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Abstract The packing of mammalian DNA into chromatin
plays an important role in cell differentiation and selection of
epigenetically marked genes for expression or silencing. The
first level of folding, the nucleosome, is evolutionary
conserved. It allows transcription, after remodeling and/or
histone modifications. The second level, the transcriptionally
dormant 30 nm fibre, exhibits species and tissue variations in
the chromatin repeat length. Nevertheless, very similar
structures of fibres have been observed in all metazoans,
and therefore, have to accommodate variable linker lengths
with a corresponding change of tilt of the nucleosomes,
which is defined by the DNA helical periodicity. So far, none
of the models for a regular fibre structure has considered this
requirement nor the relationship between repeat length and
orientations of nucleosomes in the fibre. Here, we present
two regular structural arrangements with negatively tilted
consecutive nucleosomes which can compensate for a non-
integer number of bp/turn of DNA; one can accommodate a
series of structures with discrete repeat lengths differing by
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5 bp in the region around 200 bp and the other from around
220 to 250 bp, accommodating repeat lengths differing by 10
to 12 bp.

Introduction

The DNA is packed as chromatin in the eukaryotic nucleus
at several levels. The structural and functional features of the
first two levels of packing have been extensively studied.
The nucleosome core particle has been reconstituted using
several unique DNA sequences, crystallised and its structure
resolved in detail to 1.9 A resolution (Davey et al. 2002;
Harpet al. 2000; Luger et al. 1997). The nucleosome allows
transcription, after remodeling and/or histone modifications.
The second level of packing, the 30 nm chromatin fibre’,
represents transcriptionally dormant chromatin. Understand-
ing the structure of the fibre and the processes which
determine its folding and unfolding during proliferation and
cell differentiation is a prerequisite for studying the
epigenetic mechanisms that lead to transcriptionally dormant
and transcriptionally poised genes Wolffe (1998).

The fibre comprises almost the entire chromatin of
nucleated avian erythrocytes and is more than 85% of the
chromatin in other cell types. The presence of linker
histones in approximately one to one ratio to the nucleo-
somes is characteristic of the fibre. Chicken erythrocytes
chromatin has been the most widely studied, in solution and
in whole nuclei. It has been shown by small angle X-ray
and neutron scattering that the fibre is a regular helix with a
diameter of about 33 nm and a variable mass per unit
length, which at 80 mM salt concentrations approaches 0.6
nucleosomes/nm with an 11 nm pitch. This implies that
there are about six to eight nucleosomes per helical turn
with their flat surfaces nearly parallel to the fibre axis. The
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unusually small cross-section radius of gyration of 9.5 nm
indicates a very compact structure with close nucleosome—
nucleosome contacts (Bordas et al. 1986a, b; Finch and
Klug 1976; Gerchman and Ramakrishnan 1987; Greulich
et al. 1987; Suau et al. 1979).

Variegation effect studies have shown that gene silencing
is accompanied by higher compaction, with more regularly
spaced nucleosomes (Wallrath and Elgin 1995). This
suggests that the nucleosomes’ positions are defined by
structural constraints such as nucleosome—nucleosome
interactions, rather than by the DNA sequence. Long fibres
of many nucleosomes, separated by some discontinuities,
have been observed by electron microscopy (EM), again
suggesting a very regular structure (Rattner and Hamkalo
1979). High resolution structural studies have been
inhibited, as the native chromatin is a mixture of fibres
with different repeat lengths.

There are several basic models for the structure of the
fibre proposed in the late 1970s and early 1980s. For
reviews, see van Holde (1988). They all comprise regular
helices of about seven nucleosomes per turn, and thus,
satisfy the experimental results from small angle X-ray and
neutron scattering and low resolution EM with regard to
packing of the nucleosomes. The models differ with respect
to the path of the linker DNA and can be classified as
follows: (1) folded linker models in which adjacent
nucleosomes are brought together (Finch and Klug 1976;
McGhee et al. 1983); (2) models with straight linkers parallel
to the fibre axis (Woodcock et al. 1984; Worcel et al. 1981)
and (3) models of single-start nonsequential helices (Staynov
1983) and two-start helices (Williams et al. 1986) with
linkers criss-crossing the fibre. Alternatively, they can be
classified as models: (A) which assume that the mutual
orientation of the dyad axes of adjacent nucleosomes
depends on the linker length (McGhee et al. 1983); (B)
models in which the orientations of nucleosomes are fixed
(Thoma et al. 1979; Williams et al. 1986; Worcel et al. 1981)
or (C) models in which the nucleosome’s axes of symmetry
alternate around the radius of the fibre (Staynov 1983),
discussed in van Holde (1988) and Ramakrishnan (1997).
Several variants of these models have been subsequently
published; for reviews see Wolffe (1998) and Ramakrishnan
(1997). These models were proposed before the crystalliza-
tion of the nucleosome core particle, i.e., the topological
constraints which it imposes on the fibre structure were not
considered. The more recently published results of nuclease
digestions of whole nuclei, which give additional informa-
tion on the orientations of the nucleosomes in the fibre were
likewise not considered (see below).

