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Four histone variants mark the boundaries
of polycistronic transcription units
in Trypanosoma brucei
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Unusually for a eukaryote, genes transcribed by RNA polymerase II (pol II) in Trypanosoma brucei are arranged in
polycistronic transcription units. With one exception, no pol II promoter motifs have been identified, and how
transcription is initiated remains an enigma. T. brucei has four histone variants: H2AZ, H2BV, H3V, and H4V.
Using chromatin immunoprecipitation (ChIP) and sequencing (ChIP-seq) to examine the genome-wide distribu-
tion of chromatin components, we show that histones H4K10ac, H2AZ, H2BV, and the bromodomain factor BDF3
are enriched up to 300-fold at probable pol II transcription start sites (TSSs). We also show that nucleosomes
containing H2AZ and H2BV are less stable than canonical nucleosomes. Our analysis also identifies >60
unexpected TSS candidates and reveals the presence of long guanine runs at probable TSSs. Apparently unique to
trypanosomes, additional histone variants H3V and H4V are enriched at probable pol II transcription termination

sites. Our findings suggest that histone modifications and histone variants play crucial roles in transcription
initiation and termination in trypanosomes and that destabilization of nucleosomes by histone variants is an
evolutionarily ancient and general mechanism of transcription initiation, demonstrated in an organism in which

general pol II transcription factors have been elusive.
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The protozoan parasite Trypanosoma brucei branched
early in eukaryotic evolution and is probably the most
divergent well-studied eukaryote. Many discoveries of
general interest have been made in T brucei, emphasizing
its value for understanding the evolution of core molec-
ular processes.

Transcription of protein-coding genes by RNA poly-
merase I (pol II) in T. brucei differs in two important
aspects from most other eukaryotes. First, transcription is
polycistronic: Arrays of sometimes >100 genes are tran-
scribed in polycistronic transcription units (PTUs). This
organization is reminiscent of operons in prokaryotes
except that there is no evidence to suggest clustering of
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functionally related genes in T. brucei. Second, mRNAs
are separated post-transcriptionally by coupled splicing
and polyadenylation reactions that add a 39-nucleotide
(nt) “spliced-leader” to every mRNA (for review, see Liang
et al. 2003). Within a PTU, genes are transcribed from
the same strand, but transcription of two neighboring
PTUs can either be convergent or divergent. The regions
between PTUs are referred to as strand switch regions
(SSRs). Strand-specific nuclear run-on assays performed
in Leishmania (Martinez-Calvillo et al. 2003), a genus
related to T. brucei, have shown that pol II transcription
starts at SSRs between two transcriptionally divergent
PTUs (divergent SSRs) and ends at SSRs between two
transcriptionally convergent PTUs (convergent SSRs).
Because 75% of all Leishmania major genes can be found
in the same genomic context in T. brucei (El-Sayed et al.
2005), indicating a high degree of synteny, it is reasonable
to hypothesize that divergent SSRs in T. brucei are
transcription start sites (TSSs).
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Pol I promoters and associated transcription fac-
tors have been elusive in T. brucei, with the exception
of the spliced-leader RNA promoter (Das et al. 2005;
Schimanski et al. 2005). Hence, how most pol II tran-
scription is initiated in T. brucei remains a fundamen-
tal question. Some data suggest that pol II transcription
can be initiated from a site lacking an apparent promoter
as long as transcription occurred at a nearby site, sug-
gesting that an “open” chromatin structure, generated
by another polymerase at a nearby site, may have been
sufficient to allow pol II transcription to initiate
(McAndrew et al. 1998).

Genome-wide analyses in several different organisms
indicate that the extent of chromatin-mediated DNA
compaction differs throughout the genome. Actively tran-
scribed genes are generally located in less compact
euchromatic regions where regulatory sequences are hyper-
sensitive to DNase treatment (Weintraub and Groudine
1976). In contrast, silent genes are located in more com-
pact heterochromatic regions.

The dynamic nature of chromatin packing is mediated
by multiple processes (for review, see Henikoff 2008).
DNA sequence can affect nucleosome positioning, keep-
ing regulatory DNA free of nucleosomes or facilitating
nucleosome eviction. Nucleosome remodeling can lead
to a high turnover of histones in actively transcribed
genes, and replacement of canonical histones by histone
variants can create less stable nucleosomes. Genome-
wide analyses in yeast, human cells, and Drosophila have
revealed that the histone variants H2AZ and H3.3 are
enriched in proximity to RNA poll II promoters (Mito
et al. 2005; Raisner et al. 2005; Barski et al. 2007).
Furthermore, the structure of nucleosomes containing
both histone variants H2AZ and H3.3 is less stable than
of nucleosomes composed of canonical histones. This
finding suggests that nucleosomes containing H2AZ/
H3.3 are more easily evicted from promoters during the
initiation of transcription than canonical nucleosomes
(Jin and Felsenfeld 2007). Finally, post-translational his-
tone modification, especially of the N-terminal tails of
histone H3 and H4, can influence nucleosome stability.
For example, acetylation of the H4 tail interferes with its
stabilizing interaction with adjacent nucleosomes. Be-
sides this structural role, acetylation of the H4 tail
provides a binding platform for acetyl-binding proteins,
including the bromodomain-containing factors (BDFs).
The function of BDFs ranges from nucleosome remodel-
ing to recruitment of histone-modifying enzymes or tran-
scription factors.

