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Nucleosome positioning governs access to eukaryotic gen-

omes. Many genes show a stereotypic organisation at their

50end: a nucleosome free region just upstream of the

transcription start site (TSS) followed by a regular nucleo-

somal array over the coding region. The determinants

for this pattern are unclear, but nucleosome remodelers

are likely critical. Here we study the role of remodelers in

global nucleosome positioning in S. pombe and the corre-

sponding changes in expression. We find a striking evolu-

tionary shift in remodeler usage between budding and

fission yeast. The S. pombe RSC complex does not seem to

be involved in nucleosome positioning, despite its promi-

nent role in S. cerevisiae. While S. pombe lacks ISWI-type

remodelers, it has two CHD1-type ATPases, Hrp1 and

Hrp3. We demonstrate nucleosome spacing activity for

Hrp1 and Hrp3 in vitro, and that together they are essen-

tial for linking regular genic arrays to most TSSs in vivo.

Impaired arrays in the absence of either or both remode-

lers may lead to increased cryptic antisense transcription,

but overall gene expression levels are only mildly affected.
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Introduction

DNA-templated processes, like transcription and replication,

are central to cellular life. However, DNA access is encum-

bered in eukaryotes as nuclear DNA is packaged into protein-

nucleic acid structures collectively called chromatin. The

basic chromatin units are nucleosomes (Kornberg, 1974;

Kornberg and Lorch, 1999), where B147 bp are wound in

B1.7 turns around a histone protein octamer (Davey et al,

2002; Richmond and Davey, 2003), and variable lengths of

linker DNA connect such nucleosome core particles.

Nucleosome core particle DNA is generally less accessible

for DNA binding factors than free DNA (Bell et al, 2011).

Indeed, there is a plethora of cofactors for DNA-templated

processes that deal with the (re-)organisation of chromatin,

for example, histone modifying enzymes (Kouzarides, 2007;

Henikoff and Shilatifard, 2011), histone variants (Bonisch and

Hake, 2012), and nucleosome remodeling enzymes (Clapier

and Cairns, 2009). The latter are of particular importance as

all regulation through chromatin boils down to the question

of whether a certain region of DNA is occluded by

nucleosomes or not. It is the remodeling enzymes that

render nucleosomes dynamic, i.e., remodel, slide, space,

dis- and reassemble nucleosomes or exchange histones.

Therefore, understanding genome regulation through chro-

matin is primarily a question of understanding the mechan-

isms of nucleosome positioning. Where are nucleosomes

relative to the DNA sequence? What places them or removes

them from there? Recently, the first question received abun-

dant answers as nucleosomes were mapped genome-wide in

many species (Yuan et al, 2005; Mavrich et al, 2008; Valouev

et al, 2008; Lantermann et al, 2010; Valouev et al, 2011). This

revealed that a major portion of nucleosomes indeed adopts

well-defined positions, especially in regions that are

important for regulation, like promoters and replication

origins (Jiang and Pugh, 2009; Radman-Livaja and

Rando, 2010; Iyer, 2012). Particularly at gene starts there is

often a stereotypic organization with a broad (B150–200 bp)

nucleosome free region (NFR) just upstream of the trans-

cription start site (TSS) that is flanked by highly positioned

nucleosomes (þ 1, sometimes also � 1 nucleosome). The

þ 1 nucleosome is usually the first of an array of regularly

spaced nucleosomes extending into the gene body.

Sometimes arrays also form upstream of the NFR. As this

NFR-array organization comprises the majority of positioned

nucleosomes, the mechanism(s) leading to it will answer the

bulk of the second question above.

Regarding the generation of NFRs, specific DNA binding

proteins may compete away the histone octamer and prevent

nucleosome formation. Indeed, there is ample evidence that

specific binders, like Reb1 and Abf1 in budding yeast (Raisner
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et al, 2005; Hartley and Madhani, 2009; Bai et al, 2011) or

CTCF in mammals (Fu et al, 2008), contribute to NFR

generation. Further, there is a clear role for intrinsic DNA

features that translate into DNA sequence dependent histone

octamer binding preferences. For example, poly(dA:dT) (Iyer

and Struhl, 1995; Sekinger et al, 2005; Segal et al, 2006;

Kaplan et al, 2009; Segal and Widom, 2009) or poly(dG:dC)

(Tsankov et al, 2011) disfavour, and 10 bp periodicities of

certain dinucleotides (Satchwell and Travers, 1989; Segal

et al, 2006; Brogaard et al, 2012) favor the tightly bent DNA

path for nucleosome formation. Interestingly, a genome-

wide comparison of 13 ascomycetes yeasts revealed species-

specific preferences for nucleosome positioning mechanisms

(Tsankov et al, 2010; Tsankov et al, 2011). For the same class

of genes, some yeasts rely on poly(dA:dT) elements for NFR

formation, some on poly(dA:dT) plus Abf1, some only on

Abf1, or for a different class some yeasts replace Reb1 with

Cbf1. Very recently, different mechanisms for NFR formation

at replication origins in fission yeasts were found (Xu et al,

2012). While S. pombe and S. octosporus employ poly(dA:dT)

elements, S. japonicus uses poly(dG:dC), the Reb1-homolog

Sap1 and an unknown CTCGTC-binding factor.

In contrast to explanations for NFR generation, we only

poorly understand what positions the þ 1 nucleosome and

what generates the regular arrays. The so far prevailing

‘statistical positioning’ model (Kornberg and Stryer, 1988;

Mobius and Gerland, 2010), which could elegantly explain

array formation by passive statistical movement of nucleo-

somes against a fixed barrier, was recently called into

question. The model predicts that the average spacing of

nucleosomes within arrays depends on nucleosome density.

However, constant spacing despite lower nucleosome density

was observed both in vitro (Zhang et al, 2011) and in vivo

(Celona et al, 2011; Gossett and Lieb, 2012). Therefore,

an active packing mechanism was proposed where ATP

dependent activities align nucleosomes with constant

spacing at the þ 1 nucleosome/NFR/TSS (Zhang et al, 2011).

Remodeling enzymes are the best candidates for such pack-

ing activities. They are all DNA translocases and belong to the

Snf2-subfamily of helicases, which is further divided into

subtypes like the SWI/SNF-, ISWI- and CHD-types (Flaus

et al, 2006). They all remodel nucleosome structure, but their

association with other subunits and their exact mechanisms,

regulation, recruitment and products differ. Indeed, there is

inital evidence for specific roles of specific remodelers in

nucleosome positioning, especially in S. cerevisiae. The RSC

remodeling complex has a specific role in the generation

of NFRs and positioning of the flanking nucleosomes in

budding yeast (Parnell et al, 2008; Badis et al, 2008; Hartley

and Madhani, 2009; Wippo et al, 2011). The Isw1 and Isw2

remodelers help to position nucleosomes in the middle of genes

or flanking the NFR, respectively (Whitehouse et al, 2007;

Tirosh et al, 2010; Yen et al, 2012). The absence of Isw1 and

Chd1 dramatically impaired array formation (Gkikopoulos

et al, 2011). Finally, specific remodelers were shown to

associate with specific nucleosome positions (Yen et al,

2012). Now we need evolutionary comparisons in order to

assess how conserved these mechanisms are.

The fission yeast S. pombe is becoming increasingly pop-

ular as model for chromatin biology. Its far divergence from

budding yeast (B1 billion years (Heckman et al, 2001))

allows powerful evolutionary comparisons and many

aspects of its chromatin biology, e.g., centromere and

heterochromatin structure (Ekwall, 2007; Grewal, 2010), are

more similar to metazoans than those of budding yeast.

We published the first genome-wide nucleosome map in

S. pombe (Lantermann et al, 2010), which was confirmed

by two other groups recently (Tsankov et al, 2011; Givens

et al, 2012). This map showed important differences in

nucleosome organization between S. pombe and S.

cerevisiae, which was also followed up by others (Tsankov

et al, 2011). For example, S. pombe has no enrichment of

poly(dA:dT) elements at promoter NFRs and shows much

less pronounced arrays upstream of the NFR (Lantermann

et al, 2010), but does use the Reb1-homolog Sap1 for NFR

formation (Tsankov et al, 2011).

