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ABSTRACT Epigenetic gene regulation has emerged as a major mechanism for gene regulation in all eukaryotes. Histones are
small, basic proteins that constitute the major protein component of chromatin, and posttranslational modifications (PTM) of
histones are essential for epigenetic gene regulation. The different combinations of histone PTM form the histone code for an
organism, marking functional units of chromatin that recruit macromolecular complexes that govern chromatin structure and
regulate gene expression. To characterize the repertoire of Toxoplasma gondii histone PTM, we enriched histones using stan-
dard acid extraction protocols and analyzed them with several complementary middle-down and bottom-up proteomic ap-
proaches with the high-resolution Orbitrap mass spectrometer using collision-induced dissociation (CID), higher-energy colli-
sional dissociation (HCD), and/or electron transfer dissociation (ETD) fragmentation. We identified 249 peptides with unique
combinations of PTM that comprise the T. gondii histone code. T. gondii histones share a high degree of sequence conservation
with human histones, and many modifications are conserved between these species. In addition, T. gondii histones have unique
modifications not previously identified in other species. Finally, T. gondii histones are modified by succinylation, propionyla-
tion, and formylation, recently described histone PTM that have not previously been identified in parasitic protozoa. The char-
acterization of the T. gondii histone code will facilitate in-depth analysis of how epigenetic regulation affects gene expression in
pathogenic apicomplexan parasites and identify a new model system for elucidating the biological functions of novel histone
PTM.

IMPORTANCE Toxoplasma gondii is among the most common parasitic infections in humans. The transition between the differ-
ent stages of the T. gondii life cycle are essential for parasite virulence and survival. These differentiation events are accompa-
nied by significant changes in gene expression, and the control mechanisms for these transitions have not been elucidated. Im-
portant mechanisms that are involved in the control of gene expression are the epigenetic modifications that have been identified
in several eukaryotes. T. gondii has a full complement of histone-modifying enzymes, histones, and variants. In this paper, we
identify over a hundred PTM and a full repertoire of PTM combinations for T. gondii histones, providing the first large-scale
characterization of the T. gondii histone code and an essential initial step for understanding how epigenetic modifications affect
gene expression and other processes in this organism.
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Eukaryotic chromosomal DNA is packaged in nucleosomes that
consist of DNA wrapped around a histone octamer composed

of two monomers of each histone (H2A, H2B, H3, and H4). His-
tones are small, basic, conserved proteins that represent about
50% of the total weight of chromatin and function to regulate
access to information contained in DNA (1). Histones share a
common structure, composed of flexible domains (N- and
C-terminal tails) and a globular domain that includes the con-
served histone fold. Histone N-terminal tails (and the C terminus

of H2A) are exposed outside the nucleosome and are targets of
numerous posttranslational modifications (PTM), such as acety-
lation, methylation, phosphorylation, ubiquitination, sumoyla-
tion, ADP ribosylation, deimination (or citrullination), and
isomerization. New histone posttranslational modifications
(PTM) that have recently been discovered include succinylation,
crotonylation, and O-GlcNAcylation (2–4). Histone PTM are
highly dynamic and operate in an interdependent manner to cre-
ate the histone code originally proposed by Strahl and Allis in 2000
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(5). The histone code of an organism generates a complex network
of possible PTM combinations that can change the architecture of
chromatin by modifying the interactions between histones, DNA,
and associated macromolecular complexes. The combination of
PTM can promote or prevent the binding of specific proteins that
read the code and activate or repress nuclear processes, such as
transcription, DNA repair, and cell cycle control.

Toxoplasma gondii is an obligate intracellular parasite and a
member of the Apicomplexa phylum, which also contains other
pathogenic parasites, including Plasmodium, Cryptosporidium,
and Babesia. T. gondii is the causative agent of toxoplasmosis, and
it is estimated that one-third of the world population is chroni-
cally infected with T. gondii. T. gondii has a complex life cycle, with
both asexual and sexual life cycle stages. During passage through
mammalian hosts, this parasite has two distinct asexual life cycle
stages: the tachyzoite, a rapidly replicating form responsible for
dissemination of infection, and the bradyzoite, a quiescent form
found in tissue cysts that is responsible for transmission of infec-
tion as well as creation of a reservoir for the reactivation of infec-
tion. Each developmental form of the parasite is morphologically
and biochemically distinct, allowing stage-specific adaptation to
different environments during transition between hosts (6). De-
velopmental transition to different life stages is accompanied by
gene expression changes (7). Control of T. gondii gene expression
is, in part, promoted by epigenetic events, and interest in epige-
netic regulation in T. gondii has increased with the discovery of
compounds, such as apicidin, that act against parasites by inhib-
iting the activities of histone-modifying enzymes (8, 9). Thus, un-
derstanding the particular PTM on histones and identifying the
histone-modifying enzymes responsible for histone PTM may
lead to development of new antiparasitic drugs.

The T. gondii genome (version 7.0; http://www.ToxodB.org)
(10) is predicted to encode a single copy of the core histones, H2A,
H3, and H4, whereas H2B is represented by 2 isoforms that differ
by 6 amino acids (5 changed amino acids and one deletion) (see
Fig. S1 in the supplemental material). T. gondii H2B (TgH2B)
isoforms are differentially expressed during the life cycle, with
TgH2Ba being upregulated in tachyzoites and TgH2Bb being seen
in the sexual life cycle but not in either tachyzoites or bradyzoites
(11). Histones H3 and H4 are highly conserved, but H2A and H2B
are more divergent, particularly within the N-terminal tail
(Fig. S1). The globular or structural domain is highly preserved for
all core histones.

In addition to having the canonical histones, T. gondii has five
variant histones: centromeric H3 (CenH3), H3.3, H2A.X, H2A.Z,
and the parasite-specific H2Bv (Fig. S2). With chromatin immu-
noprecipitation (ChIP), CenH3 was shown to have a conserved
function as the centromeric histone (12). Dalmasso et al. (13)
studied the H2A and H2B variants, showing that H2A.Z and H2Bv
interact with each other and are located at transcription start sites
and that H2A.X appears to be associated with gene silencing and
DNA repair. The authors also suggested that given the high ex-
pression of H2Bv, in comparison with canonical H2B, H2Bv is the
major H2B for T. gondii (13).

