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ABSTRACT: Biomolecules diffusively explore their energy landscape overcoming
energy barriers via thermally activated processes to reach the biologically relevant
conformation. Mechanically induced unfolding and folding reactions offer an
excellent playground to feature these processes at the single-molecule level by
monitoring changes in the molecular extension. Here we investigate two-state DNA
hairpins designed to have the transition states at different locations. We use optical
tweezers to characterize the force-dependent behavior of the kinetic barrier from
nonequilibrium pulling experiments by using the continuous effective barrier
approach (CEBA). We introduce the mechanical fragility and the molecular
transition-state susceptibility, both useful quantities to characterize the response of
the transition state to an applied force. Our results demonstrate the validity of the Leffler−Hammond postulate where the
transition state approaches the folded state as force increases, implying monotonically decreasing fragility with force and a non-
negative transition state susceptibility at all forces.

There is a strikingly complex relationship between the
conformation of a biomolecule, such as nucleic acids or

proteins, and its biological function.1 For instance, RNA
riboswitches are regulatory molecules that can induce or repress
the transcription of a gene depending on their conformation;
and proteins with a structural function, such as keratin or
collagen, usually are found in a fibrous form, whereas transport
proteins such as hemoglobin are globular. In many cases the
presence of misfolded states can lead to fatal diseases.
Understanding the mechanisms of folding and unfolding and
the general kinetic behavior of biomolecules is hence of great
importance not only to unravel the link between molecular
function and conformation but also to comprehend the origin
of many diseases and possibly to design new therapies.
In the past few years there has been a big effort to

experimentally characterize the folding molecular free-energy
landscape (mFEL) of biomolecules. Dynamic force spectros-
copy (DFS) experiments are well-suited to study the folding/
unfolding transitions of one molecule at a time with high spatial
and temporal resolution as a function of the molecular
extension. By applying forces to the ends of a molecule one
can observe the mechanical unfolding and folding transition
and unravel the presence of intermediate and misfolded states.
Additionally, from the experimentally measured force-depend-
ent unfolding and folding kinetic rates it is possible to
characterize the position of the transition states and the height
of the corresponding kinetic barriers. However, such results can
often lead to misinterpretation: In DFS experiments only the
molecular extension is measured and other inaccessible reaction

coordinates might be needed to properly characterize the
molecular state.2,4,5

Ideally, the molecular kinetic rates exponentially depend on
the applied force according to the Bell−Evans model.6−9 In a
log-normal representation of the unfolding or folding kinetic
rates versus force such an ideal model would produce straight
lines (Figure 1a, solid red). Instead, a gentle curvature is
expected due to the characteristic nonlinear elastic response of
the released (collapsed) polymer triggered by the action of
force10,11 (Figure 1a, dashed green). In general, an extra
additional curvature is observed in the experimental data at
large (low) enough forces that cannot be accounted solely
based on such elastic contribution (Figure 1a, dotted blue).
What is the origin of such additional curvature? The most
common explanation found in the literature is the existence of
multiple parallel unfolding and folding pathways.12,13 However,
in a more simple scenario, a single transition state in a 1D
mFEL approaches the native state upon increasing the force, as
predicted by the Leffler−Hammond postulate.14,15 This also
would lead to extra-curvature effects. To prove this we have
studied the mechanical folding/unfolding of DNA hairpins with
different molecular fragilities (Experimental Methods). The
molecular fragility μ is defined as the degree of deformability of
a molecule required to spontaneously unfold due to thermal
fluctuations when stretched under an applied force f. It is
regulated by the force-dependent position of the transition state
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(TS) that mediates the mechanical unfolding reaction.16−19 For
a TS located far from (close to) the unfolded state the molecule
deforms to a high (low) degree by increasing its molecular
extension until reaching the TS, which defines a compliant
(brittle) behavior.
Therefore, to experimentally check the effect of fragility on

the kinetic behavior of two-state folders, we have designed
three DNA hairpins with different fragilities μc at the
coexistence force fc (where the unfolding and the folded states
have the same free energy), which cooperatively unfold and
fold without intermediates. Hairpins are made of a 30 base pair
(bp) stem ended by a GAAA-tetraloop (Figure 1b). Hairpin
“Neutral” (HN) has the TS at fc located in the middle of the
hairpin stem (n = 15, Figure 1c, red squares). Consequently, a
kinetic barrier is located at the middle point between states F
(folded) and U (unfolded) and μc = 0 for both unfolding and
folding. Hairpins “Compliant” (HC) and “Brittle” (HB) are
designed with the TS close to states U and F, respectively.
Therefore, HC is expected to unfold compliantly upon
stretching (μc > 0), while HB is expected to be brittle (μc < 0).
We performed pulling experiments with optical tweezers at

