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Experimental phase diagram of negatively
supercoiled DNA measured by magnetic tweezers
and ﬂuorescence†
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Cees Dekker*a
The most common form of DNA is the well-known B-structure of double-helix DNA. Many processes in
the cell, however, exert force and torque, inducing structural changes to the DNA that are vital to biological function. Virtually all DNA in cells is in a state of negative supercoiling, with a DNA structure that is
complex. Using magnetic tweezers combined with ﬂuorescence imaging, we here study DNA structure as
a function of negative supercoiling at the single-molecule level. We classify DNA phases based on DNA
length as a function of supercoiling, down to a very high negative supercoiling density σ of −2.5, and
forces up to 4.5 pN. We characterize plectonemes using ﬂuorescence imaging. DNA bubbles are visualized by the binding of ﬂuorescently labelled RPA, a eukaryotic single-strand-binding protein. The presence of Z-DNA, a left-handed form of DNA, is probed by the binding of Zα77, the minimal binding
domain of a Z-DNA-binding protein. Without supercoiling, DNA is in the relaxed B-form. Upon going
toward negative supercoiling, plectonemic B-DNA is being formed below 0.6 pN. At higher forces and
supercoiling densities down to about −1.9, a mixed state occurs with plectonemes, multiple bubbles and
left-handed L-DNA. Around σ = −1.9, a buckling transition occurs after which the DNA end-to-end length
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linearly decreases when applying more negative turns, into a state that we interpret as plectonemic
L-DNA. By measuring DNA length, Zα77 binding, plectoneme and ssDNA visualisation, we thus have
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mapped the co-existence of many DNA structures and experimentally determined the DNA phase
diagram at (extreme) negative supercoiling.
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Introduction
In the absence of stretching force and torque and under physiological salt conditions, DNA adopts the famous B-form1
where the backbones exhibit a right-handed helical twist of
10.4 base pairs (bp) per turn. However, many processes in the
cell alter the DNA conformation.2–6 Take, for example, DNA
transcription: here, the transcription machinery opens up the
DNA locally, forming a DNA bubble, and subsequently overwinding the DNA ahead of the transcription site and underwinding the DNA behind it.5 This over(/under)winding of the
DNA induces positive (negative) supercoiled loops, called plectonemes. Beyond protein-binding-induced conformational
a
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changes, a complex interplay between applied stretching force
and torque, DNA sequence and other factors like temperature
and salt conditions determine the local DNA conformation.7–9
Supercoiling is the overwinding (underwinding) of DNA
under the influence of positive (negative) torque. For overwound (underwound) DNA, the number of base pairs per turn
becomes larger (smaller) than 10.4 (see Fig. 1). At a certain
point, the introduction of more turns into the DNA will not
change the twisting of the backbones any further, but instead,
the DNA forms a supercoiled loop ( plectoneme) (Fig. 1). The
sum of twist in the backbones and number of loops in the
DNA (called writhe) is the linking number Lk. For a DNA molecule of which the ends are not free to rotate (i.e., it is topologically constrained), twist (Lk,t) and writhe (Lk,w) are
interchangeable, and the total linking number Lk = Lk,t + Lk,w
is conserved. Under negative torque, an additional phenomenon can occur where the helix locally opens up into a DNA
bubble, exposing two non-hybridized single strands.10
Increased temperature and stretching force promote bubble
formation. Certain sequences also do so, such as the transcription initiation TATA-box at promotor sites. The base pairs can
even re-stack into a left-handed helix, forming Z-DNA, which
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Fig. 1 Various DNA conﬁgurations. The most common form of naturally occurring DNA is the double-stranded (dsDNA) B-form, where,
without the application of stretching force or torque, the DNA backbone
makes a right-handed helical turn with a repeat of 10.4 bp (with a length
of 3.5 nm for 1 turn along the molecule).1 Left-handed DNA is also discussed to occur in vivo.31 Two diﬀerent forms have been discussed:
Z-DNA, with a well-deﬁned 12 bp helical left-handed helical turn (1 turn
= 4.4 nm long),13 and L-DNA with 12–15 bp per helical turn (1 turn =
6–7 nm long).29 Under the inﬂuence of positive torque, B-DNA can take
up more coils per turn (overwound B-DNA), while left-handed DNA
becomes underwound. Negative torque will underwind B-DNA and
overwind left-handed DNA. Under certain underwinding conditions,
double-stranded B-DNA can open up to form a ‘bubble’. Instead of
twisting and thus changing the number of base pairs per turn, rotations
can also be absorbed by plectoneme formation, see the two bottom
panels.

