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Recent genome-wide maps of nucleosome positions in different
eukaryotes revealed patterns around transcription start sites fea-
turing a nucleosome-free region flanked by a periodic modulation of
the nucleosome density. For Saccharomyces cerevisiae, the average
in vivo pattern was previously shown to be quantitatively described
by a “nucleosome gas” model based on the statistical positioning
mechanism. However, this simple physical description is challenged
by the fact that the pattern differs quantitatively between species
and by recent experiments that appear incompatible with statistical
positioning, indicating important roles for chromatin remodelers.
We undertake a data-driven search for a unified physical model to
describe the nucleosome patterns of 12 yeast species and also con-
sider an extension of the model to capture remodeling effects. We
are led to a nucleosome gas that takes into account nucleosome
breathing, i.e., transient unwrapping of nucleosomal DNA segments.
This known biophysical property of nucleosomes rationalizes a
“pressure”-induced dependence of the effective nucleosome size
that is suggested by the data. By fitting this model to the data, we
find an average energy cost for DNA unwrapping consistent with
previous biophysical experiments. Although the available data are
not sufficient to reconstruct chromatin remodeling mechanisms,
a minimal model extension by one mechanism yields an “active
nucleosome gas” that can rationalize the behavior of systems with
reduced histone-DNA ratio and remodeler knockouts. We there-
fore establish a basis for a physical description of nucleosome pat-
terns that can serve as a null model for sequence-specific effects
at individual genes and in models of transcription regulation.

nucleosome maps | chromatin structure | quantitative biology

hromatin is a highly dynamic object and the substrate for

molecular processes such as transcription, gene regulation,
and DNA replication. Finding adequate model representations
for chromatin is challenging, because static structural models are
insufficient, and the data required to construct molecular-scale
chromatin movies are not within reach. However, conformation-
capturing techniques combining biochemical cross-linking and
whole-genome mapping provide intriguing statistical information
about chromatin conformations. Proximity-based cross-linking of
different DNA loci probes the large-scale conformations of
chromosomes (1), whereas histone-DNA cross-linking probes
conformations on the scale of the 10-nm chromatin fiber (2-5).
Such experiments collect a large number of molecular inter-
actions from a population of cells, thereby taking samples from
the underlying conformational probability distributions. Hence,
these methods inherently lead to a statistical representation of
chromatin, which does not explicitly describe the dynamics but
instead describes the resulting conformational distribution. A
key challenge then is to identify biophysical models that are
consistent with the observed conformational distribution.

Here, we consider this question for the statistical distribu-
tion of nucleosomes along the DNA. Genome-wide nucleosome-
mapping experiments yield a robust pattern upon averaging over
a large set of genes aligned at the transcription start site (2-5). It
displays a “nucleosome-free region” (NFR), roughly 200 bp wide,
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and an oscillatory flanking pattern in the direction of transcription.
A pattern of this qualitative form has been identified in several
multicellular organisms, but is best studied in yeasts (6). The NFRs
are likely functionally important, because they affect the access to
DNA target sites for factors that regulate and initiate transcription
(3-5). Our focus here is on the flanking pattern, a periodic mod-
ulation of the nucleosome density, with each peak corresponding
to a single nucleosome and an amplitude that decays with distance
from the NFR. The average over genes removes gene-specific
features and exposes generic physical properties of the 10-nm fiber
(7, 8). For the yeast Saccharomyces cerevisiae, it was shown (8) that
realignment of the genes by their +1 nucleosome (first nucleosome
downstream of the NFR) yields a pattern that is quantitatively
compatible with that of the barrier nucleosome model (9) based
on the “statistical positioning” mechanism (10). Moreover, re-
aligning the genes by their —1 nucleosome (first nucleosome up-
stream of the NFR) also revealed an upstream oscillatory pattern,
which is compatible with that of the same quantitative model.

