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ABSTRACT: The folding and stability of RNA tertiary interactions depend
critically on cationic conditions. It is usually difficult, however, to isolate such
effects on tertiary interactions from those on the entire RNA. By manipulating
conformations of single RNA molecules using optical tweezers, we
distinguished individual steps of breaking and forming of a two-base-pair
kissing interaction from those of secondary folding. The binding of metal ions
to the small tertiary structure appeared to be saturable with an apparent Kd of
160 mM for K+ and 1.5 mM for Mg2+. The kissing formation was estimated to
be associated with binding of ∼2−3 diffuse K+ or Mg2+ ions. At their saturated
binding, Mg2+ provided ∼3 kcal/mol more stabilizing energy to the structure
than K+. Furthermore, the cations change the unkissing forces significantly
more than the kissing ones. For example, the presence of Mg2+ ions increased
the average unkissing force from 21 pN to 44 pN, surprisingly high for
breaking merely two base pairs; in contrast, the mean kissing force was changed by only 4.5 pN. Interestingly, the differential salt
effects on the transition forces were not caused by different changes in the height of the kinetic barriers but were instead
attributed to how different molecular structures respond to the applied force. Our results showed the importance of diffuse cation
binding to the stability of tertiary interaction and demonstrated the utility of mechanical unfolding in studying tertiary
interactions.

RNA tertiary folding critically depends on cationic conditions,
particularly the concentration of divalent cations such as
Mg2+.1−6 This strong ionic dependence partially arises from
structural compaction during tertiary formation, resulting in a
high density of negative charges on phosphate groups that need
to be offset by cations. As biological functions of RNA molecules
depend on their proper folding, cations play vital roles in many
molecular processes essential for life. For example, Mg2+ ion is
indispensable for tertiary folding and function of tRNAs,7,8

ribozymes,9−11 riboswitches,12−14 and ribosomes.15−17 How-
ever, neither tertiary folding nor its dependence on cations can be
reliably predicted. There is no equivalent of the nearest neighbor
parameters used for secondary structure prediction.18,19 Cationic
effects on tertiary interactions have to be studied case by case,
taking into account the structure and shape of the RNA of
interest. A general and thermodynamically rigorous interpreta-
tion of the role of cations in stabilizing RNA tertiary structure, as
well as more experimental studies on tertiary folding, is still
needed.
As increasing cation concentration stabilizes global RNA

structure, it is often difficult to experimentally distinguish the
stabilizing effects on secondary and tertiary structures. Moreover,
cations display a range of thermodynamically distinct activities,
ranging from the binding of fully dehydrated ions to specific
sites20−23 to the diffusive associations that shell an RNA
surface.24−27 In addition, Mg2+ ions compete with monovalent
cations for binding to RNA.28,29 Binding of cations to tertiary
structures in complex RNAs has been deciphered from exper-

imental data using elegant thermodynamic analyses.22,30−32

Recently, Mg2+ triggered tertiary folding from preformed
secondary structure has been studied by techniques including
small angle diffraction,6,33,34 time-resolved footprinting,35,36 and
a variety of single-molecule fluorescence techniques.37−46 In
addition, Mg2+ or protein or ligand-induced folding of a
ribozyme,47 retroviral kissing complexes,48 rRNA elements,49,50

and riboswitches51,52 have been analyzed using optical tweezers.
Two recent studies extended this approach to study folding
thermodynamics of DNA and RNA hairpins under a variety of
ionic conditions.53,54

The minimal kissing complex is one of the simplest tertiary
interactions containing only two GC pairs formed between
hairpin loops (Figure 1a, inset).55 The RNA structure was
discovered in the 5′ untranslated region of the Moloney murine
leukemia virus and plays an important role in the dimerization
initiation of the retroviral genomic RNAs.56 Despite consisting of
only two base pairs, this kissing complex shows remarkably
stability. The kissing dimer forms in merely 150 mMmonovalent
salt in the absence of Mg2+.57 Since the structure contains no
apparent cavity, cations must bind diffusely. In addition, given its
size, the structure can only bind to a limited number of cations.
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These features make the minimal kissing complex an attractive
model to study diffuse ion binding to tertiary interaction.
The small size of the kissing complex, however, makes it

difficult to study by UV melting, circular dichroism (data not
shown), or gel mobility shift assay.55,56 Previously, we developed
a single-molecule mechanical unfolding assay to study the kissing
complex, by which formation and breaking of the interaction can
be directly observed.57−59 In this work, we extended the optical
tweezers based assay to evaluate the stabilizing effect of diffuse K+

and Mg2+ ions on the kissing complex.