Our knowledge of whether the repeat lengths of the
fibres are a discrete set or vary continuously is limited, as
micrococcal nuclease (MNase) digests rarely give a higher
accuracy than+4 bp. Compilations of the published repeat
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lengths have shown some partial preference for multiples
of 10 bp, but also some pronounced intermediate lengths
(van Holde 1988; Widom (1992). However, if the fibre is a
compact structure with close nucleosome—nucleosome
contacts, consecutive nucleosomes must have defined
orientations and tilts which depend on the length of the
linker DNA. Crystal structures of nucleosome core particles
of two different lengths of a selected sequence indicate that
the ends of the 147 bp DNA are well defined, and if there is
a lack of 1 bp, this is compensated by a distortion of the
DNA 20 bp inside the core particle, rather than by a change
in the orientation (twist) of the end-base pairs (Davey et al.
2002; Luger et al. 1997). Whilst long circular DNA is
flexible and can accommodate several topoisomers via
helical twist and writhe, short DNA fragments are torsion-
ally quite rigid (Bates and Maxwell 1989; Shore and
Baldwin 1983). Due to this rigidity, stretches of 20 to
40 bp linker DNA must impose strong constraints on the
mutual tilts of consecutive nucleosomes. Thus, the intrinsic
structure of the fibre must allow for several different repeat
lengths (differing not only by 10n bp, where 7 is an integer)
and accommodate a non-integer periodicity of the DNA
helix (10.5 bp/turn).

For the orientations and the tilt of the nucleosomes and
their relationship with the linker length and the DNA
helical periodicity and for the path of the linker DNA, we
need additional information. Some of it comes from
important, but often overlooked observations of digestions
with bulky nuclease molecules, such as DNases I and II that
cannot penetrate the fibre and cut (nick) only the exposed
parts on its surface. Digestions of high-molecular weight
chromatin show that:

1. DNase I produces dinucleosomal repeat patterns from
chromatin of several different repeat lengths. This was
originally explained by the inaccessibility of every
second nucleosome to the enzyme (Burgoyne and
Skinner 1981), but we have later shown that it simply
suggests alternating orientations of consecutive nucle-
osomes along the DNA (Staynov et al. 1983; Staynov
1983);

2. Single-stranded gels of DNase I-digests show that the
linkers and either sites —6, —7 and —8 or sites +6, +7
and +8 (Fig. 2a) are inaccessible to DNase I (Staynov
2000; Staynov and Proykova 1998);

3. DNase II preferentially cuts nucleosomal DNA at sites
+5 (Fig. 2a) and not the linker DNA (Horz et al. 1980;
Horz and Zachau 1980).

Taken together, these results imply that the nucleosomes
alternate, and the linker DNA is inside the fibre (exten-
sively discussed in Staynov 1983; Staynov 2000; Staynov
and Proykova 1998). The data unambiguously eliminate all
proposed structures with identically oriented nucleosomes
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such as the models of Thoma et al. (1979) and Williams
et al. (1986). They are also incompatible with models
having exposed linker DNA, e.g., those of Worcel and
Benyajati (1977) and Woodcock et al. (1984), and also
models having varying orientations of nucleosomes depen-
dent on the repeat length (McGhee et al. 1980).

Experimental data on the path of the linkers comes from
scanning transmission electron microscopy of reconstituted
mononucleosomes (Hamiche et al. 1996) and from cryo-
electron microscopy for repeat lengths around 200 bp
(Bednar et al. 1995; Bednar et al. 1998). These show a
short stem, after which the two linkers split. It is not clear
whether the length of the stem is constant or if it depends
on the repeat length and the type of the linker histone.
Thus, geometrical considerations for the fibre should allow
for some differences between the actual linker lengths and
the real distances between consecutive nucleosomes.

There are some alternative structures of condensed
chromatin, with or without HI histone, interacting with
specific proteins such as MeCP2 and other trans-acting
factors, reviewed in Luger and Hansen (2005). Although
these structures are important for the regulation of specific
genes, they are not considered here.

To avoid uncertainties created by the mixtures of repeat
lengths in ‘native’ chromatin, several studies have been
carried out with reconstituted fibres on particular DNA
positioning sequences having uniform repeat lengths. Tse
and Hansen (1997) showed that core histone tails are
necessary for the compact structure, again suggesting close
nucleosomes contacts. Dorigo et al. (2004) studied recon-
stituted oligonucleosome arrays containing core histones
with substituted cysteine residues, both with and without
linker histones, for repeat lengths of 167, 177 and 208. The
EM photographs of these reconstitutes show two-start flat
ribbons with about five nucleosomes per 11 nm length,
rather than the helical arrangements with about seven
nucleosomes per 11 nm length, as observed in native
chromatin (Finch and Klug 1976; Rattner and Hambkalo
1979). In a subsequent paper, Schalch et al. crystallized a
tetranucleosome with a 20 bp linker and found a structure

Fig. 1 Single helical arrange-
ments: a i=0, (1,1) sequential;
b i=1, (—1,3) nonsequential;

¢ i=2, (—3,5) nonsequential;

d i=3, (—5,7) nonsequential. For
clarity, not all linkers are shown.
The numbers denote nucleo-
somes along the DNA

i number 0
arrangements (1,1)

a

with nucleosomes stacked perpendicular to its axis (Schalch
et al. 2005). These reconstitutes most probably represent a
special class of structures of short repeat lengths, different
from the ‘native’ fibres of higher eukaryotes.

A different set of reconstitutes with native core histones
and chicken linker histone H5 were reported by Robinson
et al. (2006) for discrete repeat lengths of 177 to 237 bp,
i.e., differing by 10 bp. They observed fibres with helically
arranged nucleosomes, similar to the fibres which diffuse
out of the MNase digested chicken erythrocytes nuclei and
which therefore have direct relevance to ‘native’ fibres.
Robinson et al. also showed that their reconstitutes
comprise two different classes of structures; one with
repeat lengths of up to 207 bp and a diameter of 33 nm,
the other with repeat lengths of 217, 227 and 237 and a
diameter of 44 nm.

