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Force-Driven Separation of Short Double-Stranded DNA
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ABSTRACT Short double-stranded DNA is used in a variety of nanotechnological applications, and for many of them, it is impor-
tant to know for which forces and which force loading rates the DNA duplex remains stable. In this work, we develop a theoretical
model that describes the force-dependent dissociation rate for DNA duplexes tens of basepairs long under tension along their axes
(‘‘shear geometry’’). Explicitly, we set up a three-state equilibrium model and apply the canonical transition state theory to calculate
the kinetic rates for strand unpairing and the rupture-force distribution as a function of the separation velocity of the end-to-end
distance. Theory is in excellent agreement with actual single-molecule force spectroscopy results and even allows for the predic-
tion of the rupture-force distribution for a given DNA duplex sequence and separation velocity. We further show that for describing
double-stranded DNA separation kinetics, our model is a significant refinement of the conventionally used Bell-Evans model.
INTRODUCTION

Double-stranded DNA (dsDNA) is an extensively studied

polymer offering a number of striking properties. Among these

properties are interstrand recognition according to the Watson-

Crick basepairing rules, stability under a broad range of condi-

tions, and ease of synthesis that allows for fast and cost-efficient

production of any desired sequence with almost any kind of

chemical modification. Within the past several years, various

areas of application of DNA have been identified, and nano-

technology, specifically, is increasingly harnessing the poten-

tial of this versatile polymer (1). Whereas in earlier published

work DNA merely served as simple molecular handles for

single-molecule experiments (2,3), today DNA serves as

molecular building blocks for complex self-assembled nano-

structures (4–7), as well as DNA computing (8). In our labora-

tory, DNA was even used as a programmable force sensor for

detection of single-nucleotide polymorphisms (9), multiplexed

antibody sandwich assays (10,11), investigation of chiral pref-

erence of small DNA-binding molecules (12), quantitative

detection of DNA-binding molecules (13), and aptamer sensors

(14). Recently, our laboratory applied this DNA force sensor

concept to ‘‘single-molecule cut and paste’’ experiments (15)

for the bottom-up assembly of nanoparticles (16) and for

single-molecule fluorescence applications (17). For many of

the abovementioned applications, it is insightful, if not critical,

to know what forces a given DNA duplex may withstand. In

particular, such knowledge would make it possible not only

to predict, tune, and analyze DNA force sensor experiments,

but also to design more stable DNA scaffolds.

The elastic response and force-dependent dissociation rate

of DNA duplexes has been extensively studied in microma-
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nipulation experiments employing atomic force microscopy

(AFM) (18,19), magnetic beads (20), glass microneedles

(21), and optical tweezers (22,23). Here, we discuss the

stretching of dsDNA along its axis (‘‘shear geometry’’)

only in contrast to the gradual unzipping of DNA perpendic-

ular to its axis (‘‘unzip geometry’’). Stretching a DNA

duplex with thousands of basepairs along its axis results in

an elastic response with a distinct force plateau at 60–65

pN (18,21,22). During this elongation at almost constant

force, the DNA molecule stretches up to a factor of 1.7 of

its contour length. This behavior is highly reproducible,

independent of the stretching velocity, and commonly attrib-

uted to a highly cooperative conversion from regular B-DNA

into an overstretched conformation called S-DNA (24–27).

On the contrary, Rouzina and Bloomfield (28), as well as

Piana (29), argue that S-DNA is not a distinct conformation

of the polymer, but simply the melting of the dsDNA into

two single strands. However, not only does the B-S transition

appear to be too cooperative for a common melting process,

but it has been shown also that dsDNA remains stable at

forces significantly higher than 65 pN (30), with an elastic

response distinct from one single-stranded DNA (ssDNA)

polymer or two parallel ssDNA polymers (24). Further

support for S-DNA being a distinct conformation is provided

by the experimental observation of a second transition in the

range 150–200 pN, which is thought to be the final melting

transition (18,24) instead of the B-S transition. Based on the

assumption that S-DNA is in fact a distinct conformation,

several recent theoretical studies have modeled the elonga-

tion of DNA duplexes applying three-state (B-DNA, S-DNA,

and ssDNA) equilibrium approaches (24,25). These studies

concluded that S-DNA is the thermodynamically preferred

and stable state for forces between 65 and 130 pN.

Individual basepairing interactions are relatively weak

(free energy ~1–3 kBT), and thermal fluctuations cause

opening (‘‘breathing’’) of the DNA duplex from its ends,
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as well as the formation of bubbles, which are regions of

ssDNA (opened basepairs) between regions of dsDNA.

