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DNA damage may drive nucleosomal reorganization to facilitate damage detection
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One issue in genome maintenance is how DNA repair proteins find lesions at rates that seem to exceed diffusion-
limited search rates. We propose a phenomenon where DNA damage induces nucleosomal rearrangements which
move lesions to potential rendezvous points in the chromatin structure. These rendezvous points are the dyad and
the linker DNA between histones, positions in the chromatin which are more likely to be accessible by repair
proteins engaged in a random search. The feasibility of this mechanism is tested by considering the statistical
mechanics of DNA containing a single lesion wrapped onto the nucleosome. We consider lesions which make the
DNA either more flexible or more rigid by modeling the lesion as either a decrease or an increase in the bending
energy. We include this energy in a partition function model of nucleosome breathing. Our results indicate that the
steady state for a breathing nucleosome will most likely position the lesion at the dyad or in the linker, depending
on the energy of the lesion. A role for DNA binding proteins and chromatin remodelers is suggested based on
their ability to alter the mechanical properties of the DNA and DNA-histone binding, respectively. We speculate
that these positions around the nucleosome potentially serve as rendezvous points where DNA lesions may be
encountered by repair proteins which may be sterically hindered from searching the rest of the nucleosomal
DNA. The strength of the repositioning is strongly dependent on the structural details of the DNA lesion and the
wrapping and breathing of the nucleosome. A more sophisticated evaluation of this proposed mechanism will
require detailed information about breathing dynamics, the structure of partially wrapped nucleosomes, and the
structural properties of damaged DNA.
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I. INTRODUCTION

The genomic instability caused by DNA damage is a serious
threat to the health and integrity of the cell [1–4]. Effective
mechanisms for repairing DNA damage efficiently are required
for cell viability, and failure of these mechanisms has been
linked to developmental disorders [5], aging [6,7], and cancer
[2,6]. Some causes of DNA damage such as ionizing radiation
can create lesions anywhere within the genome [3], and the
task of repairing the lesion begins with the daunting challenge
of locating it in a millionfold excess of healthy DNA. This
task is performed by DNA repair proteins which move along
the DNA and recognize specific types of DNA lesions [8,9].
Functionally this search process is not different from DNA
binding proteins seeking out their specific target sequences.
In that context it has long been observed that DNA binding
proteins can seemingly locate specific binding sites at rates
that exceed the diffusion limit [10]. The exact mechanism
of this rapid search is incompletely understood. The most
widely accepted mechanism is “facilitated diffusion” in which
proteins switch between two search modes: a long-range mode
consisting of hopping and jumping via three-dimensional (3D)
diffusion to new locations on the DNA strand followed by a
short-range 1D local searching on the DNA double strand
[11–13]. There is indeed experimental evidence to support
this kind of mechanism [8,14]. Other models indicate that
increased search speeds may also be achieved by assuming
DNA is restricted into a confined space [15] or that obstacles
in the search path accelerate the search by lowering the
hopping energy barrier [16]. Other theories augment facilitated
diffusion by suggesting that protein binding affinity is varied
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according to the proximity of a DNA lesion [17]. Tighter
binding would result in longer 1D local searches, and may
be realized either by changes in the DNA charge transport
properties [18,19] or by structural characteristics associated
with DNA damage [20].

Less often considered is the question of how much of the
DNA is exposed for protein binding. The structure of the
chromatin is likely to have a large effect on DNA damage repair
[21–24]. In order to pack efficiently into a cell nucleus (at the
cost of access to the genome) DNA is condensed into several
levels of chromatin structures. The first level of packing is the
wrapping of 147 base pairs (bp) of DNA around an octameric
histone core (the nucleosome) [25–27]. The next level of
packing is the ordering of these nucleosomes into a “beads on
a string” structure where the nucleosomes are closely packed
together as schematically represented in Fig. 1. Consecutive
nucleosomes are separated by free DNA linkers which are 10 -
90 bp long [28]. Much of the DNA packed into these hierarchal
structures is inaccessible to many DNA binding proteins due
to steric hindrances [Fig. 1(a)]. Since continued access to the
genome is essential for cell survival, the cell has developed
dynamic processes to expose the DNA, including nucleosome
repositioning and nucleosome “breathing” (partial unwrap-
ping) [29–33]. During nucleosome breathing, DNA sites that
are normally wrapped onto a nucleosome become transiently
accessible as shown in Figs. 1(c) and 2. Sites near the linkers
are the first to unwrap and are therefore easily made accessible,
while sites buried deeper in the nucleosome are orders of
magnitude less likely to be accessible [34]. Not surprisingly,
nucleosome positioning has been shown to be dependent on
several structural factors including DNA sequence [35–40],
DNA modifications [41–43], and histone modifications [44–
47], although the relative positioning strength of these effects
has been challenged [48,49].
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FIG. 1. Cartoon of the nucleosome organization. DNA wraps
1.67 times around a histone core (black circle) before becoming
straight for the last 7 bp. Nucleosomes further organize themselves
into a beads on a string structure. A protein binding site marked as a
striped region of the DNA is inaccessible to protein (a) due to steric
hindrances. Binding sites in the linker or on unwrapped portions of the
nucleosomal DNA are accessible to proteins (b) and (c), respectively.
On each nucleosome, the dyad axis is shown as a white line on the
diameter of the nucleosome.

