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The transport of DNA polymers through nanoscale pores is central to many biological processes, from
bacterial gene exchange to viral infection. In single-molecule nanopore sensing, the detection of nucleic
acid and protein analytes relies on the passage of a long biopolymer through a nanoscale aperture.
Understanding the dynamics of polymer translocation through nanopores, especially the relation between
ionic current signal and polymer conformations, is thus essential for the successful identification of targets.
Here, by analyzing ionic current traces of dsDNA translocation, we reveal that features up to now uniquely
associated with knots are instead different structural motifs: plectonemes. By combining experiments and
simulations, we demonstrate that such plectonemes form because of the solvent flow that induces rotation
of the helical DNA fragment in the nanopore, causing torsion propagation outwards from the pore.
Molecular dynamic simulations reveal that plectoneme nucleation is dominated by the applied torque,
while the translocation time and size of the plectonemes depend on the coupling of torque and pulling
force, a mechanism that might also be relevant for in vivo DNA organization. Experiments with nicked
DNA constructs show that the number of plectonemes depends on the rotational constraints of the
translocating molecules. Thus, our work introduces plectonemes as essential structural features that must be

considered for accurate analysis of dsDNA polymers in the nanopore.

DOI: 10.1103/spyg-kI86

I. INTRODUCTION

The rapid analysis of biopolymers like DNA is a major
goal in many biosensing applications [1]. With nanopore
sensing, the length and three-dimensional shape of a
translocating molecule are extracted from the ionic current
signal [2]. Topological conformations like knots or other
complex structures are increasingly recognized as crucial
targets of single-molecule biosensors for monitoring cel-
lular functions [3-9]. DNA sequencing using nanopore
sensors [10] has found numerous applications; however,
in such setups, translocation is controlled by molecular
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motors [11-13] that unzip DNA and remove 3D entangled
motifs like knots and plectonemic supercoils from the
sequenced strand. In contrast, larger solid-state nanopores
have revealed the dynamics of double-stranded DNA
(dsDNA) polymers as they traverse through nanoscale
confinements since the early 2000s [14-20]. Generally,
voltage-driven DNA translocation through a nanopore is
often simply described as a quasi-one-dimensional move-
ment with the force applied in the direction of the double
helix [21-24]. However, dsDNA in the usual B-form has a
right-handed helical structure; thus, additional rotational
forces were recently observed in experiments and simula-
tions [25-27]. Simply put, the ionic current transfers
momentum to the water molecules in the nanopore, which
results in a torque on the dsDNA. Accordingly, the DNA
helix starts to rotate. The additional torque should lead to a
rotational movement with consequences beyond the usual
picture of simple, force-driven electrophoretic translocation.

Electrophoretically driven translocation is a process that
proceeds far from equilibrium. Especially in experiments

Published by the American Physical Society
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where the DNA length is much greater than the nanopore
diameter and length [28-30], the dynamics of the DNA
segments outside the nanopore influence the translocation
process [31]. The translocation time is often so fast that the
DNA conformation in front of the nanopore cannot relax
during translocation. Effects like tension propagation have
been studied both in simulations [31-35] and experiments
[14], where a direct consequence of the rapid pulling of the
molecules through the nanopore is the possibility to trap,
and hence study, topological structures like knots [22,36],
which are statistically inevitable and yet generally detri-
mental to the cell functioning [37—40]. Knots form stochas-
tically outside the pore where the DNA strand self-entangles
[41-43]. When one end of the DNA strand is electrophoreti-
cally pulled into the pore, tension propagates along the
strand to the outer part, causing the knot to tighten and
ultimately facilitating its translocation [36,41,44]. A char-
acteristic current signature of knots includes a secondary
transient spike in addition to the current blockade induced by
the linear strand [22,36,45]. Typically, the ionic current
signal in a nanopore is translated into the number of strands
in the sensing volume. For the simplest trefoil knot, three
dsDNA strands pass the nanopore at the same time, and
hence the total current amplitude of the knotted signal is 3
times that of the single dsDNA strand current level. More
complex knots have been observed in experiments, but there
is no clear consensus on the exact shape of the knots [22,36].

