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Nucleosome positioning is crucial for the genome’s function.
Though the role of DNA sequence in positioning nucleosomes
is well understood, a unified framework for studying the impact
of transcription remains lacking. Using numerical simulations,
we investigated the dependence of nucleosome density profiles
on transcription level across multiple species. We found that
the low nucleosome affinity of yeast, but not mouse, promoters
contributes to the formation of phased nucleosomes arrays for
inactive genes. For the active genes, a tug-of-war between two
types of remodeling enzymes is essential for reproducing their
density profiles. In particular, while ISW2 related enzymes are
known to position the +1 nucleosome and align it toward the
transcription start site (TSS), enzymes such as ISW1 that use a
pair of nucleosomes as their substrate can shift the nucleosome
array away from the TSS. Competition between these enzymes
results in two types of nucleosome density profiles with well- and
ill-positioned +1 nucleosome. Finally, we showed that Pol II as-
sisted histone exchange, if occurring at a fast speed, can abolish
the impact of remodeling enzymes. By elucidating the role of
individual factors, our study reconciles the seemingly conflict-
ing results on the overall impact of transcription in positioning
nucleosomes across species.
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Introduction
Nucleosomes are the fundamental packaging unit of chro-
matin, comprising 147 base pairs (bp) of DNA wrapped
around histone proteins (1). Their formation helps to fit eu-
karyotic genomes inside the nucleus but also occludes the
DNA binding of protein molecules, including regulatory fac-
tors and transcriptional machinery (2, 3). The precise posi-
tion of nucleosomes along the DNA sequence, therefore, can
critically impact the function of the genome by regulating
its accessibility (4–8). Recent whole-genome sequencing-
based studies have indeed revealed the depletion of nucle-
osomes at many promoter and enhancer regions to accom-
modate transcription (9, 10). In addition, nucleosome po-
sitioning may affect gene expression indirectly by regulat-
ing higher-order chromatin organization (11–14). For exam-
ple, protein molecules such as Cohesin and CTCF have been
shown to facilitate chromatin folding and the formation of so-
called topologically associated domains (15, 16). These do-
mains promote enhancer-promoter contacts, and their forma-
tion relies on the accessibility of CTCF binding sites (17, 18).
Underpinning the molecular determinants of nucleosome po-
sitioning is, therefore, of fundamental interest and can pro-
vide insight into gene regulatory mechanisms.
Since the DNA molecule undergoes substantial distor-

tion when wrapping around histone proteins, its intrinsic,
sequence-specific property can impact the stability, and cor-
respondingly position, of the formed nucleosomes (7, 19).
Numerous studies have found that nucleosomes preferen-
tially occupy DNA segments that are more susceptible to
bending and twisting. They have led to the discovery of
periodic dinucleotides (AT and TA) along the nucleosome
length (9, 20, 21) and intrinsically stiff poly(dA:dT) tracts
at nucleosome-depleted regions (22). Computational mod-
els based on such sequence features have been developed to
predict in vivo nucleosome occupancy (23–25). Accuracy of
such predictions can be hampered, however, by the presence
of a variety of processes and activities in the nucleus that may
overwrite intrinsic positioning signals from the DNA (26–
29).

Transcription is one of such processes that can alter the lo-
cation of nucleosomes via chromatin remodeling and histone
eviction (30). Due to the consumption of ATP, the kinetics
of these movements does not necessarily satisfy detailed bal-
ance, and the resulting nucleosome configurations may con-
flict with the thermodynamic distribution determined from
the DNA sequence alone. The impact of transcription is ev-
ident from Figure 1, where average nucleosome density pro-
files for genes with varying levels of transcriptional activity
are shown to exhibit striking differences. In particular, nu-
cleosomes for more active genes (red) appear less ordered
in yeast with less pronounced peaks and valleys when com-
pared with inactive ones (blue). However, the opposite trend
is observed for mouse, for which clear patterns emerge from
a featureless profile as transcription level elevates. The rela-
tively flat density profile of inactive genes is conserved across
multi-cellular organisms (31).

In this paper, we carried out theoretical analysis and numer-
ical simulations to better understand the role of transcription
in positioning nucleosomes, and to reconcile the seemingly
conflicting trend across species. Our model considers the im-
pact of DNA sequence, transcription factors, chromatin re-
modeling enzymes, and histone exchange. We found that a
tug-of-war between two types of remodeling enzymes ex-
plains the observed difference between nucleosome density
profiles at varying transcription levels and across species. In
particular, remodeling enzymes such as ISW1 that regulate
and reduce inter-nucleosome spacing tend to drive the nu-
cleosome array away from the transcription start site (TSS).
On the other hand, ISW2-like enzymes help to align nucleo-
somes towards the TSS. Competition between these enzymes
results in two types of density profiles with well- and ill-
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positioned +1 nucleosome. Mixing the two profiles at dif-
ferent levels of population can give rise to results that qual-
itatively reproduce yeast or mouse data. We further demon-
strated that fast kinetics of histone eviction/adsorption, if in-
duced by RNA polymerase (Pol) II elongation, could reduce
or abolish the impact of remodeling enzymes. Our study,
therefore, provides a unified framework for interpreting the
establishment of nucleosome positions inside the nucleus.