has 12 bp per left-handed helical twist.11–13 Understanding the
physical properties of DNA provides the groundwork for a
better understanding of the complex function of important
processes within the cell.14–16 Although negative supercoiling
is ubiquitous in cellular DNA, it remains unclear what conformational state(s) DNA adopts under negative supercoiling.
In the past two decades, a lot of eﬀort was carried out to
decipher the many structures of DNA in various regimes of
force and linking number, both experimentally and theoretically. First S (stretched) DNA was discovered by measuring the
extension over a wide force range. Around 65 pN the extension
of a rotationally unconstrained (nicked) molecule increased
significantly, which was interpreted as converting B-DNA to
S-DNA.17,18 From these measurements S-DNA was estimated to
have a contour length 1.7 times as long as B-DNA with a helix
repeat of 35 bp per turn.19,20 Driven by the discovery of S-DNA,
more experiments of this type were performed and the structural states, B-, S-, P-, supercoiled (sc-)P, melted and L/Z-DNA
were described.4,19–28 Here P is highly overwound DNA, with a
base-pair repeat of ∼3 bp and an extension 1.7 times as long
as B-DNA, hypothesized to have the sugar-phosphate backbone
in the middle with the unpaired bases exposed (hence the
name ‘P-DNA’ after the early model of Pauling). Experiments
have recently been conducted to examine the states of underwound DNA. Under moderate forces (∼10 pN), and very strong
underwinding, the melted DNA has been suggested to assume
a left-handed structure as opposed to an open bubble confor-
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mation.29 The force and supercoiling density at which state
transitions occurred appeared to be sequence dependent.30
Several names have been used for this left-handed DNA. The
most well-known one is Z-DNA, which is well characterized
and for which the crystal structure is known.11–13,31 It has been
found in cells and certain proteins specifically bind to Z-DNA.
In other work,20,29,32 the nomenclature L-DNA was used to
describe a diﬀerent form of left-handed DNA with a base-pair
rise of 0.48 nm per bp and persistence length of 3–7 nm,29,32
values that varied significantly from the values for Z-DNA
(0.37 nm per bp, and 200 nm, respectively). The estimated
helix repeat of L-DNA is 13–16 bp, resulting in an extension of
1.4 times B-DNA.19–21,29,32–34 The free energy diﬀerence
between B-DNA and L-DNA is estimated to be ∼2.5 kBT per
base pair, close to the free energy of melting (strand separation) which is ∼2 kBT for an AT base pair and ∼3 kBT for a
GC base pair (from35 based on random sequence), in line with
the suggestion that left handed-DNA is partially torquemelted.29,32,33
For better understanding, the DNA states at various regimes
of force and toque are ordered in phase diagrams. Early
theoretical suggestions pointed towards a phase diagram with
two states, right-handed B-DNA and left-handed ‘L-DNA’ at a
biologically relevant force regime (up to several piconewtons)
and a wide range of negative supercoil densities.36 Later work
suggested a much more complex phase diagram where pure
states emerge only in a small part of the phase diagram and
underwound DNA generally adopts a mixed state in which
multiple DNA states co-exist.37,38 Other recent theoretical work
even suggest the existence of even more structures by adding a
left-handed version of P-DNA, called Q-DNA with a helicity of
∼42 bp per turn.32
Here we experimentally examine the phase diagram of negatively supercoiled DNA in a wide range of supercoil density,
from the biologically relevant regime of σ ≈ −0.05 to very
strong underwinding of values down to σ = −2.5. Using magnetic tweezers, we control the applied stretching force and
supercoil density on a single DNA molecule. First, we map the
DNA length as a function of supercoiling, which already allows
to classify a number of DNA phases. Second, combining fluorescence microscopy with the magnetic tweezers,39 we visualize the location of DNA plectonemes and fluorescently labelled
proteins along the DNA as a function of negative supercoiling
density to determine which structures are present in each
phase. We thus provide an experimental phase diagram of
negatively supercoiled DNA in the mapped region of negative
supercoiling down to σ = −2.5 and applied stretching force up
to 4.5 pN. Our observations reveal the coexistence of negative
plectonemes, multiple DNA bubbles and L-DNA.

Materials and methods
Magnetic tweezers
In magnetic tweezers,40 one monitors the end-to-end length of
a single DNA molecule that can be twisted and pulled upon.
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Fig. 3 Rotation curves of DNA at applied forces between 0.2 and 4.5 pN.
The data show the DNA extension (μm) as a function of the supercoiling density σ for a 20 666 bp dsDNA. The torsionally relaxed state of
B-DNA is deﬁned to have supercoiling density 0. At 1.0 and 2.5 pN the
overlapping forward (respectively grey and black) and backward (light
blue) trace show the absence of hysteresis. The black lines on the curve
at 4.5 pN show how the buckling points are determined.
Fig. 2 Single-molecule magnetic tweezers (side view in x − z plane). (A)
Vertical DNA alignment. The lower inset (ii) shows how an individual
double-stranded DNA (dsDNA) molecule with DIG-labels is tethered to
an anti-DIG antibody-coated glass surface of a glass capillary. The other
end of the DNA has multiple biotin-labels which bind to a streptavidincoated bead. Above the capillary, a magnet holder containing two
magnets is placed (inset i). The magnets apply a stretching force that
can be adjusted by changing the height with the motor stage. When
rotating the magnets within the x − y plane, the bead follows these
rotations and torque is applied onto the molecule. Red LED light is
made parallel by a lens and illuminates the beads. A CMOS camera
records the bead images. Buﬀers containing beads, proteins, etc., can
be inserted into the capillary by pipetting it into the inlet. By turning on
the syringe pump, new buﬀer is sucked into the capillary. (B) Horizontal
DNA alignment allows for simultaneous ﬂuorescence spectroscopy.
Compared with (A), the magnet head depicted in (i) is now moved away,
while keeping the magnetic bead rotationally clamped, and a side
magnet is added to pull the molecule sideward, as shown in (iii) and (iv).
A 532 nm laser excites ﬂuorescent molecules. Labelling the DNA allows
visualization of the DNA structure (iii), while ﬂuorescently labelled proteins allow determination of the protein-binding position (iv).

