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ABSTRACT: A major obstacle in understanding the complex biology of the malaria
parasite remains to discover how gene transcription is controlled during its life cycle.
Accumulating evidence indicates that the parasite’s epigenetic state plays a fundamental
role in gene expression and virulence. Using a comprehensive and quantitative mass
spectrometry approach, we determined the global and dynamic abundance of histones and
their covalent post-transcriptional modiﬁcations throughout the intraerythrocytic
developmental cycle of Plasmodium falciparum. We detected a total of 232 distinct
modiﬁcations, of which 160 had never been detected in Plasmodium and 88 had never been
identiﬁed in any other species. We further validated over 10% of the detected modiﬁcations
and their expression patterns by multiple reaction monitoring assays. In addition, we
uncovered an unusual chromatin organization with parasite-speciﬁc histone modiﬁcations
and combinatorial dynamics that may be directly related to transcriptional activity, DNA
replication, and cell cycle progression. Overall, our data suggest that the malaria parasite
has a unique histone modiﬁcation signature that correlates with parasite virulence.
KEYWORDS: cell cycle, epigenetics, histones, label-free quantiﬁcation, malaria, multiple reaction monitoring, parasite,
post-translational modiﬁcations, tandem mass spectrometry
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INTRODUCTION
In all eukaryotic genomes, DNA is packed with histone proteins
to form chromatin. The dynamic structure of these chromatin
ﬁbers impacts several processes, including replication, transcription and repair, by modulating DNA accessibility. Each
core histone contains two functional domains: a histone-fold
motif, which mediates histone/histone and histone/DNA
interactions, and an N-terminal tail (NT) that projects from
the core and can undergo a large number of post-translational
modiﬁcations (PTMs). Known histone PTMs in model
eukaryotes include acetylation, methylation, phosphorylation,
ubiquitylation, sumoylation, ADP-ribosylation, propionylation,
butyrylation, formylation, citrullination, proline isomerization,1,2 and the recently reported crotonylation.3 These
modiﬁcations can be found in complex combinations and are
primarily localized in the accessible N-terminal tails. Variant
histones, found in subsets of nucleosomes, can provide
additional complexity. The combined occurrence of histone
PTMs and histone variants at a particular chromosomal locus is
thought to play a key role in gene regulation. Some histone
© 2016 American Chemical Society

PTMs have been associated with speciﬁc cellular functions such
as transcriptional activation (e.g., H3 and H4 lysine
acetylations), transcriptional elongation (e.g., H3−K36 methylation), or transcriptional repression (e.g., H3−K9, H3−K27,
and H4−K20 methylations). During DNA duplication,
chromatin not only undergoes destabilization and reassembly
on the two daughter strands but histones recycle during the
formation of the new nucleosomes and histone PTMs are
transferred to the daughter chromatids. This process needs to
be tightly regulated as uncoordinated or imperfect replication
can cause genomic instability and developmental abnormalities.
As with transcriptional activation, elongation or repression,
several lines of evidence suggest that histone PTMs play a role
in coordinating DNA replication. Histone lysine methylation
such as H4−K20me2 and H3−K79me2 or the euchromatin
markers, H3−K4me3 and H3−K9ac, are often found at
replication origins, while H3−K27me1 is also often detected
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at elongation sites.4,5 As a whole, dynamic changes of histone
PTMs involved in replication and transcription correlate
generally well with the genetic activity of the cell.6
The protozoan parasite Plasmodium falciparum causes the
most severe form of human malaria. In humans, symptomatic
disease is associated with intensive parasite replication in red
blood cells. During this intraerythrocytic developmental cycle
(IDC), the parasite progresses through three distinct stages,
ring, trophozoite, and schizont, of which the trophozoite stage
in particular is characterized by high transcriptional activity. It is
also at this stage that the parasite starts to replicate its DNA.
Between the trophozoite and the schizont stages, the parasite
undergoes multiple rounds of asynchronous nuclear division
(up to 16) without chromosome condensation or loss of the
nuclear membrane. To better understand the DNA replication
process in the malaria parasite, we not only need to determine
DNA replication origins, the molecular components of the
prereplication complex, but also the chromatin landscape that
participates in genome replication and how histone posttranslational modiﬁcation patterns are transferred to the
daughter chromatids. Furthermore, in addition to these high
transcriptional and DNA replication activities, Plasmodium has
the capacity to develop phenotypic diversity by the selection of
clonally variant parasites. The exact molecular processes
regulating cell cycle progression and clonal variant selection
at the transcriptional level are still poorly understood, but
emerging evidence indicates that chromatin structure plays a
critical role in regulating transcription.7−14
Most canonical and structural variant histones (H2A, H2A.Z,
H2B, H2B.Z, H3, H3.3, H4, and the centromeric-speciﬁc
CenH3) have been identiﬁed in the malaria parasite, but no
clear homologue of the linker histone H1 has been found.15
Initial genome-wide chromatin studies demonstrated an
abnormal distribution of histone marks. H3−K36me3 and the
silencing H3−K9me3 mark are uniquely associated with
repression of genes involved in antigenic variation within
restricted subtelomeric and chromosome internal regions.10,16,17 On the contrary, active marks such as H3−
K4me3 and H3−K9ac have a broad distribution across the
genome. Finally, preliminary mass spectrometry studies
identiﬁed a limited number of additional histone PTMs.18−20
However, the detailed role of chromatin and histone PTMs in
DNA replication, control of transcription and pathogenicity of
the parasite is incompletely understood and deserves a deeper
investigation.
Histone PTMs have been identiﬁed with a variety of
techniques, including immunohistochemistry, chromatography,
spectroscopy and mass spectrometry. The characterization of all
combinatorial histone PTMs is a great analytical challenge.
Antibodies can only measure known PTMs independently and
are not designed to achieve a complete combinatorial data set.
Furthermore, adjacent modiﬁcations can occlude the epitope
that the antibody is designed to recognize, leading to biased
results.21,22 The broad understanding of the role of epigenetic
mechanisms in controlling a eukaryotic cell requires an
extensive characterization of all histone modiﬁcations in a
combinatorial manner. Recently, the ability to determine which
PTMs coexist in a particular cell on a genome-wide scale has
emerged by the development of High-Throughput Histone
Code Analysis (HT-HCA) methods using mass spectrometry
(reviewed in ref 23). While not the most accurate to conserve
the combinatorial information, bottom up mass spectrometry,
which sequences small peptides from enzymatic digestions,

provides suﬃcient throughput and quantitative analysis for
biologically meaningful information. Similar to how the current
high-throughput next-generation DNA sequencers can rapidly
analyze genomes, HT-HCA using mass spectrometry can
signiﬁcantly contribute to a better understanding of the
epigenome in the malaria parasite.
Using the comprehensive and quantitative Multidimensional
Protein Identiﬁcation Technology (MudPIT), we report an
extensive atlas of histone PTMs across the parasite IDC.
Overall, we detected 232 distinct histone PTMs, of which 160
had never been identiﬁed in apicomplexan parasites and 88 had
never been discovered in other species. Furthermore, the
dynamic and combinatorial analyses of these histone
modiﬁcations across the IDC suggests that Plasmodium
falciparum has a unique histone modiﬁcation signature that
correlates with parasite virulence.

