
384 Biophysical Journal Volume 107 July 2014 384–392
Article
Routes to DNA Accessibility: Alternative Pathways for Nucleosome
Unwinding
Daniel J. Schlingman,1,2 Andrew H. Mack,1,3 Masha Kamenetska,2,4 Simon G. J. Mochrie,1,3,4

and Lynne Regan1,2,5,*
1Integrated Graduate Program in Physical and Engineering Biology, 2Department of Molecular Biophysics and Biochemistry, 3Department of
Applied Physics, 4Department of Physics, and 5Department of Chemistry, Yale University, New Haven, Connecticut
ABSTRACT The dynamic packaging of DNA into chromatin is a key determinant of eukaryotic gene regulation and epigenetic
inheritance. Nucleosomes are the basic unit of chromatin, and therefore the accessible states of the nucleosome must be the
starting point for mechanistic models regarding these essential processes. Although the existence of different unwound nucle-
osome states has been hypothesized, there have been few studies of these states. The consequences of multiple states are far
reaching. These states will behave differently in all aspects, including their interactions with chromatin remodelers, histone
variant exchange, and kinetic properties. Here, we demonstrate the existence of two distinct states of the unwound nucleosome,
which are accessible at physiological forces and ionic strengths. Using optical tweezers, we measure the rates of unwinding and
rewinding for these two states and show that the rewinding rates from each state are different. In addition, we show that the
probability of unwinding into each state is dependent on the applied force and ionic strength. Our results demonstrate not
only that multiple unwound states exist but that their accessibility can be differentially perturbed, suggesting possible roles
for these states in gene regulation. For example, different histone variants or modifications may facilitate or suppress access
to DNA by promoting unwinding into one state or the other. We anticipate that the two unwound states reported here will be
the basis for future models of eukaryotic transcriptional control.
INTRODUCTION
The dynamic packaging of DNA into nucleosomes and
higher-order chromatin structure is a key mechanism by
which DNA accessibility is regulated. Transcription, recom-
bination, replication, and repair all require DNA to become
accessible to various proteins (1,2). Understanding the
mechanism of nucleosome formation and disassembly is
therefore essential if we are to understand how reversible
DNA packaging can regulate these biological processes.

The structure of a nucleosome is known at atomic resolu-
tion and shows 147 bp of DNA wrapped around a histone
octamer (3). Many researchers have posited that when the
DNA unwinds, it leaves an intact octamer (4). However,
alternate unwound states have also been proposed. Böhm
et al. (5) used Förster resonance energy transfer (FRET)
measurements in vitro to monitor nucleosome disassembly
as a function of ionic strength. They observed evidence of
dissociation between the tetramer/dimer interface 0.2–3%
of the time at physiological ionic strength. Others have pro-
posed a mechanism involving symmetric splitting of the
octamer along the H3-H3 dimer interface. There is evidence
that the cysteine residue at the H3-H3 dimer interface
becomes accessible to thiol-modifying reagents in regions
of active transcription and in hyperacetylated nucleosomes
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(6,7). It has also been proposed that certain histone variants,
such as CENP-A (8,9) and H3.3 (10), have a greater propen-
sity to induce nucleosome unwinding via octamer splitting
than their canonical histone counterparts. In HeLa cells,
for example, it has been reported that H3-H4 tetramer split-
ting is associated with the H3.3 variant (10).

The ability of the nucleosome to unwind into multiple
states has profound implications for our understanding of
nucleosome-mediated regulation of gene expression. In a
system with multiple unwinding pathways, each pathway
will have different unwinding/rewinding rates and be
susceptible to different perturbations, which can be modu-
lated as a means for gene regulation. In addition, each
distinct structure of the unwound nucleosome will interact
differently with cellular components. For example, evidence
shows that the chromatin assembly factor anti-silencing
function 1 (Asf1) binds only to the H3-H4 heterodimer,
blocking the H3-H3 dimer interface (11), indicating that
Asf1 can bind to the nucleosome only if the H3-H3 dimer
interface has been disrupted.

Although a detailed mechanism of nucleosome un-
winding has remained elusive, it is well established that a
number of ATP-dependent molecular motors apply force
on DNA and chromatin (12). RNA polymerase II, for
example, can impart forces of 15–25 pN (13–15). In addi-
tion, many chromatin-remodeling complexes, such as
Swi/Snf and RSC, can apply forces up to 12 pN (16). At a
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more global level, microtubules apply force to chromo-
somes through the nuclear membrane (17).

In an effort to understand the effects of these forces on
nucleosome unwinding, researchers have conducted a
variety of studies to investigate the behavior of nucleosomes
under force (4,18–21). These studies led to a general model
for nucleosome unwinding, shown as the top pathway in
Fig. 1 (4). In this model of unwinding, the nucleosome
begins in state 2 with DNA wrapped almost two full turns
around the histone octamer. As force is applied, the nucleo-
some transitions to state 1, where the outer turn of DNA is
unwound but the inner turn remains wound. As the applied
force is increased still further, the nucleosome inner turn
unwinds, leaving the nucleosome in state 0, in which the
intact histone octamer is tangentially bound to the DNA.
The nucleosome can then rewind when the force is lowered.
A
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FIGURE 1 Model of nucleosome unwinding. (A) Kinetic diagram of

nucleosome unwinding and rewinding. DNA is shown in blue and the

octamer is in red. In state 2, the DNA is wrapped nearly two full times around

the octamer. In state 1, the outer turn is unwrapped but the inner turn is still

wound. From state 1, the nucleosome can unwind into one of two states,

either state 0 (top) or state A (bottom). (B) Model of nucleosome unwinding

into state 0. The nucleosome must first rotate before DNA can be removed.

(C) Rate of nucleosome unwinding as a function of force. The theoretical

unwinding rate versus force based on the mechanism in B is shown as a

dotted line. The measured unwinding data are shown as blue circles. To

see this figure in color, go online.
In this model of nucleosome unwinding, the octamer is
assumed to be a solid cylinder that the DNA cannot pass
through. Therefore, for the nucleosome to unwind, the
nucleosome must first rotate as shown in Fig. 1 B. We and
others have modeled this process and calculated the theo-
retical rate versus force (22,23), shown as the dotted line
in Fig. 1 C.

