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ABSTRACT 

 

In this thesis, we investigated fundamental aspects of the nuclear and telomere biology 
associated to gene regulation in the protozoan P. falciparum malaria parasites. Plasmodium 
telomeres have the capacity of recruiting proteins that facilitate the spreading of heterochromatin 
into subtelomeric DNA regions and contribute to the default silencing of virulence gene families 
located herein. Here, we identified and characterized two telomere binding proteins, P. falciparum 
origin-recognition-complex 1 (PfOrc1) and P. falciparum heterochromatin protein 1 (PfHP1), that 
might work in concert with P. falciparum silent information regulator 2 (PfSir2) in telomeric 
heterochromatin formation and silencing. PfOrc1, a conserved protein implicated in DNA 
replication in other eukaryotes, was found to associate mostly to telomeric DNA and to 
subtelomeric chromatin. In the nucleus, PfOrc1 localizes together with PfSir2 to the nucleolus and 
telomeric clusters in ring-stage and redistribute into the nucleoplasm and cytoplasm prior to DNA 
replication in trophozoite-stage. 

PfHP1, which is the first member of the histone mark reading machinery identified in 
malaria parasites, binds largely to subtelomeric DNA repeats and localizes to some PfSir2 
perinuclear clusters, but not in the nucleolus. It binds specifically to the histone H3 lysine 9 
trimethylated (H3K9me3), that in the P. falciparum genome is restricted to telomeric, subtelomeric 
domains and internal chromosomal regions that similar to subtelomeric regions contain clonally 
variant multigene families. All genes enriched in H3K9me3 locate predominantly in the nuclear 
periphery, suggesting a role for this histone modification in spatial organization of P. falciparum 
chromosomes. The P. falciparum H3K9-methyltransferase, PfKMT1, also localizes in the 
perinuclear region, possibly participating in a specific epigenetic perinuclear silencing complex 
together with PfSir2, PfOrc1 and PfHP1. 

Furthermore, we investigated whether the subnuclear position is important for the 
epigenetic regulation of two differentially transcribed gene families, the var genes and the rRNA 
genes. We found that all members of var gene family (~60) localize at the nuclear periphery, 
irrespective of their chromosomal location and activity. The subtelomeric var genes are linked to 
telomeric clusters, whereas the chromosomal internal var genes can associate to telomeric 
clusters or form different clusters. However, upon activation of the single var gene, regardless of 
its chromosomal location, dissociates from the telomeric clusters, suggesting the existence of a 
particular perinuclear expression zone. Regarding the rRNA genes, we observed that active and 
silent members, although dispersed in distinct chromosomes, locate in the same compartment, 
the nucleolus. This subcompartment is placed in the periphery of the nucleus and is excluded 
from the telomeric clusters. 

In summary, the work of this thesis has shown various perinuclear subcompartments, 
defined by several proteins. In addition, we showed that subnuclear compartmentalization is 
associated to repression and transcription of distinct gene families, demonstrating the importance 
of spatial nuclear organization in P. falciparum gene regulation. 
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RÉSUMÉ 
 

Dans cette thèse, nous avons étudié des aspects fondamentaux de la biologie des télomères 
et du noyau associés à la régulation de gènes du parasite responsable du paludisme, P. 
falciparum. Les télomères de ce microorganisme ont la capacité de recruter des protéines qui 
facilitent la propagation de l’hétérochromatine dans les régions subtélomériques, et qui 
contribuent à la répression par défaut des familles de gènes de virulence situées dans cette 
région. Nous avons identifié et caractérisé deux protéines télomériques, PfOrc1 (P. falciparum 
Origin of recognition complex 1) et PfHP1 (P. falciparum Heterochromatin protein 1), qui 
pourraient travailler de concert avec PfSir2 (P. falciparum Silent information regulator 2) dans la 
formation de l’hétérochromatine télomérique et dans la répression. PfOrc1, une protéine 
conservée impliquée dans la réplication de l'ADN dans d'autres eucaryotes, a été trouvé associée 
à la chromatine télomérique et subtélomérique. Dans le noyau, PfOrc1 colocalise avec PfSir2 
dans le nucléole et dans des ‘clusters’ de télomères au stade ‘anneau’, et est redistribuée dans le 
cytoplasme et le nucléoplasme avant la réplication de l'ADN au stade ‘trophozoite’.  

PfHP1 est la première protéine pouvant reconnaître des modifications d’histones du parasite 
du paludisme a avoir été caractérisé. Elle est liée à la chromatine subtélomérique, est localisée 
dans certains ‘clusters’ de télomères définis par PfSir2 mais pas dans le nucléole. Elle se lie 
spécifiquement à la lysine 9 triméthylée de l’histone H3 (H3K9me3), qui, dans le génome de P. 
falciparum, est limitée à des domaines télomériques et subtélomériques, mais aussi à l’intérieur 
de régions chromosomiques, qui contient des familles multigéniques similaires aux régions 
subtélomériques. Tout gène enrichit en H3K9me3 est localisé principalement dans la périphérie 
nucléaire, ce qui suggère un rôle pour cette modification d’histone dans l’organisation des 
chromosomes de P. falciparum. La méthyltransférase de P. falciparum spécifique de la H3K9, 
appelée PfKMT1, est également localisée dans la région périnucléaire et peut faire partie, avec 
PfSir2, PfOrc1 et PfHP1, d’un complexe périnucléaire de protéines associées à la répression 
épigénétique.  

Nous avons aussi examiné si la position précise au sein du noyau était importante pour la 
régulation épigénétique de deux familles de gènes transcrits de manière différentielle: les gènes 
var et les gènes d'ARNr (ARN ribosomaux). Nous avons constaté que tous les membres de la 
famille des gènes var sont localisés à la périphérie du noyau, quelque soit leur emplacement 
chromosomique et leur état transcriptionnel. Les gènes var subtélomériques sont liés à des 
‘clusters’ de télomères, tandis que les gènes var situés dans des régions internes des 
chromosomes peuvent être associés à des ‘clusters’ de télomères ou à des ‘clusters’ 
indépendants. Toutefois, quand un gène var devient actif, quel que soit son emplacement dans le 
chromosome, il est dissocié des ‘clusters’ de télomères, suggérant l'existence d'une zone 
d’expression périnucléaire. En ce qui concerne les gènes d'ARNr, nous avons observé que les 
membres actifs et réprimés, bien que dispersés dans différents chromosomes, sont localisés 
dans le même compartiment, le nucléole. Ce compartiment est placé dans la périphérie du noyau 
et est exclu des ‘clusters’ de télomères. 

Les résultats de cette thèse ont montré plusieurs protéines associées à différentes 
compartiments périnucléaires. De plus, nous avons montré que le compartimentage du noyau est 
associé à la répression et à la transcription de différentes familles de gènes, ce qui démontre 
l'importance de l'organisation nucléaire dans la régulation des gènes chez P. falciparum.
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RESUMO 

 

Nesta tese, investigamos vários aspectos fundamentais da biologia nuclear e dos 
telómeros associados à regulação de genes no parasita agente da malária, P. falciparum. Os 
telómeros deste parasita têm a capacidade de recrutar proteínas que facilitam a propagação da 
heterocromatina em regiões subteloméricas, contribuindo para a repressão de famílias 
multigénicas subteloméricas implicadas na virulência do parasita. Identificamos e caracterizamos 
duas proteínas teloméricas, PfOrc1 (P. falciparum origin-recognition-complex 1) e PfHP1 (P. 
falciparum Heterochromatin Protein 1), que poderão actuar juntamente com PfSir2 (P. falciparum 
Silent information regulator 2) na formação de heterocromatina telomérica e repressão de genes. 
A proteína PfOrc1, conservada entre os eucariotas e implicada na replicação do DNA, encontra-
se associada à cromatina telomérica e subtelomérica. No núcleo, PfOrc1 colocaliza-se com 
PfSir2 no nucléolo e nos agregados teloméricos em parasitas jovens, e distribuísse no 
citoplasma e no nucleoplasma antes da replicação do DNA.  

A proteína PfHP1, a primeira a ser identificada em P. falciparum capaz de reconhecer 
histonas modificadas, liga-se principalmente à chromatina subtelomérica e está associada com 
PfSir2 em alguns agregados teloméricos, mas não no nucléolo. Esta proteína liga-se 
especificamente à lisina 9 trimetilada da histona H3 (H3K9me3). No genoma deste parasita, 
H3K9me3 está restrita a regiões teloméricas e subteloméricas, assim como regiões internas dos 
cromossomas que contenham famílias multigénicas semelhantes às que se que encontram em 
regiões subteloméricas. Todos os genes enriquecidos em H3K9me3 localizam-se 
predominantemente na periferia do núcleo, sugerindo que H3K9me3 desempenha um papel 
primordial na organização dos cromossomas no núcleo em P. falciparum. A H3K9-
metiltransferase de P. falciparum, PfKMT1 (P. falciparum K-Methyltransferase 1) também está 
localizada na região perinuclear, estando possivelmente associada a outras proteínas, tais como 
PfSir2, PfOrc1 e PfHP1, formando um complexo proteico especializado em repressão 
epigenética.  

Investigamos também a importância da posição nuclear na regulação epigenética de duas 
famílias de genes transcritas de maneira diferencial (os genes var e os genes ribossomais). 
Observamos que todos os membros da família var estão localizados na periferia nuclear, 
independentemente da sua localização no cromossoma e do seu estado transcricional. Os genes 
var subteloméricos estão associados aos agregados teloméricos, enquanto que os genes var 
situados em regiões internas dos cromossomas podem associar-se aos agregados teloméricos 
ou outro tipo agregados. Uma vez activado, o único gene var  (seja ele subtelomérico ou interno) 
encontra-se dissociado dos agregados teloméricos, o que sugere a existência de uma zona 
especifica para a transcrição. Em relação aos genes ribossomais, observamos que os membros 
activos e reprimidos, embora dispersos em cromossomas distintos, estão localizados no mesmo 
compartimento, o nucléolo. Este compartimento encontra-se na periferia do núcleo, excluído dos 
agregados teloméricos. 

Os resultados desta tese mostram que na periferia nuclear existem vários compartimentos, 
constituídos por diferentes proteínas. Além disso, mostramos que repressão e transcrição de 
distintas famílias multigénicas está associada à compartimentação do  núcleo, o que demonstra 
a importância da arquitectura nuclear na regulação genética em P. falciparum. 
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INTRODUCTION 

 

 

 

 
The malaria parasite 
 

The term malaria designates an infectious disease produced by protozoan parasites of the 

genus Plasmodium, phylum Apicomplexa. Four species of plasmodia are infectious to humans: P. 

falciparum, P. vivax, P. malariae and P. ovale, although only P. falciparum is responsible for 

fatal disease. Malaria parasites have a complex life cycle, which includes differentiation through 

several morphologically distinct forms with sexual and asexual replication (Figure 1). Although 

all four species infectious to the man have a similar life cycle, differences in the duration of the 

life cycle and in biochemistry are crucial in the pathogenicity of each [reviewed in (Fujioka and 

Aikawa, 1999)].  

Infection of the human host begins with the bite of an infected female Anopheles mosquito 

that inoculates individual sporozoites. These mobile forms reach the liver and start the 

exoerythrocytic schizogony. Within the hepatocytes each sporozoite undergoes asexual 

replication, given rise to tens thousands of haploid merozoites, which enter the blood circulation 

to invade red blood cells (RBC). After invasion the parasite enlarges its cytoplasm progressively 

as it develops from a ring-form into a trophozoite. A small proportion of these trophozoites 

differentiate into micro- or macrogametocytes, the precursors of male and female gametes, 

respectively. This process is known as gametocytogenesis or gametogony. Mature gametocytes 

are taken into the mosquito and differentiate into gametes. These gametes fuse and form a diploid 

zygote, which transforms into ookinete that traverses the epithelial cell of the midgut, and 

develops into an oocyst. Sporogony within the oocyst produces more than ten thousands 

sporozoites. The oocyst bursts and sporozoites migrate to the salivary glands for onward 

transmission into another host.  
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Figure 1. The life cycle of P. falciparum and the approaches that are currently in use or in development for malaria 
treatment and control. Reduce malaria transmission will require combination of three strategies: drug treatment, 
vaccination and vector control. In the figure, strategies currently used are indicated in black, in advanced clinical 
studies are in blue and beginning clinical studies or under research are in red.  
The currently used antimalarials stem from five drug classes: quinoline derivates (interfere with haemoglobin 
degradation), antifolates (reduce the folate cofactors essential for nucleotide biosynthesis and amino-acid metabolism), 
antibiotics (inhibit “prokaryote-like” protein biosynthesis in the apicoplast), artemisinins (seem to inhibit parasite 
growth though inhibition of PfATP6) and inhibitors of mitochondria electron transport (atovaquone). From the drugs 
that are in or about to enter clinical development only three compounds have novel mechanisms of action: 
fosmidomycin (inhibits isoprenoid biosynthesis), T3 (inhibits phospholipid biosynthesis) and pafuramidine (not exactly 
known) (Ridley, 2002, 2003; Schlitzer, 2008).  
There are different vaccine strategies against malaria: reduce sporozoite invasion (CSP, TRAP, LSA), prevent high 
parasitemia (AMA1, MSP1, MSP3), block sequestration (var2CSA, PfEMP1), destruction of infected hepatocytes 
(GAS) and reduce transmission rate (Pfs25, Pfs28) (Greenwood et al., 2008; Matuschewski and Mueller, 2007; Todryk 
and Hill, 2007; Waters et al., 2005). In the figure, the vaccine target antigens are in brackets, except for those that are 
under research. 
RAS, radiation attenuated sporozoites; GAS, genetically attenuated sporozoites; CSP, circumsporozoite protein; AS02, 
vaccine adjuvant; FP, fowlpox; MVA, modified vaccina virus Ankara; ME-TRAP, multi-epitope thrombospondin-
related adhesive protein; Sad, Simian adenovirus; LSA, liver stage antigen; AdHu35, human adenovirus serotype 35; 
MSP, merozoite surface protein; AMA, apical membrane antigen; GLURP, glutamate-rich protein; PfEMP1, P. 
falciparum erythrocyte membrane protein; var2CSA, variant surface antigen 2, chondroitin sulphate A-binding; 
Pfs25/28, ookinete surface proteins; DDT, dichloro-diphenyl-trichloroethane; GMM, genetically modified mosquitoes 
(Christophides, 2005). Life cycle modified from ref. (Wirth, 2002). 
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The majority of trophozoites, however, enter the erythrocytic schizogony phase. In this 

phase multiple rounds of nuclear division without cytokenesis occur to result in the formation of 

8 to 32 of haploid merozoites, which are released in the bloodstream and invade new RBC. In P. 

falciparum, P. vivax and P. ovale this asexual blood stage cycle takes 48 hours, whereas in P. 

malariae it takes 72 hours. In contrast to the preceding asymptomatic infection of liver cells, the 

ongoing re-infection of RBC by merozoites is responsible for the characteristic clinical 

manifestations of the disease, such as fever, shivering, cough, headache and vomiting, that occur 

at regular intervals. Infection with P. falciparum can result in additional severe clinical 

symptoms. In contrast to the other three species, P. falciparum adheres to endothelium receptors 

of brain capillaries, sometimes causing coma and death. P. falciparum also sequesters in the 

placenta and is associated to severe outcomes for the mother and the baby, such as premature 

delivery, low birth weight and increased newborn mortality. According to the World Health 

Organization (WHO), each year a million or more people die from malaria, mostly children under 

5 years of age, living in the tropical areas of Africa, Asia and Latin America.  

 

 

 

Current malaria control strategies 
 

At the present the tools available to control malaria do not differ much from those used in 

1950: an insecticide and classical chemotherapy. At that time, DDT (dichloro-diphenyl-

trichloroethane) was successfully used as insecticide, but only until 1970 when resistant-

mosquitoes emerged; now we dispose of spray applications and bed nets treated with pyrethroid 

compounds (which target the same voltage-gated sodium channel as the DDT). For treatment and 

prevention, earlier it was used chloroquine (a synthetic derivate from quinine, a compound 

isolated from cinchona bark in 1820) and nowadays WHO recommends artemisinin (a derivate 

from the Artemisia annua found in 1972) in combination with another antimalarial drug. 

Resistance to antimalarials has been documented for P. falciparum, P. vivax and P. malariae. In 

P. falciparum, resistance has been observed for almost all antimalarials available (amodiaquine, 

chloroquine, mefloquine, quinine and sulfadoxine/pyrimethamine) except for artemisinin and its 

derivatives. Artemisinin compounds act rapidly killing all blood stages of all four species of 

human malaria parasites, including gametocytes and therefore decreasing malaria transmission 

(WHO, 2006, 2008). Although stable resistance to artemisinin has not yet been reported from 
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field studies, increasing concentrations of artemisinin produced resistant P. chaubaudi (rodent 

malaria model) parasites (Afonso et al., 2006). 

The vulnerability to the emergence of resistance to artemisinin and pyrethroid insecticides 

together with the lack of alternatives casts a shadow over malaria control. The main hope for 

changing this situation of ever-emerging parasite resistance to newly introduced drugs, would be 

an effective malaria vaccine. To date there are no clinically approved malaria vaccines available 

but there are a number in development and testing [reviewed in (Greenwood et al., 2008; 

Matuschewski and Mueller, 2007; Todryk and Hill, 2007)]. The vaccine that is most advanced in 

development is the RTS,S/AS02, it is currently being evaluated in trials in Mozambique and 

Gambia, but it appears to be less than 50% effective in preventing infection, although it might 

reduce the clinical severity of malaria (Alonso et al., 2004; Bojang et al., 2001; Sacarlal et al., 

2008). 

Discovering and development of new drugs, vaccines, and insecticides, as well as 

improved diagnostics and surveillance methods, are thus important challenges facing malaria 

control today. Each of the developmental stages discussed above represents a potential target at 

which the life cycle can be interrupted. The different targets and approaches in recent or current 

development, for parasite and vector control, are summarized on Figure 1.  

 The recent large-scale projects of parasite genome sequencing (Gardner et al., 2002), 

proteome and transcriptome analysis (Bozdech et al., 2003; Khan et al., 2005; Le Roch et al., 

2004; Le Roch et al., 2003; Young et al., 2005), and the development of improved tools for 

functional genomics (Ekland and Fidock, 2007) might help to elucidate the molecular 

mechanisms that underpins parasite biology and its interactions with both host and vector. A 

detailed understanding of the specific mechanisms of transcriptional and translational control in 

the malaria parasite is also important and might reveal novel therapeutic targets and strategies. 
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P. falciparum genome organization 
 
 The P. falciparum comprises a nuclear genome of 22.8 Mb and two non-nuclear genomes: a 

compact mitochondrial genome of 6 kb and a plastid-like 35 kb circular genome, that resides in 

the apicoplast – an organelle that is unique to the Apicomplexan parasites. The haploid nuclear 

genome is organized in 14 linear chromosomes, varying from 0.64 to 3.3 Mb in size, and harbors 

~5,300 protein-encoding genes. Of these predicted genes, only 40% could be assigned functions 

by comparison with other genomes (Gardner et al., 2002). P. falciparum nuclear genome is 

unusually AT-rich (~80%), however the genome distribution is not uniform, AT-content in 

coding regions is 60-70% whereas in introns and intergenic regions it rises to ~90% (Gardner et 

al., 2002). 

 P. falciparum chromosomes are composed of an internal region, in which housekeeping 

genes are located, and a chromosome end, displaying a higher order DNA organization. 

Chromosome ends consist of distinct structural regions: the telomere and a polymorphic 

subtelomeric region. The telomeres are composed of degenerate G-rich heptamer repeats, in 

which 5’-GGGTT(T/C)A-3’ is the most frequent. Telomeric repeats are followed by a mosaic of 

six different telomere associated repetitive elements (TAREs 1-6), which are always found in the 

same order but are variable in length (15-30 kb) (Figueiredo et al., 2000). Adjacent to the non-

coding TAREs are members of multi-gene families that are involved in immune evasion and 

cytoadhesion (var genes) and putative variant antigens (rif and stevor genes). All chromosomes 

contain one or more members of these multi-gene families, but the composition and the order 

may vary (Gardner et al., 2002). 

P. falciparum putative centromeres were initially identified by sequence analysis as 

extremely AT-rich (~97%) elements of 2.3-2.5 kb (Bowman et al., 1999; Gardner et al., 2002). 

These regions are tandem repeated sequences unique to each chromosome. Experimental 

confirmation on the location and nature of centromeric DNA was obtained only recently (Kelly et 

al., 2006). Importantly, conserved features of centromeres as well as conventional centromeric 

proteins described in other organisms are apparently absent in malaria parasites. This indicates 

that P. falciparum centromeric DNA might be functionally distinct of general centomeres. 

Interestingly, like most eukaryotic cells, Plasmodium centromeres produce non-coding RNAs, 

however their function remains unknown (Li et al., 2008). 
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P. falciparum gene regulation 
 

In eukaryotic cells, regulation of gene expression involves a number of different levels of 

organization in the nucleus. The most basic level is the linear DNA sequence that contains 

regulatory elements, such as promoters and enhancers, which activate genes depending on the 

presence of transcription factors. The accessibility of transcription factors and RNA polymerases 

depends on the state of chromatin condensation, which in turn is regulated by several epigenetic 

determinants, such as histone modifications and the activity of chromatin remodeling complexes. 

Another level of gene regulation is the spatial organization of factors and sequences within the 

nucleus. Several nuclear components are found compartmentalized in nuclear regions, which are 

distinct in their composition, morphology and abundance. The chromosomes themselves occupy 

discrete territories in the nuclear space, which also has influence in regulation of genes [reviewed 

in (Branco and Pombo, 2007; Dillon, 2006)].  

 

P. falciparum malaria parasite possesses a tight gene expression program during the 

various developmental stages of its life cycle (Ben Mamoun et al., 2001; Bozdech et al., 2003; Le 

Roch et al., 2004; Le Roch et al., 2003). Early studies have shown that several gene families 

appeared to be differentially transcribed in the human host and the mosquito vector (e.g. rRNA 

genes, actin, and α-tubulin) [reviewed in (Horrocks et al., 1998)]. Later, genome-wide 

transcriptional analysis demonstrated that during asexual intraerytrocytic development, genes 

with related function are co-regulated, and are transcribed in a sequential manner, beginning with 

genes involved in protein synthesis, followed by metabolism-related genes, then 

adhesion/invasion genes, and lastly protein kinases (Bozdech et al., 2003; Le Roch et al., 2003). 

However, how the parasite achieves to regulate such coordinated cascade of gene expression 

remains poorly understood. 

 

 

Specific DNA elements and transcription factors 

 Gene structure of P. falciparum is similar to that of other eukaryotes, they are 

monocistronically transcribed, contain 5’ and 3’ untranslated regions, introns and a bipartite 

promoter [reviewed in (Horrocks et al., 1998)]. It has also been described a number of cis-

regulatory elements that are predicted to either activate or repress promoter activity in this 

parasite (Coleman and Duraisingh, 2008; van Noort and Huynen, 2006; Young et al., 2008). 

Although RNA polymerases I, II and III, the TATA-binding protein and some general 
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transcription factors have been characterized in P. falciparum (Callebaut et al., 2005; Coulson et 

al., 2004; Fox et al., 1993; Li et al., 1989; Li et al., 1991; McAndrew et al., 1993), a handful of 

the canonical transcription factors have not yet been found.  

 A recent bioinformatic search for DNA-binding proteins discovered the Apicomplexan AP2 

(ApiAP2) family, which are present not only in Plasmodium spp. but also in other Aplicomplexan 

parasites. These proteins contain the AP2 domains homologous to a family of plant transcription 

factors called AP2/ERF DNA-binding proteins. In P. falciparum, this family is composed of 26 

members that are differentially transcribed during the life cycle (Balaji et al., 2005). More 

recently, experiments have shown that two members of this family are able to recognize unique 

DNA motifs located in upstream regions of distinct set of genes that are coregulated during P. 

falciparum asexual development (De Silva et al., 2008). Although it remains elusive how ApiAP2 

proteins function as transcription regulators, it likely involves protein-protein interactions. 

Interestingly, the yeast two-hybrid Plasmodium screening study (LaCount et al., 2005) suggests 

that ApiAP2 proteins interact with each other and with chromatin-related proteins, thus 

supporting their putative function in transcription regulation. 

 Although it is possible that this parasite may evoke mechanisms of transcriptional control 

drastically different from those used by other eukaryotic organisms, the extreme AT-rich nature 

of parasite genome may explain why multiple studies had initially failed to recover general 

transcription factors or conserved cis-regulatory elements. As pointed by Callebaut et al. (2005), 

the elevated AT-content in coding regions may introduce large changes in both DNA and amino 

acid sequences, which may influence the bioinformatic search. It is likely that many of the 

hypothetical proteins, with no predictable function may actually correspond to ‘hidden’ 

orthologues. Thus, it is expected that future comprehensive analysis using more sensitive search 

methods may reveal new factors contributing to transcription regulation.  

 

 

Chromatin modifications and transcription 

 P. falciparum chromatin, like in the majority of eukaryotes, is organized in fundamental units 

called nucleosomes (Cary et al., 1994). The nucleosome is composed of an octamer of four 

histones (two copies of H2A, H2B, H3 and H4) wrapped by 147 base pairs of DNA and a linker 

histone H1 (Figure 2A). The P. falciparum haploid genome encodes the four canonical core 

histones H3, H4, H2A, and H2B, with exception of the linker histone H1 (Miao et al., 2006; 

Sullivan et al., 2006). 
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 Post-translational histone modifications. The core histones are predominantly globular 

except for their N-terminal tails, which are unstructured. Histone tails and globular domains are 

subject to a number of post-translational modifications (Figure 2A). There are at least eight types 

of histone modifications: acetylation, methylation, phosphorylation, ubiquitylation, sumoylation, 

ADP ribosylation, deimination and proline isomerization. In addition, methylation at lysines or 

aginines may be one of three different forms: mono-, di- or trimethyl for lysines and mono- or di- 

(asymmetric or symmetric) for arginines. The information stored in this way is considered 

epigenetic since it is not encoded in the DNA but is still inherited to daughter cells [reviewed in 

(Kouzarides, 2007)].  

 Some of these modifications have been recently reported to occur in Plasmodium histones. 

They have been detected either by specific antibodies or by mass spectrometry and include: 

acetylation of histone H3 lysine (K) residues (K9, K14, K18, K27) (Cui et al., 2007; Fan et al., 

2004; Lopez-Rubio et al., 2007a; Miao et al., 2006) and histone H4 lysines (K5, K8, K12, K16) 

(Freitas-Junior et al., 2005; Miao et al., 2006); methylation of histone H3 lysines (K4, K9, K36) 

(Chookajorn et al., 2007; Cui et al., 2008a; Lopez-Rubio et al., 2007a) and H4 lysines (K20) (Cui 

et al., 2008a; Sautel et al., 2007); and sumoylation of histone H4 (Issar et al., 2008). 

 

  

 

 
 

 

 

 

 

 

 

 
 
 
 
Figure 2. A. Schematic representation of the nucleosome structure containing two copies of each histone protein (H2A, 
H2B, H3 and H4). The DNA that wraps around the octameric disc is shown as a black line. The amino acids on the N-
terminal tail of histone H3 and histone H4 are subject to modifications, such as acetylation (ac, blue squares) and 
methylation (me, red and green circles). Acetylation is linked to active transcription, whereas methylation is associated 
to activation (green) or repression (red) depending of the residue that is modified. These modifications are specifically 
recognized by effector proteins (grey oval shapes) via specific domains (bromo, chromo, Tudor, PHD, etc). Although 
only modifications on lysines (K) are shown, other modifications can occur in distinct residues. Figure adapted from 
ref. (Kouzarides, 2007). B. Histone modifications help the partition of chromatin into distinct reversible states: the 
heterochromatin (closed conformation that is inaccessible for transcription) and euchromatin (open conformation that is 
accessible for transcription). 
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Histone modifying enzymes. In model organisms, such Drosophila and yeast, most of these 

histone modifications are dynamic, as there are specific enzymes that deposit and enzymes that 

remove modifications. Malaria parasites apparently have conserved several orthologues to these 

eukaryotic histone-modifying enzymes (Table 1). So far, it has been identified and characterized 

one Plasmodial histone acetyltransferase (HAT; PfGCN5) (Cui et al., 2007; Fan et al., 2004) and 

four histone deacetylases (HDAC; PfHDAC1 – Rpd3 homologue, PfHDAC2, PfHDAC3 and 

PfSir2) (Andrews et al., 2008; Duraisingh et al., 2005; Freitas-Junior et al., 2005; Joshi et al., 

1999; Merrick and Duraisingh, 2007). More recently, bioinformatics analysis has detected nine 

genes encoding histone lysine methyltransferases (KMTs; PfSet 1-9) and two genes encoding 

histone lysine demethylases (KDMs; PfJmjC1 and PfJmjC2) (Cui et al., 2008a).  

 

 Function of histone modifications. The mechanisms underlying the histone modification 

function include a direct effect on the stability of nucleosomal arrays and/or the creation of 

docking sites for the binding of regulatory proteins. It is known that modifications of histone 

acetylation and phosphorylation change the overall charge of chromatin structure. Acetylation 

neutralizes positive charges on DNA and phosphorylation adds a negative charge (Turner, 2000). 

These changes can disrupt the intern-nucleosomal contacts leading to decondensation of the 

chromatin fiber. Indeed, recent in vitro experiments demonstrated that a single modification 

(H4K16 acetylation) was sufficient to inhibit the formation of the 30 nm chromatin fiber 

(Shogren-Knaak et al., 2006). 

 The proteins recruited to modifications typically possess chromatin-remodeling activity (e.g. 

remodeling ATPases) and bind via specific domains. For example, methylation is recognized by 

PHD, tudor and chromo domains, and acetylation is recognized by bromodomains. Examples of 

proteins containing this type of domains are represented on Figure 2A. Although bioinformatics 

survey of Plasmodium spp. genomes revealed a number of peptide binding domains (Iyer et al., 

2008; Templeton et al., 2004), the function of the proteins containing the domains has not yet 

been determined. It is noteworthy that the architecture of some domains vary considerably from 

other eukaryotes, indicating that the outcome of effector proteins might be different in this 

protozoan parasite (Iyer et al., 2008). 

One functional consequence of histone modifications is the compartmentalization of the 

genome into distinct chromatin domains, such as euchromatin (where DNA is kept accessible for 

transcription) and heterochromatin (where chromatin is more condensed and less accessible for 

transcription) (Figure 2B). Actively transcribed euchromatin is associated with acetylation and 

methylation of H3K4 and H3K36. By contrast, silent heterochromatin is characterized by 
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hypoacetylation and methylation H3K9, H3K27 and H4K20. Apart from establishing global 

chromatin environments, histone modifications are involved in orchestration of DNA-based 

processes, such as gene transcription, DNA repair, DNA replication or chromosome condensation 

[reviewed in (Kouzarides, 2007)]. 

 

Histone modifications and chromatin remodeling during transcription. Regarding gene 

transcription, modifications of histones together with chromatin remodeling complexes are 

fundamental to open up the chromatin locally to enable access of transcription factors and RNA 

polymerases to the DNA. Distinctive histone modifications are associated with initiation and 

elongation steps of transcription. Moreover, the same modification may produce different effects 

on transcription, depending on timing and position in the gene (upstream region, the 5’-end or 3’-

end of coding region). Transcription of genes also involves histone loss or replacement, by 

histone chaperones and ATP-dependent chromatin remodelers. This is necessary to enable access 

of transcription machinery in the promoter region and passage of the RNA polymerases within 

the transcription units [reviewed in (Li et al., 2007; Williams and Tyler, 2007)]. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Table 1. Examples of histone modifications present in P. falciparum with their respective putative histone 
methyltranferases (Cui et al., 2008a) and acetyltransferases (Fan et al., 2004). The orthologues enzymes in other 
organisms and the domains that recognize distinct histone marks are indicated. Table adapted from refs. (Allis et al., 
2007; Li et al., 2007). Notice that a new nomenclature has been proposed by Allis et al. (2007). For example, PfSet3 
should now be called PfKMT1, and PfSet1 is now PfKMT2. 
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In general, following the stimulus for activation, the promoter region is characterized by the 

presence of HATs and chromatin remodelers, and consequently accumulation of acetylated 

histones H3 and H4 and removal of nucleosomes. The beginning of the coding region displays the 

initiated form of Pol II (phosphorylated at serine 5 of its C-terminal) associated to KMT2 (Set1), 

which results in accumulation of H3K4 methylation. Within the coding region, there is the serine 

2 phosphorylated elongating form of Pol II coupled to KMT3 (Set2), which methylates H3K36. 

Notably, H3K36me serves as the binding site for EAF3 protein (via chromodomain) that recruits 

a histone deacetylase complex (Rpd3), which in turn removes any acetylation behind the 

polymerase. This together with the rapid reassembly of the chromatin after polymerase passage 

resets chromatin into its stable state and prevents internal initiation at cryptic transcription start 

sites [reviewed in (Li et al., 2007; Mellor, 2006)].   

By contrast, inactive promoters of model organisms present high nucleosome density and 

distinct modified histones: di- and trimethylation at H3K9 (H3K9me2/3), H3K27me2/3 and 

H4K20me3, and sumoylation of all four core histones [reviewed in (Li et al., 2007)]. H3K27me 

and H4K20me have been mapped in repressed genes, but their function remains vague. 

Repression by H3K9me invokes the recruitment of heterochromatin protein HP1 (via 

chromodomain) and KMTs. Importantly, recent studies have documented the presence of 

H3K9me2/3 and HP1 at the transcribed regions of mammalian genes (Barski et al., 2007; 

Squazzo et al., 2006; Vakoc et al., 2005). Similarly, H4K20me1 has been identified as another 

mark of transcription elongation (Barski et al., 2007; Vakoc et al., 2006). The function of 

H3K9me2/3 and H4K20me1 in transcribed regions is not clear, however it has been proposed that 

they might work like H3K36m3 in prevention of inappropriate transcription initiation and thus 

contributing to genomic integrity. 

The current understanding of histone modifications in Plasmodium transcriptional control 

remains poor. So far, chromatin immunoprecipitation (ChIP) experiments have demonstrated that 

Plasmodium active promoters show colocalization of H3K9 acetylation and PfGNC5 HAT (Cui 

et al., 2008b; Cui et al., 2007; Komaki-Yasuda et al., 2008), whereas inactive promoters display 

H3K9 methylation (Chookajorn et al., 2007; Cui et al., 2007; Lopez-Rubio et al., 2007a). Some 

silent var gene promoters also present a HDAC, PfSir2 (Freitas-Junior et al., 2005). H3K9ac, 

H3K4me2 and H3K4me3 have also been found at 5’end coding region and H3K9me3 at 3’end 

coding region of actively transcribed var genes (Lopez-Rubio et al., 2007a). Like in higher 

eukaryotes (Vakoc et al., 2006; Wang et al., 2008), mutually exclusive acetylation and 

methylation of lysine H3K9 has been detected in P. falciparum (Lopez-Rubio et al., 2007a). In 

analogy to other organisms, it is very likely that these Plasmodium histone modifications can 
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cross-talk and that a combinatorial pattern of modifications can determine the chromatin status 

(Latham and Dent, 2007; Wang et al., 2008). 

Regarding chromatin assembly and remodeling, a number of chromatin-remodeling 

SNF2/SWI2 ATPases orthologs have been identified in Plasmodium spp. genomes (Ji and Arnot, 

1997; Templeton et al., 2004), but not yet investigated in detail. Plasmodium spp. also encodes 

members of high-mobility-group B (HMGB) family. HMGB proteins bind DNA in a 

nonsequence-specific manner and bend it. This activity has been demonstrated in vitro for two of 

the four members in P. falciparum (Briquet et al., 2006). Two nucleosome assembly proteins 

have also been recently identified and characterized in P. falciparum parasites, PfNapS and 

PfNapL (Chandra et al., 2005; Navadgi et al., 2006). 

Interestingly, most of the Plasmodium chromatin related proteins, described above, show 

differential expression in asexual and sexual stages of the parasite life cycle. This implies that 

individual members might function in a stage-specific manner and thus contributing to the tightly 

coordinated expression system in this parasite. 

While a remarkable number of chromatin modifiers have been identified in this protozoan 

parasite, the mechanisms by which the chromatin events are orchestrated remains to be 

established. Also, it is not yet known how these chromatin factors are recruited to specific 

genomic loci. Taken the knowledge from other organisms, it has been proposed that targeting of 

silent loci may rely on not yet identified DNA-binding proteins and/or noncoding RNAs (Hakimi 

and Deitsch, 2007). 

 

 DNA methylation and transcription regulation. Another type of chromatin modification that 

also controls gene expression epigenetically (i.e. without changes in DNA sequence) is the 

methylation of DNA cytosine. DNA methylation at promoter regions correlates with gene 

repression, whereas unmethylated promoters are associated to gene activation [reviewed in 

(Suzuki and Bird, 2008)]. In Plasmodium spp. genomes, homologues for DNA methyltransferases 

enzymes and methyl DNA binding proteins have not been found, nor the methylated DNA (5-

methyl-2’-deoxycytosine) (Choi et al., 2006). Thus, it appears that epigenetic regulation in this 

parasite depends largely on reversible modifications of histones.  
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Anti-sense RNAs and post-transcriptional regulation 

 Several studies have reported the presence of natural antisense transcripts in P. falciparum 

parasites (Gunasekera et al., 2004; Kyes et al., 2002; Militello et al., 2005; Patankar et al., 2001; 

Ralph et al., 2005a). Typically, antisense RNA transcripts are negative regulatory molecules that 

control transcription, RNA stability and translation. In fact, artificially introduced antisense 

molecules have been able to specifically downregulate a gene in P. falciparum (Gardiner et al., 

2000). Although it is not clear how antisense transcription works in this parasite, it has been 

proposed as a general control mechanism for Plasmodium gene expression. 

 Interestingly, P. falciparum encodes a large number of proteins that modulate mRNA decay 

and translation rates. Given that, some studies have put forward the idea that post-translational 

regulation may be another level of gene regulation in P. falciparum (Coulson et al., 2004; Shock 

et al., 2007). At least in gametocyte stages, that appears to be the case (Mair et al., 2006). 

