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Double-stranded DNA “overstretches” at a pulling force of about 65 pN, increasing in length by a
factor of 1.7. The nature of the overstretched state is unknown, despite its considerable importance
for DNA’s biological function and technological application. Overstretching is thought by some to
be a force-induced denaturation and by others to consist of a transition to an elongated, hybridized
state called S-DNA. Within a statistical mechanical model, we consider the effect upon
overstretching of extreme sequence heterogeneity. “Chimeric” sequences possessing halves of
markedly different AT composition elongate under fixed external conditions via distinct, spatially
segregated transitions. The corresponding force-extension data vary with pulling rate in a manner
that depends qualitatively and strikingly upon whether the hybridized S-form is accessible. This
observation implies a test for S-DNA that could be performed in experiment. © 2008 American
Institute of Physics. �DOI: 10.1063/1.3009266�

I. INTRODUCTION

Double-stranded DNA elongates abruptly at a force of
about 65 pN if it is pulled along its axis.1,2 The resulting
“overstretched” form of the molecule is approximately 1.7
times longer than helical B-DNA. Overstretching is of cru-
cial importance for the biological function of DNA. The bac-
terial protein RecA elongates DNA by a factor of 1.5 upon
binding,3–5 a mechanism central to homologous recombina-
tion and to chromosomal segregation during cell division.6

However, the nature of the overstretched state remains a
source of considerable controversy. Some think over-
stretched DNA in vitro to be a hybridized form called
S-DNA �the “B-to-S” picture�,7–12 while a competing picture
considers overstretching to signal a conversion to unhybriz-
ided single strands �the “force-melting” picture�.13–18 We
therefore lack full understanding of the basic mechanical and
thermodynamic properties of a molecule of central impor-
tance to biology and of rapidly increasing importance to
technology.19–22

It is not possible to conclusively validate or rule out
either picture of overstretching on the basis of existing ther-
modynamic force-extension data. The variation of over-
stretching force with parameters such as temperature and salt
concentration,13–15 both of which are known to change the
melting properties of DNA, implies that melting of the
double helix plays an important role in its elongation. Com-
bining these data with the observation that 65 pN of tension
provides just enough mechanical energy to render B-DNA
single-stranded or “molten”14 suggests that overstretching is
melting, induced by a pulling force. However, some authors8

charge that molten DNA, in the sense of two parallel but

noninteracting single strands, is thermodynamically unstable
to a form of DNA in which one strand has frayed or “un-
peeled” from the other and no longer bears tension. The lat-
ter state may arise when melting occurs in the vicinity of
“nicks” in the phosphate backbone. Nicks are present in
many overstretching experiments �see, however, Ref. 23� and
are considered to relieve the torsional constraint on the struc-
ture, permitting the two strands to rotate freely when
stretched. The instability of melting to unpeeling implies that
for nicked DNA, the noninteracting parallel-strand confor-
mation is not the stable state at 65 pN. However, this stable
state appears not to be the unpeeled form of the molecule
either. Under some conditions, overstretched DNA possesses
a mechanical stiffness far in excess of that of single-stranded
forms of the molecule,8 implying that the stable over-
stretched form at 65 pN is double stranded, as in the S-DNA
picture. This view is bolstered by the observation that a tran-
sition to single-stranded �unpeeled� DNA is sometimes ob-
served only at forces well in excess of 100 pN.24,25 However,
these observations pose a problem. Assuming that over-
stretching involves the interconversion of two hybridized
states, which presumably differ principally in their enthalpic
rather than their entropic properties, how does one rational-
ize the striking temperature dependence of overstretching?

Just as thermodynamic data fail to distinguish between
force-melting and B-to-S pictures, current imaging tech-
niques cannot resolve the structure of overstretched DNA.
Further, atomistic simulations of overstretching,26–28 while
offering valuable insight into molecular mechanisms, cannot
approach �by orders of magnitude� the length and time scales
characteristic of experiment. We argue, by contrast, that the
kinetics of force-extension data, combined with predictions
from coarse-grained, statistical mechanical models, may of-
fer a means of discriminating between the two scenarios.