■

EXPERIMENTAL PROCEDURES

Data Set Generation and Processing (See Supporting
Information SI-1)

Synchronized Plasmodium falciparum strain 3D7-infected
human blood cultures24 were harvested every 6 h at seven
time points along the asexual intraerythrocytic cycle from 0 h
postinvasion (hpi) to 36-hpi. Two biological replicates of acidextracted histone preparations were digested with enzymes of
diverse speciﬁcities:25,26 endoproteinase LysC + trypsin,
endoproteinase LysC + GluC, and endoproteinase ArgC. The
resulting peptide mixtures were analyzed by MudPIT25,27 on a
Thermo Scientiﬁc LTQ Orbitrap (SI-1.1).
After oﬄine recalibration by RawDistiller v. 1.0,28 the MS/
MS spectra were searched using SEQUEST v.27 (rev.9)29 with
a mass tolerance of 10 ppm for precursor and ±0.5 amu for
fragment ions. No enzyme speciﬁcity was imposed for the
search against a protein database combining 5,439 nonredundant Plasmodium falciparum (PlasmoDB release 5.5)
and 30,552 human proteins (NCBI 2008-03-04 release), as well
as 162 usual contaminants. To estimate false discovery rates
(FDR), each protein sequence was randomized leading to a
total search space of 72,306 sequences. To account for
alkylation, 57.02146 Da were added statically to cysteines.
As described previously,30 the MS/MS data set was searched
for modiﬁed peptides in a recursive manner (SI-1.2). A total of
44 diﬀerential modiﬁcation searches were set up to query for
various combinations of methylated lysines and arginines,
oxidized methionines and hydroxylated lysines, prolines,
aspartates, histidines, and tyrosines, formylated lysines and
arginines, dimethylated lysines and arginines, trimethylated
lysines, acetylated lysines, serines and threonines, crotonylated
lysines, phosphorylated serines, threonines, and tyrosines,
ubiquitinated lysines, as well as potentially N-terminally
acetylations on methionines (oxidized or not), serines, alanines,
and valines (SI-1.3).
Data Assembly and Statistical Analysis (See Supporting
Information SI-2)

Results from diﬀerent digestions were merged for each of the
duplicates and time-points were compared using CONTRAST.31 NSAF732 was used to create the ﬁnal reports on
all detected peptides and nonredundant proteins identiﬁed (SI2.1). Spectral and protein level FDRs were, on average, 0.25 ±
0.14% and 1.6 ± 0.5%, respectively (SI-2.1). To assess the
similarities in relative protein abundance (dNSAF) between all
14 samples, pairwise Pearson correlation coeﬃcients were
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the highest percent of modiﬁcation across the seven stages (i.e.,
the highest value equals to 100%). We then applied k-means
clustering to these normalized matrices using the Hartigan−
Wong algorithm.37 The optimal number of clusters was
obtained when k = 8 for both quantitation methods (Figure
3B and SI-5.2). All computations were run using R environment using k-means function for the partition and daisy
function to compute all the pairwise dissimilarities (Euclidean
distances) between observations in the data set for the
silhouette. To compare the hierarchical and k-means clustering
results between the SpC- and PI-based modiﬁcation levels,
Spearman’s rank correlation and Jaccard indexes were
calculated (SI-5.1).
NSAF732 was used to implement the Apriori algorithm as
described in the literature38 on the spectral counts of modiﬁed
peptides (SI-5.3) to obtain the probabilities for combinatorial
associations between modiﬁed residues (SI-5.4). Frequencies of
co-occurrence were calculated considering either the merged
data set (“ALL”, Figure 4A/S4A) or each of the seven timepoints analyzed (0 to 36-hpi, Figure 4B/S4B). For each of the
seven canonical histones, probabilities of combinatorial
associations between histone PTMs were plotted as cord
diagrams using Circos (http://www.circos.ca/).39

calculated (SI-2.2.A), while independent analyses were
hierarchically clustered (SI-2.2.B). To assess relative enrichment over all detected proteins, the normalized spectral counts
values of speciﬁc group of proteins (Plasmodium proteins vs
human proteins in SI-2.2.C, and histones in SI-2.2.D) were
summed (ΣdNSAF) as described in the literature.33 The
sequence coverages obtained for each of the eight Plasmodium
histones were compared across the seven time-points (SI2.2.E). To assess variations in histone abundances, a multiple
comparison analysis was performed using a Bonferroni
correction on dNSAF values (SI-2.2.D and SI-2.2.F).
Identiﬁcation of Histones Modiﬁcations (See Supporting
Information SI-3)

Spectra/peptide matches (PSMs) were ﬁltered using conservative criteria using DTASelect.31 PSMs were only retained if
they had a DeltCn of at least 0.08. Minimum XCorr values were
set at 1.8 for singly-, 2.0 for doubly-, and 3.0 for triply charged
spectra for the Arg-C and trypsin-digested samples, and at 2.5
and 3.5 for +2 and +3 spectra in the Lys-C+Glu-C digested
samples. In addition, the peptides had to be at least seven
amino acids long and comply with the speciﬁcity of the
enzymes used to digest samples. All PSMs assigned by
SEQUEST29 to a modiﬁed peptide from Plasmodium histones
were sorted into three categories: (i) peptides containing
modiﬁcations that had been previously reported in the
literature (SI-3.1 and Figure 1A/S1) in Plasmodium and/or
other organisms (based on sequence alignments in SI-3.2 and
tridimensional structures in SI-3.3); (ii) peptides containing at
least one newly reported modiﬁcation (Table 1); (iii) peptides
containing only oxidized methionines. Any PSM with at least
one newly described modiﬁcation was cross-validated against
OMSSA34 search results for the same spectrum (SI-1.2 and SI1.3). Spectra mapped to the exact same peptide by both search
engines were ﬂagged yes (Y) using SQTMASSFixer,28 while
spectra matching the same sequence but with the modiﬁcation
located on diﬀerent residues were ﬂagged maybe (M) (SI-3.4).
Spectra matched to diﬀerent sequences by the two search
engines were removed from the ﬁnal data. All spectra matching
the reported modiﬁed peptides were visually assessed (SI-3.5).

Validation of Histones Modiﬁcations (See Supporting
Information SI-6)

The transitions of 24 modiﬁed peptides identiﬁed in the
MudPIT data set (SI-3.4) were assayed by multiple reactions
monitoring (MRM) on a LTQ-Velos-Orbitrap in low
resolution mode, as adapted from the literature.40,41 The
MRM method was built by including the parent mass, parent
mass selection window, product mass and mass selection
windows for these three to seven product ions (SI-6.1). The
criteria for selecting the fragment ions were that the fragments
included the amino acid residue(s) modiﬁed in the peptide. We
collected MRM data and the MS/MS spectra for the same
parent ion within the same analysis on three of the seven
previously analyzed samples (0-hpi_2, 18-hpi_1 and 36-hpi_2)
digested with endoproteinase ArgC or endoproteinases LysC
followed by GluC. The data sets were searched for acetylation,
crotonylation, methylations, and phosphorylation using SEQUEST. The data was validated manually to conﬁrm the
presence of the relevant transitions followed by their
corresponding MS/MS spectrum (SI-6.2), with representative
annotated SRM transitions and MS2 spectra provided in SI-6.3
and Figure 4D.
Western blot analyses were performed using an antibody
against H3−K27 acetylation, which was detected by MS, and
antibodies directed against each of the three methylation states
of Saccharomyces cerevisiae H3−K4, which were not detected by
MS analysis (Figure 3C).

Label-Free Quantitation of Modiﬁcation Levels (See
Supporting Information SI-4)

NSAF732 was used to extract total and modiﬁed label-free
features for each amino acid within Plasmodium histones (SI4.1.A) and calculate modiﬁcation levels based on local spectral
counts30 or MS1 peak intensities.35 The correlation between
modiﬁcations levels calculated using these two features was
evaluated by linear regression through the relative levels of the
202 quantiﬁed PTMs (SI-4.1.B). Modiﬁcations levels were also
calculated for each replicate analysis (SI-4.2 and Figure 2/S2 for
spectral counts and SI-4.3 for sum of MS1 peak intensities).

Data Accessibility

Dynamic and Combinatorial Proﬁles of Modiﬁcation Levels
Across the Erythrocyte Cycle (See Supporting Information
SI-5)

The mass spectrometry data can be obtained from MassIVE
(ftp://massive.ucsd.edu/) or ProteomeXchange (http://www.
proteomexchange.org/) using the following accession numbers
with password (ANS01146): MSV000079225/PXD002709 to
MSV000079231/PXD002715 for the 0- to 36-hpi MudPIT
data sets (SI-1.1) and MSV000079792/PXD004268 for the
MRM data set (SI-6.1). In addition, all of the original data
(unprocessed Western Blots images) and processing steps
(OriginPro ﬁles as well as R and jmol scripts) may be accessed
from the Stowers Original Data Repository at http://www.
stowers.org/research/publications/LIBPB-536.

