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Abstract 

Nucleic acid hybridization in bimolecular and folding reactions is a fundamental kinetic process susceptible to water solvation, counterions, and 
chemical modifications with intricate enthalp y –entrop y compensation effects. Such effects hinder the typically weak temperature dependencies 
of enthalpies and entropies quantified by the heat capacity change upon duplex formation. Using a temperature-jump optical trap, we investigate 
the folding thermodynamics and kinetics of DNA hairpins of varying stem sequences and loop sizes in the temperature range of 5–40 ◦C. From 

a kinetic analysis and using a Clausius–Clapeyron equation in force, we derive the hybridization heat capacity changes �C p per GC and AT bp, 
finding 36 ± 3 and 29 ± 3 cal / (mol K), respectiv ely. T he almost equal values imply similar degrees of freedom arrest upon GC and AT bp formation 
during duple x f ormation. Folding kinetics on DNA hairpins of varying loop siz es sho w that the transition states (TS) in duplex formation have 
high free energies but low �C p values relative to the native state. Consequently, TS have low configurational entropy in agreement with the 
funnel-like energy landscape hypotheses. Our study underlines the validity of general principles in the hybridization and folding of nucleic acids 
determined by the TS’s �C p values. 

Gr aphical abstr act 

I

A  

p  

d  

a  

 

 

 

 

 

R
©
T
(
o
p
j

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/53/14/gkaf698/8208112 by guest on 22 O

ctober 2025
ntroduction 

 fundamental reaction in nucleic acids is hybridization, the
rocess by which two complementary single strands form a
ouble helix. Hybridization occurs in two ways (Fig. 1 A):
s a bimolecular reaction by mixing two oligonucleotides A
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Figure 1. Single-molecule experimental setup. ( A ) Schematic for a hybridization and folding process. ( B ) Cartoon showing the studied DNA sequences. 
Dark (light) green circles denote guanine (cytosine) bases, and dark (light) squares denote adenine (thymine) bases. ( C ) The hairpin under study is 
tethered between two polystyrene beads with double-stranded DNA (dsDNA) handles. One bead is captured in the optical trap, while the other is fixed 
at the tip of a glass micro-pipette. ( D ) Hopping experiments. Force–time traces for the mixed-GA 3 hairpin at three selected temperatures: 6 ◦C (blue), 
25 ◦C (green), and 45 ◦C (red). Notice the temperature dependence of the force and timescales of the two force levels (upper level, folded; lower level, 
unfolded). ( E ) Pulling experiments. Five illustrative force–distance curves for the mixed-GA 3 hairpin at three selected temperatures: 6 ◦C (blue), 25 ◦C 

(green), and 45 ◦C (red). Dark color curves are unfolding trajectories, while light color curves are folding trajectories. Notice the increase in hysteresis 
(shaded areas) upon decreasing temperature. 
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understanding biomolecular reactions, such as unimolecular
folding. Reconstructing folding energy landscapes (FELs) re-
quires accurate knowledge of the energy of the conformations
explored along a reaction coordinate [ 2 ]. Detecting kinetic
states along the folding pathway is a main limitation, includ-
ing transition states (TS) mediating the unfolded and native
basins of attraction [ 3 ]. It has been suggested that the FEL has
a funnel-like shape similar to a golf course. In this picture, the
TS lies at the hole’s edge while the native state is at the bottom
[ 4 , 5 ]. Heat capacity changes �C p quantify the reduction in
degrees of freedom and the structural changes upon folding.
Despite bulk methods giving valuable information about na-
tive states, they remain inapplicable to derive the energetics
of the TS and the FEL. For protein barnase, we have recently
measured the �C p values between the TS and the native and
unfolded states, highlighting the funnel-like shape of the FEL
[ 6 ]. Here, we aim to determine the funnel-like features of the
FEL in DNA hairpin folding through thermodynamic and ki-
netic measurements using calorimetric force spectroscopy. 

Established techniques for measuring the thermodynamics
of hybridization are differential scanning calorimetry (DSC)
[ 7 ] and isothermal titration calorimetry (ITC) [ 8 ]. Previ-
ous studies based on DSC suggested that the DNA en-
thalpy and entropy of hybridization, �H 0 and �S 0 , are
temperature-independent. From the relation �C p = ∂ �H 0 /∂ T
= (1 / T ) ∂ �S 0 /∂ T , this implies a vanishing �C p upon DNA
hybridization [ 9–11 ]. However, subsequent studies combining
ITC and DSC [ 12–15 ] demonstrated that the enthalpy differ-
ence measured at low (ITC) and high (DSC) temperatures do
not match, proving that �C p � = 0. In a first approximation,
�H 0 and �S 0 can be expanded around the melting tempera-
ture T m 

as 

�H 0 (T ) = �H 

m 

0 + �C p ( T − T m 

) , (1a)

�S 0 (T ) = �S m 

0 + �C p log 
(

T 

T m 

)
. (1b)

with �H 

m 

0 and �S m 

0 the enthalpy and entropy changes at T m 

.
Hybridization studies on DNA oligonucleotides of varying
sequence and length showed that �H 

m and �S m for a GC
0 0 
(guanine paired with cytosine) or an AT (adenine paired with 

thymine) base pair (bp) are different [ 15–18 ]. Mikulecky and 

Feig collected the �C p values per bp measured from differ- 
ences in the baseline on heat capacity curves [ 14 ] and from 

the linear dependence of �H m 

versus T m 

[ 14 , 19 ], finding that 
values per bp fall in the range −30 up to 332 cal / (mol K) de- 
pending on oligo sequences, lengths, and experiments carried 

out [ 20 ]. Here, we use calorimetric force spectroscopy to re- 
duce this uncertainty by determining the �C p difference be- 
tween AT and GC bp in DNA hairpin folding. 

Fluorescent single-molecule [ 21–23 ] and force- 
spectroscopy single-molecule experiments (SMEs) allow 

us to measure folding [ 24–26 ] and binding [ 27–29 ] ener- 
gies with kcal / mol accuracy. In SME, force controls the 
folding transition by modulating the relative stability of 
the native and unfolded hairpin. SME permits deriving the 
force-dependent unfolding and folding kinetic rates with high 

accuracy and reconstructing FELs [ 30–35 ]. FELs are com- 
monly investigated using the Bell–Evans (BE) model [ 36–38 ] 
and the diffusive kinetics approach [ 39–42 ]. The BE model 
describes (un)folding transitions as activated jumps over a 
kinetic barrier that depends on the force. In the diffusive 
kinetics approach, the folding reaction is a Brownian process 
in a force-dependent one-dimensional FEL. While free energy 
differences �G 0 ( =�H 0 − T �S 0 ) and FEL at room temper- 
ature are commonplace, determining folding enthalpies and 

entropies has remained largely unexplored in SME. 
A few groups worldwide have developed instruments ca- 

pable of controlling temperature using single-molecule fluo- 
rescence [ 43–46 ] and optical tweezers [ 47–49 ]. In contrast 
to bulk assays like DSC or ITC, where TS have been char- 
acterized indirectly by changing the salt conditions, force- 
spectroscopy experiments allow precise characterization of 
the FEL by keeping the salt or temperature conditions fixed.
In this context, calorimetric force spectroscopy is a valuable 
resource. Here, we study the FEL of DNA hairpins at dif- 
ferent temperatures using calorimetric tweezers by deriving 
�S 0 ( T ) from the Clausius–Clapeyron equation with force [ 6 ,
50 ]. Moreover, by studying the temperature dependence of the 
kinetic rates at zero force, we derive the enthalpy and entropy 
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Table 1. Sequence of the in v estigated DNA hairpins 

