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Abstract: We have used Optical Tweezers to mechanically stretch an RNA hairpin under dif-
ferent salt and temperature conditions, in order to analyze the effect of these parameters on its
physical properties. Applying single-molecule force spectroscopy methods we study the presumably
highly complex transition which qualitative agrees with the behaviour expected. Moreover, we have
found a surprising intermediate state under the presence of Mg2+ ions at low temperature.

I. INTRODUCTION

In the last few years, biomedical and biotechnologi-
cal developments have made evident the overwhelming
advances in the scientific knowledge about biological sys-
tems and in the theoretical framework supporting non-
equilibrium processes governing this biological world. We
focus on RNA, which is implied in Biology at all levels.
In its sequence it carries the genetic information encod-
ing proteins. Beyond that, RNA folds in a huge variety of
secondary structures, and can also be found as the main
building block of the ribosome, the molecular machine
where protein synthesis occurs; acting as regulatory en-
zymes, etc...

The study of the thermodynamics and mechanical
properties of RNA structures is a non trivial issue. RNA
is a molecule whose composition consists of a sequence of
nitrogenous bases that are bound to a phosphate back-
bone, in the form of a single or double-stranded chain.
Because of the presence of phosphates in the molecule
backbone, the RNA molecule has a negative net charge,
therefore the surrounding electrostatic phenomena play
a very important role in the structure stabilization. In
the biological environment (e.g. inside the cell) there are
both monovalent and divalent ions as Na+ and Mg2+.
This circumstance highly affects duplex stability and
therefore the secondary structure of RNA, and today we
do not have a general tool to predict all RNA secondary
structures. In fact, some fundamental thermodynamic
information as specific vs. non-specific binding energies
of ions has only been explored in the past few years [1].

Single-molecule techniques such as force spectroscopy
(SMFS) are powerful tools which give us access to study
biomolecules. The molecule concerning this study is a ri-
bosomal RNA (rRNA), the Three-Way Junction (3WJ),
from the central domain of 16S rRNA from E. coli, a
structural RNA motif that acts as a substrate for the
binding of the S15 protein. This RNA forms a compet-
ing misfolded structure that does not contain the binding
site for S15 neither for specifically bind Mg, making it a
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very attractive candidate to study these interactions.

II. DEVELOPING SECTIONS

A. Materials and methods

1. Optical tweezers

SMFS experiments were carried out in the Mini-
Tweezers setup with temperature control described in
detail in [2] and shown in figure 1.

FIG. 1: Diagram of the Mini-Tweezers setup.
Reproduced from [2].

Besides the ability to manipulate the molecule and the
convenience of its force and spatial resolution, this de-
vice offers a precise measurement of the force by the
change of light momentum. To achieve that, two counter-
propagating lasers (λ ∼ 405 nm) are focused to form the
optical trap. Several position sensitive detectors (PSD)
allow us to directly determine both the force and dis-
placements of the optical trap. For temperature control,
the device is thermalized at low temperatures and an-
other laser (λ ∼ 1435 nm) is used to heat the region
of interest. However, in this case we have just per-
formed experiments at (∼ 7oC) and at room temperature
(∼ 25oC). A microfluidic chamber is placed between two
microscope objectives. This chamber has three channels,
a central one containing a glass micropipette which acts
as the fixed point for our pulling experiment along with
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two dispenser tubes that connect two auxiliary channels
to the main one.

The instrument has been calibrated by two methods
for each magnitude: position and force. The force mea-
surements have been calibrated first by checking Stokes’
law. Position was calibrated then using a force-feedback
protocol while moving a bead with the micropipette. The
tweezers were finally calibrated by pulling a known ds-
DNA molecule, λDNA (24kbp), which shows a transition
overstretching at a known force (∼ 67 pN) [3].

2. Molecular construction and experimental conditions

The 3WJ is a short RNA molecule composed of 77 nu-
cleotides (or bases). It is covalently bound to two hybrid
RNA-DNA handles of ∼ 500 bases each. A detailed de-
scription of how to synthesize this construction can be
found in [4].

FIG. 2: Sequence of the 3WJ. Reproduced from [5].

As can be seen in figure 3 the molecule is manipu-
lated thanks to two polystyrene microspheres of 2µm and
3µm and coated with streptavidin (SA bead) and anti-
digoxigenin (AD), respectively. These beads bind to the
extremes of the handles, which are labelled with biotin
on one hand and digoxigenin on the other. We have per-
formed experiments in two different salt conditions, thus
two different buffers were prepared. The buffer compo-
sition for the monovalent condition is: 10mM HEPES,
300mM NaCl, 1mM EDTA, 0.01 % NaN3 while for the
diovalent condition, it is: 10mM HEPES, 50mM NaCl,
4mM MgCl2, 0.01 % NaN3. Both buffers were adjusted
with NaOH-HCl at pH 7.5 and 25oC. The election of
HEPES guarantees that pH is stable at 7oC.
Pulling experiments are carried out in the previously de-
scribed microfluidic chamber. By moving the optical
trap, the SA bead is immobilized by suction in the tip of
the chamber’s micropipette, and the AD bead is trapped
in the force gradient of the optical trap.

