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ABSTRACT: DNA supercoiling crucially affects cellular
processes such as DNA replication, gene expression, and
chromatin organization. However, mechanistic understanding
of DNA supercoiling and the related DNA-processing enzymes
has remained limited, mainly due to the lack of convenient
experimental tools to probe these phenomena. Here, we report
a novel high-throughput single-molecule assay for real-time
visualization of supercoiled DNA molecules, named ISD
(Intercalation-induced Supercoiling of DNA). We use an intercalating dye to induce supercoiling of surface-attached DNA
molecules as well as to visualize coiled-loop structures (i.e., plectonemes) formed on DNA. The technique is solely based on
epifluorescence microscopy and requires no mechanical manipulation of the DNA molecules. This new assay allows to track
positions and sizes of individual plectonemes and characterize their position-dependent dynamics such as nucleation,
termination, and diffusion. We describe the ISD technique and demonstrate its potential by establishing that plectonemes are
pinned to a local 10-nucleotide long mispaired sequence along a double-stranded DNA molecule.
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DNA supercoiling plays a vital role in most cellular
processes including DNA replication and gene expres-

sion.1−6 Failure to control the degree of supercoiling can be
lethal.7 Indeed, the supercoiling state of genomic DNA is
precisely controlled over the course of the cell cycle and is
subject to change in response to environmental factors such as
temperature jumps or starvation.8,9 Electron-microscopy studies
revealed that the Escherichia coli genome is organized into 50−
100 topological domains with a length of 20−100 kilobase pairs
(kbp), where each domain allows for independent control of
the degree of supercoiling of its DNA segment.10,11 Most
regions of the DNA are maintained in a negatively supercoiled
state for easier access of the DNA bases to proteins, but
positively supercoiled domains are also present.12 Interestingly,
thermophilic bacterial species keep most DNA in a positively
supercoiled state to avoid excessive denaturation of DNA at the
high temperature of their environment.13,14

Supercoiling induces significant alterations in the three-
dimensional structure of DNA. For example, the formation of a
type of DNA supercoil called plectonemes, where the DNA
helix is coiled onto itself (cf. Figure 1D), brings distant DNA
segments in close proximity, which subsequently alters the
activity of DNA-processing proteins such as transcription-
regulatory proteins or site-specific recombinases.15−19 These
enzymatic activities in turn can change the supercoiling state of
DNA transiently or permanently.5,20 Also, local defects in the
B-form DNA structure such as kinks or bubbles have been
theorized to affect the locations of plectonemes.21

Despite the ubiquitous importance of DNA supercoiling, a
mechanistic understanding of the role of supercoiled DNA in
various cellular processes has remained limited. This is mainly
due to the lack of a convenient experimental platform that
allows real-time in situ visualization of the DNA structure under
different degrees of supercoiling. Indirect measurements, such
as biochemical assays of enzymatic activity on supercoiled
DNA, hardly allow for an unambiguous interpretation of the
DNA structure. And direct measurements of DNA structure
using electron-microscopy and atomic-force microscopy only
provide static images of DNA plasmids with limited control of
the supercoiling state.22−30 Force-spectroscopy techniques such
as magnetic tweezers and optical torque wrenches have been
developed for mechanical measurements on supercoiled DNA
with precise control of the tension and torque applied.31−33

However, most of these single-molecule techniques merely
measure the end-to-end extension of the DNA, which provides
only limited structural information. Real-time visualization of
the dynamics of plectonemes within a single DNA molecule has
only recently been achieved by combining fluorescence
microscopy and magnetic tweezers in a side-pulling geometry.34

This technique provided a powerful demonstration of the
feasibility to visualize and study the DNA supercoiling, but the
fairly complicated instrumentation and sample preparation and
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the low throughput of the method have prevented it from
becoming widely accessible.
Here, we report a novel high-throughput single-molecule

assay to control and visualize DNA supercoils using only a
conventional fluorescence microscope. We use intercalating
dyes to induce supercoils within a linear DNA molecule that is
bound to a surface at its two ends in such a way that it is
torsionally constrained. Intercalation of dye molecules between
the DNA bases results in a local change of the rise and twist of
the B-form DNA,35−37 which globally induces twist to the DNA
molecule.38 Indeed, we show that this simple approach makes it
possible to precisely control the degree of supercoiling of the
DNA by changing the concentration of the intercalating dye.
Therefore, there is no need for direct mechanical manipulation
on the DNA, which requires a more complicated experimental
measurement apparatus.34 Moreover, visualization of the
plectonemes that are induced by the coiling of the DNA is
directly accessible by measuring the fluorescence intensity of
the intercalating dye. We name this new assay Intercalation-
induced Supercoiling of DNA (ISD). Using this assay, we
measured the size and position of individual plectonemes along
DNA to characterize their position-dependent dynamics such as
nucleation, termination, and diffusion. We then applied this
new assay to study a pinning effect of plectonemes at a local
single-stranded region of mismatched bases.

