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ABSTRACT

The DNA double helix undergoes an ‘overstretching’
transition in a narrow force range near 65pN.
Despite numerous studies the basic question of
whether the strands are separated or not remains
controversial. Here we show that overstretching in
fact involves two distinct types of double-helix
reorganization: slow hysteretic ‘unpeeling’ of one
strand off the other; and a fast, non-hysteretic tran-
sition to an elongated double-stranded form. We
demonstrate that the relative fraction of these two
overstretched forms is sensitive to factors that
affect DNA base pair stability, including DNA
sequence, salt concentration and temperature. The
balance between the two forms shifts near physio-
logical solution conditions. This result, in addition to
establishing the existence of an overstretched
double-stranded state, also shows that double
helix physical properties are tuned so that either
unpeeling or overextension can be selected via
small changes in molecule environment.

INTRODUCTION

Mechanical properties and base pairing stability of DNA
play critical roles in regulating binding of proteins, in par-
ticular when protein binding results in deformation of
DNA backbones, or disruption of DNA base pairing
(1-3). Single-DNA stretching experiments have provided
precise measurements of DNA mechanical properties (4)
while direct unzipping of two DNA (or RNA) strands by
forces ~15 pN have provided direct measurements of
DNA base pair stability at ambient temperatures (5,6).
DNA can also be destabilized by direct stretching using
forces between 60 and 70 pN; numerous experiments have
reported ‘overstretching’ of DNA to a new form about 1.7
times longer than B-DNA, via a sharp (few-pN-wide), co-
operative transition near room temperature (7-9).

Given the data for unzipping, a main question has been
what role DNA base unpairing plays in overstretching.

Many experiments have focused on 48 502bp A-DNA;
under application of force, a sharp and rapid overstretch-
ing transition occurs. However, the reverse transition can
be much slower, with appreciable hysteresis, sometimes
requiring a long waiting time for the molecule to regain
to its original B-DNA force response, suggesting release of
one strand from the other (7).

Importantly, this hysteresis behavior has been found to
depend on salt concentration and temperature, with the
hysteresis absent at elevated salt or at reduced temperature
(7,10). From these observations, it was hypothesized that
two types of competing structural transitions might occur
in an overstretched DNA: one to a double-stranded form
where the two strands remain closely associated (S-DNA),
and the other to strand separation (7). S-DNA was sug-
gested to be a double helix with severely distorted base
pairs (8,11). Atomic force microscopy experiments in
which the force—extension curves showed two transition
forces under fixed chemical and temperature conditions
provided further support for the two-transition hypoth-
esis; the lower (~65pN) transition was proposed to be
the transition from B-DNA to S-DNA, while the higher
(~100 pN) transition was proposed to be strand separ-
ation (12,13). In direct opposition to this conclusion, a
series of experiments on A-DNA showing that changes
of solution conditions which favor melting of the double
helix reduce the force needed for overstretching (14-17)
were used to support the hypothesis that the 65 pN DNA
overstretching  transition consisted exclusively of
force-induced strand separation to form ‘force-melted’
parallel single-stranded DNAs (ssDNA).

Theoretical analysis (18-20) of DNA stretching data
from a number of experiments (7,8) led to the conclusion
that under physiological solution conditions (pH 7.5
buffered aqueous solution with 150mM Na®), or at
higher NaCl concentrations, or at lower temperatures,
the force—extension curves of overstretched DNA could
not be explained in terms of two parallel, separated
DNA strands. The analysis examined the competition
between force-driven formation of the hypothetical
S-DNA, the ‘unpeeling’ of one DNA strand from the
other starting from a nick or DNA end, and formation
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of parallel, stretched ssDNAs. It was found that S-DNA
and unpeeling required similar free energies and were
likely to compete near 65pN, while parallel-stretched
strand separation involved significantly higher free
energies and higher forces in physiological buffers near
room temperature. The prediction was made that factors
that affect DNA base pair stability would determine
whether the transition leads to the S-DNA state or to
strand unpeeling: in particular higher salt concentration
and lower temperature were predicted to favor formation
of S-DNA (18). These predictions have not been system-
atically investigated by experiments.

Recently, elegant experiments on A-DNA using multi-
color, single-molecule fluorescence imaging have verified
part of this theoretical prediction, namely that the mode
of force-driven DNA melting is unpeeling of one strand
from the other starting from a nick (21). However, there
was no observation of a rapid, reversible transition to an
overstretched double-helix state, which led to the sugges-
tion that in general the 65pN transition is strand
unpeeling (21). The crucial question of the nature of the
kinetics of the 65pN transition as a function of e.g. salt
concentration in the >100mM NaCl concentration range
relevant physiologically in Escherichia coli cells was not
addressed (22). In addition, the effects of environmental
factors, such as temperature and DNA sequences, were
not studied.

