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ABSTRACT

Trypanosomes diverged from the main eukaryotic
lineage about 600 million years ago, and display
some unusual genomic and epigenetic properties
that provide valuable insight into the early pro-
cesses employed by eukaryotic ancestors to regu-
late chromatin-mediated functions. We analysed Try-
panosoma brucei core histones by high mass accu-
racy middle-down mass spectrometry to map core
histone post-translational modifications (PTMs) and
elucidate cis-histone combinatorial PTMs (cPTMs).
T. brucei histones are heavily modified and dis-
play intricate cPTMs patterns, with numerous hy-
permodified cPTMs that could contribute to the for-
mation of non-repressive euchromatic states. The
Trypanosoma brucei H2A C-terminal tail is hyper-
acetylated, containing up to five acetylated lysine
residues. MNase-ChlIP-seq revealed a striking en-
richment of hyperacetylated H2A at Pol Il transcrip-
tion start regions, and showed that H2A histones
that are hyperacetylated in different combinations
localised to different genomic regions, suggesting
distinct epigenetic functions. Our genomics and pro-
teomics data provide insight into the complex epige-
netic mechanisms used by this parasite to regulate a
genome that lacks the transcriptional control mecha-
nisms found in later-branched eukaryotes. The find-
ings further demonstrate the complexity of epige-

netic mechanisms that were probably shared with
the last eukaryotic common ancestor.

INTRODUCTION

Trypanosoma brucei is a flagellated parasitic protozoan that
causes human African trypanosomiasis and Nagana in live-
stock, and is transmitted to the mammalian host during
a blood meal by a tsetse fly of the Glossina genus (1). As
the parasite cycles between the mammalian host and the
insect vector, it differentiates into different life cycle stages
including the mammalian infective bloodstream form (BF)
and the procyclic form (PF) in the midgut of the tsetse fly
(2). These life-cycle transitions are accompanied by ma-
jor changes in metabolic pathways, mitochondrial activ-
ity, and gene expression programs. Although the number
of yearly reported infections has steadily declined over the
past decade, it is estimated that there are ~60 million peo-
ple at risk of contracting this disease in sub-Saharan Africa
(3,4). This number may increase drastically by 2040 due to
a change in the vector distribution footprint brought on by
global warming (3,5).

It is generally accepted that the last eukaryotic com-
mon ancestor (LECA) arose some 1.8 billion years ago
(6). The subsequent expansion in cellular complexity was
typically associated with an increase in genetic informa-
tion encoded in DNA, which, in turn, required more DNA
to fit into the relatively small nucleus (7). This extreme
degree of DNA compaction is accomplished by spooling
~146 bp of DNA in two negative supercoils onto a his-
tone octamer to condense the polyanionic DNA and form
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a nucleosome, where arrays of nucleosomes are packaged
into higher-order levels of folding. The nucleosome is the
basic structural unit of chromatin, and an ancient evolu-
tionary adaptation shared between Archaea and Eukarya
(8,9).

The Excavata superclade, which contains the order 7ry-
panosomatida, separated from the main eukaryotic lineage
some 600 million years ago (10,11). It is conceivable that
because of this early divergence, trypanosomes lack many
of the conserved transcription factors identified in later-
branched eukaryotes (12). In addition, they exhibit some
unusual genomic characteristics such as the relative lack of
clearly identifiable RNA polymerase II (Pol II) promoter
and other regulatory DNA sequences, and there is con-
stitutive genome-wide polycistronic Pol II-mediated gene
transcription. There is also highly unusual transcription of
protein-coding genes by Pol I (13-15).

The Pol II transcribed region of the 7. brucei genome
is arranged as long, non-overlapping, polycistronic tran-
scription units (PTUs) separated by strand switch regions
(SSRs) (16). During mRNA maturation, a 39 nt spliced
leader RNA (SL RNA) sequence is trans-spliced to the 5
end of each protein-coding transcript. The SL RNA arrays,
located on chromosome 9, are transcribed at high rates by
Pol 11, and these high levels of SL RNA expression ensure
that it is not a rate-limiting factor in mRNA maturation
(17-19). Transcription of trypanosomal PTUs can initiate
either at divergent SSRs (dSSRs) between divergently tran-
scribed gene clusters or, alternatively, at internal start sites
(ISSs) where tandem gene clusters are arranged head-to-tail
(20,21).

T brucei relies to a great extent on its epigenome to carry
out chromatin-mediated regulation achieved through de-
position of histone variants and histone post-translational
modifications (PTMs), which can confer structural changes
in chromatin to delineate and control genomic function
(19,22,23). Transcription initiation regions at the dSSRs are
marked by nucleosomal incorporation and acetylation of
H2A.Z and H2B.V histone variants, as well as deposition
of H3K4me3 and H4K 10ac, among other epigenetic marks
(21,24,25). A recent systematic analysis of 7. brucei chro-
matin factors found that 15 chromatin reader proteins, in-
cluding six bromodomain proteins (BDFs) and three hi-
stone acetyl transferases (HATSs), were enriched at puta-
tive Pol II transcription start regions (26). Pol II transcrip-
tion terminates at convergent SSRs (cSSRs), marked by
H3.V and H4.V histone variants, and at tandem head-to-
tail PTUs where Pol II transcription needs to terminate and
then reinitiate (21). Transcriptional termination is also in-
fluenced by the presence of an rRNA or tRNA gene that
presents a steric hindrance to a transcribing Pol IT complex
(21).

Histones are among the most conserved proteins in eu-
karyotes. However, 7. brucei histones diverge sharply from
those of other eukaryotes, especially in the N- and C-
terminal tail regions (27). This divergence makes trypanoso-
mal epigenetic processes an attractive target for the develop-
ment of epigenetic therapies to treat sleeping sickness. In-
deed, it was demonstrated that epigenetic therapeutics tar-
geting histone and non-histone epigenetic modifiers in Plas-

modium falciparum showed transmission-blocking potential
(28).

Although trypanosomes diverged very early from the
main eukaryotic lineage, they do possess the fundamental
chromatin-modifying machinery. Previous studies revealed
the presence of 173 PTMs on canonical and variant his-
tone isoforms in 7. brucei (25,29-34). A recent study that
employed a novel approach to identify Pol II transcription
start site (TSS) and non-TSS specific core histone PTMs
found that nucleosomes at TSS are highly acetylated (25).
TSS-associated nucleosomes were found to contain hyper-
acetylated H2A.Z and H2B.V, and N-terminally modified
H3 and H4 histones which were methylated or acetylated
to varying degrees. Almost no acetylation was detected on
histone H3.V and H4.V variants (25).

Histone PTMs do not necessarily act in a singular fash-
ion to produce a functional readout but can form intri-
cate combinatorial PTM (cPTM) patterns. These can act
in cooperation by modulating the functions of one another
and ‘fine-tune’ chromatin-mediated regulation by recruit-
ment of different chromatin remodelers, or through the dis-
ruption of existing intra- and inter-molecular interactions
(22,23). Therefore, to understand the regulatory roles of hi-
stone PTMs, it is critically important to elucidate their com-
binatorial complexity. The existence of elaborate histone
cPTMs has been demonstrated in a range of eukaryotes,
where they influence gene expression, biological functions,
ageing and disease states (35-38). A study by Mandava and
colleagues indicated the presence of cPTMs on short tryp-
tic histone peptides in 7. brucei, where multiple acetylation
marks were observed on C-termini of H2A peptides (31).
These data point toward the existence of cPTM patterns
on 7. brucei histones where neither the combinatorial his-
tone modification repertoire nor the functional importance
is known.

To investigate the epigenetic histone repertoire of 7. bru-
cei, we undertook a middle-down tandem mass spectromet-
ric (MS) analysis of acid extracted core histone isoforms.
This technique relies on the LC-MS/MS analysis of long
peptides that enables unambiguous mapping of multiple co-
existing PTMs present on the same histone molecule (37).
Our analyses revealed 203 individual PTMs, of which 94 are
novel, and identified 110 distinct combinatorial PTM pat-
terns. Analysis of the genomic distribution of hyperacety-
lated H2A cPTMs revealed a striking enrichment at Pol 11
TSSs, suggesting a link between cPTM deposition and tran-
scription. This is, to the best of our knowledge, the first time
cPTMs have been studied in 7. brucei, and suggests that the
utilization of histone cPTMs pre-dates the split between Ex-
cavata and Unikonts.

MATERIALS AND METHODS
Trypanosome strains and culture

BF T brucei brucei 427 Smox B4 was cultured in vivo in rats
(39). For core histone extraction from BF trypanosomes,
Swiss Albino rats were inoculated intra-peritoneally with
1 x 10* trypanosomes, and monitored for parasitemia
post-infection using the Herbert and Lumsden matching
method (40). At the parasitemia peak (10® cells/ml) ani-



mals were exsanguinated, and blood collected by cardiac
puncture into heparinised vacutainers, yielding 8-10 ml
blood/animal. Trypanosomes were purified using DEAE
anion exchange chromatography yielding ~9 x 10! par-
asites per sample (41). PF 7. brucei 427 cells were cultured
at 27°C in SDM-79 medium (SDM-79, 2 g/1; NaHCOs;, pH
7.3), supplemented with 10% v/v fetal calf serum (FCS) and
5 pg/ml hemin (42).

