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INTRODUCTION

Ribonucleic acids (RNAs) fold into a variety of com-
plex structures’? that are required for their many
biological activities.> Thus, appreciating RNA func-
tion requires knowledge of the forces responsible for
the underlying RNA structures. However, understand-
ing just how an extended chain of negatively charged
nucleotides collapses into a compact functional struc-
ture remains an unresolved problem. Since the strong
electrostatic repulsion among the closely packed, neg-
atively charged phosphate groups on the RNA back-
bone tends to disrupt the folded structure, an impor-
tant facet to the RNA folding problem is understand-
ing how these repulsions are compensated in the
folded state. Although monovalent cations can effec-
tively reduce these repulsions and stabilize the folded
structure of many RNA molecules,*~® the unique role
of divalent cations, like magnesium, has always been
evident. Mg?" strongly stabilizes the native tertiary
structure of most RNAs and favors the folding reac-
tion, even in the presence of a large excess of mono-
valent ions.*

The goal of this review is to present a unified
picture of the relationship between ion binding and
RNA folding based on recent theoretical and compu-
tational advances. In particular, we have developed a
theoretical model based on the nonlinear Poisson—
Boltzmann (NLPB) equation to describe how Mg?"
binds and stabilizes specific RNA structures.”'" This
model is presented here to describe the linkage be-
tween the association of magnesium ions and folding
of tertiary structure for several different RNA sys-
tems.

A DESCRIPTION OF MAGNESIUM
BINDING TO RNA

The Linkage Between Mg?* Interactions
and RNA Folding

In many cases, RNA folding can be described as a
stepwise process that proceeds through increasingly
organized intermediate states.'*”'* Fully denatured
RNAs exist in an unfolded state best characterized as
an extended chain with little or no defined secondary
structure. The initial stages of RNA folding lead to a
compact, disordered intermediate state, designated
I,'57'7 characterized by elements of helical secondary
structure without well-defined tertiary contacts. As
folding proceeds, the secondary structural elements of
the I state assemble into compact domains of tertiary
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structure that associate to form the native tertiary
structure, designated N.

The folding of tertiary structure can be described
by the equilibrium,

K‘;PP
[«<——N (D)

The apparent equilibrium constant for this reaction,
K7P, is a magnesium concentration dependent term
that can be written'®

K = &/¢ ()

where & and &y are the partition functions for the
association of Mg?" with the I and N forms of the
RNA, respectively.

The linkage between tertiary structure folding and
magnesium ion association can be described by the
thermodynamic cycle in Figure 1. In this cycle, we
define the term AAGy, as follows:

AAGy = AG¥e — AGy = —kTIn(K¥)  (3)

where the terms AGY'® and AG}, are the free energies
of RNA folding in the presence and absence of mag-
nesium, respectively. AAGry. is the free energy contri-
bution of the added magnesium salt to the RNA
folding reaction. The terms AGf,lg = —kT In(&y) and
AG{\,lg = —kT In(&) are the free energies of magne-
sium binding to the N and I states, respectively. The
differences between AGN¢ and AGy is equal to the
difference between AGyy, and AGy,.

AAG = AGY® — AGy = AGyy, — AGy, = AAG),
4)

The term AAG,,, is the difference in the Mg*" in-
teraction free energy between the N and I states. The
value of AAG,,, is often experimentally determined
by measuring AAGy using experimental techniques
like thermal denaturation.'®?® Conceptually, how-
ever, understanding why the free energy of RNA
folding in the presence of Mg®" (AGN®) is more
favorable than in its absence (AG‘;), requires an un-
derstanding of why the free energy of Mg®" interac-
tions with the folded state (AGﬁg) are so much more
favorable than to the partially unfolded intermediate
state, I (AGjy,).
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1M g 2+ N-M g 2+

FIGURE 1 The thermodynamic cycle describing the re-
lationship between Mg?* binding and RNA folding. The
tertiary folding reaction is an equilibrium between an inter-
mediate (I) state and a folded (N) state, involving compac-
tion of secondary structure into tertiary structure, as de-
scribed in the text. The reaction occurs in a solution con-
taining a fixed concentration of monovalent cations, shown
as small gray spheres. Folding is characterized by the free
energies AGy. and AGY® in the presence and absence of
Mg>*, respectively. Mg?" that are part of the surrounding
electrostatic ensemble are shown as small green spheres,
while specifically chelated Mg®* are shown as yellow
spheres. The interactions of Mg?* with the I and N states
are described by the free energies AG),, and AG},,, respec-
tively. The molecular states that interact with Mg ions are
designated I - Mg®* and N - Mg?*. The free energy con-

tribution of Mg?™ to the tertiary folding reaction is AAGy,
= AGY, — AGL,,.

A Thermodynamic Description of
Mg?* Binding

The interactions of the alkaline group I and II metal
ions with nucleic acids are governed by their strong
electrostatic attraction to the negatively charged phos-
phodiester backbone. As a result, RNAs are sur-
rounded by a group of ions whose charge is equal and
opposite to that of the RNA. The macroscopically
observed stabilization free energy of an RNA by
added salt arises from the interaction of the entire
group of ions surrounding the RNA with the electro-

static field. However, the thermodynamic properties
of an individual ion near the RNA cannot be determined
independently of its interactions with other ions; this
interdependence among surrounding charges is referred
to as electrostatic coupling.

A useful way to think about the association of ions
with an RNA is in terms of the thermodynamic prop-
erties of the macromolecule. In such a description,
ionic association is manifested by a change in the
activity coefficient of the RNA upon adding salt to an
aqueous solution.?""** In this formalism, the chemical
potential of the RNA, ugna, can be written

MRNA = N«;NA + kT In(agxa)
= M;NA + kT In(Yrnacrna)  (5)

where agp, 1S the activity of the RNA with concen-
tration cgp4 in a salt containing solution; and gy a 1S
the standard state chemical potential of the RNA in
the absence of any salt. The activity coefficient, ygnas
is directly related to the excess electrostatic free en-
ergy of the RNA relative to the standard state. The
term ygrna accounts for all of the thermodynamic
interactions of the added salt with the RNA. We note
that ygrna goes to unity in the limit of infinite salt
dilution (pure aqueous solution).”* Practically, the
interaction free energy, AGy,, of added magnesium
chloride with an RNA is given by

AGMg = MRNA(Z) - I—LRNA(I) = len(YRNA(z)/VRNA(l))
(6)

where ugpna(2) is the chemical potential of the RNA
in a solution containing the added salt of interest (e.g.,
containing MgCl, and NaCl) and ugna(1) is the
chemical potential in a reference solution (e.g., con-
taining only NaCl); yrna(2) and ygna(l) are the
corresponding activity coefficients. Any ions that per-
turb the activity coefficient of the RNA relative to the
standard state are said to be “thermodynamically
bound” to the RNA. Thus, the term AGy,, for a
particular RNA conformation (e.g., the N or I state)
reflects the extent to which thermodynamically bound
magnesium ions affect Ygna- AGyy, is directly related
to the partition function for Mg>" binding to that
state, as noted above.