Here, we use the recent discovery that DNA helix
structures experience significant torque and hence rotation
during out-of-equilibrium nanopore translocation [26]
and harness it to assign numerous ionic current traces to
plectonemic structures in addition to well-characterized
knots. Plectonemes refer to a twisted DNA structure in
which the dsDNA strand coils onto itself into a looplike
shape. We present careful measurements of DNA trans-
location as a function of DNA length, voltage, and torsional
constraints. We find that the torsion generated by in-pore
electro-osmotic flow likely propagates along the strand to
the outer DNA segments, which in turn twist the strand into
plectonemes. A combination of experiments and simula-
tions indicates that plectonemes can be pulled into the
nanopore with three or more dsDNA strands moving
inwards concurrently. Our molecular dynamics simulations
reveal intricate physical features of plectoneme dynamics
during nanopore translocation. Furthermore, we design
nicked DNA structures to show the crucial role of torsional
constraints for the formation of plectonemes in the DNA
double helix.

II. KNOTS OR PLECTONEMES
OR BOTH IN NANOPORES

A schematic of the experiment is shown in Fig. 1(a). A
dsDNA molecule (red) is pulled through a conical nanopore
by the applied positive potential. The nanopore is large
enough (about 14 nm in diameter) to allow for the passage

of more than one DNA strand. Three possible conforma-
tions with three DNA strands side by side are shown in
the sketch—the supercoil, the figure-eight knot, and the
“S”-shape fold. All three structures lead to the same ionic
current signal, as shown in the example trace in Fig. 1(b). In
this signal, we indicate four levels: the baseline 0, the
double-stranded DNA level 1, the folded DNA level 2 (not
shown in this example), and finally, the triple strand level 3
that could represent any of the three structures in Fig. 1(a).
We obtain these current levels from the distributions of an
all-current-point histogram (Figs. 3—6 of the Supplemental
Material [46]). As the knot is only one of the explanations
for the level 3 signal, we call the events of all those possible
conformations “tangled.” In the following, we define the
“tangling probability” as the number of tangled events
divided by the total number of nanopore events.

We measure the tangling probability in a single nanopore
for DNA of 2, 5, 10, 15, 20, and 48.5 kbp in length [blue
diamond, Fig. 1(c)]. Following previous results [36], we
calculate the tangling probability initially attributing all
“>3” events to knots. The tangling probability increases
with DNA length, which is expected as longer molecules
should exhibit more knots. For 48.5-kbp long lambda
DNA, we obtain a tangling probability of 62.6%. In other
words, approximately two out of three translocation events
are tangled. The two red lines in Fig. 1(c) show the
equilibrium knotting probabilities of DNA molecules at
given lengths calculated using Monte Carlo simulations
(Note 6 of Ref. [46]). The data are for two sets of DNA
structural parameters compatible with the experiments,
including the cross-sectional diameter, d, and the persist-
ence length, Ip (see Fig. 7 of Ref. [46] for additional
conditions). For reference, the simulated knotting proba-
bilities of lambda DNA are 25.7% and 25.3% for lp of
40 nm and 50 nm, respectively.

Figure 1(c) shows a substantial difference between the
measured tangling probability (blue symbols) and the
calculated maximum knotting probability, a difference
that becomes even larger as the DNA length increases.
For 48.5-kbp DNA, the tangling probability is more than
double the knotting probability, with the absolute differ-
ence running up to 37%. Note that the calculated equilib-
rium knotting probability provides an upper bound for the
number of knots detectable via a nanopore translocation
measurement [47], as such detectable knots can only
originate from self-entanglement of the DNA before the
translocation measurement and with no additional knots
forming during the translocation process [22,36,48]. In
fact, the voltage-driven translocation minimizes knot for-
mation in the probed DNA portion—the one on the cis
side—due to several concurrent effects. On the one hand,
the rapid DNA translocation (around 10 ms) limits the
opportunity for DNA strands to self-entrain into complex
topological states such as knots. The latter is further
suppressed by the fact that translocation progressively
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FIG. 1. Tangling probability higher than the theoretical knotting probability. (a) Schematic of three tangled conformations, including
the plectoneme, the knot, and the S shape, moving through a nanopore. (b) Ionic current signal from typical tangled events categorized
according to four current levels: 0—current baseline; 1—linear (single dSDNA strand) translocation; 2—folded (two dsDNA strands)
translocation; > 3—tangled (equal to or more than three dsDNA strands) translocation. The ionic current trace is from a 48.5-kbp
lambda DNA translocating through a 14 4+ 3-nm [mean =+ standard deviation (s.d.)] diameter pore under an applied voltage of
4800 mV. The cone semiangle of this nanopore is 0.05 + 0.01 radians (mean =+ s.d.) based on previous characterization [15].
(c) Comparison of the experimentally measured tangling probability (> 3 events) and the equilibrium knotting probability calculated
using Monte Carlo simulations. Each diamond symbol shows the experimentally measured tangling probability averaged over three
nanopores for the DNA ladder (2, 5, 10, 15, 20, and 48.5 kbp). The two lines indicate the simulated knotting probability for the DNA
ladder (2, 5, 10, 15, 20, and 48 kbp), differing by the assumed persistence length, Ip, value: 40 nm or 50 nm and effective dSDNA
diameter of 2.0 nm. The enlarged views of the 2- and 5-kbp values are provided in Fig. 7 of Ref. [46]. (d) Tangling probabilities (lambda
DNA) as a function of applied voltage measured in three same-sized nanopores. The horizontal red line is the maximum knotting

