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Nucleosomes composed of histones are the fundamental units around which DNA is wrapped to form chromatin.
Transcriptionally active euchromatin or repressive heterochromatin is regulated in part by the addition or removal of his-
tone post-translational modifications (PTMs) by “writer” and “eraser” enzymes, respectively. Nucleosomal PTMs are rec-
ognized by a variety of “reader” proteins that alter gene expression accordingly. The histone tails of the evolutionarily
divergent eukaryotic parasite Trypanosoma brucei have atypical sequences and PTMs distinct from those often considered uni-
versally conserved. Here we identify 65 predicted readers, writers, and erasers of histone acetylation and methylation en-
coded in the T. brucei genome and, by epitope tagging, systemically localize 60 of them in the parasite’s bloodstream form.
ChIP-seq shows that 15 candidate proteins associate with regions of RNAPII transcription initiation. Eight other proteins
show a distinct distribution with specific peaks at a subset of RNAPII transcription termination regions marked by
RNAPIII-transcribed tRNA and snRNA genes. Proteomic analyses identify distinct protein interaction networks comprising
known chromatin regulators and novel trypanosome-specific components. Notably, several SET- and Bromo-domain pro-
tein networks suggest parallels to RNAPII promoter—associated complexes in conventional eukaryotes. Further, we identify
likely components of TbSWRI and TbNuA4 complexes whose enrichment coincides with the SWRI-C exchange substrate
H2A.Z at RNAPII transcription start regions. The systematic approach used provides details of the composition and orga-
nization of the chromatin regulatory machinery in T. brucei and establishes a route to explore divergence from eukaryotic

norms in an evolutionarily ancient but experimentally accessible eukaryote.

[Supplemental material is available for this article.]

Nucleosomes are composed of eight highly conserved core histone
subunits (two each of H2A, H2B, H3, and H4) around which ~147
bp of DNA is wrapped. Nucleosomes are organized into chromatin
fibers that provide the dynamic organizational platform underpin-
ning eukaryotic gene expression regulation. Formation of transcrip-
tionally active and silent chromatin states depends on the presence
of DNA methylation (Suzuki and Bird 2008), histone variants
(Henikoff and Smith 2015), and histone post-translational modifi-
cations (PTMs) (Bannister and Kouzarides 2011). Repressive hetero-
chromatin generally concentrates at the nuclear periphery, whereas
active euchromatin localizes to the nuclear interior and can also as-
sociate with nuclear pores (Taddei et al. 2010; Lemaitre and
Bickmore 2015). Molecular understanding of the composition and
function of distinct chromatin types in nuclear architecture and
gene expression regulation is most advanced in well-studied eukary-
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otic models (plants, yeasts, animals) (Allshire and Madhani 2018).
However, these represent only two eukaryotic supergroups, whereas
distinct early-branching lineages have highly divergent histones
and chromatin-associated regulators. One particularly tractable
model for early branching eukaryotes is Trypanosoma brucei, the
causative agent of human sleeping sickness and livestock nagana
in Africa, which has evolved separately from the main eukaryotic
lineage for at least S00 million years. Reflecting their evolutionary
divergence, detailed analyses of these parasites have revealed nu-
merous examples of biomolecular novelty, including RNA editing
of mitochondrial transcripts (Shapiro and Englund 1995), polycis-
tronic transcription of nuclear genes (Borst 1986; Tschudi and
Ullu 1988), and segregation of chromosomes via an unconvention-
al kinetochore apparatus comprising components distinct from
other eukaryotic groups (Akiyoshi and Gull 2014).

During its life cycle, T. brucei alternates between a mammalian
host and the tsetse fly vector, a transition accompanied by extensive
changes in gene expression, leading to surface proteome alterations
as well as metabolic reprogramming of the parasite (Matthews 2005;
Smith et al. 2017). In the mammalian host, bloodstream form (BF)
parasites are covered by a dense surface coat made of variant surface

© 2021 Staneva et al. This article, published in Genome Research, is available
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glycoprotein (VSG). Only a single VSG gene is expressed from an ar-
chive consisting of approximately 2000 VSG genes and gene frag-
ments (Horn 2014). Periodically, T. brucei switches to express a
new VSG protein to which no host antibodies have been produced,
contributing to cyclical parasitaemia. Parasites taken up by the tse-
tse during blood meals differentiate in the fly midgut to the procy-
clic form (PF), which replaces all VSGs with procyclin surface
proteins (Roditi and Liniger 2002).

The T. brucei genome encodes four core histones (H2A, H2B,
H3, H4) and a variant for each core histone type (H2A.Z, H2B.V,
H3.V, H4.V), but it lacks a centromere-specific CENP-A/cenH3 var-
iant (Akiyoshi and Gull 2014). All trypanosome histones differ sig-
nificantly in their amino acid sequence from their counterparts in
conventional eukaryotes (Thatcher and Gorovsky 1994; Lowell
and Cross 2004; Lowell et al. 2005; Mandava et al. 2007). For exam-
ple, lysine 9 of histone H3, the methylation of which specifies het-
erochromatin formation in many eukaryotes, is not conserved.
Nonetheless, many histone PTMs have been detected in T. brucei
and its relative Trypanosoma cruzi (Janzen et al. 2006a; Mandava
et al. 2007; de Jesus et al. 2016; de Lima et al. 2020; Kraus et al.
2020), although only a handful of these have been characterized
in some detail.

Unusually for a eukaryote, most trypanosome genes are tran-
scribed in polycistronic units that are resolved by trans-splicing of
a spliced leader (SL) RNA sequence to the 5’ end of the mRNA and
polyadenylation at the 3’ end (Giinzl 2010). RNAPII transcription
usually initiates from broad (~10-kb) GT-rich divergent transcrip-
tion start regions (TSRs; comparable to promoters of other eukary-
otes) enriched in nucleosomes containing the H2A.Z and H2B.V
histone variants as well as the H3K4me (methylation) and
H4K10ac (acetylation) PTMs (Siegel et al. 2009; Wright et al. 2010;
Wedel et al. 2017). Conversely, RNAPII transcription typically ter-
minates at regions of convergent transcription known as transcrip-
tion termination regions (TTRs) that are marked by the presence of
the DNA modification base J and the H3.V and H4.V histone vari-
ants (Siegel et al. 2009; Schulz et al. 2016). Less frequently, T. brucei
transcription units are arranged head-to-tail, requiring termination
ahead of downstream TSRs. TTRs between such transcription units
are often coincident with RNAPI- or RNAPIII-transcribed genes,
which may act as boundaries that block the passage of advancing
RNAPII into downstream transcription units (Marchetti et al.
1998; Siegel et al. 2009; Maree and Patterton 2014).

The consensus view is that trypanosome gene expression is
regulated predominantly post-transcriptionally via control of
RNA stability and translation (Clayton 2019). Nonetheless, nu-
merous putative chromatin regulators can be identified as coding
sequences in the T. brucei genome (Berriman et al. 2005), but their
functional contexts are largely unexplored. Here we undertake cel-
lular localization, genome-wide chromatin association, and prote-
omic analyses of bioinformatically identified putative readers,
writers, and erasers of histone acetyl and methyl marks encoded
in the trypanosome genome. The results presented provide an en-
try point for understanding similarities and differences between
the transcriptional regulatory machinery of this divergent eukary-
ote and the eukaryotic norm.

Results and discussion

Identification of putative chromatin regulators

We identified 65 putative regulators or interpreters of histone ly-
sine acetylation and methylation by interrogating the trypano-

some genome database (TriTrypDB; https://tritrypdb.org/
tritrypdb) and using additional homology-based searches with
known chromatin reader, writer, and eraser domains (Table 1; Sup-
plemental Fig. S1; Supplemental Table S1). These approaches al-
lowed us to detect 16 potential readers with the following
domains: Bromo (Haynes et al. 1992), PHD (Aasland et al. 1995),
Tudor (Ponting 1997), Chromo (Paro 1990; Singh et al. 1991),
PWWP (Stec et al. 2000), and Znf-CW (Perry and Zhao 2003).
With respect to writers of histone modifications, we found six po-
tential histone acetyltransferases (HATs) belonging to the MYST
(MOZ/SAS-related) and GNAT (ELP3-related) families (Lee and
Workman 2007), as well as 29 SET domain (Dillon et al. 2005)
and three DOT domain (Feng et al. 2002) putative histone methyl-
transferases (HMTs). We also analyzed several predicted acetyl-
transferases with nonhistone substrates: one lysophospholipid
acyltransferase (LPLAT) (Shindou and Shimizu 2009) and two
GNAT family (Riml-related) N-acetyltransferases (NATs) (Vetting
et al. 2008) plus the noncatalytic EAF6 component of the NuA4
HAT complex (Roth et al. 2001; Hishikawa et al. 2008). Our searches
for potential erasers of histone PTMs identified seven histone
deacetylases (Class I, Class II, and Sir2-related HDACs) (Grozinger
and Schreiber 2002) and four JmjC domain demethylases (Klose
et al. 2006). The function of some of these putative chromatin reg-
ulators has been explored previously (Supplemental Table S2;
Figueiredo et al. 2009; Maree and Patterton 2014).

To examine these putative writers, readers, and erasers of his-
tone PTMs, each was YFP-tagged and localized in BF parasites.
AGO1 (Shi et al. 2009) and the putative DNA methyltransferase
DMT (Militello et al. 2008) were also included in our analysis
because they are associated with chromatin-based silencing in oth-
er eukaryotes (Kloc and Martienssen 2008; Suzuki and Bird 2008;
Allshire and Madhani 2018).

Additionally, we examined several control proteins with
known distinctive nuclear distributions; these were the trypano-
some kinetochore protein KKT2 (Akiyoshi and Gull 2014), the nu-
cleolar protein NOC1 (Alsford and Horn 2012), the nuclear pore
basket protein NUP110/MLP1 (DeGrasse et al. 2009), as well as
the telomere repeat-binding factor TRF (Li et al. 2005) and the
TATA-binding related protein TBP/TRF4 (Ruan et al. 2004). AGO1
served as a control for cytoplasmic localization (Shi et al. 2004).

Cellular localization of the putative chromatin regulators

Candidate proteins were endogenously tagged with YFP in BF par-
asites of the T. brucei Lister 427 strain. Proteins were tagged N-ter-
minally to avoid interference with 3’ UTR sequences involved in
mRNA stability control (Clayton 2019). Although the presence
or position of the YFP tag might affect individual protein expres-
sion and localization patterns, this approach provided a consistent
pipeline for the systematic analysis of the proteins on our candi-
date list. Of the 76 selected proteins (including controls), 74
were successfully tagged, whereas cells expressing YFP-PHD3 and
YFP-ELP3c were not obtained. The tagging constructs for SET12,
SET30, and DOT1 were correctly integrated, but YFP-tagged pro-
teins were not detectable by western analysis, suggesting tag fail-
ure, low protein abundance, or no expression in BF parasites.
Immunolocalization with anti-GFP antibodies was used to
identify proteins residing in the nucleus that might associate
with chromatin. The control proteins showed localization patterns
expected for telomeres (TRF; nuclear foci), TATA-binding protein
(TBP; nuclear foci), kinetochores (KKT2; nuclear foci), nucleolus
(NOC1; single nuclear compartment), nuclear pores (NUP110;
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Table 1. Summary of proteins N-terminally tagged with YFP

Protein class PTM  Members Tagged Nuclear Cytoplasmic  Nuclear/cytoplasmic

Readers Bromo ac 7 7 6 - 1

PHD? me 5 4 3 - 1

Tudor me 1 1 - 1 -

Chromo me 1 1 1 - -

PWWP me 1 1 1 - -

Znf-CW me 1 1 1 - -

Writers MYST HATs (MOZ/SAS-related) ac 3 3 3 - -

GNAT HATs (ELP3-related) ac 3 2 - - 2

GNAT acetyltransferases (Riml-related) ac 2 2 - 2 -

LPLAT acetyltransferases ac 1 1 - - 1

SET HMTs me 29 29° - 19 8

DOT HMTs me 3 30 1 - 1

Erasers Class | HDACs ac 2 2 - 1 1

Class Il HDACs ac 2 2 1 1 -

Sir2-related HDACs ac 3 3 - 2 1

JmjC me 4 4 1 2 1

Other EAF6 (non-catalytic subunit of NuA4 HAT complex) - 1 1 1 - -
Protein argonaute-1 (AGO1) - 1 1 - 1

DNA methyltransferase (DMT) - 1 1 - 1 -

Controls  Kinetochore protein (KKT2) - 1 1 - - 1

Nucleolar protein (NOC1) - 1 1 - - 1

Nuclear basket protein (NUP110/MLPT) - 1 1 - - 1

Telomere binding factor (TRF) - 1 1 1 - -

TATA-binding related protein (TBP/TRF4) - 1 1 - - 1

Total 76 74 20 30 21

@PHD5 also has a predicted N-acetyltransferase domain.