To visualize supercoiled DNA (Figure 1), we prepared 20
kbp-long linear DNA with multiple biotins labeled at its end
regions (∼500 bp at each of the ends). To determine the
direction of each DNA molecule, we further labeled one of the
DNA ends with Cy5, which can be identified under 640 nm
laser illumination (Supporting Information, Figure S1). We
flowed the DNA molecules into a microfluidic channel in which
the surface is coated with streptavidin (Figure 1A and Figure
S1A). Under constant flow, one end of the DNA molecule first
binds to the surface, causing the DNA molecule to be linearly
stretched along the flow (Figure 1B). Subsequently, the other
end of the DNA binds to the surface (Figure 1C).39,40 We set
the flow rate to obtain a DNA extension of around 65−70% of
its B-form contour length (Figure S2A). Unbound DNA
molecules were washed off before the injection of a buffer
containing 30 nM of the intercalating dye Sytox Orange (SxO).
We chose the monomeric cyanine nucleic-acid stain SxO for
inducing and visualizing DNA supercoils for a number of
reasons: First, the high fluorescence quantum yield of the dye
(Φ = 0.9) provides a high signal-to-noise-ratio in imaging at our
532 nm excitation. Second, SxO has relatively high binding and
dissociation rates41 which ensures that equilibrium is achieved
immediately after buffer exchange and which also minimizes the
number of photobleached dye molecules bound to DNA (as
those will disassociate and get replaced). Third, the dye exhibits

Figure 1. Visualization of supercoiled DNA induced by intercalating dyes. (A−D) Schematics of the preparation of doubly tethered, supercoiled
DNA. (A) Biotinylated-DNA is applied under flow to a surface containing immobilized biotin−streptavidin complexes. Cy5 (red star) fluorophores
identify the DNA orientation. (B) One of the DNA ends binds to the surface causing the DNA molecule to be stretched by the flow. (C) Binding of
the remaining DNA end locks the molecule in an extended conformation. Multiple streptavidin−biotin links at each DNA end ensure the DNA is
torsionally constrained. (D) Binding of the intercalating Sytox orange dyes (SxO, orange stars) unwinds the DNA and generates torsional stress that
lead to plectonemes in the DNA. (E) Example of a fluorescence image of SxO stained DNA obtained with the epifluorescence microscope. Among
the eight stretched DNA molecules in the field of view, seven showed plectonemes (indicated by arrows). Dashed circles represent DNA anchor
points. (F) Image of a single DNA molecule with multiple plectonemes (red arrows) observed without flow. A schematic of the DNA molecule is
drawn at the bottom for visual guide. (G) Visualization of the same DNA molecule under flow shows a single plectoneme (red arrow) stretched in
the direction of flow. (H) After photoinduced nicking, the plectonemes vanish and the DNA adopts a J-shaped structure under flow.
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a more than 500-fold fluorescence enhancement upon binding
to DNA, minimizing the fluorescence background from the free
dyes in the solution. Upon flushing the buffer containing SxO
into the flow cell, dye molecules bind to DNA by intercalating
between bases, resulting in local unwinding of helical structure.
Because each end of the DNA has multiple biotin−streptavidin
linkages, the torsional stress induced by the intercalation of the
dye molecules is not be relaxed and instead accumulates to
induce positive supercoiling in the form of plectonemes (Figure
1D).
We employed dual-color epifluorescence microscopy in order

to visualize the tethered DNA molecule and the plectonemes
induced in it (Figure S1). Shown in the Figure 1E is a
representative fluorescence image with eight stretched DNA
molecules. Note that the DNA molecules display a homoge-
neous fluorescence intensity with additional bright fluorescent
local spots, which are consistent with the formation of local
plectonemes (Figure 1E−G, red arrows) [cf. the very similar
images in a previous report of DNA supercoils].34 These spots
disappeared suddenly and irreversibly over time under
prolonged laser illumination, presumably because of the
photoinduced appearance of a local nick along the DNA
molecule. After the photoinduced nicking, the intensity profile
of the DNA molecule became very homogeneous along the
length of the DNA, showing no detectable sequence-depend-
ence in the binding of SxO dye (Figure S2B). Note that these
fluorescent spots display the exact same behavior as the local
plectonemes observed with side-pulling magnetic tweezers.34