Although the primary structure of trypanosome core
histones diverges significantly relative to other eukar-
yotes, trypanosomes do contain an extensively acetylated
H4 tail and several putative BDFs. T. brucei also has one
variant of each of the four core histones (Lowell and Cross
2004; Lowell et al. 2005). Given the lack of an obvious pol
II promoter sequence motif, the observation that di-
vergent SSRs contain somewhat elevated levels of H4
acetylation in T. cruzi (Respuela et al. 2008), and the
presence of four histone variants, we hypothesized that
a specific chromatin structure at divergent SSRs may

1064 GENES & DEVELOPMENT

compensate for the apparent lack of pol II promoter se-
quence motifs.

To identify factors that contribute to the chromatin
structure surrounding probable pol II TSSs in T. brucei,
we adopted chromatin immunoprecipitation (ChIP) and
sequencing (ChIP-seq) technology to determine the ge-
nome-wide distribution of H4K10ac, all four histone
variants, and one bromodomain protein (BDF3). Our data
provide strong evidence that at least three processes
associated with the generation of open chromatin—dis-
tinctive DNA sequence, incorporation of histone var-
iants, and histone tail modification—are involved in pol I
transcription initiation.

Results

Establishment of ChIP-seq for the genome-wide
analysis of chromatin structure in T. brucei

We established a ChIP-seq protocol for T. brucei. In
contrast to ChIP-on-chip, in which immunoprecipitated
DNA is hybridized to oligonucleotide microarrays, the
immunoprecipitated DNA in ChIP-seq is directly se-
quenced. Each DNA “tag” is aligned to the genome and
the number of tags aligned to each base pair is summed,
giving the relative enrichment of a particular factor along
the genome. Reproducibility and linear range of ChIP-seq
are higher than for microarray-based systems (Barski et al.
2007), and resolution is limited only by the size of the
immunoprecipitated DNA fragments and not by the
genomic spacing of the oligonucleotides used to create
the microarray.

To ensure the robustness of the ChIP-seq approach, we
optimized previously established ChIP protocols to ob-
tain a protocol that was tolerated by antibodies specific
for H3, H4, H4K10ac, HA peptides, and Tyl peptides
(Lowell and Cross 2004; Lee et al. 2006). We then
established sonication conditions that yielded highly
reproducible DNA fragmentation (~300-base-pair [bp]
fragments) and allowed us to omit size-selection steps
during preparation of the immunoprecipitated DNA for
high-throughput sequencing. Partly because our protocol
did not include any DNA gel extraction step, we were
able to work with relatively few cells: 108 trypanosomes,
which are equivalent in DNA content to ~10° human
cells.

Repetitive elements in the genome template were not
masked, and hits were found using the BLAT-based
algorithm (Kent 2002) for each tag. To obtain consistent
results, sequence tags with multiple hits were annotated
to the lowest nucleotide position on the smallest num-
bered chromosome that gave the best match. This anno-
tation methodology produced artifactual peaks at the
first occurrence of highly repetitive sequence motifs,
even if the factor investigated was not enriched at a
particular repeat region, but was unavoidable because,
although the T. brucei genome has been almost com-
pletely sequenced, the lengths of most repetitive regions
are unknown. To identify and compensate for such arti-
facts, we sequenced sonicated genomic DNA, DNA from
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micrococcal nuclease-digested chromatin, and DNA im-
munoprecipitated with a custom-made control antibody
specific for trypanosome H4 regardless of its modification
state (Siegel et al. 2008a) and a commercial antibody to
the C-terminal tail of H3 (Abcam 1791; see the Materials
and Methods). Because DNA tags from sonicated geno-
mic DNA should align with the genome uniformly, any
observed peaks and gaps represent first and subsequent
repeats of repetitive sequence elements, respectively,
which is what was observed. Similarly, alignment of
sequenced tags from micrococcal nuclease-treated DNA
and ChIP-seq data for the H4 (see below) and H3 anti-
bodies revealed peaks and gaps at repetitive elements.

Histone H4K10ac is enriched at probable pol II TSSs

Although the amino acid sequence of the N-terminal tail
of T. brucei histone H4 diverges from that of mammals
and even from other protozoa (Fig. 1A), numerous lysine
residues, acetylated at different frequencies, have been
identified (Janzen et al. 2006; Mandava et al. 2007). For
example, ~80% of H4 is acetylated at K4 and ~10% is
acetylated at K10. H4K4 is acetylated by the nonessential
histone acetyltransferase 3 (HAT3) (Siegel et al. 2008a),
but H4K10 is acetylated by HAT2, an enzyme essential
for viability in T. brucei (Kawahara et al. 2008). The
highly divergent sequence of the trypanosome histone
tails prevents the use of commercially available antibod-
ies. We therefore examined the genome-wide distribution
of H4K10ac using custom-made antibodies specific to
H4K10ac or to H4 regardless of its modification state. The
generation and characterization of these antibodies are
described elsewhere (Kawahara et al. 2008; Siegel et al.
2008a).

