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Unravelling the structural plasticity of stretched
DNA under torsional constraint
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Regions of the genome are often held under torsional constraint. Nevertheless, the influence

of such constraint on DNA–protein interactions during genome metabolism is still poorly

understood. Here using a combined optical tweezers and fluorescence microscope, we

quantify and explain how torsional constraint influences the structural stability of DNA under

applied tension. We provide direct evidence that concomitant basepair melting and helical

unwinding can occur in torsionally constrained DNA at forces 4B50 pN. This striking result

indicates that local changes in linking number can be absorbed by the rest of the DNA duplex.

We also present compelling new evidence that an overwound DNA structure (likely P-DNA)

is created (alongside underwound structures) at forces 4B110 pN. These findings

substantiate previous theoretical predictions and highlight a remarkable structural plasticity

of torsionally constrained DNA. Such plasticity may be required in vivo to absorb local

changes in linking number in DNA held under torsional constraint.
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T
orsional constraint facilitates regulation of the genome:
DNA transactions are typically initiated by mechanical
forces, applied by proteins, to sensitively tune the local

structure of DNA1. Under torsional constraint, the sum of
the twist (Tw) and the writhe (Wr) of the DNA molecule
is a constant, known as the linking number (Lk¼TwþWr).
Here Tw describes the helical winding of the DNA strands
around each other, while Wr is a measure of the coiling of the
double-helix axis of DNA. Recently, an increasingly sophisticated
array of single-molecule manipulation techniques has been
developed to study the structural landscape of DNA under
applied tension or torque in unprecedented detail2–11. However,
it is still unclear how the local structure of DNA responds
to mechanical force when Lk is fixed, particularly at tensions
greater than a few pN.

To address this question, we examine the influence of torsional
constraint on the structural integrity of DNA as a function of
tension. Free from torsional constraint, DNA displays a striking
interplay between twist and stretch: applied forces up to 30 pN
induce slight overwinding of the double helix, while increasing
the force further from B35 to 65 pN results in underwinding
of the double helix12,13. The latter enables a small extension of the
molecule of up to B10%. At B65 pN, a structural transition
(overstretching) occurs whereby the molecule extends up to 70%
over a narrow force range14,15. In torsionally relaxed DNA with
closed ends, this transition is associated with the formation of
underwound DNA structures (B37.5 bp per turn) that are either
basepair-melted (bubble-melted) or base-paired (S-DNA)4–6.

In the absence of pre-applied torque, torsionally constrained
DNA overstretches at forces of B110 pN, significantly higher
than for torsionally relaxed DNA16–19. A number of theoretical
models have been developed that can largely reproduce the
force-extension behaviour of torsionally constrained DNA16,20,21.
These models predict that overstretching of torsionally
constrained DNA (FZ110 pN) is associated with formation of
S-DNA in combination with P-DNA, in a ratio of B80:20.
P-DNA is an overwound form of DNA, where the backbones are
tightly wrapped around one another, causing the basepairs to flip
out. The predicted structure of P-DNA is B60–70% longer than
B-DNA with an estimated twist of B2.5 bp per turn16,22,23.
The combination of underwinding and overwinding was
proposed to enable torsionally constrained DNA to extend by
up to 70% during overstretching while conserving Lk16. However,
to date there has been no direct confirmation that a specific
structure of P-DNA is formed in torsionally constrained DNA as
a result of applied tension.

Moreover, torsionally constrained DNA displays a significantly
more gradual change in force as a function of extension than for
torsionally relaxed DNA. Theoretical models predict that such
‘softening’ of the force-extension curve in the case of torsionally
constrained DNA is due to a limited formation of S-DNA at
forces o110 pN (refs 20,21). Thus far, however, this prediction
has not been tested experimentally. Moreover, how this can occur
in a twist-constrained DNA molecule is unclear, as is the role of
ionic strength and basepair sequence. Using a novel approach of
correlating 2nd derivative analysis of force–distance (FD)
measurements with fluorescence imaging of a single-stranded
DNA-binding protein, we explain the complex FD behaviour
observed for torsionally constrained DNA. We show that DNA
under torsional constraint has a surprising plasticity, which may
be exploited in vivo as a means to absorb local changes in Lk.