MATERIALS AND METHODS
Kinetic Model of Nucleosome Positioning.We consider
a one-dimensional lattice model to study the positioning of
nucleosomes along the DNA sequence (Figure 2). Each lat-
tice site s represents a single bp and is assigned with a nu-
cleosome binding energy Vs. In most cases, Vs was set to a
constant value, such that the nucleosome binding energy of a
147 bp long DNA segment is Vi = −42kBT (33), to focus on
the impact of remodeling enzymes. When the DNA sequence
effect was explicitly considered, we determined Vs using the
periodic function of dinucleotides introduced by van Noort
and coworkers (24). The length of the lattice is 14700 bp,
and the periodic boundary condition was enforced to elim-
inate any end effect. Nucleosome density was set as 0.88,
a typical value found near the gene coding regions in yeast
(34).
To account for the excluded volume effect, a pair potential
was introduced between neighboring nucleosomes i and i+1
as

u(∆xi) =
{

infinity ∆x < 147
0 otherwise,

(1)

where ∆xi = xi+1 −xi. xi corresponds to the dyad position
of the i-th nucleosome, and by definition, each nucleosome
occupies a region of 147 bp in length (1).
Nucleosomes can move along the DNA via diffusive motion
with a rate of

d= D

(∆l)2 e
−β∆U/2, (2)

where D = 1bp2/s is the diffusion coefficient and ∆l = 1bp
is the step size (35). ∆U denotes the change of the total
energy before and after nucleosome movement. The rate ex-
pression was designed such that detailed balance is satisfied
(33).
In addition to thermal motions, positions of nucleosomes can
be altered by transcription related activities as well (36). In
the following, we consider the impact of three major factors
related to transcription.
First, transcription factors, preinitiation complex, and Pol II
are known to compete with histone proteins to bind gene pro-
moters (37, 38). We incorporated the effect of these proteins
as an energetic barrier centered at 150 bp upstream of TSS to
penalize nucleosome formation. Similar treatment has been
used by Padinhateeri and coworkers to create a nucleosome-
free region near TSS (39). As illustrated in Figure 2B, the
barrier is symmetric with respect to the center. Its triangu-
lar shape allows nucleosomes to occupy the promoter region
with a finite probability. The mathematical expression for

this barrier potential is provided in the supporting informa-
tion (SI).
Second, active transcription can recruit remodeling enzymes
to alter the position of nucleosomes at the expanse of ATP.
While several types of remodeling enzymes have been dis-
covered, here we focus on ISW1-like enzymes that modulate
inter-nucleosome spacing and ISW2-like enzymes that adjust
the position of the +1 nucleosome (27, 40–45). Following
Möbius et al. (46), we assumed that spacer enzymes bind
to neighboring nucleosomes that are within 332 bp at a rate
of 0.16 s−1 (43, 47), and randomly move one of them to-
ward the other by one bp (Figure 2C). For the positioning
enzymes, we modeled their effect with an attractive potential
located near TSS.
Finally, transcription of the gene body by Pol II could dis-
place nucleosomes completely off the DNA (28, 48). To ac-
count for such disrupt events, we explicitly modeled absorp-
tion and desorption of histone proteins with rate expressions

ron = rconste
−β∆V/2, roff = rconste

β∆V/2. (3)

rconst is the rate constant, and ∆V = ∆U +µ includes both
the change in the system’s total energy ∆U and a chemical
potential µ. The impact of Pol II was incorporated into the
rate constant and the chemical potential, whose value was
tuned to ensure an average system density of 0.88 (see Table
S1).

Details of Stochastic Simulations.We carried out
stochastic simulations using the Gillespie algorithm (49) to
determine steady-state nucleosome density profiles.
Simulations without Pol II facilitated histone exchange. In
several of the kinetic models explored in the Results Section,
the effect of histone eviction from Pol II was not explicitly
considered. Without remodeling enzymes, these models de-
scribe systems with equilibrium statistics since the diffusive
dynamics follows detailed balance (Eq. 2). When remodel-
ing enzymes are present, as shown in our previous study (50),
the kinetic model can be rigorously mapped onto an effective
equilibrium system with renormalized temperature and po-
tential, detailed expressions for which are provided in the SI.
For such one-dimensional equilibrium or quasi-equilibrium
systems, there is a well defined, unique distribution for each
model that depends only on inter-nucleosome potentials and
DNA sequence. These distributions are independent of the
kinetic schemes used in stochastic simulations as long as they
satisfy detailed balance. Therefore, for their determination,
we simulated only “artificial” absorption and desorption ki-
netics with rates defined in Eq. 3 and rconst = 12s−1. Renor-
malized potentials were used to determine the change in the
system’s total energy ∆U if remodeling enzymes were intro-
duced in the kinetic model. The two-dimensional dynamics
for histone exchange helps to alleviate the topological con-
straint and jamming dynamics experienced if the system is
restricted to one dimension with all nucleosomes bound to
the DNA. It can significantly reduce the computational time
needed for convergence. In the large number limit, the statis-
tics of the grand canonical ensemble with histone exchange
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Fig. 1. Normalized nucleosome density profiles for S. cerevisiae (32) (A) and mouse (31) (B) near TSS. Genes were separated into quartiles depending on levels of
transcription activities, with the bottom and top 25% corresponding the most inactive and active genes, respectively. Result for the top 200 most active genes for
yeast is also shown to highlight the decrease in amplitude with increased transcriptional activity.