Peaks of H4K10ac enriched up to 300-fold over back-
ground were distributed throughout the genome, with
distinct twinned peaks occurring at every divergent SSR

A N-terminal tail of histone H4

T. thermophilia AG-GEGeTcMcIveaTiRuSRISNKASTEGTT

H. sapiens scciGGGLGHGEAIRA-RVLRDNIOGIT

T. brucei AE—G-ES—GEAEGSQERQ—I' WVLRENVRGIT

B convergent strand-switch-  divergent strand-switch-
direction of region (convergent-SSR) region (divergent-SSR)
transcription

+strand | I IR0 HIIE (W= e
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probable transcription
termination site (TTS)
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Figure 1. Histone modifications and gene organization in T.
brucei. (A) T. brucei contains highly divergent histone sequen-
ces. Shown, as examples, are the N-terminal histone H4
sequences of Tetrahymena thermophilia, Homo sapiens, and
T. brucei. Known sites of acetylation (blue) and methylation
(red) are indicated. (B) Divergent SSRs contain pol II TSSs.
Convergent SSRs contain pol II TTSs. Orange boxes represent
ORFs and green arrows indicate the direction of transcription.

Histones at transcription boundaries

and no enrichment at convergent SSRs (Figs. 1B, 2A, 3),
suggesting a link between H4K10 acetylation and tran-
scription initiation. The distribution was remarkably
similar between two parasite life cycle stages (blood-
stream form [BF] and procyclic form [PF]), with the
exception of one peak that was unique to each life cycle
stage (Fig. 3, chromosomes 7 and 11, red asterisks).

We also observed 61 single H4K10ac-rich peaks at non-
SSRs (Figs. 2, 3), which we suggest are unanticipated
TSSs. Many of these peaks occur immediately down-
stream from tRNA genes (see example in Fig. 2B). Most
tRNA genes are located at convergent SSRs but some are
present at non-SSRs that appeared to be embedded within
pol I PTUs, which raised questions about the overlap of
pol I and pol II transcription. We found that all but three
tRNA genes that are not associated with convergent SSRs
are located upstream of H4K10ac-rich “single” peaks, but
not all single peaks are associated with tRNA genes.

Two studies have reported pol I transcription initiation
outside of divergent SSRs: upstream of the actin gene (Ben
Amar et al. 1991) and in the HSP 70 locus (Lee 1996).
While the potential actin promoter region coincides with
an H4K10ac-rich region, the HSP70 promoter does not,
suggesting that the HSP70 promoter was misassigned,
which agrees with a previous study that failed to confirm
promoter activity for the HSP70 promoter (Hausler and
Clayton 1996).

The width of the H4K10-rich regions was uniform and
surprisingly wide (width at half maximum enrichment
5.6 = 0.8 kb; full width ~8.7 kb}—well above the reso-
lution limit of 250-300 bp for our ChIP-seq analysis.
Based on the total number (207) of H4K10ac peaks, their
average width and the fact that ~10% of H4K10 sites are
acetylated overall, we estimate that all H4 is acetylated
at K10 within these peaks, which would explain their
remarkably constant height.

Finally, there appear to be higher levels of H4K10ac just
upstream of the first PTU and downstream from the
last PTU on each chromosome (Figs. 2A, 3), but these
H4K10ac-rich regions do not form distinct peaks. As for
other repetitive sequences, tags were assigned to their
first occurrence and therefore appear at only a few sub-
telomeric regions, and peak sizes cannot be corrected for
the (unknown) lengths of the repeats.

H2AZ and H2BYV are enriched at probable pol II TSSs

T. brucei H2AZ is essential for viability and dimerizes
exclusively with H2BV, a variant form of H2B that is also
essential for viability (Lowell et al. 2005). Thus, all
T. brucei nucleosomes that contain H2AZ also contain
H2BV. Although the function of H2AZ is not understood
in T. brucei, it has been linked to transcriptional activa-
tion in other organisms, particularly when present in
a nucleosome containing a variant of histone H3 (Jin and
Felsenfeld 2007). Using immunofluorescence (IF) micros-
copy, H4K10ac showed a punctate nuclear distribution
with no cell cycle dependence (Fig. 4D; Supplemental Fig.
S1A). This localization is similar to that observed pre-
viously for H2AZ and H2BV, and significantly different

GENES & DEVELOPMENT 1065


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

Downloaded from genesdev.cship.org on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press

Siegel et al.

S
S A
D
o 10000
o
£
2 5000
2
® 0 =
o = 2
= 11 1 TN [0 00 I0Ena0a0 00 0 NEmni lmlﬂlﬂlllllﬂﬂl-!mll.a.‘nanl EINDIEE SN DO EE §IiE m| Illﬂl
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.4 0.5
10000 T T T T T T T T T
3 o A o b Ao sl g

(13 0 0EX O3 | B D O (D SO 0 =300 |l|-1n'|m | EDOEDRIHG | 10 (MO8 0 !-Blllﬂﬁll

1110 0018 D i i o=

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1.0
10000 T T T T T T
5000 [~ 1

o b ‘

M o M LA, P ot A r»mu'_mua bbbt lun i LAdANY

S D0 01 1 o
1.05

1.1

1.15 1.2

| hl DT THTCECTR CRRCTHR (@0 (6 0 CONEE (930X

I DN O 0 @@ OWE !_!-_m-iI_EBIIIl-m.-I-Hn-m

1
1.25 1.3 15

1.35 1.4

10000

5000

1O A e o o i ¢ P (110 O O S A D D '-nﬁnnmmmun'nnmn'hn-lm%aldllnn L3 T
15 1.65 1.7 o 1775 18 1.9 1. 2
s - Las nucleotide position on chromosome 10 x 108
- \
-
- -7 L
B - v
- \
10000 T T T T T
8000 - .
6000 - .
4000 - .
2000 - tRNA tRNA I
0 L saecnnllo | il 1 ;[-EL " sl ke