Results
Two distinct tension-dependent structural transitions. We first
prepared end-capped DNA molecules (based on l-DNA,

B48.5 kb) with and without torsional constraint when bound to
optically trapped beads. These construct designs are highlighted
in Fig. 1a (inset) and shown in greater detail in Supplementary
Figs 1 and 2. Average FD curves for each of the above DNA
construct designs (in 25mM NaCl) are shown in Fig. 1a. To
quantify the curvature of FD curves of torsionally constrained
DNA and end-closed torsionally relaxed DNA, we extracted the
first and second derivatives of those FD curves displayed in
Fig. 1a. These are plotted, for relative DNA extensions (L/Lc)
between B0.6 and 1.8, in Fig. 1b,c, respectively.

In the case of torsionally relaxed DNA, a prominent peak is
observed in the first derivative plot at L/LcB1.01, consistent with
a quasi two-state overstretching transition (Fig. 1b, black trace).
This signal translates into two peaks in the second derivative
profile. Each of these peaks coincides with a change in the FD
curve that can be correlated with the expected mechanical
properties of torsionally relaxed DNA. The first of these peaks
(termed T1; L/Lc B0.99) corresponds to the expected switch
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Figure 1 | FD curves and their derivatives of torsionally constrained and

torsionally relaxed DNA. (a) Average FD curves of torsionally constrained

DNA (grey) and torsionally relaxed DNA (black) in 25mM NaCl. Inset

highlights the construct design for torsionally constrained DNA and

torsionally relaxed DNA. In both cases, each end of the DNA molecule is

ligated to an end-cap labelled with biotin moieties (orange). The DNA is

only torsionally constrained if Z2 biotins on each end of the molecule are

bound to streptavidin-coated optically trapped beads. (b) First derivative of

the FD curves displayed in a. (c) second derivative of the FD curves

displayed in a, obtained using a Savitzky-Golay (20 point) smoothing filter.

Dashed lines indicate where the four peaks (T1–T4) identified in c lie in the

FD curves.
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from entropic stretching to enthalpic stretching, while the second
(termed T2, L/Lc B1.03) is associated with the transition from
enthalpic stretching into overstretching (Fig. 1c, black trace).

Similar behaviour is evident for torsionally constrained DNA
(Fig. 1b,c, grey traces). Here, however, a shoulder (at L/Lc B1.1)
rests on the main peak in the first derivative plot, yielding an
additional (T3) peak in the second derivative trace at L/LcB1.15.
Furthermore, the intensity of the T2 peak in the second derivative
plot for torsionally constrained DNA is around half of the
value observed for torsionally relaxed DNA. The above analysis
leads us to conclude that at least two structural transitions occur
in torsionally constrained DNA as the applied force is increased
(T2 and T3). This contrasts with torsionally relaxed DNA, where
only one such transition is identified (T2). Finally, we note that a
peak in the second derivative trace is also present at L/Lc B1.73
for both torsionally constrained DNA and torsionally relaxed
DNA. This peak is associated with the transition to enthalpic
stretching of overstretched DNA, and for consistency, is labelled
T4 in both cases.

