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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 

659 
0 1986 Academic Press Inc. (London) Ltd. 

0.30

0.25

0.20

0.15

0.10

0.05

�10 10�30 30 50�50�70 70

AA+TT+ TA

GC

bp position 

O
cc

ur
re

nc
e 

Pr
ob

ab
ili

ty

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 
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The nucleosomal sequence space

sequences can be wrapped around a nucleosome
4147

1. Produce nucleosome maps on genomic DNA 

disadvantage: only small fraction of sequence space (e.g. yeast: 10-80)

2.  Find high affinity sequences in random pool (Lowary & Widom 1998) 

disadvantage: experimentalists work mostly with one sequence only (‘601’)

3.  Mutation Monte Carlo simulation (Eslami-Mossallam et al., 2016) 

disadvantage: in silico, only as good as nucleosome computer model

How to explore that space?
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Our nucleosome model
Eslami-Mossallam, Schram, Tompitak, van Noort, Schiessel, PLoS ONE 11, e0156905 (2016)
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Two types of simulations

1. study fixed bp sequence: 
    ordinary MC simulation

spatial
move

2. explore sequence space: 
 mutation MC simulation

spatial

mutation

move

DNA

(histone 
octamer)

binding site 
(rigid constraints)
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Recovering the positioning rules

10 million sequences at 100 K 

Eslami-Mossallam, Schram, Tompitak, van Noort, Schiessel, PLoS ONE 11, e0156905 (2016)
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An exactly solvable model
Zuiddam, Everaers, Schiessel, Phys. Rev. E 96, 052412 (2017)

(✓ntilt, ✓
n
roll, ✓

n
twist) = (� sin(2⇡n/10� �),� cos(2⇡n/10� �), ✓twist)

<latexit sha1_base64="QOV1UsnAyN8JkfEiiTBnpa2+/Lo="></latexit>

Ps(GC) =
1

Z

X

N1,...,N147

Ns=G,Ns+1=C

exp

"
��

146X

n=1

En
�
NnNn+1

�
#

<latexit sha1_base64="9HtHi3j+sxI7ts9ibpeVMkhdikg="></latexit>

dinucleotide probability distribution:

Slide 

xy
z

Rise 

xy
z

Twist 

xy
z

Roll 

xy
z

Tilt 

xy
z

xy
z

Shift 

Slide 

xy
z

Rise 

xy
z

Twist 

xy
z

Roll 

xy
z

Tilt 

xy
z

xy
z

Shift 

Slide 

xy
z

Rise 

xy
z

Twist 

xy
z

Roll 

xy
z

Tilt 

xy
z

xy
z

Shift 

10/39



B = {A,T,C,G}
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.0.2.
<latexit sha1_base64="Ukro3MoFyFktgmzJOEy2cRReVUM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0iKoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUS1N1r17+/qDVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCZeI1s</latexit><latexit sha1_base64="Ukro3MoFyFktgmzJOEy2cRReVUM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0iKoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUS1N1r17+/qDVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCZeI1s</latexit><latexit sha1_base64="Ukro3MoFyFktgmzJOEy2cRReVUM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0iKoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUS1N1r17+/qDVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCZeI1s</latexit><latexit sha1_base64="Ukro3MoFyFktgmzJOEy2cRReVUM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0iKoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUS1N1r17+/qDVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCZeI1s</latexit>

.0.3.
<latexit sha1_base64="rOxuagiZuPIvRvXVqqPc17+Xers=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hUUG9FLx4rGFtoQ9lst+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvSqUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjAcskYluRdRwKRQPUKDkrVRzGkeSN6PR7dRvPnFtRKIecJzyMKYDJfqCUbRS4Hruudut1jzXm4EsE78gNSjQ6Fa/Or2EZTFXyCQ1pu17KYY51SiY5JNKJzM8pWxEB7xtqaIxN2E+O3ZCTqzSI/1E21JIZurviZzGxozjyHbGFIdm0ZuK/3ntDPtXYS5UmiFXbL6on0mCCZl+TnpCc4ZybAllWthbCRtSTRnafCo2BH/x5WUSnLnXrn9/UavfFGmU4QiO4RR8uIQ63EEDAmAg4Ble4c1Rzovz7nzMW0tOMXMIf+B8/gCa/I1t</latexit><latexit sha1_base64="rOxuagiZuPIvRvXVqqPc17+Xers=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hUUG9FLx4rGFtoQ9lst+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvSqUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjAcskYluRdRwKRQPUKDkrVRzGkeSN6PR7dRvPnFtRKIecJzyMKYDJfqCUbRS4Hruudut1jzXm4EsE78gNSjQ6Fa/Or2EZTFXyCQ1pu17KYY51SiY5JNKJzM8pWxEB7xtqaIxN2E+O3ZCTqzSI/1E21JIZurviZzGxozjyHbGFIdm0ZuK/3ntDPtXYS5UmiFXbL6on0mCCZl+TnpCc4ZybAllWthbCRtSTRnafCo2BH/x5WUSnLnXrn9/UavfFGmU4QiO4RR8uIQ63EEDAmAg4Ble4c1Rzovz7nzMW0tOMXMIf+B8/gCa/I1t</latexit><latexit sha1_base64="rOxuagiZuPIvRvXVqqPc17+Xers=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hUUG9FLx4rGFtoQ9lst+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvSqUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjAcskYluRdRwKRQPUKDkrVRzGkeSN6PR7dRvPnFtRKIecJzyMKYDJfqCUbRS4Hruudut1jzXm4EsE78gNSjQ6Fa/Or2EZTFXyCQ1pu17KYY51SiY5JNKJzM8pWxEB7xtqaIxN2E+O3ZCTqzSI/1E21JIZurviZzGxozjyHbGFIdm0ZuK/3ntDPtXYS5UmiFXbL6on0mCCZl+TnpCc4ZybAllWthbCRtSTRnafCo2BH/x5WUSnLnXrn9/UavfFGmU4QiO4RR8uIQ63EEDAmAg4Ble4c1Rzovz7nzMW0tOMXMIf+B8/gCa/I1t</latexit><latexit sha1_base64="rOxuagiZuPIvRvXVqqPc17+Xers=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hUUG9FLx4rGFtoQ9lst+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvSqUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjAcskYluRdRwKRQPUKDkrVRzGkeSN6PR7dRvPnFtRKIecJzyMKYDJfqCUbRS4Hruudut1jzXm4EsE78gNSjQ6Fa/Or2EZTFXyCQ1pu17KYY51SiY5JNKJzM8pWxEB7xtqaIxN2E+O3ZCTqzSI/1E21JIZurviZzGxozjyHbGFIdm0ZuK/3ntDPtXYS5UmiFXbL6on0mCCZl+TnpCc4ZybAllWthbCRtSTRnafCo2BH/x5WUSnLnXrn9/UavfFGmU4QiO4RR8uIQ63EEDAmAg4Ble4c1Rzovz7nzMW0tOMXMIf+B8/gCa/I1t</latexit>

.0.4.
<latexit sha1_base64="YUv1QmgwlpWbSod3VrOLpuHRmkw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUSXLjXrn9frzVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCcgI1u</latexit><latexit sha1_base64="YUv1QmgwlpWbSod3VrOLpuHRmkw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUSXLjXrn9frzVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCcgI1u</latexit><latexit sha1_base64="YUv1QmgwlpWbSod3VrOLpuHRmkw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUSXLjXrn9frzVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCcgI1u</latexit><latexit sha1_base64="YUv1QmgwlpWbSod3VrOLpuHRmkw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUSXLjXrn9frzVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCcgI1u</latexit>