Modiﬁcations levels calculated based on spectral counts (SpC)
or MS1 peak intensities (PI) were hierarchically clustered (SI5.1) using PermutMatrix software with Euclidean as the
distance metric and Ward’s method.36 The trees were generated
using the multiple-fragment heuristic algorithm (MF) as a
seriation rule (Figure 3A/S3 and SI-5.2).
To group histone modiﬁcations based on their SpC- or PIbased abundance proﬁles across the seven time points, we ﬁrst
normalized each individual modiﬁcation in each time point to
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Figure 1. Qualitative overview of Plasmodium histones modiﬁcations. (A) Detected PTMs on Plasmodium histone H4 are plotted along its sequence,
while the plots for H2A, H2A.Z, H2B, H2B.Z, H3, and H3.3 are provided in Figure S1. PTMs are sorted into three main categories based on their
novelty status (see SI-3.1): (1) PTMs previously reported in Plasmodium falciparum and/or Toxoplasma gondii (red and orange symbols for
nonconserved (n.c.) residues); (2) PTMs previously reported in species other than apicomplexans (black symbols); (3) novel PTMs on conserved
residues are in bright green symbols, a subset of those are in lighter green symbols drawn with a black edge to denote that the amino acid had been
previously reported as modiﬁed by other types of PTMs, while novel modiﬁcations on n.c. residues are in cyan. In addition, PTMs previously
reported in other organisms but were not detected (n.d.) in our analysis are plotted as gray symbols, while PTMs previously detected in
apicomplexans are colored in light pink (SI-3.1). Underlined amino acid residues are covered by detected peptides. Amino acids predicted to be
within structured domains (SI-3.2) are highlighted in yellow. (B) Total numbers of PTMs for each of the novelty categories. (C) Spectral counts for
peptides bearing the 232 detected PTMs within each of the novelty categories. (D) Tally of the PTMs types falling into each of the novelty
categories and the known PTMs not detected in our analysis.

■

Benchmarking of Post-translational Modiﬁcations
Detected on Plasmodium Histones

RESULTS

Data Set Overview

We identiﬁed a total of 232 amino acid/PTM combinations on
the eight Plasmodium histones (Figure 1A/S1), which fell into
three main categories (SI-3.1): (1) 72 modiﬁcations that had
been previously described in Plasmodium and/or Toxoplasma
(62 of which were also known in other species);18−20,42−44 (2)
72 modiﬁcations that had not been observed in apicomplexans
but that have been reported on evolutionary conserved residues
(SI-3.2 and SI-3.3) in other organisms; and (3) 88 completely
novel modiﬁcations (Table 1). All spectra matching peptides
(PSMs) with at least one novel PTM were cross-validated by
two diﬀerent search engines (SI-3.4) and visually assessed (SI3.5). Of these 88 new PTMs, 38 modiﬁcations were detected
on residues that had previously been shown to be marked by
other modiﬁcations, 37 modiﬁcations were detected on
conserved residues that have never been reported as modiﬁed,
while another 13 PTMs were detected on nonconserved or
semiconserved residues (Figure 1B). The majority of the novel
sites were located within the histone fold domains (Figure 1A/
S1), suggesting that many of these may play a role in histone
stability. The location of 67 residues out of the 95 sites detected
as modiﬁed in Plasmodium canonical histones was assessed in
the context of the human nucleosome core particle (SI-3.3). Six
residues located within the long α2 helix of the histone-fold
domains were deemed to be buried in the nucleosome
tridimensional structure (SI-3.3.A). Five of these buried
residues carried novel modiﬁcations, four of which were
hydroxylations. Over half of the surface accessible residues

Synchronized P. falciparum-infected blood cultures were
harvested at seven time points corresponding to the early
ring morphological stage at 0-hpi, midring at 6-hpi, late ring at
12-hpi, early trophozoite at 18-hpi, late trophozoite at 24-hpi,
early schizont at 30-hpi, and late schizont at 36-hpi (SI-1.1).
The MS/MS data sets acquired for these histone samples were
searched in a recursive manner (SI-1.2) for oxidation/
hydroxylation, formylation, methylation, dimethylation, trimethylation, acetylation, crotonylation, ubiquitination, phosphorylation, as well as N-terminal acetylation (SI-1.3).
Plasmodium proteins represented between 41% and 86% of
all proteins identiﬁed in this study (SI-2.1). The biological
duplicate analyses were overall reproducible at the qualitative
and quantitative levels (SI-2.2.A-C). The high enrichment in
Plasmodium histones (between 24 and 52%, SI-2.2.D)
combined with the three types of digestion performed on
each replicate resulted in reproducibly high sequence coverage,
ranging from 95% to 100% for the canonical histones (SI2.2.E). H4 was the most abundant as estimated by its dNSAF
values,32 while both H2B/H2B.Z and H3/H3.3 isoforms added
up to H4 levels (SI-2.2.F, inset). CenH3 was the least abundant
isoform, consistent with its centromere-restricted localization.
Most interestingly, the transcriptionally permissive histone
variant H2A.Z, which has been characterized to be at least 1
order of magnitude less abundant than H2A in human and
budding yeast, was recovered at levels similar to H2A in
Plasmodium.
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DOI: 10.1021/acs.jproteome.6b00366
J. Proteome Res. 2016, 15, 2787−2801

Article

Journal of Proteome Research
Table 1. Overview of the Novel Modiﬁcations Identiﬁed in P. falciparum
PTM

H2A

H2A.Z

STac

T101a

me1
me2
me3

K75

fo

K20
K41nc
R42

oh

phs
cr

H2B

H2B.Z

H3

H3.3

K35c
K64nc

Kac

P48
Y50
Y57
K118

S24
S28a
S50nc
T61nc

R115

Y77
H138
K139

K64
K35
K49
K64
R25
K49
K64

Y32
K35
K38
P42
K49
D60
K64
P95
K100
S56a
K49a

T30nc
S54

T107

CenH3

H4

K23nc
K26nc
K60a,nc

K67a,nc

S47a

T11
S86

K91a
K67

K115
K115

R29
K53
R95

K53
D64
D67nc

K14
K27
K36
R42b
R53
R72
R83
R116b
Y54
K79

R108

R45

K36
R42b
K53
R72
R116b

D106
H113
K115
P121b

K53
Y99
D106
H113
K115
P121b

Y78nc
K115a

K115

D68
Y72
K77
D85

a

Detection of the underlined residues/PTMs was conﬁrmed independently by MRM (SI-6.2). bModiﬁcations carried by peptides indistinguishable
between the H3/H3.3 isoforms. ncResidues/PTMs nonconserved in nonapicomplexan species (SI-3.2). cResidues in bold were mapped to the
human nucleosome core particle obtained by X-RAY diﬀraction with a resolution of 2.40 Å (5AV5.pdb).75 The full-sized ﬁgures are provided in SI3.3.B.

(not covered by peptides or with spectral counts below 50
when combining all 42 analyses; SI-3.1), we could not
deﬁnitively conclude whether these PTMs were indeed absent
in the Plasmodium samples we analyzed. The three largest
classes of PTMs missing from our data set were methylations,
phosphorylations, and crotonylations (Figure 1D).
Of the 115 PTMs previously reported in Plasmodium and/or
Toxoplasma, 42 were not detected in this data set (SI-3.1). 44%
of these were phosphorylated sites (Figure 1D) that were
detected in two mass spectrometry studies using phosphopeptide enrichment,18,19 which may explain their absence in our
data set since we did not perform such enrichment steps. For
other previously observed modiﬁcations, such as H3−K4
methylation,20 technical limitations in our analysis pipeline
may have resulted in low spectral coverage of peptides bearing
the respective residues (e.g., H3/H3.3-K4, H4−K20, and
H2B.Z-T84, SI-3.1). Due to the hydrophobic nature of the
small tryptic peptide bearing H3−K4, we also had trouble
detecting this H3−K4 methylation in other organisms that have
relatively high levels of this PTM, such as S. cerevisiae.45
Conﬂicting results have been obtained in the past about H4R17 methylation.20,46 H4 peptides bearing R17 were detected
as unmodiﬁed with high spectral coverage in all of the 14
analyzed samples (SI-3.1), suggesting that H4-R17 is not

