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Summary

Dynamics of the nucleosome and exposure of nucleosomal DNA play key roles in many nuclear
processes but local dynamics of the nucleosome and its modulation by DNA sequence are poorly
understood. Using single-molecule assays we observed that the nucleosome can unwrap
asymmetrically and directionally under force. The relative DNA flexibility of the inner quarters of
nucleosomal DNA controls the unwrapping direction such that the nucleosome unwraps from the
stiffer side. If the DNA flexibility is similar on two sides, it stochastically unwraps from either
side. The two ends of the nucleosome are orchestrated such that the opening of one end helps to
stabilize the other end, providing a mechanism to amplify even small differences in flexibility to a
large asymmetry in nucleosome stability. Our discovery of DNA flexibility as a critical factor for
nucleosome dynamics and mechanical stability suggests a novel mechanism of gene regulation by
DNA sequence and modifications.

Introduction

The fundamental unit for genome compaction in eukaryotic cells is the nucleosome, in
which ~147 base pairs of DNA wrap ~1.7 turns around a histone octamer core (Kornberg,
1974). Nucleosome dynamics regulates replication, repair, and transcription (Andrews and
Luger, 2011; Bintu et al., 2012; Kulaeva et al., 2013; Li et al., 2007; Nag and Smerdon,
2009). Nucleosomal DNA can be invaded either passively due to spontaneous fluctuations
(Hodges et al., 2009; Koopmans et al., 2007; Li et al., 2005; Li and Widom, 2004) or
actively by forces generated by polymerases and chromatin remodelers (Sirinakis et al.,
2011; Yin et al., 1995). In addition, highly dynamic chromatin anchored to various
subcellular structures is likely to experience tension. Nucleosomal DNA under tension has
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been proposed to unwrap in two major stages; the outer turn unwraps at low force followed
by unwrapping of the inner turn at higher force (Brower-Toland et al., 2002; Mack et al.,
2012; Mihardja et al., 2006). However, previous mechanical studies relied on end-to-end
distance detection of the DNA tethers, interpretation of which can be indirect, and is unable
to report on local conformational changes of different parts of the nucleosome.

Understanding the physical basis of how DNA sequence and modifications affect
nucleosome dynamics will help elucidate how genomic and epigenetic modifications
regulate cellular functions. In the nucleosome, DNA of about one persistence length (147
bp) has to be bent and twisted to form ~1.7 turns around the histone octamer (Chua et al.,
2012; Kulaeva et al., 2013; Luger et al., 1997). DNA sequence may affect the strength of
DNA-histone interactions through formation of specific DNA-histone interactions or by
affecting the static curvature, dynamic flexibility, permanent or dynamic twist (Widom,
2001). These mechanical properties of DNA are affected by sequence composition and a
variety of modifications (Hagerman, 1988; Mirsaidov et al., 2009; Rief et al., 1999; Severin
et al., 2011; Vafabakhsh and Ha, 2012; Widom, 2001). The DNA sequence has a profound
effect on nucleosome positioning, structure and stability (Chua et al., 2012; North et al.,
2012; Téth et al., 2013; Widom, 2001), but how it affects nucleosome dynamics is poorly
understood.

Here, we employ a single-molecule assay which combines fluorescence with optical
tweezers (Hohng et al., 2007; Maffeo et al., 2014; Zhou et al., 2011) to simultaneously
manipulate an individual nucleosome under force and probe its local conformational
transitions.

Probing Local Conformational Dynamics of the Nucleosome under Tension

In order to obtain clearly interpretable data on local nucleosome dynamics we chose the
nucleosome positioning sequence 601 (Lowary and Widom, 1998), which has been used for
previous high resolution single molecule studies (Bintu et al., 2011,2012; Béhm et al., 2011,
Brower-Toland et al., 2002; Deindl et al., 2013; Gansen et al., 2009; Hall et al., 2009;
Hodges et al., 2009; Kruithof and van Noort, 2009; Mack et al., 2012; Mihardja et al., 2006;
North et al., 2012; Sheinin et al., 2013; Shundrovsky et al., 2006; Sudhanshu et al., 2011;
Téth et al., 2013). A nucleosome was anchored to a PEG-coated glass surface on one end of
the DNA and pulled via a A-DNA tethered to the other end by an optical trap (Figure 1A). A
fluorescence resonance energy transfer (FRET) dye pair, a donor and an acceptor, attached
to various positions on the DNA enable the measurement of conformational changes of
defined locality.

To probe unwrapping of the outer DNA turn, we constructed the ED1 (Entry-Dyad 1)
labeling scheme consisting of a donor close to the dyad and an acceptor close to an entry.
ED1 nucleosomes displayed a single high FRET population due to close proximity of the
probes (Figure S1A) as expected from the nucleosome crystal structure (Makde et al., 2010)
(Figure 1B). In the absence of force, FRET time traces were stable within our temporal
resolution of 30 ms (Figure S1B). The same DNA reconstituted with the (H3/H4), tetramer
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produced a very different distribution with low FRET values attributed to the tetrasome
(Figure S1A).

