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Probing SWI/SNF remodeling of the nucleosome
by unzipping single DNA molecules

Alla Shundrovsky!, Corey L Smith?, John T Lis?, Craig L Peterson? & Michelle D Wang!

Chromatin-remodeling enzymes can overcome strong histone-DNA interactions within the nucleosome to regulate access

of DNA-binding factors to the genetic code. By unzipping individual DNA duplexes, each containing a uniquely positioned
nucleosome flanked by long segments of DNA, we directly probed histone-DNA interactions. The resulting disruption-force
signatures were characteristic of the types and locations of interactions and allowed measurement of the positions of nucleosomes
with 2.6-base-pair (bp) precision. Nucleosomes remodeled by yeast SWI/SNF were moved bidirectionally along the DNA,
resulting in a continuous position distribution. The characteristic distance of motion was ~28 bp per remodeling event, and

each event occurred with a catalytic efficiency of 0.4 min~! per nM SWI/SNF. Remodeled nucleosomes had essentially identical
disruption signatures to those of unremodeled nucleosomes, indicating that their overall structure remained canonical. These
results impose substantial constraints on the mechanism of SWI/SNF remodeling.

At the core of eukaryotic chromatin is the nucleosome, which consists
of 147 bp of DNA wrapped 1.65 turns around an octamer of histone
proteins’. Even this lowest level of genomic compaction presents a
strong barrier to DNA-binding cellular factors that are required for
essential processes such as transcription, DNA replication, recombina-
tion and repair. Chromatin-remodeling enzymes use the energy of
ATP hydrolysis to regulate accessibility of the genetic code by altering
chromatin structure, and they expose specific sequences, such as
promoters, to DNA-binding factors?®. The yeast SWI/SNF complex
was the first remodeling enzyme to be discovered as a transcription
activator’, and since then many homologous proteins have been found
that perform similar roles in changing chromatin accessibility in
higher eukaryotes, including human cells®.

In vitro studies have suggested that SWI/SNF-like enzymes induce
formation of altered nucleosome structures by disrupting histone-
DNA interactions in the canonical nucleosome structure’~!2. However,
the state of nucleosome after the remodeling reaction is quenched
remains controversial. It is still under debate as to whether remodeling
generates new and stable nucleosome structures'3~!7 or whether the
remodeled nucleosome resumes its canonical structure!8. Further-
more, there is no consensus on whether remodeling repositions
nucleosomes to well-defined locations'»1%?° or instead randomly
redistributes them along the DNA length!®2l. It is even less clear
how great the displacement is that results from such repositioning
after each remodeling event. Some of these inconsistencies may arise
from the use of mononucleosomes flanked by short DNA segments of
10-50 bp, where the ends of the DNA may have unduly influenced the
outcome of the observations. Even on such short templates, the initial

canonical nucleosomes often assume multiple positions, making data
interpretation even more challenging. Other experiments have been
performed on longer DNA templates and used assembled nucleosomal
arrays, which make high-resolution studies difficult. In addition,
conventional biochemical techniques, such as nuclease-accessibility
assays, often have difficulty in resolving positional from structural
changes in a nucleosome.

We present a unique single-molecule approach that overcame many
of these difficulties. A mononucleosome was uniquely positioned
by a strong positioning element and flanked by relatively long
segments of DNA (>200 bp). We unzipped the double helix of
each nucleosomal DNA and probed the histone-DNA interactions
sequentially by measuring the force necessary to disrupt them.
The resulting linear map of the interactions along the DNA directly
revealed both the position and structure of a nucleosome
either unremodeled or remodeled by the yeast SWI/SNF enzyme.
We focused on answering several major questions regarding the
mechanism of SWI/SNF chromatin remodeling. (i) Does remodeling
produce persistent altered nucleosomal structures? (i) What is the
direction of movement of a remodeled nucleosome? (iii) What is the
corresponding distance of the movement? (iv) How quickly does the
remodeling take place?

