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Abstract
Genetic information in eukaryotes is managed by strategic hierarchical organization of chromatin
structure. Primary chromatin structure describes an unfolded nucleosomal array, often referred to
as ‘beads on a string’. Chromatin is compacted by the non-linear rearrangement of nucleosomes to
form stable secondary chromatin structures. Chromatin conformational transitions between
primary and secondary structures are mediated by both nucleosome-stacking interactions and the
intervening linker DNA. Chromatin model system studies find that the topography of secondary
structures is sensitive to the spacing of nucleosome within an array. Understanding the
relationship between nucleosome spacing and higher order chromatin structure will likely yield
important insights to the dynamic nature of secondary chromatin structure as it occurs in vivo.
Genome-wide nucleosome mapping studies find the distance between nucleosomes varies, and
regions of uniformly spaced nucleosomes are often interrupted by regions of nonuniform spacing.
This type of organization is found at a subset of actively transcribed genes in which a nucleosome
depleted region near the transcription start site is directly adjacent to uniformly spaced
nucleosomes in the coding region. Here, we evaluate secondary chromatin structure and discuss
the structural and functional implications of variable nucleosome distributions in different
organisms and at gene regulatory junctions.
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Introduction
Eukaryotic nuclear processes, such as DNA replication, repair, recombination and gene
expression, function within the constraints of a highly compacted chromatin fiber consisting
of histones, non-histone proteins, and DNA. Although the precise path that the DNA follows
for a highly folded chromatin fiber is controversial, intrinsic properties of the DNA will
either set limits on the degree of chromatin compaction or will provide opportunities for
dynamic conformational transitions required in vivo. Chromatin remodeling and modifying
mechanisms function together to alter fiber structure and liberate regions of the genome for
appropriate metabolic outcomes (Cairns 2009; Clapier and Cairns 2009; Kouzarides 2007).
These mechanisms act to either disrupt or restore intrinsic histone-histone and histone-DNA
interactions for chromatin structure fluidity. Here, we evaluate our current understanding of
higher order chromatin structure and discuss how primary chromatin structure (i.e. the linear
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organization of nucleosomes) might impact subsequent levels of folded secondary chromatin
structure in vivo.

Hierarchical chromatin organization
Chromatin primary structure

The first level of organization of a eukaryotic genome consists of a multifaceted and highly
dynamic nucleoprotein complex known as the nucleosome. The nucleosome consists of an
octamer of core histone proteins (two copies each of H2A, H2B, H3 and H4) wrapped ~1.65
times by 147 base pairs (bp) of DNA (Luger et al. 1997). A linker histone (e.g. H1 and H5)
bound to a single nucleosome is known as a chromatosome. Linker histones associate with
DNA located at the entry/exit sites of the nucleosome and influence the orientation of linker
DNA with respect to the nucleosome (Hamiche et al. 1996; Simpson 1978; Syed et al.
2010). Typically, linker DNA describes the non-nucleosomal DNA connecting two or more
nucleosomes in an array. Linker DNA length ranges between ~20–90 bp and varies among
different species, tissues, and even fluctuates within a single cellular genome (van Holde
1988). In low salt, arrays of nucleosomes connected by linker DNA have the appearance of
‘beads on a string’ by electron microscopy, and form an extended primary structure that is
10 nm in diameter (10 nm fiber) (Olins and Olins 1974; van Holde 1988). Although electron
microscopy (EM) has visualized 10 nm fibers using both endogenous and reconstituted
chromatin, this conformation does not represent the most favored conformation under
physiological conditions (Hansen 2002; Horowitz-Scherer and Woodcock 2006; Thoma et
al. 1979). In the presence of physiological salt, linear chromatin condenses into a helical
rearrangement of nucleosomes, referred to as chromatin folding, or formation of chromatin
secondary structure (Woodcock and Dimitrov 2001).

