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Background
When large RNAs fold into compact structures, negatively charged phosphate groups are brought into close
proximity. Compaction of RNA requires inorganic cations
and polyamines that accumulate in and around the RNA
envelope. The interactions of these cations with RNA are
extremely subtle and polymorphic, and depend on the
sequence and structure of the RNA, on the type of cation,
and on other cations in the system. Mg2+ was seen early on
to be especially important in tRNA folding [1–3]. It is now
known that Mg2+ plays a reserved role in folding of
essentially all large RNAs [4–6]. Some ribozymes appear
to utilize Mg2+ ions to assist directly for stabilizing transition states [7,8].

Why Mg2+?

Mg2+ is uniquely suited as a partner for RNA. Magnesium
is the dominant divalent cation in biological systems, and
is widely available in the biosphere (2% of the earth’s
crust). Mg2+ is highly soluble near neutral pH [Ksp of
Mg(OH)2 = 10!12] and is inert to O2.

donating potential [pKa of Mg2+(H2O)6 = 11.4, pKa of
Na+(H2O)6–8 = 14.4, pKa of H2Obulk = 15.7] [13]. They
are also compressed and electro-restricted, giving a large
negative partial molal volume to Mg2+ in water
þ
(Mg2þ
V ¼ !30 ml=mol; NaV ¼ !5:7 ml=mol) [14]. The oxygen atoms of the waters are directed inwards toward the
metal center and the acidic protons are directed outwards.
The dynamics of these water molecules are suppressed.
The exchange of water from the first shell of Mg2+ is
nearly four orders of magnitude slower, for example, than
from the first shell of Na+ [15]. The enthalpy of hydration
of Mg2+ is very large in magnitude (!450 kcal/mol)
compared to other relevant cations (Na+, !100 kcal/
mol) [10].
Coordination of Mg2+ by RNA

Mg2+ can increase local rigidity of RNA by tightly packing
functional groups in its first coordination shell (Figure 1).
Phosphate groups, the preferred RNA ligands to Mg2+,
are significantly more polarizable than water molecules.
When a phosphate oxygen of RNA enters the first shell of
a Mg2+, the attached phosphorus atom is activated to
nucleophilic attack because electron density is pulled into
the Mg2+. Therefore, Mg2+ increases rates of RNA
hydrolysis. In some cases the literature reveals a failure
to distinguish dehydration from exchange. The enthalpy
of exchange of a first shell water molecule for a phosphate
oxygen is close to zero, even though the dehydration
enthalpy is highly unfavorable.
The ratio of Mg2+ hydrate volume [Vh = the volume of
Mg2+(H2O)6] to ionic volume (Vi = the volume of Mg2+
alone) is especially large (Vh/Vi = 400) compared to that of
Na+ (Vh0 /Vi0 = 25) and other relevant cations [11]. Therefore, the effects of Mg2+ dehydration on RNA structure
are particularly acute. Mg2+ prefers oxygen ligands,
although nitrogen ligands are observed in some systems
(e.g. hemes). By way of similar size and charge density
Mn2+ can reasonably substitute for Mg2+ in many experimental systems, although the lower-energy d-orbitals of
Mn2+ have significant effects. Mn2+ is a trace element in
biology and has little relevance to RNA folding in vivo.

Coordination of Mg2+ by water

Mg2+ orients and polarizes first shell water molecules,
activating them for molecular recognition and enzymatic
mechanism. Mg2+ is small with high charge density [Mg2þ
r
þ
(ionic radius) = 0.65 Å, Ca2þ
r ¼ 0:99Å, Nar ¼ 0:95Å,
Kþ
r ¼ 1:52Å] [9–12]. In water, the first coordination
shell of Mg2+ contains six tightly packed water molecules
with highly constrained octahedral geometry. These
water molecules are acidic, with elevated hydrogen-bond
Current Opinion in Structural Biology 2012, 22:262–272