In search of arrangements of closely interacting nucle-
osomes along the fibre which can accommodate non-
integer numbers of base pairs per turn of DNA, we have
found a general solution for single-start helices which
relates the numbers of the nucleosomes along the fibre helix
with their numbers along the DNA (Lasters and Staynov
1983; Staynov 1983). If the position number of a
nucleosome on the fibre helix is v, then its number along
the DNA is found by adding (+2i+1) in alternation where
i=0, 1, 2,... Thus, apart from the sequential arrangement of
nucleosomes along the fibre (i=0, Fig. 1a), there is a series
of possible nonsequential single helix arrangements with up
to 4, 8, 12, 16,... nucleosomes per turn. The solution for
i=1, gives, for v=1, nucleosome numbers along the fibre
helix as 1, 0, 3, 2, 5, 4, 7..., where ‘0’ denotes a missing
nucleosome. It is called the (—1,3) arrangement, with up to
4 nucleosomes per turn (Fig. 1b). It applies to fibres with
short repeat lengths. The consecutive nucleosomes form a
left-handed fibre helix but the linkers, i.e. adjacent
nucleosomes along the DNA, follow a right-handed helical
path. The solution for =2, the (-3,5) arrangement, is a fibre
with up to eight nucleosomes per turn, with the sequence 2,
0,4,1,6,3,8,5,... for v=2 (Fig. lc). If v=1 the sequence is
1,0,3,0,5,2,7,4,.. Thus depending on whether we start

1 2 3
(-1,3) (-3,5) (-5,7)
b c
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with (+2i+1) or (-2i+1) at the ends of the sequence there
are discontinuities with one or two missing nucleosomes.
We have shown that this arrangement can accommodate
chromatin repeat lengths of up to around 220 bp (Staynov
1983). The next solution with i=3, the (-5,7) arrangement
(Fig. 1d), can accommodate longer repeats with disconti-
nuities of two or three missing nucleosomes at each end.

Here, we relate the (—3,5) arrangement for i=2 and the
(=5,7) arrangement for i=3 to a DNA helical periodicity of
10.5 bp per turn and show that one of them, the (—3,5)
arrangement, can accommodate a series of structures with
discrete repeat lengths differing by 5 bp in the interval
around 190-220 bp, whilst the (=5,7) arrangement accom-
modates repeat lengths differing by 10 to 12 bp in the
interval around 220 to 250 bp.

Materials and methods

Calculations for both the (=3,5) and (-5,7) arrangements
were carried out, associating a rectangular coordinate
system with each nucleosome and assuming that a standard
transformation places each nucleosome at the position of
the next one along the DNA (Staynov 1983). The standard
transformation can be reduced to one translation between
consecutive nucleosomes (L), which we will call ‘linker
length’ and two rotations at Euler’s angles o and 3. The
distance between consecutive nucleosomes is restricted in
the interval between their closest contacts, defined by their
size (Fig. 2b) and a maximum separation, defined by the
lengths of straight linkers (Fig. 2c). The DNA linkers do
not have to be straight. They can be bent or kinked as in
Fig. 2d, but if bent or kinked, all of them have to be bent or
kinked in the same manner. The angle « is defined as the
angle between two imaginary straight linkers from one
nucleosome. The first rotation along the Z-axis at an angle
(m—), brings the ingoing linker of a nucleosome parallel to
its outgoing linker. A translation of distance L brings this
nucleosome to the next nucleosome along the DNA. The
second rotation by angle (—() along the outgoing linker is
defined by the relationship between the linker length and
the DNA helical periodicity.

For the (—3,5) arrangement, if the transformation is
carried out three times, the fourth nucleosome will be
adjacent to the first at a distance d, defining the nucleo-
somes separation along the fibre helix (Fig. lc). If it is
carried out five times, the sixth nucleosome will be
positioned symmetrically with respect to the fourth on the
other side of the first, at the same distance d (Fig. 1c). This
gives two equations with four variables, L, d, o and f3,
which can be solved parametrically for the angles « and 3
as functions of the ratio of the linker length L and
nucleosome separation along the fibre helix, d (L/d). For
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Fig. 2 Schematic representation of a dinucleosome. a Numbering of
the DNase cutting sites from the dyad axis of the nucleosome. Arrows
indicate positions of DNase II cuts when nucleosomes are the 30 nm
fibre; b two nucleosomes in close contact; ¢ two nucleosomes at
maximum distance allowed by a straight linker. The angle o between
ingoing and outgoing linkers of the first nucleosome lies in the X, ¥
plane. A rotation around Z; at an angle (m7—«) establishes two new
axes Yj'and X;. A translation is carried out along X, for a distance L.
A second rotation around X, by an angle (—() makes Z; coincide with
Z5; d as ¢, but the two nucleosomes are separated by a shorter distance
as the linkers start with a stem

the (—5,7) arrangement with up to 12 nucleosomes per turn
the equations can be solved in the same fashion but
assuming that the seventh and the ninth nucleosomes are
symmetrically adjacent to the second nucleosome at a
distance d (Fig. 1d) (For further details, see Electronic
Supplementary Material).

