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ABSTRACT. Gene expression in Plasmodium can be regulated
epigenetically similarly to the other eukaryotic species. Methylation is one
of the histone modifications that affect chromatin structure and influence
gene expression. Recently it was reported that rodent Plasmodium species
lack orthologs to [PlasmoDB:PF3D7 0809900], a putative histone
demethylase. We take advantage of progress in genomics and perform a
whole genome analysis.

Based on sequence and phylogenetic analysis of putative enzymes
involved in histone methylation in Plasmodium, we show that rodent
malaria parasites lost not only a putative histone demethylase but also a
putative histone methylase. In silico prediction showed that these
enzymes were likely to target the same lysine in histone H3, and
suggested the whole histone-modifying module was lost in rodent
Plasmodium species. The evolutionarily old histone modification
machinery differs in rodent and primate Plasmodium species, suggesting
that change of the histone code during malaria evolution took place early
in Plasmodium speciation.
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1. Background. Malaria is a still neglected but widespread and

deadly infectious disease. Annually, over 250 million people become infected
and over 800 000 of them die [1]. The causative agent of malaria is a
protozoan of the genus Plasmodium [reviewed in 2]. The rodent malaria
parasites P. berghei, P. yoelii, and P. chabaudi are natural parasites of thicket
rats in central Africa and are widely used in malaria research.

The life cycle of Plasmodium is complex and features multiple develop-
mental forms in vertebrate and invertebrate hosts. The microarray studies
reveal substantial variation in gene expression that closely correlates with the
diversity of phenotypes [3, 4] and may be subject to control by epigenetic
elements. The virulence of Plasmodium is dependent on a set of gene families
that control antigenic variation and have been linked to host immune evasion
[reviewed in 5]. Recent studies have implicated that chromatin conformation
and histone modification influence the expression of one such family in
P. falciparum—the var genes [6-11] and hence contribute to regulation of
a parasite’s virulence.

Plasmodium displays a paucity of protein domains associated with
specific transcription factors and contains mostly basal chromatin modifying
factors that are generally conserved among eukaryotes [12]. Based on the
microarray data for the P. falciparum asexual stages, Bozdech et al. [3]
suggested that a small number of transcription factors with overlapping
binding site specificities could account for the mechanical character of
transcriptional control in the parasite. Hence, the regulation of gene expression
on the chromatin conformation level may play an especially significant role in
achieving specific transcription in Plasmodium. The histone code hypothesis
presumes that gene expression is critically influenced by chemical
modifications to histone proteins. These covalent histone modifications include
methylation, acetylation, phosphorylation, sumoylation and ubiquitination,
and have been shown to alter chromatin structure and gene expression [13].
Histone methylation occurs mainly on lysine and arginine residues of histone
N-terminal tails but can also occur within the globular core of the histone with
the action of Dotl enzyme [14-17|. Histone lysines can be mono-, di-, and
trimethylated [13|, and histone arginines can be mono- and di-methylated [18].
Each distinct methyl state may have different biological functions. For



Human and Rodent Malaria Parasites Differ ... 133

example, a dimethylation of lysine residue 9 of histone H3 (H3K9me2) and
trimethylation of lysine residue 27 of histone H3 (H3K27me3) negatively
correlate with gene activity, whereas di- and trimethylation of histone 3 lysine
residue 4 (H3K4me3) and histone 3 lysine residue 36 (H3K36me3) are
associated with gene expression [19, 20].

Histone methylation is accomplished through the action of histone
methyltransferases (HMTSs), a category of proteins which have been described
and investigated in many systems [21, 22].

The known histone methylases can be clustered into three groups:
SET-domain methyltransferases acting towards lysines within the histone tails,
non-SET domain methyltransferases featuring single enzyme Dotl homologs,
and arginine-specific methyltransferases. Histone methyltransferases containing
a SET domain (Suvar3-9, Enhancer-of-zeste, Trithorax domain) compose the
biggest family of histone methylases. SET is an active domain of approx. 130
amino acids, known mostly for its interaction with the histone lysines. Proteins
containing SET domains are involved in both activating [23] and silencing [24]
of gene expression [for review see: 20, 25, 26]. Within proteins, SET domains
are often accompanied by other identifiable domains, including domains
interacting with nucleosomes and DNA. Histone methylation was thought to
be an irreversible modification until the discovery of histone demethylases [27].
The first discovered group of histone demethylases were amine oxidases. In
humans this family consists of two known members: Lysine-specific histone
demethylase 1A (product of KDM1A gene, yeast homolog: LSD1) and Lysine-
specific  histone demethylase 1B (KDMI1B, or Lysine-specific histone
demethylase 2). Lysine-specific histone demethylase 1A was shown to remove
mono- and dimethyl groups from histone 3 lysine residue 4 (H3K4) [27], and
methyl groups from histone 3 lysine residue 9 (H3K9) [28], thereby acting as a
coactivator or a corepressor, depending on the context. Murine lysine-specific
histone demethylase 1B was shown to demethylate ‘Lys-4’ of histone H3,
thereby acting as a corepressor, and to be required for de novo DNA
methylation of a subset of imprinted genes during oogenesis [29, 30]. The
second family of histone demethylases is constituted by Jumonji proteins [31,
32|. It has about 30 members described in humans. They contain conserved
JmjC domains, which are crucial for their demethylase acitivity [33, 34]. The
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various JmjC domain containing proteins target specific histone lysines at
different methylation states [19]. For example, human lysine-specific
demethylase 2A specifically demethylates ‘Lys-36’ of histone H3, preferentially
dimethylated residue while it has weak or no activity for mono- and tri-
methylated H3 ‘Lys-36 [33]. Another Lys-4 H3 demethylase is yeast histone
demethylase JHD2, which targets trimethylated ‘Lys-4’ of histone H3 [35]. A
bioinformatic comparative proteome study in rodent and primate malaria
parasites [36] led to identification of a deletion of orthologs of putative histone
demethylase H3K36 [PlasmoDB:PF3D7 0809900)] in rodent Plasmodium
species. On the basis of previous observation that protein modules seem to be
inactivated commonly in evolution [37, 38|, we asked if any methylases were
also lost in rodent malaria parasites and searched for possible candidates in
rodent and primate malaria parasites proteomes.

