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ABSTRACT

Transcription start sites (TSS) in eukaryotes are char-
acterized by a nucleosome-depleted region (NDR),
which appears to be flanked upstream and down-
stream by strongly positioned nucleosomes incor-
porating the histone variant H2A.Z. H2A.Z associates
with both active and repressed TSS and is important
for priming genes for rapid transcriptional activation.
However, the determinants of H2A.Z occupancy at
specific nucleosomes and its relationship to tran-
scription initiation remain unclear. To further eluci-
date the specificity of H2A.Z, we determined its ge-
nomic localization at single nucleosome resolution,
as well as the localization of its chromatin remodel-
ers Swr1 and Ino80. By analyzing H2A.Z occupancy
in conjunction with RNA expression data that cap-
tures promoter-derived antisense initiation, we find
that H2A.Z’s bimodal incorporation on either side of
the NDR is not a general feature of TSS, but is specif-
ically a marker for bidirectional transcription, such
that the upstream flanking —1 H2A.Z-containing nu-
cleosome is more appropriately considered as a +1
H2A.Z nucleosome for antisense transcription. The
localization of H2A.Z almost exclusively at the +1
nucleosome suggests that a transcription-initiation
dependent process could contribute to its specific
incorporation.

INTRODUCTION

At the most basic level of chromosome structure, eukary-
otic genomes are packaged into chromatin in the form of
nucleosomal arrays. The positioning of nucleosomes along
DNA depends on the intrinsic DNA sequence binding pref-
erences of histones and the actions of ATP-dependent chro-
matin remodelers, which can incorporate, evict, or reposi-
tion histones and nucleosomes. The best-characterized nu-

cleosome arrangement is one found at the transcription
start site (TSS). Here, a wide nucleosome-depleted region
(NDR) is bordered by two well-positioned nucleosomes, re-
ferred to as +1 for the nucleosome immediately downstream
of the NDR in the direction of transcription, and —1 for the
upstream nucleosome. These NDR-proximal nucleosomes
set the pattern for a periodicity in nucleosome positioning
extending upstream and downstream (1). The yeast TSS is
typically found at about one helical turn into the +1 nucle-
osome (2).

Within individual nucleosomes, canonical histones may
be replaced by histone variants. The H2A histone variant
H2A.Z is highly conserved throughout eukaryotes, display-
ing sequence conservation of ~70-90% (3). In contrast, the
Saccharomyces cerevisiae protein sequences for H2A.Z and
canonical H2A share 61% identity, with H2A.Z contain-
ing additional amino acids at both the N-terminal and C-
terminal ends. H2A.Z-containing nucleosomes are found
predominantly at the two nucleosomes bordering the NDR
(4). H2A.Z has also been reported to be incorporated at the
3’ end of genes (5). Incorporation of H2A.Z is catalyzed
by the ATP-dependent chromatin remodeler Swrl (6). The
exchange takes place by removal of an H2A/H2B dimer
and replacement with an H2A.Z/H2B dimer. In the op-
posite direction the ATP-dependent chromatin remodeler
Ino80 exchanges H2A.Z/H2B dimers for H2A /H2B dimers
(7). H2A.Z can also likely be evicted by the progression of
RNA polymerase, as depletion of components of the pre-
initiation complex cause an increase in H2A.Z occupancy
whereas depletion of Ino80 does not (8,9). How H2A.Z is
targeted specifically to the TSS-proximal nucleosomes is un-
clear. Swrl shows a preference for binding NDRs (10,11),
and its H2A/H2A.Z exchange activity is additionally stim-
ulated by H4 and H2A acetylation (12). However, as a small
but significant number of genes do not incorporate H2A.Z,
and as there is variation in the extent of incorporation, these
factors fail to fully explain H2A.Z localization (2). In par-
ticular, the differences in H2A.Z incorporation at the two
nucleosomes flanking the NDR, commonly regarded as the
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+1 and —1 nucleosomes (13-17), and its relationship to
transcription, are not well understood.

S. cerevisiae tolerates loss of H2A.Z with few transcrip-
tional changes and little fitness defect under optimal growth
conditions (18). This result is puzzling given the important
TSS-proximal positions H2A.Z occupies. However, local-
ization to the TSS implies that H2A.Z has some relation-
ship to transcription. Studies of H2A.Z’s effect on nucle-
osomes have provided conflicting evidence for both more
and less stable structures (19) as well as no significant ef-
fect on stability (20). The region of H2A.Z that contacts the
nucleosome core displays lower conservation, perhaps sug-
gesting that H2A.Z’s effect on nucleosome stability is some-
what species specific (21). Incorporation of H2A.Z has the
potential to decrease the barrier posed by the +1 nucleo-
some (22) and its presence is associated with high nucleo-
some turnover rates (23) and rapid transcriptional activa-
tion. H2A.Z contributes to the prompt induction of cell-
cycle promoting genes (24) and is required for the transcrip-
tion of some genes. At the GALI-10 promoter it is required
for recruitment of RNA Pol IT and TBP (25), as well as Me-
diator, SAGA, and Swi/Snf (26), and cells lacking H2A.Z
therefore display a Gal- phenotype. In contrast to yeast, for
most metazoans H2A.Z is essential. In mammals, H2A.Z
is also present at active enhancers that recruit RNA poly-
merase and produce enhancer RNAs (eRNAs) (27). Addi-
tionally, H2A.Z has been shown to be important for RNA
Pol IT pausing (28) and cell differentiation (29), and it may
even be involved in memory formation (30-32).