Although ref. (21) argues that the overstretching tran-
sition is exclusively a force-induced strand unpeeling tran-
sition, it conflicts with previous experiments reporting a
rapid, reversible 65 pN transition to an overstretched base
paired double-helix state. We hypothesized that the reso-
lution of these conflicting results is that proposed in (18),
namely that there are two, competing modes of over-
stretching: a slow, hysteretic unpeeling of one strand
from a nick as observed in (21), and a rapid, reversible
transition to a double-stranded overstretched form of the
double helix, i.e. S-DNA. We suspected [in accord with
(18)] that which of these two transitions occurs depends
sensitively on salt concentration and temperature.
Furthermore, we hypothesized that the two transitions
might be strongly sequence-dependent, and that A-DNA
(used in most of the studies), which has a marked sequence
contrast along its length, might show different modes of
overstretching simultaneously. We thus examined the de-
pendence of kinetics of the ~65pN transition in the
absence of DNA-binding ligands or proteins on salt con-
centration, temperature and sequence composition.

MATERIALS AND METHODS
DNA constructs

Three DNA constructs were used in the research: the
48 502-bp A-DNA, the 19327bp GC-rich DNA digested
from the A-DNA (1-19 327 bp of the A-DNA), the AT-rich
sequence (33499-48 502 bp of the A-DNA). In the experi-
ments, the force was applied to the 3’-ends of the two
opposite strands. More details are described in the
Supplementary Data.
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Magnetic tweezer measurements

Forces were applied to the opposite strands (3’-3’) of the
DNA by an improved transverse magnetic tweezer (23)
which was previously used to study chromatin assembly
in Xenopus egg extracts (24). The digoxygenin end of the
DNA was fixed to the side of a #0 cover glass edge, and
the biotin end was attached to an 8.2-p-diameter paramag-
netic bead (Bangs Laboratories Inc.) to achieve high force.
The DNA was inside a narrow flow channel so experimen-
tal buffer could be conveniently replaced. A permanent
magnet outside the channel generates controlled forces
from 0.04 pN up to 180pN to the paramagnetic bead in
the focal plane, and the extension of DNA was determined
to be the distance from the bead to the edge of the cover
glass in the force direction. The persistence length of DNA
was measured in the force range 1-10 pN by fitting the
Marko—Siggia formula (25). The DNA was determined
to be a single DNA with persistence length 49 + 5nm in
pH 7.5 150 mM NaCl buffer (Supplementary Figure S1).

Temperature control

Temperature at below the room temperature was achieved
using an ice-water container on the top of the flow
channel. Temperature above the room temperature was
achieved using a Linkam Warm Stage Controller-MC60.
Temperature was measured using the TM-902C Prober
Digital Thermometer (Lutron). More details concerning
the temperature control are included in the
Supplementary Data (Supplementary Figure S2).

RESULTS

We first reproduced the main features revealed in previous
studies of A-DNA wusing a high-force, temperature-
controlled magnetic tweezer system to eliminate the possi-
bility of sample heating, force-feedback or photochemical
effects possible in laser tweezer experiments (Sup-
plementary Figures S1 and S2). Beginning with 10 mM
Tris pH 7.5, 150 mM NaCl and 24°C, we slowly increased
force through the overstretching transition, pausing for 5
at each force level; we then decreased force through the
same set of force levels. Figure 1 A shows average extension
during the last 1 s at each force level; open squares show the
increasing-force extension scan, solid stars show the sub-
sequent decreasing-force relaxation scan. At the beginning
of the transition from B-DNA to overstretched DNA there
is hysteresis, i.e. the extension and relaxation scans differ
between 50 and 65pN; note that the DNA extension
returned to its original B-form value when force dropped
below 50 pN, in reasonable accord with previous studies
under similar conditions (7).

