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Although the formation of 30-nm chromatin fibers is thought to be
the most basic event of chromatin compaction, it remains contro-
versial because high-resolution imaging of chromatin in living
eukaryotic cells had not been possible until now. Cryo-electron
microscopy of vitreous sections is a relatively new technique,
which enables direct high-resolution observation of the cell struc-
tures in a close-to-native state. We used cryo-electron microscopy
and image processing to further investigate the presence of 30-nm
chromatin fibers in human mitotic chromosomes. HeLa S3 cells
were vitrified by high-pressure freezing, thin-sectioned, and then
imaged under the cryo-electron microscope without any further
chemical treatment or staining. For an unambiguous interpretation
of the images, the effects of the contrast transfer function were
computationally corrected. The mitotic chromosomes of the HeLa
S3 cells appeared as compact structures with a homogeneous
grainy texture, in which there were no visible 30-nm fibers. Power
spectra of the chromosome images also gave no indication of
30-nm chromatin folding. These results, together with our obser-
vations of the effects of chromosome swelling, strongly suggest
that, within the bulk of compact metaphase chromosomes, the
nucleosomal fiber does not undergo 30-nm folding, but exists in a
highly disordered and interdigitated state, which is, on the local
scale, comparable with a polymer melt.

chromatin compaction � polymer melt � chromosome structure �
vitreous sections � contrast � transfer function

The degree of mitotic DNA compaction, which is essential for
successful segregation of chromatids between daughter cells,

is remarkable in that the mitotic chromatid in humans is �10,000
times shorter than the original DNA molecule (1). The most
basic DNA compaction in eukaryotes occurs through the wrap-
ping of DNA around octamers of core histone proteins (H2A,
H2B, H3, and H4) (2, 3). This step results in a repetitive motif
that is composed of nucleosomes alternated with naked ‘‘linker
DNA,’’ which is classified as the basic chromatin unit or the first
level of DNA compaction (4). The subsequent folding of the
basic chromatin fiber into the 0.7-�m thick chromatid seen at
metaphase remains unclear, although it is known that condensins
and topoisomerase II� are implicated in this process (for recent
reviews, see refs. 5–7). These proteins are variously assumed to
mediate the folding of chromatin fibers into radially oriented
loops (8–10), a hierarchy of helical structures (11, 12), or an
irregular network (13). Despite their disparities, all of these
hypotheses assume that before higher-order compaction, the
nucleosome chain forms a 30-nm chromatin fiber as the second
level of DNA folding.

The concept of the 30-nm fiber in mitotic chromosomes is
based on the following 2 observations: (i) fibers of �30 nm in
diameter have been observed in chromosomes by conventional
transmission electron microscopy (TEM) (14, 15); and (ii) X-ray

scattering analysis of isolated mitotic chromosomes reveals a
diffraction peak that is characteristic of a structure of 30-nm size
(16, 17). However, in classical TEM studies, mitotic chromo-
somes were swollen in hypotonic buffers, and then chemically
fixed, dehydrated with alcohol, and embedded into plastic (6, 7).
These harsh nonphysiological treatments might have generated
artificial de novo folding of chromatin. Also, X-ray scattering
experiments have failed to provide unequivocal evidence that
the 30-nm signal is derived from chromatin, rather than con-
taminating cytoplasmic material. Hence, these observations do
not provide conclusive evidence for the existence of 30-nm
chromatin fibers in chromosomes in vivo.

Cryo-EM of vitreous sections has made it possible to over-
come the limitations of the methods described above (18).
Cryo-EM is based on vitrification of the water by rapid cooling,
which ensures immobilization of all of the macromolecules in the
specimen in a close-to-native state (19). Thin vitrified samples,
such as layers of macromolecule suspensions, are then directly
observed under a cryo-EM without any chemical fixation or
staining (19). Bulky samples, like the majority of eukaryotic cells
or tissues, must be cut into thin vitreous sections before obser-
vation (18). This approach enables a direct high-resolution
imaging of cell structures at close-to-native state. However, the
interpretation of cryo-EM images is hampered by the effects of
the contrast transfer function (CTF), which may cause certain
structural features to be artificially amplified or suppressed (20).