Plasmodium falciparum, an apicomplexan parasite responsible
for malaria, encodes the four canonical histones and four variant
histones, each present as a single-copy gene (14). The apicompl-
exan histones are very similar, although P. falciparum does not
encode H2A.X (Fig. S2). Like T. gondii, P. falciparum encodes the
machinery required to reversibly modify histones, and its histone

PTM marks have been characterized by mass spectrometry (MS)
(14–16). Several marks were identified in both canonical and his-
tone variants in Plasmodium, including acetylation, methylation
(mono-, di-, or trimethylation), and ubiquitination. Notably, an
abundance of lysine acetylation was present, suggesting a prepon-
derance of chromatin in a transcriptionally active state, with a
paucity of marks related to transcription repression (14, 15).

Based upon the high degree of sequence homology between
T. gondii, P. falciparum, and human histones, it has been suggested
that the same or similar histone PTM are present in T. gondii and
that these PTM have similar functions in T. gondii. Some PTM in
T. gondii have already been characterized by antibody-based tech-
niques (17–19). While antibody-based techniques have been use-
ful for studying histone PTM, these approaches have some limi-
tations, including potential lack of specificity of antibodies
recognizing histone PTM. Advances in mass spectrometric pro-
teomics, including new fragmentation approaches together with
high-sensitivity and mass accuracy instrumentation, have made
MS the standard technique for the identification of PTM (20–27).
Using a combination of complementary mass spectrometry ap-
proaches with high-resolution mass spectrometry (LTQ Orbitrap
Velos), we have identified the PTM found on histones in the
tachyzoites of T. gondii, providing a map of the histone code that
governs epigenetic regulation in this organism.

RESULTS
Mass spectrometry identification of T. gondii histone PTM. To
identify posttranslational modifications (PTM) present in both
the canonical and histone variants in T. gondii, we analyzed his-
tones from intracellular tachyzoites of the RH strain grown in
human foreskin fibroblasts. To purify histones from nuclei, we
used standard hydrochloric acid extraction protocols, since his-
tones are soluble at low pH while most other proteins and DNA
precipitate under acidic extraction conditions. An example of the
final histone enrichment sample is shown in Fig. 1A, and an over-
view of the methodology used is shown in Fig. 1B. An alignment of
the T. gondii histones to those of humans, Saccharomyces cerevi-
siae, and Plasmodium falciparum is shown in Fig. S1 in the supple-
mental material. Figures 2 and 3 summarize the T. gondii histone
PTM found on classical and variant histones and compare the
T. gondii histone PTM to those reported for Plasmodium and hu-
man histones.

The histone acid extracts were analyzed using (i) off-line high-
performance liquid chromatography (HPLC) fractionation
followed by Asp-N digestion and middle-down MS analysis, (ii)
in-gel trypsin digestion and two-dimensional ultraperformance
(to the nanometer scale) LC-tandem MS (2D nanoUPLC-MS/MS
analysis), and (iii) in-solution trypsin digestion and 2D nano-
UPLC-MS/MS. With electron transfer dissociation (ETD) frag-
mentation on the LTQ Orbitrap Velos mass spectrometer, we
identified several modifications, including acetylation, mono-
methylation, dimethylation, trimethylation, phosphorylation,
and succinylation. Identified peptides had a variety of combina-
tions of these modifications. For example, the T. gondii-specific
H3 N-terminal peptide ARTKQTARKSTGGKAPRKQLASKAA-
RKSAPMSGGIKKPHRYRPGTVALR was modified with 0 to 12
methyl groups (Fig. 4A). The abundant distribution of these 12
forms of methylation modification suggests a very complex and
sophisticated regulation of methylation. The ETD MS/MS spec-
trum of the precursor ion at m/z 592.6837 (its monoisotopic mass
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was determined from the first MS analysis [MS1]) of this H3
N-terminal peptide modified with 5 methyl groups confirms that
there is methylation on K4 and trimethylation on K36, as well as
methylation on either R17 or K18 (Fig. 4B).

Trypsin digestion (in gel or in solution) of histones provided
smaller peptides that were analyzed by bottom-up MS/MS. His-
tone acid extract was separated by SDS-PAGE (Fig. 1A), and the
region of the gel containing histones H4, H3, H2A, and H2B were

cut and digested with trypsin. The extracted tryptic peptides were
analyzed with 2D tandem-reverse-phase (RP/RP) nanoUPLC-
MS/MS on the LTQ Orbitrap. Peptides were fragmented by
higher-energy collisional dissociation (HCD), electron transfer
dissociation (ETD), or collision-induced dissociation (CID) to
generate MS/MS spectra. In each run, the sample was on-line frac-
tionated into 15 fractions on the first reverse-phase C18 column
(high pH). Peptides in each fraction were then separated on the

FIG 1 Identification of T. gondii histone posttranslational modifications. (A) Coomassie blue-stained gel showing a representative histone acid extraction
sample used for PTM analysis. Relative molecular standards and positions of histones are marked. (B) Scheme of the combined techniques used to identify PTM
in T. gondii. Tachyzoites were grown, collected, and purified from human fibroblasts as described in Materials and Methods and Text S1 in the supplemental
material. Parasites were lysed, and intact nuclei were purified. The histones were extracted from chromatin under acidic conditions. MS data collection was
performed on an LTQ Orbitrap Velos system, and spectra were searched in a custom, combined human Toxoplasma database (60) using Mascot.

FIG 2 Summary of PTM identified on Toxoplasma gondii canonical histones. PTM on canonical histones are shown in comparison with P. falciparum (Pf) and
Homo sapiens (Hs) histones. Squares in different colors represent the modifications on three organisms. PTM from Plasmodium were obtained from the literature
(14 –16). PTM from human cells were obtained from available databases (http://www.uniprot.org, http://www.cellsignal.com, and http://www.actrec.gov.in
/histome [61]). Recently identified modifications, such as succinylation, O-GlcNAcylation, propionylation, formylation, and crotonylation, were obtained from
the literature (2– 4, 47, 48). The gray cylinders indicate the globular domain. Numbers above the squares represent the numbers of methyl groups (“1,” “2,” and
“3” indicate mono-, di-, and trimethylation, respectively), while those below the sequence represent the amino acid position in human histones. See Fig. S1 for
aligned sequences and the supplemental material for combinations of PTM identified on peptides. In some cases, the exact residue modified by a PTM was not
identified. These peptides are not indicated in this schematic but are listed in the supplemental material, which lists each of the peptides identified by mass
spectrometry.
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second reverse-phase C18 column (low pH) and analyzed by tan-
dem mass spectrometry, resulting in 15 LC-MS/MS analyses per
sample.

