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Abstract Chromatin, once thought to serve only as a means
to package DNA, is now recognized as a major regulator of
gene activity. As a result of the wide range of methods used to
describe the numerous levels of chromatin organization, the
terminology that has emerged to describe these organizational
states is often imprecise and sometimes misleading. In this
review, we discuss our current understanding of chromatin
architecture and propose terms to describe the various bio-
chemical and structural states of chromatin.
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Introduction—the language problem

The genetic information of eukaryotes is stored in the cell
nucleus in the form of a nucleoprotein complex of DNA and
histones, known as chromatin. Histones have been thought to
have two functions; first, by virtue of being basic proteins,
they serve to balance the negative charge of the DNA’s phos-
phate backbone. Second, through changing the trajectory of
the DNA backbone, histones could contribute to the required
effective shortening of the DNA in order to fit the genome into
the small volume of the cell nucleus. Hence, from the earliest
descriptions of chromatin by Flemming and Kossel

(Flemming 1882; Kossel 1884) through to the modern period
where chromatin is recognized to be composed of a repeating
nucleosome subunit (Kornberg 1974; Olins and Olins 1974;
Woodcock et al. 1976), chromatin was thought to play solely a
structural role. This simple view of chromatin was dramatical-
ly changed in the late 1990s, particularly by the 1996 papers
from the Allis lab, where it was shown that a well-studied
transcription regulatory factor had a histone acetyltransferase
activity (Brownell et al. 1996; Kuo et al. 1996). This finding
showed that chromatin could no longer be considered only as
a structural entity but as a fundamental participant in gene
regulation. Though Dr. Vince Allfrey had proposed the poten-
tial of histone post-translational modifications (PTMs) for reg-
ulation many years before (Vidali et al. 1968), it was not until
the late 1990s when it became widely accepted that chromatin
offered a huge potential, particularly through fine structural
changes at the nucleosome level, for modulating access to
the DNA of large supramolecular complexes, such as tran-
scription or replication machinery. In more recent years, with
the recognition of the importance of sub-nuclear domains and
non-random spatial relationships of specific gene loci in gene
regulation, the scope of the importance of chromatin has ex-
panded greatly. It is now recognized as both a structural entity
as well as a fundamental regulatory complex.

Currently, numerous approaches are being employed to
elucidate different aspects of chromatin structure and organi-
zation in the nucleus and to relate them to function. These
studies contribute greatly to the understanding of chromatin
organization, but as a result of the range of methodologies
used to acquire and interpret the data and the variety of orga-
nizational levels of chromatin, there is frequent confusion in
the terminology used to describe the observed chromatin char-
acteristics. The terms used are often polysemes, causing them
to be misinterpreted. Thus, we feel that the language used in
the chromatin field is in need of clarification and perhaps
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requires establishing new definitions to describe the various
structural and organizational properties of chromatin. Precise
terminology will improve the communication between re-
searchers who use vastly different experimental methodolo-
gies and will consequently lead to new insights into the struc-
ture and function of chromatin.

In this review, we will discuss some of the most widely
used terms in the literature that describe experimental findings
of chromatin’s structural and organizational properties. Since
many of these terms can have a variety of meanings, we will
provide our suggestions for revising this terminology in order
to better appreciate the complexity of the organizational and
functional properties of chromatin.

Our intention is solely to raise awareness of the importance
of using clearly defined terminology to avoid confusion
around the principles and concepts in the chromatin field.
We therefore encourage that for each study precise definitions
of the terminology used to describe the results will also be
provided. We offer suggestions for definitions of commonly
used terms that relate to chromatin structure and organization,
though a transition to a unified lexicon will not occur over-
night; but our goal is to bring awareness to the topic. It is
important to note that by no means do our examples and sug-
gestions detract from the significance of studies that have used
certain terms to describe the findings in these studies. We
believe that the need for clarification arose due to the immense
expansion in chromatin research and the methodologies
employed over the past several years.

Terms with multiple meanings—what do we mean?

Packing DNA into the nucleus

One of the first problems with our language about chromatin
arises with the common answer to the question, “what is the role
of chromatin?” The typical answer is, “to pack DNA into the
small nuclear volume”. In someways, this answer is true, but it is
also very misleading. Indeed, the effective length of approxi-
mately 2 m of DNA must be massively shortened down to the
scale of the nucleus, typically in the range of 10 μm in diameter.
This represents a compaction ratio of 105. On the other hand, ‘to
compact’ is not the most appropriate verb because it implies that
‘fitting’ the DNA genome into the nuclear volume is a difficult
task in terms of geometry. In fact, fitting DNA into the nuclear
volume is trivial. The volume of the DNA itself, if treated as a
simple cylinder, is only about 6.4 μm3 (see Fig. 1). The volume
of a typical cell nucleus, however, is much greater, approximate-
ly 500 μm3. Since the volume of the DNA is only 1.2 % that of
the nuclear volume, compaction, i.e., getting the DNA ‘to fit’, is
not the primary function of chromatin. Instead, chromatin’s his-
tones must balance charge of the DNA’s phosphate backbone

and reduce its effective length. Hence, the term ‘compaction’ is
problematic.

In fact, wrapping DNA as chromatin actually increases the
volume assigned to each base pair of DNA. The effective
volume given over to 146 bp of DNA is hugely increased
simply by wrapping it around a histone octamer. The volume
of the DNAmolecule of a single nucleosome is approximately
156 nm3, whereas the volume of the nucleosome core particle
is approximately 570 nm3, nearly fourfold greater (see Fig. 1).
Again, increasing the effective volume of an item through
‘packaging’ is typically the opposite of what is implied by
the word ‘compaction’.

Higher order chromatin structure and organization

Chromatin does make a substantial contribution to the effec-
tive shortening of each DNA polymer that constitutes a chro-
mosome. The nucleosome plays a modest role in this task
through its ability to supercoil 1.8 turns of DNA. The length
of 146 base pairs is shortened to either an 11-nm en face
profile or a 6-nm side view profile dimension of the core
particle. This achieves one order of magnitude compaction
out of the five orders that are required. Further shortening
has been proposed to be accomplished by the next higher
order fibre structure, the so-called 30-nm fibre. Yet, to date,
30-nm fibres have been undisputedly observed only in very
specialized cells, such as starfish sperm (Fussner et al. 2012;
Woodcock 1994), or after nuclear swelling and disruption, and
also under cell-free conditions (reviewed in Bian and Belmont
2012; Fussner et al. 2011a; Maeshima et al. 2010). Little
supporting evidence for the existence of a 30 nm fibre in intact
cell nuclei has materialized. Hence, the mechanism of
DNA compaction by hierarchical levels of fibre structures
must be re-examined. Indeed, what is meant by ‘higher order
chromatin structure’ must be re-defined.

