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DNA, the blueprint

!GTGTGACTCGT
GGTCCGTAATGTC
GTTAATGGTGACC
GTGTGGCCTGATG 
GTTAGTGTGTGA!

mass: 6 pg 
length: 2 m 
thickness: 2nm



phosphate

sugar ring

base

Double stranded DNA
(persist. length ~50nm)

Single stranded DNA
(persist. length ~1.5nm)

backbone
DNA code is written in atoms

Highly charged: 2 electron charges per 0.32nm

The sequence has direction:
5’-AAGCTGGTTCAG-3’



Double stranded DNA
(persist. length ~50nm)

Single stranded DNA
(persist. length ~1.5nm)

Highly charged: 2 electron charges per 0.32nm

The sequence has direction:
5’-AAGCTGGTTCAG-3’

DNA code is written in atoms
backbone



Central dogma of 
molecular biology
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Molecular dynamics simulations,
 a computational (force) microscope

Massive parallel computer
     Blue Waters, ~200,000 
CPUs

Time scale:  ~ 0.1-100 µs
Length scale:  10K - 100M
 atoms or (< 50 nm)3

Atoms move according to 
 classical mechanics (F= ma) 

Interaction between atoms is 
defined by molecular force field

CPUs
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Cells with identical genome can have different functions

http://www.roadmapepigenomics.org

• All our cells contain identical genome sequence that defines ~20,000 genes. 
• Depending on the cell type, different sets of genes are turned on.



Beyond DNA sequence: Epigenetic regulation

http://www.resverlogix.com/programs/rvx-208-moa/epigenetics

• DNA sequence carries genetic information. 
• Chemical modifications of DNA and histone

proteins carry epigenetic information. 
• Epigenetic information determines cell type.
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Closed conformation (inactivation)
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Open conformation (activation)

DNA compaction regulates gene transcription

http://bio1510.biology.gatech.edu/module-4-genes-and-genomes/4-7-gene-regulation/

RNA polymerase reads 
DNA sequence. 

For a given cell, only a 
subset of ~20,000 genes 
is accessible to RNA 
polymerase.
is accessible to RNA 
polymerase.

Gibcus & Dekker, Mol Cell 49:5, 773-82



DNA organization in chromosome is a key to 
understanding development and disease

! 3D organization of chromatin changes dynamically 
depending on developmental & aging stages. 

! Cancer cells also have their own chromatin 
organization. A new NIH initiative aimed to reveal 

structural changes of chromatin over time. 

Inactive oncogene 
in normal neurons

Bernstein and coworkers, Nature (2015)

Active oncogene 
in brain tumors

Highlight in New York Times on Dec 23, 2015

Brain tumor

A new NIH initiative aimed to reveal 
structural changes of chromatin over time. 

0.001
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DNA senses the DNA senses the 
sequence of neighbors



DNA telepathy (?!)
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Your sequence 
I sense...

Your sequence 
I sense...

Your sequence 
I sense...

! DNA telepathy means 
sensing and colocalization 
of homology sequences

! But, often debated due to 
lack of evidence.

! We validate this hypothesis.

Your sequence 
I sense...

The homology 
I sense in 

you...

Leikin and Kornyshev 
Journal of Physical Chemistry B (2008) 

DNA can recognize complementary 
sequence without any mediator protein

m0q##$+!r##!



Free energy calculations predict stronger attraction
for  DNA molecules having  higher AT contents

! AMBER99bsc0 force field with custom refinement of amine-
phosphate interactions.

! Sub-mM level of spermine; just enough to neutralize DNA.

! Fully atomistic including explicit water.

! Umbrella sampling.
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FRET experiments confirm MD predictions

spm4+

! FRET signal indicates binding of two double stranded DNA

24

[Na] = 100 mM [spm] = 1 mM

d&q'$!s'.!Ed&!+-#19F!



AT-rich segments form clusters better because 
they share polyamines with neighbors

25

(AT)10 (AT)10(GC)10 (GC)10 “Bridging” polyamines
Spermine binding site

N1
N3

C5
N9

N7 O6

N3

N1

C5
N4

O2N2

Backbone

Backbone

G C

N1
N3

C5
N9

N7 N6

N3

N1

C5
O4

O2

CH3

Backbone

Backbone A T

Methyl = Binding blocker



Methylated CpG is as attractive as AT

! Possible epigenetic gene inactivation mechanism ?
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Gene-poor AT-rich domains are 
condensed permanently.

