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Accurate knowledge of RNA hybridization is essential for under-
standing RNA structure and function. Here we mechanically unzip
and rezip a 2-kbp RNA hairpin and derive the 10 nearest-neighbor
base pair (NNBP) RNA free energies in sodium and magnesium
with 0.1 kcal/mol precision using optical tweezers. Notably, force—
distance curves (FDCs) exhibit strong irreversible effects with
hysteresis and several intermediates, precluding the extraction of
the NNBP energies with currently available methods. The combi-
nation of a suitable RNA synthesis with a tailored pulling protocol
allowed us to obtain the fully reversible FDCs necessary to derive
the NNBP energies. We demonstrate the equivalence of sodium
and magnesium free-energy salt corrections at the level of indi-
vidual NNBP. To characterize the irreversibility of the unzipping-
rezipping process, we introduce a barrier energy landscape of the
stem-loop structures forming along the complementary strands,
which compete against the formation of the native hairpin. This
landscape correlates with the hysteresis observed along the FDCs.
RNA sequence analysis shows that base stacking and base pairing
stabilize the stem-loops that kinetically trap the long-lived inter-
mediates observed in the FDC. Stem-loops formation appears as a
general mechanism to explain a wide range of behaviors observed
in RNA folding.

RNA biophysics | nucleic acids thermodynamics | statistical mechanics |
fluctuation theorems

U nzipping experiments permit one to investigate the physico-
chemical properties of nucleic acids, from the thermody-
namics of duplex formation to the folding of secondary and
tertiary structures. In particular, DNA hybridization finds diverse
applications in the field of DNA nanotechnology, the construc-
tion of DNA origami, molecular robots, DNA walkers, switches,
and nanomotors (1-5). In an unzipping experiment, the two
strands of a duplex DNA or RNA molecule are mechanically
pulled apart by exerting opposite forces on the two strands on
one end. In this way, it is possible to measure a force—distance
curve (FDC) that exhibits a sequence-dependent sawtooth pat-
tern. DNA unzipping has been used to test the validity of the
nearest-neighbor (NN) model (6-9) and to extract the 10 NN
base pairs (NNBP) free-energy parameters at different salt con-
ditions (10, 11). A precise knowledge of the NNBP energies
might be also useful to unravel hidden energy codes in molecular
evolution (12).

Here we derive the 10 NNBP RNA energies from unzipping
experiments carried out on a 2-kbp RNA hairpin in monova-
lent (sodium) and divalent (magnesium) salt conditions. The
NN model has many parameters requiring a sufficiently long
RNA hairpin to infer them from unzipping experiments reliably.
Two are the main difficulties of these experiments: First, the
molecular synthesis of a long (a few kilobases) RNA hairpin
is challenging; second, the FDC along the RNA sequence al-
ternates reversible unzipping regions with irreversible ones that
exhibit hysteresis and multiple long-lived intermediates (13, 14).
Compared to DNA, where unzipping is practically reversible, a
similar derivation of the RNA energies from irreversible FDCs
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is not possible. Here we derive the full equilibrium FDC in
RNA by the piecewise assembly of the reversible parts and
the reconstructed equilibrium ones for the irreversible regions.
These are obtained by repeatedly unzipping and rezipping the
RNA hairpin in these irreversible regions and using statistical
physics methods based on fluctuation theorems. This allows us
to derive the NNBP energies for RNA in sodium and magnesium
and compare them with the results reported by the literature (15—
18). Moreover, we demonstrate the validity of an equivalence
rule for the free-energy salt corrections between sodium and
magnesium at the level of individual NNBP. We find that NNBP
free-energy parameters for a given magnesium concentration are
equal to those in 77(149)-fold sodium. This result is compatible
with the 100/1 rule of thumb by which the nonspecific RNA
binding affinity of 10 mM Mg?" approximately equals that of
1M Na™ (19). We provide a solid verification of this phenomeno-
logical result by measuring the NNBP RNA energies in sodium
and magnesium. We study the irreversibility and hysteresis in
the FDCs and hypothesize that this is caused by the formation
of stem-loop structures along the unpaired single strands. Re-
markably, the hysteresis along the unzipping-rezipping pathway
directly correlates with the barrier energy landscape defined
by the stem-loops that are formed at the junction separating
single strands and duplex. A sequence analysis of the irreversible
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Experimental setup and measured FDCs in sodium and magnesium. (A) Optical tweezers setup. The RNA hairpin is mechanically unzipped

and rezipped by moving the optical trap. (B) Unzipping/rezipping FDCs (red/blue) in 500 mM NacCl. Hysteresis is apparent in some regions of the FDC.
(C) Unzipping/rezipping FDCs in 10 mM MgCl,. Magnesium enhances the amount of hysteresis compared to the sodium case. The irreversibility is so large

that the initial and final regions of the FDCs remain inaccessible.

regions of the 2-kbp RNA and experiments on specifically de-
signed short-RNA sequences demonstrates that base stacking
and base pairing within the single-stranded RNA (ssRNA) pro-
mote the formation of stem-loop RNA structures transiently
stabilized at forces as high as 20 pN. The stem-loops mechanism
explains the slow kinetics and multiple trapping conformations
observed in RNA folding, with implications for the RNA folding
problem (13, 20-23).