In typical experiments, an optical tweezers29,30 or atomic
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force microscope �AFM� is used to overstretch a single mol-
ecule of DNA at constant rate of extension. The loading rate
is then reversed, allowing the molecule to recover its original
length. If this stretching-shortening cycle is carried out at
low temperature, the force-extension traces for each stage
superpose, indicating a reversible transition. As temperature
increases, stretching and shortening traces become distinct,
signaling hysteresis. The degree of this hysteresis increases
as temperature increases.31

Such temperature-dependent kinetics provides a strin-
gent test of theories of overstretching. Hysteresis is very un-
usual in a system whose extent is macroscopic in only one
dimension and whose fluctuations involve local free energy
differences not much greater than the thermal energy kBT.
Well-known causes of hysteresis in physical systems include
strong local interactions that lead to an unfavorable surface
tension between coexisting phases within, for instance, mag-
netic materials or liquid-vapor phase transitions. Overcoming
this surface tension in order to nucleate and grow domains of
the thermodynamically dominant phase results in sluggish
kinetics and hysteresis. However, hysteresis associated with
strong interactions increases in degree as temperature de-
creases, by contrast with overstretching hysteresis. More-
over, surface tension does not grow with domain size in a
quasi-one-dimensional structure such as DNA. One is led to
the conclusion that hysteresis in stretching data implies the
emergence of concerted, long-wavelength correlations.

Long-wavelength correlations can emerge from the de-
tachment and reannealing of strands.7,14 The authors of Ref.
8 demonstrated that a kinetic model of strand separation �un-
peeling� displayed hysteresis similar in character to that seen
in experiment. Building on these observations, we introduced
a discrete statistical mechanical model designed to assess the
kinetics associated with both the B-to-S and force-melting
pictures of overstretching.32 The model is resolved at the
level of individual basepairs and assumes that DNA may
locally adopt certain discrete conformational states. It is in-
spired by and borrows features from models of DNA under-
going thermal melting33–35 and overstretching.8,14 Our con-
clusion is that indeed long-wavelength correlations of the
kind propagated by separating and reannealing strands in-
duce hysteresis. Crucially, in order to observe a progression
with temperature of the degree of hysteresis, we require a
progression with temperature of the nature of the over-
stretched state. This progression results within our model
from a competition between the basepairing energy of
S-DNA and the entropy liberated upon unpeeling. At low
temperatures, S-DNA predominates as the overstretched
form. Our model of the B-to-S transition involves only local
free energy barriers of magnitude �10kBT and at pulling
rates considered occurs in equilibrium. At high temperature,
unpeeling occurs, whose associated long-wavelength corre-
lations give rise to hysteresis. Without such competition, in
the absence of the S-state, we observe no progression in the
degree of hysteresis with temperature, in direct contradiction
to experiment.

Consequently, we interpret overstretching as a process
involving competing conformational transitions, with the in-
vocation of S-DNA required to explain the kinetics observed

in experiment. This view has several qualitative implications
for experiment, such as the prediction that hysteresis should
be a nonmonotonic function of pulling rate.32 Here we ex-
amine the consequences of this picture of overstretching in a
new context, by exploring within our model the effect of
extreme sequence heterogeneity upon the competition be-
tween unhybridized and hybridized elongated states. We are
motivated by the expectation that appropriate sequence de-
sign could lead, within the same molecule, to distinct transi-
tions from B-DNA to two different overstretched states. In
stretching experiments at room temperature, bacterial
�-phage DNA ��-DNA� �roughly 50:50 AT:CG content,
without long-ranged sequence correlations�36 displays a
force-extension plateau at about 65 pN, independent of pull-
ing rate between 150 and 3000 nm/s. A second transition is
observed at higher forces, strongly dependent upon pulling
rate.24,25 This behavior is illustrated by model calculations in
Fig. 1, left panel. These observations have been rationalized
as two temporally segregated transitions: the first an equilib-
rium B-to-S conversion and the second signaling out-of-
equilibrium unpeeling.8,32 Here we challenge our interpreta-
tion of this phenomenon by using our model to make
predictions for experiments not yet performed. We demon-
strate that within our model, one can dramatically exaggerate
the differences between these transitions by designing se-
quences that permit such changes to occur in a spatially seg-
regated fashion. We argue that testing for similar segregation
in experiment may reveal if indeed there exists an elongated,
hybridized state.

