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The spatiotemporal organization of eukaryotic DNA is controlled by an intricate combination of passive
(thermally activated) and active (ATP-consuming) processes. Based on recent experimental insights into the
mechanochemical cycle of chromatin remodelers, molecular machines that actively control nucleosome po-
sitions, we introduce a model to study the competition between active and passive mechanisms at the most
basic layer of DNA packaging, the wrapping of DNA into nucleosomes. Depending on the level of remodeler
activity, the positions of nucleosomes are controlled by either the bending or the stretching energy of the wrapped
DNA involved. Since these energies are highly sequence dependent, DNA guides its own packaging. However,
since this dependence differs for the two deformation modes, active processes can drive nucleosomes from their
equilibrium positions. Furthermore, for repetitive DNA sequences, such as telomeres, we find thermal ratchets

that propel nucleosomes in a preferred direction.
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I. INTRODUCTION

Molecular motors transform chemical energy into mechan-
ical energy which is used to perform a number of actions
inside the cell: the transport of cargo by kinesin, dynein, or
myosin motors has received ample attention in the statisti-
cal mechanics and biophysics communities; a recent review
is Ref. [1]. Somewhat less studied, molecular motors also
act at the level of DNA, notably as helicases that are small
motors opening up the DNA double strand [2]. Even less
studied are the so-called chromatin remodelers that regulate
the positions of nucleosomes [DNA-protein complexes where
150 base pairs (BPs) are wrapped in almost two turns around
an octamer of histone proteins] in chromatin; in the above-
mentioned review [1] they appear in the Abstract only to be
never mentioned again.

Chromatin remodelers are classified in four families, based
on their sequence homology [3]. As far as their motor domain
is concerned, it in fact derived from helicases: chromatin
remodelers have evolved from motors that separate the two
strands of DNA to motors that can separate the DNA strand
from the histone octamer, either in order to remove the histone
proteins altogether, or to displace the octamer along the DNA
molecules to render the underlying DNA sequence accessible.

Statistical physics based models for chromatin remodelers
are still rare, and often directed linked to in vitro exper-
iments; see, e.g., Refs. [4,5]. Recent structural insights in
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the functioning of remodelers, and also first coarse-grained
simulations developed on the basis of experimental insights
[6], allow us to push this development further, which is what
we present in this paper. We develop a model for the action of
the chromatin remodeler acting on nucleosomes moving in a
sequence-dependent potential—a key feature entirely missing
from earlier work, however of clear biological relevance since
remodelers shift nucleosomes away from their intrinsically
preferred locations in a sequence dependent manner [7-9].
Our model description allows us to compare the diffusive
mode of nucleosomes to the chromatin remodeler-dependent
displacement of nucleosomes along DNA.

II. METHODS

A. A basic mechanochemical cycle for chromatin remodeling

In a nucleosome a persistence length of DNA of about
150 BPs is wrapped nearly twice around the histone octamer,
leading to a substantial DNA bending energy [10]. As the
shape and elasticity of the DNA double helix depend on
the underlying BP sequence [11], this energy is sequence
dependent, leading to a position dependent energy landscape
for nucleosomes [12—-15]. However, in the absence of active
processes, nucleosome repositioning occurs extremely slowly
[16,17]. In fact, in vivo, nucleosomes are repositioned by chro-
matin remodelers [18,19]. This active process might speed up
the equilibration of the system, as suggested in Ref. [20], but
can also drive it further away from it, e.g., when it causes
accumulation of nucleosomes close to promoters [7]. The re-
sulting density distribution of the nucleosomes along the DNA
is biologically relevant because it has profound implications
for the accessibility to genetic information [10].
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FIG. 1. (al) Sketch of a nucleosome (DNA, dark gray; octamer,
light gray) and a remodeler made from two lobes (“1” and ‘“2”)
bound at two possible locations (green and blue). The induced sliding
directions (arrows) depend on the remodeler position. (a2) Mapping
of the relevant subsystem onto a molecular motor in a box. The box,
representing the octamer, gives the remodeler limited space and is
bound to the DNA (black line) at three sites, A, B, and C. (b) The
mechanochemical cycle of the motor-in-a-box model.