We increased the applied force starting from a low value (typically between 0.4 — 1.0 pN) to
a predetermined higher value and then returned it to the low value. FRET gradually
decreased as the force increased followed by fast fluctuations and finally a sharp decrease in
FRET (Figures 1C and 1D). Upon relaxation, the nucleosome reformed, retracing the
dynamics observed during stretching if the force was held below 6 pN to limit the extent of
unwrapping (Figures 1C and 1E) or displaying hysteresis when we extended the force range
to 20 pN (Figures 1D and 1F). The initial gradual FRET decrease indicates that DNA
unwraps steadily without going through a major energy barrier at low tension. The FRET
fluctuation that follows likely represents a bistable hopping behavior reported previously
(Mihardja et al., 2006). Subsequent stretching/relaxation cycles reproduced the same
behavior, suggesting that each cycle brings the nucleosome back to the initial state.

To probe inner turn unwrapping, we attached FRET probes to a region approximately 40 bp
from the dyad (INT) (Figure 2G). As with ED1, the INT nucleosome showed a single
narrow FRET peak at zero force and was distinguishable from the tetrasome species which
displayed a broad range of FRET (Figures S1C and S1D). At low forces, the INT
nucleosome maintained a stable high FRET value with occasional hopping to an
intermediate FRET state (Figure 2H). As the force increased to higher values (10-15 pN),
FRET suddenly dropped to a final low value (Figure 2H). As an additional control, the INT-
tetrasome showed a distinct FRET vs. force stretching pattern, unraveling at much lower
force (3-5 pN), thus confirming that INT nucleosome contained the histone octamer (Figure
S1E).

Taken together, our nucleosome stretching data with probes at ED1 and INT positions are
consistent with previous studies on the effect of force on global nucleosome dynamics
(Brower-Toland et al., 2002; Kruithof and van Noort, 2009; Mihardja et al., 2006; Sheinin et
al., 2013); the outer turn unwraps at low force (3-5 pN) and the inner turn unwraps at higher
force (12-15 pN). In addition, ED1 probe allows us to observe gradual unwrapping before an
abrupt transition of the initial DNA end segment at the low force range (< 3 pN).

Nucleosome Unwrapping is Asymmetric

Previous investigations of nucleosome unwrapping (Brower-Toland et al., 2002; Kruithof
and van Noort, 2009; Mack et al., 2012; Mihardja et al., 2006; Sheinin et al., 2013) assumed
that two nucleosomal DNA ends respond similarly to the applied force since unwrapping of
the two DNA ends was not separately observable. Our assay, which is sensitive to local
conformational changes, enables the examination of two sides separately by comparing the
FRET-Force response on the two ends. We designed a construct termed ED2 with a FRET
pair placed at the opposite entry/dyad region—the “left” end (Figures 2G and S2A).
Surprisingly, the FRET-Force pattern of ED2 displayed a pattern very different from ED1
(Figure 2D). FRET remained stable at low forces and did not decrease until higher force (15
— 20 pN) was reached, in contrast to the decrease below 5 pN observed for ED1 on the
“right” end. This result indicates that a significant asymmetry exists in the DNA unwrapping
behavior.
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We performed various control experiments to confirm the unwrapping asymmetry result and
to rule out alternative explanations. First, additional constructs with probes at symmetric
locations on the DNA handles outside the core sequence confirmed that the nucleosome is
not mispositioned on the 601 sequence (Figure S3). Second, we swapped the orientation of
surface tethering and pulling via the lambda DNA tether and found that the strong side
unwrapped at high forces for both configurations (with essentially identical FRET versus
force curves), ruling out surface tethering via a particular end as the reason for the
asymmetry (Figure 3A). Third, replacing the first 10 bp of the left handle with the
corresponding region on the right handle showed that the sequence difference just outside
the core region is not responsible for the asymmetry (Figure 3B).

To examine if the observed asymmetry may be induced by position-specific perturbations
caused by the fluorophores, we designed four additional constructs for comparison of the
two sides: ED1 versus ED2, ED1.5 versus ED2.5, and ED1.7 versus ED2.8 (Figure 2G and
Figure S2A). Generally, the force required for a significant FRET decrease was lower for
ED1 (Figure 2A), ED1.5 (Figure 2B) and ED1.7 (Figure 2C) than for those labeled at
symmetrically related sites, ED2 (Figure 2D), ED2.5 (Figure 2E) and ED2.8 (Figure 2F),
respectively, showing that the asymmetry is highly unlikely due to position-dependent
perturbations by the fluorophores, and indicating that one side of the nucleosome is indeed
weaker than the other when the DNA is under tension.

