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RNA Folding: Thermodynamic and Molecular Descriptions of the Roles
of lons

David E. Draper
Department of Chemistry, The Johns Hopkins University, Baltimore, Maryland 21218

ABSTRACT The stability of a compact RNA tertiary structure is exquisitely sensitive to the concentrations and types of ions that
are present. This review discusses the progress that has been made in developing a quantitative understanding of the thermo-
dynamic parameters and molecular detail that underlie this sensitivity, including the nature of the ion atmosphere, the occur-
rence of specific ion binding sites, and the importance of the ensemble of partially unfolded states from which folding to the

native structure occurs.

INTRODUCTION

For ~20 years, the familiar *‘L’’ shape of transfer RNA was
the only example of an RNA tertiary structure resolved at
atomic resolution. Starting with the publication of the
structure of a 160 nt domain of a self-splicing RNA a decade
ago (1), many more surprisingly intricate and compact RNA
structures, responsible for a variety of cellular functions, have
been elucidated. An obvious energetic barrier to the forma-
tion of these structures is the high negative charge density
that originates from the full negative charge of each backbone
phosphate. Mobile ions would be expected to mitigate this
electrostatic penalty, and in fact the sensitivity of RNA
folding reactions to added salts was already apparent in early
studies of tRNAs (2,3). The response of RNAs to ions is
relevant to the assembly of some cellular machinery, such
as ribosomes and spliceosomes, and also to the functional
capabilities of many RNAs. Prime examples of the latter are
so-called riboswitch RNAs, which adopt alternative folds in
response to the concentrations of specific cellular metabolites
(4). To understand how RNAs function in vivo, a quantitative
understanding of the ways the ionic milieu of the cell may
stabilize RNA structures is needed.

A useful framework for the equilibrium folding of RNA is
the scheme

U—I—N.

Under fully denaturing conditions, the RNA lacks any
hydrogen bonds between bases (the unfolded U state), but
secondary structures readily form in low concentrations of
monovalent cations (an intermediate, or / state). The native
(N state) functional conformation of many RNAs requires
additional tertiary contacts, which are often stable only in the
presence of divalent cations or a specific binding protein or
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ligand. This review focuses on the effects of ions onthe / — N
transition.

lon environments in and near RNA molecules

RNAs function in the intracellular ionic milieu, in which K*
and Mg " are the predominant cations. The thermodynamic
activity of K™ in Escherichia coli growing in standard media
is estimated as ~0.11 M (5), equivalent to the mean ionic
activity of an ~0.15 M KCI solution; more than fivefold
higher activities can be reached in high osmolality media.
The in vivo Mg®" activity is roughly equivalent to that of
a solution containing 0.5-1.0 mM Mg*" and 0.15 M mono-
valent salt (6,7). Organic cations (such as spermidine or
putrescine) are also present, though their effective concen-
trations have not been estimated and little work has been
done on their effects on RNA folding.

In an instantaneous snapshot of an RNA in a cell, ions
would be observed in a variety of environments at different
distances from the RNA. At one extreme are chelated cations,
in which direct contacts with the RNA have displaced some
of the first hydration layer of the ion. Chelated K™ and Mg "
are both found in RNA crystal structures; in one instance,
these two ions are buried side-by-side within a ribosomal
RNA fragment (Fig. 1 A). Only a small fraction of the total
RNA charge is ever neutralized by chelated cations. Only
~60 chelated Mg " have been identified among the ~3000
nucleotides of the large subunit ribosome (8), and most high-
resolution RNA crystal structures do not show any chelated
ions at all. At the other extreme, ‘‘diffuse’’ ions remain
largely hydrated and only interact with the electrostatic po-
tential that extends many dngstroms from the RNA surface.
Fig. 1 B illustrates the intensity of the RNA electrostatic
potential (red shading) and the corresponding concentration
gradient of diffuse cations (contour lines) around an RNA,
the so-called ‘‘ion atmosphere’’. Between the extremes of
diffuse and chelated ions, ions may interact with the RNA
surface indirectly via hydrogen-bonding between the first ion
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hydration layer and RNA acceptors. Lastly, anions are de-
pleted near the RNA because of electrostatic repulsion.