The stoichiometry of thermodynamic ion binding
can be determined experimentally from the Donnan
coefficient (or preferential interaction coefficient), I',
of the RNA.>"** Thus, for MgCl,

~ A(AGy/KT)

“T o ln(eyy) @



where ¢y, is the bulk concentration of MgCl,. The
Donnan coefficient describes the distribution of ions
across a semipermeable membrane in an equilibrium
dialysis experiment. The value of T for nucleic acids
is sometimes estimated from the experimentally mea-
sured fraction of bound cations. However, it is impor-
tant to realize that this ignores potentially important
thermodynamic contributions of coions added as part
of the magnesium salt.” Alternatively, the change in
the Donnan coefficient associated with a folding tran-
sition, AT, can be measured from the salt dependence
of Ki¥P. For example, the thermodynamic uptake of
MgCl, upon RNA folding, Al'\jecpp, is given by

AT 9 In(K¥®)  d(AGNJKT)  9(AG/KT)
M2 T g In(cy)  dln(eyy) 0 In(eyy)

= F]\N/IgCl2 - F%vlgcn ®)

For many RNA systems, Ki¥P is not measured
directly; rather, the probability for observing the
folded state, py, is measured as a function of magne-
sium concentration using methods like hydroxyl rad-
ical protection, circular dichroism, or fluorescence
spectroscopy.”” The term py is related to K¥P by the
following relationship®®:

N R & .
PNTINTH T 1+KP &t g O

At the transition midpoint of the folding reaction
(where py = 0.5 and K%P = 1), it can be shown that*®

J 1
(pN) =7 (AFMgCIZ) (10)
9 In(cpy) 0.5 4

The term Al'yy,cy, is equivalent to the Hill coefficient
under these conditions.”® However, we note that
AT'\j4c1> depends on both NaCl and MgCl, concen-
trations. A proper physical interpretation of the ex-
perimental data requires a quantitative model describ-
ing the partition functions for magnesium binding to
the unfolded and folded states, & and &y, that accounts
for the electrostatic coupling among all the ions in
solution.

A Theoretical Description of
Mg?* Binding

The classical treatment of the electrostatic interactions
among charges in a salt-containing solution is based
on the Poisson-Boltzmann (PB) equation,n’29
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V- [e(r)V- ()] + 4mp'(r)

+ 47 Y, (ciZ[e)exp<_ZI:7(f)(ﬂ

) =0 (1D
1
in which ¢ is the electrostatic potential, & is the
dielectric constant; and p' is the fixed charge density
(arising from charges on the RNA), ¢, is the bulk
concentration and ionic species i, Z; is the valence of
i, k is Boltzmann’s constant, T is the absolute tem-
perature and e is the proton charge. The quantities ¢,
g, and p are all functions of the position vector r in the
reference frame centered on a fixed macromolecule.

In this model, ions surrounding an RNA behave as
a thermally fluctuating ensemble distributed accord-
ing to a Boltzmann weighted average of the mean
electrostatic potential around the RNA [given by the
third term in Eq. (11)]. The ensemble treatment makes
two key assumptions about the surrounding ions: first,
the ions only interact with the nucleic acid via long-
range Coulombic interactions; and second, on aver-
age, each ion’s hydration layer remains intact. Impor-
tantly, the ensemble description implicitly accounts
for the strongly coupled electrostatic interactions of
each ionic species with the RNA. Accounting for the
electrostatic coupling among ions is crucial for a
proper physical description of ionic interactions with
RNA as shown below.

Individual ions within the ensemble surrounding
the RNA diffuse through space under the influence of
the electrostatic field. As implied by the Boltzmann
distribution, the probability of finding an ion in a
given region of space is proportional to the electro-
static potential there. As such, high concentrations of
these ions are found in deep pockets of negative
electrostatic potential formed by the irregular shape of
the molecular surface. It is these highly localized ions
that are often detected by experimental methods like
NMR or x-ray crystallography.'®>° However, since
the ions are all electrostatically coupled, the thermo-
dynamic properties of these individual ions cannot be
uniquely determined. Rather, the equilibrium thermo-
dynamic properties of these ions can only be deter-
mined as part of an ensemble average of all the
monovent and divalent cations and anions (e.g., Na™,
Mg?*, CI7, etc.) surrounding the RNA.

In some cases, however, individual Mg ions near
the RNA may shed some of their surrounding waters
to optimize their Coulombic interactions with the
negatively charged ligands on the RNA. For example,
specific ions can be chelated by anionic RNA ligands
positioned by tertiary structure folding. However, the
energetic cost of perturbing waters around these Mg
ions is large. In the extreme case, completely remov-
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ing a Mg ion from water costs nearly 460 kcal -
mol ™ '.*' Removal of all the outer water molecules,
leaving just the inner hydration layer intact, costs
more than 200 kcal - mol ' and removal of only one
of these outer-layer water molecules can cost up to 10
kcal - mol~'.>* The removal of a single water mole-
cule from the inner hydration layer costs more than 30
kcal - mol ' 32

The large cost of dehydration for these chelated
ions must be compensated by other favorable interac-
tions. The balance between ionic attraction and dehy-
dration is the basis for the characteristic selectivity of
a site for particular ions, as suggested by Eisenman
nearly 40 years ago.>** The Eisenman hypothesis is
that the binding process can be broken down into two
steps: first, stripping water molecules away from the
ion, and second, bringing the ion into contact with the
negative charges at the site. The basic point of Eisen-
man’s proposal is that, for favorable binding, the
electrostatic attraction of an ion to its site must out-
weigh the large cost of dehydration.

Since the ensemble description does not ade-
quately treat the large free energies associated with
chelation, both the Coulombic interactions and the
ionic dehydration for these ions ions must be explic-
itly treated. Coulombic interactions between the ion
and the RNA can be calculated explicitly knowing the
positions of the charges.>> However, these calcula-
tions must also account for the electrostatic coupling
between the explicitly treated ion and the surrounding
ionic ensemble. The desolvation of the bound ion can
be simply treated using the Born model, which has
been applied in the context of the nonlinear Poisson—
Boltzmann (NLPB) model to treat Mg®" chelated by
RNA."! In the next section, an overall model for ionic
association with RNA is developed in terms of a
theoretical model based on the NLPB equation. This
model will formally account for energetically differ-
ent modes of binding.

A Quantitative Model for Mg®* Binding

The chemical potential of an RNA molecule in an
aqueous solution containing MgCl, and NaCl can be
written as**

MrNA = MENA(U) + AGya + AGpyy!

+ AGRua® + kT In cgna (12)
where k is the Boltzmann constant; 7 is the absolute
temperature; cgna 1S the molar concentration of the

RNA in a particular folded state; the term pgna(v)
is the vacuum standard state chemical potential;

AGRNR, AGRERY, and AGRgRs, are the free energies
of transferring the RNA molecule from vacuum to
pure water, from pure water to a univalent salt solu-
tion, and from the univalent salt solution to a mixed
salt solution (containing both MgCl, and NaCl), re-
spectively. Focusing on the interaction of divalent
ions with the RNA, a reference state containing an
arbitrary concentration of monovalent salt is defined
as

rna(s) = pena(v) + AGEY + AGryx' + kT In ey
13)

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

MRNA = IJ“;NA(SI) + AG;{II\J_EZ (14)

The last term, AGRNA>, includes contributions from
all the magnesium ions within the surrounding ensem-
ble as well as ions chelated by the RNA. For consis-
tency with our previous discussion, the shorthand
notation of AGy,, will refer to AGRy ™.

