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ABSTRACT Determining the non-specific and specific electrostatic contributions of magnesium binding to RNA is a chal-
lenging problem. We introduce a single-molecule method based on measuring the folding energy of a native RNA in magnesium
and at its equivalent sodium concentration. The latter is defined so that the folding energy in sodium equals the non-specific
electrostatic contribution in magnesium. The sodium equivalent can be estimated according to the empirical 100/1 rule (1 M
NaCl is equivalent to 10 mM MgCl,), which is a good approximation for most RNAs. The method is applied to an RNA three-
way junction (3WJ) that contains specific Mg®* binding sites and misfolds into a double hairpin structure without binding sites.
We mechanically pull the RNA with optical tweezers and use fluctuation theorems to determine the folding energies of the native
and misfolded structures in magnesium (10 mM MgCl,) and at the equivalent sodium condition (1 M NaCl). While the free en-
ergies of the misfolded structure are equal in magnesium and sodium, they are not for the native structure, the difference being
due to the specific binding energy of magnesium to the 3WJ, which equals AG = 10 kcal/mol. Besides stabilizing the 3WJ, Mg®"
also kinetically rescues it from the misfolded structure over timescales of tens of seconds in a force-dependent manner. The
method should generally be applicable to determine the specific binding energies of divalent cations to other tertiary RNAs.

SIGNIFICANCE Magnesium ions play an essential role in RNA folding. On the one hand, the diffusive ion cloud screens
the negative charges of the RNA backbone. On the other hand, magnesium ions can specifically bind to RNA sites,
bringing together distal bases along the RNA backbone forming tertiary contacts. The knowledge of the non-specific and
specific stabilizing energy contributions is essential for RNA folding and the formation of RNA-ligand complexes. We have
developed a new experimental method based on single-molecule force spectroscopy to measure and separate the specific
and non-specific contributions of Mg to tertiary RNA stability. The methodology is applied to a ribosomal RNA three-way
junction to which magnesium specifically binds, inducing a structural rearrangement.

INTRODUCTION interact with nucleic acids non-specifically or diffusively
by screening the negatively charged phosphate’s backbone.
They can also bind specifically to tertiary sites, either by
tight binding to phosphates and sugars of the RNA back-
bone or forming coordination bonds directly or through
the ion’s hydration shell with charged groups of the
different nucleic acid bases [3—5]. Although non-specific
electrostatic interactions can be described using general-
ized activity theories of electrolytes (mean-field ap-
proaches such as the extended Debye-Hiickel, Guoy-
Chapman, Poisson-Boltzmann, the tight-binding ion model
[6], the DLVO theory [7], and simulations [8]), much less
is known about the specific interactions of metal ions bind-

Electrostatic forces are crucial interactions in the regula-
tion of biomolecular reactions inside the cell. Dissociated
ions control the structure of charged biopolymers and their
binding strength to ligands [1]. Nucleic acids are among
the most densely charged polymers in nature [2]. In their
double-stranded form, phosphate groups confer a high-den-
sity charge of 2 e ~ per = 3A, the repulsive force per base
pair in solution being on the order of piconewtons. Such
repulsion is counterbalanced by hydrogen bonding and
base stacking that stabilize the double helix. Metal ions
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changes similar, for example, to the action of riboswitches
that regulate gene expression.

Divalent ions, such as magnesium, play a major role in
stabilizing RNA structures by producing environments
with unusually strong interactions [4,10-13] facilitating
RNA folding [14]. Magnesium is also essential in cleavage
reactions of autocatalytic RNAs [15,16] and the recently
discovered interconversion between multiple folds in
RNAs with enzymatic activity [17-19]. The two positive
charges of Mg?" interact with the polarized hydroxyl group
of the ribose, bringing together distant nucleotides in the
RNA chain facilitating tertiary structure formation. The spe-
cific and non-specific stabilizing energy contributions are
known to be approximately additive [20,21]. However, the
contribution of specifically binding magnesium ions to the
formation of RNA structures is poorly known, at least
compared with the (diffusive) non-specific electrostatic
screening effects [22-24].

Here we introduce a new experimental method based on
single-RNA mechanical unzipping experiments to sepa-
rate the specific and non-specific electrostatic interactions
of RNA structures in magnesium (Fig. 1). The idea is to
extract from the unzipping data the folding free energy
AG of the native (N) structure in magnesium at concentra-
tion [Mg?*] and at its equivalent sodium concentration
[Na*]gui,- The latter is defined as the sodium concentra-
tion at which the stabilizing free energy contribution in
N by the (non-specific) diffusive cloud of ions equals
that at [Mg**]. [Na* Jequiv can be estimated by using the
1/100 empirical rule, which states that [Na*], . is about
100-fold the value of [Mg*"] [24-28]. Alternatively, one
can use a misfolded (M) structure, which lacks the magne-
sium binding site, as a calibration structure for the non-
specific binding contribution. The equivalent amount of
sodium, [Naﬂequiv, contributing to the non-specific stabi-
lization of RNA in magnesium, can then be determined
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as AGuu([Na'],,;,) = AGwmu([Mg>']). This might be
useful for the case of metallic ions (e.g., iron, manganese,
cobalt, zinc, and other polycations) where an equivalence
salt rule is unknown.

The procedure to extract the specific magnesium binding
contribution is illustrated in Fig. 1 A. From pulling data, we
measure the free energy of formation of a folded structure F
(such as the native), first in magnesium (AGgy(Mg?*]),
Fig. 1 A, left), then in sodium (AGgy([Na™]), Fig. 1 A, right).
The calibration misfolded structure M is used to determine
[Naﬂequiv at which the folding energy of M equals that in

[Mg**], AGyu([Mg**]) = AGpmu([Na™] The folding
free energy of F measured at the sodium equivalent,

equiv) .