Diffuse and site-bound cations
Common practice is to conceptually partition cations in
the RNA envelope into two limiting modes, called diffuse
and site-bound [16]. Diffuse cations are abundant and
interact with RNA via weak but numerous long-range
electrostatic interactions while remaining hydrated, and
retaining near bulk-solution like mobility. Diffuse
cations, by their overwhelmingly larger populations,
www.sciencedirect.com
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Figure 1
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A Mg2+ ion chelated by RNA (Mg2+ 8001 from 23S rRNA of the
Haloarcula LSU; PDB entry 1JJ2). This Mg2+ ion (green sphere) is
octahedral, with three first shell phosphate oxygens of the rRNA (cyan)
and three first shell water oxygens (red). Mg2+-oxygen distances are
around 2.1 Å. Mg2+ coordination tightly packs oxygen atoms, imposing
oxygen–oxygen distances of around 2.9–3.2 Å. For clarity the radii of the
spheres are reduced from the van der Waals radii of the atoms, and have
no physical significance. Adapted from [51].

make the primary contributions to stability of compact
RNAs. Site-bound ions interact strongly with the RNA at
short distances, which vary depending on the type of
cation. The mobilities of site-bound ions are low, and are
often determined by those of the RNA itself. Highly
chelated ions, with two or more first shell ligands contributed by RNA, are the least abundant but in some cases
make important contributions to specific local or even
global conformations. Site-bound ions are often required
to access the native state. Site-bound cations are sometimes elevated to artificial significance by way of being
readily observable by physical techniques. Many aspects
of RNA electrostatics have been reviewed recently
[6–8,17–25,26$$].

Thinking beyond electrostatics
It has been stated that cations participate in RNA folding
simply by balancing the self-repulsive negative charge of
the RNA backbone during compaction. For weakly interacting cations like Na+, K+, polyamines, or hexahydrated
Mg2+, this simple electrostatic model can provide suitably
accurate approximations of reality. This approximation
fails for site-bound Mg2+ ions, which are distinct from
complexes with other biologically available cations.
For Mg2+, specific coordination chemistry and physics are
important determinants of structure and stability. Sitebound Mg2+ ions compact, electro-restrict and polarize
their first shell ligands, which interact with Mg2+ not only
by electrostatic interactions but also by ‘non-electrostatic’
www.sciencedirect.com

The local properties of RNA influence the interactions of
Mg2+. RNA chain flexibility, local positioning of phosphate groups, and charge density are important influences
on site-binding of Mg2+ to RNA. Mg2+ forms site-bound
complexes more readily with single-stranded RNA
[27$$,28] and compacted RNA than with double-stranded
RNA.
How frequent are site-bound Mg2+ ions in folded RNAs?
The ribosome provides a useful case study. Around 20%
of RNA phosphate oxygens within 20 Å of the Peptidyl
Transferase Center of the ribosomal Large Subunit
(LSU) form first shell interactions with Mg2+ [29,30$$].
By contrast, the RNA near the surface of the LSU shows
very few first shell interactions with Mg2+. So the frequency of site-bound Mg2+ in compact RNAs can be
variable and idiosyncratic. RNA in the vicinity of catalytic
sites tends to be Mg2+-rich.
Energy decomposition reveals that first shell RNA-Mg2+
interactions have significant ‘non-electrostatic’ components, which are important determinants of structure
and stability [31$$]. Non-electrostatic components of the
energy include polarization, charge transfer and exchange
correlation (defined by Natural Energy Decomposition
Analysis [32,33]). These components can be significant,
and are determined by (i) the type of cation, (ii) the type
of ligands contributed by the RNA, and (iii) the geometry
of the coordination complex [31$$,34,35$$,36]. The net
binding energy of a site-bound Mg2+ is composed of
favorable electrostatic and ‘non-electrostatic’ components between cation and ligands balanced by unfavorable desolvation and ligand–ligand contributions
(Figure 2).
The non-electrostatic components of site-bound interaction energies are larger and more important for Mg2+
[31$$] than for other relevant cations. Non-electrostatic
components are negligible for Na+, K+, Ca2+ and polyamines, because cation-ligand distances are long and
cation charge densities lower.
It should be stressed that accurate atomistic predictions of
geometries and energetics of compact RNAs in association with site-bound Mg2+ ions are essentially impossible
by approaches that ignore non-electrostatic interactions
[31$$,34,35$$,37,38], ion correlations [39,40], and the
induction of specific RNA conformations by Mg2+
[31$$,41]. Nonlinear Poisson–Boltzmann theory, Generalized Born approaches, and conventional Molecular
Dynamics force fields have been used in most attempts
to obtain all-atom or thermodynamic understanding of
RNA folding in the presence of Mg2+. The disconnect
between these approximate theories and experimental
Current Opinion in Structural Biology 2012, 22:262–272
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Mg2+-specific conformation of RNA

