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We present a model describing how Mg?* binds and stabilizes
specific RNA structures. In this model, RNA stabilization arises from
two energetically distinct modes of Mg2+ binding: diffuse- and
site-binding. Diffusely bound Mg2* are electrostatically attracted
to the strong anionic field around the RNA and are accurately
described by the Poisson-Boltzmann equation as an ensemble
distributed according to the electrostatic potentials around the
nucleic acid. Site-bound Mg?+ are strongly attracted to specifically
arranged electronegative ligands that desolvate the ion and the
RNA binding site. Thus, site-binding is a competition between the
strong coulombic attraction and the large cost of desolvating the
ion and its binding pocket. By using this framework, we analyze
three systems where a single site-bound Mg2* may be important
for stability: the P5 helix and the P5b stem loop from the P4-P6
domain of the Tetrahymena thermophila group | intron and a 58-nt
fragment of the Escherichia coli 23S ribosomal RNA. Diffusely
bound Mg2* play a dominant role in stabilizing these RNA struc-
tures. These ions stabilize the folded structures, in part, by accu-
mulating in regions of high negative electrostatic potential. These
regions of Mg?* localization correspond to ions that are observed
in the x-ray crystallographic and NMR structures of the RNA. In
contrast, the contribution of site-binding to RNA stability is often
quite small because of the large desolvation penalty. However, in
special cases, site-binding of partially dehydrated Mg2?* to loca-
tions with extraordinarily high electrostatic potential can also help
stabilize folded RNA structures.

D ivalent cations, like magnesium, stabilize the folded struc-
ture of most RNAs (1). The strong anionic field around the
nucleic acid governs the interaction of Mg ions with RNA. As a
result, Mg ions in solution are attracted to and accumulate
around the RNA. The strong attractive interactions between
cations and nucleic acids are generally described by the forma-
tion of different classes of bound ions in solution (1). The
purpose of this work is to present a proper thermodynamic
model describing how these different classes of ions together
bind and stabilize specific RNA structures.

A Conceptual Framework for Mg*2 Binding

For RNA systems, two distinct classes of bound Mg?* can be
distinguished by the energetic features of their interaction with
the RNA, diffusely bound and site-bound. Most of the Mg ions
surrounding an RNA behave as a thermally fluctuating ensemble
distributed according to a Boltzmann weighted average of the
mean electrostatic potential around the RNA (2, 3). These ions
can be called diffusely bound. This ensemble of diffusely bound
ions preferentially accumulates in deep pockets of negative
potential formed by the irregular shape of the molecular surface
(2, 4). As a result, high concentrations of these diffusely bound
ions may be localized in a relatively small volume around the
RNA. Because these ions have a very large residence time in
these pockets, they have a high probability of being detected by
experimental methods like NMR or x-ray crystallography (2).
One view of these diffusely bound ions is that they “dynamically
occupy”’ various regions around the RNA (5). They are bound at
specific locations only in the sense that they may be kinetically
“trapped” in a region for a relatively long time. An important
feature of these ions is that their hydration layer remains intact
on average. In other words, any perturbations to the hydration
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layer at a particular location must be energetically insignificant
in terms of the ensemble so that, on average, the chemical
potential of these ions is characterized by the bulk aqueous state.

In some cases, however, an individual Mg ion can become
fixed to a distinct location on the RNA where it interacts with a
specific set of closely spaced electronegative RNA ligands.
Importantly, the strong attraction of the ion to its ligands is
sufficient to disrupt the hydration layer of the ion. These ions,
which are adsorbed to the surface (6), are called site-bound.
Energetically significant dehydration is the defining feature of
site-binding. Displacing even a single water molecule from
around Mg?* is energetically costly. For example, water mole-
cules outside the inner hydration layer stabilize Mg?* by more
than 200 kcal'mol~! as a whole, and removal of even a single one
of these water molecules after site-binding costs up to 10
kcal'mol~! (7). The removal of a single inner-shell water mole-
cule can cost more than 30 kcal'mol™! (7). Because these
enormous free energies are not accounted for in the ensemble
description, the removal of waters from around the ion must be
explicitly treated by using a general model of ionic desolvation.

