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Supercoiling and changes in the supercoiling state are ubiquitous in cel-
lular DNA and affect virtually all genomic processes (1). Proteins mov-
ing along the helical path of the DNA, for example, generate torsional 
stress, which produces twist (the over- or under-winding of the DNA 
double helix around its axis) and writhe (the coiling of the duplex axis 
around itself). Supercoiling affects the cell because it alters the confor-
mation of the genome on two basic levels. First, supercoiling can induce 
local changes in the DNA structure such as a locally destabilized or de-
formed duplex, which subsequently affect transcription or trigger protein 
binding (2–4). Second, supercoiling can induce global changes in the 
conformation of the genome, which brings distant DNA sequences to-
gether thereby facilitating DNA compaction and site-specific recombina-
tion (5, 6). Genomic DNA is organized in topological domains of 10-100 
kilobases (kb) which isolate topological changes from neighboring re-
gions (1). Within these regions, torsion can rapidly transmit allowing for 
long-range communication between distant genomic locations (7). To 
understand the cellular processes that are affected by supercoiling, it is 
essential to know its dynamics, of which virtually nothing is known. Do 
plectonemes move along DNA, and if so, by which process, and on what 
time scale? We address these questions at the single-molecule level. 

The dynamics of supercoiled DNA has been difficult to address ex-
perimentally. Static images obtained by electron and atomic force mi-
croscopy showed that supercoiled plasmids are plectonemic (8, 9). These 
images could not capture the dynamics as DNA needs to be strongly 
immobilized for imaging. Measurements of site-specific recombination 
have provided indirect information on the speed of juxtaposition of DNA 
positions, but these results did not agree with theoretical predictions, 
leaving many unanswered questions on the dynamics on the diffusion 
speed of plectonemes (6, 10). Single-molecule magnetic tweezers have 
proven to be an ideal platform to study DNA mechanics as they allow to 
twist and apply a stretching force to a single DNA molecule (11). In the 
traditional implementation this technique is limited, however, as it only 
measures the DNA end-to-end distance and not the position of a 
plectoneme along the DNA tether. 

To visualize the dynamics of plectonemes directly along a single 
DNA molecule, we developed a magnetic tweezers apparatus (Fig. 1A) 
that pulls a fluorescently labeled DNA molecule sideways and visualizes 
it along its length using epi-fluorescence. Each experiment started by 
creating plectonemes in a DNA molecule that was torsionally con-

strained between the flow cell surface 
and a magnetic bead by coiling it with 
a pair of magnets positioned above the 
DNA tether. The DNA molecule was 
positively supercoiled to a degree 
where 25% of the DNA contour length 
was put into a plectonemic state (Fig. 
1B and table S1). Subsequently, an 
additional magnet was brought near to 
side of the flow cell and the top mag-
nets were removed, thereby pulling the 
DNA tether sideways at modest 
stretching forces (0.4-3.2 pN), which 
are readily generated by, for example 
polymerases in vivo (12). All meas-
urements were performed on 21-kb 
DNA molecules, similar in length to 
the topological domains observed in 
genomic DNA (1). The DNA mole-
cules were covalently labeled with Cy3 
dyes attached by a long (~3 nm) linker 
at random positions along their length 
resulting in a low labeling density of 
~1/25 bp. An efficient oxygen scav-

enging system (13) allowed us to monitor supercoiled DNA molecules 
for several seconds before photo-induced nicking occurs, which released 
all torsional stress. Cy3 labeling did not affect the mechanical properties 
of the DNA, as shown by the rotation curves of labeled molecules which 
overlap with those of unlabeled molecules (Fig. 1B and fig. S1) (14). 
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DNA in cells exhibits a supercoiled state where the double helix is additionally 
twisted to form extended intertwined loops called plectonemes. Although 
supercoiling is vital to many cellular processes, its dynamics remain elusive. Here 
we directly visualize the dynamics of individual plectonemes. We observe that 
multiple plectonemes can be present and that their number depends on applied 
stretching force and ionic strength. Plectonemes moved along DNA by diffusion or, 
unexpectedly, by a fast hopping process that facilitated very rapid (<20 ms) long-
range plectoneme displacement by nucleating a new plectoneme at a distant 
position. The observations directly reveal the dynamics of plectonemes and identify 
a new mode of movement that allows long-distance reorganization of the 
conformation of the genome on a millisecond time scale. 

We observed individual plectonemes in supercoiled DNA molecules 
in images acquired with 20-ms time resolution. As illustrated in Fig. 1C 
and movie S1 (14), plectonemes appear in the images as bright spots 
along the DNA, as the local DNA density is higher in the plectonemes. 
These bright spots were near-diffraction-limited with a typical spot size 
of ~500 nm. The spots were not present in non-supercoiled DNA and 
disappeared instantly if a DNA molecule became nicked (fig. S2) (14). 

