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Abstract
Nucleosome positioning is critical for gene expression and most DNA-related processes. Here, we
review the dominant patterns of nucleosome positioning that have been observed, and summarize
current understanding of their underlying determinants. The genome-wide pattern of nucleosome
positioning is determined by the combination of DNA sequence, ATP-dependent nucleosome
remodeling enzymes, and transcription factors including activators, components of the
preinitiation complex, and elongating RNA polymerase II. These determinants influence each
other such that the resulting nucleosome positioning patterns are likely to differ among genes and
among cells within a population, with consequent effects on gene expression.

Eukaryotic genomes are packaged into chromatin, whose basic repeating unit is a
nucleosome that consists of a histone octamer wrapped around 147 bp of DNA1.
Nucleosomes are arranged into regularly-spaced arrays, with the length of the linker region
between nucleosomes varying among species and cell types. While nucleosomes were
originally imagined to provide a universal, non-specific coating of genomic DNA, it has
long been known that nucleosomes occupy favored positions throughout the genome. High-
resolution, genome-wide analyses reveal a common pattern, in which nucleosomes are
depleted at many (but not all) enhancer, promoter, and terminator regions, and they typically
occupy preferred positions within genes and non-genic regions2-9. In yeast, the −1 and +1
nucleosomes flanking the promoter are strongly positioned, and the degree of nucleosome
positioning gradually decreases from the 5’ to 3’ end of the coding region4,7.

This review will consider the mechanisms by which the genomic pattern of nucleosome
positioning is achieved. Intense research efforts collectively indicate that nucleosomes are
not determined by any single factor, but rather by the combined effects of several factors,
including DNA sequence, DNA-binding proteins, nucleosome remodelers, and the RNA
polymerase (Pol) II transcription machinery. One aim of this review is to resolve the
apparent controversy (in large part generated by the authors and the late Jonathan Widom, to
whom this review is dedicated) about the role of DNA sequence in establishing the genomic
pattern. This controversy has reflected differences in interpretation and imprecision of terms,
as the experimental observations have been remarkably consistent and are uncontested. This
review will focus on nucleosome positioning in yeast, particularly the biochemical and
genetic analyses that have been rarely performed in multicellular organisms. We suspect that
many aspects of nucleosome positioning are conserved among eukaryotes, but one
significant difference is that the linker histone H1 in yeast is structurally atypical and it is
present at very low concentrations in comparison to core histones10.
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Definition of nucleosome occupancy and positioning
We define the term “nucleosome positioning” broadly to indicate where nucleosomes are
located with respect to the genomic DNA sequence. Although nucleosome positioning is a
dynamic process, sequencing-based mapping approaches identify the positions of individual
nucleosomes in a single cell at a specific time. Nevertheless, nucleosome positions are
typically discussed on a cell- and time-averaged basis. Thus, the degree of positioning can
vary from perfect positioning, in which a nucleosome is located at a given 147 bp stretch in
all DNA molecules in a population, to no positioning, in which nucleosomes across a cell
population are located at all possible genomic positions equally (Figure 1A). Nucleosome
positioning is related to, but distinct from, the concept of nucleosome occupancy, which
reflects the fraction of cells from the population in which a given region of DNA is occupied
by a histone octamer (Figure 1B). While most genomic DNA is occupied by nucleosomes,
many functional regions (promoters, enhancers, terminators) are depleted of nucleosomes
(i.e. have low occupancy) and some regions are largely nucleosome-free.

Nucleosome occupancy and positioning are critical to biological outcomes4,7,11,12, primarily
because nucleosomes inhibit the access of other DNA-binding proteins to the DNA. Highly
accessible regions within genomes were initially identified by preferential restriction
endonuclease cleavage13 and DNase I hypersensitivity14. Quantitative analysis of HinfI
cleavage15 or Leu3 binding16 in yeast cells indicates that access of factors to target sites in
nucleosome-depleted promoter regions is ~10-20 fold higher than to identical sequences that
are associated with nucleosomes. More generally, as a consequence of their modes of
binding, transcription factors differ a great deal with respect to how much their binding is
inhibited by nucleosomes. A special class of “pioneer” transcription factors (e.g. FoxA and
GATA) can bind their target sites in the context of nucleosomal DNA17. Such pioneer
factors, via recruitment of nucleosome remodelers, can open up the local chromatin, thereby
facilitating the binding of other transcription factors that otherwise would be blocked by
nucleosomes. The TATA-binding protein, and hence the entire basic RNA polymerase II
transcription machinery, is virtually unable to bind nucleosomal DNA, and hence requires a
nucleosome-free region to bind core promoters and initiate transcription18.