probability calculated from Monte Carlo simulations for a broad range of lp and d values.

straightens the cis DNA and hence reduces its effective
density, while loop structures are dragged to the pore and
unwound away from the free end, which is reached last by
the mechanical tension propagating from the pore. This
process establishes a situation that is starkly different from
the one realized in nanodozer setups [49,50], where hydro-
dynamic compression makes it possible for the DNA ends
to thread through the densely packed DNA bundle, leading
to knot formation. The actual experimental knotting
probability is expected to be lower than the reference
equilibrium value because the knots can slide along and
off the DNA during the nanopore translocation without
even producing the expected ionic current signature
[36,41,44,51]. Hence, we can conclude that the tangled
level greater than or equal to 3 can not only be knots and
must be either the S shape or the plectonemes, Fig. 1(a).

Next, we examine how the tangling probability
(events with levels greater than or equal to 3) in the

longest DNA (48.5 kbp) changes with the applied
voltage. Figure 1(d) shows that the tangling probability
increases with the voltage well above the maximum
equilibrium knotting probability of lambda DNA (about
25%, red line) and that the rate of the increase is
consistent among the measurements conducted using
different nanopores (blue symbols). In other words, the
experimental tangling probability is in the range of the
maximum knotting probability only at 400 mV, and it
increases from about 35% to more than 60% in the
500 to 800 mV range. This voltage-dependent behavior
strongly suggests that the number of tangled events
cannot be fully accounted for by the expected knotting
probability as higher pulling forces cannot create addi-
tional knots. Furthermore, the contribution of S struc-
tures can also be ruled out as faster translocations
are expected to readily unfold the S structures by the
propagated tension [36]. Hence, we hypothesize that the
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excess tangling (>3 event) probability originates from
the formation of plectonemes.

III. PLECTONEMES NOT ONLY KNOTS

In the nanopore field, the possibility of plectoneme
formation has so far been overlooked as DNA rotation
was usually ignored. Recently, the ionic flow in nanopores
was shown to empower sustained rotation of DNA helix
structures at torques of approximately 0.5 pN nm per bp at
100 mV nm~', which is close in magnitude to the torque
generated by RNA polymerase to produce supercoils
[26,52]. Our conical nanopores are immersed in a highly
alkaline solution (pH = 9), and the electro-osmotic flow is
significantly enhanced (flow rate ~50 pm?s~!) [53,54].
Thus, we believe the electro-osmotic flow in our conical
nanopore is sufficient to generate a torque that twists the
dsDNA strand and leads to the formation of plectonemes
during the translocation process.

The sketches in Figs. 2(a)-2(c) illustrate how a plecto-
neme nucleates and then translocates. The axial electro-
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osmotic flow is redirected when it interacts with the DNA
helix, imparting a tangential force that produces a torque on
the DNA strand [Fig. 2(c)]. As the translocation proceeds
much faster than relaxation of the DNA configuration, the
torque subsequently propagates outwards from the nanopore
along the strand, which in turn forces the outside segment to
rotate about its helical axis. As shown in Fig. 2(a), the fluid
friction interacting with the DNA helix leads to a torque that
twists the DNA and may lead to the formation of plecto-
nemes. Meanwhile, the electrophoretic force pulls the rest of
the DNA strand into the pore, eventually translocating the
plectoneme [Fig. 2(b)].