A Diffusion

147 bp

Spacer enzymes

Active sliding

C
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DesorptionAdsorptionD

NucleosomeDNA

Fig. 2. Illustration of the kinetic model used for studying nucleosome positioning
that includes thermal diffusion (A), a barrier potential in the promoter region
that penalizes nucleosome binding (B), enzyme remodeling (C), and histone
exchange (D). The DNA is drawn as a black ladder, and histone proteins are
represented as blue rectangles. Remodeling enzymes are colored in green and
use a pair of nucleosomes as substrate.

should be equivalent to that of a system restricted to one di-
mension with fixed nucleosome number. In Figure S1, we
showed that, for the system size considered here, the fluctua-
tion in nucleosome number is small and has minimal impact
on the resulting density profile.
We carried out 200 independent simulations for kinetic mod-
els lacking DNA sequence specificity. To investigate the im-
pact of DNA sequences, we also separately carried out 1000
simulations for both yeast and mouse. Each one of these sim-

ulations incorporates a nucleosome binding affinity profile
predicted from the sequence of an inactive gene. All simu-
lations lasted for 5000 seconds and were initialized with over
80 nucleosomes randomly distributed over the lattice. 2500
configurations were recorded every two seconds in each sim-
ulation to determine the density profiles.
Simulations with Pol II facilitated histone eviction. Pol
II and remodeling enzymes can evict and assemble nucleo-
somes during transcription (48, 51). This two-dimensional
kinetics for histone exchange defines a steady-state distribu-
tion consistent with the reaction rates defined in Eq. 3. The
one-dimensional spacer enzymes, by themselves, can give
rise to another steady-state distribution that depends on en-
zyme kinetics. If the rate expressions for histone exchange
were modified to account for the effective interaction induced
by enzymes, the two steady-state distributions are consistent
with each other. This consistency inspired our use of arti-
ficial exchange kinetics to accelerate computer simulations
mentioned above. Biologically, however, histone exchange
rates most likely do not depend on spacer enzymes, and the
two distributions will be in conflict.
To rigorously account for the impact of both kinetics, we per-
formed stochastic simulations that explicitly include diffu-
sion, enzyme remodeling, and histone eviction and absorp-
tion as well. A total of 2500 independent 5 × 105-second-
long simulations were performed. Only 200 configurations in
the last 400 seconds of each simulation were collected with
an equal time interval to compute the density profiles. These
simulations were again initialized with randomly placed nu-
cleosomes over the lattice.

Data Processing.Genome-wide mappings of nucleosome
positions obtained with a chemical mapping method are
available for S. cerevisiae and mouse in the NCBI database
with accession number GSE36063 and GSE82127. Com-
pared to the micrococcal nuclease digestion, followed by
high-throughput sequencing (MNase-seq) (29), the chemical
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mapping approach is affected less by sequence preference or
nucleosome unwrapping and can provide base pair resolution
of nucleosome center positions (31, 32). We point out, how-
ever, that the qualitative trend shown in Figure 1A has been
observed for data obtained with MNase-seq as well (30).
To determine the transcription level of individual genes,
we downloaded RNA-seq data using accession number
GSE52086 for yeast (52) and GSE82127 for mouse (31).
DNA sequences surrounding TSS were extracted from the
Eukaryotic Promoter Database (53, 54) based on the ID pro-
vided in the RNA-seq data.

RESULTS
DNA sequence contributes to the barrier for forming
phased nucleosome array.A striking difference between
yeast and mouse is their distinct nucleosome density profiles
for genes with minimal transcription activity (blue lines in
Figure 1). While for yeast, these genes exhibit oscillatory
patterns with well-positioned nucleosomes, the correspond-
ing curve for mouse is relatively flat with no significant fea-
tures. Given their low level of transcription, we wondered
whether contributions from DNA sequences could explain
nucleosome distributions in these genes.
We extracted the sequences surrounding TSS for 1000 genes
with the lowest transcription level from yeast and mouse
genome. Using a model introduced by van Noort and
coworkers that quantifies nucleosome occupancy based on a
periodic function of dinucleotides (24), we determined the
nucleosome affinity profile for each DNA segment. As shown
in Figure 3A, the average affinity for yeast genes quantified
in terms of binding energy peaks at promoters located on
the left of TSS. Promoters of S. cerevisiae are, therefore, in-
herently nucleosome repelling. Mouse genes, on the other
hand, exhibit the opposite trend, with the same region be-
ing most favorable for nucleosome formation. The difference
in promoters’ nucleosome affinity is particularly interesting
in light of the statistical positioning model (10, 55), which
argues that the presence of a repulsive potential could create
nucleosome-free regions and align downstream nucleosomes.
To more directly evaluate the impact of DNA sequences, we
carried out simulations for each inactive gene to determine
their average density profiles using the predicted sequence-
specific nucleosome affinity. Details for these simulations
are provided in the Materials and Methods. As shown in Fig-
ure 3B, it is evident that for yeast but not mouse, there is a
depletion of nucleosomes on the left side of TSS. This deple-
tion gives rise to +1 and +2 nucleosomes with well-defined
positions, though the peaks do not differ significantly from
the results for mouse genes.
The less prominent features seen in simulated density pro-
files can be attributed to the relatively small fluctuation in
predicted nucleosome affinity. Additional transcription fac-
tors and remodeling enzymes, however, could take advantage
of the weakened affinity to occupy promoters, further driving
the depletion of nucleosomes and effectively raising the bar-
rier height (37). Without over complicating the model, we
incorporated the effect of these proteins with a repulsive po-
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Fig. 3. Intrinsic differences in the nucleosome affinity of promoter sequences
contribute to the formation of phased nucleosome arrays in yeast, but not
mouse, inactive genes. (A) Average nucleosome affinity computed for the 1000
genes with lowest transcription level for yeast (blue) and mouse (red). (B) Nu-
cleosome density profiles for the corresponding sequence-specific affinity shown
in part A. The shaded blue curve is shown as a guide for the eye. (C) Nucleo-
some density profiles for two kinetics models that incorporate a barrier potential
in the promoter region or not. An illustration of the barrier is shown on the
left.

