
REVIEW

Nucleosome positioning in yeasts: methods,
maps, and mechanisms

Corinna Lieleg & Nils Krietenstein & Maria Walker &

Philipp Korber

Received: 8 August 2014 /Revised: 2 December 2014 /Accepted: 3 December 2014 /Published online: 23 December 2014
# Springer-Verlag Berlin Heidelberg 2014

Abstract Eukaryotic nuclear DNA is packaged into nucleo-
somes. During the past decade, genome-wide nucleosome
mapping across species revealed the high degree of order in
nucleosome positioning. There is a conserved stereotypical
nucleosome organization around transcription start sites
(TSSs) with a nucleosome-depleted region (NDR) upstream
of the TSS and a TSS-aligned regular array of evenly spaced
nucleosomes downstream over the gene body. As nucleo-
somes largely impede access to DNA and thereby provide
an important level of genome regulation, it is of general
interest to understand the mechanisms generating nucleosome
positioning and especially the stereotypical NDR-array pat-
tern. We focus here on the most advanced models, unicellular
yeasts, and review the progress in mapping nucleosomes and
which nucleosome positioning mechanisms are discussed.
There are four mechanistic aspects: How are NDRs generat-
ed? How are individual nucleosomes positioned, especially
those flanking the NDRs? How are nucleosomes evenly
spaced leading to regular arrays? How are regular arrays
aligned at TSSs? The main candidates for nucleosome posi-
tioning determinants are intrinsic DNA binding preferences of
the histone octamer, specific DNA binding factors, nucleo-
some remodeling enzymes, transcription, and statistical posi-
tioning. We summarize the state of the art in an integrative
model where nucleosomes are positioned by a combination of
all these candidate determinants. We highlight the predomi-
nance of active mechanisms involving nucleosome remodel-
ing enzymes which may be recruited by DNA binding factors
and the transcription machinery. While this mechanistic
framework emerged clearly during recent years, the involved
factors and their mechanisms are still poorly understood and

require future efforts combining in vivo and in vitro
approaches.
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Introduction

DNA packaging in the nucleus with histone and nonhistone
proteins as well as RNAs is a hallmark of eukaryotic genome
organization. The resulting structures are collectively called
“chromatin” and differentially affect DNA accessibility. As all
DNA-guided processes rely on factors binding DNA, chro-
matin modulation is an important level of genome regulation
(Bell et al. 2011). Higher order chromatin structures are still ill
defined (Maeshima et al. 2014), but the most basic level, the
nucleosome core particle, is known at crystallographic reso-
lution: ~147 base pairs (bp) of DNA are wrapped in ~1.65 left-
handed turns around octamers containing two copies each of
four histone types, H2A, H2B, H3, and H4 (Luger et al. 1997;
Richmond and Davey 2003). This nucleosome core structure
is well conserved and impedes DNA access for most factors.
Core particles are connected by more accessible linker DNA
with average linker length varying between species, or be-
tween different cell types within species (van Holde 1989).
Core particle plus linker DNA are called “nucleosome,” but
often this term is also used for the core particle. In addition to
nucleosomes, there are regions of more extended accessibility
(typically ~150–200 bp, but also much longer), originally
called nuclease hypersensitive sites (Wu 1980), but now usu-
ally called nucleosome-free or nucleosome-depleted regions
(NFRs or NDRs, respectively; Jiang and Pugh 2009b; Struhl
and Segal 2013). Such NDRs are often linked to functional
elements like promoters, enhancers, and replication origins
(Almer and Hörz 1986; Bell et al. 2011; Berbenetz et al. 2010;
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Eaton et al. 2010; Elgin 1981). Since 2005 (Yuan et al. 2005),
the distribution of nucleosomes and NDRs can be mapped
genome-wide and shows a striking degree of well-ordered
nucleosome positioning along eukaryotic genomes. This
kicked off studies on the mechanisms responsible for such
organization. As most regulation through chromatin homes in
on the question if a particular stretch of DNA is accessible or
occluded by nucleosomes, the question of nucleosome posi-
tioning mechanisms is fundamental for eukaryotic DNA biol-
ogy. Here, we summarize the currently used methods, the
observed patterns, and the discussed mechanisms as studied
in yeasts, especially Saccharomyces cerevisiae. We also refer
to other reviews (Cole et al. 2012b; Hughes and Rando 2014;
Iyer 2012; Jansen and Verstrepen 2011; Jiang and Pugh
2009a, 2009b; Radman-Livaja and Rando 2010; Segal and
Widom 2009b; Struhl and Segal 2013).

Definitions

“Nucleosome positioning” as used here and most commonly
understood refers to the “translational position” of a nucleo-
some core particle along a DNA sequence, i.e., which bp is at
the central dyad position of the core particle. If this is more or
less the same with respect to the same genomic DNA se-
quence in a population of templates, for example in different
cells, the nucleosome is considered more or less well posi-
tioned, or, respectively, less or more “fuzzy” (Fig. 1a).

“Rotational positioning” describes the orientation of a giv-
en base pair relative to the histone octamer, i.e., if it faces
toward or away from the histone octamer. Given the ~10.5-bp
periodicity of the DNA helix, which is a bit different within
the nucleosome core (Prunell 1998), several translational po-
sitions of octamers that differ in frame shifts of ~10 bp mul-
tiples (10×n) will show the same inside-out orientation of a
given base pair. So nucleosomes may share the same rotation-
al positioning (also called “rotational phasing”) despite quite
different translational positions (Fig. 1a).

If consecutive nucleosomes on the same template have the
same linker length, they are “regularly spaced” and one can
derive the “nucleosomal repeat length” (NRL) or “spacing”
(= dyad-to-dyad distance). In vivo spacing is hardly ever an
exact property of individual nucleosomes but an aggregate
feature of an overlay of many nucleosomal arrays. Regularly
spaced nucleosomes can have a high degree of translational
positioning (also called “translational phasing”; Fig. 1a,
orange nucleosomes) but may also be offset between different
templates (Fig. 1a, yellow nucleosomes). This offset may or
may not lead to the same rotational positioning of overlapping
nucleosomes on different templates.

“Nucleosome occupancy” describes the probability for a
given base pair to be part of any nucleosome core and amounts
to a 147-bp sliding window of translational positioning. For a
given position (e.g., peak position), it corresponds to the

percentage of a template/cell population with a nucleosome
here (partially represented by peak height, see “Comparison of
different methods and the problem of nucleosome occupan-
cy”). For more detailed definitions, see Kaplan et al. (2010).
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Fig. 1 Nucleosome positioning concepts. a Illustration of the terms
defined in the section “Definitions.” b Different genes with the same
nucleosome organization relative to a common reference point, e.g., the
TSS. The stereotypical organization consists of an NDR just upstream of
the TSS flanked by well-positioned nucleosomes (−1 and +1) and an
array of evenly spaced nucleosomes in the direction of transcription (+2,
+3,…). If the majority of genes show this stereotypical organization, the
sum of the nucleosome positioning signals (dyad positions or occupancy)
for each position along the genes and aligned at the TSSs gives a
composite plot as in Fig. 3. c Variation of the organization shown in b
such that NDR and flanking −1/+1 nucleosomes are unchanged and
nucleosomes in dark blue still form regular arrays, but the arrays are
not aligned at the TSS with the same register at different genes. Such
organizations probably underlie the mutant composite patterns shown in
Fig. 4b, c
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Note that nucleosomemaps usually may have two different
formats (Zhang and Pugh 2011): either “nucleosome occu-
pancy,” i.e., the signal at each bp is contributed by any
nucleosome covering this bp, or “nucleosome dyad occupan-
cy/density,” i.e., only base pairs at nucleosome dyads contrib-
ute. Consequently, the former plots show less distinct peaks
than the latter (see also Fig. 2 and Table 1).

Methods: genome-wide nucleosome mapping

Nucleosomemapping monitors the biologically relevant chro-
matin feature of differential DNA accessibility by using either
enzymes, like nucleases or methylases, or chemicals, like
hydroxyl radicals, to distinguish nucleosomal from
nonnucleosomal DNA. Most common is mapping by micro-
coccal nuclease (MNase), which preferentially cuts in linkers
and NDRs (Axel 1975). MNase digestion can be carefully
titrated to yield mostly mononucleosomal DNA fragments.
The continuous protection of ~140–150 bp from MNase is
unique to nucleosomes and has been used as an operational
definition for a canonical nucleosome since the discovery of
the nucleosome (Kornberg and Lorch 1999). So

mononucleosome-sized DNA length after MNase digestion
is usually a sufficient criterion for the identification of DNA
that was nucleosomal, i.e., the histone octamer DNA footprint.
Such mononucleosomal DNA is now readily analyzed on the
genome level (Table 2).

