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Abstract
The structure of the 30-nm chromatin fiber has provided, over the years, an important reference in
chromatin studies. Originally derived from electron microscopic studies of soluble chromatin
fibers released by restriction digestion, the gross structural features of such fragments have been
supported by biophysical methods such as low angle X-ray and neutron scattering, sedimentation,
light scattering and electric dichroism. Electron microscopy and sedimentation velocity
measurements demonstrated that reconstituted chromatin fibers, prepared from repeating arrays of
high affinity nucleosome positioning sequences, retain the same overall features as observed for
native chromatin fibers. It had been suggested that the 30 nm fiber might be the form assumed in
vivo by transcriptionally silent chromatin, but individual gene or genome-wide studies of
chromatin released from nuclei do not reveal any such simple correlation. Furthermore, even
though the 30 nm fiber has been thought to represent an intermediate in the hierarchical folding of
DNA into chromosomes, most analyses of chromatin folding within the nucleus do not detect any
regular extended compact structures. However there are important exceptions in chicken erythroid
cell nuclei as well as in transcribed regions that form extended loops. Localized domains within
the nucleus, either at the surface of chromosome domains or constrained as a specialized kind of
constitutive heterochromatin by specific DNA binding proteins, may adopt 30 nm fiber-like
structures.

Introduction
Since the discovery of the nucleosome as the fundamental structural subunit of eukaryotic
chromatin, the question has remained of how those subunits are organized to provide the
compaction required to fit within the nucleus. The earliest studies depended strongly on the
kinds of polymer physical chemistry techniques that had been used to measure the solution
properties of DNA, including its persistence length 1. At the same time structural methods,
such as electron microscopy (EM), and neutron and low angle X-ray scattering
measurements, revealed that in isolated chromatin the 10 nm polynucleosome string formed
a solenoidal structure, the 30 nm chromatin fiber, which was proposed to represent the next
level of organization and compaction. Although it had been assumed that this structure, well
documented in vitro, also existed in vivo, recent studies have cast doubt on that
assumption 2,3. Here we review the physicochemical and structural studies of isolated
chromatin, some carried out on bulk material released from the nucleus, others on defined
genomic regions. We compare these results with data obtained from EM and light
microscopy studies of intact cells or nuclei, which give on the whole a quite different view
of nucleosome packing.

In vitro biophysical studies
The detailed structure of the chromatin 30 nm fiber has been the subject of intense study
since its original description by Klug and coworkers 4,5. Based on EM observations of
soluble chromatin fragments, they proposed that the 30 nm fiber observed at high ionic
strengths consists of a left-handed one-start helix with six nucleosomes per turn and a pitch

NIH Public Access
Author Manuscript
Biopolymers. Author manuscript; available in PMC 2014 April 01.

Published in final edited form as:
Biopolymers. 2013 April ; 99(4): 225–232. doi:10.1002/bip.22157.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of 11 nm (Figure 1). They further demonstrated that at low ionic strengths the chromatin
adopts a less compact beads-on-a-string conformation referred to as the 10 nm fiber. This
reversible, ionic strength dependent transition between the 10 and 30 nm fibers was studied
by sedimentation velocity, providing the basis for the subsequent characterization of soluble
chromatin fragments from various sources. Hydrodynamic studies on fractionated chromatin
samples obtained from rat liver 6 or chicken erythrocyte nuclei 7 reported the weight-
average sedimentation coefficient as a function of the chromatin size and confirmed the
reversible, ionic strength dependent compaction of the 10 nm to the 30 nm fiber. We
highlight, in particular, two seminal contributions from Eisenberg and coworkers, in which
hydrodynamics, light scattering and low angle X-ray scattering were combined to
demonstrate that the 30 nm chromatin fiber has physical properties similar to those predicted
for the one-start solenoid 7,8. It became clear from sedimentation studies that the unit of the
higher order structure contains a minimum of six nucleosomes 6 and that the overall
hydrodynamic properties did not depend on the nucleosomal repeat length 9,10. These
observations, supporting a common folding mechanism that does not depend on the linker
length, were corroborated by electric dichroism which supports a structure containing six
nucleosomes per turn with a pitch of 11 nm independent of the linker length 11. Much like
the one-start helical model, these studies further demonstrate that the nucleosomes are
radially arranged and inclined at an angle of 20° – 33° to the solenoid axis 11,12. Small angle
neutron scattering on chicken erythrocyte chromatin confirmed the presence of six
nucleosomes per turn 13,14 organized in manner such that the linker histone H1 is located
within the interior of the fiber 15 as originally proposed by Klug and coworkers 5. Based
primarily on EM observations of the 10 nm and partially unraveled 30-nm chromatin fibers,
two alternate models for the 30 nm fiber have been proposed involving a two-start helical
array of nucleosomes having different linker orientations. The twisted ribbon model, based
on a zig-zag orientation of the chromatosomes (composed of two full superhelical turns of
DNA around the histone octamer core, and a histone H1 variant bound at the exit) at low
ionic strength, has the linker DNA oriented at various angles along the fiber axis (Figure
1) 16,17. In the alternate cross-linked model the linker DNA is oriented perpendicular to the
fiber axis and crosses the center of the fiber 18,19.