PCorrect integration of the SET12, SET30 and DOT1 tagging constructs was confirmed by PCR but the tagged proteins were not detected by western

analysis. Therefore, we do not report localization for these proteins.

nuclear rim), and cytoplasm (AGO1; gap in the staining coincident
with the nucleus) (Supplemental Fig. S2). Some cytoplasmic signal
was also detected for nuclear control proteins, but this may corre-
spond to background staining as evidenced by the signal observed
in untagged cells (Fig. 1; Supplemental Fig. S2). Selected proteins
were also imaged with and without antibody staining and for dif-
ferent exposure times (Supplemental Fig. S3). From this, we con-
cluded that fluorescence signal enhancement through antibody
staining was required for optimal imaging of most proteins and
that different exposure times were needed to adjust to the expres-
sion level of each protein. Images with multiple cells per field in
different cell cycle stages are also provided (Supplemental Fig. S4).

Of the YFP-tagged proteins, 20 were exclusively nuclear, 30
showed only a cytoplasmic localization, and 21 were found in
both compartments (Table 1; Supplemental Table S1). Twenty-three
candidate and control proteins with exclusive or some nuclear local-
ization were subsequently found to associate with sites of RNAPII
transcription initiation and/or with a subset of RNAPII TTRs coinci-
dent with RNAPIII-transcribed genes (see below; Fig. 1), whereas the
remaining proteins that were not detected on chromatin displayed
all three localization patterns (Supplemental Fig. S2). Consistent
with previous observations, HAT1-3 decorated nuclear substruc-
tures (Kawahara et al. 2008), as did the predicted EAF6 subunit of
the NuA4 HAT complex. In contrast, LPLAT1 gave both nuclear
and cytoplasmic signal, whereas both NAT2 and NAT3 localized to
the cytoplasm (Supplemental Fig. S2). YFP-tagged ELP3a and
ELP3b GNAT acetyltransferases showed nuclear and some cytoplas-
mic signal. GFP-ELP3b was previously reported to be concentrated in
the nucleolus (Alstord and Horn 2011); this difference may be a con-
sequence of using an ectopic overexpression system in that study.
Moreover, we did not detect enrichment of ELP3b over rDNA tran-

scription units by chromatin immunoprecipitation and sequencing
(ChIP-seq). Of the 29 identified putative SET-domain methyltrans-
ferases, only eight showed some nuclear localization, whereas
most were concentrated in the cytoplasm. Examination of cells ex-
pressing YFP-tagged predicted reader proteins revealed that BDF1-
3,BDF5-7,PHD1, PHD2, PHD4, CRD1, TFIIS2-2, and ZCW1 were ex-
clusively nuclear, whereas BDF4 and PHDS displayed both nuclear
and cytoplasmic localization, and the sole Tudor domain protein
TDR1 was cytoplasmic. In agreement with previous analyses
(Wang et al. 2010), HDAC3 was predominantly nuclear, whereas
DAC1 (referred to as HDAC1 here) was nuclear/cytoplasmic, and
both HDAC2 and HDAC4 resided in the cytoplasm. The Sir2-related
proteins SIR2RP1 and Sir2rp2 localized mostly to the cytoplasm,
whereas Sir2rp3 was detected in the nucleus as well as in the cyto-
plasm. Of the four identified putative demethylases, JMJ2 was nucle-
ar, JMJ1 and CLD1 were cytoplasmic, and LCM1 was found in
both compartments. Both AGO1 and DMT were cytoplasmic
(Supplemental Fig. S2), suggesting that they are unlikely to be in-
volved in directing chromatin or DNA modifications.

Of the 71 proteins we successfully tagged, expressed, and local-
ized in BF cells, 65 have also been also tagged by the TrypTag project
in PF cells (Supplemental Table S1; Dean et al. 2017). For most pro-
teins, our results are in agreement with the TrypTag data, and any
discrepancies may be indicative of differences in protein localiza-
tion between the different developmental forms of T. brucei.

Many putative chromatin regulators accumulate
at RNAPII TSRs

We performed ChlIP-seq for all expressed candidate and control pro-
teins except TDR1 and NOC1 (69 in total) to determine which
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Figure 1. Cellularlocalization of chromatin-associated T. brucei candidate proteins. The indicated YFP-
tagged proteins expressed in bloodstream Lister 427 cells from their endogenous genomic loci were de-
tected with an anti-GFP primary antibody and an Alexa Fluor 568-labeled secondary antibody (red).
Nuclear and kinetoplast (mitochondrial) DNA were stained with DAPI (green). Staining of untagged
427 parasites serves as a negative control. Representative images are shown for those candidate proteins
that gave a specific ChlP-seq signal. The images are ordered according to ChIP-seq patterns shown in
Figure 2A and Figure 5A. Images for all other tagged proteins are included in Supplemental Figure S2.
Scale bar, 5 ym.

proteins associate with chromatin and to
assess their distribution across the T. bru-
cei genome. Our rationale was that ChIP-
seq might register chromatin association
even if cellular localization analysis re-
ported a protein to be predominantly cy-
toplasmic. As expected, the kinetochore
control protein KKT2 was specifically en-
riched over centromeric regions (Fig.
2A). Consistent with their cytoplasmic lo-
calizations, AGO1 and DMT registered no
ChIP-seq signal (Supplemental Fig. SS5).
Moreover, under our standard fixation
and ChIP-seq conditions, no specific en-
richment over any genomic region was
detected for 45 of the YFP-tagged pro-
teins, including several that showed clear
nuclear localization (Supplemental Fig.
S5; Supplemental Table S3).

In total, 24 of the YFP-tagged pro-
teins assayed (including the KKT2 control)
gave specific enrichment patterns across
the T. brucei genome. Fifteen of our candi-
date proteins displayed enrichment that
was adjacent to, or overlapping with, the
previously reported H2A.Z peaks, indicat-
ing that these proteins are enriched at
known RNAPII TSRs (Fig. 2A; Supplemen-
tal Fig. S6A). Our ChIP-seq data confirmed
that the largest RNAPII subunit (RPB1)
does indeed show peaks at the same loca-
tions. The TSR-associated proteins include
BDF1-6, CRD1, EAF6, HAT1, HAT2,
DAC1/HDAC1, HDAC3, SET26, SET27,
and ZCW1. These 15 proteins were always
enriched together at RNAPII TSRs. Some of
these proteins also presented peaks that
coincide with those of RNAPIII/TTR-en-
riched factors in a few locations (see be-
low; Supplemental Fig. S6C), but
otherwise, they did not display significant
association with any other genomic re-
gions. The fact that six Bromo domain
proteins, two HATs, and a NuA4 compo-
nent are included in this set is consistent
with these acting together to promote
RNAPII-mediated transcription, a hall-
mark of which is histone acetylation
(Roth et al. 2001). Indeed, BDF1, BDEF3,
and BDF4 have previously been shown
to be enriched at sites of T. brucei RNAPII
transcription initiation where nucleo-
somes show HAT1-mediated acetylation
of H2A.Z and H2B.V and HAT2-mediat-
ed acetylation of histone H4, which are
important for normal RNAPII transcrip-
tion from these regions (Siegel et al.
2009; Schulz et al. 2015; Kraus et al.
2020). The remaining 10 proteins we
identified as being associated with TSRs
have not been previously shown to act
at kinetoplastid RNAPII promoters.
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Figure 2. (See following page for legend.)
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Putative chromatin regulators show two distinct TSR association
patterns

In yeast, in which many RNAPII genes are transcriptionally regu-
lated, a group of chromatin regulators are enriched specifically at
promoters, where they assist in transcription initiation, whereas
others travel with RNAPII into gene bodies, aiding transcription
elongation, splicing, and termination (Kaplan et al. 2003; Mason
and Struhl 2003; Carrozza et al. 2005; Joshi and Struhl 2005;
Keogh et al. 2005; Li et al. 2007; Cheung et al. 2008; Venkatesh
and Workman 2013; Jonkers and Lis 2015). We therefore com-
pared the enrichment profiles of the TSR-associated proteins rela-
tive to that of the Chromo domain protein CRD1, which
displayed the sharpest and highest peak signal. We identified
177 CRD1 peaks across the T. brucei Lister 427 genome that overlap
with 136 of the 148 annotated RNAPII TSRs (Fig. 2B). For each TSR-
associated factor, normalized reads were assigned to 10-kb win-
dows upstream of and downstream from all CRD1 peak summits.
The general peak profile for each protein was then displayed as a
metagene plot and the read distribution around individual CRD1
peaks represented as a heatmap (Fig. 2C,D; Supplemental Fig.
S7). This analysis indicated that CRD1, SET27, BDF4, and, to a less-
er extent, BDF1 and BDF3 show sharp peaks at all RNAPII TSRs,
similar to RNAPII/RPB1 itself. We refer to these as Class I TSR-asso-
ciated factors (Fig. 2C). The remaining 10 proteins were more
broadly enriched over the same regions with a slight trough evi-
dent in the signal for at least five (BDF2, BDFS, HAT1, HAT2,
SET26), perhaps indicative of two adjacent peaks as observed for
H2A.Z (Fig. 2D). We refer to these as Class II TSR-associated factors.
Class II factor profiles are similar to the previously reported H2A.Z
enrichment pattern (Siegel et al. 2009), with the signal gradually
declining over 5- to 10-kb regions on either side of the CRD1
peak summit. We observed similar peak widths of Class II factors
across all TSRs regardless of polycistron length; thus, there is no ap-
parent relationship between TSR size and the length of the down-
stream polycistronic transcription unit.

Of the 148 annotated T. brucei RNAPII promoters, 99 are bi-
directional, initiating production of stable transcripts in both
directions, and 49 are unidirectional, driving transcription in
just one direction. To investigate the relationship between tran-
scription directionality and enrichment of our candidate proteins,
we sorted the heatmaps of Class II factors by their distribution
around CRD1 peaks. We then compared the sorted heatmaps
with previously published RNA-seq data from which the direction
of RNAPII transcription was derived (Naguleswaran et al.
2018). This analysis showed that Class II TSR-associated factors
show specific enrichment in the same direction as RNAPII tran-
scription initiated from all uni- and bidirectional promoters
(Fig. 3A,B).

Proteins associated with TSRs participate in discrete interaction
networks

The analyses presented above suggest that, as in yeast, proteins that
show either narrow (Class I) or broad (Class II) association patterns
across RNAPII promoter regions might play different roles such as
defining sites of RNAPII transcription initiation or facilitating
RNAPII processivity through their association with chromatin and
interactions with RNAPII auxiliary factors. Determining how these
various activities are integrated through association networks
should provide insight into how the distinct sets of proteins might
influence RNAPII transcription. Therefore, we affinity-selected each
tagged protein that registered a specific ChIP-seq signal at TSRs and
identified their interacting partners by mass spectrometry.

Below we detail the interaction networks for the TSR-associat-
ed factors (Fig. 4A,B; Supplemental Table S4) and the homologies
identified in their key interacting partners through HHpred search-
es (Soding et al. 2005; Supplemental Table S5) and discuss possible
functional implications arising from these proteomics data.
Interacting partners identified by mass spectrometry analysis are
also included for 10 proteins (PHD1, PHDS, HAT3, AGO1,
NUP110, SET13, SET1S, SET20, SET23, and SET25) for which no
specific ChIP-seq signal was obtained (Supplemental Fig. S8).

