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ABSTRACT
Identification of defective DNA structures is a difficult task, since small differences in base-pair bonding are hidden in the local structural
variability of a generally random base-pair sequence. Defects, such as base mismatches, missing bases, crosslinks, and so on, occur in DNA
with high frequency and must be efficiently identified and repaired to avoid dire consequences such as genetic mutations. Here, we focus on
the detection of base mismatches, which is local deviations from the ideal Watson–Crick pairing rule, which may typically originate from
DNA replication process, foreign chemical attack, or ionizing radiation. Experimental detection of a mismatch defect demands the ability to
measure slight deviations in the free energy and molecular structure. We introduce different mismatches in short DNA hairpins (10 or 20
base pairs plus a 4-base loop) sandwiched between dsDNA handles to be used in single-molecule force spectroscopy with optical tweezers.
We perform both hopping and force-pulling experiments to measure the excess free energies and deduce the characteristic kinetic signatures
of the mismatch from the force–distance curves. All-atom molecular dynamics simulations lend support to the detailed interpretation of the
experimental data. Such measurements, at the lowest sensitivity limits of this experimental technique, demonstrate the capability of identifying
the presence of mismatches in a random complementary dsDNA sequence and provide lower bounds for the ability to distinguish different
structural defects.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5139284., s

INTRODUCTION

A DNA mismatch (MM) is a structural defect occurring
when two non-complementary bases are aligned in a sequence of
duplex DNA.1 An MM is defined as transduction when formed
by non-complementary purine–pyrimidine (pur–pyr) bases and
transversion in the case of pur–pur or pyr–pyr pairs. Com-
pared to DNA strands with the canonical (Watson–Crick) pair-
ing rules, MMs are expected to produce alterations in the struc-
ture and stability of the DNA helix, especially in the proxim-
ity of the MM site.2–4 MMs can appear during replication of
DNA,5 heteroduplex formation,6 as well as by action of muta-
genic chemicals, ionizing radiation, or spontaneous deamination.7

MMs are efficiently corrected in DNA by mismatch repair (MMR)
proteins.

Failures in detecting or correcting the lesion give rise to genetic
mutations;7,8 in fact, MMs have been associated with 10%–30% of
spontaneous cancers in various tissues.8,9 In particular, G-A and
G-T defects are of great interest to the cancer biology community,
since such a type of MM can be formed efficiently during oxida-
tive stress, both by endogenous processes and following chemo- or
radiotherapy. A prominent example is the so-called 8-oxoG lesion,10

which differs from ordinary guanine in that an H atom is replaced
by an O atom at the C8 position and the N7 nitrogen becomes proto-
nated. Such defects can be formed by several reactive oxygen species
(ROS) that are able to attack guanine. In the subsequent replication
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stage, 8-oxoG displays a higher affinity for adenine than cytosine,
thereby leading to a 8-oxoG-A mismatch and, ultimately, to a G-C
→ T-A mutation. Another common mismatch is the G-T formed
with high probability by polymerases such as β and Taq, during
DNA replication, thus being about a thousand fold more frequent
than other MMs; this is mainly due to its strong thermodynamic
stability, which makes its identification by repair enzymes quite
difficult.11

Powerful approaches are available to detect specific locations
of DNA sequence variation, such as rolling circle amplification,12

molecular inversion probes,13 and MM ligation with biolumines-
cence detection,14 all based on DNA ligase or nuclease activi-
ties; Taqman probes, molecular beacons, and related assays have
also been used to detect specific targeted alleles.15,16 All of these
methods require a priori knowledge of the reference sequence
and involve the construction of sophisticated probes. By contrast,
MM-detection assays rely on the base-pairing quality of DNA, and
subsequent enzymatic detection of mispaired bases,17,18 and are
thus independent of the exact identity of the underlying muta-
tion. All such methods are suitable for high-throughput screening
of unknown sequences and work on large populations of iden-
tical DNA sequences properly amplified by molecular engineer-
ing techniques. On the other hand, the detailed molecular struc-
ture modifications of individual DNA defects have been assessed
by nuclear magnetic resonance (NMR) and x-ray diffraction,19–22

most notably for the typical G-T mismatch. However, the thermo-
dynamic and kinetic changes in the stability of the DNA structure
induced by such defects remain inaccessible to such techniques.
Such details are indeed crucial to understand the extremely selec-
tive ability of repair enzymes (glycosylases), which are capable of
rapidly scanning the DNA sequence at rates of 20–30 bp/s23 while
applying small forces to the backbone in a sort of highly dynamical
“interrogation” process aimed at detecting differences of just a few
kcal/mol.24

In recent years, many efforts have been devoted to experimen-
tally characterize the biomolecular free-energy landscape of fold-
ing.25 Dynamic force spectroscopy experiments are well-suited to
study the folding/unfolding transitions of one molecule at a time
with high spatial and temporal resolution.26–28 From the experi-
mentally measured force-dependent unfolding and folding kinetic
rates, it is possible to characterize the position of the transition states
and the height of the corresponding kinetic barriers.29 Notably,
force spectroscopy by laser optical tweezers (LOT) has been suc-
cessfully applied to measure short DNA hairpin sequences, thereby
allowing us to detect the elastic properties of ssDNA,30 and tran-
sition states during the repeated folding/unfolding pullings.31 In
a recent study,32 LOT were used to characterize four different
MMs, by positioning pairs of identical defects at a close distance
in 29-bp DNA hairpins with a 6-base loop. AFM-based force spec-
troscopy studies have demonstrated the possibility of detecting sin-
gle DNA mismatches by measuring irreversible rupture force dis-
tributions in oligonucleotide microarrays33 and DNA origami plat-
forms.34 However, the question remains whether mismatch free
energy differences in a DNA duplex can be determined in pulling
assays.