Although 30-nm chromatin fibers can be routinely observed by
cryo-EM in chromatin suspensions in vitro (21, 22), cryo-EM
studies of HeLa S3 cells did not reveal this structural feature in
mitotic chromosomes (23). Nevertheless, because the influence
of the CTF was not compensated for, it remained unclear
whether the absence of 30-nm fibers in cryo-EM images of
mitotic chromosomes is characteristic of the native chromatin or
an artifact of the imaging properties.

In the present study, we address this uncertainty by analyzing
the CTF-corrected cryo-EM images of vitreous sections of
human mitotic chromosomes in situ after isolation. We show that
within the bulk of the mitotic chromosome, the chromatin fiber
exists in a highly disordered and interdigitated state, comparable
with a polymer melt. We will also demonstrate that chromosome
swelling by reduction of Mg2� concentration in the buffer results
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in segregation of the compact structure of the native chromo-
some into 30-nm fibers.

Results
The Uniform Homogeneous Grainy Texture of Chromosome Images Is
Maintained After CTF Correction. The general appearance of a
vitreous section of a mitotic HeLa S3 cell is shown in Fig. 1. The
cytoplasm contains grains and various membranous organelles,
such as cisterns of the endoplasmic reticulum and mitochondria.
The homogeneous domains in the central region of the cell,
excluding the globular macromolecular complexes and mem-
branes, are chromosomes.

The homogeneous grainy texture enables the identification of the
HeLa S3 chromosomes at a higher magnification (Fig. 2A, raw
image). The figure shows 3 regions of condensed chromosomes
separated by a thin branched zone of cytoplasm, which is recog-
nizable by the presence of numerous globular macromolecular
complexes. The chromosomes are well delineated, with smooth
surfaces that are devoid of complicated convolutions. In addition,
the characteristic homogenous grainy texture of the chromosomes
becomes better visible at this magnification (25,500�).

The image was taken with an objective lens that was defocused
at 6.6 �m, to generate sufficient phase contrast. Consequently, this
image, as with any phase-contrast TEM image, is affected by the
CTF. The CTF results in artificial amplification or suppression of
the signal intensity, which, depending on the defocus value, affects
different structural features. Although this effect is not easy to
discern in the real-space image, it is evident in its computed
diffraction pattern. Because the macromolecules are arbitrarily
oriented within the sample, for general evaluation the diffraction
pattern presented as a power spectrum can be rotationally aver-
aged. The resulting graph [rotationally averaged power spectrum
(1-DRAPS)] plots the averaged amplitudes on the y axis and the
spacings on the x axis.

The 1-DRAPS of the entire image (Fig. 2A, raw image) had the
highest signal peak at �11-nm spacing, indicating that structural
features of this size predominate. However, because of CTF, the
average amplitude dropped dramatically for the 30-nm spacing,
which might have resulted in putative 30-nm fibers being hidden.

To compensate for the signal distortions caused by the CTF,
several images of the same area were taken at different defocusing
values and merged into a single image. This technique is used

routinely with single particle cryo-EM to minimize the effects of
CTF (24). In the present study, we applied this technique to search
more sensitively for any possible higher-order chromatin structure.
This type of deconvoluted focal series reconstruction (Fig. 2A,
CTF-corrected image) combines the information from 5 images of
a mitotic HeLa S3 cell taken at defocus values of between 6.6 and
26.8 �m. The recovery of the 30-nm features was apparent in the
1-DRAPS as a rise of average amplitude for the 30-nm spacing (Fig.
2A, 1-DRAPS of CTF-corrected image). Consistently, the 30-nm
features of the cytoplasm, which were faint in the raw image,
including globular macromolecular complexes [which most proba-
bly correspond to ribosomes (arrows), because of their dimensions],
were clearly visible in the reconstructed image (Fig. 2A, CTF-
corrected image).

