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Abstract: We report data from single molecule studies on the interaction between single DNA
molecules and core histones using custom-designed horizontal magnetic tweezers. The DNA-core
histone complexes were formed using λ-DNA tethers, core histones, and NAP1 and were exposed to
forces ranging from ~2 pN to ~74 pN. During the assembly events, we observed the length of the
DNA decrease in approximate integer multiples of ~50 nm, suggesting the binding of the histone
octamers to the DNA tether. During the mechanically induced disassembly events, we observed
disruption lengths in approximate integer multiples of ~50 nm, suggesting the unbinding of one
or more octamers from the DNA tether. We also observed histone octamer unbinding events at
forces as low as ~2 pN. Our horizontal magnetic tweezers yielded high-resolution, low-noise data on
force-mediated DNA-core histone assembly and disassembly processes.

Keywords: single molecule micromanipulation techniques; horizontal magnetic tweezers; DNA-
histone interactions; nucleosomes

1. Introduction

Histones are the basic protein unit of the nucleosome core particle. The core particle
allows for the first stage of DNA compaction in eukaryotic cells, which involves the
formation of a linear array of nucleosomes along the DNA [1]. The four types of histones,
H2A, H2B, H3, and H4, combine to form an octameric complex comprising two copies of
each type of histone. The interaction between the DNA and the histones are non-specific,
with the DNA wrapped approximately 1.75 times [2] around the octameric complex. The
fifth type of histone, H1 or H5, serves as a link between the adjacent nucleosomes.

Electrostatic attraction is responsible for the binding of histones to the DNA. DNA has
a net negative charge on its phosphate backbone, while histones have a net positive charge
in their amino terminal tails, which results in a strong electrostatic attraction. Additionally,
the helix dipoles in H2B, H3, and H4 contribute to the interaction with DNA [3]. As a
result, the formation of a single nucleosome results in a relatively large decrease in free
energy of ~20 kBT [4].

The strong electrostatic interactions between DNA and histones present a great chal-
lenge to the cell’s genetic machinery. Genetic processes like DNA transcription, DNA
repair, and DNA replication, which involve specialized protein machinery, require access to
the sections of the DNA stored in the nucleosomes but that is rendered inaccessible by the
strong binding between the DNA and the histone core particles. The application of force
and torque by DNA-bound protein complexes may alter the stability of the nucleosome
and may play a key role in providing access to the DNA. Interestingly, several molecular
machines such as RNA polymerase and DNA polymerase have been observed to apply [5]
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large amounts of force in the range of ~10 pN to single DNA templates. The theoretical
estimate of the minimum force, f*, needed to mechanically destabilize a nucleosome is
~2 pN [4]. This suggests that in vivo protein machines may be able to apply forces large
enough to locally affect the stability of the nucleosomes.

Optical traps and magnetic tweezers have been used to investigate force-mediated
nucleosome dynamics. Several studies have been performed using different procedures for
histone purification and nucleosome reconstitution [6–9]. The results depend on (a) the
experimental technique used, i.e., optical or magnetic tweezers, (b) the protocols used for
nucleosome reconstitution, (c) the degree of control of the posttranslational modifications,
(d) the absence or presence of linker histones, (e) the ionic conditions, (f) the buffer com-
positions, and (g) other experimental factors [6]. In Sections 1.1 and 1.2, we summarize
results from selected studies on nucleosomes using optical trapping and magnetic tweez-
ers and briefly discuss how they have contributed to our understanding of the structure
and dynamics of nucleosomes and chromatin. In Section 1.3, we introduce and motivate
our study.

1.1. Single Molecule Studies on Nucleosomes Using Optical Traps

Optical traps and magnetic tweezers have been used to probe the structure and
dynamics of chromatin. In this section, we summarize selected references on the study of
single molecule experiments on nucleosomes using optical tweezers.

Cui and Bustamante [10] pioneered single molecule micromanipulation studies on
nucleosomes using optical tweezers. In their experiments, they stretched and relaxed single
chromatin fibers extracted from chicken erythrocytes at three different NaCl concentrations:
5 mM, 40 mM, and 150 mM. Their results established that the force versus extension curves
of single chromatin fibers are reversible at forces less than 6 pN and that are irreversible at
forces greater than 20 pN in all three NaCl concentrations. Nucleosome disassembly events
were not reported in their experiments.