In this work, we use force spectroscopy with LOT to demon-
strate the capability to measure the excess free energy of individual
MMs in DNA at the single molecule level. To this end, we have

synthesized very short DNA hairpins, of 10 and 20 bp stem length,
containing single G-A or G-T mismatches. Hairpins are tethered
between two double-stranded (ds) DNA handles of 29 bp each. We
investigated two different stem lengths to ensure sufficiently high
signal-to-noise ratio measurements to derive the excess free energy
in all constructs. We find that the identification of single mismatches
in pulling assays is facilitated using different protocols depend-
ing on the length of the hairpin. While for hairpins shorter than
10–20bp, equilibrium hopping experiments are more convenient,
above 20bp, nonequilibrium pulling experiments give a better signal.
The study of two constructs with two different protocols (hopping vs
pulling) allows us to monitor the internal dynamics of the native (i.e.,
the canonical hairpin with the Watson–Crick bp only) and defec-
tive molecules. It also permits us to test the robustness of the mea-
sured excess energy values. Our results demonstrate the ability of the
method to clearly detect the presence of single MM defects in the
DNA sequence; defect energetics and dynamics can be qualitatively
and quantitatively characterized within the lower limits of the exper-
imental resolution. A set of Molecular Dynamics (MD) simulations
supports the interpretation of the experimental data and provides
useful indications about the molecular details of the unfolding pro-
cess over a finer time scale that escapes the experimental resolution.
The experimental method combined with numerical simulations
offers a promising route to the characterization of defects in DNA
sequences and their interaction with damage-signaling and repair
proteins.

MATERIALS AND METHODS
Optical tweezers setup and DNA substrates

The experiments are carried out using a miniaturized dual-
beam setup LOT described in the work of Huguet et al.35 Briefly,
two counter-propagating laser beams (P = 200 mW and λ = 845 nm)
are tightly focused, creating a single optical trap. Experiments are
performed by tethering a DNA molecule between two polystyrene
beads, one is held by air suction at the tip of a glass pipette and
the other is captured in the optical trap and used to measure the
force by measuring the deflection light with position sensing detec-
tors (PSDs). Figure 1(a) shows a schematic representation of the
experimental setup. Tethers are made by ssDNA tails that are labeled
with one biotin (oligos acquired this way) or several digoxigenins
(see the supplementary material for detailed information), which
can bind selectively to streptavidin- (2.1 μm Kisker Biotech) or
anti-digoxigenin-coated beads (3.0–3.4 μm Kisker Biotech), respec-
tively. The position of the optical trap is determined by divert-
ing ≈8% of each laser beam to a secondary PSD. The instru-
ment has a resolution of 0.1 pN and 1 nm at a 1 kHz acquisition
rate.

The DNA constructs studied in this work consist of a dsDNA
segment (called stem) of either 10 or 20bp inserted between two
29bp segments called handles. The two strands of the stem are
connected via a loop of 4 bases. The sequences of the stem and
loop region are shown in Figs. 1(b) and 1(d). Each handle is tailed
either with biotin or digoxigenin in order to attach it specifically
to streptavidin- or antidigoxigenin-coated beads. The synthesis of
the hairpins is described in detail in the supplementary material.
Shortly, an oligo with the stem sequence (10 or 20bp), sided by
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FIG. 1. Experimental setup and DNA sequences. (a) Schematic representation of the LOT experimental setup. A DNA hairpin is attached between two micron-sized beads
via dsDNA handles. One bead is held by air suction at the tip of a glass micropipette, while the other is captured in the optical trap. λ is the distance between the tip of the
pipette and the center of the optical trap. (b) Sequence of the 10bp hairpins with the 4-loop (green) and the single mismatch location (yellow). (c) Experimental force–time
traces for the 10pb hairpin hopping experiments.(d) Sequence of the 20bp hairpins with the 4-loop (green) and the single mismatch location (yellow). (e) Several FDC cycles
for native (red), G-A mismatch (green), and G-T mismatch (blue) 20bp hairpins. In dark (light) colors are shown the stretching (releasing) curves.

29b (corresponding to the handles) on each side (Sigma-Aldrich), is
digoxigenin-tailed and annealed to the handle-region complemen-
tary 29b oligo. All our experiments are performed in TE buffer (Tris
10 mM and 1 mM EDTA) pH 7.5M, 1M NaCl at room temperature
(298 K).