However, this simple physical interpretation of the pattern is
challenged by two sets of experimental observations: First, the
quantitative characteristics of the in vivo pattern vary considerably
from species to species, even within a set of yeast species (6),
raising the question of whether this variation can indeed be un-
derstood in simple physical terms. The general physical framework
[within which the Kornberg—Stryer model (10) constitutes a spe-
cial case] is that of one-dimensional (1D) gas systems, consisting of
interacting particles confined to a line (11, 12). Within this
framework, is there a single model that consistently explains all
patterns? Second, recent experiments have shown in vitro (13)
and in vivo (14) that the formation of the native nucleosome
pattern requires the action of remodeling enzymes. Moreover,
reduction of the histone-DNA ratio in vitro (13) or in vivo (15)
does not lead to a concomitant increase in the typical nucleosome
spacing, as would be expected for statistical positioning. Do these
observations invalidate the entire 1D gas framework or just the
specific Kornberg-Stryer model?

Here, we address these questions, using a data-driven approach,
based on whole-genome nucleosome maps for 12 yeast species (6)
(Fig. 1). We find that the species-to-species variation of the pat-
terns cannot be naturally explained within the Kornberg—Stryer
model. In particular, it cannot rationalize a conspicuous trend
in the data: The effective width of the nucleosome core particle
decreases as the mean nucleosome density increases. This obser-
vation leads us to an extension of the model that takes into account
nucleosome breathing (16-20), the spontaneous transient

Author contributions: W.M., B.O., O.J.R., and U.G. designed research; W.M., B.O., and U.G.
performed research; W.M., B.O., and A.M.T. analyzed data; and W.M., B.O., O.J.R,, and
U.G. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.

Freely available online through the PNAS open access option.

To whom correspondence should be addressed. E-mail: gerland@Imu.de.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1214048110/-/DCSupplemental.

PNAS | April 2,2013 | vol. 110 | no.14 | 5719-5724

>
1Y
=]
-
=]
o
)
=
]
=
7
>
7

PHYSICS


mailto:gerland@lmu.de
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214048110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1214048110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1214048110

— Y. lip.
=== C. alb.
\ D. han.
] S. Klu.
K. wal.
K. lac.
S. cas.
C. gla.
S. bay.
S. mik.
S. par.
S. cer.

0.02

0.01

nucleosome density

0 200 400 600 800 1000 1200
position relative to +1 nucleosome [bp]

Fig. 1. Average nucleosome density patterns downstream from the +1
nucleosome for 12 yeast species, based on the data of ref. 6. To estimate the
physical nucleosome density and enable direct comparison across species,
the raw data are normalized by an estimated sequencing depth; see S/ Ap-
pendix for details. To facilitate comparison, the patterns are smoothed by
a running average over 11 bp.

unwrapping of nucleosomal DNA from either end of the fully
wrapped nucleosome “ground state” represented by the crystal
structure (21). This “soft-core” nucleosome gas model has a cru-
cial new biophysical parameter, the mean energy e per base pair
required to unwrap nucleosomal DNA. It rationalizes the density
dependence of the effective nucleosome width as pressure-
induced transient unwrapping of nucleosomes. This explanation
does not require rapid equilibration of nucleosome positions
within single cells, because the data provide snapshots of in-
dependent configurations from many cells. Interestingly, the
value for the unwrapping energy e that we infer from the in vivo
nucleosome maps agrees with the range of values obtained from
biophysical experiments with single-nucleosome core particles.
We also show that the soft-core nucleosome gas model can be
reconciled with the recent experiments (13-15) probing the de-
pendence on the histone-DNA ratio and the role of remodelers:
Adding a dinucleosome-remodeling mechanism to the model
does not significantly affect the native in vivo pattern, but renders
the typical nucleosome spacing insensitive to the histone-
DNA ratio.

