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Dynamic and Hierarchical Genome Organization	


10 and 13 orders of magnitude concerning length and time scales are bridged. 	



Are and how are all of these organization levels connected to fullfill their obvious functions, e. g. 
gene regulation or replication, since they are optimized by evolution ? 	
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WE KNOW THAT WE HARDLY KNOW ANYTHING	


From the sequence to the morphology we just have begun to elucidate the organization of genomes and we 
also just have begun to understand that it is not only the detailed knowledge about one organizational level 

but beyond the holistic entity of the whole cell nucleus or genome which makes genomes function!	



Nucleus:	


	


->    Nuclear organization: chromosome arrangement, morphology?	


->    Nuclear Code: information content, regulation, variability?	


	


Chromosome:	


	


->    Chromosome organization: loops, loop 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 local structure: bending, melting, stability, modification?	


->    General sequence organization: coding, regulating and the rest?	



?

? ?
??



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. 	
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Integral Models of Cell Nuclear Organization	


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



Random-Walk/Giant-Loop Multi-Loop-Subcompatment Model	
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Simulation of Single Chromosomes	


The 30 nm chromatin fiber is modeled as a polymer chain with stretching, bending, and excluded volume 

interactions. Monte Carlo and Brownian Dynamic methods lead to thermodynamical equilibrium configurations.	


All models form chromosome territories with big voids and different chromatin morphologies. Experimental 
territory and subcompartment diameters agree best with an MLS model with 80 to 120 kbp loops and linkers.	



RW/GL  model,  loop  size  5  Mbp,  after 
~80.000 MC and 1000 relaxing BD steps. 
Large loops intermingle freely and reach out 
of the chromsome territory, thus forming no 
distinct features like in MLS model.	



MLS model,  loop size  126kbp,  linker  size 
126  kbp,  after  ~50.000  MC  and  1000 
relaxing  BD  steps.  Here  rosettes  form 
subcompartments as separated organization-
al and dynamic entities.	



RW/GL  model,  loop  size  126  kbp,  after 
~80.000 MC and 1000 relaxing BD steps. 
Large loops intermingle freely thus forming 
no distinct features like in MLS model.	



Metaphase  starting  configuration  with 
ideogram bands in red/green, linker in grey.	
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Spatial Distances between Genetic Markers	


Simulated spatial distances between random genetic markers as function of their genetic separation leads 
to best agreement in a comparison to experiments for an MLS model with 80 to 120 kbp loops and linkers.	


The spatial distance distributions are also model characteristic and show in a set of markers as function of 

their relative position to the chromatin fiber topology characteristic variation, strongly connected.	
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Simulation of Whole Nuclei with all 46 Chromosomes	


Starting with some metaphase arrangement of cylindrical chromosomes, interphase nuclei with a 30 nm fiber 

resolution and at thermodynamical equilibrium are created in 4 steps using simulated annealing and Brownian 
Dynamics methods with stretching, bending, excluded volume and a spherical boundary interactions.	



The chromosome territory position depends on their metaphase position and is reasonably stable.	
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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 µm 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 
territory painting	



confocal microscopy	


63x objective, real resolution	



A: MLS in 6 µm nucleus	


      I: 63 kbp loops, 63 kbp linkers	


      II: 63 kbp loops, 252 kbp linkers	


      III: 126 kbp loops, 252 kbp linkers	



B: MLS in 8 µm nucleus	


      I: 126 kbp loops, 126 kbp linkers	


      II: 84 kbp loops, 126 kbp linkers	



C: MLS in 10 µm nucleus	


      126 kbp loops, 126 kbp linker,	


      not totally relaxed	



D: RW/GL in 12 µm nucleus	


      5 Mbp loops	


      not totally relaxed	
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Homologous Chromosome Painting



HeLa, H2A-YFP	



LCLC 103H, H2A-CFP	



HeLa, mH2A1.2-YFP	



Cos7, H1.0-GFP	



ID13, H2A-YFP	



HeLa, H2A-YFP,	



natural promoter	



In vivo Morphology & Chromatin Distribution	


The stable expression of fusions between histones and autofluorescent proteins and the integration into 

nucleosomes allows the minimal invasive investigation of the structure and dynamics of chromatin.	


The clustered morphology in detail favour an MLS like chromatin topology.	





Fine Morphology of Nuclei	


High resolution rendering and simulated electron microscopy including territory painting reveal not only 

again the model details but also that any location in the nucleus is accessible to biological molecules <15 nm 
in diameter and that even the Extended Interchromosomal Domain hypothesis is oversimplified.	



MLS 
models 
model with 
126 kbp 
loops and 
linkers in a 
10 µm 
nucleus.	





Scaling of the Chromatin Fiber Topology	


The spatial-distance and exact yard-stick dimension distinguish between the simulated models in detail.The 
MLS model shows  a globular and fine-structured multi scaling behaviour due to the loops froming rosettes. 
This agrees with 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	


The local (inverse-) mass dimension distribution distinguishs between the models in detail and show also a 
multi-scaling behaviour with globular feature for the MLS 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 morphology is causally and quantitatively connected to the fiber topology.	



(inverse-) mass dimension distribution	



mass dimension as function of image intensity	
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Diffusion of Particles in the Nucleus	


Due to the volume and spatial relation ships in the nucleus typical particles reach almost any location in the 

nucleus by moderately obstructed diffusion: a 10 nm particle moves 1 to 2 µm within 10 ms.	


The structural influence on the obstruction degree is random for Alexa 568  as function 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 its local slope the correlation coefficient 
δ(l) reveal multi-scaling long-range correlation up to 106 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 this might only be due to a strong and definite three-dimensional genome organization.	