■ EXPERIMENTAL PROCEDURES

Preparation of RNA. The sequence of the KC30 RNA is 5′-
CGGCGCUAGCAGACGUGCUAGCGCUGAAAAAUA-
UCGAAAAAAAUACCAAAAAAAAACCUGGGAGACGUC-
CCAGG-3′. The 30-nucleotide linker is underlined. The
sequence was cloned into the pBR322 vector between EcoRI
andHind III sites. Detailed preparation of samples was described
previously.58−60 The synthesized KC30 RNA was flanked by two
double-stranded DNA/RNA “handles”, each of ∼550 bases
(Figure 1a). One end of the entire molecule had a biotin, and the
other end was modified by a digoxigenin. The modifications
allowed the molecule to be tethered between a pair of
microspheres coated with streptavidin and anti-digoxigenin
antibody, respectively.60

Mechanical Pulling Experiment. The mechanical pulling
experiments were performed using a dual beam optical tweezers
instrument.61 The entire RNA molecule with handles was

tethered between two microspheres in a flow chamber via
noncovalent interactions (Figure 1a).59 One bead was held by a
force-measuring optical trap. The other microsphere was
mounted on a micropipette. Moving the micropipette with a
piezoelectric flexture stage changed the extension of the
molecule, which in turn applied force on the molecule.62 Force
in picoNewtons (pN) and extension of the molecule in
nanometer (nm) were recorded at a rate of 100 Hz. All pulling
experiments were performed at 21 ± 0.5 °C at a rate of 5 pN/s
using previously published protocols.57,58,62,63 All solutions
contained 10 mM HEPES, pH 8.0. In the Mg2+ titration
experiments, all solutions contained 100 mM KCl and indicated
concentrations of MgCl2. HEPES acid and potassium salt, KCl,
and MgCl2 were purchased from Sigma.

■ RESULTS

Salt Effect on Mechanical Unfolding and Refolding
Pathways. Mechanical unfolding of the KC30 RNA has
previously been studied in 250 mM KCl.59 The KC30 RNA
follows hierarchical unfolding and folding pathways (Figure 1b).
The breaking of the tertiary interaction, or the “unkissing”,
always occurs first, followed by unfolding of the two hairpins. In
contrast, the hairpins refold before the formation of the kissing
complex. On the force−extension curves (FEC), curves with a
positive slope mainly reflects nonlinear elasticity of the double-
stranded handles,64 whereas the structural transitions are
indicated by “rips” and “zips” with negative slopes.75,79

Figure 1.Mechanical unfolding of theminimal kissing RNA. (a) Experimental setup. The KC30 RNAwasmade of two RNA hairpins linked by 30 A-rich
single-stranded nucleotides. Both hairpins had GACG loops, which could form a kissing complex of two GC base pairs.59 The RNAwas flanked by∼550
base double-stranded DNA-RNA handles. Through biotin-streptavidin and digoxigenin-antibody interactions, the entire molecule is tethered to two
microspheres. Using optical tweezers, the RNA can be stretched and relaxed from its 5′- and 3′-ends.60 Drawing is not to scale. Inset, NMR structure of
the two-base-pair kissing complex.55 (b) Unfolding and refolding pathways of the KC30 RNA.59
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We performed pulling experiments on the KC30 RNA in
various concentrations of KCl from 100 mM to 1 M, and in 100
mM KCl with concentrations of MgCl2 varied from 10 μM to 20
mM. Under all tested conditions, each refolding trajectory of the
RNA showed two classes of transitions (Figure 2, red curves).
Hairpin folding was indicated by multiple back-and-forth
transitions at 15−20 pN, reflecting bistability of the hairpin to
single strand transitions at such forces.60 A single zip at <12 pN
suggested formation of a kissing interaction after folding of the
hairpins. The sequence of refolding transitions was consistent
with the proposed folding pathway (Figure 1b).
Upon unfolding, three types of trajectories were observed

(Figure 2, blue curves). The three types of unfolding trajectories,
however, reflect a single unfolding pathway (Figure 1b). The

apparent difference in the FECs have been attributed to the fact
that the unkissing occurs over a wide range of force, whereas the
hairpins undergo structural transitions in a narrow force range.59

If the unkissing occurs at lower forces than the unfolding of the
hairpins, the trajectory shows three transitions (Figure 2a). The
unkissing is characterized by a rip with small changes in extension
(ΔX). As force is further raised, the two hairpins unfold. If the
unkissing forces overlap with the unfolding forces of the hairpins,
a “double-transition” is observed  the unkissing is followed
immediately by unfolding of one of the two hairpins (Figure 2b).
This double-transition has a larger ΔX than that of the unkissing
alone. At slightly higher force, the second hairpin unfolds. If the
kissing is unfolded at forces above those of the hairpins, most
trajectories show a single rip with a large ΔX (Figure 2c). In this

Figure 2. Force−extension curves of the KC30 RNA. (a−c) Three different types of trajectories observed in 100 mM KCl. (d) In a perturbation assay,
the lowest force was set at 11 pN to prevent the kissing formation. (e) Folding in 1000mMNaCl. (f) Folding in 100mMKCl and 20mMMgCl2. Pulling
curves are shown in blue and relaxation curves are in red. Structural transitions are indicated by colored arrows.