Results

Graphs of the solutions for o and 3 as functions of L/d for
the (=3,5) and (—5,7) arrangements are shown in Fig. 3a
and b. These solutions will have structural significance only
if they give nucleosomes with a constant tilt, as this permits
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Fig. 3 Parametric solutions for
angles « and [ as functions of
the ratio L/d. a for the (-3,5)
arrangement; b for the (—5,7)
arrangement. Vertical dashed
lines mark the closest contact
between adjacent nucleosomes.
Horizontal dashed lines mark
the minimum angle, /3, at which
linkers do not clash. Bold lines
represent the linear parts of the
[ vs L/d curves

degrees

their face-to-face interactions along the fibre helix. We will
consider the (—3,5) arrangement first. The numerical
solution shows that the equations for o and [ are
compatible for 1.0<L/d<2.4. The relations of these
equations with the real geometrical parameters of the fibre
are not straightforward, as we do not know the actual linker
path. Assuming that consecutive nucleosomes along the
helix are cylinders with a radius/height ratio=0.85, (5.5 nm/
6.5 nm, see below and Fig 4), these cylinders will clash
when L/d<1.5 (vertical dashed line in Fig. 3a). Similarly,
assuming straight linkers with diameters of 2 nm, they will
clash in the middle of the fibre if the angle F<8°
(horizontal dashed line). Thus, this structure is possible in
the interval 1.5<L/d<2.3. To be applicable to real linker
lengths, i.e., chromatin repeat lengths, we have to make
some assumptions. If we consider the two linkers to start
from one point on the dyad axis at the edge of the
chromatosome (Fig. 2c) and assume very tight packing with
d=6.5 nm, we obtain a possible range of linker lengths of
20 bp and repeats between 194 and 214 bp; for d=7.5 nm,
this interval will be between 200 and 220 bp. For
alternative linker paths, as shown in Fig. 2d, this interval
can increase up to about 25 bp.

The dependences of the angles « and 3 on the ratio L/d
in the geometrically allowed interval are very interesting.
The angle o of the standard transformation, which we
assume to be defined by the linker histone, is nearly
constant.

The angle (§ in the allowed interval (the thick line in
Fig. 3a) is a linear function of L/d with a negative slope,
and thus, it can compensate for a non-integer excess
number of base pairs per turn of the DNA helix in the

linker and bring consecutive nucleosomes face-to-face. It
can be expressed as

L
B° = constant — 36.4° (E) (1)

Thus, a change of the dimensionless ratio L/d requires a
corresponding change in the mutual tilt of consecutive
nucleosomes along the DNA (negative tilt). However, the
tilt of consecutive nucleosomes is defined by the helical
periodicity of the DNA, ¢~10.5 bp/turn. We can then ask
the question: are these two requirements compatible for any
increment of the linker length, or do they allow only a
discrete set of repeat lengths? An elongation by 1 bp
(0.34 nm), which is accompanied by a very small change of
L/d, causes a very small change in the tilt according to Eq. 1.
However, the DNA periodicity requires a considerable
change in the tilt (by 34.28°). Thus, these two requirements
are incompatible for a difference in the repeat length by 1 bp.
Examination of different increments has shown that there is a
set of increments differing by 5 bp (AL =5bp = 1.7nm ),
for which the two requirements are compatible. Assuming
very close contacts between adjacent nucleosomes along
the fibre (d=6.5 nm), then according to Eq. 1,
AB =—(36.4 x 1.7)/6.5 = —9.5°. Thus, for a nucleosome
with a twofold axis of symmetry, it is short by 9.5° from the
symmetrical structure with 180° tilt, or for elongation of
5 bp, this is 34.1°/bp, giving DNA periodicity ¢=10.56 bp/
turn. If we assume relatively distant nucleosomes at d=8 nm,
we find for the periodicity of DNA

¢ = 10.45 bp/turn.
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Fig. 4 Schematic representations of the (—3,5) arrangement for two p

linker lengths differing by 5 bp. (a, b and ¢) for L/d=1.54; (d and e)
for L/d=1.78 using Wolfram’s Mathematica®. The straight linkers
are drawn starting from the ends of the core particle-DNA. a and d
side view; b and e view along the fiber axis; ¢ a trinucleosome. The
nucleosomal DNA (red) is drawn with half of its real diameter and
the linkers (black) are drawn one quarter of their real diameters. The
histones are represented as colored hollow octagonals. f Straight
lines connecting the midpoints of the two linkers exiting each
nucleosome to illustrate their alternating orientations with respect to
the fiber axis; (g) connecting lines between the odd and even
nucleosomes to illustrate that they follow two different helices,
shifted from each other at one-half of the pitch. For clarity f and g
are shown in different projections

Thus, the assumption that the distances between the
nucleosomes along the fibre differ by more than 20%, gives
DNA periodicities differing by only 1%. This implies that if
we assume the linkers do not start from one point, this will
slightly shift the possible repeat lengths interval but will not
change the overall results. Thus, the (—3,5) arrangement
covers most of the metazoan chromatin repeat lengths and
the magic number of 10.5 bp/turn of the DNA helix
persists.

We can ask this question in reverse: what must the
distance d between adjacent nucleosomes be in the fibre for
the structure to be possible for linker lengths L, and for
L;+5 bp, assuming a DNA periodicity of ¢=10.5 bp/turn?
We find that the next nucleosome will be rotated by
171.40°, i.e., 8.6° short of 180°. Thus, we obtain d=7.2 nm,
a very realistic value for the distance between consecutive
nucleosomes along the fibre. From liquid crystals of
nucleosome particles, it has been found that the mean
distance between the core particles with their flat surfaces
parallel to each other is 7.16+0.65 nm (Leforestier and
Livolant 1997). These results show that an increment of
5 bp is possible. Thus, if the structure is possible for a
repeat length of 194 bp, it has to be also possible for repeat
lengths of 199, 204, 209 and 214 bp.

The linkers of nucleosome 3 (assumed straight) are
connected to two nucleosomes (2 and 4), up the helix,
whilst nucleosome 4 is connected to two nucleosomes (3
and 5) down the helix (Fig. 1¢). The same is seen in Fig. 4f
(see below). According to the original assumption, the two
linkers exit symmetrically with respect to the dyad axis of
the nucleosome. This also implies that the dyad axes of
consecutive nucleosomes along the fibre helix and along
the DNA are alternating.