MNase-chip (-array)

The first genome-scale nucleosome mapping was based on
high-resolution tiling arrays (Yuan et al. 2005).
Mononucleosomal DNA after MNase digestion of whole
genome chromatin is gel extracted, labeled, and hybridized
to microarrays with a resolution of <20 bp. Continuous hy-
bridization across probes spanning a mononucleosome-sized
region corresponds to a well-positioned nucleosome. Hybrid-
ization signals are usually plotted along the genome giving
nucleosome occupancy rather than translational positions
(Zhang and Pugh 2011). An advantage of this approach is
that PCR is not necessary, thereby avoiding amplification
biases. Further, custom arrays allow the analysis of just a
selection of a genome, which reduces costs particularly for
larger, e.g., human, genomes. Nonetheless, arrays become
more and more expensive relative to deep sequencing and
are less flexible as they detect only what they are designed for.
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Fig. 2 Single locus comparisons
of different nucleosome mapping
methods. a, b Browser shots of
nucleosome mapping data at the
S. cerevisiae loci indicated at the
bottom of the panels. References
and method comparison as in
Table 1. Boxed region in a shows
an example for stereotypical
NDR-array pattern and in b for a
nonstereotypical promoter nucle-
osome organization. The asterisk
marks “hypersensitive site 2” in
the PHO5 promoter (Almer et al.
1986). This PHO5 promoter
NDR is much further upstream
than the NDRs of the stereotypi-
cal organization
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A special caveat for Affymetrix tiling arrays with 25 bp probes
is the requirement for additional fragmentation of
mononucleosomal DNA prior to hybridization. Hybridization
of full-length mononucleosomal DNA leads to artifactually
shifted nucleosome occupancy (see Pointner et al. 2012 and
Fig. S18a in Whitehouse et al. 2007).

MNase-seq

The very same mononucleosomal DNA as for MNase-chip
can be analyzed by high-throughput sequencing. Depending
on the sequencing platform, the entire mononucleosomal
fragment is sequenced, or only its ends, either both ends
together (paired end), or just one end (single end). The former
two modes readily allow the determination of nucleosome
dyads, while the latter requires either bona fide read start
extension by 73 bp, assuming uniform fragment lengths of
147 bp, or computational analysis of average fragment length
by cross correlation of forward and reverse reads. In any case,
MNase-seq provides nucleosome dyad positions more readily
and at higher resolution than MNase-chip. For example, nu-
cleosomal arrays upstream of the transcription start site (TSS)

in Schizosaccharomyces pombe are hardly detected by
MNase-chip but apparent by MNase-seq (compare S. pombe
wild-type pattern in Fig. 4a vs. c; Mojardin et al. 2013).
Sequencing library preparation as well as sequencing itself
involves PCR. This allows analyzing small quantities of
starting material but may also introduce biases.

MNase-ChIP-seq

The Pugh lab refined MNase-seq by a chromatin immunopre-
cipi tat ion (ChIP) step after MNase digestion to
mononucleosomes, e.g., using an anti-H3-C-terminus anti-
body (Albert et al. 2007; Mavrich et al. 2008a). This provides
a second selection criterion, in addition to MNase protection,
to ensure monitoring of nucleosomes. ChIP is done with
cross-linking, usually by formaldehyde prior to cell harvest-
ing, and the washing steps are so stringent that all noncross-
linked material is lost. Such MNase-ChIP-seq is probably
closest to a snapshot of the true in vivo situation. Of note,
cross-linking is hardly ever complete and both cross-linked
and noncross-linked nucleosomes yield the characteristic
mononucleosomal DNA fragments upon MNase digestion.

Table 2 Methods for genome-wide nucleosome mapping

Method Pioneer studies Published protocols

MNase-chip (-array) Lee et al. (2007), Yuan et al. (2005) Lantermann et al. (2009), Rando (2010),
Tsui et al. (2012)

MNase-seq
MNase-ChIP-seq

Albert et al. (2007), Mavrich et al. (2008a) Cole et al. (2012a), Givens et al. (2011),
Platt et al. (2013), Tsui et al. (2012), Wal
and Pugh (2012), Zhang and Pugh (2011)

Hydroxyl-radical-seq Brogaard et al. (2012a), Moyle-Heyrman
et al. (2013)

Brogaard et al. (2012b)

MNase-exoIII-chip/MNase-exoIII-seq Whitehouse et al. (2007) Rodriguez et al. (2014)

Particle spectrum analysis Henikoff et al. (2011), Kent et al. (2011)

FAIRE Nagy et al. (2003) Giresi and Lieb (2009), Simon et al. (2013)

Table 1 Method features comparison for the data sets in Fig. 2

Reference Formaldehyde
cross-linking

DNA cleavage Anti-histone-ChIP Detection platform Plot format

Brogaard et al. (2012a) No Hydroxyl radicals No ABI SOLiD, paired and single
end sequencing

Dyads

Kaplan et al. (2009) No MNase No Illumina, single end sequencing,
computational read extension

Occupancy

Field et al. (2008) ? MNase No Whole fragment 454 pyrosequencing Occupancy

Zhang et al. (2011b) Yes MNase Yes ABI SOLiD/Illumina, single end
sequencing

Dyads

Lee et al. (2007) Yes MNase No Affymetrix, 25mer probes, 4 bp offset
tiling arrays

Occupancy

Kent et al. (2011) No MNase No Illumina, paired end sequencing Dyads
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Therefore, cross-linking without immunoprecipitation does
not guard against mapping artifactual noncross-linked nucle-
osomes that become repositioned or even assembled during
chromatin preparation. Nonetheless, for wt S. cerevisiae, a
comparison between MNase-seq without cross-linking and
MNase-ChIP-seq showed not much difference (Kaplan et al.
2009; Zhang et al. 2011b) making cross-linking not urgently
necessary if working with yeasts. Besides these biological
issues, immunoprecipitation allows easier downstream sample
handling as all steps are done on beads sparing repeated DNA
collection. Finally, the combination of nucleosome selection
by MNase with immunoprecipitation using virtually any an-
tibody allows monitoring factor binding to nucleosomes
(Koerber et al. 2009; Yen et al. 2012).

Hydroxyl-radical-seq

MNase-based nucleosome mapping was criticized because of
sequence biases of MNase digestion (Chung et al. 2010;
Locke et al. 2010; McGhee and Felsenfeld 1983). Indeed,
MNase cuts at dA:dT base pairs with higher probability than
at dG:dC base pairs (Cockell et al. 1983; Dingwall et al. 1981;
Hörz and Altenburger 1981) such that higherMNase activities
may even cleave canonical nucleosomes at intranucleosomal
dA:dT-rich regions (Caserta et al. 2009; Cockell et al. 1983).
Further, MNase-digested free DNA may produce similar pat-
terns as chromatin (Chung et al. 2010; Locke et al. 2010).
Since long, it is known that MNase indirect end labeling
requires MNase-digested free DNA as control in order to
distinguish if banding patterns are caused by chromatin or
by DNA sequence bias (Svaren et al. 1995). Nonetheless, the
MNase sequence bias at the very low MNase activities used
for free DNA digestion is mitigated relative to the
nucleosome-imposed bias at the much higher activities used
for chromatin digestion. A free DNA control is therefore not
necessarily informative, and pattern similarities between free
DNA and chromatin rather reflect the sequence bias of nucle-
osome positioning than that of MNase digestion. Recently,
chromatin digestions with MNase versus a caspase-activated
DNase, which has different sequence bias and is even less
prone to intranucleosomal cuts, produced quite similar cleav-
age patterns arguing for a negligible MNase bias (Allan et al.
2012).

The long-standing controversy about MNase bias in nucle-
osome mapping was recently resolved by taking an early
MNase-independent high-resolution method (Flaus et al.
1996) to the genome level: hydroxyl-radical-seq (Brogaard
et al. 2012a). Here, histone H4 is mutated to contain a unique
cysteine residue (H4S47C) close to the DNA backbone at the
nucleosome dyad. After covalent coupling of copper-
chelating phenanthroline to this cysteine, addition of copper
ions generates short-lived and therefore locally well-defined
hydroxyl radicals that cleave the DNA backbone at defined

distances relative to the dyad. Sequencing of the resulting
DNA fragments directly maps dyad positions with single-
base pair resolution. Importantly, the resulting nucleosome
positions correlate very well with those obtained by MNase-
based methods thereby validating the MNase approach
(Brogaard et al. 2012a; Moyle-Heyrman et al. 2013). None-
theless, the resolution of this chemical mapping is consider-
ably higher and enables to delineate more precisely and more
accurately DNA sequence effects. For example, this technique
uncovered the high propensity of dA:dT base pairs at nucle-
osome borders in earlier maps as an MNase artifact (Brogaard
et al. 2012a).

MNase-exoIII-seq

The need for the H4S47C mutation somewhat limits the
applicability of hydroxyl-radical-seq. Another way to reduce
the MNase bias at nucleosome borders is combining MNase
digestion with trimming by exonuclease III (exo III; Nikitina
et al. 2013). This technique was applied on the genome level
(Rodriguez et al. 2014; Whitehouse et al. 2007), but the extent
to which it increases accuracy, e.g., in comparison with
MNase-seq and hydroxyl-radical-seq, was not analyzed so far.