However, no structures of this size were discernible in the
chromosomes. The CTF-corrected grainy pattern of the chro-
mosome image consisted of dense dots, which had a next-
neighbor distance, directly estimated in the image, of 10–15 nm.
The same CTF-correction procedure was performed for other 4
areas of the size of Fig. 2, which were randomly picked in
different mitotic HeLa S3 cells. We found no difference in the
CTF-corrected texture of chromosomes between the cells. The
images did not reveal any obvious higher-order arrangement of
the grains. The grainy pattern was essentially homogenous; there
were no characteristic grain arrangements extending over dis-
tances significantly longer than 15 nm (Fig. 2B).

Because the images in Fig. 2 A represent projections of a
section of �50-nm thickness, which is much thicker than the size
of a single nucleosome (�10-nm diameter and 6-nm thickness),
the grains seen in the image are superimpositions of perhaps 4–8
nucleosomes. If these nucleosomes were to be arranged in a
regular order, some favorable orientations would reveal char-
acteristic patterns in the images. For example, top views of 30-nm
chromatin filaments of a length similar to our section thickness,
modeled on the basis of in vitro observations (22), would give rise
to characteristic rosette patterns (Fig. 2B Inset). The volume of
such a chromatin patch (�40,000 nm3) corresponds to 1/1000 of
the chromatin volume of the section presented in Fig. 2. Given
that chromosomes consist of randomly oriented 30-nm filaments,
it provides a good chance for 30-nm fibers, if they exist, to be
imaged as the characteristic top views. However, these or other
ordered patterns were never observed in the condensed chro-
mosomes; we found no authentic 30-nm filaments regularly
arranged over a dimension of the order of the section thickness
in this or any other section that we viewed (Fig. 2B).

Quantitative Analysis by 1-DRAPS Reveals Characteristic Spacing
Peaks that Distinguish Textures of Chromosomes and Cytoplasm. To
quantitatively analyze the chromosome texture, we obtained
1-DRAPS selectively for chromosomal and cytoplasmic areas
over a number of images. These spectra were CTF-corrected and
averaged into 1 graph to improve the signal-to-noise ratio [for
details, see Materials and Methods and supporting information
(SI) Text and Fig. S1].

The resulting 1-DRAPS images are shown in Fig. 3. A broad
peak of spacing with a maximum of �11.3 nm was observed for
the chromosomes (Fig. 3A, red), whereas no peak in this range
was seen for the cytoplasm (Fig. 3A, blue). The 11.3-nm peak in
the chromosomes is consistent with previous studies using
optical diffraction (23). There was no evidence of a peak in the
20–80 nm range (Fig. 3B, red) in the chromosomes. However,
the 1-DRAPS of the cytoplasm showed a peak of 30–40 nm (Fig.
3B, blue), which may correspond to the dimensions of the
globular complexes, which are abundant in the cytoplasm.

The single peak for the �11-nm spacing and absence of other
peaks in the chromosomes reveal the predominance of an 11-nm
structural feature in chromosomes. To understand more clearly

Fig. 1. Cryo-EM view of a vitreous section of a mitotic HeLa S3 cell. Chro-
mosomes are recognized by their elongated aspect and uniform texture.
Numerous granules, membrane cisterns (mc), vesicles, and mitochondria (m)
are evident in the cytoplasm, which is bordered by the cytoplasmic membrane
(cm). Oblique striations of the image intensity are the result of knife marks
during the sectioning process. A surface contamination with hexagonal ice (h)
is also seen. The section thickness is �60 nm. (Scale bar, 1 �m.)
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Fig. 2. The characteristic grainy texture of the chromosome is maintained after CTF correction. (A) An area of a mitotic HeLa S3 cell section that contains 3 parts
of chromosomes (outlined in white) separated by the cytoplasm, is shown before and after CTF correction. The corresponding 1-DRAPS shown on the right side.
The amplitudes are plotted as arbitrary units by using logarithmic scale on the y axis. The y axis units are the same in both plots. (B) A magnified segment of the
CTF-corrected chromosomal texture. The inset in B shows simulated top views of 30-nm fibers assembled the interdigitated solenoid (left inset) (22), and 2-start
helix (right inset) (27). The simulation was low-pass filtered to make it compatible with the CTF-corrected image of the chromosome. (Scale bars, 200 nm in A
and 30 nm in B.)
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the organization underlying the �11-nm peak, we carried out
gradual swelling of the mitotic chromatin in vitro.