Figure 3. Salt effect on transition forces. (a) Distributions of the unkissing and kissing forces at selected salt concentrations. The colored curves were
computed using eq 2 and extrapolated kinetic parameters from Table 1. (b) Unkissing (□ and ■) and kissing forces (○ and •) as a function of KCl or
MgCl2 concentrations.
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“triple-transition”, both hairpins unfold only after the kissing
interaction is broken. Since the hairpins are irreversibly unfolded
at such high forces, the FECs showed no multiple back-and-forth
transitions characteristic of reversible hairpin folding.
The three-step unfolding was mostly observed in solutions

containing ≤250 mM KCl or <1 mM MgCl2. As ionic strength
increases, the unkissing occurred at higher force, and most
trajectories displayed only a single rip (Figure 2e,f). The double-
transitions occurred rarely under all experimental conditions.
To confirm this unfolding pathway, we performed a

perturbation assay,58,59 in which the RNA was relaxed to only
11 pN before pulling in order to prevent the kissing formation
(Figure 2d). Subsequent pulling displayed only unfolding of the
hairpins. This observation confirmed our assignments of the
unkissing and kissing transitions. Furthermore, RNAs with
mutations that disrupt the kissing interaction show similar
trajectories as the ones observed in the perturbation assay.57−59

By repeating the perturbation assay under different ionic
conditions, we confirmed the assignments of the unkissing and
kissing transitions. Therefore, the unkissing kinetics can be
extracted from the first unfolding transition, whereas the kissing
kinetics can be obtained from the last refolding transition. The
different unfolding patterns affect unfolding of the hairpins but
not the thermodynamics and kinetics of the kissing interaction.59

Salt Effects on Unkissing/Kissing Forces. The unkissing
force shows a broad distribution as compared to the kissing force
under each ionic condition (Figure 3a). From 0 to 20 mMMg2+,
the unkissing forces showed a wide distribution over 20 pN,
whereas the kissing forces fell in a range of less than 8 pN.
Furthermore, widths of the unkissing and kissing force
distributions were not significantly changed by salt concen-
trations. Interestingly, the average unkissing force increased
faster with salt concentration than the kissing force (Figure 3b).
For instance, the average unkissing force increased from 20.8 pN
in 10 μM MgCl2 to 43.9 pN in 10 mM MgCl2, whereas the
average kissing force changed from 4.3 pN to 8.7 pN under the
same conditions. In 20 mM MgCl2, some unfolding trajectories
even showed unkissing transitions at >50 pN at a loading rate of 5
pN/s (Figure 2f), with the highest rip force observed at 54.7 pN.
This is a surprisingly high force for breaking of merely two base
pairs. As a comparison, unfolding and folding forces of the
hairpins with 7- to 20-base-pair stems were raised by ∼5 pN
under similar conditions (Figure 2).53,54,65,66

At >700 mM KCl or >5 mMMgCl2, the unkissing and kissing
forces remained largely unchanged with increasing salt
concentration (Figure 3b), indicating saturated binding of
cations to the two-base-pair structure. Interestingly, under
saturated binding conditions, Mg2+ ions provided more stability
to the tertiary structure than K+. For example, the unkissing force
in 20 mM MgCl2 was ∼10 pN higher than that in 1 M KCl
(Figures 2 and 3).
Kinetics Extracted from Force Distributions. From

distributions of the transition forces, we determined the force-
dependent unkissing and kissing kinetics using both Evans-
Ritchie and Dudko methods (Figure S1, Supporting Informa-
tion).67,68 The Bell’s kinetic model69 was applied in the analyses
to describe the a single activation barrier between folded and
unfolded states:

=
‡

k k eFX k T
F 0

/ B (1)

in which kF is the rate constant at force F, k0 is a factor reflecting
both kinetics at zero force and instrumental effects, kB is the

Boltzmann constant, andT is the temperature in Kelvin, andX‡ is
the distance from the folded/unfolded state to the transition
states.70 In previous works, the method worked reasonably well
as evidenced by that kinetics obtained from pulling agrees with
those from constant force measurement.59 On the basis of the
extrapolated force-dependent kinetics, the probability density
function of transition forces at a loading rate r, p(F), can be
calculated from the following equation:67

= − ∫p F
k
r

( ) eF
k
r f( ) dF F

0
(2)

When superimposed on the force histogram, the computed p(F)
agreed with the distributions of transition force (Figures 3 and
S1), validating the derived kinetics.

Salt Effect on Force-Dependent Kinetics. The tertiary
unfolding and folding kinetics showed dependence on both force
and ionic conditions (Table 1). At each ionic condition, the

unfolding rate increased with force, whereas the kissing rate
decreased when the force was raised (Figure 4). When the
kinetics at two ionic conditions were compared, the unkissing
rate in higher salt concentrations was lower, requiring higher
forces to break the structure; the kissing kinetics and force
increased by the addition of metal ions. Therefore, the stabilizing

Table 1. Unfolding and Refolding Kinetics under Various
Ionic Conditionsa

[KCl] ln kunfolding (s
−1) nunkissing

c ln krefolding (s
−1) nkissing

c

100 mM (0.193 ± 0.006) × F
− (4.0 ± 0.2)

120 (−1.49 ± 0.04) × F
+ (7.6 ± 0.2)

100

250 mM (0.172 ± 0.003) × F
− (4.7 ± 0.1)

170 (−1.4 ± 0.1) × F +
(9.4 ± 0.4)

134

500 μM (0.155 ± 0.004) × F
− (4.9 ± 0.2)

112 (−1.59 ± 0.05) × F
+ (11.7 ± 0.2)

109

700 μM (0.194 ± 0.006) × F
− (6.6 ± 0.3)