Following this study, Bennink et al. [11] performed optical trapping experiments on
single chromatin fibers reconstituted from λ-DNA and Xenopus laevis egg extract. They were
able to detect nucleosome disruption events starting at 20 pN and up to 40 pN. These were
associated with three disruption lengths 65 nm, 130 nm, and 195 nm, which were interpreted
as the signatures of one, two, and three nucleosome disassembly events, respectively.

Brower-Toland et al. [12] investigated single nucleosomes using optical tweezers with
nucleosomes reconstituted from single DNA molecules and core histones (without linker
histones) purified using the salt dialysis method. The DNA tethers included 17 tandem
repeats of 5S positioning sequences. They found a ~25 nm disruption length of DNA per
nucleosome at forces less than 15 pN and ~27 nm disruption lengths for higher forces.

Using optical tweezers, Gemmen et al. [13] investigated nucleosome arrays formed
from DNA tethers with random sequences, core histones (without linker histones), the
histones chaperone NAP1, and the remodeling factor ACF. They reported that the length
released per nucleosome unbinding event changed from ~18 nm to ~31 nm from 5 pN
to 65 pN. They also found the average force needed to unravel a single nucleosome
was dependent on the NaCl concentration of the buffer, which they suggested reflected
variations in the binding affinity of the histone core particle to different sequences of
the DNA.

Claudet et al. [14] used optical tweezers to study nucleosome arrays reconstituted us-
ing salt dialysis. A DNA template with 12 tandem repeats of the 5S nucleosome positioning
sequence and core histones (without linker histones) was used. They also conducted com-
plementary studies using nucleosome arrays extracted from chicken erythrocytes. A total of
two DNA disruption lengths of 25 nm and 50 nm were reported in their studies. Disruption
events were observed to occur at forces ≥ 20 pN in both types of nucleosome arrays.

Pope et al. [15] used an optical tweezers technique to stretch single chromatin fibers
assembled from λ-DNA and Xenopus laevis egg extract at different loading rates. They
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reported three disruption lengths: 30 nm, 59 nm, and 117 nm. All three disruption lengths
occurred at forces ≥ 20 pN.

Mihardja et al. [16] investigated single mononucleosomal fibers using optical tweez-
ers. The mononucleosomal DNA was assembled from 2582 bp DNA containing a single
601 positioning sequences and core histones extracted from chicken erythrocytes. In their
experiments, they observed two disruption lengths: 21 nm at forces starting at 3 pN and
22 nm at forces between 8 and 9 pN. They interpreted these as two stages of nucleosome
disassembly. The first stage represented the release of the outer wrap of the nucleosomal
DNA while the second stage represented the unwrapping of the remaining inner wrap of
the nucleosomal DNA.

Bussiek et al. [17] studied single chromatin fibers reconstituted from two types of DNA
templates, core histones (no linker histones), and the NAP1/ACF system. The two DNA
templates were heterogenous DNA, i.e., DNA with a random sequence, and tandem repeat
alpha satellite DNA. They extended the individual fibers using optical tweezers. They
found that the disruption length in both DNA templates were almost same, ~23 nm for
heterogenous DNA and ~24 nm for alpha satellite DNA. However, the disruption force in
the alpha satellite DNA was 26 pN, higher than the heterogenous DNA, which showed a
disruption force of 22 pN.

1.2. Single Molecule Studies on Nucleosomes Using Magnetic Tweezers

Leuba et al. [18] were the first to study nucleosome arrays using vertical magnetic
tweezers. In their experiments, they used chromatin fibers reconstituted from λ-DNA, core
histones (without linker histones), and the chaperone protein NAP1. The core histones
were purified from chicken erythrocytes. The role of the chaperone protein was to allow
proper nucleosome formation during the interaction between the core histones and the
DNA template. Interestingly, they did not observe tether compaction (due to binding of
histone octamers) at forces higher than 10 pN.

Yan et al. [19] conducted experiments on single nucleosome arrays reconstituted from
λ-DNA and Xenopus laevis egg extracts using a combination of vertical magnetic tweezers
and horizontal magnetic tweezers. They performed the experiments in ATP-depleted
extracts and in an extract with ATP. When ATP was present, they observed full nucleosome
disassembly at 2 pN. In the experiments where ATP was absent, they observed nucleosome
disassembly at 3.5 pN with a disruption length of 50 nm.

