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Chromatin structure plays a fundamental role in the regulation of
nuclear processes such as DNA transcription, replication, recombi-
nation, and repair. Despite considerable efforts during three de-
cades, the structure of the 30-nm chromatin fiber remains contro-
versial. To define fiber dimensions accurately, we have produced
very long and regularly folded 30-nm fibers from in vitro recon-
stituted nucleosome arrays containing the linker histone and with
increasing nucleosome repeat lengths (10 to 70 bp of linker DNA).
EM measurements show that the dimensions of these fully folded
fibers do not increase linearly with increasing linker length, a
finding that is inconsistent with two-start helix models. Instead,
we find that there are two distinct classes of fiber structure, both
with unexpectedly high nucleosome density: arrays with 10 to 40
bp of linker DNA all produce fibers with a diameter of 33 nm and
11 nucleosomes per 11 nm, whereas arrays with 50 to 70 bp of
linker DNA all produce 44-nm-wide fibers with 15 nucleosomes per
11 nm. Using the physical constraints imposed by these measure-
ments, we have built a model in which tight nucleosome packing
is achieved through the interdigitation of nucleosomes from ad-
jacent helical gyres. Importantly, the model closely matches raw
image projections of folded chromatin arrays recorded in the
solution state by using electron cryo-microscopy.
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Eukaryotic chromosomes have a compact structure in which
linear nucleosome arrays are first folded into a fiber of

around 30-nm diameter (1, 2). The fundamental repeating unit
of chromatin, the nucleosome core particle, organizes 147 bp of
DNA in 1.7 left-handed superhelical turns around an octamer of
the four core histones (H2A, H2B, H3, and H4) (3–5). Linker
histone (H1�H5) binding organizes an additional 20 bp of DNA
to complete the nucleosome containing 167 bp of DNA (6, 7).
Such binding determines the geometry of the DNA entering and
exiting the nucleosome core particle (8). In nucleosome arrays,
adjacent nucleosomes are separated by linker DNA, varying in
length between 0 and 80 bp in a tissue- and species-specific
manner (9, 10). In vitro, linear nucleosome arrays fold into the
‘‘30-nm’’ fiber upon increasing ionic strength (11) in a process
that depends on both the integrity of the core histone N-terminal
tails (12, 13) and the presence of the linker histone (14, 15).

During the past three decades evidence from EM (14–23),
x-ray and neutron scattering (24–27), electric and photochemical
dichroism (28–31), sedimentation analysis (32–35), nuclease
digestion (6, 9, 36), and x-ray crystallography (4, 5, 37, 38) has
led to the proposal of a number of different models for the 30-nm
fiber. These models fall into two main classes: the one-start helix
or solenoid models, and the two-start helix models. The solenoid
models are comprised of simple one-start helices in which
successive nucleosomes are adjacent in the filament and con-
nected by linker DNA that bends into the fiber interior to
accommodate variable DNA lengths (14, 29, 34, 39). Impor-
tantly, such models predict that the dimensions of the fiber are
determined by invariant nucleosome–nucleosome contacts and
are therefore insensitive to variations in the nucleosome repeat

length (29, 34). The two-start helix models are based on the
zigzag arrangement of nucleosomes observed by EM in low-
ionic-strength buffers (16, 18). A common feature of these
models is the topology of the linker DNA, which, during
compaction, remains extended and essentially straight (20, 22).
The two-start helix models can be subdivided into the crossed-
linker models and helical-ribbon models, in which the straight
linker DNA is oriented essentially perpendicular (20, 22) and
parallel (18) to the helix axis, respectively. In contrast to the
solenoid models, the two-start helix models predict sensitivity to
variations in the average linker DNA length, affecting either the
diameter (crossed linker) or length (helical ribbon) of the
resulting fiber. Recently, the 9-Å crystal structure of an array of
four linked nucleosome cores lacking linker histone showed a
nucleosomal arrangement that was interpreted as supporting the
two-start helix class of chromatin models (38).