Hopping experiments

In hopping experiments, the pipette and optical trap relative
distance, λ, is kept fixed, while the hairpin executes transitions
between the folded and unfolded states. An example of experimental
force-traces for hopping experiments is shown in Fig. 1(c). We mon-
itored the force at 1 kHz for 15–40 s, for a time sufficient to register
at least 20 conformational transition events and then slightly moved
the distance λ and repeated the measurement. Notably, once λ is
fixed, the force in the unfolded state is lower than that in the folded
state because the bead experiences a much larger displacement from
the center of the optical trap when the hairpin is formed. As a conse-
quence, if such a force jump between the two states is larger than the
thermal noise, monitoring the instantaneous force is equivalent to

collecting information on the state (folded vs unfolded) of the hair-
pin. By working in the vicinity of f c, at which the two states have
the same occupation probability, the kinetic rates of unfolding (k+)
and folding (k−) fall in a time scale that allows us to observe sev-
eral hopping events. Each variation of the trap position, λ, produces
a consequent variation of the probability to observe the system in
the folded (wN) or unfolded (wU) state. Upon repeating the mea-
surements at different λ’s, we could measure the relative variation of
the occupation probability of the two states. Typical time-series and
probability histogram data for 10bp hairpins, with a native sequence
or including a GA and GT mismatch, are presented in Fig. 2(a), and
Figs. 3–5 of the supplementary material.

Pulling experiments

In a ramping protocol, the trap position is moved at a con-
stant speed while force is measured. Typical force–distance curves
(FDC) are shown in Fig. 1(e) (a more detailed plot for the mismatch
GA, GT, and different pulling velocities are reported in Figs. 6–9
of the supplementary material). At low forces, hairpins are in the
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FIG. 2. 10bp hairpin hopping results. (a) Example of a hopping trace of the 10bp native hairpin (left panel), the green curve is the optimal trajectory obtained from the HMM.
Force distributions (right panel) together with the best-fit from the HHM (blue curve) and the two-state Gaussian fit from Eq. (2) (green and yellow curves for each Gaussian
component). (b) Unfolding (dark color) and refolding (light color) kinetic rates measured for the native (red), G-A mismatch (green), and G-T mismatch (blue) hairpins. The
validity of the BE approximation is shown as a straight line in the semi-log scale. (c) Plot of ln(wN /wU) as a function of force from Eq. (3) for the three hairpins. Color code as
in (b).

folded state, with the stem forming a double helix; whereas at large
forces, they unfold to a stretched conformation, where the stem is
found as ssDNA.36 Transitions between both states are viewed in
the FDC as a sudden jump in force. Forces at which such transi-
tions take place change upon repeating the same experiment due to
thermal fluctuations. Typically, two force branches are observed: the
upper force branch shows the elastic response of the whole molec-
ular construct when the hairpin is folded, whereas the lower force
branch shows the response for the unfolded hairpin. By analyzing
the folding/unfolding trajectories, it is possible to detect the force
value at which the hairpin unfolds/refolds for the first time along
the trajectory; this is called the first-rupture force and appears [see
Fig. 1(d), and Figs. 6–10 of the supplementary material] as a force rip
along the FDC. For the 10bp hairpins, the rupture force distribution
is not clearly detectable since the kinetic rates are comparable with
the recording data frequency and the force fluctuations are compa-
rable to the force jump, as shown in the trajectories in Fig. 10 of
the supplementary material. For this reason, only the 20bp hairpin
pulling data (shown in Figs. 6–8 of the supplementary material),
have been used in this work. For each sequence (native and GA
and GT mismatches), we averaged measurements on at least three
molecules at 100 nm/s. Force-pulling experiments typically covered
50–100 cycles.

Kinetic rate theory

Information about the molecular free energy landscape (mFEL)
can be obtained by analyzing the data using kinetic models, such
as the Bell–Evans (BE) model.37,38 The BE model predicts an

exponential dependence on force of the folding and unfolding
kinetic rates,

k+(f ) = k0 exp[−β(BTS − f ⋅ xN→TS)]
= km exp[βf ⋅ xN→TS],

k−(f ) = k0 exp[−β(BTS − ΔGNU + f ⋅ xTS→U)]
= km exp[−β(f ⋅ xTS→U − ΔGNU)],

(1)

where ΔGNU is the free-energy difference between N and U extrapo-
lated to zero force and xN→TS (xU→TS) are the distances between the
xTS and the folded (unfolded) state that are taken as force indepen-
dent. BTS is the kinetic barrier extrapolated to zero force and has
been included in the prefactor km = k0 exp(−βBTS). At the coex-
istence force f c, k+(f c) = k−(f c), and therefore, ΔGNU = f c(xN→TS
+ xTS→U) = f cxNU with xNU being the released molecular extension
at f c. Bell–Evans kinetic rates are a valid approximation close to
f c, and deviations are expected at sufficiently low or high forces.39

From these phenomenological equations, we could fit the kinetic
rates obtained by the analysis of the pulling and hopping data with
the force and extract the free-energy of formation, the molecular
extension, and the kinetic rate at the coexistence force. The BE
approximation is valid in a small range of forces not too far from
the coexistence force, f c.

Molecular dynamics simulations

For the molecular dynamics (MD) simulations, we used the
GROMACS 5.1 computer code.40,41 The hairpin plus handles
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molecular construct [see Fig. 1(a)] was built as a continuous ssDNA
chain spanning from the 5′ to the 3′ ends: the first and last groups
of 29 bases were matched to two complementary 29-long ssDNA
strands, to make up the two dsDNA handles; the central 10 + 4
+ 10 bases represented the hairpin, perfectly folded in the initial
configuration. The end-to-end distance between the C1′ atoms of
the first and last bp (to be used as the reference length hereafter) is
λ0 = 23 nm. The structure of hairpin plus handles, with the same
native base sequence used in the experiments, was assembled in a
water box of size 50 × 9 × 12 nm3 with periodic boundary condi-
tions in the three directions, containing about 174 000 TIP3P water
molecules, plus 625 Na+ and 488 Cl− ions, to ensure neutralization of
the phosphate backbone charge, and physiological salt concentration
around 0.15M.