Strikingly, the force needed for a major unwrapping signal was larger for the ED2 end
(16.8+0.4 pN) than the DNA inner turn (14.7 £ 0.5 pN) (Figure 2D and 2H) (the errors
represent the SEM). This effect was even clearer when the pulling rate was halved to 233
nm/sec (14.2 + 0.5 pN vs. 11.2 £ 0.9 pN, Figure S2). Thus, the data suggest that DNA
unwrapping occurs directionally, starting from the ‘weak’ end (ED1) at the lowest
unwrapping force, followed by the inner turn, and then to the ‘strong’ end (ED2). However,
the small difference between the INT and ED2 unwrapping force would allow the inner turn
to unwrap later than the strong end in some cases.

Such mechanical asymmetry may influence gene expression by affecting DNA exposure or
transcriptional pausing. In fact, an in vitro transcription study (Bondarenko et al., 2006)
observed that nucleosomes can form a polar barrier to transcriptional elongation.
Specifically, our “strong” side (ED2) corresponds to the 601R transcription orientation
where polymerases face a higher outer turn barrier (the +15 barrier).

Unwrapping of the Nucleosome on One End Stabilizes the Other End

In the low force range, FRET of the strong outer turn ED2 is stable and remains unchanged
until the final drop at high force (16.8+1.5 pN) (Fig. 2D). When the pulling rate is lowered
2-fold (Figure S2), we observed a small decrease in FRET followed by a FRET recovery in
the low force range for some stretching traces. Therefore, we probed the earliest unwrapping
process of the strong (ED2) side by moving the probes to either one (ED2-1, Figure 4C) or
twelve (ED2-12, Figure S4A) nucleotides beyond the nucleosome core sequence on the
strong side. At low forces, ED2-1 and ED2-12 probes on the strong side showed the same
stretching pattern as ED1 probe on the weak side: FRET decreased gradually at low force
followed by fluctuations at 3-6 pN (Figures 4A and S4). However, on the weak side the

Cell. Author manuscript; available in PMC 2016 March 12.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ngo et al.

Page 5

FRET dropped entirely after 6 pN, while on the strong side, FRET recovered and did not
fully drop until much higher force was reached. Our force-fluorescence spectroscopy
approach allows detection of unwrapping/rewrapping of a specific side. In contrast, in
previous studies measuring the overall end-to-end distance (Mihardja et al., 2006; Sheinin et
al., 2013), simultaneous rewrapping of the strong end and unwrapping of the weak end may
not have given a detectable change in overall length. Coordination in FRET-force patterns of
ED1 and ED2-1 indicate that two extreme ends of the nucleosome are slightly unwrapped at
low forces but once the weak end significantly unwraps, the strong end rewraps and stays
stable until much higher forces are applied.

At constant forces, FRET time traces of both ED1 and ED2-1 constructs (Figure 4B) showed
two-state hopping between wrapped and partially unwrapped state, respectively. Hidden
Markov Modeling (McKinney et al., 2006) was used to determine the transition rates
between the two states (Figure 4D). As the force increased, the unwrapping rate increased
and the wrapping rate decreased, consistent with a previous report (Mihardja et al., 2006),
and the rates on the two DNA ends were similar. Our observation that the two ends of the
nucleosome are orchestrated such that the opening of one end helps stabilize the other end
raises the possibility that even relatively small asymmetry between the two sides may result
in one side winning reliably (cartoon in Figure 4C).

Asymmetry of Nucleosome Unwrapping Is Directed by DNA Local Flexibility

We propose that the observed asymmetry in mechanical stability originates from the DNA
sequence differences between the two sides of the 601 sequence for the following reasons.
First, the protein core structure is symmetric around the dyad axis (Chua et al., 2012; Luger
et al., 1997) whereas the DNA sequence is nonpalindromic. Second, unzipping of the
nucleosomal DNA under certain experimental configurations shows a higher off-dyad
barrier on one side (“strong” side in our study) than the other (Hall et al., 2009). Third,
symmetrization of certain sequence features can affect the overall thermodynamic stability
as measured by salt titration (Chua et al., 2012).

Since the unwrapping asymmetry is observed for the outer turn, we first symmetrized DNA
content at the entry regions by replacing the AT-rich region (nucleotide 8-24 from the right
end) on the weak side with the corresponding GC-rich segment on the strong side (Figure
S5A). This construct, termed LL8-24, exhibited the same asymmetry as the 601 nucleosome
(Figure S5C), ruling out the differences in AT/GC-content of the entry region as the source
of asymmetry.