We observed that multiple plectonemes were present that appeared 
and disappeared and that moved along the DNA. The dynamics of 
plectonemes were analyzed by converting the time series of images to 
kymographs, which plot the intensity profile along the DNA position 
versus time (Fig. 1D). Within the 2-s time scale of the kymograph in Fig. 
1D, we observed many events where plectonemes nucleated, moved, and 
disappeared some time later. A fitting routine was developed to count 
and extract their position over time (figs. S3 to S5) (14). A typical result 
is shown in Fig. 1E where individual plectonemes are marked by colored 
lines. 

We find that the number of plectonemes in the DNA varies substan-
tially with ionic strength and applied force. Experiments were performed 
for a range of ionic strengths ([NaCl] = 20 to 300 mM) and forces (f = 
0.4 to 3.2 pN) (Fig. 2A and movie S2) (14). Plectonemes were found to 
be very dynamic at low forces and quickly moved between positions 
along the DNA. At higher forces, the dynamics become restricted and 
single plectonemes remain at the same position for long periods in time 
(several seconds), giving rise to almost static high intensity bands in the 
kymographs. The number of plectonemes present at any given time var-
ied from a single one for high-force and high-salt conditions to about 
three for low-force and low-salt conditions (Fig. 2, B and C). The mean 
size of individual plectonemes varied between ~1.7 and ~5.3 kb, which 
is consistent with the ~2.3 kb observed by electron microscopy (8) and 
predictions of Monte Carlo simulations (15). Our results confirm the 
general trends described in two recent theoretical studies by Emanuel et 
al. (16) and Marko et al. (17), which predict the presence of multiple 
plectonemes for low force (<0.5 pN), or low salt concentrations (<50 
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mM). At higher forces and increased salt concentrations (≥1 pN, >50 
mM) Marko et al. (17) predict the presence of only a single plectonemic 

domain in a 10 kb DNA molecule, whereas we observed that a few 
plectonemes could still be present under these conditions. 

The number of plectonemes present in a DNA molecule will be set 
by the free energy balance between the change in enthalpy and the 
change in entropy upon the formation of an additional plectoneme (15). 
Entropy will favor the presence of multiple plectonemes as they can 
occupy multiple positions along the molecule and distribute the writhe 
between them (16, 17). The energy cost required to bend the DNA in the 
plectoneme, however, will favor a single plectoneme. The structure of a 
plectoneme can be simplified to consist of an intertwined section and an 
end loop (Fig. 1A). The formation of an end loop with size 2Rend is ener-
getically more costly than extending the intertwined region, making it 
unfavorable to form multiple plectonemes (18). Surprisingly, the data 
showed that multiple plectonemes were present in DNA molecules. 

The observed number of plectonemes decreased for higher ionic 
strengths (Fig. 2, B and C), which may be understood by considering the 
plectoneme structure. Increasing ionic strength will screen the electro-
static repulsion between the highly charged DNA backbones and leads to 
a reduction of the plectoneme radius (R) compared to the end loop radius 
(Rend) which is set by the mechanical bending of the DNA (19, 20). At 
high ionic strength, R < Rend which favors a single plectoneme, but at 
low ionic strength R increases and becomes approximately equal to Rend, 
reducing the free energy penalty for forming additional plectonemes. 
Indeed, this response was experimentally observed as the number of 
plectonemes increased with decreasing ionic strength (Fig. 2, B and C). 
The applied stretching force did not have a strong influence on the num-
ber of plectonemes (Fig. 2B). In contrast to ionic strength, an applied 
stretching force would reduce both R and Rend making the free energy 
penalty for the formation of an additional plectoneme rather insensitive 
to force. 

We now turn to the dynamics of plectonemes. Here, unexpectedly, 
we observed two different types of motion. First, diffusive motion where 
a plectoneme randomly moved along a DNA molecule (Fig. 3, A to C). 
Second, hopping where a plectoneme suddenly shrank or disappeared 
while simultaneously a new plectoneme nucleated at a different location 
(Fig. 4, A to C). We first focus on diffusion. To quantify the diffusive 
behavior of plectonemes, we tracked the position of individual 
plectonemes with an extended lifetime (≥0.3 s) (Fig. 3B and fig. S6) 