four different pulling speeds (30, 60, 120, and 180 nm/s, see
Experimental Methods). In a pulling experiment, the distance λ
between the optical trap and the tip of the micropipette
increases (decreases) at a constant pulling speed v (Figure 2a).
The hairpin is then stretched (released), which yields the so-
called force−distance curve (red and blue trajectories in Figure
2b). For each hairpin, a minimum of three molecules were
pulled and a minimum of 50 pulling cycles were measured for

each pulling speed. The unfolding and folding of a DNA
hairpin is detected as a force rip, corresponding to the releasing
(absorption) of the single-stranded DNA of the hairpin during
the transition. We define the unfolding/folding rupture force,
f U and f F, as the value of the force applied to the hairpin
preceding the first unfolding/folding transition event. This
force changes from experiment to experiment due to thermal
fluctuations. Histograms of f U and f F are shown in Figure 2c.
Note that the range of unfolding forces, f U, is slightly wider for
HB than for HC, whereas the range of folding forces, f F, is
wider for HC than for HB. This is in agreement with the fragile
behavior upon mechanical unfolding expected for hairpins HC
and HB. The larger the distance between TS and state F, xF

†( f),
the more fragile the molecule upon unfolding and the narrower
the range of rupture force values. The same interpretation
applies to folding force distributions.
Next, we extract the unfolding and folding kinetic rates

kunf( f) and kfold( f) for each hairpin from the experimentally
measured distributions of forces f U and f F (Figure 2c). For that,
we model the unfolding and folding kinetics of the hairpin as a
first-order Markov process16−18
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where PF( f) (PU( f)) are the survival probabilities of states F(U)
as a function of force and r equals v·keff, where keff is the
effective stiffness of the hairpin defined as the slope of the
force−distance curve before the first transition event. In Figure
3a,b we show the force-dependent profiles of PF( f), PU( f),
kunf( f), and kfold( f) for the different hairpins recovered at the
different pulling speeds. Note that results for the kinetic rates
for each hairpin collapse into a single master curve. Addition-
ally, kinetic rates determined from equilibrium force-jump

Figure 1. DNA hairpins with different fragilities. (a) Deviations from a
pure exponential behavior in the force-dependent unfolding kinetic
rates, kunf( f). In the Bell−Evans model (solid red) kunf( f) exponentially
depends on force. However, a gentle curvature in a log-normal plot is
expected due to the nonlinear elastic response of the molecule (dashed
green), whereas multiple unfolding pathways or different transition
states along a single pathway lead to extra curvature (dotted-blue).
Sequences (b) and theoretical prediction of the mFEL (Experimental
Methods) at fc (c) for hairpins HN, HC, and HB. Values of fc are 15.7
± 0.3, 16.3 ± 0.5, and 13.4 ± 0.2 pN for HN, HC, and HB,
respectively, and ΔGFU

0 are 80 ± 2, 86 ± 3, and 67 ± 1 kBT as the
average of the unified oligonucleotide data set20,21 and unzipping
predictions.22

Figure 2. Pulling experiments with HN, HC, and HB. (a)
Experimental setup (not to scale). (b) Example of unfolding (red)
and folding (blue) pulling curves recorded at 60 nm/s. (c) Histograms
of unfolding (red) and folding (blue) forces, f U and f F, obtained at 30
(solid line) and 180 (dashed line) nm/s.
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experiments are in agreement with the ones obtained from
pulling experiments (Supplementary Section S1).
For the three hairpins HN, HC, and HB, a curvature is

observed at large forces for kunf and at low forces for kfold. Such
trend cannot be explained using either the Bell−Evans6−9 or
the Dudko−Hummer−Szabo10,11 models, which assume that
the position of the TS along a unique unfolding and folding
pathway does not change appreciably with force (Supple-
mentary Sections S2 and S3). It has been proved that the
unfolding and folding of DNA hairpins can be described as a
diffusive process along a 1D mFEL.23 Additionally, the
committor analysis can be carried out from theoretical
predictions of the tensegrity, which also suggests that the
molecular extension is a reasonably good reaction coordinate
for the hairpins under study.4 This suggests that the detected
curvature might be an indication that the TS moves along the
reaction coordinate as a function of force, according to the
Leffler−Hammond postulate,14,15 approaching F as the applied
force increases. To extract the force-dependent behavior of the
kinetic barrier, we use the continuous effective barrier approach
(CEBA), which has been already used to characterize the force-
dependent kinetic rate of two-state folders, such as RNA
hairpins16,18 and protein barnase.25 The CEBA is based on the
Kramers-based 1D diffusive model for the unfolding and
folding kinetic rates. In such a model, rates exponentially
decrease with the force-dependent kinetic barrier B( f) that
mediates transitions between states F and U

