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Abstract

The packaging and organization of genomic DNA into chromatin represents an additional

regulatory layer of gene expression, with specific nucleosome positions that restrict the

accessibility of regulatory DNA elements. The mechanisms that position nucleosomes in

vivo are thought to depend on the biophysical properties of the histones, sequence patterns,

like phased di-nucleotide repeats and the architecture of the histone octamer that folds DNA

in 1.65 tight turns. Comparative studies of human and P. falciparum histones reveal that the

latter have a strongly reduced ability to recognize internal sequence dependent nucleosome

positioning signals. In contrast, the nucleosomes are positioned by AT-repeat sequences

flanking nucleosomes in vivo and in vitro. Further, the strong sequence variations in the

plasmodium histones, compared to other mammalian histones, do not present adaptations

to its AT-rich genome. Human and parasite histones bind with higher affinity to GC-rich DNA

and with lower affinity to AT-rich DNA. However, the plasmodium nucleosomes are overall

less stable, with increased temperature induced mobility, decreased salt stability of the his-

tones H2A and H2B and considerable reduced binding affinity to GC-rich DNA, as compared

with the human nucleosomes. In addition, we show that plasmodium histone octamers form

the shortest known nucleosome repeat length (155bp) in vitro and in vivo. Our data suggest

that the biochemical properties of the parasite histones are distinct from the typical charac-

teristics of other eukaryotic histones and these properties reflect the increased accessibility

of the P. falciparum genome.

Author Summary

Nucleosomes are not positioned randomly on DNA but on preferential sites with respect

to the underlying DNA sequence. Histones belong to the most conserved eukaryotic pro-

teins, as sequence dependent nucleosome positioning is an essential regulatory feature of

nucleosomes, determining the accessibility of regulatory factors to DNA. We determined

the biochemical properties of plasmodium histones and show that they are distinct from
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human forms, explaining the accessible chromatin structure of P. falciparum. Amino acid

exchanges in the histones do not present an adaption to the AT-rich genome, but rather

reduce the binding affinity to GC-rich DNA sequences, resulting in rather unstable nucle-

osomes with labile H2A and H2B, requiring extra-nucleosomal positioning signals to

keep them on place. Plasmodium chromatin exhibits the shortest nucleosome spacing

known to date potentially inhibiting the formation of higher order structures and main-

taining chromatin accessible.

Introduction

The human malaria parasite, Plasmodium falciparum, yearly responsible for an estimated

600,000 deaths (WHO Report 2014), has the AT-richest genome sequenced to date. The AT-

content averages 80.6% genome wide, but reaches up to 90% in introns and intergenic regions

[1]. P. falciparum shows a complex life cycle in two hosts, exhibiting dramatic changes in the

gene expression program. At least 60% of the genome is transcriptionally active during eryth-

rocytic development with gene expression being activated in form of a cascade and tightly reg-

ulated during developmental stage transition [2,3].

Like other eukaryotic genomes, the plasmodium forms nucleosomes, possesses chromatin

modifiers, chromatin remodeling activities and potentially active DNA methyltransferases [4].

The nucleosome core is composed of 147bp of DNA wrapped 1.65 turns around the histone

octamer, consisting of two copies of each H2A, H2B, H3, and H4 [5]. In organizing the nucleo-

some, H3 homo-dimerizes using the C-terminal ends and heterodimerizes with H4 to form a

H3–H4 tetramer [6]. Histone dimers composed either of H2A and H2B, or H3 and H4 orga-

nize each 30bp of DNA. Two H3-H4 dimers bind to the central 60bp of nucleosomal DNA

and each H2A-H2B dimer organizes 30bp towards the end of the particle [5]. DNA binding

and distortion is brought about by the interaction of the histones with the minor groove of the

DNA at 14 independent DNA binding regions, termed super helix locations (SHL). Almost

400 direct and indirect histone-DNA interactions render the nucleosome one of the most sta-

ble protein-DNA complexes under physiological conditions [5].

The observation that specific DNA sequences favor the formation of nucleosomes in vitro
and in vivo, correlates well with the important role of positioned nucleosomes in organizing

the chromatin landscape to regulate gene expression [7–9]. Also for plasmodium it was shown

that proper promoter functioning and regulation of var gene expression requires the presence

of positioned nucleosomes [10–13]. High-throughput sequencing analyses of nucleosome

positions and chromatin structure analyses in different life cycle stages correlate changes in

chromatin structure with the regulation of gene expression [14–16]. Interestingly, the chroma-

tin structure of P. falciparum is distinct from other eukaryotes in that the genome is surpris-

ingly accessible containing poorly positioned nucleosomes [14–17]. These effects are suggested

to be related to the extremely high AT-content (81%), generating an inherently inflexible DNA

molecule, reducing the potential to form positioned nucleosomes [18,19]. Due to the central

role of the histones in the cell, these proteins have been highly conserved throughout eukary-

otic evolution [20]. P. falciparum possesses the most divergent histones in sequence, with iden-

tities of only 64%, 67,7%, 92,2% and 92,6% between human and plasmodium H2A, H2B, H4

and H3. This difference may well reflect adaptations for gene regulation and potentially pres-

ent an adaption to the AT-richness of the genome.
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In our study, we show that recombinant plasmodium histones, like human histones, bind

poorly to AT-rich DNA. Histone sequence variations result in reduced histone octamer stabil-

ity and the nucleosomal arrays form the shortest known nucleosome repeat length, measuring

only about 155bp. Most interestingly, the octamers lost the capability to recognize intrinsic

DNA encoded nucleosome positioning sequences, challenging the current view that DNA

structure and di-nucleotide repeats determine translational and rotational nucleosome posi-

tioning. Albeit, we observed that the few positioned nucleosomes in Plasmodium falciparum
are flanked by long AT-repeats in the DNA linker sequences and show that these sequences

serve to guide nucleosome positioning. The biochemical properties of the histones mirror the

organization of the plasmodium chromatin structure in vivo and we show that in contrast to

other eukaryotes, long nucleosome flanking, AT-rich sequence elements are required for their

positioning.

Results

Comparative molecular dynamics simulations of human and parasite

nucleosomes

In order to study the functional effects of the distinct P. falciparum histone sequences, we

first analyzed the location of the amino acid differences with respect to nucleosome structure

(Fig 1A and 1B). The amino acid differences in H3 and H4 do not affect the sites of direct his-

tone-DNA interaction. H2A and H2B exhibit the majority of differences in their N-terminal

tails and the H2A C-terminal tail. In addition clusters of amino acid differences occur in the

regions of the superhelix locations (SHL), the regions forming the L1L2 loops, and the α1α2

DNA-binding motifs [21]. The amino acid differences at the SHL3.5 and 4.5 regions of H2B

and H2A affect direct histone-DNA interactions; thereby they could alter nucleosome stability

(Fig 1A). In contrast, the variability in the flexible histone tails are suggested not to contribute

to complex stability [21].

We used the available nucleosome structure, in the absence of the flexible histone tails

(PDB entry 3AFA [22]) to model the strength of the histone-DNA interactions in silico. Com-

pared to the full-length sequence, the first 15 and last 13 residues of H2A and the first 27 of

H2B, 42 of H3, and 23 residues of H4 were missing. A homology model for the plasmodium

nucleosome was built based on the human nucleosome structure (PDB entry 3AFA). The fact

that 84% of all amino acid residues in the human nucleosome are identical ensures a high qual-

ity 3D-model of the plasmodium nucleosome. Molecular dynamics simulations were per-

formed and DNA-protein interactions for the full complex as well as for individual residues

were scored. The histone- and species-specific differences in binding energy were determined

by subtracting for each snapshot the score of the plasmodial DNA-histone interaction from

the median score calculated for the human DNA-histone interaction (Fig 1C). Only H2A#1

showed a slightly stronger DNA binding in human histones, which we do not consider signifi-

cant for the following reasons: The reported accuracy of FoldX is 0.46 kcal/mol [23], which is

the standard deviation of the difference between ΔΔGs calculated by FoldX and the experimen-

tal values. Human H2A sequences differ from plasmodial H2A sequences by 24 residues in the

modelled core region, while 14 interacted with DNA in our analysis (see below and S1 Fig).

The median difference in H2A#1 energies is 2.03 kcal/mol. Thus, the mean contribution of

each mutation is 2.03 kcal/mol / 14 = 0.15 kcal/mol, which is below the reported accuracy. The

mean contributions of each mutation are even smaller for the other histones and thus consid-

ered as a neutral effect. Therefore, we suggest similar DNA binding for the core regions of all

corresponding human and plasmodial histones. For individual residues, π-π stacking, cation-π
stacking, contacts, hydrophobic interactions, and hydrogen-bond networks were assessed
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based on the outcome of YASARA [24]. π-π stacking did not contribute noticeable to DNA-

protein interactions and the comparison of all other residue-specific scores did not indicate

striking differences (S1 Fig). In summary, the in silico modelling suggests a highly similar

strength of the interactions between human or plasmodial histone cores and DNA, both in

total and on a per residue basis.