tential. As shown in Figure 3C, it similarly increases from
TSS to the center of the promoter region (-150 bp) as in yeast
affinity profile but with a larger slope. Simulations carried
out with this promoter potential resulted in a density profile
with clear oscillatory patterns and amplitudes comparable to
those seen in experiments. Therefore, the intrinsic property
of yeast promoter sequences and the binding of additional
protein molecules, or a lack thereof, help to create the nucle-
osome density profiles of inactive genes.

Spacer enzymes induce nucleosome condensation and
ill-positioned +1 nucleosome.Having resolved the differ-
ence between yeast and mouse inactive genes, we next fo-
cus on the impact of transcription on nucleosome occupancy
in mouse. Figure 1B suggests that as the transcription level
increases, nucleosomes become more aligned, as evidenced
by the emergence of peaks and valleys. This change could
arise from the establishment of nucleosome-free regions at
gene promoters to accommodate the arrival of the transcrip-
tion machinery. Two additional features of the density pro-
file cannot be readily explained by the statistical position-
ing model, however. First, compared to the curves for yeast
(Figure 1A) and from simulations (Figure 3C), the +1 nu-
cleosome in mouse shows a much lower occupancy. Sec-
ond, the spacing between nucleosomes decreases with the
increase of transcriptional activity (Figure S2B). Here nu-
cleosome spacing is measured as the distance between two
neighboring peaks. Its decrease has also been confirmed in
a recent single-cell study that directly measured the distance
between nucleosomes from the same DNA molecule (56). In
the following, we explore mechanisms in addition to statisti-
cal positioning that can explain these two features.
We note that the decrease of inter-nucleosome spacing upon
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Fig. 4. Spacer enzymes drive nucleosome condensation and the formation of
ill-positioned +1 nucleosome. (A) Simulated nucleosome density profile using
a model that includes a barrier potential (left) and spacer enzymes reproduce
results for mouse active genes. (B) Nucleosome configurations exhibit a wide
distribution of positions for the +1 nucleosome. A scatter plot for the density
distribution of all simulated configurations ordered by the position of the first
nucleosome is shown on the left. The right panel presents three example one-
dimensional profiles in which the +1 nucleosome gradually shifts away from the
TSS.

transcription is indeed a conserved phenomenon and can
be readily seen from the yeast profiles as well. In addi-
tion, nanopore sequencing of long DNA segments that con-
tain multiple nucleosomes has confirmed the same trend in
Drosophila (57). A possible explanation for the spacing
change is the recruitment of remodeling enzymes, including
ISW1 and Chd1, to actively transcribed genes. These en-
zymes use a pair of nucleosomes as their substrate and act as
rulers to adjust the length of the linker DNA (27, 40, 41, 58).
Numerical simulations have confirmed their impact on inter-
nucleosome distances via examining the so-called radial dis-
tribution profile (46, 50, 59). The impact of these spacer en-
zymes on nucleosome density profiles near TSS remains un-
clear, however.
We carried out simulations to study the distribution of nucle-
osomes with the presence of spacer enzymes and a barrier
potential in the promoter region to approximate the impact
of DNA sequence. As detailed in the Materials and Methods
section, these enzymes bind with a pair of neighboring nucle-
osomes and move them closer by one bp at every step. The
rate of such remodeling steps is independent of the under-
lying energy landscape, and the enzymes break the detailed
balance. Using a theory developed by us (50), we mapped the
non-equilibrium model with enzymes onto an equivalent and
renormalized equilibrium system with effective, attractive in-
teractions between nucleosomes. To determine the distribu-
tion of nucleosomes for this effective equilibrium system, we
used artificial dynamics that significantly reduces the compu-
tational time needed for statistical convergence. As shown in
Figure S3, the average distance between neighboring nucle-

osomes indeed decreases upon the introduction of enzymes.
To our surprise, however, the density profile resembles that
for active genes from mouse, with depletion of nucleosomes
near TSS (see Figure 4A). It is in striking difference from
the density profile for a model with only the barrier potential
(Figure 3C). The well-positioned +1 nucleosome disappears,
and nucleosome density shifts towards downstream regions.
Examining the simulated nucleosome arrays revealed a wide
range of configurations with both well- and ill-positioned +1
nucleosome. We first ordered the nucleosome arrays along
the y-axis based on the position of the first nucleosome and
computed the corresponding local nucleosome density pro-
files. The results are shown in the left panel of Figure 4B,
with representative, traditional one-dimensional profiles pre-
sented on the right. The top configurations exhibit a well-
defined +1 nucleosome, and the corresponding density pro-
file resembles that of a statistical positioning model shown in
Figure 3C. For many of the configurations near the bottom of
the plot, the +1 nucleosome shifts away from the TSS, giving
rise to a wide nucleosome free region. A mixture of these
configurations with varying +1 nucleosome positions results
in the final profile shown in Figure 4A.
The inclusion of spacer enzymes can, therefore, impact both
inter-nucleosome distances and the position of the +1 nucle-
osome. Without these enzymes, nucleosomes will occupy all
accessible DNA regions while staying as far apart from each
other as possible to maximize entropy. This tendency for an
equal partition of the DNA is the essence of the statistical
positioning model. It will ensure the confinement of the +1
nucleosome in a narrow region between the TSS and the +2
nucleosome. On the other hand, spacer enzymes introduce
effective attraction between nucleosomes and cause them to
aggregate rather than staying farther apart (50). The entire
array of nucleosomes now behaves as a single entity, and
individual nucleosomes are no longer uniformly distributed
across the genome. The free, collective movement of the en-
tire nucleosome array with respect to the TSS, again driven
by entropy, will result in ill-positioned +1 nucleosome.