Figure 1B shows the extension change kinetics for
Figure 1A. The kinetics reveal that extension of A-DNA
beyond 20 um is cooperative and rapid: an increase in
force by ~2 pN from 67 pN led to an increase in extension
by ~7um and reached a steady state within 5s. The
reverse (retraction) transition was initially also rapid,
but the extension did not reach the pre-stretch levels
in 5s. Thus slow dynamics during retraction led to the
hysteresis shown in Figure 1A. Figure 1B indicates that
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Figure 1. Typical DNA overstretching transition behavior. (A) Force-extension curve representation of the overstretching transition of a A-DNA in
150 mM NaCl, 10mM Tris, pH 7.5 at 24°C. Open squares show the increasing-force scan and solid stars show the decreasing-force relaxation scan.
(B) The extension change kinetics of the DNA in (A). Each force is denoted by a unique color. Blank gaps correspond to the periods when forces

were being changed.
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Figure 2. Increased stability of base pairs decreases overstretching hysteresis. Open squares show the increasing-force scan and solid stars show the
decreasing-force scan. (A) Effects of NaCl concentration for stretching a A-DNA: 150mM (black), 300 mM (green, same DNA as black), and 1M
(red, a different DNA from black and green). (B) Effects of temperature for stretching A-DNA: 24°C (black), 19°C (red). (C) Effects of sequence
composition; GC-rich DNA (red) shows less hysteresis than AT-rich DNA (black). Extensions are scaled with their respective contour lengths.

two processes are involved in overstretching: a rapid, co-
operative initial extension which is partially reversible,
plus a slow, hysteretic recovery observed during the end
of the retraction process. We hypothesized that the rapid
cooperative part of the process was conversion of double
helix to a new, double-stranded overstretched form, while
the slow, hysteretic behavior was due to the unpeeling of
DNA as observed in (21); the slow kinetics are simply
explained in terms of the variable free energy barriers
that must be crossed during the unpeeling process (18).
If the hypothesis that the hysteretic behavior in Figure 1
is due to unpeeling is correct, then the hysteresis should be
suppressed by stabilization of DNA base pairing. We first
tested this by increasing salt concentration; Figure 2A
shows overstretching of A-DNA in 10mM Tris buffer
(pH 7.5) at 24°C for three concentrations of NaCl:
150 mM, 300 mM and 1 M following the same procedure
outlined above for Figure 1A. The degree of hysteresis was
systematically reduced as salt concentration is increased,
and at 1 M, the hysteresis during the 5s pause experiment
was almost entirely absent, in good accord with data of
(7,10). We then tested the effect of temperature: Figure 2B
compares results for the same 5-s-pause type of experi-
ment in 10mM Tris buffer (pH 7.5) and 150 mM NaCl

for 24°C and 19°C for a A-DNA. The hysteresis was sup-
pressed at the lower temperature, where DNA strand sep-
aration is suppressed.

We then examined the role played by DNA sequence
heterogeneity in the hysteresis of Figure 1A. The left and
the right halves of A-DNA have markedly different GC
content and melting properties. We prepared the left
19327bp (57% GC) and the right 15004 bp (54% AT)
of A-DNA for separate experiments. For 10mM Tris
buffer (pH 7.5), 150mM NaCl, at 24°C, Figure 2C
shows that the GC-rich segment displayed much less hys-
teresis than does the AT-rich segment. This experiment
indicates that a rapid, essentially reversible overstretching
transition occurs on the left GC-rich side of A-DNA, while
a slow, hysteretic transition occurs on the right AT-rich
side of A-DNA, for 150 mM NacCl at 24°C.

We thus concluded that the hysteresis observed during
relaxation of an overstretched A-DNA is enhanced by
decreased base pairing stability; alternately hysteresis
can be suppressed or even eliminated by increasing
DNA base pair stability. A rapid, reversible overstretching
transition remains under conditions where the hysteresis is
suppressed. These results favor the picture that two
distinct overstretched forms exist in an overstretched



DNA, the selection of which sensitively depends on
solution conditions and DNA sequences.

Having demonstrated that the hysteresis in the reverse
transition sensitively depends on DNA base pair stability
while the forward transition plateau does not, we
examined dynamics of the transition further. We quickly
cycled between two forces, one below the transition force,
and one above. Figure 3A shows cycling of a whole
A-DNA between 61 pN and 74pN in 10mM Tris buffer
(pH 7.5), 150 mM NacCl, 24°C. Before the transition, the
extension was 16900nm at 61 pN. In the first cycle, the
DNA was held at 74 pN for 0.3 s, during which the DNA
extension reached 28370 nm. When force was dropped
back to 61pN, the extension rapidly dropped to
17400 nm, showing rapid reverse dynamics. Following
this initial fast transition, a slow stepwise re-annealing
process occurred. The extension did not return to the
B-form extension after >60s, so we reduced the force to
19 pN and re-annealing occurred. After B-form DNA ex-
tension was recovered, the force was increased to 61 pN,
and an extension of 16900 nm was again obtained. In the
second force cycle, the DNA was held at 74 pN for 10s,
during which a gradual extension elongation occurred and
a final extension of 28430 nm was reached, about 60 nm
longer than the extension obtained in the first cycle. Then,
when force was reduced back to 61 pN, the step-wise
re-annealing process started from an extension
18400 nm, about 1000 nm larger compared with that in
the previous cycle. We then carried out a third cycle.
This time the DNA was held at 74pN for 30s, during
which the DNA extension reached 28440nm. Then,
when force was returned to 61 pN the slow step-wise

B 28,500
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re-annealing dynamics started at an even larger extension
of 18 800 nm.

