hit compounds at various concentrations (0.08-20 µM). After 72 hours, thin blood films were 
prepared, Giemsa-stained and parasitemia was quantified. EC50 values were estimated for 
compounds with the lead compound as an exception. To assess toxicity, the lead compound 
was tested in three independent replicates, normalized to parasitemia when untreated and 
the EC50 value was obtained by fitting a dose response model using a three-parameter log-
logistic model.  

Toxoplasma gondii toxicity 
Toxicity to Toxoplasma was tested by Matthew Gow (Meissner Lab, LMU) using a plaque 
assay: T. gondii tachyzoites were generally passaged onto human foreskin fibroblast (HFF-1) 
monolayers at 37 °C and 5 % CO2 in DMEM with 10 % fetal bovine serum (FBS), 4 mM L-
glutamate, 20 μg/ml gentamicin. To analyze toxicity of hit compounds, 1000 T. gondii 
tachyzoites inoculated onto HFF-1 were treated with drug/DMSO at various concentrations 
(0.06-20 µM). After 6 days, the HFF-1 monolayer was washed in PBS, fixed with 4 % PFA for 
20 min and stained with Giemsa-staining solutions. Plaque formation serves as a measure 
for parasite proliferation. Using the Leica DMi8 Widefield Microscope, number of plaques and 
relative area was quantified and EC50 values were estimated. 

Human HeLa cell toxicity 
Toxicity to human cells was representatively tested on highly proliferating HeLa cells. HeLa 
cells were grown in DMEM containing 2 mM GlutaMAX-I supplemented with 10 % FBS 
without antibiotics and maintained under constant conditions of 37 °C and 5 % CO2. To 
analyze drug toxicity, 5000 cells per well were seeded in a 96-well plate and treated for 48 h 
with drug at various concentrations (0.02-20 µM) and DMSO, respectively. Subsequently, 
metabolic activity was monitored using the Cell Proliferation Kit II-XTT according to 
manufacturer’s recommendatiosn. After 4 h incubation with substrates, the absorbance was 
measured in a plate reader, A490nm-A620nm was calculated and normalized to untreated. The 
EC50 value was obtained by fitting a dose response model using a three-parameter log-
logistic model.  
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7.9.17 Gametocyte induction and quantification 

Gametocyte induction and quantification was performed by Ritwik Singhal (Llinás Lab, 
PennState University): Tightly synchronized trophozoites (24 - 28 hpi) at 2 % parasitemia 
were grown in minimal fatty acid (mFA) media and drug / DMSO for 22 – 24 hours before 
returning to complete media (without drug / DMSO). mFA media was prepared by 
supplementing incomplete RPMI-1640 (complete medium without AlbuMAX II) with 0.39 % 
fatty acid-free bovine serum albumin (BSA, Sigma-Aldrich), 30 μM oleic acid (Sigma-Aldrich), 
and 30 μM palmitic acid (Sigma-Aldrich) (Brancucci et al., 2017). On day 2, parasitemia was 
quantified using Giemsa-stained blood smears and 20 U/mL heparin was added to the 
cultures to prevent parasite re-invasion. Heparin-containing complete media was replaced 
daily for the remainder of the assay until quantification of gametocytemia on day 8 by 
Giemsa-staining. The gametocyte conversion rate (GCR) was calculated as GCR = 
(Gametocytemia on Day 8/Parasitemia on Day 2)*100. GCR assays were performed in 
biological duplicates, each consisting of two technical replicates. 
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APPENDIX – SUPPLEMENTARY INFORMATION 
Appendix 1: Multiple sequence alignment of ISWI homologues from Homo sapiens (Hs), Mus musculus (Mm), 
Xenopus laevis (Xl), Drosophila melanogaster (Dm), Saccharomyces cerevisiae (Sc), Arabidopsis thaliana (At), 
Cyanidioschyzon merolae (Cm), Phaeodactylum tricornutum (Pt), Plasmodium berghei (Pb), Cryptosporidium 
parvum (Cp), Neospora caninum (Nc), Toxoplasma gondii (Tg), Trypanosoma cruzi (Tc) and PF3D7_1104200 with 
predicted domains marked as in B (amino acids in agreement to consensus sequence highlighted by color). 
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Appendix 2: Sequence used for phylogenetic analysis. ATPase region was determined by multiple sequence 
alignment as in Flaus et al. 2006 
Figure name in tree species UniProt ID ATPase regions (aa) 
5-1A dmAtrx Drosophila melanogaster Q9GQN5 455-782 897-1070   
5-1A dmChd1 Drosophila melanogaster Q7KU24 528-811 835-987   
5-1A dmEtl1 Drosophila melanogaster Q9VL72 289-586 651-802   
5-1A dmIno80 Drosophila melanogaster Q9VDY1 525-839 1155-1306   
5-1A dmISWI Drosophila melanogaster Q24368 128-410 430-582   
5-1A dmLodestar Drosophila melanogaster P34739 439-486 524-804 889-1041 
5-1A dmMi2 Drosophila melanogaster O97159 730-1026 1051-1203   
5-1A dmMot1 Drosophila melanogaster Q9VF02 1350-1661 1689-1850   
5-1A dmRad54 Drosophila melanogaster O76460 156-464 497-649   
5-1A dmShprh Drosophila melanogaster Q9VRV2 160-247 334-1251   
5-1A dmSmarcal1 Drosophila melanogaster Q9VMX6 247-755     
5-1A dmSnf2 Drosophila melanogaster P25439 773-1070 1079-1249   
5-1A dmSwr1 Drosophila melanogaster Q9NDJ2 914-1202 1657-1808   
5-1A hsAlc1 Homo sapiens Q86WJ1 46-327 346-496   
5-1A hsArip4 Homo sapiens Q9Y4B4 263-628 720-889   
5-1A hsAtrx Homo sapiens P46100 1560-1889 2017-2190    
5-1A hsChd1 Homo sapiens O14646 481-764 787-939    
5-1A hsChd7 Homo sapiens Q9HCK8 811-1100 1132-1284    
5-1A hsEP400 Homo sapiens Q96L91 1091-1373 1897-2048    
5-1A hsErcc6 Homo sapiens Q03468 507-811 838-987    
5-1A hsEtl1 Homo sapiens Q9H4L7 497-787 853-1004    
5-1A hsIno80 Homo sapiens Q9ULG1 518-821 1100-1251    
5-1A hsISWI_1 Homo sapiens P28370 183-649      
5-1A hsLodestar Homo sapiens Q9UNY4 570-617 641-932 990-1141  
5-1A hsLsh Homo sapiens Q9NRZ9 223-576 598-749    
5-1A hsMi2 Homo sapiens Q12873 736-1034 1059-1211    
5-1A hsMot1 Homo sapiens O14981 1266-1584 1613-1781    
5-1A hsRad5 Homo sapiens Q14527 240-315 477-721 832-987  
5-1A hsRad54 Homo sapiens Q92698 153-461 494-646    
5-1A hsShprh Homo sapiens Q149N8 304-394 715-1661    
5-1A hsSmarcal1 Homo sapiens Q9NZC9 436-954      
5-1A hsSnf2 Homo sapiens P51532 754-1051 1079-1231    
5-1A hsSwr1 Homo sapiens Q6ZRS2 618-906 2042-2193    
5-1A scChd1 Saccharomyces cerevisiae P32657 376-664 694-846    
5-1A scErcc6 Saccharomyces cerevisiae P40352 297-632 650-803    
5-1A scEtl1 Saccharomyces cerevisiae P31380 572-849 948-1100    
5-1A scIno80 Saccharomyces cerevisiae P53115 706-1016 1298-1449    
5-1A scISWI_1 Saccharomyces cerevisiae P38144 196-481 501-653    
5-1A scLsh Saccharomyces cerevisiae P43610 222-754      
5-1A scMot1 Saccharomyces cerevisiae P32333 1272-1579 1608-1783    
5-1A scRad5 Saccharomyces cerevisiae P32849 437-553 585-847 993-1152  
5-1A scRad16 Saccharomyces cerevisiae P31244 184-226 230-772    
5-1A scRad54 Saccharomyces cerevisiae P32863 271-620 654-805    
5-1A scRi5-1 Saccharomyces cerevisiae Q08562 943-990 996-1280 1442-1596  
5-1A scSnf_1 Saccharomyces cerevisiae P32597 470-942      
5-1A scSwr1 Saccharomyces cerevisiae Q05471 696-998 1245-1396    
5-1A PF3D7_1343400 Plasmodium falciparum Q8IDQ5 661-705 742-1452   
5-1A PF3D7_1104200 Plasmodium falciparum Q8IIW0 322-777     
5-1A PF3D7_1023900 Plasmodium falciparum Q8IJG6 1296-1764     
5-1A PF3D7_0803400 Plasmodium falciparum Q8IAN4 195-1239     
5-1A PF3D7_0624600 Plasmodium falciparum C6KT82 338-673 1084-1228   
5-1A PF3D7_0106000 Plasmodium falciparum B9ZSI3 1-922     
5-1A PF3D7_0216000 Plasmodium falciparum O96239 884-1485     
5-1A PF3D7_0818700 Plasmodium falciparum C0H4V8 208-1223     
5-1A PF3D7_0820000 Plasmodium falciparum C0H4W3 662-951 1767-1918   
5-1A PF3D7_1357500 Plasmodium falciparum Q8IDD0 353-795     
5-1B atISWI Arabidopsis thaliana F4JY24 full length     
5-1B cmISWI Cyanidioschyzon merolae M1VKV9 full length 

 
  

5-1B cpISWI Cryptosporidium parvum Q5CVU2 full length 
 

  
5-1B dmISWI Drosophila melanogaster Q24368 full length 
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5-1B hsISWI_1 Homo sapiens P28370 full length 
 

  
5-1B hsISWI_2 Homo sapiens O60264 full length 

 
  

5-1B mmISWI_1 Mus musculus Q91ZW3 full length 
 

  
5-1B mmISWI_2 Mus musculus Q6PGB8 full length 

 
  

5-1B ncISWI Neospora caninum F0VIN7 full length 
 

  
5-1B pbISWI Plasmodium bergheii A0A509AKD2 full length 

 
  

5-1B ptISWI Phaeodactylum tricornutum B7G2T7 full length 
 

  
5-1B scISWI_1 Saccharomyces cerevisiae P38144 full length 

 
  

5-1B scISWI_2 Saccharomyces cerevisiae Q08773 full length 
 

  
5-1B tcISWI Trypanosoma cruzii Q4CNC6 full length 

 
  

5-1B tgISWI Toxoplasma gondii S7V4B2 full length 
 

  
5-1B xlISWI Xenopus laevis Q6DFM0 full length 

 
  