Ionic strength dependencies of second derivative transitions.
The energy barrier for a change in DNA structure is often
modified by the ionic strength of the buffer solution4–6,24. To
understand more about the structural transitions identified in
Fig. 1, we, therefore, investigated whether, and how, T1–T4 vary
as a function of monovalent (sodium) and divalent (magnesium)
cation concentration. Figure 2a compares the FD curves of
torsionally constrained DNA as a function of NaCl concentration
(grey-scale), along with the second derivative of the
corresponding FD curves (orange-scale). Dashed lines here
highlight T1–T4 in the second derivative plots (first identified
in Fig. 1c). Analogous results for the case of increasing MgCl2
concentration are presented in Supplementary Fig. 3a. Visual
inspection of Fig. 2a and Supplementary Fig. 3a reveals that
ionic strength has a clear influence on the FD behaviour of
torsionally constrained DNA. To provide greater insight into this,
we extracted the force in the FD curves at which each transition
(T1–T4) occurs (Fig. 2b–e and Supplementary Fig. 3b–e). For
comparison, the DNA extension at each transition as a function
of ionic strength is plotted in Supplementary Fig. 4.

The force related to T1 (Fig. 2b) changes modestly on
increasing the monovalent cation concentration, indicating that
NaCl has only a small influence on the switch from entropic to
enthalpic stretching (Supplementary Figs 5 and 6). Meanwhile,
the force at which T2 occurs increases monotonically from
B47 pN at 0mM NaCl, reaching a plateau (B56 pN) at
B500mM NaCl (Fig. 2c). This trend is reminiscent of the
change in force required to overstretch torsionally relaxed DNA
under a similar salt sweep5,6. In end-closed torsionally relaxed
DNA, overstretching is primarily attributed to basepair melting at
r25mM NaCl but is dominated by S-DNA formation at
4500mM NaCl4–6,13,17,25–29. This encourages the view that T2
is, at least in part, associated with the disruption of base pairing.

On increasing the monovalent salt concentration, the force that
triggers T3 shows a clear peak at B400mM NaCl (Fig. 2d). The
overstretching of torsionally constrained DNA (at forces
Z110 pN) has been predicted to arise due to the formation of
overwound DNA (P-DNA) in combination with underwound
(for example, S-form) DNA16,20,21. Given this, we tentatively
posit that T3 corresponds to the triple point where P-DNA can
now co-exist with underwound DNA structures as well as
B-DNA20,21. Since the backbones of P-DNA are tightly entwined
and negatively charged22,23, high ionic strength will likely
stabilize its formation through electrostatic screening. However,
to form P-DNA, base pairing must be disrupted, a process that is

favoured by lower ionic strengths (particularly o50mM NaCl)
4,5,6. This is consistent with our observation that the force at
which T3 occurs shows a maximum at intermediate ionic
strengths: more mechanical work is required to stabilize
overwound DNA when at intermediate, rather than low or high
ionic strengths (Fig. 2d; see Discussion section for more details).
This in turn strengthens the view that T3 corresponds to the
switch from small-scale lengthening of the DNA molecule to a
relatively cooperative overstretching process that is facilitated by
the formation of overwound DNA (most likely P-DNA, at least at
the higher NaCl concentrations).

T4 can be considered as the point at which the entire
torsionally constrained DNA molecule is overstretched; further
extension leads to enthalpic stretching of the overstretched
structure. As the monovalent salt concentration is increased, the
force at which T4 occurs reveals a peak at B300mM NaCl
(Fig. 2e), indicating that a maximum in mechanical work is
required to achieve T4 when exposed to such salt concentrations.
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Figure 2 | FD curves and their second derivatives of torsionally

constrained DNA under varying ionic strength. (a) Average FD curves

(grey-scale), together with the second derivative of each curve (orange-

scale) as the concentration of NaCl is increased. Dashed lines highlight the

peaks in the second derivative profiles associated with T1–T4, as defined in

Fig. 1. (b–e) Force associated with torsionally constrained DNA at T1–T4,

respectively, as a function of NaCl concentration. Errors are standard errors

of the mean (s.e.m.; NB10).
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We argued earlier that the overwound DNA structure (most likely
P-DNA) exhibits a minimum in stability (relative to B-DNA) at
B300–500mM NaCl. This in turn implies a higher force for T4
at these intermediate salt concentrations. Furthermore, an
increasingly flat (and thus cooperative) overstretching plateau
between T3 and T4 as a function of NaCl concentration leads to
an increase in the magnitude of the T4 peak in the second
derivative trace (Supplementary Figs 7 and 8; Supplementary
Discussion). This has the effect of further decreasing the force at
which T4 occurs at high NaCl concentrations.