Chromatin secondary structure
Chromatin secondary structure is driven by salt and intrinsic nucleosome-nucleosome and
nucleosome-DNA interactions (Hansen 2002), and is stabilized by linker histones
(Carruthers et al. 1998). EM and solution-state techniques have characterized both
endogenous chromatin and reconstituted model systems to advance our understanding of
chromatin secondary structure (Hansen 2002; Horowitz-Scherer and Woodcock 2006).
Analytical ultracentrifugation experiments have identified two distinct secondary
conformational states based on their hydrodynamic properties. These include a moderately
folded intermediate characterized by close approach of adjacent nucleosomes, and a
maximally folded conformation (Hansen 2002). In physiological salt (100–150 mM NaCl or
2–5 mM Mg2+), chromatin compacts into its maximally folded structure, comparable to the
“30 nm fiber” (Hansen et al. 1989). The 30 nm fiber is of particular interest because of its
physiological relevance as a local regulator of DNA metabolic pathways (Horowitz-Scherer
and Woodcock 2006).

Chromatin tertiary structure
Chromatin tertiary structures are formed from interactions between discreet secondary
chromatin structures, also referred to as fiber-fiber interactions. Fibrous chromatin loops and
other suprastructures found in both metaphase chromosomes and specialized regions of
interphase chromosomes, such as gene enhancers and insulators (Fraser and Grosveld 1998;
Razin 1999; Woodcock and Dimitrov 2001; Woodcock and Ghosh 2010) are examples of
chromatin tertiary structures. Although the structural properties of chromatin tertiary
structure are largely unknown, reconstituted nucleosomal arrays fold and self-associate in
the presence of salt to form large oligomers. In addition, chromatin fiber oligomerization is
both cooperative and reversible (Schwarz et al. 1996) and, analogous to chromatin
secondary structure, requires core histone amino-terminal ‘tail’ domains (Hansen 2002).

Szerlong and Hansen Page 2

Biochem Cell Biol. Author manuscript; available in PMC 2011 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The role DNA plays in chromatin structure
What is DNA contributing to the intrinsic properties of the chromatin fiber at
the primary and secondary structure levels?—A single nucleosome contains 14
non-covalent histone-DNA contacts (Luger et al. 1997). Several chromatin remodeling and
modifying mechanisms target these regions of the nucleosome to reposition nucleosomes,
disassemble nucleosomes and exchange variant histones in vivo (Cairns 2009; Clapier and
Cairns 2009; Kouzarides 2007; Park and Luger 2008). Furthermore, DNA is required for
histone octamer stability. In the absence of DNA, the histone octamer dissociates into two
dimers of H2A-H2B and a tetramer of H3-H4 in physiological salt concentrations (Chung et
al. 1978; Luger et al. 1999).

Sequence-dependent curvature of DNA can either favor or disfavor histone-DNA
interactions (Lowary and Widom 1998; Travers et al. 2010; Zhang et al. 2009). For
example, a sequence pattern containing ~ 10 bp phased arrangement of alternating AA/TT
and GC dinucleotides creates intrinsic DNA curvature that promotes nucleosome assembly
(Satchwell et al. 1986). DNA sequences that strongly favor histone-DNA interactions are
nucleosome positioning sequences, such as the 5S rDNA sequence (Gottesfeld and Bloomer
1980; Simpson and Stafford 1983; Simpson et al. 1985) or the 601 sequence (Lowary and
Widom 1998). These sequences are frequently used in constructing chromatin model
systems. Nucleosome positioning in vivo may result from both exclusion of nucleosomes at
rigid polydA/dT sequence tracks as well as favored positioning elsewhere in the genome
(Kaplan et al. 2009; Kunkel and Martinson 1981; Segal and Widom 2009; Yuan et al. 2005).
A positioned nucleosome may provide an anchor for the ‘statistical’ positioning of flanking
nucleosomes (Kornberg 1981; Zhang et al. 2009); (Kaplan et al. 2009; Tillo et al. 2010).
However, the observed nucleosome distributions in vivo likely result from a culmination of
biological mechanisms including sequence-dependent positioning (Travers et al. 2010),
chromatin remodeling and modification (Cairns 2009; Clapier and Cairns 2009; Kouzarides
2007), nucleosome disassembly (Hansen et al. 2010; Park and Luger 2008), chromatin
architectural proteins (Horowitz-Scherer and Woodcock 2006; McBryant et al. 2006)
including linker histone (Blank and Becker 1995; Rodriguez-Campos et al. 1989; Siriaco et
al. 2009), and possibly, DNA replication (Siriaco et al. 2009), and transcription (Schones et
al. 2008; Weiner et al. 2010) mechanisms.