5-1B PF3D7_1104200 Plasmodium falciparum Q8IIW0 full length     
 
Appendix 3: List of exportome-genes (Gene IDs) combining predicted (Boddey and Cowman, 2013) and proven 
(Jonsdottir et al., 2021) exportome 
PF3D7_0401600 PF3D7_0402100 PF3D7_0726100 PF3D7_1001700 PF3D7_1240300 
PF3D7_0100100 PF3D7_0402200 PF3D7_0726200 PF3D7_1001800 PF3D7_1240400 
PF3D7_0101100 PF3D7_0402400 PF3D7_0726700 PF3D7_1001900 PF3D7_1240600 
PF3D7_0102200 PF3D7_0404800 PF3D7_0730800 PF3D7_1002000 PF3D7_1240900 
PF3D7_0102300 PF3D7_0406100 PF3D7_0730900 PF3D7_1002100 PF3D7_1249900 
PF3D7_0102600 PF3D7_0410000 PF3D7_0731100 PF3D7_1007000 PF3D7_1252300 
PF3D7_0104200 PF3D7_0412400 PF3D7_0731200 PF3D7_1016300 PF3D7_1252500 
PF3D7_0104400 PF3D7_0420900 PF3D7_0731300 PF3D7_1016400 PF3D7_1252700 
PF3D7_0106000 PF3D7_0421100 PF3D7_0731800 PF3D7_1016500 PF3D7_1252800 
PF3D7_0106100 PF3D7_0421300 PF3D7_0733000 PF3D7_1016600 PF3D7_1252900 
PF3D7_0111400 PF3D7_0422000 PF3D7_0800100 PF3D7_1016700 PF3D7_1253000 
PF3D7_0112900 PF3D7_0424000 PF3D7_0800300 PF3D7_1016800 PF3D7_1253100 
PF3D7_0113000 PF3D7_0424400 PF3D7_0801000 PF3D7_1016900 PF3D7_1253200 
PF3D7_0113200 PF3D7_0424500 PF3D7_0807700 PF3D7_1019600 PF3D7_1253300 
PF3D7_0113300 PF3D7_0424600 PF3D7_0808600 PF3D7_1031600 PF3D7_1255200 
PF3D7_0113400 PF3D7_0424700 PF3D7_0808700 PF3D7_1033000 PF3D7_1300100 
PF3D7_0113700 PF3D7_0426000 PF3D7_0809100 PF3D7_1033200 PF3D7_1300200 
PF3D7_0114000 PF3D7_0500100 PF3D7_0814100 PF3D7_1034800 PF3D7_1301400 
PF3D7_0115700 PF3D7_0500800 PF3D7_0817500 PF3D7_1038500 PF3D7_1301500 
PF3D7_0200100 PF3D7_0500900 PF3D7_0822600 PF3D7_1038600 PF3D7_1301700 
PF3D7_0201500 PF3D7_0501000 PF3D7_0825300 PF3D7_1038700 PF3D7_1302000 
PF3D7_0201600 PF3D7_0501100 PF3D7_0826200 PF3D7_1038800 PF3D7_1303000 
PF3D7_0201700 PF3D7_0501200 PF3D7_0830400 PF3D7_1039000 PF3D7_1310500 
PF3D7_0201800 PF3D7_0501300 PF3D7_0830500 PF3D7_1039100 PF3D7_1328500 
PF3D7_0201900 PF3D7_0505400 PF3D7_0830600 PF3D7_1041300 PF3D7_1330700 
PF3D7_0202000 PF3D7_0507300 PF3D7_0830700 PF3D7_1100100 PF3D7_1334300 
PF3D7_0202100 PF3D7_0507500 PF3D7_0830900 PF3D7_1100200 PF3D7_1334500 
PF3D7_0202200 PF3D7_0515300 PF3D7_0831200 PF3D7_1101500 PF3D7_1334600 
PF3D7_0204100 PF3D7_0523400 PF3D7_0831300 PF3D7_1102200 PF3D7_1334700 
PF3D7_0207000 PF3D7_0532200 PF3D7_0831400 PF3D7_1102300 PF3D7_1352900 
PF3D7_0214000 PF3D7_0532300 PF3D7_0831500 PF3D7_1102500 PF3D7_1353100 
PF3D7_0214100 PF3D7_0532400 PF3D7_0831600 PF3D7_1102600 PF3D7_1353200 
PF3D7_0219700 PF3D7_0532600 PF3D7_0831800 PF3D7_1104100 PF3D7_1369000 
PF3D7_0219800 PF3D7_0533000 PF3D7_0832200 PF3D7_1106100 PF3D7_1370300 
PF3D7_0219900 PF3D7_0533100 PF3D7_0833500 PF3D7_1106800 PF3D7_1372100 
PF3D7_0220000 PF3D7_0600600 PF3D7_0900100 PF3D7_1108700 PF3D7_1372200 
PF3D7_0220100 PF3D7_0601000 PF3D7_0901700 PF3D7_1109900 PF3D7_1372300 
PF3D7_0220200 PF3D7_0601500 PF3D7_0902100 PF3D7_1115900 PF3D7_1373500 
PF3D7_0220300 PF3D7_0601700 PF3D7_0902200 PF3D7_1121300 PF3D7_1400100 
PF3D7_0220400 PF3D7_0601900 PF3D7_0902300 PF3D7_1125000 PF3D7_1401100 
PF3D7_0220500 PF3D7_0607200 PF3D7_0902400 PF3D7_1127000 PF3D7_1401200 
PF3D7_0220600 PF3D7_0611000 PF3D7_0902500 PF3D7_1133300 PF3D7_1401400 
PF3D7_0220700 PF3D7_0617400 PF3D7_0902600 PF3D7_1136500 PF3D7_1401600 
PF3D7_0220800 PF3D7_0617600 PF3D7_0902700 PF3D7_1148700 PF3D7_1407800 
PF3D7_0221700 PF3D7_0617700 PF3D7_0904900 PF3D7_1148800 PF3D7_1410100 
PF3D7_0223500 PF3D7_0623200 PF3D7_0905400 PF3D7_1148900 PF3D7_1419200 
PF3D7_0300100 PF3D7_0628400 PF3D7_0908300 PF3D7_1149000 PF3D7_1425900 
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PF3D7_0301200 PF3D7_0631100 PF3D7_0911900 PF3D7_1149100 PF3D7_1429600 
PF3D7_0301300 PF3D7_0631600 PF3D7_0918200 PF3D7_1149200 PF3D7_1430200 
PF3D7_0301500 PF3D7_0632500 PF3D7_0923200 PF3D7_1149600 PF3D7_1439000 
PF3D7_0301600 PF3D7_0632700 PF3D7_0927900 PF3D7_1200100 PF3D7_1447700 
PF3D7_0301700 PF3D7_0632800 PF3D7_0929400 PF3D7_1200500 PF3D7_1448400 
PF3D7_0301800 PF3D7_0700100 PF3D7_0935500 PF3D7_1200600 PF3D7_1458000 
PF3D7_0302300 PF3D7_0701900 PF3D7_0935700 PF3D7_1200800 PF3D7_1458300 
PF3D7_0302500 PF3D7_0702000 PF3D7_0935800 PF3D7_1200900 PF3D7_1464400 
PF3D7_0304600 PF3D7_0702100 PF3D7_0935900 PF3D7_1201000 PF3D7_1464600 
PF3D7_0310400 PF3D7_0702300 PF3D7_0936000 PF3D7_1201200 PF3D7_1476300 
PF3D7_0312400 PF3D7_0702400 PF3D7_0936200 PF3D7_1201400 PF3D7_1476400 
PF3D7_0313700 PF3D7_0702500 PF3D7_0936300 PF3D7_1212100 PF3D7_1476600 
PF3D7_0314800 PF3D7_0702600 PF3D7_0936400 PF3D7_1219400 PF3D7_1476900 
PF3D7_0316300 PF3D7_0709100 PF3D7_0936600 PF3D7_1221700 PF3D7_1477000 
PF3D7_0324300 PF3D7_0712400 PF3D7_0936800 PF3D7_1227200 PF3D7_1477300 
PF3D7_0324900 PF3D7_0717000 PF3D7_0937000 PF3D7_1229400 PF3D7_1477500 
PF3D7_0400100 PF3D7_0718100 PF3D7_0937800 PF3D7_1232000 PF3D7_1477700 
PF3D7_0400200 PF3D7_0719800 PF3D7_1000100 PF3D7_1233800 PF3D7_1478000 
PF3D7_0401800 PF3D7_0721100 PF3D7_1001400 PF3D7_1237900 PF3D7_1478100 
PF3D7_0402000 PF3D7_0725400 PF3D7_1001600 PF3D7_1238000 PF3D7_1478600 
 