Results

We used optical tweezers to pull a 2,027-bp RNA hairpin with
short (29 bp) hybrid DNA/RNA handles. Details on the hairpin
and the synthesis protocol are given in Materials and Methods.
In our setup, the digoxigenin (DIG)-labeled and biotin-labeled
handles of the hairpin are connected to anti-DIG (AD) and
streptavidin-coated (SA) beads, respectively. The AD bead is
optically trapped while the SA bead is immobilized by air suction
at the tip of a micropipette (Fig. 14). By moving the optical
trap upward, the molecule gradually unzips from the completely
folded double-stranded RNA (dsRNA) hairpin conformation
(the native state N) to the completely unfolded and stretched
ssRNA conformation (the unfolded state U), producing the char-
acteristic sawtooth pattern of the FDC (red curves in Fig. 1
B and C). Once the hairpin is unfolded, the reverse process
(rezipping) starts: The trap is moved in the opposite direction and
the molecule gradually refolds into the native stem (blue curves
in Fig. 1 B and C).

The experiments have been performed in buffers containing
100 mM tris(hydroxymethyl)aminomethane (Tris)-HCI (pH 8.1),
1 mM ethylenediaminetetraacetic, and 500 mM NaCl (monova-
lent salt) or 100 mM Tris-HCI (pH 8.1) and 10 mM MgCl; (diva-
lent salt). Note that the ionic strength of the buffers has to be cor-
rected by adding 100 mM Tris-HCl = 52 mM [Mon™]. Measured
FDCs show that changing from [Na™] to [Mg*™] strongly in-
creases the irreversibility and hysteresis of the FDC. This makes
the beginning (the first 200 bp, between 400 and 650 nm) and the
end (the last 600 bp, between 1,800 and 2,200 nm) of the FDC
experimentally inaccessible: The RNA hairpin does not hybridize
in the experimental timescale (Fig. 1C). The observed hystere-
sis occurs in correspondence with specific regions along the
FDC, each one limited by the equilibrated left (L) and right (R)
states and exhibiting intermediate states I,, with p=1,..., P
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To efficiently sample the intermediates, we repeatedly unzipped
and rezipped the RNA between the two limit positions (L, R),
typically collecting 100 trajectories per region. We have identified
eight irreversible regions in sodium (Fig. 2) and three in magne-
sium (Fig. 3). Regions in sodium are numbered from 1 to 8. In
magnesium, regions are numbered from 2 to 4/5 to underline the
matching of the RNA sequences in those regions in sodium and
magnesium, as evidenced by the number of opened base pairs.
The larger hysteresis observed in magnesium makes regions 4
and 5 in sodium merge into a single irreversible region (4/5). The
missing regions (1 and 6 to 8) in magnesium result from their
inaccessibility, as explained above. Although a few regions do not
contain intermediates (e.g., region 5 in Fig. 24), most of them
exhibit more than one. The level of complexity of the unzipping—
rezipping FDCs can be high; e.g., region 3 in magnesium shows
seven states (five intermediates plus L and R, Fig. 3B).

To derive the NNBP energies we computed the equilibrium
FDC by applying the extended fluctuation relation (Materials and
Methods), which has been introduced to recover the free energy
of thermodynamic branches (24), kinetic states (25), and ligand-
binding energies (26, 27). This allowed us to reconstruct the
equilibrium FDCs (black line in Figs. 2 and 3) for seven molecules
in sodium and four molecules in magnesium.

Derivation of the NNBP Energies for RNA. In the NN model the free
energy of formation A Gy of a DNA and RNA duplex is defined
as the sum over all adjacent NNBPs along the sequence, A Gy =
> Ago with Ago; the free energy of NNBP motif i. There
are 16 different NNBPs whose energies are degenerated due
to Watson—Crick complementarity, reducing the free energies
set (Ago,:) to 10 parameters. The NNBP energies have been
extracted from melting experiments of short RNA duplexes of
varying sequence and length (15-18). These values are accessible
in the Mfold server (28). Hereafter we refer to such energies
as the RNA Mfold values. It is possible to further reduce this
number from 10 to 8 independent parameters by considering
the circular symmetry of the NN model (29, 30). This symmetry
yields additional self-consistent relations for the dimer occu-
pancies along the duplex: Of the 10 NNBP energies 2 can be
expressed as linear combinations of the remaining 8 (11, 30, 31).
The circular symmetry property has been tested and the eight
parameters have been derived in DNA unzipping experiments
(10, 11).
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Unzipping/rezipping FDCs (red/blue) in 500 mM NaCl. Black frames mark the irreversible regions. Insets show repeated pulling cycles in regions of

increasing complexity. The intermediates (dashed gray lines) and the recovered equilibrium FDC (solid black line) are shown. A shows a two-states region
(L/R) with no intermediates, whereas B and C report a three-states region (L, R, and the intermediate /;) and a six-states region (L, R, and intermediates I,
withp=1,..., 4), respectively. The equilibrium FDC in the main box (black line) results by merging the reversible FDCs obtained for each region.