}  ATP hydrolysis

We follow the coarse-grained simulations of Ref. [6] which
puts forward a plausible scenario of remodeler action on
nucleosomes, and first build a one-dimensional model of a
remodeler acting on a nucleosome. Figure 1(al) shows the
remodeler which contains two lobes, sketched as pairs of
yellow disks, bound to a nucleosome (shown in two gray
scales) at the two possible positions (blue and green out-
lines) with the resulting repositioning directions (arrows) in
each case. The mapping of the three-dimensional system to
a one-dimensional model is depicted in Fig. 1(a2). The gray
box represents the confined space for the remodeler lobes
(the yellow circles) which results from the three-dimensional
structure of the nucleosome [6]. Dark gray lines represent
binding sites of the remodeler lobes 1 and 2 and the nucle-
osomal DNA, and between the nucleosomal DNA and the
histone core (labeled A, B, and C). An electrostatic attraction
between lobe 1 and the opposite DNA gyre [6] is indicated by
a blue spring. In order to keep the schematic image compact,
we depict sites B and C close together, although they are the
same distance apart as the sites A and B.

The one-dimensional model can be used to explain how the
mechanochemical cycle of the remodeler causes nucleosome
repositioning, Fig. 1(b). ATP binding induces a conforma-
tional change of the remodeler lobes from an open, Fig. 1(bl),
to a closed conformation, Fig. 1(b2), with the motion of lobe 1
towards lobe 2, due to the weaker DNA contacts of the former.
Through the repositioning of the remodeler lobe 1, the “origi-
nal” interaction of this lobe with the nucleosome is disturbed,
represented by the stretched blue spring. The renewal of these
interactions, Fig. 1(b3), leads to a movement of both remod-
eler lobes which deforms the bound DNA. Specifically, the
binding point B of the DNA with the histone core is opened
and then closed at a different BP position. This results in two
highly deformed DNA sections, a stretched overtwisted (white

color) and a compressed undertwisted (black color) section,
each between two binding points of the DNA to the histone
core. Experiments [21-23] indeed show that at least some of
the remodelers induce such twist defects in the wrapped DNA.
Then ATP hydrolysis weakens the remodeler lobe 2 DNA con-
tact and induces opening via the motion of this lobe away from
the other lobe, Fig. 1(b4). ADP release and DNA relaxation
complete the cycle. The relaxation is done by the opening and
closing of the binding points A and C by thermal fluctuations
and the release of the stretched and compressed DNA to the
outer nucleosomal DNA ends where they eventually leave the
nucleosome. In the end, both remodeler lobes have returned
to their starting conformation, but the nucleosome has moved
by one BP and the cycle can start again.

Zooming out again to the full system of Fig. 1(al), we find
the nucleosome transformed into a self-propelled particle by
the binding of a remodeler with a direction of motion that
depends on the binding position. As the movement requires
the local deformation of DNA in the form of a pair of twist
defects and as the deformation energy depends on the local BP
sequence (which, for a given nucleosome position, is different
for the two remodeler binding positions), we expect a system
where the stepping rates to the left and right are different and
essentially independent from each other. We now introduce a
general framework to describe this type of system and high-
light some typical features.

B. General framework

We consider a particle on a one-dimensional track that
jumps to neighboring positions with a rate that depends on
the particle’s position and jump direction. We assume that
the rates for the two jump directions are independent, which
amounts to breaking detailed balance. We relate each jumping
rate to energy barriers £ by a Boltzmann factor e #f with
B denoting an inverse (effective) temperature. This produces
two sets of energy barriers, for jumps to the left and to the
right, which we interpret as two different energy landscapes
V; and V, for the two jumping directions. The probability
density W of the particle at position x and time ¢ evolves then
according to the discrete master equation:

W(x,t 4+ At) — W(x,t) = e P20 (x + Ax, 1)
+ e PO AIY(x — Ax, 1)
— e PViOw(x, 1)
— e PV Ou(x, 1), (1
where Ax denotes the jump length. The steady-state solution

flim W(x, 1) = px) 2

depends on the values of V; and V., especially on their relative
sizes. For example, for V; < V, the particle jumps more likely
to the left. At positions where V; and V, cross, the behavior
of the particle changes as shown in Fig. 2(a), where the blue
and green lines represent the potentials for jumps to the left
and right. At the left intersection, x = 1/4, the particle is
pushed on average toward the crossing point, whereas at the
right intersection, x = 3/4, it is pushed away from it, leading
to a maximum of p at x = 1/4 and a minimum at x = 3/4.
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FIG. 2. (a) The energy landscapes for jumping to the left (blue)
and right (green) leading to the effective potential V in Eq. (3) (black
curve/dots). Extremal points of V occur at intersections of V; and V,
where the preferred direction of motion of the particle changes (see
illustrations inside the boxes). (b) Probability density distribution p
for the steady state: approximate solution Eq. (3) (yellow line) and
numerical solution (red dots). We use g = 1.

In general, intersections of V; and V, act as repellers and
attractors of particles, leading to extremal points of p. This
can be seen by inspecting p, shown as red dots in Fig. 2(b),
which is obtained from the numerical solution of the master
Eq. (1).

We note that the master Eq. (1) can be approximated by
a drift diffusion Eq. [24] where the drift term 8,[(e PV —
e PV )W can be linearized to B (V. = V)W if BV, < 1.
This suggests that the probability density distribution p can
be approximated by

_ l V) l ﬂ‘g[‘/t(y)—‘/r(y)]

plx) = e =~ , 3)
where N denotes a normalization factor. The function V is
shown as a black curve in Fig. 2 [25]. Equation (3) is not
the exact steady-state solution of the master Eq. (1), but is
expected to be a good approximation in the limit of slowly
varying continuous energy landscape functions V, V;, and V..
For example, in Fig. 2(b) Eq. (3) is represented by the yellow
line and is indeed in excellent agreement with the numerical
solution (red dots).

Of special interest is the case when the two energy land-
scapes V; and V, are periodic. Figure 3(a) shows potentials
with linear decreasing and increasing sections, e.g., Vi ~
+x, but for one potential the increasing parts are slightly
nonlinear: V;;, ~ x* with @« = 1.0, 1.1, ..., 1.5. The flux in
a system with periodic boundary conditions,

J(x) = e P Op(x) — e PNEFAOp(x 4 Ax),  (4)

is shown Fig. 3(b). Starting from the symmetric case, o = 1,
without flux, the magnitude of J increases as @ moves away
from this value. The direction of the flux is related to the sum
of the energy expenditure for the movement over one period,
> Vi Systems where particles move in preferred directions
in a periodic potential have been invoked in models for molec-
ular motors themselves [26-29] but here this so-called ratchet
effect appears on a higher level through the action of a motor
that binds to a particle at two different positions.
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FIG. 3. Flux in ratchets: (a) set of periodic potentials V; and
V. with increasing left-right asymmetry and (b) the corresponding

increasing flux. We use g = 1.

C. Parametrizing the model

We now estimate the potentials V; and V. by building a
coarse-grained model of a chromatin remodeler. The DNA
is represented by a bead-spring chain which interacts with
other components representing the protein core and the re-
modeler. The springs account for the sequence-dependent
elasticity and geometry of the DNA double helix and are
parametrized by the rigid base pair model [11]. The chain
is 20 springs long, corresponding to the 20 BP DNA stretch
which is in contact with the remodeler. Figure 4(a) shows the
schematic representation of the remodeler at the two possible
positions on the nucleosomal DNA and Fig. 4(b) shows the
detailed microscopic representation of one of the remodeler-
DNA complexes. We assume that the rate-limiting process in
a successful defect pair formation is the thermally induced
crossing of the energy barrier between the states shown in
Figs. 1(b2) and 1(b3) whereas ATP hydrolysis takes place
instantaneously afterwards. In the detailed model this means
to go from the top to the bottom state in Fig. 4(b).
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FIG. 4. (a) Motor in a box at its two possible positions (see also
Fig. 1). Between the binding sites of the DNA to the protein core,
labeled A to F, are always ten BPs. (b) Detailed view for one of the
motor positions. DNA is modeled as a bead-spring chain where the
spring parameters depend on the involved BP step. The blue spring
represents the electrostatic interaction of lobe 1 with the nucleosome.
Top: Nucleosomal DNA in relaxed state with ten BPs each between
binding points A and B and between B and C. Bottom: Twist defect
with a compressed DNA section with 11 BP steps between B and C
(darker color of springs) and a stretched section with nine BP steps
between A and B (lighter color).
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Note that even though the motor positions for the two
directions are 30 BPs apart (see Fig. 4) V; is not a shifted copy
of V,: the remodeler points in opposite directions at the two
binding positions and thus deforms the involved DNA stretch
differently. Here we focus on a twist defect pair which causes
a motion of the nucleosome to the left side. The calculation for
the other direction follows from the symmetry of the system.

