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Chromatin Dynamics in silicio

Jorg Langowski

Division Biophysics of Macromolecules, German Cancer BegeCenter
Im Neuenheimer Feld 580, D-69120 Heidelberg, Germany
E-mail: j|@dkfz.de

The packing of the genomic DNA in the living cell is essentimalits biological function. While
individual aspects of the genome architecture, such as DiNAnaicleosome structure or the
arrangement of chromosome territories are well studiedhnmformation is missing for a uni-
fied description of cellular DNA at all its structural levelSomputer modeling can contribute
to such a description. We present here Monte-Carlo and Baowdlynamics simulations of
DNA and the chromatin fiber, using an elastic chain approtiongor the DNA and a simple
hard-core description for the histone proteins. The molifmlva for the prediction of possible
higher-order chromatin structures and their mechanicgpeies. As examples, we show the
unrolling of DNA from the histone core, the response of thenB0chromatin fiber to mechan-
ical stretching and possible regimes of stable and unspataking of chromatin.

Further, we show dynamics simulations of the nucleosoma®microsecond time scale, using
a new coarse-grained model. Finally, describing the chtionfdoer as an elastic chain, we
implement models for the transport of proteins in the cetlleus, reproducing the anomalous
subdiffusion found experimentally.

1 Introduction

One of the major challenges in modern molecular and strakhiology is the structural
and dynamical organization of the cell nucléussenomic information is encoded into
DNA, a long filamentous macromolecule which is compacted afiiromatin by its asso-
ciation with histone proteins. Chromatin also forms a lomgifile chain with a diameter
of about 30 nm and constitutes about 5 - 10% of the total volahtke nucleus. In every
human cell,6 x 10° base pairs of DNA — that is, a total length of about 2 meters stmu
be packed into a more or less spheroid nuclear volume abot2Q0m in diameter. This
compaction must occur in such a way that the DNA moleculéligssily accessible to en-
zymes acting on it, such as replication, transcription a&péir machineries, or regulatory
factors. In addition, more and more supramolecular estére being identified, including
nucleoli, PML bodies, Cajal bodies, spliceosomes etc.fthfilt important biological roles

in transcription, splicing, replication or repair mectsams, but whose structural associa-
tion with other parts of the nucleus is hardly understoodpdntant biological questions,
such as the gene distribution inside the interphase nucleesnory’ of chromosome po-
sitions during cell division or the flexibility, accessibjl of the folded chromatin chain,
interaction of distant parts of the genome or the transpfantiolear factors to their bind-
ing site can only be understood through a detailed desonif the higher order folding
of the DNA molecule in the cell nucleus.

DNA organization in the cell is a phenomenon that needs todseribed on many
length and time scales (Fig. 1). Such a multiscale modefinafplem must be approached
by some adequate approximation, in which we will have to @efirbunits of the molecule
that behave like rigid objects on the size and time scaleidered. These objects inter-
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Figure 1. Overview of time and length scales relevant foroges organization.

act through potentials that may in principle be derived fithve interatomic force fields;
however, in practice one mostly uses potentials that hage betermined experimentally.

2 Polymer Chain Models for DNA and Chromatin

The motif of the 'linear elastic filament’ in genome orgariaais repeated on many length
scales (Fig. 1): DNA, as well as the chromatin fiber and to sertent its higher order

structures may be approximated by a flexible wormlike ch&ih.C). Thus, we may de-

velop models of DNA and the chromatin fiber based on a coasi@ep description using

a linear segmented chain. Segments are assumed to belexigitikcylinders on the time

and length scale considered; they are connected by elasits,jwith bending, torsional

and stretching potentials approximated by Hookean sprinitsspring constants that are
known independenth?

2.1 Segmented Wormlike Chain

Fig. 2 schematizes a segmented chain geometry. A vectdefines the direction and
length of each segmentf; is a unit vector normal to the segment agds an auxiliary

a For DNA, the approximation of Hookean bending elasticitg hecently been challenged by the finding that
short DNA fragments have a cyclization probability muchhagthan expected for a homogeneously elastic
wormlike chairf, and atomic force microscopy observations that sharp becais more frequently than expected
for a Gaussian distribution of bending andles
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vector that is used to take into account permanent benditigeddNA. The details of this
chain geometry are givenin

Figure 2. Section of a segmented polymer chain as used iniiedhd chromatin models described here.

