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Abstract

Chromatin structure seems related to the DNA linker length. This paper presents a systematic search of the possible chromatin structure as
a function of the linker lengths, starting from three different low-resolution molecular models of the nucleosome. Gay—Berne potential was
used to evaluate the relative nucleosome packing energy. Results suggest that linker DNAs, which bridges and orientate nucleosomes, affect

both the geometry and the rigidity of the global chromatin structure.
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1. Introduction

Eukaryotic cells contain from 10 to 10* millions base pair
in a nucleus of a few micrometers in diameter. If all the
DNA molecules which constitute a typical eukaryotic
genome would be steered, they would span about 3 m in
length. An accurate organization of the DNA inside the cell
nuclei is therefore necessary.

Packing is due to proteins, which fold DNA, at different
levels of organization, into the architecture of chromatin [1].
The first level is well characterized: it is constituted by the
nucleosome core particles [2,3], connected together by linker
DNA:s.

At physiological salt concentration, chromatin is observed
in vitro giving a condensed structure called 30-nm fiber,
whereas at lower ionic strength, it assumes a more extended
conformation.

DNA sequences appear structurally inaccessible and
functionally inactive. However chromatin structure should
allow the localized unfolding and the subsequent folding of
DNA. In particular, it is reasonable to assume that processes,
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such as replication or transcription, should require a large-
scale reorganization of the DNA packing, to allow the
binding of the protein factors. However, the knowledge of
the internal chromatin structure remains fragmentary.

In the literature, mainly two different models were
proposed: the solenoid model [4], in which the linker
DNAs are coiled between adjacent nucleosomes, and the
zigzag model [5], in which zigzag arrays of nucleosomes
form a condensed ribbon generating the 30-nm fiber. In the
latter case, linker DNAs are essentially straight.

Zigzag models seem more consistent with the current
experimental evidences. Moreover, at low and medium
ionic strength, chromatin clearly shows the zigzag arrange-
ment. Finally, DNA linker length exhibits a preferential
quantization of its values, preferring integral multiples of
the helical repeat [6]. This evidence supports the hypoth-
esis that DNA linkers direct the orientation of consecutive
nucleosomes, i.e. if linker length differs of multiples of the
helical repeat, consecutive nucleosomes are oriented in the
same direction and the corresponding structures are
practically equivalent, differing only for the distances
between nucleosome cores.

Woodcock and coworkers assumed the nucleosome—
linker—nucleosome system as a repetitive unit of the 30-nm
fiber and described the observed chromatin structures in
terms of the rotation angle between consecutive nucleo-
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somes, a function of the linker length and the linker entry/
exit angle (two-angle model). [7-10].

Recently we have found that a three-angle model is a valid
proposal for telomeric chromatin, whose structural organ-
ization considerably differs from that of the bulk chromatin.
To explore a larger conformational space, we considered the
dinucleosome as the chromatin repetitive unit, corresponding
to introduce two different linker lengths. We found short
linkers are compatible with structures resembling those
previously proposed for bulk chromatin. In addition, testing
different combinations of the DNA linker lengths allowed us
to identify a novel compact nucleosomal arrangement [11].

In this paper, we apply our approach also to linker length,
which is typical of bulk chromatin, rationalizing the present
experimental data and proposing a systematic search for all
the possible compact nucleosome structures. In addition, in
bulk chromatin, both H1 and histone—tails have been
suggested to bridge entering and exiting DNAs together into
a stem [9,12—14]. Histone—tails interactions influence DNA
distance, contact and parallelism and, consequently, reduce
the possible chromatin conformations. Therefore we tenta-
tively considered more realistic models of the entry/exit
region.

2. Materials and methods

The initial structures were obtained by repetitions of the
fundamental nucleosome-linker 1-nucleosome—linker 2—
nucleosome unit. To take into account also the variability of
the average helical periodicity, found in natural DNAs, linker
length was changed continuously, as proposed in a previous
paper [11]. Nucleosomes were generated imposing the
correct curvature on 145 bp DNA tracts, in agreement with
the crystallographic data [2,3]. Analogously, the nucleosomal
DNA periodicity was set equal to 10.2 bp/turn. Interactions
between nucleosomes were parameterized using the Gay—
Berne potential for oblate ellipsoids [11,15,16]:
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where the anisotropy parameter is y=—0.653. Interactions
between linker DNAs and between linker DNAs and
nucleosomes were considered barely repulsive [11].