II. MODEL

Our model resolves detail at the level of individual base-
pairs. We assume that each basepair of type AT, TA, CG, or
GC �we assume fully complementary alignment� may instan-
taneously adopt one of four discrete states. These are the
helical B-form; two different unhybridized forms �M or mol-
ten corresponding to internal molten bubbles and U or un-
peeled in which only one strand is load-bearing�; and the
putative S-form. The model takes as its input coarse-grained
free energetic properties of each state and via a Monte Carlo
algorithm offers kinetic predictions on length and timescales
characteristic of experiments. Full details are given in Ref.
32, with two modifications considered in this paper. The first
accounts for a nearest-neighbor dependence of basepairing-
stacking energies,35 while the second accounts for the
sequence-dependence of the heat capacity of melting.14,15 We
assume that specific heats of melting of AT and CG basepairs
are zero at �i.e., Taylor expanded about�, respectively, the
�salt-dependent� melting temperatures of AT- and CG-DNA.
This gives a model in which the stabilities of AT and CG
basepairs are more similar at lower temperatures or higher
salt conditions than under the converse conditions. While
such details matter greatly when considering changes in
overstretching behavior with temperature, they play essen-
tially no role in determining changes with pulling rate.
Our model also assumes that B- and S-form DNA are in
equilibrium at 65 pN, independent of sequence. This assump-
tion is based on experimental evidence showing that while
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poly�dA-dT�poly�dA-dT� DNA overstretches at room tem-
perature and 150 mM NaCl at about 35 pN,25 and �-DNA
�50:50 AT:CG� overstretches under similar conditions at
65 pN, poly�dG-dC�poly�dG-dC� also overstretches at 65 pN
�Ref. 25� �Fig. 9�A� of that reference�. Were the overstretch-
ing force simply related to the thermal stabilities of the base-
pair sequence, then one would not expect CG-rich DNA to
overstretch at a similar force to �-DNA. We note that our
assumption of the sequence independence of the thermody-
namics of the B-to-S transition in our model �or the sequence
dependence of the unpeeling transition� has no direct bearing
on the nature of the kinetics of either transition. Instead, the
slow kinetics of unpeeling derives from the constraint that
detaching or reannealing strands generally occurs basepair
by basepair over long stretches of the molecule.

We evolve our model according to a dynamic protocol
designed to mimic optical trap or AFM pulling experiments.
We increment at constant rate the position of one end of the
molecule, allowing the position of the molecule end tethered
to an imaginary optical trap or cantilever to fluctuate. We
calculate the resulting tension subject to the constraint of
mechanical equilibrium. Basepair fluctuations are assumed to
occur on a timescale derived from fluorescence correlation
spectroscopy.37–39 We discuss this choice in Appendix B.

III. RESULTS

We consider simulations of “chimeric” DNA fragments
whose left halves consist of basepairs having chemical com-
position AT or TA with respective probabilities �1−d� /2, and
CG or GC with respective probabilities d /2. We call d the

“sequence disorder” parameter. The right halves have a cor-
responding structure with the replacement d→1−d. Thus
d=0 indicates a perfectly segregated sequence, while
d=1 /2 corresponds to a completely random sequence. We
place one nick at the left extremity of the AT-rich half. The
nick permits unpeeling, which at the pulling rates and tem-
peratures we consider occurs in preference to the internal
molten bubble configuration �M�. We perform calculations
on sequences of lengths from 10 kbp to 200 bp.

