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Supporting Information 

Hairpin sequences.  The hairpin sequences are listed in Table 1; nomenclature is described in 

the text. Occasionally, hairpin constructs broke before measurements were completed over a 

range of forces sufficient to determine the load-dependence of the rates. For some other 

constructs (particularly for stable hairpins with very slow transition rates), measurements were 

only carried out near F1/2, precluding determination of the force-dependent rates. In such cases, 

only a partial data set was obtained (typically, sufficient to determine the quantities Δx, ΔG, F1/2 , 

and/or τ1/2). The number of molecules, N, for which complete data sets were obtained is listed in 

the table; the value in parentheses indicates the total number of molecules measured. 

Effect of external force on a two-state energy landscape.  As described previously (1), the 

application of force tilts the energy landscape, changing the relative free energies of the folded, 

unfolded, and transition states, and hence the populations of the folded and unfolded states and 

the transition rates between them (Fig. 4). The location of the transition state is assumed to be 

independent of force, as mentioned in the text (1, 2). This approximation is valid in the limit of a 

sharp barrier potential: a change in force of  ΔF shifts the transition state position by ΔF/κ, where 

κ is the stiffness (curvature) of the potential landscape at the transition state. 

Exponential kinetics.  As expected for a stochastic, two-state process, the lifetimes of the 

folded and unfolded states under constant load were exponentially distributed. Distributions for 

the lifetime of the unfolded state of hairpin 20R55/T4 at two different forces are shown in Fig. 5. 

Hairpin energy landscape model.  The model of the energy landscape for hairpin folding 

includes three free-energy components (the free energy of basepair stacking and hydrogen 

bonding in the stem, the free energy for stretching the ssDNA released by unzipping, and the free 
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energy associated with displacement under load in the optical trap) plus two stiffness 

components (the stiffness of ssDNA released by unzipping, and the stiffness of the dsDNA 

handles). 

Energetic components.  The free energy of basepair stacking and hydrogen bonding was 

calculated from nearest-neighbor free energy parameters (‘Turner rules’) using MFOLD 3.1, 

applying corrections for the temperature (23 °C) and salt content of the assay buffer (200 mM; 

monovalent). Due to the use of force to unfold the hairpins, basepairs in the helix are constrained 

to unzip and reform sequentially. As each basepair unzips, it releases not only energy stored in 

basepairing interactions, but also two nucleotides of ssDNA that are stretched by the applied 

force. The extension per nucleotide produced at the unfolding force was calculated from the 

ssDNA FEC measured by Dessinges et al. (3) at low salt concentrations, where secondary 

structure formation is disfavored. The free energy for stretching the ssDNA was computed using 

a simple WLC interpolation formula that neglects enthalpic contributions to the ssDNA stiffness 

(4). Because a range of parameter values exists in the literature for the persistence length, Lp, and 

contour length, L0, of ssDNA, we estimated the stretching energy using 41 different 

combinations of these experimental parameters, with Lp ranging from 1−1.5 nm and L0 from 

0.58−0.67 nm/nucleotide. Model prediction uncertainties were estimated from the variance 

produced in calculations based on this range of parameter values, assuming, in addition, a 5% 

error in the ssDNA FEC (3). The work performed by the optical trap was calculated simply as 

the force, F, times the hairpin extension, x. Finally, compression of the stem helix (which is 

driven by Brownian fluctuations and would correspond to a negative value of hairpin extension) 

was described using a Morse potential, V(x) = ε[1-exp(-x/a)]2, using parameter values consistent 
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with previous work: ε  = 2.5 kBT and a = 0.018 nm (5). The free energy landscape from these 

energetic contributions is given by: 

xFxGxGxFG stretchmfold ⋅+Δ+Δ=Δ )()(),(   , x ≥ 0; 

    ( )[ ] xFax ⋅+−−ε= 2/exp1     , x < 0,     (1) 

where [ ]3
0

2
0

0

0 )/(2)/(3
)/1(4

)( LxLx
Lx

L
L

TkxG
p

B
stretch −

−
=Δ . 

The actual change in extension upon breaking the last basepair holding the stem together must 

take into account the geometry of the hairpin helix. We calculated this distance from NMR 

structures of a DNA hairpin with a 6 bp stem (6), PDB number 1AC7. The dsDNA handles in 

our assay undergo a small (~30º) bend at the locus of attachment to the hairpin stem, due to the 

applied force. We assumed that this curvature is taken up by the single-stranded abasic sites at 

the 5′ and 3′ ends of the hairpin stem. As the last basepair in the helix breaks during unfolding, 

the bending constraints at these points of handle attachment are relieved. This releases an 

additional DNA extension, associated with both the distance subtended by the bending and the 

structural distance between the two attachment points on the stem helix, which we incorporated 

as an ‘effective helix width’ of 2.0 nm. 