To further confirm that the observed spots were indeed
plectonemes, we performed two additional experiments. First,
we visualized DNA molecules which were pretreated with a
nicking enzyme. As expected, we did not observe any bright
spots on these nicked DNA molecules. Second, we directly
visualized plectonemes emerging from DNA exhibiting bright
spots using flow stretching. We selected a DNA molecule which
was not oriented parallel to the direction of flow (Figure 1E−G
and Movie S1). Before applying flow, the molecule was linear
and showed the characteristic bright spots (Figure 1F). During
the flow, under an oblique angle, a branch in the DNA
molecule emerged in the direction of flow (Figure 1G),
resulting in a Y-shaped molecule. The downstream-flow-aligned
branch of the DNA exhibited a higher fluorescence intensity
compared to the other branches, indicating this branch was a
plectoneme containing two DNA strands wound around each
other. After prolonged exposure to the excitation light, the
plectonemic region suddenly unwound, likely due to photo-
induced nicking of the DNA, creating a J-shaped DNA
molecule with a uniform intensity (Figure 1H). These
observations confirm that the bright fluorescent spots that we
observed were indeed DNA plectonemes.
Having established that SxO can be used to form

plectonemes, we next used magnetic tweezers42 to examine if
the intercalation of SxO dyes modifies the mechanical
properties of DNA. We prepared DNA molecules identical to
those used above except that the biotin labels at the Cy5-end
were replaced with digoxigenin. We then tethered the
digoxigenin-labeled ends of the DNA molecules to a glass
surface coated with antidigoxigenin and attached the biotin-
labeled DNA ends to magnetic beads coated with streptavidin.
Then, by using a pair of magnets, we observed the mechanical
response of the DNA molecules under a range of tensions and
torques in the presence of SxO.

We first examined the end-to-end length change of a
torsionally unconstrained (i.e., nicked) DNA at different
applied forces in the presence or absence of SxO (Figure
2A). Force−extension curves from torsionally unconstrained

DNA are shown in Figure 2B. In the force range of 1−5 pN, we
observed an increase in the end-to-end distance of the DNA as
we increased the concentration of SxO. For example, at 3 pN
force and 30 nM SxO, we observed 21% increase in the DNA
extension. Importantly, upon normalizing the end-to-end
length of the DNA with its maximum length at 5 pN, the
force−extension curves of the DNA for all SxO concentrations
overlapped with each other (Figure 2B, inset), implying that the
intercalation of the dye did not significantly alter the
mechanical properties of the DNA other than slightly extending
the contour length. When we flushed out the flow cell with a
SxO-free buffer, the force−extension curve nearly reverted back
to that of the bare DNA, confirming that the dye binding is
reversible (Figure 2B, gray dashed line).
We also measured force−extension curves for torsionally

constrained DNA (Figure 2C). In the absence of SxO, no
difference was observed between torsionally unconstrained and
constrained DNA, indicating the DNA was initially torsionally
relaxed (Figure 2B,D, black curves). However, upon addition of
SxO, the torsionally constrained DNA exhibited a different
behavior (Figure 2D) compared to the torsionally uncon-
strained DNA (Figure 2B). As we increased the concentration
of SxO, the end-to-end extension of the torsionally constrained
DNA systematically decreased due to the formation of