In Figs. 1�b� and 1�c�, we show that in simulations mod-
eling stretching near room temperature, these constructs dis-
play two distinct force-extension plateaux, corresponding to
unpeeling of the AT-rich half ��b� and �c�, lower plateaux�
and one of two fates for the CG-rich half. When we permit
the model to access the S-state, the CG half can elongate by
way of the B-to-S transition ��b� upper plateau�. When
S-DNA is not included in the model, the CG half unpeels,
albeit at a higher force than does the AT-rich half ��c� upper
plateau�. Plateaux resulting from unpeeling, which occurs
out of equilibrium, display strong pulling rate
dependence,8,24,32 while plateaux signaling equilibrium
B-to-S conversion do not. Consequently, the difference in
“height” �force� between double plateaux �fplat varies with
pulling rate in a manner that depends qualitatively upon
whether the molecule may access the hybridized S-state.
When S-DNA is accessible, �fplat varies strongly with pull-
ing rate. When S-DNA is inaccessible, we find that the dif-
ference in height between unpeeling plateaux is almost in-
sensitive to pulling rate because the mechanism of strand
separation is similarly hysteretic for both halves. We note
that at higher forces, within the B-to-S model, one can ob-
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FIG. 1. �Color online� Overstretching natural and designed sequences. �a� Simulated �-DNA �40 kbp, 150 mM NaCl, 21 °C, pull rates 150 and 700 nm/s�
displays a B-to-S transition at 65 pN followed at higher forces by a rate-dependent unpeeling. ��b� and �c�� By contrast, simulations of strongly heterogeneous
�chimeric� sequences �10 kbp, 150 mM NaCl, 16 °C, d=0, pull rates 400 and 1500 nm/s� exhibit both transitions in a spatially segregated fashion.
Corresponding force-extension data display double plateaux, whose forces vary strongly with pulling rate if plateaux correspond to unpeeling, and are
insensitive to pulling rate if plateaux signal B-to-S conversion. When S-DNA is included in the model, the AT-rich half can unpeel ��b� lower plateau� and the
CG-rich half can convert to S- DNA ��b�, upper plateau�; when S-DNA is disallowed both halves unpeel �c�. Inset: force as a function of temperature at which
the basepair doublets CG:CG and AT:AT unpeel in preference to remaining as B-DNA. These unpeeling transitions compete with B-to-S conversion at 65 pN.
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serve a three-stage transition within chimeric sequences �Ap-
pendix A�. We note also that at temperatures high enough
that S-DNA is unstable at about 65 pN to unpeeling of CG
basepairs, the B-to-S model describes a variation of �fplat

with pulling rate similar to that of the force-melting model
�data not shown�.

In Fig. 2, we quantify these observations by plotting
�fplat versus pulling rate with S-DNA included in the model
�a� or not �b�. The behavior of �fplat is qualitatively and
strikingly different within the two scenarios and constitutes
the key result of this paper. The corresponding pulling ex-
periments would reveal, first, if force-extension data for chi-
meric sequences exhibit double plateaux, and second, if so,
how these plateaux vary with pulling rate. We argue that
pronounced variation with pulling rate of �fplat would imply
overstretching via two distinct mechanisms, suggesting that
elongation is possible via both unhybridized and hybridized
states.

In Fig. 3, we show the time-dependent microscopic
configurations that underlie these force-extension data, com-
paring �-DNA �a� with chimeric DNA ��b� and �c��. The
spatially distinct transitions observed within strongly hetero-
geneous sequences are of different character depending on
whether S-DNA is assumed to exist �b� or not �c�. The mi-
croscopic signature of unpeeling is a long-wavelength drift
of the domain wall separating hybridized and unhybridized
conformations.

Our results indicate that clean segregation between over-

stretching transitions �signaled by distinct double plateaux in
force-extension data� occurs for molecules as short as 200 bp
�data not shown�, and for sequence disorder parameters d as
large as d�0.15. For the B-to-S model, these segregated
transitions are different in nature �unpeeling versus B-to-S
conversion� for temperatures T�25 °C at 150 mM NaCl
�and for higher temperatures at higher salt concentrations�.
These results suggest that DNA-elongating proteins, such as
RecA, could induce within DNA stretching transitions whose
character differs with sequence composition, conferring upon
the elongated RecA-DNA complex3,4 a sequence-dependent
elasticity. Our results also suggest that precise melting of
localized regions of DNA can be effected by stretching mol-
ecules whose sequences are appropriately designed. Such
precision dehybridization would facilitate basepair doping
with ligands, allowing one to modify the conductance prop-
erties of the molecule in a spatially heterogeneous fashion.
Control of conductance would enhance DNA’s usefulness as
a nanowire in molecular electronics devices.