RESULTS

Unzipping DNA double helix to probe single nucleosomes

We have previously developed the unzipping technique as a versatile
and powerful single-molecule method to explore protein-DNA inter-
actions?224, In this work, we demonstrate that it provides a direct
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number of base pairs unzipped for naked DNA and DNA containing a single nucleosome or tetrasome allowed us to detect the protein-DNA interactions as
they were being disrupted sequentially. Gray bar indicates the 147-bp expected 601 nucleosome position2®.

approach to precisely determine the locations and relative strengths of
histone-DNA interactions within a single nucleosome.

We assembled histone octamers onto an 800-bp unzipping DNA
segment containing the strong nucleosome-positioning sequence 601
(refs. 25,26) flanked by long random DNA stretches (Fig. 1a). A single
nucleosome was located at the 601 sequence, as determined by gel-
shift and enzyme-accessibility assays (data not shown). The 147-bp
601 sequence has a high affinity for the histone octamer and has been
shown to position the nucleosome to a unique location on the DNA
template?®. This resulted in a fully homogenous starting nucleosome
population and allowed bidirectional nucleosome movement
during remodeling.

The nucleosomal unzipping segment was ligated to an anchoring
DNA segment and suspended between an optically trapped
microsphere and the glass coverslip surface (Fig. 1b). The anchoring
and the unzipping segments of the DNA template were joined
by a single strand only; the nick in the opposite strand allowed the
two DNA strands to separate when the coverslip was moved away
from the optical trap. During experiments, the anchoring strand
remained double stranded, whereas the unzipping strand started
fully double stranded and was gradually unzipped into two single
DNA strands.

The force required to unzip through a DNA molecule in the absence
of proteins was sequence-dependent, with small fluctuations around
15 pN under our experimental conditions (Fig. 1c). However, a
nucleosome bound to the DNA provided a strong barrier to strand
separation. As the unzipping proceeded through a nucleosome, the
histone-DNA bonds were disrupted sequentially with larger forces,
revealing the underlying stronger interactions. Therefore, the resulting
data of force versus number of base pairs unzipped served as a linear
map of nucleosomal interactions along the DNA.

Characteristic disruption signature of a nucleosome

An individual nucleosome disruption showed a complex characteristic
unzipping force signature with an overall shape that was highly
reproducible (Figs. 1 and 2). We detected three regions of strong
histone-DNA interactions, with the first two always present in the
disruption signature and the third missing in most traces. The first
two observed interaction regions were of similar lengths, with the
second region requiring on average higher forces to unzip (Fig. 2a and

Table 1). After the first and second regions were disrupted, the
nucleosome structure probably became unstable and dissociated
before the last region could be probed. This was further confirmed
by essentially identical disruption signatures detected by experiments
that unzipped through the nucleosome from the opposite direction
(data not shown). The strong histone-DNA interaction regions
detected for nucleosome disruptions always occurred at essentially
identical positions along the DNA. For convenience, we define the
nucleosome position as the mean location of interaction region 1 (see
Methods). The precision of nucleosome position determination was
2.6 bp, calculated by fitting a gaussian function to the position
histogram of nucleosomes assembled onto the 601 sequence
(Fig. 2b and Supplementary Fig. 1 online).

By comparing our results with crystallographic nucleosome struc-
ture data?’, we correlated the unzipping signature with observed
histone-DNA contacts. The two high-force regions occurred within
the first half of the nucleosome (Fig. 1c, gray bar), up to and
sometimes a little beyond the nucleosome center, which is the position
of the dyad at 294 bp unzipped. Therefore, the second and relatively
stronger interaction region is probably due to the histone-DNA
interactions of histones H3 and H4 that occur around the nucleoso-
mal dyad. The first strong interaction region as well as the third region
were centered ~ 50 bp away from the dyad position and are probably
due to the H2A-H2B interactions expected within those regions.
Notably, these three regions of strong interactions are also consistent
with our previous single-molecule studies of nucleosome stability: by
stretching a nucleosomal DNA end to end, we mechanically disrupted
individual nucleosomes, and the stage-wise DNA release indicated the
presence of these three strong interactions?$-0,

