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Figure 5. Force versus extension curves for DNA10 at 50, 150, 300 and 450 nm/s (from left to right). The darker curves correspond to the stretching of the
construct, whereas the lighter ones represent the release process. The arrows indicate the force of the unfolding and folding events. The force flips observed
with DNA10 at 50 nm/s vanishes at 150 nm/s and above. The hysteresis between unfolding and folding increases with the pulling velocity.

Figure 6. Histograms of the hysteresis measured at 150 nm/s on the four
different hairpins. The experimental distributions are fitted to calculated
convolution of the unfolding and folding probability distributions (solid
line), as explained in Materials and Methods and Supplementary Section
S1 (Equations (4-6)). For each fitted histogram, the root mean squared
error (rmse) is in the range (2.0-3.0) x 107°. For DNA10 the data come
from 46 stretch/release cycles on 12 molecules. DNA18: 95 cycles on 13
molecules. RNA10: 152 cycles on 44 molecules. RNA18: 150 cycles on 21
molecules.

For all four hairpins, the force hysteresis increases with
displacement velocity. Supplementary Figure S4 (Supple-
mentary Section S7) presents histograms of the hysteresis
recorded for RNA10 at 50, 150, 300 and 450 nm/s as an
example. A clear increase of the mean hysteresis is visible,
with its value going from 5 pN at 50 nm/s to 7.5 pN at 450
nm/s. The hysteresis values for the four hairpins are given
in Supplementary Table S2. For each hairpin and pulling
speed, variability in the unfolding and folding forces is seen,
inducing a variability in the hysteresis. This behaviour is ex-
pected from the stochastic character of the unfolding and
folding processes.

Theoretical analysis of the hysteresis histograms enables
us to extract thermodynamic and kinetic information about
the hairpin structures. The experimental distributions were

fitted to calculated probability distributions, as defined in
Materials and Methods and supplementary information.
For each hairpin, the fitting procedure is applied over the
global data set, combining the four different speeds. The
calculated force hysteresis distribution is presented by the
solid line in Figure 6.

Measured mean transition forces F; (average of the mean
opening force and the mean folding force at 50 nm/s) and
transition lengths L, as well as theoretical free energy values
that were obtained by simulation (see Supplementary Sec-
tion S1 for details) are presented in Table 2. Two parameters,
the distance x_, between folded state and transition state
and the characteristic transition rate ko were fitted to the
experimental data and are presented in Table 3. The qual-
ity of the fits is good, with a root mean squared error in the
range (1.0-5.0) x 1073 for each fitted histogram (rmse, see
Supplementary Section S1, Equation (7) for definition) and
allows us to univocally determine the two parameters.

The results for x_, indicate a clear asymmetry in the en-
ergy landscape for both DNA and RNA hairpins (all ra-
tio x_,/L < 0.5). The DNA values of x_, /L ~ 0.3 are
higher than the RNA values of x_. /L ~ 0.17. The transi-
tion rates k differ by a factor of about 10 between DNA18
and RNA18. The ratio is also about 10 between DNA10
and RNAT10. These results confirm and quantify the faster
dynamics of DNA as compared to RNA, already suggested
by the appearance of force flips in the DNAT10 curves at 50
nm/s.

The observation that the transition rates and hence the
dynamics differ between the DNA and RNA hairpins is fur-
ther confirmed by additional measurements performed with
the four hairpins at constant extension. Here, the molecu-
lar construct is brought to a defined extension, which is then
maintained constant during 10 s to 2 min. If the energy bar-
rier is not too high, there are extension values where the
hairpin can spontaneously flip between its folded and un-
folded states (7,20); the measured force flips are induced by
thermal fluctuations. If the corresponding dwell times do
not significantly exceed the time-scale of the measurement,
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Table 2. Data obtained from measurements at 50 nm/s (a) or theoretical prediction (b)

(a) (a) (b) (b) (b)
Hairpin Transition Transition AG AG AG

force F; length L mfold stretch total

(pN) (nm) (kJ/mol) (kJ/mol) (kJ/mol)
DNAI10 6.3 148 +£2 63+ 3 20+ 1 83+4
DNAIS8 4.85 16.6 £2 60+ 3 18+ 1 78 £ 4
RNA10 11.2 17.7+£2 89 +4 32+£2 121+6
RNAI18 9.95 184+2 87+4 35+£2 12246

mfold: http://mfold.rna.albany.edu, see Materials and Methods and Supplementary Information for parameter determination.