The linear organization of nucleosomes and intervening linker DNA (i.e., chromatin primary
structure) influence chromatin secondary structure (Arya et al. 2010; Grigoryev et al. 2009).
The trajectory of linker DNA at the entry/exit site of the nucleosome determine the spatial
orientation of successive nucleosomes in a folded array, and linker length dictates the
tolerable distance between adjoining nucleosomes.

Nucleosome repeat lengths (NRL) of endogenous chromatin samples differ by multiples of
~10 bp (a DNA helical repeat) (Valouev et al. 2008; Wang et al. 2008a; Widom 1992). The
nucleosome repeat length is a measure of nucleosomal DNA (147 bp) plus linker DNA
(NRL = 147 bp + linker DNA) produced from limited nuclease digestion of isolated
chromatin. The ~10 bp linker periodicity suggests that the orientation of consecutive
nucleosomes is sensitive to DNA rotational phasing for higher order structure formation
(Scipioni et al. 2010; Wu et al. 2007; Yao et al. 1993).

Chromatin model systems have been used to explore the compaction properties of
endogenous or reconstituted 30 nm fibers harboring various NRLs and have compared fiber
topography, diameter, and nucleosome packing density. Although the route DNA follows in
a chromatin fiber remains speculative, as will be discussed in the next section, data suggest
that linker DNA orientation and NRL influence fiber architecture.
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Models for the 30 nm fiber and the path of linker DNA
The folded 30 nm chromatin fiber is a superhelical structure present in both interphase and
metaphase chromosomes. X-ray diffraction and electron microscopy (EM) of isolated nuclei
revealed 30 nm chromatin fibers present in select cell types, such as chicken erythrocytes
(Langmore and Schutt 1980) (Langmore and Paulson 1983), HeLa metaphase chromosomes
(Paulson and Langmore 1983) and the Balbiani ring genes in Chironomus tentans
(Andersson et al. 1982). Subsequent EM studies in combination with biophysical analysis
using endogenous or reconstituted chromatin have firmly established that 30 nm chromatin
fibers are both stable and ubiquitous secondary structures (Horowitz-Scherer and Woodcock
2006). However, due to the structural complexity of the 30 nm fiber, details relating to its
organization remain controversial.

Many models for the 30 nm fiber have been proposed. The most enduring models include
the two-start helical ribbon model (Woodcock et al. 1984; Worcel et al. 1981), the two-start
crossed-linker model (Williams et al. 1986), and the one-start solenoid model (Finch and
Klug 1976; Thoma et al. 1979; Van Holde et al. 1974; Widom and Klug 1985) (Fig 1). Here,
we compare the path of DNA for both of the two-start models and the one-start solenoid.