To circumvent the variations in DNA sequence, linker DNA length and chromatin
polydispersity, Hansen and coworkers prepared oligonucleosomes of defined size 20. Using
the naturally occurring nucleosome positioning sequence derived from the Lytechinus
variegatus 5S rRNA gene 21,22, they reconstituted a dodecameric linear array of 208 bp
repeats using purified histone octamers from chicken erythrocytes and showed that it
undergoes the same reversible ionic strength dependent compaction as observed for native
chromatin stripped of H1 4,23. They further established that the histone tails, particularly
those of histones H3 and H4, are important for chromatin fiber compaction 24,25. The design
of a higher affinity 601 nucleosome positioning sequence 26 and the availability of
recombinant histones 27, now allowing for the incorporation of specific histone tail
modifications or point mutations, subsequently led to the in vitro preparation of maximally
saturated nucleosome arrays devoid of any post-translational modifications 28. Dorigo et
al. 28 thus showed that residues 14–19 of the N-terminal histone H4 tail are required for the
formation of fully compacted chromatin fibers. Using a combination of sedimentation
velocity and EM, Robinson and coworkers 29 further demonstrated that acetylation of lysine
16 on the N-terminal tail of histone H4 inhibits chromatin compaction to a greater extent
than simple removal of the tail, irrespective of whether linker histone H5 is incorporated into
the array 30. By incorporating H4/H2A cross-links through the H4-V21C and H2A-64C
point mutations, Dorigo and coworkers 31 also demonstrated that reconstituted arrays having
various linker lengths adopt a two-start helical structure. The recent crystal structure of a
tetranucleosome having a repeat of 167 bp and no linker histone substantiates a two-start
cross-linked structure as it reveals two stacks of nucleosomes connected by a straight

Ghirlando and Felsenfeld Page 2

Biopolymers. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



linker 32. Interestingly, single molecule force spectroscopy on long arrays having a repeat of
167 bp also agree with a two-start helical fold, though similar studies on 197 bp repeat
arrays favor a one-start helix 33. Much like the studies carried out on native chromatin
fragments, the use of reconstituted arrays has not quite resolved the issue of the structure of
the 30 nm chromatin fiber. The observed structure adopted in vitro may reflect among other,
the history of the preparation and heterogeneity of linker length and nucleosome occupancy.
Furthermore, as noted by Grigoryev and coworkers 34 it is possible that long arrays are able
to incorporate structural features of both the one-start and two-start models within a single
fiber.

Physical Chemistry of Defined Genomic Regions
With the advent of hybridization, and later the polymerase chain reaction (PCR), methods
for detecting genomic sequences it became possible to study the hydrodynamic properties of
specific domains liberated from nuclei by nuclease digestion. Chicken erythrocyte nuclei
were an early favorite source of chromatin because they contain only low levels of proteases
and nucleases. The earliest investigations analyzed the sedimentation properties in sucrose
gradients of restriction fragments containing chicken adult β-globin chromatin, expressed in
these cells 35. These fragments sedimented more slowly than bulk chromatin of the same
size, whereas chromatin containing silent genes such as ovalbumin sedimented with bulk
chromatin. This was interpreted in terms of the 30 nm solenoidal model as reflecting a
selective unfolding of active genes. As with bulk chromatin, the differential folding was
ionic strength dependent 36. A more detailed sedimentation study 35 of the same locus made
use of complementary CsCl buoyant density measurements which showed that the protein
content of the β-globin chromatin was not significantly different from that of bulk; the
difference in sedimentation properties could therefore be ascribed to differences in shape.
An important experiment in this paper showed that digestion that removed two nuclease
hypersensitive sites within the β-globin fragment eliminated its unique sedimentation
properties. Hydrodynamic calculations in the Appendix to that paper 37 showed that these
properties could be accounted for by models in which the solenoidal structure was
interrupted by an interior flexible joint. This suggested that whether a gene was active or
inactive and packaged in ‘facultative heterochromatin’, it still maintained the 30 nm
solenoidal structure over most of its locus.