We note that the free energy associated with the loop was included in the model both through the 

entropic free energy for stretching the ssDNA in the unfolded loop and through the loop free 

energy parameters in MFOLD. In all hairpins studied, the loop contained only thymidine residues 

in order to minimize potential intra-loop structure. Intra-loop enthalpic terms beyond those 

accounted for empirically in MFOLD, although they can be important for loops with more 

complex sequences (7), are therefore not expected in this work. 
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The simplifying assumption that the ssDNA stretching free energy is purely entropic 

overestimates the free energy at high external loads, where enthalpic contributions become 

increasingly important. 

Stiffness components.  The elasticities of both the dsDNA handles and the ssDNA released 

upon unfolding affect the folding behavior observed in the optical trap. Because ssDNA is 

elastic, thermal fluctuations in the end-to-end extension of the hairpin (the reaction coordinate) 

under tension lead to a fluctuating number of unzipped basepairs. We approximated this effect 

by smoothing the ‘raw’ energy landscape (Eq. 1) over a distance σ(x) = [kBT/kss(x)]1/2, where 

kss(x) is the stiffness of the ssDNA estimated from the slope of the WLC model for the FEC. 

Optical trapping experiments do not measure hairpin extension directly, because the hairpin is 

connected to the beads through dsDNA handles. For the same reasons given above, the effect of 

elasticity in these handles is to smooth the extension probability distribution of the hairpin, p(x) 

∝ exp[-ΔG(x)/kBT]. To reproduce the extension histogram measured experimentally, we modeled 

this effect by convolving the computed extension probability density with a Gaussian function 

whose width is comparable to that observed for fluctuations in a dsDNA tether of comparable 

length without a hairpin. 

Representative records.  Fig. 6 displays excerpts from records of hairpin unfolding and 

refolding under constant loads, along with the corresponding extension histograms. Hairpins 

where the stem length was varied are shown in Fig. 6A, hairpins where the loop length was 

varied are shown in Fig. 6B, and hairpins where the GC content was varied are shown in Fig. 6C. 

Inset cartoons show the color-coded hairpin sequence. In all instances, the two-state transitions 

are evident, and Gaussian fits to the histograms, corresponding to the folded and unfolded states, 

are shown (red lines). All records (except that of hairpin 8R50/T4) were obtained under force-
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clamped conditions, as described (see Methods). Note that the initial extension of the hairpin in 

the folded state varies from molecule to molecule, despite identical contour lengths of the 

dsDNA handles. This is attributable to variations in the bead radii and the different forces 

applied to the hairpins. 

Numerical data.  Table 2 displays experimental values and model fits associated with the results 

presented in Fig. 3. Hairpin folding data were acquired at a temperature estimated to be 

23 ± 0.5 °C, a value that incorporates heating by the optical trapping laser itself, which we 

estimated to raise the sample temperature by 2.0 ± 0.5 °C (8). For each hairpin, experimental 

averages are given, with model results shown in italics below. Uncertainties in experimental data 

were computed from the statistical standard error of the mean (calculated by bootstrap analysis) 

added in quadrature to an estimate of the systematic error associated with calibration 

uncertainties and heterogeneity in bead size. Uncertainties in the model results represent the 

standard deviation of results calculated using the range of parameter values, as described above. 

Measurements of the unloaded unfolding rate.  Previous work has determined the unfolding 

rate of DNA and RNA hairpins at zero load for a variety of short DNA and RNA hairpins, as 

well as a couple of longer RNA hairpins, using both micromechanical and fluorescence-based 

approaches. In Fig. 7, we compare these results to our own values for the unloaded unfolding 

rates (ku,0) of  tetraloop DNA hairpins with 50% stem GC content. Precise comparisons are 

problematic because of the different sequences, temperatures, and buffer conditions employed; 

nevertheless, the current data set agrees well with the previous results for both short and long 

hairpins, connecting these otherwise disparate measurements and extending them over several 

orders of magnitude. 
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A previous study (not shown in Fig. 7) also measured the thermal dissociation of AU helices 8-

18 bp long (9). Extrapolation of those results to a 20 bp helix results in an dissociation rate of 

~10-3 ± 1 s-1 (lnk ≈ -7 ± 2), in reasonable agreement with the value lnku,0 = -10 ± 1 derived from 

our measurement of a hairpin with the same stem length and GC content (20R0/T4). 
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Table 1:  Hairpins studied. 