To determine whether our technique could detect changes in
nucleosome structure, we unzipped through tetrasomes, consisting
of assembled H3-H4 histone tetramer only. The tetrasomes showed a
considerably different unzipping signature with a single high-force
region (Fig. 1c and Table 1). This region’s length was comparable to
the length of each of the first two interaction regions in a nucleosome.
However, tetrasome disruptions occurred at measurably lower unzip-
ping forces, indicating weaker underlying histone-DNA interactions.
The single interaction region within the tetrasome must be due to
H3-H4 contacts that are more weakly bound in this configuration
than in a nucleosome.
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Figure 2 Unzipping through unremodeled and
remodeled nucleosomes. (a) Disruption force
versus number of base pairs unzipped for 30
unremodeled data curves. A single representative
curve is highlighted in black. (b) Histogram of
unremodeled nucleosome positions on the DNA.
A nucleosome position is defined as the mean
position of interaction region 1 (see Fig. 2a). Data
(black) and their gaussian fit (red) are shown. The
distribution is centered at 241 bp with an s.d. of
2.6 bp. (c) Disruption force versus number of
base pairs unzipped for 30 data curves obtained
after SWI/SNF remodeling. A single representative
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Nucleosome structure after SWI/SNF remodeling

We used the unzipping technique to probe the structures of individual
nucleosomes after SWI/SNF remodeling. SWI/SNF remodeling reac-
tions were prepared as described in Methods. After remodeling,
nucleosomes were tethered in the single-molecule chamber (Fig. 1b)
and unzipped through in a way identical to unremodeled nucleo-
somes. We assume that nucleosome positions did not change owing to
thermal mobility after the remodeling reaction was stopped; higher
temperatures are generally required for nucleosome thermal motion
within our experimental time frame!®*!. No additional force peaks
were observed for the remodeled samples compared to the unremo-
deled nucleosome data. Also, control samples made with naked DNA

Table 1 Comparison of structures of unremodeled nucleosomes, remodeled nucleosomes and

Nucleosome position (bp)

curve is highlighted in black. (d) Histogram of
remodeled nucleosome positions on the DNA
after remodeling reaction times <1 min. Data
(black) and their fit to two gaussian functions (red
and green) are shown. Red fit curve represents
the nucleosome population that remained at the
original 601 position (unremodeled; center =
240 bp, s.d. = 2.8 bp); green curve corresponds
to those moved by the action of SWI/SNF
(remodeled; center = 247 bp, s.d. = 28 bp).

plus the SWI/SNF with and without ATP did
not show any disruption peaks. Together,
these results indicate that the disruption
signature observed after remodeling can be
attributed wholly to histone-DNA interactions, and SWI/SNF was
probably removed during sample preparation (see Methods).

We observed that nucleosome disruptions retain their overall
distinctive shape after remodeling—that is, at least two strong his-
tone-DNA interaction regions are always present in the disruption
signature (compare highlighted curves in Fig. 2a,c; also see Supple-
mentary Fig. 2 online). Characteristic disruption parameters of
unremodeled and remodeled nucleosomes, summarized in Table 1,
show comparable disruption lengths, total disruption times and
maximum forces. Thus, we conclude that, under our experimental
conditions, SWI/SNF remodeling does not alter the overall nucleo-
some structure: the histone octamer remains intact and the overall
strengths and positions of histone-DNA
interactions within the nucleosome are
essentially unchanged.
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Characteristic disruption parameters for unremodeled nucleosomes, remodeled nucleosomes and tetrasomes. The remodeled
nucleosomes column includes data from only those nucleosomes that were moved from the original 601 position by +6 bp or

more. Errors show s.d.

nucleosomes that remained at the original
601 position decreased, whereas the width of
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Figure 3 Kinetics of SWI/SNF-catalyzed nucleosome remodeling.