Swelling of Chromosomes Reveals That the �11-nm Spacing Peak
Results from the Close-Neighbor Distance Between Nucleosomes.
Isolated metaphase HeLa S3 chromosomes frozen in the pres-
ence of 5 mM Mg2� were compact and showed a homogeneous
grainy texture (Fig. 4, 5 mM), which was very similar to that
observed in mitotic cells (Fig. 2). Consistent with that observed
in situ, this texture was characterized by a �11-nm spacing peak
and by the absence of peaks of large spacing. Decreasing the
Mg2� concentration in the incubation buffer resulted in gradual
swelling of the chromosomes. At 1.5 mM Mg2�, there were no
significant global changes in chromosome structure, although
the peak spacing was slightly displaced (11.8 nm) (Fig. 4, 1.5
mM). At 0.7 mM Mg2�, the mitotic chromosomes were no longer

compacted but consisted of irregular chromatin patches extend-
ing over regions of �100 nm (Fig. 4, 0.7 mM). The peak
maximum was further displaced toward the larger dimension
(13.7 nm). Lastly, at 0.5 mM Mg2�, the chromosome appeared
as irregular filaments formed from discrete grains, which were
consistent with nucleosomes in terms of their size and shape
(Fig. 4, 0.5 mM). These filaments were reminiscent of the
irregular 30-nm fibers observed in vitro (21). The peak in the
7–20 nm range persisted in the 1-DRAPS, with the maximum
located at �14.3 nm. This value is substantially larger than any
dimension of nucleosome, which indicates that the peak results
from nucleosome spacing. Because no particular order of spatial
positioning of nucleosomes was observed within the filaments,
the peak reflects a general preferential distance between the
centers of neighboring nucleosomes. The gradual shift of the
spacing peak with swelling suggests that the peak has the same
origin in open fibers and in partially decompacted and fully
compacted native chromosomes. Therefore, the compact native
chromosome appears to be a chromatin mass in which nucleo-
somes are packed in no particular order, albeit with a prefer-
ential distance of �11 nm.

In addition to the 14.3-nm peak, the power spectrum of
chromosomes swollen at 0.5 mM Mg2� is characterized by a
spacing peak in the range of 40–50 nm (data not shown). It
appears that this peak is caused not only by the fiber thickness
(�30 nm), but also by a complicated function of interfibrillar
spacing, which shifts this peak to larger distances.

The complete removal of magnesium ions by 1 mM EDTA
resulted in further swelling and complete loss of the peak (Fig.
4, 1 mM EDTA). This state resembles the fully open isolated
chromatin fibers previously observed in the thin vitrified layer in
low-salt buffer (21).

Discussion
We demonstrate that after CTF correction, the images of human
mitotic chromosomes in the vitreous sections reflect a compact

Fig. 3. Averaged 1-DRAPS of chromosomes (red) and cytoplasm (blue) after
CTF correction reveals characteristic spacing peaks. Two ranges of spacing are
shown: from 7 to 30 nm (A) and from 20 to 100 nm (B). A broad peak of spacing
with a maximum of �11.3 nm is observed for the chromosomes, whereas no
peaks within this range are detected for the cytoplasm. In the 20–80 nm
range, the chromosomal texture shows no spacing peaks. In contrast, a peak
with maximum at �30 nm is detected in the cytoplasm.

