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ABSTRACT: DNA exhibits a remarkable mechanical tran-
sition where its extension increases by 70% at 65 pN.
Notwithstanding more than a decade of experimental and
theoretical studies, there remains a significant debate on the
nature of overstretched DNA.We developed a topologically
closed but rotationally unconstrained DNA assay, which
contains no nicks or free ends. DNA in this assay exhibited
the canonical overstretching transition at 65 pN but without
hysteresis upon retraction (vstage = 5 μm/s). Introduction of
a controlled nick led to hysteresis in the force-extension
curve. Moreover, the degree of hysteresis increased with the
number of nicks. Hence, the generation of single-stranded
DNA from free ends or nicks is not an obligatory step in
overstretching DNA, but rather a consequence.

The mechanical properties of single DNA molecules have been
extensively studied.1 At low-to-moderate force (<40 pN),

measurements of DNA's elasticity2 are quantitatively described
by theory.3 At slightly higher forces, DNA exhibits a mechanical
transition where its extension increases by 70% at 65 pN.4,5

While this basic experimental observation has been confirmed in
many experiments across multiple platforms, including optical
traps,4,6 magnetic tweezers,7,8 and atomic force microscopy,9,10 a
consensus description of overstretched DNA has yet to emerge.
The two leading models are (i) a force-induced melting of the
double-stranded (ds) DNA into single-stranded (ss) DNA6,11

and (ii) a ladder-like dsDNA, called S-DNA, in which the base
pairs remain intact but the rise per base pair is altered.5,12,13

Mounting evidence6 supports the force-induced melting de-
scription, including studies of the overstretching force (Fo) as a
function of pH,14 salt,15 and temperature.16 The mechanism for
melting could include peeling to generate ssDNA or internally
melted states. In 2009, an elegant experiment directly visualized
distinct ssDNA and dsDNA domains within the overstretch tran-
sition region.17 Overall, this work strongly supports the force-
induced melting hypothesis by detailing a mechanism whereby
ssDNA is formed or “peeled” from unconstrained ends or nicks.
This conclusion is based upon the assumption that the formation
of such peeled ssDNA is an obligatory step in overstretching.

The debate on the nature of overstretched DNA continues.
Recent simulations argue for S-DNA,18 while recent experimen-
tal work puts forth a model where both S-DNA and ssDNA exist

in a narrow force window at Fo.
19 The key experimental results

were that changes in F across the overstretching transition lead to
a concurrent change in DNA extension followed by a slower time-
varying component as well as persistent hysteresis above a certain
force. The authors conclude that the rapid change in extension
corresponds to the formation of S-DNA, while the slower time
component corresponds to the conversion of dsDNA into ssDNA
based on its sensitivity to ionic conditions, temperature, force,
and GC-content of the DNA.

Given the ongoing uncertainty, we sought to directly test if
peeling from free ends or nicks is necessary for overstretching
DNA and thereby test the leading mechanism for overstretching
DNA.17,20 However, to date, limitations in substrates have led to
a discontinuous transition between stretching DNA that has
no free ends (Fo = 110 pN, Figure 1a)9,12 and DNA with nicks
(Fo = 65 pN, Figure 1b,c) or free ends because the assay con-
taining no free ends was both topologically closed and torsionally
constrained. Torsional constraint was achieved by anchoring both
ends of the DNA to mechanical supports by both strands.9,12

This discontinuity has hampered the field because it precludes
probing the overstretching process at 65 pN in a substrate
without any free ends or nicks.

We developed a topologically closed but rotationally unconstrained
assay by binding DNA at one end to a surface by both strands and the
other end to a bead via an internal biotin embedded in a 5-nucleotide
loop [Figure 1d (inset); see also Figure S1]. The resulting DNA was
stretched with an optical trap by moving the stage (v = 5 μm/s) until
Fg 80pN.As shown inFigure 1d (black), overstretching of thisDNA
was indistinguishable from DNA with one nick, both showing Fo =
65 pN in 150 mM NaCl at room temperature.