Using vertical magnetic tweezers, Simon et al. [20] investigated single nucleosome
arrays with posttranslational modifications (PTM) in the core histones. They used nucleo-
some arrays containing H3 (K5ac), H3 (K115ac, K122ac), and H4 (K77ac, K79ac). They also
used nucleosome arrays without PTMs on the core histones. All of the four nucleosome
arrays were assembled on ~3 kbp DNA molecules with 17 high-affinity nucleosomes po-
sitioning sequences (NPS). Nucleosomes were constituted from DNA and core histones
(without linker histones) using the salt dialysis method. The PTM histones were synthe-
sized in their laboratory. Nucleosome disassembly events were observed at forces up to
29 pN with disruption lengths of ~24 nm to ~26 nm for the presence of posttranslational
modification and ~24 nm in the absence of posttranslational modifications.

Vlijm et al. [21] studied individual nucleosome arrays using vertical magnetic tweezers.
The arrays were reconstituted by incubating 8 kbp DNA, core histones (without linker
histones), and NAP1. The core histones were purified from Drosophila. They found a
DNA compaction length of 56 nm per nucleosome assembly at a force of ~0.3 pN, while
nucleosome disassembly was observed at forces from 3 pN to 17.5 pN with a disruption
length of ~25 nm.

Kaczmarczyk et al. [22] studied nucleosome–nucleosome interactions using vertical
magnetic tweezers. They used two types of DNA tethers with 4535 bp and 4985 bp,
respectively. Each DNA molecule contained 15 tandem repeats of the Widom 601 sequence
and core histones with mutant versions of histones H2A (H2A-E64C) and H4 (H4-V21C)
from Xenopus laevis egg extract. Nucleosome arrays were reconstituted using either the
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standard salt dialysis method or the salt dialysis method modified to induce the formation
of nucleosome–nucleosome disulfide bonds along the nucleosome arrays. They found
that the force needed to destabilize nucleosome–nucleosome interactions occurred from
3 pN to 4 pN in both types of chromatin fibers. At these forces, the fibers were believed to
have undergone an unstacking transition. Further analysis revealed that the unstacking
transition in the 4985 bp fibers was more gradual than in the 4535 bp fibers. They attributed
these results to the unfolding of the higher order chromatin fiber structure. The 4535 bp
fibers had a two-start zig-zag supercoiled structure, while the 4985 bp fibers had a one-start
solenoidal structure. They also observed nucleosome disassembly at forces between 7 pN
to 20 pN with a disruption length of ~25 nm in both classes of chromatin fibers.

Ordu et al. [23] investigated the dynamics of the handedness flipping of single tetra-
some fibers using Freely Orbiting Magnetic Tweezers (FOMT). The handedness flipping
of tetrasomes refers to the spontaneous twisting of the DNA wrapped around in the
tetrasomes from left-handed to right-handed, and vice versa. They used tetrasome fibers
reconstituted from 1.97 kbp DNA and histones H3 and H4 (untreated tetrasomes) and
also used fibers assembled from 1.97 kbp DNA and the histone variants of H3, H3.1, and
H3.3 (treated tetrasomes). In both cases, NAP1 was used, and the treated and untreated
tetrasomes were reconstituted using the salt dialysis method. Their results showed that the
treated tetrasomes exhibited the same structural properties as the untreated tetrasomes.
However, the flipping kinetics of the treated tetrasomes were three times slower compared
to the untreated tetrasomes, suggesting that treated histones could stably maintain their
handedness longer than untreated tetrasomes.

1.3. Nucleosome Stability Explored Using Horizontal Magnetic Tweezers

The results of these selected studies show wide variation in the data even when the
experiments were performed using the same experimental technique. In our experiments,
we reconstituted DNA-histone octamer complexes from λ-DNA, core histones, and NAP1,
resulting in nucleosomes located at random positions on the DNA tether. We used hi-
stones H2A, H2B, H3, and H4; H1 and H5 were not used in our studies. These arrays
were mechanically micromanipulated using the horizontal magnetic tweezers apparatus
described in [24]. Briefly, linear DNA was tethered to superparamagnetic beads on both
ends with one of the beads also connected to a stiff biotinylated micropipette while the
other bead was suspended in buffer. The distance between a fixed permanent magnet and
the suspended bead could be adjusted, which allowed us to control the force applied to the
tether. The design of our magnetic tweezers took advantage of the horizontal geometry of
the tethered DNA, which allowed differential detection on the centroids of the beads. The
sample cell design allowed buffer exchange and the introduction of DNA-binding proteins
on demand. The goal of our study was to analyze the stability of our in situ-assembled
DNA-core particle arrays to mechanical perturbations and to compare our results to studies
reported in the literature (and partially reviewed above.)

