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Physics of the cel

Large -scale organization of living information

A For small scale organization: lecture by Bar



Large -scale organization of DNA in the nucleus
A The packing problem:
What are the basic scales and geometry of cellular DNA?
A What isthe underlyingohysics?
A What are the building blocks of chromosoneeganization?

A How can physical forces affect biological function?



Living matter carries blueprint for self  -construction

A Living matter is active and heterogeneous, with numerous diverse species of:
A Protein machines: enzyme, motors, information processors.
A RNAs: ribosomes, mMRNA, tRNA, small RNAs
A Signaling and contr ol mol ecul esé

A The information required to construct all this is huge
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e.g. base pair (bp) has four possibilities = I =log,(4) = 2
A How this information is stored and processed in the cell?

Fig. from Cell Biology By The Number#ilo & Philips



Genome lengths spread over 5 -6 orders of magnitude

A But the number of genes varies much less.

mostly coding DNA mostly non-coding DNA
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Long genome are packed into micron -scale nuclel
Species Length #m) Nucleus &m) [Folding ratic
Human 2d40=2m 10 240
Mouse 1.8a0° 8 24
Fruit Fly 5d0*=5cm 5 104
Yeast 4 a0 2 2380
E.coli 1.5a03 1 1.5a0
T4 (virus) | 50 0.05 103

Human fibroblast cells (nuclei in green)
(CBBTNA Milo & Philips)

A The nucleus is hallmark of the eukaryotes.

A The nucleus containsiost of the cell's genetic
material + with many other proteins.

A Basepair lengthd 3A

A Basepair volume & 1nms.
A 1®bpa1>md

A Volume fraction DNA/nucleud 1%

A In virus, volume fraction dj.



DNA is packed in a hierarchical structure
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Nucleosome = octamer of histone proteins.
~150 bp are rolled around each nucleosome.

10-nm beadson-a string fiber

030-nm fiber 6 : di sks of ~ 6
~1000 bp per disk.

Chromatin = DNA+histonet € comp |l e
Functions:

packaging DNA

Strengthening DNA for mitosis.

Preventing DNA damage.

Controlling gene expression and replication.

Chromosome = packaged DNA molecule.



The geometry of chromatin depends
on cell cycle and gene expression

prepare for 5 & ch'omoson‘\e
A Global structure depends on cell cycle: il i ‘ ’ A ) v
A Duringinterphase: chromatin is loose to allow NS 2;';{ <4
access tdRNA and DNA polymerases. Y \\ .y

A Local structure of chromatin during interphase
depends on genes expression:

A Euchromatin = Regions of actively transcribed s Interphase G,
genes ("turned on") are loosely packaged.
A Heterochromatin = regions of inactive genes 8 - ]
("turned off") are more condensed. ’
A chemical modification of histones also affects packaging. ;?N/t\ e ‘E,‘,'
The 30nm Fibre Active Chromosome The Metaphase Chromosome




To Do o

Chromosomes are long DNA polymers

Polymers = long molecules dominated by coiling and flexibility.

Persistence length = the scale of the random walk.
For dsDNA.: a =50 nm =150 bp
For chromatin fiber: a=150nm (rough estimate).

LN UNUN NN

Density in 36nm fiber ~ 100bp/nm




Basics of polymer physics: a crash course

A - Random wal kR~(a&3 deal 6) : l
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A Selfavoidingvalk: R ~a §° l

M . Kardar MIT : http://www.mit.edu/~kardar/teaching/lITS/lecture6/f6-compacts.pdf



Il n equil i brium polymer omel't

A Inside dense globule:
A Selfrepulsion is screened.
A Density of monomers ~ const
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de GennesScaling concepts polymer physicsl979



In equilibrium globule chains are intertwined and knotted

A Globule size: R, ~aN¥s3.

A Inside globuleR< R, ., 0r s < N3):

A Longer scalefR> R, or s> N23);

R~ Rnax

From Sam Safran, Physscdt condensed matter: Stédechll



But chromosomes are territorial: each chromosome
occupies a distinct region in the nucleus

(1 2 3R SEEN 7 28 9 10 RENY2 13 A1 217118 RLN20 AN 22 DG Y

TA.BolzerG.Kreth, I.SoloveiD.KoehlerK.SaracoglC.FauthS.Muller
R.EilsC.CremerMR.SpechePLoSBioR005



Interphase chromosomes spread into territories

Mitotic Chromosomes Interphase Chromosomes
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Chromosometerritories in HeLacells @, 5, 11)

Foster&Bridge005



Chromosome territories were discovered by measuring
the spread of laser damage

a Chromosome territory model Random organization model

A Old idea:RablandBoverisuggested
‘chromosome territorie$~100years ago.

Laser ©
damage damage

Pred( ction Pr@c iction
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A CTs were demonstrated in the earlh980%
in micro-laserexperiments by the brothers
Thomas and Christoph Cremer.