AGFU([Naﬂ equiv>, gives the non-specific energy contribu-

tion to the folding free energy of F in magnesium,

AGEPME AGFU([Neﬁ]equiv) )

By subtracting Eq. 1 to the full free energy of F in mag-
nesium, AGgy ([Mg?*]), we get the specific contribution of
magnesium to the folding free energy of F (Fig. 1 A, right).
This leads to our main definition,

AGE"™ = AGr([Mg"]) - AGE™ =

= Gy (Me]) — AGr (Na'],,)
2

Eq. 2 holds for all folded structures F, the various AG
terms changing for different F structures of the same
primary sequence. In the specific case F = M,
AGEME" — 0 by definition.

The applicability of the approach relies on two main as-

sumptions. First, specific and non-specific magnesium
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FIGURE 1

Schematics of the method and the RNA 3W1J. (A) The free energy of formation of a generic RNA structure (e.g., N or M), AGpy, defined as the dif-

ference of free energy between folded (F) and unfolded (U) states, can be estimated from unzipping data. In magnesium, this free energy has contributions from
specific Mg?* binding, AG;%M“
alent sodium concentration [Na*]

, and non-specific electrostatic screening, AGp’ Mg (right), whereas in sodium we assume no specific binding (left). The equiv-
is defined by Eq. | as the concentration at which the free energy of formation equals to the non-specific contribution in mag-

nesium. The misfolded M that lacks the binding site can be used as a calibration structure for determining [Na*] AG;‘,}S’[ &
AGMU([Naﬂcquiv) = AGpy/([Mg?*]). The free energy of formation of N in magnesium and at the sodium equivalent give the specific energy of Mg”" binding,
Eq. 2. (B) Secondary structures predicted by Mfold for the 3WJ RNA sequence: the native 3WJ (left) and misfolded 2HM (right) of energies 39 and 29 kcal/mol,

respectively, at standard sodium conditions (298 K and 1 M NaCl). Colored bases indicate different motifs: Watson-Crick bp (green), outer loops (blue), inner loops
(brown), and single-strand (red). To see this figure in color, go online.

equiv

equiv* = 0 and therefore
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contributions are additive. Second, for a given [Mg*'], the
equivalent sodium concentration [Na*], ;. gives the non-
specific stabilization free energy of N due to the diffusive
cloud of ions. Once [Na*] equiv 1as been empirically deter-
mined, Eqgs. | and 2 readily follow. These assumptions are
supported by electrostatic theories that include correla-
tions and fluctuations in the cloud of counterions
[5,6,24,29]. Their validity is restricted to the diluted mag-
nesium range where cooperative salt effects are negligible

([Mg?*] < 50 mM) and competition effects with sodium

v/ [Mg*"]/[Na*]>0.22). Furthermore,

previous melting studies of RNA oligos [24,26-28] and
RNA unzipping [25] have shown that the equivalent so-
dium concentration [Na*] is approximately 100-fold

are weak (R =

equiv
that of magnesium. Recently, this result has been vali-
dated in RNA unzipping experiments at the level of indi-
vidual base pair stacks [30]: the energy of the 10 distinct
nearest-neighbor base pairs for a given magnesium con-
centration are equal to those in 77(*49)-fold sodium.
However, there might be exceptions to this rule [31], so
alternative approaches to determine [Na®],,,;, might be
useful. One possibility is to use misfolded structures lack-
ing specific magnesium binding sites as calibration struc-
tures, as we do in this work.

Here, we demonstrate the validity of the approach by
investigating Mg”" binding to an RNA three-way junction
(hereafter referred to as RNA 3WJ) essential for the assembly
of the small subunit of the bacterial ribosome [32] (Fig. | B,
left). The junction belongs to the central domain of 16S
rRNA from Escherichia coli, and is stabilized by binding to
a small ribosomal protein S15, an important core and regula-
tory protein required for coordinated assembly of the bacte-
rial ribosome [33-35]. The RNA-S15 complex facilitates
subsequent binding of additional proteins (S6, S8, Sl11,
S21) to form an essential platform for the formation of the
30S ribosomal subunit. This complex has been extensively
studied for the case of Thermus thermophilus, Bacillus stear-
othermophilus, and E. coli. The solution structure of protein
S15 has been determined by NMR [36] and the X-ray struc-
ture of the (S15, S6, S18)-rRNA ternary complex has been
determined at 2.6 A resolution [37]. The crystal structure
of the whole 70S ribosome with nucleotide modifications
has been also reported [38]. Recently, the structure of the
70S ribosome of E. coli has been determined with cryoelec-
tron microscopy [39], the culmination of a long history of
research activity in the structure of this ribosomal machine.

The S15-RNA complex is known to be conserved among
bacteria through evolution [40]. The crystal structure of the
T. thermophilus S15-3WJ RNA complex has been resolved
with at 2.6 A resolution [34]. The RNA 3WJ consists of
three helices, H20, H21, and H22, and a highly conserved
minimal binding site for S15 [34,41] (3WJ region, site 1
in Fig. 2). Magnesium is essential for S15 binding, by trig-
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gering a conformational transition of the RNA 3W] that pro-
vides structural complementarity with S15 [42,43]. Without
magnesium, S15 does not bind to the RNA, and helices H20,
H21, and H22 form angles of 120° with each other. Mg*"
binding to the junction brings H22 toward H20 to approxi-
mately 60° angle and coaxially stacks H22 onto H21. This
conformational change triggers binding of S15, demon-
strating the critical role of Mg®" in RNA-protein interac-
tions. Some specific binding locations of Mg?" have been
determined (blue circles in Fig. 2), and a model of the inter-
action proposed [44,45]. In particular, three Mg>" specif-
ically bind close to the RNA junction (Fig. 2, blue circles
at the lower part of the structure).

Despite the large number of studies, the specific binding
energy of Mg2+ to the native 3WJ is unknown. Previous sin-
gle-molecule studies have shown that the RNA 3WIJ presents
a misfolded (M) structure [46] in agreement with Mfold pre-
dictions [47]. M disrupts the binding site of the 3WJ forming
two non-native hairpins (H) and H}') connected by three un-
paired bases (Fig. 1 B, right), therefore neither Mg”" ions nor
S15 protein can bind specifically to the misfolded form (here-
after denoted by 2HM). The determination of the sodium
equivalent, by either using the 1/100 rule or the misfolded
structure, allows us to test our approach and determine,
from Egs. 1 and 2, the non-specific and specific free energy
contributions of Mg”" binding to the RNA 3WJ.