In this paper we present results of our analysis, showing that rodent
species of Plasmodium lost not only the aforementioned H3K36 demethylase,
but also a SET-domain containing putative histone methylase. This whole
histone modification module missing may indicate a change in chromatin
regulation between primate and rodent Plasmodium species, and increases our
understanding of the parasites histone code.

2. Results. The class of putative histone demethylases was lost in

rodent Plasmodium species early in evolution.

Frech and Chen [36] in their global study identified a putative histone
H3-lysine-36 demethylase as present in primate but lost in rodent Plasmodia
(P. falciparum [PlasmoDB:PF3D7 0809900]). We constructed phylogenetic
trees for both amino oxidase domain containing demethylases (Fig. 1) and
Jumonji domain containing demethylases (Fig. 2) in Plasmodium. The protein
sequences used for this analysis are listed in Tables 1 and 2 and Supplemen-
tary Table S1 and S2. Out of the identified plasmodial orthologs of known
histone demethylases, only one type of demethylase was present in human
Plasmodium while it is nonexistent in rodent Plasmodium (Fig. 2, Table 2).
The tree suggests that this protein was lost early in the evolution of
Plasmodium.



Human and Rodent Malaria Parasites Differ ... 135

Lysine-specific histone demethylase 1 homolog 1 H3K4
Arabidopsis thaliana [UniProt:Q8VXV7]

Peroxisomal N(1)-acetyl-spermine/spermidine oxidase
100 Homo sapiens [UniProt: Q6QHF9]

Peroxisomal N(1)-acetyl-spermine/spermidine oxidase
32.7] Mus musculus [UniProt:Q8C0L6]

Lysine-specific histone demethylase 1A
Homo sapiens [UniProt:060341] H3K4, H3K9

Lysine-specific histone demethylase 1B 43k4
Homo sapiens [UniProt: Q8NB78]

Probable polyamine oxidase 2
Arabidopsis thaliana [UniProt:Q9SKX5]

Polyamine oxidase 3
Arabidopsis thaliana [UniProt:Q9LYT1]

Probable polyamine oxidase 4
Arabidopsis thaliana [UniProt:Q8H191]

Reductase, putative

Plasmodium knowlesi [PlasmoDB:PKH_011650]
Hypothetical protein, conserved
Plasmodium vivax [PlasmoDB:PVX_093645]

100 Conserved Plasmodium protein, unknown function

Plasmodium chabaudi chabaudi [PlasmoDB:PCHAS:061180]

1 81.1]| Conserved Plasmodium protein, unknown function
Plasmodium yoelii yoelii [PlasmoDB:PY17X_1231800]

100 8 Conserved Plasmodium protein, unknown function

Plasmodium berghei [PlasmoDB:PBANKA_122830]

Conserved Plasmodium protein, unknown function

Plasmodium falciparum [PlasmoDB:PF3D7_0801900]

Lysine-specific histone demethylase 1, putative (LSD1)
Plasmodium chabaudi chabaudi [PlasmoDB:PCHAS_061180]

Lysine-specific histone demethylase 1, putative (LSD1)

Hypothetical protein, conserved
Plasmodium vivax [PlasmoDB:PVX_084610]

99.4
75.
6
48.
92| Plasmodium berghei [PlasmoDB:PBANKA_061010]
Lysine-specific histone demethylase 1, putative (LSD1)
Plasmodium yoelii yoelii [PlasmoDB:PY17X_0612600]
100
40|
Lysine-specific histone demethylase 1, putative (LSD1)
44 4| Plasmodium knowlesi [PlasmoDB:PKH_131060]
Lysine-specific histone demethylase 1, putative (LSD1)
Plasmodium falciparum [PlasmoDB:PF3D7_1211600]

Probable lysine-specific histone demethylase 1 H3K4
Caenorhabditis elegans [UniProt: QOXWP6]

Amine oxidase [flavin-containing] B
Rattus norvegicus [UniProt:P19643]

Polyamine oxidase
Zea mays [UniProt:064411]

Fig. 1. Phylogenetic analysis of aminooxidase domain-containing proteins
in Plasmodium and their homologs in other organisms.

Protein sequences were derived from NCBI, Uniprot and PlasmoDB databanks.
Demethylation activity indicated where known. Aminooxidase domains were extracted
from sequences using Pfam and aligned using Muscle algorithm. Alignments were
edited in Jalview to remove gaps. The phylogenetic tree was calculated using protein
parsimony algorithm (ProtPars, Phylip). The evolutionary distances were assessed
using Evolutionary Clock (Phylip 3.67, Kitsch), based on a distance matrix computed
from aligned protein sequences using Phylip 3.67: Protdist.
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Probable lysine-specific demethylase JMJ14

100

Fig. 2. Phylogenetic analysis of JmJC/cupin domain-containing proteins in Plasmodia

Protein sequences were derived from NCBI, Uniprot and PlasmoDB databanks.
Demethylation activity indicated where known. JmJC/cupin domains were extracted
from sequences using Pfam and aligned using Muscle algorithm. Alignments were
edited in Jalview. The phylogenetic tree was calculated using protein parsimony
algorithm (ProtPars, Phylip). The evolutionary distances were assessed using
Evolutionary Clock (Phylip 3.67, Kitsch), basing on a distance matrix computed from
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H3K4

Arabidopsis thaliana [UniProt:Q8GUI6]

42.

100

JARID1C protein H3K4
Homo sapiens [UniProt:AGNG.7]
Lysine-specific demethylase 5A H3K4
Homo sapiens [UniProt:P29375]
Lysine-specific demethylase 5A H3K4
Mus musculus [UniProt:Q3UXZ9]
Lysine-specific demethylase lid
Drosophila melanogaster [UniProt:QOVMJ7]
Lysine-specific demethylase rbr-2  yak4
Caenorhabditis elegans [UniProt:Q23541]
Lysine-specific demethylase 4A  yakg H3K36
Homo sapiens [UniProt:075164] ’

Lysine-specific demethylase 4D
Homo sapiens [UniProt:Q6B016] H3K9

H3K4

100’7

[

36.4 98

10
68.