(a) Fraction of nucleosomes moved versus reaction time. Moved nucleosome
fractions for 5 nM and 2.5 nM SWI/SNF were calculated from nucleosome-
position distributions as described in Methods. Short-time data (<1 min)
were fit to the exponential form 1 — e/ ? resulting in time constant t
values of 28.5 + 5.0 s and 66.5 = 5.3 s for 5 nM and 2.5 nM SWI/SNF,
respectively. The fraction for long reaction times was underestimated (see
Methods). (b) Distance moved, defined as the s.d. of the positions of
remodeled nucleosomes, versus reaction time. Single remodeling event-
characteristic distance A = 28 + 3 bp (line) was obtained by averaging all
data for remodeling reaction times <1 min. (c) Variances of nucleosome
positions (unremodeled and remodeled) versus reaction time. Linear fits to
data of reaction times <1 min are shown; fit slopes are 610 + 70 bp?
min~! and 1,260 + 100 bp? min~! for 5.0 nM and 2.5 nM SWI/SNF,
respectively. In a—c, error bars show s.e.m.

its distribution was unchanged. Second, both the nucleosome fraction
in the other population and the distribution width of this population
increased with time and also with SWI/SNF concentration. After long
reaction times (>>1 min), the two populations were no longer
distinguishable. These results suggest that the population represented
by the narrow distribution around the original 601 position in
Figure 2d was comprised of nucleosomes that were not
remodeled under our experimental conditions, whereas the other
population’s nucleosomes were moved along the DNA by the action
of SWI/SNE.

Kinetics of nucleosome remodeling

We determined the kinetic parameters of nucleosome motion during
remodeling by measuring nucleosome position distributions at
different remodeling reaction times. A single remodeling event is
defined here as a cycle that includes SWI/SNF binding, remodeling
and detachment from the nucleosomal DNA. Figure 3a shows the
fraction of remodeled nucleosomes as a function of reaction time for
two SWI/SNF concentrations. Our calculation of the remodeled
fraction (see Methods) is more accurate for short times, but under-
estimates this fraction for long times, when multiple remodeling
events may have occurred. Therefore, remodeling-event parameters
were calculated using only the data from short reaction times
(<1 min), when the majority of nucleosomes were not remodeled
and the remainder were probably remodeled only once. For short

reaction times, nucleosomes were found to be remodeled at an
event rate proportional to SWI/SNF concentration, with a single
remodeling event—characteristic times (t) of ~1 and 0.5 min at 2.5
and 5.0 nM of SWI/SNE, respectively. This indicates that the catalytic
efficiency of the enzyme (k./Ky,) is ~0.4 min™' per nM SWI/SNF,
assuming that it follows Michaelis-Menten enzyme kinetics and that
the Ky, is greater than 5 nM.

The single remodeling event—characteristic distance A = 28 bp was
calculated as the standard deviation of the positional distribution of
the remodeled fraction at short reaction times (<1 min) and was a
measure of the characteristic distance that the remodeled nucleosomes
moved with each remodeling event. Over this time range, the average
distance moved remained constant (Fig. 3b) while the fraction of
remodeled nucleosomes increased (Fig. 3a). This confirms that,
during the 1-min time scale, primarily single remodeling events
took place for the SWI/SNF concentrations used here. Longer reaction
times allowed multiple remodeling events, and the distance moved
increased as the nucleosomes spread further along the DNA.

We investigated whether the first and subsequent remodeling events
follow identical kinetics with the same event-characteristic time T and
event-characteristic distance A. If so, nucleosome position after
remodeling should follow a simple random walk, with the variance
o? in the position distribution increasing linearly with reaction
time : 6> = (A? / 1)t. Figure 3c shows o2 versus t for two different
SWI/SNF concentrations. For ¢+ < 1 min, where predominantly single
remodeling events occurred, linear relations were indeed observed,
with slopes of 610 * 70 and 1,260 + 100 bp? min~! for 2.5 and 5.0 nM
SWI/SNE respectively. Within experimental uncertainties, these
slopes are in good agreement with the expected slopes of 710 + 160
and 1,630 *+ 440 bp? min~! based on the measured T and A values
derived from Figure 3a,b. However, for ¢t > 1 min, o2 starts to level
off, deviating from the linear relation of a random walk. This means
that, after the first remodeling event, nucleosomes were more likely to
remain in the vicinity of the original 601 position rather than to be
distributed randomly along the entire DNA template. This effect is
most probably caused by the high nucleosome affinity of the 601
sequence compared with the random DNA sequence of the rest
of our template, indicating that DNA sequence can have a role in
nucleosome positioning after remodeling. In other words, nucleosome
remodeling that tends to spread out nucleosomes along the DNA
might compete with the tendency of the 601 element to uniquely
position nucleosomes.