The (—3,5) arrangement, however, supports only a
discrete set of repeat lengths, differing by 5 bp and does
not support a continuum of repeat lengths. For the possible
interval 1.54<L/d<2.06, the diameter of the fibre changes
from 31.3 to 35.5 nm. As the angle 3 decreases with
increase in L/d, the mean step of nucleosomes along the
fibre decreases with increase in L/d from 2.4 to 1.64 nm.
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Thus, the number of nucleosomes per 11 nm length changes
from 9.2 to 13.4 nucleosomes, and the tilt of the
nucleosomes decreases from 18.6° to 9.3°.

Schematics of the geometrical solutions of (—3,5) arrange-
ment for two linker lengths differing by 5 bp (L/d=1.54 and
1.78) are shown in Fig. 4a—g. The consecutive nucleosomes
along the fibre helix have alternating dyad axes around the
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radius of the fibre (Fig. 4f). The centres of the nucleosomes
also alternate up and down away from a smooth helix
(Fig. 4g). For L/d=1.54, the dyads alternate £26°. Such
alternation, which causes exposure of different parts of the
consecutive nucleosomes on the surface of the fibre, can
explain the ‘dinucleosomal’ repeats in the DNase I digests
(Staynov 1983 and references therein). Furthermore, Fig. 4
shows that adjacent nucleosomes from consecutive turns of
the fibre intercalate between each other at one-half of the
pitch (Fig. 4g). As the nucleosomes are wider at the linker
entry/exit sites, this arrangement allows them to be packed
closer to each other than if they were all positioned with their
dyad axes radial to the fibre.

Fibres with longer than 220 bp repeat lengths are described
by the next solution of the series, the (—5,7) arrangement with
12 nucleosomes per turn. The solution for the (—5,7)
arrangement shows a relationship between 3 and L/d similar
to Eq. | but the slope is shallower, —14.5° (Fig. 3b), and the
possible interval is 2.22<L/d<2.78. The average step is from
1.53 to 1.23 nm or 14.4 to 19.6 nucleosomes per 11 nm. For
a 5 bp difference in the repeat length, we obtain an
unacceptable periodicity of DNA, ¢=10.2 bp/turn. However,
this arrangement tolerates differences in the 10 bp register.
For the two values of d=6.5 and 8 nm, the DNA periodicity
is 10.4bp/turn, and for an 11 bp as well, a 12 bp linker
difference ¢»=10.4 and 10.5 bp/turn, respectively. For such
long linker lengths, up to 70 bp, it is not clear, however,
whether the DNA might be torsionally more flexible, and
thereby, allow all three repeat length differences for face-to-
face nucleosomal contacts.

Discussion

The aim of this paper is to find topologically possible
structures in real geometrical space, which allow for
different repeat lengths, rather than to build a precise
structure of the 30-nm fibre; neither do we consider its
rigidity or thermodynamics. The results show that a single
nucleosome arrangement cannot cover the whole interval of
repeat lengths over which fibres have been observed, and
there must be at least two different structures. The (—3,5)
and (—5,7) arrangements presented here were arrived at
only on the assumption that consecutive nucleosomes along
the fibre are equidistant from each other (at distance d) and
that a single geometrical transformation superimposes each
nucleosome on the next nucleosome along the DNA (at
distance L). Both arrangements allow only discrete sets of
helices for repeat lengths differing by 5 and by 10-12 bp,
respectively. The conditions giving rise to these arrange-
ments did not imply that they have to be straight helices.
However, the discrete solutions shown here result in
straight helices with closely spaced nucleosomes. The two

structures differing by 5 bp repeat length, shown in Fig. 4,
were built with linkers starting from the ends of the core
particle DNA. This confirms that the initial simplification,
with linkers starting from one point at the edge of the
chromatosomes is not critical. At this approximation, it is
not clear whether there is a gap of several forbidden repeat
lengths between the possible intervals of the (—3,5) and
(—5,7) arrangements, or they overlap.

For the (—3,5) arrangement, the diameter of the fibre
(31.4 to 35.5 nm), is within the experimental error of the
EM measurements. The number of nucleosomes per 11 nm
increases from 9.2 to 13.4 in the model, and the tilt
decreases from 18.6° to 9.3°. The number of nucleosomes
per turn differs from the early X-ray scattering estimates, as
at that time, intercalated nucleosomes between adjacent
turns of the helix were not envisaged. Comparison of our
values for the nucleosome tilt with those calculated from
electric dichroism measurements is not straightforward, as
the latter depends on assumptions for the contributions of
the linker. However, it is widely accepted that the
nucleosome faces are close to parallel to the fibre axis,
and most of the estimates give tilts around 30° for ~200 bp
repeats and around 20° for the long-repeat sea urchin
sperm; (discussed in van Holde 1988). Thus, although our
tilt interval is shifted by about 10°, there is a similar inverse
relationship between the tilt and the repeat length.

There are contradicting reports for the diameter of the
fibre of sea urchin sperm chromatin that has a repeat length
of about 240 bp. Widom et al. (1985) did not find a
significant difference between its diameter and the diameter
of chicken erythrocyte fibres (repeat ~212 bp), but Williams
et al. (1986) reported 12 nucleosomes per turn. X-ray
scattering also supports the much larger diameter of about
45 nm for echinoderm sperm chromatin, with a cross-
section radius of gyration of 16 nm (Koch et al. 1988). This
agrees with our predictions for the (—5,7) arrangement: up
to 45 nm diameter, a mean step along the axis of the fibre of
between 1.53 and 1.23 nm, and correspondingly, the
number of nucleosomes per 11 nm being between 14.4
and 19.6.