For MNase-ChlIP-seq, BF 7. brucei (S16 221 Puro)
was cultured in HMI-9 medium supplemented with 15%
v/v FCS, 0. mM PB-mercaptoethanol, and 0.2 pg/ml
puromycin at 37°C with 5% CO, as previously described
(43). PF trypanosomes were cultured as described above.

Core histone isolation

Core histones were extracted using an acid extraction proto-
col adapted for T brucei (44). In brief, 1 x 10'® and 1 x 10°
cells/sample were harvested for BF (n = 11) and PF (n =9)
trypanosomes, respectively. Cells were resuspended in 1 ml
Buffer A (0.25 M sucrose; 1 mM EDTA; 3 mM CaCl,; 10
mM Tris—HCI pH 7.4; 0.5% v/v saponin), and centrifuged
for 10 min at 4000 RCF, 4°C. The pellet was resuspended in
1 ml Buffer B (0.25 M sucrose; | mM EDTA; 3 mM CaCl,;
10 mM Tris—HCI pH 7.4), and centrifuged for 10 min at
4000 RCEF, 4°C. The resulting pellet was resuspended in 1
ml Buffer C (1% v/v Triton X-100; 0.15 M NaCl; 25 mM
EDTA; 10 mM Tris—HCI pH 8.0), and centrifuged for 20
min at 12 000 RCF, 4°C. The pellet was washed three times
in 1 ml 100 mM Tris—HCI (pH 8.0) and pelleted at 12 000
RCEF, 4°C for 5 min. The chromatin pellet was resuspended
in 600 pl of 0.4 N H,SO4. An Eppendorf Dounce homoge-
nizer was used to solubilize histones from chromatin, and
samples incubated at 4°C for 6 h under rotation. Acid-
soluble proteins were recovered by centrifugation at 10 000
RCEF for 15 min, 4°C. The supernatant volume was deter-
mined (~500 pl per sample), transferred to a fresh tube, and
trichloroacetic acid (TCA) added to a final concentration of
33% (w/v). Samples were incubated overnight at 4°C under
gentle agitation and pelleted at 16 000 RCF, 10 min, 4°C.
The pellet was washed three times with ice-cold (—20°C)
acetone and centrifuged at 16 000 RCF, 5 min, 4°C. Pellets
were air dried for 10 min, and stored at —80°C. Protease
inhibitors were added to all buffers just before use and in-
cluded 0.1 mM PMSF, 10 mM sodium butyrate, protease
inhibitor cocktail (cOmplete mini, EDTA-free, Roche), and
phosphatase inhibitors (Halt Protease and Phosphatase In-
hibitor Cocktail, Thermo Scientific) per the manufacturer’s
instructions.

Proteolytic digestion

Histone pellets were resuspended in 50 wl ddH,O by soni-
cation (5 min) followed by agitation under rotation for 1 h
at 4°C. This was done four times for a total of four hours,
and insoluble debris pelleted at 16 000 RCF for 10 min,
4°C. Protein concentrations were determined by the BCA
method with a BCA Protein Assay Kit (Thermo Scientific).
For protein digestion and middle-down MS analysis, a total
of 30 g protein/sample was diluted with 75 mM ammo-
nium acetate (pH 4.0) to a final concentration of 1 pg/pl.
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Proteolytic digestion was performed using Glu-C or Asp-N
endoproteinases (Calbiochem) with an enzyme:sample ra-
tio of 1:20 and 1:40, at room temperature and 37°C, for 6
h and overnight, respectively.

Nano-LC MS/MS

Peptides were separated using a nanoliter-flow Ultimate
3000 HPLC system (Thermo Scientific) as previously de-
scribed (37). The nano-LC was equipped with a two-column
set-up comprised of a 5 cm pre-column (100 pm internal
diameter) packed with C;g bulk material (ReproSil, Pur
C18AQ 5 wm), and an 18 cm analytical column (75 pm in-
ternal diameter) packed with PolycatA resin (3 um particles,
1500 A; PolyLC, Columbia, MD, USA). Sample loading
buffer contained 0.1% (v/v) formic acid in ddH,O. Buffers
A and B were prepared as previously described (36). Pep-
tides were separated using a gradient of 100% Buffer A (75%
v/v acetonitrile (ACN); 20 mM propionic acid; pH 6.0) for
10 min, followed by 30-95% Buffer B (25% v/v ACN; pH
2.5) for 105 min, and 95-100% Buffer B (10 min) for column
washing. The flow rate for analysis was set to 230 nl/min.
The nano-LC was coupled in line with an Orbitrap Fusion
ETD MS controlled by Xcalibur software (Thermo Scien-
tific). A nano-electrospray ion source was used with spray
voltage set at 2.4 kV and capillary temperature set at 275°C.
Data acquisition was performed in the Orbitrap instrument
for precursor and product ions, with a mass resolution of
60 000 for MS and 30 000 for MS/MS. The MS acquisition
window was set at m/z 400—750 with dynamic exclusion dis-
abled. Precursor ion charges for MS/MS fragmentation was
set to 5-12, and isolation width was set at 2 m/z units. The
six most intense precursor ions (MS signal > 5000 counts)
were isolated for ETD MS/MS fragmentation, with an ac-
tivation time of 20 ms. Three microscans were used for each
MS/ MSS spectrum, with automatic gain control target set to
2 x 10°.

Middle-down MS data processing and analysis

MS data files were processed with Proteome Discoverer
(v2.4, Thermo Scientific), spectra deconvoluted with the
Xtract tool (Thermo Scientific) and searched using Mascot
(v2.7.0.1, Matrix Science, London, UK). Mascot searches
were carried out with the following parameters: MS peptide
mass tolerance: 1.05 Da; MS/MS fragment mass tolerance:
£0.015 Da; enzyme: Glu-C or Asp-N with no missed cleav-
ages; Mass values: monoisotopic; Dynamic modifications:
N-terminal acetylation, mono- and di-methylation (K, R),
tri-methylation (K), acetylation (K), oxidation (P,M,W,Y),
and phosphorylation (T,S). To search the MS/MS spectra,
canonical and variant histone protein sequences encoded
in the 7. brucei 427 genome were retrieved from TriT-
ryDB (v25, http://tritrypdb.org/tritrypdb/) and used to
construct a custom protein database that included (protein:
GenelD): H2A: Tb427.07.2830; H2A.Z: Tb427.07.6360;
H2B: Tb427.10.10460; H2B.V:  Tb427tmp.02.5250;
H3: Tb427.01.2430; H3.V: Tb427.10.15350; H4:
Tb427.05.4170; and H4.V: Tb427.02.2670.
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PTM site validation, quantitation, spectral visualization and
alignments

Mascot search results were exported to an XML format file
and processed with Histone Coder using a tolerance of 30
ppm. Only PTMs with at least one bordering site deter-
mining ion were accepted for further analysis (37). Mas-
cot search results were exported to a DAT format file. Pep-
tide spectrum matches verified by Histone Coder were gen-
erated and visualized using the Mascot Spectrum viewer.
Mass spectra of newly identified PTMs are shown in Sup-
plementary Tables S1-S8. For the canonical histones iden-
tified, the percentage of modified peptides as compared to
unmodified peptides was estimated for selected representa-
tive samples. For each sample an average MS1 spectrum was
created across the retention time 30-160 min (Thermo Sci-
entific FreeStyle), and the relevant MS1 peaks were then
identified for the major assigned proteoforms, based on
the m/z and the characteristic pattern of 14.02 Da/z in-
crements. The percentage of each major proteoform rel-
ative to the total amount of major proteoforms for each
peptide was calculated by using the signal to noise (S/N)
value for each peak (Supplementary Tables S1, S3, S5, S7).
Applying the same type of calculations for the sum inten-
sity of the deconvoluted average MS1 spectrum (Xtract)
gave similar results. Sequence alignments for core histones
from Trypanosoma brucei, Trypanosoma cruzi, Homo sapi-
ens, Saccharomyces cerevisiae, Schizosaccharomyces pombe,
Drosophila melanogaster and Mus musculus are provided on
sheet 1 of Supplementary Tables S1, S3, S5 and S7. Se-
quence alignments were performed using Clustal Omega
(45).

Antibody generation

Polyclonal  antibodies  were  raised in  New
Zealand white rabbits against histone
H3 and hyperacetylated H2AK115ac and
H2AK125ac using K s KSKKASKGSDAAS;C,
L113NK | 15:c ALAKK 1202c QK 122 SGKHAC and
Li13NKALAKK;204:QK224eSGK 25, HAC synthetic

peptides, respectively (GenScript Incorporated, Piscataway,
USA). Antibodies were affinity purified and the titer, speci-
ficity, and cross-reactivity determined via indirect ELISA
(Supplementary Table S9, sheet1) (GenScript Incorporated,
Piscataway, USA). Antibody specificity was verified against
an unmodified LNK115ALAKK120QK1225GK125HAC
peptide, as well as hyperacetylated peptides. Further
information on hyperacetylated H2A antibody generation,
synthetic peptide sequences used to raise antibodies,
indirect ELISAs performed, as well as antigenic plots are
shown in Supplementary Table S9, sheet 1.