152 (−1.36 ± 0.05) × F
+ (11.6 ± 0.2)

145

850 μM (0.147 ± 0.006) × F
− (5.1 ± 0.3)

170 (−1.47 ± 0.04) × F
+ (12.2 ± 0.2)

169

1000 mM (0.171 ± 0.005) × F
− (6.1 ± 0.1)

141 (−1.41 ± 0.08) × F
+ (12.4 ± 0.5)

136

[MgCl2]
b

10 μM (0.190 ± 0.002) × −
(4.5 ± 0.1)

250 (−1.26 ± 0.05) × F
+ (6.2 ± 0.2)

296

100 μM (0.189 ± 0.003) × F
− (4.9 ± 0.1)

243 (−1.24 ± 0.02) × F
+ (6.2 ± 0.1)

258

300 μM (0.199 ± 0.006) × F
− (5.7 ± 0.2)

229 (−1.30 ± 0.02) × F
+ (7.6 ± 0.1)

242

700 μM (0.178 ± 0.007) × F
− (6.1 ± 0.3)

244 (−1.21 ± 0.01) × F
+ (7.4 ± 0.1)

270

1 mM (0.204 ± 0.003) × F
− (7.1 ± 0.1)

258 (−1.34 ± 0.03) × F
+ (8.6 ± 0.1)

271

3 mM (0.187 ± 0.005) × F
− (7.5 ± 0.2)

153 (−1.09 ± 0.06) × F
+ (8.5 ± 0.4)

150

5 mM (0.23 ± 0.01) × F −
(9.6 ± 0.3)

149 (−0.89 ± 0.09) × F
+ (7.3 ± 0.7)

146

7 mM (0.192 ± 0.006) × F
− (8.2 ± 0.1)

110 (−0.99 ± 0.07) × F
+ (8.5 ± 0.4)

110

10 mM (0.182 ± 0.003) × F
− (8.0 ± 0.1)

173 (−1.28 ± 0.02) × F
+ (11.6 ± 0.1)

158

20 mM (0.208 ± 0.004) × F
− (9.3 ± 0.1)

142 (−1.32 ± 0.06) × F
+ (12.8 ± 0.2)

144

aThe kinetics of the unimolecular unkissing/kissing is expressed in a
transformed format of eq 1: ln kF = FX ‡/kBT + ln k0, in which the
slope is X‡/kBT, and the y-intercept is ln k0.

bIn titrating [MgCl2], all
solutions contained 100 mM KCl. cnunkissing and nkissing are numbers of
observed transitions.
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effect of metal ions arose from both slowing the dissociation and
facilitating the association of the hairpins.
The slope of ln k vs F, which is X‡/kBT (eq 1), appeared to be

similar under different ionic conditions (Figure 4 and Table 1).
Under all tested conditions, X‡

unkissing was 0.77 ± 0.08 nm, and
X‡

kissing was−5.3± 0.7 nm. As kF increases exponentially with X
‡,

the larger value of X‡
kissing resulted in fast increase of kkissing

(Figure 4a). Consequently, the kissing formation occurred in a
narrow range of force (Figure 3). In contrast, the smaller
X‡

unkissing was associated with slow increase of kunkissing and the
broader distribution of the unkissing force. The relative salt
independence of X‡

unkissing and X‡
kissing was consistent with the

similar widths of transition force distributions under various ionic
conditions (Figure 3). In contrast to X‡, ln k0, the y-intercept on
the ln k vs F plot, was significantly changed by metal ions.

Therefore, the salt effect on the tertiary folding kinetics largely
resulted from changes in k0.
Mg2+ ions affected the kissing interaction more than K+. As

commonly seen in RNA folding,71−74 a fewmillimolar of divalent
metal ions had an equivalent stabilizing effect to monovalent
cations in hundreds of mM (Table 1). Moreover, at their
saturated binding, the stabilizing effect by Mg2+ ions was more
pronounced than that by K+. For example, the kinetics were
similar in a solution containing 100 mMKCl with and without 10
μMMg2+ (Figure 4, blue). Addition of 20 mMMg2+ significantly
decreased the unkissing kinetics, as compared to the effect by
raising the concentration of KCl to 1000 mM (Figure 4, red).

kF as a Function of Force and Salt Concentration. To
examine the salt effect on the kinetics at a constant force, we
plotted ln k at selected forces as a function of salt concentration

Figure 4. Salt effect on the unkissing and kissing kinetics. (a) Extrapolated kinetics in 100 mM (blue) or 1000 mM KCl (red). (b) Kinetics in 100 mM
KCl with 10 μM (blue) or 20 mMMgCl2. The symbol • indicates the measured unkissing force within 1σ range, whereas ■ indicates the kissing force
range. Open circles in light blue and orange were placed at the equilibrium points, at which forward and reverse rate constants are equal.

Figure 5. Folding kinetics as a function of salt concentration at selected forces. (a and b) ln kunkissing and ln kkissing as a function ofK
+ concentration. (c and

d) ln kunkissing and ln kkissing as a function of Mg2+ concentration. The solid lines are linear fits.