A torsionally constrained 20 666 kilobase pair (kb) doublestranded DNA (dsDNA) molecule is tethered between a surface
and a magnetic bead to which a force can be applied and
which can be rotated by external magnets (see Fig. 2A). One
end of the DNA molecule is attached to a glass surface by multiple digoxigenin (DIG)-antidigoxigenin (anti-DIG) bonds. In
some experiments, this end of the DNA was labelled with multiple Atto-555 molecules. The other end of the DNA has multiple biotin labels and is attached to a 1 µm diameter
streptavidin-coated superparamagnetic bead (New England
BioLabs, S1420S). The experiment takes place in a squared
glass capillary with an approximate volume of 25 µl (Vitrotubes, 8270-050, 0.7 × 0.7 × 50 mm inner diameter), coated
with 0.1% polystyrene in toluene solution and subsequently
activated with anti-DIG antibody. The surface is passivated by
Bovine Serum Albumin (BSA) (New England Biolabs, B9001S),
which is incubated for at least one hour at a concentration of
10 mg ml−1. Buﬀer exchanges occur by placing the new buﬀer
at the inlet of the capillary, and using a syringe pump at the
outlet to remove the old solution to a waste container in a
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smooth and controlled way. The position of the bead is
tracked using video microscopy at high accuracy (∼5 nm) and
speed (frame rate 74 Hz). By placing external magnets close to
the bead (two magnet cubes, separated by 1 mm from each
other; Supermagnete, W-05-N, 5 mm, Neodymium), a stretching force is applied which can be regulated by the distance
between the bead and the magnets. When a constant force is
applied, the DNA extension is constant, apart from fluctuations due to Brownian motion. Upon rotating the magnets
within the x − y plane, the magnetized bead follows this rotary
motion and as a result the linking number of the attached
dsDNA changes. Thus, positive or negative coils are introduced
in or removed from the dsDNA. A rotation curve is generated
by plotting the extension of the DNA molecule against the
number of applied magnet rotations (Fig. 3). At any given
magnet configuration, the overall linking number is conserved
when the DNA is topologically constrained (i.e. not nicked).

Fluorescence spectroscopy
We image DNA molecules that are negatively supercoiled and
pulled horizontally in the focal plane. First, a DNA molecule is
rotated to the desired amount of supercoiling by turning the
top magnets while the DNA molecule is in a vertical orientation ( part A in Fig. 2). Subsequently, a side magnet (Supermagnete, Q-10-04-02-G, 10 × 4 × 2 mm, Neodymium, goldplated) is brought into close contact with the capillary. After
the desired stretching force is reached by the side magnet, the
top magnets are removed and the entire DNA molecule now is
pulled to the side ( part B in Fig. 2). By slightly tilting the
surface, the tethered DNA molecule can be brought into
perfect horizontal alignment, along the focal plane, independent of bead size. With a 532 nm laser, entering into the capillary from below, fluorescent molecules can be excited. Two
imaging modes were used: (1) visualization of twist-induced
structures of the DNA itself, by fluorescently labelling of the
DNA (iii in Fig. 2), and (2) visualization of binding positions of
fluorescently labelled RPA, proteins that bind to singlestranded DNA (iv in Fig. 2). The DNA was labelled with Cy3 as
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described in ref 39. The RPA was fluorescently labelled with
Tag-RFP as discussed in ref. 41.
In all experiments, we used a buﬀer consisting of 30 mM
NaCl, 60 mM Tris-HCl pH 7.5 and 0.1 mM Ethylenediaminetetraacetic acid (EDTA). To reduce the eﬀects of free radicals,
the buﬀers were degassed before every experiment by placing
them into a vacuum chamber for 15 minutes. In experiments
using fluorescently labelled molecules, sticking, as well as
nicking of the DNA was reduced by adding free-radical-scavengers to the measurement buﬀer (trolox, NPG, PCA and PCD
prepared as described in ref. 39).