Figure 2 shows a thermodynamic pathway for par-
titioning AGy, into contributions from both implic-
itly treated ions that are part of the surrounding en-
semble as well as explicitly treated ions that are
chelated by the RNA. In this pathway, the initial state
is simply the RNA in a reference state univalent salt
solution. The chemical potential of the RNA in this
state is given by ugna(s;), defined above. In the first
step, the RNA is transferred into a solution containing
the reference state concentration of monovalent salt
(e.g., NaCl) along with a fixed concentration of
MgCl,. The free energy of this step, AG, (where the
subscript “D” refers to ions that are described as
“distribution”), is defined as the interaction of the
RNA with the MgCl, ensemble that is treated using a
distribution function determined by the surrounding
electrostatic potentials. In the second step, chelated
Mg ions bind to specific locations on the RNA in the
presence of the ensembles of monovalent and divalent
cations. The free energy of this step is given by AGg
(where the subscript “S” refers to ions that are explic-
itly treated at specific “sites”). The overall magnesium
binding free energy, AGy,,, is

AGy, = AGp, + AGg (15)

These free energy terms are discussed in more detail
below.



FIGURE 2 The thermodynamic pathway for calculating
the interaction Mg?" with a given conformational state of
RNA, AGy,. This process consists of the free energy of
chelation to a specific site, AGg, and the association of the
surrounding Mg®* ensemble with the RNA, AG. The
small green spheres represent Mg>™ that interact as part of
the ensemble; the yellow spheres represent chelated Mg?*.
Again, the reaction occurs in a solution containing a fixed
concentration of monovalent cations, shown as small gray
spheres.

The Interaction of the Mg’* Ensemble with the
RNA. The term AG, is the free energy of assembling
a thermodynamically bound ensemble of Mg ions
around the RNA. In the NLPB formalism, the ensem-
ble of Mg ions is treated as a cosolvent that affects the
equilibrium through its influence on the chemical
potential (or activity coefficients) of the RNA.*® This
treatment is noteworthy since the long-range electro-
static interactions among ions in solution cannot be
described properly by a simple mass action relation-
ship.

The term AGp, shown in Figure 2, is determined
by the difference between the electrostatic free energy
of the RNA (without any chelated ions) in a magne-
sium containing solution [AG,(Mg)] and a magne-
sium free solution [AG., (Mg = 0)], so that

AGp = AG,(Mg) — AG4(Mg = 0) (16)
In the NLPB model, the electrostatic free energy,
AG,, of the RNA in an aqueous solution containing

NaCl and MgCl, can be written as the sum of three
terms>>’

AGy = AGgp + AGY, + AGYS (17)

Mg-Dependent Folding of RNA 123

given by the three integrals over all space (r):

AGpp = fp(r)zd)(r)dr (18)

AGy, = f [=Pra(r)(r)

— kTen, (e + e —2))dr  (19)

AGy: :J[_PMg(r)d)(V)
— kTey (e 2% + 27 — 3)]dr  (20)

in which the energies are given in units of k7. The
term p(r) is the total charge density arising from the
fixed (RNA) charges and the mobile ions (e.g., NaCl
and MgCl,) at a given point in space; ¢&(r) is the
reduced electrostatic potential [eyi(r)/kT, where e is
the protonic charge, k is the Boltzmann constant; 7 is
the absolute temperature; s(r) is the electrostatic po-
tential at position (r)]; and cy, and ¢y, are the bulk
sodium and magnesium ion concentrations, respec-
tively. The term AGp., is the electrostatic stress of the
system, which represents the free energy of the Cou-
lombic interactions among all charges in the system
(e.g., nucleic acid phosphates, partially charged RNA
moieties, Na™, Mg“, and C17). The terms AG?& and
AGxg are the entropic free energies of assembling the
ensemble of NaCl and MgCl, around the nucleic acid,
respectively.?’

In the ensemble description, the number of bound
ions for the species i is calculated by integrating the
number of ions that are associated with the nucleic
acid over all space:

v, = J [ee™0 = 1)] dr 1)

The term v; is, therefore, the thermodynamically
bound fraction of a z-valent, i, around the nucleic
acid relative to its bulk concentration, c¢;.*® The
value of »y, is sometimes experimentally deter-
mined and can be compared directly to calculated
values of the excess accumulation of bound mag-
nesium ions using Eq. (21). However, in many
cases, it is actually the preferential interaction
coefficient of the ensemble, Al“l[\),[gClz, that is ex-
perimentally measured, in which case,”>°
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b d(AG/kT)
AFMgClz = m = Mg T Vo 22)

where Ve i the “bound” fraction of chloride ions
that were added as part of the magnesium salt. Al-
though it is frequently assumed that vy, is the dom-
inant contribution to Iy, for added MgCl,, it
should, once again, be realized that this ignores po-
tentially important thermodynamic effects of added
coions.’

As an example, the interaction of Mngr with linear
polynucleotides, like poly(A - U) and DNA, is best
described by an ensemble of ions under the influence
of the electrostatic field of the RNA.® The interaction
of Mg?* with these systems has been characterized
extensively in classical experiments.>® For these sys-
tems, the stoichiometry of Mg>* binding can be cal-
culated using the NLPB equation. As shown in Figure
3a, calculations using the NLPB equation reproduce
quite well the experimental Mg”* binding isotherms
for poly(A - U) without needing to use any fitting
parameters.’

The Mg®" binding isotherms for poly(A : U),
shown as Scatchard plots in Figure 3b, illustrate two
characteristic features of the ensemble: first, the ex-
tent of Mg2+ binding, VMg decreases with increasing
monovalent salt concentrations (i.e., the coupling be-
tween monovalent and divalent cations); and second,
Mg?* binding is highly anticooperative as evidenced
by the curvature of the Scatchard plots (i.e., the cou-
pling among bound divalent cations). Comparing the
experimental data to the calculated curves in each of
these plots shows that each of these phenomena can
be satisfactorily explained by the ensemble descrip-
tion of binding arising from the NLPB equation.’

These calculations show that the higher charge of
Mg?* makes it more effective than Na™ in binding to
nucleic acids for two reasons”: first, Mg®" have a
stronger coulombic attraction (compared to monova-
lent cations) to the polyion [i.e., AGy., favors Mg”*
binding, in Eq. (17)]; and second, binding of each
divalent ion results in the entropically favorable “re-
lease” of 1.8 sodium ions [i.e., the change in AGEf}b,
favors Mg2+ binding, in Eq. (17)]. Nevertheless, as
monovalent cations are added to solution, their local
concentration around the polynucleotide increases re-
sulting in the displacement of the Mg " ensemble. As
expected, the competition between monovalent and
divalent ions is such that 1.8 bound Na™ effectively
displace a single bound Mg**.?

The NLPB model also shows how two related
electrostatic phenomena give rise to the anticooperat-
ivity of binding.’ First, the monovalent ion ensemble
around the nucleic acid becomes progressively de-
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FIGURE 3 (A) Magnesium binding isotherms for
poly(A - U). The term vy, is the number of Mg** bound per
nucleic acid charge. The filled circles are experimental data
points taken from from Krakauer.*® The solid lines were
calculated with the cylindrical NLPB equation using a one-
dimensional finite difference algorithm in reciprocal space.’
Each color represents a different Na* concentration. Black:
c®, = 0.01M; Red: c%, = 0.029M; Green: cy, = 0.06M;
Blue: ¢, = 0.IM. (B) The corresponding Scatchard plots
for Mg?" binding to poly(A - U) (colors as above).

pleted as MgCl, is added to solution. As a result, there
is an incremental loss of free energy associated with
the “release” of sodium ions, AGzag, at high MgCl,
concentrations. Second, the surrounding Mgt en-
semble becomes more populated. As a result, the
entropic cost of organizing additional magnesium ions
around the RNA, AGE/r[‘g’, becomes energetically more
expensive; and to a lesser extent, the Coulombic re-
pulsion among Mg ions, included in AAGg.p, in-
creases.