Name Sequence 

Poly(GC) 5 ′ -GCGCGCGCGC GAAA GCGCGCGCGC-3 ′ 

Poly(AT) 5 ′ -GCA T A T A T A T A T A T GAAA A T A T A T A T A T A TGC-3 ′ 

Mixed-GA 3 5 ′ -GC GAG CCA T AA TCTCA TCTG GAAA C A GA T GA GA TT A TGGCTCGC-3 ′ 

Mixed-GA 7 5 ′ -GC GAG CCA T AA TCTCA TCTG GAAAAAAA C A GA T GA GA TT A TGGCTCGC-3 ′ 

Mixed-GA 19 5 ′ -GC GAG CCA T AA TCTCA TCTG GAAAAAAAAAAAAAAAAAAA C A GA T GA GA TT A TGGCTCGC-3 ′ 

Mixed-GT 19 5 ′ -GC GAG CCA T AA TCTCA TCTG GTTTTTTTTTTTTTTTTTTT C A GA T GA GA TT A TGGCTCGC-3 ′ 

The loop sequences are highlighted in underline. 
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ifferences of the TS relative to the native state ( �H 

‡, �S ‡)
nd unfolded state ( �H 

* , �S * ) [ 6 ]. Determining �H 

‡, �S ‡,
H 

* , �S * , and the corresponding values of �C 

‡ 
p and �C 

∗
p

ives a detailed picture of the temperature-dependent FEL. 
To address these questions, we have performed DNA hair-

in folding experiments in the temperature range 5–50 

◦C us-
ng a temperature-jump optical trap [ 50 , 51 ]. We have con-
idered two groups of hairpin sequences. First, we have stud-
ed GC-rich, AT-rich, and 50% GC-content stem sequences
f hairpins ending in a GA 3 tetra-loop. We have determined
he temperature-dependent �G 0 , �H 0 , �S 0 , and the �C p val-
es per GC and AT bp with cal / (mol K) accuracy. The sec-
nd group contains hairpins of fixed stem and variable loop
ize and composition. This has permitted us to characterize
he FEL by measuring the temperature-dependent �H 

‡, �S ‡,
H 

* , and �S * . From there, we derive the �C p values be-
ween the TS and the native and unfolded states, confirming
he funnel-like shape of the FEL for DNA folding. 

aterials and methods 

NA hairpin synthesis 

NA hairpins are synthesized by hybridizing two oligonu-
leotides [ 52 ]: a primary oligo containing the sequence of the
airpin flanked by a single-stranded DNA (ssDNA) handle
nd a second splint oligo. The handles flanking the hairpins
re the same for all hairpins, 5 

′ -A G T T A G T G G T G G A
 A C A C A G T G C C A G C G C-3 

′ , which hybridize to the
omplementary splint oligo. After hybridization, two identical
sDNA handles flank the DNA hairpin on each side. Hairpin
equences are summarized in Table 1 and Fig. 1 B. 

ingle-molecule experiments 

n SME, molecular constructs are tethered between two
olystyrene beads of diameters 3.15 μm (Kisker Biotechnolo-
ies) and 2.17 μm (Spherotech, SVP-20-5). The optical trap
ontrols the 3.15 μm bead (bead type I), while the 2.17 μm
ead (bead type II) is kept fixed at the tip of a glass micro-
ipette by air suction (Fig. 1 C). The 5 

′ -end of one handle is
abeled with one biotin, while the 3 

′ -end of the other han-
le is labeled with a digoxigenin tail. Biotin- and digoxigenin-
abeled ends specifically bind to beads coated with strepta-
idin (type II beads) and anti-digoxigenin (type I beads), re-
pectively. The experiments were done with buffer media con-
aining 10 mM Tris, 1 M NaCl, 1 ml ethylenediaminete-
raacetic acid, and 0.01% NaN 3 at pH 7.5. 

opping experiments 
n hopping experiments, the optical trap is kept fixed at dif-
erent positions to record the thermally activated unfolding
and folding transitions from the force signal. For a given trap
position or fixed distance between the center of the optical
trap and the bead on the micro-pipette, molecules with two
states (native and unfolded) present two force levels. The num-
ber of released bases in the unfolding of the hairpin deter-
mines each force level. When the molecule unfolds (folds), the
released (withheld) ssDNA of the hairpin elongates (short-
ens) the tether extension, resulting in a lower (higher) force
(Fig. 1 D). Recorded time traces typically span a few minutes at
each trap position, allowing us to characterize the unfolding
and folding kinetic rates. Figure 1 D shows three force–time
traces measured at 6 

◦C (blue), 25 

◦C (green), and 45 

◦C (red)
for the mixed-GA 3 hairpin. 

Pulling experiments 
In pulling experiments, the optical trap position λ is repeat-
edly moved up and down at a constant speed, increasing
and decreasing the distance between the molecular construct’s
ends. Force is ramped between an initial low force where
the molecule is folded and a maximum high force where
the molecule is unfolded (Fig. 1 E). During stretching (dark
color curves in Fig. 1 E), the unfolding events are observed as
sudden force rips in the force versus the distance λ curves.
Upon releasing the force, hairpins refold (light color curves in
Fig. 1 E), and folding transitions are detected as force jumps.
The force–distance curves shown in Fig. 1 E show two dif-
ferent force branches due to the different elastic responses
of the system when the hairpin is in its native or unfolded
state. Figure 1 E shows five force–distance curves measured at
6 

◦C (blue), 25 

◦C (green), and 45 

◦C (red) for the mixed-GA 3 

hairpin. 

Temperature-jump optical trap 

We have used a temperature-jump optical trap capable of tun-
ing the experimental temperature from 5 

◦C to 50 

◦C [ 50 , 51 ].
Briefly, the instrument raises the temperature near the optical
trap by heating the water solution using a 1435 nm wave-
length laser. This laser is collimated at the optical trap po-
sition, analogous to Köhler illumination, to heat a 50 μm
region where SME are performed. We did Stokes tests after
recording the data for each studied molecule to determine the
experimental temperature. The temperature inside the cham-
ber at discrete laser powers is determined from the slope
of the force versus velocity curves using the Vogel–Fulcher–
Tammann equation for water’s viscosity. The instrument can
be placed in a 25 

◦C temperature-controlled laboratory or in-
side an icebox with an internal temperature of 5 

◦C. The heat-
ing laser raises the temperature from the initial 25 

◦C (or 5 

◦C)
to 50 

◦C (or 30 

◦C), allowing us to measure over the full range
◦
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B CA

Figure 2. Temperature-dependent kinetic rates. ( A ) Unfolding ( k → 

, solid symbols) and folding ( k ← 

, empty symbols) kinetic rates for the poly(GC) (top), 
poly(AT) (middle), and mix ed-G A 3 (bottom) hairpins measured at different temperatures. ( B ) Unfolding (top) and folding (bottom) kinetic rates of 
mix ed-G A 3 (diamonds), mix ed-G A 7 (circles), mix ed-G A 19 (squares), and mix ed-GT 19 (triangles) at 6 ◦C (dark blue), 8 ◦C (light blue), 16 ◦C (turquoise), 25 ◦C 

(green), 32 ◦C (khaki), and 37 ◦C (brown). Notice that k → 

overlap for all explored hairpins. In contrast, k ← 

for mixed-GA 7 , mixed-GA 19 , and mixed-GT 19 do 
not depend on temperature, while k ← 

for mixed-GA 3 is weakly T-dependent. ( C ) Coexistence force as a function of temperature for the poly(GC), 
poly(AT), and mix ed-G A 3 (top) and for the mixed-GA 3 , mixed-GA 7 , mixed-GA 19 , and mixed-GT 19 (bottom). The dashed lines are linear fits to determine 
∂ f c /∂ T , which, combined with equation ( 8 ) gives �S 0 ( T ). 
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Results 