1.84

&

I NI 1 | I ” e | mlll AW 900 000 e

1.85 1.86 1.87 1.88 1.89 1.9 1.91 1.92 1.93 1.94
nucleotide position on chromosome 10 x 10°

Figure 2. Histone H4K10ac is enriched at probable pol I TSSs. (A) For a representative region of chromosome 10, the relative number
of tags for histone H4K10ac (black) and histone H4 (gray) are calculated for a window size of 100 bp. Orange boxes represent ORFs and
green arrows indicate direction of transcription. (B) H4K10ac-rich regions at non-SSRs are often located next to tRNA genes (blue

boxes).

from that of a general H4 antibody (Fig. 4D; Lowell et al.
2005). A Tyl-epitope-tagged version of H2BV also showed
a high degree of colocalization with H4K10ac (Supple-
mental Fig. S1A). These observations led us to hypothe-
size that H2AZ/H2BV-containing nucleosomes might be
enriched at probable pol II TSSs.

We therefore performed ChIP-seq experiments with
N-terminally Ty1-tagged versions of H2AZ and H2BV. To

1066 GENES & DEVELOPMENT

assure functionality of the ectopically expressed and tag-
ged versions of the variants, we deleted both endogenous
alleles of each variant. No growth defect was detected,
confirming functionality of the tagged versions. Sequence
analysis of the immunoprecipitated DNA indicated that
the genomic distribution of H2AZ and H2BYV, including
the width and intensity of the peaks, was almost indis-
tinguishable from H4K10ac (Fig. 4A). As was described for
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Figure 4. Histone variants H2AZ and H2BV and BDF3 are enriched at probable pol II TSSs. (A) For representative regions of
chromosome 10, the relative number of tags for H2AZ (red), H2BV (yellow), and H4K10ac (black) are overlaid. Window size, 100 bp.
Orange boxes represent ORFs and green arrows indicate direction of transcription. (B) For a representative region of chromosome 10, the
relative number of tags for H4K10ac (black) and BDF3 (magenta) are calculated for a window size of 100 bp and 1000 bp, respectively.
The number of tags from the BDF3 ChIP was normalized based on the number of tags from an H4 ChIP (not shown), to eliminate
artifacts attributable to repetitive sequences. For unnormalized BDF3 data, see Supplemental Figure S4. Orange boxes represent ORFs.
(C) Chromatin was prepared from cell lines containing Tyl-tagged H2A or H2AZ and equal amounts were washed with buffers
containing increasing levels of NaCl. Chromatin was treated with micrococcal nuclease to generate mononucleosomes and
immunoprecipitated with monoclonal antibody BB2. Coimmunoprecipitated histones were separated by SDS-PAGE and immuno-
blotted (top and middle panels) or stained with amido black (bottom panel), to determine the levels of coimmunoprecipitated histones
in the H2A-TP and H2AZ-IP. (D) A representative IF colocalization analysis of BDF3-HA (red), DAPI (blue), and H4K10ac (top panel,
green) or H4 (bottom panel, green). Bar, 2 wm.

H4K10ac, two peaks of H2AZ/H2BV enrichment were ob- rich region. H2AZ and H2BV were also enriched up-
served at every divergent SSR and a single peak of H2AZ/ stream of the first PTU and downstream from the last
H2BV enrichment was present at every non-SSR H4K10ac- PTU on every chromosome, as was H4K10ac (above).
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Next, we sought to understand the biological relevance
of H2AZ and H2BV enrichment at probable pol I TSSs. In
chickens, it has been shown that nucleosomes containing
histone variants are destabilized relative to those con-
taining core histones (Jin and Felsenfeld 2007). To test if
H2AZ/H2BV-containing nucleosomes of T. brucei are less
stable than nucleosomes composed of canonical histones,
we performed coimmunoprecipitation (co-IP) experi-
ments. We prepared mononucleosomes from four cell
lines expressing either Tyl-tagged H2AZ or H2A or Flag-
tagged H2BV or H2B, as described previously (Lowell et al.
2005) except that the chromatin pellet was washed at
increasing ionic strengths. The tagged histones and
histone variants were then immunoprecipitated and the
extent of association with H3 and H4 was determined. A
less stable nucleosome should lead to decreased co-IP;
indeed, we observed significantly less association of H4
and H3 with tagged histone variants compared with
tagged core histones (Fig. 4C; Supplemental Fig. S1B).
Taken together, our ChIP-seq data and co-IP experiments
demonstrate that probable pol II TSSs are marked by
distinct and less stable nucleosomes.

BDF3 is enriched at probable pol I TSSs

Acetylated histone N termini can serve as binding plat-
forms for effector proteins that interpret histone modifi-
cation patterns and elicit downstream effects (Dhalluin
et al. 1999). BDFs, which can bind to acetylated lysines
(Winston and Allis 1999), are examples of effector pro-
teins. BDFs have been shown to tether HATs or nucleo-
some remodeling complexes to specific chromosomal sites
and to function as transcriptional coactivators (Dhalluin
et al. 1999; Hassan et al. 2002). The T. brucei genome
is predicted to contain six genes encoding BDFs that
range in size from 221-660 amino acids. Sequence con-
servation among the putative BDFs varies (E-values 4.1 X
1072 to 7.7 X 107'° based on superfamily database;
http://supfam.mrc-lmb.cam.ac.uk, version 1.69). Given
the prominent role BDFs play in recruiting transcription
machinery, we decided to test whether any trypanosome
BDF colocalizes with H4K10ac at probable pol II TSSs.