were located at the DNA interface, where they might be
involved in regulating protein DNA interactions and chromatin
assembly.
At the quantitative level, the peptides bearing the 72 PTMs
previously reported in Plasmodium and/or Toxoplasma were
detected with large numbers of spectral counts (Figure 1C) and
mostly consisted of lysine acetylations and methylations
(Figure 1D) on the N-terminal tails (Figure 1A/S1), while
the peptides bearing the 72 PTMs known in other species were
overall less abundant. The 88 entirely novel PTMs were
detected within peptides with the lowest spectral counts
(Figure 1C), with the exceptions of a few formylations and
hydroxylations (SI-3.1), indicative of the high sensitivity of our
methodology. O-acetylations on serine and threonine, formylations, and hydroxylations contributed the majority of the
newly discovered PTMs (Figure 1D and Table 1).
A total of 158 PTMs that had been previously reported in
other organisms on residues conserved in Plasmodium were not
detected in our data set (SI-3.1). About 60% of these missing
PTMs were on residues that we detected as modiﬁed by
another type of modiﬁcation (Figure 1A/S1). It is likely that
these previously reported PTMs are not present in P. falciparum,
but we cannot exclude that they were present below our
detection limit. For residues in regions of low spectral coverage
2791
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Figure 2. Quantitative proﬁles of modiﬁcation levels on Plasmodium histones. Percentages of modiﬁcation occupancy calculated based on local
spectral counts (SI-4.1) from all 14 analyses (“Mod/Total (%)” columns in SI-4.2) are plotted along the whole sequences of Plasmodium H2A.Z,
H2B.Z, H3, and H4, while the plots for the other histones are provided in Figure S2. Boundaries for the structural domains (N-terminal tail, core
domain, and C-terminus) are shown by the red, green, and cyan boxes around the sequence numbering. When multiple PTMs are observed on one
residue (SI-4.1), the modiﬁcation with the highest levels is reported here. The measured levels of methionine oxidations are plotted for reference
(gray bars). Box-plots are overlaid above the data points for the K acetylations within the N-terminal tails. Linear regressions through the data points
within these boxes are plotted as a gray line and the adjusted R2 statistics calculated for each regression are provided.

terminal tails were heavily modiﬁed (mostly acetylated) at high
levels, while most PTMs detected within the structured
domains were present at much lower levels. The exception
was methionine oxidations (positions shaded in gray in Figure
2/S2), which occur on unfolded peptides during sample
processing, leading to high oxidation levels no matter their
position within the histone structures. A few sites located
within the core domains were observed to be modiﬁed at
similarly high levels (Figure 2/S2), in particular formylations,
which raises the question as to whether such modiﬁcations were
also the artifactual result of sample processing.47
Within the N-terminal tails, acetylation levels appeared to be
lower for residues located more internally. To investigate this
trend further, we plotted all of the SpC-based quantitative datapoints for each acetylated lysine within N-terminal tails (Figure
2/S2). Overall, the N-terminal tails of H2A.Z, H2B.Z and H4
were the most heavily acetylated. Linear decreases in lysine
acetylation levels over the length of the N-terminal tail were
observed for all canonical histones and were statistically
signiﬁcant for H4 (R2 = 0.87) and H2B.Z (R2 = 0.62).
Interestingly, high levels of lysine acetylations were observed to
be stable across the long H2A.Z N-terminal tail, even for lysine
residues close to its core domain (CD).

methylated during the IDC. Trimethylation at H3−K36 has
recently been shown to be essential for silencing of the var
virulence gene family.17 In our data set, K36 was detected as
acetylated and formylated on both H3 isoforms and as monoand dimethylated on only H3 (Figure S1). The restricted
chromosomal localization and thus low abundance of the H3−
K36me3 mark likely prevented detection in our study.
Quantitative Landscape of Modiﬁcation Levels along
Histone Sequences

To gain more insight into global histone modiﬁcation patterns,
we evaluated the abundance of histone marks. First, we
estimated to what extend a particular residue was modiﬁed, by
dividing the local label-free features matching a particular
modiﬁcation by the total label-free features for this amino acid
position (SI-4.1).30 We estimated modiﬁcation levels using
both spectral counts (SpC) and sum of MS peak intensities
(PI) as label-free values (SI-4.1.A). A total of 202 PTMs were
quantiﬁed in this study (previously reported PTMs detected by
single spectrum and/or in only one run were not used in the
quantitative analyses, neither were N-terminal acetylations).
The correlation between SpC- and PI-based modiﬁcation levels
was high with an adjusted R2 of 0.9 when merging all timepoints (SI-4.1.B). Modiﬁcations levels were also calculated for
each replicate analysis of the seven time-points (Figure 2/S2
and SI-4.2 for SpC-based values and SI-4.3 for PI-based values).
A clear dichotomy in modiﬁcation levels was observed for all
Plasmodium histones analyzed (Figure 2/S2): accessible N-

Histones PTMs Dynamics Across the Intraerythrocytic
Developmental Cycle

Next, we investigated changes in histone modiﬁcation levels
during the diﬀerent stages of the IDC. We used both SpC- and
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Figure 3. Dynamic landscape of PTM levels across seven erythrocytic stages of P. falciparum. (A) Unsupervised hierarchical clustering analyses of
histone PTMs. SpC-based modiﬁcation levels (SI-4.2) are hierarchically clustered (SI-5.1) with Euclidean as the distance metric and Ward’s method
with multiple-fragment heuristic algorithm (MF) as a seriation rule. For each of the 202 quantiﬁed histone PTMs (rows), the color intensity is
proportional to the modiﬁcation level (%) measured in each stage (columns). PTM types are color-coded as in Figure 2 and the dendrogram line
colors denote the modiﬁcation type that is the most represented in each cluster. An expanded version of this heat map is provided in Figure S3. (B)
k-means clustering of histone PTMs. Histone modiﬁcations optimally separate into eight k-means clusters using the Hartigan−Wong algorithm on
their spectral count-based abundance during the IDC (SI-5.2). For each histone PTM, abundance values for the seven time points are expressed as
the percentage of the maximum measured value for this PTM at any time point during the IDC. For each k-means cluster, log10 values of the
average normalized modiﬁcation level are plotted as a function of hours postinvasion (SI-5.1). Clusters are ordered based on the time point at which
their maximum modiﬁcation levels are measured (from 0 to 36-hpi), with cluster KC1 containing PTMs detected at near maximum levels across all
seven time points. The number of PTMs in each cluster in indicated in the bottom right corner. The temporal proﬁle of each individual PTMs is
represented by lines color-coded by modiﬁcation type, while thick black lines represent the result of multiple curves averaging. (C) Validation of
mass-spectrometry results by Western blot. Acetylation at H3−K27 and the three methylation states of H3−K4 are detected at seven time points of
the parasite cell cycle using antibodies against the conserved modiﬁcations in S. cerevisiae. Whole cell extracts from wild-type yeast, a strain expressing
the H3−K27A mutant, and yeast strains deﬁcient in the H3−K4 methylating machinery are analyzed in parallel to ensure proper behavior of each
antibody. Loading amounts in each lane are normalized using an antibody against Saccharomyces cerevisiae histone H3. K27ac levels in both H3
isoforms as measured by our MS analysis of the seven time points are indicated by the open red arrowheads on the right side of the heat map in A.
While the peptide bearing H3−K4 was not detected by MS, mono-, di- ant trimethylation of this residue are present at all stages of the parasite cell
cycle, hence behaving similarly to H3−K27ac. An additional 30 PTMs are validated by MRM assays (SI-6.2), as indicated by arrowheads on the right
side of the heat map in A. These arrowheads are color-coded by novelty status as in Figure 1A/S1.
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(Figure 3A/S3, open red arrowheads). We also used highly
characterized antibodies recognizing speciﬁc methylation states
of H3−K4 to conﬁrm that H3−K4me1, H3−K4me2 and H3−
K4me3 were present across the erythrocytic cycle, at levels
comparable to what is found in yeast cell extracts (Figure 3C).
The presence of three methylation states on H3−K4 was in
agreement with previously analyzed histones isolated from an
asynchronous mixture of Plasmodium asexual stages.20 While we
could not detect these modiﬁcation by mass spectrometry
(Figure S1), here we showed that H3/H3.3-K4 mono-, di- and
trimethylations behave similarly to H3−K27ac and the other
lysine acetylations within the N-terminal tails and would fall in
the ﬁrst hierarchical cluster and k-means cluster 1, i.e., observed
at high abundance in all time points.
The stage-speciﬁc detection of an additional 30 PTMs was
further validated by speciﬁcally targeting the MRM transitions
of 24 peptides bearing these modiﬁed residues by themselves or
in combination (SI-6.1). We tested three of the seven timepoints analyzed by MudPIT at the beginning (0-hpi), middle
(18-hpi), and end (36-hpi) of the IDC. The assayed peptides
included nine novel PTMs (underlined in Table 1), 10 PTMs
known in other organisms, as well as 11 PTMs previously
described in Plasmodium and/or Toxoplasma to ensure that our
method was working properly (see color-coded arrowheads in
Figure 3A/S3). Overall the MRM results were in good
agreement with the MudPIT data set: 83% of the modiﬁed
peptides tested at 0-hpi and 74% of the peptides assayed at 18and 36-hpi showed the same pattern of detection/not detection
by both methods (SI-6.2 and SI-6.3). In particular, the four
phosphorylated peptides we assayed (H2A-S120phs, H2AT126phs, H3−Y99phs and the novel H2B−S56phs) were only
detected at the beginning and/or the end of the IDC, but never
in the 18-hpi sample, conﬁrming the quantitative observations
derived from the MudPIT data set.

