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Mechanical stress plays a key role in many genomic processes, such
as DNA replication and transcription. The ability to predict the
response of double-stranded (ds) DNA to tension is a cornerstone
of understanding DNA mechanics. It is widely appreciated that
torsionally relaxed dsDNA exhibits a structural transition at forces
of ∼65 pN, known as overstretching, whereby the contour length
of the molecule increases by ∼70%. Despite extensive investiga-
tion, the structural changes occurring in DNA during overstretch-
ing are still generating considerable debate. Three mechanisms
have been proposed to account for the increase in DNA contour
length during overstretching: strand unpeeling, localized base-pair
breaking (yielding melting bubbles), and formation of S-DNA
(strand unwinding, while base pairing is maintained). Here we
show, using a combination of fluorescence microscopy and optical
tweezers, that all three structures can exist, uniting the often con-
tradictory dogmas of DNA overstretching. We visualize and dis-
tinguish strand unpeeling and melting-bubble formation using
an appropriate combination of fluorescently labeled proteins,
whereas remaining B-form DNA is accounted for by using specific
fluorescent molecular markers. Regions of S-DNA are associated
with domains where fluorescent probes do not bind. We demon-
strate that the balance between the three structures of over-
stretched DNA is governed by both DNA topology and local DNA
stability. These findings enhance our knowledge of DNA mechan-
ics and stability, which are of fundamental importance to under-
standing how proteins modify the physical state of DNA.
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Many cellular processes, such as DNA repair, gene regula-
tion, and genome compaction, induce mechanical stress

(1–3). More than a decade ago, single-molecule studies revealed
that torsionally unconstrained double-stranded (ds) DNA exhibits
a structural transition at tensile forces of ∼65 pN. Here, the DNA
molecule gains ∼70% in contour length (Lc), over a narrow force
range, a process known as overstretching (4, 5). Such forces are
thought to occur in the cell, for example during sister chromatid
separation (6). Detailed knowledge of the microscopic change
in DNA structure during overstretching is therefore crucial for
understanding DNA–protein interactions at the molecular level.
The molecular structure of torsionally unconstrained dsDNA

during overstretching is still the subject of intense debate. Three
mechanisms have been proposed to account for the sudden in-
crease in dsDNA contour length at the overstretching transition:
strand unpeeling, localized base-pair breaking, and formation of
S-DNA (4, 5, 7–16). In the unpeeling model, one strand retracts
from its complementary strand via base-pair breaking. This
progressively converts dsDNA into two single-stranded (ss) DNA
tracts, only one of which is still under tension (10). In the second

model, the two complementary tracts of dsDNA both remain un-
der tension, but localized pockets of denatured DNA (ssDNA) are
created throughout the molecule (9). We refer to these finite
ssDNA domains as “melting bubbles” due to their similarity with
thermal denaturation of dsDNA (17). In the S-DNA model, the
base-pairing integrity is preserved, and overstretching is accom-
modated instead by cooperative strand unwinding (8, 15, 18).
Studies combining optical trapping and fluorescence micros-

copy visualized directly that, under relatively low salt concen-
trations (5–150 mMNaCl), dsDNA can overstretch via unpeeling
from free ends and nicks in the phosphate backbone (10). This
finding developed and supported other studies that identified
base-pair breaking during dsDNA overstretching (9, 12, 15). The
energetics of this unpeeling process were quantified and discussed
in the framework of an equilibrium model governed solely by the
elastic properties of ssDNA or dsDNA and the underlying se-
quence (14, 15).
Strand unpeeling, however, must initiate from a discontinuity

in the phosphate backbone (either a nick or a free DNA end),
which is generally only present transiently inside a cell. Experi-
ments on dsDNA molecules that were each linked with all four
strand ends to optically trapped microspheres revealed that
replication protein A (RPA, a ssDNA binding protein) can bind
to such DNA molecules during overstretching (10). This obser-
vation indicates that, in the absence of free ends or nicks in the
phosphate backbone, the base-pairing integrity can still be dis-
rupted (at least for salt concentrations <150 mM NaCl). How-
ever, in these cases, strand unpeeling was prohibited by applying
torsional constrain, preventing the molecule from releasing en-
ergy purely by unwinding. The resulting energy cost increases the
overstretching transition from 65 pN to 110 pN (10, 18).
To prohibit unpeeling, yet still avoid torsional constraint, Paik