Model

Our analysis is based on the working hypothesis that nucleosome
arrangements in the 10-nm chromatin fiber can be appropriately
described, on a coarse-grained physical level, within the theory of
1D interacting gas systems (12). This description projects the
complex molecular interactions among DNA and histones in 3D
onto a 1D configurational space. Here, we assume a free energy
function of the form

E({5})=> ul)+ > vixi —x), [1]

1 1

which assigns an energy value to a collection of nucleosome
positions {x;}. Each x; is the position of a nucleosome dyad along
the DNA and nucleosomes are indexed by order on the DNA
(x1 <x; < ... <xy). The total number of nucleosomes, N, is not
fixed, but may vary from cell to cell and in time. The potential
u(x), which acts on each nucleosome individually, is a genomic
free energy landscape subsuming cis and trans effects biasing
nucleosome positions (3). The pair interaction v(x) describes
the steric exclusion of nucleosomes as well as other mutual inter-
actions. In Eq. 1, we have restricted v(x) to neighboring nucleo-
somes. (Additional longer-range interactions due to higher-order
chromatin structure are likely, but their effect on the nucleosome
patterns appears to be minor, because we find below that a near-
est-neighbor-based interaction already describes the available
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data well.) The Kornberg-Stryer model, which corresponds to
the Tonks gas in physics (11), is obtained when v(x) describes
a perfect steric repulsion, i.e., v(x) = oo for x < b and v(x) = 0
otherwise (with b ~ 147 bp), whereas the energy landscape is
flat, u(x) = 0, except at isolated “barrier” positions on the genome
where u(x) takes on large positive values.

Although the standard theory of 1D interacting gas systems
deals with equilibrium systems (12), it is clear that due to the ac-
tion of various active remodelers, chromatin is an active system. In
general, a single energy function of the type Eq. 1 will therefore
not suffice to correctly describe the nucleosome distribution at
different histone-DNA ratios. Instead, active mechanisms, each
characterized by a ‘move’ within the space of nucleosome config-
urations and an associated kinetic rate, then need to be added on
top of the equilibrium model (22). For active and equilibrium
systems alike, the experimentally relevant observable is the local
nucleosome density

px) = < Zé(x—x,»)>, 2]

i.e., the probability of finding a nucleosome positioned at x. For
the experimental data, the angular brackets ...) denote an
average over different cells, whereas the average is over the
appropriate statistical ensemble in the theoretical model (the
grand-canonical ensemble for equilibrium systems and the en-
semble of steady-state configurations for active systems).

An important general property of dense 1D interacting gas
systems is that local perturbations can produce longer-range
effects. Specifically, a local peak in the potential landscape u(x),
repulsive or attractive, can trigger an oscillation in p(x) over
arange of many nucleosomes, due to a statistical “domino effect,”
where the positioning of a nucleosome constrains its neighbor and
the latter its neighbor in turn. In physical terms, oscillatory be-
havior of p(x) results from the interplay of entropy and steric
repulsion: Because the same DNA position cannot simulta-
neously be incorporated into two nucleosomes, the nucleosome
footprints on the DNA exclude each other, whereas a large gap
between neighboring nucleosomes reduces the configurational
space for the remaining nucleosomes and is therefore entropically
unfavorable. For S. cerevisiae, a parsimonious explanation of the
experimental p(x) in the vicinity of transcription start sites (TSS)
assumes an asymmetrically shaped potential u(x), where the +1
nucleosome is directly positioned with a localized attractive peak
(negative potential), whereas the —1 and upstream nucleosomes
are statistically positioned by a repulsive potential within the NFR
(8). Because the experimental pattern results from an alignment
and average over a large set of genes, this shape of u(x) appears to
be common to most genes. Additionally, there may well be other
features in the genomic u(x) landscape, e.g., also within the
coding regions, which vary from gene to gene such that they do
not significantly affect the average pattern.