We expect that in experiment, the effects of secondary
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FIG. 2. �Color online� Simulated force-extension data for strongly hetero-
geneous sequences bear a kinetic “fingerprint” of the nature of the spatially
segregated overstretching mechanisms. The pulling rate dependence of �fplat

for 10 kbp chimeric sequences at 16 °C and 150 mM NaCl �d=0 �each data
point is the mean of five simulations� and d=0.02 �each data point is the
mean of two simulations� is qualitatively altered by the presence of an
elongated, hybridized state. Plateaux height difference if S-DNA is disal-
lowed �a� is a weak function of pulling rate, but is a strong function of
pulling rate if S-DNA is included in the model �b�. Absolute plateaux
heights border the shaded areas �main figure, right axis�. Inset: �fplat at 1000
nm/s as a function of sequence disorder d within the B-to-S model. The
double plateaux structure �corresponding to nonzero �fplat� is visible for d
�0.15. FIG. 3. �Color online� Microscopic configurations as a function of time

from simulations of 300 bp fragments of �-DNA �a� and chimeric DNA ��b�
and �c�� at 21 °C and 150 mM NaCl, for pulling rate 1000 nm/s. White
indicates B-DNA, red �dark grey� indicates unhybridized DNA, and blue
�light grey� indicates S-DNA. The spatially distinct transitions observed
within chimeric sequences are of different character depending on whether
S-DNA is assumed to exist �b� or not �c�. The spatial scale indicates mo-
lecular length, with the extension modeling the departure of the “trapped”
bead from the trap center reduced by a factor of 10 for clarity. The bottom
�top� halves of chimeric sequences are AT �CG� rich. The maximum force
attained is 90 pN.
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structure will play only a minor role in the scenarios we have
discussed. While it is likely that hairpins, for instance, will
form in separated strands that are very AT- or CG-rich, and
while indeed hairpins give rise to additional plateaux at
�9 pN �AT� and �20 pN �CG� upon repeated extension,24

we argue that hairpin formation will not influence strongly
the heights of the plateaux measured upon first extension of
the DNA. Plateaux heights will be influenced if the dynamics
of the unpeeled “front” is restricted by the formation of a
hairpin in the non-tension-bearing strand. This would be a
concern were the front to move diffusively, in which case its
reverse movement might be blocked by a hairpin formed in
its wake. However, at the pulling rates we consider, the mo-
tion of the front is superdiffusive, and its dynamics is not
strongly affected by potential blockages in its wake.

We end with the observation that varying temperature
provides a much less clear assessment of the nature of dis-
tinct overstretching transitions than does varying pulling
rate. In our simulations, force-extension data for strongly
heterogeneous sequences display double plateaux, but the
variation of the heights of these plateaux with temperature
does not indicate clearly the nature of the responsible over-
stretching mechanism. We demonstrate this point in Fig. 4.
Accounting for the sequence dependence of specific heats of
melting, the temperature dependence of the plateaux height
difference is not changed qualitatively by allowing or sup-
pressing the S-state. To make predictions on the basis of the
slight difference that does exist would require precise knowl-
edge of the sequence dependence of the specific heat of
melting.15 Indeed, the variation with T of the height of the
unpeeling plateaux �accessible even within the B-to-S model
at sufficiently high temperature� should allow one to use
stretching experiments to measure the specific heat of melt-
ing per basepair. We conclude that the most striking test for
S-DNA is kinetic in nature.

The predictions we have made here are designed to chal-
lenge our interpretation of overstretching, notably the inter-
esting dynamical competition between hybridized and unhy-
bridized states that we believe to be responsible for the
striking kinetic anomalies reported in Refs. 25 and 31. We
have shown that within a statistical mechanical model of
DNA, overstretching one can induce spatial segregation of
competing transitions through appropriate sequence design.
The force-extension signatures of these distinct transitions
vary with pulling rate in a manner that depends qualitatively
on the accessibility of an elongated hybridized state. We pro-
pose that performing the corresponding experiments will
provide a means of assessing whether indeed such a state
exists. Our results also suggest that dehybridization of spe-
cific locations within a DNA molecule can be effected by
subjecting appropriately designed sequences to external
force. Such precision melting would permit, for instance,
doping of DNA at specific locations, allowing fine control of
its conductance properties.
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APPENDIX A: MULTISTAGE ELONGATION
OF CHIMERIC SEQUENCES