Recently, chromatin conformation capture techniques have
identified topologically associated domains (TADs). ATAD is
defined as a region of a chromosome that shares many interac-
tions within it, but significantly fewer interactions with the

Fig. 1 Relationships of DNA volumes to nucleosome and nuclear
volume
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adjacent and other more distal TADs (Dixon et al. 2012; Nora
et al. 2012). These interactions are thought to be a result of
folding and bending of the chromatin fibre (Dekker et al.
2013). Furthermore, TADs are fairly conserved throughout an-
imal evolution and in different cells of an organism (Dixon
et al. 2012). TADs, their boundaries and the interactions be-
tween them have been shown to correlate with replication do-
mains and the replication timing programme (Pope et al. 2014;
Dileep et al. 2015), thus providing a link between these struc-
tures and cellular function. Given that existing data do not
support the existence of 30-nm fibres in interphase nuclei, to-
gether with the current notion that TADs form basic conforma-
tional modules of chromatin fibres, it is plausible that looping,
bending and folding of chromatin fibres and formation of these
‘globule-like’ structures, separated by distinct insulators, are
responsible for the higher order conformation needed for effec-
tive compaction of chromatin. While TADs are at the range of
1 Mb in size, higher resolution sequencing of Hi-C data recent-
ly provided data used to support the existence of smaller con-
served domains in the genome (Rao Suhas et al. 2014). We
therefore believe that these globular domains, their exact size
yet to be determined, should be considered as higher order
chromatin structures. These structures and their boundaries
may be crucial for a higher order level of functional chromatin
organization (as discussed and reviewed in Ciabrelli and
Cavalli 2015; Nora et al. 2013; Sanyal et al. 2011).

In addition to its utilization for describing structured chro-
matin fibre folding beyond the 10-nm fibre, the term ‘higher
order chromatin structure’ is frequently used to distinguish
euchromatin from heterochromatin, where the latter would
be characterized by ‘higher order’ levels of fibre folding.
The distinction of these types of chromatin was first proposed
by Emil Heitz in 1928, when a series of cytogenetical obser-
vations led him to conclude that there are two types of chro-
matin: ‘heterochromatin’, which remains condensed through-
out the cell cycle, and ‘euchromatin’, which undergoes cycles
of condensation and de-condensation throughout the cell cy-
cle (Heitz 1928). Since then, our definition of these terms has
expanded and heterochromatin has been further divided into
constitutive and facultative heterochromatin. Constitutive het-
erochromatin is identical in all cells from a given species,
while facultative heterochromatin is cell type and differentia-
tion stage dependent. Recently, data from genome-wide asso-
ciation studies led to the idea that chromatin may be further
categorized by a characteristic composition of non-histone
chromosomal proteins, specific histone PTMs and specific
sites of DNA methylation (Ernst and Kellis 2010; Filion
et al. 2010; Kharchenko et al. 2011). The exact number of
chromatin types described in the separate studies varies due
to the algorithm used and other parameters. However, at least
four main types can be described: one active and three repres-
sive types (Ciabrelli and Cavalli 2015). Further, whereas het-
erochromatin was thought to be transcriptionally inert and

euchromatin transcriptionally active, we now know that this
distinction is not absolute—some transcription can occur in
the heterochromatin (reviewed in Enukashvily and
Ponomartsev 2013; Hall et al. 2012; Saksouk et al. 2015).
Together, these new findings emphasize the fact that there is
no simple distinction between two types of chromatin—het-
erochromatin and euchromatin—and therefore no clear corre-
lation exists between a particular higher order chromatin struc-
ture and one of these chromatin types.

Another term commonly used interchangeably with higher
order structure of chromatin is higher order organization of
chromatin. An example of a higher order chromatin fibre or-
ganization is intrachromosomal loops that have been proposed
by Trask et al. (Sachs et al. 1995; Yokota et al. 1995). These
loops may be of various sizes and types, such as insulator-
mediated interactions, polycomb-mediated long-range repres-
sive interactions and the most well-known enhancer-promoter
interactions (for a review, see Hou and Corces (2012)). Awell-
characterized example of this last type of interaction is the
locus control region (LCR) of the β-globin locus, which
makes physical contact with specific globin gene promoters
located approximately 50 kb away (Carter et al. 2002; Tolhuis
et al. 2002). These types of loops may be enclosed within a
TAD, but may also occur between TADs. Unlike TADs, these
loops may be cell type specific and have functional conse-
quences for gene expression, and thus, we consider them to
be a higher order organization of the chromatin fibre.

The next level of higher order organization relates to the
sub-nuclear organization of chromatin into what are called ac-
tive and inactive domains (Bickmore and van Steensel 2013;
Dekker 2014; Sanyal et al. 2011). Both FISH (Shopland et al.
2006) and chromosome- conformation capture (3C)-based
methods (Lieberman-Aiden et al. 2009; Sexton et al. 2012;
Simonis et al. 2006; Yaffe and Tanay 2011) have confirmed
the tendency of active gene-dense domains to colocalize and
interact, both within and between chromosomes. Furthermore,
4C and Hi-C have also shown preferential interactions between
inactive regions, mainly in cis (Libbrecht et al. 2015;
Lieberman-Aiden et al. 2009; Sexton et al. 2012; Simonis
et al. 2006). Yet to be confirmed, this compartmentalization
into active and inactive chromatin domains may reflect a re-
quired spatial proximity of particular loci with specific nuclear
bodies/factors/domains. Accordingly, higher order chromatin
organization is used to describe the features of chromatin that
are reflected by this sub-nuclear compartmentalization.

Two additional concepts in the chromatin field have also been
referred to as higher order chromatin organization. The first of
these is based on the observation that each chromosome occupies
a discrete volume, forming a ‘chromosome territory’ (Bolzer
et al. 2005). That the DNA fibre of a single chromosome oc-
cupies a discrete volume, much less than that of the nuclear
volume, is not surprising because a property of a polymer is that
its two ends tend to remain in relative close proximity as a result
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of twisting and tangling of the fibre (Gennes 1979). But what
might be surprising, and reveals the importance of the three-
dimensional (3D) organization of the genome, is that chromo-
some territories are non-randomly positioned. Radially distribut-
ed chromosomes, where gene-rich chromosomes are positioned
internally, and gene-poor chromosomes toward the nuclear pe-
riphery have been observed (Boyle et al. 2001; Cremer et al.
2001; Croft et al. 1999). Also, particular chromosomes are posi-
tioned relative to other chromosomes, at least in particular cell
types. This is reflected in the relatively common translocations
between particular loci on separate chromosomes that give rise to
specific cancers (Roukos and Misteli 2014). This level of higher
order organization has been substantiated by 3C-based methods
by confirming the existence of chromosome territories and the
preferential association between certain sets of chromosomes
(reviewed in Dekker 2014).

