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Chromatin folding in eukaryotes fits the genome into the limited
volume of the cell nucleus. Formation of higher-order chromatin
structures attenuates DNA accessibility, thus contributing to the
control of essential genome functions such as transcription, DNA
replication, and repair. The 30-nm fiber is thought to be the first
hierarchical level of chromatin folding, but the nucleosome ar-
rangement in the compact 30-nm fiber was previously unknown.
We used cryoelectron tomography of vitreous sections to deter-
mine the structure of the compact, native 30-nm fiber of avian
erythrocyte nuclei. The predominant geometry of the 30-nm fiber
revealed by subtomogram averaging is a left-handed two-start
helix with approximately 6.5 nucleosomes per 11 nm, in which
the nucleosomes are juxtaposed face-to-face but are shifted off
their superhelical axes with an axial translation of approximately
3.4 nm and an azimuthal rotation of approximately 54°. The nucleo-
somes produce a checkerboard pattern when observed in the direc-
tion perpendicular to the fiber axis but are not interdigitated. The
nucleosome packing within the fibers shows larger center-to-cen-
ter internucleosomal distances than previously anticipated, thus
excluding the possibility of core-to-core interactions, explaining
how transcription and regulation factors can access nucleosomes.

he basic repeating unit of chromatin is the nucleosome, the

structure of which is known at atomic resolution (1). In vitro,
in the presence of linker histones and a moderate concentration
of monovalent cations, nucleosome arrays adopt an irregular zig-
zag topology (2, 3). Further increase of monovalent salt and/or
the presence of divalent cations leads to more compact struc-
tures, referred to as 30-nm chromatin fibers, in which nucleo-
somes are assumed to be helically packed with a density in the
range of 6-11 nucleosomes/turn (4, 5). The biological relevance
of this compaction is supported by direct visibility of 30-nm
fibers in situ by electron microscopy (EM) in some cell types
of evolutionary distant species (6-8). Despite this fundamental
knowledge, the resolution of the electron micrographs was not
sufficient to visualize the organization of the individual nucleo-
somes within the compact 30-nm fiber. Thus the nucleosome
arrangement within the fiber, and accordingly the interpretation
of basic chromatin functions, was based on indirect methods,
leading to various models, which have hitherto been disputed (9).

Two main types of model have been proposed: The first model
is a one-start helix in which consecutive nucleosomes are ar-
ranged as a solenoid (4, 10), and the second model is a twisted
two-start helix formed by a zigzag ribbon of nucleosomes (11).
The most recent evidence for the one-start model arises from
measurements of two-dimensional (2D) electron microscopic
images of nucleosome arrays reconstituted in vitro, which suggest
an interdigitated solenoid with the linker DNA bent in the inter-
ior of the fiber (12). The two-start model was recently supported
by the crystallographic study of the tetranucleosome (13) as well
as by cross-linking experiments (14).

Cryoelectron tomography has the unique ability to visualize
molecular assemblies in an unaltered frozen hydrated state at
close-to-native conditions. In conventional electron microscopy
of plastic sections, the sample is chemically fixed, dehydrated,
embedded in resin, and stained. These steps, especially the pro-
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cess of dehydration, results in structural rearrangement that is
particularly prominent for polyelectrolites such as DNA mole-
cules (15). Another disadvantage of conventional microscopy
is that the surrounding stain is viewed and not the biological
structure itself. In cryoelectron tomography, the samples are
high-pressure frozen, and the preserved frozen-hydrated sample
is then sectioned at cryotemperatures without dehydration. Be-
cause the samples are unstained, the intensities seen in images
of the vitrified samples represent the true densities of the macro-
molecules. Here we use cryoelectron tomography of vitreous
sections to directly visualize the nucleosome arrangement within
the compacted 30-nm fibers of mature chicken erythrocyte nuclei,
without the use of fixatives, dehydration, or any cross-linking
agents used in conventional electron microscopy and other tech-
niques.

