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The structure of promoter chromatin determines the ability of
transcription factors (TFs) to bind to DNA and therefore has a
profound effect on the expression levels of genes. However, the
role of spontaneous nucleosome movements in this process is not
fully understood. Here, we developed a single-molecule optical
tweezers assay capable of simultaneously characterizing the base
pair-scale diffusion of a nucleosome on DNA and the binding of a
TF, using the luteinizing hormone β subunit gene (Lhb) promoter
and Egr-1 as a model system. Our results demonstrate that nucle-
osomes undergo confined diffusion, and that the incorporation of
the histone variant H2A.Z serves to partially relieve this confine-
ment, inducing a different type of nucleosome repositioning. The
increase in diffusion leads to exposure of a TF’s binding site and
facilitates its association with the DNA, which, in turn, biases the
subsequent movement of the nucleosome. Our findings suggest
the use of mobile nucleosomes as a general transcriptional
regulatory mechanism.
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Packaging of the DNA into chromatin reduces its accessibility
to regulatory proteins, such as transcription factors (TFs) and

RNA polymerase (RNAP), making the structure and dynamics
of nucleosomes an essential part of gene expression regulation in
higher organisms (1, 2). Although atomic-resolution structures of
the nucleosome reveal strong contacts between the histone core
and the DNA (3), evidence has accumulated indicating that
these interactions are often disrupted spontaneously, and that
the crystal structure represents only a snapshot of a complex con-
formational dynamics. Atomic force microscopy (AFM) studies
observed nucleosomal DNA looping (4), and intermediates com-
posed of tetramers and hexamers (5), while conformational changes
of the histone octamer inside the nucleosome were recently de-
tected using cryo-electon microscopy (6). Moreover, nucleosomes
have been shown to spontaneously unwrap DNA from its ends in a
process termed “thermal breathing” (5, 7–12). The momentary
exposure of the DNA was shown to facilitate the invasion of reg-
ulatory proteins to nucleosomal DNA (7, 8, 10) and the elongation
by RNAP (4, 13), highlighting the potential effect of these dynamics
on the process of transcription.
Previous studies have indicated the existence of an additional

type of thermally driven dynamics: the spontaneous “mobility” or
“thermal sliding” of nucleosomes by which their center of mass
repositions on the DNA in an unprompted longitudinal-like
movement. Initial studies using 2D gel electrophoresis (14, 15)
reported that nucleosomes are able to reposition over timescales
of hours when incubated at 37 °C, but not at 4 °C. Later ex-
periments used chemically modified H4 histones, capable of in-
ducing a cleavage at the nucleosome’s dyad (16), and found that
the repositioning rates depend on the positioning sequence and
the length of the DNA fragment. Others showed that sin muta-
tions, which weaken the binding of the histone octamer close to
the dyad (17), and also deletion of the histone tails (18), alter the
inherent mobility of nucleosomes. Altogether, these experiments
established the existence of spontaneous thermal sliding by the
nucleosome, and motivated the development of theoretical

models (19–21) and computational studies (22). However, these
experiments suffered from important limitations: First, most
were performed using nucleosome positioning sequences such as
5S rDNA or the “601” sequence (23), which provide an initial
homogeneous population of reconstituted nucleosomes, but in-
troduce specific features that may hinder the dynamics that
normally occur on natural, biologically relevant sequences. Sec-
ond, they cannot resolve the potential base pair-scale dynamics
of nucleosome movement. Third, since diffusion is inherently
stochastic, its fine details can be lost by averaging over an en-
semble of molecules. Recent studies using high-speed AFM were
successful in visualizing spontaneous sliding events of individual
nucleosomes at high temporal resolution (5, 24), but lack the
longitudinal resolution required to systematically study the
mechanisms of sliding.
The inclusion of histone variants in nucleosomes is a critical