The frequency of lysine residues is very high in histones, yield-
ing very short tryptic peptides that elute early and are too low in
mass/charge ratios to be measured using our LC-MS/MS condi-
tions. Therefore, in a separate experiment, iTRAQ labeling on
lysine residues of histones was employed prior to in-solution tryp-
sin digestion and 2D nanoUPLC-MS/MS analysis with ETD or

HCD (28). Compared to other methods of blocking the free
epsilon amino group of lysine, such as propionic anhydride de-
rivatization (12, 29), iTRAQ has several advantages. First, the mild
reaction conditions favor retention of the endogenous modifica-
tions of histones. Second, unlike chemical propionic anhydride
derivatization, iTRAQ labeling introduces a truly artificial (exog-
enous) modification on histones that can be easily distinguished
from its endogenous modifications. Third, the presence of the
iTRAQ reporter ion (obtained with HCD) in MS/MS spectra and

FIG 3 Overview of PTM identified on T. gondii histone variants. PTM on canonical and histone variants are shown in comparison with P. falciparum. Identical
amino acids are represented in gray. Squares in different colors represent the modifications on Toxoplasma and Plasmodium. PTM from Plasmodium were
obtained from available published literature (14 –16). The gray cylinders indicate the approximate locations of the globular domain. Numbers below the
Toxoplasma sequence represent the amino acid position in this parasite, while “1,” “2,” and “3” above indicate mono-, di-, and trimethylation, respectively. See
Fig. S2 for a complete alignment of variant histones and elsewhere in the supplemental material for combinations of PTM identified on peptides. In some cases,
the exact residue modified by a PTM was not identified. These peptides are not indicated in this schematic but are listed in the supplemental material, which lists
each of the peptides identified by mass spectrometry.

FIG 4 Representative MS spectra for T. gondii histone H3 peptide from positions 1 to 49. (A) Spectra showing the abundance of 0 to 12 methyl groups present
on this peptide (charge: �9). The majority of the identified peptides show 5 methyl groups on lysines and/or arginines. (B) An example of a methylated TgH3
peptide analyzed by MS/MS shows methylation on K4, trimethylation on K36, and methylation on either R17 or K18. Residues that distinguish TgH3 from HsH3
are S22, M31, S32, and I35 (see also the supplemental material).
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iTRAQ-labeled peptide sequence pattern after MS/MS enhances
our confidence in identifying the labeled peptides. Fourth, iTRAQ
derivatization retains the positive charge of lysine, which is favor-
able to ionization efficiency and ETD fragmentation. Last but not
least, iTRAQ introduces a relatively large group on lysine side
chains and therefore results in more effective cleavage blocking of
trypsin at the labeled residues. For example, an H3 peptide, K(i-
TRAQ) STGGK(iTRAQ) APR(methyl), was identified in an
iTRAQ labeling experiment. Without labeling, this peptide would
have been cleaved into smaller pieces by trypsin, and the methyl-
ation on Arg would not have been identified.

Histone H4. T. gondii H4 differs from human H4 by only
6 amino acids (Fig. S1) and is extensively modified with different
PTM combinations (Fig. 2 and S3). As is typical for many histones,
H4 loses the initial methionine during protein processing, and the
subsequent residue (serine) is acetylated. In addition to acetyla-
tion of S1, phosphorylation on S1 of T. gondii H4 was identified.
This modification is followed by methylation on R3, a mark pre-
viously identified in Plasmodium and Toxoplasma using mass
spectrometry and/or biochemical approaches (15, 17). The
N-terminal tail of H4 is a highly acetylated region, with acetylation
on lysines 5, 8, 12, and 16. Acetylation affects the interaction of
histones with DNA, keeping chromatin in a more relaxed state,
and this modification is associated with transcription activation.

In T. gondii tachyzoites, the majority of modified H4 peptides
are acetylated on two or more residues, suggesting cooperativity
or redundancy in the activities of histone acetyltransferase en-
zymes. Interestingly, some of the H4 residues that are acetylated
can also be methylated to different levels (methylated H4K12
[H4K12me] and trimethylated HFK16 [H4K16me3]). H4K12me
in yeast was described previously (30), but to our knowledge, this
is the first time that H4K16me3 has been identified in any organ-
ism.

We also identified methylation on H4K20, a repressive mark in
other species (31). H4K20me, dimethylated H4K20 (H4K20me2),
and H4K20me3 in Toxoplasma and Plasmodium were character-
ized using antipeptide antibodies and reported to be located at
heterochromatic regions (32). Of the H4 peptides containing
H4K20 identified, most were methylated, most commonly with
dimethyl. Acetylated H4K20 (H4K20ac) was found in a minority
of cases, alone or in combination with other acetylated residues. In
addition, we identified H4R23me, a modification not previously
described in other species. Acetylation on H4K31 has been re-
ported in Toxoplasma (33) but was not found in our study.

Finally, we identified modified residues inside the globular do-
main of H4. H4K79 was found methylated in all states (H4K79me,
H4K79me2, and H4K79me3) but not acetylated, as previously
described (34). Dimethylation and monomethylation were iden-
tified on R78, and these modifications have not been described for
any other organism. The unique peptide sequences that distin-
guish TgH4 from Homo sapiens H4 (HsH4) (I54T, I65V, K67R,
S69A, R77K, I86V, and S89A) are well represented among the H4
peptides and are shown in yellow in Fig. S3.

