
Stochasticity in nucleosome 
positioning: chromatin states and 

gene regulation

Ranjith Padinhateeri 
Biosciences & Bioengineering 

IIT Bombay



DNA : molecule that contains 
code for cellular processes

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



DNA needs to be read; 
but cells need to prevent 

“unwanted” reading!



DNA in cells is not bare;  covered by 
large number of proteins => Chromatin

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



In cells, DNA is “actively” 
organized in 3D

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

Different cells;  
different organization

DNA
Array of nucleosomes 



What is the organization of genome in living 
cells?



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

“state” of a chromatin is actively maintained (ATP-dependent 
chromatin remodeling is crucial)



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

Is there a pattern in the organization of  
these “ball”-like proteins —nucleosomes?



Nucleosome:	Binding	energy

Forming	a	nucleosome	(DNA	wrapping	around		
histone	octamer)	is	energe<cally	favorable	

Nucleosome	state	is	a	highly	stable	state	
	 	 	
	 																								Yan	et	al,	Mol.	Bio.	Cell		(2007)



What	does	this	suggest	?

• Any	thermal	dissocia<on	will	be	nearly	impossible	

• Need	extra	machinery	to	slide/disassemble



Molecular machines use ATP, and rearrange nucleosome 
positions

ATP-dependent 
sliding 

(candidates: yeast ISWI, 
ACF etc — ISWI family)

ATP-dependent 
disassembly  

(candidate: RSC, 
SWI/SNF family)

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



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

• Are they randomly organized? 

• Is there a pattern?



Nucleosome occupancy: Probability that 
a DNA site j is covered by a nucleosome

Experiments: “non-random” organization of 
nucleosomes



DNA
NucleosomeBarrier

(Kornberg & Stryer)
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ABSTRACT
Expressions are derived for distributions of nucleosomes in chromatin.
Nucleosomes are placed on DNA at the densities found in bulk chromatin, and
their locations are allowed to vary at random. No further assumptions are
required to simulate the periodic patterns of digestion obtained with various
nucleases. The introduction of a boundary constraint, due for example to
sequence-specific protein binding, results in an array. of regularly spaced
nucleosomes at nonrandom locations, similar to the arrays reported for some
genes and other chromosomal regions.

INTRODUCTION
A paradox has arisen in studies of the location and distribution of nucleo-
somes. Nonrandom locations of nucleosomes have been reported for many DNA
sequences in a variety of organisms (1-22). Such findings extend in some
cases to nucleosomes assembled in vitro from purified histones and DNA
(23-26). There is evidently a degree of sequence-specificity in the histone-
DNA interaction. On the other hand, almost all DNA sequences in eukaryotes
are packaged in arrays of nucleosomes, so the sequence-specificity cannot be
too great. Moreover, arrays of nucleosomes are periodic, as revealed by
ladders of bands in gels following nuclease digestion. The periodicity
(spacing of nucleosomes) may vary among cell types of an organism, although
the DNA sequence remains the same (27). The locations of nucleosomes must,
then, vary among cell types as well. How can the evidence for specific
locations of nucleosomes be reconciled with that for variation? A way of
resolving the paradox was put forward (28) in which the location of nucleo-
somes varies at random on a DNA sequence but appears nonrandom in the average

over many copies of the sequence. The sole requirement for such ordering of
nucleosomes is the occurrence of a boundary at a point in the DNA sequence.
The ordering, or apparent positioning, of nucleosomes then follows from their
high density on DNA. Here we demonstrate the theoretical validity of this
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Position along DNA

ATP-dependent activity is necessary for 
maintaining nucleosome positioning

Red: Cell extract with ATP 
Green: Cell extract with no ATP

(Zhang et al, Science 2011)



DNAsequenceswereprotectedfromdigestion,specificlocationsfor
nucleosomesareunclear.Single-cellanalysisrevealedthatinthe+3
and+4nucleosomeregion,only17%ofcellswereactuallynucleo-
some-freeandanadditional31%containedonlyonenucleosomein
thisregion.

ExaminationoftheCYS3promoteralsorevealedacollection
ofnucleosomeconformations(Fig.2FandFig.S3).Weanalyzed
550cells,andoverallwefoundthreenucleosomespositionedin
20conformationsspanning540bpinthepromoterand5′end
ofCYS3.NucleosomescanningandMNase-seqdemonstrated
averywell-definednucleosomeinthe−2and+1positionsof
CYS3(Fig.2DandE).Weonlydetectedoneconformationfor
thenucleosomeatthe−2positionandfourconformationsatthe
+1nucleosomethatspanaregionof166bp(Fig.2FandFig.
S3).Bycontrast,wedetectedfivepositionsforthe−1nucleo-
somespanningalargerregionof184bp,andinsomecells,there
wascompleteabsenceofanucleosomeinthisregion.Inthe
majorityofcases,anucleosomeispresentinoneoffourcon-
formationsatthe−1position,but36%ofcellsentirelylack
anucleosomeinthepromoter.Theseresultsdemonstratethat
ourmethodcandetectdistinctnucleosomelocationsthatpre-
viouslyweredescribedasfuzzyorevennucleosome-free.

NucleosomeRemodelingIsObserveduponPhosphateStarvation.
Usingourmethodfordeterminingnucleosomepositioningin
singlecells,wenextdirectlytestedthecorrelationbetweennu-
cleosomepositioningandgeneexpressionthroughthestudyof
theyeastPHO5gene.Whengrowninnutrient-richmedia,PHO5
expressionislowtoabsentinyeast.Mostoftheyeastcellsgrown
undertheseconditionsdisplayedanucleosomeovertheTATA
boxandhigh-affinityUAS(Fig.1D,−1and−2nucleosomes),
presumablyblockingtranscriptionfactoraccessibilityandleading
togenesilencing.Nevertheless,evenunderthesenonpermissive
conditions,about10%ofcellslackedanucleosomeoverthehigh-
affinityUASsiteandtheTATAbox(Fig.1D,conformations
gandh).

PHO5expressionisinduceduponphosphatestarvation(ref.
31andFig.S4),andthenucleosomesofthisgenewereshownto

undergosignificantrearrangementuponphosphatestarvation,as
determinedbyelectronmicroscopy(30)andmethyltransferase
accessibility(34).Inagreementwithpreviousstudies(35,43,44),
PCR-basednucleosome-scanningassayshowedmarkedshiftsin
chromatinstructure(Fig.3A).The+1nucleosomewasposi-
tionedandpresentinthepresenceorabsenceofphosphate,but
uponphosphatestarvation,the−1nucleosomewas,onaverage,
threefoldlesslikelytobeoccupied,andthepositionofthe−2
nucleosomewassignificantlyshifteddownstream(Fig.3A).In-
deed,previouspredictionsandexperimentalworksuggestedthat
the−2nucleosomeneededtoberemovedinorderforthe−1
nucleosometoremodel(30,34).Single-cellnucleosomemap-
pingshowedthatuponphosphatestarvationandactivationof
thePHO5gene,76%ofcellsnowhadanucleosome-depleted
architecture,comparedwithonly10%whencellsweregrownin
phosphate-richmedia(Fig.3B,conformationsgandh).The+1
nucleosomewaspresentinallcellsregardlessofnutrientstatus,
but50%ofcellsstarvedofphosphatelackedthe−1nucleosome
(Fig.3B,conformationh),andanadditional26%ofthecellshad
the−1nucleosomeshiftedawayfromtheTATAbox,allowingit
tobeaccessibletoproteinfactors(Fig.3B,conformationg).
Althoughthesedataconfirmedpatternsofnucleosomerear-
rangementuponphosphatestarvationmappedinthebulkpop-
ulationofyeast,theyalsodemonstratethat∼25%ofcellsfailed
toundergoaremodelingofthenucleosomearchitectureandthus
remainedinanucleosome-richconfirmation(Fig.3B,conforma-
tionsatoh),demonstratingauniquesubpopulationofcells.

PHO5expressionisverylowunderphosphate-richconditions.
Theoretically,thislevelofexpressioncouldarisefromlow-level
transcriptionfromallcellsorcouldresultfromgenesilencing
inmostcellsandtranscriptionfromasmallminorityofcells.A
yeaststraininwhichthePHO5genecontainsaC-terminal
EGFPtagwasgrownundernutrient-rich,nonpermissivecon-
ditions.Lessthan1%ofthecellswereGFP-positive,which
indicatesthatalowbasalleveloftranscriptionwasoccurring
atthePHO5locus.TheseGFP-positivecellsweresortedby
FACSandprocessedforsingle-cellmapping.Thesortedpop-
ulationshowedthesameeightconformationsofnucleosomes

Fig.3.Remodelingofnucleosomesuponphosphatestarvationcorrelateswithanincreaseingeneexpression.(A)Nucleosome-scanningassayofthePHO5
promoterfromcellsgrowninrichmedia(black)andshiftedtomedialackingphosphate(gray)for3h.TheexperimentwasperformedasdescribedinFig.1.
(B)Thenucleosomearchitectureofcellsgrowninrichmedia(column1inthetabletotheright)isfromtheexperimentsinFig.1.Nucleosomearchitectureof
465cellsgrowninrichmediaandshiftedtomedialackingphosphate(column2,Phosphatestarved)fromthreebulkexperimentsrevealedthesameeight
conformationsofnucleosomesforthePHO5promoter,butthereisashiftinagreaterpopulationofmorenucleosome-freeconformations(gandh).Nu-
cleosomearchitectureof638cellsexpressingPHO5fromtwobulkexperiments(column3,GFPcells).CellsthatcontainanEGFPtagontheCterminusofPHO5
weregrowninrichmediaandsortedforGFP-positivecells,whichrepresents∼1%ofthetotalpopulation.

E2466|www.pnas.org/cgi/doi/10.1073/pnas.1400517111Smalletal.