Figure 3A emphasizes that there are two distinct over-
stretched DNA structures: the rapid initial elongation in-
dicates formation of a first structure, while the slow
elongation at 74 pN indicates a slow conversion to the
second, presumably unpeeled structure. When force was
reduced to 61 pN, a similar bimodal kinetics was observed;
first a rapid contraction occurred, followed by a slow,
stepwise contraction.

We next investigated how the fast and slow transitions
respond to changes in the salt concentration and in tem-
perature. Figure 3B and C show experiments on A-DNA
at 24°C, but at higher salt concentrations of 300 mM and
IM NaCl, respectively. As salt concentration was
increased, the double helix was stabilized, and the slow
dynamics after overstretching were suppressed; in the
I M case there was virtually no hysteresis on the few
second time scale. Similarly, Figure 3D and E show ex-
periments in 150 mM NaCl but at 24°C and 19°C respect-
ively for A-DNA; the 5°C reduction in temperature
essentially eliminated the slow opening after overstretch-
ing and hysteresis. These experiments show that increased
NaCl concentration or reduced temperature, both known
to suppress DNA melting, suppress the slow overstretch-
ing mode. However, the rapid, reversible overstretching
mode remained when melting was suppressed.

The previous experiments indicated that there are two
distinct overstretching modes which differ in their kinetics,
with the slower mode made less dominant under condi-
tions where double-helix strand separation is suppressed.
We next studied the dynamics of overstretching for the
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Figure 3. Force cycling for A-DNA at different salt concentrations and temperatures. (A—C) Force cycling between 61 pN (blue) and 74 pN (red) for
one DNA at different NaCl concentrations: 150mM (A), 300mM (B) and 1M (C). A lower force of 19pN (orange) was used to facilitate the
re-annealing. (D-E) Force cycling between 58 pN (blue) and 75 pN (red) for A-DNA at different temperatures: 24°C (D) and 19°C (E). A lower force

of 46 pN (orange) was used to facilitate the re-annealing.
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Figure 4. Force cycling for the AT-rich segment of A-DNA at different salt concentrations and temperatures. (A-C) Force cycling between 49 pN
(blue) and 75pN (red) for AT-rich DNA at different NaCl concentrations: 150 mM (A), 300mM (B) and 1 M (C). A lower force of 31 pN (orange)
was used to facilitate the re-annealing. (D-E) Force cycling between 53 pN (blue) and 74 pN (red) for another DNA at different temperatures: 24°C
(D) and 19°C (E). A lower force of 39 pN (orange) was used to facilitate the re-annealing.

AT-rich and GC-rich fragments of A-DNA which showed
different hysteresis of overstretching (Figure 2C). We first
considered the AT-rich fragment, which should be more
prone to strand-separation than the GC-rich fragment; in
150mM NaCl at 24°C overstretching the AT-rich
fragment showed slow kinetics of overstretching following
initial, rapid overstretching, followed by slow relaxation
when force is released (Figure 4A). However, the slow
overstretching and hysteresis is suppressed by increasing
salt concentration (Figure 4B and C, the same DNA as in
Figure 4A, at 24°C in 300 mM and 1 M NacCl, respective-
ly) and when temperature is reduced (Figure 4D and E, for
the AT-rich DNA in 150mM NaCl at 24°C and 19°C,
respectively).

Similar experiments on the GC-rich fragment at
150 mM NaCl and 24°C showed little slow overstretching
mode and hysteresis (Figure 5A), in accord with the
greater stability of GC-rich DNA against strand separ-
ation. If salt concentration was reduced (Figure 5B and
C, for the GC-rich DNA at 24°C in 50 mM and 10 mM
NaCl, respectively) or if temperature was increased
(Figure 5D and E, for the GC-rich DNA in 150 mM
NaCl, 24°C and 28°C, respectively), slow overstretching
and hysteresis were induced.