PI-based modiﬁcation levels measured for the 202 PTMs
quantiﬁed across the IDC (SI-5.1). The hierarchical and kmeans clustering results obtained using the SpC- and PI-based
quantitative values as input were compared by Spearman’s rank
correlation and Jaccard similarity statistics (SI-5.1) and were
shown to be very similar (SI-5.2). The SpC-based clustering
results were plotted in Figure 3A,B and discussed below.
Unsupervised hierarchical clustering of the modiﬁcation
levels revealed three major groups, each exhibiting diﬀerent
patterns (Figure 3A/S3). The ﬁrst cluster (HC1) contained
mainly known acetylated lysine residues (32 out of the 37
PTMs in HC1) located in N-terminal tails that were present at
high abundance in all seven stages (SI-5.1). The second cluster
(HC2) contained formylation as the most predominant
modiﬁcation (14 sites) in a group of 32 PTMs present at
intermediate levels and frequently observed, yet not always
present. The third cluster (HC3) contained PTMs that were
only sporadically present in the seven stages and at very low
levels. This group was the largest and contained all possible
types of PTMs, with hydroxylations being the most represented
(33 out of 133 PTMs). This last cluster is potentially of great
interest, since it encompasses histone PTMs that undergo
dramatic changes during the Plasmodium IDC and may
therefore reﬂect changes in chromatin organization associated
with DNA replication and transcriptional activity.
To further analyze the variations in relative histone PTM
abundances during the IDC, in particular for the PTMs
detected in a limited number of time-points (i.e., belonging to
HC3), we clustered abundance proﬁles with the k-means
algorithm (Figure 3B). Each of the eight k-means clusters had
similar silhouette widths above 0.6 and contained similar
numbers of PTMs (SI-5.2). PTMs within each cluster were
sorted based on modiﬁcation type, novelty status, and location
of the modiﬁed residue within the histone structures (SI-5.1).
KC1 “all” cluster mostly overlapped with HC1 and contained
the large majority of the histone acetylations previously
reported in Plasmodium (SI-5.1). Most of these PTMs (93%)
were located on the N-terminal tails (SI-5.1) and abundance
levels did not vary along the IDC (Figure 3B). Many PTMs
detected on histone variants belonged to this group including
all seven lysine acetylations on H2A.Z-NT and all ﬁve lysine
acetylations detected on H2B.Z-NT (vs none for H2A and
H2B; SI-5.1). On average, 59% of the PTMs found in the kmeans clusters with maximum relative abundances at the early,
mid-, and late ring and early trophozoite stages (0 to 18-hpi)
were novel and were largely located within the core domains
(SI-5.1). KC7, with maximum levels at 24-hpi, mostly
contained PTMs previously described in other organisms.
Most of the PTMs found in KC6 and KC8, with maximum
levels at early and late schizont stages (30- and 36-hpi), were
also detected at fairly high levels at early ring stage (Figure 3B).
This is in agreement with the fact that the 36-hpi k-means
clusters diverged the most between the SpC- and PI-based
quantitation methods, with over half of PTMs within the 36-hpi
k-means cluster based on spectral counts falling in the 0-hpi
cluster based on peak intensities (SI-5.1). This highlights the
cyclic nature in the modiﬁcation dynamics, with events at the
end of one IDC bleeding into the beginning of a new cycle.
As a validation of our quantitative analysis, we conﬁrmed that
the combined abundance of H3−K27 and H3.3-K27
acetylation in all seven-time points as detected by Western
blot (Figure 3C) correlated well with our quantitation of H3−
K27 and H3.3-K27 acetylation levels by local spectral counts

Combinatorial Associations between Histone
Modiﬁcations

To investigate potential cross-regulation between histone
modiﬁcations, we next used the spectral counts of modiﬁed
peptides (SI-5.3) to derive the frequencies of co-occurrence
between modiﬁed residues (SI-5.4) using the Apriori
association rule algorithm as described in the literature.38 We
calculated these probabilities of combinatorial associations
between individual residues on the merged data set (Figure 4A/
S4A) and for the seven time points (Figure 4B/S4B).
In all histones, the strongest associations were observed
between acetylated residues within the N-terminal tails (Figure
4A/S4A) that are associated with transcriptionally permissive
chromatin. In particular the H2A.Z and H2B.Z variants showed
very similar combinatorial proﬁles (Figure S4A) with exceptionally strong associations between multiple acetylated lysines
across all seven time points (Figure S4B). On the other hand,
only acetylated H2A-K3/K5, H2A-K9/K10 and H2B−K3/K7
were considered combinatorial (Figure S4A), with the H2A
peptides bearing modiﬁed residues only detected at 18- and 24hpi, while the modiﬁed H2B−K3/K7 peptides were more
consistently detected in ﬁve of the seven time points (Figure
S4B). H4 had many diﬀerent combinatorial peptides mapped to
its N-terminal tail (SI-5.3), leading to strong and stable
association probabilities between R3me1 and K5/K8/K12/
K16ac (Figure S4A) during the entire IDC (Figure S4B).
The H3 and H3.3 isoforms had the most diverse batch of
modiﬁed peptides combining many diﬀerent types of
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Figure 4. Combinatorial associations between modiﬁcations on Plasmodium histone H3. A priori algorithm is used on the spectral counts of modiﬁed
peptides (SI-5.3) to derive the probabilities of combinatorial associations between individual modiﬁed residues (SI-5.4). Frequencies of cooccurrence are plotted as cord diagrams using Circos. The ratio layout is used such as probabilities of PTMs XY given PTM X and of PTMs XY
given PTM Y are depicted by one ribbon with ends of variable sizes corresponding to P(XY|X) and P(XY|Y) values. The order of the segments in the
chord diagrams is imposed such as the PTMs locations are from N-terminus to C-terminus (segment starting at 12:00, clockwise), while the
segments and ribbons are colored based on modiﬁcation types as in Figure 2. (A) Frequencies of co-occurrence derived from the merged data set
(“ALL”). The outer segments reﬂect the location of each residue along H3 sequence (N-terminal tail or core domain). Full-sized Circos output
images for all histones are provided in Figure S4A. (B) Frequencies of co-occurrence calculated for each of the seven time-points (0 to 36-hpi). The
dynamic combinatorial patterns between residues located within H3 core domain (CD) are shown. The outer segments and ribbons are colored
based on the type of PTMs, while the inner quadrants are colored to denote the time points at which PTM combinations are observed. For all
histones, full-sized Circos output images for the dynamic combinatorial patterns between residues located within the N-terminal tails or core
domains are provided in Figure S4B. (C) Mapping of the combinatorial peptide bearing K79me2 and Y99phs on histone H3 in the tridimensional
structure of the human nucleosome. Dimethyl and phosphate groups were added to the side-chains of H3−K79 and Y99, respectively, using the
Vienna-PTM 2.0 web application. Histones backbones are displayed as ribbon cartoons: H2A in blue/cyan; H2B in green/bright green; H3 in
magenta/light pink; H4 in orange/yellow. Modiﬁed residues side-chains are displayed as space-ﬁlled atoms color-coded using the CPK convention
and their labels are cyan for methylation and dark yellow for phosphorylation. Additional structural analyses of combinatorial peptides on H2B and
H3 are provided in SI-3.3.C. (D) MRM assay to validate the co-occurrence of H3−K79me2 and H3−Y99phs. Five transitions of the peptide bearing
both H3−K79 and Y99 (LysC + GluC digested) are assayed for the presence of dimethylation on K79 and phosphorylation on Y99 at 0-, 18- and 36hpi. The only positive identiﬁcations are reproducibly observed at 36-hpi (see SI-6.2), with a representative MRM spectrum shown here, conﬁrming
the MudPIT results (see combination highlighted in yellow in A and B panels).