TATA

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

Stochasticity in nucleosome organization in promoters 

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



time t+h, given that the promoter was in configuration k at time t,
equals cj/kh for sufficiently small time intervals h, where cj/k, the

transition probability per time and molecule, depends only on j
and k (assumption of a time homogeneous Markov process). The
steady state probabilities p0,…, p7 of nucleosome configurations
0,…, 7 of such a process obey the following matrix equation
[13,15]:
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with diagonal elements ck/k:{
P
j=k

cj/k. We refer to the cj/k’s

as the ‘‘kinetic parameters’’ of the process. Experimentally, steady
state was achieved by isolating chromatin rings from pho80D cells
(see above). The task at hand is to find cj/k’s that are consistent

with equation (i), or more precisely, a matrix (cj/k) with diagonal

elements as above whose kernel is spanned by the observed steady
state distribution (p0,…, p7), or a vector very similar to it.

Transitions between nucleosome configurations may be due to
assembly, disassembly, or sliding of a nucleosome. Accordingly, we
may distinguish three different kinds of transitions. We call the
stochastic process ‘‘simple’’ if transitions of the same kind have the
same kinetic parameter value, cA for assembly, cD for disassembly,
and cS for sliding transitions; the term ‘‘transition topology’’ refers
to the set of all possible transitions.

The assumption of a simple process reduces the task of finding
the desired matrix (cj/k) to drawing the ‘‘correct’’ transition

topology. A transition topology that is limited to transitions
between configurations that differ by one nucleosome, and that

Figure 3. Nucleosome configurations of ‘‘activated’’ promoters. PHO5 gene molecules are aligned with their 39 forked end on the top. A bent
arrow indicates the position of the transcription start site. The inferred promoter nucleosome configuration is shown in the left lower corner of each
image, where the promoter is represented by a box and occupied nucleosome positions by black dots. The top position represents N-1, the middle
position N-2, and the bottom position N-3. Nucleosome configurations representing all eight possible combinations of occupied and unoccupied
positions N-1 to N-3 were observable. Bars indicate 100 nm. (See also Figure S1).
doi:10.1371/journal.pbio.1001621.g003

(i)

Nucleosome Dynamics and Transcriptional Bursting

PLOS Biology | www.plosbiology.org 4 August 2013 | Volume 11 | Issue 8 | e1001621

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

Stochasticity in nucleosome organization near promoter 
regions—eight “states”

previous analyses (10)—∼0.3 nucleosomes for repressed and 0.5
nucleosomes for activated promoters—suggesting that the two
promoter copies, which were juxtaposed on ring closure and sep-
arated by only 200 bp of DNA, compete for nucleosome disas-
sembly activities. [Other possibilities, such as differences in growth
conditions, are by no means excluded. However, topology assays
with cells cultured under different conditions, viz., small culture
flasks (topology) vs. fermenter (EM), consistently also indicated
that fewer nucleosomes, on average, were removed from induced
gene rings with two promoter copies than expected from previous
analyses of rings with one promoter copy, whereas insertion of
a spacer between both copies attenuated the apparent inhibitory
effect of the copies on each other (Fig. S1).]
Among 223 molecules analyzed from induced cells, we ob-

served 59 of 64 (8 × 8) possible combinations of 5′ and 3′ pro-
moter nucleosome configurations (Fig. 4A). Predictions of joint
probabilities similar to our experimental observations were
obtained on the assumption that the structure of one promoter
copy contains no information on the structure of the second copy
(i.e., the nucleosome configurations of both copies are stocha-
stically independent) (Fig. 4B). This assumption was supported
by a χ2 statistic close to zero (χ2 = 0:017, p ∼ 1) (Materials and
Methods). Essentially, the same result was obtained for 233
molecules from noninduced cells (Fig. 4) (χ2 = 0:0064, p ∼ 1).
Because some of the 64 possible joint configurational pro-

moter states were populated by fewer than five molecules in our
dataset—and thus, fewer than desirable for application of the χ2

test—we regrouped our data according to nucleosome number,
which reduced the number of joint promoter states to 16 (and

hence, increased the number of molecules per state). Again,
predictions of joint probabilities closely similar to experimental
observations were obtained on the assumption of stochastic in-
dependence for molecules from both induced and noninduced
cells (compare Fig. 4 C and D with Fig. 4 G and H). This as-
sumption was consistent with correlation coefficients close to zero
and further supported by vanishing χ2 statistics for gene molecules
from both induced (correlation coefficient ρ of 0.025; χ2 = 0:038,
p ∼ 1) and noninduced (ρ = 0.0023; χ2 = 0:008, p ∼ 1) cells.
Thus, while some degree of stochastic dependence or corre-

lation cannot in principle be excluded (regardless of sample
size), P values close to one (see Methods) and the very close
agreement between prediction and measurement for pairs of
nucleosome numbers (compare Fig. 4 C and D) suggested that
deviations from the expectation of stochastic independence, such
as missing joint states, e.g. (1,3) or (4,5), or higher than expected
relative frequencies, such as states (0,0) and (2,2) (compare Fig.
4 A and B), may be attributable to small sample size.

Discussion
Based on the discovery of nucleosomal promoter variation and its
explanation by a stochastic process on a branched transition
graph, we previously conjectured that this variation is a source of
gene expression noise rather than a reflection of extrinsic varia-
tion and a cause of transcriptional bursting rather than its symp-
tom (10). This hypothesis was consistent with our findings, but was
not critically tested by any previous experiments.
The conjugate reporter analysis of this study provides such a test

and corroborating evidence, namely the stochastic independence

Fig. 3. Marginal distributions. Relative frequencies of (A, B, E, and F) nucleosome configuration and (C, D, G, and H) nucleosome number are indicated by
histogram bars (dark blue). Theoretical predictions (probabilities) on the assumption of a simple process with the transition graph in Fig. 1A are shown as dots
connected by line segments for visual emphasis. (A) pCðijAÞ for 5′ promoter copy [i.e., the probability of configuration (C) i = 0,..., 7 given that the promoter is
active (A)]. (B) pCðijAÞ for 3′ promoter copy. (C) pNðijAÞ for 5′ promoter copy [i.e., the probability of nucleosome number (N) i = 0,..., 3 given that the promoter
is active (A)]. (D) pNðijAÞ for 3′ promoter copy. (E) pCðijRÞ for 5′ promoter [i.e., the probability of configuration i given that the promoter is repressed (R)]. (F)
pCðijRÞ for 3′ promoter. (G) pNðijRÞ for 5′ promoter. (H) pNðijRÞ for 3′ promoter. In total, 223 and 233 molecules were analyzed for the induced (A) and
noninduced (R) genes, respectively. Induction results in the translocation of the transcriptional activator Pho4 from the cytoplasm into the nucleus. Pho4 binds
at UASp1 and UASp2 of the PHO5 promoter (Fig. 1C). With the kinetic parameter for nucleosome assembly set to 1 (on some timescale), maximum likelihood
values for disassembly (γD) and sliding (γS) were (A and C) γD = 0:66 and γS = 0:84, (B and D) γD = 0:77 and γS = 0:84, (E and G) γD = 0:073 and γS = 0:014, and
(F and H) γD = 0:068 and γS = 0:09.

17896 | www.pnas.org/cgi/doi/10.1073/pnas.1417527111 Brown and Boeger



Some questions 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?



(non-thermal, e.g. ATP-powered) chromatin remodeling.
In the absence of active remodeling, nucleosomes cannot
reach the degree of packing and positioning observed
in vivo (17).
In accord with this, Zhang et al. (7) have observed ex-

perimentally that the apparent statistical positioning
observed near TSS barriers requires ATP, presumably to
facilitate chromatin remodeling. However, at the same
time, other experiments suggest that DNA sequence does
play a role in positioning nucleosomes near TSS (1,10,21).
These observations suggest that the organization of nu-
cleosomes near TSS is determined by interplay between
primary DNA sequence-dependent nucleosome position-
ing and statistical positioning near nucleosome barriers,
but driven by non-thermal ATP-dependent chromatin re-
modeling dynamics outside of the realm of description in
terms of free energies and the (thermal equilibrium)
Boltzmann distribution.
Prior theoretical studies on nucleosome positioning near

TSSs suggest that DNA sequence is not a crucial factor in
reproducing experimentally observed nucleosome occu-
pancy (5,13). However, a number of recent experiments
indicate that sequence-dependent nucleosome stability
near TSSs has an important role in a range of biological
functions (21–23). This leads to an apparent paradox:
sequence appears to influence nucleosome stability and
biological function, but not occupancy.
We can anticipate that, owing to ATP-driven remodel-

ing, nucleosome organization is highly dynamic, with
kinetics and time-averaged properties which are far from
thermodynamic equilibrium. These non-thermal nucleo-
some dynamics likely control site accessibility of DNA
binding sites for site-specific DNA-binding proteins,
perhaps most notably near TSSs. Given our previously
developed model for chromatin dynamics with sequence-
dependent nucleosome–DNA interactions and ATP-
dependent remodeling (17), we decided to analyze what
the dynamics of nucleosomes would be near to nucleo-
some-depleted barriers.
Here we develop a theoretical description of nucleosome

dynamics near barriers where we can examine the effect of
sequence as well as ATP-dependent remodeling. We find
that establishment of apparent statistical positioning on
biologically relevant timescales requires active chromatin
remodeling; statistical positioning cannot occur by the
action of thermal fluctuations alone, in accord with the
result of Zhang et al. (7). Furthermore, we find that
DNA sequence does control nucleosome occupancy rela-
tively near to TSS barriers, but that this effect is sup-
pressed when one averages occupancy over many genes.
Computing nucleosome assembly kinetics, we show that
the timescale for formation of statistical positioning is
proportional to the timescale of active nucleosome disas-
sembly. Finally, we also observe that the kinetics of site
exposure show strong sequence dependence adjacent to
nucleosome barriers, indicating that there may be strong
effects of DNA-sequence-dependent nucleosome binding
on, for example, the kinetics of gene regulation.
The calculations of this article are all applied to chroma-

tin dynamics of Saccharomyces cerevisiae, for which
detailed genome-wide nucleosome positioning and

remodeling enzyme kinetic data exist. However, owing to
the generic nature of our model, we anticipate that our
results should be at least qualitatively relevant to chromatin
dynamics across a wide range of eukaryote species.