Class I: CRDI, SET27, BDF4, BDFI, and BDF3

CRD! and SET27

Affinity selection of YFP-CRD1 and YFP-SET27 (Fig. 4A,B; Supple-
mental Table S4) revealed that they both associate strongly with
each other, with four uncharacterized proteins (Tb927.1.4250,
Tb927.3.2350, Tb927.11.11840, Tb927.11.13820) and with JBP2.
JBP2 is a TET-related hydroxylase that catalyzes thymidine oxida-
tion on route to the synthesis of the DNA modification base J,
which is found at TTRs and telomeres in trypanosomes (Cliffe
et al. 2010; Reynolds et al. 2016; Schulz et al. 2016). In addition,
SET27 associates with JBP1, another TET-related thymidine hy-
droxylase involved in base ] synthesis (Borst and Sabatini 2008).
The Chromo domain of CRD1 shows marginal similarity when
aligned with other Chromo domain proteins (Supplemental Fig.
S1B); however, its reciprocal association with SET27 suggests that
they might function together as a reader—writer pair at TSRs. In
yeast and human cells, the Set1/SETD1 methyltransferase installs
H3K4 methylation at promoters (Shilatifard 2012), and T. brucei
SET27 might play a similar role at TSRs. Recently, methylated his-
tone lysine residues were found to be prevalent at trypanosome
TSRs (Kraus et al. 2020). SET27 likely catalyzes the methylation
of at least one of these lysines, which may then be bound by
CRD1, ensuring SET27 recruitment and persistence of the methyl-
ation event(s) that it installs on histones within resident TSR

Figure 2. (Seefigure on preceding page.) ChIP-seq reveals two classes of proteins at T. brucei transcription start regions (TSRs). (A) A region of Chromosome

7 (coordinates as indicated; kilo bases) is shown with ChlP-seq reads mapped for the indicated proteins. A single replicate is shown for each protein. Tracks
are scaled separately as reads per million (values shown at the end of each track). The kinetochore protein KKT2 is included as a positive control and is
enriched at centromeric regions. ChIP-seq performed in Lister 427 cells expressing no tagged protein (untagged) provides a negative control. ChIP-seq
profiles for the different proteins are ordered according to their patterns. Previous H2A.Z data (Wedel et al. 2017) and our RPB1 ChlP-seq allowed TSRs
to be identified. No input data were available for the normalization of H2A.Z reads, resulting in a higher read scale. The position of bidirectional/divergent
and unidirectional/single TSRs is indicated with arrows showing the direction of transcription. The position of convergent and single transcription termi-
nation regions (TTRs) is shown with arrows indicating the direction from which transcription is halted. The position of tRNA genes (blue bars) and the
Chromosome 7 centromere (CEN; gray oval) are marked. Positions of the various genomic elements (TSRs, TTRs, tRNAs, CEN) were obtained from anno-
tations of the Lister 427 genome (Milller et al. 2018). (B) Most TSRs annotated in the Lister 427 genome overlap with YFP-CRD1 ChlIP-seq peaks. (C)
Enrichment profiles of Class | TSR factors. The metagene plots (top) show normalized read density around all CRD1 peak summits, with individual replicates
for each protein shown separately. Note the different scale for CRD1. The heatmaps (bottom) are an average of all replicates for each protein and show
protein density around individual CRD1 peaks. Scale bars, reads that were normalized to input and library size. (D) As in C, for Class Il TSR factors.
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Enrichment of Class Il proteins at TSRs follows the direction of RNAPII transcription. (A) SET26 is used as a representative protein of Class Il TSR-

associated factors. Comparison of SET26 ChlIP-seq data with strand-specific RNA-seq data (Naguleswaran et al. 2018) shows that SET26 reads are enriched
in the same direction as RNAPII transcript reads. Heatmaps show from top to bottom: minus strand reads from unidirectional TSRs (top), plus and minus
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Examples from the different heatmap regions described in A. A single replicate is shown for each protein. Tracks are scaled separately as reads per million

(values shown at the end of each track).

nucleosomes. The association of the RPB1 and RPB3 RNAPII sub-
units with CRD1 underscores its likely involvement in linking
such chromatin modifications with transcription.

BDFI and BDF4

Consistent with their colocalization in Class I ChIP-seq peaks, YFP-
BDF1 and YFP-BDF4 showed strong reciprocal association with
each other (Fig. 4A,B; Supplemental Table S4). BDF4 also showed
weak association with BDF3 and the Class II factor BDFS. Bromo
domains are known to bind acetylated histones (Zaware and
Zhou 2019) and are thus presumably attracted to TSRs owing to
the presence of highly acetylated histones, particularly H2A.Z,
H2B.V, and H4, in resident nucleosomes (Kraus et al. 2020). The
coincidence of the H2A.Z variant with histone modifications asso-
ciated with active transcription in this evolutionarily distinct eu-
karyote suggests that they act together to recruit various
chromatin remodeling and modification activities to ensure effi-
cient transcription.

BDF3 (Class 1), BDF5 (Class I1), and HATZ (Class II)

BDEF3, BDF5, and HAT2 reciprocally associate with each otherand a
set of six uncharacterized proteins (Tb927.3.4140, Tb927.4.2340,
Tb927.6.1070, Tb927.7.2770, Tb927.9.13320, Tb927.11.5230),
suggesting that these nine proteins may act together in a complex
(Fig. 4A,B; Supplemental Table S4). BDF3 interacts with both Class
I'and Class II proteins, suggesting that it may straddle the interface
between both classes of factors at RNAPII TSRs. HAT2 mediates
acetylation of histone H4 and promotes normal transcription ini-
tiation by RNAPII (Kraus et al. 2020). The Bromo domains of BDF3
and BDF5 may guide HAT2 to pre-existing acetylation at TSRs to
maintain the required acetylated state for efficient transcription.
We also note that Tb927.3.4140 displays similarity to poly ADP ri-
bose polymerase (PARP) (Supplemental Table S5), suggesting that
ribosylation might contribute to TSR definition by promoting
chromatin decompaction as seen upon Drosophila heat shock
puff induction (Tulin et al. 2003; Tulin and Spradling 2003;
Sawatsubashi et al. 2004) and at some mammalian enhancer—pro-
moter regions (Benabdallah et al. 2019). Tb927.11.5230 contains
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Figure 4. Class | and Class Il TSR-associated factors define distinct interaction networks. (A) YFP-tagged proteins found to be enriched at TSRs were an-
alyzed by LC-MS/MS to identify their protein interactions. The data for each plot is based on three biological replicates. Cutoffs used for significance: log,
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an EMSY ENT domain whose structure has been determined
(Supplemental Table S5; Mi et al. 2018); such domains are present
in several chromatin regulators. Tb927.4.2340 shows similarity to
the C-terminal region of the vertebrate TFIID TAF1 subunit
(Supplemental Table S5). Metazoan TAF1 bears two Bromo do-
mains in its C-terminal region, whereas in yeast, the double
Bromo domain component of TFIID is contributed by the separate
Bdf1 (or Bdf2) proteins (Matangkasombut et al. 2000; Timmers
2020). T. brucei BDFS contains two Bromo domains and may
thus be equivalent to the yeast TFIID Bdfl subunit.

Class II: BDF2, BDF5, BDFé, EAF6, HATI, HAT2, DACI/HDAC,
HDACS, SET26, ZCWI

BDF2 and HDAC3

We found that both the TSR-enriched histone variants H2A.Z and
H2B.V strongly associate with BDF2 and HDAC3, which interact
with each other as well as with four uncharacterized proteins
(Tb927.3.2460, Tb927.6.4330, Tb927.9.4000, Tb927.9.8520) (Fig.
4A,B; Supplemental Table S4). We note that Tb927.9.8520 shows
similarity to DNA polymerase epsilon (DNAPoIE) (Supplemental
Table S5), and both DNA polymerase theta (DNAPolQ) and DNA
Primase were also enriched along with the PARN3 poly(A)-specific
ribonuclease and Casein Kinase I isoform 2 (CK1.2). Moreover,
Tb927.3.2460 shows similarity to a nuclear pore protein, whereas
Tb927.6.4330, Tb927.9.4000, and DNAPolQ were previously
shown to associate with the telomere proteins TRF and TelAP1,
and DNA primase is known to interact with TelAP1 (Reis et al.
2018). Here we find that the telomere-associated proteins TREF,
TIF2, TelAP1, and RAP1 are also enriched in both BDF2 and
HDACS affinity selections. The significance of this association is
unknown; however, BDF2 and HDAC3 have previously been
shown to be required for telomeric VSG expression site silencing
(Wang et al. 2010; Schulz et al. 2015), and RNAi knockdown of
Tb927.6.4330 causes defects in telomere-exclusive VSG gene ex-
pression (Glover et al. 2016). It was also unexpected to observe
HDAC3 enrichment at RNAPII TSRs given that actively transcribed
regions tend to be hyperacetylated (Kouzarides 2007). HDAC3 may
be required to reverse acetylation associated with newly deposited
histones during S phase (Stewart-Morgan et al. 2020) or to remove
acetylation added during expected H2A-H2B:H2A.Z-H2B.V
dimer-dimer exchange events at TSR regions (Millar et al. 2006;
Bonisch and Hake 2012).

SET26 and ZCWI

SET26 and ZCW1 associated with each other as well as with most
histones and histone variants (Fig. 4A,B; Supplemental Table S4).
In addition, both SET26 and ZCW1 showed strong interac-
tion with the SPT16 and POB3 subunits of the facilitates
chromatin transcription (FACT) complex, which is involved in try-
panosome VSG silencing through increased histone occupancy
at VSG expression sites (Denninger and Rudenko 2014) and is
known to aid transcription elongation in other eukaryotes
(Belotserkovskaya et al. 2003). SET26 could perform an analogous
role to the yeast Set2 H3K36 HMT, which travels with RNAPII
and, together with FACT, ensures that chromatin integrity is re-
stored behind advancing RNAPII. These activities are known to pre-
vent promiscuous transcription initiation events from cryptic
promoters within open reading frames (Kaplan et al. 2003; Mason
and Struhl 2003; Carrozza et al. 2005; Joshi and Struhl 2005;
Keogh et al. 2005; Li et al. 2007; Cheung et al. 2008; Venkatesh

and Workman 2013). ZCWT1 also shows strong association with ap-
parent orthologs of several SWR1/SRCAP/EP400 remodeling
complex subunits (Willhoft and Wigley 2020; Scacchetti and
Becker 2021), including Swr1/SRCAP (Tb927.11.10730), Swc6/
ZNHIT1 (Tb927.11.6290), Swc2/YL1 (Tb927.11.5830), two RuvB-
related helicases (Tb927.4.2000; Tb927.4.1270), actin and actin-re-
lated proteins (Tb927.4.980, Tb927.10.2000, Tb927.3.3020), and
the possible equivalents of the Swc4/DMAP1 (Tb927.7.4040) and
Yaf9/GAS41 YEATS domain protein (Tb927.10.11690, designated
YEA1) subunits (Supplemental Tables S5, S6). Most of these putative
TbSWRI1-C subunits were also detected as being associated with
BDF2 (Fig. 4A,B; Supplemental Tables S4, S5). Thus, because the
yeast Bdf1 and human BRD8 Bromo domain proteins also associate
with SWR1-C/SRCAP-C/EP400, it is likely that TbBDF2 performs a
similar function in engaging acetylated histones. The SWR/SRCAP
remodeling complexes are well known for being required to direct
the replacement of H2A with H2A.Z in nucleosomes residing close
to transcription start sites (Mizuguchi et al. 2004; Ruhl et al.
2006). The prevalence of both H2A.Z and H2B.V with affinity-se-
lected ZCW1 suggests that it may also play a role in directing the
T. brucei SWR/SRCAP complex to TSRs to ensure incorporation of
H2A.Z-H2B.V in place of H2A-H2B in resident nucleosomes.