Fig. 4. Swelling of isolated mitotic HeLa S3 chromosomes in vitro by decreasing the Mg2� concentration. The vertical columns of the images show the
appearance of chromosomes at the corresponding Mg2� concentration in the swelling buffer. Each column contains a cryo-EM image of the vitreous section taken
at low magnification (LM), high magnification (HM), and the averaged CTF-corrected 1-DRAPS for the spacing range of 8–30 nm. Note that the texture of isolated
chromosome in 5 mM Mg2� is very similar to that of native chromosomes observed in the mitotic cell section (see Fig. 2) and is consistently characterized by a
spacing peak with maximum at �11 nm. Also noteworthy is the gradual shift of this spacing peak that accompanies the gradual swelling of the chromosomes
with decreasing Mg2� concentration. Complete removal of Mg2� by EDTA results in fully decompacted chromatin fibers and loss of the spacing peak in the
observed range (1 mM EDTA). [Scale bars, 100 nm (LM) and 30 nm (HM).]
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uniform chromatin mass, in which 30-nm chromatin fibers are
not discernible by visual inspection; 1-DRAPS analysis of the
chromosome images also gave no indication of 30-nm chromatin
fibers.

The previous cryo-EM observations of starfish spermatozoids
or isolated chicken erythrocyte nuclei provided conclusive evi-
dence that 30-nm fibers are maintained after the high-pressure
freezing and thin sectioning of vitreous material (25). Therefore,
the absence of 30-nm fibers in images of chromosomes is not due
to a technical aspect of cryo-EM of vitreous sections, but is
characteristic of native HeLa S3 metaphase chromosomes.

This phenomenon can be explained by a model that takes into
account internucleosome interactions. The formation of a com-
pact 30-nm fiber requires the selective binding of nucleosomes,
which are close neighbors on the DNA strand. For example, if
the side-to-side binding of a nucleosome to its first neighbor is
stabilized, it will give rise to a 30-nm fiber that is organized as
a 1-start helix, a solenoid (26). The second neighbor binding will
result in a 2-start helix or a zig-zag ribbon fiber (27). Such
selective intrafiber nucleosomal associations can be accom-
plished under diluted conditions, as in in vitro systems, in which
interactions between chromatin fibers or between distant seg-
ments of the same nucleosome chain are negligible (Fig. 5,
diluted). However, these interactions become common during
chromosome compaction in vivo and, thus, interfere with the
formation and/or maintenance of selective intrafiber bonds (Fig.
5, concentrated). In this type of situation, 30-nm folding can exist
only if the specific intrafiber nucleosomal binding has higher
affinity than other internucleosomal associations. In this case,
chromosome swelling first disrupts the weaker bonds, leaving the
stronger, specific, intrafiber bonds intact. Consequently, the
swelling would give rise to segregation of the 30-nm fibers, which
remain compacted. However, this scenario is not compatible
with our observations. Initially, the chromosome swells as a
uniform mass, and then gradually dissociates into chromatin
filaments of rather irregular open zig-zag structures, rather than
compact 30-nm fibers. Thus, it appears that within the mitotic
bulk of chromatin there is no crucial difference between the
forces of interfiber and intrafiber nucleosomal associations. A
nucleosome interacts with its neighbors irrespective of the
nucleosomal array along the DNA strand. This state is known as
a ‘‘melt’’ in polymer physics (28). It means that the nucleosome
does not ‘‘know’’ to which fiber it belongs. In this case, no global
secondary DNA folding exists, and 30-nm fibers, even if they
existed before mitosis, would melt into the uniform mass and
lose their structural identity (Fig. 5). The concept of the melt
implies dynamic polymer chains (28): polymer chains are con-
stantly moving and rearranging at the local level. Given that it

is also valid for the mitotic chromatin, the melt model provides
conclusive explanations of the 2 following observations, which
are difficult to be interpreted by 30-nm-fiber models.