mechanism for regulating gene expression (25). In particular, the
evolutionarily conserved and essential H2A.Z is localized to the
regulatory regions of both heterochromatin and open chromatin
associated with TF binding (26–30), with contrasting results
reported on its effect on nucleosome stability (31) and tran-
scription (32, 33). In our previous study (34), we showed that
H2A.Z is incorporated into the nucleosome positioned at the
TSS of the Lhb gene, which covers binding sites for important
TFs involved in transcriptional activation. Using single-molecule
DNA unzipping with optical tweezers, we also showed that H2A.Z-
containing nucleosomes display a higher positional dispersion, and
initial experiments revealed that this increased dispersion is a re-
flection of their higher mobility.

Significance

As nucleosomes prevent binding of transcription factors (TFs) to
DNA, their position needs to be actively modulated. Nucleosomes
can also reposition spontaneously, but this process and its effect
on TF binding have not been extensively studied. Here, we de-
veloped a method based on single-molecule optical tweezers to
simultaneously measure nucleosome diffusion and TF binding to
the same DNA molecule. We show that nucleosomes undergo
confined diffusion on the DNA, and that the confinement is re-
lieved upon incorporation of the histone variant H2A.Z leading to
an increase in TF binding, which then further biases nucleosome
diffusion. Our results shed light on a previously uncharacterized
mechanism of transcriptional regulation.
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Clearly, the mobility is expected to modulate the association
rate of proteins to binding sites inside the nucleosome. In ad-
dition, it was recently shown that nucleosomes also accelerate
the dissociation of TFs (35), suggesting a delicate interplay be-
tween the movement of nucleosomes and the binding of pro-
teins. However, no experimental method has been demonstrated
that can monitor simultaneously these two dynamic processes. In
this work, we follow the spontaneous movement of individual
nucleosomes, at base pair-scale resolution and on biologically
relevant DNA sequences, to elucidate the role of thermal sliding
in the regulation of TF binding. By repetitively and partially
unzipping the nucleosomal DNA, thus revealing the position of
the Lhb TSS nucleosome without perturbing the major DNA-
histone interactions, we are able to follow the base pair-scale
movements of individual nucleosomes over extended periods of
time, while simultaneously monitoring the binding of the TF Egr-1
to its site in the nucleosomal DNA. Our results provide a detailed
characterization of the interplay between H2A.Z-dependent nu-
cleosomal mobility and binding of a TF, and suggest a potential
and general regulatory role for mobile nucleosomes.

Results
Real-Time Measurements of Nucleosomal Diffusion. To track the
positional dynamics of nucleosomes on a biologically relevant
DNA sequence, we assembled nucleosomes using canonical
mouse histones expressed in bacteria and a ∼200-bp DNA
fragment corresponding to the −157/+43 region of the mouse
Lhb gene promoter, previously shown to be packaged into a
nucleosome (34). We ligated the reconstituted nucleosomes to a
naked DNA segment that functions as an alignment sequence
(34, 36) and is connected to two ∼2,000-bp dsDNA handles
harboring a single biotin and two digoxigenin terminal modifi-
cations, respectively (Fig. 1A). Next, we connected the handles to
two ∼1-μm beads with matching anti-digoxigenin or streptavidin
modifications, and trapped the beads by the two focused laser
beams of a dual-trap optical tweezers setup (34, 37). Moving one
trap away from the other leads to an increase in the tension
between the two strands of the dsDNA. Applying forces higher
than ∼16–17 pN is sufficient to overcome the interactions be-
tween them, leading to “unzipping” of the DNA (Fig. 1B).
It has been shown previously that the disruption of protein–