Peptide-based competition assay and dot blots

Histones were acid extracted as described above, 5 wg total
protein run on a 10% SDS-PAGE and transferred to PVDF
membrane. Antibodies were incubated with unmodified or
differentially modified peptides for 1 hin 1% blocking buffer
at room temperature with gentle agitation. Western blot-
ting was carried out according to standard protocols. The
following primary antibodies were used: a-H2AK125ac

(1:1000), a-H2AK115ac (1:1000) and «-H3 (1:5000). Goat
anti-rabbit horseradish peroxidase coupled secondary an-
tibodies were used, developed using Clarity Western ECL
substrate (Bio-Rad). For dot-blot analysis, 5 g unmodi-
fied or differentially modified peptides were spotted onto
a PVDF membrane and probed with either a-H2AK 125ac
or a-H2AK 115ac antibodies and developed using a Pierce
Fast Western Blot kit, according to manufacturer’s instruc-
tions. Anti-histone H3 was used as loading control (Abcam
ab1791).

MNase-ChIP-seq

A native ChIP (N-ChIP) approach was applied as previ-
ously described (44). In brief, 2.5 x 10® cells per sample
were harvested and chromatin digested with 4 U MNase
(Worthington Biochemicals) at 37°C for 5 min. Digested
chromatin was diluted 10 times using ChIP dilution buffer
(0.01% SDS; 1.1% v/v Triton X-100; 1.2 mM EDTA; 16.7
mM Tris—HCI, pH 8.1), and 200 pl retrieved from each
sample as input DNA. The solution was precleared with
60 w1 protein A coupled magnetic beads (Dynabeads, In-
vitrogen) whereafter 10 wg antibody («-H3: n = 1 BF and
PF; «a-H2AK115ac: n = 1 BF and PF; a-H2AKI125ac:
n = 2 BF and PF) was added to the supernatant and incu-
bated overnight. Following immune-coupling, 80 wl Dyn-
abeads was added and incubated for 2 h at 4°C to collect
the antibody—protein—-DNA complex. Dynabeads were col-
lected using a magnetic rack, the supernatant aspirated, and
washed three times each with 1 ml low-salt buffer (0.1%
SDS; 1% v/v Triton X-100; 2 mM EDTA; 20 mM Tris—
HCI pH 8.1; 150 mM NaCl), followed by high-salt buffer
(0.1% SDS; 1% v/v Triton X-100; 2 mM EDTA; 20 mM
Tris—HCI pH 8.1; 500 mM NacCl), LiCl wash buffer (0.25
M LiCl; 1% v/v NP-40; 1% deoxycholate; 1 mM EDTA;
500 mM NaCl; 10 mM Tris—HCI pH 8.1) and finally six
times with TE buffer (1 mM EDTA; 10 mM Tris-HCI pH
8). The DNA-protein complex was eluted with 400 wl elu-
tion buffer (1% SDS; 0.1 M NaHCOs3). Input DNA sam-
ples were diluted with 10 mM Tris—HCI (pH 8.0) to a final
volume of 400 pl. DNA was released from the histone oc-
tamer by proteinase K digestion and phenol:chloroform ex-
traction, followed by ethanol precipitation. DNA fragments
were sequenced using 125 nt paired-end methodology (Illu-
mina) as previously described (46).

Bioinformatics data analysis

Trim_Galore! was used for quality trimming, adapter clip-
ping, and quality control with minimum and maximum
read lengths set to 115 and 125 bp, respectively (47). FastQC
was used to assess sequence quality after trimming, and
trimmed reads re-aligned to the 7. brucei 427 genome (v37,
http://tritrypdb.org/tritrypdb/), with Bowtie 2 using default
settings (48,49). The Bowtie 2 alignment files were ana-
lyzed for read enrichment using MACS2 with a user-defined
genome size (26.75 Mb); 200 nt fragment size for shift-
ing model; minimum false discovery rate: >0.01; compos-
ite broad regions: true (50). Bowtie 2 as well as MACS2
output files were visualized with Integrated Genome Viewer
(IGV) (51,52). A graphical representation of the workflow
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is given in Supplementary Figure S1. Bioinformatics analy-
ses was done on the Galaxy platform (53). The workflow is
publicly listed and searchable in Galaxy’s published work-
flows section (‘reads to peaks’), and can be accessed at https:
[lusegalaxy.eu/u/jpm/w/reads-to-peaks. Data on NGS se-
quence reads and realignment are shown in Supplementary
Table S9, sheet 2. Heatmaps were generated using deeptools
(54). For SSR heatmaps, reads were aligned in 10 kb regions
up- and downstream relative to the center of the SSRs. For
ISS heatmaps, regions were grouped based on strandedness
and aligned in 10 kb regions up- and downstream relative
to the ISS start.

RESULTS
Identification of core histone post-translational modifications

Acid extraction of nuclear proteins allows the enrichment
of core histones with minimal contamination from other
major nuclear molecules (55). This facilitates extraction of
all core histone isoforms regardless of their genomic distri-
bution. Aiming at a comprehensive characterization of the
T. brucei histone modification landscape, including combi-
natorial PTMs, we first optimized a histone protein diges-
tion strategy that would allow for the generation of long
histone peptides. To this end, we took advantage of prote-
olytic digestion of histones with endoproteinase Glu-C or
Asp-N which produces large peptides of 21-69 amino acids
in length (Supplementary Tables S1-S8, sheet 1). These
long peptides are amenable to middle-down mass spectro-
metric sequencing and mapping of single and combinato-
rial PTMs (37). The differentially modified histone pep-
tide proteoforms were then separated using weak cation
exchange-hydrophilic interaction chromatography (WXC-
HILIC) and fragmented using electron-transfer dissocia-
tion (ETD). Application of this approach on BF and PF
T. brucei acid extracted histones identified 203 PTMs, of
which 109 were previously described and 94 novel modifi-
cations were identified. These included 66 mono-, 41 di-, 34
tri-methylation, 39 acetylation, 16 phosphorylation and 7
hydroxylation marks (Figure 1). Previously identified PTMs
not detected by our analysis are indicated in Supplementary
Table S9, sheet 3.

Modifications of 7. brucei histone H2A isoforms

Histone H2A was the most densely modified of the eight
core histone isotypes. We mapped a total of 48 PTMs to
H2A, of which 31 are newly identified (Figure 1A). The
majority of H2A modifications were observed on the N-
and C-terminal tails, although four were mapped to residues
in the globular domain. H2A N-terminal lysines K4, K8,
K9, K12 and K20 were modified to various degrees with
acetylation, mono-, di- or tri-methylation marks. The ma-
jority of the N-terminal H2A modifications have not been
previously documented for these H2A lysine residues in 7
brucei, with the exception of Kdac, K12me3 and K20ac
(25,31,34). Three of these N-terminal H2A lysines align
with known sites of H2A modification in other eukary-
otes. T. brucei H2A K4 aligns with H. sapiens H2A K5
and S. cerevisiae H2A K4. These lysine residues are as-
sociated with transcriptional activation in their acetylated
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states, which is mediated by the HAT1 acetyltransferase
(56,57). T. brucei H2A K12 aligns with S. cerevisiae and H.
sapiens H2A K13 where it has been observed to be either
mono-methylated or acetylated (56). Arginine 17 displayed
mono- and di-methylation modifications which have not
previously been observed at this residue in trypanosomes.
We observed multiple phosphorylation marks on the N-
terminus of H2A at positions T2, S11, S15, S16 and S18.
These polar amino acids are located on the side of the nu-
cleosomal disk and are involved in protein folding (8). Phos-
phorylation of these residues may alter chromatin structure
by interfering with tertiary structure formation, similar to
those observed at the H2A C-terminal serine and threonine
residues (58).

Hydroxylation of tyrosine residues in histones has been
observed in a range of eukaryotes, from humans to the re-
lated 7 cruzi. In T. brucei, we detected tyrosine hydrox-
ylation at H2A Y39 and Y50 globular domain residues,
one of which (Y50) forms part of a hydrophobic pocket
associated with the acidic patch (59). The acidic patch is
an electronegative cleft formed by seven glutamic acid and
one aspartic acid residue on the histone H2A-H2B dimer
and creates a binding interface on the nucleosomal sur-
face (8). Three additional H2A residues (Y50, V54 and
Y57) form a hydrophobic pocket that contributes to inter-
nucleosomal interactions to form higher-order chromatin
structures (59). The overall hydrophobicity of tyrosine
residues is somewhat tempered by the polar hydroxy group
on carbon 4 (60). Additional hydroxylation, as observed
on 7. brucei H2A Y50, could further mitigate the rela-
tive hydrophobicity of the hydrophobic pocket and may af-
fect inter-nucleosomal interaction facilitated by the acidic
patch.