The Interaction of Chelated Mg®* with the RNA.
As mentioned above, some Mg”" interact with sites
on the RNA where anionic ligands chelate the ion
through strong Coulombic forces. In contrast to ions
described by the PB ensemble, the strong attractive
interactions involved in chelation disrupt ionic hydra-
tion. As noted above, dehydration or partial dehydra-
tion of an ion has a substantial energetic cost that must
be explicitly treated.

We consider here only the case of a single chelated
ion, although the formalism can be extended easily to
treat chelation by multiple sites. The interaction of a
single Mg ion can be described by the equilibrium
reaction'":

K,
R + Mg?" «—>R-Mg?" (23)

where R is the folded RNA without any chelated
Mg?*, R - Mg?" is the RNA with a single chelated
Mg?*, and K, is the association constant for the
reaction. We can define a “standard state” free energy
for this reaction, AG; = —RT In K,, which is the
difference in chemical potential of the bound (R -
Mg?*) and free (R and Mg”") species in a solution
containing MgCl,. For purely electrostatic interac-
tions, AGg can be calculated using the NLPB equation
as the difference in the electrostatic free energies of
the bound and free species.''>?%4" The “standard
state” free energy AGyq can be partitioned into several
terms'':

AGE = AG™ + AGyy + AGila
+ AGraa + AGRia + AGYY  (24)

AG®* is the electrostatic attraction of Mg®" to the
site (the ‘“solvent-screened” Coulombic interaction

solv

free energy); AGyy, is the dehydration free energy of
the ion upon binding; AGjoy is the dehydration free
energy of the RNA site upon binding; AGRg . is the
free energy of displacing the bound ensemble of uni-
valent salt and AGNE, is the corresponding free en-
ergy of displacing the bound ensemble of divalent salt
from around the RNA upon site-binding (energet-
ically coupling the chelated Mg?* with the surround-
ing Mg>* ensemble); and A Mg is the free energy
associated with the loss of translational entropy upon
binding. The binding free energy at an arbitrary
MgCl, concentration, ¢y, is given by the Langmuir
isotherm,

AGg = —kT In(1 + cyexp(—AGYkT))  (25)
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which accounts for the concentration dependent con-
tribution to binding at nonstandard states.

We assume here that differences in the electrostatic
solvation free energies (AG?&I’L,V, AGRY., AGRE ., and
AGNE,) and attractive electrostatic free energy
(AG®"°) are the primary determinants of chelation to
a specific site. While other contributions like van der
Waals interactions and changes in the conformational
entropy of the RNA certainly influence binding, their
energetic contribution is thought to be small com-
pared to the overall electrostatic interaction of Mg”*
with the RNA.

The Born model is a very simple formalism to
describe energetic changes associated with ionic de-
hydration upon binding.'' In this model, ions are
represented as spheres defined by their effective radii
immersed in a dielectric continuum. The Born radii
have a well-defined physical meaning related to the
size of the solvent cavity formed by the ion.*'~** The
cost of dehydration in the Born model is determined
by changes to the surrounding dielectric medium upon
binding to the RNA. The Born model is very accurate
and avoids the inherent complexity of modeling an
explicit hydration layer.*"** Using such a model, the
NLPB equation provides a physically reasonable de-
scription of chelation.''

The change in the number of bound Mg ions as-
sociated with chelation by a single site can be written
in terms of a preferential interaction coefficient,?®

I(AGY/KT)

S =
AlNgcr 9 In[MgCl,]

= (VS + AVMg + AVC](Mg))

(26)

where vg is the fractional occupancy of the chelated
Mg** at its site; while Ay, and Ay, refer to the
change in the bound fraction of magnesium and chlo-
ride ions within the surrounding ensemble upon che-
lation to a specific site at a given MgCl, concentra-
tion. An important feature of this equation is that the
anticooperative energetic coupling between the che-
lated ion and the surrounding ensemble (AGRE,) is
also manifested as a stoichiometric coupling [Avy,
and Aveygyg) -

A DESCRIPTION OF RNA FOLDING

Unfolded States (U)

As noted above, RNA folding can be described as a
hierarchical process that proceeds through intermedi-
ate states with increasing levels of secondary and
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tertiary structure organization.'~'* Under denaturing
conditions, such as high temperature or low ionic
strength, RNAs exist in an unfolded state, designated
U. Though it may have some residual structure,* the
U state is an ensemble of conformational microstates
that persist as a set of extended single stranded con-
formations.*® The energetics of the unfolded state are
dominated by the interaction of various polar groups
with the surrounding aqueous solvent, the strong elec-
trostatic repulsion among the negatively charged
phosphate groups, and the conformational entropy of
the chain. Folding must overcome these energetic
barriers.

Intermediate States (l)

Under folding conditions (e.g., lower temperature and
higher salt concentrations), the polynucleotide chain
cooperatively folds into more compact structures. The
initial stages of RNA folding lead to a compact,
disordered intermediate state, designated 1.'>~'7 Rig-
orous high resolution models have not yet been de-
veloped that can treat either an unfolded or partially
unfolded ensemble adequately. However, the I state
can be described as a family of conformational mi-
crostates characterized predominantly by elements of
double helical secondary structure, without any well-
defined tertiary contacts. In fact, for most RNA mol-
ecules, more than half of all nucleotides can be found
in standard A-form double helices.'*” These helical
regions are structurally linked by hairpin loops,
bulges, and internal loops."*’

The stability of the I state is determined by base
stacking and base pairing.'? Though secondary struc-
ture is very stable (the standard free energy of folding,
AG;,4 is —1 to —3 kcal - mol ' per nucleotide), the
formation of secondary structure is accompanied by
substantial energetic costs associated with the loss of
conformational entropy and the increase in interphos-
phate coulombic repulsions.*® Thus, as shown for the
helix—coil transition of double-stranded polynucleoti-
des, the formation of secondary structure is facilitated
by both monovalent and divalent cations that reduce
interphosphate Coulombic repulsions in solution.**~>¢

Mg?* binding to the I state must be calculated
from the average electrostatic properties of the con-
formational ensemble. As mentioned above, the aver-
age properties of a nucleotide in the I state are gov-
erned primarily by short double helical elements of
secondary structure. Based on this notion, the average
electrostatic properties for a nucleotide in the I state
ensemble can be calculated as an average over each
position of the nucleotide in a single turn of a canon-
ical A-form helix.?® Such a model equally weights the

contributions of nucleotides in the middle of the du-
plex and those at the ends of a duplex, thus qualita-
tively accounting for the heterogeneous environments
present in the I state. The Mg®" binding free energy
per nucleotide is dominated by the interaction with
negatively charged phosphate groups and does not
depend strongly on nucleotide sequence.?®

It is known that Mg " interacts with double-helical
nucleic acids as a delocalized “ion cloud” without
chelation at specific sites.>® These ions, therefore, can
be treated simply as a Boltzmann weighted ensemble
of the electrostatic potential. The partition function
for Mg”* interactions with the I state, &, is entirely
determined by this single class of ions,