The fact that the (—3,5) arrangement allows repeat
lengths differing by 5 bp is very important. We do not
have direct evidence as to whether the repeat lengths of
native fibres are continuous or only certain repeats exist.
One can get some insight into this from the 10 nt repeat of
the DNase I digests beyond the intranucleosomal bands. In
yeast, the so-called ‘10n+5 nt shift’ of the internucleosomal
bands suggests regularly positioned nucleosomes in a
considerable part of the genome (Lohr and van Holde
1979). These bands are very faint in higher eukaryotes and
are superimposed on a high, continuous background
(Staynov 2000). However, these results do not indicate
whether the background comes from randomly positioned
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nucleosomes, or it is caused by a superposition of two
different repeats, with the faint bands representing the
excess of one over the other. The superposition of digestion
patterns of equal amounts of two repeats differing by 5 bp
would completely mask the discrete internucleosomal
bands that are observed in yeast (Staynov 2000). Thus
even in the dormant chromatin of chicken erythrocytes,
there are at least two repeat lengths in comparable
abundance which differ by (5%1) bp.

Intercalated nucleosomes were first proposed by Staynov
(1983) and later also by Bordas et al. (1986a, b) for non-
sequential arrangements and by Daban and Bermudez
(1998) for a sequential arrangement. Daban and Bermudez
have found nucleosome tilts very similar to the tilts of the
nucleosomes calculated for the (—3,5) arrangement. How-
ever, they disregarded the DNase I digestion results and
built their models on the assumption that the nucleosomes
dyad axes are orthogonal to the fibre axis. Moreover, as the
nucleosomes are wider at the linker entry/exit sides, Daban
and Bermudez have assumed a 36 nm fibre diameter for all
repeat length models. This assumption places adjacent
nucleosomes at larger distances and prevents their close
face-to-face contacts, or alternatively, it imposes special
constraints on the path of the linkers. The authors have
explained this discrepancy by suggesting that if there are
some unforeseen distortions and interpenetrations of adja-
cent nucleosomes and DNA linkers, the structure would be
more compact.

The observation of a discontinuity in the relationship
between the sedimentation coefficient and the ionic
concentration between penta- and hexa-nucleosome sam-
ples has been explained as a result of the sixth nucleosome
interacting with the first (Butler and Thomas 1980; Thomas
and Butler 1980). This implies that the fibre has between
five and six nucleosomes per turn, and the sixth nucleo-
some interacts very strongly with the first and locks one
turn of the helix. An alternative explanation is suggested by
the (—3,5) arrangement. As there are always one or two
protruding (flexible) nucleosomes at each end of the fibre,
in up to pentamers, there are none or only one pair of
adjacent nucleosomes. In hexanucleosomes, however, four
nucleosomes, those with numbers 4, 1, 6 and 3 are adjacent,
hence, interacting, and the structure is rigid (Fig. 1c).

The predicted (—3,5 and —5,7) arrangements are in
striking agreement with recently published results by
Robinson et al. (2006) for reconstituted fibres on positioned
nucleosomal DNA repeats differing by 10 bp in the range
of 177-237 bp repeat lengths. They have found that indeed,
there are two distinct structures: one with a diameter of
about 33 nm for up to 207 bp repeat lengths, and a second
with a diameter of about 44 nm for 217 to 237 bp repeat
lengths. There are some further similarities between our
proposed structures and those observed by Robinson et al.
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(2006). The nonsequential arrangements in our model can
easily explain their observation that the fibres polymerize by
end-to-end self-association instead of side-by-side. At each
end of nonsequentially arranged fibres, there are one or two
missing and protruding nucleosomes: the protruding nucle-
osomes of one fibre can thus intercalate into the positions of
the missing nucleosomes of a second fibre (Fig. lc).

Thus, although there are no discrepancies between our
analytical solutions and the experimental results from the
reconstitutes of Robinson et al., there are differences
between our analytical solution, and the model they
propose with regard to the orientation and the tilt of the
nucleosomes. They assume that the nucleosomes are
uniformly oriented with respect to the fibre radius, although
this is incompatible with the DNase I digestion results.
They assume a tilt of 17°, independent of the repeat length,
a value in good agreement with our calculation of 18.6° for
the shortest repeat L/d=1.54. Robinson et al. also assume
that the linker histones define different paths of the linker
DNA inside fibres for different repeat lengths. As they have
used only one kind of linker histone for all different repeat
length reconstitutes up to repeat lengths of 207, such an
assumption is unnecessary. The diameter of their recon-
stitutes having the sea urchin sperm repeat is unchanged,
whether H5 or sea urchin sperm HI1 histones are used.
Furthermore, this suggests that the main factor defining the
shape of the fibre is the nucleosome—nucleosome interac-
tion and not the type of linker histone. Our models show
that as the angle « is nearly constant in the allowed
geometrical space, one type linker histone can support
fibres with different repeat lengths, but the nucleosomes in
the fibre would have different tilts. The two structures
proposed by Robinson et al. conform, however, to the
observed dimensions of the fibres in both repeat length
regions, and although the path of the linker DNA and the
linker histones are not seen, such reconstitutes are a good
start for further high-resolution studies.

In situ pyrimidine dimer formation has shown that the
DNA linkers in the fibre are straight (Pehrson 1995). A
simulation of fibre dynamics for di- and trinucleosomes has
been carried out by Beard and Schlick (2001) who also
showed that straight linkers are energetically more favour-
able. The rationale originally proposed in Staynov (1983)
has been also used by several other groups. Woodcock et al.
(1993) carried out similar model calculations. However,
they assumed random linker lengths and did not look for
regular structures or for a relationship between linker length
and regularity.