Figure 2
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The Mg2+ clamp [31$$,41] can be used to illustrate how
RNA assembles around Mg2+ to build a binding site. A
Mg2+ clamp is formed by two phosphates from adjacent
nucleotides. Both penetrate the first shell of a common
Mg2+ ion (Figures 3 and 4). Williams and co-workers have
identified the Mg2+ clamp as the most frequent mode of
bidentate chelation of Mg2+ by large RNAs [31$$,41,51].
Twenty-five Mg2+ clamps are found in the Haloarcula
marismortui LSU [PDB entry 1JJ2, ref. [52]], two in the
P4–P6 domain of the Tetrahymena Group I intron [PDB
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Large RNAs can assume compact and near-native structures in the presence of monovalent cations, in the
absence of Mg2+. These quasi-folded RNAs contain
native-like RNA-RNA tertiary interactions (i.e. native
long-range base–base interactions) but are not true native
states. They lack sites for chelated Mg2+ ions [50], which
assemble only in the presence of Mg2+. RNA conformation and site-specific Mg2+ binding are interdependent. In the absence of Mg2+, RNA cannot enter certain
conformation spaces – including those required for multidentate chelation of Mg2+. In other words, Mg2+ stabilizes
certain RNA conformations that are very unfavorable in
the presence of monovalent cations alone, even at very
high concentrations.

Figure 3
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Interactions of a magnesium ion with two anionic phosphate oxygen
atoms of RNA and four water molecules (the axial water molecules are
omitted for clarity). The arrows represent electrostatic, polarization, and
charge transfer components of the interaction energy. Only the major
components of the interaction energy are shown. The exchange term,
which is favorable but significantly weaker than the charge transfer and
polarization terms, is omitted from the schematic diagram for clarity. The
atoms are colored as in Figure 1. The interaction arrows are not to scale.
Adapted from [31].
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results is recognized [31$$,34,35$$,37,38] and has been
experimentally demonstrated [42$$]. These theoretical
methods treat molecular interactions in very approximate
ways. Site-bound Mg2+ ions require more rigorous
methods, for example, a combined quantum mechanical/molecular mechanical (QM/MM) approach [36,43].
This approach is gaining broad use for characterization of
ribozyme reaction coordinates [44–48], but not as of yet
for RNA folding reaction pathways. Other polarizable
models for RNA are on the horizon, and are being
developed for small systems such as small ion-water
clusters [49]. The rugged landscapes of RNA folding,
with heterogeneous and parallel pathways [18], will continue to present extreme challenges to computational and
theoretical approaches.
Current Opinion in Structural Biology 2012, 22:262–272
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A schematic diagram of a bidentate RNA clamp of magnesium, formed
when adjacent phosphate groups enter the first coordination shell of a
common magnesium ion. A 10-membered ring (shaded) characterizes
the Mg2+ clamp. Adapted from [31].
www.sciencedirect.com
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Figure 4
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One can infer the effects of Mg2+ on RNA conformation
by comparing three-dimensional structures in which,
effectively, a Mg2+ ion is added to a potential Mg2+-clamp
site on the RNA, inducing conformational change associated with formation of the clamp. The naturally occurring
add A-riboswitch [58] and the synthetic riboswitch M6C00
[57] offer such a pair of structures. Draper has studied the
Mg2+ interactions of the add A-riboswitch in solution and
obtained an estimate of the folding energy landscape as a
function of Mg2+ [59]. The synthetic M6C00 riboswitch
differs from the add A-riboswitch by six nucleotide substitutions. The add A-riboswitch lacks a Mg2+ clamp
involving A(23) and A(24) (Figure 4A) while M6C00 contains a clamp at that site (Figure 4B). One can infer, by
comparing these structures, that upon formation of a Mg2+
clamp, phosphate oxygens are forced into close proximity,
into direct van der Waals contact (3.4 Å). The repulsive
interaction between these two anionic oxygen atoms is
overcome by favorable interactions between these oxygen atoms and the Mg2+ ion (as shown in Figure 2). The
ligands of the Mg2+ assume the geometry required for first
shell Mg2+ coordination, a tightly packed octahedron
(Figure 1) [9,60]. Tight packing and crowding are a
hallmark of first shell magnesium ligands, leading to
highly restrained geometry and strong ligand–ligand
interactions. This conformation, with strong repulsion
between the oxygen atoms, is not accessible to RNA in
the absence of Mg2+. Ion-specific RNA conformations,
along with non-electrostatic effects of Mg2+ interactions,
make thermodynamic and computational analysis of RNA
electrostatics a challenging endeavor. Furthermore,
thermodynamic interpretations of Mg2+ titrations have
typically assumed constant RNA conformation [59]. However, since Mg2+ binding and Mg2+ binding site assembly
are coupled (Figure 4), this assumption is unjustified for
RNAs with highly coordinated Mg2+ ions. These subtle
conformational changes are near the limit of detection of
low resolution folding techniques such as SAXS [61].