Model

In our model, we take into account four major factors that
influence nucleosome assembly: DNA–histone inter-
actions, nucleosome–nucleosome interactions, ATP-
dependent nucleosome reorganization and the effect of
barriers near TSSs. DNA, which is considered as a
linear lattice of N base pairs, interacts with histone
octamers in a sequence-dependent manner. In the model,
each nucleosome is treated as a particle that occupies
k=147 bp of DNA. A nucleosome starting at ith bp on
DNA has an interaction energy Vi. Vi is computed from
the model for S. cerevisiae nucleosome positioning of
Kaplan et al. (1), as described in the ‘Materials and
Methods’ section. Finally, nucleosomes act as ‘hard
cores’; they are not permitted to overlap one another.

We have three kinetic events in our model (Figure 1a):
(i) histone octamer binding to DNA to form nucleosomes
(nucleosome adsorption); (ii) histone octamer release
(nucleosome desorption); and (iii) lateral displacement of
histone octamers along the DNA (nucleosome sliding).
The actual deposition and dissociation of nucleosomes
involve multiple steps. First, 2! ðH3#H4Þ heterodimers
are deposited by histone chaperones such as CAF1,
and then 2! ðH2A#H2BÞ heterodimers are deposited
by chaperones such as Nap1. During disassembly,
H2A#H2B disassembles first, and only then the disas-
sembly of H3#H4 happens (24,25). However, for simpli-
city, in this article, we have approximated nucleosome
binding and dissociation as single events where the
octamer as a whole binds and dissociates at various loca-
tions along the DNA. Even though DNA–histone inter-
actions in the presence of thermal forces can, in principle,
result in all the three events discussed earlier in the text,

(a)

(b)

(c)

Figure 1. Schematic depiction of the model: (a) Three kinetic events:
nucleosome binding, dissociation and sliding. The sequence dependent
potential is represented by the color gradient as indicated in the
sidebar. (b) A hard barrier (purple) prevents nucleosome binding and
sliding through the TSS. (c) The soft barrier is the region with highly
positive (red) sequence-dependent potential such that nucleosomes are
repelled.

2 Nucleic Acids Research, 2013

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

With sequence effects 

With steric interaction

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)
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(with some sliding rule)



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

With ATP-dependent  
moves 

No ATP-dependent 
moves

Jyotsana Parmar, JF Marko and RP, Nucleic Acids Research (2014)
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What could be the underlying kinetics that will lead  
to the experimentally seen nucleosome organization? 

DNAsequenceswereprotectedfromdigestion,specificlocationsfor
nucleosomesareunclear.Single-cellanalysisrevealedthatinthe+3
and+4nucleosomeregion,only17%ofcellswereactuallynucleo-
some-freeandanadditional31%containedonlyonenucleosomein
thisregion.

ExaminationoftheCYS3promoteralsorevealedacollection
ofnucleosomeconformations(Fig.2FandFig.S3).Weanalyzed
550cells,andoverallwefoundthreenucleosomespositionedin
20conformationsspanning540bpinthepromoterand5′end
ofCYS3.NucleosomescanningandMNase-seqdemonstrated
averywell-definednucleosomeinthe−2and+1positionsof
CYS3(Fig.2DandE).Weonlydetectedoneconformationfor
thenucleosomeatthe−2positionandfourconformationsatthe
+1nucleosomethatspanaregionof166bp(Fig.2FandFig.
S3).Bycontrast,wedetectedfivepositionsforthe−1nucleo-
somespanningalargerregionof184bp,andinsomecells,there
wascompleteabsenceofanucleosomeinthisregion.Inthe
majorityofcases,anucleosomeispresentinoneoffourcon-
formationsatthe−1position,but36%ofcellsentirelylack
anucleosomeinthepromoter.Theseresultsdemonstratethat
ourmethodcandetectdistinctnucleosomelocationsthatpre-
viouslyweredescribedasfuzzyorevennucleosome-free.

NucleosomeRemodelingIsObserveduponPhosphateStarvation.
Usingourmethodfordeterminingnucleosomepositioningin
singlecells,wenextdirectlytestedthecorrelationbetweennu-
cleosomepositioningandgeneexpressionthroughthestudyof
theyeastPHO5gene.Whengrowninnutrient-richmedia,PHO5
expressionislowtoabsentinyeast.Mostoftheyeastcellsgrown
undertheseconditionsdisplayedanucleosomeovertheTATA
boxandhigh-affinityUAS(Fig.1D,−1and−2nucleosomes),
presumablyblockingtranscriptionfactoraccessibilityandleading
togenesilencing.Nevertheless,evenunderthesenonpermissive
conditions,about10%ofcellslackedanucleosomeoverthehigh-
affinityUASsiteandtheTATAbox(Fig.1D,conformations
gandh).

PHO5expressionisinduceduponphosphatestarvation(ref.
31andFig.S4),andthenucleosomesofthisgenewereshownto

undergosignificantrearrangementuponphosphatestarvation,as
determinedbyelectronmicroscopy(30)andmethyltransferase
accessibility(34).Inagreementwithpreviousstudies(35,43,44),
PCR-basednucleosome-scanningassayshowedmarkedshiftsin
chromatinstructure(Fig.3A).The+1nucleosomewasposi-
tionedandpresentinthepresenceorabsenceofphosphate,but
uponphosphatestarvation,the−1nucleosomewas,onaverage,
threefoldlesslikelytobeoccupied,andthepositionofthe−2
nucleosomewassignificantlyshifteddownstream(Fig.3A).In-
deed,previouspredictionsandexperimentalworksuggestedthat
the−2nucleosomeneededtoberemovedinorderforthe−1
nucleosometoremodel(30,34).Single-cellnucleosomemap-
pingshowedthatuponphosphatestarvationandactivationof
thePHO5gene,76%ofcellsnowhadanucleosome-depleted
architecture,comparedwithonly10%whencellsweregrownin
phosphate-richmedia(Fig.3B,conformationsgandh).The+1
nucleosomewaspresentinallcellsregardlessofnutrientstatus,
but50%ofcellsstarvedofphosphatelackedthe−1nucleosome
(Fig.3B,conformationh),andanadditional26%ofthecellshad
the−1nucleosomeshiftedawayfromtheTATAbox,allowingit
tobeaccessibletoproteinfactors(Fig.3B,conformationg).
Althoughthesedataconfirmedpatternsofnucleosomerear-
rangementuponphosphatestarvationmappedinthebulkpop-
ulationofyeast,theyalsodemonstratethat∼25%ofcellsfailed
toundergoaremodelingofthenucleosomearchitectureandthus
remainedinanucleosome-richconfirmation(Fig.3B,conforma-
tionsatoh),demonstratingauniquesubpopulationofcells.

PHO5expressionisverylowunderphosphate-richconditions.
Theoretically,thislevelofexpressioncouldarisefromlow-level
transcriptionfromallcellsorcouldresultfromgenesilencing
inmostcellsandtranscriptionfromasmallminorityofcells.A
yeaststraininwhichthePHO5genecontainsaC-terminal
EGFPtagwasgrownundernutrient-rich,nonpermissivecon-
ditions.Lessthan1%ofthecellswereGFP-positive,which
indicatesthatalowbasalleveloftranscriptionwasoccurring
atthePHO5locus.TheseGFP-positivecellsweresortedby
FACSandprocessedforsingle-cellmapping.Thesortedpop-
ulationshowedthesameeightconformationsofnucleosomes

Fig.3.Remodelingofnucleosomesuponphosphatestarvationcorrelateswithanincreaseingeneexpression.(A)Nucleosome-scanningassayofthePHO5
promoterfromcellsgrowninrichmedia(black)andshiftedtomedialackingphosphate(gray)for3h.TheexperimentwasperformedasdescribedinFig.1.
(B)Thenucleosomearchitectureofcellsgrowninrichmedia(column1inthetabletotheright)isfromtheexperimentsinFig.1.Nucleosomearchitectureof
465cellsgrowninrichmediaandshiftedtomedialackingphosphate(column2,Phosphatestarved)fromthreebulkexperimentsrevealedthesameeight
conformationsofnucleosomesforthePHO5promoter,butthereisashiftinagreaterpopulationofmorenucleosome-freeconformations(gandh).Nu-
cleosomearchitectureof638cellsexpressingPHO5fromtwobulkexperiments(column3,GFPcells).CellsthatcontainanEGFPtagontheCterminusofPHO5
weregrowninrichmediaandsortedforGFP-positivecells,whichrepresents∼1%ofthetotalpopulation.
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TATA

TFs

Hungyo Kharerin



TATATF (Pho4)

Beyond known nucleosome kinetics two more 
events needed:  

• Binding of certain extra proteins (transcription factors). 