Results

Cryo-EM of Chicken Erythrocyte Nuclei. Mature avian erythrocyte
nuclei are well known to contain 30-nm chromatin fibers when
isolated at an ionic strength close to the physiological, for exam-
ple in buffer containing 2 mM MgCl, and 75 mM monovalent
cations (16). We isolated chicken erythrocyte nuclei in such buffer
and vitrified them in buffer containing 20 mM NaCl with 20%
40 kDa dextran. The osmotic effect of this particular dextran
maintains fiber compaction that is equivalent to that of 2 mM
Mg(Cl, ionic strength (17) (Fig. S1). The nuclei were intact and
maintained their shape through the isolation and vitrification
procedures. Chicken erythrocyte nuclei are advantageous for
the data analysis because (i) they have low amounts of nonhistone
chromosomal protein and thus contain no other protein com-
plexes that might affect the image processing (18), and (ii) the
interfiber distance is large enough such that the fibers can be ex-
tracted separately. Chicken erythrocyte chromatin contains the
full complement of linker histone H1 (0.4 H1 per nucleosome)
and H5 (0.9 per nucleosome) (19) and is representative of tran-
scriptionally inactive chromatin (20). In this study we quantita-
tively analyze vitreous sections of these nuclei, which show
distinct 30-nm fibers in both the 2D projections and the three-
dimensional (3D) reconstructions (Fig. 1 A-F).

Subtomogram Averaging of Native 30-nm Fibers from Chicken Ery-
throcytes. Subtomogram averaging involves aligning many similar
3D images (the so-called subtomograms) to a reference template,
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Fig. 1. Cryo-EM images of chromatin in chicken erythrocytes. (A) A 2D over-
view image of an approximately 50-nm-thick cryosection of a chicken ery-
throcyte nucleus. Cross-sections of fibers (top views) have higher contrast
compared to the longitudinally sectioned fibers and are thus much more ob-
vious, but all possible orientations are visible. Some longitudinally sectioned
fibers are highlighted by red boxes; some cross-sectioned fibers are indicated
by red circles. The box length is 200 nm, and the width is 50 nm. Inset: A 1D
rotationally averaged power spectrum of the nucleus shows a strong peak in
the 30-40-nm range. (B) A 10-nm-thick slice through a 3D reconstruction of a
chicken erythrocyte nucleus. The nucleus contains compact yet distinct and
well-separated 30-nm fibers in which individual nucleosomes are visible. A
longitudinal and a cross-sectioned fiber are indicated by a red box and a
red circle, respectively. (C and D) Cross-sections of individual fibers; the slices
are 1.2 nm thick. (€ and F) Longitudinal sections of individual fibers; the slices
are 1.2 nm thick. The size and shape of the high-density positions correspond
well to individual nucleosomes.

which iteratively improves the signal-to-noise ratio of the data
until convergence (21). Even though the excellent quality of the
reconstruction allows us to directly visualize nucleosomes in the
reconstruction (Fig. 1 C-F), an averaging procedure is performed
in order to improve the signal-to-noise ratio and to average out
the missing wedge. We detected the fibers in tomographic recon-
structions by cross-correlation against a filtered binary cylinder,
30 nm in diameter and 60 nm in length, which was rotated and
translated in space (22).

The length of the template cylinder was chosen to be 60 nm in
order to avoid selecting top views as side views. Because the cy-
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linder does not contain any structurally relevant information, any
high-resolution features that arise after alighment must come
from the data itself, thus completely avoiding any template bias.
We thus automatically extracted approximately 1,000 subtomo-
grams of 30-nm fibers and applied a subtomogram alignment
and averaging procedure (see SI Methods for detailed protocol).
This involved aligning each extracted 3D subtomogram to an in-
itial binary cylinder, where the missing wedge was considered and
compensated for in both the alignment and averaging algorithms
(21), until the structure reached convergence. We initially classi-
fied the subtomograms, in order to remove false positives, as well
as fibers with incorrect fiber-axis orientations (21, 23). The sub-
tomogram average with a full length of 60 nm had poor resolution
resulting from structural heterogeneity in the fibers over a long
distance, but when masked over the central region of approxi-
mately 40 nm along the fiber axis, the resolution improved. This
indicates that the helical order in the fiber is evidently short-range
(not more than 3 nucleosome gyres). The subtomograms were
realigned using this mask with an angular restriction that pre-
vented rotating the fibers more than 30 ° from their originally
estimated fiber axis.

