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ABSTRACT Linker histones play a fundamental role in shaping chromatin structure, but how their interaction with chromatin is
regulated is not well understood. In this study, we used a combination of genetic and genomic approaches to explore the regulation of
linker histone binding in the yeast, Saccharomyces cerevisiae. We found that increased expression of Hho1, the yeast linker histone,
resulted in a severe growth defect, despite only subtle changes in chromatin structure. Further, this growth defect was rescued by
mutations that increase histone acetylation. Consistent with this, genome-wide analysis of linker histone occupancy revealed an inverse
correlation with histone tail acetylation in both yeast and mouse embryonic stem cells. Collectively, these results suggest that histone
acetylation negatively regulates linker histone binding in S. cerevisiae and other organisms and provide important insight into how
chromatin structure is regulated and maintained to both facilitate and repress transcription.
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IN eukaryotes, DNA is packaged into chromatin, a nucleopro-
tein structure composed of DNA, histones, and nonhistone

proteins.Thebasic repeatingunitof chromatin is thenucleosome
core particle, which is composed of DNA wrapped 1.7 times
around an octamer of core histones H2A, H2B, H3, andH4 (Van
Holde 1989; Luger et al. 1997). A fifth histone protein, termed
the “linker histone,” binds the nucleosome dyad, interacting
with the DNA entering and exiting the nucleosome (Syed
et al. 2010; Meyer et al. 2011; Zhou et al. 2013, 2015;
Bednar et al. 2017). Because linker histones limit DNA ac-
cessibility and promote chromatin compaction, they are
thought to be general repressors of transcription (Bustin
et al. 2005; Happel and Doenecke 2009), and regulating
their interaction with chromatin may provide a means to
control access of the transcriptional machinery to DNA.

One proposed mechanism for regulating linker histone
binding is through alteration of linker histone abundance.
Saccharomyces cerevisiae expresses one molecule of linker

histone for every 4–37 nucleosomes (Freidkin and Katcoff
2001; Downs et al. 2003), consistent with the gene-dense
nature of this yeast’s genome. In contrast, vertebrate cells,
which have many gene-poor regions, express �1 molecule of
linker histone for every nucleosome, and transcriptionally inert
avian erythrocytes express 1.3 linker histones per nucleosome
(Woodcock et al. 2006). However, several studies have demon-
strated that linker histone occupancy is not uniform across the
genome of a given cell type, suggesting that factors in addition
to protein abundance regulate linker histone binding. For ex-
ample, the yeast linker histone, Hho1, cross-links poorly to the
first nucleosome relative to the transcription start site (TSS) and
is instead enriched in regions with increased nucleosome spac-
ing (Rhee et al. 2014; Ocampo et al. 2016). Further, transcrip-
tionally active regions tend to be depleted in linker histones in
multiple organisms (Schafer et al. 2008; Cao et al. 2013; Izzo
et al. 2013; Millan-Arino et al. 2014; Ocampo et al. 2016). One
potential mechanism for regulating linker histone binding is via
histone acetylation, which is enriched on active genes. Because
linker histones bind to nucleosomes via contacts with DNA as it
enters and exits the nucleosome, acetylation, which promotes
DNA unwrapping, could disrupt Hho1 binding sites (Neumann
et al. 2009; Syed et al. 2010; Meyer et al. 2011; Simon et al.
2011; Zhou et al. 2013, 2015; Bernier et al. 2015; Kim et al.
2015; Ikebe et al. 2016; Bednar et al. 2017). Indeed, others have

Copyright © 2017 by the Genetics Society of America
doi: https://doi.org/10.1534/genetics.117.1132
Manuscript received December 19, 2016; accepted for publication July 12, 2017;
published Early Online July 26, 2017.
Supplemental material is available online at www.genetics.org/lookup/suppl/doi:10.
1534/genetics.117.1132/-/DC1.
1Corresponding author: Department of Biochemistry and Molecular Biology,
University of British Columbia, 2350 Health Sciences Mall, Vancouver, BC V6T
1Z3, Canada. E-mail: ljhowe@mail.ubc.ca

Genetics, Vol. 207, 347–355 September 2017 347

http://www.yeastgenome.org/locus/S000006048/overview
http://www.yeastgenome.org/locus/S000006048/overview
http://www.yeastgenome.org/locus/S000006048/overview
https://doi.org/10.1534/genetics.117.1132
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.1132/-/DC1
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.117.1132/-/DC1
mailto:ljhowe@mail.ubc.ca


observed increased linker histone mobility in cells treated with
histone deacetylase inhibitors (Raghuram et al. 2010). Despite
this evidence, however, the regulation of linker histone binding
by core histone acetylation has not been thoroughly explored.