The second concept of higher order that does not pertain to the
fibre structure itself is based on the discovery that the nucleus
contains spatially distinct sub-compartments, each with distinct
functions. As a result, specific gene loci and types of chromatin,
heterochromatin vs. euchromatin, for example, will be specifical-
ly positioned in relation to these sub-compartments (Bickmore
2013; Cope et al. 2010). One of these sub-compartments is the
nuclear lamina; the lamina-associated domains (LADs) are large
genomic regions that are generally transcriptionally repressed
and are located along the nuclear envelope (Guelen et al.
2008). Other nuclear structures that associate with specific loci
include the nucleolus (Nemeth and Langst 2011; Olson and
Dundr 2001), transcription factories (Osborne et al. 2004) and a
variety of nuclear bodies, such as promyelocytic leukaemia
(PML) nuclear bodies (Ching et al. 2013), Cajal bodies (Smith
and Lawrence 2000) and histone locus bodies (Liu et al. 2006;
Nizami et al. 2010). This spatial proximity between specific loci
and nuclear factors or sub-compartments may be a consequence
of either active movement directed by nuclear skeletal elements
(Bridger 2011; Bridger et al. 2014; Chuang et al. 2006; Dundr
et al. 2007) or may reflect a passive mass action and self-
assembly of functional domains that stabilize once formed
(reviewed in Chuang and Belmont 2007).

Thus, we propose that higher order chromatin structure
should be used to describe the formation of conserved chro-
matin globules, folds or domains and their boundaries, while
higher order chromatin organization will be used to describe
specific looping of the chromatin fibre and the 3D organiza-
tion of the genome in relation to interactions with sub-nuclear
structures and trans interactions between chromatin fibres.

Condensation and compaction

The term ‘condensation’ has been primarily used in the con-
text of transitions between the 10 nm, the 30 nm, and higher
order chromatin fibres. Condensation from an ‘open’ 10-nm
to a ‘closed’ 30-nm fibre has been seen as a critical step in

gene silencing. Similarly, the term condensation of higher or-
der fibres into the metaphase chromosome during prophase
and early metaphase has been used extensively. However,
since the in situ evidence for 30 nm and higher order fibres
is lacking (Fussner et al. 2011a; Maeshima et al. 2010), the
term condensation must take on a new meaning. Instead of a
transition between lower and higher order fibre types, it can be
understood as changes in other properties of the 10-nm fibre
and/or a contraction in the distances between neighbouring
fibres (Fussner et al. 2011a).

‘Compaction’ represents another term that has an ambigu-
ous meaning and has frequently been synonymous with con-
densation. Chromatin compaction can be viewed at two sepa-
rate levels. Linear compaction of a chromatin fibre can occur as
a result of changes in nucleosome density, while spatial com-
paction of a chromatin domain is due to folding and looping of
a fibre and changes in inter-fibre distances. As pointed out
earlier, the primary role of chromatin is not ‘compaction’ of
DNA in the sense of fitting it into the nucleus. Instead, chro-
matin as a dynamic entity can function to change the local
concentration of DNA, by bringing particular gene loci into
closer proximity, thus leading to a more compact state.
Indeed, differences in the state of compaction of the genome
can be readily seen when comparing a mouse embryonic stem
cell (ESC) with a differentiated cell. ESCs, derived from the
inner cell mass of the pre-implantation blastocyst of day 3.5,
are pluripotent in that all cells of the embryo are derived from
them. The chromatin distribution in an ESC is best described as
a uniformly dispersed arrangement of 10-nm chromatin fibres,
with little evidence of locally compact domains within the nu-
cleoplasm and even along the nuclear envelope (Ahmed et al.
2010). In contrast, differentiated cells have varying degrees of
compact chromatin along the nuclear envelope and domains of
varying degrees of compaction throughout the nuclear volume.
The degree of compaction into local domains does not neces-
sarily reflect changes in nuclear volume. Instead, regions of the
genome become more concentrated spatially in local volumes,
perhaps reflecting a level of regulation brought about through
changes in chromatin architecture.

We propose that the terms compaction and condensation
should be discriminated. Linear compaction reflects fine mo-
lecular changes in nucleosome and histone1 (H1) occupancy
of a single chromatin fibre. Spatial compaction reflects differ-
ences in chromatin concentration throughout the interphase
nucleus and could include one or more chromatin fibres.
Cell type-specific configurations of chromatin compaction re-
flect chromatin’s role in regulating the gene expression profile
of cellular activation and/or differentiation. Condensation, on
the other hand, could refer to non-interphase physiological
processes in which there is a global increase in the density
of chromosomes, such as in the formation of mitotic chromo-
somes beginning in early prophase. These examples of global
condensation are associated with levels and/or modifications

98 Chromosoma (2016) 125:95–110



of linker histones and the recruitment and/or activation of non-
histone chromosomal proteins.

Open and closed chromatin

The terms ‘open’ and ‘closed’ chromatin have been used in a
variety of ways and with many interpretations. Generally,
‘open’ chromatin refers to actively transcribed chromatin,
while ‘closed’ refers to silent, transcriptionally repressed chro-
matin. As already noted, the 10-nm nucleosome fibre has been
described as chromatin in an ‘open’ state, readily accessible to
functional complexes such as transcription or replication ma-
chinery. In contrast, 30-nm or even higher order fibres have
historically been described as being in a ‘closed’ state, inac-
cessible to large molecular complexes and machines.

Open and closed chromatins have also been used for refer-
ring to cytologically recognizable euchromatin and hetero-
chromatin, respectively. Open chromatin is that which is de-
compacted or dispersed and is transcriptionally active or
poised for activity. It has thus gained access to the transcrip-
tion apparatus. Closed chromatin, on the other hand, has been
associated with heterochromatin, whether constitutive or fac-
ultative, and has been described as compact and transcription-
ally repressed or non-permissive to transcription.