Figure 2. DNA force−extension curves from single-molecule magnetic
tweezers assay. (A) Schematic diagram showing lengthening of nicked
DNA molecule, held in magnetic field created by a pair of magnets,
upon binding of SxO. (B) Force−extension curves of nicked DNA
measured at various SxO concentrations (black, pink, cyan, blue,
green, and red: 0, 5, 10, 15, 30, and 50 nM. The dotted gray curve was
obtained after washing off 50 nM SxO with SxO free buffer). Inset
shows the same DNA extension curves normalized to their maximum
length. (C) Schematic diagram shows the intercalating dye-induced
plectoneme formation on torsionally constrained DNA, resulting in
the decrease in the DNA extension. (D) Force−extension curves of
the torsional constrained DNA (color scheme for the SxO
concentrations is the same as in (B)).
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plectonemes. This empirical force−extension relationship
measured with magnetic tweezers also allows to estimate the
tension within the DNA in ISD measurements (Figure
S2A).We then measured the extension-rotation curves of
DNA molecules at 3 pN under different SxO concentrations
(Figure S2C). When we unwound the torsionally constrained
DNA, the end-to-end length linearly increased until it reached
to a plateau where all the dye-induced plectonemes were
relaxed. Importantly, the slopes within the linearly increasing
regions of the rotation curves (i.e., on the right side of Figure
S2C) remained the same regardless of the SxO concentration,
implying that the size and curvature of the loops in
plectonemes did not change significantly upon binding of
SxO in our buffer conditions. From the measured rotation
curves, we estimate the number of coils (writhing number) put
in plectonemic DNA due to binding of SxO. For instance, at a
DNA stretching of 3 pN with 30 nM SxO concentration the
number of turns induced into the DNA was 31. Thus, by using
force−rotation curves from single-molecule magnetic tweezers
as reference, we are able to estimate the number of coils applied
on each DNA molecule in our ISD assay.
Having successfully characterized the degree of dye-induced

supercoiling, we return to the ISD assay to investigate the
dynamics of individual plectonemes. We recorded fluorescence

movies of the DNA dynamics with 100 ms exposure time per
frame (Figure 3A). The fluorescence images of the same DNA
molecules were also measured after photoinduced nicking of
the DNA to confirm that the plectonemes disappeared (Figure
3B). We extracted fluorescence intensity profiles along
individual DNA molecules for every frame to build intensity
kymographs (Figure S3A,B). For quantitative analysis, the
fluorescence intensity was converted to DNA density by
mapping the intensity profiles of the supercoiled DNA onto the
intensity profile of the corresponding torsionally relaxed
molecule (see Figure S3C−E, and Materials and Methods for
detail). A characteristic example of the converted DNA density
kymograph is shown in Figure 3C.
Next, we applied a threshold algorithm to the DNA density

kymograph to track the position and size of individual
plectonemes (Figure 3D and Figure S3F). Plectonemes
appearing in consecutive frames were considered to be
continuous if they appeared within 3 pixels (∼360 nm or ∼1
kbp) of each other. In order to reduce false positives due to
noise, we only included plectonemes that were present for at
least two consecutive frames. In this way, diffusing plectonemes
(Figure. 3E) could be tracked over time. If plectonemes in
consecutive frames were separated by more than 3 pixels, we
assumed that the existing plectoneme terminated and a new

Figure 3. Real-time observation of DNA plectoneme dynamics. (A) Fluorescence image of a supercoiled DNA with multiple plectonemes (red
arrows). Dotted circles indicate DNA anchoring positions on surface (B) Fluorescence intensity image of the same molecule as in (A) after nicking.
(C) Representative DNA density kymograph of a supercoiled DNA molecule. Close up view of the first 5 s is shown in the right panel. Overlaid
black curves show the positions of individual plectonemes identified by a threshold algorithm. (D) Plectoneme positions are plotted in DNA base
pair space (i.e., in the unit of kbp). (E) Schematic diagram showing the diffusion of a plectoneme. (F) Diagram showing the nucleation and
termination processes coupled with the plectoneme growth and shrinkage. (G) Schematic DNA plectoneme kymograph showing nucleation,
diffusion, and termination of plectonemes. Two plectonemes (green and red) are presented. Presence of plectoneme was represented with dots.
Nucleation and termination events were shown with orange and blue dots, respectively. (H−I) The measured plectoneme density (H), the
nucleation and termination rates (I), and the position-dependent plectoneme size distributions from the single DNA molecule presented in (C).
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plectoneme had nucleated at a different position (Figure 3F).
We marked the position of first appearance of each plectoneme
as the nucleation point and the last position as the terminating
point (Figure 3G). In Figure 3C (right panel), we plotted the
tracked position of the individual plectonemes on the DNA
density kymograph. Note that the trajectories of the
plectonemes in Figure 3D were plotted as a function of the
genomic position along the DNA (i.e., in units of kbp). We also
obtained the mean-square-displacement (MSD) of plectonemes
from the individual time-trajectories of plectoneme displace-
ment, to yield a diffusion coefficient D = 4.8 kbp2/s (0.13 μm2/
s), from the slope of the MSD versus time (Figure S4). The size
of individual plectonemes was determined from the fluo-
rescence intensity by summing up the excess amount of DNA
above the average DNA density in a local region.
On the basis of the determined position and size of individual