Fig 1. Comparison of human and P. falciparum histone sequences and their binding energies in the nucleosome core. (A) Alignment of

the canonical histone sequences, displaying the amino acid changes in P. falciparum in red color. Major histone-DNA interaction sites are indicated

by red circles and the positions of the superhelical loops (SHL) are marked by triangles. (B) Crystal structure 1AOI of the human nucleosome,

marking the altered amino acids of P. falciparum in red. (C) Differences in FOLDX energies for the histone-DNA interaction. For the H. sapiens

histone cores, the available crystal structure, and for P. falciparum models of the histone cores were used; see Methods. Energy differences were

analyzed for each of the eight individual histones; individual histone copies are indicated by #1 or #2 respectively. Each dot of a scatter plot

represents the difference between the median human interaction energy and a snapshot-specific plasmodial energy value. Interactions were further

characterized by means of box plots. Whiskers indicate the lowest and the highest datum still within the 1.5 interquartile. The colors correspond to

those used in (B).

doi:10.1371/journal.ppat.1006080.g001
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Parasite nucleosomes exhibit reduced stability

Histones were expressed in bacteria, purified octamers were reconstituted and used for nucleo-

some assembly (Fig 2). The positions of nucleosomes on DNA can change as a result of ther-

mally induced nucleosome sliding [25,26]. Temperature induced nucleosome sliding exhibits

the tendency of moving the nucleosomes to thermodynamically more stable positions, which

depend on the DNA sequence [26,27]. We use this method to compare the human and plas-

modium nucleosome stability, when assembled on a DNA fragment containing the 601 nucle-

osome positioning sequence [28]. Human histone octamers were reconstituted on the Cy5

labeled DNA fragment, whereas the plasmodium octamers were separately reconstituted on

the Cy3 labelled DNA fragment (Fig 2B). Plasmodium nucleosomes like human nucleosomes

recognize and are specifically positioned on the artificial 601 nucleosome positioning

sequence. Both, parasite and human nucleosomes, form a defined nucleoprotein particle cov-

ering a single position on the 208bp long DNA fragment (S2A Fig).

The Cy3 and Cy5 labelled substrates were mixed to allow an internally controlled experi-

ment, addressing nucleosome mobility with increasing temperatures (Fig 2B). Changes in

nucleosome positions were analyzed on native polyacrylamide gels, scanning the individual

fluorescence channels, followed by ethidium bromide staining to visualize the mixture of

human and plasmodium nucleosomes. In contrast to the molecular dynamics simulation, the

parasite octamers exhibited increased nucleosome sliding activity at elevated temperatures,

when compared to the human nucleosomes. The result is suggesting weaker histone-DNA

interactions within the plasmodium nucleosomes. As the 601 DNA presents an artificial, GC-

rich sequence (56,9% GC), and the histones may be evolved to bind AT-rich DNA, we

repeated the experiment with the AT-rich KahrP sequence amplified from the P. falciparum
genome (14,6%; S2B Fig). Nucleosomes are formed on several locations on the DNA fragment

resulting in a more fuzzy EMSA pattern and the pattern is distinct from human nucleosomes

(addressed below). However, with this nucleosomal template thermal mobilization could be

observed as well. Again, the plasmodium histones showed an increased thermal mobility, start-

ing at lower temperatures (S2B Fig), suggesting a reduced stability of histone–DNA

interactions.

Nucleosomes were shifted to slower migrating bands in the mobility shift assay, suggesting

a relocation of the histone octamers to more central positions [29]. Still, to rule out that

changes in band-shift position are not due to histone loss, we isolated nucleosomal bands from

the gel and analyzed them for the equimolar histone ratio. Fuzzy nucleosomes and additional

bands of the 601 nucleosomes contain the complement of all four histones (S2C Fig and Fig

5D and 5E), suggesting different nucleosome positions, rather than histone loss [25].

In order to test the stability of histone-DNA interactions we incubated the reconstituted

nucleosomes with increasing concentrations of chloroquine and monitored the release of free

DNA. Chloroquine is a DNA intercalating drug and its binding results in changing the geome-

try of DNA and stiffening the molecule. DNA bound proteins compete with chloroquine for

binding, depending on their interaction strength. Proteins with relatively lower DNA binding

affinity are displaced at correspondingly lower chloroquine concentrations [30]. Human and

plasmodium nucleosomes were incubated with increasing concentrations of chloroquine,

revealing the appearance of free DNA and the disruption of the plasmodium nucleosomes at

1mM chloroquine, whereas at least three times higher concentrations are required to initiate

the disruption of the human nucleosomes (Fig 2C).

To analyze whether all histones or only a subset of the 4 histones reveal reduced histone-

DNA interaction stability, we incubated nucleosomal arrays with increasing salt concentra-

tions. The histones H2A and H2B can be dissociated from the particle starting at
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Fig 2. P. falciparum nucleosomes exhibit reduced heat and salt stabilities. (A) Preparation of histone

octamers. Histone octamers were reconstituted from appropriate combinations of recombinant parasite and

human histones (lanes 1–4), purified by gel filtration, separated by 15% SDS-PAGE and stained with

Coomassie blue. The reconstitution H4hyb (lane 8) describes an octamer consisting of the parasite histones

H2A, H2B, H3 and the human histone H4. (B) Temperature induced nucleosome sliding. P. falciparum

The Biochemical Properties of P. falciparum Nucleosomes Determine Its Open Chromatin Architecture
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concentrations of 0.7M NaCl and above 1.2M NaCl also H3 and H4 start to dissociate from

DNA [31,32]. Nucleosomal arrays were reconstituted on biotinylated DNA, bound to mag-

netic beads, incubated with increasing salt concentrations and the supernatants were collected

(Fig 2D). Salt eluted proteins were analyzed by SDS-PAGE and visualized by silver staining.

Correlating with the high number of amino acid changes in H2A and H2B, these two proteins

exhibit significantly reduced binding affinities towards the DNA and the H3-H4 tetramer. At

salt concentrations of about 0.7M NaCl, both, plasmodium H2A and H2B, were quantitatively

eluted from the nucleoprotein particle, whereas their human counterparts still remained asso-

ciated. In contrast, the plasmodium H3 and H4 proteins are stably bound to DNA, like the

human H3/H4 proteins, even at high NaCl concentrations. Taken together the results show an

overall decreased nucleosome stability, as compared to the human nucleosomes, due to the

weaker interactions of H2A and H2B, resulting in the increased mobility of the nucleosomes

on DNA.

The evolution of parasite histones did not improve their binding to AT-

rich DNA

The plasmodium genome has an average of 80.6% AT content and poly dA:dT sequences form

straight and rigid helical structures with the potential to exclude nucleosomes [33–35]. It is

shown that nucleosomes tend to form over GC-rich DNA with specific dinucleotide phasing

[36–38].

To test whether plasmodium histones adapted to preferentially bind to AT-rich DNA, we

fragmented plasmodium and human genomic DNA by sonification to create DNA fragments

with a mean length of 200–300bp for nucleosome reconstitution experiments. The individual

DNA samples were chemically labelled with fluorescent dyes, Cy5 for the human DNA and

Cy3 for the plasmodium genomic DNA. The human and plasmodium genomic DNAs were

mixed at equimolar ratios and reconstituted into nucleosomes by salt dialysis, using either

plasmodium or human histone octamers (Fig 3A, lanes 1–5). The competitive assembly reac-

tion revealed that the human GC-rich DNA was reconstituted more efficiently, by both, the

human and plasmodium histones. The assembly efficiency was similar for human and plasmo-

dium histones, showing no preference of the parasite histones for the AT-rich genomic DNA.

In order to directly compare AT-rich plasmodium DNA with selected GC-rich DNA, we used

the DNA sequence of the human ribosomal gene with a mean GC content of 60% (lanes 6 to

nucleosomes and human nucleosomes were separately reconstituted on Cy3 and Cy5 labelled 601 DNA and

then mixed in equimolar ratios. Nucleosomal mixtures were incubated 60 min at room temperature (lane 2) or

at the indicated temperatures (lanes 3 to 8). Nucleosome positions were analyzed after the temperature

incubation on a native 5% polyacrylamide gel and visualized by fluorescence scanning (upper panel: cy5

labelled human nucleosomes; middle panel: cy3 labelled P. falciparum nucleosomes) and ethidium bromide

staining (lower panel: showing the mixture of human and parasite nucleosomes). The initial nucleosome

position and free DNA are indicated and sliding products are marked by triangles. (C) Chloroquine stability

assay. A 208 bp 601 (GC-rich) and the 210 bp KahrP (AT-rich) DNA fragment were reconstituted either with

human (lower panel) or plasmodium octamers (upper panel) into nucleosomes and mixed at equimolar ratio.

Nucleosomes were incubated with increasing concentrations of chloroquine (0, 0.05, 0.1, 0.3, 1, 3 and 9 mM),

incubated for 10 min at room temperature and then analyzed by native polyacrylamide gel electrophoresis. The

DNA and nucleoprotein complexes were visualized by fluorescence imaging staining. The positions of the free

DNA and a scheme indicating the different nucleosome positions on the DNA template are given. (D) Stepwise

salt elution of human and plasmodium histones from DNA. P. falciparum and human nucleosomes were

reconstituted in parallel on linearized, biotinylated DNA and then coupled to magnetic beads. Magnetic beads

were incubated stepwise with increasing salt concentrations as indicated and the eluted histones were

collected and analyzed by SDS-PAGE and silver staining (lanes 1 to 9). The input fraction is shown in lane 10

and the positions of the histones are indicated. The upper gel shows the results for the human and the lower gel

depicts the elution of the parasite histones.

doi:10.1371/journal.ppat.1006080.g002
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8). Again, both, the plasmodium and human histones bound the GC-rich DNA with higher

affinity, fully assembling the GC rich DNA and only partially binding to plasmodium genomic

DNA. Finally, we tested whether the high GC-content is required throughout the nucleosomal

DNA for efficient nucleosome assembly. Three different PCR fragments, containing 147 bp,

AT-rich (85,6%) DNA, flanked by DNA linkers with GC-content and increasing length, were

created (S3A Fig). The parasite and human histone octamers again behave similar in that all

three DNA molecules are reconstituted into nucleosomes with similar affinity. The result sug-

gests that GC-rich DNA sequences at the border of the nucleosomes, where the H2A and H2B

proteins contact DNA, are not sufficient to increase the GC-dependent binding affinity.