We also observed K78 and R90 in acetylated and mono-
methylated forms in the globular domain of H2A, respec-
tively. TbR90 aligns with human R88, which was found to
be mono-methylated. Methylation of this arginine residue
will perturb the pKa of the side chain and influence the his-
tone:DNA interactions (61,62). We detected mono- and di-
methylation of R100 and R106 on 70 brucei H2A, but these
residues do not appear to have orthologous residues in other
eukaryotes.

The H2A C-terminal tail contains multiple lysine
residues that can interact with DNA near the nucleosome
termini (8,63). We found that H2A C-terminal K115, K119,
K120, K122, K125 and K128 were all highly modified, with
acetylation and methylation species observed on these ly-
sine residues. These H2A C-terminal lysines are important
in DNA binding, where the basic side-chains interact with
the negatively charged DNA phosphate backbone (63). We
observed four phosphorylation marks on the C-terminal
tail of H2A at residues S105, S112, S123 and S132. T. brucei
H2A S123 corresponds to S. cerevisiae S121 and S. pombe
S122, which have been shown to be involved in a range of
functions such as the DNA damage response, telomere si-
lencing, and chromosomal stability (64—66).

We mapped seven PTMs on the tails of the histone
H2A.Z variant (Figure 1B). Tri-methylation was detected
at H2A.Z lysine K35 and K43, while the H2A.Z residues
K31, K35 and K59 were acetylated. On the C-terminal tail,
lysine K164 and K168 were acetylated.
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Figure 1. Schematic overview of post-translational modifications identified on canonical and variant core histones in 7. brucei. (A) H2A, (B) H2A.Z, (C)
H2B, (D) H2B.V, (E) H3, (F) H3.V, (G) H4, (H) H4.V. All histone PTMs were identified using middle-down mass spectrometric analysis, and validated
using Histone Coder. Lettering in light grey indicates histone tails while letters in black indicate histone fold regions. Different symbols indicate the histone
modifications, with those marked with black outlines indicating novel PTMs identified in this study. Supplementary Tables S1-S8 provide mass spectra of
all PTMs identified in this study, while Supplementary Table S9 sheet 3 shows PTMs identified in the present and past studies.

Modifications of 7. brucei histone H2B isoforms

The T brucei histone H2B isoforms are the most divergent
of the four core trypanosomal histones (67). On H2B, we
detected 12 PTMs of which four were novel (Figure 1C).
H2B lysines were mono-methylated at K4, K9, K12, K15
and K48, with acetylation observed at K48, while arginine
11 was mono-methylated. We detected hydroxylation of ty-
rosine on H2B at Y28, a conserved modification also seen
in 7! cruzi, and a possible analogue to hydroxylated tyrosine
39 on H2B in humans (61). 7. brucei H2B only shares ~48%
identity with other eukaryotic H2Bs and the N-terminal tail
appears truncated when compared to that of S. cerevisiae.
Investigation of H2B phosphorylation in budding yeast,
fruit flies, mice, and humans has uncovered an association
with a wide range of functions, including DNA fragmenta-
tion, double-stranded breaks, activation of stress-response
genes, as well as apoptosis, all of which have been linked
to phosphorylation of H2B polar amino acids (57,68-70).
T. brucei H2B appears to be similarly modified, with phos-
phorylation observed on threonine (T2, T6, T24) and serine
(S38) residues. Two of these H2B PTMs are conserved in
trypanosomes, with phosphorylated T2 and T24 observed
in T cruzi (71,72). T. brucei H2B T24 aligns with phos-
phorylated D. melanogaster H2B S33, which is mediated by
the carboxyl-terminal kinase of TAF1 and is involved in
transcriptional activation (56,57,73). Four phosphorylation
modifications were observed on peptides that include S35,
S38, S41, T43, T46 and S52 residues in the globular domain
of H2B. However, incomplete fragmentation of these pep-
tides did not allow unambiguous placement of these modi-
fications.

On histone H2B.V, we detected 16 modifications of which
three have not been described previously (Figure 1D).
As observed with H2A.Z, H2B.V appears less modified
compared to the canonical counterpart in later-branched
eukaryotes, in agreement with observations in 7. cruzi
(34,71,72). Novel PTMs identified include H2B.V Plac,
R8me2 and K17mel.

Modifications of 7. brucei histone H3 isoforms

On histone H3, we identified 50 PTMs of which 26 have
not been reported before (Figure 1E). We observed mono-
or di-methylation on multiple H3 N-terminal and globular
arginine residues at residues R2, RS, R36, R37, R39, R46,
R49 and R66. T brucei H3 R2 and R8 align with conserved
R2 and RS residues on human H3, which have been linked
to gene expression and transcriptional repression in their
methylated forms, respectively (56). All-atom molecular dy-
namics simulations of the nucleosome core particle (NCP)
found that a region of histone H3 (residues H39 to R49)
acts as a ‘latch’ by holding the nucleosomal DNA ends at-
tached to the underlying DNA gyre (74). Disruption of the
interactions between the H3 latch and the DNA end lead
to DNA breathing, unwrapping, or sliding. The H3 latch
region is conserved across the eukaryotic lineage (see his-
tone H3 alignments in Supplementary Table S5, sheet 1).
Three arginine latch residues (R40, R42 and R49) stabilize
the NCP by interacting with the backbone or minor groove
of the DNA molecule (74). These arginines are conserved
in 7. brucei (R37, R49 and R46), all of which were found
to be mono-methylated. Methylation of these residues may



cause destabilization of the NCP, as methylation of R42
(R39 in T. brucei) is predicted to cause DNA unwrapping
at the DNA entry site to the nucleosome, leading to DNA
‘breathing’ (75). In H. sapiens, mono-methylation of H3
K56 is mediated by the G9a methytransferase and is associ-
ated with DNA replication (76). This residue aligns with 70
brucei R53, a conservative amino acid substitution, which
was found to be mono-methylated.

H3 lysine K4 was mono-, di, or tri-methylated as previ-
ously observed (25). Tri-methylated H3 K4 marks canoni-
cal Pol Il TSSs in 7. brucei and was found to be enriched
on H2A.Z:H2B.V containing nucleosomes (77). This his-
tone mark appears to be conserved on eukaryotic H3 hi-
stones and is a known mark for transcriptional activation
in humans (56). We observed H3 N-terminal lysine residues
K10, K11, K16,K17, K19, K20 and K23 in mono-, di-, tri-
methylated and acetylated states.

The T brucei H3 N-terminal tail diverges sharply from
that of later-branched eukaryotes, sharing only ~32% iden-
tity and lacks the near-universally conserved H3K9 which
is associated with contrasting functions depending on its
modification state. In its tri-methylated state, it is involved
in transcriptional repression via heterochromatin formation
mediated by the chromatin-modifying enzyme heterochro-
matin protein 1 (HP1) (78). Conversely, acetylated H3 K9
promotes transcriptional activation mediated by the acetyl-
transferases GenS and SAGA (79). It is unclear whether 7
brucei H3 K10 or K11 is a possible functional equivalent
of H3 K9 in later-branched eukaryotes, as the surrounding
amino acid sequence is notably different, suggesting inter-
action with structurally distinct protein surfaces. An inter-
esting finding is that these residues were only observed to
be acetylated in BF cells, which may indicate their possible
involvement in life-cycle specific epigenetic functions.

T brucei H3 K19 aligns with S. cerevisiae and H. sapiens
H3 K23ac, a known mark of transcriptional activation me-
diated by SAGA and CBP chromatin remodellers (79,80).
T brucei H3 K23 aligns with H3 K27 in budding yeast
and fruit fly where it has been linked to various functions
depending on the modification status. These include en-
hancer function and gene expression when acetylated, and
Polycomb repression and X-chromosome inactivation when
methylated (56,81,82).

At T brucei H3 K32 all three methylation states were
observed. This H3 residue aligns with budding yeast and
mouse K36 where it is involved in SETD2 mediated tran-
scriptional activation when methylated, and SET2 medi-
ated gene repression when di-methylated in S. cerevisiae
(56,83-86). In the H3 globular domain, we found K61 to
be mono-, di- or tri-methylated or acetylated. 7. brucei
H3 K61 aligns with H3 K64 in mouse and humans where
it is involved in transcription and nucleosome dynamics
when acetylated, and pericentric heterochromatin forma-
tion when tri-methylated (56,87,88). Phosphorylated serine
was observed on 7. brucei H3 at S25 and S29, a possible
analogue for the mammalian histone H3.3 mitosis-specific
phosphorylated S31 (56).