and Perkins (13) developed a topologically closed (i.e., no free
ends or nicks) but rotationally unconstrained dsDNA molecule.
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This construct maintains an overstretching transition at ∼65 pN,
proving that strand unpeeling is not a requirement for DNA
overstretching. This observation substantiates several other
reports that found that torsionally unconstrained dsDNA can
overstretch via two distinct modes: strand unpeeling and an al-
ternative mechanism (12, 15, 16, 19). The latter is associated with
a surprisingly small negative entropy change and is favored when
intramolecular electrostatic repulsion is reduced by appropriate
salt concentration and temperature (15, 16, 19). In consensus
with theoretical studies (8, 11), it has been argued that this ad-
ditional mechanism of DNA overstretching is consistent with the
formation of S-DNA (4, 8, 11, 12, 19). However, as Zhang et al.
(16) revealed, the nature of DNA overstretching in the absence
of unpeeling is complex; the competition between melting-bubble
and S-DNA formation is unclear. Additionally, structural tran-
sitions associated with overstretching can also be sequence-
dependent, with S-DNA being favored in GC-rich sequences (19).
In an effort to provide an approach that embraces all essential

aspects of DNA overstretching (temperature, ionic strength, and
DNA topology and sequence), this article, together with a com-
panion study byZhang et al. (20), reports a unique single-molecule
approach to the problem. Using optical tweezers and fluorescence
microscopy, the current article reveals that melting-bubble and
S-DNA formation can both compete with strand unpeeling
during overstretching. We demonstrate that the balance between
the three mechanisms is determined by DNA topology as well as
the local DNA stability. Zhang et al. (20) use single-molecule
calorimetric methods to reach an identical conclusion. The results
of these two investigations are mutually supportive.

Results
At Low Ionic Strength (50 mM NaCl), Melting Bubbles Form When
Unpeeling Is Prohibited. We first sought to discover the mecha-
nism of overstretching in the case where no discontinuities (i.e.,
free ends or nicks) exist in the phosphate backbone, and thus
unpeeling is prohibited. To this end, we used a topologically
closed, but torsionally unconstrained, dsDNA construct, similar
to that reported recently by Paik and Perkins (13). In our case,
a modified lambda phage (λ) DNA molecule (∼48,500 bp) was
bound between two optically trapped beads via a single biotin
embedded in a five-nucleotide loop on one end of the molecule
and biotins attached to the complementary strands of the other
end of the molecule, as illustrated schematically in Fig. 1A Upper.
Force-extension measurements on such a construct, obtained at
50 mM NaCl, yielded two distinct sets of behaviors. In one subset
of experiments (∼65% of cases), reported in Fig. 1B, significant
hysteresis in force was observed during DNA overstretching and
subsequent retraction of the end-to-end distance. The force–
distance profile (Fig. 1B) is highly structured during retraction,
reminiscent of the stick-slip dynamics of strand unpeeling (14).
This suggests that such molecules (designed to be topologically
closed) in fact exhibit nicks in the backbone, which serve as
nucleation sites for strand unpeeling (Fig. 1B Upper) (13). For
the other subset of experiments, however, there was no meas-
ureable hysteresis in force during DNA overstretching and sub-
sequent end-to-end retraction (Fig. 1A). This is consistent with
reports by Paik and Perkins (13), and we thus ascribe such
molecules to topologically closed DNA constructs.
We next aimed to determine the ratio of ssDNA to dsDNA for

both cases reported above, using fluorescence microscopy.
To this end, we used fluorescently labeled (EGFP) RPA to
identify regions of ssDNA (21), and the fluorescent DNA
binding agent Sytox (22) to probe B-form dsDNA. Sytox was
used as a B-DNA probe because this dye has a contrasting
excitation–emission spectrum to that of EGFP-RPA (thus allowing
dual-color fluorescence measurements). We confirmed that these
fluorescent probes do not perturb the structure or thermodynamics
of overstretched DNA significantly under our experimental
conditions (Figs. S1–S4 and SI Text).
Fig. 1C displays fluorescence images of EGFP-RPA and Sytox,