Local bubble-melted DNA under applied forces of 50–110 pN.
On the basis of the ionic strength dependency of T2 (Fig. 2c), we
propose that local basepair melting can occur in torsionally
constrained DNA between T2 and T3 (at least at lower salt
concentrations). To test this hypothesis, we extended a torsionally
constrained DNA molecule from 0 to 120 pN in the presence of
enhanced green fluorescent protein (eGFP)-labelled replication
protein A (RPA). This single-stranded DNA-binding protein has
previously been used to visualize tension-induced melting of
torsionally relaxed DNA6,17. Under the conditions used here,
we expect to observe real-time binding of eGFP–RPA to
basepair-melted domains of the torsionally constrained DNA
molecule as they form6,17. The result of this measurement is
displayed in Fig. 3a. Extensive eGFP–RPA binding is observed
once the applied force is between that of T3 and T4, an
observation that we will return to later. More strikingly, however,
a small domain of RPA binding is also visualized between T2 and
T3 (at forces of 50–100 pN). The RPA patch bound in this force
regime was always (N¼ 7) observed in the most AT-rich domain
of the DNA molecule (Supplementary Fig. 9) and remains
relatively constant in length until the applied force approaches
that of T3.

We repeated these measurements at a higher ionic strength
(150mM NaClþ 20mM MgCl2). Under these conditions
(Fig. 3b) no eGFP–RPA is bound to torsionally constrained
DNA at forces lower than that of T3. There is, however, no
significant difference in the binding affinity of RPA for

basepair-melted DNA between 50mM NaCl and 150mM
NaClþ 20mM MgCl2 (refs 6,30). In agreement with our
analysis of Fig. 2c, the above findings indicate that torsionally
constrained DNA (in at least r50mM NaCl) has a propensity
to develop localized basepair-melted domains (in AT-rich
sequences) when the molecule is between T2 and T3. Close
inspection of Fig. 3a also indicates that the eGFP–RPA bound to
basepair-melted DNA between T2 and T3 unbinds immediately
before T3. Since T3 is associated with the triple point where
overwound DNA (likely P-DNA) co-exists with underwound
DNA and B-DNA20,21, this reproducible observation (NB5) may
indicate that P-DNA also occurs preferentially in AT-rich
domains of DNA; in which case P-DNA can only form by
dissociating the RPA from the locally melted DNA.

P-DNA, bubble-melted DNA and S-DNA at forcesZB110 pN.
It has been predicted16,20,21 that when the force applied to
torsionally constrained DNA is Z110 pN (between T3 and T4),
80% of the overstretched state exists in an underwound
configuration, while 20% adopts an overwound (namely P-DNA)
form. In contrast, torsionally relaxed DNA is composed of only
underwound DNA structures when overstretched. We set out to
test this interpretation, by measuring the fraction of overstretched
DNA that is underwound in each case. Underwound overstretched
DNA is predominantly basepair-melted at low ionic strengths
(r25mM NaCl) and progressively base-paired (in the form of
S-DNA) as the ionic strength is increased4–6. Since there is no
known probe for S-DNA, we choose to use the binding of eGFP–
RPA as a signal for basepair-melted DNA. Note, however, that the
relative ratio of bubble-melted DNA to S-DNA at a given salt
concentration is not expected to be affected by the presence or
absence of torsional constraint. In this way, we use eGFP–RPA
fluorescence to detect the relative change in the fraction of
underwound DNA between torsionally relaxed DNA and
torsionally constrained DNA.