We performed hopping experiments for the first three DNA
hairpins shown in Table 1 . The hairpins are made of differ-
ent stems ending in a 5 

′ -GAAA-3 

′ tetra-loop denoted as GA 3 .
The first hairpin, poly(GC) , has a 10-bp stem of five alter-
nating 5 

′ -GC-3 

′ and 5 

′ -CG-3 

′ dinucleotide motifs. The sec-
ond hairpin, poly(AT) , has a 14 bp stem of six alternating
5 

′ -AT-3 

′ and 5 

′ -TA-3 

′ dinucleotide motifs plus a single 5 

′ -
GC-3 

′ motif preceding the 12 AT bp to prevent fraying of
the stem. We designed stems consisting of purine-pyrimidine
steps in alternating sequences of dinucleotide motifs to min-
imize stacking between bases when hairpins are in their un-
folded single-stranded form [ 53 ]. Finally, the hairpin mixed-
GA 3 has a stem of 20 bp of 50% GC content and has
been used to test the consistency of the results obtained for
poly(GC) and poly(AT). The stem of the mixed-GA 3 con-
tains three motifs of a few consecutive purines along the
ssDNA (GA G, A GA, and GA GA, Table 1 in bold), which
are too short to stack in the unfolded state cooperatively
[ 54 , 55 ]. 

We have also investigated how the loop’s length and se-
quence modify the values of �G 0 , �S 0 , �H 0 , and �C p

for hairpins with the same stem sequence as mixed-GA 3 .
Hairpins are mix ed-GA 7 , mix ed-GA 19 , and mix ed-GT 19

with GX n denoting loops of n + 1 bases where G is
followed by n bases of type X from 5 

′ to 3 

′ (see Ta-
ble 1 ). These hairpins do not show hopping in equilib-
rium conditions within the experimental timescales. There-
fore, we derived the force–dependent (un)folding kinetic
rates between 5 

◦C and 40 

◦C from non-equilibrium pulling
experiments. 
Folding free energy, entropy, and enthalpy 

We have measured the force- and temperature-dependent un- 
folding ( k → 

( f , T )) and folding ( k ← 

( f , T )) kinetic rates to de-
termine �G 0 ( T ), �S 0 ( T ), �H 0 ( T ), and �C p for all hairpins:
poly(GC), poly(AT), mixed-GA 3 , mixed-GA 7 , mixed-GA 19 ,
and mixed-GT 19 hairpins. Let N and U denote the native hair- 
pin and unfolded states, respectively. Thermodynamic changes 
upon folding are conventionally defined as �X = X 

U − X 

N 

with X = G , S , H , C p with N the initial and U the final states.
The unfolded state is a stretched ssDNA polymer if pulled at 
a given force. In contrast, the unfolded state is a random coil 
at zero force. Energy differences at zero force will be denoted 

by the subscript 0, i.e. �X 0 . 
We carried out hopping experiments for poly(GC),

poly(AT), and mixed-GA 3 at different force conditions (see 
the ‘Materials and methods’ section) and temperatures (5–
50 

◦C). Figure 1 D shows the first 25 s of a force–time trace 
measured at 6 

◦C (blue), 25 

◦C (green), and 45 

◦C (red) for 
mixed-GA 3 . Notice that unfolding and folding forces decrease 
while the hopping frequency increases with temperature. To 

estimate k → 

( f , T ) and k ← 

( f , T ) from the force–time traces, we
calculated the lifetime 〈 τ 〉 of each state, 

k → 

( f , T ) = 1 / 〈 τN 

( f , T ) 〉 , (2a) 

k ← 

( f , T ) = 1 / 〈 τU 

( f , T ) 〉 . (2b) 

Figure 2 A shows the unfolding (solid symbols) and folding 
(empty symbols) kinetic rates for poly(GC) (top), poly(AT) 
(middle), and mixed-GA 3 (bottom) at different temperatures.
Notice that poly(GC) unfolds / folds at higher forces than 

poly(AT) does, whereas mixed-GA 3 falls in between, indicat- 
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ng that the energy needed to unfold poly(GC) is higher than
oly(AT), even if poly(GC) has a stem of 10 bp, shorter com-
ared to the 14-bp poly(AT). Overall, kinetic rates increase
ith temperature while the coexistence force f c , where k → 

( f c ,
 ) = k ← 

( f c , T ), decreases with temperature (Fig. 2 C). 
The kinetic rates for the different loops have been deter-
ined from pulling experiments, Fig. 1 E. We measured the

urvival probabilities of N and U from the force–distance
urves at different temperatures using the high-throughput ap-
roach introduced in references [ 42 , 56 ]. Survival probabili-
ies are calculated as follows: 

P N 

→ 

( f , T ) = 1 − n ( f ‡ < f ) 
N 

, (3a)

P U 

← 

( f , T ) = 1 − n ( f ∗ > f ) 
N 

. (3b)

n equation ( 3a ) (equation 3b ), f ‡ ( f * ) denotes the first unfold-
ng (folding) force event along the unfolding (folding) trajec-
ory. The first unfolding (folding) force is the force value where
he molecule transits from N → U ( N ← U ) for the first time
n the force–distance curve. Moreover, n ( f ‡ < f ) ( n ( f * > f ) is
he number of such events below (above) a force f , and N is
he total number of recorded trajectories. Kinetic rates satisfy
he master equation: 

r 
dP N 

→ 

( f , T ) 
df 

= −k → 

( f , T ) · P N 

→ 

( f , T ) , (4a)

r 
dP U 

← 

( f , T ) 
df 

= k ← 

( f , T ) · P U 

← 

( f , T ) , (4b)

ith r being the pulling rate. We used equations ( 4a ) and ( 4b )
o derive k → 

( f , T ) and k ← 

( f , T ) from the survival probabilities.
igure 2 B shows results for mixed-GA 3 , mixed-GA 7 , mixed-
A 19 , and mixed-GT 19 . Notice that in Fig. 2 B, colors denote

emperatures while symbols indicate loop types. Remarkably,
nfolding kinetic rates (top panel) for all sequences overlap
t each temperature, i.e. different symbols collapse in a single
aster curve defined by a color. In contrast, the folding kinetic

ates of mixed-GA 7 , mixed-GA 19 , and mixed-GT 19 (bottom
anel) overlap at all temperatures for a given sequence. There-
ore, different colors collapse in a single master curve defined
y a symbol. An exception is mixed-GA 3 (empty triangles),
here folding shows a residual temperature dependence. 
Figure 2 B (top) demonstrates that the loop barely affects the

eight of the barrier to unfold, located within the stem of the
airpin preceding the opening of the loop. In contrast, Fig. 2 B
bottom) highlights a temperature-independent folding kinet-
cs for the largest loop sizes, i.e. mixed-GA 7 , mixed-GA 19 , and
ixed-GT 19 , demonstrating that folding is an entropy-driven
rocess. Supplementary Fig. S1 shows the unfolding and fold-
ng kinetic rates for these hairpins independently. This is not
he case for the tetra-loop GA 3 of poly(GC), poly(AT), and
ixed-GA 3 , where folding rates shift to lower forces upon in-

reasing temperature, Fig. 2 A and B (bottom). 

olding free energy 
o estimate �G 0 ( T ) from the kinetic rates, we used the de-
ailed balance condition that relates k → 