The nonlinear Poisson-Boltzmann (NLPB) is a rigorous
model that can be used to understand the electrostatic properties
of RNA in solution (2-4, 8). In fact, the NLPB equation has been
shown to provide a very accurate description of diffuse Mg?*
binding to RNA (2, 3). Here, we extend this model to approx-
imate the energetics of Mg?* site-binding as well (9). In this
regard, we presume that the very large differences in solvation
and electrostatic free energies are the primary determinants of
Mg?* site-binding (10). These differences allow for the use of the
simple Born model for ion hydration to describe site-binding in
our calculations.

A Theoretical Model for Mg*2 Binding

In this section, our conceptual notions of Mg?* binding pre-
sented above are developed in terms of a rigorous physical model
for ion—-RNA interactions. We begin by defining the chemical
potential of a molecule in an aqueous solution containing MgCl,
and NaCl (1, 11) as

= W) +AG T+ AGY T+ AG! T +kTIne,  [1]

where k is the Boltzmann constant; 7 is the absolute tempera-
ture; ¢; is the molar concentration of the species, i; the term w;(v)
is the vacuum standard state chemical potential; and AG; — ",
AGY 7% and AG;' — % are the free energies of transferring ecach
molecule from vacuum to pure water, from pure water to a
univalent salt solution, and from the univalent salt solution to a
mixed salt solution (containing both MgCl, and NaCl), respec-
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Diffuse Binding

Fig. 1.

The thermodynamic pathway for calculating the stabilization of RNA by Mg?*; AAGwmyg. This process consists of the free energy of site-binding, AGs, and

diffuse-binding, AGp. The green spheres represent diffusely bound Mg?*; the yellow spheres represent site-bound Mg?*.

tively. To focus on the interaction of divalent ions with the RNA,
a reference state in univalent salt can be defined as

pi(s1) = wiv) + AGY " ¥+ AGY ~ "+ kTlnc, [2]

so that the overall chemical potential of the RNA can then be
written

wi = pi(s1) + AGS T [31

The last term, AG;' ~*, includes both diffuse- and site-binding
contributions to the interaction of divalent ions with the molec-
ular species, i.

Fig. 1 shows a thermodynamic pathway for partitioning
AG;' ~*% into contributions from both the diffuse- and site-
binding of Mg?* to the RNA. The shorthand notation of AGy,
will refer to AGRNA;j’ ~*2. The initial state is simply the
reference state of the RNA in a univalent salt solution with a
chemical potential given by uina(s1). In the first step, the RNA
is transferred into a solution containing the reference state
concentration of Na* along with a fixed concentration of Mg?*.
The free energy of this step (AGp) is determined by interaction
of only diffusely bound Mg?* with the RNA. In the second step,
individual Mg ions site-bind to specific locations on the RNA in
the presence of monovalent cations and diffusely bound Mg ions.
The free energy of this step is given by AGg. Therefore, the
overall Mg-binding free energy, AGy, is given by

AGMg = AGD + AGs. [4]

These free energy terms are discussed in more detail below.
The term AG) is the electrostatic free energy of assembling a
diffusely bound ensemble of Mg ions around the RNA. In the
NLPB formalism, these diffusely bound Mg ions are treated as
a cosolvent that affects the equilibrium through its influence on
the chemical potential (or activity coefficients) of the RNA (12).
Treating Mg?™ as a cosolvent is important because the long-
range electrostatic interactions that dominate diffuse Mg?>*
binding cannot be described properly by a simple mass action
relationship. For RNA systems, AGp can be very accurately
determined, using the NLPB equation, by calculating the dif-
ference in the total electrostatic free energy of the nucleic acid
in an Mg-containing solution and an Mg-free solution (2, 3).
The term AGy is essentially a binding free energy of a charged
ligand (Mg2™) to the RNA. This free energy has been described
extensively elsewhere (9, 11, 13). For simplicity, we will consider
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only the case of a single site-bound ion, although the formalism
can be extended easily to treat multiple site-binding. In this
model, site-binding of a single Mg ion can be described by the
equilibrium reaction:

