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The rotational positioning of DNA about the histone octamer appears to be determined by 
certain sequence-dependent modulations of DNA structure. To establish the detailed nature 
of these interactions, we have analysed the sequences of 177 different DNA molecules from 
chicken erythrocyte core particles. All variations in the sequence content of these 
molecules, which may be attributed to sequence-dependent preferences for DNA bending, 
correlate well with the detailed path of the DNA as it wraps around the histone octamer in 
t.he crystal structure of the nucleosome core. 

The sequence-dependent preferences that correlate most closely with the rotational 
orientation of the DNA, relative to the surface of the protein, are of two kinds: ApApA/ 
TpTpT and ApApT/ApTpT, the minor grooves of which face predominantly in towards the 
protein; and also GpGpC/GpCpC and ApGpC/GpCpT, whose minor grooves face outward. 
Fourier analysis has been used to obtain fractional variations in occurrence for all ten 
dinucleotide and all 32 trinucleotide arrangements. These sequence preferences should 
apply generally to many other cases of protein-DNA recognition, where the DNA wraps 
around a protein. 

In addition, it is observed that long runs of homopolymer (dA) . (dT) prefer to occupy the 
ends of core DNA, five to six turns away from the dyad. These same sequences are 
apparently excluded from the near-centre of core DNA, two to three turns from the dyad. 
Hence, the translational positioning of any single histone octamer along a DNA molecule of 
defined sequence may be strongly influenced by the placement of (dA) * (dT) sequences. It 
may also be influenced by any aversion of the protein for sequences in the “linker” region, 
the sequence content of which remains to be determined. 

1. Introduction 
The principal unit of DNA packaging in 

eukaryotic chromosomes is the core nucleosome. In 
this structure, the DNA wraps twice around an 
octamer of histone proteins as a left-handed 
superhelix (Finch et al., 1977; Richmond et al., 
1984). The midpoint of the bound DNA is termed 
the “dyad”, at which point each copy of histones 
H2A, H2B, H3 and H4 can be related to its partner 
by an axis of twofold symmetry. The path of the 
DNA between histone octamers is not known, but it 
appears that variable lengths of “linker” DNA 
separate individual nucleosomes (Prune11 & 
Kornberg, 1982; Widom & Klug, 1985). The 
location of the histone octamers on the DNA 
sequence can be determined with varying degrees of 
precision on different DNA sequences (Fitzgerald & 
Simpson, 1985; Thoma & Simpson, 1985; Ramsay, 
1986; Thoma, 1986). 

The structural and mechanical properties of DNA 
change according to its base sequence, and therefore 

the ability of a DNA molecule to bend around the 
histone octamer is thought to be a major 
determinant of nucleosome positioning. This view 
has been confirmed by the demonstration (Drew & 
Travers, 1985a) that one particular DNA sequence, 
which includes the tyrT promoter from Escherichia 
coli, adopts essentially the same bending geometry 
both when closed into a small circle and when 
bound to a histone octamer. 

To describe the position of the DNA in such a 
protein-DNA complex, one must consider two 
variables: a translation, marking where along the 
DNA the histone octamer sits; and a rotation, 
which defines the local orientation of the DNA 
relative to the protein surface. Several particular 
DNA molecules, when reconstituted to form a 
nucleosome core, have exhibited a well-defined 
rotational setting (Simpson & Stafford, 1983; 
Ramsay et aE., 1984; Drew & Travers, 1985a; 
Rhodes, 1985). To determine the general nature of 
sequences that influence rotational position, a 
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was found in roll rather than in tilt, or wedge 
(Fratini et al., 1982; Dickerson et al., 1983). 

It has been reported that any short run of A or T 
nucleotides longer than 3 bp (such as AAAA or 
TTTTT), when periodically repeated at intervals of 
10 to 11 bp, can confer a detectable amount of 
curvature on an isolated DNA molecule (Wu & 
Crothers, 1984; Hagerman, 1985, 1986; Koo et al., 
1986; Ulanovsky et al., 1986). Such sequences make 
no contribution to the difference between linking 
number and twist unless they are deformed by 
supercoiling (Diekmann & Wang, 1985). Several 
models for DNA bending, including that of a wedge 
at ApA, have been ruled out by these experiments 
(Hagerman, 1986; Koo et a&, 1986). However, it, 
remains unclear from these measurements by what 
amount the DNA bends, and in what direction. We 
have found, on the nucleosome core. t,here is a 
strong tendency for the centres of short runs of 
(dA) . (dT) such as AAA or AAAA to lie with their 
minor grooves along the inside of the DNA 
supercoil; runs of intermediat,e length such as 
AAAAA and AAAAAA tend to lie on t,he upper and 
lower surfaces of the supercoil; while long runs of 
(dA). (dT) tend to avoid the bent region entirely 
and are found most oft,en at the ends of rare DSA 
(Figs l(g), 3(a) and 4(a). (b) and (c)). 

(g) DIVA bending in other protein-DIVA complexes 

The nucleosome core is an example of a prot,ein- 
l>h‘A complex in which the DPiA is bent over a long 
region of 145 bp. Are other such complexes between 
protein and DNA influenced by sequence-dependent 
preferences for DNA bending? The pat.h of the 
DNA is not known in very many cases (Better et al., 
1982; Kirchhausen et al., 1985): but it is possible to 
deduce the rotation of the DNA with respect to the 
protein by looking at. patterns of DNAase I 
digestion, Detailed inspection of such data for six 
different proteins required for DNA replication. 
recombination or transcription suggests t’hat. 
within such protein-DNA complexes, the Dh’A 
adopts a rotat,ion similar to that found in the 
complex of core DNA with t)he histone octamer. 
(The particular examples are: DNA gyrase 
(Morrison & Cozzarelli, 1981; Kirkegaard & Wang, 
1981). DnaA protein (Fuller et al.. 1984). TnJ 
resolvase (Grindley et al., 1982; Sherratt et al., 1984), 
1, integrase (Ross et al., 1979), 1, 0 protein (Zahn & 
Hlattner, 1985). and RNA polymerase holoenzyme 
(Spassky et al., 1985).) 

we would also expect the same sequence- 
dependent preferences for DNA bending to occur 
when the double helix is constrained in a tight loop 
by the co-operative binding of proteins to separated 
sit,es. Such a structure has been proposed in the 
regulatory region of the E. coli araBAD operon, 
whose repression depends on two binding sites for 
the AraC protein separated by -225 bp (Dunn et 
al., 1984). In a second case the &I repressor binds 
co-operatively to two operator sites separated by 
six double helical turns (Hochshild & Ptashne, 

1986). It should be possible to design experiments. 
using these proteins, to evaluate the energetic 
preferences involved in Dh’A bending. 

In summary, it would appear that the sequence- 
dependent preferences for bending a DNA helix are 
of general occurrence. These sequence-dependent 
features constitut’e a further kind of information 
present in a DNA molecule, in addition to its well- 
known propensity. to encode the amino acid 
sequence of prot,ems. ,4 simple theory of DNA 
bending is to be presented in a forthcoming article 
(Calladine & Drew. 1986). 
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A genomic code for nucleosome
positioning
Eran Segal1, Yvonne Fondufe-Mittendorf2, Lingyi Chen2, AnnChristine Thåström2, Yair Field1, Irene K. Moore2,
Ji-Ping Z. Wang3 & Jonathan Widom2

Eukaryotic genomes are packaged into nucleosome particles that occlude the DNA from interacting with most DNA
binding proteins. Nucleosomes have higher affinity for particular DNA sequences, reflecting the ability of the sequence
to bend sharply, as required by the nucleosome structure. However, it is not known whether these sequence preferences
have a significant influence on nucleosome position in vivo, and thus regulate the access of other proteins to DNA. Here
we isolated nucleosome-bound sequences at high resolution from yeast and used these sequences in a new
computational approach to construct and validate experimentally a nucleosome–DNA interaction model, and to predict
the genome-wide organization of nucleosomes. Our results demonstrate that genomes encode an intrinsic nucleosome
organization and that this intrinsic organization can explain ,50% of the in vivo nucleosome positions. This nucleosome
positioning code may facilitate specific chromosome functions including transcription factor binding, transcription
initiation, and even remodelling of the nucleosomes themselves.