Next, we had a closer look at the available high throughput sequencing data and re-analyzed

the datasets studying the accessibility of chromatin (Data sets used: SRX013309 [14],

Fig 3. Analyzing the sequence dependent binding preferences of plasmodium and human histone octamers. (A) P. falciparum genomic DNA

(19,6% GC-content), human genomic DNA (40% GC-content) and the GC-rich human rDNA sequence (60% GC-content) were isolated and fragmented

by sonication. The purified DNA was chemically labelled with Cy3 (P. falciparum DNA) or Cy5 (human genomic DNA and human rDNA). Plasmodium

DNA was mixed at equimolar ratios with the human DNA and used for chromatin assembly by salt dialysis, with either plasmodium (lanes 2, 4, 7) or

human histone octamers (lanes 1, 3, 6) at different histone to DNA ratios (0.9:1 and 1.1:1). Chromatin assemblies were analyzed by native

polyacrylamide gels and fluorescence scanning. The upper panel shows the cy3 channel, revealing the assembly of the plasmodium DNA, the lower

panel depicts the results of the human genomic DNA and the human rDNA as indicated (cy5 channel). The efficiency of nucleosome assembly on AT-

rich and AT-poor DNA can be judged by the ratios of free and reconstituted DNA in the individual lanes of the competitive assembly reactions. The free

and nucleosomal DNA is indicated. (B) Chloroquine stability assay. The 210 bp KahrP DNA (AT-rich, Cy3-labelled, S3B Fig), the Cy5 labeled 601 DNA

(GC-rich, 160bp) and a Cy5 labelled KahrP DNA fragment (AT-rich, 150 bp) reconstituted either with human (hs nucleosomes, lanes 1–6) or

plasmodium octamers (pf nucleosomes, lanes 7–12) into nucleosomes and then mixed at equimolar ratios. Nucleosomes were incubated with

increasing concentrations of chloroquine (0 to 9 mM), incubated for 10 min at room temperature and then analyzed by native polyacrylamide gel

electrophoresis. The free DNA (lane 13) and the nucleoprotein complexes were visualized by fluorescence scanning as indicated. The asterisk shows

the position of contaminating single stranded DNA.

doi:10.1371/journal.ppat.1006080.g003
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SRX013302 [14], SRX885811-SRX885819 [16]). Ponts and colleagues performed FAIRE assays

[39] to reveal the accessible genomic regions, relative to their MNase resistant nucleosomal

fraction. A genome browser snapshot of the FAIRE data, nucleosome occupancy and the GC

content is given in S4A Fig. The accessible chromatin regions (FAIRE: median GC-content

15%; 19377 nucleosome free regions, blue line) and the sequences occupied by nucleosomes

were quantified (nucleosomal: median GC-content 29%, 22770 nucleosome positions identi-

fied; red line). As control we used the same number of randomly chosen genomic regions

(median GC-content 19%; grey line; S4B Fig). The data shows that intergenic regions are

highly accessible, giving rise to large FAIRE domains, whereas the nucleosomes occupy the

genic regions. The data suggests that nucleosomes are preferentially formed, or remain stable

on GC-rich sequences that are mainly located in exonic regions. In contrast, nucleosomes are

preferentially depleted from the AT-rich intronic and intergenic regions (S4C Fig). The

FAIRE and MNase assays are complementary, suggesting more accessible chromatin at inter-

genic regions. However, these results are based on highly over-digested chromatin and it is

known that MNase exhibits a strong preference for AT-rich sequences [40]. A recent genome

wide study shows that nucleosomes in the intergenic regions are not depleted, but potentially

disappear by over-digestion of chromatin with MNase [16]. Analyzing the new, low digested

dataset, still revealed higher nucleosome occupancy at GC-rich sequences (S4D and S4E Fig).

The enrichment of nucleosomes may reflect and correlate with the higher binding affinity of

the nucleosomes towards GC-rich sequences (Data sets used: SRX885814 [16]), being an

inherent feature of the parasite histones. Apparently, the Plasmodium falciparum histones did

not evolve to efficiently package the AT-rich genome.

Using the chloroquine intercalation assay we now directly tested the stability of plasmo-

dium and human nucleosomes on AT- and GC-rich DNA. Human and plasmodium nucleo-

somes were reconstituted on three different DNAs of varying AT-content, length and distinct

fluorescent labels to monitor their chloroquine stability in a single reaction to allow direct

comparison (Fig 3B; S3B Fig). The DNA molecules (a mixture of AT- and GC-rich DNA in

Fig 3B; a 210 bp long AT-rich DNA in S3B Fig) were individually reconstituted into nucleo-

somes and then mixed, in order to perform an internally controlled competition assay to mon-

itor the appearance of free DNA by chloroquine mediated nucleosome disruption.

Interestingly human and plasmodium nucleosomes are similarly stable on the AT-rich DNA,

giving rise to small amounts of disrupted nucleosomes with increasing chloroquine concentra-

tions. However, on the GC-rich DNA different results were obtained, as revealed by the

appearance of the free GC-rich DNA at lower chloroquine concentrations, as compared to the

AT-rich DNA (Fig 3B). Plasmodium histones are less stably bound to GC-rich DNA than

human nucleosomes, suggesting that changes in the plasmodium histone sequence result in

nucleosome de-stabilization.

Decreased nucleosome stability does not correlate with an increase in

ATP dependent nucleosome dynamics

Cellular nucleosomes are mobilized by ATP dependent chromatin remodeling enzymes that

use the energy of ATP hydrolysis to move the histone octamer on the underlying DNA

[41,42]. Next, we tested whether the increased mobility and reduced stability of plasmodium

nucleosomes would also affect their dynamics in an enzyme catalyzed remodeling reaction.

Nucleosome remodeling reactions were performed with recombinant remodeling enzymes

from the Chd and ISWI families; i.e. Chd3 and Snf2H (Fig 4A). Again, Cy3 and Cy5 labeled

601 DNA, either reconstituted with the plasmodium or the human nucleosomes were mixed

in one test-tube to allow the direct comparison of the remodeling kinetics. Chd3 (Fig 4A, lanes

The Biochemical Properties of P. falciparum Nucleosomes Determine Its Open Chromatin Architecture
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Fig 4. Analysis of nucleosome remodeling and nucleosome spacing. (A) Competitive nucleosome remodeling reactions. In the same reaction

Cy5-labelled plasmodium nucleosomes (upper panel) and Cy3-labelled human nucleosomes (middle panel) reconstituted on 601 DNA, positioned at

the border of the 208bp long DNA fragment, were incubated with increasing concentrations of recombinant Chd3 (lanes 1 to 9) or Snf2H (lanes 10 to

18). Reactions were incubated for 60 min at 37˚C in the presence or absence of ATP, as indicated. Nucleosome positions were analyzed by EMSA

and imaged for the Cy5 and Cy3 channel, respectively. The lower panel shows the total nucleosomal reaction after ethidium bromide staining. The

positions of the nucleosomes are indicated on the right side. (B) Recombinant histone octamers of the indicated type (human = Hs, plasmodium = Pf)

were used for chromatin assembly with a 11kb plasmid by salt dialysis. Chromatin was subjected to partial MNase digestion (10 to 90 sec), stopping

The Biochemical Properties of P. falciparum Nucleosomes Determine Its Open Chromatin Architecture
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1 to 9) exhibited very similar remodeling kinetics on both types of substrate. The nucleosomes

positioned at the border of the DNA fragment were partially moved to the center of the DNA

fragment with no apparent difference of positioning and remodeling efficiency. To our sur-

prise, the human ISWI type remodeler Snf2H did move the parasite nucleosomes less efficient

than the human nucleosomes (Fig 4A, lanes 10 to 18). The less stable plasmodium nucleosome

is a worse substrate for Snf2H, suggesting that Snf2H either binds the nucleosome with lower

affinity, or nucleoprotein structures are lacking that are required for Snf2H-dependent

remodeling.

We first tested the binding affinity of Snf2H towards the Cy5-plasmodium and Cy3-human

nucleosomes in competitive bandshift analysis (S5A Fig), where we did not observe differ-

ences. Next, we had a closer look at the histone H4 tail. ISWI type remodeling enzymes strictly

depend on the intact H4 tail and more detailed on the amino acids R17-H18-R19 of the H4 tail

[43,44]. A closer inspection of the plasmodium histone H4 revealed the presence of the RHR

motif. However, at position 21 plasmodium H4 exhibits a V to I change in sequence that could

influence remodeling efficiency (S5B Fig). In order to test if this is the case, we prepared hybrid

octamers (H4hyb) containing the human H4 in combination with the plasmodium histones

H2A, H2B and H3 (Fig 1A, lane 8). Hybrid nucleosomes were compared in the competitive

remodeling assays with the human nucleosomes, showing that the amino acid exchange at

position 21 affects the recognition of the histone H4 tail (S5C Fig). Remodeling is similar effi-

cient when comparing the hybrid nucleosomes with the human counterpart, suggesting that

the reduced stability of the parasite nucleosomes does not automatically increase the ATP

dependent nucleosome remodeling rate.