• Nucleosome removal coupled with pho4 binding(local 
remodeling)



Gene is “ON”
Gene is “OFF”

Off state: Nucleosome kinetics + TF binding 

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

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

ATP-dependent  disassembly is absolutely necessary  
to maintain these different states in each case



Here, we report the analysis of the promoter nucleosome
configuration of single PHO5 gene molecules by electron
microscopy (EM). Our data demonstrate the existence of
alternative promoter nucleosome configurations at steady state
PHO5 expression, including the maximally repressive, fully
nucleosomal, and maximally non-repressive, nucleosome-free
configuration. We show that the observed configurational
probability distribution of PHO5 promoter nucleosomes is
obtained by a simple stochastic process of nucleosome assembly,
disassembly, and position-specific sliding. Our analysis thus
provides a molecular basis for transcriptional bursting; and we
confirm that PHO5 expression indeed bears the signature of such
bursting, with bursting frequency, rather than burst size, as the
parameter that responds to transcriptional activators. We demon-
strate the possibility of an integrated model of promoter chromatin
dynamics and gene expression that quantitatively accounts for
measurements of gene expression noise and EM data. The model
allows us to predict the life times of microscopically observable
promoter nucleosome configurations under repressing and acti-
vating conditions, and identifies specific promoter nucleosome
transitions as essential for activated transcription.

Results

Single Molecule Analysis of PHO5 Chromatin Structure
To analyze the nucleosome configuration of single PHO5 gene

molecules, we isolated chromatin rings encompassing the promot-
er nucleosome positions N-3 to N-1 and the open reading frame of

Figure 1. Different modes of gene regulation predict distinct expression noise profiles. (A) The ‘‘two-state model’’ of stochastic gene
expression. The model simplifies promoter state dynamics into the stochastic transitioning between two states, ON (transcriptionally active), and OFF
(inactive). TransitionsRq/ indicate degradation of the gene product. Greek letters refer to transition probabilities per unit time and molecule (‘‘kinetic
parameters’’); below, a typical time trace (black curve) for the fluctuation in single cell mRNA molecule number about the steady state mean (dashed
gray line). (B) ‘‘Deterministic model’’ of a transcriptionally active gene. The black curve beneath the model represents a typical time trace of mRNA
fluctuation about the same mean (dashed gray line) as in (A). (C) Steady-state Fano factor values (Fano) were calculated as a function of a single
kinetic parameter (the ‘‘regulatory parameter’’), with all other kinetic parameters held constant. The coloring of the resulting noise profiles refers to
the identity of the kinetic parameter that was allowed to float to vary the mean abundance of protein molecules (mean abundance). Thus, blue refers
to the bursting frequency a, see (A), etc. The dashed green line indicates the expected Fano profile for the modulation of e for the deterministic
model B. Noise profiles were determined by analytical calculations as described in Materials and Methods.
doi:10.1371/journal.pbio.1001621.g001

Author Summary

In eukaryotes, such as plants, fungi, and animals, the DNA
is wrapped around basic protein cores called nucleosomes
at more or less regular intervals. This wrapping discourag-
es transcription, the first step in gene expression. By
isolating PHO5 gene molecules from yeast cells and
analyzing their structure by electron microscopy, we
provide evidence that the ‘‘nucleosomes’’ completely
unwrap and then re-wrap in an intrinsically stochastic
manner. Only nucleosomes that wrap the regulatory
sequences of the gene (promoter) were observed to
unspool; no such unspooling was found across the body of
the gene. Random unwrapping and re-wrapping generates
an ensemble of alternative promoter nucleosome config-
urations, some conducive to transcription, others not.
Mounting evidence suggests that transcription occurs in
bursts, where transcripts are released in close succession,
interrupted by intervals of transcriptional inactivity; this
may lead to significant stochastic fluctuations in gene
expression. Although the mechanism of this behavior is
not understood, our findings now provide a structural
basis for it, suggesting that spooling and unspooling of
promoter DNA from the nucleosomes determines the
fundamental frequency of transcriptional bursting.

Nucleosome Dynamics and Transcriptional Bursting

PLOS Biology | www.plosbiology.org 2 August 2013 | Volume 11 | Issue 8 | e1001621

When the gene is “on”, we introduce mRNA production
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words, in order to obtain active promoter states, the activator-induced rate of nucleosome removal at the pro-
moter must be close to the nucleosome adsorption rate, i.e., roff ~ ron.

To further quantify the active state of the promoter, we investigated mRNA production and its statistical distri-
bution. We found that mRNA expression, for parameters corresponding to the active state, shows a bimodal dis-
tribution (Fig. 5b)—one major peak near mRNA number m ≈  10 representing cells in the ON state, and another 
peak near mRNA number m =  0 indicating a population of cells in the OFF state (Fig. 5b in grey-shade). This is a 
testable prediction of our model. The corresponding nucleosome occupancies in the promoter region are shown 
in Fig. 5c. Note that in the active state, the promoter is deprived of nucleosomes to a large extent (compare Fig. 5c 
with Fig. 3a; also see Fig. 4c). The nucleosome occupancy in the promoter region for the activator binding rate of 
~0.3–0.6 ×  k0s−1 is about 40%. These data (Fig. 5b,c) indicate that transcriptionally active PHO5 promoter show 
considerable heterogeneity in nucleosomal organization on the promoter44,51. The average nucleosome number 
(~1.15) is also comparable to the known experimental observation (~1.18)44,47. In Supplementary Figure S5, the 
time evolution of the promoter nucleosome number, the mRNA mean, and standard deviation are presented for 
LRA, h =  21 kBT.

Local remodeling activity affects mRNA expression and transcriptional noise. In this section, we 
systematically investigate the effect of Pho4p binding and LRA on mRNA expression and distribution. The nature 
of distribution can be characterised by defining the Fano factor, a commonly used gene expression noise param-
eter, as σ= /F mm

2 , where 〈 m〉  and σ = −m mm
2 2 2 are the mean and variance in the mRNA expression, 

respectively. For Poisson distribution, F =  1. We construct a phase diagram by varying protein binding rate, ronp, 
and LRA parameter, h, and measure F (Fig. 6a). For some of the representative points in the phase diagram, we 
present the corresponding mRNA number distribution in Fig. 6b. From the phase diagram, it is clear that as a 
function of these two parameters, different kinds of expression patterns are possible (Fig. 6a).

For large LRA and high protein binding rate (h and ronp are large), we find that the Fano factor F →  1 (blue 
region). This implies that the underlying process of gene expression has a Poisson distribution; this is indeed 
seen in Fig. 6b (filled circles). Since nucleosomes are highly depleted (high removal activity, h >  26kBT) and the 
protein binding is strong (ronp >  k0s−1), the probability of the promoter being in the ON state is also very high 
(PON >  90%). The corresponding gene expression is constitutive and we get high mRNA production. For other 
values of h and ronp, different types of non-Poissonian distributions can be obtained. The region given by the par-
ametric values h ≥  16 kBT and ronp ~ 0.2–0.5 ×  k0s−1 (green region) displays bimodal distribution (Fig. 6b). In the 
bimodal case, there are considerable fractions of cells that are “ON” and “OFF” in the same population. The prob-
ability of the ON state in this case is PON ~ 50–70%. However, when h <  16 kBT (green region), the expression dis-
tribution is a monotonically decreasing function with a long-tail. In this case, the probability of having non-zero 
mRNA expression is high and decreases slowly for higher expressions. For protein binding rate ronp <  0.1 ×  k0s−1 
(red region), we obtained an OFF-like longtail distribution. In this phase-space, the promoter is OFF-like and 
has an expression with a very high probability of having no mRNA (OFF) and low or null probability of having 
non-zero mRNA (ON) (Fig. 6b; compare long-tial vs OFF-like long-tail). The probability of finding the cell in the 
ON state for the long-tail and OFF-like long-tail distributions are PON ~ 30% and PON <  10% respectively, suggest-
ing that the genes are mostly OFF and the expression happens only rarely in short bursts. In Supplementary Fig. 
S6 we have also presented other intermediate distributions that arise as the parameters are varied.

To further check how LRA affects the dependence of noise strength, F, on the mean mRNA, 〈 m〉 , we calcu-
lated F as a function of 〈 m〉  by using the protein binding rate, ronp, as the modulator to get the mean expression, 
〈 m〉  (Fig. 6c). The result clearly suggests that as LRA or h increases, the maximally attainable mean expression 
level, 〈 m〉 , also increases. Interestingly, for high LRA, h ≥  26 kBT, the data points converge to the analytical Fano 
factor, F(〈 m〉 ), derived for a two-state model of gene transcription when the promoter activation rate, say kon, is 
modulated (Fig. 6c). Incidentally, the value of the parameter used to fit our data is very small, koff ~ 0.001 s−1, sug-
gesting that our model can be represented by a two-state model by presuming promoter deactivation rate, koff, as a 

Figure 6. Effects of local remodeling activity on mRNA expression. (a) Phase plot of Fano factor, 
σ= /F mm

2 , as a function of activator binding rate, ronp, and LRA, h. The color gradient on the right represents 
the value of F. (b) mRNA distributions: OFF-like long-tail (red), long-tail (green-square), bimodal (green-
circle), and Poisson (blue). (c) Plot of Fano factor as a function of mRNA abundance, 〈 m〉 , for different values of 
h in the unit of kBT. Each point in the plot is obtained by keeping h constant and varying the protein binding 
rate, ronp. The data points were fitted using analytic functional form of Fano factor derived for a two-state 
random telegraph model: σ( ) = / = + ε δ

ε δ ε δ
( − )
− ( − )

F m m 1m
m

k m
2 2

off
, where koff is the transition rate constant 

from active to inactive state. Here koff =  0.001 s−1. All the simulations were conducted with Veff =  − 7 kBT.