The precise form of the oscillatory pattern depends on the shape
of the peak in u(x) that defines the boundary condition for the
pattern (8). One can infer the most likely local shape of u(x) that
positions the +1 nucleosome from the experimental shape of the +1
peak in the average density. [For simplicity, in our calculations
reported below, we take this boundary effect into account via a
convolution of the idealized theoretical pattern for a sharply peaked
u(x) with the shape of the experimental +1 peak (SI Appendix).] In
the following, we use the term hard-core nucleosome gas (HNG)
model to refer to the Kornberg-Stryer-Tonks model supplemented
by this boundary condition (“HNG” is chosen in contrast to the soft-
core model introduced in Soft-Core Nucleosome Gas Model below).
By the logic of Occam’s razor, we seek to identify the simplest and
most plausible combination of an energy function, Eq. 1, and active
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Fig. 2. (A) Overlay of the C. albicans pattern (gray dots) with its best HNG
model fit, where particle size b and mean density 5 are independently var-
ied. (B) Parameter pairs (p, b) of the best HNG model for each species (cir-
cles). The nucleosome width b displays a positive correlation with the
average repeat length 1/p (Pearson’s correlation coefficient r = 0.82 for all
species and 0.78 for all but K. /actis). The dashed line is a linear fit to all data.
(C) Similar to A, but with the unified SNG model, where only p is in-
dependently fitted for each species.

mechanism(s) that can rationalize the nucleosome patterns from
different species and in vitro experiments.

Results

Quantitative Data Analysis. Fig. 1 shows the average nucleosome
pattern flanking the NFR on the downstream side, for each of the
12 different yeast species of ref. 6. Here, instead of aligning at the
TSS, we used the most likely +1 nucleosome position at each gene
as an alignment point (S Appendix). In terms of the physical model,
the +1 nucleosome is our reference particle, whereas the TSS
cannot be mapped to a physical feature (8). All of the patterns in
Fig. 1 have the same qualitative shape, a decaying oscillation, but
the quantitative characteristics differ significantly (6). To test
whether these differences are due to variation of gene expression
level or gene length, we used the data of ref. 6 to compare, for
each species, the patterns of genes with high and low expression
levels and the pattern of the long genes with the average over all
genes (SI Appendix, Figs. S1B-S12B). This reveals two trends: (i)
Genes with high expression levels display a pattern that appears
“compressed”; i.e., nucleosomes have a smaller spacing than for
low expression levels. (ii) Longer genes display a more pro-
nounced pattern, i.e., larger peak amplitudes at equal spacing.
Although these trends are consistent with previous observations
(3-5), both effects are relatively small compared with the species-
to-species differences.

To test whether the HNG model can rationalize the different
patterns, we fitted it using the average nucleosome density p as an
adjustable parameter. Because p controls the peak-to-peak dis-
tances in the pattern and it is well known that the average nucle-
osome spacing in coding regions is variable between yeast species
(6, 23), a species-to-species variation in p might already explain the
observed patterns. We recovered the previous finding that the
HNG model describes the S. cerevisiae pattern relatively well (8),
as quantified by the mean-square deviation, 5°. However, the fit
was poor for some of the other species, especially Kluyveromyces
waltii, Kluyveromyces lactis, and Debaryomyces hansenii (SI Ap-
pendix, section IV and Figs. S14 -S124 and S13).

To elucidate this failure of the HNG model, we allowed the
effective DNA footprint size of nucleosomes to be adjustable as
well (b was previously fixed at 147 bp). With the additional
parameter, we obtained good fits for all patterns; see Fig. 24 for
an example and SI Appendix for complete results. As shown in Fig.
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2B, these fits yield a range of parameter values, with average re-
peat lengths 1/p between 163 and 182 bp and effective DNA
footprint lengths b from 138 to 158 bp. Given that the nucleosome
structure has a well-defined 146- to 147-bp length of nucleosomal
DNA (21) and the histone sequences are highly conserved, the
large spread in b indicates that the model does not fully capture
the physical behavior of the 10-nm chromatin fiber. Indeed, Fig.
2B shows that the two fitted parameters are not independent
(correlation coefficient r = 0.82), suggesting that the model misses
an essential property of the system. Additional analysis (SI Ap-
pendix) confirms that this correlation is not an experimental or
a computational artifact.