We observed five PTMs on histone H3.V, of which two
(acetylated A1 and mono-methylated K4) mapped to the
N-terminal tail (Figure 1F). In the globular domain, lysine
K82 was found to be tri-methylated or acetylated.
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Modifications of 7. brucei histone H4 isoforms

Trypanosomal H4 is the most conserved of the core hi-
stones. In this study, we mapped 45 PTMs to H4, of
which 18 are novel (Figure 1G). The H4 N-terminal ly-
sine residues interact with the acidic patch formed by the
H2A-H2B dimer on adjacent nucleosomes and are key me-
diators of inter-nucleosome interactions and formation of
higher-order chromatin (59). We observed that 7. brucei N-
terminal H4 lysine residues K2, K4, K5, K10, K14, K17 and
K18 were mono-, di-, tri-methylated or acetylated. Acety-
lation of the N-terminal lysine residues would disrupt the
formation of salt-bridges between H4 and the acidic patch,
leading to chromatin decondensation (89). It has recently
been demonstrated that depletion of HAT2 in 7. brucei by
RNAI led to a decrease in H4 N-terminal lysine acetyla-
tion at Pol II TSSs, a concomitant reduction of H2A.Z de-
position, and shifts the site of transcription initiation up-
stream (25). Four of these 7. brucei H4 N-terminal lysines
align with conserved H4 residues in later-branched eukary-
otes that have defined functions. In humans H4 K5 acety-
lation, mediated by HAT], is involved in histone deposi-
tion, and in S. cerevisiae is important in cell cycle progres-
sion (56). T. brucei H4 K4, the likely equivalent of H4 K5 in
later-branched eukaryotes, is acetylated by HAT3 and ap-
pears to be acetylated upon nuclear import by a MYST-type
acetyltransferase (90). Trypanosomal H4 K10 aligns with S.
cerevisiae and H. sapiens H4 K12, where it is involved in his-
tone deposition and stress response when acetylated (SETS
mediated) or mono-methylated (HAT1 mediated), respec-
tively (91,92). In T. brucei, acetylated H4 K10 was found to
localize to putative Pol IT TSSs (21).

H4 K14 in trypanosomes aligns with H4 K16 in later-
branched eukaryotes, where it functions as a sequence-
specific transcription factor binding site in mouse and hu-
man (56). T brucei H4 K18 corresponds to K20 in human
and Drosophila H4, which are methylation targets associ-
ated with SETD8 mediated transcriptional silencing and Pr-
SET7 mediated mitotic condensation (93,94). We observed
H4 C-terminal lysine K93 in mono- or di-methylated states.

Methylation of several arginine residues was observed on
the H4 N-terminal tail as well as in the globular domain.
Arginine R21, R25 and R89 were mono- or di-methylated,
while R15, R29, R34 and R91 were mono-methylated. 7
brucei H4 R21 and R33 align with mouse H4 R23 and hu-
man R35, respectively, known sites of arginine methylation
(61,95). Three hydroxylated tyrosine residues were detected
on H4; one in the globular domain at Y49 (analogous to
human Y51 found to be similarly modified), and two on
the C-terminal tail at Y96 and Y98 (61). These hydroxy-
lation marks are conserved in trypanosomes and were also
observed on T. cruzi histone H4 (71).

Histone H4 variants are remarkably rare in eukaryotes
with only a few identified in diverse species like 7. bru-
cei, soybeans, wheat, fungi, ciliates, and recently humans
(96,97). On H4.V, we identified 20 modifications of which
nine are novel (Figure 1H). We detected mono- or di-
methylation on H4.V K10, while lysines K14, K17 and K18
were mono-, di-, or tri-methylated, as previously reported
(25). We mapped mono-methylation marks to the H4.V N-
terminal tail at R15, and to globular region at R21, R25,
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R29,R33and R37. On the H4.V C-terminal tail, lysine K93
was mono- or di-methylated. As observed on canonical H4,
we found three hydroxylated tyrosine residues on H4.V. Of
these three, only Y49 could be mapped to a specific residue.
Although the C-terminal tail peptides displayed hydroxyla-
tion modifications, fragmentation did not allow unambigu-
ous localisation to Y96 or Y98. However, taking into ac-
count the conserved nature of the 7. brucei H4 histone iso-
forms, it is possible that both H4.V Y96 and Y98 residues
may be hydroxylated similar to that observed on canonical
H4.

T. brucei core histones are decorated by various combinatorial
modification patterns

Individual histone PTMs do not always correspond to a
single functional state. Instead, PTMs act in a combina-
torial manner to establish intricate patterns that regulate
genomic functions and other chromatin mediated mech-
anisms through creation of a specific binding surface or
disruption of existing interactions (22,23). The middle-
down MS approach used in this study allows the detec-
tion of complex combinatorial PTM patterns on endopro-
teinase digested histone peptides (37). This technique has
been successfully applied to map cis-histone cPTMs in a
wide range of organisms (38,72,98). Using Histone Coder
(37) to filter and analyze the MS/MS data and unam-
biguously assign PTMs to specific residues, we identified
855 ¢cPTMs, including 110 cPTMs observed in three or
more replicates. A comprehensive list of observed cPTMs
is provided in Supplementary Table S9, sheet 4. It was es-
timated that 76-100% of the N-terminal peptides of H2A,
H2B, H3 and H4 were modified. Relative levels of modi-
fied vs. unmodified peptides are shown for the major his-
tone isotypes in sheet 1 of Supplementary Tables S1, S3, S5,
and S8.

We found that histone H2A is extensively modified with
cPTMs. The majority of cPTM patterns we observed local-
ized to the H2A N- and C-terminal tails, although some
were observed on the globular domains. We identified a to-
tal of 89 cPTMs on H2A, of which 47 were present as bi-
nary marks. The H2A N-terminal tail was mainly decorated
with binary PTMs which largely consisted of a combina-
tion of mono- or di-methylated K/R, and phosphorylated
T/S residues. We observed that mono-methylated K4, K8
and K12 were the most frequently observed modifications
present in H2A N-terminal cPTMs. In combination with
phosphorylated T2, these formed the most frequently ob-
served binary marks identified on the H2A N-terminal tail.
Although we detected H2A K4me3 and K8me3 as singu-
lar PTMs on H2A N-terminal peptides, these modifications
were not observed to form any cPTMs and may, therefore,
function individually.

cPTMs were not evenly distributed between the two tail
regions of H2A, with 71 (79.7%) of the cPTMs localizing
to the C-terminal tail. Acetylated K119, K120 and K122
were the most frequently observed cPTM forming residues
bearing these modifications.

The C-terminal H2A tail contains six lysine residues that
were present in multiple hyperacetylated states, with up to
five acetylated lysines coexisting on the same peptide. Lysine

residues K115, K119, K120, K122 and K125 bore the bulk
of acetylation marks found to form cPTM patterns, with
K119ac and K120ac observed most frequently in hyper-
acetylated H2A peptides. These lysine residues are exposed
to the nucleosomal surface and are important for DNA in-
teraction (8,63). Hyperacetylation of these C-terminal tail
residues would negate the positive charge of the lysine side-
chains and disrupt histone-DNA interactions and nucleo-
somal stability, probably producing a more relaxed, euchro-
matic state amenable to transcription.

Figure 2A shows the top three hyperacetylated
cPTM patterns observed on C-terminal H2A lysine
residues, with each ¢cPTM consisting of four individ-
ual acetylation marks: Kl15acK119acK120acK122ac,
K115acK119acK120acK125ac and
Kl15acK119acK122acK125ac.  Hyperacetylation  of
the H2A C-terminal tail to this extent has not been ob-
served in other eukaryotes, and appears to be trypanosome
specific. Similar acetylation patterns have been observed on
conserved lysine residues in 7. cruzi H2A (71). This suggests
that H2A C-terminal hyperacetylation patterns could have
been established before trypanosomal speciation, and may
serve distinct functions in these organisms.

We found that the N-terminus of H2A.Z was hyperacety-
lated which is comparable to what is seen in S. cerevisiae
and T. cruzi (72,99). It has been demonstrated that acety-
lated H2A.Z localizes to putative Pol II transcription start
regions in 7. brucei (25). Knock-down of the histone acetyl-
transferases HAT1 and HAT2 by RNAI decreased the level
of acetylation of H2A.Z N-terminal lysine residues, leading
to aloss of H2A.Z deposition at Pol IT TSS, a 50% reduction
of total mRNA levels, and shifts of the site of transcription
initiation upstream (25).

We observed that combinatorial PTMs identified on hi-
stone H2B were localized at the N-terminus and extended
into the a-1 histone fold. cPTMs spanning up to 34 residues
were observed and consisted of mono-methylated K4 in
combination with phosphorylated serine 24 or threonine
38. The cPTMs that we identified on histone H2B.V lo-
calized to the N-terminal tail, which was found to be hy-
peracetylated, with up to four acetylation marks coexist-
ing on the same peptide. Figure 2B shows three hyper-
acetylated cPTMs observed on N-terminal H2B.V pep-
tides: K4acK7acK17acK19ac K4acK7acK15acK19ac and
K4acK7acK15acK17ac. Similar patterns of hyperacetyla-
tion have been identified in 7. cruzi, suggesting a conserved
function in trypanosomes (71). The N-terminal tail of the
H2B.V variant is elongated compared to canonical H2B,
with the hyperacetylated lysine residues observed on H2B.V
absent from the H2B N-terminal tail. The H2B tail pro-
trudes from between the DNA gyres on the nucleosome
disk opposite to the side of DNA entry and exit, where
these basic residues interact with DNA, and are associated
with gene-specific transcriptional activation when acety-
lated (8,100). 7. brucei H2B.V dimerizes exclusively with
H2A.Z and is enriched at regions where Pol II transcription
starts (21,101). Although the mode of action is unknown,
H2A.Z-H2B.V containing chromatin is less stable and may
be resistant to chromatin condensation, thereby produc-
ing a euchromatic state primed for transcription (102). The
observed level of N-terminal lysine hyperacetylation on
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Figure 2. Combinatorial PTM (cPTM) patterns observed on histone tails.
Schematic of the three most frequently observed cPTM patterns seen on hi-
stone tails, where each cPTM consists of three or four individual PTMs. In-
dividual cPTM patterns are indicated with each cPTM pattern represented
by individual lines. (A) C-terminal H2A (also showing H2AK115ac and
H2AKI125ac hyperacetylation patterns discussed later on), (B) N-terminal
H2B.V, (C) N-terminal H3 and (D) N-terminal H4.V. Supplementary Ta-
ble S9, sheet 4 provides a list of cPTMs observed on all core histones.

