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DNA : molecule that contains
code for cellular processes

CCCTGTGGAGCCACACCCTAGGGTTGGOCA
ATCTACTCCCAGGAGCAGGGAGGGCAGGAG
CCAGGGCTGGGCATAAAAGTCAGGGCAGAG
CCATCTATTGCTTACATTTGCTTCTGACAC
AACTGTGTTCACTAGCAACTCAAACAGACA
CCATGGTGCACCTGACTCCTGAGGAGAAGT
CTGCCGT TACTGOCCTCTGGGGCAAGGTGA

double-stranded DNA DNA double helix | o

TTAAGGAGACCARTAGARACTGGGCATGTG
3’ 3 GAGACAGAGAAGACTCTTGGGTTTCTGATA

y 5 GGCACTGACTCTCTCTGCCTATTGGTCTAT

L < B, 5’ TTTCCCACCCTTAGGCTGCTGGTGGTCTAC
CCTTGGACCCAGAGGTTCTTTGAGTCCTTT
GGGGATCTGTCCACTCCTGATGCTGTTATG
GGCAACCCTAAGGTGRAGGCTCATGGCAAG

CTGCACGTGGATCCTGAGAACTTCAGGGTG
AGICTATGGGACCCTTGATGTTTTCTTTCC
CCTTCTTTTCTATGGTTAAGTTCATGTCAT
AGGAAGGGGAGAAGTAACAGGGTACAGTTT
AGANTGGGANACAGACGAATGATTGCATCA
GTGTGGAAGTCTCAGGATCGTTTTAGTTTC
TTTTATTTGCTGI TCATAACAATTGTTTTC
TTTTGTTTAATTCTTGCTTTCTITTITTTT
CTTCTCCGCAATTTTTACTATTATACTTAA
TGCCTTAACAT TGTGTATAACARAAGGAAA
TATCTCTGAGATACATTARGTAACTTARAA
AARARCTTTACACAGICTGCCTAGTACATT
ACTATTTGGAATATATGTGTGCTTATTIGE
ATATTCATAATCTCCCTACTTTATTTTCTT
TTATTTTTAATTGATACATAATCATTATAC
ATATTTATGGGTTAAAGTGTAATGTTTTAA
TATGTGTACACATATTGACCAAATCAGGGT
AATTTTGCATTTGTAATTTTAARAAATGCT
TTCTTCTTTTAATATACTTTTTTGTTTATC
TTATTTCTAATACTTTCCCTAATCTCTTTC
TTTCAGGGCAATAATGATACAATGTATCAT
GCCTCTTTGCACCATTCTAAAGAATAACAG
TGATAATTTCTGGGTTANGGCAATAGCAAT
ATTTCTGCATATAAATATTTCTGCATATAA
ATTGTARCTGATGTAAGAGGTTTCATATTG
CTAATAGCAGCTACAATCCAGCTACCATTC
TGCTTTTATTTTATGGTTGGGATAAGGCTG
GATTATTCTGAGTCCAAGCTAGGCOCTTTT
GCTAATCATGTTCATACCTCTTATCTTCCT
CCCACAGCTCCTGGGCARCGTGCTCATCTE
TGTGCTGGOCCATCACTTIGGCARAGARTT
CACCCCACCAGTGCAGGCTGCCTATCAGAA
- : AGTGGTGGCTGETGTCECTAATGCCCTEGE
5/ T CCACAAGTATCACTAAGCTOGCTTTCTTGE

= TGICCAATTTCTATTARAGGTTCCTTTGTT
3! 3’ CCCTAAGTOCAACTACTAAACTGGGGGATA
TTATGAAGGGCCTTGAGCATCTGGATICTG

sugar-phosphate

‘) / backbone

CCTAATAAAAAACATTTATTTTCATTGCAA

hyd rogen-bond ed TGATGTATTTAAATTATTTCTGAATATTTT
ACTAAAAAGGGAATGTGGGAGGTCAGTGCA

base palrs TTTARAACATAAAGAAATGATGAGCTGTTC
AAACCTTGGGAARATACACTATATCTTARA

CTCCATGAAAGAAGGTGAGGCTGCAACCAG

CTAATGCACATTGGCAACAGCCCCTGATGE

CTATGCCTTATTCATCCCTCAGARRAGGAT

TCTTGTAGAGGCTTGATTTGCAGGTTARAG

TTTTGCTATGCTGTATTTTACATTACTTAT

TGTTTTAGCTGTCCTCATGARTGTCTTTTC

Figure credit: Molecular Biology of the Cell (© Garland Science 2008)



DNA needs to be reag;
out cells need to prevent
“unwanted” reading!