TTGTCTGGAATGCTTTTTCCCCAGATATCCTCCTAGCTTTCTCTTTCCATTCCTTCAGTTCTTTATTTAAAACCCCCTTTCTAAGAAGAAGAGGAAAAAGG
GTAAAAAGAAACACATTAAGGAACAACCACTTTCTGAGGAAGAACGGTGTGCTACCCAGACGCGTCATGCTTAAGGTTCAATTGGGTGCCTACCAGGG
ATGCTCTCTAACGTAACGAAGGGAAGGTTCAGTGAAACAAAGTGATTTATCATCTCTAACTTCAAACCCATTTGTATCTTGACATCAACGCTGTTAACCT
TATGTCATCATTTCTTAGAGACTTTGATATACAAATAAAAGGTTTTTGTATTAGAAAAAAAAAATCCCCTTTCTCAGCAGGGACTTTTCTGACCATCCCAA
CTTTCCCACCACCCTCCCCATCAAACACATAAACATTTCATTTTCCTGCTTTAGTTTTTCTCCTGTAACATCCTGTATATTTTGCCTTATCTGTCTGTTGTTA
TTGTGTGTTTTTCTCACTCTCATGAATAGGGTTTTTATTTTTCACTACCATATCCTCACTGCCTAGAAAAAGGCCTAGCATATTGGATGAAGCTACCTAAC
AAATACTTATTAAATGAGTGAAGGGAGTTTATCCTGGATATATTGTTTGATTAATTCTCACTTTAAAAATGTTTGACGTGGTTCATTCTAACAGTTTTGCCC
AGTAATTACATGCATTTTTAAAATTGTTTTGGCTTTTTATAATAAGCTACATTCTTTATATTAATTTTTTTATTTAGAGAGAAAAGCCCAATATTGTGGTTATT
CACTATTTATTCTTTTACTAGTAATCATAATTGTAATTATGGCAAACTGAGTCAGAGGAATTGCAAAGTTTACTGGTATTTTATTTTATTTTGAGATGGAGTC
TCGCTGTATCCCCCAGGCTGGAGTTCAGTGGTATGATCTCAGTTCACTGCAACCTCCACCTTCTGGTTCATGCATTTCTCCTCCCTCAGCCTCCCAAGGA
GCTGGGATTATGGGGGCATGCCACCACGCCCAGCTAATATTTGTATTTTTAATAAAGATGGGGTTTCACCCCATTGGTCAGGCTGGTCTCGAACTCTGTA
CCTCAGGTGATCCACCCACTTCGGCCTTTCAAAGTGCTGGGATTACAGGCATGAGCCACCGCACCTGGCCACTAGTATTTTATTTAAAAAAAAAATTAG
GGTGGCACATTTAATGGACTTACAAATTCTTTTCAAGGGATTATGAACCTTTGGTATTTGAAATAAAGAGACAGAGTTGGAATTTTTTGCTTCCTATAGTA
AGAGGAATACTGGTCAGGCACTGTCTATTCTGATGGAGCAGGTGCTGCTGCATGGCTGTATTTCAGAAGCAAGCTGCTCACATTGATATTGGTTGGTGA
GCAAGAGCAGTGGTCATTGATTGACTAGATTTCAAACTGGCTTTGTGTGGCTTCTTGTTACCATTGGTACAAGTCATTTCTTTCCTAAGTTAGAGTCAAC
TTTAACCGAAAATTTTCTGTATAAAAGTTGCCTTCAATTAACTATGTTCAAAATGAAACTATTTTATATTCCAGAATTGTAGACTTCATTTTAAAATTTTGG
TCAAGATGAATTGGTTAATAACAGCTCTCAGGAATATCTGTTTTCTTTTTTAAAAAATACATATTTCTCTGTATAATTTATTCCTTAAAATTAATTATTTTCT
TTCTGTTTTTGGTATTTTTAGAAGCTTTTGCTCAAGTCCTAACATAATCTCCAGTAGGAGATTTTAGTCTCTTTGTCAGTTCATGTATGTATATGGTAGTGA
TACTCTACTCTCTTTTTAAATTCCTTTTCTTGTTCACTTTCTTCTCAGTACAATAACGGTGATATTCTTATACATCTTTACCTCATTTAAAAGTAATTACAGTT
TGCTGCTGGCAAATTCAGCTTTTTATATTTTTACTAAATACTAGGCTAAAAGTGAAGAAAATTTACCAGGTCATTTTATTTTCAAACAAAATCATTACTAAT
AAAAATTGCTATCTTTGAAATATAAATAATGACATTTTGATATTTTAAAAGTAAGGATACACCCCCCCCCCAATAGTTTGGCTTTGTGTTTCCACCCAAAT
CTCGTGTCAAATTGTAATTCCCAGGTGTTGAGAGAAAGACCAGCTGGGAGGTATTGGATCATGGGGTCGGTTTCCTCCATGCTGTTCTCGTGATAGTGA
GTTCTCACAAGAGCAGATAATTCTATAATGGGCTCTTTCCCTTTCACTTCTCTCTCTCCTGCCACCTTTTGAAGAAGTTGCCTGCTTCCCCTTTACGTTCT
GCCATGATTGTAAGTTTCCTGAGGCCTTCCCAGCCATGTGTAACTGTGAATCAATTAAGCCTCTTTCCTTTATGAATTACCCAGTCTCAGGTATATATATAT
ATTTTTTTTTTTTTTTCTTTATTCCACTCATCAGTTGGTGGACACTGGCTGATAACATATCTTTGCATATGTGAATTGTGCTGCAGTAAACATATGTATATAG
GTGTCTTTTTGAGAGTATGATTTCTTTTATTTTGGGTAGGTATCCAGAAATGAGAACGCTGGATAGAATGGTAAGATCTATTTAAAAGAACTCTCCATAAT
GTTTTCCATAGATTTGTACTAATTTGTATCCCCACCAGCAGTGTATAACTCTTTTTTCACCACATCCACACCAACATCTGCTGTTTTTTTTATTTTAGTAGTG
ACCATTCTGGCTGAAGTGAGGTGATATCTCACTGTTGTTTTATTGTACATTTCCCTGATGATTAGTAATATTTAGCATGTTTTTATATTCTTGTTCACCATTT
GTACATCTTCTTTTGAGCAATGTCTATTCATGTCATGTGCCCACTTTTTAATGGAATTATTTGTATTTTTCCTGCTGATTTGTTTGAGTTTCTGGTAGGTTAT
GGACATTAATCCTTTGTTAGATTCATAATTTGCCCATATTTTCCCCATTGTATAGGTTGTTGGCTCACTTTGATGATTATTTCTTTTGCTGTGCTGAAGCTTT
TTACTTTAATTAGGTCTTTATTTATTTATTTATTTATTTTTATTTTTGTTGCTTTTGCTTTCAGGGTCCTCATCATAAATTATTTGCCTAGGCTGATGTCTTCAG
GTCTTAGGTTTAGGCCATTAATCCATCTTGAATTAATTTTTTTACATGGTGAGAGATAGAGATCCAATTTTATTCTTCTATATGTGACTATCTTTTTTTCCCA
GCACCATTTGTTGAATAACGTGTGCTTTCTCCAGTGTATGTTTTTGTATCCTTTCTCAAAGATCATTTGGTTGTAAGTGGCCTTTTTTCTGAGTTGTCTATT
CTGTTCCATTGATCTGTGTATCTACTTTTATATCAGTACCACGATGTTTGTTACTGTGGCCTTAGAGTATAATTTGAAGTCAGGTAATGTGATGCCAACATG
TTTGTTCCTTTTGCTTGGCATGTCTGTTGCTATTCAGGCTCTTTTGTGGTTCTACATGAATGGCAGCTTTTTAAAATAACTCTGTGAAGAATGACATTGGT
ACTTTGGTAGAAACTGTATTGACTCTGTAGACTACTTTGGGCACTATGGCATTTTCACAATATCAATGCTTTCAGTCCAGGAACATAGAATGTATGTTCAT
TTATTTGTATCATCTGTGATTTTCTTCAGTGGTGTTTTCCAGTTATCCTTTGATAGATCACTCACCTCCTTCATTAAGTATATTCCTAGGTATTTTACTGTTTT
GCAGCCATTGTAAAAAGAATTGGATTCTTGATATGACTCTCAGCTTGGTTGTAGTTGGTGTATAGTGGTACTATTCATTGGTATTTGTATATTTTGTAACCT
CTGAGACTTTACTAAATTCATTTATCAAATCTAGGAGTGTTTTGTAGGAGTCTGTAGGGTTTTCTAGGCATAAGATCATATCATTGGTGAAGAGAGAGTTT
GACTTTCTCTTTTCCAATTTGGATGCCCTTTATTTCTCTTGCCCAATTGCTCTGCCTAGGGCTTCCCAGTTTTCTTCTTAATATGCATGAAATAAAAGTAA
AATTGAAAGCGATTGTTGATCAGTTTATTTCACATTTCTCTCTCATACACAAATAAAATGAATTCAAAGTTCTATGTTAAAAACACAATATTAGAGCCTGT
CTTGTTCCAAAGGGAATTTCTAAGTTGTCTATAGATTACAGAGGAATCAAGAATATAAGTGGAAACTGTTTCCAAAAAATAAACATAAAAAGTTTAGGTT
AACACAGGGGTTTCCAATCCCCAGGCCACAGACCAGTACCAGTCCCTGGCCTGTTAGGACCTGGGCCACACAGCAAGAGGTTAGTGGTAGGGAGCAA
GTGAAGCTTCATCTGTTTACAGCCACTCTCTGTCACTCACATTACCTTCTGAGCTCCTCCTCCTGTCAGATCAGCGGTGACATTAGATTGTCATAGGAGT
GTGACTTGAACCCTATTGCAAGCTGCTCATGCATGGGATATAGGTTGTTCACTCCTTATGAGAATCTATTGCTTTCTGATCTGTCACCATCTCCTGTCACC
CCTAGATGAGACCATCTAGTTGCAGGAAAACAAGCTGAGGGCTCCCACTGATTCTACATGATGGCGAGTTATATAATTATTTCATTATATATTAGTAATAAT
AGAAATGAAGTGCACAATGTATGTAATGTGCTTGAATCATCCTGGAACCATCCCCCACCTCAGGTCCATGGAAAAATTATCTTCCACAAAACTAGTCCC
TGGTGCCAACATGACTGTGAGAGCAGGTTTAACAGATGTGAAACCCCTTTGTCTTGTCTTGGATTAATGTGCAGATATACATTGTGTGAATGACATCTGA
TGGTGCCATCTTGCCCTGTAGATCATTTTAGGGACACCTCCAGTATTTCATGAAAATTAAATTTTCTTCTAGTGATGAACAAAATGATACCCGGAAACAA
CTTTCTGAAGAACAGAACACTGGAATATCACAAGATGAGATTCTGACTAATAAACAAAAGCAGATAGAAGTGGCTGAACAGAAAATGAATTCTGAGGT
ATTTTCTTTAGTCATTTTCAAATGTTTTCATATGTGTATATATTTTTAAAAAGCTTTATTTTGGAAGGTATAAAGGATTTTTAAATCACATATATACACACGTG
TGTGTGTGTGTATATATATGTGTGTGTGTATATATATACACACACACACACACACACCCTGTATATCCTTGGTCATATATTTATATATGTACATATAGGATAAA
ACCATGTTCTTAATTCAACTGCATTTGCCTGCAACAGTCGAGTAGTGACCTTCACAATGGCCTCAATCCAAAGGAAAAGCATTTGATATTTTTCATAAGA
ATTGATTATCTTTCCAATATCAAAAATAAGTTTTGCTACTAACAACAGATTTGCTAGTTTTGGGACATTAGTTCTTTTTAAAATATTAATAGAGAAGTCAGT
TTGTTATTTTCACTAACAGGAAAGTAGGAAATGTACAGCTGGGTCAGAGGCCACATTGTGGATGTCATTATCCTTGCTTTTGAGGAGAGGAACAGTTTG
CTCCGAGTAGTTTCTCATTTCAATGCAAAGAGCTTTGAAAACAATGACATGCCATGATACACATTTAGTGATAATTTATTGATAAGTATTTTGTTCCCAGA
TGAATAGTTCAGTATGTTTCCCCTATTTCACACTTACTACTACAATGTTTCAAACATTATAAAGAGGAAAGAAAAGTTATTGCAATGGCAAATAATCTCAT
GATTTCTAAGAAAAGCCTTGTAAGTTATATCTTATTTACCATTTGTATTTTGAAATAAAAGGTTTCTTTTATATTTATATATTTACACCACAGAAGCAACTGT
GATTTTGTGGAGGATCACTAGCAGTAGCATCAGAAGACCTGGCAAAAATCCTGCACGTTGCATATATACGTGTGTGTGTGTGTGTGTGTGTGTGTGTTTG
TGTGTGTGTATTCTAGATGGAGTCTTGCACTGTCACCCACGCTGGAGTGCAGTGGCACAAACTCAGTTCACTGCAACCTCTGCCTCCCAGGTTCACACG
ATTCTCCTGCCTCAGCCTCCTGAAGTGCTGGGATTACAGGTGTGAGCCACTGGTCCTGGCTGCATATATTTTTTGACCTCTCCTTTTAAGAATCGTGATC
CTAAATGAGTTGAGTGTTGTATGTAGAAGTGCAATGCTTAGATGCAGATGTGTACATTGTAGAAGGGTACAATGCTTAGATTTAACAGTTATGAATAAATG
TAATGCTTACAACTGACTGTAAAAATATTAGAAAAGCAGTATATTGATAAAACATTCCTCAGAAAAAGGAACTTAAAGAACTTTGAGGAATTGCTTCTGT
CCTAATATATGCATAGCTAAGGCTCTTATGATGGTGTGGTTTATAGGTTAGATATCAGAGTGTAAACCCAATTTAAAAAATGTAGCCAAATATATTAATCTT
CTATTTTATGCCTCTGGGTTTTTTGTAATTCAGAGAAAGGCTTTTCCAATTCTGAAATTCTTAAAAATCCTCTAGTGATTTATTTTTCATGGTCTTTAGATA
AATATTTCAACTTTTTGGAATTTACACTCTTTTAGATTTGAAGTTTTGTCCAACTTTTTTCCAGTTAAATATCCACTATGGGAATTATTTCATTATACAAATA
TAAATGTCATTCTTTAATTTTAGAAGAAATCATGATATGTCATTCTATTGAGTGCTAACTAAAAGTTCCCTTTGTTTACTTAGCTTTCTCTTAGTCATAAGA
AAGAAGAAGATCTCTTGCGTGAAAACAGCGTGTTGCAGGAAGAAATTGCCATGCTAAGACTGGAACTAGATGAAACAAAACATCAGAACCAGCTAAG
GGAAAATAAAATTTTGGAGGAAATTGAAAGTGTGAAAGAAAAGACTGATAAACTTCTAAGGGCTATGCAATTGAATGAAGAAGCATTAACGAAAACC

