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Dynamic and Hierarchical Genome Organization

10 and 13 order s of magnitude concer ning length and time scales are bridged.

Areand how are all of these organization levels connected to fullfill their obviousfunctions, e. g.

generegulation or replication, since they are optimized by evolution ?
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WE KNOW THAT WE HARDLY KNOW ANYTHING

From the sequence to the mor phology we just have begun to elucidate the or ganization of genomes and we
also just have begun to understand that it isnot only the detailed knowledge about one or ganizational level
but beyond the holistic entity of the whole cell nucleus or genome which makes genomes function!

Chromosome:

-> Chromosome organization: loops, |oop aggregates, extension?
-> Chromosome code: information content, regulation, variability?
Chromatin:

->  Chromatin fiber organization: prevalence, variation, dynamics?
-> Chromatin code: coding, regulation, modification?
Nucleosome:

->  Nucleosome organization: tail position, mobility, modification?
-> Histon code: coding, regulation, modification?

DNA Sequence:

-> DNA loca structure: bending, melting, stability, modification?
->  General sequence organization: coding, regulating and the rest?




Chromatin Conformation and Higher-Order Topologies

It becomesincreasingly clearer, that the chromatin conformation isa random organization of nucleosomes,
which depending on external or modification conditions has different condensation degrees, with a
prevalence for the 30nm fiber with ~6nucleosomes per 11nm. This seemsto make loops which further
cluster to form aggregates more or lessrosette-like which then constitute the chromosome.

A-C: Voet &Vo;t D: Reznik et al.
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Integral Models of Cell Nuclear Organization

Already Rabl and Boveri were aware of the obvious fact that the or ganization of genomes hasto be
consistent from the sequence level to the mor phology of the whole cell nucleus. Although they might be
different in detail their common seem isrecursive folding and clustering thereof with variation/

modification and dynamics accounting for different nuclear states and function.

Rabl & Boveri

A, B: Pienta & Coffey; C: Albertset al.; D: Belmont & Bruce
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D: courtesy S. Dietzel; E: courtesy D. Zink

Integral M odels of Cell Nuclear Organization

The biggest advantage of integral modelsisthe again obvious and simple fact, that they allow the validation
from the consistency of different levels of organization from the other levels. Thus, e.g. the so called
I nterchromosmal Domain Model can beruled out by simple volumenous thought...

RW/GL-Model MLS-Model

loop sizeN\3Mbp-5Mbp

backbone attachment

oints
(non DNA) P rosette size: 1-2Mbp
diameter: 400 to 800 nm
(according to interphase
ideogram bands)
Linker between rosettes consists
of DNA (126 kbp)

(in contrast to backbone)

A: courtesy K. Richter; B: courtesy K. Greulich-Bode




Simulation of Single Chromosomes

The 30 nm chromatin fiber ismodeled as a polymer chain with stretching, bending, and excluded volume
interactions. Monte Carlo and Brownian Dynamic methods lead to thermodynamical equilibrium configur ations.

All modelsform chromosometerritories with big voids and different chromatin mor phologies. Experimental
territory and subcompartment diameters agree best with an ML S model with 80 to 120 kbp loops and linkers.

Metaphase starting configuration with
ideogram bands in red/green, linker in grey.




Simulation of Single Chromosomes

The 30 nm chromatin fiber ismodeled as a polymer chain with stretching, bending, and excluded volume
interactions. Monte Carlo and Brownian Dynamic methods lead to thermodynamical equilibrium configur ations.

All modelsform chromosometerritories with big voids and different chromatin mor phologies. Experimental
territory and subcompartment diameters agree best with an ML S model with 80 to 120 kbp loops and linkers.

Metaphase starting configuration with
ideogram bands in red/green, linker in grey.




Spatial Distances between Genetic Markers

Simulated spatial distances between random genetic marker s as function of their genetic separation leads
to best agreement in a comparison to experimentsfor an ML S model with 80 to 120 kbp loops and linkers.

The spatial distance distributions are also model characteristic and show in a set of markersas function of
their relative position to the chromatin fiber topology characteristic variation, strongly connected.