43

| Homo sapiens [UniProt:Q8NHMS]

753

Jarid2

Protein Jumonji
Homo sapiens [UniProt:Q92833] regulator of H3K27, H3K9

Protein Jumonji

8

&

JmjC domain containing protein (JmjC1)
Plasmodium falciparum [PlasmoDB:PF3D7_0809900]
JmjC domain containing protein

Plasmodium knowlesi [PlasmoDB:PKH_142870]
Hypothetical protein

Plasmodium vivax [PlasmoDB:PVX_123283]
JmjC domain-containing protein 7

Homo sapiens [UniProt:P0C870]

cupin-like protein, putative

Plasmodium berghei [PlasmoDB:PBANKA_092610]
cupin-like protein, putative

Plasmodium chabaudi chabaudi [PlasmoDB:PCHAS_091820]
cupin-like protein, putative

Plasmodium yoelii yoelii [PlasmoDB:PY17X_0928100]
cupin-like protein, putative

Plasmodium falciparum [PlasmoDB:PF3D7_1122200]

cupin-like protein, putative
Plasmodium knowlesi [PlasmoDB:PKH_091960]

“{ cupin-like protein, putative

Plasmodium vivax [PlasmoDB:PVX_091730]

JmjC domain-containing protein 4
Schizosaccharomyces pombe [UniProt:094606]

JmjC domain-containing histone demethylation protein 1

Saccharomyces cerevisiae [UniProt:P40034]

Lysine-specific demethylase 2B {3K36, H3K4

97'7L Lysine-specific demethylase 2A H3K36

Homo sapiens [UniProt:Q9Y2K7]

Putative JmjC domain-containing histone H3K36
demethylation protein 1
Schizosaccharomyces pombe [UniProt:094603]

Mus musculus [UniProt:Q62315] regulator of H3K27, H3K9

3K27

Drosophila melanogaster [UniProt:Q8SXP6]

Histone demethylase JHD2 4
Saccharomyces cerevisiae [UniProt:P47156]

and their homologs in other organisms.

aligned protein sequences using Phylip 3.67: Protdist.

A class of SET-domain containing proteins that are putative histone

methylases was lost in rodent Plasmodium species.

H3K36
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Table 1. Plasmodial homologs of human histone demethylases

with an aminooxidase domain

Human histone
demethylase

Lysine-specific histone
demethylase 1A

Lysine-specific histone
demethylase 2A

Gene names

KDM1A (AOF2/BHC110/LSD1)

KDM1B (AOF1/LSD2)

Specificity

H3K4me2/mel H3K9me2/mel

H3K4me2/mel

P. falciparum homolog

PlasmoDB:PF3D7 0801900

PlasmoDB:PF3D7 1211600

P. vivax homolog

PlasmoDB:PVX 093645

PlasmoDB:PVX 084610

knowlesi homolog

PlasmoDB:PKH 011650

PlasmoDB:PKH 131060

berghei homolog

PlasmoDB:PBANKA 122830

PlasmoDB:PBANKA 061010]

PlasmoDB:PCHAS 122900

PlasmoDB:PCHAS 061180]

P.
P.
P. chabaudi homolog
P.

yoelii homolog

PlasmoDB:PY17X 1231800

PlasmoDB:PY17X 0612600]

Putative histone
demethylase domain

aminooxidase

amionooxidase

Table 2. Plasmodial homologs of human histone demethylases with JmjC domain

Human histone JMJID7 KDM2A/ 1) JHDM3A-D/JMJD2A-D
demethylase Gene JHDM1A/ 2) JARID1A /RBP2
names FBXLI11 JARID1B/PLU1
JARID1C/SMCX
JARID1D/SMCY
3) JARID2
Histone demethylase | undetermined H3K36me2/mel 1) H3K9me3/
activity me2H3K36me3/me2;
2) H3K4me3/me2
3) none (regulator of H3K9 and
H3K27 methylation status)
P. falciparum PlasmoDB: *PlasmoDB: [PlasmoDB: PF3D7_0809900]
homolog PF3D7 1122200 | PF3D7 1123200
P. vivar homolog *PlasmoDB: *PlasmoDB: PlasmoDB: PVX 123283
PVX 091730 PVX 091775
P. knowlesi homolog | PlasmoDB: *PlasmoDB: PlasmoDB: PKH_ 142870
PKH 091960 PKH 092070
P. berghei homolog PlasmoDB: PlasmoDB: none
PBANKA 092610 | PBANKA (92510
P. chabaudi homolog | PlasmoDB: [PlasmoDB: none
PCHAS 091820 | PCHAS 091930]
P. yoelii homolog *PlasmoDB: [PlasmoDB: none
PY17X 0928100 | PY06315]|
Putative histone cupin none JmjC

demethylase
domain

* protein identified in orthology search in Plasmo DB using a Plasmodial homolog as a query.

Plasmodial proteins found in a homology search with Lysine-specific demethylase 2A as a query

did not contain a JmjC domain and were excluded from further phylogenetic analysis.
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Table S1. Aminooxidase domain containing proteins used in this study and their

specificity towards methylated histones

Accesion number

Organism (UniProt/NCBI/ Protein Spec1fic.1ty/ Citation
name Function
PlasmoDB)
H. sapiens | [UniProt:Q6QHF9] Peroxisomal | Flavoenzyme which | [34]
N(1)-acetyl- | catalyzes the
spermine/ oxidation of N(1)-
spermidine | acetylspermine to
oxidase spermidine and is
thus involved in the
polyamine back-
conversion.
H. sapiens | [UniProt:QINWMO| Spermine Flavoenzyme which | [35]
oxidase/Poly | catalyzes the
amine oxidation of
oxidase 1 spermine to
(PAO1) spermidine. /
Not determined
H. sapiens | [UniProt:Q8NB78-2|/ lysine- H3K4me2/mel By
[UniProt:A2A2C6) specific similarity
histone
demethylase
1B
(KDM1B)
/oxidase
(Flavin
containing)
domain 1
H. sapiens | [UniProt:060341] Lysine- H3K4me2/mel and | 25, 26, 36-
specific H3K9 38]
histone
demethylase
1A
M. [UniProt:Q4GX45] Paox Peroxisomal N1- [39]
musculus acetyl-
spermine/spermidine