respectively, obtained from experiments on topologically closed

DNA that was extended 50% into its overstretching plateau.
From the panels in Fig. 1C it is clear that both RPA and Sytox
bind in a disperse fashion throughout the DNA molecule. Be-
cause the DNA construct is topologically closed, the presence
of RPA (and thus ssDNA) can only be explained by localized
domains where base pairing is broken (i.e., melting bubbles). The
phosphate backbones, however, remain under tension. For com-
parison, Fig. 1D displays analogous fluorescence images derived
from a DNA construct deduced to possess nicks in the backbone.
In this case, the entire DNA molecule is accounted for by just
two domains each of ssDNA and dsDNA, with contiguous
binding of RPA and Sytox, respectively. This behavior is akin to
that observed for strand unpeeling (10). Indeed, as the orange
arrows in Fig. 1D highlight, application of gentle buffer flow
(∼1 μm/s) allows the unpeeled tracts of ssDNA to be identified.

Melting Bubbles Show a Strong Preference for AT-Rich Domains.
Having demonstrated that topologically closed (but torsionally
relaxed) dsDNA can overstretch via localized base-pair melting,
we next tracked the evolution of melting bubbles as a function of
DNA extension and base-pair sequence. In these experiments,
the DNA molecule was extended to various stages of over-
stretching (defined by the relative DNA extension, 1 < L/Lc >
1.7), and then exposed to RPA and Sytox sequentially. A new
DNA molecule was used for each successive extension to exclude
the role of prebound RPA or Sytox on the structural response of
DNA to applied tension. Fig. 2A displays fluorescence images
of EGFP-RPA bound to overstretched DNA, obtained for in-
creasing L/Lc. The composite fluorescence images in Fig. 2B
show that Sytox binds to the majority of domains that are not
bound already by RPA; under these relatively low salt concen-
trations (50 mM NaCl), melting bubbles continue to form as the

Fig. 1. At low ionic strength (50 mM NaCl), topologically closed DNA
overstretches via formation of melting bubbles. (A) Schematic depiction of
topologically closed λ-DNA (Upper), along with the corresponding force-
distance curves [Lower, recorded with a pulling/relaxing speed of ∼3 μm/s for
extension and retraction of the relative DNA length (L/Lc)]. Gray spheres
represent optically trapped beads; orange spheres depict biotin-streptavidin
linkages between the DNA molecule and the trapped beads. (B) Schematic
illustration (Upper) of the same construct shown in A, but with nicks in the
DNA backbone. The corresponding force-distance curves are also shown
(Lower, pulling/relaxing speed ∼3 μm/s). (C) Corresponding fluorescence
images of EGFP-RPA and Sytox for the construct shown in A. (D) Analogous
fluorescence images to those displayed in C, but obtained with a nicked DNA
construct similar to that illustrated in B. Strand unpeeling is highlighted by
dashed orange arrows. Force-distance curves in A and Bwere recorded in the
absence of fluorescent probes.
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DNA molecule is extended to lengths close to the end of the
overstretching process.
The sequence of λ-DNA is nonpalindromic and the molecule

can be oriented in the optical traps in either direction. Fig. S5
compares RPA binding to overstretched λ-DNA for 12 different
molecules with random alignment. Two examples from Fig. S5 are
given in Fig. 2C. Strikingly, in every case, there is a strong corre-
lation between the relative fluorescence intensity of EGFP-RPA
(as a function of DNA length) and the AT-content of the DNA
molecule (binned over 100 bp) when aligned in one direction.
Such a correlation suggests that melting bubbles occur preferen-
tially in AT-rich regions (refer to Figs. S5 and S6 for more details).