Appendix 4: List of stage-specific-genes (Gene IDs) used for expression change analysis. Genes adapted from 
following studies (Kessel et al. 2021, López-Barragán 2011) and manually sorted out based on expression data 
from PlasmoDB  
ookinete- sporozoite- gametocyte-specific genes 
PF3D7_0105700 PF3D7_0104000 PF3D7_0103800 PF3D7_0809700 PF3D7_1207700 
PF3D7_0203800 PF3D7_0104100 PF3D7_0105900 PF3D7_0810400 PF3D7_1209800 
PF3D7_0209000 PF3D7_0107600 PF3D7_0107000 PF3D7_0810900 PF3D7_1213500 
PF3D7_0216000 PF3D7_0207300 PF3D7_0108800 PF3D7_0812600 PF3D7_1214500 
PF3D7_0304100 PF3D7_0215200 PF3D7_0109000 PF3D7_0813500 PF3D7_1214900 
PF3D7_0309200 PF3D7_0301000 PF3D7_0109400 PF3D7_0825700 PF3D7_1215000 
PF3D7_0310100 PF3D7_0304000 PF3D7_0109500 PF3D7_0827200 PF3D7_1216500 
PF3D7_0311400 PF3D7_0304600 PF3D7_0109850 PF3D7_0827400 PF3D7_1218900 
PF3D7_0315200 PF3D7_0403500 PF3D7_0109950 PF3D7_0830900 PF3D7_1219900 
PF3D7_0320400 PF3D7_0404500 PF3D7_0110000 PF3D7_0903800 PF3D7_1220700 
PF3D7_0421700 PF3D7_0404600 PF3D7_0203300 PF3D7_0907500 PF3D7_1222600 
PF3D7_0513600 PF3D7_0404800 PF3D7_0203400 PF3D7_0907800 PF3D7_1224200 
PF3D7_0517200 PF3D7_0405700 PF3D7_0204800 PF3D7_0908300 PF3D7_1231000 
PF3D7_0522900 PF3D7_0407600 PF3D7_0205000 PF3D7_0909700 PF3D7_1233800 
PF3D7_0523400 PF3D7_0408600 PF3D7_0208800 PF3D7_0912700 PF3D7_1234000 
PF3D7_0526600 PF3D7_0408700 PF3D7_0210000 PF3D7_0913800 PF3D7_1234700 
PF3D7_0605600 PF3D7_0411400 PF3D7_0210600 PF3D7_0914400 PF3D7_1236800 
PF3D7_0611800 PF3D7_0417100 PF3D7_0212000 PF3D7_0916000 PF3D7_1238000 
PF3D7_0620000 PF3D7_0418900 PF3D7_0218100 PF3D7_0920500 PF3D7_1242000 
PF3D7_0621400 PF3D7_0502100 PF3D7_0303900 PF3D7_0921000 PF3D7_1245000 
PF3D7_0628100 PF3D7_0502300 PF3D7_0305600 PF3D7_0922300 PF3D7_1246400 
PF3D7_0715200 PF3D7_0511400 PF3D7_0306200 PF3D7_0924600 PF3D7_1247800 
PF3D7_0724900 PF3D7_0515500 PF3D7_0308500 PF3D7_0925100 PF3D7_1251300 
PF3D7_0729900 PF3D7_0516300 PF3D7_0309100 PF3D7_0925600 PF3D7_1302100 
PF3D7_0731300 PF3D7_0518900 PF3D7_0310300 PF3D7_0926400 PF3D7_1310700 
PF3D7_0801000 PF3D7_0521300 PF3D7_0311700 PF3D7_0927100 PF3D7_1316700 
PF3D7_0801100 PF3D7_0524200 PF3D7_0313200 PF3D7_0927600 PF3D7_1320900 
PF3D7_0801300 PF3D7_0615600 PF3D7_0314000 PF3D7_0930000 PF3D7_1321000 
PF3D7_0823500 PF3D7_0616000 PF3D7_0314700 PF3D7_0931500 PF3D7_1330500 
PF3D7_0829800 PF3D7_0616500 PF3D7_0316100 PF3D7_0932000 PF3D7_1339400 
PF3D7_0904200 PF3D7_0717800 PF3D7_0316500 PF3D7_0933200 PF3D7_1340400 
PF3D7_0929600 PF3D7_0807700 PF3D7_0317000 PF3D7_0934400 PF3D7_1348400 
PF3D7_1005600 PF3D7_0812300 PF3D7_0319100 PF3D7_0936600 PF3D7_1349700 
PF3D7_1020100 PF3D7_0814600 PF3D7_0320000 PF3D7_1002800 PF3D7_1350800 
PF3D7_1021800 PF3D7_0814700 PF3D7_0320800 PF3D7_1002900 PF3D7_1351600 
PF3D7_1036300 PF3D7_0816500 PF3D7_0321400 PF3D7_1004700 PF3D7_1356000 
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PF3D7_1120700 PF3D7_0822700 PF3D7_0406200 PF3D7_1009100 PF3D7_1356100 
PF3D7_1139100 PF3D7_0828200 PF3D7_0409700 PF3D7_1009300 PF3D7_1362000 
PF3D7_1143100 PF3D7_0830300 PF3D7_0413800 PF3D7_1012300 PF3D7_1402200 
PF3D7_1146800 PF3D7_0908200 PF3D7_0417000 PF3D7_1016900 PF3D7_1403200 
PF3D7_1147200 PF3D7_0916300 PF3D7_0418800 PF3D7_1017300 PF3D7_1404000 
PF3D7_1210200 PF3D7_0916600 PF3D7_0422000 PF3D7_1017500 PF3D7_1409400 
PF3D7_1211000 PF3D7_0919300 PF3D7_0422900 PF3D7_1018400 PF3D7_1410000 
PF3D7_1233300 PF3D7_0919500 PF3D7_0423000 PF3D7_1019100 PF3D7_1412500 
PF3D7_1244500 PF3D7_1006000 PF3D7_0423300 PF3D7_1019900 PF3D7_1416900 
PF3D7_1248400 PF3D7_1008600 PF3D7_0502900 PF3D7_1020200 PF3D7_1420900 
PF3D7_1250400 PF3D7_1020800 PF3D7_0503000 PF3D7_1020300 PF3D7_1421000 
PF3D7_1252200 PF3D7_1023000 PF3D7_0504200 PF3D7_1021600 PF3D7_1421400 
PF3D7_1252400 PF3D7_1023800 PF3D7_0504900 PF3D7_1022900 PF3D7_1421800 
PF3D7_1301600 PF3D7_1024100 PF3D7_0505600 PF3D7_1023400 PF3D7_1422300 
PF3D7_1319600 PF3D7_1026400 PF3D7_0505900 PF3D7_1024300 PF3D7_1423400 
PF3D7_1327300 PF3D7_1029700 PF3D7_0508200 PF3D7_1026100 PF3D7_1423600 
PF3D7_1358600 PF3D7_1131600 PF3D7_0509700 PF3D7_1027900 PF3D7_1426900 
PF3D7_1367800 PF3D7_1137800 PF3D7_0510300 PF3D7_1028200 PF3D7_1428800 
PF3D7_1403100 PF3D7_1139600 PF3D7_0511200 PF3D7_1030900 PF3D7_1429300 
PF3D7_1404300 PF3D7_1139700 PF3D7_0512000 PF3D7_1031000 PF3D7_1429600 
PF3D7_1409100 PF3D7_1142300 PF3D7_0512600 PF3D7_1031200 PF3D7_1429700 
PF3D7_1413700 PF3D7_1147000 PF3D7_0513000 PF3D7_1031700 PF3D7_1430000 
PF3D7_1420100 PF3D7_1147800 PF3D7_0513100 PF3D7_1031900 PF3D7_1430100 
PF3D7_1461800 PF3D7_1201300 PF3D7_0513700 PF3D7_1032000 PF3D7_1430900 
PF3D7_1471600 PF3D7_1201700 PF3D7_0513800 PF3D7_1032500 PF3D7_1431100 
PF3D7_1471700 PF3D7_1207400 PF3D7_0514500 PF3D7_1033900 PF3D7_1435200 
PF3D7_1473200 PF3D7_1213400 PF3D7_0516400 PF3D7_1035200 PF3D7_1435600 
PF3D7_1475500 PF3D7_1216600 PF3D7_0516500 PF3D7_1106100 PF3D7_1438800 
PF3D7_1478900 PF3D7_1219700 PF3D7_0517800 PF3D7_1106900 PF3D7_1441700 
PF3D7_1479000 PF3D7_1221400 PF3D7_0518800 PF3D7_1107900 PF3D7_1441800  

PF3D7_1227300 PF3D7_0523300 PF3D7_1109100 PF3D7_1444300  
PF3D7_1230100 PF3D7_0524600 PF3D7_1112200 PF3D7_1445000  
PF3D7_1236600 PF3D7_0525300 PF3D7_1115100 PF3D7_1447800  
PF3D7_1246900 PF3D7_0526100 PF3D7_1116500 PF3D7_1448600  
PF3D7_1302200 PF3D7_0526400 PF3D7_1118000 PF3D7_1449900  
PF3D7_1322400 PF3D7_0528900 PF3D7_1118900 PF3D7_1453500  
PF3D7_1335900 PF3D7_0529100 PF3D7_1119100 PF3D7_1454500  
PF3D7_1342500 PF3D7_0530800 PF3D7_1119200 PF3D7_1454800  
PF3D7_1350600 PF3D7_0532200 PF3D7_1119700 PF3D7_1454900  
PF3D7_1350900 PF3D7_0604400 PF3D7_1121000 PF3D7_1459800  
PF3D7_1354700 PF3D7_0605300 PF3D7_1124400 PF3D7_1461400  
PF3D7_1362100 PF3D7_0606400 PF3D7_1125000 PF3D7_1463000  
PF3D7_1407600 PF3D7_0607700 PF3D7_1127500 PF3D7_1465000  
PF3D7_1407700 PF3D7_0608600 PF3D7_1127600 PF3D7_1465700  
PF3D7_1415100 PF3D7_0611000 PF3D7_1129600 PF3D7_1466000  
PF3D7_1422900 PF3D7_0611600 PF3D7_1131100 PF3D7_1466800  
PF3D7_1442600 PF3D7_0612500 PF3D7_1131500 PF3D7_1467900  
PF3D7_1447500 PF3D7_0613400 PF3D7_1132400 PF3D7_1469700  
PF3D7_1451400 PF3D7_0615300 PF3D7_1133100 PF3D7_1469800  
PF3D7_1456200 PF3D7_0618500 PF3D7_1135000 PF3D7_1470500  
PF3D7_1470100 PF3D7_0618900 PF3D7_1138900 PF3D7_1471500  
PF3D7_1475400 PF3D7_0620700 PF3D7_1141100 PF3D7_1471800  
PF3D7_1476100 PF3D7_0622700 PF3D7_1141200 PF3D7_1472500  
 PF3D7_0624200 PF3D7_1141900 PF3D7_1472800  
 PF3D7_0630000 PF3D7_1143600 PF3D7_1472900  
 PF3D7_0630400 PF3D7_1144800 PF3D7_1476500  
 PF3D7_0707600 PF3D7_1146100 PF3D7_1477400  
 PF3D7_0722700 PF3D7_1201600 PF3D7_1478100  
 PF3D7_0722800 PF3D7_1203100   
 PF3D7_0728300 PF3D7_1203900   
 PF3D7_0804700 PF3D7_1205700  
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PfSnf2L - an epigenetic coordinator of blood cycle expression timing and gametocyte 
formation in Plasmodium falciparum 
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Findings 
• PfSnf2L is an ATP-dependent ISWI-like nucleosome remodeling enzyme 
• PfSnf2L shapes the promoter architecture of stage-specific genes and is essential for parasite development (in the 

intraerythrocytic life cycle).  
• PfSnf2L globally controls just-in-time transcription regulation and specifically represses gametocyte-specific gene 

expression. 
• An identified toxic inhibitor phenocopies PfSnf2L-KO and prevents gametocyte formation. 