AG
R+ Mg*>" «—RMg>™, [5]

where R is the RNA without any site-bound Mg?*, and R-Mg>*
is the RNA with a single site-bound Mg?*. Because site-binding
is dominated by local phenomena, the interaction between a
site-bound ion and a discrete site can be described formally by
an association constant K,, which obeys the laws of mass action.
Thus, AGs = —RTIn(K,) is the “standard state” binding free
energy at given concentrations of NaCl and diffusely bound

The term AGY is the difference in chemical potential of the
bound (R-Mg?") and free (R and Mg?") species (11). As
discussed elsewhere, AGY§ can be partitioned into several terms
in the NLPB model (9, 12, 14, 15): the electrostatic attraction of
Mg2" to the site (the “solvent-screened” coulombic interaction
free energy), AAG®; the dehydration of the ion, AAGﬁIg" , and
the site, AAGigna, upon binding; the displacement of univalent
salt, AAGRia, and (diffusely bound) divalent salt, AAGygy ",
from around the RNA upon binding; and the loss of translational

trans

entropy upon binding, AAGYyy,",
AGy = AAG + AAGYy + AAGRA + AAGRYA
+ AAGREA + AAGH. [6]

The terms AAGRa A and AAG&EA are determined at each set of
salt conditions and energetically couple diffuse binding of uni-
valent and divalent ions, respectively, to site-binding. The overall
site-binding free energy, AGyg, is then determined by the stan-
dard Langmuir-binding isotherm (16),

AGgs = —kTIn(1 + cpmeexp(—AGy/kT)), [71

where ¢y is the bulk Mg?* concentration.

The view presented here is based on the premise that the very
large differences in solvation and electrostatic free energies are
the primary determinants of Mg?* site-binding (10, 17). As such,
the site-bound Mg ions are treated by using the Born model. In
this model, the ions are treated as simple spheres defined by their
effective radii immersed in a dielectric continuum. The Born
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radii have a well defined physical meaning related to the size of
the solvent cavity formed by the ion (18-20). This simple model
is very accurate and avoids the inherent complexity of modeling
the hydration layer explicitly (18, 21).

Although other contributions such as van der Waals interac-
tions and changes in the conformational entropy of the RNA
certainly play a role, we postulate that they are secondary to the
direct electrostatic interaction of Mg?* with the RNA. By using
the NLPB model, we try to provide a reasonable estimate of the
electrostatic free energy of site-binding, thereby providing a
quantitatively approximate but qualitatively robust description
of site-binding.

Methods

Structural Models. The details of the NLPB model have been
reported elsewhere (22, 23). The three-dimensional NMR struc-
tures of both the P5 (24) and P5b (25) hairpins were obtained
from the atomic coordinates deposited in the Protein Data Bank
(26), whereas the refined crystallographic coordinates of the
58-nt domain of large subunit rRNA were provided by G. L.
Conn (A. Gittis, E. Lattman, V.K.M., and D.E.D., unpublished
data). Protons were added to the crystallographic coordinates
and minimized by using the Biopolymer module of the INSIGHT
11 97.0 software package (Molecular Simulations, San Diego). A
crystallographically observed potassium ion at position 162 was
included as part of the rRNA structure. Based on the available
thermodynamic data (27), it is expected that this site will be fully
occupied at 1.6 M univalent salt concentration used in the
calculations.

