THREE-DIMENSIONAL ORGANIZATION OF
CHROMOSOME TERRITORIES AND
THE HUMAN INTERPHASE CELL NUCLEUS

SIMULATIONS and EXPERIMENTS

Tobias A. Knoch, Christian Munkel, Jorg Langowski
Biophysics of Macromolecules
German Cancer Research Center (DKFZ)
Heidelberg - Germany

Heidelberg 3D Human Genome Study Group
German Human Genome Project



Typical state of the arts view:

Human
Genome

1) human cell nuclei usually have no spherical shape, dy Group

2) the DNA is not a closed pipe,
3) nucleosomes might not be regularly organized into chromatin,
4) chromatin does not float around randomly in the nucleus.
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V. Hennings (illustrator) in Molecular and Cellular Biology by Stephen L. Wolfe, 1993.



The dynamic and hierarchical organization of cell nuclei i Human
span between 10 and 13 orders of magnitude I
concerning length and time scales.
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Fluorescence in-situ Hybridization | i Gonomme

FISH
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Ideogram of chromosome 15 with -
Prader - Willi Region and Angelmann Region. P i Genome
The size and genomic distance of the clones b e

are sufficiently small and well characterized to measure i
the fine structure and organization of chromosome territories. Tobias A. Knoch
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Principle of the Confocal Laser Scanning Microscope
and
Leica TCS NT setup.
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Chromosomes form distinct territories in interphase and genomic
markers lie within the territories and are clearly separable.
Left: Territory painting by FISH of chromosome 15; by chance the two territories

neighbour each other.
Right: Genomic markers YAC48 and YAC60, genomic separation 1 Mbp.
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Dual colour FISH of genomic markers leads to measurements of
3D-distances which are below the resolution of the microscope.
Critical signals could also be excluded with higher confidence.

Genomic marker A48.1 in red and marker 7A48.14 in green, genomic separation 195 kbp.
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Statistical analysis of the spatial distances between the
PWS-Region (YAC48) and AS-Region (YAC60)
with a genomic distance of 1Mbp = 10m chromatin fiber.
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Multi-Loop-Subcompartment Model o

versus Pl i Genome

Random Walk / Giant Loop Model. €
Rosettes in the MLS-Model correspond to the size of o
chromosomal interphase band domains. Tobias A. Knoch
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Polymer Chain and Potentails | = T e

a polymer chain and harmonic potentials. Tobias A. Knoch
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f
Random-Walk/Giant-Loop model versus Multi-Loop-Subcompartment model.

Simulation results of chromosome 15.
The chromosome is simulated assuming a flexible polymer chain, starting
with ~ 3500 300nm=31kbp and relaxing with ~ 21,000 50nm=5.2kbp segments. |
The starting configuration has the approximate form and size as in metaphase.  Tobias A. Knoch
50 parallel simulations and their evalutation take 5.5 years single CPU-time.
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Ray traced image of the Random-Walk/Giant-Loop model,
loop size 5Mbp, after ~80.000 Monte-Carlo
and 1000 relaxing Brownian-Dynamics steps.
Large loops intermingle freely thus forming
no distinct features like in MLS model.

Ray traced image of the Multi-Loop-Subcompartment
model, loop size 126kbp, linker size 126 kbp, after
~50.000 Monte-Carlo and 1000 relaxing Brownian-

Dynamics steps. Here rosettes form subcompartments
as separated organizational and dynamic entities.

Wire frame image of the
metaphase chromosome
resembling
starting configuration.