A comprehensive analysis of ion-RNA energetics is ex-
ceedingly difficult, because of the variety of possible ion
environments and the different interaction energies that
dominate in each environment. Coulombic and hydration
energies are usually the largest, but ion polarization and other
factors may be important in some contexts (9). In addition,
it is not possible to break down the problem into classes
of independently behaving classes of ions; the long-range
nature of coulombic forces creates strong thermodynamic
linkage between all ions interacting with an RNA (10).
However, theoretical developments and quantitative experi-
ments over the last decade have succeeded in clarifying some
aspects of the problem. The following sections first present a
purely thermodynamic formalism for describing mono- and
divalent ion-RNA interactions, and then move to a molecular
interpretation of these interactions and remarks on the com-
putational and experimental challenges that remain.

Energetics of monovalent ion-RNA interactions

A purely thermodynamic description of the interactions be-
tween ions and a polynucleotide begins with the so-called
interaction coefficients, defined for monovalent cations as

F+E<8m+> z<m+mbulk> : (1)
8mpN i nipN "o

where m and mpy are the molalities of the monovalent
cation and polynucleotide, respectively. I'; can be measured
in an equilibrium dialysis experiment by comparing the
cation concentration present in solution with the RNA (m.)
with the “‘bulk’’ concentration present on the other side of the
dialysis membrane (m,,)- I'+ thus represents the “‘excess’
number of cations accumulated by an RNA due to all
interactions, including chelation and the concentration gra-
dient of diffuse ions (Fig. 1, A and B). The chemical potential
of the cations, @, must be the same on both sides of the
membrane at equilibrium; thus the higher concentration of
the cations in the RNA solution requires their activity
coefficient to be less than that of the bulk ions (see Egs. 15
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FIGURE 1 Ions in and near RNAs. (A) Chelated ions in
an tRNA fragment (PDB file 1hc8 (30)). K" (violer) and
Mg?* (light green) ions are shown as translucent spheres
sized according to their Pauling ionic radii (1.33 and
0.65 A, respectively). Nucleotides having atoms within
5.0 A of either ion are drawn; only the backbone is shown
for the remainder of the RNA. (B) Calculated electrostatic
potential around a cross section of an RNA hairpin; the
darkest red shading corresponds to —3 kT/e and white is
zero potential. Contour lines illustrate the cation gradient,
corresponding to concentrations of 0.2, 0.4, 0.8, and 1.6 M.
The bulk salt concentration at zero potential is 0.1 M
(adapted from Garcia-Garcia and Draper (26)).

and 16 of Record et al. (11)). The decreased activity is related
to the favorable free energy of cation-RNA interaction. An
analogous quantity, I'_, measures the anion deficit (m_ —
Myyk 18 negative) in dialysis equilibrium with the polynucle-
otide; anion activity coefficients increase in the presence of
RNA because of unfavorable interactions. I'y and |I'_| also
represent the number of polynucleotide phosphate charges
that are neutralized by the excess of cations or by the
deficiency of anions, respectively, and together must add to
the total negative charge of the RNA.

Strauss et al. (12) used equilibrium dialysis to measure
I"_ for double helical DNA over a wide range of salt con-
centrations, and similar measurements have been extended
recently to DNA oligomers (13). In both cases, I'; is much
larger than |I"_| at low to moderate salt concentrations. This
preference for neutralizing the DNA charge by cation excess
is the hallmark of the ‘polyelectrolyte effect’” (14). It is at-
tributable to the very negative electrostatic potential of a high
charge density polynucleotide; accumulation of a high con-
centration of nearby cations much more effectively reduces
the electrostatic free energy than does exclusion of anions,
which (at lower salt concentrations) are relatively dilute
compared to the local concentration of phosphates. An im-
portant principle is that ', increases (and I'_ becomes less
negative) with increasing charge density of a polynucleotide.
Thus both I' . and T"_ increase in the transition from single-
stranded to helical DNA, and by LeChatelier’s principle,
added salt stabilizes the higher charge density helical form
(15).

The polyelectrolyte effect also applies to irregular RNA
structures. RNAs generally become more compact and de-
velop higher charge density in the series U — [ — N; added
monovalent salt thus favor the native form. But the sensitivity
of RNA tertiary structures to salt differs in two important
ways from the response of helical DNA. First, calculations
(10,16,17) and experiment (18) suggest that RNA tertiary
structures may develop much more negative electrostatic
potentials than a DNA helix. The more negative electrostatic
potential increases the concentration of diffuse cations close
to the RNA surface, where ion properties besides charge
(e.g., radius, hydration energy) may become consequential.
Second, monovalent ions may be chelated by irregular RNA
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structures (Fig. 1 A). Both of these factors may make the
stability of an RNA tertiary structure sensitive to the size of
the monovalent cation that is present (19,20), in contrast to
the weak discrimination shown by DNA helices in their in-
teractions with different group I ions (13,19).