 

Abstract  
The complex life cycle of the malaria parasite Plasmodium falciparum (Pf) and the accompanying transcriptional 
variation is only explained in part by stage-specific transcription factors like the ApiAP2 family, as these factors are 
strongly under-represented in Pf 1–5. Global and local changes in chromatin structure during life cycle progression 
suggest the contribution of epigenetic mechanisms as a critical mechanism for fine-tuning gene regulation during 
malaria parasite development 6–12. Pf chromatin is largely unexplored and is distinct from other eukaryotes in many 
respects. This is likely to accommodate the highly A/T-rich genome which averages over 90% in non-coding regions, 
the highest of any known eukaryote 13. We characterized PF3D7_1104200 (PfSnf2L), an ATPase-containing protein 
that is related to ISWI-type chromatin remodeling enzymes (CREs). Using a conditional knockout system, we 
demonstrate that PfSnf2L is essential for parasite development, globally controls just-in-time transcription regulation, 
and specifically represses gametocyte-specific gene expression. Characterization of the enzymatic activity in vitro, 
combined with mapping chromatin organization in vivo revealed that PfSnf2L shapes the promoter architecture of stage-
specific genes through its nucleosome remodeling activity, thereby influencing gene activation and repression. The 
unique properties of the Plasmodium Snf2L allowed screening and identification of a specific inhibitor that specifically 
kills the parasite, phenocopies the loss of correct gene expression timing, and inhibits the formation of gametocytes. 
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Main part 
The chromatin structure at promoters restricts or enables transcription factor access, representing a crucial mechanism 
for gene expression regulation in eukaryotes. Histone octamers positioned on DNA are a major obstacle for sequence-
specific DNA binding factors, and epigenetic mechanisms such as site-specific DNA/ histone modification or RNA-
mediated processes additionally regulate accessibility 14–16. Furthermore, the maintenance and re-establishment of 
chromatin upon transcription elongation or DNA replication requires a molecular machinery for nucleosome assembly, 
positioning and spacing15,17,18. Chromatin remodeling enzymes (CREs) are ATP-dependent enzymes exerting movement, 
disruption or assembly of nucleosomes, the exchange of histones for variants, or generally altering chromatin structure 
to control access to DNA in chromatin 19–21. Histone CREs and their associated proteins are highly conserved across 
eukaryotes. In comparison to human cells, which have evolved 53 SWI/SNF enzymes, allowing for the formation of 
more than 1000 distinct remodeling complexes 22,23, Plasmodium falciparum only encodes for 10 putative enzymes with 
no subfamily-specific redundancy and lacking the typical CRE complex subunits. Furthermore, this parasite exhibits an 
extraordinarily high AT-content of >80% and highly divergent histones, suggesting different mechanisms of chromatin 
organization. 
Here we explore the functional role of the Plasmodium PfSnf2L (PF3D7_1104200) which is closely related to the ATP-
dependent ISWI subfamily of CREs 24. PfSnf2L has only 30% homology to the human Snf2L (Fig. S1A-B) containing 
a relatively conserved ATPase region, although no additional conservation in the auto-regulatory and substrate-binding 
domains could be detected (Fig. 1A). PfSnf2L also contains several large asparagine-rich insertions (Fig. S1C-D), which 
could impede its predicted activity as a nucleosome remodeling machine. Using recombinantly purified PfSnf2L, we 
found that it exhibits specific binding to nucleosomes containing a DNA linker (Fig. S2A-E) and performs ATP-
dependent histone octamer movement along the DNA (Fig. 1B). Furthermore, the enzyme is capable of assembling 
nucleosomes in an ATP-independent manner from histone-DNA-aggregates to well-positioned and movable octamers 
on DNA (Fig1. C-D). These activities classify PfSnf2L as an active ISWI-like CRE, irrespective of the lack of 
remodeler-specific domains 25–27 (Figs. 1D, S1F). 
Endogenous C-terminal tagging of PfSnf2L revealed its expression in all asexual blood stages of 3D7 parasites, peaking 
in late ring/trophozoite stage (Figs. S3A, S4A-B). Immunofluorescence analysis showed its nuclear localization, being 
unevenly distributed in the nucleoplasm with spots of local enrichment (Fig. 1E). PfSnf2L-immunoprecipitation 
combined with LC-MS/MS analysis identified a list of specific protein interactors with a strong link to chromatin 
organization (Fig. S3C-D, Table_S1). We detected 21 Apicomplexan- or Plasmodium-specific proteins, among them 
several uncharacterized proteins. Neither the IP experiment nor in silico attempts identified orthologues of characteristic 
subunits of ISWI-type complexes in Pf, pointing towards the existence of novel divergent CRE complexes. Some 
interactors are also associated with transcription regulation and chromatin assembly, remodeling, and organization (Fig. 
1F). For example, the FACT-complex plays an important role in nucleosome assembly during transcription elongation 
28, while CAF- and NAP-proteins function in replication-coupled assembly 29. Other likely interactors are one or more 
versions of the GCN5 complex, as multiple GCN5 complex subunits were detected in the PfSnf2L-IP and an interaction 
between PfSnf2L with tagged Gcn5 was reported previously 30. The results suggest a role for PfSnf2L in nucleosome 
assembly and the chromatin-dependent regulation of gene expression 30–33.  
To explore the biological function of PfSnf2L in parasites, we used an inducible dimerizable Cre-lox (DiCre)-mediated 
gene excision system34. The knockout (KO) was verified at the DNA, mRNA and protein level 46 hours after induction, 
being highly efficient (> 95 % induction rate) (Fig. S4B-E). Early induction of KO – 0 hours post invasion (hpi) – results 
in reduced parasitemia, major developmental defects and impaired replication in the second cycle. Late induction of 
PfSnf2L KO (24 hpi) caused a similar, but delayed effect (Fig. 2A-B). The reduced cycle transition upon early KO was 
a consequence of defects in merozoite release during host cell exit, as shown by live imaging (video), resulting in a 
reduced rate of newly infected red blood cells (RBCs). Until egress, the numbers of nuclei, schizont segmentation, 
cytogenesis and invasion organelle formation remained unaffected (Fig. S5). Staining of the host cells during egress 
revealed, that the RBC ghost often remains attached to egressed merozoites after induction of the KO (iKO), while 
merozoites without KO induction (noKO) appear distant from ruptured host cells (video,Fig. S5H). The parasite is 
known to actively modify the RBC properties by exporting proteins (such as EMP3-, REX-, RESA-proteins), suggesting 
that this process is affected upon early PfSnf2L-KO 35. Taken together, we found that PfSnf2L plays an essential role in 
parasite survival and development during the asexual blood stages. 
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Fig. 1: Identification and enzymatic activity of a divergent ISWI-type chromatin remodeler and its interactors 
A. ISWI domain architecture with ATPase region (dark red), autoregulatory domains (light red) and HAND-SANT-SLIDE (grey) and partly 
conservation in PfSnf2L. B. Chromatin remodeling activity: Representative gel of time-limited remodeling assay on centered-positioned 
nucleosomes (Bt/77-NPS-77-Cy5). Relative positions of nucleosomes indicated (uncropped Figure see Fig. S2F). C. Assembly activity: 
Representative gel of nucleosome re-assembly (canonical Pf/6-NPS-47) by PfSnf2L. D. Substrate-dependent ATPase activity: Boxplot showing 
non-stimulated / nucleosome stimulated ATP hydrolysis rate / enzyme for n=18/n=10 independent experiments. E. Snf2L-HA colocalization IFAs 
in asexual blood stages, representative images. (DIC: differential interference contrast, DAPI: 4′,6-diamidino-2-phenylindole, scale bar: 2 µm). 
F. PfSnf2L interaction network with selected proteins identified in Snf2L-IP LC-MS/MS of unsynchronized Snf2L-HA vs. 3D7 parasites and 
additional interactions detected in complementary IP experiments (underlined) with corresponding colors. (For a comprehensive list and 
interaction criteria see Table_S1.) 
 
To determine whether the drastic developmental effects were caused by perturbation of the parasite chromatin landscape, 
we used MNase digestion and sequencing of schizont/late ring chromatin +/- Snf2L-KO (Fig. 2C,D). The MNase-Seq 
method allows detection of individual nucleosome positions and in addition, monitoring of changes in the general 
accessibility of chromatin 36 (Schwartz et al. 2019). MNase digestion kinetics at schizont stage shows no detectable 
effect in chromatin accessibility, with noKO and iKO having a similar time-dependent DNA length pattern. However, 
after invasion, in the late ring stage, the chromatin of iKO parasites is more nuclease-accessible than in noKO parasites, 
releasing mono-nucleosomal DNA after shorter reaction times. Therefore, the loss of PfSnf2L induces a global opening 
of chromatin at the ring stage.  
To analyze the local chromatin structure and individual nucleosome positions, noKO and iKO chromatin – digested to 
a similar degree – were analyzed in schizont and ring stages. Only minor changes of the nucleosome maps could be 
observed in schizonts (<1 % Fig. S6B). However, we found substantial changes in nucleosome positioning in late rings 
(exemplary tracks shown, criteria see Fig. S6A), where roughly 20 % of the well-positioned nucleosomes were 
dynamically altered, exhibiting changes in occupancy, fuzziness, or positioning. Dynamic changes occurred 
preferentially in the 5’UTR and intergenic regions (Fig. 2E). Those regions are associated with regulatory processes, 
comprising promoters with a highly defined chromatin architecture.  
Drastic changes of the chromatin structure at regulatory elements upon PfSnf2L-KO suggest effects on gene expression 
that may lead to the observed developmental defects. Transcriptomic analysis of highly synchronous cultures revealed 
a delay in gene expression regulation of KO-parasites (for experimental timing see Fig. S7A). Genes normally activated 
at specific stages are delayed in activation, and genes turning off also exhibit a later onset of repression in iKO (Fig. 
S7C). These changes in timing fidelity globally slowed down the circular trajectory of gene expression in the erythrocyte  
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Fig. 2: Snf2L-KO leads to alteration in ring stage chromatin preventing parasite development and survival 
A. Growth curve assay of synchronized Snf2L-HA-KO parasites not-induced (black), induced at 24 hpi (dark red), induced at 0 hpi (light red), 
Mean ± SD is shown, significance is indicated (two-tailed Student’s t-test, unpaired, ns p>0.05, * p<0.05, ** p<0.01, ***p<0.005). B. 
Representative Giemsa-stained blood smears of parasites as in A and quantification of nuclei in noKO/iKO0 schizonts harvested 46 hpi of cycle 
2 (n=100 each). C/D. Scheme of KO induction and chromatin extraction timing at schizont stage (C) / late ring stage (D) and digestion kinetics 
showing concentration-weighted mean DNA length of tapestation D1000 electrophoresis for MNase digested chromatin of corresponding noKO 
(black) /iKO (red) samples. Lower panels display exemplary coverage plots of MNase-seq fragments including nucleosome dynamics (criteria see 
Fig. S5C). Regions shown is chr3:641000–645000, genes are indicated in grey. E. Category, numbers, and localization of nucleosome dynamics 
in iKO/noKO at late ring stage, assigned to gene section annotations relative to base pairs. 
 