At High Ionic Strength (150 mM NaCl plus 20 mM MgCl2), Melting-
Bubble Formation is Disfavored. It is well established that thermally
induced DNA melting depends strongly on solvent ionic strength
(23). Dissolved ions shield the negative charges of DNA (2e− per
base pair) and thus decrease electrostatic repulsion between the
two DNA strands, stabilizing the double helix. To examine the
effect of electrostatic shielding on tension-induced DNA melt-
ing, we measured the fraction of ssDNA (using EGFP-RPA) and
B-form dsDNA (using Sytox) as a function of salt concentration.
Figs. 2 A and B revealed that, at 50 mMNaCl and for L/Lc ∼1.35,
there are melting bubbles dispersed throughout the DNA mol-
ecule. Fig. 3A shows composite fluorescence images of DNA at
L/Lc ∼1.35 exposed sequentially to EGFP-RPA and Sytox, as a
function of both mono- and divalent salt concentration, obtained
with the same procedure as for Fig. 2B. The fractional coverage
of EGFP-RPA, Sytox, and unstained DNA as a function of ionic
strength is summarized in Fig. 3B. From these data, it is imme-
diately apparent that increasing the concentration of both NaCl
and MgCl2 substantially reduces the fraction of overstretched
DNA that is labeled by EGFP-RPA, until there is almost no

binding at high ionic strength (150 mM NaCl plus 20 mM
MgCl2). We investigated the binding rate of RPA on ssDNA as
a function of salt concentration (Fig. S2). There was no appre-
ciable difference, satisfying us that any change in RPA binding to
overstretched DNA is not due to the ionic strength per se, but
rather to the fundamental structure of the molecule. Moreover,
many of those regions that are not stained by RPA are also not
bound by Sytox. The findings indicate that as the ionic strength
increases either (i) the average size of melting bubbles reduces,
eventually becoming smaller than the footprint of RPA (30
nucleotides), and thus unable to be bound by the protein, or (ii)
a different structural form of overstretched DNA exists that
cannot be stained by either RPA or Sytox.
We argue that, as the ionic strength increases, the formation of

melting bubbles too small to be detected by RPA binding is
unlikely for the following two reasons. First, it is expected that,
for fully overstretched DNA, some melting bubbles (<30 bp in
size) would coalesce, due to their density at high L/Lc and their
known preference for AT-rich regions (Fig. 2C). This would
result in bubbles >30 bp, which could then be bound by RPA.
However, at 150 mM NaCl plus 20 mM MgCl2, little RPA
binding is observed at all, even when incubating the over-
stretched DNA molecule in RPA for up to 7 min (Fig. S3C).
Second, if increasing salt concentration simply reduces the size
of melting bubbles to <30 bp, it is anticipated that Sytox bindingFig. 2. At low ionic strength (50 mM NaCl), melting bubbles nucleate in

AT-rich regions. (A) Selection of fluorescence images of EGFP-RPA binding
to topologically closed λ-DNA molecules as a function of relative DNA ex-
tension (L/Lc). A different DNA molecule was used for each extension. (B)
Composite fluorescence images displaying the binding of EGFP-RPA (in
green) and Sytox (in red). DNA molecules shown here are the same as those
in A. (C) Variation in fluorescence intensity of EGFP-RPA along the DNA
molecule (in green) for L/Lc = 1.04 and 1.53, respectively. Black traces display
the AT-content of λ-DNA (in 100-bp bins) and are oriented in the direction
that best matches the RPA fluorescence intensity (SI Text, Correlating Melting-
Bubble Formation with AT-Rich DNA). These, and 10 further examples, are also
shown in Fig. S5.

Fig. 3. Observable melting bubbles disappear with increasing salt concen-
tration. (A) Selection of composite fluorescence images from sequential
binding of EGFP-RPA (green) and Sytox (red) to topologically closed λ-DNA
molecules as a function of salt concentration. In each case, a separate DNA
molecule was extended midway into its overstretching plateau (L/Lc = 1.35)
and exposed to (i) 50 mM NaCl, (ii) 150 mM NaCl, (iii) 150 mM NaCl plus
2 mMMgCl2, and (iv) 150 mMNaCl plus 20 mMMgCl2. (B) Fractional coverage
of RPA (revealing melting bubbles), Sytox (labeling B-DNA), and unstained
DNA for the four images reported in A. Each data point has an associated
error of ≤10% (SI Text, Estimating the Fraction of DNA Bound by Fluorescent
Probes). Note that the salt concentration used in the far left image of A is the
same as that used in Figs. 1 and 2.
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should become more disperse throughout the molecule to ac-
commodate the many discrete melting bubbles. However, as ap-
preciated from Fig. 3A, the opposite is true: Sytox binding
becomes more contiguous as the ionic strength increases.
Based on the above arguments, we conclude that the formation