The successful translocation of plectonemes relies on the
cooperation of electrophoretic force and electro-osmotic
flow, which are linked in the nanopore. Importantly, the
torque depends on the applied voltage, and hence we expect
that there are more plectonemes forming when the voltage
is increased. Figure 2(d) shows a typical nanopore signal
of the plectoneme indicated by the extended level 3 in this
example event. The translocation time of a plectoneme
inside the pore can reach the scale of milliseconds, which is
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FIG. 2. Plectonemes as long tangled events. (a) Schematic of the plectoneme formation. A dsDNA strand rotates inside the pore driven
by the flow-induced torque. This in-pore torsion propagates to the outside segments of the strand and forces the strand to coil on itself,
thus forming a plectoneme. (b) Schematic of the plectoneme translocation. Pulled by the electrophoretic force, the plectoneme and
another part of the longer molecule are threaded into the nanopore, featuring concurrent translocation of three dsDNA strands. (c) Origin
of the torque. The helical structure deflects the axial electro-osmotic flow, the tangential component of which generates the rotation
torque. Here, Tgo denotes the electroosmosis-generated torque, and Fgp represents the electrophoretic force. (d) Representative
translocation signal of a plectoneme event. (e) Examples of knot conformation and corresponding nanopore signals. (f) Examples of
plectoneme conformation and corresponding nanopore signals. (g) Comparison of the normalized duration of events associated with
knots and plectonemes. The statistics are collected from the nonfolded events comprised of a knot or a plectoneme measured in three
same-sized nanopores. (h) Scatter plot of normalized current blockade (the level, Iingic/Tjincar) Versus normalized tangle duration for
knots and plectonemes.
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at least 1 order of magnitude longer than that of a knot,
typically less than 100 ps, both observed in our nanopore
and previous studies [36]. Figure 2(e) shows typical current
blockade signatures that we associate with knotted mole-
cules in our nanopore experiments. In contrast, typical
events associated with the plectoneme passage have much
longer durations, Fig. 2(f).

We can thus categorize the tangled events as knots or
plectonemes based on the difference in their translocation
timescales. Figure 2(g) illustrates the normalized duration
of tangled events, defined as the ratio of the tangled event
duration to the total duration of the translocation process.
Knot signatures are short in duration and appear as a
fleeting spike because knots are tightened by the propa-
gated tension [Fig. 2(e)]. In contrast, the duration of a
plectoneme signal is expected to vary according to the
accumulated twist, and indeed, we observe a wide range
of single durations for plectonemes, as illustrated by the
examples in Fig. 2(f). Knowing the total length of the
molecules, we can roughly convert the even duration into a
tangle size. The knots have an estimated average size of
about 140 nm whereas plectonemes are much larger, about
2100 nm (Fig. 8 of Ref. [46]). Higher-order (hence large-
sized) prime knots are rare at the considered DNA lengths
(Fig. 17 of Ref. [46]). As noted above, translocating knots
are typically small because they are tightened by tension
propagating outwards from the nanopore [51]. In contrast,
plectonemes can grow to much larger sizes due to the
torque being continuously applied during translocation.
The DNA twist introduced by the torque is only partially
unraveled by the propagating tension and thus accumulates
in the form of extended plectonemes. The experimental
knotting probability exhibits a slight decrease with the
applied voltage (Fig. 9 of Ref. [46]) and is always below the
simulation-predicted maximum knotting probability, due to
knot sliding off the DNA filament.

Finally, we investigate the complexity of the plectonemic
conformations. Figure 2(h) shows the scatter distribution of
normalized tangle duration versus normalized current
blockade for knots and plectonemes. While most knot
and plectoneme events distribute at level 3, a few appear
at levels 5 and 7. Some short-duration events are close to
level 4, which we attribute to the limited temporal reso-
lution of our nanopore measurement. Consistent with the
equilibrium knot spectrum, and in line with previous
research [22,36], we see complex knots in the nanopore
signals, such as twin knots, high-order knots, and knots on
a folded strand (Figs. 10, 12, and 17 of Ref. [46]). For
plectonemes, we also observe complex plectonemic con-
formations like a knot on a plectoneme and a complex of
plectonemes (Figs. 11 and 13 of Ref. [46]).

The nanopore shape—whether conical or cylindrical—
exerts minimal influence on plectoneme formation in the
cis reservoir. In addition to the above-mentioned asym-
metric conical nanopores pulled from glass pipettes, we

conduct experiments with membrane nanopores fabricated
in SizN, membranes. In both systems, we observe clear
evidence of plectonemes and knots in the translocation
signals (see Note 9 and Figs. 21-24 of Ref. [46]).