Figure 4(b) shows the involved 21 BPs without (top) and
with the twist defect (bottom). In the absence of the defect,
the BPs are equally distributed between the binding sites of
the DNA to the histone octamer and the first, tenth, and last
(20th) BPs are bound to the histone octamer at points A, B,
and C, with the bound beads shown in darker gray. When the
twist defect pair is present, there is a stretched part with only
nine BP steps and a compressed part with 11 BP steps [see
bottom of Fig. 4(b)]. The twist defect pair is caused by the
movement of the tenth BP to the right side and the successive
binding of the ninth BP to B instead.

To calculate the energy landscape experienced by the sys-
tem as the twist defect is introduced (and from this the energy
barrier V;), we minimize the energy of the system for every
position of the ninth BP, starting with the relaxed system
and ending with the system containing a twist defect pair.
For simplicity we fix the total length of the chain of springs,
by assuming the binding points A and C to constitute rigid
constraints. We set the position of point A at x4 = 0 and of
C at xc = 20/gp with Igp being the typical BP step height,
Igp = 3.4 A. Only the binding point B is modeled as a po-
tential well allowing the bound BP to change. The energy
as a function of the positions of the BPs, X, has then three
contributions:

E()_é) = Eim()_é) + Espring()?) + Epot()_é) (5)

with Ej,; representing the energy of the electrostatic spring
(blue spring in Fig. 4), Eqying the deformation energy of the
spring-bead chain, and Ej; the binding energy of BP 9 or 10
to site B.

According to Ref. [22], the electrostatic interaction be-
tween remodeler lobe 1 and the other coil of the wrapped
DNA acts on the seventh BP when ATP is bound to the remod-
eler and to the eighth BP otherwise. We model this interaction
as a spring, with spring constant K’ and equilibrium length

Seq:
En(x) = 1K' (x — s¢q)*, ©6)

where x is the position of BP 7. s is chosen to be the length of
the electrostatic spring for the relaxed chain of springs before
ATP is bound, i.e., when lobe 1 interacts with BP 8. Upon
ATP binding there is thus initially a mismatch between x, the
position of BP 7, and seq. The electrostatic spring pulls the re-
modeler towards the right and helps in the creation of the twist
defect pair. As discussed later, we choose K' = KkgT A2
with K = 3.

The deformation energy of the chain of springs is given by

20
1
Espring(x) = E E Ky (x — sn)29 @)
n=1

with k, denoting the stiffness and s, the equilibrium length of
the nth spring. Both values depend on the chemical identify

of the involved BP step. Here we use the parameters derived
from the rigid base pair model [11] for the spring constants
and intrinsic lengths. This model describes every BP as a
rigid body. The conformation of a given BP step is then
described by the values of its six degrees of freedom (three
translational and three rotational) which are the components
of a six-component vector g. The associated elastic energy of
that BP step is given by

E = 5(q — q0)M(q — qo), ®)

where gy denotes the intrinsic preferred values and M is a
6 x 6 stiffness matrix. The total elastic energy is then the
sum of the energies of all BP steps. The rigid base pair
model assumes thus only nearest-neighbor interactions with
a quadratic deformation energy. Here we use only one com-
ponent of g, called rise, which describes the stretching and
compression of the contour length of the DNA double helix.
This is the stiffest deformation mode involved in twist defect
formation. The other relevant deformation mode, twist, is
softer. Specifically, for a twist defect the cost in changing
rise is about 1.37kzT (0.34 A displacement, average stiffness
23.8ksT A~2) and the cost in changing twist is 0.38 kzT (3.6°
extra twist, average stiffness 0.06kzT deg_z), i.e., about three
times smaller. Nondiagonal matrix elements of M, e.g., twist-
rise coupling, are even about ten times smaller. Therefore,
in Eq. (7), s, denotes the rise of the nth BP step and k,, its
elasticity. The rise-related parameters for all possible BP steps
are provided in Table I.
Finally, we model the binding energy as follows:

— 10> ]
Epo(x) = —Uo[("os—l;f’) - 1] : ©

if |[x — 10/gp| < 0.5 Igp, and zero otherwise. x is here either
the position of BP 9 or 10, whichever is within the range of
binding site B. The potential well has a depth Uy = 12kgT
and width /gp and is centered at 10 lgp; see Ref. [30] for an
estimation of these values.

III. RESULTS

A. Energy landscapes of chromatin remodeler action

We calculate the energy landscape for the formation of a
twist defect pair as a function of the position of the ninth BP.
For this we equilibrate the positions of all the beads under the
constraints that the total length of the chain is constant and
that the position of BP 9 is fixed. This is done by numerically
determining the total energy minimum of Eq. (5) as a function
of two parameters only: the positions of BPs 7 and 10. These
are sufficient as they form the end points of four effective
springs: from the left end to BP 7, from BP 7 to BP 9, from
BP 9 to BP 10, and from BP 10 to the end. Note that these
effective springs could not be constructed so easily if we
would also account for the twist and twist-rise coupling en-
ergies. The thick curves in Fig. 5 show the energy landscapes
for four different BP sequences. The curves are qualitatively
similar: With rising displacement Ax of BP 9, the energy
increases until a maximum is reached. Beyond that point a
local minimum occurs, before the energy rises again. Note that
the resulting energy barriers show a substantial dependence on
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TABLE 1. Rise parameters of the rigid base pair model [11].

AA/TT AT AC/GT  AG/CT TA TC/GA  TG/CA  CC/GG CG GC
Xiise (A) 3.27 331 3.36 334 342 3.37 333 3.42 3.39 3.40
kiise (ksT A™2) 21.75 25.55 23.86 29.50 2191 22.82 18.24 30.31 1416 2586

the underlying BP sequence. For the four example cases they
range from 9.6kpT to 15.6kpT .

The plots show also the three individual contributions to
the total energy, given in Eq. (5). The blue lines in Fig. 5 rep-
resent the energy from the electrostatic spring which tends to
zero with increasing Ax, as the interaction between remodeler
lobe 1 and the other DNA gyre is reestablished. The light gray
lines give the elastic energy inside the chain of springs and
show the opposite behavior: an overall increase 9f Egyring With
Ax with a small drop in energy around Ax = 2 A. Before this
drop, the increase in energy is almost exclusively concerning
the first ten springs as BP 10 remains bound at B. The local
drop occurs when the tension between BPs 9 and 10 is so high
that BP 10 is pushed out of the potential well of the binding
site. This can be best seen by inspecting the third contribution,
Eyot, which shows a sharp increase as the tenth BP leaves the
well. At the same time, there is a drop in Egping. As BP 9 is
pushed further to the right, it enters the potential well, causing,

AAAAAAAAAAAAAAAAAAAAA GCGCGCGCGCGCGCGCGCGCG

30 — Ew — E 20
20 Espring
;m — Epm\/ ';m 10\ s
=" ap-an |2 ESed
\ —10/\
3

1 02 0 1 o2 3
Ax [Al Ax (Al
AAAAGACTTTCCTAGAATTTA CGTATACCCAATTAAGTGAAA
30 20

avd

E; [kgT]

-10
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2
Ax [Al

FIG. 5. Energy barrier for twist defect pair formation for dif-
ferent BP sequences (indicated on the top of the diagrams). Black
curves show the energy landscapes of the system as a function of the
displacement Ax of the ninth BP towards the center of the chain. The
energies are composed of the electrostatic interaction of remodeler
lobe 1 with the other DNA turn, Eq. (6) (blue curves), the energies
resulting from the stretching and compression of the DNA, Eq. (7)
(light gray curves), and the energies from the binding of the DNA
with the histone core at site B, Eq. (9) (dark gray curves). Here we
use K = 3 for the (dimensionless) spring constant.

together with the contribution from the electrostatic spring,
the local minimum in the total energy. In general, we observe
that the point where the bound BP changes corresponds to
the location of the local energy maximum causing the energy
barrier AE for the creation of the twist defects.