AATATTTAAGTACAGTGGACAGCTTAGGATTTTGACAACTGAGAATGCTCAGTTCTGAACTGGAGAGTGTAAGACACAGCTAGGAAACACTGGAAATGG
AAATTCAATCATGTCATTGTAGACTGACTACTGCTCTACATGATTGTGATCAAAGTCAGATAGCTGAAAGGGACTTCTTTCCAGAGAACAAACATGAAC
AGGTTTATTTACAGGAGAAAATGAATTCTCATATATCTCACCTAAAAGATAACAGTGAGATTCTTTCTGAACAACTCTAACGCTGACAGTAAAATTAACA
ACCTAAAAATTAAGCTCCATCACACAGGATAAATTCTGAGAGAAAAGATGAGGCAGGCCACCATCTTTCCTGTTTGGGCAACTTAGCCATTCCAGCGTG
CGGGCTTTGGAGAGTACAAACCCACCAGGGGCAGAAGAGATCCTGTGGCATAGCACAGCTGCTTTACCAAATCATGGCCAGAATGCTTCTGTAAGCAG
GCCCCTGATCCTGTTCCTTGTCACTGGACAGGATCTCCCACCTGAGGCCTCCAGCTACACCCACCAGTGTTCCCTGGCCAATGGAGATTTGAAACCTTC
CTGGGACAGAGTTCCCAGAGAGAGGGGTGGGCCATGACCTTTGTTGTTTGGGCAACTAGCCCTTCTGGCCTGTGGGCTTTGGAGAGCCCAAGCTGACC
AGGGGTGGAAGTGGTACCTCAGCACAGAACAGCCACCCTGCGAAAACGTGGCCAGATTCTTGTTTAAGCCAGTCCCCAACCACATTTCTAATCACTGG
CTGGAGCCTTTCAACCAGGGTCTCCAGCCACCTTCACTGCTGTTCTCTGGCTGACAGAGGTTTCAGGCCTCCTGAGTGAGAGCTCCCAGGGGGAGGAC
CAGACTGTCATCTTTGCTGTTTGGATGACTCAGCCAGTTCAGTCTTAGAGTTTCAGAGTGTCTGAGGAGACCAGGGGCTGAAGTGAACCCCCCGCACA
GCATAGCCACTCTACAAAAACGTGGCCAGACTTCTTTTTTAAACAAGTCCCTATTCCTGTTCCTCCTTACTAGGCAAGACTTCTCAACTTGCTTCCAGTC
ACATCCTACAGGTGTGTTCAGATTGGCAACAGGTTCATACCTCAGAGGTACAGAGCTCCCAGAGGGAAGGGCAGGTTATCGTCTTTGCTTTTTCGCAGG
CTTCACTGCTGATACCTTCAGCCACTGGAAAATACGAGGCAATTGGCGACTGGAGTGGACCCCCAGCATACCACGGCAGCCCCACAGAAAAGTGGCCA
GACTGTTATGTGGGTGCCCATTTCCATATCTCCTCGATGGGCAGGTCTTCCTGGCCTGGGTCTCCAGCCAGCCCCCCACTTGAGCTTTCAAGCCAGTAG
CAACTCAGCAACTCCCTGGACAGAGCTTCCAGGAGCAACAGAAATCCTCTCTGCCACTGCCTCTGCAGTGGAACTGCCCTTGCTACCCTCAGAATATC
AAGGGAGCAAAGACCCTAAGTACCATATTGACACCTCCAACAAGCTGCAGTTGACACAAGGAACAAGTCAGTCCATCTTCCACAGGTACAACACACCC
CTTACTGCTCATCACCAGACAAGGAACCCTGGCTTGGGCCCACAACACAGACCCTCCATCCTGGGGTGATTACATTAAGTAACTGCTAACTTACACCTC