Plasmodium histone octamers form tightly spaced nucleosomal arrays

Nucleosomes form arrays with defined linker lengths on DNA. The length of the DNA linker

is cell type specific in higher eukaryotes and also reveals organism-specific inter-nucleosomal

distances [45]. Partial MNase digestions of native P. falciparum chromatin exhibits a nucleoso-

mal ladder, revealing the regular array of nucleosomes on DNA [11,46]. We tested whether the

parasite histones would form similar nucleosomal arrays as the human histones, when recon-

stituted on circular, supercoiled DNA by the salt dialysis method (Fig 4B). Plasmodium his-

tones form nucleosomal ladders, but interestingly, the plasmodium nucleosomal ladder

exhibited repeatedly a more smeary appearance, but still revealing the repetitive pattern that

corresponds to the array-form. The smeary appearance could be explained by a reduced nucle-

osomal stability, corresponding to increased MNase sensitivity of the nucleosome core, and/or

an increased heterogeneity of DNA linker lengths. However, in contrast to the spacing of the

human nucleosomal array, the plasmodium nucleosomes obey significantly closer inter-nucle-

osomal spacing, with a mean distance of about 155bp. To rule out effects of reduced nucleoso-

mal stability, associated with the generation of DNA fragments of sub-nucleosomal size, we

performed extended MNase digestions and detailed DNA fragment length analysis (S6A and

S6B Fig). Prolonged MNase digestions gave rise to stable digestion intermediates of about

150bp in size (S6B Fig) and bioinformatic analysis, of the mono-nucleosomal DNA fragment

size distribution in the Kensche data set, did also reveal a bona fide protection of about 150 bp

the reaction by the addition of SDS/EDTA. The DNA fragments were purified and visualized by agarose gel electrophoresis and ethidium bromide

staining. The positions of the mono-, di- and tri-nucleosomal DNAs are indicated by black triangles marking the human and white triangles marking the

plasmodium complexes. (C) Di-nucleosome density and box plots revealing the nucleosome repeat lengths in vivo. The size distribution of di-

nucleosomal fragments derived from human (red) as well as plasmodium DNA (black) after MNase digestions (SRX885811-SRX885819)[16]. MNase

digestions were performed at different stages of the erythrocytic life cycle of P. falciparum. Each stage of the life cycle is plotted individually together

with the corresponding human DNA fraction.

doi:10.1371/journal.ppat.1006080.g004
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of DNA by the histone octamers (S6C Fig). Even though our assays suggest a reduced stability

of the plasmodium nucleosome, the histone octamer does stably protect the 147bp nucleosome

core sequence from MNase digestion, as shown for the human nucleosome core.

Next, we used the experimental data of Kensche and colleagues to mine for di-nucleosomal

DNA fragments that are abundant due to their low MNase digestion regimen. In order to have

internal controls, we applied the bioinformatic analysis to all 8 erythrocytic stages and

extracted the plasmodium and human DNA fragments from the data. The fragment sizes were

plotted and di-nucleosomal fragment lengths were calculated (Fig 4C). Indeed, we find the

Fig 5. P. falciparum nucleosomes override nucleosome positioning signals. (A) Sequences encompassing the mouse rDNA promoter from

position -190 to +90 were amplified by PCR and used as substrate for nucleosome assembly. Free DNA (lanes 1), nucleosome assembly reactions

using the recombinant human histone octamers (lanes 2 and 3), octamers consisting of the plasmodium H2A, H2B, H3 and human H4 (H4hyb, lanes 4

and 5), the plasmodium octamers (lanes 6 and 7) and a size marker (M) were separated by native polyacrylamide gel electrophoresis and stained with

ethidium bromide. Nucleosome positions and the respective histone to DNA ratios used for assembly are indicated. (B) Experimental setup like in (A)

but a 370-bp fragment carrying the D. melanogaster HSP70 promoter was used for assembly. (C) Nucleosome assembly was performed on three

different AT-rich sequences (A, B and C) amplified from the P. falciparum genome (Chromosome 11, position 1307500–1308399). The sequences

were reconstituted into nucleosomes either with recombinant human or plasmodium histone octamers and analyzed by native polyacrylamide gel

electrophoresis. (D) To analyze whether the full complement of histones assemble on DNA, the biotinylated HSP70-DNA (sequence used in B), was

reconstituted into nucleosomes and separated on native polyacrylamide gels (lanes 2 and 3). (E) Plasmodium and human nucleosomes shown in (D)

(I: Input—lanes 1 and 10) were coupled to magnetic beads and washed twice with 150 mM NaCl buffer (W: Wash—lanes 2 and 7). Histones were

eluted with 2M salt (Elution–lanes 3 and 8), the individual fractions and proteins remaining bound to the magnetic beads (B: Beads–lanes 4 and 9) were

analyzed by SDS-PAGE and Coomassie Blue staining.

doi:10.1371/journal.ppat.1006080.g005
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same short inter-nucleosome distances in vivo as in vitro, and longer nucleosome repeat

lengths (NRL) for the human nucleosomes. Our in vitro analysis and the in vivo data show that

the NRL is even shorter than in yeast, the organism with the shortest repeat length known so

far. Taken together our data suggests that the global NRL distribution in the genome is driven

by the biochemical properties of the histones and not by additional cellular activities. Interest-

ingly, experimental and modeling studies have shown that short NRLs (up to 177bp) inhibit

the folding into higher order structures of chromatin, being in well agreement with the accessi-

ble chromatin of P. falciparum [47].

Plasmodium histone octamers exhibit reduced sequence dependent

nucleosome positioning capabilities

DNA sequence directs nucleosome positions in vivo, as the histone octamer does preferentially

bind with a ~10bp periodicity to anti-phased A/T and G/C dinucleotides, corresponding to

the helical turn of DNA wrapped around the histone core [9,36,48].

As documented above, we used the 601 DNA sequence, representing an artificial high affin-

ity binding site for nucleosomes, to prepare nucleosomes with defined positions (Fig 2B).

However, we noticed that on natural DNA sequences no discrete positioning is obtained and

that the reconstitution pattern deviates from the human nucleosomes. To unravel the underly-

ing reason, we used a set of native mouse (rDNA promoter -190/+90), D. melanogater
(HSP70) and genomic P. falciparum sequences (Pf3D7v3: 1307500–1308399; S7A Fig) to visu-

alize and study nucleosome positioning. DNA fragments were reconstituted into nucleosomes,

using either recombinant human or parasite histone octamers. As expected, the human his-

tone octamers form discrete nucleosome positioning patterns on all DNA templates used,

being visible as specific bands in the native polyacrylamide gels (Fig 5A–5C). Multiple bands

arise from different, specific mono-nucleosomal positions on the given DNA molecules. As

previously shown, the nucleosomal patterns do depend on the sequence and structure of the

DNA molecule [49]. In contrast, plasmodium nucleosomes exhibit a smeary appearance, with

only a few prominent bands in the electromobility shift assay. The results suggest that the

majority of the octamers do not assemble on discrete, preferential sites, but are randomly dis-

tributed along the DNA. Discrete bands are most often the lowest bands, corresponding to a

nucleosome covering the thermodynamically stable end position of the DNA [49]. The loss of

nucleosome positioning is apparently driven by the changes in the amino acid sequences of

the plasmodium histones, but independent of histone H4, as shown by using a plasmodium

hybrid octamer, carrying the human histone H4 (Fig 5A and 5B).

The fuzziness of the assembly reaction is most probably not an effect of weaker histone

DNA interactions and DNA breathing in the nucleosome, as MNase digestions show that the

DNA entry/exit sites of the nucleosomes are stably protected from nuclease cleavage (S6A and

S6B Fig). These experiments do also reveal the lack of detectable sub-nucleosomal, or non-

canonical histone-DNA complexes. In addition, plasmodium histone octamers form intact

nucleosomes on DNA, as we have shown by assembly on the 601 DNA, and these nucleosomes

are properly structured and stoichiometric, as revealed by the enzymatic nucleosome remodel-

ing assays (Fig 2B; S2C and S4A Figs). In order to show that this is also the case for the experi-

ments shown here and to exclude nucleosomal dis-integration to be responsible for the lack of

positioning, we analyzed the histone content of the reconstituted nucleosomes (Fig 5D and

5E). The biotinylated HSP70 DNA was reconstituted into nucleosomes (Fig 5D) and the

bound histones were eluted from DNA, after binding it to magnetic beads. Even though there

is no clear nucleosomal pattern, all core histones are present in stoichiometric amounts
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(Fig 5E), suggesting the formation of bona fide nucleosomes. This result was also confirmed by

the salt elution experiment performed with the nucleosomal arrays (Fig 2D).

Our observation is supported by in vivo data, when analyzing the plasmodium nucleosome

positions from the different genome wide studies. The high throughput sequencing dataset of

Bunnik and colleagues contains contaminations of human nucleosomal DNA (3.2 mio reads)

in addition to the plasmodium DNA sequences, serving us as internal controls for the bioin-

formatic analysis [15,50]. We selected nucleosomal DNA fragments, ranging in size from 146

to 148bp, and analyzed their nucleotide frequency along the DNA path (61,263 plasmodium

and 121,819 human sequences). As shown in previous studies, the human nucleosome posi-

tions exhibit an enrichment in G/C every 10bp and shifted by 5bp an enrichment in A/T di-

nucleotides [9,51] (S7B Fig), revealing sequence dependent nucleosome positioning signals. In

contrast, this periodicity is lacking in the DNA sequences of the plasmodium nucleosomes,

suggesting that the plasmodium octamers do not obey the same positioning rules as the

human histones. Like in our in vitro positioning experiments, the in vivo analysis shows that

the parasite histones do not recognize the sequence dependent nucleosome positioning signals.