DNA interactions by unzipping the DNA requires forces that are
higher than those needed to unzip DNA alone (38–42). In par-
ticular, when an unzipping fork encounters a nucleosome, the
latter is disrupted with a characteristic signature that highlights
the position and strength of two regions of strong histone–DNA
interactions (36, 43). The first interaction (region 1) is attributed
to contacts of the DNA with the H2A/H2B dimer, and the sec-
ond (region 2) with the H3/H4 tetramer. We and others have
shown (34, 36) that disruption of region 1, as opposed to that of
region 2, is a reversible process, as the interactions between the
H2A/H2B dimer and the DNA reform when the force is relaxed.
This fact was exploited in our previous work (34) in which we
probed the position of a single nucleosome, every 30 s, for a total
of ∼5–35 times, and showed that nucleosomes are able to re-
position spontaneously. However, the relatively small number of
times nucleosomes were probed before they disassembled pre-
vented us from further characterizing the properties of this
spontaneous movement. Here, by applying forces of ∼23–24 pN,
which are a few piconewtons lower than those required to disrupt
region 1, we were able to probe the position of this region without
breaking it, thus minimizing any potential perturbation of the
nucleosome structure (Fig. 1C). The high stability and resolution
of our instrument, combined with the use of an alignment se-
quence as a set of “fiducial marks,” allowed as to determine the
position of a nucleosome in every single probing cycle with ∼2-bp
accuracy (SI Appendix, Fig. S1A). Complemented with a double
(instead of single) digoxigenin tag in the DNA handle, the lifetime

of the tethers was substantially increased. Hence, we were able to
measure precisely and repetitively the position of a single nu-
cleosome many times (∼40–240 cycles, every 8 s) over a long
period (5–30 min; SI Appendix, Fig. S2), allowing us to follow the
trajectories of individual nucleosomes as they reposition spon-
taneously on the DNA (Fig. 1D). Importantly, our measurements
do not perturb the spontaneous dynamics of nucleosomes and
are not affected by the breathing dynamics (SI Appendix).
To study the mechanism of sliding, we calculated the mean

square displacement (MSD =  < x2ðtÞ> , where xðtÞ is the instan-
taneous position of the nucleosome) as a function of time, for each
nucleosome relative to its initial position, and averaged over the
whole ensemble of nucleosomes. For “normal” 1D diffusion, the
MSD is expected to depend linearly on time, according to 2Dt,
where D is the diffusion constant. However, we observed a
nonlinear dependence on time (Fig. 1F). The MSD reaches
a steady state, and thus a subdiffusion model, described by a
power-law Dtα, with α < 1, cannot fit the data either. The MSD is
well fitted by a model that assumes diffusion in a confining
harmonic potential (44). Hence, we conclude that the sponta-
neous movement of nucleosomes is spatially confined. Notably,
the mean position of the nucleosomes in the measured ensemble
is distributed over a much larger region (between approxi-
mately −150 and −90) than the region sampled by an individual
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Fig. 1. Real-time measurements of the base pair-scale diffusion of nucleo-
somes. (A) Nucleosomes reconstituted on the –157/+43 Lhb sequence are
ligated to an alignment segment and connected to dsDNA handles. (B) The
construct is attached to polystyrene beads trapped in two separate optical
traps. One of the traps is moved to unzip the tethered construct until a force
of ∼23–24 pN is reached, indicating the presence of the nucleosome, and
then relaxed. This process is repeated with a total cycle time of 8 s. (C) Re-
petitive partial unzipping cycles of a nucleosome reconstituted on the Lhb
TSS sequence (colored). The last cycle is used to dissociate the nucleosome
irreversibly (green) and is followed by an additional cycle of unzipping of the
resulting naked DNA (black). Note the broader distribution of nucleosome’s
position (Right Inset) relative to the distribution of the position of an
alignment segment (Left Inset). The position of region 1 (R1) and the dyad
(D) are indicated. (D) Individual traces of the position of nucleosomes as a
function of time, sampled every 8 s. (E) Probability distribution function of
the step size, i.e., the relative position of the nucleosome between times
separated by five unzipping cycles. Data filtered with a five cycles running
average window. A Gaussian fit to the histogram is shown (dashed line). The
skewness of the distribution is <0.1. (F) Ensemble-averaged mean squared
displacement (MSD) for nucleosomes reconstituted on Lhb TSS, as a function
of time. Data shown as mean ± SEM, low-pass filtered with a five-points
window running average. The number of experiments is shown in SI Appen-
dix, Table S3. The dashed line is a fit to the expression ðkBT=kÞð1− e−ðk·D=kBTÞ·tÞ,
with a diffusion constant D = 1.3 ± 0.14 bp2·s−1 and confining potential spring
constant k = 1.2 ± 0.2 pN·bp−1.
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nucleosome (SI Appendix, Fig. S3). Moreover, the energy surfaces
on which the nucleosomes diffuse (SI Appendix, Fig. S4) do not
overlap. Hence, the observed confinement is not the result of a
specific sequence effect, which defines a common potential energy
surface for the movement of all of the nucleosomes, but rather
represents the inability of each individual nucleosome to explore
regions beyond the close vicinity of its initial position at the time of
reconstitution. This may suggest that certain structural elements in
the nucleosome do not participate in the sliding process and func-
tion as “anchors” attached to the DNA. These results are in line
with previous results showing that sliding is a “local” effect (15) and
that the absence of the N-tail of H2B enhances repositioning (18).
Interestingly, the observed confinement region is larger than the one
measured for nucleosomes reconstituted on 601 DNA (SI Appendix,
Fig. S1B). From the fit of the MSD curve we can estimate a diffu-
sion constant of ∼1.3 bp2·s−1. This result is consistent with previous
estimations from gel electrophoresis studies and with the predictions
of models based on the propagation of twist defects (20).
Notably, the observed confinement in the repositioning of the