We focused on the four most highly conserved candi-
dates (BDF1-4) and a single candidate with two potential
bromodomains (BDF5). These five BDFs were tagged with
an HA epitope and their cellular localization determined
by IF microscopy. BDF2, BDF3, and BDF5 localized to the
nucleus, but only BDF3 colocalized with H4K10ac (Fig.
4D; data not shown). To substantiate the IF microscopy
data, we performed ChIP-seq with a cell line containing
an HA-tagged allele of BDF3, in which the second un-
tagged allele was deleted to ensure functionality of the
tagged protein. ChIP-seq demonstrated that BDF3 was
highly enriched at the same sites as H4K10ac (Fig. 4B;
Supplemental Fig. S4), but there were distinct differences:
Whereas the signals clearly overlapped, BDF3 was con-
centrated toward the 5’ end of the H4K10-rich regions
(Figs. 4B, 6B; Supplemental Fig. S4).

BDF3 is a 25-kDa protein containing no conserved
domains other than the bromodomain. To test whether

Histones at transcription boundaries

BDF3 is essential for viability, we conducted RNAI-
mediated knockdown experiments. Reduction of BDF3
led to an immediate growth defect and most cells ap-
peared to be dying after 48 h, which is consistent with
BDF3 being essential (data not shown). One interpreta-
tion of BDF3 and H4K10 colocalization would be that
BDF3 binds to acetylated H4K10, but we were unable to
demonstrate this (see the Supplemental Material).

H3 and H4 variants are enriched at probable pol II
transcription termination sites

In addition to H2AZ and H2BV, T. brucei contains variant
forms of H3 and H4, whose functions are unknown. Past
work, using IF microscopy and standard ChIP followed
by dot-blot readout, revealed that H3V was enriched at
telomeric repeats, but localization at additional sites
could not be ruled out because of the limits of the tech-
nology employed (Lowell and Cross 2004). No phenotype
could be detected for a cell line lacking both alleles of
H3V (Lowell and Cross 2004). Despite H3V being non-
essential under laboratory culture conditions, the con-
served function of histone H3 variants in transcription
regulation in other organisms suggests that H3V may
have a subtle and undetected role in transcription regu-
lation in T. brucei.

Because a role of H3V in transcription regulation would
most likely lead to incorporation of H3V outside of
telomeric and subtelomeric sites, we performed ChIP-
seq using a cell line containing a Ty1-tagged copy of H3V.
In agreement with previous results, we found that H3V
was highly enriched at telomeric and subtelomeric
regions of the genome (Fig. 5; Supplemental Fig. S5), but
only ~65% of the immunoprecipitated DNA corre-
sponded to telomeric and subtelomeric sequences. H3V
was also enriched at convergent SSRs and just upstream
of all H4K10ac-rich regions not associated with SSRs (Fig. 5;
Supplemental Fig. S5). Taken together, these data show
that H3V is enriched at the presumed ends of pol Il PTUs.

T. brucei H4V has not been characterized previously. It
shares 85% sequence identity with T. brucei H4, whereas
H2AZ, H2BV, and H3V share only 37%-45% sequence
identity with their core histone counterparts (Supple-
mental Fig. S2). To determine the cellular localization of
H4V, we generated a cell line containing an ectopically
expressed Tyl-tagged H4V and deleted both endogenous
alleles. By IF microscopy, we observed that Tyl-H4V
localized to the nucleus and displayed no apparent cell
cycle regulation (Supplemental Fig. S3). Using this cell
line, we determined the genomic distribution of H4V.
H4V was distributed broadly throughout the genome, but
we observed peaks of enrichment at the ends of pol II
PTUs, similar to those observed for H3V (Fig. 5; Supple-
mental Fig. S5). In contrast to H3V, H4V was much less
enriched at telomeric or subtelomeric sites.

We generated an H4V knockout cell line but, as for
H3V, no growth defect was detected under culture con-
ditions (data not shown). Nevertheless, their genomic
distribution at the ends of PTUs strongly suggests a role
for H3V and H4V in transcription regulation.
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Analysis of DNA sequences at probable pol II TSSs
reveals long G runs

Taken together, our data suggest that chromatin imme-
diately upstream of and downstream from PTUs has
strikingly distinct features. Although it seems reasonable
to speculate that DNA sequence could play a role in
establishing these unique chromatin structures, no pol II
promoter sequence motif has been identified in T. brucei.
In fact, previous findings led to the hypothesis that an
open chromatin structure may be sufficient to initiate pol
II transcription (McAndrew et al. 1998). Nevertheless,
data from the related organism L. major (Martinez-Calvillo
et al. 2003), and the presence of two rather than one
H4K10ac/H2AZ/H2BV-rich peaks at divergent SSRs,
strongly suggest that pol II transcription is unidirectional
and that a specific DNA feature may determine direc-
tionality.

We took several approaches to identify DNA sequence
motifs that were unique to H4K10ac-rich regions. We also
compared the sense strand to the complementary strand
within H4K10ac-rich regions. The only motif consis-
tently identified was a G-rich stretch in the sense strand
at the upstream end of every H4K10ac-rich region (Fig. 6).
Stretches of nine to 15 consecutive guanines were en-
riched approximately sevenfold in these regions com-
pared with other sites (Fig. 6B). Specifically, within 91%
of H4K10ac/H2AZ/H2BV-rich peaks (117 out of 128), we
found stretches of at least 10 guanines, allowing for up to
two mismatches, between 1000 and 5000 bp upstream of
the peak center (expected: 65%, P < 10-12). In contrast to
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the G-rich upstream part of the H4K10ac-rich region, the
central 3 kb of these regions was slightly AT-rich (56%)
compared with the rest of the genome (50%) (Fig. 6A).
The results are modeled in Figure 6C.