One of the challenges in unraveling the regulation of linker
histone function is that most organisms contain multiple linker
histone-encoding genes. For example, 11 different linker histone
subtypeshavebeenidentifiedinmammals,includingsevensomatic
and four germ line variants (Happel and Doenecke 2009). An
attractive model system for studying linker histone function is
therefore S. cerevisiae, which expresses its linker histone, termed
Hho1, from a single gene. However, one of the limitations of this
yeast is that the abundance of Hho1 is much lower than that
observed inother eukaryotes.Downs et al. (2003) estimated linker
histone stoichiometry in yeast to be one molecule for every 4 nu-
cleosomes,while data fromFreidkin andKatcoff (2001) suggested
it is much lower, at one molecule of Hho1 for every 37 nucleo-
somes. Two high throughput analyses of protein expression in
yeast have estimated that there are 2610 and 6560 molecules of
Hho1 per haploid cell, representing ratios of 1:26 and 1:10 for the
�68,000 annotated nucleosomes in yeast (Ghaemmaghami et al.
2003; Brogaard et al.2012;Kulak et al.2014).Herewedesigned a
novel scheme to determine linker histone stoichiometry in yeast
and investigated the impactofHHO1overexpressiononchromatin
structure. Our data suggest that linker histone stoichiometry in
yeast is one molecule of Hho1 for every 19 nucleosomes. More-
over, we show that increasing Hho1 levels results in a severe
growth defect, despite only modestly impacting Hho1 occupancy
or gross chromatin structure. Hho1 toxicity could be rescued by
increased histone acetylation, consistent with the negative corre-
lation between linker histone stoichiometry and histone acetyla-
tion in both yeast and mouse embryonic stem cells. Collectively
these results suggest that factors in addition to linker histone stoi-
chiometry, including histone acetylation, dictate the impact that
linker histones have on chromatin structure.

Materials and Methods

Yeast strains and plasmids

All strains used in this study were isogenic to S288C and are
available upon request. Yeast culture and genetic manipulations
werecarriedoutusingstandardprotocols.Genomicdeletionsand
epitope-tag integrationswereverifiedbyPCRanalysis.Thestrains
carrying the histone H3 tail mutants were derived by plasmid
shuffle from FY2162 (Duina and Winston 2004). The plasmid
pGAL1prHHO1 was generated by cloning the HHO1 ORF into
the BamHI/XhoI sites of pGAL1pr (Mumberg et al. 1994). The
pHHT2prHHO1HA plasmid was created by: (1) swapping the
GAL1 promoter from pGAL1prHHO1with a fragment containing
535 bp upstream of the HHT2 gene and (2) adding a triple HA
tag and CYC1 terminator at the carboxyl terminus.

Quantitative immunoblot analysis

Whole cell extracts (Kushnirov 2000)were analyzed by immuno-
blotting for the HA tag (High Affinity 3F10 clone), Hho1 (Abcam,
Cambridge,MA;ab71833)orhistoneH3(rabbit polyclonal raised

against CKDIKLARRLRGERS) followed by fluorescence detection
and quantification using the Licor Odyssey System.

Chromatin immunoprecipitation-quantitative
PCR analysis

Chromatin immunoprecipitation-quantitativePCR(ChIP-QPCR)
analysis was performed as previously described (Martin et al.
2017). Cells were grown in 50 ml of synthetic drop-out media
lacking uracil with galactose for 20 hr to an OD600 of �0.8 and
lysates were immunoprecipitated with 0.9 mg of a-Hho1 anti-
body (ab71833, Abcam). QPCR was performed using the pri-
mers listed in Supplemental Material, Table S1 in File S1.