The MLS-model leads to low overlap of
chromosome-arms and subcompartments
in contrast to the RWGL-model.
This is also seen in experiments. Tobias A. Knoch )
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Random-Walk / Giant-Loop versus Multi-Loop-Subcompartment model. | =SS
Best agreement between simulations and experiments is reached for a z o

dy Group
Multi-Loop-Subcompartment model with a loop size of 126kbp
and a linker length of 126kbp.
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Shift of a marker ensemble through a rosette in the MLS-model - =Y} Human
in respect to loop bases. ' zdy‘*ér':,‘:,“se

This leads to different sets of 3D-distances for every ensemble position.
Due to the symmetry of the MLS-rosettes periodicities are found.
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In agreement with porous network research fractal analysis

. . . . . o 1 Human

show multifractal behaviour in simulations of chromosome 15. - zd Genome

. . . . . - i y Group
Different fractal dimensions mean different process-dynamics in these spaces. |

Therefore chromosomal territories show a o

higher degree of determinism than previously assumed. Tobias A. Knoch
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Simulation of Chromosomal Elasticity ._
Visualization with " Virtual Microscope" of chromosome 15 (MLS model, 8 subcompartments) . | Human
under external stress. Subcompartments are shown as a projection image of a z E,
confocal laser scanning microscope image series.
left: external force = 0 fN :
right: external force = 1.2 fN Tobias A. Knoch
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Simulation of Chromosome Elasticity
Force strain curve of an interphase

Multi-Loop-Subcompartment-model (MLS) for chromosome 15.
Young’s modulus for external forces below 5 femtonewtons (fN): (3,00,4) fN.
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4 )
“Virtual Human Cell Nucleus”

Simulation of all 46 chromosomes using the Multi-Loop-Subcompartment model. _ ‘

The nucleus is simulated assuming a flexible polymer chain, modelling i

the 46 chromatin fibers with in total 1,248,794 50 nm = 5.2 kbp segments.

Pictures are shown after a 0.5 ms Brownian Dynamics simulation, one step
taking 10s. As starting configuration a metaphase nucleus was chosen.
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3-D rendering simulated confocal section
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Best agreement between simulations and experiments
is reached for a Multi-Loop-Subcompartment-model
with a loop and linker size of 126 kbp ( 1200nm).

Supposed that defined loop bases exist it might be possible
to determine the positioning of genes relative to each other.

Chromosomes show multifractal behaviour in good agreement
with predictions drawn from porous network research.

Chromosome decondensation and stretching lead
to comparable results from experiments.

Simulations of whole cell nuclei lead to the formation of
distinct chromosome territories.

The Multi-Loop-Subcompartment-model
leads to low overlap of chromosome territories,
chromosome arms and chromosome subcompartments
in contrast to the RandomWalk/Giant Loop-model.
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Three-Dimensional Organization of Chromosome Territories
and the

Human Interphase Cell Nucleus

Simulations versus Experiments

Knoch, T. A., Miinkel, C. & Langowski, J.

Molecular Modelling in the LARGE - Bridging scales in space, time and complexity,
Molecular Graphics and Modelling Society, 17th International Meeting, San Diego Paradise
Point Resort, San Diego, California, USA, 6th - 10th December, 1998.

Abstract

To study the three-dimensional organization of chromosome territories and the human interphase cell nucleus we
developed models which could be compared to experiments. Despite the successful linear sequencing of the
human genome its 3D-organization is widely unknown. Using Monte Carlo and Brownian dynamics simulations
we managed to model the chromatin fiber as a wormlike-chain polymer. A typical chromosome consists of
20.000 and a nucleus with all 46 chromosomes of 1.200.000 polymer chain segments. The parallel simulations
are performed on a SP2512 and a Cray T3E. With fluorescent in situ hybridization and confocal microscopy we
determined genomic marker distributions and chromosome arm overlap.

Best agreement between simulations and experiments is reached for a Multi-Loop-Subcompartment model (126
kbp loops connected to rosettes connected by a 126 kbp chromatin linker). A fractal analysis of simulations leads
to multi-fractal behaveour in good agreement with porous network research. The formation of chromosome
territories was shown as predicted and low overlap of chromosomes and their arms was also reached in contrast
to other models.

Thus, the human interphase cell nucleus shows a higher degree of determinism than previously thought.
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