Discussion

In this study, we found that the beginning and end of pol IT
PTUs are characterized by distinct chromatin modifica-
tions and that there may be more pol II TSSs than as-
sumed previously, and we confirmed that probable pol II
TSSs do not contain classic sequence motifs for tran-
scription factor interactions.

Pol II transcription initiation and termination regions
have distinct chromatin features

Four histone variants mark the beginning and end of pol IT
PTUs in T. brucei. H2AZ and H2BV are enriched at
probable pol II TSSs. H3V and H4V are enriched at
probable TTSs. We also see enrichment of H4K10ac and
BDF3 at probable pol II TSSs (summarized in Fig. 7),
where all H4K10 appears to be acetylated. It has been
proposed before that an open chromatin structure may be
sufficient for pol II transcription initiation in T. brucei
(McAndrew et al. 1998). In the following paragraphs we
propose a model for the sequence of events leading to pol
II transcription initiation.

Analysis of genome-wide distribution of histone mod-
ifications has been performed in several organisms where
H3K4me3 consistently localizes to promoter regions
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(Barski et al. 2007; Shilatifard 2008). We currently lack
a ChIP-grade H3K4me3 antibody for trypanosomes but,
based on previous findings that H3K4me3 is enriched in
H2BV-containing nucleosomes (Mandava et al. 2008), we
assume that in T. brucei H3K4me3 is also enriched at pol
II TSSs. The role of H3K4me3 in transcription initiation
appears manifold, but evidence exists that H3K4me3 is
required for histone tail acetylation, another chromatin
feature consistently associated with active chromatin
(for review, see Pillus 2008). Because HAT2 contains a

methyl-binding domain (Ivens et al. 2005) and is respon-
sible for H4K10 acetylation, it appears plausible that it is
targeted to TSSs by binding to a methyl mark, possibly to
H3K4me3. In T. brucei H3K4 trimethylation may thus be
required for H4K10 acetylation. The enzyme responsible for
H3K4 methylation has not yet been identified in T. brucei.

The role of histone variants in transcription initiation
is largely unknown, although nucleosomes containing
H2AZ and H3.3 variants are significantly less stable than
nucleosomes containing only canonical histones (Jin and
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Figure 7. Model to illustrate a possible cascade of events leading to pol II transcription initiation. Histone H3K4me3 enrichment at
TSSs could provide a binding site for HAT2, which contains a chromodomain and is responsible for H4K10 acetylation. H4K10ac is
strongly enriched at probable pol IT TSSs and might serve as a binding site for BDF3. The latter is enriched at the 5’ end of probable pol IT
TSSs, where it may play a role in recruiting pol II transcription factors or the chromatin remodeling complex involved in H2AZ and
H2BYV incorporation. These two histone variants are enriched at probable pol II TSSs and form less stable nucleosomes that could
facilitate binding of the transcriptional machinery. The G tract at the 5’ end of probable pol II TSSs could block antisense transcription
and/or provide binding sites for transcription factors. H3V and H4V variants are enriched at probable pol Il TTSs, which often contain

tRNA or other genes transcribed by RNA pol III.

Felsenfeld 2007). These unstable nucleosomes are often
enriched at pol IT TSSs, where they are likely to facilitate
nucleosome eviction prior to transcription initiation
(Guillemette et al. 2005; Mito et al. 2005; Zhang et al.
2005). In this study, we show that T. brucei histone variants
H2AZ and H2BV are also enriched around probable pol II
TSSs, and nucleosomes containing H2AZ and H2BV are less
stable than nucleosomes containing the corresponding core
histones. These observations strongly support the hypoth-
esis that the presence of H2AZ and H2BV at T. brucei pol 1T
TSSs contributes to a more open chromatin structure.

In yeast, the Swrl chromatin remodeling complex is
responsible for H2AZ incorporation. Targeting of this com-
plex to the correct genomic location appears to be mediated
by a member of the Swrl complex, the bromodomain-
containing protein BDF1 (for review, see Korber and Horz
2004). Thus, yeast BDF1, may target the chromatin re-
modeling complex to sites containing acetylated his-
tones. Further evidence that H2AZ incorporation may
depend on histone acetylation stems from the finding
that H4K16ac is required for H2AZ incorporation in
subtelomeric regions (Shia et al. 2006). Our data indicate
that T. brucei BDF3 is localized to a relatively narrow
region at TSSs compared with H2AZ. Therefore, it
appears plausible that BDF3 plays a role in targeting
a chromatin remodeling complex to TSSs in T. brucei,
arole similar to BDF1 in yeast. Because we were unable to
demonstrate an interaction between H4K10ac and BDF3
in vitro, we cannot exclude the possibility that a different
acetyl mark may serve as binding site for BDF3.