Energetics of divalent cation-RNA interactions

A striking feature of RNA sensitivity to ions is the very large
stabilizing influence of Mg>* on RNA tertiary structure, even
in the presence of more than a 100-fold excess of monovalent
cations (3). Much of the older RNA folding literature dis-
cussed this phenomenon in terms of a simplified model
originally derived in reference to cooperative binding of
uncharged ligands to fixed sites on proteins (21). This ap-
proach did not take into account the high charge densities and
long-range electrostatic interactions that heavily influence
ion-RNA interactions. Because of these deficiencies, this
early model presupposed an essential role for a small number
of Mg*" ions binding at chelated sites in the native structure,
and implicitly assuming that the interactions of diffuse ions
with both the partially unfolded 7 state and the N state are
insignificant.

An alternative approach for evaluating Mg?"-RNA inter-
actions is the formalism described in the preceding section
(Eqg. 1), which is easily extended to include an interaction
coefficient for the excess Mg2+ ion, I'5,, in addition to the
terms for monovalent ions, I' ;. and I'_ (22). Analogous to the
case of monovalent cations, the total free energy of all Mg>*-
RNA interactions is reflected by a decrease in the Mg>" ac-
tivity coefficient in the presence of RNA and by a positive
value of I';;. Using this formalism to analyze appropriate
titration experiments, the overall free energy of Mg?*-RNA
interactions can be measured without any prior assumptions
about the types of environments occupied by the ions (23).
(Note that I'54 can only be measured in the presence of an
excess of monovalent salt large enough to insure that neither
the total CI™ concentration nor the Mg”" activity coefficient
change significantly during a titration with MgCl,.)
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'+ has been measured for a pseudoknot RNA in its native
tertiary fold (N state) and for a sequence variant trapped in a
partially unfolded form that mimics the / state of the same
RNA (Fig. 2 A, upper panel) (24). (Instead of measuring "5
by equilibrium dialysis, a fluorescent dye monitored Mg>*
activity in the presence of RNA (23).) Integration under these
titration curves gives the overall free energies of Mg " in-
teractions, AGy_, and AGy_»+ (Fig. 2 A, lower panel). It is
clear that Mg?" interactions with the I state cannot be ig-
nored: on folding to the N state, there is only a small incre-
ment in either the number of excess Mg>" ions or their
overall free energy of interaction with the RNA.

The pseudoknot RNA readily folds into its native structure
in the presence of moderate concentrations of monovalent
ions alone. In contrast, even molar concentrations of KCl do
not induce folding of a 58mer rRNA fragment in the absence
of Mngr (18). An I state mimic of this RNA interacts with
Mg** much more strongly than does helical DNA (Fig. 2 B),
presumably because the three-helix junction present in the /
state has a higher charge density than a regular helix. When
the native sequence of this RNA is titrated with Mg2+, the
transition to the folded state coincides with an inflection in
the I',4+ curve (Fig. 2 B, arrow). Because of the folding
transition taking place, AGy_,+ cannot be determined by
integration of these titration data, but rough estimation of
AGn_>+ by other means suggests that it is ~6-fold more
negative than AGi_,4 (23). The two RNAs shown in Fig. 2
thus present interesting extremes in the degree to which an
I — N folding transition enhances RNA interactions with
MgH. The challenge, of course, is to understand these be-
haviors at a detailed molecular level.

Molecular interpretations of cation-RNA
interaction energetics

Theoretical descriptions of the ion atmosphere
Thermodynamic descriptions of ion-RNA interactions, as

embodied in interaction coefficients and free energies, do not
show the spatial distribution of ions near an RNA or inform

FIGURE 2 Mg”" interactions with two RNAs.
Diagrams of the RNA secondary (black bars) and

0,

tertiary (gray bars) base-base hydrogen bonding
are shown as insets. (A) AGrna_2+ (lower panel)
and I'» (upper panel) measured for a folded
pseudoknot (N, dark symbols) and a mutant se-
quence unable to fold (I, gray symbols), in the
presence of 54 mM K™ (24). (B) I',. measured for
a 58 nucleotide rRNA fragment (wt, black solid
circles) and for a mutant RNA unable to fold
tertiary structure (I, gray solid circles). The mid-
point of the RNA folding transition to its native
structure occurs at 0.1 mM Mngr (arrow) under the
conditions used in these measurements (60 mM
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Biophysical Journal 95(12) 5489-5495