FAIRE

An also MNase-independent but reverse approach is
formaldehyde-assisted isolation of regulatory elements
(FAIRE) (Nagy et al. 2003) as it does not monitor nucleo-
somes but NDRs, especially to screen for and map regulatory
elements. FAIRE is based on the differential distribution of
protein-bound and free DNA, particularly nucleosomal versus
nucleosome-free DNA, during phenol-chloroform extraction
after cross-linking and sonication. Cross-linking is adjusted
such that mainly histones are coupled to DNA. The fragments
recovered from the aqueous phase are therefore mainly NDRs
and analyzed by microarrays or deep sequencing. The resolu-
tion is limited by the resolution of sonication, but there is the
clear advantage of directly showing the DNA regions that are
lost in the nucleosome mapping approaches.

Particle spectrum analysis

Even though continuous protection of ~140–150 bp from
MNase digestion is typical only for nucleosomes, other
DNA binding factors/complexes also protect against MNase
digestion. To obtain those MNase footprints, not only the
mononucleosomal DNA but also shorter and longer fragments
are prepared and mapped by deep sequencing (Henikoff et al.
2011; Kent et al. 2011). Fragments of ~25–50 bp are primarily
located in NDRs and probably correspond to transcription
factors (TFs), whereas somewhat larger subnucleosomal frag-
ments may correspond to partially unwrapped nucleosomes
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and may be bound to remodelers like the “remodels the
structure of chromatin” (RSC) complex (Floer et al. 2010;
Henikoff et al. 2011). However, only nucleosomes may be
confidently identified by the length of MNase-protected
DNA, whereas for the identification of other factors, addition-
al immunoprecipitation or mutant analysis is necessary. Such
particle spectrum analyses are likely to provide an ever richer
picture of the chromatin landscape.

Comparison of different methods and the problem
of nucleosome occupancy

S. cerevisiae genome nucleosome maps obtained by different
techniques correlate rather well (Fig. 2). Inconsistencies at
particular loci may be resolved by classical single locus tech-
niques, like DNaseI/MNase indirect end labeling (Svaren et al.
1995).

Recent systematic analyses (Ozonov and van Nimwegen
2013; Quintales et al. 2014; Rizzo et al. 2011) as well as Fig. 2
show that nucleosome occupancy (peak height/trough depth)
varies considerably between data sets. This is due to different
MNase digestion degrees and hybridization or deep sequenc-
ing biases (Stein et al. 2010; Zhang et al. 2009). Especially
digestion degrees affect occupancy levels, e.g., for promoter
NDRs and +1 nucleosomes (DeGennaro et al. 2013; Flores
et al. 2014; Givens et al. 2011; Rizzo et al. 2012; Weiner et al.
2010). All MNase-based mapping operates in a limited rather
than exhaustive digestion regime as exhaustive digestion
would digest even nucleosomal DNA. So the probability for
MNase cuts scales both with the accessibility as imposed by
chromatin structure and with the chosen MNase activity.
Occupancy directly reflects this composite probability. As
their name implies, hypersensitive sites, i.e., long linkers or
NDRs, are cut with the highest probability due to their open
chromatin structure, but the extent of cutting, i.e., the resulting
trough depth in nucleosome occupancy plots, will also depend
on the digestion degree. Further, nucleosome mapping de-
pends on MNase introducing two double strand breaks, i.e.,
at both sides of the nucleosome, in order to generate a
mononucleosomal fragment for further analysis. This coupled
probability for a double cut is higher if a nucleosome is
flanked by a long linker or hypersensitive site, in contrast to
nucleosomes in closely packed arrays flanked by short linkers
only. So especially the +1 nucleosome occupancy will be high
already at low MNase digestion degree, while the occupancy
levels of array nucleosomes come up mainly at higher diges-
tion (Weiner et al. 2010). In addition, nucleosomes with
internal dA/dT-rich sequences may be cleaved more often
intranucleosomally by increasing MNase activity than others
leading to their preferentially decreased occupancy (Caserta
et al. 2009; Cockell et al. 1983).

In order to account for different MNase digestion degrees,
these may be matched by analyzing fragment distributions in

gels (Rizzo et al. 2012) or can be assessed in paired end or
454-type sequencing data via the distribution of fragment
lengths (Cole et al. 2011a). Using the exact same digestion
degree for different samples is challenging. The alternative,
nucleosome occupancy normalization for digestion degrees, is
not published so far and may not even work sufficiently.
MNase digestibility bias varies for each individual nucleo-
some according to flanking linker lengths, i.e., the probability
of MNase cutting at each side, and the sequence-dependent
bias for intranucleosomal cleavage. So individual nucleosome
occupancy levels are unlikely to scale uniformly with diges-
tion degree. Collectively, we caution that MNase-based nu-
cleosome maps are sufficiently accurate in terms of nucleo-
some positions (peak/trough positions), but not very reliable
with regard to occupancy levels. Global occupancy differ-
ences, e.g., in aged versus young yeast cells, are only detected
using spike-in controls (Hu et al. 2014). Nonetheless, for
comparison of MNase accessibility at different genomic re-
gions within one sample, a normalization for nucleosome
occupancy as determined by MNase-independent anti-histone
ChIP was proposed (NCAM method; Rodriguez et al. 2014).

Finally, the bioinformatics analysis of the nucleosome
mapping data is not standardized yet. There is a sizeable
collection of different algorithms for peak calling, smoothing,
etc. that may affect the conclusions and have to be tried for
each application in question (nonexhaustive reference list:
Becker et al. 2013; Chen et al. 2013; Flores and Orozco
2011; Kuan et al. 2009; Lee et al. 2007; Nellore et al. 2012;
Quintales et al. 2014; Shivaswamy et al. 2008; Tirosh 2012;
Weiner et al. 2010; Yuan et al. 2005).

Maps: genome-wide nucleosome organizations

There are many genome-wide nucleosome maps for
S. cerevisiae available including many mutants and different
biological conditions as well as maps for at least 19 other
yeasts (Table 3).

Stereotypical nucleosome organization around TSSs

Wild-type log phase cells show a stereotypical nucleosome
organization around TSSs for most genes: an “NDR-array”
pattern (Figs. 1b and 3). An NDR is located just upstream of
the TSS placing the TSS on average 12 bp within the +1
nucleosome 5′ border1 (Lee et al. 2007; Mavrich et al.
2008a). Well-positioned +1/−1 nucleosomes flank the TSS

1 While the average +1 nucleosome position relative to the TSS is
conserved across yeasts, it differs in other eukaryotes. For example, the
Drosophila TSSs are often upstream of the +1 nucleosome within the
NDR (Mavrich et al. 2008b).
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and arrays of regularly spaced nucleosomes start here, most
prominently downstream into the gene. The degree of trans-
lational positioning is most pronounced for the +1/+2 nucle-
osomes and gradually decreases along the array. Even well-
positioned nucleosomes rarely occupy a unique position, but
rather show Gaussian distributions (“position clusters”; Cole
et al. 2012b) around average midpoints with alternative posi-
tions offset by multiples of ~10 bp, i.e., rotationally phased
(Albert et al. 2007; Cole et al. 2011a; Jiang and Pugh 2009a).
Only the single nucleosomes that contain the histone H3
variant Cse4 and occupy the point centromeres of S. cerevisiae
are uniquely positioned (Cole et al. 2011b). The upstream
arrays starting from the −1 nucleosomes are usually much less
pronounced than the genic arrays, unless bidirectional pro-
moters share a common NDR such that both the upstream and
downstream arrays will be genic. In S. pombe, upstream arrays
are even less prominent (Fig. 4a; Givens et al. 2012;
Lantermann et al. 2010). The NDR of the stereotypical
NDR-array organization in S. cerevisiae has an average size
of 150 bp (Jiang and Pugh 2009a); is enriched for TF binding
sites (Lee et al. 2007; Ozonov and van Nimwegen 2013),
TATA boxes, or TATA-like elements (Basehoar et al. 2004;
Rhee and Pugh 2012); and provides an “open door policy” for
assembly of the pre-initiation complex (PIC) (Morse 2007).
Both the +1 and −1 nucleosomes in S. cerevisiae (Albert et al.
2007) but only the +1 nucleosomes in S. pombe (Buchanan
et al. 2009) are enriched for the histone variant H2A.Z and

show the highest histone turnover rates (Dion et al. 2007;
Jamai et al. 2007; Rufiange et al. 2007). The average NRL
in arrays varies among yeast species from5 to 7 bp in S. pombe
and Aspergillus nidulans (Givens et al. 2012; Lantermann
et al. 2010; Moyle-Heyrman et al. 2013; Nishida et al. 2013)
to 18 bp in S. cerevisiae (Jiang and Pugh 2009a; Lee et al.
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Fig. 3 Stereotypical NDR-array nucleosome organization around TSSs
in wild-type S. cerevisiae. Composite plot of TSS-aligned nucleosome
dyad positions as in Fig. 1b for 1 kbp up- and downstream of the TSSs.
Data from Zhang et al. (2011b)