plectonemes, we constructed a probability density function for
the plectonemes, hereafter referred to as the plectoneme
density, versus the genomic position along the DNA. The
plectoneme density was obtained by building a normalized
histogram of the genomic positions of individual plectonemes
collected from all time frames (Figure 3H, see Materials and
Methods for details). We also counted the total number of
nucleation and termination events at each position of the DNA
to obtain position-dependent nucleation and termination rates
(Figure 3I). The observed size of plectonemes varied between
150 bp to 4 kbp (Figure 3J), in good agreement with our
previous study.34

Interestingly, the observed plectoneme density and the
nucleation and termination rates showed position-dependent
variations (Figure 3G−J). As inhomogeneity in the formation
of plectonemes could be due to the particular molecule, we
measured many (N = 46) identical DNA molecules and
averaged the results (see Figure 4A−C). The inhomogeneity

was still observed in the averages of the plectoneme density
(Figure 4A, thick red line), the nucleation and termination rates
(Figure 4B), and the position-dependent plectoneme size
distribution (Figure 4C). Similarly, dynamical properties of
plectoneme such as the lifetime and local diffusion constant
were observed to be position dependent (Figure S5). This
demonstrates that the plectoneme properties reflect features
encoded within the DNA sequence.43 Interestingly, we
observed a strong peak near one end of the DNA (at ∼18
kbp) in the plectoneme density, nucleation and termination
rates, and plectoneme size distributions (Figure 4A−C).
Because there was no such a peak at the other end of the
DNA, the strong peak was likely not an artifact of the DNA−
surface linkage and instead reflects some property of the local
sequence. Interestingly, when we measured the plectonemes
formed on negatively supercoiled DNA molecules (see
Materials and Methods for the details of preparation), we
obtained somewhat different patterns in the plectoneme density
and the nucleation and termination rates (Figure S6). While the
current paper reports the new methodology to observe DNA
supercoils, this sequence dependence is of obvious importance
and will be studied in full detail in future work.
In cells, DNA plectonemes can potentially pin their position

to local structures such as DNA-bound proteins or defects in
the DNA. We used the new ISD technique to address one such
example. As nucleation of a plectoneme requires a large
bending of a local region of DNA, a locally flexible DNA region
would significantly promote the preferential formation and
growth of a plectoneme at this particular site as it would require
less energy to bend the DNA into the tip of a plectoneme.44 To
examine if a flexible DNA region indeed serves as a nucleation
site that localizes a plectoneme, we inserted a 10-nucleotide
mismatched sequence (i.e., a local region where the sequences
of both strands do not allow base pairing) at a position 8.8-kbp

Figure 4. DNA sequence-dependent pinning of plectonemes. (A) Plectoneme densities of 46 identical DNA molecules (thin lines) and their average
(red thick line). The schematic of the DNA construct is shown above (red star and orange pentagons represent Cy5 and biotin, respectively). (B)
Averaged nucleation (orange) and termination (blue) rates observed. (Error bars are sem.) (C) Averaged position-dependent plectoneme size
distributions. (D) Plectoneme densities of 47 identical DNA molecules (thin lines) that contain a local 10-nt mismatched sequence located at 8.8
kbp away from the Cy5 labeled end as illustrated in the top panel. Red thick line is the averaged plectoneme density of the individuals. (E) Averaged
nucleation (orange) and termination (blue) rates observed for the 10-nt mismatched sequence. (F) Averaged position-dependent plectoneme size
distributions of the 10-nt mismatched sequences.
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away from the Cy5-end of the DNA (Figure 4D). The
measured plectoneme density then showed a pronounced peak
at the position of this mismatch sequence, confirming that the
flexible DNA bubble pins plectonemes at this position. As
expected, the plectonemes nucleated more frequently at the
mismatch site while the termination rate was lowered at this
position (Figure 4E). Plectonemes also grew larger at the
mismatch site (Figure 4F and Figure S5G). Furthermore,
plectonemes were observed to diffuse toward the mismatch site
from both sides and survived longer near the mismatched
bubble (Figure S5B and S5F). We observed the same pinning
effect by a mispaired bubble using a side-pulling magnetic
tweezers assay where the DNA was visualized using covalently
attached dyes (Figure S7), as described previously.34 This
control measurement rules out that the plectoneme localization
observed in Figure 4D−F was an artifact from the intercalation
of SxO to DNA. The strong localization effect caused by a
DNA mismatch bubble suggests that DNA enzymes that induce
local DNA melting, such as RNA polymerase, may also localize
a plectonemic structure at the location of the enzyme on the
DNA.
Summing up, we have established ISD as a novel high-