Histone H3. Like H4, histone H3 shares a high degree of se-
quence similarity with human histone 3, differing by 8 amino
acids located in the N-terminal and globular domains and being 1
residue longer at the C terminus (Fig. S1). An overview of the H3
PTM combinations and a comparison of the H3 PTM from Plas-
modium and humans are shown in Fig. 2. Numerous TgH3 pep-
tides were identified (Fig. 2, 4 to 6, and S4). T. gondii has, besides

the canonical H3, an H3 variant termed H3.3 that differs from it
by only 4 amino acids (positions 53, 54, 87, and 89), making it
difficult to distinguish between H3 and H3.3 subspecies. The first
30 amino acids of TgH3 are abundantly modified (Fig. 2, 4 to 6,
and S4). We identified 108 different H3 peptides, and PTM com-
binations within the N terminus representing the most abundant
peptides within our data set. Many of these peptides encompassed
amino acids unique to TgH3, conclusively showing their T. gondii
origin (Fig. S4).

The first methionine is removed from the H3 protein, and R2 is
methylated. Methylation on R2 is mediated by CARM1 and has
been correlated with transcription activation in other organisms
(35). H3K4 was found to be mono-, di-, or trimethylated, with
mono- or dimethylation being approximately 100 times more
represented than trimethylation among the identified peptides.
H3K4me3 is a very conserved modification, present at promoter
regions of actively transcribed genes in Toxoplasma and other or-
ganisms (18). In contrast, H3K4me1 and H3K4me2, although as-
sociated with transcription activation, are located in coding re-
gions (see http://www.toxodb.org for ChIP with microarray
technology [ChIP-chip] data illustrating this point). Additional
H3 PTM associated with transcriptional activation, such as K9ac,
K14ac, R17me, K18ac, K23ac, and K27ac, were identified (36),
with H3K9ac and H3K14ac being among the most highly repre-
sented PTM. These PTM were found together with other PTM
known to be associated with gene activation.

H3K9 was also methylated. H3K9me is considered a transcrip-
tional activation mark, while H3K9me2 and H3K9me3 are asso-
ciated with gene silencing (37). Usually, the methylated forms
were found on peptides containing H3K14ac, a PTM associated
with gene activation in other eukaryotes, indicating a possible al-
ternative function for one of these PTM in T. gondii. H3K14 was
found to be acetylated (H4K14ac) in most cases; however, it can
also be monomethylated (H4K14me) or trimethylated
(H3K14me3). The methylated form of H3K14 has been identified
only in H3.2 from Pisum sativum (http://www.uniprot.org), but
the function of this PTM is not known.

Other H3 PTM identified included methylation of K18 (me,
me2, me3), K23 (me, me3), R26 (me, me2), K27 (me3), K36 (me,
me2, me3), K37 (me, me2, and me3), and R40 (me, me2). The
function of most of these PTM is not established, although R26me
is purported to act in transcriptional activation, preventing his-
tone deacetylase (HDAC) binding to chromatin (38), while
K27me3 is reported to be involved in transcription repression
(39). K36me2 is associated with DNA repair (40), and K37me1 is
associated with the DNA replication origin (41).

In human H3, at least 8 phosphorylation sites are reported, but
only one phosphorylated residue was identified for T. gondii H3,
T107 in the globular domain. Phosphorylated T107 (T107p) is a
new modification, with unknown function. Other well-conserved
modifications, T11p, S10p, and S28p, associated with mitosis (42),
were not identified in this study.

TgH3 also demonstrated other PTM inside its globular do-
main. Methylation of K79 (H3K79me or H3K79me3) has been
described for many organisms as a PTM associated with gene ac-
tivation or repression (37). The presence of methylated H3K79 in
T. gondii is notable, since DOT1, the methyltransferase responsi-
ble for this PTM in other organisms, appears to be absent in the
genome sequence of T. gondii. As occurs in other organisms (43),
H3K79 can be acetylated. Methylation on R83, a PTM with un-

Histone Code of Toxoplasma

November/December 2013 Volume 4 Issue 6 e00922-13 ® mbio.asm.org 5

http://www.toxodb.org/
http://www.uniprot.org/
mbio.asm.org


known function, was also identified inside the globular domain.
Finally, dimethyl and trimethyl marks were identified on the vari-
ant CenH3 lysine 33 (Fig. 3 and S6). Centromeric H3 from Toxo-
plasma is larger than in humans and yeast and divergent in se-
quence, and this modification is unique to Toxoplasma (Fig. 3 and
S2).

To further validate our data, we showed that several com-
mercial antibodies specific for conserved modified H3 peptides
label both human and T. gondii nuclei by an indirect
immunofluorescent-antibody assay (IFA) (Fig. S7).

Histone H2A and H2B. In contrast to H3 and H4, T. gondii
histones H2A and H2B show considerable sequence differences
from human histones (79% and 75% conservation, respectively)
(Fig. S1). These differences are concentrated in the N-terminal
regions (especially the first 20 amino acids). Like other organisms,
T. gondii encodes H2A variants: H2A.X and H2A.Z. While H2A.X
is quite similar to the canonical histone (88% identity), H2A.Z
shows only 56% identity to H2A, although it is generally consid-
ered the most conserved variant across eukaryotes. H2A is the only
histone that has an exposed C-terminal domain (see Fig. S2 for
histone variant alignments).

We identified only four modified peptides for the canonical
H2A, including one extensively modified peptide with six methyl
marks plus one crotonylation mark on peptide K5-K11 (Fig. S5).
K96 is conserved in human H2A (K95), but unlike in humans,
where this residue is acetylated (H2AK95ac), K96 in TgH2A is
methylated (TgH2AK96me2). H2AS126p has a corresponding
amino acid in human and Plasmodium H2A (Fig. 2 and Fig. S5).

Two H2A.X-modified peptides were identified within the
C-terminal region (Fig. S6). H2A.X contains the SQ(E/D) � motif,
where � is a hydrophobic amino acid and S is a serine that is
phosphorylated in response to DNA damage (44). T. gondii has
the SQ(E/D) � motif, where � is phenylalanine. We identified the
phosphorylated S132 (S139p in humans) within this motif, con-
sistent with a conserved function for TgH2A.X, as suggested by
Dalmasso et al. (13). In the same peptide, we also identified acet-
ylation of K128 (H2A.XK128ac), a new PTM for this histone vari-
ant (Fig. 3 and Fig. S6).