B. Remodeler-induced nucleosome positioning

From the values of AE at the various positions of the
remodeler on the DNA we can calculate the energy landscape
V; and V,. Using a randomly picked 300 BP stretch from S.
cerevisiae [31], we calculate V;, V,, and V and find that V
shows an undulating landscape with various local minima and
maxima [see top diagram of Fig. 6(a)]. The bottom diagram
presents the steady-state solution p which features a strong
peak in the middle of the BP stretch and two minor local
maxima to the right. This is an example of remodeler-induced
nucleosome positioning.

For the calculation of the energy barrier we set so far the
parameter K to 3. However, the strength of the interaction
of remodeler lobe 1 with the other DNA gyre is not known.
We therefore examine the influence of this parameter on the
energy landscapes in Fig. 7, which are presented together
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FIG. 6. Sequence-dependent nucleosome positioning caused by
the sequence-dependent remodeler action for different stiffnesses K
of the “electrostatic spring.” For each K value, the top diagram shows
the potentials V; (blue), V, (green), and V (black) for a 300 BP stretch
of gene YALOO2W of S. cerevisiae. The bottom diagram presents
the numerical steady-state solution p, Eq. (3), as red dots and the
analytical solution as a yellow curve together with the potential —V
(black curves). Throughout we use 8 = %.
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FIG. 7. Energy barrier for twist defect pair formation for a 20
BP stretch of gene YALOO2W for different stiffnesses K of the
electrostatic spring. Curves are depicted as in Fig. 5. (a) K =1,
(b) K =3, (¢c) K =7, and (d) K = 15. Throughout we use the se-
quence ATGGAGCAAAATGGCCTTGA.

with their three components for four different values of K:
1, 3,7, and 15. The binding energy Ep shows hardly any K
dependence. The interaction energy Eiy, which is proportional
to K, starts from larger values for Ax = 0 and thus goes more
steeply down towards Ej, = 0 at Ax = 3.4 A. Remarkably,
the increase in stiffness of the electrostatic spring has a strong
effect on Egying. This is caused by the seventh BP being
increasingly pushed towards the ninth BP whose position is
set to a given Ax value. The strong deformation in the chain
of springs up to the ninth BP for small Ax values leads
to an overall slower increase of Egyine for larger K values.
Being the sum of these three contributions, the overall energy
shows more and more the shape of a double well potential.
As the minimum for small displacements gets lifted up with
increasing K, the height of the energy barrier goes down.
Despite these changes, the resulting probability distribu-
tion p for the nucleosome probability distribution remains
remarkably unaffected by the choice of K (see Fig. 6). The
main effect of increasing K is a shift of V; (blue) and V, (green)
to smaller values, as we have already observed in Fig. 7. The
shapes of the landscapes remain similar and also the crossing
points of V; and V, occur at the same positions. This is also vis-
ible when inspecting the shape of the potential V (black). As a
result, the density distributions for the nucleosome positioning
all look very similar. Especially, as the minimum of V is
always located at the same position (shown here in the middle
of the graphs), the maximum of p is always at that position
too. It is a lucky coincidence that the value of the parameter
we have not yet been able to extract from experimental data
has only a small effect on the results which we present in this

paper.
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FIG. 8. Sequence-dependent nucleosome positioning. (a) Poten-
tials V; (blue), V, (green), and V' (black) for a 300 BP stretch of gene
YALOO2W of S. cerevisiae. (b—d) Numerical steady-state solution p
of Eq. (10) for (b) dominant remodeler action, x — 00, (c) a mixed
situation, and (d) pure diffusion, « = 0. In the limiting cases, analyt-
ical solutions are also provided (yellow) together with the potentials
—V and U (black). Orange boxes highlight maxima in the mixed
phase (c) which occur where both U and —V show minima. We use
B=1K=3.