As this dataset was derived from heavily digested chromatin, we also re-analyzed the dataset of

Kensche and colleagues with our bioinformatics pipeline [16]. These authors show that nucle-

osome positioning can be observed at regulatory regions, but is rarely detected in the inter-

genic regions [16], being consistent with our experimental data. For a detailed analysis, we

isolated the contaminating human nucleosomal DNA to visualize the oscillation of GC and

AT sequences every 10bp (S7C Fig). The sequence oscillation of human nucleosome occu-

pancy can be observed, but due to the relatively low number of read counts the pattern is simi-

lar, but not identical to the Bunnik study. In contrast to the Bunnik data, the 146-148bp long

DNA fragments of P. falciparum did reveal a weak oscillation of the AT-dinucleotides, with an

unusual enrichment at the dyad axis and additional AT-peaks shifted by 5bp. However, no

oscillation of the CG-dinucleotides could be observed. The pattern is not completely lost as

suggested in the dataset of the LeRoch manuscript, but very different and relaxed in compari-

son to the human dinucleotide pattern. Differences in the dinucleotide repeat pattern between

human and plasmodium nucleosomes can be also attributed to the high AT-content of the

plasmodium genome, albeit clearly shifted peak distributions indicate intrinsic differences in

motif recognition. In addition, the absence of positioned nucleosomes in the genome do con-

firm relaxed recognition of nucleosome positioning signals, like the side by side comparison of

human and plasmodium nucleosome positioning patterns. The data suggests that plasmodium

histones either recognize different sequence dependent signals, or have a reduced affinity to

DNA motifs being located in the realm of the nucleosome. In order to reveal an alternative

nucleosome positioning pattern in detail, future experiments would have to reconstitute plas-

modium nucleosomes on whole genomic DNA libraries in vitro and perform sequence analy-

sis of the MNase protected DNA fragments. Our biochemical studies do provide an

explanation for the lack of positioning patterns in vivo, arguing for the presence of alternative

and additional sequence-dependent positioning signals in the regulatory regions of P.

falciparum.

Poly dA:dT boundaries are required to position nucleosomes in the

plasmodium genome

As the parasite nucleosome lost its capability to adopt sequence-specific nucleosome position-

ing, we analyzed which signals could determine the positioning of nucleosomes at regulatory

regions. We tested whether the associated linker DNA sequences are involved in the transla-

tional positioning of nucleosomes. Using the genome wide nucleosome occupancy data, we
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defined a fuzziness parameter of nucleosome positioning. The idea is that well positioned

nucleosomes create a small occupancy footprint on genomic DNA, with narrow peaks of

nucleosome read annotations. In order to calculate the degree of fuzziness we used the estab-

lished DANPOS2 toolkit [52]. Next we aligned the P. falciparum genes according to the start

of the protein coding region (ATG), the end of the coding region (ECR) and the exon/

intron boundaries, plotting nucleosome occupancy and the degree of nucleosome fuzziness

above. We have performed the analysis for the datasets available from the LeRoch and Bártfai

labs, as described above, giving similar results (Fig 6A and 6B and S8A and S8B Fig

respectively).

Even though the nucleosome core exhibits relaxed recognition of sequence dependent

nucleosome positioning signals, we observed specifically positioned nucleosomes at these reg-

ulatory regions. An inspection of the AA/TT and AT/TA dinucleotide frequency revealed their

non-random distribution around the strongly positioned nucleosomes. AT dinucleotide fre-

quencies are enriched, whereas AA dinucleotide frequencies are reduced in the linker regions

of these nucleosomes (Fig 6A; S8A Fig). Next we sorted the genomic peaks of nucleosome

occupancy according to the fuzziness parameter and plotted the respective AA and AT dinu-

cleotide abundance (Fig 6B, S8B Fig). As shown for the site-specific analysis, the best posi-

tioned nucleosomes are characterized by the largest depletion of AA/TT di-nucleotides and

the strongest enrichment of AT/TA di-nucleotides, flanking the nucleosome core. The bioin-

formatics analysis clearly reveals that flanking sequences of well positioned parasite nucleo-

somes exhibit increased stretches of AT-rich elements, suggesting the importance of linker

DNA in translational nucleosome positioning. In contrast, yeast nucleosomes do not reveal

such linker DNA dependent positioning signals (Fig 6B).

In order to test this behavior experimentally, we generated three DNA fragments with a

150bp long HSP70 sequence, flanked either by DNA linkers consisting of 15 bp of AT di-

nucleotides, AA di-nucleotides or GC-rich sequences (Fig 6C). The three different DNA frag-

ments were used for nucleosome assembly and analyzed on native polyacrylamide gels.

Whereas the AA- and GC-rich linkers favor the assembly of nucleosomes at more than two

distinct sites, the AT linker containing DNA fragment reveals a distinct positioning pattern

with a reduced number of positions. Still the 15bp of flanking DNA did not convincingly

determine a unique translational position, showing that the 15bp long AT repeat is not a suffi-

ciently strong signal. However, in vivo the best positioned nucleosomes are flanked by AT-

repeats of up to 50 bp, suggesting that longer sequence elements are required.

Next we used the genomic data to retrieve highly positioned nucleosomes in plasmodium.

We selected sequences close to the MAL1P1.31 (MAL) and HSP86 (HSP) promoter, harboring

a positioned nucleosome. The genomic regions were cloned and amplified by PCR, containing

AT-rich linker regions from 32 to 42bp. DNA fragments were used for nucleosome assembly

(Fig 6D). Indeed, these DNA fragments revealed only one main nucleosomal position in the

EMSA assay, showing that long AT-repeats are required to guide nucleosome positioning in
vitro and potentially in vivo (lanes 1–3 and 9–11). To prove that the AT-sequences are respon-

sible for positioning within these genomic sequence contexts, we replaced the AT-repeats by

GC-rich DNA elements. The different DNA templates were reconstituted in parallel and

revealed that in the absence of the AT-repeats discrete nucleosome positioning is lost (lanes

4–7). Our results suggest that plasmodium histone octamers have a reduced affinity for AT di-

nucleotide repeats containing DNA elements and are therefore forced to assemble next to

these sequences. In summary, we show that the biochemical properties of the histone octamers

dictate the positioning of the parasite nucleosome cores and the accessibility of the chromatin

structure.
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Fig 6. AT-repeat containing sequences in the linker region of the nucleosome determine the position of

plasmodium histone octamers. (A) Nucleosome positioning at ATG (beginning of the protein coding region),

ECR (end of protein coding region) and exon/intron boundaries of all annotated P. falciparum genes were aligned.

Individual nucleosome positions were further characterized by a fuzziness score and the average fuzziness signal

for all aligned genes was plotted as a heatmap (top). The color code is indicated on the right. The average
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Discussion

The sequences of plasmodial histones are highly divergent from those of other eukaryotes. We

questioned whether this difference represents an adaptation to the extraordinarily high AT-

content of P. falciparum and whether these amino acid replacements do alter the physicochem-

ical properties of the nucleosome. The results presented in this study are un-expected, showing

that the observed mutations do not result in better binding of AT-rich DNA. In contrast, we

even observe a reduced stability of the nucleosomes on GC-rich DNA, accompanied by a

reduction in the thermal stability of the octamer on DNA. In agreement with the reduced ther-

mal stability, we also observe reduced salt stability of H2A and H2B, the histones with the

majority of sequence alterations.

The plasmodium nucleosomes lost their strong ability to recognize the phased AT and GC

di-nucleotide patterns, weakening the intrinsic capability of sequence dependent nucleosome

positioning. The in vitro reconstitution experiments are backed up by the comparative geno-

mic analyses of the human and plasmodium nucleosome positions in vivo, showing either no

(LeRoch data), or a strongly reduced and altered recognition of di-nucleotide patterns (Bártfai

data). Still, positioned nucleosomes can be detected at regulatory regions like the transcription

start sites, transcription termination sites and intron/exon boundaries. We can show that

nucleosome positioning at these sites is achieved by the presence of long AT-repeats in the

linker regions of these nucleosomes, being unfavorable sites and therefore placing the nucleo-

somes next to such sequences. These AT-rich sequence boundaries are preferentially located at

regulatory elements in plasmodium, but not in yeast and human genomic DNA, presenting an

alternative mechanism of nucleosome positioning.

Eukaryotic nucleosome cores are spaced by 20 (budding yeast) to 75bp (echinoderm

sperm) of linker DNA connecting neighboring nucleosomes [45]. The plasmodial nucleosomal

arrays reconstituted in this study reveal the shortest linker lengths in the eukaryotic kingdom

known today. With a repeat length of about 155bp, nucleosome spacing is significantly shorter

than in yeast. Published in vivo data is conflicting, with a study suggesting repeat lengths of

180bp [53] and others that correlate well with our results, describing extremely short nucleo-

some repeat lengths of 155bp (+/-5bp) [11,46]. In our opinion, the combined biochemical and

genomic data analysis does convincingly reveal the short NRL that is present throughout the

erythrocytic stages of the plasmodium life cycle. We suggest that sequence alterations in the

histones allow the generation of compact nucleosomal arrays determining the unique chroma-

tin architecture of P. falciparum. Like yeast, P. falciparum is lacking histone H1 and our experi-

ments show that the short NRLs are a result of the biochemical properties of the plasmodial

frequency of identified nucleosome midpoints (middle) and of AT/TA (red) and AA/TT di-nucleotides (blue) over

regulatory regions of all annotated genes is given. (B) Changes in AT/TA and AA/TT di-nucleotide frequencies

within the nucleosome and its linker regions compared to the fuzziness score of nucleosome positioning. Five

different fractions of nucleosomes, from well positioned (dark blue) to badly positioned (light blue) nucleosomes for

P. falciparum (top panel) and S. cerevisiae (bottom panel) were analyzed. Vertical lines indicate nucleosome

boundaries. The color code for the fuzziness score is indicated below. (C) A 150bp long HSP70 sequence was

flanked by either two 15bp long AT-rich (AT), AA-homopolymers (AA) or GC-rich (CG) sequence linkers and

amplified by PCR. The indicated PCR fragments were used for nucleosome assembly with plasmodium histones

and analyzed on 5% native polyacrylamide gels. The templates used for assembly and the nucleosome positions

are indicated. (D) Two genomic regions exhibiting positioned nucleosomes containing native AT-repeat flanking

sequences (MAL and HSP) were cloned, amplified by PCR and used to analyze nucleosome positioning in vitro.