IV. REPRODUCING PLECTONEME FORMATION
IN MOLECULAR DYNAMICS SIMULATIONS

We performed molecular dynamics simulations of 8-kbp
DNA translocation using the validated implicit-solvent
model of Ref. [55], where DNA is coarse grained as a
twistable elastic discrete chain [56]. The DNA portion in
the pore region was simultaneously subject to a longi-
tudinal translocating force and a torque. The pore size and
the magnitude of the applied forces were selected consis-
tent with experiments [Fig. 3(a) and Note 2 of Ref. [46] ].
Hundreds of translocation trajectories were collected for
different initial equilibrium conformations of the 8-kbp-
long strands, with and without knots. The trajectories were
analyzed to identify the passage of tangles through the pore
[Figs. 3(b) and 3(c)]; the steric exclusion model [57,58]
(SEM, Note 8 of Ref. [46]) was used to compute the ionic
current blockade from the pore occupation [Fig. 3(d)].
Similar to experiment, the simulated current blockade
resulting from a plectoneme translocation through a nano-
pore was found to exhibit the level 3 signal.

The top panel of Fig. 3(e) shows the percentage of
unknotted DNA trajectories presenting at least one tangle
event, i.e., greater than or equal to 3 strands passing through
the pore, as a function of the torque and for different
translocation forces, starting from initial conformations that
were unknotted and torsionally relaxed, hence free of
plectonemes. A posteriori analyses and direct inspection
of the level “> 3” events revealed the absence of all tangle
types in Fig. 1(a) except for plectonemes, confirming that
the observed events are associated with the passage of
intertwined superstructures formed during translocation. In
contrast, knot tangles could be observed only in trajectories
where the starting conformation was itself knotted because
the translocation process is too short to allow the chain to
relax and change its initial topological state. The durations
of the knot signals was much shorter than those of
plectonemes, again consistent with the experimental obser-
vations (Fig. 2; Ref. [46], Fig. 20). Because of their more
complex compound entanglement of knots and plecto-
nemes, the simulation traces from initially knotted con-
figurations present more tangle events compared to initially
unknotted ones (Fig. 18 of Ref. [46]).

Using our simulation setup, we can separate the effects
of increasing torque and increasing driving force.
Inspection of the simulation data reveals that, at a fixed
pulling force, various regimes are observed as a function of
the torque, Fig. 3(c). When the latter is sufficiently small,
no plectoneme passages are recorded because the DNA
twist accumulated on the cis side is limited, producing short
and loose plectonemes that unravel before reaching the
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FIG. 3. Reproduction of plectoneme formation and translocation in molecular dynamics simulations. (a) Snapshot of an 8-kbp
unknotted DNA chain translocating through a cylindrical pore (shaded cylinder) with a diameter of 14 nm and a length of 100 nm. Here,
7 and f are, respectively, the torque per base pair and pulling force per base applied to the in-pore part of the DNA molecule. Their values
are calibrated to previous electroosmosis-generated torque data in molecular dynamics simulations [26] and optical-tweezer-measured
electrophoretic forces in conical nanopores [15], respectively (Note 7 of Ref. [46]). The total applied pulling force and torque are
obtained by multiplying 7 and f by the equivalent number of base pairs in the pore, n. (b) Snapshot of a plectoneme threading through
the nanopore. (c) Snapshots of four stages of plectoneme translocation through the nanopore, from initial entry to complete exit.
(d) Ionic current signal from plectoneme translocation, with four colored markers highlighting the corresponding stages in panel (c).
Time is expressed in units of #yp, the characteristic simulation time (Note 7 of Ref. [46]). (e) Plectoneme occurrence probability, average
number of plectonemes, average duration of single plectoneme, and average duration of entire translocation time of all events as a
function of the applied torque. The averages are taken over more than 250 independent initial configurations of unknotted and
torsionally relaxed chains of 8-kbp length. For reference, the forces and torque reported in the graphs are multiplied by ny = 300,
equivalent to the number of base pairs of a single dsDNA stretch inside the pore. (f) Average number of plectonemes and average
duration of single plectoneme translocation event as a function of applied voltages derived from measurements of lambda DNA in three
same-sized nanopores. (g) Entire translocation time of all events as a function of applied voltages from nanopore experiments. Each
scatter point represents an individual event. The lines are half-violin distributions that fit the frequency of translocation time values. The
inset is the average translocation time obtained from five same-sized nanopores.
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pore entrance. However, as the torque reaches a certain
threshold value, the plectonemes formed by the accumu-
lation of twist become sufficiently complex and tightly
wound that they can withstand the unraveling action of
the propagating tension. These plectonemic structures are
preserved as they pass through the pore, yielding the
characteristic current drop. Note that the torque threshold
for plectoneme passage grows with the pulling force
because higher forces are more effective at plectoneme
unraveling and thus higher twist rates are needed to observe
plectoneme passages. As the torque increases, more plec-
toneme passages per trajectory are observed (second panel
from the top). A noteworthy feature is that the passing
plectonemes become longer as the twist is accumulated
more rapidly. This feature is reflected in the duration of
individual plectoneme events growing with applied mod-
erate torque (third panel). However, because the total
pulling force and torque grow extensively with the number
of bases inside the pore, the passage of a long plectoneme
can significantly speed up the translocation of the plecto-
neme and of the entire chain, too. This effect accounts for
the decreasing trends observed at large torque for the entire
translocation time and the single plectoneme duration at
high force [Fig. 3(e), bottom panels].