A mixture of profiles with well- and ill-positioned +1
nucleosome reproduces yeast results. The presence of a
barrier potential and spacer enzymes leads to the formation
of two types of nucleosome density profiles with well- and
ill-positioned +1 nucleosome. A mixture of the two types
qualitatively reproduces the experimental results for active
mouse genes. We next investigated whether the same mix-
ture but with different levels of population can explain yeast
nucleosome density profiles.
The more pronounced patterns seen in yeast profiles sug-
gest that configurations with well-positioned +1 nucleosome
should dominate. We note that many proteins, including re-
modeling enzyme ISW2, are known to align nucleosomes to-
ward the TSS. To mimic the impact of these molecules, we
introduced an additional attractive potential between 150 and
180 bp from TSS. We chose this region rather than the one
immediately following the promoter to reproduce the higher
density for the +2 nucleosome. This site can indeed be more
favorable for nucleosome formation as the binding of tran-
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Fig. 5. A mixture of configurations with well- and ill-positioned +1 nucleosome
reproduce yeast density profiles. (A) Nucleosome density profiles determined
with the presence of an attractive potential of -2kBT introduced to the region
following the promoter (left). Comparison between the two density profiles with
varying rate for spacer enzymes confirms that more active genes with higher
enzyme rates exhibit lower peaks. (B) Scatter plot for the density distribution
of all simulated configurations ordered by the position of the +1 nucleosome
(left), with example one-dimensional profiles shown on the right.

scription factors is known to extend beyond the promoter
to compete with nucleosome formation at downstream sites
(37).
As shown in Figure 5, the new potential succeeds in attract-
ing nucleosomes to the TSS, and the resulting density profile
(red) now resembles those from yeast. We note that as tran-
scription activity decreases, enzymes will be recruited less to
the genes, and their effective remodeling rate will be smaller.
Slower spacer enzymes with a rate of k = 0.08s−1 compete
less effectively with the positioning enzymes, and the relative
population of configurations with ill-positioned +1 nucleo-
some decreases. Correspondingly, the nucleosome profile ex-
hibits higher peaks (blue) than that for more active genes with
a faster enzyme rate, consistent with the dependence on tran-
scription activity seen in experimental results (Figure 1A).

Fast histone exchange abolishes the impact of spacer
enzymes. For highly transcribed genes, in addition to re-
modeling enzymes, Pol II could impact the positioning of
nucleosomes as well. As it elongates along the DNA, Pol
II could cause partial or complete loss of histone proteins
(28, 48, 51, 60). In the following, we investigate the impact
of Pol II induced histone eviction on nucleosome density pro-
files.
Specifically, we carried out stochastic simulations that explic-
itly model nucleosome diffusion, enzyme remodeling, and
histone eviction and absorption. We assumed that the evic-
tion and absorption rates depend only on inter-nucleosome
and nucleosome-DNA interactions and are independent of re-
modeling enzymes (see Materials and Methods). The ratio of
the two was tuned to ensure a density of approximately 0.88.

The basal rate constant rconst = 0.1s−1 was estimated from
the transcription rate 1 min−1 for the most active genes (61)
with the assumption of full eviction for all nucleosomes.
The resulting nucleosome density profile is shown in Fig-
ure 6 (purple). It differs significantly from the one obtained
from a kinetic model that only included remodeling enzymes
and a barrier potential (red), which was also shown in Fig-
ure 4A. The impact of remodeling enzymes in these simu-
lations is significantly reduced. In particular, a pronounced
peak emerges near TSS, and the density profile now traces
well the result from a model with only the barrier potential
(blue). The decrease of inter-nucleosome spacing cannot be
observed in the radial distribution profile either (Figure S4).
We found that the impact of histone eviction on the density
profile depends on its rate and gradually diminishes as the
rate slows down (Figure S5). It is worth noting that a signifi-
cantly smaller rate (10−8s−1) is needed to reveal the impact
of remodeling enzymes on nucleosome spacing. Since a de-
crease of inter-nucleosome spacing is readily seen in experi-
mental nucleosome density profiles, we anticipate that com-
plete eviction of histone octamers to be rare (28, 34, 62, 63).
The competition between Pol II and spacer enzymes on
positioning nucleosomes can be understood as following.
The diffusive dynamics driven by thermal motions defines
an equilibrium distribution of nucleosomes along the DNA.
This distribution depends both on inter-nucleosome and
nucleosome-DNA interactions. Spacer enzymes modify this
distribution by introducing an effective attractive potential
between nucleosomes. The two-dimensional dynamics of
histone exchange can give rise to, yet, another steady-state
distribution. Unless slowed down substantially, histone ex-
change can lead to faster relaxation kinetics when compared
with nucleosome movements restricted to one dimension. It
will essentially overwrite any impact caused by spacer en-
zymes or diffusion on nucleosome distribution. If the rates
for histone eviction and adsorption satisfy detailed balance
with regard to the normal potential for nucleosome-DNA
and inter-nucleosome interactions, the steady-state distribu-
tion determined from histone exchange kinetics should be
consistent to the equilibrium distribution obtained from pure
diffusion. This consistency explains the agreement between
purple and blue lines seen in Figure 6A. On the other hand,
if the two rates were modified to account for the effective
interaction potential induced by spacer enzymes, the steady-
state distribution will reproduce the one dictated by spacer
enzymes. Such kinetics, though less meaningful biologically,
can prove beneficial for reducing the computational cost of
stochastic simulations (see Materials and Methods for more
discussions).