C. Active vs passive nucleosome positioning

As mentioned in the the Methods section, nucleosomes
also reposition themselves autonomously through nucleosome
sliding, resulting in a probability density that reflects the
sequence-dependent bending energy U of the nucleosomal
DNA. U is calculated from our previous probabilistic nucle-
osome positioning model, also based on the rigid base pair
model [32,33]. The full master equation

W(x, 1+ At) — W(x, 1) = fxe Prtow(xg, 1)
+ e—ﬂG[U(xend)—U(xo)][U(xend)—U(XU)]

x W(xp, t) (10)

accounts for both processes, with ® the Heaviside step func-
tion. There are four possible jumps involving position x (from
Xo tO Xeng) in two different ways, passive (second line) and
active (first line). The parameter x represents the relative
strength of the action of the chromatin remodeler compared to
the diffusion. It can be interpreted as the parameter which con-
trols the time scales between jumps via diffusion and through
the action of the chromatin remodeler.

The steady-state solution for dominant chromatin remod-
eler action, k — oo, is given by Eq. (3) and is shown in
Fig. 8(b). As expected, maxima occur at minima of —V.
The opposite limit, k — 0, leads to the Boltzmann distri-
bution p(x) = e PY® [see Fig. 8(d)]. Importantly, the two
sequence-dependent potential V in Fig. 8(b) and U in Fig. 8(d)
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FIG. 9. Fluxes along different telomeric sequences in a system
with periodic boundaries. Positive (negative) values correspond to
outward (inward) fluxes on the chromosome. We use 8 = i, K=
3. I, vertebrates; I, insects and butterflies; III, gill-foot crabs and
tubeworms; IV, ciliates; V, higher plants; VI, green algae; VII,
schizosaccharomyces.

are essentially unrelated, as V reflects the overstretching and
compression of the involved 20 BPs whereas U represents
the bending energy of the full 150 BPs. Thus the resulting
nucleosome probability densities in Figs. 8(b) and 8(d) peak
at unrelated positions. Between these two asymptotic regimes
both potentials contribute to p. In Fig. 8(c) we chose k = €3¢
which results in the same order of magnitude for the diffusion
and remodeling terms. In this case the maxima in the prob-
ability density are located, where minima in both potentials
occur, highlighted by the orange boxes.

The specific example shown in Fig. 8 suggests that the
remodeler can act as a switch, moving the nucleosome from
BP position 19 in its absence, Fig. 8(d), to BP position 78,
Fig. 8(b). The idea of nucleosome switches has been put
forward earlier as a result of frustration between packing
effects of multiple nucleosomes and the sequence-dependent
nucleosomal potential energy landscape [34]. However, in our
scenario, this effect can occur even for a single nucleosome,
as the effective energy landscape it experiences changes shape
in the presence of active remodeling.

D. Repositioning on telomeric sequences

Finally, we return to the ratchet effect, discussed earlier and
shown in Fig. 3, and study its consequences for nucleosome

repositioning on the periodic BP sequences of telomeric re-
peats (e.g., in vertebrates these are six BP repeats). Figure 9
shows the predicted fluxes on telomeres for different groups
of organisms [35]. The fluxes differ greatly in magnitude and
even show opposite signs. Whereas vertebrate telomeres, for
example, induce a small inward flux (towards the centromere),
the ones for ciliates cause an outward flux (toward the telom-
eric ends). Whether such fluxes occur in vivo remains unclear
but they might have biological implications by, e.g., creating
compressive forces on telomeric nucleosomal arrays.

IV. CONCLUSION

Based on insights gained from recent experiments and
simulations, we have put forward a model of chromatin
remodeling motors and employed it to study the active
repositioning of a nucleosome. Remodelers can drive the nu-
cleosome in either direction along the DNA depending on its
binding position on the nucleosome. We have calculated the
probability density of the nucleosome along DNA as a result
of active repositioning. A key finding is that the remodeler
pushes the nucleosome to certain locations on the DNA and
away from others, and that these preferences are not deter-
mined by the intrinsic sequence preferences of nucleosomes.
Inspired by the idea of a “genomic code for nucleosome
positioning” [12] resulting from thermal equilibration, we
speculate that there might be a “genomic code for nucleosome
remodeling” instead, i.e., BP sequences may have evolved
to create attractors, repellers, or even ratchets for remodeler-
propelled nucleosomes.
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