Equilibrium MD simulations were carried out at temperatures
ranging from 300 K to 360 K and a pressure of 1 atm at constant-
{NVT}. Coulomb forces were summed by shifted particle-mesh
Ewald electrostatics, with real space cutoff set at 1 nm; long-range
dispersion forces were also cut off at 1 nm. We used rigid bonds for
the water molecules, which allowed us to push the time step to 1 fs
for both the thermal equilibration runs and the force-pulling simula-
tions. Typical preparatory constant-{NPT} MD runs lasted between
10 ns and 20 ns; force-pulling simulations were carried out for 50 ns;
thermal equilibrium simulations at constant-{NVT} lasted typically
100 ns.

Steered molecular dynamics (SMD) were performed on the
fragments with the constant-force pull code available in GROMACS.
We applied a constant displacement/force parallel to the direction
x by means of a harmonic-spring fictitious potential attached to
the center of mass of the last base pair of the DNA handles. After
some tests, the spring constants were set at 100 kJ mol−1 nm−2 and
75 kJ mol−1 nm−2, which is ∼1000 times higher than typical values
of experiments performed with OT. Pulling speeds of about 20 cm/s
were used for most SMD simulations. Forces and displacements
were recorded at intervals of 10 time steps.

We also consider the possibility to study this system using
a coarse-grained model.42,43 We have performed simulation tests
using the oxDNA2 model with sequence dependent stacking inter-
action implemented in LAMMPS.44 This model has been used by
other researchers to estimate the FEL of a short hairpin in melt-
ing.45 Despite the increased simulation time (anyway not sufficient
to obtain a proper kinetics characterization), these models have been
tested only for the native sequence and do not account for rele-
vant structural differences between purine and pyrimidine for mis-
matched base pairs. Moreover, the implicit solvent does not com-
pletely account for the hydrodynamic effects during the pulling pro-
tocol. It is for these reasons that we decide to focus on the all-atom
model.

RESULTS
Free energy measurements from hopping
experiments in 10bp DNA hairpins

Figure 2(a) (left) shows an example of an experimental hopping
trace for the 10 bp native hairpin, while Fig. 2(a) (right) shows the
histogram of the force distribution that can be well fitted to a sum of
two Gaussians,

Pλ(f ) =
wλ,U√
2πσ2

λ,U

e
−( f−⟨fλ,U ⟩

4σλ,U
)

2

+
wλ,N√
2πσ2

λ,N

e
−( f−⟨fλ,N ⟩

4σλ,N
)

2

, (2)

where ⟨f λ ,U⟩, ⟨f λ ,N⟩ represent the average force in the unfolded and
folded state, respectively, and σλ ,U , σλ ,N are the standard deviations
of the force. A more accurate statistical analysis of the hopping traces
based on hidden Markov models reveals only two underlying molec-
ular conformations N and U (see the Hidden Markov model section
of the supplementary material).

It must be noted that, for any fixed value of λ, the two kinetic
rates in Eq. (1) are evaluated at different force values, namely, k+(f )
(k−(f )) is measured at force f N (f U) where the molecule hops from
N to U (U to N). Therefore, we can separately plot k+(f N) and
k−(f U), with λ acting as a parameter. These rates measured in the
passive mode, where the force is not kept constant, are called appar-
ent rates.46 These data, plotted in Fig. 2(b), mark two important
points: first, for each type of hairpin, the coexistence force, f c, is
readily identified by the value at which k+ = k−; second, the expo-
nential dependence of the rates on the force indicates that the BE
model37,47 should be applicable in this case.

Moreover, the molecule is found to follow exponential kinet-
ics.29 The probability distribution of the residence times in the
folded/unfolded conformations is well described by an exponential
function whose width is equal to the inverse of the unfolding/folding
kinetic rate. The dependence of these rates on the applied force
provides accurate information about the height and position of the
kinetic barrier.

From Eq. (1), we can express the ratio between the kinetic rates
in the form

kBT log( k
+(f )

k−(f )) = kBT log(wU(f )
wN(f )

)

= −ΔGNU + f ⋅ (xN→TS + xTS→U)

= (f − fc) ⋅ xNU , (3)

with ΔGNU = f cxNU being the free energy difference extrapolated to
zero force. Figure 2(c) shows the ln(wN/wU) vs force for all the 10-bp
hairpins studied.

We can also estimate the free energy between N and U at zero
force using the following formula (see the supplementary material
for more details):

ΔG0
NU = ∫

fc

0
xssDNA(f ′)df ′ − ∫

fc

0
xd(f ′)df ′, (4)

where f c is defined by k+(f ) = k+(f ) or wN(f c) = wU(f c) [see Eq. (3)].
While the estimation ΔGNU = f cxNU in Eq. (3) is an extrapolated
value using the BE model, Eq. (4) is an exact thermodynamic rela-
tion for ΔGNU , which, however, requires accurate knowledge of the
elastic response of ssDNA and the hairpin diameter.