Because DNA has to be bent and deformed to wrap around the histone octamer, the intrinsic
DNA flexibility may influence DNA-histone binding affinity (Lowary and Widom, 1998;
Widom, 2001). Therefore, we hypothesized that the more flexible sequences would unravel
at higher forces by better tolerating the sharply bent DNA conformation. To test this
hypothesis, we examined the relative flexibility of the two 73 bp DNA fragments flanking
the dyad in the 601 sequence using a single molecule DNA cyclization assay (VVafabakhsh
and Ha, 2012). The ‘strong’ side (LH for left half) yielded a cyclization time of 26 minutes
while the ‘weak’ side (RH for right half) took 189 minutes to cyclize, indicating that the left
side of the 601 is more flexible than the right side by a factor of 7 according to our
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measurement (Figure 5C). Thus, the asymmetry in DNA flexibility appears to correlate with
asymmetric unwrapping - the more flexible DNA side unwraps at higher force and vice
versa. Here, ‘flexibility’ is an operational definition equivalent to ‘cyclizability’ in our assay
because we do not yet know whether a static bend or dynamic flexibility (represented by
lower bending energy) determines the apparent flexibility.

In order to test the correlation further, we modified the 601 sequence so as to locally switch
the DNA flexibility on the two sides by flipping the middle 73 bp (601MF) (Figures 5A and
5B). The single molecule cyclization showed that the right side of 601MF has now become
more flexible (17 min. looping time) than the left side (213 min. looping time) by a factor of
12 (Figure 5D), reversing the relation found in the original 601 sequence, and
correspondingly, the left side of the 601MF nucleosome (now containing stiffer DNA
sequence) unwrapped at a lower force than the right side (Figure 5F). This implies that the
direction of outer turn unwrapping can be controlled by the relative flexibility of internal
regions of DNA such that the nucleosome first unwraps from the DNA side connected to a
less flexible inner turn DNA (Figures 5G and 5H).

We further tested how nucleosome unwrapping is affected when the DNA sequence is
similar in flexibility on both sides. We were guided by the 10 bp TA steps rule suggested by
Widom (Lowary and Widom, 1998; Widom, 2001) to construct this DNA sequence. Chua et
al. (2012) confirmed by crystallography that TA dinucleotides accommodate the highest
degree of distortion of the DNA structure within nucleosome. The 601 sequence is
nonpalindromic with 10 bp TA steps situated only on the left (strong) side. Therefore, we
pseudo-symmetrized the flexibility of the sequence by adding three copies of TA
dinucleotides spaced 10 bp apart to the right (weak) side (601RTA) (Figures 6A and 6B).
The resulting 601RTA right half (RH) became more flexible (cyclization time decreased
from 189 to 63 min) (Figure 6C) and closer to the left half (26 min.). We ensured that the
nucleosome positioning is maintained on all three sequences (601, 601MF and 601RTA), as
nucleosomes reconstituted from all three sequences show the same electrophoretic mobility
on a 5% native PAGE gel and displayed similar single-molecule FRET histograms (Figure
S6). Strikingly, instead of one side winning the match every time, which side unwraps at
low forces became stochastic (Figure 6F). The fraction of traces unwrapped at low force and
high force was 37% and 67% for the left half (601RTA-ED2) and 44% and 56% for the right
half (601RTA-ED1), respectively (Figures 6G and 6H). Averaging over all stretching traces
produced almost identical FRET-force patterns for these two constructs (Figure 6D). These
results imply that when the flexibility of DNA on the two sides of the nucleosome is similar,
each side of the nucleosome unwraps stochastically at either low force or high force (Figure
6E).

Monte Carlo Simulation of Asymmetric Unwrapping of Nucleosomal DNA

In order to model the asymmetric nucleosome dynamics under tension, we adopted a
continuum model of symmetric nucleosomal DNA unwrapping developed by Sudhanshu et
al. (2011) and extended it to a more general, asymmetric case where mand n base pairs can
be unwrapped from the weak and strong side, respectively. The only modification to the
energy function used by Sudhanshu et al. (2011) was a reduction in the binding energy of
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the inner quarter of the weak side (see Supplemental Information for details). With this
energy function, we performed Monte Carlo simulations starting from 0.1 pN and increasing
the force in 0.1 pN increments every 2000 time steps until 10 pN of force was reached. Four
representative trajectories of mand n values, the number of base pairs unwrapped from the
weak and strong sides, respectively, are shown in Figure 7 (blue for mand red for n). At
~3-5 pN of force, we observed major unwrapping of the weak side (mvalues reaching
around 65 bp). In three cases (Figures 7A, 7B, and 7D), initial unwrapping of the strong side
(transient increase in n, i.e., unwrapping of the strong side) precedes rewrapping of the
strong side and major unwrapping of the weak side. Figure 7E shows an example trajectory
in (m, n) space (corresponding to Figure 7B). A transient unwrapping of the strong side is
seen in the force range 3-4 pN before the systems moves to the asymmetrically unwrapped
state.

