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Problem: why is it difficult to 
manage DNA?

• Human genome length about 2 meters = 6 feet;
• Nucleus size 10 micron = 0.0004 inches; 
• Increase all scales by a factor of a million:

• length 2000 kilometers;
• diameter 2 mm;
• packed in a few meters sized car...
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Wires



Viruses do it

Francoise 
Livolant,

ENS Paris



Some examples, with numbers:

Organism Genome 
length

Stored in… Ratio

Human 2 m 10 µm 200,000
Mouse 1.8 m 8 µm 200,000
Fruit Fly 5 cm 5 µm 10,000
Yeast 4 mm 2 µm 2000
Bacteria 
(E.coli)

1.5 mm 1 µm 1500

Virus (T4) 0.05 mm 0.05 µm 1000



Bacteria (procaryotes)
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Images: R.Kavenoff, B.Zimm (1976)

Diameter ~1µm
Length ~5µm
No nucleus, but nucleoid

Ruth Kavenoff ’66, of liver failure, February 13, 1997, at USCD Medical Center, Hillcrest, California. She earned a PhD in 
cell biology from Albert Einstein College of Medicine in 1971. Her scientific career was devoted to studying the structure 
of the reovirus genome, which she theorized has a single strand of RNA rather than several fragments, as is the widely 
accepted view. She did research in the ’70s at the University of California, San Diego, lab and received several fellowships 
and federal grants for her initial research. However, by the late ’70s and early ’80s, she was unable to obtain continued 
financial support for her research, which some believed could not be solved. She turned to developing visual displays to 
illustrate her theories, enlarging the DNA and RNA photographs taken through her electron microscope up to 250,000 
times. From these photos came an idea to not only illustrate her work, but also to fund her research using the 
enlargements to develop a line of posters, cards, and clothing. The lines, with names like DesignerGenes, BlueGenes, and 
GoodGenes, were sold in bookstores, science mail order houses, and the gift shop of the Federal Center for Disease 
Control in Atlanta. As the business thrived, she was able to continue her research, but was unable to prove her theory 
before her death.

Bruno H.Zimm
1920-2005



Some examples, with numbers:

Organism Genome 
length

Stored in… Ratio

Human 2 m 10 µm 200,000
Mouse 1.8 m 8 µm 200,000
Fruit Fly 5 cm 5 µm 10,000
Yeast 4 mm 2 µm 2000
Bacteria 
(E.coli)

1.5 mm 1 µm 1500

Virus (T4) 0.05 mm 0.05 µm 1000



Fishing lines… if not handled 
carefully

http://www.grandcanyontreks.org/olympic/olympiccleanup2006.htm



What does the most popular textbook 
(Alberts et al) say?

1998          2004                     2008

Evolution of the cartoon from edition to edition appears to be governed by aesthetics 
rather than scientific knowledge.

This book is wonderful! Cartoons are so clear – you almost do not 
need to read the actual text…  (from Amazon.com reader’s report)



Nucleosomes and chromatin 
fiber: pearls on a string

• Human genome length about 2 meters 20 centimeters;
• Nucleus size 10 micron = 0.0004 inches; 
• Increase all scales by a factor of a million:

• length 1000 kilometers 100 kilometers;
• diameter 2mm 1 cm;
• packed in a few meters sized car...



Chromosome territories

TA.Bolzer, G.Kreth, I.Solovei, D.Koehler, K.Saracoglu, C.Fauth, S.Muller, 
R.Eils, C.Cremer, MR.Specher, T.Cremer Three-dimensional maps of all 

chromosomes in human male fibroblast nuclei and prometaphase rosettes. 
PLoS Biol. 2005 May;3(5):e157. 

Thomas Cremer,
Heidelberg



Chromosome Capture experiments:
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Step 1: 
cross-link 
DNA

Step 2: 
cut DNA 
(restriction 
enzyme)

Step 3: 
sequence 
the cross-linked
piece 
of DNA 

Step 4: 
identify 
cross-linked
pieces 
in DNA 

Job Dekker
U. Mass. 

Medical center

Step 5: 
repeat 
many
times… 



Chromosome Capture data:

yeast

fruit fly

human

mouse
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Physicists?
Can you explain this?