BDFé, EAFé, and HATI

Multiple sequence alignments indicate that Tb927.1.3400 con-
tains a Bromo domain (Supplemental Fig. S1C), and this protein
was named BDF6. BDF6, EAF6, and HAT1 show robust association
with each other; with a second YEATS domain protein, the
possible ortholog of acetylated-H2A.Z binding Yaf9/Gas41
(Tb927.7.5310, designated YEA2); and with a set of five
other uncharacterized proteins (Tb927.1.650, Tb927.6.1240,
Tb927.8.5320, Tb927.10.14190, Tb927.11.3430) (Fig. 4A,B;
Supplemental Table S4). Tb927.1.650 is an MRG domain protein
with similarity to yeast Eaf3, whereas Tb927.10.14190 appears to
be orthologous to yeast Epl1, both of which along with Yaf9 are
components of the yeast NuA4 complex (Supplemental Tables
S5, S7). The yeast Yaf9 YEATS protein contributes to both the
NuA4 HAT and SWR1 complexes and can bind acetylated or croto-
nylated histone tails (Arrowsmith and Schapira 2019; Timmers
2020). In T. brucei, it appears that distinct YEATS domain proteins
contribute to putative SWR1 (YEA1) and NuA4 (YEA2) complexes.
HATT1 associates with both BDF6 and EAF6, whereas HAT3, EAF6,
and PHD1 reciprocally associate with each other and share
Tb927.11.7880, a YNG2-related ING domain protein, as a com-
mon interactor (Supplemental Fig. S8; Supplemental Tables S5,
S7). Thus, HAT3-EAF6-PHD1-YNG?2 perhaps represents a T. brucei
subcomplex analogous to yeast piccolo-NuA4, whereas HAT1-
EAF6-BDF6-EAF3-EPL1-YEA2 may form the larger NuA4 complex
(Doyon and Coté 2004; Wang et al. 2018). In T. brucei, the Esal/
TIP60 catalytic MYST acetyltransferase function may be shared be-
tween HAT1 and HAT3. Although we have clearly identified NuA4-
like complexes, no association was detected with a T. brucei Eaf1/
EP400-related Helicase-SANT domain protein that provides the
platform for the assembly of distinct modules of the yeast and
metazoan NuA4 complexes (Levi et al. 1987; Scacchetti and
Becker 2021).

Together, BDF6, EAF6, and HAT1 appear as part of a putative
NuA4-related complex that functions at T. brucei TSRs. HAT1 has
been shown to be required for H2A.Z and H2B.V acetylation and
efficient RNAPII engagement and transcription (Kraus et al.
2020). BDF6, YEA2, or both may bind acetylated histones at TSRs
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to promote stable association of interacting chromatin modifica-
tion and remodeling activities that enable the required histone dy-
namics to take place in these highly specialized regions and
thereby facilitate efficient transcription.

DACI/HDACI

We also readily detect DAC1/HDAC1 enriched broadly over
RNAPII TSRs, but notably, it does not associate with any of the oth-
er factors we found in these regions (Fig. 4A; Supplemental Table
S4). However, five uncharacterized proteins (Tb927.3.890,
Tb927.4.3730, Tb927.6.3170, Tb927.7.1650, Tb927.9.2070) re-
producibly associated with DAC1/HDAC1. HHpred searches
detected some similarity of Tb927.3.890, Tb927.4.3730, and
Tb927.6.3170 to chromatin-associated proteins (Supplemental
Table S5), and Tb927.9.2070 was also enriched with CRD1.
DAC1/HDAC1 was previously shown to be an essential nuclear
protein whose knockdown increases silencing of telomere-adja-
cent reporters in BF parasites (Wang et al. 2010). However, a gene-
ral role for DAC1/HDAC1 at RNAPII TSRs was not anticipated.
DAC1/HDACI1 has been reported to be mainly cytoplasmic in pro-
cyclic cells (Wang et al. 2010), and it is therefore expected to be ab-
sent from RNAPII TSRs in insect form parasites.

Eight proteins are specifically enriched over RNAPII TTRs
coincident with RNAPIII-transcribed genes

Our analysis of ChIP-seq association patterns also revealed a distinct
set of eight proteins which displayed sharp peaks at a subset of
RNAPII TTRs that coincide with RNAPIII-transcribed genes (Fig. 5;
Supplemental Fig. S6B). These RNAPIII/TTR-associated factors in-
cluded six of our candidate readers and writers (BDF7, ELP3Db,
PHD2, PHD4, TFIIS2-2, and DOT1A), as well as two of the selected
control proteins (TRF and TBP). A total of 154 RNAPII TTRs have
been annotated in the Lister 427 genome (Miiller et al. 2018). We
observed enrichment of some or all of these eight proteins at the
20 TTRs that overlap with tRNA and/or snRNA genes and also at
the single TTR6 (sTTR6), which lacks such genes (Fig. 5A,B). We de-
tected, consistent with 7. brucei snRNA and tRNA genes being tran-
scribed by RNAPIII (Nakaar et al. 1997; Tschudi and Ullu 2002),
enrichment of RPC1 (the largest RNAPIII subunit) at these locations
(Fig. SA). However, although RPC1 associates with sTTR6, it is not
enriched at any of the other 133 TTRs lacking annotated RNAPIII-
transcribed genes. Our analysis suggests that an unannotated
RNAPIII transcript is probably produced within sTTR6 but that
the majority of RNAPII TTRs are not associated with RNAPIII tran-
scription or with any of the eight highlighted proteins.

These eight RNAPIII/TTR-associated factors were also clearly
enriched at the RNU2 (Tb927.2.5680) and U6 (Tb927.4.1213)
snRNA genes and at 53 of the 69 tRNA genes annotated in the
Lister 427 genome assembly (Fig. 5A,B; Supplemental Fig. S6B;

Supplemental Table S8). We observed enrichment of only some
of these proteins at 11 of the other tRNA genes and no association
with the remaining five. Moreover, not all tRNA genes bound by
these proteins coincide with an RNAPII TTR (Supplemental Fig.
S6B; Supplemental Table S8).

RNAPIII/RPC1 was also enriched over the 5S rRNA cluster to-
gether with TBP but not the other seven members of this protein
group (Fig. 5C). However, all eight proteins gave prominent peaks
over the SL gene cluster (Fig. 5D). The 15 RNAPII promoter-associ-
ated factors discussed above also show sharp peaks that appear to
coincide with those of the RNAPIII/TTR-associated factors at
some locations (Supplemental Fig. S6C); the significance of this
colocation is unknown.

It was unexpected that the terminal (TTAGGG), telomere re-
peat-binding protein TRF was one of the eight proteins enriched at in-
ternal chromosomal regions overlapping RNAPIII-associated TTRs.
We hypothesized that enrichment of TRF at this subset of TTRs could
result from the presence of underlying sequence motifs with similar-
ity to canonical (TTAGGG), telomere repeats; however, sequence
scrutiny revealed no significant matches. T. brucei contains approxi-
mately 115 linear chromosomes and, consequently, has an abun-
dance of telomeres and telomere binding proteins that cluster at the
nuclear periphery (Yang et al. 2009; DuBois et al. 2012; Akiyoshi
and Gull 2013; Reis et al. 2018). The tethering of RNAPIII-transcribed
genes to the nuclear periphery, as observed in yeast (Iwasaki et al.
2010; Chen and Gartenberg 2014), would bring them in close prox-
imity to telomeres, offering a potential explanation for the association
of TRF with these nucleosome depleted regions.

In yeasts, both the cohesin and condensin complexes, which
shape chromosome architecture, are enriched or loaded at highly
transcribed regions such as tRNA genes (D’Ambrosio et al. 2008;
Haeusler et al. 2008; Gard et al. 2009; Iwasaki et al. 2010).
Because the T. brucei Sccl cohesin subunit is also enriched over
tRNA genes (Miiller et al. 2018), it is possible that the plethora of
factors associated with RNAPIII-transcribed genes mediate the for-
mation of nucleosome depleted boundary structures that facilitate
transcription termination of polycistronic units by obstructing the
passage of RNAPII. Because none of the eight proteins identified
decorate RNAPII TSRs, they likely contribute to RNAPII transcrip-
tion termination and/or facilitate RNAPIII transcription of tRNA
and snRNA genes.

Interaction networks of RNAPIII/ TTR-associated proteins

To gain more insight into the functional context of the eight pro-
teins found to be enriched at the subset of TTRs coinciding with
RNAPIII-transcribed genes, we applied the same approach used
to identify interacting partners of the promoter-associated factors.
Below we detail the interaction networks of the RNAPIII/TTR-en-
riched proteins and discuss their potential functional implications
(Fig. SE,F; Supplemental Tables S4, S5).

Figure 5. (See figure on preceding page.) Proteins enriched over RNAPII TTRs coinciding with RNAPIII-transcribed genes define distinct interaction net-
works. The ChIP-seq tracks show a single replicate for each protein and are scaled separately as reads per million (values shown at the end of each track).
(A) Examples of protein enrichment over an snRNA (top panel) and tRNAs (bottom panel). (B) Overlap between TTRs, tRNAs, snRNAs, and RNAPIII/TTR-
associated factors. The numbers under the horizontal bar graphs refer to the number of tRNA or snRNA genes overlapping with each TTR. The presence
and absence of overlap with RNAPIII/TTR-associated factors is indicated by green and empty squares, respectively. (cTTRs) Convergent TTRs, (sTTRs) single
TTRs. (C) Enrichment of the RNAPIII/TTR-associated factors and RPC1 at the 5S rRNA gene cluster. (D) Enrichment of the RNAPIII/TTR-associated factors and
RPC1 at the spliced leader gene cluster. (E) YFP-tagged proteins found to be enriched at a subset of TTRs were analyzed by LC-MS/MS to identify their
protein interactions. The data for each plot are based on three biological replicates. Cutoffs used for significance: log, (tagged/untagged) >2 or <-2
and P<0.01 (Student’s t-test). Enrichment scores for proteins identified in each affinity selection are presented in Supplemental Table S4. Significantly en-
riched proteins are indicated by black or colored dots. Proteins of interest are indicated by the red font. (F) Key proteins identified as being associated with
the indicated YFP-tagged bait proteins (thick oval outlines). Lines denote interactions between proteins.
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Affinity selection of the telomere binding protein TRF result-
ed in enrichment of previously identified TRF- and telomere-asso-
ciated proteins (Reis et al. 2018). The interaction of HDAC3 with
TRF and BDF2 and its enrichment over TSRs suggest that HDAC3
functions at both RNAPII promoters and at subtelomeric regions
(Fig. SE,F). Our proteomic analyses detected no significant interac-
tions of ELP3b, PHD2, and PHD4 with other proteins (Fig. SE;
Supplemental Table S4). Indeed, none of the eight RNAPIII/TTR-
associated factors displayed reciprocal interactions with each
other. This lack of cross talk suggests that each protein performs
distinct functions at these locations.

BDF7 and NAP proteins

BDF7 is a Bromo domain protein containing an AAA* ATPase
domain, equivalent to Yta7, Abol, and ATAD2 of budding and fis-
sion yeast and of vertebrates, respectively. These proteins have
been implicated in altering nucleosome density to facilitate tran-
scription, and Abo1 has recently been shown to mediate H3-H4 dep-
osition onto DNA in vitro (Lombardi et al. 2011; Cho et al. 2019;
Murawska and Ladurner 2020). Affinity-selected YFP-BDF7 showed
strong association with three Nucleosome Assembly Proteins
(Tb927.1.2210, designated NAP1; Tb927.3.4880, designated NAP2;
and Tb927.10.15180, designated NAP3) (Fig. SE,F; Supplemental
Table S4), supporting a potential role for BDF7 as a histone chaper-
one involved in nucleosome formation. H3.V and H4.V tend to be
enriched at the end of trypanosome polycistronic units where
RNAPII transcription is terminated (Siegel et al. 2009), and we find
that BDF7 is associated with a subset of these TTRs (Fig. 5B). Thus,
itis possible that BDF7 acts with NAP1-3 to mediate H3.V-H4.V dep-
osition at T. brucei RNAPIII-associated TTRs. Distinct nucleosome-
depleted regions are formed over tRNA genes, and as discussed
above, the termination of some RNAPII transcription occurs in re-
gions coincident with RNAPIII-transcribed genes (Marchetti et al.
1998; Siegel et al. 2009; Maree and Patterton 2014). As suggested pre-
viously, it is possible that a subset of genes transcribed by RNAPIII
acts as boundaries that block the passage of advancing RNAPII into
convergent or downstream transcription units (Siegel et al. 2009).
BDF7 may act with associated NAP proteins to promote nucleosome
depletion and termination over such regions.

TF1IS2-2 and the PAFI complex

TFIIS2-2 was clearly enriched in the vicinity of RNAPIII-transcribed
genes and associated TTRs and, upon affinity selection, showed
strong interaction with PAF1 complex components (LEO1/
Tb927.9.12900, CTR9/Tb927.3.3220, CDC73/Tb927.11.10230)
and with several RNAPII subunits (Fig. SE,F; Supplemental Table
S4). Yeast Paf1C acts with TFIIS to enable transcription elongation
through chromatin templates (Van Oss et al. 2017; Schier and
Taatjes 2020). The accumulation of PAF1 complex subunits at
these TTR regions presumably reflects the role that these proteins
are known to play in transcription termination and 3’ end process-
ing of RNAPII transcripts.