This simple model and simulation capture two important aspects of our data. First,
asymmetric unwrapping can be obtained even when only the inner quarters are different in
binding energy (presumably arising from differences in DNA flexibility where less flexible
sequence has less binding energy). Second, a transient unwrapping of the strong side is often
observed, and this is followed by rewrapping of the strong side and major unwrapping of the
weak side in a coordinated fashion. Furthermore, our data and simulation suggest that the
force-induced extension changes observed in previous studies at low forces and interpreted
as symmetric unwrapping of the outer turns from both ends may need to be reinterpreted as
asymmetric unraveling of the weak side only.

Discussion

Genetic information buried in nucleosome is made accessible for replication, transcription,
repair and remodeling by partial unwrapping of nucleosomes (Bowman, 2010; Gansen et al.,
2009; Hodges et al., 2009; Kulaeva et al., 2013; Li et al., 2005; Li and Widom, 2004; Maher
etal., 2013; North et al., 2012; Tims et al., 2011). Our results provide the first demonstration
of how the local flexibility of DNA governs the mechanical stability of the nucleosome and
accessibility of nucleosomal DNA, and may be generalizable as a principal mechanism for
regulation of DNA metabolism by nucleosomal DNA sequence and modifications.

The correlation that the more flexible the DNA sequence is, the more stable it stays bound to
the histone core may aid the prediction of nucleosome positions imposed by DNA sequence.
We found that this relation holds not only for DNA sequences but also for DNA
modifications such as DNA mismatches, 5-methylcytosine and 5-formylcytosine (T.T.M.N.,
Q.Z.,J. Yoo, Q. Dai, A. Aksimentiev, C. He, and T.H., unpublished data).

Stabilization of one nucleosomal DNA end upon the major opening of the other end may
play a role in nucleosome integrity maintenance during transcription and nucleosome
remodeling because both in vivo and in vitro studies suggest that a high fraction of
nucleosomes survive after being transcribed (Bintu et al., 2011; Workman, 2006) and
remodeled (Shundrovsky et al., 2006). It is also possible that such orchestration between the
two nucleosome ends may help stabilize one H2A/H2B dimer during the exchange or
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modification of the other dimer. For example, SWR-C/SWR-1 deposits H2A.Z into only one
site at a time, not both (Yen et al., 2013).

Our Monte Carlo simulations could reproduce key features of asymmetric unwrapping and
coordinated dynamics of two DNA ends (Figure 7). Nevertheless, this model ignores many
structural details and represents DNA sequences with the resolution of 36 bp, a quarter of
the nucleosomal DNA. Other properties of the nucleosome yet to be explored may make
additional contributions to the coordination of DNA ends: (1) the proposed electrostatic
repulsion between two DNA turns (Mollazadeh-Beidokhti et al., 2012) where upon force-
induced undocking of one end, the resulting loss of the electrostatic repulsion stabilizes the
other end, (2) DNA allostery (Kim et al., 2013), and (3) the deformation of the histone
octamer during unwrapping which may change charge distribution and/or contribute to the
allosteric coupling. Histone deformation was suggested to govern salt-induced nucleosome
dissociation (Béhm et al., 2011) and may also be involved in nucleosome remodeling by
IWSI remodelers (Deindl et al., 2013). In our experiments at low tension, in addition to the
early unwrapping of extreme DNA ends probed by ED1 and ED2-1, the FRET probes at
ED1.5 (Figure 2B) and ED1.7 (Figure 2C) displayed an increase in FRET as a first response
to applied force before a decrease, indicating possible partial DNA tightening mediated by
twisting of the H,A/H,B dimer on the weak side.

We observed that nucleosomal DNA unwraps directionally under tension not only for the
601 sequence but also for the derivatives of the 601 sequence. Asymmetric unwrapping is
likely to be generalizable to other sequences since the coordination of two ends would allow
the system to amplify even a small difference in flexibility to cause a large asymmetry in
mechanical stability.

Directionality of transcription can be ensured by the suppression of cryptic antisense
(Gorman et al., 2010) through epigenetic regulation and RNA degradation (Richard and
Manley, 2013). Our results linking sequence-dependent flexibility to mechanical stability of
the nucleosome suggest another mechanism to maintain transcriptional direction— the
possibility that nature selects for lower flexibility DNA sequences within the first half of
nucleosomes in the direction of transcription. In this scenario, RNA polymerase would have
greater initial access to the DNA template if it enters the nucleosomal DNA from the ‘weak’
side and would only pause when it reaches the nucleosomal dyad (Churchman and
Weissman, 2011; Hodges et al., 2009). We are currently investigating DNA flexibility on a
genomic scale combining sequencing and single molecule cyclization to test this possibility.