Eukaryotic genomic DNA exists as highly compacted nucleosome
arrays called chromatin. Each nucleosome contains a 147-base-pair
(bp) stretch of DNA, which is sharply bent and tightly wrapped
around a histone protein octamer1. This sharp bending occurs at
every DNA helical repeat (,10 bp), when the major groove of
the DNA faces inwards towards the histone octamer, and again
,5 bp away, with opposite direction, when the major groove faces
outward. Bends of each direction are facilitated by specific dinucleo-
tides2,3. Neighbouring nucleosomes are separated from each other by
10–50-bp-long stretches of unwrapped linkerDNA4; thus, 75–90%of
genomic DNA is wrapped in nucleosomes. Access to DNA wrapped
in a nucleosome is occluded1 for polymerase, regulatory, repair and
recombination complexes, yet nucleosomes also recruit other pro-
teins through interactions with their histone tail domains5. Thus, the
detailed locations of nucleosomes along the DNA may have import-
ant inhibitory or facilitatory roles6,7 in regulating gene expression.
DNA sequences differ greatly in their ability to bend sharply2,3,8.

Consequently, the ability of the histone octamer to wrap differing
DNA sequences into nucleosomes is highly dependent on the specific
DNA sequence9,10. In vitro studies show this range of affinities to be
1,000-fold or greater11. Thus, nucleosomes have substantial DNA
sequence preferences. A key question is whether genomes use these
sequence preferences to control the distribution of nucleosomes
in vivo in a way that strongly impacts on the ability of DNA binding
proteins to access particular binding sites. By controlling binding site
accessibility in this way, genomes could, for example, target the
binding of transcription factors towards appropriate sites and away
from irrelevant, non-functional sites9.
One view is that the sequence preferences of nucleosomes might

not be meaningful. Nucleosome positions might be regulated in cells
in trans by the abundant12 ATP-dependent nucleosome remodelling
complexes13, which might over-ride the sequence preferences of
nucleosomes and move them to new locations whenever needed.
Another view, however, is that remodelling factors do not themselves

determine the destinations of the nucleosomes that they mobilize.
Rather, the remodelling complexes may allow nucleosomes to sample
alternative positions rapidly, resulting in a thermodynamic equili-
brium between the nucleosomes and the site-specific DNA binding
proteins that compete with nucleosomes for occupancy along the
genome. In this view, nucleosome positions are regulated in cis by
their intrinsic sequence preferences, which would then have signifi-
cant regulatory roles. In this cis regulation model, we expect the
genome to encode a nucleosome organization, intrinsic to the DNA
sequence alone, comprising sequences with both low and high
affinity for nucleosomes. Many of the high-affinity sequences should
then be occupied by nucleosomes in vivo. Moreover, the detailed
distribution of nucleosome positions encoded by the genome should
significantly influence chromosome functions genome-wide.
Here we report the results of a combined experimental and

computational approach to detect the DNA sequence preferences
of nucleosomes and the intrinsic nucleosome organization of the
genome that these preferences dictate. Our findings demonstrate that
eukaryotic genomes use a nucleosome positioning code, and link the
resulting nucleosome positions to specific chromosome functions.

Validating a nucleosome–DNA interaction model
To construct a model for nucleosome–DNA interactions in yeast
(Fig. 1a), we used a genome-wide assay to isolate DNA regions that
were stably wrapped in nucleosomes. Our experimental method
maps nucleosomes on the yeast genome with greater accuracy than
previous approaches, resulting in a set of 199mononucleosome DNA
sequences of length 142–152 bp (Supplementary Fig. 1). We used this
collection of sequences to construct a probabilistic model that
represents the DNA sequence preferences of yeast nucleosomes
(Supplementary Fig. 2). Our approach resembles that used for
representing the binding specificities of transcription factors from
a collection of known sites, but with two main distinctions: first, in
contrast to the mononucleotide probability distributions used for
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Obituary

Jonathan Widom
1955–2011

On July 18, the scientific community lost
one of its most creative and influential
thinkers and experimentalists. Jonathan
Widom, William Deering Professor of
Molecular Biosciences in the Weinberg
College of Arts and Sciences at North-
western University, passed away unex-
pectedly of a heart attack while at his
lab. He was 55 years old. Anyone with
a general interest in protein-DNA interac-
tions and chromatin structure has doubt-
lessly been influenced by Jon’s many
seminal contributions, which have shaped
the field of chromatin and will live on for
decades to come. Those of us who had
the privilege of seeing him in action at
meetings and poster sessions will miss
his beautifully crafted presen-
tations, his warm personality,
and his insightful and always
respectful contributions and
criticism. To those of us who
enjoyed his friendship, the
loss is deeply personal.
Jon was born in Ithaca, NY,

on October 25, 1955. His
approach to science appears
to have been shaped by his
parents, Joanne and Ben-
jamin Widom, both of whom
are scientists. This resulted
in a powerful quantitative ap-
proach to investigating bio-
logy that pervaded all of his
research. Jon received his
BA in Chemistry at Cornell
University and a PhD with
Buzz Baldwin at Stanford
University, with whom he
published several seminal
papers on DNA packaging.
This work no doubt planted
the seeds for his lifelong
interest in DNA packaging in
eukaryotes. He spent the
years of 1983–1985 in En-
gland as a postdoc with Sir
Aaron Klug. There, he pub-
lished the first ofmany papers
to come on the organization
of eukaryotic chromatin. Jon
was recruited as an Assistant

Professor in the Departments of Chem-
istry, Biochemistry, and Biophysics and
the Beckman Institute at the University of
Illinois at Urbana-Champaign while a
graduate student and was promoted to
Associate Professor with tenure in 1991.
He later joined the Departments of Bio-
chemistry, Molecular Biology, and Cell
Biology and of Chemistry at Northwestern
University, where his star continued to
rise.
It is fair to say that chromatin was not

a popular field of research in the early-
late 1980s and early 1990s. Undaunted
by fashion trends, Jon published many
prescient and influential papers on the
conformation of linker DNA and on linker

histone H1. His work on the transient
site exposure of nucleosomal DNA
shaped our view of nucleosomes like no
other; as of now, this concept represents
the most conclusive mechanism for the
regulation of DNA accessibility in a chro-
matin context. This discovery was made
at a time when the chromatin field was
focused almost exclusively on structural
and static aspects of this complex. Jon
recognized that the nucleosomal DNA is
wrapped around the histone octamer by
a large number of weak interactions (Po-
lach and Widom, 1995). This allows the
nucleosome to be very stable, since there
is a very low probability that the DNA will
fully unwrap; at the same time, the nucle-

osome is still dynamic, since
there is a significant chance
that the DNA will partially
unwrap. He termed this prop-
erty of the nucleosome ‘‘site
accessibility’’ and later went
on to demonstrate that site
accessibility allows for tran-
scription factors to bind (Li
and Widom, 2004) and that
typical unwrapping events
occur rapidly at many times
a second (Li et al., 2005).
However, it is Jon’s truly

groundbreaking work in the
mid 1990s on nucleosome
positioning sequences that
made him a household name
in countless chromatin labo-
ratories worldwide. Through-
out his career, Jon had
worked extensively to under-
stand the rules of nucleo-
some formation within chro-
mosomes. He had the
brilliant idea to use SELEX
to ‘‘evolve’’ the most stable
nucleosome positioning se-
quence possible, realizing
that such research would be
highly informative for devising
rules for the features (in
absence of site-specific con-
tacts between DNA and
histones) that would make

Jonathan Widom
Photo by Rick Gaber, Northwestern University

Molecular Cell 43, September 2, 2011 ª2011 Elsevier Inc. 691
Jonathan Widom 

1955-2011

“Genomes care where nucleosomes are on average 
and so genomes encode explicit information to bias 

[their positions].”



