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Hidden Markov Analysis of Nucleosome Unwrapping Under Force

M. Kruithof and J. van Noort*
Physics of Life Sciences, Leiden University, Leiden, The Netherlands

ABSTRACT Transient conformational changes of DNA-protein complexes play an important role in the DNA metabolism but are
generally difficult to resolve. Single molecule force spectroscopy has the unique capability to follow such reactions but Brownian
fluctuations in the end-to-end distance of a DNA tether can obscure these events. Here we measured the force-induced unwrap-
ping of DNA from a single nucleosome and show that hidden Markov analysis, adopted for the nonlinear force-extension of DNA,
can readily resolve unwrapping events that are significantly smaller than the Brownian fluctuations. The resulting probability distri-
butions of the tether length are used to accurately resolve small changes in contour length and persistence length. The latter is
shown to be directly related to the DNA bending angle of the complex. The wormlike chain-adapted hidden Markov analysis
can be used for any transient DNA-protein complex and provides a robust method for the investigation of these transient events.
INTRODUCTION

Protein-DNA complexes are transient by nature and to under-

stand the reaction mechanisms that control DNA metabolism

it is important to relate the kinetics of complex formation to

the conformational changes that are associated with DNA

binding. In many cases, the binding of a protein induces

a bend in the trajectory of the DNA, as can be observed by

various techniques such as gel electrophoresis, atomic force

microscopy, electron microscopy, nuclear magnetic reso-

nance, and x-ray crystallography. However, all these tech-

niques require stable complexes or depend on fixation, and

cannot be used to resolve the structure nor the dynamics of

short-lived complexes. Single molecule techniques are well

equipped for this task, but the Brownian fluctuations associ-

ated with these experiments and which are intrinsic to the

flexibility of the complexes sometimes dominate over

structural changes. Here we use the well-known mechanical

properties of DNA to resolve dynamic binding events that

change the contour length and the trajectory of the

DNA-protein complex to obtain both the kinetics of protein

binding and the bending angle of such transient complexes.

In eukaryotes, nucleosomes are by far the most abundant

DNA-protein complexes and many processes involving

DNA are regulated by their presence. The nucleosome repre-

sents the fundamental organizational unit of chromatin. Its

structure is known with atomic detail: 147 basepairs of DNA

are wrapped in 1.65 turns around a histone octamer (1). The

nucleosome core particle is, however, not a static structure.

Spontaneous nucleosome conformational changes have been

reported where a stretch of DNA transiently unwraps from

the histone surface (2), which allows enzymes access to the

DNA that is usually occluded in the nucleosome. Various tech-

niques have been used to study these dynamics, including

fluorescence resonant energy transfer (FRET) (2,3) and force
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spectroscopy (4,5). The latter was successfully applied to

quantify force-induced structural changes of the nucleosome

and to determine the corresponding rates of DNA unwrapping

from the histone octamer as a function of the force (4).

During force-spectroscopy experiments, the extension of

a DNA molecule containing a single nucleosome (Fig. 1 a)

is measured. In absence of force, the lifetime of the unwrap-

ped conformation is much shorter than the lifetime of the

wrapped conformation (4) and transient unwrapping events

may be too fast, compared to the bandwidth of the tweezers,

to be observed. By applying a constant force, the equilibrium

shifts and the lifetime of the unwrapped conformation

increases while the lifetime of the wrapped conformation

decreases (6). Force-induced DNA unwrapping can be sepa-

rated in two steps. At an external force of ~3 pN, the first

0.65 turns of DNA unwrap from the histone core (Fig. 1,

a and b) (4). At this force, the lifetimes of the wrapped and

the unwrapped conformations are similar, allowing direct

quantification of these lifetimes (4). The lifetimes at zero force

can be extrapolated from the force-versus-lifetime character-

istic (6). At a stretching force of 6 pN, the final turn of DNA

unwraps (Fig. 1, b and c) (4,5). Thus, during force-induced

unwrapping, two transitions between the three distinct confor-

mations (i.e., fully wrapped; 0.65 turns unwrapped; and fully

unwrapped) can be identified.