We derived the eight RNA NNBP and loop energies from
the equilibrium FDCs in sodium and magnesium by using a
Monte Carlo optimization algorithm, analogous to the DNA
case (10, 11). The elastic parameters of the model include the
persistence and contour lengths of the hybrid DNA/RNA han-
dles (Ppnarna = 10 nm and Lpnarna = 7.8 nm) and those of
the ssSRNA (P =0.805 nm and interphosphate distance l; =
0.68 nm). The results, averaged over the different molecules, are
summarized in Table 1 (columns 1 and 2) and shown in the main
plot in Fig. 44. The last two NNBP values (GC/CG and UA/AU)
are obtained by applying the circular symmetry. These values
support the validity of a salt equivalence rule between sodium
and magnesium. To derive the rule we plotted the measured
energies in [Mg™ ] = 0.01 M as a function of the energies in
[Na™] = 0.5 M, fitting them to the relation

Aqt (Mg ) = Ag(Na') - m-tog (1)

where [Na®]eq=a x [Mgt"] is the magnesium concentra-
tion in sodium equivalents and a is the equivalence factor.
AgMe([Mg**]) and AgN*([Na*t]) are the experimentally derived
energies of motif i in (Mg*™") and (Na®) at the respective
salt concentrations in molar units. Finally, m =0.10 4+ 0.01
kcal/mol is the NNBP-homogeneous monovalent salt correction
parameter experimentally derived in ref. 19,

A (Na']) = Aght — m -log (Na*). (2]
A least-squares fit to the data gives a = 77 = 49 (Fig. 4 4, Inset),
which is compatible with the value a ~ 100 of previous studies
(19). We expect that Eq. 1, with a constant over a broad range
of magnesium concentrations, holds if Mg* ™" correlations and
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competitive effects between sodium and magnesium are weak.
This implies diluted magnesium solutions; i.e., Mg *] < 0.05 M
(32, 33). With added sodium, Mgt effects dominate when R =
/[Mg*+]/[Nat] > 0.22M /2 (34), which is the case in our
experimental conditions (R = 2M'/?).

Given the measured energies (columns 1 and 2 in Table 1),
we calculated the NNBP and loop values at the reference salt
conditions of 1 M NaCl (Ag)%) and 1 M MgCl> (Agy'®). By
combining Eqgs. 1 and 2, we get

Ag®(Mg™"]) = Agi*([Natleg) = Ag*(a x [Mg™)). 3]

The resulting energies in sodium and magnesium are given in
columns 3 and 4 of Table 1, respectively.

For a direct comparison with the Mfold set, we use Eq. 3 to
report the energies at 14 mM Mg™" =1 M Na* (column 5 in
Table 1), obtained by using Eq. 3. Column 6 in Table 1 shows the
10 independent RNA Mfold energies plus the loop free energy.
The last two NNBP values (indicated in brackets) are obtained
from the circular symmetry relations applied on the other eight
Mfold parameters. Note that the Mfold value for GC/CG (—3.82)
is very different from our value in sodium (—3.01; Table 1, col-
umn 3). This discrepancy arises from the use of 8 parameters in
our model while Mfold uses 10. Interestingly, by applying the cir-
cular symmetry property to the Mfold set we get for GC/CG the
value —2.77, which is in better agreement with our value (—3.01).
Note that the free energy of the loop in magnesium is not given in
Table 1 as this value cannot be measured due to the inaccessibility
of the last part of the unzipping curve. Results in Table 1 (columns
3, 5, and 6) are plotted in Fig. 4B, which shows the overall
agreement between the unzipping free-energy values and those
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Fig. 3. Unzipping/rezipping FDCs (red/blue) in 10 mM MgCl,. Black frames mark the irreversible regions along the sequence. Insets show repeated pulling
cycles in regions of different complexity. Intermediates (dashed gray lines) and the recovered equilibrium FDC (solid black line) are shown. A shows a five-
states region (L; R; and intermediates /4, I, I3), B shows a seven-states region (L, R, and intermediates /, withp =1, ..., 5), and C shows a four-states region
(L; R; and intermediates /4, 7). The equilibrium FDC in the main box (black line) results by merging the reversible FDCs obtained for each region.

of Mfold. For the total hybridization free energy of the RNA
hairpin the unzipping values predict AGp® = 4,031 kcal/mol
(1 M sodium) and AGYE,_, = 4,082 kcal/mol (14 mM of equiv-
alent magnesium). These numbers compare well to the Mfold
value AGM™Y = 4,086 kcal/mol (1% relative error). The pre-
dicted FDCs computed with our free energies (columns 1 and
2 in Table 1) agree better with the experimental data than Mfold
does, particularly for magnesium (green and orange lines versus
the black line in Fig. 4 C and D). A comparison of the theoretical
FDCs predicted by the Mfold set with those obtained with our
energies at 1 M NaCl and 14 mM MgCl, is shown in Fig. 4E.

The salt rule for equivalent thermodynamics in sodium and
magnesium does not necessarily imply an equivalent rule for
kinetics. In ref. 19 a sequence known as CD4 hairpin was studied
over three decades of monovalent and divalent salt concentra-
tions in the diluted regime. Yet, the average unzipping force in
magnesium was larger than in sodium at equivalent salt concen-
trations (SI Appendix, Fig. S10).