nucleosome limits the effect that this movement can have on
modulating the accessibility of the transcription machinery to
DNA. However, in transcriptionally active regions, the canonical
histones are often replaced by histone variants (25), as we pre-
viously showed specifically for the Lhb TSS nucleosome, which is
enriched with H2A.Z (34). Hence, we wondered whether the
incorporation of this histone variant can modulate the diffu-
sional properties of the nucleosome.

H2A.Z Increases Nucleosome Diffusion. We reconstituted nucleo-
somes using H2A.Z-contatining octamers and subjected them to
multiple unzipping analysis to probe their positional dynamics

(Fig. 2A). By looking at the individual trajectories of single
particles (Fig. 2B), it was clear that the H2A.Z nucleosomes
exhibit enhanced mobility compared with their H2A counter-
parts. Remarkably, the movement of the H2A.Z-nucleosomes
was characterized by sporadic and relatively large translocation
events (Fig. 2B and SI Appendix, Fig. S3). Moreover, their MSD
is significantly higher than that of H2A nucleosomes and did not
reach a plateau in the timescale of our experiments (Fig. 2C and
SI Appendix, Fig. S6), suggesting that they are able to escape, at
least partially, the confinement. In addition, the short-time part
of the MSD curve reveals that the diffusion constant of these
nucleosomes is about a factor of 2 higher than that of H2A
nucleosomes.
As opposed to H2A nucleosomes, the probability density func-

tion (PDF) of the step size for H2A.Z nucleosomes cannot be fitted
to a single exponential. A double exponential fits the data rea-
sonably well (Fig. 2D). This may indicate that H2A.Z repositioning
is associated with two types of movement: The first type (“type 1”),
similar to the motion of H2A nucleosomes, occurs on faster time-
scales, comparable to the sampling rate of one per 8 s, and is
characterized by movements smaller than ∼5 bp. The second type
of motion (“type 2”), which is unique to H2A.Z nucleosomes, is
characterized by movements larger than ∼5 bp and occurs in a
timescale of minutes. Clearly, these rare events dominate the
overall movement of the H2A.Z nucleosomes on long timescales.
The observed increase in nucleosome diffusion imposed by the