One biophysical property neglected by the HNG model is the
dynamic nature of the nucleosome structure: It is well known that
the ends of nucleosomal DNA transiently unwrap from the histone
core driven by thermal fluctuations (16, 18-20), even in the
chromatin context (17). This “nucleosome breathing” reduces the
average histone-bound DNA length in a nucleosome below that
in the crystal structure. Importantly, physical reasoning suggests
that the size of this reduction should depend on the nucleosome
density: A high density corresponds to a large effective “pressure”
of the nucleosome “gas”, which induces more unwrapping. This
intuitive picture is indeed applicable even when the dynamics of
nucleosome sliding along the DNA are slow, because (i) the ex-
perimental patterns are generated from many “snapshots” of
nucleosome configurations in different cells and (i) the picture
depends only on the equilibrium statistics, not the dynamics, of
the system, with the unwrapping resulting from an energy—
entropy trade-off (see below).

Soft-Core Nucleosome Gas Model. To test whether this physical effect
can quantitatively explain the data, we devised a “soft-core nucle-
osome gas” (SNG) model, which accounts for nucleosome breath-
ing. In the SNG model, nucleosomes have two internal degrees of
freedom corresponding to the amount of unwrapped DNA on each
side of the dyad (Fig. 34). Unwrapping has a free energy cost € > 0.
Consequently, two adjacent nucleosomes at a given distance
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Fig. 3. Soft-core nucleosome gas (SNG) model. (A) A single soft-core particle
has a maximal footprint a. DNA can unwrap from both ends, up to a maxi-
mum of w on either side of the dyad (marked by a vertical line). These
“breathing” dynamics lead to a reduced typical footprint size (illustrated by
shading). (B) lllustration of the different internal states of a nucleosome pair
that contribute to the effective nucleosome-nucleosome interaction free
energy v(Ax) at a given distance Ax between the dyads. (C) This interaction is
plotted for our consensus parameter values (w = 83 bp, € = 0.1525kzT/bp).
The approximation of Eq. 3 (gray line) matches the exact form (red line) in
the relevant regime of small free energy.
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Ax = x;;1 — x; between the dyads can be in a number of different
internal states, as illustrated in Fig. 3B. Without any unwrapping,
they cannot be closer than a certain minimal distance a. For Ax <
a, at least a — Ax bp must unwrap, which can be split between the
left and the right particle. A priori, we expect that a is larger than
147 bp, because a configuration without unbound (linker) DNA
between two nucleosomes is difficult to achieve given the steric
constraints of chromatin. After summing over the internal states,
which are not observed in the experiments, we obtain an interaction
free energy for neighboring nucleosomes at distance Ax < a,

v(AY) % (a — Av)e —ksT In [1 +(a - Ax) (1 - e-e/kBT)] . 3]

whereas v(Ax) remains 0 for Ax > a. The first term of this “soft-
core potential” is enthalpic, whereas the second term is entropic,
accounting for the different internal states. Eq. 3 is an approxi-
mate expression valid for Ax > 1 bp (SI Appendix). Fig. 3C
displays both the exact and the approximative v(Ax) with repre-
sentative parameter values. Within the general theory of 1D gas
models, our SNG model falls into the class of “Takahashi near-
est-neighbor gases” (12). All of its statistical properties can be
calculated exactly, using standard techniques from statistical
physics. Conceptually similar models were considered by Chou
(24) and Teif et al. (25). Lubliner and Segal showed that taking
into account interactions between adjacent nucleosomes can im-
prove DNA sequence-based prediction of nucleosome occu-
pancy (26).