A great deal of controversy surrounds the question of whether
the dimensions of the chromatin fiber are sensitive to variations
in the average linker DNA length. A handful of studies have
reported no significant difference in the diameter of chromatin
fibers from species with average linker DNA lengths differing by
�20 bp. In contrast, other studies have described variations in
fiber diameter of 9 to 11 nm for chromatin differing in average
linker length by 36 to 39 bp (19–22, 27). Such inconsistency is
probably due to the inherent heterogeneity of the chromatin
being analyzed, as well as variations in the experimental condi-
tions used.

To provide a model system for the analysis of the 30-nm
chromatin fiber, we have developed an in vitro reconstitution
system that generates regularly spaced nucleosome arrays from
purified histones and tandem arrays of a strong nucleosome
positioning sequence (11). Importantly, our nucleosome arrays
contain a native-like composition of both the histone octamer
and linker histone and consequently reach a level of compaction
equivalent to native chromatin at physiological ionic strength
(11). Here, we have extended our in vitro reconstitution method
to produce much longer model 30-nm chromatin fibers that are
less affected by destabilizing end effects and to which it is much
easier to assign directionality. With the aim of distinguishing
between the two main model classes, we have used these long
model fibers to unambiguously establish the relationship be-
tween linker DNA length and the physical dimensions of the
chromatin fiber. We have constructed arrays with up to 72
nucleosomes and with a range of different nucleosomal repeat
lengths equivalent to linker DNA of between 10 and 70 bp. Our
EM measurements establish that there is no linear relationship
between linker length and fiber diameter. Instead, we find that
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two families of chromatin structure are produced with markedly
different dimensions. Furthermore, length measurements reveal
that in the fully compact state, chromatin fibers are almost twice
as compact as generally assumed. From the strong constraints
provided by these measurements, we have constructed a model
for the 30-nm chromatin fiber. Importantly, different views of
the model very closely match raw image projections of fully
folded chromatin visualized by electron cryo-microscopy.

Results
Production of Long, Reconstituted 30-nm Chromatin Fibers. To ad-
dress the question of whether the dimensions of the 30-nm
chromatin fiber are sensitive to variations in linker length, we
have produced very long nucleosome arrays containing different
nucleosome repeat lengths. The arrays are all based on the strong
nucleosome positioning 601 DNA sequence (40) and share the
same dyad position. The choice of the nucleosome repeat lengths
(177, 187, 197, 207, 217, 227, and 237 bp) was based on two
separate experimental findings: (i) DNA lengths found in nature
appear to be quantized with a 10-bp repeat and phased such that
the broad maxima satisfy the equation 147 bp � 10 n (10); (ii)
our own experimental results show that an integer length linker
favors folding into the 30-nm chromatin fiber (P.J.J.R. and D.R.,
unpublished work). The assembly of DNA arrays containing up
to 72 tandem repeats of the 601 nucleosome positioning DNA
was carried out in several steps to maximize the number of
repeats within each array (see Materials and Methods). The
inserts, each containing a different nucleosome repeat length

DNA, were excised and purified, and their size was estimated
from electrophoretic analysis against DNA markers of known
size (see Fig. 5, which is published as supporting information on
the PNAS web site). The DNA arrays are all very long: the 177-,
187-, 197-, 207-, 217-, 227-, and 237-bp arrays are estimated to
contain 72, 52, 61, 47, 55, 66, and 56 nucleosomes, respectively.
The different DNA arrays were reconstituted into nucleosome
arrays by using histone octamer and linker histone H5 purified
from chicken erythrocytes as described in ref. 11. Our reconsti-
tution protocol produces nucleosome arrays with regularly
spaced nucleosomes and containing one histone octamer and
one linker histone H5 per 200 bp of 601 DNA repeat (11).
Titrations with increasing concentrations of histone octamer and
linker histone H5 show that in each case a clear point of
saturation in binding is reached (Fig. 5). After reconstitution, all
seven nucleosome arrays were folded in 1.6 mM MgCl2 (41).