oxidoreductase
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M. [UniProt:Q8COL6] Peroxisomal | Flavoenzyme which | [40]
musculus N(1)-acetyl- | catalyzes the
spermine/ oxidation of N(1)-
spermidine | acetylspermine to
oxidase spermidine. Can also
oxidize N(1)-
acetylspermidine to
putrescine.
M. [UniProt: Q99K 82| Spermine Flavoenzyme which | [41]
musculus oxidase catalyzes the
oxidation of
spermine to
spermidine. Can also
use N(1)-
acetylspermine and
spermidine as
substrates
R. [UniProt:P19643] Amine Catalyzes the [42]
norvegicus oxidase oxidative
[flavin- deamination of
containing] | biogenic and
B xenobiotic amines
and has important
functions in the
metabolism of
neuroactive and
vasoactive amines in
the central nervous
system and
peripheral tissues.
MAOB
preferentially
degrades
benzylamine and
phenylethylamine.
S. pombe | [UniProt:Q9Y802] Lysine- H3K9me2 and [43-45]
specific H3K4me2
histone
demethylase
1
D. melano- | [UniProt:P18487] Protein Has a non-vital [46]
gaster anon-37Cs function; no data
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D. melano- | [UniProt:Q9VW97] Possible demethylates [47, 48]
gaster lysine- H3K4me2 and
specific H3K4mel and
histone facilitates
demethylase | subsequent H3K9
1 methylation by
SU(VAR)3-9
C. elegans | [UniProt:QIXWP6| Probable Probable histone By
lysine- demethylase that similarity;
specific specifically The
histone demethylates 'Lys-4' | C.elegans
demethylase | of histone H3 sequencing
1 H3K4me2/1 consortium,
1998
A. thaliana | [UniProt:Q9SKX5] Probable Flavoenzyme that By
polyamine catalyzes the similarity
oxidase 2 oxidation of the
secondary amino
group of polyamines
A. thaliana | [UniProt:Q9LYT1] Polyamine | Flavoenzyme that [49]
oxidase 3 catalyzes the
sequential oxidation
of spermine to
spermidine, and of
spermidine to
putrescine.
A. thaliana | [UniProt:Q8H191] Probable Flavoenzyme that [50]
polyamine catalyzes the
oxidase 4 oxidation of the
secondary amino
group of spermine.
A. thaliana | [UniProt:Q8VXV7] Lysine- Probable histone [51]
specific demethylase that
histone reduces the levels of
demethylase | histone H3 'Lys-4'
1 homolog 1 | methylation in

chromatin of the
floral repressor
FLOWERING
LOCUS C (FLC)
and the
sporophytically
silenced floral
repressor FWA.
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Z. mays [UniProt:064411] Polyamine | Catalyzes the [52, 53]
oxidase oxidation of the
secondary amino
group of polyamines
(spermine,
spermidine and their
acetyl derivatives)
P. yoelii [PlasmoDB:PY02606]; amine no data [54]
[UniProt:Q7RLDY| oxidase,
flavin-
containing,
putative
P. [PlasmoDB:PCHAS _122900] conserved no data [12]
chabaudi UniProt (fragments): Plasmodium
[UniProt:Q4Y046] protein,
[UniProt:Q4Y791] unknown
[UniProt:Q4X770] function
[UniProt:Q4XR08]
[UniProt:Q4Y2X2]
[UniProt:Q4Y406]
[UniProt:Q4XKT6|
[UniProt:Q4XRU1|
P. berghei | [PlasmoDB:PBANKA 122830] | conserved no data [12]
UniProt (fragments): Plasmodium
[UniProt:Q4YHNO| protein,
[UniProt:Q4YNP6| unknown
[UniProt:Q4YV76] function
[UniProt:Q4YJV5]
[UniProt:Q4YV75]
P. [PlasmoDB:MALSP1.154]/ conserved no data [55, 56]
falciparum | [PlasmoDB:PF3D7_0801900] Plasmodium
[UniProt: COH4R0| protein,
unknown
function
P. vivax [PlasmoDB:PVX 084610] hypothetical | no data [57]
[UniProt:A5KOL5] protein,
conserved
P. knowlesi | [PlasmoDB:PKH_131060]; lysine- no data [58]
[UniProt:B3SLBA4| specific
histone
demethylase
1, putative

(LSD1)
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P. [PlasmoDB:PFL0575w|/ lysine- no data [55]
falciparum | [PlasmoDB:PF3D7 1211600]; specific
[UniProt:Q8I5T5] histone
demethylase
1, putative
(LSD1)
P. yoelii [PlasmoDB:PY03791]; amine no data [54]
[UniProt ID:Q7RI39] oxidase,
flavin-
containing,
putative
P. vivax [PlasmoDB:PVX 093645]; hypothetical | no data [57]
[UniProt:ASKCJ6] protein,
conserved
P. knowlesi | [PlasmoDB:PKH 011650]; reductase, no data [58]
[UniProt:B3KZCS]| putative
P. berghei | [PlasmoDB:PBANKA _061010]; | lysine- no data [12]
[UniProt:Q4YUIOQ| specific
[UniProt:Q4YUH9] histone
[UniProt:Q4YYRI1] demethylase
[UniProt:Q4Z5M6| 1, putative
[UniProt:Q4YH02| (LSD1)
P. [PlasmoDB:PCHAS _061180] lysine- no data [12]
chabaudi UniProt (fragments): specific
[UniProt:Q4X7D7] histone
[UniProt:Q4X V87| demethylase
[UniProt:Q4XA38| 1, putative
[UniProt:Q4XNH7| (LSD1)
Table S2. JmjC-containing proteins used in this study and their specificity towards
methylated histones
. . . Histone
Organism gg;sll/or;lr‘; ZzggrB()UmProt/ i;z:sm den'1e'thylati0n Citation
activity
H. sapiens [UniProt:AGN6J7] JARID1C H3K4 [70]
H. sapiens [UniProt:Q6B0I6| Lysine-specific | H3K9me3/me2 [71]
demethylase
4D, KDM4D
H. sapiens | [UniProt:QOUGLI] KDM5B H3K4me3/me2/ | [72-75]
mel
H. sapiens [UniProt:P29375] KDM5A H3K4me3/me2 [74, 76-
79]
H. sapiens [UniProt:Q9BY66] KDM5D/ H3K4me3/me2 [79-81]
JARID1D
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H. sapiens [UniProt: Q9H3RO| KDM4C H3K9me3 [71]
H3K36me3
H. sapiens [UniProt:075164] KDM4A H3K9me3 [71, 82]
H3K36me3
H. sapiens [UniProt:094953] KDM4B H3K9me3 [71]
(JMJD2B)
H. sapiens [UniProt:Q92833] Protein None. Regulator [83]
Jumonji of histone
(JARID2) methyltransferase
complexes
H. sapiens [UniProt: QSNHMS5] KDM2B H3K4me3 [29, 84]
H3K36me2
H. sapiens [UniProt: QOUPPI]| PHF8 H3K9me2/mel, [60-69]
H3K27me2,
H4K20mel,
possibly
H3K36me2
H. sapiens [UniProt:Q9Y2K7] KDM2A H3K36me2 [29, 85]
M. musculus | [UniProt:Q62240] KDM5D By similarity: [86, 87]
H3K4me3/me2
M. musculus | [UniProt:Q3UXZ9| KDMb5A H3K4me3/me2 [74, 88|
M. musculus | [UniProt:Q62315] Protein None. Regulator | [83, 89-
Jumonji of histone 97]
(Jarid2) methyltransferase
complexes
S. cerevisiae | [UniProt:P40034] JmjC domain- | H3K36 [29]
containing
histone
demethylation
protein 1
(JHD1)
S. cerevisiae | [UniProt:P47156] Histone H3K4me3 [98]
demethylase
JHD2
S. pombe [UniProt:QIUT79| Multicopy H3 deacetylase [99]
suppressor of
chkl protein 1
(MSC1)
S. pombe [UniProt:094606] JmjC domain- | no data (role in
containing meiosis;
protein 4 [100])