The resulting structure in the subtomogram average is a fiber
with a diameter of approximately 32 nm and a length of approxi-
mately 60 nm (Fig. S2), containing discrete elliptical densities, the
size of which correspond to individual nucleosomes. The spatial
positions and orientations of the nucleosomes can be clearly
recognized (Fig. 2). A cross-section through the subtomogram
average shows six radially organized nucleosomes spaced equidis-
tantly on the plane (Fig. 2 E and F). There are 6.5 nucleosomes
per 11 nm, resulting in a helical pitch of approximately 22.8 nm.
Nucleosomes display a checkerboard pattern when the fiber is
viewed from the side (Figs. 2C and 54), indicating that nucleo-
somes are juxtaposed above and between those of the previous
gyre, without interdigitation. A plot of the Euler angle distribu-
tion (Fig. S3) shows that there is a complete coverage of angles,
resulting in an isotropic point-spread function. Because the orien-
tations of the fibers are uniformly distributed and the missing
wedge was compensated for, the subtomogram average does
not have any missing information in Fourier space. The resolution
of the subtomogram average assessed by the Fourier shell corre-
lation at 0.5 cutoff is 4.3 nm (Fig. S4).

Determination of the Symmetry Parameters. We did not impose sym-
metry during the iterative alignment procedure, thus presump-
tion of helical symmetry was completely avoided. When the
autocorrelation function of the subtomogram average is plotted
in cylindrical coordinates, it shows a remarkable periodicity at a
radius of 13 nm (Fig. 34). In cylindrical coordinates, the autocor-
relation peaks may be considered as the lattice points of a helical
net, which may be indexed by direction vectors (Fig. 3B). The
direction vector to the highest correlation peak (HD) and the vec-
tor of second highest correlation peak (SD) are shown in Fig. 3B.
HD shows the direction of the basic helix (indicated by the pink
arrow), from which the nucleosome repeat distance can be cal-
culated. SD indicates the spacing between helix gyres (the second
gyre is indicated by the blue arrow) (Fig. 3B). Remarkably, the
autocorrelation function shows distinct lattice points up to the
third order, capturing all nucleosomes within two gyres showing
that the subtomogram average has approximately 6.5-fold sym-
metry (Fig. 3C). Both the first and the second helix intersect a
horizontal line (the equator), evidencing that a two-start helix
is the smallest possible startedness.