We first fitted the SNG model separately to each species, with
the average nucleosome density p, the unwrapping energy €, and
the interaction range a as adjustable model parameters. The best-
fit parameters and the fit quality are indicated with orange bars in
Fig. 4, and the individual patterns are shown in SI Appendix, Figs.
S14-S12A4. SI Appendix, Fig. S13 compares the fit qualities of all of
the models considered so far: As expected, the SNG model shows
a dramatic improvement over the restricted HNG model (fixed b).
It describes the experimental patterns about equally as well as the
HNG model with adjustable b. Importantly, the SNG model
appears to correctly capture the physical behavior of the system:
(1) The average repeat lengths 1/p determined from the SNG
model agree well with the peak-to-peak distances in the experi-
mental patterns, whereas the repeat lengths determined from the
HNG model are significantly longer (S Appendix, Tables S2 and
S3). (ii) The inferred unwrapping energies e are in excellent
agreement with biochemical measurements of DNA unwrapping,
which indicate a free energy cost of about 1.5 kg7 for the

unwrapping of 10 bp (27). (iii) The inferred interaction ranges a =
2w + 1 are roughly 20 bp larger than the DNA length of the nu-
cleosome core particle. In other words, already before the DNA
footprints of neighboring nucleosomes overlap, they experience
a weak repulsive interaction. Physically, such a repulsion arises,
e.g., from the geometrical constraints that reduce the conforma-
tional space of a nucleosome pair at short distances.

So far, the SNG model appears to share with the HNG model
the conceptual problem of species-specific histone properties de-
spite the high degree of histone conservation: Not only the nu-
cleosome spacings, but also the best-fit unwrapping energy and
interaction range vary from species to species (Fig. 4). However,
intuition suggests that larger particles with strong breathing can
yield the same average particle size as smaller particles that
breathe little; i.e., a decreased € may be compensated for by an
increased w. We therefore asked: Can the histone properties w
and € be constrained to be universal for all species without losing
the quality of the description? This “unified SNG model” has
a substantially reduced number of adjustable parameters for the
description of all data compared with the SNG model or the HNG
model with variable particle width, because only the average
nucleosome density p remains as a species-specific physical pa-
rameter. When performing this constrained and simultaneous
optimization, we found that the unified SNG model can describe
the data almost equally as well as the SNG model itself, except for
the case of K. lactis, which we excluded in this analysis (discussed
below). We find a unified binding energy of € = 0.1525 kgT/bp and
a maximum wrapping length of w = 83 bp corresponding to a uni-
fied interaction range of a = 167 bp. The resulting p-values and fit
qualities 6% are shown in Fig. 4 (blue bars) and the individual
patterns as well as the comparison with the HNG models are in
SI Appendix.

As speculated above, when moving from the SNG to the unified
SNG model, an increase in € is typically accompanied by a de-
crease in a and vice versa without a severe drop in fit quality. This
trend is particularly clear in the case of K waltii and Candida
albicans. In contrast, K. lactis is abnormal in this respect, because
the individually estimated values for € and a are both exceptionally
high, suggesting that nucleosomes in K. lactis breathe less or in-
teract over a larger range than in other yeast species. Accordingly,
the unified SNG model for the other 11 yeast species describes the
K lactis data poorly (Fig. 4 and SI Appendix). The abnormal be-
havior of K. lactis could have various mechanistic origins, as dis-
cussed below. Because the average nucleosome spacing generally
shows a (weak) dependence on gene expression level, one possible
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Fig. 4. Bar graph of the parameter values for the species shown in the phylogeny as inferred from the independent (orange) and unified (blue) SNG models.
The rightmost column shows the mean-square deviation 5> between experimental and model patterns. For the unified SNG model, the interaction range
a and binding energy € are global parameters (inferred values indicated by vertical blue lines). The average repeat length 1/p is a species-specific parameter in
both cases. K. lactis is the only species displaying poor agreement with the unified model and was not included in the optimization of the global parameters.
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origin could be related to gene expression. SI Appendix, Fig. S14
separately compares the patterns of genes with high and low ex-
pression levels between K. lactis and S. cerevisiae. Because K. lactis
displays a larger spacing than S. cerevisiae at high and low ex-
pression levels alike, the abnormal behavior of K. lactis is unlikely
related to gene expression.