TCTGGGGTGGAGCCCCCAGGAGACAAGGAAAGTGGTGGAGCAGCAAGTCAGCTGATGTGGAGCCCGGAGGGCAGGGACAGCTATGTCTCTAGGCTCC
ACTTGCTCTTATGAGACACTTTATCCCAGCACTTTAGGAGTGCTGAGGTCAGACCAGCCCCATCTCACATGCAGGATTGCCCAGCACAGATCAGGTCTA
AGAGTTCTCTTCGTAAAAAAGGGGACTTGCTTAAAAAAGAAGTCTGGCCACGTTTGTGTAGAGCAGTTGTGCTGTGCTGAGGATTCACTTTTGAGAGA
GTTCTCCTCTGAGACCTGATCTGTGCTGGGCAGTCTTGCACATGAGATGGGGCTGGTCTGACCTCAGCACCCCTTAGTCTGCTTGCCTCTCCCAGGACC
CCAGCCAGGCCACACCTGCTTAGAGGGCACTTTCGGGTGCCCACACCATAGCTTCTGTACAAGCGGACCATGCCTGATCAATGGAGAGCTGCAGCAAG
GTGACCTCTACAGCCACGCACTAGCCTGCACATTACCTCTCCATACTGCAGCCCTTTATATGGAAACTTCCTACATCACTTTGCTGTGTGTGTTTACACAG
GTGGGTTTTGTTGTACTTGCCCTAACAGCATATGGGAATGCAGCACACACCCCAACCCACACCAACTGCCACTGAAGATGAAGCCATGGTGGGCACAG
AACCAAAAACCCCACCCCTGCTAGCATCTCACCCTTGAGGTAATGCTGTGCAGAGGAAAAGGGACCTTCTTATACCCTGAGTGACCACTGTTGCTTGG
GGGGGATCAAAGAAGGCACCTTCACTGGCCAGCCACCCACCCCAAACCAGCACTACCTCCAGTGCAACAGCACACACAGCAGGGGCCCCCTGGCCCA
CACCCCAGCTGTTTTGCCTCCACCACTGGGTGAATGCCCACAGGGAGGCAGGGACTTTTGCATCTGGTAGCATTCTGCCACAGCTGCCGCACTTTGGTC
CCCTCAGTGCAGTGGACTCCAAACCTCGAGGAGCCAGAGAACAAAGTTGTGGCCCAATACAAGTTCCCCAGAGTTAAAGCACACAGTCCAAGAATTG
GGAGCTGCATGTTGGCCCCTTAAAATCCTCCAAAAACAAAACCTGTTGGCTGAATCCACCTTACACCACAATCAAATCCTCAAGGTCATCAGATATAAT
AAAGGAAAAATACCCTGTCCAAACGTCAGCAACCTCAAAGATTGAAGATGGATAAGCCCATAAAGATGAGAAAAAGACTCTGTGCAAGAACACTAAA
AACTCAAAAATTCAGCATGCCTTCTTTTCTCCAAATGACTGCATCAACTCTCCAGCAAGTGTTCAGAACTGGGCTGAGGCTGAGATGTCTGAAATGATA
CAAGCAGAGTTCAGGATATGGGTAGGAACAAAGTTCATTGCGTGAAAGAAGTATGTTGTAATCCAATACAAGGAAGCTAAAAATCATTGTAAAACATTG
CAGGAAGTAACAGACAAAAGAGCAAGTATAAAGAAGAAAATAACTGACCTGACAGAGCTGTAAATCACACTAGAAGAATTTTCATAATGCAGTCACAT
GGTGATTGTGTGTGATTGCATTATGAATATTATTGTATGTGTGGGCACCTGAGAGTGCCCTGTAAGCAGGTGTGGCCAGGCTGGGGTCCTGGGAGAGGC
AAGCAGACTAGGGAGGGCTGAGGTCAGACCAGCTCCATCTCATGTGCAAGACCATCCAACAGAATAGACCAAGAAGAGGAAAGAATCCCAGAGCTTG
AAAACTGGCTTTCTGAAATAAAACAGGCAAACAAGAATGGGGGAAAAAAGAATGAAAGGGAATGAACAAAACATCTGAGATATATGGGATTATATAAA
CGACCAAATCTATGACTGATTAATGTACCTGAAAGAGATGAGAATGGAACCAACTTGGAAAACACATTTCAGAATATCATTCATGAGAATGTCCCCAAC
CTAGCCAGACAGGCCAACATTCAACTTCAGGAAATCCAGAGAACCTCAGTAAGATATGCCATGAGAAGATCATCCCCAAGACACATAATCGTCAGATTT
TCTGAGGTCAAAATAAAAGAAAAAATGTTAAAGGCAGCTAGGGAGAAAGGCAACATCACCTGCAAAGGGAATTCCATCAGATTTAGCAGACCTCTCA
ACTGAAACTGTACAAGCCAGAAAAGACATTCAACATCTCAAAGAAAAGAAATTTCAACCCAGAATTTCATGTCCAGCAAAATTAAGCATCATAAGTGA
AGGAGAAACAAGATCCTTTTCAGACAAGCAAATGCTGAGGGAATTCGTTATCACCAGACCTACCTTACAAGAGCTCCTGAAGGAAGCACTAAATATGG
AAAGAAAAGACCACCACCAGCCACTACAGAAACACACTGAAGTACACAGACAAGTGATGCTAAAAACCAACTACATAAGTCTGCAAAAAAGCCAGCT
GACAGCATGACGACAGGATCAAATCCACACATACCATTACTAACCTTAAATGGAAATGGGCTAAATGCTCCAATTGAAAGACACAGGGGGCAAGCTGG
ATAAAGAACCAAGACCCATTGGAGTATGCCGTCTTCAAGAAACCCATCTCACATGCAGTGCCATACATAGGCTCAAAATAAAGGAATGGAGAAAAATAT
TTCAAGGAAATGGAAAACAGAAAAAAGCAGGTGTTGCACTCCTAGTTTCTGACAAAACAGACTATACCAATACAGATTAAAAAAAAAAAGAGGGCTG
GGCGCGGTGGTTTACGCCTGTAATCCCAGCACTTTCGGAGGCTGAGACGGATGGATCACAAGGTCAGGAGATCGAGACCATCCTGGCTAACACGGTGA
AACCCTGTCTCTACGAAAAATACAAAAAATTAGCTGGGCATGGTGGCGGGTGCCTGTAGTCCCAGCTACTTGGGAGGCTGAGGCAGGAGAATGGTGTG
AACCTGGGAGGTGGAGCTTGCAGTGAGCCAAGATCGTGCCACTGCACTGCAGCCCAGGAGAGACAGTGAGACTCCGTCTCAAAAAAAAAAAAAAAA
AAAAAAAAAAAAACAGAAGGAGATTACAAAGGTGGTCCTGACCTTTGATAAATCTCATTATTGCTTGATACCAACCTGGGCTATCTTTATTGCCCAAAC
CAATAGGATAATGTGCTGAGGTTAGGGAGCTTCTCCCCCGCAGATAATCCCTGATCTCCCAAAATTTGGTTGACATCTAAGGTTGATTGCCATACAACTC
CTTTTCTGAAGTTTTACTTATTTCCAACAAGGCAAGTTTTCCTGCTTCCATGATGATGGAGAGCAGGCACCTCCTTTCTTGAGTTTCAGCTTGCTTCTAK
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TTGTCTGGAATGCTTTTTCCCCAGATATCCTCCTAGCTTTCTCTTTCCATTCCTTCAGTTCTTTATTTAAAACCCCCTTTCTAAGAAGAAGAGGAAAAAGG
GTAAAAAGAAACACATTAAGGAACAACCACTTTCTGAGGAAGAACGGTGTGCTACCCAGACGCGTCATGCTTAAGGTTCAATTGGGTGCCTACCAGGG
ATGCTCTCTAACGTAACGAAGGGAAGGTTCAGTGAAACAAAGTGATTTATCATCTCTAACTTCAAACCCATTTGTATCTTGACATCAACGCTGTTAACCT
TATGTCATCATTTCTTAGAGACTTTGATATACAAATAAAAGGTTTTTGTATTAGAAAAAAAAAATCCCCTTTCTCAGCAGGGACTTTTCTGACCATCCCAA
CTTTCCCACCACCCTCCCCATCAAACACATAAACATTTCATTTTCCTGCTTTAGTTTTTCTCCTGTAACATCCTGTATATTTTGCCTTATCTGTCTGTTGTTA
TTGTGTGTTTTTCTCACTCTCATGAATAGGGTTTTTATTTTTCACTACCATATCCTCACTGCCTAGAAAAAGGCCTAGCATATTGGATGAAGCTACCTAAC
AAATACTTATTAAATGAGTGAAGGGAGTTTATCCTGGATATATTGTTTGATTAATTCTCACTTTAAAAATGTTTGACGTGGTTCATTCTAACAGTTTTGCCC
AGTAATTACATGCATTTTTAAAATTGTTTTGGCTTTTTATAATAAGCTACATTCTTTATATTAATTTTTTTATTTAGAGAGAAAAGCCCAATATTGTGGTTATT
CACTATTTATTCTTTTACTAGTAATCATAATTGTAATTATGGCAAACTGAGTCAGAGGAATTGCAAAGTTTACTGGTATTTTATTTTATTTTGAGATGGAGTC
TCGCTGTATCCCCCAGGCTGGAGTTCAGTGGTATGATCTCAGTTCACTGCAACCTCCACCTTCTGGTTCATGCATTTCTCCTCCCTCAGCCTCCCAAGGA
GCTGGGATTATGGGGGCATGCCACCACGCCCAGCTAATATTTGTATTTTTAATAAAGATGGGGTTTCACCCCATTGGTCAGGCTGGTCTCGAACTCTGTA
CCTCAGGTGATCCACCCACTTCGGCCTTTCAAAGTGCTGGGATTACAGGCATGAGCCACCGCACCTGGCCACTAGTATTTTATTTAAAAAAAAAATTAG
GGTGGCACATTTAATGGACTTACAAATTCTTTTCAAGGGATTATGAACCTTTGGTATTTGAAATAAAGAGACAGAGTTGGAATTTTTTGCTTCCTATAGTA
AGAGGAATACTGGTCAGGCACTGTCTATTCTGATGGAGCAGGTGCTGCTGCATGGCTGTATTTCAGAAGCAAGCTGCTCACATTGATATTGGTTGGTGA
GCAAGAGCAGTGGTCATTGATTGACTAGATTTCAAACTGGCTTTGTGTGGCTTCTTGTTACCATTGGTACAAGTCATTTCTTTCCTAAGTTAGAGTCAAC
TTTAACCGAAAATTTTCTGTATAAAAGTTGCCTTCAATTAACTATGTTCAAAATGAAACTATTTTATATTCCAGAATTGTAGACTTCATTTTAAAATTTTGG
TCAAGATGAATTGGTTAATAACAGCTCTCAGGAATATCTGTTTTCTTTTTTAAAAAATACATATTTCTCTGTATAATTTATTCCTTAAAATTAATTATTTTCT
TTCTGTTTTTGGTATTTTTAGAAGCTTTTGCTCAAGTCCTAACATAATCTCCAGTAGGAGATTTTAGTCTCTTTGTCAGTTCATGTATGTATATGGTAGTGA
TACTCTACTCTCTTTTTAAATTCCTTTTCTTGTTCACTTTCTTCTCAGTACAATAACGGTGATATTCTTATACATCTTTACCTCATTTAAAAGTAATTACAGTT
TGCTGCTGGCAAATTCAGCTTTTTATATTTTTACTAAATACTAGGCTAAAAGTGAAGAAAATTTACCAGGTCATTTTATTTTCAAACAAAATCATTACTAAT
AAAAATTGCTATCTTTGAAATATAAATAATGACATTTTGATATTTTAAAAGTAAGGATACACCCCCCCCCCAATAGTTTGGCTTTGTGTTTCCACCCAAAT
CTCGTGTCAAATTGTAATTCCCAGGTGTTGAGAGAAAGACCAGCTGGGAGGTATTGGATCATGGGGTCGGTTTCCTCCATGCTGTTCTCGTGATAGTGA
GTTCTCACAAGAGCAGATAATTCTATAATGGGCTCTTTCCCTTTCACTTCTCTCTCTCCTGCCACCTTTTGAAGAAGTTGCCTGCTTCCCCTTTACGTTCT
GCCATGATTGTAAGTTTCCTGAGGCCTTCCCAGCCATGTGTAACTGTGAATCAATTAAGCCTCTTTCCTTTATGAATTACCCAGTCTCAGGTATATATATAT
ATTTTTTTTTTTTTTTCTTTATTCCACTCATCAGTTGGTGGACACTGGCTGATAACATATCTTTGCATATGTGAATTGTGCTGCAGTAAACATATGTATATAG
GTGTCTTTTTGAGAGTATGATTTCTTTTATTTTGGGTAGGTATCCAGAAATGAGAACGCTGGATAGAATGGTAAGATCTATTTAAAAGAACTCTCCATAAT
GTTTTCCATAGATTTGTACTAATTTGTATCCCCACCAGCAGTGTATAACTCTTTTTTCACCACATCCACACCAACATCTGCTGTTTTTTTTATTTTAGTAGTG
ACCATTCTGGCTGAAGTGAGGTGATATCTCACTGTTGTTTTATTGTACATTTCCCTGATGATTAGTAATATTTAGCATGTTTTTATATTCTTGTTCACCATTT
GTACATCTTCTTTTGAGCAATGTCTATTCATGTCATGTGCCCACTTTTTAATGGAATTATTTGTATTTTTCCTGCTGATTTGTTTGAGTTTCTGGTAGGTTAT
GGACATTAATCCTTTGTTAGATTCATAATTTGCCCATATTTTCCCCATTGTATAGGTTGTTGGCTCACTTTGATGATTATTTCTTTTGCTGTGCTGAAGCTTT
TTACTTTAATTAGGTCTTTATTTATTTATTTATTTATTTTTATTTTTGTTGCTTTTGCTTTCAGGGTCCTCATCATAAATTATTTGCCTAGGCTGATGTCTTCAG
GTCTTAGGTTTAGGCCATTAATCCATCTTGAATTAATTTTTTTACATGGTGAGAGATAGAGATCCAATTTTATTCTTCTATATGTGACTATCTTTTTTTCCCA
GCACCATTTGTTGAATAACGTGTGCTTTCTCCAGTGTATGTTTTTGTATCCTTTCTCAAAGATCATTTGGTTGTAAGTGGCCTTTTTTCTGAGTTGTCTATT
CTGTTCCATTGATCTGTGTATCTACTTTTATATCAGTACCACGATGTTTGTTACTGTGGCCTTAGAGTATAATTTGAAGTCAGGTAATGTGATGCCAACATG
TTTGTTCCTTTTGCTTGGCATGTCTGTTGCTATTCAGGCTCTTTTGTGGTTCTACATGAATGGCAGCTTTTTAAAATAACTCTGTGAAGAATGACATTGGT
ACTTTGGTAGAAACTGTATTGACTCTGTAGACTACTTTGGGCACTATGGCATTTTCACAATATCAATGCTTTCAGTCCAGGAACATAGAATGTATGTTCAT
TTATTTGTATCATCTGTGATTTTCTTCAGTGGTGTTTTCCAGTTATCCTTTGATAGATCACTCACCTCCTTCATTAAGTATATTCCTAGGTATTTTACTGTTTT
GCAGCCATTGTAAAAAGAATTGGATTCTTGATATGACTCTCAGCTTGGTTGTAGTTGGTGTATAGTGGTACTATTCATTGGTATTTGTATATTTTGTAACCT
CTGAGACTTTACTAAATTCATTTATCAAATCTAGGAGTGTTTTGTAGGAGTCTGTAGGGTTTTCTAGGCATAAGATCATATCATTGGTGAAGAGAGAGTTT
GACTTTCTCTTTTCCAATTTGGATGCCCTTTATTTCTCTTGCCCAATTGCTCTGCCTAGGGCTTCCCAGTTTTCTTCTTAATATGCATGAAATAAAAGTAA
AATTGAAAGCGATTGTTGATCAGTTTATTTCACATTTCTCTCTCATACACAAATAAAATGAATTCAAAGTTCTATGTTAAAAACACAATATTAGAGCCTGT
CTTGTTCCAAAGGGAATTTCTAAGTTGTCTATAGATTACAGAGGAATCAAGAATATAAGTGGAAACTGTTTCCAAAAAATAAACATAAAAAGTTTAGGTT
AACACAGGGGTTTCCAATCCCCAGGCCACAGACCAGTACCAGTCCCTGGCCTGTTAGGACCTGGGCCACACAGCAAGAGGTTAGTGGTAGGGAGCAA
GTGAAGCTTCATCTGTTTACAGCCACTCTCTGTCACTCACATTACCTTCTGAGCTCCTCCTCCTGTCAGATCAGCGGTGACATTAGATTGTCATAGGAGT
GTGACTTGAACCCTATTGCAAGCTGCTCATGCATGGGATATAGGTTGTTCACTCCTTATGAGAATCTATTGCTTTCTGATCTGTCACCATCTCCTGTCACC
CCTAGATGAGACCATCTAGTTGCAGGAAAACAAGCTGAGGGCTCCCACTGATTCTACATGATGGCGAGTTATATAATTATTTCATTATATATTAGTAATAAT
AGAAATGAAGTGCACAATGTATGTAATGTGCTTGAATCATCCTGGAACCATCCCCCACCTCAGGTCCATGGAAAAATTATCTTCCACAAAACTAGTCCC
TGGTGCCAACATGACTGTGAGAGCAGGTTTAACAGATGTGAAACCCCTTTGTCTTGTCTTGGATTAATGTGCAGATATACATTGTGTGAATGACATCTGA
TGGTGCCATCTTGCCCTGTAGATCATTTTAGGGACACCTCCAGTATTTCATGAAAATTAAATTTTCTTCTAGTGATGAACAAAATGATACCCGGAAACAA
CTTTCTGAAGAACAGAACACTGGAATATCACAAGATGAGATTCTGACTAATAAACAAAAGCAGATAGAAGTGGCTGAACAGAAAATGAATTCTGAGGT
ATTTTCTTTAGTCATTTTCAAATGTTTTCATATGTGTATATATTTTTAAAAAGCTTTATTTTGGAAGGTATAAAGGATTTTTAAATCACATATATACACACGTG
TGTGTGTGTGTATATATATGTGTGTGTGTATATATATACACACACACACACACACACCCTGTATATCCTTGGTCATATATTTATATATGTACATATAGGATAAA
ACCATGTTCTTAATTCAACTGCATTTGCCTGCAACAGTCGAGTAGTGACCTTCACAATGGCCTCAATCCAAAGGAAAAGCATTTGATATTTTTCATAAGA
ATTGATTATCTTTCCAATATCAAAAATAAGTTTTGCTACTAACAACAGATTTGCTAGTTTTGGGACATTAGTTCTTTTTAAAATATTAATAGAGAAGTCAGT
TTGTTATTTTCACTAACAGGAAAGTAGGAAATGTACAGCTGGGTCAGAGGCCACATTGTGGATGTCATTATCCTTGCTTTTGAGGAGAGGAACAGTTTG
CTCCGAGTAGTTTCTCATTTCAATGCAAAGAGCTTTGAAAACAATGACATGCCATGATACACATTTAGTGATAATTTATTGATAAGTATTTTGTTCCCAGA
TGAATAGTTCAGTATGTTTCCCCTATTTCACACTTACTACTACAATGTTTCAAACATTATAAAGAGGAAAGAAAAGTTATTGCAATGGCAAATAATCTCAT
GATTTCTAAGAAAAGCCTTGTAAGTTATATCTTATTTACCATTTGTATTTTGAAATAAAAGGTTTCTTTTATATTTATATATTTACACCACAGAAGCAACTGT
GATTTTGTGGAGGATCACTAGCAGTAGCATCAGAAGACCTGGCAAAAATCCTGCACGTTGCATATATACGTGTGTGTGTGTGTGTGTGTGTGTGTGTTTG
TGTGTGTGTATTCTAGATGGAGTCTTGCACTGTCACCCACGCTGGAGTGCAGTGGCACAAACTCAGTTCACTGCAACCTCTGCCTCCCAGGTTCACACG
ATTCTCCTGCCTCAGCCTCCTGAAGTGCTGGGATTACAGGTGTGAGCCACTGGTCCTGGCTGCATATATTTTTTGACCTCTCCTTTTAAGAATCGTGATC
CTAAATGAGTTGAGTGTTGTATGTAGAAGTGCAATGCTTAGATGCAGATGTGTACATTGTAGAAGGGTACAATGCTTAGATTTAACAGTTATGAATAAATG
TAATGCTTACAACTGACTGTAAAAATATTAGAAAAGCAGTATATTGATAAAACATTCCTCAGAAAAAGGAACTTAAAGAACTTTGAGGAATTGCTTCTGT
CCTAATATATGCATAGCTAAGGCTCTTATGATGGTGTGGTTTATAGGTTAGATATCAGAGTGTAAACCCAATTTAAAAAATGTAGCCAAATATATTAATCTT
CTATTTTATGCCTCTGGGTTTTTTGTAATTCAGAGAAAGGCTTTTCCAATTCTGAAATTCTTAAAAATCCTCTAGTGATTTATTTTTCATGGTCTTTAGATA
AATATTTCAACTTTTTGGAATTTACACTCTTTTAGATTTGAAGTTTTGTCCAACTTTTTTCCAGTTAAATATCCACTATGGGAATTATTTCATTATACAAATA
TAAATGTCATTCTTTAATTTTAGAAGAAATCATGATATGTCATTCTATTGAGTGCTAACTAAAAGTTCCCTTTGTTTACTTAGCTTTCTCTTAGTCATAAGA
AAGAAGAAGATCTCTTGCGTGAAAACAGCGTGTTGCAGGAAGAAATTGCCATGCTAAGACTGGAACTAGATGAAACAAAACATCAGAACCAGCTAAG
GGAAAATAAAATTTTGGAGGAAATTGAAAGTGTGAAAGAAAAGACTGATAAACTTCTAAGGGCTATGCAATTGAATGAAGAAGCATTAACGAAAACC