Relationship Between Linker Length and the Diameter of the 30-nm
Chromatin Fiber. Fig. 1A shows a gallery of EM images of
negatively stained 30-nm chromatin fibers produced by the seven
different nucleosome repeat lengths arrays. Because of their
length, ranging from 47 to 72 nucleosomes, the folded fibers lie
flat on the EM grid, permitting an unambiguous definition of the
path of the fiber axis, and hence the fiber diameter. All seven
arrays form very compact structures with apparently uniform
diameters. With the exception of the 177-bp nucleosome repeat
length (Fig. 1, row 177), the folded arrays exist both as mono-

Fig. 1. Relationship between linker length and chromatin fiber diameter. (A) Gallery of side views of negatively stained fibers of 72 � 177-bp (177), 52 � 187-bp
(187), 61 � 197-bp (197), 47 � 207-bp (207), 55 � 217-bp (217), 66 � 227-bp (227), and 56 � 237-bp (237) 601 nucleosome arrays reconstituted with saturating
concentrations of histone octamer and linker histone H5 and folded in 1.6 mM MgCl2. Images show both individual fibers and longer aggregates formed through
the end-to-end stacking of folded arrays as described for native chromatin containing linker histone (48, 53). (B) Images of the 72 � 177-bp fibers captured in
the frozen hydrated state by using electron cryo-microscopy. (Scale bar: 100 nm.)
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meric structures and longer fibers formed through the end-to-
end self-association of individual fibers.

To obtain an accurate estimate of the average fiber diameter,
150 to 300 measurements were taken for each nucleosome repeat
length. To ensure consistency between the measurements, to-
bacco mosaic virus (TMV) particles were added to a subset of the
chromatin preparations (177-, 207-, and 237-bp arrays) to act as
an internal size standard (Fig. 2A). The average TMV diameter
was found to be 18.6 (SD � 1.4), 19.2 (SD � 1.4), and 17.9 (SD �
1.0) nm from the three samples. These measurements are in good
agreement with the well established value of 18.0 nm, deter-
mined by x-ray fiber diffraction (42), and therefore give confi-
dence that the error associated with all aspects of the measure-
ment process is insignificant (�0.65 nm).

The chromatin diameter measurements plotted in Fig. 2 A
show the formation of two distinct structural classes. The first
class is composed of the repeat lengths 177 to 207 bp, and the
second is composed of the 217- to 237-bp repeats. The average
fiber diameters of the first structural class are essentially con-
stant: the 177-, 187-, 197-, and 207-bp nucleosome repeat length
fibers have average diameters of 33.0 (SD � 2.5), 32.8 (SD �
2.3), 32.1 (SD � 2.2), and 33.6 (SD � 2.4) nm, respectively (Fig.
2A). The differences between these values are smaller than their

associated standard deviations and hence are insignificant. Re-
markably, an increase of 10 bp of DNA (3.4 nm in length) from
207- to 217-bp repeat length is accompanied by a dramatic
increase of �10 nm to the average fiber diameter, creating a
second class of chromatin fiber. As with the first class, the
members of the second structural class have an essentially
constant fiber diameter: the 217-, 227-, and 237-bp repeat fibers
have average diameters of 42.7 (SD � 3.3), 42.4 (SD � 3.3), and
45.4 (SD � 3.6) nm, respectively (Fig. 2 A).

Because the 237-bp nucleosome repeat length is typical of sea
urchin sperm (43), we investigated whether reconstitution with
the sea urchin specific linker histone H1, which is larger than the
H5 used here, would affect the dimensions of the resulting folded
30-nm chromatin fiber. The resulting 237-bp repeat chromatin
fibers have an average diameter of 43.6 (SD � 2.8) nm, which lies
within the error range for measurements of the 237-bp chroma-
tin fibers containing H5 (Fig. 2 A). Therefore, under our exper-
imental conditions, the diameter of the reconstituted and folded
chromatin fiber is unaffected by the type of linker histone
incorporated.

To evaluate the effects of heavy metal staining, the folded
177-bp nucleosome repeat length array containing 72 nucleo-
somes was also visualized as an unstained sample by electron
cryo-microscopy (Fig. 1B). Because accurate measurements
required that the fibers be orientated with their fiber axis
perpendicular to the direction of the electron beam, the glutar-
aldehyde fixed arrays were adsorbed onto a thin carbon layer
covering the surface of a standard holey carbon EM grid. From
the resulting micrographs, 100 fibers were selected for diameter
measurement. In the frozen hydrated state, these fibers have an
average diameter of 35.4 (SD � 2.5) nm, which is 7% greater
than that observed for the negatively stained 177-bp nucleosome
repeat array sample (Fig. 2 A). This result suggests that the
chromatin fibers undergo a small degree of compaction or
shrinkage during the uranyl acetate staining process. However,
there is no reason to think that this effect would vary between
the different chromatin samples analyzed.