Here we report on the role of remodeling enzymes in

nucleosome positioning in S. pombe. We find that the

CHD1-type remodelers Hrp1 and Hrp3 are responsible

for generating the TSS-aligned genic nucleosomal arrays

throughout the genome. We show for the first time that

Hrp1 and Hrp3 have nucleosome spacing activity in vitro,

and their absence in vivo can, but need not, lead to gene

expression changes including upregulation of cryptic

antisense transcription. Surprisingly, the role of RSC in

nucleosome positioning, even though very prominent in

S. cerevisiae, seems not to be conserved in S. pombe.

Results

Neither the histone variant H2A.Z nor the remodeling

enzyme Swr1 has a major role in nucleosome

positioning

H2A.Z is the major variant of histone H2A (Bonisch and

Hake, 2012), present in most species, and the only H2A

variant in S. pombe (encoded by pht1) and S. cerevisiae

(encoded by HTZ1). In both yeasts, the remodeling ATPase

Swr1 is specifically required to deposit H2A.Z in exchange

for H2A (Mizuguchi et al, 2004; Buchanan et al, 2009).

Interestingly, H2A.Z is often enriched in both nucleosomes

flanking promoter NFRs in S. cerevisiae (Raisner et al, 2005),

while it resides mainly in the þ 1 and less in the � 1

nucleosome of S. pombe (Buchanan et al, 2009). The

enrichment of H2A.Z in the best positioned nucleosomes

suggested a role of this histone variant in nucleosome

positioning. However, in budding yeast NFR formation was

necessary for H2A.Z deposition, but not the other way

around, ruling out a causal role for H2A.Z in nucleosome

positioning (Hartley and Madhani, 2009). Nonetheless, a

possible role of H2A.Z in nucleosome positioning also had

to be tested for S. pombe. Importantly, phenotypes of mutants

lacking H2A.Z can also be due to the effects of Swr1 in the

absence of its natural substrate (Halley et al, 2010). It is

therefore mandatory to use a double mutant deleted for the

genes encoding H2A.Z and Swr1.

We constructed a pht1D swr1D double deletion mutant and

measured genome-wide nucleosome occupancy by hybridiz-

ing MNase generated mononucleosomal DNA fragments to

Affymetrix tiling arrays. A TSS-aligned nucleosome occu-

pancy composite plot for all genes did not show much of a

difference from the wild-type (wt) pattern, with a slight effect

on þ 1 nucleosome occupancy (Figure 1A). As effects on a

subset of genes may not be visible in such composite plots,

we specifically looked at loci where a function of H2A.Z may
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be expected. First, we distinguished targets from non-targets

in terms of H2A.Z binding (ChIP-chip data of (Buchanan et al,

2009)) (Supplementary Figure 1A). Second, we distinguished

responders from non-responders in terms of changed expres-

sion levels in the double mutant compared to wt, of which

there were many (Table I, Figure 2A and Supplementary

Figure 1B and C). Nonetheless, neither subgroup showed

much of an effect on the mutant nucleosome occupancy

patterns arguing against a major role of H2A.Z or Swr1 in

global nucleosome positioning in fission yeast. Further,

neither transcriptome responder subgroup overlapped much

with the H2A.Z targets speaking either for not exhaustive
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Figure 1 H2A.Z, Swr1, Snf21 and Mit1 do not have a major role in nucleosome positioning around TSSs in S. pombe. Overlay of TSS-aligned
nucleosome occupancy profiles for 4013 genes in (A) wt (Hu303, average of five biological replicates) and pht1D swr1D (Hu2127, average of
two biological replicates) at 301C, (B) wt (K240/Hu2261, average of two biological replicates) and snf21-ts (KYP176/Hu2262, average of two
biological replicates) after 6 h at 341C, (C) wt (as in (B)) and snf21-ts swr1D (Hu2314, average of two biological replicates) after 6 h at 341C, and
(D) wt (as in (A)) and mit1 (Hu1294, average of two biological replicates) at 301C.
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Figure 2 Histogram of transcript level changes as summarized in Table I. (A) Sense transcript levels of the indicated mutants relative to
respective controls. (B) Sense and cryptic antisense transcript levels relative to wt for the indicated mutants. Red and blue dashed lines depict
the 1.5 fold and 2 fold thresholds, respectively. The total number of changed transcripts (n) is indicated in the upper left corner of each panel.
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ChIP-chip data or for indirect effects (Supplementary

Figure 1D).

As noted before (Lantermann et al, 2010), the H2A.Z

binding genes showed more pronounced � 1 to � 3

nucleosomes in the composite plot and a shoulder at the

30 flank of the � 1 nucleosomes amounting to a much more

narrow promoter NFR (Supplementary Figure 1A). This

special nucleosome pattern is not caused by H2A.Z or Swr1

as it was unchanged in the absence of both.

The RSC remodeling complex does not seem to be

involved in nucleosome positioning around TSSs

The RSC remodeling complex is the only remodeling enzyme

essential for viability, both in S. cerevisiae (ATPase subunit

encoded by STH1, (Cairns et al, 1996)) and in S. pombe

(ATPase encoded by snf21 (Yamada et al, 2008)). Conditional

ablation of RSC activity in S. cerevisiae led to increased

nucleosome occupancy in a majority of NFRs (Parnell et al,

2008; Badis et al, 2008; Hartley and Madhani, 2009). Given

the high conservation of its essential requirement and of the

RSC core complex composition (Monahan et al, 2008), we

guessed that RSC’s function in NFR formation was also highly

conserved, and wished to test it in S. pombe.

We obtained a temperature sensitive snf21-ts S. pombe

mutant (Yamada et al, 2008) and determined the restrictive

conditions such that cells stopped growing, but were still

viable. After six hours incubation at 341C snf21-ts cells

stopped growing as measured by cell number (Supple-

mentary Figure 2A), but were mostly still alive as only o3%

of cells were pink in phloxin B vital dye staining assay. Viability

as judged by colony formation after plating at 251C was some-

what lower (Supplementary Figure 2A), which reflected that

resumption of cell division is a more stringent assay for

viability than active pumping of phloxin B out of cells. In

addition to the phenotypes of growth arrest and imminent cell

death, we also observed pronounced elongation of cell shape

(Supplementary Figure 2B) as well as substantial changes in

the transcriptome (Table I, Figure 2A).

Despite this clear induction of a phenotype at these re-

strictive conditions, we did not observe substantial changes

in the composite nucleosome occupancy profile, besides

slight effects on occupancy in the � 1 and þ 1 nucleosome

region (Figure 1B). The effects were not exacerbated if

transcriptome responder subgroups were considered

(Supplementary Figure 3A and B).

We even combined the snf21-ts and swr1D mutations, but

the nucleosome profile of this snf21-ts swr1D double mutant

very much mirrored that of the snf21-ts single mutant

(Figure 1C). Also here the subgroups of transcriptome

responders did not show stronger effects (Supplementary

Figure 3C and D).

Collectively and counter to expectation, the RSC nucleo-

some remodeling complex does not seem not to be much

involved in nucleosome positioning around TSSs in S. pombe.

The previously described role of the Mit1 remodeling

ATPase in genic array formation could not be

reproduced with improved technology

A triple deletion of both ISWI-type remodeling ATPases (Isw1

and Isw2) and the one CHD-type ATPase (Chd1) present in

S. cerevisiae virtually abolished the appearance of regular

genic arrays in composite TSS-aligned nucleosome occu-

pancy plots (Gkikopoulos et al, 2011). The S. pombe

genome does not encode any ISWI-, but three CHD-type

remodeling ATPases: Hrp1, Hrp3 of the CHD1-type and

Mit1 of the Mi-2-type (Flaus et al, 2006). The Mit1 ATPase

is part of the SHREC complex that was implicated in

nucleosome positioning at the heterochromatic mating type

locus (Sugiyama et al, 2007). Previously, we observed less

pronounced genic arrays in a mit1D mutant (Lantermann

et al, 2010). Since then we have improved our methodology

(see Materials and methods) such that a consistently more

even fragmentation of the mononucleosomal DNA prior to

hybridization is achieved. In the course of testing S. pombe

mutants lacking various remodeling enzymes, we also

revisited the mit1D mutant with this improved methodology

and could not detect any substantial difference from the wt

(Figure 1D), not even for the subgroup of transcriptome

responders (Supplementary Figure 4). We now conclude

that Mit1 does not play a major role in nucleosome position-

ing in S. pombe euchromatin around TSSs. Apparently, un-

even fragment size distributions of the three biological

replicates used before (Lantermann et al, 2010) led to the

observed less regular nucleosome pattern. This highlights

the importance of hybridizing homogeneously fragmented

mononucleosomal DNA to Affymetrix tiling arrays.