Biochemistry Article

dx.doi.org/10.1021/bi400646x | Biochemistry 2013, 52, 4991−50014995



(Figure 5). At each force, both ln kunkissing and ln kkissing appeared
to be a linear function of ln [salt]. The slope of ln kunkissing vs.
[salt], m‡

unkissing, was −1.2 ± 0.1 for KCl and −0.8 ± 0.1 for
MgCl2. The m‡

kissing was 2.4 ± 0.1 for KCl and 1.1 ± 0.2 for
MgCl2. The y-intercepts in each panel of the Figure 5 depended
linearly on force (Figure S2). Because of the apparent linear
dependence of the kinetics on the force and salt concentration,
we attempted a first-order approximation to phenomenally
describe the kinetics:

= +

= × + × +

‡

‡
‡

k
FX
k T

k

X
k T

F m k

ln ln

ln[salt] ln

B
0

B
base

(3)

in which ln kbase equal ln k0 in the 1 M KCl data set, and at 100
mMKCl in theMgCl2 data set. The ln k0 in eq 1 can be expressed
as ln k0 = m‡ × ln[salt] + ln kbase. The entire KCl or MgCl2
titration data were fitted to the eq 3:

= ± × − ±

× + − ±

k Fln (0.172 0.001) (1.2 0.1)

ln[KCl] ( 6.23 0.05)

unkissing,KCl

(3a)

= − ± + ± ×

+ ±

kln ( 1.42 0.01) (2.4 0.1) ln[KCl]

(12.51 0.01)

kissing,KCl

(3b)

= ± × − ±

× + − ±

k Fln (0.223 0.001) (0.8 0.1)

ln[MgCl ] ( 13.53 0.05)

unkissing,MgCl

2

2

(3c)

= − ± × + ±

× + ±

k Fln ( 1.0 0.1) (1.1 0.2)

ln[MgCl ] (14.0 0.5)

kissing,MgCl

2

2

(3d)

Such fitting agreed with data reasonably well (Figure S2). Also,
the fitted values of X‡, m‡, and ln kbase were comparable to those
from separate fits of ln k versus F (Figure 4) and ln k versus [salt]
(Figure 5). This semiempirical treatment has also been applied to
describe the unkissing kinetics of two six-base-pair kissing
complexes48 and the folding kinetics of a hairpin.65 The eq 3
appears to be useful to describe the force and salt dependent
kinetics of mechanical unfolding.
ΔX and Persistence Length of Single-Stranded RNA.

ΔX of structural transitions observed on the FECs depend on
both force and salt concentrations. The kissing interaction and
the un/refolding of the hairpins occur in narrow force ranges
(Figure 2); theirΔX can be compared with predicted values with
relative ease.57−59 Most unfolding transitions in this study were
the triple-transitions, especially at medium and high salt
concentrations. Interestingly, although the single-rips occurred
over a force range >30 pN, ΔXsingle‑rip remained largely constant
(Figure 6). The apparent dispersion ofΔXsingle‑rip was dominated
by instrumental noises (Figure S3).
In a triple-transition, the kissing complex is unfolded into an

extended single strand by the applied force (Figure 1b). The
kissing complex under tension is assumed to be similar to the
NMR structure,55 in which the coaxially stacked helix-kissing-
helix resembles a continuous helix. The end-to-end distance of
20-base-pair structure is 6 nm, much shorter than the persistence
length of double-stranded RNA (>60 nm).75 Therefore, the
kissing complex can be treated as a rigid body whose extension is
independent of force.70,72 In contrast, the extension of the entire

RNA in single-stranded conformation, Xss, depends on the rip
force F:64

=
−

+ −
⎡
⎣⎢

⎤
⎦⎥F

k T
P X L

X
L

1
4(1 / )

1
4

B

ss
2

ss

(4)

in which P is the persistent length of the single strand, and L is its
contour length. For single-stranded RNA, 1 and 0.59 nm per
nucleotide are often used for persistence and contour lengths,
respectively.60,70,76

Because ΔXsingle‑rip is the difference between the extensions of
the two structures, changes in ΔXsingle‑rip are dominated by Xss.
We computedΔXsingle‑rip as a function of force, which agreed with
measured values (Figure 5).ΔXsingle‑rip increases slowly with force
at >20 pN because the single-stranded RNA, already stretched to
>75% of its contour length at such forces, cannot bemuch further
extended.
The persistence length and the extension of a single-stranded

RNA must be dependent on cationic conditions. However, this
dependence has not been well characterized. On the basis of an
energetic model, a recent study suggested that the persistence
length of a single strand may decrease from 1.5 to 0.75 nm when
the concentration of MgCl2 increases from 10 μM to 10 mM.54

Using these values, we predicted the difference in <ΔXsingle‑rip>
under the two conditions to be ∼3 nm, significantly larger than
the measured values (Figure 6). We have also observed similar
salt concentration independence of <ΔXsingle‑rip> in the two other
kissing complexes,48 even though the three RNAs have different
sizes and transition forces. The ionic effect on the extension of
single-stranded RNA was perhaps less than that was reported.

Salt Effect on the Equilibrium of the Kissing
Interaction. Mechanical unfolding of the kissing interaction is
characterized by its irreversibility.48,59 The irreversibility
increased with ionic strength. Evidently, the gap between the
unkissing and kissing forces enlarged as the salt concentration
was raised (Figure 3). Hysteresis is observed even in the three-
step unfolding trajectories under low salt conditions (Figure 2a),
and increased significantly with salt concentration (Figure 2e,f).
As a result, work dissipation, the difference between workunkissing
and workkissing, increased significantly with salt concentration
(Figure 7a).