The most visually distinct change between this new substrate
and a typical DNA (i.e., DNA with nicks or free ends) was
observed during the relaxation after the overstretching (Figure 1;
blue). Numerous studies of DNA containing nicks or free ends
report that, after overstretching at 65 pN, the force-extension
curves during retraction show significant hysteresis (e.g., lower F
at the same extension).4,9,21 As shown in Figure 1b, DNA con-
taining multiple nicks (n ≈ 2-3) showed the expected hyster-
esis. Consistent with nicks playing a crucial role in hysteresis, we
observed a significant decrease in hysteresis with a substrate con-
taining only one nick (Figure 1c). Interestingly, the topologically
closed but rotationally free assay exhibited no hysteresis at 65 pN
(Figure 1d; see also Figure S2), similar to the known lack of
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hysteresis at 110 pN in the torsionally constrained (and topolo-
gically closed) experiments (Figure 1a).9

To demonstrate that our assay was topologically closed, we
provide three additional lines of evidence: (i) we measured
different constructs produced with the same ligation protocol
(see Supporting Information); (ii) we probed the effect of a
single nick introduced into the torsionally constrained DNA to
make it akin to DNA affixed to a surface by a single strand; and
(iii) we verified the continuity of the DNA used in the topolo-
gically closed assay with a denaturing gel.

Given the same ligation protocol for making all of our sub-
strates, we would expect a similar success rate in substrates sen-
sitive to a single nick. Indeed, we observed that 84% of torsionally
constrained DNA showed the expected elevated Fo (N = 50) and
83% of the records in the topologically closed assay showed no
hysteresis (N= 12). Taken together, these results suggest that the
vast majority of these substrates contained no nicks. Moreover,
such correctly formed DNAs were easily identified by distinct
features in the force-extension curve.

To make a DNA construct with a single nick, we started with the
torsionally constrained DNA and used a sequence-dependent
nuclease with a single binding site on the DNA. Such a protocol
allowed for a quality control test on each DNA preparation by
verifying Fo = 110 pN before nicking. After incubation with the
sequence-dependent nuclease, overstretching occurred atFo = 65pN
and retraction showed hysteresis similar to prior results.4,9,21

A definitive biochemical test to ensure the continuity of the
DNA's phosphodiester backbone is to denature the base pairs and
analyze the resulting ssDNA (Figure 2). Gel analysis of the DNA
for the topologically closed assay showed a single band running at
∼2� the molecular weight as the torsionally constrained DNA.
Thus, both single-molecule and biochemical results demonstrate
the continuity of our substrate for the topologically closed assay.

Having established confidence in the substrates, we show that
the overstretching forces (and therefore the energies) of DNA 3
and 4 are statistically indistinguishable. Quantitatively, the topo-
logically closed assay overstretched at 65.2( 0.5 pN (mean( S.E;
N = 10) while DNA with one nick overstretched at 64.8( 0.5 pN
(N = 12). These forces agree with published values,4,5 including
prior work on the same instrument used here but stretching DNA
with two free ends.22 This quantitative agreement argues for the
same mechanism when rapidly (5 μm/s) stretching DNA 3 and
DNA 4; any proposed mechanistic differences are now bounded
by this small observed difference (<1%).

In summary, DNA in the topologically closed assay over-
stretched at the canonical 65 pN but lacked hysteresis. Hence,
ssDNA generation from nicks or free ends, the leading mechan-
ism for overstretching DNA,17,20 is not a compulsory step in
overstretching. Rather, such peeling is the primary cause of
hysteresis in the force-extension curve. Integrating this mechan-
istic insight with the prior work that visualized ssDNA and dsDNA
domains seconds after overstretching suggests a model in which
DNA is overstretched, followed by a conversion of overstretched
DNA into distinct domains.

Several formal possibilities for this initial overstretched DNA
include S-DNA and internally distributed ssDNA induced by
force. We disfavor a model in which ssDNA is concurrently
generated at a point of free rotation, since rapid stretching of
DNA 3 and DNA 4 led to the same Fo, and this model requires
tension distributed on one ssDNA strand for DNA 3 and two
strands for DNA 4. Further insight can be provided by high-
time resolution experiments with sub-pN force precision and
stability.
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Figure 1. (a) Force-extension curve (FEC) of torsionally constrained
DNA that was stretched (black) and then immediately relaxed (blue).
(Inset) Cartoon of a taut DNA anchored to a surface via multiple
digoxigenins (green) and to a bead via multiple biotins (yellow). (b) FEC
of a similarly formed DNA but containing a few nicks (n ≈ 2-3). The
straight and curved arrows indicate peeling and twisting possibilities,
respectively. (c) FEC for the same DNA but with a single nick. (d)
FEC of DNA in a topologically closed but rotationally free assay using a
biotin embedded in a 5-nucleotide ssDNA loop.

Figure 2. Denaturing alkaline agarose gel analysis of the DNA con-
structs shown in Figure 1a-d, where DNA 1 is for torsionally con-
strained DNA, DNA 2 is same as DNA 1 but with a few nicks (n≈ 2-3),
DNA 3 has a single nick, and DNA 4 is for the topologically closed assay.
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