Lack of Hrp1 and Hrp3 remodeling enzymes

dramatically compromises the formation of regular

genic arrays downstream of the þ 2 nucleosome

As the absence of Mit1 did not show much of an effect

anymore, we turned to the other two CHD1-type remodelers

Hrp1 and Hrp3. An hrp1D mutant had a mild effect on the

amplitude of the genic arrays, especially toward the 30end

(Figure 3A). This effect was more pronounced in the hrp3D
mutant (Figure 3B). Strikingly, the combined absence of Hrp1

and Hrp3 completely blurred the nucleosome occupancy peaks

downstream of the þ 2 position (Figure 3C). Importantly, the

þ 1 and þ 2 nucleosome peaks were not affected in position

but only in occupancy, especially the þ 2 nucleosome. We

tried to generate an hrp1D hrp3D mit1D triple mutant, but

obtained no viable cells. In order to validate the Affymetrix

array data we analyzed three loci in wt, hrp1D, hrp3D and

hrp1D hrp3D cells by indirect end labeling (Supplementary

Figure 5). There was not much difference between the wt and

hrp1D MNase pattern, but there were clear differences be-

tween wt and the hrp3D or hrp1D hrp3D mutants consistent

with our genome-wide data. As noted before (Mason and

Mellor, 1997; Lantermann et al, 2009; Givens et al, 2011),

there was a rather strong endogenous nuclease activity in S.

pombe chromatin preparations as detected by mock MNase

digestions (Supplementary Figure 6). This endogenous nucle-

ase pattern background encumbers clear assignments of

MNase patterns but does not compromise the conclusions

about MNase pattern differences between wt and mutants.

The impairment of TSS-aligned genic arrays was also

reflected in spectral analyses of the nucleosome occupancy

data, which reveal periodic nucleosome positioning patterns

relative to genomic coordinates (Lantermann et al, 2010).

The broad peak around two nucleosomes per 1000 bp

corresponds to low frequency noise, but the more pointed

peak around 6.5 nucleosomes per 1000 bp reflects the average

nucleosome repeat length (NRL). This latter peak was well

visible for wt, less clear and a bit shifted towards slightly
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wider spacing for the hrp1D mutant and progressively turned

into a shoulder of the broad noise peak for the hrp3D
and hrp1D hrp3D mutants (Figure 3D-F). We conclude that

nucleosome positioning patterns over coding regions are

progressively compromised in the absence of Hrp1, Hrp3

and both together.

We also checked whether subgroups of genes, either targets

in terms of Hrp1 and/or Hrp3 binding (combined ChIP-chip

data for IGR and ORF of each remodeler as published

in (Walfridsson et al, 2007)) or transcriptome responders in

terms of changed expression levels compared to wt (Table I,

Figure 2B), revealed more or very different changes in

nucleosome occupancy profiles in these mutants relative to

the patterns of the non-targets or relative to the same sub-

groups for the wt. Indeed, Hrp3 binding targets showed even

more pronounced defects in genic arrays in both the hrp3D
and the hrp1D hrp3D mutants (Figure 4A and B). At these

targets the þ 2 and the downstream nucleosomes were more

affected, i.e., there was hardly any peak modulation in the

pattern anymore. This argues for a direct effect of Hrp3 on

nucleosome organisation. This increased effect was not really

visible for Hrp1 binding targets (Supplementary Figure 7A

and B), but also these targets were still clearly affected in the

hrp1D hrp3D mutant. Even genes that were not measured to

bind either Hrp1 or Hrp3 also had compromised genic arrays

in the hrp1D hrp3D mutant (Supplementary Figure 7C). This

rather loose correlation between remodeler binding targets

and chromatin change responders may either speak

for indirect effects or for nonexhaustive measurement of

remodeler binding by ChIP. We favor the latter in light of

the notorious difficulties detecting remodeling enzymes by

ChIP (e.g., Gelbart et al, 2005). Just recently a study failed to

ChIP Chd1 over coding regions in S. cerevisiae with a more

stringent MNase-ChIP-seq protocol (Yen et al, 2012) even

though it was detected at single loci by classical ChIP

before (Simic et al, 2003). Interestingly, Hrp1 and Hrp3
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targets both had a broader NFR in wt, which was not caused

by these enzymes as it was still present in the hrp1D hrp3D
mutant (Figure 4B and Supplementary Figure 7B). We won-

der if such extended regions of free DNA serve as preferred

recruitment sites for Hrp1 and Hrp3.

The up- or downregulated genes in the hrp1D, hrp3D or

hrp1D hrp3D mutants did not show increased effects relative

to the non-responders in the mutant or relative to the same

subgroup in the wt (Supplementary Figure 8A-F). Similar to

the loose correlation with Hrp1 and Hrp3 binding targets, a

change in chromatin structure did not necessarily correlate

with changes in expression. This was especially striking in

the case of the hrp1D hrp3D double mutant where even the

subgroup of non-responders still showed the same impaired

nucleosome pattern (Figure 4C). This argues against a strict

causal relationship between changes in chromatin structure

and changes in expression level, very much as seen before in

S. cerevisiae for the isw1 isw2 chd1 mutant (Gkikopoulos

et al, 2011), and against changes in transcription levels as the

cause of changes in chromatin.

Transcriptome changes in hrp mutants included

upregulation of cryptic antisense transcripts

As impaired genic arrays are linked to increased cryptic

transcription in S. cerevisiae (Cheung et al, 2008; Quan

and Hartzog, 2010; Owen-Hughes and Gkikopoulos, 2012;

Radman-Livaja et al, 2012; Smolle et al, 2012) we included

actinomycin D in the reverse transcriptase reaction for

expression analysis of the hrp1D, hrp3D and hrp1D hrp3D
mutants in order to accurately quantitate antisense

transcription (Perocchi et al, 2007). Indeed, both single

mutants and even more so the double mutant showed

increased cryptic antisense transcription, i.e., transcripts

that are antisense to an annotated genomic element, but

not annotated themselves (Table I, Figure 2B). We also

checked whether intergenic regions lacking annotated tran-

scripts became more transcribed in the hrp mutants.

However, this was not the case.

We wondered whether changes in cryptic antisense

transcription affected the respective sense transcripts,

but the correlation is negligible (Supplementary Figure 9).

As deletion of hrp1 leads to defects in transcription termina-

tion (Alen et al, 2002), we tested whether responders with

increased cryptic antisense transcription were enriched for

genes with convergent orientation or whether responders

with increased sense transcription were enriched for the

downstream genes of tandem gene pairs. The latter was not

the case (P-values of 0.48, 0.10 and 0.09 for the hrp1D, hrp3D
and hrp1D hrp3D mutants, respectively; Fisher’s exact test),

and only the hrp1D hrp3D mutant showed a significant
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enrichment of the former kind (P-values of 0.042, 0.058 and

0.006 for the the hrp1D, hrp3D and hrp1D hrp3D mutants,

respectively; Fisher’s exact test). The convergent genes with

upregulated cryptic antisense transcription did show a

somewhat different nucleosome occupancy profile in the

double mutant as the þ 3 to þ 5 nucleosome peaks were

more pronounced compared to the rather flat pattern usually

seen in this double mutant (Supplementary Figure 10A).