Conceptual frameworks

Current Opinion in Structural Biology

Assembly of a Mg2+ clamp. (A) The structure of the add A-riboswitch,
which lacks a Mg2+ clamp (PDB entry 1Y26) is not in correct
conformation for multidentate Mg2+ binding. (B) The structure of the
synthetic riboswitch MC600 , which contains a Mg2+ clamp (PDB entry
3LA5). Mg2+ ions are green spheres.

entry 1GID, ref. [53,54]], one in a self-splicing Group II
intron from Oceanobacillus iheyensis [PDB entry 3IGI,
described in [55]], one in the in vitro evolved L1 ligase
[PDB entry 2OIU, ref. [56]], and one in the synthetic
M6C00 riboswitch [PDB entry 3LA5, ref. [57]].
www.sciencedirect.com

The partitioning of cations into two modes (diffuse and
site-bound) is useful for many applications, but is limiting
in the sense that many cations fall between these two
classes. We partition ions in association with RNA and
DNA into four classes: free, condensed, glassy and chelated. The continuum nature of the phenomena and
interdependence of parameters characterizing the four
classes are illustrated schematically in Figure 5, while 3D
structures are illustrated in Figure 6. The cation classes
are circumscribed by relative populations, extent of
coordination, rates and dimensionality of diffusion,
thermodynamic contributions to stability, and influence
on specific structural states (Figure 5). There are many
more condensed ions than glassy or chelated ions
(Figure 5A). For monovalent cations, the number of first
shell ligands contributed by a nucleic acid can vary from
zero (condensed) to six (chelated), eight in the case of the
Current Opinion in Structural Biology 2012, 22:262–272

Author's personal copy

266 Nucleic acids

Figure 5
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Schematic illustration of parameters describing RNA-cation interactions.
(A) The population of diffuse cations is much greater than the population
of site-bound cations. (B) Diffuse ions are not directly coordinated by
RNA. The number of first shell ligands contributed by RNA to Na+ or K+
can generally vary from zero to six. In G-quadruplexes, monovalent
cations are coordinated by up to eight first shell ligands from DNA or
RNA. The number of first shell ligands contributed by RNA to Mg2+ can
vary from zero to four. (C) As the number of first shell ligands contributed