The T. brucei H3 and H4 variants mark the end of
probable pol I PTUs. This further emphasizes the notion
that pol II transcription is regulated by chromatin struc-
ture. However, the near complete acetylation of H4K10 at
all probable pol I TSSs suggests this mark plays no role in
regulating the level of transcription initiation: It simply
may be required to turn on transcription. Trypanosomes
appear to regulate pol II-driven gene expression post-
transcriptionally: The efficiency of trans-splicing individ-
ual mRNAs differs significantly, as do mRNA stability,
translation efficiency, and protein stability (for review,
see Clayton 2002).
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Polyguanine tracts could guide directional
pol II transcription

The presence of unstable, noncanonical nucleosomes at
probable pol II TSSs leads to a more open chromatin
structure that may be sufficient for transcription initia-
tion. However, we also identified an enrichment of poly-
guanine motifs at probable pol I TSSs, a common feature
of promoter regions (Huppert and Balasubramanian 2007).
The presence of short GC-rich tracts at SSRs was pre-
viously recognized in Leishmania (Martinez-Calvillo
et al. 2003). Two lines of evidence placed TSSs on chro-
mosome I quite precisely on either side of a GC-rich tract,
but this SSR was very short compared with those in T.
brucei. There are other significant differences in gene
transcription between Leishmania and T. brucei, so it is
not possible to make unqualified extrapolations from one
organism to the other. It will be interesting to determine
the distribution of histone modifications and variants
within the Leishmania genome.

Polyguanine motifs have the potential to form G
quadruplexes, a stable secondary structure, but the func-
tion of this sequence element in T. brucei remains to be
determined. One possibility is that the G-rich DNA
adopts a secondary structure that functions as transcrip-
tion factor-binding site. Transcription factors specifically
binding to G quadruplexes have been identified in
humans (Etzioni et al. 2005). Alternatively, the polygua-
nine motif could govern the unidirectionality of tran-
scription in T. brucei. It has been shown that stretches of
guanines located on the mRNA sense strand can hinder
the progression of pol II (Tornaletti et al. 2008). If an open
chromatin structure is sufficient to initiate transcription
in T. brucei and if transcription were to start within the
H4K10ac-rich region and proceed in both directions (di-
vergent transcription), it would encounter the G-rich
stretch only if it went the “wrong” way (Figs. 6C, 7).
The polyguanine motif could thus hinder pol II from pro-
ceeding, and thereby promote unidirectional transcription.
Divergent transcription initiation followed by termina-
tion of antisense transcription may be a common phe-
nomenon. A recent study reports divergent transcription
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initiation from >40% of all protein-encoding gene pro-
moters in mice. In mice, however, transcription termi-
nation appears to correlate with the lack of H3K79me2
(Seila et al. 2008).

Novel pol II TSSs

Whereas it has generally been assumed that pol II tran-
scription starts at divergent SSRs, we also found many
putative pol Il TSSs at non-SSRs, often downstream from
tRINA genes. As tRNA genes can inhibit pol II transcrip-
tion in yeast (Hull et al. 1994), a similar mechanism for
tRNA-mediated transcriptional silencing was proposed
for T. brucei (Marchetti et al. 1998). It has been suggested
that the subnuclear localization of the tRNA genes may
be important for tRNA-mediated silencing (Kendall et al.
2000). More recently, it has been shown in yeast that
TFIIC, which is required for pol IlI transcription complex
assembly, tethers tRNA genes to distinct loci at the
nuclear periphery (Noma et al. 2006). This could generate
pol III transcription clusters from which pol II is largely
excluded. TFIIC binds to the B-box, one of two highly
conserved promoter elements required for tRNA tran-
scription in most eukaryotes, including T. brucei (Nakaar
et al. 1994). As in yeast, the T. brucei B-box is only
essential for tRNA transcription in vivo, not in vitro
(Margottin et al. 1991; Nakaar et al. 1997), so its role in
subnuclear clustering of tRNA may be conserved in
trypanosomes, although a homolog of TFIIC has not
been identified in T, brucei. Such subnuclear clustering of
tRNA genes into pol I transcription clusters could
explain why we were unable to initiate pol II transcrip-
tion by placing long stretches of DNA sequence from
divergent SSRs into convergent SSRs (data not shown).

If tRNA genes indeed interrupt pol II transcription,
reinitiation would be required downstream from the
tRNA “roadblock.” We found that all but three tRNA
genes located outside of convergent SSRs are surrounded
by high levels of H3V and H4V and followed by high levels
of H4K10ac/H2AZ/H2BV/BDF3, suggesting that tRNA
indeed represents a boundary element and that pol II
transcription has to reinitiate downstream from this
boundary. The three tRNA genes not located at conver-
gent SSRs and not next to a region of high H4K10ac are
isolated and are not in clusters like most other tRNAs.
Individual tRNA genes with modest TFIIIC binding are
unable to function as boundary elements in yeast (Noma
et al. 20006).

If all of the putative pol II TSSs at non-SSRs re-
present reinitiation sites, and because only some of
these sites are located downstream from tRNA genes,
what is the nature of the non-tRNA roadblocks?
Could these regions contain unrecognized RNA genes
that are also transcribed by pol I or pol III?

Conclusion

ChIP-seq technology offers new insight into the long-
standing problem of transcription initiation in T. brucei,
although a mechanistic description of the role of the
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different chromatin components awaits detailed bio-
chemical studies. The apparent lack of conserved pol II
promoter motifs makes trypanosomes an interesting
model system in which to study the role of chromatin
composition and modification in the control of transcrip-
tion initiation and termination. Being evolutionarily
divergent, T. brucei should also shed light on the evo-
lution of chromatin-mediated epigenetic regulation in
eukaryotes.