DNA in cells is not bare; covered by
large number of proteins => Chromatin
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Figure credit. Molecular Biology of the Cell (© Garland Science 2008)



In cells, DNA is “actively”
organized in 3D
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"™ Array of nucleosomes

" Different cells;
different organization

NET RESULT: EACH DNA MOLECULE HAS BEEN
PACKAGED INTO A MITOTIC CHROMOSOME THAT
IS 10,000-FOLD SHORTERTHAN ITS EXTENDED LENGTH

Figure : Molecular Biology of the Cell (© Garland Science 2008)



What is the organization of genome in living
cells?

TATA box

4 Chemical modification
. (protein/DNA)

TBP TATA binding protein

Inaccessible DNA



Different cells; but same DNA

Cells in our skin Cells in our eye

How do they show different behavior ?



Fate/function of a cell is not
decided by the DNA sequence
alone; but also by different “states”
of chromatin



Different cell types; different chromatin
organization
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“state” of a chromatin is actively maintained (ATP-dependent
chromatin remodeling is crucial)



First level of packaging:
nucleosome particles on a 1D track

|s there a pattern in the organization of
these “ball’-like proteins —nucleosomes”




Nucleosome: Binding energy
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Forming a nucleosome (DNA wrapping around
histone octamer) is energetically favorable

Nucleosome state is a highly stable state

Yan et al, Mol. Bio. Cell (2007)



AG ~ —40]€BT

What does this suggest ?

* Anythermal dissociation will be nearly impossible

. Need extra machinery to slide/disassemble



Molecular machines use ATP, and rearrange nucleosome

positions
reaers
) / a
ATP-dependent ATP-dependent
sliding disassembly
(candidates: yeast ISWI, (candidate: RSC,

ACF etc — ISWI family) SWI/SNF family)

Figure: Molecular Biology of the Cell (© Garland Science 2008)



HOow are these nucleosomes—
sterically interacting particles
—organized inside the cells?

* Are they randomly organized?

* |sthere a pattern?



Experiments: "non-random” organization of
nucleosomes

Nucleosome Occupancy

Nucleosome occupancy: Probability that
a DNA site | Is covered by a nucleosome
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Statistical distributions of nucleosomes: nonrandom locations by a stochastic mechanism

Roger D.Kornberg and Lubert Stryer
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ATP-dependent activity iIs necessary for
maintaining nucleosome positioning

(Zhang et al, Science 2011)
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Red: Cell extract with ATP
Green: Cell extract with no ATP



Stochasticity in nucleosome organization in promoters

TATA

Ditferent cells (under exactly the same condition) have
different nucleosome organization

(Small et al, PNAS, 2014, Brown et al PLOS Biology, 2011)



Stochasticity in nucleosome organization near promoter

regions—eight “states

0.15;
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Brown et al, PLoS Biology, 2013 Brown & Beoger PNAS (2014
Boeger Lab



Some guestions we
investigate...

Given that nucleosomes are dynamic (they can bind/
dissociate and slide), what must be the underlying
dynamical rules to obtain the experimentally known pattern?

What is the role of ATP-dependent chromatin remodeling in
maintaining experimentally observed chromatin
organization?

How nucleosome organization would influence 3D looping
of chromatin

How certain non-nucleosomal proteins might affect
chromatin organization?



Part-1: 1D-Model with nucleosome binding,
dissociation and sliding

With sequence effects

With steric Iinteraction
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We build the model bottom up: start with minimal; add details
We do kinetic Monte Carlo simulations

Jyotsana Parmar et al NAR (2014), and NAR (2016)



How ATP-dependent moves (sliding/
disassembly) would affect occupancy”

With ATP-dependent
MOVES

No ATP-dependent
MOVeS

Occupancy
o

0 200 400 600 800 1000
Distance from TSS (bp)

Our theory explains the reasons behind disappearance of
oscillatory positioning (need activity to “teel” the barrier)

Jyotsana Parmar, JF Marko and RP, Nucleic Acids Research (2014)



What could be the underlying kinetics that will lead
to the experimentally seen nucleosome organization?
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Beyond known nucleosome kinetics two more
events needed:

* Binding of certain extra proteins (transcription factors).