Micrococcal nuclease digestion of yeast chromatin

Cells were grown in synthetic drop-out media lacking uracil
withdextrose until stationaryphase, before beingwashed two
times in synthetic drop-out media lacking uracil with galac-
tose. Cells were then diluted in2uracil galactose media to an
OD600 of 0.2 and grown for 20 hr at 30�. Following harvest,
25 ODs of cells were resuspended in 400 ml of 1 M sorbitol,
5 mM b-mercaptoethanol, and 10 mg/ml zymolyase, and
incubated at 37� for 10 min. Spheroplasts were washed once
in 1 M sorbitol and twice in spheroplast digestion buffer
(SDB) (1 M sorbitol, 50 mM NaCl, 10 mM Tris pH 8, 5 mM
MgCl2, 1 mM CaCl2, 1 mM b-mercaptoethanol, 0.5 mM sper-
midine, 0.075%NP40) before being resuspended in 450ml of
SDB. Samples were digested with varying concentrations of
micrococcal nuclease for 2 min and digestions were stopped
by addition of EDTA and SDS to final concentrations of 5 mM
and 1%, respectively. Cross-links were reversed by overnight
incubation at 65� and DNA was purified by digestion with
proteinase K, phenol:chloroform:isoamyl extraction, and eth-
anol precipitation. Samples were resuspended in 10 mM Tris
pH 8, 1 mM EDTA, and treated with RNase A prior to running
on a 2% agarose gel. DNA was visualized using syto60 fluo-
rescence detection with the Licor Odyssey System.

Synthetic dosage lethality screen

The synthetic genetic array (SGA) starting strain Y7092
(MATa can1D∷STE2pr-Sp-his5 lyp1D his3D1 leu2D0 met15D
ura3D0) was transformedwith pGAL1prHHO1. The resulting
query strain was mated to the MATa deletion mutant array.
SGA methodology, previously described for a plasmid-based
synthetic dosage resistance screen (Chruscicki et al. 2010),
was performed in triplicate with the following modifications:
(1) medium lacking uracil was used to maintain the plasmid,
and (2)hitswere scoredagainst strains containingpGAL1prHHO1
grown on dextrose using the Balony program (Young and
Loewen 2013).

ChIP-sequencing analysis

ChIP-sequencing (ChIP-seq) was performed as previously de-
scribed with a few alterations (Maltby et al. 2012a,b). Briefly,
cells were grown in 1 liter of yeast, peptone, dextrose media to
mid-log phase and cross-linked with 1% formaldehyde for
15 min at 30�. The cross-linking reaction was stopped with
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125 mM glycine and cells were washed twice with cold PBS.
Cells were resuspended in lysis buffer [50 mM HEPES-KOH
(pH 7.5), 140 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1%
sodium deoxycholate], flash frozen in liquid nitrogen, and
ground in a coffee grinderwith dry ice for 103 3min. Samples
were thawed, normalized by protein content, and sonicated
(Diagenode Biorupter, high output for 30 3 30 sec on/off) to
obtain an average DNA fragment length of 200–400 bp. The
lysate was cleared at 10,000 rpm for 10 min, and the superna-
tant was retained for the whole cell extract. Magnetic Protein-G
Dynabeads were added and incubated with the whole cell
extract for 1 hr, and then removed. Antibodies were added
(15.0 ml of the a-Hho1 antibody, ab71833; Abcam) and incu-
batedwith thewhole cell extract overnight. Magnetic Protein-G
Dynabeads were added and incubated with the sample for
30 min. After reversal of cross-linking and DNA purification,
the library construction protocol was performed as described
(Maltby et al. 2012b). Equimolar amounts of indexed, amplified
libraries were pooled, adapter dimers were removed by gel
purification, and paired-end 100 nucleotide reads were gen-
erated using v3 sequencing reagents on the HiSeq2000
(SBS) platform. Reads were aligned to the Saccer3 genome
using the Burrows-Wheeler aligner (Li and Durbin 2010),
and plot2DO (https://github.com/rchereji/plot2DO) (Chereji
et al. 2017), Deeptools (Ramirez et al. 2014, 2016), and the
JavaGenomicsToolkit (http://palpant.us/java-genomics-toolkit/)
were used for all subsequent analysis as indicated. Additional
data used in this manuscript were sourced from https://
www.ncbi.nlm.nih.gov/geo/ including GSE61888 (ChIP-seq
of histone post-translational modifications in S. cerevisiae),
GSE38384 (RNAPII ChIP-seq in S. cerevisiae), GSE46134
(ChIP-seq of linker histones in mouse embryonic stem cells),
and GSE29218 (ChIP-seq of H3K9ac, H3K27ac, and Pol2 in
mouse embryonic stem cells).

Data availability

The ChIP-seq data generated for this study have been de-
posited in the Gene Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/), GEO accession no.
GSE100591.