By deducing the symmetry parameters, we thus determined
that the subtomogram average is a left-handed helix with an axial
translation (Az) per subunit of 3.4 nm (+0.48 nm) and an azi-
muthal rotation (A¢) per subunit of —54° (£0.4°), which relates
each nucleosome to its neighbor with a center-to-center distance
within a gyre of 10.3 nm (+0.12 nm) (Fig. 3 and Movie S1). This
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Fig.2. Subtomogram average of chicken erythrocyte fibers. (A) A depiction of the locations and mutual positions of the slices and isosurface visualized in B-H.
(B) Computational projection image parallel to the fiber axis through the subtomogram average. Six radially oriented elliptical densities are visible that sur-
round a central density. The size of one of the radially placed densities corresponds to the dimensions of an individual nucleosome. (C) A computational
projection image calculated perpendicular to the fiber axis through the periphery of the fiber shows a checkerboard pattern of nucleosomes. (D) 0.6 nm
thick longitudinal slice showing the off-superhelical-axis nucleosome juxtapositioning present in the fiber. (E and F) Two 0.6-nm-thick slices, 10 nm apart,
showing radially arranged nucleosomes. (G) Isosurface of the subtomogram average shown in perspective view. Two gyres of the fiber are visualized.
The fiber axis and nucleosome spacing are indicated. (H) Isosurface of the subtomogram average contoured at two threshold levels to indicate the center
of the nucleosome positions at the higher threshold and the appearance of the 30-nm fiber at the lower threshold. The isosurface at the higher threshold
shows distinct densities in elliptical form, depicting the center of the positions of the individual nucleosomes. The isosurface at lower threshold has been
selected in order to faithfully represent a complete nucleosome and is shown as transparent, pseudocolored according to the cylindrical radius. Red indicates
positions at the outer radius of the fiber, while green-blue positions are toward the center of the fiber. Positions of the nucleosomes are well defined.
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Fig. 3. The fiber shows a two-start organization. (A) The autocorrelation function of the subtomogram average in cylindrical coordinates at a radius of 13 nm.
The red spheres indicating the positions of the local maxima show a remarkable periodicity and are used to define the lattice points. (B) An idealized lattice,
shown in gray spheres, was calculated based on the positions of the local maxima. In the idealized lattice the first helix is indicated by a pink arrow, and the
second helix is indicated by a blue arrow. The positions of the nucleosomes visible in the real data are indexed by small numbers. Both helices are shown to
intersect the equator at the positions indicated by the pink and the blue circle respectively. This shows that the fiber has a clear two-start geometry. (C) A plot
through the autocorrelation function at the position of the basic helix shows that the subtomogram average has approximately 6.5-fold symmetry with a
rotation per subunit of approximately54°. (D) Cartesian space depiction of the idealized lattice in B, facilitating indexing of the nucleosomes on the lattice. The
numbering of the nucleosomes is identical to B. The two-start helix is visible in Cartesian coordinates. (E) Top view of the positions of the nucleosomes placed at
the positions of the correlation peaks shown in B, with the linker DNA modeled in gray, which is assumed to cross the fiber-axis. The azimuthal rotation and
center-to-center nucleosome distance are indicated. (F) Side view of the depiction in E (related by a 90° rotation) shown in crossed-eyes stereo view.
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results in approximately 6.7 nucleosomes per turn (Fig. 3 E and F)
or approximately 6.5 nucleosomes per 11 nm. This number indi-
cates that the fibers are fully compact, because a compaction rate
of 6-7 nucleosomes per 11 nm turn corresponds to the saturation
point of compaction in isolated chicken erythrocyte chromatin
fibers, according to measurements provided by previous studies
(5, 24). We have verified the reproducibility of the final subtomo-
gram average using three individual datasets from different tomo-
grams with independent initialization parameters and the results
were very similar. Among the processed datasets, the resulting
subtomograms showed an approximately 6.5-fold structure with
Az per subunit of approximately 3.6 nm (+£0.6 nm) and an azi-
muthal rotation (A¢) per subunit of approximately —54° (£3°)
(tilt-series alignment shown in Table S1).

Classification: Variation and Flexibility within the Fibers. Our average
describes the most statistically significant symmetry that is char-
acteristic of the dataset, but after classification of the subtomo-
grams (21), we see that there is some level of variation and
flexibility within the fibers. To identify the structural variability
we classified the final set of aligned particles using principal
components analysis (PCA) using masks of 30 nm in length. This
classification procedure showed that variance existed within the
symmetries of the extracted fibers. Because we ignored variations
smaller than our resolution limit, we could ascertain that we iden-
tified true structural variation because the densities we classified
were in the size order of a nucleosome. Most of the class averages
(65%) display 6 nucleosomes per cross-section, but others show 5
(11%) or 7 (16%), demonstrating the level of variability that may
be attributed to slight distortions or bending within the individual
fibers (Fig. 4). However, we never obtain classes with more than 7
nucleosomes per turn—which contradicts the extremely high
packing ratio of 11 nucleosomes per 11 nm obtained by measure-
ments of in vitro reconstituted arrays (12). It is evident that in
nature a structural variability may exist within the range of a given
set of parameters. This may of course be a different case for
reconstituted fibers, where structural homogeneity is aimed for
even if this may not be the true reflection of the structure in
nature.