] Fibroblasts 15q11-13 PLW/A-Region, FISH, RW/GL -model:
our data

A Lymphocytes 1113 y FISH, K. Monier, Institut

@ Fibroblasts 1113 Albert Bonniot, Grenoble.

Il Fibroblasts4p16.3
FISH, Yokotaet. al., 1995.
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From Fiber Topology to Nuclear M or phology

Chromosometerritoriesform in the RW/GL and the ML S model. However, only the ML S model leads
distinct subcompartments and low chromosome and subcompartment overlap. Best agreement isreached
for an ML S model with 80 to 120 kbp loops and linkersin nuclei with 8 to 10 um diameter.

The simulated nuclear mor phology reflects the chromosome fiber topology of different modelsin detail.

rendering

€l ectron microscopy

electron microscopy territory
painting

confocal microscopy
100x objective, theoretic resolution

confocal microscopy
63X objective, real resolution

confocal microscopy
territory painting

: MLSin 6 um nucleus
I: 63 kbp loops, 63 kbp linkers
I1: 63 kbp loops, 252 kbp linkers
[11: 126 kbp loops, 252 kbp linkers

: MLSin 8 um nucleus
I: 126 kbp loops, 126 kbp linkers
I1: 84 kbp loops, 126 kbp linkers

: MLSin 10 um nucleus
126 kbp loops, 126 kbp linker,
not totally relaxed

: RW/GL in 12 pum nucleus
5 Mbp loops
not totally relaxed

Homologous Chromosome Pain
.3 5 7 9 11 13 15 17 19
4 6 8 10 12714 16 18

' intensity / density
1 1 1 1 I 1 1 1
0.0 0.5






Fine M or phology of Nuclel

High resolution rendering and simulated electron microscopy including territory painting reveal not only
again the model details but also that any location in the nucleusis accessible to biological molecules <15 nm
in diameter and that even the Extended I nterchromosomal Domain hypothesisis oversimplified.
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Scaling of the Chromatin Fiber Topology

The spatial-distance and exact yard-stick dimension distinguish between the ssimulated modelsin detail. The

ML S model shows a globular and fine-structured multi scaling behaviour dueto the loops froming r osettes.

This agreeswith DNA fragmentation by Carbon ion irradiation and the appearance of fine-structured multi-
scaling long-range correlations found in the sequential organization of genomes.
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Scaling of the Chromatin Morphology & Distribution

Thelocal (inverse-) mass dimension distribution distinguishs between the modelsin detail and show also a
multi-scaling behaviour with globular feature for the ML S model like the scaling of the fiber topology. With
the mass dimension as function of intensity separates very well between different nuclei in vivo.

Consequently, the chromatin mor phology is causally and quantitatively connected to the fiber topology.
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Diffusion of Particlesin the Nucleus

Dueto the volume and spatial relation shipsin the nucleustypical particlesreach almost any location in the
nucleus by moder ately obstructed diffusion: a 10 nm particle moves 1 to 2 um within 10 ms.

The structural influence on the obstruction degreeisrandom for Alexa 568 asfunction of the chromatin
distribution visualized by H2A CFP in vivo and measured by fluorescence correlation spectroscopy (FCS)
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Sequential Organization of Genomes

Determination of the concentration fluctuation function C(l) and itslocal slope the correlation coefficient
8(1) reveal multi-scaling long-range correlation up to 10° to 107 bp in Homo sapiens which clearly deviate
from random sequences with high significance (decreasing the nearer to the cut-off).

On large scales thismight only be dueto a strong and definite three-dimensional genome or ganization.
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Fine-Structured Multi-Scaling L ong-Range
Correlations of Homo sapiens

The general behaveour is characterized by first maximum of the correlation coefficient d(l) at ~250 bp and at
1x10° to 3x10° bp, both dueto a globular block structure of genomes. Dueto their fine structurethefirst is
attributable to nucleosomal binding and the latter due to aggregation of chromatin loopsasin the ML S model.

general behaviour
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Conclusion

Only the ML S model leads to chromosome territories with subcompartments agreeing
gualitatively and quantitatively with experiments.