Results

Refining linker histone stoichiometry in S. cerevisiae

Most eukaryotic chromatin contains approximately one mol-
ecule of linker histone for every nucleosome. In S. cerevisiae,
linker histone stoichiometry is greatly reduced, but attempts
to quantify the ratio of linker histone to nucleosomes have
led to conflicting results. Previous studies made use of carboxyl-
terminal epitope tags to quantifyHho1 levels but, surprisingly,we
found that addition of a carboxyl-terminal HA tag to the endog-
enousHHO1 gene reducedHho1 abundance approximately five-
fold (Figure S1, A and B in File S1). One explanation for this
effect is the native HHO1 39-UTR, which is replaced when
carboxyl-terminal epitope tagging, is required for mRNA
stability or protein translation. To circumvent this problem,

we sought to quantify the abundance of Hho1 expressed from
an unalteredHHO1 locus relative to a core histone. To this end,
we generated a yeast strain expressing two copies of HHO1
(Figure 1A). The first copy was the endogenous, chromosomal
HHO1 locus, which was unaltered (shown in yellow). The sec-
ond copy was the HHO1 ORF (yellow) fused to the histone H3
promoter (HHT2pr, shown in red) with a carboxyl-terminal HA
tag (blue) on a low-copy plasmid. The yeast strain also included
an identical HA tag on one (HHT2) of the two copies of the
histone H3 gene. By immunoblotting whole cell extracts from
this strain for Hho1, HA, and H3, we could directly compare
signals generated with the Hho1 and H3 antibodies, using the
identical HA tags on Hho1 and H3 (Figure 1B). Using this
approach, with three biological replicates, we calculated the
linker histone stoichiometry in yeast to be one molecule of
linker histone generated from the endogenous HHO1 locus
for every 18.9 6 1.0 nucleosomes.

Increased linker histone stoichiometry is toxic in
S. cerevisiae

Linker histones are thought to negatively regulate tran-
scription and thus the reduced linker histone stoichiometry
in S. cerevisiae is consistent with the gene-dense nature of

Figure 1 Refining linker histone stoichiometry in S. cerevisiae. (A) Sche-
matic representation of the genes encoding histones Hho1 and H3 in an
engineered strain of S. cerevisiae. Elements from the HHO1 locus are
shown in yellow, the HHT1 (Histone H Three 1) locus are shown in white
and HHT2 (Histone H Three 2) locus are shown in red. The position of
triple HA tags on Hho1 and Hht2 are shown in blue. pr, promoter. (B)
Representative immunoblot of whole cell extracts from the strain de-
scribed in A (+) as well as an isogenic strain lacking the pHHT2prHHO1
plasmid (2). Quantification of Hho1HA with aHA and aHho1 antibodies
and H3 with aHA and aH3 antibodies facilitated determination of the
relative ratio of Hho1 to histone H3. Bands cross-reacting with the aHho1
antibody are indicated with asterisks.
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the yeast genome. To determine the impact of increased linker
histonedosage ongrowth and chromatin structure of S. cerevisiae,
we fused the HHO1 ORF to a GAL1 promoter (GAL1pr) on a
low-copy vector and transformed this plasmid into wild-
type yeast. Expression of Hho1 from GAL1pr resulted in a
severe growth defect (Figure 2A), despite increasing total
Hho1 abundance only threefold relative to yeast with vector
alone (Figure 2, B and C).

To confirm that excess Hho1 is incorporated into chromatin,
we performed chromatin immunoprecipitation at multiple loci,

including the 59 end of a highly expressed gene (PMA1), the 59
and 39 ends of two moderately expressed genes (LOS1 and
SEC15), and the middle of PUT4, an inactive gene. These re-
sults, shown in Figure 2D, demonstrate thatHHO1 overexpres-
sion resulted in statistically significant increases (P-value for
student’s t-test ,0.05) in Hho1 occupancy at all loci tested,
with the exception of PUT4. Importantly, in no case was the
increase in Hho1 occupancy proportional to the over threefold
increase in total Hho1 abundance observed in Figure 2C,
suggesting that in yeast, linker histone binding is not strictly