H2B.V would disrupt histone-DNA interactions, and may
contribute to euchromatin formation.

Most of the cPTMs observed on H3 localized to the
N-terminus, although some cPTMs were observed in the
H3 globular domains. The majority of cPTMs identified
were methylated to variable degrees, with binary marks
consisting of a combination of arginine and lysine methy-
lation states. Mono-methylated K10, and tri-methylated
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K16 and K17 were the most frequently observed pat-
tern forming PTMs bearing these marks. Interestingly,
we did not find that K4me3, Kl6ac, K23ac, K32me3,
R49mel, R53mel and K61lmel were present in ¢cPTMs,
but existed as individual marks. We found combinato-
rial PTMs containing three individual methylation modi-
fications on the N-terminal tail of H3. Figure 2C shows
KI10melK11me2K19mel, KI10melK16me2K19mel and
R8melK10melK11mel cPTMs. The nine lysine residues
present on the H3 N-terminal tail all formed part of cPTMs,
with two acetylation and multiple methylation modifica-
tions coexisting. However, no hyperacetylated H3 peptides
were detected. Intriguingly, 7. brucei H3 displays a much
smaller combinatorial PTM repertoire, in contrast to most
other eukaryotes where H3 is the most densely modified
core histone and exhibits a large number of complex cPTM
patterns (36,38).

The bulk of cPTMs that we identified on histone H4 lo-
calized to the N-terminal tail, with only a few extending
into the a-1 histone fold domain. The H4 tail appears to be
hypermodified, with up to five modifications coexisting on
the same peptide. The N-terminal tail contains two arginine
and seven lysine residues, all of which were observed to form
part of cPTM patterns. The H4 N-terminal tail protrudes
from the side of the nucleosomal disk where the basic ly-
sine residues are important for inter-nucleosomal binding.
Acetylation of these lysines disrupts inter-nucleosomal in-
teractions, causing chromatin destabilization that give rise
to a more relaxed chromatin state amenable to transcription
(89,103). Hyperacetylated H4 peptides, containing up to
five acetylated lysine residues, have been observed in a wide
range of eukaryotes such as S. cerevisiae, D. melanogaster
and the related 7. cruzi (72,99,104). In T. brucei, the H4
tail does not appear to be extensively acetylated, with only
three acetylated lysine residues observed to co-occur on the
same peptide. Lysine residues K2, K4, K5, K10, K14, K17
and K18 present in cPTMs were seen in acetylated, mono-,
di- and tri-methylated states. Of the seven N-terminal acety-
lated lysines, we observed K2, K17 and K18 were most fre-
quently present in cPTM patterns. Acetylated A1 was the
only N-terminal PTM not observed to form cPTM patterns.
With the exception of methylated R25, R29 and R89 no
cPTM patterns were observed on the globular regions of
H4.

Although the 7" brucei H4 isoforms are highly similar and
share 91 conserved residues, dissimilar cPTM patterns were
observed on H4.V compared to those seen on canonical H4.
Unlike H4, cPTMs on H4.V extended much further into
the central histone fold domain. The patterns that we ob-
served consisted of lysine and arginine residues methylated
to various degrees, with up to five modifications coexist-
ing on the same peptide. No acetylated N-terminal cPTMs
were detected on H4.V. This is perhaps not surprising as this
histone variant is associated with regions of transcription
termination, and H4.V N-terminal lysine acetylation may
negate the epigenetic function of H4.V at regions of Pol II
transcription termination. Modified K17 and K18 residues
were present most frequently in cPTMs. Figure 2D shows
the three most frequently observed H4.V cPTMs, each
consisting of four individual modifications: K17me3K18m
e2R21melR25mel, R15mel K17me2K18me3R21mel and
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R15melK17me2K18me3R25mel. Histone hypermethyla-
tion, like the cPTMs described above with three or more
methylated K or R residues occurring on the same pep-
tide, is generally associated with transcriptional repression,
which is consistent with the localization and function of
HA4.V at regions of transcriptional termination in 7. brucei
(105).

C-terminally hyperacetylated H2A marks Pol II transcrip-
tion start regions

With the exception of the SL RNA genes, 7 brucei lacks
clearly detectable Pol II promoter and regulatory DNA se-
quences. Instead, it deposits histone variants and PTMs
to demarcate Pol II transcription start and termination
boundaries at the polycistronic gene arrays (21). Specifi-
cally, H2A.Z and H2B.V co-localize with H3K4me3 and
H4K10ac at regions of Pol II transcription initiation. In
later-branched eukaryotes, H2A.Z is associated with nucle-
osomes that border the nucleosome depleted region, which
overlaps with the Pol II transcription start site (106). In a
previous study, we have shown that a clear nucleosome de-
pleted region is absent in 7. brucei, but that a region of lower
nucleosome density is present upstream of the first gene in
a Pol II transcribed PTU (107).

The degree of hyperacetylation observed on the try-
panosomal H2A C-terminal tail lysines could lead to chro-
matin decondensation, as acetylation would negate the pos-
itive charge of the basic lysine residues important in DNA
binding (63). This reduction in DNA binding could have a
similar effect to that of the mammalian Barr body-deficient
histone variant H2A.Bbd which lacks the docking domain
involved in H1 and H4 binding, and associates with tran-
scriptionally active chromatin (63,108). Incorporation of
H2A.Bbd into chromatin causes structural destabilization
of the nucleosome and abolishes the ability of H2A.Bbd
containing nucleosomes to condense into higher order chro-
matin (109). It has been established that an open, euchro-
matic state allows the Pol II transcriptional complex to
more easily access DNA and results in fortuitous transcrip-
tion initiation in 7. brucei (110). Indeed, BF trypanosomes
have more heterochromatic chromatin than PF cells which
presumably contributes to transcriptional silencing of silent
VSG expression sites in the BF life stage of the parasite
(111).

In order to investigate the genomic distribution and
potential functional involvement in transcription of
hyperacetylated H2A via MNase-ChIP-seq, we raised
polyclonal antibodies in New Zealand rabbits using
differentially acetylated synthetic peptides. The two
cPTMs selected were observed in both PF and BF try-
panosomes, and contained three acetylated lysine residues:
K115acK120acK122ac  and K120acK122acK125ac,
henceforth referred to as H2AK115ac and H2AK125ac,
respectively. These marks were chosen as targets as they
were observed at similar frequency in BF and PF samples,
and this level of hyperacetylation would disrupt histone-
DNA binding (63,109). Antibodies were affinity-purified
and potential cross-reactivity was evaluated via indirect
ELISA against modified and unmodified H2A C-terminal
tail peptides. ELISA, peptide-based competition assays,

and dot-blot analysis demonstrate the specificity of the
antibodies used (Supplementary Table S9 sheet 1, and
Supplementary Figure S2). Of critical importance was
our observation that the H2AK115ac and H2AK125ac
antibodies did not cross-react. We used these cPTMs to
investigate whether H2A hyperacetylation in any com-
bination served interchangeable epigenetic functions. In
addition we investigated if cPTMs in specific arrangements
localized at distinct genomic regions, implying differential
functionality. Anti-histone H3 was used as a ChIP control.
We do not preclude the possibility that nearby PTMs
may bias the analysis to histones only containing the
marks defined by the synthetic peptides used to raise the
antibodies.

A native MNase-ChIP-seq technique was used as de-
scribed previously (44). The resulting DNA fragments were
aligned to the 7. brucei 427 reference genome, and peaks of
enrichment were identified. Visual inspection of nucleoso-
mal profiles of input and ChIP DNA revealed no striking
difference between BF and PF life-cycle stages. This is in
agreement with previous findings where genome-wide nu-
cleosomal architecture between both 7. brucei life cycles
was found to be remarkably similar (107). Intersection of
ChIP-seq reads revealed that H2AK 125ac and H2AK 115ac
displayed dissimilar genomic distributions (Supplementary
Figure S3), indicating that differential hyperacetylation of
the H2A C-terminal lysine residues could have different epi-
genetic functions. We did not observe enrichment of either
cPTM at Pol T or Pol III transcribed genes, or at genes
which are transcribed in a life-cycle specific fashion (procy-
clin, PAG, and VSG genes, or genes at BESs). H2AK 115ac
were found to be distributed within and between PTUs, on
coding and intergenic regions, and were not correlated with
classes of genes that were relevant to a specific life cycle
stage. Even though BF and PF H2AK115ac reads, align-
ment rates, and mean number of reads mapped per base pair
is comparable, MACS?2 identified three times more peaks in
the BF (523 peaks) versus the PF sample (155 peaks). This
may indicate that, although this cPTM is present in both
life stages of the parasite, this pattern may be more essential
to chromatin processes in bloodstream form than procyclic
form cells.