The RNA was treated as a low dielectric medium (&) within
a volume enclosed by its water-accessible surface (probe ra-
dius = 1.4 A). Results are presented for &, = 2, a physically
reasonable value that accounts for the effects of electronic
polarizability (15, 28). The AMBER4.1 parameter set for the
nucleic acid was used to define the atomic charges and sizes (29).
The surrounding solvent was treated as a continuum with a
uniform dielectric constant (&) of 80. The diffusely bound NaCl
and MgCl, were distributed according to a Boltzmann weighted
average of the mean electrostatic potential. A 2.0-A ion-
exclusion radius was added to the surface of the macromolecule
to account for ion size.

The site-bound Mg ions are treated by using the Born model.
In this work, the radius of the Mg ion was set to 1.45 A to
reproduce the experimental hydration free energy of the free ion
in pure aqueous solution (30). This value is identical to those
found in many prior studies (18, 20, 31). As noted below, we
performed additional site-binding calculations in which the
Mg?* was explicitly modeled as its hexahydrated derivative,
Mg?*+(H,0)s. In these cases, the overall site-binding free ener-
gies were reduced by about 5% or less, without accounting for
the dynamics of the bound waters. Therefore, given the com-
plexity of modeling the hydration layer explicitly, we have used
the more simple and elegant Born representation to describe
site-binding in our calculations.

Numerical Methods. Details of the finite difference procedure to
calculate electrostatic potentials and free energies with the
NLPB equation in a mixed salt solution have been reported (2,
32). The Na- and Mg-dependent contributions to the chemical
potential of each RNA species were calculated by using a 653
lattice. The electrostatic potentials were calculated by using a
two-step focusing procedure (33). For each run, potentials were
iterated to a convergence of less than 10™* kT/e. The relevant
integrals required to calculate the Na- and Mg-dependent con-
tributions to the binding free energy were evaluated as a
summation over discrete lattice points as described (2, 11, 13). In
each case, the ion atmosphere was integrated over the lattice
generated in each of the three focusing runs and summed
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together. By using this procedure, charge neutrality was main-
tained to within 1%, and total free energy values varied by less
than 3% for final grid resolutions of 1.0-1.4 grids per angstrom.
The local surface potentials and ion concentrations, which do not
depend on spatial integration, were calculated at a final resolu-
tion of 2.0 grids per angstrom.

The hydration-free energies of the RNA and the Mg ion were
calculated by using finite difference solutions to the NLPB
equation as implemented in the program DELPHI V.3.0 (34).
Because the hydration-free energy critically depends on grid
resolution, a resolution of at least 3 grids per angstrom was used
for these calculations. In each case, calculations showed that the
results were stable to within 3% with grid placement.

Results and Discussion

We use the thermodynamic framework, presented above, to
explore three RNA systems where a single site-bound Mg?* is
thought to be important for stability: the P5 helix (25) and the
P5b stem loop (24) from the P4-P6 domain of the Tetrahymena
thermophila group I intron, and a 58-nt fragment (nucleotides
1051-1108) derived from the Escherichia coli 23S rRNA (35). In
each case, a high-resolution structure has located an Mg ion (or
analogue) in a specific region of the RNA. We will explore the
energetics of Mg?* binding to each of these locations in the
context of the overall Mg?*-induced stabilization of the RNA.
The P5 helix and P5b stem loop provide models for the inter-
action of Mg with simple RNA folding motifs, whereas the rRNA
fragment provides an example of Mg?" binding to a more
complex RNA tertiary structure (36).

The RNA Hairpins. Mg?" binding to the P5 helix and P5b stem loop
has been characterized by using proton NMR of cobalt (III)
hexammine as an analogue of solvated Mg (24, 25). As found in
other RNA molecules (2, 4, 37), the observed metal ion in each
of these RNA hairpins is localized to a region of highly negative
electrostatic potential in the major groove (Fig. 2a). In Table 1,
we list the calculated electrostatic potential at the observed
metal binding site along with the energetic contributions to
Mg?* site-binding for each RNA hairpin. For the P5 helix, the
calculations were done by using each of the 19 members of the
ensemble of structures derived from NMR (25) and then aver-
aged, whereas for the P5b stem loop the calculations were done
by using the averaged NMR structure (24). The results for both
hairpins are quite similar.