Comparison between simulated and experimental spatial distances between genetic

M) N1 I\/] NN O N Q() ()

The sequential organization of genomes is characterized by fine-structured multi-scaling
long-range correlations, which are specie specific and tightly connected to the three
dimensional organization of genomes. On large-scales again an ML S model isfavoured.
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From Sequence to Morphology

Towards a Holistic Understanding of Genomes

History and Perspectives

Knoch, T. A.

Riga Meeting on Comprehensive Cell Biology, Riga, Latvia, 2nd - 4th June, 2005.

Abstract

Genomes are one of the major foundations of life due to their role in information storage, process regulation and
evolution. However, the sequential and three-dimensional structure of the human genome in the cell nucleus as
well as its interplay with and embedding into the cell and organism only arise scarcely. Various models were put
forward through history. To achieve a deeper understanding of the human genome the three-dimensional
organization of the human cell nucleus, here, the structural-, scaling- and dynamic properties of interphase
chromosomes are evaluated on all scales from a single base pair to the nuclear morphology level in respect to
achieving a consistent holistic framework of genome organization.

Thus, by using Monte Carlo and Brownian Dynamics methods, the 30 nm chromatin fiber was simulated
according to the Multi-Loop-Subcompartment (MLS) model, in which ~100 kbp loops form rosettes, connected
by a linker, and the Random-Walk/Giant-Loop (RW/GL) topology, in which 1-5 Mbp loops are attached to a
flexible backbone one finds that both the MLS and the RW/GL model form chromosome territories but only the
MLS rosettes result in distinct subcompartments visible with light microscopy and low overlap of chromosomes,
-arms and subcompartments. The MLS morphology, the size of subcompartments and chromatin density
distribution of simulated confocal (CLSM) images agree with the expression of fusionproteins from the histones
H1, H2A, H2B, H3, H4 and mH2A1.2 with the autofluorescent proteins CFP, GFP, YFP, DsRed-1 and DsRed-2
which also revealed different interphase morphologies for different cell lines. Even small changes of the model
parameters induced significant rearrangements of the chromatin morphology. Thus, pathological diagnoses, are
closely related to structural changes on the chromatin level. The position of interphase chromosomes depends on
their metaphase location, and suggests a possible origin of current experimental findings. The scaling behaviour
of the chromatin fiber topology and morphology of CLSM stacks revealed fine-structured multi-scaling
behaviour in agreement with the model prediction and correlations in the DNA sequence. Review and
comparison of experimental to simulated spatial distance measurements between genomic markers as function of
their genomic separation also favour an MLS model with loop and linker sizes of 63 to 126 kbp. Simulated and
experimental DNA fragment distribution after ion-irradiation revealed also best agreement with such an MLS.
Correlation analyses of completely sequenced Archaea, Bacteria and Eukarya chromosomes revealed fine-
structured positive long-range correlation due to codon, nucleosomal or block organization of the genomes,
allowing classification as well as tree construction. This shows a complex sequential organization of genomes
closely connected to their three-dimensional organization. Visual inspection of the morphology reveals also big
spaces between the chromatin fiber allowing high accessibility to nearly every spatial location, due to the



chromatin occupancy <30% and a mean mesh spacing of 29 - 82 nm for nuclei of 6 - 12 um diameter. This
agrees with a simulated displacement of 10 nm sized particles of ~1 - 2 um takes place within 10 ms, i.e. a
moderately obstructed diffusion of biological molecules in experimental agreement.

These results show that the local, global and dynamic characteristics of cell nuclei are not only tightly inter-
connected, but also are integrated holisticly to fulfill the overall function of the genome. Future experiments and
simulations benefit from taking this ever further completed consistent framework into account in respect to
project planning as well as evaluation and hypothesis creation. Consequently, such a detailed understanding and
knowledge of genomes will ultimately lead to full functional virtual genomes in silicio allowing predictions for
diagnostics, disease treatment and the modification of genomes.

Corresponding author email contact: TA.Knoch@taknoch.org
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