MATERIALS AND METHODS

Molecular construct and optical tweezers
instrument

To synthesize the molecular construct with the RNA 3WJ, the sequence of
16S-3WJ DNA is cloned between EcoRI and HindIII restriction sites of
pBR322 plasmid (purchased from Eurofins). The DNA template for the
in vitro transcription was amplified with PCR. Besides the 16S-3WJ
sequence, it contains 527 (handle A) and 599 (handle B) extra bases at
each end, which are used to form DNA/RNA hybrid handles. After the
in vitro transcription, labeled (biotin and digoxigenin) DNA handles that
are complementary to the transcribed RNA template are hybridized at
each flanking side of the 3W1J.

Pulling experiments were done using a counterpropagating dual-beam
miniaturized optical tweezers instrument (see Ref. [48] for details).
RNA-bead tethers are made by selectively binding biotin-labeled and di-
goxigenin-labeled handles to streptavidin (2.1 wm, Kisker Biotech) or
anti-digoxigenin-coated beads (3.0-3.4 um, Kisker Biotech). One bead is
held by air suction on the tip of a glass micropipette; the other is optically
trapped for force measurement from the deflected light detected by posi-
tion-sensitive detectors (PSDs). The optical trap position is determined
by diverting ~8% of each laser beam to a secondary PSD. Fig. 3 A shows
the schematics of the experimental setup. Experiments were carried out at
25°C in magnesium buffer (10 mM MgCl,, 50 mM NaCl, 10 mM Tris-HCl,
pH = 7.5) and sodium buffer (1 M NaCl, 10 mM Tris-HCI, pH = 7.5).

Measurement protocols

We performed two kinds of experiments: pulling and hopping experiments
[49]. In pulling experiments, the position of the optical trap A is cyclically
moved back and forth at a constant speed (e.g., 100 nm/s) between a



maximum and a minimum force at two limit values of A. At low forces, the
RNA is found in a folded conformation (native or misfolded), whereas, at
high forces, it is unfolded. Transitions between states can be identified as
force jumps in the force-distance curves (FDCs). We also performed hop-
ping experiments in the passive mode where the trap position (1) is kept
fixed, so the RNA explores states in equilibrium. In hopping experiments,
the molecule executes transitions between states at different levels of force
[50]. The force jumps observed in pulling and hopping experiments can be
converted into number of released or absorbed nucleotides by using elastic
polymer models for the single-stranded RNA (ssRNA) and RNA helices
(Section 1 in Supporting material).

Free energy measurements with the extended
fluctuation theorem

In thermodynamics, free energy differences AG are measured from the rela-
tion AG = W,,, where W,,, is the reversible work. In irreversible condi-
tions, AG <W, so the measured work W does not permit us to determine
AG. In recent years, a new set of relations have been discovered that allow
us to derive AG from irreversible work measurements. Key results are the
Jarzynski equality [51] and the Crooks fluctuation theorem (CFT) [52].
The Jarzynski equality states that the exponential average of minus the
work equals the exponential of minus the free energy difference, — AG,
both expressed in kgT units,

Binding energies of Mg®" to RNA

Site 2

FIGURE 2 RNA 3WI structure from E. coli.
Crystal structure of the 57-nucleotide RNA corre-
sponding to nucleotides 584-590/649-667/739—
757 of E. coli rRNA complexed with the S15 pro-
tein from Thermus thermophilus [34]. Mg>" ions
are shown as blue circles. Three of them are located
at the junction (lower part of the structure). Figure
taken from [41]. To see this figure in color, go
online.

Site 1

w AG
(ol 2)) - on(20)

where (...) stands for the average over trajectories. The convexity property
of the exponential function leads to the second law inequality, W > AG.
CFT establishes a symmetry relation between the work delivered on a sys-
tem in a nonequilibrium process and the work received by the system under
time reversal of that process. In a typical nonequilibrium pulling experi-
ment, the control parameter A (i.e., the relative distance between the center
of the optical trap and the tip of the micropipette) is cyclically moved back
and forth between a minimum value (4, corresponding to a low force) in
which the molecule is folded and a maximum value (4, corresponding to
a high force) in which the molecule is unfolded. The unfolding process is
identified with the forward protocol (F), whereas the folding process is
identified with the reverse protocol (R). The CFT reads,

Pr(W) (w - AG>
p—— ). @)
kgT

Pr(—=W)
where Pr and Py, are the work probability distributions in the F and R protocols
and the minus sign in Pg (— W) indicates that for the reverse process W changes
sign. A corollary of the CFT is the Jarzynski equality, which can be obtained
by rewriting Eq. 4 as Pr(— W) = Pp(W)exp(— (W — AG) /kgT), and
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FIGURE 3 Dynamic force spectroscopy of the RNA 3W1J. (A) Optical tweezers experimental setup. The distance between the micropipette and the optical
trap center is changed at a constant speed in a pulling protocol. FDCs for the N and M structures in 10 mM MgCl, (B) and 1 M NaCl (C) pulled at 100 nm/s at
298 K. At low forces, the molecule is folded in either the N or M structure and unfolds upon increasing the force. The folding and unfolding transitions are

observed as force rips. To see this figure in color, go online.

integrating over W, 1 = [dWPg(— = [dWPr(W)exp(— (W —
AG) [kgT) = (exp(— (W — AG) /kgT)), from which Eq. 3 follows.