We previously measured the rate versus force of nucleo-
some unwinding over a range of forces (24), and remeasure
it here to higher accuracy, as shown in Fig. 1 C (blue
circles). These data show a remarkable similarity to the
theoretical predictions for forces below 13 pN (Fig. 1 C,
dotted line), where the unwinding rate increases up
until ~10 pN, at which point the rate plateaus (22,23).
This plateau corresponds to nucleosome rotation becoming
the rate-determining step.

At forces above 13 pN, the unwinding rate increases
again, contrary to the theory of a transition requiring
nucleosome rotation. We hypothesize that this deviation
from theory is the result of the nucleosome unwinding
into an alternate unwound state that does not require nucle-
osome rotation. Fig. 1 shows our proposed alternative
unwinding pathway, where the nucleosome can unwind
into either state 0 or state A. It is important to note that
at this point, we do not propose a specific structure for
state A; however, an unwinding pathway that involves a
rupture of the histone octamer would be consistent with
our observations.

Here, we show the existence of an alternate state of the
unwound nucleosome. The kinetic diagram in Fig. 1 A,
which shows two different unwound states via two parallel
pathways, makes two testable predictions. First, there will
be two distinct rewinding rates depending on whether the
nucleosome is first unwound to state 0 (k0/1) or state A
(kA/1). Second, the unwinding pathways into state 0 and
state A will pass through two different transition states,
each of which may be differentially dependent on physical
perturbations such as ionic strength. Here, we demonstrate
that both of these predictions are realized experimentally
and that the previously accepted nucleosome unwinding
pathway must be changed to that shown in Fig. 1 A.
MATERIALS AND METHODS

DNA preparation

DNA was a gift from Dr. Daniela Rhodes and was created by linearizing

pUC18 plasmid containing an array of 12 601 nucleosome positioning

sequences (NPS), each separated by a linker for a total of 200 bp per repeat,

using AatII and AhdI (New England Biolabs, Ipswich, MA). The DNAwas

labeled with biotin (Roche, Nutley, NJ) on one end and an amine

(Invitrogen, Carlsbad, CA) on the other end via a terminal transferase reac-

tion (Roche). The amine-labeled end was covalently attached to a glass

coverslip via a silane PEG N-hydroxysuccinimide linker (Nanocs, New

York, NY), whereas the biotin end bound to a streptavidin-coated poly-

styrene bead (Spherotech, Lake Forest, IL). Detailed methods are described

in Schlingman et al. (25).
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Histone expression and purification

pET-11 plasmids containing H2A, H2B, H3, or H4 were a gift from

Dr. Karolin Luger. Histones were expressed in BL21-Gold (DE3) E. coli,

extracted from inclusion bodies using 7 M guanidine buffer (GuHCl)

(20 mM Tris, pH 7.6, 10 mM DTT), and dialyzed into 8 M urea buffer

(10 mM Tris, pH 8, 100 mM NaCl, 1 mM EDTA, 5 mM b-mercaptoe-

thanol). Histones were passed over a Q-Sepharose column (Amersham

Biosciences, Piscataway, NJ) and bound to a Hi-Trap SP-Sepharose column

(Amersham Biosciences). Histones were eluted using 8 M urea buffer with

600 mM NaCl. Histones were dialyzed into double-distilled water and

lyophilized. Detailed methods are described in Schlingman et al. (24).
Nucleosome reconstitution

Lyophilized nucleosomes were dissolved in 6 M GuHCl buffer (20 mM

Tris-HCl, pH 7.5, 5 mM DTT), mixed in equimolar ratios, and dialyzed

into 2 M NaCl buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, 5 mM

b-mercaptoethanol) to remove the GuHCl and form octamer. Octamer

was purified from unincorporated dimer and tetramer (Fig. S1 in the

Supporting Material) using a Superdex S200 16/60 gel-filtration column

(Amersham Biosciences). The octamer was mixed in equimolar amounts

with sheared salmon sperm DNA (Invitrogen) as a carrier and was contin-

uously dialyzed into no-salt buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA,

5 mM b-mercaptoethanol) to form nucleosomes. Then 250 nM nucleo-

somes on carrier DNAwere transferred in situ to the tethered DNA contain-

ing 12 repeats of the 601 NPS (12 � 601) at 680 mM NaCl (10 mM Hepes,

pH 7.4, 1 mg/mL casein, 0.1% TWEEN) for 30 min. The buffer was then

replaced with 100 mM NaCl (10 mM Hepes, pH 7.4, 1 mg/mL casein,

0.1% TWEEN). All force-clamp experiments were carried out on 12 �
601 DNA. Detailed methods are described in Mack et al. (24). Nucleosome

formation was verified in a force-versus-extension experiment (Fig. S2)