The shorter the DNA duplex, the more likely it is that all

basepairs open up for an instant and the two strands separate

even at forces well below 130 pN. For DNA duplexes tens of

basepairs long, Strunz and colleagues (31) and Morfill and

colleagues (32) observed strand separation at forces as low

as 40–70 pN. Repeated measurements resulted in rupture-

force distributions that were shifted to higher forces for

higher separation velocities. From a theoretical point of

view, this can be described as a thermally driven escape

process from a free-energy potential and has typically been

discussed within the framework of the Bell-Evans model.

Herein, the trapping potential is assumed to be a one-dimen-

sional harmonic free-energy potential, and strand separation

is treated as the crossing of an energy barrier according to

a time dependence similar to that described by the Arrhenius

law (31–35). Application of a force tilts the energy land-

scape, reduces the energy barrier proportional to the applied

force, and therefore increases the dissociation rate of the

DNA duplex. According to the experimental data, the model

predicts higher rupture forces for higher separation velocities

(33). Although the experiments are explained quite well by

the Bell-Evans model, that model does not allow for the

prediction of rupture forces for a given DNA duplex

sequence and separation velocity. Apart from the Bell-Evans

theory, molecular dynamics simulations, employing force

fields and initial molecular structures, provided insight into

the DNA separation process. Unfortunately, these simula-

tions cost a significant amount of computation time, such

that the timescales accessible for in silico experiments are

much shorter than what is experimentally observable (26,

27). Therefore, it is apparent that a theory is needed to fill

the gap between the Bell-Evans model, which is too

simplistic, and the detailed molecular dynamics simulations,

with which mechanics can currently be simulated on very

short timescales only.

In this work, we develop a model that describes and

predicts the DNA duplex rupture forces for any given

sequence and experimentally accessible pulling velocities.

To be specific, we derive the dissociation rate as a function

of the applied force based on a combination of recent work

on DNA equilibrium theory and the canonical transition state

theory. On this basis, we calculate the force-extension traces

and the rupture-force distribution for a 20- and a 30-basepair-

long DNA duplex and compare the obtained results to actual

single-molecule experimental data (Fig 1 a and b). Further,

we are able to show that for the description of double

stranded DNA separation kinetics, our model is a significant

refinement of the conventionally used Bell-Evans model.

RESULTS AND DISCUSSION

The result of this work is a theoretical model that predicts the

rupture force of dsDNA tens of basepairs long as it is applied
in a DNA force sensor, in DNA nanostructure, and in DNA

computing applications. For this purpose, we first set up

a three-state equilibrium model similar to a model used

previously to describe the force-extension traces of long

dsDNA (24). Second, we apply the canonical transition state

theory to this equilibrium model, which in turn permits cal-

culation of the rate of duplex dissociation at a given force f.
Theoretical results are compared to actual AFM experiments

on the 20-basepair (1 � 2) and the 30-basepair (1 � 3)

duplex. Details about DNA oligomers 1–3, as well as about

the experimental procedures, are provided in the Supporting

Material.

Equilibrium theory

Analogous to the Bragg-Zimm theory (36) and a variety of

work published recently on the force-induced opening of

dsDNA in unzip geometry (37–39,40) and shear geometry

(28), as well as the opening of coiled coils (41,42), we calcu-

late the equilibrium free energy of DNA duplexes: The DNA

duplex is described as a one-dimensional polymer for which

every basepair i is considered to be present in one of three

discrete states, namely, regular B-DNA (si ¼ 0), over-

stretched S-DNA (si ¼ 1), and single-stranded DNA (si ¼ 2)

conformations. Thus, any configuration s of an N-basepair

DNA duplex is represented by an N-tupel,

s ¼ ðs1; s2;.; sNÞ; (1)

FIGURE 1 (a) Schematic of a single-molecule DNA stretching experi-

ment. The 50 ends of a short, double-stranded DNA duplex are attached to

a surface and an atomic force microscope cantilever via elastic poly(ethylene

glycol) (PEG) polymers. Separation of the substrate and the cantilever at

constant velocity leads to an increasing end-to-end distance and thus to an

increasing force. (b) Superposition of 20 experimentally obtained force-

extension traces obtained from the same 30-basepair 1 � 2 DNA duplex

with a separation velocity of 1 mm/s. The duplex dissociates at ~60–65 pN.

(c) Schematic of the three-state model. Every basepair of the DNA duplex

appears in one of three states: B-DNA, S-DNA, or single-stranded DNA.