= −
⎛
⎝⎜

⎞
⎠⎟k f k

B f
k T

( ) exp
( )

unf 0
B (2a)

= −
− Δ⎛

⎝⎜
⎞
⎠⎟k f k

B f G f
k T

( ) exp
( ) ( )

fold 0
FU

B (2b)

where k0 is the diffusive attempt frequency and ΔGFU( f) is the
free-energy difference between states F and U as a function of
force (eq 7).

According to the CEBA, we can extract two estimates for
B( f), one from −logkunf( f) + log k0 (eq 2a), the other from
−logkfold( f) + ΔGFU

ssDNA( f) + ΔGFU
d ( f) + ΔGFU

0 + log k0 (eqs 7
and 2b). Hence, the first estimate of B( f) is given by the
measured −logkunf( f) and shifted by log k0, whereas the second
is given by the measured −logkfold( f) plus the elastic
contributions and shifted by a global constant that equals the
sum of log k0 plus the free energy of formation of the hairpin at
zero force, ΔGFU

0 . Therefore, by imposing the continuity of the
two estimations for B( f), the contribution of the common term
log k0 is canceled out and we get a direct estimate for ΔGFU

0 .
Next, an estimation for k0 can be obtained by matching the
experimental profile of B( f) with a theoretical prediction from
the 1D diffusive Kramers model. For DNA hairpins, we use the
discretized version of the Kramers solution of the Fokker−
Planck equation for 1D systems
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During the matching procedure between the two estimations
for B( f) (eqs 2a and 2b) we can also let the persistence length
of ssDNA be a free parameter and determine the best fitting
value for each DNA hairpin18 (Supplementary Section S4). The
results for B( f) for HN, HC, and HB are shown in Figure 3c,
and the best-fit values for ΔGFU

0 , k0, and P are summarized in
Table 1. Very good agreement is found between theoretical and

experimental estimations of ΔGFU
0 , whereas both k0 and P for

ssDNA are found to be in fair agreement with previous
studies.16,18,26,27 To experimentally verify the Leffler−Ham-
mond postulate14,15 we estimate the molecular fragility μ( f) for
each hairpin from eq 8 using

= −
∂

∂
†x f
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f
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and calculating the molecular extension of the hairpin xN( f) as
described in the Experimental Methods. Results are shown in
Figure 4a,b. For the three hairpins studied both xF

†( f), μ( f) are
compatible (within errors) with a monotonically decreasing

function of force, that is, ≤ ≤μ†

0; 0x f fd ( )
df

d ( )
df

F . At low forces

the kinetic barrier is dominated by the entropy of the loop
located near state U, at intermediate forces the TS is found at
the interphase separating GC-rich from AT-rich regions, and at
forces above 17 pN the kinetic barrier is close to F. At even
larger forces (being the spinodal force of ∼22 pN for the three
hairpins) the unfolding process is a purely diffusive barrier-less
process (B( f) ≈kBT, Figure 3c). In such context, the native
state becomes unstable and hence xF

†( f) tends to zero, while the

Figure 3. Unfolding/folding survival probabilities, kinetic rates, and
force-dependent barrier for HN, HC, and HB. (a) Survival
probabilities for states F (red) and U (blue) in pulling experiments
performed at 1.8 (solid symbols) and 10.8 pN/s (empty symbols)
corresponding to 30 and 180 nm/s, respectively. (b) Unfolding and
folding kinetic rates extracted at 1.8 and 10.8 pN/s using eqs 1a and
1b. (c) Force-dependent kinetic barrier recovered using the Kramers
equation (eq 3, solid line) and results from the CEBA (eqs 2a (red)
and 2b (blue)).