DNA damage also factors into nucleosome positioning
[21,24,50–53], and positioning can affect DNA repair [54,55].
To date there has been little work describing the molecular
mechanisms by which a DNA lesion can drive the reposition-
ing of a nucleosome. In this work we explore how the ap-
pearance of a damage lesion, in combination with nucleosome
breathing, can drive a reorganization of the chromatin in order
either to place the damage at the central axis furthest from the
linkers DNA (the dyad) or to expel the damage into the linker
portion of the nucleosome structure. There are examples of
DNA binding proteins which when binding to nucleosomal
DNA prefer to do so at the dyad [56]. For a protein engaged
in a random search, this characteristic would mean that DNA
wrapped onto a nucleosome (except at the dyad) is no longer
part of the searchable genome. Therefore a model in which
DNA lesions are thermodynamically repositioned to the dyad

FIG. 2. Nucleosomal breathing of DNA labeled with a donor (D)
and acceptor (A) fluorescence resonant energy transfer (FRET) pair.
Position (a) shows the DNA wrapped fully onto the histone core
particle. Two partially unwrapped states (b) and (c) are also shown.
A DNA damage (or binding) site marked by stripes is inaccessible
in the fully wrapped configuration of (a), but becomes accessible
as the nucleosome unwraps. The DNA is marked with a FRET
dye pair: the donor dye D is on the bottom loop (located into the
page) and the acceptor A is on the top loop above it. Configuration
(b) is the last breathing step in which the donor-acceptor distance is
unchanged. Further unwrapping to (c) can be observed as a drop in
FRET efficiency.

or the linkers, combined with proteins that search for damage
only at the dyad or in free DNA, should result in faster detection
of DNA damage by shrinking the genomic search space. We
demonstrate the potential for repositioning numerically by
taking an existing model used to describe the accessibility
of healthy DNA on a nucleosome [57] and modifying the
partition function to include a DNA lesion. Since there is as yet
no consensus model for the structure and dynamics of partially
wrapped nucleosomes, different models consisting of a range
of DNA elastic bending energies, adsorption binding energies,
and lesion energy values are tested here. The dependence of
the activity on the specific values chosen is demonstrated, and
experiments to characterize the activity via single-molecule
measurements are proposed.

II. THEORY

A. Partition function of nicked DNA

The partial unwrapping of a nucleosome has previously
been modeled by defining a partition function which considers
the entire ensemble of breathing structures a nucleosome
can adopt [57]. We briefly recapitulate the approach here.
A unitless energy parameter q is defined as the energy of
wrapping a single base pair onto the nucleosome in multiples
of kBT . The DNA is assumed to unwrap from both ends, with
the leftmost and rightmost wrapped base pairs designated by
xL and xR , respectively. The length of the wrapped portion of
the DNA is simply xR − xL + 1, and the total complexation
energy of wrapping is −qkBT (xR − xL + 1). The partition
function of the system becomes

Z =
L∑

xL=1

L∑
xR=xL

eq(xR−xL+1) ≈ eq(L+2)

q2
. (1)

The upper limit L = 147 is the maximum number of base pairs
which can be wrapped onto a nucleosome. The probability
that a particular target base xB is accessible is calculated by
summing over all the configurations which exclude xB and
normalizing with Z from Eq. (1). This approach provided
a reasonable fit to earlier experiments which measured the
accessibility of restriction sites wrapped onto nucleosomes
via restriction enzyme cutting rates [31].