Figure 4a,b compares sample fluorescence images recorded for
eGFP–RPA bound to torsionally relaxed DNA and torsionally
constrained DNA, respectively, at L/Lc¼ 1.5 and in 25mM NaCl.
From these images it can be observed that the fraction of the
DNA molecule covered by eGFP–RPA is lower in the case of
torsionally constrained DNA than in torsionally relaxed DNA.
Figure 4c demonstrates that this is a consistent observation: the
coverage of torsionally constrained DNA by eGFP–RPA is lower
than that of torsionally relaxed DNA by 33±16% in 25mM NaCl
and 17±10% in 150mM NaCl (errors are s.e.m.). Such changes
in RPA coverage would not be expected if the protein could bind
to P-DNA: in that event, RPA would bind to a similar fraction of
the torsionally constrained DNA molecule as it would for
torsionally relaxed DNA. On the basis of this observation, we
conclude that RPA is unlikely to bind to P-DNA under our
experimental conditions.

From Fig. 4a,b, and assuming that the average size of a
basepair-melted bubble is similar in both torsionally relaxed and
torsionally constrained DNA, our results indicate that the
fraction of the overstretched state (between T3 and T4) that is
bubble-melted is lower in torsionally constrained DNA than in
torsionally relaxed DNA. Furthermore, bubble-melted DNA is
expected to exhibit an underwound structure during over-
stretching5,6. With this in mind, and based on the relative
changes in RPA coverage shown in Fig. 4c, we can determine that
between T3 and T4 the percentage of overstretched torsionally
constrained DNA that is underwound is 67±16% in 25mM
NaCl and 83±10% in 150mM NaCl (errors are s.e.m.). This
indicates that overwound DNA (most likely P-DNA) accounts for
B20–30% of the overstretched state of torsionally constrained
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Figure 3 | Binding of eGFP–RPA to torsionally constrained DNA.

(a) Upper panel displays the applied force (green) and fluorescence

intensity of DNA-bound eGFP–RPA (red) as torsionally constrained DNA is

extended (atB3mmmin� 1) in a buffer containing 10 nM eGFP–RPA. Lower

panel presents the corresponding kymograph for eGFP–RPA binding to the

torsionally constrained DNA molecule as a function of time (during which

the molecule is being extended). The dashed white circle highlights local

binding of eGFP–RPA between T2 and T3. Data here are obtained in a buffer

containing 50mM NaCl. (b) Analogous experiments to those reported

in a but now with the salt concentration increased to 150mM

NaClþ 20mM MgCl2.
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DNA at forces 4B110 pN, in excellent agreement with the
prediction by Léger et al.16

We also note that between T3 and T4 the total coverage of
torsionally constrained DNA by eGFP–RPA decreases from
65±9% to 34±4% (at L/Lc¼ 1.2) on increasing the NaCl
concentration from 25 to 150mM (Fig. 4d; errors are s.e.m.). This
quantifies a trend that was observed qualitatively in Fig. 3a,b.
Since the binding affinity of RPA is invariant over this range of
salt concentrations 6,30, we conclude that, as the ionic strength
increases, regions of bubble-melted DNA are replaced by
(base-paired) S-DNA, mirroring a similar trend in torsionally
relaxed DNA4–6. As also expected from studies of torsionally
relaxed DNA6, those domains of torsionally constrained DNA
that remain bubble-melted (identified by the binding of eGFP–
RPA) show a strong preference for AT-rich sequences (Fig. 4e).