of melting bubbles becomes less likely as the salt concentration
increases, until it is nearly negligible at 150 mMNaCl plus 20 mM
MgCl2. Instead, an alternative structure of overstretched DNA is
increasingly favored as the ionic strength increases; this particular
form of DNA very likely exhibits base-pairing interactions
(revealed by the absence of RPA binding), although the base-
stacking distance and helical pitch must change to accommodate
the length increase (resulting in no Sytox binding). These obser-
vations are consistent with the formation of the putative DNA
structure known as S-DNA (8, 11, 15, 16, 19).

In Topologically Open DNA, Unpeeling Is Suppressed with Increasing
Ionic Strength. The findings reported above demonstrate that
when unpeeling is prohibited using a topologically closed DNA
construct overstretching proceeds via two competing pathways:
formation of melting bubbles and S-DNA. The latter dominates
as electrostatic shielding increases. We now consider the effect
of electrostatic shielding in the case where discontinuities (free
ends or nicks) are present in the phosphate backbone and thus
a third mechanism, strand unpeeling, is also possible.
We performed DNA force-extension measurements over a

wide range of mono- and divalent salt concentrations, in the
absence of fluorescence markers. For these experiments, we used
a DNA construct that has one unconstrained DNA end (Fig. 4A
Upper), such that unpeeling can only initiate from one end of the
molecule and can progress in only one direction (14). This allows
us to follow the location of the unpeeling front in the DNA se-
quence with high resolution during force-extension measure-
ments, which is essential for distinguishing potential effects of
ionic strength from those of DNA sequence. Force-extension
measurements with this DNA construct at increasing mono-
valent salt concentrations (Fig. 4A) reveal that at lower ionic
strength (≤250 mM NaCl) the overstretching plateau is highly
structured with “saw-tooth-like” features. This behavior is char-
acteristic of strand unpeeling via stick-slip dynamics (14). How-
ever, at higher monovalent salt concentrations (≥500 mM NaCl),
the overstretching plateau in the force-extension curve changes
its characteristics: there is little or no resolvable structure. Fig. 4B
reveals that the overstretching mechanics depend even more
critically on divalent salt concentration, because evidence of
stick-slip dynamics is absent for MgCl2 concentrations above
only ∼10 mM, together with 150 mM NaCl.
These findings indicate that as the ionic strength increases the

probability for unpeeling (with observable stick-slip dynamics in
force-extension measurements) decreases. Such a conclusion is
consistent with the formation of melting bubbles or S-DNA: in
both cases, the respective structural changes can nucleate and
progress at many locations throughout the DNA molecule.

At High Ionic Strength (150 mM NaCl plus 20 mM MgCl2) S-DNA Is
Favored in Topologically Open DNA. The force-extension curves in
Fig. 4 reveal that, under conditions of intermediate salt concen-
tration (e.g., 250 mMNaCl), the mechanism of overstretching can
switch suddenly from unpeeling (with characteristic stick-slip
dynamics) to the formation of either melting bubbles or S-DNA
(with no structure in the overstretching plateau). To explain these
switching events, we considered the local GC-content of switching
locations (over a binning window of 40 bp). From the histogram in
Fig. S7 (focused on the first ∼4,000 bp of the DNAmolecule), it is
evident that unpeeling arrest occurs most likely at DNA regions
with high GC-content and thus high base-pair stability. In topo-
logically closed dsDNA, it was shown that during overstretching,
S-DNA is favored over melting bubbles at higher ionic strength
(Fig. 3) due to increased base-pair stability. This leads us to sus-
pect that, in the case of topologically open dsDNA, S-DNA is

formed during overstretching at the expense of strand unpeeling
(particularly in GC-rich regions).
To test this hypothesis, we estimated the ratio of ssDNA to