life cycle of the parasites, with the first effects visible 4approx. one cycle (40 h) post KO induction (Figs. 3A, S7B). In 
total, 75 % of the genes are differentially expressed (DEG) in at least one time point, with about 200 DEGs at schizont 
stage and 4approx. 2000 genes affected in ring and trophozoite stages (Fig. 3B). The numbers as well as the enriched 
GO Terms show that PfSnf2L-KO does not affect expression of specific gene categories. However, a loss of PfSnf2L 
impacts genes undergoing activation or repression at the respective developmental stage of the parasites. This suggests 
that PfSnf2L is globally required to maintain the timing of the regulation of the parasite transcriptome. The gene 
expression changes are also consistent with the phenotype of delayed cell cycle progression and suggest a functional 
basis for the observed host cell exit defect. The few DEGs at schizont stage comprise numerous exported proteins, 
among them all EPF3/4 proteins – a conserved multigene family, whose collective knockdown was previously shown 
to result in inefficient merozoite release, similar to the iKO of PfSnf2L 37. Interestingly, genes expressed outside of the 
asexual blood stages are upregulated in early rings, where they should widely be silenced (Figs. 3D, S7D). Among the 
mis-activated genes are numerous gametocyte-specific genes (Table_S1). This indicates that PfSnf2L may play a role 
in commitment to sexual differentiation. In previous transcriptomic studies of gametocytogenesis, PfSnf2L as well as 
ISWI (Pf3D7_0624600) were identified as likely upstream regulators of sexual commitment 38,39. We find that these 
gametocyte-specific genes tend to be upregulated in early stages upon PfSnf2L-KO and are mostly downregulated in 
trophozoite stage (Fig. S6D). Interestingly, several known epigenetic regulators of sexual commitment are dysregulated 
(Fig. S6E). The detailed mechanism of how PfSnf2L impacts the silencing of clonally variant and gametocyte-specific  
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Fig. 3: PfSnf2L is critical for global just-in-time transcription by shaping promoter architecture of stage-specific genes 
A. Principal component analysis of whole RNAseq data of highly synchronous noKO (circle) / iKO (triangle) parasites at different time points (45 
h / 50 h / 60 h) post early (left) or late KO induction (right). Pool of three biological replicates shown. B. Summation (left) and timed numbers 
(right) of differentially expressed genes (DEGs) in iKO/noKO parasites as in A and superordinate GO categories enriched in DEGs based on GO 
Term Enrichment analysis. C. Average MNase-seq occupancy profiles of iKO/noKO around +1 nucleosome (based on on txstart from nucleosome 
dynamics) at schizont stage / late ring stage, with latter profile and NFR width distribution differentiated by gene expression quantiles (TPM) at 
late ring stage D. DE of genes grouped by their stage-specific expression (gene categorization see Table_S2) E. Pearson correlation between the 
maximal differential expression of each gene and its expression variation across cycle in the reference transcriptome. F. Difference of mean 
fuzziness score of all nucleosomes within region +/- 1000 bp around +1 nucleosome for each gene with more than 6 nucleosomes called (iKO-
noKO) over differential expression. (two-tailed Student’s t-test, unpaired, ns p>0.05, * p<0.05, ** p<0.01, ***p<0.005, ****p>0.001) 
 
genes, as well as the chronological order of transcription factor recruitment, histone modifying enzymes and CREs 
remains unsolved. However, we find that PfSnf2L is one of the key organizers of the nucleosomal landscape at gene 
promoter and its activity is decisive for precise timing of transcription activation/repression throughout the asexual and 
sexual intraerythrocytic stages of Plasmodium falciparum development. 
 
Gene expression regulation occurs on multiple regulatory levels including transcriptional control, splicing, and RNA 
degradation, but varies for each gene. However, promoter architecture universally determines transcription with 
positioned nucleosomes around a nucleosome-free region (NFR) controlling the accessibility for DNA binding factors 
and polymerase 15. By analyzing the aligned nucleosome profiles around promoter regions, we found many genome-
wide differences upon KO at late ring stage (Fig. S6C). Due to stage-dependent variation in transcription start site (TSS) 
usage and therefore a documented variability in TSS annotation, we used an alternative chromatin-based method to 
determine the start of transcription in our data. Using NucDyn 40 to define the first well-positioned nucleosome 
downstream as the +1 nucleosome of promoters we determined changes in the chromatin structure and the accessibility 
of the regions immediately upstream of the transcription start site (Fig. 3C). The subdivision of the data into gene 
expression quantiles reveals less defined nucleosome positioning for highly expressed genes (4th quantile) due to 
PfSnf2L-KO. Furthermore, nucleosome-free regions tend to be longer and likely more accessible with increased 
expression in the noKO samples, but not in iKO, suggesting that a loss in PfSnf2L results in a closure of the NFR. As 
the correlation between gene expression and promoter architecture is disturbed in the KO, we suggest that PfSnf2L plays 
a crucial role in opening and maintaining an active promoter structure. This relation is further supported by the 
observation that genes that undergo strong activation and repression during the cycle – notably clonally variant genes41 
– are most strongly affected by the absence of PfSnf2L (Fig. 3D,E). In addition, increased mRNA abundance in KO 
coincides with a loss in nucleosome positioning at promoter regions, shown by increased nucleosome fuzziness, and the 
opposite effect for downregulated genes (Fig. 3F). Supporting these results, ISWI-type CREs in other organisms have 
been shown to facilitate transcription initiation by enhancing the accessibility of trans-acting factors to chromatin 
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regions upstream of the +1 nucleosomes, to 42. PfSnf2L has also been demonstrated to interact with transcription factors 
and the Gcn5-complex 30,43, and deletion of the GCN5/PHD1 domain results in a delay in developmental progression, 
with reduced cycle transition and upregulation of non-blood stage-specific genes 30 as seen for PfSnf2L-KO. 
 
The essentiality of PfSnf2L to the malaria parasite in asexual stages, combined with its high sequence divergence from 
the human enzymes suggests that the protein may serve as a potential drug target. Based on its enzymatic activity, a 
small molecule library was screened for inhibition and binding of the ATPase domain of the recombinant protein. The 
screening pipeline (Fig. 4A) combined an ATPase activity screen, followed by biophysical analysis of protein small 
molecule interactions and in vitro nucleosome remodeling assays. Efficient inhibitors were validated in vivo, and toxicity 
and specificity of the compounds were assessed. The anti-plasmodial chemical compound with the most pronounced 
effect was XXX (Figs. S8A, 4C). Exposure to this compound mimics the PfSnf2L-KO phenotype, exhibiting a similar 
developmental delay as shown by Giemsa staining and in time-resolved transcriptomic analysis (Fig. 4B,D). Treatment 
of synchronized parasites with 1 µM of XXX for 20/25/35 h and the subsequent RNA sequencing show a very high and 
significant correlation of DEGs when compared to the KO transcriptome analysis (Fig. 4E). Furthermore, drug treatment 
for one day during gametocyte induction, dramatically decreased the gametocyte conversion rate in a dose dependent 
manner, strongly emphasizing the proposed function of PfSnf2L in sexual commitment (Fig. 4F). Whereas other 
epigenetic modifiers, Had2 and Gcn5, were previously proposed to control the frequency of sexual conversion by 
maintaining the asexual transcription program, our data suggests that PfSnf2L has an antagonistic function 30,44.  

 
 
Fig. 4: An in vitro inhibitor screen targeting Snf2L resulted in a toxic compound with phenocopying effect 
A. Inhibitor screening pipeline B. Representative Giemsa-stained blood smears of parasites cultured in media with 1 µM XXX started from 0/24 
hpi and quantification of nuclei in schizonts harvested 46 hpi (n>80 each). C. Toxicity of XXX expressed by EC50 values on 
HeLa/Plasmodium/Toxoplasma cells and the corresponding readout method. D. Scheme of drug treatment and RNA extraction timing (left). 
Principal component analysis of whole transcriptome data of parasites as described in D plus reference transcriptome (grey) as in Fig. 3A (right). 
Pool of three biological replicates shown. E. Pearson correlation between DE upon late Snf2L-KO (+60) and DE upon XXX treatment (+35) of 
each gene showing a significant change over both timecourse experiments (p<0.01). F. Gametocyte conversion rate upon 1 day treatment with 
XXX.  
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Our study has shown that PfSnf2L, is an ATP-dependent ISWI-like nucleosome remodeler, being essential for the 
development of the parasite. While ISWI-CREs in other eukaryotes function mainly in nucleosome spacing, PfSnf2L is 
responsible for shaping the promoters of stage-specific genes and controls just-in-time transcription regulation globally. 
The distinct domain architecture, dissimilar interaction network, and functional differences of PfSnf2L suggest a 
specialized mode of action for Plasmodium CREs. PfSnf2L essential role in coordinating the orchestrated transcriptional 
program and its sequence divergence from other eukaryotic CREs, makes it a potential drug target. Disrupting its activity 
dramatically interferes with the intraerythrocytic cycle progression and gametogenesis, proving it as a new class of 
promising epigenetic drugs to target malaria. 
 

Supplement Figures:  

 
Supplement Figure 1: in silico analysis 
A. Phylogenetic analysis of the helicase region with subfamily representatives of Hs, Dm and Sc and predicted Pf SWI2/SNF2-ATPases (list see 
Table_S3), coloring represents SWI/SNF subgroups according to 23. B. Rooted phylogenetic tree of the full length ISWI homologues from different 
organisms representing eukaryotic (sub-) kingdoms with Apicomplexa highlighted (blue) and HsChd3 as outgroup. Numbers indicating 
substitutions per site. C. Pairwise identity among metazoanISWI, apicomplexanISWI and between them based on multiple sequence alignment 
(Fig. S1D), gaps represent insertions, coloring represent predicted domains. D. Multiple sequence alignment of ISWI homologues from Hs, Mm, 
Xl, Dm, Sc, At, Cm, Pt, Pb, Cp, Nc, Tg, Tc and PF3D7_1104200 with predicted domains (amino acids in agreement to consensus sequence 
highlighted by color). 
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Supplement Figure 2: in vitro 
A. SDS-PAGE (6 %, Coomassie-stained) of remodeling enzymes, recombinantly expressed in SF21 cells and purified via affinity chromatography. 
Expected protein band and its size is indicated. B. Schematic representation of DNA template generation for nucleosome assembly containing 
various linker length and fluorescence labelling (stars) implemented via PCR. NPS: nucleosome positioning sequence. C. SDS-PAGE (15%, 
Coomassie-stained) of histone octamer preparation of purified or recombinantly expressed origin. D. Native PAGE with reconstituted nucleosomes 
on Cy5-labelled 77-NPS-77 DNA (lane 5) using following octamer-DNA ratios: Bt (1.4:1), Hs (1.5:1), canonical Pf (1.4:1) and variant Pf (0.9:1). 
Relative position of nucleosome and DNA are indicated. E. Linker-dependent nucleosome binding was analyzed in a competitive binding assay 
with PfSnf2L-titration (0.02-0.6 µM) to an equimolar mixture of Gg/6-NPS-47-Cy5 (red) and Gg/0-NPS-0-Cy3 (green) nucleosomes and 
subsequent analysis via native PAGE. Merged channels are shown with nucleosome positions and shift products (arrow) indicated. F. 
Comprehensive gel of time-limited chromatin remodeling assay on centered-positioned nucleosomes (Bt/77-NPS-77-Cy5) of PfSnf2L as in Fig. 
1B and HsSnf2L in comparison. Relative positions of nucleosomes indicated. 
 