The 30-nm Chromatin Fiber Is Unexpectedly Compact. Length mea-
surements were taken for �100 monomeric and negatively
stained fibers from each of the seven different nucleosome
arrays (Fig. 1 A), as well as �70 frozen-hydrated 177-bp nucleo-
some repeat length fibers (Fig. 1B). By dividing these length
measurements by the estimated number of 601 DNA repeats in
each array, these data can be represented as an accurate estimate
of the nucleosome packing ratio (nucleosomes per 11 nm) (Fig.
2B). The plot of the nucleosome packing ratios shows a similar
pattern to that seen in the diameter measurements (Fig. 2 A),
with the same two structurally distinct classes observed. Again,
the first class is composed of the nucleosome repeat lengths 177
to 207 bp with essentially constant values for nucleosome
density: the 177-, 187-, 197- and 207-bp repeat length fibers have
12.7 (SD � 1.0) (neg-stain), 9.5 (SD � 0.7), 11.1 (SD � 0.9), and
10.0 (SD � 0.8) nucleosomes per 11 nm, respectively (Fig. 2B).
The second class is composed of the 217- to 237-bp repeat length
fibers, which have a strikingly different nucleosome density: the
217-, 227-, and 237-bp nucleosome repeat length fibers have 16.8
(SD � 1.4), 13.8 (SD � 1.0), and 15.7 (SD � 1.2) nucleosomes
per 11 nm, respectively. Length measurements for this second
structural class of fiber involved a more detailed statistical
approach (see Materials and Methods).

Discussion
Chromatin Fibers form Two Discrete Structural Classes with High
Nucleosome Density. The production of very homogeneous and
tightly folded 30-nm chromatin fibers from long nucleosome
arrays with different nucleosome repeat lengths has permitted us
to obtain accurate measurements of fiber dimensions and hence

Fig. 2. Plots of the diameter and length of the reconstituted and folded
601-nucleosome arrays shown in Fig. 1. (A) Relationship between fiber diam-
eter and linker length. The average diameter dimensions shown are calculated
from 150–300 measurements of negatively stained (open squares) and frozen
hydrated (filled square) chromatin arrays folded in 1.6 mM MgCl2. Average
diameters of TMV (open circles) and the 56 � 237-bp 601 array reconstituted
with linker histone H1 purified from sea urchin sperm (filled triangle) are also
included. (B) Relationship between the number of nucleosomes and chroma-
tin fiber length. The average length dimensions shown are calculated from 70
to 100 measurements of negatively stained (open squares) and frozen hy-
drated (filled square) chromatin arrays folded in 1.6 mM MgCl2.
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nucleosome packing ratios. Importantly, unlike previous chro-
matin reconstitution experiments (35, 38, 44), our nucleosome
arrays contain a native-like complement of linker histone (11),
which is critical for obtaining correct folding and maximal
compaction (15, 32, 45). We find that over the range of nucleo-
some repeat lengths analyzed, there are two discrete classes of
fiber structure, one 33 nm in diameter and with �11 nucleo-
somes per 11 nm, and the other �44 nm in diameter and with
�15 nucleosomes per 11 nm. This finding resolves the contro-
versy in the literature, showing that the fiber diameter does not
increase linearly with linker length. The diameter of our recon-
stituted fibers containing 40 bp of linker DNA or less is
consistent with previous measurements of chromatin isolated
from mudpuppy erythrocytes (28-bp linker) (20–22, 27), rat liver
(31-bp linker) (17) and chicken erythrocytes (42-bp linker) (17,
19, 23). Furthermore, the larger diameter of �44 nm observed
for fibers with linker DNA between 50 and 70 bp is in good
agreement with measurements from sea urchin sperm chromatin
(67-bp linker) (17, 20–22, 27).