from H3.3 that is distinct from the H3 peptide (Figure S4B).
Similarly, H3−K23ac was associated with K18ac and/or
K18me1 throughout the cycle, while K18cr was only found in
combination with K23ac at the late schizont stage. Interestingly,
modiﬁcations at residues located further away from the Nterminus (K27, S28, S32, K36, and K37) were almost
exclusively present by themselves in both H3 and H3.3 (SI5.3).
Some of these combinatorial patterns showed interesting
changes during the IDC. While associations within H3.3 core
domain (CD) mostly involved hydroxylations (Figure S4A), a
more diverse combinatorial landscape was observed for H3-CD
(Figure 4B). In particular phosphorylations on H3−Y78, T80,
and Y99 were detected in combination with mono- and/or
dimethylations on K79 or R83, while phosphorylation on H3-

modiﬁcations (SI-5.3), both within their N-terminal tails and
core domains (Figure 4A/S4A). Overall, the association
probabilities observed were low (SI-5.4), with the exception
of combinations involving acetylated K9, K14, K18, and K23
and methylated R17. Acetylations of H3−K9 and H3−K14 in
P. falciparum are carried out by PfGCN546,48,49 and are known
to occur together in active regulatory gene elements in other
eukaryotes.50 H3−K14ac was found in combination with three
other modiﬁcations on H3−K9 besides acetylation (crotonylation, mono- and trimethylation). While the associations
between H3−K9ac or K9me1 with K14ac were stably observed
at all seven time points (Figure S4B), K9cr was only associated
with K14ac at the beginning (0-hpi) and the end of the IDC
(36-hpi). The temporally restricted co-occurrence of K9cr with
K14ac was also observed at 36-hpi on an orthologous peptide
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terminal tails (Figure S1). In addition to the classical
methylations usually observed in eukaryotic cells, nine novel
methylation marks are identiﬁed (Table 1), many of which are
located on residues that have been previously described to be
marked with diﬀerent modiﬁcations or diﬀerent methylation
states, e.g., H2B−K35, H2B−K49, H3−K115, and H4−K91
(SI-3.1). These classical silencing marks may be restricted to
subtelomeric regions associated with silencing of gene families
involved in antigenic variations.10,16,17 Overall, the high
abundance of activation marks and the low number of known
repressive modiﬁcations are consistent with the prevalence of
euchromatin observed in the human malaria parasite IDC.11,52
While a large number of the identiﬁed PTMs consisted of
well-known lysine acetylations (Figure 1A/S1), a total of six
new lysine residues are found to be acetylated (Table 1).
However, ﬁve of them are on lysines not conserved or
semiconserved across species (SI-3.1). H2B−K64, and H4−
K67 are both substituted for arginines in other species as well as
in the Plasmodium H2B.Z isoform (SI-3.2). The presence of
lysines at these positions in both Plasmodium and Toxoplasma
histones allows for a larger array of modiﬁcations (acetylations
and hydroxylations) that are not possible on an arginine side
chain. In addition, the CenH3 N-terminal tail is highly
divergent across species (SI-3.2) and the three acetylated
lysines we detected on Plasmodium CenH3 (K23ac, K26ac,
K60ac) are hence not conserved (SI-3.1). Peptides bearing
H4−K67ac and CenH3-K60ac have been independently
validated at all three of the time-points we assayed by MRM
(SI-6.1) for the H4 peptide and at 0-hpi for the CenH3 peptide,
in agreement with the MudPIT results (SI-6.2). To our
knowledge, these are the only modiﬁcations ever detected on
centromeric histone H3 from any species.
Ubiquitylation of H2B−K112 has been previously reported
in Plasmodium20 and is detected with an average occupancy of
5% in all stages, leading this modiﬁcation to fall into
hierarchical cluster 2 and the k-means “all” cluster (SI-5.1).
On the other hand, its homologous residue H2B.Z-K116 is
ubiquitylated at 6 out of the 7 time points (SI-4.2) with an
average level of about 3%, except in 24-hpi where its level
reaches 18%. H2B.Z-K116 hence is grouped in the k-means
“24-hpi” cluster (SI-5.1) using both SpC- (SI-4.2) and PI-based
quantitative values (SI-4.3). Ubiquitylation of H2B−K112 is a
well-characterized event associated with active transcription in
both yeast (H2B−K123ub)53 and human (H2B−K120ub).54 In
Plasmodium, this signal might be carried out by the H2B.Z
variant, whose K116 residue reaches maximum ubiquitylation
during the transcriptionally active late trophozoite stage.
A total of 12 phosphorylations are conﬁdently identiﬁed (SI3.1), seven of which have previously been reported in
Plasmodium19 and/or Toxoplasma,44 one in yeast,55 and one
in mouse.38 Phosphorylations on H2B−S56 and H3−Y78 are
novel (Table 1), with H2B−S56 being conserved and H3−Y78
aligning with a phenylalanine in other species (SI-3.2). The
abundance of all phosphorylation marks is extremely low with
the exception of the conserved H3−S32phs that is present at
slightly higher levels (on average 3% of all histones H3) and
detected at all stages but 18-hpi. The 12 detected
phosphorylations neatly segregate into four k-means clusters
with maximum relative abundance at 0-, 6-, 30-, and 36-hpi,
indicating that histone phosphorylations are mainly present at
the beginning and the end of the IDC (SI-5.1). The temporally
restricted expression patterns of four of these phosphopeptides
(H2A-S120phs, H2A-T126phs, H30Y99phs and the newly

T107 co-occurred with K115 di- and trimethylations. These
combinatorial events were again restricted to speciﬁc stages of
the IDC (Figure 4B). The combination of H3−Y78/Y80
phosphorylations with K79/R83 methylations was detected at
6- and 30-hpi, while T107phs in combination with K115
methylations was detected from 0 to 18-hpi. A peptide bearing
both H3−Y99phs and H3−K79me2 (Figure 4C) was only
detected at 36-hpi (Figure 4B, residues highlighted in yellow).
MRM assays (SI-6.2 and SI6.3) conﬁrmed that this
combinatorial peptide was only detected in the late schizont
sample (Figure 4D).
Collectively, the co-occurrence of many histone modiﬁcations, in particular acetylations, as observed here suggests that
these modiﬁcations are likely to be coregulated. In addition,
variations in combinatorial patterns during the IDC may
indicate that such histone modiﬁcations are involved in cell
cycle progression, DNA replication, and/or transcriptional
regulation.