The two-start helix consists of repeating units of nucleosomes folded into a zigzag
arrangement (Fig. 1a, b) (Horowitz et al. 1997). The zigzag arrangement of the two-start
helix stacks alternate, nonsequential nucleosomes across from one another (i + 2) and twists,
ultimately creating two stacks of winding nucleosomes in a superhelix (Williams et al.
1986). The two-start helical ribbon and the two-start crossed-linker differ by the orientation
of the zigzag with respect to the long axis of the fiber. The two-start helical ribbon builds
upon a parallel-zigzag arrangement (Fig. 1a) (Woodcock et al. 1984; Worcel et al. 1981) and
the two-start crossed-linker builds upon a perpendicular-zigzag arrangement (Fig. 1b)
(Williams et al. 1986). Although data discriminating between the two-start helical ribbon
and the two-start crossed-linker fibers is limited, compelling experimental evidence suggests
that nucleosomal arrays can adopt a zigzag pattern. The crystal structure of a tetra-
nucleosome with an NRL of 167 bp at 9 Å resolution orientates nucleosomes in a zigzag
conformation with a nucleosome-stacking assignment and orientation consistent with a two-
start type of fiber (Schalch et al. 2005). Furthermore, pair-wise disulfide cross-linking of
nucleosomes from compacted reconstituted arrays containing H4-V21C and H2A-E64C
amino acid substitutions is also in agreement with a zigzag orientation (Dorigo et al. 2004).

The solenoid fiber model, however, does not adopt a zigzag orientation but rather positions
consecutive nucleosomes in a hand-to-hand orientation (Fig.1c). Solenoid nucleosomal
chains coil around an inner cavity with six to eight nucleosomes per turn and ~ 11 nm pitch,
ultimately forming a one-start solenoid superhelix (Finch and Klug 1976; McGhee et al.
1983; Thoma et al. 1979). Nucleosome-stacking interactions are predicted to occur between
nearest neighbor nucleosomes (i + 1). Nucleosomes residing in adjacent helical gyres are not
necessarily in contact and the superhelix is proposed to stretch analogous to a Hookean
spring (Kruithof et al. 2009). However, a variant of the solenoid structure incorporates an
added degree of compaction whereby nucleosomes of neighboring helical gyres interdigitate
between consecutive nucleosomes (Daban and Bermudez 1998; Robinson et al. 2006).
Whatever the case may be, linker DNA of the solenoid either follows the superhelical path
of the nucleosomal chain (Felsenfeld and McGhee 1986), as a ‘wrapped coil’, or loops/kinks
into the inter-fiber space (Butler 1984), as an ‘inter-fiber loop’ (Fig. 1c).

Fiber topography and nucleosome repeat length
A key distinction among the two-start helical ribbon, the two-start crossed-linker, and the
one-start solenoid fibers is the path of the DNA and its relationship to fiber diameter and
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nucleosome packing density (defined as the number of nucleosomes per 10–11 nm, where
11 nm is the diameter of a nucleosome) (Wu et al. 2007). For the two-start helical ribbon,
the linker DNA is parallel to the long axis of the fiber (Fig.1a). Therefore, variation of NRL
is predicted to affect fiber length and nucleosome packing density, but not fiber diameter.
For the two-start crossed linker fiber, the linker DNA is perpendicular to the long axis of the
fiber (Fig. 2b). Thus the diameter of the two-start crossed-linker fiber changes in proportion
to changes in NRL. In experiments combining X-ray diffraction and EM of endogenous
chromatin samples with varying NRLs, Williams et al. (1986) concluded that fiber diameter
correlated nearly linearly with linker length (Fig. 2). In addition to increasing diameter, an
increase in NRL also resulted in more compacted fibers. The calculated nucleosome packing
densities of compacted fibers from Necturus erythrocytes and Thyone sperm cells (with
NRLs of 195 bp and 234 bp, respectively) was reported as 7.4 and 11.9 nucleosomes/10 nm,
respectively (Williams et al. 1986).