The existence of these distinct conformations allows us to

describe the wrapping and unwrapping of DNA from the

nucleosome as a Markov process by separating the reaction

path into three conformations with accompanying transition

rates between them. A schematic representation for nucleo-

some unwrapping, as a Markov process, is depicted in

Fig. 1. During each transition DNA wraps or unwraps, leading

to steplike increases or decreases in tether length, as observed

in the extension of the molecule (Fig. 1, d and e). In such force-

spectroscopy experiments, the challenge is to resolve small

changes in end-to-end distance, in this case of ~25 nm, under

conditions where thermal fluctuations of the extension of the

DNA tether may exceed these changes. Quantification of the
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FIGURE 1 Schematic representation of a magnetic

tweezers experiment on a DNA-nucleosome complex.

(a) A DNA molecule containing a single nucleosome

is attached between a magnetic bead and a glass cover-

slip. The force is controlled by changing the distance

between the bead and two external magnets above

the sample. DNA unwrapping from the nucleosome

under force occurs in two distinct steps (a to b, then

b to c). Two typical examples of experimental DNA

unwrapping traces at 2 pN (d) and at 6 pN (e), where

unwrapping is accompanied by an increase in end-to-

end distance of the DNA-nucleosome complex.
changes in the contour length of the DNA molecule therefore

requires a Hidden Markov (HM) model, which explicitly

takes stochastic fluctuations of the observable into account

(7,8). HM analysis of noisy traces has successfully been

applied to various experimental data such as FRET trajecto-

ries (9) and DNA looping kinetics (10), assuming the noise

to be normally distributed. It is, however, essential to use

correct probability distributions of the different states and in

the case of force spectroscopy on DNA, the probability distri-

bution differs significantly from a normal distribution. In this

article, we calculate the probability distribution of the DNA

end-to-end length under an external force and use this distri-

bution in the HM analysis. This approach strongly improves

the accuracy of detecting steps in constant-force time traces

of the DNA extension, resulting in a more accurate determina-

tion of the kinetics. Furthermore, we will show that the HM

model also gives new insight into the mechanical and struc-

tural properties of the nucleosome.

METHODS

Magnetic tweezers

DNA-tethered superparamagnetic beads were imaged in a flow cell on

a home-built inverted microscope with a charge-coupled device camera

(model No. TM-6710CL, Pulnix America, Sunnyvale, CA) at 60 frames
per second. The magnet position was controlled by a stepper motor-based

translation stage (model No. M-126, Physik Instrumente, Karlsruhe/Palm-

bach, Germany) with an accuracy of 200 nm. The position of the beads

was measured by real-time image processing using LabView software

(National Instruments, Washington, DC) with an accuracy of 4 nm (11).

Due to the transient nature of the observed conformations, the height of

the bead does not remain constant during an experiment; therefore, the force

cannot be calculated accurately from equipartition (12). Instead, the force

was calculated from the position of the external magnets and a previous

calibration measurement as described elsewhere (11).

Preparation of the DNA construct

A PCR was performed on a modified pGem3Z plasmid with a 601-

nucleosome positioning site introduced at 94 basepairs. The reverse primer

(50-AAACC ACCCG GGTGG GCTCA CTCAT TAGGC ACCCC-30) was

modified with a single digoxigenin at the 50 end. The forward primer (50-CC

CCA TGTTG TGCAA AAAAG CGG-30) was modified with a biotin on the

50 end.