3. Results and discussion

In the lack of structural details of the nucleosome entry/
exit region, we tentatively considered three different models
(Fig. 1). The simplest one (Fig. 1A) resembles the
nucleosomal crystallographic structure, where two DNA
segments at the termini of the nucleosome are essentially
straight [2,3]. Moreover, the entry/exit angle was imposed
equal to 40°, a value compatible with those found at
physiological ionic strength [9]. In the other models, to
mimic the interaction between linker DNAs and H1 globular
domain, the nucleosomal DNA curvature was extended to
the flanking 10-bp segments at both sides of the nucleo-
some, increasing the DNA wrapping around the histone core
to about 1.9 turns. Afterwards, we imposed that DNA
linkers wind around each other up to half a turn [13] over a
distance of 20 bp. This value was chosen as an approximate
average between the stem length found in mononucleo-
somes (about 32 bp) [13] and in minicircles (about 10 bp)
[12,14]. Finally, DNA linkers form an angle of 40°, laying
in planes parallel (Fig. 1B) or perpendicular (Fig. 1C) to the
nucleosomal average plane.

Fig. 2 shows the diagrams of the chromatin packing
energy as a function of the two linker lengths, varying
within a range of 11 bp around the chicken erythrocyte
nucleosomal length (~66 bp). Most of the map points
corresponds to not favored conformations; however, very
narrow minima are present. Contrary to the case with short

A

Fig. 1. Representation of the geometrical structure of the nucleosome
models. A: Without stem. B: With the stem and the linker DNAs parallel to
the nucleosomal average plane. C: With the stem and the linker DNAs
laying on planes perpendicular to the nucleosomal average plane.
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Fig. 2. Diagram of the chromatin packing energy per nucleosome as a
function of the two DNA linker lengths. Positive energy values have been
cut off as they correspond to not favored conformations. Arrows indicate
the positions of the energy minima.

linker lengths [11], all favored conformations are really
close to the diagonal.

In the case of model A, two minima were found.
Unexpectedly, the most stable (—31.4 kg7/nuclesome)
corresponds to the structure with the lower nucleosomal
linear density (Fig. 3A’). The second minimum, having an
energy of —22.6 kgT/nucleosome, is more compact and
resembles the chromatin model proposed by Woodcock and
coworkers [5,7,9] (Fig. 3A”).

In the case of models B and C, favored chromatin
conformations are strongly reduced to just one minimum
(with energy equal to —36.7 and —19.3 kgT/nuclesome,
respectively), with DNA linker lengths of about 65 bp (Fig.
2B and C). However, the global shape of the structure
strongly depends on the stem model. In particular, the
structure corresponding to model B (Fig. 3B) resembles the
structure in Fig. 3A”, even if it is more compact. On the
contrary, the structure corresponding to model C (Fig. 3C)
does not appear to have a good nucleosome packing.

However, in the framework of model approximations, it
should be noted that energy stabilization is highly cooper-
ative in all the possible structures (model B giving the best
result). Therefore, it is possible that some twisting defor-
mations occur to linker DNAs during fiber formation, which
could be compensated by the favorable nucleosome

Fig. 3. Visualization of the molecules with the lowest energy, corresponding
to the energy minima in the maps in Fig. 2. A’: Structure corresponding to
model A with /,=63.2 bp, [,=62.5 bp. A”: Structure corresponding to model
A with /,=[,=66.6 bp. B: Structure corresponding to model B with /,=65.0
bp, 1,=64.9 bp. C: Structure corresponding to model C with /;=65.4 bp,
1,=64.8 bp.
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Fig. 4. Calculated fiber diameter as a function of the linker length for the
three models in Fig. 1: @, model A (2nd minimum); W, model B; O, model
C. Connecting lines are guides for the eye and have no physical meaning.
Open circles represent experimental data from cryoelectron microscopy
[17]. Experimental diameter reported for isolated chicken erythrocyte
chromatin fibers at 20 nM NaCl showed a wide range of values, probably
depending on the high sensitivity of the sample to the ionic composition of
the medium [17].

interaction energy. This eventually corresponds to having
additional possible linker length combinations.

Finally, Fig. 4 reports the value of the fiber diameter as a
function of the linker length for the three models we
considered. The calculated values were compared with
experimental data from cryoelectron microscopy. Indeed,
the presence of chromatin fibers in frozen hydrated nuclei
made it possible to obtain measurements of fiber diameter
that were not compromised by the effects of fixation,
dehydration, or embedding [17].

In principle, if linker length differs by multiples of the
helical repeat, the corresponding fiber structures are practi-
cally equivalent. However the requisites for stem formation
prevent from having too short linkers in the case of models
B and C. In addition, model C clearly produces structures
with too large fiber diameter with respect to the exper-
imental data and was not further considered. On the
contrary, model B seems the most appropriate to describe
chromatin structure.

4. Conclusions

Three- or two-angle models have the great advantage to
describe chromatin geometry in terms of a few parameters
that characterize the single nucleosomal structure. The
chromatin fiber is obtained as an ordered repetition of
conformational equivalent units, In addition, specific
sequence-dependent effects could be treated as deviations
from the basic model.

However, the presence of both H1 and the histone tails
affects the geometry of the entry/exit DNAs and, conse-
quently, DNA folding into the 30-nm fiber.