(Jmj4)
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S. pombe [UniProt:094603] Putative JmjC | By similarity - [27, 29,
domain- H3K36, but might | 101]
containing lack demethylase
histone activity
demethylation
protein 1
(Jhdl)
D. melano- [UniProt:QIVMJI7]| Lysine-specific | H3K4me3 [81, 102-
gaster demethylase 104]
lid
D. melano- [UniProt:Q8SXP6| Jarid2 no data -
gaster
V. dahliae [UniProt:G2XGM5] Histone no data -
demethylase
JARID1A
A. gypseum | [UniProt:E4URUG] Histone no data -
demethylase
JARIDIC
G. lozoyensis | [UniProt:HOEUHO] Putative Lid2 | no data -
complex Genome:
component [105]
lid2
P. tritici- [UniProt:B2WM33| Histone no data -
repentis demethylase
JARID1D
C. elegans [UniProt:Q23541] Lysine-specific | H3K4me3/me2 [74]
demethylase
rbr-2
A. thaliana [UniProt:Q8GUI6| Probable H3K4me3/me2/m | [106-110]
lysine-specific | el
demethylase
JMJ14
D. rerio [UniProt:Q1LVC2] Protein By similarity: -
Jumonji / None. Regulator
jarid2b of histone
methyltransferase
complexes
X.tropicalis | [UniProt:XP 002932734] predicted: no data -
protein
Jumonji
G.gallus [UniProt:Q5F363] Protein By similarity: -
Jumonyji None. Regulator
(JARID2) of histone
methyltransferase

complexes.
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A.melano- [UniProt:XP _002917654] predicted: no data -

leuca protein
Jumonji-like

T.castaneum | [UniProt:D6WING] Putative no data Genome:
uncharacter- [111, 112]
ized protein

A .echinatior | [UniProt:F4AWG6V?2] Protein no data Genome:
Jumonji [113]

B.terrestris [UniProt:XP_003396635] predicted: no data -
hypothetical
protein
LOC100643807

P.humanus [UniProt:EOVZTS5] Jumonji/arid | no data Genome:

corporis domain- [114]
containing
protein,
putative

A. carolinesis | [UniProt:G1KC73] Uncharacter- | no data -
ized protein /

Jarid2,
predicted

A. gambiae [UniProt:Q7PP11] AGAPO005541- | no data Genome:
PA, predicted [115]

A. aegypti [UniProt:Q16RF7] Putative no data Genome:
uncharacter- [116]
ized protein

P. yoelii [PlasmoDB:PY05603]; Hypothetical no data Genome:

[UniProt:Q7RD23] protein [54]
P. chabaudi | PlasmoDB ID: PCHAS 091820 | Conserved no data Genome:
UniProt ID: Q4X9H4 protein, [12]
unknown
function
P. berghei [PlasmoDB:PBANKA 092610]; | Conserved no data Genome:
[UniProt:Q4YRC5| protein, [12]
[UniProt:Q4YRC6| unknown
function
P. falciparum | [PlasmoDB:PF11_0230]/ Conserved no data Genome:
[PlasmoDB:PF3D7 1122200|; | protein, [55, 117]
[UniProt:Q8IIE4] unknown
function
P. vivax [PlasmoDB:PVX 091730]; Hypothetical no data Genome:
[UniProt: A5K4N3] protein, [57]

conserved
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P. knowlesi [PlasmoDB:PKH _091960]; Conserved no data Genome:
[UniProt:B3L525] protein, [58]
unknown
function
P. falciparum | [PlasmoDB:MAL8SP1.111]/ JmjC domain | no data Genome:
[PlasmoDB:PF3D7 0809900]; | containing [55, 56]
[UniProt:Q8IAT4] protein
(JmjC1)
P. knowlesi [PlasmoDB:PKH _142870] JmjC domain | no data Genome:
[UniProt:B3LCBO| containing [58]
protein
P. vivax [PlasmoDB:PVX 123283]; Hypothetical | no data Genome:
[UniProt:A5JZT0] protein [57]

The analysis of SET domain containing proteins from different species
of Plasmodium revealed that they are more closely related to their orthologs
from other Plasmodia than to other paralogs within a given species (Fig. 3).
This means that diversification of SET-domain containing proteins preceded
the diversification of Plasmodium species. We did not observe duplications of
these proteins. SET-domains in Plasmodium are polyphyletic and form eight
distinct classes. We also noticed that the orthologs of a protein [PlasmoDB:
PF3D7_1133400] seemed to be deleted in different genomes of rodent
Plasmodium, although at the time of a screen of Frech and Chen [36] it was
overlooked.