Table I shows the experimental parameters obtained using the
BE model and the theoretical ones predicted by the unified oligonu-
cleotide thermodynamic dataset incorporating mismatches.3 The
theoretical predictions of the FEL are obtained using the mfold Web
Server48 and take into account the contribution coming from the
tetraloop (see Fig. 2 of the supplementary material). It is worth not-
ing that the values of ΔGNU and ΔG0

NU [Eqs. (3) and (4)] are compat-
ible with each other. However, the theoretically predicted value of
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TABLE I. 10bp results. Parameters obtained from the hopping experiments for the 10 bp hairpins from the Bell–Evans model
and compared with the theoretical values obtained from the nearest-neighbor model3 with the contribution of the tetraloop
(see Fig. 2 of the supplementary material). The theoretical f c is obtained from Eq. (3) imposing ΔGNU (f c) = 0.

Hairpin f c (pN) xNU (nm) xN→TS (nm) xTS→U (nm) ΔGNU (kBT) ΔG0
NU (kBT)

10bp native 13.0 ± 0.4 8.7 ± 0.5 4.1 ± 0.4 4.6 ± 0.3 27 ± 4 21 ± 2
Theor. native 14.7 8.8 / / 24.2
10bp GA 10.4 ± 0.3 7.1 ± 0.7 3.4 ± 0.2 3.8 ± 0.6 18 ± 2 16 ± 2
Theor. GA 11.8 8.4 / / 18.1
10bp GT 10.6 ± 0.6 6.1 ± 0.5 3.0 ± 0.5 3.1 ± 0.4 16 ± 3 16 ± 2
Theor. GT 11.6 8.5 / / 17.6

f c overestimates the experimental result by ≃1.5 pN. In addition, the
theoretical and experimental values of xNU agree for the native hair-
pin, while for the hairpins with mismatches, the experimental value
is underestimated by 1–2nm.

Free energy measurements from pulling
experiments in 20bp DNA hairpins

Figure 3 shows the results of pulling experiments. From
the FDCs [Fig. 3(a)], we extract the rupture force distributions
ρN (U )(f ) and survival probabilities PN (U )(f ), which are related by
ρN (U )(f ) = −P′N(U)( f ). Kinetic rates can be extracted from the rate
equations

dPN(f )
df

= −k
+(f )
r

PN(f ) ⇒ k+(f ) = rρN(f )
PN(f )

,

dPU(f )
df

= −k
−(f )
r

PU(f ) ⇒ k−(f ) = rρU(f )
PU(f )

,

(5)

with r = keffvpull being the loading rate and keff being the effective
stiffness (equal to the slope of the FDC).

Figure 3(b) shows the results for the kinetic rates vs force in
semi-log scale obtained from Eq. (5) and fitted to exponential func-
tions as predicted by the BE model [Eq. (1)]. The coexistence force
is shown as the crossing point of the fits [black points in Fig. 3(b)].
From the fitting parameters and using Eq. (3), we extract ΔGNU . The
results are shown in Table II.

Simulation results

We realized a series of molecular dynamics (MD) simulations
on the 10bp hairpin with the native sequence, as described in the
Materials and methods section. Given the extremely large difference
between the experimental and MD time scales, a direct compar-
ison between the theoretical and experimental results is not pos-
sible, notably as far as estimates of defect energies are concerned.
Therefore, we focused the simulations only on the native hairpin
sequence, aiming to provide additional insight into the molecular-
scale phenomena that could be relevant to analyze and interpret the
experimental results.

In a first type of non-equilibrium MD simulations, we per-
formed simulated force-pulling experiments on the 10bp hairpin.

FIG. 3. 20bp hairpin pulling results. (a) Example of folding/unfolding pulling curves for native (red), G-A mismatch (green), and G-T mismatch (blue) 20bp hairpins. (b)
Histograms of unfolding (dark colors) and folding forces (light colors). (c) Average kinetic rate as a function of the applied force. The black symbols indicate the coexistence
force. Color code as in (a).
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TABLE II. 20bp results. Parameters obtained from the pulling experiments for the 20 bp hairpins using the BE model and the
theoretical ones obtained from the nearest-neighbor model.3

Hairpin Fc (pN) xNU (nm) xN→TS (nm) xTS→U (nm) ΔG0
NU (kBT)

20bp native 15.6 ± 0.2 17.7 ± 0.8 9.3 ± 0.4 8.4 ± 0.5 52 ± 3
Theor. native 16.0 18.2 / / 54.0
20bp GA 14.4 ± 0.2 21.1 ± 3.0 10.3 ± 2.0 11.0 ± 1.2 48 ± 3
Theor. GA 14.6 17.9 / / 48.0
20bp GT 14.4 ± 0.2 16.9 ± 1.2 8.3 ± 0.9 8.7 ± 0.3 48 ± 3
Theor. GT 14.5 17.9 / / 47.4

This was achieved by fixing the center of mass of the first base-pair
at one end of the dsDNA handles and by moving at constant veloc-
ity the center of mass of the first base-pair at the opposite end of the
other handle. In this way, the opening λ between the two opposite
ends of the dsDNA handles is linearly increasing with time from the
zero-force value λ0 = 23.0 nm with the hairpin in the folded state.
For a pulling velocity in the range of a few cm/s, this translates into
a similarly linear opening of the hairpin, as measured by looking
at the relative distance between the sugar C1′ and the backbone P
atoms of the first base pair (namely, the GC pair directly linked to
the two dsDNA handles). The molecular extension has been chosen
as the natural reaction coordinate to directly compare simulations
and experiments, since the experiments allow us to measure, almost
directly, the molecular extension. This choice is justified by the rel-
ative simplicity of the hairpin, as compared to complex molecules
such as proteins, and the particular direction of the pulling protocol,
different from the one used in DNA overstretching.49 Unfolding of
DNA hairpins occurs sequentially starting from the stem along the
secondary structure of the hairpin. These considerations allow us to
avoid the complexities of a multi-dimension FEL, for example, used
in proteins.50

