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Dynamic and Hierarchical Genome Organization

The different organization levels of genomes bridge several orders of magnitude concerning space and
time. How all of these organization levels connect to processes like gene regulation, replication,
embryogeneses, or cancer development is still unclear?
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Chromatin Conformation and Higher-Order Topologies

It becomes increasingly clearer, that the chromatin conformation is a 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 seems to make loops which further
cluster to form aggregates more or less rosette-like which then constitute the chromosome.

A-C: Voet &Vo;t D: Reznik et al.

Arabidopsis
thaliana
Chr. 4

T19B17 (106 kbp)
T27D20 (80 kbp)

Cen

#) OXFORD =

i fachhochschul
pySiralsund e

>z
=
Z
S
B
5]
<
oo
Q
o
N
=
Q
%)
=
0T
Qo
5-
=
Q
N
N
=~

3

-D v 12 YUZLED-




Integral Models of Cell Nuclear Organization I

Already Rabl and Boveri were aware of the obvious fact that the organization of genomes has to be
consistent from the sequence level to the morphology of the whole cell nucleus. Although they might be
different in detail their common seem is recursive folding and clustering thereof with variation/
modification and dynamics accounting for different nuclear states and function.
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Integral Models of Cell Nuclear Organization

The biggest advantage of integral models is the 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
Interchromosmal Domain Model can be ruled out by simple volumenous thought...

RW/GL-Model MLS-Model

loop size\3Mbp-5Mbp

D: courtesy S. Dietzel; E: courtesy D. Zink

backbone attachment

(non DNA) pomts 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



Integral Models of Cell Nuclear Organization

The biggest advantage of integral models is the 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
nterchromosmal Domain Model can be ed out by simple volumenous thought...
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3D Architecture of the Prader-Willi Region

Fluorescence in situ hybridization with various protocols of small probes within the Prader-Willi region
combined with spectral precision distance confocal laser scanning microscopy and comparison with large-scale
computer simulations shows a Multi-Loop Subcompartiment organization of the Prader-Willi region.
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3D Architecture of the Prader-Willi Region

Fluorescence in situ hybridization with various protocols of small probes within the Prader-Willi region
combined with spectral precision distance confocal laser scanning microscopy and comparison with large-scale
computer simulations shows a Multi-Loop Subcompartiment organization of the Prader-Willi region.
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3D Architecture of the Prader-Willi Region

Fluorescence in situ hybridization with various protocols of small probes within the Prader-Willi region
combined with spectral precision distance confocal laser scanning microscopy and comparison with large-scale
computer simulations shows a Multi-Loop Subcompartiment organization of the Prader-Willi region.
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3D Architecture of the Prader-Willi Region

Fluorescence in situ hybridization with various protocols of small probes within the Prader-Willi region
combined with spectral precision distance confocal laser scanning microscopy and comparison with large-scale
computer simulations shows a Multi-Loop Subcompartiment organization of the Prader-Willi region.
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3D Archticture & Function of the IgH Locus

Fluorescence in situ hybridization of the IgH locus combined with spectral precision distance epifluorescence
microscopy, analytical trilateration and comparison with computer simulations shows again a Multi-Loop
Subcompartiment organization of the IgH locus with functional relevant distances.

Distal V

1T

it =
5 4G
C Proximal V

ML N

h7 h8 h9

h2 h3 h4 h5

RP23-201H14 h1

a
—

Distal V

Proximal V
h10

h7 h8 h9

—
©
o
[0}
o
c

I
h6

RP23-201H14 h1 h2h3 h4 hb




3D Archticture & Function of the IgH Locus

Fluorescence in situ hybridization of the IgH locus combined with spectral precision distance epifluorescence
microscopy, analytical trilateration and comparison with computer simulations shows again a Multi-Loop
Subcompartiment organization of the IgH locus with functional relevant distances.
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microscopy, analytical trilateration and comparison with computer simulations shows again a Multi-Loop

3D Archticture & Function of the IgH Locus

Fluorescence in situ hybridization of the IgH locus combined with spectral precision distance epifluorescence
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3D Archticture & Function of the IgH Locus

Fluorescence in situ hybridization of the IgH locus combined with spectral precision distance epifluorescence
microscopy, analytical trilateration and comparison with computer simulations shows again a Multi-Loop
Subcompartiment organization of the IgH locus with functional relevant distances.
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Fetal Brain (inactive $-Globin)




Fetal Brain (inactive $-Globin)







116031827 TN |ﬁ













i i

ot || Wiy

e
sy e

L LY




h

@ Gxiorn

fachhochschule
stralsund







@ | o,,BBSRC

Simulated Interaction Maps

Simulated spatial distance maps as well as simulated interaction maps result in the representation of every
parameter variation, and also exhibit the fine-structure describing the loop base as well as rosette core. Thus
from the quasi-fibre to the entire chromosome the architecture can be understood in detail.
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Simulated Interaction Maps

Simulated spatial distance maps as well as simulated interaction maps result in the representation of every
parameter variation, and also exhibit the fine-structure describing the loop base as well as rosette core. Thus
from the quasi-fibre to the entire chromosome the architecture can be understood in detail.
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Variation of a Consensus Architecture Scheme