* Nucleosome removal coupled with pho4 binding(local
remodeling)
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Probability

ATP-dependent disassembly is absolutely necessary
to maintain these different states in each case
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Off state: Nucleosome kinetics + TF binding

On state: Nucleosome kinetics + TF binding + local
nucleosome disassembly coupled to protein binding

Hungyo Kharerin, Pd Bhat, JF Marko and RP Scientific Reports (2016)



When the gene is “on”, we introduce mRNA production
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Given nucleosome dynamics, we can
compute, how long a particular region of
interest will remain “open” (exposed) before
it getting covered by another nucleosome

(c) Binding Dissociation
Highly stable k A
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(Jyotsana Parmar, Dibyendu Das)



We compute “first passage time” of covering the patch

of size "'m”
(c) Binding Dissociation
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When binding-dissociation dominates over sliding, we can
compute it analytically

Jyotsana Parmar, Dibyendu Das & RP, Nucleic Acids Res. (2016)



Mean exposure time is very different from any of the known
timescales in the problem.
(c) Binding
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Jyotsana Parmar, Dibyendu Das & RP, Nucleic Acids Res (2015)




We can compute the same with sequence-dependent rates
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Jyotsana Parmar, Dibyendu Das & RP, Nucleic Acids Res (2015)



Promoter architecture matters
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Jyotsana Parmar, Dibyendu Das & RP, Nucleic Acids Res (2015)



Distribution of TF binding times
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Same nucleosome occupancy; but different TF binding times



Part-2: How do nucleosomes influence
3D organization of the chromatin®?

“ Nucleosome

‘ Histone

M Transcription factor

TATA box

1
P Chemical modification
. (protein/DNA)

TBP TATA binding protein

Gaurav Bajpali

Inaccessible DNA



Prevalent theory: zig-zag
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Physical basis of zig-zag
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* Entry/exit angle of DNA

* Stiffness of linker region

Woodcock et al PNAS (1993)



In situ/In vivo experiments: No regular
30nm structure!

Analysis of cryo-electron microscopy images does not
support the existence of 30-nm chromatin fibers in
mitotic chromosomes in situ

Mikhail EltsovaP:-1.2, Kirsty M. MacLellan2<1, Kazuhiro Maeshimad1, Achilleas S. Frangakis®®, and Jacques Dubocheta-f
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Human mitotic chromosomes consist

predominantly of irregularly folded nucleosome

fibres without a 30-nm chromatin structure

Yoshinori Nishino’?2°, Mikhail Eltsov>"2, A long strand of DNA is wrapped around core histones to

Yasumasa Joti4'9, Kazuki |to1'9’ form a nucleosome structure like ‘beads on a string’

Hideaki Takata®, Yukio Takahashi'-°, (Kornberg and Lorch, 1999). It has long been assumed that

Saera Hihara5'7, Achilleas S Frangakis3, this nucleosome fibre is folded into 30-nm chromatin fibres

Naoko Imamot08 Tetsuva lshikawa1'4 (Alberts et al, 2007) and that condensins are involved in

and Kazuhiro Ma'eshima .5.7.8,. % further regular chromatin folding (Swedlow and Hirano,
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Elstov et al PNAS 2007, Maeshima Lab, EMBO J (2012),
Decker Lab, Oliver Rando Lab, Cell (2015)



Models so far: DNA+histones

i Up
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Models so far only consider histones (core histones+H1)
That too mostly regular organization of histones!

/
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Woodcock et al,
Tamar Schlick lab, Langowski lab



* No model so far has accounted for the role of DNA-
bending non-histone proteins (eg. HMG/nhp6)

* What would be the chromatin organization in the
length-scale of a gene (a few genes) given a
concentration of DNA-bending proteins and a
given nucleosome organization?



We do polymer simulations accounting for nucleosomes and
DNA-bending proteins

Non-histone
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Gaurv Bajpai et al (2017) PLOS Comp. Bio.



protein density (p)

Under what conditions will one
observe “irregular” chromatin®
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Bajpai et al (2017) PLOS Comp. Bio.



What is the density of non-histone
proteins beyond which the zig-zag
would disappear?

|s that density biologically relevant?



Probability of neighboring
Nnucleosomes to Interact

1D 1
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When NHP density~30%, 1(1)=I(2)

Bajpai et al (2017) PLOS Comp. Bio.



Probability of neighboring
nucleosomes to Interact

1D 1
0o o

i/i+1intﬂ?
012345678 910

Rl

When NHP density~30%, |(1)=I(2)

Neighbor and next-neighbor nucleosomes interact.
Comparable with recent Micro-C (Hi-C) experiments

Bajpai et al (2017) PLOS Comp. Bio.



protein density (p)

Under what conditions will one
observe “irregular” chromatin®
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summary

Physical models for nucleosome positioning
Dynamics of nucleosomes

How nucleosome positioning affect 3D organization
of chromatin

DNA-bending non-histone protein will influence 3D
organization of chromatin
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