Experimental Procedures

For additional details, see the Extended Experimental Procedures.

Preparation of DNA constructs

We used PCR to amplify 181 bp ds DNA from templates which contain 147 bp 601
positioning sequence, flanked by a 14 bp linker to biotin and 20 bp spacer connected to the
12 nt COS overhang. The construct was tethered to the surface via biotin and the COS
overhang was used to anneal the template to A DNA. PCR primer oligonucleotides were
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designed for various templates and synthesized by Integrated DNA Technologies. The
forward primer contains an amino modification (5SAmMMCSGT) at a designated location and a
biotin at the 5’ end. The reverse primer contains the same amino modification and an abasic
site to create the COS overhang. The forward and reverse primers were labeled with Cy3
and Cy5 dyes respectively according to (Roy et al., 2008), and HPLC-purified when
necessary to bring the labeling efficiency to >90%.

Nucleosome Reconstitution

PCR-amplified 601 templates were reconstituted with X. laevis recombinant histone octamer
(purchased from Colorado State University) by salt dialysis (Dyer et al., 2004).
Reconstituted nucleosomes were stored at 4°C in the dark typically at concentrations of
100-200 nM and used within 2 weeks. The efficiency of nucleosome reconstitution was
measured by 5% native PAGE gel electrophoresis.

Annealing nucleosome to A DNA

The nucleosome was annealed to A DNA and an oligonucleotide containing digoxigenin.
First, 1 DNA (NEB) at 16 nM was heated in the presence of 120 mM NaCl and 1.2 mM
MgCl, at 80°C for 10 min, and then placed on ice for 5 min. Nucleosomes and BSA were
added to the A DNA at a final concentration of 8 nM and 0.1 mg/ml, respectively. The
mixture was incubated with rotation in the dark at room temperature for 15 min and then for
an additional 2-3 hr at 4°C. DIG oligo (see DNA Sequences in the Supplemental
Information) was added to a final concentration of 200 nM and then incubated with rotation
at 4°C for 1-2 hr. Samples were stored at 4°C in the dark and could be used for data
acquisition for up to 2 weeks.

Sample assembly

To eliminate nonspecific surface binding, a coverslip surface was coated with
polyethyleneglycol (PEG) (mixture of MPEG-SVA and Biotin-PEG-SVA, Laysan Bio)
according to Roy et al. (2008). After forming an imaging chamber using the PEG coated
coverslip and glass microscope slide, it was further incubated in blocking buffer (10 mM
Tris-HCI pH 8.0, 50 mM NaCl, 1 mg/ml BSA [NEB], 1 mg/ml tRNA [Ambion]) for 1 hr.
The nucleosome sample was diluted to 10 pM in a nucleosome dilution buffer (10 mM Tris-
HCI pH 8.0, 50 mM NaCl, 1 mM MgCl,) and immobilized on the surface via biotin-
neutravidin interaction. Next, 1 um anti-digoxigenin-coated polystyrene beads
(Polysciences) diluted in nucleosome dilution buffer were added to the imaging chamber for
~30 minutes for attachment of beads to the free end of each tether. Finally, imaging buffer
(50 mM Tris-HCI pH 8, 50 mM NaCl, 1 mM MgCl,, 0.5 mg/ml BSA [NEB], 0.5 mg/ml
tRNA [Ambion], 0.1% v/v Tween-20 [Sigma], 0.5% w/v D-Glucose [Sigma], 165 U/ml
glucose oxidase [Sigma], 2170 U/ml catalase [Roche], and 3 mM Trolox [Sigma]) was
added for data acquisition.

Fluorescence-Force Spectroscopy

We recently developed an instrument combining optical trap with fluorescence detection to
monitor conformational changes of biomolecular systems under applied force (Hohng et al.,
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2007). The full details of this instrument can be found in our recent review (Zhou et al.,
2010). Briefly, an optical trap was formed by an infrared laser (1064 nm, 800 mW,
EXLSR-1064-800-CDRH, Spectra-Physics) through the back port of the microscope
(Olympus) by expanding the laser beam 8-fold using two telescopes and focusing on the
sample plane with a 100x oil immersion objective (Olympus). Force was applied on the
sample tethers by moving the microscope slide using a piezo stage (Physik Instrument).
Applied force was determined by position detection of the tethered beads using a QPD
(UDT/SPOT/9DMI) and stiffness calibration as described (Hohng et al., 2007). The
confocal excitation laser (532 nm, 30 mW, World StarTech) was coupled through the right
port of the microscope. The excitation laser was scanned by a piezo-controlled steering
mirror (S-334K.2SL, Physik Instrument). The fluorescence emission was filtered from the
infrared laser by a band pass filter (HQ580/60 m, Chroma) and separated from excitation by
a dichroic mirror (HQ680/60 m, Chroma) before detection by two avalanche photodiodes.