Table 3 Genome-wide nucleosome maps in yeasts

Strains and conditions References

S. cerevisiae wild-type, log phasea Brogaard et al. (2012a), Field et al. (2008), Henikoff et al. (2011), Jiang and
Pugh (2009a), Kaplan et al. (2009), Kent et al. (2011), Lee et al. (2007),
Mavrich et al. (2008a), Yuan et al. (2005), Zhang et al. (2011b)

S. cerevisiae wild-type, different carbon sources, heat shock, oxidative
stress, drug treatments, replication block

Cole et al. (2011a), Elfving et al. (2014), Huebert et al. (2012), Kaplan et al.
(2009), Rodriguez et al. (2014), Shivaswamy et al. (2008), van Bakel
et al. (2013), Zawadzki et al. (2009)

S. cerevisiae mutants, e.g., affecting chromatin cofactors, remodelers,
GRFs or TFs

Badis et al. (2008), Elfving et al. (2014), Ganapathi et al. (2011), Ganguli
et al. (2014), Gkikopoulos et al. (2011a), Gkikopoulos et al. (2011b),
Hartley and Madhani (2009), Lee et al. (2012), Parnell et al. (2008),
Rizzo et al. (2011), Tolkunov et al. (2011), van Bakel et al. (2013),
Whitehouse et al. (2007), Yen et al. (2012)

S. cerevisiae histone depletion Celona et al. (2011), Gossett and Lieb (2012), Hu et al. (2014), van Bakel
et al. (2013)

S. cerevisiae ablation of pol II transcription van Bakel et al. (2013), Weiner et al. (2010)

S. cerevisiae, S. pombe meiosis Soriano et al. (2013), Zhang et al. (2011a)

S. pombe wild-type and mutants, S. japonicus, S. octosporus de Castro et al. (2012), DeGennaro et al. (2013), Givens et al. (2012),
Lantermann et al. (2010), Moyle-Heyrman et al. (2013), Soriano et al.
(2013), Tsankov et al. (2011), Xu et al. (2012)

S. bayanus, S. mikatae, S. paradoxus, S. kudriavzevii, C. glabrata,
C. castellii, K. lactis, K. waltii, S. kluyverii, D. hansenii, C. albicans,
Y. lipolytica, A. fumigatus, A. nidulans, A. oryzae, M. osmundae

Kaplan et al. (2009), Nishida (2012), Nishida et al. (2013), Nishida et al.
(2012), Tsankov et al. (2011), Tsankov et al. (2010), Tsui et al. (2011)

This table is not exhaustive.
a Note that all studies with mutants and non log phase conditions also include wild-type log phase controls.
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2007; Mavrich et al. 2008a; Thomas and Furber 1976) and up
to 30 bp in Kluyveromyces lactis (Tsankov et al. 2010).

Nonstereotypical promoter nucleosome organizations

TSS-aligned composite plots of nucleosome occupancy or
dyad position (Fig. 3) combine two features that are not

necessarily linked. A narrow, rather than a wide, peak for a
+1 nucleosome signifies two things. First, such a nucleosome
occupies the same position at the same gene compared among
different cells (well positioned vs. fuzzy, Fig. 1a). Second, it
has the same position at different genes relative to their re-
spective TSS (same translational phasing register relative to a
common alignment point; Fig. 1b). Conversely, broader peaks
in composite plots may correspond to fuzzy nucleosomes, or
to nucleosomes that do not share a common register relative to
the alignment point, or both. Genic nucleosomes in
S. cerevisiae indeed become fuzzier further downstream
(Zhang et al. 2011b). On the other hand, there are also genes
with particularly well-positioned nucleosomes around TSSs,
e.g., at the PHO5 promoter (Fig. 2b; Almer et al. 1986), but
their TSS-aligned nucleosome occupancy plot does not yield a
regular pattern together with other genes as their positions lack
a common register relative to their TSSs (Lee et al. 2007;
Zhang et al. 2011b). These genes have nonstereotypical and
very diverse nucleosome patterns. For example, the NDRmay
be further upstream or not present at all. Each such gene is
essentially a case of its own.

Relationship between promoter nucleosome organization
and transcription

The two broad types of stereotypical versus nonstereotypical
promoter nucleosome organization2 correlate with transcrip-
tional features (Cairns 2009; Hughes and Rando 2014; Tirosh
and Barkai 2008). Promoters with stereotypical NDR-array
pattern tend to drive constitutive expression (“growth” or
housekeeping genes), lack classical TATA boxes but show
TATA-like elements (Rhee and Pugh 2012), depend on TFIID
(Basehoar et al. 2004), have TF binding sites mostly in or at
the NDR (Lee et al. 2007), and show rather steady transcrip-
tion rates (Raser and O’Shea 2005) and low turnover rates for
histones (Dion et al. 2007) and the TATA box binding protein
(van Werven et al. 2009). In contrast, promoters with
nonstereotypical nucleosome organizations often belong to
inducible genes with a wide dynamic range that respond to
environmental cues (“stress” genes), e.g., the PHO promoters
that are regulated by phosphate levels (Almer et al. 1986; Lam
et al. 2008). Their expression is less steady but “bursty”
(Brown et al. 2013; Raser and O’Shea 2004). They often
contain TATA boxes and depend on chromatin cofactors, like
the SWI/SNF complex, to overcome their repressive promoter
nucleosome organizationwhere, for example, TF binding sites
(UAS elements) are covered by nucleosomes in the
noninduced state (Elfving et al. 2014; Lam et al. 2008; Venter
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Fig. 4 S. pombe shows tighter nucleosome spacing in genic arrays than
S. cerevisiae and lack of ISWI- and/or CHD1-type remodeling ATPases
impairs array alignment in both yeasts. Comparison of patterns as in
Fig. 3 for a S. cerevisiae versus S. pombe (Tsankov et al. 2010, 2011),
b S. cerevisiae wild type versusΔisw1Δisw2Δchd1 mutant lacking all
ISWI- and CHD1-type remodeler ATPase subunits (Gkikopoulos et al.
2011a), and c S. pombe wild type versus Δhrp1 Δhrp3 mutant lacking
two of three CHD1-type remodeler ATPases (Pointner et al. 2012)

2 Alternative nomenclatures: canonical versus noncanonical (Jiang and
Pugh 2009b), open versus covered (Cairns 2009), depleted versus occu-
pied proximal nucleosome (DPN vs. OPN; Tirosh and Barkai 2008), and
much earlier in the context of Drosophila promoters: preset versus
remodeling promoters (Lu et al. 1994).
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et al. 1994). Therefore, nucleosome positioning relative to
UAS elements can determine the threshold of promoter in-
duction, i.e., if high or low affinity UAS are intra- or
internucleosomal. Further, the extent of nucleosome remodel-
ing can regulate induction strength, i.e., to what extent initially
intranucleosomal UAS become accessible (Lam et al. 2008).
Even though such chromatin-regulated promoters are the mi-
nority in yeast, they are excellent models to study gene regu-
lation through tuning chromatin states. The stereotypical
S. cerevisiae NDR-array pattern as well as the dichotomy
between “growth” and “stress” genes was also observed in
12 other yeasts (Tsankov et al. 2010; Tsui et al. 2011), but with
some differences in absolute terms. For example, the average
5′NDRwidth varies between 109 and 155 bp, and the average
linker length between 7 and 30 bp (Lantermann et al. 2010;
Tsankov et al. 2011; Tsankov et al. 2010). Even in larger
eukaryotes, the basic distinction between stereotypical NDR-
array and nonstereotypical promoter chromatin architectures
still holds. Human cells show the NDR-array pattern predom-
inantly at active genes and genes with paused RNA polymer-
ase but not at inactive genes (Schones et al. 2008; Valouev
et al. 2011).

Single locus studies, for example with inducible genes like
PHO5 (Almer et al. 1986; Korber and Barbaric 2014), heat
shock genes (Zhao et al. 2005), or CUP1 (Shen et al. 2001),
shaped the view that nucleosome positioning changes dramat-
ically upon gene activation or repression such that nucleo-
some occupancy and/or positioning is diminished at pro-
moters and over genes in the activated state. However, this
tendency is not as apparent on the genome level as one might
have expected. Global expression changes of many genes, for
example by shift to different carbon source (Kaplan et al.
2009; Zawadzki et al. 2009), drug treatment (Cole et al.
2011a), meiosis (Soriano et al. 2013; Zhang et al. 2011a),
and oxidative (Huebert et al. 2012) or heat shock stress
(Shivaswamy et al. 2008), left the overall nucleosome patterns
in most cases surprisingly unchanged. Genes with changed
expression levels display all kinds of changes in nucleosome
positioning. For example, upregulation could correspond to
unchanged, increased, or decreased promoter nucleosome
occupancy.3 Especially the “open door policy” of the stereo-
typical NDR-array pattern seems to provide a rather stable
chromatin organization that is poised for transcription, but the
actual transcription rate is regulated by the recruitment/
activity of transactivators (Zawadzki et al. 2009) or antisense
transcription (Zhang et al. 2011a). Conversely, genes with
changed nucleosome positioning often do not show much
expression changes (at least regarding sense transcripts), par-
ticularly in chromatin cofactor mutants (Gkikopoulos et al.