■

DISCUSSION
In this study, we have analyzed histone modiﬁcations at seven
time points during the IDC of Plasmodium falciparum, detecting
232 unique amino acid position/PTM combinations (Figure
1A/S1). All peptides bearing the 88 novel modiﬁcations we
report have been cross-validated by two independent search
engines, signiﬁcantly increasing the conﬁdence in their
identiﬁcation.51 Most (85%) novel PTMs and another 72
PTMs not previously identiﬁed in apicomplexans occur on
residues conserved across species, demonstrating that our
approach has gained access to previously unknown and
potentially critical and conserved PTMs. In addition, we have
performed an in-depth characterization of 202 histone PTM
dynamics using two label-free quantitative methods, leading to
identifying changes in the occurrence and abundance of single
histone modiﬁcations as well as PTM combinations. We have
also systematically characterized the detected PTMs in the
context of the human nucleosome tridimensional structure and
the possible functional signiﬁcance for the residues within the
core domains that were found to be formylated, hydroxylated,
O-acetylated or phosphorylated are discussed below. Overall,
our data indicate that histone modiﬁcations are controlled by
an intricate regulatory network that aﬀects global and local
chromatin structure and plays an important role in parasite
development and virulence.
Classical Epigenetics Marks Detected on Plasmodium
Histones

As previously observed in an asynchronous mixture of
Plasmodium asexual stages,20 a high abundance of acetylations
and monomethylations, which are associated with transcriptionally permissive states of chromatin, is observed in our data
set (37.5% of all detected PTMs). In contrast, dimethylations
and trimethylations, which are usually associated with transcriptional silencing, only constitute 6 and 3% of the detected
PTMs, respectively (SI-3.1), and are often present at low levels
or at a limited number of time points (SI-4.2). In particular, 12
of the 19 detected me2 and me3 marks show highest
abundance at the beginning of the cycle (0- and 6-hpi kmeans clusters; SI-5.1), while another four me2 and me3 marks
are detected at highest abundance in the last two time points
(30- and 36-hpi k-means clusters). Methylations are mostly
found within the histone cores and only histone H3 and its
variant H3.3 have multiple methylation sites on their N2796
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located within the histone globular domains (Figure 1A/S1),
and 30 are involved in alpha-helices (SI-3.3.B). Proline and
lysine hydroxylation have been shown to stabilize the triple
helix structure of collagen.62 The clear enrichment of
hydroxylations on residues involved in secondary structures
hence hints at a stabilizing conformational role. Four of the 18
hydroxylated sites mapped to the nucleosome structure (SI3.3.A) are not surface-accessible, while the reactive groups of
another three residues are somewhat buried. With a few
exceptions, most (33 out of 37) of the hydroxylations are
detected at low levels (Figure 2) and fall within the third
hierarchical cluster (Figure 3A). Hydroxylation is hence not
likely a prominent post-translational modiﬁcation occurring
while the histones are part of the nucleosome, but might rather
occur cotranslationally while histones are being synthetized or
post-translationally before octamer assembly.
While some formylation of lysines has previously been
associated with histones (see references in SI-3.1) and other
nuclear proteins,63 lysine and arginine formylations are the
second largest class of novel PTMs identiﬁed in this study
(Figure 1D): in total, formylation represents 20% of our data
set, on par with acetylation and methylation (SI-3.1). Most of
the formylated residues (80%) are located within the core
domains (Figure 1A/S1) and are reproducibly observed at high
levels (Figure 2 and SI-4.2). High levels of formylations could
be the artifactual result of the presence of formic acid during
sample processing and acquisition,47 in particular for arginine
residues, which are not known to be formylated in vivo.
However, if a modiﬁcation happens chemically in vitro at the
unfolded peptide level, as opposed to enzymatically on a folded
native protein, one should expect to see an equal frequency of
formylation events on all K/R residues, even those that are not
accessible in vivo to histone modiﬁers. In contrast to
methionine oxidations that are observed on average in 13.2
samples out of the 14 analyzed and on 12 of the 13
methionines in Plasmodium histones (SI-3.1), our data shows
that not all possible K/R residues are formylated (24.4% of all
lysines and 12.9% of all arginines; Figure 1A/S1) with an
average frequency of 7.2 out of 14 samples (SI-3.1).
Furthermore, all formylated sites located within the core
domains are accessible within the nucleosome tridimensional
structure (SI-3.3.A), suggesting that these modiﬁcations could
have happened in vivo at the protein level. Half of these
formylations are newly described, yet the majority (73%) are on
modiﬁcation hot-spots, i.e., are detected on residues observed
here or known to be otherwise acetylated, methylated,
hydroxylated, and/or ubiquitylated (Figure 1A/S1 and SI3.1). In the seven cases where the potentially diﬀerentially
modiﬁed residues are located within the N-terminal tail, the
acetylation or methylation events are usually the ones occurring
with the highest frequency and levels (Figure 2/S2), with the
exception of H3/H3.3-R42 which was detected in all timepoints at higher formylation levels than dimethylation. In the
26 instances where the modiﬁcation hot-spots are located
within the core domains, formylation is the most reproducibly
detected modiﬁcation with the highest spectral counts (SI-4.2),
with the exception of the well-known ubiquitylations on H2B−
K112 and H2B.Z-K116 and the acetylation on H4−K79.
Formylation of modiﬁcation hot-stops may yet happen posttranslationally on the assembled nucleosome and play a
competing role for other modiﬁcations on Plasmodium histones.
Most of the novel acetylation sites were on 11 serines and
threonines (Figure 1A/S1). All are on conserved residues,

described H2B−S56phs) have been validated by MRM assays
(SI-6.1) on three of the seven stages analyzed by MudPIT (0-,
18- and 36-hpi). Speciﬁc transitions for all four phosphopeptides are detected in the 36-hpi sample (Figure 4D and SI-6.2),
but none are detected at 18-hpi. Pfcrk-3, a kinase that
phosphorylates histones, has recently been characterized in
P. falciparum56 and is thought to play a crucial role in parasite
proliferation. In other eukaryotes, phosphorylation is an
abundant histone modiﬁcation, potentially connecting chromatin remodeling and intracellular signaling pathways. Given the
limited ability of the malaria parasite to respond to environmental stress,57,58 it may not be surprising that phosphorylation
of P. falciparum histones was observed at low levels.
The location of ﬁve of these 12 phosphorylated sites could be
assessed using the tridimensional structure of the human
nucleosome (Figure 4C and SI-3.3). Phosphorylations on H3−
Y78 and T80 are detected in combinations with mono- and/or
dimethylations on K79 or R83 (Figure 4A) and all four of these
residues are located within Loop 1 at the surface of H3 (SI3.3.C). On the other hand, H3-T107, whose phosphorylation
has been previously reported in Toxoplasma and other
organisms (SI-3.1) and co-occurs with K115 di- and
trimethylations (Figure 4A), and H3−Y99, whose phosphorylation is detected in combination with H3−K79me2, are both
located within the long α2 helix and are buried residues at the
interface of the H3−H4 heterodimer (Figure 4C and SI-3.3.C).
The methylated lysines co-occurring with these four phosphorylations are interestingly all located at the interface with the
DNA strands (Figure 4C and SI-3.3.C). While H3−Y99 and
H3-T107 are not likely to be phosphorylated in a posttranslational manner on a fully assembled histone octamer or
even on a H3−H4 dimer,55 the temporally restricted
occurrence of these combinatorial modiﬁcations (validated by
MRM for the H3−K79me2:Y99phs peptide, Figure 4D) along
with their close structural proximity suggest that they might be
involved in a coregulated event. Modiﬁcations of buried
residues have been reported before, for example H4−K91ac
that has been involved in the docking of the H2A-H2B dimer
with the H3−H4 dimer and the stabilization of the octamer,
and associated with chromatin assembly.59 On the other hand,
phosphorylation on H3−Y99 has been associated with
disrupting and/or preventing the formation of the H3−H4
dimer and targeting free H3 for degradation.55 In this context,
H3-T107 and H2B−S56, which is located at the interface with
H4 in close proximity with its very C-terminal glycines (SI3.3.C), could play a similar role in octamer stabilization when
not phosphorylated.
Other Types of Modiﬁcations Detected on Plasmodium
Histones