The first is the unexpectedly high intra-chromosome diffusion
capabilities of many of the soluble factors (29–33). Of these
factors, essential structural components of chromosomes, topo-
isomerase II� and condensins, are comparable with or larger
than nucleosomes. Accordingly, their diffusion within a static
chromatin structure would require a sufficient porosity that is
not compatible with the highly-dense metaphase chromatin
packing (34, 35). The dynamic melt overcomes this problem:
constant local movements and rearrangements of the nucleo-
somes by Brownian motion allow the protein complexes to enter
and to move through the bulk of the chromosome. The previ-
ously reported high mobility of linker histone H1 in the meta-
phase chromosomes, suggesting a transient mode of H1 binding,
is in agreement with the dynamic state of the chromatin (29).

Second, the melt state overcomes a packing problem. Accord-
ing to available measurements, the local DNA concentration in
mammalian mitotic chromosomes is high at �170 mg/mL (34,
35). Typical models of chromosome organization based on
30-nm fibers face difficulties in reaching this value, because even
a dense packing of 30-nm fibers unavoidably leaves a significant
unoccupied space between the fibers (34, 35). The melt, which
is a homogeneous dense packing without any empty space, could
avoid this problem.

Because, in addition to human cells, similar disordered ho-
mogeneous chromatin has been observed by cryo-EM in not only
the mitotic, but also the interphase chromatins of rodents and
plant cells, the melt may represent the predominant state of
compacted chromatin in vivo in general (36, 37). When 30-nm
chromatin folding is required locally (e.g., in specific loci) or
globally in the entire chromatin of specific cell types (e.g., in
starfish spermatozoids; see ref. 25), transition of the homoge-
neous melt into 30-nm fibers may be caused in vivo through
increasing of intrafiber nucleosome affinity (e.g., by histone
modifications or binding of specific proteins). A similar effect
may be caused by nonphysiological treatments used in conven-
tional TEM, which may account for the 30-nm fibers observed
in plastic-embedded chromosomes (9, 10).

Further refinement of the melt model will address the ques-
tions of how the chromosome shape is formed and how the
structural integrity of the chromosome is maintained in the
highly dynamic chromatin state. These advances will be made
possible by improved computer modeling and in vivo molecular
dynamic measurements, together with the 3D reconstruction of
chromatin by using cryo-electron tomography.

Fig. 5. The melt model of mitotic chromosome structure. Under diluted conditions, the flexible nucleosomal fibers may compact through selective close
neighbor associations, thus forming the 30-nm chromatin fibers. An increase in chromatin concentration results in interfiber nucleosomal contacts, which
interfere with the intrafiber bonds. Nucleosomes of adjacent fibers interdigitate and intermix. The 30-nm folding is disrupted and the nucleosomal fibers melt
into a uniform mass. Because there is no difference between the intrafiber and interfiber nucleosome affinities, the nucleosomal filaments return to the open
disordered conformation of the diluted state before compaction. Note that the chromatin compaction events are linked to the sequence in the figure to better
illustrate the principle of the melt formation. The actual compaction pathway leading to the chromatin melt in vivo is unknown.
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Materials and Methods
Preparation of Mitotic Cells and Chromosomes and High-Pressure Freezing. HeLa
S3 cells were grown in RPMI medium 1640 that was supplemented with 10%
FBS (Invitrogen). The yield of mitotic cells was increased by adding 0.06 �g/mL
colcemide (Sigma-Aldrich) to the culture medium for 4 h. Mitotic cells were
collected by shaking and were pelleted by centrifugation at 1000 � g for 5
min. The cell pellet was mixed with 5 volumes of culture medium that
contained 20% dextran (40 kDa; Sigma-Aldrich). The mixture was placed on a
stack of filter papers and incubated for 5 min in a humid chamber. Concen-
trated suspensions of cells were rapidly collected from the droplet on the filter
paper and placed into specimen carriers before freezing under high pressure
(HPM 010; BAL-TEC).