( f , T ) and k ← 

( f , T ) with
he force-dependent folding free energy �G ( f , T ): 

k → 

( f , T ) 
k ← 

( f , T ) 
= exp 

(−β�G ( f , T ) 
)
, (5)
with β = 1 / k B T , k B Boltzmann’s constant and T the tempera-
ture. The force-dependent folding free energy �G ( f , T ) equals
the folding free energy difference between N and U at zero
force plus the elastic w or k �G el ( f , T ) necessary to stretch the
molecule from zero force to force f , i.e. �G ( f , T ) = �G 0 ( T ) +
�G el (0 → f , T ). The term �G el (0 → f , T ) is given by 

�G el ( f , T ) = −
∫ f 

0 
x U 

( f ′ , T ) df ′ + 

∫ f 

0 
x N 

( f ′ , T ) df ′ , (6)

where x U 

( x N 

) denotes the molecular extension of the un-
folded (native) state. The first term is the work gained by ex-
tending the ssDNA of the unfolded hairpin extension x U 

at
force f , while the second term is the work delivered to the sys-
tem by bringing the extension of the native hairpin x N 

from
force f to zero force. The extension x N 

is the projection of the
B-DNA double helix diameter ( ∼2 nm) at the stem’s beginning
along the pulling axis and is modeled with the freely-jointed
chain. Here, the decision to use a kinetic approach rather than
the fluctuation theorem stems from the desire to minimize ex-
perimental and analytical uncertainties. The kinetic method,
grounded in direct measurement of force-dependent kinetic
rates, allows us to incorporate elastic contributions through a
continuous model and obtain �G 0 without relying on extrap-
olation or indirect estimation [ 6 ]. Conversely, FT-based meth-
ods require careful subtraction of elastic work after identify-
ing the crossing point in noisy distributions, which can signif-
icantly amplify errors. We have assumed that the helix diame-
ter is constant with temperature. Regarding x U 

, we calculated
this extension using the inextensible worm-like chain model
using the Marko–Siggia interpolating formula [ 57 ], 

f = 

k B T 

4 L p 

( (
1 − x 

nd b 

)−2 

+ 4 

x 

nd b 
− 1 

) 

. (7)

In equation ( 7 ) x ( ≡ x U 

) is the molecular extension, n is
the number of bases, L p is the persistence length, and d b is
the inter-phosphate distance. We used the temperature depen-
dence of L p and d b reported in previous experiments under
the same experimental conditions [ 58 ]. 

To estimate �G 0 ( T ) from equation ( 5 ), we must evaluate
k → 

( f , T ) and k ← 

( f , T ) in the same force range to calculate
their ratio. But, as we can see in Fig. 2 B, the unfolding and
folding kinetic rates for the largest loops are measured in dif-
ferent force ranges. To overcome this problem, we adopted the
method used in ref. [ 6 ]. Briefly, we fitted the logarithm of the
measured unfolding kinetic rates to a single quadratic function
(dashed lines in Fig. 2 B, top) and inferred the folding kinetic
rates using equation ( 5 ) and different trial values of �G 0 ( T )
(ranging from 0 to 40 kcal / mol). The value of �G 0 ( T ) that
best fits data is defined as the trial value that minimizes the χ2

between the experimental values and the reconstructed fold-
ing kinetic rates using equation ( 5 ) [dashed lines in Fig. 2 B
(bottom)]. We have performed the same kinetics analysis for
poly(GC), poly(AT), and mixed-GA 3 data shown in Fig. 2 A,
using the methodology described in Supplementary Fig. S2 .
We estimate the kinetic rates at zero force, k 

0 
→ 

(T ) and k 

0 
← 

(T ) ,
by extrapolating k → 

( f , T ) and k ← 

( f , T ) to zero force using
�G 0 ( T ) and equations ( 5 ) and ( 6 ). In the next section, we
use k 

0 
→ 

(T ) and k 

0 
← 

(T ) to derive the entropy and enthalpy of
the TS. 

Figure 3 A shows the measured values of �G 0 ( T ) for
poly(GC), poly(AT), and mixed-GA 3 plotted as symbols,
whereas Fig. 3 D collects the results for the four mixed hair-

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf698#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf698#supplementary-data
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B CA

D E F

Figure 3. Temperature-dependent folding free energy, entropy, and enthalpy. ( A–C ) �G 0 ( T ), �S 0 ( T ) and �H 0 ( T ) for poly(GC) (green circles), poly(AT) 
(y ello w square), and mix ed-G A 3 (red diamonds). ( D–F ) �G 0 ( T ), �S 0 ( T ) and �H 0 ( T ) for mixed-GA 3 (diamonds), mixed-GA 7 (circles), mixed-GA 19 (squares), 
and mixed-GT 19 (triangles) hairpins. The solid lines are fits to the Gibbs’s free energy definition [panels (A) and (D)] using the fits to equation ( 1b ) [panels 
(B) and (E)] and equation ( 1a ) [panels (C) and (F)]. 
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pins. The solid lines in these figures are the Gibbs free energy,
�G 0 ( T ) = �H 0 ( T ) − T �S 0 ( T ), using the temperature depen-
dence of �S 0 ( T ) and �H 0 ( T ) derived in the next subsection.
Notice that the temperature dependence of �G 0 ( T ) is simi-
lar for the mixed-GA x hairpins due to the small contribution
� 2 kcal / mol, for all poly(A) loops [ 59 , 60 ]. Comparing values
for the three loop sizes ( x = 3, 7, 19), we estimate a stacking
energy per adenine of ∼0.3 kcal / mol, in agreement with bulk
studies and SME [ 61–63 ]. 

Finally, we compare the experimental values of �G 0 ( T ) for
poly(GC), poly(AT), and mixed-GA 3 ( Supplementary Fig. S3 )
and those of mixed hairpins ( Supplementary Fig. S4 ) with the
predictions based on the unified oligonucleotide energy pa-
rameters [ 64 ] where �C p = 0. The agreement is good ex-
cept for mixed-GT 19 , where the unified oligonucleotide pre-
diction overestimates the stability of the hairpin. Determin-
ing �C p from �G 0 ( T ) measurements alone is challenging due
to enthalpy–entropy compensation and must be directly mea-
sured from �S 0 ( T ) or �H 0 ( T ). 

T-dependent folding entropy and enthalpy 
We have recently introduced [ 6 ] a Clausius–Clapeyron-like
equation for calorimetric force spectroscopy to derive �S 0 ( T )
from the force–temperature coexistence line, which reads 

�S 0 (T ) = −∂ f c (T ) 
∂T 

�λ( f c ) −
∫ f c (T ) 

0 

∂�λ( f ′ , T ) 
∂T 

df ′ , (8)

where �λ( f , T ) = x U 

( f , T ) − x N 

( f , T ) is the difference in
molecular extension between N and U, and f c ( T ) is the force–
temperature coexistence line (Fig. 2 C). The terms �λ( f , T ) and
∂ �λ( f , T ) /∂ T are estimated from the ssDNA elasticity [ 58 ].
From �S 0 ( T ) and �G 0 ( T ), we obtain �H 0 ( T ) = �G 0 ( T ) +
T �S 0 ( T ). �S 0 ( T ) and �H 0 ( T ) values are shown in Fig. 3 B
and C [poly(GC), poly(AT), mixed-GA 3 ] and in Fig. 3 E and F 

for all mixed hairpins. Results are T -dependent, showing a 
non-zero �C p for all hairpins. We determined the melting en- 
tropy ( �S m 

0 ), enthalpy ( �H 

m 

0 ), and �C p by simultaneously fit- 
ting the experimental values of �S 0 ( T ) and �H 0 ( T ) to equa- 
tions ( 1a ) and ( 1b ) with T m 

= �H 

m 

0 / �S m 

0 . 