In an attempt to resolve the relationship between H2A.Z
occupancy, transcription initiation, and the occupancy of
H2A.Z remodelers, we mapped the incorporation of H2A.Z
at promoters at single-nucleosome resolution, along with
the localization of its remodelers Swrl and Ino80 and an-
alyzed this data in conjunction with RNA-seq data. Our
results show that H2A.Z incorporation flanking the pro-
moter NDR is a marker for bidirectional transcription such
that even the -1 nucleosome upstream of the NDR is a +1
H2A.Z-containing nucleosome for an upstream antisense
non-coding transcript. Moreover, the binding of its remod-
elers Swrl and Ino80 is also dependent on H2A.Z, suggest-
ing an interplay between processes governing the normal lo-
calization of H2A.Z and its chaperones.

MATERIALS AND METHODS
Strains and growth conditions

The yeast strains used were all from the WT haploid
BY4741 background (MATa his3Al leu2 A0 metl5A0
ura3A0) and the yeast haploid deletion strain collection
(Open Biosystems/GE Dharmacon) (33). The gene dele-
tions were confirmed via PCR and were also remade. The
primary strain used for MNase ChIP-seq experiments con-
tained a TAP-tagged copy of the histone protein H2A.Z
from the TAP-tagged protein collection (34). SWRI- and
INOS80-Myc-tagged strains were created by transforma-
tion of yeast with 3Myc-His3M X6 cassettes amplified with
primers targeted to the C-terminus coding region of SWRI
or INOSO from the pYM5-3Myc-His3MX6 plasmid (35).
The strains were verified for the correct genomic replace-
ment using PCR and for functional complementation by the

epitope-tagged proteins by growth assays in selective con-
ditions (Supplementary Figure S1). For molecular experi-
ments, yeast cells were grown up in liquid culture in yeast ex-
tract peptone dextrose (YPD) at 30°C until the cells reached
a concentration measured via A600 O.D. of ~0.8 and har-
vested by centrifugation.

Mononucleosome isolation

We followed a previously described protocol to isolate
nucleosomes (36). Samples were crosslinked with 1%
formaldehyde for 30 min and then treated with 250 g of
zymolyase (MP Biomedicals Catalog # 1C320921) to per-
meabilize the cell wall. The cells were then washed and
resuspended in NP buffer (1 M Sorbitol, 50 mM NacCl,
10 mM Tris pH 7.4, 5 mM MgCl,, 0.075% NP-40, 1
mM 2-mercaptoethanol, 500 pM spermidine). The cells
were then subjected to increasing concentrations of MNase
(Worthington Biochemical Corp. Catalog # LS004797) at
25, 50, 75, and 100 U/ml for 10 min at 37°C. Reactions
were stopped by addition of 10 mM EDTA and 1% SDS.
Crosslinks were reversed by a 65°C overnight incubation
with Proteinase K. RNA was then removed by R Nase treat-
ment. DNA was extracted by phenol-chloroform treatment
followed by ethanol precipitation. The DNA was then run
on an E-gel cassette (Invitrogen), and the fraction of DNA
running at ~150 bp was extracted.

Chromatin immunoprecipitation

Yeast cells were fixed by adding formaldehyde to cultures
at a final concentration of 1% and incubating for 30 min at
30°C in a shaking incubator. Cells were then spun down,
washed, and resuspended in chilled lysis buffer and sub-
jected to bead beating at 4°C. Samples were then sonicated
using a Branson Sonifier, spun down, and the supernatant
was isolated. A portion of the supernatant was reserved for
an input sample and the remainder was subjected to im-
munoprecipitation using either IgG Sepharose 6 Fast Flow
beads (GE Healthcare Life Sciences) or anti-Myc conju-
gated agarose beads (Sigma Aldrich).