The sequence space

How many sequences can be wrapped around a nucleosome?

4147

(about 5 times the volume of the Milky Way)



The sequence space

Baker’s Yeast 12 Mb 



The sequence space

Human 3.2 Gb 



The sequence space

Random Pool 5 Tb 
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Our questions: 

    Can the positioning rules be explained by a purely mechanical model? 

    Can mechanical information be multiplexed with classical genetic information?



The rigid basepair representation
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The rigid basepair representation
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A local harmonic model
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The GC step

−0.03 −0.02 −0.01 0 0.01
100

150

200

250

q
0

1
 (rad)

Q
1

1
 (

k
B
T

 .
 r

ad
−

2
)

 

 

0.02 0.04 0.06 0.08 0.1
60

80

100

120

140

160

q
0

2
 (rad)

Q
2

2
 (

k
B
T

 .
 r

ad
−

2
)

 

 
AA
AC
AG
AT
CA
CC
CG
GA
GC
TA

a) b)

GC peaks at positive roll 
intrinsic roll

ro
ll 

st
iff

ne
ss



Our nucleosome model
Eslami-Mossalam, Tompitak, Schram, van Noort & Schiessel

similar models: 

Tolstorukov et al., J. Mol. Biol. 2007 
Vaillant, Audit & Arneodo, 2007 

Morozov et al., Nucl. Acids Res. 2009 
Becker & Everaers, Structure 2009 

Fathizadeh, Besya, Ejtehadi & Schiessel, EPJE 2013 

AT: blue/yellow 
GC: green/white 



conformation mutation

Mutation Monte Carlo method



Mutation Monte Carlo method

high affinity  
sequences 
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sequences 107107



Recovering the positioning rules

10 million sequences at 100 K 

GC steps peak at their least favorite positions. Why? 

GC brings in good neighbors, e.g. AGCT 



Our questions: 

    Yes, the positioning rules can be explained by a purely mechanical model. 

    Can mechanical information be multiplexed with classical genetic information?



The energy landscape of a gene

−5 −4 −3 −2 −1 0 1 2 3 4 5
0

0.1

0.2

0.3

0.4

Deviation from the experimental position (bp)

F
re

q
u
en

cy

550 600 650 700 750 800 850 900 950

60

70

80

Position (bp)

E
la

st
ic

 e
n
er

g
y
 (

k B
T

)

b)

a)

−5 −4 −3 −2 −1 0 1 2 3 4 5
0

0.1

0.2

0.3

0.4

Deviation from the experimental position (bp)
F

re
q

u
en

cy

550 600 650 700 750 800 850 900 950

60

70

80

Position (bp)

E
la

st
ic

 e
n

er
g

y
 (

k B
T

)

b)

a)

YAL002W

Nucleosome mapping at basepair resolution in Saccharomyces cerevisiae 
Brogaard, Xi, Wang & Widom 

Nature 486 (2012) 496



Synonymous Mutation Monte Carlo

… GTA CTC ACA ACT ACA CAT TTT GCC CTT ATT …

… Val Leu Thr Thr Thr His Phe Ala Leu Ile …

GTA TTA ACA ACA ACA CAT TTT GCA TTA ATA
GTT TTG ACT ACT ACT CAC TTC GCT TTG ATT
GTG CTA ACG ACG ACG         GCG CTA ATC
GTC CTT ACC ACC ACC         GCC CTT
    CTG                         CTG
    CTC                         CTC

allowed 
mutations
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Our questions: 

    Yes, the positioning rules can be explained by a purely mechanical model. 

    Yes, mechanical and genetic information can be multiplexed together. 

New question: 

How do you multiplex those two types of genetic information?



protein sequences highly degenerate1
genomes not selected for highest affinity2
plasticity due to mechanical nature of DNA readout3

Three mechanisms allow for multiplexing

Jonathan Widom 
“Nucleosome positioning” at the KITP conference 

“Soft Matter Physics Approaches to Biology” 
Santa Barbara, May 23rd 2011

Molecular Cell

Obituary

Jonathan Widom
1955–2011

On July 18, the scientific community lost
one of its most creative and influential
thinkers and experimentalists. Jonathan
Widom, William Deering Professor of
Molecular Biosciences in the Weinberg
College of Arts and Sciences at North-
western University, passed away unex-
pectedly of a heart attack while at his
lab. He was 55 years old. Anyone with
a general interest in protein-DNA interac-
tions and chromatin structure has doubt-
lessly been influenced by Jon’s many
seminal contributions, which have shaped
the field of chromatin and will live on for
decades to come. Those of us who had
the privilege of seeing him in action at
meetings and poster sessions will miss
his beautifully crafted presen-
tations, his warm personality,
and his insightful and always
respectful contributions and
criticism. To those of us who
enjoyed his friendship, the
loss is deeply personal.
Jon was born in Ithaca, NY,

on October 25, 1955. His
approach to science appears
to have been shaped by his
parents, Joanne and Ben-
jamin Widom, both of whom
are scientists. This resulted
in a powerful quantitative ap-
proach to investigating bio-
logy that pervaded all of his
research. Jon received his
BA in Chemistry at Cornell
University and a PhD with
Buzz Baldwin at Stanford
University, with whom he
published several seminal
papers on DNA packaging.
This work no doubt planted
the seeds for his lifelong
interest in DNA packaging in
eukaryotes. He spent the
years of 1983–1985 in En-
gland as a postdoc with Sir
Aaron Klug. There, he pub-
lished the first ofmany papers
to come on the organization
of eukaryotic chromatin. Jon
was recruited as an Assistant

Professor in the Departments of Chem-
istry, Biochemistry, and Biophysics and
the Beckman Institute at the University of
Illinois at Urbana-Champaign while a
graduate student and was promoted to
Associate Professor with tenure in 1991.
He later joined the Departments of Bio-
chemistry, Molecular Biology, and Cell
Biology and of Chemistry at Northwestern
University, where his star continued to
rise.
It is fair to say that chromatin was not

a popular field of research in the early-
late 1980s and early 1990s. Undaunted
by fashion trends, Jon published many
prescient and influential papers on the
conformation of linker DNA and on linker

histone H1. His work on the transient
site exposure of nucleosomal DNA
shaped our view of nucleosomes like no
other; as of now, this concept represents
the most conclusive mechanism for the
regulation of DNA accessibility in a chro-
matin context. This discovery was made
at a time when the chromatin field was
focused almost exclusively on structural
and static aspects of this complex. Jon
recognized that the nucleosomal DNA is
wrapped around the histone octamer by
a large number of weak interactions (Po-
lach and Widom, 1995). This allows the
nucleosome to be very stable, since there
is a very low probability that the DNA will
fully unwrap; at the same time, the nucle-

osome is still dynamic, since
there is a significant chance
that the DNA will partially
unwrap. He termed this prop-
erty of the nucleosome ‘‘site
accessibility’’ and later went
on to demonstrate that site
accessibility allows for tran-
scription factors to bind (Li
and Widom, 2004) and that
typical unwrapping events
occur rapidly at many times
a second (Li et al., 2005).
However, it is Jon’s truly

groundbreaking work in the
mid 1990s on nucleosome
positioning sequences that
made him a household name
in countless chromatin labo-
ratories worldwide. Through-
out his career, Jon had
worked extensively to under-
stand the rules of nucleo-
some formation within chro-
mosomes. He had the
brilliant idea to use SELEX
to ‘‘evolve’’ the most stable
nucleosome positioning se-
quence possible, realizing
that such research would be
highly informative for devising
rules for the features (in
absence of site-specific con-
tacts between DNA and
histones) that would make