Further parallels between the model and the actual
system can be drawn by comparing the simulation data
for 8-kbp DNA in Fig. 3(e) with the experimental mea-
surements for lambda DNA in Figs. 3(f) and 3(g). Two key
points should be taken into account for the comparison:
(i) The relevant range of torque and pulling forces corre-
sponds to 0.1-0.5 average number of plectonemes, hence in
the proximity of the threshold torques, and (ii) unlike in the
simulation setup, in experiments, the force and torque
cannot be varied independently because they both vary with
the applied voltage in an approximately linear fashion [26].

The experimental average number of plectoneme
signals increases with voltage [Fig. 3(f), top], while their
duration and the entire translocation decrease with voltage
[Figs. 3(f) (bottom) and 3(g)]. All these qualitative features
are reproduced by the simulation data. The average number
of plectonemes increases both with force and torque and
thus also for any of their linear combinations mimicking
the effect of voltage increase. Analogous, concurrent,
linear increases of force and torque result in decreasing
durations of plectoneme events and of the entire trajectories
(Fig. 19 of Ref. [46]), again in qualitative accordance with
experiment.

Additional experiments and simulations examined the
effect of nanopore size on the formation of plectonemes
(Note 10 and Figs. 25-27 of Ref. [46]). The experimentally
measured tangling probabilities at +800 mV for the two
pore sizes (Fig. 25 of Ref. [46]) showed a higher tangling
probability in the large pore. This trend is consistent with
MD simulations, where larger pores display an increased
probability of plectoneme formation under a given torque

(Fig. 27 of Ref. [46]). Furthermore, the average number
of plectonemes detected was greater for the larger pore
[Fig. 27(b) of Ref. [46] ]. A wider pore geometry facilitates
plectoneme translocation, even discounting that larger
nanopores result in larger electro-osmotic flow and gen-
erated torque. Analysis of average plectoneme duration and
total translocation time [Figs. 27(c) and 27(d) of Ref. [46] ]
revealed no significant differences between the two pore
sizes. These results collectively underscore the generality
of our findings across a range of nanopore confinement
regimes.

V. NICKS REDUCE PLECTONEME FORMATION

The simulations suggest that torsional rigidity of DNA is
crucial for accumulating plectonemes that can withstand
unraveling and pass through the pore. To test this idea,
we designed three, different, same-length DNA nanostruc-
tures having different torsional constraints derived from
M13mpl8 DNA, including intact, nicked, and Int gap,
Fig. 4(a). The intact one is a dsDNA (7228 bp) cut by
restriction enzymes from the double-stranded M13mp18
vector having the phosphodiester bonds chemically linking
all adjacent nucleotides. By contrast, the nicked and 1nt gap
DNA have nicking sites evenly distributed along the length
of the molecule. We use single-stranded M13mp18 DNA
as a scaffold, then hybridize 190 oligonucleotide staples
with complementary sequences, and thus produce a DNA
construct (nicked) containing 189 nicking sites. Here, each
staple contains 38 nucleotides [Fig. 4(b)]. The third Int gap
construct is created by removing the last nucleotide in each
staple, resulting in a one-nucleotide gap between every two
adjacent staples (37 nucleotides). We note that the three
types of DNA molecules are sequence identical and have
the same length. Figure 4(c) schematically shows how the
nicking sites hinder the propagation of torsion along the
nanostructures. The prediction is that, without torsion
propagation, the rotation is restricted up to the next nicking
site, preventing the accumulation of significant twist and
the formation of large plectonemes.