MNase chromatin immunoprecipitation

The MNase ChIP-seq protocol was largely adapted from
a published protocol (37). Yeast cells were fixed by adding
formaldehyde to cultures at a final concentration of 1% and
incubating for 30 minutes at 30°C in a shaking incubator.
Cells were then spun down, washed, and resuspended in
chilled NP buffer and subjected to bead beating at 4°C.
The cell lysate mixture was then collected and treated with
MNase at increasing concentrations of 25, 50, 75 and 100
U/ml for 10 min at 37°C. The reaction was then terminated
by addition of EDTA to a final concentration of 10 mM and
incubating on ice for 10 min. The samples were then spun
down at 4°C and the supernatants from the different MNase
concentrations pooled and collected. A portion of the su-
pernatant was reserved as an input sample, and the rest was
used for chromatin immunoprecipitation. TAP-tagged pro-
teins were pulled down by an overnight incubation at 4°C
with IgG Sepharose 6 Fast Flow beads (GE Healthcare Life
Sciences).



SMORE-seq

Simultaneous mapping of RNA ends (SMORE-seq) pro-
vides a method for determining the 5" ends of transcripts
(38). This technique allows for precise mapping of tran-
scription start sites, and, can also allow the detection of
short antisense RNAs that are difficult to detect by stan-
dard RNA-seq methods. In particular, this technique can be
used to identify antisense transcripts arising from between
tandemly arranged genes, which we term UAN-RNAs (for
sites of (promoter) upstream antisense non-coding RNA
transcription). SMORE-seq was performed as previously
described (38). Briefly, RNA was incubated with tobacco
acid pyrophosphatase (TAP, Epicentre) to remove 5 caps.
TAP was inactivated by heating at 65°C and RNA was pu-
rified. A control reaction omitting TAP was also carried
out. Purified RNAs were then used for construction of Illu-
mina RNA-seq libraries using the NEBNext Small RNA kit
following manufacturer’s instructions and as previously de-
scribed (38). For our analysis, we combined data from our
previously published study (GSE49026) with newly gener-
ated datasets.

Library preparation and sequencing

MNase and ChIP libraries were prepared using the NEB-
Next ChIP-Seq library preparation kit for Illumina se-
quencing (NEB Catalog # E6240L) with adapters from
Bioo. RNA SMORE-seq libraries were prepared with the
NEBNext Small RNA library preparation kit, also for
Illumina sequencing (NEB Catalog # E7300S). The Ii-
braries were then sequenced either at the University of
Texas at Austin Genome Sequencing and Analysis Facility
(UT GSAF) or at the M.D. Anderson Next-Generation Se-
quencing Facility at Science Park.

Analysis of sequencing data

Sequencing reads were aligned against the SacCer3 refer-
ence genome (from the Saccharomyces Genome Database)
using BWA (39). Nucleosome positions from MNase-seq
data and ChIP-seq peaks from ChIP-seq data for Swrl and
Ino80 were analyzed as previously described (36,40,41). The
ChIP-seq peaks and nucleosome positions (which we also
refer to as ‘peaks’) and their associated scores were then
used to create a per-gene score matrix file which consisted
of a window of 10 bp bins centered either on the tran-
scription start site (TSS), the transcription termination site
(TTS) or other genomic loci of interest, containing nucleo-
some scores or ChIP-seq peak scores for each gene and bin.
We called TSS and TTS positions using either SMORE-seq
data, previously available annotation data (42), or a rea-
sonable estimate based on average TSS and TTS positions.
These files were then normalized by in-matrix normaliza-
tion to allow comparison across files regardless of sequenc-
ing depth. This, in effect, is a normalization system centered
around ORF regions, and bypasses having to take into ac-
count the large variability in nucleosome enrichment seen at
repetitive regions. These normalized files were then used to
create an average TSS nucleosome profile and nucleosome
heatmaps based on the matrix, and visualized using Java
TreeView. ChIP-seq data was corrected by subtracting out

Nucleic Acids Research, 2020, Vol. 48, No. 1 159

the signal from matched input samples. For MNase ChIP-
seq, input samples correspond to the background mononu-
cleosome profiles (Figure 1).

Gene lists used for sorting

Gene expression data was obtained from publicly available
RNA sequencing data derived from WT cells (accession
numbers: SRX046708 and SRX046709) (43). Reads map-
ping to annotated transcripts were counted and then nor-
malized for gene length. This deeply sequenced data set
was used to assign a gene expression level to each gene in
the yeast genome. UAN-RNA counts were obtained from
a combination of previously published SMORE-seq data
from our lab (38) and newly generated SMORE-seq data.
Reads mapping between —50 bp and —300 bp upstream
of the TSS on the antisense strand for annotated coding
genes were counted to give a measure of upstream antisense
transcription. For tandemly arranged transcripts, these an-
tisense reads are referred to as UAN-RNAs. Data from
nascent elongating transcription and sequencing (NET-seq)
analysis (44) (SRR2005997, SRR2005998) was used addi-
tionally for a similar analysis. TATA and TATA-less gene
lists were obtained from a published study (45). A riboso-
mal protein coding gene list was obtained from The Ribo-
somal Protein Gene Database (46). Tandem and divergent
gene orientations were determined computationally by an-
notating each TSS with whether the nearest upstream gene
end was a transcription start or termination site. H2A.Z
enrichment values for +1 and —1 nucleosomes were deter-
mined by taking the maximum signal across 150 bp within
a specified range for each feature (—350 to —100 for the —1
nucleosome and —50 to +150 for the +1 nucleosome) (Sup-
plementary Figure S2). RNA Pol II Ser-5 phosphorylation
ChIP-seq data was obtained from a data set previously pub-
lished by our lab (GSE51251) (47).