Does the unified SNG model indeed display the pressure-
induced unwrapping effect postulated above? To address this
question, S Appendix, Fig. S15 shows the effective footprint size a.¢
(ensemble average over all configurations) as a function of the
inverse density 1/p (average repeat length). Over the relevant
range of 1/p, from 158 to 178 bp for the 11 species included in the
unified model, a.¢ varies between 144 and 151 bp. Hence, we find
pressure-induced unwrapping to be a relevant effect. As an aside,
we note that spontaneous and pressure-induced unwrapping could
also significantly contribute to the recently observed broad distri-
bution of micrococcal nuclease-protected DNA sizes in paired-end
sequencing studies (28) (in addition to the existence of other types
of particles).

Although the SNG model yields a surprisingly accurate de-
scription of the different in vivo nucleosome patterns within the
same physical model, it leaves open a number of important
questions. An immediate question is why K. lactis does not fit into
the unified model, especially because it is not at an extremity of
the phylogenetic tree (Fig. 4). It was previously found that the
nucleosome repeat length of K. lactis is 16 bp longer than that of
S. cerevisiae (23), which was speculated to be due to an abundant
use of the linker histone H1 in K. lactis. This would indeed
explain a concomitant increase of average nucleosome spacing
and apparent nucleosome width. Whereas the mRNA level of the
H1 ortholog in K. lactis is similar to that of H1 in S. cerevisiae (6),
a significant difference in H1 abundance could arise at the post-
transcriptional level. Alternatively, the behavior of K. lactis could
be rationalized by histone modifications that make DNA un-
wrapping energetically more costly and the apparent nucleosome
width larger than in the other yeast species (Fig. 4).

Remodeling Enzymes. We have seen that under in vivo conditions
the nucleosomes effectively behave like a 1D gas of interacting
particles, at least with respect to the observables considered so
far. This does not imply that the 10-nm chromatin fiber actually
is an equilibrium system with such simple interactions. The true
mix of molecular mechanisms that produce the effective in vivo
behavior is only beginning to be disentangled experimentally (29)
and in physical models of nucleosome organization (22). An in
vitro reconstitution of in vivo-like nucleosome patterns was
shown to be dependent on ATP and on factors acting in trans
(13). Moreover, a reduction of the histone-DNA ratio by 50% in
vitro (13) and ~30% in vivo (15) surprisingly left the typical
nucleosome spacing close to TSSs largely unchanged. This find-
ing is clearly at odds with pure statistical positioning, which pre-
dicts an increased spacing for reduced nucleosome counts.
Instead, Zhang et al. (13) suggest an active packing mechanism
mediated by remodeling enzymes, e.g., a dinucleosome packing
mechanism of the type suggested for the imitation switch family
remodeler ISW1a (30). We now explore the possibility that such
a packing mechanism acts in addition to the mechanisms of the
SNG model.

Active SNG model. As a minimal extension of the SNG model, we
introduce a remodeler that randomly binds, at rate kg, to two
adjacent nucleosomes and actively pulls one of them closer to the
other (by 1 bp). This “active SNG model” is illustrated in Fig. 54;
see SI Appendix for details. We assume the remodeler has a max-
imal reach such that it can bind if the distance between the nu-
cleosome dyads is up to 4w. Although it has no intrinsic directional
bias, an apparent packing toward the +1 nucleosome can emerge
indirectly: The dinucleosome mechanism mediates an attraction
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Fig. 5. Active SNG model. (A4) lllustration of the kinetic model for the
coupled dynamics of passive nucleosome sliding and active remodeling.
Sliding occurs in 1-bp steps and is constrained by the soft-core nucleosome
interaction (relative rates set by the energetics of interaction with neigh-
bors; larger arrows indicate faster processes). Active remodeling is mediated
by remodelers acting on dinucleosomes (represented by “tweezer” symbols).
A remodeling move brings two neighboring nucleosomes closer to each
other by 1 bp, by randomly moving one of the two nucleosomes. (B and C)
At physiological histone density (B) remodeling at moderate rates has no
effect on the nucleosome pattern, whereas at low density (C) the pattern is
maintained only with remodeling.