While the above approach defines q as the net interaction
energy per base pair, the approach here defines separately
an adsorption energy per binding contact (qad, negative) and
a bending energy per wrapped segment (qel, positive). The
DNA wrapping is modeled as 14 distinct binding contacts
which divide the DNA into 13 wrapped segments. The
locations of these contacts and segments are given in terms
of the superhelical location (SHL), which is the number of
turns along the DNA helix away from the central base pair at
the dyad [26]. In this coordinate system, the binding contacts
are located at half-integer locations from −6.5 to +6.5 where
the minor groove of the DNA faces towards the histone
(Fig. 3). The centers of the bent wrapping segments, where
the minor groove faces away from the histones, are located
at integer positions from −7 to +7, although the segments
at ±7 are beyond the last contact point and are not wrapped
onto the histone core [26]. When wrapped the DNA has
10.2 bp per helical turn, resulting in 133 bp from the first to
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FIG. 3. Damage to the nucleosome is modeled as a single nick
at SHL coordinate 5, located midway between binding sites at SHL
coordinates 4.5 and 5.5. The nick results in a single base of single-
stranded DNA which allows enough movement for the remaining
double-stranded DNA to completely relax into straight segments.
Superhelical location coordinates are shown for SHL coordinates 0.5–
6.5. Numbering begins with 0 at the dyad (white line). The negative
SHLs are symmetrically located and not shown.

the last binding point and leaving 7 bp extending beyond
the last binding point. Structural studies indicate that the last
10 bp on each end remain unbent [26]. Since the binding
contacts need not have uniform energies, the 14 binding
contacts are designated as having adsorption energies qad,n.
The subscript n ranges from −6.5 to +6.5 and designates
the position of the contact point in the superhelical reference
frame. Similarly the 13 wrapping segments each have some
elastic energy qel,m. The subscript m indicates the position of
the middle of the bending segment in SHL coordinates and
ranges from −7 to +7. Since the last 7 base pairs in segments
±7 are not wrapped onto the histones, they are not considered
here as contributing to the complexation energy. We are not
interested in dissociation of the DNA from the histone core
particle, therefore the partition function is calculated with a
minimum of one DNA contact with the histone core particle
at a single site with no bending, i.e., tangential contact. Let md

be the location of a single DNA lesion in SHL coordinates.
Figure 3 shows a single strand nick at md = +5. The lesion
changes the flexibility of the DNA for that segment, which
is expressed by changing the corresponding elastic energy
qel,md

. The partition function for nucleosome breathing with
damage at fixed superhelical position md is

Zfix(md )

=
+6.5∑

xL=−6.5

+6.5∑
xR=xL

exp

⎡
⎣−

⎛
⎝

xR∑
n=xL

qad,n +
xR−1/2∑

m=xL+1/2

qel,m

⎞
⎠

⎤
⎦ .

(2)

Inside the exponential of Eq. (2) the first sum will always have
one more term than the second sum since for the case of xL =
xR the second sum has no terms, corresponding to tangential
contact. Equation (2) refers to a static structure with a lesion
fixed at position md relative to the nucleosome dyad. In order
to model all possible positions of the damage, another sum
is introduced which allows md to vary from SHL coordinate
−6 to +6. Changing md moves the lesion relative to the dyad
by sliding the entire DNA strand around the nucleosome, i.e.,
nucleosome repositioning. Note that for each iteration of the
sum over md , the array of values corresponding to qel,m must

be updated to reflect the new position of the lesion:

Zfloat =
+6∑

md=−6

+6.5∑
xL=−6.5

+6.5∑
xR=xL

× exp

⎡
⎣−

⎛
⎝

xR∑
n=xL

qad,n +
xR−1/2∑

m=xL+1/2

qel,m

⎞
⎠

⎤
⎦ . (3)

The probability that the damage is located in segment md is

P (md ) = Zfix(md )/Zfloat. (4)

One possible approach for estimating the energy required to
bend an intact DNA double strand is to use the wormlike-chain
approximation of Ebend = lplkBT /(2R2). The best superheli-
cal fit to the crystal structure provides R = 4.18 nm [26,27]
and estimating the arc of each wrapping segment to be 45◦,
the length of a wrapping segment is l = 3.3 nm. With
this geometry, and using a persistence length lp = 50 nm
for double-stranded DNA, the bending energy of a single
segment is Ebend ∼ 4.7kBT . This value results in a total elastic
energy of Eel ∼ 61kBT for the entire nucleosome. The total
net binding energy of the nucleosome has been estimated at
Enet ∼ −15kBT [57,58]. With Enet = Eel + Ead , the resulting
adsorption energy is Ead ∼ −76kBT .