RESULTS
Swr1 localization to its targets is dependent on H2A.Z

In order to explore H2A.Z incorporation at nucleosomes
and its relationship with Swrl and Ino80 binding across the
S. cerevisiae genome, we first performed micrococcal nucle-
ase chromatin immunoprecipitation (MNase ChIP-seq) to
pull down TAP-tagged H2A.Z. H2A.Z occupancy has been
measured using ChIP-seq in earlier studies (9,11,48), but it
was important to measure its occupancy along with RNA 5’
ends and Swrl and Ino80 occupancy in parallel grown cul-
tures under the same conditions. As a control, to normalize
for background bulk nucleosomes, we generated input sam-
ples in parallel, which were also treated with MNase but
not subjected to ChIP-seq. Here, we refer to the binding of
H2A.Z relative to background bulk nucleosomes as H2A.Z
enrichment, which is a measure of specific H2A.Z incorpo-
ration. As expected, H2A.Z is sharply localized to the +1
nucleosome, with somewhat lower occupancy at the —1 nu-
cleosome flanking the NDR (Figure 1). We used the aver-
age of two consistent replicates for further analysis (Sup-
plementary Figure S3). As the chromatin remodelers Swrl
and Ino80 govern the incorporation dynamics of H2A.Z,
we also performed ChIP-seq for Swrl and Ino80 in both
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Figure 1. Genome wide H2A.Z incorporation. Left: Heatmap of H2A.Z occupancy as measured by MNase ChIP-seq without input correction. Middle:
Background nucleosome profiles in the input using standard MNase-seq. Right: Input-corrected MNase ChIP-seq data, with yellow indicating higher
H2A.Z nucleosomal occupancy relative to background nucleosomes and blue indicating depletion of H2A.Z-containing nucleosomes relative to back-
ground nucleosomes. Genes are arranged by increasing length, revealing a peak of H2A.Z at the 5’ end and a less pronounced peak at the 3’ end, corre-

sponding to the 5" end of the nearest downstream gene.

WT and in htz1 A backgrounds (HTZ1 is the gene encod-
ing H2A.Z7).

We found that Swrl and Ino80 occupied promoters in
the vicinity of the +1 nucleosome, though the signal was
fairly low and consistent across most promoters, with only
a handful of genes showing strong binding peaks. This pat-
tern of occupancy of Swrl and Ino80 is consistent with pre-
vious studies (11,49,50). Swrl’s strongest peak was local-
ized at its own promoter (Figure 2A and Supplementary
Figure S4). This result was also consistent with previously
published Swrl ChIP-exo data (11), and similar observa-
tions from microarray data have been made before (51).
The strong binding of Swrl to its own promoter prompted
us to examine H2A.Z incorporation at this promoter as
well. ChIP-seq data revealed a modest peak of H2A.Z at
the promoter of RQCI, the gene upstream of SWRI, but
rather weak incorporation directly at the Swrl binding site
in the SWRI promoter (Figure 2A). Interestingly, deletion
of HTZ1 dramatically reduced Swr1 binding at its own pro-
moter (Figure 2A and Supplementary Figure S4). Thus,
Swrl recruitment to the NDR is itself strongly dependent
on the presence of H2A.Z. The significance of the strong
binding of Swrl to its own promoter is not clear at present.
Although suggestive of feedback regulation, the strong re-
duction in Swrl binding to its promoter in Atz/ A did not
lead to changes in SWRI transcript levels (not shown) or
protein (Supplementary Figure S5), indicating that a sim-
ple feedback loop is not operational. The promoter regions
with the strongest Swrl binding signal did not show high
correlation with the promoter regions showing the strongest
H2A.Z occupancy signals at the +1 nucleosome (Figure 2B

and Supplementary Figure S6A-D). To verify if the low
correlations were due to the quality of our ChIP-seq data
for Swrl, we examined the correlation of signal strength at
the promoter between H2A.Z occupancy and another re-
cently published ChIP-exo dataset for Swrl (50). The corre-
lation was only marginally improved (Supplementary Fig-
ure S6E). As an alternative way to measure genome-wide
correlations between ChIP-seq datasets, we calculated the
rank correlation between bins along the length of the chro-
mosome for the entire genome. This analysis revealed that
our single replicate of Swrl ChIP-seq was as well correlated
with other Swrl datasets as individual Swrl replicates were
with one another in recent published datasets (Supplemen-
tary Figure SOF).