Discussion
We provide compelling new evidence that torsionally constrained
DNA displays at least two structural transitions during the
overstretching process. At forces4B110 pN (T3), an overwound
DNA configuration (structurally distinct from that of B-DNA)
co-exists with underwound DNA structures (bubble-melted
DNA/S-DNA) in a B20:80 ratio. Our findings reveal that the
energetic stability of such overwound DNA shows a marked
salt-dependence, whereby it is stabilized by lower (o200mM
NaCl) and higher (4600mM NaCl) regimes of ionic strength.
On the basis of this behaviour, we attribute the structure of
overwound DNA created in this force range to that of P-DNA
(at least for NaCl concentrations 4B50mM), strongly support-
ing earlier theoretical predictions16,20,21. As a caveat, we raise the
possibility that at low salt concentrations (oB50mM NaCl), it is
possible that the limited electrostatic shielding may disfavour
the formation of P-DNA owing to the close juxtaposition of the
tightly entwined backbones. In this case, the overwound DNA
might be expected to exhibit a structure more akin to overwound
bubble-melted DNA.

At lower forces (between T2 and T3: B50–110 pN), we reveal
that localized basepair melting can occur (at least for r50mM
NaCl). Since changes in FD behaviour indicate that P-DNA is not
viable between T2 and T3 (Fig. 2), this raises an intriguing and
important question: how is the base-pairing disrupted while Lk is
kept constant in this force range?

One possibility is that, at forces higher than T2, the two DNA
backbones are squeezed together latterly while basepairs are
flipped outwards. This mechanism would not require any change
to Lk and could induce a small elongation of the molecule until
P-DNA is formed at T3. Basepair melting is either prohibited or
significantly suppressed at the highest ionic strengths investigated
here (1M NaCl or 200mM MgCl2). Nevertheless, as Fig. 5
reveals, the change in relative extension of torsionally constrained
DNA from Lc until T3 (Dd) tends to a lower value of B11.8% as
the ionic strength is increased. This, still significant extension,
implies that a ‘latterly squeezed’ basepair-melted structure cannot
completely explain the observed force-extension behaviour, at
least at high salt concentrations.

The force range between T2 and T3 coincides with where
torsionally relaxed DNA overstretches. Given this, we posit that
locally overstretched domains (bubble-melted at low salt; S-DNA at
high salt) likely occur in torsionally constrained DNA in this force
range. This finding agrees with and builds on two theoretical
predictions, which had thus far remained untested20,21. We,
therefore, conclude that the experimentally observed occurrence of
basepair melting between T2 and T3 (Figs 2c and 3a) is due to the
formation of locally melted underwound domains. As the ionic
strength increases, these underwound regions will largely exist as
S-DNA. It is worth noting that this can also explain the observed
increase in steepness of the FD curves between T2 and T3 as the
ionic strength increases: bubble-melted DNA is expected to exhibit a
greater extensibility than S-DNA (where base-pairing will make the
molecule stiffer).

To maintain a constant Lk, however, such local helical
unwinding must be accompanied by sufficient small-scale
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Figure 4 | DNA coverage by RPA decreases when under torsional constraint and at elevated ionic strengths. (a,b) Sample fluorescence images of

eGFP–RPA bound to torsionally relaxed (TR-)DNA and torsionally constrained (TC-)DNA, respectively. Data obtained at L/Lc¼ 1.5 and in 25mM NaCl. (c)

Fractional eGFP–RPA coverage of torsionally constrained (TC-)DNA relative to that of torsionally relaxed (TR-)DNA, shown for both 25mM NaCl and

150mM NaCl. For each salt condition, three comparisons were made (N¼ 3), consisting of DNA molecules at an identical L/Lc (1.2rL/LcZ1.6). (d)

Fractional coverage of torsionally constrained (TC-)DNA by eGFP–RPA at L/Lc¼ 1.2 in 25mM NaCl (blue) and 150mM NaCl (green). N¼ 3 in each case.

(e) eGFP–RPA fluorescence intensity along the length of the torsionally constrained (TC-)DNA molecule (averaged over N¼ 6, with error bars shown) in

25mM NaCl (blue) and 150mM NaCl (green). Fluorescence intensity profiles are oriented in the direction that best matches the average AT-content of the

DNA molecule (grey). Errors are s.e.m.
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overwinding in other domains of the double-helix. In the range of
T2–T3 (B50–110 pN), we cannot invoke P-DNA as the
accompanying overwound structure, as explained above; thus,
we suggest that overwound domains in this force regime take the
form of B-DNA with a slightly greater helicity.