DISCUSSION

This study presents a high-resolution approach that directly probes
the strong interactions within a nucleosome by unzipping a
single DNA double helix. This approach complements our previous
single-molecule experiments, in which nucleosomal DNA was
stretched from end to end?®*3°. An unzipping experiment detects
the absolute locations of the histone-DNA interactions along the DNA
sequence, whereas a stretching experiment detects the relative
locations of the interactions. The unzipping experiments directly
detected the locations of three regions of strong interactions within
a nucleosome; these locations were previously inferred from our
stretching experiments.

This study showed that both unremodeled and remodeled nucleo-
somes had nearly identical complex disruption signatures during
unzipping. In contrast, the disruption signature of a tetrasome was
considerably different from that of a nucleosome. These data
together provide strong evidence that a nucleosome resumes its
canonical structure after remodeling. It is possible that structural
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alterations may have been present within the part of the nucleosome
that was not probed by our experiments. However, half or more
of the histone-DNA contact surface was probed in all detected
disruptions, and nucleosomes unzipped in the opposite direction
also showed essentially identical disruption signatures. This supports
the argument that no substantial structural changes of the remodeled
nucleosomes were stable enough to be detected under our experi-
mental conditions.

These results do not imply that the nucleosome structure is
unaltered during remodeling; instead, they suggest that any such
altered structures are transient and unstable upon removal of
SWI/SNF or ATP. They also suggest that remodeling does not result
in a loss of H2A-H2B dimer. Although dimer loss has previously
been suggested as an outcome of SWI/SNF remodeling®>34,
our results indicate that such loss, if any, was rare under our
experimental conditions and therefore may not be a universal feature
of remodeling.

We also observed that SWI/SNF-mediated remodeling resulted
in bi-directional movement of nucleosomes along the DNA template.
We did not observe relocation of remodeled nucleosomes to
specific locations; instead, they showed a continuous distribution
around their original position on the DNA. This distribution
had a standard deviation of ~28 bp after one remodeling
event, and remodeling events occurred with a catalytic efficiency of
0.4 min~' per nM SWI/SNE These results provide the most
direct measurements of the direction of movement and location
distribution of remodeled nucleosomes yet reported, and they yield
a kinetic parameter that is difficult to extract using conventional
biochemical methods.

These observations impose important constraints on possible
mechanisms of remodeling. Remodeled nucleosomes were observed
to move in opposite directions with nearly equal probabilities. This
indicates that SWI/SNF was able to bind in either orientation relative
to the DNA sequence, even though the sequence used was not
palindromic. The characteristic 28-bp distance moved per remodeling
event indicates that changes of the nucleosome structure during SW1/
SNF remodeling, such as possible loop or bulge formation, are on this
order of magnitude. We did not observe a unique distance moved but
rather a continuous distribution of distances. This could mean that
nucleosome structure may be altered to different extents during
remodeling or, alternatively, that the structure is always altered to
the same extent but then relaxes to a distribution of positions upon
resuming the canonical structure.

METHODS

Nucleosomal template. The DNA construct used in unzipping experi-
ments was designed as two separate segments (Fig. 1a). The 1.1-kb anchoring
segment was prepared by PCR from plasmid pRL574 (ref. 35) using a
digoxigenin (dig)-labeled primer and then digested with BstXI (NEB) to
produce a ligatable overhang. The 0.8-kb unzipping fragment was prepared
by PCR from plasmid 601 (ref. 25) using a biotin-labeled primer and
then digested with BstXI and dephosphorylated using CIP (NEB) to introduce
a nick into the final DNA template. Nucleosomes were assembled from
purified HeLa histones onto the unzipping fragment by a well-established salt
dialysis method®. The two segments were joined by ligation immediately
before use. This produced the complete template, which was labeled with
a single dig tag on one end and a biotin tag located 7 bp after the nick in
one DNA strand.