Jonathan Widom
Photo by Rick Gaber, Northwestern University

Molecular Cell 43, September 2, 2011 ª2011 Elsevier Inc. 691



Three mechanisms allow for multiplexing

protein sequences highly degenerate1
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(Pan Stanford Publishing, 2014)
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one of its most creative and influential
thinkers and experimentalists. Jonathan
Widom, William Deering Professor of
Molecular Biosciences in the Weinberg
College of Arts and Sciences at North-
western University, passed away unex-
pectedly of a heart attack while at his
lab. He was 55 years old. Anyone with
a general interest in protein-DNA interac-
tions and chromatin structure has doubt-
lessly been influenced by Jon’s many
seminal contributions, which have shaped
the field of chromatin and will live on for
decades to come. Those of us who had
the privilege of seeing him in action at
meetings and poster sessions will miss
his beautifully crafted presen-
tations, his warm personality,
and his insightful and always
respectful contributions and
criticism. To those of us who
enjoyed his friendship, the
loss is deeply personal.
Jon was born in Ithaca, NY,

on October 25, 1955. His
approach to science appears
to have been shaped by his
parents, Joanne and Ben-
jamin Widom, both of whom
are scientists. This resulted
in a powerful quantitative ap-
proach to investigating bio-
logy that pervaded all of his
research. Jon received his
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University, with whom he
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graduate student and was promoted to
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He later joined the Departments of Bio-
chemistry, Molecular Biology, and Cell
Biology and of Chemistry at Northwestern
University, where his star continued to
rise.
It is fair to say that chromatin was not

a popular field of research in the early-
late 1980s and early 1990s. Undaunted
by fashion trends, Jon published many
prescient and influential papers on the
conformation of linker DNA and on linker

histone H1. His work on the transient
site exposure of nucleosomal DNA
shaped our view of nucleosomes like no
other; as of now, this concept represents
the most conclusive mechanism for the
regulation of DNA accessibility in a chro-
matin context. This discovery was made
at a time when the chromatin field was
focused almost exclusively on structural
and static aspects of this complex. Jon
recognized that the nucleosomal DNA is
wrapped around the histone octamer by
a large number of weak interactions (Po-
lach and Widom, 1995). This allows the
nucleosome to be very stable, since there
is a very low probability that the DNA will
fully unwrap; at the same time, the nucle-

osome is still dynamic, since
there is a significant chance
that the DNA will partially
unwrap. He termed this prop-
erty of the nucleosome ‘‘site
accessibility’’ and later went
on to demonstrate that site
accessibility allows for tran-
scription factors to bind (Li
and Widom, 2004) and that
typical unwrapping events
occur rapidly at many times
a second (Li et al., 2005).
However, it is Jon’s truly

groundbreaking work in the
mid 1990s on nucleosome
positioning sequences that
made him a household name
in countless chromatin labo-
ratories worldwide. Through-
out his career, Jon had
worked extensively to under-
stand the rules of nucleo-
some formation within chro-
mosomes. He had the
brilliant idea to use SELEX
to ‘‘evolve’’ the most stable
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Question: 

Can DNA mechanics affect nucleosomes beyond their positioning?



The sequence space
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nucleosome phenotypes

containing all 147 bp nucleosomal “genomes”

mutation Monte Carlo
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17 nucleosomes under tension
Brower-Toland et al., PNAS 99 (2002) 1960 
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Model
Kulic & HS, Phys. Rev. Lett. 92 (2004) 228101 
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Euler elasticas
Leonard Euler, Methodus, 1744
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The origin of the barrier

Leonardo da Vinci: 

"The greater the weight held by this 
lifting tong, the better and stronger it 
will be supported.” 
        Madrid Ms. I (BNM), fol. 22r  
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The sequence space
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Lowary & Widom 1998 
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Widom’s 601 sequence



Single nucleosome under tension

Sudhanshu et al.,  
PNAS 108 (2011) 1885 

Ngo, Zhang, Zhou, Yodh, Ha 
Cell 160 (2015) 1135

Mihardja et al., 2006; Sheinin et al., 2013) assumed that two
nucleosomal DNA ends respond similarly to the applied force
since unwrapping of the two DNA ends was not separately
observable. Our assay, which is sensitive to local conformational
changes, enables the examination of two sides separately by
comparing the FRET-Force response on the two ends. We de-
signed a construct termed ED2 with a FRET pair placed at the
opposite entry/dyad region—the ‘‘left’’ end (Figures 2G and
S2A). Surprisingly, the FRET-Force pattern of ED2 displayed a
pattern very different from ED1 (Figure 2D). FRET remained sta-
ble at low forces and did not decrease until higher force (15–20
pN) was reached, in contrast to the decrease below 5 pN
observed for ED1 on the ‘‘right’’ end. This result indicates that
a significant asymmetry exists in the DNA unwrapping behavior.
We performed various control experiments to confirm the

unwrapping asymmetry result and to rule out alternative expla-
nations. First, additional constructs with probes at symmetric
locations on the DNA handles outside the core sequence
confirmed that the nucleosome is not mispositioned on the 601
sequence (Figure S3). Second, we swapped the orientation of
surface tethering and pulling via the lambda DNA tether and
found that the strong side unwrapped at high forces for both
configurations (with essentially identical FRET versus force
curves), ruling out surface tethering via a particular end as the
reason for the asymmetry (Figure 3A). Third, replacing the first
10 bp of the left handle with the corresponding region on the right
handle showed that the sequence difference just outside the
core region is not responsible for the asymmetry (Figure 3B).
To examine if the observed asymmetry may be induced by

position-specific perturbations caused by the fluorophores,

A B C

D E F

G H I

Figure 2. Nucleosome Unwraps Direction-
ally under Tension
(A–H) FRET versus force during stretching for

various FRET pairs spanning two sides of the

nucleosome illustrated in (G) (see Figure S2 for

labeling positions). Representative data for single

cycles are shown in gray. The averaged curves are

in blue for the weak side, in red for the strong side,

and in black for the inner turn probes. Error bars

are SEM of 25 traces for ED1 (A), 15 traces for

ED1.5 (B), 8 traces for ED1.7 (C), 20 traces for ED2

(D), 7 traces for ED2.5 (E), 40 traces for ED2.8 (F),

and 22 traces for INT (H).

(I) Overlay of ED1, ED2, and INT stretching curves.

Substeps, which may arise from progressive un-

wrapping, could be seen for ED1.7 both in the

averaged trace and in individual traces (three out

of eight cycles).

See also Figure S2.

we designed four additional constructs
for comparison of the two sides: ED1
versus ED2, ED1.5 versus ED2.5, and
ED1.7 versus ED2.8 (Figures 2G and
S2A). Generally, the force required for a
significant FRET decrease was lower for
ED1 (Figure 2A), ED1.5 (Figure 2B), and
ED1.7 (Figure 2C) than for those labeled

at symmetrically related sites, ED2 (Figure 2D), ED2.5 (Fig-
ure 2E), and ED2.8 (Figure 2F), respectively, showing that the
asymmetry is highly unlikely due to position-dependent pertur-
bations by the fluorophores and indicating that one side of the
nucleosome is indeed weaker than the other when the DNA is
under tension.
Strikingly, the force needed for a major unwrapping signal was

larger for the ED2 end (16.8 ± 0.4 pN) than the DNA inner turn
(14.7 ± 0.5 pN) (Figures 2D and 2H) (the errors represent the
SEM). This effect was even clearer when the pulling rate was
halved to 233 nm/s (14.2 ± 0.5 pN versus 11.2 ± 0.9 pN; Fig-
ure S2). Thus, the data suggest that DNA unwrapping occurs
directionally, starting from the ‘‘weak’’ end (ED1) at the lowest
unwrapping force, followed by the inner turn, and then to the
‘‘strong’’ end (ED2). However, the small difference between the
INT and ED2 unwrapping force would allow the inner turn to
unwrap later than the strong end in some cases.
Such mechanical asymmetry may influence gene expression

by affecting DNA exposure or transcriptional pausing. In fact,
an in vitro transcription study (Bondarenko et al., 2006) observed
that nucleosomes can form a polar barrier to transcriptional elon-
gation. Specifically, our ‘‘strong’’ side (ED2) corresponds to the
601R transcription orientation where polymerases face a higher
outer turn barrier (the +15 barrier).