The diameter of the one-start solenoid fiber was once predicted to be independent of linker
length, as intervening DNA loops out between adjacent nucleosomes (Butler 1984) (Fig.1c).
Therefore, only the size of the loop would change incrementally with respect to linker
length. However, linker DNA that is either too short or too long may not be compatible with
nucleosome-stacking interactions (Butler 1984). In three separate papers, Rhodes and
colleagues tested the relationship between the length of linker DNA and fiber compaction
using a reconstituted chromatin model system based on the strong 601 nucleosome
positioning sequence. Linker lengths were increased by ~10 bp increments (NRL of 177–
237 bp; linker lengths of 30–90 bp). All nucleosomal arrays tested formed compact ~30 nm
fibers in the presence of Mg2+ (1.0 to 1.6 mM MgCl2) and linker histone (H5). Average
fiber diameters were determined statistically by EM measurements (Fig. 2) (Robinson et al.
2006). Unexpectedly two classes of fibers were generated based on physical criteria,
including length, diameter and nucleosome packing density. The first class of fibers
consisted of arrays with NRLs of 177–207 bp (30–60 bp linkers). They had an ~ 33 nm
diameter and 11 nucleosomes/11 nm nucleosome packing density. The second class of
arrays with NRLs of 217–237 bp (70–90 bp linkers) had an ~ 43 nm diameter and 15
nucleosomes/11 nm nucleosome packing density. Due to the non-linear relationship between
NRL and fiber diameter, the authors conclude that fiber dimensions were not consistent with
the two-start crossed-linker fiber model. Instead, fiber diameter and nucleosome packing
density more closely fit dimensions of the solenoid fiber. A follow up study by the same
group compared compacted nucleosomal arrays consisting of an even shorter NRL (167 bp;
20 bp linker) to a 197 bp-NRL (50 bp linker) (Routh et al. 2008). Mg2+-dependent
compaction of the 167 bp-NRL array resulted in a third class of fiber with distinct fiber
topography. The 167 NRL fibers were longer, thinner (~21 nm) and less compact (6.1
nucleosomes/11 nm nucleosome packing density) compared to the 197-fibers that were
shorter, wider (34 nm) and more compact 11.2 nucleosomes/11 nm. In addition, the 167 bp
NRL-fiber adopted an ordered zigzag arrangement, consistent with a two-start helix, and
relied more on nucleosome-stacking interactions and less on linker histone. Compliance
measurements of similar 167 and 197 bp-NRL arrays by single-molecule force spectroscopy
supported the EM analysis and concluded that the 167 bp-NRL and the 197 bp-NRL fibers
are consistent with a two-start helical ribbon and a solenoid, respectively (Kruithof et al.
2009). Collectively, these data suggest that arrays containing shorter NRL (< 30 bp linker
length) prefer a two-start fiber consisting of a zigzag arrangement, while longer NRL (≥ 30
bps linker length) favor one of two classes of one-start solenoid fibers. However, it should
be noted that previous analysis of 30 nm fibers with linker DNA >30 bp do not support the
one-start solenoid fiber, but rather argue for derivations of the two-start fiber (Dorigo et al.
2004, Woodcock, 1984 #193; Horowitz et al. 1997; Williams et al. 1986; Wu et al. 2007).
Thus an unresolved question still remains: whether the 30 nm fiber is organized as a one-
start solenoid or two-start fiber? One explanation for the observed experimental
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inconsistencies has been attributed to H1 content (Routh et al. 2008). However, compelling
evidence suggests that linker histones are not required for 30 nm fiber formation or
compaction. Single-molecule force spectroscopy analysis of nucleosomal arrays (197 bp
NRL) found that linker histones (H1 or H5) were not required for proper folding of
chromatin into 30 nm fibers (Kruithof et al. 2009) and linker histone (H5) is not required for
maximum condensation of reconstituted nucleosomal arrays examined in solution
(Carruthers et al. 1998). Also, dinucleosomes compact to the same degree when in the
presence or in the absence of linker histones H1 and H5 (Yao et al. 1991). Thus, linker
histones do not have a pivotal role in fiber formation or chromatin compaction but likely
play a key role in fiber stability, possibly favoring a specific conformation.