AATATTTAAGTACAGTGGACAGCTTAGGATTTTGACAACTGAGAATGCTCAGTTCTGAACTGGAGAGTGTAAGACACAGCTAGGAAACACTGGAAATGG
AAATTCAATCATGTCATTGTAGACTGACTACTGCTCTACATGATTGTGATCAAAGTCAGATAGCTGAAAGGGACTTCTTTCCAGAGAACAAACATGAAC
AGGTTTATTTACAGGAGAAAATGAATTCTCATATATCTCACCTAAAAGATAACAGTGAGATTCTTTCTGAACAACTCTAACGCTGACAGTAAAATTAACA
ACCTAAAAATTAAGCTCCATCACACAGGATAAATTCTGAGAGAAAAGATGAGGCAGGCCACCATCTTTCCTGTTTGGGCAACTTAGCCATTCCAGCGTG
CGGGCTTTGGAGAGTACAAACCCACCAGGGGCAGAAGAGATCCTGTGGCATAGCACAGCTGCTTTACCAAATCATGGCCAGAATGCTTCTGTAAGCAG
GCCCCTGATCCTGTTCCTTGTCACTGGACAGGATCTCCCACCTGAGGCCTCCAGCTACACCCACCAGTGTTCCCTGGCCAATGGAGATTTGAAACCTTC
CTGGGACAGAGTTCCCAGAGAGAGGGGTGGGCCATGACCTTTGTTGTTTGGGCAACTAGCCCTTCTGGCCTGTGGGCTTTGGAGAGCCCAAGCTGACC
AGGGGTGGAAGTGGTACCTCAGCACAGAACAGCCACCCTGCGAAAACGTGGCCAGATTCTTGTTTAAGCCAGTCCCCAACCACATTTCTAATCACTGG
CTGGAGCCTTTCAACCAGGGTCTCCAGCCACCTTCACTGCTGTTCTCTGGCTGACAGAGGTTTCAGGCCTCCTGAGTGAGAGCTCCCAGGGGGAGGAC
CAGACTGTCATCTTTGCTGTTTGGATGACTCAGCCAGTTCAGTCTTAGAGTTTCAGAGTGTCTGAGGAGACCAGGGGCTGAAGTGAACCCCCCGCACA
GCATAGCCACTCTACAAAAACGTGGCCAGACTTCTTTTTTAAACAAGTCCCTATTCCTGTTCCTCCTTACTAGGCAAGACTTCTCAACTTGCTTCCAGTC
ACATCCTACAGGTGTGTTCAGATTGGCAACAGGTTCATACCTCAGAGGTACAGAGCTCCCAGAGGGAAGGGCAGGTTATCGTCTTTGCTTTTTCGCAGG
CTTCACTGCTGATACCTTCAGCCACTGGAAAATACGAGGCAATTGGCGACTGGAGTGGACCCCCAGCATACCACGGCAGCCCCACAGAAAAGTGGCCA
GACTGTTATGTGGGTGCCCATTTCCATATCTCCTCGATGGGCAGGTCTTCCTGGCCTGGGTCTCCAGCCAGCCCCCCACTTGAGCTTTCAAGCCAGTAG
CAACTCAGCAACTCCCTGGACAGAGCTTCCAGGAGCAACAGAAATCCTCTCTGCCACTGCCTCTGCAGTGGAACTGCCCTTGCTACCCTCAGAATATC
AAGGGAGCAAAGACCCTAAGTACCATATTGACACCTCCAACAAGCTGCAGTTGACACAAGGAACAAGTCAGTCCATCTTCCACAGGTACAACACACCC
CTTACTGCTCATCACCAGACAAGGAACCCTGGCTTGGGCCCACAACACAGACCCTCCATCCTGGGGTGATTACATTAAGTAACTGCTAACTTACACCTC