For a short DNA molecule like M13mp18 (7.2 kbp) that
translocates much faster than lambda DNA (48.5 kbp), it is
challenging to discriminate knots and plectonemes accord-
ing to their duration (Figs. 15 and 16 of Ref. [46]).
However, because the knotting probability of equilibrated
chains depends on large-scale conformations and not on
localized defects, the three DNA types are expected to have
a similar number of knots. Thus, the overall tangling
probability becomes a probe of how nicking affects
plectoneme formation. Figure 4(d) shows the tangling
probability for the three DNA nanostructures, along with
another 8-kbp DNA of different sequences used as a
control. As expected, the tangling probabilities of these
three DNA types follow the order Pjygc; > Phicked > Pi ntgap-
The control 8-kbp DNA has a slightly higher tangling
probability than the other three constructs, which we
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FIG. 4. Reduction of plectoneme formation resulting from torsion propagation hindrance. (a) Schematic of the intact M13mp18 DNA
and the assembly of nicked and 1nt gap DNA constructs. The nicked and 1nt gap DNA constructs are synthesized by assembling 190
staples each containing either 38 or 37 nucleotides to the single-stranded M 13mp18 scaffold, respectively. (b) Enlarged view of the helix
structures of the three DNA types. The nicked construct has a phosphodiester bond break between each two staples (38 nucleotide
distance) whereas the 1nt gap construct has an additional one-nucleotide gap in each break. (c) Schematic illustrating how nicking sites
hinder the torsion propagation and thus prevent plectoneme formation. (d) Tangling probabilities of 8-kbp DNA, intact M13mp18 DNA,
and nicked and 1nt gap DNA constructs measured in three nanopores. (e) Tangling probabilities of intact dSDNA, and nicked and 1nt
gap DNA constructs as a function of voltage measured in the same pore.

attribute to the longer length of the former. Furthermore, we
examine the voltage dependence of these three DNA types,
as the formation of plectonemes is significantly affected
by the voltage while that of knots is not. Figure 4(e) shows
that the tangling probabilities of all three DNA types
increase with the applied voltage from 400 mV to
800 mV, and, at each voltage, Pipact > Phicked > Pi ntgap-
This voltage dependence further strengthens our conclusion
that the torque is propagating along the molecule leading to
the accumulation of DNA twist and the formation of
plectonemes.

VI. CONCLUDING REMARKS

To conclude, we have demonstrated the presence of
torsion propagation on the DNA polymer during its pore-
translocation process. The DNA strand outside the nano-
pore is constantly rotated by this torsion and thus twisted
into plectonemes. We use both experimental nanopore
signals and molecular dynamics simulations as evidence
that the configurated plectonemic structures can survive the
unraveling action of the pulling force and translocate
through the pore. The formation of plectonemes is strongly
dependent on the torque applied on the DNA helix

structure, which we show by the increasing overall tangling
probability and number of plectonemes per event, both in
experiments and simulations. Finally, we experimentally
employ a nicking strategy to reduce torsion propagation
and thereby hinder the formation of plectonemes.

The implications of our study are numerous. On the one
hand, for the purpose of inferring the entangled state of
DNA filaments in vivo, our results give a first proof-of-
concept demonstration that the same nanopore setup can be
used to concurrently detect plectonemes and knots and tell
them apart. We recall that knots and plectonemes inevitably
arise during the incessant in vivo DNA transactions effected
by topoisomerase enzymes, which include strand passages,
and DNA supercoiling and unzipping. Heretofore, these
complex forms of DNA entanglement have been detected
with electrophoretic techniques, which have been perfected
to the point that in vivo supercoiling and knotting of
circular eukaryotic chromosomes can be measured [59].
However, the complex interplay of the two types of
entanglement on electrophoretic mobility requires distinct
measurements for supercoiled and knotted states and an
irreversible intervening DNA manipulation: In fact, knots
can be reliably detected only after DNA torsion is fully
relaxed by nicking. Our results indicate that this limitation

031041-8



TORSION-DRIVEN PLECTONEME FORMATION DURING ...

PHYS. REV. X 15, 031041 (2025)

could be overcome by resorting to nanopore-based setups,
thanks to the different duration of the current signals of
knots and plectonemes. Obtaining the joint probability
distribution of knots and plectonemes in vivo would take
the characterization of topoisomerase actions to an entirely
new level, with significant implications for advancing the
current understanding of these enzymes. Furthermore, our
observation of nick-reduced plectoneme formation sug-
gests that nanopores may serve as a tool for detecting DNA
damage, with plectoneme formation probabilities providing
a measure of DNA integrity. By adjusting nanopore
parameters, it may be possible to further enhance sensitivity
to DNA damage.