Heteromorphic chromatin fibers
It is possible that multiple DNA conformations simultaneously exist in a single chromatin
fiber. Structural variation within a single fiber is described as ‘heteromorphic’. The
formation of heteromorphic chromatin fibers is supported experimentally for reconstituted
207 bp-NRL (60 bp linker) nucleosomal arrays using EM-assisted nucleosome interaction
capture (EMANIC) with Monte Carlo simulation modeling (Grigoryev et al. 2009) and
mesoscale modeling of 173 and 209 bp- NRLs arrays (Schlick and Perisic 2009). In addition
to linker length, model systems find both linker histones and cations (both monovalent and
divalent) influence the path of DNA within a fiber. Grigoryev et al. (2009) found that a
straight-linker, zigzag orientation in a fraction of nucleosomes transitions to a bent-linker
solenoid-type orientation in the presence of Mg2+ and linker histone. The transition of a
straight linker to a bent linker is consistent with a conversion from a zigzag arrangement to a
solenoid-type arrangement. Thus, in addition to linker length, external influences such as
linker histone or salt may generate local and/or global fiber polymorphism within a genome.

Distribution of nucleosomes and higher order chromatin structure

As a key component in determining higher order structure, would we expect
linker DNA length to be similar among different species?—The NRL of isolated
nuclei from a wide variety of organisms including viral, protist, plant, yeast and animal cells
has been reported to range from ~150 bp to ~260 bps (van Holde 1988). Recently, genome-
wide tiling and/or sequencing of nucleosomal DNA by ChiP-ChiP and ChiP-Seq techniques
have estimated the NRLs of S. pombe (~154 bp-NRL) (Lantermann et al. 2010), S.
cerevisiae (~165 bp-NRL) (Yuan et al. 2005), C. elegans (~175 bp-NRL) (Valouev et al.
2008), and human (~200 bp-NRL) (Schones et al. 2008). In addition to species variation,
variation of NRL is also found among tissues, cell-types, and even within a single cellular
genome (van Holde 1988). Global changes to cellular NRL correlate with developmental
programs (Brown 1978; Hammoud et al. 2009; Jaeger and Kuenzle 1982; Sperling and
Weiss 1980; Weintraub 1978), DNA replication (Siriaco et al. 2009) and RNA polymerase
II (RNAPII) activity (Schones et al. 2008; Weiner et al. 2010). Notably, a reduction in
cellular NRL correlates linearly with a depletion of linker histone (reviewed in Woodcock et
al. 2006). Cells with short NRL (~165 bp) (e.g. yeast (Downs et al. 2003; Freidkin and
Katcoff 2001) and neurons (Pearson et al. 1984)) contain <0.5 H1 molecules/nucleosome,
while long NRL (> 200 bp) correlate with > 1.0 H1 molecules/nucleosome (Bates and
Thomas 1981; Pearson et al. 1984). Further experimental investigation will be necessary to
understand how NRL and linker histone content, including the expression and activity of
specific variants, impact dynamic changes in chromatin structure.

To better understand the relationship between cellular NRL and secondary chromatin
structure, NRLs for yeast, protists, animals, plants, viruses, and specific cell-types were
superimposed on fiber dimension plots generated from model systems using EM and X-ray
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scattering techniques (Fig. 2.) Roughly, three classifications of fibers are indicated based on
fiber diameter ranges, including the least compacted fibers with diameters between ~ 20–25
nm (NRLs between ~167–177 bp), intermediate compacted fibers with diameters between
~29–36 nm (NRLs between ~177–207 bps), and the highest compacted fibers with
diameters between ~39–48 nm (NRLs between 217–242 bps). NRLs for most vertebrates,
higher plants, and viruses correlate with intermediate compacted fibers, while yeast, protists,
and certain metazoan cell-types correlate with alternative levels of compaction. Thus, in
some settings, fiber diameter is fairly constant, with clear exceptions for certain eukaryotes,
such as yeast (~21 nm diameter), and certain cell-types, such as sperm cells (≥40 nm
diameter).