Results
DNA extension classifies the DNA phases
The supercoil density σ is defined to be zero when B-DNA is in
a rotationally relaxed state with its natural B-DNA twist of 1
right-handed helix per 10.4 bases. The supercoil density then
is given by the number of applied magnet turns divided by the
number of naturally occurring helices in the B-DNA molecule.
A supercoil density of σ = −1 would thus involve enough negative turns to remove all helicity from the B-DNA backbone, and
σ = −2 would be enough to form a ‘mirror-image’ DNA structure with 10.4 bases per negative helical turn. Similarly, the
linking number Lk = 0 in the rotationally relaxed state, while Lk
decreases with the number of negative turns applied.
At low force (below 0.6 pN), the supercoiling density dependence of the DNA extension is well understood. The maximum
length of the DNA molecule occurs when σ is zero. When a low
number of positive (negative) rotations is applied, the DNA
becomes overwound (underwound) and twists, whereas
beyond a certain buckling point,42 extra turns are absorbed
into plectonemes, which makes the DNA extension decrease
rapidly. In this regime, the slope of the rotation curve (the
σ dependence of the extension, as shown in Fig. 3) is set by the
size of these supercoils: increasing the linking number by one
full turn induces one supercoil and reduces the extension by
the length of DNA absorbed in this supercoil. The build-up of
twist is relatively low at these low forces and the DNA backbones approximately maintain their B-DNA helical form. At
larger forces, above approximately 0.6 pN, DNA starts to adopt
other forms than B-DNA for negative σ. This state has been
called ‘melted-DNA’.29
To characterize the poorly described physical properties of
this melted DNA, we measured how the DNA extension
depends on (extreme) negative supercoiling at a number of
forces up to 4.5 pN (shown in Fig. 3). At 4.5 pN, the DNA extension stays nearly constant down to σ = −1.9, where a sharp
kink occurs and after which the DNA length decreases linearly
until a second kink occurs near σ ∼ −2.2. The data for forces
1.0–2.5 pN show similar shapes, except that the region
between σ = 0 and the first kink do not show a linear plateau,
but instead a monotonous decrease in length. The supercoiling density at which the first sharp kink occurs changes
slightly with increasing force, from σ = −1.93 (1 pN) to −1.88
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(4.5 pN). The second kink occurs at increasingly negative
supercoiling density, from σ = −2.06 (1 pN) to −2.20 (4.5 pN).
In contrast to ref. 29, we do not observe any hysteresis between
the backward and the forward curves (two examples are shown
at 2.5 and 1.0 pN), which suggests that no complex irreversible
second-order structures are formed.
We note that the sharp kink at σ = −1.9 occurs close to the
value of σ = −2, the supercoil density of left-handed DNA that
would mirror the well-known right-handed B-form of DNA. In
resemblance with the low-force B-DNA buckling point near σ =
−0.02 (for F = 0.6 pN), the DNA extension decreases approximately linearly for every induced negative turn, from σ ∼ −1.9
down to σ ∼ −2.2. The slope of the rotation curves beyond the
buckling point at σ = −1.9 are 5.5–6.8 nm per turn for the
forces of 2–4.5 pN (the extensions at the smaller forces are relatively small, possibly introducing other eﬀects). This is significantly less steep than the 60 nm per turn in B-DNA at 0.5 pN.
This suggests that plectonemes in the left-handed DNA are
approximately ten times smaller than those in B-DNA, which
gives a rough estimate of the persistence length to be on the
order of 3–7 nm (assuming factors like the electrostatic repulsion to be comparable), consistent with L-DNA and much
smaller than the values for Z-DNA. For this reason, we will
from now on use the term L-DNA when referring to this lefthanded DNA phase. Consequently, (i) we identify the sharp
kink with a buckling point, where plectonemic L-DNA starts to
form for σ < −1.9, (ii) we suggest that a pure L-form likely
occurs near σ = −1.9, and (iii) this suggests that the wide
region between σ = 0 and σ = −1.9 thus likely contains a
mixture of B-DNA and L-DNA ( possibly augmented with other
DNA structures). This is schematically summarized in the
phase diagram of Fig. 4, where the blue and orange parts show
the regions in which plectonemes are formed in B- and L-DNA,
respectively.
We thus can verify various phases of negatively supercoiled
DNA: the relaxed B-DNA state, where σ ≡ 0, is shown in green
as state A in the diagram of Fig. 4 (lower panel). The wellknown region of plectoneme formation in pure B-DNA is
drawn in blue as state B. The transition from B-DNA to L-DNA
is drawn as a mixed state C which occurs in a very wide range
of forces and negative supercoiling. At the buckling point near
σ = −1.9, we assume that all DNA is in the L-DNA form, (black
line between C and D), and the plectoneme formation in pure
L-DNA form is denoted by the orange region D. When the
linear decrease in the rotation curve ends (red line between D
and E), another phase E may start. Region F (white) is a region
where the DNA extension is too short for our experiments
(<5% of the B-DNA contour length). To further characterize the
suggested phase diagram, in particular the transition from
B- to L-DNA, we measured binding of Zα77, a Z-DNA binding
protein, and visualized plectoneme and bubble formation.
Plectonemic DNA state
To visualize plectonemes and other dense DNA structures, we
imaged single DNA molecules after fluorescent labeling. At low
force (<0.6 pN) and mild unwinding (−1 ≪ σ < 0), we observed
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Fig. 4 Lower panel: phase diagram of DNA as a function of negative
supercoiling density σ and applied stretching force ( pN). For relaxed
B-DNA, σ ≡ 0 ( phase ‘A’). Below 0.6 pN and at negative σ, plectonemic
B-DNA is formed. Phase ‘B’ represents a coexistence of plectonemic and
regular B DNA. Above 0.6 pN, a phase ‘C’ occurs which is a mixture of
DNA with diﬀerent helicities. Due to the transition from B- to L-DNA,
there is a coexistence of ( plectonemic) B-DNA, DNA bubbles, and ( plectonemic) L-DNA. Phase ‘D’, between σ = −1.9 and σ = −2.1/−2.2, is a
coexistence between regular and plectonemic L-DNA. At σ < −2.1/−2.2
an unknown phase starts (‘E’). F is a region that cannot be experimentally
measured, because the DNA extension is shorter than 5% of the contour
length. Top panel shows the rotation curves of 20 666 bp dsDNA at
forces between 0.2 and 4.5 pN (same data as the rotation curves
in Fig. 3).