Table 3. Parameters deduced from hysteresis measurements

Hairpin Transition state Transition state Transition rate
Xy x_ /L ko
(nm) G
DNAL10 44402 0.30 (1.0-3.0) x 10~*
DNAIS8 47402 0.28 (3.8-8.5) x 1073
RNAI10 3.0+0.2 0.17 (2.9-5.5) x 1073
RNAIS 31402 0.17 (3.0-10) x 1076

By definition, we have x.. = L — x_, and x /L =1 —x_, /L, ko = k(F=0)=vg exp ( — E/kpT)

these spontaneous transitions can be observed experimen-
tally.

Figure 7 (top) shows the force recorded on RNA10 as
a function of time, while extension is held constant apart
from stepwise increases. At the smallest extension, the hair-
pin remains folded most of the time, but already displays
some brief passages to the unfolded state. The mean lifetime
in the unfolded state progressively increases with extension,
and at a given point equals the one in the folded state (this
situation is presented in the second panel). At even larger ex-
tensions, the unfolded state becomes energetically favorable,
and the hairpin only folds sporadically. The same global be-
haviour is observed for DNA10 (two bottom panels), but
the transitions occur more frequently and the dwell-times of
the folded and unfolded states are shorter than for RNA10.
This observation is in line with the different ky values of
RNA10 and DNA10, presented in Table 3.

DNA10, DNA18 and RNA10 present spontaneous force
flips at constant extension. For RNA18 however, no exten-
sion was observed where both spontaneous unfolding and
folding occurs, although the two RNA hairpins are close
in terms of the theoretically predicted AG values. This dif-
ference between RNA10 and RNA18 is consistent with the
observation that the ky value of RNA18 obtained from the
varying extension data is an order of magnitude smaller
than the one of RNAI10.

DISCUSSION

We observe that the RNA hairpins unfold and fold at higher
force than the DNA hairpins. This may be expected from
the known fact that in terms of free energy difference AG an
RNA duplex is more stable than the DNA duplex of equiv-
alent sequence. Note however that there are three prob-
lems with this simplified view. First, the denaturation mech-
anisms under force and by thermal melting are different
(21). Whereas thermal melting involves independent and
stochastic fluctuations of the stem bonds until denaturation
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Figure 7. Spontaneous transitions between folded and unfolded hairpin
states at constant extension. (Top panel) Force recorded on RNA10 (green)
as a function of time, while the extension is constant apart from stepwise
increases (black). Force flipping is observed for each extension value. (Sec-
ond panel) Zoom on an extension where both states have a similar prob-
ability of occupation: the average dwell times are 1.77 s in the unfolded
state and 3.1 s in the folded state. Presented time range: 80 s. (Third panel)
Force recorded on DNA10 (orange) as a function of time, while the ex-
tension is constant apart from stepwise increases (black). Force flipping
is observed for each extension value. (Bottom panel) Zoom on an exten-
sion where both states have a similar probability of occupation: the average
dwell times are 0.11 s in the unfolded state and 0.25 s in the folded state.
Presented time range: 10 s. The transition rate is much higher for DNA10
than for RNA10.

occurs, force-induced unfolding is a directed process. Even
if the bonds still fluctuate, the stem is sequentially opened
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from the bottom of the hairpin to the top. Similarly, the ini-
tial conditions for hairpin thermal folding are different from
the ones for force reduction. Whereas folding of a thermally
denatured molecule starts from a relatively compact con-
formation, the force measurement imposes a fully stretched
initial construct. Second, the unfolding force can be esti-
mated by a relation of the type F = AG/L only if the transi-
tion occurs sufficiently close to thermal equilibrium. In the
non-equilibrium case the actual barrier height, the attempt
frequency and the force loading rate are the main param-
eters. There is no general relation between the equilibrium
AG and the barrier height. Third, the elastic energy usually
plays a significant role in force-induced unfolding. If for the
sake of simplicity we consider the equilibrium case, the es-
timation of the opening force is of the form F = AG, /L,
but the molecular elasticity influences both the character-
istic energy (AGio; = AGupoia + AGypech, In the notations
of Table 2) and the characteristic length L (L is the sum of
the molecule length at zero-force and the force-induced ex-
tension). As can be seen from Table 2, the stretching energy
contributions are sizeable for both DNA and RNA.