DOTIA and the RNase H2 complex

The DOT1A and DOT1B HMTs direct trypanosome H3K76 di- and
trimethylation, respectively (Janzen et al. 2006b). DOT1A is in-
volved in cell cycle progression, whereas DOT1B is necessary for
maintaining the silent state of inactive VSGs and for rapid tran-
scriptional VSG switching (Janzen et al. 2006b; Figueiredo et al.
2008). Our proteomic analysis revealed that DOTIA associates

with all three subunits of the RNase H2 complex (RH2A, RH2B,
and RH2C) (Fig. SE,F; Supplemental Table S4). The RH1 and RH2
complexes are necessary for resolving R-loops formed during tran-
scription (Cerritelli and Crouch 2009). Although both RH1 and
RH2 complexes are involved in antigenic variation, only RH2
has a role in trypanosome RNAPII transcription (Briggs et al.
2019). A recent study suggests that DOT1B is also required to clear
R-loops by suppressing RNA-DNA hybrid formation and resulting
DNA damage (Eisenhuth et al. 2020). DOT1A, which we find to be
enriched at tRNA and snRNA genes (see above), may act with RH2
to prevent the accumulation of RNA-DNA hybrids at these
RNAPIII-transcribed regions.

TBP, BRFI, and RNAPI!I-transcribed genes

TATA-box related protein (TBP) has largely been studied with re-
spect to its role in RNAPII transcription from SL RNA gene promot-
ers (Das et al. 2005). However, TBP was also previously shown to
associate strongly with the TFIIIB component BRF1 (Schimanski
et al. 2005), and thus, like BRF1, TBP may also promote RNAPIII
transcription (Vélez-Ramirez et al. 2015). Indeed, directed ChIP as-
says indicate that TBP associates with specific RNAPIII-transcribed
genes (Ruan et al. 2004; Vélez-Ramirez et al. 2015). We confirmed
that, consistent with a dual role, YFP-TBP interacts with both
SNAP complex components involved in SL transcription and
with BRF1 (Fig. SE,F; Supplemental Table S4). Our ChIP-seq analy-
sis shows that TBP is concentrated in sharp peaks that coincide
with both RNAPII promoters for SL RNA genes as well as
RNAPIII-transcribed tRNA and snRNA genes (Fig. 5A,D).
Additionally, TBP was significantly enriched at arrays of RNAPIII-
transcribed 5S rRNA genes (Fig. 5C). Thus, apart from SL RNA
gene promoters, TBP appears to mark all known sites of RNAPIII-
directed transcription.

Conclusions

Using protein domain homology searches, we identified a collec-
tion of 65 putative chromatin regulators in T. brucei that were
predicted to act as writers, readers, or erasers of histone PTMs.
Many of these proteins showed a discernible nuclear localization
and displayed distinct patterns of association across the genome,
frequently coinciding with regions responsible for RNAPII tran-
scription initiation and termination or RNAPIII transcription
(Fig. 6). Robust proteomic analyses allowed the interaction net-
works of these proteins to be identified, thereby providing further
insight into their possible functions at specific genomic locations
by revealing putative complexes likely involved in the distinct
phases of transcription: initiation, elongation, and termination.
Counterparts of yeast SWR1 H2A-to-H2A.Z exchange complex
and NuA4 HAT complex components were identified, some of
which were enriched where H2A.Z is prevalent at TSRs. A recent re-
port indicates that both TbSWR1 and TbNuA4 complexes are in-
deed involved in the deposition of T. brucei H2A.Z (Vellmer et al.
2021).

We also show that two predicted SET domain methyltransfer-
ases associate with putative histone modification reader proteins
with which they occupy RNAPII TSRs. Moreover, our analyses re-
veal that six of the seven Bromo domain proteins are involved in
four interaction networks enriched at TSRs, whereas the BDF7 net-
work alone marks a subset of TTRs that is coincident with sites of
RNAPII transcription. The association of SET and Bromo
domain proteins with conserved RNAPII subunits, histone
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Class | TSR factors

Protein tagging

Candidate proteins were tagged endoge-
nously on their N termini with YFP using
the pPOTv4 plasmid (Dean et al. 2015).
Tagging constructs were produced by fu-
sion PCR of three fragments: a ~500-bp
fragment homologous to the end of the
5 UTR of each gene, a region of the
pPOTv4 plasmid containing a blastici-
din-resistance cassette and a YFP tag,

and a ~500-bp fragment homologous to
the beginning of the coding sequence
of each gene. Supplemental Table S9 lists
the primers used for tagging. Fusion con-

HAT2 | - , |BDF6 {PDH4: | DOT1A; | TBP | structs were transfected into BF parasites
t-----e-o---2l UBDF2 ¢ THATA LTI T by electroporation as previously de-
HDAC3: | EAF6 ' TFIIS2-2; | TRF: scribed (Burkard et al. 2007). The cell

Tt et et et lines obtained after blasticidin selection

Class Il TSR factors TTR factors were tested for correct integration of the

Figure 6. Model depicting distribution of chromatin regulators across a trypanosome polycistronic
transcription unit. Diagram shows the five Class | (sharp; green) and 10 Class Il (broad; purple) TSR-as-
sociated factors at a unidirectional/single RNAPII promoter. The arrow indicates the direction of transcrip-

tagging constructs by PCR and for ex-
pression of the tagged proteins via west-
ern blotting analysis.

tion. The gray rectangle represents a single polycistron. Class Il proteins are enriched in the direction of

transcription. The eight proteins found at RNAPII TTRs associated with RNAPIII-transcribed genes are
shown in blue. tRNA and snRNA genes are represented by the brown rectangle. Proteins within each

box were found to interact in the proteomic experiments.

acetyltransferases, chromatin chaperones, and remodeling factors
suggests that the networks identified play pivotal roles in defining
sites of transcription initiation and termination.

The data presented here provide a comprehensive depiction
of the operational context of chromatin writers, readers, and eras-
ers at important genomic regulatory elements in this experimen-
tally tractable but divergent eukaryote. Critically, our analyses
identify many novel proteins unrelated to, or divergent from,
known chromatin regulators of conventional eukaryotes. This
highlights the utility of our approach to reveal novelty in the com-
position of T. brucei chromatin regulatory complexes, which differ
from the paradigms established using conventional eukaryotic
models.

Trypanosome gene expression is generally considered to be
regulated post-transcriptionally with a plethora of factors dedicat-
ed to sculpting mature mRNAs from nascent polycistronic tran-
scripts (Clayton 2019). The complexity of chromatin regulatory
factors that we have found to be enriched at TSRs and some TTRs
may simply represent the core set of proteins required to mediate
efficient and constitutive eukaryotic transcription initiation, elon-
gation, and termination in a chromatin context. An alternative
possibility is that these proteins, with potentially antagonistic
functions, operate in a more complex regulatory landscape where
transcriptional control contributes alongside post-transcriptional
mechanisms in ensuring optimal trypanosome gene expression.

Methods

Cell culture

Lister 427 BF T. brucei was used throughout this study. Parasites
were grown in HMI-9 medium (Hirumi and Hirumi 1989) at
37°C and 5% CO,. Cell lines with YFP-tagged proteins were grown
in the presence of 5 ng/mL blasticidin. The density of cell cultures
was maintained below 3 x 10° cells/mL.

Fluorescent immunolocalization

Cells were fixed with 4% paraformalde-
hyde for 10 min on ice. Fixation was
stopped with 0.1 M glycine. Cells were
added to polylysine-coated slides and permeabilized with 0.1%
Triton X-100. The slides were blocked with 2% BSA. Rabbit anti-
GFP primary antibody (Thermo Fisher Scientific A-11122) was
used at 1:500 dilution, and secondary Alexa fluor 568 goat antirab-
bit antibody (Thermo Fisher Scientific A-11036) was used at 1:1000
dilution. Images were taken with a Zeiss Axio Imager microscope.

Chromatin immunoprecipitation and sequencing

Parasites, 4 x 10%, were fixed with 0.8% formaldehyde for 20 min at
room temperature. Cells were lysed and sonicated in the presence
of 0.2% SDS for 30 cycles (30 sec on, 30 sec off) using the high set-
ting on a Bioruptor sonicator (Diagenode). Cell debris were pellet-
ed by centrifugation, and SDS in the lysate supernatants was
diluted to 0.07%. Input samples were taken before incubating
the rest of the cell lysates overnight with 10 pg rabbit anti-GFP
antibody (Thermo Fisher Scientific A-11122) and Protein G
Dynabeads. The beads were washed, and the DNA eluted from
them was treated with RNase and Proteinase K. DNA was then pu-
rified using a QIAquick PCR purification kit (Qiagen), and libraries
were prepared using NEXTflex barcoded adapters (Bioo Scientific).
The libraries were sequenced on Illumina HiSeq 4000 (Edinburgh
Genomics), Illumina NextSeq (Western General Hospital,
Edinburgh), or Illumina MiniSeq (Allshire laboratory). In all cases,
75-bp paired-end sequencing was performed. Our subsequent
analyses were based on three replicates for BDF6, CRD1, and
DMT; one replicate for ELP3a, NAT2, and SET10; and two replicates
for the remaining YFP-tagged proteins and for the untagged
control.

ChIP-seq data analysis

Sequencing reads were deduplicated with pyFastqDuplicateRe-
mover (Webb et al. 2014; https://git.ecdf.ed.ac.uk/sgrannem/
pycrac) and subsequently aligned to the Tb427v9.2 genome (Miil-
ler et al. 2018) with Bowtie 2 (Langmead and Salzberg 2012). The
default mode of Bowtie 2 was used, which searches for multiple
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alignments and reports the best one or, if several alignments are
deemed equally good, reports one of those randomly. The ChIP
samples were normalized to their respective inputs (ratio of ChIP
to input reads) and to library size (reads per million). TSR and
TTR regions were defined based on annotations of the Lister 427
genome (Miiller et al. 2018). CRD1 peak summits were called using
the narrow peak mode of MACS2 (Feng et al., 2012) followed by
manual filtering of false positives, which included peaks not pre-
sent in all CRD1 replicates, peaks present in the untagged control,
and/or peaks with fold enrichment < 6.5. Ten-kilobase regions up-
stream of and downstream from CRD1 peak summits were divided
into 50-bp windows. The metagene plots display individual ChIP-
seq replicates separately and were generated by summing normal-
ized reads in each 50-bp window and representing them as density
centered around CRD1. The average metagene plots were generat-
ed analogously, except that the reads around all CRD1 peaks were
averaged before plotting. Heatmaps represent normalized reads
around individual CRD1 peaks and were generated as an average
of all replicates for each protein.

Affinity purification and LC-MS/MS proteomic analysis

Cells, 4 x 108, were lysed per IP in the presence of 0.2% NP-40 and
150 mM KCIl. Lysates were sonicated briefly (three cycles, 12 sec
on, 12 sec off) at a high setting in a Bioruptor (Diagenode) sonica-
tor. The soluble and insoluble fractions were separated by centrifu-
gation, and the soluble fraction was incubated for 1 h at 4°C with
beads cross-linked to mouse anti-GFP antibody (Roche
11814460001). The resulting immunoprecipitates were washed
three times with lysis buffer, and protein was eluted with
RapiGest surfactant (Waters) for 15 min at 55°C. Next, filter-aided
sample preparation (FASP) (Wisniewski et al. 2009) was used to
digest the protein samples for mass spectrometric analysis.
Briefly, proteins were reduced with DTT and then denatured
with 8 M urea in Vivakon spin (filter) column 30K cartridges.
Samples were alkylated with 0.05 M IAA and digested with 0.5 pg
MS grade Pierce trypsin protease (Thermo Fisher Scientific) over-
night, desalted using stage tips (Rappsilber et al. 2007), and resus-
pended in 0.1% TFA for LC-MS/MS. Peptides were separated using
RSLC Ultimate 3000 system (Thermo Fisher Scientific) fitted with
an FasySpray column (50 cm; Thermo Fisher Scientific) using 2%-—
40%-95% nonlinear gradients with solvent A (0.1% formic acid)
and solvent B (80% acetonitrile in 0.1% formic acid). The
EasySpray column was directly coupled to an Orbitrap Fusion
Lumos (Thermo Fisher Scientific) operated in DDA mode.
“TopSpeed” mode was used with 3-sec cycles with standard set-
tings to maximize identification rates: MS1 scan range 350-1500
mz, RF lens 30%, AGC target 4.0e® with intensity threshold
5.0e3, filling time 50 msec and resolution 60,000, monoisotopic
precursor selection, and filter for charge states two through five.
HCD (27%) was selected as fragmentation mode. MS2 scans were
performed using an ion trap mass analyzer operated in rapid
mode with AGC set to 2.0e* and filling time to 50 msec. The result-
ing shot-gun data were processed using Maxquant 1.6.1.0 (T. brucei
proteome from May 14, 2019) and visualized using Perseus 1.6.1.3
(Tyanova et al. 2016).