Nucleosome positioning is strongly affected by DNA sequence
The debate about the role of DNA sequence in nucleosome positioning in vivo revolves
around the intrinsic sequence preferences of the histone octamer in the absence of any other
component. The affinity of histone octamers for a given 147 bp sequence varies over more
than 3 orders of magnitude19. As such, histone octamers show a considerable level of DNA
sequence specificity, albeit below that of a classical specific DNA-binding protein.
However, unlike DNA-binding proteins that achieve specificity by virtue of direct and
strong interactions between a few base pairs and amino acids, the specificity of nucleosome
formation largely reflects the overall ability of a given 147 bp sequence to bend around the
histone octamer20. For optimal nucleosome formation, more bendable sequences are in
contact with the histones, and less bendable sequences are solvent exposed.

Two major sequence determinants affect bending, and hence nucleosome formation. First,
di-nucleotides vary considerably with respect to their bending properties. Optimal
nucleosome formation occurs when bendable di-nucleotides (AT, TA) occur on the face of
the helical repeat (i.e. every 10 bp) that directly interacts with histones21,22. Recent mapping
of nucleosomes in the yeast S. cerevisiae using a novel H4-S47C-mediated cleavage
technique that allows precise mapping of nucleosomes with respect to the DNA sequence
shows a striking 10-bp periodicity of bendable di-nucleotides throughout nearly the entire
147-bp region23. The exact position of the histone octamer with respect to the ~10 bp helical
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repeat is termed “rotational positioning”, and thus, DNA sequence is a critical determinant
of how nucleosomes are rotationally positioned (Figure 2).

Second, the homopolymeric sequences poly(dA:dT) and poly(dG:dC) are intrinsically stiff
(for different structural reasons) and are strongly inhibitory to nucleosome formation24-27.
Notably, poly(dA:dT) tracts are abundant in eukaryotic genomes28 and are particularly
prevalent in promoters of certain organisms such as S. cerevisiae29,30. As will be discussed
below, the intrinsic properties of poly(dA:dT) are important for nucleosome depletion,
promoter accessibility, and transcriptional activity12,15,26.

By analogy to DNA-binding proteins, the above DNA sequence preferences for
nucleosomes can be expressed as a position-weight matrix that can generate a nucleosome
score for any 147-bp region of DNA22. Such nucleosome scores correspond to relative
affinities of 147-bp sequences for histone octamers; such differences in affinities must affect
nucleosome positioning in vivo. In particular, as dinucleotide preferences vary along the 147
bp region of the nucleosome, most DNA sequences will have considerably different
nucleosome scores at neighboring positions within an individual helical repeat. As a
consequence, there will usually be a preferred position(s) within a helical repeat, and such
rotational positioning is clearly observed in eukaryotic genomes. However, if one considers
a favored rotational position, genomic locations that are 10 bp apart (i.e. 1 helical turn) will
have similar (although not identical) nucleosome formation scores, unless the nearby
locations contain strongly inhibitory sequences31. Thus, in many genomic regions, DNA
sequence alone is unlikely to strongly favor one nucleosome position over nearby positions
that are rotationally equivalent.

Poly(dA:dT) tracts are important for nucleosome depletion
The role of DNA sequence in establishing nucleosome positions in vivo has been addressed
by experiments in which nucleosomes are assembled in vitro by salt dialysis using purified
histones and genomic DNA32,33. Under these conditions, many yeast promoter and
terminator regions are depleted for nucleosomes, indicating that the DNA sequences
intrinsically disfavor nucleosome formation. Consistent with this view, nucleosome
depletion at promoters is observed under a wide variety of conditions in vivo and is
unaffected by transcriptional activity32,34. In addition, when artificial chromosomes
containing large genomic regions from heterologous yeast species are analyzed in S.
cerevisiae, nucleosome depletion at promoters is maintained in a manner that depends on the
degree of poly(dA:dT) sequences35. Thus, nucleosome depletion at most promoter
sequences is strongly influenced by the intrinsic properties of poly(dA:dT) sequences.