The experiments shown in Figures 4 and 5 clarify the
behavior of the entire A-DNA molecule at 24°C and
150 mM NacCl (Figure 3A). The overstretching transition
on the full -DNA involves two different modes on differ-
ent regions of the molecule: the slow, hysteretic transition
occurred on part of the AT-rich region, while the GC-rich
left side underwent only the rapid, reversible overstretch-
ing transition. We observed a systematic pattern whereby

changing solution conditions so as to favor strand separ-
ation (decreased NaCl concentration, increased tempera-
ture) increased the degree to which the slow, hysteretic
transition is observed. On the other hand, changing
solution conditions so as to stabilize the double helix
(increased NaCl concentration, decreased temperature)
eliminated the slow hysteretic overstretching mode.
Comparison with the experiments of (21) where over-
stretching of the A-DNA was identified as unpeeling
from a nick allows us to identify the slow, hysteretic over-
stretching transition which occurs more prominently on
AT-rich DNA as unpeeling. This leaves the fast, reversible
transition, which we identify as a transition to an extended
DNA state, i.e. to S-DNA. We emphasize that both the
AT-rich and the GC-rich sides of A-DNA display the fast,
reversible transition to S-DNA, but that the AT-rich side
subsequently undergoes unpeeling for 24°C and 150 mM
NaCl indicating that for at least part of the AT-rich side,
unpeeling from a nick is more favorable for at least some
fraction of the molecule (we estimate that >70% of the
A-DNA overstretched at 24°C and 150 mM NaCl remains
in double-stranded form; Supplementary Data).

DISCUSSION

We emphasize that our results indicate that, for a DNA
with free ends or nicks, there are two competing modes of
overstretching: formation of a stretched double-stranded
structure (S-DNA), and alternately unpeeling of one
strand from the other starting from one DNA end or a
nick, and that this conclusion provides a reconciliation of
many apparently conflicting experiments. For example,
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Figure 5. Force cycling for the GC-rich segment of A-DNA at different salt concentrations and temperatures. (A-C) Force cycling between 47 pN
(blue) and 75 pN (red) for GC-rich DNA at NaCl concentrations of 150 mM (A), S0 mM (B) and 10mM (C). A force of 30 pN (orange) was used to
facilitate the re-annealing. (D) Force cycling between 56 pN (blue) and 75pN (red) for another DNA at 24°C. DNA extension was observed to
quickly return to its original value after cycling up and down in force. (E) Same DNA and force cycling as (D), but at 28°C. Slow re-annealing
dynamics were observed. Two lower forces of 43 pN (orange) and 10 pN (olive) were used to facilitate the re-annealing.

the data presented in (21), which emphasized that
large-scale unpeeling occurs on A-DNA, are for 50 mM
NaCl univalent salt, which favors unpeeling relative to
150mM NaCl, particularly for AT-rich sequences. We
have observed a strong temperature dependence of the
overstretching mode; temperatures of the experiments in
(21) were not reported and it is conceivable that the laser
tweezer system heated the flow chamber to temperatures
above ambient (26-28).

One might hypothesize that the two modes of relaxation
following overstretching are due to differences in forma-
tion of secondary structure in the unpeeled strand.
However, this does not explain why the slower relaxation
kinetics was greatly suppressed under conditions when the
DNA base pair stability was enhanced (high salt concen-
tration, low temperature or high GC percentage), which
would presumably also stabilize ssDNA secondary struc-
ture. Furthermore, our finding that the re-annealing
kinetics could be dramatically sped up by decreasing the
relaxation force indicates that there was not significant
secondary structure formed in the unpeeled strand.
However, since the longest time we were able to hold a
DNA at forces >70 pN before it broke was <1 min, we
cannot exclude the possibility that significantly more
stable secondary structures may form in the unpeeled
strand if the DNA could be held for much longer time
at forces larger than 70 pN.

Finally, on the basis of theoretical considerations
we expect that for solution conditions (salt levels, tem-
perature, pH) where the first transition is from B-DNA
to S-DNA, a second, subsequent unpeeling transition

should occur at a second, higher force (18). The point at
which B-DNA, S-DNA and unpeeling are in ‘coexistence’
is quite close to physiological solution conditions and
room temperature (18), and is significantly changed by
DNA sequence. On top of this, formation of the
unpeeled state is crucially dependent on the presence of
a nick along DNA; without a nick in a sufficiently
unstable region, no unpeeling will occur. This sensitivity
of overstretching mode on solution conditions and DNA
topology suggests regulatory function: unnicked DNA
under large tension undergoes an overstretching transition
to a double-stranded form; on the other hand, placing a
nick in an AT-rich region will trigger an unpeeling
reaction. The former might be used to facilitate opening
of the double helix to allow base access, while the latter
might play a role in strand invasion and exchange
reactions.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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