Unlike with canonical H2A and H2A.X, several peptides and
their PTM were identified for H2A.Z (Fig. 3 and S6). Unlike in
other histones, the first methionine was preserved and the N ter-
minus was acetylated. In other organisms, including T. gondii,
H2A.Z deposition correlates with transcriptional activation and
H2A.Z is hyperacetylated in the N-terminal region (45). Within
the first 40 amino acids, there are 10 lysines (K6, K10, K14, K18,
K24, K27, K29, K34, K36, and K37), all of which were acetylated in
T. gondii. We also found that lysine K18 can be methylated, creat-
ing different PTM combinations with the acetylated residues.

Canonical H2B was also less represented in our data (Fig. 2 and
S5). The first methionine was removed, but we found no indica-
tions of a PTM at the N terminus. Peptides were identified with
acetylation on K4, methylation on K48 (me1), K63 (me1), and
K70 (me3), and phosphorylation at S27, S49, S66, and Y74. The N
terminus of human H2B has 7 amino acids that are acetylated in
association with transcription activation (46). Although several
lysines are present, T. gondii H2B has just 1 acetylated mark (K4),

FIG 5 Mass spectrometry analysis of PTM for a T. gondii-specific H3 peptide. T. gondii peptide from amino acids 9 to 36 (KSTGGKAPRKQLASKAARK-
SAPMSGGIK) is unique to T. gondii histone 3. The serine at position 22 in T. gondii histone 3 is a threonine in human H3 (see Fig. S1). Seven PTM were identified
in this TgH3 sequence (K9ac, K14ac, R17me, K18ac, K23ac, R26me2, and K27ac). The MS/MS spectra obtained with HCD of the �3 m/z ion at 1021.8967 is
shown.
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FIG 6 T. gondii histone H3 is succinylated and ubiquitinated. (A) MS/MS spectrum of the succinylated H3 from T. gondii peptide from positions 117 to 128
(VTIMPKDIQLAR). A succinylated lysine at position 122 was identified. The succinyl mark has a mass of 100.016 Da, as represented in the figure. The MS/MS
spectra were obtained with HCD of the �2 m/z ion at 742.9096. (B) MS/MS spectrum of the ubiquitinated H3 from T. gondii peptide from positions 84 to 116
(FQSSAVLALQEAAEAYLVGLFEDTNLCAIHAKR). A ubiquitinated lysine at position 115 was identified. The Gly-Gly residue has a mass of 114.04 Da. The
MS/MS spectra were obtained with HCD of the �4 m/z ion at 923.9716. yi* � yi � 57.02.
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suggesting a difference between human and T. gondii H2B, espe-
cially at the N-terminal tail.

In contrast, several modifications were identified for H2Bv
(also called H2B.Z), the major H2B in T. gondii (13) (Fig. 3 and
S6). The first methionine is lost, and there is an acetylation at the
N terminus. Additionally, the N-terminal tail is acetylated on
lysines 3, 8, 13, 14, and 18. This histone is unique to parasites, and
the acetylation PTM are conserved in P. falciparum (Fig. 3).

T. gondii histones are modified by novel PTM not previously
seen in protozoa. Additional modifications on histones, includ-
ing succinylation, crotonylation, and formylation on lysine resi-
dues, have recently been identified (2, 4, 47). Although the role of
succinylation sites is not completely elucidated, mutagenesis stud-
ies implicated succinylation in nucleosome structure,
nucleosome-DNA interaction, telomeric function, and ribosomal
DNA (rDNA) silencing (2).

Using different combined proteomic methods, we were able to
identify succinylation on peptides from histone H3 (117VTIMPK-
succDIQLAR) (Fig. 6A) and H4 (1acSGRGKGGKGLGKme-
GGAKsuccRHRKme2VLR and 24DNIQGITKsuccPAIR) (Fig. 2
and S3). Both H3K122succ and H4K31succ have previously been
identified in a variety of eukaryotic species (2), while H4K16succ
has not previously been reported. These results were confirmed by
IFA nuclear localization of succinyl-lysine (Fig. S8) and immuno-
blotting (Fig. S8B), where succinyl-lysine antibodies recognized
mainly H3. Interestingly, some parasite nuclei that were stained
with antibody specific for succinyl-lysine showed stronger stain-
ing than with others present in the same vacuole, suggesting pos-
sible regulation of this PTM during the cell cycle (Fig. S8A).

N-lysine N-formylation is an additional PTM that emerges
from DNA oxidative damage (47). The biological importance of
this modification is not clear, but the chemical similarity of formy-
lation with acetylation may suggest interference in acetylation-
related pathways (47). We identified several formylated peptides
of H3 and H4 (H3K56, H3K122, H4K31, H4K59, H4K67,
H4K91). Lysine propionylation was described in 2007 as a new
PTM that can be catalyzed by acetyltransferases (48). The function
is being elucidated, but there is evidence that suggests a role in
coenzyme A (CoA) homeostasis (49). In this study, we detected
propionylation on H3 (K115) and H2B (K73). Finally, lysine cro-
tonylation was described in 2011 as a new histone PTM associated
with active promoters or enhancers (4). We identified 1 peptide
(histone H2A) likely to be lysine crotonylated (Fig. S5). Further
study will be necessary to confirm the presence and significance of
crotonylation as a histone PTM in T. gondii.

Ubiquitination and SUMOylation of T. gondii histones. The
histone PTM repertoire is constantly increasing. Ubiquitination
and SUMOylation (where SUMO is small ubiquitin-related mod-
ifier) are other common histone modifications. Both can be easily
distinguished from other modifications by mass spectrometry
techniques. The ubiquitin and SUMO small modifiers are 9 kDa
and 11 kDa in size, respectively. The attachment of one of these
modifications can affect a variety of processes, such as transcrip-
tional activation, DNA damage response, or regulation of histone
levels by targeting proteins for degradation. Both PTM were iden-
tified on histones of Plasmodium (15, 50), and SUMOylation was
identified on Toxoplasma histones by immunologic methods (51).
Immunofluorescence confirmed that the parasite nucleus is la-
beled with antibodies specific for SUMOylation (Fig. S8A). Using
our MS approach, we were not able to identify SUMO on T. gondii

histones. Although commercial antiubiquitin antibodies did not
demonstrate reactivity with T. gondii histones (data not shown),
we identified an H3 peptide modified by ubiquitination (Fig. 6B).
BLAST search of the AVLALQEAAEAYLVGLFEDTNL sequence
matched 100% of the sequence in different strains of T. gondii
histone H3 but did not match that in human proteins. The pre-
cursor mass error is �2.6 ppm. The strongly matching b and y
ions localize the ubiquitination site to K115.