2011a; Tolkunov et al. 2011). Also evolutionary comparisons
between yeasts show that expression levels of orthologous
genes are more conserved than their respective nucleosome
organizations (Nishida 2012; Tsui et al. 2011). Collectively,
the predictive power of nucleosome organization for expres-
sion level, and vice versa, is weak. This does not discount a
role for nucleosome organization in gene regulation as there
are many examples for such a role (this review and Korber and
Barbaric 2014), and there still is a correlation of lower pro-
moter nucleosome occupancy, wider NDRs, and disrupted
intragenic arrays with elevated expression (Cui et al. 2012;
Kristell et al. 2010; Zawadzki et al. 2009), most prominently
for the inducible promoters with nonstereotypical nucleosome
patterns. Nonetheless, there is no straightforward relationship
or “code” between nucleosome pattern and transcriptional
output.

Mechanisms: what determines nucleosome positions
in vivo?

We focus on the mechanism for generating the stereotypical
NDR-array pattern as this will explain the vast majority of
positioned nucleosomes in yeasts. This mechanism can be
subdivided into four mechanisms generating the individual
features of the NDR-array pattern, in some temporal order or
in parallel:

1. NDR formation
2. Positioning of the +1 nucleosome
3. Generation of the nucleosomal arrays (= equalizing linker

length)
4. Array alignment to the NDR/TSS/PIC/+1 nucleosome

As the relative distances between NDR, TSS, and +1
nucleosome are rather uniform within the NDR-array organi-
zations, each can be used for descriptive purposes and TSS or
+1 nucleosome alignments are most common for
bioinformatical representations. However, it matters mecha-
nistically what the molecular correlate of the actual alignment
point is. These four mechanisms in the end amount to the
observed translational positions relative to the DNA sequence.
So there should be something that “reads” the sequence and
translates sequence information into nucleosome positions.
The following factors are discussed to contribute to nucleo-
some positioning and may read the DNA sequence:

(a) Histone-DNA interactions
(b) Nonhistone DNA binding factors, e.g., general regulato-

ry factors (GRFs) or TFs
(c) Nucleosome remodeling enzymes (“remodelers”)
(d) DNA-templated processes, e.g., transcription

3 The comparison of nucleosome occupancy between different data sets
may be problematic (see “Comparison of different methods and the
problem of nucleosome occupancy”).
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Remodelers are ATPases that assemble, slide, and disas-
semble nucleosomes and change their composition, e.g., by
exchanging canonical for variant histones (Becker and Work-
man 2013; Clapier and Cairns 2009). In a nucleosome-centric
view, DNA and histones are cis- and everything else trans-
factors for nucleosome positioning (Radman-Livaja and
Rando 2010). Regarding the extent to which DNA sequence
is involved, there is a continuum between the two extremes
that either each individual nucleosome position is determined
by reading the DNA sequence in or immediately around the
nucleosome, or that only few positions are sequence-
determined while the majority of nucleosomes are positioned
relative to such “barriers” (Kornberg and Stryer 1988) by
some sequence-independent propagation mechanism. As an
example of the first alternative, sequence-driven positioning
of many (>50 %) individual nucleosomes was prominently
suggested as a “genomic code for nucleosome positioning”
(Kaplan et al. 2009, 2010; Segal et al. 2006), where DNA
sequence preferences of histone octamer binding define nu-
cleosome positions. The second alternative, a combination of
barriers with sequence-independent positioning, was consid-
ered early on as the “statistical positioning” mechanism
(Kornberg and Stryer 1988; Mobius and Gerland 2010). Here,
nucleosomes are modeled as hard noninteracting spheres that
move freely along the DNA until they meet one of few barrier
elements, which are determined by some DNA sequence
feature, e.g., a factor binding site. Solely due to statistical
distribution, nucleosomes align at the barriers in regularly
spaced arrays, similar to those observed in vivo, without
contribution of the underlying DNA sequence. In this model,
only very few nucleosome/barrier positions are directly se-
quence determined.

We first review these two alternatives and why neither of
them suffices to explain in vivo nucleosome positioning.
Second, we discuss that both still contribute importantly to a
mainly trans-factor, especially remodeler-driven mechanism.

Sequence preferences of the histone octamer (“intrinsic”
nucleosome positioning)

The histone octamer binds 147 bp of DNA mainly through
many ionic and hydrogen bonds between histones and DNA
(Davey and Richmond 2002; Luger et al. 1997) and can be
viewed as a DNA binding factor with a particularly long
footprint (Struhl and Segal 2013). This cumulative binding
energy compensates the energetically unfavorable tight bend-
ing of DNA around the octamer such that all DNA sequences
may be incorporated into a nucleosome. Nonetheless, some
DNA sequences are more resistant to this bending than others
so that there are sequence preferences for the histone octamer.
A particularly well-known example are poly(dA:dT) stretches
that are less prone to become reconstituted into nucleosomes
by salt gradient dialysis (SGD) in vitro (Kaplan et al. 2009;

Zhang et al. 2009, 2011b). The biophysical basis of this is not
really understood (Segal and Widom 2009a). Such
poly(dA:dT) elements are strongly enriched in S. cerevisiae
promoter NDRs (Lee et al. 2007; Yuan et al. 2005), and the
introduction of such elements can generate NDRs and influ-
ence expression levels in vivo (Raveh-Sadka et al. 2012;
Small et al. 2014; Zhang and Reese 2007). This is a particu-
larly fine example for transcription regulation through nucle-
osome organization. Also poly(dG:dC) has similar properties
(Sekinger et al. 2005; Tsankov et al. 2011) such that
poly(dA:dT) and poly(dG:dC) tend to be nucleosome free in
several yeast species (Tsankov et al. 2011). This seems to be
an intrinsic or cis mechanism to generate NDRs in vivo.

However, the intrinsic histone octamer sequence prefer-
ences under physiological conditions are not known as there
is no technique that could determine these. Therefore, the
correlation between intrinsic binding preferences as measured
under nonphysiological reconstitution conditions and in vivo
nucleosome positioning need not argue that there are the same
intrinsic preferences in vivo and/or that they determine posi-
tioning. There could still be other factors, e.g., remodeling
enzymes that read the DNA sequence with similar sequence
preferences for nucleosome positioning.We consider this ques-
tion not resolved yet, but acknowledge the common assump-
tion in the field that some DNA sequences, like poly(dA:dT)
elements, cause NDRs due to their intrinsic biophysical prop-
erties. Even if this is a true mechanism in vivo, it is certainly
not necessary or universal. There are many NDRs without
obvious intrinsic nucleosome excluding sequences, for exam-
ple, S. pombe promoter NDRs are not poly(dA:dT) enriched
(Lantermann et al. 2010), and NDR generation through
poly(dA:dT) at promoters (Tsankov et al. 2010, 2011) or
replication origins (Xu et al. 2012) is not evolutionarily con-
served. Even more, the recent high-resolution hydroxyl-
radical-seq map for fission yeast confirmed that dA/dT-rich
sequences are not particularly nucleosome depleted here but
showed instead their enrichment at nucleosome dyads (Moyle-
Heyrman et al. 2013). This is just opposite to the intrinsic
nucleosome positioning rules as derived from biophysical re-
constitutions and suggests that nucleosome positioning DNA
sequence rules as derived from in vivo nucleosome maps
reflect the preferences of trans-factors in combination or not
with the intrinsic preferences of the histone octamer. Very
much to the point, the transfer of large genomic fragments
(yeast artificial chromosomes, YACs) between yeast species
clearly showed that the host cell environment mostly dictates
nucleosome positioning along the heterologousDNA sequence
(Hughes et al. 2012). NDRs were generated in the acceptor
yeast species at positions where no NDR was present in the
donor species and also where no poly(dA:dT) elements were
present. Much earlier, long stretches of S. pombe DNA were
introduced in mouse chromosomes and adopted the NRL of
the host mouse cell (McManus et al. 1994). Clearly, DNA
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sequence rules for nucleosome positioning are species specific
and not as universal as one would expect from a purely
biophysical mechanism based on the interaction of DNA and
the highly conserved histone core.4 This is probably the reason
for the limited success of biophysics-based algorithms
predicting nucleosome positions from DNA sequence only
(overview in Liu et al. 2013).