Table 1. Continuous Effective Barrier Approach (CEBA)
Results for HN, HC, and HBa

k0 (s
−1) ΔGFU

0 (kBT) P (nm)

HN (3 ± 1) × 104 80 ± 2 1.3 ± 0.1
HC (9 ± 1) × 104 85 ± 3 1.3 ± 0.2
HB (3 ± 1) × 104 68 ± 2 1.6 ± 0.1

aEstimation of k0, ΔGFU
0 , and P obtained using CEBA by comparing

experimental and theoretical force-dependent profiles of B( f).
Predictions for ΔGFU

0 are 80 ± 2, 86 ± 3, and 67 ± 1 kBT for HN,
HC, and HB, respectively, given as the average of the unified
oligonucleotide data set20,21 and unzipping predictions.22.
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curvature of the unfolding kinetic rates disappears. Notice that
the fragility changes sign along the range of measured forces,
showing that a given molecule exhibits fragile behavior at low
forces but behaves as brittle at high forces. In other words,
mechanical fragility depends on the range of probed forces.
From eq 4 and the definition of mechanical fragility eq 8 we

can also introduce the concept of molecular transition-state
susceptibility χ( f) as a key magnitude to identify changes in the
position of the kinetic barrier along the reaction coordinate.
This is defined as

χ =
∂

∂
= −
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B f
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2
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According to the Leffler−Hammond postulate χ( f) is always a
non-negative quantity. In Figure 4c we show the experimental
and theoretical results for χ( f) for the three hairpins under
study. In general, the molecular transition-state susceptibility,
being a second derivative of the experimentally measured B( f),
is a quite noisy quantity subject to large statistical errors.
However, it is apparent from Figure 4c that χ( f) is mostly
positive through the whole range of forces. Moreover, it can be
seen that at those forces where χ( f) takes a high positive value a
sudden big change in the position of the TS takes place with

< <μ 0f
f

d ( )
d

.

A related quantity has been recently derived by Zhuravlev et
al.13 It is there stated that χ( f) > 0 implies unfolding via parallel
pathways and an incorrect use of the molecular end-to-end
distance as a reaction coordinate. However, our resuls disprove
such interpretation. In fact, in the three examples of DNA
hairpins we have presented the end-to-end distance (or,
equivalently, the number of open bp’s) is the proper reaction
coordinate and χ( f) > 0 only indicates the displacement of the
TS along the reaction coordinate in a unique unfolding
pathway. Therefore, the measurement of force-dependent
kinetic rates fulfilling the Leffler−Hammond postulate does
not necessarily discriminate between the existence of multiple
parallel unfolding/folding pathways and displacements of the
TS along the reaction coordinate.
In summary, our experimental results show an excellent

agreement with Kramers transition-state theory for 1D diffusive
potentials. Despite the complex phenomenology underlying the

behavior of the TS in DNA hairpins, they fulfill the Leffler−
Hammond postulate: The TS approaches the native state of the
hairpin upon increasing the force applied to the molecule,
implying that

μ
χ≤ ≥

f
f

f
d ( )

d
0; ( ) 0

(6)

Our experimental results confirm the validity of these
inequalities, showing how the force dependence of the fragility
and the susceptibility allow us to identify ranges of force where
abrupt changes of the TS position along the reaction coordinate
do take place.
Therefore, a significant curvature in the unfolding/folding

kinetic rates does not necessarily imply unfolding/folding via
multiple pathways but can also be related to sudden
displacements of the TS along the reaction coordinate, as it
is the case of the studied DNA hairpins. To identify multiple
pathways in the mechanical unfolding and folding of
biomolecules, it is crucial to determine first the quality of the
end-to-end distance as a suitable reaction coordinate.2,3

Methods proposed so far with this aim require the measure-
ment of the transition path between the folded and the
unfolded states of a molecule under applied force in equilibrium
conditions.4,23,24 By using a statistical Bayesian approach it is
possible to measure the probability of being in a transition path
(a trajectory that crosses the barrier effectively changing state)
for a given value of the end-to-end distance, x. When such
probability is close to 1/2 at x = xF

†, the end-to-end distance is
considered to be a good reaction coordinate. However, a
limitation of these approaches is the requirement of sampling a
large number of transitions between the folded and the
unfolded states to collect enough statistics. For too-high kinetic
barriers, lifetimes of states F and U might be too long and
hopping experiments unfeasible. This is actually the case of
hairpins HN, HC, and HB, for which we cannot see hopping in
the accessible time scales. In this situation it would be desirable
to have nonequilibrium methods (e.g., based on stretching−
releasing pulling cycles) capable of evaluating the quality of the
molecular extension as a good reaction coordinate. Finally, it
might be interesting to explore the applicability of CEBA to
more complex situations such as the case of proteins exhibiting
multiple native conformations and folding pathways.