Taken together, our findings highlight that DNA under torsional
constraint displays a rich and variable heterogeneous plasticity as
applied tension is increased. This is summarized schematically in
Fig. 6. We note that our experiments are performed on DNA with
Lk fixed to that of B-DNA; the relative fraction of underwound and
overwound DNA generated through applied tension is expected to
change depending on the initial Lk (that is, the degree of
supercoiling)16,20,21. While cellular DNA is rarely thought to
encounter some of the higher tensions investigated in this work, it
is regularly under torsional constraint. We, therefore, suggest that
the observed structural rearrangements may enable genomic DNA
to absorb local changes in Lk created by the action of proteins. We
have also presented a novel analytical approach for using the
second derivatives of FD curves to extract highly quantitative
information on force-induced structural transitions of DNA. In
this way, the current work is expected to pave the way for a new
level of theory capable of both modelling and predicting the
mechanical properties of DNA. More generally, however, we
propose that the above analytical approach could also gain traction
as a means to study how DNA-binding proteins influence the
mechanics of DNA.

Methods
Buffer conditions. All data were obtained in a buffer containing 20mM tris pH
7.6 at room temperature (21±2 �C). Note that magnesium concentration sweeps
were performed in a background of 50mM NaCl.

DNA construct preparation. End-capped DNA molecules (based on l-DNA,
B48.5 kb) were prepared with and without torsional constraint when bound to
optically trapped beads. End-closed DNA was generated by ligating an end-cap to
each terminal cos-site of l-DNA. Each end-cap (labelled with four biotins) was
composed of a 5 T loop adjoined to a 12-bp double-stranded stem and a 12
nucleotide single-stranded overhang (Supplementary Figs 1 and 2). The constructs
differed only in the number of biotin moieties connected to each streptavidin-
coated and optically trapped bead. In the torsionally relaxed case, each end of the
DNA molecule was tethered to a bead, but at least one of the ends formed only a
single biotin-streptavidin link. In this way, the DNA molecule could rotate around
the sole biotin-strepatavidin bond when under an applied tension5,6,18.
Importantly, this construct had no free ends or nicks in the backbone and, as a
result, strand peeling during overstretching was prohibited5,6,18. In the torsionally
constrained design, each end of the DNA molecule was tethered to a streptavidin-
coated and optically trapped bead with between two and four biotin moieties. This
configuration prohibited rotation of the DNA molecule with respect to the beads.
Moreover, since the diameter of the DNA molecule (2 nm) is orders of magnitude
smaller than that of the optically trapped beads (4.5 mm), any torque generated by
stretching the DNA molecule was insufficient to cause rotation of the beads
themselves17. These two restrictions rendered this type of DNA molecule
torsionally constrained. See Supplementary Methods for more details.

Optical trapping and fluorescence microscopy. Experimental data were
obtained using a combined fluorescence and dual-beam optical trapping instru-
ment, described in detail elsewhere31,32. All second derivatives of FD curves were
obtained using a Savitzky-Golay (20 point) smoothing filter.

RPA as a structural probe. The fluorescent labelling of eGFP–RPA has been
described previously33, while a full characterization of RPA binding to
overstretched DNA is documented in (ref. 6). Provided the RPA concentration is
sufficiently low (r10 nM), any perturbation to the DNA structure induced by RPA
binding is minimal6. In all experiments reported in this article, the RPA
concentration was 10 nM and the incubation time for the DNA in RPA was 20 s,
unless stated otherwise.

Data availability. The data that support the findings of this study are either
available within the article (and the Supplementary Information) or are available
from the corresponding authors on request.
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