The most beautiful among failed theories:
1867, W.Thomson: Atoms are smoke rings in ether

Peter G.Tait
1831-1901

William Thomson, 1st Baron Kelvin
1824-1907
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Tait: First Table of knots

Peter G.Tait
1831-1901



Resolution…
J.C.Maxwell, 1878:
(from his letter to Tait)
My soul is an entangled knot, 
Upon a liquid vortex wrought
By Intellect in the Unseen residing.
And thine doth like a convict sit, 
With marlinspike untwisting it 
Only to find its knottiness abiding;
Since all the tool for its untying 
In four-dimensional space are lying.

Percy Bysshe Shelley (1792-1822)
(from Prometeus Unbound)
My soul is an enchanted boat, 
Which, like a sleeping swan, doth float 
Upon the silver waves of thy sweet singing; 
And thine doth like an angel sit 
Beside a helm conducting it, 
Whilst all the winds with melody are ringing. 
It seems to float ever, forever, 
Upon that many-winding river, 
Between mountains, woods, abysses, 
A paradise of wildernesses! 
Till, like one in slumber bound, 
Borne to the ocean, I float down, around, 
Into a sea profound, of ever-spreading sound: 

James Clerk Maxwell
1831-1879



Modern Table of knots, Tait-style:

Graphics: P.Pieranski

Found in 
umbilical cords



1962, M.Delbrück: Long chain 
molecules, such as DNA, should 
tangle and form knots, just as 
annoying as fishing lines or shoe 
laces.

1961, H.Frisch, E.Wasserman: 
Complex organic molecules 
might be of complex 
topology, too.

Harry L.Frisch
1928-2007

M.Delbrück
1906-1981

Nobel Prize 1969

100 years later:



Max Delbrück
1906-1981

Jeanne Mammen, 1935-40
Hans Scheih: Porträt des Physikers und 

Molekularbiologen Max Delbrück, Bronze, 
2003. 

Gino Segre
“Faust in Copenhagen”





Pierre-Gilles de Gennes: 
reptation

Pierre-Gilles de Gennes
1932-2007

Nobel Prize 1991

Reptation time very 
rapidly increases with 
length, and for human 
DNA it is about 1000 

years



No reptation: Crumpled=fractal 
globule

AYG, S.Nechaev, E.Shakhnovich, 1988;
AYG, Y.Rabin, S.Havlin, A. Neer, 1993

Eugene Shakhnovich,
Harvard

Sergei Nechaev,
Paris Yitzhak Rabin,

Bar Ilan, Israel



With reptation – without reptation

Image from: Lieberman-Aiden et al, 2009



Crumpled/fractal globule
illustrations from J.de Physique (1988) and from Erez 

Lieberman-Aiden et al, Science (2009)



Bolzer A, Kreth G, Solovei I, Koehler D, Saracoglu K, Fauth
C, Muller S, Eils R, Cremer C, Speicher MR, Cremer T.

Three-dimensional maps of all chromosomes in human male 
fibroblast nuclei and prometaphase rosettes. PLoS Biol. 

2005 May;3(5):e157. 
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No reptation: territorial polymers

Kurt Kremer, 
Mainz (Germany)



Experiment, theory, and 
simulation: γ+β=2

Contact 
probability, γ

P(s)~s-γ

Surface 
roughness, β
Surf(s)~sβ

HiC, human (experiment) 1.08

HiC, mouse (experiment) 1.05

“ε”-expansion (generalized 
lattice animal model, theory)

1.09

Contact probability, melt of 
rings (simulation)

1.2

Structure factor (melt of rings, 
simulation)

0.93

Surface roughness (melt of 
rings, simulation) 

0.97



Is it useful?





Thank you for attention!

1878, J.C.Maxwell:
My soul is an entangled knot, 
Upon a liquid vortex wrought
By Intellect in the Unseen residing.
And thine doth like a convict sit, 
With marlinspike untwisting it 
Only to find its knottiness abiding;
Since all the tool for its untying 
In four-dimensional space are lying.

yeast

fruit fly

human

mouse
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