Gene-rich GC-rich domains 
express actively.

Demethylation

Methylation

Methylation turns off GC-
rich domains by compaction.

Implications to chromatin folding & gene regulations



Implications to chromatin folding & gene regulations

Baù, D. et al., NSMB, 18(1), pp. 107-14. Bickmore, W.A. & van Steensel, B., 2013, Cell, 152(6), pp. 1270-84.Cremer, T. & Cremer, C., 2001,, Nat Rev Genet, 2(4), pp. 292-301.

2 9 6 |  APRIL 2001 | VOLUME 2  www.nature.com/reviews/genetics

R E V I E W S

respectively) freely diffused in the nucleus, whereas
2,000-kDa dextrans were essentially immobile65.
Fluorescence recovery after photobleaching (FRAP)
experiments (BOX 1) indicate ‘homogeneous’movement
of proteins at all nuclear sites, including bleached CTs60.
This finding clearly indicates that proteins can move
‘through’CTs. The IC concept requires that individual
nuclear proteins or small protein complexes roam the
entire interchromatin space (IC plus the interior of
compact chromatin domains). By contrast, diffusion of
larger (sub-) complexes should be constrained to the IC.
Interchromatin channels that expand through CTs28

should even allow channelled movements of such com-
plexes through the CTs. Experiments based on fluores-
cence microscopy at present lack the resolution to 
support or disprove the IC concept.

The CT–IC model
Chromosome territories and the IC provide the funda-
mental components of the CT–IC model of a functional
nuclear architecture.We first consider the essential fea-
tures of this model and then (circumstantial) supporting
evidence.The hypothesis that partial transcription com-
plexes are pre-established in, and that their diffusion is
restricted to, the IC has an important consequence: to
fulfil its role as a functionally defined compartment, the
IC requires a specific topology of transcriptionally active
genes. Regulatory and coding sequences of these active
genes can interact with the transcription machinery only
when they are positioned at the surface of chromatin
domains that line the IC, or on chromatin loops that
extend into the IC (FIG. 1e,f). The argument can be
extended to genes that are subject to short-term inactiva-
tion, the expression of which needs to be rapidly upregu-
lated. By contrast, long-term or permanently silenced
genes should be located within the interior of compact
chromatin domains that are inaccessible to the transcrip-
tion machinery,according to this model. In more general
terms, genes that require long-term silencing should be
physically separated from permanently active genes to an
extent that allows their positioning in different chro-
matin compartments. Chromatin remodelling events
that result in the positioning of genes into proper
nuclear compartments are considered an essential part
of gene-activation and gene-silencing mechanisms.

So much for the predictions of the CT–IC model.
What about experimental evidence to support the
model? In a first version of the CT–IC model, CTs were
considered as compact objects with a smooth envelop-
ing surface and it was assumed that an interchromatin-
domain compartment expanded between these smooth
CT surfaces and was excluded from the entire CT inte-
rior66. Accordingly, it was predicted that genes could
only be transcribed when they were located at the CT
periphery in contact with the IC. However, contrary to
this prediction, transcription and splicing was observed
not only at the periphery but also in the interior of
CTs27,67,68. Concomitantly, more detailed experimental
studies of CT architecture showed that CTs have a com-
plex, folded structure that results in a largely expanded
surface with IC channels that penetrate into the CT

branches between ~1-Mb and ~100-kb chromatin-loop
domains (FIG. 1 and see below).We propose that surfaces
of compact chromatin domains provide a functionally
relevant barrier, which can be penetrated by single pro-
teins or small protein aggregates, but not by larger
macromolecular complexes above a certain threshold
size. The IC (by definition) does not comprise the addi-
tional interchromatin space present between chromatin
fibres in the interior of compact chromatin domains
(FIG. 7c, see below).We further propose that spliced RNA
can be complexed with proteins and exported to the
nuclear pores in the IC space, thus preventing the
entangling of RNA that is produced in the interior of
compact chromatin domains.