Stem-Loop Structures and Barrier Energy Landscape. Figs. 2 and 3
show that hysteresis is larger in magnesium than in sodium due
to the longer lifetime of the intermediates in magnesium. We hy-
pothesize a scenario where the formation of stem-loop structures

Table 1. Experimentally derived NNBP and loop RNA energies at T = 298 K

NNBP AgNey i (1) Ay i () Agh? (3) Agg? (4) AGYomi ) Mfold (6)
AA/UU —0.99(6) —1.11(1) —1.06(6) —1.57(5) —1.14(7) —-1.12
CA/GU —1.81(6) —2.12(1) —1.88(6) —2.58(5) —2.15(7) —2.14

GA/CU —2.45(7) —2.77(2) —2.52(7) —3.23(5) —2.80(7) —2.73
AU/UA —1.20(4) —1.06(4) —1.27(4) —1.52(6) —1.09(8) —1.09

GU/CA —2.43(6) —2.53(6) —2.50(6) —2.99(7) —2.56(9) —2.41

CC/GG —3.33(4) —3.21(4) —3.40(4) —3.67(6) —3.25(8) —3.26

CG/GC —2.45(7) —2.35(4) —2.56(7) —2.81(6) —2.38(8) —2.23
AG/UC —2.16(5) —1.96(5) —2.23(5) —2.42(7) —2.00(9) —1.93

GU/CG —2.94(8) —2.95(2) —3.01(8) —3.41(5) —2.99(8) —3.82[—2.77)
UA/AU —1.03(10) —1.26(7) —1.10(10) —1.72(8) —1.29(10) —1.36[—1.37]
Loop 0.16(3) — 0.09(3) — — 0.14

Columns 1 and 2 show experimentally measured NNBP energies in 500 mM NaCl and 10 mM MgCl,, respectively. The last two values (GC/CG, UA/AU) have
been computed with the circular symmetry. Columns 3 and 4 show NNBP values reported at the standard conditions of 1 M NaCl and 1 M MgCl,, respectively.
Column 5 shows NNBP energies in magnesium reported at the concentration equivalent to 1 M Na™ = 14 mM Mg**. Column 6 shows Mfold prediction
for the 10 independent NNBP energies at 1 M NaCl. NNBP values computed with circular symmetry are also reported (square brackets). Note the loop free
energy in magnesium is not given (main text). All energies are in kcal/mol and have been reported with the statistical error computed over the different
molecules (in parentheses). NNBP follow the standard notation (for example, CA/GU stands for 5'-CA-3’ hybridized with 5'-UG-3').
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agrees better for sodium than for magnesium. (E) Comparison between the theoretical FDCs computed at the equivalent salt conditions Ag

Ag14 ML (red), and Mfold (blue) (columns 3, 5, and 6 of Table 1).

along the unpaired RNA strands kinetically traps the observed
intermediates [, for a given number n of formed base pairs along
the FDC. The size of the force jumps observed in Figs. 2 and
3 indicates a number An € [50 to 150] of unzipped-rezipped
base pairs between consecutive intermediates. The large stacking
free energy of RNA loops facilitates the formation of stem-loop
structures at forces as high as 20 pN where rezipping occurs
(Fig. 5A4). The stabilizing effect induced by loop formation has
been demonstrated in experiments of blocking oligos in nucleic
acids hairpins. By hybridizing to the complementary loop region
these oligos prevent the formation of the native stem (35, 36).
Stem-loops often contain hairpin-like folds with noncanonical
base pairs (each colored structure in Fig. 54 corresponds to a
different number of bases) stabilized by stacking and base-pairing
interactions. To form the native stem the two single strands
pulled under opposite forces must come close to each other.
However, this process facilitates the formation of off-pathway
(misfolded) stem-loop structures in the single strands. In Fig. 5
B, Top we depict the hairpin unzipping at position n (Fig. 5 B,
Top Center) between two consecutive intermediates I, — 1,
which is slowed down by the transient formation of off-pathway
(misfolded) structures (M,; Fig. 5 B, Top Left) consisting of stem—
loops in the single strands (blue segments) that kinetically trap
the RNA. The intermediate 1,41 (Fig. 5 B, Top Right) is rescued
upon releasing An bases forming the stem—loops (M, ). Note that
kinetic trapping also occurs during rezipping for transitions I, —
I,—1. In the reversible regions intermediates have very short
lifetimes and are not observed, meaning that kinetic trapping
and hysteresis effects are negligible at the experimental pulling
speeds.

The irreversibility of the unzipping-rezipping reaction can
be understood by introducing a many-valley barrier energy
landscape (BEL) that, for a given n1, accounts for the off-pathway
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(orange),

competing folds that can be formed in each single strand. We
stress that the BEL is a nonstandard free-energy landscape
describing the propensity of the hairpin to become kinetically
trapped at a particular value of n by off-pathway conformations
of high kinetic stability. The complexity of including all possible
structures is enormous, and therefore we have restricted the
analysis to the single stem-loops (loop BEL) stabilized by
stacking and base pairing. Let us consider all consecutive
segments of L bases along each of the two unpaired RNA

strands (referred to as a and b). Let Séa’b) be the set of all
segments of length L contained in each strand of the RNA
hairpin, Séa’b) ={[bs, bi+1];1 <i < N'= N — L}, where b; and
bi+ 1 stand for the initial and the final base of the segment on
strands (a, b) (N being the total number of bases in the hairpin).
For a given L-segment [b;, b;+1] there are several competing
folds, most of them stabilized by short complementary stems
plus one or more loops of varying sizes (mostly 3 to 8 bases).
We have searched for the optimal fold of lowest free energy,
€7 ., by using the DINAmelt web application (37, 38) based on
Mfold. This yields the optimal set of energies {€ ;}(*" for

sg‘”’) at standard conditions. With the optimal set of stem-loop
energies for a given L, we defined the loop BEL at force f and
position n as