Given nucleosome dynamics, we can 
compute, how long a particular region of 

interest will remain “open” (exposed) before 
it getting covered by another nucleosome

(Jyotsana Parmar, Dibyendu Das)



We compute “first passage time” of covering the patch  
of size “m”

When binding-dissociation dominates over sliding, we can 
compute it analytically

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

4 Nucleic Acids Research, 2015

is the mean first passage time (71) of a nucleosome cover-
ing the m-patch, and will be denoted by Tl for a given l. If
the length l is not held fixed but drawn from a distribution
Pin(l), the mean exposure time Tav of the m-patch would be
a weighted average over the mean times Tl:

Tav =
∑

l≥lmin

Pin(l)Tl , (2)

where lmin = l1 + m. If no experimental bias is introduced,
Pin(l) is expected to be the steady state gap distribution Pss(l
− lmin) for the hard k-mers (which is an exponential func-
tion, see (46) and Supplementary Material (section 2 and
Supplementary Figure S2). We use this form of Pin(l) in our
simulations and theory below.

Simulation and analytical methods

Simulation method. We simulated a system of nucleo-
somes having the kinetic moves described in the section
‘Model for nucleosome kinetics’ above. We start by consid-
ering a DNA lattice of 5000 bp assuming a barrier at its
edge, and nucleosomes are distributed on the lattice with
inter-nucleosome gaps chosen from the steady state distri-
bution Pss(l − lmin) as discussed in the Supplementary Ma-
terial section 2. At t = 0, we ensure that the target patch
of size m is l1 bp away from the barrier, not covered by any
nucleosome. Starting from such initial conditions, we evolve
the system using kinetic Monte-Carlo method, allowing the
binding (with rate kon = 12s−1 (45)) and dissociation events
(with respective sequence- and ATP-dependent rates k(i )

off , as
in Equation 1) of nucleosomes. Then we compute the first
passage time––the time up to which the m-patch remains
exposed, before getting covered for the first time. Averaging
over 2 × 105 independent histories, we compute the mean
Tl.

We also did some simulations for three special cases: (i)
apart from binding and dissociation, nucleosomes are al-
lowed to slide with rate 0.0017s−1 (38,51), (ii) the barrier is
not permanent and can dissociate and bind with rates com-
parable to nucleosomes, and (iii) smaller sized nucleosomes
(k = 120 bp to k = 147 bp) are studied to mimic the partially
unwrapped states.

Analytical method. Apart from the simulations, we have
also formulated equations to analytically calculate the mean
exposure time Tl and compared the results with simulation
data. While simulations give accurate estimates of Tl, they
involve multiple nucleosome kinetics and using them partic-
ularly for ATP and sequence-dependent kinetic events are
time-consuming. Therefore, developing an analytical ap-
proximation for Tl is of practical importance on two counts:
a quick theoretical estimate of Tl makes it easy to evaluate
Tav (Equation 2) genome-wide; it also gives us insight into
the temporal composition of the mean Tl, event-by-event,
helping us understand the collective dynamics of multiple
nucleosomes. In the theoretical literature of stochastic pro-
cesses, a general theory exists for mean first passage times
as derived from the backward Master equation formalism
(71–73). Although relaxation kinetics in a system of hard
k-mers has been studied (46,74–77), a theory for the first

Figure 2. Initial configurations corresponding to Equations 3-6: (A) l ∈
[lmin, k), (B) l ∈ [k, l1 + m + k), (C) l ∈ [l1 + m + k, 2k), (D) l ∈ [2k, 3k).
The barrier (dark green color) and the right flanking nucleosome (marked
as I) have initial separation l. After nucleosome I dissociates, the distance
to the next nucleosome from the barrier is l̃, and if l ≥ k, another nucleo-
some (light gray) may bind in the l-gap either covering the m-patch (B), or
missing it and thus creating a gap of length l′ (C and D).

passage problem discussed in this paper was not developed
for the system earlier. We do so below, and set up linear re-
cursion relations between various Tls for different l, under
certain approximations.

We assume that the location of the m-patch with re-
spect to the barrier is not further than the size k = 147
bp of a nucleosome, i.e. lmin < k. Since the initial barrier-
nucleosome separation l has an exponentially decaying dis-
tribution Pss(l − lmin) (see Supplementary Figure S2, large
gaps are rare––hence in our analysis, we only retain lengths l
∈ [lmin, 3k). Over this range, we may classify the gap lengths
l into four types (see Figure 2A–2D)––each lead to a dis-
tinct kinetic history. From the Figure 2A–2C, we see that a
dissociation event of the nucleosome I, leads to the initial
gap length l being replaced by a new gap length l̃. Similarly,
a binding event (light gray blocks with dashed boundary)
produces a new gap l′ (Figure 2C–2D), unless of course the
m-patch is covered (Figure 2B). Thus we may write recursive
equations (Equations 3-6) relating the Tls, as gap lengths
successively change following dissociation and binding of
nucleosomes. For all the equations in general, the mean ex-
posure time Tl has two parts––(i) the mean survival time to
persist within the initial gap l, added to (ii) the ‘weighted’
mean exposure times (e.g. T̃l ) of the new gaps (e.g. l̃). The
weighting factors are not easy to obtain exactly and we have
used effective approximations for those, as indicated below
(for details, see section 3 of Supplementary Material).

Case 1: Figure 2A, l ∈ [lmin, k)––the mean persistence
time of the initial gap state is 1/koff (needed for the dissocia-
tion of nucleosome I), while we approximate the probability
weight to make transition to a new gapped (l̃) state with new
exposure time T̃l , as Pss(l̃ − l − k). Thus we have for multi-
ple possible l̃ ∈ [l + k, 3k − 1):

Tl −
3k−1∑

l̃=l+k

Pss(l̃ − l − k) T̃l = 1
koff

. (3)

Case 2: Figure 2B, l ∈ [k, l1 + m + k)––the mean persis-
tence time is 1/!l, where !l = koff + kon(l − k + 1) corre-
sponding to the dissociation event of nucleosome I and (l −
k + 1) distinct binding events. The binding events immedi-
ately cover the patch, while the dissociation events lead to
exposure in new gapped states as in Equation 3. The prob-
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Mean exposure time is very different from any of the known 
timescales in the problem. 
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We can compute the same with sequence-dependent rates

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

Jyotsana Parmar, Dibyendu Das & RP, Nucleic Acids Res (2015)
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Distribution of TF binding times

Supplementary Material

Theoretical estimates of exposure timescales of protein binding sites on

DNA regulated by nucleosome kinetics

Jyotsana J. Parmar1, Dibyendu Das2 and Ranjith Padinhateeri1

1Department of Biosciences and Bioengineering, Indian Institute of Technology Bombay, Mumbai
400076, India and 2Department of Physics, Indian Institute of Technology Bombay, Mumbai 400076,

India

1 Competition between a DNA-binding protein and a nucleo-

some: importance of exposure time

What e↵ect does nucleosome kinetics have on DNA exposure, and as a result on protein binding? We
consider a simple model in which there is a single protein binding site. The site may be exposed or
covered by a nucleosome stochastically, with a binding rate k

+

and unbinding rate k�. Apart from that,
a transcription factor (TF) may also bind with rate r

p

if the site is exposed (not covered by nucleosome).
Here the TF competes with the nucleosome to gain access and thereby bind to the site, see Figure S1(a).
Note that for this problem, the ratio of k

+

/k� gives the nucleosome occupancy. That is, the average
nucleosome density ⇢ = k

+

/(k
+

+ k�). An interesting question is, how long one has to wait for the
protein to bind to the site for the first time (first passage time), if we make nucleosome kinetics slow
or fast, maintaining a fixed density. In other words, if we fix the ratio of k

+

/k� and vary k
+

and k�
individually, will the first passage time (FPT) distributions of TF binding get a↵ected? If it does, it
would show that TF binding history does get a↵ected by nucleosome kinetics and cannot be predicted
from nucleosome occupancy alone.
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Figure S1: (a) Schematic showing a single binding site (pink patch), where nucleosome (gray block) and
TF (green oval) are competing to bind with their respective rates as shown. (b) FPT distributions of TF
binding with the site open at t = 0. Red: k

+

= k� = 0.01s�1 with T open

f

= 29.4s and SD = 61.9s, blue:

k
+

= k� = 0.1s�1 with T open

f

= 29.4s and SD = 34.5s. (c) Simulation starts from a closed site; red:

k
+

= k� = 0.01s�1 with T close

f

= 128.8s and SD = 116.5s, blue: k
+

= k� = 0.1s�1 with T close

f

= 39.7s
and SD = 35.6s. (d) Simulation starts from a randomly chosen open or closed site with equal probability.
Red: k

+

= k� = 0.01s�1 with T
f

= 78.4s and SD = 106.8s, blue: k
+

= k� = 0.1s�1 with T
f

= 34.6s
and SD = 35.5s. TF binding rate in all the cases is r

p

= 0.06s�1.

Let t
f

be the FPT for TF to bind at the site. In Figure S1(b)-(d), we present distributions of t
f

obtained under di↵erent initial conditions, using numerical simulations. In each figure, we consider two
cases (i) k

+

= k� = 1/10s�1 (blue curves) and (ii) k
+

= k� = 1/100s�1 (red curves) such that the
occupancy = k

+

/(k
+

+ k�) = 0.5 in both the cases. The TF binding rate r
p

= 1/15s�1, for both (i) and
(ii). The probability distributions appearing in the Figures S1(b)-(d) are defined below.

1

Same nucleosome occupancy; but different TF binding times.

rp=1/15s

tf is the time it takes for a the TF to bind



Part-2: How do nucleosomes influence 
3D organization of the chromatin?
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bind on the linker region and distort the orientation. For example, highly abundant high
mobility group (HMG) proteins (e.g., nhp6 in yeast), and many other architectural transcrip-
tion factors are known to bend DNA [34–38]. This bending by non-histone proteins can
potentially affect the structure of chromatin. (ii) Since DNA has a nonlinear bending elasticity,
it can have flexible hinges [39–43]. Given that DNA bending due to non-histone proteins is a
certainty, it is important to consider them in any model that investigates the chromatin struc-
ture in vivo. Existing models primarily predict zig-zag or solenoid-like structures [44–46].
Recent models also predict polymorphic structures based on the variation in nucleosome
repeat lengths [32, 47]. However, none of the existing papers, to the best of our knowledge,
have accounted for the effect of local DNA curvatures resulting from non-histone protein
binding and/or the possibility of highly flexible regions due to other factors. Neither have these
studies systematically investigated how the chromatin structure would appear when a large
number of nucleosomes (beyond 100 nucleosomes) are present in the presence of DNA-bend-
ing proteins.