dsDNA under high-salt conditions of 150 mM NaCl plus 20 mM
MgCl2. Topologically open λ-DNA was exposed to EGFP-RPA
and Sytox, sequentially, and fluorescence images were recorded
for both. Fig. 5A presents dual-color images from this experi-
ment; for each image, a separate DNA molecule is probed at
increasing L/Lc. From this figure, it is clear that as each DNA
molecule is overstretched further (e.g., L/Lc > 1.4), considerable
domains evolve that are labeled by neither RPA nor Sytox. The
fractional coverage of RPA, Sytox, and unstained DNA as a
function of L/Lc is summarized in Fig. 5B. The unlabeled domains
must arise from either small melting bubbles (<30 bp, unable to
be bound by RPA) or S-DNA. As discussed earlier, small melting
bubbles would be expected to coalesce when L/Lc > 1.5, yielding
bubbles >30 bp. This was not found to be the case here. Thus, we
deduce that in topologically open DNA, the domains that are not
bound by any fluorescent probe are associated with S-DNA. Our
studies on topologically closed DNA (Fig. 3A) revealed that,
under the same conditions of 150 mM NaCl plus 20 mM MgCl2,
S-DNA is also strongly favored over the formation of melting
bubbles. As the ionic strength increases, S-DNA is therefore

Fig. 4. Increasing ionic strength suppresses strand unpeeling in topologi-
cally open DNA during overstretching. (A) Force-extension measurements of
DNA molecules with identical sequence at different monovalent salt con-
centrations, ranging from 50 mM to 1 M NaCl. Inset: Schematic of the DNA
construct used, containing only one unconstrained DNA end. Gray spheres
represent optically trapped beads; orange spheres represent biotin-strepta-
vidin linkages between the DNA molecule and the trapped beads. (B)
Divalent salt titration of the force-extension behavior of DNA molecules
with the same sequence as in Fig. 4A. Monovalent salt concentration: 150 mM
NaCl. The divalent salt was increased from 2 mM to 20 mM MgCl2. All data in
this figure were obtained using a 8,350-kb DNA fragment (14). Compared
with experiments on λ-DNA, the presence of a single melting front, the more
heterogeneous sequence, and the slower stretching speed used (10 nm/s)
allow for identification of stick-slip dynamics that are not resolved in Fig. 1B
(recorded with λ-DNA).
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increasingly dominant in both topologically open and closed
DNA when overstretched.
Despite the dominance of S-DNA when overstretching at

high ionic strength (150 mM NaCl plus 20 mM MgCl2), we still
identified small regions of ssDNA when using topologically
open λ-DNA. These are highlighted by the white circles in Fig.
5A. The fractional coverage of ssDNA (determined by EGFP-
RPA binding, Fig. 5B) was relatively constant, at ∼10–15%,
independent of L/Lc. We found that these small domains of RPA
binding were usually terminated by loose tracts of ssDNA (free
from tension) that could be labeled by mitochondrial single-
stranded binding protein (mtSSB) (Fig. S8). This finding indi-
cates that the small regions of ssDNA in Fig. 5A are associated
with, primarily, strand unpeeling (10).
In topologically open λ-DNA, strand unpeeling can thus al-

ways occur to some extent, although S-DNA is increasingly fa-
vored as the ionic strength increases. This does not preclude that
melting bubbles can form in topologically open DNA as well.
Both strand unpeeling and melting bubbles involve base-pair
breaking, which is more likely in AT-rich domains. At the lowest
salt concentrations tested (50 mM NaCl), and when several nicks
are present in the DNA backbone, strand unpeeling is generally
favored over melting-bubble formation (e.g., Fig. 1D). However,
for <150 mM NaCl, when a single nick exists in a domain with
high GC-content, we sometimes observe both unpeeling and the

formation of melting bubbles. To illustrate this, consider Fig. 5C,
which displays fluorescence images for an overstretched DNA
molecule (L/Lc ∼1.35) exposed sequentially to EGFP-RPA and
Sytox. These images were obtained with gentle buffer flow
(∼1 μm/s). Using the structural investigation reported in this
article, we can recognize clearly an unpeeling domain, charac-
terized by both contiguous RPA binding and no Sytox binding.
The limit of the unpeeling domain is identified by a loose tract of
ssDNA, exposed by the buffer flow. The remainder of the DNA
molecule is composed of an intermittent and noncontiguous ar-
ray of RPA and Sytox, characteristic of melting bubbles dispersed
among regions of B-DNA (similar to that shown in Fig. 1C).