B. Modeling nicked DNA

An approximation of the energy of a single nick can be gen-
erated by modeling the DNA as two double strands connected
by one base of single-stranded DNA. Single-stranded DNA
is an order of magnitude more flexible than double-stranded
DNA, having a persistence length ∼1.3 nm [59]. The presence
of a nick has been shown to increase the flexibility of DNA [60–
62], thereby decreasing the bending energy. Figure 3 illustrates
the model of the nicked DNA nucleosome. With 10.2 base
pairs between binding sites [26,27], we assume that 9.2 bp are
double stranded and connected by a single-stranded phosphate
backbone one base in length. The nick is located midway
between the two binding sites. The length per base for single-
stranded DNA has been reported to be 7.1–7.8 Å [63]. Even if
the double-stranded regions of the DNA become completely
straight, the distance between the ends of the two double-
stranded segments is only ∼4.8 Å, less than the length of one
stretched single-stranded base. Therefore the additional length
provided by the DNA becoming single stranded at a nick is suf-
ficient to allow the two double-stranded segments to straighten
completely. Essentially this geometry means that the elastic
energy of the entire wrapping segment is reduced to zero.

III. RESULTS AND DISCUSSION

A. Uniform Eel and Ead

The first case considered is that of uniform bending and
binding energies throughout the nucleosome except for the
lesion. Since there is no clear consensus regarding the energies
involved in nucleosome formation, a range of energies is con-
sidered which encompasses the range of values reported. Bend-
ing energies of qel = 5kBT , 7kBT , and 20kBT were consid-
ered. For each bending energy, several binding energies were
considered such that qnet = qel + qad = −0.5kBT , − 1kBT ,
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Lesion Position (SHL coordinates)
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FIG. 4. Probability of a flexible lesion in the DNA being located
at a particular segment on the nucleosome. Solid line: Three different
values for qel were tested while maintaining qel + qad = −0.5kBT .
The solid line indicates qel = 5kBT , the circles qel = 7kBT , and the
crosses qel = 20kBT . As long as qel + qad = −0.5kBT , the exact
value of qad has no significant effect on the distribution. Dashed line:
qel + qad = −1kBT for qel = 5kBT (line), qel = 7kBT (circles), and
qel = 20kBT (crosses). Dotted line: qel + qad = −3kBT for qel =
5kBT (line), qel = 7kBT (circles), and qel = 20kBT (crosses). As
qel + qad decreases, the existence of a lesion has less of an effect on
the position of the DNA on the nucleosome.

and −3kBT . For a single-nick lesion with an assumed energy
of qel,md

= 0kBT , the probability for the lesion being located at
a particular SHL is calculated via Eq. (4) and shown in Fig. 4.
The results indicate that the shape of the population distribu-
tion is dictated by the net binding energy qnet = qel + qad . Pairs
of qel and qad yielding a qnet = −0.5kBT are all coincident
on the graph: qel = 5,qad = −5.5 (solid line), qel = 7,qad =
−7.5 (squares), and qel = 20,qad = −20.5 (crosses). For
qnet = −0.5kBT the lesion favors the positions near the dyad
although the effect is not strong. SHL positions from −3 to +3
are similarly probable. As qnet decreases to −1kBT and −3kBT

(dashed and dotted lines, respectively), preferential positioning
is reduced with the probability of the lesion being located at any
of the nine middle locations being similar. At still lower values
of qnet (not shown) the curve is flat over the whole nucleosome.

This result is understandable: If the net binding is already
strong enough to ensure binding, the additional incentive for
binding provided by the lesion is largely unnoticed. Only the
higher multiplicity of configurations biases the position of the
lesion towards the dyad. However, as the qnet approaches zero,
the preference of a lesion to be located near the dyad increases.
Furthermore, looking at Eqs. (2) and (3), it is expected that
the relative strengths of qel and qad dictate the shape of
the distribution. The value of qnet can be maintained while
including an additional identical energy term in both qel and
qad . These two additional constants can be pulled out of their
respective summation terms in Eqs. (2) and (3) and cancel each
other in all cases except xL = xR , where one of the sums in the
exponential disappears completely. This case is rare enough
not to impact the results significantly.