A variety of detailed functional analyses indicate that the intrinsic properties of poly(dA:dT)
are important for nucleosome depletion, promoter accessibility, and transcriptional
activity12,15,26,29,34-37. In principle, poly(dA:dT)-mediated depletion could be due to a
poly(dA:dT)-binding activator protein, but the one known factor with such DNA-binding
specificity (Datin) actually inhibits transcription15. Consistent with an earlier study15,
expression measurements of a large-scale promoter library designed with systematic
manipulations to the properties and spatial arrangement of poly(dA:dT) tracts showed that
longer and more perfect tracts induce higher transcriptional levels regardless of the identity
of the binding transcription factor12. This transcriptional effect of the tracts is mediated by
the reduced nucleosome occupancy and thus increased accessibility that these tracts confer
on nearby promoter elements, such as transcription factor sites.

Alterations in poly(dA:dT) tracts offers a general evolutionary mechanism, applicable to
promoters regulated by different transcription factors, for tuning expression in a predictable
manner, with resolution that can be even finer than that attained by altering transcription
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factor sites12. Indeed, genomes have likely utilized these tracts to regulate expression levels,
for example, to partly compensate for gene copy number differences that exist among
ribosomal protein genes in S. cerevisiae38, and to alter the expression level of cellular
respiration genes across yeast species39. Moreover, partitioning yeast genes into two
categories based on the degree to which their promoters favor nucleosome formation in a
manner largely dependent on the occurrences of poly(dA:dT) tracts results in functionally
distinct gene classes. Specifically, the class of genes whose promoters have a higher intrinsic
preference for nucleosomes is enriched for stress-response genes, exhibits higher rates of
histone turnover and transcriptional noise, and contains more targets of chromatin
remodelers, consistent with an ongoing dynamic competition between nucleosome assembly
and factor binding30,40. Thus, poly(dA:dT) tracts are important determinants of nucleosome
depletion in vivo and have likely been utilized by organisms to obtain biological outcomes.

Yeast terminator regions are also depleted of nucleosomes both in vivo and in vitro.
However, in contrast to the situation at promoters, nucleosome depletion at terminator
regions is strongly correlated to the orientation of and distance to neighboring genes, and it
is strongly affected by growth conditions and transcriptional elongation by Pol II41. Thus,
the degree of contribution of DNA sequence to depletion at terminators requires further
examination.

A minority of S. cerevisiae promoters are depleted for nucleosomes in vivo, yet lack
poly(dA:dT) sequences and are not depleted in nucleosome assembly experiments in vitro.
More generally, nucleosome depletion at promoters is observed in numerous species in
which poly(dA:dT) sequences are less prevalent than in S. cerevisiae or are rare42-44. In
these promoters, nucleosome depletion is not determined by DNA sequence, but rather is
likely due to activator-mediated recruitment of nucleosome remodelers that evict histones in
the promoter regions.

Aspects of positioning not determined by DNA sequence
Although nucleosome assembly experiments with purified histones and DNA can
reconstitute nucleosome depletion at most promoter sequences, they do not reconstitute
other aspects of the in vivo pattern of nucleosome positioning32,33. In particular, strong
positioning of the +1 nucleosome is not observed, and indeed there is no evidence for any
favored position within this region under conditions in which histone concentrations are
either limiting or saturating. These observations suggest that the DNA sequence is not the
main determinant of the +1 nucleosome. Furthermore, the positions of the +2 and further
downstream nucleosomes are determined primarily by the length of the linker region, and
hence by the position of the +1 nucleosome, and they are also not reconstituted in vitro.

Theoretically, the combination of a boundary constraint and high nucleosome concentrations
along the DNA could generate an ordered array that begins with the +1 nucleosome and
decays with increasing distance downstream. This “statistical positioning” phenomenon
could permit nucleosome-depleted regions mediated by poly(dA:dT) tracts to act as barriers
and indirectly contribute to the long-range positioning of nucleosomes flanking promoters.
However, statistically positioned arrays flanking the poly(dA:dT) tracts were not observed
even under in vitro conditions in which arrays were clearly generated33, providing evidence
against this theoretical possibility.

Overall, the positions of in vitro-assembled nucleosomes resemble those observed in vivo
significantly beyond random expectation, indicating that DNA sequence does contribute
significantly to nucleosome positioning. However, in many cases, other factors can override
the sequence preferences for nucleosome formation. Such overriding is likely to occur in the
many genomic regions in which the dynamic range of affinities of the histone octamer to the
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underlying sequence is narrower than the >3 orders of magnitude observed for specific DNA
sequences.