Unwrapping of the Nucleosome on One End Stabilizes
the Other End
In the low force range, FRET of the strong outer turn ED2 is stable
and remains unchanged until the final drop at high force (16.8 ±
1.5 pN) (Figure 2D). When the pulling rate is lowered 2-fold

Cell 160, 1135–1144, March 12, 2015 ª2015 Elsevier Inc. 1137

601 sequence

Mihardja et al., 2006; Sheinin et al., 2013) assumed that two
nucleosomal DNA ends respond similarly to the applied force
since unwrapping of the two DNA ends was not separately
observable. Our assay, which is sensitive to local conformational
changes, enables the examination of two sides separately by
comparing the FRET-Force response on the two ends. We de-
signed a construct termed ED2 with a FRET pair placed at the
opposite entry/dyad region—the ‘‘left’’ end (Figures 2G and
S2A). Surprisingly, the FRET-Force pattern of ED2 displayed a
pattern very different from ED1 (Figure 2D). FRET remained sta-
ble at low forces and did not decrease until higher force (15–20
pN) was reached, in contrast to the decrease below 5 pN
observed for ED1 on the ‘‘right’’ end. This result indicates that
a significant asymmetry exists in the DNA unwrapping behavior.
We performed various control experiments to confirm the

unwrapping asymmetry result and to rule out alternative expla-
nations. First, additional constructs with probes at symmetric
locations on the DNA handles outside the core sequence
confirmed that the nucleosome is not mispositioned on the 601
sequence (Figure S3). Second, we swapped the orientation of
surface tethering and pulling via the lambda DNA tether and
found that the strong side unwrapped at high forces for both
configurations (with essentially identical FRET versus force
curves), ruling out surface tethering via a particular end as the
reason for the asymmetry (Figure 3A). Third, replacing the first
10 bp of the left handle with the corresponding region on the right
handle showed that the sequence difference just outside the
core region is not responsible for the asymmetry (Figure 3B).
To examine if the observed asymmetry may be induced by

position-specific perturbations caused by the fluorophores,
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Figure 2. Nucleosome Unwraps Direction-
ally under Tension
(A–H) FRET versus force during stretching for

various FRET pairs spanning two sides of the

nucleosome illustrated in (G) (see Figure S2 for

labeling positions). Representative data for single

cycles are shown in gray. The averaged curves are

in blue for the weak side, in red for the strong side,

and in black for the inner turn probes. Error bars

are SEM of 25 traces for ED1 (A), 15 traces for

ED1.5 (B), 8 traces for ED1.7 (C), 20 traces for ED2

(D), 7 traces for ED2.5 (E), 40 traces for ED2.8 (F),

and 22 traces for INT (H).

(I) Overlay of ED1, ED2, and INT stretching curves.

Substeps, which may arise from progressive un-
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See also Figure S2.

we designed four additional constructs
for comparison of the two sides: ED1
versus ED2, ED1.5 versus ED2.5, and
ED1.7 versus ED2.8 (Figures 2G and
S2A). Generally, the force required for a
significant FRET decrease was lower for
ED1 (Figure 2A), ED1.5 (Figure 2B), and
ED1.7 (Figure 2C) than for those labeled

at symmetrically related sites, ED2 (Figure 2D), ED2.5 (Fig-
ure 2E), and ED2.8 (Figure 2F), respectively, showing that the
asymmetry is highly unlikely due to position-dependent pertur-
bations by the fluorophores and indicating that one side of the
nucleosome is indeed weaker than the other when the DNA is
under tension.
Strikingly, the force needed for a major unwrapping signal was

larger for the ED2 end (16.8 ± 0.4 pN) than the DNA inner turn
(14.7 ± 0.5 pN) (Figures 2D and 2H) (the errors represent the
SEM). This effect was even clearer when the pulling rate was
halved to 233 nm/s (14.2 ± 0.5 pN versus 11.2 ± 0.9 pN; Fig-
ure S2). Thus, the data suggest that DNA unwrapping occurs
directionally, starting from the ‘‘weak’’ end (ED1) at the lowest
unwrapping force, followed by the inner turn, and then to the
‘‘strong’’ end (ED2). However, the small difference between the
INT and ED2 unwrapping force would allow the inner turn to
unwrap later than the strong end in some cases.
Such mechanical asymmetry may influence gene expression

by affecting DNA exposure or transcriptional pausing. In fact,
an in vitro transcription study (Bondarenko et al., 2006) observed
that nucleosomes can form a polar barrier to transcriptional elon-
gation. Specifically, our ‘‘strong’’ side (ED2) corresponds to the
601R transcription orientation where polymerases face a higher
outer turn barrier (the +15 barrier).

Unwrapping of the Nucleosome on One End Stabilizes
the Other End
In the low force range, FRET of the strong outer turn ED2 is stable
and remains unchanged until the final drop at high force (16.8 ±
1.5 pN) (Figure 2D). When the pulling rate is lowered 2-fold
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Mihardja et al., 2006; Sheinin et al., 2013) assumed that two
nucleosomal DNA ends respond similarly to the applied force
since unwrapping of the two DNA ends was not separately
observable. Our assay, which is sensitive to local conformational
changes, enables the examination of two sides separately by
comparing the FRET-Force response on the two ends. We de-
signed a construct termed ED2 with a FRET pair placed at the
opposite entry/dyad region—the ‘‘left’’ end (Figures 2G and
S2A). Surprisingly, the FRET-Force pattern of ED2 displayed a
pattern very different from ED1 (Figure 2D). FRET remained sta-
ble at low forces and did not decrease until higher force (15–20
pN) was reached, in contrast to the decrease below 5 pN
observed for ED1 on the ‘‘right’’ end. This result indicates that
a significant asymmetry exists in the DNA unwrapping behavior.
We performed various control experiments to confirm the

unwrapping asymmetry result and to rule out alternative expla-
nations. First, additional constructs with probes at symmetric
locations on the DNA handles outside the core sequence
confirmed that the nucleosome is not mispositioned on the 601
sequence (Figure S3). Second, we swapped the orientation of
surface tethering and pulling via the lambda DNA tether and
found that the strong side unwrapped at high forces for both
configurations (with essentially identical FRET versus force
curves), ruling out surface tethering via a particular end as the
reason for the asymmetry (Figure 3A). Third, replacing the first
10 bp of the left handle with the corresponding region on the right
handle showed that the sequence difference just outside the
core region is not responsible for the asymmetry (Figure 3B).
To examine if the observed asymmetry may be induced by

position-specific perturbations caused by the fluorophores,

A B C

D E F

G H I

Figure 2. Nucleosome Unwraps Direction-
ally under Tension
(A–H) FRET versus force during stretching for

various FRET pairs spanning two sides of the

nucleosome illustrated in (G) (see Figure S2 for

labeling positions). Representative data for single

cycles are shown in gray. The averaged curves are

in blue for the weak side, in red for the strong side,

and in black for the inner turn probes. Error bars

are SEM of 25 traces for ED1 (A), 15 traces for

ED1.5 (B), 8 traces for ED1.7 (C), 20 traces for ED2

(D), 7 traces for ED2.5 (E), 40 traces for ED2.8 (F),

and 22 traces for INT (H).