The dense gene packing within the S. cerevisiae genome
means that neighboring genes can affect the nucleosome
patterns observed at any particular gene. In order to dis-
tinguish nucleosome patterns at closely juxtaposed promot-
ers and isolated promoters, we separated genes into diver-
gent (head-to-head) and tandem (head-to-tail) categories
based on the orientation of their transcripts and examined
the relationship of Swrl binding and H2A.Z incorporation.
While tandem and divergent genes showed similar levels
of Swrl localization (Supplementary Figure S7A), their in-
corporation patterns for H2A.Z differed markedly. Tandem
and divergent genes had equivalent incorporation of H2A.Z
at the +1 nucleosome but divergent genes showed signifi-
cantly more H2A.Z at the —1 nucleosome (Supplementary
Figure S7B). Moreover, the — 1 nucleosome at tandem genes
was primarily a single peak and was not followed by a regu-
larly spaced array of nucleosomes upstream. Thus, the dif-
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Figure 2. Relationship of H2A.Z and Swrl binding. (A) Swrl binding depends on H2A.Z. ChIP-seq data tracks visualized on the UCSC Genome Browser,
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The correlation is low, at ~0.08.

ferential incorporation of H2A.Z at the —1 nucleosome at
tandem genes cannot be explained solely by the binding of
Swrl, which binds similarly at tandem and divergent genes.

Given the strong dependence of the most prominent
Swrl binding peak on H2A.Z (Figure 2A), we analyzed the
genome-wide binding pattern of Swrl in the H2A.Z dele-
tion compared to the WT strain, which has not been exam-
ined in previous studies. Promoters with the highest levels of
Swrl binding in the WT strain showed a strong reduction in
htzl A, indicating again that Swrl binding to its most promi-
nent targets in the genome is strongly dependent on H2A.Z
(Figure 3A). This reduction in Swrl binding to its usual
targets was not due to reduced expression of Swrl in the
htzl A background (Supplementary Figure S5). To quan-

tify this effect and examine the fate of Swrl in the hzzl A
background in more detail, we generated average binding
profiles for the top 500 most strongly Swrl-bound targets,
the bottom 500 least bound targets, as well as the middle
set. These plots revealed that at a small proportion of tar-
get promoters (~10%), Swrl is strongly localized at the +1
nucleosome, while at the majority of genes, its binding lev-
els do not exceed the background values seen in the input
samples (Figure 3B). This strong binding of Swrl to its tar-
gets was clearly lost in the absence of H2A.Z (Figure 3B,
top right panel). When we ranked the Swrl ChIP-seq data
by the strength of its signal in the A7z/ A strain, it was ap-
parent that Swrl gets redistributed to a different set of pro-
moters in Atzl A, showing that ChIP-seq was able to detect
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Swrl binding even in the htzl A strain (Figure 3B bottom
right panel). Similar results were observed for the Ino80 re-
modeler, although its redistribution was more pronounced,
because both the least and most strongly occupied promot-
ers changed in szl A in the case of Ino80 (Figure 3C and
D). By contrast, sites with minimal Swr1 binding in the WT
remained depleted in the /tzl A strain (Figure 3A and B).
Swrl and Ino80 showed a modest correlation in their occu-
pancy profiles (Supplementary Figure S8).

H2A.Z incorporation at the +1 nucleosome does not correlate
with gene expression

Previous studies using low-resolution microarrays have
indicated that H2A.Z might be inhibitory to transcrip-
tional initiation, as its occupancy was shown to correlate
negatively with transcription rate (51,52). However, when
H2A.Z is acetylated it is associated with actively transcribed
genes (53). There is also evidence that H2A.Z promotes
transcriptional elongation. In its absence, nucleosome oc-
cupancy increases over the GALI0-VPS13 gene locus, and
the elongation rate of RNA Pol II decreases by ~24% (54).

We began by examining whether there was a correlation
between the transcript levels of a gene and H2A.Z incorpo-
ration at its +1 nucleosome. Ranking transcripts based on
their expression level did not show any overall correlation
with H2A.Z incorporation (Figure 4 and Supplementary
Figure S9A). Instead, we found that genes with very high
expression or very low expression both showed low levels
of H2A.Z incorporation, while the majority of genes dis-
played fairly uniform levels of H2A.Z over a broad range
of expression/transcript levels (Figure 4). Because steady-
state transcript levels reflect a combination of transcription
rate and RNA turnover rates, and H2A.Z might be expected
to correlate with only transcription rate, we also examined
the relationship of H2A.Z occupancy with the occupancy
of RNA Pol II Ser-5P, which is an indirect measure of tran-
scription rate. In yeast RNA Pol II Ser-5P levels are fairly
well correlated with RNA levels (41). However, similar to
transcript levels, RNA Pol II Ser-5P occupancy also did
not show any overall correlation with H2A.Z incorporation
(Supplementary Figure S9B).