Role of nucleosome remodelers in nucleosome positioning
Several aspects of the in vivo nucleosome positioning pattern can be reconstituted in vitro if
a yeast crude extract and ATP are added to purified histones and DNA45. Specifically, the
combination of ATP-dependent nucleosome remodelers in a cell-free extract enhances
nucleosome depletion at promoters to the extent observed in vivo, and it also generates
positioned nucleosomes flanking the nucleosome-depleted regions (i.e., the +1 and−1
nucleosomes). In principle, remodeling enzymes may simply allow nucleosomes to sample
alternative positions rapidly, resulting in a thermodynamic equilibrium that is not achieved
when nucleosome assembly is performed by salt dialysis. However, nucleosome assembly
reactions containing Drosophila ACF33 or the yeast RSC46 do not generate the in vivo
pattern, even though they efficiently mobilize nucleosomes. These observations suggest that
nucleosome-remodeling enzymes do not simply facilitate the movement of nucleosomes to
preferred intrinsic positions, but rather play a critical role in the specificity of where
nucleosomes are located.

The mechanism by which nucleosome remodelers override intrinsic DNA sequence
preferences of histone octamers is unclear. However, RSC47,48 and perhaps other
nucleosome remodelers can bind specific DNA sequences, and they are likely to have other
sequence preferences for positioning nucleosomes49,50. In addition, nucleosome remodelers
may be influenced by the boundary of nucleosome-disfavoring sequences, such that in the
course of moving nucleosomes, kinetic effects override thermodynamic equilibrium50. In
this regard, nucleosome remodelers may use nucleosome-depleted regions as a measuring
device to position the +1 and −1 nucleosomes. Interestingly, multiple nucleosome
remodelers in the yeast cell-free extracts are necessary to reconstitute the genome-wide
pattern observed in vivo. Reactions involving individual nucleosome remodelers reconstitute
only part of the pattern, either being restricted to subsets of genes or generating less precise
positioning46.

While yeast nucleosome remodeling activities per se can reconstitute some aspects of the in
vivo pattern, there are two important aspects of the pattern that they do not faithfully
generate. First, the precise locations of the +1 nucleosomes generated in vitro are poorly
matched with the precise locations of the +1 nucleosomes that are generated in vivo.
Second, the degree of positioning of more downstream nucleosomes (e.g. +3 and beyond) is
significantly lower in the in vitro reactions than observed in vivo. As a consequence, the
nucleosome arrays over coding regions are less pronounced and appear shorter. These
observations indicate that nucleosome remodelers are necessary, but not sufficient for
establishing the in vivo pattern of nucleosome positioning. As will be discussed later,
aspects of Pol II transcription also play critical roles in establishing the in vivo pattern.

In addition to the in vitro reconstitution experiments, there is considerable genetic evidence
for the critical role of nucleosome remodelers in establishing nucleosome positioning in
vivo. In S. cerevisiae, a strain lacking the Isw2 remodeler shows altered nucleosome
positioning adjacent to the promoter at the interface of genic and intergenic sequences51.
Specifically, Isw2 helps to position the +1 nucleosome onto unfavorable DNA near the
promoter in a directional manner, and it suppresses antisense transcription52. In addition, the
RSC remodeling complex also mobilizes nucleosomes onto unfavorable sequences in the
vicinity of the promoter53.
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Role of nucleosome remodelers in nucleosome spacing
As nucleosomes are typically arranged in regularly-spaced arrays with a relatively constant
linker length between nucleosomes, nucleosome spacing is a key aspect of nucleosome
positioning. Drastic alteration of nucleosome positioning patterns is observed in an S.
cerevisiae strain lacking both the Isw1 and Chd1 remodelers54 or in an S. pombe strain
lacking two related CHD remodelers (Hrp1 and Hrp3)55-57. In each of these evolutionarily
diverged yeast species, the degree of positioning of the +2 nucleosome is much lower than
observed in the wild-type strain, and positioning of the +3 and more downstream
nucleosomes is essentially lost. This dramatic alteration of nucleosome positioning within
coding regions is not due to histone depletion, but rather to a defect in nucleosome spacing.
Thus, a combination of the Isw1 and Chd1 (or Hrp1 and Hrp3) nucleosome remodeling
enzymes is required for the correct nucleosome spacing that is the basis of positioned
nucleosome arrays. Interestingly, a small subset of nucleosomes within downstream portions
of coding regions are correctly positioned, presumably due to intrinsic DNA sequence
preferences that facilitate or override the effect of nucleosome remodelers54. Importantly,
the positions of the +1 and −1 nucleosomes are essentially unaffected by the combined loss
of Isw1 and Chd1 function, indicating that their positioning occurs by a distinct mechanism
that may involve Isw2.