3(=X)-5 6-8 9-11




Chromosome territories contradict the equlibirium
globule picture (mixed pasta)




Crumpled (fractal) globule isa long-lived
non-equilibrium state of a collapsed polymer

Fast collapse: no time teptatee

equilibrium globule fractal globule

Grosberg NechaeyShakhnovichJ de Physiqu®88



To Do Io P>

Chromatin is territorial like the crumpled globule

Equilibrium

ScaleR. .,

Knots
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Intertwining, P(s} s¥2

Crumpled

End-to-End distance
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1
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saturaftion at
R~N1/3

distance, s (monomers)

Selfsimilar, fractal R(s) ~18

No knots.

No screening

Local territorial, P(s)~1/R(S)~1/s

To o To P>



DNA sequence provides natural coordinate for measuring
two -body spatial correlations in the chromosome

Chromosome Conformation Capture (many variants)

in-trans Crosslinking of Chromatin
Interacting Loci Digestion

E a>./\;:>./\/i C(*a@
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— Barutcoet al., J CePhys2016

R J

Ligation DNA purification

in-cis

Science. 2009 October 9; 326(5950): 289-293. doi:10.1126/science.1181369.

Comprehensive mapping of long range interactions reveals

Chr 14

folding principles of the human genome

Erez Lieberman-Aiden.2.3.4." Nynke L. van Berkum®:", Louise Williams, Maxim
Imakaev?, Tobias Ragoczye"7 Agnes Tellingsv_", Ido Amit, Bryan R. Lajoie5, Peter J.
Sabo®, Michael O. Dorschner®, Richard Sandstrom®, Bradley Bernstein 9, M. A.
Bender !0, Mark Groudine® 7. Andreas Gnirke!, John Stamatoyannopoulos8, Leonid A.
Mirny2-1 1, Eric S. Lander'.12.13.T and Job Dekker> T




Chromosome Conformation Capture reveals the scaling
of the 2-body correlation (meeting probability of loci)

P(s)/P(sp)
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A AlexanderGrosberg Topology in physics of polymers and biopoliateefeom J. Dekker.



Chromosome Territories are units of nuclear organization
with preferred position in the nucleus

A Non-randomneighborsto
facilitate propergeneexpression.

A Variabilitybetweencell types.

Nonrandom
chromosome
clusters
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Centre —» Radial position —» Periphery

A Complexfoldedsurface: active
genes extend into the inter
chromatin space.

Activation

Repression

Imprinting
Co-regulation

Nature Reviews | Genetics

Cremer & Cremer2001



Chromosome territories are dynamic structures that
change following gene activity

A Examplethe movement oHoxb1 andHoxh9 as developmenprogresses.
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Hi-C measurements at kilo -bp resolution reveals
multiscale organization, in particular chromatin looping

Matrices

Models

N

| Loop

Ordinary  Loop Convergent
Subcompartments Domain Domain Cohesin CTCSIJ:

Suhast al. Cell2014



The inter -chromatin domain is full of activity: three models

Interchromosome domain: Inter -chromatin compartment: Lattice model: extensive
activegenesat CT surface. CT surface loops into ICD for better intermingling of chromatin
access of transcription machinery fibers of adjacent CTs.

‘interchromosome

domain
»

RNAPII

splicing

Heard &Bickmore2007

genes from differenCTs co-localize
with transcriptionfactories



Topologically Associating Domains (TAD)
are subunits of chromosome organization

contact frequency
low C—————sssm high

TADs = domainsof e % ®
chromatinfiberswith RRE P s PR
diferent degrees of folding sosdin €2, i doadiodisndun
andcontacts.
e IR TN WEE W U Ewma
“void” chromatin Polycomb repressed chromatin active chromatin states

TADs are determined by
DNA composition and PeG complexes
transcriptional activity. chromatin

olding

Void andrepressedchromatin
has morecontacts than
chromatin of active genes.

TAD partition correlateswith

histonemodifications. ST R el PAs Y

nucleus

chromosome territories



TADs define h ierarchical organization of
genome that is conserved across species
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Chromatin loop configurations change through development

Random

A Pluripotent cells able to form arlineage have Ppiuripotent cell . .
configuration

unstructuredlocal chromatin topologies. /

A Progressivdineage restriction throughout = \
. . recursor
development accompaniday progressive cell types

Progressively
more fixed
configurations

constraint of chromatin looptopologies. /

Differentiated
Structural variations affecting TAD boundaries cell types

Sexton andCavalljCell2015
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Loop extrusion actively self -organizes the TADs

Nora et al., Cell 2017

A compartment
B compartment

Folding into insulated TADs Segregation of genomic compartments

May answer several questions:

A How dinsulator® prevent crosstalk among TADs.

A Checkerboard patterns of TADS.
A R(s) ~s¢ (x<1): another scale.s



Super-resolution microscopy
reveals a omarshland 6 of TADs

A Cremer, Cremer et al., FEBS L&t015