similar to those described previously (4,18–21).
Optical trapping experiments

We employed optical tweezers to apply a force clamp to the nucleosome

arrays in an axial geometry as described previously (26). All experiments

took place in a flow cell in 10 mM Hepes, pH 7.4, 1 mg/mL casein, 0.1%

TWEEN.All buffers contained 100mMNaCl unless stated otherwise. Nucle-

osome unwinding and rewinding was measured using the molecular yo-yo

algorithm described in Mack et al. (27). In brief, the molecular yo-yo algo-

rithm uses live jump detection to detect a nucleosome unwinding event. An

event is detected when the mean of the last eight points exceeds the mean

of the previous 40 points by a threshold of 15 nm. Once an unwinding event

is detected, the force is immediately lowered to a force at which rewinding is

possible. Using the molecular yo-yo, we only unwind and subsequently

rewind a single nucleosome. An example trace is shown in Fig. S3. The

time for each individual unwinding/rewinding event is calculated as the

time from when the target force is reached to the time when the unwinding/

rewinding event occurs, and then corrected for the number of nucleosomes

bound to the DNA as described in the Supporting Material. The collected

times for the population of unwinding/rewinding events are then assembled

into the cumulative lifetime distribution for the force in question as described

in the SupportingMaterial. The resultant cumulative distribution is composed

of unwinding/rewinding times at a specific force from many different exper-

iments, including data from multiple different tethers and slides. Using these

cumulative distributions of lifetimes, we use a maximum-likelihood method

to calculate the rates as described in the Supporting Material.
RESULTS

Using optical tweezers and employing a powerful new
method, the molecular yo-yo, we have measured over
Biophysical Journal 107(2) 384–392
2000 nucleosome transitions (27). The molecular yo-yo
combines the use of a force clamp and a live jump detec-
tion algorithm that can detect the unwinding transition of
a nucleosome and quickly (in less than 30 ms) lower the
force, allowing the nucleosome to rewind. This method
minimizes the time the nucleosome spends in the un-
wound state, decreasing the probability of the octamer
unbinding from the DNA. Nucleosome unwinding at any
force is completely reversible and nondestructive, allow-
ing us to measure the same nucleosome repeatedly and
thus verify our measurements. As described in detail in
Mack et al. (27), the nucleosome is held at a constant un-
winding force (Fig. S3). When the nucleosome unwinds,
the extension increases by ~25 nm. This unwinding event
is detected and the force is then lowered to the desired
rewinding force. The nucleosome then rewinds, causing
a decrease in extension of ~25 nm. Once the nucleosome
rewinds, the force is increased again. To construct the
unwinding lifetime distribution, the measured unwinding
time of each nucleosome unwinding event is corrected
by the number nucleosomes on the DNA, as described
in the Supporting Material. This method allowed us to
completely characterize the force-dependent unwinding
and rewinding rates of the nucleosome, which in turn
revealed the existence of multiple unwound states of the
nucleosome.
Fitting the unwinding data to our model
of unwinding into two states

Using the molecular yo-yo, we measure more than 1000
nucleosome unwinding events, determining a highly accu-
rate rate of nucleosome unwinding as a function of force
(Fig. 2 A). We use this unwinding rate as a function of force
as the basis for our model of nucleosome unwinding into
two states. Our data fit well to the theoretical unwinding
rate into state 0 (22) for forces less than 13 pN (dotted
line). We fit the data above 13 pN to an alternate unwinding
pathway, forming state A, shown as a dashed line. By taking
the ratio of the unwinding rate into state 0 to the sum of the
two unwinding rates, state 0 and state A, at each force, we
calculate the probability of unwinding into state 0, shown
as the black line in Fig. 2 B.
Modeling the nucleosome unwinding into two
states

We model the nucleosome unwinding into two states as
depicted in Fig. 2 A. Nucleosome unwinding into state
0 has been theoretically predicted to increase approximately
exponentially at low force and then reach an approximate
plateau at higher force (22), as seen in our data below
13 pN. To capture this behavior with a simple analytic
form to facilitate fitting, we represent the nucleosomes
unwinding rate into state 0 with a force-dependent rate of
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FIGURE 2 The rate of nucleosome rewinding depends on the force of

unwinding. (A) Rate-versus-force plot for nucleosome unwinding. The

dotted line corresponds to the predicted rate of the state 1 to state 0 transition

and the dashed line corresponds to the predicted rate of the state 1 to state A

transition as described in the text. The solid line is the sum of these two

rates. (B) The probability of unwinding into state 0 with force calculated

from the predicted rates in A is shown as a black line. The data correspond

to the probability of rewinding from state 0 with force as calculated from

the fits in C. (C) Cumulative fraction unwound for nucleosomes rewinding

at 3.8 pN after being unwound at 10.3 (purple), 11.3 (blue), 12.2 (red), 13.2

(orange), and 14.1 (green) pN. Solid lines are fits of the sum of two

exponential fits with the relative amplitudes determined using maximum-

likelihood methods. To see this figure in color, go online.
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k1/0 ¼ �
1=ðCL expðFxLÞÞ þ 1

�
kplateau

��1
; (1)

where CL, xL, and kplateau are fitting parameters; F is the

applied force; and k1/0 is the unwinding rate from state 1
to state 0.

Above 13 pN, the nucleosome unwinds into an alternate
state, state A. We model the rate of unwinding into state
A as an exponentially increasing rate with force

k1/A ¼ CH expðFxHÞ; (2)

where CH and xH are fitting parameters and k1/A is the tran-

sition rate from state 1 to the alternate state. The measured
unwinding rate at any force is the sum of these two rates.
Kmeasured ¼ k1/0 þ k1/A: (3)

We fit the measured rates in Fig. 2 A using Eq. 3 with CL,
kplateau, and CH varied with salt, whereas global values of
xL and xH are used for all salt concentrations. The values
for the fits shown in Fig. 4 B are given in Table S3.

By using a ratio of these rates at a particular force, as
calculated above, we can determine the DDG of the transi-
tion state, DDGz, using the following:

DDGz ¼ kBT � lnðk100=kxÞ; (4)

where k100 is the rate of unwinding in 100 mM NaCl and kx
is the rate of unwinding at either 50, 150, or 200 mM NaCl.
Measuring nucleosome rewinding

Based on our model of the nucleosome unwinding into two
states, we measure the rewinding rates from state 0 (k0/1)
and state A (kA/1). Based on our fits to the unwinding
data in Fig. 2 A and the resultant calculated probability of
unwinding into state 0 in Fig. 2 B, unwinding the nucleo-
some at 10.3 pN should give nucleosomes unwinding into
predominantly state 0. Additionally, unwinding at 14.1 pN
should give unwinding into predominantly state A. Fig. 3
A shows the measured rewinding distributions for nucleo-
somes held at 3.8 (red), 4.2 (brown), and 4.7 pN (purple)
after first being unwound at 10.3 pN, where we expect
unwinding into state 0. These distributions are compared
with Fig. 3 B, which shows the measured rewinding distribu-
tions for nucleosomes held at 2.8 (teal), 3.3 (blue), and 3.8
pN (red) after first being unwound at 14.1 pN, where we
expect unwinding into state A (see also Fig. S7). The black
lines in Fig. 3, A and B, correspond to single exponential fits
with rates determined by maximum likelihood (24).
Fig. 3 C summarizes these rates of rewinding versus force.
Rewinding from state 0 is shown as orange triangles and
rewinding from state A is shown as purple triangles
(see also Table S2). In both cases, as force increases,
the rewinding rate decreases. However, at all forces
measured, rewinding from state A is about 10 times slower
than rewinding from state 0.