2. Results and Discussion

The basic principle of our single molecule experiments was to (1) allow the binding
of histone octamers onto a naked DNA tether held under tension less than 4 pN and then
(2) to raise the force to destabilize the DNA-histone complexes and map the step-wise
decompaction events. These experiments were conducted until the full DNA length was
recovered. The binding of the core histones to the DNA tether was observed via the visible
compaction of the DNA tether. The experimental procedure is described in more detail
in the Methods section. Additionally, we have provided a schematic of the horizontal
magnetic tweezers—see Materials and Methods section.

Figure 1a presents a typical force vs. extension plot of a histone-core particle-studded
DNA tether under tension. Additionally, plotted for calibration purposes are (1) the
modified worm-like chain force–extension relationship for double stranded DNA (dsDNA)
(red line) [25] and (2) single molecule DNA pulling data from Strick et al. [26], represented
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by solid pink circles. The solid black circles represent our experimental data on the
micromechanical response of the compacted DNA to the applied tension. From the graph,
at forces greater than 40 pN, when all bound octamers have been mechanically removed,
our experimental data are consistent with the experimental results of Strick et al. [26],
indicating that we started with a single DNA tether. Figure 1b shows five snapshots from
an experiment with compacted tethers. From left to right, the first snapshot shows that
the length of the DNA was ~12.8 µm at a force ~2.2 pN before the core histones and NAP1
were introduced. The second snapshot shows that the length of the DNA decreased to
~6.5 µm at a force of ~2.5 pN after the core histones and NAP1 were introduced. The third
snapshot shows that the length of the DNA increased to ~12.8 µm with corresponding
force of ~16.4 pN. The fourth snapshot shows that the length of the DNA was ~16.4 µm,
which is the contour length of λ-DNA, with a corresponding force of ~40 pN. Finally,
the fifth snapshot shows the DNA overstretching transition, in which the length of the
DNA increased to ~28 µm, which is ~70% longer than the contour length of λ-DNA. This
last observation also serves as an additional check that the tether was indeed a single
λ-DNA molecule.
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compaction due to the binding of the core histones from ~12.8 μm to ~6.4 μm (The force 
was slightly increased from ~2.2 pN to ~2.7 pN near the end of the compaction to prevent 
the binding of the suspended bead to the biotinylated glass micropipette.) In the region 
demarcated by arrows B to C, the force was slowly increased from ~2.7 pN to ~3.3 pN, 
with a slight increase in the tether length from ~6.4 μm to ~6.5 μm. The compacted DNA 

Figure 1. (a) The force versus extension for a DNA-histone complex under tension. The solid black circles represent our
experimental results. The solid pink circles represent the experimental force–extension data for λ-DNA obtained using
optical tweezers—see Ref. [26]. The solid red line represents the force–extension behavior of a worm-like chain model under
tension. (b) A total of five snapshots from an experiment showing the compaction and force-induced decompaction of
histones bound to a single DNA tether. From left to right, the first snapshot shows naked DNA (DNA before introduction of
histones) with an end-to-end extension of ≈12.8 µm corresponding to a force of ≈2.2 pN. The second snapshot shows that
the extension of the λ-DNA has reduced to ≈6.5 µm after binding by histones at a force of ≈2.5 pN. The third snapshot
shows that the tether has re-extended to ≈12.8 µm at a force of ≈16.4 pN. The fourth snapshot shows that λ-DNA has
reached its contour length of ≈16.4 µm (here, the force is ≈40 pN.) The fifth snapshot shows the λ-DNA beyond the
overstretching transition, where it has stretched to ≈28 µm; this corresponds to a force of ≈74 pN.