We further considered the possibility that lesions can make
DNA more rigid, increasing the bending energy required for
wrapping. Figure 5 shows the results for a lesion which adds
2kBT to the bending energy. For this graph, the bending energy
was set at qel = 7kBT , the energy for bending a lesion to
qel,md

= 9kBT , and the adsorption energies to qad = −7.5kBT

(solid line), −8kBT (dashed), and −10kBT (dotted). The
results show that a rigid lesion is preferentially driven to the
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Lesion Position (SHL coordinates)

FIG. 5. Probability of a rigid lesion being located at a particular
segment on the nucleosome. For all plots, the elastic energy of undam-
aged DNA is qel = 7kBT and the elastic energy of the segment with
the lesion is qel,md

= 9kBT . Solid line: qad = −7.5kBT which yields a
qnet = −0.5kBT . Dashed line: qad = −8kBT (qnet = −1kBT ). Dotted
line: qad = −10kBT (qnet = −3kBT ). All values indicate a preference
for the lesion to be positioned towards the edge of the nucleosome,
although as before lower values of qnet corresponding to stronger
binding reduce the strength of the preferential positioning.

edges of the nucleosome. In this case the positioning effect
is strong for qnet > qel − qmd

. If the damage stiffens the DNA
enough to induce unwrapping, the probability of finding the
lesion at the edge segments becomes much higher than that of
finding the lesion at any of the internal positions. Under these
circumstances we can claim that repositioning of the nucleo-
some is more effective for rigid lesions than for flexible ones.

B. Rough binding energy landscape

Recently, estimates of the adsorption energies for each
individual contact point were made [64] instead of assuming
all contacts had the same energy. The relative strength of
binding of different contacts was determined based on the
relative dwell time at each contact position of nucleosomes
unwrapped under a constant force [65]. These relative values
were converted to absolute values by forcing the average
binding energy to conform to the work done during earlier
forced unwrapping experiments [66]. We used a similar
approach to estimated qad,n from previously reported results.
First we calculated an average net binding energy from forced
unwrapping experiments as

q̄net = 1

2
(f0 + f1) + Eel

13
. (5)

In Eq. (5), f0 and f1 are the work done in separating the
DNA from the histone at a single contact point [66]. Two
values for the work done are reported for each contact point,
presumably since removing the first turn of DNA from the
nucleosome increases the work necessary to remove the second
turn because the repulsive interaction between the two DNA
turns is no longer present to assist DNA desorption. Regarding
the elastic energy, values reported for an average Eel have
varied widely and for this work we chose a value of 70kBT to
conform with Ref. [64], upon which Eq. (5) is based. Individual
values of qad,n for the different binding sites were calculated
using an approach based on Ref. [64] but modified by Eq. (5)
and are presented in Table I. Note that the strongest binding
energies are at the dyad.
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TABLE I. Adsorption energy for each contact site.

Binding site SHL coordinate Energy (kBT )

6.5 −5.7
5.5 −7.7
4.5 −9.3
3.5 −5.7
2.5 −6.6
1.5 −10.9
0.5 −12.7

Using the values from Table I for qad,n in Eqs. (2) and (3),
the position of a flexible lesion with qel,md

= 0kBT is shown in
Fig. 6 (solid line). The distribution of lesions on a nucleosome
with a rough binding landscape does not seem noticeably
different from the distribution on the smooth landscape shown
in Fig. 4 unless the possibility is considered that the cell has
other mechanisms for influencing qel and qad . DNA interacts
with other cellular components which can modify the qad or
qel [67–70]. Either type of interaction will affect qnet, perhaps
to the point of favoring DNA-histone separation rather than
binding. In the homogeneous energy case this consideration
was not interesting since, as qnet approached zero, all of the
binding sites would simultaneously cross the threshold to
unbinding. The nucleosome would simply unwrap completely.
However, in the rough landscape picture, increasing qel (or
equivalently decreasing qad ) would favor unbinding at some
sites while still favoring binding at other sites. In Fig. 6, the
solid curve indicates the probability distribution for a lesion in
an otherwise unmodified nucleosome, the dashed line indicates
a lesion in DNA stiffened by increasing qel by 1.5kBT , and
the dotted line indicates DNA with qel increased by 3kBT . In
the case of unmodified DNA, as with Fig. 4, binding is already
favored under normal conditions and the addition of a flexible
lesion only increases the binding. Qualitatively the behavior
is not changed. However as qel increases, the flexible lesion
more strongly favors being located at the dyad. These results
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Lesion Position (SHL coordinates)