For the basic prediction of histone lysine specificity of identified
proteins we constructed an additional phylogenetic tree of their SET domains
(Fig. 4). The tree included SET domains from vast variety eukaryotic taxo-
nomic groups. The phylogeny thus included seven P. falciparum SET domains
(in red) and showed that these domains represent different lineages of SET
domains found across the eukaryotes. Interestingly, the SET domains of two
proteins [PlasmoDB: PF3D7 1322100] and [PlasmoDB: PF3D7 0629700]
appeared to be more closely related to mammalian SET domains than to the
other single cell eukaryotes, such as yeast. The general domain composition in
these proteins correlated closely with the mammalian domain composition. On
the basis of the phylogenetic analysis (Fig. 4), we suggested specificity for six
out of eight types of SET domain proteins.
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Fig. 3. Consensus phylogenetic parsimony tree of SET domain proteins
of Plasmodium species.
Calculated wusing PHYLIP software with 1000 bootstrap replications. Protein
alignment was edited and columns containing gaps were removed. There are no
orthologs of [PlasmoDB:PF3D7 1322100 in rodent malaria parasites Plasmodium
berghei, Plasmodium chabaudi and Plasmodium yoelii.
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Histone-lysine N-methyltransferase ASHH3
Arabidopsis thaliana [UniProt:Q945S8]
Variant-silencing SET domain-containing protein H3K36
Plasmodium falciparum [UniProt:Q8IE95]
Histone-lysine N-methyltransferase trithorax
Drosophila melanogaster [UniProt:P20659]
Histone-lysine N-methyltransferase 2A H3K4
Homo sapiens [UniProt:Q03164]
Putative histone-lysine N-methyltransferase 1
Plasmodium falciparum [UniProt:C6KTD2] H3K4
SET1 Histone-lysine N-methyltransferase, H3 lysine-4 specific
Saccharomyces cerevisiae [UniProt:P38827] K4
Probable histone-lysine N-methyltransferase set-1
Caenorhabditis elegans [UniProt:Q22795]

N-lysine methyltransferase SETD8

H3K4

63 14

34. Homo sapiens [UniProt:Q9NQR1] H4K20

SET domain protein, putative
Plasmodium falciparum [UniProt:Q811Z0]

SET domain-containing protein 4
Saccharomyces cerevisiae [UniProt:P42948]

H4K20

Histone-lysine N-methyltransferase, putative
Plasmodium falciparum [UniProt:Q8IDES8] H3Kdand H3K36
Potential protein lysine methyltransferase SET6

Saccharomyces cerevisiae [UniProt:Q12529]

SET domain-containing protein 3
Saccharomyces cerevisiae [UniProt:P36124]

45.8 99.9

Histone-lysine N-methyltransferase, putative

Plasmodium falciparum [UniProt:Q8I5R3]
Histone-lysine N-methyltransferase SUV39H1 H3K9
Homo sapiens [UniProt:043463]
CLR4 Histone-lysine N-methyltransferase, H3 lysine-9 specific H3Ke
Schizosaccharomyces pombe [UniProt:060016]
SET domain protein, putative H3K9
Plasmodium falciparum [UniProt:Q8IBB0]

Putative protein lysine methyltransferase SET5
Saccharomyces cerevisiae [UniProt:P38890]

Ribosomal N-lysine methyltransferase 4
Saccharomyces cerevisiae [UniProt:Q12504]

N-lysine methyltransferase SMYD2
100| Mus musculus [UniProt:Q8R5AQ] H3K4 and H3K36

217

L N-lysine methyltransferase SMYD2 H3K4 and H3K36
35, Homo sapiens [UniProt:QONRG4]
Histone-lysine N-methyltransferase SMYD3
Homo sapiens [UniProt:Q9H7B4]
Conserved Plasmodium protein
Plasmodium falciparum [UniProt:Q8IIL1]

Histone-lysine N-methyltransferase, H3 lysine-9, H3 lysine-27,
H4 lysine-20 and cytosine specific SUVH2

Histone-lysine N-methyltransferase NSD3 Arabidopsis thaliana [UniProt:022781]
99 Homo sapiens [UniProt:Q9BZ95] H3K4, H3K27

NSD1 Histone-lysine N-methyltransferase, H3 lysine-36 and H4 lysine-20 specific
Mus musculus [UniProt:088491] H3K36, H4K20

L SET2 Histone-lysine N-methyltransferase, H3 lysine-36 specific
Saccharomyces cerevisiae [UniProt:P46995] H3K36

H3K4 and H3K5

Fig. 4. Consensus phylogenetic parsimony tree of SET domain proteins of Plasmodium

parasites and other eukaryotic organisms.

The tree was calculated using PHYLIP software with 1000 bootstrap replications.
Protein alignment was edited and columns containing gaps were removed. The
evolutionary distances were assessed using Phylip 3.67, Kitsch.

In order to verify predicted lysine methylation specificity of the

[PlasmoDB:PF3D7 1322100| gene protein product (a protein missing in
rodent but present in primate Plasmodia), we compared its amino acid
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sequence with the known crystal structure of the H3K9 tri-methyltransferase
DIM5 [UniProt: Q8X225|, [PDB:1peg|. DIM-5 is a SUV39-type histone H3
Lys9 methyltransferase that is essential for DNA methylation in N. crassa [39].
The alignment of DIM5 with [PlasmoDB:PF3D7 1322100] indicated that this
Plasmodium protein contains counterparts of key residues from the active
center identified in DIMS5. Specifically, [PlasmoDB:PF3D7 1322100] protein
conserved Tyrl78 of DIM5 [PDB:1peg| (Y191[UniProt: Q8X225]) and Tyr283
(Y296[UniProt: Q8X225]) (Fig. 5, highlighted in red), which are essential for
DIM-5 catalytic activity. Zhang et al. [40] demonstrated that the 281 residue
in DIM5 is crucial for determining the specificity of enzyme towards mono, di
or tri-methylation. Namely, F281Y mutation changed the product specificity of
DIM-5 from a tri-methylase to a mono- and di-methylasease without affecting
its overall catalytic activity. [PlasmoDB:PF3D7 1322100| contains tyrosine
residue at this position of Phe/Tyr-switch (Fig. 5, highlighted in yellow)
corresponding to F281 in DIM5 [PDB:lpeg| (i.e, Y191 in DIM5 [UniProt:
Q8X225|) (Fig. 5, highlighted in green), which makes it likely to be a mono-
or/and dimethylase.