 

 

 
Supplement Figure 3: in vivo 
A. Western blot analysis of Snf2L levels using antiHA antibody on whole cell extract of synchronized Snf2L-HA expressing parasites harvested 
after 11/22/33/44 hpi (equal number of iRBCs loaded on 4-20 % SDS-PAGE). B. Quantification of IFA signal as in A. For 178 parasites in four 
different stages, antiHA and DAPI signal intensities were measured, corrected for background and antiHA/DAPI signal ratio for single parasites 
is shown as boxplot. C. antiHA-IP samples of one representative experiment - input, flowthrough (FT) and beads - obtained from 3D7 and Snf2L-
HA parasites were analyzed on 4-20% SDS-PAGE and silver-stained (upper panel), probed with antiHA antibody on western blot (lower panel). 
D. Scatterplot of Snf2L-IP LC-MS/MS results showing -log(p-value) of a two-sided t.test over log2FC(IP/ctrl): significantly enriched (light green), 
highly enriched (dark green), ribosomal proteins (grey), rest (black).  
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Supplement Figure 4: Conditional Snf2L-Knockout strategy and efficacy 
A. Schematic representation for generation of transgenic Snf2L-HA-KO parasites. Transfection of DiCre-expressing parasite line with the plasmid 
leads to endogenous integration of the Snf2L-cassette containing recodonized and C-terminally HA-tagged Snf2L flanked by loxP sites. Upon 
rapamycin addition, the catalytically active part of the Snf2L locus is excised. Abbreviations. Rap: rapamycin, UTR: untranslated region, Nterm: 
N-terminal, recodon: recodonized, loxPint: artificial intron with loxP site, G418/WR: resistance genes, GFP: green-fluorescent protein. B. 
Validation of Snf2L-knockout on DNA level by genotyping PCR 24/48 h post KO induction with primers indicated in A. C. mRNA levels of 
Snf2Lrecodon upon KO induction in synchronized parasites obtained by RNAseq in one representative replicate of three. D. Western blot analysis of 
Snf2L levels with antiHA antibody in whole cell extracts with and without rapamycin one/two cycles after induction, antiEnolase as loading 
control. E. Immunofluorescence analysis of schizont stage parasites one cycle after KO induction with antiHA antibody and DAPI (scale bar: 20 
µm).  
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Supplement Figure 5: Snf2L-KO and its downstream effects in second cycle  
A. Growth curve assay of synchronized Snf2L-HA-KO parasites not-induced (black), induced at ring stage (red), (Mean ± SD). B. Representative 
Giemsa-stained blood smears of parasites as in A. C. Reproduction rate of noKO/iKO24/iKO0 schizonts (46 hpi) after 2 h with fresh RBCs 
(nparasites>100 each). D. Quantification of nuclei in noKO /iKO0 parasites 46 hpi (two-tailed Student's t-test, unpaired, ns p>0.05, * p<0.05, ** 
p<0.01, ***p<0.005) E. Quantification of egress phenotype 46 h after induction F. Representative images of RBC ghost classification as 
distant/merozoites attached/complete overlap during live imaging supplemented with phalloidin 40 sec post egress start. G. Representative TEM 
image of Snf2L-HA-KO parasites not-induced/induced at ring stage 46 hpi + additional maturation in presence of compound 1. H. Representative 
images and quantification of egress phenotype and RBC ghost phenotype (as in F.) during phalloidin-supplemented live imaging of individual 
egressed noKO/iKO schizonts 46 h after induction. I. Immunofluorescence analysis of noKO/iKO schizonts 46 h after induction with DAPI, antiHA 
and antiGap45 as cytogenesis marker, antiAMA1 as apicoplast marker, respectively.  
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Supplement Figure 6: MNase  
A. Molarity-normalized DNA size distribution of tapestation D1000 electrophoresis for MNase digested chromatin at schizont / late ring stage of 
noKO (black) /iKO (red) samples. One representative replicate is shown, dotted boxes indicate samples used for analysis.B. Exemplary coverage 
plots of MNase-seq fragments at late ring stage upon noKO/iKO including nucleosome dynamics. Regions shown are chr12:872500–877200, 
chr10:768800–773200, chr10:424200–428200 genes are indicated in grey. C. Ranked normalized dynamics parameter (FDR of 
occupancy/fuzziness change or shift distance from DANPOS analysis) of late ring stage iKO/noKO chromatin, dynamic nucleosome cutoff is 
defined as slope=1 and noted. Stage-dependent positioning cutoff is noted as well (fuzziness score). D. Category, numbers, and localization of 
nucleosome dynamics in iKO/noKO at schizont stage (cutoff from B. applied), assigned to gene section annotations relative to base pairs. E. 
Average MNase-seq occupancy profiles of noKO/iKO at schizont stage/late ring stage around transcriptional landmark sites and corresponding 
GC-content profiles. 
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Supp 7: RNAseq 
A. Experimental setup of Snf2L-KO timing and sampling for transcriptome analysis B. Cycle progression estimation of RNAseq samples as in A. 
C. Normalized relative expression profile of genes differentially expressed over all timepoints in noKO (black) and iKO (red), clustered according 
to expression profile over cycle. D. Expression change – log2(iKO/noKO) – at individual timepoints for stage-specific gene groups (see Table_S2). 
E. Gene expression profiles over individual timepoints of exemplary epigenetic regulators involved in gametocyte commitment 38,39. 
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 Supp 8: drug 
A. ATPase inhibition. ATP hydrolysis kinetic of Snf2L in presence of XXX in varying concentrations (grey) with normalized fluorescence of ParM 
as readout. Snf2L (+DMSO) in absence of drug (green) serves positive control, samples without ATPase (red) as negative control. B. Pf Toxicity. 
Parasitemia after 72 hours in presence of varying concentration of XXX or DMSO correspondingly of three independent experiments, normalized 
to untreated parasitemia, EC50 determination by fitting dose response model. C. Toxoplasma toxicity. Exemplary plaque assay of Toxoplasma 
gondii infected human foreskin fibroblasts incubated for 1 week before fixation and staining D. HeLa toxicity. Metabolic activity of HeLa cells 
(monitored by XTT assay) in presence of varying concentration of XXX or DMSO correspondingly of two independent experiments, normalized to 
untreated, EC50 determination as in B E. Pearson correlation between gene expression upon late Snf2L-KO (+60) and upon XXX treatment (+35) 
of all genes (left)/genes showing a significant change over both timecourse experiments (p<0.01) (right). 
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Methods: 
• Phylogenetic analysis and multiple sequence alignments 

Sequences of CREs used for phylogenetic analysis are listed in Table_S3. Phylogenetic trees were generated using 
Geneious Tree Builder (Geneious software 11.1.5): Global alignment with free end gaps, Blosum62 as Cost Matrix, 
Jukes-Cantor Distance Model, Method Neighbor-Joining, Gap open penalty 10 and Gap extension penalty 0.2. For 
multiple sequence alignments (MSA), Geneious Alignment with same parameter, but Gap open penalty 20 and 5 
refinement iterations was used. Pairwise identity within and between Metazoa/Apicomplexa was calculated from MSA 
and kernel smoothing was applied.  

• Nucleosome reconstitution 
DNA templates for nucleosome assembly were synthesized by PCR, using (Cy3-/Cy5-labelled) oligonucleotides 
binding flanking regions of 147 bp nucleosome positioning sequence (NPS) creating various linker lengths: 0-NPS-0, 
6-NPS-47, 77-NPS-77 45. Recombinant histones - canonical Hs/Pf and variant Pf (H2A.Z/B.Z containing) - were 
expressed, purified and refolded as previously described 46. Bt and Gg octamers were purified from calf thymus, or 
chicken blood respectively, as described in 47,48. Nucleosome assembly was performed via gradient dialysis: Suitable 
ratios of histone octamer : DNA were mixed in 40-200 µl high salt buffer (10 mM Tris pH 7.6/2 M NaCl/1 mM EDTA/1 
mM 2-mercaptoethanol/0.05% Igepal CA-630) supplemented with 200 ng/µl BSA and placed into small dialysis 
chambers. Starting in a beaker with 300 ml high salt buffer, salt concentration was slowly reduced by pumping 3 l of 
low salt buffer (10 mM Tris pH 7.6/50 mM NaCl/1 mM EDTA/1 mM 2-mercaptoethanol/0.05% Igepal CA-630) to it. 
Reconstituted nucleosomes were analyzed by gel electrophoresis, using 6% PAA 0.4xTBE gels and visualized by 
fluorescence scanning (Typhoon FLA-9500) or ethidium bromide staining. 

• CRE expression and purification 
PfSnf2L (aa250-1426) was sequence-optimized with addition of a C-terminal 10xHis-Tag, ordered as synthetic gene 
(IDT), and cloned into pFL plasmid (Dr. Imre Berger, EMBL Grenoble). After transformation in DH10Bac EM YFP 
cells (Dr. Imre Berger), bacmid DNA was isolated and transfected into Spodoptera frugiperda Sf21 cells (Invitrogen). 
The produced initial virus was further propagated and used for large scale expression 49,50. Cells expressing recombinant 
PfSnf2L-10xHis or HsSnf2L-6xHis were harvested and lysed in 20 mM Tris–HCl pH 7.6/500 mM KCl/1.5 mM 
MgCl2/0.5 mM EGTA/5 mM ß-mercaptoethanol/10% glycerol/0.1% Igepal CA-630 using Branson Sonifier 250. 
Purification was performed via NiNTA agarose (Qiagen) according to manufacturer’s recommendation. Protein 
concentration was estimated via Bradford assay and the purity was checked with Coomassie-stained SDS-PAGE.  