What does the cellular NRL of bulk chromatin represent?—Previous analysis of
bulk chromatin relied on the enzymatic properties of micrococcal endonuclease (MNase),
which may bias DNA sequence, or the accessibility or solubility of particular genomic
regions. Thus, the measured NRL of bulk chromatin may exclude nucleosomes from highly
compact or insoluble regions, such heterochromatin, or may not be an accurate measure with
respect to a particular genomic locus (Henikoff et al. 2009; van Holde 1988; Weiner et al.
2010). Disparities between the NRLs of bulk chromatin and specific genomic regions have
been reported. For example, the NRL for Xenopus erythrocytes (187 bp) differed from 5S
rDNA genes (178 bps) (Humphries 1979; Gottesfeld, 1980) and the NRL of rat liver cells
(198 bp) differed from rat satellite chromatin (185 bp) (Omori 1980). Alternatively, NRLs
obtained from bulk chromatin may reflect either the average or the mean of a diverse
population of uniformly and non-uniformly spaced nucleosomes. Genome-wide nucleosome
mapping of S. Pombe finds that the NRL of whole cells (~154 bp) is nearly equivalent to the
coding regions of active genes (also ~154) (Lantermann et al. 2010). Additionally, RNAPII
activity correlates with both increased MNase digestion and an increase in bulk chromatin
NRL (Weiner et al. 2010). Therefore, the observed NRL for bulk chromatin in yeast may
reflect nucleosome spacing mediated by RNAPII at coding regions (estimated at ~66% of
the yeast genome).

Chromatin organization at genes
The primary chromatin structure at gene promoters has been intensely investigated.
Promoters have been classified based on their linear organization of nucleosomes (Cairns
2009; Tirosh and Barkai 2008). ‘Open’ promoters contain a nucleosome depleted region
(NDR) and correlate with constitutive or highly transcribed genes. ‘Covered’ promoters
harbor nucleosomes at promoter regions and correlate with highly regulated genes. ‘Mixed’
promoters contain elements of both open and covered promoters. For active genes with open
promoters, at least three aspects of chromatin organization are shared among yeast and
metazoa. 1) Genes with open promoters contain a NDR at the -1 nucleosome position
(~100–200 bps upstream from the transcription start site and ~150 bp in length). 2) A
positioned nucleosome is generally located immediately 3′ (downstream) from the
transcription start site (+1 nucleosome). 3) A group of ~6–10 consecutive nucleosomes in
the coding region are uniformly spaced and ‘statistically’ positioned from the +1
nucleosome. Concomitantly, this tripartite pattern of nucleosome organization correlates
with both transcription activity and/or RNAP II occupancy (Lantermann et al. 2010;
Schones et al. 2008; Weiner et al. 2010). Importantly, evidence in yeast (Lantermann et al.
2010; Weiner et al. 2010) and human (Schones et al. 2008) suggest that uniform spacing of
nucleosomes in gene coding regions is directional and mediated by RNAPII. Thus, it is
possible that RNAPII is actively maintaining nucleosome phasing within, and limited to, the
transcribed region.
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How might the distribution of nucleosomes at genes influence secondary
chromatin structure?—Over the past 6 years, whole-genome nucleosome mapping
studies have revealed the seemingly intentional positioning of nucleosomes in various
regions of the genome. Although particular attention has been paid to the mechanisms
governing nucleosome position, nucleosome mapping studies in combination with statistical
analysis has the potential to determine nucleosome spacing for specific regions of the
genome. In general, certain regions may favor or disfavor higher order chromatin structure
formation based on their nucleosome spacing properties. Uniformly spaced nucleosomes, for
example, may better support nucleosome-stacking interactions between adjacent
nucleosomes and promote chromatin fiber stability (Wu et al. 2007). Model nucleosomal
arrays assembled with substoichiometric levels of histone octamer to DNA repeat (< 0.9)
produced arrays with nucleosome-free sites and exhibited reduced levels of salt-mediated
folding (Hansen and Lohr 1993). Nucleosome-free sites within a reconstituted nucleosomal
array may provide a model for the NDRs in gene promoters. From a structural perspective,
NDRs at open promoters may control transcription at two levels. At the primary level, the
removal of the -1 nucleosome may ‘free-up’ the underlying DNA sequence for transcription
factor binding. At the secondary structure level, NDRs reduce the number of nucleosome-
stacking interactions near the TSS and may destabilize local higher order chromatin
structure. As an alternative route, disruption of nucleosome-stacking interactions may occur
via nucleosome remodeling or histone post-translational modification. These alternative
mechanisms are likely at play within highly regulated genes with ‘covered’ promoters.
Under these circumstances, the – 1 nucleosome is retained but modified. Genome-wide
mapping of 36 different histone modifications, including acetylation and methylation in
CD4(+) T cells using ChiP-Seq techniques identified a group of 17 modifications that cluster
and co-localize to 25% of active gene promoters (Wang et al. 2008b). Importantly, pair-wise
correlation analysis revealed that 14 out of the 17 modifications likely occurred on a single
nucleosome. Significantly, this same group of modifications did not correlate with gene
coding regions. Gene coding regions correlated with an alternative pattern of histone
modifications (Wang et al. 2008b). Thus, active gene promoters differ significantly from
their coding region with respect to both histone modifications and primary chromatin
structure.