Figure 2 Increased linker histone stoichiometry is toxic in S. cerevisiae. (A) Ten-fold serial dilutions of wild-type yeast containing vector alone (pGAL1pr)
or expressing HHO1 from a GAL1 promoter (pGAL1prHHO1) were plated on uracil drop-out media with dextrose or galactose and grown at 30� for
3 days. (B) Representative immunoblot for Hho1 levels in extracts from cells with vector alone (pGAL1pr) or expressing HHO1 from a GAL1 promoter
(pGAL1prHHO1) grown for 20 hr in uracil drop-out media with galactose. (C) Quantification of Hho1 levels determined from immunoblot of Hho1 in
three biological replicates. Error bars indicate the SE of the mean. (D) ChIP-QPCR for galactose-induced Hho1 at the indicated loci. Cells containing
vector alone were set to 1. Error bars indicate SE of the mean of six biological replicates. (E) Box plot of base pair distance between nucleosome positions
(Weiner et al. 2012) relative to the transcriptional start site. Notches indicate the 95% confidence interval for the median. (F) Chromatin from cells
containing vector alone (pGAL1pr) or expressing HHO1 from a GAL1 promoter (pGAL1prHHO1) grown for 20 hr in uracil drop-out media with galactose
was digested with increasing concentrations of MNase. The DNA was purified and resolved on an agarose gel. (G) Plot of DNA fragment sizes (from F)
vs. the number of nucleosomes with cells containing vector alone (blue) or expressing HHO1 from a GAL1 promoter (red). The indicated nucleosome
repeat lengths were determined from the slope of the lines.
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dictated by Hho1 levels. Interestingly, the greatest increases
in Hho1 binding upon HHO1 overexpression were observed
on the 59 ends of genes. Previous work has shown that Hho1
is enriched in regions with increased nucleosome spacing
(Ocampo et al. 2016). To determine whether the differential
incorporation of excess Hho1 at 59 relative to 39 genic regions
was due to increased nucleosome spacing, we calculated the
average spacing of nucleosomes relative to all annotated TSSs
in yeast (Weiner et al. 2015). Figure 2E shows that average
nucleosome spacing between the +1 and +2, +2 and +3,
and +3 and +4 nucleosomes is 167, 165, and 164 bp, respec-
tively. In contrast, average nucleosome spacing between the +4
and+5, and +5 and+6 nucleosomes is 161 bp, suggesting that
these regions are refractory toward Hho1 binding because they
lack sufficient linker DNA.

To determine whether HHO1 overexpression was associ-
ated with major changes in chromatin structure, we analyzed
the effect of increased Hho1 on the sensitivity of yeast chro-
matin to micrococcal nuclease (MNase). Figure 2, F and G
shows that increased Hho1 levels had little effect on the
length of fragments generated by MNase digestion. However,
HHO1 overexpression consistently resulted in loss of frag-
ments larger than four nucleosomes and generation of a high
molecular weight, MNase-resistant DNA band (highlighted
with an asterisk in Figure 2F), whichmay suggest that increased
levels of Hho1 promotes formation of nuclease-resistant do-
mains at the expense of longer MNase-sensitive, nucleosome
arrays. Collectively, these results demonstrate that overexpres-
sion of Hho1 results in modest increases in Hho1 occupancy at
the 59 regions of genes, localized changes in chromatin struc-
ture, and impaired cell growth.

The specific incorporation of excess Hho1 at the 59 regions
of genes was surprising, considering that previously pub-
lished work suggests that Hho1 fails to cross-link to the 59
linker DNA of +1 nucleosomes (Rhee et al. 2014). This in-
consistency may suggest that, when expressed from its en-
dogenous promoter, Hho1 binding is under some form of
regulation. To identify proteins or genetic pathways involved
in regulating the interaction of Hho1 with chromatin, we
used SGA technology to overexpress Hho1 in the�4700 non-
essential yeast deletionmutants. Amajor class of genes iden-
tified in the screen was those that regulate core histone gene
dosage (Table S2) (Kurat et al. 2014). Interestingly, de-
creased growth due to HHO1 overexpression was observed
in mutants predicted to have both decreased and increased
histone levels (chi-squared test P = 0.00263 for a random
distribution). The sensitivity of cells with increased core
histone levels to Hho1 overexpression was not surprising, as
the combination likely interferes with processes that use DNA
as a template. In contrast, the enhanced Hho1 toxicity of cells
with reduced core histone levels may be due to increased
nucleosome spacing, which creates additional binding sites
for Hho1, interferingwith DNA access. Indeed, spt10D, one of
the most sensitive strains to HHO1 overexpression, has been
shown to exhibit increased nucleosomes spacing (van Bakel
et al. 2013).