Figure 2a shows the experimental data presented in Figure 1a in more detail. In
Figure 2a, the arrows from A to B indicate the start and end lengths as the tether underwent
compaction due to the binding of the core histones from ~12.8 µm to ~6.4 µm (The force
was slightly increased from ~2.2 pN to ~2.7 pN near the end of the compaction to prevent
the binding of the suspended bead to the biotinylated glass micropipette.) In the region
demarcated by arrows B to C, the force was slowly increased from ~2.7 pN to ~3.3 pN, with
a slight increase in the tether length from ~6.4 µm to ~6.5 µm. The compacted DNA began
to re-extend after arrow C. Arrows C to D define the region where the DNA tether was
subject to forces between ~3.3 pN to ~12.5 pN and where DNA tether extension increased
from ~6.5 µm to ~11.7 µm.
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Figure 2b is the corresponding extension versus time plot of Figure 2a. In Figure 2b,
the length of the tethered DNA at arrow A is ~12.8 µm, the length of the tethered DNA at
arrow B is ~6.4 µm, the length of the tethered DNA at arrow C is ~6.5 µm, and the length
of the tethered DNA at arrow D is ~11.7 µm. In regions A to B, we moved the magnet
away from the DNA tether at speeds between 0.5 µm/s and 1 µm/s. In regions B to D, we
moved the magnet towards the DNA tether at a speed of 0.5 µm/s.

Figure 3a shows the binding events that produced the initial tether compaction be-
tween arrows A and B in Figure 2a at higher resolution. These binding events were at a
(nearly) constant force of ~2.5 pN. In Figure 3a, the length of the DNA tether decreases
in multiple integrals of ~50 nm at a force of ~2.5 pN. Note that a decrease of ~50 nm
is what would be expected from the binding and wrapping of DNA by a single histone
octameric unit; similarly, a decrease of ~100 nm is consistent with the simultaneous binding
and subsequent winding of DNA by two histone octamers. The inset shows the step size
histogram for forces between 2 pN and 2.5 pN with corresponding times from 1 s to 400 s.
The histogram has a total of 99 steps. Considering only the steps between 30 nm and
60 nm, we found the mean step size to be 47.2 ± 9.7 nm. For the steps between 85 nm and
115 nm, the mean step size was ~99.9 ± 9.1 nm. Of the 99 steps, ~68% of the steps (~50%
between 30–60 nm and ~18% between 85–115 nm) were contained in these two bin intervals.
Figure 3b zooms in on the unbinding events in Figure 2b at arrow D, where the force is
~12.5 pN. In Figure 3b, the length of the DNA increases in multiples of ~50 nm, which
is the expected signature of the mechanically induced removal of one (~50 nm extension
increase), two (~100 nm extension increment), or more octamers bound to the λ-DNA tether.
The inset shows the step size histogram for forces between 3.3 pN and 12.5 pN with the
corresponding times from 533 s to 1616 s. The histogram has a total of 80 steps. The steps
between 40 nm and 70 nm had a mean step size of 53.7 ± 9.7 nm, while the mean step size
for the steps between 85 nm and 115 nm was ~97.5 ± 8.6 nm. Of the 80 steps, ~64% of the
steps (~50% between 40–70 nm and ~14% between 85–115 nm) were contained in these
two bin intervals.
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Figure 4a recapitulates the data in Figure 1a. The region beyond E corresponds to
forces greater than 12.5 pN. The arrows from E to F demarcate a region of gradually in-
creasing force from ~12.5 pN to ~40 pN, with the corresponding DNA extension increasing
from ~11.7 µm to ~16.4 µm. This is the region where the DNA tether approached its full
contour length. Between Arrows F and G, the DNA tether was subjected to forces from
~40 pN to ~63 pN, which stretched the DNA in a Hookean manner from its zero-force
contour length of ~16.4 µm to ~17.5 µm. From Arrows G to H, the DNA tether underwent
the overstretching transition with forces from ~62 pN to ~74 pN. The initial DNA extension
of ~17.5 µm increased at the end of the transition zone to ~28 µm, approximately 170%
of the original zero-force contour length, as expected from the well-characterized DNA
overstretching transition. In Figure 4a, we also observe that the region between Arrows
F to H show that our experimental data are broadly consistent with the results of the
optical tweezers single molecule experiments of Strick et al. [26], which serves as a further
calibration check.

Figure 4b is the extension vs. time profile corresponding to Figure 4a. In Figure 4b, the
DNA extensions at the arrows are ~11.7 µm at E; ~16.4 µm at F; ~17.5 µm at G; and ~28 µm
at H. From arrows E to H, we moved the magnet towards the DNA tether at a speed of
0.5 µm/s.