Furthermore, these ‘open’ and ‘closed’ states are often distin-
guished by sensitivity to nuclease digestion (Boyle et al. 2008) as
well as by histone PTMs and CpG methylation that characterize
euchromatin or heterochromatin, respectively (Kouzarides
2007). Interpretation of Hi-C data implies that the genome is
partitioned into two spatial domains that correlate with ‘open’
and ‘closed’ chromatin, when characterizing them by these attri-
butes (Lieberman-Aiden et al. 2009). Nevertheless, such models
represent an over-simplification. Examples have been observed
where a correlation between biochemical marks for ‘closed’ het-
erochromatin, H3K9me3 for example (Lachner and Jenuwein
2002), and a compact chromatin state break down. In mouse
ESCs, for example, discrete domains of chromatin containing
the H3K9me3 mark can be clearly observed by immuno-
fluorescence microscopy (Meshorer et al. 2006) (Fig. 2). These
clusters of constitutive heterochromatin in mouse cells, called
chromocentres, contain major satellite repeats and other silenced
genomic DNA (Probst and Almouzni 2011) and are considered
closed chromatin domains. However, these domains in ESCs,
when viewed by electron spectroscopic imaging (ESI), are not
radially symmetric, compact chromatin structures, as found in
differentiated cell types, such as mouse embryonic fibroblasts
(MEFs) (Fussner et al. 2011b) (Fig. 2). Although all
chromocentres are marked with the typical constitutive hetero-
chromatin mark (H3K9me3), a tightly compacted ‘closed’ state
is not directly correlated to this mark. In this context, these het-
erochromatin domains require other yet-unidentified factors to
convert the domain into the typical compact, closed heterochro-
matin structure. Just the presence of this heterochromatin mark is

not sufficient to confer a compact chromatin state that resembles
typical heterochromatin from a cytological viewpoint. Some cul-
tured human fibroblasts, such as Wi38 cells, also display
H3K9Me3-rich foci, which have an intermediate level of DNA
compaction, between the levels observed in mouse ESCs and
MEFs (Fig. 2). This emphasizes that H3K9me3 chromatin do-
mains, typically referred to as ‘closed’, have varied compaction
states depending on the organism as well as the stage of differ-
entiation. Closed chromatin is a biochemical state that reflects
transcriptionally silenced chromatin but does not necessarily cor-
relate with a compact organization.

While a correlation is not guaranteed between the presence
of a silencing heterochromatin mark (H3K9Me3) and a struc-
turally compact state, a correlation between transcription, the
hallmark of open chromatin, and a dispersed chromatin state is
also not guaranteed. In naïve lymphocyte nuclei, for example,
ESI data reveal that almost all of the chromatin is in a highly
compact state, reminiscent of heterochromatin in other cell
types, and is compacted to at least the degree of metaphase
chromosomes (Fig. 3, top left panel). Yet we know that many
genes in these cells must be in a transcriptionally open state and
have access to the transcriptional apparatus (Kouzine et al.
2013). Yet, blocks of compact heterochromatin separated by
regions of euchromatin, as seen in most cell types, including
MEFs, are not observed in naïve lymphocytes (see Fig. 3 top
panels). Open, actively transcribing chromatin, however, is
likely positioned on the immediate periphery of the bulk, dense-
ly packed chromatin (see arrows in the bottom left panel in
Fig. 3) because this is where the RNA-protein complexes
(RNPs) are observed. This is in agreement with previous find-
ings from the Bernhard group in the 1970’s, which show using
3H-uridine labelling and transmission electron microscopy
(TEM) that nuclear RNA is localized at the periphery of con-
densed chromatin, on so-called perichromatin fibrils (Fakan
and Bernhard 1971; Fakan and Bernhard 1973). These RNP
complexes are not observed in the interior of the compact chro-
matin domains throughout the nuclear volume. The RNPs on
the periphery of the compact chromatin likely correspond to the
so-called perichromatin granules described previously (Fakan
2004) (see arrowheads in the bottom left panel in Fig. 3).
Hence, in lymphocytes, all chromatin, even the open euchro-
matin, has the appearance of closed heterochromatin. In con-
trast, MEFs have spatially discrete compact heterochromatin
domains, including chromocentres and compact chromatin do-
mains along the nuclear envelope, with the remaining chroma-
tin being organized as dispersed 10-nm fibres (arrows in the
right bottom panel of Fig. 3). All of this dispersed 10-nm chro-
matin, however, is not likely to be transcriptionally active be-
cause of the relatively large fraction of the genome that it would
represent. In summary, we propose that the term ‘open chroma-
tin’ should describe a biochemical state that is transcriptionally
poised or active, but the term does not necessarily imply an
organization of highly dispersed chromatin fibres.
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Accessibility

The concept of genome accessibility represents another exam-
ple of ambiguity in the language about chromatin. ‘Open’
active euchromatin is generally considered more accessible
than ‘closed’ silent heterochromatin. However, there are many
levels at which access must be considered. First, chromatin
typically has a repressive effect on gene expression, in part
through hindering access of macromolecular components. A
nucleosome, for example, can block the interaction of a tran-
scription factor with its cis-element binding site in the DNA
(Hayes and Wolffe 1992). Also, nucleosomes can inhibit the
initiation and progression of RNA polymerase along the DNA
template, thereby slowing the rate of elongation of the nascent
RNA (Izban and Luse 1991; Morse 1989). This ability to limit
access can be relieved by nucleosome remodelling, which can
slide the nucleosome upstream or downstream of the blocked
transcription factor binding site, or can cause the DNA helix to
rotate relative to the nucleosome, thereby exposing the factor
binding site, or can displace the entire histone octamer from
the DNA (for a comprehensive review on chromatin remod-
elling, see Clapier and Cairns (2009)). These structural chang-
es that confer accessibility all occur at the level of the molec-
ular dimensions of the nucleosome itself.

In addition to modulating access of a regulatory factor or of
a macromolecular machine such as the transcription appara-
tus, accessibility can be considered at another level of spatial
organization. Greater access to specific genetic loci could be
achieved by modulating the degree of folding of the 10-nm
fibre itself, changing the spacing between adjacent fibres and
localizing to a specific nuclear environment. In many cell
types, however, the spacing between the vast majority of chro-
matin fibres is sufficient so that access of macromolecules is
not a limiting feature. Such cell types include many cancer cell
lines as well as MEFs and ESCs (see Fig. 2). In these cells,
spatial accessibility per se does not appear to regulate func-
tional interactions, but rather other factors, such as chromatin
shape (Abe et al. 2015), nucleosome occupancy or cofactor
binding (Slattery et al. 2014). Nevertheless, there are cell types
where nearly the entire fraction of the genome is organized
into very compact domains, the lymphocyte being the best
example, as described earlier (Fig. 3). In such nuclei, no
evidence of on-going transcription in the interior of these
compact domains is visible by ESI. Hence, loci that are
transcribed are likely located in the periphery of these do-
mains and in the channels or inter-chromatin space that is
found between compact chromatin domains. From this loca-
tion, a transcribed locus likely has significantly greater

Fig. 2 Diverse chromatin
ultrastructure underlying
H3K9me3 domains. Top panels
show overlays of low-
magnification mass micrographs
with correlating fluorescence
images for H3K9me3 of the same
physical section, for a mouse
ESC, MEF and a human
fibroblast (Wi38). White boxes in
each of the top panels depict the
approximate area of the ESI
micrographs presented at a higher
magnification in the bottom
panels. In the ESI micrographs,
chromatin is represented by
intensities of yellow and protein-
based structures are represented in
cyan levels. Regions indicated by
dashed lines represent
approximate H3K9me3 domain
boundaries determined by
correlative fluorescence images.
Scale bar, 0.5 μm. Bottom panels
show line scans of phosphorus
intensities of indicated H3K9me3
domains
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access to transcription factories or other nuclear bodies that
regulate expression.