DIM5 162VPLQIFRTKDRGWGVKCPVNIKRGQFVDRMLGEIITSEEADRRR-———
MAL13P1.122 2119KDLEIKKTEKTGYGVFCKRDIKNGELICEMVGEVLGKREFEKRLEVYQ

NSD1 MOUSE 1840PDVEIFRTLORGWGLRTKTDIKKGEFVNEMVGELIDEEECRARI-—--

DIM5 206AESTIARRKDVYLFALDKFSDPDSLDPLLAGQPLEVDGEYMSGPTREIN
MAL13P1.122 2166EESKKTDMYNWYIIQINK-—-—--—-——-—-———-—-— DVYIDSGKKGSISRFIN
NSD1 MOUSE 1884RYAQEHDITNFYMLTLDK---—--—-—-—--—-—-— DRIIDAGPKGNYARFMN
DIM5 255HSCDPNMAIFARVGDHADKHIHDLALFAIKDIPKGTELTEDMVNGLTGL303
MAL13P1.122 2202HSCSPNSVSQKWIVR----GFYRIGIFALRDIPSGEEITYNMSYNFLEN2246
NSD1 MOUSE 1919HCCQPNCETQKWSVN----GDTRVGLFALSDIKAGTELTENEMNLECLGN1963

Fig. 5. The alignment of DIM5 [UniProt:Q8X225], NSD1 [UniProt:088491]
and MAL13P1.122 [PlasmoDB:PF3D7_1322100] proteins.
The alignment shows that the plasmodial protein is similar to NSD1 protein and it
could be a histone-lysine N-methyltransferase, H3 lysine-36 and H4 lysine-20 specific,
like NSD1 proteins. Tyrosines corresponding to Y191 in DIM5 and Y294 are
highlighted in red. Highlighted in green are phenylalanines corresponding to F281 in
DIM5. The corresponding site in MAL13P1.122 is highlighted in yellow; it contains
tyrosine which makes it likely to be mono- or/and dimethylase. Higlighted in blue are
aspartate residues corresponding to D209 in DIM5. MAL13P1.122 lacks aspartate in
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this position, which suggest it is not H3K9 specific but possibly specific to: H3K14,
H3K36, H3K37 or/and the N-terminal Lys residues on the histone H4 tail.

The plasmodial protein does not contain aspartate residue in a position
corresponding to Asp209 of DIM5 [PDB:lpeg] (D222[UniProt: Q8X225])
(Fig. 5, highlighted in blue), which is involved in the recognition of the histone
H3 tail, suggesting that [PlasmoDB:PF3D7 1322100] has a specificity that
may not require the Asp-Ser interaction. The histone lysines that could be the
potential targets for [PlasmoDB:PF3D7 1322100| are therefore those that lack
a flanking Ser or Thr residue, like K14, K36, and K37 on histone H3, and the
N-terminal Lys residues on the histone H4 tail.

The protein coded by [PlasmoDB:PF3D7 1322100] is annotated as
containing PHD and SET domains. However, its homologous SET-domain
proteins contain the cysteine rich AWS and PostSET domains, as well as the
nuclear protein PWWP motif, none of which have been predicted in
[PlasmoDB:PF3D7 1322100]. Still, a closer sequence investigation revealed
that the [PlasmoDB:PF3D7 1322100] is indeed enriched in cysteines in the
areas surrounding the SET domain, and appears to have sequences very
similar to the consensus for the AWS and PostSET domains.

Domains surrounding the SET domain have been found to play struc-
tural roles important for the proper function of methyltransferase enzymatic
activity. The AWS or PreSET domain has a structural function and holds
together the SET domain through interactions between zinc ions and the
conserved cysteines in this domain. The PostSET domain is important in
forming the interaction with the cofactor and histone tails [41]. The presence
of these domains in [PlasmoDB:PF3D7 1322100] supports the prediction of its
functionality.

Altogether, on the basis of the above analyses we suggest that the
protein product of [PlasmoDB:PF3D7 1322100| conforms to the expectation
of being a monomethylase of H4K20 and H3K36.

3. Discussion. In this study we used a bioinformatic approach to
analyze potential differences in histone methylation machinery between
primate and rodent Plasmodium species. The basic homology and domain
searches based on accessible databases led to identification of one putative
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histone methylase and one putative histone demethylase that is in present in
primate Plasmodium species but lost in rodent Plasmodium species. We cross
validated the presence/absence of genes of interest in PlasmoDB with NBCI
RefSeq and EST database using PSI Blast. The two genes were not found in
all three rodent Plasmodium species. Moreover, the genome view in PlasmoDB
shows that they are missing in the synteny blocks, and they seem to be just
simply deleted.

We constructed the phylogenetic trees for homologs of both the
aminooxidase and the JmjC domain containing putative histone demethylases
in Plasmodium and found that there was no closely related paralog of a
[PlasmoDB: PF3D7 0809900] gene product in rodent Plasmodium species,
while there were no deletions in aminooxidase domain containing plasmodial
putative histone demethylases. Since there are no recent duplications in
[PlasmoDB: PF3D7 0809900| gene orthologs, their deletion in rodent
Plasmodia could be evolutionarily old. This observation may suggest an
evolutionary change in regulation of histone methylation in rodent and
primate  Plasmodia, provided that the orthologs of [PlasmoDB:
PF3D7 _0809900] retained their enzymatic or regulatory activity.

Accordingly, our analysis of putative SET-domain containing histone
methylases of rodent and primate Plasmodia showed that there was one
important deletion in rodent Plasmodia genomes, as they lack orthologs to P.
falciparum putative histone methylase [PlasmoDB: PF3D7 1322100]. We
found that there were eight types of putative histone SET-domain
methyltransferases in primate Plasmodia, whereas in rodent Plasmodia only
seven types were present. This analysis adds 3 more groups to the previously
described 5 groups of SET-containing proteins in Plasmodium [42]. Each
examined genome contained no more than one copy of each type of histone
methyltransferase. Phylogenetic analysis indicated that all SET-domain
containing proteins diverged before Plasmodium speciation, so similarly to the
deletion of putative histone demethylase [PlasmoDB: PF3D7 0809900], the
deletion of orthologs of the putative histone methylase
[PlasmoDB:PF3D7 1322100] is also evolutionarily old.

The comparative analysis of the putative histone methylase lost in
rodent Plasmodia [PlasmoDB:PF3D7 1322100] protein sequence with the
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known crystal structure of the H3K9 tri-methyltransferase DIM5 indicated
that [PlasmoDB:PF3D7 1322100] is a putative mono- or di-methylase of
H3K36 and H4K20. At the same time, Cui et al. [42] suggested that the
protein being a product of [PlasmoDB: PF3D7 0809900] gene could be a
H3K36/ H3K9 demethylase, based on a comparison with JHDM3A /JHDM2A
(KDM4A /KDM3A). These joint observations could mean that the whole
module of proteins regulating methylation status of H3K36 was lost in rodent
Plasmodia early on in evolution.