Simulations performed on chimeric sequences in Fig. 1
of the main text �panels �b� and �c�� used a maximum pulling
force of 120 pN and reveal two distinct plateaux. At higher
forces, we observe within the B-to-S model a third plateau
corresponding to a pulling rate-dependent unpeeling of the
CG-rich half. A similar unpeeling is seen when stretching
�-DNA to high forces �see Fig. 1�a� and Refs. 8, 24, and 25�.
We illustrate the multistage elongation of chimeric sequences
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FIG. 4. Temperature dependence of plateaux height difference �fplat from
simulations of 10 kbp chimeric sequences at 150 mM NaCl, for d=0 �each
data point represents mean of two simulations� is not a discriminating test of
the two pictures of overstretching. �a� When S-DNA is assumed not to exist
the temperature variation of �fplat is governed by the temperature depen-
dence of the specific heat of melting of AT and CG basepairs. This variation
is weak when specific heats are taken to be zero at �i.e., Taylor expanded
about� the melting temperature of �-DNA �dashed line�, and strong when
specific heats are taken to be zero at respective AT and CG melting tem-
peratures, a more plausible model �solid line�. �b� When S-DNA is included
in the model the AT-rich half unpeels at all temperatures considered, while
the CG-rich half unpeels at high temperature and elongates by way of the
B-to-S transition at low temperature. Despite this change in mechanism
upon allowing S-DNA, the resulting plateaux height difference varies with
temperature in a manner that is qualitatively similar to the solid line in the
top panel.
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in Fig. 5�a�. The lowest plateau represents unpeeling of the
AT-rich half, the middle plateau signals elongation of the
CG-rich half by way of the B-to-S transition, and the highest
plateau indicates the subsequent unpeeling of the CG-rich
half. At pulling rates considered, transitions signaling un-
peeling are pulling rate dependent, while B-to-S conversion
is not. In Fig. 1�b�, we show for comparison calculations
performed with S-DNA not included in the model. In this
case, the two plateaux signal unpeeling of AT- and CG-rich
halves. There is no further transition at higher force.

In Fig. 6, we show the microscopic dynamics that under-
lies the three-stage elongation shown in Fig. 5�a�.

APPENDIX B: CHOICE OF MODEL TIMESCALE

The pulling rate dependence of unpeeling within our
model is governed by the imposed pulling timescale,
controlled by the pulling speed v0, and the fundamental time-
scale �0

−1 on which basepairs change state. In Ref. 32 we
argue, by comparison with experimental data,24,25 that a
fluorescence-derived time in the microsecond range

��0
−1=28 �s �Ref. 38�� is a more appropriate choice for this

fundamental timescale than the 10–100 ns fluctuations iden-
tified by NMR experiments. Here we illustrate the effect of
changing �0 by determining analytically, as a function of
model parameters, the approximate force at which complete
unpeeling occurs when stretching once-nicked DNA. We will
compare this estimate with the �-DNA overstretching data of
Refs. 24 and 25. These data display a pulling rate indepen-
dent 65 pN plateau followed at higher force by a rate-
dependent transition interpreted as an unpeeling.

We consider within our model the drift of the unpeeled
front separating hybridized and unhybridized regions, for a
sequence of N basepairs bearing a nick at one end. For
simplicity, we will assume sequence homogeneity, and
model the force-extension profile of DNA using the
piecewise linear fit of Cocco et al.8 This fit assumes a
linear overstretching plateau between 62 and 68 pN of
gradient m1��68−62� / �0.58−0.34� pN / �nm N�, and a
gradient for forces above 68 pN of magnitude
m2�1600 /0.34 pN / �nm N�. We shall assume a constant
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FIG. 5. �Color online� Overstretching designed sequences to high forces. Simulated chimeric DNA �10 kbp, 150 mM NaCl, 16 °C, d=0, pull rates 400, 1000,
and 1500 nm/s� shows a three-stage transition if S-DNA is included in the model �a�. The lowest plateau signals unpeeling of the AT rich half, while
subsequent plateaux indicate elongation of the CG-rich half by way of the B-to-S transition, followed at higher force by unpeeling of the same half. If S-DNA
is not included in the model �b� then only two transitions are seen. These correspond to unpeeling of AT- and CG-rich halves, respectively.