& = exp(—AGL/kT) 27)

where it is presumed that the magnesium binding free
energy to the I state, AG}wg, is equal to the interaction
free energy of Mg®" ensemble with the RNA, AG},.
The interaction of the ensemble with helical nucleic
acids is determined by the charge of the ion and the
magnitude of the surrounding electrostatic potentials.
Ionic properties like size, electronegativity, and pK,
only weakly affect binding. The linkage between
Mg?* binding and secondary structure formation is
governed by the Coulombic attraction of the ions to
the higher charge density of double-helical structures
in the I state relative to the U state. The higher ionic
charge of the bound Mg?* makes them more effective
than Na™ in stabilizing secondary structures as dis-
cussed above. However, as expected, the interaction
of low concentrations of magnesium with simple sec-
ondary structures is generally quite weak at physio-
logical (0.1-0.2M) monovalent cation concentra-
tions,9-39-57:58

Mg?" interaction with the I state has been mea-
sured directly only for yeast tRNAP™, In this case, the
interaction was studied at high temperature (45-70°C)
to maintain the I state without tertiary structure for-
mation. The experimental Mg”* binding isotherms,
shown in Figures 4a and 4b, shows the characteristic
monovalent salt dependence and anticooperativity for
the interaction of the Mg®" ensemble with the RNA.
Using the structural description of the I state dis-
cussed above, the NLPB model reproduces the exper-
imentally measured stoichiometry of Mg?" binding
(Figures 4a and 4b).?® The calculations in Figure Sa
show that the Mg®" ensemble interacts with the I state
of the tRNA with a free energy, AGy,, of just more
than —4 kcal - mol ' at 0.1 mM MgCl, at 0.032M
NaCl.?® The energetics of the interaction recapitulate
the patterns discussed for polynucleotides above.
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FIGURE 4 Scatchard plots for Mg>" binding to yeast
tRNAP". The term vy, is the number of bound Mg>* per
tRNA. The data points for the I state (red) and the N state
(black) are taken from prior experimental work. The corre-
sponding lines were calculated using the finite difference
NLPB equation for the I and N states. (a) 0.01M monovalent
salt concentration, data from Ref. 57; (b) 0.032M monova-
lent salt concentration, data from Ref. 58.

Folded States (N)

As folding proceeds, the secondary structural ele-
ments of the I state assemble into a compact, native
tertiary structure. The fully folded tertiary structure,
designated N, is described by a small, well-defined
ensemble of states. The average structure of the N
state can be determined experimentally by traditional
methods like x-ray crystallography and NMR spec-
troscopy. In most structure based thermodynamic
models, it is assumed that the properties of the aver-
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age structure represent the ensemble average. Thus,
the thermodynamic properties of the N state are usu-
ally modeled directly from the average atomic reso-
lution structure gleaned from high-resolution meth-
ods. 3960

Like secondary structure, tertiary structures are
also stabilized by base stacking and base pairing in-
teractions. Standard Watson—Crick pairing is accom-
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FIGURE 5 The free energy contribution of Mg>* binding
to yeast tRNAF™ folding at 0.032M monovalent salt con-
centration. (A) Comparing the calculated value of AAG,,,
(—) to the experimental results (@) of Romer and
Hach.*® The plot includes values of AGyy, (- **) and AGy,,
(*++). (B) The change in the free energy contributions to
Mg>" binding upon RNA folding. (——) AAGyq, (-**)
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panied by a number of other interactions that optimize
van der Waals contacts, hydrophobic interactions, and
hydrogen bonding between secondary structure ele-
ments."*®! For folding to occur, the energetic advan-
tage gained by these interactions must outweigh the
disadvantage of losing conformational entropy. The
overall stability of tertiary structure varies from about
—1 to —10 kcal - mol ' depending on the identity of
the RNA and solution conditions."?

Two strong electrostatic energies tend to disrupt
the RNA tertiary structure, the desolvation energy of
partially burying charged phosphate groups within the
folded structure and the Coulombic repulsion among
phosphate groups juxtaposed by folding. However,
salts added to solution substantially attenuate these
energetic costs and stabilize the folded structure of
most RNA molecules. Though monovalent cations
can both alleviate the cost of burying phosphates®
and reduce electrostatic repulsions between phos-
phates,*~® divalent cations play an especially impor-
tant role in the electrostatic stability of most RNA
molecules. Mg”* binding, in particular, is strongly
coupled to tertiary structure formation for most RNAs
and favors the folding reaction.* Thus, while Mg*"
has little effect on the thermal denaturation of tRNA
secondary structure at physiological (0.1-0.2M)
monovalent cation concentrations, added Mg?
strongly stabilizes the tertiary structure.®*

The strong attractive interactions between Mg>"
and the N state involves both the surrounding ensem-
ble of ions as well as any ions chelated by the
RNA.'"?® The overall partition function for Mg**
interactions with the N state can, therefore, be writ-
te nl 1,28

&x = exp(—AGH/AT)[1 + cyexp(—AGYkT)]  (28)

From this equation, the overall magnesium binding
free energy to the N state, AGng, is

AGYN, = —kTln & = AGY + AGY  (29)

where AGY is the interaction free energy of the Mg ™"
ensemble and AGY is the interaction free energy of
specifically chelated ions. In the next section, we will
explore Mg?" interactions with the N state of three
different RNA systems.

Mg2+ BINDING TO THE N STATE
Transfer RNA

The N state of most RNA molecules is structurally
more complex than simple elements of double-helical

structure. As shown for the N state of yeast tRNA™
in Figure 6b, the irregular shape of the RNA surface
of these compact structures can result in pockets of
highly negative electrostatic potential where ions
within the surrounding ensemble are localized.'%3%
It is, of course, these localized ions that are energet-
ically most interesting. However, as noted previously,
the energetic properties of individual ions near the
RNA are tightly coupled to those of other surrounding
ions and cannot be determined without accounting for
the interactions among all the ions.

Our current understanding of ionic interactions
with folded RNA molecules, in both thermodynamic
and structural terms, is largely based on classical
studies of tRNA.% The importance of cations in the
folding of yeast tRNAs was evident nearly 30 years
ago when it was shown that Mg?* could restore the
amino acid acceptor activity of denatured tRNA.%’
Soon afterward it was shown that a number of univa-
lent and divalent cations could effectively renature
tRNA.® Systematic thermal melting profiles under a
variety of ionic conditions characterized the influence
of both univalent and divalent salts on tRNA confor-
mational equilibria.8 In these studies, Mg2+ was
shown to strongly stabilize the native tertiary structure
of tRNA.

The interaction of Mg?" with several tRNA mol-
ecules has been studied under solution conditions that
uncouple binding from structural transitions in the
RNA 786972 Eor example, the interaction of Mg”*
with the N state of yeast tRNA"™ has been studied at
low temperature and moderate univalent salt concen-
trations to uncouple binding from the RNA fold-
ing.3"3871.72 Qych studies are absolutely required to
study ion binding independently of the confounding
energetic effects of RNA folding.?®°® Unfortunately,
most studies of Mg®" binding to RNA do not uncou-
ple ion binding from RNA folding.**®

The experimental Mg®" binding isotherms for the
N state of yeast tRNAP" *'% are qualitatively similar
to those of linear polynucleotides and I state discussed
above. The Scatchard plots in Figures 4a and 4b show
the characteristic monovalent salt dependence and
anticooperatively of Mg®" binding. Comparing the
experimental data to the calculated curves in these
plots shows that Mg®" binding to yeast tRNAP™ are
well described as an ensemble of ions distributed
according to a Boltzmann weighted averages of the
mean electrostatic potential around the RNA, without
invoking any specifically chelated ions.'”