Additional support for a role of nucleosome remodelers for nucleosome spacing and
positioning comes from a functional evolutionary experiment35 that is based on the
observation that nucleosome spacing varies among yeast species43,44. When large genomic
regions from a foreign yeast species are introduced into S. cerevisiae, the distance between
nucleosomes is characteristic of S. cerevisiae, not the donor yeast species35. As a
consequence, the vast majority of nucleosomes on the foreign DNA are not located at the
positions that occur when the same DNA is present in the endogenous organism. The change
in spacing could be due to differences in histone concentrations between the species, as the
number of nucleosomes on genomic DNA will necessarily affect the average spacing.
However, depletion of H3 does not significantly alter nucleosome spacing, although some
positioned nucleosomes are preferentially lost or maintained55,58,59. Alternatively, it may be
due to species-specific differences in the spacing properties of the remodelers themselves,
because nucleosome assembly in vivo requires remodelers, and remodelers have specific
nucleosome spacing properties that are independent of histone concentration60.

In S. cerevisiae, histone H1 does not significantly affect nucleosome spacing, because H1
protein levels are much lower than those of the core histones10. However, H1 and its various
subtypes play an important role in nucleosome spacing in multicellular organisms.
Overexpression or depletion experiments in vivo indicate that H1 increases the spacing
between adjacent nucleosomes61-64, and differences in linker histone subtypes might
underlie cell-type specific differences in nucleosome spacing. In addition to H1, the
HMG14, 17 proteins may also play a role in nucleosome spacing61.

Role of transcription factors and Pol II elongation
In addition to DNA sequence and ATP-dependent nucleosome remodelers, Pol II
transcription also contributes to establishing the genomic pattern of nucleosome positioning.
In this respect, nucleosome positioning, transcription and perhaps other DNA-based
processes such as DNA replication should be viewed as processes that reciprocally affect
each other. The effect of Pol II on nucleosome positioning is achieved via transcriptional
activator proteins, general transcription factors that compose the preinitiation complex, and
the elongating Pol II machinery.
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Nucleosome depletion can generate positioning in vivo
Transcriptional activators, via targeted recruitment of nucleosome remodelers, can generate
nucleosome-depleted regions. Some activator proteins can bind nucleosomal DNA fairly
well, whereas others rely on intrinsic histone destabilizing sequences or cooperativity with
other activators to access their sites. Under standard growth conditions, the Rap1, Abf1, and
Reb1 activators are important for generating nucleosome-depleted regions at subsets of S.
cerevisiae genes32,47,53. Interestingly, when foreign DNA is introduced into S. cerevisiae,
nucleosome-depleted regions often occur in coding regions, unlike the case in the native
organisms35. Such de novo nucleosome-depleted regions presumably arise from the
fortuitous binding of S. cerevisiae activators to evolutionarily irrelevant target sites.
Notably, many of these fortuitous nucleosome-depleted regions are associated with a
positioned nucleosome array that strongly resembles the standard nucleosome positioning
pattern of endogenous S. cerevisiae genes. Thus, generation of a nucleosome-depleted
region, even in the absence of intrinsic nucleosome-destabilizing sequences, is sufficient to
generate the in vivo pattern of nucleosome positioning.

Basal transcription factors help position the +1 nucleosome
The precise location of the +1 nucleosome is a critical determinant of the nucleosome
positioning pattern, because nucleosome spacing constraints are major determinants of the
downstream nucleosome positions. The inability of the collection of nucleosome remodelers
in crude extracts to accurately reconstitute the in vivo positions of the +1 and −1
nucleosomes suggests that some other factor(s) is involved. The striking relationship
between the position of the +1 nucleosome and the transcription start site (TSS) suggests
that the general transcription factors play a role33. Furthermore, the locations of the +1
nucleosome and TSS shift in concert when foreign yeast DNA is introduced into S.
cerevisiae, such that TSS on the foreign DNA shifts to a S. cerevisiae-like location35. Given
the strong in vivo positioning of both the preinitiation complex and the +1 nucleosome, a
spacing relationship between these two entities requires that at least one of these be
anchored to a specific location, thereby permitting a defined location for the second entity.
While the limited sequence specificity of nucleosome remodelers makes it unlikely that they
can provide such an anchor, preinitiation complexes bound at core promoters may be
sufficient, with the location of the TBP bound to the TATA element or TATA-related
sequence being the major determinant of the anchor point65.