H2A.Z incorporation corresponds to a +1 nucleosome in the
direction of transcription, even at the ‘—1’ nucleosome flank-
ing the NDR

A number of studies have described high levels of anti-
sense transcription occurring upstream of gene promoters
(55). As promoter antisense transcription might also con-
tribute to the chromatin structure at the promoter, we in-
vestigated the relationship between H2A.Z incorporation
and upstream antisense transcription. For this analysis we
combined antisense transcription data previously generated
in our lab using SMORE-seq (38) with newly performed
SMORE-seq to obtain high quality antisense transcription
measurements for each gene. The upstream antisense non-
coding (UAN) RNAs produced at promoters are analogous
to previously described bidirectional noncoding RNAs (or
BNCs) (38). Here, we focused on upstream antisense tran-
scription at tandemly arranged genes because such tran-
scription is not confounded by the presence of full-length
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transcripts from divergent promoters (Supplementary Fig-
ure S10).

We separated genes by TSS orientation and ranked them
by upstream antisense transcription levels within a window
suitable for their detection (from —50 to —300 bp upstream
of the TSS). At tandem genes, the H2A.Z-containing nucle-
osome upstream of the TSS can be unambiguously identi-
fied as one independent of the upstream gene promoter, and
this nucleosome (at the —1 position) showed H2A.Z incor-
poration proportional to the UAN-RNA transcription level
which was used to rank the genes (Figure 5A). Although di-
vergent genes also appeared to show a similar trend, they
displayed detectable amounts of H2A.Z incorporation in
nucleosomal arrays extending further upstream from the
NDR. Arranging these divergent genes by distance to the
upstream TSS revealed that much of the diffuse ‘—1" nucle-
osome signal was a result of upstream TSS that were far-
ther away (Figure SA). Thus, genes with the highest H2A.Z
incorporation at the ‘—1° nucleosome correspond to those
where two divergent coding genes share an NDR, and pre-
sumably a bidirectional promoter. For the remaining tan-
dem genes and divergent genes with well-separated promot-
ers, it is the antisense transcription of UAN-RNAs that cor-
responds to the strong incorporation of H2A.Z signal at the
—1 nucleosome, which is therefore more properly regarded
as the +1 nucleosome for the UAN-RNA. We investigated
this association at tandem genes by separating genes based
on UAN-RNA levels and determined that there were signif-
icant differences in H2A.Z incorporation among the groups
(Figure 5B and C). In general, the extent of H2A.Z incor-
poration into the — I nucleosome was indicative of the tran-
scription of promoter-associated UAN-RNAs. We obtained
similar results when we used data from nascent elongat-
ing transcription and sequencing (NET-seq) analysis (44)
in place of SMORE-seq (Supplementary Figure S11).

The increased H2A.Z incorporation at divergent genes
cannot be explained by increased Swrl targeting to the
NDR, given that levels of Swrl binding were roughly equiv-
alent between tandem and divergent genes (Supplementary
Figure S7A). Divergent transcripts show some H2A.Z in-
corporation at the —2 and —3 nucleosomes, whereas tan-
dem genes only display this incorporation at the —1 nucle-
osome (Supplementary Figure S12). This pattern is consis-
tent with increased nucleosomal displacement occurring at
divergent genes where upstream transcripts are coding and
longer. By contrast, antisense upstream transcripts associ-
ated with tandem gene promoters are short, and transcrip-
tion at these regions could, therefore, be less likely to dis-
place H2A.Z in the direction of transcription.

H2A.Z has also previously been reported to be incor-
porated at the 3’ end of genes, where it has been reported
to be associated with antisense transcripts originating from
these 3’ ends (5). However, the dense packaging of the yeast
genome makes it possible for UAN-RNA transcription em-
anating from a downstream promoter to be mistaken for
a general class of 3’ originating transcripts. To establish the
true nature of the 3’ H2A.Z signal, we separated genes based
on their orientation at the transcription termination site
(TTS) and arranged them by the distance to the next down-
stream TSS (Figure 6). This clearly showed that conver-
gent genes (tail-to-tail orientation) lacked a 3" H2A.Z sig-
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average of H2A.Z occupancy levels.

nal altogether. In contrast, while tandem TTS genes showed
an apparent 3’ H2A.Z enrichment, this signal was clearly
aligned with the downstream TSS rather than remaining
localized at the primary TTS, indicating that the apparent
3’ H2A.Z incorporation signal originates from the UAN-
RNA transcript of the downstream promoter. These results
are in agreement with previous microarray-based observa-
tions which lacked our resolution and genome wide scope

(4).