DISCUSSION

Toxoplasma gondii has a complex life cycle that includes sexual
and asexual stages in different hosts. To survive, T. gondii requires
a refined system to regulate gene expression in response to differ-
ent stimuli and changes in its environment. Many of these re-
sponses to environmental stimuli are achieved via epigenetic gene
regulation. Chromatin architecture plays a key role in the regula-
tion of gene expression regulation by controlling the accessibility
of genes to the transcriptional machinery. Histones are the funda-
mental protein unit of chromatin and the main proteins respon-
sible for structural changes in chromatin. PTM of histones pro-
vide a platform for recruitment of effector proteins triggering
different DNA-related events, including transcription, DNA re-
pair, and DNA replication. The combinations of histone PTM
form the histone code, a core mechanism of gene expression reg-
ulation in eukaryotic organisms.

Histones are small, basic proteins that arose very early in evo-
lution. There is evidence for the existence of proteins containing
histone fold domains in Euryarchaea and histone genes in marine
Crenarchaea (52). Histone gene organizations and copy numbers
vary considerably across species. Except for TgH2B, for which
there are two gene copies, Toxoplasma histones are encoded by
single-copy genes on different chromosomes. Some histone genes
have introns with introns usually present in histone variants. Tox-
oplasma histones are highly conserved with mammalian histones.
H3 and H4 are the most conserved, and H2A and H2B, though
similar, have different modifications, especially at the flexible do-
mains.

We have generated a comprehensive map of histone PTM in
Toxoplasma tachyzoites by using a combination of proteomic
methodologies. We were able to identify 249 different peptides
with 108 modifications in a variety of combinations (see Table S1
and Fig. S8). Peptides for all 4 canonical histones and 5 histone
variants were identified. The histone code hypothesis proposes
that histone modifications act independently, sequentially, or in
collaboration, resulting in a specific event. Here we describe both
conserved and unique histone PTM combinations, indicating a
specific and unique histone code that exists in T. gondii. Although
some combinations are consistent with a transcription activation
role, many histone peptides show unique PTM compositions,
with a mix of histone PTM associated with gene activation, repres-
sion, or unknown functions.

Many of the PTM identified in this study are conserved in
humans and Plasmodium, especially those mapped to histone H3
and H4. Garcia et al. (43) showed that although some marks are
well conserved, others vary considerably when unicellular eu-
karyotes are compared with mammalian cells. Toxoplasma dis-
plays both activation and silencing marks, although the PTM re-
lated with activation are more common.

We analyzed the tachyzoite forms of T. gondii, but it is likely
that several histone PTM are conserved in the other life stages of
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the parasite. Nonetheless, histone PTM are extremely dynamic
and change in response to external stimuli, including environ-
mental changes. T. gondii passes through different hosts, and its
life cycle forms are distinct morphologically and biochemically.
Thus, it is likely that the parasite response to environmental cues
involves regulation of histone PTM, which leads to changes in
chromatin structure and gene expression. Measuring quantita-
tively how histone PTM change during developmental transitions
is a topic for future investigation.

The Toxoplasma genome is predicted to encode a full reper-
toire of chromatin remodelers and chromatin-modifying en-
zymes, including histone deacetylases, histones acetyltransferases,
histone demethylases, lysine and arginine methyltransferases, hi-
stone kinases, poly-ADP-ribose polymerases, ubiquitin ligases,
and SUMO-conjugating enzymes (9, 19). Among the most thor-
oughly characterized of these histone-modifying enzymes are the
histone acetyltransferases TgGCN5-A and TgGCN5B and the hi-
stone deacetylase TgHDAC3, which are implicated in regulation
of gene expression during the tachyzoite- to bradyzoite-stage con-
version (9, 53). In tachyzoites, TgGCN5-A is located in promoter
regions of actively transcribed genes that are hyperacetylated (17).
In contrast, promoter regions of bradyzoite-specific genes are hy-
poacetylated and are enriched in TgHDAC3 (17). The importance
of these enzymes in gene regulation is supported by the abundance
of histone acetylation in T. gondii histones, although broader
studies of the T. gondii acetylome suggest that acetylation regu-
lates numerous proteins beyond histones (33). Intriguingly,
GCN5 may potentially be involved in propionylation of histones
(48), given its documented association with metabolic sensing.

As in other organisms, TgH3 is extensively modified. However,
the high homology between H3 and H3.3 does not allow us to
assign specific PTM to the individual proteins; therefore, our anal-
ysis cannot establish whether the H3 PTM are specific to either
subtype or shared by both. We identified only 2 unique peptides
from CenH3, consistent with the low abundance of this variant
and its very specific function in the centromeric region (12).

H2A and H2B were identified by a limited number of peptides
(4 and 10, respectively), with more peptides being found for the
variants H2A.Z and H2Bv. H2A.Z is the most divergent between
H2A subspecies; however, it is considered the most conserved H2
variant between various eukaryotes (45). H2A.Z has several
lysines at the N terminus that can be acetylated. In P. falciparum,
H2A.Z is located in intergenic regions around the transcription
start sites with H3K9ac and H3K4me3 (54). We found 10 acety-
lated lysines at the N terminus of H2A.Z. Most of those marks are
conserved in Plasmodium but not in humans or yeast, which have
an H2A.Z with a shorter N-terminal tail (Fig. 3 and S2). The par-
allels with P. falciparum have yet to be investigated, but differences
are likely to exist, as centromeres in P. falciparum are enriched in
H2A.Z but not H3K9me2/3 (55) whereas centromeres in T. gondii
are the only chromosomal regions enriched in H3K9me2/3 (12)
but are not enriched in H2A.Z (S. C. Nardelli and K. Kim, unpub-
lished).