Parallel to the approach of Cui et al. [42] our phylogenetic analysis was
based on isolated JmjC domains. In their study, Cui et al. [42] used a limited
number of non-plasmodial proteins as references, mainly S. cerevisiae (5
proteins) and human (2 proteins). We used a wider range of JmjC domains.
Our analysis showed that one of the closest homologs of [PlasmoDB:
PF3D7 0809900| were not only H3K36 demethylase KDM4A shown before by
Cui et al. [42] but also the Jumonji homologs. Jumonji has no demethylase
activity, but is indispensable for the methylation status regulation of H3K9
and H3K27. Interestingly, it has been shown that plasmodial war genes
undergo epigenetic regulation by methylation status of H3K9 [8]. Cui and
coworkers [42] noticed the homology of putative plasmodial demethylases to
Jumonji proteins, but they decided that the group including a [PlasmoDB:
PF3D7 0809900| gene product more closely resembles the JHDM3A/2A
family of proteins because of the presence of additional protein domains,
especially JmjN [43]. Although in many JmjC proteins the JmjC domain is
sufficient for demethylase activity [33] and JmjN domain seems unneccessary
for catalysis as viewed from the protein structure [34], it is nevertheless
required for enzymatic activity, at least in JHDM3/JMJD2A [44]. It therefore
seems most likely that the [PlasmoDB: PF3D7 0809900] protein could be a
H3K36 demethylase. Together with the observation that a putative H3K36
methylase orthologous to [PlasmoDB:PF3D7 1322100] is also missing in
rodent Plasmodia, this would mean that the whole regulatory module of
histone methylation was lost early on in the evolution of rodent Plasmodia.

4. Conclusions. We have carried out bioinformatics analyses of an

important component of the global mechanism of epigenetic regulation of gene
expression in Plasmodium species. Namely, we interrogated the repertoire of
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enzymes involved in histone methylation; methyl transferases and demetylases.
Crucially we found that one of the element represented by JmjC type of
demethylase and the SET-type methylase is absent in the current published
versions of the rodent Plasmodium genomes. Subsequently by interrogating
sequence alignments between the Plasmodium proteins and their orthologues
in other eukaryotic systems, we assessed putative substrate specificities of the
existing enzymes. Our observations led us to a conclusion that the rodent
Plasmodium species may have evolved different system of epigenetic regulation
of gene expression.

5. Methods

5.1. Putative histone demethylases homology search. Based on

the list of human histone demethylases [45] we found plasmodial homologs of
these proteins using NCBI Protein (http://www.ncbi.nlm.nih.gov/protein),
UniProt [46] and PlasmoDB [47] databases. We used High Throughput
Sequence Annotation Service HT-SAS [48] to find additional homologs of
known histone demethylases in the UniProt database [46] We also used an
isolated JmjC domain model derived from Pfam [49] to search the PlasmoDB
for other possible JmjC domain containg proteins. PlasmoDB was used to
verify if the identified plasmodial proteins were orthologous. All proteins were
investigated with Pfam homology searches for the existence of key domains:
aminooxidase or JmjC. In every alignment, the e value was set smaller than
0.0001. The presence or absence of particular JmjC-domain containing proteins
in Plasmodium was in addition verified with NCBI PSI-Blast. Out of 32 tested
human histone demethylase and putative demethylase protein sequences, 14
had orthologs in Plasmodium identified by homology searches. Plasmodial
proteins that contained aminooxidase, JmjC or cupin domain (a clan that also
contains JmjC domain) were subject to further analysis.

5.2. SET-domain containing proteins homology search. The
plasmodial protein sequences were derived from the PlasmoDB database and
cross-checked with other databases (UniProt, EST NCBI). The known SET
domain containing proteins within the base were identified using the
plasmoDB web server (http://plasmodb.org). Additional proteins containing
SET domains were identified with the use HMMER software. Two hidden
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Markov profiles of the SET domain were obtained from the Pfam server: one
Markov profile was configured for recognition of local alignments and the other
for global alignment. PlasmoDB was searched with the SET profile calibrated
for global alignments. All sequences of putative SET domain containing pro-
teins were next compared with the whole database of hidden Markov profiles
of all known Pfam domains. Low complexity sequences of Plasmodium proteins
were masked. Only proteins identified by the profile configured for recognition
of global alignments with an e-value smaller than 1 were included for this
analysis (50 sequences in total). Sequences of SET domains were extracted
from these sequences. The length of these SET domain sequences was deter-
mined using HMM search with hidden Markov models configured for a
recognition of local alignments. We excluded from the analysis the proteins
which Pfam identified as SET domains were too short to be reliably aligned
(namely, the orthologs of [PlasmoDB:PF3D7 1221000] and
[PlasmoDB:PF3D7 1304600]). We added to the analysis 5 more protein
sequences that were not identified by HMMER, but found as orthologs of
other putative SET containing methyltransferases within PlasmoDB, (namely:
[PlasmoDB:PBANKA 093250, PCHAS 091180, PF3D7_ 0910000, PY00784,
PY02023|. Finally we obtained a set of 45 proteins for a phylogenetic analysis.

5.3. Phylogenetic analysis. The protein domains (aminooxidase,
cupin, JmjC, SET) were extracted from protein sequences using Pfam
(http://pfam.sanger.ac.uk). The protein and domains alignments were
calculated using MUSCLE [50|. For the histone demethylases tree construction
(Fig. 1 and 2), and for the putative histone methyltransferases in Plasmodium
tree construction (Fig. 3), the alignments were edited in Jalview [51], where
the gaps were removed. For the tree covering P. falciparum SET domains from
putative histone methyltransferases and SET domains from different eukary-
otic homologs (Fig. 4), the SET containing proteins were aligned with a Pfam
profile of SET domains by HMMalign software. Gaps were not removed from
the alignments due to technical reasons (short sequences). All phylogenetic
trees were constructed using Phylip software [52] with protein phylogeny
calculated using the ProtPars algorithm with a bootstrap value of 100 and
verified with maximum likelihood trees calculated using PhyML with a boot-
strap value of 100 [53]. The evolutionary distances were assessed using Fitch-
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Margoliash and Least Squares Methods with Evolutionary Clock (Phylip 3.67:
Kitsch), basing on a distance matrix computed from aligned protein sequences
using Phylip 3.67 [52]: Protdist.
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