Mitotic chromosome clusters were purified as described previously (9).
Vitrification of isolated chromosome clusters, as well as entire cells by high-
pressure freezing requires the addition of 20% dextran solution to the swell-
ing buffer. Although dextran with molecular mass of 40 kDa gave satisfactory
results for cell vitrification, its presence in the swelling buffer prevented the
swelling of chromosomes. We found that 1.5-kDa dextran (Sigma-Aldrich)
produced optimal chromosome swelling and sectioning.

To swell the chromosomes, chromosome clusters were diluted in 100 vol-
umes of buffer that contained 10 mM Hepes-KOH (pH 7.5), 20% dextran, and
MgCl2 at the indicated concentration. The clusters were then pelleted by
centrifugation at 8000 � g for 5 min, and frozen at high pressure by using the
Leica EM-PACT machine.

Cryo-Sectioning and Cryo-EM. Frozen cells were sectioned by using the EM
UC-6 FC-6 cryomicrotome (Leica) at �140 °C. Vitrified chromosome clusters
were cut at �170 °C, because sectioning at a higher temperature resulted
in a strong relief on the section surface. Sections with nominal thickness of
40 nm were produced with a 25° or 35° diamond cutting knife (Diatome).
Sections were transferred onto lacy carbon-covered 300-mesh copper grids
(Agar Scientific). The grids were transferred to a Gatan cryoholder (Gatan)
that was maintained at a temperature below �170 °C and then inserted
into a precooled CM100 cryo-electron microscope (FEI), which was
equipped with a LaB6 cathode with an accelerating voltage of 100 kV.
Electron diffraction was used to check whether the water was vitreous or
crystalline. Crystalline sections were discarded. Images were recorded with
the TemCam-F224HD charge-coupled-device camera (Tietz Video and Im-
age Processing Systems).

Focal Series Reconstruction and Deconvolution. Focal series of images of the
same area were taken with defocus levels ranging from 6 to 30 �m at 25,000�
magnification (0.65 nm per pixel). The images were aligned in Adobe Photo-
shop 7.0. 1-DRAPS were calculated in SumpS (24) and a Gaussian curve was
fitted by using the KaleidaGraph 4.0 software (Synergy Software). The images
were denconvoluted and merged in CTFMIX (24). The simulations of topviews
of 30-nm fibers were performed in Matlab (The MathWorks). The PDB files of
30-nm fiber models were kindly provided by D. Rhodes.

Quantitative Image Analysis by 1-DRAPS. Appropriate digital micrographs of
chromatin were selected on the basis of optimal defocus levels and minimal
cutting distortions and astigmatism. A magnification level of 25,000� (0.65
nm per pixel) with a defocus range from �5 to �10 �m was used for
1-DRAPS with a spacing of 7–20 nm. For the spacing range of 15– 40 nm,
several groups of images were collected at 10,000� magnification (1.62 nm
per pixel), and the defocus was in the range of 37– 60 �m. Chromatin areas
were excised from the images into irregular regions or into squares of 5122,
10242, or 20482 pixels in Adobe Photoshop 7.0. The total collected ch area
was �51.7 �m2 for the 7–15 nm range of 1-DRAPS and 280 �m2 for the
15– 40 nm range. Excised images were padded into squares of 40962 pixels,
and were orientated so that the knife marks were vertical. Images were
masked in Fourier space, by using Image J 1.38a (National Institutes of
Health, http://rsb.info.nih.gov/ij/), to remove signals that corresponded to
knife marks and crevasses (for further details, see SI Text and Fig. S1). We
calculated 1-DRAPS for each image by using SumPS (24). CTF correction by
deconvolution of individual images was performed by using CTFMIX.
Gaussian coefficients were calculated in KaleidaGraph 4.0. All image pro-
cessing was performed on a Dell Inspiron running Ubuntu 6.06. The aver-
aged deconvoluted 1-DRAPS, which corresponded to individual conditions
and cutting conditions, were calculated in CTFMIX and KaleidaGraph 4.0.
File format conversion was performed by using EM2EM (Imagic Science).
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