Mononucleosome preparation

Five micrograms of the PCR product described above was mixed with nucle-

osomes purified from chicken blood in a 1:10 molar ratio and diluted to

a total volume of 40 mL in TE buffer (10 mM Tris-HCl at pH 8.0, and

1 mM EDTA) and NaCl (2 M). Next, a salt dialysis was performed as

described elsewhere (13). The final product was dissolved in TE. The recon-

stitution was analyzed by native polyacrylamide gel electrophoresis and

atomic force microscopy (Supporting Material Fig. S1). Only bare DNA

and mononucleosomes on the 601 position were observed.
Biophysical Journal 96(9) 3708–3715
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Flow cell preparation

A clean glass coverslip was spincoated with a thin layer of a 1% polystyrene

toluene solution. The coverslip was subsequently mounted on a polydime-

thylsiloxane flow cell containing a 10 � 4 � 0.4 mm flow channel. The

flow cell interior was flushed with 10 mM HEPES (pH 7.6). Next,

0.1 mg/mL anti-digoxigenin (Roche, Welwyn Garden City, Hertsfordshire,

UK) was introduced into the flow cell and incubated for 60 min at room

temperature, followed by 10 min of incubation with blocking buffer:

10 mM HEPES (pH 7.6), 0.2% (w/v) BSA, and 0.1% (v/v) Tween-20.

Subsequently 8 mL of measurement buffer (MB) 10 mM HEPES

(pH 7.6), 0.02% (w/v) BSA, 2 mM magnesium acetate, 10 mM NaN3,

and 0.1% (v/v) Tween-20 was incubated with 1 mL of 2.8 mm superparamag-

netic biotinylated Dynabeads (Invitrogen, Carlsbad, CA) and 1 mL of 10 ng/mL

mononucleosomes for 15 min at room temperature, to allow binding

between the bead-DNA and the surface. The mixture was diluted in

400 mL MB and incubated in the flow cell for 10 min. Finally, the cell

was flushed with MB.

RESULTS

The probability distribution of the end-to-end
distance of a DNA-bead system

A number of algorithms have been published to find the most

likely distribution of Markov states (7,14,15). We used the

forward-backward algorithm (7). The forward-backward

algorithm uses the probability distribution of the various

states to calculate the probability for data point n to be in

each state. Data point n is then attributed to the state with

the highest probability. For the first iteration an estimate of

the transition probabilities and probability distributions is

needed, which is typically based on simple thresholding. A

new probability distribution for each state is then fitted to

a histogram of the data belonging to the corresponding state.

From the dwell times of the different states, new lifetimes are

calculated. In subsequent iterations, each data point is reas-

signed to a new state. Successive iterations are performed

until the lifetimes and probability densities converge to

a stable solution.

In many applications, a normal distribution is used to

describe the probability distribution of a state (9,10). Due

to the nonlinear force-distance relation of DNA (Eq. 4), the

end-to-end distance of a DNA molecule under constant force

deviates significantly from a normal distribution. The proba-

bility distribution, P(z), of the end-to-end distance, z, under

force can be calculated from the work required to stretch

the molecule, E(z), relative to the thermal energy kBT:

PðzÞfexpð � EðzÞ=kBTÞ: (1)

E(z) is obtained by integration of the force required to extend

the DNA molecule, given by

EðzÞ ¼ �
Z Z

0

FðsÞds: (2)

In a typical tweezers-based force-spectroscopy experiment,

the total force acting on the bead is

FðzÞ ¼ Fext � FWLCðzÞ þ FEVðzÞ; (3)
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with Fext the external force applied to the bead, either from

magnetic or optical trapping. The quantity FEV(z) is the

exclude-volume force and equals kBT/z (16). The quantity

FWLC is the force required to stretch the DNA molecule as

given by the worm-like-chain (WLC) model (17) with a

persistence length p and a contour length L:

FWLCðzÞ ¼
kBT

p

"
1

4
�
1� z

L

�2
� 1

4
þ z

L

#
: (4)

The work needed to stretch the DNA molecule follows from

Eqs. 2–4, yielding

EðzÞ ¼ �Fextz þ
kBTz2ð3L� 2zÞ

4LpðL� zÞ � kBT lnðzÞ: (5)

Using Eqs. 1 and 5, the normalized probability distribution,

P(z), becomes

PðzÞ ¼
exp

�
Fextz

kBT
� z2ð3L� 2zÞ

4LpðL� zÞ þ lnðzÞ
�

RN

�N
exp½ � EðsÞ=kBT�ds

: (6)

In cases where the number of states is not known a priori, it is

possible to extend the analysis with a second iteration fitting

an increasing number of states as described by McKinney

et al. (9). In this study of DNA unwrapping from nucleosome

cores, however, we limited our analysis to three states corre-

sponding to three probability distributions.