Current Opinion in Structural Biology 2012, 22:262–272

G-quadruplex motif, while for Mg2+, the number of first
shell ligands contributed by the RNA can vary from zero
to four (Figure 5B). Envelopes containing condensed
cations extend well beyond the van der Waals surface
of the collapsed nucleic acid. These envelopes of condensed cations are illustrated in Figure 6B and G by isosurfaces for the densities of mobile charges, which were
calculated using the Poisson–Boltzmann equation as
implemented in APBS [62] for a solution of 100 mM
KCl, 20 mM MgCl2, with a 1.4 Å solvent probe at 298 8C.
Glassy ions are found closely associated with DNA or
RNA (Figure 6C and H). The number of first shell nucleic
acid ligands is higher for glassy monovalent cations than
for glassy Mg2+ ions (Figures 5B, 6D and I). A Mg2+ ion
with one first shell nucleic acid ligand (Figure 6D), or a
monovalent cation with 4–5 first shell nucleic acid ligands,
is in a glassy state (Figure 6I). Chelated Mg2+ ions, with
three first shell RNA ligands, are shown in Figure 6E.
The RNA conformation is specifically dependent on the
positions and coordination of these Mg2+ ions. A chelated
K+ ion with eight first shell DNA ligands, and no water
ligands, is shown in Figure 6J. The DNA conformation is
specifically dependent on the positions and coordination
of this K+ ion. The greater the number of first shell
nucleic acid ligands, the slower the rate of diffusion
(Figure 5C). Therefore, there are more cations in the
condensed envelope with high rates of diffusion than with
low rates of diffusion. The dimensionality of diffusion
will track the rate of diffusion (Figure 5D) because
cations in bulk solution diffuse freely in three dimensions
while movement of cations within the grooves, for
example, is more restrained; some cations within the
grooves are glassy, with limited rates and dimensionality
of diffusion. Increasing the number of first shell nucleic
acid ligands decreases both the rate and dimensionality of
diffusion. Chelated, fully dehydrated cations, such as
monovalent cations contained within G-quadruplexes
(Figure 6J), show very limited rates and dimensionality
of diffusion. Thermodynamic significance to folding of
the ground state structure is illustrated in Figure 5E. The
number of cations with few or no first shell RNA ligands
greatly exceeds the number with multiple first shell
ligands, and therefore the net thermodynamic contribution to folding decreases with decreasing number of
first shell RNA ligands. Small numbers of ions are highly
chelated by the nucleic acid (Figures 5F, 6E and J), but
by RNA increases, the rate of diffusion of the cation decreases. (D) As
the number of first shell ligands contributed by RNA increases, the
dimensionality of diffusion of the cation decreases. For example, cations
in the grooves of RNA are not free to diffuse in three dimensions. (E) As
the number of first shell ligands contributed by RNA increases, the
thermodynamic significance of cation association decreases, primarily
because the number of cations with first shell RNA ligands is relatively
small. (F) The specific structural significance of a cation increases with
the number of first shell RNA ligands. We thank Drs. Gene Lamm and
Anton Petrov for helpful discussions.
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Figure 6
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Condensed, glassy, and coordinated cations. (A) The structure of the P4–P6 domain of the Tetrahymena Group 1 intron RNA [PDB entry 1HR2]. Three
Mg2+ ions are indicated by green spheres. The coordination of these ions is shown in detail in panels D and E. (B) The envelope containing condensed
cations surrounding the P4–P6 RNA. This envelope was calculated with a mobile charge density of +0.5 Me. Ions within this envelope are wellhydrated, with near bulk-like diffusion properties. (C) Regions of glassy cation localization within the grooves, calculated with a mobile charge density
of +5.0 Me. (D) Coordination of a glassy Mg2+ ion. This ion is coordinated by RNA and five water molecules. The rate and dimensionality of diffusion of
this cation are restricted. A guanine base and selected backbone atoms of RNA are shown to illustrate positions and orientations of the second
coordination shell of the Mg2+ ion (phosphorus, orange; oxygen, red; carbon, green; nitrogen, blue). Oxygen atoms of first-shell water molecules are
cyan [Mg2+ 6766 of 1HR2]. (E) Highly coordinated Mg2+ ions induce specific conformational states of RNA. Two trichelate Mg2+ ions contain tightly
packed RNA phosphate oxygen atoms in their first coordination shells [Mg2+ ions 6756 and 6758 of 1HR2]. (F) Structure of the G-quadruplex formed
by [d(G4T4G4)]2 [PDB entry 1L1H]. K+ ions are silver spheres. The coordination of these ions is shown in detail in panels I and J. (G) The envelope of
condensed cations surrounding [d(G4T4G4)]2. The surface is calculated for a mobile charge density of +0.5 Me. (H) Predicted regions of glassy cation
localization are illustrated by the iso-surface for a mobile charge density of +1.5 Me. (I) A glassy K+ ion with first coordination shell ligands contributed
by four guanine bases of a G-tetrad and two thymine bases [K+ ion 6013 of 1L1H]. (J) A fully dehydrated, chelated K+ ion coordinated by eight guanine
oxygen atoms of two adjacent G-tetrads [K+ 6015 of 1L1H]. In panels D, E, I and J, the radii of the atom spheres are reduced from their van der Waals/
ionic radii for clarity.

these ions are most important to stabilizing specific threedimensional structure, and cannot be substituted by other
ion-types.