TCTGGGGTGGAGCCCCCAGGAGACAAGGAAAGTGGTGGAGCAGCAAGTCAGCTGATGTGGAGCCCGGAGGGCAGGGACAGCTATGTCTCTAGGCTCC
ACTTGCTCTTATGAGACACTTTATCCCAGCACTTTAGGAGTGCTGAGGTCAGACCAGCCCCATCTCACATGCAGGATTGCCCAGCACAGATCAGGTCTA
AGAGTTCTCTTCGTAAAAAAGGGGACTTGCTTAAAAAAGAAGTCTGGCCACGTTTGTGTAGAGCAGTTGTGCTGTGCTGAGGATTCACTTTTGAGAGA
GTTCTCCTCTGAGACCTGATCTGTGCTGGGCAGTCTTGCACATGAGATGGGGCTGGTCTGACCTCAGCACCCCTTAGTCTGCTTGCCTCTCCCAGGACC
CCAGCCAGGCCACACCTGCTTAGAGGGCACTTTCGGGTGCCCACACCATAGCTTCTGTACAAGCGGACCATGCCTGATCAATGGAGAGCTGCAGCAAG
GTGACCTCTACAGCCACGCACTAGCCTGCACATTACCTCTCCATACTGCAGCCCTTTATATGGAAACTTCCTACATCACTTTGCTGTGTGTGTTTACACAG
GTGGGTTTTGTTGTACTTGCCCTAACAGCATATGGGAATGCAGCACACACCCCAACCCACACCAACTGCCACTGAAGATGAAGCCATGGTGGGCACAG
AACCAAAAACCCCACCCCTGCTAGCATCTCACCCTTGAGGTAATGCTGTGCAGAGGAAAAGGGACCTTCTTATACCCTGAGTGACCACTGTTGCTTGG
GGGGGATCAAAGAAGGCACCTTCACTGGCCAGCCACCCACCCCAAACCAGCACTACCTCCAGTGCAACAGCACACACAGCAGGGGCCCCCTGGCCCA
CACCCCAGCTGTTTTGCCTCCACCACTGGGTGAATGCCCACAGGGAGGCAGGGACTTTTGCATCTGGTAGCATTCTGCCACAGCTGCCGCACTTTGGTC
CCCTCAGTGCAGTGGACTCCAAACCTCGAGGAGCCAGAGAACAAAGTTGTGGCCCAATACAAGTTCCCCAGAGTTAAAGCACACAGTCCAAGAATTG
GGAGCTGCATGTTGGCCCCTTAAAATCCTCCAAAAACAAAACCTGTTGGCTGAATCCACCTTACACCACAATCAAATCCTCAAGGTCATCAGATATAAT
AAAGGAAAAATACCCTGTCCAAACGTCAGCAACCTCAAAGATTGAAGATGGATAAGCCCATAAAGATGAGAAAAAGACTCTGTGCAAGAACACTAAA
AACTCAAAAATTCAGCATGCCTTCTTTTCTCCAAATGACTGCATCAACTCTCCAGCAAGTGTTCAGAACTGGGCTGAGGCTGAGATGTCTGAAATGATA
CAAGCAGAGTTCAGGATATGGGTAGGAACAAAGTTCATTGCGTGAAAGAAGTATGTTGTAATCCAATACAAGGAAGCTAAAAATCATTGTAAAACATTG
CAGGAAGTAACAGACAAAAGAGCAAGTATAAAGAAGAAAATAACTGACCTGACAGAGCTGTAAATCACACTAGAAGAATTTTCATAATGCAGTCACAT
GGTGATTGTGTGTGATTGCATTATGAATATTATTGTATGTGTGGGCACCTGAGAGTGCCCTGTAAGCAGGTGTGGCCAGGCTGGGGTCCTGGGAGAGGC
AAGCAGACTAGGGAGGGCTGAGGTCAGACCAGCTCCATCTCATGTGCAAGACCATCCAACAGAATAGACCAAGAAGAGGAAAGAATCCCAGAGCTTG
AAAACTGGCTTTCTGAAATAAAACAGGCAAACAAGAATGGGGGAAAAAAGAATGAAAGGGAATGAACAAAACATCTGAGATATATGGGATTATATAAA
CGACCAAATCTATGACTGATTAATGTACCTGAAAGAGATGAGAATGGAACCAACTTGGAAAACACATTTCAGAATATCATTCATGAGAATGTCCCCAAC
CTAGCCAGACAGGCCAACATTCAACTTCAGGAAATCCAGAGAACCTCAGTAAGATATGCCATGAGAAGATCATCCCCAAGACACATAATCGTCAGATTT
TCTGAGGTCAAAATAAAAGAAAAAATGTTAAAGGCAGCTAGGGAGAAAGGCAACATCACCTGCAAAGGGAATTCCATCAGATTTAGCAGACCTCTCA
ACTGAAACTGTACAAGCCAGAAAAGACATTCAACATCTCAAAGAAAAGAAATTTCAACCCAGAATTTCATGTCCAGCAAAATTAAGCATCATAAGTGA
AGGAGAAACAAGATCCTTTTCAGACAAGCAAATGCTGAGGGAATTCGTTATCACCAGACCTACCTTACAAGAGCTCCTGAAGGAAGCACTAAATATGG
AAAGAAAAGACCACCACCAGCCACTACAGAAACACACTGAAGTACACAGACAAGTGATGCTAAAAACCAACTACATAAGTCTGCAAAAAAGCCAGCT
GACAGCATGACGACAGGATCAAATCCACACATACCATTACTAACCTTAAATGGAAATGGGCTAAATGCTCCAATTGAAAGACACAGGGGGCAAGCTGG
ATAAAGAACCAAGACCCATTGGAGTATGCCGTCTTCAAGAAACCCATCTCACATGCAGTGCCATACATAGGCTCAAAATAAAGGAATGGAGAAAAATAT
TTCAAGGAAATGGAAAACAGAAAAAAGCAGGTGTTGCACTCCTAGTTTCTGACAAAACAGACTATACCAATACAGATTAAAAAAAAAAAGAGGGCTG
GGCGCGGTGGTTTACGCCTGTAATCCCAGCACTTTCGGAGGCTGAGACGGATGGATCACAAGGTCAGGAGATCGAGACCATCCTGGCTAACACGGTGA
AACCCTGTCTCTACGAAAAATACAAAAAATTAGCTGGGCATGGTGGCGGGTGCCTGTAGTCCCAGCTACTTGGGAGGCTGAGGCAGGAGAATGGTGTG
AACCTGGGAGGTGGAGCTTGCAGTGAGCCAAGATCGTGCCACTGCACTGCAGCCCAGGAGAGACAGTGAGACTCCGTCTCAAAAAAAAAAAAAAAA
AAAAAAAAAAAAACAGAAGGAGATTACAAAGGTGGTCCTGACCTTTGATAAATCTCATTATTGCTTGATACCAACCTGGGCTATCTTTATTGCCCAAAC
CAATAGGATAATGTGCTGAGGTTAGGGAGCTTCTCCCCCGCAGATAATCCCTGATCTCCCAAAATTTGGTTGACATCTAAGGTTGATTGCCATACAACTC
CTTTTCTGAAGTTTTACTTATTTCCAACAAGGCAAGTTTTCCTGCTTCCATGATGATGGAGAGCAGGCACCTCCTTTCTTGAGTTTCAGCTTGCTTCTAK
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Sequential Organization of Genomes	