Hydroxylation is less common than other types of PTMs,60 yet
hydroxylations of lysine, tyrosine, aspartate, proline and
histidine residues constitute the largest class of novel PTMs
in our data set (Figure 1D). A total of four tyrosine
hydroxylations have recently been reported on H2B−Y29,
H4−Y51, H4−Y88, and H2A-Y39,3 all but the last being
detected in our data set (SI-3.1). Among the novel
hydroxylated residues are H2A-Y57, H3−H113, and H4−
Y72, which are conserved and have been shown by alanine
substitution scanning to be essential for viability under normal
growth conditions in S. cerevisiae61 but for which no
modiﬁcation has been reported so far. Interestingly, all but
three of the 37 hydroxylated sites detected in this study are
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carry stable lysine acetylations in their N-terminal tails during
the complete cell cycle (Figure 4B). In particular, the long Nterminal H2A.Z shows reproducibly high acetylation levels,
even for residues located next to the ﬁrst putative α helix
(Figure 2/S2). In contrast to the restricted localization of
H2A.Z around promoter-associated nucleosome-depleted
regions in other eukaryotes, H2A.Z and H2B.Z have recently
been shown to be located throughout the highly AT-rich
intergenic regions of the P. falciparum genome.67 P. falciparum
may have evolved these histone variants to promote
nucleosome binding in AT-rich DNA sequence, and the high
acetylation levels of H2A.Z and H2B.Z could play a key role in
nucleosome stability and chromatin organization in these
intergenic regions.
Second, the observation that acetylation levels on N-terminal
tails decrease linearly as lysines become more internally located
(Figure 2/S2) is also unique to P. falciparum, and is in stark
contrast to results in human and mouse. For example,
acetylation occupancy of H4 in mammals is higher on K16,
followed by K12, then K8/K5,38,68−71 supporting the zip model
suggested in earlier MS70 and Edman sequencing72 analyses.
This model proposes H4 acetylation to occur from the C- to Nterminus of the N-terminal tail, while deacetylation would
occur in the opposite direction. The reverse occupancy pattern
observed in Plasmodium H4 has been previously raised at the
qualitative level for Plasmodium H4−K8 and K1220 and our
comprehensive quantitative data supports this contradictive
pattern in Plasmodium. Similar discrepancies are observed for
other histones,38,73 highlighting strong diﬀerences in the
mechanisms regulating histone PTMs between the malaria
parasite and other eukaryotes.
Finally, the relative abundance of histone proteins in our
samples (SI-2.2.D) correlates well with chromatin dynamics
observed in a previous study11,74 and conﬁrms the depletion of
histone proteins at 18-hpi. Based on these observations,
chromatin remodeling seems to be particularly prevalent during
this time point of the IDC and is likely to be closely linked to
initiation of DNA replication and transcriptional activity.
Histone modiﬁcations that are highly abundant during the
middle point of the asexual cycle may thus play important roles
in initiation of DNA replication and regulation of gene
expression. K-means clustering grouped 17 PTMs mostly
located within core domains, whose maximum abundance levels
peak at 18-hpi based on both spectral counts and peak
intensities values (SI-5.1). These include known acetylations on
H3−K115 and H4−K91, which has been shown to be involved
in nucleosome stability, 59 a novel acetylation on an
apicomplexan-speciﬁc lysine at position 67 on H4, known
methylations on H3.3-R40 and H3-R17, a novel methylation on
H2A-75, and a newly described crotonylation on H3−K115.
Overall, the presence of complex histone modiﬁcation patterns
that vary over the course of the IDC indicates that many
diﬀerent regulatory cues, involving a multitude of chromatin
remodeling enzymes, are likely to be at work.
In conclusion, this study has generated a detailed atlas of
histone modiﬁcations throughout the IDC of the human
malaria parasite. We have greatly increased the number of
histone PTMs detected in any eukaryotic organism. In addition,
we describe unique histone modiﬁcation combinatorial
signatures and changes in histone modiﬁcation patterns during
the parasite asexual cycle, many of which may be related to
parasite-speciﬁc cell cycle control and virulence. Understanding
the role of each of these modiﬁcations and molecular

except H2B.Z-T30, which aligns with a lysine residue (SI-3.2)
that is known to be acetylated, formylated and/or crotonylated
in other species (see references in SI-3.1). All but a couple of
the peptides bearing S/T acetylations also contain lysine
residues, which could indicate wrongly assigned modiﬁcation
sites. For example, H2B−S28 acetylation is detected on a
peptide bearing two unmodiﬁed lysines at positions 35 and 38
(SI-3.4). However, both SEQUEST and OMSSA search
engines are in agreement with S/T acetylation assignments
(SI-3.4). Furthermore, the acetylation of H2B−S28 and H4−
S47 are conﬁrmed by MRM assays (SI-6.1) that detected
speciﬁc SMR transitions from fragments containing these
modiﬁed serines (SI-6.2) in all three of the tested time-points
(0-, 18- and 36-hpi), while H2A-T101 acetylation was observed
at 18- and 36-hpi (SI-6.3). Nonetheless, most of the acetylated
serines and threonines are located in close proximity to
acetylated lysines either at the level of the primary or secondary
structures within each histone (Figure 1A/S1) or at the level of
the quaternary structure within the nucleosome (H2A-T101
and H4−S47 are within 10 Å of acetylated lysines from other
histones; SI-3.3.C). In addition, all S/T acetylations are
detected at low levels (Figure 2/S2) and all but one fall in
the third hierarchical cluster (SI-5.1). This indicates that these
S/T acetylations could be the byproducts of permissive
reactions by lysine acetyltransferases. On the other hand,
while acetylations on serine and threonine side-chains are not
widely known,38 H3−S10ac has been linked to cell cycle
progression and cellular pluripotency.64 In addition, two studies
have suggested that such modiﬁcations may be a way to inhibit
or prevent phosphorylation on these residues.65,66 In this
context, it is interesting to note that all but three of these S/T
acetylated sites (H2A-T101, H2B-T61 and H2B.Z-S54) have
been also detected as phosphorylated in this study (H2B−S50,
H3−S28, H3-T107) or others (see references in SI-3.1).
Crotonylation of lysine side chain has been recently reported
on mammalian histones.3 While crotonylated lysines are
present in our data set (H2B−K49, H3−K115, H3.3-K115
are novel, and H3−K9, H3/H3.3-K18, H3−K27, H3.3-K9 are
known, see references in SI-3.1), crotonylation constitutes one
of the main classes of PTMs that was notably absent from our
list (Figure 1D). Most of the missing crotonylations are
reported on the N-terminal tail of H2B, H3/H3.3 (Figure S1)
and H4 (Figure 1A) on lysine residues that are acetylated at
high levels in the seven Plasmodium stages we analyzed (SI-4.2
and SI-4.3). In addition, lysine crotonylations are enriched on
sex chromosomes,3 which are very diﬀerent cellular conditions
than the Plasmodium IDC and it is therefore likely that these
modiﬁcations are indeed absent in the malaria parasite. With
the exception of H3−K115cr, which reaches maximum
abundance at 18-hpi (SI-5.1), the other two crotonylation
events detected in this study are mainly observed at the early
ring and late schizont stage. We conﬁrmed the presence and
expression pattern of crotonylation on H2B−K49, H3−K9 and
H3−K115 by MRM assays (SI-6.1). This type of modiﬁcation
may play a role in gene activation during the process of parasite
egress and reinvasion that is characterized by global transcriptional silencing, similar to enrichment of this histone mark in
postmeiotic spermatids in mice.3
Plasmodium-Speciﬁc Epigenetics Features

On the basis of our results, we can highlight several ways in
which P. falciparum diﬀers from other eukaryotes. First, histone
variants H2A.Z and H2B.Z are highly abundant (SI-2.2.F) and
2798

DOI: 10.1021/acs.jproteome.6b00366
J. Proteome Res. 2016, 15, 2787−2801

Article

Journal of Proteome Research

crotonylation; ox, oxidation; MS, mass spectrometry; PSMs,
spectra/peptide matches; SRM, single reaction monitoring;
MRM, multiple reaction monitoring; n.c., nonconserved; NT,
N-terminal tail; CD, core domain

mechanisms that control these atypical features may oﬀer novel
therapeutic strategies.
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