The hysteresis is larger for RNA18 than for RNA10 and
the same holds for DNA18 compared to DNA10. This
mainly arises from a loop-length dependence of the fold-
ing force. As shown in Table 1, the folding forces signifi-
cantly decrease with increasing loop size, while the unfold-
ing forces change weakly. To initiate hairpin folding a loop
must form to approach the bases of the stem for base pair-
ing. As folding occurs against an external force F in the
present case, this initiation requires a mechanical work of
the order W = FL, where L denotes the length of the un-
folded loop. For similar W (energy fluctuations of similar
amplitude), the different L thus implies that folding of the
small-loop hairpin occurs at higher F than folding of the
large-loop one. Of note, it was found by fluorescence tech-
niques that even without external force the rate of hairpin
closing decreases with increasing loop size (6).

We find that the transition rate k is smaller for the RNA
hairpins than for their DNA counterparts. As shown in Fig-
ure 7, the RNA hairpin that exhibits smaller &y also shows
longer dwell times in both hairpin states. Smaller k¢ leads
to larger hysteresis in the constant velocity measurement,
since both unfolding and folding happen statistically later
on the force ramp. This relation between k( on the one hand
and magnitude of the force hysteresis on the other hand is
observed in our measurements. RNA10 (resp. 18) exhibits
smaller k( and larger hysteresis than DNA 10 (resp. 18) at
given velocity. For example, the transition length L corre-
sponding to RNA10 unfolding (resp. folding) is ~20 nm.
Considering a typical equilibrium dwell time of 1 s for this
hairpin (estimated from Figure 7, second panel), a pulling
velocity of 50 nm/s induces a displacement of 50 nm during
this time. This displacement is larger than L, and the fold-
ing (resp. unfolding) transition is thus highly unlikely. The
unfolding transition (resp. folding) thus occurs out of equi-
librium at this speed. On the contrary, the shorter dwell time
of DNA10 (=0.1 s) induces a displacement (=5 nm) that is
smaller than L (=15 nm) and allows for flipping between the
two states. In this case, the measurement can be considered
as close to equilibrium (Figure 4a, inset).
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As shown in Table 3, the transition state is closer to the
folded state than to the unfolded state. We convert the values
of x_, to the number of unfolded nucleotides, using a pro-
cedure described earlier (27). For DNA10 (resp. DNA18)
the transition state corresponds to 9 (resp. 11) unfolded
nucleotides, or base pair 5-6 of the hairpin stem counted
from the bottom. For RNA10 and RNA18 we obtain 5
(resp.6) nucleotides, corresponding to base pair 3 from the
bottom. We tentatively attribute these positions to the stem
sequence: the first base pairs from the bottom are three G-C
(Figure 1), conferring a greater stability to the bottom com-
pared to the top of the stem. This interpretation is consis-
tent with the fact that no intermediate state is observed dur-
ing hairpin unfolding. Simply speaking, when the mechan-
ical work becomes sufficient to unfold the initial G-C rich
regions, the whole stem bursts open cooperatively. Within
our model that assumes a single transition state, the folding
of the hairpin is correspondingly expected when the G-C
rich part of the stem reforms. The fact that no intermedi-
ate states were observed in our measurements indicates that
the folding and unfolding transitions occur with a high de-
gree of cooperativity. For comparison, we have calculated
unfolding free energy landscapes of the hairpins. This study
is described in section S8 of the supplementary informa-
tion. The calculations are based on mfold free energies, in-
clude the sequential energy contributions of the different
base pairs of the stem and the single-stranded loop, but do
not include cooperativity. Interestingly the calculated land-
scapes exhibit their maxima at the top of the hairpin stem,
in contrast to the measurements indicating transition states
closer to the bottom of the stem. The differences are sig-
nificant. First, they provide additional support to the idea
that cooperativity is important for all investigated hairpins.
Moreover, the comparison suggests a higher degree of co-
operativity in RNA than in DNA, since we experimentally
observe that the RNA hairpins exhibit smaller x_, than the
DNA hairpins.