Data acquisition

Single molecule data acquisition was performed according to Hohng et al. (2007). In
summary, after a bead was trapped, the origin of the tether was determined by stretching the
tether in two opposite directions along both x and y axis. Then the confocal laser was
scanned to locate the fluorescence spot on the tether after separating the trapped bead from
its origin by 14 um. Unless specified otherwise, the nucleosome unwrapping experiment was
carried out by moving the stage between 14 pm and 16.8-17.2 um at the speed of 455 nm/
sec'l. The confocal excitation was scanned concurrently with the stage movement.
Fluorescence emission was detected for 20 ms after each step in stage movement. Force-
fluorescence data was obtained in the imaging buffer (50 mM Tris-HCI pH 8, 50 mM NacCl,
1 mM MgCls, 0.5 mg/ml BSA [NEB], 0.5 mg/ml tRNA [Ambion], 0.1% v/v Tween-20
[Sigma], 0.5% w/v D-Glucose [Sigma], 165 U/ml glucose oxidase [Sigma], 2170 U/ml
catalase [Roche] and 3 mM Trolox [Sigma]).

Single molecule DNA cyclization Assay

A single-molecule DNA cyclization assay was recently developed in our laboratory to
quantify the flexibility of a short double stranded DNAS (< 100 bps) (Vafabakhsh and Ha,
2012). A total of six 601 DNA fragment regions listed in DNA Templates and Labeling
Schemes in the Supplemental Information are generated by slow annealing (90°C for 10
min) of appropriate oligonucleotides (see DNA Sequences in the Supplemental Information)
followed by slow cooling to room temperature over 4 hr. DNA fragments were immobilized
on a PEG-coated microscope slide via biotin-neutravidin linkage. A FRET pair (Cy3 and
Cy5) was incorporated at the two 10 nt long 5" overhangs that are complementary to each
other so that loop formation via annealing of the two overhangs was detected as a FRET
increase. Data acquisition was performed in a buffered solution (10 mM Tris-HCI pH 8.0, 1
M NacCl, 0.5% w/v D-Glucose [Sigma], 165 U/ml glucose oxidase [Sigma], 2170 U/ml
catalase [Roche], and 3 mM Trolox [Sigma]). Time courses of generation of high FRET
population allowed us to quantify the fraction of looped molecules versus time after the high
salt buffer was introduced to the chamber containing low salt buffer (10 mM NacCl) of
otherwise identical composition. Here, the rate of loop formation was used as a measure of
DNA flexibility. The faster the looping occurs, the more flexible the sequence is.

Cell. Author manuscript; available in PMC 2016 March 12.
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All single molecule measurements were performed at ~ 22°C.

Supplemental Information

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Observation of Local Conformational Changes of Nucleosome under Tension
(A) Experimental scheme: a nucleosome was immobilized on a microscope slide via a 14

dsDNA handle beyond the nucleosome core sequence. The other end was connected to a

Force (pN)

bp

micron-diameter bead through a A-DNA linker which was held in place by an optical trap

which applies force. Local conformational changes were recorded by FRET between the
donor (green) and the acceptor (red) on the DNA. (B) Positions of donor and acceptor
fluorophores in the ED1-labeling scheme superposed on two different views of the
nucleosome structure (Protein Data Bank [PDB] file 3MVD). (C and D) Single-molecule
time traces of the ED1 construct recorded during stretching and relaxing at a stage speed
455 nm/s at a set maximum force of ~ 6 pN (C) and ~ 20 pN (D): force (black), donor
signal (green), acceptor signal (red), and FRET efficiency (blue). (E and F) The average
FRET versus force when the maximum force was set to ~ 6 pN (E): average of 26 traces
and ~ 20 pN (F): average of 25 traces. See also Figure S1.
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Figure 2. Nucleosome Unwraps Directionally under Tension
(A-H) FRET vs. force during stretching for various FRET pairs spanning two sides of the

nucleosome illustrated in (G) (see Figure S2 for labeling positions). Representative data for
single cycles are shown in gray. The averaged curves are in blue for the weak side, in red for
the strong side, and in black for the inner turn probes. Error bars are SEM of 25 traces for
ED1 (A), 15 traces for ED1.5 (B), 8 traces for ED1.7 (C), 20 traces for ED2 (D), 7 traces for
ED2.5 (E), 40 traces for ED2.8 (F), and 22 traces for INT (H). (I) Overlay of ED1, ED2,
and INT stretching curves. Substeps, which may arise from progressive unwrapping, could
be seen for ED1.7 both in the averaged trace and in individual traces (three out of eight
cycles). See also Figure S2.
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Figure 3. Unwrapping Force Is Not Affected by Pulling Configuration or Extra-Nucleosomal
Handle Sequence