Characteristics of the Native 30-nm Fiber. The autocorrelation func-
tion in cylindrical coordinates unambiguously shows that the fiber
has a two-start geometry formed by two opposing helices, which is
in agreement with the two-start model (Fig. 3 B and D). The sym-
metry cannot be accounted for by a one-start helix, because the

A S-fold B 6-fold C 7-fold

30 om

7-fold 6-fold

Fig. 4. Structural variability within the dataset. A characteristic subset of the
resulting subtomogram class averages from the PCA classification is shown;
the slices are 1.2 nm thick. Most of the class averages display 6 nucleosomes
per cross-section (B), but others show 5 (A) or 7 nucleosomes per cross-section
(), which demonstrates the level of variability with our data. The nucleo-
somes have varying densities because they are computationally sectioned
at different heights. (D) Pie chart depicting the percentages of particles con-
tributing to each class.
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rise per nucleosome precludes the possibility of completing the
number of nucleosomes per 11 nm within the determined pitch.
A far smaller axial translation (Az) per subunit would be required
(<1.7 nm) in order for this requirement to be met. By fitting
nucleosomes into the density using an algorithm to take into ac-
count the symmetry parameters, it is possible to determine that
the two-start geometry of the fiber is formed by two opposing he-
lices where the second helix starts at 203° with respect to the first.

Due to the resolution of the subtomogram average, we are
unable to unambiguously resolve DNA connectivity between
the nucleosomes. However, we consistently see densities crossing
the fiber axis in the subtomogram average and even in individual
subtomograms at favorable projection angles (Fig. 1 C and D).
Computational projections down the fiber axis reveal a density
in the fiber cavity, which cannot be accounted for by H1/HS5
or histone tail domains due to their small size and location
(Fig. 2B) (SI Methods). Because there have been no previous re-
ports of any such density being visualized in real data, we would
suggest that this provides additional evidence that DNA indeed
crosses the fiber.

Next, we docked nucleosomes into individually segmented
nucleosome densities of the subtomogram average by means
of cross-correlation-based techniques (22). Although the accu-
racy is restricted by the resolution, the docking is unambiguous
(Fig. S5). Nucleosome fitting within the density of a single nucleo-
some shows that the angle between the nucleosome superhelical
axis and the fiber axis is approximately 90°, with a variance of
approximately 20° (Movie S2). This angle agrees with previous
values determined from measurements of the photochemical
dichroism for chicken erythrocyte chromatin (10) and has a rea-
sonable agreement with the angle between the superhelical axes
of the nucleosome stacks in the idealized fiber model generated
from the tetranucleosome X-ray structure, where the angle was
increased to 70° in order to relieve steric interference between
tetranucleosomes (13). Nucleosomes in our fiber are mostly
arranged face-to-face but shifted off their superhelical axes.
We assume that the nucleosomes are numbered according to a
linear array dependent on the DNA connectivity, where nucleo-
some n2 is attached to nl and n3. In the fiber, nucleosomes are
arranged such that nucleosome n8 is asymmetrically positioned
above nucleosomes n/ and n6, without interdigitation. While nu-
cleosomes n6 and n8 are on the same gyre, nucleosome nl resides
on the subsequent gyre (Fig. 3 D and F and Movie S2).

Differential Face-to-Face Juxtapositioning. In order to visualize local
areas of order that might not have been captured by the cylind-
rical subtomogram averaging process, we used an additional
method to determine the local arrangement of nucleosomes sur-
rounding another nucleosome in question. We thus automatically
extracted subtomograms around dense positions with the approx-
imate volume of a single nucleosome and aligned them against a
mononucleosome template (25) (SI Methods). The majority of
resulting classes (Fig. 5 A-C) show an ordered nucleosome orga-
nization, arranged face-to-face, and exhibit a checkerboard
pattern that is completely compatible with the side views of the
subtomogram average when viewed in a direction perpendicular
to the fiber axis. The idealized symmetrized model of our fiber
calculated from the helical parameters derived from the subto-
mogram average distinctly shows this geometry (Fig. 5 D and E;
details of the symmetrization procedure are provided in SI Text).
Within the classes, the nucleosomes have the propensity to orient
face-to-face shifted off their superhelical axes (Fig. 5 4 and B).
However, in some cases, classes also reveal nucleosomes juxta-
posed with their superhelical axes aligned, which is different from
that seen in the subtomogram average (Fig. 5C) and can be at-
tributed to local distortions of the helical structure. We thus find
that the nucleosomes can align face-to-face with a relative shift in
the juxtaposition of approximately 4 nm. These variations in the
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Nucleosome juxtapositioning and the idealized fiber after symmetry imposition. (A and B) Two classes from the mononucleosome classification