Figure 5 shows the extensional response of DNA-core histone complexes around
~20 pN. A rapid extension jump was observed in integer multiples of ~50 nm. Note that the
jumps were more distinct at higher forces compared to the steps at the lower forces shown
in Figure 3a,b. The inset shows the step size histogram for the forces between 12.5 pN and
40 pN with the corresponding times from 10 s to 500 s. The histogram has a total of 59 steps.
For the steps between 30 nm and 60 nm, we found the mean step size to be 45.1 ± 8.6 nm,
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while between 85 nm and 115 nm, the mean step size was ~90.9 ± 6.9 nm. This histogram
has 59 steps in total, out of which ~60% were found to be between 30–60 nm, while ~18%
had step sizes in the range 85–115 nm. These two bin intervals encompassed ~78% of all
the steps in the distribution.
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Figure 5. This figure shows the rupture of core histones from λ-DNA at a force of ~20 pN. The
simultaneous release of core histones occurred in quantized step sizes of integral multiples of ~50 nm.
Inset: Distribution of step sizes during the decompaction of the DNA tether from 10 s to 500 s, where
the force ranged between 12.5 pN and 40 pN. There were 59 steps in total, with the distribution
showing a bimodal structure. Over 60% of the total steps were found to have step sizes between
30 nm and 60 nm with a mean step size of ~45.1 ± 8.6 nm. Additionally, we found 11 steps (~18% of
the total) between 85 nm and 115 nm with a mean step size of ~90.9 ± 6.9 nm.

Magnetic tweezers were used to study nucleosome fibers under tension. The most
widely used magnetic tweezers are the vertical magnetic tweezers. Based on our survey
of the literature, we are not aware of another research group that has published micro-
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manipulation data on reconstituted DNA-histone complexes using transverse magnetic
tweezers. In our experiments the octamer-studded tethers assembled from λ-DNA, core
histones (no linker histones), and NAP1 showed assembly events with extension decreases
of ~50 nm at a force ~2.5 pN and disassembly events with disassembly steps of ~50 nm (and
integer multiples) at forces from ~3.3 pN to ~40 pN. The use of our horizontal magnetic
tweezers can be extended to study the interaction between single DNA molecules and
non-native histones.

3. Materials and Methods

The core histones (SRP6590, Millipore Sigma, St. Louis, MO, USA) and NAP1 (14-837,
Millipore Sigma) were purchased from Millipore Sigma. The coomassie-blue stained gel
from the SDS-PAGE of the core histones and NAP1 showed that their molecular weights
were consistent with prior expectations (Figure 6). Core histone solutions were aliquoted
into small tubes at 4 ◦C. The aliquoted volume of the core histones was adjusted in such
a way that adding 200 µL of 1× TE, 150 mM NaCl buffer produced a concentration of
0.1 mg/mL of core histones in the solution. The aliquoted solution was stored at −80 ◦C.
NAP1 solution was aliquoted into small tubes and kept in ice. The aliquoted volume of
the NAP1 was adjusted in such a way that by adding 200 µL of 1× TE, the 150 mM NaCl
buffer produced a concentration of 0.2 mg/mL of NAP1. The aliquoted solution was stored
at −80 ◦C.

Molecules 2021, 26, x FOR PEER REVIEW 9 of 12 
 

 

Magnetic tweezers were used to study nucleosome fibers under tension. The most 
widely used magnetic tweezers are the vertical magnetic tweezers. Based on our survey 
of the literature, we are not aware of another research group that has published microma-
nipulation data on reconstituted DNA-histone complexes using transverse magnetic 
tweezers. In our experiments the octamer-studded tethers assembled from λ-DNA, core 
histones (no linker histones), and NAP1 showed assembly events with extension de-
creases of ~50 nm at a force ~2.5 pN and disassembly events with disassembly steps of ~50 
nm (and integer multiples) at forces from ~3.3 pN to ~40 pN. The use of our horizontal 
magnetic tweezers can be extended to study the interaction between single DNA mole-
cules and non-native histones. 

3. Materials and Methods 
The core histones (SRP6590, Millipore Sigma, St. Louis, MO, USA) and NAP1 (14-

837, Millipore Sigma) were purchased from Millipore Sigma. The coomassie-blue stained 
gel from the SDS-PAGE of the core histones and NAP1 showed that their molecular 
weights were consistent with prior expectations (Figure 6). Core histone solutions were 
aliquoted into small tubes at 4 °C. The aliquoted volume of the core histones was adjusted 
in such a way that adding 200 μL of 1× TE, 150 mM NaCl buffer produced a concentration 
of 0.1 mg/mL of core histones in the solution. The aliquoted solution was stored at −80 °C. 
NAP1 solution was aliquoted into small tubes and kept in ice. The aliquoted volume of 
the NAP1 was adjusted in such a way that by adding 200 μL of 1× TE, the 150 mM NaCl 
buffer produced a concentration of 0.2 mg/mL of NAP1. The aliquoted solution was stored 
at −80 °C. 