.0.5.
<latexit sha1_base64="9kGhgySzcN5Czq6iWUf53OdeqgM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUW9FLx4rGFtoQ9lst+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvSqUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjAcskYluRdRwKRQPUKDkrVRzGkeSN6PR7dRvPnFtRKIecJzyMKYDJfqCUbRS4Hruhdut1jzXm4EsE78gNSjQ6Fa/Or2EZTFXyCQ1pu17KYY51SiY5JNKJzM8pWxEB7xtqaIxN2E+O3ZCTqzSI/1E21JIZurviZzGxozjyHbGFIdm0ZuK/3ntDPtXYS5UmiFXbL6on0mCCZl+TnpCc4ZybAllWthbCRtSTRnafCo2BH/x5WUSnLnXrn9/XqvfFGmU4QiO4RR8uIQ63EEDAmAg4Ble4c1Rzovz7nzMW0tOMXMIf+B8/gCeBI1v</latexit><latexit sha1_base64="9kGhgySzcN5Czq6iWUf53OdeqgM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUW9FLx4rGFtoQ9lst+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvSqUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjAcskYluRdRwKRQPUKDkrVRzGkeSN6PR7dRvPnFtRKIecJzyMKYDJfqCUbRS4Hruhdut1jzXm4EsE78gNSjQ6Fa/Or2EZTFXyCQ1pu17KYY51SiY5JNKJzM8pWxEB7xtqaIxN2E+O3ZCTqzSI/1E21JIZurviZzGxozjyHbGFIdm0ZuK/3ntDPtXYS5UmiFXbL6on0mCCZl+TnpCc4ZybAllWthbCRtSTRnafCo2BH/x5WUSnLnXrn9/XqvfFGmU4QiO4RR8uIQ63EEDAmAg4Ble4c1Rzovz7nzMW0tOMXMIf+B8/gCeBI1v</latexit><latexit sha1_base64="9kGhgySzcN5Czq6iWUf53OdeqgM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUW9FLx4rGFtoQ9lst+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvSqUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjAcskYluRdRwKRQPUKDkrVRzGkeSN6PR7dRvPnFtRKIecJzyMKYDJfqCUbRS4Hruhdut1jzXm4EsE78gNSjQ6Fa/Or2EZTFXyCQ1pu17KYY51SiY5JNKJzM8pWxEB7xtqaIxN2E+O3ZCTqzSI/1E21JIZurviZzGxozjyHbGFIdm0ZuK/3ntDPtXYS5UmiFXbL6on0mCCZl+TnpCc4ZybAllWthbCRtSTRnafCo2BH/x5WUSnLnXrn9/XqvfFGmU4QiO4RR8uIQ63EEDAmAg4Ble4c1Rzovz7nzMW0tOMXMIf+B8/gCeBI1v</latexit><latexit sha1_base64="9kGhgySzcN5Czq6iWUf53OdeqgM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUW9FLx4rGFtoQ9lst+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvSqUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjAcskYluRdRwKRQPUKDkrVRzGkeSN6PR7dRvPnFtRKIecJzyMKYDJfqCUbRS4Hruhdut1jzXm4EsE78gNSjQ6Fa/Or2EZTFXyCQ1pu17KYY51SiY5JNKJzM8pWxEB7xtqaIxN2E+O3ZCTqzSI/1E21JIZurviZzGxozjyHbGFIdm0ZuK/3ntDPtXYS5UmiFXbL6on0mCCZl+TnpCc4ZybAllWthbCRtSTRnafCo2BH/x5WUSnLnXrn9/XqvfFGmU4QiO4RR8uIQ63EEDAmAg4Ble4c1Rzovz7nzMW0tOMXMIf+B8/gCeBI1v</latexit>
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.0.1.
<latexit sha1_base64="BPU5MNVueNShIHpbXUugr6ai0wE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUG9FLx4rGFtoQ9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+ag1QcDj/dmmJkXZYJr43lfTmVldW19o7pZ29re2d2r7x886DRXDAOWilR1IqpRcImB4UZgJ1NIk0hgOxrfzPz2IyrNU3lvJhmGCR1KHnNGjZUC13N9t19veK43B/lL/JI0oESrX//sDVKWJygNE1Trru9lJiyoMpwJnNZ6ucaMsjEdYtdSSRPUYTE/dkpOrDIgcapsSUPm6s+JgiZaT5LIdibUjPSyNxP/87q5iS/DgsssNyjZYlGcC2JSMvucDLhCZsTEEsoUt7cSNqKKMmPzqdkQ/OWX/5LgzL1y/bvzRvO6TKMKR3AMp+DDBTThFloQAAMOT/ACr450np03533RWnHKmUP4BefjG5f0jWs=</latexit><latexit sha1_base64="BPU5MNVueNShIHpbXUugr6ai0wE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUG9FLx4rGFtoQ9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+ag1QcDj/dmmJkXZYJr43lfTmVldW19o7pZ29re2d2r7x886DRXDAOWilR1IqpRcImB4UZgJ1NIk0hgOxrfzPz2IyrNU3lvJhmGCR1KHnNGjZUC13N9t19veK43B/lL/JI0oESrX//sDVKWJygNE1Trru9lJiyoMpwJnNZ6ucaMsjEdYtdSSRPUYTE/dkpOrDIgcapsSUPm6s+JgiZaT5LIdibUjPSyNxP/87q5iS/DgsssNyjZYlGcC2JSMvucDLhCZsTEEsoUt7cSNqKKMmPzqdkQ/OWX/5LgzL1y/bvzRvO6TKMKR3AMp+DDBTThFloQAAMOT/ACr450np03533RWnHKmUP4BefjG5f0jWs=</latexit><latexit sha1_base64="BPU5MNVueNShIHpbXUugr6ai0wE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUG9FLx4rGFtoQ9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+ag1QcDj/dmmJkXZYJr43lfTmVldW19o7pZ29re2d2r7x886DRXDAOWilR1IqpRcImB4UZgJ1NIk0hgOxrfzPz2IyrNU3lvJhmGCR1KHnNGjZUC13N9t19veK43B/lL/JI0oESrX//sDVKWJygNE1Trru9lJiyoMpwJnNZ6ucaMsjEdYtdSSRPUYTE/dkpOrDIgcapsSUPm6s+JgiZaT5LIdibUjPSyNxP/87q5iS/DgsssNyjZYlGcC2JSMvucDLhCZsTEEsoUt7cSNqKKMmPzqdkQ/OWX/5LgzL1y/bvzRvO6TKMKR3AMp+DDBTThFloQAAMOT/ACr450np03533RWnHKmUP4BefjG5f0jWs=</latexit><latexit sha1_base64="BPU5MNVueNShIHpbXUugr6ai0wE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUG9FLx4rGFtoQ9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+ag1QcDj/dmmJkXZYJr43lfTmVldW19o7pZ29re2d2r7x886DRXDAOWilR1IqpRcImB4UZgJ1NIk0hgOxrfzPz2IyrNU3lvJhmGCR1KHnNGjZUC13N9t19veK43B/lL/JI0oESrX//sDVKWJygNE1Trru9lJiyoMpwJnNZ6ucaMsjEdYtdSSRPUYTE/dkpOrDIgcapsSUPm6s+JgiZaT5LIdibUjPSyNxP/87q5iS/DgsssNyjZYlGcC2JSMvucDLhCZsTEEsoUt7cSNqKKMmPzqdkQ/OWX/5LgzL1y/bvzRvO6TKMKR3AMp+DDBTThFloQAAMOT/ACr450np03533RWnHKmUP4BefjG5f0jWs=</latexit>