Having measured the rewinding rate for the nucleosome
from state 0 and state A, we wanted to further verify our
model of the nucleosome unwinding into two states as
shown in Fig. 2 A. To do so, we measure nucleosome
rewinding after unwinding at a range of forces. Fig. 2 C
shows the rewinding distributions at 3.8 pN after unwinding
at 10.3 (purple), 11.3 (blue), 12.2 (red), 13.2 (orange), and
14.1 pN (green) (see also Fig. S6 and Table S1). Again,
based on the probability calculated from our model, we
expect rewinding from state 0 after unwinding at 10.3 pN
and rewinding from state A after unwinding at 14.1 pN.
Indeed, these data fit well to a predominantly single expo-
nential, indicating rewinding from a single state. However,
Biophysical Journal 107(2) 384–392
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FIGURE 3 The rate of nucleosome rewinding depends on the force at

which the nucleosome is unwound. (A) Cumulative fraction unwound for

nucleosome rewinding at 3.8 (red), 4.2 (brown), and 4.7 (purple) pN after

being unwound at 10.3 pN. The solid black lines correspond to single-expo-

nential fits determined using maximum-likelihood methods. (B) Cumula-

tive fraction unwound for nucleosome rewinding at 2.8 (teal), 3.3 (blue),

and 3.8 (red) after unwinding at 14.1 pN. Black lines are the same as in

A. (C) Rates of nucleosome rewinding as a function of force for nucleosome

unwound at 10.3 and 14.1 pN are shown as orange and purple triangles,

respectively. Orange and purple lines are single-exponential fits to the

data. To see this figure in color, go online.
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after unwinding at 12.3 and 13.2 pN, the rewinding
distributions are clearly not single exponentials. Instead,
as shown by the red and orange curves in Fig. 2 C, the
measured distributions at these forces are well described
as a sum of two exponentials, indicating rewinding from
two different states. Using c2 analysis, we show that the
fit to a sum of two exponentials is greater than 2 million
times more likely than a single exponential fit (see
Supporting Material and Table S1). We take the measured
fraction rewinding from state 0, calculated from the fits in
Fig. 2 C, and plot it over the calculated probability curve
in Fig. 2 B. The data from these two experiments are in
excellent agreement, verifying our model of nucleosome
unwinding into two states.
Biophysical Journal 107(2) 384–392
Our model of unwinding into two states is the
simplest model consistent with our data

Based on our data in Figs. 2 and 3, the simplest model in
agreement with all of our data has the nucleosome unwind-
ing into two different states, as described in Fig. 1. Here, we
consider several other kinetic models and outline why they
are inconsistent with our data.

In one possibility, the nucleosome unwinds via two paral-
lel pathways into the same unwound state. If both pathways
result in the same unwound state, then the rewinding rate
would be independent of unwinding force, contrary to our
results. Similarly, if the nucleosome unwinds into state
0 through a state A intermediate (14A40), we would
again expect the rewinding rate to be independent of the
unwinding force in our experiments, which is not the case.
In addition, we would not expect the increase in unwinding
rate at high force because the plateau region would continue
to be the rate-limiting step.

Another possibility is that the nucleosome unwinds into
state 0 and then transitions into state A with no apparent
change in length (1404A) (Fig. S5). In our experiments,
we can rewind in less than 30 ms; therefore, the rate of tran-
sitioning from state 0 to state Awould have to be very fast. If
this model were true, we would expect the fraction of state
0 and state A nucleosomes to be dependent on the amount of
time spent in the unwound state, i.e., holding the nucleo-
some in state 0 for twice the time would result in twice
the population in state A. We measure nucleosome unwind-
ing with various delays after the unwinding event and
observe that the rewinding rate is independent of the delay
time (data not shown). In addition, there is no discernible
length change between the putative state 0 and state A,
and therefore it is unreasonable to expect the unwinding
rate to have the strong force dependence we observe.
Nucleosome unwinding as a function of ionic
strength

For a nucleosome unwinding via two pathways, there are
two different transition states that will be differentially
affected by outside perturbations, such as ionic strength.
We investigate the effect of ionic strength on nucleosome
unwinding by measuring the rate of unwinding versus force
over a range of salt concentrations. All measurements
reported so far were taken at 100 mM NaCl.

Fig. 4 A compares the distributions of nucleosome
unwinding at 12.2 pN in 50 (cyan), 100 (blue), 150 (green)
and 200 (red) mM NaCl (see also Fig. S8 and Table S3). At
this force, the unwinding rate changes little from 50 to
100 mM NaCl, but above 100 mM NaCl, the rate increases
dramatically as NaCl concentration increases. Fig. 4 B
summarizes the rates of unwinding versus force at 50
(cyan circles), 100 (blue circles), 150 (green circles), and
200 mM (red circles) NaCl. The rate-versus-force data for
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FIGURE 4 Nucleosome unwinding as a function of ionic strength. (A)

Cumulative fraction unwound for nucleosome unwinding at 12.2 pN at

50 mM (cyan), 100 mM (blue), 150 mM (green), and 200 mM (red)

NaCl. Solid lines are exponential fits with rates determined using

maximum-likelihood methods. (B) Rates of nucleosome unwinding as a

function of force at 50 (cyan), 100 (blue), 150 (green), and 200 (red) mM

NaCl are shown as circles. The dotted lines correspond to our model of

nucleosomes unwinding into state 0, and the dashed lines correspond to

nucleosomes unwinding into state A. Solid lines are the sums of these

two rates. (C) The change in transition state free energy for nucleosome

unwinding as a function of salt concentration normalized to 100 mM

NaCl, based on fits to the unwinding rate versus force data. The state 0 tran-

sition is shown as green circles, and state A is shown as black squares. To

see this figure in color, go online.
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each salt concentration are fit to our model of nucleosome
unwinding into two states, with state 0 shown as dotted lines
and state A shown as dashed lines (Table S4). It is clear that
the behavior we model as unwinding into state 0 is insensi-
tive to the concentration of NaCl within the range of concen-
trations investigated. In contrast, the behavior we model as
unwinding into state A depends strongly on the concentra-
tion of NaCl.