However, we found that H2AK 125ac was highly enriched
at Pol II transcribed S RNA loci. We observed peaks of
enrichment (where ChIP DNA signal is five fold higher
than background) over the entire ~42.8 kb length of the
SL RNA array (Figure 3). The presence of hyperacetylated
H2A at loci where Pol II transcription occurs at high rates
suggests an intriguing correlation between deposition of
the H2AK125ac ¢cPTM and Pol-II-mediated transcription.
The repeated series of peaks of ChIP signal seen extend-
ing over the entire SL RNA array could be a consequence
of the repetitive nature of the SL RNA gene array, where
H2AKI125ac is present upstream of the individual SL RNA
genes. No significant enrichment of H3 or H2AK115ac was
observed on the SL RNA array itself.

At the polycistronic gene arrays, we found that the pro-
files of hyperacetylated H2A ChIP samples displayed a
striking enrichment of H2AK125ac peaks at dSSRs, with
H2AK125ac containing nucleosomes observed along the
entire dSSR in both BF and PF samples (Figure 4A and
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Supplementary Figure S4A). The observed H2AK 125ac en-
richment is centered at the midpoint of the dSSRs and does
not significantly extend further downstream into the PTU
(Figure 4A and D, and Supplementary Figure SSA-D). We
observed that divergent SSRs on all 11 megabase chromo-
somes were highly enriched in H2AK 125ac, with all of the
74 dSSRs examined displaying enrichment of H2AK 125ac
peaks in both BF and PF trypanosomes across both repli-
cates.

H2AKI125ac peaks were also found to be present at re-
gions where Pol II transcription terminates and then reini-
tiates at internal start regions (ISS) (Figure 4B and Supple-
mentary Figure S4B). Internal regions between gene clus-
ters arranged head-to-tail where transcription stops and
then starts may be affected by the presence of an actively
transcribed rRNA or tRNA gene. These could provide a
kinetic block to the Pol II transcriptional complex, and
contribute to its termination. Of the 62 ISSs we investi-
gated, 95% (n = 59) were enriched with H2AK125ac con-
taining nucleosomes. Unlike what was observed at dSSRs,
H2AK125ac containing nucleosomes localized towards the

5" side of these head-to-tail regions, and extended with a
diminishing gradient into the Pol IT PTU (Figure 4E and
Supplementary Figure SSE-H).

Histone variants H3.V and H4.V localize to transcrip-
tion termination regions in convergent SSRs where they
regulate Pol I transcription termination, possibly through
formation of heterochromatic regions (21,112,113). We
found that hyperacetylated H2AK 125ac containing nucle-
osomes are depleted from cSSRs, which would be in agree-
ment with H2AK 125ac chromatin being more euchromatic.
The presence of H2AK125ac at these regions could pos-
sibly negate the heterochromatic structural effects caused
by the H3.V and H4.V variants and lead to improper
transcription termination or transcriptional read-through
(Figure 4C and D, and Supplementary Figure S4 C and
S5A-D).

Supplementary Figure S6 shows the striking localiza-
tion of H2AK125ac at Pol II transcription initiation re-
gions across chromosome 11. Although no significant
H2AKI125ac enrichment is found outside of the Pol II tran-
scription initiation regions, H2AK125ac containing nucle-
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osomes are not entirely absent from the Pol II PTUs. Low
levels of H2AK125ac are observed along the entire PTU,
where it may contribute to the maintenance of an open chro-
matin structure that is amenable to constitutive Pol II tran-
scription. We did not observe enrichment of H2AK115ac
marks at dSSRS, head-to-tail transcription units, ISSs or
cSSRs, indicating that in 7. brucei specific patterns of

H2A C-terminal hyperacetylation are used for distinct
functions.

Histone H2A.Z and the Pol II sub-unit RPB9 are use-
ful markers for Pol II transcription initiation regions in try-
panosomes, together with epigenetic marks like H3K4me3
and H4K10ac (77,114,115). It is believed that heterotypic
H2A.Z:H2A containing nucleosomes occur at low levels



in T brucei (21,25,101). To investigate the genomic rela-
tionship of RPB9, H2A.Z and H2AK125ac, RPB9 and
H2A.Z ChIP-seq data from a previous study were retrieved
and processed with the same workflow pipeline used in this
study (115).

Visual inspection of RPB9 enrichment showed twin
peaks that flank dSSRs, as previously reported (115), and
are present immediately downstream of the dSSRs (Sup-
plementary Figure S7A). Initial read enrichment profiles of
RPB9 displayed a single broad peak at dSSRs (Supplemen-
tary Figure S§A), caused by the stacking of heatmap values
over these regions. However, the heatmap traces indicated
that RPB9 was enriched at bordering loci that correlate with
the width of the individual dSSR. Sorting of dSSRs based
on their width into ‘narrow’ (<4000 bp) and ‘broad’ (>4000
bp) distributions indicate that RPB9 does indeed form
two peaks, with a furrow present between the two peaks
(Supplementary Figure S8B). Applying the same sorting
to H2AK125ac peaks to compare it to the distribution of
RPB9Y, we found that hyperacetylated H2AK 125ac contain-
ing nucleosomes are flanked by RPB9 peaks at broad and
narrow dSSRs (Figure 5A and B, respectively, and Sup-
plementary Figure S7A). Supplementary Figure S9 shows
heatmap analysis of BF and PF H2AK125ac sorted into
narrow and broad dSSRs, where H2AK 125ac can be ob-
served to be enriched across the entire dSSR. At regions
where transcription terminates and then reinitiates, RPB9
forms a single peak slightly downstream of the internal start
site (Supplementary Figure S7B and S8C). At these loci,
both RPB9 and H2AK 125ac peaks co-localize to the start
of these regions where they appear to overlap (Figure 5C
and D).

H2A.Z containing nucleosomes formed twin peaks that
flank dSSRs, present downstream of the dSSRs (Supple-
mentary Figures S7TA and S10A). H2AK125ac containing
nucleosomes are present between the two H2A.Z peaks at
both broad and narrow dSSRs, with traces of H2AK 125ac
sharply diminishing where H2A.Z increases (Figure SE and
F). At internal start regions, H2A.Z forms a single peak
downstream of the internal start site (Supplementary Fig-
ure S7B). At these sites, H2AK125ac peaks localize to the
beginning of the internal start site, towards the 5’ side of the
single H2A.Z peak, with H2A.Z containing nucleosomes
enriched further downstream over a broader area (Figure
5G and H, Supplementary Figures S7B and S10C).

Bromodomain-containing proteins are known to bind
acetylated histones (116). To gain functional insight into the
potential interaction between chromatin-binding proteins
and hyperacetylated H2AK 125ac, ChIP-seq data of six bro-
modomain factors (BDFs 1-6) were retrieved and processed
with the same workflow pipeline used in this study (26).

Class I BDFs (which include BDF1, BDF3 and BDF4)
were previously shown to form sharp peaks at Pol II tran-
scription start regions (26). Heatmap analysis of these class
I BDFs showed sharp peaks at dSSRs when sorted into
narrow and broad dSSRs (Supplementary Figure S11A—
C), with twin peaks appearing on either side of the dSSR
center, indicating that this arrangement is sensitive to the
direction of transcription. Superimposing BDF1 (as a rep-
resentative) with BF H2AK125ac indicate that these class
I BDFs flank the H2AK125ac peaks at narrow and broad
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dSSRs, similar to what is seen for RPB9, localizing to re-
gions between H2AK125ac and H2A.Z containing nucleo-
somes (Figure 51 and J). At ISS, class I BDFs form a single
peak immediately downstream of the ISS (Supplementary
Figure S11D-F), similar to that of RPB9, where they co-
localise with H2AK 125ac (Figure SK and L).

Class II BDFs (which include BDF2, BDF5 and BDF6)
were shown to be broadly enriched at transcription start re-
gions, with enrichment patterns similar to that of H2A.Z
(26). These BDFs did indeed show distribution profiles sim-
ilar to that of H2A.Z when sorted into narrow and broad
dSSRs (Supplementary Figure S12A—C), indicating that
class IT BDFs may associate with H2A.Z containing nucle-
osomes, rather than nucleosomes containing H2AK125ac.