Derivation of �C p values per GC and AT bp, and for the loops 
From the results in Fig. 3 , we have derived the values of 
�S 0 and �H 0 per GC and AT bp, and the loop contribu- 
tion: �S GC 

0 ( T ) , �S AT 
0 ( T ) , and �S loop 

0 ( T ) ; and for the enthalpy:

�H 

GC 

0 ( T ) , �H 

AT 
0 ( T ) , and �H 

loop 
0 ( T ) . In line with the nearest-

neighbor model, we consider that the contribution of the 
loop to �S 0 is additive, �S 0 (T ) = �S stem 

0 (T ) + �S loop 
0 (T ) and

equally for the enthalpy. For �S stem 

0 , we also assume additiv- 
ity of individual GC and AT bp contributions, �S stem 

0 (T ) = 

n GC 

�S GC 

0 (T ) + n AT �S AT 
0 (T ) with n GC 

and n AT the number of
GC and AT bp in the stem. For hairpins with a given loop se- 
quence the entropies �S GC 

0 ( T ) , �S AT 
0 ( T ) , and �S loop 

0 ( T ) can
be derived from �S 0 ( T ), and analogously for the enthalpies. 

Poly(GC), poly(AT), and mixed-GA 3 share the same GA 3 

tetra-loop with n GC 

= 10, 2, 10 and n AT = 0, 12, 10, respec- 
tively. The values of �S 0 ( T ) and �H 0 ( T ) used in the analysis
are shown as continuous lines in Fig. 3 B and C. The results 
for �S GC 

0 ( T ) , �S AT 
0 ( T ) , and �S loop 

0 ( T ) and the corresponding
enthalpies are shown in the Supplementary Fig. S5 . By fitting 
them to the general temperature behavior defined by equa- 
tions ( 1a ) and ( 1b ), we derive �S m and �H 

m at the melting
0 0 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf698#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf698#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf698#supplementary-data
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Table 2. Entropy and enthalpy at T m 

, and �C p and T m 

�S m 

0 (cal / mol K) �H 

m 

0 (kcal / mol) �C p (cal / mol · K) T m 

( ◦C) 

poly(GC) 480 ± 20 170 ± 20 1160 ± 110 81 ± 3 
poly(AT) 430 ± 20 144 ± 10 1220 ± 120 64 ± 3 
mixed-GA 3 618 ± 40 220 ± 20 1450 ± 130 83 ± 5 
GC bp 24 ± 1 10 ± 1 36 ± 3 140 ± 20 
AT bp 14 ± 1 5 ± 1 29 ± 3 90 ± 9 
GA 3 -loop 160 ± 20 50 ± 5 800 ± 100 39 ± 4 
mixed-GA 3 650 ± 40 231 ± 20 1400 ± 140 83 ± 5 
mixed-GA 7 649 ± 20 234 ± 8 1648 ± 120 87 ± 5 
mixed-GA 19 585 ± 50 210 ± 6 1680 ± 165 67 ± 3 
mixed-GT 19 605 ± 48 212 ± 13 2000 ± 90 74 ± 3 
GA 7 -loop 295 ± 20 96 ± 10 998 ± 100 50 ± 20 
GA 19 -loop 323 ± 20 102 ± 10 1030 ± 100 40 ± 20 
GT 19 -loop 294 ± 20 87 ± 10 1350 ± 100 30 ± 10 
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emperature T m 

, and the �C p values per GC and AT bp, and
or the GA 3 tetra-loop. Fitting parameters are shown in Table
 , rows 4–6. We obtain �C 

GC 

p = 36 ± 3 cal / (mol K), �C 

AT 
p =

9 ± 3 cal / (mol K), and �C 

GA 3 
p = 800 ± 100 cal / (mol K).

otice that the latter is larger than �C 

stem 

p for these hair-
ins: ∼360 cal / (mol K) for poly(GC); ∼420 cal / (mol K) for
oly(AT); and ∼650 cal / (mol K) for the mixed stem. This
hows that the major contribution to �C p comes from loop
ormation. 

ransition-state characterization 

o elucidate how the loop affects the FEL (Fig. 4 A), we derived
he T-dependent entropy and enthalpy of the TS relative to N
nd U. The notation for these differences is �S ‡ = S TS − S N

nd �H 

‡ = H 

TS − H 

N , and similarly for TS and U: �S * = S TS

S U and �H 

* = H 

TS − H 

U . At a given force f and temperature
, the kinetic barriers �G 

‡ and �G 

* define the unfolding and
olding Arrhenius rates, 

k → 

( f , T ) = k a · exp 

(
−�G 

‡ ( f , T ) 
k B T 

)
, (9a)

k ← 

( f , T ) = k a · exp 

(
−�G 

∗( f , T ) 
k B T 

)
, (9b)

here k a is an attempt rate, and 

�G 

‡ ( f , T ) = �H 

‡ ( f , T ) − T �S ‡ ( f , T ) (10a)

�G 

∗( f , T ) = �H 

∗( f , T ) − T �S ∗( f , T ) . (10b)

quations ( 9a ) and ( 9b ) satisfy the detailed balance condi-
ion [equation ( 5 )], with �G ( f , T ) = �G 

‡( f , T ) − �G 

* ( f ,
 ), and equivalent definitions for �S ( f , T ) and �H ( f , T ). The

un)folding kinetic rates at zero force, k 

0 
→ 

(T ) and k 

0 
← 

(T ) , de-
end on the enthalpic and entropic barriers to (un)fold as 

k 

0 
→ 

(T ) = k a · exp 

( 

�S ‡ 0 (T ) 

k B 
− �H 

‡ 
0 (T ) 

k B T 

) 

(11a)

k 

0 
← 

(T ) = k a · exp 

(
�S ∗0 (T ) 

k B 
− �H 

∗
0 (T ) 

k B T 

)
, (11b)

here �S ‡ 0 , �S ∗0 , �H 

‡ 
0 , and �H 

∗
0 are the entropy and enthalpy

f the TS relative to N and U at zero force. Notice that �S 0 =
S ‡ − �S ∗ and �H 0 = �H 

‡ − �H 

∗. 
0 0 0 0 
To derive the T-dependence of �S ‡ 0 , �H 

‡ 
0 , �S ∗0 , and �H 

∗
0 ,

we combine equations ( 11a ) and ( 11b ) with equations ( 1a )
and ( 1b ). We proceed in two steps explained in the next sub-
sections. First, we derive the attempt rate k a combining the
continuous effective barrier approach (CEBA) and the nearest-
neighbor model. Next, we use the value of k a to fit the ex-
trapolated kinetic rates at zero force shown in Fig. 4 to equa-
tions ( 11a ) and ( 11b ), estimating �S ‡ 0 (T ) , �S ∗0 (T ) , �H 

‡ 
0 (T ) ,

and �H 

∗
0 (T ) . 

Derivation of the attempt rate k a 

In Eyring’s and Kramers’s theories, k a is predicted to vary lin-
early with T, ∼13% in our temperature range of 5–50 

◦C. This
is a small change compared to the exponential dependence of
the activation energies in equations ( 9a ) and ( 9b ). Therefore,
we assume k a to be T-independent. 