Name Hairpin sequence N 

6R50/4T GAGCTA(T)4TAGCTC 6 (8) 

8R50/4T GAGTCCTA(T)4TAGGACTC 5 

10R50/4T GAGTCTCCTA(T)4TAGGAGACTC 7 

15R50/4T GAGTCCTGGATCCTA(T)4TAGGATCCAGGACTC 9 (10) 

20R50/4T GAGTCAACGTCTGGATCCTA(T)4TAGGATCCAGACGTTGACTC 7 (11) 

25R50/4T GAGTCAACGTTCACGCTGGATCCTA(T)4TAGGATCCAGCGTGAACGTTGACTC 9 (10) 

30R50/4T GAGTCAACGTACTGATCACGCTGGATCCTA(T)4TAGGATCCAGCGTGATCAGTACGTTGACTC 10 

15R60/3T GAGTCCTGGATCCTG(T)3CAGGATCCAGGACTC 3 

15R60/4T GAGTCCTGGATCCTG(T)4CAGGATCCAGGACTC 7 

15R60/6T GAGTCCTGGATCCTG(T)6CAGGATCCAGGACTC 6 (7) 

15R60/8T GAGTCCTGGATCCTG(T)8CAGGATCCAGGACTC 8 

15R60/12T GAGTCCTGGATCCTG(T)12CAGGATCCAGGACTC 6 (11) 

15R60/15T GAGTCCTGGATCCTG(T)15CAGGATCCAGGACTC 6 (8) 

15R60/20T GAGTCCTGGATCCTG(T)20CAGGATCCAGGACTC 1 (5) 

15R60/30T GAGTCCTGGATCCTG(T)30CAGGATCCAGGACTC 0 (4)  

20R0/4T TATTATATATTAATATATAA(T)4TTATATATTAATATATAATA 10 

20R25/4T AAGTTAACATCTAGATTCTA(T)4TAGAATCTAGATGTTAACTT 2 (3) 

20R55/4T GAGTCAACGTCTGGATCCTG(T)4CAGGATCCAGACGTTGACTC 10 

20R75/4T GGTGCACCGTCCGGACCCTG(T)4CAGGGTCCGGACGGTGCACC 6 

20R100/4T CGCCGCGGGCCGGCGCGCGG(T)4CCGCGCGCCGGCCCGCGGCG 8 (9) 
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Table 2: Numerical results from experiment and model 

 

Hairpin 

name 

Δx 

(nm) 

F1/2 

(pN) 

ΔG 

(kJ/mol) 

ln(ku,0) 

(s-1) 

ln(τ1/2) 

(s) 

Δx‡
f 

(nm) 

Δx‡
u 

(nm) 

6R50/T4 (expt) 

              (model) 