The long chromatin fibers of known nucleosome content have
also enabled us to determine unambiguously the nucleosome
density of fully folded chromatin containing linker histone. We
find that the 33-nm-diameter fibers compact to 11 � 1 nucleo-
somes per 11 nm, almost twice the value generally accepted. We
believe that this value closely represents the nucleosome-packing
ratio at physiological ionic strength. We have shown previously
that our reconstituted nucleosome arrays have the ionic-
strength-dependent compaction properties of native chromatin
and, importantly, absolute S20,w values that closely match those
from native nucleosome arrays of comparable size (11). Fur-
thermore, folding in MgCl2 concentrations similar to those used
in this study results in only a minor increase in compaction from
that obtained at physiological ionic strength (�120 mM).

Previously, Gerchman and Ramakrishnan (25) had reported
that the nucleosome packing ratio within isolated chicken eryth-
rocyte chromatin reaches a plateau of 6 to 7 nucleosomes per 11
nm at a salt concentration of 80 mM NaCl (25). However, this

value is unlikely to represent fully compact chromatin because
sedimentation velocity analysis of both native (32) and recon-
stituted nucleosome arrays (11) shows that chromatin continues
to compact up to an ionic strength of 120 mM. Furthermore, our
value of nucleosome density is in close agreement with mea-
surements from selected regions of compact native chromatin
using scanning tunneling EM (18) and also satisfies measure-
ments of the local concentration of DNA in metaphase chro-
mosomes (46).

A Compact, One-Start Helical Model for the 30-nm Chromatin Fiber.
Our measurements of fiber dimensions and tight nucleosome
packing provide strong constraints for modeling the 30-nm
chromatin fiber. Initially, we attempted to construct a model
using both one- and two-start helical arrangements. However, we
found that the constraints could only be satisfied by a compact
one-start helical structure (Fig. 3A). The model is based on a
fiber with a 33-nm diameter because in nature the repeat lengths
encompassing the 178-, 188-, and 197-bp maxima are by far the
most abundant (10). The model describes a left-handed one-start
helix with interdigitation of nucleosomes from successive gyres
to achieve the high nucleosome packing ratio we have measured
(Fig. 2B). Such interdigitation leads to tight nucleosome packing
with regular nucleosome face-to-face contacts that closely relate
to the packing interactions between Xenopus laevis nucleosome
core particles observed in crystallographic studies (47). The
linker DNA has not been modeled (discussed below). The helical
parameters of outer radius (r) and subunit axial translation (h)
were defined as 16.5 and 1 nm, respectively, being simple
derivations from our measurements of diameter and nucleosome
packing ratio (Fig. 2 A and B). For the azimuthal rotation angle
between subunits (�), a range of 64° to 83° was calculated based
on (i) a lower limit originating from steric clashes, and (ii) an
upper limit based on the length of available linker DNA in a
177-bp nucleosome repeat length array (see Fig. 6, which is
published as supporting information on the PNAS web site). The
model shown in Fig. 3A was constructed with � equal to 66.4° and

Fig. 3. Modeling the 30-nm chromatin fiber. (A) Interdigitated one-start helix model built by using the constraints imposed by our measurements of diameter
and nucleosome packing ratio (Fig. 2). The helix contains 22 nucleosomes and has a diameter of 33 nm and height of �33 nm. Alternate helical gyres are colored
marine and magenta. (B) Two-start helical crossed linker model adapted from the idealized model reported by Schalch et al. (38). The model maintains the same
parameters for rise per nucleosome and azimuthal rotation angle while extrapolating to a 177-bp nucleosome repeat length by increasing the radius by 3.4 nm
(roughly approximating the addition of 10 bp of extra linker DNA lying orthogonal to the fiber axis). The resulting helix contains 22 nucleosomes and has a
28.4-nm diameter and �47-nm height. Alternate nucleosome pairs are colored marine and magenta. The positions of the first, second, third, and seventh
nucleosomes in the linear DNA sequence are marked on both models with N1, N2, N3, and N7. (Insets) Schematic representations of both atomic models showing
the proposed DNA connectivity.
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consequently has a helical pitch of �5.4 nm. To avoid steric
clashes the model also incorporates a nucleosome tilt of 17° in
relation to the fiber axis. This value corresponds well to the range
(13° to 38°) measured for chromatin isolated from a number of
different species by using both electric (28, 29) and photochem-
ical dichroism (30, 31). The proposed nucleosome packing
arrangement can easily be extended to the 44-nm fiber because
the concomitant increase in volume and mass per unit length
would result in an essentially constant nucleosome density.