Histone acetylation negatively regulates linker histone
binding in S. cerevisiae

Asecondclassofgenes identified inour syntheticdosagescreen
was thoseencodinghistonedeacetylases (HDACs) (Figure3A),
but contrary tomutants with altered histone dosage, mutation
ofHDACs rescuedHho1 toxicity. To verify that loss of anHDAC
could rescue growth of cells with excess Hho1, we created an

Figure 3 Histone acetylation negatively regulates linker histone binding
in S. cerevisiae. (A) Relative growth of �4700 nonessential deletion strains
expressing Hho1 from a GAL1 promoter. Mutants with gene deletions of
RPD3, HDA1, HOS1, HOS2, HOS3, HOS4, HST1, HST2, HST3, and HST4 are
shown in red. (B and D) Ten-fold serial dilutions of the indicated strains
carrying either vector alone (pGAL1pr) or a plasmid expressing HHO1 from
a GAL1 promoter (pGAL1prHHO1) were grown on uracil drop-out media,
with either dextrose or galactose as indicated, at 30� for 4 days. (C and E)
Immunoblot quantification of Hho1 levels in the indicated strains express-
ing HHO1 from a GAL1 promoter after growth for 20 hr in uracil drop-out
media with galactose. Error bars indicate the SE of the mean from three
biological replicates.
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hda1D mutant in our laboratory strain background and con-
firmed resistance to Hho1 overexpression by dilution plating
(Figure 3B). We also confirmed that rescue of growth in an
hda1D mutant was not due to a GAL1 transcription defect by
quantitative immunoblot (Figure 3C). To verify that the im-
pact of HDAC loss is due to loss of deacetylation of core his-
tones, we mutated acetylation sites in the tail of histone H3 to
arginine and glutamine to mimic unacetylated and acetylated
lysines, respectively. In strains overexpressing Hho1, gluta-
mine substitutions in theH3 tail conferred a growth advantage
(Figure 3D), which was not due to altered Hho1 levels (Figure
3E). Collectively, these results suggest that histone acetylation
negatively regulates the binding of Hho1 to chromatin.

To further investigate the role of histone acetylation in
regulating Hho1 binding, we performed ChIP-seq analysis of
Hho1 expressed from its native promoter. To visualize the
data generated, we used 2D occupancy plots, which simulta-
neously display DNA sequencing data as: (1) the relative se-
quence read abundance (heatmap), (2) sequence fragment
length (y-axis), and (3) position of sequence reads relative to
the dyad of the +1 nucleosome (x-axis with the white dashed
line indicating the +1 dyad) (Chereji et al. 2017). This anal-
ysis, presented in Figure 4A, shows that the input DNA used
for ChIP was slightly enriched in sequences2400 to +100 bp
relative to the +1 nucleosome (left panel), and contained
mononucleosome-sized DNA fragments, with the peak of dis-
tribution at �165 bp (right panel). In contrast, Hho1 anti-
bodies immunoprecipitated primarily larger fragments with a
peak of distribution of �270 bp (right panel). Interestingly,
smaller fragments were present in the Hho1 ChIP, but few
small fragments overlapped the +1 nucleosome (middle
panel), despite being present in the input (left panel). In con-
trast, reads overlapping the +1 nucleosome were precipitated
with Hho1 if they were longer and also overlapped the +2
nucleosome. Collectively, these data argue that the +1 nucle-
osome is depleted in Hho1 such that these nucleosomes can
only be precipitated with Hho1 antibodies if linked to a +2
nucleosome. This is consistent with previously published work
demonstrating that Hho1 fails to cross-link to the 59 linker of
the +1 nucleosome (Rhee et al. 2014).

Depletion of Hho1 over the +1 nucleosomes is consistent
with the fact that these nucleosomes tend to be highly acety-
lated. To determine if histone acetylation and Hho1 inversely
correlate genome-wide, we quantified the levels of Hho1 and
multiple histone post-translational modifications (Weiner et al.
2015) over the 67,523 annotated yeast nucleosomes (Brogaard
et al. 2012) and generated a pairwise Spearman correlation ma-
trix with hierarchical clustering. Figure 4B shows that Hho1
occupancy clustered with histone H4R3 monomethylation and