 
Figure 6. SDS-PAGE analysis of core histones and NAP1. Approximately 7.2 μg of core histones 
and 40 μg of NAP1 were loaded on of 15% gel and were stained with coomassie-blue after electro-
phoresis. The numbers on the left side indicate the molecular weight of marker proteins. 

Figure 6. SDS-PAGE analysis of core histones and NAP1. Approximately 7.2 µg of core histones and
40 µg of NAP1 were loaded on of 15% gel and were stained with coomassie-blue after electrophoresis.
The numbers on the left side indicate the molecular weight of marker proteins.

All micromanipulation experiments were performed using the horizontal magnetic
tweezers described in Ref. [24]. Figure 7 shows the schematic diagram of the horizontal
magnetic tweezers. Briefly, we first functionalized the 12 base polynucleotide overhangs
of the λ-DNA tether. Next, each of the two overhangs were ligated to an oligomer that
contained five biotins. Third, we prepared the sample cell. The sample cell was constructed
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using two coverslips, a custom 3D-printed spacer, and a bar magnet. The two coverslips
were glued to the top and bottom of the spacer, forming the ceiling and the floor of the
sample cell. The sides of the spacer formed three of the four sides of the sample cell; one
side was left open to allow for the insertion of the pipette. The spacer had an inlet and
outlet for buffer exchange. The bar magnet was glued to the floor of the sample cell. Fourth,
we incubated the 5 µL end-functionalized DNA in 1× Tris-EDTA (TE) and 150 mM NaCl
buffer with prewashed 2.8 µm diameter superparamagnetic beads (11205D, Thermo Fisher
Scientific) coated with streptavidin. After incubation, 5 µL of the DNA-bead construct was
introduced through the sample cell loaded with 1× Tris-EDTA (TE) and 150 mM NaCl
buffer. Fifth, we integrated the DNA-loaded sample cell and surface-functionalized glass
pipette as described in [24] into the horizontal magnetic tweezers. The horizontal magnetic
tweezers were composed of an optical microscope and a motorized micromanipulator. The
optical microscope was attached to a camera, and the camera was connected to a computer
for instrument control, data acquisition, and processing. Sixth, we focused the pipette tip
and determined the distance between the pipette tip and the bar magnet. (See Ref. [24] for
details). At this point, we began the search for DNA-tethered beads. Once a DNA-tethered
bead was found, we moved the magnet closer to the suspended bead at 10 µm/s until it
underwent the DNA overstretching transition. This confirmed that the tether consisted of
a single DNA molecule. We then brought the tethered bead to a position between 1300 µm
and 1500 µm from the magnet where the force was less than 4 pN.

Molecules 2021, 26, x FOR PEER REVIEW 10 of 12 
 

 

All micromanipulation experiments were performed using the horizontal magnetic 
tweezers described in Ref. [24]. Figure 7 shows the schematic diagram of the horizontal 
magnetic tweezers. Briefly, we first functionalized the 12 base polynucleotide overhangs 
of the λ-DNA tether. Next, each of the two overhangs were ligated to an oligomer that 
contained five biotins. Third, we prepared the sample cell. The sample cell was con-
structed using two coverslips, a custom 3D-printed spacer, and a bar magnet. The two 
coverslips were glued to the top and bottom of the spacer, forming the ceiling and the 
floor of the sample cell. The sides of the spacer formed three of the four sides of the sample 
cell; one side was left open to allow for the insertion of the pipette. The spacer had an inlet 
and outlet for buffer exchange. The bar magnet was glued to the floor of the sample cell. 
Fourth, we incubated the 5 μL end-functionalized DNA in 1× Tris-EDTA (TE) and 150 mM 
NaCl buffer with prewashed 2.8 μm diameter superparamagnetic beads (11205D, Thermo 
Fisher Scientific) coated with streptavidin. After incubation, 5 μL of the DNA-bead con-
struct was introduced through the sample cell loaded with 1× Tris-EDTA (TE) and 150 
mM NaCl buffer. Fifth, we integrated the DNA-loaded sample cell and surface-function-
alized glass pipette as described in [24] into the horizontal magnetic tweezers. The hori-
zontal magnetic tweezers were composed of an optical microscope and a motorized mi-
cromanipulator. The optical microscope was attached to a camera, and the camera was 
connected to a computer for instrument control, data acquisition, and processing. Sixth, 
we focused the pipette tip and determined the distance between the pipette tip and the 
bar magnet. (See Ref. [24] for details). At this point, we began the search for DNA-tethered 
beads. Once a DNA-tethered bead was found, we moved the magnet closer to the sus-
pended bead at 10 μm/s until it underwent the DNA overstretching transition. This con-
firmed that the tether consisted of a single DNA molecule. We then brought the tethered 
bead to a position between 1300 μm and 1500 μm from the magnet where the force was 
less than 4 pN. 