It is important, however, to distinguish between a gene
gaining access by locating at the periphery of a chromatin do-
main or territory and looping out from a territory. In contrast to
lymphocytes, MEFs, ESCs and many other cell types do not
display large blocks of compact chromatin with inter-chromatin
spaces between them. Hence, a locus that is to be transcribed
has equal access to transcriptional machinery, whether the locus
is in the interior or on the periphery of its chromosome territory.
There is no role for modulating such ‘accessibility’ according
to this meaning in such nuclei. Instead, an observed movement
of a gene locus to the periphery of a chromosome territory or
even extending far from the territory (e.g. Hox locus in induced
ESCs (Chambeyron and Bickmore 2004)) serves to contact a
specific nuclear structure or assembly of regulatory factors,
such as a transcription factory, that are located there and is
not to gain access from a compact domain.

Origins and evolution of the language
about chromatin

Our understanding of chromatin organization, both under cell-
free conditions and in intact nuclei, has been generated by a

vast array of biochemical, physical and imaging techniques.
As a result, descriptions and terms that arise and seem appro-
priate with one method may not have the same meaning when
used in the context of a different technique. One current ex-
ample of this problem concerns the spatial relationships of
gene loci that are described by fluorescence in situ hybridiza-
tion (FISH) vs. those that are described by chromatin confor-
mation capture techniques. In a recent study, the authors pres-
ent conditions in which a ‘dispersed’ chromatin domain visu-
alized by FISH and measured by FISH probe distances does
not correlate with the ‘compact’ view of this chromatin do-
main as measured by interaction frequencies in 5C
(Williamson et al. 2014). In this section, we briefly describe
how a variety of methods have provided insights into chroma-
tin structure and have also led to confusion over the meaning
of terms, including those discussed above.

Fluorescence microscopy—DNA stains

One of the most straightforward ways to visualize chromatin
in the nucleus utilizes a fluorescent molecule that binds DNA,
such as DAPI or the various Hoechst dyes (Kapuscinski 1995;
Latt and Stetten 1976). Because DAPI does not bind all DNA
equally, having a preference for A-T-rich regions, the staining
intensity does not always reflect the concentration of DNA.

Fig. 3 Ultrastructure of ‘open’
chromatin. Top panels are ESI
images of a mouse lymphocyte
(left) and a MEF (right).
Chromatin and RNPs are
represented by intensities of
yellow and protein-based
structures are represented in cyan
levels. White boxes depict the
approximate area shown in a
higher magnification and
enlarged in the bottom panels.
Arrows point to distinct chromatin
fibres and arrowheads point to
RNPs. The phosphorus density of
RNPs is typically higher than that
of chromatin and thereby appears
as intense bright granules. Their
concentration is significantly
higher in lymphocyte compared
to the MEF nuclei

Chromosoma (2016) 125:95–110 101



Hence, the observation of DAPI-rich foci in mouse ESCs and
reprogrammed mouse iPSCs may lead to the false conclusion
that these structures are compact chromatin domains, as seen
in MEFs, for example. However, the DAPI-rich foci in ESCs
and iPSCs are typically not highly compact structures, often
hardly noticeable above the chromatin density in the nucleo-
plasmic background (Fussner et al. 2011b).

Transgene arrays

The introduction of multi-copy transgene repeat arrays (e.g. lac,
MMTV) into the genome and visualization with a GFP fusion
that binds the array (e.g. lac repressor) has been used in numer-
ous model systems to observe specific genomic loci and chro-
matin dynamics (Gunawardena and Rykowski 2000; Kato and
Lam 2001;Matzke et al. 2005; Müller et al. 2001; Robinett et al.
1996). One application of such arrays has been to visualize
changes in the degree of ‘compaction’ or ‘condensation’ associ-
ated with transcriptional activation (Dietzel et al. 2004; Tumbar
et al. 1999) or binding of heterochromatin protein 1 (HP1)
(Verschure et al. 2005). The changes in compaction/
condensation are generally measured by changes in volume of
the transgene array. The repetitive nature of the arrays, however,
can lead to cis interactions within the array, trans interactions
between multi-copy insertions of arrays, and associations with
heterochromatin, thereby influencing the global chromatin orga-
nization (Pecinka et al. 2005). Hence, while these experiments
can provide insightful data regarding changes in localization of
chromatin domains in response to different stimuli, the interpre-
tation of the structural organization of chromatin from such as-
says must be approached with care. Furthermore, configuration
of the array as a particular fibre type, such as the 30-nm fibre,
cannot be extrapolated from measured lengths of the arrays (Hu
et al. 2009).Whereas distancemeasurementsmight be consistent
with the contour length of a 30-nm configuration, they could also
be consistent with a highly folded 10-nm chromatin fibre or
where extensive looping of the 10 nm fibre occurs. The
Belmont group has also provided structural information of lac
arrays using electron microscopy (EM) and in vivo gold label-
ling (Kireev et al. 2008). The terms commonly used in the inter-
pretation of data from these assays are ‘compaction’ or ‘conden-
sation’/‘de-condensation’. These terms are used interchangeably,
as well as other terms, such as ‘unfolding’ and ‘remodelling’.We
suggest that the terms to describe the phenotype observed in
these experiments are compaction and dispersal of the chromatin
in the arrays. However, only imaging at the ultrastructure level of
resolution can reveal the exact compaction or dispersal state that
is attained due to the different perturbations.

Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) is a technique in
which hybridization of a fluorescent probe to genomic

sequences enables the sub-nuclear localization of a genomic
locus as well as measurement of the spatial distance between
loci. This assay has been commonly used to analyse ‘compac-
tion’ or ‘condensation’ of chromatin by measuring the dis-
tance between specific FISH probes. Probes that are separated
by 2 Mb or less show a linear relationship between the mean-
square inter-probe distance in interphase (d2) and their geno-
mic separation in kilobases (van den Engh et al. 1992). This
method has been used tomeasure changes in chromatin during
development and differentiation (Chambeyron and Bickmore
2004; Chambeyron et al. 2005; Morey et al. 2007) and to
determine the role of specific epigenetic pathways in chroma-
tin ‘compaction’ (Eskeland et al. 2010a; Eskeland et al.
2010b; Taylor et al. 2013). While this method can provide
information on the spatial distance between loci, the changes
in the underlying ultrastructure or folding of the chromatin
fibre that results in the distance changes cannot be inferred.
Moreover, the terms ‘compaction’ and ‘condensation’ have
been used interchangeably when describing the same pheno-
type observed by FISH, such as the shortening of distances
between probes in interphase nuclei. We propose that this
observation should be termed compaction rather than
condensation.