(I) Overlay of ED1, ED2, and INT stretching curves.

Substeps, which may arise from progressive un-

wrapping, could be seen for ED1.7 both in the

averaged trace and in individual traces (three out

of eight cycles).

See also Figure S2.

we designed four additional constructs
for comparison of the two sides: ED1
versus ED2, ED1.5 versus ED2.5, and
ED1.7 versus ED2.8 (Figures 2G and
S2A). Generally, the force required for a
significant FRET decrease was lower for
ED1 (Figure 2A), ED1.5 (Figure 2B), and
ED1.7 (Figure 2C) than for those labeled

at symmetrically related sites, ED2 (Figure 2D), ED2.5 (Fig-
ure 2E), and ED2.8 (Figure 2F), respectively, showing that the
asymmetry is highly unlikely due to position-dependent pertur-
bations by the fluorophores and indicating that one side of the
nucleosome is indeed weaker than the other when the DNA is
under tension.
Strikingly, the force needed for a major unwrapping signal was

larger for the ED2 end (16.8 ± 0.4 pN) than the DNA inner turn
(14.7 ± 0.5 pN) (Figures 2D and 2H) (the errors represent the
SEM). This effect was even clearer when the pulling rate was
halved to 233 nm/s (14.2 ± 0.5 pN versus 11.2 ± 0.9 pN; Fig-
ure S2). Thus, the data suggest that DNA unwrapping occurs
directionally, starting from the ‘‘weak’’ end (ED1) at the lowest
unwrapping force, followed by the inner turn, and then to the
‘‘strong’’ end (ED2). However, the small difference between the
INT and ED2 unwrapping force would allow the inner turn to
unwrap later than the strong end in some cases.
Such mechanical asymmetry may influence gene expression

by affecting DNA exposure or transcriptional pausing. In fact,
an in vitro transcription study (Bondarenko et al., 2006) observed
that nucleosomes can form a polar barrier to transcriptional elon-
gation. Specifically, our ‘‘strong’’ side (ED2) corresponds to the
601R transcription orientation where polymerases face a higher
outer turn barrier (the +15 barrier).

Unwrapping of the Nucleosome on One End Stabilizes
the Other End
In the low force range, FRET of the strong outer turn ED2 is stable
and remains unchanged until the final drop at high force (16.8 ±
1.5 pN) (Figure 2D). When the pulling rate is lowered 2-fold
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versus ED2, ED1.5 versus ED2.5, and
ED1.7 versus ED2.8 (Figures 2G and
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ED1 (Figure 2A), ED1.5 (Figure 2B), and
ED1.7 (Figure 2C) than for those labeled

at symmetrically related sites, ED2 (Figure 2D), ED2.5 (Fig-
ure 2E), and ED2.8 (Figure 2F), respectively, showing that the
asymmetry is highly unlikely due to position-dependent pertur-
bations by the fluorophores and indicating that one side of the
nucleosome is indeed weaker than the other when the DNA is
under tension.
Strikingly, the force needed for a major unwrapping signal was

larger for the ED2 end (16.8 ± 0.4 pN) than the DNA inner turn
(14.7 ± 0.5 pN) (Figures 2D and 2H) (the errors represent the
SEM). This effect was even clearer when the pulling rate was
halved to 233 nm/s (14.2 ± 0.5 pN versus 11.2 ± 0.9 pN; Fig-
ure S2). Thus, the data suggest that DNA unwrapping occurs
directionally, starting from the ‘‘weak’’ end (ED1) at the lowest
unwrapping force, followed by the inner turn, and then to the
‘‘strong’’ end (ED2). However, the small difference between the
INT and ED2 unwrapping force would allow the inner turn to
unwrap later than the strong end in some cases.
Such mechanical asymmetry may influence gene expression

by affecting DNA exposure or transcriptional pausing. In fact,
an in vitro transcription study (Bondarenko et al., 2006) observed
that nucleosomes can form a polar barrier to transcriptional elon-
gation. Specifically, our ‘‘strong’’ side (ED2) corresponds to the
601R transcription orientation where polymerases face a higher
outer turn barrier (the +15 barrier).

Unwrapping of the Nucleosome on One End Stabilizes
the Other End
In the low force range, FRET of the strong outer turn ED2 is stable
and remains unchanged until the final drop at high force (16.8 ±
1.5 pN) (Figure 2D). When the pulling rate is lowered 2-fold
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The metastable state is asymmetrical

Figure 7E shows an example trajectory in (m, n) space (corre-
sponding to Figure 7B). A transient unwrapping of the strong
side is seen in the force range 3–4 pN before the systems moves
to the asymmetrically unwrapped state.

This simple model and simulation capture two important as-
pects of our data. First, asymmetric unwrapping can be obtained
even when only the inner quarters are different in binding energy
(presumably arising from differences in DNA flexibility where less
flexible sequence has less binding energy). Second, a transient
unwrapping of the strong side is often observed, and this is fol-
lowed by rewrapping of the strong side and major unwrapping
of the weak side in a coordinated fashion. Furthermore, our
data and simulation suggest that the force-induced extension
changes observed in previous studies at low forces and inter-
preted as symmetric unwrapping of the outer turns from both
ends may need to be reinterpreted as asymmetric unraveling
of the weak side only.

DISCUSSION

Genetic information buried in nucleosome is made accessible
for replication, transcription, repair, and remodeling by partial

unwrapping of nucleosomes (Bowman, 2010; Gansen et al.,
2009; Hodges et al., 2009; Kulaeva et al., 2013; Li et al., 2005;
Li and Widom, 2004; Maher et al., 2013; North et al., 2012;
Tims et al., 2011). Our results provide the first demonstration
of how the local flexibility of DNA governs the mechanical stabil-
ity of the nucleosome and accessibility of nucleosomal DNA
and may be generalizable as a principal mechanism for regula-
tion of DNA metabolism by nucleosomal DNA sequence and
modifications.
The correlation that themore flexible the DNA sequence is, the

more stable it stays bound to the histone core may aid the pre-
diction of nucleosome positions imposed by DNA sequence.
We found that this relation holds not only for DNA sequences
but also for DNA modifications such as DNA mismatches,
5-methylcytosine and 5-formylcytosine (T.T.M.N., Q.Z., J. Yoo,
Q. Dai, A. Aksimentiev, C. He, and T.H., unpublished data).
Stabilization of one nucleosomal DNA end upon the major

opening of the other end may play a role in nucleosome integrity
maintenance during transcription and nucleosome remodeling
because both in vivo and in vitro studies suggest that a high
fraction of nucleosomes survive after being transcribed (Bintu
et al., 2011; Workman, 2006) and remodeled (Shundrovsky
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Figure 5. Asymmetric Nucleosome Unwrapping Controlled by DNA Local Flexibility
(A) Variations of the 601 the sequence where the inner quarters are colored in orange and green and the outer quarters are colored in red and blue. TA steps are

indicated.

(B) Nucleosomal DNA structures are shown in the same color scheme with corresponding scheme of the sequence.

(C andD) Single exponential fits to the loopedDNA fraction versus time yield the average looping time tmeasured using single DNA cyclization assay for the 73 bp

left or right halves (LH and RH, respectively).

(E and F) Averaged stretching time traces of FRET efficiency versus force for nucleosomes in ED1 and ED2 labeling schemes. Error bars denote SEM of 25 traces

for 601 ED1, 15 traces for 601 ED2, 29 traces for 601MF ED1, 19 traces for 601MF ED2.

(G and H) Illustrations of the relationship between the direction of nucleosome unwrapping and the DNA flexibility of the two halves of the nucleosomal DNA

sequence. The nucleosome unwraps from the stiffer side (single-headed arrows) if the DNA flexibility differs significantly between the two sides.