Bypassing the lack of structural details, we have built
three different nucleosome models to test how much they
could affect the global structure and stability of the 30-nm
fiber. Our results show that DNA folding, like that in Figs.
3B and C, seems the most appropriate to produce compact
structures, independently of the stem presence. Much more
relevant is the orientation of the linker DNAs, as demon-
strated by the comparison between Figs. 3C and D. On the
contrary, the stem presents strongly narrow energy minima
and seems to be essential for the mechanical rigidity of the
fiber. However, it is clear that for a more straightforward
comprehension of the DNA folding in chromatin, a deeper
knowledge of the geometry of the stem region can not be
eluded.

Acknowledgements

Authors would like to thank Mara Fabbri for the critical
reading of the manuscript. This work was supported by
“Progetto 60% Ateneo” of University “La Sapienza”, MIUR
PR.LN. 2004 and by Istituto Pasteur, Fondazione Cenci-
Bolognetti.

References

[1] K.E. van Holde, Chromatin, Springer Verlag, New York, 1988.

[2] K. Luger, A.W. Méder, R.K. Richmond, D.F. Sargent, T.J. Richmond,
Crystal structure of the nucleosome core particle at 2.8 A resolution,
Nature 389 (1997) 251-260.

[3] C.A. Davey, D.F. Sargent, K. Luger, A.-W. Mader, T.J. Richmond,
Solvent mediated interactions in the structure of the nucleosome core
particle at 1.9 A resolution, J. Mol. Biol. 319 (2002) 1097—1113.

[4] J.T. Finch, A. Klug, Solenoidal model for superstructure in chromatin,
Proc. Natl. Acad. Sci. U. S. A. 73 (1976) 1897—1901.

[5] C.L. Woodcock, L.L. Frado, J.B. Rattner, The higher-order structure
of chromatin: evidence for a helical ribbon arrangement, J. Cell Biol.
99 (1984) 42-52.

[6] J. Widom, A relationship between the helical twist of DNA and the
ordered positioning of nucleosomes in all eukaryotic cells, Proc. Natl.
Acad. Sci. U. S. A. 89 (1992) 1095—-1099.

[7] C.L. Woodcock, S.A. Grigoryev, R.A. Horowitz, N. Whitaker, A
chromatin folding model that incorporates linker variability generates
fibers resembling the native structures, Proc. Natl. Acad. Sci. U. S. A.
90 (1993) 9021-9025.

[8] J. Bednar, R. Horowitz, J. Dubochet, C.L. Woodcock, Chromatin
conformation and salt-induced compaction: three-dimensional struc-
tural information from cryoelectron microscopy, J. Cell Biol. 131
(1995) 1365—1376.

[9] J. Bednar, R.A. Horowitz, S.A. Grigoryev, L.M. Carruthers, J.C.
Hansen, A.J. Koster, C.L. Woodcock, 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. U. S. A. 93 (1998) 14173—-14178.

[10] H. Schiessel, W.M. Gelbart, R. Bruinsma, DNA folding: structural and
mechanical properties of the two-angle model for chromatin, Biophys.
J. 80 (2001) 1940—1956.



N. Besker et al. / Biophysical Chemistry 115 (2005) 139-143 143

[11] N. Besker, C. Anselmi, R. Paparcone, A. Scipioni, M. Savino, P. De [14] A. Prunell, A. Sivolob, Linker histone-dependent organization and
Santis, Systematic search for compact structures of telomeric dynamics of nucleosome entry/exit DNAs, J. Mol. Biol. 331 (2003)
nucleosomes, FEBS Lett. 554 (2003) 369-372. 1025-1040.

[12] Y. Zivanovic, I. Duband-Goulet, P. Schultz, E. Stofer, P. Oudet, A. [15] J.G. Gay, B.J. Berne, Modification of the overlap potential to mimic a
Prunell, Chromatin reconstitution on small DNA rings: III. Histone linear site—site potential, J. Chem. Phys. 74 (1981) 3316—3319.

HS5 dependence of DNA supercoiling on the nucleosome, J. Mol. Biol. [16] G. Wedemann, J. Langowski, Computer simulation of the 30-
214 (1990) 479—-495. nanometer chromatin fiber, Biophys. J. 82 (2002) 2847—2859.

[13] A. Hamiche, P. Schultz, V. Ramakrishnan, P. Oudet, A. Prunell, [17] C.L. Woodcock, Chromatin fibers observed in situ in frozen hydrated

Linker histone-dependent DNA structure in linear mononucleosomes, sections. Native fiber diameter is not correlated with nucleosomal

J. Mol. Biol. 257 (1996) 30—42. repeat length, J. Cell Biol. 125 (1994) 1119 (and references therein).



	Theoretical models of possible compact nucleosome structures
	Introduction
	Materials and methods
	Results and discussion
	Conclusions
	Acknowledgements
	References