Every state s of an N-basepair-long DNA may thus be represented by

a list of length N with entries 0 (B-DNA), 1 (S-DNA), and 2 (ssDNA) for

every basepair.
Biophysical Journal 97(12) 3158–3167
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where the ith entry represents the state of the ith basepair,

counting from the 50 to the 30 end.
Two contributions to the free energy/basepair are taken

into account: w, the elastic free energy/basepair at a given

force f, and j, the basepairing free energy we derive from

a nearest-neighbor model and assume to be independent of

the applied force. The free energy of the ith basepair can

be determined by

gsi ;siþ 1
ðf Þ ¼ wsi ;siþ 1

ðf Þ þ jsi ;siþ 1
: (2)

These two energy contributions yield the total free energy,

Gtotal (s, f), for any possible configuration s at any force f,

Gtotalðs; f Þ ¼
XN�1

i¼ 1

gsi ;siþ 1
ðf Þ þ wsN

ðf Þ; (3)

where the term wsN
ðf Þ corresponds to the Nth basepair,

which does not have a next neighbor it can interact with

such that jsN ;sNþ1
¼ 0.

Elastic energy

The free energies due to the elastic deformation of the three

different DNA conformations are obtained by simply inte-

grating their extensions with respect to the force:

wðf Þ ¼ �
Z f

0

xðf 0Þdf 0: (4)

Phenomenological polymer extension models reproduce the

force-extension traces well (see Fig. 2 a). In the Supporting

Material, we derive the elastic free energy/basepair from

such polymer extension models for B-DNA (wB), S-DNA

(wS), and ssDNA (wss) explicitly. Assuming an average base-

pairing energy of 2.4 kBT, as is the case for the 1� 2 and 1� 3

DNA duplexes (Fig. 2 b), which DNA configuration is most

favorable for forces between 0 and 200 pN? B-DNA remains

thermodynamically stable for forces <60 pN. S-DNA is

stable between 60 and ~130 pN and ssDNA is the energeti-

cally most favorable state at forces >130 pN. Since we

employ a nearest-neighbor model to calculate the partition

sum of the system, it is convenient to represent the free energy

due to the elastic behavior of DNA in a 3 � 3 matrix form,

wsi ;siþ 1
ðf Þ ¼

2
4 wBðf Þ wBðf Þ wBðf Þ

wSðf Þ wSðf Þ wSðf Þ
wssðf Þ wssðf Þ wssðf Þ

3
5; (5)

where the rows correspond to the state of basepair i and the

columns to the state of basepair iþ 1. Thus, in our model, the

elastic free energy of basepair i is independent of the state of

basepair i þ 1.

Interaction free energy

It has been observed in experiments that the stability of

a given basepair depends not only on whether the basepair
Biophysical Journal 97(12) 3158–3167
itself is A$T or G$C, but also on the identity and orientation

of adjacent basepairs, presumably due to the differences in

free energy for the different possible stacking interactions

(43). In our model, we employ the nearest-neighbor model

of SantaLucia, which takes these experimental observations

into account (44). The stacking free energy between each

basepair i and i þ 1 is given by the constant Ji in case

both are either B-DNA or S-DNA. Although the stacking

free energies for B-DNA and S-DNA are independent

parameters, for simplicity, we assume them to be identical.

In addition, the boundaries between regions of different

states are associated with energy penalties. CB�S is the

energy cost associated with a boundary between B-DNA

and S-DNA regions. Cluzel and colleagues estimated the

B-S boundary energy from the cooperativity of the B-S tran-

sition to be close to 3.4 kBT (21). Unlike the non-nearest-

neighbor models for which the latter value was derived, for

FIGURE 2 (a) Force-extension traces obtained from phenomenological

models for the three different states of double-stranded DNA. (b) Corre-

sponding free-energy difference/basepair between B-DNA and ssDNA as

well as between S-DNA and ssDNA. A free-energy penalty of 2.4 kBT,

the average basepair free energy of the 1 � 2 and 1 � 3 DNA duplexes,

is introduced to the free energy of ssDNA due to the loss of basepairing inter-

actions. Highlighted in black is the state that is thermodynamically most

favorable. The most favorable state is B-DNA for forces <60 pN, S-DNA

for forces between 60 pN and 130 pN, and ssDNA for forces >130 pN.
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our nearest-neighbor model, the total energy penalty is given

by CB�S along with the loss of one additional base-stacking

interaction. The average energy lost in base-stacking interac-

tion is 2.4 kBT for the 1 � 2 as well as the 1 � 3 duplex,

which is why we set CB�S to 2.2 kBT (half a base-stacking

interaction free energy subtracted from each boundary).