fluorescently intense DNA spots along the DNA (Fig. 5B, σ =
−0.02, F = 0.2 pN, corresponding to the purple dot in Fig. 5A).
The high-intensity spots in this representative example were
dynamic and showed diﬀusive behavior. In an experiment
where DNA was negatively twisted to reduce its extension by
25% at 0.5 pN stretching force, the diﬀusion coeﬃcient of
these dynamic spots was 0.4 μm2 s−1. This result for negatively
supercoiled DNA at low force is very similar to a comparable
report for the positively coiled DNA, especially when taking
into account that lower salt concentrations increase the
diﬀusion constant.39 Upon nicking, the high intensity regions
disappear instantly (see ESI Fig. 1B†), leading to a homogeneous intensity for the fluorescent molecule of the original
(uncoiled) DNA length. All these observations fit the physical
picture of plectonemic B-DNA. Alternative DNA structures such
as ssDNA blobs that could form through hydrogen-bond reorganization (for example, hairpins) would likely result in a
much slower disappearance of the high intensity regions upon
nicking. Furthermore, the single-strand binding protein RPA
does not bind DNA at these conditions of low force and mild
unwinding, as previously reported.16 We thus conclude that
the state of the DNA at low force (<0.6 pN) and mild unwinding
(−1 ≪ σ < 0) is plectonemic B-DNA.
We also visualized DNA at much stronger negative supercoiling. At σ = −0.5, i.e. about one negative applied turn per
∼21 bp, we explored the DNA structure at 1.5 pN and 2.0 pN.
At 1.5 pN, highly dynamic dense DNA regions are present
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along the DNA length (Fig. 5C), consistent with the occurrence
of plectonemes. Interestingly, at an only slightly higher force
of 2.0 pN, the fluorescent images are almost featureless
(Fig. 5D), similar to torsionally unconstrained B-DNA, indicating the absence of highly dense DNA regions such as
plectonemes.
As mentioned above, the sharp change in the slope of the
rotation curve at σ = −1.88 at stretching force 2.0 pN (Fig. 3
and 5E) seems to indicate a buckling point at the end of the
B- to L-DNA transition. The first frame in Fig. 5G shows a fluorescence image of the DNA right at this point. In contrast with
the buckling point of B-DNA at low force and supercoiling
(region B in the lower panel of Fig. 4), which shows a fully
homogeneous fluorescence intensity, we observe dense DNA
regions that are localized and stationary, indicating some
structural variation like supercoiling is present (Fig. 5F). Upon
nicking (ESI Fig. 1†), these high-intensity regions disappear,
albeit somewhat slower than for the conventional plectonemes
at small σ. Since the relatively long relaxation time could be
due to two reasons (it takes longer to relax the much larger
number of negative supercoils, or the DNA structure could be
distinctly diﬀerent from B-DNA plectonemes), it is hard to
draw unequivocal conclusions. Applying more negative turns
than σ = −1.88 leads to a shortening of the DNA, which
coincides with an increase in the intensity of stationary DNAdense regions.
The presence of dense DNA structures and the dynamics of
these structures highly depend on force and supercoiling
density. A comparison of data for various forces in the region
beyond the buckling point, i.e., for σ < −1.9, is visualized in
the left two panels of Fig. 6A. Here, a relatively small increase
in negative supercoiling density is seen to have a significant
eﬀect on the emergence of DNA-dense regions. At the high
stretching force of 5.7 pN, more negative supercoiling needs to
be induced to generate the same amount of DNA-dense
regions, compared to the experiments at 2.4 pN stretching
force. The right two panels of Fig. 6A show the results at
diﬀerent forces for a supercoiling density of σ = −1.5 and −1. It
shows that lowering the force and increasing the supercoiling
density have comparable eﬀects on the appearance of DNAdense regions. Fig. 6B shows the dynamics of the high-intensity regions in the kymographs at a constant force of 1.5 pN
but varying supercoiling density. The top images show a raw
fluorescence image. All kymographs were corrected for bleaching and background (see ref. 39 for details). Without supercoiling, no dense regions are observed. With relatively low
negative supercoiling, very dynamic regions appear. With
increasing negative supercoiling, the intensity in the DNAdense region increases, but the dynamics decreases. Fig. 6C
and D show the eﬀect of force on the dense regions. Next to a
decrease in DNA-dense regions, a higher force also decreases
the dynamics of these regions. Fig. 6E shows the fluctuations
in DNA extension as a function of supercoiling density for 1.0,
1.5 and 2.0 pN stretching force. This result shows that the fluctuations decrease with increasing force. Furthermore, there
appears to be a supercoiling density at which a maximum of
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Fig. 5 Plectoneme formation and dynamics are force and supercoiling dependent. (A) Rotation curves at 0.2, 1.5 and 2 pN indicate the conditions
of data in ﬁgures (B), (C) and (D). (B) Top panel shows an image of ﬂuorescently labelled DNA at σ = 0 and σ = −0.02 at stretching force of 0.2 pN.
Lower panel shows the kymograph of the DNA ﬂuorescence patterns at σ = −0.02. The kymograph was corrected for bleaching and background, i.e.
the homogeneous B-DNA intensity for non-supercoiled DNA is removed and only additional ( plectonemic) DNA is visible (see ref. 39 for details). (C),
(D) similar to B, but at σ = −0.5 and 1.5 pN and 2 pN, respectively. (E) Rotation curve at 2 pN between σ = −2 and 0. At σ ≈ −1.88 the buckling point
marks the end of the transition from B- to L-DNA. (F) High-intensity regions in the DNA at σ = −1.88 show the absence of signiﬁcant dynamics. (G)
Upon nicking of the molecule shown in F, the molecule relaxes: the high-intensity regions move towards the ends and gradually disappear. Total
duration from left to right is 180 ms (images taken at 50 Hz). All kymographs have the same color scale.

the fluctuations occurs, which is force dependent, i.e. at
higher force, the maximum occurs at stronger negative supercoiling. As suggested recently,38 the supercoiling density
dependent fluctuations likely stem from transitions between
diﬀerent DNA states where twist and writhe are interchanged.
Summing up, when no supercoiling is applied, no plectonemes occur. Mild supercoiling combined with mild stretching forces results in highly dynamic plectonemic structures in
the DNA. Increasing negative supercoiling results into more
dense structures that are more static ( possibly plectonemes,
perhaps other structures). Increasing the force lowers the fluctuations in DNA extension, and shifts the point of maximal
length fluctuations (transitions between plectonemes and
underwound B-DNA/overwound L-DNA by thermal fluctuations) towards stronger negative supercoiling.
DNA bubbles visualized by RPA binding
We use a single-stand-DNA binding protein to probe the presence of dehybridized single-stranded DNA (ssDNA) in the
mixed phase of negatively supercoiled DNA. In cells, ssDNA is
rapidly bound and stabilized by ssDNA-binding proteins
(SSBs). This prevents ssDNA from hybridizing into secondary
structures and avoids unwanted eﬀects like digestion of the
DNA by nucleases. The main eukaryotic SSB is replication
protein A (RPA), which also stabilizes transiently forming
bubbles of ssDNA.43 Here we measure RPA binding and we
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directly visualize the position of the fluorescently labelled RPA
molecules on the DNA at varying forces and under (extreme)
negative supercoiling.
Previous RPA-binding experiments under mild (σ ≥ −0.06)
negative supercoiling showed that RPA did not bind up to
0.5 pN. In other words, no (transient) bubble formation occurred
at these conditions. Under the same supercoiling density, but
at slightly higher forces, measured from 0.5 to 0.75 pN, (transient) bubble formation did occur.16 In line with these conditions, we assembled our fluorescently labelled RPA at 0.9 pN
onto DNA with supercoiling density σ = −0.25 (Fig. 7A). In this
regime, the extension of supercoiled DNA is 35% of that of
relaxed B-DNA. Similar to the previous results, RPA assembly
increased the DNA extension, which can be interpreted as signaling the presence of DNA bubbles: RPA stabilizes such
bubbles and newly incoming RPA wedges into RPA-stabilized
bubbles, causing progressive unwinding which leads to the
removal of negative plectonemes.16 In contrast with the previous measurements,16 the RPA-induced extension at σ = −0.25
increased only up to 90% of its relaxed bare DNA length,
instead of 100%.
At a higher force of 1.5 pN, assembly of RPA, by contrast,
does not change the extension significantly with negative
supercoiling down to σ = −1.1 (Fig. 7B, panel 2–5). At even
stronger negative supercoiling (σ = −1.4), the extension even
decreases upon RPA addition (Fig. 7B first panel).