• Nucleosome binding and remodeling assays 
In vitro reconstituted nucleosomes in 10 µl 20 mM Tris pH 7.6/100 mM KCl/1.5 mM MgCl2/0.5 mM EGTA/10% 
glycerol/200 ng/µl BSA were incubated for 60 min at 30 °C in absence/presence of recombinantly expressed CRE. In 
competitive binding assays 2x 15 nM nucleosomes + 0.02-0.6 µM CRE, in non-labelled binding assays 120 nM 
nucleosome + 700 nM CRE, in remodeling assays 30 nM nucleosome + 300 nM CRE + 1 mM ATP was used. Reactions 
were stopped after 60 min (unless noted differently) by addition of 1 µg competitor plasmid DNA and nucleosome 
positions were analyzed via 6 % native PAGE.  

• ATPase assays 
CRE (130-700 nM) in 20 mM Tris–HCl pH 7.6/120 mM KCl/1.5 mM MgCl2/0.5 mM EGTA/10% glycerol was 
incubated together with 500 μM ATP and 0.2 μCi 32P-γ-ATP in absence or presence of mononucleosomes (60-350 nM, 
various compositions) for 40 min at 30°C. Released 32P-γ phosphate was separated from non-hydrolyzed 32P-γ-ATP in 
three technical replicates by TLC on PEI-Cellulose F plates (Merck) [mobile phase: 50% acetic acid, 0.5 mM LiCl]. 
After phosphoimaging (Typhoon FLA-9500), signal intensities were quantified (Fuji Multi Gauge Software), the 
hydrolysis rate was calculated, corrected for chemical hydrolysis, and normalized to CRE concentration.  

• Plasmid construction 
A synthetic gene comprising of the native nucleotides 995-1894 of PF3D7_1104200, an artificial intron with loxP site 
51,52, nucleotides 1895-4278 recodonized and a 3xHA-tag encoding sequence was ordered as synthetic gene (IDT) and 
cloned into the vector pT2A-X-KO 53. The resulting plasmid pT2A-Snf2L-KO contains downstream of the PfSnf2L-
encoding part a skip peptide, a neomycin resistance gene to enable selection-linked integration, a second loxPsite and a 
GFP gene as well as an independent hDHFR gene.  

• Parasite culture & transfection 
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P. falciparum clone 3D7 was cultured according to standard procedures in RPMI 1640 with Albumax® (Invitrogen), 
and synchronized adapted from 54: Schizonts were purified on a bed of 70% Percoll®, incubated with new red blood 
cells for 1-2 h, before leftover schizonts were removed with Percoll and subsequent sorbitol treatment. About 10 μg of 
plasmid was used for transfection of DiCre-expressing parasites with the Amaxa™ P3 primary cell 4D-Nucleofector™ 
X Kit L (Lonza, Cologne, Germany) 34,55. Successful transfection was selected with 2.5 nM of the antifolate WR99210 
(Jacobus Pharmaceutical Company, Princeton, NJ, USA), starting one day post transfection with frequent exchange of 
media. Once resistant parasites were established, they were selected for genomic integration with 400 ug/ml G418 
(Sigma Aldrich). After limiting dilution of drug-resistant parasites 56, genomic DNA of six clones was isolated using 
Qiagen Blood and Tissue kit. Integration was confirmed via genotyping PCR using Q5 polymerase (NEB) and primer 
as listed (Table_S4), and one clone was used for further phenotyping. Conditional DiCre-mediated recombination 
between loxP sites was performed as described 34. For KO induction, synchronous parasites were treated with 100 nM 
rapamycin (Sigma Aldrich) for 4 h (DMSO treatment as control), washed and returned to culture. Gene excision was 
confirmed by genotyping PCR, mRNA levels were checked in RNAseq samples, protein level via Western blot.  

• Western blot analysis 
Parasites were isolated from RBCs by 0.1% saponin and protease inhibitor cocktail PIC (Roche) in PBS and boiled for 
10 min in 62 mM Tris pH6.5, 25 % glycerol, 2 % SDS, 0.2 M DTT, 0.05 % OrangeG. Proteins were separated on 4-12 
% SDS gels (Biorad), transferred onto a nitrocellulose membrane prior to immunoblotting. In this study, rat anti-HA 
(1:2000, Roche) and mouse anti-Enolase (1:1000, Prof GK Jarori, Tata Institute for Fundamental Research) were used, 
conjugated secondary antibodies and Odyssey® imaging system (LiCOR Biosciences) according to manufacturer’s 
recommendation.  

• Immunofluorescence assays (IFA)  
Immunofluorescence assay were performed as in 55 with the addition of 0.0075 % glutaraldehyde during fixation. 
Primary antibodies (rat anti-HA, rabbit anti-Gap45 57, rabbit anti-Ama1 58) were used 1:500. For image acquisition, 
Leica DMi8 Widefield microscope was used, image processing and quantification was performed with software Fiji 
v2.9.0 (ImageJ).  

• Assays for parasite growth (PG), reproduction (PR) and egress (PE) 
Growth was determined by microscopic counting of parasites from Giemsa-stained thin blood films and expressed as 
percentage parasitemia (% infected RBCs/RBCs). For reproduction and egress assays, equal numbers of mature 
schizonts were Percoll-purified. For PR, they were incubated in 4 ml RPMI with 1 % hematocrit for 2 h, before the 
number of rings was quantified from Giemsa stain. Live imaging of PE was performed as described 55, parasites were 
binned in groups 15 sec post egress (normal / clustered merozoites). For RBC staining, RPMI was supplemented with 
0.1x phalloidin 594 Conjugate (Abcam, Cambridge) during live imaging. RBC ghost location 40 sec post egress was 
categorized (distant/attached/overlapping).  

• Transmission Electron Microscopy (TEM)  
iRBCs were washed in PHEM buffer (2.5 mM MgCl2/35 mM KCl/5 mM EGTA/10 mM Hepes/30 mM PIPES, pH 7.2), 
fixed for 1 hour in a solution containing 2.5 % glutaraldehyde, 4% formaldehyde, 4% sucrose in 0.1 M PHEM buffer, 
postfixed in 1 % OsO4 plus 0.8 % ferrocyanide and 5 mM CaCl2 in 0.1 M cacodylate buffer for 1 hour, washed twice in 
cacodylate buffer (10 min, 1 h) and double-distilled water (5 min, 15 min), respectively and dehydrated in a graded 
acetone series which included en bloc staining with 1 % uranyl acetate in the 20 % step. The cells were finally embedded 
in Epon812 epoxy resin to enable ultrathin sectioning. To carry out electron microscopy, the ultrathin sections were 
post-stained with 1 % lead citrate for 2 min. Transmission electron microscopy was carried out using either a Zeiss EM 
912 (Zeiss AG, Oberkochen, Germany), set to an acceleration voltage of 80 kV, operated in the zero-loss mode and 
equipped with a 2k x 2k slow-scan CCD camera (TRS Tröndle Restlichtverstärkersysteme, Moorenweis, Germany) or 
a JEOL F200 (JEOL, Freising, Germany), operated at 200 kV equipped with a XAROSA 20 mega pixel CMOS camera 
(EMSIS, Münster, Germany.) 

• Preparation of nuclear extracts and Co-immunoprecipitation (co-IP) experiments 
Nuclei of PfSnf2L-HA and 3D7 parasites were prepared as in 59 and treated with 0.5 U/µl benzonase (Sigma Aldrich) 
in 20 mM HEPES pH7.9/10 mM KCl/0.1 mM EDTA/0.1 mM EGTA/1 mM DTT/0.65 % Igepal CA-630 and PIC for 
30 min at room temperature. For extraction of nuclear proteins, KCl was added to 0.4 M, incubated for 30 min at room 
temperature and insoluble fraction was removed by centrifugation (5000 g, 30 min, 4 °C). The supernatant was diluted 
with 2.5 vol of 50 mM Tris pH 7.4/50 mM NaCl/1 mM EDTA/1 % Igepal CA-630 and PIC, and incubated overnight at 
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4°C under constant agitation with equilibrated anti-HA magnetic beads (Thermo Fisher). Beads were pelleted using a 
magnetic rack, washed 3x with latter buffer and 3x with 50 mM Tris-HCl pH 8. Beads were dried, stored at -20 °C and 
used for LC-MS/MS analysis of co-immunoprecipitated proteins in PfSnf2L-HA parasites (3D7 as negative control). 
Collected fractions (input, flowthrough, beads) were analyzed on 4-12 % SDS-PAGE, silver-stained and in additional 
version probed anti-HA in western blot.  

• Mass spectrometry (LC-MS/MS) and data analysis 
Beads were incubated with 10 ng/μL trypsin in 1 M urea/50 mM NH4HCO3 for 30 min, washed with 50 mM NH4HCO3, 
and the supernatant digested overnight in presence of 1 mM DTT. Digested peptides were alkylated and desalted prior 
to LC–MS analysis. For LC–MS/MS purposes, desalted peptides were injected in an Ultimate 3000 RSLCnano system 
(Thermo Fisher), separated in a 15-cm analytical column (75 μm ID with ReproSil-Pur C18-AQ 2.4 μm from Dr. 
Maisch) with a 50-min gradient from 4 % to 40 % acetonitrile in 0.1 % formic acid. The effluent from the HPLC was 
directly electrosprayed into a QexactiveHF (Thermo Fisher) operated in data dependent mode to automatically switch 
between full scan MS and MS/MS acquisition. Survey full scan MS spectra (from m/z 350 to 1,600) were acquired with 
resolution R = 60,000 at m/z 400 (AGC target of 3 × 106). The 10 most intense peptide ions with charge states between 
2 and 5 were sequentially isolated to a target value of 1 × 105 and fragmented at 30 % normalized collision energy. 
Typical mass spectrometric conditions were as follows: spray voltage, 1.5 kV; heated capillary temperature, 275 °C; ion 
selection threshold, 33.000 counts.  
MaxQuant 1.6.14.0 was used to identify proteins and quantify by iBAQ with the following parameters: Database 
Uniprot_UP000001450_Plasmodiumfalciparum_20201007.fasta; MS tol, 10 ppm; MS/MS tol, 20 ppm Da; PSM FDR, 
0.01; Protein FDR, 0.01 min; Peptide Length, 7; Variable modifications, Oxidation (M), Acetyl (Protein N-term); Fixed 
modifications, Carbamidomethyl (C); Peptides for protein quantitation, razor and unique; Min. peptides, 1; Min. ratio 
count, 2. MaxQuant iBAQ values were log2 transformed, missing values implemented with 8. Ribosomal proteins and 
hits detected with only 1 peptide were excluded. Identified proteins were considered as interaction partners of the bait, 
if log2(Snf2L-3HA) − log2(3D7) > 3 or log2(Snf2L-3HA) − log2(3D7) > 2 & FDR <0.05. The mass spectrometry 
proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE 60 partner repository with the 
dataset identifier PXD041155. 