We have applied the CEBA [ 42 , 56 ] to estimate k a from
the unfolding rates k → 

( f , T ). In CEBA, folding is described
as a diffusive process in a force- and temperature-dependent
FEL, �G m 

( f , T ), defined as the free energy difference or work
necessary to unzip m bp starting from the beginning of the
stem (hairpin cartoons in Fig. 4 a). Therefore, m defines the
reaction coordinate of the FEL. From equation ( 9a ) we have 

log ( k → 

( f , T ) ) = −�G 

‡ ( f , T ) 
k B T 

+ log (k a ) . (12)

The CEBA gives an analytic expression for �G 

‡( f , T ) in terms
of the �G m 

( f , T ), 

�G 

‡ ( f , T ) 
k B T 

= log 

( 

M ∑ 

m =0 

m ∑ 

m 

′ =0 

e 
(

�G m ( f ,T ) −�G m ′ ( f ,T ) 
k B T 

)) 

. (13)

The double sum in equation ( 13 ) runs the intermediate hairpin
configurations labeled by m and m 

′ , with M the total num-
ber of bp in hairpin’s stem. In equation ( 13 ), �G m 

( f , T ) =
�G m 

(0 , T ) + �G 

m 

el ( f , T ) with �G m 

(0, T ) equal to the fold-
ing energy at zero force and �G 

m 

el ( f , T ) the energy cost to
stretch the partially unzipped hairpin. The nearest-neighbor
energy values �G m 

(0, T ) are obtained either from the unified
oligonucleotide database [ 59 , 60 ] or from the single-DNA un-
zipping data [ 65 , 66 ]. The elastic term �G 

m 

el ( f , T ) equals the
energy required to stretch 2 m bases of ssDNA of the unpaired
strands minus the entropy cost of orienting the diameter of
the stem along the force axis (equation 6 ). 

To estimate k a for the different hairpins, we matched the
experimental values of log( k → 

( f , T )) in Fig. 2 with those pre-
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C DA

B

Figure 4. Temperature-dependent kinetic rates at zero force. ( A ) Schematics of a 1D folding free energy landscape highlighting the folding energy �G 0 

and the energy difference at TS relative to N, �G 

‡, and U, �G 

* . ( B ) Unfolding (left) and folding (right) kinetic rate at zero force for the poly(GC) (top) and 
poly(AT) (bottom) hairpins. The lines are fits to equations ( 11a ) and ( 11b ). ( C ) Unfolding kinetic rate at zero force considering the four mixed hairpins. The 
dashed line is a fit to equation ( 11a ). ( D ) Folding kinetic rate at zero force for the mixed-GA 3 (top, left), mixed-GA 7 (top, right), mixed-GA 19 (bottom, left), 
and mixed-GT 19 (bottom, right) hairpins. Lines are fits to equation ( 11b ). Notice that in all cases k 0 → 

(T ) changes by > 10 orders of magnitude, whereas 
k 0 ← 

(T ) changes o v er three orders of magnitude at most, in the same temperature range. 
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dicted by equations ( 13 ) and equation ( 12 ) at T = 25 

◦C. We
get k a = 6 × 10 

10 s −1 and k a = 5 × 10 

7 s −1 for poly(GC)
and poly(AT), respectively. For all mixed hairpins, the k → 

( f , T )
overlap at T = 25 

◦C (medium green symbols in Fig. 2 B, top)
with a common loop-independent k a ∼ 6 × 10 

3 s −1 . These
results demonstrate that the barrier to unfolding �G 

‡( f , T ) is
unaffected by the loop because the TS is located within the
stem preceding the opening of the loop. 

Derivation of the enthalpies, entropies, and �C p of the TS 
Knowing k a , we can fit k 

0 
→ 

(T ) and k 

0 
← 

(T ) to equations ( 11a )
and ( 11b ) by imposing the temperature dependence of
�S ‡ 0 (T ) , �H 

‡ 
0 (T ) , �S ∗0 , and �H 

∗
0 (T ) , with a finite �C 

‡ 
p and

�C 

∗
p using equations ( 1a ) and ( 1b ) with a single T m 

, 

�H 

‡ (∗) 
0 (T ) = �H 

‡ (∗) 
m 

+ �C 

‡ (∗) 
p ( T − T m 

) (14a)

�S ‡ (∗) 
0 (T ) = �S ‡ (∗) 

m 

+ �C 

‡ (∗) 
p log 

(
T 

T m 

)
. (14b)

The fits give the melting entropies ( �S ‡ m 

, �S ∗m 

) and enthalpies
( �H 

‡ 
m 

, �H 

∗
m 

) of TS relative to N and U. Moreover, we also
determined the heat capacity changes �C 

‡ 
p and �C 

∗
p . For con-

venience, we take them positive by defining �C 

N −TS 
p = C 

T S 
p −

 

N 

p ≡ �C 

‡ 
p , between TS and N, and �C 

TS −U 

p = C 

U 

p − C 

T S 
p ≡

−�C 

∗
p between TS and U. By definition, �C p = �C 

TS −U 

p +
�C 

N −TS 
p . 

Figure 4 B–D shows the experimentally derived (un)folding
kinetic rates at zero force, k 

0 
→ 

(T ) and k 

0 
← 

(T ) , as a function
of the inverse of the temperature as symbols, and the fits to
equations ( 11a ) and ( 11b ) as lines. Figure 4 B shows results
for poly(GC) and poly(AT), and Fig. 4 C and D for mixed-
GA 3 , mixed-GA 7 , mixed-GA 19 , and mixed-GT 19 . We remind
the reader that the unfolding kinetic rates do not depend on
loop size and composition (Fig. 2 B). Therefore, the results 
for k 

0 
→ 

(T ) shown in Fig. 4 C have been obtained by taking 
the k → 

( f , T ) of all mixed hairpins as a single dataset at each
temperature. 

Notice that k 

0 
→ 

(T ) is almost linear in the explored temper- 
ature range (left panels in Fig. 4 B and C). In contrast, k 

0 
← 

(T ) 
exhibits a curvature for all explored hairpins (right panels in 

Fig. 4 B and D). The different behaviors reveal that �C 

N −TS 
p 

is systematically smaller than �C 

TS −U 

p , as �C p is the parame- 
ter that determines the temperature dependence of enthalpies 
and entropies in equations ( 14a ) and ( 14b ) and the curva- 
ture of the Arrhenius plots, log( k ) versus 1 / T . Interestingly,
the folding rates for mixed-GT 19 hairpin are faster than those 
for mixed-GA 19 , indicating that the poly(T) loop is easier to 

bend upon forming the hairpin stem, increasing the folding 
rate. The linearity of log-normal Arrhenius plots for unfold- 
ing and the curvature of the corresponding plots for fold- 
ing has also been observed in protein folding studies in bulk 

[ 67–69 ] and SMEs [ 6 ]. 
The measured �S m 

, �H m 

at the melting temperature T m 

,
and the �C p values are summarized in Table 3 . For the 
mixed hairpins, the common kinetic rates k 

0 
→ 

(T ) shown in 

Fig. 4 C have been used to derive the N-TS parameters (Ta- 
ble 3 , third row). Table 3 shows that �H 

‡ 
m 

> �H 

∗
m 

, �S ‡ m 

> 

�S ∗m 

, whereas �C 

N −TS 
p < �C 

TS −U 

p . For the mixed hairpins,
�C 

TS −U 

p increases with the loop size (Table 3 , rows 6–9). Fi- 
nally, �C 

TS −U 

p is larger for the pyrimidine loop (mixed-GT 19 ,
ninth row) as compared to the purine loop (mixed-GA 19 ,
eighth row). For the largest loops, Table 3 highlights that 
�C p = �C 