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 (A) Examples of DNA structures at various supercoiling densities and forces. All images are shown on the same colour scale. (B–D) Dynamics
of DNA at various force and supercoiling densities as shown by ﬂuorescent intensity ﬂuctuations. (B) Kymographs of the DNA ﬂuorescence patterns
at 1.5 pN and σ from 0 to −2. While at σ = −0.5, highly dynamic DNA intensities are observed, DNA structures appear rather stationary and condensed
at σ = −1.5 (regime C in Fig. 4) and σ = −2 (regime D in Fig. 4). DNA length decreases as intense DNA regions appear (see panel B, kymographs σ =
−0.5 and 1 at time points shown by red arrows). DNA structures that show signiﬁcant dynamics at σ = −0.5, localize to several areas at σ = −1, as
depicted by black arrows. These areas merge upon increasing negative supercoiling (see the kymographs at σ = −1.5 and −1.86). In panels C and D,
higher forces were applied to the stationary DNA structures at σ = −1.5 and σ = −2, to see how the contrast changes with force. (E) DNA length
ﬂuctuations as quantiﬁed by calculating the standard deviation of the DNA extension. The size of the sampling window for the standard deviation
was 10 data points. All images were corrected for bleaching and background (see ref. 31 for details). We show sample time windows of 1 second,
which is characteristic to represent the dynamics at this regime. The images are representative of at least three measurements per condition.

At an increased force of 2 pN, and mild supercoiling
density (σ = −0.25), RPA assembly does not aﬀect the DNA
extension. Introducing stronger negative supercoiling results
in a length decrease due to RPA binding (Fig. 7C). Although
these results are at first sight diﬀerent from the previously
reported results at lower force and supercoiling densities,
similar interpretation can be made: RPA stabilizes DNA
bubbles and newly incoming RPA wedges into RPA stabilized
bubbles, causing progressive unwinding. In the strong negative
supercoiling regime (σ < −1), however, L-DNA is likely opened
up instead of B-DNA. Reducing negative twist then has to be
balanced by increasing negative writhe, in order to maintain
the same linking number. Increasing the writhe, forming
plectonemes, then leads to a decrease in the DNA extension.

This journal is © The Royal Society of Chemistry 2015

The assembly locations of the fluorescently labelled RPA
are shown in Fig. 8. No kymographs are shown, since the
assembled RPA did not show any dynamics in the binding
locations. Results at a constant force of 1.5 pN and varying
supercoiling densities (Fig. 8A) show RPA binding at multiple
locations that are apparently distributed all along the DNA
molecule. Experiments done at higher forces (Fig. 8B, 2.5 pN
left panel and 2.0 pN middle panel) show similar results.
Repeated assembly on the same molecule, with increasing
supercoiling density, is shown in Fig. 8B, right panel (where in
between the measurements RPA was removed by positive
supercoiling combined with lowering the stretching force to
0.3 pN as described in ref. 16). Upon decreasing supercoiling
density down to σ = −1.0, more RPA binds and the
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Fig. 7 Assembly traces of RPA at A: 0.9 pN, B: 1.5 pN, and C: 2.5 pN. Each trace is from a separate experiment with a diﬀerent capillary and molecule. Green lines mark the start and end of the period of ﬂushing in RPA. Red trace is a 100-point moving average of the extension as function of
time. (A) In the ﬁrst 50 s (blue line), B-DNA is brought from σ = 0 to σ = −0.25 under 0.9 pN stretching force. At t = 110 s, RPA is ﬂushed in, after
which a length increase is observed, bringing the ﬁnal length close to the length of relaxed B-DNA. (B),(C) Eﬀect of RPA binding at a stretching force
of 1.5 pN (B), or 2.5 pN (C). Before t = 0, the molecule is brought to the indicated supercoiling densities.

fluorescence intensity changes from a number of high intensity regions to a nearly uniform binding of RPA. Decreasing
the supercoiling density even further reduces the uniformity in
the RPA binding again.
The main conclusion from visualization of the fluorescently
labelled RPA under diﬀerent force and supercoiling density, is
that RPA is found to bind to multiple positions along the
molecule under all these varying conditions. These positions
appeared to be at random locations along the DNA and the
kymographs showed no dynamics in the location of the fluorescent spots along the DNA. A previous hypothesis of RPA
binding to one (transient) bubble, which subsequently grows
upon binding of additional molecules of RPA, thus turned out
to be unjustified.
A quantitative analysis of the number of bound RPA molecules is shown in ESI 2.† In general, tens to a few hundred of
RPA molecules are assembled onto the DNA, depending on
applied stretching force and supercoiling density. Although
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our precision in determining the exact number of bound RPA
molecules is limited (on the order of tens of molecules), a
trend can be deduced at low force. For the lower 1.5 pN stretching force, we can conclude that RPA binding increases with
increasingly negative supercoiling density (going from supercoiling density σ = −0.4 to σ = −1.27). For a stretching force of
2.0 pN, the data are limited by measurement errors, and we
cannot draw any firm conclusions on the supercoiling-densitydependent assembly. However, data obtained at 2.5 pN again
show a most significant binding of RPA around σ = −1.
Before these measurements of the binding of fluorescently
labelled RPA to negatively supercoiled DNA, one could expect,
as reported,16 that after the initiation of RPA binding to a first
DNA bubble, the application of additional rotations would
lead to further growth of this single RPA-stabilized bubble.
However, we clearly see the appearance of multiple bubbles
along the DNA, and therefore we conclude that additional
binding of RPA does not only occur at the initial RPA-stabilized

