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FIGURE S1 Schematic picture of the two-state model. The free energy landscape of the 

molecule along the reaction coordinate axis x at a given force has two minima corresponding 

to the two states S and S’. When a mechanical force is applied to the ends of the molecule the 

free energy landscape is tilted along x, decreasing de free energy of the S’ state and the TS 

relative to the S state. 

S2. Synthesis of DNA hairpins with short and long handles and molecular setup 

The DNA hairpins (Section S1) with short handles are synthesized using the hybridization of 

three different oligonucleotides (Fig. 1 B, main text). One oligonucleotide contains the 

sequence of the ssDNA left handle plus a part of the sequence of the desired DNA hairpin; the 

second has the rest of the sequence of the DNA hairpin and the ssDNA right handle. The right 

and the left ssDNA handles have the same sequence to hybridize them with the third 

oligonucleotide. The first oligonucleotide has a biotin at its 5’ end and the second 

oligonucleotide has been modified at its 3’ end with a digoxigenin tail (DIG Oligonucleotide 

Tailing Kit, 2nd generation, Roche Applied Science, Barcelona, Spain). Once the first and the 

second oligonucleotides are hybridized to form the hairpin, the third oligonucleotide is 

hybridized to the handles to form the dsDNA handles of 29 bp each. All the oligonucleotide 

sequences used in this construction are shown in Fig. S2. 
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The 2S and 3S hairpins with long handles consist of a single DNA hairpin attached at its 5’ 

and 3’ end to long dsDNA handles used for pulling (Fig. S2 A). The left handle was 

synthesized through a PCR reaction using the pBR322 plasmid as a sample and the primers 

left-Biotin and left-Tsp45I (Fig. S2 B). The primer left-Biotin has a biotin at its 5’ end. The 

product of the PCR was digested with the Tsp45I restriction enzyme (New England Biolabs, 

UK), giving a 528 bp dsDNA fragment with a biotin at one end and a nonpalindromic Tsp45I 

overhang at the other end. The right handle was obtained after two consecutive digestions of λ 

DNA. First, λ DNA is digested with SphI enzyme (New England Biolabs, UK) and the 2216 

bp fragment was gel purified. This fragment was digested again with TspRI (New England 

Biolabs, UK) and the 874 bp DNA gel purified. This dsDNA has at one end the cosL 

overhang of λ and at the other end a nonpalindromic TspRI sticky end. The cosL overhang 

was hybridized with the soc-Le oligonucleotide (Fig. S2 B) that was previously modified at 3’ 

end with a digoxigenin tail (DIG Oligonucleotide Tailing Kit, 2nd generation, Roche Applied 

Science, Spain). The 2S and 3S DNA hairpins constructs are based on an oligonucleotide that 

has the desired sequence flanked by the two sticky ends (Tsp45I and TspRI) (Fig. S2 B). 

Finally, the hairpin was annealed and ligated to the two dsDNA handles to obtain the 

molecular construction. 

Streptavidin-coated polystyrene microspheres (1.87 µm; Spherotech, Libertyville, IL) and 

protein G microspheres (3.0-3.4 µm; G. Kisker Gbr, Products for Biotechnologie, Steinfurt, 

Germany) coated with anti-digoxigenin polyclonal antibodies (Roche Applied Science, Spain) 

were used for specific attachments to the DNA molecular constructions described above. 

Attachment to the anti-digoxigenin microspheres was achieved first by incubating the beads 

with the tether DNA. The second attachment was achieved in the fluidics chamber and was 

accomplished by bringing a trapped anti-digoxigenin and streptavidin microspheres close to 

each other.  
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FIGURE S2 (A) Molecular construct with dsDNA long handles, left handle (528bp) made by 

PCR reaction and right handle (748 bp) obtained from λ DNA. (B) In the table are listed the 

oligonucleotides used to make the long handles construction. The 2S and 3S hairpins 

sequences have in bold the two sticky ends (Tsp45I and TspRI). (C) Sequences used to 

synthesize the two hairpins with short handles. In bold is shown the part of the sequence that 

corresponds to the handle. 
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S3. Experimental setup, hopping and pulling experiments 

The experiments have been carried out using a high stability newly designed miniaturized 

dual-beam optical tweezers apparatus (3,8). It consists of two counter-propagating laser 

beams of 845 nm wavelength that form a single optical trap where particles can be trapped by 

gradient forces. The DNA hairpin is tethered between two beads (Fig. 1 A). One bead is 

immobilized in the tip of a micropipette that is solidary with the fluidics chamber; the optical 

trap captures the other bead. The light deflected by the bead is collected by two 

photodetectors located at opposite sides of the chamber that produce a direct measure of the 

total change in light momentum which is equal to the net force acting on the bead. Piezo 

actuators coupled to metallic wigglers that bend the optical fibers can move the optical trap.  

