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I. INTRODUCTION

Chromatin remodeling motors translocate nucleosome,
with which they are associated, on DNA1. A class of
these motors translocate nucleosomes in the direction ei-
ther the chain length of the DNA is longer or shorter.
In order to accomplish such a translocation, these mo-
tors need to detect the length of the DNA strands to the
neighboring nucleosomes.

One such mechanism could be to use a molecular scale.
That appears to be the case for the yeast ISW1a chro-
matin remodeler2. This remodeler places itself between
two nucleosomes. Another mechanism must be at work
for the human ACF complex because its dimer is closely
associated with a single nucleosome3. It has been shown
that this motor can detect the length of DNA and moves
the nucleotide to the center, using a system in which
a single nucleosome is associated with a single DNA
molecule3. What is the biophysical basis for such a sen-
sitivity?

The simplest possible mechanism would be that the
motor makes contact with the end of the DNA strand.
However, that is unlikely because the persistence length
of DNA is about 50 to 60 nm, much larger than the di-
mension of the motor. Thus, it must detect the differ-
ences in the local property of DNA, which depends of
the chain length. We hypothesize that local fluctuation
of DNA near the motor provides information on the DNA
chain attached.

These motors are large dimers, covering the surface
of histone octamers. These subunits may interact each
other rather than fighting each other in such a way that
they do not waste energy. Here we focus only on the way
how these molecules can detect the length of DNA and
do not address how two subunits need to interact each
other.

II. CHAIN FLUCTUATION

The binding of DNA to a nucleosome is not static but
undergoes thermal fluctuation4. Given the stiffness of
DNA chain, this mode of motion corresponds to a pivot-
ing motion of the DNA chain if the chain length is less
than the persistence length of about 50 nm. To describe
such a motion in a simple manner, it would be useful to
assume a quadratic potential well with respect to the rel-
ative orientation of the chain formed by a holding spring
with relatively shallow local minima at two positions off

FIG. 1. Pivoting motion of DNA chain on a nucleosome

center.

If these local minima are shallower than the thermal
energy, pivoting motion of the polymer is described by
the stiffness of the holding spring, which in turn deter-
mines the transition rates between two states, one of
which is “bound” and “unbound.” These states are as-
sociated with wrapping and unwrapping of DNA on a
nucleosome. If one of these states is a starting point of
an ATP-dependent sliding motion between the DNA and
nucleosome, movement of the nucleosome on the DNA is
realized. The dependence on the chain length is intro-
duced through the drag on the chain during transitions
between “bound” and “unbound” states, which require
movement of the chain assuming that the nucleosome
is stationary. The angular fluctuation amplitude shows
little length dependence. If the rotational drag of the
nucleosome is smaller than that of the DNA, those tran-
sitions take place mainly by a rotation of the nucleosome,
insensitive to the chain length of DNA.

Rotational diffusion coefficientDr of short DNA chains
is well approximated by assuming short DNA chains as
a rod-like conformation5. The analytical expression is

πηL3Dr/(3kBT ) = ln(L/2r) + δ (1)

where δ ≈ −0.7 + O(2r/L). The rotational drag coeffi-
cient ζr of a DNA chain is thus,

ζr ≈ 1

3
πηL3/(ln(L/2r)− 0.7), (2)

using Einstein’s relationship. The terms O(2r/L) could
be ignored if L � 2r.

For the chain length of the DNA to be important for
angle fluctuation at the supporting point, the rotational
motion of the nucleosome must be less than chain fluc-
tuation of the DNA, namely the rotational drag of the
nucleosome must be larger than that of DNA chain. We
can show that this factor imposes a detection limit.
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III. THE MODEL

We have already discussed two states, “unbound” and
“bound.” For describing a motor, we need to provide an-
other state that describes motile activity. The proposed
model consists of the following assumptions.

1. The binding site of the motor has three states,
bound (B), unbound (U), and advanced (A).

2. Transitions between B and U depends on the con-
tact of DNA to the site and thus depends on the
movement of DNA.

3. Transitions from U to A and from A to B involves
ATP binding and hydrolysis. For this reason these
transitions are unidirectional.

4. Transition from U to A produces unidirectional
movement of DNA relative to the nucleosome.

The transitions between these three states are repre-
sented schematically:

Bound
γ
�
γ
Unbound

ν ↑ ↓ μ

Advanced

The transition rates between U and B are γ and in both
directions because this reflects fluctuation of the DNA.
The rate γ is a decreasing function of the chain length
L. The differential equations that govern the transitions
between these states are,

dB

dt
= −γB + γU + νA, (3)

dU

dt
= γB − (μ+ γ)U, (4)

dA

dt
= μU − νA, (5)

where μ and ν are transitions, in which ATP binding and
its hydrolysis are involved. The rotation rate of the motor
is proportional to νA for normalized A, i.e. B+U+A = 1.

The eigenvalues are 0 and 1/2 − (2γ − μ − ν) ±√
4γ2 + (μ− ν)2 − 4γν. The eigenvalues other than 0

correspond to transient modes. The eigenvector for

eigenvalue 0 is then given by (γ+μ, γ, γμ/ν). After nor-
malization of this vector, we obtain for the rotation rate
of the motor,

νA =
γμ

√
γ2 + (γ + μ)2 + (γμ/ν)2

. (6)

The last term of the denominator diminishes for large
ν. If u is the unit distance the motor travels per cycle,
the speed of the motor, which is expressed as νAu, is
an increasing function of γ expect for large values of ν,
where it behaves as a constant.

If we assume γ ∼ L−2, the advance of the motor has
the dependence of the chain length as shown in Fig. (2).
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FIG. 2. The advance νA of the motor plotted against the
chain length L for μ = 1 and ν → ∞.

IV. DISCUSSION

The present model predicts that the speed of the motor
is an increasing function of the frequency, at which DNA
chain “breathes” near the nucleosome. Since shorter
polymer chain oscillates at a higher frequency than longer
ones, a shorter chain produces a greater speed of uncoil-
ing. In other words, the direction is away from the short
end, consistent with the experimental observation.

The saturating behavior to chain length is obvious
from Fig. 2. In addition, for long chains, the rotational
drag of nucleosome becomes comparable to that of the
DNA chain, reducing the dependence on the chain length.

The motor is unable to function if the DNA is too
short. This could be explained by the reduced slope at
small L. Since the motor is a dimer and works in a
pair, the difference in the preference is small for short
chains. This may lead to the insensitivity of the motor for
detecting the difference in length of short DNA chains, in
addition to the detection limit imposed by the rotational
diffusion of the nucleosome.
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