Brownian dynamics simulations

Thermal fluctuations of the extension of the DNA tether can

be significant and may even exceed the changes in extension

associated with DNA unwrapping. To test the accuracy of

the above HM model, we performed Brownian dynamics

simulations of time traces of DNA molecules at constant

force, exhibiting fluctuations between two different states

representing wrapping and unwrapping of DNA from the

nucleosome. The step size, Ds, at given force, F, is defined

as the difference between the end-to-end distance of the

two states

Ds ¼ jzWLCðF; L1; p1Þ � zWLCðF; L2; p2Þj; (7)

with pn and Ln the persistence and contour length of the DNA

containing a single nucleosome, in state n, which not only

has a different contour length but my also have a different

persistence length. The quantity zWLC is the inverse of

Eq. 4. Two example time traces with a different ratio

between the step size and the thermal fluctuations are de-

picted in Fig. 2 a. The green line shows the input fluctuations

between the two states. The black line shows the simulated

Brownian motion of a bead attached to a DNA molecule

following the variations in the green trace. We fitted the

simulated time trace by HM using the WLC probability

distribution (red line) and a normal distribution (blue line).
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FIGURE 2 Hidden Markov fits to Brownian

dynamics simulations of a DNA molecule in which

transitions occur between two contour lengths. (a)

Traces of simulated data (black lines), the HM fit

with the WLC model (red lines), and a Gaussian model

(blue lines), and the actual steps (green lines). The top

trace is simulated at 1 pN for a DNA molecule, with

a contour length of 500 nm, a persistence length of

52 nm, and a step of 25 nm. The bottom trace is simu-

lated at 0.7 pN for a similar molecule, but with a step of

10 nm. (b) The WLC probability distributions for

a DNA molecule at 1 pN, with a contour length of

500 nm (black line) and a contour length of 525 nm

(red line). The step-size, Ds, represents the difference

in end-to-end distance between the distributions.

Although the width of the WLC distribution is very

similar to the width of a normal distribution s (green

line), the tails of the distributions differ significantly.

(c) A simulated time trace, with a constant contour

length, is binned and shown as a histogram. This histo-

gram is fit with the WLC probability distribution at

1 pN and compared to a normal distribution. The

WLC distribution describes the data much better as

expressed in the R2. (d) The MSD of the fits using

a WLC probability distribution (blue circles) is

compared to the MSD using a normal distribution

(red circles) for different ratios between the step-size

and the thermal fluctuations. The error bars represent

the spread in the MSD for 10 different traces.
The analysis was performed at 1 pN and at 0.7 pN. In the latter

case, thermal fluctuations are significantly larger than the step

size. The fit of the time trace that corresponds to 0.7 pN

demonstrates that even small changes in end-to-end distance,

which cannot be detected by simple thresholding, are readily

resolved by HM analysis using a WLC distribution, but are

largely overlooked when using a normal distribution.

As a figure of merit for the relative size of the end-to-end

distance changes, we use the ratio between the step size and

the width of the thermal fluctuation distribution. The stan-

dard deviation of the thermal fluctuations in the DNA exten-

sion s (Fig. 2 b) follows

sðFÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

kBT

kWLCðFÞ

s
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kBT ,

�
dFWLCðsÞ

ds

����
s¼ zWLCðFÞ

	�1
s

;

(8)

where kWLC is the stiffness of the DNA molecule at a given

stretching force. Using Eq. 4, this expression can be

rewritten as

sðFÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2LpðL� zWLCðFÞÞ3

3L3 � 6L2zWLCðFÞ þ 6LzWLCðFÞ2�2zWLCðFÞ3

s
:

(9)

The mean-squared difference (MSD) of the WLC probability

distribution (Eq. 6) can now be compared to the MSD of

a Gaussian approximation of the probability distribution

PG(z), defined as
PGðzÞ ¼
1

sðFÞ
ffiffiffiffiffiffi
2p
p exp

"
� ðz� ziWLCðFÞÞ2

2sðFÞ2

#
: (10)

An example of a histogram of a single simulated state is

shown in Fig. 2 c, where both a Gaussian probability

distribution and a WLC probability distribution are fitted.

The R2 of the WLC distribution is smaller than the Gaussian

distribution, indicating that the WLC describes the simulated

data better. To quantify the robustness of our method, we

calculate the normalized MSD between the input time trace

of the tether length and the fitted time trace of the tether length.

Fig. 2 d shows that HM analysis using the WLC probability

distribution, calculated from Eq 6, yields a much better fit

than using a normal distribution when Ds/s becomes s < 1.

The normalized MSD is<0.1 even for a Ds/s of 0.25, in which

case it is clear that the HM analysis using a normal distribution

is unable to detect any steps. Overall, the WLC distribution

detects the steps more accurately, and thus, yields a better fit.

Since the probability distribution of the end-to-end distance

depends on the persistence length and contour length of the

tether, the HM analysis not only allows detection of steps,

but also can directly extract values for the persistence length

and contour length from experimental, constant force, time

traces. Fig. 3 shows the relative error in the fitted persistence

length, contour length, and lifetime of the different states. The

relative error in the fitted persistence length is, on average,

>5% (Fig. 3 a). Surprisingly, the accuracy of the detected

persistence length does not depend on the ratio between the

step size and the thermal fluctuations. The relative errors in
Biophysical Journal 96(9) 3708–3715
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A B C
FIGURE 3 The relative errors between the HM fit and the

input of the persistence length (a), step-size (b), and lifetime

(c), using a WLC distribution, with respect to the ratio

between step-size and thermal fluctuations. The error bars

represent the spread in the relative error for 10 different

traces.
the fitted contour length and lifetimes (Fig. 3, b and c) do

depend on the step-noise ratio, but are <0.2 for step size

>0.5 times the thermal fluctuations. Thus, the HM analysis

can be used not only to extract the lifetimes of the different

states, but also to obtain accurate measures of the mechanical

properties of transient structures that have only small differ-

ences in extension relative to the thermal fluctuations.

Analysis of mononucleosome unwrapping
under force

Having established the potential to measure small excursions

in the end-to-end distance of DNA molecules, we analyzed

the unwrapping of the first turn of DNA from single nucleo-

somes as observed by constant force measurements, using

the HM analysis. An example time trace of the end-to-end

distance of single nucleosomes, in a 500-nm DNA tether

measured using magnetic tweezers, is shown in Fig. 4 a. In

this time trace, measured at a constant stretching force of

2.5 pN, we observed two distinct levels that we attribute to

the fully wrapped and first-turn unwrapped conformation.

Within the time of our experiments, we did not observe

irreversible unfolding of DNA from the nucleosome core

that could be due to dissociation of histone dimers, as re-
Biophysical Journal 96(9) 3708–3715
ported in Claudet et al. (18). Although the details of the

experimental conditions are difficult to compare, at least

two factors favor nucleosome stability in our experiments.

Firstly, the 601-nucleosome positioning element that we

used here has a significantly (3 kBT) higher stability than

the natural 5S RNA and genomic chicken DNA templates

(19) that were used in their study. Secondly, we carefully

limited the force on our mononucleosomes to maximally

6 pN, whereas Claudet et al. (18) report forces up to several

tens of pNs. After each experiment of typically 60 s, the force

was directly reduced to the sub-pN level. Because all length

increases of the mononucleosome tether were reversible, we

can exclude nucleosome dissociation to be associated with

the length increases that we report here.