(A) Switched pulling configurations for the same labeling position ED2. In the ED2 scheme,
the 5" end of the bottom J strand (the right end) is biotinylated. In the ED2B scheme, the 5
end of the top | strand (the left end) is biotinylated. Averaged stretching traces for both ED2
pulling configurations show identical high force required for unwrapping (ED2: average of
20 traces, ED2B: average of 4 traces). (B) Changing the handle sequence on the left side
does not alter the high force range required to open nucleosomal DNA on this side.
Averaged stretching curves show identical high force required for unwrapping for 601-ED2
(average of 20 traces) and RRH-1-10-ED2 (average of 15 traces). See also Figure S3.
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Figure 4. Coordinated Dynamics of the Two Nucleosomal DNA Ends
(A) Representative single-molecule stretching traces of ED1 and ED2-1 as indicated in C.

(B) Representative time traces of FRET efficiency at a constant force of 6 pN, showing
hopping between high and low FRET states. Fits from Hidden Markov modeling are
overlaid. (C) Hlustration of how major unwrapping of one side of the nucleosome facilitates
rewrapping on the other end. Initially, two extreme ends of the nucleosome synchronously
unwrap and rewrap at forces below ~ 5pN (dashed shape). Once the ED1 side majorly
unwraps (blue arrow), this facilitates the rewrapping of the ED2 side (red arrow). (D) Rates
of transition between high and low FRET states vs. force. Unwrapping rates (high to low
FRET transitions) in circles and rewrapping rates (low to high FRET transitions) in squares.
See also Figure S4.
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Figure 5. Asymmetric Nucleosome Unwrapping Controlled by DNA Local Flexibility
(A) Variations of the 601 the sequence where the inner quarters are colored in orange and

green and the outer quarters are colored in red and blue. TA steps are indicated. (B)
Nucleosomal DNA structures are shown in the same color scheme with corresponding
scheme of the sequence. (C and D) Single exponential fits to the looped DNA fraction
versus time yield the average looping time v measured using single DNA cyclization assay
for the 73 bp left or right halves (LH and RH, respectively). (E and F) Averaged stretching
time traces of FRET efficiency versus force for nucleosomes in ED1 and ED2 labeling
schemes. Error bars denote SEM of 25 traces for 601 ED1, 15 traces for 601 ED2, 29 traces
for 601MF ED1, 19 traces for 601MF ED2. (G and H) Illustrations of the relationship
between the direction of nucleosome unwrapping and the DNA flexibility of the two halves
of the nucleosomal DNA sequence. The nucleosome unwraps from the stiffer side (single-
headed arrows) if the DNA flexibility differs significantly between the two sides. See also
Figure S5.
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Figure 6. Stochastic Unwrapping of Nucleosome on the Sequence with Similar Flexibility on Two
Sides

(A) Scheme of the 601RTA sequence which is derived from the 601 sequence by
substitution of three dinucleotides on the right side by three TA steps. (B) Nucleosomal
DNA structures are shown in the same color scheme with the scheme of the sequence. (C)
Single exponential fits to the looped DNA fraction versus time yield the average looping
time © measured using single DNA cyclization assay for the 73 bp left or right halves (LH
and RH, respectively) for the 601RTA sequence. (D) Averaged stretching time traces of
FRET efficiency versus force for nucleosomes in ED1 (average of 57 traces) and ED2
(average of 7 traces) labeling schemes for the 601 RTA sequence. Error bars denote SEM.
(E) A cartoon illustrating stochastic unwrapping of nucleosome from either side when the
DNA flexibility on the two sides is made similar on the 601RTA sequence. (F)
Representative single-molecule fluorescence-force time trace for 601-RTA nucleosome
reconstituted with the ED1 labeling scheme. Two unwrapping paths are shown. Path 1 is
gradual FRET decrease at low force (similar to original weak side), while path 2 is sudden
FRET decrease at high force (similar to original strong side). (G and H) Averaged FRET
versus force stretching curves for 601-RTA-ED1 (25 traces for path 1 and 32 traces for path
2) nucleosomes (G) and 601-RTA-ED2 (four traces for path 1 and three traces for path 2)
nucleosomes (H), comparing to that of ED1 and ED2 of the 601 sequence. Representative
single-molecule stretching traces are shown in lighter color lines. See also Figure S6.
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Figure 7. Monte Carlo Simulation of Nucleosome Unwrapping
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(A-D) Representative Monte Carlo simulation records show the number of base pairs
unwrapped from the weak side (blue) and the strong side (red) as the force increased from
0.1 pN to 10 pN. (E) A 2D representation of unwrapping trajectory shown in (B). Different
portions of the trajectory at difference forces are shown in different colors as indicated.
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