5.1 ± 0.3  

5.8 ± 0.2  

8.0 ± 0.7 

7.8 ± 0.4 

25 ± 3 

29 ± 2 

2.4 ± 0.5 

4.3 ± 0.6 

-6.0 ± 0.1 

-5.8 ± 0.2 

2.2 ± 0.2 

2.6 ± 0.6 

2.8 ± 0.2 

3.2 ± 0.6 

8R50/T4 7.2 ± 0.3 

7.6 ± 0.3 

8.4 ± 0.6 

9.2 ± 0.4 

38 ± 3 

43 ± 3 

0.4 ± 0.3 

0.6 ± 0.9 

-5.4 ± 0.1 

-5.0 ± 0.3 

3.4 ± 0.3 

4.0 ± 0.8 

3.8 ± 0.4 

3.5 ± 0.8 

10R50/T4 8.7 ± 0.3 

9.4 ± 0.4 

10.5 ± 0.6 

10.2 ± 0.5 

54 ± 4 

58 ± 4 

-4.1 ± 0.6 

-3.7 ± 1.1 

-4.7 ± 0.1 

-4.3 ± 0.3 

5.1 ± 0.4 

5.7 ± 0.8 

4.0 ± 0.4 

3.8 ± 0.8 

15R53/T4 13.6 ± 0.3 

13.9 ± 0.5 

12.3 ± 0.4 

12.0 ± 0.5 

100 ± 6 

100 ± 6 

-12 ± 2 

-16 ± 2 

-3.4 ± 0.2 

-3.0 ± 0.3 

7.9 ± 0.5 

9.5 ± 1.1 

5.4 ± 0.4 

4.4 ± 1.1 

20R50/T4 17.8 ± 0.3 

18.2 ± 0.6 

13.6 ± 0.4 

12.9 ± 0.5 

146 ± 8 

140 ± 9 

-29 ± 2 

-27 ± 3 

-2.2 ± 0.2 

-2.4 ± 0.4 

12.5 ± 0.7 

13.2 ± 1.2 

5.6 ± 0.5 

5.0 ± 1.2 

25R52/T4 20.9 ± 0.5 

22.4 ± 0.8 

14.5 ± 0.7 

13.9 ± 0.6 

183 ± 10 

183 ± 11 

-37 ± 3 

-39 ± 3 

-1.3 ± 0.2 

-1.4 ± 0.4 

14.6 ± 0.9 

17.0 ± 1.2 

6.3 ± 0.5 

5.5 ± 1.2 

30R50/T4 26.5 ± 0.5 

27.0 ± 1.0 

14.4 ± 0.7 

13.9 ± 0.6 

227 ± 11 

218 ± 14 

-53 ± 5 

-49 ± 4 

-1.2 ± 0.2 

-1.5 ± 0.4 

19.7 ± 1.2 

21.2 ± 1.2 

6.7 ± 0.5 

5.9 ± 1.2 

15R60/T3 13.0 ± 0.5 

13.2 ± 0.4 

10.8 ± 0.8 

12.3 ± 0.5 

91 ± 9 

95 ± 6 

-15 ± 2 

-17 ± 2 

-4.0 ± 0.3 

-3.6 ± 0.3 

7.9 ± 0.5 

9.2 ± 1.1 

5.4 ± 0.7 

4.3 ± 1.1 

15R60/T4 13.5 ± 0.3 

13.6 ± 0.5 

13.3 ± 0.5 

12.8 ± 0.5 

108 ± 6 

102 ± 6 

-19 ± 2 

-16 ± 2 

-3.9 ± 0.2 

-4.7 ± 0.3 

8.5 ± 0.4 

9.5 ± 1.1 

4.8 ± 0.3 

4.3 ± 1.1 

15R60/T6 14.8 ± 0.3 

14.5 ± 0.5 

11.3 ± 0.7 

11.7 ± 0.5 

100 ± 6 

100 ± 6 

-17 ± 3 

-18 ± 2 

-2.2 ± 0.4 

-2.3 ± 0.4 

8.7 ± 0.6 

9.4 ± 1.1 

6.2 ± 0.7 

5.2 ± 1.1 

15R60/T8 15.2 ± 0.5 

15.3 ± 0.5 

10.3 ± 0.5 

11.1 ± 0.4 

95 ± 7 

101 ± 6 

-13 ± 2 

-18 ± 2 

-1.4 ± 0.3 

-0.8 ± 0.4 

7.9 ± 0.7 

9.5 ± 1.1 

8.0 ± 0.7 

5.8 ± 1.1 

15R60/T12 17.3 ± 0.5 

16.8 ± 0.5 

9.7 ± 0.5 

10.1 ± 0.4 

98 ± 7 

103 ± 6 

-15 ± 3 

-19 ± 2 

1.9 ± 0.4 

1.2 ± 0.5 

8.6 ± 0.7 

9.4 ± 1.1 

8.1 ± 0.6 

7.3 ± 1.1 

15R60/T15 18.6 ± 0.6 

17.9 ± 0.6 

9.1 ± 0.8 

9.5 ± 0.4 

98 ± 10 

104 ± 7 

-14 ± 3 

-19 ± 2 

3.0 ± 0.4 

2.6 ± 0.6 

9.8 ± 1.1 

9.5 ± 1.1 

9.1 ± 1 

8.2 ± 1.1 
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15R60/T20 20.8 ± 0.7 