FIG. 6. Probability of a flexible lesion being located at a particular
segment on the nucleosome with a rough binding energy landscape.
qel,md

= 0kBT ; qad,n is taken from Table I. Solid line: Lesion position
distribution in an unmodified DNA strand with qel = 5.4kBT wrapped
onto the nucleosome. Dashed line: Lesion position distribution of a
lesion in a DNA stand whose bending energy has been increased
by 1.5kBT to qel = 6.9kBT . The same result is achievable if the net
binding energy is lowered by 1.5kBT through competitive interactions
with nucleosome remodelers. Dotted line: Lesion position on a DNA
strand with qel increased by 3kBT to 8.4kBT .

indicate that by interacting with other cellular components
nucleosomes may be able to toggle their behavior. Above it was
seen that nucleosomes can reposition stiff lesions. Here, flexi-
ble lesions also can be relocated (to the dyad) either by globally
stiffening the DNA in the nucleosome or by weakening the
adsorption energy, for example through chromatin remodelers.

C. Modeling future FRET measurements

These results show qualitatively that DNA lesions can
be preferentially positioned under the right conditions, but
quantitatively the strength of that preference is determined
by structural details and molecular interactions which are not
yet fully understood. One way to increase our understanding
of the nucleosome is to compare the predictions made
here with measured distributions of conformations. Single-
molecule fluorescence resonant energy transfer (sm-FRET)
measurements have been shown to be capable of providing
direct measurements of the structure of partially wrapped
nucleosomes on a molecule-by-molecule basis [32,71–78],
providing the statistics necessary for such a comparison. In
a typical FRET experiment, a donor and an acceptor dye pair
are attached to a single DNA molecule far from one another,
but in positions that bring them close together upon DNA
wrapping (Fig. 2). The brightnesses of the dyes as well as
their fluorescence lifetimes are functions of their proximity. If
the DNA is wrapped at least from the contact point prior to
the donor position xD to the contact point after the acceptor
position xA, then the dyes are in close proximity, FRET will
be high, and the donor will be quenched while the acceptor
will be bright. By summing over all configurations where this
criterion is met, the probability of observing a high FRET
signal is calculated:

PHF = 1

Z

xD∑
xL=−6.5

×
⎧⎨
⎩

+6.5∑
xR=xA

exp

⎡
⎣−

⎛
⎝

xR∑
n=xL

qad,n +
xR−1/2∑

m=xL+1/2

qel,m

⎞
⎠

⎤
⎦

⎫⎬
⎭.

(6)

The partition function Z is taken from Eq. (2).
As the DNA continues to unwrap beyond xD and xA, the

two dyes will move apart and the FRET efficiency will be
reduced. In principle, each configuration will have its own
unique donor-acceptor difference, although in practice the
differences between these reduced FRET states may become
too small to resolve.

We first consider the configurations where one or the other
of the dyes is still fully wrapped onto the nucleosome. Using
the notation that PIFD(i) is the probability that the donor end of
the DNA is unwrapped i segments beyond the last high FRET
position, the probability of intermediate FRET is calculated as

PIFD(i)

= 1

Z

+6.5∑
xR=xA

exp

⎡
⎣−

⎛
⎝

xR∑
n=xD+i

qad,n +
xR−1/2∑

m=xD+i+1/2

qel,m

⎞
⎠

⎤
⎦ .

(7)
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Similarly for the acceptor,

PIFA(j )

= 1

Z

xD∑
xL=−6.5

exp

⎡
⎣−

⎛
⎝

xA−j∑
n=xL

qad,n +
xA−j−1/2∑
m=xL+1/2

qel,m

⎞
⎠
⎤
⎦ . (8)

Finally for cases where both dyes are unwrapped by some
amount i or j ,

PIFD(i)A(j )

= 1

Z
exp

⎡
⎣−

⎛
⎝

xA−j∑
n=xD+i

qad,n +
xA−j−1/2∑

m=xD+i+1/2

qel,m

⎞
⎠

⎤
⎦ . (9)