The Jarzynski equality and the CFT have been successfully applied
to predict the free energy of molecular structures with a single native state
[46,52]. An extension of the CFT (ECFT) permits us to recover the free en-
ergy of the native and misfolded states [53,54]. The ECFT reads:

exp(W AGAB) )

where A and B denote the initial and final states (which can be native,
unfolded, or misfolded), and AG4p = Gp(41) — Ga(Ao) is the free energy
difference between state B at the final trap position A; and state A at the
initial trap position Ao along the pulling cycle; Pr~2(W) is the partial
work distribution along the forward process (A — B) restricted to those tra-
jectories that start at A at Ay and end at B at ;. Conversely, Pg””‘ (W) is the
partial work distribution along the reverse process (B —A) restricted to
those trajectories that start at B at A; and end at A at A. Finally, ¢f~%
(8 ”A) is the fraction of trajectories starting in A (B) at Ag (4;) and endmg
in B (A) at 4; (Ao). In the particular case of a single initial and final state, Eq.
5 leads to Eq. 4.

The free energy of folding of the 3WJ (N) and 2HM (M) relative to the
unfolded (U) state, AGny,AGmu, has been determined from pulling exper-
iments by applying Eq. 5. FDCs are classified into two sets depending on
whether they start (end) in N or M at A in the F (R) process (Fig. 3 B
and C) from which g% " and ¥~ can be extracted. Note that in Eq. 5
(pN -U = (pM ~U =1 (all trajectories end in U along F), whereas
P8 7N + oYM = 1 with p¥ 7V, ¥ M < 1; that is, refolding trajectories
may end up either in N or M. We observe a misfolding probability of
5%-10%, giving p§ "M =0.05 — 0.1,9% "V =0.9 — 0.95. Therefore, ne-
glecting the term @4 ~* leads to a free energy underestimation of about —
kgT1og(0.05) = 3 kgT for M. In contrast, for N the energy changes by less
than 0.1 kg7.

o= PP w)
og 4 PRA(=W)

®

RESULTS

A molecular construct containing the RNA 3WJ was syn-
thesized and pulled with laser optical tweezers (Fig. 3 A,
Materials and methods). Pulling experiments were per-
formed in a buffer containing 10 mM MgCl, and
50 mM NaCl (divalent condition). 2HM was used for so-
dium calibration as explained in the introduction. We veri-
fied that the monovalent condition [Na*]. . = 1M is
equivalent to the divalent one, in agreement with the

3014 Biophysical Journal 7121, 3010-3022, August 16, 2022

most recent determination of the nearest-neighbour en-
ergy parameters from RNA unzipping experiments [30].
Force-distance curves (hereafter referred to as FDCs) in
magnesium and at the equivalent sodium were recorded
(Fig. 3 B and C). We observed two types of unfolding/
folding patterns that we interpret as the unfolding of either
the 3WJ or 2HM. Most of the time (=90%), the unfolding
curves display a single force jump event (leftmost curves
in Fig. 3 B and C). The measured force jump is consistent
with the release of the 77 bases forming the full 3WJ. For
the conversion between nucleotides and force jump, we
assumed the worm-like chain model for the ssSRNA and
a force-dependent trap stiffness [50,55] (Section 1 in Sup-
porting material). Therefore, we relate this type of FDC to
the cooperative unfolding of the native 3WJ. The refold-
ing FDC shows two kinds of events: the reversible folding
to an intermediate, denoted as Iy, followed by the cooper-
ative folding to N.

Less frequently (= 10% of the times), we observe the un-
folding of 2HM (rightmost curves in Fig. 3 B and C). A
shoulder in the FDCs is observed around f ~ 11 pN, fol-
lowed by a marked force rip at ~ 15 pN. As we explain
below, these two events are identified as the non-cooperative
and cooperative unfolding of HY and H}!, respectively
(Fig. 1 B, right). The same patterns for the unfolding and
folding FDCs are observed in magnesium and sodium,
showing that the secondary structures that are formed
(3WJ and 2HM) are the same for the two salt conditions
(Fig. 1 B). The molecular free energy landscape (FEL) of
the secondary structures for N and M as predicted by Mfold
and the elastic response of the sSRNA were calculated at 1 M
NaCl and at different forces and are shown in Fig. 4 A and B
(Section 2 in Supporting material). The FELs present local
minima that correspond to intermediates of N and M folding
reactions detected in experiments (see below). In Fig. 4 C
and D, we show the N and M folding reaction pathways
based on the FEL.

Folding-unfolding kinetics was investigated in hopping
and pulling experiments (Materials and methods). In
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FIGURE 4 Folding energy landscapes (FELs) and folding-unfolding (F-U) pathways for the N and M structures. (A and B) FELs (298 K, 1 M NaCl)
at different forces for N and for the hairpins forming M at their coexistence forces (11.5 pN for H)! and 13 pN for HY). Note the higher barrier for H)!
(= 12kgT). The folded, unfolded, and intermediate structures are schematically depicted. Points in the FELs versus the number of open bases are not always
regularly spaced, resulting in gaps between contiguous configurations. For instance, opening the seventh base of the 3W1J yields a six-base avalanche due to
the release of the internal loop. F-U reaction pathways for (C) N (upper) and (D) M (lower). They show the main intermediates detected in experiments that
correspond to the local minima in the FELs shown in (A) and (B). To see this figure in color, go online.

hopping experiments, the control parameter (i.e., the dis-
tance between the trap and the micropipette, labeled as
“Distance” in Fig. 3 A) is kept fixed while the RNA samples
the equilibrium state. Force-dependent kinetic rates are
measured from the lifetimes of the states at different forces.
In pulling experiments, kinetics is obtained from unfolding
and folding force distributions [56,57]. Next, we study the
folding/unfolding kinetics of the misfolded 2HM and the
native 3W1J.