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 Visualization of RPA binding. The attachment point of the DNA to the glass surface is ﬂuorescently labelled, and indicated by a star in the
images. To illustrate the bead location, a bead image is overlapping the ﬂuorescence image. (A) At a constant force of 1.5 pN, the binding of ﬂuorescently labelled RPA is imaged at varying supercoiling densities. As a reference, the rotation curve showing the extension dependence of σ is shown
in the lower panel. (B) Visualization of RPA binding at 2.5 (left panel) and 2.0 pN (middle and right panel). All data is acquired using new molecules
for each experiment, except for the results shown in the right panel. For the later images, after visualization of the RPA, the molecule was rotated to
positive supercoiling and the force was consecutively lowered to 0.3 pN (i.e. conditions known to disassemble RPA16), before RPA was assembled
again at stronger negative supercoiling than the previous measurement. Independent of stretching force and supercoiling density, RPA is observed
to be bound at multiple locations along the molecule. The color scale is optimized for identiﬁcation of binding position.

bubble. Another interesting result is the RPA-binding eﬀect on
DNA length. At low force (0.9 pN) and σ = −0.25, the DNA
length first decreases due to plectoneme formation (bottom
panel of Fig. 7), and consecutive RPA binding induces a length
increase, resulting in a DNA length close to the relaxed B-DNA
molecule. The latter can be interpreted16 as RPA-induced
stabilization of transiently formed bubbles which absorbs
negative plectonemes and thus induces a length increase. At
the same supercoiling density, but larger stretching force
(2.5 pN), i.e. in the regime where the DNA length is not
reduced by plectonemes, RPA binding does not aﬀect the DNA
length much. At 1.5 pN the DNA length initially increases due
to RPA binding, but with stronger negative supercoiling, the
DNA length starts to decrease. This suggests that RPA binds to
(static) bubbles, increasing the persistence length and thus the
total DNA length. The stronger the negative supercoiling, the
higher the probability that RPA stabilizes transiently formed
bubbles in L-DNA regions. Since our results suggest a concurrence of plectonemes, bubbles and L-DNA, removal of L-DNA
could also induce plectonemes, thus inducing a length
decrease.

This journal is © The Royal Society of Chemistry 2015

L-DNA probed by protein Zα77
To probe the presence of left-handed DNA, we have examined
the binding of the protein Zα to DNA. Zα specifically binds to
the “zigzag” sugar-phosphate backbone of Z-DNA.44 We used
the 77 amino acids minimal core domain of Zα, Zα77 (also
known as ZαADAR145,46), which is suﬃcient to bind to Z-DNA.
Upon flushing in Zα77, no eﬀect on the DNA length was
observed for torsionally relaxed DNA. However, upon introducing the Z-DNA binding protein to negatively supercoiled DNA,
we observed a change in DNA extension, which indicates
binding. An example of a binding curve at 3 pN and σ = −1.8 is
shown in Fig. 9A (bottom panel). These data were taken close
to the buckling point that presumably marks the end of the
B- to L-DNA transition. Flushing in 65 nM Zα77 resulted in a
DNA length decrease. Fig. 9B shows the eﬀect of force on a
Zα77-binding-induced decrease in DNA length. In these experiments 200 nM Zα77 was flushed in at zero supercoiling. An
increasing amount of negative supercoiling was introduced at
a constant rate of 10 Hz magnet rotations (−0.005 σ s−1) (black
curve). The DNA end-to-end length was seen to decrease for
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Fig. 9 Zα77 binding to negatively supercoiled DNA. (A) Top panel: Rotation curve of bare DNA at 3 pN. The arrow indicates σ = −1.8. Lower panel:
Zα77 binding curve. Upon ﬂushing in 65 nM of Zα77 at σ = −1.8 and stretching force 3 pN, the DNA extension decreases. (B) At diﬀerent forces (with
a new molecule for every force) Zα77 was ﬂushed in when the DNA molecule was in a torsionally relaxed state. In the presence of unbound proteins,
an increasing amount of negative supercoiling was induced (black curve) with a magnet rotation speed of 0.005 σ s−1. The backward trace (red)
showed hysteresis upon reducing the induced negative supercoiling, an indication that Zα77 was bound to the DNA molecule. (C) The extension of
bare DNA in the absence of proteins (solid line and solid data points) compared with the forward trace (increasing the amount of negative supercoiling) in the presence of Zα77 proteins (dashed line, open data points). A concentration of 200 nM Zα77 was ﬂushed in when the DNA was in a
torsional relaxed state and the increasing negative supercoiling was induced subsequently. (D) Force-dependent diﬀerence between bare DNA and
DNA with Zα77 bound, measured such as in C, with σ = −0.5 (black), σ = −1.0 (red) and σ = −1.5 (blue).