2.2 Intersegment Interactions

Adjacent segments &ndi + 1 in Fig. 2) interact with each other through bending, twigtin
and stretching potentials. Independent of the form of tleallmtersegment potential, the
WLC approximation always holds for sufficiently long chaias has recently been shown
by Wiggins and Nelsoh Thus, if one does not consider tight local bends, the piatisnt
between adjacent segments can be approximated by HookeagsspFurthermore, po-
tentials must be defined for long-range interactions batwea-neighboring segments: in
the case of 'naked’ DNA, this interaction is the electrdstegpulsion between the nega-
tively charged sugar-phosphate backbones and can beloebtry a screened Coulomb
potentiaf. If the DNA is associated with proteins as in the case of cltatimthe geom-
etry of these complexes and their specific interaction maggken into account. In the
chromatin chain model developed by Wedemann &t alicleosomes are approximated
by rigid ellipsoids and their interaction by a Gay-Bernegmtial (an anisotropic Lennard-
Jones potentid).

2.2.1 Bending Rigidity

In the WLC model the length of the segments should be chos#éh&lew thepersistence
lengthL,, which is a measure of the bending flexibility of the chain ewolle. Itis defined
as the correlation length of the direction of the chain mezgalong its contour:

(i (s)ii(s + ') = e */Er 1)
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Here (s) is a unit vector in the direction of the chaig; (in Fig. 2) ands resp. s’ is
the position along the chain contour, the angular brackeli€ating the average over all
positions and chain conformations. Molecules shorter thabehave approximately like
arigid rod, while longer chains show significant internaxitlity.

The bending elasticity A - the energy required to bend a pelysegment of unit length
through an angle of 1 radian - is related to the persistemgglieby L, = A/lkgT, kg being
Boltzmann’s constant and T the absolute temperature. Thesnergy required to bend
two segments of the chain of lendtby an angle with respect to one another is:

kpT L,
201
For DNA, L, has been determined in a number of experiments (for a cotiopilesee
[2]). While some uncertainties remain as regards the valuerg high or low salt concen-
trations, the existing data agree on a consensus valug ef45-50 nm (132-147 bp) at
intermediate ionic strengths (10-100 mM NaCl and/or 0.3:40Mg?*t). For high values
of #, the potential may deviate from the simple harmonic forne e®tnote a and re¥).

E, 02 ()

2.2.2 Torsional Rigidity

The torsional rigidity C, defined as the energy required tistta polymer segment of unit
length through an angle of 1 radian, may be related in an gnabway to aorsional
persistence lengthr, defined as the correlation of a vector normal to the chais and
with fixed orientation relative to the molecular structuféh@ polymer chain. The torsional
rigidity C has been measured by various techniques, inetpfluorescence polarization
anisotropy decdy'® and DNA cyclizatioA'™3 and the published values converge on a
value of Ly = 65 nm (191 bp).

2.2.3 Stretching Rigidity

The stretching elasticity of DNA has been measured by singikecule experiment$ 1°
and also calculated by molecular dynamics simulafi®h$ The stretching modulus of
DNA is about 1500 pN, where = F' - Ly/AL (AL being the extension of a chain of
length L, by the forceF). The stretching energy of a segment of lengthat is stretched
by Alis:

Lo,
EStT_2lAZ (3)

DNA stretching does not play a significant role in chromatiuctural transitions, since
much smaller forces are already causing large distortibtieed30 nm fiber (see below).

2.2.4 Intrachain Interactions

The average DNA helix diameter used in modeling applicatgrch as the ones described
here includes the diameter of the atomic-scale B-DNA stmgcind — approximately —
the thickness of the hydration shell and ion layer closegtéadouble helix. Both for the
calculation of the electrostatic potential and the hydraayic properties of DNA (i.e. the
friction coefficient of the helix for viscous drag) a helixadieter of 2.4 nm describes the
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chain best2%4 The choice of this parameter is supported by the resulthaihcknot-
ting?! or catenatiof?, as well as light scatterif§and neutron scatterifgjexperiments.