Fig. 1. Visualization of plectonemes by fluorescence with 
side-pulling magnetic tweezers. (A) A DNA molecule is 
supercoiled by rotating a pair of magnets and is subsequently 
pulled sideways with an additional magnet into the focal 
plane of a high numerical aperture objective. (B) DNA 
rotation curves of a Cy3-labeled 21 kb molecule in a 300 mM 
NaCl buffer at various forces (black to blue: 0.4, 0.8, 1.6. 3.2 
pN) and a non-labeled molecule (gray points). Experiments 
were performed at conditions where 25% of the DNA contour 
length was put in a plectonemic state (open circles). (C) 
Images at consecutive 20 ms intervals of a supercoiled DNA 
molecule showing plectonemes (arrows) at a force of 0.8 pN 
in a buffer containing 150 mM NaCl. (D) Kymograph of the 
supercoiled DNA molecule shown in panel (D) constructed by 
summation of the pixel intensities perpendicular to the 
stretching direction of the molecule, plotting the intensity 
(color scale) versus position and time. Plectonemes are 
visible as high-intensity regions in the kymograph. (E) Same 
kymograph as in panel (D) after background subtraction and 
peak fitting (figs. S3 to S5). Individual plectonemes identified 
in consecutive frames are indicated with different colors. 

Fig. 2. The number of plectonemes and their dynamics 
depend on the applied stretching force and ionic strength. (A) 
Kymographs of DNA molecules for 12 different stretching 
force/ionic strength combinations (also available as movie S2). 
(B) The mean number of plectonemes increases with 
decreasing ionic strength (n ≥ 4 DNA molecules per data 
point, error bars indicate the standard deviation. (C) Phase 
diagram showing the dependence of the number of 
plectonemes on applied stretching force and ionic strength. 
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(14). An example of the diffusional tracks for 24 plectonemes is shown 
in Fig. 3D. To extract the plectoneme diffusion constant (D), we calcu-
lated the mean squared displacement (MSD), ( )2x tΔ , where ∆x is the 
plectoneme displacement along the DNA and denotes the time aver-
age (supplementary text S1 and S2) (14). As Fig. 3E shows, we observe 
a near-linear relation of the MSD with time, ( )2 2x t DΔ = t , which is 
characteristic for Brownian motion, indicating that plectonemes indeed 
move along DNA by one-dimensional diffusion, similar to the diffusion 

of knots in DNA (21). 
Diffusion of a plectoneme requires not only the sideways motion of 

the plectoneme, but also the slithering motion of the DNA within the 
supercoil (Fig. 3C) (22). Remarkably, the diffusional constants that were 
experimentally observed were substantially lower than those predicted 
for the hydrodynamic drag of plectonemes (Fig. 3F and supplementary 
text S3) (14) and showed a rapid decrease with applied stretching force 
(Fig. 3, E and F). Surface effects caused by the proximity of the DNA 
molecule to the surface cannot explain such a large reduction in diffu-
sion speed as they result only in a very small increase in the viscous drag 
(supplementary text S4) (14). 

The unexpectedly slow diffusion of plectonemes can originate from 
different microscopic causes, which in there most general form, may be 
represented by the presence of a rugged energy landscape that the 
plectoneme must navigate while moving along the DNA molecule. This 
energy landscape can derive from sequence-dependent mechanical prop-
erties such as the intrinsic curvature and bendability of the DNA that 
create local energy barriers for diffusion (23). Indeed, we observed that 
plectonemes are not fully randomly distributed along a DNA molecule, 
but have some preference for certain positions along the DNA (Fig. 2A). 

We can quantitatively estimate the effect of a rugged energy poten-
tial on the diffusive motion of a plectoneme by expressing the actual 
diffusion constant D as the product of the hydrodynamic diffusion con-
stant Dh and a retardation factor F(ε). If we assume that the fluctuating 
part of the potential energy landscape along the DNA molecule obeys a 
Gaussian distribution, then F(ε) = exp[–(ε/kBT)2], where ε denotes the 
root-mean-square (rms) fluctuations in the energy potential (24). As the 
bending energy for looping DNA scales as the square root of the applied 
stretching force (25), we propose a rugged-energy model with 
( )f fε ∝ . Indeed, this provides an excellent fit (green line Fig. 3F) to 

the experimental data compared to the simple hydrodynamic model 
(black line in Fig. 3F; fig. S7) (14). We found values for ε of 1 kBT at 
150 mM and 0.8 pN to 2 kBT at 300 mM and 3.2 pN, which represent 
only a small modulation compared to the bending energies of the end 
loop which are 14 and 28 kBT respectively (25). Importantly, the values 
of ε are close to the thermal energy, allowing for diffusion to occur, 
albeit at a reduced speed. 

The second mechanism whereby plectonemes moved along DNA is 
hopping, where one plectoneme suddenly shrank or vanished and a new 
one simultaneously nucleated at a different position along the DNA (Fig. 
4, A to C). These hopping events were generally fast, occurring abruptly 
within the 20 ms of our single-frame time resolution, and spanned large 
distances that could not be explained by a diffusion mechanism (Fig. 4, 
A and B, and supplementary text S5) (14). The total length of DNA in 
plectonemes was constant at 25% in our experiments, so shrinking of a 
plectoneme necessarily resulted in the growing or nucleation of a new 
plectoneme and the observed nucleation rate (0.3-22 s−1) is equivalent to 
the hopping rate. This rate decreased with increasing force and ionic 
strength (18) (Fig. 4D and supplementary text S6) (14), while the mean 
plectoneme lifetime (0.1-10 s) increased strongly with force and ionic 
strength (Fig. 4E). The distribution of plectoneme lifetimes showed a 
strong decrease with time (Fig. 4F), i.e., most plectonemes are short 
lived (<0.1 s). 