Furthermore, the boundaries between double-stranded and

between single-stranded regions of DNA are associated with

the free-energy cost, Cds�ss. According to SantaLucia (44)

this value is close to 1 kBT. For any given state s, there are

always two boundaries at each side of the dsDNA region

and, therefore, the parameter Cds�ss has an impact only on

the likelihood of bubbles. Within polymer theory, the latter

are commonly referred to as loops. Since bubbles come

along with additional degrees of freedom, polymer theory

predicts an entropic energy contribution proportional to the

logarithm of the bubble size, which favors the creation of

bubbles:
where the rows correspond to the state of basepair i and the

columns to the state of basepair i þ 1. Thus, if basepair i
and basepair iþ 1 are B-DNA then an energy gain of Ji is intro-

duced to the base-stacking interaction. The same is true for two

adjacent S-DNA basepairs. Boundaries between basepairs are

associated with an energy penalty CB�S or Cds�ss, where CB�S

is 3.4 kBT and Cds�ss is �0.25 kBT, as discussed above.

Partition sum

From the total free energy, Gtotal (Eqs. 2 and 3), of each

possible state s, we calculate the partition sum, which in

turn allows for determination of the force-extension trace

and the likelihood of the states s.

jsi;siþ 1
¼

2
4 �Ji CB�S Cds�ss

CB-S �Ji Cds�ss

Cds�ss Cds�ss 0

3
5; (7)
Zðf Þ ¼
P

s

Pðs; f Þ ¼
P

s

expð � Gtotalðs; f ÞÞ ¼
P

s

QN
i¼ 1exp

�
� gsi;siþ 1

ðf Þ
�

¼
P

all matrix
elements

QN
i¼ 1

2
4 expð � wBðf Þ þ JiÞ expð � wBðf Þ � CB�SÞ expð � wBðf Þ � Cds�ssÞ

expð � wSðf Þ � CB�SÞ expð � wSðf Þ þ JiÞ expð � wSðf Þ � Cds�ssÞ
expð � wssðf Þ � Cds�ssÞ expð � wssðf Þ � Cds�ssÞ expð�wssðf ÞÞ

3
5 : (8)
DGloop

�
nloop

�
¼ kBTlnn�c

loop; (6)

where nloop is the number of opened basepairs within the

bubble and c is the loop exponent. The value of the loop

exponent is c ¼ 3/2 for an ideal loop and c ¼ 2.1 for

a self-avoiding loop (45). The exact value of c for dsDNA

is still under debate. Recent theoretical calculations by Einert

and colleagues imply that data for long dsDNA is best fit by

setting c ¼ 0, which may be explained by the fact that DNA

contains a significant numbers of nicks. Such a long-range

interaction cannot be implemented into our nearest-neighbor

model. Therefore, we simply chose the parameter such that

theory agreed best with actual experiments and estimated

a value of�0.25 kBT for Cds�ss, corresponding to an average

bubble size of 4 basepairs. Note that the theoretical predic-

tions (46–48) regarding longer-range entropic contribution

to partially melted DNA are in agreement with experimental

data obtained by Altan and colleagues (49). Based on Förster

energy transfer measurements on tracts of A$T basepairs,

they argue that initiating a bubble requires a free energy

much larger than kBT, whereas extending this bubble

requires only free energies in the range 0.05–1.0 kBT/

basepair.

In matrix form, the interaction free-energy contributions

based on the SantaLucia nearest-neighbor model and the

boundary free-energy penalties are
Thus, the partition sum may be considered as the sum over all

matrix elements of the product of N 3 � 3 matrices (50).

Thereby, the ith matrix of the N matrices represents the ith base-

pair containing nine entries. Each entry represents the Boltz-

mann factor of one of the nine possible combinations of states

that basepair i and basepair i þ 1 may adopt. We make two

corrections to Eq. 8, which we explain in more detail in the Sup-

porting Material. First, we introduce two additional basepairs at

i¼ 0 and i¼ Nþ 1, which are single-stranded. This takes care

of the boundary conditions at the end of the DNA duplex.

Second, we do not count the states for which two or fewer base-

pairs remain. These states, as we discuss in more detail in the

next section, correspond to already separated strands.

Stretching curves

From the partition sum of our model, we derive the force-

extension trace for a given sequence and compare it to exper-

imentally obtained data. The equilibrium force-extension

trace follows directly from the derivative of the partition

sum with respect to the force (51):

xDNA duplexðf Þ ¼ kBT
v ln Zðf Þ

vf
: (9)

The AFM experiments were prepared according to the Mate-

rials and Methods section (see Supporting Material) and are
Biophysical Journal 97(12) 3158–3167
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schematically shown in Fig. 1 a. The two complementary

single strands 1 and 2 were coupled to the cantilever tip

and a substrate via long poly(ethylene glycol) linkers

(5 kDa). In a typical experiment, the tip is brought into

contact with the glass slide, and the two complementary

strands hybridize and form the 1� 2 duplex. Upon retraction

at constant velocity, the PEG spacer and dsDNA elongates,

building up an increasing force until the duplex dissociates.