19.7 ± 0.7 

8.1 ± 0.9 

8.7 ± 0.4 

90 ± 12 

104 ± 7 

-9 ± 6 

-19 ± 2 

5.0 ± 0.3 

4.3 ± 0.6 

8.9 ± 1.3 

9.3 ± 1.1 

11.6 ± 1.6 

9.9 ± 1.1 

15R60/T30 25.7 ± 1 

23.5 ± 0.8 

7 ± 1 

7.3 ± 0.3 

96 ± 25 

104 ± 7 

NA 

-20 ± 2 

>7 ± 0.7 

7.0 ± 0.7 

NA 

9.1 ± 1.1 

NA 

12.9 ± 1.1 

20R0/T4 17.6 ± 0.3 

16.5 ± 0.5 

7.9 ± 0.4 

8.8 ± 0.4 

86 ± 5 

83 ± 5 

-10 ± 1 

-9.3 ± 1.5 

-4.2 ± 0.4 

-6.0 ± 0.2 

10.9 ± 0.7 

11.6 ± 1.1 

6.0 ± 0.5 

5.3 ± 1.1 

20R25/T4 17.6 ± 0.4 

17.5 ± 0.6 

10.6 ± 0.5 

11.1 ± 0.5 

112 ± 8 

112 ± 7 

-23 ± 3 

-20 ± 2 

-2.6 ± 0.5 

-4.2 ± 0.3 

11.7 ± 0.8 

12.9 ± 1.2 

5.6 ± 0.8 

5.0 ± 1.2 

20R55/T4 18.1 ± 0.3 

17.9 ± 0.7 

13.8 ± 0.4 

13.5 ± 0.6 

146 ± 7 

140 ± 9 

-31 ± 2 

-27 ± 3 

-2.9 ± 0.3 

-4.2 ± 0.3 

12.5 ± 0.7 

13.0 ± 1.2 

5.6 ± 0.7 

4.9 ± 1.2 

20R75/T4 19.3 ± 0.4 

18.6 ± 0.7 

15.2 ± 0.5 

15.1 ± 0.6 

175 ± 10 

165 ± 10 

-36 ± 2 

-36 ± 3 

-2.5 ± 0.3 

-2.2 ± 0.4 

12.3 ± 0.7 

13.7 ± 1.2 

6.1 ± 0.7 

5.1 ± 1.2 

20R100/T4 19.0 ± 0.4 

19.5 ± 0.8 

19.3 ± 0.8 

18.0 ± 0.7 

220 ± 13 

207 ± 13 

-43 ± 3 

-51 ± 4 

-2.6 ± 0.3 

-0.5 ± 0.4 

13.3 ± 0.7 

14.7 ± 1.2 

5.8 ± 0.4 

4.9 ± 1.2 

 



 10

Supporting Information Figure Captions 

Fig. 4. Effect of externally-applied force on the free energy landscape of a two-state system. 

Force tilts the landscape by an amount ΔG = F0∆x, changing the free energy of both the 

transition state and the unfolded state, and thereby the folding and unfolding rates as well as the 

relative populations of folded and unfolded states. Variable labels are defined in the text. 

Fig. 5. Lifetimes of unfolded state for hairpin 20R55/T4 under constant load, shown at two 

different forces. Lifetimes are exponentially distributed and depend on the force applied. 

Fig. 6. Representative records of hairpin extension vs. time and extension histograms for hairpins 

under constant load, adjusted in each case to be near the associated unzipping force, F1/2. (A) 

Comparison of hairpins with varying stem length. The most rapidly fluctuating of these, hairpin 

8R50/T4, was measured in an open-loop configuration (see Methods). (B) Comparison of 

hairpins with varying loop length. (C) Comparison of hairpins with varying stem GC content. 

Fig. 7. Comparison of unfolding rates at zero force to previous work. Measurements of ku,0 for 

tetraloop hairpins with varying stem length and 50% GC content are compared to previous 

results for the unloaded or thermal unfolding rate of DNA and RNA hairpins. Solid points denote 

DNA hairpin data, hollow points RNA data; squares denote force-induced unfolding 

measurements, circles thermal unfolding measurements. References are color-coded as indicated. 

Sequences and temperatures vary: r(GC-UUCG-GC) and r(GC-UUCG-GC), 37.5 ºC; r(GGAC-

UUCG-GUCC) and r(GGAC-UUUU-GUCC), 65 ºC (1). r(GGGC-G(2AP)AA-GCCUUAU), 

8 ºC (2). AACCC-T21-GGGTT, 25 ºC (3). ATCCTA-T4-TAGGAT, 54 ºC (4). GGATAA-T4-

TTATCC, extrapolated from data to 23 ºC (5). r(AAAAAA-C6-UUUUUU), interpolated from 

data to 23 ºC (6). CGGATAA-T8-TTATCCG, 36 ºC (7). CCCAA-Tn-TTGGG, extrapolated from 

data to n=4 (tetraloop), 23 ºC (8). GGGTT-A30-AACCC, 23 ºC (9). CTCTTCA-A40-TGAAGAG 
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and CTCTTCAGT-A40-ACTGAAGAG, room temperature (10). HIV TAR hairpin 

r(GGCUCGGUUAGACCAGAUCUGAGC-CUGGGA-GCUCUCUGGCUAACUAGGGCC), 

room temperature (11). P5ab hairpin from T. thermophila ribozyme, 

r(CCGUUCAGUACCAAGUCUCAGGG-GAAA-CUUUGAGAUGGGGUGCUGACGG), 

room temperature (12). 
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