This approach was extended in a variety of ways to examine the relationship between
structure and transcriptional activity. Gilbert and Allan 38 used sedimentation and buoyant
density measurements to show that chromatin derived from centromeres of mouse cell lines
was more compact than bulk chromatin. Our laboratory 39,40 focused on the 15.5 kb long
repeat DNA sequence at the 5′ end of the chicken β-globin locus (in 6C2 cells, an avian
erythroid cell line), marked by histone modifications and high levels of DNA methylation
that are characteristic of ‘constitutive’ heterochromatin 41,42,43. Multiple HpaII sites within
the region were resistant to digestion by that enzyme because they were methylated, but
those immediately outside were not methylated and could be cut, releasing an intact 16 kb
fragment for which both the sedimentation coefficient and buoyant density could be
measured precisely. The frictional coefficient derived from these data was consistent with
predictions from hydrodynamic theory for a cylindrical 30 nm solenoid like that proposed by
Finch and Klug 4.

These methods were expanded to the whole genome. Gilbert et al. 44 extended earlier results
to determine the gene profiles of ‘open’ as compared to ‘compact’ chromatin. As before,
chromatin was sedimented on a sucrose gradient, but now DNA from individual fractions
was further fractionated according to size on an electrophoretic gel. Within a given gradient
fraction, the larger the DNA size, the less compact (with a larger frictional coefficient) its
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chromatin structure must have been. The individual DNA fractions were characterized: open
chromatin fibers were derived from regions rich in genes, though this was not correlated
with their transcriptional activity. The presumed 30 nm structure was thus not an indicator of
transcriptional status.

A refinement of this approach provided even more persuasive evidence for a lack of
connection between the 30 nm fiber and levels of gene expression. Naughton et al. 45 used
sedimentation analysis and haplotype-specific probes to map the distribution of ‘open’ and
‘compact’ chromatin on the active and inactive human X chromosomes, Xa and Xi. They
found that the bulk distribution of compact 30 nm fiber was similar, despite the large
difference between the two in the number of transcriptionally active genes. Given the
evident overall difference in appearance between Xa and Xi by light microscopy, it seemed
that compaction at some higher level of organization must be associated with the inactive X.
RNA/DNA FISH experiments using probes to sites 2 Mb apart showed a 1.5-fold difference
in separation between sites on Xa when compared to Xi.

Other experiments in this paper further addressed the question of the genomic contents
(derived from all chromosomes) of the ‘open’ chromatin fraction. It was found that this
fraction was enriched for regions with high gene density, and was particularly associated
with transcription start sites. Applying the same modeling approach used earlier 37 led to the
conclusion that ‘bulk chromatin has one disruption every 11 nucleosomes’, while the
presence of a promoter introduced a defect of increasing size related to the level of promoter
activity. Perhaps the most important conclusion of these studies is that the chromatin
structural changes that are relevant for gene expression occur at a level of organization
above the 30 nm fiber.

Further insight into this problem comes from more recent studies of the 15.5 kb condensed
chromatin fragment from the chicken β-globin locus, described above. We compared the
hydrodynamic properties of this compact constitutive heterochromatin fiber with those of a
fragment of nearly the same size (16.17 kb) containing the adjacent β-globin gene cluster 39.
The two fragments had quite similar hydrodynamic properties, leading to the conclusion that
they had very similar degrees of compaction. This is consistent with the results from other
laboratories described above, which suggest that whatever the distinction between released
fragments of inactive and active chromatin, it is not associated with an unfolding of the 30
nm fiber.

Chromatin structure within the nucleus
All of the results described in the preceding section involved measurements of chromatin
fragments released from nuclei by nuclease digestion. There is now reasonable agreement
about the structures observed under those conditions, and their relationship to transcriptional
activity. An entirely different set of conclusions comes from more recent studies of
chromatin organization in vivo that take advantage of new imaging methods in electron and
light microscopy. These all support an organization in which 30 nm fibers are not detected;
rather, the 10 nm ‘string of beads’ is compacted in a highly disordered, irregularly folded
structure.

Several lines of evidence support this conclusion, much of it based on measurements by
cryo-electron microscopy (cryo-EM), which is thought to be the least disruptive method of
sample preparation. The earliest of these studies 46 applied the then novel method to
examine mitotic chromosomes in HeLa and Chinese hamster ovary cells, and found
evidence only for the presence of 11 nm filaments. Recent cryo-EM investigations 47 used
image processing methods to analyze at higher resolution images of human mitotic
chromosomes. Quantitative analysis revealed no spacing corresponding to the presence of a
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30 nm fiber, nor could such fibers be detected when isolated mitotic chromosomes were
placed in a medium in which they swelled. Recently the same system has been addressed by
a combination of cryo-EM and synchrotron X-ray scattering measurements 48. The new
analysis strongly supports the earlier conclusions, and additionally explains the origin of the
~30 nm peak in the scattering pattern from nuclei, which had been tentatively ascribed to the
packing of 30 nm fibers present in the nucleus 49, and is now shown to arise from aggregates
of regularly spaced ribosomes. The signal disappears when ribosomes are removed.