In this work we study the higher order folding of nucleosome-bound DNA taking into
account the possibility of non-histone proteins binding along the linker region, bending the
DNA locally. Performing extensive simulations with two different models for chromatin, we
show that (i) in the absence of non-histone protein binding, the nucleosome-bound DNA
folds into a regular zig-zag structure; (ii) after the introduction of the non-histone proteins
that bend linker DNA, the regular zig-zag structure starts disappearing. We compute the chro-
matin structure in the presence of specific proteins such as nhp6 and HMG. As a function of
the density of bound non-histone proteins, we find that there is a transition from a zig-zag
structure to an irregular higher order structure. We also investigate the influence of linker
length on the formation of irregular structures.

Materials and methods

To investigate the role of DNA-bending proteins in higher order chromatin structures, we per-
formed two kinds of simulations: (i) Brownian dynamics (BD) simulations considering a
bead-spring model of DNA and accounting for nucleosome and proteins explicitly, and (ii)
Monte Carlo (MC) simulations considering a freely rotating chain (FRC) model for
chromatin.

Fig 1. (a) When the DNA (yellow chain) is wrapped around the histone octamer (blue), we can represent the direction of the DNA segments that enters and
exits the histone core as two vectors as shown here. The relative orientations of these entry/exit vectors will influence the local structure of the chromatin. (b)
Linker DNA is typically rigid and straight. Rigid linker DNA and restricted orientations of entry/exit DNA segments will promote a zig-zag structure. (c–d):
Schematic diagram describing the models: (c) Bead-spring model—DNA is modelled as a polymer made of beads of type-1 (yellow). 14 DNA-beads wrap
around the histone-octamer bead (type-2, blue) to form a nucleosome. The picture also depicts linker histone H1 constraining entry/exit DNA beads (black
spring), non-histone protein bending the linker region (red spring), and rigid linker regions when it is free of non-histone proteins. (d) Equivalently, nucleosome
is considered as a bead that constraints the entry/exit DNA segments at an angle αn. (e) FRC model—chromatin is modelled as a long 3D chain of N vectors.
Yellow vectors represent linker DNA segments, which make a small angle θd with respect to its neighbor vector (in the absence of a non-histone protein); blue
arrows represent histone-bound DNA having an angle θn = π − αn between them. When a non-histone protein is present in the linker region, yellow tangents
make a relative angle of θp as shown.

doi:10.1371/journal.pcbi.1005365.g001

Irregular chromatin
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Prevalent theory: zig-zag



bind on the linker region and distort the orientation. For example, highly abundant high
mobility group (HMG) proteins (e.g., nhp6 in yeast), and many other architectural transcrip-
tion factors are known to bend DNA [34–38]. This bending by non-histone proteins can
potentially affect the structure of chromatin. (ii) Since DNA has a nonlinear bending elasticity,
it can have flexible hinges [39–43]. Given that DNA bending due to non-histone proteins is a
certainty, it is important to consider them in any model that investigates the chromatin struc-
ture in vivo. Existing models primarily predict zig-zag or solenoid-like structures [44–46].
Recent models also predict polymorphic structures based on the variation in nucleosome
repeat lengths [32, 47]. However, none of the existing papers, to the best of our knowledge,
have accounted for the effect of local DNA curvatures resulting from non-histone protein
binding and/or the possibility of highly flexible regions due to other factors. Neither have these
studies systematically investigated how the chromatin structure would appear when a large
number of nucleosomes (beyond 100 nucleosomes) are present in the presence of DNA-bend-
ing proteins.

In this work we study the higher order folding of nucleosome-bound DNA taking into
account the possibility of non-histone proteins binding along the linker region, bending the
DNA locally. Performing extensive simulations with two different models for chromatin, we
show that (i) in the absence of non-histone protein binding, the nucleosome-bound DNA
folds into a regular zig-zag structure; (ii) after the introduction of the non-histone proteins
that bend linker DNA, the regular zig-zag structure starts disappearing. We compute the chro-
matin structure in the presence of specific proteins such as nhp6 and HMG. As a function of
the density of bound non-histone proteins, we find that there is a transition from a zig-zag
structure to an irregular higher order structure. We also investigate the influence of linker
length on the formation of irregular structures.

Materials and methods

To investigate the role of DNA-bending proteins in higher order chromatin structures, we per-
formed two kinds of simulations: (i) Brownian dynamics (BD) simulations considering a
bead-spring model of DNA and accounting for nucleosome and proteins explicitly, and (ii)
Monte Carlo (MC) simulations considering a freely rotating chain (FRC) model for
chromatin.

Fig 1. (a) When the DNA (yellow chain) is wrapped around the histone octamer (blue), we can represent the direction of the DNA segments that enters and
exits the histone core as two vectors as shown here. The relative orientations of these entry/exit vectors will influence the local structure of the chromatin. (b)
Linker DNA is typically rigid and straight. Rigid linker DNA and restricted orientations of entry/exit DNA segments will promote a zig-zag structure. (c–d):
Schematic diagram describing the models: (c) Bead-spring model—DNA is modelled as a polymer made of beads of type-1 (yellow). 14 DNA-beads wrap
around the histone-octamer bead (type-2, blue) to form a nucleosome. The picture also depicts linker histone H1 constraining entry/exit DNA beads (black
spring), non-histone protein bending the linker region (red spring), and rigid linker regions when it is free of non-histone proteins. (d) Equivalently, nucleosome
is considered as a bead that constraints the entry/exit DNA segments at an angle αn. (e) FRC model—chromatin is modelled as a long 3D chain of N vectors.
Yellow vectors represent linker DNA segments, which make a small angle θd with respect to its neighbor vector (in the absence of a non-histone protein); blue
arrows represent histone-bound DNA having an angle θn = π − αn between them. When a non-histone protein is present in the linker region, yellow tangents
make a relative angle of θp as shown.

doi:10.1371/journal.pcbi.1005365.g001
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bind on the linker region and distort the orientation. For example, highly abundant high
mobility group (HMG) proteins (e.g., nhp6 in yeast), and many other architectural transcrip-
tion factors are known to bend DNA [34–38]. This bending by non-histone proteins can
potentially affect the structure of chromatin. (ii) Since DNA has a nonlinear bending elasticity,
it can have flexible hinges [39–43]. Given that DNA bending due to non-histone proteins is a
certainty, it is important to consider them in any model that investigates the chromatin struc-
ture in vivo. Existing models primarily predict zig-zag or solenoid-like structures [44–46].
Recent models also predict polymorphic structures based on the variation in nucleosome
repeat lengths [32, 47]. However, none of the existing papers, to the best of our knowledge,
have accounted for the effect of local DNA curvatures resulting from non-histone protein
binding and/or the possibility of highly flexible regions due to other factors. Neither have these
studies systematically investigated how the chromatin structure would appear when a large
number of nucleosomes (beyond 100 nucleosomes) are present in the presence of DNA-bend-
ing proteins.

In this work we study the higher order folding of nucleosome-bound DNA taking into
account the possibility of non-histone proteins binding along the linker region, bending the
DNA locally. Performing extensive simulations with two different models for chromatin, we
show that (i) in the absence of non-histone protein binding, the nucleosome-bound DNA
folds into a regular zig-zag structure; (ii) after the introduction of the non-histone proteins
that bend linker DNA, the regular zig-zag structure starts disappearing. We compute the chro-
matin structure in the presence of specific proteins such as nhp6 and HMG. As a function of
the density of bound non-histone proteins, we find that there is a transition from a zig-zag
structure to an irregular higher order structure. We also investigate the influence of linker
length on the formation of irregular structures.

Materials and methods

To investigate the role of DNA-bending proteins in higher order chromatin structures, we per-
formed two kinds of simulations: (i) Brownian dynamics (BD) simulations considering a
bead-spring model of DNA and accounting for nucleosome and proteins explicitly, and (ii)
Monte Carlo (MC) simulations considering a freely rotating chain (FRC) model for
chromatin.

Fig 1. (a) When the DNA (yellow chain) is wrapped around the histone octamer (blue), we can represent the direction of the DNA segments that enters and
exits the histone core as two vectors as shown here. The relative orientations of these entry/exit vectors will influence the local structure of the chromatin. (b)
Linker DNA is typically rigid and straight. Rigid linker DNA and restricted orientations of entry/exit DNA segments will promote a zig-zag structure. (c–d):
Schematic diagram describing the models: (c) Bead-spring model—DNA is modelled as a polymer made of beads of type-1 (yellow). 14 DNA-beads wrap
around the histone-octamer bead (type-2, blue) to form a nucleosome. The picture also depicts linker histone H1 constraining entry/exit DNA beads (black
spring), non-histone protein bending the linker region (red spring), and rigid linker regions when it is free of non-histone proteins. (d) Equivalently, nucleosome
is considered as a bead that constraints the entry/exit DNA segments at an angle αn. (e) FRC model—chromatin is modelled as a long 3D chain of N vectors.
Yellow vectors represent linker DNA segments, which make a small angle θd with respect to its neighbor vector (in the absence of a non-histone protein); blue
arrows represent histone-bound DNA having an angle θn = π − αn between them. When a non-histone protein is present in the linker region, yellow tangents
make a relative angle of θp as shown.

doi:10.1371/journal.pcbi.1005365.g001
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bind on the linker region and distort the orientation. For example, highly abundant high
mobility group (HMG) proteins (e.g., nhp6 in yeast), and many other architectural transcrip-
tion factors are known to bend DNA [34–38]. This bending by non-histone proteins can
potentially affect the structure of chromatin. (ii) Since DNA has a nonlinear bending elasticity,
it can have flexible hinges [39–43]. Given that DNA bending due to non-histone proteins is a
certainty, it is important to consider them in any model that investigates the chromatin struc-
ture in vivo. Existing models primarily predict zig-zag or solenoid-like structures [44–46].
Recent models also predict polymorphic structures based on the variation in nucleosome
repeat lengths [32, 47]. However, none of the existing papers, to the best of our knowledge,
have accounted for the effect of local DNA curvatures resulting from non-histone protein
binding and/or the possibility of highly flexible regions due to other factors. Neither have these
studies systematically investigated how the chromatin structure would appear when a large
number of nucleosomes (beyond 100 nucleosomes) are present in the presence of DNA-bend-
ing proteins.