The folding-unfolding experiments described in this report were performed at ambient 

temperature (25ºC) in a buffer containing 10 mM Tris-HCl pH7.5, 1 mM EDTA, 1 M NaCl, 

0.01% Sodium Azide. Two types of hopping experiments were done for the DNA hairpin 

constructs:  

1. CFM (4,10,11): the force applied to the DNA constructs was maintained to a preset 

value (usually between 12 and 15 pN) by moving the piezo actuators through a feedback 

control (4) that operates at 1kHz. We can observe the molecule hopping between different 

extensions depending on the state of the hairpin (Fig 2F and Fig 3F main text).  

2. PM (10,11): in this case the position of the trap is kept constant (without feedback) 

and allowing the captured bead to passively move in the optical trap. Thus the trapped bead 

changes position inside the trap in response to the end-to-end distance change of the 

molecular construct. Consequently, the force hops among different levels corresponding to the 

different states of the hairpin (Fig 2D and Fig 3D main text). By moving the trap to a new 

position, the value of the tension on the hairpin in the different (folded, unfolded and 

intermediate) states changes, modifying the equilibrium (Boltzmann-Gibbs) weights of these 

states. This kind of experiment allowed us to measure the kinetic rates over different forces. 

In pulling experiments the optical trap is moved at a constant speed and the molecule pulled 

(13,14) until a value of the force is reached such that the molecule unfolds. If the pulling 

process is reversed then the molecule refolds again. In these experiments the force exerted 

upon the system is recorded as the function of the trap relative distance giving the so-called 

force-distance curve (FDC). The folding and refolding of the molecule can be identified as 

force-distance jumps observed in the FDC. In all cases data were collected at 1 kHz. 
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S4. Data analysis 

Detailed balance condition Eq. 2 can also be applied to the PM case, where the control 

parameter is the position of the trap relative to the pipette, XT, rather than the force. In that 

latter case we can expand the free energy difference between states S and S’ in the vicinity of 

the coexistence distance XT as: , where Δf is the (positive) force 

jump between the folded and unfolded branches. This expression tells us that at coexistence 

(XT=XT
c) the two states have the same free energy and, along each branch, we have f=∂G/∂XT. 

By using the relation Δf=εeff xm with εeff  and xm the effective stiffness and the molecular 

extension of ssDNA released at the transition we get, 

 where  is average force between the 

folded and the unfolded branches at a given XT and is the free energy of 

formation at zero force plus the stretching contribution of the extended ssDNA. Therefore Eq. 

2 can be also used in the PM case replacing the force f by the average force between the 

folded and the unfolded branches, .  

For the PM hopping experiments of the two-states 2S hairpin, folding and unfolding transition 

rates were calculated from the time-dependent force traces (10) (Fig. 2D). Each trace 

normally contained 50-150 cycles of unfolding/refolding events, which showed no significant 

force drift. Distributions of the force were fitted to Gaussian functions for the folding and 

unfolding processes (examples are shown in Fig. 2E), 
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where P(f) is the normalized number of counts for each binned force ƒ; w and 1-w are the 

statistical weights of the unfolded and folded states and σn
2 (n = U or F) are the widths of the 

Gaussian peaks, respectively; ƒU and ƒF are the average forces at the unfolded and folded 

states, respectively; States (folded or unfolded) of the hairpin along the force trace were 

assigned according to whether the instantaneous force was closer to ƒU or ƒF. Transition rates 

were computed as the inverse of the mean lifetime for each state. From Eq. 1a and Eq. 1b and 

doing linear fits of the logarithm of the rates versus force, we can extract the free energy 

difference between states F and U by using the expression, 