 

Nuclear organization and telomere position effect 

 Like in most eukaryotes, P. falciparum genomic DNA is non-randomly distributed in the 

nucleus. The chromosome ends in this parasite have been shown to form clusters of four to seven 

telomeres at the nuclear periphery (Freitas-Junior et al., 2000; Marty et al., 2006). This telomere 

pairing/clustering appears to be random and is thought to promote recombination between 

subtelomeric virulence genes located on heterologous chromosomes (Freitas-Junior et al., 2000) 

(Figure 3).  

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Nuclear architecture of P. falciparum chromosome-ends. Chromosome termini (right) are composed of 
telomeres and TAREs (Telomere Associated Repetitive Elements). TAREs 1-5 are closer to the telomeric repeats and 
span 10-15 Kb. TARE6, which was originally described as rep20, is a large array of variable copies of a 21 bp repeat 
(6-23 kb) and is a common marker for mapping studies. The subtelomeric coding region contains members of several 
multi-gene families (var, rifin, stevor, Pf60…) important for parasite virulence. FISH analysis of TARE6 (left) showing 
that the chromosome ends form clusters (yellow) in the parasite nucleus (blue), during asexual (throphozoites, T) and 
sexual (gametocytes, G) blood stages. Schematic model of telomeric cluster (right) illustrating the physical alignment 
of heterologous subtelomeric regions, in which increased rates of recombination occur. Figure adapted from ref. 
(Scherf et al., 2001). 
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Interestingly, analysis of truncated chromosomes demonstrated that subtelomeric sequences, 

namely the TARE6 element, are crucial to telomere cluster formation but are not involved in 

nuclear peripheral tethering (Figueiredo et al., 2002; O'Donnell et al., 2002). Furthermore, 

chromosome-painting studies revealed that a pair of subtelomeric probes distant of 60-80 kb 

colocalize in the same spot in the nucleus, whereas two internal probes equally distant, are clearly 

seen as two distinct signals. Thus, indicating that telomere-proximal regions exist in a more 

condensed form than internal chromosome regions. Consistent with this, electron-dense 

heterochromatin was observed at the periphery of parasite nuclei in ultrathin sections (Freitas-

Junior et al., 2005). 

 Telomeres have the ability to recruit a number of proteins that initiate and/or facilitate 

heterochromatin formation into the adjacent subtelomeric regions. In yeast, as in higher 

eukaryotes such humans, genes positioned near to telomeric repeats are silenced by a 

phenomenon known as telomere position effect (TPE). This form of epigenetic silencing is best 

characterized in budding yeast, and involves mainly Sir proteins (Sir 2-4), although it can be 

influenced by many factors. Multiple rounds of histone deacetylation by Sir2 and binding of Sir 

complex along the nucleosomes lead to heterochromatin spreading and silencing at the proximity 

of telomeres [reviewed in (Mondoux and Zakian, 2006)].  

 In fission yeast and metazoans, however, establishment of telomeric heterochromatin 

requires KMT1 and HP1. KMT1 is involved in methylation of H3K9, which creates binding site 

for HP1/Swi6. This is followed by HP1-mediated recruitment of more KMT1, which in turn 

methylates adjacent nucleosomes, with subsequent binding of additional HP1 molecule. HP1 is 

also able to recruit other chromatin-modifying factors implicated in heterochromatin formation, 

such as HDACs [reviewed in (Blasco, 2007; Grewal and Jia, 2007)]. 

 The finding that P. falciparum chromosomes are functionally compartmentalized into an 

actively transcribed central domain and transcriptionally silent subtelomeric domains (Lanzer et 

al., 1993) is likely the first indication that TPE also operates in this malaria parasite. More 

recently, the P. falciparum homologue to the yeast Sir2 has been identified and characterized. 

Like in budding yeast, PfSir2 binds to telomeres, but the silencing it causes spreads over ~50 kb 

away from the telomere, whereas yeast Sir2-mediated silencing only extends ~3 kb from the 

telomere (Freitas-Junior et al., 2005). Mutant-Sir2 parasites de-repress some but not all 

subtelomeric genes (Duraisingh et al., 2005), indicating that TPE in malaria parasites involves 

additional chromatin factors. 
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var genes: organization and regulation 
 

Much of the success of P. falciparum parasites in establishing persistence infections relies 

on their ability to evade host immune response, through clonal antigenic variation. This process 

involves periodically exchanging variants of the major surface antigen P. falciparum erythrocyte 

membrane protein 1 (PfEMP1). This protein also mediates adherence to host endothelial 

receptors, resulting in sequestration of parasitized red blood cells in the brain and other tissues, 

including placenta [reviewed in (Scherf et al., 2008a)]. PfEMP1 is encoded by members of the 

large var gene family (Baruch et al., 1995; Smith et al., 1995; Su et al., 1995), of which only one 

is transcribed in each parasite, a process known as monoallelic expression (Scherf et al., 1998).  

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 4. Organization of the var genes (vertical red bars) in the 14 chromosomes of P. falciparum. The var gene 
family can be divided in three major groups: A (10 genes), B (22 genes) and C (13 genes). Groups A and B are located 
on subtelomeric regions, adjacent to subtelomeric repeats (example of a chromosome end organization in the red box). 
Genes from group A are transcribed towards the telomere, whereas from group B are transcribed towards the 
centromere. Group C corresponds to genes located on in internal chromosomal regions and are found singly or in 
groups of 3 to 7 genes (example of an internal var group in the grey box). The var genes have a two-exon structure: the 
exon1 (4-9 kb) encodes the variable portion of PfEMP1, which mediates cytoadhesion; the exon2 (~1.5 kb) is more 
conserved and codes for an intracellular region of PfEMP1. Centromeres are shown as white circles. Red bars above 
the line correspond to sense and under the line to antisense. 
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Distinct P. falciparum strain isolates present a var gene repertoire variable in both 

sequence and number of genes (3D7, 61 genes; HB3, 54 genes; IT4, 48 genes) (Kraemer et al., 

2007). Members of var gene family can be grouped on the basis of chromosomal location and 

sequence similarity. var genes can be found on either subtelomeric (60%) or chromosomal 

internal regions (Figure 4). Alignments of var upstream sequences revealed three classes (upsA, 

upsB and upsC) (Gardner et al., 2002). Subsequent analysis of coding and non-coding sequences 

demonstrated that 3D7 var genes are organized in three major groups (A, B and C), two 

intermediate groups (B/A and B/C) and three unique genes (var1, var2 and var3) (Figure 4). 

Groups A, B and C are flanked by upsA, upsB and upsC sequences, respectively (for more details 

see Table 2). Group B/A and group B/C appear to represent transitions between the three groups 

(Kraemer et al., 2007; Lavstsen et al., 2003). 

The var genes are transcribed during ring asexual stages (Kyes et al., 2000), by an alpha-

amanitin-sensitive polymerase, most likely Pol II (Kyes et al., 2007a; Schieck et al., 2007). 

Specific var gene expression is activated in situ (Scherf et al., 1998) and is controlled at the level 

of transcription initiation (Kyes et al., 2007a; Schieck et al., 2007) by epigenetic mechanisms. 

Recent evidence suggests that activation and silencing of var genes involves chromatin 

modifications (Chookajorn et al., 2007; Duraisingh et al., 2005; Freitas-Junior et al., 2005; 

Lopez-Rubio et al., 2007a) and perinuclear locus repositioning (Duraisingh et al., 2005; Mok et 

al., 2008; Ralph et al., 2005b; Voss et al., 2006). Furthermore, var gene upstream sequences 

apparently contain elements that nucleate transcriptional silencing and activation, and 

maintenance of allelic exclusion (Dzikowski et al., 2006; Voss et al., 2006; Voss et al., 2007). 

Another DNA sequence element possibly implicated in silencing is the intron, which has 

promoter activity and also appears to play a role in the monoallelic expression mechanism 

(Deitsch et al., 2001; Frank et al., 2006; Voss et al., 2006). There are also evidences that 

transcriptional regulation of different groups might occur through distinct processes [reviewed in 

(Kyes et al., 2007b; Scherf et al., 2008a)]. The distinct genetic and epigenetic elements regulators 

of each var group are summarized on Table 2. 

With regard to the organization of var genes in the parasite nucleus, several studies using 

fluorescence hybridization analysis of single var genes demonstrated that the different var groups 

reside at the nuclear periphery, regardless of chromosomal location or transcriptional status 

(Duraisingh et al., 2005; Marty et al., 2006; Mok et al., 2008; Ralph et al., 2005b; Voss et al., 

2006). It has also been assumed that the var gene transcription occurs in a euchromatic 

subdomain in the heterochromatic nuclear periphery.  However, there are conflicting conclusions 

concerning the association of the active var member with the chromosome end clusters (Table 2). 
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Like in yeast, P. falciparum telomeric clusters have been described as silent nuclear 

compartments, as they are enriched in the histone deacetylase PfSir2 (Freitas-Junior et al., 2005). 

By using parasite populations expressing a single var gene, it was shown that upon activation the 

var gene moves away from the silent telomeric cluster to another position at the nuclear periphery 

(Mok et al., 2008; Ralph et al., 2005b). By contrast, studies using parasites transfected with 

various episomally maintained telomere-homing constructs or drug resistance genes under control 

of a var-specific promoter (Duraisingh et al., 2005; Marty et al., 2006; Voss et al., 2006) 

demonstrated that active var promoters can associate with telomeric structures. 

Intranuclear repositioning may help to control mutually exclusive transcription and 

switching of var genes, in a similar manner as it has been demonstrated for the vsg genes in the 

African trypanosomes (Navarro and Gull, 2001). However, the mechanism and the factors that 

promote reorganization or the movement of these genes in the nucleus remain elusive. 

 

 
Table 2. var genes organization and regulation. The var1 group (var1CSA) was not included because its expression 
appears to fall outside the pattern of mutually exclusive var gene regulation (Kyes et al., 2003). The var 2 group 
corresponds to the var2CSA gene. The numbers correspond to the following references: 1, (Voss et al., 2007); 2, (Voss 
et al., 2006); 3, (Duraisingh et al., 2005); 4, (Freitas-Junior et al., 2005); 5, (Lopez-Rubio et al., 2007a); 6, (Chookajorn 
et al., 2007); 7, (Ralph et al., 2005b); 8, (Mok et al., 2008); 9, (Marty et al., 2006). For the Sir2-mediated repression 
only upregulated genes with ≥4 fold increase were considered. Ups, upstream; ATS, acidic terminal segment (ATS or 
exon2). Table adapted from refs. (Lavstsen et al., 2003; Scherf et al., 2008b). 
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rRNA genes: organization and regulation 
 

Ribosomal RNA (rRNA) is the predominant product of transcription, constituting 80-90% 

of the total mass of cellular RNA in both eukaryotes and prokaryotes. The number of rRNA genes 

varies from seven in Escherichia coli, 100-200 in lower eukaryotes, to several hundreds in higher 

eukaryotes. In eukaryotic cells, the multiple identical copies of rRNA form tandem repeated 

clusters, whereas in bacteria, the rRNA gene pairs are dispersed [reviewed in (Lewin, 2000)].    

In P. falciparum parasites the rDNA unit has a typical eukaryotic organization, comprised 

of 18S, 5.8S and 28S genes (Figure 5), but the family itself is the most unusual among the 

eukaryotic rDNA families. P. falciparum rRNA genes are not organized in tandem arrays, instead 

they are spread out on different chromosomes (Langsley et al., 1983; Wellems et al., 1987) 

(Figure 5).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Right. P. falciparum rDNA unit consists of a ~9kb transcribed region coding for a 45S rRNA precursor. The 
first nucleotide (+1) of this transcript begins at the 5’ external transcribed spacer (5’ETS) followed by the 18S coding 
region, the internal transcribed spacer 1 (ITS1), the 5.8S coding region, the internal transcribed spacer 2 (ITS2), the 28S 
coding region, and finally the 3’ ETS.  
Left. Organization of rRNA genes in 3D7 in all chromosomes of P. falciparum. Five complete ribosomal units are 
located on chromosomes 1, 5, 7, 11 and 13, and two incomplete units (lacking 18S gene) on chromosome 8. Because 
rRNA genes are different in sequence in the schematics are shown in different colours. rDNA units located on 
chromosomes 5 and 7 are named A1 and A2 genes, respectively. A1 and A2 gene are transcribed in the human host 
during schizogony. The rDNA unit on chromosome 1 is called S1 gene and is transcribed in the human host during 
gametogony. rDNA copies from chromosomes 11 and 13 correspond to the previously described S2 gene that is 
preferentially transcribed in the mosquito stages during sporogony (Fang et al., 2004). Representation of the genes is 
not scale. White circles correspond to centromeres. 
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The number of P. falciparum rDNA copies is very low, it varies from five to eight, 

depending on the parasite strain [reviewed in (Mercereau-Puijalon et al., 2002)]. In the 3D7 

strain, the malaria genome project identified five complete ribosomal units each located on 

separated chromosomes 1, 5, 7, 11 and 13, and two incomplete units (lacking 18S gene) 

symmetrically arranged at each end of chromosome 8 (Gardner et al., 2002) (Figure 5). 

Interestingly, with the exception of the rDNA unit on chromosome 7, all the other rDNAs are 

positioned in subtelomeric regions. 

Moreover, P. falciparum individual rDNA units are not identical in sequence (Langsley et 

al., 1983). The genome sequence (Gardner et al., 2002) revealed an exception on chromosomes 

11 and 13. It is possible these two fully identical rDNA units derived from a gene duplication 

event, given their location on subtelomeric regions, which are regions prone to DNA material 

exchange. Regarding the other rDNA units, the highest sequence heterogeneity is found in the 

sequences that either flank or separate the 18S, 5.8S and 28S genes (ETS and ITS sequences, 

Figure 5); but there are also some particular differences in the 18S and 28S sequences.  

Another remarkable feature of rRNA genes in Plasmodium spp. is the developmental 

regulation of stage-specific transcription. This pattern of rRNA gene transcription was initially 

discovered in the rodent parasite, P. berghei. It was demonstrated that asexual blood stages 

transcribed one type of genes (termed A-type, from Asexual), whereas in the mosquito stages 

transcripts from a second type of genes (termed S-type, from Sexual) were the predominant 

rRNAs (Gunderson et al., 1987). A similar pattern of rRNA transcription was then confirmed for 

P. falciparum and P. vivax (Li et al., 1994; McCutchan et al., 1988; Waters et al., 1989).  

In P. falciparum, A-type rRNA genes, include A1 and A2 genes (chromosomes 7 and 5, 

respectively) and are transcribed during blood stages, in the human host. In gametocyte stages, 

the dominant transcripts are from the S1 gene (chromosome 1). Lastly, S2 type genes 

(chromosomes 11 and 13) are transcribed mostly in the mosquito host (oocysts and sporozoites) 

(Fang and McCutchan, 2002; Fang et al., 2004) (Figure 5). It is not known whether the rRNA 

genes located on chromosome 8 are transcribed. Hence, only one or two rRNA genes are 

activated at any one time in this parasite.  

Transcription of the complete rRNA gene units of eukaryotes occurs in a dedicated nuclear 

compartment (the nucleolus) and is performed by Pol I. P. falciparum Pol I large subunit has been 

identified, it has the characteristic domains of a Pol I, but it has also significant amino acid 

insertions and novel motifs (Fox et al., 1993). The initiation sites and the putative rRNA gene 

promoter of the different ribosomal units have been recently mapped in P. falciparum. 

Interestingly, the general structure of the A1 and A2 promoters is very similar to the rRNA gene 
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promoter structure in E. coli (Fang et al., 2004). A GC-rich region of 20 bp was also found just 

preceding the A1 and A2 start transcription site. This GC-rich DNA is characteristic of Pol I 

promoters and is conserved from bacteria to human cells [reviewed in (Lewin, 2000)]. No 

conserved sequences were found upstream the S1 and S2 initiation sites. 

To date, little is known on the mechanism(s) responsible for transcriptional regulation and 

switching rRNA genes ON and OFF in the different developmental stages of P. falciparum life 

cycle. In most organisms rDNA transcription is regulated in response to different stages of the 

cell cycle, nutritional state, and altered environmental conditions. Likewise, recent studies have 

demonstrated that changes in temperature and glucose concentration can influence rRNA 

transcription pattern in P. falciparum parasites (Fang and McCutchan, 2002; Fang et al., 2004). In 

fact, low temperature and glucose starvation appear to have synergistic effects on downregulation 

of A1 and A2 genes and upregulation of S2 genes. These changes are consistent with the 

environmental conditions found by the parasite in the insect host (temperature 26°C and low 

glucose concentrations) and mimic the transmission from the human host to the mosquito. In 

contrast, the rRNA gene transcribed predominantly in gametocytes did not respond to the 

temperature nor glucose changes, indicating that the distinct rRNA types are differently regulated. 

The molecular mechanisms that mediate these transcriptional changes however remain to be 

determined. 

It is also known, from P. berghei, that A and S rRNA types cannot replace one another. 

Apparently, parasites lacking A-types are not viable and for the S-types, at least one gene appears 

to be necessary to complete the cycle in the mosquito (McCutchan et al., 2004; van Spaendonk et 

al., 2001). 
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Aims of this thesis 

 
The finding of the yeast Sir2 homologous in P. falciparum by Freitas-Junior et al. and 

Duraisingh et al. (2005) was an important milestone for the understanding of gene regulation in 

this malaria parasite. PfSir2 histone deacetylase localizes to telomeric clusters and nucleolus of 

parasite nuclei. Furthermore, PfSir2 associates to upstream sequences of silent subtelomeric 

virulence genes, and PfSir2 mutants show up-regulation of those genes. These characteristics of 

PfSir2 raised numerous new questions in the areas of telomere and nuclear biology. It also led to 

the beginning of investigation of the role of chromatin modifications in regulation of gene 

expression in P. falciparum, particularly in regulation of genes involved in antigenic variation. 

 

The major objective of this thesis was to understand the contribution of nuclear and telomere 

biology to gene regulation in P. falciparum. The specific aims were: 

 

- To identify and characterize other telomere-associated proteins involved in 

heterochromatin formation and TPE.  

- To investigate the role of histone modifications on the spatial genome organization. 

- To study nuclear compartmentalization during the blood-stage cycle. 

- To investigate whether the nuclear architecture and spatial relocation of genes participate 

in the regulation of differentially transcribed multigene families. 
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RESULTS 

 
 

 
  

This section contains the results and their respective discussion. It is organized into seven 

sub-chapters (indicated in roman numbers) written in article format. Results I and II represent 

data that have been published and are presented in their published format. Results III, IV and V 

correspond to results that have been submitted to publication. Finally, the Results VI and VII 

describe results that are in preparation to be published. The order of the sub-chapters corresponds 

to the chronological progress of the experimental work, with exception of Results VI and VII. 

 

Results I 
 This sub-chapter contains the first article, which was published in Nucleic Acid Research 

journal (2005). Here, the gene that encodes the Plasmodial catalytic reverse transcriptase 

component of telomerase (PfTERT) has been characterized. In the nucleus of the parasite, this 

molecule localizes in a discrete compartment associated with the nucleolus, hereby defined for 

the first time in P. falciparum. My contribution to this work was the validation of the PfNop1 

antibody as a marker for the P. falciparum nucleolus. 

 

Results II 
 This sub-chapter corresponds to the second article that appeared in Journal of Cell Science 

(2008).  Here, we identified and characterized a novel telomere-associated protein that displays 

homology with the origin-of-recognition-complex 1 protein, PfOrc1. This protein showed a 

differential association to telomeric and subtelomeric domains, and it is also differentially 

localized in the nucleus of the parasite during the blood-stage cycle. In this study, I performed all 

the nuclear imaging analysis.  
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Results III 
 In this work, we identified and characterized the first member of histone modification-

specific recognition proteins in P. falciparum parasites. This protein is an orthologue of the 

heterochromatin protein 1 (PfHP1) and binds specifically to H3K9me2/3. My experimental 

contribution was to study the cellular localization of PfHP1 in blood-stage parasites. 

 

Results IV 
 This sub-chapter describes a screening for the presence of histone methylation modifications 

in P. falciparum, using specific antibodies and determined their spatial nuclear localization. I 

contributed to this work by investigating the localization of H3K79me3 relative to known nuclear 

compartments. 

 

Results V 
 Here, we present a high-resolution genome-wide mapping of histone modifications in 

malaria parasites. H3K9me3 revealed a very unusual pattern, which lead us to perform a 

quantitative large-scale nuclear localization analysis of the genes enriched in this histone mark. In 

this work, I performed all the nuclear localization experiments. 

 

Results VI 
 In this sub-chapter, which corresponds to a manuscript in preparation, we used different 

fluorescent imaging approaches to further characterize the nucleolus in P. falciparum blood-

stages. We also explored the factors that determine nucleolar organization and position. 

 

Results VII 
 Here, we present preliminary data showing that rRNA small multi-gene family is regulated 

epigenetically. We investigated the chromatin modifications pattern associated to active and silent 

rRNA genes and followed their dynamics in response to temperature changes. 
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RESULTS I 
 

 
 

The unusually large Plasmodium telomerase reverse-transcriptase localizes in a 

discrete compartment associated with the nucleolus 
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ABSTRACT

Telomerase replicates chromosome ends, a function
necessary for maintaining genome integrity. We have
identified the gene that encodes the catalytic reverse
transcriptase (RT) component of this enzyme in the
malaria parasite Plasmodium falciparum (PfTERT) as
well as the orthologous genes from two rodent and
one simian malaria species. PfTERT is predicted to
encode a basic protein that contains the major
sequence motifs previously identified in known
telomerase RTs (TERTs). At �2500 amino acids,
PfTERT is three times larger than other characterized
TERTs. We observed remarkable sequence diversity
between TERT proteins of different Plasmodial spe-
cies, with conserved domains alternating with hyper-
variable regions. Immunofluorescence analysis
revealed that PfTERT is expressed in asexual blood
stage parasites that have begun DNA synthesis.
Surprisingly, rather than at telomere clusters,
PfTERTtypically localizes intoadiscretenuclearcom-
partment. We further demonstrate that this compart-
ment is associated with the nucleolus, hereby defined
for the first time in P.falciparum.

INTRODUCTION

Telomeres are nucleoprotein complexes that protect chromo-
some ends from degradation and fusion. In most eukaryotes,

telomeric DNA consists of tandem arrays of short G-rich
repeats that are maintained by telomerase, an RNA-
dependent DNA polymerase. Loss of telomerase activity
leads to a gradual shortening of telomere length, resulting
in growth arrest and eventually senescence (1–3). The core
components of telomerase enzyme consist of a catalytic
protein component, called telomerase reverse transcriptase
(TERT), and an RNA molecule that serves as an internal
template from which repeats are copied to the 30 end of the
telomere G-rich strand. Other proteins have been identified
that associate with telomerase and, some at least, are required
for its action in vivo (4,5).

TERT was first purified from the ciliate Euplotes aediculatus
(1). By sequence homology, other TERTs were subsequently
identified, such as ciliates (6,7) and diplomonads (8), several
yeasts (9–11), plants (12) and animals, including humans
(10,13) and mouse (14). All TERTs contain telomerase-
specific motifs within the N-terminal half of the protein (GQ/
N, CP, QFP and T) and RT-specific motifs in the C-terminal half
(1, 2 and A–E; Figure 1) (1,8,15,16). The RT domain of TERT is
essential for catalytic activity, whereas the N-terminal half is
required for efficient binding of the RNA template, defining the
50 RNA template boundary, multimerization and interactions
with associated proteins [reviewed in (17)].

Telomerase is developmentally regulated in higher euka-
ryotes (18). In a human being, telomerase activity is undetect-
able in most somatic tissues. Interestingly, telomerase activity
is detectable in the germline and in highly proliferative cells of
renewal tissues, such as bone marrow progenitor cells and
intestinal mucosa (19). Telomerase is necessary for the
unlimited proliferation of human somatic cells in vitro (20).
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These observations along with the prevalence of telomerase
expression in human cancers, makes telomerase an attractive
candidate for cancer therapy [reviewed in (21)].

Human malaria is re-emerging as one of the world’s most
lethal infections. In tropical regions of the globe, 300 million
people are infected and of those 1–2 million are killed annually
(WHO, 1998, Malaria, http://www.who.int:inj-fs/en/fact094.
html). It is caused by intracellular protozoa of the genus
Plasmodium, of which Plasmodium falciparum is the most
virulent species. P.falciparum is transmitted from one person
to another by the Anopheles mosquito. After a short hepatic
stage, parasites are released into the bloodstream of the host,
where they infect erythrocytes. Massive proliferation of the
blood stage parasites causes the clinical symptoms [reviewed
in (22)]. Although several anti-malarial drugs exist, resistance
is becoming a major problem, and there is an urgent need for
new therapeutics (23).

The haploid nuclear genome of P.falciparum is �30 Mb in
size and is organized in 14 linear chromosomes [reviewed in
(24)]. The ends of the chromosomes consist of a tandem array
of a degenerate G-rich heptamer, most frequently GGGTT
(T/C)A (25). The mean telomere length is �1.2 kb and is
maintained at a constant size during blood-stage proliferation
(26). Analysis of nuclear architecture reveals that chromosome
ends form clusters of 4–7 telomeres that localize around the
nuclear periphery (27). This arrangement was proposed to
facilitate gene conversion events between the sub-telomeric
regions of heterologous chromosomes. As a result, there is
a continuous sequence diversification among gene families
coding for surface antigens, which promotes the generation
of new antigenic and adhesive phenotypes.

P.falciparum telomeres are partially organized in a non-
nucleosomal structure (26), suggesting that specific proteins
may constitute the telomeric chromatin. In yeast and humans,
numerous proteins have been shown to interact directly or
indirectly with telomeric DNA [for a review see (28)]. In
P.falciparum, several putative homologues of known
telomeric-specific proteins have been identified and are cur-
rently being characterized (29). Telomerase activity has been
detected in semi-purified nuclear extracts of P.falciparum
blood stages (30). Furthermore, it was shown that
P.falciparum telomerase can be used as a substrate oligo-
nucleotide that mimic not only telomeric sequences, but
also chromosome breaks, suggesting that this enzyme contrib-
utes to telomere maintenance and to the de novo telomere
formation necessary to repair broken chromosomes.

Plasmodial telomerase is likely to be necessary to maintain
telomeres at a constant length during the highly replicative
stages of the parasite’s life cycle, such as the bloodstream
stages. We hypothesize that drugs that block telomerase
activity would induce telomere shortening, chromosome

loss and eventually death of the parasite. In the present
work, we report the identification and characterization of a
putative TERT from the human malaria parasite P.falciparum
(PfTERT). We also identified TERT candidate genes from two
murine and one simian Plasmodial species. Using immuno-
localization techniques, PfTERT and telomeres were shown to
localize in different regions of the nucleus. After identifying
the nucleolus as a sub-nuclear compartment in P.falciparum
for the first time, we were able to show that PfTERT generally
localizes within the nucleolar region. The implications of such
spatial segregation are discussed.

MATERIALS AND METHODS

Plasmodium falciparum cultures

Plasmodium falciparum blood stage parasites from the FCR3
strain were cultured as described previously (31). Synchron-
ization of cultures for time-course immunofluorescence (IF)
analysis consisted of two consecutive Plasmagel treatments,
at a 48 h interval, followed by Sorbitol treatment. Parasites
were collected at the beginning of the next cycle (�40 h later).
We estimated that the parasites were synchronized within a
window of �6 h.

Genome searches and sequence analysis

Genes coding for putative TERTs in Plasmodium species were
obtained using TBLASTN from both NCBI Custom Blast in
Malaria Genetics & Genomics (http://www.ncbi.nlm.nih.
gov/Malaria/Plasmodiumblcus.html) and PlasmoDB (www.
plasmodb.org). To identify the first Plasmodial TERT gene
(PfTERT), motif T and other RT motifs were used as queries.
The PfTERT putative gene has been annotated with the
accession no. chr13_400065.gen2 in PlasmoDB database
and as GenBank accession no. AX112155. TERT genes from
Plasmodium yoelii (GenBank accession no. AABL01000132)
and Plasmodium knowlesi (PlasmoDB accession no.
Pk_812g03q1c) were found by blasting the entire PfTERT
gene against the relevant database. For Plasmodium berghei,
the best hit was an expressed sequence tag clone (GenBank
accession no. AZ525829). Using oligonucleotides that match
PfTERT, we amplified a larger fragment containing the
putative PbTERT gene. The 3942 bp fragment was cloned
and sequenced. Although it lacks the 30 end of the open reading
frame (ORF), it spans motifs GQ/N, QFP, T, 1 and 2.

The number of significant large tandem repeats in a gene
was computed with the mreps software [(32), http://www.
loria.fr/mreps/]. This program identifies all maximal repeats
in a given DNA sequence, compares them with the repeats
obtained in simulations of DNA sequences of the same length

Figure 1. Plasmodium TERT proteins contain telomerase conserved motifs. (A) In-scale diagram showing the difference in size of PfTERT and the S.cerevisiae
homologue, Est2p. Grey boxes represent telomerase-specific motifs: GQ/N, CP, QFP and T. Black boxes represent RT motifs. (B) Multiple sequence alignment of the
conserved motifs of all TERT proteins described to date and the four Plasmodium TERT proteins identified in this work: PbTERT (P.berghei), PfTERT
(P.falciparum), PkTERT (P.knowlesi) and PyTERT (P.yoelii). For a given position within the alignment, identical or similar amino acids to the consensus sequence
are shaded in black or grey, respectively. Note: The putative C.elegans TERT gene was excluded because it lacks all TERT-specific motifs. Squares mark telomerase-
specific amino acids that are not present in viral RTs; circles indicate amino acids essential for RT activity. The numbers accompanying each protein aligned in
(B) represent the number of amino acids that exist between two motifs, or between a terminal motif and the protein end. When an N- or C-terminus is unknown, the
amino acid distance is shown as ‘xxx’. Motifs CP and T have not been found in G.lamblia and accordingly are absent from these alignments. At, Arabidopsis thaliana;
Ca, Candida albicans; Ea, Euplotes aediculatus; Gl, Giardia lamblia; Hs, Homo sapiens; Mm, Mus musculus; Ot, Oxytricha trifallax; Sc, Saccharomyces cerevisiae;
Sp, Schizosaccharomyces pombe; Tt, Tetrahymena thermophila; Xl, Xaenopus laevis; Pb, P.berghei; Pf, P.falciparum; Pk, P.knowlesi; and Py, P.yoelii.
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and composition and eventually outputs the ones that are stat-
istically relevant.

Construction of motif alignment and phylogenetic tree

Known alignments of the motifs in other characterized species
were used to identify the motifs in the Plasmodium species by
independently using Clustal W and HMMer (33,34). Both
analyses provided similar results. Once identified and aligned,
motifs were manually checked, in order to remove the posi-
tions showing a very large variability (Figure 1).

For each species (except Giardia lamblia and Caenorhab-
ditis elegans), the amino acid sequences of all motifs were
concatenated in order to produce a single continuous sequence.
In P.falciparum, for example, this resulted in a concatenated
sequence with 343 amino acids. Phylogenetic trees were con-
structed using PROML from the PHYLIP package (35), using
the JTT model and the Gamma correction with eight discrete
classes. The 1000 bootstraps values were computed using
SEQBOOT and CONSENSE, also from the PHYLIP package
(Figure 3).

To compute the average similarity of P.falciparum TERT
with the other Plasmodium TERTs, a multiple alignment was
constructed using the entire sequences of the four Plasmodium
species. We then used a 20 amino acid sliding window along the
multiple alignments to score for alignment quality (Figure 2).

Antibodies

Two different sera were produced against distinct regions of
the PfTERT protein. A rabbit serum was obtained by immun-
izing rabbits with C-PfTERT peptide: a 15 amino acid
peptide from the PfTERT C-terminus coupled with keyhole
limpet hemocyanin (KLH) carrier protein (Sigma–Aldrich),
N-CKIKKRLINKYKIGH-C. This peptide corresponds to a

region of PfTERT unique to Plasmodium species. A mouse
serum was prepared from the immunization of C129 mice with
a glutathione S-transferase (GST)-fusion protein correspond-
ing to the 220 amino acids that span motifs 1 and 2.

Human autoimmune serum (S63) directed against fibrillarin
(Nop1 is the Saccharomyces cerevisiae orthologue) was iden-
tified in the extracts of fibrillarin–green fluorescent protein
human cell line using western–blot analysis. These sera
were found to cross-react with fibrillarin in many species,
including yeast Nop1 (36). A rabbit anti-PfNop1 serum was
obtained by immunizing rabbits with two synthetic peptides
coupled with KLH, such as N-GRGNKDRKSFKKDNK-C
and N-DLTNMSKKRSNIVPI-C.

Immunofluorescence microscopy

Parasitized erythrocytes from a fresh culture of 8–12% para-
sitemia were centrifuged and washed once in RPMI 1640
(Gibco-BRL) and once in phosphate-buffered saline (PBS)
(0.15 M NaCl and 10 mM sodium phosphate, pH 7.2). Cell
pellets were re-suspended in 5 vol of PBS and a monolayer was
set onto microscope slides as described previously (37). Cells
were air-dried for 30 min and fixed for 10 min at room tem-
perature in freshly prepared 2% paraformaldehyde in PBS.
Slides were blocked for 10 min in PBS 0.1% BSA. Rabbit
anti-PfTERT and human anti-Nop1 sera were diluted 1:200 in
PBS 0.1% BSA and incubated with cells for 1 h. After washing
in PBS 0.1% BSA, cells were incubated for 45 min in a 1:200
dilution of anti-rabbit or anti-human IgG-, fluorescein iso-
thiocyanate- or rhodamine-conjugated antibodies (Sigma).
Slides were washed thoroughly in PBS and mounted in
VECTASHIELD anti-fading with DAPI (40,6-diamidino-2-
phenylindole) (Vector Labs). Images were captured using a
Nikon E800 optical microscope.

Figure 2. Plasmodium TERTs are highly divergent outside telomerase and RT motifs. Average similarity of PfTERT to PkTERT (blue), Py TERT (green) and
PbTERT (red). Similarity was computed in sliding windows of 20 amino acids over the multiple alignment. A score of 1 means that the 20 amino acids of the window
are identical, whereas 0 indicates that the sequences do not share a single identical amino acid for a given position within the alignment (either because of substitutions
or insertions/deletions). Above the graphics, the diagram indicates the in-scale position of all motifs in PfTERT protein. The asterisk points to an example of a region
of PfTERT that is highly conserved among Plasmodium TERTs, but where no motif has yet been assigned. The lower panel shows the contribution of each
Plasmodium TERT to the multiple alignments. Note that PyTERT and PbTERT sequences are not complete.
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Peptide competition assays were performed to test the spe-
cificity of the anti-PfTERT antibodies. Increasing concentra-
tions of a specific (C-PfTERT) and an unspecific peptide were
added to the serum diluted 1:3 in PBS. The mixture was
incubated overnight in a rotating wheel at 4�C. The following
day, antibody/peptide complexes were diluted 1:70 in PBS, in
order to obtain a final dilution of the serum of around 1:200. IF
assay was carried out as described above. Images were cap-
tured with constant acquisition parameters.

Immunofluorescence combined with in situ
hybridization

Cells were prepared as for standard IF except following fixa-
tion cells were permeabilized in 0.1% NP-40 in PBS for 5 min.
After incubation with primary and secondary antibodies, cells
were post-fixed in 2% paraformaldehyde in PBS for 5–10 min.
Fluorescence in situ hybridization (FISH) was performed as
described previously (37). Hybridization was performed over-
night with 0.5–1 ng/ml of probe in 50% formamide (Roche-
Boehringer), 10% dextran sulfate (Quantum), 2· SSPE and
250 mg/ml herring sperm DNA. The probe used to visualize the
sub-telomeric Rep20 repetitive DNA consists of a 1.4 kb frag-
ment containing �70 Rep20 units, in which biotin was incor-
porated using the Biotin High-Prime kit (Roche). To detect
biotinylated probes (Rep20), slides were incubated for 30 min
at room temperature with 50 ng/ml of Rhodamine-conjugated
Avidin (Roche).

Ultrastructure analysis

Cells were fixed using 0.1 M glutaraldehyde in phosphate
buffer containing 0.05 M sucrose for 1 h at 4�C. After cent-
rifugation at 8000 g, cells were washed for 10 min in phos-
phate buffer and twice for 10 min in 0.1 M cacodylate buffer.
Post-fixation was performed in 1% osmium tetroxide in caco-
dylate buffer for 1 h, followed by a 30 min washing step in
cacodylate buffer. Cells were washed in 30% methanol for
10 min and stained in 2% uranyl acetate in 30% methanol for
1 h at room temperature. After rinsing in 30% methanol, cells
were dehydrated in a series of increasing concentrations of
methanol (30–100%). Dehydrated cells were washed twice in
propyl oxide and embedded in Epon 812 (Polysciences). Ultra-
thin sections were cut with a Leica UltraCut UCT. Cuts were
post-stained with uranyl acetate and Reynold’s lead citrate.
Observations were made on a Jeol 1200 EX II at 80 kV accel-
erating voltage electron microscope.

Immuno-electron microscopy

Cells were fixed for 1 h at 4�C in 4% paraformaldehyde in
phosphate buffer. After washing in phosphate buffer twice for
5 min, cells were incubated for 30 min at room temperature in
0.25% NH4Cl in phosphate buffer in order to inactivate resid-
ual aldehyde groups. Cells were washed twice in phosphate
buffer and finally embedded in 10% gelatin buffer on ice.
Specimens were next infused in 1.7 M sucrose + 15%
polyvinylpirrolidone for at least 4 h at 4�C. Small blocks
(1 mm3) were cryofixed by immersion in liquid nitrogen at
�196�C and by adding substitution medium in an automate
freeze substitution (Leica). Substitution was performed for
16 h at �90�C in anhydrous methanol containing 0.5% uranyl
acetate, followed by temperature increments of 5�C/h, until

4�C were reached. After incubation in LR White resin at 20�C,
samples were cut into ultra-thin sections for immunolabelling.
They were then incubated with anti-PfTERT rabbit serum at
two different dilutions: 1:50 or 1:25 in TBG (0.1% gelatin and
0.1% BSA in 0.1 M Tris buffer) for 1 h at room temperature.
After six 5 min washes in PBG, sections were incubated
for 1 h at room temperature with protein A conjugated with
10 nm colloidal gold (Auroprobe TM/EM protein A.G10
RPN438; Batch 158170) diluted 1:20 in PBG. Controls
with either no primary antibody or with pre-immune serum
were performed. Ultra-thin sections were washed six times for
5 min in TBG and TBS. After fixation to grids with 1% glut-
araldehyde, thin sections were washed in distilled water and
post-stained for 10 min in uranyl acetate and 3 min in diluted
lead citrate (1:2). Observations were made as described for
ultrastructure analysis.