Fig. 3 shows an average of 20 force-extension curves. Exper-

imentally, one measures the elasticity of a chain of four

elements: the dsDNA duplex, the PEG linker, the ssDNA

linker, and the cantilever. The force-extension trace is a

superposition of the extension profile of all four of them:

xðf Þ ¼ xDNA duplexðf Þ þ xDNA linkerðf Þ þ xPEG linkerðf Þ
þ xcantileverðf Þ; (10)

where xDNA duplex is specified by Eq. 9 and xcantilever is the

deflection of the cantilever, which is proportional to the

cantilever stiffness, kcantilever ¼ 8 pN/nm . The polymer

models from which xDNA linker and xPEG linker are derived

are described in the Supporting Material. We used the

number of monomers within the PEG polymer, NPEG, as

a fitting parameter, since PEG polymers are typically synthe-

sized with a rather broad size distribution (32). Fitting of the

whole system resulted in a monomer number of 255, which

agrees well with the expected monomer number of 227 for

a total PEG linker with a molecular mass of 10 kDa.

Fig. 3 shows that the theory fits the experimental data very

well for forces >30 pN. However, for lower forces, the theo-

FIGURE 3 Force-extension data of short, double-stranded DNA attached

to a surface and an atomic force microscope cantilever via a 5-kDa poly(eth-

ylene glycol) linker for each strand. Data for 20 pulling experiments at

a separation velocity of 1 mm/s was binned into 1-pN intervals and averaged

(circles). The solid line is the corresponding fit of the model presented here.

The dashed line represents the fit in the case where the DNA duplex remains

in its canonical B-form. At <30 pN, the fit underestimates forces, an obser-

vation that we attribute to nonspecific interactions and entanglements with

neighboring constructs on the surface. (Inset) For forces >30 pN, theory

and experimental data agree within the experimental error.
Biophysical Journal 97(12) 3158–3167
retical fit underestimates the experimentally obtained forces.

The 10- to 15-pN plateau between 10 and 20 nm extension at

the beginning of the stretching curve is typical for a DNA

desorption process from a surface (52). For higher exten-

sions, we attribute this discrepancy between theory and

experiment to nonspecific interactions and entanglement of

the strands with each other on the surface. This is entirely

possible, since the contour length of the surface-anchored

DNA strands is >50 nm and the spacing between two of

these strands is typically ~10 nm (12,15,16).

Canonical transition state theory

For an average basepairing free energy of 2.4 kBT, dsDNA is

thermodynamically stable for forces <130 pN (18,24,25).

Still, Strunz and colleagues (31) and Morfill and colleagues

(32) observed bond breakage at forces between 40 and 70 pN

for 20- and 30-basepair dsDNA. They attributed this effect to

thermal fluctuations like the opening or ‘‘breathing’’ of

dsDNA from its ends, and to the formation of bubbles, which

are regions of ssDNA between regions of dsDNA. Some of

these fluctuations are so large that the whole duplex opens

and the two strands separate.

Such a thermally activated escape process can be described

by canonical transition state theory (53,54). This theory is

purely classical and based on two assumptions: 1), the bond

is trapped in a free-energy potential and thermodynamic equi-

librium prevails; and 2), once the system has crossed a

dividing surface in state space, i.e., the transition state, it

will not return to the metastable state. The rate of escape

follows directly from the flux through this dividing surface.

In the next paragraphs, we first define the dividing surface,

i.e., the transition states, for the dsDNA equilibrium model

described in the previous section. We then calculate the equi-

librium flux through this dividing surface and thus obtain the

rate of escape. We explicitly calculate the rupture-force

distributions for the two DNA duplexes 1 � 2 and 1 � 3

and compare them to experimental data. At the end of this

section, we discuss why the canonical transition state theory

is an appropriate description of our system.

Transition states

In the case of an N-basepair-long DNA duplex, the free-

energy potential is N-dimensional and the corresponding

coordinate is the state s. A dividing surface between the reac-

tants (dsDNA) and the products (ssDNA) has to be chosen

such that once the system has crossed this surface, the chan-

ces of recrossing are negligible. In our system, this dividing

surface is spanned by the states stst, for which there is exactly

one base-stacking interaction left. One base-stacking interac-

tion corresponds to two adjacent B-DNA or S-DNA base-

pairs. Therefore, there are 2(N – 1) distinct states through

which the reaction may occur. For illustrative purposes we

can collapse the free-energy landscape onto one coordinate:

n, the number of remaining basepairs. Within this picture
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(Fig. S1 in the Supporting Material), we identify the transi-

tion state as ntst ¼ 2. If another basepair opens up, the two

DNA strands dissociate, i.e., the polymers will immediately

reduce their end-to-end distance and reannealing of the two

strands is literally impossible.