Quadruplexes: a well-defined case study in
cation association
Differences among contributions of chelated, glassy, condensed and free ions to thermodynamics, kinetics and
structure, as well as the difficulty in characterizing cations
associated with a macromolecule in the solution state, are
www.sciencedirect.com

all illustrated by the extensive NMR spectroscopy investigations of cation binding to G-quadruplex DNA [63].
Within each G-quadruplex two or more stacked G-tetrads
directly coordinate fully dehydrated monovalent cations
(e.g. Na+, K+, NH4+) (Figure 6F and J). These chelated
cations are coordinated by 6–8 first shell ligands contributed by the DNA. The development of 15NH4+ as an
NMR probe of monovalent cation localization in solution
allowed the direct characterization of these chelated
cations in the quadruplex formed by [d(G4T4G4)]2.
Current Opinion in Structural Biology 2012, 22:262–272
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These chelated cations, with residence times of around
250 ms, are in slow exchange on the NMR time scale with
other cations [64]. Condensed cations on the outside of
the G-quadruplex, with residences times of <1 ms, are in
fast exchange with bulk solution cations, as indicated by
resonance line broadening of the bulk 15NH4+ 1H resonance [64]. Recent work by Ida and Wu using 23Na NMR
spectroscopy reveals glassy cations associated with the
dT4 loops of [d(G4T4G4)]2, with residence times that are
intermediate between the chelated and condensed
cations [65]. Surprisingly, the initial 15NH4+ probe did
not provide evidence for these glassy cations, despite
chemical shift evidence of cation-specific loop conformations [66]. In retrospect, all three modes of cation
binding to the bimolecular G-quadruplex formed by
[d(G4T4G4)]2 fit well with the conceptual framework
presented in Figure 5. Specifically, G-quadruplex structure is most sensitive to the species of cation coordinated
within the G-tetrads, being stable in the presence of
monovalent cations with an ionic radius between that
of Na+ and Rb+, but unstable when the only cation in
solution with the DNA is either smaller (i.e. Li+) or larger
(i.e. Cs+) than Na+ or Rb+ [63]. Furthermore, charge
repulsions between the phosphate backbones of a Gquadruplex can, in general, be screened by Li+ or Cs+
in place of Na+ or K+ with little change in G-quadruplex
structure, whereas substitution of Na+ by K+ or NH4+
causes detectable changes in the folded structure of
[d(G4T4G4)]2 [66].

Ribozymes and Mg2+
Initial expectations that ribozymes were obligate metalloenzymes [67] were undercut by observations of ribozyme activity in the absence of Mg2+ [68–70], the
biological cation uniquely capable of assisting in catalysis.
Full and accurate characterization of Mg2+ in catalytic
systems remains a challenge, requiring a deconvolution of
thermodynamic, structural and catalytic roles. Ward and
DeRose [71$$] recently focused on the hammerhead
ribozyme, a heavily investigated RNA that spawned
persistent disagreement about mechanism [72]. The
hammerhead ribozyme cleaves RNA by nucleophilic
attack of a 20 -OH on the proximal phosphorous atom.
DeRose used a phosphorothioate/Cd2+ rescue system, in
which sulfur was stereospecifically substituted for either
non-bridging oxygen of the scissile phosphate. From
differential cleavage rates of the two stereoisomers in
the presence of Cd2+ it was concluded that the Pro-RP
oxygen of the scissile phosphate is a first shell ligand of
Mg2+ in the ground-state of the ribozyme, in the native
hammerhead in vivo. DeRose’s model differs from a
‘dynamic model,’ in which a Mg2+ is recruited to the
scissile phosphate at some point along the reaction coordinate. For the glmS ribozyme, Mg2+ appears to play a less
direct role. Brooks and Hampel [73] studied Mg2+ contributions to mechanism by prefolding the glmS ribozyme
into a native or near-native state. This folded RNA
Current Opinion in Structural Biology 2012, 22:262–272

appears to bind substrate and Mg2+ without any conformational change, and directs catalysis very rapidly. The
authors suggest that the sole obligatory role for Mg2+ is to
assist in ligand binding, as suggested by a previous X-ray
structure [74].