An elegant geometrical treatment of a fibre with
consecutive nucleosomes by Ben-Haim et al. (2001) has
examined possible structures with two fixed angles between
the consecutive linkers. They took into consideration that
the DNA is a double helix with a non-integer number of
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base pairs per turn. They showed that all structural
parameters vary with a pseudo-periodicity of around
10 bp, and in the considered interval, there is only one
linker length which produces a straight flexible fibre with
regularly positioned nucleosomes. In a subsequent paper,
they have tried to reconcile this finding with the fact that
fibres with different repeat lengths exist, by suggesting that
a change of the linker length can impose conformational
changes on the core particle (Mozziconacci and Victor
2003). However, there is no experimental evidence for
alternative core particle conformations.

Conclusions

The arrangements proposed here are, to date, the only ones
that do not contradict the available experimental data from
native chromatin fibres. They predict that there must be two
different structures for short and long repeat length chromatin,
as observed in native and in reconstituted fibres and that one
linker histone type can support fibres built from several
different repeat lengths. These structures suggest alternating
nucleosomes, and therefore, explain the dinucleosomal repeat
in the DNase I digestion patterns of fibres with different repeat
lengths. The (—3,5) arrangement is the only proposed structure
which can accommodate different repeat lengths outside the
‘10n° bp register. To unequivocally decide between models
of the fibre, further experimental work needs to be carried
out to ascertain the consecutivity of the nucleosomes and the
path of the linker DNA. This is crucial for addressing the
problems of interactions of the fibre with transacting factors
that might cause its unfolding for transcriptional competence.

Acknowledgements We are grateful to D. Rhodes and V. Ramakrishnan
for helpful discussions and suggestions and to M. Sanderson for critical
reading of the manuscript. Support from the Wellcome Trust is gratefully
acknowledged.

References

Bates AD, Maxwell A (1989) DNA gyrase can supercoil DNA circles
as small as 174 base pairs. EMBO J 8:1861-1866

Beard DA, Schlick T (2001) Computational modeling predicts the struc-
ture and dynamics of chromatin fiber. Structure (Camb) 9:105-114

Bednar J, Horowitz RA, Dubochet J, Woodcock CL (1995) Chromatin
conformation and salt-induced compaction: three-dimensional
structural information from cryoelectron microscopy. J Cell Biol
131:1365-1376

Bednar J, Horowitz RH, Grigoryev SA, Carruthers LM, Hansen JC,
Koster AJ, Woodcock CL (1998) Nucleosomes, linker DNA, and
linker histone form a unique structural motif that directs the
higher-order folding and compaction of chromatin. Proc Natl
Acad Sci USA 95:14173-14178

Ben-Haim E, Lesne A, Victor JM (2001) Chromatin: a tunable spring
at work inside chromosomes. Phys Rev E Stat Nonlin Soft Matter
Phys 64:051921

Bordas J, Perez-Grau L, Koch MH, Vega MC, Nave C (1986a) The
superstructure of chromatin and its condensation mechanism. 1.
Synchrotron radiation X-ray scattering results. Eur Biophys J
13:157-173

Bordas J, Perez-Grau L, Koch MH, Vega MC, Nave C (1986b) The
superstructure of chromatin and its condensation mechanism. II.
Theoretical analysis of the X-ray scattering patterns and model
calculations. Eur Biophys J 13:175-185

Burgoyne LA, Skinner JD (1981) Chromatin superstructure: the next
level of structure above the nucleosome has an alternating
character. A two-nucleosome based series is generated by probes
armed with DNAase-I acting on isolated nuclei. Biochem
Biophys Res Commun 99:893-899

Butler PJ, Thomas JO (1980) Changes in chromatin folding in
solution. J Mol Biol 140:505-529

Daban JR, Bermudez A (1998) Interdigitated solenoid model for
compact chromatin fibers. Biochemistry 37:4299-4304

Davey CA, Sargent DF, Luger K, Maeder AW, Richmond TJ (2002)
Solvent mediated interactions in the structure of the nucleosome
core particle at 1.9 A resolution. J Mol Biol 319:1097-1113

Dorigo B, Schalch T, Kulangara A, Duda S, Schroeder RR, Richmond
TJ (2004) Nucleosome arrays reveal the two-start organization of
the chromatin fiber. Science 306:1571-1573

Finch JT, Klug A (1976) Solenoidal model for superstructure in
chromatin. Proc Natl Acad Sci USA 73:1897-1901

Gerchman SE, Ramakrishnan V (1987) Chromatin higher-order
structure studied by neutron scattering and scanning transmission
electron microscopy. Proc Natl Acad Sci USA 84:7802-7806

Greulich KO, Wachtel E, Ausio J, Seger D, Eisenberg H (1987)
Transition of chromatin from the “10 nm” lower order structure,
to the “30 nm” higher order structure as followed by small angle
X-ray scattering. J] Mol Biol 193:709-721

Hamiche A, Schultz P, Ramakrishnan V, Oudet P, Prunell A (1996)
Linker histone-dependent DNA structure in linear mononucleo-
somes. J Mol Biol 257:30-42

Harp JM, Hanson BL, Timm DE, Bunick GJ (2000) Asymmetries in
the nucleosome core particle at 2.5 A resolution. Acta Crystallogr
D Biol Crystallogr 56 Pt 12:1513-1534

Horz W, Miller F, Klobeck G, Zachau HG (1980) Deoxyribonuclease
II as a probe for chromatin structure. II. Mode of cleavage. ] Mol
Biol 144:329-351

Horz W, Zachau GH (1980) Deoxyribonuclease II as a probe for
chromatin structure. I. Location of cleavage sites. J Mol Biol
144:305-327