3. Experimental protocol

To set up the experiment, the molecular construction
(RNA plus handles) is incubated along with the AD

FIG. 3: Schematics of the experimental setup. Modified
from [6].

beads in a small volume (∼ 20µL) of buffer for 30 min-
utes. Then, the sample is diluted to a volume of 1mL
and a dilution of SA is prepared in parallel. After that,
both dilutions are flushed into the microfluidic chamber
through the auxiliary channels to the experimental area
where the optical trap is formed. The system is then
set as in fig 3. Once the setup is completed, the experi-
ment is carried out by an automatic protocol that moves
the optical trap so the molecule is pulled back and forth
at a constant pulling speed v0. The range of the proto-
col is set so the molecule unfolds before the trap motion
changes direction, and folds again before it reaches the
initial position. The position of the trap is measured by
splitting a fraction of the light to other PSDs. Then, we
denote as λ the distance between the fixed point and the
center of the trap.

The whole study revolves around the measurement of
the rupture force at which the molecule unfolds (fU ) and
refolds (fF ). Since it is a stochastic phenomenon, the
results are the probability distributions of the unfolding
and folding forces.

B. Modelling the system

1. Elastic models for RNA

Studying RNA mechanical properties requires of pre-
cise models for biomolecules elasticity, and physical mod-
els for polymers can be properly fitted [4]. Recalling the
experiment, RNA transits from its folded configuration to
its unfolded one by the action of force. In its folded state,
the freely-jointed chain (FJC) model is used, which is a
model based on the approach of the polymer as a union
of linear monomers whose bonds motions are described
as a random walk, and the estimation of the necessary
energy to reorient the molecule [7],

x(f) = Lc

(
coth

(
kBT

f · b

)
− kBT

f · b

)
(1)

When the molecule unfolds to the single stranded con-
figuration (ssRNA), its behaviour can be described using
theworm-like chain model (WLC).
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f(x) =
kBT

4P

[
1

(1 − x/Lc)2
− 1 +

4x

Lc

]
(2)

where P is the persistence length and Lc is the molec-
ular contour length. Lc is calculated as Lc = N · db ,
being db the average inter-phosphate distance and N the
number of bases in the molecule.

2. Free energy and kinetic models

Considering the unfolding process of the RNA
molecule, all basepair bonds must be broken to unfold
the molecule. Therefore it is reasonable to consider n,
the number of nucleotides released from dsRNA to ss-
RNA (open bases), as the reaction coordinate. Then, it
is possible to map all possible configurations to its free
energy in the Free Energy Landscape (FEL):

G(n, f) = G
(n)
0 +Gstretch(n, f) +Gorient(f) (3)

Where G
(n)
0 is the free energy of formation at zero force

of RNA secondary structure. These values can be ob-
tained from open packages as Mfold. The reversible work
to strectch the ssRNA is Gstretch, and Gorient the energy
needed to orient the double helix of the folded configu-
ration. A representation of the FEL for the 3WJ native
structure is shown in fig 4.

FIG. 4: Free energy landscape of the 3WJ. Reproduced
from [8].

As can be seen, the FEL is highly influenced by the
applied force, to the extent it that determines whether
the transition occurs. As it is increased, the unfolded
configuration is favored. Another local minima can be
observed, specially at 31 open bases. This FEL coor-
dinate is consistent with an intermediate state IN that
appears when the molecule refolds.

On the other hand, local maxima along the FEL can
be interpreted as kinetic barriers in the unfolding reac-
tion. According to this analogy, kinetic models can be
applied. The Bell-Evans model (4) (5) portrays a two-
state system with a force independent energetic barrier,

and considers the modification of the free energy land-
scape by the applied mechanical force

kF→U = km exp

(
fxF
kBT

)
(4)

kU→F = km exp

(
∆GFU − fxU

kBT

)
(5)

being km the kinetic rate for the unfolding reaction
when no force is applied, and ∆GFU the free energy vari-
ation from the folded to the unfolded state.

In order to match our mechanical unfolding experi-
ment in this framework, the following steps are taken
to determine the kinetic rates. During pulling experi-
ments, unfolding and refolding transitions can be treated
as a first order Markov process, and survival probabili-
ties can be obtained from rupture forces integrating their
distributions along the force axis as:

PF (f) = 1 −
∫ f

0

ρ(fU )fU ; PU (f) =

∫ f

0

ρ(fF )fF (6)

The kinetic rates can be calculated from the survival
probabilities as:

kF→U = −r 1

PF (f)

dPF (f)

df
(7)

kU→F = r
1

PU (f)

dPU (f)

df
(8)

being the loading rate r = df/dt. If we take logarithms
on the BE kinetic rates, a linear behaviour versus f is
obtained.