CONCLUSIONS AND DISCUSSION
In this paper, we investigated the impact of transcription on
nucleosome positioning. By partitioning genes based on their
transcriptional activity, we determined the corresponding nu-
cleosome density profiles for both yeast and mouse. A strik-
ing difference for inactive genes was observed between the
two species. Similar featureless profiles as that from mouse
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Fig. 6. Impact of histone exchange kinetics on nucleosome density profiles. (A)
Nucleosome density profiles determined from kinetic models that only includes
a barrier potential (blue), that includes both a barrier potential and spacer
enzymes (red), and that includes a barrier potential, spacer enzymes and histone
exchange (purple). The red curve is identical to the one shown in Figure 4A.
An illustration of the barrier potential is shown on the left. (B) Scatter plot for
the density distribution of all simulated configurations ordered by the position
of the +1 nucleosome (left), with example one-dimensional profiles shown on
the right.

have been observed for inactive genes from Drosophila(57)
and human(64) as well. Analyzing the nucleosome bind-
ing affinity of DNA sequences suggests that while yeast pro-
moters are nucleosome repelling, the opposite holds true for
mouse promoters. This difference could contribute to the for-
mation of phased nucleosome arrays in yeast, but not mouse,
via the statistical positioning mechanism. The nucleosome
attracting promoters appear to be a rule of multi-cellular or-
ganisms rather than an exception in mouse, as shown in prior
studies (23, 65, 66). They might function to suppress the ex-
pression of certain genes crucial for cell differentiation (66).

We further carried out stochastic simulations to study the
variation of nucleosome density profiles as the transcriptional
activity elevates. We discovered that a tug-of-war between
two types of enzymes is the key to rationalize the observed
trends. In particular, enzymes that use a pair of nucleo-
somes as substrate, including Chd1 and ISW1, can induce
nucleosome condensation and tend to shift the nucleosome
array away from TSS, giving rise to density profiles with ill-
positioned +1 nucleosome. Enzymes such as ISW2, on the
other hand, can counteract this effect and align the +1 nucle-
osome back to TSS. A combination of density profiles with
well- and ill-positioned +1 nucleosome can qualitatively re-
produce in vivo results from both yeast and mouse. A signif-
icant difference between the two profiles is the length of the
nucleosome-free region, and genome-wide nucleosome posi-
tioning profiles indeed support the presence of both narrow
and wide promoter regions in mouse (56, 67) and yeast (68).

ACKNOWLEDGEMENTS
This work was supported by the National Institutes of Health
(Grant 1R35GM133580-01). The authors thank John van
Noort for sharing the software for nucleosome affinity cal-
culation.

Conflict of interest statement.. None declared.

1. K Luger, AW Mäder, RK Richmond, DF Sargent, TJ Richmond, Crystal structure of
the nucleosome core particle at 2.8 Å resolution. Nature 389, 251–260 (1997).

2. L Bai, AV Morozov, Gene regulation by nucleosome positioning. Trends Genet. 26,
476–483 (2010).

3. LN Voong, L Xi, JP Wang, X Wang, Genome-wide mapping of the nucleosome land-
scape by micrococcal nuclease and chemical mapping. Trends Genet. 33, 495–507
(2017).

4. H Schiessel, J Widom, RF Bruinsma, WM Gelbart, Polymer reptation and nucleosome
repositioning. Phys. Rev. Lett. 86, 4414–4417 (2001).

5. W Möbius, RA Neher, U Gerland, Kinetic accessibility of buried DNA sites in nucleo-
somes. Phys. Rev. Lett. 97, 208102 (2006).

6. C Jiang, BF Pugh, Nucleosome positioning and gene regulation: Advances through
genomics. Nat. Rev. Genet. 10, 161–172 (2009).

7. GS Freeman, JP Lequieu, DM Hinckley, JK Whitmer, JJ de Pablo, DNA shape domi-
nates sequence affinity in nucleosome formation. Phys. Rev. Lett. 113, 168101 (2014).

8. T Parsons, B Zhang, Critical role of histone tail entropy in nucleosome unwinding. J.
Chem. Phys. 150, 185103 (2019).

9. E Segal, et al., A genomic code for nucleosome positioning. Nature 442, 772–778
(2006).

10. TN Mavrich, et al., A barrier nucleosome model for statistical positioning of nucleo-
somes throughout the yeast genome. Genome Res. 18, 1073–1083 (2008).