Figure 4 Histone acetylation negatively correlates with linker histone
binding in S. cerevisiae. (A, left and middle) Two-dimensional occupancy
plots of relative sequence fragment abundance, sequence fragment
length, and sequence fragment position from input DNA and Hho1 ChIP,
relative to the dyad axis of the +1 nucleosomes of 5770 annotated genes
in S. cerevisiae. Plot was generated using plot2DO (Chereji et al. 2017)
run with standard settings. The relative sequence read abundance is in-
dicated as a heatmap, the sequence fragment length is plotted on the
y-axis, and the position of sequence reads relative to the +1 nucleosome
is plotted on the x-axis. (Right) Plot of sequence fragment lengths from
input DNA and Hho1 ChIP-seq of wild-type yeast. (B) Clustered heatmap
produced by the deepTools plotCorrelation module (Ramirez et al. 2014,
2016). Shown here are the Spearman correlation coefficients of Hho1
occupancy (blue text) at all uniquely mapping yeast nucleosomes (Brogaard
et al. 2012) with histone post-translational modifications (Weiner et al.
2015), including histone acetylation (red text). All data sets were normal-
ized to respective inputs using the Java Genomics Toolkit wigmath.Subtract
tool (C–E). All uniquely mapping yeast nucleosomes (Brogaard et al. 2012)

were binned into quartiles based on RNAPII occupancy (C) and the top
and bottom quartiles of H3K23ac (Weiner et al. 2015) as calculated using
the Java Genomics Toolkit ngs.IntervalStats tool (D). Hho1 occupancy was
then plotted for each bin (E). Notches indicate the 95% confidence in-
terval for the median.
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H2AS129 phosphorylation. Little is known about the function of
H4R3 methylation in yeast, but H2AS129p is enriched at re-
pressed protein-coding genes (Szilard et al. 2010), consistent
with a role of Hho1 in negatively regulating transcription. In
contrast, except for H4K16ac, all histone acetylation marks in
yeast clustered away from Hho1 occupancy with inverse corre-
lation coefficients consistent with the negative regulation of
linker histone binding by histone acetylation.

An explanation for the inverse correlation between acet-
ylation and linker histone occupancy observed in Figure 4B is
that transcription, which is linked to acetylation, disrupts the
interaction of Hho1 with chromatin. Indeed, data supporting
this possibility have been published (Schafer et al. 2008). To
discount a role of transcription in regulating Hho1 binding,
we took advantage of the fact that the association between
acetylation and transcription is not absolute. For example,
while RNAPII traverses the entirety of a gene, histone acety-
lation is limited to the 59 end of the transcribed unit. Thus,
pools of nucleosomes can be identified that share similar
levels of RNAPII but have different amounts of histone acet-
ylation. To determine whether the inverse correlation be-
tween Hho1 and histone acetylation is due to the presence
of RNAPII, we divided yeast nucleosomes into quartile bins
based on RNAPII occupancy as determined in Hobson et al.
(2012). We further divided each of the resulting bins based
on histone acetylation and identified nucleosomes in each bin
with high (top quartile, blue) and low (bottom quartile, red)
levels of H3K23ac or other acetylation marks (Weiner et al.

2015). Figure 4, C and D show the amounts of RNAPII and
H3K23ac in the eight resulting bins, respectively. We then
calculated Hho1 occupancy for each bin and plotted it as a
box plot (Figure 4E for H3K23ac and Figure S2 in File S1 for
other acetylation sites). The results show that nucleosomes
with increased H3K23ac had reduced Hho1 occupancy when
levels of RNAPII were normalized, indicating that differing
RNAPII levels were not responsible for altered Hho1 occu-
pancy. Similar trends were observed when analyzing other
acetylation marks (Figure S2 in File S1). Additionally, com-
parable results were obtained when analyzing linker histone
H1.2, H1.3, and H1o occupancy (Cao et al. 2013) in mouse
embryonic stem cells relative to H3K9ac (Figure 5, A–E) and
H3K27ac (Figure 5F). Collectively, these results suggest that
acetylated chromatin is refractory to linker histone binding in
S. cerevisiae and other organisms.