Other evidence consistent with this result comes from studies of induced pluripotent stem
cells that used a different technique, correlative electron spectroscopic imaging, which
allows the determination of phosphorus density within the image in fixed cells 50. In ES and
full IPS cells heterochromatin identified by enrichment in the trimethyl mark on lysine 9 of
histone H3 (H3K9me3) is composed solely of 10 nm fibers. Such fibers were also observed
in the densely packed chromocenters in partial IPS cells and mouse embryo fibroblasts,
though it was not possible to exclude the presence of some 30 nm structures.

High resolution light microscopy has also been brought to bear on this problem 51.
Photoactivated localization microscopy (PALM) was applied to the study of Drosophila
metaphase chromosomes labeled with a fluorophore-labeled histone variant, H2AvD,
homologous to H2A.Z. Image analysis revealed filaments with a diameter of ~70nm.
Although the authors think that these might contain 30 nm filaments, they do not believe
that present resolution of the technique can address this question. It should be pointed out
also that in these experiments, as well as those using correlative electron spectroscopic
imaging 50, fixed samples were used.

These results provide strong evidence that if the 30 nm fiber is present in nuclei or mitotic
chromosomes, it is not the predominant structure. However there are experiments suggesting
that the 30 nm fiber is not merely the form assumed by chromatin that has been released
from the nucleus, at least not in all cell types. In early cryo-EM studies, Woodcock 52 was
able to detect fibers with diameters in the ~30 nm range in starfish sperm and chicken
erythrocyte nuclei, although he pointed out that these seemed to be the exception. Strong
confirmation of the erythrocyte results is contained in a recent cryo-EM study of chicken
erythrocyte nuclei 53, in which 30 nm fibers are clearly visible. Resolution is sufficient to
allow determination of the helical parameters of the predominant structure, found to have a
pitch of 11 nm containing 6.5 nucleosomes per turn and to be organized as a two-start left-
handed helix, quite consistent both with the structural and hydrodynamic studies described
above, and with the more recent results from crystallographic studies of oligonucleosome
structures 32.

Another early result 54 is of particular importance in trying to understand the possible
relevance of 30 nm fibers to biological function. The Balbiani ring genes in the salivary
glands of Chironomus tentans are easily visualized and, when transcribed, form a thin, 5 nm
diameter chromosome fiber. In these experiments it was found that when transcription was
inhibited and RNA polymerase was not bound to the loop it condensed into a fiber 25 nm in
diameter. This suggests that 30 nm fibers may form in situations where nucleosomes are not
tightly packed. More recent cryo-EM studies similarly show that in mouse rod photoreceptor
cells, the peripheral heterochromatin consists of packed 30 nm fibers 55.

Chromatin packing and biological function
Although the evidence for the presence within the nucleus of a canonical 30 nm fiber may
be limited to particular cell types or local conditions, it is clear that important differences in
chromatin structure distinguish domains near expressed genes, typically marked by
characteristic covalent modifications of the associated histones. We have recently explored
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further the 16 kb condensed chromatin fragment upstream of the chicken β-globin locus 56.
As described above, the intact fragment can be released from the nuclei of avian 6C2 cells
by treatment with the restriction enzyme HpaII. We further asked whether treatment with the
enzyme MspI would release much smaller fragments, given that it cuts at the same CCGG
sequence but is not inhibited by methylation of the DNA. We found that the region was
remarkably resistant to MspI digestion 40,56. About a third of the released fragments were
uncut, and much of the rest were of fairly large size (Figure 2A). This reflects the presence
of a compact structure that blocks access of MspI to most of its potential sites. The 16 kb
region is marked by low levels of histone acetylation, as expected for a repeat sequence
domain packaged as constitutive heterochromatin. However, treatment with trichostatin A
(TSA), an inhibitor of histone deacetylases, resulted in increase in histone acetylation over
the region (Figure 2B), and this was accompanied by a significant increase in susceptibility
of the region to MspI digestion (Figure 2A). This suggests that the increase in histone
acetylation was accompanied by opening of the compact structure.