These considerations strongly suggest that the preinitiation complex plays a role in fine-
tuning the position of the +1 nucleosome. One speculative possibility is that a component(s)
of the preinitiation complex is important for transiently recruiting the Isw2 and/or RSC
complex that overrides inherent DNA sequence preferences to precisely position the +1
nucleosome. In addition, for organisms in which Pol II is often paused just downstream of
the promoter66, there is a strong distance relationship between the presence of paused Pol II
and the NELF pausing factor and the position of the +1 nucleosome67.

Pol II elongation and generating nucleosome arrays
Nucleosome arrays emanating from promoter regions occur unidirectionally in the
transcribed direction, even though the +1 and −1 nucleosomes are well positioned. In
addition, the decay of nucleosome positioning towards the center of genes displays a 5’/3’
asymmetry68. These initial observations suggested that the elongating Pol II machinery
plays an important role in establishing the pattern of nucleosome positioning. In accord with
this idea, the Chd1 and Isw1 nucleosome remodelers that are critical for positioning within
coding regions have genome-wide association patterns that strongly resemble that of
elongating Pol II. Conversely, nucleosome assembly in transcriptionally incompetent, cell-
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free extracts poorly reconstitutes positioned nucleosome arrays in the downstream portions
of coding regions, even though the +1 and −1 nucleosomes are strongly positioned. Lastly,
the length of nucleosome arrays emanating from fortuitous nucleosome-depleted regions in
foreign yeast DNA that act as functional promoters is strongly correlated both in direction
and length with the mRNA35.

These observations suggest that Pol II elongation strongly affects nucleosome positioning.
In particular, the unidirectionality of nucleosome arrays can be easily explained by the
unidirectionality of transcription, whereas it is unclear how such unidirectionality could be
imposed only by nucleosome deleted regions and nucleosome remodelers. Furthermore, the
inefficiency of yeast cell extracts to reconstitute downstream nucleosome positions in the
coding region suggests that recruitment of the Chd1 and Isw1 remodeling enzymes is not the
sole mechanism by which elongating Pol II affects nucleosome positioning. Nevertheless,
the mechanistic connection between Pol II elongation and nucleosome arrays within coding
regions remains to be established.

Summary
The combined genetic, biochemical, and informatics analyses performed by many
laboratories demonstrate that the genome-wide pattern of nucleosome positioning is
determined by the combination of DNA sequence, nucleosome remodelers, and transcription
factors including activators, components of the preinitiation complex, and elongating Pol II
(Figure 3). Importantly, although each of these components has discernible effects in
isolation, they also reciprocally affect each other and hence affect the nucleosome
positioning pattern in ways that are potentially complex. The DNA sequence is critical for
rotational positioning along the DNA helix, and it also is an important determinant for
nucleosome occupancy. In particular, poly(dA:dT) and poly(dG:dC) tracts are intrinsically
inhibitory to nucleosome formation, whereas non-homopolymeric GC-rich regions favor
nucleosome formation. DNA sequence also contributes to the nucleosome positioning
pattern, but several aspects of the in vivo pattern cannot be accounted for by intrinsic
histone-DNA interactions.

As demonstrated by the cross-species experiments, nucleosome-depleted regions are largely
sufficient to generate the standard pattern of ordered nucleosome arrays35. At native
promoters, nucleosome-depleted regions can be generated intrinsically via poly(dA:dT)
tracts and/or activator-mediated recruitment of nucleosome remodelers that evict histones in
the vicinity of the activator binding site. The use of poly(dA:dT) sequences varies
considerably among organisms; they are very common in S. cerevisiae, but not in the fission
yeast S. pombe and multicellular organisms42-44.