A critical evaluation of the IC concept requires a
detailed analysis of the movements of macromolecules
and complexes in the nucleus. The kinetic and thermo-
dynamic aspects of these studies support passive diffu-
sion as the decisive mechanism that is responsible for
the movement of factors and factor complexes60,62. The
conditions that influence these movements (such as
transient binding to immobile obstacles) have not yet
been fully determined63,64. Microinjection of size-frac-
tionated fluorescein isothiocyanate (FITC) dextrans
into HeLa cell nuclei showed that 70- and 580-kDa dex-
trans (equivalent to DNA sizes of 106 and 878 bp,

CHROMATIN FIBRES
These 30-nm fibres are
produced by the compaction 
of 10-nm nucleosome fibres.
Nucleosome fibres are visible
under the electron microscope
after treatments that unfold
higher-order chromatin
packaging into a ‘beads-on-a-
string’10-nm diameter form.

MICRODISSECTION PROBES
DNA probes established from
microdissected chromosomal
subregions. The probes are
useful for the labelling of
chromosome arms and bands.

a c e

b d f

10 µm

X
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Xi

ANT2
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p22.1–
–22.3

q25–28
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Figure 3 | Features of human chromosome territories. a | Two-colour painting of the p-arm
(red) and the q-arm (green) of human chromosome 1 in a lymphocyte metaphase spread. 
b | Visualization of the two arms in a light optical section through a human diploid fibroblast
nucleus (bottom) shows two distinct, mutually exclusive arm domains20. ( Image courtesy of
Steffen Dietzel). c | Painting of the human X chromosome (red) and several distal bands of its
p-arm and q-arm (green) using MICRODISSECTION PROBES20. d | Visualization of the active and
inactive X-chromosome territories (Xa and Xi, respectively) together with the respective distal-
band domains in a light optical section through a female human fibroblast nucleus. (Image
courtesy of Joachim Karpf and Irina Solovei). e | Three-dimensional reconstructions of the Xa
and Xi territories from a human female fibroblast nucleus (Reproduced with permission from
REF. 22). The three-dimensional positions of the ANT2 and ANT3 (adenosine nucleotide
translocase) genes are noted as green and blue spheres, respectively. Note that active ANT
genes can be seen at the territory surface (two on Xa and one on Xi). The white box provides 
a transparent view of the Xi territory (pink), indicating the location of the inactive ANT2 gene in
the territory interior. f | Three-dimensonal reconstructions of two chromosome-17 territories,
established from light optical serial sections through a human diploid fibroblast nucleus, 
show complex territory surfaces. (Image courtesy of Irina Solovei.)
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Highly methylated inactive X (Xi) 
chromosome is more compact 

than active X (Xa). 

chromosome 14
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Brownian dynamics simulations of 
chromatin folding in nucleus

AT%

! 1 bead = 1 Mb.

! Inter-bead interactions 
depend on AT-content
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Problem: how is SSB removed when it is no longer needed?

Adapted from , Mol Cell 23:155
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reptation rolling

† Ha group, Nature 461:1092

What is the microscopic 
mechanisms of SSB 

    di#usion?

How does dissociation of 
    DNA from SSB occur?

What makes an ssb an ssb?
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Unresolved DNA was modeled by the crystallographers (Lohman and Waksman groups, 
Washington U. School of Medicine) and provided to us via Ruobo Zhou of the Ha group.
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Mechanics of ssb-DNA (dis)assembly

DNA	  	  Extension(nm)

Fo
rc
e	  
(p
N
)

Black	  -‐theore1cal	  predic1on 
Red	  –	  in	  the	  absence	  of	  SSB 
Blue	  –	  in	  the	  presence	  of	  SSB

Chemla group, unpublished



All-atom simulations cannot quite 
reach experiment

Forces are 1-2 orders 
of magnitude larger 
than in experiments

Little hope of 
observing diffusion-
related events

Forces are 1-2 orders 



Scripting system assembly
for protein-DNA systems with latest force-field
Difficult!

Moderately difficult
Pulling SSB

2
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