AGL(n,f)=

N—n
— kg T'log Z exp (

i,j=0

Agi” (i, f) + Ag" (G, f) [4]
kT ’

where Agéa’b)(i, f) is the total free-energy contribution per
strand (a, b) of a stem-loop forming at distance i from the
junction n at force f. Note that in Eq. 4 we assumed that all
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Fig.5. Stem-loops barrier energy landscape and hysteresis. (A) Formation of the stem-loops during the unzipping (rezipping) process. Segments of different

lengths (represented with different colors) along each RNA single strand form transient stem-loop structures. (B, Top) Transition between intermediates I,
and I, 1 (double red arrow). The formation of the off-pathway (misfolded) structures consisting of stem-loops (M) kinetically traps (left-right red arrow)
the RNA at /p, slowing down transitions I, — Ip1 ([, — lp—1) during unzipping (rezipping). (B, Bottom) Loop-BEL (dashed line) computed with Eq. 4 for
L = 20 added to the native FEL of the hairpin (solid line). For a fixed n, the loop BEL is the free-energy difference between structures /, and M, (equal to
the vertical distance between red points). Red arrows depict the kinetic trapping effect induced by the loop BEL. (C) Experimental FDCs in 500 mM Nacl
(Top) and loop BELs at 19 pN (Bottom) computed for the RNA hairpin (dashed black line) and the equivalent DNA sequence (dashed gray line) for L = 20
bases. The mean values of the loop BEL (solid lines) are also shown. Loop-BEL minima correlate with the hysteresis regions R1 to R8. (D, Top) Average rolling
correlation (rw )z as a function of the shift s between loop BEL and hysteresis profile for a3 = UR, ER, UE. (D, Bottom) Maximal average rolling correlation
(rw)",fgx (corresponding to s & 0, —10, +10 for UR, ER, and UE, respectively) for each L. Hysteresis is found to be maximally correlated with stem-loops of
length L ~ [18, 22] bases.

L segments at the back of the junction are already hybridized
into the native stem and do not contribute to the loop BEL
(green base pairs in Fig. 5 B, Top). The term Ag(“ b)( ,f) is
given by

kg T
4P

T 4z

(1_(L+z‘)la)2_1+(L+z‘)ld

with l; =0.68 nm the interphosphate distance (19, 40) and
P = 0.805 nm the RNA persistence length (19, 41). To calculate
the integral in Eq. 5 we inverted Eq. 6 (42). Note that Eq. 5 equals
the free-energy difference between structures A, and I, in
Fig. 5 B, Top.

fryi(z) = , 6]

f
Agi (i, f) =~ 4 / i (f)df, 5]
0

O(a b) .

where €, is the (positive) free energy of formation of the
stem—loop at zero force along strand (a,b) and the integral
stands for the energy cost to bring the L + ¢ bases from A to
C at force f (Fig. 5 B, Top). The latter penalizes stem—loops
that are formed far away from the junction because they cannot
kinetically trap the stretched RNA. It has been computed with
the worm-like chain (WLC) model (39)
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We computed AGL(n, f) at the average unzipping force f ~
19 pN at 500 mM NacCl for L segments in the range L = [8, 28],
with L = 8 the minimum number of bases needed to form stem—
loops. In Fig. 5 B, Bottom we show the native free energy land-
scape (FEL), A Gnaive(n, f) (relative to the—fully unzipped—
random coil state) as a black solid line. The contribution by
the loop BEL for L =20 has been added to the native FEL
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(black dashed line) to stress the fact that it kinetically traps off-
pathway stem-loop structures at fixed n (red arrows). The dashed
line for the loop BEL emphasizes that this is a kinetic trapping
landscape that does not describe transitions between contiguous
n values. In Fig. 5 C, Bottom we show the loop BEL AG(\)
(dashed black line) for L =20 together with the experimental
FDC (Fig. 5 C, Top). The position n along the sequence in Eq.
4 has been converted to trap-pipette distance A by using the
elastic parameters, AGL(A) = AGr(n, f). The position of the
loop-BEL minima shows a correlation with the FDC regions of
largest hysteresis (indicated by rectangles R1 to R8). To compare
with the DNA case, we computed the loop BEL for the DNA
analogous 2,027-bp sequence (obtained by replacing uracils by
thymines) at the predicted average unzipping force (~16.4 pN)
at 500 mM NacCl (10). Despite that the profiles appear to be
similar, the average barrier energy in DNA (~47 kgT, solid
gray line) is lower than in RNA (~57 kgT, solid black line)
because of the lower DNA unzipping force (which yields a lower
elastic contribution in Eq. 5). We stress that the loop BEL is
overestimated as we have considered a restricted set (single
stem—loops) among all possible competing structures. The lower
the loop BEL is, the more stable the competing structures and
the larger the irreversibility effects. The larger hysteresis in RNA
apparently correlates with the higher kinetic stability of the stem—
loops for RNA.