Determination of the concentration fluctuation function C(l) and its local slope the correlation coefficient 
δ(l) reveal multi-scaling long-range correlation up to 106 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 this might only be due to a strong and definite three-dimensional genome organization.	
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TTGTCTGGAATGCTTTTTCCCCAGATATCCTCCTAGCTTTCTCTTTCCATTCCTTCAGTTCTTTATTTAAAACCCCCTTTCTAAGAAGAAGAGGAAAAAGG
GTAAAAAGAAACACATTAAGGAACAACCACTTTCTGAGGAAGAACGGTGTGCTACCCAGACGCGTCATGCTTAAGGTTCAATTGGGTGCCTACCAGGG
ATGCTCTCTAACGTAACGAAGGGAAGGTTCAGTGAAACAAAGTGATTTATCATCTCTAACTTCAAACCCATTTGTATCTTGACATCAACGCTGTTAACCT
TATGTCATCATTTCTTAGAGACTTTGATATACAAATAAAAGGTTTTTGTATTAGAAAAAAAAAATCCCCTTTCTCAGCAGGGACTTTTCTGACCATCCCAA
CTTTCCCACCACCCTCCCCATCAAACACATAAACATTTCATTTTCCTGCTTTAGTTTTTCTCCTGTAACATCCTGTATATTTTGCCTTATCTGTCTGTTGTTA
TTGTGTGTTTTTCTCACTCTCATGAATAGGGTTTTTATTTTTCACTACCATATCCTCACTGCCTAGAAAAAGGCCTAGCATATTGGATGAAGCTACCTAAC
AAATACTTATTAAATGAGTGAAGGGAGTTTATCCTGGATATATTGTTTGATTAATTCTCACTTTAAAAATGTTTGACGTGGTTCATTCTAACAGTTTTGCCC
AGTAATTACATGCATTTTTAAAATTGTTTTGGCTTTTTATAATAAGCTACATTCTTTATATTAATTTTTTTATTTAGAGAGAAAAGCCCAATATTGTGGTTATT
CACTATTTATTCTTTTACTAGTAATCATAATTGTAATTATGGCAAACTGAGTCAGAGGAATTGCAAAGTTTACTGGTATTTTATTTTATTTTGAGATGGAGTC
TCGCTGTATCCCCCAGGCTGGAGTTCAGTGGTATGATCTCAGTTCACTGCAACCTCCACCTTCTGGTTCATGCATTTCTCCTCCCTCAGCCTCCCAAGGA
GCTGGGATTATGGGGGCATGCCACCACGCCCAGCTAATATTTGTATTTTTAATAAAGATGGGGTTTCACCCCATTGGTCAGGCTGGTCTCGAACTCTGTA
CCTCAGGTGATCCACCCACTTCGGCCTTTCAAAGTGCTGGGATTACAGGCATGAGCCACCGCACCTGGCCACTAGTATTTTATTTAAAAAAAAAATTAG
GGTGGCACATTTAATGGACTTACAAATTCTTTTCAAGGGATTATGAACCTTTGGTATTTGAAATAAAGAGACAGAGTTGGAATTTTTTGCTTCCTATAGTA
AGAGGAATACTGGTCAGGCACTGTCTATTCTGATGGAGCAGGTGCTGCTGCATGGCTGTATTTCAGAAGCAAGCTGCTCACATTGATATTGGTTGGTGA
GCAAGAGCAGTGGTCATTGATTGACTAGATTTCAAACTGGCTTTGTGTGGCTTCTTGTTACCATTGGTACAAGTCATTTCTTTCCTAAGTTAGAGTCAAC
TTTAACCGAAAATTTTCTGTATAAAAGTTGCCTTCAATTAACTATGTTCAAAATGAAACTATTTTATATTCCAGAATTGTAGACTTCATTTTAAAATTTTGG
TCAAGATGAATTGGTTAATAACAGCTCTCAGGAATATCTGTTTTCTTTTTTAAAAAATACATATTTCTCTGTATAATTTATTCCTTAAAATTAATTATTTTCT
TTCTGTTTTTGGTATTTTTAGAAGCTTTTGCTCAAGTCCTAACATAATCTCCAGTAGGAGATTTTAGTCTCTTTGTCAGTTCATGTATGTATATGGTAGTGA
TACTCTACTCTCTTTTTAAATTCCTTTTCTTGTTCACTTTCTTCTCAGTACAATAACGGTGATATTCTTATACATCTTTACCTCATTTAAAAGTAATTACAGTT
TGCTGCTGGCAAATTCAGCTTTTTATATTTTTACTAAATACTAGGCTAAAAGTGAAGAAAATTTACCAGGTCATTTTATTTTCAAACAAAATCATTACTAAT
AAAAATTGCTATCTTTGAAATATAAATAATGACATTTTGATATTTTAAAAGTAAGGATACACCCCCCCCCCAATAGTTTGGCTTTGTGTTTCCACCCAAAT
CTCGTGTCAAATTGTAATTCCCAGGTGTTGAGAGAAAGACCAGCTGGGAGGTATTGGATCATGGGGTCGGTTTCCTCCATGCTGTTCTCGTGATAGTGA
GTTCTCACAAGAGCAGATAATTCTATAATGGGCTCTTTCCCTTTCACTTCTCTCTCTCCTGCCACCTTTTGAAGAAGTTGCCTGCTTCCCCTTTACGTTCT
GCCATGATTGTAAGTTTCCTGAGGCCTTCCCAGCCATGTGTAACTGTGAATCAATTAAGCCTCTTTCCTTTATGAATTACCCAGTCTCAGGTATATATATAT
ATTTTTTTTTTTTTTTCTTTATTCCACTCATCAGTTGGTGGACACTGGCTGATAACATATCTTTGCATATGTGAATTGTGCTGCAGTAAACATATGTATATAG
GTGTCTTTTTGAGAGTATGATTTCTTTTATTTTGGGTAGGTATCCAGAAATGAGAACGCTGGATAGAATGGTAAGATCTATTTAAAAGAACTCTCCATAAT
GTTTTCCATAGATTTGTACTAATTTGTATCCCCACCAGCAGTGTATAACTCTTTTTTCACCACATCCACACCAACATCTGCTGTTTTTTTTATTTTAGTAGTG
ACCATTCTGGCTGAAGTGAGGTGATATCTCACTGTTGTTTTATTGTACATTTCCCTGATGATTAGTAATATTTAGCATGTTTTTATATTCTTGTTCACCATTT
GTACATCTTCTTTTGAGCAATGTCTATTCATGTCATGTGCCCACTTTTTAATGGAATTATTTGTATTTTTCCTGCTGATTTGTTTGAGTTTCTGGTAGGTTAT
GGACATTAATCCTTTGTTAGATTCATAATTTGCCCATATTTTCCCCATTGTATAGGTTGTTGGCTCACTTTGATGATTATTTCTTTTGCTGTGCTGAAGCTTT
TTACTTTAATTAGGTCTTTATTTATTTATTTATTTATTTTTATTTTTGTTGCTTTTGCTTTCAGGGTCCTCATCATAAATTATTTGCCTAGGCTGATGTCTTCAG
GTCTTAGGTTTAGGCCATTAATCCATCTTGAATTAATTTTTTTACATGGTGAGAGATAGAGATCCAATTTTATTCTTCTATATGTGACTATCTTTTTTTCCCA
GCACCATTTGTTGAATAACGTGTGCTTTCTCCAGTGTATGTTTTTGTATCCTTTCTCAAAGATCATTTGGTTGTAAGTGGCCTTTTTTCTGAGTTGTCTATT
CTGTTCCATTGATCTGTGTATCTACTTTTATATCAGTACCACGATGTTTGTTACTGTGGCCTTAGAGTATAATTTGAAGTCAGGTAATGTGATGCCAACATG
TTTGTTCCTTTTGCTTGGCATGTCTGTTGCTATTCAGGCTCTTTTGTGGTTCTACATGAATGGCAGCTTTTTAAAATAACTCTGTGAAGAATGACATTGGT
ACTTTGGTAGAAACTGTATTGACTCTGTAGACTACTTTGGGCACTATGGCATTTTCACAATATCAATGCTTTCAGTCCAGGAACATAGAATGTATGTTCAT
TTATTTGTATCATCTGTGATTTTCTTCAGTGGTGTTTTCCAGTTATCCTTTGATAGATCACTCACCTCCTTCATTAAGTATATTCCTAGGTATTTTACTGTTTT
GCAGCCATTGTAAAAAGAATTGGATTCTTGATATGACTCTCAGCTTGGTTGTAGTTGGTGTATAGTGGTACTATTCATTGGTATTTGTATATTTTGTAACCT
CTGAGACTTTACTAAATTCATTTATCAAATCTAGGAGTGTTTTGTAGGAGTCTGTAGGGTTTTCTAGGCATAAGATCATATCATTGGTGAAGAGAGAGTTT
GACTTTCTCTTTTCCAATTTGGATGCCCTTTATTTCTCTTGCCCAATTGCTCTGCCTAGGGCTTCCCAGTTTTCTTCTTAATATGCATGAAATAAAAGTAA
AATTGAAAGCGATTGTTGATCAGTTTATTTCACATTTCTCTCTCATACACAAATAAAATGAATTCAAAGTTCTATGTTAAAAACACAATATTAGAGCCTGT
CTTGTTCCAAAGGGAATTTCTAAGTTGTCTATAGATTACAGAGGAATCAAGAATATAAGTGGAAACTGTTTCCAAAAAATAAACATAAAAAGTTTAGGTT
AACACAGGGGTTTCCAATCCCCAGGCCACAGACCAGTACCAGTCCCTGGCCTGTTAGGACCTGGGCCACACAGCAAGAGGTTAGTGGTAGGGAGCAA
GTGAAGCTTCATCTGTTTACAGCCACTCTCTGTCACTCACATTACCTTCTGAGCTCCTCCTCCTGTCAGATCAGCGGTGACATTAGATTGTCATAGGAGT
GTGACTTGAACCCTATTGCAAGCTGCTCATGCATGGGATATAGGTTGTTCACTCCTTATGAGAATCTATTGCTTTCTGATCTGTCACCATCTCCTGTCACC
CCTAGATGAGACCATCTAGTTGCAGGAAAACAAGCTGAGGGCTCCCACTGATTCTACATGATGGCGAGTTATATAATTATTTCATTATATATTAGTAATAAT
AGAAATGAAGTGCACAATGTATGTAATGTGCTTGAATCATCCTGGAACCATCCCCCACCTCAGGTCCATGGAAAAATTATCTTCCACAAAACTAGTCCC
TGGTGCCAACATGACTGTGAGAGCAGGTTTAACAGATGTGAAACCCCTTTGTCTTGTCTTGGATTAATGTGCAGATATACATTGTGTGAATGACATCTGA
TGGTGCCATCTTGCCCTGTAGATCATTTTAGGGACACCTCCAGTATTTCATGAAAATTAAATTTTCTTCTAGTGATGAACAAAATGATACCCGGAAACAA
CTTTCTGAAGAACAGAACACTGGAATATCACAAGATGAGATTCTGACTAATAAACAAAAGCAGATAGAAGTGGCTGAACAGAAAATGAATTCTGAGGT
ATTTTCTTTAGTCATTTTCAAATGTTTTCATATGTGTATATATTTTTAAAAAGCTTTATTTTGGAAGGTATAAAGGATTTTTAAATCACATATATACACACGTG
TGTGTGTGTGTATATATATGTGTGTGTGTATATATATACACACACACACACACACACCCTGTATATCCTTGGTCATATATTTATATATGTACATATAGGATAAA
ACCATGTTCTTAATTCAACTGCATTTGCCTGCAACAGTCGAGTAGTGACCTTCACAATGGCCTCAATCCAAAGGAAAAGCATTTGATATTTTTCATAAGA
ATTGATTATCTTTCCAATATCAAAAATAAGTTTTGCTACTAACAACAGATTTGCTAGTTTTGGGACATTAGTTCTTTTTAAAATATTAATAGAGAAGTCAGT
TTGTTATTTTCACTAACAGGAAAGTAGGAAATGTACAGCTGGGTCAGAGGCCACATTGTGGATGTCATTATCCTTGCTTTTGAGGAGAGGAACAGTTTG
CTCCGAGTAGTTTCTCATTTCAATGCAAAGAGCTTTGAAAACAATGACATGCCATGATACACATTTAGTGATAATTTATTGATAAGTATTTTGTTCCCAGA
TGAATAGTTCAGTATGTTTCCCCTATTTCACACTTACTACTACAATGTTTCAAACATTATAAAGAGGAAAGAAAAGTTATTGCAATGGCAAATAATCTCAT
GATTTCTAAGAAAAGCCTTGTAAGTTATATCTTATTTACCATTTGTATTTTGAAATAAAAGGTTTCTTTTATATTTATATATTTACACCACAGAAGCAACTGT
GATTTTGTGGAGGATCACTAGCAGTAGCATCAGAAGACCTGGCAAAAATCCTGCACGTTGCATATATACGTGTGTGTGTGTGTGTGTGTGTGTGTGTTTG
TGTGTGTGTATTCTAGATGGAGTCTTGCACTGTCACCCACGCTGGAGTGCAGTGGCACAAACTCAGTTCACTGCAACCTCTGCCTCCCAGGTTCACACG
ATTCTCCTGCCTCAGCCTCCTGAAGTGCTGGGATTACAGGTGTGAGCCACTGGTCCTGGCTGCATATATTTTTTGACCTCTCCTTTTAAGAATCGTGATC
CTAAATGAGTTGAGTGTTGTATGTAGAAGTGCAATGCTTAGATGCAGATGTGTACATTGTAGAAGGGTACAATGCTTAGATTTAACAGTTATGAATAAATG
TAATGCTTACAACTGACTGTAAAAATATTAGAAAAGCAGTATATTGATAAAACATTCCTCAGAAAAAGGAACTTAAAGAACTTTGAGGAATTGCTTCTGT
CCTAATATATGCATAGCTAAGGCTCTTATGATGGTGTGGTTTATAGGTTAGATATCAGAGTGTAAACCCAATTTAAAAAATGTAGCCAAATATATTAATCTT
CTATTTTATGCCTCTGGGTTTTTTGTAATTCAGAGAAAGGCTTTTCCAATTCTGAAATTCTTAAAAATCCTCTAGTGATTTATTTTTCATGGTCTTTAGATA
AATATTTCAACTTTTTGGAATTTACACTCTTTTAGATTTGAAGTTTTGTCCAACTTTTTTCCAGTTAAATATCCACTATGGGAATTATTTCATTATACAAATA
TAAATGTCATTCTTTAATTTTAGAAGAAATCATGATATGTCATTCTATTGAGTGCTAACTAAAAGTTCCCTTTGTTTACTTAGCTTTCTCTTAGTCATAAGA
AAGAAGAAGATCTCTTGCGTGAAAACAGCGTGTTGCAGGAAGAAATTGCCATGCTAAGACTGGAACTAGATGAAACAAAACATCAGAACCAGCTAAG
GGAAAATAAAATTTTGGAGGAAATTGAAAGTGTGAAAGAAAAGACTGATAAACTTCTAAGGGCTATGCAATTGAATGAAGAAGCATTAACGAAAACC

AATATTTAAGTACAGTGGACAGCTTAGGATTTTGACAACTGAGAATGCTCAGTTCTGAACTGGAGAGTGTAAGACACAGCTAGGAAACACTGGAAATGG
AAATTCAATCATGTCATTGTAGACTGACTACTGCTCTACATGATTGTGATCAAAGTCAGATAGCTGAAAGGGACTTCTTTCCAGAGAACAAACATGAAC
AGGTTTATTTACAGGAGAAAATGAATTCTCATATATCTCACCTAAAAGATAACAGTGAGATTCTTTCTGAACAACTCTAACGCTGACAGTAAAATTAACA
ACCTAAAAATTAAGCTCCATCACACAGGATAAATTCTGAGAGAAAAGATGAGGCAGGCCACCATCTTTCCTGTTTGGGCAACTTAGCCATTCCAGCGTG
CGGGCTTTGGAGAGTACAAACCCACCAGGGGCAGAAGAGATCCTGTGGCATAGCACAGCTGCTTTACCAAATCATGGCCAGAATGCTTCTGTAAGCAG
GCCCCTGATCCTGTTCCTTGTCACTGGACAGGATCTCCCACCTGAGGCCTCCAGCTACACCCACCAGTGTTCCCTGGCCAATGGAGATTTGAAACCTTC
CTGGGACAGAGTTCCCAGAGAGAGGGGTGGGCCATGACCTTTGTTGTTTGGGCAACTAGCCCTTCTGGCCTGTGGGCTTTGGAGAGCCCAAGCTGACC
AGGGGTGGAAGTGGTACCTCAGCACAGAACAGCCACCCTGCGAAAACGTGGCCAGATTCTTGTTTAAGCCAGTCCCCAACCACATTTCTAATCACTGG
CTGGAGCCTTTCAACCAGGGTCTCCAGCCACCTTCACTGCTGTTCTCTGGCTGACAGAGGTTTCAGGCCTCCTGAGTGAGAGCTCCCAGGGGGAGGAC
CAGACTGTCATCTTTGCTGTTTGGATGACTCAGCCAGTTCAGTCTTAGAGTTTCAGAGTGTCTGAGGAGACCAGGGGCTGAAGTGAACCCCCCGCACA
GCATAGCCACTCTACAAAAACGTGGCCAGACTTCTTTTTTAAACAAGTCCCTATTCCTGTTCCTCCTTACTAGGCAAGACTTCTCAACTTGCTTCCAGTC
ACATCCTACAGGTGTGTTCAGATTGGCAACAGGTTCATACCTCAGAGGTACAGAGCTCCCAGAGGGAAGGGCAGGTTATCGTCTTTGCTTTTTCGCAGG
CTTCACTGCTGATACCTTCAGCCACTGGAAAATACGAGGCAATTGGCGACTGGAGTGGACCCCCAGCATACCACGGCAGCCCCACAGAAAAGTGGCCA
GACTGTTATGTGGGTGCCCATTTCCATATCTCCTCGATGGGCAGGTCTTCCTGGCCTGGGTCTCCAGCCAGCCCCCCACTTGAGCTTTCAAGCCAGTAG
CAACTCAGCAACTCCCTGGACAGAGCTTCCAGGAGCAACAGAAATCCTCTCTGCCACTGCCTCTGCAGTGGAACTGCCCTTGCTACCCTCAGAATATC
AAGGGAGCAAAGACCCTAAGTACCATATTGACACCTCCAACAAGCTGCAGTTGACACAAGGAACAAGTCAGTCCATCTTCCACAGGTACAACACACCC
CTTACTGCTCATCACCAGACAAGGAACCCTGGCTTGGGCCCACAACACAGACCCTCCATCCTGGGGTGATTACATTAAGTAACTGCTAACTTACACCTC