Data access

All raw and processed sequencing data generated in this study have
been submitted to the NCBI Gene Expression Omnibus (GEO;
https://www.ncbi.nlm.nih.gov/geo/) under accession number
GSE150253. The proteomics data generated in this study have
been submitted to the Proteomics Identifications Database

(PRIDE; https://www.ebi.ac.uk/pride/) under accession number
PXD026743.

Competing interest statement

The authors declare no competing interests.

Acknowledgments

We thank members of both the Allshire and Matthews laboratories
for useful input and discussion. In particular, we thank Manu
Shukla and Sito Torres-Garcia for advice on ChIP-seq, Alison
Pidoux and Eleanor Silvester for advice on immunolocalization
and microscopy, and Julie Young for supplying HMI-9 media.
We also thank Mark Field for alerting us to BDF6 and BDF7;
Stefan Bresson, who provided valuable input on the bioinformatic
analysis; Samuel Dean, who sent us the pPOTv4 plasmid used for
YFP tagging; and Esteban Serra for discussion on acetyltransferase
nomenclature. We also thank Edinburgh Genomics (Natural
Environment Research Council [NERC], R8/H10/56; Medical
Research Council [MRC], MR/K001744/1; Biotechnology and
Biological Sciences Research Council [BBSRC], BB/J004243/1)
and Genetics Core, Edinburgh Clinical Research Facility, for their
valued sequencing services. This research was made possible by
core funding to the Wellcome Centre for Cell Biology (203149);
a Wellcome 4-yr PhD in cell biology studentship (102336) to
D.PS.; a Wellcome senior research fellowship (103139) and
Wellcome instrument grant (108504) to J.R.; a Wellcome senior re-
search fellowship (202811) to A.A.J.; a Wellcome investigator
award (103740) to K.R.M.; a Wellcome Trust Principal Research fel-
lowship (095021 and 200885) to R.C.A.; and an MRC Research
grant (MR/T04702X/1) to R.C.A. and K.R.M.

References

Aasland R, Gibson TJ, Stewart AF. 1995. The PHD finger: implications for
chromatin-mediated transcriptional regulation. Trends Biochem Sci 20:
56-59. doi:10.1016/S0968-0004(00)88957-4

Akiyoshi B, Gull K. 2013. Evolutionary cell biology of chromosome segrega-
tion: insights from trypanosomes. Open Biol 3: 130023. doi:10.1098/
1s0b.130023

Akiyoshi B, Gull K. 2014. Discovery of unconventional kinetochores in
kinetoplastids. Cell 156: 1247-1258. doi:10.1016/j.cell.2014.01.049

Allshire RC, Madhani HD. 2018. Ten principles of heterochromatin forma-
tion and function. Nat Rev Mol Cell Biol 19: 229-244. doi:10.1038/nrm
.2017.119

Alsford S, Horn D. 2011. Elongator protein 3b negatively regulates ribosom-
al DNA transcription in African trypanosomes. Mol Cell Biol 31: 1822—
1832. doi:10.1128/MCB.01026-10

Alsford S, Horn D. 2012. Cell-cycle-regulated control of VSG expression site
silencing by histones and histone chaperones ASF1A and CAF-1b in
Trypanosoma brucei. Nucleic Acids Res 40: 10150-10160. doi:10.1093/
nar/gks813

Arrowsmith CH, Schapira M. 2019. Targeting non-bromodomain chroma-
tin readers. Nat Struct Mol Biol 26: 863-869. doi:10.1038/541594-019-
0290-2

Bannister AJ, Kouzarides T. 2011. Regulation of chromatin by histone mod-
ifications. Cell Res 21: 381-395. d0i:10.1038/cr.2011.22

Belotserkovskaya R, Oh S, Bondarenko VA, Orphanides G, Studitsky
VM, Reinberg D. 2003. FACT facilitates transcription-dependent nucle-
osome alteration. Science 301: 1090-1093. doi:10.1126/science
1085703

Benabdallah NS, Williamson I, Illingworth RS, Kane L, Boyle S, Sengupta D,
Grimes GR, Therizols P, Bickmore WA. 2019. Decreased enhancer-pro-
moter proximity accompanying enhancer activation. Mol Cell 76:
473-484.e7. doi:10.1016/j.molcel.2019.07.038

Berriman M, Ghedin E, Hertz-Fowler C, Blandin G, Renauld H, Bartholomeu
DC, Lennard NJ, Caler E, Hamlin NE, Haas B, et al. 2005. The genome of
the African trypanosome Trypanosoma brucei. Science 309: 416-422.
doi:10.1126/science.1112642

Genome Research 2151
www.genome.org


https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ncbi.nlm.nih.gov/geo/
https://www.ebi.ac.uk/pride/
https://www.ebi.ac.uk/pride/
https://www.ebi.ac.uk/pride/
https://www.ebi.ac.uk/pride/
https://www.ebi.ac.uk/pride/
https://www.ebi.ac.uk/pride/
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on May 3, 2026 . Published by Cold Spring Harbor Laboratory Press

Staneva et al.

Bonisch C, Hake SB. 2012. Histone H2A variants in nucleosomes and chro-
matin: more or less stable? Nucleic Acids Res 40: 10719-10741. doi:10
.1093/nar/gks865

Borst P. 1986. Discontinuous transcription and antigenic variation in try-
panosomes. Annu Rev Biochem 55: 701-732. doi:10.1146/annurev.bi
.55.070186.003413

Borst P, Sabatini R. 2008. Base J: discovery, biosynthesis, and possible func-
tions. Annu Rev Microbiol 62: 235-251. doi:10.1146/annurev.micro.62
.081307.162750

Briggs E, Crouch K, Lemgruber L, Hamilton G, Lapsley C, McCulloch R.
2019. Trypanosoma brucei ribonuclease H2A is an essential R-loop pro-
cessing enzyme whose loss causes DNA damage during transcription
initiation and antigenic variation. Nucleic Acids Res 47: 9180-9197.
doi:10.1093/nar/gkz644

Burkard G, Fragoso CM, Roditi I. 2007. Highly efficient stable transforma-
tion of bloodstream forms of Trypanosoma brucei. Mol Biochem Parasitol
153: 220-223. doi:10.1016/j.molbiopara.2007.02.008

Carrozza M]J, Li B, Florens L, Suganuma T, Swanson SK, Lee KK, Shia W],
Anderson S, Yates J, Washburn MP, et al. 2005. Histone H3 methylation
by Set2 directs deacetylation of coding regions by Rpd3S to suppress
spurious intragenic transcription. Cell 123: 581-592. doi:10.1016/j
.cell.2005.10.023

Cerritelli SM, Crouch RJ. 2009. Ribonuclease H: the enzymes in eukaryotes.
FEBS ] 276: 1494-1505. doi:10.1111/j.1742-4658.2009.06908.x

Chen M, Gartenberg MR. 2014. Coordination of tRNA transcription with
export at nuclear pore complexes in budding yeast. Genes Dev 28:
959-970. doi:10.1101/gad.236729.113

Cheung V, Chua G, Batada NN, Landry CR, Michnick SW, Hughes TR,
Winston F. 2008. Chromatin- and transcription-related factors repress
transcription  from within coding regions throughout the
Saccharomyces cerevisiae genome. PLoS Biol 6: e277. doi:10.1371/jour
nal.pbio.0060277

Cho C, Jang J, Kang Y, Watanabe H, Uchihashi T, Kim SJ, Kato K, Lee JY,
Song JJ. 2019. Structural basis of nucleosome assembly by the Abol
AAA+ ATPase histone chaperone. Nat Commun 10: 5764. doi:10.1038/
$41467-019-13743-9

Clayton C. 2019. Regulation of gene expression in trypanosomatids: living
with polycistronic transcription. Open Biol 9: 190072. doi:10.1098/rsob
.190072

Cliffe L], Siegel TN, Marshall M, Cross GA, Sabatini R. 2010. Two thymidine
hydroxylases differentially regulate the formation of glucosylated DNA
at regions flanking polymerase II polycistronic transcription units
throughout the genome of Trypanosoma brucei. Nucleic Acids Res 38:
3923-3935. doi:10.1093/nar/gkq146

D’Ambrosio C, Schmidt CK, Katou Y, Kelly G, Itoh T, Shirahige K, Uhlmann
F. 2008. Identification of cis-acting sites for condensin loading onto
budding yeast chromosomes. Genes Dev 22: 2215-2227. doi:10.1101/
gad.1675708

Das A, Zhang Q, Palenchar JB, Chatterjee B, Cross GA, Bellofatto V. 2005.
Trypanosomal TBP functions with the multisubunit transcription factor
tSNAP to direct spliced-leader RNA gene expression. Mol Cell Biol 25:
7314-7322. doi:10.1128/MCB.25.16.7314-7322.2005

Dean S, Sunter J, Wheeler R], Hodkinson I, Gluenz E, Gull K. 2015. A toolkit
enabling efficient, scalable and reproducible gene tagging in trypanoso-
matids. Open Biol §: 140197. doi:10.1098/rsob.140197

Dean S, Sunter JD, Wheeler RJ. 2017. TrypTag.org: a trypanosome genome-
wide protein localisation resource. Trends Parasitol 33: 80-82. doi:10
.1016/j.pt.2016.10.009

DeGrasse JA, DuBois KN, Devos D, Siegel TN, Sali A, Field MC, Rout MP,
Chait BT. 2009. Evidence for a shared nuclear pore complex architecture
that is conserved from the last common eukaryotic ancestor. Mol Cell
Proteomics 8: 2119-2130. doi:10.1074/mcp.M900038-MCP200

de Jesus TC, Nunes VS, Lopes Mde C, Martil DE, Iwai LK, Moretti NS,
Machado FC, de Lima-Stein ML, Thiemann OH, Elias MC, et al. 2016.
Chromatin proteomics reveals variable histone modifications during
the life cycle of Trypanosoma cruzi. ] Proteome Res 15: 2039-2051.
doi:10.1021/acs.jproteome.6b00208

de Lima LP, Poubel SB, Yuan ZF, Ros6n JN, Vitorino FNL, Holetz FB, Garcia
BA, da Cunha JPC. 2020. Improvements on the quantitative analysis of
Trypanosoma cruzi histone post translational modifications: study of
changes in epigenetic marks through the parasite’s metacyclogenesis
and life cycle. J Proteomics 225: 103847. doi:10.1016/j.jprot.2020
.103847

Denninger V, Rudenko G. 2014. FACT plays a major role in histone dynam-
ics affecting VSG expression site control in Trypanosoma brucei. Mol
Microbiol 94: 945-962. doi:10.1111/mmi.12812

Dillon SC, Zhang X, Trievel RC, Cheng X. 2005. The SET-domain protein
superfamily: protein lysine methyltransferases. Genome Biol 6: 227.
doi:10.1186/gb-2005-6-8-227

Doyon Y, Coté J. 2004. The highly conserved and multifunctional NuA4
HAT complex. Curr Opin Genet Dev 14: 147-154. doi:10.1016/j.gde
.2004.02.009

DuBois KN, Alsford S, Holden JM, Buisson J, Swiderski M, Bart JM, Ratushny
AV, Wan Y, Bastin P, Barry JD, et al. 2012. NUP-1 Is a large coiled-coil
nucleoskeletal protein in trypanosomes with lamin-like functions.
PLoS Biol 10: e1001287. doi:10.1371/journal.pbio.1001287

Eisenhuth N, Vellmer T, Butter F, Janzen CJ. 2020. A DOT1B/ribonuclease
H2 protein complex is involved in R-loop processing, genomic integrity
and antigenic variation in Trypanosoma brucei. bioRxiv doi:10.1101/
2020.03.02.969337, mBio (in press).