The electrostatic potential at the presumed binding site is
between about —6 to —7 kT/e (Table 1). This negative potential
provides a strong driving force for the site-binding of Mg?™ to the
RNA, as reflected by the large favorable value of AAG* (Table
1). However, for both hairpins, the enormous cost of dehydrating
the Mg2* (AAG“”V) itself prevents site-binding (Table 1). It is
important to reahze that the experimentally observed ion has a
completely intact inner hydration layer. The term AA i\‘,’[’gv arises
primarily from the displacement of water molecules in outer
hydration shells. In these calculations, perturbing these outer-
shell waters can cost more than 35 kcal'mol~! (Table 1), con-
sistent with experimental measures of Mg?* hydration. Calcu-
lations in which the Mg?* was explicitly modeled as its
hexahydrated derivative, Mg?*+(H,O)g, show similarly large de-
hydration costs (data not shown). The accompanying cost of
dehydratlng the partially charged groups in the RNA binding site
(AAG3E ) is relatively small, but significant (Table 1).

The formation of the site-bound complex is also strongly
opposed by the displacement of Na from around the nucleic acid
(AAGRN A; Table 1). This effect, generally seen in the interaction
of charged ligands with nucleic acids, is the result of the repulsion
and displacement of diffusely bound univalent ions by the
site-bound Mg?* (11-14). It is a “desolvation penalty” arising
from the loss of favorable electrostatic interactions between the
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Fig. 2. (Upper) The electrostatic potential mapped onto the solvent-
accessible surface of the P5 helix (24) calculated at 0.1 M univalent salt
concentration and 0.001 M bulk Mg concentration. The experimentally ob-
served metal ion is shown as a green sphere. (Lower) The 4.5 M three-
dimensional isoconcentration contour of diffusely bound Mg?* around the
RNAisshownin green. Their correspondence of the high concentration region
to the observed ion is seen. The surface potential scale is in units of kT/e. The
figures were rendered by using the program GRAsp (43).

univalent ion and the RNA (11). The NLPB equation provides
avery accurate estimate of this term (14). For the P5b stem loop,
we note that the magnitude of AAGRa, is substantially larger
than AAG¢*¢ at 0.1 M bulk Na concentration. At 1 mM bulk Mg
concentration, the analogous contribution arising from the

Fig. 3. The free-energy contribution of diffuse Mg?* binding, AGp, to
the P5 helix (- - -) and the P5b hairpin (——) calculated at 0.1 M univalent salt
concentration.

displacement of diffusely bound Mg2*, AAGKE,, is quite small
(Table 1) because of the relatively high monovalent ion concen-
trations studied here.

Finally, the loss of translational entropy that accompanies
Mg?* binding, AAGYj,", disfavors site-binding as well (Table 1).
This term is estimated to be about 3.0 kcal/mol based on the
method of Amzel (38) and is not a dominant contribution to
binding. In this formulation, we have neglected any changes in
the conformational entropy of the RNA caused by Mg?* binding,
which are extremely difficult to estimate (39). Combining the
various free-energy terms, we find that the overall free-energy
change, AGy, strongly opposes site-binding to both hairpins
(Table 1). The unfavorable free energy occurs because the
favorable electrostatic interaction between the site-bound Mg?*
and the RNA (AAG¢*c) cannot overcome the large cost of
desolvating the ion and the nucleic acid (i.e., AAG‘}(}Q and
AAGRA).