Nonetheless, the effect was slight and we do not emphasize

it. In general, loci with increased cryptic antisense transcrip-

tion did not show increased or different effects on nucleo-

some positioning (Figure 4D). We conclude that termination

defects do not explain the majority of increased cryptic

antisense transcription, and that impaired genic arrays can

but need not cause increased cryptic antisense transcription.

We also asked the reverse question of whether a mutant

with increased cryptic transcription, like a set2 deletion

mutant (Zofall et al, 2009), showed impaired nucleosome

organization. However this was not true (Supplementary

Figure 10B), not even for genes enriched in the modification

product of Set2, H3K36Me (Supplementary Figure 10C),

arguing against cryptic transcription causing compromised

arrays.

Deletion of hrp1 and/or hrp3 did not abolish regular

spacing of bulk nucleosomes as monitored by MNase

ladders

One might expect that mutants with impaired genic arrays

would also show impaired regular spacing of bulk nucleo-

somes. However, limited MNase digestion of chromatin from

the hrp1D, hrp3D and hrp1D hrp3D mutants and unspecific

bulk detection of DNA fragments by ethidium bromide

(MNase ladder assay) did not show pronounced differences

from wt (Supplementary Figure 11A). This argues that Hrp1

and Hrp3 are not necessary for regular spacing of nucleo-

somes as such, but for linking regular arrays to the reference

point of the NFR/þ 1 nucleosome (see Discussion).

Bulk MNase ladders were also still detectable in an isw1

isw2 chd1 triple mutant in S. cerevisiae

The defect in the TSS-aligned nucleosome occupancy com-

posite profile of the hrp1D hrp3D mutant (Figure 3C) was

strikingly similar to that in an isw1 chd1 double or isw1 isw2

chd1 triple mutant in S. cerevisiae (Gkikopoulos et al, 2011).

We wondered whether bulk MNase ladders were not

much affected in the latter S. cerevisiae mutants, either.

Gkikopoulos et al (2011) observed less clear MNase ladders

in the isw1 chd1 and isw1 isw2 chd1 S. cerevisiae mutants.

However, these effects were somewhat subtle and not

reported in an earlier chromatin study that used mutants

deleted in the same genes (Tsukiyama et al, 1999). We

revisited this issue and performed bulk MNase ladder

assays using either the exact same isw1 isw2 chd1 triple

mutant from J Mellor as used by Gkikopoulos et al or the

triple mutant generated by T Tsukiyama in a different strain

background (Tsukiyama et al, 1999). We reproduced a

compromised appearance of MNase ladders in Mellor’s

strain (Supplementary Figure 11B). This was especially true

regarding signal intensity, which may argue for increased

overall nuclease sensitivity, i.e. fewer canonical nucleo-

somes. However, we detected much less difference in

Tsukiyama’s strain (Supplementary Figure 11C), reminiscent

of the S. pombe hrp1D hrp3D mutant. While the differences

between Mellor’s and Tsukiyama’s triple mutants may be

attributed to differences in strain background, it is clear for

both S. cerevisiae mutants that regular bulk nucleosome

spacing was not entirely lost.

Hrp1 and Hrp3 have nucleosome spacing activity in vitro

CHD1 in D. melanogaster was demonstrated to have nucleo-

some spacing activity in vitro (Lusser et al, 2005), and Chd1

of S. cerevisiae preferentially moves nucleosomes to a center

position on short DNA templates (Stockdale et al, 2006),

which is indicative of generating regular spacing in

arrays. Even though Hrp1 and Hrp3 proteins are CHD1

homologs, their remodeling activities have thus far not

been demonstrated and characterised in vitro. So it was

important to confirm by direct measurement that a role in

nucleosome spacing in vivo corresponded to the respective

activity in vitro. We purified FLAG-tagged Hrp1 and TAP-

tagged Hrp3 from S. pombe and analyzed the preparations by

mass spectrometry, alongside of samples of respective mock

purifications (Supplementary Figure 12A, Supplementary

Table I). Hrp1 and Hrp3 copurified with a few proteins

unspecifically as these were also present in the respective

mock purificiations. Most notably, Hrp1 bound unspecifically

to FLAG M2 agarose beads and Hrp3 copurified specifically

with all four canonical histones (Supplementary Figure 12A,

Supplementary Table I).

To assemble chromatin templates in vitro, we constructed

vectors for the expression of the recombinant canonical

S. pombe histones in E. coli, purified the histones and

refolded them into octamers. Phage lambda DNA was recon-

stituted into chromatin using these recombinant S. pombe

octamers by salt step dialysis. Salt dialysis usually generates

well assembled canonical nucleosomes but no extensive

regular arrays (Figure 5, lanes 1–3). A classical nucleosome
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Figure 5 Hrp1 and Hrp3 efficiently space nucleosomes in vitro in
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spacing assay (Lusser and Kadonaga, 2004; Lusser et al,

2005) monitors if addition of a potential nucleosome

spacing activity generates more extensive regular arrays in

the presence of ATP. Indeed, incubation of salt dialysis

chromatin with Hrp1 or Hrp3 generated much more

extensive MNase ladders, but only in the presence of ATP

(Figure 5, compare lanes 4–6 with 10–12 for Hrp1, and with

16–18 for Hrp3). The respective mock preparations were

negative in this assay (Supplementary Figure 13) confirming

that the spacing activity was due to Hrp1 and Hrp3, respec-

tively, and not caused by co-purifying contaminants.

An alternative assay monitors both nucleosome assembly

and spacing activity (Tsukiyama et al, 1999; Lusser and

Kadonaga, 2004; Lusser et al, 2005). Here, the histone

chaperone Nap1 is mixed with histones and DNA at

physiological salt concentrations. Such chromatin is

notoriously of low quality, i.e., rather susceptible to MNase

digestion as histones are not always assembled into canonical

nucleosomes (Nakagawa et al, 2001), and, importantly, are

not extensively regularly spaced. This low quality chromatin

allows to assay if a remodeling activity can generate regularly

spaced nucleosomes in an ATP dependent manner. Also in

this assay, both Hrp1 and Hrp3 generated more extensive

MNase ladders in an ATP dependent way (Figure 6A) and the

extent of the MNase ladder depended on the remodeler

concentration (Figure 6B).

Note that the presence of ATP decreases the MNase diges-

tion degree as seen by less trimming of the mononucleo-

somes (larger fragment size) and more abundant longer

fragments (e.g., see Figures 5 and 6A, compare in each figure

lanes 1–3 versus 4–6; see Supplementary Figure 12B for the

different appearance of the same chromatin with different

MNase digestion degrees). ATP has a bit higher affinity for

Ca2þ than for Mg2þ (log KD (HATP3� ) of � 4.69 versus

� 4.55, respectively (Martell and Smith, 1975)). Ca2þ is also

sequestered by inorganic phosphate liberated during the

remodeling reaction from creatine phosphate of the ATP

regenerating system. So the presence of ATP together with

the ATP regenerating system reduces the effective Ca2þ

concentration and thereby the effective MNase activity.

Therefore only the samples plus or minus ATP should be

directly compared to each other, respectively. It is clear that

Hrp1 and Hrp3 in the absence of ATP do not generate more

extensive MNase ladders than salt dialysis or Nap1 alone

(Figures 5 and 6A, compare in each figure lanes 7–9 and 13–

15 versus 1–3), but do so only with ATP (Figures 5 and 6A,

compare in each figure lanes 10–12 and 16–18 versus 4–6).

In summary, we give direct in vitro evidence using

two different assay systems that both Hrp1 and Hrp3 have

ATP-dependent nucleosome spacing activity. Interestingly, in

both assays both remodeling enzymes generated the tight

nucleosome repeat length observed for S. pombe in vivo

(Lantermann et al, 2010; Givens et al, 2012).