Another more global application of FISH to view chro-
matin organization has been the use of chromosome paints,
which confirmed the concept of chromosome territories (for
a review, see Cremer and Cremer 2010). FISH, in this con-
text, has contributed to the use of the term higher order
organization of chromatin. In this case, ‘higher order’ orga-
nization reflects the fact that the chromosomes in the inter-
phase nucleus are organized into discrete domains, which
are non-randomly distributed in the nuclear space. This level
of higher order organization of chromatin in the interphase
nucleus has been largely confirmed by Hi-C experiments
(Lieberman-Aiden et al. 2009; Kalhor et al. 2012; Sexton et al.
2012; Zhang et al. 2012). It must be emphasized, however,
that this method does not have the required resolution to
define the higher order chromatin structure within the terri-
tories. It has, however, contributed greatly to the understand-
ing of higher order organization of chromatin in the nuclear
space.

Fluorescence lifetime imaging microscopy-Förster
resonance energy transfer

The combination of fluorescence lifetime imagingmicroscopy
(FLIM) and Förster resonance energy transfer (FRET) over-
comes some of the problems encountered with regular FRET,
providing better quantitative measurements independent of
fluorophore concentrations. Lleres et al. present a FLIM-
FRET-based method to measure chromatin ‘compaction’ in
a cell line stably expressing H2B fused to mCherry and H2B
fused to GFP. Increased FRET is observed when fluorescent
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histones from two different nucleosomes are closer to each
other due to compaction of chromatin (Lleres et al. 2009;
Visvanathan et al. 2013). Whereas the technique is certainly
sensitive to nucleosome density, it cannot distinguish between
nucleosomes that are on the same fibre (cis) or are on separate
fibres (trans). Hence, the method cannot be used to imply
changes in chromatin fibre structure, such as inter-
conversions between fibre types. While FISH measures ‘com-
paction’ by measuring the distance between two specific loci,
FLIM-FRET provides a more global view on ‘compaction’ of
chromatin in the nucleus. However, just as in the case of FISH,
this method cannot be used to infer the ultrastructural changes
in the chromatin that lead to the difference in FRET
measurements.

Electron microscopy (cTEM, ESI, cryoEM)

Due to its high resolution, electron microscopy has played a
pivotal role in the study of chromatin structure throughout the
years. EM can be used to visualize both the global organiza-
tion of chromatin in intact nuclei and the conformation of
isolated chromatin fibres. Most studies of chromatin carried
out by EM utilize either conventional transmission electron
microscopy (cTEM) or electron spectroscopic imaging
(ESI). Due to the low electron scattering property of biological
samples, cTEM requires the use of heavy atom contrast agents
such as uranium and lead salts, which is accompanied by two
major disadvantages. First, since the heavy atom salts bind
extensively, essentially coating the biological structures, spa-
tial resolution is compromised. In addition, because the salts
do not bind all biomolecular structures with equal affinity, the
apparent density of certain structures relative to others may be
exaggerated. This potential artefact pertains to imaging of
chromatin in intact nuclei. The heterochromatin along the nu-
clear envelope or around the nucleolus often appears to be
very dense, relative to other sub-nuclear components when
imaged by cTEM. This does not reflect the true density of
the heterochromatin or its biological density relative to that
of sub-nucleolar compartments or nuclear bodies, for exam-
ple. Furthermore, domains of compact chromatin fibres may
appear indistinguishable from the nucleoplasm due to unpre-
dictable stain affinities (reviewed in Rapkin et al. 2012).

Though cTEM correctly demonstrated compacted chroma-
tin domains, such as those along the nuclear envelope, it has
led to the concept of heterochromatin being extremely dense
and therefore likely inaccessible to complexes such as the
transcription apparatus. This is not necessarily true; hence,
the chromatin that contrasts well with heavy atom salts should
be described as compact, but not necessarily as inaccessible to
macromolecular complexes.

To overcome some of the limitations of cTEM in chromatin
structure studies, a specialized form of TEM called electron
spectroscopic imaging (ESI) has been developed. This method

exploits the element-specific energy loss of incident electrons
that interact with the sample. With an imaging spectrometer,
element-specific distributions or maps with high spatial reso-
lution and sensitivity can be obtained (for an overview of ESI,
see Bazett-Jones and Hendzel 1999; Dellaire et al. 2004). For
studying chromatin structure in biological samples, phospho-
rus (P) and nitrogen (N) maps conveniently allow one to dis-
tinguish between chromatin-, RNA- and protein-based struc-
tures in situ.

Correlating fluorescence microscopy approaches with ESI
permits the structural elucidation of specific sub-nuclear com-
partments or chromatin domains enriched in particular histone
PTMs (Chandra et al. 2012; Fussner et al. 2011b). Most im-
portantly in relation to chromatin, ESI provides a straightfor-
ward distinction between various degrees of chromatin com-
paction—from the compact chromatin domains around the
nuclear periphery and nucleolus in somatic cells and down
to dispersed 10-nm chromatin fibres (Bazett-Jones et al.
2008). Thus, ESI enables the following changes in different
levels of chromatin compaction during diverse biological pro-
cesses as well as studying the impact of various factors on
chromatin compaction. ESI has revealed that chromatin do-
mains enriched with heterochromatin marks, such as
H3K9Me3, are not necessarily densely compacted (see
Fig. 2) (Fussner et al. 2011b). Such chromatin is biochemical-
ly ‘closed’ to transcription, but not because it is inaccessible
due to a compact configuration.

ESI, when combined with tomography, has also shown that
even in the most compact regions of chromatin in mammalian
cells, only 10-nm chromatin fibres are present, and not 30-nm
or higher order fibres. This demonstrates that the transition
from a transcriptionally closed to open chromatin does not
involve a transition between fibre types. Instead, a change in
the state of compaction can be understood as a combination of
an increase in the bending and looping of the 10-nm fibre, an
increase in the linear nucleosome density and a decrease in
fibre-fibre distances (Fussner et al. 2012).