The arrangement of nucleosomes in our model accounts
remarkably well for the x-ray diffraction pattern from oriented
native chromatin fibers (24). The 55-Å pitch and 110-Å helical
repeat of our model clearly explain the 1�55 Å�1 and 1�110 Å�1

meridional reflections in the observed diffraction pattern. The
model also provides a convincing explanation for the observed
jump in sedimentation coefficient (33) and the sudden increase
in gel-migration (48) of arrays between 5 and 6 nucleosomes in
length. Whereas five nucleosomes are not sufficient to complete
one turn of the fiber, a sixth nucleosome will make intimate
face–face contacts with the first, presumably stabilizing the
split-ring structure produced and thereby reducing the frictional
coefficient of the entire array.

Crucially, the interdigitated model we propose closely matches
different views of tightly folded short chromatin arrays captured
in an unperturbed solution state by using electron cryo-
microscopy (compare Fig. 4 A with B). When freely rotated, the
atomic model containing 22 nucleosome core particles gives
quasi-projections that closely resemble true EM projections of a
folded chromatin array containing 22 nucleosomes (177-bp
repeat) (Fig. 4B). The raw image projections are most consistent
with a highly compact structure of �33-nm diameter, showing
very limited internal detail. Our model clearly satisfies each of
these criteria (Fig. 4B). Our model is most closely related to the
family of interdigitated models proposed by Daban and Bermu-
dez (39).

Chromatin Fiber Dimensions Are Inconsistent with the Two-Start
Helical Models. Recently, Richmond and colleagues (49) pro-
posed a two-start crossed-linker model for the 30-nm chromatin

fiber with a diameter of �25 nm and 5 to 6 nucleosomes per 11
nm. Our measurements suggest that a two-start crossed-linker
model cannot represent the structure of the 30-nm chromatin
fiber for a number of reasons. (i) A fundamental prediction of
these models is that the fiber diameter will increase almost
linearly with increasing linker length (20, 22). Our results clearly
show that this is not the case, demonstrating instead the exis-
tence of two structural classes each with invariant fiber dimen-
sions. (ii) These models cannot account for the compaction of an
array containing 10 bp of linker DNA into a chromatin fiber
measuring 33 nm in diameter. The 3.4-nm linker DNA length in
this array is too short to span the �11-nm distance between the
dyads of successive nucleosomes predicted by these models. For
example, extrapolating Richmond’s idealized two-start helix
model to a 177-bp nucleosome repeat produces a fiber with a
maximum possible diameter of 28.4 nm (Fig. 3B), clearly much
narrower than the 177-bp fiber measurements described here
(Fig. 2 A). Indeed, we could not match projection views of the
Richmond model with any of our experimental EM data (com-
pare Fig. 4 A with C). (iii) The density of nucleosomes in these
models is significantly lower than the value we have determined
by direct measurement (Fig. 2B).

Theoretically, it is also possible to construct a 33-nm-wide
fiber from nucleosomes with a DNA repeat of 177 bp organized
in a zigzag with straight linker DNA. This could be achieved if
a zigzag of nucleosomes were coiled into a helical-ribbon struc-
ture, with straight linker DNA running almost parallel to the
fiber axis (18). However, this type of model is also inconsistent
with our data because we fail to observe the significant increase
in fiber length that would be expected from this structure upon
increasing linker length.