Discussion

Here we demonstrate for the first time that the S. pombe

CHD1-type remodeling enzymes Hrp1 and Hrp3 have nucleo-

some spacing activity in vitro and show correspondingly that

they are redundantly necessary for the generation of TSS-

aligned genic nucleosome arrays in vivo. Our observations

very much parallel the findings in S. cerevisiae where Isw1,

Isw2 (Tsukiyama et al, 1999), and—by circumstantial evi-

dence (Robinson and Schultz, 2003; Stockdale et al, 2006)—

also Chd1 have nucleosome spacing activity in vitro, and

where lack of Chd1 (Gkikopoulos et al, 2011; Lee et al, 2012)

and even more so the combined absence of Isw1 and Chd1

(Gkikopoulos et al, 2011) also compromises genic arrays

in vivo. In fact, our TSS-aligned composite nucleosome

occupancy profile of the S. pombe hrp1D hrp3D double

mutant is like a déjà vu of the respective profiles for the

isw1 chd1 double or isw1 isw2 chd1 triple mutant in

S. cerevisiae (Gkikopoulos et al, 2011). This argues that we

are looking at the same functional defect in global
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nucleosome organisation over coding regions in both

distantly related yeasts. However, the machinery

responsible for this function has undergone an evolutionary

shift from using a combination of ISWI- and CHD1-type

remodeling enzymes to using an expanded repertoire of

CHD1-type remodelers, or the other way around. This may

explain in part the long-standing conundrum of how S.

pombe gets along without any ISWI-type remodeling

enzymes (Flaus et al, 2006). Interestingly, at least two

remodeling enzymes are redundantly involved in this

function in both yeasts such that the effects in the

respective single mutants are much smaller compared to

the double or triple mutants.

Similar to S. cerevisiae, we did not find much of a global

role of Swr1 or H2A.Z in nucleosome positioning in S. pombe,

even though H2A.Z is enriched in the well positioned þ 1

nucleosome. The unusual nucleosome organisation with a

more narrow NFR and rather prominent � 1 to � 3 nucleo-

somes upstream of the TSS at H2A.Z binding genes was not

dependent on H2A.Z and Swr1 but may warrant further

investigation. Our analysis of chromatin structure is carried

out using unsynchonized S. pombe cultures consisting pre-

dominatly (480%) of G2 cells. We showed that many H2A.Z

binding genes are repressed in G2 cells and induced in other

conditions such as during mitosis, meiosis or stress (Sadeghi

et al, 2011). Maybe H2A.Z still plays a role in altering

nucleosome organisation when these genes are induced and

thereby facilitates their expression.

Much to our surprise, we did not see major defects in

nucleosome positioning in the absence of RSC activity. We

wonder if our restrictive conditions may have been too mild.

They did induce a phenotype on cell growth and viability

(Supplementary Figure 2) similar to the sth1td phenotype in

S. cerevisiae as used by Parnell et al (2008). However,

in contrast to Parnell et al (2008), we did not test

downregulation of new transcription or ablation of Snf21 on

the protein level, which may reveal a different stringency of

our snf21-ts phenotype in S. pombe compared to their sth1td

phenotype in S. cerevisiae. It remains to be clarified whether

more complete ablation of Snf21 will reveal a role of RSC in

nucleosome positioning in S. pombe after all.

Collectively, there were different roles of ISWI- and CHD1-

type remodeling enzymes, and apparently of RSC, for global

nucleosome organisation in both evolutionarily much

diverged yeasts. This is a striking demonstration of the earlier

notion that different mechanisms evolved to generate the

same or similar chromatin architectures (Tsankov et al, 2010;

Tsankov et al, 2011). So far the examples mainly pertained to

different mechanisms of NFR generation, very recently

also for NFRs at replication origins in three fission yeast

species (Xu et al, 2012). To this we now add one more

example, i.e., RSC has no major role in NFR formation in

S. pombe. Importantly, we also found the first clear example

of different mechanisms for the generation of TSS-aligned

genic arrays.

Despite this interesting differential use of remodeling

enzymes, both yeasts share an important mechanistic feature

that was not highlighted so far. We noted that bulk MNase

ladders were hardly compromised in the hrp1D hrp3D double

mutant even though bulk MNase ladders mainly reflect genic

regions due to the low percentage (about 5%) of intergenic

regions, and even though genic arrays were severly impaired.

In our view this is similar to the isw1 chd1 double or isw1

isw2 chd1 triple mutant in S. cerevisiae. Even though we

reproduced the defects seen by Gkikopoulos et al (2011), and

even though there were more pronounced effects on signal

intensitiy in S. cerevisiae than in S. pombe, we choose to

underscore that bulk MNase ladders are still substantially

detectable in all these mutants. This may seem contradictory

to the impaired genic arrays, but note that MNase ladders

monitor the average distance between nucleosomes

regardless of their positions relative to genomic coordi-

nates. In contrast, genic arrays require the combination of

two criteria: regular nucleosome spacing and a fixed distance

between TSS and array start (¼TSS-alignment of arrays)

(Figure 7). This is why the changed nucleosome organisation

is detected if TSS-aligned nucleosome occupancy is plotted as

an overlay of many genes, or in spectral analysis, which is

linked to genomic coordinates, but not necessarily in bulk

MNase ladders. Therefore, ISWI- and/or CHD1-type remodel-

A

B

–1 +1 +2

TSS

NFR Array

Figure 7 Schematic illustrating the difference between bulk spa-
cing and TSS-aligned genic arrays. (A) TSS-aligned regular nucleo-
some arrays with the same spacing and register relative to the TSS
for many different genes are the basis for the NFR-array nucleosome
organization observed in vivo. (B) Regions of regularly spaced
nucleosomes (grey circles) at different positions relative to the
TSS for different genes (and maybe also per gene in different
cells) will give rise to bulk MNase ladders but not to regular genic
arrays in TSS-aligned nucleosome occupancy composite plots. Note
that the positions of the NFR, the � 1, þ 1, and less so the þ 2
nucleosomes may remain largely unchanged.
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ing enzymes, depending on the yeast species, are not essen-

tial to regularly space nucleosomes as such, but mainly to

link regular nucleosomal arrays to the TSS in a fixed register

for many different genes and for the same gene in different

cells. Nonetheless, this fixed linkage may on average lead to

longer contiguous regular arrays, which may explain the

more or less pronounced defects in extents of bulk MNase

ladders in some of these mutants. The Pugh group repeatedly

suggested that the þ 1 nucleosome determines the TSS (Jiang

and Pugh, 2009; Rhee and Pugh, 2012). Therefore it

may amount to the same if the reference point for the ISWI-

and/or CHD1-type remodeling enzymes is the TSS or the þ 1

nucleosome (or the NFR). The same authors argued very

recently that various remodeling enzymes direct

nucleosomes relative to ‘focal points’, i.e., to the TSS or

also transcription termination sites (Yen et al, 2012),

which fits with our notion that ISWI- and/or CHD1-type

remodeling enzymes somehow link nucleosomal arrays to

reference points. The main challenge for future studies will

be to determine what anchors the þ 1 nucleosome and

how remodeling enzymes exert directionality towards

‘focal points’.

We find it striking that even in the TSS-aligned composite

plots for the respective double and triple mutants in both

yeasts the þ 1 and þ 2 nucleosome positions (¼ peak posi-

tions) were unchanged, and only their occupancies (¼ peak

areas) were affected. It seems that the nucleosome architec-

ture in the immediate vicinity of the TSS is biologically very

important. So far no viable mutant has been identified where

this architecture was impaired suggesting an essential role.

Further, even under conditions of decreased nucleosome

density this architecture is actively maintained both in vivo

(Celona et al, 2011; Gossett and Lieb, 2012) and in vitro

(Zhang et al, 2011). Finally, the mutants with compromised

genic arrays in both yeasts (see Gkikopoulos et al (2011) for

S. cerevisiae) are relatively healthy and do not show

widespread drastic changes in expression. Only 5.8% of all

annotated transcripts changed more than 1.5 fold in sense

expression and 7.2% showed cryptic antisense transcripts

going up more than 1.5 fold in the hrp1D hrp3D mutant

(Table I, Figure 2B). This mutant was not more sensitive to

drugs challenging DNA repair (methylmethanesulfonate) or

DNA replication (hydroxyurea) (Supplementary Figure 14A

and B), but did show some increased sensitivity to 200 and

300mg/ml 6-azauracil, which reflects compromised transcrip-

tion elongation (Supplementary Figure 14C). The latter fits

well with the defects in chromatin structure over coding

regions. Nonetheless, yeast cells appear to care a lot more

about nucleosome positioning around the TSS, and can do

rather well without regular genic arrays.