The average length of DNA that unwraps from the nucle-

osome (dL), derived from the difference in contour length

between the two conformations, was 21.3� 0.5 nm (N¼ 12)

in good agreement with previous data (4). The lifetimes of

the wrapped (tw) and unwrapped (tu) conformation have

been reported to depend exponentially on the applied force (6)

tw ðFÞ ¼ t0;we�Fdxw ;

tu ðFÞ ¼ t0;ueFdxu ;
: (11)
a b

c d
FIGURE 4 (a) Hidden Markov fit (red) to experimental

data of nucleosome unwrapping at a force of 2.5 pN. (b)

The obtained lifetimes of the unwrapped conformation

(blue) and the wrapped conformation (red) of the first turn

at different forces. The exponential fits are extrapolated to

zero force. The black points are wrapped and unwrapped

lifetimes measured using FRET (2) (closed and open

square) and using optical tweezers (4) (closed and open

triangle). (c) Force-extension plot of a mononucleosome

on a 500-nm DNA fragment showing unwrapping events

(red dots). The solid black lines are WLC with a contour

length and persistence length taken from the HM analysis

for the three different conformations. (d) Schematic over-

view of the exit angle of a fully wrapped, af, first turn un-

wrapped, au, 1st, and second turn unwrapped, au, 2nd, nucle-

osome. The energy landscape (black line) shows the

distances in reaction coordinates between the energy barrier

and the wrapped and unwrapped conformation. The

opening angles are as determined from the HM-WLC

analysis.
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where t0, w and t0, u are the lifetimes at zero force, and dxw

(and dxu) is the distance of the reaction coordinate between

the initial state and the transition state (Fig. 4 a). These

distances determine the effect of the force on the lifetimes

and are limited by the total unwrapping length, dxu þ
dxw % dL. The lifetimes of the unwrapped conformation

and the wrapped conformation, obtained from our HM anal-

ysis, were fitted with Eq. 11 (Fig. 4 b), resulting in a lifetime

of the unwrapped conformation at zero force of 0.007 �
0.001 s and a lifetime of the wrapped conformation at zero

force of 12 � 5 s. The corresponding distance in reaction

coordinates to the transition state was 10 � 1.4 nm and

2 � 1.3 nm, respectively.

Now that we have calculated the lifetimes of the unwrap-

ped conformations and the wrapped conformation of the

nucleosome, how do they compare to previous studies?

Mihardja et al. (4) performed similar force-spectroscopy

experiments using optical tweezers, and also extrapolated

the lifetimes of the of the unwrapped conformations and

the wrapped conformation of the nucleosome at zero force

from measurements at different forces. Li et al. (2) measured

the zero-force lifetimes of nucleosome breathing directly

using bulk FRET, which were later confirmed by single

pair FRET (3). The results of these studies are also plotted

in Fig. 4 b and show that the lifetime for the unwrapped

conformation we find (0.007� 0.001 s) is in good agreement

with the lifetimes obtained using FRET (0.01 s) and optical

tweezers (0.0172 s). The lifetime of the wrapped conforma-

tion, however, varies significantly between the three studies.

Li et al. reports a lifetime of the wrapped conformation of

0.25 s. The lifetime we find however, is much higher. In

the FRET experiments, any small amount of DNA unwrap-

ping is detected as an unwrapping event. In contrast, in force

spectroscopy, only unwrapping of a full turn is detected as an

unwrapping event. The small excursions that are readily

observed in FRET are likely to occur more frequently than

full turn unwrapping, which would explain the longer

lifetime we observe for the fully wrapped conformation.