The energetic features of Mg>" interactions with
the N state of tRNA are also qualitatively similar to
the energetic features of Mg>" interactions with linear
polynucleotides.'® That is to say, the interaction is
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Surface Potentinl

FIGURE 6 (A) The electrostatic surface potential of on one face of yeast tRNA®" calculated at
c%, = 0.01M and c'ﬁ,[g = 0.02M (corresponding to the crystallization conditions of the monoclinic
form). The crystallographically observed Mg>* in the monoclinic form®* are shown as green
spheres. Their correspondence to regions of highly negative electrostatic potentials (red) is seen. The
surface potential scale is in units of kT/e. (B) the 3.0M three-dimensional Mg>* isoconcentration
contour around yeast tRNAF™ shown in green. The surrounding ensemble of Mg®* accumulates in
surface cavities with high negative surface charge densities. The figure was rendered using

GRASP.%5

driven by the favorable Coulombic attraction of the
ions with the RNA [AGy., in Eq. (6)] and the favor-
able entropic free energy of Na™ release (AGONrag). At
0.1 mM MgCl,, Mg>" binds to the N state with a free
energy of about —10 kcal/mol 0.032M monovalent
salt concentration (Figure 5a). This binding free en-
ergy arises entirely from the interaction of the sur-
rounding Mg®" ensemble with the RNA.

The NLPB model suggests a relationship between
the ensemble of ions surrounding the RNA in solution
and ions observed in crystallographic and NMR struc-
tures of the N state.'®!' According to the NLPB
model, the extent to which Mg ions are localized to
any particular region of the RNA depends on the local
surface charge density of the nucleic acid. Even in
relatively featureless linear polynucleotides, like
poly(A - U) or DNA, many of the bound Mg ions
within the surrounding ensemble accumulate in the
major and minor grooves, and are confined to a rela-
tively small volume near the nucleic acid.”® Yet the
energetics of these ions are best described as a part of
a thermally fluctuating ensemble that interacts with
the strong anionic field around the nucleic acid via
long-range Coulombic interactions alone.

For yeast tRNA"™ the bound Mg®" can also be
described in this way. The irregular shape of the

molecular surface of tRNA results in the localized
accumulation of Mg ions in pockets of very high
negative electrostatic potential (Figure 6b). As shown
in Figure 6a, the experimentally observed ions are
also found in these potential wells.'® Thus, the NLPB
model suggest that the ions observed in the x-ray
crystallographic structures of the tRNA are highly
localized ions that are part of the surrounding ensem-
ble. These Mg ions are are seen in high potential
regions simply because they have a high probability
of being found there. We note, however, that these
localized ions must exchange with bulk solution such
that any perturbations to their hydration layer at a
particular location is energetically insignificant in
terms of the ensemble; on average, the chemical po-
tential of these ions is characterized by the bulk aque-
ous state. The correlation between crystallographi-
cally observed Mg”* and the electrostatic potential
have been presented for several other RNAs, includ-
ing the P4-P6 domain of the Tetrahymena group I
intron, the loop E fragment of the 5S RNA, and the
hammerhead ribozyme.*0574

RNA Hairpins from the Group | Intron

The P5 helix’* and the P5b stem loop”® from the
P4-P6 domain of the Tetrahymena thermophila
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Surface Potentinl

FIGURE 7 (A) The electrostatic potential mapped onto the solvent accessible surface of the P5
helix”® calculated at 0.1M univalent salt concentration and 0.001M bulk magnesium concentration.
The experimentally observed metal ion is shown as a green sphere in a pocket of highly negative
potential (red). (B) The 4.5M three-dimensional isoconcentration contour of Mg?™* around the RNA
is shown in green. The correspondence of the high concentration region of the surrounding ensemble
to the observed ion is seen. The surface potential scale is in units of k7/e. The figure was rendered

using the program GRASP.®

group I intron provide models for the interaction of
magnesium with simple folded RNA motifs. Mg?"
binding to these simple RNA hairpins was initially
characterized using proton NMR spectroscopy of co-
balt (IIT) hexamine as an analogue of solvated mag-
nesium.”*’> These studies were able to localize a
metal ion in a region of highly negative electrostatic
potential in the major groove of each of these hairpins
(Figure 7a). It was postulated that a single Mg>* was
chelated at this location and was important for RNA
stability.”*”> The NLPB model has been used to ex-
plore the energetics of Mg?* binding to the presumed
binding site in the context of the overall Mg*" in-
duced stabilization of the RNA."!

For the P5 helix and the P5b stem loop, Mg ™ is
strongly attracted to the RNA grooves, as expected.
The electrostatic potential at the observed site in the
major groove is between about —6 to —7 kT/e. These
values are typical of those found in the grooves of
double helical nucleic acids.'®®37%7" This negative
potential provides a strong driving force for the che-
lation of Mg?" by the RNA, as reflected by the large
coulombic attraction free energy, AAG®*°. However,
this attractive free energy is counterbalanced by the

large cost of dehydrating the Mg** (AAGij’IlgV) and the
RNA site (AAGRuA, AAGRY ).

For both hairpins, the enormous cost of dehydrat-
ing the Mg>™" itself outweighs the attractive free en-
ergy. For these hairpins, it is important to realize that
the localized ions have a completely intact inner hy-
dration layer. The term AAGf\ﬁlg" arises primarily from
the displacement of water molecules in outer hydra-
tion shells. Perturbing these outer shell waters costs
more than 35 kcal + mol~'. This large free energy
change is consistent with experimental findings show-
ing that removal of even a single one of these water
molecules can cost up to 10 kcal - mol ~'.*? For the P5
helix and the P5b stem loop, the accompanying cost
of dehydrating the partially charged groups in the
RNA binding site (AAGyn,) is relatively small, but
significant.

The formation of the chelated Mg?*—-RNA com-
plex is also strongly opposed by the displacement of
sodium from around the nucleic acid (AAGRg 4. This
effect, generally seen in the interaction of charged
ligands with nucleic acids, is due to the repulsion and
displacement of monovalent ion ensemble by the che-
lated Mg>* 23364078 Tt is a “desolvation penalty”



arising from the loss of favorable electrostatic inter-
actions between the univalent ion and the RNA.?* The
NLPB equation provides a very accurate estimate of
this term.”® In most cases, the free energy of chelation
will depend critically on AAGR . For example, for
the P5b stem loop, the magnitude of AAGRY, is
substantially larger than AAG®'* at 0.1M bulk sodium
concentration. The analogous contribution arising
from the displacement of ions within bound Mg**
ensemble, AAGNE,, couples the interaction of the
chelated ion to the Mg?" ensemble. At the high
monovalent ion concentrations used in many experi-
ments, AAGNE, is relatively small (Table I).

Chelation is also opposed by the loss of transla-
tional entropy of the Mg>™, AAGy®. This term,
which is estimated to be about 1 to 3 kcal/mol,”® has
a small but potentially important contribution to bind-
ing. Changes in the conformational entropy of the
RNA due to Mg®" binding are extremely difficult to
estimate,®® but are likely to weakly oppose binding.

For the PS5 helix and the P5b stem loop, the overall
free energy change, AGyg, strongly opposes chelation
of Mg®" in the major groove. This is because the
favorable electrostatic interaction between the Mg”*
and the RNA (AAG®°) cannot overcome the large
cost of desolvating the ion and the nucleic acid (i.e.,
AAG‘f\j’[]gV and AAGRR ). In contrast, the surrounding
ensemble of Mg ions strongly stabilizes the folded
hairpins at physiological Mg”* concentrations. At 1
mM MgCl, concentration and 0.1M NaCl concentra-
tion, the calculated value of AGp is —1.6 kcal -
mol """ The experimentally observed Mg>* associ-
ation constants for each hairpin are at least 1-1.5
X 10°M~'7* and are therefore, readily explained by
AGyp, alone.