presence of H2A.Z can affect the time-averaged accessibility of
regulatory elements on the Lhb TSS. In gonadotrope cells, the 5′
edge of the Lhb TSS nucleosome is positioned at approxi-
mately −110/−130 (34), indicating that packaging covers most of
the TF binding sites important for the gene’s transcriptional ac-
tivation. One of these sites is located at −104/−112,
where the TF Egr-1 was shown to bind (42, 45). Hence, we
expect the accessibility of this site to increase greatly if the H2A
nucleosome is exchanged by H2A.Z, with its increased and dis-
tinct diffusion. To address this point, we used the data from the
diffusion experiments to estimate the instantaneous position of
the nucleosomes 5′ edge (SI Appendix, Fig. S10), and thus cal-
culate the probability of exposure, i.e., the number of probing
events where the 5′ end of the nucleosome moved downstream
and exposed the Egr-1 site, as a function of nucleosome initial
position relative to the TSS. For both types of nucleosome, we
found, as expected, that those initially positioned upstream of
−140 cover the binding site, and those positioned downstream
of −100 expose it (Fig. 2E). Interestingly, differences in the
probability of exposure were observed in the biologically relevant
region −110/−130, where we observed a significantly higher
probability of exposure for H2A.Z nucleosomes (Fig. 2F). This
observation made us wonder whether Egr-1 is indeed able to ex-
ploit this “window of opportunity” created by the momentary
exposure of its binding site to bind to the Lhb promoter.

Nucleosome Diffusion Facilitates TF Binding. To elucidate the effect
of nucleosome movement on TF binding, we exploited the
laminar flow cell in our optical tweezers and exposed a nucleo-
some construct to the DNA binding domain of Egr-1 (referred as
Egr-1 for simplicity), at typical concentrations of 500 nM. In a
previous study using an unzipping assay, we were able to char-
acterize the mean breaking force and the binding probability of
Egr-1 to its binding site in the naked Lhb TSS (42). Notably, the
characteristic breaking force required to dissociate Egr-1 from
the −104/−112 site (site “−2” in ref. 42) is significantly lower
than the typical force required for breaking the nucleosome’s
region 1. Hence, our current ∼23- to 24-pN force threshold
allowed us to displace Egr-1 from the DNA, while leaving the
downstream nucleosome intact (Fig. 3A). Binding of Egr-1 to its
site was readily distinguishable by a force “rip” upstream of the
nucleosome’s region 1 (SI Appendix, Fig. S11). Accordingly, in
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Fig. 2. H2A.Z increases the diffusion of nucleosomes. (A) Repetitive partial
unzipping curves of a nucleosome reconstituted with H2A.Z. Data are pre-
sented as in Fig. 1C. (B) Position of individual H2A (green) and H2A.Z (red)
nucleosomes over time, presented as in Fig. 1D. The H2A traces (green) are
identical to those in Fig. 1D. Examples of repositioning events larger than 5
bp (“type 2”) are marked with arrows. (C) Ensemble-averaged MSD of nu-
cleosomes as a function of time, presented as in Fig. 1F. The number of
experiments is shown in SI Appendix, Table S3. (D) Probability distribution
function of the step size. Single-exponential fits (dashed black lines) are
shown for steps sizes <5 bp (“type 1”) and >5 bp (“type 2”). nsteps, H2A =
2,274 and nsteps, H2A.Z = 1,308. (E) Probability of exposure of the Egr-1
binding site (yellow strip), calculated for experiments longer than 7 min
(i.e., the number of nucleosome’s positions whose 5′ edge is positioned
downstream the Egr-1 binding site, out of the total number of positions in
the same experiment); nH2A = 75 and nH2A.Z = 88; mean ± SEM. (F) The av-
erage probability of exposure for nucleosomes whose initial 5′ edge is lo-
cated between −160/−140 (nH2A = 3; nH2A.Z = 3), −140/−115 (nH2A = 5;
nH2A.Z = 6), and −115/−85 (nH2A = 12; nH2A.Z = 4) is shown; mean ± SEM;
*P < 0.05, Student’s t test.
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each unzipping cycle, we were able to detect not only the posi-
tion of the nucleosome but also the presence of a bound Egr-1
on the same DNA molecule.
Multiple unzipping cycles, performed on naked or nucleosomal