We show explicitly this rather loose correlation between

impaired genic chromatin structure and expression changes

for many genes (Figure 4C and Supplementary Figure 8E

and F). Nonetheless, we may not have detected all changes in

cryptic antisense transcription as some of the products may

be degraded immediately by the RNA surveillance machinery.

Also, our transcriptome analyses rely on the annotations for

the wt, which is certainly a good approximation, but may not

be totally accurate. The mutants may have changed transcrip-

tion start and termination sites of annotated elements and the

respective sites were not determined anew for the cryptic

antisense transcripts. A genome-wide survey in S. cerevisiae

identified at least 1000 genes with increased cryptic trans-

cription in respective mutants (Cheung et al, 2008). The

corresponding number is lacking for S. pombe, but it is

likely that not every gene contains cryptic promoters, which

may in turn explain why we detected much fewer increased

cryptic antisense transcripts than chromatin changes.

Importantly, the correlation is also not strict the other

way around. The set2D mutant with increased cryptic

transcription (Zofall et al, 2009) did not show defects

in genic arrays (Supplementary Figure 10B and C).

Collectively, this argues that impaired arrays can but need

not cause changes in sense or cryptic antisense transcription

and that the latter do not cause compromised arrays. In

addition, changed levels of cryptic antisense transcription

do not necessarily affect sense transcription in S. pombe

(Supplementary Figure 9). Whether this contrasts with the

respective regulation mechanisms suggested for S. cerevisiae

(Xu et al, 2011) remains to be addressed specifically.

Hrp1 and Hrp3 were previously implicated in heterochro-

matin formation at centromeres and the mating type locus as

well as in chromosome cohesion (Yoo et al, 2000; Jae et al,

2002; Walfridsson et al, 2005). At centromeres Hrp1 was

Table I Numbers of transcripts with changed expression levels

Strain comparison 42 fold up 41.5 fold up Total up 42 fold down 41.5 fold down Total down

sense transcriptsa

hrp1D versus wt 21 [10] (0.3%) 130 [59] (1.9%) 743 [233] (11%) 7 [2] (0.1%) 47 [9] (0.7%) 466 [46] (6.9%)
hrp3D versus wt 62 [37] (0.9%) 231 [119] (3.4%) 955 [282] (14.1%) 38 [15] (0.6%) 131 [43] (1.9%) 749 [130] (11.1%)
hrp1D hrp3D versus wt 96 [67] (1.4%) 251 [154] (3.7%) 783 [284] (11.6%) 28 [11] (0.4%) 142 [42] (2.1%) 665 [104] (9.9%)
snf21-36(ts) 341C versus 251C 111 [74] (1.6%) 395 [193] (5.9%) 2209 [470] (32.8%) 108 [30] (1.6%) 413 [98] (6.1%) 1964 [295] (29.1%)
snf21-36(ts) swr1D 341C versus
snf21-36(ts) 251C

48 [36] (0.7%) 187 [102] (2.8%) 1977 [381] (29.3%) 54 [17] (0.8%) 306 [77] (4.5%) 1961 [361] (29.1%)

pht1D swr1D versus wt 435 [144] (6.5%) 1182 [375] (17.5%) 2120 [550] (31.4%) 252 [23] (3.7%) 761 [45] (11.3%) 1673 [110] (24.8%)

cryptic antisense transcriptsb

hrp1D versus wt 24 [2] (0.36%) 150 [40] (2.2%) 711 [379] (10.5%) 0 [3] (0%) 5 [14] (0.1%) 41 [132] (0.6%)
hrp3D versus wt 60 [21] (0.9%) 278 [74] (4.1%) 875 [401] (13.0%) 12 [6] (0.2%) 35 [29] (0.5%) 112 [214] (1.7%)
hrp1D hrp3D versus wt 125 [10] (1.9%) 457 [41] (6.8%) 1027 [355] (15.2%) 4 [30] (0.1%) 27 [95] (0.4%) 93 [202] (1.4%)

aSense transcripts correspond to all 6742 annotated elements (2008 version) including ncRNAs that may be antisense to a coding RNA. The
number of ncRNAs is given in square brackets. The percentage of all annotated elements is given in round brackets. Note that not all loci
have proper TSS annotations, which is why numbers in this table are not the same as numbers for genes in TSS-aligned nucleosome
occupancy composite plots.
bCryptic antisense transcripts correspond to transcripts that are antisense to an annotated element, unless the antisense transcript overlaps
with and shows a similar (±20%) change as an annotated element already scored as a sense transcript. The number of antisense transcripts
filtered out according to the latter criterion is given in square brackets.
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suggested to evict histone H3 in order to allow deposition of

the centromere specific histone H3 variant Cnp1CENP-A

(Walfridsson et al, 2005). The function of Hrp1 at

centromeres is linked to non-coding transcription (Choi

et al, 2011). As our Nap1 in vitro assay monitors not only

nucleosome spacing, but also nucleosome assembly

(Nakagawa et al, 2001) and as both Hrp1 and Hrp3 were

positive in this assay, Hrp1 may also directly assemble

Cnp1CENP-A at centromeres. This process could be linked

to transcriptional elongation, just like the role of Hrp1 in

generating nucleosome arrays in coding regions. The putative

centromeric nucleosome assembly function of Hrp1 and

Hrp3 will be explicitly addressed in a future study.

In this regard it is interesting that Hrp3 co-purifies with

histones (Supplementary Figure 12A and Supplementary

Table I).

We reported both increased and decreased histone H3

density at both coding (ORF) and promoter regions (IGR) in

hrp1D or hrp3D cells (Walfridsson et al, 2007). Especially at

Hrp1 and Hrp3 targets in promoter regions there was more

H3 binding. We did not observe such an effect in promoter

regions in terms of MNase resistant nucleosome occupancy

(Figure 4A and Supplementary Figure 7A). If anything, we

saw decreased nucleosome occupancy over promoter and

coding regions at Hrp1 and Hrp3 binding targets. This

discrepancy may be due to the different assays used. Here

we employ MNase-chip methodology, i.e., score only MNase

resistant DNA. The earlier study used anti-H3-ChIP-chip, i.e.,

scored all histone H3-DNA interactions regardless of forma-

tion of canonical nucleosomes. There is also a technical

difference between the microarray platforms used possibly

explaining the poor agreement between the results. We used

spotted microarrays for anti-H3-ChIP-chip containing one

400 bp probe for each IGR and one 400 bp ORF probe

with a 30 bias (Wiren et al, 2005), and here we used tiling

arrays with 20 bp resolution. Another possible explanation is

the formation of non-canonical nucleosome structures in the

mutants. In S. cerevisiae it was shown that the absence of

the histone chaperone Nap1 leads to increased formation

of non-canonical nucleosomal particles (Andrews et al,

2010). We speculate that the absence of Hrp1 and/or Hrp3

has the same effect, which may translate into more DNA-

bound H3 that can be detected by ChIP, but not by MNase

digest.