Correlation of Hysteresis with Stem-Loops Formation. To quantify
the correlation between the loop BEL and the hysteresis, we
introduced the hysteresis profile at position A\ as a measure of
the dissipated work over a given distance A\ (= 3 nm),

o

AGl N == [T W) - s, )

A—Br

2

where «, 8 denote the unfolding (U), refolding (R), and equi-
librium (E) FDCs, leading to three distinct profiles AG(%‘“(/\)
with af = UR,UE,ER. The minus sign in Eq. 7 has been
introduced to positively correlate loop-BEL minima (maxima)
with maximal (minimal) hysteresis. Eq. 7 has been averaged over
several cycles and different molecules. Given the loop BEL,
AGL(A) =AGr(n,f =19 pN) in Eq. 4, and the hysteresis
profile, AGE™(X), we computed the Pearson correlation
coefficient ,(\) € [-1,1] over a given spatial window of
size w as a function of A\. r,(\) =1 (r,(\) =—1) indicates
fully correlated (anticorrelated) landscapes in that region.

Correlation profiles 7, () have been calculated for AGZ%S[(/\)
with a8 = UR,UE,ER (S Appendix, Fig. S4). To assess the
correlation between the loop BEL and the hysteresis profile
af, we defined the average rolling correlation, (ry)as, as
the average taken over the entire landscape r,(\). Another
parameter for the correlation analysis is ¢.p, defined as the
probability that r,()\) > 0.5 at a given A averaged over the
entire landscape. Although this parameter is a better estimator
of positive correlations (SI Appendix, Fig. S5), here we show
the standard average rolling correlation, (ru).s. We used a
sliding window of size w &~ 100 nm, the result being insensitive
to w as far as it is comparable to the typical number of bases
released in a force rip along the FDC (~ 50 to 150 bases) (43)
(SI Appendix, Fig. S6). In Fig. 5 D, Top we show (ry,)as as a
function of the shift s (in bases) of the loop BEL relative to the
hysteresis profiles. (r,)as has been calculated for the L-segment
length L =20 at which correlation is maximal (see below). A
positive shift s > 0 means that we are testing the correlation with
the loop BEL in the rezipped region close to the junction (green
base pair in Fig. 5 B, Top), whereas a negative shift s < 0 implies
testing the correlation with the loop BEL ahead of the junction
in the unzipped region (gray and blue base pairs in Fig. 5 B,
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Top). Remarkably, maximum correlation is found for a8 = UR
and s = 0 (red circles in Fig. 5 D, Top) showing that stem—loops
formation and hysteresis are highly correlated precisely at the
junction. The position of the maximum in (ry,)qg shifts to s > 0
(s <0) for o = UE (ER) (blue squares and orange triangles,
respectively; Fig. 5 D, Top). We note that for o3 =ER the
maximum in (r,)gr is shifted leftward by s ~ —10 bases (orange
triangles) and its value almost coincides with the a8 = UR case
(1) PR ~ (1 )V& =2 0.25, red circles). Therefore, the formation
of stem—loops at a distance of ~ 10 bases in the unzipped
region slows down the refolding of the hairpin, leading to the
hysteresis observed during the rezipping process. In contrast,
the maximum of (r,)ue (blue squares) is shifted rightward
(s = +10) with (7, )V ~ 0.1 < (r, )V ~ 0.25 (red circles). The
asymmetry between UE and ER demonstrates that the largest
source of irreversibility in the unzipping—rezipping experiment is
the refolding process. Analogously, the rightward shift (~ +10
bases) in (7, )M& is related to breathing of stem-loops and the
hysteresis effects observed in the unfolding FDCs. Finally, we
analyzed the dependence of (r,)Ng* with the length L of the
segments forming the stem-loops (Fig. 5 D, Bottom). All curves
show a broad maximum for L~ 18 to 22, meaning that this is
the characteristic size of the stem—loops that kinetically trap the
RNA intermediates during unzipping and rezipping.

These results are supported by various control analyses. In
SI Appendix, Fig. S7 we report the average rolling correlation
between loop BEL and hysteresis for different hairpins obtained
by shuffling segments of the original sequence and with random
sequences. This comparison shows a positive correlation for the
original hairpin sequence, (7, )& ~ 0.25, whereas for the shuf-
fled and random control sequences correlations are apparently
lower (in the range [—0.06:+0.07] and [—0.04:—0.005] for the two
controls in SI Appendix, Fig. S7TA and B, respectively). Finally,
we computed the Pearson coefficient between loop BEL and
hysteresis profile in the irreversible and reversible regions, sep-
arately. This analysis (S Appendix, Fig. S8) shows a positive cor-
relation only in the irreversible regions whereas in the reversible
ones correlations are spurious due to thermal fluctuations and
instrumental noise.

Discussion and Conclusions

Detailed knowledge of the energetics of hybridization of RNA is
key to determine the thermodynamic stability of RNA structures,
from dsRNA to tertiary RNAs, essential in many biophysical
processes. We studied the kinetics of RNA hybridization by me-
chanically pulling a 2-kbp RNA hairpin with optical tweezers. By
repeatedly unzipping and rezipping the RNA we measured the
sequence-dependent FDCs in sodium and magnesium. The large
hysteresis observed along the FDCs demanded nonequilibrium
physics methods to derive the fully reversible FDC from the
irreversible pulling data. In fact, quasi-static RNA unzipping
experiments are not feasible as the lifetime of the intermediates
requires pulling speeds that are exceedingly low. Estimates based
on the Bell-Evans model range from 0.1 nm/s to 1 pm/s for
irreversible hairpin segments of 30 to 40 bp.