Misfolded structure: Equivalent sodium
concentration

We have used the misfolded structure (M = 2HM) to verify
that roughly 100 times of sodium is equivalent to the mag-
nesium concentration, as predicted by RNA unzipping
studies [25,30]. Mechanical unfolding of M proceeds in
two steps: first HM reversibly unfolds at f ~ 11pN, followed
by the unraveling of H)! at f ~ 15 pN (ellipses in Fig. 5 A).
The two distinct unfolding steps are related to specific fea-
tures of the FEL of each hairpin as shown in Fig. 4 B: while
the FEL of Hll\’[ is nearly flat, the FEL of Hg’l has large kinetic

barriers on the order of 10 kzT. The unfolding of H}! is ex-
pected to be more cooperative than Hli/[

In Fig. 5 B we show rupture force distributions of H)" in
magnesium and sodium. The state where H)! is unfolded
and HY! is folded is an intermediate between M and U that
we will denote as I;. Bell-Evans kinetic rates (Section 3 in
Supporting material) for transitions Iy;«<> U are shown in
Fig. 5 B (inset) and the FEL parameters are reported in Ta-
ble 1. These are the same for magnesium and sodium (within
errors). The sum of the two distances to the transition state,
xITM7U —i—x{FIM ~8 nm (~22 bases) is =60% of the ex-
pected molecular extension released in Hg’[ unfolding (i.e.,
36 bases or 13 nm, red FEL in Fig. 4 B). This suggests that
the first ~ 10 bases in H%’[ are already unfolded consistently
with the FEL minimum atn = 10in Hg’[ (Fig. 4 B, red FEL).
This misfolded intermediate is named TM. The schematic of
the folding reaction pathway for M showing the different
misfolding intermediates is plotted in Fig. 4 D.

We also studied the unfolding/folding kinetics of M < Iy
by monitoring the non-cooperative transitions between H11v1
and M in hopping experiments. Kinetic rates and the results
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shown in the figure. The rupture and folding forces for Iy;, denoted as f; and fi respectively, are indicated with dotted black arrows. (B) Rupture and folding
force distributions for Iy; and Bell-Evans kinetics (inset) in magnesium (light and dark blue) and sodium (red and orange). Dark (light) colors correspond to
unfolding (folding) forces. Errors were computed with bootstrapping. Pulling speed equals to 200 nm/s. Circles highlight the coexistence force (crossing
point of the unfolding and folding distributions). (C) Partial work distributions for M <> U for the F (unfolding) and R (folding) processes obtained in mag-
nesium and sodium and test of the validity of the ECFT (lower). Same color code as in (B). Pulling speed equals to 200 nm/s. Error bars in the histograms have
been calculated using the bootstrap method. The intersection between forward and reversed distributions correspond to the free energy difference value esti-

mated as described in Ref. [58]. To see this figure in color, go online.

of the continuous effective barrier analysis (CEBA) [57,59]
are shown in Fig. S2 (Supporting material) for sodium only.
In magnesium, the native 3WJ is rescued (see below) and
hopping M < I is unstable, making the comparison be-
tween magnesium and sodium difficult.

We measured the free energy of folding of M in magne-
sium and sodium by using the ECFT, Eq. 5 (Materials and
Methods). The ECFT is an extension of CFT [46,52] useful
to determine free energies of non-native states [53,54]. We
applied Eq. 5 withA=M ,B=U.InFig. 5 C, we show the par-
tial forward (PY¥ ~Y(W)) and partial reverse (Py "M (— W))
work distributions conditioned to start from M and U along
the F and R processes, respectively. The validity of the
ECFT is shown in Fig. 5 C (bottom). There we plot the loga-
rithm of the ratio of the forward and reverse work distribu-
tions (in kg7 units) corrected by the fraction of folding
trajectories @Y ™ ending in M during the R process. Note
that in Eq. 5 the fraction of unfolding trajectories
e¥~U =1 as the molecule is always unfolded at the end
of the F process. As predicted by Eq. 5, the slope is ~ 1 (black
solid line). Stretching energy contributions (W) to the
experimental setup (i.e., bead displacement, handles, and
ssRNA) have been subtracted from the total free energy
AGyy (see Section 4 in Supporting material for details).
The free energies obtained, AGR,IU, are referenced to the
random coil state at zero force. We obtain AGY, =
52(4)ksT =31(2) kcal/mol in magnesium and AGY, =
54(4)kgT =32(2) kcal/mol in sodium (Table 2). Therefore,
we have verified that the folding free energy of M is the
same in Mg?" and Na*. This result has two implications.
First and foremost, it confirms that the non-specific binding
energy of magnesium and sodium ions is the same at the cho-
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sen experimental conditions. Second, since M does not form
the Mg?* binding site (the junction), there is no specific bind-
ing energy of Mg>" to M. Finally, the sodium equivalent ex-
tends also to kinetics: the unfolding and folding kinetic rates
ki, —u, k1, M are roughly equal in magnesium and sodium.
The same holds for the kinetics between Iy and U (see next
section). Therefore, in a first approximation, the non-specific
binding of 1 M NaCl to RNA is equivalent to 10 mM MgCl, at
the level of thermodynamics [30] but also at the level of
kinetics.

Native RNA 3WJ structure

Unfolding of the 3WJ is observed as a force rip at the un-
folding force fiy ~ 15 — 24, for the transition N — U,
measured in the native (N) branch (FDC shown in Fig. 6
A in sodium). Upon refolding, the FDC in the unfolded
(U) branch shows a shoulder at f ~ 12—13 pN, for the tran-
sition U— Iy, from U to a native-folding intermediate Iy.
This is followed by the folding transition Iy — N at a force
(fr) measured in the U branch (Fig. 6 A). The presence of Iy
is supported by the FEL (Fig. 4 A). Atf ~ 11 pN, the FEL
has a minimum when =31 bases are unzipped, which we
identify as the intermediate Iy observed in the FDCs. Note
that the FEL shown in Fig. 4 A must change upon Mg>"
binding [60]. The schematics of the folding reaction
pathway for N is shown in Fig. 4 C.