Figure 6. ΔXsingle‑rip as a function of the unkissing force. Symbols
represent measured values in 100 mM KCl (blue *) or 20 mM (red ○)
MgCl2. The data superimposed on the worm-like-chain predictions (eq
4).
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To determine the equilibrium point, the apparent linear
relation between ln k and F were extrapolated to the equilibrium
force, Fc, at which kunkissing and kkissing are equal (Figure 4, ○).70

The Fc increased with ionic strength (Figure 7b), suggesting that
binding of metal ions stabilized the kissing complex. Such effect
appeared to reach saturation at >700 mM KCl or in the presence
of 100 mMKCl, at >5 mMMgCl2. The Fc increased from 6.9 pN
in 100 mM KCl to 11.7 pN in 1 M KCl, and from 7.4 pN in 10
μM MgCl2 to 14.5 pN in 20 mM MgCl2. The Fc at saturating
MgCl2 was ∼3 pN higher than that at saturating KCl.
Interestingly, kc, the rate constant at Fc, decreased with

increasing salt concentrations (Figure 7c). The kc decreased by
∼4-fold from 100 mM to 1 M KCl, and by ∼10-fold from 10 μM
to 10 mM MgCl2. In a study of folding an RNA hairpin,65 we
observed a similar trend that addition of salt increased hysteresis
in the FECs and decreased kc. Unlike the hysteresis, kc is
independent of pulling/relaxing rate. Hence, it is tempting to
suggest that kc can be used as an indicator of folding reversibility.
Thermodynamic Contributions by K+ and Mg2+ Ions.

The folding free energy of the kissing complex at the critical
force, ΔGFc, equals the reversible mechanical work done to

unfold the tertiary structure, i.e., Fc×ΔXFc.
66,76 When the kissing

complex is unfolded into the conformation of the two linked
hairpins (Figure 1b), the linker is stretched. To obtain folding
free energy at zero force, ΔG0pN, the stretching energy of the
linker must be subtracted from the ΔGFc:

∫Δ = − = × Δ −G G F X X Fwork dF F

F

0pN linker c
0

linkerc c

c

(5)

in which the extension of the linker, Xlinker, can be approximated
by the worm-like-chain model (eq 4). In this work, we used a
persistence length of 1 nm for all ionic conditions. We estimated
that if the persistence length varies from 0.8 to 1.2 nm, the

uncertainty of the stretching energy correction is <0.9 kcal/mol
(or <8% of totalΔG) in the experimental range of Fc (Figure S4).
In 100 mM KCl, the kissing complex had a ΔG0pN of −5.4 ±

0.3 kcal/mol. This negative value was consistent with the
observations that hairpins can form stable dimers through the
two-base-pair kissing interaction at low concentrations of
monovalent salt.55,57 The stabilizing effect of metal ions was
shown by the significant decrease of ΔG0pN as salt concentration
was raised (Figure 8). At saturating Mg2+, ΔG0pN was ∼−14 ± 1
kcal/mol, which was greater than that of ∼−11.4 ± 0.8 kcal/mol
at saturating K+. The apparent Kd was ∼160 mM for K+ and 1.5
mM for Mg2+, when fitted to a single site binding model.

■ DISCUSSION

Role of Metal Ions in the Apparent Unkissing and
Kissing Kinetics. Both K+ and Mg2+ ions stabilize the kissing
complex by slowing unfolding and speeding up the refolding.
The type and concentration of metal ions had relatively little
effect on the force dependence of kinetics, described by X‡/kBT
(eq 1), but significantly changed k0 (Table 1 and Figure 4). In a
simplified view, X‡

unkissing and X‡
kissing represent the distances

from the unfolded and folded states to the barrier, respectively
(Figure 9).70 The salt independence of X‡

unkissing and X‡
kissing

suggested that the position of the barrier along the reaction
coordinate is not much altered by the metal ions. Instead, metal
ions change the barrier height relative to the unfolded and folded
states, as indicated by ln k0.
As the effect of salt concentration was attributed to the k0 but

not X‡, the changes in the barrier height at each force, ΔΔG‡ =
kBT × (ln k2 − ln k1) (eq 3), were relatively force independent
(Figure 4 and Table 1). For example, when the MgCl2
concentration was raised from 10 μM to 1 mM to 20 mM,
ΔΔG‡

unkissing increased by ∼1.2 kcal/mol and ∼1.1 kcal/mol,

Figure 7.Equilibrium of the kissing interaction. (a)Mechanical work in the unkissing (■) and kissing (•) as a function ofMg2+ concentration. (b) Fc as a
function of KCl (○) and MgCl2 (■) concentrations. (c) kc as a function of KCl (○) and MgCl2 (■) concentrations.

Figure 8. Folding free energy of the kissing complex at zero force. (a) ΔG0pN as a function of KCl concentration. (b) ΔG0pN as a function of MgCl2
concentration. The curves represent fit to a single-site binding model.
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respectively, whereas ΔΔG‡
kissing decreased by ∼0.9 kcal/mol

and ∼2.6 kcal/mol, respectively (Figure 9).
Role of Metal Ions in a Two-Step Folding Model.