5492

as to the kinds of environments occupied by the ions. Mo-
lecular interpretations of the measurements must rely on
theoretical models that attempt to quantitatively account for
I'ion and the corresponding interaction free energies. The
most widely used models have been based on Poisson-
Boltzmann (PB) theories, which consider cation accumulation
and anion depletion as Boltzmann-weighted distributions of
ions according to the mean electrostatic potential of the RNA.
Among the simplifications made in PB theories, neither water
molecules nor ions are discrete and no provision is made for
ion hydration energies to vary with ion position relative to the
RNA. PB-based models are therefore expected to perform
best when the free energy of ion-RNA interaction is dom-
inated by diffuse ions, and may become problematic as higher
concentrations of ions accumulate close to the RNA surface.
With regard to monovalent ions, a cylindrical PB model suc-
cessfully accounts for the salt dependences of duplex and
triplex RNA and DNA unfolding transitions (15); the non-
linear PB equation (NLPBe) provides a good description of
the distribution of ions around a DNA as detected in x-ray
scattering experiments (25) and quantitatively describes the
influence of the monovalent ion atmosphere on the binding of
basic peptides to an RNA hairpin (26). PB-based theories
have recently been modified to take explicit account of ion
size, by introduction of a term for ion excluded volume into
NLPBe (13) and by a hybrid model with explicit ions near the
nucleic acid surface and a continuum model further away
7).

Divalent cations interactions with RNA are stronger than
those of monovalent ions, and the NLPBe underestimates
experimental measurements of I';; and —AGgrna_2+ for
folded (N state) and partially unfolded (I state) forms of the
RNA pseudoknot in Fig. 2 A by ~30% (24). Because the
underestimation is similar for the two forms, the calculated
differences between N and [ state values of I',, and
AGgrna_2+ are in good agreement with the experimental data
(23,24). Similar agreement is found between calculated and
experimental stabilization of tRNA by Mg " (28). These two
RNAs do not have chelated ions, and the results are consis-
tent with most of the energetic contribution of Mg®" to RNA
stabilization coming from the stronger interactions of diffuse
ions with the higher charge density of the native RNA.

Calculations with the NLPBe provide a simple insight as to
why diffuse Mg”" ions are so much more effective than
monovalent ions in stabilizing compact RNA structures. In
folding tertiary structure, the charge density and negative
electrostatic potential of an RNA increase dramatically, cat-
ions are pulled closer to the RNA surface, and there is an
unfavorable decrease in their translational entropy. But this
entropic penalty is smaller for Mg®" than for monovalent
ions, simply because half as many excess divalent ions are
needed to neutralize the same negative charge. The net ion-
RNA electrostatic free energy is slightly more favorable
when one Mg?" is replaces two excess K, but it is mainly
the inherent entropic advantage of the exchange that accounts
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for the large stabilizing influence of diffuse Mg (28). A
corollary of this analysis is that trivalent ions should be even
more stabilizing than Mg>*, which is consistent with ex-
periment (29). Note that this entropic effect is expected to
contribute a substantial stabilization free energy to all RNA
tertiary structures, even those with tightly chelated Mg>* (see
below).

Free energies of ion chelation

There have been a few attempts to calculate the free energy
of placing K* or Mg®" at a specific RNA chelation site
(9,10,30). At a minimum, several large free energies must be
estimated: the penalties for dehydrating the ion and RNA
binding site, the surprisingly large repulsive energy between
the bound ion and the ion atmosphere, and the favorable
interaction of the ion with the electrostatic potential of the
chelation site. Chelation sites tend to be pockets that are
partially or fully buried within the RNA structure and lined
with electronegative oxygen, and as such may develop ex-
traordinarily negative electrostatic potentials that more than
compensate for the costs of ion dehydration and ion atmos-
phere repulsion. In some cases, a single Mg chelation site
may contribute a large fraction of the total stabilization from
all the Mg2+ ions interacting with an RNA (10).