Chromatin remodeling. Yeast SWI/SNF was purified as described®”. Remodel-
ing reactions containing 5 nM assembled nucleosomes, 5 nM or 2.5 nM
purified yeast SWI/SNF and 1 mM ATP in remodeling buffer (10 mM Tris-HCl

ARTICLES

(pH 8.0), 100 mM NaCl, 7 mM MgCly, 2 mM DTT, 0.1 mg ml™! BSA) were
incubated at 37 °C for specified durations. The reactions were stopped by
addition of 10 mM EDTA and placed on ice for 10 min to a few hours before
being used in preparing single-molecule samples. No dependence of the
unzipping results on this time length was observed. Before addition to the
single-molecule sample chamber, the remodeling reaction was diluted by a
factor of 10 in dilution buffer (10 mM Tris-HCl (pH 7.5), 1 mM EDTA,
150 mM NaCl, 1 mM DTT, 3% (v/v) glycerol, 0.1 mg mI™' BSA).

Data acquisition and conversion. Single-molecule sample preparation was
performed according to protocols similar to those previously described?>%8,
Briefly, after microspheres were tethered to the coverslip surface by DNA
(Fig. 1a,b), the sample chamber was rinsed twice with 5x chamber volumes of
sample buffer (10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 100 mM NaCl,
1.5 mM MgCly, 1 mM DTT, 3% (v/v) glycerol, 0.02% (v/v) Tween 20, 2 mg ml~
1 BSA). All single-molecule measurements were performed in this sample
buffer. Note that the process of tethering the microspheres to the coverslip and
subsequent rinsing should effectively remove any proteins not bound to the

tethered DNA or chamber surfaces.
A single-molecule optical trapping setup was used to unzip the DNA

template by moving the coverslip horizontally away from the optical trap.
When a bound protein was encountered, a computer-controlled feedback loop
increased the applied load linearly with time (8 pN s7!) as necessary to unzip
through the protein-DNA interactions?>. Data were digitized at 12 kHz and
boxcar-averaged to 60 Hz. The acquired data signals were converted into force
and number of base pairs unzipped as described??. Additionally, the force—
versus—base pairs unzipped curve was aligned to a theoretical DNA unzipping
curve®® (see Supplementary Fig. 1), improving positional precision to 2.6 bp
for nucleosome positions (Fig. 2b).

We found that, for nucleosomal samples, the last 100-200 bp of the
unzipping curves did not always show the expected naked DNA shape. Instead,
in some traces we observed random high-force peaks that were not present
when unzipping naked DNA. We attribute this effect to nonspecific interactions
between the end of the DNA and the histone proteins removed from
the disrupted nucleosome. To avoid possible contamination of nucleosome-
disruption data from these nonspecific interactions, only data that showed
at least 100 bp of naked DNA unzipping pattern after a disruption were used
for analysis.

Data analysis. A nucleosome position was defined as the mean location of the
data points in interaction region 1, which is clearly distinguishable from region
2, as there were very few data points between the two regions (Fig. 2a). The
fraction of nucleosomes moved during remodeling was determined from
nucleosome-position histograms (similar to that shown in Fig. 2d) in two
ways. For data at short reaction times (<1 min) and for each time point, a
maximum-likelihood method>® was used to determine the best fit to a sum of
two gaussian functions corresponding to unremodeled and remodeled nucleo-
some populations. This fit yielded the fraction of nucleosomes that were
remodeled. As the remodeled fraction had a mean near the original 601
position, we defined the characteristic distance moved for the remodeled
nucleosomes as the standard deviation of their position distribution. The error
bars of the fraction remodeled and distance moved were determined by the
uncertainties in the fit parameters. Data from long reaction times (> 1 min) no
longer showed two distinct position distributions, and we defined remodeled
nucleosomes as those moved at least 6 bp from the original 601 position.
The moved fractions and distances were then determined directly from the
numbers of unremodeled and remodeled nucleosomes, and their error bars
show s.e.m.

Note: Supplementary information is available on the Nature Structural & Molecular
Biology website.
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