New methods
New applications of established techniques, combined
with new technologies and computational capabilities,
provide increasingly detailed views of RNA electrostatics
and ion interactions.
Footprinting

The footprinting method SHAPE, developed and championed by Weeks [75], enjoys increasingly broad application for probing RNA secondary structure at nucleotide
resolution. The Mg2+-dependence of SHAPE reactivities
appears to be quite general and informative, and has been
demonstrated for tRNA [76], RNase P [77], and Domain
III of the ribosomal LSU [78]. Several groups [79,80] are
pursuing time-resolved chemical footprinting at nucleotide resolution by hydroxyl radical cleavage on increasingly large and complex RNA assemblies. This approach
can detect time-dependent tertiary structure and protein
interactions during folding and assembly. Local measures
of folding can be combined with more global measures
(SAXS, etc., see below) to give a comprehensive picture
of folding pathways. We believe it will soon be possible to
decompose Mg2+-dependent RNA chemical reactivities
into detailed descriptions of Mg2+ chelation by RNA.
SAXS, ASAXS, smFRET

Small angle X-ray scattering (SAXS) and anomalous
SAXS (ASAXS) can be used to characterize conformations
and ion distributions of nucleic acids at resolutions of
%10 Å [23]. SAXS provides information about the size,
shape, compactness, and molecular weight of RNAs.
ASAXS reports on diffuse cations, and has been used
by Pollack and co-workers to differentiate monovalent
cation distributions in B-form DNA and A-form RNA
[81]. Single molecule Förster resonance energy transfer
(smFRET) measures distances within or between RNAs
(or DNAs). The Pollack group has studied the Mg2+dependence of properties of unstructured ssDNA and
ssRNA with SAXS and smFRET [82$$], and has detected
that ssDNA and ssRNA have different conformations in
solution, as expected from sugar pucker and stacking
preferences. Of more relevance here, they find that for
both ssRNA and ssDNA, charge screening by Mg2+ is
anomalously efficient. Combined applications of SAXS/
ASAXS/smFRET to more complex RNAs appear to be on
the horizon.
Woodson and co-workers [61] monitored folding of the
Azoarcus and Tetrahymena Group I ribozymes under various solution conditions by SAXS. Decreases in the radius
of gyration (Rg) are observed upon addition of cations,
www.sciencedirect.com
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corresponding to collapse. The results suggest that total
charge of the cations, not valence or charge density, is the
most important characteristic for initial collapse. Polyamines induce the collapse of the Azoarcus ribozyme at
mid-micromolar concentrations, Mg2+ induces collapse at
high-micromolar concentrations, while monovalent
cations induce collapse in the mid-millimolar range.
Subtle differences in Rg for various ions demonstrate that
even for a low resolution assay like SAXS, specific effects
of Mg2+ on the collapsed state are observable. The
collapsed state is slightly more compact with Mg2+ than
with monovalents or polyamines. Although the ability of
SAXS to reliably detect Mg2+-specific effects on RNA
folding remains an open question, these results support
the model of collapse described above [50], in which RNA
can collapse to a near native-state in the presence of Na+,
K+ or polyamines. These compact RNAs can contain
many native RNA-RNA tertiary interactions (i.e. native
long-range base–base interactions) but may not be conformationally identical to RNA with site-bound Mg2+
ions.
Nesbitt and co-workers have used temperature-controlled smFRET to explore the Mg2+-dependent thermodynamics and kinetics of RNA folding/unfolding in a
model system [83$$]. They observe that increasing
[Mg2+] promotes tetraloop–receptor interaction by reducing both the entropic activation barrier and the net
entropy of the transition with minimal effects on activation enthalpy and net enthalpy. Their results appear to
be consistent with a previous proposal [51] that during
RNA folding, Mg2+ can form chelation complexes preferentially with flexible regions of RNA, locking out
conformational heterogeneity.
Raman, EXAFS and NMR spectroscopies