Nonetheless, there seems to be one universal and probably
biophysical feature of nucleosome positioning: dinucleotide
periodicity. Bending of DNA around the histone octamer
necessitates widening and compression of the helix. The po-
sition of certain dinucleotides, like dA:dA, dT:dA, and dT:dT
in minor grooves facing toward and dG:dC in minor grooves
facing away from the histone octamer, favors these distortions
(Drew and Travers 1985). Indeed, all eukaryotic nucleosome
maps, and especially the high-resolution hydroxyl-radical-seq
maps for S. cerevisiae and S. pombe (Brogaard et al. 2012a;
Moyle-Heyrman et al. 2013), show a pronounced ~10-bp
periodicity of such dinucleotides (with ~5 bp offset between
dA/dT and dG/dC dinucleotides) in overlays of all nucleo-
some sequences. This periodicity is even more pronounced in
SGD reconstituted nucleosomes than in vivo and seems to be
encoded to a certain degree in eukaryotic genomes, but not in
Escherichia coli DNA (Zhang et al. 2009). While this period-
icity is usually not sufficient to direct translational position-
ing—maybe with the exception of some sequences underlying
strongly positioned +/−1 nucleosomes (Cui et al. 2012;
Mavrich et al. 2008a)—it likely drives the rotational position-
ing in nucleosome “position clusters” (Albert et al. 2007; Cole
et al. 2012b; Jiang and Pugh 2009b).

Statistical positioning

The beauty of the statistical positioning model (Kornberg and
Stryer 1988; Mobius and Gerland 2010) lies in the evolution-
ary freedom of genomes to evolve their DNA sequence with-
out many constraints regarding the encoding of nucleosome
positioning. Only relatively few regions, the barriers, have to
be encoded. Further, it appeals by combining simplicity with
explanatory power. Nonetheless, some of the assumptions are
not experimentally validated. Most importantly, statistical po-
sitioning predicts that the NRL of barrier-aligned nucleosomal
arrays is solely dictated by the nucleosome density. Fewer
nucleosomes would have wider spacing and vice versa. How-
ever, this is not true if the histone concentration is reduced in
in vitro reconstitutions (Zhang et al. 2011b), or in vivo if
nucleosome density is lower because of mutations (compro-
mised function of the transcription elongation coupled histone
chaperone complex FACT, i.e., nhp6a/bmutant in S. cerevisiae

(Celona et al. 2011) or pob3mutant in S. pombe (Hennig et al.
2012)), or upon histone expression shut off (Gossett and Lieb
2012; van Bakel et al. 2013), or in aged S. cerevisiae mother
cells (Hu et al. 2014). In these six cases, nucleosome density
was substantially lower, even down to ~50 % of the wild-type
situation, but global nucleosome spacing remained largely
unchanged. This strongly argues for something like an “active
packing” (Zhang et al. 2011b) or “clamping” mechanism that
keeps nucleosomes together despite low nucleosome density.
Indeed, just including into the statistical positioning model a
hypothetical factor that binds two nucleosomes at the same
time and sets their relative distance is already sufficient to keep
spacing constant (Mobius et al. 2013). Structural studies of the
budding yeast ISW1a complex suggested that the Ioc3 sub-
unit may act as a “protein ruler” by bridging two nucleo-
somes and maybe setting their relative spacing (Yamada et al.
2011). This exciting possibility needs to be validated in
functional assays, but it cannot be the only answer as an
isw1 mutant retains regular arrays (Gkikopoulos et al. 2011a;
Tirosh et al. 2010). The linker histone H1 was implied in
determining the NRL (Oberg et al. 2012). However, yeasts
do not have canonical H1, and the lack of the closest homo-
logue in S. cerevisiae, Hho1, which is indeed localized to the
linkers (Bryant et al. 2012), does not affect global spacing.
Finally, statistical positioning treats nucleosomes as hard
noninteracting spheres. However, nucleosomes are dynamic
particles where histone octamer composition can be altered
(Clapier and Cairns 2009; Mizuguchi et al. 2004) and where
DNA undergoes “breathing” motions (Polach and Widom
1995) and nucleosomes can even invade each other, maybe
pushed into each other by remodelers (Engeholm et al.
2009). Hydroxyl-radical-seq directly monitors dyad-to-dyad
distances of neighboring nucleosomes on the same template
and revealed for S. cerevisiae that “crowded nucleosomes”
closer than 147 bp apart are quite common (almost 40 %;
Chereji and Morozov 2014) arguing for many noncanonical
nucleosomal particles, maybe including H3-H4 tetrasomes,
across the genome. Indeed, replacing hard with soft nucleo-
some cores of variable footprint size allows the statistical
positioning model to better explain different nucleosome
spacing across 12 yeast species (Mobius et al. 2013).

Summarizing both preceding sections, intrinsic DNA
sequence preferences of the histone octamer cannot account
for a sufficient and/or universal nucleosome positioning
mechanism, but appear to form NDRs in some and underlie
rotational positioning in most species. The statistical posi-
tioning mechanism in its original form does not reflect the
in vivo mechanism as it cannot explain constant nucleosome
spacing despite varied nucleosome density and does not
account for nucleosome breathing. Nonetheless, if additional
trans-factors are introduced such that linkers are not only
equalized but held constant, the basic statistical positioning
concept of a DNA sequence-independent propagation

4 There is the formal possibility of species-specific intrinsic sequence
preferences. However, we think this unlikely given the high conservation
of the histone octamer and physiological biophysical conditions.
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mechanism that regularly aligns nucleosomes at barriers is
still very appealing and was recently nicely demonstrated in
S. cerevisiae (Ganguli et al. 2014). RSC remodeler depletion
narrowed NDRs and shifted +1 nucleosomes upstream. As
predicted by a barrier-aligned propagation mechanism and
consistent with constant spacing, downstream array nucleo-
somes shifted accordingly. Furthermore, depending on
whether the distance between two barriers, such as between
NDRs of two divergent genes, is or is not an integer
multiple of the NRL, the array forming mechanisms origi-
nating from either barrier are either reinforced or annulled,
leading to regular or fuzzy arrays between the barriers,
respectively.

Trans-factor-driven nucleosome positioning

The predominant role of trans-factors in nucleosome position-
ing is not only suggested by the inadequacies of mere intrinsic
positioning and clearly required for the implementation of a
modified statistical positioning mechanism, but also sug-
gested by mutant studies in vivo and directly demonstrated
by in vitro reconstitution.

Role of trans-factors indicated by mutant studies in vivo

Many candidate mutations were tested for their effects on
genome-wide nucleosome positioning, especially in
S. cerevisiae (Table 3): mutations affecting transcription or
TFs; histone variants/modifiers/chaperones; remodelers;
GRFs, such as Abf1, Reb1, Rap1, and Cbf1 in S. cerevisiae
and Sap1 in S. pombe (Tsankov et al. 2011); and others.
Besides some locus-specific effects, the overall stereotypical
NDR-array patterns were only mildly affected if at all. Not
surprisingly, the most severe effects were caused by global
impairment of histone deposition, either by shut down of
histone expression or depletion of the essential FACT or
Spt6 histone chaperone/deposition activities (Celona et al.
2011; Gossett and Lieb 2012; Hennig et al. 2012; Hu et al.
2014; van Bakel et al. 2013). Other single mutations with
substantial effects were those depleting GRFs, e.g., Reb1 or
Abf1, or RSC (Badis et al. 2008; Ganapathi et al. 2011;
Hartley and Madhani 2009; Parnell et al. 2008; van Bakel
et al. 2013), which both increased nucleosome occupancy in
promoter NDRs. Less disturbing was transcription shutdown
(van Bakel et al. 2013;Weiner et al. 2010) and single deletions
of genes encoding remodelers such as Isw2, Chd1, or Isw1,
which all led to some rearrangements, e.g., upstream shifts of
genic arrays including the +1 nucleosome (Tirosh et al. 2010;
van Bakel et al. 2013; Whitehouse et al. 2007; Yen et al.
2012). Only the combined deletion of ISW1 and CHD1 in
S. cerevisiae (Gkikopoulos et al. 2011a) or of the CHD1-type
remodeler encoding genes hrp1 and hrp3 in S. pombe (Hennig
et al. 2012; Pointner et al. 2012; Shim et al. 2012) also affected

the global NDR-array patterns rather drastically. In these
mutants, the NDRs and +1 nucleosomes are still comparable
to those of the wild-type, but the array regularity over the
genes largely disappeared in TSS-aligned composite plots
(Fig. 4b, c). Importantly, this was not mainly due to a general
lack of array regularity as these mutants still showed substan-
tial, though less extensive, array regularity in MNase ladder
assays of bulk chromatin (Pointner et al. 2012). Rather, the
genic nucleosome arrays were probably differently aligned
relative to the TSS from one gene to the next (Fig. 1b vs. c)
and maybe also from one template to the next of the same
gene, thereby disturbing the regularity in TSS-aligned com-
posite plots. Therefore, equalizing linker length within arrays
(“spacing”) and array alignment may be mechanistically sep-
arated (Pointner et al. 2012). In both yeasts, remodelers of the
ISWI or CHD1 type were redundantly involved as only dou-
ble mutants showed the full effect, and there seems to be
mechanistic flexibility as S. cerevisiae uses a combination of
ISWI- and CHD1- but S. pombe only CHD1-type remodelers.
Given the far evolutionary divergence between both yeasts
and the different set of factors involved, it is quite striking how
similar the respective mutant nucleosomal patterns are
(Fig. 4b, c). This points to an evolutionarily highly conserved
function of linking nucleosomal arrays to the TSS that can be
implemented by different factors.