Equilibrium flux

The rate of escape is given by the equilibrium flux through

the transition states, stst, in the direction of the product

(two separate strands). The flux is essentially twice the base-

pair opening rate (either one of the two remaining basepairs

may open), which, for simplicity, we assume to be the same

for all stst. This allows us to use the collapsed free-energy

landscape with only one reaction coordinate, n, the number

of remaining basepairs. The equilibrium flux through the

transition states, stst, becomes the probability that the system

will be in the collapsed transition state, ntst, multiplied by

:nþ, twice the basepair opening rate. The result for the rate

of escape at a given force f is

kðf Þ ¼ hd½n� ntst�n: þ iequilibrium

¼ 1

Zðf Þ
X
StsT

n:þ expð � DGtotlaðstst; f ÞÞ: (11)

The calculations are shown explicitly in the Supporting

Material. To our knowledge, the basepair opening rate of

a single basepair-stacking interaction has never been deter-

mined experimentally. From the literature, we estimate the

basepair opening rate at the ends of dsDNA to be between

103 s�1 and 109 s�1: Bockelmann and colleagues performed

optical tweezers measurements from which we estimate an

opening rate of at least 103 s�1 (55). Fluorescence measure-

ments investigating the end fraying of the dsDNA could not

resolve any basepair opening rates on timescales <109 s�1

(56). In their report discussing the unzipping of DNA, Cocco

and colleagues assumed a value of 108 s�1 (24), and nuclear

magnetic resonance amino proton exchange studies yielded

rates in the order of 107 s�1 (57). For a basepair opening

rate of :nþ ¼ 5 � 108 s�1 our theory agrees very well with

the experimentally determined rupture forces (32). Note

that the rate depends on the applied force, but since the force

dependence is rather weak (40), we assume the rate to be

constant. In principle, all calculations could also be per-

formed with force- and sequence-dependent rates.

Rupture forces

Based on the canonical transition state theory, we derive the

rupture-force distributions obtained for two given sequences,

namely, the 1 � 2 as well as the 1 � 3 DNA duplex, and

different pulling velocities, v. In experiments, we control

the separation velocity between cantilever and substrate.

Thus, the end-to-end distance, x, of a system composed of

dsDNA, ssDNA linker, PEG linker, and AFM cantilever

continuously increases in time with constant velocity v.

From the end-to-end distance, x, we derive the force acting
along this chain of elastic elements. The force in turn allows

us to determine the escape rate, k, as a function of time. The

resulting differential equation describes the decay from a

metastable state, Nduplex, with a time-dependent rate (33):

dNduplex ¼ NduplexkðtÞdt; (12)

where k(t) ¼ k(f(v � t)), and f(x) follows from Eq. 10.

For both the 1 � 2 and the 1 � 3 DNA duplexes and

separation velocities between 10 nm/s and 10 mm/s, we

numerically solved this differential equation. The obtained

rupture-force distributions are shown in Fig. 4 a. A striking

finding was that the rupture-force distribution of the 1 � 2

DNA duplex broadens with increasing force loading rate,

whereas the rupture-force distribution of the 1 � 3 DNA

duplex is almost independent of this parameter. We attribute

this behavior to the crossing of the B-S transition at ~65 pN,

which is only observed for the 1 � 2 DNA duplex for the

experimentally applied force loading rates. For forces >65

pN, and thus above the B-S transition, the slope of the

force-extension profile increases significantly, resulting in

a wider distribution of the obtained rupture forces. To verify

that the broadening of the rupture-force distribution is indeed

due to the crossing of the B-S transition, we calculated the

1 � 3 DNA duplex rupture-force distributions for force

loading rates higher than those achievable by experiment.

In agreement with this interpretation, the rupture-force distri-

bution of the 1 � 3 DNA duplex broadens correspondingly

for rupture forces above the B-S transition (data not shown).

The experimentally obtained rupture-force distributions are

further broadened by the thermal and instrumentation noise

introduced to the cantilever. According to Morfill and

colleagues (32), the total experimental noise was Gaussian,

with a width of 4.7 pN. Therefore, to compare theory with

experiment, we convolved the theoretically obtained rupture-

force distribution with such a Gaussian distribution (Fig. 4 b).

From these distributions, we determined the most probable

rupture force via a Gaussian fit. Fig. 4 c shows this fit plotted

against the corresponding most probable force loading rate for

the theoretical predictions and the experimental data. The

theory reproduces the data quite well within the experimental

error.

Systematic errors on the experimental side are mainly due

to errors of the cantilever calibration, which introduces an

error of up to 5–10% (58). The presented AFM force data

were obtained with two different AFM cantilever tips, one

for all of the 1 � 2 DNA duplex data and one for all of

the 1 � 3 DNA duplex data. Therefore, the set of most prob-

able rupture forces may be shifted by up to 5–10%. Further,

a small error is introduced due to pulling angles that are not

perpendicular to the substrate, which is typically in the order

of 2% (59).