11. SA Grigoryev, CL Woodcock, Chromatin organization - The 30nm fiber. Exp. Cell Res.
318, 1448–1455 (2012).

12. SA Grigoryev, Nucleosome spacing and chromatin higher-order folding. Nucleus 3,
493–499 (2012).

13. I Chepelev, G Wei, D Wangsa, Q Tang, K Zhao, Characterization of genome-wide
enhancer-promoter interactions reveals co-expression of interacting genes and modes
of higher order chromatin organization. Cell Res. 22, 490–503 (2012).

14. N Gilbert, Biophysical regulation of local chromatin structure. Curr. Opin Genet. Dev.
55, 66–75 (2019).

15. JR Dixon, et al., Topological domains in mammalian genomes identified by analysis of
chromatin interactions. Nature 485, 376–380 (2012).

16. EP Nora, et al., Spatial partitioning of the regulatory landscape of the X-inactivation
centre. Nature 485, 381–385 (2012).

17. S Schoenfelder, P Fraser, Long-range enhancer-promoter contacts in gene expression
control. Nat. Rev. Genet. 20, 437–455 (2019).

18. D Hnisz, DS Day, RA Young, Insulated neighborhoods: structural and functional units
of mammalian gene control. Cell 167, 1188–1200 (2016).

19. J Widom, Role of DNA sequence in nucleosome stability and dynamics. Q. Rev.
Biophys. 34, 269–324 (2001).

20. SC Satchwell, HR Drew, AA Travers, Sequence periodicities in chicken nucleosome
core DNA. J. Mol. Biol. 191, 659–675 (1986).

21. I Albert, et al., Translational and rotational settings of H2A.Z nucleosomes across the
Saccharomyces cerevisiae genome. Nature 446, 572–576 (2007).

22. E Segal, J Widom, Poly(dA:dT) tracts: major determinants of nucleosome organiza-
tion. Curr. Opin. Struct. Biol. 19, 65–71 (2009).

23. M Tompitak, C Vaillant, H Schiessel, Genomes of multicellular organisms have evolved
to attract nucleosomes to promoter regions. Biophys. J. 112, 505–511 (2017).

24. T van der Heijden, JJFA van Vugt, C Logie, J van Noort, Sequence-based prediction
of single nucleosome positioning and genome-wide nucleosome occupancy. Proc. Natl.
Acad. Sci. 109, E2514–E2522 (2012).

25. N Kaplan, et al., The DNA-encoded nucleosome organization of a eukaryotic genome.
Nature 458, 362–366 (2009).

26. E Segal, J Widom, What controls nucleosome positions? Trends Genet. 25, 335–343
(2009).

27. CR Clapier, J Iwasa, BR Cairns, CL Peterson, Mechanisms of action and regulation
of ATP-dependent chromatin-remodelling complexes. Nat. Rev. Mol. Cell Biol. 18,
407–422 (2017).

28. S Venkatesh, JL Workman, Histone exchange, chromatin structure and the regulation
of transcription. Nat. Rev. Mol. Cell Biol. 16, 178–189 (2015).

29. RV Chereji, DJ Clark, Major determinants of nucleosome positioning. Biophys. J. 114,
2279–2289 (2018).

30. RV Chereji, AV Morozov, Functional roles of nucleosome stability and dynamics. Brief.
Funct. Genomics 14, 50–60 (2014).

31. LN Voong, et al., Insights into nucleosome organization in mouse embryonic stem cells
through chemical mapping. Cell 167, 1555–1570 (2016).

32. K Brogaard, L Xi, JP Wang, J Widom, A map of nucleosome positions in yeast at
base-pair resolution. Nature 486, 496–501 (2012).

33. R Padinhateeri, JF Marko, Nucleosome positioning in a model of active chromatin
remodeling enzymes. Proc. Natl. Acad. Sci. 108, 7799–7803 (2011).

34. E Oberbeckmann, et al., Absolute nucleosome occupancy map for the Saccharomyces
cerevisiae genome. Genome Res. 29, 1996–2009 (2019).

35. P Ranjith, J Yan, JF Marko, Nucleosome hopping and sliding kinetics determined from
dynamics of single chromatin fibers in xenopus egg extracts. Proc. Natl. Acad. Sci.
104, 13649–13654 (2007).

| bioRχiv | 7

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 8, 2020. ; https://doi.org/10.1101/2020.04.07.029892doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.07.029892
http://creativecommons.org/licenses/by-nc-nd/4.0/


36. K Struhl, E Segal, Determinants of nucleosome positioning. Nat. Struct. Mol. Biol.
20, 267–273 (2013).

37. HS Rhee, BF Pugh, Genome-wide structure and organization of eukaryotic pre-
initiation complexes. Nature 483, 295–301 (2012).

38. BF Pugh, BJ Venters, Genomic organization of human transcription initiation com-
plexes. PLoS ONE 11, e0149339 (2016).

39. JJ Parmar, JF Marko, R Padinhateeri, Nucleosome positioning and kinetics near
transcription-start-site barriers are controlled by interplay between active remodeling
and DNA sequence. Nucleic Acids Res. 42, 128–136 (2014).

40. N Krietenstein, et al., Genomic nucleosome organization reconstituted with pure pro-
teins. Cell 167, 709–721 (2016).

41. J Ocampo, RV Chereji, PR Eriksson, DJ Clark, The ISW1 and CHD1 ATP-dependent
chromatin remodelers compete to set nucleosome spacing in vivo. Nucleic Acids Re-
search 44, 4625–4635 (2016).