In contrast, diffusely bound Mg ions strongly stabilize the
folded hairpins at physiological Mg?* concentrations. Fig. 3
contains a plot of AGp as a function of bulk Mg?* concentration
for each hairpin. As shown in the figure, the term AGp grows
progressively larger with bulk Mg?* concentration. This effect
arises from the progressive accumulation of diffusely bound
Mg2" around the RNA (3). The experimentally observed Mg?*
association constants for each hairpin are at least 1-1.5 X 10?
M1 (25) and are readily explained by AGp alone. As found for
homopolynucleotides and tRNA (2, 3), the strong coulombic

Table 1. Energetic contributions to Mg?* site-binding in kcal/mol

RNA ¢, kT/e AAGelec AAGRY AAGRY AAGRRA AAGNAAF  AG:
Hairpins*
P5b -59+04 —-193+20 251+63 24*+09 325*+59 03=*0.1 44.0
P5 -7.2 —29.3 36.5 3.0 19.7 0.5 30.4
58-nt rRNAT
163 -39.7 —135.2 102.4 10.3 44.8 0.05 25.4
167 —57.7 —-113.2 61.3 3.5 40.6 0.03 -4.8
*Calculated at 0.1 M univalent salt concentration.
TCalculated at 1.6 M univalent salt concentration.
*Calculated at 0.001 M Mg concentration.
Misra and Draper PNAS | October 23,2001 | vol.98 | no.22 | 12459
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attraction of diffusely bound Mg ions to each hairpin outweighs
the accompanying loss of electrostatic interactions between Na
and the RNA. As discussed (2, 3), diffuse binding is augmented
further by the “entropic release” of Na ions from around the
RNA.

As shown in Fig. 2 (Lower), the ensemble of diffusely bound
ions preferentially accumulates in the major groove of the
hairpin and stabilizes the folded hairpin by interacting most
strongly with pockets of negative potential formed by the
irregular shape of the molecular surface. Comparing the two
hairpin representations in Fig. 2, this region of Mg?* accumu-
lation corresponds to the experimentally observed metal ion,
similar to what has been found for yeast tRNAP"® (2). The
isoconcentration contour in Fig. 2 (Lower) represents the time-
averaged spatial distribution of Mg?" around the RNA.

The 23S rRNA Fragment. A 58-nt fragment derived from the E. coli
large subunit rRNA adopts a very compact tertiary structure
(36) that requires both monovalent and divalent ions to fold (35,
40, 41). The folding of this rRNA fragment in solution has been
extensively characterized by using thermal denaturation exper-
iments (35, 40, 42). These studies show that a single highly
selective Mg?* binding site and a second much less selective site
stabilize the tertiary structure of the RNA at 1.6 M univalent salt
concentration (35).

A number of Mg ions have been found in recently refined
crystallographic structures of the RNA (G. Conn, A. Gittis, E.
Lattman, V.K.M., and D.E.D., unpublished data). Again, each of
these metal ions is located in a region of highly negative
electrostatic potential. For most of the crystallographically
observed sites, the electrostatic potential is between about —2 to
—9 kT/e (G. Conn, A. Gittis, E. Lattman, V.K.M., and D.E.D.,
unpublished data). These sites lie in the grooves of the RNA like
those found in the RNA hairpins described previously. The
energetics of Mg?™ binding to these sites is qualitatively quite
similar to that observed for the hairpin structures. That is to say,
AAG*¢¢ cannot overcome the large cost associated with AAG“”V
and AAGRa . As a result, site-binding to these specific locatlons
is generally unfavorable. Again, the crystallographically ob-
served metal ions correspond to electronegative pockets where
diffusely bound Mg?* ions accumulate and become trapped (G.
Conn, A. Gittis, E. Lattman, V.K.M., and D.E.D., unpublished
data).