In addition to their role in creating nucleosome-depleted regions, ATP-dependent
remodelers play an important role in nucleosome positioning. In a manner independent of
transcription, they can assemble nucleosomes flanking the depleted region to generate the +1
and −1 nucleosomes. However, these remodeling enzymes cannot accurately position the +1
nucleosome to the in vivo location, nor can they generate properly positioned nucleosomes
at more downstream locations. Precise positioning of the +1 nucleosome is strongly
influenced by the location of the preinitiation complex, although the mechanistic basis for
this spacing relationship is poorly understood. Lastly, generation of positioned nucleosome
arrays throughout the coding region is coupled to Pol II elongation, and it involves Pol II-
dependent recruitment of nucleosome remodelers and perhaps some other aspect of Pol II
elongation. The putative roles of Isw2 and RSC for positioning the +1 nucleosome and of
Isw1 and Chd1 for transcription-coupled positioning and spacing of nucleosomes within the
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coding region are strongly supported by genome-wide mapping of nucleosome remodelers
on positioned mononucleosomes69.

In some situations where a gene is activated, it is likely that establishment of the nucleosome
pattern occurs step-wise- activator-mediated generation of a nucleosome depleted region;
positioning of the +1 and −1 nucleosomes; elongation-coupled assembly of positioned and
properly spaced nucleosome arrays over the coding region. However, such a step-wise
process is unnecessary, and probably irrelevant, for steady-state maintenance of the
nucleosome positioning pattern. Instead, the combined effects of DNA sequence,
nucleosome remodelers, and transcription factors make independent contributions to the
pattern.

Lastly, it is important to mention that the nucleosome positioning pattern described here is
gene-averaged, and hence represents a typical pattern. Thus, although the positioning
mechanisms discussed here apply to all genes, the precise pattern at individual genes may
differ from the gene-averaged pattern. Such variations will depend on the DNA sequences,
the nucleosome remodelers that act at the gene, and the complexity of transcription units
within the gene (e.g. antisense or unstable transcripts). In addition, the relative contributions
of these mechanisms may differ among genes, which is likely to result in differential
regulation of these genes. Furthermore, even when the typical pattern predominates at a
given gene, it is highly likely that the pattern is not present in all cells. For this reason,
differences in the nucleosome positioning pattern among cells within a population are likely
to confer distinct transcriptional properties in these cells. Nevertheless, although several
questions remain open, we believe that there is now a good understanding of how many
aspects of the nucleosome positioning patters are generated in vivo.
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Figure 1. Illustration of the concepts of nucleosome positioning and nucleosome occupancy
(A) Nucleosome positioning along every basepair in the genome is defined as the fraction of
cells from the population in which that basepair is at the center of a 147bp nucleosome.
Shown are illustrations of a 147bp region with perfect positioning (left), in which the
nucleosome center is located at the same basepair across all cells; a 147bp region with
partial positioning, in which there is a preference for some locations; and a 147bp region
with no positioning, in which all locations have equal probability. (B) Nucleosome
occupancy along every basepair in the genome is defined as the fraction of cells from the
population in which the basepair is occupied by any histone octamer. Shown is an
illustration of nucleosome locations across a cell population (top), and the resulting
nucleosome occupancy per basepair (bottom).
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Figure 2. Illustration of nucleosome sequence preferences
Within the 147bp that are wrapped around the histone octamer, there is a preference for
distinctive di-nucleotides that recur periodically at the DNA helical repeat and are known to
facilitate the sharp bending of DNA around the nucleosome. These include ~10-bp periodic
AA/TT/TA dinucleotides that oscillate in phase with each other and out of phase with ~10-
bp periodic GC dinucleotides. The linker regions exhibit a strong preference for sequences
that resist DNA bending and thus disfavor nucleosome formation. Among these
poly(dA:dT) tracts and their variants are most dominant and highly enriched in eukaryotic
promoters.
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Figure 3.
Determinants of nucleosome positioning. (a) Nucleosome-depleted regions (NDRs) are
generated either by poly (dA:dT) tracts and/or by transcription factors and their recruited
nucleosome remodeling complexes. Gray circles indicate nucleosomes. (b) Nucleosomes
located at highly preferred positions (black circles) flanking the NDR are generated by
nucleosome-remodeling complexes (for example, Isw2 and RSC, likely in a transcription-
independent manner), and fine-tuned by the Pol II preinitiation complex (PIC) and
associated factors. (c) Positioning of the more downstream nucleosomes depends on
transcriptional elongation, and the recruitment of nucleosome-remodeling activities (for
example, Chd1 and Isw1) and histone chaperones by the elongating Pol II machinery. This
figure, which was modified from ref. 36, does not include DNA sequence determinants of
rotational positioning (Fig. 2) or contributions to nucleosome spacing by histone H1.
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