RESULTS

Identification of P.falciparum TERT gene

With the perspective of using telomerase as a target for anti-
malarials, we have characterized the protein component of
telomerase in P.falciparum. Two previous observations indic-
ated the existence of such an enzyme in P.falciparum. First,
telomeric DNA is composed of canonical G-rich repeats (25),
suggesting that telomeres are maintained by telomerase.
Second, telomerase enzymatic activity has previously been
detected in semi-purified nuclear extracts (30). Attempts to
PCR amplify a PfTERT gene based on consensus motifs gen-
erated from other genomes were not successful, and only after
advances in the sequencing project of malaria genomes we
were able to identify a candidate TERT gene. The P.falciparum
genome database was searched with the conserved motifs
described previously: the T motif and the seven RT motifs
(10). Two overlapping contigs displayed a high score. Their
alignment resulted in a sequence of �10 kb, containing a large
ORF of 7554 bp, which was predicted to encode a protein of
2518 amino acids. We have named this gene PfTERT and its
corresponding protein PfTERT.

Features of P.falciparum TERT protein

PfTERT contains all of the canonical motifs of RTs (motifs 1,
2 and A–E; Figure 1A), as well as those conserved amino acids
known to be critical for the RT activity (1,38) (marked with
circles in Figure 1B). In the N-terminal half of PfTERT, we
found three previously described motifs specific to TERTs:
GQ/N, QFP and T (16), but we failed to identify the CP motif.
Amino acids known to be specific for telomerases were found
in PfTERT (marked with squares in Figure 1B): Arg in motif 1,
an aromatic residue (Phe or Tyr) following the two critical Asp
residues in motif C and a motif similar to the Trp-X-Gly-X-
Ser/Leu in motif E.

The PfTERT predicted molecular weight is �280 kDa,
which is almost three times the size of other TERTs described
previously (e.g. S.cerevisiae Est2p is 103 kDa). Among most
of the TERTs, slight differences in length are chiefly due to
size variations in the N-terminal half of the protein and
between motifs A and B0 (6). In contrast, the difference in
size of the Plasmodial TERT results from increased distance
between nearly all motifs. The in-scale diagram of Figure 1A
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shows that the spacing between the motifs is much greater in
PfTERT than in ScEst2p. Only two blocks of motifs show
relatively conserved spacing: motifs 1+2 and motifs B0+
C+D (Figure 1B). As observed in other P.falciparum proteins,
PfTERT contains insertions of basic amino acids that are
absent from its orthologues in other genomes (39). For
example, one of these segments (between motifs T and 1)
consists of a stretch of 30 asparagines, interspaced by a few
lysines, isoleucines and tyrosines.

Since Plasmodium proteins are systematically larger than
their orthologues in yeast or humans (40), we tested whether
that difference is the same for PfTERT and other DNA and
RNA polymerases (Table 1). As expected, most polymerases
genes are larger in P.falciparum (Pf/Yeast ratio between 1.00
and 1.75), but surprisingly the difference between TERT
sequences is much bigger (Pf/Yeast ratio = 2.85). To test
whether this is related to the number of stretches of basic
amino acids easily detectable in the PfTERT protein sequence,
we computed the number of significant large tandem repeats in
these genes (Table 1). We observed a larger number of repeats
in PfTERT, 28, than in other Plasmodium polymerases of
similar size. This difference is mainly due to the higher num-
ber of nucleotide repeats, 11, such as tandem A or T nucle-
otides. This is consistent with the higher A+T content of this
gene (80.8%) relative to the others. In conclusion, we assume
that the large size of PfTERT gene is due partially to a general
trend of Plasmodium genes being larger than the yeast ortho-
logues, and also due to the presence of more A/T repeats.

Identification of other Plasmodial TERT
candidate genes

For future tests of anti-telomerase drugs in experimental mal-
aria models (mice and monkeys), it will be useful to know the
TERT sequences of the Plasmodium species that cause malaria
in these animals. To search for TERT homologues in non-
human malaria species, we searched the genome databases
of rodent and simian Plasmodium species with the PfTERT
protein sequence. We found three candidate TERT proteins:
PkTERT, in the simian P.knowlesi species and PyTERT and
PbTERT, in the rodent species P.yoelii and P.berghei, respect-
ively. PkTERT shares 42% amino acid identity with PfTERT
and contains all motifs present in PfTERT. PyTERT also
contains all PfTERT motifs, but it appears to lack a complete
N-terminus, probably as a consequence of the ongoing status

of this genome project. Nevertheless, PyTERT and PfTERT
share 43% identical amino acids. PbTERT gene, although
incomplete, spans motifs GQ/N, QFP, T, 1 and 2. The amino
acid identity between PfTERT and this truncated PbTERT
candidate is 54%. The two species that infect rodents, PyTERT
and PbTERT are highly homologous (76% identity), suggest-
ing closer ancestry.

The overall percentage of amino acid identity between
PfTERT and the other Plasmodial TERTs is surprisingly
low for a protein that has a conserved function in eukaryotes
(e.g. hTERT and msTERT share 63% amino acid identity).
We carried out a multiple alignment of the four Plasmodial
TERT proteins and plotted the frequency of identical amino
acids along the alignment (Figure 2). As expected, the regions
containing the telomerase motifs are most highly conserved.
Notably, we can also see regions of high similarity, where
motifs have not yet been described (asterisk in Figure 2).
Nevertheless, large domains share very little similarity
between Plasmodium candidate TERT proteins. These typic-
ally correspond to the regions showing repetitive sequences
and characterized by many small insertions and deletions, as
well as an unusual sequence composition, as discussed above.

Phylogenetic analysis of TERT proteins

To test the extent of conservation of the four Plasmodium
TERTs among eukaryotes, we undertook a phylogenetic ana-
lysis of all eukaryotic TERTs described to date. By concat-
enating all the conserved motifs within each TERT, we built a
phylogenetic tree using the maximum-likelihood algorithm.
The statistical significance of branches was tested by bootstrap
analysis (35). We eliminated G.lamblia and C.elegans from
the analysis, as both lack several of the motifs present in the
other TERTs. Besides, the low conservation of the G.lamblia
and C.elegans TERT has been pointed out previously (8), and
evidence has not yet been obtained of telomerase activity in
these species. The final tree (Figure 3), despite displaying a
few branches with low bootstrap values, is compatible with the
phylogeny based on the small subunit ribosomal RNA for
these species. Moreover, it lends support to the hypothesis
that telomerase was present in early eukaryotes.

Sub-nuclear localization of PfTERT in blood stages

Given the role of telomerase in DNA replication, a nuclear
localization is expected for this enzyme. It is known that the

Table 1. Comparative analysis of the DNA coding sequence of some polymerases in P.falciparum and S.cerevisiae

Gene Function Length of
Pf gene (nt)

Pf/Yeast
ratio

% (A+T) of
Pf gene

No. of tandem repeats in
Pf gene (no. single nt repeats)

PFE0465c RNA pol I (LSU) 8745 1.75 76.6 20 (2)
PF11_0264 DNA-directed RNA pol, mitochondrial 4596 1.13 76.3 16 (7)
PF13_0150 DNA-directed RNA pol 3 (LSU) 7071 1.61 76.4 27 (4)
PFD0590c DNA pol a 5739 1.30 77.7 19 (4)
PFC0805w DNA-directed RNA pol II 7374 1.42 72.3 22 (0)
PFC0340w DNA pol d (SSU) 1497 1.02 76.3 10 (1)
PF10_0165 DNA pol d 3285 1.00 74.8 2 (0)
PfTERT TERT 7554 2.85 80.8 28 (11)

Abbreviations: LSU, larger subunit; and SSU, smaller subunit.

Pf/Yeast ratio is the length of the P.falciparum gene divided by the length of the yeast orthologue (as defined in PlasmoDB). The far right column indicates the number
of tandem repeats in each Pf gene (‘mreps’ software). The number of nucleotide repeats is shown in parentheses.
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nuclear localization signals (NLS) are conserved among euka-
ryotes. Based on an algorithm that predicts sorting signals and
localization sites encoded in protein sequences (PSORTII)
(http://psort.ims.u-tokyo.ac.jp/; Kenta Nakai, Human Genome
Center, Tokyo, Japan), we found that PfTERT contains several
NLS-like motifs. In fact, the k-nearest neighbours classifier
(k-NN) algorithm predicts that PfTERT primary sequence
refers to a protein that has 78.3% probability to be nuclear (for
Tetrahymena TERT, for example, the probability is 52.2%).

In order to test this prediction, we performed IF assays on
blood stage parasites. The blood stage cycle takes �48 h to be
completed. It begins with the invasion of non-infected eryth-
rocytes by merozoites present in the bloodstream. Once inside
the erythrocyte, the parasite will undergo three stages: ring
(�0–18 h), trophozoite (�18–38 h) and schizont (�38–48 h)
stages. S phase begins in the trophozoite stage, �28–31 h after
merozoite invasion. Nuclear division occurs throughout
schizogony, leading to the production of up to 32 individual
merozoites. At the end of the 48 h cycle, erythrocytes burst
releasing merozoites and the cycle starts anew. Previous stud-
ies have shown that telomerase activity is detectable by TRAP
only in trophozoite and schizont stages (41). To follow the
expression and localization of PfTERT during the blood stage
cycle by IF, we collected infected erythrocytes from a syn-
chronized culture at different time points: 0, 12, 24, 36, 40 and
48 h. Studies using rabbit a-PfTERT-peptide (Figure 4),
revealed no staining in the first 12 h (ring stages). When
the parasite matures into trophozoite stage, however, a clear

pattern was observed: a single dot within a region of the
nucleus. During schizogony, the number of PfTERT foci
increased proportionally to the number of nuclei. When schi-
zonts become fully mature (48 h) and merozoites are released
into the blood stream, PfTERT was no longer detectable.

Two lines of evidence confirm the specificity of the PfTERT
signal. First, when the above IF assay was undertaken in
the presence of competing epitopes, the PfTERT signal

Figure 4. PfTERT localizes in a discrete nuclear region in certain blood stream
stages. (A) Diagram indicating the source of two different antibodies used to
characterize PfTERT: a mouse serum raised against a GST–PfTERT fusion
protein and a rabbit serum raised against a 15 amino acid peptide at the PfTERT
C-terminus (C-PfTERT peptide). (B) The 48 h time course in blood stages,
during which parasites develop inside an erythrocyte. PfTERT (green) was
detected by IF using the rabbit anti-peptide antibody; nuclear DNA was stained
with DAPI (blue). (C) Peptide competition assay. The specificity of PfTERT
serum was determined by IF after pre-incubating the antibodies with increasing
concentrations of a specific (C-PfTERT) or an unspecific peptide. Detection of
anti-PfTERT antibodies and staining of DNA was performed as in (B).

Figure 3. The phylogenetic tree based on sequences of concatenated
telomerase motifs is fully compatible with the known phylogeny for these
species. The tree was built as described in Materials and Methods. A total
of 1000 bootstraps experiments were performed, and bootstraps >50% are
shown. Abbreviations of the species are as in Figure 1. The unit of branch
length is the expected fraction of changed amino acids.

Nucleic Acids Research, 2005, Vol. 33, No. 3 1117



disappeared with increasing concentrations of the C-terminal
PfTERT peptide (C-PfTERT); in contrast, when an unspecifc
peptide was used as competitor, the PfTERT signal intensity
remained unchanged (Figure 4C). Second, the mouse sera
produced against a recombinant PfTERT protein generated
a similar localization pattern (data not shown).

Thus, our results show that PfTERT is expressed at detect-
able levels in trophozoites and schizonts, the same stages that
were previously shown to have telomerase activity and where
DNA replication occurs. Moreover, our studies also revealed
that PfTERT is not detectable throughout the entire nucleo-
plasm, but rather in a discrete sub-nuclear compartment.

PfTERT: localization distinct from telomere clusters

The sub-nuclear localization of PfTERT is surprising consid-
ering that telomeres, the substrate, are organized in 4–7 clus-
ters around the nuclear periphery (27). We hypothesized that
the plasmodial telomerase complex may localize to a single
cluster and then ‘hop’ to another. To test this hypothesis, we
combined IF with FISH, using a probe (Rep20) that recognizes
a sub-telomeric repeat (telomeric DNA and Rep20 FISH sig-
nals co-localize; Scherf et al., unpublished data) and examined
if PfTERT co-localizes with a telomere cluster (Figure 5).
Optimization of the IF/FISH technique allowed to have
>50% of the cells double-labelled. Strikingly, we concluded
that in the majority of the cells, telomeres and PfTERT did not
co-localize. We observed occasional colocalization of
PfTERT with telomere clusters, which may be due to errors
prone to the 2D analysis of the images. We conclude that,
within the detection limits of IF, PfTERT is located in a sub-
nuclear compartment that is distinct from telomeric clusters.

PfTERT: localization in a sub-compartment
of the nucleolus

The largest sub-nuclear compartment of eukaryotic cells is the
nucleolus, the main function of which is the transcription of
rRNA genes and the assembly of ribosomes. Some ribonuc-
leoproteins are also assembled in this compartment. In recent
studies, human and yeast TERTs were shown to be enriched at
the nucleolus [reviewed in (4)]. Given PfTERT’s localization
to a discrete domain of the nucleus away from the telomeres,
we hypothesized that it localizes to the nucleolus.

In P.falciparum, a nucleolus has never been identified and
its presence has even been questioned given the low number of
ribosomal genes in the genome (40). Thus, in order to test if

PfTERT localizes in the nucleolus, we searched for nucleolar
markers. By IF, we tested different sera against highly con-
served nucleolar proteins. Strikingly, human anti-hNop1
serum revealed a hat-like structure polarized towards one
side of the nucleus (Figure 6A), very similar to that described
for S.cerevisiae. Rabbit antibodies raised against a recombin-
ant PfNop1 protein showed an identical staining pattern
(Figure 6A). Immuno-electron microscopy (EM) observations
further support that the anti-hNop1 serum is a nucleolar mar-
ker, as it preferentially stains a sub-nuclear region (data not
shown). Taken together, our data provide evidence for the
existence of a nucleolus in P.falciparum.

In order to test whether PfTERT localizes to the nucleolus,
we performed IF in which cells were double-labelled using the
rabbit anti-PfTERT and the human anti-hNop1 sera. Strik-
ingly, PfTERT co-localized with the Nop1-defined region,
indicating it localizes to the nucleolus. Remarkably, PfTERT
is not found all over the nucleolus, but is restricted to a sub-
compartment of this organelle (Figure 6B). This contrasts with
the situation in other eukaryotes (42–44), in which ectopically
expressed TERT accumulates uniformly throughout the nuc-
leolus. Taken together, these data strongly suggest that
PfTERT localizes in a sub-compartment of the nucleolus.
This finding is further supported by immuno-EM studies.
The anti-PfTERT serum revealed a single cluster of gold
beads close to the nuclear membrane (Figure 6C).

DISCUSSION

In the present work, we identified and characterized a gene in
P.falciparum that has the characteristics of the protein compon-
ent of telomerase, named here PfTERT. It contains structural
features that are common with the telomerases known in other
species: RT motifs, telomerase-specific motifs and pI> 10. We
also identified homologous genes in other Plasmodial species:
the simian P.knowlesi, PkTERT, and two murine species,
P.yoelii and P.berghei (PyTERT and PbTERT genes).

A comparison of PfTERT and other eukaryote TERTs shows
very different degrees of conservation along the sequence. This
is in agreement with experimental data in S.cerevisiae, where
hypermutable segments separate conserved and vital regions
of the molecule (15). Within the conserved regions, we were
able to identify almost all of the TERT-specific and all of the
RT-specific motifs. The CP motif, which was not found in any
Plasmodia, is the only exception. This motif is also absent from
G.lamblia TERT, and given its very low-sequence conserva-
tion, doubts have been put forward for its significance outside
the ciliates group (6,15). It is thus unclear if this motif has
diverged beyond recognition or if it has appeared after the
separation between Plasmodia and Giardia and the other
eukaryotes analysed.

PfTERT contains several stretches of 10–20 basic amino
acids, such as asparagines, which are encoded by A-rich
codons. Interestingly, among P.falciparum polymerases, the
TERT gene is the one that contains more A+T nucleotides,
more repeats and a higher increase in size relative to the yeast
orthologue (Table 1), suggesting that PfTERT sequence is less
functionally constrained than that of the other polymerases.
These repeats are therefore more likely to reflect the propen-
sity of the P.falciparum genome by polymerase slippage

Figure 5. PfTERT is not detectable at telomeres. Indirect-IF of PfTERT (green)
combined with FISH of Rep20 (red), a sub-telomeric repetitive motif. DNA was
stained with DAPI (blue). Both cells are blood stage trophozoites.
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events due to the presence of stretches of A and/or T (45,46),
instead of selection process that leads to increased gene length.
If this is so, the extreme A+T richness of Plasmodia genomes
(80% A+T for P.falciparum) may favour the increase in gene
size and led to the accumulation of the repetitive regions in
non-essential gene areas.

Given the common biological role of telomerase in euka-
ryotes, we expected its catalytic component to be much con-
served among species of the same genus. Surprisingly, we
found very little sequence conservation between the TERT
sequences of the different Plasmodium species: PfTERT
shares 42% identical amino acids with PkTERT, 43% with
PyTERT and 54% with PbTERT. The regions between the
conserved motifs show lower amino acid identity (Figure 2).
The existence of such hypervariable regions is indicative of a
continuous process of genome evolution of malaria species, as
it was previously shown by a phylogenetic analysis based on
comparison of the small-subunit ribosomal RNA gene
sequences (47). These differences among Plasmodial TERT
proteins may play a role in the specific mean telomere length
observed for the different species (2.0 kb for P.yoelii, 1.2 kb
for P.falciparum and 6.7 kb for P.vivax) (26).

A phylogenetic tree built from sequences consisting of a
concatenation of the conserved motifs, ignoring the hypervari-
able stretches, respects the known phylogenetic relationships,
both among Plasmodia species and among eukaryotes in gen-
eral. Our results confirm previous analysis made with a smaller
dataset (6), and reinforce the hypothesis that telomerase was
present in early eukaryotes. The phylogenetic analysis is com-
plicated by a few branches lacking robustness (low-bootstrap
values) and by the lack of motifs in the sequences of the
putative TERT of C.elegans and G.lamblia. Addition of
newly sequenced eukaryotic genomes will allow to further
resolve these questions.

It was previously shown that, in P.falciparum cell extracts,
telomerase can be efficiently inhibited by RT type of drugs,
such as nucleoside analogues (30). These same drugs are cur-
rently being tested on in vitro cultures and preliminary data
show killing of P.falciparum parasites after 3–5 blood stage
cycles at micromolar concentrations (data not shown). More-
over, we were unable to generate a knock-out of the PfTERT
gene, supporting the idea that telomerase activity is needed for
blood stage parasite proliferation. Thus, a prophylactic therapy
based on plasmodial telomerase inhibitors might be possible.

Figure 6. PfTERT localizes in a sub-compartment of the nucleolus. (A) IF with an anti P.falciparum Nop1 serum (red) shows the nucleolus as a hat-like structure in
the nucleus of a trophozoite stage. An anti-human Nop1 serum (green) recognizes exactly the same sub-nuclear region. (B) Double-labelling reveals that PfTERT
(red) co-localizes with part of the nucleolus (green); yellow spot in the merge image. (C) Immuno-EM shows that PfTERT (white arrow head) localizes to a peripheral
region of the nucleus. In (A and B), DNA was stained with DAPI (blue).
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In this work, the comparison of the TERT sequences from
human, rodent and simian Plasmodium species provides valu-
able information for the design of specific anti-telomerase
drugs. Obviously, drugs should be targeted to conserved
regions and functional domains, in order to avoid rapid emer-
gence of drug resistance.

The cell-cycle progression in P.falciparum is not yet com-
pletely understood (48). DNA synthesis begins in the relat-
ively small trophozoites (intra-erythrocytic form), but nuclear
subdivision, which leads to the formation of multinucleate
cells, occurs only during schizogony. Whether or not any
gap phases (G) exist between each round of DNA synthesis
and mitosis is unknown. Eventually, a schizont composed of
8–32 nuclei undergoes segmentation, which culminates with
the formation of individual merozoites that burst from the
erythrocyte into the blood stream. Our observations indicate
that PfTERT is only detectable in trophozoites and schizonts,
the stages where multiple rounds of DNA synthesis occur and
where telomerase activity can be detected (41). Thus, our
data reveal a correlation between the expression of PfTERT
protein and the pattern of telomerase activity in the parasite.
As is known to occur in human cells, we speculate that
the regulation of PfTERT expression may be one of the
mechanisms that P.falciparum uses to control telomerase
activity (49).

Studies in S.cerevisiae and human cells have shown that
ectopically expressed TERTs are partially enriched in the
nucleolus (42–44). In humans, the telomerase RNA compon-
ent also seems to be enriched at the nucleolus (50,51) or Cajal
bodies (52,53). These observations led to the speculation that
the nucleolus may play a dual role: providing an environment
for the biogenesis of telomerase [reviewed in (4)] and regu-
lating the release of telomerase to its telomeric substrates (54).

In this work, we described the localization of the endogenous
telomerase catalytic component. We observed that PfTERT is
not evenly distributed in the nucleoplasm, but accumulates in
a discrete peripheral site of the nucleus, which we identified as a
sub-compartment of the nucleolus. In the P.falciparum related
apicomplexan parasite Toxoplasma, the nucleolus appears as
a dot in the middle of the nucleus (as detected by anti-human
fibrillarin or a YFP-tagged nucleolar protein) (55). In
P.falciparum, we observe a significantly larger structure
with a hat-like pattern mostly at the periphery of the nucleus.
This pattern was observed with human serum against hNop1
and confirmed with antibodies that we raised against
P.falciparum Nop1. Thus, our experimental data strongly sug-
gest that the nucleolus of P.falciparum has a more expanded
structure than in Toxoplasma.

It is possible that, as in S.cerevisiae, the sub-nucleolar
PfTERT-containing structure is functionally equivalent to
the mammalian Cajal bodies (56). The RNA component of
P.falciparum telomerase has not yet been identified and
thus we cannot test where the assembled telomerase com-
plex localizes. We speculate that the presence of PfTERT
in the nucleolus may be necessary for the assembly of the
telomerase complex, given that in some eukaryotes this
sub-nuclear compartment is involved in the assembly of ribo-
nucleoproteins (57).

Given the role of telomerase at telomeres, one might
predict a release of the telomerase activity from the nucleolus
to the nucleoplasm during the replication of telomeric DNA.

Surprisingly, a combination of immunolabelling with anti-
PfTERT sera and FISH, did not reveal a co-localization of
PfTERT with the telomeric clusters. The general view
point in the telomerase field is that only a few telomerase
molecules are necessary to lengthen telomeres. This may
explain the perceptible absence of telomerase at telomeres
using immunolocalization assays. By chromatin immuno-
precipitation, however, it was shown that anti-telomerase anti-
bodies were capable of precipitating telomere repeats,
providing evidence that telomerase can be associated with
telomeres in vivo (58).

We propose two models that could explain our observations
(Figure 7). In the first model, we predict that a fraction of the
activated telomerase is released from the nucleolus to the
nucleoplasm, to allow complete telomeric DNA replication,
as observed with ectopically expressed hTERT (54). However,
in P.falciparum, levels of telomerase released to the nucleo-
plasm may be insufficient to be detected by IF. After the
addition of telomeric repeats onto the chromosome ends,
telomerase is either degraded or shuttled back to the nucleolus.
The second model speculates that telomerase is not released to
the nucleoplasm. Instead, it remains in a sub-nucleolar com-
partment where telomeres are elongated. In this scenario, chro-
mosome ends would move to the nucleolus (or its proximity)
when telomere replication takes place. In support of this
second model, preliminary studies in our laboratory show a
bouquet-like structure of telomeres proximal to the nucleolus
during DNA replication (data not shown). In both models, the
telomerase sub-nucleolar compartment may fulfil a role in the
assembly of the telomerase complex and/or a role in the regu-
lation of telomerase activity by determining when telomerase
should have access to its substrate. Further studies are required
to test these hypotheses.

Figure 7. Model for the mechanism of action of telomerase in P.falciparum.
We speculate that a sub-compartment of the nucleolus (green) is the location
where telomerase complex (red) is assembled and stored. When telomeres
(yellow) replicate, two scenarios can be envisioned. A, A subfraction (unde-
tectable by IF) of the assembled/active telomerase is released from the sub-
nucleolar compartment and goes to the telomeres, where replication takes place.
B, Telomeres form a bouquet-like structure during mitosis and move to the
proximity of the nucleolus. Telomerase replicates the chromosome ends, while
remaining anchored in the nucleolus.
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Introduction
Telomeres are essential protein-DNA structures that protect all

chromosome ends from degradation and fusion, and are vital for

complete replication of chromosomes (Blackburn, 2006). In several

organisms, telomeres are anchored to the nuclear periphery and recruit

a number of proteins that initiate and/or facilitate heterochromatin

formation into the adjacent subtelomeric regions (Hediger and

Gasser, 2002). In yeast, as in higher eukaryotes such as humans, genes

positioned near to telomeric repeats are silenced by a phenomenon

called telomere position effect (TPE) (Baur et al., 2001; Gottschling

et al., 1990). This form of epigenetic silencing is best characterized

in budding yeast, and involves mainly Rap1 and Sir (silent information

regulator) proteins, which assemble in a step-wise manner. Rap1 binds

to telomeric repeats and recruits Sir2 via interaction with Sir4. Sir2

deacetylates nucleosomes that favour the binding of Sir3 and Sir4.

Multiple rounds of deacetylation and binding of Sir complex along

the nucleosomes lead to heterochromatin propagation and silencing

at the proximity of telomeres. This spreading extends for ~3 kb from

the telomere (Mondoux and Zakian, 2006). A rather unusual TPE

was observed recently in the human malaria parasite Plasmodium
falciparum. In this unicellular protozoan pathogen, heterochromatin

spreads from telomeres and adjacent non-coding subtelomeric repeats

over 20-30 kb into coding regions, thereby establishing gene

repression on different chromosome ends (Duraisingh et al., 2005;

Freitas-Junior et al., 2005).

P. falciparum telomeres, which are composed of degenerate G-

rich heptamer repeats (5�-GGGTT[T/C]A-3�), form clusters of four

to seven heterologous chromosome ends at the nuclear periphery

(Freitas-Junior et al., 2000). Telomere repeats are followed by a

mosaic of six different telomere-associated repetitive elements

(TAREs 1-6), which are always found in the same order but vary in

size (Figueiredo et al., 2000; Gardner et al., 2002). This subtelomeric

region is important to maintain chromosome ends clustered in the

nuclear periphery and to regulate telomere length (Figueiredo et al.,

2002). The proteins that crosslink telomeres, however, remain

unknown (Marty et al., 2006). Members of the var multigene family

are located adjacent to the non-coding TAREs. var genes encode a

key virulence factor expressed at the surface of infected red blood

cells, which is strongly linked to malaria pathogenesis in humans

(Kyes et al., 2001). The sequential expression of different members

of the var gene family in a mono-allelic fashion (antigenic variation)

leads to immune escape and chronic infection of the parasite in its

human host (Craig and Scherf, 2001).

We previously identified orthologues to several yeast telomere-

associated proteins in the P. falciparum genome (Scherf et al., 2001)

and characterized in detail a protein homologous to the yeast Sir2

(Duraisingh et al., 2005; Freitas-Junior et al., 2005). P. falciparum
Sir2 is a telomeric protein that reversibly associates with the

promoter regions of silent but not active subtelomeric var genes

(Freitas-Junior et al., 2005). Mutant-Sir2 parasites derepress var
genes; however, transcription of only a subgroup of this gene family

is upregulated (Duraisingh et al., 2005), indicating that TPE is a

rather complex process involving additional chromatin factors in

malaria parasites.

Telomeres have the capacity to recruit proteins that facilitate

the spreading of heterochromatin into subtelomeric DNA

regions. In the human protozoan pathogen Plasmodium
falciparum, the telomere-associated protein Sir2 has been shown

to control the silencing of members of virulence genes at some,

but not all, chromosome-end loci, indicating that additional

proteins are involved in telomere position effect. Here, we

identified, in P. falciparum, a novel telomere-associated protein

that displays homology with the origin-of-recognition-complex 1

protein Orc1. Antibodies raised against this P. falciparum
protein localized to telomeric clusters in the nuclear periphery

and the nucleolus. It was found that, prior to DNA replication,

P. falciparum Orc1 and Sir2 undergo drastic subcellular

reorganization, such as dissociation from the telomere cluster

and spreading into the nucleus and parasite cytoplasm.

Relocation of Orc1 and Sir2 was also linked to the partial

dissociation of telomere clusters. Super gel-shift and chromatin-

immunoprecipitation experiments showed the physical

association of Orc1 with telomere repeats but revealed a

differential association with adjacent non-coding repeat DNA

elements. Our data suggest that Plasmodium telomeres might

fold back and that Orc1 cooperates with Sir2 in telomeric

silencing.

Supplementary material available online at

http://jcs.biologists.org/cgi/content/full/121/12/2046/DC1
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In this work, we identified a protein associated with telomeric

and subtelomeric heterochromatin in P. falciparum. This molecule

has been suggested to be the origin-of-recognition-complex 1

molecule (Orc1) of P. falciparum parasites (Gupta et al., 2006; Li

and Cox, 2003; Mehra et al., 2005). Here, we show that P.
falciparum Orc1 localizes specifically with distinct perinuclear sub-

compartments: the telomeres and the nucleolus. In addition, we show

that telomeric clusters disassemble prior to DNA replication, which

is linked to P. falciparum Sir2 and Orc1 relocation within the nucleus

and to the cytoplasm. Our findings indicate that nucleo-cytoplasmic

shuttling of telomere-associated proteins might reveal novel

functions of these molecules.

Results
Sir2 and Orc1 colocalize to telomeric and nucleolar regions
In order to search for putative factors involved in TPE in P.
falciparum, we previously identified a sequence homologous to the

yeast telomere-associated silencing factor Sir3 (Scherf et al., 2001).

We generated antibodies against the putative P. falciparum Sir3

recombinant GST fusion protein. These antibodies recognized a

band of 130 kDa in P. falciparum nuclear blood-stage extracts

(supplementary material Fig. S1). Subsequent analysis revealed that

the open reading frame identified is now annotated in the P.
falciparum database (www.plasmodb.org) as being homologous to

the origin recognition complex 1 (Orc1) protein (PFL01050w). In

fact, Sir3 and Orc1 amino acid sequences are very similar in budding

yeast because SIR3 resulted from duplication of the ORC1 gene

(Kellis et al., 2004). Orc1 has been found in yeast subtelomeric

regions (Pryde and Louis, 1999; Wyrick et al., 2001) and in other

transcriptionally repressed domains, such as the mating-type loci

in yeast (Bell et al., 1993) and the pericentric heterochromatin in

Drosophila (Pak et al., 1997), where it participates in

heterochromatin assembly. This led us to hypothesize that Orc1 is

involved in telomeric silencing in P. falciparum. To test whether P.
falciparum Orc1 localizes to telomeric heterochromatic regions, we

performed immunofluorescence assays in which parasites were

double-labelled using anti-Orc1 and -Sir2 antibodies. We observed

that more than 80% (n=104) of the Orc1 foci colocalized with the

Sir2 signals (Fig. 1A), indicating that Orc1 localizes to telomeres.

However, Sir2 is not an exclusive marker for telomeric clusters but

also stains the nucleolus (Freitas-Junior et al., 2005). We used anti-

Nop1 antibodies as a nucleolar marker to test whether Orc1 also

localizes in the nucleolus. A fraction of Orc1 signals indeed

colocalized with the region defined by Nop1 (Fig. 1B). We

confirmed the association of Orc1 to the telomeres and the nucleoli

by immunofluorescence/fluorescence in situ hybridization (IF-

FISH) using telomeric (TARE6) (supplementary material Fig. S2)

and nucleolar (rRNA) probes (data not shown), respectively.

Our results show that, at ring stage, Orc1 localizes mainly at the

nuclear periphery rather than within the entire nucleoplasm. We

also show that it localizes to similar compartments as Sir2,

supporting the idea that Orc1 might participate in heterochromatin

formation in P. falciparum.

Sir2 and Orc1 proteins spread differentially into subtelomeric
repeats
To study the binding of Sir2 and Orc1 to telomeric and subtelomeric

domains in P. falciparum, we performed mobility-shift and

supershift assays (EMSA). These assays were carried out using

nuclear extracts and specific radioactively labelled probes directed

against telomere, TARE3 and TARE6 (Fig. 2A). In the mobility

shift assay, the probes for telomere, TARE3 and TARE6 formed

retarded complexes, indicating that telomeres and subtelomeric

repeats contain elements specifically recognized by nuclear proteins.

Telomere showed a more complex pattern, suggesting that distinct

protein complexes can bind to these sequences. The specificity of

these complexes was confirmed using 50-fold molar excess of either

homologous or heterologous competitors (Fig. 2B).

Anti-Sir2 antibodies produced supershifted complexes with

telomere, TARE3 and TARE6 probes. Anti-Orc1 antibodies formed

a supershifted complex only with telomere and TARE3 (Fig. 2C).

These results demonstrate that Sir2 and Orc1 bind specifically to

telomeric and subtelomeric repeats. Moreover, the data suggest that

Orc1 spreads from the telomere to TARE3, whereas Sir2 expands

from telomeres to TARE6.

We used chromatin immunoprecipitation assays (ChIP) to further

investigate the in vivo association of Sir2 and Orc1 with telomeric

and subtelomeric chromatin. For this mapping study, we used DNA

probes for telomere repeats, TARE1, TARE2, a sequence between

TARE2 and TARE3, TARE 3, and TARE6 (Fig. 2A). We found

that Orc1 and Sir2 proteins are present at the telomere, TARE1-3

and TARE6 (Fig. 3A,B). This confirmed most of the EMSA data,

with the difference that the ChIP experiments show that Orc1 was

also enriched in TARE6. The observed difference in Orc1 location

might be explained by the fact that EMSA does not take into

consideration possible particular telomere architecture that could

bring Orc1 from the telomere into the TARE6 region by a fold-

back structure. Telomeres are known to form fold-back structures

in yeast (de Bruin et al., 2000; de Bruin et al., 2001; Strahl-Bolsinger

et al., 1997; Zaman et al., 2002) and the same was proposed recently

for P. falciparum (Figueiredo and Scherf, 2005).

Fig. 1. Orc1 localizes to telomeric foci and the nucleolus. (A) Double IF using
anti-rabbit Orc1 (red) and anti-rat Sir2 (green). Orc1 is preferentially localized
at the periphery of the parasite nucleus and colocalizes with Sir2 signals.
(B) Dual-colour IF by using anti-rabbit Orc1 (red) and anti-rat Nop1 (green).
A fraction of Orc1 signals colocalize with Nop1, suggesting that Orc1 also
localizes in the nucleolus of the parasite. (A,B) Parasites are in ring stage and
nuclear DNA was stained with DAPI (blue). Scale bars: 1 μm.
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Sir2 and Orc1 relocate during the blood-stage cycle
During the ~48-hour blood-stage cycle, the parasite

matures through the ring, trophozoite and schizont

stages, and undergoes multiple rounds of asynchronous

nuclear division (Leete and Rubin, 1996). Because Orc1

was assumed to be involved in DNA replication (Li and

Cox, 2003; Mehra et al., 2005), we sought to analyze

whether Orc1 localizes through S-M phase (trophozoite

and schizont stages). We collected parasites from a

synchronized culture at three different time points:

rings, trophozoites and schizonts (Fig. 4A). Double-

labelling IF studies revealed that, as the parasite

differentiates, there is an increase in Sir2 and Orc1

protein levels together with their relocalization to a non-

nuclear region (Fig. 4B-D). Strikingly, the IF pattern

changes from well-defined perinuclear spots in ring stages to rather

diffuse small dots in trophozoite stages. Moreover the

colocalization of Orc1 and Sir2 (>80% in ring stage) decreases

as the parasite matures.

DNA synthesis in P. falciparum can be reversibly blocked by

aphidicolin, an inhibitor of DNA-polymerase-α in eukaryotes

Journal of Cell Science 121 (12)

(Inselburg and Banyal, 1984). To understand the redistribution

of Sir2 and Orc1 throughout the cycle, we cultivated the parasites

in medium containing aphidicolin for about 24 hours. This culture,

composed of arrested late trophozoites (Fig. 4A), was collected

and subjected to IF analysis. Orc1 localized inside the nucleus

in non-replicative trophozoites, which is consistent with its

Fig. 2. Orc1 and Sir2 specifically recognize elements on the
telomeric and subtelomeric repeats. (A) Schematic representation
of telomere and subtelomeric regions of P. falciparum
chromosome ends. The probes used in the EMSA and ChIP assays
are indicated. (B) Binding of nuclear proteins to telomeric and
subtelomeric regions. 32P-labelled telomere (left panel), TARE3
(middle panel) and TARE6 (right panel) probes were incubated
with nuclear extracts. Competition shift assays were done using
either 50-fold molar excess of unlabelled homologous (third lane)
or heterologous (KAHRP and Sp1, fourth and fifth lanes)
competitor. A free probe was run in the first lane in all cases. The
telomere probe formed three protein-DNA complexes, whereas
TARE3 and TARE6 formed only a single retarded complex.
Arrowheads indicate DNA-protein complexes. (C) Binding of
Orc1 and Sir2 to telomeric and subtelomeric repeats. A total of
30 μg of antiserum against Sir2 and Orc1, and respective non-
immune sera, were pre-incubated for 15 minutes in the binding
reaction, followed by the addition of the labelled telomere, TARE3
and TARE6 probes. Telomere and TARE3 probes produced
supershifted complexes with both anti-Sir2 and -Orc1 antibodies
(left and middle panels), whereas the TARE6 probe only formed a
supershifted complex in the presence of Sir2 (right panel). NE,
nuclear extracts; C, complex; SC, supershifted complex; KAHRP,
upstream region of kahrp gene; Sp1, consensus Sp1-binding-site
factor; PI, pre-immune serum.