Although a chelated Mg”>* may be very stabilizing, for-
mation of a chelation site comes at the high cost of burying
electronegative oxygen in the interior of an RNA. In the case
of the RNA shown in Fig. 1 A, the folding free energy in the
absence of Mg”" is estimated as a highly unfavorable +19
kcal/mol (23) and the net stability under physiological salt
conditions is not much different than that of a pseudoknot
lacking chelated ions (Fig. 2 A). From this perspective,
chelated ions confer no particular advantage in terms of RNA
stability, but they do increase the variety of folding strategies
available to an RNA. To create ligand binding sites or ribo-
zyme active sites, it may be difficult to avoid a folding to-
pology that protects some of the RNA backbone from
solvent. Such intrinsically unstable architectures become
energetically feasible only if the protected phosphates are
neutralized by chelated ions.

The distinction between diffuse and chelated ions has been
a useful framework for developing quantitative theoretical
accounts of overall Mg”?*-RNA interaction free energies. A
more sophisticated framework will undoubtedly be needed to
describe the ions and water in close proximity to the RNA,
especially at the level of accuracy required to understand the
roles of ions in ribozyme mechanisms, in stabilization of
codon-anticodon interactions in the ribosome, or in other
RNA functional centers where solvent access is restricted.

Characterization of the / state

The I state of an RNA is an ensemble of structures, which
potentially include alternative secondary structures and cer-
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tainly differ in the detailed arrangement of helical segments
in space. Neutron and x-ray scattering experiments have been
used by several groups to define the average extension of
partially unfolded RNA (18,31-34), and in some instances
the scattering curve has been used to deduce the average
shape of a partially unfolded RNA (35). Resonance energy
transfer between fluorescent tags, attached to specific posi-
tions within an RNA, has the potential to resolve the distri-
bution of distances among [ state conformers, particularly
when single molecule observations are made. Such experi-
ments have suggested that the / state sometimes consists of
distinct, coexisting subpopulations (36-38). Other kinds of
experiments have supported the existence of distinct / states
with partially formed tertiary structure (33,34).

In the scattering studies just cited, the degree to which an
RNA [ state is extended or compacted depends on the con-
centrations of mono- and divalent cations that are present.
The most highly extended structures seen at very low mon-
ovalent salt concentrations (<10 mM) may reflect ‘‘fraying’’
at the ends of helical segments. But at higher salt concen-
trations, compaction certainly benefits from the reduced
electrostatic repulsion between phosphate charges, in the
same way that salt reduces the radius of gyration of linear
charged polymers (39). Mg>* is far more effective than
monovalent cations in promoting compact conformations,
consistent with the entropic advantage of Mg>" over mono-
valent ions in stabilizing compact structures (noted above),
and most models of large RNA folding pathways include a
Mg**-induced ““collapse’” of the [ state preceding formation
of tertiary structure (40-42). An interesting notion is that
Mg?" might not just reduce phosphate repulsion, but induce
an attractive force between helical segments in a large RNA,
either because of fluctuating dipoles caused by ion correla-
tion (29) or because of an entropic advantage in merging ion
atmospheres (43). Theoretical considerations have long
suggested the existence of such an attractive force ((44), and
references therein). But to date, scattering measurements
have failed to detect Mg -induced attraction between heli-
cal DNA oligomers, except at high Mg®" concentrations with
minimal monovalent ion present, far outside physiological
ranges of ion concentrations (45,46).

Sensitivity of RNA folding to Mg?*

In a common experiment, the extent of RNA folding to its
native state is followed as MgCl, is titrated (Fig. 3 A), from
which an observed free energy of folding (AGgps2+ =
—RTIn(IN]/[1])) is calculated as a function of Mg2+ con-
centration. A thermodynamic cycle summarizes the balance
of free energies that determine the shape of the curve (Fig.
3 B). The RNA has an intrinsic AG® of folding in the absence
of Mg2+ (AG$ps.0), which is frequently unfavorable, but a net
stabilizing free energy is provided by the difference in Mg>*
interaction free energies with N and [/ state conformations:
AGops2+ = AGops 0 T (AGn_2+ — AGy_»4). Mutations that
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FIGURE 3 Sensitivity of RNA folding to Mg?* concentration. (4) Cal-
culated dependence of the fraction of RNA folded on Mg*" concentration.
AG;_»+ and AGn_,+ were derived from NLPB-based calculations for a 58
nt rRNA fragment in 60 mM monovalent salt, using the crystal structure for
the N state or models of the 7 state as described (18). AGgys o Was arbitrarily
set to 6 kcal/mol. Transitions from an extended / state (R, = 25 A, black
curve) or a compact / state (R, = 20 A, gray curve) to the N state are shown.
Values of AI',. for each curve have been calculated for the midpoint of the
titration curve. (B) A thermodynamic cycle accounting for the effect of
Mngr on an RNA folding transition. The measured free energy of folding at
a particular set of monovalent and divalent ion concentrations, AGSps 2+, is
the sum of the intrinsic free energy of folding in the absence of Mg**
(AG8s,0) and the free energies of MgZJr interaction with either / or N states
of the RNA (AGy_5+, AGNn_2+).