FIG. 6. �Color online� Microscopic configurations as a function of time from simulations of 300 bp fragments of chimeric DNA at 21 °C and 150 mM NaCl,
for pulling rate 1000 nm/s. S-DNA is included in the model. White indicates B-DNA, red �dark grey� indicates unhybridized DNA, and blue �light grey�
indicates S-DNA. The three-stage elongation evident in the force-extension data of Fig. 5�a� is seen clearly as a unpeeling of the AT-rich �bottom� half of the
molecule, followed by a conversion of the CG-rich �upper� half first to S-DNA and then to unpeeled DNA. The spatial scale indicates molecular length, with
the extension modeling the departure of the trapped bead from the trap center reduced by a factor of 10 for clarity. The maximum force attained is 200 pN.
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rate of molecular extension L=v0t. The master equation de-
rived from our model for the position with time t of the
unpeeled front n�t� �0�n�N� may be manipulated to yield
the front’s drift velocity, ṅ�t�=�0�W+�f�−W−�f��. Here the
W��f�= �1+exp�����g−�w�f��	�−1 are Glauber rates. The
term �g is the �sequence-averaged� free energy difference
between hybrizided and unhybridized DNA at zero force,
and �w�f� models the free energy of extension of the unhy-
bridized phase relative to the hybridized phase. We shall as-
sume that unpeeling occurs only over S-form DNA, i.e., that
the B-to-S conversion just pre-empts unpeeling. For forces
large enough that unpeeling is favorable we have

dn�t�
dt

� �0
sinh � f̂�L

1 + cosh � f̂�L
, �B1�

where �L�0.02 nm is the difference in length per basepair
between S- and U-DNA, which we assume to be independent
of force �a reasonable approximation near and just above the

overstretching force�. The variable f̂ � f − feq is the force in
excess of the S-U equilibrium force feq, which within our
model is approximately 62 pN at 150 mM NaCl and 21 °C.

We assume that n� f̂ =0�=0. We change variables in Eq. �B1�
from t to L= t /v0, and integrate along the piecewise-linear
force-extension profile to obtain an expression for n in terms

of f̂ ,

n� f̂� =
�0

v0��L



0

f̂ � dL

df̂�
�df̂�

�

� f̂�
ln1 + cosh ��Lf̂� . �B2�

This expression may be manipulated to yield

C� f̂� =�k2
−1n − K�C� f̂1� − C�0�� + C� f̂1� , f̂ 	 f̂1

k1
−1n + C�0� , 0 � f̂ 
 f̂1.

�
�B3�

We have defined C�f�� ln1+cosh ��Lf , f̂1��68−62� pN
=6 pN, ki�v0���0 / ���Lv0mi�, for i=1,2, and K�v0�
�k1 /k2. Recall that ��1 / �4.1 pN nm�. Setting n=N in Eq.

�B3� gives the excess force f̂u= fu− feq at which complete
unpeeling occurs. For low pulling rates this excess force

scales as ��Lf̂u�2���Lv0m1N�0
−1�1/2, while for very large

pulling rates we have ��Lf̂u���Lv0m2N�0
−1. We plot the

unpeeling force fu= f̂u+ feq against pulling rate in Fig. 7 for
different choices of the fundamental timescale �0

−1. We in-
clude in this plot data extracted from Fig. 2 of Ref. 24. We
expect that our estimate of fu�v0� should be accurate to
within an order of magnitude. We obtain favorable compari-
son with experiment for �0

−1 in the microsecond range. The
equation of the line in Fig. 7 calculated with �0

−1=5 �s is

f = 62 + �205 cosh−1�1.915 e0.1148v − 1� �f 	 68 pN�
205 cosh−1�2 e0.000 0563v − 1� �f 
 68 pN� .

�
�B4�
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