The outermost sum disappears since specifying i and j

determines a unique partially wrapped state.
We apply Eq. (6) to the previous sm-FRET experiments

of Gansen et al. [71] by setting qel,md
= qel , in other words

by removing the damage and performing the calculations
for healthy DNA. Converting to the superhelical location
coordinate system, the donor and acceptor fluorophores in
that work were positioned at SHL coordinates xD = −4.5 and
xA = +4.5. According to the data presented in Ref. [71], 55%
of the total population is in the high FRET state. Setting Eq. (6)
to this value and using the data from Table I, a value for the
elastic energy of qel,m ≈ 7.1kBT is determined. This value is
high compared to the wormlike-chain estimate of 4.7kBT , and
to the estimate in Ref. [64] of 5.4kBT , but is much less than
the qel ≈ 12kBT calculated in Ref. [79]. If the value 7.1kBT

is used as qel for the case of the homogeneous landscape
described earlier, the 55% high FRET population indicates
a value of qnet = 0.45kBT . This value is lower than 1.1kBT

given in Ref. [57], and much lower than the 6.6kBT value of
Ref. [64].

The discrepancy between these and previous estimates may
be due to histone disassembly as observed in Ref. [71]. At
low concentrations unwrapping may not be reversible, or
its statistics may be influenced by the existence of partially
disassembled histone core particles. Part of the unwrapped
population may become trapped because the histone core
particles are incomplete and cannot fully rewrap. This phe-
nomenon would bias the results towards partially wrapped
configurations, and would result in values for qnet closer to
zero. This phenomenon also prevents a meaningful comparison
of the intermediate FRET data to Eqs. (7)–(9). A complete
understanding of the data requires structural and statistical
knowledge of the different partially complete histone core
particle populations. An alternative would be to conduct
future experiments under conditions which disfavor histone
disassembly.

IV. CONCLUSIONS

This work demonstrates the possibility that DNA damage
can drive nucleosome repositioning, but the strength of the
repositioning depends on the structural details of partially
wrapped nucleosomes. DNA lesions which increase the

stiffness of the DNA are expelled from the nucleosome.
Flexible DNA lesions are only weakly preferentially located
at the nucleosome dyad under normal conditions, but through
interaction with other cellular components which either stiffen
the DNA overall or weaken nucleosome binding, the lesion can
be made to have a strong preference for the dyad. Nucleosome
breathing, the stochastic unwrapping and rewrapping of the
nucleosome, was an essential element to the preferential
positioning of the DNA lesion. Assuming that steric occlusion
hinders protein access to nucleosomal DNA, then positioning
damage lesions either at the dyad or in the linker places them at
locations which are most likely to be visited by DNA binding
proteins engaged in a random search. Since the remainder of
the presumably healthy nucleosome is unlikely to be visited,
the genomic search space is reduced. Therefore damage-driven
repositioning may be a mechanism for reducing damage
detection search times.

This work investigated the effect of a single nick which
was modeled by stronger binding of the DNA to the histone
core particle due to the reduced elastic work necessary to
bend the DNA. In this model the nick led to the complete
relaxation of the elastic energy in one segment of the DNA,
assuming the nick is located midway between two binding
contact points. This geometry yields a change in the binding
energy of ≈4.7kBT if the wormlike-chain model is used for
DNA elasticity. This value should be taken only as a rough
estimate as the model is a simple geometric model and it is
likely that the true structure is more complicated. It is known,
for example, that DNA wrapped onto a nucleosome does not
follow a strictly circular path, the details of DNA bending on
such a short scale are still under debate, and the binding sites
between the DNA and the histone core are not single-point
contacts. However, the circular-bending, single-point-binding
model has been used in other work to good effect, and lacking
more specific structural information about partially wrapped
nucleosomes or damaged DNA on nucleosomes, it is a valid
starting point.

This work assumed that the position of the nick changed in
10.2 bp increments, from segment center to segment center. A
similar modeling can be applied to the exact position of a nick
within a segment providing higher resolution data, but would
likely be relevant only with greater detailed knowledge of the
structural details of the DNA-histone interaction. We have
proposed that single-molecule experiments can illuminate
these interactions by measuring directly the statistical distri-
bution of conformations. Comparison of statistical estimates
calculated from the models here with existing literature values
indicates that although the models must be further refined, this
approach is promising. We have considered only steady-state
statistics here. Future work will look at the dynamics which
determines the time scale for the repositioning and the effect
of damage on the various proposals for how nucleosomes
relocate.
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