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The problem of chromosome folding

➢ Each human cell contains ~6.5*10^9 basepairs of DNA => ~2m DNA

➢ DNA is hosted within the nucleus (~10microns=10-5m)

➢ Like a rope of ~100km into a backpack



Spatial organization of DNA and chromosomes

Ozer et al., Curr. Opin. Struct. Biol. (2015)
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a) Rise, fall and resurrection of chromosome territories: a 
historical perspective. Part I. The rise of chromosome territories.

b) Rise, fall and resurrection of chromosome territories: a 
historical perspective. Part II. Fall and resurrection of 
chromosome territories during the 1950s to 1980s. Part III. 
Chromosome territories and the functional nuclear 
architecture: experiments and models from the 1990s to the 
present.

Ozer et al., Curr. Opin. Struct. Biol. (2015)
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A digression on polymers

➢ https://boulderschool.yale.edu/2012/boulder-school-2012-lecture-notes
➢ See lectures by AY Grosberg and M Rubinstein

➢ Wang, Z-G, 50th Anniversary Perspective: Polymer Conformation - A 
Pedagogical Review, Macromolecules (2017); 10.1021/acs.macromol.7b01518

https://boulderschool.yale.edu/2012/boulder-school-2012-lecture-notes


Polymerization. Chain-reaction process of 
covalent bonding of elementary units:

➢ R = H => Polyethylene

➢ R = Cl => Polyvinylchloride (PVC)

➢ R = Benzene => Polystyrene

Aggregate states / dilution

1. Gas: dilute solutions

2. Liquid: semi-dilute solutions 
/ melts

3. Solid: rubber-elastic 
networks, polymer glasses, 
semi-crystalline polymers

Polymer architectures
Definition. Polymers (from Greek, poly=“many” + 
meros=“parts”) are chain molecules consisting of 
102-109 monomeric units joined together by 
chemical reaction.



Scales:

•kB T=4.1 pN*nm at 
room temperature 
(24 0C)

•Breaking covalent 
bond: ~10000 K;
bonds are NOT in 
bonds are NOT in 
equilibrium.
equilibrium.

•“Bending”and non-
covalent bonds 
compete with kB T

•Monomer size b~Å;
•Monomer mass m –

from 14 to ca 1000;
•Polymerization 

degree N~10to10 9;
•Contour length 

L~10 nm to 1 m.



Polymers in materials science
(e.g., alkanehydrocarbons –(CH

2 )-)
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Biopolymers

Proteins Nucleic acids: DNA, RNA Chromatin
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Polymer Physics is the study of 
polymer conformations

Statistical physics problem

Basic ideas (1930-60): Kuhn, Flory, 
Huggins, Stockmayer, James, Guth, 
Zimm, Rouse

Correlations / entanglements 
(1960-90): Edwards, de Gennes, 
des Cloizeaux

Total number of polymer conformations

(N) ~ 10N



Flexibility

•
Sufficiently long

polymer is never 
straight

•
Different polymers bend differently:



Physical models for ideal chains

i+2

> Freely-jointed chain: (i, i) unrestricted

i+1

> Freely-rotating chain: (i=, i unrestricted)
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Physical models for real chains



The problem of chromosome folding:
topological effects



J. Dekker (UMass, USA)



700 nm

Brownian Dynamics computer simulations of a generic Kremer-Grest (JCP (1990)) bead-spring polymer 
model:

~120,000 particles



700 nm

Brownian Dynamics computer simulations of a generic Kremer-Grest (JCP (1990)) bead-spring polymer 
model:

1) Chain connectivity => 

2) Chromatin stiffness => 

3) “Natural” DNA/chromatin density => 

4) Hard-core repulsion between monomers => 

~120,000 particles



✓Parameter-free model

✓Quantitative agreement with FISH and HiC experimental data

700 nm (Symbols) Experiments

(Lines) Simulations

~L2/3

yeast

fruit-fly

human chr4 (telomere)

human chr4 (bulk)



Do chromosomes behave like equilibrated linear polymers?

Species Chromos. length, Lchain Mixing time, tmix

S. cerevisiae ≈ 1Mbp ≈ 1hrs

D. melanogaster ≈ 10Mbp ≈ 1years

H. sapiens ≈ 100Mbp ≈ 100years
De Gennes, J Chem Phys (1971)

Doi & Edwards, The Theory of Polymer Dynamics

AR & Everaers, PLoS Comput Biol (2008)

- Partial structural relaxation

- No topological relaxation → Memory of 
the initial (topological) state, preserved!!



Do chromosomes behave like equilibrated linear polymers?

The motion of chain ends is irrelevant for the 
relaxation dynamics in the bulk of a (long) 
linear chain

AR & Everaers, PLoS Comput Biol (2008)



Do chromosomes behave like equilibrated linear polymers?

The motion of chain ends is irrelevant for the 
relaxation dynamics in the bulk of a (long) 
linear chain

Same bulk behavior for (unknotted & non-
concatenated) ring polymers and linear chains! AR & Everaers, PLoS Comput Biol (2008)



Melt of rings Melt of linear chains



Melt of rings Melt of linear chains



Melt of rings Melt of linear chains

Physics Letters (1985)

Grosberg, Soft Matter (2014)

Smrek & Grosberg, J. Phys.: Condens. Matter (2015)

Everaers, Grosberg, Rubinstein, AR, Soft Matter (2017)



Melt of rings

Physics Letters (1985)

AR & Everaers, PRL (2014)



Open loops & threadings

Rings

Linear chains



Open loops & threadings

Rings in elongational flows

O’Connor et al., PRL (2020)

Topological glass

Michieletto & Turner, PNAS (2016)

Slow relaxational dynamics

Tu et al., ACS Polymers Au (2023)



How do we quantify threadings?

Smrek, Kremer & AR

ACS Macro Letters (2019)

Schram, AR & Everaers

Soft Matter (2019)

Analogy to electrodynamics:

Smrek & Grosberg

ACS Macro Letters (2016)



AR & Everaers, PRL (2014)

Michieletto, Nahali & AR, PRL (2017)

Nahali & AR, JCP (2018)

Smrek, Kremer & AR, ACS ML (2019)

Schram, AR & Everaers, Soft Matter (2019)

Ubertini, Smrek & AR, Macromolecules (2022)

AR & Everaers, JPhysA (2016)

AR & Everaers, JCP (2016)

AR & Everaers, PRE (2017)

Everaers et al., Soft Matter (2017)

AR & Everaers, EPJE (2019)

In a slide… AR & Everaers, PlosCB (2008)

AR, Becker & Everaers, Biophys J (2010)

Di Stefano, AR, Belcastro, di Bernardo, Micheletti, PlosCB (2013)

Florescu, Thérizols & AR, PlosCB (2016)



Minimal surfaces

Jan Smrek (Uni-Vienna, Austria)

Kurt Kremer (MPI-Mainz, Germany)

Chromosomes & rings

Ralf Everaers (ENS-Lyon, France)

Electrodynamics & enclosed surfaces of rings

Raoul D. Schram (ENS-Lyon, France)

Credits

CA17139 - European Topology Interdisciplinary Action (EUTOPIA)

https://eutopia.unitn.eu/

HPC resources: PSMN (ENS-Lyon, FR); P2CHPD (UCB, Lyon 1, FR); CINECA (Bologna, IT); SISSA-
cluster (Trieste, Italy)



Thank you!
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