MAL (lanes 1–3), HSP (lanes 9–11) and the MAL and HSP PCR fragments having the AT repeats replaced by

GC-rich sequences (MAL-GC; HSP-GC; lanes 4–7) were used for nucleosome assembly with plasmodium (Pf)

and human histones (Hs). Nucleosome positioning was analyzed on 5% native polyacrylamide gels. The free

DNA, contaminating single stranded DNA (marked by an asterisk), positioned and delocalized nucleosomes are

shown.

doi:10.1371/journal.ppat.1006080.g006
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histone-octamer rather than depending on the absence of H1 binding. Like the yeast genome,

the plasmodial genome is relatively accessible, as judged by MNase and FAIRE assays [14]

implying the lack of condensed heterochromatin structures. Several reports and modeling

studies show that short nucleosome spacing interferes with the formation of organized higher

order structures of chromatin, resulting in an accessible genome architecture [54,55]. Our data

suggest that plasmodial histones evolved to enable short nucleosome repeat lengths potentially

inhibiting the formation of compact higher order structures of chromatin.

Besides the atypical spacing, plasmodial histones exhibit reduced thermal and salt stabilities

revealing weakened histone DNA interactions. The abridged levels of higher order structures

of chromatin is accompanied with reduced nucleosome stability, potentially simplifying the

access of sequence specific binding proteins to DNA. Kensche and colleagues showed that dur-

ing the transition between the cell cycle stages chromatin structure and nucleosome position-

ing changes occur around the transcription factor binding sites [16].

Screens of histone mutations in yeast, relieving the dependence of transcription on the

SWI/SNF remodeling complex (SIN) identified specific changes in the histones H3 and H4

[56,57]. The amino acid changes are preferentially located at SHL locations, where the histones

do directly interact with DNA and do alter nucleosome stability and chromatin compaction

[58,59]. The P. falciparum H3 and H4 sequences do not exhibit these classical SIN mutations.

But, the H2A and H2B histone sequences exhibit clusters of amino acid changes at and close to

SHL locations, with two sites being equivalent to SIN mutations (G to T in H2B position 72

and T to S in H2A position 76). The role of H2A and H2B SHL regions in the stabilization of

the nucleoprotein structure was not yet analyzed, but they are suggested to play an important

role [60]. Interestingly, the P. falciparum histones exhibit clustered amino acid changes at the

SHL3.5 and 4.5 regions of H2B and H2A that could alter nucleosome stability and contribute

to the open chromatin structure in P. falciparum.

According to our in silico assessment of protein-DNA interactions, the interactions of

human and plasmodial histones with DNA are indistinguishable, which is in contrast to our

experimental results. How can one reconcile these seemingly conflicting findings? Due to their

flexibility, N- and C-termini of the histones were not considered in homology modeling; con-

sequently, our binding analysis was blind for their putative interactions with DNA and effect

on nucleosome stabilization. On the other hand, a comparison of human and plasmodial his-

tone sequences reveals drastic differences in these histone termini (Fig 1 and S1 Fig). We sug-

gest a crucial contribution of these flexible histone termini to DNA binding and nucleosome

stabilization, which is a hypothesis to be tested in future experiments.

The mechanism driving nucleosome positioning is an essential field of study in chromatin

research, as the locations of the nucleosomes on DNA determine the accessibility for sequence

specific DNA binding proteins. The first description of nucleosome positioning in vivo and

revealing the important role of multiple histone-DNA interactions and DNA structure in

mediating positioning [61,62] initiated a search for DNA dependent positioning signals. Many

structure based differences in DNA sequence patterns, like AA [62], GG [63,64], TA and GC

oscillations, several tri- to poly-nucleotide patterns (for a review see ref. [65]), motifs being

essential for anisotropic DNA bending (for a review see ref. [66]) were proposed to determine

the intrinsic nucleosome positioning behavior. In principle, sequences that are already pre-

curved, requiring low energy levels to wind around a histone octamer should preferentially

bind and position nucleosomes. Models were devised to predict nucleosome positioning in
vitro and in vivo from DNA sequence [9], albeit the predictive power is currently being ques-

tioned [67].

With the study presented here, we further question the sequence dependent view of nucleo-

some positioning. The overall structure of the nucleosome of P. falciparum nucleosomes is
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identical to other eukaryotic structures, but has a strongly reduced ability to recognize

sequence encoded nucleosome positioning signals in vivo and in vitro. Phased di-nucleotide

repeat patterns, clearly detectable for the human nucleosomes, are mostly diminished in plas-

modium. Biochemical reconstitution of nucleosomes on DNA templates of different origin

and AT content only exhibit a few discrete nucleosome positions. The lack of positioning

argues that additional constraints must exist to determine nucleosome positioning. As the

exchange of human histone H4 for the plasmodial H4 in the octamer did not restore position-

ing, the signals must be read by the other histones. The best candidates are the histones H2A

and H2B that exhibit the most differences to the other canonical histones (Fig 1). We hypothe-

size that the histone tails, bearing most of the amino acid exchanges, may interact with DNA

and influence nucleosome positioning, but details have to be addressed in future experiments.

Lack of intrinsic nucleosome positioning capabilities are exchanged by linker DNA depen-

dent nucleosome positioning mechanisms in P. falciparum, like the AT repeats enriched in the

associated linker DNA of well positioned plasmodial, but not in yeast and human nucleo-

somes. A closer look also reveals that such external positioning sequences do flank regulatory

regions and thereby ensure specific positioning of regulatory nucleosomes.

Materials and Methods

DNA and proteins

Plasmids encoding the canonical human and plasmodium histone sequences were optimized

for bacterial expression and ordered as synthetic genes. Recombinant expression, purification

of histones from inclusion bodies and octamer refolding was done as described previously

[68]. Recombinant SNF2H, Chd1, Chd3 and Chd4 were expressed in Sf21 cells (Invitrogen)

and prepared according to standard procedures [49].

DNA fragments were synthesized by PCR, using fluorescently labelled oligonucleotides

binding to the described murine rRNA gene promoter (-190 to +90, relative to the transcrip-

tion start site), to the D. melanogaster HSP70 promoter and to the DNA 601 sequence. The AT

rich P. falciparum sequence Pf3D7v3:1307900–8200 was subcloned and DNA fragments were

prepared by PCR or restriction enzyme digestion and purification. MAL and HSP sequences

were generated by oligonucleotide-annealing, -ligation and cloning into pUC19. A plasmid

containing the sequence encompassing the Knob-associated histidine-rich protein (KahrP)

gene promoter, was kindly provided by Till Voss.

Nucleosome assembly

Nucleosomes were assembled according to Rhodes and Laskey using the salt gradient dialysis

technique [69]. A typical assembly reaction (50 μl) contained 4.0 μg DNA, varying amounts of

recombinant histone octamer, 200 ng BSA/ml, in high salt buffer (10 mM Tris, pH 7.6, 2 M

NaCl, 1 mM EDTA, 0.05% NP-40, 2 mM ß-mercaptoethanol). The salt was continuously

reduced for 16–20 h and nucleosomes were assayed in 80 mM salt buffers. The quality of the

assembly reaction was assayed by electromobility shift assays on native polyacrylamide gels or

by partial MNase digestion and analysis of the nucleosomal ladder on agarose gels.

Thermal mobilization, salt elution of nucleosomes and assaying

nucleosome stability

Mobility shift assays utilizing thermally induced movement of nucleosomes were carried out

as described [70]. Nucleosomal DNA, either labelled with Cy3 or Cy5 (150ng of each template)

were incubated in a total volume of 20 μl Ex80/BSA-buffer (10 mM Tris, pH 7.6, 80 mM NaCl,
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1.5 mM MgCl2, 1 mM EDTA, 0.05% NP-40; 200 mg/l BSA) for 60 min at 48˚ to 66˚C. Nucleo-

some positions were analyzed on a native 6% polyacrylamide gels (0.4x TBE) and visualized

fluorescence scanning.

To monitor nucleosomal stability with increasing chloroquine (Sigma) concentrations, dif-

ferentially fluorescent AT-rich and GC-rich DNA fragments were fully reconstituted into

nucleosomes. Nucleosomal species were mixed to allow competitive and comparative assays.

Increasing concentrations of chloroquine were added to the nucleosomes in EX80/BSA-buffer

and incubated for 10 min at 37˚C. Nucleosome positions were analyzed as described above.

Biotonylated DNA was prepared by PCR, using one biotinylated primer and the plasmid

pUC19 as a template. Plasmodium and human nucleosomal arrays were reconstituted on the

2375bp long DNA fragment by the salt dialysis method. Nucleosomal arrays (4μg) were coupled

to magnetic streptavidin coated Dynal Beads and unbound DNA was washed with Ex80-buffer.

Chromatin was incubated with LO-buffer, stepwise increasing the NaCl concentration from

400 to 1400 mM, then bound to the magnetic beads and the supernatant was collected. Salt

eluted histones were analyzed by SDS-PAGE (17%) and visualized by silver staining.

Nucleosome remodeling assay and electromobility shift assays

Nucleosome mobility was assayed as described [49]. Briefly, reactions contained 20 nM Cy5

and Cy3 labelled DNA reconstituted into nucleosomes, 1 mM ATP, 100 ng/μl BSA, in Ex80

buffer (20 mM Tris pH 7.6, 80 mM KCl, 1.5 mM MgCl2, 0.5 mM EGTA) and recombinant

remodeling enzymes. Nucleosomes were incubated with the enzymes for 60 min at 30˚C. The

reactions were stopped by the addition of 1μg of plasmid DNA and incubated for 5 min on ice.

The nucleosome positions were analyzed by electrophoresis on 6% native polyacrylamide gels

in 0.4x TBE and fluorescence scanning. Nucleosome remodeler interactions were probed by

the incubation of 20nM of nucleosomes with increasing concentrations of remodeling

enzymes, for 60 min at 30˚C, then loaded on 6% native polyacrylamide gels in 0.4x TBE and

fluorescence scanning.