Rupture (N — U) and folding (I — N) force distributions
are shown in Fig. 6 B for magnesium and sodium. Kinetic
rates kn—y and kN were extracted as described in Eqs.
S13 and S14 in the Supporting material. These have been
fitted to the Bell-Evans model (Section 3 in the Supporting



TABLE 1 Fitting parameters of the kinetic rates for 2HM and
the 3WJ to the Bell-Evans model

Binding energies of Mg®" to RNA

TABLE 2 Experimental measurement of AGJ,, and AGY,, at
T = 298K

2HM A,y @m)  xj_y, (m)  AGyu ksT)  fi (pN)
10 mM MgCl, 34(2) 47 (1) 26 (1) 13.1 (6)
1 M NaCl 33 (5) 4.7 (2) 25(2) 12.6 (4)
3WJ g m) g om) g om) o (m)
10 mM MgCl, 1(1) 3(1) 9.8 (5) 9.1 (5)
1 M NaCl 3.0 (7) 42 (4 6 (1) 11 (1)

Parameters are obtained by fitting the data shown in the insets of Figs. 5 B
and 6 B to Egs. S9 and S10 in the Supporting material. Results are obtained
by averaging parameters over four different pulling speeds (50, 100, 200,
and 500 nm/s), and six different molecules per speed.

material) with transition state distances from states N and
Ins xL_U and x}LN_N as fitting parameters (continuous and
dashed lines in Fig. 6 B, inset). The parameters are reported
in Table 1. Notice that Iy is only observed during the refold-
ing process (lower encircled regions in Fig. 6 A); therefore,
we cannot directly measure x, 1 from the FDCs.

The force jump N — U (Fig. 6 A) corresponds to the
release of 73(4) nucleotides (consistent with the 77 nucleo-
tides of the 3WJ). The force jump Iy— N gives 31(3) ab-
sorbed nucleotides, proving that Iy corresponds to the
native-folding intermediate depicted in Fig. 4 A-C, where
helices H21 and H22 are formed but the stem H20 is not
(Section 1 in Supporting material).

We further studied Iy by performing hopping experiments
in the region where multiple transitions Ix<+> U occur
(Fig. 6 C, top). Force distributions show two maxima corre-
sponding to states Iy and U that can be fitted to the sum of
two Gaussians (Fig. 6 C, top right). The difference of the
Gaussian centers gives 42(4) and 40(3) for the number of
released nucleotides in magnesium and sodium, respec-
tively. This number adds to the previously obtained 31(3)
nucleotides for the Iy — N transition giving the expected
73(4) total number of nucleotides of the 3WJ. Kinetic rates
kiy—u and ky_1, are obtained by measuring the lifetime of
each state at different forces (Fig. 6 C, bottom) and fitted to
the Bell-Evans model (Section 3 in the Supporting mate-
rial). This permits us to extract the distances from Iy and
U to the transition state, x; _ and xIJfIN (Table 1). The
numbers of released nucleotides and transition state dis-
tances agree with the FEL predictions shown in Fig. 4 A.
The folding free energy of Iy can be obtained using the
continuous effective barrier analysis (CEBA) [57,59]
(Fig. S3 and Section 5 in the Supporting material). We
obtain AGY ; = 58(5) kgT and 49(4) kgT for magnesium
and sodium, respectively. This shows that magnesium stabi-
lizes Iy with respect to sodium by almost 10 kg7

As we did for M in Fig. 5 C, we also measured the free
energy of folding of N in magnesium and sodium using
the ECFT Eq. 5 (Materials and Methods). In Fig. 6 D
(top) we show the partial forward (PY~Y(W)) and partial
reverse (P ~N(— W)) work distributions conditioned to

AGYy AGYyy

AGYy, (kgT)  (kcal/mol)  AGYyy (kgT)  (kcal/mol)
10 mM MgCl, 87(4) 52(3) 52(4) 31(2)
1 M NaCl 70(4) 42(3) 54(4) 32(2)

Free energies have been obtained using the ECFT (Eq. 5). Error bars
contain statistical and systematic errors. Experiments were performed at
four different pulling speeds (50, 100, 200, and 500 nm/s) for six different
molecules (stretching contributions are reported in Table S1).

start from N and U at the beginning of the F and R processes,
respectively. The validity of the ECFT is shown in Fig. 6 D
(bottom), where we plot the logarithm of the ratio of the for-
ward and reverse work distributions multiplied by the frac-
tion of native folding trajectories ¢ ", as a function of
work in kg7 units (notice that, as in the previous case for
M, o¥~U = 1). Again, the slope is close to 1 (solid lines
in Fig. 6 D, bottom). Stretching energy contributions
(W) to the experimental setup (i.e., bead displacement,
handles, and ssRNA) have been subtracted to the total free
energy AGyy (Section 4 in the Supporting material). We
obtain AGY; = 87(4) kgT =52(3) kcal/mol in magnesium
and AGY,; = 70(4) kgT =42(3) kcal/mol in sodium, giv-
ing a difference of AAGY; = 17 kgT = 10 kcal/mol for
the stabilizing effect of magnesium (Table 2).

Specific Mg?* binding energy to the 3WJ

We have seen that Mg2+ stabilizes the 3WJ by 10 kcal/mol,
compared with its equivalent sodium. This difference is
thermodynamic and has been obtained by applying the
ECFT to irreversible pulling experiments. In fact, the mis-
folded structure forms about 10% of the time after releasing
the force. If N and M structures coexisted in equilibrium,
such frequency would indicate a free energy difference of
about — kgT log(0.1)=2.3 kgT. However, the free energy
difference is much larger (=17 kgT = 10 kcal/mol), mean-
ing that M kinetically traps the RNA during folding.

In Table 2 we report the measured values for AG%U,
AGY,,;- The free energies obtained in 1 M NaCl for N and
M are consistent with Mfold predictions: AGY, =
67 kgT = 40 kcal/mol and AG(I\),IU = 50 kgT = 30 kcal/
mol.