Lhb TSS DNA in the presence of Egr-1, allowed us to calculate the
effect of the nucleosome on the dynamics of Egr-1 binding (Fig. 3 B
and C). The average binding probability on naked DNA for this
binding site was ∼0.6, which is consistent with our previously pub-
lished results (42). However, for nucleosomal DNA, this probability
depends on the nucleosome position: For both types of nucleo-
some, when the nucleosome’s initial position was upstream of −140
no binding could be observed, and for nucleosomes positioned
downstream of −100 the binding probability was similar to that on
naked DNA. Notably, significant differences between the nucleo-
somes were observed in the intermediate region: H2A.Z nucleo-
somes positioned initially between −140/−110 showed an increased
time-averaged binding probability of Egr-1 compared with H2A
nucleosomes located initially at the same positions (Fig. 3C). This
trend was similar to the one observed for the calculated probability
of exposure based on the diffusion of nucleosomes without Egr-1,
suggesting that the increased diffusion of H2A.Z nucleosomes is
responsible for the increased binding. Interestingly, when we ex-
amined the trajectories of individual nucleosomes initially posi-
tioned between −140/−110 (Fig. 3D), it was evident that the
increase in Egr-1 binding probability is a consequence of the large,
type 2 movements of H2A.Z nucleosomes, during which they

partially uncover the Egr-1 site, creating distinct degrees of acces-
sibility. In contrast, H2A nucleosomes positioned in this region did
not show significant repositioning or Egr-1 binding. These results
suggest that the increase in nucleosomal diffusion mediated by the
type 2 events, which is characteristic of nucleosomes containing the
H2A.Z variant, leads to increased site exposure and TF binding.

TF Binding Biases the Spontaneous Movement of the Nucleosome. In
principle, the large repositioning events of H2A.Z nucleosomes can
also have a negative effect on TF binding if access to the site is
blocked, and we indeed observed such events (SI Appendix, Fig.
S5). However, events involving a decrease in binding probability
were approximately three times less frequent compared with those
of probability increase (Fig. 4A), suggesting a possible role for Egr-1
binding in breaking the symmetry of the nucleosome’s movement.
Interestingly, when we compared the MSD as a function of time in
the presence or absence of Egr-1, a decrease in nucleosome dif-
fusion due to the presence of Egr-1 was evident (SI Appendix, Fig.
S6A). This suggests that Egr-1 affects nucleosome repositioning by
suppressing long repositioning events, via one of two possible sce-
narios. One possibility is that Egr-1 molecules, by their mere
presence in the solution or nonspecific binding to the DNA, repress
type 2 movements (e.g., by affecting intermolecular crowding).
Alternatively, the specific association of Egr-1 to its binding motif,
located at −104/−112, may create a barrier for nucleosome move-
ment. To clarify this question, we compared the PDF for the step
size for H2A.Z when Egr-1 was present or absent in the solu-
tion. Notably, in the presence of Egr-1, there is a clear suppression
in the long repositioning events toward −104/−112 (Fig. 4B). Im-
portantly, this asymmetry is position dependent, as it was not ob-
served for nucleosomes whose 5′ edge is located in the region
between −140/−160, which completely covers the binding site
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(SI Appendix, Fig. S6B). If specific binding of Egr-1 is indeed re-
sponsible for the bias in nucleosome repositioning downstream,
we expect that, once Egr-1 is bound, the probability of type 2
events in the downstream direction will increase over those oc-
curring upstream. To explore this possibility, we calculated the
conditional probability for type 2 events, upstream or downstream,
given that the TF is specifically bound, or not bound but present in
the solution (Fig. 4C). The probability of type 2 events shows no
clear preference in direction when the TF is not specifically bound.
In contrast, when Egr-1 is bound, the probability of downstream
type 2 events is significantly higher than upstream events. Taken
together, the data suggest that, once Egr-1 binds to its site, the
nucleosome movement is biased toward downstream repositioning.
Notably, given that Egr-1 binds to this site with koff ∼ 1 s−1 and kon