See also Figure S5.
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et al., 2006). It is also possible that such orchestration between
the two nucleosome endsmay help stabilize one H2A/H2B dimer
during the exchange or modification of the other dimer. For
example, SWR-C/SWR-1 deposits H2A.Z into only one site at
a time, not both (Yen et al., 2013).
Our Monte Carlo simulations could reproduce key features of

asymmetric unwrapping and coordinated dynamics of two DNA
ends (Figure 7). Nevertheless, thismodel ignoresmany structural
details and represents DNA sequences with the resolution of
36 bp, a quarter of the nucleosomal DNA. Other properties of
the nucleosome yet to be explored may make additional contri-
butions to the coordination of DNA ends: (1) the proposed
electrostatic repulsion between two DNA turns (Mollazadeh-Bei-
dokhti et al., 2012) where upon force-induced undocking of one
end, the resulting loss of the electrostatic repulsion stabilizes the
other end, (2) DNA allostery (Kim et al., 2013), and (3) the defor-
mation of the histone octamer during unwrapping which may
change charge distribution and/or contribute to the allosteric

coupling. Histone deformation was suggested to govern salt-
induced nucleosome dissociation (Böhm et al., 2011) and may
also be involved in nucleosome remodeling by IWSI remodelers
(Deindl et al., 2013). In our experiments at low tension, in addition
to the early unwrapping of extreme DNA ends probed by ED1
and ED2-1, the FRET probes at ED1.5 (Figure 2B) and ED1.7
(Figure 2C) displayed an increase in FRET as a first response
to applied force before a decrease, indicating possible partial
DNA tightening mediated by twisting of the H2A/H2B dimer on
the weak side.
We observed that nucleosomal DNA unwraps directionally un-

der tension not only for the 601 sequence but also for the deriva-
tives of the 601 sequence. Asymmetric unwrapping is likely to be
generalizable to other sequences since the coordination of two
ends would allow the system to amplify even a small difference
in flexibility to cause a large asymmetry in mechanical stability.
Directionality of transcription can be ensured by the sup-

pression of cryptic antisense (Gorman et al., 2010) through
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Figure 6. Stochastic Unwrapping of Nucleosome on the Sequence with Similar Flexibility on Two Sides
(A) Scheme of the 601RTA sequence which is derived from the 601 sequence by substitution of three dinucleotides on the right side by three TA steps.

(B) Nucleosomal DNA structures are shown in the same color scheme with the scheme of the sequence.

(C) Single exponential fits to the loopedDNA fraction versus time yield the average looping time tmeasured using single DNA cyclization assay for the 73 bp left or

right halves (LH and RH, respectively) for the 601RTA sequence.

(D) Averaged stretching time traces of FRET efficiency versus force for nucleosomes in ED1 (average of 57 traces) and ED2 (average of 7 traces) labeling schemes

for the 601 RTA sequence. Error bars denote SEM.

(E) A cartoon illustrating stochastic unwrapping of nucleosome from either sidewhen the DNA flexibility on the two sides ismade similar on the 601RTA sequence.

(F) Representative single-molecule fluorescence-force time trace for 601-RTA nucleosome reconstituted with the ED1 labeling scheme. Two unwrapping paths

are shown. Path 1 is gradual FRET decrease at low force (similar to original weak side), while path 2 is sudden FRET decrease at high force (similar to original

strong side).

(G and H) Averaged FRET versus force stretching curves for 601-RTA-ED1 (25 traces for path 1 and 32 traces for path 2) nucleosomes (G) and 601-RTA-ED2 (four

traces for path 1 and three traces for path 2) nucleosomes (H), comparing to that of ED1 and ED2 of the 601 sequence. Representative single-molecule stretching

traces are shown in lighter color lines.

See also Figure S6.
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Figure 7E shows an example trajectory in (m, n) space (corre-
sponding to Figure 7B). A transient unwrapping of the strong
side is seen in the force range 3–4 pN before the systems moves
to the asymmetrically unwrapped state.

This simple model and simulation capture two important as-
pects of our data. First, asymmetric unwrapping can be obtained
even when only the inner quarters are different in binding energy
(presumably arising from differences in DNA flexibility where less
flexible sequence has less binding energy). Second, a transient
unwrapping of the strong side is often observed, and this is fol-
lowed by rewrapping of the strong side and major unwrapping
of the weak side in a coordinated fashion. Furthermore, our
data and simulation suggest that the force-induced extension
changes observed in previous studies at low forces and inter-
preted as symmetric unwrapping of the outer turns from both
ends may need to be reinterpreted as asymmetric unraveling
of the weak side only.

DISCUSSION

Genetic information buried in nucleosome is made accessible
for replication, transcription, repair, and remodeling by partial

unwrapping of nucleosomes (Bowman, 2010; Gansen et al.,
2009; Hodges et al., 2009; Kulaeva et al., 2013; Li et al., 2005;
Li and Widom, 2004; Maher et al., 2013; North et al., 2012;
Tims et al., 2011). Our results provide the first demonstration
of how the local flexibility of DNA governs the mechanical stabil-
ity of the nucleosome and accessibility of nucleosomal DNA
and may be generalizable as a principal mechanism for regula-
tion of DNA metabolism by nucleosomal DNA sequence and
modifications.
The correlation that themore flexible the DNA sequence is, the

more stable it stays bound to the histone core may aid the pre-
diction of nucleosome positions imposed by DNA sequence.
We found that this relation holds not only for DNA sequences
but also for DNA modifications such as DNA mismatches,
5-methylcytosine and 5-formylcytosine (T.T.M.N., Q.Z., J. Yoo,
Q. Dai, A. Aksimentiev, C. He, and T.H., unpublished data).
Stabilization of one nucleosomal DNA end upon the major

opening of the other end may play a role in nucleosome integrity
maintenance during transcription and nucleosome remodeling
because both in vivo and in vitro studies suggest that a high
fraction of nucleosomes survive after being transcribed (Bintu
et al., 2011; Workman, 2006) and remodeled (Shundrovsky
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Figure 5. Asymmetric Nucleosome Unwrapping Controlled by DNA Local Flexibility
(A) Variations of the 601 the sequence where the inner quarters are colored in orange and green and the outer quarters are colored in red and blue. TA steps are

indicated.

(B) Nucleosomal DNA structures are shown in the same color scheme with corresponding scheme of the sequence.

(C andD) Single exponential fits to the loopedDNA fraction versus time yield the average looping time tmeasured using single DNA cyclization assay for the 73 bp

left or right halves (LH and RH, respectively).

(E and F) Averaged stretching time traces of FRET efficiency versus force for nucleosomes in ED1 and ED2 labeling schemes. Error bars denote SEM of 25 traces

for 601 ED1, 15 traces for 601 ED2, 29 traces for 601MF ED1, 19 traces for 601MF ED2.

(G and H) Illustrations of the relationship between the direction of nucleosome unwrapping and the DNA flexibility of the two halves of the nucleosomal DNA

sequence. The nucleosome unwraps from the stiffer side (single-headed arrows) if the DNA flexibility differs significantly between the two sides.

See also Figure S5.
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Figure 7E shows an example trajectory in (m, n) space (corre-
sponding to Figure 7B). A transient unwrapping of the strong
side is seen in the force range 3–4 pN before the systems moves
to the asymmetrically unwrapped state.

This simple model and simulation capture two important as-
pects of our data. First, asymmetric unwrapping can be obtained
even when only the inner quarters are different in binding energy
(presumably arising from differences in DNA flexibility where less
flexible sequence has less binding energy). Second, a transient
unwrapping of the strong side is often observed, and this is fol-
lowed by rewrapping of the strong side and major unwrapping
of the weak side in a coordinated fashion. Furthermore, our
data and simulation suggest that the force-induced extension
changes observed in previous studies at low forces and inter-
preted as symmetric unwrapping of the outer turns from both
ends may need to be reinterpreted as asymmetric unraveling
of the weak side only.