As discussed for tRNA, the ensemble of magne-
sium 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 molec-
ular surface. Three dimensional isoconcentration con-
tours showing the regions of highest Mg®" accumu-
lation are shown in Figure 7b. The isoconcentration
contour represents the time averaged spatial distribu-
tion of Mg®" around the RNA. Comparing Figures 7a
and 7b, the region of ionic accumulation corresponds
to the experimentally observed metal ion, similar to
what has been found for yeast tRNAFP 10

A 23S rRNA Fragment

A 58-nucleotide fragment (nucleotides 1051-1108)
derived from the E. coli large subunit rRNA folds into
an extraordinarily compact tertiary structure.®' Inter-
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estingly, a four-nucleotide segment of backbone (res-
idues 1070-1073) is completely buried within the
“core” of the RNA. As a result, folding must over-
come the energetic cost of burying these charged
phosphate groups, as well as the Coulombic repulsion
among the closely packed charges in the N state. Not
surprisingly, thermal denaturation experiments show
that this RNA fragment requires both monovalent and
divalent ions to fold.>'?#283 Analyses of the experi-
mental data suggest that the N state of the rRNA
fragment is stabilized by one selectively bound Mg "
and another much less selective class of Mg ions at
1.6M monovalent salt concentration.®

At least ten Mg ions can be seen in the refined
crystallographic structure of the RNA shown in Fig-
ure 8a.%? Again, all of these metal ions are found in
regions of highly negative electrostatic potential. Like
the RNA hairpins described above, most of these ions
lie in the grooves of the RNA where the electrostatic
potential is between about —2 to —9 kT/e (Figure
8b).%% The energetics of Mg?™" binding to these sites is
found to be qualitatively quite similar to that observed
for the hairpin structures. That is to say, AAG®
cannot overcome the large cost associated with
AAG‘f\j’[]gV and AAGR%.. As a result, chelation of
Mg?* at these specific locations is negligible. The
sites where these metal ions are observed correspond
to electronegative pockets where there is a high prob-
ability of finding an individual ion in the bound Mg*"
ensemble due to their high local concentrations (Fig-
ure 8c).®? The energetics of these ions are best de-
scribed as an ensemble governed by the electrostatic
potential around the RNA.

However, the electrostatic potentials at two sites
are an order of magnitude larger than at other loca-
tions. As shown in Figures 8a and 8b, one of these
ions is near the anionic phosphate oxygen of A1073
and the O4 position of U1094 (this ion is designated
167) while the other is chelated by the anionic phos-
phate oxygens of A1070 and C1072 (this ion is des-
ignated 163). These two sites are located within an
interhelical cleft where the sugar—phosphate backbone
is buried within the RNA. In this region, the electro-
static field is focused to form two deep electronega-
tive pockets where the Mg ions are found (Figure 8b).
For each of these ions, the Coulombic attraction to the
site provides a strong driving force for binding as
reflected by AAG®'*°. However, at site 163, the large
cost of displacing both inner and outer layer waters
from around the deeply buried Mg** (AAGiZL,V) to-
gether with the repulsion of the monovalent ion at-
mosphere, AAGRg, outweigh AAG®® to oppose
binding at the site. In contrast, the ion at site 167 is
able to exploit the large electrostatic potential in the
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FIGURE 8 (A) An overview of the metal ion positions in the refined crystal structure of the
58-nucleotide rRNA fragment. The observed magnesium ions are shown as green spheres; a bound
potassium ion is magenta. (B) The electrostatic potential mapped onto the solvent-accessible surface
of the RNA calculated at 0.15M univalent salt concentration and 0.001M bulk magnesium concen-
tration. The surface potential scale is in units of k7/e. The two high potential regions corresponding
to Mg 163 and 167 are seen in the upper panel. (C) The 4.5M three-dimensional isoconcentration
contour of Mg?* around the RNA is shown in green. The correspondence of the crystallographically
observed magnesium ions to high potential regions where the surrounding ensemble accumulates
with high concentrations is again apparent. The figures were rendered using the program GRASP.%°

cleft by remaining more solvent exposed thereby re-
ducing AAGiﬁl’lgV, a strategy that has been noted for
other nucleic acid binding ligands.”® Thus, of the
many Mg ions observed around the RNA, only the
one at position 167 has a favorable free energy asso-
ciated with chelation, AGyg.

Surprisingly, the calculations show that the sur-
rounding ensemble of Mg ions also remain associated
with the N state of the rRNA fragment, even at 1.6M
univalent salt concentration.'' This finding is qualita-
tively consistent with the two classes of binding sites
that are suggested by the experimental Mg>" binding
isotherms.®” The interaction free energy of the Mg”*
ensemble (AGp) and the chelated Mg®" (AGy) are
compared in Figure 9a. At 1 mM bulk Mg>* concen-
tration, the chelated ion at position 167 binds to the
RNA with a free energy of —0.8 kcal - mol ' while

the surrounding ensemble of Mg ions binds with a
free energy of about —0.3 kcal + mol ', As the Mg?™"
concentration is increased, AG, quickly becomes the
larger contributor to RNA stability.

THE LINKAGE BETWEEN Mg>*
BINDING AND RNA FOLDING

The linkage between tertiary structure folding and
magnesium ion binding is shown schematically by the
thermodynamic cycle in Figure 1. As stated at the
outset, to understand why RNA folding in the pres-
ence of Mg”* is more favorable than in its absence,
we must understand why Mg?* binding to the N state
is so much more favorable than to the I state. That is
to say, in Figure 1, in order to understand why AG}N'®
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FIGURE 9 The free energy contribution of Mg>* binding
to folding of the 58-nucleotide TRNA fragment at 1.6M
monovalent salt concentration. (A) The free energy contri-
butions of Mg>* binding to the N and I states. The plot
includes the following: AGY,,; the total Mg>" binding free
energy to the N state; AGY, the free energy of Mg®"
chelation to the N state; AGY, the interaction free energy of
the Mg2+ ensemble with the N state; AG}), the interaction
free energy of the Mg?* ensemble with the I state. Note
AGY, equals AG\y,. (B) Comparing the calculated value of
AAG,, to the experimental results®* (@). The plot includes
the free energy of Mg>* chelation, AGY, and the change in
the interaction free energy of the Mg®" ensemble upon
folding, AAGp.

< AG}, we must explain why AGYy, < AG)y,. In this
section, we explore this linkage for two systems: yeast
tRNAP™, in which Mg®" behaves strictly as an en-
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semble to stabilize the RNA; and the 58-nucleotide
fragment derived from the E. coli large subunit rRNA,
in which Mg2+ acts, in part, as an ensemble, but also
by chelation to a specific site to stabilize the RNA.

Transfer RNA

As we have described above, the experimentally ob-
served Mg® " binding isotherms for the I and N states
of yeast tRNAP"™ (Figures 5a and 5b) are simply
explained by an ensemble of ions that are distributed
according to a Boltzmann weighted average of the
mean electrostatic potential around the RNA. More-
over, as shown in Figure 5a, the calculated Mg**
binding free energy to the N state, AGRy,, is much
more favorable than the corresponding Mg” " binding
free energy for the I state, AG{\/Ig.28 The difference
between these two curves is the contribution of Mg**
binding to the RNA folding free energy, AAGy,.
Comparing the calculated®® and experimental®® values
of AAG),, the NLPB equation provides an accurate
description of the measured thermodynamic linkage
between Mg?* binding and yeast tRNAP™ folding
(Figure 5a). Thus, we can use the NLPB model to
present a meaningful picture of how the surrounding
Mg?* ensemble promotes tRNA folding.