It was previously shown that depletion of the histone
acetyltransferase HAT2 by RNAI resulted in a decrease in
H2A.Z deposition at TSSs and an increase in the width of
Pol II distribution at these regions (25). At these transcrip-
tion start sites it was found that after HAT2 RNAI, tran-
scription initiation shifted further upstream compared to
wild-type cells. It has been hypothesized that sites immedi-
ately upstream of canonical TSSs, where H2A.Z localizes,
are more accessible than the DNA at the TSS itself (117).
These areas of increased DNA accessibility immediately up-
stream of the TSSs coincide with loci of H2AK125ac en-
richment, and may be caused by the observed hyperacety-
lation of the H2A C-terminal tail.

DISCUSSION

Trypanosomes have a sophisticated epigenetic system capa-
ble of regulating a genome that lacks the complex Pol II
transcriptional control machinery found in later-branching
eukaryotes. This suggests that many epigenetic features,
like employment of histone isotypes and post-translational
modifications to regulate genome function, were present in
the ancestor to Excavates and Unikonts. T. brucei displays
many epigenetic features shared among later-branched eu-
karyotes. This includes the precise positioning of nucleo-
somes, utilization of histone PTMs and variants for genome
demarcation, and the modulation of heterochromatic gene
repression (21,25,107,111,115,118,119). It has become in-
creasingly clear that in 7" brucei chromatin, and in partic-
ular the epigenome, play vital roles in genome regulation
and are essential for effective control of genes vital for host
immune evasion in the BF mammalian infective life stage
(111,120-123).

In this study, the middle-down mass spectrometric anal-
ysis of acid extracted core histones of BF and PF try-
panosomes revealed an extensive histone epigenetic reper-
toire of 203 PTMs: 48 on H2A, seven on H2A.Z, 12 on H2B,
16 on H2B.V, 50 on H3, four on H3.V, 45 on H4 and 20 on
H4.V. The most comprehensive survey of 7. brucei histone
PTMs published to date (and the first to report H4.V modi-
fications (25)) described 157 PTMs of which 117 were novel.
Of these 117 modifications, our data confirms 78 PTMs
across all histone isotypes. When including all studies to
date, a total of 173 modifications were identified on canon-
ical and variant core histones, of which this study confirms
109, and describes an additional 94 PTMs (Supplementary
Table S9, sheet 3). Thus, in total, 267 PTMs have been iden-
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tified, indicating that 7. brucei possesses a vast histone PTM
repertoire, much larger than expected when considering the
comparatively smaller number of histone reader, writers,
and erasers present in this organism (67).

The investigation of the methylation status of arginine
residues is, to our knowledge, the first time arginine methy-
lation was examined in 7. brucei. We observed multiple
methylated arginine residues present on core histone tails
and in their globular domains (Figure 1). Methylation of
these residues, catalysed by protein arginine methyltrans-
ferases, has been implicated in diverse roles that influence
chromatin function, such as promotion or prevention of
docking of transcriptional effector molecules, and recruit-
ment of repressive or activating proteins to specific genomic
loci (124).

Although some PTMs were observed to occur in isola-
tion on endoproteinase digested histone peptides, a spe-

cific PTM does not always correspond to a single func-
tional readout. Instead, a functional histone code can be
comprised of numerous individual marks to form complex
combinatorial PTM patterns, where each combination gives
rise to a different functional readout (24,37). These different
cPTM patterns can create specific binding moieties or dis-
rupt existing associations that affect molecular interactions
in diverse ways. It has been proposed that combinatorial hi-
stone PTMs may also serve as a PTM reservoir, or represent
a transient cPTM state (23).

Digestion of histones with unspecific proteases yields
short peptide fragments, usually resulting in higher amino
acid sequence coverage (25). However, digestion with spe-
cific proteases that cut less frequently produce longer pep-
tide fragments that present the advantage of investigating
complex co-existing PTM patterns. The middle-down MS
technique used in this study was originally optimized for the



analysis of long peptides originating from histone tails that
are decorated with multiple PTMs. This favours analysis of
longer peptides as compared to shorter peptides often orig-
inating from the histone core. Nevertheless, our technique
allowed the identification of 32 PTMs localising to globular
domains that formed part of various cPTM patterns. The
majority of cPTMs observed on 7. brucei core histones lo-
calised to the N- or C-terminal tails. These typically extend
from the nucleosome core where they participate in intra-
and inter-molecular interactions that influence a wide range
of functions, such as chromatin stability, higher-order fold-
ing, and gene expression (8,23,59,63). These data present
the first survey of histone cPTM patterns in 7. brucei, show-
ing that 7 brucei histones harbour intricate combinatorial
PTMs, some of which appear analogous to those observed
in later-branching eukaryotes. Taken together with previ-
ous studies of 7. brucei histone and chromatin epigenetics
(21,25,26,107,115), this suggests that a basic histone code
was present in the eukaryotic progenitors before trypanoso-
mal speciation, and adds another layer to the epigenetic
control used by this organism to regulate chromatin func-
tion.

We observed the C-terminal tail of histone H2A to be
hyperacetylated with more than 20 distinct combinations
observed (Supplementary Table S9, sheet 4). These modi-
fication states appear to be specific to trypanosomes and
have not been reported in later-branching eukaryotes. The
H2A C-terminal lysine residues are important in histone-
DNA binding, nucleosome stability, and chromatin con-
densation (63,109). Hyperacetylation of these H2A lysines
could have a structural effect analogous to that of the mam-
malian H2A.Bbd which lacks the C-terminal lysine residues
that are acetylated in T brucei (Supplementary Figure S13).
The incorporation of H2A.Bbd into chromatin, found to
be enriched at actively transcribed genes, is associated with
altered chromatin structure where only 118 bp of DNA
is protected from MNase digestion, suggesting that the
nucleosome DNA termini are more weakly bound in the
H2A .Bbd-containing nucleosome (63,125).

We found that hyperacetylated H2AK 125ac is enriched
at the Pol II transcribed SL RNA loci and Pol II transcrip-
tion start regions, where it co-localises with RPB9 upstream
of H2A.Z. It has been suggested that DNA upstream of
TSS is more accessible than DNA at the TSS itself (117).
Reduction of H2A.Z incorporation in nucleosomes at TSSs
following HAT2 RNAI causes the site of transcription ini-
tiation to shift upstream (25). The H2AK125ac containing
chromatin at these upstream loci may be the cause of the
observed increased DNA accessibility at these sites. Hyper-
acetylated H2A containing chromatin could bring about a
more relaxed, euchromatic state, where Pol II can more eas-
ily access regions of DNA primed for transcription initia-
tion. Another possibility is that Pol II itself recruits specific
histone acetyltransferases that deposit acetylation marks
on the C-terminal tail of histone H2A to facilitate the ac-
tively transcribed chromatin state as observed in S. cere-
visiae (126). These findings suggest that the euchromatic re-
gions upstream of Pol II transcription start sites may be af-
fected by the deposition of H2AK125ac at these loci. This
may allow the Pol II transcriptional machinery to pre-load
onto the DNA molecule upstream of transcription start
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sites, where it is then primed for the trypanosomal equiv-
alent of promoter-firing and promoter escape.

Assessment of genomic distribution of chromatin remod-
elling factors showed that six bromodomain proteins lo-
calise at transcription start regions in 7. brucei (26). Class |
BDFs (BDF1, 3 and 4) were observed to flank H2AK 125ac
enriched loci at dSSRs, where they localise to the junc-
ture between H2A and H2A.Z containing nucleosomes.
At ISSs, the distribution of class I BDFs reflected that of
RPB9 and H2AK 125ac. Together, these observations indi-
cate that class I BDFs may interact with hyperacetylated
H2AKI125ac containing nucleosomes. In M. musculus, it
has been demonstrated that a single bromodomain of Brdt
is responsible for selective recognition of diacetylated his-
tone H4 tails which are cooperatively bound and accommo-
dated in a single binding pocket (127). It is possible that in
T. brucei, hyperacetylation of the H2A C-terminal tail may
serve as a binding platform to recruit bromodomain pro-
teins to specific loci to remodel local chromatin structure or
recruit other factors necessary for transcription.

As H2AK115ac did not display similar distribution pro-
files to H2AK125ac, it is possible that the specific arrange-
ment of hyperacetylated H2A C-terminal cPTMs could
serve different epigenetic functions. It is possible that ge-
nomic regulation by several epigenetic mechanisms on a
genome-wide scale in 7" brucei allows for quicker regula-
tion of genes involved in host adaptation, and contributes a
certain ‘robustness’ against environmental changes. Indeed,
RNA interference and knock-down studies demonstrated
that multiple layers of epigenetic mechanisms are employed
in 7] brucei to regulate genomic functions. Depletion of sin-
gle epigenetic marks or modifiers (like H3.V, H1, HATI,
HAT?2, Sir2rp1) resulted in only partial derepression of gene
expression (25,90,111,128,129).

These findings indicate that this early-branching organ-
ism relies extensively on a sophisticated epigenetic inter-
face to regulate a genome lacking canonical Pol II tran-
scriptional control elements. In addition, identification of
histone epigenetic marks unique to 7. brucei, like H3 K10
and K11 acetylation in BF cells and H2A C-terminal hy-
peracetylation, holds tremendous promise for the develop-
ment of epigenetic therapies to treat the debilitating diseases
caused by this parasite.
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