By using an optimization algorithm, we derived the free ener-
gies of the 10 NNBPs in RNA (Fig. 4), finding good agreement
with the Mfold values reported for sodium. To the best of our
knowledge, NNBP energies are not currently available for RNA
in magnesium. The highest difference between our energies
and Mfold is found for CG/GC in sodium (Fig. 4B), a relevant
motif prone to methylation that accumulates in many regulatory
regions (44, 45). Moreover, the results for magnesium show the
validity of a general salt equivalence rule 80/1 for which 10 mM
Mg™™ corresponds to 800 mM Na*t (Fig. 44). Although the
scope of this result has been tested in a single-salt condition, its
validity should span the dilute salt regime where cooperative salt
effects are negligible ((Mg*™] < 0.05 M) and competition effects
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with sodium are weak (R = /[Mg*+]/[Na*] > 0.22M~1/2). A
salt equivalence rule has been disputed on the basis of experi-
mental data obtained in bulk experiments using atomic emission
spectroscopy in buffer-equilibrated samples (46). Although this
technique is capable of determining the fraction of cations that
are dissociated and bound to the RNA, it does not provide a
direct measurement of free energies. Here we have demonstrated
the validity of an 80/1 salt equivalence rule at the level of individ-
ual NNBP motifs. To date, this is the most direct confirmation of
the validity of the 100/1 rule of thumb for the equivalence of the
nonspecific binding energy of sodium and magnesium in RNA
structures.

The strong hysteresis observed between the RNA unzipping
and rezipping FDCs is driven by the collective effects of multiple
stem—loop structures that kinetically trap the RNA. The effect is
stronger in magnesium than in sodium, probably because the two
charges of magnesium transiently stabilize nucleotide contacts
to a higher extent. Irreversible regions are characterized by a
high frequency of purine stacks and Watson—Crick bonds along
the unpaired strands that lead to the multiple peaks observed in
the experimental FDCs, even for forces as high as 20 pN. Note
that stacking alone could not transiently stabilize stem—loops at
such high forces; it is necessary for the concurrent formation of
base pairs within each of the RNA strands. It is quite reason-
able that such stem-loop structures also exhibit some degree of
cooperativity; the more they proliferate the more they facilitate
the formation of additional nearby stem-loops inhibiting native
folding. Cooperative folding effects have been also found in DNA
(47, 48), RNA (21, 49, 50), and proteins (51-53). The intermedi-
ates I, in the unzipping-rezipping experiments are reminiscent
of the cooperative foldons hypothesized to drive protein folding
(23, 54). This cannot be otherwise, as the only way to form the
native stem is to sequentially form the intermediates, one after
the other, starting from the unfolded state. The remarkable effect
of force is to increase the lifetime of the intermediates that would
be difficult to detect in melting experiments.

We have shown that the hysteresis correlates with the transient
stabilization of RNA stem-loop structures along each unpaired
single strand. The formation of stem-loops in the proximity
of the hybridization junction stabilizes the intermediates that
enhance the hysteresis observed in the FDC. By defining a stem—
loops barrier energy landscape (loop BEL, Fig. 5B), we found
a correlation between the sequence regions where stem-loops
are maximally stable (minima of the loop BEL) with those where
hysteresis along the FDC is large (Fig. 5C). To support this in-
terpretation we measured the correlation between the loop BEL
and the hysteresis profiles (Eq. 7) as a function of the relative
shift between them (Fig. 5D). We have found that the hysteresis
observed in the FDCs maximally correlates with the stem-loop
formation at the hybridization junction. Additional test controls
on shuffled and random sequences support the statistical signif-
icance of the measured correlation. Typical stem-loop sizes of
about 20 bases are responsible for the observed hysteresis effects.
Interestingly, this number is similar to that of foldon residues in
protein folding (54). We stress that the loop BEL as a function
of n is not a standard free-energy landscape as neither the trap-
pipette distance A nor 7 is a true reaction coordinate for the
stem-loops. For a given n () the loop BEL is a kinetic trapping
landscape that quantifies off-pathway (misfolded) configurations
M, that compete with the folding intermediates I,. Future work
should lead to a better understanding of the stabilizing kinetics of
these structures and the energy landscape describing transitions
between them. We note that along the reversible regions the
signal-to-noise ratio is very low due to instrumental drift and
noise effects, which are detrimental in evaluating the correlation
between sequence and hysteresis.

It is remarkable that hysteresis is observed in some specific
regions of the FDC but not in others. To explain this, we have
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searched for specific sequence motifs that promote stacking,
hybridization, and stem-loop formation within each single
strand. We have searched for segments of length N >6
bases containing consecutive purines for stacking (A,G) and
complementary bases for hybridization (A,U and G,C) within
each single strand for the irreversible and reversible regions (see
SI Appendix for a detailed discussion). We find a higher frequency
of purine stacks and hybridizing bases in the irreversible regions,
showing that these regions enhance stem-loops formation and
hysteresis.