To overcome possible artefacts associated with chemical
fixation and dehydration, typical in conventional processing
for TEM, cryo-electron microscopy (cryoEM) methods have
been developed. Besides avoiding aldehyde fixation, the ma-
jor advantage of cryoEM is that the samples are imaged in a
fully hydrated state. CryoEM methods can be applied to im-
aging chromatin in intact cells. Employing this method on
both mitotic as well as interphase nuclei revealed only 10-
nm chromatin fibres and could not detect any 30-nm fibres
(for review see (Maeshima et al. 2014). Although cryoEM
provided data on the structure of 30-nm fibres seen in extract-
ed or reconstituted chromatin (Woodcock et al. 1993), the lack
of evidence for such fibres in mitotic chromosomes infers that
condensation of interphase chromatin into mitotic chromo-
somes does not mean transitions to higher order chromatin
fibres. Instead, other mechanisms to condense chromatin
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may be involved, such as those dependent on histone H1
phosphorylation and recruitment or activation of non-histone
chromosomal proteins, such as Condensin (Koshland and
Strunnikov 1996). Electron microscopy methods have thus
provided insight on the chromatin configuration that creates
compact domains in the interphase nucleus and the configu-
ration responsible for mitotic condensation. They have further
provided data for studies on chromatin higher order organiza-
tion and structure as well as accessibility. These methods have
also demonstrated the importance of making the distinction
between compaction state and a transcriptionally open or
closed biochemical state.

Nuclease sensitivity

Sensitivity of chromatin to digestion by exposure of nuclei to
exogenous nucleases has been used to infer features of chro-
matin structure. The two nucleases commonly used for reveal-
ing structural properties of chromatin are micrococcal nucle-
ase (MNase) and deoxyribonuclease I (DNase I).

The MNase accessibility assay provides data on the local-
ization of nucleosomes along the DNA strand. The principle
assay using MNase measures nucleosome repeat length
(NRL), which reflects nucleosome spacing. Using this meth-
od, Fan et al. demonstrated that a loss of linker histone H1
leads to a decrease in nucleosomal spacing (Fan et al. 2003).
Digestion experiments with increasing concentrations of
MNase (Hahn et al. 2013) or with increasing incubation times
(Gilbert et al. 2007) provide diagnostic digestion patterns that
have been used to imply changes in chromatin ‘compaction’.

DNase I hypersensitivity has been used to infer chromatin
structure at the nucleosome level at promoter or enhancer ele-
ments. It is typically used to map cis regulatory elements of
active genes. DNase I hypersensitive sites (DHSs) are believed
to be depleted of nucleosomes or sites where nucleosome re-
modelling is prevalent. However, DNase I digestion has also
been used to show that the chromatin of transcribed genes has
an altered conformation when compared with non-transcribed
genes (Weintraub and Groudine 1976). A study conducted by
Bulger et al. on nuclease sensitivity and histone modifications
of the mouse β-globin locus emphasizes the complexity of the
relation between nuclease sensitivity and chromatin structure,
as no direct relation was found between nuclease sensitivity
and the histone modifications tested or changes in nuclease
sensitivity and enhancer-blocking activity (Bulger et al.
2003). Recently, genome-wide mapping of DHSs has been
carried out to map ‘open’ chromatin in several organisms
(Boyle et al. 2008; Milon et al. 2014; Song et al. 2011; Zhang
et al. 2012). Milon et al. performed high-throughput analysis
for general chromatin sensitivity to DNase I inDrosophila and
correlated their data to known genome annotations, such as
histone PTMs, gene expression and LADs (Milon et al.
2014). Their goals were to find an association between

chromatin ‘compactness’, as reflected by Dnase sensitivity,
and certain chromatin modifications and to find the relation
between chromatin ‘compactness’ and gene expression.
Interestingly, they found that there are a number of loci in
which the chromatin configuration is opposite to that predicted
by the chromatin modifications or gene expression patterns.

The Dnase I hypersensitivity assay was further developed
by Gerlitz and Bustin to measure ‘compaction’ or ‘condensa-
tion’ of chromatin fibres in situ (Gerlitz and Bustin 2010). In
this in situ DNase I sensitivity assay, adherent cells were treat-
ed with DNase I and a decrease in nuclear size served as an
indicator for the degree of digestion, thereby reflecting the
degree of chromatin compaction. Using this assay, the authors
showed that migrating cells are more resistant to DNase I
digestion, thereby implying that they undergo global chroma-
tin ‘compaction’.

Recently, Henikoff et al. have shown using successive salt
extraction of MNase digested chromatin that actively tran-
scribed chromatin is enriched in both the low-salt extracted
and the insoluble chromatin. The authors suggest that these
represent chromatin that is unbound or bound to protein com-
plexes, respectively (Henikoff et al. 2009). These results im-
ply the possibility that nuclease digestion assays may be
enriching for specific chromatin; thus, the correlation between
chromatin digestion and function should be done cautiously.

Results from nuclease digestion assays reveal structural
changes in chromatin. Indeed, differences in nuclease sensitiv-
ity between cell types are due to diffusible factors that alter the
chromatin (Chambers et al. 1984). However, to date, the exact
nature of the changes that the chromatin undergoes is unclear.
MNase sensitivity can measure nucleosome density, thereby
providing information on linear compaction of chromatin.
However, the changes may also be at one or more levels of
chromatin structure, such as histone PTMs that lead to changes
in nucleosome structure or remodelling. Alternatively, changes
in nuclease sensitivity have been used to imply changes in fibre
type (30 to 10-nm fibre transitions) as well as changes in global
accessibility, such as in chromatin found in compact domains
or in the interior of chromosome territories. Clearly, changes in
nuclease sensitivity are based on real biochemical characteris-
tics, but since the structural basis for changes in sensitivity is
not clear and is not necessarily related to a compact state, the
use of the term ‘compact’when interpreting data from nuclease
sensitivity experiments is not appropriate, unless using the term
linear compaction to describe results from an appropriately
designed MNase sensitivity assay.

Sucrose sedimentation

Sedimentation on a sucrose gradient is an additional method
employed to determine structural properties of chromatin.
Several studies have shown that chromatin of active genes
sediments slower on a sucrose gradient than chromatin of
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silent genes, or than bulk chromatin (Fisher and Felsenfeld
1986; Kim and Clark 2002; Kimura et al. 1983). Moreover,
mouse satellite repeats sediment faster than bulk chromatin
(Gilbert and Allan 2001). However, a study by Gilbert et al.
shows that in human cells there is no simple correlation be-
tween transcriptional activity and ‘open’ chromatin fibres, and
rather that the correlation of compact vs. open chromatin, by
virtue of their sedimentation properties, is with gene-poor vs.
gene-rich regions, respectively (Gilbert et al. 2004). Hence,
these results raise the need for refinement of the terms ‘open’
and ‘compact’ chromatin and reveals the gap between the
structural use of these terms and the biochemical properties
related to them.