procedure depicting a checkerboard pattern, which is completely compatible with the side views of the subtomogram average when viewed in a direction
perpendicular to the fiber axis. The classes have a slightly different organization of nucleosomes, but both show nucleosomes that are juxtaposed face-to-face
but shifted off their superhelical axes. The superhelical axis is parallel to the x axis. (C) A representative class from the mononucleosome classification procedure
depicting a face-to-face on-axis juxtaposition of nucleosomes, which is different from that seen in the subtomogram average, which can be attributed to local
distortions of the helical structure. (D) Isosurface of the idealized fiber after symmetrization based on the determined helical parameters. (E) Individual
nucleosomes are fitted within the idealized fiber (visualized in the transparent white-blue isosurface). The fiber axis and nucleosome superhelical axis

are indicated by arrows.

face-to-face juxtapositioning of nucleosomes may reflect structur-
al variability at the local scale resulting from bending, twisting, or
intercalation of the fibers.

In most crystal structures, the center-to-center distance be-
tween two similarly oriented nucleosomes is approximately
5.7 nm, which leaves a small distance of approximately 4 A be-
tween the octomer faces (1). Nucleosomes in our fiber, however,
are related with a center-to-center distance within a gyre of ap-
proximately 10.3 nm (Fig. 3E and Fig. S6). This value varies with
the distance from the fiber axis because adjacent nucleosomes are
at an angle to each other (Movie S3). Thus, due to the geometry
of our fiber, the nucleosomal DNA at the center of the fiber is
almost in contact (approximately 2 nm distance), but the nucleo-
somal DNA on the periphery of the fiber is highly accessible, leav-
ing an internucleosomal gap of approximately 10 nm (Fig. S6).

Discussion

Using cryoelectron tomography, we show that the most predomi-
nant form of chromatin in chicken erythrocyte nuclei is a 30-nm
fiber arranged in a two-start helix with approximately 6.7 nucleo-
somes per turn. This geometry is similar to the structure of the
tetranucleosome (13) and the two-start cross-linker model de-
rived from evidence based on chromatin studies using reconsti-
tuted chromatin fibers (14). In our data, instances of electron
densities crossing the fiber axis and the presence of a central den-
sity in the fiber cavity provide direct support for the cross-linker
organization. Thus, a transition from the irregular zigzag ribbon
observed at low salt to the compact 30-nm fiber can occur without
major topological changes, thereby preserving the two-start geo-
metry. However, the important difference between these com-
paction levels is that while the irregular zigzag fiber shows few
or no face-to-face nucleosome interactions (2), the face-to-face
stacking motif represents an essential feature of the 30-nm fiber
observed directly in nuclei.

The higher-order structural arrangement of nucleosomes is
also revealed by subtomogram classification, giving rise to a
checkerboard pattern that reflects the side views of the 30-nm
fiber (Fig. 5 A-C). The face-to-face juxtaposition of nucleosomes
may occur with superhelical axes aligned or with a shift in the
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position of the superhelical axes with respect to one another.
The helical rise per nucleosome in our subtomogram average
is similar to the nucleosome rise in the idealized crossed-linker
model (13). However, the larger azimuthal rotation in our fiber
results in a more homogeneous nucleosome distribution com-
pared to the idealized cross-linker model (13) where stacked nu-
cleosomes form two dense gyres that are widely separated. In this
aspect, our model is closer to the solenoid model (12), where the
gyres are more evenly spaced—however, without interdigitation
of the nucleosomes. We suggest that the uniform, nearly hexago-
nal, packing of nucleosomes (Fig. 3B) is a more energetically fa-
vorable solution to minimize repulsion from noncompensated
negative charges of nucleosomal DNA.