• RNA-seq and data analysis  
Total RNA from iRBCs containing highly synchronized parasites was isolated using Whole Blood Quick RNA kit 
(Zymo Research) according to the manufacturer’s protocol. RNA quality was checked using 4200 TapeStation System 
(Agilent) and 300 ng were used as input for Illumina Stranded mRNA Prep Ligation (Illumina). Libraries were 
sequenced on the Illumina NextSeq 2000 Sequencing System. Sequenced reads (2x57bp bp, paired-end, ~20 Mio 
reads/sample) were trimmed with trimmomatic v0.39 61 and mapped to P. falciparum 3D7 genome v3.0 (plasmoDB.org, 
release 52, 62) using STAR 2.7.9a 63. PlasmoDB annotation was converted to GTF-format with gffread 0.12.1 
64.Preprocessing and mapping quality control was done with FastQC 0.11.8 65, qualimap 2.2.2d 66, samtools 1.12 67 and 
multiqc 1.9 68. The pipeline was implemented with snakemake 5.32.0 69 and is available at 
https://github.com/SimHolz/Watzlowik_et_al_2023, so are the R scripts. RSubread/FeatureCounts 2.12.2 was utilized 
to calculate read counts, while differential expression analysis was performed by DESeq2 70,71 adjusted P-value <0.05 
as significance cutoff. Further analysis and visualization were done in R 72 using tidyverse 73 and ggpubr 74. DEGreport 
75 was used for clustering and topGO 76 for GO term enrichment analysis. For expression quantile calculation transcript 
per millions (TPM) normalization was used. RNA-Seq data were submitted to Gene Expression Omnibus (GEO) 
database (accession number GSE228949). 
RNA-seq-based cell cycle progression was estimated in R by comparing the normalized expression values of each 
sample to the RNAseq data from 77 using the statistical model previously described 78.  
stimation of Snf2L Knockout efficacy was done by mapping reads to the sequence of the recodonized transfected Snf2L 
gene and counting reads mapped to the Snf2Lrecodon part of the gene which is disintegrated upon knockout induction.  

• ChIP-seq + data analysis  
– to be completed – 

• MNase-seq + data analysis  
MNase-digestion was adapted from 8 with following modifications: Highly synchronous parasites were crosslinked and 
stopped as described. RBCs were lysed and nuclei were isolated as for pulldown experiments. Nuclei were resuspended 
in 75 µl 50 mM Tris pH7.4/4 mM MgCl2/1 mM CaCl2/0.075 % NP40/1 mM DTT, PIC with 0.75 U Micrococcal 
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nuclease (Worthington Biochemicals Corporation) and 50 U Exonuclease III (NEB). Each sample was aliquoted in 3 x 
25 µl and incubated for 2.5 / 5 / 10 min at 37 °C under agitation (low/mid/high digestion), before the reaction was 
stopped by adding 25 µl 2 % Triton X100/0.6 % SDS/300 mM NaCl/6 mM EDTA/PIC. and placed at 4 °C. 
Decrosslinking was performed at 45 °C overnight after adjusting to 1 % SDS/0.1 M NaHCO3/0.5 M NaCl. Proteins were 
digested by addition of 40 µg of Proteinase K (Zymo Research) and incubation for 1 h at 55 °C. Subsequently, DNA 
was isolated using EXTRACTME DNA clean-up kit and Micro Spin columns (Blirt) as the manufacturer recommends.  
Digestion efficacy of extracted DNA fragments were analyzed with TapeStation 4200 System and DNA size distribution 
(molarity) was visualized using BioanalyzeR. For low digested samples, DNA fragments >700 bp were removed using 
SPRI beads, no size-selection step was applied for high digested samples.  
1 ng of high/low digested samples was used as input for NEBNext Ultra II DNA library prep kit (NEB), according to 
manufacturer’s protocol. Libraries were sequenced on the Illumina NextSeq 2000 Sequencing System. Sequenced reads 
(2x65 bp, paired-end, ~20 Mio reads/sample) were trimmed with skewer 0.2.2 79 and subsequently mapped to P. 
falciparum 3D7 genome v3.0 (plasmoDB.org, release 52) using Bowtie2 2.3.5 80 with “--very-sensitive --no-discordant 
--no-mixed --no-unal“ options. Mapped fragments were filtered with deeptools 3.5.0 81 for a mapping quality of at least 
20, a fragment size between 75 -175 bp and proper read pairs. The remaining fragments were used for nucleosome 
calling with DANPOS (custom version, based on DANPOS3)82. Quality control was done with FastQC 0.11.8 65, 
qualimap 2.2.2d 65, samtools 1.12 67 and multiqc 1.9 68 .The pipeline was implemented with snakemake 5.32.0 69 and is 
available at https://github.com/SimHolz/Watzlowik_et_al_2023, MNase-Seq data at GEO (GSE228949). Further 
analysis was done with R etc.  

• Detailed analysis 
MNase-sequencing of schizont stage chromatin +/- Snf2L-KO was performed in triplicates, MNase-sequencing of late 
ring stage chromatin +/- Snf2L-KO in duplicates. 
- DANPOS: Replicate bam files were put into a single directory respectively to be recognized as a single dataset by 

DANPOS. Nucleosome calling was performed with the following command: python3 danpos.py dpos <Input> -o 
<outDir> -m 1 -c 51137214 --extend 73 -a 1 -jd 100 -e 1 -z 20 -s 1 
For comparison and differential nucleosome positioning of two datasets the two inputs are separated by “:” like 
“iKO_0h_high/:noKO_0h_high/”. The differential nucleosome positioning results were adjusted with a custom R 
script using simulated random nucleosome positions and Benjamini Hochberg Procedure to calculate FDR values 
and loess-smoothing for improved dyad position calling.  

- DYNAMICs: Among the nucleosomes obtained from differential nucleosomes analysis in late ring stage, the 
following were defined as dynamically changed: Adjusted FDR values (-log10 transformed for occupancy and 
fuzziness changes, not transformed for shifts) were normalized to maximum change and ranked. Slope=1 was defined 
as cutoff (see FigS6B). Cutoff values were extracted and applied for differential schizont stage nucleosomes. Among 
dynamic nucleosomes, only the ones within the 20 % best-positioned nucleosomes in both stages were considered 
(20 % lowest fuzziness-score in noKO: <47 for schizont, <49 for late rings).  

- Gene part assignment: Dynamic nucleosomes (<1 % for schizont/~20 % for late rings) were assigned to gene parts 
obtained from PlasmoDB annotation with a minimum overlap of 99 bp: 5’UTR, protein-coding (= CDS), 3’UTR, 
intergenic (= no feature assigned), others (= introns, pseudogenes, snoRNA, ncRNA, tRNA, snRNA, rRNA).  

-  Profiles: The transcriptional landmark sites (TSS, AUG, STOP, TTS) were extracted from PlasmoDB annotation 
for each gene on chromosome 1-14, only one site per gene considered. Occupancy profiles were obtained by aligning 
the coverage 1000 bp upstream and downstream of the mark for all available replicates and averaging. The 
corresponding GC-content around landmarks was aligned, averaged, and smoothed accordingly. Occupancy profiles 
around +1 nucleosome were created analogously.  

- Nucleosome Dynamics Suite: BAM files were used as input for Nucleosome Dynamics program suite 40, utilizing 
the readBam, nucleR and txstart function. nucleR was run with “--type paired --fragmentLen 175 --
thresholdPercentage 50” in addition to default parameters and txstart with “--p1.max.downstream 100” in addition 
to default parameters. 

- NFR Width: Distance between +1 and -1 nucleosome as detected by the nucleosome dynamics txstart function was 
used as NFR width estimation.  
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- +1 Nucleosome Annotation: BAM files of replicates of noKO_24h_high and noKO_0h_high were merged 
respectively and used as input for Nucleosome Dynamics program suite 40, The 3’-end of the resulting gff from txstart 
was used as +1 nucleosome dyad annotation. 

- Mean Fuzziness change calculation: Promoter regions were defined as 1000 bp upstream and 1000 bp downstream 
of the +1 nucleosomes identified via NucDyn. All called nucleosomes with a minimum overlap of 75 bp with the 
promoter region were averaged. Mean fuzziness scores were subtracted (iKO-noKO). Only promoters harboring at 
least 6 called nucleosomes were considered in this analysis. 
• ADP biosensor assay 

ATPase activity and inhibition were measured by ADP biosensor assay: In 20 µl, 0.2 µM TMR-maleimide-labelled 
ParM (prepared according to 83) was mixed with 125 µM ATP, 100 ng plasmid pT11 DNA, 5 µM H4 peptide (aa8-25, 
AnaSpec) in 10 mM Tris pH8.6/1.5 mM MgCl2/100 mM KCl/0.01 % Pluronic in presence (or absence as negative 
control) of 0.4 µM recombinantly expressed PfSnf2L and XXX in varying concentrations. Resulted ADP binding to 
ParM is expressed by increasing fluorescence intensity and was kinetically measured at 28 °C in 2 min intervals over 2 
h in a Tecan infinite F500 reader. Signal was normalized to timepoint 0. 

• Toxicity assay Plasmodium / Toxoplasma / HeLa  
Toxicity for Plasmodium was determined by culturing in presence of drug/DMSO for 72 hours and subsequent 
quantification of parasitemia in Giemsa-stained blood films. Toxicity for Toxoplasma was tested via plaque assay, 
whereby 1000 T. gondii tachyzoites inoculated onto human foreskin fibroblasts as in 84 were treated with drug/DMSO, 
fixed and stained 6 days later and evaluated with regard to plaque formation. Toxicity on human HeLa cells, cultured 
as in 48, was investigated by 48 hour drug/DMSO treatment and subsequent monitoring of metabolic activity using the 
Cell Proliferation Kit II-XTT (Sigma Aldrich) according to manufacturer’s recommendation. EC50 values for A/C were 
obtained by fitting dose response model using three-parameter log-logistic models and estimated for B.  

• Gametocyte induction 
Gametocytes were generated using the nutrient deprivation induction method as described (ref). Briefly, synchronized 
trophozoites were cultured at ~4-5 % parasitemia before gametocytogenesis was induced by splitting out the culture to 
2 % parasitemia in minimal fatty acid (mFA) media (Day 0). With that, drug / DMSO treatment was started. 22 hours 
post induction, media was replaced back to complete RPMI media. On Day 2, parasitemia was quantified in Giemsa-
stained blood smears and 20 U/ml Heparin was added to the culture. The media was changed daily until quantification 
of gametocytemia on Day 8. Gametocyte conversion rate was calculated: GCR=Gametocytemia-Day8/Parasitemia-
Day2.  
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