Discussion
Our unique experimental approach combining optical tweezers
with fluorescence microscopy has shed light on the mechanics
of DNA overstretching. We have shown that overstretching can
proceed via three fundamentally different mechanisms: (i)
strand unpeeling from discontinuities in the DNA backbone; (ii)
formation of internal melting bubbles; and (iii) creation of
S-DNA, involving strand unwinding but retention of base pairing.
As discussed below, the balance between the three mechanisms
can be determined by DNA topology, DNA sequence, and ionic
strength. Zhang et al. (20) further show that melting bubbles are
favored over formation of S-DNA as the temperature is in-
creased. The different mechanisms of overstretching compete
over a broad range of solvent conditions, including those oc-
curring in the cell. These findings confirm and unify the varying
and competing interpretations of DNA overstretching (4, 8, 12,
13, 15, 19, 20, 23, 24).
DNA topology has a defining role in the mechanism of over-

stretching. When the DNA construct is topologically closed (but
torsionally unconstrained), which prohibits unpeeling, over-
stretching involves a competition between melting-bubble and
S-DNA formation (Fig. 3). However, when there are free ends or
nicks in the phosphate backbone, unpeeling and melting-bubble
and S-DNA formation can all occur during DNA overstretching
(Fig. 5). Unpeeling and melting-bubble formation both involve
base-pair breaking, yielding regions of ssDNA. These mecha-
nisms show strong sequence dependence, reflecting the differ-
ence in base-pair stability between AT and GC pairs. At higher
ionic strengths, unpeeling is suppressed in DNA regions with
high GC-content (Fig. 4 and Fig. S7). This is consistent with
Bosaeus et al. (19), who report that, in topologically open DNA
(at 1 M NaCl), base-pair breaking and S-DNA formation are
favored during overstretching in AT- and GC-rich DNA, re-
spectively. Further, we confirm here that melting bubbles develop
preferentially in AT-rich domains (Fig. 2C).
In addition to DNA topology and sequence, the mechanism of

overstretching is highly sensitive to ionic strength, as highlighted
in Figs. 3 and 4. At the lowest salt concentrations investigated
(50 mM NaCl), overstretching proceeds only via mechanisms
that involve base-pair breaking: unpeeling and melting-bubble
formation. Unpeeling is forbidden in topologically closed DNA
but becomes increasingly favored over melting-bubble formation
as the number of discontinuities (nicks and free ends) increases.
At the other extreme, S-DNA is the primary structure of over-
stretched DNA at the highest salt concentrations used (>500
mM NaCl or >150 mM NaCl plus 10 mM MgCl2). In between
those salt concentrations, unpeeling and melting-bubble and
S-DNA formation can all occur during overstretching.
There is a direct correlation between the ionic strength and the

degree of base-pair breaking during overstretching. As the ionic
strength increases, there is greater electrostatic shielding within
the DNA molecule, and therefore base-pair breaking is sup-
pressed, rendering S-DNA more favorable than strand unpeeling
or formation of melting bubbles. This conclusion is consistent
with a number of recent studies (15, 16, 19). Strikingly, we find
that mono- and divalent salt act differently, the latter more
pronounced than expected on the basis of valence (e.g., Fig. 4).
This chimes with the observation that divalent cations, such as

Fig. 5. At high ionic strength (150 mM NaCl plus 20 mM MgCl2), S-DNA
formation is favored over strand unpeeling in topologically open DNA. (A)
Selection of composite fluorescence images from sequential binding of
EGFP-RPA (green) and Sytox (red) to λ-DNA (with one free end on each side
of the molecule) as a function of relative DNA extension (L/Lc). Data
obtained at 150 mM NaCl plus 20 mM MgCl2. The white circles indicate
regions of RPA binding. (B) Fractional coverage of RPA, Sytox, and unstained
regions on the DNA molecule for each end-to-end distance reported in A.
Each data point has an associated error of ≤10% (SI Text, Estimating the
Fraction of DNA Bound by Fluorescent Probes). (C) Comparison of fluores-
cence images from sequential binding of EGFP-RPA and Sytox recorded
under low-salt conditions (50 mM NaCl), illustrating domains of both
unpeeling and melting bubbles in λ-DNA with a single nick in the phosphate
backbone. Images obtained under mild buffer flow (∼1 μm/s); the orange
circle denotes the unpeeled tract of ssDNA bound by RPA.
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Mg2+, specifically condense to the phosphate backbone (24).
Divalent cations tend to be fully hydrated, causing the interaction
with dsDNA to be more sequence-specific. Water molecules of
the solvation shell can interact specifically with the bases by
accepting or donating hydrogen bonds. This has been shown to
result in an enhanced affinity of Mg2+ for DNA with an increased
GC-content (25), supporting our observation that the probability
of base-pair breaking is more sensitive to Mg2+ than to Na+.
Our findings, obtained with and without the use of fluorescent