∼ 3–10 × 106M−1·s−1 (SI Appendix, Fig. S7, ref. 46), at typical cellular
concentrations the binding dynamics of Egr-1 are much faster than
the typical type 2 repositioning times, implying that binding and
dissociation are in rapid equilibrium with respect to these move-
ments. Hence, it is likely that, in vivo, nucleosome movements are
limited by the mean occupancy of the binding site by Egr-1.

Discussion
Our experimental assay allows us to probe the instantaneous posi-
tion of a nucleosome repetitively, with nearly base pair resolution
and over long times, thus enabling measurement of the thermal
mobility of reconstituted nucleosomes. Notably, our measurements
are based on probing the position of the nucleosome’s first in-
teraction region, and therefore cannot rule out completely that
conformational changes in the nucleosome structure play a role in
the observed repositioning of this region. In fact, previous works
suggesting the importance of octamer plasticity for nucleosome
dynamics suggest that some conformational changes are required
for the nucleosome to move (3). However, our data do suggest that
the observed dynamics are, at least essentially, a center-of-mass

motion (SI Appendix). Our results indicate that, once initially lo-
calized (during in vitro reconstitution in our experiments or by the
action of remodeling machinery in the cell), canonical H2A-
containing nucleosomes undergo confined diffusion, exploring a
small region of the DNA. Deposition of H2A.Z into the nucleo-
some dramatically changes its diffusional properties. In addition to
the short and frequent repositioning steps similar to those observed
for H2A nucleosomes, H2A.Z nucleosomes exhibit an additional
type of step, less frequent but longer, which dominates the reposi-
tioning of the nucleosomes and confer them the ability to overcome
the confinement and translocate over longer distances. As the
concurrent breaking of all octamer–DNA interactions would require
an energy of at least ∼75 kBT (47), theoretical models suggest that
the spontaneous mobility of nucleosomes is driven by structural
defects, either loops (19) or twists (21), created as the DNA spon-
taneously unwraps and rewraps. Although the prevalence of each
type of defect is still under debate, it is clear that twist defects, the
most likely being of 1 bp, should form faster than loops, which are
energetically advantageous at the length of 10 bp. Moreover, recent
computational models predict that the formation of loops is re-
stricted to specific regions, such as SHL ± 2 (48) located between
the nucleosome’s region 1 and 2, but DNA overtwisting enables
accommodation of an additional extra base pair that can from in any
position along the DNA (49). Hence, it is possible that the two types
of repositioning events we report for H2A.Z-containing nucleo-
somes represent the dynamics induced by the two types of structural
defects proposed: the small-scale movements may correspond to the
energetically lower and more abundant twist defects, generated at
second and perhaps subsecond timescales, while the long-range
repositioning events that occur at minute timescales might corre-
spond to the dynamics facilitated by the formation of loop defects.
What makes H2A.Z nucleosomes distinct? Although the

crystal structures of both canonical and H2A.Z-containing nu-
cleosomes are similar, a number of key differences exist. In
particular, the interactions of the H3/H4 tetramer with the
docking domain of H2A.Z are destabilized due to substitution of
a glutamine by the smaller glycine at position 104 in H2A.Z (50).
In light of recent studies indicating that nucleosome thermal
repositioning requires octamer plasticity (51), we propose that
such plasticity can be achieved by the destabilization of the
H2A.Z/H2B docking domain, which leads to conformational
changes in the histone octamer. Such changes will affect not only
the local interactions between the H3/H4 tetramer, but can also
propagate allosterically to the octamer interactions with DNA.
In support of this hypothesis, our previous work revealed a de-
crease in strength of the H3/H4 interaction with DNA upon
H2A.Z incorporation (34).
By simultaneously measuring the nucleosome’s position and the