disrupt tertiary structure generally shift the midpoint of such
titration curves to a higher Mg>* concentration (47). Because
a mutation may affect any of the three free energy terms
comprising AGgys 0, the magnitude of the shift does not give
further insight into the way the mutation affects RNA inter-
actions with Mg? ™", unless other free energies of the cycle can
be measured independently. But for the important class of
RNAs that only fold in the presence of Mg>", it is difficult to
estimate AGgps0 and AGy_»+ cannot be measured directly
(Fig. 2 B). There is consequently a lack of experimental in-
formation about the magnitude and origins of the stabilizing
effects of Mg”* for many RNAs, which is a serious limitation
in testing quantitative model of Mg?*-RNA interactions.
An informative aspect of these Mg?* titration curves is the
slope at the midpoint, which can be very steep or shallow
depending on the specific RNA. A thermodynamic linkage
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equation relates the slope at the midpoint of the titration curve
to AI', ., the increase in excess ions that is associated with the
folding reaction (22). Because the major determinant of the
magnitude of I", is the charge density of the RNA, Al', is
largely a measure of the degree of compaction that an RNA
undergoes on folding (A common misconception is that
AT, is related to the number of chelation sites created when
an RNA folds. In ranges of Mg®" and K™ concentration near
physiological, I';; is relatively sensitive too the presence of
chelated ions: if a Mg ion becomes bound at a specific site,
the excess Mg " associated with the ion atmosphere is re-
duced by a nearly compensating number (18). Thus, I'> is
generally more sensitive to charge density than to the specific
environments occupied by the ions.) To illustrate this point,
the NLPBe was used to calculate I',, for two I state models
of a 58 nt rRNA fragment, with radii of gyration (R,) of 25 or
20 A (18). When combined with calculations of I’ , based on
the crystal structure of the native RNA (R, = 16.9 A), the
resulting Mg>" titration curves show that folding from the
more extended / state conformation produces a considerably
steeper dependence on Mg®* concentration (Fig. 3 A).

An mRNA conformational switch that controls expression
of Mg®™" transporter genes (48) illustrates how the magnitude
of AT, can be functionally important. This riboswitch folds
in response to a small, 2-3-fold increment in Mg®" con-
centration; presumably the smaller this increment, the more
precisely intracellular Mg®" levels can be controlled. Ac-
cording to the ideas developed in this review, selective
pressure for a large AT'; . would favor a relatively large RNA
undergoing a transition from an extended / state to a compact
N state. The switch structure in fact is large (185 nt), un-
dergoes a large change in sedimentation coefficient on fold-
ing, and adopts a very compact structure in the native form
(48). Other riboswitches that sense small organic metabolites
are also stabilized by Mg”", but respond over a 100-fold
range of Mg?* concentrations (35,49). These RNAs are
presumably selected to be insensitive to small fluctuations in
the intracellular Mg>* activity.

CONCLUSION

This review has pointed out several simple concepts that
underlie much of the response of an RNA to changes in ion
concentration: the increases in I'j,, that accompany the
folding of an RNA to a more compact and higher charge
density structure; the entropic advantage of accumulating
divalent ions in the ion atmosphere of high charge density
RNAs; and the need to compensate the charge of solvent-
inaccessible backbone by chelated ions. Progress has been
made in developing quantitative pictures of all of these as-
pects of RNA folding, but clearly much more work remains
to be done. More detailed experimental insights are needed as
to the nature of the ion atmosphere, the ensemble of / state
structures, and the energetics of ion-RNA interactions.
Likewise, more sophisticated theoretical approaches, espe-
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cially ones whose results can be compared with experimental
benchmarks, would help interpret experimental results. The
relevance of ion interactions to the function of RNA in the
cellular economy should continue to motivate studies in this
field.

This work was supported by the National Institutes of Health grant No.
GM58545.
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