C. Results and discussion

Previous studies related the FDC patterns for both
the native and misfolded structures [9]. Force-distance
curves (FDCs) were obtained and we selected the ones
corresponding the native structure. A sample of those
traces is shown in figure 5.

In order to confirm that it is actually the correct
FDC, both the unfolding and refolding forces were ob-
tained. Then, the change of extension in each transi-
tion were calculated and the resulting (∆λ, f) were fit-
ted to a WLC model with parameters db = 0.655 nm
and P (T ) = P0

√
T/T0 [10] with P0 = 0.75 nm [1] to

obtain N , the number of bases released(absorbed) in the
unfolding(refolding). For the unfolding transition ∼ 77
bases were obtained in agree with the total length of the
molecule as we expected from figure 4.
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FIG. 5: Top: FDCs obtained from room temperature to cold (left to right) and for monovalent and divalent
condition. Bottom:Representation of the refolding (left) and unfolding(right) forces histograms. Inset: Kinetic

rates calculated from the equations 7, 8 .

Curves obtained at 25oC show lower values for the un-
folding forces, and for that reason, at 7oC the protocol
was modified to reach 40 pN instead of 20 pN as we did
at room temperature. This effect can also be appreci-
ated between different salt conditions at the same tem-
perature. In the monovalent condition (i.e. only under
the presence of Na+ ions) the rupture event takes place
around lower values than for the divalent condition.

The folding and unfolding events were identified and
histograms are shown in figure 5. As anticipated before,
mean unfolding forces are higher at lower temperatures.
As for the refolding forces, it can be noticed that the ef-
fect of temperature is similar: the difference between the
mean refolding force values for each condition is smaller.
Kinetic rates from BE model also exhibits linear depen-
dence with force, shown in figure 5 (inset).

To explain the temperature effect, recall the FEL for
the 3WJ in the figure 4, that pictured how the force mod-

ified the landscape. At lower temperatures, the energy
coming from the thermal bath, kBT , is lower. In this case
the kinetic barrier is crossed with lower probability, so the
system needs to reach higher forces to unfold. Regard-
ing the refolding forces, the principle works both ways so
they shall be higher for lower temperatures as well. As
can be seen also in figure 5(inset), also the crossing points
of the linear fits from kinetic rates (i.e. the coexistence
force) are shifted to higher forces at lower temperatures.

Furthermore, it is well known that Mg2+ is more ef-
fective at stabilizing RNA than Na+ [1]. Buffers were
prepared in a way that both salt conditions have similar
ionic strengths, and differences can be attributed to the
different types of cations in each condition.
In the 3WJ, the secondary structure of the native struc-
ture is highly affected by Mg2+. The two helices follow-
ing the junction are negatively charged, and under the
presence of Mg2+, the 3WJ undergoes a conformational
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change in its tertiary structure, making the helices to ap-
proach. This conformational change is due to a specific
binding of the cations to the junction. This effect is also
observed in S15 binding, as reported years ago, by bulk
methods [11] as well as with single-molecule fluorescence
assays (FRET) [12].

Another fact observed that supports the stabilization
role of both magnesium ions and low temperatures hy-
pothesis is the appearance of two-force jump events in
the unfolding curve under divalent condition and at 7oC
as illustrated in figure 6.

FIG. 6: FDCs showing a two-steps unfolding.

Trajectories compatible with the native FDCs of the
3WJ show this two-steps unfolding. Unfortunately, at
the conditions set for this study, these events are rare so
a detailed study requires further work. However we hy-
pothesize that thanks to the combined effect of both cold
temperatures and Mg2+, an intermediate state is stabi-
lized on the unfolding pathway of the native structure.

III. CONCLUSIONS

The experiments are successful and prove to be a very
effective approach to study RNA thermodynamics. The
results reassert the premise that the magnesium ions sta-
bilize the molecule, likewise cold temperatures do. Even
though the analysis of these conditions is mostly empiric,
in the light of these results a wide range of possibilities
opens.

The observation of the intermediate unfolding state un-
der these conditions also raises a lot of questions as for
the complexity of the RNA structures when undergoing
the transition.

For future studies, it would be interesting to reproduce
the experiment at higher concentrations of Mg2+ in order
to gather a significant amount of data from this interme-
diate state. Moreover, the temperature effect could be
further tested, to the extent of the physiological temper-
ature (37oC) for example, by means of the thermalizing
laser.
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