New methods for characterizing site-bound cations in
solution are emerging. Fierke and co-workers [84] report
that a combination of extended X-ray absorption fine
structure (EXAFS) and paramagnetic line-broadening
experiments by NMR reveal a hexacoordinated Zn2+
interacting with a mimic of the conserved P4 helix of
RNase P, with inner-sphere coordination at two specific
residues (average Zn–O/N distance of 2.08 Å). Harris and
co-workers [85] report attenuation of the Raman signal of
symmetric vibrations of RNA non-bridging phosphate
oxygens by electrostatic, hydrogen bond and inner-sphere
interactions with metals. They also report cation-specific
shifts (based on hardness and electronegativity) to higher
wavenumbers with inner-sphere metal coordination.
Quasielastic neutron scattering spectroscopy

Woodson and co-workers used quasielastic neutron scattering spectroscopy to reach the counter-intuitive conclusion that Mg2+ increases tRNA dynamics on the
picosecond to nanosecond timescale while stabilizing
the folded state [86$$]. For tRNA in a minimally hydrated
www.sciencedirect.com

state it seems that compaction can accompany increases
in local molecular dynamics. The results suggest that
water lubricates conformational motions of the macromolecules, but differences in the temperature dependencies of the mobilities of folded and unfolded tRNA were
interpreted to suggest that dynamics are not controlled
solely by hydrating water but are significantly affected by
the electrostatic nature of the RNA surface. Specifically,
charge screening by counterions increases the local
motion of both tRNA and a synthetic charged polyelectrolyte that does not fold into a specific structure.
Computational and theoretical advances – the long and
winding road

Using a simple experimental system designed to obtain
interpretable data with the potential to validate or falsify
various theories, Herschlag and co-workers measured the
unfolding of a DNA hairpin [42$$]. Measurements were
made on single molecules with constrained conformations.
The results show, as expected [31$$,34,35$$,37,38], that
Poisson–Boltzmann theory can successfully account for
Na+-dependence but not Mg2+-dependence of the
stability of a simple folded DNA (other monovalent cations
were also investigated). However, in the presence of Mg2+,
Poisson–Boltzmann Theory, which describes ions as noninteracting point charges, fails to correctly predict the
energetics of DNA hairpin formation.
Herschlag speculates [42$$] that ion–ion correlations
[39,40] are an important contributor to the failure of
Poisson–Boltzmann Theory to accurately predict stability
in the presence of Mg2+. To treat correlations, Chen
[87$$,88] has partitioned cations into bound and diffuse
classes, and assigned the space occupied by the two
classes of ions as bound regions and diffuse regions. This
‘Tightly Bound Ion’ (TBI) model successfully predicts
that Mg2+ is more efficient than Na+ at charge screening
beyond considerations of ionic strength alone (also see
[82$$]). The high efficiency of Mg2+ screening is most
pronounced for compact folded structures. The TBI
method gives good agreement with experimentally
observed salt dependence of stabilities for several model
systems. However as noted by Chen, the model in its
current form uses a minimal approximation of charge
distribution of RNA and is limited to simple non-globular
RNA structures. Additional developments of the TBI
model are intended to include cation site-binding and
associated dehydration effects. Applications of the model
to large and complex RNA structures would involve
sampling of very large ensembles of ion distributions,
requiring a new computationally efficient sampling
method.

Concluding remarks
The extent of recent literature underscores the importance and complexity of cation associations with RNA. We
focused here on Mg2+ because it clearly plays a reserved,
Current Opinion in Structural Biology 2012, 22:262–272

Author's personal copy

270 Nucleic acids

ubiquitous and misunderstood role in RNA folding. Mg2+
is unique in that specific coordination chemistry and
significant ‘non-electrostatic’ components of interaction
energies are important determinants of structure and
stability. Large RNAs can assume compact and nearnative structures in the presence of monovalent cations
alone, but these are not generally true native conformations. As illustrated here by the add A-riboswitch,
RNA conformation is directly altered by multidentate
chelation of Mg2+. We propose that the two-state formalism of cation interactions (site-bound and diffuse) in
many cases could be replaced to significant advantage by
a genuinely continuous formalism or by a finer grained
(chelated, glassy, condensed and free) formalism.
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