Systematic errors on the theoretical side include the

following: We chose the basepair opening rate for the

B-DNA and the S-DNA conformations to be identical,
Biophysical Journal 97(12) 3158–3167
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although they are completely independent parameters.

Further, the S-DNA polymer elasticity model is very crude

for several other reasons. First, according to the methods of

Cocco and colleagues (24), we approximated the force-exten-

FIGURE 4 (a) Calculated rupture-force distribution for the 1 � 2 and the

1� 3 duplex for 50, 500, and 5000 nm/s pulling velocity. (b) Comparison of

the experimental (gray bars) and calculated (lines) rupture-force distribution

for the 1� 2 and 1� 3 duplex at 895 nm/s and 1007 nm/s, respectively. The

calculated rupture-force distributions were convolved with a Gaussian canti-

lever detection noise of 4.7 pN. (c) Comparison of the experimental and

calculated most probable rupture forces for different most probable loading

rates. The gray data points refer to the experimental data and the black data

points to the theory data. Squares refer to the 30-basepair DNA 1� 2 duplex

and triangles to the 20-basepair 1 � 3 duplex.
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sion curve of S-DNA to be linear. Second, the basepair free

energy was assumed to be identical to the B-DNA interaction.

Furthermore, there are most likely two types of S-DNA,

depending on whether the force is applied at the 50 or the 30

ends of the dsDNA (26,60). Finally, the nearest-neighbor

model does not account for long-range interactions, as they

are experimentally observed in DNA bubbles, which has

a strong influence on the boundary energy, Css�ds, and thus

on how cooperative DNA strand separation occurs. From

our calculations, we observed that a more cooperative transi-

tion between single-stranded and double-stranded DNA, i.e.,

a larger value for Css�ds, leads to a reduced DNA duplex

length dependence on the rupture-force distribution. For

values of Css�ds in the range of a few kBT, the rupture-force

distributions of the 1 � 2 and the 1 � 3 DNA duplexes are

almost superimposed.

Thermodynamic equilibrium prevails

To appropriately describe the separation of dsDNA employ-

ing canonical transition state theory, thermodynamic equilib-

rium must prevail within the binding potential (54). Two

scenarios would contradict such an assumption: Either the

changes of state occur on timescales equal to or slower than

the rate of escape or, to reach the transition states, an interme-

diate free-energy barrier needs to be crossed. In the Support-

ing Material, we discuss these scenarios and conclude that,

for the experimentally observed force range between 0 and

100 pN, canonical transition state theory is applicable.

Comparison to the Bell-Evans model

Typically, the rupture of molecular bonds is described em-

ploying the Bell-Evans model (34). Like our model, the latter

is based on transition state theory assuming a thermally acti-

vated escape from a free-energy potential. In this section, we

discuss the differences between the Bell-Evans model and

our model, how they compare with each other, and why

our model is a significant refinement for the description of

force-induced separation of short dsDNA.

The main difference between the two models lies within

the approximation of the Bell-Evans trapping potential as

a harmonic free-energy landscape, which is simply tilted

by an external force. As a result of this approximation, the

free-energy difference between the equilibrium and the tran-

sition state decreases in proportion to the applied force:

DGðf Þ ¼ DG0 � f � xtst; (13)

where DG0 is the free-energy difference at zero force and xtst

is a force-independent distance between the equilibrium state

and the transition state. The force-dependent rate is given by

kðf Þ ¼ k0 � expð�DGðf ÞÞ; (14)

where k0 is the natural attempt frequency of the molecular

bond. In our work, we explicitly model the evolution of
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the DNA duplex free-energy landscape with increasing

force. To see what differences arise in comparison to the

Bell-Evans approach, we calculate an effective barrier height

of the transition state from the sum of the Boltzmann proba-

bilities for the states, stst.

DGðf Þ ¼ �ln

 X
stst

expð � DGtotalðstst; f ÞÞ
Z

!
: (15)

As shown in Fig. 5 a, the force-dependent evolution of the

effective barrier height according to Eq. 15 does exhibit

significant differences from the Bell-Evans approach

(Eq. 13). Below 10 pN the free-energy difference between

the equilibrium state and the transition state increases with

applied force. This is in agreement with Fig. 2 b, which

shows that for increasing applied force the absolute value

of the free-energy difference per basepair between B-DNA

(equilibrium state for low forces) and ssDNA (transition

state) increases for forces <10 pN before it decreases for

forces >10 pN. The microscopic origin of this effect is

that although the contour length of ssDNA is longer

compared to B-DNA, the contour length of ssDNA projected

onto the direction of applied force, i.e., the end-to-end

distance, is shorter for low forces due to its much shorter

persistence length. Thus, low forces stabilize DNA duplexes,

a result that was previously shown experimentally (61,62) and

discussed theoretically (28,63). Between 10 and 60 pN, the

free energy decreases roughly proportionally to the applied

force, f. Above 65 pN, i.e., above the B-S transition, the energy

decreases linearly again, yet with a smaller slope. Taking the

negative derivative of the calculated free-energy barrier height

with respect to the force yields an effective distance between

the equilibrium state and the transition state, xtst:

xtst ¼ �
vDGðf Þ

vf
:

xtst does exhibit a rather odd force dependency (Fig. 5 b),

which we explain according to geometrical considerations:

Strunz and colleagues estimated an upper limit for xtst

assuming that the equilibrium state is B-DNA with a contour

length of 0.34 nm/basepair and that the transition state is all

ssDNA (apart from two residual basepairs), with a contour

length of ~0.7 nm/basepair (31). In the case of the 30-

basepair 1 � 2 DNA duplex, this corresponds to a total

length difference between these two states of ~10 nm, which

is significantly larger than the corresponding values of xtst

obtained from our calculations, as well as those from actual

experiments (31,32). Two effects contribute to this devia-

tion. First, xtst is the projection of the distance between the

equilibrium state and the transition state onto the direction

of applied force. Therefore, a more accurate estimate of xtst

is the difference in end-to-end distance according to our

polymer models for B-DNA and ssDNA (Fig. 5 b). Second,

within the range 60–65 pN, the equilibrium state switches
from a predominantly B-DNA duplex to a predominantly

S-DNA duplex. The difference in end-to-end distance

between the equilibrium state and the transition states is

much smaller for an S-DNA duplex than for a B-DNA

FIGURE 5 (a) Calculated effective barrier height, according to the stan-

dard Bell-Evans model. At forces between 10 and 50 pN, the free energy

decreases proportionally to the applied force f. At forces >65 pN, when

B-DNA is converted into S-DNA, the energy again decreases linearly, yet

with a significantly smaller slope. (b) The negative derivative of the force

versus free energy profile yields xtst, the effective distance between the equi-

librium state and the transition state. The dashed line represents the differ-

ence in end-to-end distance for B-DNA and ssDNA for the 1 � 2 DNA

duplex as a function of force. (c) For forces <60 pN, xtst reflects the increase

in end-to-end distance from B-DNA to ssDNA. (d) For forces >65 pN, xtst

reflects the increase in end-to-end distance from S-DNA to ssDNA.
Biophysical Journal 97(12) 3158–3167
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duplex (Fig. 5 c). Consequently, xtst decreases to a fraction of

a nanometer during the B-S transition.

Due to the force dependence of xtst, we conclude that the

standard Bell-Evans model is only a good description of the

force-induced separation of DNA duplexes for forces between

10 and 50 pN and between 65 and ~100 pN. However, for both

scenarios, a different set of free-energy landscape parameters,

i.e., free-energy barrier at zero force and distance between

equilibrium and transition state, need to be chosen. Our

refined model, on the other hand, provides a reliable descrip-

tion for forces between 0 and ~100 pN. Our results are in

agreement with recent literature. Hyeon and Thirumalai (64)

argue that xtst changes considerably if the molecular bond is

soft or plastic, as is the case for dsDNA. Further, Dudko

and colleagues (65) report that the position of the equilibrium

state may depend on the applied force leading to a force

dependence of the distance between the equilibrium state

and the transition state and thus to a nonlinear dependence

of the barrier height on the applied force.

CONCLUSION

The result of this work is a theoretical model that employs

a combination of a three-state equilibrium model and the

canonical transition state theory to describe the force-

induced strand separation of dsDNA tens of basepairs

long. The three-state equilibrium model serves as a basis

for a free-energy trapping landscape. Double-strand separa-

tion occurs through transition states, which we identify as

the states with two adjacent basepairs remaining, i.e., one re-

maining stacking interaction. We calculated the rate of

escape as a function of force from the total flux through these

transition states, assuming a basepair opening rate of 5� 108

s�1. The rate of escape in turn allowed us to explicitly calcu-

late the rupture-force distribution for two DNA duplexes,

1� 2 and 1� 3. The theoretically obtained results and actual

single-molecule atomic force microscopy experiments are in

excellent agreement. We argue that in the case of the force-

induced DNA strand separation, our model is a significant

refinement of the Bell-Evans model and provides a reliable

description for forces between 0 and 100 pN. In the future,

we foresee this theory being applied to predict, tune, and

analyze the behavior of DNA force sensors.

SUPPORTING MATERIAL

Methods and Materials and one figure are available at http://www.biophysj.

org/biophysj/supplemental/S0006-3495(09)01524-0.
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