We have presented RNA folding as a hierarchical
process proceeding from elements of extended sec-
ondary structure in the I state to more compact do-
mains of tertiary structure in the N state. The sur-
rounding ensemble of Mg ions interact with second-
ary structure through long-range electrostatic inter-
actions with the backbone phosphate groups. Thus,
0.1 mM MgCl, added to 0.032M NaCl stabilizes the I
state by —4.2 kcal - mol ™! at 25°C (Figure 5a). As the
RNA folds, the Mg ™" strongly interacts with elements
of compact tertiary structure by accumulating in sur-
face cavities that have a high negative electrostatic
potential. These localized Mg ions ameliorate the
unfavorable electrostatic free energy by reducing the
local electrostatic potentials and displacing Na™* into
bulk solution. Thus, for yeast tRNAFPhe, adding 0.1
mM MgCl, to 0.032M NaCl stabilizes the N state by
—10.1 kecal - mol™! at 25°C (Figure 5a). Conse-
quently, 0.1 mM MgCl, added to solution favors the
tertiary folding transition of yeast tRNA"™ by nearly
—6 kcal - mol ' under these solution conditions (Fig-
ure S5a). It must be emphasized again that, in the
NLPB model, the preferential interaction of Mg”*
with tRNA tertiary structure is fully described as an
ensemble of ions governed by the electrostatic poten-
tials.

A more detailed energetic analysis suggests how
the surrounding Mg?" ensemble promotes tRNA fold-
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ing. As described in Eq. (17), the change in the
magnesium binding free energy upon tRNA folding,
AAG),, can be partitioned into three contributions
arising from the interaction of the ensemble with the
RNA: AAGg.p, the change in the electrostatic stress
of the system upon folding; AAGE%’, the entropic free
energy of reorganizing the bound MgCl, ensemble
upon folding; and AAGE&,, the entropic free energy of
reorganizing the bound NaCl ensemble upon folding.
The surrounding ensemble of ions preferentially in-
teracts with the N state to alleviate the enormous
electrostatic stress arising from the closely packed
phosphate groups. As shown in Figure 5b, NLPB
calculations show that at 0.032M NaCl concentration,
the electrostatic stress of folding is largely compen-
sated by monovalent ions so that the addition of more
than 0.1 mM MgCl, causes very little change in
AAGg.p. In other words, at these concentrations, Na ™
and Mg”* are equally effective in reducing the elec-
trostatic stress of the system. However, the associa-
tion of each additional Mg?* within the ensemble
results in the stoichiometric “release” of 1.9 Na ions
upon folding.?® Consequently, as shown in Figure 5b,
the folding reaction in the presence of Mg is greatly
favored by the entropic free energy of “releasing”
these Na ions (AAGY*) compared to entropic cost of

organizing the ensemtg)le of bound Mg** (AAGE/IE).
That is, the effect of the surrounding Mg>* ensemble
of RNA folding is almost entirely determined by a
purely entropic phenomenon arising from the higher
charge on each Mg?" compared to corresponding
Na™ particles. A very similar phenomenon has been
described previously in the context of counterion con-
densation theory.55 However, in NLPB theory, coun-
terion “release” is an electrostatic phenomenon aris-
ing from the global redistribution of ions.>?**°

The 23S rRNA Fragment

As discussed above, two distinct types of bound
Mg?* interact with N state of the 58 nucleotide frag-
ment of the E. coli large subunit rRNA, a single
chelated ion along with the surrounding ensemble of
ions. Thus, the folding reaction is linked to both of
these types of Mg?" binding. Like tRNA, the rRNA
fragment folds into a compact tertiary structure with
regions of very high negative potential that preferen-
tially interact with the surrounding ensemble of ions.
In addition, folding creates a specific site that chelates
Mg?* and additionally stabilizes the tertiary structure.
The contribution of Mg>" binding to the RNA folding
free energy, AAG,,,, calculated using the NLPB
equation®® closely approximates the experimental
data® at 1.6M monovalent salt concentration (Figure

9b). In these calculations, AAG,,, is calculated as the
sum of contributions from the interaction of the sur-
rounding ensemble with the RNA, AAGp, and the
chelation of Mg>" to specific sites, AGY. These two
terms are also plotted in the Figure 9b.

It is very important to realize that ion binding is an
electrostatic exchange reaction governed by the re-
quirement for electroneutrality of the system. Ion
binding is not simply determined by mass action.
Under different ionic conditions, the free energy of
the system is optimized by different stoichiometries of
monovalent ions bound as an ensemble, monovalent
ions chelated by specific sites, divalent ions bound as
an ensemble, and divalent ions chelated by specific
sites. However, the net charge of the system (RNA
and salts) must always be zero. Thus, at low Mg”*
concentrations, AGY makes a larger magnesium-de-
pendent contribution to RNA folding than AAG,
because of the strong coulombic attraction between
Mg?* and its site (Figure 9b). However, chelation to
a specific site necessarily displaces or “releases” ions
from within the bound ensembles of monovalent and
divalent ions around the nucleic acid (reflected by
AAGYS and AAGY®). At higher Mg®™ concentrations
AAG, predominates (Figure 9b) because of the very
favorable electrostatic free energy of “releasing” ions
within the tightly bound ensemble of monovalent ions
upon folding. However, the interaction of the Mg”*
ensemble is also anticooperatively coupled to chela-
tion (given by AAGNE,) and influences the occu-
pancy of the site.”® Understanding the electrostatic
interplay among these different classes of ions is
crucial to understanding the linkage between ion bind-
ing and RNA folding. We have shown here that the
NLPB model is a simple way to describe this linkage
in accordance with the available experimental data.

CONCLUSIONS

We have presented a theoretical model for under-
standing how Mg?"* binding is coupled to RNA fold-
ing. This model, based on the NLPB equation, de-
scribes how Mg”* binds and stabilizes specific RNA
structures. In this model, most of the ions surrounding
an RNA behave as a thermally fluctuating ensemble
distributed according to a Boltzmann weighted aver-
ages of the mean electrostatic potential around the
RNA. However, in some cases, individual Mg ions
may shed some of their surrounding waters to opti-
mize their Coulombic interactions with the RNA. The
large free energies associated with these processes are
not adequately described by the simple ensemble de-
scription, so that these chelated ions must be explic-



itly treated. The NLPB model provides a quantitative
physical description of these processes.

The surrounding ensemble of Mg®" weakly stabi-
lizes secondary structure through long-range electro-
static interactions with the backbone phosphate
groups. These ions promote tertiary structure folding
by strongly interacting with regions of high negative
electrostatic potential created by tertiary structure for-
mation. In contrast, chelation of Mg®" by a folded
RNA is relatively uncommon because of the large
desolvation penalties. However, in special cases, like
the 58-nucleotide rRNA fragment, chelation of Mg**
in pockets on the RNA surface with extraordinarily
high electrostatic potential provides an important, fa-
vorable driving force for the folding reaction. Impor-
tantly, the NLPB model provides a quantitative
method to describe the electrostatic interplay among
these different classes of ions that affect RNA folding.

This work was supported by Howard Hughes Medical In-
stitute Physician Postdoctoral Fellowship to VKM and by
NIH grant GM58545.
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