Of note, the NDR/+1 nucleosome organization was sub-
stantially and globally disturbed only if the function of essen-
tial genes was compromised. Viable mutants showed only
small effects at a minority of genes here, e.g., the isw2mutant
(Whitehouse et al. 2007), or large effects only downstream in
the genes, e.g., the isw1 chd1 double mutant (Gkikopoulos
et al. 2011a). This argues that a proper global NDR/+1 nucle-
osome organization is essentially linked to viability and un-
derscores the biological importance of proper nucleosome
positioning. But also the array alignment and regularity further
downstream over the gene body is functional as their distur-
bance leads to increased cryptic or antisense transcription both
in S. cerevisiae (Smolle et al. 2012) and in S. pombe (Hennig
et al. 2012; Pointner et al. 2012; Shim et al. 2012).

Collectively, these mutant studies suggest the following.
First, specific DNA binding proteins like GRFs and TFs are
involved in promoter NDR formation where their binding
sites are enriched (Badis et al. 2008; Hartley and Madhani
2009; Lee et al. 2007; Ozonov and van Nimwegen 2013; Rhee
and Pugh 2011; Tsankov et al. 2010, 2011; van Bakel et al.
2013). Engineering a Reb1 site into a coding region caused
NDR formation, but only in connection with a poly(dA:dT)
element (Raisner et al. 2005). In contrast, deletion of the Reb1
sites at the ILV1 or GAL1-10 and/or of the poly(dA:dT)
elements at the ILV1 or PHO5 promoter did not substantially
change nucleosome positions (Angermayr and Bandlow
1997; Fascher et al. 1993; Reagan and Majors 1998). At the
CLN2 promoter NDR, only the combined deletion of several
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GRF and TF sites increased nucleosome occupancy and re-
pressed CLN2 (Bai et al. 2011). Deletion of two TFs for
meiotic genes in S. pombe affected only few NDRs with the
respective binding sites (Soriano et al. 2013). About half of the
nucleosome occupancy changes upon induction/repression of
Msn2/4-regulated promoters depended on Msn2/4 (Elfving
et al. 2014). Therefore, multiple, often redundant factors con-
tribute to the displacement of nucleosomes at NDRs in vivo.
Whichmechanism is used at a particular gene is evolutionarily
flexible. The 5′NDR of homologous genes may involve
poly(dA:dT) elements in one, a combination of poly(dA:dT)
and GRFs in another and GRFs only in yet another yeast
species (Tsankov et al. 2010). It is unclear if GRFs and TFs
generate NDRs by mere binding competition with the histone
octamer or if they mainly recruit remodelers that actually
displace nucleosomes. Importantly, manipulating GRFs/TFs
or their binding sites usually affects transcription levels. Are
changes in NDR nucleosome occupancy cause or conse-
quence of changes in transcription (see also “Role of
transcription”)?

Second, remodelers are involved in generating all aspects
of the NDR-array pattern. RSC seems to be required in par-
ticular for NDR generation and ISWI- and CHD1-type
remodelers for array formation and linking arrays to the
NDRs. In vitro assays demonstrated “spacing activity”, i.e.,
turning irregular into regular nucleosomal arrays, for ISWI-,
and CHD1-, but not for SWI/SNF-/RSC- or SWR-type
remodelers (Clapier and Cairns 2009). These assays explain
how regularity is achieved in the sense of equalizing linker
length (“length sensor model”; Yang et al. 2006), but not how
arrays are aligned at the TSS or how constant spacing is set
regardless of nucleosome density. Further, the ISWI, Chd1,
RSC, and also the INO80 remodelers seem to push and pull at
the +1/−1 nucleosomes whose position is of course intimately
linked to NDR generation. Apparently, the mechanisms for
generating NDR position and width can be separated.
Poly(dA:dT) generates properly positioned NDRs on heterol-
ogous YAC sequences in S. cerevisiae, but not necessarily
with the proper width, i.e., proper positions of +1/−1 nucleo-
somes (Hughes et al. 2012), which likely depend on host cell-
specific remodelers.

Third, it is difficult to decide from in vivo results if
remodelers have a direct or indirect, specific or generic, suf-
ficient or necessary role in nucleosome positioning. Mutations
in remodeler encoding or other genes may affect expression of
some other factors and therefore have indirect effects. Even
though RSC as well as the remodelers Isw1, Chd1, INO80,
and SWR1 bind NDRs (Koerber et al. 2009; Yen et al. 2012;
Yen et al. 2013; Zentner et al. 2013), at least for some of these,
the NDR may be just a preferred binding/cross-linking site
due to the available long stretch of free DNA, or a kind of
repository, but they may actually function elsewhere, e.g., in
coding regions. Regarding specificity, remodelers have been

seen as mere “nucleosome lubricators” that enable nucleo-
somes to sample alternative positions within physiological
time scales, but that do not carry positioning information,
i.e., do not affect the decision for one over another position.
This view is akin to the principles of molecular chaperones
(Walter and Buchner 2002). These assist protein folding by
speeding up sampling conformations and by preventing irre-
versible aggregation but they do not determine or participate
in the native 3D structure, which is solely intrinsically deter-
mined by the amino acid sequence. With regard to nucleo-
some positioning, this view has been called the “dynamic
equilibrium model of nucleosome positioning” (Segal and
Widom 2009b). Here, integrating the concentrations and bind-
ing affinities of all DNA binding factors, like the histone
octamers and GRFs, determines nucleosome positions
(= positioning information), while remodelers just keep nu-
cleosomes mobile by lowering the activation energies for
nucleosome repositioning. It is difficult to distinguish
in vivo if remodelers only mobilize nucleosomes or if they
co-determine nucleosome positions.

Direct and specific roles of trans-factors, especially
remodelers, indicated by reconstitution in vitro

To overcome these limitations and to study nucleosome
positioning mechanisms biochemically, our group
established an in vitro reconstitution system that recapitu-
lates very in vivo-like nucleosome positioning for
S. cerevisiae (Hertel et al. 2005; Korber and Horz 2004;
Krietenstein et al. 2012; Wippo and Korber 2012; Zhang
et al. 2011b) and allows dissecting if a factor’s role is direct
or indirect, necessary and/or sufficient, and specific or un-
specific. Plasmids carrying yeast genome inserts, even a
whole genome plasmid library, are reconstituted into nucle-
osomes by SGD. This will generate NDRs at proper posi-
tions (maybe not with proper width) over poly(dA:dT) ele-
ments and some individual in vivo-like nucleosome posi-
tions, but not the canonical NDR-array patterns (Kaplan
et al. 2009; Zhang et al. 2009, 2011b). The degree of
similarity to the in vivo situation, including the basic
NDR-array pattern at most genes, is dramatically increased,
although still not perfect, upon incubation of the SGD chro-
matin with an S. cerevisiae whole cell extract. Importantly,
such nucleosome repositioning is strictly ATP dependent and
does not include transcription. This strongly argues for direct
and predominant effects of trans-factors, especially for the
ATP-dependent remodelers. For some single loci, like
PHO8, we showed using purified RSC and RSC-depleted
extracts, that RSC has a direct, necessary, but not sufficient
role in the formation of proper promoter NDRs (Wippo et al.
2011). Importantly, RSC depletion was only compensated by
the addition of purified RSC but not by purified SWI/SNF or
ISW2, even though all three remodelers were added with

Chromosoma (2015) 124:131–151 143



similar activities and all of them slide nucleosomes in vitro.
This argues against an unspecific “lubricating” but strongly
for a specific positioning contribution of RSC. We advocate
that remodelers (co-)determine nucleosome positioning on
their own. It is conceivable that remodelers modify the DNA
sequence preferences of histone octamers, e.g., by direct
octamer contacts or distortion and ATP input. In addition,
remodelers may mediate the contribution of other, e.g., spe-
cific DNA binding factors. This need not mean that they
remain bound to a nucleosome in order to maintain position-
ing. Once remodelers positioned a nucleosome, it will stay
there also in the absence of remodelers as nucleosome posi-
tions are mostly kinetically frozen on DNA under physio-
logical conditions (Korolev et al. 2007), even in intrinsically
unfavorable positions. Therefore, nucleosomes are not nec-
essarily at their thermodynamic equilibrium position in vivo,
but are actively placed by remodelers (Cole et al. 2012b;
Korber 2012; Wippo et al. 2011). This is supported by single
loci assays for the remodeler RSC but remains to be shown
directly on the genome level for this and other remodelers
and trans-factors.