increasingly negative σ. Rotating back with the same speed
(red curve) resulted in some hysteresis, a further indication
that Zα77 was bound to the DNA. Interestingly, at lower forces,
the backward traces had an increased extension, where at the
higher forces the backward traces had a decreased length.
The diﬀerent force measurements were done on diﬀerent
molecules to ensure bare DNA starting positions.
Comparing the rotation curves of bare DNA with the
forward (i.e. σ decreasing from 0 to −1.5) trace in the presence
of Zα77 at diﬀerent forces (Fig. 9C) shows a negligible eﬀect on
the DNA length at 1.5 pN. The higher forces of 2.0 and 2.9 pN
show an increasing DNA length change in the presence of
Zα77 with more negative supercoiling. A more detailed overview of the force dependence of the length change at σ = −0.5,
σ = −1.0 and σ = −1.5 is shown in Fig. 9D, which clearly shows
that stronger negative supercoiling leads to a larger DNA
length decrease, in particular near an applied force of 2.5 pN.
We did fluorescently label the Zα77 protein for visualization
experiments, but when used at 65 nM, the fluorescent background due to proteins that were unspecifically bound to the
surface was too high to permit detection of the protein on
DNA.
Zα77 binding thus has a force- and supercoiling-densitydependent eﬀect on the DNA length change. As with every

3214 | Nanoscale, 2015, 7, 3205–3216

DNA-binding protein, we cannot exclude that binding of
Z-α77 has an eﬀect on the DNA structure. A possible explanation for the DNA length changes that we observe is stabilization of the left-handed DNA structure due to Zα77 binding.
When the left-handed structure is stabilized by the protein,
this part of the DNA is not capable of torque absorption by
extra twist in the backbones. Instead of negative-supercoil
absorption in twist, more DNA bubbles or plectonemes then
have to be formed, depending on the applied stretching force.
The plausibility of this model is shown by a calculation in ESI
3.† The Zα77 binding data suggests a larger occurrence of
L-DNA at more strongly negative supercoiled DNA, especially
around an applied stretching force of 2.5 pN at σ ≤ −1.

Discussion and conclusion
Based on the DNA extension, we have obtained a phase
diagram of negatively supercoiled DNA with the following
phases: relaxed B-DNA when σ = 0, plectoneme formation in
pure B-DNA at forces below 0.6 pN and mild negative supercoiling, a transition from B-DNA to L-DNA with decreasing
σ down to −1.90 ± 0.03, followed by plectonemic L-DNA for
σ values down to −2.11 ± 0.09. The start of the plectonemic

This journal is © The Royal Society of Chemistry 2015
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L-DNA gives an upper limit on the estimated helicity of L-DNA,
since the plectonemic L-DNA only starts after the pure L-DNA
absorbed the maximum supercoiling in twist, i.e. before it is
energetically more favorable to absorb the extra induced negative supercoiling in writhe. The found helicity of pure L-DNA
(12 bp per turn) is in good agreement with previous torque
measurements (∼13 bp per turn29). We note that constructing
a phase diagram based merely on force-extension curves can
be ambiguous, since phases may mix in such a way that a
phase transition does not appear unambiguously from extension data (as happens, for example, for the B to supercoiled-P
transition in the positive supercoiling density regime at forces
around 10 pN32). However, in the low-stretching-force regime
we explored in this study, the plectonemic L-DNA starts after a
pronounced buckling point, allowing for precise determination of the phase transition. Analogous to P-DNA in the
positive supercoiling regime, it has been suggested that Q-DNA
exists in the negative supercoiling regime with a helicity of
∼42 bp per negative turn.32 One might speculate that the
‘unknown’ phase transition appearing in our diagram could
be a transition from plectonemic L-DNA to plectonemic
Q-DNA, but we currently have no experimental evidence for
that.
Our results for both the helicity (12 bp per turn) and
persistence length (∼5 nm) of L-DNA are in good agreement
with previous reports. Our experiments with fluorescently
labelled RPA allow commenting on the mixed-phase. As we
saw, some RPA-bound (transient) bubbles do occur in L-DNA.
The decrease in extension upon RPA binding, however,
suggests that L-DNA was opened up in order to allow RPA
binding, inducing plectonemes into the L-DNA and thus
decreasing the length, a similar mechanism as the one proposed for RPA binding to B-DNA.16 The observation that,
close to the buckling point, RPA only sparsely binds to L-DNA,
even actively opening up the DNA, suggests that, most
likely, L-DNA is the pure DNA form just before the buckling
point. The fact that RPA is able to open up L-DNA, supports
the estimate of similar free energies for dehybridization
of L-DNA and B-DNA. Our low-force estimate for the
helical pitch of L-DNA is 12 bp, where ref. 29 reported a helical
repeat starting at ∼12 bp at low force and increasing to 15 bp
at 36 pN. Since force-induced stretching of DNA has been
reported to have an increasing eﬀect on helicity,47 we believe
12 bp per turn is the best estimate for the helicity of L-DNA.
Finally we note that this is the same value as the helicity
of Z-DNA.13
At low supercoiling density and fairly low force (≤2 pN), the
observed DNA-dense regions are highly dynamic, and consistent with plectoneme formation. Upon going to stronger
negative supercoiling, the DNA-dense regions become less
dynamic. Based on the fluorescence intensity profile, it is hard
to distinguish between plectonemes and local blobs with large
ssDNA secondary structures. Highly dynamic structures are
most likely plectonemes. Non-dynamic structures, however, do
not necessarily exclude plectonemes, since plectonemes could
be trapped at certain regions.
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In conclusion, we have classified DNA phases based on
DNA length as a function of supercoiling. Direct visualization
of DNA-dense regions, DNA bubbles formation and Zα77
binding reveals plectoneme dynamics together with the
appearance of multiple bubbles and left-handed DNA. The
transition from B-DNA to L-DNA shows a complex interplay
between multiple DNA conformations. The concurrence of
these multiple conformations at biologically relevant conditions could play an important role in the recruitment and
functioning of DNA-binding proteins.
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