42. TR Blosser, JG Yang, MD Stone, GJ Narlikar, X Zhuang, Dynamics of nucleosome
remodelling by individual ACF complexes. Nature 462, 1022–1027 (2009).

43. S Deindl, et al., ISWI remodelers slide nucleosomes with coordinated multi-base-pair
entry steps and single-base-pair exit steps. Cell 152, 442–452 (2013).

44. GJ Narlikar, R Sundaramoorthy, T Owen-Hughes, Mechanisms and functions of ATP-
dependent chromatin-remodeling enzymes. Cell 154, 490–503 (2013).

45. K Yen, V Vinayachandran, K Batta, RT Koerber, BF Pugh, Genome-wide nucleosome
specificity and directionality of chromatin remodelers. Cell 149, 1461–1473 (2012).

46. W Mobius, B Osberg, AM Tsankov, OJ Rando, U Gerland, Toward a unified physical
model of nucleosome patterns flanking transcription start sites. Proc. Natl. Acad. Sci.
110, 5719–5724 (2013).

47. Y Qiu, et al., The Chd1 chromatin remodeler shifts nucleosomal DNA bidirectionally
as a monomer. Mol. Cell 68, 76–88 (2017).

48. OI Kulaeva, FK Hsieh, HW Chang, DS Luse, VM Studitsky, Mechanism of transcription
through a nucleosome by RNA polymerase II. BBA - Gene Regul. Mech. 1829, 76–83
(2013).

49. DT Gillespie, Exact stochastic simulation of coupled chemical reactions. J. Phys.
Chem. 81, 2340–2361 (1977).

50. Z Jiang, B Zhang, Theory of active chromatin remodeling. Phys. Rev. Lett. 123,
208102 (2019).

51. OI Kulaeva, FK Hsieh, VM Studitsky, RNA polymerase complexes cooperate to relieve
the nucleosomal barrier and evict histones. Proc. Natl. Acad. Sci. 107, 11325–11330
(2010).

52. GM Martín, et al., Set5 and Set1 cooperate to repress gene expression at telomeres
and retrotransposons. Epigenetics 9, 513–522 (2014).

53. R Dreos, G Ambrosini, R Groux, RC Périer, P Bucher, The eukaryotic promoter
database in its 30th year: focus on non-vertebrate organisms. Nucleic Acids Res.
45, D51–D55 (2017).

54. R Dreos, G Ambrosini, RC Périer, P Bucher, The Eukaryotic Promoter Database:
expansion of EPDnew and new promoter analysis tools. Nucleic Acids Res. 43, D92–
D96 (2015).

55. RD Kornberg, L Stryer, Statistical distributions of nucleosomes: Nonrandom locations
by a stochastic mechanism. Nucleic Acids Res. 16, 6677–6690 (1988).

56. B Lai, et al., Principles of nucleosome organization revealed by single-cell micrococcal
nuclease sequencing. Nature 562, 281–285 (2018).

57. S Baldi, S Krebs, H Blum, PB Becker, Genome-wide measurement of local nucleosome
array regularity and spacing by nanopore sequencing. Nat. Struct. Mol. Biol. 25, 894–
901 (2018).

58. J Ocampo, RV Chereji, PR Eriksson, DJ Clark, Contrasting roles of the RSC and
ISW1/CHD1 chromatin remodelers in RNA polymerase II elongation and termination.
Genome research 29, 407–417 (2019).

59. AM Florescu, H Schiessel, R Blossey, Kinetic control of nucleosome displacement by
ISWI/ACF chromatin remodelers. Phys. Rev. Lett. 109, 118103 (2012).

60. SS Teves, CM Weber, S Henikoff, Transcribing through the nucleosome. Trends
Biochem. Sci. 39, 577–586 (2014).

61. V Pelechano, S Chávez, JE Pérez-Ortín, A Complete Set of Nascent Transcription
Rates for Yeast Genes. PLoS ONE 5, e15442 (2010).

62. J Zhao, J Herrera-Diaz, DS Gross, Domain-Wide displacement of histones by activated
heat shock factor occurs independently of Swi/Snf and is not correlated with RNA
polymerase II density. Mol. Cell. Biol. 25, 8985–8999 (2005).

63. BG Kuryan, et al., Histone density is maintained during transcription mediated by the
chromatin remodeler RSC and histone chaperone NAP1 in vitro. Proc. Natl. Acad.
Sci. 109, 1931–1936 (2012).

64. A Valouev, et al., Determinants of nucleosome organization in primary human cells.
Nature 474, 516–522 (2011).

65. T Vavouri, B Lehner, Chromatin organization in sperm may be the major functional
consequence of base composition variation in the human genome. PLoS Genet. 7,
e1002036 (2011).

66. D Tillo, et al., High nucleosome occupancy is encoded at human regulatory sequences.
PLoS ONE 5, e9129 (2010).

67. M de Dieuleveult, et al., Genome-wide nucleosome specificity and function of chromatin
remodellers in ES cells. Nature 530, 113–116 (2016).

68. RV Chereji, S Ramachandran, TD Bryson, S Henikoff, Precise genome-wide mapping
of single nucleosomes and linkers in vivo. Genome Biol. 19, 19–38 (2018).

8 | bioRχiv |

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 8, 2020. ; https://doi.org/10.1101/2020.04.07.029892doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.07.029892
http://creativecommons.org/licenses/by-nc-nd/4.0/