Since the folding free energy of M is the same in Mg>*
and Na™, this shows that we are in equivalent salt condi-
tions, as expected [30]. Therefore, the difference in folding
free energy of N in the two conditions must come from
Mg**-specific binding. Previous studies have shown that,
in the presence of S15 protein, three Mg>* bind to
the 3WJ at the junction [34,41] (see Fig. 2). Without
protein, Mg?t still binds to the junction, inducing a
conformational change. The difference in energies is
AAGxy = AGNET — AGNC! — 17(5)ksT = 10(3)
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FIGURE 6 Free energy and unfolding-folding kinetics of the native 3WJ. (A) A typical FDC for N showing the unfolding and folding in red and orange,
respectively. Regions where transitions Iy <> N and U <> Iy are observed are encircled in blue. The structures corresponding to N, In, and U are schematically
shown in the figure. The rupture and folding forces for N, denoted as fi; and fr respectively, are indicated with dotted black arrows. (B) Rupture and folding
force distributions, N— U and Iy — N respectively, and kinetic rates versus force (insets) in magnesium (dark and light blue) and sodium (red and orange).
Dark (light) colors correspond to unfolding (folding) forces. Black lines are predictions by the Bell-Evans model. Errors were computed with bootstrapping.
Pulling speed is 200 nm/s for both cases. (C) (Top) Hopping trace Iy <> U and force histograms in sodium (right). (Bottom) Kinetic rates and Bell-Evans
model prediction (straight lines) in magnesium (dark and light blue) and sodium (red and orange). Empty (filled) symbols correspond to ky, .y (ky—1y). (D)
Partial work distributions for N« U for the F (unfolding) and R (folding) processes obtained in magnesium and sodium (top) and test of the validity of the
ECFT (bottom). Same color code as in (B). Pulling speed equals to 200 nm/s. To see this figure in color, go online.

kcal/mol. For three Mg>* ions, this yields an average bind-
ing energy of 6(2) kgT or 4(1) kcal/mol per Mg*" ion.

Rescue of the 3WJ

Upon releasing the force, one can find conditions where the
RNA hops between M and its intermediate I;. A typical
hopping trace in magnesium is shown in Fig. 7 A. During
the first ~25 s (horizontal red arrow marked as 7z), the
RNA executes fast transitions between Iy and M (force
levels indicated as dashed and dotted lines, respectively).
At the time 7z ~ 25s, hopping Iy; <> M stops with a sudden
force jump to N. Thereafter the molecule does not hop back
to M anymore (after 7 in Fig. 7 A). Folding to N at 75 is
preceded by a fast event where M unfolds and the force
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drops to a minimum value (~ 11.8 pN, bottom continuous
line) in a process known as rescue [61].

In a rescue experiment, a refolding process is imple-
mented starting from U. The force is monitored until the
cooperative folding of the misfolded hairpin HY' is
observed. Fig. 5 A shows a typical refolding curve (light
blue) where Hg’[ is formed first at ~ 14 pN (upper red circle
in Fig. 5 A). Below ~ 14 pN, the molecule enters Iy; and
hopping is observed between M and Iy; (lower red circle
in Fig. 5 A). At this point, the releasing process stops and
the trap position is kept fixed while force is measured
(rescue trace in Fig. 7 A). The duration of this hopping trace
defines the rescue time 7 (horizontal red arrow in Fig. 7 A).
We measured a total of about 50 rescue events in magne-
sium and sodium at different force conditions. Rescue times
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rescue the native structure. To see this figure in color, go online.

(Fig. 7 B, top) are in the scale of 10 s in magnesium (blue
circles) and tens of minutes in sodium (red circles), showing
the rescuing effect of Mg>". Interestingly, the average
rescue time increases with force in magnesium (blue circles
in Fig. 7 B, top) whereas for sodium it remains constant.
This fact shows that Mg>*-induced rescue is an activated-
diffusive process over a force-dependent kinetic barrier,
whereas for sodium rescue is diffusion limited (with a
force-independent barrier). These distinct dependencies
suggest that there is transition state mediating the rescue
process in magnesium. In contrast, in sodium, such a medi-
ating transition state is not observed and rescue occurs by
thermal diffusion alone.

Rescue implies a positive force jump that we indicate in
Fig. 7 A by Af, from a given force value within the hopping
trace Iy <> M to the force level in N (continuous blue line in
Fig. 7 A, top). The force jump Af implies the absorption of a
molecular extension equal to 12(1) nm in the range [11-14
pN] for sodium and magnesium. Using the worm-like chain
model for RNA [25] we have converted the extension into
number of nucleotides (Fig. 7 B, bottom). The number of
nucleotides (~ 25, blue dashed line in Fig. 7 B, bottom) is
force independent and compatible with an initial conforma-
tion previous to rescue in which hairpin H)' is completely
formed, whereas hairpin HIIVI is only partly formed by the hy-
bridization of the 6 bp preceding the GAAA loop (Fig. 7 C,
top). We denote this conformation by I3% (shown in Fig. 7 A
as a dashed-dotted blue line). I3 corresponds to a second in-
termediate between M and Iy, which is predicted by the
FEL of hairpin HY' as a minimum located at n ~ 18 in
Fig. 4 B (top). We hypothesize a long-range rescue mecha-

nism where the two positive charges of Mg?*, assisted by
thermal fluctuations, bring together the two distant regions
of the misfolded RNA structure (blue positive charged
clouds in Fig. 7 C, top) required to form the native junction.
The regions are the internal loop of HY (around positions
28-30) and the loop of HII‘/I (around positions 64—66). These
regions are observed to contain specific magnesium ions in
the crystallographic structures of the native 3WJ, as shown
in Fig. 2. The close-up of these regions is stabilized by the
positive Mg?* charges that facilitate the formation of the
junction in a thermally activated process (Fig. 7 C, bottom).

The force dependence of the rescue time for magnesium
can be fitted to the Bell-Evans model giving a distance to the
transition state of x'f =2 nm (continuous blue line in Fig. 7
B, top). This value is about half the distance between the in-
ternal loop of H}! (around position 30) and the end loop of
HY (around position 64), supporting the fact that rescue in
magnesium is a thermally activated process. In sodium,
such force dependence is not observed, because the rescue
pathway is diffusion limited without involving long-range
attractive interactions between divalent charges in specific
binding sites.