Fig. 3. Orc1 and Sir2 distribution at telomeric and
subtelomeric chromatin. (A,B) ChIP analysis of ring-
stage parasites using antibodies against Orc1 (A) and
Sir2 (B). Immunoprecipitated DNA was analyzed by
dot-blots hybridized with probes specific to telomeric
sequences, subtelomeric sequences (TARE1, TARE2,
TARE2-3, TARE3 and TARE6) and HRP. A
representative dot-blot is shown for each antibody (left
panels). The right panels show a quantitative
presentation of the data shown in the left panels. In all
cases, ChIP values represent a percentage of the total
input DNA after subtraction of the background signal
value (i.e. the material immunoprecipitated by the pre-
immune sera or IgG). Association of Orc1 with
telomeric and subtelomeric repeats is similar to that of
Sir2.
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2049Relocation of telomeric proteins

putative replicative function. In addition, we observed a punctate

and diffuse pattern outside of the nucleus. Surprisingly, Sir2

displayed a similar IF staining pattern (Fig. 4E). We concluded

that reorganization of Orc1 and Sir2 occurred prior to DNA

replication. To identify the subcellular localization of Sir2 and

Orc1 in mature stages, an anti-Hsp70 antibody was used as a

cytoplasmic marker (Mattei et al., 1989). Sir2 (Fig. 4F) and Orc1

(data not shown) colocalize with Hsp70 in aphidicolin-treated

parasites. Sir2 and Orc1 are thus partially released to the

cytoplasm in mature stages.

In order to exclude possible IF fixation artefacts, we performed

double-IF assays in which we used anti-Sir2 and -histone-H3

antibodies. Clearly, histone H3 remained associated with nuclear

DNA, whereas Sir2 relocated to the cytoplasm during parasite

maturation (Fig. 4G). We also tested an alternative fixation

protocol described previously (Tonkin et al., 2004), and the same

Fig. 4. Sir2 and Orc1 relocalize during the developmental cycle of P. falciparum. (A) DNA synthesis during the P. falciparum cell cycle. During the 48-hour blood-
stage cycle, the parasite differentiates through ring [between 0- and 18-hours post-invasion (p.i)], trophozoite (18- to 36-hours p.i.) and schizont (36- to 48-hours
p.i.) stages. DNA replication in P. falciparum takes place in the trophozoite stage; it peaks at 30 hours and can be blocked by adding aphidicolin to the culture
medium. Nuclear division occurs by schizogony, leading to the production of 16-32 merozoites; these are released in the bloodstream and can initiate a new cycle
by invasion of a new red blood cell. (B-D) IF analysis of Sir2 (green) and Orc1 (red) during the blood-stage cycle. (B) Ring stages display a punctate pattern at the
nuclear periphery. (C) In the trophozoite stages, anti-Sir2 and -Orc1 antibodies reveal an apparent increase of both protein levels, and an additional punctate and
diffuse pattern inside and outside of the nucleus. (D) The schizont stage, Sir2 and Orc1 seem to relocalize at the nuclear periphery. (E-G) Double-labelling IF using
parasites cultivated with aphidicolin for ~24 hours. (E) Aphidicolin-treated parasites demonstrate that the redistribution of Sir2 (green) and Orc1 (red) occurs prior
to initiation of DNA replication. (F) Labelling with an anti-mouse Hsp70 (red) revealed that Sir2 (green) is displaced into the cytoplasm of the parasite before S-
phase. (G) Histone H3 (dimethyl K4, 2mK4H3; red) remained associated with the nucleus. Nuclei were detected by DAPI staining (blue) in all the figures. Scale
bars: 1 μm.
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Orc1 and Sir2 redistribution pattern was observed (data not

shown).

Telomeric clusters break up before DNA replication
Chromosome ends of P. falciparum form four to seven telomeric

clusters at the nuclear periphery (Freitas-Junior et al., 2000). In

this previous work, only pre-replicative-stage parasites were

analyzed. Considering the relocation of the telomere-binding

proteins to the cytoplasm, we studied whether the telomeric

clusters were rearranged in the nucleus of the parasite through its

maturation. To address this issue, we analyzed rings, trophozoites

and schizonts by FISH. Telomeres were visualized by using a

fluorescein-labelled DNA probe corresponding to TARE6 (or

rep20). We observed an increase from 4.3±0.3 signals per nucleus

(n=64) in rings (Fig. 5A) to 12.5±1.2 (n=59) in trophozoite stages

(Fig. 5B). Schizont stages displayed more than 30 FISH signals

per parasite. It was difficult to determine the exact number of FISH

dots because of overlapping signals of densely packed 16 to 32

nuclei (Fig. 5C). We also assessed the number of telomeric clusters

in the non-replicative aphidicolin-arrested parasites. Unexpectedly,

we scored 10.0±1.0 FISH signals (n=56), indicating that the

telomeric clusters are partially disrupted before DNA replication

(Fig. 5D). It is interesting to note that these nuclei show both weak

and strong signals, and also that some of the telomeres seem to be

dislocated from the nuclear periphery.

Discussion
P. falciparum telomeres and their adjacent subtelomeric regions have

been described as being important elements in the nuclear

positioning of chromosome ends and in the control of expression
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of virulence genes involved in antigenic variation and pathogenesis

(Ralph and Scherf, 2005). Although the finding of Sir2 has shed

some light on epigenetic control of antigenic variation in this

pathogen (Duraisingh et al., 2005; Freitas-Junior et al., 2005), it

also taught us that a single telomeric protein is not sufficient to

control repression of all subtelomeric var genes. In this study, we

report the Orc1 protein as another telomere-associated protein in

P. falciparum. EMSA and ChIP studies clearly demonstrate that

Orc1 can interact specifically with telomere and with various

subtelomeric repeats in a similar way as Sir2 (Figs 2 and 3), pointing

to Orc1 as a strong candidate molecule that contributes to telomeric

silencing in Plasmodium. Remarkably, Orc1 appears to have

retained the replication and silencing functions observed in other

eukaryotes (Chesnokov, 2007).

In addition, our EMSA and ChIP results suggest that Plasmodium
telomeres fold back, allowing the telomeric chromatin to interact

with the subtelomeric domains, as shown schematically in Fig. 6A.

This fold-back structure might account for the stabilization of

telomeric and subtelomeric chromatin at the nuclear periphery in

Plasmodium, as previously suggested in yeast (de Bruin et al., 2000;

Strahl-Bolsinger et al., 1997).

Interestingly, the Orc1 N-terminal region has a leucine zipper

motif and many charged amino acid residues potentially involved

in DNA-protein and protein-protein interactions (Li and Cox, 2003;

Mehra et al., 2005). In our model (Fig. 6A), we hypothesize that

the putative N-terminal DNA-binding motif allows the direct

binding of Orc1 to the telomeric DNA. By contrast, Sir2 association

to telomeric and subtelomeric chromatin probably involves other

molecules, because Sir2 has no evident DNA-binding motifs.

Although no interaction between Orc1 and Sir2 was reported in the

Fig. 5. Visualization of the telomeric clusters
during the blood-stage cycle. (A-D) FISH
analysis of nuclei stained with DAPI (blue)
and hybridized with TARE6 (green) probe to
visualize the chromosome ends on rings (A),
trophozoites (B), schizonts (C) and
aphidicolin-treated parasites (D). Scale bars:
1 μm. (E) Quantification of TARE6 FISH
signals in rings, trophozoites and aphidicolin-
treated parasites. n refers to the chromosome
number per nucleus; in trophozoite stage,
n>1, depending on the number of nuclear
divisions that occurred on each individual
parasite. In the case of aphidicolin-treated
parasites, all signals (weak and strong) were
counted. Error bars are 95% confidence
intervals (±1.96 s.e.m.). The standard
deviations for rings, aphidicolin-treated
parasites and trophozoites are 1.20, 3.93 and
4.71, respectively.
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yeast two-hybrid screening assay (LaCount et al., 2005), Orc1 might

work as the initiator of heterochromatin assembly and be involved

in Sir2 recruitment into the telomere tract. Apart from Sir2, the

other proteins of the Sir complex (Sir1, Sir3 and Sir4) are not present

in this parasite. It has been suggested that the lack of the Sir complex

might be compensated for by the presence of the heterochromatin

protein 1 (HP1) (Moazed, 2001). Strikingly, the orthologue to HP1

has been recently identified in P. falciparum (K. Toledo and R.H.-

R., unpublished data). ORC-HP1 interactions have been described

in Drosophila (Pak et al., 1997), Xenopus (Pak et al., 1997) and

mammals (Auth et al., 2006; Prasanth et al., 2004) in centromeric

heterochromatin, implicating HP1 as another candidate protein that

interacts with Orc1 in Plasmodium telomeres. Taking into account

all this data, it is becoming evident that the molecular components

contributing to TPE in P. falciparum resemble more the silencing

complexes in metazoans and fission yeast, rather the budding-yeast

complexes.

Unexpectedly, Orc1 colocalized with Sir2 not only in the

telomeric clusters but also in the nucleolus (Fig. 1). In yeast, Sir2

also localizes in the nucleolus (Gotta et al., 1997) and represses

both recombination and polymerase-II-dependent transcription

within the ribosomal (r)DNA repeats (Gottlieb and Esposito, 1989;

Smith and Boeke, 1997). The function of Sir2 in the nucleolus has

not been determined so far. Sir2-mutant parasites apparently do not

change the transcription pattern of plasmodial rRNA genes (L.M.-

S. and A.S., unpublished). Regarding Orc1, to our knowledge, no

localization studies in other organisms have shown this protein to

be present in the nucleolus. It is striking, though, that three proteins

localizing in the nucleolus and having functions elsewhere in the

nucleus have already been observed: TERT (Figueiredo et al., 2005),

Sir2 (Freitas-Junior et al., 2005) and Orc1 (this work). An attractive

hypothesis is that the nucleolus might serve as a reservoir for

telomere-associated proteins, as has been proposed for yeast Sir

proteins (Gotta et al., 1997).

One of the most remarkable features of Orc1 and Sir2 is that

they undergo dynamic relocations throughout the 48-hour blood-

stage cycle in P. falciparum. They localize to distinct perinuclear

compartments after merozoite invasion (ring stage) all the way

through early trophozoite stage (20-hours post-invasion), and

reposition to the entire nucleus and parasite cytoplasm during the

late trophozoite stage, the part of the cycle in which schizogony

takes place to generate between 16 and 32 nuclei (Fig. 4 and

schematically shown in Fig. 6B). Nuclear mitosis in Plasmodium
is asynchronous and occurs without cytoplasmic division (Leete

and Rubin, 1996). DNA-replication machinery might cause the

disruption of telomeric clusters, unfolding of telomeres, and

Fig. 6. Model for dynamic telomeric heterochromatin assembly and relocation during blood-stage development. (A) Hypothetical model of the differential
spreading of P. falciparum telomeric proteins. Orc1 (green ovals) might bind directly to telomere and to TARE1-3 repeats via its N-terminal DNA-binding domain.
The interaction of Orc1 with other unknown TARE6-binding molecules (adaptor proteins) might lead to telomere bending. Sir2 (red circles) might be recruited via
interaction with an unknown telomere-associated protein (black curve) or alternatively with Orc1. Sir2 might then deacetylate telomeric histone tails (Merrick and
Duraisingh, 2007), promoting heterochromatin formation and spreading towards the coding region. (B) Model for the dynamics of telomere chromatin factors
during the P. falciparum blood-stage cycle. During ring stage (left), parasite telomeres form clusters at the nuclear periphery and associate with Sir2 (red circles)
and Orc1 (green circles) (i). This period (G phase) is followed by multiple rounds of DNA synthesis and nuclear mitosis (trophozoite stage, middle), which produce
a multinucleate schizont (right). Our data show that Orc1, Sir2 and telomeric clusters disassemble prior to DNA replication (ii). Telomeric components assemble in
the newly formed nuclei (iii) and will be maintained for the next cycle. We speculate that the relocation events are driven by specific post-translational
modifications. Alternatively, cytoplasmic Orc1 and Sir2 might correspond to newly synthesized proteins necessary to accommodate the demands of the rapid
nuclear divisions occurring during S-M phase.
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consequent dispersion of Orc1 and Sir2. Arresting the parasites by

aphidicolin allowed us to take a picture of the nuclear organization

of the parasite prior to S-M phase. This demonstrated, however,

that Orc1 and Sir2 relocations occur before DNA replication and

might be linked with the break-up of telomeric clusters (Fig. 5 and

schematically shown in Fig. 6B). Cell-cycle-dependent

relocalization and remodelling of silencing factors have also been

reported for yeast (Laroche et al., 2000; Smith et al., 2003).

However, Rap1 and Sir proteins partially disperse from the telomeric

clusters only in G2 phase and mitosis (Laroche et al., 2000). This

discrepancy between Plasmodium and yeast might be due to the

unusual nuclear mitosis that occurs in this parasite.

Differential post-translation modifications might explain

differential localizations, and might account for other functions of

Orc1 and Sir2 at different time points of the Plasmodium blood-

stage cycle. In fact, a recent study in our laboratory indicates that

the nuclear form of Sir2 is modified by SUMO (N. Issar, E. Roux,

D. Mattei and A.S., unpublished). The amino acid sequence of Orc1

has several SUMO consensus motifs, implying that Orc1 is also

sumoylated. It is tempting to speculate that reversible sumoylation

might cause the relocation of Sir2 and Orc1. Sumoylation has been

described as regulating subcellular localization (Heun, 2007); it has

also been shown that telomere-associated proteins are often

sumoylated (Potts and Yu, 2007; Xhemalce et al., 2007), pointing

to this as a feature conserved in evolution. Orc1 also contains

phosphorylation sites in the N-terminus (Mehra et al., 2005),

indicating that phosphorylation state might also dictate localization

and activity of this protein.

In summary, this work reveals dynamic changes that occur in

the perinuclear chromatin organization and telomere architecture

during P. falciparum blood-stage differentiation and proliferation.

Our study of Orc1 reveals another dimension of plasmodial

chromosome ends, namely that, during blood-stage development,

telomeres share the same molecule with other DNA elements, such

as the origin-of-replication sequences and possibly rDNA, within

the nucleolus. Future work should address directly the role of Orc1

in the nucleolus, cytoplasm and TPE in P. falciparum. TPE is of

particular interest owing to its central role in the regulation of

virulence-factor genes and antigenic variation in this parasite.

Because ORC genes are essential for cell survival (Chesnokov,

2007) and because of the absence of an applicable inducible gene-

knockdown system in P. falciparum, only mutations touching

dispensable functions such as telomere silencing can be studied in

this parasite; namely, mutations in the N-terminal region, because

the function in DNA replication seems to reside exclusively in the

C-terminus (Mehra et al., 2005). Further studies should clarify

whether nuclear and cytoplasmic forms show different post-

translational modifications and whether or not they are linked with

the potential multiple functions of Orc1.

Materials and Methods
Parasites
P. falciparum parasites were cultivated according to standard conditions (Trager and
Jensen, 1976). Aphidicolin (Sigma) was added to a synchronized ring-stage culture
as described previously (Inselburg and Banyal, 1984).

Antibodies
A rabbit anti-Orc1 antibody was prepared by immunizing rabbits with a GST fusion
protein corresponding to 150 amino acids on the C-terminus of the Orc1 protein
(aa794-944). Rat sera against Sir2 and against Nop1 were obtained by immunizing
rats with two synthetic peptides coupled to KLH for each protein. The sequence of
the peptides is described elsewhere (Figueiredo et al., 2005; Freitas-Junior et al.,
2005). Rabbit polyclonal antibody to histone H3 (dimethyl K4) was purchased from
Abcam.

Journal of Cell Science 121 (12)

Immunofluorescence microscopy
Synchronized cultures of P. falciparum were washed in phosphate-buffered saline
(PBS), lysed in saponine (0.015%) and fixed in suspension with 4% paraformaldehyde
solution for 15 minutes. Parasites were then incubated with the primary antibodies
diluted in 1% bovine serum albumin (BSA) at 37°C for 30 minutes. After washing,
parasites were incubated at 37°C for 30 minutes with the secondary antibodies
conjugated with fluorochromes. After final washes, parasites were deposited on
microscope slides and mounted in Vectashield anti-fading with 4-6-diamidino-2-
phenylindole (DAPI). Images were captured using a Nikon Eclipse 80i optical
microscope.

Anti-Orc1 and anti-Sir2 antibodies were pre-absorbed with lysed non-infected red
blood cells before incubation with the fixed parasites. The final antibody dilutions
were: rabbit anti-Orc1 1:50-100, rabbit anti-Sir2 1:100, rat anti-Sir2 1:50, rat anti-
Nop1 1:50, monoclonal mouse anti-Hsp70 1:1200, rabbit anti-H3 2mK4 1:200, Alexa-
Fluor-488-conjugated goat anti-rabbit highly cross-absorbed 1:500, Alexa-Fluor-568-
conjugated goat anti-rabbit highly cross-absorbed 1:500, Alexa-Fluor-568-conjugated
goat anti-mouse highly cross-absorbed 1:500 and Fluorescein-conjugated goat anti-
rat 1:500.

Fluorescence in situ hybridization
FISH was performed with the same lysed and fixed parasites used for the IF to allow
a close correlation between IF and FISH imaging. Briefly, the fixed parasites were
deposited on microscope slides, permeabilized in 0.1% Triton X-100 and hybridized
with heat-denaturized TARE6 probe (see ChIP probes) at 80°C for 30 minutes and
at 37°C overnight. After hybridization, slides were washed as described previously
(Freitas-Junior et al., 2000).

For immunofluorescence combined with in situ hybridization (IF-FISH) parasites
were prepared as described above for IF; incubation with secondary antibody, parasites
were post-fixed in suspension with 4% paraformaldehyde solution for 15 minutes,
deposited on microscope slides and followed for FISH, in the same conditions
described above.

Nuclear extract preparation, gel-shift and super-shift assays
Preparation of nuclear extracts, gel shift and super-gel shift were performed as
described previously (Freitas-Junior et al., 2005; Ruvalcaba-Salazar et al., 2005).
Telomere probe of 175 bp was amplified from a plasmid obtained in a previous work
(Figueiredo et al., 2000) using the primers listed in supplementary material Table S1.
A 550-bp DNA fragment of TARE3 was amplified from pCR2.1TOPO-TARE3 (see
ChIP probes); it was then digested with EcoRI and AvaII enzymes to get a TARE3
probe of 180 bp. TARE6 probe contains three Rep20 units and was obtained by
hybridization of a 79-bp oligonucleotide with the respective anti-sense
oligonucleotides (supplementary material Table S1). Kharp and Sp1 probes were
obtained as described previously (Ruvalcaba-Salazar et al., 2005).

ChIP assay and dot-blots
The ChIP assay was performed as described previously (Freitas-Junior et al., 2005;
Lopez-Rubio et al., 2007). Chromatin fragments were incubated overnight at 4°C
with the following antibodies: 15 μl of rabbit anti-Sir2, 4 μl of rabbit anti-IgG, 10
μl of rabbit anti-Orc1 and the respective preimmune sera. The immunoprecipitated
DNA was radioactively labelled and hybridized with a Hybond N+ membrane dot-
blotted with 35 ng of telomeric, TARE1, TARE2, TARE2-3, TARE3 or TARE6
probes. TARE1, TARE 2-3, TARE3 and HRP were PCR amplified from genomic
DNA using the primers listed in supplementary material Table S1 and cloned in
pCR2.1-TOPO (Invitrogen). The telomeric probe was PCR amplified using the
telomere primers (supplementary material Table S1) from the plasmid previously
obtained (Figueiredo et al., 2000). TARE2 (2 kb) and TARE6 (1.5 kb) probes were
amplified using the primers M13 from plasmids obtained in a previous work
(Figueiredo et al., 2000).

For total DNA samples (input), an aliquot of lysate used in the immunoprecipitation
was processed along with the rest of the samples. Signals were quantified using the
ImageQuant software. Calculation of the amount of immunoprecipitated DNA in each
ChIP was based on the relative signal to the corresponding total DNA signal.
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Summary 

Increasing experimental evidence shows the prominent role of histone modifications in the 

coordinated control of gene expression in the human malaria parasite Plasmodium falciparum. 

The search for histone mark reading machinery that translates histone modifications into 

biological processes, such as formation of heterochromatin and antigenic variation is of 

foremost importance. In this work, we identified the first member of a histone methyl mark 

specific recognition protein, an ortholog of heterochromatin protein 1 (PfHP1). Analysis of the 

PfHP1 amino acid sequence revealed the presence of the two characteristic HP1 domains: a 

chromo domain (CD) and a chromo shadow domain (CSD). Recombinant CD binds to di- and 

tri-methylated lysine 9 from histone H3, but not to unmodified or methylated histone H3 in 

lysine 4.  The CSD domain is able to interact with itself to form dimers underlying its potential 

role in aggregating nucleosomes to form heterochromatin. Antibodies raised against PfHP1 

detect this molecule in foci at the perinuclear region. ChIP assays demonstrated that PfHP1 

associates with subtelomeric non-coding repeat regions but is not detectable at telomere 

repeats. Our data strongly suggest that PfHP1 works in concert with the histone deacetylase 

PfSir2 to form silent chromatin regions. 

 

 

 

Introduction  

Plasmodium falciparum, the causal protozoan agent of the most severe form of human 

malaria, has a complex life cycle with two different hosts, the Anopheles mosquito and 

humans. In order to complete its life cycle, P. falciparum invades different types of cells and 

self-propagates in very distinct environments in the mosquito (gut, hemolymph and salivary 

glands) as well as in the human host (skin, liver and erythrocytes). Each of these distinct 

environments exerts selective pressure related to morphological changes that force P. 

falciparum to exhibit differential gene expression during its life cycle (Bozdech et al., 2003, 

Le Roch et al., 2003). A surprising finding was the identification of a relatively low number of 

genes encoding transcription factors in the parasite, although the basal core transcriptional 

machinery and the protein-coding genes involved in nucleosome assembly and regulation of 

chromatin structure were found to be conserved (Aravind et al., 2003, Templeton et al., 2004, 

Callebaut et al., 2005). To date, no specific DNA binding proteins have been identified other 

than PfMyb1 (Gissot et al., 2005) and the ApiAp2 gene family (De Silva et al., 2008). This 

suggested that epigenetic mechanisms play a significant role in controlling gene expression in 

Plasmodium (Aravind et al., 2003, Hakimi et al., 2007, Ralph et al., 2005, Freitas-Junior et 

al., 2005). The importance of reversible chromatin modifications involving histone 

modifications and the chromatin-associated protein PfSir2 was first demonstrated for a 
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subtelomeric gene family (var gene family) involved in the control of antigenic variation in P. 

falciparum (Freitas-Junior et al., 2005). Knock out of PfSir2 resulted in the de-repression of a 

fraction of the members of the var gene family (Duraisingh et al., 2005). A screen for histone 

modifications revealed that H3K9-me3 plays a particular role in var gene repression (Lopez-

Rubio et al., 2007, Chookajorn et al., 2007) and H3K4-me2/3 in transcriptional activity and 

epigenetic memory (Lopez-Rubio et al., 2007). These dynamic histone modifications occur 

mainly in the 5’UTR regions of var genes. It was shown that histone modifications do also 

play a major role in the regulation of non-var genes (Cui et al., 2007, Cui et al., 2008, Lopez-

Rubio et al., 2007, Miao et al., 2006). The identification of factors able to ‘read’ specific 

histone marks and translate them into changes in gene activity remains elusive in Plasmodium. 

In this work, we identified the first major factor that displays characteristic features of the 

histone reading machinery that converts particular histone methyl modifications into 

heterochromatin. The identified protein is an ortholog to heterochromatin protein 1 (PfHP1) 

and shows a specific location to telomeric clusters in the nuclear periphery. We propose that 

PfHP1 works in concert with histone deacetylase such as PfSir2 in the formation and 

maintenance of subtelomeric heterochromatin in P. falciparum. 

 

 

Results 

Identification and modelling of the HP1 ortholog in P. falciparum  

The HP1 protein is highly preserved through evolution, from S. pombe to human, and 

participates in the formation of highly condensed chromatin by recognizing the di- or tri-

methylated H3 histone lysine 9 (H3K9-me2 or H3K9-me3) (Hiragami et al., 2005). In order to 

determine the existence of a protein similar to HP1 and its possible participation in 

heterochromatin formation in P. falciparum, we performed a search in the P. falciparum 

databank (www.plasmodb.cis.upenn.edu). This analysis allowed us to identify the PFL1005c 

gene, which encodes a 30 kDa protein. A detailed analysis of its amino acid sequence with the 

SMART program revealed the presence of the two characteristic HP1 domains defined to date: 

a chromo domain (CD) located between amino acids 6 to 60, and a low-homology chromo 

shadow domain (CSD) that spans from amino acid 197 to 267. The P. falciparum CD's highest 

identity (66%) is with the mouse CD. While the CSD's highest identity is with S. pombe CSD 

(37%) (Figure 1A). Similar to what has been reported in other eukaryotes, the PfHP1 CD has 

three of the most conserved aromatic cage residues (F9, W30 and Y33); in mice, these 

residues recognize the H3K9-me3, and abrogate silencing when they are mutated (Jacobs et 

al., 2002).  

Sequence alignment analysis allowed us to establish that the secondary structure of the PfHP1 

CD is very similar to that described in mouse, since it presents the three ß chains, as well as 
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the α2 helix structures (Figure 1A). These findings suggest that the PfHP1 protein might be 

able to recognize the H3K9-me2 or H3K9-me3, similarly to the HP1 protein in higher 

eukaryotes. With respect to the CSD, PfHP1 consists of three beta chains and two α helixes 

(α1 and α2), as described in S. pombe and other eukaryotes, and also presents some of the 

residues reported to be important for dimerization because HP1 must form a dimer to 

participate in heterochromatin formation (Figure 1A). 

 

 

 
 
Figure 1. Structural modelling of the chromo domain (CD) and chromoshadowdomain (CSD) of PfHP1.  A) 
Schematic diagram showing the complete ORF and location of CD and CSD of PfHP1 separated by the hinge. 
Numbers correspond to residue positions for each domain.  The primary sequence alignment of CD from mouse 
HP1ß (19-73 a.a.) and PfHP1 (6-60 a.a.) was used for the modelling of the CD domain.  The boxes indicate the 
aromatic cage residues potentially involved in the recognition of the H3K9-me peptide. Conserved residues that 
form a complementary surface responsible for H3 peptide recognition in the CD from Drosophila are indicated in 
red (Jacobs et al.,2002).  The primary sequence alignment of CSD from S. pombe SpSwi6 (261-320 a.a.) and from 
PfHP1 (197-267 a.a.) was used to perform the model of the CSD domains.  Residues implicated in the formation of 
the dimer interface are enclosed in boxes.  Residues that have shown to be important for dimer formation in S. 
pombe (Brasher et al., 2000) are indicated with pink letters.  Both alignments were performed with ClustalW and 
used for modelling with the program MOE (www.chemcomp.com).  The secondary structure elements are shown 
above the alignment: bars represent α-helices (α-1 and α-2) and arrows represent ß-strands (ß1 to ß3). B) Tertiary 
structure of CD and CSD domains of PfHP1. The structure is conserved between mouse and P. falciparum CD 
domains, and between S. pombe and P. falciparum CSD domains.  C) Cartoon representation of the CSD dimer.  
The two monomers are indicated in red. The molecular surface of the putative PfHP1-CSD dimer is shown. C1) 
One putative monomer is shown by cartoon and the other one by molecular surface. Surface convex zones are 
shown in red (protuberances); concave zones that correspond to binding or recognition sites are shown in green 
(hydrophobic regions) and the polar surface is denoted in blue.  C2) The hydrophobic region and the crucial L 
residues that contact the other subunit in the formation of the dimer are indicated.  D) Superposition of the three-
dimensional models of the CSD domains homodimers from SpSwi6 (magenta-yellow) and PfHP1 homodimers 
(green-red). As observed, the CSD architecture is strongly conserved between S. pombe and P.  falciparum. 
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In order to determine whether the CD and CSD domains of the PfHP1 protein have a tertiary 

structure similar to that described in S. pombe and other eukaryotes, we made homology 

models, taking as a reference the mouse HP1 CD domain and Swi6 protein CSD of S. pombe. 

The tertiary structure obtained showed that the PfHP1 CD and CSD domains have a folding 

similar to that of the mouse CD and S. pombe CSD (Figure 1B).  

Dimer formation in S. pombe is centred on helix 2, which interacts symmetrically with the 

helix 2 of the other monomer, and the primary contacts involve amino acids L161, Y164 and 

L168. In PfHP1, L161 and L168 are present, but Y164 has been replaced by a L. Nevertheless, 

in mouse Y164 has also been changed and that does not affect dimer formation (Brasher et al., 

2000). Therefore, amino acids L161, L164 and L168 could play a role in PfHP1 dimer 

formation (Fig. 1C-C2). In the case of S. pombe, it has been found that the bonding of the two 

monomers through the alpha 2 helix generates a hydrophobic groove that favours protein-

protein interactions (Brasher et al., 2000). As seen in figure 1C, the PfHP1 CSD folding 

generates a hydrophobic groove through which the PfHP1 monomers can interact with 

themselves. Finally, the overlap of the S. pombe CSD homodimers (magenta-yellow) and CSD 

of PfHP1 (red-green) shows a similar structural organization (Figure 1D). In conclusion, the 

predicted tertiary structure suggests that PfHP1 could interact with the trimethylated H3 

histone lysine 9, as well as participate in the formation of homodimers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure  2.  Nuclear expression of PfHP1. Antibodies against GST-PfHP1 were used to probe a Western blot on 
nuclear (NE) and cytoplasmic (Cyt) extracts from P. falciparum. Preimmune serum (PI) did not react with nuclear 
extracts. Anti-acetyl histone 4 antibodies were used to probe a Western blot on NE. 
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PfHP1 is enriched in the nuclear periphery at the telomere foci 

To investigate the functions of PfHP1, we cloned the entire PfHP1 gene (801 bp) in the 

pGEX4T1 expression vector. The GST-PfHP1 recombinant protein identified with an anti-

GST antibody showed the expected molecular weight of about 55 kDa (data not shown). The 

soluble GST-PfHP1 protein was then purified and used to obtain polyclonal antibodies. 

Immunoblot analysis with this anti-PfHP1 antibody detected the 30 kDa PfHP1 protein in 

nuclear extracts. We observed a similar sized band in the cytoplasmic fraction, however, only 

after longer exposition. The specificity of the nuclear extracts was verified using an anti-acetyl 

histone H4 antibody, which recognizes both histones H2B and H4 (Figure 2). No signal was 

detected in the cytoplasmic fraction (data not shown). Preimmune serum gave no signal with 

the parasite’s nuclear extracts. These data show that PfHP1 is a nuclear protein in P. 

falciparum. 

To determine the cellular localization of PfHP1 we performed immunofluorescence assays 

(IFA), which demonstrated that this protein localizes predominantly in the periphery of the 

nucleus. Next, to study whether PfHP1 is associated to telomeric regions, attempts to do 

immunofluorescence combined with fluorescent in situ hybridization for telomeric repeats 

failed, therefore we performeda dual-labelling IFA using antibodies against PfSir2 protein, a 

marker for telomeres and nucleolus in P. falciparum (Freitas-Junior et al., 2005). PfHP1 

protein forms foci that colocalize with most of PfSir2 signals. However, some PfHP1 IFA 

signals were not associate with PfSir2 (Figure 3A). In contrast to PfSir2 and PfOrc1, PfHP1 

did not or only marginally colocalize with a nucleolar marker Nop1 (Figure 3B). 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 3. Cellular localization of PfHP1. A) Antibodies directed against PfHP1 (red) and PfSir2 (green) stain 
subnuclear compartments. In ring stage parasites, PfHP1 and PfSir2 display a punctuated pattern at nuclear 
periphery. There is a partial co-localization between both antibodies (yellow spots). B) Co-localization with a 
nucleolar marker PfNop1 shows minimal overlap of PfHP1 with this compartment. Scale bars represent 1 µm. 
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PfHP1 binds to subtelomeric TAREs 

The IF assays suggested that the PfHP1 protein is located on the telomeric and/or subtelomeric 

regions of P. falciparum. To determine the in vivo distribution of PfHP1 over the chromosome 

ends of the parasite, we performed ChIP assays. DNA pulled down with anti-PfHP1 was 

hybridized to different repetitive TARE elements and telomere probes in a dot blot assay 

(Figure 4A). The ChIP analysis showed that the subtelomeric region is enriched in PfHP1 

(Figure 4B). In contrast, PfHP1 is almost absent from telomeric repeats (Figure 4B).  As 

expected, two single copy blood-stage expressed genes (HRP1 and GBP) did not 

immunoprecipate with this antibody. Thus, our ChIP results show that PfHP1 is associated to 

chromatin across subtelomeric repeat elements, most likely mediating chromatin compaction. 

We assume that PfHP1 contributes directly to the previously demonstrated genetic and 

structural properties of TAREs such as gene silencing (Duraisingh et al., 2005) and the high 

chromatin condensation at chromosome ends of P. falciparum (Freitas-Junior et al., 2005).   

 

 

 

 
 
 
Figure 4. PfHP1 participates in the formation of subtelomeric heterochromatin of P. falciparum.  A) 
Schematic representation of subtelomeric region of P. falciparum chromosome. ChIP assays using anti-PfHP1 
antibody were carried out on parasites at ring stage. The dot blot based ChIP analysis of PfHP1 abundance at 
telomeric and subtelomeric region is shown. The immunoprecipitated DNA was radioactively labeled and 
hybridized with membranes dot-blotted with telomeric and subtelomeric sequences TARE 1,2,3,6 and a sequence 
between TARE 2-3. 5´UTR regions of GBP-130 and HRP genes were used as control. B) Quantification of PfHP1 
levels at telomeres and subtelomeres, relative to the histidine rich protein 1 (HRP1). Identical results were obtained 
using glycophorin binding protein (GBP) to normalize the data. Results are the average of two independent 
experiments and the standard error of the mean is indicated on each bar. 
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In vitro binding of the PfHP1 chromodomain to H3K9me2 and H3K9me3 peptides  

The CD in eukaryotes is responsible for recognizing H3K9-me2 or H3K9-me3 (Lachner et al., 

2001, Bannister et al., 2001). To determine whether the PfHP1 protein is able to perform the 

same function in malaria parasites, soluble GST fusion protein corresponding to the CD of the 

PfHP1 protein was purified (Figure 5A) and immunoblotted with anti-GST antibodies.  A 

band of the expected size (33 kDa) was observed together with minor bands which are 

probably degradation products as often seen for GST fusion proteins.  Then, the GST-PfHP1-

CD protein was used to investigate its binding specificity to different histone methyl marks. 

The GST-HP1-CD protein was dotted on nylon membranes and subsequently incubated with 

biotinylated histone H3 peptides, which were H3K9-me3, H3K9-me2, H3K9-ac, H3K4-me3, 

H3K4-me2 and unmodified histone H3. Binding of the peptides to the CD of PfHP1 was 

detected using streptavidin conjugated to HRP. Signal was observed only with H3K9-me2 and 

H3K9-me3 (Figure 5B).  To show that these modified histones did not bind the recombinant 

GST-chromo protein through GST, the GST protein was used as a negative control. These 

results demonstrated that the CD from the PfHP1 protein is able to interact to H3K9-me2 or 

H3K9-me3, but not to H3K9-ac, H3K4-me2, H3K4-me3 or to unmodified histone H3 (Figure 

5B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.  PfHP1 binds to a histone H3 peptide methylated at lysine 9. A) Total proteins from DH5α strain 
expressing the CD of PfHP1 before (NI) and after IPTG induction (I), as well as the purified GST-PfHP1-CD 
fusion protein (P), were separated by SDS-PAGE and stained with Coomassie blue. An anti-GST antibody was 
used to detect the presence of the fusion protein. B) Purified protein GST-PfHP1-CD was assayed for binding to 
histone H3 peptides. Two hundred nanograms of the GST-chromo domain protein (GST-PfHP1-CD) were dotted to 
a nitrocellulose membrane, which was incubated with two micrograms of biotinylated peptides that were: H3K9-
me3, H3K9-me2, H3K9-ac, H3K4-me3, H3K4-me2 and unmodified H3. C) 200 ng of GST-PfHP1-CD fusion 
protein were dotted to nitrocellulose and incubated with differents amounts of biotinylated peptides. Quantification 
of the GST-PfHP1-CD affinity to different biotinylated peptides. The average of two independent experiments and 
the standard error is indicated on each bar. 
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To determine the affinity of the GST-PfHP1-CD protein for both H3K9-me3 and H3K9-me2 

peptides, dot blot binding-assays were performed using a fixed amount of GST-PfHP1-CD 

fusion protein with different concentrations of peptides (Figure 3C). Densitometry analysis 

showed that GST-PfHP1-CD binds 3 times more efficiently to H3K9-me3 than to H3K9-me2 

(Figure 5C) in vitro.  

 

 

  
Figure 6. In vitro dimerization of the PfHP1 protein. A).The His-PfHP1 protein was purified  using nickel-
nitriloacetic acid resin (TALON). Western blot analysis of this sample with anti-histidine antibodies identified the 
monomer of PfHP1. B) Interaction between His-PfHP1 and GST-PfHP1 fusion proteins. Purified refolded His-
PfHP1 was mixed with total bacterial lysate that over-express the GST-PfHP1 fusion protein (left panels) or only 
GST (right panels). Protein complexes were recovered by TALON, separated by SDS-PAGE and detected by 
Western blot with anti-histidine and anti-GST antibodies. 
 