.0.2.
<latexit sha1_base64="Ukro3MoFyFktgmzJOEy2cRReVUM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0iKoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUS1N1r17+/qDVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCZeI1s</latexit><latexit sha1_base64="Ukro3MoFyFktgmzJOEy2cRReVUM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0iKoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUS1N1r17+/qDVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCZeI1s</latexit><latexit sha1_base64="Ukro3MoFyFktgmzJOEy2cRReVUM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0iKoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUS1N1r17+/qDVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCZeI1s</latexit><latexit sha1_base64="Ukro3MoFyFktgmzJOEy2cRReVUM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0iKoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUS1N1r17+/qDVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCZeI1s</latexit>

20
<latexit sha1_base64="lww7DgyGcqNkl6zwerOt5CcDXEA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cqxhbaUDbbSbt0swm7G6GE/gMvHlS8+pO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTP3WEyrNE/lgxikGMR1IHnFGjZXu626vUnVr7gxkmXgFqUKBZq/y1e0nLItRGiao1h3PTU2QU2U4EzgpdzONKWUjOsCOpZLGqIN8dumEnFqlT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6NulzhcyIsSWUKW5vJWxIFWXGhlO2IXiLLy8Tv167qnl359XGdZFGCY7hBM7AgwtowC00wQcGETzDK7w5I+fFeXc+5q0rTjFzBH/gfP4AWHKMxA==</latexit><latexit sha1_base64="lww7DgyGcqNkl6zwerOt5CcDXEA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cqxhbaUDbbSbt0swm7G6GE/gMvHlS8+pO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTP3WEyrNE/lgxikGMR1IHnFGjZXu626vUnVr7gxkmXgFqUKBZq/y1e0nLItRGiao1h3PTU2QU2U4EzgpdzONKWUjOsCOpZLGqIN8dumEnFqlT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6NulzhcyIsSWUKW5vJWxIFWXGhlO2IXiLLy8Tv167qnl359XGdZFGCY7hBM7AgwtowC00wQcGETzDK7w5I+fFeXc+5q0rTjFzBH/gfP4AWHKMxA==</latexit><latexit sha1_base64="lww7DgyGcqNkl6zwerOt5CcDXEA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cqxhbaUDbbSbt0swm7G6GE/gMvHlS8+pO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTP3WEyrNE/lgxikGMR1IHnFGjZXu626vUnVr7gxkmXgFqUKBZq/y1e0nLItRGiao1h3PTU2QU2U4EzgpdzONKWUjOsCOpZLGqIN8dumEnFqlT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6NulzhcyIsSWUKW5vJWxIFWXGhlO2IXiLLy8Tv167qnl359XGdZFGCY7hBM7AgwtowC00wQcGETzDK7w5I+fFeXc+5q0rTjFzBH/gfP4AWHKMxA==</latexit><latexit sha1_base64="lww7DgyGcqNkl6zwerOt5CcDXEA=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KkkR1FvRi8cqxhbaUDbbSbt0swm7G6GE/gMvHlS8+pO8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6iRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTP3WEyrNE/lgxikGMR1IHnFGjZXu626vUnVr7gxkmXgFqUKBZq/y1e0nLItRGiao1h3PTU2QU2U4EzgpdzONKWUjOsCOpZLGqIN8dumEnFqlT6JE2ZKGzNTfEzmNtR7Hoe2MqRnqRW8q/ud1MhNdBjmXaWZQsvmiKBPEJGT6NulzhcyIsSWUKW5vJWxIFWXGhlO2IXiLLy8Tv167qnl359XGdZFGCY7hBM7AgwtowC00wQcGETzDK7w5I+fFeXc+5q0rTjFzBH/gfP4AWHKMxA==</latexit>

10
<latexit sha1_base64="yqIJzIzhwK1Zf/ar0ZW/pLAIH6M=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoQ9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrp3nN71Zpbd2cgy8QrSA0KNHvVr24/YVnMFTJJjel4bopBTjUKJvmk0s0MTykb0QHvWKpozE2Qzy6dkBOr9EmUaFsKyUz9PZHT2JhxHNrOmOLQLHpT8T+vk2F0GeRCpRlyxeaLokwSTMj0bdIXmjOUY0so08LeStiQasrQhlOxIXiLLy8T/6x+VffuzmuN6yKNMhzBMZyCBxfQgFtogg8MIniGV3hzRs6L8+58zFtLTjFzCH/gfP4AVu6Mww==</latexit><latexit sha1_base64="yqIJzIzhwK1Zf/ar0ZW/pLAIH6M=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoQ9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrp3nN71Zpbd2cgy8QrSA0KNHvVr24/YVnMFTJJjel4bopBTjUKJvmk0s0MTykb0QHvWKpozE2Qzy6dkBOr9EmUaFsKyUz9PZHT2JhxHNrOmOLQLHpT8T+vk2F0GeRCpRlyxeaLokwSTMj0bdIXmjOUY0so08LeStiQasrQhlOxIXiLLy8T/6x+VffuzmuN6yKNMhzBMZyCBxfQgFtogg8MIniGV3hzRs6L8+58zFtLTjFzCH/gfP4AVu6Mww==</latexit><latexit sha1_base64="yqIJzIzhwK1Zf/ar0ZW/pLAIH6M=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoQ9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrp3nN71Zpbd2cgy8QrSA0KNHvVr24/YVnMFTJJjel4bopBTjUKJvmk0s0MTykb0QHvWKpozE2Qzy6dkBOr9EmUaFsKyUz9PZHT2JhxHNrOmOLQLHpT8T+vk2F0GeRCpRlyxeaLokwSTMj0bdIXmjOUY0so08LeStiQasrQhlOxIXiLLy8T/6x+VffuzmuN6yKNMhzBMZyCBxfQgFtogg8MIniGV3hzRs6L8+58zFtLTjFzCH/gfP4AVu6Mww==</latexit><latexit sha1_base64="yqIJzIzhwK1Zf/ar0ZW/pLAIH6M=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx6rGFtoQ9lsN+3SzSbsToQS+g+8eFDx6k/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrp3nN71Zpbd2cgy8QrSA0KNHvVr24/YVnMFTJJjel4bopBTjUKJvmk0s0MTykb0QHvWKpozE2Qzy6dkBOr9EmUaFsKyUz9PZHT2JhxHNrOmOLQLHpT8T+vk2F0GeRCpRlyxeaLokwSTMj0bdIXmjOUY0so08LeStiQasrQhlOxIXiLLy8T/6x+VffuzmuN6yKNMhzBMZyCBxfQgFtogg8MIniGV3hzRs6L8+58zFtLTjFzCH/gfP4AVu6Mww==</latexit>