As pointed out ift?* DNA intrachain electrostatic repulsion can be adequately d
scribed by a Debye-Huickel electrostatic potential betws®e uniformly charged non-
adjacent segments {) in a 1-1 salt solution:

2 —RTij
B = y—//d)\id)\»e 4
0= o (4)

Here, the integration is done along the two segmektsind \; are the distances from
the segment beginnings,; is the distance between the current positions at the segment
to which the integration parametexs and \; correspondy is the inverse of the Debye
length, so thak? = 8we?l/kpTD, | is the ionic strengthe the proton chargeD the
dielectric constant of watew, the linear charge density which for DNA is equabioy 4 =
—2e/A whereA = 0.34 nm is the distance between base pairs. More details thet
normalization of the linear charge density etc. have beesrgin our earlier papér

-

Figure 3. Example of a Monte-Carlo equilibrated structure ochromatin fiber consisting of 100 nucleosomes
(red), linker segments (blue) of repeat length | = 205 nm.

3 Monte-Carlo Model of the Chromatin Chain

As an example of the application of a polymer chain model toogee structure, we de-
scribe here the simulation of nanomechanical propertigssoéhromatin fiber by a Monte-
Carlo model. The flexibility of the chromatin fiber has beeraswged in a set of exper-
iments, either by relating the spatial distance of markershe DNA to their genomic
distancé>2’ or by direct measurements of cyclization probabil®fe®. The persistence
obtained cover a large range from unrealistically low valagabout 30 nrff 2°to values
of up to 200 nri®. In our recent work, we show that depending on the local structure of
the DNA on the nucleosome, the nucleosome repeat and thenmesr absence of linker
histone H1, this wide range of persistence lengths may hedeped.

In the model the chromatin fiber is approximated as a flexiblgrper chain consisting
of rigid ellipsoidal disks, 11 nm in diameter and 5.5 nm ingigi These disks are con-
nected by linker DNA, represented by two cylindrical segteefncoming and outgoing
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linker DNA are set 3.1 nm apart of each other. This geometeyl is essentially the “two
angle” model developed earlier by Woodcock et'al.

40T 600 1 I
50 +
a0+ @
250 T '
200 +
150 T
100 4
50 +

persistence length [nm]
persistence length [nm]

191 195 200 205 210 215 220 195 196 197 198 199 200 201 202 203 204 205
repeat length [bp] repeat length [bp]

Figure 4. Persistence length of modelled 30 nm chromatimditvith different nucleosomal repeats in the pres-
ence and absence of linker histone H1. The twisting angledsat adjacent nucleosomes is adjusted to the
canonical value of 360 per 10.5 bp. The persistence lengths of fibers with linketohis (closed symbols,
dashed lines) are higher than for fibers without linker mist¢open symbols, solid lines). This effect is stronger
for short repeats and weakens with increasing repeat lenfle peaks show that the twisting angle strongly
influences the stiffness of the fiber, leading to a non-mammie variation of I, with nucleosome repeat.

A typical conformation of a 100 nucleosome chain after 8. M@ steps is shown in
Fig. 3. Simulations were done with either a condensed fiberstarting conformation or
an initial conformation where all segments are ordered itnaaght line.

The bending and stretching rigidities of the modelled chatmfiber are then com-
puted over the trajectory from the fluctuations in the begdingle or the fluctuation in
the overall fiber length. The results show that the bendirgtha stretching stiffness of
the chromatin fiber strongly depend on the local geometnhefriucleosome. Both the
persistence length,, characterizing the bending stiffness of the fiber, and thetch-
ing moduluse, which describes the stretching stiffness of the fiber, elese if either the
linker lengths or the opening angle are increased, or th&titwgi angle is reduced. This
behavior is independent of the presence of the linker héstdh. The latter decreases the
opening anglev between the entry and exit of the linker DNA and as a resutidea a
more condensed fiber structure for high salt concentratforhis is in agreement with
our simulations, since the presence of the linker histoweded stem motif yields higher
persistence lengths thus stiffer fibers (Fig. 4).

The other major result of the simulation comes from compgitie persistence length
of the modelled fibers to that of a hypothetical rod from arigpic elastic material having
the same stretching rigidity as the chromatin fiber. Suctdawould have a bending rigid-
ity 4-10 times higher than that actually measured, or sitedl&ere. Thus, the chromatin
fiber is less resistant to bending than to stretching. Thigp@rty of the chromatin fiber
is important for its ability to condense and decondensegkample to prevent or allow
transcriptional access. Chromatin fibers thus seem to bleedamore easily via dense
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loops than by a linear compression. The formation of suclselémops of hairpin struc-
tures of interdigitated chromatin arrays has been recentijgestetf, and some hairpin
conformations could also be seen in our simulations (datahmmwvn).
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