Sequence mapping

Sequence data from formaldehyde-assisted isolation of regulatory elements (FAIRE;

SRX013302) and MNase mediated purification of mononuclesomes (SRX013309, SRX316306,

SRX316307, SRX885811-SRX885819) [14–16] was downloaded and mapped to the P. falcipa-
rum 3D7D genome version 3, or the UCSC human genome version 37 (hg19) using the local

alignment option of bowtie2 with default settings [71]. The reads were filtered for mapping

quality (MAPQ > 20) and concordant alignment in the case of using paired-end sequencing

data. The bowtie output was further processed using SAMtools [72] and BEDtools [73] for cus-

tomized analysis purposes.

Di-nucleotide frequency in the nucleosome core

Human as well as plasmodium derived nucleosomal fragments with a size of 146-148bp were

selected (SRX316307, SRX885814) [15,16]. Nucleotide frequency was calculated using annota-

tePeaks.pl script from the HOMER software package [74] with the following parameters:

-hist 1 –di–size-150,150.

GC content analysis

The findPeaks script from the HOMER software package was applied to FAIRE (SRX013302)

[15] and MNase single-end sequencing data (SRX013309) with the following parameters:
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-stylehistone–size147 –region–norm1e7 –gsize 23292104–minDist
20 –inputSize147 –C 0 –F 2 –minTagThreshold50. To determine the nucleosome

peaks the MNase sequencing data was used as input and the FAIRE sequencing data as back-

ground (vice versa for the FAIRE peaks). Peaks were centered at the position with the highest

read coverage using getPeakTags script (-start80 –end 80 –center–fragLength
70). Peaks overlapping more than 100bp were merged and GC content of peaks was calculated

using BEDtools. annotatePeaks.pl script was applied to annotate the peaks to genomic

features (exon, intron, intergenic) on the plasmodium genome.

Computational analysis of nucleosome positioning

Nucleosome positions of MNase paired-end sequencing data (SRX316306, SRX885814)

[15,16] were determined using danpos.py script from DANPOS2 toolkit [52] with the

default parameters in dposmode. The reported fuzziness score was used as measurement of

nucleosome positioning and subsequent filtering. Peak centers were annotated to genomic fea-

tures (TSS, TTS and Exon/Intron boundary) using annotatePeaks.pl from HOMER

package. Total peak count was normalized respectively by the occurrence of the feature.

annotatePeaks.pl script was applied to calculate the nucleotide distribution of features

and peaks as well.

Nucleosome-nucleosome distance determination

The fragment size distribution of human as well as plasmodium derived di-nucleosomal frag-

ments was estimated by a gaussian kernel density using fragments larger than 250 bp

(SRX885811-SRX885819)[16]. The average nucleosome-nucleosome distance was inferred

from the maximum of the kernel density estimate.

Homology modeling of nucleosomal complexes

The standard protocol of YASARA [75] (version 16.4.6) was used to create homology models

of all histones and the complete nucleosome consisting of an octamer that had 146bp of DNA

wrapped around it. For each model of a nucleosomal complex, the input of YASARA was a

multiple FASTA file with two DNA- and eight protein- sequences. The DNA-sequences were

two copies of the palindromic DNA fragment (146bp long) from human X-chromosome

alpha satellite DNA as found in PDB entry 3AFA. The protein-sequences were from the his-

tones of Homo sapiens or P. falciparum, respectively. The GenBank accession numbers for the

human histones were AAA63191.1 (H2A), AAN59961.1 (H2B), NP_066403.2 (H3),

NP_003539.1 (H4) and for the plasmodial histones AAA29612.1 (H2A), XP_001347738.1

(H2B), AAO23910.1 (H3), AAP45785.1 (H4). Due to their flexibility, the N- and C-termini of

histones could not be resolved in X-ray structures; thus, their 3D-orientation is unclear. This is

why the histone sequences were trimmed according to the resolved 3D structure reported in

PDB entry 3AFA.

In order to determine the homology models for plasmodium, three rounds of PSI-BLAST

restricted to PDB entries [22] were conducted and YASARA selected PDB entries 3AFA,

5AV6, 3TU4, 3X1T and 2NQB as templates. These datasets represent the structures of nucleo-

somal core particles from different eukaryotic species. For the human template (3AFA), all of

the 740 target residues could be aligned to template residues; for these the sequence identity

was 84%. After building models for each template, YASARA combined the best scoring frag-

ments of all models to deduce a hybrid homology model. The resulting hybrid model scored

best and the internal quality assessment of YASARA determined an overall Z-score of0.056,

which indicates model quality 0.056 standard deviations better than an average high-resolution
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X-ray structure. Note that model quality is most reliable for globular proteins and can be mis-

leading for other protein types. Dihedrals and packing in 1D and 3D were rated as optimal by

YASARA. The full models of a nucleosome in PDB-format can be found in the two Supple-

mentary Files hu_complex.pdb (Homo sapiens) and pl_complex.pdb (P. falciparum).

Molecular dynamics simulations

YASARA [24] was used to run three MD simulations for each nucleosome complex. In all

runs, the complex was embedded into a water box; in order to vary experimental conditions,

simulations were initiated with the different start-temperatures of 298.14 K, 298.15 K, and

298.16 K, respectively.

The data sets consisted of three MD trajectories each comprising 200 snapshots that repre-

sented varying poses of a 50 ns interval and FoldX [23] was used to calculate a score assessing

the interaction energy. 200 snapshots with a time period of 250 ps were saved for subsequent

processing; snapshots were stored in pdb format and contained the complex plus all water

molecules within a maximal distance of 3 Å to a protein or DNA molecule. These snapshots

were used to deduce mean values of scores assessing the following interactions, which were

determined in a residue-specific manner: π-π stacking, cation-π stacking, contacts, hydropho-

bic interactions, and hydrogen-bond networks. For the first four interactions, scores were

taken from the YASARA output; see YASARA documentation for details of computation. To

score hydrogen-bond networks, distances were analyzed between residues, DNA, and water

molecules in a snapshot-specific manner. Thus, a graph was computed that consisted of nodes

that represent putatively interacting atoms on the surface of the considered molecules and of

edges modelling hydrogen bonds. An edge was inserted, if the distance between a donor and

an acceptor atom was not larger than 2.5 Å. Based on this network, a score was computed for

each path interconnecting a pair of atoms from DNA and a protein according to:

Spathðatomk
i ; atoml

jÞ ¼ 1=ðedgesðatomk
i ; atoml

jÞ # path ident lenÞ ð1Þ

Here, edgesðatomk
i ; atoml

jÞ is the number of edges interconnecting an atom k of residue I
with atom l of nucleotide j and the normalization factor path_ident_len is the number of paths

with the same length observed in the full data set. Thus, the score for a hydrogen-mediated

interaction decreases with the number of involved water molecules and results in a higher

score for a more direct one. The maximal number of co-operative water molecules was limited

to one and for each residue resj, all spath-values were summed up.

For each of the averaged scores with noticeable amplitude, the log2-value was plotted for

corresponding residues of the histones from H. sapiens and P. falciparum together with the

sequences by means of a circos graph [76].

Assessing the full interaction of histones and DNA

To analyze the interaction energy between individual histone cores and the DNA, FoldX was

used (version 4, [23]). First, the side-chain orientation of all snapshots was optimized with the

RepairPDB command to prepare the structures for the FoldX force-field. Then, mean inter-

action energies between Histone and DNA as well as their standard deviations were then

deduced with the AnalyzeComplex command.

Accession Numbers

The high-throughput sequencing data are available in the NCBI’s Sequence Read Archive

(SRA) (accession: SRP055417, SRP026365, SRP001451, SRP001452).
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Supporting Information

S1 Fig. A scoring of interaction-differences for nucleosomal residues. The outermost circle

is an alignment of the residues from the four histones H2A, H2B, H3, and H4 from H. sapiens
(outer sequence) and P. falciparum (inner sequence). Positions occupied by different residues

are printed in red and additionally highlighted by a red rectangle in the innermost circle. The

in-between circles consist of color-coded score values that indicate a higher score, if the color

is dark. The order of the interactions is, if listed from the outside to the inside circles: hydro-

gen-bond networks, hydrophobic interactions, contacts, and cation-π stacking. Circle six sum-

marizes the differences in a stack. Black boxes mark residues that possess at least one score

belonging to the 10% most extreme values. No scores are given for the trimmed N- and

C-termini.

(TIFF)

S2 Fig. P. falciparum and human nucleosomes are positioned by the artificial nucleosome

positioning sequence 601. The 208bp long 601-NotI DNA, harboring the 601 nucleosome

positioning sequence at the border of the DNA fragment, was prepared by PCR and used for

salt dialysis assembly of nucleosomes. 4μg of DNA were incubated with increasing amounts of

the indicated histones (P. falciparum, lanes 1–4; human lanes 5 and 6) at high salt concentra-

tions and dialyzed o/n. Nucleosome assembly and positions were analyzed by EMSA and

stained with ethidium bromide. (B) Temperature induced nucleosome sliding. P. falciparum
nucleosomes and human nucleosomes were separately reconstituted on Cy3 and Cy5 labelled

KahrP DNA, amplified from the plasmodium genome and then mixed in equimolar ratios.

Nucleosomal mixtures were incubated 60 min at room temperature (lane 1) or at the indicated

temperatures (lanes 2 to 7). Nucleosome positions were analyzed after the temperature incuba-

tion on a native 5% polyacrylamide gel and visualized by fluorescence scanning (upper panel:

cy5 labelled plasmodium nucleosomes; lower panel: cy3 labelled human nucleosomes). The

positions of the nucleosomes and the temperature induced nucleosome position (open trian-

gle) are indicated. (C) To analyze whether the full complement of histones is present on DNA,

the 601-DNA was reconstituted into nucleosomes, incubated at elevated temperatures and sep-

arated on native polyacrylamide gels (lanes 1 and 2). Nucleosomes were excised from the gel

after ethidium bromide staining and the gel pieces were equilibrated with Lämmli buffer,

heated to 95˚C and loaded on top of a 17% SDS-PAGE. The histone content of the nucleosome

was analyzed after silver staining of the protein gel. The input of the human and plasmodium

histones (lanes 3 and 5) is shown next to the protein content of the excised nucleosomal DNA

(lanes 4 and 6).