Although both the unkissing and kissing appeared to occur in a
single step (Figure 2), mechanical unfolding of the minimal
kissing complex must have at least two substeps: the breaking/
formation of the kissing base pairs, and extension/shortening of
the single-stranded linker. In the unfolding, the rate-limiting step
must be the disruption of the kissing base pairs, because it is
energetically downhill to pull the two hairpins apart until the
tension on the linker reaches the applied force.59 Therefore, the
transition state in the unkissing is likely to be a conformation that
both kissing base pairs are just broken. Consistently, the
measured X‡

unkissing of ∼0.8 nm indicates that the barrier in the
unfolding is close to the folded state. This unfolding model is also
supported by molecular dynamics simulations.77 During kissing
formation, the hairpins diffuse toward each other; at a close
proximity, the loop−loop interaction forms. The large X‡

kissing of
∼5 nm suggests that the apparent barrier is affected by both the
kissing base pairing and the intramolecular diffusion of the
hairpins. Furthermore, if the folded and unfolded states are
separated by a single kinetic barrier, the sum of X ‡

forward and
X‡

reverse equal ΔX. As demonstrated previously,59 the sum of
X‡

unkissing and X
‡
kissing (<6 nm) was significantly shorter than ΔX

(∼8 nm at 7 pN, and∼11 nm at 15 pN), suggesting that there are
different barriers in the unfolding and refolding.
The salt type and concentration affect both the kissing

complex and the single-stranded linker. To estimate the ionic
effect on the linker, we reanalyze published data of a mutant in
which the two GACG tetraloops were replaced by GUCG.57 The
mutant RNA can form a pair of hairpins separated by a 30-
nucleotide linker but not a kissing complex. By comparing the
FECs of this RNA in 200 mMNaCl with those in 1 M NaCl and
20 mMMgCl2, we estimated the energetic effect on the linker is
less than 1.5 kcal/mol (Figure S5). This value, which is measured
in a wider range of salt concentrations than the ones used in the
work, is significantly smaller than the ΔΔG of the entire kissing
complex (Figure 8). Therefore, it is safe to conclude that the

observed ΔΔGionic of the KC30 RNA is attributed mostly to the
kissing complex.

Differential Stabilizing Effects by K+ and Mg2+. The
minimal kissing complex needs only very low concentrations of
monovalent cations to form. However, its stability increases
significantly with addition of K+ and Mg2+. Changes in the
number of K+ ions bound to the RNA upon kissing interaction,
Γ+, equals m/2, taking into account changes in both cation and
anion concentrations.78 Similarly, Γ‡

+,unkissing and Γ‡
+,kissing equal

m‡
unkissing/2 and m‡

kissing/2, respectively. Since the experimental
range of MgCl2 was significantly lower than 100 mM Cl− used in
these experiments, Γ2+ and Γ‡

2+ can be approximated as m and
m‡, respectively.
In kinetics, Γ‡

+,unkissing of −0.6 ± 0.1 was similar to Γ‡
2+,unkissing

of −0.8 ± 0.1, whereas Γ‡
+,kissing of 1.2 ± 0.1 and Γ‡

2+,kissing of 1.1
± 0.2 were statistically indistinguishable (Figure 5). Γ2+ of 3.1 ±
0.6 was larger than 1.9 ± 0.3, the sum of Γ‡

2+,unkissing and
Γ‡

2+,kissing. If the unfolded and folded states are separated by a
single barrier, Γ2+ is equal to the sum of Γ‡

2+. This inequality
between Γ2+ and the sum of Γ‡

2+ again suggested that the
mechanical unfolding is more complicated than the two-state
folding model. The Γ+ of ∼1.3 based on KCl titration is
significantly lower than the sum of Γ‡

+,unkissing and Γ‡
+,kissing.

However, the value of Γ+ is likely to be underestimated because
the measurements were mostly taken at KCl concentrations
higher than the apparent Kd of 160 mM (Figure 8a). The kissing
complex formed in 50 mM KCl, as evident by the unkissing
transitions in the FECs (data not shown). However, the kissing
formations were not directly observed due to small ΔX at low
forces, preventing thermodynamic determination under such
conditions. Since the sum of Γ‡

+,unkissing and Γ‡
+,kissing is similar to

that of the divalent metal ion, the actual value of Γ+ is likely to be
similar to Γ2+. It is safe to conclude that folding and unfolding of
the two-base-pair kissing complex is associated with uptake/
expulsion of at least two and perhaps three diffuse K+ or Mg2+

ions. Such estimations fell within the predicted range by the
tightly bound ion model.79 The similar values of Γ+ and Γ2+
associated with the kissing interaction likely resulted from the
fact that the limited size of the tertiary structure can only
accommodate a finite number of counterions.
Interestingly, at their saturated binding, Fc,Mg

2+ was ∼3 pN
higher than Fc,K+ (Figure 7b); ΔG0pN,Mg

2+ was ∼−2 kcal/mol
lower thanΔG0pN,K

+ (Figure 8). The difference of metal ions was
also reflected in the kinetics, particularly in the unfolding. The
average unkissing force in saturated MgCl2 was ∼10 pN higher
than that in saturated KCl (Figure 3). Consequently, FECs in 20
mMMgCl2 displayed significantly larger hysteresis than those in
1000 mM KCl (Figure 2e,f). The kc values at the two different
conditions were different by almost 10-fold (Figure 7c). It is well-
known that divalent Mg2+ ions are more effective in coordinating
multiple phosphate groups than K+. If the kissing complex binds
to similar numbers of K+ and Mg2+, the divalent cations surely
provide more stabilizing energy than the monovalent one.