On the other hand, for the purpose of biomolecule
sensing, the conformational motifs such as folds, knots,
and plectonemes are not desired as they create complex
signals that overlap the information of biopolymers. For
instance, knots and plectonemes generate similar current
drops as the encoded DNA nanostructures [28] on the
polymer scaffold and thus reduce the detection efficiency.
In both cases, our work suggests ways to either avoid
introducing spurious plectonemic signals or maintain a
certain torque threshold to detect them.

It is an interesting question if minimization of the
electro-osmotic flow will prevent torque and hence for-
mation of plectonemes or rather reduce their detection as
they do not reach the nanopores. In any case, the realization
of the importance of torque will allow one to tune the
solution properties and voltage to optimize the measure-
ments for the respective question. Moreover, as the for-
mation of plectonemes relies on the dynamics of DNA
segments outside the pore, accelerating the polymer trans-
location speed inside the nanopore can likely reduce the
plectoneme size as well as their occurrence. In addition,
given that we have proven that the nicking strategy
significantly inhibits plectoneme formation, nicks can be
introduced to the DNA polymer as an alternative strategy.

Vice versa, we have demonstrated that tuning the
solution properties or the charge density of the nanopore
surface can induce a supercoiled state, and with sufficient
torque, this state can be maintained and detected as the
DNA is pulled into the widening conical pore. Our system
represents a viable proxy for studying the extrusion of
supercoiled DNA [6].

In our voltage-driven setup, the nanopore provides both
the torque and force necessary for plectoneme formation
and subsequent translocation while also functioning as a
sensor of these events. The confined geometry empowers
these processes by the elevated electric field within it; thus,
the pore diameter affects the torque, driving plectoneme
initiation and the pulling force threading plectonemes
through the pore. The magnitude of the electroosmotic
flow both increases the torque on the DNA in a nanopore
and reduces the effective net force, driving the DNA
through the nanopore; nanopores that create stronger

electro-osmotic effects are also more conducive to plecto-
neme formation in translocating DNA filaments. We also
note that, in nonconfined physiological environments,
flows generated by pressure or salinity gradients can
likewise impart rotational motion to DNA, potentially
promoting plectoneme formation.

From a physics-based perspective, our work reveals
that the formation of plectonemes depends on several
conditions. First, it is the torque that originates from the
interaction between the electro-osmotic flow and the DNA
helix. This helix structure holds significance in the rotation
behavior and subsequent dynamics of the DNA strand
outside the nanopore. Apart from the right-handed helix
(B-form) used here, left-handed helix DNA was reported to
rotate in an opposite direction in simulations [26], while
A-form RNA experiences slower rotation than B-form
DNA due to its different helix shape [26]. These rotational
differences should have profound influence on the for-
mation of plectonemes. Second, translocation timescale
and polymer length are crucial for the occurrence of the
plectoneme and its size. Longer DNA polymers are more
likely to form large-sized plectonemes as their cis segments
have more time to evolve into plectonemic structures.
Additionally, longer polymers feature extended relaxation
times, which changes the probability for plectonemes to
maintain the structure outside the nanopore.

Both polymer translocation and rotation are out-of-
equilibrium processes. From the perspective of energy
dissipation during these processes, we show that the torsion
propagation outward from the nanopore is another impor-
tant pathway to dissipate the energy stemming from the
applied transmembrane potential. Our work emphasizes
that the dynamics of the in-pore strand is tightly linked to
that of the cis part, by both tension and torsion propagation.

By demonstrating and detecting torsion-driven plecto-
neme formation in DNA filaments, our study opens new
perspectives for detailed studies of DNA plectonemes and
supercoiling. The advantage of our method is that, in
nanopores, torque is applied locally on the molecules in
a voltage-dependent manner. Possible research areas
include the analysis of genome compactification and
organization to the prevention of entanglement, the influ-
ence on topoisomerase activity, and gene regulation.

These evolutionarily selected functions hinge on DNA
behaving as a reconfigurable twistable DNA chain, a
property largely absent in naturally occurring RNA and
proteins, whose functionality typically relies on main-
taining specific folded structures. At the same time, we
envisage that it may be possible in the future to engineer
sufficiently long polyelectrolytes that have DNA-like
twistability and bending rigidity. Such a system would
be addressable by our setup, making it possible to
investigate out-of-equilibrium torsional responses across
a broader range of mechanical parameters than those
of DNA.
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