15
<latexit sha1_base64="MahGOtZboJSWw/WAg4FpV2HeTCc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUW9FLx6rGFtoQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+ag1QcDj/dmmJkXpoJr47pfTmlpeWV1rbxe2djc2t6p7u496CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxxdT/3WIyrNE3lvxikGMR1IHnFGjZXuvLNetebW3RnIX+IVpAYFmr3qZ7efsCxGaZigWnc8NzVBTpXhTOCk0s00ppSN6AA7lkoaow7y2aUTcmSVPokSZUsaMlN/TuQ01noch7YzpmaoF72p+J/XyUx0EeRcpplByeaLokwQk5Dp26TPFTIjxpZQpri9lbAhVZQZG07FhuAtvvyX+Cf1y7p3e1prXBVplOEADuEYPDiHBtxAE3xgEMETvMCrM3KenTfnfd5acoqZffgF5+MbXn2MyA==</latexit><latexit sha1_base64="MahGOtZboJSWw/WAg4FpV2HeTCc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUW9FLx6rGFtoQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+ag1QcDj/dmmJkXpoJr47pfTmlpeWV1rbxe2djc2t6p7u496CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxxdT/3WIyrNE3lvxikGMR1IHnFGjZXuvLNetebW3RnIX+IVpAYFmr3qZ7efsCxGaZigWnc8NzVBTpXhTOCk0s00ppSN6AA7lkoaow7y2aUTcmSVPokSZUsaMlN/TuQ01noch7YzpmaoF72p+J/XyUx0EeRcpplByeaLokwQk5Dp26TPFTIjxpZQpri9lbAhVZQZG07FhuAtvvyX+Cf1y7p3e1prXBVplOEADuEYPDiHBtxAE3xgEMETvMCrM3KenTfnfd5acoqZffgF5+MbXn2MyA==</latexit><latexit sha1_base64="MahGOtZboJSWw/WAg4FpV2HeTCc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUW9FLx6rGFtoQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+ag1QcDj/dmmJkXpoJr47pfTmlpeWV1rbxe2djc2t6p7u496CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxxdT/3WIyrNE3lvxikGMR1IHnFGjZXuvLNetebW3RnIX+IVpAYFmr3qZ7efsCxGaZigWnc8NzVBTpXhTOCk0s00ppSN6AA7lkoaow7y2aUTcmSVPokSZUsaMlN/TuQ01noch7YzpmaoF72p+J/XyUx0EeRcpplByeaLokwQk5Dp26TPFTIjxpZQpri9lbAhVZQZG07FhuAtvvyX+Cf1y7p3e1prXBVplOEADuEYPDiHBtxAE3xgEMETvMCrM3KenTfnfd5acoqZffgF5+MbXn2MyA==</latexit><latexit sha1_base64="MahGOtZboJSWw/WAg4FpV2HeTCc=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUW9FLx6rGFtoQ9lsJ+3SzSbsboQS+g+8eFDx6k/y5r9x2+ag1QcDj/dmmJkXpoJr47pfTmlpeWV1rbxe2djc2t6p7u496CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxxdT/3WIyrNE3lvxikGMR1IHnFGjZXuvLNetebW3RnIX+IVpAYFmr3qZ7efsCxGaZigWnc8NzVBTpXhTOCk0s00ppSN6AA7lkoaow7y2aUTcmSVPokSZUsaMlN/TuQ01noch7YzpmaoF72p+J/XyUx0EeRcpplByeaLokwQk5Dp26TPFTIjxpZQpri9lbAhVZQZG07FhuAtvvyX+Cf1y7p3e1prXBVplOEADuEYPDiHBtxAE3xgEMETvMCrM3KenTfnfd5acoqZffgF5+MbXn2MyA==</latexit>

AA+TT+ TAAA+ TT+ TA

AA+ TT+ TA

Ps
<latexit sha1_base64="8FMeAW4GVMOjii2a0lrHI3RPeAY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvtkzvWrNrbszkGXiFaQGBZq96le3n7As5gqZpMZ0PDfFIKcaBZN8UulmhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugxyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNOp2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H/PWklPMHMIfOJ8/oHONjg==</latexit><latexit sha1_base64="8FMeAW4GVMOjii2a0lrHI3RPeAY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvtkzvWrNrbszkGXiFaQGBZq96le3n7As5gqZpMZ0PDfFIKcaBZN8UulmhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugxyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNOp2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H/PWklPMHMIfOJ8/oHONjg==</latexit><latexit sha1_base64="8FMeAW4GVMOjii2a0lrHI3RPeAY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvtkzvWrNrbszkGXiFaQGBZq96le3n7As5gqZpMZ0PDfFIKcaBZN8UulmhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugxyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNOp2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H/PWklPMHMIfOJ8/oHONjg==</latexit><latexit sha1_base64="8FMeAW4GVMOjii2a0lrHI3RPeAY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvtkzvWrNrbszkGXiFaQGBZq96le3n7As5gqZpMZ0PDfFIKcaBZN8UulmhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugxyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNOp2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H/PWklPMHMIfOJ8/oHONjg==</latexit>

s
<latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit><latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit><latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit><latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit>

Ps
<latexit sha1_base64="8FMeAW4GVMOjii2a0lrHI3RPeAY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvtkzvWrNrbszkGXiFaQGBZq96le3n7As5gqZpMZ0PDfFIKcaBZN8UulmhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugxyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNOp2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H/PWklPMHMIfOJ8/oHONjg==</latexit><latexit sha1_base64="8FMeAW4GVMOjii2a0lrHI3RPeAY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvtkzvWrNrbszkGXiFaQGBZq96le3n7As5gqZpMZ0PDfFIKcaBZN8UulmhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugxyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNOp2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H/PWklPMHMIfOJ8/oHONjg==</latexit><latexit sha1_base64="8FMeAW4GVMOjii2a0lrHI3RPeAY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvtkzvWrNrbszkGXiFaQGBZq96le3n7As5gqZpMZ0PDfFIKcaBZN8UulmhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugxyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNOp2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H/PWklPMHMIfOJ8/oHONjg==</latexit><latexit sha1_base64="8FMeAW4GVMOjii2a0lrHI3RPeAY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvtkzvWrNrbszkGXiFaQGBZq96le3n7As5gqZpMZ0PDfFIKcaBZN8UulmhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugxyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNOp2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H/PWklPMHMIfOJ8/oHONjg==</latexit>

s
<latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit><latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit><latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit><latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit>
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<latexit sha1_base64="ovYxS0ZEBNCaSXfehFmOsA/C/Qg=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNCR6JXjxCIo8ENmR26IWR2dnNzKyREL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj27nffkSleSzvzSRBP6JDyUPOqLFS46lfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU147U+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7KXqVcbVRKtZssjjycwTlcggdVqMEd1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOl1jQY=</latexit>



The probability of a basepair step depends on: 
— the energy of this step  
and  
— the average energies of all possible steps before and after that step
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average neighbor energy approximation:

=
1

Z

<latexit sha1_base64="kRPIGMqfeW2VRBpcn4vF+0lZSRw=">AAAB83icbVBNS8NAEJ2tX7V+VT16WSyCp5KIoB6EohePFewHNqFstpt26WYTdjdCCfkbXjwo4tU/481/47bNQVsfDDzem2FmXpAIro3jfKPSyura+kZ5s7K1vbO7V90/aOs4VZS1aCxi1Q2IZoJL1jLcCNZNFCNRIFgnGN9O/c4TU5rH8sFMEuZHZCh5yCkxVvKuvVARmrl59pj3qzWn7syAl4lbkBoUaParX94gpmnEpKGCaN1zncT4GVGGU8HyipdqlhA6JkPWs1SSiGk/m92c4xOrDHAYK1vS4Jn6eyIjkdaTKLCdETEjvehNxf+8XmrCSz/jMkkNk3S+KEwFNjGeBoAHXDFqxMQSQhW3t2I6IjYFY2Oq2BDcxZeXSfus7p7Xr+7Pa42bIo4yHMExnIILF9CAO2hCCygk8Ayv8IZS9ILe0ce8tYSKmUP4A/T5A/3zka4=</latexit>