Figure 4 shows the result of these simulations. The simulated
force-pulling experiments are followed up to the complete opening
of the hairpin, over trajectories of a typical duration of ∼ 50 ns. An
example of the results is shown in Fig. 4(a), where the relative dis-
tance (“opening”) between the C1′ atoms of each base pair in the
hairpin is shown as a function of the simulation time (bp are num-
bered from 1, next to the loop, to 10, next to the dsDNA handles,
see the inset). A first observation that clearly emerges from such
a plot is that the unfolding of the hairpin does not seem to pro-
ceed by an ordered and progressive snapping of each base pair in
sequence but rather follows a kind of collective process in which
groups of bp open up simultaneously, e.g., at times ∼17 and ∼43 ns.
Furthermore, the outermost bp (i.e., bp 10 in Fig. 4) seems to be
already opened from the beginning of the simulation, and the sec-
ond one follows almost immediately, after just a few ns. This obser-
vation may have interesting consequences to be discussed in the
foregoing.

To bypass at least, in part, the time scale limitations of MD,
we performed a second set of simulations by picking a few “inter-
esting” configurations from the trajectory shown in Fig. 4(a), at
times t ≃ 7.5 ns, 18 ns, 22 ns, 28 ns, 35 ns, and 45 ns, correspond-
ing to a relative opening between the opposite ends of the dsDNA
handles of λ ≃ 23.6 nm, 26.1 nm, 26.4 nm, 27.6 nm, 29.0 nm, and

31.1 nm. Each of these configurations was then run in a 100-ns
MD simulation at constant-{NVT} with the fixed-λ external con-
straint (SHAKE–LINCS algorithms41,51). The hairpin equilibrium
dynamics in such conditions may be seen as an approximation to a
quasi-reversible pulling experiment but on the much faster MD time
scale.

Figure 4(b) shows the equilibrium probability distributions of
the C1′–C1′ distances for each bp of the hairpin, with color codes
corresponding to those of Fig. 4(a). The four panels correspond to
four progressive opening values, Δλ = λ − λ0 = 0 nm, 0.6 nm, 4.4 nm,
and 8 nm. It may be noted that, at zero opening (i.e., zero aver-
age external force), the equilibrium distribution confirms the above
observation that the first base pair is constantly opened up, with a
C1′–C1′ distance of about 1.9 nm. At Δλ = 0.6 nm [correspond-
ing to about t = 7.5 ns in Fig. 4(a)], the first two bp are spread
open and the third one is just broadening its equilibrium width. At
Δλ = 4.4 nm (corresponding to t ≃ 28 ns), the outermost six bp
are widely opened, while the four inner ones are still closed at their
equilibrium C1′–C1′ of 1.02 nm. Eventually, at Δλ = 8 nm (corre-
sponding to t ≃ 45 ns), two more bp start opening and only the two
bp closer to the hairpin loop are still in the closed state. Notably, at
openings larger than about 3–4 nm, most base pairs display a doubly
peaked distribution, very likely indicative of the rotational flipping
in-and-out of these bases about the backbone and roughly parallel
to the main hairpin axis.

In a last set of equilibrium MD simulations, we wanted to test
the excitation dynamics of the hairpin. These simulations were run
for 100 ns at constant-{NVT}, for all the values of fixed Δλ above,
by increasing the temperature of the simulation in steps of 10 K
above room temperature. In Fig. 4(c), we present a subset of the
results, namely, the data for one particular value of the opening,
Δλ = 4.4 nm, and for three temperaturesT = 300 K, 320 K, and 340 K.
At such opening, each 20 K increase in temperature corresponds
to an applied force Δf ≃ 18.5 pN, which is a value comparable to
the experimental coexistence force f c. Therefore, by running MD at
320 K and 340 K under fixed opening, we are simulating the effect of
injecting once/twice an amount of energy Δf ⋅Δλ: for a fixed Δλ, this
would correspond to proportionally increasing the effective stiffness
of the optical trap. Figure 4(c) shows the probability distributions
for bp 10–4, the innermost 3 bp remaining closed at any temper-
ature; the traces in color correspond to T = 300 K (blue), 320 K
(black), and 340 K (red). It is noted that, at room temperature, the
energy injected to keep the hairpin at the opening of Δλ = 4.4 nm
is unevenly distributed among the outermost bp (6–10, with the five
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FIG. 4. MD simulations. (a) Constant pulling speed (about 106–107 times larger than in the experiments) and T = 300 K for the 10bp hairpin with the native sequence (shown
in the inset with bp numbering and color codes). The 50-ns long time traces, starting from the folded state and going to the fully unfolded, display the relative distance between
the sugar C1′ atoms of each base pair, as indicated in the legend (the bp number 10 being the one close to the dsDNA handles and the bp number 1 being the one adjacent to
the loop). Above the plots, schematic snapshots give a visual indication of the average molecular configuration of the hairpin at approximately the time corresponding on the
x-axis. (b) Equilibrium probability histograms for the C1′–C1′ distance of each bp in the native hairpin from 100-ns long MD {NVT} trajectories at Δλ = 0 nm, 0.6 nm, 4.4 nm,
and 8 nm. The histograms are colored according to the bp scheme of panel (a); data for the two larger Δλ are shifted upwards on the y-axis for better clarity.(c) Equilibrium
histograms for the C1′–C1′ distance of each bp in the native hairpin [numbered according to the inset scheme in panel (a)], from 100-ns long MD {NVT} trajectories at fixed
Δλ = 4.4 nm, and different temperatures: T = 300 K (blue), 320 K (black), and 340 K (red).