H2A.Z incorporation at TATA box-containing promoters is
disorganized

In general, genes with TATA box-containing promoters
exhibit distinct transcriptional characteristics. On average,
they produce higher transcript levels and lower levels of up-
stream antisense transcription (Supplementary Figure S13)
(38). Genes with TATA-containing promoters also exhibit
more dynamic expression levels and are enriched for genes
up-regulated during environmental stress and depleted for
housekeeping genes (56). Since H2A.Z marks sites of bidi-
rectional transcription, we wanted to explore H2A.Z incor-
poration at TATA box-associated TSS. A previous study
using microarray hybridization and an 80-gene sliding win-
dow analysis showed that regions of the genome with higher
numbers of TATA boxes displayed lower H2A.Z occupancy
(51).

We found that although H2A.Z localizes to the TSS of
TATA-containing genes, its incorporation is less apparent
and the signal more diffuse than the precise and strong sig-
nal found at TATA-less genes (Figure 7A, B and Supple-
mentary Figure S14). The average profile reveals that at
TATA-containing genes, less H2A.Z is incorporated into
the +1 and —1 nucleosomes, and that it can be incorporated
at low levels throughout the gene body and within the NDR

(Figure 7B). This difference was also apparent when com-
paring enrichment at called +1 nucleosomes (Supplemen-
tary Figure S14). These results indicate that, when a TATA
box is present, H2A.Z is less likely to be incorporated in
nucleosomes surrounding the NDR, and that when it is in-
corporated, its localization at the +1 nucleosome is not as
strictly maintained. The Swrl and Ino80 binding patterns at
TATA-containing and TATA-less genes revealed that in WT
cells, both complexes were depleted from TATA-containing
genes, whereas Ino80 accumulated at the TATA-containing
genes in the absence of H2A.Z (Figure 7C). Similarly, at
highly expressed genes in WT cells, Swrl and Ino80 showed
reduced binding at the NDR relative to other genes in the
genome but in the absence of H2A.Z, Ino80 in particu-
lar accumulated at the NDR and upstream of these genes
(Supplementary Figure S15). The reason for increased oc-
cupancy of TATA-containing genes by Ino80 in the absence
of H2A.Z is not clear at present. One possibility could be
that the low levels of H2A.Z at TATA-containing genes are
actively maintained by the evicting actions of Ino80 which
is somehow retained at these promoters in the absence of
H2A.Z. This predicts an increase in H2A.Z accumulation
at these promoters in the absence of Ino80. However, when
we examined previously published data for H2A.Z occu-
pancy in the absence of Ino80, there was no accumulation
of H2A.Z at TATA-containing promoters (Supplementary
Figure S16).

H2A.Z is depleted from ribosomal genes

The 78 proteins in the yeast ribosome are encoded for by
137 gene loci (57). These ribosomal protein (RP) genes,
which tend to be highly expressed, were previously shown
to be depleted for H2A.Z, in contrast to the enrichments
seen at mitochondrial RP genes and ribosome biogenesis
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genes (48,51). We also found a pronounced depletion of
H2A.Z at RP genes (Figure 7A, D). Swrl was also ex-
tremely depleted from the NDRs of these genes (Figure 7E).
However, similar to TATA-containing genes, Ino80 showed
higher occupancy of the NDR of RP genes in the absence of
H2A.Z (Figure 7E). Again, however, there was no increase
of H2A.Z at RP gene promoters in the absence of Ino80,
leaving open the question of why Ino80 preferentially binds
these promoters in the absence of H2A.Z (Supplementary
Figure S16) (58,59).

The presence of a spliced intron has been reported to
increase the directionality associated with an NDR (60).
Given the association of H2A.Z with bidirectional tran-
scription, we examined the relationship of H2A.Z occu-
pancy with intron presence. In yeast, intron-containing
genes overlap the RP genes to a large degree; out of 307
genes containing introns in the yeast genome, 115 are RP
genes. When we examined H2A.Z occupancy at these genes,
we found that RP genes were strongly depleted for H2A.Z
but intron-containing non-RP genes were not (Supplemen-
tary Figure SI7A). On average, RP genes displayed higher
levels of sense transcription and lower levels of upstream an-
tisense transcription than intron-containing non-RP genes
and intron-less non-RP genes (Supplementary Figure S17B,
C). These results corroborate a strong bias in H2A.Z local-
ization to sites of bidirectional transcription.