Differential Salt Effects on the Unkissing and Kissing
Forces. At first glance, the similar absolute values of
ΔΔG‡

unkissing and ΔΔG‡
kissing between two salt concentrations

were surprising (Figure 9). The similar values were in sharp
contrast to differential changes in the unkissing and kissing
forces. When the MgCl2 concentration was raised from 10 μM to
20 mM, the average unkissing force was raised by 23 pN, and the
average kissing force changed by merely 4.5 pN (Figure 3). This
apparent paradox can be explained by that changes in transition
forces, ΔF, depend on both ΔΔG‡ and X‡:

Figure 9. Energy landscape for mechanical unfolding of the kissing
complex. The unkissing and kissing have different effective kinetic
barriers. Increasing Mg2+ concentration from 10 μM (green) to 1 mM
(red) to 20 mM increases the barrier heights but does not change the
positions of the barriers along the reaction coordinate. The unkissing
barrier and the two-hairpin conformation were arbitrarily superimposed
for comparison.
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Δ = ΔΔ ‡ ‡F G X/ (6)

In the minimal kissing complex, X‡
unkissing is ∼0.8 nm and X‡

kissing
is ∼5 nm. Between 10 μMMg2+ and 20 mMMg2+, ΔΔG‡

unkissing
of 2.3 kcal/mol increased the average unkissing forces by ∼20
pN, whereas ΔΔG‡

kissing of 3.5 kcal/mol increased the average
kissing forces by ∼5 pN (Figure 9). This estimation agreed with
observed transition forces (Figure 3).
Clearly, the salt dependent change of transition forces critically

depends on X‡, which in turn depends on how force is applied to
the molecular structure (Figures 1b and S6).59 At the unfolding
transition state, both kissing base pairs are broken by shearing
forces, as evident by that the structure was extended by X‡

unkissing
of 0.8 nm (Figure 9) and by results from molecular dynamics
simulations.77 In contrast, the applied force is aligned with the
single-stranded linker and the unkissed hairpins can rotate. The
intramolecular diffusion under tension resulted in a large value of
X‡

kissing. The difference in force-structure geometry contributed
to the different values of X‡

unkissing and X‡
kissing. It is possible to

modulate X‡ and therefore, the sensitivity of the salt dependence
by engineering the molecular structure relative to the applied
force.58

Because the unkissing forces increased much faster with the
salt concentration than the kissing forces, the tertiary folding
become more irreversible, as evident by increased hysteresis in
the FECs (Figure 2). The work dissipation in the tertiary folding,
which was up to 32 kcal/mol or 130 kBT (Figure 7a), is
significantly larger than those seen in the secondary folding
under similar conditions (usually less than 5 kcal/mol or 20
kBT).

50,65 Because the unkissing is the rate-limiting first step, the
hairpins could be unfolded at forces much higher than their Fc
(Figure 2d,e). Hence, folding of the entire RNA dissipated even
more work than the kissing interaction alone. The large values of
work dissipation required an impractical number of observations
to retrieve equilibrium free energy using the Jarzynski’s equality
theorem.80−82 Instead, the folding free energy was computed by
extrapolating forward and reverse kinetics to the equilibrium
force (Figure 4).
The two-base-pair kissing complex is the weakest loop−loop

interaction known to date and is difficult to detect by many
equilibrium assays.57 The irreversibility, however, manifests the
tertiary folding and its binding to metal ions. Furthermore,
specific signals of the tertiary folding distinctive from those of the
secondary structure eliminate the need of signal deconvolution.
The differential salt dependence of transition forces can be used
to effectively detect metal ion binding, as evident by large
changes in the unkissing force with salt concentrations. The
magnitude of such changes depends on X‡, which in turn
depends on the direction of applied force relative to the
molecular bonds.
In vivo, RNA folding is affected by the ever-changing cellular

ionic conditions, as various ion channels open and close
frequently. In addition, RNA structure may change upon binding
to metabolites, proteins, and other RNAs. These associations
also depend on the ionic conditions. Given such complexity, the
presence of two interacting domains may not always result in a
tertiary contact. For example, formation of the intramolecular
kissing complex in the cobalamin riboswitch requires 15 mM
Mg2+ in the absence of the ligand; however, the kissing complex
is observed at merely 0.5 mM Mg2+ in the presence of the
metabolite.83 This example manifests the importance of cations
in the RNA folding and structure-mediated gene regulation.
Knowledge of RNA−ation interaction is indispensable to our

understanding of RNA biology. The technique developed in this
study can be generally applied to study tertiary folding and its salt
dependence.
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