 

 

Recombinant PfHP1 forms homodimers 

Cowieson et al. demonstrated that recombinant CSD in its unmodified form is able to dimerize 

in solution through the alpha helixes, forming a non-polar cavity where proteins that have the 

PxVxL pentapeptide  can bind (Cowieson et al., 2000).  As indicated above, both the 

alignment of the PfHP1 CSD domain and its tertiary structure strongly suggest that the PfHP1 

protein is able to form homodimers (Figure 1). To demonstrate it, we generated the complete 

PfHP1 protein fused to six histidines (His-PfHP1). Inclusion bodies containing His-PfHP1 

were incubated in the presence of urea, renatured and incubated with Nickel-beads. The beads 

were then, extensively washed and finally the bound protein was eluted and analysed in a 

SDS-PAGE gel, blotted and tested with the anti-histidine antibody. As expected, this antibody 

recognized specifically a highly enriched 31 kDa protein, which corresponds to the 

monomeric form of PfHP1 (Figure 6A). 
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To further analyze the ability of PfHP1 to interact with itself, we incubated lysates from 

bacterial cells over-expressing the GST-PfHP1 fusion protein (55 kDa) with the renatured His-

PfHP1 fusion protein bound to the nickel beads. Bound proteins were eluted, separated by 

SDS-PAGE and immunoblotted with anti-histidine and anti-GST antibodies (Figure 6B). The 

Western blot analysis confirmed that His-PfHP1 interacts specifically to GST-PfHP1, because 

GST alone (26 kDa) did not bind to His-PfHP1 under the same conditions (Figure 6B). In 

summary, our in vitro experiments suggest the ability of PfHP1 to form dimers, which 

apparently is important for HP1-mediated heterochromatin formation (for model see Figure 7). 

 

 

Discussion 

In this work, we identified and characterized PfHP1, the first protein from malaria that binds 

specifically to a histone mark, thus demonstrating the existence of a histone mark reading 

machinery in this pathogen. PfHP1 specifically recognizes H3K9-me2 and H3K9-me3 

peptides by its chromodomain. The recombinant PfHP1 show protein-protein interaction, 

which strongly suggests that PfHP1 is involved in the formation of compact chromatin at 

chromosome ends in P. falciparum (Freitas-Junior et al., 2005, Duraisingh et al., 2005). The 

affinity of this protein seems to be greater with trimethylated than with dimethylated peptide 

(Figure 2C), suggesting that the degree of methylation at K9 may lead to the formation of 

more or less tight chromatin.  

Nuclear staining with anti-PfHP1 suggested that this protein is located at the perinuclear 

region visible as foci similar to PfSir2 and PfOrc1, two proteins known to be components of 

subtelomeric heterochromatin in P. falciparum (Mancio-Silva et al., 2008, Freitas-Junior et 

al., 2005). Our co-localization experiments indicated that, in contrast to PfSir2 and PfOrc1, 

that PfHP1 does not stain, or only marginally, the parasite nucleolus and may therefore not 

participate in the silencing of rDNA genes in blood stage parasites. 

However, the perinuclear signal of PfHP1 shows frequently signals not linked to telomeres, 

indicating that other chromosome regions may be associated to PfHP1. In fact, genome wide 

analysis of histone marks H3K9me3 in P. falciparum links silent subtelomeric and 

chromosome central virulence genes (Lopez-Rubio et al., submitted). This raises the 

possibility that PfHP1 may bind to subtelomeric and chromosome central virulence gene 

families.  

The notion that PfHP1 is a component of telomeric heterochromatin was further demonstrated 

by showing the binding of PfHP1 to subtelomeric chromatin (Figure 4). ChIP studies clearly 

showed that the anti-PfHP1 antibody immunoprecipitated mainly the subtelomeric regions, 

and reacted poorly with telomeric repeats. As in yeast, the telomeres of P. falciparum are 

mostly not packed within nucleosomes; whereas the subtelomeric chromatin contains 
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nucleosomes (Figueiredo et al., 2000). The association of PfHP1 with the subtelomeric 

chromatin correlates well with the nucleosomal nature of HP1 heterochromatinization 

function. Thus, our results suggests that in P. falciparum HP1, similarly to its orthologs in S. 

pombe, Drosophila and human, participates in the formation and maintenance of the 

heterochromatin (Lomberk et al., 2006).  

In mammals, the HP1 family is composed of three variants  (alpha, beta and gamma), which 

are coded by distinct genes (Jones et al., 2001) and  each of these proteins is involved in 

different events, HP1 alpha and beta in heterochromatin formation and HP1 gamma in 

euchromatin formation (Lomberk et al., 2006). As in S. pombe, in P. falciparum we have 

found only a single HP1 gene in the P. falciparum gene database. This point raises the 

question of whether a single PfHP1 protein performs different functions. Given the presence 

of H3K9-me3 present in the 5’flanking region of the var genes adjacent to subtelomeric 

TARES, it is tempting to speculate that PfHP1 may play a role in mediating more compact 

chromatin structure in plasmodial genes. Genome wide analysis by using ChIP-on-chip may 

reveal if PfHP1 spreads into subtelomeric coding regions and contribute to virulence factor 

gene control and centromere formation.  

The hinge region of the HP1 protein is highly amenable to post-translational modifications in 

other eukaryotes, especially phosphorylation (Lomberk et al., 2006). In addition, mutation in 

this region has been shown to affect the location, interactions and functions  of HP1 (Zhao et 

al., 2001).  For example, the specific phosphorylation of Ser83 of HP1 gamma allows the 

localization of this protein only in the euchromatin region. In silico analysis of the PfHP1 

protein suggests that a number of post-translational changes such as: sumoylation, 

ubiquitination and phosphorylation may occur mainly in the hinge region (Perez-Toledo K and 

Hernandez-Rivas R unpublished data). Therefore, it is possible that different post-translational 

modifications may define distinct functions of PfHP1. Another component of the subtelomeric 

chromatin, PfSir2, has recently been shown to be sumoylated (Issar et al., 2008). Thus, it will 

be interesting to investigate whether mutating the PfHP1 hinge region will affect its function 

and nuclear location. 

In line with our data, we propose a model in which PfHP1 mediated heterochromatin 

formation depends on the presence of a histone deacetylase and a histone methyltransferase. In 

our model  PfSir2, a histone deacetylase (Freitas-Junior et al., 2005, Merrick et al., 2007), is 

first recruited to telomeric chromatin and deacetylates H3K9 residues. In a subsequent step, 

we hypothesize that the H3K9 methyltransferase ortholog PfKMT1 (Cui et al., 2008) 

methylates the H3K9 residues. As consequence, PfHP1 binds to H3K9-me3, dimerizes and 

promotes chromatin condensation. This scenario is illustrated in figure 7A. What recruits 

PfHP1 to subtelomeres remains guesswork (the same is true for PfSir2 and PfORC1). In 

mammals targeting of HP1 to chromatin requires not only K9 methylation but also a direct 
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protein-protein interaction between SUV39 (an ortholog of PfKMT1) and HP1 (Blasco, 2007). 

HP1 can also interact with Orc1 as has been demonstrated in Drosophila and Xenopus (Pak et 

al., 1997, Huang et al., 1998). Future studies are necessary to determine potential protein-

protein interaction between plasmodial PfHP1 and chromatin components by TAP-tag or pull 

down assays. The spreading of PfHP1 along the different TAREs is most likely controlled by 

complex machinery including known components such as PfSir2 and PfSet3. One of the key 

questions is whether PfHP1 does contribute to the reversible silencing of virulence factor gene 

families immediately adjacent of TAREs (Figure 7B). For example, silent subtelomeric var 

gene members are enriched for H3K9-me3 (Chookajorn et al., 2007, Lopez-Rubio et al., 

2007). Thus, investigating the role of PfHP1 in facultative heterochromatin formation  is of 

foremost interest in understanding the molecular mechanism of antigenic variation (Scherf et 

al., 2008). 

 

 
Figure 7.  Hypothetical model for heterochromatin formation at P. falciparum chromosome ends. A) PfHP1-
mediated heterochromatin model depends on the action of the histone deacetylase PfSir2 and histone 
methyltransferase PfKMT1 (Freitas-Junior et al., 2005; Merrick and Duraising, 2007; Cui et al., 2008). B) General 
view of known chromatin components at P. falciparum subtelomeres. The spreading of PfHP1 along the different 
TAREs is orchestrated by PfSir2 and PfKMT1. The role of PfOrc1 in this process remains unknown. 
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In conclusion, this work identifies a key component of the epigenetic machinery involved in 

heterochromatin formation. We demonstrated that PfHP1 is closely related to its counterpart in 

higher eukaryotes, namely homodimer formation and recombinant CD binds methylated 

histone H3K9-me2 and -me3. PfHP1 is the first plasmodial protein identified that recognizes 

specific histone marks linked to silent chromatin.  It appears that PfHP1 is an essential protein 

since we failed to produce a parasite line with a disruption in the PfHP1 gene. Together with 

the previously identified PfSir2, PfHP1 might form the core of the 

subtelomericheterochromatin machinery in P. falciparum. Our anti-PfHP1 antibodies are a 

new tool to investigate facultative and constitutive heterochromatin formation in malaria 

parasites. Telomere-linked control of phenotypic variation is an important issue in malaria 

pathogenesis and a better knowledge of the epigenetic factors controlling those is vital for 

understanding the disease and to develop new anti-parasite control strategies.  

 

 

Material and Methods 

Parasites 

P. falciparum FCR3 strain was cultivated according to standard culture condition (Trager et 

al., 1976).  

 

Recombinant proteins 

A 801-base pair (bp) DNA fragment of the PfHP1 gene was obtained by RT-PCR. The 

sequences of direct and reverse oligonucleotides were: PfHP1EcoRI 5’-

CCGCTCGAGTTAAGCTGTACGGTATCTTAG-3´ and PfHP1Xho 5’-

CGGAATTCATGACGGGTCAGATGAAGAA-3’, respectively. The PCR fragment was 

digested, retrieved and inserted into the EcoRI-XhoI-digested pGEX4T1 vector (Amersham) 

fused to a GST-tag. The resulting construct was sequenced and called GST-PfHP1.  Primers 

PfHP1-CDEcoRI 5´-CGGAATTCATGACAGGGTCAGATGAAGAA-3’ and PfHP1-

CDXhoI 5’-CCGCTCGAG CTCATTAGCTTTCGATAAAAAATT-3’ were used to amplify a 

DNA fragment of 204 bp that contains PfHP1 chromo domain (PfHP1-CD). Integrity of all 

recombinants clones was confirmed by sequencing with 5’ and 3’ primers to the pGEX 

cloning site (Pharmacia) and they were transformed into Escherichia coli DH5α strain. 

Expression of GST fusion protein was induced with 0.5 mM IPTG at 30ºC for 4 hr. GST 

fusion proteins were purified with glutathione sepharose (Pharmacia) by standard methods. 

The PfHP1 DNA fragment of 801 bp was cloned into BamH1 (5’-

CCGCTCGAGTTAAGCTGTACGGTATCTTAG-3’) and NotI sites (5’-

CGGAATTCATGACGGGTCAGATGAAGAA-3’) of the pROEXTM HTb vector 

(Invitrogen). 6HisPfHP1 protein was induced in BL21 bacterial cells by addition of 0.6 mM 
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IPTG. Recombinant proteins were purified using nickel-nitriloacetic acid resin (TALON) 

according to manufacturer protocol. Purified recombinant proteins were verified by Western 

blot with 6His-Tag –specific antibodies. 

 

Production of PfHP1 antibodies 

The GST-PfHP1 recombinant protein was purified as recommended by the manufacturers (see 

above). For polyclonal antibodies against PfHP1, two rabbits were inoculated i.c. with 100 µg 

of GST-PfH1 protein fusion, for the first dose, protein was emulsified with complete adjuvant 

(Sigma). Following the inoculation series, animals were sacrificed and serum was collected. 

Immunoglobulins were purified from serum by protein A-sepharose (Pharmacia) 

chromatography, following standard procedures. 

 

Nuclear and cytoplasmic extracts preparation 

Nuclear and cytoplasmic extracts were done as described previoiusly (Freitas-Junior et al 2005 

; Ruvalcaba-Salazar et al., 2005) with some modifications. Briefly, 5X109 parasites of an 

asynchronous  culture of FCR3 P. falciparum strain were isolated from infected erytrhrocytes 

by saponine lysis, resuspended in 1 ml of lysis buffer (10 mM Hepes, pH7.9, 10 mM KCl, 0.1 

mM EDTA, 0.1 mM  EGTA, 1 mM DTT, 0.65% NP-40) and incubated 30 min a 4ºC. Then 

parasites were lysed by 200 strokes on a prechilled douncer homogenizer. The nuclei were 

collected by centrifugation. The supernatant that contains the cytoplasmic fraction was 

recovered, aliquot and keept at -80ºC. The nuclei were resuspended in 1 ml of lysis buffer and 

placed in a cushion of 0.34 M sucrose. Nuclei were collected by centrifugation and nuclear 

protein was extracted using 100 µl of extraction buffer (20 mM HEPES, pH 7.9, 0.4 M  NaCl, 

1 mM EDTA, 1 mM EGTA and 1 mM DTT). Following 15 min of vigorous shaking on ice, 

the extract was centrifuged and the supernatant containing nuclear proteins was collected. All 

buffers used in this protocol contained a mixture of protease inhibitors (Complete).  

 

Immunofluorescence Microscopy 

Immunofluorescence assays were performed as described previously (Mancio-Silva et al., 

2008). For immunofluorescence the parasites were fixed in suspension with 4% 

paraformaldehyde solution for 15 minutes on ice. Next, the fixed parasites were incubated 

with the primary antibody for 60 min at room temperature followed by incubation for 30 min 

with a secondary antibody conjugated with fluorochrome and deposited on microscope slides. 

The final antibody dilutions were rabbit anti-PfHP1 1:500, rat anti-PfSir2 1:50, rat anti-

PfNop1 1:50, Alexa Fluor 568 goat anti-rabbit highly cross-absorbed 1:500 and Fluorescein-

conjugated goat anti-rat 1:500. The samples were analysed in a Nikon microscope. 
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Chromatin Immunoprecipitation and dot-blots 

The ChIP assay was performed as described previously (Freitas-Junior et al., 2005) with 

minor modifications. The parasites were treated with saponin and cross-linked in 1% 

formaldeyde for 10 min at 37°C. Chromatin fragments were incubated overnight at 4°C with 

2.5 µl of rabbit polyclonal antibody anti-PfHP1 or preimmune serum. The immunoprecipitated 

DNA was radioactively labeled and hybridized with a Hybond N+ membrane dot-blotted with 

35 ng of Telomeric, TARE1, TARE2, TARE2-3, TARE3 and TARE6 repeats as previously 

published (Mancio-Silva et al., 2008).  For total DNA samples, an aliquot of lysate used in the 

immunoprecipitation was processed along with the rest of the samples at the crosslink reversal 

step. Quantification of the signal was done with the ImageQuant software (Molecular 

Dynamics, Sunnyvale). The amount of telomeric and subtelomeric DNA immunoprecipitated 

in each ChIP was calculated based on the signal relative to the corresponding total input 

signal. Additionally, relative enrichment was calculated by normalization of HRP or GBP 

signal. 

 

In vitro binding assays 

The His-PfHP1 protein was denatured and renatured by dialysis against 8M urea, followed by 

6 M , 4 M, 2 M, 1 M and 0.5 M urea and  finally with nickel binding buffer with no urea. 

Then, 40 µg of purified His-PfHP1 fusion protein refolded was incubated with Nickel-

nitriloacetic acid resin (TALON) (50 µl) according to manufacturer protocol. By this way the 

His-PfHP1 fusion protein was immobilized on talon resin, mixed with 2mg/ml total bacterial 

lysate that over-expressed GST-PfHP1 protein fusion and incubated for 2 hr at 4ºC with 1 ml 

binding buffer (20 mM Tri-HCl pH 8.0, 100 mM NaCl). After, the beads were washed three 

times with 1 ml washing buffer (20 mM Tri-HCl pH 8.0, 100 mM NaCl, 15 mM Imidazol pH 

8.0). Bound proteins were eluted with sample buffer and heating before loading on a 10% 

SDS-PAGE gel. Then, electrophoresis, proteins were transferred to Hybond ECL 

nitrocellulose (Amersham) as described (Towbin et al., 1979) and the blot was probed with 

anti-GST and anti- 6His-Tag –specific antibodies. 

 

Dot-blot Overlay Assays 

The dot-blot assays were performed as described by Sambrook et al., 1989 (Sambrook et al., 

2001). Two hundred nanograms of the GST-chromo domain protein (GST-PfHP1-CD) were 

dotted to Hybond ECL nitrocellulose (Amersham) and blocked using 4% fat–free dried milk 

in TBS-Tween (10 mM Tris-HCl, 150 mM NaCl, 1% Tween, pH 7.5). Membranes were 

incubated overnight at 4ºC in BC100 buffer (25 mM HEPES, pH7.6; 100 mM NaCl, 1 mM 

MgCl2, 0.5 mM EGTA, 0.1 mM EDTA, 10% glycerol, 1 mM DTT and 0.2 mM PMSF) with 2 
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µg or different amounts of biotynilated peptides H3K9-me3 (Upstate), H3K9-me2 

(Washington Biotechnology), H3K3-ac (Upstate), H3K4-me3 (Upstate), H3K4-me2 

(Washington Biotechnology) and non-modified H3 (Washington Biotechnology).  The 

membranes were washed twice (10 min each) with BC-100 plus 0.05% NP40 and twice with 

BC200  (25 mM HEPES, pH7.6; 200 mM NaCl, 1 mM MgCl2, 0.5 mM EGTA, 0.1 mM 

EDTA, 10% glycerol, 1 mM DTT and 0.2 mM PMSF) plus 0.05% NP-40. Membranes were 

incubated with streptavidin, coupled to HRP (1:10,000 dilutions in TBS plus 1% BSA) 30 min 

at 37ºC. Finally the membranes were washed seven times with TBS plus 1% Tween-100 and 

bound peptides were detected by chemiluminescence using an ECL kit. Quantification of the 

signal was done with the ImageQuant software (Molecular Dynamics, Sunnyvale).  

 

Molecular modeling of PfHP1 protein 

Homology modeling of the PfCD and PfSCD complexes was performed with MOE package 

(molecular operating environment, http://www.chemcomp.com) using the crystallographic 

structure of CD from mouse HP1β (19-73) and CSD from S. pombe SpSwi6 (261-320) as 

template (PDB ID 1APO and 1E0B, respectively). Search for templates and sequence 

alignments were done with BLAST, with minor adjustments in the alignment based on 

template structure inspection to facilitate indel modeling. Sequence identity between CD from 

mouse and CD from P. falciparum and CSD from S. pombe and CSD from P. falciparum was 

66% and 37%, respectively.  For the search of the conformation of replaced side chains we 

used a library of rotamers included in MOE; for indel modeling, a loop library of this package 

was used. By random combination of these libraries we constructed 1000 alternative models 

and minimized them to reach a gradient of 0.1 kcal/ (mol A°). The model with the best 

packing was subjected to more extensive minimization, until an RMS gradient lower than 0.05 

kcal/ (mol A°) was obtained, and used thereafter for the structural analysis. Minimizations 

used the CHARMM22 force field with its partial-charge assignments for protein atoms. The 

stereochemical quality of the model was verified with MOE and with the Mol-Probity server 

(http://kinemage.biochem.duke.edu/molprobity) 
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Summary 

Epigenetic factors play a crucial role in the co-ordinated expression of Plasmodium 

falciparum genes, especially those implicated in antigenic variation and pathogenesis. Post-

translational histone modifications and sub-nuclear organization have the potential to 

epigenetically influence gene regulation.  Here we screened for the presence of histone 

methylation modifications using specific antibodies and determined, for the first time, their 

spatial nuclear localisation. We observed that several marks were differentially enriched in 

sub-nuclear compartments, suggesting high local concentrations of particular methyl marks 

such as histone H3 lysine 79. This mark does not co-localize with already defined nuclear 

compartments, namely the perinuclear var gene expression site, telomere cluster or nucleolus. 

Thus, antibodies specific for H3K79me apparently define a nuclear compartment not 

observed previously in other eukaryotes. Our data show the presence of discrete sub nuclear 

zones enriched for histone methyl marks, pointing to the existence of specialized transcription 

factories and repressive regions in malaria parasites.  

 

 

Introduction 

Post-translational modifications (PTMs) of histones present a remarkable array of chemical 

variations that can control gene expression in eukaryotes [1]. These provide an additional 

layer of regulation on top of the DNA code, called epigenetic regulation, with implications for 

transcriptional activation, silencing and cellular memory [2, 3]. Covalent histone 

modifications on the protruding N-terminal tails of the H3 and H4 subunits contribute to such 

epigenetic control. Several studies have found important roles for both histone acetylation [4] 

and methylation[5, 6] in the regulation of Plasmodium genes, indicating that they are involved 

in defining active and repressive transcriptional states as well as the inheritance of these 

states. This tight regulation applies, not only to global transcriptional states of P. falciparum 

genes, but characteristically to var genes; a 60 member antigenically-variant gene family 

responsible for the polymorphism of a major virulence factor: P. falciparum erythrocyte 

membrane protein 1 (PfEMP1). The mechanism of monoallelic expression of a single var 

gene from a repertoire of many is still not fully resolved. Investigations to decipher this led us 

to investigate the organization of P. falciparum nucleus, revealing distinct sub-nuclear 

domains, such as telomere clusters, heterochromatin-rich nuclear periphery and the 

perinuclear expression site of a var gene [7].  

Mounting evidence hints towards existence of decided zones: non-permissive or `silenced 

zones’ and transcriptionally permissive ‘expression zones’. However, the malaria community 

still lacks markers to distinguish between these, especially markers recognising the active 
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expression sites. Having already observed connections between certain histone marks and 

active and repressive chromatin states in P. falciparum[4, 8], we wondered if histone 

modifications may also be markers that define the spatial compartmentalisation of active and 

silenced genes. To this end we conducted a survey of major histone methyl modifications in 

blood stage P. falciparum parasites, in anticipation that knowledge about nuclear distribution 

of known and novel histone modifications may provide insight into their function. Here we 

show that particular marks are highly enriched using immunofluorescence analysis and reveal 

distinct sub-nuclear areas that point to specialized transcription factories.  

 

 

Results 

Sub-nuclear enrichment of particular histone methyl marks  

A distinct separation of purified P. falciparum histone proteins was obtained and examined 

for the presence of specific histone modifications by Western Blot (Fig. 1. A). Strong specific 

bands corresponding to the predicted molecular weight of histone subunit H3 and H4 were 

observed using commercial antibodies against H3-Core, H3-K4me2, H3-K4me3, H3-

K79me3, H4-Core and H4-K20me3. Antibodies against H3-K4me1, H3-K9me1 and H3-

K9me3 also recognised bands at the predicted motility of histone H3, although at a slightly 

weaker intensity. Antibodies against H3-K9me2 and H3-K27me3 did not recognise any 

parasite specific bands, even at higher concentrations, suggesting that these modifications are 

either very low in abundance or absent in P. falciparum.  H3-K36me3 did not recognise any 

band either, which may be due to the non-utilisation of this mark or the divergence of the 

residues flanking the PfH3-36me3. However, in a recently published study, another antibody 

(different manufacturer) against this mark has been shown to react with PfH3 [11]  

We further examined the sub-nuclear enrichment of histone methyl marks. For our analysis, 

we focussed on the ring stage, as the major virulence factor genes, the var genes are 

transcribed at this time. To this end, IFA was performed on P. falciparum-infected ring stage 

erythrocytes to localise specific histone modifications (Fig. 1 B). Anti-H3-K4me1 labelling 

was moderate, and diffused equally throughout the nucleus (panel a). Strong nuclear labelling 

was observed for antibodies against H3-K4me2 and H3-K4me3K4, two marks generally 

associated with active loci. In both these cases, the labelling patterns from these antibodies 

changed slightly with the developmental stage. In ring stages (presented here), H3-K4me2 

was distributed in a punctate pattern (panel b) but became more diffuse in the later stages 

(data not shown). In very early ring stages the H3-K4me3 labelling was less intense and often 

restricted to punctate localisation of 4-6 dots around the edge of nucleus, while in later ring 

stage cells, these dots coalesced into a strong uniform labelling that extended most of the way  
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Fig.1. A. Immunoblot analysis for histone methyl modifications. ~8 µg of partially purified P. falciparum 
histones from mid trophozoites (~30 hrs post invasion) were separated by 15% SDS-PAGE and stained with 
coomassie blue (right most lane). Methyl modifications present on histone H3/H4 were determined by 
immunoblotting with respective site-specific antibodies in equal dilutions. B. Immunofluorescence assays with 
histone methyl modification antibodies. IFAs were carried out with antibodies against specific histone 
modifications (panel a.-g) to reveal differential sub nuclear compartmentalisation of  histone marks. DAPI stained 
nucleus in blue. Comparison of transcriptional states defined by specific histone marks in model systems [21] and 
P. falciparum [6] respectively. + denotes activating, - denotes repressive. Scale bar depicts 1 micron. 
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 around the periphery of the nucleus (panel c), leaving one contiguous area largely devoid of 

labelling at the nuclear core and at one end of the nuclear periphery resulting in a horseshoe-

shaped pattern. Neither the gap in this horseshoe pattern, nor the H3-K4me3-positive region 

corresponded with the previously described nucleolar marker PfNop1 [4] partially co-

localising with both regions (data not shown).  

Antibodies directed against H3-K9me3, a repressive mark for var genes[6], apparently 

concentrate in 2-3 discrete foci polarising at the periphery of the nucleus (panel d), which is 

compatible with our previously observed  peripheral heterochromatin–like region[4]. No 

detectable labelling was seen for H3-K9me1 or H3-K9me2, consistent with the lack of 

reactivity by western blotting. H3-K36 showed full nuclear staining (panel e), though it was 

undetected by western analysis. Two other modifications with a marked sub-nuclear 

distribution were H3-K79me3 and H4-K20me3, generally associated with activation and 

repression respectively. We observed a pronounced peripheral labelling with the repressive 

modification H4-K20me3, comparable to H3-K4me3 but slightly more concentrated at the 

outer extremity of the nuclear periphery (panel g). A recent publication also localised 

Plasmodium H3-K4me3 to foci at the periphery of the schizont nuclei [12]. The methylase 

mediating this mark has been characterised in Toxoplasma gondi, a related apicomplexan 

[12], although its reported nuclear localisation does not mirror the compartmentalisation of its 

apparent modified histone product.  

H3-K79me3, generally linked to gene activation, gave the most striking pattern of all marks 

analyzed. This modification forms 3 to 5 distinctive dots polarised to one end in the nucleus 

(panel f). 

From all of the methylations analysed by IFA 4 out of 7, namely H3-K4me2, H3-K4me3, H3-

K4me 79 and H4-K20me3, indicated differential sub-nuclear enrichments, H3-K79me3 being 

the most intriguing. This is an interesting observation since some marks have recently been 

shown to be antagonistically related at a specific var gene loci, e.g. H3-K4me3 and H3-

K9me3 that define activation and repression respectively [6]. 

 

H3-K79me3 defines a unique sub-nuclear compartment  

Our observation led us to question if any of these modifications are linked to the postulated P. 

falciparum  transcription sites. We were particularly intrigued by the polarised area stained by 

H3-K79me3, a modification hereby reported in Plasmodium (Fig 1 B, panel f). The fact that 

H3-K79me3 is generally known to specifically mark active genes in other eukaryotes and that 

it showed a sub-compartmentalization within the P. falciparum nucleus, led us to question 

whether this specific histone modification marks the potential var ‘transcription-competent’ 

area. We aimed to test whether H3-K79me3 mark is linked to any of the previously  
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Fig.2. Co-localisation of H3-K79me3 with known cellular compartments. A. Nucleolus: Double labelling IFAs 
were carried out with antibodies against H3-K79me3 and nucleolus marker, PfNop1. B. Telomere clusters: IF-
FISH analysis to investigate relative nuclear association between H3-K79me3 (red) and Rep20 (green). C. Active 
var gene: IF-FISH analysis between H3-K79me3 (red) and active var gene (green). Two representative examples 
show no association between the two. DAPI stained nucleus in blue. Font colour represents corresponding 
fluorescein labelled antibody. Scale bar depicts 1 micron D. Schematic of the dynamic compartmentalisation of 
the P. falciparum nucleus. The distinct sub-nuclear distribution of histone methylation modification, taking 
example of H3-K79me3 as observed in this study is presented as a diagram. Known compartments compatible 
with active transcription are indicated. H3-K79 occupies a distinct zone.  
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characterised P.falciparum nuclear compartments, namely, the telomere clusters[13], the 

nucleolar expression sites for nuclear rRNA genes (Mancio-Silva and Scherf, unpublished 

data) or the perinuclear expression site for var genes [10]. 

To examine the possibility that this area is linked to transcription of rDNA in the nucleolus, 

we conducted double labelling with an antibody against previously described nucleolar 

marker PfNop1[4](Fig 2 A). Double labelling showed that the two did not co-localise, and no 

consistent spatial relationship was observed between them.   

We have shown the presence of distinct telomeric clusters marking the periphery of the 

parasite nucleus [13].  We also demonstrated previously that the var genes localize at the 

nuclear periphery irrespective of their transcriptional state (Ralph et al., 2005 and unpublished 

data). Moreover, we described by electron microscopy the existence of a gap in the 

perinuclear heterochromatin, suggestive of a transcriptionally competent zone [10]. We thus 

examined the localization of H3-K79me3 in relation to telomere clusters and an active var 

gene. Synchronized FCR3-CSA parasites [9] (actively transcribing the var2CSA gene) were 

simultaneously labelled with H3-K79me3 antibody (IF) and a specific probe for the var2CSA 

gene or Rep20 respectively (FISH). In each case we scored the co-localization of H3-K79me3 

with Rep20 signals (Fig. 2 B) and H3-K79me3 with var2CSA (Fig. 2 C.), where only a total 

overlap between the fluorescent foci was considered positive. The majority of the telomere 

clusters were distinct from and did not co-localise with the H3-K79me3 signals (Fig. 2 B). 

The var2CSA locus and the H3-K79me3zone co-localised only in 16% of the nuclei, arguing 

against an association of the var-transcription zone with H3-K79me3 (Fig. 2 C.). From our 

results, H3-K79me3 defines a novel substructure in the P. falciparum nucleus. It is possibly 

linked to a subgroup of genes other than var genes for transcription.  

 

 

Discussion 

Here we have documented the presence of methylation specific histone modifications in 

Plasmodium with the aim of visualizing the functionally differentiated sub-nuclear 

compartments. Half of the screened methyl modifications indicated sub-nuclear regions 

differentially enriched for methyl marks (Fig.1 A), indicating that this may reflect 

functionally distinct states of chromatin. It has been demonstrated in other eukaryotes that 

genes can be dynamically recruited to sites of active transcription or ‘transcription factories’ 

[14] and that similar active genes cluster in specialized transcription factories. Moreover, 

reports show that epigenetic markers such as histone modifications can cause a region of 

chromatin to undergo nuclear compartmentalisation in a non random fashion [15]. It is 

increasingly becoming evident that Plasmodium, like many other eukaryotes, possesses a 
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higher order nuclear structure and it’s reasonable to envisage that similar genes and / or gene 

families may utilise this organization in a co-ordinated manner. So far only few studies have 

addressed this issue in Plasmodium. Our lab and others have shown that silenced var genes 

associate with telomeric clusters at the perinuclear heterochromatin and activation requires 

relocation in a ‘transcriptionally competent’ area, still at the periphery [10]. P. falciparum 

nucleolus is also an active transcription site at least for rRNA genes as in other organisms 

(Mancio Silva and Scherf, unpublished data).  

In Plasmodium, epigenetic marks have been studied as factors regulating antigenic variation. 

Recently it was reported that a singularly active var gene is defined by a combination of 

active (H3-K4me2/3) [5, 6]and repressive (H3-K9me3) marks at the 5’ coding region [5, 6]. 

In addition, lately, putative lysine methyltransferases and demethylases have been reported in 

Plasmodium, elucidating existence of a dynamic histone modification machinery [11]. 

Reports suggest that in higher eukaryotes, certain factories contain high concentrations of 

particular factors [16], including histone marks [17], which are hypothesised to ‘mark’ certain 

genes for targeting to specific factories[18]. Although the above-mentioned studies reveal the 

presence of many histone marks in Plasmodium, specifically methyl marks [6, 11], there has 

been none that systematically looked into the nuclear spatial distribution of these marks in the 

plasmodial nuclei.  

We show that H3-K79me3 is one of the most confined marks in P. falciparum resulting in a 

unique sub-nuclear pattern. Although no co-localisation was observed with the known 

Plasmodium compartments linked either to polymerase I or II transcription (Fig 2 A-C), it 

may be a mark for a novel putative transcription site (Fig 2 D) specific for similarly 

transcribed gene families other than the var genes. Interestingly however, in yeast it has an 

indirect role in maintaining heterochromatin by limiting the spread of Sir2/3 proteins [19]. 

Furthermore, recently this mark was shown to modulate antigenic variation in T. brucei. 

Deletion of DOT1B, the methyl transferase responsible for H3-K76me3 (corresponding to 

H3-K79 in yeast and mammals), compromises silencing of telomeric VSG (Variant Surface 

Glycoprotein) genes as well as monoallelic expression of VSGs and switching [20]. Given 

that both this mark and similar mechanism of monoallelic expression exist in Plasmodium, we 

need to envisage active and repressive activities with respect to the role of this modification. 

Moreover, as unlike in other eukaryotes, active and repressive marks co-exist in the nuclear 

periphery of P. falciparum. H3-K4me3 (activation) and H3-K9me3 (repression) being 

examples elucidating this scenario [6].  It will thus require an in depth analysis to reveal the 

gene(s) and / or families enriched for these interesting marks and their spatial location.  

Techniques like ChIP-on-chip or ChIP-sequencing that allow global profiling of histone 

PTMs will need to be undertaken to decipher this and our data offers a list of exciting 
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candidates to subject to such global analysis. Furthermore tools like Br-UTP labelling of 

transcription sites may be combined with our IFA study. Although feasible, this is technically 

challenging in a model system like Plasmodium (Freitas-Junior et al, personal 

communication). Some of these marks may be involved in promoting specific inter-

chromosomal loop interactions, which could favour particular higher order nuclear 

substructures in malaria parasites. Such interactions can be detected using the chromosome 

conformation capture (3C) methodology.  

Now that different functional elements are being identified in the nucleus of P. falciparum, a 

major challenge is to unravel functional relationships between them. All in all, a more 

detailed genome wide investigation is now required to reveal the link of distinct subnuclear 

chromatin domains on the nuclear architecture. Understanding the dynamics of these histone 

PTMs will help build a ‘high-resolution’ picture of the P.falciparum nucleus to better link sub 

nuclear architecture with gene expression and possibly the identification of distinct 

transcription factories [20]. 

 

Materials and methods 

Parasite cultures and panning 

P. falciparum blood stage parasites from the 3D7 and FCR3 strain were used. Culture and 

panning assays for selection of FCR3 parasites transcribing var genes associated with CSA 

binding (referred to as FCR3-CSA) were performed as described [9]. 

 

Antibodies  

Commercially available anti-sera against respective histone modifications were used at 

following dilutions: Westernblot/IFA: H3-Core abcam1791, 1:1000/1:100, H3-K4me1 

abcam8895, 1:2000/1:100, H3-K4me2 ab7766, 1:1000/ 1:100, H3-K4me3 ab8580, 1: 

2000/1:100, H3-K9me1 ab9045, 1:2000/ 1:50, H3-K9me2 ab32521, 1:500/ 1:50, H3-K9me3 

07-442(upstate), 1:200/1:100, H3-K27me3 ab6147, 1:500/1:50, H3-K36me3 07-549 

(upstate), 1:500/ 1:100, H3-K79me3 ab2621, 1:500/ 1:100, H4-Core ab16483, 1:500/1:100, 

H4-K20me3 07-463 (upstate) 1:500/1:100. Rat anti-PfNop1 sera were generated as described 

[4] and used at a dilution  1:50.  

 

Purification of histones and Western blot analysis 

Approx. 2.5 x 109 infected red blood cells were harvested 30-32 hours post invasion and 

parasite histones purified as described [6]. Precipitated histones were pelleted, air dried and 

analysed by 15% SDS-PAGE and transferred onto nitrocellulose membranes for 

Immunoblotting. Membranes were probed with antibodies against core histone H3, H4 and 
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respective site-specific methyl modifications (see Antibodies). Secondary antibodies 

conjugated to horseradish peroxidase (Pierce) were developed with Super-Signal West Pico 

Chemiluminescent Substrate (Pierce). 

 

Immunofluorescence  

Immunofluorescence (IFA) was conducted both on mixed stage cultures (Rings, Trophozoites 

and Schizont stages), as well as synchronised ring-stage cultures. Parasite-infected 

erythrocytes were washed, saponin lysed and fixed in suspension with 4% paraformaldehyde. 

Parasites were incubated with the primary antibodies diluted in 1% bovine serum albumin at 

37°C for 30 minutes, followed by incubation at 37°C for 30 minutes with fluorochrome 

conjugated secondary antibodies. Final secondary antibody dilutions were 1:500 Alexa Fluor 

568 / 488 goat anti-rabbit. After final washes, parasites were deposited on microscope slides 

and mounted with Vectashield anti-fading containing 4-6-diamidino-2-phenylindole (DAPI) 

(Vector Labs). Images were captured using a Nikon Elipse 80i optical microscope.  

Double labelling IFAs were performed with final antibody dilutions of 1:200 for rabbit anti-

H3-K79me3 and 1:50 for anti-rat PfNop1. Secondary detection was performed with 1:500 

Alexa Fluor 488 / 568 goat anti-rabbit and 1:500 fluorescein-conjugated goat anti-rat. 