DISCUSSION

The prevailing notion of a core promoter is that it com-
prises an NDR bounded by two nucleosomes, labeled as
the +1 nucleosome in the direction of transcription and the
—1 nucleosome forming the upstream boundary. Our data
reveal that the —1 nucleosome, which appears as the up-
stream barrier of the NDR, is in reality also a +1 nucle-
osome but for a divergently transcribed gene or short up-

stream antisense non-coding RNA. The apparent 3’ end
incorporation of H2A.Z is also due to its presence at the
start of a transcript that happens to overlap the 3’ end of a
gene. Thus, H2A.Z is present almost exclusively in the sin-
gle nucleosome at a transcription start site (Figure 8A, B).
The finding that H2A.Z levels correlate with UAN RNAs
but not steady-state transcript levels could be due to the
fact that the non-coding UAN RNA promoters are weaker
and these transcripts are short, with short half-lives that
are likely similar. Therefore, the steady-state levels we mea-
sure in our RNA-seq experiments are likely to be propor-
tional to initiation rate and H2A.Z incorporation. mRNA
steady-state levels however are a function of both initia-
tion rate and varying half-lives, complicating the relation-
ship between H2A.Z occupancy and steady-state levels. Our
results also shed light on the different patterns of H2A.Z
occupancy at promoters in different organisms. In humans,
peaks of H2A.Z enrichment are also found at both sides
of the NDR, and correspondingly, bidirectional promoters
producing bidirectional transcription are common (61,62).
In contrast, the Drosophila NDR shows H2A.Z enrichment
at the +1 nucleosome but not at the —1 (63). The lack of
an upstream —1 nucleosome containing H2A.Z could re-
flect the fact that Drosophila gene promoters also display a
pronounced lack of bidirectional transcription and a larger
number of directional motifs (64).

What determines the precise localization of H2A.Z to the
+1 nucleosome? It has been proposed that Swrl localization
to the NDR explains it, but our data suggests that Swrl is
unlikely to be the exclusive determinant, for many reasons.
First, Swrl localization to the NDR is not as strong and
specific as that of H2A.Z (Figures 1 and 3A). Second, the
correlation between Swrl signal and H2A.Z signal at the
promoter is poor (Figure 2B), though this could be due to
the fact that ChIP measures steady-state levels of occupancy
rather than recruitment directly. Third, Swrl localization
to the NDR is itself strongly dependent on the presence
of H2A.Z at the +1 nucleosome, inconsistent with a simple
model where Swrl localization to the NDR occurs indepen-
dently of H2A.Z and directs H2A.Z incorporation. Finally,
Swrl occupancy of the promoters of divergent and tandem
promoters is indistinguishable, but the extent of H2A.Z in-
corporation at the two flanking nucleosomes is markedly
different. Thus, the sharp localization of H2A.Z to the sin-
gle nucleosome at the start site of transcription suggests that
additional factors such as promoter sequence elements, the
transcription machinery and the initiation process, in con-
junction with Swrl occupancy at the NDR, serve to define
the +1 nucleosome and determine the strong specificity of
H2A.Z in the genome at least at genes that are not com-
pletely transcriptionally silent. A short 22 bp fragment con-
taining a homopolymeric dA:dT sequence and a Reb1 bind-
ing site inserted into a silent gene was shown to be sufficient
to specify the formation of an NDR and the incorporation
of flanking H2A.Z nucleosomes (4). However, it is not clear
that there was no low-level transcription from cryptic pro-
moters in this situation. Swrl has been reported to switch to
a ‘promiscuous’ mode in the context of acetylation of H3 at
lysine 56 (H3K56Ac) where it can exchange either H2A or
H2A.Z-containing dimers (65). There is also some evidence
for random incorporation of H2A.Z inside transcription-
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ally silent genes in human cells (58,59). Further highlight-
ing the complexities of their relationship, genes that require
H2A.Z for expression but not Swrl, as well as genes that re-
quire Swrl but not H2A.Z have been reported, and swri A
and htz1 A differ in drug sensitivity (66).

The chromatin remodeler Ino80 shares a number of sub-
units with Swrl as well as with other chromatin remodelers
and modifiers that are generally targeted to the NDR (67—
69). Ino80 can evict H2A.Z nucleosomes from chromatin
in vitro, and, in vivo, H2A.Z has been reported to become
redistributed or accumulate at promoters in the absence of
key Ino80 complex components (7,11). However, recent ev-
idence suggesting that H2A.Z can be removed from genes
by formation of the pre-initiation complex and transcrip-
tion rather than by Ino80 calls into question the necessity of
this chromatin remodeler for the maintenance of H2A.Z oc-
cupancy levels (8,9). Despite this, the severely affected phe-
notype of ino80 A cells (70) demonstrates that Ino80 plays a
vital role in proper cell function. Our data reveals that Ino80
is dramatically redistributed in the absence of H2A.Z, and
specifically accumulates at regions that have low H2A.Z oc-
cupancy in WT cells. This behavior of Ino80 is not matched
by Swrl. It is possible that Ino80 is rapidly recycled at loci
where it is most active, such that in the absence of its target

H2A.Z, it accumulates. Given the conservation of H2A.Z
and its chaperones and the fact that it is affected in human
diseases (71,72), similar experiments measuring H2A.Z in-
corporation in conjunction with precise transcript analysis
are likely to shed light on the functions of H2A.Z in normal
human cellular biology and in disease.
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