In this work we study the higher order folding of nucleosome-bound DNA taking into
account the possibility of non-histone proteins binding along the linker region, bending the
DNA locally. Performing extensive simulations with two different models for chromatin, we
show that (i) in the absence of non-histone protein binding, the nucleosome-bound DNA
folds into a regular zig-zag structure; (ii) after the introduction of the non-histone proteins
that bend linker DNA, the regular zig-zag structure starts disappearing. We compute the chro-
matin structure in the presence of specific proteins such as nhp6 and HMG. As a function of
the density of bound non-histone proteins, we find that there is a transition from a zig-zag
structure to an irregular higher order structure. We also investigate the influence of linker
length on the formation of irregular structures.

Materials and methods

To investigate the role of DNA-bending proteins in higher order chromatin structures, we per-
formed two kinds of simulations: (i) Brownian dynamics (BD) simulations considering a
bead-spring model of DNA and accounting for nucleosome and proteins explicitly, and (ii)
Monte Carlo (MC) simulations considering a freely rotating chain (FRC) model for
chromatin.

Fig 1. (a) When the DNA (yellow chain) is wrapped around the histone octamer (blue), we can represent the direction of the DNA segments that enters and
exits the histone core as two vectors as shown here. The relative orientations of these entry/exit vectors will influence the local structure of the chromatin. (b)
Linker DNA is typically rigid and straight. Rigid linker DNA and restricted orientations of entry/exit DNA segments will promote a zig-zag structure. (c–d):
Schematic diagram describing the models: (c) Bead-spring model—DNA is modelled as a polymer made of beads of type-1 (yellow). 14 DNA-beads wrap
around the histone-octamer bead (type-2, blue) to form a nucleosome. The picture also depicts linker histone H1 constraining entry/exit DNA beads (black
spring), non-histone protein bending the linker region (red spring), and rigid linker regions when it is free of non-histone proteins. (d) Equivalently, nucleosome
is considered as a bead that constraints the entry/exit DNA segments at an angle αn. (e) FRC model—chromatin is modelled as a long 3D chain of N vectors.
Yellow vectors represent linker DNA segments, which make a small angle θd with respect to its neighbor vector (in the absence of a non-histone protein); blue
arrows represent histone-bound DNA having an angle θn = π − αn between them. When a non-histone protein is present in the linker region, yellow tangents
make a relative angle of θp as shown.

doi:10.1371/journal.pcbi.1005365.g001
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bind on the linker region and distort the orientation. For example, highly abundant high
mobility group (HMG) proteins (e.g., nhp6 in yeast), and many other architectural transcrip-
tion factors are known to bend DNA [34–38]. This bending by non-histone proteins can
potentially affect the structure of chromatin. (ii) Since DNA has a nonlinear bending elasticity,
it can have flexible hinges [39–43]. Given that DNA bending due to non-histone proteins is a
certainty, it is important to consider them in any model that investigates the chromatin struc-
ture in vivo. Existing models primarily predict zig-zag or solenoid-like structures [44–46].
Recent models also predict polymorphic structures based on the variation in nucleosome
repeat lengths [32, 47]. However, none of the existing papers, to the best of our knowledge,
have accounted for the effect of local DNA curvatures resulting from non-histone protein
binding and/or the possibility of highly flexible regions due to other factors. Neither have these
studies systematically investigated how the chromatin structure would appear when a large
number of nucleosomes (beyond 100 nucleosomes) are present in the presence of DNA-bend-
ing proteins.

In this work we study the higher order folding of nucleosome-bound DNA taking into
account the possibility of non-histone proteins binding along the linker region, bending the
DNA locally. Performing extensive simulations with two different models for chromatin, we
show that (i) in the absence of non-histone protein binding, the nucleosome-bound DNA
folds into a regular zig-zag structure; (ii) after the introduction of the non-histone proteins
that bend linker DNA, the regular zig-zag structure starts disappearing. We compute the chro-
matin structure in the presence of specific proteins such as nhp6 and HMG. As a function of
the density of bound non-histone proteins, we find that there is a transition from a zig-zag
structure to an irregular higher order structure. We also investigate the influence of linker
length on the formation of irregular structures.

Materials and methods

To investigate the role of DNA-bending proteins in higher order chromatin structures, we per-
formed two kinds of simulations: (i) Brownian dynamics (BD) simulations considering a
bead-spring model of DNA and accounting for nucleosome and proteins explicitly, and (ii)
Monte Carlo (MC) simulations considering a freely rotating chain (FRC) model for
chromatin.

Fig 1. (a) When the DNA (yellow chain) is wrapped around the histone octamer (blue), we can represent the direction of the DNA segments that enters and
exits the histone core as two vectors as shown here. The relative orientations of these entry/exit vectors will influence the local structure of the chromatin. (b)
Linker DNA is typically rigid and straight. Rigid linker DNA and restricted orientations of entry/exit DNA segments will promote a zig-zag structure. (c–d):
Schematic diagram describing the models: (c) Bead-spring model—DNA is modelled as a polymer made of beads of type-1 (yellow). 14 DNA-beads wrap
around the histone-octamer bead (type-2, blue) to form a nucleosome. The picture also depicts linker histone H1 constraining entry/exit DNA beads (black
spring), non-histone protein bending the linker region (red spring), and rigid linker regions when it is free of non-histone proteins. (d) Equivalently, nucleosome
is considered as a bead that constraints the entry/exit DNA segments at an angle αn. (e) FRC model—chromatin is modelled as a long 3D chain of N vectors.
Yellow vectors represent linker DNA segments, which make a small angle θd with respect to its neighbor vector (in the absence of a non-histone protein); blue
arrows represent histone-bound DNA having an angle θn = π − αn between them. When a non-histone protein is present in the linker region, yellow tangents
make a relative angle of θp as shown.

doi:10.1371/journal.pcbi.1005365.g001
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that distort linker DNA. The results are shown in Fig 2d for different inter-nucleosome inter-
actions and 50% density of bound non-histone proteins. The I(k) is no more peaked at k = 2;
the peak is shifted to k = 1, indicating the destruction of the zig-zag structure. For higher inter-
nucleosome interactions (different curves), two nucleosomes come very close and the overall
structure is more tightly packed. The peak probability decreases slightly with higher interac-
tions as more and more far away neighbors get locked within the cut off distance. These results
indicate that the presence of DNA-bending non-histone proteins can be a crucial factor in
determining the chromatin structure at the length scale of a gene, and may plausibly explain
why the 30-nm higher order structure is elusive under in vivo conditions (also see S3 and S4
Figs). To test whether the precise model for linker histone would affect our results, we did a set
of simulations considering linker histone as a bead that interacts with two entry/exit linker
DNA and the corresponding nucleosomes as suggested by data in the literature [49] (see S1
Text). Results in S5 Fig show that this does not change our findings. We also did BD

Fig 2. (a–b): Snapshots of chromatin from BD simulations showing DNA (yellow) and nucleosomes (blue and green) [55]. (a) In the absence of non-
histone proteins; a zig-zag structure is seen. (b) In the presence of non-histone proteins that bend linker DNA (density ρ = 0.5). DNA-bending brings
neighbouring nucleosomes closer to each other mixing the blue and green. This destroys the zig-zag nature where, typically, next neighbors (same-color

nucleosomes) are closer than the neighbors (different colors). Both have inter-nucleosome interaction with ~kh à 50. (c–d): I(k) from BD simulations. (c)

Without (~kh à 0) and with inter-nucleosome interactions (~kh à 10; 30; 50) and in the absence of any non-histone protein. Here I(k) peaks at k = 2 indicating

the formation of zig-zag structure for each ~kh. (d) Without (~kh à 0) and with inter-nucleosome interactions (~kh à 10; 30; 50) in the presence of non-histone
proteins(ρ = 0.5). Here the peaks at I(1) imply that neighboring nucleosomes are geometrically close to each other, and the zig-zag structure is dismantled
in the presence of non-histone proteins.

doi:10.1371/journal.pcbi.1005365.g002
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(Fig 4b, ρ = 0.24, θp = 120˚ with random orientations). This simple numerical study supports
the hypothesis that the role of non-histone proteins is crucial in deciding the higher order
structure of chromatin.

