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Fig. 2 Fig. 3 Simulation of a human interphase cell
Ray traced  image of the Rag traced image of the Multi-Loop nucleus with all 46 chromosomes with
Random-Walk/Giant-Loop model, loop Subcompartment model, loop size 1,200,000 polymer segments after 0.5s
A size 5Mbp, after ~80.000 Monte-Carlo 126kbp, linker size 126 kbp, after Brownian Dynamics simulation with 10s steps.
and 1000 relaxing Brownian Dynamics ~50.000 Monte-Carlo and 1000 The MLS-model leads to the formation of
steps. Large loops intermingle freely relaxing Brownian- Dynamics steps. distinct chromosome  territories  and
thus forming no distinct features like in Here rosettes form subcompartments subcompartments.
the MLS model. as separated organizational and

dynamic entities.
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Typical textbook illustration of the human cell nucleus:

1) human cell nuclei differ from spherical shape,

2) the DNA is not a closed pipe,

3) nucleosomes are not regularly organized into chromatin,

4) chromatin does not float around randomly in the nucleus.
V. Hennings (illustrator) in Molecular and Cellular Biology by
Stephen L. Wolfe, 1993.

EXPERIMENTS CONCLUSION

Best agreement between simulations and experiments is reached for a
Multi-Loop-Subcompartment model with a loop size of roughly126kbp and a
linker length of 1,200nm. Supposed that defined loop bases exist it might be

Measurement of 3D-Distances between Genomic Markers
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LoopSize 126kbp, LinkerLength 600nm, 561 Loops

we proceed with image reconstruction specially adjusted to the
microscope. Finally the 3D-spatial distances are determined
between the centers of mass of the spots (Fig. 5). The
experimental distance distributions are then compared to the
computed ones. We use a workstation cluster of 10 Silicon
Graphics Indigo and Indigo Il for computation.

MLS: LoopSize 126kbp, Excluded Volume 0.1kT
LinkerLength  600nm
LinkerLength 1200nm
LinkerLength 1800nm
LinkerLength 2400nm

MLS: LoopSize 126kbp, Excluded Volume 1.0kT
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The fibroblast nuclei are found to have their in vivo size (~20m *
10m * 6m) so that we conclude that at least on the micrometer
length scale we preserved the nuclear structure. With two colour
FISH it is possible to detect 3D-distances below the optical

Log(Curve Length in Number of Measures)
|

resolution. 0 SegmclantLength 300nm j
1.5 2 2.5 4

Fig. 6 Log (Measure Length [nm])
Chromosomes form distinct territories in interphase and genomic The simulation of a whole human cell nucleus with all 46 human
markers !ay Clea.rly_separable within the territories. chromosomes in connection with the simulation of single chromosomes
3 Terrl’ForY palnt!ng by FISH of chromosome 15; by chance the resulted in the formation of distinct chromosome territories as predicted. In

two territories neighbour each other. | | contrast to the RW/GL-model the MLS-model leads to low overlap between
Right: Genomic markers YAC48 and YAC60, genomic separation chromosome territories as well as chromosome arms, in agreement with overlap

1Mbp. analysis of confocal image series (data not shown here).
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Abstract

The synthesis of proteins, maintenance of structure and duplication of the eukaryotic cell itself are all fine-tuned
biochemical processes that depend on the precise structural arrangement of the cellular components. The
regulation of genes — their transcription and replication - has been shown to be connected closely to the three-
dimensional organization of the genome in the cell nucleus. Despite the successful linear sequencing of the
human genome its three-dimensional structure is widely unknown.

The nucleus of the cell has for a long time been viewed as a 'spaghetti soup' of DNA bound to various proteins
without much internal structure, except during cell division when chromosomes are condensed into separate
entities. Only recently has it become apparent that chromosomes occupy distinct 'territories' also in the
interphase, i.e. between cell divisions. In an analogy of the Bauhaus principle that "form follows function" we
believe that analyzing in which form DNA is organized in these territories will help us to understand genomic
function. We use computer models - Monte Carlo and Brownian dynamics simulations - to develop plausible
proposals for the structure of the interphase genome and compare them to experimental data. In the work
presented here, we simulate interphase chromosomes for different folding morphologies of the chromatin fiber
which is organized into loops of 100kbp to 3 Mbp that can be interconnected in various ways. The backbone of
the fiber is described by a wormlike-chain polymer whose diameter and stiffness can be estimated from
independent measurements. The implementation describes this polymer as a segmented chain with 3000 to
20000 segments for chromosome 15 depending on the phase of the simulation. The modeling is performed on a
parallel computer (IBM SP2 with 80 nodes). We also determine genomic marker distributions within the Prader-
Willi-Region on chromosome 15q11.2-13.3. For these measurements we use a fluorescence in situ hybridisation
method (in collaboration with 1. Solovai, J. Craig and T. Cremer, Munich, FRG) conserving the structure of the
nucleus. As probes we use 10 kbp long lambda clones (Prof. B. Horsthemke, Essen, FRG) covering genomic
marker distances between 8 kbp and 250 kbp. The markers are detected with confocal and standing wavefield
light microscopes (in collaboration with J.Rauch, J. Bradl, C. Cremer and E.Stelzer, both Heidelberg, FRG) and
using special image reconstruction methods developed solely for this purpose (developed by R. Eils. and W.
Jaeger, Heidelberg, FRG).

Best agreement between simulations and experiments is reached for a Multi-Loop-Subcompartment model with
a loop size of 126 kbp which are forming rosetts and are linked by a chromatin linker of 126 kbp. We also
hypothesize a different folding structure for maternal versus paternal chromosome 15. In simulations of whole
cell nuclei this modell also leads to distinct chromosome territories and subcompartments. A fractal analysis of
the simulations leads to multifractal behavior in good agreement with predictions drawn from porous network
research.

The work is part of the Heidelberg 3D Human Genome Study Group, which is part of the German Human
Genome Project.
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