probes, are complementary to calorimetric studies by Zhang
et al. (20) published in parallel with this work. For clarity, we
highlight two specific differences between these studies. First,
different types of transitions may be observed at the same salt
concentrations in the two studies. This is largely attributed to the
fact that the DNA constructs used in each case have different
lengths (typically 48.5 kb and 7.25 kb, respectively), with differ-
ent local distributions of GC-percentage along the molecule.
There will thus be differences in local base-pair stability between
the two DNA constructs, which could affect the relative fraction
of S-DNA at a given salt concentration. Additionally, in our case,
the probability of DNA melting might be enhanced by local
heating effects arising from the optical traps. The second dif-
ference is that, in contrast to our study (Fig. 1A), Zhang et al.
(20) report that melting-bubble formation is a hysteretic transi-
tion and that the resulting overstretched DNA is significantly
shorter than S-DNA. This difference can be explained if, under
the lowest salt conditions considered in our study (50 mM NaCl),
the overstretched DNA contains a mixture of S-DNA and small
melting bubbles. The latter may yield a nonhysteretic transition
and similar extension to that of S-DNA. For more details, refer
to SI Text, Biochemical Procedures and Analyses.
Nevertheless, despite these differences, the conclusions reached

from our respective studies are the same; together they offer clear
experimental evidence for the existence of both melting bubbles
and S-DNA in overstretched DNA. The observation of melting
bubbles during overstretching mirrors reports of melting bubbles
in dsDNA in response to both thermal stress (26) and applied
torque (27). Meanwhile, the dominance of S-DNA in overstretched
DNA under high ionic strength (>500 mM NaCl or >150 mM
NaCl plus 10 mM MgCl2) validates the model put forward by

several groups in recent years (8, 11, 15, 16, 19). Our findings
provide a clear answer to the long-running debate over the struc-
ture of overstretched DNA and expand our knowledge of DNA
mechanics, which is of fundamental importance to understanding
how proteins modify the physical state of DNA.

Materials and Methods
The experimental procedure for recording two-color fluorescence meas-
urements to inspect the overstretched DNA structure was as follows: (i)
overstretch the dsDNA construct; (ii) move the overstretched molecule into
a buffer containing EGFP-RPA and excite, then detect EGFP fluorescence;
and (iii) transfer the overstretched molecule into a buffer containing Sytox
and excite, then detect Sytox fluorescence. The visualization of fluorescently
labeled RPA, mtSSB, and Sytox was performed using a combined fluores-
cence and dual-beam optical trapping instrument, which has been described
in detail before (10, 28). RPA was fluorescently labeled as discussed pre-
viously (29). In all experiments reported in this article, the concentrations of
RPA, mtSSB, and Sytox used were 3, 60, and 2 nM, respectively, unless stated
otherwise. For each fluorescent probe, the incubation time for the DNA was
20, 5, and 10 s, respectively. Unless stated otherwise, all fluorescence images
are snapshots (1-s exposure) recorded at the end of this incubation period.
All experiments were performed in a 10 mM Tris buffer at pH 7.6–7.8 and at
22 ± 2 °C (excluding the global heating of the buffer caused by the optical
traps, estimated at ≤5 °C by measuring the temperature of the buffer using
a calibrated infrared camera). Biochemical protocols for generating the
three different DNA constructs used are discussed in SI Text, Biochemical
Procedures and Analyses.
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