H2A and H2A.X are highly similar and share the SQ motif at
the C terminus, although only H2A.X has the complete SQ(E/D)
� motif that is phosphorylated in response to DNA double-
stranded breaks (13). Finally, H2Bv is a parasite-specific variant
that interacts with H2A.Z at promoter regions of active genes in
Toxoplasma (13), as well as at transcriptions start sites (TSS) in
Trypanosoma brucei, together with H3K4me3 and H3K76me3

(corresponding to H3K79 in yeast and humans) (56). The role of
H2Bv in transcription activation is consistent with the abundant
acetylation in the N-terminal tail of H2Bv as well as H2A.Z.
TgH2Bv showed 5 acetylated lysines that are conserved in Plasmo-
dium (15). Since these variant histones localize at actively tran-
scribed genetic loci, the greater abundance of those variants than
of canonical histones may reflect the greater constitutive activa-
tion of most genes in T. gondii than of mammalian genes (18). It is
also possible that the low abundance of peptides corresponding to
H2A and H2B was an artifact of sample preparation; e.g., the ac-
cessibility of these proteins was altered during acid extraction, due
to their enrichment in highly compacted chromatin.

Many of the histone PTM identified here are conserved in hu-
mans and other species, as is expected due to the high sequence
similarity among histones, which may reflect an underlying
shared eukaryotic histone code. Modifications associated with
transcription activation, including H3K9ac, H3K14ac, H3R17me,
H3K18ac, H3K23ac, and H3K27ac, as well as H4K5ac, H4K8ac,
H4K12ac, and H4K16ac, are among the most abundant PTM and
peptides found in our analysis. In Plasmodium, most histone PTM
identified were associated with transcription activation. About
60% of Plasmodium genes are constitutively expressed (15), and
the repressive mark H3K9me3 is predominantly associated with
antigenically variant genes, such as var genes and subtelomeric
regions (57). The lack of detection of repressive marks in Plasmo-
dium likely reflects the substoichiometric abundance of many hi-
stone PTM. Recently, Jeffers and Sullivan identified several acety-
lation marks in histones of Toxoplasma using an acetyl-lysine
enrichment strategy (33). Although most of those PTM were iden-
tified in this study, some are missing from our survey (H4K31ac,
H2BK33/34, H2BK98/99, and H2BK110/111). Thus, for complete
characterization of low-abundance histone PTM, the use of sev-
eral complementary approaches is likely to yield the most com-
prehensive catalogue of PTM.

We were able to identify PTM associated with classic repressive
marks, including H3K9me, H3K36me, and H3K79me, although
peptides with these PTM were less abundant than peptides with
PTM associated with active marks. We also observed that residues,
like H3K9, that can be either methylated or acetylated were most
commonly detected in the acetylated form. Collectively, these data
suggest that most T. gondii tachyzoite chromatin is marked with
PTM associated with the open active state.

During the entire process, we were mindful of the potential for
contamination of our histone preparations with human histones.
Since H3 and H4 proteins are highly conserved, many peptides
cannot be conclusively assigned to only T. gondii histones. We
attempted to minimize contamination by purifying the parasites
from human host cells by filtration, prior to processing them for
MS. In support of our methodology, we identified numerous
modified peptides unique to T. gondii histone sequences, enabling
us to validate T. gondii histone PTM conclusively. To further con-
firm the identification of highly conserved PTM across T. gondii
and human chromatin, we performed immunofluorescence as-
says with commercial antibodies to characterized histone PTM.
These antibodies labeled both human and Toxoplasma nuclei,
supporting the identification of the particular histone PTM in
both host and parasite nuclei (Fig. S7 and S8).

Finally, we found by MS that several recently described histone
modifications, lysine succinylation, propionylation, formylation,
and probably crotonylation, are present on T. gondii histones. The
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functions of these modifications have not been elucidated. Using
commercial antibodies, we confirmed by immunofluorescence
that succinylation is detected in parasite nuclei. Antibody studies
also suggest that T. gondii histones are modified by SUMOylation,
as previously described for T. gondii (51). Ubiquitination, a con-
served PTM, was identified in Plasmodium (15) and is also present
on T. gondii histone H3. Although commercial ubiquitin antibod-
ies did not react to T. gondii histones by immunoblotting or IFA,
we were able to identify a unique ubiquitinated lysine on H3
(K115), suggesting that ubiquitinylated T. gondii histones are sub-
stoichiometric and not highly abundant. Enrichment procedures
for ubiquitination may be required to identify other ubiquitinated
histones in T. gondii.

In conclusion, we provide here a comprehensive survey of
T. gondii tachyzoite histone PTM. Many of these PTM have not
been previously reported. The histone peptides identified show
complex combinations of modifications, providing an important
step for understanding how the histone code contributes to epi-
genetic regulation in this organism. Elucidation of the regulatory
pathways for histone PTM should provide insight into T. gondii
differentiation and gene regulation and may lead to therapeutic
approaches to treat latent and active infection with this pathogen.

MATERIALS AND METHODS
Chemicals and reagents were high-purity grade and obtained from the
sources cited in Text S1 (methods) in the supplemental material.

Cell culture and parasite purification. Human foreskin fibroblasts
(HFF) were grown in Dulbecco’s modified Eagle medium (DMEM) sup-
plemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/ml
penicillin, and 100 �g/ml streptomycin and maintained at 37°C with 5%
CO2. Confluent HFF were infected with RH �hxgprt tachyzoites (58) at a
multiplicity of infection of 3 to 5 parasites per cell. After 40 h of infection,
infected cells were washed and monolayers were scraped from the flasks
and passed through 20-, 23-, and 25-gauge needles. Tachyzoites were
purified from host cell debris with a 3.0-�m Nuclepore filter (Whatman
GE Healthcare). Once no intact human cells were visible, the lysate con-
taining intact tachyzoites was washed twice with phosphate-buffered sa-
line (PBS) to remove host cell contaminants, and cell pellets were frozen in
liquid nitrogen.

Immunoblots and immunofluorescence. Immunoblot assays were
performed using histones resolved by 15% SDS-PAGE. Nitrocellulose
membranes were blocked with 5% nonfat milk in PBS and incubated with
anti-succinyl lysine antibodies (1:400; PTM Biolabs Inc.) overnight.
Membranes were washed with PBS containing 0.05% Tween 20 and in-
cubated with secondary antibody coupled to horseradish peroxidase
(Amersham) and chemiluminescence substrate for detection (Immo-
bilon; Millipore).