TCTGGGGTGGAGCCCCCAGGAGACAAGGAAAGTGGTGGAGCAGCAAGTCAGCTGATGTGGAGCCCGGAGGGCAGGGACAGCTATGTCTCTAGGCTCC
ACTTGCTCTTATGAGACACTTTATCCCAGCACTTTAGGAGTGCTGAGGTCAGACCAGCCCCATCTCACATGCAGGATTGCCCAGCACAGATCAGGTCTA
AGAGTTCTCTTCGTAAAAAAGGGGACTTGCTTAAAAAAGAAGTCTGGCCACGTTTGTGTAGAGCAGTTGTGCTGTGCTGAGGATTCACTTTTGAGAGA
GTTCTCCTCTGAGACCTGATCTGTGCTGGGCAGTCTTGCACATGAGATGGGGCTGGTCTGACCTCAGCACCCCTTAGTCTGCTTGCCTCTCCCAGGACC
CCAGCCAGGCCACACCTGCTTAGAGGGCACTTTCGGGTGCCCACACCATAGCTTCTGTACAAGCGGACCATGCCTGATCAATGGAGAGCTGCAGCAAG
GTGACCTCTACAGCCACGCACTAGCCTGCACATTACCTCTCCATACTGCAGCCCTTTATATGGAAACTTCCTACATCACTTTGCTGTGTGTGTTTACACAG
GTGGGTTTTGTTGTACTTGCCCTAACAGCATATGGGAATGCAGCACACACCCCAACCCACACCAACTGCCACTGAAGATGAAGCCATGGTGGGCACAG
AACCAAAAACCCCACCCCTGCTAGCATCTCACCCTTGAGGTAATGCTGTGCAGAGGAAAAGGGACCTTCTTATACCCTGAGTGACCACTGTTGCTTGG
GGGGGATCAAAGAAGGCACCTTCACTGGCCAGCCACCCACCCCAAACCAGCACTACCTCCAGTGCAACAGCACACACAGCAGGGGCCCCCTGGCCCA
CACCCCAGCTGTTTTGCCTCCACCACTGGGTGAATGCCCACAGGGAGGCAGGGACTTTTGCATCTGGTAGCATTCTGCCACAGCTGCCGCACTTTGGTC
CCCTCAGTGCAGTGGACTCCAAACCTCGAGGAGCCAGAGAACAAAGTTGTGGCCCAATACAAGTTCCCCAGAGTTAAAGCACACAGTCCAAGAATTG
GGAGCTGCATGTTGGCCCCTTAAAATCCTCCAAAAACAAAACCTGTTGGCTGAATCCACCTTACACCACAATCAAATCCTCAAGGTCATCAGATATAAT
AAAGGAAAAATACCCTGTCCAAACGTCAGCAACCTCAAAGATTGAAGATGGATAAGCCCATAAAGATGAGAAAAAGACTCTGTGCAAGAACACTAAA
AACTCAAAAATTCAGCATGCCTTCTTTTCTCCAAATGACTGCATCAACTCTCCAGCAAGTGTTCAGAACTGGGCTGAGGCTGAGATGTCTGAAATGATA
CAAGCAGAGTTCAGGATATGGGTAGGAACAAAGTTCATTGCGTGAAAGAAGTATGTTGTAATCCAATACAAGGAAGCTAAAAATCATTGTAAAACATTG
CAGGAAGTAACAGACAAAAGAGCAAGTATAAAGAAGAAAATAACTGACCTGACAGAGCTGTAAATCACACTAGAAGAATTTTCATAATGCAGTCACAT
GGTGATTGTGTGTGATTGCATTATGAATATTATTGTATGTGTGGGCACCTGAGAGTGCCCTGTAAGCAGGTGTGGCCAGGCTGGGGTCCTGGGAGAGGC
AAGCAGACTAGGGAGGGCTGAGGTCAGACCAGCTCCATCTCATGTGCAAGACCATCCAACAGAATAGACCAAGAAGAGGAAAGAATCCCAGAGCTTG
AAAACTGGCTTTCTGAAATAAAACAGGCAAACAAGAATGGGGGAAAAAAGAATGAAAGGGAATGAACAAAACATCTGAGATATATGGGATTATATAAA
CGACCAAATCTATGACTGATTAATGTACCTGAAAGAGATGAGAATGGAACCAACTTGGAAAACACATTTCAGAATATCATTCATGAGAATGTCCCCAAC
CTAGCCAGACAGGCCAACATTCAACTTCAGGAAATCCAGAGAACCTCAGTAAGATATGCCATGAGAAGATCATCCCCAAGACACATAATCGTCAGATTT
TCTGAGGTCAAAATAAAAGAAAAAATGTTAAAGGCAGCTAGGGAGAAAGGCAACATCACCTGCAAAGGGAATTCCATCAGATTTAGCAGACCTCTCA
ACTGAAACTGTACAAGCCAGAAAAGACATTCAACATCTCAAAGAAAAGAAATTTCAACCCAGAATTTCATGTCCAGCAAAATTAAGCATCATAAGTGA
AGGAGAAACAAGATCCTTTTCAGACAAGCAAATGCTGAGGGAATTCGTTATCACCAGACCTACCTTACAAGAGCTCCTGAAGGAAGCACTAAATATGG
AAAGAAAAGACCACCACCAGCCACTACAGAAACACACTGAAGTACACAGACAAGTGATGCTAAAAACCAACTACATAAGTCTGCAAAAAAGCCAGCT
GACAGCATGACGACAGGATCAAATCCACACATACCATTACTAACCTTAAATGGAAATGGGCTAAATGCTCCAATTGAAAGACACAGGGGGCAAGCTGG
ATAAAGAACCAAGACCCATTGGAGTATGCCGTCTTCAAGAAACCCATCTCACATGCAGTGCCATACATAGGCTCAAAATAAAGGAATGGAGAAAAATAT
TTCAAGGAAATGGAAAACAGAAAAAAGCAGGTGTTGCACTCCTAGTTTCTGACAAAACAGACTATACCAATACAGATTAAAAAAAAAAAGAGGGCTG
GGCGCGGTGGTTTACGCCTGTAATCCCAGCACTTTCGGAGGCTGAGACGGATGGATCACAAGGTCAGGAGATCGAGACCATCCTGGCTAACACGGTGA
AACCCTGTCTCTACGAAAAATACAAAAAATTAGCTGGGCATGGTGGCGGGTGCCTGTAGTCCCAGCTACTTGGGAGGCTGAGGCAGGAGAATGGTGTG
AACCTGGGAGGTGGAGCTTGCAGTGAGCCAAGATCGTGCCACTGCACTGCAGCCCAGGAGAGACAGTGAGACTCCGTCTCAAAAAAAAAAAAAAAA
AAAAAAAAAAAAACAGAAGGAGATTACAAAGGTGGTCCTGACCTTTGATAAATCTCATTATTGCTTGATACCAACCTGGGCTATCTTTATTGCCCAAAC
CAATAGGATAATGTGCTGAGGTTAGGGAGCTTCTCCCCCGCAGATAATCCCTGATCTCCCAAAATTTGGTTGACATCTAAGGTTGATTGCCATACAACTC
CTTTTCTGAAGTTTTACTTATTTCCAACAAGGCAAGTTTTCCTGCTTCCATGATGATGGAGAGCAGGCACCTCCTTTCTTGAGTTTCAGCTTGCTTCTAK

Chance to find a T again in a 
distance of x base pairs???	
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Fine-Structured Multi-Scaling Long-Range	


Correlations of Homo sapiens	



The general behaveour is characterized by first maximum of the correlation coefficient d(l) at ~250 bp and at 
1x105 to 3x105 bp, both due to a globular block structure of genomes. Due to their fine structure the first is 

attributable to nucleosomal binding and the latter due to aggregation of chromatin loops as in the MLS model.	



Thus, the sequential organization is closely connected to the three-dimensional organization of genomes. 	



general behaviour	



fine structure	



the fine structure 
survives averaging 
over several human 
chromosomes. 	
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Conclusion	


Every structural level of nuclear organization including its dynamics is	



connected and represented in all the other levels.	



Ø  	

 Only the MLS model leads to chromosome territories with subcompartments agreeing 
qualitatively and quantitatively with experiments.	


	



Ø  	

 Comparison  between  simulated  and  experimental  spatial  distances  between  genetic 
markers favours and MLS model with 80 to 120 kbp loops and linkers.	



Ø  	

 The nuclear morphology or chromatin distribution is tightly connected to the folding 
topology of the chromatin fiber.	



Ø  	

 Scaling analysis of the chromatin fiber topology and nuclear morphology reveals a fine-
structured multi-scaling behaveour and allows a detailed description model changes. 	



Ø  	

 Most biological particles (molecules, proteins…) could reach almost any location in the 
nucleus by only moderately obstructed diffusion in agreement with in vivo experiments.	



Ø  	

 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 MLS model is favoured.	
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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 µm diameter. This 
agrees with a simulated displacement of 10 nm sized particles of ~1 - 2 µm 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. 
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