only slightly excited), which display average amplitudes decreasing
toward the loop end; the width of the distribution is nearly dou-
ble for the outermost bp 10, compared to the other ones. As the
injected energy (i.e., temperature) is increased, the distributions tend
to become more even (centroid of the distribution decreasing for bp
8–10 and increasing for bp 4–7), while, at the same time, each distri-
bution covers a very broad range of bp opening, spread over about
2 nm for the outermost bp. We interpret these results as the effect
of increased cooperativity in the unfolding transition at high values
of force: while at low forces, the bp tend to open individually or in
small batches, at high applied forces, unfolding appears to occur by
a simultaneous opening of the entire hairpin.

DISCUSSION AND CONCLUSIONS

The ability to detect point defects along the sequence of a DNA
molecule is a relevant problem, both for molecular biology studies of
DNA replication and damage repair and for the many technological
applications exploiting base-pair complementarity of nucleic acids

(e.g., PCR and DNA self-assembly). However, differences in base
pairing between the native, Watson–Crick A-T and G-C purine–
pyrimidine pairs, and the defective ones, typically including mis-
matches (MMs), are very subtle and escape a direct experimental
determination. The effect of a MM in a random position of a DNA
sequence may reveal itself as a small local difference in free energy,
which, however, shows up only when the two DNA strands are split
apart, e.g., during replication, or as a small variation in the elastic
and mechanical properties of the molecule to an applied stress, e.g.,
by a repair enzyme.

In this work, we used single-molecule force spectroscopy with
LOT to demonstrate the ability of this experimental method to
detect the small free-energy and force differences associated with
a single, isolated MM in a DNA sequence. As a test system, we
adopted a short self-complementary hairpin undergoing a reversible
folding/unfolding transition with the aim of extracting informa-
tion about the differences induced in this dynamical transition by
the presence of a G-A or G-T mismatch, inserted in the mid-
dle of the hairpin. This same system was used in a recent work32

in which longer hairpin constructs including pairs of MM were
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used. With respect to that work, here, we tested the lower limits
of the technique to detect a single defect in the shortest possible
sequence. To this end, we used hairpins of length 10 and 20 bp
in hopping and pulling experiments, respectively. Both methods
showed pros and cons, namely, (a) the hopping method is more
adapted to the shorter 10bp hairpins, since the folding/unfolding
rate is exponentially larger; therefore, a large number of fold-
ing/unfolding transitions can be observed in this case, with much
better statistics. (b) The force-pulling method is more adapted to
the longer 20bp hairpins, since the difference between the fold-
ing/unfolding force path is proportional to the hairpin length, and
for the shorter ones, the two force branches are so close to be nearly
indistinguishable.

In both sets of experiments, we could clearly demonstrate the
detection of a single MM in the hairpin, both in the form of a lower
free energy, ΔG0, and a lower coexistence force, f c (see Tables I–III).
However, the difference in free energy between the hairpins with
G-T and G-A mismatches obtained using both methods, pulling
and hopping experiments, shows similar and compatible values (see
Table IV). An improved estimate of the relative free-energy dif-
ferences ΔΔG between the native and mismatched sequences for
the 10bp hairpin can be obtained by subtracting the two indepen-
dent values ΔG and ΔG0 obtained from kinetics [Eq. (3)] and ther-
modynamics [Eq. (4)]. We obtain ΔΔGGA = 4 ± 2 kcal/mol and
ΔΔGGT = 4.5 ± 2 kcal/mol.

As already noted, the absolute values of free-energy for the
10bp hairpin in Tables I and III appear to be lower (by ∼15%) than
the nearest-neighbor (NN) model prediction.52 This agrees with the
trend observed for the lower values obtained for f c and xNU as com-
pared to the theoretical predictions (Table I). Yet, for the native 10bp
hairpin, we find a value of ΔG0 that falls closer to the unzipping pre-
diction. The opposite situation is found for the 20bp native hairpin
where the NN prediction works better than the unzipping prediction
(Tables II and III). Overall this suggests that, for the 10bp and 20bp
hairpins, the measured and predicted energy numbers agree within
errors.

However, we cannot exclude the possibility that the apparently
lower thermodynamic stability (and lower f c and xNU) of the 10bp
hairpin arises from fraying effects. Note that the 10bp hairpin has
only two GC bp at the beginning of the stem followed by two AT
bp that render the fork less stable. MD simulations, reported in the

TABLE III. Folding free energies for the 10bp and 20bp DNA hairpins. Experi-
mental data (second column) are compared with the estimates obtained from the
nearest-neighbor (NN) model using the energies from SantaLucia3 or from unzipping
experiments.35

ΔG0 NN3 Unzipping35

Hairpin (kcal/mol) (kcal/mol) (kcal/mol)

10bp native 12.5 ± 2 14.3 12.0
10bp GA 9.5 ± 1 10.7 . . .
10bp GT 9.5 ± 1 10.4 . . .
20bp native 31.5 ± 1 32.0 29.5
20bp GA 28.5 ± 1 28.4 . . .
20bp GT 28 ± 1 28.1 . . .