It was argued for the case of S. cerevisiae that proper

reassembly and positioning of nucleosomes in the wake of

elongating RNA polymerase is important to prevent nonsense

transcription from cryptic promoters (Kaplan et al, 2003;

Cheung et al, 2008; Quan and Hartzog, 2010; Owen-Hughes

and Gkikopoulos, 2012). Especially the roles of Chd1 and

Isw1 in this context were recently recognized. Histone

turnover over coding regions is increased in the budding

yeast chd1 or isw1 single and even more so in the chd1 isw1

double mutant, particularly in 30 ORF regions and at long

genes (Radman-Livaja et al, 2012; Smolle et al, 2012). This is

linked to changes in histone modifications over coding

regions—e.g., hyperacetylation of histone H3 and H4, incor-

poration of histone H3 acetylated at lysine 56 (H3K56ac), less

monoubiquitinylated histone H2B (H2Bub) and a more 50

distribution of histone H3 methylated at lysine 36 (H3K36me)

(Quan and Hartzog, 2010; Radman-Livaja et al, 2012; Lee

et al, 2012; Smolle et al, 2012), and to increased cryptic

transcription (Cheung et al, 2008; Quan and Hartzog, 2010;

Smolle et al, 2012), whereas expression of sense transcripts is

only mildly affected (Tran et al, 2000; Gkikopoulos et al, 2011;

Radman-Livaja et al, 2012; Lee et al, 2012). Our work

highlights a similar mechanistic role for the two Chd1

homologues in S. pombe, Hrp1 and Hrp3, being involved in

establishing proper nucleosome positioning over coding

regions and preventing cryptic antisense transcription. Our

work also directly demonstrates nucleosome spacing activity

of these enzymes in vitro. Fission yeast and budding yeast are

evolutionarily distinct (Forsburg, 1999; Heckman et al, 2001).

If a function is conserved between these yeasts it is likely to

be general in eukaryotes. Indeed, the effects of Chd1 on

histone turnover (Radman-Livaja et al, 2012) and H2Bub

levels (Lee et al, 2012) were explicitly demonstrated in fly

and human cells, respectively. Chd1 plays an important

regulatory role during cell differentiation of mouse

embryonal stem cells (Gaspar-Maia et al, 2009). Thus, it is

possible that suppression of cryptic antisense transcription by

Chd1-type remodelers in coding regions is an important

aspect of its function in mammalian development.

After submission of the revised version of our manuscript,

a complementary study by Shim et al (2012) became

available through advanced online publication. The overall

conclusion is similar to ours in that Hrp3 was found to

position nucleosomes over coding regions and to prevent

non-coding transcription. However, the role of Hrp1 was

missed. The nucleosome positioning defects in an hrp1D
single mutant were found to be only slight, in agreement

with our results (Figure 3A), and hrp1D cells were tested for

transcriptional changes at only one locus, which was nega-

tive. In contrast, our genome-wide transcriptome analysis

(Figure 2 and Table I) and the exacerbated nucleosome

positioning defects in the hrp1D hrp3D double mutant com-

pared to the hrp3D single mutant (Figure 3C) revealed that

Hrp1 and Hrp3 are both involved in nucleosome positioning

and suppression of cryptic transcription.

The increase in cryptic transcription in both fission and

budding yeast mutants ultimately begs the question of what

provides the window of opportunity for RNA polymerase to

access cryptic promoters, which are presumably occluded by

nucleosomes in wt cells. Are these nucleosomes destabilized

at their wt positions, removed in trans (disassembled) or

removed in cis (repositioned)? All three possibilities are

not mutually exclusive and compatible with the observed

increased histone turnover in budding yeast (Radman-Livaja

et al, 2012; Smolle et al, 2012), which remains to be shown

explicitly for fission yeast. Furthermore, all three modes

would involve remodelers, which makes it especially

attractive that specific remodeler types have now been

identified in this context in both yeast species.

Destabilization and dissasembly of nucleosomes amounts to

lower occupancy levels of canonical nucleosomes, which

may be experimentally reflected in increased MNase

sensitivity, while the third possibility would result in

changed nucleosome positioning patterns. Apparently, there

are different pathways involved as both the set2D and hrp3D
mutants show increased cryptic transcription ((Zofall et al,

2009; Shim et al, 2012), Figure 2 and Table I) and increased

histone turnover in the respective budding yeast mutants

(Venkatesh et al, 2012; Smolle et al, 2012), but nucleosome

positioning was only affected in hrp3D and not in set2D cells
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(Figure 3B and Supplementary Figure 10B and C). Shim et al

(2012) report that chromatin from hrp3D cells was signi-

ficantly more sensitive to MNase and high salt washes.

In contrast, in our hands, MNase ladders appeared not

much changed in the hrp3D and only slightly more so in

the hrp1D hrp3D mutant (Supplementary Figure 11A). This

discrepancy may be related to different MNase ladder appear-

ances when using the same mutation in different S. cerevisiae

strain backgrounds (Supplementary Figure 11B versus C). We

caution that MNase ladders may appear different—both in

ladder extent and even more so in signal intensity, which is

difficult to normalize between samples—for many technical

reasons even though the tested chromatin is the same or

similar, while it is difficult to achieve unchanged MNase

ladders for truely different chromatin if samples are treated

in parallel. As mentioned above and noted by others

(Radman-Livaja et al, 2012), we choose the view that

MNase ladders are not much compromised upon lack of

Chd1-type remodelers in both yeast species arguing against

the possibility that global instability or substantial removal of

nucleosomes are the main reason for providing access to

cryptic promoters in these mutants. Instead, we propose that

not only Chd1-type, but also other remodelers may re-

establish canonical nucleosomes in the wake of RNA

polymerase (maybe the same that are responsible for

histone turnover), and that Chd1-type remodelers are

specifically necessary to space nucleosomes in register to

the TSS, consistent with their in vitro spacing activity.

Nonetheless, lacking this specific spacing function may also

translate into decreased nucleosome occupancy as irregular

spacing over coding regions may increase nucleosome

eviction by RNA polymerase (Engeholm et al, 2009).

Indeed, our nucleosome occupancy profiles (Figure 3B and

C, compare areas under the curves, which also reflect MNase

sensitivity, but are also difficult to normalize between sam-

ples) may point to decreased nucleosome occupancy over

coding regions in hrp3D and hrp1D hrp3D cells. In summary,

the effects on nucleosome occupancy appeared less robust

and dramatic than the effects on nucleosome positioning,

which is why we highlight the mechanistic importance of the

latter without dismissing the relevance of the former.

The study from Shim et al (2012) provides interesting

additional data on the role of Hrp3 at centromeres. The

hrp3D mutant shows altered centromeric chromatin

structure especially in the central core region where the

centromeric CENP-A containing nucleosomes are localized

(Shim et al, 2012). Here, we have not specifically addressed

whether Hrp1 and Hrp3 cooperate also at centromeres.

However, this is very likely given that Hrp1 is localized to

the central core region where it is required for CENP-A

localization, and in the light of the additive effects of hrp1D
and hrp3D deletions with respect to chromosome segregation

defects (Walfridsson et al, 2005). As mentioned above, it is

conceivable that nucleosome disassembly and reassembly by

Hrp1 and Hrp3 during non-coding transcription plays a role

in maintaining proper CENP-A levels at centromeres.

Materials and methods

Yeast strains and media, spotting assays, viability assays
and microscopy
Strains used in this study are given in Table II. For details on growth
conditions, viability assays and microscopy see the Supplementary
information.

S. pombe nucleosome occupancy measurements and
processing of microarray data including spectral analysis
As in Lantermann et al (2009)) and Lantermann et al (2010) but
with the following modifications. As we observed inconsistency of
fragment size after fragmentation of isolated mononucleosomal
DNA with DNaseI prior to hybridization, purified DNA was
always kept in conditions without EDTA. Therefore, DNA was
resuspended in water instead of TE buffer after phenol extraction
and ethanol precipitation of MNase digested chromatin and
electrophoresed in EDTA-free Tris/Glycine gel. Mononucleosomal
DNA fragments isolated from the gel were resuspended in water
after isopropanol precipitation. Final fragment size distribution
was always controled using BioAnalyzer (Agilent Technologies)
prior to microarray hybridization.