Feng Q, Wang H, Ng HH, Erdjument-Bromage H, Tempst P, Struhl K, Zhang
Y. 2002. Methylation of H3-lysine 79 is mediated by a new family of
HMTases without a SET domain. Curr Biol 12: 1052-1058. doi:10
.1016/50960-9822(02)00901-6

Feng J, Liu T, Qin B, Zhang Y, Liu XS. 2012. Identifying ChIP-seq enrich-
ment using MACS. Nat Protoc 7: 1728-1740. doi:10.1038/nprot.2012
.101

Figueiredo LM, Janzen CJ, Cross GA. 2008. A histone methyltransferase
modulates antigenic variation in African trypanosomes. PLoS Biol 6:
el61. doi:10.1371/journal.pbio.0060161

Figueiredo LM, Cross GA, Janzen CJ. 2009. Epigenetic regulation in African
trypanosomes: a new kid on the block. Nat Rev Microbiol 7: 504-513.
doi:10.1038/nrmicro2149

Gard S, Light W, Xiong B, Bose T, McNairn AJ, Harris B, Fleharty B, Seidel C,
Brickner JH, Gerton JL. 2009. Cohesinopathy mutations disrupt the sub-
nuclear organization of chromatin. J Cell Biol 187: 455-462. doi:10
.1083/jcb.200906075

Glover L, Hutchinson S, Alsford S, Horn D. 2016. VEX1 controls the allelic
exclusion required for antigenic variation in trypanosomes. Proc Natl
Acad Sci 113: 7225-7230. doi:10.1073/pnas.1600344113

Grozinger CM, Schreiber SL. 2002. Deacetylase enzymes: biological func-
tions and the use of small-molecule inhibitors. Chem Biol 9: 3-16.
doi:10.1016/S1074-5521(02)00092-3

Giinzl A. 2010. The pre-mRNA splicing machinery of trypanosomes: com-
plex or simplified? Eukaryot Cell 9: 1159-1170. doi:10.1128/EC.00113-
10

Haeusler RA, Pratt-Hyatt M, Good PD, Gipson TA, Engelke DR. 2008.
Clustering of yeast tRNA genes is mediated by specific association of
condensin with tRNA gene transcription complexes. Genes Dev 22:
2204-2214. doi:10.1101/gad.1675908

Haynes SR, Dollard C, Winston F, Beck S, Trowsdale J, Dawid IB. 1992. The
bromodomain: a conserved sequence found in human, Drosophila and
yeast proteins. Nucleic Acids Res 20: 2603. doi:10.1093/nar/20.10.2603

Henikoff S, Smith MM. 2015. Histone variants and epigenetics. Cold Spring
Harb Perspect Biol 7: a019364. doi:10.1101/cshperspect.a019364

Hirumi H, Hirumi K. 1989. Continuous cultivation of Trypanosoma brucei
blood stream forms in a medium containing a low concentration of se-
rum protein without feeder cell layers. ] Parasitol 75: 985-989. doi:10
.2307/3282883

Hishikawa D, Shindou H, Kobayashi S, Nakanishi H, Taguchi R, Shimizu T.
2008. Discovery of a lysophospholipid acyltransferase family essential
for membrane asymmetry and diversity. Proc Natl Acad Sci 105: 2830—
2835. doi:10.1073/pnas.0712245105

Horn D. 2014. Antigenic variation in African trypanosomes. Mol Biochem
Parasitol 195: 123-129. doi:10.1016/j.molbiopara.2014.05.001

Iwasaki O, Tanaka A, Tanizawa H, Grewal SI, Noma K. 2010. Centromeric lo-
calization of dispersed Pol Il genes in fission yeast. Mol Biol Cell 21: 254—
265. doi:10.1091/mbc.e09-09-0790

Janzen CJ, Fernandez JP, Deng H, Diaz R, Hake SB, Cross GA. 2006a.
Unusual histone modifications in Trypanosoma brucei. FEBS Lett 580:
2306-2310. doi:10.1016/j.febslet.2006.03.044

Janzen CJ, Hake SB, Lowell JE, Cross GA. 2006b. Selective di- or trimethyla-
tion of histone H3 lysine 76 by two DOT1 homologs is important for cell
cycle regulation in Trypanosoma brucei. Mol Cell 23: 497-507. doi:10
.1016/j.molcel.2006.06.027

Jonkers I, Lis JT. 2015. Getting up to speed with transcription elongation by
RNA polymerase II. Nat Rev Mol Cell Biol 16: 167-177. doi:10.1038/
nrm3953

Joshi AA, Struhl K. 2005. Eaf3 chromodomain interaction with methylated
H3-K36 links histone deacetylation to Pol II elongation. Mol Cell 20:
971-978. doi:10.1016/j.molcel.2005.11.021

Kaplan CD, Laprade L, Winston F. 2003. Transcription elongation factors re-
press transcription initiation from cryptic sites. Science 301: 1096-1099.
doi:10.1126/science. 1087374

Kawahara T, Siegel TN, Ingram AK, Alsford S, Cross GA, Horn D. 2008. Two
essential MYST-family proteins display distinct roles in histone H4K10
acetylation and telomeric silencing in trypanosomes. Mol Microbiol
69: 1054-1068. doi:10.1111/j.1365-2958.2008.06346.x

Keogh MC, Kurdistani SK, Morris SA, Ahn SH, Podolny V, Collins SR,
Schuldiner M, Chin K, Punna T, Thompson NJ, et al. 2005.

2152 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on May 3, 2026 . Published by Cold Spring Harbor Laboratory Press

Trypanosoma brucei chromatin factor networks

Cotranscriptional Set2 methylation of histone H3 lysine 36 recruits a re-
pressive Rpd3 complex. Cell 123: 593-605. doi:10.1016/j.cell.2005.10
.025

Kloc A, Martienssen R. 2008. RNAi, heterochromatin and the cell cycle.
Trends Genet 24: 511-517. doi:10.1016/j.tig.2008.08.002

Klose R, Kallin EM, Zhang Y. 2006. JmjC-domain-containing proteins and
histone demethylation. Nat Rev Genet 7: 715-727. doi:10.1038/n1g1945

Kouzarides T. 2007. Chromatin modifications and their function. Cell 128:
693-705. doi:10.1016/j.cell.2007.02.005

Kraus AJ, Vanselow JT, Lamer S, Brink BG, Schlosser A, Siegel TN. 2020.
Distinct roles for H4 and H2A.Z acetylation in RNA transcription in
African trypanosomes. Nat Commun 11: 1498. doi:10.1038/541467-
020-15274-0

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with Bowtie 2.
Nat Methods 9: 357-359. doi:10.1038/nmeth.1923

Lee KK, Workman JL. 2007. Histone acetyltransferase complexes: One size
doesn't fit all. Nat Rev Mol Cell Biol 8: 284-295. doi:10.1038/nrm2145

Lemaitre C, Bickmore WA. 2015. Chromatin at the nuclear periphery and
the regulation of genome functions. Histochem Cell Biol 144: 111-122.
doi:10.1007/s00418-015-1346-y

Levi J, Malachi T, Djaldetti M, Bogin E. 1987. Biochemical changes associat-
ed with the osmotic fragility of young and mature erythrocytes caused
by parathyroid hormone in relation to the uremic syndrome. Clin
Biochem 20: 121-125. doi:10.1016/50009-9120(87)80110-8

Li B, Espinal A, Cross GA. 2005. Trypanosome telomeres are protected by a
homologue of mammalian TRF2. Mol Cell Biol 25: 5011-5021. doi:10
.1128/MCB.25.12.5011-5021.2005

Li B, Gogol M, Carey M, Pattenden SG, Seidel C, Workman JL. 2007.
Infrequently transcribed long genes depend on the Set2/Rpd3S pathway
for accurate transcription. Genes Dev 21: 1422-1430. doi:10.1101/gad
1539307

Lombardi LM, Ellahi A, Rine J. 2011. Direct regulation of nucleosome den-
sity by the conserved AAA-ATPase Yta7. Proc Natl Acad Sci 108: E1302—
E1311. doi:10.1073/pnas.1116819108

Lowell JE, Cross GA. 2004. A variant histone H3 is enriched at telomeres in
Trypanosoma brucei. ] Cell Sci 117: 5937-5947. doi:10.1242/jcs.01515

Lowell JE, Kaiser F, Janzen CJ, Cross GA. 2005. Histone H2AZ dimerizes with
a novel variant H2B and is enriched at repetitive DNA in Trypanosoma
brucei. ] Cell Sci 118: 5721-5730. doi:10.1242/jcs.02688

Mandava V, Fernandez JP, Deng H, Janzen CJ, Hake SB, Cross GA. 2007.
Histone modifications in Trypanosoma brucei. Mol Biochem Parasitol
156: 41-50. doi:10.1016/j.molbiopara.2007.07.005

Marchetti MA, Tschudi C, Silva E, Ullu E. 1998. Physical and transcriptional
analysis of the Trypanosoma brucei genome reveals a typical eukaryotic
arrangement with close interspersion of RNA polymerase II- and III-
transcribed genes. Nucleic Acids Res 26: 3591-3598. doi:10.1093/nar/
26.15.3591

Maree JP, Patterton HG. 2014. The epigenome of Trypanosoma brucei: a reg-
ulatory interface to an unconventional transcriptional machine.
Biochim Biophys Acta 1839: 743-750. doi:10.1016/j.bbagrm.2014.05
.028

Mason PB, Struhl K. 2003. The FACT complex travels with elongating RNA
polymerase I and is important for the fidelity of transcriptional initia-
tion in vivo. Mol Cell Biol 23: 8323-8333. doi:10.1128/MCB.23.22
.8323-8333.2003

Matangkasombut O, Buratowski RM, Swilling NW, Buratowski S. 2000.
Bromodomain factor 1 corresponds to a missing piece of yeast TFIID.
Genes Dev 14: 951-962. doi:10.1101/gad.14.8.951

Matthews KR. 2005. The developmental cell biology of Trypanosoma brucei. ]
Cell Sci 118: 283-290. doi:10.1242/jcs.01649

Mi], Yang X, Zhang], Zhang X, Xu C, Liao S, Tu X. 2018. Crystal structure of
an ENT domain from Trypanosoma brucei. Biochem Biophys Res Commun
505: 755-760. doi:10.1016/j.bbrc.2018.09.167

Militello KT, Wang P, Jayakar SK, Pietrasik RL, Dupont CD, Dodd K, King
AM, Valenti PR. 2008. African trypanosomes contain 5-methylcytosine
in nuclear DNA. Eukaryot Cell 7: 2012-2016. doi:10.1128/EC.00198-08

Millar CB, Xu F, Zhang K, Grunstein M. 2006. Acetylation of H2AZ Lys 14 is
associated with genome-wide gene activity in yeast. Genes Dev 20: 711—
722. doi:10.1101/gad.1395506

Mizuguchi G, Shen X, Landry J, Wu WH, Sen S, Wu C. 2004. ATP-driven ex-
change of histone H2AZ variant catalyzed by SWR1 chromatin remod-
eling complex. Science 303: 343-348. doi:10.1126/science.1090701

Miiller LSM, Cosentino RO, Forstner KU, Guizetti J, Wedel C, Kaplan N,
Janzen CJ, Arampatzi P, Vogel J, Steinbiss S, et al. 2018. Genome organi-
zation and DNA accessibility control antigenic variation in trypano-
somes. Nature 563: 121-125. doi:10.1038/s41586-018-0619-8

Murawska M, Ladurner AG. 2020. Bromodomain AAA+ ATPases get into
shape. Nucleus 11: 32-34. doi:10.1080/19491034.2020.1741304

Naguleswaran A, Doiron N, Roditi I. 2018. RNA-Seq analysis validates the
use of culture-derived Trypanosoma brucei and provides new markers

for mammalian and insect life-cycle stages. BMC Genomics 19: 227.
doi:10.1186/512864-018-4600-6

Nakaar V, Giinzl A, Ullu E, Tschudi C. 1997. Structure of the Trypanosoma
brucei U6 snRNA gene promoter. Mol Biochem Parasitol 88: 13-23.
doi:10.1016/S0166-6851(97)00078-9

Paro R. 1990. Imprinting a determined state into the chromatin of
Drosophila. Trends Genet 6: 416-421. doi:10.1016/0168-9525(90)
90303-N

Perry J, Zhao Y. 2003. The CW domain, a structural module shared amongst
vertebrates, vertebrate-infecting parasites and higher plants. Trends
Biochem Sci 28: 576-580. doi:10.1016/].tibs.2003.09.007

Ponting CP. 1997. Tudor domains in proteins that interact with RNA. Trends
Biochem Sci 22: 51-52. doi:10.1016/S0968-0004(96)30049-2