Specific remodeler recruitment

A specific role for remodelers in nucleosome positioning calls
for specific remodeler recruitment. Indeed, remodelers show
type-specific distributions as to which nucleosomes they can
be cross-linked and detected by immunoprecipitation
(MNase-anti-remodeler-ChIP-seq; Yen et al. 2012). For ex-
ample, ISW1a, Isw2, and the INO80 Arp5 subunit preferen-
tially bind the +1 nucleosome; RSC and SWI/SNF complexes
bind more broadly nucleosomes around the NDR, ISW1b
rather the +2 and downstream nucleosomes; and the Ino80
ATPase is found everywhere. This distribution specificity is
intriguing and somewhat fits to the nucleosome repositioning
trends in the respective remodeler mutants (“Role of trans-
factors indicated by mutant studies in vivo”). Nonetheless,
such data probably do not reveal the full picture as some
remodelers, e.g., Chd1, were not scored and as the selection
for MNase-resistant mononucleosomes prior to immunopre-
cipitation biases against noncanonical nucleosomes that may
be sites of remodeler action.

There are several demonstrated mechanisms for remodeler
recruitment. The INO80 and SWR complexes preferentially
bind long (>60 bp for SWR; Ranjan et al. 2013) stretches of
free DNA and are therefore enriched at NDRs (Fig. 5a; Ranjan
et al. 2013; Yen et al. 2013) where they participate in the rapid
histone exchange and incorporation of H2A.Z typical for the
+1/−1 nucleosomes (Papamichos-Chronakis et al. 2011;
Watanabe et al. 2013). RSCmay target itself to NDRs through
the DNA binding specificity of its subunit Rsc3 (Fig. 5b;
Badis et al. 2008), although mutation of the Rsc3 site at the
CLN2 promoter did not decrease the anti-RSC-ChIP signal

(Bai et al. 2011). GRFs may target remodelers to NDRs
(Fig. 5c), but direct evidence is lacking. Remodeler recruit-
ment may even extend from TF-specified primary to ectopic
sites via DNA looping (Fig. 5d; Yadon et al. 2013). Several
remodeling complexes carry subunits with domains recogniz-
ing histone modifications (Clapier and Cairns 2009), like the
acetyl-lysine binding bromodomains of the RSC and SWI/
SNF complexes (Fig. 5e) or the PWWP domain of Ioc4 in the
ISW1b complex binding H3K36me (Fig. 5f; Smolle et al.
2012). The latter is associated with transcribed regions. May-
be also the RNA polymerase holoenzyme directly recruits
remodelers, e.g., Chd1 via the CTD (Fig. 5f; also awaiting
direct demonstration). This way transcription would be a
remodeler recruiting process.

Role of transcription

Due to the intimate links between nucleosome organization and
transcription, their mutual causal relationships amount to
chicken-and-egg questions. Recent high-resolution ChIP-exo
mapping of the PIC showed a strong correlation of TFIID-
associated factors (TAFs) with the +1 nucleosome (Rhee and
Pugh 2012). Maybe the +1 nucleosome slows down RNA
polymerase scanning and thereby participates in TSS selection
(Jiang and Pugh 2009b). This may explain the canonical TSS
position just within the +1 nucleosome 5′ flank. Conversely, PIC
formation may contribute to positioning of the +1 nucleosome
(Struhl and Segal 2013; Zhang et al. 2009). During zebrafish
development, nucleosomes are repositioned around TSSs before
these TSSs are activated (Haberle et al. 2014). Due to this in vivo
result and our own in vitro reconstitution of the basic NDR-array
pattern without transcription (see “Direct and specific roles of
trans-factors, especially remodelers, indicated by reconstitution
in vitro”), we tend toward the view that the +1 nucleosome is
prior to PIC formation. Nonetheless, there may be a continuum
between the two alternatives and also truly circular causalities on
a case-by-case basis. Such potential circularity is hard to resolve
in most in vivo experiments.

As the regularity and extent of nucleosomal arrays corre-
lates with the direction and extent of transcription, also for de
novo generated transcription units in YAC transfer experi-
ments (Hughes et al. 2012), it was suggested (Hughes et al.
2012; Struhl and Segal 2013; Zhang et al. 2009) that not only
transcription initiation may be involved in generating NDRs
and positioning +1 nucleosomes but also that transcription
elongation mediates regular spacing5 and array formation.
Again, our reconstitutions of the basic NDR-array pattern
without transcription makes such an essential role of transcrip-
tion in array formation unlikely. Nonetheless, reconstituted
arrays were not as extensive as in vivo, the +1 nucleosome

5 While yeast cells show constant spacing throughout the genome, human
cells vary the NRL inversely with transcription rate (Valouev et al. 2011).
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position was shifted slightly downstream and the regular
spacing a bit too wide. Interestingly, inactivation of RNA
polymerase II in S. cerevisiae also led to a downstream shift
of the arrays over coding regions (Weiner et al. 2010). The
authors proposed a kind of “conveyor belt plus chopper”
mechanism, i.e., polymerase passage constantly moves nucle-
osomes toward the NDR where the nucleosomes are then
evicted. This idea is also based on following the fate of
ancestral histones after several cell generations in S. cerevisiae.
The covalently labeled ancestral histones became enriched in
the 5′ region of long, lowly transcribed genes arguing for an
upstream movement of nucleosomes by transcription
(Radman-Livaja et al. 2011).

All this argues that +1 nucleosome positioning and array
generation is somehow linked to transcription and that tran-
scription has at least a fine-tuning role. We suppose that

ultimately the remodelers position the nucleosomes while
transcription mainly provides their specific recruitment rather
than some specific positioning mechanism itself. However,
this question is still open.

Integrative model

We suggest a model for nucleosome positioning mechanisms
that integrates the contributions of intrinsic positioning, trans-
factors, and statistical positioning (Fig. 6). Nucleosomes are
kept out of NDRs (Fig. 6a) either by nucleosome excluding
sequences (e.g., poly(dA:dT)) and/or by trans-factors like
remodelers (e.g., RSC) and GRFs (e.g., Reb1) or TFs (e.g.,
Msn2/4). The exact NDR borders are determined by position-
ing the +1/−1 nucleosomes (Fig. 6b), mainly through
remodelers (e.g., Isw2) with or without trans-factor recruit-
ment (e.g., by GRFs), maybe also through intrinsic sequence
contributions and the PIC. Something around the NDR/TSS/
PIC?/+1 nucleosome serves as a barrier6 in the sense of the

6 Alternatively, “organizing centers” (Zhang et al. 2011b) or “focal
points” (Yen et al. 2012).
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original statistical positioning mechanism. However, the
alignment of regularly spaced nucleosomes is an active pro-
cess that keeps linker length constant regardless of nucleo-
some density and is mediated by remodelers (Fig. 6c). These
may either act on individual nucleosomes from their recruit-
ment site at the barrier and/or function as dinucleosome
clamps that propagate setting the NRL from the barrier on-
wards. Especially for the latter, it may be crucial that tran-
scription and associated histone marks recruit remodelers over
gene bodies to yield sufficient local concentrations also further
downstream of the TSS (Fig. 5f). This may explain why array
extent scales with the direction and extent of transcription.
Finally, intrinsic sequence features (e.g., dinucleotide period-
icities) fine tune nucleosomes with regard to rotational posi-
tioning. In this sense, we adopt Geeta Narlikar’s “Chromatin
remodelers act globally, sequence positions nucleosomes lo-
cally” (Partensky and Narlikar 2009).

Our integrative model is similar to the “unified model for
nucleosome positioning” proposed by Hughes et al. (2012)
and Struhl and Segal (2013), but we emphasize more the role
of remodelers versus the role of transcription. Both views may
be reconciled if transcription is a recruitment mechanism for

remodelers, but are substantially different if transcription has a
genuine function in nucleosome positioning.

We highlight that all aspects of the model involve remodeling
enzymes and propose, based on their specific roles, that they
truly contribute positioning information and not just kinetic
lubrication for nucleosomes. This view is similar to the idea of
a “remodeler code” (Rippe et al. 2007) and consistent with
sequence-dependent kinetics and steady-state outcome of re-
modeling reactions in vitro (Rippe et al. 2007; van Vugt et al.
2009). Such a thermodynamic contribution of remodeling
ATPases implies that nucleosome positioning never reaches
equilibrium but at most a steady state as it constantly requires
net consumption of ATP and that nucleosomes need not reside at
intrinsically most favored positions, but can be actively placed
and maintained anywhere in the genome.

Open questions

The integrative model for nucleosome positioning mecha-
nisms provides a fruitful framework, but our understanding
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of which factor implements which aspect in which way is still
rather sparse. For example, we do not understand yet how
remodelers are recruited and how their specific mechanisms
are tailored toward nucleosome eviction, deposition, position-
ing, and spacing. We do not know the molecular correlate of
the barriers nor how the +1 nucleosome position is determined
nor how spacing is set in absolute terms7 nor how GRFs
function nor how transcription participates nor if histone
chaperones have nucleosome positioning information or
which other factors may still be involved. During the past
10 years, nucleosome positioning was reanimated to an excit-
ing and vibrant field that promises to answer how the most
basic level of chromatin structure is generated.
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