throughput technique that allows real-time observation of
multiple supercoiled DNA molecules simultaneously using a
conventional fluorescence microscopy with a simple sample
preparation. The first data taken with ISD demonstrates that
the visualization of individual plectonemes in a supercoiled
DNA can identify sequence-dependent features of the DNA
plectoneme dynamics, such as plectoneme pinning by a 10-
nucleotide DNA bubble. The throughput of the current assay
can be further improved by patterned immobilization of the
stretched DNA to visualize hundreds of molecules simulta-
neously.45 Additionally, the current spatial resolution of our
fluorescence microscopy is limited by the optical diffraction
limit and does not allow to distinguish two plectonemes in
close proximity (<350 nm, < 1 kbp). This resolution could be
improved by combining ISD with recent advances of super-
resolution microscopy such as STED.46,47 Furthermore, ISD is
capable of detecting other DNA processes such as protein-
mediated loop formation and DNA condensation by utilizing
multicolor fluorescence imaging, making the technique more
broadly applicable to different biological systems. By signifi-
cantly lowering the barrier for visualizing dynamic plectoneme
structures, ISD allows researchers to explore how DNA
structure is influenced by DNA sequence and enzymatic
activity on supercoiled DNA.
Materials and Methods. Preparation of DNA. DNA

molecules were made by using PCR, oligonucleotide hybrid-
ization, digestion and DNA ligation (see Supplementary Text 1
and Tables 1 and 2 for detail). Each DNA fragment was
digested to the desired length using the restriction enzyme
BsaI, which leaves an overhang outside of the recognition site
giving us the possibility to specifically ligate different fragments
together. The digested DNA fragments were then ligated using
T4 DNA ligase (Promega) to make 20 kbp long DNA
molecules. For surface immobilization, we further extended the
DNA molecules at both ends with 500 bp long DNA fragments
containing biotinylated dUTP (biotin-16-dUTP, Roche). We
also incorporated aminoallyl-dUTP-Cy5 (Jena Bioscience) to
one of the biotin-DNA fragments to distinguish between the
different ends. The desired DNA molecule was gel purified.
Dual-Color Epifluorescence Microscopy. A schematic of the

custom-made epifluorescence microscopy setup is shown in

Figure S1. We combined two lasers (532 nm Cobolt Samba and
640 nm Cobolt MLD, Cobolt AB) using a dichroic mirror and
sent them through an acousto-optic tunable filter (AOTF, AA
Opto electronic) for a programmable switching of the two
lasers lines. The lasers were then focused at the back-focal plane
of an objective lens (60× UPLSAPO, NA 1.2, water immersion,
Olympus) for the wide-field, epifluorescence-mode illumina-
tion. Fluorescence emission from the sample was collected by
the same objective lens and separated from the laser beams by
using a dichroic mirror (Di01-R405/488/543/635, Semrock).
The fluorescence signal was focused by a lens ( f1 = 50 mm) and
spatially filtered by passing through a slit. The fluorescence was
then collimated again by using another lens ( f 2 = 100 mm)
before the spectral separation of SxO and Cy5 by a dichroic
mirror (FF635-Di02, Semrock). Band pass filters at 731/137
nm (FF01−731/137, Semrock) and 571/72 nm (FF01−571/
72, Semrock) were employed to avoid cross talk between the
channels. Additionally, a 550 nm long pass filter (FEL0550,
Thorlabs) was placed in the SxO emission path to eliminate the
back scattered 532 nm laser light. Finally, two lenses ( f = 200
mm) and a dichroic mirror (FF635-Di02, Semrock) were used
to combine and image the fluorescence signals onto an
EMCCD camera (Ixon 897, Andor). The AOTF and the
EMCCD was synchronized for the alternative laser excitation
by using a PCIe-6320 card and a BNC-2120 breakout box
(National Instruments) and controlled by a home-built
LabVIEW software. The EMCCD was operated at −90 °C
and at an em-gain of 1000 for data acquisition.