To quantify the sensitivity of each state to ionic strength,
we calculate the change in rate at a given force as a function
of salt concentration normalized to 100 mM NaCl. We use
this change in rate to calculate the change in transition-state
free energy (DDGz), shown in Fig. 4 C. It is evident that the
transition state for unwinding into state A (black squares) is
highly dependent on ionic strength, whereas the transition
state for unwinding into state 0 (green circles) is essentially
unaffected. From this plot, we see that the state A transition-
state free energy changes by ~2 kBT (1.2 kcal/mol) per
50 mM change in NaCl concentration.
DISCUSSION

In this article, we demonstrate the existence of two unwound
states of the nucleosome, which we call state 0 and state A.
Unwinding into state 0 occurs at lower forces, shows a fast
rewinding rate, and has minimal dependence on ionic
strength between 50 and 200 mM NaCl.

We hypothesize that this independence of ionic strength
arises from the fact that the rate-limiting step of nucleosome
unwinding into state 0 is primarily the bending of DNA, as
shown by Kuli�c and Schiessel (22), which is independent of
ionic strength within the concentration range used (28,29).
In contrast, state A occurs at higher forces, shows a much
slower rewinding rate, and is highly sensitive to ionic
strength, indicating that the bending of DNA is no longer
the transition state, but rather is most likely a rupture of
the histone octamer.

Understanding the nucleosome and its mechanisms of
unwinding, which allows access to DNA, is essential. Alter-
nate states of the nucleosome, such as the one demonstrated
here, could play an important role in DNA packaging and
regulation of the processes that require DNA access. The
vastly different rates of unwinding and rewinding between
these two states could be a mechanism for gene regulation.
In addition, different unwound structures would change the
mechanism of DNA access for cellular components and
could play a role in processes such as histone variant
exchange (Fig. 5).
Effects of ionic strength and a reevaluation of
previous nucleosome measurements

The nucleosome contains positively charged amino acids
that work to bind to the negatively charged backbone of
DNA. The free energy of the nucleosome is therefore
highly dependent on ionic strength (30). Our results reveal
that in addition to affecting the free energy, the ionic
strength can change the physical structure of the unwound
nucleosome. It is imperative to take this effect into ac-
count when evaluating data under varying salt conditions.
For example, in a previous study by Bintu et al. (31),
nucleosomes were unwound at 40 mM KCl and
300 mM KCl. Based on our results, we think it is possible
that the authors were measuring the kinetics of the two
different states.
Biophysical Journal 107(2) 384–392
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FIGURE 5 Cartoon of possible nucleosome states and their implications

in vivo. DNA is black, the nucleosome octamer is shown as an H3-H4

tetramer in magenta, and the H2A-H2B dimer is in yellow. (A) Nucleosome

interactions with various proteins. The circular gray protein can only bind

state A and the trapezoidal purple protein can only bind state 0. (B) Nucle-

osome structure and histone variant exchange. An open confirmation of

state A provides a mechanism for histone variant exchange, as indicated

by exchange with the green H3-H4 dimer. State 0 is inaccessible inhibiting

variant exchange. To see this figure in color, go online.
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Structures of the unwound nucleosome

The structures of state 0 and state A are not known conclu-
sively. However, based on our data and other theoretical
predictions (22), we speculate as to the structures for both
state 0 and state A. The structure of state 0 is most likely
an intact octamer tangentially bound to the DNA. As shown
in Fig. 1 B, the unwinding pathway into this structure
requires a rotation of the nucleosome, which creates a
plateau region in the unwinding rate (Fig. 1 C). This is
further substantiated by the lack of salt dependence of the
state 0 transition as discussed above.

We hypothesize that state A is most likely a symmetri-
cally split octamer. The pathway into state A does not
require the nucleosome to rotate, as signified by the rate
increase above 13 pN, suggesting a rupture in the histone oc-
tamer. Specifically, the octamer is most likely splitting at the
H3-H3 interface. We measure the unwinding of the nucleo-
some inner turn, which consists almost entirely of (H3-H4)2
tetramer contacts (3,32), and therefore it is unlikely that the
H2A-H2B dimers play a large role in state A formation (5).

This hypothesis of a symmetrically split octamer is
further supported by data from other groups (6–11,33–36).
There is evidence of a symmetrically split octamer for
nucleosomes in regions of active transcription (6,33). There
is also evidence of a symmetrically split octamer in nucleo-
somes containing the H3 variant Cenp-A (8–10) and in
nucleosomes with certain modifications (36).
Implications of alternate states

Nucleosomes interact with a variety of proteins in vivo, and
both state 0 and state A will interact with these proteins
differently (Fig. 5 A). For example, a split octamer explains
Biophysical Journal 107(2) 384–392
the binding mechanism of the histone assembly proteins
Asf1 and DAXX. Both of these proteins bind H3-H4 heter-
odimers (11,35), which are inaccessible from the state
0 structure. In addition, the existence of multiple states,
such as the structure shown in Böhm et al. (5) and the split
structure hypothesized here, provides a mechanism for
histone variant exchange (Fig. 5 B) (37). With the increasing
evidence for the existence of multiple unwound states, it
becomes necessary to take these states into account when
attempting to understand nucleosome regulation in vivo.
Possible mechanism for gene regulation

Our results show a large difference in unwinding/rewinding
rates between state 0 and state A. We hypothesize that the
formation of state A could act as a mechanism for gene
regulation in vivo. Polymerase and chromatin remodelers
such as SWI/SNF and RSC apply forces on DNA, and these
forces are within the range measured in this study (13,14).
Interestingly, these forces are near the force where the
unwinding into state 0 changes to unwinding into state A,
at ~12 pN. Here, we show that at 12 pN, increasing the ionic
strength from 100 mM NaCl to 150 mM NaCl shifts
unwinding into state A, increasing the rate of nucleosome
unwinding at 12 pN almost 10-fold. If histone modifications
or variants in the cell could similarly change the force at
which state 0 unwinding shifts to state A unwinding, these
modifications could then act as a regulatory switch for
DNA accessibility. For example, when a gene is not being
transcribed, the forces on DNA are smaller and the nucleo-
some is stable. However, during transcription, polymerase is
applying forces similar to those applied to unwind the nucle-
osome in these experiments. If the gene is active and con-
tains nucleosomes with switch modifications that promote
state A, the polymerase will quickly unwind nucleosomes,
allowing transcription to proceed rapidly. However, if the
gene is inactive and contains unmodified nucleosomes or
nucleosomes modified to inhibit state A, nucleosome
unwinding will be much slower and rewinding much faster,
thereby decreasing the rate of transcription.