(TIFF)

S3 Fig. Determining the binding of histone octamers to AT-rich DNA with flanking GC-

rich sequences. (A) A 147bp long AT-rich P. falciparum sequence originating from the KahrP

promoter, with an AT content of 85,2% was mixed with DNA fragments having the same AT-

core sequence (white rectangle), extended with either 71 and 32bp, or 32 and 26/16bp of GC-

rich linker DNA. DNA fragments were mixed at equimolar ratios and used for nucleosome

assembly with either human (lanes 2 and 3) or plasmodium histone octamers (lanes 4 and 5).

Relative ratios of the individual DNA fragments did not change, showing that short, flanking

GC-rich sequences are not sufficient to allow high affinity binding of the histones to GC-rich

DNA. The asterisk marks a competitor DNA molecule (linearized pUC19) that is included to

allow fine titration of the assembly reaction. The competitor is shifted to the well upon binding

of histone octamers. Nucleosomes are analyzed on 6% polyacrylamide gels that allow the reso-

lution of the free DNA. (B) Chloroquine stability assay. Scan of the Cy3 channel of the
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experiment shown in Fig 3B. The 210 bp KahrP DNA (AT-rich, Cy3-labelled, lane 13), either

reconstituted with human (hs nucleosomes, lanes 1–6) or plasmodium octamers (pf nucleo-

somes, lanes 7–12) into nucleosomes is shown. Nucleosomes were incubated with increasing

concentrations of chloroquine (0 to 9 mM), incubated for 10 min at room temperature and

then analyzed by native polyacrylamide gel electrophoresis. The free DNA (AT-rich, lane 13)

and contaminating single stranded DNA is indicated (asterisk).

(TIFF)

S4 Fig. Plasmodium nucleosomes do preferentially occupy GC-rich DNA sequences. (A)

Example locus of the P. falciparum genome located on chromosome 7. Genomic location and

scale are indicated on top. Tracks show profiles of the nucleosome occupancy (red, top) and

the nucleosome free regions determined by FAIRE-seq (cyan, middle) that were re-analyzed

from datasets generated by Ponts and colleagues [14]. The average GC-content in a 50bp non-

overlapping window (grey, bottom) is indicated below. Red and cyan boxes reveal computa-

tionally identified nucleosomes/nucleosome-free regions. (B) Kernel density plots of the GC

content of computationally identified nucleosomes (red), nucleosome free (cyan) and ran-

domly chosen genomic regions (grey). (C) Bar graphs representing the fraction of identified

nucleosomes in exons (red), introns (blue) and intergenic regions (green), compared to their

genome wide occurrence (top). The averaged GC contents of exons, introns and intergenic

regions of the P. falciparum genome are indicated at the bottom. (D) Kernel density plot of the

GC content of computationally identified nucleosomes. Nucleosome occupancy datasets

(SRX885811-SRX885819) generated by Kensche and colleagues were re-analyzed and nucleo-

some positions were predicted using DANPOS2 as described in the material and methods sec-

tion. (E) Scatter plot illustrating the correlation of GC-content with nucleosome occupancy of

computationally identified nucleosomes (based on datasets generated by Kensche and col-

leagues). Data points with a cooks distance > 0.0001 were excluded. The relationship between

GC-content and nucleosome occupancy has been modelled using a linear regression analysis.

(TIFF)

S5 Fig. The amino acid exchange in the histone H4 tail affects the SNF2H dependent nucle-

osome remodeling kinetics of P. falciparum nucleosomes. (A) Competitive electromobility

shift assays with Cy5-labelled plasmodium nucleosomes (left panel) and Cy3-labelled human

nucleosomes (middle panel) reconstituted on 601 DNA. Like in the chromatin remodeling

assay, plasmodium and human nucleosomes were mixed at equimolar ratios and incubated

with increasing concentrations of SNF2H. However, the electromobility shift reactions were

incubated for 10 min at room temperature in the absence of ATP and no competitor DNA was

added prior to electrophoresis. The gel was stained by fluorescence imaging (cy5, representing

the plasmodium nucleosomes, lanes 1–5; cy3, representing the human nucleososomes, lanes

6–10) and subsequently with ethidium bromide (lanes 11–15). The position of the free DNA

and nucleosomes are indicated. (B) Scheme showing the sequence differences of the plasmo-

dium and human histone H4 N-terminus. The RHR box indicates the residues that were previ-

ously identified to affect SNF2H ATPase activity. The V to I amino acid change at position 21

is marked by an X. (C) The H4hyb octamers consisting of the plasmodium histones H2A,

H2B, H3 and the human histone H4 were reconstituted into nucleosomes and assayed SNF2H

dependent nucleosome remodeling (cy5 upper panel) in the presence of equimolar amounts of

human nucleosomes (cy3 lower panel). Reactions were incubated for 60 min at 37˚C in the

presence or absence of ATP, as indicated. Nucleosome positions were analyzed by EMSA and

imaged for the Cy5 and Cy3 channel, respectively. The positions of the nucleosomes are indi-

cated on the right side and an asterisk marks a non-specific band.

(TIFF)
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S6 Fig. The nucleosomal core DNA of plasmodium nucleosomes exhibits resistance

towards MNase dependent hydrolysis. (A) Recombinant plasmodium histone octamers were

used for chromatin assembly with a 11kb plasmid by salt dialysis. Chromatin was subjected to

partial MNase digestion (10u; 20 to 125 sec), stopping the reaction by the addition of SDS/

EDTA. DNA was purified and visualized by agarose gel electrophoresis and ethidium bromide

staining. The position of the mono-nucleosomal DNA is indicated (<nuc.). (B) In order to

reveal the size of the MNase hydrolysis products in high resolution, samples were separated on

the Agilent TapeStation using the DNA1000 kit. Samples shown in (A) (lanes 2–4) and an

additional MNase hydrolysis reaction using the twofold amount of MNase (20u) and increased

hydrolysis times (20 to 640 sec; lanes 5–10) were analyzed on the TapeStation. The TapeStation

analysis software was used to determine the length of the protected DNA fragment and plotted

below (median size of nucleosome protected DNA fragment; red). The positions of the pro-

tected nucleosomal DNA fragment and the internal system markers are indicated. (C) DNA

length distribution plots revealing the MNase protected nucleosomal DNA lengths in vivo.

The size distribution of mono-nucleosomal DNA fragments derived from human (red) as well

as plasmodium DNA (black) after MNase digestions (SRX885811-SRX885819)[16]. MNase

digestions were performed at different stages of the erythrocytic life cycle of P. falciparum.

Each stage of the life cycle is plotted individually together with the corresponding human

DNA fraction.

(TIFF)

S7 Fig. P. falciparum histone octamers display different binding characteristics towards

sequence dependent nucleosome positioning signals. (A) A 6% native gel showing the free

DNA used for nucleosome assembly reactions, presented in Fig 5C. The different DNA tem-

plates have been prepared by restriction enzyme digestion and purification from a plasmid

containing the genomic region from position 1307500–1308399 on chromosome 11. (B) Di-

nucleotide frequency of nucleosome core fragments derived from human (left) and plasmo-

dium (right) nucleosomal DNA. Data was extracted from the study performed by the LeRoch

laboratories [15]. Position-dependent frequencies of A/T (AA/TT/AT/TA) and C/G (CC/GG/

CG/GC) di-nucleotides are illustrated. (C) The same analysis as shown in (B), was performed

with the dataset taken from the publication of Kensche and colleagues [16]. Position-depen-

dent frequencies of A/T (AA/TT/AT/TA) and C/G (CC/GG/CG/GC) di-nucleotides are illus-

trated. The positions of histone-DNA contact points, the superhelical loop locations (SHL),

are shown by dotted blue lines and annotated.

(TIFF)

S8 Fig. AT-repeat sequences in the linker region of the nucleosome determine the position-

ing of plasmodial histone octamers. (A) Nucleosome positioning at the beginning of the cod-

ing region (ATG), the end of the coding region (ECR) and the exon/intron boundaries of all

annotated P. falciparum genes were aligned based on the datasets of Kensche and colleagues

[16]. Individual nucleosome positions were further characterized by a fuzziness score and the

average fuzziness signal for all aligned genes was plotted as a heatmap (top). The color code is

indicated on the right. The average frequency of identified nucleosome midpoints (middle)

and of AT/TA (red) and AA/TT di-nucleotides (blue) over regulatory regions of all annotated

genes is given. (B) Changes in AT/TA and AA/TT di-nucleotide frequencies within the nucleo-

some and its linker regions compared to the fuzziness score of nucleosome positioning. Five

different fractions of nucleosomes, from well positioned (dark blue) to badly positioned (light

blue) nucleosomes for P. falciparum (top panel) and S. cerevisiae (bottom panel) were analyzed.

Vertical lines indicate nucleosome boundaries. The color code for the fuzziness score is indi-

cated below. (C) The sequence used to analyze nucleosome positioning in Fig 6C was chosen
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according to its potential to form positioned nucleosomes in vivo. As a measure for nucleo-

some positioning we used the ChIP-Seq experiments performed by the Stunnenberg lab [77]

that are indicated in the screen shot of the genome browser (lower panel). According to the

data, we synthesized a 300bp long DNA fragment, representing the P. falciparum sequence

from position 1.307.900 to 1.308.200 of chromosome 11 (Pf3D7 v3). The AT-content of this

sequence is 85.2%.

(TIFF)
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