Intercalation-Induced Supercoiling of DNA (ISD). A flow
cell for DNA immobilization and buffer exchange was prepared
by sandwiching a quartz slide and a glass coverslip with double-
sided tape. Holes in the quartz slide serves as an inlet and outlet
for buffer exchange (Figure S1B). Typically, a flow channel
holds 10 μL of solution. The inner surface of the flow channel
were passivated with polyethlylene glycol (PEG) to suppress
nonspecific binding of SxO and 2% (w/w) of the PEG
molecules were functionalized with biotin so that the
biotinylated DNA could be immobilized on the surface via
biotin−streptavidin linkage.48

For immobilization of DNA, we first flowed 20 μL of 0.1 mg/
mL streptavidin into a flow cell and incubated for 1 min. After
washing excess streptavidin that did not bind to the surface, we
introduced 30 μL of 1−10 pM of biotinylated-DNA molecules
at a flow rate of 50 μL/min (Figure 1A). Immediately after the
flow, we further flowed 200 μL of a washing buffer (40 mM
Tris−HCl, pH 8.0, 20 mM NaCl, 0.4 mM EDTA) at the same
flow rate to ensure stretching and tethering of the other end of
the DNA to the surface (Figure 1C). We typically obtained a
stretch of around 60−65% of the contour length of the B-form
DNA (Figure S2A).
To induce supercoiling of the tethered DNA, we flowed in 30

nM Sytox orange (S11368, Thermo Fisher) in an imaging
buffer consisting of 40 mM Tris−HCl, pH 8.0, 20 mM NaCl,
and 0.4 mM EDTA. We also included an oxygen scavenging
system consisting of 2 mM Trolox, 40 μg/mL glucose oxidase,
17 μg/mL catalase, and 5% (wt/v) D-dextrose in the imaging
buffer for minimization of photobleaching of the fluorophores.
To prepare negatively supercoiled DNA, we first immobilized

DNA to the surface in the presence of high concentration of
SxO (150 nM), and subsequently reduced the dye concen-
tration to 30 nM for the measurements. The subsequent release
of prebound SxO dyes after immobilization of the DNA results
in negative supercoiling of the DNA.
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Magnetic Tweezers. The magnetic tweezers apparatus is
similar to the one reported previously.49 A flow cell was
prepared by sandwiching two polystyrene-coated coverslips
with a parafilm as a spacer. The flow cell was then incubated
with 1 mg/mL antidigoxigenin in a buffer carrying 20 mM
Tris−HCl, pH 8.0, 20 mM NaCl, and 5 mM EDTA for 15 min.
Alongside, streptavidin-coated magnetic beads (2.8 μm
diameter, M270, Thermo Fisher) were washed with buffer A
(20 mM TrisHCl pH8.0, 200 mM NaCl, 5 mM EDTA, 0.25%
(v/v) Tween20) and incubated with the 21 kbp DNA
functionalized with biotin at one end and digoxigenin at the
other end for 15 min. After incubation, unbound DNA was
washed with buffer A and the mixture was flowed into the flow
cell and incubated for 15 min for surface immobilization. The
flow cell was washed with excess amount of buffer A until all
the unbound beads were removed. After the washing, we
introduced the same measurement buffer, which we used for
the fluorescence measurement with indicated concentration of
SxO to record force−extension curves of DNA. The force−
extension curves were measured by approaching the magnet to
the DNA tethered surface at a speed of 0.1 pN/s.
Side-Pulling Magnetic Tweezers Combined with Fluo-

rescence Microscopy. The details of the side-pulling magnetic
tweezers assay are described in our previous report.34 Briefly, a
20 kbp long DNA functionalized with biotin and digoxigenin at
each end was labeled with Cy3 using a commercial nucleic acid
labeling reagent (Label IT, MIR3625, Mirus Bio).50 The
labeled DNA was incubated with a streptavidin-coated
magnetic beads (1 μm, New England Biolabs) in buffer A for
15 min. The bead/DNA mixture was washed and reconstituted
in buffer A to remove unbound DNA molecules and flowed in a
square-hollowed glass capillary (8270, VitroCom) pretreated
with polystyrene (0.1% in toluene, brief immersing) and
antidigoxigenin (1 mg/mL, 15 min incubation). After 15 min
incubation of the bead/DNA mixture, the capillary was washed
with excess amount of buffer A to remove unbound bead/DNA.
Then a imaging buffer carrying 20 mM TrisHCl pH 7.5, 2.5
mM dihydroxybenzoic acid, 50 nM protocatechuate 3,4-
dioxygenase, 1 mM Trolox, 100 μM n-propyl gallate, and
0.1% (v/v) Tween20.
The side-pulling magnetic tweezers setup combined with