Evidence for a histone variant perturbing this equilibrium
and acting as a switch can be seen in our previous study
regarding the sin mutant H4-R45 (24). Studies have shown
that nucleosomes at the HO promoter are removed using the
SWI/SNF remodeling complex. If SWI/SNF is deleted,
transcription is greatly diminished (38). However, the H4-
R45H sin mutant was shown to allow transcription even
when SWI/SNF was deleted (39,40). The rate-versus-force
measurements of nucleosomes containing H4-R45H shown
in Fig. 6 were fit with our model of unwinding into two
states. These rates show remarkable similarities to wild-
type nucleosome unwinding at increased ionic strengths.
These measurements on H4-R45H and the existence of the
alternate state shown here provide a possible mechanism
for histone modifications and variants in gene regulation.



FIGURE 6 Nucleosome unwinding as a function of force for wild-type

nucleosomes at 100 mM NaCl (blue) and 150 mM NaCl (green) compared

with nucleosomes containing H4-R45H at 100 mM NaCl (orange). The

dotted lines correspond to our model of nucleosomes unwinding into state

0 and the dashed lines correspond to nucleosomes unwinding into state

A. Solid lines are the sums of these two rates. To see this figure in color,

go online.
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Figure S1: Formation of histone octamer. Octamer formed by dialysis from 6M gaunidine to 2M NaCl is 

separated from unincorporated dimer and tetramer on a size exclusion column.  Octamer fractions were 

collected and run using SDS-PAGE. 

  



 

 
 

 

 

 

 

 

 

 

 

 

 

Figure S2: Example force versus extension trace of a nucleosome loaded onto a single repeat of the 601 

nucleosome positioning sequence. Blue is pulling while red is relaxing. Around 2 pN, there is a step 

corresponding to the transition from state 2 to state 1. At ~13 pN, there is a transition from state 1 to a 

completely unwound form. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure S3: Example trace showing nucleosome unwinding and rewinding using the molecular yo-yo 

method. (A) Nucleosome unwinding at 12.2 pN is shown in blue. Nucleosome rewinding at 3.8 is shown 

in red. To unwind a nucleosome, the force is first increased to the desired value (this increase in force 

causes a corresponding increase in extension of ~75 nm because of the additional stretching of the DNA 

handles). The nucleosome is then held at a constant force. When the nucleosome unwinds, the extension 

increases by ~25 nm as seen at the end of each blue trace. The force is then lowered causing a decrease in 

extension of ~75 nm as a result of the reduced tension in the DNA handles. When the nucleosome 

rewinds, there is a further decrease in extension of ~25 nm. (B) Histogram of the extensions, shown in A, 

for unwinding (blue) and rewinding (red). The high force and low force histograms are fit with two 

Gaussians. The lower extension peak corresponds to the extension of the wound nucleosome and the 

higher extension peak corresponds to the extension of the unwound nucleosome. The extension difference 

in peak height corresponds to the step size of the nucleosome unwinding/rewinding event. 

  



 

 

 

 

 

 

 
 

 

Figure S4: Individual example unwinding/rewinding traces. (A) Eight extension versus time traces of 

individual unwinding events at a force of 12.2 pN. The lower dotted line represents the wound state and 

corresponds to the mean of 40 points measured before the jump. The upper dotted line represents the 

extension of the unwound state. The dashed line is 12 nm from the lower dotted line, and represents the 

threshold extension for jump detection in each trace. The time measured for each unwinding event is 

added to a cumulative distribution shown as a solid blue line in the bottom panel. (B) Same as A for 

rewinding at 3.8 pN. 

  



 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure S5: Step-size of nucleosome rewinding at 3.8 pN after being unwound at different forces. 

 

 

 

  



Probability Distributions: 
The cumulative lifetime distributions presented and discussed in the main text are simply and 

directly related to our measurements. However, a quantitative statistical comparison between 

these measurements and model lifetime distributions is facilitated by focusing on the distribution 

of lifetimes, i.e. the number of lifetime measurements within time bins. Therefore, we created a 

histogram of the measured unwinding and rewinding times with logarithmically-spaced bins. A 

key advantage of employing these distributions for statistical analysis is that the numbers of 

counts in different bins are uncorrelated with each other, allowing for straightforward application 

of the 
2
 
 
goodness-of-fit test.  

 

Histograms corresponding to the cumulative rewinding lifetime distributions shown in the main 

text in Fig. 2c, 3a-b, and Fig. 4a, are shown in Fig. S6, Fig. S7, and Fig. S8. The error bars in 

these figures correspond to one-standard deviation errors, determined from counting statistics.   

 

Figure S6 shows the histograms of rewinding times at 3.8 pN after unwinding at (a) 10.3 , (b) 

11.3, (c) 12.2, (d) 13.2, and (e) 14.1 pN, corresponding to the cumulative lifetime distributions 

shown in Fig. 2(c). For each histogram, a single exponential lifetime distribution with the 

maximum likelihood rate is shown as the gray, dashed curve, while a two-exponential model, 

corresponding to two unwound states, is shown as a solid, colored curve. The two rates in the 

two-exponential model were set equal to the maximum likelihood rates from the single 

exponential model at 10.3 and 14.1 pN. The relative amplitude of the two exponentials was 

determined by maximum likelihood. Thus, both models each have one free parameter. For forces 

of 10.3 (a), 11.3 (b), and 14.1 pN (e), the single exponential model and the two-exponential 

model are nearly coincident, showing that, at each of these conditions, the distribution of 

rewinding times approaches a single exponential. However, for rewinding at 3.8 pN after 

unwinding at 12.2 and 13.1 pN, the single exponential model and the two-exponential model 

differ significantly with the two-exponential model providing a noticeably superior description 

of the experimental distribution of rewinding times.  