For indirect-immunofluorescence experiments, HFF were grown on
coverslips until confluent. Tachyzoites (106) were used for overnight in-
fection followed by fixation with 4% p-formaldehyde in PBS for 20 min.
Fixed cells were washed three times with PBS, permeabilized with 0.25%
Triton X-100 in PBS for 10 min, blocked for 30 min with PBS containing
1% bovine serum albumin (BSA), and incubated with antibodies specific
for succinylated lysine (1:200; PTM Biolabs Inc.), SUMO (1:500; gift of
M. A. Hakimi [51]), H3K4me1, H3K4me2, H3K4me3, H3K9ac (all from
Millipore), H3R17me2 (Abcam), and H3K27ac (LP Bio). After being in-
cubated for 1 h, the slides were washed three times with PBS and incu-
bated with secondary antibodies (Molecular Probes). Slides were stained
with 0.01 mM 4=,6-diamidino-2-phenylindole (DAPI) to detect nucleic
acids. Slides were mounted with Vectashield (Vector Laboratories) and
analyzed with a DeltaVision Core microscope (inverted Olympus model
IX71; Albert Einstein College of Medicine Analytical Imaging Facility).

Histone sample preparation. Histone samples were prepared using
an acid extraction protocol (59) with modifications (see Text S1 in the

supplemental material). Approximately 5 � 108 fresh or frozen parasites
were lysed in 1 ml of lysis solution composed of 0.25 M sucrose, 1 mM
EDTA, 3 mM CaCl2, 0.01 M Tris HCl (pH 7.4), and 0.5% saponin and
protease inhibitors. Histones were solubilized by the addition of 1 ml of
0.4 N HCl. Acid-soluble proteins were recovered by adding 8 volumes of
acetone to the supernatant and precipitating them overnight at �20°C.
The resultant histone-enriched pellet was resuspended in 30 to 50 �l of
ultrapure water.

Proteomic analysis of histone preparations. Full details of the pro-
teomics sample preparation and analysis are in the supplemental material.
Four complementary proteomic approaches were used to analyze the hi-
stone PTM (Fig. 1 and Text S1 in the supplemental material) using the
high-resolution LTQ Orbitrap Velos mass spectrometer. These included
(i) in-solution digestion with trypsin followed by 2D LC-MS/MS analysis
by higher-energy collisional dissociation (HCD), electron transfer disso-
ciation (ETD), or collision-induced dissociation (CID); (ii) separation of
histone acidic extracts by SDS-PAGE and in-gel trypsin digestion followed
by 2D LC-MS/MS; (iii) in-solution Asn-N digestion followed by
1-dimensional (1D) LC-MS/MS with ETD analysis; and (iv) middle-
down fractionation of histone acidic extract by off-line HPLC and in-
solution Asp-N digestion, followed by 1D LC-MS/MS with ETD analysis.

Data analysis. MS/MS raw data were converted to text files (Mascot
generic files [mgf]) with Proteome Discoverer 1.10 (Thermo Fisher Sci-
entific Inc.). MS/MS searches were routinely performed against a human
protein database as well as the T. gondii protein database (60). Since
searches with large MS/MS data files against both T. gondii and human
protein databases for the identification of all possible varieties of histone
posttranslational modifications are time- and CPU-intensive, we used a
two-step search strategy to accelerate and facilitate the searches. Mascot
searches were first performed against a limited protein database com-
posed of sequences of T. gondii histones H3, H4, H2A, and H2B, as well as
the variant histones H3.3, H2Bv, H2A.Z, H2A.X, and CenH3 and a po-
tential H1 (TgME49_115570). Mascot searches were repeated using dif-
ferent combinations of PTM (see Text S1 in the supplemental material for
details). The peptide mass tolerance used was 20 or 40 ppm, and the
product mass tolerance was �0.1 Da for product ions (for HCD or ETD,
when Orbitrap was used for MS/MS) and �0.25 Da (for CID, when an ion
trap was used for MS/MS).

All MS/MS spectra matching those of posttranslationally modified
histone peptides were extracted from the original mgf and combined into
a new mgf for a second search using the same search parameters as the first
search (described in Text S1 in the supplemental material) against a com-
bined protein database comprised of all protein sequences of T. gondii and
humans.

All spectra for the possible hits of T. gondii histone peptides containing
posttranslational modifications were inspected manually. To accept the
identification of an MS/MS spectrum as a modified T. gondii histone
peptide, the following criteria were used: (i) the MS/MS spectrum was
identified as a histone peptide of T. gondii in the second database search,
(ii) the observed peptide mass error was within �7 ppm of the theoretical
peptide mass (the observed MS/MS fragment mass error was within
�0.1 Da [when Orbitrap was used for MS/MS] or 0.25 Da [when the ion
trap was used for MS/MS]), (iii) the MS/MS spectrum had 5 or more
consecutive N-terminal or C-terminal fragment ions that matched the
theoretical fragment ions, and (iv) more than 80% of major fragment ions
matched N-terminal or C-terminal fragment ions.

The overall peptide false-discovery rate was 3.8% (based upon results
of a Mascot decoy database search), and a list of the peptide masses,
including their errors, is provided in Table S1 in the supplemental mate-
rial.

MS/MS spectra of the identified modified histone peptides for each
histone (H2A, H2B, H3, and H4) and histone variant (H2Bv, CenH3,
H2A.Z, and H2A.X) are available for download at http://fiserlab.org
/biodefense/ (EPICdB) under Downloads. The peptide sequence and ob-
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served m/z and charge state of a precursor ion are shown for each modified
peptide.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.00922-13/-/DCSupplemental.

Figure S1, TIF file, 1.5 MB.
Figure S2, TIF file, 1.6 MB.
Figure S3, TIF file, 0.6 MB.
Figure S4, TIF file, 1.9 MB.
Figure S5, TIF file, 0.1 MB.
Figure S6, TIF file, 0.3 MB.
Figure S7, TIF file, 1.9 MB.
Figure S8, TIF file, 0.4 MB.
Table S1, XLSX file, 0.1 MB.
Text S1, DOCX file, 0.1 MB.
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