presence of a bound TF at the binding site for Egr-1, we have
shown that the spontaneous movements of the nucleosome, and in
particular the long repositioning events typical for H2A.Z nucle-
osomes, modulate the exposure of the Egr-1 binding site and thus
modulate TF binding to the DNA (Fig. 5). In the context of
transcriptional regulation, this may serve as a means to fine-tune
the basal accessibility, as opposed to the more drastic effect that
results from the creation of a nucleosome-depleted region. Fa-
cilitated by the nucleosome’s intrinsic properties and independent
of other factors, this mechanism may control the initial binding of
a pioneer TF to recruit remodeling machinery to a specific DNA
locus. Interestingly, this possibility is in line with previous studies
that demonstrated that H2A.Z nucleosomes are necessary for the
recruitment of pioneer TFs (26, 52, 53). Specifically for the Lhb
gene, the binding site of Sf-1, located at −119/−127 and re-
sponsible for the gonadotrope differentiation and basal activation
of Lhb (54), also resides inside the nucleosome. It is possible that
the pioneer binding of Sf-1 is facilitated by the exposure of this
binding site, induced by the mobility of the nucleosome.

H2A.Z
incorporation

Nucleosome
repositioning

TF binding

TF binding
inhibited

Increased
diffusion

TF site 
exposed

Asymmetric
repositioning 

Confined 
nucleosome
diffusion

Egr-1 H2A H2A.ZEgr-1 binding site 

Fig. 5. A model for the interplay between H2A.Z-induced diffusion and TF
binding. Nucleosomes undergo confined diffusion on the DNA and limit
binding of a TF. The incorporation of the histone variant H2A.Z serves to
partially relieve this confinement, via a different type of thermal diffusion.
The increased diffusion leads to exposure of the TF’s binding site and facil-
itates its association with the DNA. The bound TF then restricts nucleosomal
movements upstream, thus asymmetrically biasing the repositioning down-
stream.
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We observed that TF binding biases the direction of the mo-
bility away from the binding site. Although it is possible that this is
the result of steric interactions between the nucleosome and the
bound TF, it is also possible that binding of the TF suppresses the
formation of loops or twists by locally modifying the mechanical
properties of DNA. In any case, the effect of TF binding on the
mobility suggests that binding can serve as an autoregulatory
mechanism to further increase TF accessibility. Moreover, this can
provide the basis for nucleosome-mediated cooperativity in the
binding of different TFs, as binding of one TF may modify the ac-
cessibility of another TF binding site. Together, this makes the use
of a mobile nucleosome a more versatile and potent regulation
mechanism than simply shifting the nucleosome’s position.
In a wider perspective, mobile nucleosomes may be exploited

to facilitate distinct outcomes when incorporated into specific
genomic regions during different biological contexts. H2A.Z was
shown to localize at regions other than gene promoters, among
them enhancer regions (54), regions of heterochromatin (29),

and DNA damage sites (55). As these processes require exten-
sive DNA accessibility to maintain important cellular activities, it
is likely that H2A.Z incorporation plays a role in establishing the
long-term changes that self-sustain the basal accessibility of re-
gions of DNA for prolonged periods. Finally, the incorporation
of an essential H2A.Z in the +1 position in virtually all eu-
karyotes (30) suggests that its specific physical properties may
fulfill a role also in transcriptional elongation, and that the usage
of nucleosome mobility for regulation is a general and evolutionarily
conserved mechanism.

Experimental Procedures
The measurements were performed using high-resolution optical tweezers
(37). Detailed experimental procedures are described in SI Appendix.
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