 

Fig. S7 shows the histogram of rewinding times at three forces for nucleosomes unwound at 14.1 

(a-c) or 10.3 (d-f) pN, corresponding to the data in Fig. 3a-b. Overlaid on each plot is a single 

exponential lifetime distribution with a rate determined by maximum likelihood. As can be seen, 

for the majority of bins, the measured number of counts lies within one standard deviation of the 

number of counts predicted on the basis of the single-exponential model. 

 

 

Figure S8 shows a similar analysis for the unwinding lifetime distribution at 12.3 pN for salt 

concentrations of 50, 100, 150, and 200 mM, corresponding to the data shown in Fig. 4c. Single 

exponentials with maximum likelihood rates show good agreement with the measured 

distributions, similar to Fig. S7.  

 

To quantify the goodness of fit in each case, we evaluated the reduced 
2
 values (henceforth 

referred to simply as the 
2
 values) for each rewinding lifetime histogram and each model tested, 

where 

    
 

   
 

       
 

  
 
   ,       Eq. S1 
 



where c is the measured number of counts in the i’th bin, m is the predicted number of counts for 

the i’th bin and    is the predicted variance for the i’th bin. The sum is taken over the n bins with 

nonzero counts. Each 
2
 value and the probability of realizing that value or a larger value of 

2
 

are presented in Table S1 or Table S2.  

Table S1 gives the 
2 

values and probabilities for the rewinding distributions measured at 3.8 pN 

after unwinding at 10.3, 11.3, 12.2, 13.2, and 14.1 pN, and fitted to both the single exponential 

model and the two-exponential model. Table S2 gives the 
2
 
 
values and corresponding 

probabilities for rewinding distributions measured at 1.9, 2.4, 2.8, 3.3, 3.8, and 4.7 pN after 

unwinding at 10.3 pN and measured at 3.8, 4.2, 4.7, 5.2, and 5.6 pN after unwinding at 14.1 pN, 

fitted to the single exponential model.  

 

 

If we define a probability of 5% or less to be an unacceptable fit, then there are two unacceptable 

fits. Specifically, the single exponential description of the rewinding lifetime distributions 

measured after unwinding at 12.2 and at 13.2 pN provide an unacceptable fit. By contrast, the 

two-exponential model does provide an acceptable fit to these data.  

 

Lastly, Table S3 summarizes the 
2
 
 
values for a similar analysis of the measured unwinding 

lifetime distributions, fitted to a single-exponential model, corresponding to the unwinding rates 

summarized in Fig. 4c. The single exponential model provides an acceptable fit to the unwinding 

lifetime distributions in every case. 

 

In summary, this analysis clearly demonstrates that all of our measurements of unwinding 

lifetime distributions and all but two of our measurements of rewinding lifetime distributions are 

in agreement with a single exponential model. Importantly, however, our analysis also shows 

that out measurements of the rewinding lifetime distributions after unwinding at 12.2 and 13.1 

pN are not in agreement with a single exponential model, but instead are in agreement with a 

two-exponential model corresponding to the existence of two unwound states. 

 

  



 

 
 

 

 

 

 

 

 

 

 

 

Supplementary Figure 6. Comparison of single exponential model and two unwound state model to 

rewinding data. Histogram of rewinding times at 3.8 pN after unwinding at a, 10.3 (purple), b, 11.3 

(blue), c, 12.2 (red), d, 13.2 (orange), and e, 14.1 pN  (green). In all panels, gray dashed lines are a single 

exponential with the maximum likelihood rate. Solid, colored lines show the fit of a two unwound state 

model, equation S4, described in text.  Errors bars correspond to one standard deviation, predicted on the 

basis of the experimental distribution’s counting statistics. 

  



 

 

 

 

 

 

 

 

 

 

 

 
Supplementary Figure 7. Histograms of rewinding times follow an exponential distribution. Histogram 

of nucleosome rewinding plotted at a, 2.8 (teal), b, 3.3 (blue), and c, 3.8 (red) pN after unwinding at 14.1 

pN. and d, 3.8 (red), e, 4.2 (brown), and f, 4.7 (purple) pN after unwinding at 10.3 pN. Solid lines are a 

single exponential with the maximum likelihood rate. Errors represent one standard deviation predicted 

from experimental distribution’s counting statistics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 
Supplementary Figure 8. Histogram of unwinding times at 12.2 pN for a, 50, b, 100, c, 150 and d, 200 

mM NaCl. Solid lines are a single exponential with the maximum likelihood rate. Errors represent one 

standard deviation predicted from experimental distribution’s counting statistics. 

  



Supplementary Table 1. Goodness of fit, 
2
, values for rewinding time distributions at 3.8 pN 

shown in Fig. S2 and in Fig. 2c. Failing values corresponding to a probability less than 5% are 

shown in bold red. We note that for both forces at which significant state mixing is predicted, a 

two unwound state model gives a passing 
2
  whereas a single exponential fails to satisfactorily 

fit the data.  

 

 
2
 Probability 

2
 Probability 

Unwinding Force Goodness-of-fit (
2
)  

for the single  

exponential model 

Goodness-of-fit (
2
)  

for the two exponential 

 model (Eq. S4) 

10.3 pN 0.3  97% 0.4   92% 

11.3 pN 1.2  29% 1.3  24% 

12.2 pN 4.9  0.0005% 1.6  12% 

13.2 pN 2.3  0.8% 0.3 99% 

14.1 pN 0.8  61% 0.7  71% 

 

  



Supplementary Table 2. Goodness of fit, 
2
, test to single exponential for rewinding 

distributions measured at 10.3 and 14.1 pN.  