But do we now understand the positioning rules?
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.0.1.
<latexit sha1_base64="BPU5MNVueNShIHpbXUugr6ai0wE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUG9FLx4rGFtoQ9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+ag1QcDj/dmmJkXZYJr43lfTmVldW19o7pZ29re2d2r7x886DRXDAOWilR1IqpRcImB4UZgJ1NIk0hgOxrfzPz2IyrNU3lvJhmGCR1KHnNGjZUC13N9t19veK43B/lL/JI0oESrX//sDVKWJygNE1Trru9lJiyoMpwJnNZ6ucaMsjEdYtdSSRPUYTE/dkpOrDIgcapsSUPm6s+JgiZaT5LIdibUjPSyNxP/87q5iS/DgsssNyjZYlGcC2JSMvucDLhCZsTEEsoUt7cSNqKKMmPzqdkQ/OWX/5LgzL1y/bvzRvO6TKMKR3AMp+DDBTThFloQAAMOT/ACr450np03533RWnHKmUP4BefjG5f0jWs=</latexit><latexit sha1_base64="BPU5MNVueNShIHpbXUugr6ai0wE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUG9FLx4rGFtoQ9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+ag1QcDj/dmmJkXZYJr43lfTmVldW19o7pZ29re2d2r7x886DRXDAOWilR1IqpRcImB4UZgJ1NIk0hgOxrfzPz2IyrNU3lvJhmGCR1KHnNGjZUC13N9t19veK43B/lL/JI0oESrX//sDVKWJygNE1Trru9lJiyoMpwJnNZ6ucaMsjEdYtdSSRPUYTE/dkpOrDIgcapsSUPm6s+JgiZaT5LIdibUjPSyNxP/87q5iS/DgsssNyjZYlGcC2JSMvucDLhCZsTEEsoUt7cSNqKKMmPzqdkQ/OWX/5LgzL1y/bvzRvO6TKMKR3AMp+DDBTThFloQAAMOT/ACr450np03533RWnHKmUP4BefjG5f0jWs=</latexit><latexit sha1_base64="BPU5MNVueNShIHpbXUugr6ai0wE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUG9FLx4rGFtoQ9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+ag1QcDj/dmmJkXZYJr43lfTmVldW19o7pZ29re2d2r7x886DRXDAOWilR1IqpRcImB4UZgJ1NIk0hgOxrfzPz2IyrNU3lvJhmGCR1KHnNGjZUC13N9t19veK43B/lL/JI0oESrX//sDVKWJygNE1Trru9lJiyoMpwJnNZ6ucaMsjEdYtdSSRPUYTE/dkpOrDIgcapsSUPm6s+JgiZaT5LIdibUjPSyNxP/87q5iS/DgsssNyjZYlGcC2JSMvucDLhCZsTEEsoUt7cSNqKKMmPzqdkQ/OWX/5LgzL1y/bvzRvO6TKMKR3AMp+DDBTThFloQAAMOT/ACr450np03533RWnHKmUP4BefjG5f0jWs=</latexit><latexit sha1_base64="BPU5MNVueNShIHpbXUugr6ai0wE=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUG9FLx4rGFtoQ9lsJ+3SzSbsboQS+hu8eFDx6h/y5r9x2+ag1QcDj/dmmJkXZYJr43lfTmVldW19o7pZ29re2d2r7x886DRXDAOWilR1IqpRcImB4UZgJ1NIk0hgOxrfzPz2IyrNU3lvJhmGCR1KHnNGjZUC13N9t19veK43B/lL/JI0oESrX//sDVKWJygNE1Trru9lJiyoMpwJnNZ6ucaMsjEdYtdSSRPUYTE/dkpOrDIgcapsSUPm6s+JgiZaT5LIdibUjPSyNxP/87q5iS/DgsssNyjZYlGcC2JSMvucDLhCZsTEEsoUt7cSNqKKMmPzqdkQ/OWX/5LgzL1y/bvzRvO6TKMKR3AMp+DDBTThFloQAAMOT/ACr450np03533RWnHKmUP4BefjG5f0jWs=</latexit>

.0.2.
<latexit sha1_base64="Ukro3MoFyFktgmzJOEy2cRReVUM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0iKoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUS1N1r17+/qDVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCZeI1s</latexit><latexit sha1_base64="Ukro3MoFyFktgmzJOEy2cRReVUM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0iKoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUS1N1r17+/qDVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCZeI1s</latexit><latexit sha1_base64="Ukro3MoFyFktgmzJOEy2cRReVUM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0iKoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUS1N1r17+/qDVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCZeI1s</latexit><latexit sha1_base64="Ukro3MoFyFktgmzJOEy2cRReVUM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0iKoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUS1N1r17+/qDVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCZeI1s</latexit>

.0.3.
<latexit sha1_base64="rOxuagiZuPIvRvXVqqPc17+Xers=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hUUG9FLx4rGFtoQ9lst+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvSqUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjAcskYluRdRwKRQPUKDkrVRzGkeSN6PR7dRvPnFtRKIecJzyMKYDJfqCUbRS4Hruudut1jzXm4EsE78gNSjQ6Fa/Or2EZTFXyCQ1pu17KYY51SiY5JNKJzM8pWxEB7xtqaIxN2E+O3ZCTqzSI/1E21JIZurviZzGxozjyHbGFIdm0ZuK/3ntDPtXYS5UmiFXbL6on0mCCZl+TnpCc4ZybAllWthbCRtSTRnafCo2BH/x5WUSnLnXrn9/UavfFGmU4QiO4RR8uIQ63EEDAmAg4Ble4c1Rzovz7nzMW0tOMXMIf+B8/gCa/I1t</latexit><latexit sha1_base64="rOxuagiZuPIvRvXVqqPc17+Xers=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hUUG9FLx4rGFtoQ9lst+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvSqUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjAcskYluRdRwKRQPUKDkrVRzGkeSN6PR7dRvPnFtRKIecJzyMKYDJfqCUbRS4Hruudut1jzXm4EsE78gNSjQ6Fa/Or2EZTFXyCQ1pu17KYY51SiY5JNKJzM8pWxEB7xtqaIxN2E+O3ZCTqzSI/1E21JIZurviZzGxozjyHbGFIdm0ZuK/3ntDPtXYS5UmiFXbL6on0mCCZl+TnpCc4ZybAllWthbCRtSTRnafCo2BH/x5WUSnLnXrn9/UavfFGmU4QiO4RR8uIQ63EEDAmAg4Ble4c1Rzovz7nzMW0tOMXMIf+B8/gCa/I1t</latexit><latexit sha1_base64="rOxuagiZuPIvRvXVqqPc17+Xers=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hUUG9FLx4rGFtoQ9lst+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvSqUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjAcskYluRdRwKRQPUKDkrVRzGkeSN6PR7dRvPnFtRKIecJzyMKYDJfqCUbRS4Hruudut1jzXm4EsE78gNSjQ6Fa/Or2EZTFXyCQ1pu17KYY51SiY5JNKJzM8pWxEB7xtqaIxN2E+O3ZCTqzSI/1E21JIZurviZzGxozjyHbGFIdm0ZuK/3ntDPtXYS5UmiFXbL6on0mCCZl+TnpCc4ZybAllWthbCRtSTRnafCo2BH/x5WUSnLnXrn9/UavfFGmU4QiO4RR8uIQ63EEDAmAg4Ble4c1Rzovz7nzMW0tOMXMIf+B8/gCa/I1t</latexit><latexit sha1_base64="rOxuagiZuPIvRvXVqqPc17+Xers=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hUUG9FLx4rGFtoQ9lst+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvSqUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjAcskYluRdRwKRQPUKDkrVRzGkeSN6PR7dRvPnFtRKIecJzyMKYDJfqCUbRS4Hruudut1jzXm4EsE78gNSjQ6Fa/Or2EZTFXyCQ1pu17KYY51SiY5JNKJzM8pWxEB7xtqaIxN2E+O3ZCTqzSI/1E21JIZurviZzGxozjyHbGFIdm0ZuK/3ntDPtXYS5UmiFXbL6on0mCCZl+TnpCc4ZybAllWthbCRtSTRnafCo2BH/x5WUSnLnXrn9/UavfFGmU4QiO4RR8uIQ63EEDAmAg4Ble4c1Rzovz7nzMW0tOMXMIf+B8/gCa/I1t</latexit>