A major complication in comparing these results, however,

is the difference in posttranslational modifications that may

be present and that are functional in epigenetic regulation

of transcription. Li et al. (2) and Koopmans et al. (3) used re-

combinant histones that lack such modifications, whereas in

our study and in that of Mihardja et al. (4), histones were

used that were obtained from chicken erythrocytes that

have been prone to such modifications. It is likely that the

modifications effect the lifetimes of both the fully wrapped

and the unwrapped state. As in chicken erythrocytes, chro-

matin is programmed to be in a transcriptionally silent state,

the equilibrium may be shifted toward the wrapped state,

which would be consistent with this conformation’s longer

lifetime. Another important parameter in nucleosome folding

is the presence of Mg2þ. The difference in concentration of

Mg2þ between the experiments of Mihardja et al. (10 mM)

and our experiments (2 mM) may explain this difference in
the observed wrapped lifetime, since it is known that

Mg2þ ions stabilize the nucleosome fiber structure (20).

However, we are not aware of systematic studies on mono-

nucleosome stability as a function of [Mg2þ]. Because the

concentration of Mg2þ in vivo is expected to be 2 mM

(21), we argue that our experiments may more closely match

these conditions.

The high force transition, corresponding to unwrapping of

the second turn of DNA, was irreversible. Like Mihardja

et al. (4), we only observed a single unwrapping event per

force trace, indicating a free energy barrier for refolding

that is >>kBT. Only from the rate dependence of the rupture

force, or from experiments at high salt conditions, was it

concluded that this transition does not follow a simple two-

state model. We also could not resolve this in our constant

force measurements, which feature a single step transition,

see Fig. 1 e. As shown in the next paragraph, the distributions

of the end-to-end distance in the both states accurately follow

the expected distribution, and thus, do not give an indication

for intermediate states; this validates a three-state HM anal-

ysis. Summarizing, the above illustrates that our HM analysis

readily confirms the lifetime of the unwrapped conformation,

but finds a lifetime of the wrapped conformation, which is

in-between previously, reported values.

Structural implications

Is it possible to use our HM analysis to extract structural

properties of the DNA-nucleosome complex during the

different conformations? In particular, it would be informa-

tive to extract the bending angle of the transient complex.

Protein-induced bending has been reported to decrease the

apparent persistence length of a DNA molecule significantly.

Yan and Marko (22) showed that the force-extension

behavior for a 90� bend in a DNA molecule can be described

by a WLC with a reduced persistence length. Experimental

results confirm such a relation between DNA-bend angles

and the apparent persistence length. For instance, force-

extension experiments on HU and IHF proteins, which are

known to induce a stable bend in the trajectory of a DNA

molecule, yield a WLC with a decreased apparent persis-

tence length (23,24). Using Euler mechanics, Kulić et al.

(25) showed that the angle a, of a kink or fixed angle loop

in the trajectory of a DNA molecule, reduces the apparent

persistence length papp,

papp ¼ p



1 þ 8

p

L

�
1� cosðp� a

4
Þ
���2

: (12)

A renormalization of the persistence length can also be

expected for a DNA molecule that contains a nucleosome

since wrapping of 1.65 turns of DNA around the nucleosome

induces a loop in the DNA trajectory (Fig. 4 d), as exempli-

fied by the crystal structure (1). When DNA unwraps from

the nucleosome, not only the contour length changes but
Biophysical Journal 96(9) 3708–3715



3714 Kruithof and van Noort
also the opening angle of the DNA, and hence the apparent

persistence length.

In force spectroscopy, the persistence length of a molecule

is generally extracted from its force-extension behavior by

fitting Eq. 4 (17). When pulling on a mononucleosome, the

two transient conformations result in abrupt changes clearly

distinguishable by the stepwise increase in tether length. An

example trace of a force-extension curve of a 500-nm-long

DNA molecule containing a single nucleosome is shown in

Fig. 4 c. Two distinct steps represent the transitions between

the wrapped and the unwrapped conformation. The limited

force range in which each conformation is stable severely

impedes accurate fitting, resulting in a contour length of

430� 20 nm, 510� 120 nm, and 500� 20 nm, respectively.