We suggest that this might be most simply interpreted as a reflection of the partial disruption
of a compact 30 nm fiber. Although the 6C2 cells are arrested at an earlier developmental
stage than mature erythrocytes, they are likely to share characteristics of the circulating red
blood cells. In particular avian erythrocyte chromatin contains the linker histone H5, a
special variant of histone H1. This may explain the cryo-EM results described above, in
which it was found that chicken erythrocyte nuclei are filled with 30 nm fibers. Furthermore,
the 16 kb domain can be unambiguously categorized as constitutive heterochromatin. It is
likely never activated under non-replicative conditions, and may form an ‘atypical’
structure.

Could such a structure also exist in constitutive heterochromatic domains in other kinds of
cells? If so, it would have to be present in small enough amounts to escape detection by the
methods described above. A second possibility is that, analogously to Balbiani ring genes,
30 nm fibers form in circumstances where transcribed regions and their surrounding
chromatin are located on the surface of chromosome territories, and no longer subject to the
packing constraints that appear to stabilize the condensed 10 nm fibril structure 57. Methods
to detect such structures without perturbing nuclear organization must be developed. It has
been pointed out, however, that every method used so far has the potential of perturbing
nuclear structure 2.

Higher levels of chromatin organization
The EM studies of intact nuclei or mitotic chromosomes all lead to models in which (with
the exceptions mentioned above) there is no obvious long range order and no regular
structure larger than the 11 nm fibril. The earliest of these studies 46 concluded that ‘No
superstructure or periodic order is discernible. These observations suggest that the
chromosome is formed by the compact association of 11 nm filaments, or portions thereof,
interacting in a manner akin to the molecules of a liquid.’ This polymer melt model is now
supported by all the subsequent studies. Such randomly folded condensed structures have
long been observed and analyzed for other simpler polymers. They form because in the
simplest cases under crowded conditions a polymer element has the same interactions with
nearby elements on its own chain as it does with elements on another chain or a distant part
of the same chain. Self and non-self become indistinguishable. Biopolymers could be
somewhat different if there are local structures, interactions and constraints that make it
energetically more favorable for example to form a superhelical turn of fundamental repeat
units than to open and interact with units on a different chain. Of course the element that
forms the polymer melt could then be somewhat larger than the fundamental repeat unit.
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The studies of the released 30 nm fiber described above all indicate that at least after release
there is no dramatic unraveling of the fiber structure associated with transcriptional
activation. However the hydrodynamic data are consistent with the presence of ‘defects’,
probably due to nucleosome-free DNase hypersensitive sites, that would lead to a less
extended structure and reduced persistence length. Whatever the details of nucleosome
packing in vivo and in vitro, it is clear that organization at higher levels does reflect
transcriptional status (see, for example 2,58,59,60). In any case there is abundant evidence for
a detailed, large scale chromatin architecture within the nucleus. This comes from the
various chromosome conformation capture methods that detect long-range interactions 61.
These and other studies reveal the presence of specific and reproducible contacts between
DNA sequence elements often located many megabases from each other. They may be
stabilized through sharing of a common transcription factory 62 or by interactions between
proteins bound at the individual sites 63. Whatever the details of the locally compacted
chromatin structure at the level of the polynucleosome string, the packing cannot be random
at the scale at which biological control is exerted. It seems likely that the most significant
levels of organization remain to be explored, raising questions not only about the details of
that organization, but also about the mechanisms required to achieve it.
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Figure 1. The 30-nm chromatin fiber
(A) The one-start helical model proposed by Klug and coworkers; the linker DNA shown in
yellow is bent in a continuously supercoiled fashion between nucleosomes 4,5,11. (B) The
two-start twisted ribbon model with a linker DNA approximately parallel to the fiber
axis 16,17 (C) The two-start cross-linked model in which the linker DNA is perpendicular to
the fiber axis and occupies the center of the fiber originally proposed by Williams et al.18

and Smith et al19.. Figure reproduced from Dorigo et al.31 with permission (need to get) of
the American Association for the Advancement of Science.
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Figure 2. Effects of histone modifications on compactness of a constitutive heterochromatin
structure
(A) ChIP assay depicting the percentage of nucleosomes containing the H4Ac modification
in both untreated cells (blue), cells treated with TSA (1 μM for 4 h; red) and cells that were
given 5 days to recovery after removal of the TSA (green). Data show the mean ± s.e.m of
three (untreated and recovery) or six (TSA) independent ChIP experiments. *P < 0.05, **P
< 0.01. (B) Nuclei from 6C2 cells either untreated or treated with TSA (for 16 h) were
digested with MspI, floated out of the nuclei, sedimented on a sucrose gradient and analysed
by quantative PCR (copied from Giles et al.56).

Ghirlando and Felsenfeld Page 11

Biopolymers. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