.0.4.
<latexit sha1_base64="YUv1QmgwlpWbSod3VrOLpuHRmkw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUSXLjXrn9frzVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCcgI1u</latexit><latexit sha1_base64="YUv1QmgwlpWbSod3VrOLpuHRmkw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUSXLjXrn9frzVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCcgI1u</latexit><latexit sha1_base64="YUv1QmgwlpWbSod3VrOLpuHRmkw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUSXLjXrn9frzVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCcgI1u</latexit><latexit sha1_base64="YUv1QmgwlpWbSod3VrOLpuHRmkw=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0ikoN6KXjxWMLbQhrLZbtqlm03YnQil9Dd48aDi1T/kzX/jts1BWx8MPN6bYWZelElh0PO+ndLa+sbmVnm7srO7t39QPTx6NGmuGQ9YKlPdjqjhUigeoEDJ25nmNIkkb0Wj25nfeuLaiFQ94DjjYUIHSsSCUbRS4Hpu3e1Va57rzUFWiV+QGhRo9qpf3X7K8oQrZJIa0/G9DMMJ1SiY5NNKNzc8o2xEB7xjqaIJN+FkfuyUnFmlT+JU21JI5urviQlNjBknke1MKA7NsjcT//M6OcZX4USoLEeu2GJRnEuCKZl9TvpCc4ZybAllWthbCRtSTRnafCo2BH/55VUSXLjXrn9frzVuijTKcAKncA4+XEID7qAJATAQ8Ayv8OYo58V5dz4WrSWnmDmGP3A+fwCcgI1u</latexit>

.0.5.
<latexit sha1_base64="9kGhgySzcN5Czq6iWUf53OdeqgM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUW9FLx4rGFtoQ9lst+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvSqUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjAcskYluRdRwKRQPUKDkrVRzGkeSN6PR7dRvPnFtRKIecJzyMKYDJfqCUbRS4Hruhdut1jzXm4EsE78gNSjQ6Fa/Or2EZTFXyCQ1pu17KYY51SiY5JNKJzM8pWxEB7xtqaIxN2E+O3ZCTqzSI/1E21JIZurviZzGxozjyHbGFIdm0ZuK/3ntDPtXYS5UmiFXbL6on0mCCZl+TnpCc4ZybAllWthbCRtSTRnafCo2BH/x5WUSnLnXrn9/XqvfFGmU4QiO4RR8uIQ63EEDAmAg4Ble4c1Rzovz7nzMW0tOMXMIf+B8/gCeBI1v</latexit><latexit sha1_base64="9kGhgySzcN5Czq6iWUf53OdeqgM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUW9FLx4rGFtoQ9lst+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvSqUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjAcskYluRdRwKRQPUKDkrVRzGkeSN6PR7dRvPnFtRKIecJzyMKYDJfqCUbRS4Hruhdut1jzXm4EsE78gNSjQ6Fa/Or2EZTFXyCQ1pu17KYY51SiY5JNKJzM8pWxEB7xtqaIxN2E+O3ZCTqzSI/1E21JIZurviZzGxozjyHbGFIdm0ZuK/3ntDPtXYS5UmiFXbL6on0mCCZl+TnpCc4ZybAllWthbCRtSTRnafCo2BH/x5WUSnLnXrn9/XqvfFGmU4QiO4RR8uIQ63EEDAmAg4Ble4c1Rzovz7nzMW0tOMXMIf+B8/gCeBI1v</latexit><latexit sha1_base64="9kGhgySzcN5Czq6iWUf53OdeqgM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUW9FLx4rGFtoQ9lst+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvSqUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjAcskYluRdRwKRQPUKDkrVRzGkeSN6PR7dRvPnFtRKIecJzyMKYDJfqCUbRS4Hruhdut1jzXm4EsE78gNSjQ6Fa/Or2EZTFXyCQ1pu17KYY51SiY5JNKJzM8pWxEB7xtqaIxN2E+O3ZCTqzSI/1E21JIZurviZzGxozjyHbGFIdm0ZuK/3ntDPtXYS5UmiFXbL6on0mCCZl+TnpCc4ZybAllWthbCRtSTRnafCo2BH/x5WUSnLnXrn9/XqvfFGmU4QiO4RR8uIQ63EEDAmAg4Ble4c1Rzovz7nzMW0tOMXMIf+B8/gCeBI1v</latexit><latexit sha1_base64="9kGhgySzcN5Czq6iWUf53OdeqgM=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0hEUW9FLx4rGFtoQ9lst+3SzSbsToQS+hu8eFDx6h/y5r9x2+agrQ8GHu/NMDMvSqUw6HnfTmlldW19o7xZ2dre2d2r7h88miTTjAcskYluRdRwKRQPUKDkrVRzGkeSN6PR7dRvPnFtRKIecJzyMKYDJfqCUbRS4Hruhdut1jzXm4EsE78gNSjQ6Fa/Or2EZTFXyCQ1pu17KYY51SiY5JNKJzM8pWxEB7xtqaIxN2E+O3ZCTqzSI/1E21JIZurviZzGxozjyHbGFIdm0ZuK/3ntDPtXYS5UmiFXbL6on0mCCZl+TnpCc4ZybAllWthbCRtSTRnafCo2BH/x5WUSnLnXrn9/XqvfFGmU4QiO4RR8uIQ63EEDAmAg4Ble4c1Rzovz7nzMW0tOMXMIf+B8/gCeBI1v</latexit>

AA+TT+ TA

GC

Ps
<latexit sha1_base64="8FMeAW4GVMOjii2a0lrHI3RPeAY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvtkzvWrNrbszkGXiFaQGBZq96le3n7As5gqZpMZ0PDfFIKcaBZN8UulmhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugxyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNOp2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H/PWklPMHMIfOJ8/oHONjg==</latexit><latexit sha1_base64="8FMeAW4GVMOjii2a0lrHI3RPeAY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvtkzvWrNrbszkGXiFaQGBZq96le3n7As5gqZpMZ0PDfFIKcaBZN8UulmhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugxyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNOp2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H/PWklPMHMIfOJ8/oHONjg==</latexit><latexit sha1_base64="8FMeAW4GVMOjii2a0lrHI3RPeAY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvtkzvWrNrbszkGXiFaQGBZq96le3n7As5gqZpMZ0PDfFIKcaBZN8UulmhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugxyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNOp2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H/PWklPMHMIfOJ8/oHONjg==</latexit><latexit sha1_base64="8FMeAW4GVMOjii2a0lrHI3RPeAY=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9FLx4rGltoQ9lsN+3SzSbsToQS+hO8eFDx6j/y5r9x2+agrQ8GHu/NMDMvTKUw6LrfTmlldW19o7xZ2dre2d2r7h88miTTjPsskYluh9RwKRT3UaDk7VRzGoeSt8LRzdRvPXFtRKIecJzyIKYDJSLBKFrpvtkzvWrNrbszkGXiFaQGBZq96le3n7As5gqZpMZ0PDfFIKcaBZN8UulmhqeUjeiAdyxVNOYmyGenTsiJVfokSrQthWSm/p7IaWzMOA5tZ0xxaBa9qfif18kwugxyodIMuWLzRVEmCSZk+jfpC80ZyrEllGlhbyVsSDVlaNOp2BC8xZeXiX9Wv6p7d+e1xnWRRhmO4BhOwYMLaMAtNMEHBgN4hld4c6Tz4rw7H/PWklPMHMIfOJ8/oHONjg==</latexit>

s
<latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit><latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit><latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit><latexit sha1_base64="JvCfYVWFyFDd4k0R8TGnREPKLeg=">AAAB53icbVBNS8NAEJ34WetX1aOXxSJ4KokI6q3oxWMLxhbaUDbbSbt2swm7G6GE/gIvHlS8+pe8+W/ctjlo64OBx3szzMwLU8G1cd1vZ2V1bX1js7RV3t7Z3duvHBw+6CRTDH2WiES1Q6pRcIm+4UZgO1VI41BgKxzdTv3WEyrNE3lvxikGMR1IHnFGjZWaulepujV3BrJMvIJUoUCjV/nq9hOWxSgNE1TrjuemJsipMpwJnJS7mcaUshEdYMdSSWPUQT47dEJOrdInUaJsSUNm6u+JnMZaj+PQdsbUDPWiNxX/8zqZia6CnMs0MyjZfFGUCWISMv2a9LlCZsTYEsoUt7cSNqSKMmOzKdsQvMWXl4l/Xruuec2Lav2mSKMEx3ACZ+DBJdThDhrgAwOEZ3iFN+fReXHenY9564pTzBzBHzifP00QjMs=</latexit>