Materials and methods

Trypanosome culture

All T brucei BF cell lines were produced from wild-type Lister
427 (MITat 1.2, clone 221a) or a derivative “single marker” line,
which expresses T7 RNA polymerase and the Tet repressor
(Wirtz et al. 1999). Cells were cultured in HMI-9 medium
(Hirumi and Hirumi 1989) with appropriate drug selection
(http://tryps.rockefeller.edu/trypsru2_genetics.html). PEs of wild-
type Lister 427 were grown in SDM-79 (Brun and Schonenberger
1979) containing 10% fetal bovine serum and 0.25% hemin.
Transfections were performed using a Nucleofector (Amaxa) as
described previously (Scahill et al. 2008).

ChIP-seq and data analysis

BF or PF (108) were collected for each ChIP and lysed as described
elsewhere (Lee et al. 2006). DNA was sonicated for 10 cycles
(30 sec on/30 sec off) using a Bioruptor (Wolf Laboratories
Limited). Immunoprecipitations (IPs) were performed overnight
with 10 pg of Ab coupled to M-280 magnetic beads (Dynal). Beads
were then washed with RIPA buffer (50 mM HEPES-KOH, pKa
7.55, 500 mM LiCl, 1 mM EDTA, 1.0% NP-40, 0.7% Na-
Deoxycholate) and eluted DNA was prepared for sequencing as
recommended by Illumina. The following antibodies were used:
rabbit anti-H4K10ac and anti-H4 (Cross laboratory), BB2 (kind
gift of Keith Gull) (Bastin et al. 1996), HA clone 12cA5, H3
(Abcam, 1791).

Immunoprecipitated DNA was sequenced using a Solexa se-
quencer ([llumina). The sequenced DNA tags (32 bp or 36 bp)
were annotated based on the T. brucei genome (version 4) using
the Blast-Like Alignment Tool (BLAT) (Kent 2002) allowing <2
mismatches. Default parameters were used except for tileSize
(sets the size of match that triggers an alignment) = 10 bp,
stepSize (spacing between tiles) = 5, and minScore (sets the
minimum score and consists of matches minus mismatches
minus a gap penalty) = 15. The number of hits per nucleotide
position was determined using custom PERL scripts and dis-
played using MATLAB (The MathWorks).

DNA sequence analysis

Sequences under double peaks of H2AZ (divergent SSRs) and
single peaks (novel putative TSSs) were extracted from the T.
brucei genome. Peaks close to repetitive sequence, mainly in
subtelomeric and centromeric regions, and poorly annotated
regions were excluded, retaining 128 peaks for further analysis.
Each peak was fitted to a Gaussian basis function using nonlinear
regression, and its peak width, height, and location recorded.
Extracted sequences were analyzed by exhaustive enumeration
(up to length 7) and submitted to Trawler, a deterministic opti-
mization algorithm (Ettwiller et al. 2007; methods reviewed in
D’haeseleer 2006; Tompa et al. 2005). Exhaustive enumeration
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yielded a number of G-rich motifs, and Trawler yielded a G,
cluster as the only statistically significant motif distributed over
many peaks. In both methods any genome sequence for which
the H2AZ density was <10% of its typical TSS peak density
served as the reference sequence.

Plasmid construction and transgenic cell lines

H2AZ, H2BV, and H3V ChIP-seq analyses were performed using
previously published Tyl-tagged cell lines (Lowell and Cross
2004; Lowell et al. 2005). For H4V ChIP-seq, a cell line containing
an ectopic copy of Tyl-tagged H4V (cloned into pLew82) was
generated and both endogenous H4V alleles were deleted using
a PCR-based approach (Gaud et al. 1997). Cell lines containing
C-terminally triple-HA-tagged BDF1-5 were generated using
a PCR-based approach (Oberholzer et al. 2006). For the BDF3
ChIP-seq, we used the triple-HA-tagged BDF3 cell line described
above and deleted the untagged BDF3 allele using a PCR-based
approach. The cell line for inducible RN Ai-mediated depletion of
BDF3 was generated as described previously (Alibu et al. 2005).
An ~450-bp fragment of BDF3 was PCR-amplified and ligated
into p2T7TAP¢ and the vector was transfected into a cell line
containing a triple-HA-tagged BDF3. Efficient RNAi-mediated
BDF3 depletion was monitored over 27 h by Western blot (data
not shown).

IF microscopy

IF microscopy and evaluation of epitope colocalization was
performed as described elsewhere (Siegel et al. 2008b). Anti-
bodies were used at the following concentrations: BB2 (Bastin
et al. 1996), 1:2000; HA clone 16b12 (Covance), 1:1000; H4K10ac
1:4000; H4, 1:4000.

Co-IP

IP of tagged Tyl-tagged H2AZ or H2A or Flag-tagged H2BV or
H2B was performed as described elsewhere (Lowell et al. 2005,
except that prior to the IP the chromatin was washed with buffer
containing increased concentrations of NaCl. IPs were per-
formed using monoclonal BB2 or polyclonal rabbit anti-Flag
antibody (F7425, Sigma). Coimmunoprecipitated histones were
separated by SDS-PAGE and stained with amido black or
immunoblotted using the following antibodies: BB2, anti-Flag,
anti-H4, anti-H3.

Accession numbers

TrypDB (http://www.genedb.org/genedb/tryp) reference numbers
for BDFs discussed in this study are Tb10.6k15.2370 (BDF1),
Tb10.6k15.3240 (BDF2), Tb11.01.1830 (BDF3), Tbh927.7.4380
(BDF4J, and Tb11.01.5000 (BDF5).
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