Discussion

In this study, we investigated the regulation of linker histone
binding in the yeast, S. cerevisiae. A major factor thought to
regulate linker histone levels in chromatin is the abundance
of linker histone in the cell.While vertebrate cells contain approx-
imately one linker histone for every nucleosome, S. cerevisiae
exhibits reduced linker histone levels; albeit the reported
stoichiometry relative to nucleosomes varies depending on
the study (Woodcock et al. 2006). Using a novel approach,
we determined that yeast have one molecule of Hho1 for

Figure 5 Histone acetylation nega-
tively correlates with linker histone
binding in mouse embryonic stem
cells. The mouse genome was divided
into 1000-bp windows, stepping
500 bp. Windows were divided in-
to four quartiles based on Pol2
(GSM723019) occupancy (A) and
the top and bottom quartiles for
H3K9ac (GSM1000127) occupancy
(B) as determined using the Java
Genomics Toolkit ngs.IntervalStats
tool. H1.2, H1.3, and H1o occupancies
(Cao et al. 2013) were then plotted for
each bin (C–E, respectively). Notches
indicate the 95% confidence interval
for the median. (F) Identical analysis
as in C, but windows were binned
based on H3K27ac (GSM1000099) in-
stead of H3K9ac.
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every �19 nucleosomes. Previous work using various ap-
proaches have estimated the stoichiometry of Hho1 to nucleo-
somes to be 1:4, 1:10, 1:26, and 1:37 (Freidkin and Katcoff
2001; Downs et al. 2003; Ghaemmaghami et al. 2003; Kulak
et al. 2014). Interestingly, the 1:26 ratio, which is the closest to
our result, is the only previous study to quantify levels of un-
tagged Hho1 (Kulak et al. 2014). Regardless of the exact ratio,
all studies agree that Hho1 levels are well below that of nucle-
osomes, and because linker histones bind and compact chroma-
tin cooperatively (Routh et al. 2008), this may be important to
prevent formation of higher order chromatin structures on the
gene-rich yeast genome.

Consistentwith the importance of substoichiometric linker
histone levels in S. cerevisiae, increased expression resulted in
a severe growth defect. Interestingly, this defect was accom-
panied by only modest increases in linker histone levels at most
loci tested. This result was initially surprising since in fibroblasts,
overexpressed linker histones can bind chromatin, increasing
the overall nucleosome repeat length (Gunjan et al. 1999).
While we cannot exclude the fact that some of the overex-
pressed Hho1 is cytoplasmic, and thus not available for chroma-
tin binding, multiple lines of evidence support the hypothesis
that short linker DNA in yeast chromatin excludes Hho1. First,
previous work shows that Hho1 is enriched in regions with in-
creased spacing between nucleosomes (Ocampo et al. 2016),
suggesting that linker DNA availability as opposed to linker
histone abundance, dictatesHho1binding. Second, in stationary
phase, genic nucleosomes increase their spacing (Zhang et al.
2011), which coincides with increased linker histone binding to
chromatin (Schafer et al. 2008). Finally, chromatin reconstituted
onDNA that positions nucleosomeswith short linkers is resistant
to linker histone binding and compaction (Routh et al. 2008).
Collectively, these data suggest that histone stoichiometry does
not dictate linker histone binding in yeast and instead overex-
pressed Hho1 likely localizes to limited regions with longer
linker DNA, such as the 59 ends of genes, where it interferes
with early stages of transcription.

The preference of Hho1 for binding regions with longer
linker DNA, makes the +1 nucleosome, which is adjacent to a
nucleosome-depleted region, a seemingly ideal ligand for
binding by this linker histone. However, our data, and that
of others, show Hho1 depletion from the +1 nucleosome.
The molecular basis for this observation was revealed in this
study using both genetic and genome-wide approaches, dem-
onstrating that histone tail acetylation negatively regulates
Hho1 binding. Since the 59 ends of transcribed genes are
highly acetylated, these regions may be largely refractory to
Hho1 binding. The ability of histone acetylation to hamper
the binding of Hho1 is not surprising, as others have observed
increased linker histone mobility in cells treated with HDAC
inhibitors (Raghuram et al. 2010). Together our data support
a model in which histone acetylation, not histone stoichiom-
etry, plays a dominant role in regulating linker histone bind-
ing in S. cerevisiae. Moreover, our results shed light on the
puzzling finding that despite their role in compacting chro-
matin, depletion of linker histones does not result in global

upregulation of gene expression (Shen and Gorovsky 1996;
Freidkin and Katcoff 2001; Fan et al. 2005). Since acetylation
likely excludes linker histones from regions of transcriptional
activity, their depletion has little impact on steady-state tran-
scription. Future work in our laboratory will focus on the
impact that Hho1 has on transcriptional reprogramming in
S. cerevisiae.
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