 

Combined IFA - FISH 

IFA was performed on FCR3-CSA panned parasites as above. Final antibody dilutions were: 

1:200 anti-H3-K79me3, 1:500 Alexa Fluor 568 goat anti-rabbit. Parasites were post-fixed in 

suspension with 4% paraformaldehyde, and followed for FISH [4]. Fluorescein labelled DNA 

var2CSA[10] and REP20  were generated using Fluorescein-High Prime (Roche) as per 

manufacturers instructions, and used as probes for active var gene and telomere clusters 

respectively. 
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Summary 

Clonally variant gene families provide the blueprint for phenotypic plasticity in Plasmodium 

falciparum, a process indispensable for survival of the pathogen in its human host. Using 

high-resolution ChIP-chip analysis, genome wide mapping of heterochromatin mark 

H3K9me3 reveals, for the first time, a mechanism of coordinated gene repression in this 

parasite. This is virtually limited to differentially transcribed virulence gene families. We 

show that high level of H3K9me3 links mutually exclusive gene expression, spatial gene 

positioning and perinuclear epigenetic repression factories (PERF). In PfSir2 knock out 

parasites, we observe that the change of H3K9me3 to H3K9ac at 5’UTRs uncouples var genes 

from monoallelic transcription. This discontinuous manner of the histone mark changes along 

chromosomes points to a complex spatial chromatin formation via multiple loops of var 

5’UTRs to PERF. Our data show that P. falciparum has evolved a spatially confined 

epigenetic factory to control genes involved in phenotypic variation and pathogenesis. 

 

 

Introduction 

The human protozoan malaria parasite Plasmodium falciparum kills more than 2 million 

people (mainly children) per year (Snow et al., 2005). This parasite is well adapted to survive 

in changing host environments such as the Anopheles mosquito mid gut and salivary glands, 

human liver hepatocytes and infected red blood cells (IRBC). Malaria pathogenesis is linked 

to the parasite’s capacity to develop different phenotypic states in genetically clonal blood 

stage parasites (Fried and Duffy, 1996; Jensen et al., 2004). However, most processes causing 

pathogenesis are not yet understood at the molecular level and may involve expression of 

particular combinations of clonally variant molecules. 

In malaria parasites, phenotypic diversity is commonly achieved by the expression of clonally 

variant surface molecules either at the erythrocyte membrane or merozoite surface (Cortes et 

al., 2007; Scherf et al., 1998; Stubbs et al., 2005). Switching of expression to another variant 

molecule prolongs the period of infection and generates alternative evasion pathways. Little is 

known about factors that govern phenotypic plasticity in malaria parasites. The best-studied 

example of variant surface proteins is the P. falciparum Erythrocyte Membrane Protein 1 

(PfEMP1) (Leech et al., 1984). PfEMP1 is a major virulence factor involved in antigenic 

variation and adherence of IRBC to host receptors, resulting in sequestration of infected 

erythrocytes to capillaries in the brain and other critical organs (Kyes et al., 2007). PfEMP1 is 

encoded by genes of the 60-member var family, which are located on subtelomeric and 
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internal chromosome loci. In a single parasite, only one var gene is expressed in a mutually 

exclusive manner under the control of epigenetic factors (Scherf et al., 1998). 

A number of recent publications point to reversible chromatin changes, such as histone  

methylation and acetylation, as important control elements of P. falciparum gene silencing 

and mono-allelic activation (Scherf et al., 2008a). Enzymes that add or remove acetyl and 

methyl marks in P. falciparum have also been identified (Cui et al., 2008; Merrick and 

Duraisingh, 2007; Miao et al., 2006). It has been demonstrated that trimethylation of histone 

H3 lysine 9 (H3K9me3) is associated to transcriptionally silent var genes (Chookajorn et al., 

2007; Lopez-Rubio et al., 2007). Upon var gene activation, at the 5’flanking region (5’UTR), 

methylation is replaced by acetylation at lysine 9 of histone H3, and histone H3 lysine 4 is di- 

and trimethylated (Lopez-Rubio et al., 2007). Furthermore, PfSir2 histone deacetylase has 

been shown to spread from telomeres into the subtelomeric coding regions, leading to stable 

but reversible repression of subtelomeric var genes (Duraisingh et al., 2005; Freitas-Junior et 

al., 2005; Mancio-Silva et al., 2008). Genetic elements such as the 5’UTR (Voss et al., 2006) 

contain essential information able to interact with the epigenetic control machinery. 

Experimental data suggest that also the var intron-linked promoter activity contribute to 

mono-allelic expression (Dzikowski et al., 2006).  

Sequencing of the P. falciparum genome has led to the discovery of multiple novel gene 

families mainly clustered at subtelomeres adjacent to var genes (Gardner et al., 2002). A few 

of these have been studied, such as rif (Fernandez et al., 1999; Kyes et al., 1999), clag (Cortes 

et al., 2007), stevor and PfMC-2TM (Blythe et al., 2008; Lavazec et al., 2007) and, similarly 

to var genes, are clonally variant and are possibly involved in immune evasion (Scherf et al., 

2008a). Telomeres are spatially restricted to nuclear periphery, where they form clusters of 3-

7 heterologous chromosome ends (Freitas-Junior et al., 2000). This compartment is believed 

to enhance continual genetic exchange between members of gene families and may explain 

the vast var repertoire diversity observed between field isolates (Barry et al., 2007). 

Investigating the role of clusters in gene expression has resulted in inconsistent data. 

Experimental evidence, using parasites transfected with various constructs, reported 

relocation of an active var gene into a cluster (Duraisingh et al., 2005; Marty et al., 2006; 

Voss et al., 2006) whereas other studies, using parasite populations expressing a single var 

gene, observed the relocation outside of cluster (Ralph et al., 2005).  

Up to now, it remained unknown if phenotypic variation shares common epigenetic control 

mechanisms in any pathogenic parasite. Here we report that epigenetic factories at the 

perinuclear space control virulence gene family silencing in P. falciparum. Genome-wide 

analysis of histone marks revealed that heterochromatin mark H3K9me3 is enriched in 

clonally variant gene families and demonstrate that this mark is linked to the perinuclear 
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location of central and subtelomeric regions enriched for H3K9me3. This histone 

modification is controlled by the histone deacetylase PfSir2, however only for a subset of 

variant gene family members, revealing an unusual mechanism of PfSir2 repression distinct 

from the postulated telomere position effect. In addition, this study allowed us to identify 

novel subtelomeric gene families, which are apparently differentially transcribed and 

represent potential new virulence factors participating in phenotypic plasticity of malaria 

parasites.  

 

  

Results 

H3K9me3 shows a highly localized atypical distribution in P. falciparum chromosomes 

We performed ChIP-chip analysis to determine the localization of H3K9me3 across the P. 

falciparum 14 chromosomes. Because most of the dynamic histone modifications changes 

controlling gene regulation in P. falciparum appear to occur at gene flanking non-coding 

regions (Cui et al., 2007; Lopez-Rubio et al., 2007), and taking advantage of the small size of 

the parasite genome, we developed a custom-made high-resolution tilling array covering 

coding and intergenic regions, and also non-coding subtelomeric regions (for details see 

Supplemental experimental procedures). We observed several prominent H3K9me3 enriched 

domains restricted to all subtelomeric regions as well as to central regions of chromosomes 4, 

6, 7, 8 and 12 (Figure 1A). 

ChIP-chip analysis of another repressive mark (H4K20me3) and activation marks (H3K4me3 

and H3K9ac) showed a broad distribution across the genome (as exemplified for chromosome 

12 in Figure 2), contrasting with the pattern of H3K9me3. H3K4me3 and H3K9ac were 

basically absent at the major heterochromatin loci coated with H3K9me3. Our results 

demonstrate the almost universal utilization of H4K20me3, H3K4me3 and H3K9ac, whereas 

H3K9me3 is highly restricted to chromosome ends and some central regions. 

P. falciparum chromosome ends display a conserved higher order structure being composed 

of telomeric DNA followed by six repetitive non-coding polymorphic DNA blocks (TAREs 

1-6), with an average total length of approximately 30 kb (Figueiredo et al., 2000). Since 

these regions are composed of repetitive DNA, our custom tilling array included probes only 

to the extremities of one chromosome (chr.12) (see Supplemental experimental procedures). 

We observed a strong enrichment in H3K9me3 at the entire TAREs 1-6 (Figure 1B right, 

Figure 2 both flanks and Figure S3). On the contrary, telomeric repeat DNA presented only a 

modest H3K9me3 level (Figure S3 right). H3K4me3 and H3K9ac were completely absent 

from TAREs and telomere repeats, and H4K20me3 was detectable only at low levels (Figure 

2 both flanks). 
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Figure 1. ChIP-chip genome map of H3K9me3.  
(A) Paired tracings of raw data (top tracing for each chromosome) and the distribution of peaks (lower tracing for 
each chromosome) for H3K9me3 for P. falciparum 14 chromosomes (non-coding chromosomes ends are 
excluded). Regions represented in Figure 1B and 1C are boxed. Regions analysed in Figure 1D are marked with i, 
ii and iii. (B) H3K9me3 distribution at telomeric and subtelomeric regions of chromosome 12. TAREs and coding 
regions are separated with a dotted line. (C) H3K9me3 distribution for a central H3K9me3 enriched domain in 
chromosome 12. Paired tracing for (B) and (C) as in (A). (D) Table presenting H3K9me3 enriched genes that are 
neither var genes nor genes associated with var gene loci. Transcriptional data were collected from PlasmoDB. 
Gene marked with asterisk indicates that the enrichment covers partially the locus. In all cases, raw data are 
presented as the log2 ratio of the hybridization signal given by DNA immunoprecipitated using specific antibody 
against H3K9me3 compared with the signal given by the input DNA sample. Peaks data are represented as 
described in Supplementary experimental procedures. The position on the genome sequence is indicated at the 
bottom for (A) and at the top for (B) and (C). The position and annotation of the predicted genes are presented at 
the bottom (CDS; blue bars, sense; green bars, antisense). 
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Figure 2. Chromosome 12 distribution profiles of different histone modifications. The raw data (top tracing) and 
the distribution of peaks (lower tracing) identified for H3K9me3, H4K20me3, H3K4me3 and H3K9ac are 
presented. Non-coding chromosome ends (TAREs and telomeres) are separated with a dotted line. Schematic 
representation of chromosome 12 showing main features and the position on the genome is indicated at the top. 
Raw and peaks data are presented as in Figure 1. 
 

 

 

Eukaryotic centromeres and pericentromeric regions are embedded in heterochromatin, and 

exhibit unique chromatin architecture necessary for their chromosome segregation function 

(Grewal and Jia, 2007). P. falciparum centromeric DNA differs, in terms of size and 

organization, from centromeres of other organisms (Kelly et al., 2006). Our tilled array also 

covered pericentromeric DNA. In contrast to other organisms where this region is enriched in 

H3K9me3, our ChIP-chip analysis showed that pericentromeric chromatin in P. falciparum 

apparently was not enriched for H3K9me3 (example for pericentromere of chromosome 12 in 

Figure 2), which is consistent with the unusual nature of centromeric DNA in this parasite. 

 

H3K9me3 is linked to differentially transcribed virulence gene families 

Detailed examination of the major heterochromatin regions revealed that the entire var gene 

family was enriched in H3K9me3, which is consistent with previous predictions (Chookajorn 

et al., 2007; Lopez-Rubio et al., 2007). In addition, we observed that many distinct gene 

families adjacent to subtelomeric var genes were also enriched in H3K9me3 at the 5’UTR 

and coding region (Figure 1B). Chromosome central H3K9me3 enriched domains contained 

generally only var, rif and stevor genes (Figure 1C). We found H3K9me3 enrichments in 

seven previously identified subtelomeric gene families: var, rif, stevor, Pfmc-2TM, clag, 
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PfAcs and PHIST (Table 1). For almost all of these gene families there are experimental 

evidences demonstrating a differential transcription mode of individual members (Scherf et 

al., 2008a). Another common feature is that many of these gene families code for variant 

surface proteins participating in the vast phenotypic plasticity of blood stage parasites and 

immune evasion. 

Additionally, based on our H3K9me3 findings together with OrthoMCL database (Chen et al., 

2006), we identified five new putative subtelomeric gene families. In the absence of any 

biological data, we called these families PFD0075w-like, PF14_0742-like, PF14_0758-like, 

PF14_0743-like and MAL8P1.335-like (Table 1). Published expression profile data of these 

genes (Le Roch et al., 2003) analysed using PlasmoDB (http://plasmodb.org/plasmo/) 

strongly suggest a differential transcription profile of these novel gene families, which is a 

hallmark for phenotypic variation. Silent members presented high levels of H3K9me3, 

whereas transcribed members had low levels of this mark in the 5’UTR (Table 1). Therefore, 

our results indicate that H3K9me3 at 5’UTR may predict genes that are controlled by a 

similar epigenetic mechanism. 
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However, our analysis also showed that some subtelomeric gene families were not enriched 

for H3K9me3, such as surfin, FIKK and ETRAMPS (Table S1). These genes were 

interspersed into H3K9me3 enriched regions, resulting in a mosaic pattern of this histone 

modification. The question arises of whether this non-H3K9m3 enriched gene families are 

differentially transcribed or not. For the 20-member FIKK family, quantitative PCR data 

show that some members are transcribed at very low levels during blood stage development 

(Nunes et al., 2007). For the surfin and ETRAMPS families, expression profile data 

(PlasmoDB) show that some members are not expressed during blood stages. Further 

quantitative expression data of cloned parasites are necessary to determine whether these 

families undergo clonal variation. 

We also detected three H3K9me3 short-ranged peaks outside the large var-defined 

heterochromatic domains on chromosomes 10, 11 and 12 (i, ii and iii, respectively in Figure 

1A). Genes encoded in these heterochromatic ‘islands’ are listed in Figure 1D. Apart from 

PFL1085w, which encodes a member of the ApiAP2 family of transcription factors (De Silva 

et al., 2008), very little information is available for the other genes. Further analysis is needed 

to determine whether these genes participate in phenotypic diversity of parasites or are 

epigenetically co-regulated. 

 

 

PfKMT1 and H3K9me3 enriched genes are localized to the nuclear periphery 

Given the unusual highly localized H3K9me3 pattern in P. falciparum genome, we were 

interested in investigating the nuclear organization of H3K9me3 domains. H3K9 methylation 

is performed by a histone lysine 9 methyltransferase KMT1 (Allis et al., 2007), of which an 

homologue (PF08_0012) has been found in P. falciparum genome (Cui et al., 2008). 

Antibodies raised against the P. falciparum KMT1 were used to study the cellular location of 

this molecule. Surprisingly, we observed that PfKMT1 fluorescent signals located largely at 

the periphery of P. falciparum nuclei (Figure 3B). Likewise, antibodies specific for H3K9me3 

showed a predominant enrichment in the perinuclear space (Issar et. al, submitted) strongly 

suggesting that H3K9me3 enriched genes might locate in this nuclear compartment.  

To test this hypothesis, we performed a quantitative large-scale localization study of genes 

enriched in H3K9me3 using fluorescent in situ hybridization (FISH). We chose to examine 

the entire var gene family and two non-var genes, which form distinct H3K9me3 peaks at 

internal (PFL1085w) and subtelomeric chromosomal position (PF11_0479) (iii and ii 

respectively in Figure 1A and 1D). For analysis of the var 60-members, we used exon2 

probes that cross-hybridize to var genes of each major group: group A (10 subtelomeric 

genes), group B (22 subtelomeric genes) and group C (13 internal genes grouped in 7 central  
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Figure 3. PfKMT1 and genes enriched in H3K9me3 are positioned at the nuclear periphery.  
(A) Schematic of the var loci organization. Each var gene consists of a large variable exon1 (4-9 kb) and a conserved exon2 
(~1.5 kb). The 60-member var gene family can be divided in three major groups (A, B and C) based on chromosome location and 
sequence similarity. Group A contains 10 telomeric genes transcribed towards the telomere, 22 telomeric genes belong to group 
B and are tanscribed towards the centromere, and group C includes 13 internal genes (Lavstsen et al., 2003). Among the var 
arrays there are members of other multi-gene families, such as rifin and stevor. The location of FISH probes is indicated with 
horizontal bars. 
(B) Immunofluorescence staining of P. falciparum putative H3K9 methyltransferase (PfKMT1). 3D7 parasites are in late 
schizont stage and nuclear DNA was detected with Dapi (red). 
(C) DNA FISH analysis of 3D7 ring stage parasites nuclei. First row: subtelomeric (var exon2A, var exon2B and PF11_0479) 
and internal H3K9me3 enriched genes (var exon2C, var PFF0845c and PFL1085w). Second row: internal gene non-enriched in 
H3K9me3 (PFB0540w). FISH signals are in green and the nuclear DNA was stained with Dapi (red). Bar graph: subnuclear 
position of FISH signals with respect to the three concentric zones of equal surface (zone 1, 2 and 3). The number of nuclei 
analyzed and the 95% confidence values (p) for the χ2 test between random and test distributions are: var exon2A n=143, 
p=1.50x10-8; var exon2B n=166, p=3.02x10-16; var exon2C n=194, p=6.92x10-15; var PFF0845c n=180, p=1.90x10-2; PF11_0479 
n=226, p=7.59x10-3; PFL1085w n=159, p=5.30x10-2; PFB0540w n=151, p=1.10x10-2. 
(D) Two color DNA FISH of var exon2C probe (green) and telomeric clusters (TARE6 probe, red), on 3D7 ring-stage parasites. 
Nuclear DNA was detected with Dapi (not shown). Bar graph: colocalization was 48.06% (n=105) and the 95% confidence 
values (p) for the χ2 test between random and test distributions was p=0.615. 
(E) RNA/DNA FISH analysis of var transcripts and telomeric clusters. First row: RNA FISH signals are shown in green and 
DNA FISH signals are shown in red (TARE6 probe). Nuclear DNA was visualized with Dapi (not shown). var2CSA transcripts 
were detected in ring-stage FCR3-CSA selected parasites (first panel). Exon2 probes of each var group were hybridized on a 
bulk cultured 3D7 ring-stage parasites. Second row: Quantification of colocalization of var transcripts with telomeric clusters 
(var2CSA 77.94% of non-colocalization, n=68; var exon2A 83.64%, n=55; var exon2B 81.48%, n=54; var exon2C 78.95%, 
n=38). In all cases: representative examples are shown as merged images, FISH signals were scored using nuclei from multiple 
experiments, and scale bars represent 1µm. For quantification of colocalization only nuclei containing at least three TARE6 
signals were considered as positive and colocalization was defined as any overlap between two fluorescent signals. 
(F) Proposed model for nuclear organization of H3K9me3 enriched domains. The chromosome 12 was used as an example (see 
text for details). 
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regions, see Figure 1A and 3A) (Lavstsen et al., 2003). We observed 2 to 5 foci per nucleus 

for each var exon2 probe, indicating clustering of var genes from group A, B and C (Figure 

3C and S1). The other FISH probes tested were gene specific probes (single internal var 

PFF0845c, PF11_0479 and PFL1085w) and produced single foci per nuclei (Figure 3C). 

In order to precisely define the nuclear boundaries, we developed an antibody that recognizes 

a P. falciparum protein encoded by a gene orthologous to a yeast nuclear pore protein 

(PF14_0706) (Figure S2). The area of nuclear section obtained in immunofluorescence 

staining was calculated and then divided into equal thirds. FISH signals were scored as 

localizing to zone 1, 2 and 3 (Hediger et al., 2002), as illustrated in Figures 3C and S2. 

Quantitative analysis of nuclear position revealed that all var and non-var genes enriched for 

H3K9me3 analyzed were not randomly distributed, but rather located predominantly at the 

nuclear periphery (zone 1, Figure 3C). By contrast, an internal gene non-enriched in 

H3K9me3, PFB0540w (Figueiredo et al., 2002), was found mostly in internal nuclear regions 

(zone 3, Figure 3C). Thus, virulence gene families and single copy genes enriched in 

H3K9me3 are localized at the perinuclear space, irrespective of their chromosomal position. 

This led us to hypothesize that PfKMT1 and H3K9me3 might determine the nuclear 

organization of genes. 

P. falciparum chromosome-ends are tethered to the nuclear membrane forming clusters 

(Freitas-Junior et al., 2000). To exclude the possibility of internal H3K9me3 enriched genes 

(var group C, var PFF0845c and PFL1085w) being at the nuclear periphery as a consequence 

of being associated to telomeric clusters, we analyzed their relative position to these clusters. 

Simultaneous FISH analysis of var exon2C with a telomeric cluster marker TARE6, 

demonstrated that var group C clusters localized randomly relative to chromosome-end 

clusters (Figure 3D). Similar random distribution was obtained for co-localization of TARE6 

with 5’UTR from var group C and the single internal var PFF0845c (data not shown), thus 

suggesting that perinuclear tethering of chromosome internal genes is independent of 

telomeric clustering. Taken together, our results indicate that heterochromatic peripheral 

region is composed of telomeric and non-telomeric clusters. Moreover, it implies that certain 

Plasmodium chromosomes (the case of chromosome 12, which has several domains of 

H3K9me3 enrichment, Figure 1A) should form several large loops into the nuclear 

membrane, as exemplified in Figure 3F. 
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RNA FISH locates var transcripts to the nuclear periphery dissociated from telomeric 

clusters  

Previous work has demonstrated that upon activation of a var gene (var2CSA), H3K9me3 at 

the 5’UTR is lost but persists at the 3’coding region (Lopez-Rubio et al., 2007). It has also 

been shown that active var2CSA gene locates at the nuclear periphery. However, there are 

conflicting conclusions with regard to its association with the telomeric clusters (Scherf et al., 

2008b). To overcome potential problems linked to DNA FISH such as possible relocation of 

the var2CSA gene to telomeres once transcription ceases, we located var2CSA transcripts 

using RNA FISH. Telomeric clusters were then visualized performing a second hybridization 

using the TARE6 probe by DNA FISH. We observed that var2CSA transcripts were clearly 

dissociated from telomeric clusters (Figure 3E). 

To rule out the possibility that this observation was specific for the var2CSA gene, we 

localized transcripts of the entire var gene repertoire. We performed RNA/DNA FISH using 

the exon2 var group-specific probes. We observed that mRNA transcripts from the different 

var groups did not associate with the telomeric clusters (Figure 3E), implying that activation 

of any var gene involves nuclear reposition into a peripheral region compatible with 

transcription. With regard to var group A and B, which are linked to telomeric repeats, 

activation involving acquisition of active chromatin marks, such as H3K9ac and H3K4me2/3, 

presumably leads to chromatin decondensation and formation of a single-gene loop, which 

separate out the transcribed gene from more compact and silent telomeric cluster 

(schematically shown in Figure 3F). Although anchoring at the nuclear periphery must require 

appropriate proteins, the fact that the H3K9me3 subsists in the active gene (at the 3’coding 

region), may be important for maintenance of the gene at the nuclear periphery. 

  

 

PfSir2 controls H3K9me3 in a discontinuous manner 

In order to determine whether the putative PfKMT1 was responsible of H3K9 methylation 

and its role in the localization of the heterochromatin domains to the nuclear periphery, we 

attempted to delete the unique PfKMT1 locus. Using the currently available knock-out 

methods for P. falciparum, we were incapable to generate viable parasites with PfKMT1 gene 

disruption. H3K9 trimethylation requires the action of a histone deacetylase to remove the 

acetyl group before the methylation step (Nakayama et al., 2001). We used a parasite knock-

out strain for a histone deacetylase PfSir2 (Duraisingh et al., 2005) to analyse the molecular 

events leading to de-repression of a subset of subtelomeric genes and its role in the formation 

of heterochromatin and nuclear organization. ChIP-Chip analysis of PfSir2 disrupted 3D7 

parasites showed that H3K9me3 levels were reduced and H3K9ac levels increased, 
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comparing to wild-type parasites, at the 5’UTR of the previously published upregulated genes 

(Figure 4 and Table 2). Competition between acetylation and methylation at H3K9 in the 

5’UTR has been previously shown to influence transcription activity of var genes (Lopez-

Rubio et al., 2007). In the absence of PfSir2, apparently this balance is disturbed in favour of 

H3K9ac. Unexpectedly, this effect is seen only in two out of 12 gene families enriched in 

H3K9me3. Histone modification changes associated with up-regulated var and rif genes in 

the absence of PfSir2 are illustrated in Figure 4A-D. Our results suggest that PfSir2-mediated 

H3K9 deacetylation is required for establishing repressive H3K9 methylation for a subset of 

var and rif genes.  

 

 

Figure 4. ChIP-chip analysis of PfSir2 knock-out (sir2 KO) parasites. Raw data for H3K9me3 (black) and 
H3K9ac (grey), in 3D7 wild-type (wt) and sir2 KO parasites. Schematic representation of the analyzed regions 
showing main features and the position on the genome is indicated at the top. The position, annotation and whether 
upregulated or not in sir2 KO parasites of the predicted genes are presented at the bottom. (A-D) Local effects: 
decrease of H3K9me3 and increase of H3K9ac at 5’UTR of var and rif genes. (E and F) Regional effects: decrease 
of H3K9me. Grey squares highlight the regions with histone modifications changes. Transcription data have been 
obtained from PlasmoDB. Raw data are presented as in Figure 1.  
(G) Proposed model for a common epigenetic default silencing mechanism at the nuclear periphery for genes 
families linked to virulence. Intergenic DNA regions may interact with PERF via small loop formation. PERF is 
composed of PfSir2, PfOrc1, PfHP1 and presumably PfKMT1 and other histone deacetylases. 
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Surprisingly, the lack of PfSir2 resulted in very local effects, in a discontinuous manner 

(Figure 4A-D). The postulated telomere position effect of PfSir2 (Freitas-Junior et al., 2005) 

would have predicted a continuous H3K9me3 depletion from the telomere into the coding 

region. Together, these data suggest that different separated DNA regions may interact with 

subtelomeric PfSir2 via small loop formation (schematically shown in Figure 4G). Consistent 

with this confined effect of PfSir2 in H3K9me3, analysis of the nuclear position of PfKMT1 

and H3K9me3 enriched genes in ΔPfSir2 parasites did not produce major changes in nuclear 

localization (data not shown). 

A number of additional puzzling features of PfSir2 emerged from our study. First, a general 

decrease of H3K9me3 with no increase of H3K9ac at basically all intergenic regions of the 

heterochromatic domains was observed, even in genes whose transcriptional state did not 

change (Figure 4E). Second, nearly the entire subtelomeric domain in the left arm of 

chromosome 7 (comprising 13 members of gene families) was depleted of H3K9me3 and 

H3K9ac levels remained low (Figure 4F). Unfortunately, there are no available transcription 

data for these loci in PfSir2 disrupted parasites to see whether the absence of H3K9 

methylation without induction of acetylation affects repression. Third, we observed only a 

very weak reduction of H3K9me3 at subtelomeric repeats (Figure S3) associated to a slight 

increase in H3K9ac, suggesting that other histone deacetylases may cooperate with the 

process of H3K9me. 
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Discussion 

In this study we demonstrate for the first time a link between malaria parasite virulence genes 

enriched for H3K9me3, their spatial location at the nuclear periphery and their epigenetic 

silencing via a perinuclear repression factory. This unique association is almost entirely 

restricted to clonally variant multi-gene families involved in phenotypic plasticity. 

Here, we established the first high-resolution genome-wide H3K9me3 heterochromatin map 

for a malaria parasite. As in other organisms (Grewal and Jia, 2007), P. falciparum 

chromosome-end regions (TAREs 1-6) are enriched in H3K9me3 and may represent 

constitutive heterochromatin. In contrast to other organisms, however, no enrichment was 

found on pericentromeric DNA and high enrichment was found in all subtelomeric coding 

regions. A few small blocks of H3K9m3 were also detected in chromosome internal regions 

(Figure 1). Other histone modifications showed a broad distribution along chromosomes 

(Figure 2) and their genome wide link to gene expression has been initiated in collaboration 

with PlasmoDB.  The fact that we used a high-resolution tilling array including non-coding 

regions may explain why in a previous ChIP-chip study, using only coding regions with a 

very low coverage, the authors did not observe the restricted localization of H3K9me3 (Cui et 

al., 2007). 

Importantly, we found five new subtelomeric gene families not yet characterized, which are 

enriched in H3K9me3, differentially transcribed, and that may participate in the phenotypic 

makeup of genetically clonal blood stage parasites. Insight into these potential virulence 

factors is very important for our understanding of malaria pathogenesis. It is noteworthy that 

other variant gene families such as surfin, FIKK and ETRAMP (Table S1), which are not 

enriched in H3K9me3, are interspersed within the subtelomeric region, demonstrating that 

two types of gene families, apparently controlled by distinct mechanisms, co-exist in P. 

falciparum subtelomeres.  

The data also reveal that epigenetic boundaries do exist in the heterochromatin domains to 

prevent the spreading of the repressive mark into neighbouring regions. We provide, for the 

first time, genome wide precise physical limitations for H3K9me3 in P. falciparum. It has 

been suggested that RNA Polymerase III (Pol III) transcribed genes act as barriers against 

self-propagating heterochromatin in single-celled eukaryotes (Lunyak, 2008). Indeed, some 

tRNA genes localize in the proximity of heterochromatin domains borders of P. falciparum 

(for example in chromosome 4 left end and chromosome 13 right end). Assays need to be 

developed to elucidate whether Pol III transcribed genes or other specific DNA elements are 

involved in blocking the spreading of H3K9me3.  

The present work highlights the idea that P. falciparum genomic DNA is non-randomly 

distributed in the nucleus and that gene expression and spatial organization are strongly linked 
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(see the model in Figure 3F). Nuclear position analysis of actively transcribed var genes, in 

their native chromosomal context, confirmed their dissociation from telomeric clusters. We 

speculate that chromatin-loop formation may be associated to activation and relocation of 

subtelomeric var genes. Relocalization of a subtelomeric gene from a telomeric focus 

associated to transcriptional activation has also been described in S. cereviseae (Taddei et al., 

2006). Notably, induction of the same gene through an alternative artificial pathway produces 

relocalization to a different region in the yeast nucleus. This underlines the importance of the 

natural chromosomal context to decipher epigenetic mechanisms of gene activation. 

One of the most striking findings is that perinuclear large loop formation of central 

chromosome coding regions is associated to H3K9me3, and this is independent of either 

telomeric clustering or a GC-rich element (Figure 3). This ~200bp GC-rich element is strictly 

associated with internal var arrays, and is not found in subtelomeric var genes, nor near the 

single internal var gene on chromosomes 6 and 12, and apparently produces non-coding 

RNAs (Hall et al., 2002; Mourier et al., 2008). Together, our observations point to PfKMT1 

and H3K9me3 as determinants of spatial organization of chromosomes in P. falciparum 

nuclei. This is supported by data obtained in S. pombe showing SpKMT1 to be crucial for 

correct subnuclear localization of the mating-type region (Alfredsson-Timmins et al., 2007). 

In P. falciparum, however, deletion of PfKMT1 produces a lethal effect on parasite 

proliferation. Improved inducible gene-knockdown systems will be necessary to gain insight 

into the PfKMT1 function in spatial organization of P. falciparum nuclei. 

Our results are compatible with the existence of ‘Perinuclear-linked Epigenetic Repressive 

Factories’ (PERF) (see model in Figure 4G) composed of PfSir2 and other potential silencing 

factors such as PfOrc1 (Mancio-Silva et al., 2008), PfHP1 (Perez-Toledo et al., submitted) 

and probably PfKMT1. Although experiments are needed to clarify whether these telomeric 

associated proteins form complexes, evidences from studies in S. pombe (Bannister et al., 

2001; Nakayama et al., 2001; Yamada et al., 2005) indicate that H3K9me provides the 

binding site for HP1 to recruit other proteins, such as histone deacetylases and methylases, 

involved in heterochromatin stabilization and spreading. DNA binding proteins and/or 

transcribed repetitive subtelomeric non-coding RNAs (Mourier et al., 2008) are possibly 

involved in the initial targeting of histone modifying enzymes to the PERF. It will be also 

interesting to investigate whether telomeric and internal heterochromatic regions share the 

same PERF components.  

Having established high-resolution ChIP-chip assays for P. falciparum, we were in a position 

to analyze chromatin changes in PfSir2 mutant parasites, which display transcriptional de-

repression of a subset of var and rif genes (Duraisingh et al., 2005). We show that PfSir2 acts 

precisely on H3K9 methylation at the 5’UTR of genes, which have been shown to be 
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upregulated in ΔPfsir2 parasites. The discontinuous pattern of H3K9me3 removal along 

subtelomeric regions and replacement by acetylation was unexpected given the current model 

of telomere position effect, which predicts a gradient along the telomere into the subtelomeric 

coding regions (Freitas-Junior et al., 2005; Mancio-Silva et al., 2008). The results strongly 

suggest a distinct mechanism of PfSir2-mediated silencing. We hypothesize that multiple 

small loop structures of chromosome regions harbouring variant multi-gene families interact 

directly with PERF (see model in Figure 4G). In the case of PfSir2, this interaction apparently 

is focused on the 5’UTR of some var and rif genes, underlining the important role of this 

DNA region in var gene control. 

Several elements suggest that subtelomeric chromatin is made-up of other histone 

deacetylases. First, PfSir2 does only control repression of a small subset of the H3K9me3-

enriched genes (5%), and second, PfSir2 inactivation has no major change in the H3K9me3 

levels in the non-coding subtelomeric region. This is in contrast to S. pombe where loss of 

Sir2 resulted in a general decrease in H3K9me3 and increase in H3K9ac at telomeres and 

telomeric-associated sequences (Shankaranarayana et al., 2003). We had searched the genome 

for other Sir-like genes and found an open reading frame on chromosome 14 that is 

homologous to human Sirt6, which acts in mammals at subtelomeric repeats (Michishita et 

al., 2008). Antibodies raised against this protein show a similar location at the nuclear 

periphery as PfSir2 (L. Mancio-Silva and A. Scherf unpublished data), strongly suggesting 

that a second telomere-associated histone deacetylase contributes to epigenetic silencing of 

virulence gene families. 

In conclusion, our study is the first demonstration that a pathogen has developed a specific 

mechanism to restrict repressive H3K9me3 almost exclusively to clonally variant gene 

families. Moreover, our data show a complex spatial distribution of plasmodial chromosomes 

in the nucleus, which apparently creates functional distinct compartments important for 

epigenetic gene expression of a subgroup of genes. We postulate that distinct DNA loops may 

exist: large chromosomal loops, which bring specific chromosome regions to the nuclear 

periphery; small DNA loops that allow interaction with different components of PERF; and 

chromatin loops associated to relocation from telomeric clusters of active genes into a 

perinuclear expression site. In addition, we provide, for the first time, a detailed insight into 

the underlying chromatin modifications that are necessary to overcome the precise 

monoallelic counting mechanism of var genes. Our PfSir2 mutant analysis demonstrates that 

the removal of the H3K9me3 and replacement by acetylation at the 5’UTR is a key step 

towards unlocking the default silent state of var genes. It will be interesting to investigate if 

other protozoan pathogens that rely on subtelomeric gene families for immune escape (Borst, 

2003), may use this type of epigenetic silencing mechanism. Insight into the complexity of 
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control of gene families involved in malaria pathogenesis is vital for understanding the 

disease and will provide a major step towards controlling it.  

 

 

 

Materials and Methods 

Parasites 

P. falciparum blood stage parasites were cultivated in the conditions previously described 

(Nunes et al., 2007). 3D7ΔSir2 parasites were cultivated in the presence of Pyrimethamine 2 

µM. Selection of FCR3 parasites for CSA binding was performed according to (Scherf et al., 

1998).  

 

Antibodies  

Antibodies against histone modifications were purchased from Upstate for H3K9me3, 

H3K9ac and H4K20me3 (07-442, 07-352 and 07-463, respectively) and from Abcam for 

H3K4me3 (ab8580). To obtain polyclonal antibody serum against PfKMT1 we used 

GenScript Corporation standard protocols for immunizing a rabbit with a synthetic peptide 

(N-CASRDIQPNEPLKYH-C). 

 

Custom P. falciparum high-resolution tilled array design 

The design of the array was done with the assistance of NimbleGen Systems Inc. We 

downloaded the P. falciparum genome sequence from The Sanger Center website and 

subjected it to several iterative rounds of probe selection (see Supplemental experimental 

procedures). 

 

ChIP-chip analysis 

ChIP assays were carried out as previously described (Lopez-Rubio et al., 2007) using ring-

stage 3D7 parasites. These parasites express several var genes, however, at low percentage in 

‘unselected’ bulk cultured 3D7.  

We subjected precipitated DNA and DNA from parasite extracts (input) recovered after 

reverse cross-linking to amplification using Sigma GenomePlex WGA kit. After 

amplification, the immunoprecipitated DNA was tested for enrichment of control loci by 

qPCR (Realplex4 EpgradientS thermalcycler, Eppendorf) and co-hybridized to the tiling array 
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with input DNA. DNA was labelled, NimbleGen arrays were hybridized and the data were 

extracted according to standard operating procedures by NimbleGen Systems Inc. At least 

two biological replicates were performed for each condition and two technical replicates for 

each biological replicate. Detailed procedures and quantitative real-time PCR validation of 

ChIP-chip data are described in Supplemental experimental procedures. 

 

Immunofluorescence and FISH 

Immunofluorescence for PfKMT1 was conducted on air-dried IRBCs fixed with 4% 

paraformaldehyde (PFA), as described in (Nunes et al., 2007). PfKMT1 antibodies (1:500 

dilution) were incubated for 1 hour and secondary antibodies (Alexa-Fluor-488-conjugated 

anti-rabbit highly cross-absorbed, 1:500 dilution) were incubated for 30 minutes at room 

temperature.  

For FISH, IRBCs were lysed with saponine and the released parasites fixed in suspension 

with 4% PFA. Parasites were then deposited on microscope slides and subjected to DNA 

FISH in the conditions previously described (Mancio-Silva et al., 2008). For combined 

RNA/DNA FISH, parasites were deposited on slides, pretreated with 0,1% Triton X100 for 5 

minutes and hybridized first with var probes at 50°C for 16 hours. The slides were washed 

three times in 2xSSC at 50°C, denaturated at 80°C and hybridized with the TARE6 probe at 

37°C for16 hours. Finally, the slides were washed as for DNA FISH.  