Chromosome conformation capture techniques

In 2002, a major breakthrough came about in the field of
chromatin organization with the development of the 3C tech-
nique by Job Dekker (Dekker et al. 2002), which maps inter-
actions between chromatin loci. Since then, many techniques
based on the original concepts have been developed to map
chromatin interactions in the nucleus (for a review, see de Wit
and de Laat 2012). It should be noted that the chromatin in-
teractions mapped by these techniques are statistical associa-
tions and do not necessarily reflect contacts of every allele in
the population at a given time point. The common term used
to describe findings in all of these techniques is ‘higher order’
chromatin organization. In these approaches, ‘higher order’
means anything and everything from the loop formed between

enhancer and promoter, through TADs, to cell type-specific
compartments formed by particular TADs and chromosome
territories (Bernardo et al. 2014; Dekker et al. 2013; Kurukuti
et al. 2006; Sexton and Cavalli 2015).

Recently, ‘compaction’ has also been measured using Hi-C
data. In a recent paper, Akhtar et al. have shown that chromatin
compaction, as measured by Hi-C, is partially predictive for
expression levels of integrated reporter transgenes (Akhtar
et al. 2013). Compaction level, as interpreted from Hi-C data,
is the rate of decay in contact probability between two loci with
increasing genomic distance (Akhtar et al. 2013; Sexton et al.
2012). The steeper the decay function, the less compact the
chromatin is. However, it is not clear to date whether interaction
frequency measured using Hi-C is reflective of 3D chromatin
organization (Dostie and Bickmore 2012; Williamson et al.
2014). There is yet much work to be done to understand the
actual structure underlying such ‘compaction’ measurements.

Discussion

Chromatin exists in many structural states and at many
levels of organization. The basic nucleosome subunit can
itself occupy numerous structural states based on combi-
nations of PTMs of the core histone N-terminal tails. The
10-nm fibre can also take on a variety of states, having
regions of high or low nucleosome density, and by being
more or less extensively folded and looped. And, at the
sub-nuclear level, chromatin can be found in structurally

Table 1 Suggested definitions
for chromatin structure and
organization-related concepts

Term Suggested meaning in the chromatin field

Packaging Interactions of DNA and histones to balance charge and to reduce
the effective length of the DNA polymer

Condensation Global transition of chromatin to a more compact state (not in
interphase)-in mitosis

Linear compaction Single fibre shortening due to higher nucleosome or H1 density

Spatial compaction Local sub-nuclear domains of higher chromatin density

Open chromatin Highly transcribed chromatin

Closed chromatin Transcriptionally repressed chromatin

Euchromatin Transcriptionally active chromatin associated with specific
epigenetic modifications and histone variants

Heterochromatin Transcriptionally repressed chromatin associated with specific
epigenetic modifications and histone variants

Accessibility The capability of molecules to access the DNA

Higher order chromatin structure Folding and bending of the 10-nm chromatin fibre into
conserved globular domains with boundaries

Higher order chromatin organization The long-range distribution of chromatin in the 3-dimensional
space of the nucleus, including interactions between genes
and regulatory sequences, associations of loci with nuclear
compartments and nuclear bodies, and formation of chromatin
domains, such as chromosome territories and chromocentres
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distinct domains, with either tightly compacted fibres or
with highly dispersed fibres. Hence, it is not surprising
that the nomenclature used to describe chromatin contains
many ambiguities, some of the common terms having
multiple meanings.

In this review, we suggest a nomenclature that clarifies
some of the concepts of chromatin structure (Table 1). These
terms are briefly defined and explained here.

Packaging DNA—Chromatin packages DNA in the nucle-
ar volume by two mechanisms: (1) balancing the negative
charge on the DNA phosphate backbone with basic histones
and (2) reducing the effective length of the DNA polymer.
Chromatin does not ‘fit’ DNA into the nucleus.

Condensation—A global transition over an entire chromo-
some of chromatin to a concentrated state in the formation of
mitotic chromosomes. Condensation can involve higher linear
nucleosome density, higher levels of linker histones, modifi-
cations of histones, and recruitment of associating factors such
as Structural Maintenance of Chromosomes (SMC) proteins.

Linear compaction—Higher DNA concentration per unit
length of chromatin fibres through a higher linear nucleosome
or H1 density.

Spatial compaction—Local sub-nuclear domains of higher
chromatin density in interphase nuclei. The compaction can be
achieved by higher degrees of folding, bending or looping of
the 10-nm fibre by architectural proteins and closer spacing
between fibres. A compact chromatin domain may contain
loci from multiple chromosomes.

Open chromatin—Highly transcribed chromatin, in a bio-
chemical state that favours transcription. This state should not
be confused with highly dispersed chromatin fibres, which
may or may not be highly transcribed.

Closed chromatin—Transcriptionally silent or having rela-
tively low levels of transcriptional activity, in a biochemical
state that favours silencing. It is not necessarily equivalent to a
structurally compact domain.

Euchromatin—Transcriptionally active loci marked with
specific histone PTMs, hypomethylated DNA sequences and
unique histone variants.

Heterochromatin—Chromatin associated with low levels
of transcriptional activity in all cell types (Constitutive) or in
some cells only (Facultative). While marked with specific
histone PTMs, DNAmethylation states and containing specif-
ic histone variants, heterochromatin is not necessarily orga-
nized into a compact state. We suggest using the terms consti-
tutive heterochromatin or facultative/polycomb-repressed het-
erochromatin distinctly, since these have been shown to have
different biochemical, structural and 3D organizational
properties.

Accessibility—Reflects the ability of RNA, histones or
non-histone proteins to interact directly with a defined DNA
sequence. It is typically regulated through histone remodel-
ling, histone PTMs and DNA methylation.

Higher order chromatin structure—Folding, looping and
bending of the 10-nm nucleosomal fibre into globular do-
mains insulated by distinct borders (a.k.a domains, globules,
TADs), which form discrete modules and appear to be con-
served through evolution and development. Reference to tran-
sitions between 10-nm and higher order fibres only pertains to
specialized cells, disrupted nuclei or cell-free conditions.

Higher order chromatin organization—The long-range
distribution of chromatin in three-dimensional space includes
the formation of long-range chromatin loops and chromosome
territories as well as the localization of chromatin in relation to
sub-nuclear structures and environments, such as nuclear bod-
ies, nuclear envelope and transcription factories.

We hope that these suggestions will enhance the under-
standing and clarity surrounding concepts generated by con-
tinued advances in biochemical, physical and imaging studies
of chromatin biology.
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