0

<latexit sha1_base64="tiKoVmVbqFf0RHYl0O473FO2h6Q=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip6Q7KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGNn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W962qteV2p3+ZxFOEMzuESPKhBHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDfFWMvg==</latexit>

5

<latexit sha1_base64="NofnGkwRLaGO4HIBSGr9ig68s80=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNBo9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFS47pfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1440+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7KXqVcbVRKtdssjjycwTlcggdVqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AIPpjMM=</latexit>

�5

<latexit sha1_base64="6vqm+iRoiV0WRa3RVdUZvUu3XYQ=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgxbArkXgMevEYxTwgWcLspDcZMju7zMwKIeQPvHhQxKt/5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGtzO/9YRK81g+mnGCfkQHkoecUWOlh4urXrHklt05yCrxMlKCDPVe8avbj1kaoTRMUK07npsYf0KV4UzgtNBNNSaUjegAO5ZKGqH2J/NLp+TMKn0SxsqWNGSu/p6Y0EjrcRTYzoiaoV72ZuJ/Xic14bU/4TJJDUq2WBSmgpiYzN4mfa6QGTG2hDLF7a2EDamizNhwCjYEb/nlVdK8LHuVcvW+UqrdZHHk4QRO4Rw8qEIN7qAODWAQwjO8wpszcl6cd+dj0Zpzsplj+APn8wftLoz6</latexit>
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homogeneous 
stiffness 

new data set 

What is more important: shape or stiffness?
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(Balasubramanian et al. (2009))



1. Positioning rules are mechanical
2. Multiplexing of the 2 (and even 3) layers
3. Mechanical cues on real genomes

Artwork: Amar van Leewaarde & Marco Tompitak 



−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

The energy landscape of a gene

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

Nature 486 (2012) 49616/39



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

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

Synonymous Mutation Monte Carlo

codon sequence

protein sequence

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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We thus have interesting observations and predictions on two ends of a spectrum. A very simple,
unicellular  eukaryote  shows  nucleosome depletion  as  its  most  prominent,  intrinsically  encoded
nucleosome positioning feature. A complex multicellular one shows high nucleosome occupancy
instead. What happens in between these two extremes?

Although no in vitro maps are available for any other organisms, it has been noted that an in vivo

nucleosome occupancy map of the nematode C. elegans lacks many of the features that distinguish
in vivo from in vitro maps of yeast, such as strongly phased nucleosomes. Valouev et al. (20) find
much flexibility in nucleosome positions in  C. elegans.  We speculate that such variability may
average out some of the effects of active remodeling, and that in vivo maps in this case may be a
reasonable proxy for  in vitro positioning. We therefore present in Fig. 1D a comparison between
between our predicted signal for C. elegans and the signal found in vivo by Ercan et al. (21). We
find remarkable agreement in the shape of the signal, indicating that the data is indeed indicative of
intrinsically encoded nucleosome positioning. C. elegans seems to show a nucleosome positioning
signal that is a hybrid of the signals found in the yeast and human genomes. It has an NDR in the
promoter region, but it also shows a significant NAR just after the start codon.

Intrinsic nucleosome positioning signals are indicative of multicellularity

Given the current interpretations of the NDR signal in yeast and the NAR signal in the human
genome, the hybrid behavior in C. elegans may be hypothetically explained. As suggested by Tillo
et al. (30), organisms may wish to tune their genomic sequences to intrinsically deactivate genes
that are active only in some cell types, while intrinsically activating those that are common to all of

Fig. 1: Comparison of predicted and measured intrinsic nucleosome positioning signals in promoter regions.
A, B: S. cerevisiae, average nucleosome occupancy centered on the TSS and start codons, respectively. Data
from (15). C: Like B, for H. sapiens. Note the different scales on the two vertical axes. Data from (31). D:
Like B, for C. elegans, but with in vivo data from (20).

intrinsically encoded nucleosome positioning. C. elegans seems to show a nucleosome positioning

signal that is a hybrid of the signals found in the yeast and human genomes. It has an NDR in the

promoter region, but it also shows a significant NAR just after the start codon.

Intrinsic nucleosome positioning signals are indicative of multicellularity

Given the current interpretations of the NDR signal in yeast and the NAR signal in the human

genome, the hybrid behavior in C. elegans may be hypothetically explained. As suggested by Tillo

Fig. 1: Comparison of predicted and measured intrinsic nucleosome positioning signals in promoter
regions. A, B: S. cerevisiae, average nucleosome occupancy centered on the TSS and start codons,
respectively. Data from Kaplan et al. (2009) C: Like B, for H. sapiens. Note the different scales on
the two vertical axes. Data from Valouev et al. (2011) D: Like B, for C. elegans, but with in vivo

data from Ercan et al. (2011)
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4147
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source sink
...

145 146

4147 sequences

Mapping of sequences on weighted graphs

ground state sequence

Zuiddam, Schiessel, PRE 99, 012422 (2019)
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The energy landscape of a gene: 
comparision to extreme sequences
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<latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit><latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit><latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit><latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit>
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smin
<latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit><latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit><latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit><latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit>
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smin
<latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit><latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit><latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit><latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit>
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smin
<latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit><latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit><latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit><latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit>
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<latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit><latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit><latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit><latexit sha1_base64="c9B0fT16WQVCuZzdZF0JCoc/+38=">AAAB7nicdVDLSsNAFJ34rPVVdelmsAiuQhJDH7uiG5cVjC20oUymk3bozCTOTIQS+hNuXKi49Xvc+TdO2goqeuDC4Zx7ufeeKGVUacf5sFZW19Y3Nktb5e2d3b39ysHhrUoyiUmAE5bIboQUYVSQQFPNSDeVBPGIkU40uSz8zj2RiibiRk9TEnI0EjSmGGkjddUg73MqZoNK1bGbjZrn16BjO07d9dyCeHX/3IeuUQpUwRLtQeW9P0xwxonQmCGleq6T6jBHUlPMyKzczxRJEZ6gEekZKhAnKszn987gqVGGME6kKaHhXP0+kSOu1JRHppMjPVa/vUL8y+tlOm6EORVpponAi0VxxqBOYPE8HFJJsGZTQxCW1NwK8RhJhLWJqGxC+PoU/k8Cz27a7rVfbV0s0yiBY3ACzoAL6qAFrkAbBAADBh7AE3i27qxH68V6XbSuWMuZI/AD1tsnNriQSg==</latexit>
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So is there space for a third layer? 

nascent chains with the ribosome change the folding
landscape, resulting in the formation of length-depen-
dent folding intermediates that may not form during
protein folding in solution [130,139,142,143].
The ribosome may either induce an alternative

folding pathway or stabilize intermediates that are

only transiently formed in solution. Biophysical
characterization of protein folding during ongoing
translation indicated that nascent polypeptides may
attain a compact, non-native structure within the
exit tunnel [130]. This finding is in line with the
observation of a “collapsed” non-native intermediate

Fig. 8. Schematic of co-translational folding of a small α-helical domain. Step 1 (unfolded to compact), formation of a
compact folding state within the ribosome exit tunnel when about 50 aa have been incorporated. Step 2 (compact to
native), folding into the native-like structure upon emergence of the entire domain from the peptide exit tunnel.