We can explain the distribution of lifetimes by considering what 
happens after nucleation of a plectoneme. It can either grow by absorb-
ing more writhe, or shrink by releasing writhe. The growing and shrink-
ing of a plectoneme can be described by a random walk, and the lifetime 
of the plectoneme is then set by the first return to the origin of the walk, 
i.e., the nucleation point. The probability of this first return at time t is 

Fig. 3. Plectoneme diffusion along a DNA molecule. (A) 
Images and (B) kymograph of a plectoneme diffusing along a 
DNA molecule (150 mM NaCl, 0.8 pN). Solid line denotes the 
diffusional track of the plectoneme as obtained by a fit to the 
intensity in the kymograph (blue line, fig. S6). (C) Diffusion of 
a plectoneme involves the sideways movement of the DNA 
but also a slithering motion within the plectoneme. (D) 
Example of diffusion traces. (E) Mean squared displacement 
(MSD) of plectoneme positions at 0.8 pN (squares), 1.6 pN 
(circles), and 3.2 pN (triangles) stretching force. Lines are 
linear fits to the MSD (supplementary text S1). (F) Diffusion 
constants, corrected for the DNA extension at the 
experimentally probed forces (supplementary text S1), 
obtained from linear fits of panel (E). The observed diffusion 
constants decrease are much lower than those predicted 
from a hydrodynamic diffusion model (black line, 
supplementary text S3). A model incorporating a rugged 
energy landscape (green line, fig. S7) fits the 300 mM data 
well. (G) Schematic diagram of plectoneme diffusion in a 
rugged energy landscape along a DNA molecule. 
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given by ( ) ( )1 2
2

tt
P t t

t
−⎛ ⎞

= −⎜ ⎟
⎝ ⎠

, where , where ⎜ ⎟
⎝ ⎠ 2

t
t
⎛ ⎞
⎜ ⎟
⎝ ⎠

 denotes the binomial 

coefficient. Indeed, this random-walk model described the experimental 
data well (blue lines in Fig. 4F; supplementary text S7) (14). A similar 
scaling of the lifetimes was observed for all experimental conditions (fig. 
S8) (14). 

Hopping allows plectonemes to move over large distances. We ob-
served maximum hopping distances of up to 15 kb (~5 μm) in our 21-kb 
DNA molecules (fig. S9) (14). Interestingly, hopping can occur over 
these large distances irrespective of the rugged energy landscape in be-

tween, as the nucleation at the new location is independent of any energy 
barriers associated with the DNA in between the shrinking plectoneme 
and the nucleation spot (Fig. 4G). Hopping is merely restricted by the 
energy required for nucleation of a new plectoneme and the subsequent 
transfer of writhe to the new plectoneme by the rotation of the interme-
diate DNA. The nucleation barrier depends both on applied stretching 
force and ionic strength, predicting lower nucleation rates at high force 
and high ionic strength (18), which is indeed the behavior we observe 
(Fig. 4D). 

The viscous drag associated with the rotation and movement of the 
intermediate DNA during hopping (Fig. 4C) grew only slowly with dis-
tance and was much smaller than the drag for the diffusion of a 
plectoneme. Surprisingly, thermal fluctuations led to a hopping distance 
that scaled linearly with time, in contrast to the distance for diffusive 
motion, which scaled as the square root of time (supplementary text S8) 
(14). The lower drag allowed plectonemes to relocate by hopping over 
many kilobases in a fraction of a second, which would be impossible for 
diffusion of a plectoneme along the DNA molecule. 

The observed dynamics of DNA supercoils reveal how plectonemes 
change the DNA conformation. Multiple plectonemes were found to be 
present in a supercoiled DNA molecule under applied force, with a typi-
cal density of 1 plectoneme per 10 kb. Diffusion of plectonemes was 
strongly dependent on applied stretching force, suggesting that it is re-
tarded by local inhomogeneities in the DNA mechanical properties. In 
contrast, hopping of plectonemes results in a fast long-range rearrange-
ment of the DNA conformation, which may explain the fast search times 
for site juxtaposition of two distant DNA regions. Hopping can also aid 
to recruit a plectoneme to a DNA sequence that exhibits inherent curva-
ture or to a site of protein-induced DNA bending. Such a mechanism 
will allow to change the conformation of the genome at millisecond 
timescale, thereby triggering protein binding or influencing gene expres-
sion. 
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