between nucleosomes, creating variable-sized nucleosome clusters
anywhere on the DNA. A strongly positioned +1 nucleosome
seeds such a cluster and effectively pins its position. To illustrate
the model behavior, SI Appendix, Fig. S16 shows the time evolu-
tion of a typical simulation. The emerging average pattern down-
stream of a well-positioned (+1) nucleosome is shown in Fig. 5B
for a normal histone-DNA ratio, whereas Fig. 5C shows the pat-
tern obtained at a significantly reduced nucleosome count. To
expose the effect of the remodeler, Fig. 5 B and C show not only
the pattern with remodeling (dashed line, kg, = 0.08 in units of
the intrinsic sliding rate of nucleosomes), but also that for kgy, =0
(solid line). Strikingly, the remodeler has virtually no effect on the
nucleosome pattern at the normal histone-DNA ratio (whereas it
is crucial at the reduced ratio to maintain the phasing). Intuitively,
the compressing effect of the remodeler is weak compared with
the gas pressure of the SNG model at high density. This behavior is
not sensitive to the precise choice of kgyy, because the nucleosome
gas pressure rises steeply at high densities.

Discussion

The active SNG model is compatible with the preserved nucleo-
some spacing at reduced histone abundance (13, 15) and the
seemingly contradictory finding that the normal in vivo nucleo-
some pattern is well described by the barrier nucleosome model
without explicitly accounting for remodelers (7-9). The model
predicts that a reduced histone abundance produces a slight
downward slope in the average nucleosome pattern; i.e., the os-
cillatory density decays to the reduced average value at long
distances from the reference nucleosome (SI Appendix, Fig. S17).
Physically, this is a signature of the formation of nucleosome
clusters, which have a statistically distributed cluster size, such
that the likelihood of leaving the cluster of the reference nucle-
osome increases with distance. The in vivo data of Celona et al.
indeed suggest this trend; compare figure 7B in ref. 15.

Further clues about the physical mechanisms underlying (yeast)
nucleosome patterns are provided by the experimental findings
that (i) in vitro reconstitution of an in vivo-like nucleosome
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pattern requires whole-cell extract and ATP (13) and (if) a com-
bined knockout of several remodelers shows a clear phenotype in
the average nucleosome pattern, whereas individual knockouts
have mild effects (14). Given that both observations are at
a physiological histone-DNA ratio, they can be rationalized ki-
netically only within the active SNG model: As previously pointed
out (22), the intrinsic dynamics of nucleosomes, i.e., fluctuation-
induced unbinding and diffusion along DNA, are too slow to
equilibrate their positions on the relevant timescales of cell di-
vision or in vitro experiments. The remodelers could significantly
speed up these dynamics, such that even at the normal histone—
DNA ratio an in vivo-like nucleosome pattern cannot be gener-
ated in time without active remodelers.

Conclusions

Our results support a physical interpretation of the statistical
distribution of nucleosomes around TSSs, where nucleosomes are
viewed as particles with a soft repulsive core in a 1D space. Al-
though this description ignores higher-order interactions between
nonadjacent nucleosomes, it captures in vivo patterns of different
yeast species surprisingly well. The behavior of mutant and in vitro
systems as well as the dynamic process of nucleosome pattern
formation can be understood by introducing remodeling enzymes
into the model, which constitute active components in the 1D
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a physical “null model” for future gene-by-gene analyses of nu-
cleosome positioning and as a component in mechanistic models
for transcription regulation in yeast.
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