TARE6 and var2CSA probes were obtained as described before (Ralph et al., 2005). All other 

FISH probes were PCR amplified from genomic DNA using the primers listed on Table S2. 

Images were taken using a Nikon Eclipse 80i microscope with a CoolSnap HQ2 camera 

(Photometrics). NIS Elements 3.0 software (Nikon) was used for acquisition and ImageJ 

(http://rsbweb.nih.gov/ij/) for composition.  Chromatic aberration was corrected in all images 

by aligning the red, the green and the blue channel signals from 0.2µm TetraSpeck 

microspheres. 
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Supplemental materials and methods 

Custom P. falciparum high resolution tilled array design. Probes selection: for intergenic and 

coding regions an initial pool of probes was selected according to the following criteria: 

approximately isothermal about 76ºC and probe length between 45-85 bases. The pool was 

then reduced in size by computing 13-mer frequencies for each probe and filtering out probes 

that had frequencies higher than 100. The number of genome matches was determined for 

each of the remaining probes and the final probes were selected from this reduced pool with 

the criterion that the final probes be unique within the genome. A final interval of about 100 

bases in alternating strands for coding regions up to 1.5 Mb; about 300 bases for coding 

regions above 1.5 Mb; and about 50 bases for intergenic regions. For the telomeric regions of 

chromosome 12, tiled at interval of 50 bases in alternating strands and no masking or 

frequency filtering neither uniqueness tests were performed. Taking advantage of the small 

size of the P. falciparum genome, each chip included two genome blocks, which generated 

two technical replicates. 

ChIP-chip analysis. DNA was labelled using random primers coupled to a fluorochrome and 

hybridized according to NimbleGen Systems procedures. At least two biological replicates 

were performed for each condition and two technical replicates for each biological replicate. 

Each feature on the array has a corresponding scaled log2-ratio. This is the ratio of the input 

signals for the experimental and test samples that were co-hybridized to the array. The log2-

ratio is computed and scaled to center the ratio data around zero. Scaling is performed by 

subtracting the bi-weight mean for the log2-ratio values for all features on the array from each 

log2-ratio value. Peak data are generated from the scaled log2-ratio data. NimbleScan detects 

peaks by searching for 4 or more probes whose signals are above the specified cutoff values, 

ranging from 90% to 15%, using a 500 bp sliding window. The cutoff values are a percentage 

of a hypothetical maximum, which is the mean + 6 (standard deviation). The ratio data is 

randomized 20 times to evaluate the probability of “false positives.” Each peak is then 

assigned a false discovery rate (FDR) score based on the randomization. Peaks with FDR 

score between 0 and 0.2 and present in the four replicates are shown. 

Quantitative real-time PCR validation of ChIP-chip data. The ChIP-chip results were 

validated using qRT-PCR. Chromatin was isolated and immunoprecipitated as described 

above using the different antibodies. ChIP DNA and corresponding input DNA were assayed 

by qRT-PCR (Realplex4 EpgradientS thermal cycler from Eppendorf) as described previously 

(Lopez-Rubio et al., 2007) for eight single-locus. We found enrichment of the modified 

histones in regions identified as peaks in the ChIP-chip experiments and not significant 

enrichment in regions in which ChIP-chip assays did not find any peak. 
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Supplemental figures 
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Figure S1. Clustering of var group A, B and C. Distribution of the number of FISH signals per nuclei using the exon2 
probes to each var group. (A) The 10 subtelomeric var genes group A form on average 3.14 ± 0.08 clusters (n= 288). (B) 
The 22 subtelomeric genes of group B form on average 3.85 ± 0.08 clusters (n= 336). (C) The 13 central genes of group C 
form on average 3.22 ± 0.09 clusters (n= 208). The errors are indicated for 95% confidence intervals. The standard 
deviations for groups A, B and C are 1.28, 1.40 and 1.33, respectively. Images from multiple FISH experiments were 
combined and counted. 
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Figure S2. Nuclear pore and quantitative analysis of nuclear position. (A) The nuclear periphery was defined using an 
antibody to a putative nuclear pore protein in P. falciparum (PF14_0706). This hypothetical protein shows homology with 
the Nucleoporin NUP116 from Saccharomyces cerevisiae (34% identity and 50% similarity). Antibodies raised against 
synthetic peptides for this molecule react with parasite total extracts and in immunofluorescence assays show a punctuated 
ring pattern to some extent outside of the Dapi staining. (B) The diameter of the nucleus combined with the nuclear pore 
immunofluorescence signals was measured. (C) The area of the nuclear section was calculated and divided into three equal 
surfaces as illustrated. The FISH signals were then scored as localizing to zone 1, 2 and 3. For an average nucleus, the 
zone1 corresponds to a diameter of 2.06 – 1.67 µm and was defined as the peripheral zone; zone 2 corresponds to a 
diameter of 1.67 – 1.19 µm and zone 3 the internal zone, corresponds to a diameter of 1.19 µm.  
Measurements were performed using the NIS-Elements 3.0 imaging software (Nikon). The scoring was performed by direct 
optical observation and registered using the NIS-Elements 3.0 software. For each FISH probe images from two to three 
independent cultures were combined and analyzed. 
In the schematics, the Dapi staining is collared in grey and the three nuclear zones are indicated as punctuated lines. To 
allow a better correlation between immunofluorescence and FISH imaging we used the same sample of paraformaldeyde 
fixed parasites in suspension. Bars: 1µm. 
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Figure S3. ChIP-chip analysis of H3K9me3 and H3K9ac at non-coding chromosome 12 right arm in PfSir2 knock-out 
parasites. Data are presented as in Figure 4. 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Introduction 

In eukaryotic cells nucleus many functions are organized into sub-compartments. The most 

dominant function-based nuclear compartment is the nucleolus, the site of rDNA transcription by 

RNA Polymerase I (Pol I), rRNA maturation and assembly of ribosomes. Nucleoli vary greatly in 

appearance depending on type and growth rate of the cell. In yeast, the nucleolus appears as a 

single crescent-shaped structure juxtaposed to the nuclear envelope, occupying up to one third of 

the nucleus. In multicellular organisms, cells contain multiple nucleoli, adjacent to 

heterochromatin (Carmo-Fonseca et al., 2000; Taddei et al., 2004).   

In most eukaryotes, the ribosomal units are composed of 18S-5.8S-28S genes, identical in 

sequence and tandem arrayed in large numbers. In P. falciparum, the parasite responsible for 

human malaria, rDNA unit has a typical eukaryote organization but the family itself is the most 

unusual among the eukaryotic rDNA families. P. falciparum  parasites contain few rDNA units, 

slightly different in sequence and distributed in different chromosomes (Langsley et al., 1983; 

Wellems et al., 1987). The malaria genome project identified five complete ribosomal units each 

located on separated chromosomes 1, 5, 7, 11 and 13, and two incomplete units (lacking 18S 

gene) on chromosome 8 (Gardner et al., 2002) (see Fig. S1). Moreover, the rRNA genes are 

differentially expressed over the course of the parasite developmental cycle (Waters et al., 1989). 

P. falciparum has a complex life cycle that involves the human and mosquito hosts and three 

major developmental stages: schizogony, gametogony and sporogony. Schizogony occurs in the 

human red blood cells and the dominant rRNA transcripts are from the units located on 

chromosomes 5 and 7, named A1 and A2 rRNA genes, respectively. In gametocyte stages, the 

predominant transcripts are from the unit on chromosome 1, called S1 rRNA gene. Sporogony 

occurrs in the mosquito and the dominant forms are from units located on chromosomes 11 and 

13, named S2 type gene (Fang and McCutchan, 2002; Fang et al., 2004). It is not known whether 

the genes located on chromosome 8 are functional.    

Here, we used the P. falciparum rDNA multi-gene family as a model for understanding the 

importance of nuclear architecture in gene regulation in this parasite. By using different 

fluorescent imaging approaches we explored the determinants of nucleolar organization and 

position.  



  

 114 

Results 

 

P. falciparum nucleolus localizes at the nuclear periphery 

In previous work, we have identified for the first time the nucleolus in P. falciparum parasites 

(Figueiredo et al., 2005). IFA using anti-PfNop1 serum revealed a hat-like structure polarized 

towards one side of the nucleus, very similar to that described in yeast. In this study, we aimed to 

further characterize the nucleolus compartment in Plasmodium. In order to preserve the nucleolar 

integrity we improved our fixation protocol for IFA and FISH, by performing the fixation step(s) 

in free parasites in suspension. This protocol produced smaller nucleolus comparing to the 

classical protocol of air-dried infected red blood cells. Furthermore, we generated new antibodies 

against distinct nucleolar proteins: the highly conserved RNA Polymerase I (PFE0465c) and also 

to a putative nucleolar protein Nop5 (PF10_0085). These anti-peptide antibodies were validated 

on western blot analysis (not shown) and/or peptide competition assays (Fig. S2). On IFA, anti-

PfRNA Polymerase I (PfPol I) and anti-PfNop5 antibodies recognize the same nuclear region 

previously identified by PfNop1 (Fig. 1A and 1B). 

As a complementary study for the localization of the nucleolus, we used IFA of PfPol I combined 

with RNA FISH of 18S rRNA. 18S probe recognizes a conserved region among the different P. 

falciparum rDNA units, we therefore considered it as a universal probe. rRNA transcripts showed 

a diffuse pattern in a crescent shape at the nuclear periphery that indeed colocalizes with the 

PfPol I staining (Fig. 1C). Together, the data from Figure 1 clearly confirmed that the region 

previously defined as the P. falciparum nucleolus corresponds to the site of rDNA transcription 

by PfPol I. 

 

 

P. falciparum nucleolus is a dynamic structure 

In yeast, the nucleolus remains intact during mitosis, but in multicellular organisms, the nucleolus 

disassembles in metaphase and reassembles in late telophase (Carmo-Fonseca et al., 2000; Heun 

et al., 2001). In the P. falciparum 48-hour schizogonic cycle, DNA replication and mitotic 

division initiate at 30 hours (see Fig. 2A). To follow the P. falciparum nucleolus throughout the 

cycle, we collected parasites from a synchronized culture at three time points: ~12h (ring stage), 

~30h (trophozoite stage) and ~40h (schizont stage). We examined by IFA the different nucleolar 

markers: PfPol I (Fig. 2B), PfNop1 (not shown) and PfNop5 (not shown). Early parasites stages 

(Fig. 2B left panel) form a condensed perinuclear nucleolus (as shown above). In trophozoite 

stage (Fig. 2B middle panel), the nucleolus become dispersed and disorganized throughout the  
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Fig. 1. Nucleolus of P. falciparum localizes at the nuclear periphery    
A and B. Double labelling IFA using rabbit anti-PfPol I (red) and rat anti-PfNop1 or anti-PfNop5 (green) antibodies, 
showing the localization of the nucleolus at the periphery of the nucleus, forming a hat-like structure. 
C. Combination of RNA FISH (using 18S universal probe that hybridizes to all rRNAs produced in the parasite, green) 
with IFA (using anti-PfPolI antibody, red) demonstrating that the region defined by the antibodies corresponds indeed 
to the nucleolus of the parasite. Parasites are on ring stage and the nuclear DNA is stained with Dapi (blue). Bars: 1µm. 
D. Structural organization of a Plasmodium rDNA unit. It consists of a ~9kb transcribed region coding for a 45S rRNA 
precursor. The first nucleotide (+1) of this transcript begins at the 5’ external transcribed spacer (5’ETS) followed by 
the 18S coding region, the internal transcribed spacer 1 (ITS1), the 5.8S coding region, the internal transcribed spacer 2 
(ITS2), the 28S coding region, and finally the 3’ ETS. This precursor is processed to mature 18S, 5.8S and 28S rRNAs 
for ribosome biogenesis. The coding regions display a modest sequence similarity whereas the non-coding regions are 
considerable distinct among the members of rDNA multi-gene family. The position of the probes used in FISH and the 
primers used in real time PCR are indicated. 
 

 

nucleoplasm and cytoplasm (not shown). In later multinucleated schizont stages (Fig. 2B right 

panel), we observed some reposition of the nucleolar components at the periphery of the newly 

formed nuclei. We obtained the same results using PfNop1 and PfNop5 antibodies. 

To investigate whether these structural changes in the nucleolus affect rRNA synthesis or vice-

versa, we monitored rRNA gene transcription levels by quantitative real-time reverse 

transcriptase PCR analysis using specific pairs of primers for the ETS of four rRNA genes (A1, 
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A2, S1 and S2) (Fig. 1D). The ETS sequence is known to be rapidly removed from the pre-rRNA 

transcripts during rRNA processing and therefore can be used to measure on going rRNA 

transcription. Parasite total RNA was harvested in the same three time points as for IFA. We 

compared the transcription levels of each rRNA gene from ring and trophozoite stages to the 

transcription levels of schizont stage. We observed that genes known to be active during 

schizogony, A1 and A2 types, are preferentially transcribed on ring stages. In throphozoites and 

schizonts stages rRNA synthesis is suppressed (Fig. 2C). Thus, the expression profile of rRNA 

genes correlates with nucleolar structural changes during the cycle. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. A. Cell cycle for P. falciparum schizogonic stage parasites (adapted from (Leete and Rubin, 1996)).  
B. The nucleolus is a dynamic compartment. PfPol I IFA (green) throughout the blood stage cycle. The nucleolus 
looses the moon-shape (rings) and disassembles during the mitotic divisions (trophozoite and schizont stages). Nuclei 
were staining by Dapi in blue. 
C. Expression profile of the rRNA genes on rings, trophozoites and schizonts. The y-axis represents the fold change of 
rings and trophozoites relative to schizonts, for each ribosomal gene (A1, A2, S1 and S2).  
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P. falciparum nucleolus hosts active and silent rRNA genes  

It is generally assumed that nuclear position is dependent on the transcriptional state of the gene. 

We hypothesized that the same principal applies to ribosomal genes in P. falciparum. We studied 

the nuclear location of the active (A1 and A2) and the silent (S1 and S2) ribosomal genes in 

Plasmodium at ring stage. To discriminate between active and silent rRNA genes, we generated 

specific DNA FISH probes that recognize the upstream regions of each rRNA type (Fig. 1D). 

These probes were tested in combination with the anti-PfPol I serum on IFA-DNA FISH. We 

observed that active genes (Fig. 3A) and silent rRNA genes (Fig. 3A) locate within the region 

defined as the nucleolus. We concluded that the nucleolar position is important but not sufficient 

for transcriptional activation of members of this multi-gene family. 

 

 

 

 

 

 
 

 

 

 

 

 

 

Fig. 3.  A. Active and Silent rRNA genes localize in the nucleolus. IFA-DNA FISH analysis using anti-PfPol I antibody 
as nucleolar marker (red) and specific FISH probes for rRNA genes (green). Dapi, blue. 
B. There are two rRNA expression sites in the nucleolus. Two-colour DNA FISH of the two active rRNA genes (A1, 
red and A2, green). Dapi, blue. 
 

 

 

P. falciparum nucleolus contains two expression sites 

We next investigated the location of the two active genes in schizogonic stages (A1 and A2). We 

used the upstream-specific FISH probes in two-colour DNA FISH analysis. On ring stage nuclei, 

>90% of nuclei the two specific probes do not colocalize (Fig. 3B). This result suggests the 

presence of two independent transcriptional factories within the nucleolus. 
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P. falciparum nucleolus excludes the telomeres and is cross-linked by proteins 

Chromosome ends of P. falciparum form four to seven telomeric clusters at the nuclear periphery. 

These clusters are sites enriched in silencing factors and are also important for parasite survival as 

it promotes gene conversion between members of subtelomeric virulence factor genes (Freitas-

Junior et al., 2000; Freitas-Junior et al., 2005). Previous observations have shown that the 

telomeric clusters are tethered to one pole of nucleus (our unpublished data and (Marty et al., 

2006)). We hypothesized that the nucleolus might locate in the other nuclear pole. To test this 

hypothesis, we carried out a two colour DNA FISH using the subtelomeric TARE 6 (or Rep20) 

probe for the telomeric clusters and the 18S universal probe for the rDNA genes. The majority 

but not all telomeric clusters foci do not colocalize with rDNA. Thus telomeric clusters and 

nucleolus appear to form discrete subcompartments in P. falciparum nuclei (Fig. 4A). 

To further examine the nature of the nucleolar compartment we treated unfixed parasites with 

Proteinase K prior to DNA FISH analysis. Untreated nuclei displayed a clustering at the nuclear 

periphery (Fig. 4A) whereas the Proteinase K treated showed dispersed rDNA foci (Fig. 2B). The 

telomeric clusters were also disrupted by the Proteinase K treatment, consistent with previous 

report (Marty et al., 2006). This result demonstrates that protein-protein and protein-DNA 

interactions are important for the stabilization of the P. falciparum nucleolus.  

  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Fig. 4. Two-colour DNA FISH of telomeric clusters (TARE6 probe, green) and the 18S rDNA universal probe (red). 
A. In ring stage parasites, telomeric clusters are excluded from the nucleolus. B. The nucleolus is disrupted by 
Proteinase K. In the Proteinase K treated nuclei the telomeric clusters are dissociated (Marty et al. 2006) and also the 
individual units of rDNA are dispersed to multiple sites. Nuclei were detected by Dapi staining (blue). Bars: 1µm. 
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rDNA sequence is sufficient for nucleolar position 

The finding that active and silenced rRNA genes locate in the nucleolus raised the question of 

what determines the localization of the P. falciparum rRNA genes in the nucleolus. To address 

this question, we divided an rDNA unit in four fragments (A, B, C and D) (Fig. 5), cloned them 

in a plasmid and transfected into P. falciparum parasites. As negative control we transfected the 

parasites using plasmids with a non-related rDNA sequence (Histone H3 gene).  Transfectant 

parasites were screened by PCR to confirm that the sequence of interest was not altered (not 

shown). We only succeed to obtain parasites carrying plasmids with rDNA fragment D, which 

corresponds to the most downstream fragment. We examined the nuclear position of the plasmids 

relative to the nucleolus by RNA/DNA FISH. RNA FISH of the ribosomal RNA with 28S probe 

was used to detect the nucleolus, after washing a second hybridization using a plasmid-specific 

probe to detect the episomes by DNA FISH.  The parasites carrying control plasmids did not 

show association with the nucleolus whereas the parasites carrying plasmids containing rDNA D 

fragment showed colocalization in the nucleolus in most of the nuclei analyzed (Fig. 5). Taken 

together, these results show that P. falciparum rDNA sequence contains positional information 

that determines nucleolar localization. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Position analysis of plasmids (green) relative to the nucleolus (red) on transfected parasites by RNA/DNA FISH. 
In the negative control, the plasmids with Histone H3 sequence (first row) do not associate to the nucleolus, whereas 
the plasmids containing a rDNA sequence (second row) colocalize with the nucleolus. The nuclei were detected with 
Dapi (blue). 
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Discussion 

The results presented here strongly support the idea of a functional compartmentalization of the 

P. falciparum nucleus. We have focused our work on the nucleolar compartment: composition, 

dynamics, relative localization to other sub-compartments, determinants for nucleolar position 

and also transcription gene regulation. Based on the presented data we propose a model for 

nuclear architecture organization of the ring stage P. falciparum nucleus (Fig. 6). In our model, 

the nucleolus consists of a single major compartment, similar to the yeast, it appears to occupy 

roughly one third of nucleus (Fig. 1). Nucleolus and telomeric clusters define distinct sub-

compartments in the nucleus (Fig. 2); the telomeric clusters specialized on gene silencing 

(Freitas-Junior et al., 2005; Ralph et al., 2005) and the nucleolus dedicated to gene silencing and 

activation (Fig. 5). The different chromosomes containing the members of the unusual P. 

falciparum ribosomal multi-gene family must loop into the nucleolus, in the nuclear periphery. 

This unusual physical link must have significant implications on three-dimensional organization 

of the parasite genome. 

Our study provides the first evidence that the P. falciparum nucleolus is a dynamic structure. As 

in mammalian cells (Raska et al., 2006), in Plasmodium there is an apparent correlation between 

the cell cycle, the nucleolar structure and the rRNA synthesis (Fig. 3). Maximum levels of 

ongoing rRNA transcription were detected on proliferating ring stage, when the nucleolus appears 

a crescent shape at the nuclear periphery. As the parasite progress to S/M phases (trophozoite and 

schizont stages) the nucleolus is disassembled and the rRNA synthesis is decreased.  

 

 

 

 

 

 

 

 

 
 
 
 
 
Fig. 6. Model for the nuclear organization of rDNA in P. falciparum. The nucleolus localizes at the nuclear periphery 
and is represented in a hat-like shape (dark grey) where are located all rDNA units existing in the P. falciparum 
genome (A1 and A2, green; S1 and S2, red; incomplete rDNA units, yellow). Activation and silencing co-exists in this 
the major sub-compartment. The clusters of chromosome ends (black ovals) also locate at the nuclear periphery 
(Freitas-Junior et al., 2000), opposing the nucleolus and form a silent compartment. 
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In mammalian cells, transcription of ribosomal genes is completely blocked in mitosis; this 

involves phosphorylation by cyclins that leads to inactivation of Pol I and consequently nucleolar 

disassemble; at the end of mitosis, rRNA synthesis re-starts and nucleoli reassemble (Boisvert et 

al., 2007).  It is likely that similar mechanisms of cell-cycle regulation may dictate morphology 

and transcription in the P. falciparum nucleolus. 

One conserved feature of the rDNA organization in eukaryotes is the localization in 

heterochromatic regions in the genome (centromeric or subtelomeric positions) and in the 

nucleus. Interestingly, in P. falciparum all the dispersed rDNA units (except one) are in 

subtelomeric regions (Fig. S1) and the parasite nucleolus localizes at the nuclear periphery (Fig. 

1), a heterochromatin-like region (Freitas-Junior et al., 2005). Heterochromatin seems to function 

as a general strategy to suppress recombination on rRNA genes (Pikaard and Pontes, 2007). In 

flies, mutants of proteins involved in heterochromatin formation, such histone H3K9 

methyltransferase, heterochromatin protein 1 (HP1) and proteins of the RNAi pathway display 

disrupted nucleolus, dispersed rDNA and production of extrachromosomal circles of rDNA (Peng 

and Karpen, 2007).  In budding yeast, Sir2 is also known to suppress recombination among rRNA 

genes (Gottlieb and Esposito, 1989; Kobayashi et al., 2004). In fact, some heterochromatin 

related proteins have been already localized in the Plasmodium nucleolus: PfSir2 (Freitas-Junior 

et al., 2005) and PfOrc1 (Mancio-Silva et al., 2008). It is noteworthy that, given the small number 

of rDNA copies per haploid genome of Plasmodium, avoid homologous recombination must be 

extremely important. This raises the question of the minimal rDNA genes required for viability. 

Knock out experiments conducted in P. berghei suggest that there is indeed a minimal number of 

two A-types and one S-type genes for complete development in both the vertebrate and mosquito 

hosts (McCutchan et al., 2004; van Spaendonk et al., 2001). 

Surprisingly, we observed that in P. falciparum rRNA active and silenced members co-exist in 

this heterochromatic-like region (Fig. 3). The association of rDNA units with the nucleolus 

irrespective of their transcriptional status has also been observed in mouse>human cell hybrids. 

In these hybrid cells, the human rRNA genes are silenced by a mechanism of nucleolar 

dominance. Despite of being silent, the human rRNA genes are found in the nucleoli, together 

with the active mouse rRNA genes (Sullivan et al., 2001). Together, this underscores the 

necessity of rDNA locate in a heterochromatic environment. 

Unlike most eukaryotes, P. falciparum ribosomal units are not tandem arrayed in large numbers, 

the seven members are dispersed in the genome. Nevertheless, we observed that rDNA units are 

clustered forming a single nucleolus (Fig. 1). Our results contradict previous studies performed 

on yeast cells with deleted chromosomal rDNA repeats and carrying ribosomal genes on plasmids 
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that showed multiple small mini-nuceloli localized in the perinuclear region (Oakes et al., 1998; 

Oakes et al., 2006). Thus, P. falciparum is the natural example that proves that tandem 

arrangement is not an absolute requirement for nucleolar clustering of rDNA. 

Although the rRNA genes are clustered in the same compartment, the two rRNA genes 

transcriptionally active in schizogony localized in discrete foci, suggesting the existence of two 

expression sites within the ribosomal factory (Fig. 4). These observations are to some extent in 

agree with α-amanitin experiments, in which Pol II and Pol III were inhibited and two sites 

transcription are visualized at the nuclear periphery in 40% of the nuclei (Moraes and Freitas-

Junior, poster MPM2006). Moreover, we did not observed much colocolization between the silent 

rRNA genes, nor between silent and active rRNA genes (not shown), indicating that there is no 

apparent sub-compartments within the nucleolus and that the nucleolar structure is reasonably 

open.   

Importantly, we found that subnuclear localization of a multi-gene family in P. falciparum is 

sequence-dependent. To understand the nucleolar clustering of rRNA genes we have cloned 

different portions of rDNA and transfected into parasites. Initially, we have tested two 

approaches: 1) introduce plasmids containing rDNA portions, and 2) integrate the rDNA 

fragments into a chromosomal region that has not a ribosomal unit. To obtain the chromosomal 

integration we used the bacterial integrase mediated transfection system as described elsewhere 

(Nkrumah et al., 2006). Unfortunately, we failed to obtain integration of the rDNA fragments. 

The fact that the fragments were too large (~3Kb) and/or interference with the original 

chromosomal organization may justify this unsuccess. Regarding the episomal strategy (Fig. 5), it 

should be noted that the plasmids with rDNA sequence did not associate with the nucleolus in all 

the nuclei. This may be explained by a possible competition with Pol II transcription of the 

selectable drug that preventes localization into the nucleolus. Further analysis of nuclear position 

of the plasmids in the absence of drug will be necessary. These observations raise the question of 

what drives plasmids into the nucleolus. The presence of the rDNA itself may attract nucleolar 

proteins responsible for binding and targeting into the nucleolus. An alternative, although not 

mutually exclusive, may involve epigenetic events. Our recent experiments (Lopez-Rubio, 

Mancio-Silva and Scherf, unpublished) showed that position of a gene at the nuclear periphery is 

linked with the presence of a specific histone modification (H3K9 methylation). Thus, it is 

possible that a specific histone modification, present in the rDNA determines its location.  

In summary, our data favour a model in which nucleolar position is dependent on sequence 

composition and independent of transcriptional status. Further studies will be necessary to 

elucidate the factors that determine the differential transcription of rRNA multi-gene family in 
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this protozoan pathogen. The methodology of transfecting portions of rDNA sequence as we 

performed in this study may be used to identify the proteins involved in structural integrity, in 

recognition and targeting to the nucleolus. It may also be used to further define the minimal 

region required for targeting into the nucleolus or any other subcompartment in the parasite 

nucleus.   

 

 

 

Materials and Methods 

Parasites 

P. falciparum blood stage parasites from the 3D7 strain were cultured as detailed described on 

(Nunes et al., 2007). Parasites were synchronized by consecutive Plasmagel and Sorbitol 

treatments, with an estimated window of 6 hours. Ring stages were collected approximately 12 

hours post-invasion (p.i.), trophozoites stages 30 hours p.i. and schizonts stages 40 hours p.i. 

within the same 48 hour cycle. 

 

Antibodies 

A rabbit anti-PfPol I antibody was prepared by Sigma-Genosys. Rabbits were immunized with a 

synthetic peptide coupled with KLH/MBS carrier, N-CYEEGRGYDIDEQND-C. Antibodies 

against PfNop1 and PfNop5 were obtained from Eurogentec, by immunizing rats with two 

synthetic peptides coupled to KLH/MBS carrier. The sequences are as follows: PfNop1, N-

CKPKEKLTLEPFHRHH-C and N-TDSFRGGSGNFKRNSC-C; PfNop5, N-

CFNKRKSDFRFKREAD-C and N-KFQNAFDETNKLMESC-C.  

 

Immunofluorescence and FISH  

Immunofluorescence assays (IFA) were performed on synchronized parasites fixed in suspension 

as described previously (Mancio-Silva et al., 2008). Up to fixation with paraformaldeyde 4%, all 

steps were performed at 37°C. Primary antibodies were absorbed with lysed non-infected red 

blood cells. The final antibody dilutions were: rabbit anti-PfPol I 1:500, rat anti-PfNop1 1:50, 

anti-PfNop5 1:50, Alexa-Fluor-488-conjugated goat anti-rabbit highly cross-absorbed 1:500, 

Alexa-Fluor-568-conjugated goat anti-rabbit highly cross-absorbed 1:500 and Fluorescein-

conjugated goat anti-rat 1:500. 

For peptide competition experiments increasing concentrations of specific and non-specific 

peptides were incubated with specific and non-specific sera overnight at 4°C and examined by 
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IFA. IFA was conducted on air-dried infected red blood cells fixed with 4% paraformaldeyde. 

Primary and secondary antibodies were incubated for 30 minutes at room temperature in PBS-

BSA 3%. Intermediate and final washes were made in PBS three times for 5 minutes. 

DNA FISH and combined IFA-DNA FISH on parasites fixed in suspension were performed as 

described previously (Mancio-Silva et al., 2008). For IFA-RNA FISH, parasites were subjected to 

IFA, post-fixed in 4% paraformaldeyde, deposited on slides, hybridize at 37°C with denatured 

probes and washed three times with 2xSSC 10 minutes. For RNA/DNA FISH, parasites were 

deposited on slides, pretreated with 0,1% Triton X100 (5 minutes) and hybridized first with 28S 

rRNA probe at 37°C for 16 hours. The slides were washed three times in 2xSSC at 50°C, 

denaturated at 80°C and hybridized with the plasmid probe at 37°C for 16 hours, and washed as 

for DNA FISH. 

Proteinase K treatment was performed prior to fixation of the parasites using 0.5 µg/µl Proteinase 

K (Eurobio) for 1 minute at room temperature. 

TARE6 probe was obtained as described elsewhere (Figueiredo et al., 2000). All other FISH 

probes were PCR amplified from 3D7 genomic DNA using the primers listed on Table S1.  

Fluorescent samples were analyzed using a Nikon Eclipse 80i microscope. NIS Elements 3.0 

software (Nikon) was used for images acquisition and ImageJ (http://rsbweb.nih.gov/ij/) for 

composition. 

 

RNA extraction and real time PCR analysis 

Total RNA was isolated from synchronized cultures using the Trizol method as described in 

(Kyes et al., 2000). The temperature was maintained at 37°C in all the operations. Extracted RNA 

was treated with DNA-free kit (Ambion) and reverse transcribed with Super-scriptII Rnase H 

Reverse Transcriptase (Invitrogen) using random hexameres (Invitrogen).  

Quantitative real-time PCR was done in a Realplex4 EpgradientS thermal cycler (Eppendorf) 

using SYBR Green PCR master mix (Applied Biosystems) and standard settings (Eppendorf). 

PCR was performed in duplicates. Water, no-reverse transcriptase controls and standard curves 

with serial dilutions of genomic DNA were included in each run. Specificity of amplification was 

examined by performing a melting-curve analysis at the end of each PCR program and also by 

showing the presence of a single band on ethidium bromide-stained gel. The pairs of primers used 

are listed in Table S1.  

The fold change for each sample was calculated using the 2-∆∆Ct method (Livak and Schmittgen, 

2001).  Each rRNA gene on each sample was normalized to the housekeeping gene calmodulin 

(PF14_0323). 
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Plasmid construct and parasite transfection 

rDNA ~3.2 Kb fragment A, B, C and D were amplified from 3D7 genomic DNA using Expand 

High Fidelity PCR System (Roche) with primers containing restriction sites for the enzymes 

BamHI and ApaI and cloned into the backbone plasmid vector pLN-ENR-GFP (Nkrumah et al., 

2006). 3D7 ring stage parasites were transfected by electroporation according to the Functional 

Genomics of Malaria Parasites Workshop Manual, 2007. Parasites were selected using 2.5 µg/ml 

of Blasticidin (Invitrogen). The presence of the plasmid and the integrity of the fragment were 

confirmed by PCR on transfected parasites DNA, using different combinations of primers for the 

vector and the cloned fragment. All the primers referred are listed on Table S1. 
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Supplementary figures 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S1. rRNA gene positions in 3D7 P. falciparum linear chromosome map. The malaria genome project identified 
five complete ribosomal units each located on chromosomes 1, 5, 7, 11 and 13, and two incomplete units (lacking 18S 
gene) on chromosome 8. rDNA units located on chromosomes 5 and 7 are named A1 and A2 genes, respectively. A1 
and A2 gene are transcribed in the human host during schizogony. The rDNA unit on chromosome 1 is called S1 gene 
and is transcribed in the human host during gametogony. rDNA copies from chromosomes 11 and 13 correspond to the 
previously described S2 gene that is preferentially transcribed in the mosquito stages during sporogony (Fang et al., 
2004; Gardner et al., 2002). We confirmed the duplication of the S2 gene by bioinformatic analysis and also by pulse-
field gradient gel electrophoresis (not shown). 
 
 



  

 129 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S2. Peptide competition assay. The specificity of PfPol I serum was determined by IFA after pre-incubating the 
antibodies with increasing concentrations of a specific (PfPol I) or a non-specific peptide. The PfPol I signal intensity 
decreased with increasing concentrations of the specific peptides but not with the non-specific peptides. Anti-PfSir2 
antibody was also pre-incubated with the increasing concentrations of PfPol I peptides and no change on fluorescence 
intensity was observed. The dilutions of antibodies used and the different concentrations of the peptides are indicated.  
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Table S1. Primers used in the study. 

Name Primers Product size (bp) 

A1 FISH ATTTCTGTTTTGTGCGTG 
TCCTTTGCCTTTTCATTC 1678 

A2 FISH TCGTCATAATCATCTGAATC 
GAGCATACACTATTTTTTAGC 1777 

S1 FISH AAATGGACGACTAATCGG 
GTCTTTTTTTTCTCACAGG 1989 

S2 FISH ATTTATGTAATCTATTCTTTCTG 
AAAAAAACACACTCTCCTC 1781 

18S FISH CAGTAGTCATATGCTTGTC 
TAATGATCCTTCCGCAGG 2132 

28S FISH CCTGTCTCACGACGGTCTA 
CGCTTGGATAAGGTGCCTAA 2182 

A1 qPCR TGTTTTCTTTTTTCTAAGTTT 
TCACCTCATTTGAAGCAA 152 

A2 qPCR TGTTTTCTTTTTTCTAAGTTT 
TCACCTCATTTGAAGCAA 152 

S1 qPCR TTAAAGTATCACAATATGAAAA 
ATAAACGACAACGCCAAT 199 

S2 qPCR TTTTTTTTTATTGTGTTGTC 
GCTTCACTTTTGTTGTATGT 105 

Fragment D CGAGAGGATCCATAGAAAAAAGTAGGTAAGGG 
GTAGTCGGGCCCAAATTACTTATTCATGTTTA 3204 

pLN FISH TTCCGTGTCGCCCTTATTCC 
CCTGACGAGCATCACAAAAATCG 1286 
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Introduction 

Post-transcriptional histone modifications play important roles in the regulation of chromatin 

structure and gene expression. The tails and globular domains of core histones (H2A, H2B, H3 

and H4) are subject to number of modifications including acetylation, methylation, 

phosphorilation, ubiquitination and SUMOylation. There are modifications that associate with 

active transcription, such H3 and H4 acetylation or H3K4 di- and trimethylation, whereas H3K9, 

H3K27 and H4K20 trimethylation marks inactive genes or regions [reviewed in (Li et al., 2007)]. 

These modifications distinguish silent heterochromatin from permissive euchromatin and 

correlate with the activity status of rDNA repeats. In mammals and plants, hypomethylated, 

active rRNA genes are associated with acetylated histones H4 and H3 as well as H3K4 

trimethylation. In contrast, the promoter of hypermethylated silent genes is associated with 

methylated H3K9, H3K27 and H4K20 [reviewed in (McStay and Grummt, 2008)]. 

In P. falciparum, the parasite responsible for human malaria, the rDNA unit has a typical 

eukaryote organization (see Fig. 1A), but the family itself is the most unusual among the 

eukaryotic rDNA families. The P. falciparum individual rDNA units are substantial different in 

sequence and are spread on different chromosomes (Langsley et al., 1983; Wellems et al., 1987).  

The number of copies is very low, it varies from five to eight, depending on the strain 

(Mercereau-Puijalon et al., 2002). In the 3D7 strain, the malaria genome project identified five 

complete ribosomal units each located on separated chromosomes 1, 5, 7, 11 and 13, and two 

incomplete units (lacking 18S gene) on chromosome 8 (Gardner et al., 2002). Furthermore, P. 

falciparum rRNA genes are differentially transcribed over the course of the parasite 

developmental cycle (Waters et al., 1989). rDNA units located on chromosomes 5 and 7 (named 

A1 and A2 genes) are transcribed in blood stages, in the human host. In gametocyte stages, the 

dominant transcripts are from the unit on chromosome 1 (S1 gene). Finally, rDNA copies from 

chromosomes 11 and 13 (S2 type gene) are transcribed only in the mosquito host (Fang and 

McCutchan, 2002; Fang et al., 2004). It is not known whether the rRNA genes located on 

chromosome 8 are functional. Thus, only one or two rRNA genes are activated at any one time. 

To date, little is known on the mechanism(s) responsible for switching rRNA genes ON and OFF 

in the different developmental stages of the cycle. Recent studies have shown that S2 genes 

become activated by changing the temperature from 37°C to 26°C and also by glucose starvation 

(Fang and McCutchan, 2002; Fang et al., 2004). However, the mechanistic basis for the 

temperature-mediated switch remains elusive.  