The corresponding persistence length of the three different

conformations was 34 � 8 nm, 17 � 20 nm, and 20 �
11 nm. The inaccurate fitting, due to the limited force range

in which the conformation is stable, is prominent for the

0.65-turns unwrapped conformation, where very limited

data is available and the WLC fit cannot distinguish between

this conformation and the conformation of a fully unwrapped

nucleosome. Furthermore, the values for both the contour

length and the persistence length deviate from the values

that can be expected based on the length of the DNA and

the structure of the (partially unwrapped) nucleosome.

Therefore, force-extension curves are of limited use for

fitting structural parameters from transient complexes.

Using the HM analysis on constant force time traces, the

changes in persistence length can directly be extracted

from the probability distribution of each conformation. The

persistence length before unwrapping was 45 � 5 nm

(N ¼ 12), whereas, after unwrapping of 0.65 turns of

DNA, the persistence length became 50 � 6 nm (N ¼ 12).

The same conformation was probed independently in time

traces that featured the second transition to the fully unwrap-

ped conformation. In this case, the persistence length before

unwrapping of the final turn was 51 � 0.9 nm (N ¼ 5), in

excellent agreement with the previous measurement and

changed after unwrapping of the final turn to 52 � 0.7 nm

(N ¼ 5) . Note that the accuracy is far better than the results

obtained by fitting the force-extension data.

Using Eq. 12 to calculate the exit angle for each conforma-

tion results in 81 � 40� for the wrapped conformation,

130 � 70� and 144 � 16� after unwrapping of 0.65 turns,

and 180 � 10� for the fully unwrapped conformation. The

relatively large uncertainties in the obtained opening angle

are caused by the steep dependence of the opening angle

on the apparent persistence length. Based on the crystal

structure (1) of the nucleosome, the exit angle of the fully

wrapped (1.65 turns of DNA) conformation is j180� �
0.65 � 360�j ¼ 54�. After unwrapping of 21 nm of DNA

from the histone core (the length of DNA that we obtained

directly from the HM analysis), 0.95 turns remain, corre-

sponding to an exit angle of j180� � 0.95 � 360�j ¼ 162�.
When the second turn is also unwrapped, the trajectory of
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the DNA is likely not affected by the nucleosome, resulting

in an exit angle of 180�. These values agree well with the

values of the exit angle obtained from the HM analysis.

Thus, the probability distributions that can be obtained by

HM analysis can be used to measure the exit angle of

the DNA from constant force time traces of nucleosome

(un)wrapping.

CONCLUSION

By integrating the mechanical properties of DNA into

probability distributions of a HM model, we developed an

accurate method for quantification of DNA force spectros-

copy data. The described HM model, which uses the force-

extension relation described by a WLC, fits the data with

a high accuracy even when thermal fluctuations exceed the

step size of a conformational change. Using a normal

probability distribution, HM analysis fails to resolve steps

smaller than the thermal fluctuations. Detailed information

about the first- and second-turn nucleosome unwrapping,

e.g., lifetimes, step sizes, persistence lengths, and DNA

trajectory bending angles, were extracted from constant force

time traces. For the first time, we were able to determine the

bending angles of nucleosomal DNA in solution and

resolved conformations that were fully wrapped, partially

unwrapped, and fully unwrapped. The HM analysis allowed

extrapolation to zero-force lifetimes from constant force time

traces. To probe the bending angles of a DNA trajectory of

transient conformations, such as DNA unwrapping from

a nucleosome, using electron or atomic force microscopy

or crystal data is not straightforward, if possible at all,

because the nucleosomes need to be trapped in the unwrap-

ped conformation. As no force is applied in these type of

experiments, most nucleosomes are trapped in the wrapped

conformation.

The method is not restricted to analysis of DNA dynamics

in nucleosomes, in which the histone octamer remains bound

to the DNA. In addition, association and dissociation of

DNA binding proteins, like, for example, repressor proteins

(10), protein DNA chimeras (26), or the unfolding of RNA

pseudoknots (27), are associated with changes in contour

length and bending angle. Accurate assessment of the

kinetics of such reactions will need to take the nonlinear

extension of DNA into account and the current adapted

HM analysis will be equally profitable in these studies.
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