DISCUSSION

Genetic information buried in nucleosome is made accessible
for replication, transcription, repair, and remodeling by partial

unwrapping of nucleosomes (Bowman, 2010; Gansen et al.,
2009; Hodges et al., 2009; Kulaeva et al., 2013; Li et al., 2005;
Li and Widom, 2004; Maher et al., 2013; North et al., 2012;
Tims et al., 2011). Our results provide the first demonstration
of how the local flexibility of DNA governs the mechanical stabil-
ity of the nucleosome and accessibility of nucleosomal DNA
and may be generalizable as a principal mechanism for regula-
tion of DNA metabolism by nucleosomal DNA sequence and
modifications.
The correlation that themore flexible the DNA sequence is, the

more stable it stays bound to the histone core may aid the pre-
diction of nucleosome positions imposed by DNA sequence.
We found that this relation holds not only for DNA sequences
but also for DNA modifications such as DNA mismatches,
5-methylcytosine and 5-formylcytosine (T.T.M.N., Q.Z., J. Yoo,
Q. Dai, A. Aksimentiev, C. He, and T.H., unpublished data).
Stabilization of one nucleosomal DNA end upon the major

opening of the other end may play a role in nucleosome integrity
maintenance during transcription and nucleosome remodeling
because both in vivo and in vitro studies suggest that a high
fraction of nucleosomes survive after being transcribed (Bintu
et al., 2011; Workman, 2006) and remodeled (Shundrovsky
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(A) Variations of the 601 the sequence where the inner quarters are colored in orange and green and the outer quarters are colored in red and blue. TA steps are

indicated.

(B) Nucleosomal DNA structures are shown in the same color scheme with corresponding scheme of the sequence.

(C andD) Single exponential fits to the loopedDNA fraction versus time yield the average looping time tmeasured using single DNA cyclization assay for the 73 bp

left or right halves (LH and RH, respectively).

(E and F) Averaged stretching time traces of FRET efficiency versus force for nucleosomes in ED1 and ED2 labeling schemes. Error bars denote SEM of 25 traces

for 601 ED1, 15 traces for 601 ED2, 29 traces for 601MF ED1, 19 traces for 601MF ED2.

(G and H) Illustrations of the relationship between the direction of nucleosome unwrapping and the DNA flexibility of the two halves of the nucleosomal DNA

sequence. The nucleosome unwraps from the stiffer side (single-headed arrows) if the DNA flexibility differs significantly between the two sides.

See also Figure S5.
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Figure 7E shows an example trajectory in (m, n) space (corre-
sponding to Figure 7B). A transient unwrapping of the strong
side is seen in the force range 3–4 pN before the systems moves
to the asymmetrically unwrapped state.

This simple model and simulation capture two important as-
pects of our data. First, asymmetric unwrapping can be obtained
even when only the inner quarters are different in binding energy
(presumably arising from differences in DNA flexibility where less
flexible sequence has less binding energy). Second, a transient
unwrapping of the strong side is often observed, and this is fol-
lowed by rewrapping of the strong side and major unwrapping
of the weak side in a coordinated fashion. Furthermore, our
data and simulation suggest that the force-induced extension
changes observed in previous studies at low forces and inter-
preted as symmetric unwrapping of the outer turns from both
ends may need to be reinterpreted as asymmetric unraveling
of the weak side only.

DISCUSSION

Genetic information buried in nucleosome is made accessible
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and may be generalizable as a principal mechanism for regula-
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modifications.
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We found that this relation holds not only for DNA sequences
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et al., 2006). It is also possible that such orchestration between
the two nucleosome endsmay help stabilize one H2A/H2B dimer
during the exchange or modification of the other dimer. For
example, SWR-C/SWR-1 deposits H2A.Z into only one site at
a time, not both (Yen et al., 2013).
Our Monte Carlo simulations could reproduce key features of

asymmetric unwrapping and coordinated dynamics of two DNA
ends (Figure 7). Nevertheless, thismodel ignoresmany structural
details and represents DNA sequences with the resolution of
36 bp, a quarter of the nucleosomal DNA. Other properties of
the nucleosome yet to be explored may make additional contri-
butions to the coordination of DNA ends: (1) the proposed
electrostatic repulsion between two DNA turns (Mollazadeh-Bei-
dokhti et al., 2012) where upon force-induced undocking of one
end, the resulting loss of the electrostatic repulsion stabilizes the
other end, (2) DNA allostery (Kim et al., 2013), and (3) the defor-
mation of the histone octamer during unwrapping which may
change charge distribution and/or contribute to the allosteric

coupling. Histone deformation was suggested to govern salt-
induced nucleosome dissociation (Böhm et al., 2011) and may
also be involved in nucleosome remodeling by IWSI remodelers
(Deindl et al., 2013). In our experiments at low tension, in addition
to the early unwrapping of extreme DNA ends probed by ED1
and ED2-1, the FRET probes at ED1.5 (Figure 2B) and ED1.7
(Figure 2C) displayed an increase in FRET as a first response
to applied force before a decrease, indicating possible partial
DNA tightening mediated by twisting of the H2A/H2B dimer on
the weak side.
We observed that nucleosomal DNA unwraps directionally un-

der tension not only for the 601 sequence but also for the deriva-
tives of the 601 sequence. Asymmetric unwrapping is likely to be
generalizable to other sequences since the coordination of two
ends would allow the system to amplify even a small difference
in flexibility to cause a large asymmetry in mechanical stability.
Directionality of transcription can be ensured by the sup-

pression of cryptic antisense (Gorman et al., 2010) through
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Figure 6. Stochastic Unwrapping of Nucleosome on the Sequence with Similar Flexibility on Two Sides
(A) Scheme of the 601RTA sequence which is derived from the 601 sequence by substitution of three dinucleotides on the right side by three TA steps.

(B) Nucleosomal DNA structures are shown in the same color scheme with the scheme of the sequence.

(C) Single exponential fits to the loopedDNA fraction versus time yield the average looping time tmeasured using single DNA cyclization assay for the 73 bp left or

right halves (LH and RH, respectively) for the 601RTA sequence.

(D) Averaged stretching time traces of FRET efficiency versus force for nucleosomes in ED1 (average of 57 traces) and ED2 (average of 7 traces) labeling schemes

for the 601 RTA sequence. Error bars denote SEM.

(E) A cartoon illustrating stochastic unwrapping of nucleosome from either sidewhen the DNA flexibility on the two sides ismade similar on the 601RTA sequence.

(F) Representative single-molecule fluorescence-force time trace for 601-RTA nucleosome reconstituted with the ED1 labeling scheme. Two unwrapping paths

are shown. Path 1 is gradual FRET decrease at low force (similar to original weak side), while path 2 is sudden FRET decrease at high force (similar to original

strong side).

(G and H) Averaged FRET versus force stretching curves for 601-RTA-ED1 (25 traces for path 1 and 32 traces for path 2) nucleosomes (G) and 601-RTA-ED2 (four

traces for path 1 and three traces for path 2) nucleosomes (H), comparing to that of ED1 and ED2 of the 601 sequence. Representative single-molecule stretching

traces are shown in lighter color lines.

See also Figure S6.
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Summary: 

Mechanical information can be used to 

      position nucleosomes 
      create various nucleosome phenotypes 

Mechanical and genetic information can be multiplexed.



Some of the questions we would like to address: 

What nucleosomal phenotypes can we create and 
do they exist and have a specific function in real mechanical  
genomes? 

Can we simulate a mechanical evolution that leads 
to energy landscapes with statistical features as in 
real genomes? 

Can we find hints for the structures beyond the nucleo- 
some from the mechanical landscape?    
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