There are structural arguments both for the stem and the
loop that support a stronger cooperativity of the RNA hair-
pin as compared to the DNA hairpin. The stem of the RNA
hairpin exhibiting a A-form helical structure is shorter and
therefore more compact than the stem of the DNA hair-
pin, which is a B-form double helix. In the RNA helix, the
constraint caused by the opening fork may thus more easily
extend over several base pairs than in the DNA helix. It is
expected that interactions between nucleotides in the hair-
pin loop contribute in a non-negligible manner to the over-
all stability. Indeed RNA is known (and DNA suspected) to
build non Watson—Crick base pairs and we note that mfold
does not fully take the corresponding free-energy contribu-
tions into account (22,23). The 2’-OH group of the RNA
nucleotide forms hydrogen bonds, while the 2’-H of DNA
does not. In this regard, nuclear magnetic resonance studies
of chimeric RNA stem/DNA loop hairpins revealed that 2’-
H in the hairpin loop reduces the overall stability and also
suggests that the structure of the stem, A-form or B-form,
strongly influences the loop structure (24).

We tentatively attribute the slower dynamics of the RNA
hairpins to a stronger cooperativity. For strong cooperativ-
ity, barriers against folding and unfolding may be localized
and high, since they can cumulate energy contributions of
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many structural elements. With weak cooperativity, on the
other hand, the energy contributions of the structural ele-
ments distribute more equally over the reaction coordinate,
high local barriers are less probable to occur and therefore
passage of this landscape by a random walk that is biased
by the external force is faster.

Measurements on more complex RNA structures showed
pronounced structures in the force versus extension curves
(or length versus force curves for force-clamp measure-
ments) and hysteresis occurred even at low pulling speed
(25-27), in qualitative agreement with the present findings.
Recently, an investigation of the mechanical properties of
double-stranded RNA under force and torque has been
published (28). The authors applied torque to a torsion-
ally constraint double-stranded RNNA construct using mag-
netic tweezers. They investigated in particular a plectonemic
buckling transition. They find that the characteristic tran-
sition rate of this buckling transition is two orders of mag-
nitude smaller for double-stranded RNA than for double-
stranded DNA. It is interesting to mention this study in
the present context because it shows a slower dynamics for
RNA than for DNA, although the buckling transition is dif-
ferent from hairpin folding.

A typical RNA molecule has a complex three-
dimensional shape stabilized by several duplexes. The
individual duplexes are connected by single strands of
varying length, which allows for propagation of conforma-
tional changes within the RNA structure. This propagation
of strain and displacement is influenced by the elasticity of
the connecting single strands. Forces of the order k/Ax de-
velop, where k is the stiffness of the molecular linker and Ax
the relative displacement. This global picture suggests that
the configuration studied in the present paper represents an
elementary building block of complex three-dimensional
structures formed by a single-stranded nucleic acid chain.
Specifically, our result that the dynamics of folding and
unfolding under mechanical load is slower in RNA hairpins
than in the corresponding DNA hairpins translates itself
into predicting that RNA structures are dynamically more
stable. In other words, structures formed by single-stranded
DNA rather than RNA exhibit significantly faster inter-
conversion between alternative configurations. There are
of course good reasons of evolutionary origin to explain
why the domain of biologically-active three-dimensional
nucleic acid structures is traditionally occupied by RNA.
Our suggestion that RNA structures are dynamically
more stable than DNA structures may be an interesting
additional argument to understand why single-stranded
DNA was not selected to become a molecule that assures
its biological role by a complex internal structure.

CONCLUSION

Two RNA hairpin structures of different loop size were
compared with their DNA equivalents. Under the same ex-
perimental conditions, the forces needed to unfold the DNA
hairpins are systematically lower. Hysteresis between un-
folding and folding is more pronounced for RNA than for
DNA. For all studied hairpin types, the hysteresis increases
with the pulling speed. Imposing a constant distance, spon-
taneous force flips are observed for the large loop DNA

hairpin, but are absent for the equivalent RNA structure.
For small loop hairpins, flipping between the folded and un-
folded states occurs with both DNA and RNA. Compari-
son of the experimental data with a theoretical description
allowed us to estimate the position of the transition state
and a characteristic transition rate. The latter is found to be
smaller for RNA than DNA. From all these results emerges
the picture that RNA exhibits a more pronounced out-of-
equilibrium character than DNA. The force-induced con-
formational dynamics of hairpins is slower in RNA than in
DNA. The results suggest that structures made of RNA are
more stable against internal and external forces than struc-
tures made of single-stranded DNA and therefore the for-
mer are more apt to form complex structures that are re-
quired for an active biological function.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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