Finally, we have designed a short RNA hairpin of 20 bp
that ends in an A-rich dodecaloop to enhance stacking effects.
The hairpin also contains many contiguous A,Us along the se-
quence promoting base pairing within the ssSRNA. If pulled under
equivalent salt conditions (100 nm/s, 1 M NaCl, and 10 mM
MgCl,, at 298 K) the native hairpin unzips around 21 pN. In-
terestingly, in magnesium the hairpin also forms an alternative
misfolded structure (=30% of the time) that is seldom observed
in sodium (81 Appendix, Fig. S11). This result demonstrates that
the presence of stacking and base pairing along the ssRNA
facilitates misfolding. This effect is enhanced in magnesium,
showing that kinetic effects between sodium and magnesium
are nonequivalent. The same experiment but with a stem that
does not contain contiguous bases capable of base pairing does
not show the misfolded state either in sodium or in magnesium
(SI Appendix, Fig. S12). Overall, these results demonstrate that
concurrent stacking and hybridization among bases within the
single strands lead to the observed irreversible effects.

Fluctuation relations have proved to be a fabulous playground
to extract equilibrium information from irreversible pulling ex-
periments in molecular structures from native RNAs (55, 56)
to proteins (57) and ligand binding (58). Moreover, the well-
defined reaction coordinate of the unzipping process shows that
intermediates stabilization is induced by the formation of stem—
loops along the RNA single strands. These results suggest that
stem-loops formation is an essential step in RNA folding in in
vitro and in vivo conditions. Indeed, numerical and theoretical
studies of RNA-folding models have emphasized the importance
of loop formation in the hybridization reaction (59-62). This
might contribute to explaining a wide range of RNA behaviors,
from misfolding (25) and multiplicity of native structures (63) to
the RNA thermostatic and cold-denaturation phenomenon (64,
65). Ultimately, the promiscuity of transiently stable RNA struc-
tures might be related to the diversity of physiological responses
observed when such RNAs interact with the human genome, as
in the case of the RNA viruses.

Materials and Methods

Molecular Synthesis. We synthesized an RNA hairpin made of a stem of
2,027 equally represented canonical Watson-Crick base pairs (the occur-
rence of each NNBP motif is reported in S/ Appendix, Table S2), ending
in a tetraloop and inserted between short hybrid DNA/RNA handles (29
bp). Short handles ensure a sufficiently large signal-to-noise force and
slower unzipping/rezipping kinetics (66) facilitating the detection of the
intermediates occurring along the FDC. RNA constructs of a few kilobase
pairs in length with a specific sequence are difficult to synthesize. In fact,
the attempts to synthesize the hairpin as a single transcript from plasmids
containing two copies of a DNA fragment coding for the hairpin stem
failed probably due to hairpin nuclease SbcCD proteins recognizing long
palindromic sequences and introducing double-stranded breaks (DSBs) on
them (67). To circumvent this problem, we devised a synthesis protocol by
which two RNA molecules, RNA1 and RNAZ2, are synthesized separately and
then covalently joined using TARNA ligase 2 (S/ Appendix, Fig. S1). RNA1
contains a small 5’ sequence (region 1.1) that pairs with a digoxigenin-
labeled DNA oligonucleotide to form a small DNA/RNA handle, a larger
portion (region 1.2) that anneals with a reverse complementary strand from
RNA2 molecule (region 2.2) to form the hairpin stem region, and a 3’
sequence (region 1.3) that contains the GAAA tetraloop. Apart from region
2.2, RNA2 molecule also contains a 3’ sequence used to form a second small
DNA/RNA handle after annealing with a biotinylated DNA oligonucleotide.
A detailed description of the synthesis is reported in SI Appendix.
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Recovery of the Equilibrium FDC. The experimental FDCs show strong irre-
versibility localized in eight regions in sodium and four regions in magne-
sium (Figs. 2 and 3, respectively). Each region is limited by starting (left, L)
and ending (right, R) trap positions where the RNA is in equilibrium and
exhibits intermediates /, being p = (1,2,...,P). Let S be the set of P 4 2
states containing L, R and the intermediates, S = (lo =L, l1, I .. ., Ip, Ipy1 =
R). In our setting, during the forward process (F) the trap position X is moved
at a constant speed starting in Iy at Ao and ending in I, at A. Similarly, in the
time-reverse protocol (R) the trap position is moved back at the same velocity
starting in I, at A and ending in /y at Ag. Thus, the extended fluctuation
relation reads (24, 25)

¢i—0~>/p P;.O”’P(W) w — AGlolpO\)

b—=lo plp—1 = exp . [8]
S A W) ar
where PIFO_"”(W) (P;p_)’o(7W)) is the partial distribution of the work W

(defined as the work distribution conditioned to states Iy, /) measured
along the F (R) protocol, AG,O/p()\) = G,p(A) - G,O()\o) is the free-energy

difference between states I, at A and Iy at Ao, and ¢0 " (6P 70) is the
fraction of paths along F (R) starting in Iy (I5) at Ag (\) and ending in I, (/p)
at A (N\g). kg is the Boltzmann constant and T is the temperature. Note that all
trajectories in the reverse process end up in lp whatever is the initial state /,

so that d):f_ﬂo = 1. For a finite number of trajectories, a direct extrapolation
of AG,O,p (\) from Eq. 8 leads to biased results. Therefore, we developed a
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