 

 Goodness-of-fit (
2
) 

for rewinding after 

unwinding at 10.3 pN 

Goodness-of-fit (
2
)  

for rewinding after 

unwinding at 14.1 pN 

Force 
2
 Probability 

2
 Probability 

1.9 pN 1.8 14%  

2.4 pN 0.9 51%  

2.8 pN 0.9 51%  

3.3 pN 0.8 60%  

3.8 pN 1.5 17% 1.3 26% 

4.2 pN  0.9 51% 

4.7 pN 1.0 39% 0.1 99% 

5.2 pN  1.3 25% 

5.6 pN  0.9 41% 

 

 

  



Supplementary Table 3. Goodness of fit 
2
 test to single exponential for unwinding 

distributions measured at different salt concentration and forces.  

 Goodness-of-fit 

(
2
)  for the  

unwinding 

lifetime 

distribution at  

50 mM NaCl 

Goodness-of-fit  

(
2
) for the  

unwinding lifetime 

distribution at  

100 mM NaCl 

Goodness-of-fit 

(
2
) for the 

unwinding lifetime 

distribution at  

150 mM NaCl 

Goodness-of-fit (
2
) 

for the unwinding 

lifetime distribution 

at 200 mM NaCl 

Force 
2
 Prob. 

2
 Prob. 

2
 Prob. 

2
 Prob. 

7.5 pN 1.3 27%   0.8 45% 

8.5 pN 2.3 6% 1.7 14% 0.8 44% 0.2 90% 

9.4 pN 1.9 8% 0.6 66% 1.1 33% 1.7 18% 

10.3 pN 0.7 67% 0.8 59% 1.4 22% 0.4 75% 

11.3 pN 1.4 22% 1.4 21% 0.3 91% 1.6 18% 

12.2 pN 1.3 25% 1.8 7% 0.2 94% 0.1 96% 

13.2 pN 0.1 100% 0.6 76% 0.5 61%  

14.1 pN 0.1 100% 0.7 67%   

14.6 pN 0.1 100%    

15.0 pN 1.2 31% 1.4 22%   

 

 

  



Supplementary Table 4. Fit parameters used in Fig. 3 following Eq. S1-3. Errors are one 

standard deviation. Fits were determined using Matlab commands nlinfit with weighting and 

nlparci. 

[NaCl] (mM) CL  (s
-1

) CH (s
-1

) kplateau  (s
-1

) xH  (pN
-1

) xL  (pN
-1

) 

50 (2±2)×10-7 (2±3)×10-13 0.4±0.4 1.9±0.2 1.5±0.2 

100 (2±2)×10-7 (2±3)×10-12 0.5±0.5 1.9±0.2 1.5±0.2 

150 (2±3)×10-7 (3±4)×10-11 0.3±0.3 1.9±0.2 1.5±0.2 

200 (2±2)×10-7 (5±5)×10-10 0.5±0.6 1.9±0.2 1.5±0.2 

 

 

  



Two unwound state model of nucleosome unwinding 
A prediction of the two unwound state unwinding model, which directly follows from the 

above description of unwinding rates k1→A and k1→0, is that unwinding into either state A or state 

0 are both possible for a range of unwinding forces. The probability of undergoing an unwinding 

transition from state 1 into state 0 is P0=k1→0 / (k1→0 +  k1→A). Likewise, the state 1 to state A 

transition probability is therefore 1-P0. Using the fits shown in Fig. 3 for k1→0 and  k1→A, the 

prediction for the probability to unwind into state 0 is shown in Fig. 2b. The predicted values of 

P0 show that the nucleosome can unwind into either state 0 or state A with high probability 

(greater than 20%) for forces of 12.2 and 13.1 pN. After unwinding at 12.2 or 13.1 pN, the 

nucleosome will be in either state 0 or state A, and, upon lowering the force, the rewinding rate 

will be either k0→1 or kA→1, respectively. This ability of the nucleosome to unwind into two 

different states, which then rewind with two different rates, will result in the measurement of a 

non-exponential distribution of rewinding times. We model the probability distribution of 

rewinding times at 3.8 pN, PR, as the sum of two exponential distributions with rates  k0→1 and 

kA→1, weighted by the probability to be in the respective state, namely, 

  

PR(t) = P0 [exp(-k0→1t)] + (1-P0)[exp(-kA→1t)].   Eq. S2. 

 

We determine k0→1 from rewinding times at 3.8 pN after unwinding at 10.3 pN, where 

state 0 unwinding is dominant (P0 = 99.6%, using prediction shown in Fig. 2). Similarly, we 

determine kA→1 from rewinding times measured after unwinding at 14.1 pN, where state A 

unwinding is predicted to dominate (1-P0 = 93.0%). The probability of measuring a particular set 

of rewinding times, tn, for a value of P0 is given by PP 

 

               
 
               

 
   

    

    
 .   Eq. S3 

 

For the rewinding distributions at 3.8 pN after unwinding at a range of forces we determine the 

value of P0 maximizing the probability PP for the measured rewinding times, tn, using the values 

of kA→1  and k0→1 determined previously. The cumulative distribution fits shown in Fig. 2c use 

this maximum likelihood value of P0 and constant kA→1  and k0→1, and show good agreement 

with the measured distribution of times. Additionally, the determined values of P0, shown in Fig. 

2b, show good agreement with predictions from fits to the unwinding rates. The error bars shown 

in Fig. 2b correspond to one standard deviation calculated from the probability distribution of PP 

for the set of measured times tn at each force. 

 

 

Maximum likelihood unwinding rate for different numbers of nucleosomes 
The number of nucleosomes on the DNA at any given time affects the observed rate of 

unwinding. To correctly account for the number of nucleosomes in the determination of the 

single-nucleosome unwinding rate, we measure the number of nucleosomes on the DNA and use 

this number to calculate the single-nucleosome rate accordingly. Consider the probability   that 

one nucleosome unwinds in time    after a waiting time   from an array of   nucleosomes. 

 



                 Eq. S4 

 

For a total of   nucleosome unwinding events, when event i occurs at time    from an array of  

   nucleosomes, the maximum likelihood value of the single nucleosome unwinding rate is 

found by setting to zero the derivative of                     with respect to  : 

 
           

  
 

 

 
         

        Eq. S5 

 

Solving Eq. S5, we find that the maximum likelihood single-nucleosome unwinding rate is  

 

  
 

              
 .     Eq. S6 
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