However, the electrostatic potentials at two sites, numbers 163
and 167, are an order of magnitude larger than at other locations
(Table 1). These two sites are located within an interhelical cleft
where the sugar-phosphate backbone is buried within the RNA.
In this region, the electrostatic field is focused to form two deep
electronegative pockets where the Mg ions are found (Fig. 4).
These ions are obvious candidates for the thermodynamically
important site-bound ion that is experimentally observed. For
each ion, the free-energy analysis again reveals the competing
forces that are involved in site-binding. In each case, AAG*¢
provides a strong driving force for binding However, at site 163,
the large cost of displacing both inner- and outer-layer waters
from around the deeply buried Mg2+ (AAG‘”I") together with the
repulsion of the monovalent ion atmosphere AAGR A, ulti-
mately prevents binding to the site. In contrast, the ion at site 167
is able to exploit the large electrostatic potential in the cleft by
remaining more solvent-exposed, thereby reducing AAGmlg",
strategy that has been noted for other nucleic acid-binding
ligands (14). Although both of these observed ions lie in regions
where diffusely bound Mg?* accumulates, our calculations show
that site-binding to posmon 167 is able to displace these ions
(with a cost given by AAGN§,) and bind to the tertiary structure
of the RNA.

In Fig. 5, the site-binding isotherm is plotted. As expected, the
free energy of site-binding, AGs, becomes more favorable with
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Surface
Potential

Fig. 4. The electrostatic potential mapped onto the solvent-accessible sur-
face of the RNA calculated at 0.15 M univalent salt concentration and 0.001 M
bulk Mg concentration. The two high-potential regions corresponding to
positions 163 and 167 are shown. Experimentally observed Mg ions are
represented by green spheres The surface potential scale is in units of kT/e.
The figures were rendered by using the program GRrAsp (43).

increasing Mg?* concentrations. However, at high Mg?* con-
centrations, flattening of the curve results from the anticoop-
erative interaction between site-bound and dlffusely bound ions.
This interaction is given by the term AAGYE ..

Surprisingly, diffusely bound Mg ions also stabilize the tertiary
structure of the rRNA fragment at 1.6 M univalent salt concen-
tration. The free energy of diffuse-binding, AGp, is also plotted
in Fig. 5. Even a few millimolars of Mg?* effectively compete
with high concentrations of univalent ions to interact with the
RNA. At low Mg?" concentrations, the magnitude of AGp is of
the same order of magnitude as AGs. Thus, at 1 mM bulk Mg?*
concentration, the site-bound ion at position 167 binds to the
RNA with a free energy of —0.8 kcal'mol™!, whereas the
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ensemble of diffusely bound ions binds with a free energy of
about —0.3 kcal'mol 1. These results are qualitatively consistent
with the two classes of binding sites that are observed in the
experimental Mg?*-binding isotherms (35). At higher Mg?*
concentrations, AGp is clearly the dominant contribution to
RNA stability (Fig. 5).

Conclusions

We have presented a thermodynamic framework to describe how
Mg?" binds and stabilizes specific RNA structures. In this model,
the overall stabilization of RNA by Mg?™" arises from two distinct
modes of binding, diffuse- and site-binding, distinguished by
their energetic properties. Diffusely bound Mg?* interact with
the strong anionic field around the nucleic acid by means of
long-range coulombic interactions described by the NLPB equa-
tion. As such, these ions behave as a thermally fluctuating
ensemble distributed according to a Boltzmann weighted aver-
age of the mean electrostatic potential around the RNA (2, 3).
Thus, there is a high probability of finding these ions in pockets
of high negative electrostatic potential on the surface of the
RNA, where they can be detected by experimental methods like
NMR or x-ray crystallography. Because diffuse Mg?™ binding is
dominated by long-range electrostatic interactions, these ions
cannot be described properly by simple mass action equilibria. In
our framework, diffusely bound ions act as a cosolvent that alters
the activity of the RNA (Eq. 2; ref. 11).

It is important to remember that all diffusely bound ions
within an ensemble are identical from an energetic perspective
(i.e., at equilibrium, the chemical potential of each ion is uniform
throughout the solution), although they are not all identical on
a molecular level. This means that any perturbations to the
hydration layer of an ion at a particular location (an ionic
“microstate”) must be energetically insignificant in terms of the
ensemble so that, on average, the chemical potential of any ion
within the ensemble is characterized by the fully hydrated bulk
state. This distinction is especially important for the highly
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