The Path of the Linker DNA. The constancy of fiber dimensions over
the linker length range 10 to 40 bp suggests both that the
structure is dominated by conserved nucleosome–nucleosome
contacts and that linkers of different lengths must bend to be
accommodated in the interior of the fiber. Therefore, it is
difficult to reconcile our results with models in which the linker
DNA follows a straight path across the centre of the fiber (38).
However, consideration of the significant force required to
distort the DNA helix suggest that the straight linker models
would be more energetically favorable. A solution to this ap-
parent contradiction is likely to lie with the role of the linker
histone, which has been shown to be critical in organizing (15)
and stabilizing the maximal compaction (11, 32) of nucleosomes
within the 30-nm fiber. We suggest that the linker histone is
responsible for dictating the geometry of chromatin folding by
altering the trajectory of the linker DNA (50) and consequently
directing the relative positioning of successive nucleosomes and
the pattern of nucleosome–nucleosome contacts. Because a
reduction in linker histone content leads to chromatin structural
rearrangement and decondensation (51), it is likely that the
resulting structures are distinct from the 30-nm fiber investigated
here. Full resolution of this issue awaits direct and more detailed
structural elucidation of the 30-nm chromatin fiber by using
high-resolution approaches.

Materials and Methods
Construction of 601 DNA Arrays. The array containing 22 repeats of
a 177-bp 601 DNA sequence was constructed in the pUC18
vector as described in ref. 11. The long arrays containing from
47 to 72 � 601 DNA tandem repeats were produced in several
cloning steps by using the low-copy-number vector pETcoco-1
(Novagen).

Reconstitution and Folding of Nucleosome Arrays. The histone
octamer and linker histone H5 were purified from chicken
erythrocyte nuclei as described in ref. 11. The short and long 601

Fig. 4. Comparison of models to raw images of folded chromatin. (A)
Electron cryo-microscopy images of a folded chromatin array containing 22
nucleosomes with a repeat length of 177 bp. The particles are visualized
unperturbed in the frozen hydrated state and oriented randomly in ice
containing 1.0 mM Mg2�. The particles in each row represent similar views.
(Scale bar: 100 nm.) (B) Views of the interdigitated one-start helix model (Fig.
3A) that closely match the EM images from the corresponding row in A. (C)
Views of the adapted two-start crossed-linker model (Fig. 3B) that are equiv-
alent to those of the interdigitated model from the corresponding row in B.
The varying orientation of the coordinate axes describes the three-
dimensional orientation of the models in the corresponding rows.
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DNA arrays were reconstituted at 125 and 25 �g�ml DNA,
respectively, and the molar input ratios of the histone proteins
were empirically determined as described in ref. 11. Competitor
DNA (147 bp) was added in all reconstitutions at a competi-
tor:601 DNA array weight ratio of 1:1. Folding of the arrays was
carried out by dialysis into 1.0 to 1.6 mM MgCl2. Analyses of
reconstitution and folding were by electrophoresis in native
agarose gels of varying percentage (0.7% to 1.4%). In all cases,
electrophoresis was carried out in 17 � 19-cm flat-bed gels, 0.2�
TB (18 mM Tris�borate, pH 8.3) electrophoresis buffer at 20
V�cm.

EM. For negative-stain microscopy, fibers were fixed and imaged
as described in ref. 11. For electron cryo-microscopy, fibers
produced from arrays containing 22 repeats of a 177-bp 601
DNA sequence were vitrified and imaged within the holes of a
holey carbon film by using standard methods (52). Fibers
containing 72 � 177-bp repeats were captured and imaged in a
vitrified state on a thin carbon film covering the surface of a
thicker holey carbon support.

Fiber Measurements. Dimensions were measured from digitized
micrographs by using the WEB graphics user interface of the
SPIDER image-processing package. Pixel measurements were

converted into nanometers by calculation of the pixel resolution
as follows: pixel resolution � scanner sampling (nm)�
magnification. For the 177- to 207-bp nucleosome repeat length
arrays the length and width dimensions of the resulting chro-
matin fibers were unambiguous. However, for fibers containing
the 217- to 237-bp repeat lengths, in which the length and width
dimensions are similar, a statistical approach was used to dis-
tinguish between the average values for both dimensions. For
each fiber, perpendicular measurements were recorded along
the width�length axes, and each measurement was plotted
independently in a histogram. For the three fibers with repeats
between 217- and 237-bp DNA, each histogram showed two
clear peaks, one of which corresponded closely to the diameter
average determined accurately from measurements of long
end-to-end stacked fibers, and the other corresponding to the
average fiber length (data not shown).

Additional details on array construction and imaging are
provided in Supporting Materials and Methods, which is published
as supporting information on the PNAS web site.
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