Large-scale chromatin organization

So far we did simulations with a small number of nucleosomes (M⇡ 20, approximate length
scale of a single gene). However, what will be the chromatin organisation in the longer length-
scale (length scale of many genes) accounting for a large number of nucleosomes is an impor-
tant question. Since performing BD for large systems is computationally expensive, and since
both BD and FRC simulations give similar results, we implemented the 3D FRC model to
probe large-scale organization of chromatin. Using the FRC model, we generated a large num-
ber of (⇡ 107) equilibrium configurations of chromatin, each having 2000 nucleosomes, both
with and without non-histone proteins. Systematically varying protein density (ρ), we investi-
gated the amount of non-histone proteins required for the appearance of an irregular struc-
ture. To compare the 3D FRC model with and without proteins and to quantify the resulting
nucleosome organization in space, here too we computed I(k) (Fig 5a). In the absence of non-
histone proteins (Fig 5a, blue), the peak is at k = 2 implying a zig-zag structure. As protein
density (ρ) increases, the k = 2 becomes less probable, and the probability of finding k 6à 2
increases. Here the bending angle of non-histone protein is chosen as θp = 90˚ representing
proteins like HMG-B or nhp6 [52, 53].

Results presented in Fig 5a suggest that, as a function of one parameter—non-histone pro-
tein density—there exists a transition from a zig-zag structure (dominant peak is at k = 2) to
an irregular structure (dominant peak at k 6à 2). The plot of peak position (the value of k at
which I(k) peaks) as a function of protein density (Fig 5a, inset) captures this transition and
shows that the transition happens when the protein density is⇡0.48. This is also the parameter
regime where I(1) is comparable to I(2)—this is important since recent experiments have indi-
cated that chromatin has an irregular structure, and at the same time there exist both i/i + 1

Fig 4. Snapshots of chromatin simulated using the FRC model in 2D showing linker DNA (red) and nucleosomes (blue). The linker length is⇡ 42
bp. (a)In the absence of any non-histone protein, we get a nice zig-zag-like structure. (b)In the presence of non-histone proteins where each linker region
has a probability of 0.24 for non-histone protein to bind. The presence of non-histone proteins is modeled as a bend in the linker region. The non-histone
proteins (not marked separately) are visible as sharp angles between two neighboring blue dots.

doi:10.1371/journal.pcbi.1005365.g004
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and i/i + 2 contacts [60]. Given that, in reality, there are proteins of different types binding in a
heterogeneous manner (e.g. LEF1: 107˚-127˚, nhp6: 120˚) we repeated the calculation for dif-
ferent set of bending angles—angles randomly chosen from a range between 90˚ and 135˚ [56,
59]. The results are shown in Fig 5b. Here too the inset shows a transition from zig-zag to
irregular structure as a function of protein density. In both the figures here, the chromatin
becomes irregular when ρ< 0.5(at ρ = 0.48 in Fig 5a and ρ = 0.28 in Fig 5b). This is equivalent
to having one non-histone protein for every four nucleosomes (⇡ 1/0.28) or two nucleosomes
(⇡ 1/0.48), consistent with abundance of non-histone proteins in the cell [35]. It is known that
there exists roughly one HMG protein for every two nucleosomes [35] and hence such irregu-
lar structures can be expected for chromatin in which nearly all available HMGB proteins bind
at linker regions.

Fig 5. From 3D FRC model with 2000 nucleosomes. (a) I(k) without any non-histone proteins (blue curve) and with different densities of non-histone
proteins: ρ = 0.1 (yellow), ρ = 0.3 (pink), and ρ = 0.5 (green). The peak at k = 2 is shifted to k = 1 on increasing ρ. Here, the bending angle of the non-
histone protein is θp = 90˚ representing nhp6 and HMG-B. Inset: the peak location (k value at which I(k) is peaked), kpeak, for different ρ. This indicates a
transition from a zig-zag to an irregular structure. (b) The same as (a) but with θp chosen randomly from 90˚–135˚ (c) A phase diagram obtained by varying
the linker length and the density of proteins in the linker region (θp as in (b)). The red dots represent the values of the parameters at which the transition
from zig-zag to irregular structure happens (i.e., parameter values at which I(1) = I(2)). (d) A similar phase diagram obtained by varying the bending angle
(representing different proteins) and the protein density (linker length = 42bp).

doi:10.1371/journal.pcbi.1005365.g005
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and i/i + 2 contacts [60]. Given that, in reality, there are proteins of different types binding in a
heterogeneous manner (e.g. LEF1: 107˚-127˚, nhp6: 120˚) we repeated the calculation for dif-
ferent set of bending angles—angles randomly chosen from a range between 90˚ and 135˚ [56,
59]. The results are shown in Fig 5b. Here too the inset shows a transition from zig-zag to
irregular structure as a function of protein density. In both the figures here, the chromatin
becomes irregular when ρ< 0.5(at ρ = 0.48 in Fig 5a and ρ = 0.28 in Fig 5b). This is equivalent
to having one non-histone protein for every four nucleosomes (⇡ 1/0.28) or two nucleosomes
(⇡ 1/0.48), consistent with abundance of non-histone proteins in the cell [35]. It is known that
there exists roughly one HMG protein for every two nucleosomes [35] and hence such irregu-
lar structures can be expected for chromatin in which nearly all available HMGB proteins bind
at linker regions.

Fig 5. From 3D FRC model with 2000 nucleosomes. (a) I(k) without any non-histone proteins (blue curve) and with different densities of non-histone
proteins: ρ = 0.1 (yellow), ρ = 0.3 (pink), and ρ = 0.5 (green). The peak at k = 2 is shifted to k = 1 on increasing ρ. Here, the bending angle of the non-
histone protein is θp = 90˚ representing nhp6 and HMG-B. Inset: the peak location (k value at which I(k) is peaked), kpeak, for different ρ. This indicates a
transition from a zig-zag to an irregular structure. (b) The same as (a) but with θp chosen randomly from 90˚–135˚ (c) A phase diagram obtained by varying
the linker length and the density of proteins in the linker region (θp as in (b)). The red dots represent the values of the parameters at which the transition
from zig-zag to irregular structure happens (i.e., parameter values at which I(1) = I(2)). (d) A similar phase diagram obtained by varying the bending angle
(representing different proteins) and the protein density (linker length = 42bp).

doi:10.1371/journal.pcbi.1005365.g005
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and i/i + 2 contacts [60]. Given that, in reality, there are proteins of different types binding in a
heterogeneous manner (e.g. LEF1: 107˚-127˚, nhp6: 120˚) we repeated the calculation for dif-
ferent set of bending angles—angles randomly chosen from a range between 90˚ and 135˚ [56,
59]. The results are shown in Fig 5b. Here too the inset shows a transition from zig-zag to
irregular structure as a function of protein density. In both the figures here, the chromatin
becomes irregular when ρ< 0.5(at ρ = 0.48 in Fig 5a and ρ = 0.28 in Fig 5b). This is equivalent
to having one non-histone protein for every four nucleosomes (⇡ 1/0.28) or two nucleosomes
(⇡ 1/0.48), consistent with abundance of non-histone proteins in the cell [35]. It is known that
there exists roughly one HMG protein for every two nucleosomes [35] and hence such irregu-
lar structures can be expected for chromatin in which nearly all available HMGB proteins bind
at linker regions.

Fig 5. From 3D FRC model with 2000 nucleosomes. (a) I(k) without any non-histone proteins (blue curve) and with different densities of non-histone
proteins: ρ = 0.1 (yellow), ρ = 0.3 (pink), and ρ = 0.5 (green). The peak at k = 2 is shifted to k = 1 on increasing ρ. Here, the bending angle of the non-
histone protein is θp = 90˚ representing nhp6 and HMG-B. Inset: the peak location (k value at which I(k) is peaked), kpeak, for different ρ. This indicates a
transition from a zig-zag to an irregular structure. (b) The same as (a) but with θp chosen randomly from 90˚–135˚ (c) A phase diagram obtained by varying
the linker length and the density of proteins in the linker region (θp as in (b)). The red dots represent the values of the parameters at which the transition
from zig-zag to irregular structure happens (i.e., parameter values at which I(1) = I(2)). (d) A similar phase diagram obtained by varying the bending angle
(representing different proteins) and the protein density (linker length = 42bp).

doi:10.1371/journal.pcbi.1005365.g005
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and i/i + 2 contacts [60]. Given that, in reality, there are proteins of different types binding in a
heterogeneous manner (e.g. LEF1: 107˚-127˚, nhp6: 120˚) we repeated the calculation for dif-
ferent set of bending angles—angles randomly chosen from a range between 90˚ and 135˚ [56,
59]. The results are shown in Fig 5b. Here too the inset shows a transition from zig-zag to
irregular structure as a function of protein density. In both the figures here, the chromatin
becomes irregular when ρ< 0.5(at ρ = 0.48 in Fig 5a and ρ = 0.28 in Fig 5b). This is equivalent
to having one non-histone protein for every four nucleosomes (⇡ 1/0.28) or two nucleosomes
(⇡ 1/0.48), consistent with abundance of non-histone proteins in the cell [35]. It is known that
there exists roughly one HMG protein for every two nucleosomes [35] and hence such irregu-
lar structures can be expected for chromatin in which nearly all available HMGB proteins bind
at linker regions.

Fig 5. From 3D FRC model with 2000 nucleosomes. (a) I(k) without any non-histone proteins (blue curve) and with different densities of non-histone
proteins: ρ = 0.1 (yellow), ρ = 0.3 (pink), and ρ = 0.5 (green). The peak at k = 2 is shifted to k = 1 on increasing ρ. Here, the bending angle of the non-
histone protein is θp = 90˚ representing nhp6 and HMG-B. Inset: the peak location (k value at which I(k) is peaked), kpeak, for different ρ. This indicates a
transition from a zig-zag to an irregular structure. (b) The same as (a) but with θp chosen randomly from 90˚–135˚ (c) A phase diagram obtained by varying
the linker length and the density of proteins in the linker region (θp as in (b)). The red dots represent the values of the parameters at which the transition
from zig-zag to irregular structure happens (i.e., parameter values at which I(1) = I(2)). (d) A similar phase diagram obtained by varying the bending angle
(representing different proteins) and the protein density (linker length = 42bp).

doi:10.1371/journal.pcbi.1005365.g005
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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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