■ EXPERIMENTAL METHODS
Molecular Free-Energy Landscape of DNA Hairpins. To model
the molecular free-energy landscape (mFEL) of DNA hairpins
only sequential configurations are taken into considera-
tion.28−30 Each configuration is labeled by the number of
open basepairs (bp’s) n: n = 0 corresponds to the folded native
F state (all bp’s are formed) and n = N to the fully unzipped
unfolded U state. At force f, the free energy of configuration n
relative to state F is given by

Δ = Δ + Δ + ΔG f G G f G f( ) ( ) ( )n n n nF F
0

F
ssDNA

F
d

(7)

where ΔGFn
0 = −∑i=1

n gi,i+1 − gloopδnN ≥ 0 is the free energy of
formation of state n, estimated using the nearest-neighbor
(NN) model and the basepair free energies {gi,i+1,gloop}i∈{ 1,N−1}
derived from bulk (e.g., the unified oligonucleotide data set) or
single-molecule unzipping experiments.20−22 (All free energies
reported here are obtained by averaging between bulk- and
single-molecule-based estimates.) ΔGFn

ssDNA( f) = −∫ 0
f (xn( f ′) −

x0(f′)) df ′ is the elastic free energy at force f of the released

Figure 4. Transition-state distance, molecular fragility, and suscept-
ibility for HN, HC, and HB. Position of the TS relative to state F
determined from eq 4 (a), molecular fragility determined from eq 8
(b), and susceptibility determined using eq 5 (c) from unfolding (red)
and folding (blue) rupture forces measured at 1.8 and 10.8 pN/s (solid
and empty symbols, respectively) and theoretical prediction (black
solid line).
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single-stranded DNA for the configuration n, where xn( f) is the
equilibrium end-to-end distance projected along the force axis.
We use the inextensible worm-like chain model with contour
length Ln = 2nd + nloopδnN, where d is the interphosphate
distance equal to 0.59 nm/base17,22,26,30 and nloop is the number
of bases in the loop. ΔGFn

d ( f) = −EδnN is the energetic
contribution due to the orientation of the hairpin double helix
along the force axis, which is modeled as a single bond of length
d ≃ 2.0 nm with the energetic contribution E = −f·⃗d ⃗.26,30,31 We
define the coexistence force fc as that force value where states F
and U have the same free energy, ΔG0( fc) = ΔGN( fc).
DNA Hairpins with Dif ferent Fragilities. The mechanical

fragility can be quantified through the following force-
dependent dimensionless function16

μ =
−
+

=
−† †

† †

†
f

x f x f
x f x f

x f x f
x f
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( ) ( )

( ) ( )
2 ( ) ( )

( )
F U
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where xF
† and xU

† stand for the distance of the TS to states F and
U, respectively, and xN( f) = xF

†( f) + xU
† ( f) is the full molecular

extension of state U (n = N, Experimental Methods). At a given
force f, brittle behavior corresponds to μ( f) < 0, whereas the
opposite sign corresponds to compliant behavior, μ( f) > 0.
Molecular fragility might also be defined by looking at the

reverse process, that is, the degree of compaction of the
unfolded state upon releasing the force, until the molecule
spontaneously folds due to thermal fluctuations. Compliance
(brittleness) along unfolding is accompanied by brittleness
(compliance) along folding. In other words, eq 8 changes sign
under the transformation F → U. Although both behaviors are
complementary, we will follow the widely accepted convention
that fragility is related to deformability upon stretching the
folded structure and defined according to eq 8. According to
the Leffler−Hammond postulate the position of the TS moves
toward state F as force increases. Therefore, as xN( f) is a

monotonically increasing function of f, we have that ≤μ 0fd ( )
df

;

that is, molecular unfolding is more brittle at high forces and
more compliant at low forces.
Dynamic Force Spectroscopy with Optical Tweezers. In DFS

experiments performed with optical tweezers, the molecule
under study is inserted between two 29 bp double-stranded
DNA handles.31 The molecular construct is then tethered to
two micron-sized polystyrene beads through biotin−streptavi-
din and digoxigenin−antidigoxigenin bonds. One bead is
immobilized in the tip of a micropipette by air suction, and
the other is captured in the optical trap (Figure 2a). Our
instrument (see ref 22 for details) allows us to control the
relative displacement λ (∼nm) between the center of the
optical trap and the tip of the micropipette and hence apply
forces in the 1−100 pN range to the ends of DNA hairpins. All
experiments are performed with buffer Tris EDTA pH 7.5 1 M
NaCl at room temperature (298 K).
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