epifluorescence microscopy was built around an inverted
microscope (Axiovert 200M, Zeiss) equipped with a 532 nm
Laser (Sapphire, Coherent) and a scientific-grade CMOS
camera (Neo, Andor).34 The surface immobilized DNA was
first stretched upward by placing a pair of magnet on top of the
capillary to apply rotations to the magnetic bead. After applying
a desired number of rotations, the bead was pulled from the
side by approaching another magnet horizontally, followed by
removal of the top magnets. The tension applied to the DNA
was calibrated by measuring the power spectrum of the position
fluctuation of the bead.51 The fluorescence from the labeled
DNA were collected by an objective lens (NA1.4, 63×, Oil
immersion, Plan-Apochromat, Zeiss) and filtered through a
bandpass filter (FF01-585/40, Semrock) to remove back
scattered laser light. Images were acquired with 20 ms exposure
time.
Image Analysis. Fluorescence images were analyzed using

custom written software in Matlab (Mathworks, available upon
request). The first 10 frames of the measured fluorescence
images were averaged and used to determine the end position
of individual DNA molecules. After selection of a molecule, the
images with 640 nm illumination at the same field of view were

loaded and used to identify the direction of the DNA molecule.
Then, fluorescence intensity profiles of the DNA along its
longitudinal direction were calculated by summing up the
intensities from 11 nearby pixels that lay perpendicular to the
DNA at each position. The background intensity of the image
was determined by taking the median value of the pixels around
the DNA. The background intensity was subtracted from the
intensity profile which was then normalized to compensate for
photobleaching of SxO. After analyzing all the frames, the
normalized intensity profiles were aligned to build an intensity
kymograph (Figure S3C).

DNA Density Estimation from Fluorescence Intensity.
Although peaks in the intensity profile indicate the position of
individual plectonemes in real space, it cannot be read as the
position in the base pair space because of the nonlinearity
caused by presence of other plectonemes, which put more
DNA into certain pixels (Figure S3B). Moreover, because of
the illumination profile and detection efficiency in the field of
view is not exactly the same for each pixel, the observed
intensity values at each position of the DNA cannot be directly
converted to the amount of DNA. To calculate the amount of
DNA per pixel (DNA density) in the intensity profiles of the
supercoiled DNA, we map it into the intensity profile of the
same DNA molecule measured after relaxation of torsional
stress due to photoinduced nicking (Figure S3D). We then
obtain a kymograph of DNA density (Figure S3E).

Plectoneme Detection and Analysis. A threshold algorithm
was applied to the DNA density profile to determine the
position and size of individual plectonemes. First, the
background DNA density was determined by taking global
median value of all the DNA density profiles in a kymograph.
Then, the threshold level was set to be 25% above the
background DNA density (Figure S3F). Among the peaks
detected above the threshold, only those that were observed
longer than two consecutive time frames were selected as
plectoneme. The size of the plectoneme was determined by
summing up 5 pixels around each peak. If a plectoneme was
found more than 3 pixels away in the next time frame, we
counted it as nucleation of new plectoneme at that pixel and
simultaneously termination of the plectoneme in the previous
time frame (Figure 3F). The threshold algorithm applied to the
DNA density kymograph determined the positions of each
plectoneme in real-space, that is, pixel position. The pixel
positions of each plectoneme were then converted to the
genomic positions (base pair position) by summing up of the
DNA densities in the left-side pixels of the plectoneme. Once
all the plectonemes were identified, we calculated the
probability of finding a plectoneme (plectoneme density) at
each position along the DNA in base pair space, by counting
the number of frames occupied by plectonemes at each position
over time. We also calculated the nucleation (termination) rate
by counting the number of nucleation (termination) events
divided by the sum of time spent without (with) a plectoneme
present at that location before the nucleation (termination) of
that plectoneme.
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