TS −U 

p + �C 

N −TS 
p with �C 

TS −U 

p � �C 

N −TS 
p . Similar 

inequalities have been found for protein barnase [ 6 ], where 
it was hypothesized that the TS has the properties of a dry- 
molten globule structurally similar to the native state but with 

loosely packed side chains [ 70–72 ]. The formation of the large 
loop in DNA hairpins is reminiscent of the stabilization of the 
dry-molten globule in protein folding. 
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Table 3. TS entropy, enthalpy, and free energies at the T m 

values shown in Table 2 , and �C p 

�S ‡ m 

(cal / mol · K) �H 

† 
m 

(kcal / mol) �G 

‡ 
m 

(kcal / mol) �C 

N −TS 
p 

poly(GC) 320 ± 20 121 ± 10 8 ± 1 350 ± 40 
poly(AT) 280 ± 15 96 ± 10 1.6 ± 0.5 420 ± 20 
mixed-all 416 ± 25 156 ± 7 8 ± 1 620 ± 50 

�S ∗m 

(cal / mol · K) �H 

∗
m 

(kcal / mol) �G 

∗
m 

(kcal / mol) �C 

TS −U 
p 

poly(GC) − 236 ± 12 − 73 ± 4 11 ± 1 810 ± 30 
poly(AT) − 147 ± 25 − 48 ± 10 1.6 ± 0.2 800 ± 40 
mixed-GA 3 − 131 ± 40 − 45 ± 12 4 ± 1 811 ± 40 
mixed-GA 7 − 133 ± 30 − 45 ± 10 5 ± 1 1028 ± 30 
mixed-GA 19 − 169 ± 19 − 49 ± 10 9 ± 1 1064 ± 40 
mixed-GT 19 − 205 ± 50 − 61 ± 20 10 ± 1 1380 ± 100 

Note: �X 

‡ = X 

TS − X 

N and �X 

* = X 

TS − X 

U . 
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iscussion 

e have measured DNA hairpin unfolding and folding ki-
etic rates between 5 

◦C and 50 

◦C to unravel the thermody-
amic features of their FELs. Six hairpin sequences of differ-
nt GC versus AT content in the stem (poly(GC), poly(AT),
nd mixed-GA 3 ) and different loop sizes (mixed-GA 7 , mixed-
A 19 , and mixed-GT 19 ) have been investigated using a tem-
erature jump optical trap [ 6 , 50 , 51 ]. 
We have combined the detailed balance equation ( 5 ) with

he Clausius–Clapeyron-like equation ( 8 ), and thermody-
amic relations ( 1a ) and ( 1b ), to derive �G 0 ( T ), �S 0 ( T ),
H 0 ( T ), and �C p from the kinetics rates. Assuming addi-

ivity for the energy of base pairing and loop formation,
e have estimated �C p values per GC and AT bp and for

he different loops. At this description level, the number of
nergy parameters for duplex formation reduces to the sin-
le GC and AT bp values rather than the ten energy pa-
ameters of the nearest-neighbor model. Melting tempera-
ures, entropy, and enthalpy values per GC and AT bp are
ummarized in rows 4 and 5 of Table 2 . We find that en-
halpies and entropies per GC bp roughly double the values
or AT bp ( Supplementary Fig. S5 ). In contrast, �C p values
re compatible within errors, �C 

GC 

p = 36 ± 3 cal / (mol K),
nd �C 

AT 
p = 29 ± 3 cal / (mol K), suggesting that similar de-

rees of freedom arrest upon GC and AT bp formation dur-
ng stem hybridization. For the loops, �C p values increase
ith loop’s size, from �C 

GA 3 
p = 800 ± 100 cal / (mol K) to

C 

GA 19 
p = 1030 ± 100 cal / (mol K) for the largest GA 19 icosa-

oop (rows 6, 11, and 12 of Table 2 ). Interestingly, �C 

GA 19 
p 

s smaller than �C 

GT 19 
p = 1350 ± 100 cal / (mol K), rows 12

nd 13 of Table 2 , suggesting that poly(A) stacking of the
A 19 loop further stabilizes a helix-like structure like has
een observed in poly(A) (adenylic) duplexes [ 74 ]. Our study
hows that �C p values are important for accurate melting
emperature predictions. We compared our values with the
redicted folding energy based on calorimetry experiments
 59 , 60 ] where the �C p = 0 assumption results in straight
ines for �G ( T ) ( Supplementary Figs S2 and S3 ). While the
ines pass over the data across the temperature range, they
o not reproduce the curvature in �G ( T ), a consequence of
he temperature-dependent �H , �S and the non-zero �C p ,
s shown in Fig. 3 A and D. The relative weight of the �C p

erm in equations ( 1a ) and ( 1b ) relative to the full �G 0 ( T )
s ∼10% in the vicinity of T m 

increasing up to 50% at 5 

◦C
 Supplementary Fig. S6 ). 
 

To elucidate the main features of the FEL, we character-
ize the TS using equations ( 11a ) and ( 11b ). We have derived
�C 

N −TS 
p and �C 

TS −U 

p and the TS entropies and enthalpies

at T m 

: �S ‡ m 

, �H 

‡ 
m 

, �S ∗m 

, and �H 

∗
m 

. Results are summarized
in Table 3 . We notice that �C 

N −TS 
p is the same for the four

mixed hairpins (row 3, Table 3 ), but �C 

TS −U 

p increases with
loop size (rows 6–9, Table 3 ) implying that loop formation
constitutes the TS and the rate-limiting step for hairpin fold-
ing. This interpretation aligns with the values of �C 

TS −U 

p for
poly(GC), poly(AT), and mixed-GA 3 [ ∼800 cal / (mol K), rows
4–6 in Table 3 ], which match the �C p value for the loop,
�C 

GA 3 
p = 800 ± 100 cal / (mol K) (row 6, Table 2 ). Moreover,

the absolute values | �H 

∗
m 

| between TS and U for poly(GC),
poly(AT), and mixed-GA 3 (rows 4–6, Table 3 ) agree with the
loop value �H 

GA 3 
0 (T m 

) = 50 ± 5 kcal / mol. 
By comparing rows 1–3 and 4–9 in Table 3 , we observe that

�S ‡ m 

and �H 

‡ 
m 

(both positive) are two-three times larger than
| �H 

∗
m 

| and | �S ∗m 

| . In contrast, �C 

TS −U 

p is twice �C 

N −TS 
p , indi-

cating that the main reduction in the configurational entropy
occurs from U to TS. To quantify which contribution, ‡ or *,
is predominant upon folding, we define kinetic fragilities for
entropies, enthalpies, and �C p , 

μ�X 

= 

�X 

‡ + �X 

∗

�X 

‡ − �X 

∗ , (15)

where �X stands for �S , �H , and �C p calculated at T m

(nota bene: �C 

∗
p = −�C 

TS −U 

p ). These kinetic fragilities are the
equivalent of mechanical fragilities, defined in terms of the
molecular extension of the TS relative to N and U [ 56 ]. Fold-
ing is a heat-delivering exothermic reaction driven by hydro-
gen bonding and base stacking. The kinetic fragility for �H
and �S defines the relative heat delivered in the two steps, first
from U to TS and next from TS to N. By definition, the quan-
tity μ�X 

ranges between −1 and 1 corresponding to the limits
μ�S , μ�H 

→ −1, where most heat is released from U to TS, and
μ�S , μ�H 

→ 1, where most heat is released from TS to N. In the
intermediate case μ�S , μ�H 