Concluding remarks
Nuclear signal transduction pathways rely on the coordinated exchanges between trans-
acting factors and DNA recognition elements. Associations of this type are tightly regulated,
in part, by dynamic changes in chromatin structure. Chromatin structure can assume
multiple degrees of compaction potentiated by the linear organization of nucleosomes.
Model system studies find that fiber topography is sensitive to the spacing of nucleosomes.
An example of dramatic alteration of nucleosome spacing in vivo occurs at gene regulatory
junctions between promoters and coding regions. We propose that gene activation requires
both dynamic and local changes to secondary chromatin structure. Chromatin at a targeted
locus is transformed from a repressive secondary chromatin structure to a bipartite
secondary chromatin structure, referred to here as an ‘open gate’ conformation (Fig. 3). An
‘open gate’ secondary chromatin structure consists of a destabilized -1 nucleosomal region
~100–200 bp upstream of a ‘specialized’ folded secondary chromatin structure in the coding
region consisting of uniformly spaced nucleosomes. Thus, we propose that a heterotypic
secondary chromatin structure at a subset of gene loci mediate the temporal and/or spatial
regulation of RNAPII transcription.
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Fig. 1.
Schematic representation of three different models for secondary chromatin structure and
linker histone. (a) Two-start helical ribbon. (b) Two-start crossed-linker. (c) One-start
solenoid fiber. Fiber long axes (top), cross sectional views (middle) and basic nucleosome
arrangements (bottom) are shown for each model.
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Fig. 2.
Fiber geometry as a function of nucleosome repeat length (NRL). Average fiber diameter
(left) and nucleosome packing density (right) obtained from compacted nucleosomal arrays
using EM or X-ray scattering techniques are plotted against their respective NRL.
Approximation of NRLs from various eukaryotes and cell-types obtained from endogenous
chromatin samples (van Holde, 1989) are indicated by dashed lines.
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Fig. 3.
Schematic representation of dynamic secondary chromatin structure at gene regulatory
junctions. Repressive chromatin structure establishes the inactive state. Gene activation by
various nuclear signal transduction pathways target the -1 nucleosome region. Gene
secondary chromatin structure transitions to a bipartite ‘open-gate’ conformation consisting
of a disrupted -1 nucleosomal region in the gene promoter followed by a ‘specialized’
secondary chromatin structure in the coding region. The ‘open-gate’ conformation allows
RNAPII access to the TSS for transcription initiation. The ‘specialized’ secondary
chromatin structure facilitates transcription via unknown mechanisms. RNAPII-dependent
processes actively re-establish nucleosome phasing in the coding region and maintain the
‘open-gate’ secondary chromatin structure for multiple rounds of mRNA synthesis.
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