Table II Yeast strains used in this study

Strain Genotype Source

S. pombe
Hu0303 h- 972
K240/Hu2261 h- leu1-32 Yamada et al (2008)
KYP176/Hu2262 h- leu1-32 snf21-36(ts) Yamada et al (2008)
Hu2314 hþ snf21-36(ts) swr1D::ura4þ ura4D leu1-32 This study
Hu2315 hþ snf21-36(ts) swr1D::ura4þ ura4D leu1- ade6 M216 This study
Hu2239 h- hrp1::ura4 ade6-M210 leu1-32 ura4-D18 This study, hrp1::ura4 allele from Jin et al (1998)
Hu0574/EJY322 hþ ade6-M216 leu1-32 ura4-D18 hrp3::leu2þ Jae et al (2002)
Hu0575/EJY321 h- ade6-M210 leu1-32 ura4-D18 hrp3::leu2þ Jae et al (2002)
Hu0807 h- hrp3:: leu2þ leu1-32 Walfridsson et al (2007)
Hu2303 hþ hrp1::ura4 hrp3::leu2þ ade6-M210/6 leu1-32 ura4-D18 This study
Hu2304 hþ hrp1::ura4 hrp3::leu2þ ade6-M210/6 leu1-32 ura4-D18 This study
Hu1294 h- mit1::KanMX6 leu1-32 ade6-210 ura4-DS/E H Bhuiyan
Hu1582 hþ set2::KanMX leu1-32 Ekwall group
Hu2127 htz1::KanMX swr1::ura4 ade6-M210/6 leu1-32 ura4D18 This study
Hu2204 h- hrp3::leu2þ leu1-32 hrp1-2xFLAG:KanMX This study
Hu2402 h- hrp1::ura4, ade6-M210 leu1-32 ura4-D18 Hrp3-TAP:KanMX This study

S. cerevisiae
W1588-4C W303-1A but RAD5 Tsukiyama et al (1999)
YTT227 W1588-4C but isw1::ADE2 isw2::LEU2 chd1::TRP1
BMA64 MATa ura3-1 ade2-1 his3-11,5 trp1D leu2-3,112 can1-100 Baudin et al (1993)
MP280 (¼MP28) BMA 64 but isw1::URA3 chd1::kanMX isw2::TRP1 Gkikopoulos et al (2011)
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TSS annotations for composite plots and lists of convergent and
tandem gene orientation were according to the TSS annotation
in Lantermann et al (2010).

H3K56me binding data for S. pombe (Supplementary Figure 10C)
were from Sinha et al (2010).

Bulk MNase ladder assay and MNase indirect end labeling
Done as in Lantermann et al (2009). For details see Supplementary
information.

S. cervisiae chromatin preparation and bulk MNase ladder
assay
Done as in Almer et al (1986); Svaren et al (1995).

RNA extraction
For RNA analysis, total RNA was extracted from mid-logarithmic
phase cells using the hot-phenol method. Briefly, cells were har-
vested by centrifugation at RT, resuspended in TES (10 mM TrisHCl
pH7.5, 10 mM EDTA and 0.5% SDS) and transferred to preheated
acid phenol (651C). After a 45 min shaking incubation at 651C, RNA
was isolated by phenol-chloroform extraction. For microarray ana-
lysis, RNA was treated according to the Affymetrix total RNA
labelling protocol (http://www.affymetrix.com).

Reverse transcription with actinomycin D
RNA from strains Hu303, Hu2239, Hu0574, Hu2303, and Hu2304
was treated as described in Marvin et al (2011) with slight
modifications (see Supplementary information).

Transcription analysis
Duplicate raw data from Affymetrix (.CEL format) were normalized
with R (version 2.15.1 for iOS). Strains were as in Table II with
Hu0574 as hrp3D mutant, and strains Hu2314/2315 and Hu2304/
2305 as duplicates for the respective double mutants. All cel files
were normalized together using quantile normalization using
the preprocessCore package and data for each probe were assigned
to S. pombe genome coordinates (2008 alignment). Data was
visualized and analyzed with Podbat (Sadeghi et al, 2011) using
the 2008 S. pombe genome annotation. To generate lists of up- and
downregulated elements, elements for which the Signal to Noise
Ratio (SNR), (average(condition1)-average(condition2))/(standard
deviation(condition1)þ standard deviation(condition2)) was below
1 were removed. A threshold for background signal was assigned as
1.5 times the mean wild type interelement linear signal level.
Elements for which the linear signal is below this threshold for
both genotypes in a comparison were also removed. Finally, an
element A was not considered to show altered cryptic antisense
transcription if its antisense strand A’ overlapped an annotated
element B, and if A’ and B showed the same (þ /� 20%)
alteration in transcription. The numbers of such cases where A’
had a corresponding B are given in square brackets in the ‘cryptic
antisense transription’ part of Table I. Cryptic antisense versus
sense scatterplots were generated using R (version 2.15.1 for iOS).

Purification of Hrp1-FLAG, Hrp3-TAP, and recombinant
S. pombe histones and His-Nap1
C-terminally tagged Hrp1 and Hrp3 were affinity purified from 15 l
cultures of Hu2204 and Hu2402, respectively. Harvested cells were
frozen in liquid nitrogen, ground to fine powder (freezer mill 6870,
Spex centriprep Ltd.), and S100 extracts were prepared for Hrp1-
FLAG and Hrp3-TAP as described in Tsukiyama et al (1999) and
Samuelsen et al (2003); Khorosjutina et al (2010), respectively.
Hrp1-FLAG purification was modified as single step purification
where Hrp1-FLAG was bound with M2 agarose beads (Sigma) and
washed extensively with buffer containing 500 mM NaCl before
elution with FLAG peptide at a final concentration of 1 mg/ml.
For Hrp1-TAP purification IgG beads were washed with 300 mM salt
followed by digestion with TEV protease. Eluted proteins were
concentrated using Amicon concentrator of 50 000 Da cut off.
Purified proteins were separated on 4–12% bis-tris denaturing gel
in MOPS buffer and stained with with either coomassie brilliant
blue or Sypro ruby. Mock FLAG purifications were carried out in
similar manner from two different strains Hu0807 and Hu2304
while Hu2304 was used for mock-TAP purification.

For cloning and purification of recombinant S. pombe histones
and His-Nap1 see the Supplementary information.

Nap1 nucleosome assembly and spacing assay
Nucleosome assembly and spacing assay was carried out as described
in Tsukiyama et al (1999) except that all buffer contained sodium
salts. Briefly, 250 ng phage lambda DNA and 250 ng recombinant S.
pombe histone octamers were added in the presence or absence of
recombinant His-Nap1 (0.9mg), ATP (3 mM ATP, 3 mM MgCl2, 30 mM
creatine phosphate, 1 ng/ml creatine kinase). Samples ‘without ATP’
also did not contain the extra 3 mM MgCl2, but did contain creatine
phosphate and creatine kinase, Hrp1 (4.3 nM, or as indicated) or Hrp3
(4.3 nM, or as indicated) and incubated for 4 h at 301C. Temperature
was lowered to 251C, CaCl2 was added to final concentration of 2 mM
followed by MNase digestion for 5 min. Reaction was stopped by
adding EDTA and SDS (25 mM and 0.5% w/v final concentrations,
respectively) and treated overnight with 0.2 mg/ml proteinaseK at
421C. DNA was ethanol precipitated with 1 mg/ml glycogen
as carrier, electrophoresed in 1.7% agarose gel and stained with gel
red (Sigma).

Nucleosome spacing assay using chromatin assembled
by salt step dialysis
Nucleosomes were assembled on phage lambda DNA with recom-
binant S. pombe histone octamers at 1:1 mass ratio along with
0.1 mg/ml BSA by step salt dialysis against 10 mM Tris–Cl pH 7.5,
0.25 mM EDTA and salt concentrations of 1200, 750, 350 mM for 3 h
at 41C each. The last dialysis was against the same buffer with
50 mM salt and 2% v/v glycerol for 6 h or overnight. Assembled
chromatin was incubated in the presence or absence of ATP, Hrp1,
Hrp3, or mock-FLAG and mock-TAP preparations, digested by
MNase and processed as described for the Nap1 assembly assay.

Trypsin Digest and Mass Spectrometry
According to standard techniques. For details see Supplementary
information.

Accession codes
The microarray data from this publication have been submitted
to the GEO database [http://www.ncbi.nlm.nih.gov/geo/] and
assigned the accession number GSE41024. The mass spectrometry
data for the Hrp1 and Hrp3 purifications have been deposited at
ProteomeXchange [http://www.proteomexchange.org/] with the
accession codes: PXD000031 and PXD000041, respectively. The
mass spectrometry data for the Hrp3 purification are also given as
Excel table in Supplementary Table I.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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