∼ 0, equal amounts of heat are dis-
sipated in the two steps. In contrast, �C p quantifies the arrest-
ing of the number of degrees of freedom �n and the reduction
of the configurational entropy as per the equipartition law,
�C p = k B �n / 2, giving �n = 1 per cal / (mol K) unit of �C p .
Correspondingly, μ�C p defines the degree of structural simi-
larity of TS to N and U. If μ�C p → −1 , the largest configura-
tional entropy change occurs between U and TS; therefore, the
TS is structurally similar to N. In the opposite case, μ�C p → 1
and the TS is structurally similar to U. Figure 5 A shows the

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf698#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf698#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf698#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf698#supplementary-data
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A C

B

Figure 5. Thermodynamic and kinetic fragilities and FEL. ( A ) Kinetic fragilities defined in equation ( 15 ) for the DNA hairpins and protein barnase for 
comparison (empty black circle). Note that μ�S > 0 and μ�H > 0 while μ�C p < 0 , indicating a large configuration change between TS and U. ( B ) 
Thermodynamic fragility at T m 

, equation ( 16 ), versus μ�S . F ∼ 2–3 for all molecules, comparable to the values for glass-forming liquids, F ∼ 2 [ 73 ]. ( C ) 3D 

funnel free energy landscape highlighting N, TS, and U. The color palette grades the free energy difference from U (light color) to N (dark color). The 
distance relative to N in the orthogonal plane equals �n (lower black double arrow). 
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kinetic fragilities for all hairpins compared to results for pro-
tein barnase obtained in [ 6 ] (empty black circles). We find
that μ�S > 0 and μ�H 

> 0 while μ�C p < 0 , highlighting that
the folding process proceeds in two steps: in the first step, the
formation of TS from U is characterized by a large configu-
rational entropy loss; in the second step, a large enthalpy and
entropy change drives the collapse from TS to N. Indeed, for
proteins we get a more negative μ�C p compared to DNA hair-
pins, due to the higher complexity of proteins. The 20 amino
acids of proteins versus the four bases of DNA may have pro-
duced a steepest funnel for proteins in the light of evolutionary
forces. Therefore, the value of μ�C p does not necessarily reflect
the secondary versus tertiary order of the native structure, but
rather the structural similarity of the TS to the native state.
This feature should be common to all biomolecules that form
native structures stabilized by weak bonds. 

Molecular folding is reminiscent of glass formation and
crystallization in liquids. If cooled sufficiently fast, liquids
freeze into a glass, a disordered solid form of matter of free en-
ergy , entropy , and enthalpy higher than the crystal [ 73 , 75 , 76 ].
In this regard, the supercooled metastable state in glasses is
analogous to a non-productive TS in molecular folding, which
does not crystallize on observable timescales. In glass-forming
liquids, the thermodynamic fragility F is defined by the dimen-
sionless ratio �C p / �S m 

where differences � are measured be-
tween the crystal and the liquid, 

F = 

�C p 

�S m 

. (16)

Figure 5 B shows F ∼ 2–3 for all studied molecules. The hor-
izontal dotted line F = 0 corresponds to the �C p = 0 ap-
proximation adopted in hybridization studies. Glass-forming
liquids exhibit similar values F ∼ 2 [ 73 ], revealing that molec-
ular folding and glass formation are analogous processes. 

In fact, at zero force, the TS of the funnel-like landscape
cannot be described by simplistic quartic-like potentials with
two minima (folded and unfolded states) and one maxi-
mum (TS) along the molecular extension, usually employed
to model folding and unfolding around the coexistence re-
gion where hopping is observed. In particular, at the coexis-
tence force f c , where the unfolded and folded states are equally 
populated, the TS is located along the hairpin stem, typically 
around its middle point [ 30 , 56 ]. The TS position changes with 

force as predicted by the Hammond–Leffler postulate, i.e. it 
moves against the state that is thermodynamically favored by 
the force. If force decreases, the folded state is stabilized, so 

the TS moves upwards along the stem and towards the loop.
If force increases, the opposite occurs, and the TS moves to- 
wards the beginning of the hairpin. The TS ceases above the 
upper spinodal and below the lower spinodal transition forces,
f > and f < , where the TS forms a saddle point. In the protein 

folding context, this fact has given rise to alternative potentials 
inspired by Landau theory of phase transitions, the so-called 

downhill scenario [ 77 ] or by entropic spring models [ 78 ] (see 
Supplementary data and Supplementary Fig. S8 for more de- 
tails). In line with the previous paragraph, molecular folding at 
zero force is reminiscent of the nucleation problem and crys- 
tallization in liquids. Upon quenching a liquid from high to 

low temperatures, the nucleating barrier and TS to solidifica- 
tion are set by the growth of a solid droplet of critical size. For 
DNA hairpin folding, the formation and subsequent transient 
stabilization of the hairpin loop determine the critical steps to 

nucleation and folding. 
Summing up, we interpret molecular folding as a two-step 

process in a funnel-like FEL, which is illustrated in Fig. 5 C as a 
3D plot. First, a large reduction in the configurational entropy,
measured as a large �C 

TS −U 

p , occurs during the stabilization 

of the loop to reach the TS from U. Second, a significant en- 
thalpic and entropic change occurs in the collapse from TS 
to N due to the rezipping of the stem. A substantial �C p re- 
duction upon forming the TS is reminiscent of what has been 

observed in protein barnase [ 6 ], supporting a funnel-like FEL 

scenario for DNA folding at zero force. The vertical axis in 

Fig. 5 C stands for the free energy of the hairpin. Moreover,
the 2D planisphere (bottom) illustrates the reduction in the 
degrees of freedom �n relative to N and �C p upon folding.
The purpose of the 2D planisphere is to emphasize the large 
number of degrees of freedom in the folding pathway, far be- 
yond the 1D reductionistic view represented by the number 
of native contacts. In the 3D plot of the FEL in Fig. 5 C, the 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf698#supplementary-data
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olor palette grades the vertical axis for the free energy from
 (light color) to N (dark color), and the hairpin cartoons de-
ict the N, TS, and U structures. Notice that the hairpin’s loop
s formed at TS, and the unpaired strands form random coils
t zero force. Our results agree with the thermodynamic fea-
ures of DNA FELs studied using coarse-grained models. For
xample, in the OxDNA model, an initial sharp rise in free
nergy upon forming the first base pairs of the stem precedes
he hybridization of the double-stranded DNA [ 79 , 80 ]. 

The derived kinetic barriers to unfold, �G 

‡ = �H 

‡ −
 �S ‡, and to fold, �G 

* = �H 

* − T �S * , at T m 

are shown in
able 3 (third column) and their temperature dependences in
upplementary Fig. S7 . Notice that �G 

‡ 
m 

∼ �G 

∗
m 

as a conse-
uence of the melting condition, �G 0 (T m 

) = �G 

‡ 
m 

− �G 

∗
m 

=
 . Results show that �G 

‡( T ) � �G 

* ( T ) with �G 

* ( T ) ≤
 kcal / mol in the range 5–50 

◦C. The nearly flat upper part of
he funnel shown in Fig. 5 C reflects the low �G 

* ( T ), as pre-
icted by the downhill-folding barrierless scenario [ 81–83 ]. 
Despite the different chemistry in nucleic acids and pro-

eins, the common features in their folding thermodynamics
re remarkable. In proteins, the nucleating precursor of N is
 dry-molten globule whose formation is driven by the hy-
rophobicity of the core [ 6 , 71 ]. In DNA hairpins, loop for-
ation initiates the alignment of the unpaired strands at the

tem’s end. This nucleation step drives the zipping of the hair-
in toward the formation of the stem duplex. Our study might
e extended to RNAs with rougher energy landscapes that
ransiently form misfoldons upon folding [ 84–86 ] as well as
o intermolecular DNA–ligand binding [ 87 , 88 ]. 
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