Fig. 7. Ribosome bypassing on gp60 mRNA. (a) Schematic of the gp60 mRNA and the corresponding protein (gray).
Depicted are mRNA elements that promote bypassing, for example, the sequence that codes for the nascent peptide, the
take-off helix (green), take-off and landing codons and the stop-codon following the take-off site. (b) Other putative
secondary structure elements of the mRNA, for example, stem–loop upstream (5′SL) and downstream (3′SL) of the gap
region. The bypassing peptidyl-tRNA2

Gly is depicted in red. (c) The position of the ribosome (gray oval) at the onset of
bypassing. 5′SL and 3′SL structures are shown in blue and red, respectively, and the 5′ and 3′ parts of the gap sequence
are green and yellow, respectively. A large part of the 5′SL and the SL part of the gap are unfolded (drawn horizontally) and
reside in the mRNA channel of the ribosome. The 3′-part of the gap region is predominantly unfolded as well (horizontal),
whereas the 3′SL element is structured (drawn vertically). (d) Upon movement of the ribosome onto the landing site, the 5′
SL upstream of the gap and the 5′SL in the gap refold (vertical bar), whereas the ribosome covers most of the unstructured
3′ part of the gap up to the presumably structured 3′SL (vertical bar) (modified from [117]).

2175Review: Protein Elongation, Folding and Targeting

Rodnina & Wintermeyer, J. Mol. Biol. 2016ribosome

co-translational folding

translation speed in ribosomes:
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A third layer: translational speed 
Zuiddam, Shakiba, Schiessel, in preparation

codon specific Markov model 
Rudorf, …, Lipowski, PLoS Comp. Biol. 2014
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Artwork: Amar van Leewaarde & Marco Tompitak 

1. Positioning rules are mechanical
2. Multiplexing of the 2 (and even 3) layers
3. Mechanical cues on real genomes
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Nucleosome occupancy around transcription start sites 
Neipel, Brandani, Schiessel, Phys. Rev. E 101, 022405 (2020) 

DNA mechanics keeps promoter regions free of nucleosomes
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A general rule for DNA elasticity 
Tompitak, Vaillant, Schiessel, Biophys. J. 112, 505 (2017) 

sperm cells. The hybrid signal we find in C. elegans may in this case similarly play a dual role of
facilitating initiation of transcription but at the same time assisting in nucleosome retention.

We can extend our observation of these signals to other genomes using our model. We mapped the
nucleosome positioning signals for promoters in genomes across the tree of life and discovered
organisms that have intrinsically encoded NDRs and NARs, as well as many that fall into the hybrid
category.

Most archaea (14 genomes analyzed) show a signal similar to that of yeast, in that a nucleosome-
depleted region is the most prominent feature. See also Fig. S2. Archaea are unicellular organisms
that do not have histone octamers, but employ only tetramers of (archaeal) histones to compactify
their DNA. We expect these tetramers to obey positioning rules similar enough to nucleosomes that
our model is predictive of their occupancy. We therefore analyzed the octamer affinity landscapes,
for the sake of comparison to eukaryotes, even though archaea do not possess them. The signals
show that these simple unicellular organisms almost all fall into the depletion-by-default category.

Fungi (7 genomes analyzed) show somewhat more diverse signals, see Fig. S3. While S. cerevisiae

has a prominent NDR, many of the other fungi analyzed lack both a localized depleted region and a
localized attractive region, but retain a step-function signal centered on the TSS. Fungal cells are
not  highly  differentiated,  but  some  fungi  are  dimorphic  (they  switch  between  unicellular  and
filamentous states), possibly causing these more hybrid-like signals.

Plants (4 genomes analyzed) come in many forms, from unicellular algae to complex multicellular
life. As expected, we see various signals (see Fig. S4.) The genome of C. reinhardtii, a unicellular

6

Fig.  2:  A representative selection of nucleosome positioning signals from various genomes. As a
visual aid, the signals have been shifted vertically such that the logarithmic nucleosome occupancy
at  position  -1000 is  0.  The signals  clearly  fall  into  two distinct  classes,  based  on whether  the
organism is unicellular or multicellular.

What is the function of the broad peaks in multicellular life forms?
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Transfer of epigenetic information via retention of nucleosomes in 
sperm cells.

the average density of nucleosomes. Unlike in experiments that look at nucleosome depletion or
retention, the excluded volume between nucleosomes puts a limit on how strong the enrichment can
be in practice.

This is the reason for the discrepancy between the in vitro results of Valouev et al. and ours
and those of Vevouri and Lehner. In order to approximate the effects of steric interactions, we
applied Percus' equation (42) to our average energy landscapes, and solved it as described in
(43). The solution depends on the chemical potential of the nucleosomes binding to the DNA
(see also  (44)), which we adjust to get a good fit with the  in vitro data. We see that steric

4
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A general rule for DNA elasticity 
Tompitak, Vaillant, Schiessel, Biophys. J. 112, 505 (2017) 

sperm cells. The hybrid signal we find in C. elegans may in this case similarly play a dual role of
facilitating initiation of transcription but at the same time assisting in nucleosome retention.

We can extend our observation of these signals to other genomes using our model. We mapped the
nucleosome positioning signals for promoters in genomes across the tree of life and discovered
organisms that have intrinsically encoded NDRs and NARs, as well as many that fall into the hybrid
category.

Most archaea (14 genomes analyzed) show a signal similar to that of yeast, in that a nucleosome-
depleted region is the most prominent feature. See also Fig. S2. Archaea are unicellular organisms
that do not have histone octamers, but employ only tetramers of (archaeal) histones to compactify
their DNA. We expect these tetramers to obey positioning rules similar enough to nucleosomes that
our model is predictive of their occupancy. We therefore analyzed the octamer affinity landscapes,
for the sake of comparison to eukaryotes, even though archaea do not possess them. The signals
show that these simple unicellular organisms almost all fall into the depletion-by-default category.

Fungi (7 genomes analyzed) show somewhat more diverse signals, see Fig. S3. While S. cerevisiae

has a prominent NDR, many of the other fungi analyzed lack both a localized depleted region and a
localized attractive region, but retain a step-function signal centered on the TSS. Fungal cells are
not  highly  differentiated,  but  some  fungi  are  dimorphic  (they  switch  between  unicellular  and
filamentous states), possibly causing these more hybrid-like signals.

Plants (4 genomes analyzed) come in many forms, from unicellular algae to complex multicellular
life. As expected, we see various signals (see Fig. S4.) The genome of C. reinhardtii, a unicellular

6

Fig.  2:  A representative selection of nucleosome positioning signals from various genomes. As a
visual aid, the signals have been shifted vertically such that the logarithmic nucleosome occupancy
at  position  -1000 is  0.  The signals  clearly  fall  into  two distinct  classes,  based  on whether  the
organism is unicellular or multicellular.
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9

Fig. S8: Average GC content around the transcription start sites for the same organisms as 
presented in Fig. 2. Curves have been shifted such that the value at -1000 is zero, and have been 
smoothed using a 147-bp running average.
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Artwork: Amar van Leewaarde & Marco Tompitak 

1. Positioning rules are mechanical
2. Multiplexing of the 2 (and even 3) layers
3. Mechanical cues on real genomes
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