Koch MH, Sayers Z, Michon AM, Marquet R, Houssier C, Willfuhr J
(1988) The superstructure of chromatin and its condensation
mechanism. V. Effect of linker length, condensation by multiva-
lent cations, solubility and electric dichroism properties. Eur
Biophys J 16:177-185

Lasters I, Staynov DZ (1983) Regular nonsequential arrangements of
freely joined chains. Int J Biol Macromol 5:310-311

Leforestier A, Livolant F (1997) Liquid crystalline ordering of nucleosome
core particles under macromolecular crowding conditions: evidence
for a discotic columnar hexagonal phase. Biophys J 73:1771-1776

Lohr D, van Holde KE (1979) Organization of spacer DNA in
chromatin. Proc Natl Acad Sci USA 76:6326-6330

Luger K, Hansen JC (2005) Nucleosome and chromatin fiber
dynamics. Curr Opin Struct Biol 15:188-196

Luger K, Mader AW, Richmond RK, Sargent DF, Richmond TJ
(1997) Crystal structure of the nucleosome core particle at 2.8 A
resolution. Nature 389:251-260

McGhee JD, Rau DC, Charney E, Felsenfeld G (1980) Orientation of
the nucleosome within the higher order structure of chromatin.
Cell 22:87-96

McGhee JD, Nickol JM, Felsenfeld G, Rau DC (1983) Higher order
structure of chromatin: orientation of nucleosomes within the 30

@ Springer



76

Chromosoma (2008) 117:67-76

nm chromatin solenoid is independent of species and spacer
length. Cell 33:831-841

Mozziconacci J, Victor JM (2003) Nucleosome gaping supports a
functional structure for the 30nm chromatin fiber. J Struct Biol
143:72-76

Pehrson JR (1995) Probing the conformation of nucleosome linker
DNA in situ with pyrimidine dimer formation. J Biol Chem
270:22440-22444

Ramakrishnan V (1997) Histone Hl and chromatin higher-order
structure. Crit Rev Eukaryot Gene Expr 7:215-230

Rattner JB, Hamkalo BA (1979) Nucleosome packing in interphase
chromatin. J Cell Biol 81:453-457

Robinson PJ, Fairall L, Huynh VA, Rhodes D (2006) EM measure-
ments define the dimensions of the “30-nm” chromatin fiber:
evidence for a compact, interdigitated structure. Proc Natl Acad
Sci USA 103:6506-6511

Schalch T, Duda S, Sargent DF, Richmond TJ (2005) X-ray structure
of a tetranucleosome and its implications for the chromatin fibre.
Nature 436:138-141

Shore D, Baldwin RL (1983) Energetics of DNA twisting. 1.
Relation between twist and cyclization probability. J] Mol Biol
170:957-981

Staynov DZ, Dunn S, Baldwin JP, Crane-Robinson C (1983) Nuclease
digestion patterns as a criterion for nucleosome orientation in the
higher order structure of chromatin. FEBS Lett 157:311-315

Staynov DZ (1983) Possible nucleosome arrangements in the higher-
order structure of chromatin. Int J Biol Macromol 5:3-9

Staynov DZ (2000) DNase I digestion reveals alternating asymmet-
rical protection of the nucleosome by the higher order chromatin
structure. Nucleic Acids Res 28:3092-3099

Staynov DZ, Proykova YG (1998) Quantitative analysis of DNase I
digestion patterns of oligo- and polynucleosomes. J Mol Biol
279:59-71

Suau P, Bradbury EM, Baldwin JP (1979) Higher-order structures of
chromatin in solution. Eur J Biochem 97:593-602

@ Springer

Thoma F, Koller T, Klug A (1979) Involvement of histone H1 in the
organization of the nucleosome and of the salt-dependent super-
structures of chromatin. J Cell Biol 83:403-427

Thomas JO, Butler PJ (1980) Size-dependence of a stable higher-order
structure of chromatin. J Mol Biol 144:89-93

Tse C. Hansen JC (1997) Hybrid trypsinized nucleosomal arrays:
identification of multiple functional roles of the H2A/H2B and
H3/H4 N-termini in chromatin fiber compaction. Biochemistry
36:11381-11388

van Holde KE (1988) Chromatin. Springer-Verlag, New York

Wallrath LI, Elgin SC (1995) Position effect variegation in Drosophila
is associated with an altered chromatin structure. Genes Dev
9:1263-1277

Widom J (1992) A relationship between the helical twist of DNA and
the ordered positioning of nucleosomes in all eukaryotic cells.
Proc Natl Acad Sci USA 89:1095-1099

Widom J, Finch JT, Thomas JO (1985) Higher-order structure of long
repeat chromatin. EMBO J 4:3189-3194

Williams SP, Athey BD, Muglia LJ, Schappe RS, Gough AH,
Langmore JP (1986) Chromatin fibers are left-handed double
helices with diameter and mass per unit length that depend on
linker length. Biophys J 49:233-248

Wolffe AP (1998) Chromatin: structure and function. Academic Press,
San Diego, London

Woodcock CI, Grigoryev SA, Horowitz RA, Whitaker N (1993) A
chromatin folding model that incorporates linker variability
generates fibers resembling the native structures. Proc Natl Acad
Sci USA 90:9021-9025

Woodcock CI, Frado LI, Rattner JB (1984) The higher-order structure
of chromatin: evidence for a helical ribbon arrangement. J Cell
Biol 99:42-52

Worcel A, Benyajati (1977) Higher order coiling of DNA in
chromatin. Cell 12:83-100

Worcel A, Strogatz S, Riley D (1981) Structure of chromatin and the
linking number of DNA. Proc Natl Acad Sci USA 78:1461-1465



	Topological constraints on the possible structures of the 30 nm chromatin fibre
	Abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