 
Figure 7. This figure shows a schematic diagram for the horizontal magnetic tweezers. Each end of 
the λ-DNA was attached to a superparamagnetic bead coated with streptavidin. One bead was also 
attached to the surface of the functionalized glass pipette and the other bead was suspended near a 
3 mm × 2 mm × 1 mm neodymium bar magnet attached to the floor of the sample cell. The inlet and 
outlet of the sample cell were used to introduce core histones and NAP 1 proteins and for buffer 
exchange. The sample cell was composed of a 3D custom printed spacer and two coverslips, one 
with the dimensions of 22 mm × 40 mm (glued at the bottom of the spacer forming the floor of the 
sample cell) and another with the dimensions of 22 mm × 22 mm (glued to the top of the spacer, 
forming the ceiling of the sample cell). 

In parallel, we prepared the core histones and NAP1 solutions as follows: We first 
thawed the previously aliquoted tubes of core histones and NAP1 solution stored at −80 
°C and stored them in ice. The core histones and NAP1 solutions were then mixed together 
in 200 μL of 1× TE and 150 mM NaCl buffer. This solution contained core histones with a 
concentration of 0.1 mg/mL and NAP1 with a concentration of 0.2 mg/mL; henceforth, we 

Figure 7. This figure shows a schematic diagram for the horizontal magnetic tweezers. Each end of
the λ-DNA was attached to a superparamagnetic bead coated with streptavidin. One bead was also
attached to the surface of the functionalized glass pipette and the other bead was suspended near a
3 mm × 2 mm × 1 mm neodymium bar magnet attached to the floor of the sample cell. The inlet
and outlet of the sample cell were used to introduce core histones and NAP 1 proteins and for buffer
exchange. The sample cell was composed of a 3D custom printed spacer and two coverslips, one
with the dimensions of 22 mm × 40 mm (glued at the bottom of the spacer forming the floor of the
sample cell) and another with the dimensions of 22 mm × 22 mm (glued to the top of the spacer,
forming the ceiling of the sample cell).

In parallel, we prepared the core histones and NAP1 solutions as follows: We first
thawed the previously aliquoted tubes of core histones and NAP1 solution stored at −80 ◦C
and stored them in ice. The core histones and NAP1 solutions were then mixed together in
200 µL of 1× TE and 150 mM NaCl buffer. This solution contained core histones with a
concentration of 0.1 mg/mL and NAP1 with a concentration of 0.2 mg/mL; henceforth, we
will refer to this as the “protein solution”. The protein solution was incubated for 2 min at
room temperature and was then loaded into Tygon tubing and placed in the inlet of the
sample cell.

The two syringe pumps were connected to the inlet and outlet of the sample cell,
respectively, and were then activated. The inlet rate was set at 5 µL/min, while the outlet
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rate was fixed to 12 µL/min. We recorded videos of the experiments at a frame rate of
120 Hz.

Once the beginning of the compaction process was visually observed, we turned off
both syringe pumps and then moved the magnet away from the DNA tethered bead pair at
a speed of 1 µm/s to a distance of 1500–1600 µm from the suspended bead, where the force
was less than 3 pN. This allowed the histones to bind to the DNA at a force lower than 4 pN.
We incrementally increased the force by moving the magnet towards the compacted tether
at a rate of 0.5 µm/s. This was continued until the DNA tether either broke or detached
from the glass surface.

Custom image processing and particle tracking algorithms were run offline to deter-
mine the force and extension of the DNA-histone complexes and to detect step-like features
in the data.
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