TABLE IV. Folding free-energy differences ΔΔG0 between the native and mis-
matched sequences obtained from different experiments, compared with NN model
predictions. ΔΔG0 is obtained from the results shown in Tables I–III.

Hairpin ΔΔG0 (kcal/mol) NN model (kcal/mol)

10bp GA 3 ± 3 3.6
20bp GA 3 ± 2 3.7
10bp GT 3 ± 3 3.9
20bp GT 3.5 ± 2 3.8

Section Simulation results show that the first base-pair in the hair-
pin stem appears to be always opened, even at zero applied force,
decreasing the folding free energy of the hairpin as observed. This
same effect was observed also in the longer hairpins of the study by
McCauley et al.32 The MD simulations suggest that the first bp of
the hairpin could be already open even before the hairpin unfolds.
To test this possibility, we have compared the experimental results
with the NN model ignoring the contribution of the first G-C pair in
the 10bp hairpin (NN∗). The new NN∗ energies show a lower value
than the experimental ones for the 10bp case, making the experi-
mental values fall in between the two predictions (NN and NN∗).
The energy numbers are (in kcal/mol) as follows:

● 10bp native 11.8(NN∗) < 12.5 (exp) < 14.3 (NN),
● 10bp G-A 8.2(NN∗) < 9.5 (exp) < 10.7 (NN), and
● 10bp G-T 7.9(NN∗) < 9.5 (exp) < 10.4 (NN).

Fraying might be tested in future experiments and simulations
as a possible explanation by studying 10bp hairpins with more sta-
ble stems. Overall, the results show the power of combining com-
puter simulations and experiments to improve the models used to
interpret the experimental data. Note that, for the 20bp, the NN val-
ues and the experimental ones are compatible (Table III); therefore,
application of a NN correction in this case might be unnecessary.
There are two possible explanations for such a difference. First, while
the 10bp hairpin starts with two G-C bp at the beginning of the stem,
the 20bp has seven G-C bp. Second, in the 10bp hairpin, the dis-
tance between the fork and the MM position (4–5bp) is well below
the 10–11 nucleotides (a full turn of the double helix), which is gen-
erally considered as the limit for two defects to interact. For the
20bp hairpin, such a distance (9–10 nucleotides) is larger. Future
studies might consider addressing the fraying problem in more
detail.

In the Bell–Evans model, the folding/unfolding process is
described by a thermally activated diffusive process across an
energy barrier,53 separating two independent conformations of the
molecule. The combined Bell–Evans and HMM analysis of the hop-
ping data for the 10bp defective hairpins did not show evidence of
an intermediate state possibly caused by the mismatch (see Figs. 4
and 5 in the supplementary material). The same was found in pre-
liminary hopping data for the 20bp defective hairpins. The MD
simulations demonstrated a variable degree of cooperativity in the
folding/unfolding transition of the 10bp native hairpin in that at
lower forces, the hairpin appears to unfold in a sequential way, but
with groups of bases opening up together, while at higher forces, the
hairpin tends to open up in one collective snapping of the bonds
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between bps. For a given displacement λ, a larger force translates
into a stiffer optical trap, and such an increase in cooperativity with
stiffer coupling is in agreement with a previous experimental study54

and theoretical models.55,56 The transition from an additive to a col-
lective unfolding may also be interpreted in terms of an increasing
“friction” effect that builds up between the closed bps, which must
overcome a twist elastic barrier, at the same time, as the chemi-
cal bond-breaking barrier;57 however, in the present case, this effect
would be driven by a variable force, rather than by variation in the
polymer physical length.

In conclusion, the results and potential implications of this
study can be summarized by the following findings:

1. Single-molecule force spectroscopy with LOT permits us to
identify the presence of a single mismatched base-pair in short
10–20 bp DNA hairpins. The mismatch decreases the thermo-
dynamic stability of the hairpin (by lowering its free-energy of
formation and coexistence force). It also speeds up the kinet-
ics of folding of the hairpin to a larger extent by lowering the
height of the barrier.

2. Passive hopping experiments allow us to detect a single mis-
match in 10bp hairpins, while pulling experiments produce a
better signal in longer sequences (20bp).

3. The folding/unfolding transition in the 10bp and 20bp defec-
tive hairpins is well described by a two-state model, without
evidence for intermediate states. This result is based on the
analysis of hopping experiments and a hidden-Markov model.

4. MD simulations of the hairpin unfolding transition under
external force support this view and provide important clues
for the analysis of experimental data; simulations also suggest
a variable degree of cooperativity in base-pair opening during
the forced unfolding.

The folding/unfolding transition in short hairpins is therefore a
relevant test bed for studying defects in DNA. Further work should
concentrate in refining the experimental setup, in order to arrive
at a better quantitative characterization of point defects, and move
toward the study of the role of signalization and repair proteins in
defect dynamics. MD simulations can play a relevant role in assisting
and guiding the experimental analysis.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional information on
DNA hairpin synthesis, free energy difference between folded and
unfolded states, hairpin free energy landscape, and a detailed analy-
sis of the hopping/pulling experiments.
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