Rappsilber J, Mann M, Ishihama Y. 2007. Protocol for micro-purification,
enrichment, pre-fractionation and storage of peptides for proteomics
using StageTips. Nat Protoc 2: 1896-1906. doi:10.1038/nprot.2007.261

Reis H, Schwebs M, Dietz S, Janzen CJ, Butter F. 2018. TelAP1 links telomere
complexes with developmental expression site silencing in African try-
panosomes. Nucleic Acids Res 46: 2820-2833. doi:10.1093/nar/gky028

Reynolds D, Hofmeister BT, Cliffe L, Alabady M, Siegel TN, Schmitz R],
Sabatini R. 2016. Histone H3 variant regulates RNA polymerase II tran-
scription termination and dual strand transcription of siRNA loci in
Trypanosoma brucei. PLoS Genet 12: e1005758. doi:10.1371/journal
.pgen.1005758

Roditi I, Liniger M. 2002. Dressed for success: the surface coats of insect-
borne protozoan parasites. Trends Microbiol 10: 128-134. doi:10.1016/
$0966-842X(02)02309-0

Roth SY, Denu JM, Allis CD. 2001. Histone acetyltransferases. Annu Rev
Biochem 70: 81-120. doi:10.1146/annurev.biochem.70.1.81

Ruan JP, Arhin GK, Ullu E, Tschudi C. 2004. Functional characterization of a
Trypanosoma brucei TATA-binding protein-related factor points to a uni-
versal regulator of transcription in trypanosomes. Mol Cell Biol 24:
9610-9618. doi:10.1128/MCB.24.21.9610-9618.2004

Ruhl DD, Jin J, Cai Y, Swanson S, Florens L, Washburn MP, Conaway RC,
Conaway JW, Chrivia JC. 2006. Purification of a human SRCAP complex
that remodels chromatin by incorporating the histone variant H2A.Z
into nucleosomes. Biochemistry 45: 5671-5677. doi:10.1021/bi060043d

Sawatsubashi S, Maki A, Ito S, Shirode Y, Suzuki E, Zhao Y, Yamagata K,
Kouzmenko A, Takeyama K, Kato S. 2004. Ecdysone receptor-dependent
gene regulation mediates histone poly(ADP-ribosyl)ation. Biochem
Biophys Res Commun 320: 268-272. doi:10.1016/j.bbrc.2004.05.157

Scacchetti A, Becker PB. 2021. Variation on a theme: evolutionary strategies
for H2A.Z exchange by SWR1-type remodelers. Curr Opin Cell Biol 70: 1—
9. d0i:10.1016/j.ceb.2020.10.014

Schier AC, Taatjes DJ. 2020. Structure and mechanism of the RNA polymer-
ase II transcription machinery. Genes Dev 34: 465-488. doi:10.1101/gad
.335679.119

Schimanski B, Nguyen TN, Giinzl A. 2005. Characterization of a multisubu-
nit transcription factor complex essential for spliced-leader RNA gene
transcription in Trypanosoma brucei. Mol Cell Biol 25: 7303-7313.
doi:10.1128/MCB.25.16.7303-7313.2005

Schulz D, Mugnier MR, Paulsen EM, Kim HS, Chung CW, Tough DF, Rioja I,
Prinjha RK, Papavasiliou FN, Debler EW. 2015. Bromodomain proteins
contribute to maintenance of bloodstream form stage identity in the
African trypanosome. PLoS Biol 13: €1002316. doi:10.1371/journal
.pbio.1002316

Schulz D, Zaringhalam M, Papavasiliou FN, Kim HS. 2016. Base J and H3.V
regulate transcriptional termination in Trypanosoma brucei. PLoS Genet
12: €1005762. doi:10.1371/journal.pgen.1005762

Shapiro TA, Englund PT. 1995. The structure and replication of kinetoplast
DNA. Annu Rev Microbiol 49: 117-143. doi:10.1146/annurev.mi.49
.100195.001001

Shi H, Djikeng A, Tschudi C, Ullu E. 2004. Argonaute protein in the early
divergent eukaryote Trypanosoma brucei: control of small interfering
RNA accumulation and retroposon transcript abundance. Mol Cell Biol
24: 420-427. d0i:10.1128/MCB.24.1.420-427.2004

Shi H, Chamond N, Djikeng A, Tschudi C, Ullu E. 2009. RNA interference in
Trypanosoma brucei: role of the N-terminal RGG domain and the polyri-
bosome association of argonaute. ] Biol Chem 284: 36511-36520. doi: 10
.1074/jbc.M109.073072

Shilatifard A. 2012. The COMPASS family of histone H3K4 methylases:
mechanisms of regulation in development and disease pathogenesis.
Annu Rev Biochem 81: 65-95. doi:10.1146/annurev-biochem-051710-
134100

Shindou H, Shimizu T. 2009. Acyl-CoA:lysophospholipid acyltransferases. |
Biol Chem 284: 1-5. doi:10.1074/jbc.R800046200

Siegel TN, Hekstra DR, Kemp LE, Figueiredo LM, Lowell JE, Fenyo D, Wang
X, Dewell S, Cross GA. 2009. Four histone variants mark the boundaries
of polycistronic transcription units in Trypanosoma brucei. Genes Dev 23:
1063-1076. doi:10.1101/gad.1790409

Genome Research 2153
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on May 3, 2026 .

Staneva et al.

Published by Cold Spring Harbor Laboratory Press

Singh PB, Miller JR, Pearce J, Kothary R, Burton RD, Paro R, James TC, Gaunt
SJ. 1991. A sequence motif found in a Drosophila heterochromatin pro-
tein is conserved in animals and plants. Nucleic Acids Res 19: 789-794.
doi:10.1093/nar/19.4.789

Smith TK, Bringaud F, Nolan DP, Figueiredo LM. 2017. Metabolic repro-
gramming during the Trypanosoma brucei life cycle. FIO00Res 6: 683.
doi:10.12688/f1000research.10342.2

Soding J, Biegert A, Lupas AN. 2005. The HHpred interactive server for pro-
tein homology detection and structure prediction. Nucleic Acids Res 33:
W244-W248. doi:10.1093/nar/gki408

Stec I, Nagl SB, van Ommen GJ, den Dunnen JT. 2000. The PWWP domain:
a potential protein-protein interaction domain in nuclear proteins in-
fluencing differentiation? FEBS Lett 473: 1-5. d0i:10.1016/S0014-5793
(00)01449-6

Stewart-Morgan KR, Petryk N, Groth A. 2020. Chromatin replication and
epigenetic cell memory. Nat Cell Biol 22: 361-371. doi:10.1038/
$41556-020-0487-y

Suzuki MM, Bird A. 2008. DNA methylation landscapes: provocative in-
sights from epigenomics. Nat Rev Genet 9: 465-476. doi:10.1038/
nrg2341

Taddei A, Schober H, Gasser SM. 2010. The budding yeast nucleus. Cold
Spring Harb Perspect Biol 2: a000612. doi:10.1101/cshperspect.a000612

Thatcher TH, Gorovsky MA. 1994. Phylogenetic analysis of the core his-
tones H2A, H2B, H3, and H4. Nucleic Acids Res 22: 174-179. doi:10
.1093/nar/22.2.174

Timmers HTM. 2020. SAGA and TFIID: friends of TBP drifting apart. Biochim
Biophys Acta Gene Regul Mech 1864: 194604. doi:10.1016/j.bbagrm.2020
194604

Tschudi C, Ullu E. 1988. Polygene transcripts are precursors to calmodulin
mRNAs in trypanosomes. EMBO ] 7: 455-463. doi:10.1002/j.1460-2075
.1988.tb02833.x

Tschudi C, Ullu E. 2002. Unconventional rules of small nuclear RNA tran-
scription and cap modification in trypanosomatids. Gene Expr 10: 3-16.

Tulin A, Spradling A. 2003. Chromatin loosening by poly(ADP)-ribose poly-
merase (PARP) at Drosophila puff loci. Science 299: 560-562. doi:10
.1126/science.1078764

Tulin A, Chinenov Y, Spradling A. 2003. Regulation of chromatin structure
and gene activity by poly(ADP-ribose) polymerases. Curr Top Dev Biol
56: 55-83. doi:10.1016/S0070-2153(03)01007-X

Tyanova S, Temu T, Sinitcyn P, Carlson A, Hein MY, Geiger T, Mann M, Cox
J. 2016. The Perseus computational platform for comprehensive analy-
sis of (prote)omics data. Nat Methods 13: 731-740. doi:10.1038/nmeth
.3901

Van Oss SB, Cucinotta CE, Arndt KM. 2017. Emerging insights into the roles
of the Paf1 complex in gene regulation. Trends Biochem Sci 42: 788-798.
doi:10.1016/j.tibs.2017.08.003

Vélez-Ramirez DE, Florencio-Martinez LE, Romero-Meza G, Rojas-Sanchez
S, Moreno-Campos R, Arroyo R, Ortega-Lopez ], Manning-Cela R,

Martinez-Calvillo S. 2015. BRF1, a subunit of RNA polymerase III tran-
scription factor TFIIIB, is essential for cell growth of Trypanosoma brucei.
Parasitology 142: 1563-1573. doi:10.1017/S0031182015001122

Vellmer T, Hartleb L, Sola AF, Kramer S, Meyer-Natus E, Butter F, Janzen CJ.
2021. Anovel SNF2 ATPase complex in Trypanosoma brucei with a role in
H2A.Z-mediated chromatin remodelling. bioRxiv doi:10.1101/2021.04
.06.438560

Venkatesh S, Workman JL. 2013. Set2 mediated H3 lysine 36 methylation:
regulation of transcription elongation and implications in organismal
development. Wiley Interdiscip Rev Dev Biol 2: 685-700. doi:10.1002/
wdev.109

Vetting MW, Bareich DC, Yu M, Blanchard JS. 2008. Crystal structure
of Riml from Salmonella typhimurium LT2, the GNAT responsible for
N%-acetylation of ribosomal protein S18. Protein Sci 17: 1781-1790.
doi:10.1110/ps.035899.108

Wang QP, Kawahara T, Horn D. 2010. Histone deacetylases play distinct
roles in telomeric VSG expression site silencing in African trypano-
somes. Mol Microbiol 77: 1237-1245. doi:10.1111/j.1365-2958.2010
.07284.x

Wang X, Ahmad S, Zhang Z, Co6té J, Cai G. 2018. Architecture of the
Saccharomyces cerevisiae NuA4/TIP60 complex. Nat Commun 9: 1147.
doi:10.1038/541467-018-03504-5

Webb S, Hector RD, Kudla G, Granneman S. 2014. PAR-CLIP data indicate
that Nrd1-Nab3-dependent transcription termination regulates expres-
sion of hundreds of protein coding genes in yeast. Genome Biol 15: R8.
doi:10.1186/gb-2014-15-1-18

Wedel C, Forstner KU, Derr R, Siegel TN. 2017. GT-rich promoters can drive
RNA pol II transcription and deposition of H2A.Z in African trypano-
somes. EMBO ] 36: 2581-2594. doi:10.15252/embj.201695323

Willhoft O, Wigley DB. 2020. INO80 and SWR1 complexes: the non-iden-
tical twins of chromatin remodelling. Curr Opin Struct Biol 61: 50-58.
doi:10.1016/j.sbi.2019.09.002

Wisniewski JR, Zougman A, Nagaraj N, Mann M. 2009. Universal sample
preparation method for proteome analysis. Nat Methods 6: 359-362.
doi:10.1038/nmeth.1322

WrightJR, Siegel TN, Cross GA. 2010. Histone H3 trimethylated at lysine 4 is
enriched at probable transcription start sites in Trypanosoma brucei. Mol
Biochem Parasitol 172: 141-144. doi:10.1016/j.molbiopara.2010.03.013

Yang X, Figueiredo LM, Espinal A, Okubo E, Li B. 2009. RAP1 is essential for
silencing telomeric variant surface glycoprotein genes in Trypanosoma
brucei. Cell 137: 99-109. doi:10.1016/j.cell.2009.01.037

Zaware N, Zhou MM. 2019. Bromodomain biology and drug discovery. Nat
Struct Mol Biol 26: 870-879. doi:10.1038/s41594-019-0309-8

Received February 9, 2021; accepted in revised form August 9, 2021.

2154 Genome Research
www.genome.org


http://genome.cshlp.org/
http://www.cshlpress.com