In this study, we have investigated whether chromatin modifications are involved in silencing and 

activation of P. falciparum rRNA gene transcription by RNA Polymerase I (Pol I). 
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Results and Discussion 

 

Active rRNA promoters are highly enriched in PfPol I and display low nucleosome density 

To investigate the chromatin structure and organization at the P. falciparum rDNA locus, we used 

chromatin immunoprecipitation assays (ChIP) coupled to quantification by real time PCR. For 

this study, we set up specific primers pairs to the upstream (-500 bp) and downstream (+500 bp) 

of the initiation site (+1) for each A1, A2, S1 and S2 rRNA genes. Examination of individual P. 

falciparum rRNA genes was possible because the non-coding transcribed sequences are sufficient 

distinct among the four types of rRNA complete units (Fig. 1A). This allowed us to directly 

analyse rDNA chromatin in its native chromosomal context, with no need of specific enzyme 

treatments or transfection of rRNA minigenes, as it has been done in plants and mammalians cells 

(Lawrence et al., 2004; Santoro et al., 2002). 

To first check the specificity of our analysis, we used antibodies to the large sub-unit of PfPol I 

(PFE0465c). As expected in blood stages, PfPol I was present at the start transcription site (+1) of 

the two active genes (A1 and A2) and absent in the silent genes (S1 and S2) (Fig. 1B). As 

negative controls, we tested the pre-immune serum and we also analyzed the occupancy of PfPol 

I on genes transcribed by PfPol II (the calmodulin gene). No enrichment in PfPol I was found in 

this gene, showing that the rabbit anti-PfPol I antibody recognizes specifically active ribosomal 

genes (Fig. 1B). We obtained similar results when the immunoprecipitated DNA was detected by 

Dot-blot (data not shown). In addition, preliminary genome-wide ChIP-chip analysis shows PfPol 

I enrichment only at the two active rRNA genes, indicating that PfPol I transcribes exclusively 

rRNA genes (data not shown).  

We next monitored the occupancy of PfPol I by ChIP during the 48-hour cycle: ~12h (ring stage), 

~30h (trophozoite stage) and ~40h (schizont stage), at the non-coding transcribed position +500 

bp. ChIP analysis of Pol I in transcribed regions is considered as a measure of on-going gene 

transcription and gives similar results to those of methods such nuclear run-on (Sandoval et al., 

2004). As shown in Fig. 1C, we observed that PfPol I associates to rDNA only on ring stages. 

These results are consistent with the rRNA transcription profile during the blood stage cycle, 

which shows that maximum levels of rDNA transcription occur in ring stage parasites (Results VI 

of this thesis).  



 135 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Chromatin analysis by ChIP and real time PCR of PfPol I and nucleosome density.  
A. Schematic representation of one rDNA transcription unit in P. falciparum. It consists of a ~9kb transcribed region 
coding for a 45S rRNA precursor. The first nucleotide (+1) of this transcript begins at the 5’ external transcribed spacer 
(5’ETS) followed by the 18S coding region, the internal transcribed spacer 1 (ITS1), the 5.8S coding region, the 
internal transcribed spacer 2 (ITS2), the 28S coding region, and finally the 3’ ETS. This precursor is processed to 
mature 18S, 5.8S and 28S rRNAs for ribosome biogenesis. The coding regions display a modest sequence similarity 
whereas the non-coding regions are considerable distinct among the members of rDNA multi-gene family. The arrow 
indicates the transcription start site and the direction of transcription. The position of primers used in real time PCR 
analysis is indicated (small horizontal bars). 
B. Levels of PfPol I (black bars) and respective pre-immune serum (white bars) at the transcription start site of 
individual ribosomal genes (A1, A2, S1 and S2) and at Pol II dependent gene, the calmodulin gene (CAL). FCR3 
synchronized parasites on ring stage. The transcriptional state of each gene is indicated as ON or OFF. 
C. Levels of PfPol I at the ETS (+500bp) in three time points of the blood stage cycle: rings (black bars), trophozoites 
(grey bars) and schizonts (white bars). The transcriptional state of each gene is indicated as ON or OFF. 
D. Distribution of PfPol I along the ribosomal unit for the active (A1, red and A2, green) and the silent (S1, blue and 
S2, violet) rRNA genes. 3D7 synchronized parasites in ring stage. 
E. Distribution of histone H3 core along the ribosomal unit for the active (A1, red and A2, green) and the silent (S1, 
blue and S2, violet) rRNA genes. 3D7 synchronized parasites in ring stage. 
The results shown are representative examples. 
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Mapping of PfPol I distribution throughout the ribosomal units revealed that PfPol I bound all the 

transcribed region of the active rRNA genes, with particular enrichment at the start transcription 

site (+1) (Fig. 1D). Transcription of genes involves remodelling of nucleosomes, such as histone 

loss or replacement, which provides access for the transcription apparatus along the transcription 

unit [reviewed in (Williams and Tyler, 2007)]. To assess the nucleosome density throughout the 

active and inactive P. falciparum rRNA genes, we used an antibody against the histone H3 core. 

Remarkably, we found that histone H3 levels are on average approxily ten times higher in silent 

genes than in active rRNA genes (Fig. 1E). Together, the data from Fig. 1D and 1E show that 

active rRNA promoters are highly enriched in PfPol I and have low nucleosome density, whereas 

the silent promoters do not associate with PfPol I and show elevated nucleosome density. Clearly, 

in P. falciparum we can distinguish two types of rDNA chromatin states: an open 

(transcriptionally active) and closed conformation (transcriptionally inactive).  

It should be noted that in Plasmodium parasites such discrepancy on nucleosome density does not 

occur on Pol II dependent genes. We did not find major differences between active genes 

(calmodulin and GBP130 genes) and silent genes (PfGam and var2CSA genes) (Fig. 2A). 

Previous work on the var multi-gene family, which are also highly transcribed genes, did not 

reveal differences between active, poised and inactive states (Lopez-Rubio et al., 2007). 

 

Histone methylation operates differently in Pol I and Pol II transcribed genes 

To ascertain whether distinct histone modifications may be implicated in the maintenance of 

these two chromatin states of rRNA genes in malaria parasites, we performed ChIP assays using 

antibodies specific to histone methylation. In P. falciparum, H3K4 methylation correlates with 

transcriptionally active genes, whereas H3K9 methylation marks silent chromatin (Chookajorn et 

al., 2007; Cui et al., 2007; Lopez-Rubio et al., 2007).  

Surprisingly, we observed that P. falciparum Pol I associated genes (A1 and A2 rRNA genes) are 

enriched in both H3K4 and H3K9 methylation at the non-coding transcribed position (+500bp) 

(Fig. 2B, C and D). As control of our experiments, we analysed Pol II transcribed genes in 

distinct ON and OFF states. We observed that actives genes (GBP130 and calmodulin) are 

enriched in H3K4me2/3, while silent genes (inactive var) are enriched on H3K9me3, consistent 

with published reports (Lopez-Rubio et al., 2007). Also intriguingly, silent Pol I-dependent genes 

show similar levels of H3K4me2/3 to the active Pol II-dependent genes (Fig. 2B, C and D). 

Together, our results suggest that in P. falciparum parasites histone methylation apparently 

operate differently in Pol I and Pol II transcribed genes. 
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With regard to H3K9me3, although several studies have reported the presence of H3K9me3 in 

the coding region of actively transcribed genes, its function remains unclear (Barski et al., 2007; 

Vakoc et al., 2005). More recently, H3K9me3 has also been shown associated to actively 

transcribed mammalian rRNA genes (Yuan et al., 2007). It has been proposed that it might 

suppress aberrant transcription initiation in the coding regions during Pol I elongating, similarly 

to the model of Pol II elongation and deposition of H3K36me [reviewed in (Li et al., 2007)]. 

 

 
 
Fig. 2. Study of the histone methylation patterns of Pol I transcribed genes (A1, red bars; A2, green bars; S1, blue bars; 
S2, violet bars) and Pol II transcribed genes (calmodulin, CAL and GBP130, GBP – white bars; PfGam, Gam and 
var2CSA, var – black bars), in 3D7-synchronized parasites in ring stage. The transcriptional state of each gene is 
indicated as ON or OFF. For the rRNA genes the presented levels correspond to the ETS position (+500bp). Levels of: 
histone H3 core (A), dimethylated H3K4 (B), trimethylated H3K4 (C) and trimethylated H3K9 (D). For (B), (C) and 
(D) the values were normalized with the levels of histone H3 core (A). The results shown are representative examples. 
 

 

Dynamic of position and composition of nucleosomes in rDNA is dependent on the 

temperature 

The P. falciparum S2 rRNA genes, which are silent on the asexual blood stage parasites at 37°C, 

can be transcriptionally activated in vitro by decreasing the temperature to 26°C (Fang and 

McCutchan, 2002). Synchronized ring-stage parasites were incubated at 26°C for about 7 hours 

and total RNA collected before and after incubation. RT-PCR analysis, using pairs of primers for 

each rRNA type, confirmed the increase on S2-type rRNA transcripts relative to 37°C. S1 gene 
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also appeared to increase its transcription though (Fig. 3A). Next, we examined ribosomal 

chromatin by ChIP for PfPol I, nucleosome density and histones modifications. Although we did 

not observed a significant shift on PfPol I from A-type to S-type genes at the non-coding 

transcribed position (+500bp) (Fig. 3B), the levels of the non-modified histone H3 (not shown) 

and non-modified histone H4 (Fig. 3C) were strikingly changed at 26°C. The transcription of S-

type genes was accompanied by a decrease on nucleosome density whereas in the A-types we 

observed an increase of the H4 levels. We therefore concluded that ribosomal chromatin states 

are reversible and dependent on the temperature. 

Moreover, we also detected dynamic changes in the histone modifications (H3K4me2) that 

correlate with the decrease on transcription on the A-type genes (Fig. 3D). This preliminary data 

suggests an important role of histone methylation in regulating the epigenetic switch rRNA genes 

in P. falciparum. 

 

 

 
 
Fig. 3. Dynamic chromatin structure in rRNA genes is dependent on the temperature. 
A. Transcription of individual rRNA genes at 26°C of 3D7 ring stage parasites. RNA levels were detected by real-time 
PCR. The amount of transcription at 37°C was taken as unity. 
B. ChIP analysis of PfPol I levels at 26°C and 37°C for the individual rRNA genes. The levels of PfPol I at 37°C were 
taken as unity. 
C. ChIP analysis of histone H4 core levels at 26°C and 37°C for the individual rRNA genes. The values were 
normalized with the calmodulin gene values. 
D. Levels of dimethylated H3K4 at 26°C for the rRNA genes and the calmodulin gene. The values were normalized 
with the levels of histone H4 core. 
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In summary, this work shed some light on the molecular mechanisms of rRNA gene regulation in 

malaria parasites. Here, we show that P. falciparum active and silent rRNA genes exist in distinct 

epigenetic states. P. falciparum active rRNA genes display euchromatic features, such open 

conformation, association with Pol I and methylated H3K4 and H3K9. By contrast, silent rRNA 

genes exhibit a condensed heterochromatic structure (Fig. 1 and 2). In addition, we demonstrate 

that these chromatin conformations can be modulated by temperature changes (Fig. 3).  

The presence of H3K9me3 on active rRNA genes and the absence of PfPol I in the cold-activated 

S2 genes need further investigation. Regarding the PfPol I, we do not exclude the possibility that 

this enzyme does not work at 26°C and that S2 rRNA genes might be transcribed at 26°C by 

another RNA Polymerase, namely Pol II. Some evidences support our hypothesis: first, the 

upstream region of S2 genes (and also S1 gene) does not contain the conserved features of a Pol I 

promoter; second, P. falciparum genome appears to have a single copy gene for Pol I; and third, 

several studies performed on yeast, have shown that rDNA can be transcribed by Pol II. It will be 

interesting to analyse transcription of S2 genes at 26°C in the presence of alpha-amanitin, a toxin 

inhibitor of Pol II and Pol III. 

Future work should also investigate whether there are in P. falciparum enzymes specifically 

located in the nucleolus that perform histone modifications (histone methyltransferases) and/or 

also that remove modifications (histone demethylases). Those enzymes would be interesting 

targets for anti-malarial drug design. 

 

 

 

Materials and Methods 

Parasites 

P. falciparum blood stage parasites from the 3D7 strain were cultured as detailed described on 

(Nunes et al., 2007). Parasites were synchronized by consecutive Plasmagel and Sorbitol 

treatments. Ring stages were collected approximately 12 hours post-invasion (p.i.), trophozoites 

stages 30 hours p.i. and schizonts stages 40 hours p.i. within the same 48 hour cycle. 

 

ChIP 

The ChIP assay was performed using the protocol described earlier (malaria methods) with some 

modifications. Parasites cultures were first treated with saponin and cross-linked with 1% 

formaldeyde for 10 minutes. ~10µg of chromatin was incubated at 4°C with the following 

antibodies: 7.5 µl of anti-PfPol I and respective pre-immune serum, 2 µl anti-H3core (ab1791, 
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abcam), 7.5 µl anti-H4core (ab31827, abcam), 1µl anti-H3K9me3 (07-442, Upstate), 2 µl anti-

H3K4me3 (ab8580, abcam) and 2 µl anti-H3K4me2 (ab7766, abcam). Immunoprecipitated DNA 

was analyzed by real-time PCR using SYBR Green PCR master mix (Applied Biosystems) on a 

Realplex4 EpgradientS thermal cycler (Eppendorf). The primer pairs specific to rRNA genes are 

listed on Table 1. The primer sequence used as controls (calmodulin, GBP130, PfGam and 

var2CSA) are described on (Lopez-Rubio et al., 2007). PCR was performed in duplicates and 

serial dilutions of purified input DNA were measured together with the immunoprecipitated DNA 

samples. The % of input calculated corresponds to the amount of target sequence in 

immunoprecipitated chromatin relative to the amount of target sequence in input DNA. 

 

RT-PCR 

Total RNA from synchronized cultures was isolated according to (Kyes et al., 2000). For RNA at 

37°C, all the operations were performed at 37°C. For RNA at 26°C, parasites were maintained at 

26°C for 7 hours and operations performed at room temperature. 

Extracted RNA was treated with DNA-free kit (Ambion) and reverse transcribed with Super-

scriptII Rnase H Reverse Transcriptase (Invitrogen) using random hexameres (Invitrogen). 

Quantification was performed by real-time PCR. Water, no-reverse transcriptase controls and 

standard curves with serial dilutions of genomic DNA were included in each run. The pairs of 

primers used are specific to the 5’ETS (+500); this sequence is rapidly processed and degraded 

and is commonly used to measure on going rDNA transcription. The values obtained for each 

rRNA gene were normalized to the housekeeping gene calmodulin (PF14_0323). Using the 2-∆∆Ct 

method (Livak and Schmittgen, 2001) we calculated the amount of RNA of each gene at 26°C 

relative to the amount of the gene at 37°C.   
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Table 1. List of primers used in the real time PCR analysis. The primer pair name indicates the position 
relative to the start transcription start site. 

 
Primer pair Forward primer Reverse primer Product 

size (bp) 
A1 -500 TATATAGTATATGAATAAGACC ATTAATTAATAATTGCATTAC 111 

A1 +1 CCATTTCTAAATAAATAAACGC TTTTATTTCTTTTTTTCTTTACTA 82 

A1 +500 TTTTTTCTAATGTTCCAAT AATATAAAACTTTCACCTCAT 201 

A2 -500 AAAGATTTTACAACCTAT AATACATACCCTACCTTA 91 

A2 +1 TCTGAAAGAAAAATCTCACT CCTCCACCAGTCAATCAT 92 

A2 +500 TGTTTTCTTTTTTCTAAGTTT TCACCTCATTTGAAGCAA 152 

S1 -500 ATAAGACAACTGGCATTT TACACTTTCATTAGGGAA 111 

S1 +1 TTCCTTTTTCCTTTTATCTA TCCTCTCCTCCCTTTTCA 189 

S1 +500 GAAATATAAAACATCAATTGGCGT ATAAATATAAATATATCTACATGTTGA 135 

S2 -500 AAGACAAATAAGTAATAGTAT CTTCAATAAATCCAACCT 85 

S2 +1 TGAAAAATCAAAAGGCAA CCTAAAGAATAAAACCTAACA 138 

S2 +500 TTTTTTTTTATTGTGTTGTC GCTTCACTTTTGTTGTATGT 105 

A +2000 ATCCTTTGATTTTTATCTTTGG ATAAAATAAATTTATTACGTG 108 

S +2000 GTATCATTAAGGTATGTATTTG CACATATTTTATGTGTTTCTTCT 86 
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CONCLUDING REMARKS 

 

 

 

 

 This final section summarizes the major conclusions of the presented results. We attempt to 

place together our observations, the questions that arise and discuss the future research directions. 

 

P. falciparum heterochromatin and transcriptional silencing 

In most eukaryotes, heterochromatin is concentrated in telomeric and pericentromeric 

regions and is enriched for repetitive sequences. Heterochromatin is characterized by specific 

histone modifications and associated proteins that maintain these regions in highly condensed 

nucleosomal arrays inaccessible for transcription [reviewed in (Grewal and Jia, 2007)]. 

Plasmodium telomeres are thought to have characteristics of heterochromatin, as suggested by the 

fact that virulence subtelomeric genes are transcriptionally silenced. Like in yeasts, P. falciparum 

telomeric and subtelomeric repeats are hypoacetylated and enriched for a deacetylase protein, 

PfSir2 (Freitas-Junior et al., 2005; Merrick and Duraisingh, 2007; Shankaranarayana et al., 2003). 

In this work, using immunofluorescence, ChIP and EMSA studies, we demonstrated that other 

proteins can associate to P. falciparum telomeric domains: PfOrc1 (Results II), PfHP1 (Results 

III) and possibly PfKMT1 (Results V).  

Using ChIP coupled to high-resolution tilled arrays, we demonstrated that P. falciparum 

telomeric and subtelomeric chromatin is highly enriched in H3K9m3. H4K20me3 was also found 

in these regions, but not H3K9ac or H3K4m3 (Results V). This histone modifications pattern is 

commonly found on heterochromatin in metazoan organisms [reviewed in (Grewal and Jia, 

2007)]. A part from the telomeric domains, H3K9me3 was also detected highly concentrated in 

internal chromosomal regions but not in all chromosomes. Surprisingly, these internal enriched 

regions do not correspond to P. falciparum centromeres. Instead, they are composed mostly of 

var, rif and stevor genes, like the subtelomeric coding regions. The fact that H3K9me3 appears to 

be restricted to clonally variant virulence gene families is astonishing and implies that this 
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specific modification has an important role in the epigenetic regulation of phenotypic variation in 

this parasite. 

This highly restricted localization of H3K9me3 in P. falciparum genome (Results V) points 

to the existence of regulatory mechanisms controlling silent heterochromatin spreading in this 

parasite. Histone variants (Meneghini et al., 2003), DNA elements that recruit active chromatin 

factors (Oki et al., 2004) and tRNAs associated to Pol III machineries (Oki and Kamakaka, 2005) 

are examples of heterochromatin boundaries described in other eukaryotes [reviewed in (Gaszner 

and Felsenfeld, 2006; Grewal and Jia, 2007)]. It will be interesting to investigate whether these or 

distinct boundary elements operate in P. falciparum.  

It will be also interesting to perform ChIP-chip analysis of PfSir2, PfOrc1 and PfHP1 to 

elucidate whether internal H3K9me3 enriched regions share the same molecules with telomeres. 

PfOrc1 genome-wide binding map may additionally reveal the DNA replicating sequences, which 

have not been established in P. falciparum. 

Although further investigation is needed to gain mechanistic insight on whether these 

telomeric proteins interact, evidences from studies in other organisms (Bannister et al., 2001; 

Nakayama et al., 2001; Rea et al., 2000) led us to propose the following model for 

heterochromatin assembly in P. falciparum: H3K9me provides the binding site for PfHP1 to 

recruit other proteins, such as histone deacetylases (possibly PfSir2) and methyltransferases 

(possibly PfKMT1) that modify adjacent nucleosomes. Multiple rounds of deacetylation and 

methylation of H3K9, with subsequent binding of PfHP1 and recruitment of more modifying 

enzymes may lead to heterochromatin propagation. Importantly, PfHP1 and PfSir2 appear to have 

ability of multimerization [Results III; (Chakrabarty et al., 2008)], which may facilitate their 

spreading across the subtelomeric repeats.  

The mechanism for initiation of P. falciparum heterochromatin assembly also remains to 

be resolved. In analogy to Drosophila pericentromeric heterochromatin (Pak et al., 1997; Shareef 

et al., 2003), PfOrc1 may function as a DNA-binding factor that recruits PfHP1 to nucleation 

sites. Alternatively, but not mutually exclusive, recently identified subtelomeric noncoding RNAs 

in P. falciparum (Mourier et al., 2008) may also cooperate in targeting heterochromatin. 

Although the conventional RNAi machinery is absent in this malaria parasite, it is possible that P. 

falciparum possess distinct silencing machinery that uses these non-coding RNAs in a similar 

manner as the RNAi mechanism (Hall et al., 2002). Experiments using RNAse treatments of 

parasite nuclei will possibly reveal if nucleation of heterochromatin in P. falciparum is a DNA- 

and/or RNA-based mechanism. Further studies should also clarify whether the PfOrc1 putative 

leucine zipper motif (Mehra et al., 2005) has ability to bind DNA.  
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A striking result was that PfSir2 is not essential for telomeric heterochromatin formation 

and propagation. In PfSir2 depleted parasites the H3K9me3 pattern remained barely unchanged 

(Results V). The effect of PfSir2 appears to be restricted to the 5’upstream regions of specific 

subtelomeric genes, where H3K9ac replaced H3K9m3. This local rather than a regional effect of 

H3K9me3 depletion was unexpected given the postulated model of TPE (Freitas-Junior et al., 

2005), which predicted a gradient of PfSir2 from the telomere into the subtelomeric coding 

region. These observations suggest that other histone deacetylases are implicated in 

heterochromatin formation and maintenance. In fact, P. falciparum has a second Sir2 homologue, 

PF14_0489. This protein shows similar nuclear localization as PfSir2 and deletion of this 

molecule produces a more significant decrease (but not entire depletion) of H3K9me3 in 

subtelomeric regions (L. Mancio-Silva and J.J. Lopez-Rubio, unpublished). It is possible that 

both Sir2 proteins work together and that one can compensate for lack of the other. A double 

knock-out would be necessary to ascertain the function of these histone deacetylases. 

The finding that Plasmodium telomeres and subtelomeric regions are enriched in epigenetic 

marks indicates that chromatin modifications may be important regulators of telomeres. In 

mammalian cells, for example, deletion of KMT1A and KMT1B (SUV39H1 and SUV39H2) 

results in decreased levels of H3K9me at telomeres and aberrant telomere elongation (Garcia-Cao 

et al., 2004). Our preliminary work indicates that PfSir2 is a negative regulator of telomere 

length, as deletion of this protein results in elongated telomeres (L. Mancio-Silva and A. Scherf, 

unpublished). 

 

 

P. falciparum rRNA gene regulation in response to environmental changes 

rRNA synthesis is tightly regulated in response to metabolic and environmental changes 

[reviewed in (Grummt and Ladurner, 2008)]. In P. falciparum, it is also known that changes in 

temperature and glucose concentration affect the rRNA transcription pattern (Fang and 

McCutchan, 2002; Fang et al., 2004). In this study, we demonstrated that P. falciparum rDNA 

transcription, similarly to eukaryotic rRNA genes, is regulated epigenetically. Active rRNA genes 

display high levels of PfPol I, low nucleosome density and active histone modifications, whereas 

silent genes show high nucleosome density and absence of PfPol I and active epigenetic marks. In 

addition, we demonstrated that the two epigenetic states are reversible and modulated by 

temperature changes (Results VII). Plasmodium ribosomes and rRNA genes were always seen as 

interesting targets for antimalarial drugs. The finding that rRNA genes are epigenetically 
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regulated revealed novel enzymes, such as histone methyltransferases involved in rRNA gene 

activation, to be explored in the future as drug targets. 

In humans, epigenetic control of rDNA loci in response to glucose starvation, involves a 

protein complex composed of SIRT1 (Sir2 homologue), KMT1A and nucleomethylin (NML) 

(Murayama et al., 2008). Under low glucose concentrations, the NAD-dependent SIRT1 is 

activated, leading to H3K9 deacetylation and methylation by KMT1A, thus establishing 

silencing. NML binds to H3K9me2 in the nucleolus and recruits SIRT1 and KMT1A. Several 

evidences indicate that a mechanism akin is behind the downregulation of A-type genes under 

glucose starvation (Fang et al., 2004) in malaria parasites: first, PfSir2 is highly enriched in the 

nucleolus (Freitas-Junior et al., 2005); second, PfKMT1 also appears to localize in the nucleolus 

(J.J. Lopez-Rubio, unpublished); and third, P. falciparum genome encodes a NML homologue 

(PFI1235w). Moreover, preliminary ChIP-chip analysis of H3K9me3 in PfSir2 knock-out 

parasites shows a decrease in H3K9me3 and increase in H3K9ac at the rDNA locus (L. Mancio-

Silva and J.J. Lopez-Rubio, unpublished). This result indicates that H3K9 methylation in P. 

falciparum rDNA requires PfSir2-dependent H3K9 deacetylation, like in humans. It will be 

interesting to submit these PfSir2 knock-out parasites to low glucose concentrations and evaluate 

whether the A-type genes cannot be downregulated in the absence of PfSir2. Given that glucose 

starvation and low temperature have synergistic effects on rRNA gene regulation (Fang et al., 

2004), future work should examine parasites in both conditions. Analysis of the nucleolar 

structure under glucose and low temperature should also be performed. 

 

 

P. falciparum gene regulation through subnuclear compartmentalization 

An important feature of eukaryotic nuclei is the existence of distinct structural and 

functional compartments. These compartments are characterized by the presence or enrichment of 

specific proteins, sequences or chromosomal elements. Increasing evidences suggest that 

repositioning of genomic regions in the nuclear space participate in regulation of gene expression 

[reviewed in (Sexton et al., 2007)]. The first evidence that P. falciparum nuclei are 

compartmentalized comes from the observation that telomeres are clustered at the nuclear 

periphery (Freitas-Junior et al., 2000). Later, it was shown that they create silencing 

compartments (Freitas-Junior et al., 2005). In the present study, we identified and characterized 

additional subcompartments in P. falciparum nucleus (schematically represented in Figure 1), and 

we attempted to understand whether they are important for gene regulation in this parasite. 
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Figure 1. Model for nuclear architecture organization of ring-stage P. falciparum parasites. The nucleolus is 
represented in a half-moon shape at the nuclear periphery, opposing the telomeric clusters. Our results show that 
chromosomal domains enriched in H3K9me3 (red flags) localize at perinuclear regions irrespective of their 
chromosomal location, implying formation of large chromosomal loops. Chromosomal loops must also ensure the 
clustering of the dispersed rDNA in the nucleolus. Active (green rectangles) and silent (black rectangles) rRNA genes 
co-exist in the nucleolus. The two active rRNA genes are marked with histone modifications (H3K4me2/3, blue flags 
and H3K9me3, red flags) and are associated to two Pol I expression sites. 
Regarding to the var multigene family (white rectangles), we observed that all members localize in the nuclear 
periphery regardless of their chromosomal location or transcriptional status. Upon activation, colocalization of var 
genes (for all groups) with the telomeric clusters is reduced, suggesting that to be transcribed var genes moves out from 
the telomeric cluster into a putative var transcription zone. The figure illustrates a hypothetical relocation of a 
subtelomeric var gene. We speculate that var gene activation, including acquisition of histone marks such as H3K9ac 
(green flags) and H3K4me2/3 (blue flags) (Lopez-Rubio et al., 2007a), may lead to chromatin de-condensation and 
formation of a chromatin loop, which separate out the transcribed var gene (green rectangle) from more compact and 
silent telomeric cluster. 
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The rRNA transcription zone  

          P. falciparum nucleolus is the most prominent subcompartment, it localizes in the 

periphery occupying roughly one third of the ring-stage parasite nucleus (Figure 1). The 

nucleolus is known as a compartment dedicated to Pol I transcription of rRNA genes. In P. 

falciparum, rDNA units are dispersed in distinct chromosomes and not tandem arrayed. Our 

initial hypothesis was that the parasite would take advantage of this unusual distribution in the 

genome to regulate differential transcription. We expected that actively transcribed rDNA units 

would locate in the nucleolus, whereas silent rDNA would be elsewhere in the nucleus. Using 

IFA combined with FISH of individual rRNA genes, we demonstrated that active and silent 

members localized in the same compartment, indicating that activation and silencing can co-exist 

in the nucleolus. Thus, in this differentially transcribed multigene family, nuclear position is 

important, but not sufficient for transcriptional activation. We further investigated factors that 

determine nucleolar localization and found that apparently rDNA sequence itself contains 

positional information necessary for spatial location (Results VI). Future experiments should try 

to find the minimal region of rDNA required for nucleolar targeting and identify possible proteins 

involved in recognition.  

Nucleolus and telomeric clusters define distinct subcompartments in P. falciparum nucleus 

(Results VI) (Figure 1); however, they appear to share a number of proteins, such as PfSir2 

(Freitas-Junior et al., 2005), PfTERT (Results I) and PfOrc1 (Results II). The presence of 

telomeric components in nucleoli has also been observed in yeast and mammalian cells. In yeast 

nucleolus, Sir2 is known to repress both recombination and Pol II transcription within the rDNA 

locus (Gottlieb and Esposito, 1989; Kobayashi et al., 2004; Smith and Boeke, 1997). Thus, a 

possible function for PfSir2 in the nucleolus is to suppress recombination among rDNA repeats 

and to guarantee the minimal number of rRNA genes required for parasite viability. Future work 

should address the rDNA stability in the PfSir2 knock-out parasite strain. Regarding the 

telomerase, the mammalian nucleolus appears to regulate telomerase activity by controlling its 

distribution in subnuclear compartments. Translocation of telomerase from the nucleolus to the 

nucleoplasm coincides with the time of telomere synthesis. Sequestering of telomerase in the 

nucleolus has been suggested to prevent its potential interaction with substrates other than the 

telomeres [reviewed in (Olson, 2004)]. It is expected that similar regulation occur for PfTERT in 

malaria parasites. Likewise, the nucleolus may sequester PfOrc1 until the time that this molecule 

is necessary for initiation of replication, and thus protect the DNA from inappropriate replication. 
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The var transcription zone 

Apart from the nucleolus other compartments exist in the nuclear periphery where active 

transcription can occur. This is the case for another multigene family, the var genes that are 

expressed in a monoallelic manner. We observed that all var genes, regardless of their activity or 

chromosomal location, localize predominately in perinuclear regions (Results V) (Figure 1). In 

their silent state, for subtelomeric var genes (groups A and B) colocalization with telomeric 

clusters is elevated, while for internal var genes (group C) colocalization appears to be random. 

Upon activation, colocalization of var transcripts (of all groups) with the telomeric clusters is 

reduced, suggestive of relocation of the var gene to a putative transcription zone outside of the 

silent telomeric cluster (Results V). This result, obtained using RNA/DNA FISH and parasites in 

their native chromosomal context, clarified a discrepancy of results from previous studies that 

used parasites transfected with various constructs. It is noteworthy that in yeast, activation using a 

natural and artificial pathway leads to repositioning of a gene into distinct nuclear regions (Taddei 

et al., 2006). This exemplifies the importance of the native chromosomal context to study 

mechanisms of gene activation.   

Regulation of monoallelic expression by relocation of genes to distinct subnuclear 

compartments has also been described in mammals and other parasites. For example, during early 

mammalian female development, inactivation of one of the two X chromosomes involves 

relocation to a more internal location, within the Xist noncoding RNA compartment devoid of Pol 

II transcription machinery (Chaumeil et al., 2006). In African trypanosomes, the single active 

VSG (variant surface glycoprotein) is transcribed by Pol I in an extranucleolar expression site 

(Navarro and Gull, 2001). Upon developmental silencing, the active VSG is subject to 

repositioning to the nuclear periphery (Landeira and Navarro, 2007). 

In analogy to the extranucleolar VSG expression site, we speculate that upon activation the 

single var gene relocates into a privileged var-specific expression site (Figure 1). This perinuclear 

subcompartment predicts exclusion of the silent var genes and could also explain how activity 

could be restricted to one gene at the time. Experiments that forced the activation of two var 

promoters in episomes showed elevated colocalization, supporting the idea of existence of a var-

specific expression site, however this site can accommodates more than one active var gene 

(Dzikowski et al., 2007). It will be interesting to re-analyze this question using var genes in their 

native chromosomal context. This can possibly be done using PfSir2 knock-out parasites, in 

which the mutually exclusive transcription is overruled, i.e. that several var genes appear to be 

transcribed in a single parasite.  
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 The understanding of the var counting/choosing mechanism stills puzzling. Apparently it is 

regulated at a level other than the subnuclear compartmentalization. Lopez-Rubio et al. (2007b) 

have proposed an ‘enhancer-mediated mechanism’, in which var genes would compete for 

physical interaction with a regulatory element (such as an enhancer) that localizes in the var-

specific expression site. If this var-specific enhancer exists, it can possibly be detected using the 

chromosome conformation capture (3C) methodology. 

 The nature of the ‘var-specific expression site’ in the nuclear periphery also remains to be 

determined. Interestingly, a number of recent studies have reported the association of actively 

transcribed genes with the nuclear pore complex [reviewed in (Akhtar and Gasser, 2007)]. In 

yeast, for example, relocation of a subtelomeric gene from a telomeric focus and association with 

the nuclear pore has been shown to confer optimal gene expression levels (Taddei et al., 2006). It 

is very likely that, similar to yeast, var genes associate to nuclear pores upon activation. Nuclear 

pores appear to serve as docking sites for chromatin remodeling factors, transcription machinery 

and also mRNA processing factors. In this scenario is possible that the previously suggested var 

enhancer (Lopez-Rubio et al., 2007b) may also be anchored at the pore. Association of the active 

var gene to the nuclear pore, with the formation of a single-gene loop (Figure 1), would satisfy an 

additional issue: the repression of neighboring var genes. The nuclear pores can act as barriers 

boundaries that insulate active domains from flanking repressed regions (Ishii et al., 2002). The 

hypothesis of var genes being transcribed at the pores is quite straightforward to test, as an 

antibody for the nuclear pore has now been validated (Results V). We can combine 

immunofluorescence of nuclear pores with RNA FISH of var genes and/or perform ChIP analysis 

of the nuclear pore protein.  

 

Post-translational histone modifications  

Previous studies have shown that post-translation histone modifications have important 

roles in gene regulation in P. falciparum [reviewed in (Coleman and Duraisingh, 2008)]. In this 

study, we demonstrated that they might also be important for nuclear organization of genomic 

DNA. Quantitative analysis of subnuclear position of genes enriched in H3K9me3 revealed a 

predominant localization at the nuclear periphery, irrespective of their chromosomal location. 

This implies that large chromosomal loops must be formed in order to bring the internal 

H3K9me3 enriched regions to the nuclear periphery (Figure 1). PfKMT1 was also detected in the 

perinuclear region, and led us to propose that together with PfSir2 and other potential silencing 

factors, such as PfOrc1 and PfHP1 may create ‘Perinuclear Epigenetic Repressive Factories’ 
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(PERF), a specialized compartment for gene silencing (Results V). Co-immunoprecipitation 

experiments should elucidate whether these proteins form complexes in the nuclear periphery. 

Consistent with the existence of active transcription and silencing in the nuclear periphery 

(visualized in this study for the var and rRNA genes), we found that histones modifications such 

as H3K4me (active) and H4K20me (repressive) co-exist in this region (Results IV). Interestingly, 

some histone modifications appear to form distinct subnuclear compartments. This is the case of 

H3K79me3, which in higher eukaryotes associates to active genes (Barski et al., 2007). In P. 

falciparum, H3K79me3 appeared to occupy unique regions in the nucleus that did not overlap 

with the nucleolus, the telomeric clusters nor the putative var expression site. We speculate that 

H3K79me3 may mark Pol II transcription factories. ChIP-chip analysis of H3K79me will 

possibly reveal the genes transcribed in these factories. 

 

Dynamic changes during the blood stage cycle  

A remarkable feature of P. falciparum nuclear architecture is that it undergoes dynamic 

changes throughout the 48-hour blood stage cycle. The nucleolus disassembles in S/M phase 

(~30hours); this is apparently correlated with the decrease of rRNA synthesis (Results VI). 

Nucleolar proteins such as PfPol I, PfNop1, PfNop5 (Results VI), and also PfSir2 and PfOrc1 

(Results II) re-distribute in the nucleoplasm and cytoplasm prior to DNA replication. Also, the 

telomeric clusters partially disassemble by the same time (Results II). It remains to be shown 

whether these relocations are linked to differential functions at different time points of the cycle, 

and whether they are controlled by differential post-translational modifications, such as 

phosphorylation or SUMOylation (Issar et al., 2008). 

 

Future directions on nuclear architecture  

Although the observations presented here provided considerable advances in the 

understanding the nuclear architecture and its role on regulation of gene expression in P. 

falciparum parasites, further studies are needed to identify more nuclear landmarks, and they 

should definitely include three-dimensional analysis. Future studies should address the protein 

complexes that tether telomeres and internal chromosome regions to the nuclear periphery and 

that lead to repression of perinuclear virulence gene families. Chromosome looping formation 

and whether it is compatible with the organization of the chromosomes in nuclear territories also 

needs closer investigation, possibly using FISH chromosome mapping and/or 3C methodology. 

The localization of Pol II transcription factories, namely the one involved in var gene 
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transcription at the perinuclear space also ought to have further examination to better understand 

the molecular mechanism(s) that control monoallelic expression. 

Improved technologies such as P. falciparum transfection inducible systems, ideally a 

GFP-lac repressor/lac operator system, currently used in yeast for imaging of a single DNA locus 

in living cells should give us the opportunity of working with live parasites and overcome the 

problems associated to fixation and harsh treatments of FISH techniques. Protein tagging and live 

imaging must provide a more accurate view of the spatial and temporal aspects of the parasite 

nuclear dynamics across the 48-hour cycle. In particular, real-time fluorescence microscopy 

tracking of individual loci should shed more light on the chromatin repositioning movements 

associated to transcriptional gene activation. 
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