The difference between different cell types, functional states or even species is minor despite depending on the
region. From this, the chromatin fibre conformation, loop position, and their association into loop aggregates/
rosettes can be derived, simulated by polymer models and finally visualized.
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DNA Sequence Organization

Determination of the concentration fluctuation function C(/) and its local slope the correlation
coefficient (/) are an indication for the i) degree of long-rang scaling behaveour, ii) general multi-
scaling, and iii) fine-structure features, which all are connected to all levels of genome organization and
especially also the three-dimensional genome architecture.
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DNA Sequence Organization

Determination of the concentration fluctuation function C(/) and its local slope the correlation
coefficient (/) are an indication for the i) degree of long-rang scaling behaveour, ii) general multi-
scaling, and iii) fine-structure features, which all are connected to all levels of genome organization and
especially also the three-dimensional genome architecture.
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DNA Sequence Organization

Determination of the concentration fluctuation function C(/) and its local slope the correlation
coefficient (/) are an indication for the i) degree of long-rang scaling behaveour, ii) general multi-
scaling, and iii) fine-structure features, which all are connected to all levels of genome organization and
especially also the three-dimensional genome architecture.
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Scaling Analysis

Scaling analysis show again the entire bandwidth of architectural effects in an aggregated manner. Beyond,
they show the scale bridging of the structures and the evolutionary holistic entanglement between the 3D )
architecture and the DNA sequence organization itself. VL e SER @
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From Fiber Topology to Nuclear Morphology

Chromosome territories form in the RW/GL and the MLS model. However, only the MLS model leads
distinct subcompartments and low chromosome and subcompartment overlap. Best agreement is reached
for an MLS model with 80 to 120 kbp loops and linkers in nuclei with 8 to 10 zm diameter.

The simulated nuclear morphology reflects the chromosome fiber topology of different models in detail.

rendering

electron microscopy

electron microscopy territory
painting

confocal microscopy
100x objective, theoretic resolution

confocal microscopy
63x objective, real resolution

confocal microscopy
territory painting

Homologous Chromosome Painti
.3 5 7 9 11 13 15 17 1
4 6 8 10 12 14 16 18
=

N

AT

A: MLS in 6 ym nucleus
I: 63 kbp loops, 63 kbp linkers
II: 63 kbp loops, 252 kbp linkers
IIT: 126 kbp loops, 252 kbp linkers

B: MLS in 8 ym nucleus
I: 126 kbp loops, 126 kbp linkers
II: 84 kbp loops, 126 kbp linkers

C: MLS in 10 gm nucleus
126 kbp loops, 126 kbp linker,
not totally relaxed

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




Bk s

fachhochschule
Stralsund
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Conclusion

The dynamics of genomes follows the 3D genome architecture in detail and determines in an
inseparable entanglement with the architecture genome function.

Genomes have a consensus organization with only small variation from the basic theme on each
compaction level of the genome and these small variations determine genome function.

The genome behaves on the basis of a genomic statistical mechanics with a genomic
uncertainty principle attached !
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The
Detailed 3D Multi-Loop Aggregate/Rosette Chromatin Architecture
and
Functional Dynamic Organization
of the

Human and Mouse Genome

Knoch, T. A.

Genome Regulation in 3D, Weizmann Institute, Rehovo, Israel, 28th - 30th June, 2015.

Abstract

The dynamic three-dimensional chromatin architecture of genomes and the obvious co-evolutionary connection
to its function — the storage and expression of genetic information — is still, after ~170 years, a central question
of current research. With a systems genomics approach using a novel selective high-throughput chromosomal
interaction capture (T2C) technique together with quantitative polymer simulations and scaling analysis of
genomic structures and the DNA sequence, we determined the architecture of genomes with unprecedented
molecular resolution and dynamic range from single base pair entire chromosomes. Polymer simulations using
Monte Carlo and Brownian dynamics approaches confirm T2C results and allow to predict and to explain
additional experimental findings. This agrees also with novel dynamics information from fluorescence
correlation spectroscopy (FCS) analysis of chromatin relaxations in vivo. Beyond, we find a fine-structured
multi-scaling behaviour of both the architecture and the DNA sequence, which shows for the first time the tight
entanglement between architecture and sequence. Since, T2C allows reaching an optimal combination of
resolution, interaction frequency range, multiplexing, and an unseen signal-to-noise ratio at molecular resolution
this, hence, opens the door to architectural sequencing of genomes. Additionally, we have reached the level of
genome statistical mechanics with corresponding uncertainty principles. Hence, we determined the three-
dimensional architecture and dynamics of genomes for the first time in a consistent system genomics manner
from several angles which are all in agreement as well as additionally also with the heuristics of the research of
the last 170 years. This will lead to a detailed understanding of genomes with fundamental new insights and
huge novel perspectives for diagnosis, treatment, and genome engineering.
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uncertainty principle, multilism genotype-phenotype, genome function, genetics, gene regulation, replication,
transcription, repair, homologous recombination, simultaneous co-transfection, cell division, mitosis, metaphase,
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morphology, chromosome territories, subchromosomal domains, chromatin loop aggregates, chromatin rosettes,
chromatin loops, chromatin quasi fibre, chromatin density, persistence length, spatial distance measurement,
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