DISCUSSION

We have introduced a single-molecule method to determine
the specific energy contribution of Mg>* binding to tertiary
RNAs. The method requires the knowledge of the equivalent
amount of sodium that binds non-specifically to the native
RNA structure. The sodium equivalent can be determined us-
ing the 1/100 empirical salt rule reported in previous studies
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[25,27,28], and that has been recently demonstrated at the
single-molecule level [30]. We applied the method to the
highly conserved site of the 16S rRNA from E. coli that con-
tains a 3WJ acting as the binding site of three Mg>*. We
measured the free energies of the 3WJ at 10 mM MgCl,
and at its sodium equivalent, 1 M NaCl. We find a stabiliza-
tion free energy due to Mg”>" binding of 10(3) kcal/mol at
298K. For three Mg>" binding to the 3WJ, this amounts to
an average of ~ 3.5 kcal/mol per cation. It is interesting to
compare this number with theoretical predictions of Mg>*
site binding in tertiary RNAs, such as the 58-nucleotide frag-
ment from the E. coli 23S rRNA subunit, which
gives 4.8 kcal/mol [22], or the overall stabilization due
to Mg2+ of an A-riboswitch, 9.8 kcal/mol [62]. Estima-
tions of Mg?>" binding energies based on chemical shift
deviations in 2D-NMR spectra fall in the range of 2-3 kcal/
mol [63].

Our method to determine the specific Mg>" binding en-
ergy relies on two assumptions: the empirical salt rule
(i.e., there is a sodium equivalent for the non-specific bind-
ing free energy in magnesium, Eq. 1), and the additivity rule
(i.e., specific and non-specific energy contributions in mag-
nesium are additive, Eq. 2). The validity of the empirical
rule has been disputed on the basis of measurements
of the fraction of dissociated ions [64,65] rather than
the direct free energy measurements in single-molecule
studies [30].

The empirical salt rule has been further verified using a mis-
folded structure that does not contain Mg”-specific binding
sites. In fact, the studied RNA forms a misfolded structure
(2HM) of lower thermodynamic stability (by ~16 kgT) with
respect to the native 3WJ (standard sodium conditions).
2HM consists of two serially connected hairpins, as predicted
by the Mfold algorithm for RNA secondary structures. A dy-
namic force spectroscopy study of the thermodynamics and
kinetics of M shows that 1 M NaCl is approximately the equiv-
alent sodium concentration of 10 mM MgCl,, consistent with
the above-mentioned 1/100 empirical rule. Despite the
apparent generality of the empirical salt rule, it is convenient
to use M as a reference state to calibrate the magnitude of
the non-specific binding energy. It remains open to ascertain
the reach of this rule and how it depends on temperature and
salt type.

The additivity rule Eq. 2 might be further confirmed by
magnesium titration experiments. In this case, both (non-spe-
cific and specific) energy contributions might depend differ-
ently on salt. While corrections to the non-specific salt energy
contribution would be consistent with activity theories of
diluted ionic solutions [25], corrections to the specific energy
term should follow the law of mass action [66].

We have also found that Mg?* does not only stabilize the
native 3WJ; it also rescues it from the misfolded 2HM in
timescales of seconds. Mg>* specifically recognizes a high-
ly negatively charged binding pocket in the junction trig-
gering the rescue of the 3WJ by bringing together distant
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RNA nucleotides in 2HM. Despite the substantial energy
cost of dehydrating the ion, the large electrostatic attraction
in the binding pocket makes the 3WJ energetically favor-
able. Interestingly, rescue kinetics are very different in
sodium and magnesium. While the rescue time is force-in-
dependent in sodium, it grows with force in magnesium,
indicative of a transition state along the rescue pathway.
The transition state is produced by the two positive charges
of Mg?*. Their affinity to the negatively charged phosphates
facilitates bringing together distant nucleotides in M against
the stretching force, promoting the formation of the native
3WIJ. In sodium, the effect is absent, causing rescue times
to be 10-100 times larger. The hypothesized long-range
rescue effect in magnesium resonates with the mechanisms
of compaction observed in ssSRNA viruses in the self-assem-
bly of viral particles (virions) [67].

The generality of the approach proposed in this work
should make it also possible to derive enthalpies and en-
tropies of Mg>* binding [68] by performing pulling experi-
ments at different temperatures [69,70]. The accurate
determination of salt corrections, enthalpies, and entropies
is left for future work. Finally, it would be interesting to
apply the method to other cases, such as the ribosomal sub-
unit from Haloarcula marismortui [71], the ribozyme from
the Tetrahymena thermophila group I intron [27,72-74], the
S15-expressing mRNA pseudoknot from E. coli [75], the
bacterial GTP-ase center rRNA [76], and, in general, other
magnesium-binding architectures [77] available in several
databases (e.g., MeRNA [78] and MINAS [79]). Extension
of the approach should also consider the case of different
types of cations (e.g., K™, Na®, Mg* ™", Ca*™, or even supra-
molecular helicates [80]). Interestingly, the methodology
presented in this work can also present applications in
drug design. The knowledge of the binding energy of a
particular cation site can be used to choose an organic mole-
cule or a fragment of a molecule to replace the metal ion.
For instance, TPP riboswitch has two Mg>" cations
mediating interactions of TPP with RNA. Replacing these
ions with other molecules could potentially lead to the
development of a drug distinct from natural ligand TPP.
Competitive binding effects (at sufficiently high concentra-
tions) between monovalent and divalent binding cations
(where energy contributions are not additive anymore)
could also be investigated. Finally, the method should be
extended to RNA-binding proteins [81,82]. This may
require applying nonequilibrium work relations for ligand
binding [66,83] to separate multiple energy contributions
coming from non-specific and specific Mg*" and protein
binding to RNA.

SUPPORTING MATERIAL

Supporting material can be found online at https://doi.org/10.1016/j.bpj.
2022.07.020.
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