Face-to-face nucleosome binding interactions have previously
been demonstrated in various crystal structures (1, 13, 25). How-
ever, we find that nucleosomes in situ interact at a center-to-
center distance of approximately 10.3 nm, leaving a large distance
of at least 3 nm between the two octomer cores (Fig. 3E and
Fig. S6), which is much larger than that reported in crystal struc-
tures. This binding distance excludes core-to-core interactions
(13, 26) but allows interactions mediated by histone N-terminal
tails in a tail-to-core interaction. The large internucleosomal spa-
cing suggests high accessibility of the octamer face and tails to
functional interactions in compact chromatin in situ, which is
consistent with the high dynamic permeability observed by light
microscopy methods (27). The rather open structure suggests that
mechanisms other than the mechanical barrier of DNA accessi-
bility posed by tight nucleosome packing are involved in tran-
scriptional silencing.

In contrast to artificial arrays with a defined nucleosome re-
peat length and uniform histone composition, native chromatin
has inherent local variations in nucleosome repeat length and
modifications and variants of the core and linker histones. We
demonstrate that despite this variability, native chromatin shows
remarkable features of structural regularity within compact
30-nm fibers. Our study provides a 3D view for the native chro-
matin fiber organization in the compact state. It also provides
structural interpretation for previous studies of gene activity con-
trol using the chicken erythroid differentiation system (28). The
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type of histone modifications as well as the absence of HP1 in
transcriptionally silent chicken erythrocyte chromatin indicate
that it differs from constitutive heterochromatin (29), and we
therefore speculate that its 30-nm fiber organization may be more
representative of facultative heterochromatin. This hypothesis is
in agreement with recent studies by Kizilyaprak et al. (6) on the
mouse rod photoreceptor cell, where the heterochromatin areas
enriched with facultative heterochromatin show a 30-nm fiber or-
ganization; whereas the clustered constitutive chromatin appears
without order, which is compatible with concept of a chromatin
melt (17). Other evidence is provided by studies of polytene chro-
mosomes in Cheronomus tentans, where termination of transcrip-
tion resulted in expanded “puffed” chromatin fibers rearranging
into 30-nm fibers (7).

Extrapolation of the features of the chicken erythrocyte 30-nm
fiber to facultative heterochromatin in situ provides structural
clues for the reactivation of repressed genes. The internucleoso-
mal gaps, as seen in our 30-nm fiber, may provide an initial “pore”
for pioneer transcription factors, like FoxA, which interacts with
H3 and H4 histones (30) to access their binding sites in compact
chromatin. Indeed, completely inactive chicken erythrocyte gen-
omes can also be reactivated once placed in an active cytoplasmic
environment such as heterokaryons (31). Because the internu-
cleosomal gap at the periphery of our fiber is approximately
10 nm, large molecules such as chromatin factor RCC1 can bind
directly to the octamer face (32) without the necessity of fiber
decompaction. Further cryoelectron tomographic analysis ap-
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plied to these and other systems has the potential to reveal essen-
tial information of chromatin fiber arrangement in different
functional states.

Methods

Chicken erythrocyte nuclei were isolated from a chicken erythrocyte suspen-
sion (Charles River Laboratories) essentially as previously described (8, 16).
The nuclei were high-pressure frozen and then cryosectioning was per-
formed using a 35° diamond knife, with the nominal cutting feed set to
80-100 nm. Tilt-series were collected on a Tecnai G2 Polara microscope
(FEI), recorded on a 2k x 2k pixel CCD camera at a defocus level between
-8 um and —6.5 um, with a pixel size at the specimen level of 0.6 nm. The
total electron dose was approximately 90 e=/A? per tilt-series. Tilt-series
were aligned using the fiducialless alignment software Alignator (33). Sub-
tomograms of fibers were extracted, iteratively aligned, and averaged using
algorithms to take the missing wedge into account, until the final structure
reached convergence (Fig. S7). All processing was performed using subtomo-
grams with a voxel size of 1.2 nm, and carried out with custom scripts written
in MATLAB (The Mathworks), which are available at http:/www.biophys.
uni-frankfurt.de/frangakis. For volume visualization and isosurface rendering
the Amira software package (Mercury Computer Systems, http:/www.
amiravis.com) (34) and the Chimera package were used (35). Details of pro-
tocols, sample preparation, electron microscopy techniques, and image-
processing methods are available in S/ Text.
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